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Abstract

The brightest persistent astrophysical sources in the universe are quasars, a group of
active galactic nuclei (AGN) that appear star-like and radiate across all wavelengths.
The emitted radiation is believed to be powered by a supermassive black hole at the core
of a galaxy. Matter that falls into the black hole is being fed onto the accretion disk,
heating up the disk in the process due to friction. A wind emanating from the accretion
disk, or a disk-wind, appears ubiquitous in these objects and acts as one effective way
to generate the spectral lines observed in the quasar’s spectrum. The broad spectral
lines, originating from the broad line region (BLR), show diverse properties, specifically
in velocity shift, line width, and degree of asymmetry. Yet, the exact structure of the
BLR has remained perplexing due to its small size, which means it is unresolved even
with the current astronomical instrumentation. Thus, simulations are important. By
developing a model of the BLR, an informative analysis of the line profiles allows us to
explore some of the key questions about the BLR, emphasising the shape of spectral
lines, the disk-wind BLR, and the orientation.

We simulate line profile modelling using a simple kinematical disk-wind model of the
BLR with radiative transfer in the high velocity limit. The model provides a framework to
explore the characteristics of the emission line profile induced by the different geometries
and kinematics of the BLR, including the opening angle of the wind and the geometry
of the line emitting region. The effect of orientation in these systems is also examined.

As a first step, we use the model to simulate a narrow outflowing disk-wind, which
has been described in the literature. The primary objective is to determine whether the
observed emission line properties are consistent with a narrow wind scenario. We find
that the line profiles are more blueshifted for a narrow polar wind model as opposed
to intermediate and equatorial models. When viewing at pole-on angles, the simulated
emission lines show a narrower line width, which is asymmetric and more blueshifted than
that viewed edge-on. The blueward shift of the line profile increases as the line-of-sight
and wind intersect. The model is also able to recover a shorter time delay in the red
or blue side of the line profiles, consistent with observational evidence in reverberation
mapping studies.

The second part of the thesis considers the properties of broad absorption line quasars
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(BALQs). These objects are rare and often display a blueward absorption trough relative
to the emission line. One interpretation of the velocity offsets is the unification based on
orientation, whereby a BAL is viewed within a constrained narrow wind angle. In order
to test whether the BALQs and non-BALQs can be distinguished by their emission
features, we conduct statistical tests and machine learning on the two populations.
We find that their continuum and emission features are qualitatively similar, which
contradicts the narrow disk-wind model in the geometric unification. Therefore, we
propose a model of the disk-wind comprising a wide wind opening angle with multiple
dense radial streams, where the BAL is detected when the line-of-sight crosses these
streams.

These findings have lead us to the discovery of a novel orientation indicator of quasars
in the ultraviolet-optical regime. We propose a simple yet robust angle-of-viewing probe
using the correlation between the velocity shifts and line widths. Our idea is shown to
be qualitatively consistent with other orientation proxies. We also perform a wide angle
disk-wind simulation and successfully retrieve the predicted correlation with inclination.

In addition, we extend our model to estimate the bias in the virial black hole mass
due to the scale factor f , which is related to the unknown nature of the BLR. Using a
wide disk-wind configuration, we retrieve the f factors for a range of inclination angle.
The f factor shows significant dependence with orientation, characterisation of the line
width, and location of the emission region in the wind. Therefore, using a constant f
value biases the estimation of the mass of the black hole.
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Preface

While the majority of the work presented in this thesis is that of the author, some sections
are the result from collaborations. Any work that is not my own is cited appropriately
in the text. Additional details are outlined below.

Chapter 1 presents a review of the active galactic nuclei, which is entirely the work
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Quasar Structure. MNRAS, 479, 4153–4171. ADS: 2018MNRAS.479.4153Y. doi: 10.
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Chapter 3 presents a kinematical disk-wind modelling of the broad line region. The
work is based on the following publications, under the supervision of Rachel Webster
and Anthea King with comments and suggestions from Nicholas Bate, Kathleen Labrie,
and Matthew O’Dowd.

• Yong, S. Y., Webster, R. L., & King, A. L. (2016). Black Hole Mass Estimation:
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doi: 10.1017/pasa.2016.8, Section 2.1

• Yong, S. Y., Webster, R. L., King, A. L., Bate, N. F., O’Dowd, M. J., & Labrie, K.
(2017). The Kinematics of Quasar Broad Emission Line Regions Using a Disk-Wind
Model. PASA, 34, e042. ADS: 2017PASA...34...42Y. doi: 10.1017/pasa.2017.
37, Section 1 and Section 2

Chapter 4 presents analyses of the emission line properties using a kinematical
disk-wind model with narrow opening angle. The work is based on the following
publication, under the supervision of Rachel Webster and Anthea King with comments
and suggestions from Nicholas Bate, Kathleen Labrie, and Matthew O’Dowd.

• Yong, S. Y., Webster, R. L., King, A. L., Bate, N. F., O’Dowd, M. J., & Labrie, K.
(2017). The Kinematics of Quasar Broad Emission Line Regions Using a Disk-Wind
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Chapter 5 presents analyses of emission properties in broad absorption line quasars.
The work is based on the following publication, under the supervision of Anthea King
and Rachel Webster with comments and suggestions from Nicholas Bate, Kathleen
Labrie, and Matthew O’Dowd.

• Yong, S. Y., King, A. L., Webster, R. L., Bate, N. F., O’Dowd, M. J., & Labrie,
K. (2018). Using the Properties of Broad Absorption Line Quasars to Illuminate
Quasar Structure. MNRAS, 479, 4153–4171. ADS: 2018MNRAS.479.4153Y. doi: 10.
1093/mnras/sty1540

Chapter 6 presents analyses of novel and various orientation indicators of quasars.
The work is based on the following publication, under the supervision of Rachel Webster
and Anthea King with comments and suggestions from Nicholas Bate, Kathleen Labrie,
and Matthew O’Dowd.

• Yong, S. Y., Webster, R. L., King, A. L., Bate, N. F., Labrie, K., & O’Dowd,
M. J. (2020). Determining quasar orientation. MNRAS, 491(1), 1320–1334.
ADS: 2020MNRAS.491.1320Y. doi: 10.1093/mnras/stz3074

Chapter 7 presents analyses of the bias in black hole mass estimation. The work
is based on the following publications, under the supervision of Rachel Webster and
Anthea King.

• Yong, S. Y., Webster, R. L., & King, A. L. (2016). Black Hole Mass Estimation:
How Good is the Virial Estimate? PASA, 33, e009. ADS: 2016PASA...33....9Y.
doi: 10.1017/pasa.2016.8

• Yong, S. Y. & Webster, R. L. (2019). Black hole mass estimation: Modelling the
biases. In 2019 6th International Conference on Space Science and Communication
(IconSpace) (pp. 139–143). doi: 10.1109/IconSpace.2019.8905923

Chapter 8 summarises the findings presented in the thesis, which is entirely the work
of the author.
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CHAPTER 1

Active Galactic Nuclei (AGN)

1.1 Background

The quest to search for a unified model of active galactic nuclei (AGN) has been a
perpetual theme of interest since AGN were first discovered. As the name suggests,
an AGN is distinct from a normal galaxy in that it harbours an active nucleus in
the centre. An AGN appears star-like and emits tremendous radiation over a wide
range of the electromagnetic spectrum at wavelengths from gamma-rays up to radio
waves. The brightest persistent sources belong to one of the AGN classes known
as quasars. Quasars are observable up to redshifts of z ∼ 7, with the two highest
found so far: ULAS J1120+0641 at z = 7.09 (Mortlock et al. 2011) and more recently
ULAS J134208.10+092838.61 at z = 7.54 (Bañados et al. 2018), which entitles it to be
the highest redshift quasar known. Hence, they are among the most distant objects and
reveal insight into the early stages of the universe.

1.2 Structure of AGN

An AGN is often depicted as axisymmetric with the following components: black hole
(BH), accretion disk, broad line region (BLR), dusty torus, narrow line region (NLR),
and sometimes a radio/optical jet. This model is known as the unified scheme of AGN
and a classical example of this is illustrated in Fig. 1.1. Looking at the picture, it is clear
that the observable emission relies on the direction from which the AGN is observed.
This gives rise to the distinct observed characteristics of AGN, which are the basis for
orientation-based unification schemes. In essence, it is possible to discern the type of
AGN from the viewing angle. Further discussion on this topic is found in § 1.3.

In the core of AGN lies the supermassive BH, encircled by a flattened accretion
disk. Within close proximity to the central active BH of ∼ 0.01pc, the BLR is found.

1



1.2. STRUCTURE OF AGN

Figure 1.1: A schematic structure of AGN. The main components are stated in white
and the AGN classes by orientation are stated in green. Image credit: Urry & Padovani
(1995).

The BLR in Fig. 1.1, which is depicted as an ensemble of clouds, is one out of the
many possible BLR models. In general, the models can be classified into two major
groups, namely the cloud and the disk wind models. The area beyond the accretion disk
and BLR, between ∼ 0.1pc and ∼ 10pc with respect to the BH, is surrounded by the
torus. At a greater distance of ∼ 100 pc from the source centre, there exists the NLR. In
some instances, either a one-sided or biconical relativistic radio jet is launched from the
vicinity of the central BH along the BH axis of rotation. Estimates of their distances
relative to the centre of BH are presented in Fig. 1.2.

1.2.1 Black Hole (BH) Paradigm

It is a long-held belief that a supermassive BH dwells in the centre of AGN’s host galaxy.
The accretion of matter onto the BH acts as an immense energy powerhouse of AGN. As
the BH continues to accrete matter, a flattened structure, an accretion disk, is formed
around the BH orbiting with Keplerian orbital velocities of

vK =

√
GMBH

r
, (1.1)

where G is the gravitational constant, MBH is the mass of the BH, and r is the radius of
the orbit.

The first observational evidence of the existence of accretion disk in AGN is the
big blue bump (BBB) feature (Malkan & Sargent 1982). The BBB is an excess flux in

2
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Figure 1.2: Components of AGN and their relative sizes from the centre of the ionising
source. Image credit: http://hea-www.harvard.edu/~elvis/QuasarScales.pdf.

the continuum towards the ultraviolet (UV) domain of a spectrum and spectral energy
distributions (SEDs) of AGN. As a result, AGN appears like a blue star in an optical
image. It is speculated that the BBB is caused by the thermal emission of the gas from
the accretion disk (Shields 1978; Malkan & Sargent 1982). However, simple modelling of
an accretion disk does not match the observed UV/optical continuum (see review by
e.g., Koratkar & Blaes 1999).

The local emission from the accretion disk is assumed to be emitted as a perfect
blackbody. According to the conservation of energy, a conversion of gravitational potential
energy of the infalling gas to electromagnetic radiation is required. The material in the
disk spirals inward towards the rotating BH due to gravity and is converted to energy
at a mass accretion rate of Ṁ with efficiency factor, η. The observed luminosity, L, is
linked to Ṁ and η by

L = ηṀc2, (1.2)

where c is the speed of light.

Owing to the conservation of angular momentum, the angular momentum gained
has to be counterbalanced by the transfer of angular momentum outwards from the
centre of the BH. During this process, the temperature rises as heat is dissipated through
viscous forces. This removes the angular momentum of inflowing gas and causes the
release of thermal radiation. When the gravitational and radiation pressure forces are at
equilibrium, the maximum luminosity is achieved. When this condition is achieved for
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1.2. STRUCTURE OF AGN

spherical accretion, it is called the Eddington luminosity, which is expressed as

LEdd =
4πGMmpc

σT
, (1.3)

where M is the mass of the object, mp is the mass of proton, and σT is the Thomson
scattering cross section.

From Eq. (1.2) and Eq. (1.3), the infall mass accretion rate in the Eddington limit
is then

ṀEdd =
LEdd

ηc2
' 2.22M8

( η

0.1

)−1
M� yr−1, (1.4)

where M8 is the BH mass in units of 108M�, and M� is solar mass. In a simple case
where the infalling plasma with opacity of ionised hydrogen is assumed, the Eddington
luminosity is estimated to be LEdd ' 1.26× 1038 (M/M�) erg s−1.

In certain cases, the formation of a highly energetic collimated jet is ejected along
the rotation axis and orthogonal to the plane of the disk. The cause of this phenomenon
might be that the excess gravitational energy in the inflowing gas is converted to
outflowing kinetic energy, which is manifested in the form of radio jet. It is assumed
that the source of jet emission is mainly synchrotron radiation. The structure and the
viewing angle to the jet have also influenced AGN classification by radio morphology
(see § 1.3).

1.2.2 Broad Line Region (BLR)

As the BLR is close to the central BH, it is the best probe to understand the driving
mechanisms of AGN. Although the BLR is spatially unresolved including in the nearest
AGN, valuable information is attainable through observational studies of the continuum
and emission lines. The BLR size measured from the BH is approximately ∼ 0.01–1.0 pc
(Beckmann & Shrader 2012). This region is mostly occupied by photoionised gas with
large hydrogen column density of NH ∼ 1023 cm−2 (Netzer 2013). The fraction of the
sky as viewed from the central ionising source that is covered by the line-emitting gas or
the covering factor can be estimated from the strength of the emission lines, described
by the equivalent width (EW). The covering factor of the BLR is around 10% (Peterson
2006).

The BLR consists of high velocity hot gases. Only permitted and semi-forbidden
broad lines are emitted from the BLR. The absence of broad forbidden lines implies
that these lines are collisionally de-excited so the density in this region is extremely
high. In particular, the electron density, ne, is sufficiently high compared to the critical
densities, nc, of every forbidden transition. The notation for semi-forbidden ions ends
with a single square bracket, for example C iii]. Forbidden ions are designated with
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square brackets at both ends, for example [O iii].

The BLR electron density can be constrained by the forbidden [O iii]λ5007 and
semi-forbidden C iii]λ1909 lines. Given that nc,[O iii] ≈ 106 cm−3 and nc,C iii] ≈ 1010 cm−3,
the lower and upper limits of the electron density are between 108 cm−3 and 1010 cm−3,
respectively. A rough estimate of the electron density in the BLR is taken to be
ne ≈ 109 cm−3 (Osterbrock 1989).

The broad emission lines (BELs) originated in the BLR have line widths measured
by the full width at half maximum (FWHM) of more than 103 km s−1 and extending to
> 104 km s−1. A typical BEL width in FWHM is ≈ 5000 km s−1. There are similarities
in the relative emission line strengths of AGN spectra and those seen in ionised gas
regions, for example planetary nebulae and H ii regions. This can be explained as these
gases reach photoionisation equilibrium at similar temperature of T ≈ 104K, which
occurs when the rate of photoionisation is equivalent to the rate of recombination.
For T ≈ 104K, the thermal line width or line-of-sight velocity dispersion is about
vth ≈ 10 km s−1 using

vth ≈
√
kBT

mp
, (1.5)

where kB is the Boltzmann constant.

Assuming that the width of the line is purely broadened by thermal motions, a
typical BEL width of FWHM≈ 5000 km s−1 corresponds to T & 109 km s−1. This value
is substantially higher than the expected temperature from photoionisation equilibrium.
In order to explain this discrepancy, it is evident that another broadening process is
necessary. This mechanism is usually interpreted as the Doppler shifts from bulk motions
of the gas in the BLR (Peterson 1997). Line profiles that have large Doppler widths
may signify that they emerged from a deep gravitational potential region, such that the
velocity is dominated by Keplerian motion.

Although numerous studies on the BLR have shown great progress, inferring the
true structure, kinematics, and dynamics of the BLR continues to be elusive. The BLR
tends to be complex and displays a wide variation of observational features for different
sources. One of the principal objectives in this thesis is to investigate the nature of this
line-emitting gas region, which will be further elaborated in the next chapter.

1.2.3 Dusty Torus

A toroidal shaped circumnuclear medium or torus with size of a few parsecs envelopes
the area beyond the BLR and accretion disk. The range of gas density is within
ne ∼ 104–107 cm−3 with a large variation in column density (Netzer 2013). The high
opacity and optically thick torus blocks almost all wavelengths apart from the infrared
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wavelengths. In the optical and UV regimes, the direct emission arising from the BLR
and disk is fully hidden by the intervening material in the torus when viewed from
certain directions. This leads to the unique observational properties of AGN spectra.
In particular, the torus plays a vital role in the classical orientation-based unification
scheme. The differences in AGN classes are essentially due to the anisotropic obscuration
of the nucleus (see § 1.3). The separation between type 1 and type 2 AGN depends on
whether the line-of-sight is unobstructed by the torus such that the BEL is visible.

The torus is mainly composed of dust, hot ionised gas, and warm molecular gas.
There are several suggestions on the density distribution of the dust in the torus, whether
it is homogeneously smooth (Pier & Krolik 1992, 1993), clumpy (Krolik & Begelman
1988; Nenkova et al. 2002, 2008; Elitzur & Shlosman 2006; Tristram et al. 2007), or a
mixture of both (Stalevski et al. 2012; Assef et al. 2013). Though the exact structure of
the torus remains unclear, the current favoured model is a clumpy torus. It was first
proposed by Krolik & Begelman (1988) that the dust in this region was distributed in
optically and geometrically thick clouds or clumps. In this case, the dust temperature
and the distance are not linearly dependent. There is a vast variation in the dust
temperature for a given distance from the centre of ionising source, and thus some disk
emissions are still able to penetrate through.

A plausible signature of the dusty torus is the prominent silicate dust features of
the SED (Jaffe et al. 2004; Siebenmorgen et al. 2005; Hao et al. 2005; Sturm et al. 2005).
Type 2 AGN or edge-on objects exhibit silicate dust in absorption, while type 1 AGN or
face-on objects display suppression of silicate dust in emission. Early radiative transfer
simulations of the torus modelled using smooth uniform dust distributions are unable to
accurately reproduce the silicate features, which yield excess silicate emission in face-on
sources (Pier & Krolik 1992, 1993).

Subsequently, the clumpy torus geometry was first modelled by Nenkova et al.
(2002) using one-dimensional radiative transfer code. They demonstrated that the
clumpy medium is able to weaken the 10µm silicate emission in the SED of type 1 AGN.
However, it is argued that the model relies on the input parameters instead of the dust
distribution as the silicate features in smooth and clumpy models are similar (Dullemond
& van Bemmel 2005; Stalevski et al. 2012). In order to better comprehend the role of
torus in the unification scheme, there has been advancement on the development of
radiative transfer codes of higher dimensions with more realistic assumptions (Dullemond
& van Bemmel 2005; Hönig et al. 2006; Schartmann et al. 2008; Stalevski et al. 2012).

1.2.4 Narrow Line Region (NLR)

The uniqueness of the NLR is that it is the only spatially resolved AGN emission
component in the optical and UV regimes. This makes the NLR spectrum among the
most studied observational characteristic in AGN. The physical conditions in the NLR
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differ from the BLR. The size of the NLR is ∼ 102–104 pc, which is several orders of
magnitude larger than the size of the BLR (Beckmann & Shrader 2012). The gas in this
region has low column density of NH ∼ 1020−21 cm−2 and small covering factor of about
a few percentage (Netzer 2013).

The lines emitted from this region are narrow with FWHM< 1000 km s−1. These
lines are identified as the narrow emission lines (NELs). A typical NEL has line width
of FWHM∼ 400–500 km s−1, about ten times smaller than that of BEL. In addition to
permitted and semi-forbidden lines, the appearance of forbidden lines, such as [O ii],
[O iii], and [N ii], implies a low density environment in the NLR. The electron gas density
is typically around the range of ne ∼ 103–105 cm−3 (Beckmann & Shrader 2012). This
indicates a cooler and slower moving gas residing in the NLR.

The model of the obscuring torus is further supported by the discovery of conical
or biconical structures along the jet axis in the extended NLR of type 2 AGN (e.g.,
Pogge 1989; Tadhunter & Tsvetanov 1989). The far-side cone might not be detectable
because of geometric and projection effects. It is suggested that this ionisation cone is
due to the anisotropic ionising continuum being shadowed by the obscuring material
from the torus. The opening angle of the ionisation cone ranges between ∼ 30° and
∼ 110° with linear size of 15 pc to 18 kpc scale (Wilson & Tsvetanov 1994). The flux
ratio of [O iii]λ5007 to Hα in the interior of the cone is larger than unity, implying that
the inner part is filled with low density gas ionised by the continuum. This ratio is
smaller within the exterior of the cone, which means that the ionisation process of the
gas is dominated by starlight.

It has been shown that stratification also occurs in the NLR. There is a proportional
relationship between the average velocity dispersion and ionisation parameter of the
forbidden lines (Dasyra et al. 2011). This is in agreement with the decreasing ionisation
states of the lines further from the centre of the BH, similar to the stratification of the
BLR.

1.3 Unification and Taxonomy of AGN

Since the discovery of AGN, there have been many studies to understand a multitude of
aspects of these objects. With the emergence of assorted AGN types and their distinct
phenomena, attempts to unify them have always been a prevailing aim (e.g., Antonucci
1993; Urry & Padovani 1995). Numerous terminologies are also imposed to describe the
different AGN. It is most likely that even the latest comprehensive compilation of the
AGN zoo in Padovani et al. (2017, Table 1) is incomplete and there are AGN subgroups
yet to be identified. Some of these will be addressed in the following subsections.
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1.3.1 Unifying AGN

The unified model of AGN governed by orientation is not particularly a new idea (An-
tonucci 1993; Urry & Padovani 1995). The diversity of the observational characteristics
in AGN spectra have invoked various classification systems. In past years, this framework
has been improvised, which inevitably leads to the increasing complexity (see reviews
by e.g., Netzer 2015; Padovani et al. 2017). The main classification schemes, including
those which are traditional and recently established, will be described next.

1.3.1.1 Radio-loud versus Radio-quiet

AGN can be categorised into two groups, radio-loud (RL) or radio-quiet (RQ), depending
on their radio loudness. Classically, the definition of radio loudness is assessed using the
radio luminosity at frequency of 5GHz (L5GHz; e.g., Peacock et al. 1986; Miller et al.
1990) and the radio-to-optical flux density ratio (R; e.g., Schmidt 1970; Kellermann
et al. 1989). Radio objects with L5GHz < 1024WHz−1 sr−1 (or ∼ 1031 erg s−1Hz−1) and
R . 10 are RQ, while L5GHz > 1025WHz−1 sr−1 (or ∼ 1032 erg s−1Hz−1) and R > 10

are RL.
So far, high energy gamma-ray signals have only been detected from RL AGN.

There are a few candidates from RQ AGN, namely NGC 1068, NGC 4945 (Teng et al.
2011), ESO 323-G077, and NGC 6814 (Ackermann et al. 2012a), but none are convincing
cases. NGC 1068 and NGC 4945, are both Seyfert 2 galaxies, and are speculated to be
associated with starburst galaxies (Ackermann et al. 2012b), while ESO 323-G077 and
NGC 6814 are possibly due to chance spatial coincidences (Ackermann et al. 2012a).
This might imply that RQ AGN are actually gamma-ray quiet, rather than radio-quiet.
Consequently, it has also been suggested that the RL vs. RQ dichotomy should be
replaced by jetted vs. non-jetted, which is more descriptive of their differences (Padovani
2016, 2017). In this case, three characteristics are found to differentiate a jetted from
non-jetted AGN: (i) presence of highly relativistic jets, (ii) strong gamma-ray emission
of & 1MeV, and (iii) excess radio emission in the far-infrared and radio relationships.

RL objects show radio jets and comprise around 10–20% of the AGN population
(e.g., Kellermann & Pauliny-Toth 1966; Katgert et al. 1973; Fanti et al. 1977; Smith
& Wright 1980; Sramek & Weedman 1980; Strittmatter et al. 1980; Miller et al. 1990;
Stern et al. 2000; Ivezić et al. 2002). Following the Fanaroff-Riley (FR; Fanaroff &
Riley 1974) classification, the RL sources are separated according to the structure of
the radio emission. Qualitatively, the sources are differentiated based on the ratio of
the separation between the highest surface brightness regions on opposite sides of the
central galaxy and the source coverage evaluated from the lowest brightness contour,
and any compact component located on the central galaxy was disregarded. The ratio
is < 0.5 for objects in FR class I (FR I), and otherwise for those in FR class II (FR
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II). Additionally, FR I are low luminosity sources, and hence have lower radio power
compared to FR II. FR I sources are edge-darkened or core-brightened, meaning the
brightness diminishes the farther away from the galaxy centre. In contrast, FR II sources
are edge-brightened with brighter extended radio emission region surrounding the lobe.
A third class, FR 0, has also been proposed to accommodate radio galaxies that match
the radio characteristics of FR I, but show a factor of ∼ 30 more core-domination and
lack pronounced extended radio emission (Baldi et al. 2015). Examples of FR I, FR II,
and FR 0 objects are portrayed Fig. 1.3.

Nevertheless, it is noticed that the FR morphological class is incomplete and

(a) Radio galaxy 3C 31 (NGC 3833) at 1.4GHz
in FR I class

(b) Radio quasar 3C 175 at 5.0GHz in FR II
class

(c) Radio source ID 547 at 7.5GHz in FR 0
class

Figure 1.3: Map of radio sources in each FR class. Images credit for subfigures: (a), (b)
NRAO/AUI, and (c) Baldi et al. (2015).
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unable to entirely segregate the diversity of all RL AGN (Hine & Longair 1979). Another
criterion based on the excitation level of emission lines in the optical spectra of RL AGN
has also been adopted (Hine & Longair 1979; Laing et al. 1994; Jackson & Rawlings
1997; Best & Heckman 2012). Those with high-excitation narrow lines are referred to
as high-excitation radio galaxies (HERGs, also known as radiative-mode RL AGN),
while those that have weak lines or lack of this feature are low-excitation radio galaxies
(LERGs, also known as radio-mode or jet-mode RL AGN). They tend to have different
accretion rates (e.g., Best & Heckman 2012; Russell et al. 2013; Mingo et al. 2014;
Gürkan et al. 2014; Fernandes et al. 2015), with the former accretion in a radiatively
efficient manner and the latter in a radiatively inefficient way (also see § 1.3.1.2). In
addition, the host galaxies of HERGs are less massive and bluer compared to those of
LERGs (e.g., Tasse et al. 2008; Hickox et al. 2009; Smolčić 2009; Best & Heckman 2012;
Janssen et al. 2012). Indeed, there are considerable overlaps between the FR I/II and
LERG/HERG criteria, but the relation is not one-to-one. Low and high luminosity
radio sources that are commonly linked with FR I and II classes are mostly LERGs and
HERGs respectively (Best & Heckman 2012). However, there are some FR II sources
that are also LERGs (e.g., Laing et al. 1994).

1.3.1.2 Type 1 versus Type 2

In the AGN unification scheme, it is believed that the different classifications of AGN,
such as Seyfert 1, Seyfert 2, quasar, and blazar, are based on the orientation of the AGN
with respect to the line-of-sight of the observer (see Fig. 1.1). Generally, there are two
orientation unified models, which differ from one another by their wavelength regimes.
In the optical regime, the distinction between AGN of type 1 and type 2 is associated
with the obscuring dusty torus. In the radio scheme, a combination of torus and jet
determines the radio morphologies of quasars (see § 1.3.4). While the similarity in both
situations is most likely the symmetry axis, they have disparate orientation dependences.
The former is subjected to the composition and optical depth of the obscuring material,
whereas the latter is affected by the beaming pattern. Essentially, these models might
also depend on other physical parameters, e.g., BH mass and mass accretion rate.

Based on the width of the emission lines in an AGN spectrum at optical wavelength,
AGN are divided into different types. The optical spectra of several groups of AGN are
shown in Fig. 1.4. A normal galaxy spectrum is also provided for comparison. Both
BELs and NELs are present in the spectrum of type 1 AGN, but type 2 has only NELs.
AGN of type 0 show weak or unusual emission lines. This is seen in the BL Lacertae
(BL Lac) object spectrum, which can be easily identified by the relatively featureless
emission continuum. The corresponding AGN classification scheme from Beckmann &
Shrader (2012) is provided in Table 1.1. There are also other AGN groups which are not
listed, such as low-ionisation nuclear emission line region (LINER). The main classes
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Figure 1.4: Spectra of different classifications of AGN. Image credit: http://pages.
astronomy.ua.edu/keel/agn/spectra.html.

and their abbreviations are briefly reviewed in the following subsections.

Some AGN are alike in a sense that they are both in the same type and radio
morphology categories. The distinction is mainly determined by their luminosities,
specifically the luminosity of the AGN’s nucleus, LAGN, and the luminosity of the host
galaxy, Lhost. High luminosity AGN, such as quasars, have nuclei that outshine the host
galaxy. AGN with low luminosities, for example Seyferts, are fainter or have comparable
brightness to their host galaxies.

Within the framework of unification models based on orientation, type 1 objects
are unobscured AGN viewed at low inclination angle or pole-on relative to the rotation
axis of the accretion disk. This enables a direct view of the continuum and emission
from the BLR, and hence contribute to the BELs. Type 2 AGN are seen edge-on as
the line-of-sight between the observer and direct emission is obscured by the torus. The
dusty torus surrounding the BLR, shields the BELs and direct radiation from the central
ionising source. This is apparent as only NELs are observed in the optical domain.

There have been clues that strengthen the AGN classification with additional
dependence on the mode and efficiency of the accretion process (e.g., Hardcastle et al.
2007; Russell et al. 2013; Mingo et al. 2014; Heckman & Best 2014). A more generic
classification has also been suggested, distinguishing AGN into radiative-mode or jet-
mode (Heckman & Best 2014). In this viewpoint, AGN in radiative-mode (or high-
excitation) accrete matter through an optically thick accretion disk (Shakura & Sunyaev
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1.3. UNIFICATION AND TAXONOMY OF AGN

Table 1.1: AGN classifications adopted from Beckmann & Shrader (2012).

Type Line width Radio-quiet Radio-loud Luminosity

Type 1 Broad+narrow Seyfert 1 BLRG LAGN ≤ Lhost
QSO Quasar: LAGN ≥ Lhost

SSRLQ, FSRLQ

Type 2 Narrow Seyfert 2 NLRG LAGN ≤ Lhost
Type 2 QSO Type 2 quasar LAGN ≥ Lhost

Type 0 Unusual Blazar: LAGN ≥ Lhost
BL Lac, OVV

1973), which aligns with the conventional orientation unified picture of Urry & Padovani
(1995). They are radiatively efficient and emit at luminosities above ∼ 1% of Eddington
limit. AGN that accrete below this limit are jet-mode (or low-excitation) AGN. The
bulk energy of these objects is fuelled via radiatively-inefficient or advection-dominated
accretion flows (Narayan & Yi 1994) and is released kinetically in the form of two-sided
collimated jets (Merloni & Heinz 2007). Radiative-mode AGN encompass Seyferts and
quasars, which also include both type 1 and 2 AGN. Examples of jet-mode AGN are
LINERs and absorption line systems. Although the orientation model is still controversial,
it provides a simple link among the AGN types.

1.3.2 Seyfert Galaxies

Historically, Seyfert galaxies are the first class of AGN to be discovered by Seyfert (1943).
They are typically classified into two common groups, type 1 and type 2 Seyferts, or
Seyfert 1 and Seyfert 2 for short. The dichotomy between Seyfert 1 and Seyfert 2 is
the presence of BELs. Seyfert 1 shows both BELs and NELs, while Seyfert 2 shows
only NELs (Khachikian & Weedman 1974). However, it is apparent that there exist an
intermediate Seyfert subclasses, Seyfert 1.2, 1.5, 1.8, and 1.9, depending on the strength
of the broad relative to the narrow component of the emission lines in optical regime
(Osterbrock 1977, 1981). For instance, the broad Hβ Balmer component is strong in
Seyfert 1.2, but is weaker for Seyfert 1.8. Seyfert 1.5 is an intermediate type object
between that of type 1 and 2. A more quantitative scheme is proposed based on the ratio
between the [O iiiλ5007] line flux and the total Hβ line flux (Whittle 1992; Winkler
1992). The Seyfert subclassifications are presented in Table 1.2.

In the standard unified model of AGN, the Seyferts appear to be low luminosity
RQ AGN. The different Seyfert types are attributed to orientation (Antonucci 1993;
Urry & Padovani 1995). All Seyfert galaxies are inherently the same but viewed at
varying inclination angle. When observed pole-on, the unobstructed view of the BLR and
accretion disk causes the BELs feature, as detected in Seyfert 1 galaxies. The absence of
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Table 1.2: Seyfert classifications.

Seyfert Presence ofa [O iii]/Hβ Flux Ratio
Type Hβ Hα Whittle 1992b Winkler 1992c

Type 1 Yes Yes [O iii]/Hβ ≤ 0.3 [O iii]/Hβ ≤ 0.2
Type 1.2 Yes Yes 0.3 < [O iii]/Hβ ≤ 1.0 0.2 < [O iii]/Hβ ≤ 0.5
Type 1.5 Yes Yes 1.0 < [O iii]/Hβ ≤ 4.0 0.5 < [O iii]/Hβ ≤ 3.0
Type 1.8 Yes Yes 4.0 < [O iii]/Hβ 3.0 < [O iii]/Hβ
Type 1.9 No Yes

a Classified by presence of broad Hβ and Hα from Osterbrock (1977, 1981).
b Flux ratio of [O iii] and Hβ from Whittle (1992).
c Flux ratio of [O iii] and Hβ from Winkler (1992).

BELs in the optical spectra of Seyfert 2 galaxies are due to being observed edge-on where
the line-of-sight of the observer is blocked by the dusty torus. Intermediate Seyfert types
are those viewed between pole-on and edge-on such that the BELs are partially obscured
along the line-of-sight, and hence lower broad to narrow emission lines strength.

This perspective is supported by the spectropolarimetric surveys of some Seyfert 2
galaxies (e.g., Antonucci & Miller 1985; Miller & Goodrich 1990; Tran et al. 1992; Tran
1995; Young et al. 1996; Heisler et al. 1997; Moran et al. 2000). The polarised optical
BELs in these objects hint the existence of hidden BLR, in which Seyfert 2 consists of
Seyfert 1 nucleus with obscured continuum and BLR. However, it is reported that the
hidden BLR is not ubiquitous in every Seyfert 2 as only around 50% of them exhibit
this component (Tran 2001, 2003). Several explanations suggest that the visibility of
the hidden BLR is likely connected to an AGN physical quantity, either the luminosity
(Lumsden & Alexander 2001; Elitzur & Ho 2009) or accretion rate (Nicastro 2000;
Nicastro et al. 2003), and is not solely due to orientation effect. The BLR is found to
be missing in AGN with low luminosity of < 5 × 1039 (M/107M�)2/3 erg s−1 and low
radiative efficiency of . 10−4 (Elitzur & Ho 2009). On the other hand, some argue that
its absence is because the stronger emission from the host galaxy dilutes the emission
from the AGN, which results in a weaker polarised light and lowers the chance of being
detected (Alexander 2001; Gu et al. 2001).

1.3.3 Radio Galaxies

Radio galaxies are AGN with jets and are analogous to the RL version of Seyfert galaxies.
The type 1 and type 2 radio galaxies are the broad line radio galaxy (BLRG) and narrow
line radio galaxy (NLRG) respectively. While Seyferts are hosted by spiral galaxies, radio
galaxies are often elliptical galaxies. Either one or two jets are observed in a radio galaxy.
The strong polarised light and non-thermal particles from the relativistic jet suggest that
the emission across the entire electromagnetic spectrum is due to synchrotron radiation.
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1.3.4 Quasars

The most luminous group among all AGN was first identified in the 1960s. Due to
the star-like appearance in the optical image, this object earns the name quasi-stellar
radio source or coined as quasar by Chiu (1964). The major breakthrough was made by
Schmidt (1963) as he managed to identify the quasar 3C 273 with redshift of 0.158. A few
years later, Sandage (1965) announced the discovery of a more abundant population of
RQ objects that resemble the optical properties of quasars, which he called quasi-stellar
galaxies or now formally recognised as quasi-stellar objects (QSOs). The difference
in terminology between quasar and QSO is that the former is RL while the latter is
designated for RQ source.

Following the unification scheme for low luminosity Seyferts, obscured high lu-
minosity AGN with only NELs should correspondingly exist. The detection of these
objects is more arduous since quasars of type 2 are fainter in comparison to their type
1 counterparts. A type 2 high luminosity AGN is later identified by Kleinmann et al.
(1988). Subsequently, a larger sample of these candidates were found at low redshift
(e.g., Zakamska et al. 2003; Reyes et al. 2008) and also at high redshift (e.g., Alexandroff
et al. 2013). Around 15% of low redshift and high luminosity type 2 AGN are RL objects
(Lal & Ho 2010).

Additionally, the RL quasars are subdivided according to their radio continuum
shape. The two subdivisions are the steep-spectrum RL quasar (SSRLQ) and the
flat-spectrum RL quasar (FSRLQ). FSRLQs are also within the blazar AGN class. The
SED of the radio sources roughly follows a power-law dependence, which is described
by the flux density, Fν ∝ ν−αν , where ν is the frequency and αν is the radio spectral
index. SSRLQs usually have extended lobe-dominated radio structures and steep slope
continuum with αν ≥ 0.5, whereas the compact core-dominated FSRLQs display flat
spectra with αν < 0.5. In the traditional orientation-based unified model, the core-
dominated FSRLQs are subset of lobe-dominated SSRLQs, where they are viewed
pole-on along the line-of-sight (Antonucci 1993).

Various subgroups of SSRLQ also exist, such as ultra-steep spectrum (USS),
gigahertz-peaked spectrum (GPS), and compact steep spectrum (CSS) radio sources.
Radio sources that show αν > 1 are classified as USS sources and are efficient candidates
to identify high redshift radio galaxies (e.g., Chambers et al. 1988; Roettgering et al.
1994, 1997; De Breuck et al. 2001). Both GPS and CSS sources are compact and powerful
radio objects that have convex radio spectra with pronounced spectral peaks at high
(∼ 1GHz) and low (< 500GHz) frequencies, respectively (see reviews by e.g., O’Dea
1998; Sadler 2016). About 10% GPS and 30% CSS objects constitute the bright radio
source population (O’Dea 1998).

By convention, the name quasar often refers to both RQ and RL populations.
Hereafter, the term quasar indicates type 1 RQ and RL high luminosity AGN, in
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particular those that have BELs, unless specified otherwise. The study of quasars is the
primary emphasis and will be a recurring theme.

1.3.5 Blazars

Blazars are plausibly a subclass of core-dominated RL quasars or radio galaxies seen pole-
on relative to the jet angle. As observed from this angle, the radiation from the relativistic
jet is boosted by Doppler beaming. The ejected synchrotron radiation dampens the
continuum and emission lines. As a consequence, they exhibit high polarisation and
rapid variability in their emission.

Blazars are subdivided into BL Lac and FSRLQ, which differ from one another in
their optical spectra. The optically violently variable (OVV) quasars are under FSRLQs.
As indicated previously, broad permitted lines are present in a FSRLQ spectrum, akin
to those of quasars. Conversely, there is rarely any emission or absorption lines in the
optical spectrum of BL Lac object due to the strong synchrotron radiation.

1.3.6 Other Enigmatic AGN

The emergence of the so-called changing-look AGN poses a challenge to the traditional
orientation unification scheme. The term is initially applied to describe X-ray AGN that
transition from Compton-thin (NH . 1024 cm−2) to Compton-thick, or vice versa (e.g.,
Guainazzi 2002; Matt et al. 2003; Bianchi et al. 2005; Puccetti et al. 2007; Risaliti et al.
2009; Marchese et al. 2012; Miniutti et al. 2014; Ricci et al. 2016). Optical changing-look
AGN exhibit variation in the brightness and switch AGN type (e.g., from type 1 to
type 1.8–2.0, or vice versa) with rapid disappearance/appearance of their BELs (e.g.,
Collin-Souffrin et al. 1973; Tohline & Osterbrock 1976; Penston & Perez 1984; Cohen
et al. 1986; Storchi-Bergmann et al. 1993; Aretxaga et al. 1999; Shappee et al. 2014;
Denney et al. 2014; LaMassa et al. 2015; Runnoe et al. 2016; McElroy et al. 2016; Gezari
et al. 2017).

Several reasons to explain this scenario have been considered. The dramatic
changes in the observed flux could be caused by the movement of obscuring dusty
material from the clumpy torus (e.g., Elitzur 2012). Another scenario is that it is due to
the variation in accretion rate (e.g., Penston & Perez 1984; Elitzur et al. 2014). The
lower accretion activity results in lack of emission to ionise the BLR gas, therefore
reducing the strength of the emission lines. A different suggestion is that the stellar tidal
disruption events or supernova events by the BH lead to a sudden burst in brightness
and subsequent dimming (Eracleous et al. 1995; Merloni et al. 2015; Blanchard et al.
2017).
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1.3.7 Universal AGN Picture

Although the geometric unification picture seems to be an over-simplification of the
various AGN types, most observational AGN phenomena can be interpreted within
this foundation. It still provides a reasonable representation of the actual AGN system.
The unique spectral signature of different AGN across the whole electromagnetic bands
reflects the complexity of the AGN. Similarities between the AGN properties are also
seen, indicating some overlap among the subclasses. This highlights the difficulty in
acquiring a universal unification scheme of AGN.

1.4 Outline of the Thesis

The thesis revolves around these themes: shape of spectral lines, disk-wind of BLR, and
orientation in the unification scheme. Chapter 2 introduces observational characteristics
of the BLR. The topic on disk-wind is reviewed in Chapter 3, including the theory and
a few existing disk-wind models. Our approach to model the disk-wind BLR is then
outlined. Using a narrow disk-wind configuration, Chapter 4 explores the trends in
the line profile shapes. Chapter 5 uses observational data to statistically examine a
subclass of quasars based on their spectral features and concludes by introducing a BLR
disk-wind model with wide range of angles. In light of these results, Chapter 6 presents
a unique and robust method to determine the orientation of quasars in the UV-optical
domain. We delve into the application side of the modelling in Chapter 7 and investigate
the bias in the estimates of the black hole masses. Summary and future implications of
the work are discussed in Chapter 8.
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CHAPTER 2

Observables of the Broad Line
Region

This chapter, specifically part of Section 2.1, is based on the publication:

• Yong, S. Y., King, A. L., Webster, R. L., Bate, N. F., O’Dowd, M. J.,
& Labrie, K. (2018). Using the Properties of Broad Absorption Line
Quasars to Illuminate Quasar Structure. MNRAS, 479, 4153–4171.
ADS: 2018MNRAS. 479. 4153Y . doi: 10. 1093/ mnras/ sty1540 , Sec-
tion 1

Abstract

For more than half-century, the BLR has been rigorously studied. There have been
growing pursuits to constrain the BLR based on the key features in AGN spectra. In
spite of the long history, the true nature of the BLR is still enshrouded in mystery
as novel findings are often discovered. The results from pioneering studies reveal that
the structure of BLR is much more sophisticated. With the emerging vast surveys,
such as the Sloan Digital Sky Survey (SDSS), statistical analyses on the observational
characteristics of AGN spectra using large samples have been made possible. These
will enable the extraction of general information on the BLR spatial and kinematical
structures. In this chapter, the diverse observational characteristics of the quasar spectra
emitted from the BLR are reviewed.
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2.1. BROAD EMISSION LINE (BEL)

2.1 Broad Emission Line (BEL)

The optical-ultraviolet BELs are the most distinguishing feature of a quasar optical
spectrum. These lines originate from the BLR, which is situated close to the central
ionising source (accretion disk). There have been various studies to understand the
relationship between the geometry and dynamics of the BLR and the BEL profiles (e.g.
Sulentic et al. 2000; Gaskell 2009; Grier 2013; Pancoast et al. 2014). The absence of
forbidden broad lines suggests that the BLR consists of dense regions that suppress the
formation of these lines through collisional de-excitation of the gas.

The most notable broad lines are the hydrogen Lyα and hydrogen Balmer series
lines Hα, Hβ, and Hγ. Some emission lines are heavily blended due to the broadened
Doppler widths. These lines are hard to be distinguished separately and are often
measured together, for example Lyα+Nv, Si iv+O iv], and C iii]+Si iii]. Several lines
also appear as doublet or multiplets, for instance Oviλλ1032, 1038, Nvλλ1239, 1243,
Si ivλλ1394, 1403, C ivλλ1548, 1551, Mg iiλλ2796, 2803, and Fe ii multiplets. Based
on the ionisation state of the lines, they are grouped into high-ionisation lines (HILs) or
low-ionisation lines (LILs). HILs are such as He ii, He i, Ovi, Nv, and C iv, while LILs
are such as Mg ii, Ca ii, O i, Hα, and Hβ.

Some clues to the nature of the BLR can be found by considering the unique
properties of the BEL profiles. The shape of the BEL profiles and relative line strengths
in a quasar spectrum vary from source to source and reflect the dynamics and geometry
of the BLR. Typically, a BEL has FWHM of ∼ 5000 km s−1, but can be broader than
10 000 km s−1 (Peterson 1997). The emission line strengths vary between different line
species in the same object or the same line in distinct objects, suggesting different
ionisation conditions.

The EW is usually used to measure the strength of the emission or absorption
lines relative to the underlying continuum flux. It is defined as the width measured
using the rectangular area from the continuum which has equal area to that covered by
the spectral line:

EW =

∫
f(λ)− fc(λ)

fc(λ)
dλ ≈ fline

fc
, (2.1)

where f(λ) is the measured specific flux across the entire spectral line at wavelength λ,
fc(λ) is the continuum specific flux, and fline is the total line specific flux. A sketch of
the line measurements with FWHM and EW is displayed in Fig. 2.1.

The main attributes of selected emission lines from Vanden Berk et al. (2001),
in particular the velocity shifts, skewness, EW, and ionisation potential, are listed in
Appendix A. The measurements are estimated based on the generated median composite
spectrum of over 2200 SDSS quasar samples at redshift 0.04 ≤ z ≤ 4.79, shown in
Fig. 2.2. In general, the properties are quite different depending on the ionisation
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CHAPTER 2. OBSERVABLES OF THE BROAD LINE REGION

Figure 2.1: Measure of line width using full width at half maximum (FWHM) and line
strength using equivalent width (EW). The area in each shaded region is equal.

species.

There appears to be a trend in the BELs for different ionisation states of the
ions. Lines with higher ioninisation, like C iv, have broader line widths than those from
lower ionisation species, such as Mg ii (e.g. Shuder 1982; Mathews & Wampler 1985;
Netzer 2013). It suggests that the BLR is likely to have a stratified structure, in a
sense that species with high ionisation potential are located nearer to the central of the
ionising source. Low ionisation ions are less gravitationally bounded and situated at
larger distance.

Results from reverberation mapping (RM), a technique to estimate the time delay
of the variations in the emission line flux relative to the continuum flux, also show
evidence that the BLR has a stratified ionisation structure (Kollatschny 2003; Peterson
et al. 2004). The HILs and LILs are observed to arise at different relative distances
from the inner accretion disk. RM studies find that the HILs are emitted from regions
closer to the continuum source than the LILs (Gaskell & Sparke 1986; Clavel et al. 1991;
Peterson & Wandel 1999; Kollatschny 2003; Peterson et al. 2013; Bentz et al. 2016).
This reinforces the view that the location of the HIL regions are different from that of
the LIL regions.

2.1.1 Velocity Shifts

Often, emission line profiles are shifted relative to the systemic velocity of the quasar.
The forbidden NLR lines, such as [O iii], are located further away at kiloparsec from the
centre of the BH and are usually assumed to be at the systemic redshift of the quasar,
within ∼ 50 km s−1 (Hewett & Wild 2010) of the systemic host galaxy velocity. Their
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Figure 2.2: Median quasar composite spectrum from Vanden Berk et al. (2001). Am-
biguous lines are labelled with trailing colon (:). The dashed and dotted lines show
power-law continuum fits.
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redshifts in low redshift quasars of z < 1 are consistent with the host galaxies redshifts
measured using stellar absorption lines (Gaskell 1982) and 21 cm wavelength neutral
hydrogen emission line observations (Hutchings et al. 1987). LILs, such as Mg ii, have
average systemic velocities comparable to that of [O iii] line, and hence are often used in
cases where the [O iii] line lies outside the observed wavelength range (Carswell et al.
1991; McIntosh et al. 1999). Hereafter, the convention adopted is that negative velocity
denotes blueshift with line peak towards the low end of the wavelength, while positive
velocity corresponds to redward shift towards the high end of the wavelength. This is
illustrated in Fig. 2.3.

Blueshifted Redshifted

F
lu
x

Wavelength

Figure 2.3: The adopted notation for velocity shifts. The vertical dashed line represents
the centre of a reference line and the dotted blue and red lines are centre of the lines
shifted bluewards and redwards, respectively.

A blueshift is also commonly observed between HILs and LILs. This velocity shift
was first reported by Gaskell (1982), and further confirmed by Wilkes (1986), Espey
et al. (1989), Tytler & Fan (1992), McIntosh et al. (1999), Vanden Berk et al. (2001),
and Shen et al. (2016). In addition, there is a negative relationship between the velocity
shifts and ionisation potential, whereby the blueshift increases with higher ionisation
line (Gaskell 1982; Wilkes 1986; Espey et al. 1989; Tytler & Fan 1992; McIntosh et al.
1999; Vanden Berk et al. 2001; Shen et al. 2016). Some of the major emission lines
velocity shifts with respect to [O iii] forbidden line from Vanden Berk et al. (2001) are
given in Appendix A, with negative value delineates blueshift. This indicates that the
HILs have different dynamics to the LILs and are likely to originate from a different
parts of the BLR.

While the source of the offsets in emission lines remains uncertain, the factors
that might contribute to the shifts are the redshift, luminosity, and radio type of the
AGN. Using FSRLQ sample of redshift 0.2 . z . 2.3, Gaskell (1982) found that the
HILs are blueshifted with respect to the NELs and LILs by ∼ 600 km s−1. For a redshift
range of 1.3 . z . 2.4, Espey et al. (1989) obtained a slightly higher HIL blueshift of
∼ 1000 km s−1. The shift can extend over 4000 km s−1 for optically selected sources with
high luminosity (Corbin 1990).
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On the other hand, low redshift objects exhibit different trend in velocity shifts,
depending on their radio morphologies. Boroson & Green (1992) demonstrated for
quasars at redshift z . 0.5 that LIL Hβ line is shifted toward both blue and red sides
from the systemic velocity for RQ objects, but only toward the red for RL objects.
Marziani et al. (1996) confirmed for a sample of z . 0.8 AGN that there is a difference
in the kinematics of RQ and RL objects.

However, McIntosh et al. (1999) argued that the radio type dependency is not
detected in luminous quasars with high redshifts of 2.0 . z . 2.5. Instead, they found a
luminosity dependence in their samples, in a sense that there is an increment in redward
shift of Hβ line relative to the systemic. By using RQ quasars at 1.5 . z . 2.2 from
the SDSS, Richards et al. (2002, 2011) verified that the HIL C iv is blueshifted by
∼ 800 km s−1 with respect to the LIL Mg ii line and is more blueshifted as the luminosity
increases. Both radio type and luminosity dependences are observed by Richards et al.
(2011). They reported that C iv blueshift in RL quasars is smaller ∼ 360 km s−1 and is
weakly correlated with luminosity compared to those of RQ quasars. The link between
the blueshift of HILs and luminosity is also proven by Shen et al. (2016) using quasar
spectra from SDSS RM project.

Though there are conflicting results, the findings have been getting consistent. The
application of large and high quality data samples will provide a tighter velocity shift
correlation with other parameters, and hence grant further insights into the geometry
and kinematics in the BLR.

2.1.2 Asymmetry

The shape of the BEL profiles differ from one another and some of them often display
line asymmetries. Asymmetry is used to describe the degree of symmetry or skewness
of an emission line. Hereafter, the convention applied to define the line asymmetry is
depicted in Fig. 2.4. Both sides are evenly distributed for a symmetric line (Fig. 2.4b). A
negative or blueward asymmetric line profile has broader and more flux on the blue wing
(Fig. 2.4a). In contrast, the red wing is more intense than the blue wing in a positive or
redward asymmetric line profile (Fig. 2.4c). The skewness of selected emission line profiles
adopted from Vanden Berk et al. (2001) are presented in Appendix A. The asymmetry
is calculated by using Pearson’s coefficient of skewness, that is 3(mean−median)/σλ,
where σλ is the root mean square wavelength dispersion.

The emission lines display wide variation in shapes and degrees of asymmetry
(Corbin & Francis 1994; Corbin 1995; Corbin & Boroson 1996; Marziani et al. 1996;
Corbin 1997). Various studies relate line asymmetries, particularly for the C iv and
Hβ lines, to radio types and orientation of quasars (Marziani et al. 1996; Corbin 1997).
These studies find that in RL sources the Hβ line is redshifted and red asymmetric,
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Figure 2.4: The adopted notation for line asymmetry. The vertical dashed line represents
the centre of the line.

while the C iv line remains unshifted and symmetric. For RQ sources, the C iv line is
blueshifted and blue asymmetric, while the Hβ line is unshifted and symmetric.

An interpretation is that the anisotropic line emission is due to a combination of
obscuration and the kinematics of the wind. Consider that the motion of the wind is
outflowing, the line profile shape will be influenced by the projected angle along the
line-of-sight of the observer relative to the accretion disk. If viewed at low inclination
angle or close to pole-on, the opaque disk will block most of the emission from the
opposite side of the disk. Consequently, the red wing of the emission line is diminished,
while the blue wing is stronger since the projected line-of-sight velocity is towards the
observer. As the inclination angle increases, the receding wind at the far end starts to
be visible and contributes to the line flux on the red wing. Part of the emission comes
from both ends of the outflowing wind and the line becomes symmetric when viewed
close to edge-on.

2.1.3 Double-peaked Emission Line (DPEL)

Some AGN show line profiles with broad double-peaked emission lines (DPELs) or
double-peaked emitters, as shown in Fig. 2.5. This characteristic is reminiscent to those
seen in cataclysmic variable stars (e.g., Young & Schneider 1980), which are binary star
systems with white dwarf as the primary component and mass transferring companion
star as the secondary component. It is considered as a direct kinematical evidence for
Keplerian motion in accretion disk (e.g., Horne & Marsh 1986), and hence accretion
disk models are often invoked to fit the shape of the DPELs (Chen et al. 1989; Chen
& Halpern 1989; Eracleous et al. 1995). The two peaks in a DPEL profile are caused
by the disk rotation, whereby the approaching side will produce a blue peak and the
residing side will yield a red peak. Due to Doppler boosting and gravitational redshifting,
DPEL is typically asymmetric with stronger blue peak than the red peak (Chen et al.
1989; Chen & Halpern 1989), though DPELs with stronger red peak are also found (e.g.,
Eracleous et al. 1995).

23



2.1. BROAD EMISSION LINE (BEL)

Figure 2.5: Double-peaked emission lines from Eracleous et al. (2009). The red solid
line is the disk model using best fit Hα line.
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Alternative scenarios for the origin of DPELs have also been suggested. These
include a binary supermassive BH formed through galaxy mergers, (Begelman et al.
1980; Gaskell 1983; Peterson et al. 1987) a bipolar outflow (Zheng et al. 1990), and a
spherical BLR illuminated by an anisotropic continuum source (Wanders et al. 1995;
Goad & Wanders 1996). However, all of these ideas have been rejected as they are
inconsistent with those from theoretical expectations and observations of DPELs (see
reviews by e.g., Eracleous & Halpern 2003; Gezari et al. 2007).

DPELs are mainly found in LILs, for instance Balmer lines and occasionally Mg ii

lines, while none has been identified in UV resonance lines, like Lyα and C iv. The lack
of two peaks in the UV lines might imply that the conditions in the accretion disk are
optically thick and highly dense for these line such that they are unable to be emitted
from the disk (Halpern et al. 1996). Only a small fraction of AGN are double-peaked
emitters. Double-peaked Balmer lines are present in around 20% of RL AGN at z < 0.4

(Eracleous & Halpern 1994, 2003) and about 4% of all AGN in the SDSS catalogue at
z < 0.3, where 76% are RL AGN and 12% are LINERs (Strateva et al. 2003). The
chances of finding a DPEL in RL objects are also 1.6 times higher compared to in RQ
objects (Strateva et al. 2003).

Since a Keplerian rotating disk BLR is assumed to be ubiquitous, this leads to
the question of why the emission line profiles of AGN are rarely double-peaked and
are predominantly single-peaked. Various schemes have been discussed by Eracleous
& Halpern (2003) to tackle this dilemma and essentially linking the DPEL AGN with
the general AGN population. One of the factors is the size of the disk (Dumont &
Collin-Souffrin 1990; Jackson et al. 1991; Rokaki et al. 1992). In particular, a small ratio
of outer to inner disk radius of . 100 yields a double-peaked line profile. If the disk
radius is large, the two peaks appear to combine and create a single-peaked line profile.
Alternatively, a face-on orientation will also create the same effect (Corbin 1997).

Additionally, the inclusion of wind component to the photoionised accretion disk
model has been shown to explain well not only the DPELs, but also the emission and
absorption lines phenomenology (Murray & Chiang 1997). The resulting line profile
depends on the radiative transfer effects. Regions in the wind that have high optical
depth and substantial radial velocity shear will enable the line photons to escape along the
directions of low projected velocity. The non-axisymmetric disk emissivity also reduce
the emission from disk regions with large projected velocity, and therefore produce
single-peaked line profiles. While the deficit of emission at small projected velocity in
optically thin wind generates double-peaked lines.

Extensive spectroscopic monitoring campaigns have been conducted over timescales
of months to years in order to study the variability of the DPELs in a few AGN. For
example, Arp 102B (Sergeev et al. 2000; Shapovalova et al. 2013), 3C 390.3 (Veilleux
& Zheng 1991; Sergeev et al. 2002; Jovanović et al. 2010; Shapovalova et al. 2010;
Popović et al. 2011; Sergeev et al. 2011), 3C 332 (Gezari et al. 2007), and NGC 1097
(Storchi-Bergmann et al. 2003). The relative flux of the blue and red peaks in some
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sources (e.g., 3C 390.3 and NGC 1097) also display occasional fluctuation between the
two peaks, causing changes in the line profile asymmetry.

2.2 Broad Absorption Line (BAL)

A subpopulation of quasars display absorption trough bluewards with respect to the
emission line (e.g. Weymann et al. 1991), though redshifted troughs have also been
identified (Hall et al. 2013). Depending on the width of the absorption lines, the absorbers
are classified into broad absorption lines (BALs), narrow absorption lines (NALs), and
mini-BALs. BALs have typical velocity widths that extend to tens of thousands km s−1

and are often blueshifted relative to the rest frame of the emission line. NALs show
lower absorption line widths of less than a few hundred km s−1. Absorption troughs
with intermediate widths are called mini-BALs. The estimates of the detection rate
in increasing order are mini-BALs, BALs, and NALs, with ∼ 5%, ∼ 20%, and ∼ 45%,
respectively (Hamann et al. 2012). It is also found that the percentage of AGN with
intrinsic outflows can be as large as ∼ 70% (Ganguly & Brotherton 2008; Hamann et al.
2012).

The absorption lines can also be separated into intrinsic and intervening absorbers.
Intrinsic absorbers consist of gas that is physically associated to quasars. Intervening
absorbing materials are those produced in foreground galaxies, interstellar, or intergalac-
tic media along the quasar line-of-sight. BALs are intrinsic to quasars. An example
of intrinsic BAL profiles in the low-ionisation BAL quasar H1413+117 acquired from
O’Dowd et al. (2015), is portrayed in Fig. 2.6. The lines are C iv, Si iv, Nv, and Al iii.
Meanwhile, NALs can be either one, but the majority are intervening absorbers. Tradi-
tionally, NALs falling within 5000 km s−1 from the quasar systemic redshift (associated
absorption lines) have higher possibility of being intrinsic, while those that are larger
than this cutoff are from intervening systems (e.g., Weymann et al. 1979; Foltz et al.
1986).
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Figure 2.6: Intrinsic broad absorption line (BAL) profiles for C iv, Si iv, Nv, and Al iii
of low-ionisation BAL quasar H1413+117 from O’Dowd et al. (2015).
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Quasar Disk-wind

This chapter is based on the publications:
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Abstract

The structure and kinematics of the BLR in quasars are still not well established. One
popular BLR model is the disk-wind model that offers a geometric unification of a quasar
based on the angle of viewing. We construct a simple kinematical disk-wind model
combined with radiative transfer in the Sobolev, or high velocity, limit.
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3.1. BACKGROUND

3.1 Background

It is becoming common that the idea of accretion and outflow process are closely
intertwined and important in astrophysical systems. Observational evidence for this
phenomenon have been identified in several astronomical objects including cataclysmic
variable (CV) stars (e.g., Cordova & Mason 1982), X-ray binaries (e.g., Ponti et al. 2012),
and AGN (e.g., Weymann et al. 1991). The outflow is often posited to arise from the
base of the accretion disk, albeit many aspects of the physics behind these processes
are still not fully grasped. The exact acceleration mechanisms of the outflow remain
debatable. Postulated outflow models also have to be fully self-consistent and match the
prediction of observables. In this chapter, outflow models and the driving mechanisms
are reviewed in § 3.1. Our BLR modelling approach is presented in § 3.2 and summarised
in § 3.3.

3.1.1 Outflows in Quasars

One compelling piece of evidence of outflowing materials is the P Cygni profile in a
spectrum of a star. The name is derived from P Cygni, a luminous blue variable star,
whose spectrum shows intense emission lines with absorption lines bluewards. These
features are caused by an expanding shell of gas or a stellar outflowing wind. An
illustration of the formation of the classic P Cygni line profile is shown in Fig. 3.1.
When the wind material is between the observer and the star, absorption line is created.
It also appears blueshifted from the centroid since the photons are approaching the
line-of-sight of the observer. An emission line is produced from the rest of the expanding
shell, though the material at the far side along the observer’s line-of-sight is occulted
by the star. It tends to be fairly symmetric due to the contributions from the positive
and negative projected velocities. The P Cygni profile is then the combination of both
spectral features. In general, the term P Cygni profile is applied to other celestial objects
with similarly shaped spectral lines.

A plausible signature of outflows in a substantial fraction of quasars is the existence
of absorption lines. As the characteristics of a BAL and the classic P Cygni profile are
similar, this leads to the possibility that some degree of outflowing wind is also present
in quasars. However, BALs in quasars show a wide variety of shapes instead of just
smooth P Cygni line profiles. The absorption trough of a BAL can appear detached from
its corresponding emission line. This implies that quasar outflows are more complex
than the simplistic argument of a smooth and spherically symmetric atmosphere inferred
from stellar winds.
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Most BAL quasars are probed in the UV waveband but some in X-ray waveband
have also been found. Some BAL X-ray spectra show ultra-fast outflows that have mildly
relativistic outflow velocities of & 0.1c (e.g., Chartas et al. 2002; Reeves et al. 2003;
Chartas et al. 2003). These objects can even have high Hydrogen column densities in
the range of 1022–1024 cm−2. Similar to BALs, the NALs are also detected in both UV
and X-ray regimes. The UV NALs can appear at blueshifted velocities of more than
ten of thousands km s−1 and even & 50 000 km s−1 from the emission lines (e.g., Jannuzi
et al. 1996; Hamann et al. 1997; Narayanan et al. 2004). High velocity NAL outflows are
also reported in X-ray spectra that extend & 60 000 km s−1 (e.g., Chartas et al. 2009).
It is plausible that systems with high velocity outflows are in the host galaxy.

Quasar outflows are vital candidates to provide clues into the AGN feedback
mechanisms that are responsible for the coevolution between the supermassive BHs
and their host galaxies (see e.g., Kormendy & Ho 2013; King & Pounds 2015). The
gas and dust from young galaxies can be carried away by the outflows, contributing to
the metal-rich environment in the local universe and even regulating star formation in
interstellar and intergalactic media (e.g., Silk & Rees 1998; Kauffmann & Haehnelt 2000;
Granato et al. 2004; Di Matteo et al. 2005; Fabian 2012). Therefore, quasar outflows
reveal broader insight not only into the physical properties, but also into galaxy evolution
and the surrounding environment.

Figure 3.1: Formation of P Cygni profile.
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3.1.2 Driving Mechanisms

For a quasar outflow to occur, some sort of force on the gas is required to dominate
over gravity. A brief discussion on plausible driving forces is reviewed in Proga (2007).
Currently, the driving mechanism of the wind is still unclear. The three major drivers
that have been proposed are thermal or gas pressure (Weymann et al. 1982; Begelman
et al. 1991), radiation pressure due to spectral lines or line driving (Shlosman et al.
1985; Arav et al. 1994; Murray et al. 1995), and magnetocentrifugal pressure due to the
accretion disk (Blandford & Payne 1982; Emmering et al. 1992; Konigl & Kartje 1994).
This can be represented by the radiation magnetohydrodynamics (MHD) equation,
specifically the equation of motion which is given by

ρ
Dv

Dt
+ ρ∇Φ = −∇P +

1

4π
(∇×B)×B + ρFrad, (3.1)

where D/Dt is the Lagrangian or the convective derivative. The quantities ρ, v, Φ, P , B,
and Frad are the mass density, velocity, gravitational potential, pressure, magnetic field
strength, and total radiation force per unit mass, respectively. Then, the three terms
on the right-hand side of Eq. (3.1) describe the thermal pressure gradient, magnetic
Lorentz force, and radiation force. A short description of these launching mechanisms is
presented in the following sections.

3.1.2.1 Thermal or Gas Pressure Driven

Quasars reside in a matter-rich environment, and hence are energetic sources of radiation.
The heating of the gas in the accretion disk causes thermal expansion. When the thermal
velocity of the gas surpasses the local escape velocity, a thermal pressure driven wind is
formed. For this scenario to occur, the temperature needs to be high, around a Compton
temperature of ∼ 107K, and at a large distance from the BH where the local escape
velocity is small (e.g., Chelouche & Netzer 2005). A thermal driven wind is less likely to
dominate below Compton temperature.

It has been shown through detailed photoionisation and dynamical modelling that
the thermally driven wind model can explain the observed highly ionised low velocity
X-ray absorption features or warm absorbers (WAs) seen in some Seyfert galaxies
(Chelouche & Netzer 2005). The inclusion of adiabatic cooling can also substantially
reduce the maximum temperature to be lower than the Compton temperature. However,
a thermal wind model fails to drive the outflow at large scales as adiabatic cooling
causes the wind to decelerate too rapidly (Everett & Murray 2007). For the wind to
remain isothermal, other heating sources, which are yet to be identified, are necessary.
Alternative means to accelerate the wind must also be introduced to explain outflows
with extreme velocities.
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3.1.2.2 Radiation Pressure or Line-driven

The theory of a line-driven wind has long been established by Castor et al. (1975) from
the studies of stellar winds in hot stars. They showed that the radiation force equation
can be expressed as

Frad =
σeF

c
M(t), (3.2)

where σe is the mass scattering coefficient of the free electron and F is the total flux. The
factor σeF/c is the force caused by continuous absorption. The force multiplier function,
M(t), is a function of the optical depth variable, t, which determines the fraction of
force driven by a spectral line and the force due to electron scattering.

If all lines are optically thick, M(t) approaches zero. This occurs when the gas
is highly ionised and radiation pressure due to electron scattering will dominate. If all
lines are optically thin or the gas is partially ionised, the line driving force will dominate.
The force multiplier reaches a maximum value of Mmax and is found to be about ∼ 103

(e.g., Castor et al. 1975; Abbott 1982; Gayley 1995). This provides an estimate of the
lower bound on the luminosity for efficient line driving wind L > LEdd/(1 +Mmax) or
L & 0.0005LEdd with Mmax of 2000.

A promising observational indication of radiatively driven outflows in quasars is
the discovery of a line-locking feature (e.g., Turnshek 1984; Foltz et al. 1987). This
signature is associated with narrow and blueshifted absorption characteristics seen in a
pair of different ionisation lines separated by a line doublet spacing. One of the most
studied line-locked pairs is Lyα and Nv, with a small hump observed in the absorption
trough of BAL quasars blueshifted at ∼ 5900 km s−1 from the centre of the line (e.g.,
Weymann et al. 1991; Korista et al. 1993). It is well-known as the ghost of Lyα and
hints that radiative pressure is likely to have a role in accelerating the wind (e.g., Arav
et al. 1995; Arav 1996, but see also Cottis et al. 2010).

Generally, disk-wind models driven by radiative acceleration are fairly robust
especially in explaining the BEL and BAL properties in AGN (e.g., Murray et al.
1995; Elvis 2000). The mechanism is inspired by that from hot stars (e.g., Lamers
& Cassinelli 1999). Two major considerations are required to implement line driving
developed for hot stars to quasars. First is the difference in structure. The winds in hot
stars have roughly spherically symmetric geometry, whereas quasars are assumed to be
axisymmetric. Second is the difference in SED. The radiation emitted from hot stars is
mainly in UV, while quasars emit both in UV and X-ray domains. As a consequence, the
X-ray radiation can over-ionise the gas, and hence prevent the formation and acceleration
of UV lines in the wind via line driving. For this reason, some sort of shielding gas
is needed to protect the wind from the strong X-ray photons. This issue is familiarly
known as the over-ionisation problem and any viable line-driven model has to address
this matter. By taking these factors into account, some hydrodynamic simulations have
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successfully incorporated a line driving mechanism to model AGN (e.g., Proga et al.
2000; Proga & Kallman 2004).

3.1.2.3 Magnetically Driven

Although line driving is an attractive mechanism in producing outflows in AGN, it is
inadequate to cover low luminosity objects and high ionisation state gases (e.g., Chelouche
& Netzer 2005). Thermal driving is only significant provided that the accretion disk is
heated to a sufficiently high temperature and at radius far away from the central ionising
source. This indicates that some other mechanisms, like magnetic force, is necessary to
accelerate the wind.

Several studies in favour of a magnetic wind model have been conducted (e.g.,
Blandford & Payne 1982; Emmering et al. 1992; Bottorff et al. 1997, 2000). One robust
and successful method to transport angular momentum in the accretion disk is through
magnetorotational instability (Balbus & Hawley 1991). There are two subgroups of
magnetic Lorentz force. Using the vector triple product identity, the Lorentz force can
be expanded as

1

4π
(∇×B)×B =

1

4π
(B · ∇)B− 1

8π
∇B2. (3.3)

The first factor on the right-hand side of Eq. (3.3) is the magnetic tension in field lines
or magnetocentrifugal force due to the rise of the angular velocity in the radial direction.
The second factor is the magnetic pressure, which is related to the horizontal gradient
pressure formed in the vertical direction.

The seminal paper by Blandford & Payne (1982) describes how magnetic tension
launches the wind from the disk. The behaviour of the magnetic field lines is analogous
to ‘bead on a rigid wire’. A bead of gas can be ejected from the wire of fast rotating
magnetic field line, depending on the geometry of the field. For a centrifugally driven
outflow of gas, it requires the poloidal magnetic field to be at inclination of more than
30° relative to the normal of the disk surface.

The observational features in AGN that can be described by radiative pressure
winds have been shown to also deemed feasible with magnetocentrifugal winds. The
applications of MHD models include BAL outflows (e.g., Emmering et al. 1992), as well
as the reproduction of the shape and variability of the emission line profiles (e.g., Bottorff
et al. 1997). The magnetic wind also solves one of the main complications in line-driven
wind, that is the over-ionisation problem. Since it does not involve radiation pressure, a
magnetic wind can play a crucial role, especially in systems with low luminosity, such as
young stellar objects or sources over-ionised by strong radiation, like AGN (e.g., Pelletier
& Pudritz 1992; Konigl & Kartje 1994; Ouyed & Pudritz 1997; Ustyugova et al. 1999;
Krasnopolsky et al. 1999). Additionally, a magnetically driven wind might also aid other
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driving mechanisms to accelerate the outflow more efficiently (de Kool & Begelman 1995;
Everett 2005). The wind remains dense as it is confined by magnetic fields and is able to
accelerate radiatively. Some authors have considered models combining both magnetic
and line driving mechanisms (Konigl & Kartje 1994; de Kool & Begelman 1995; Proga
2003; Everett 2005).

Though the magnetic wind model seems rather universal, there are still a few
issues. Notably, the origin of large-scale magnetic fields is unclear. As it is difficult to
test against observations, inferring the properties of the wind, such as the mass-loss rate,
has also become a hurdle. Indeed, extensive work is needed to address all the concerns.

3.1.3 Disk-Wind Models

In recent years, there has been a significant improvement in the quality of the data along
with better instrumentation and larger surveys to better understand the line-emitting
region. Despite this, the nature of the BLR is still an open question. Numerous BLR
models have been proposed to explain the observed characteristics of line profiles in AGN
spectra with the main aim of developing a scheme to unify all AGN. Among the various
proposed models of the BLR are the discrete cloud and disk-wind models (see reviews
by e.g., Korista 1999; Eracleous 2006). The discrete cloud model consists of discrete
optically thick gas clouds photoionised via the continuum source emission. Although
this model is capable of explaining the observed spectral characteristics, it suffers from a
few complications. One main issue is the confinement problem: without a way to confine
the clouds, they would simply evaporate (see review by e.g., Mathews & Capriotti 1985).
Several solutions to this problem have been suggested, such as a hot intercloud medium
(Krolik et al. 1981) and magnetic fields (Rees 1987).

Models associated with winds accelerated by some driving mechanisms are at-
tractive and have gained attention over the years. Meanwhile, rare observations of
double-peaked line profiles in AGN (e.g., Eracleous & Halpern 1994, 2003; Strateva
et al. 2003) indicate that the velocity is likely to be dominated by Keplerian motion,
favouring accretion disk models (Chen et al. 1989; Eracleous et al. 1995). Hence, a
combination of disk and wind components is often invoked to depict the BLR as it
provides a natural avenue to transfer angular momentum from the accretion disk and is
free from the confinement problem. Examples of such models include thin winds (Elvis
2000, 2004), large disk radii winds (Murray et al. 1995), failed dusty disk-winds (Czerny
& Hryniewicz 2011), line-driven winds (Shlosman et al. 1985; Proga et al. 2000; Proga
& Kallman 2004), MHD driven winds (Blandford & Payne 1982; Emmering et al. 1992;
Konigl & Kartje 1994; Bottorff et al. 1997, 2000; Elitzur & Shlosman 2006), or hybrid of
radiative pressure and MHD driven winds (de Kool & Begelman 1995; Everett 2005).
Some notable candidates for a disk-wind BLR are reviewed in the following subsections.
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3.1.3.1 Elvis — Funnel-shaped Thin Shell Outflow Model

Elvis (2000, 2004) introduced a simple phenomenological structure of quasar to account
for the observed emission and absorption phenomenology, including BELs, BALs, NALs,
and X-ray WAs. The model has a biconical outflow as shown in Fig. 3.2. A narrow wind
is emitted vertically off the base of the accretion disk at a distance of ∼ 1016 cm from
the black hole. The wind then bends radially outward and is accelerated by radiative
pressure. The wind is ∼ 60° from the rotation axis with opening angle of ∼ 10°, which
represents the covering fraction of quasars with BAL. BALs are seen in a spectrum
when looking directly through the wind. NALs and WAs are detected when viewing
across the cylindrical part of the wind. Meanwhile, high-ionisation BELs are embedded
in a cool phase (∼ 104K) of the wind and low-ionisation BELs are originated from the
accretion disk but further out. There is no absorption features when the line-of-sight
and the wind are not coincide.

In a recent paper, Elvis (2017) suggested a ‘quasar rain’ model using wind and
thermal instabilities to explain the origin of the BLR, which is displayed in Fig. 3.3. In
general, the quasar rain model predicts three forms of cool gas in the BLR, namely BEL
clouds, low ionisation phase of WAs, and X-ray eclipsing clouds. The cool condensations
in BEL clouds are formed naturally at sub-escape velocity in the warm (∼ 106K) radia-
tively driven accretion disk-wind. The rapid variation in the X-ray ionising continuum
moves the WA gas into stable regions. This causes the BEL clouds to condense out of
WA wind, and hence creating the cool phase for BEL clouds. Since these BEL clouds
are dense with high column densities, they are unable to accelerate by radiative pressure.
They will stall and rain back toward the black hole, leading to an inflow motion as
observed in most velocity-resolved RM (e.g., Gaskell 1988; Koratkar & Gaskell 1989;
Crenshaw & Blackwell 1990; Korista et al. 1995; Ulrich & Horne 1996). These clouds or
‘raindrops’ are highly supersonic compared to the outflow of WA and only survive for
a few months. Consequently, this might produce narrow cometary shape of the BEL
clouds found in asymmetric X-ray ellipses (Maiolino et al. 2010).

3.1.3.2 Emmering et al. — Disk-driven Hydromagnetic Wind Model

A way to solve the cloud confinement problem encountered in cloud models is by magnetic
pressure (Rees 1987). Emmering et al. (1992) developed a magnetic accretion disk-wind
model consisting of clouds in an attempt to explain the observed BEL features. The
outflow of clouds are embedded along the streamlines of a centrifugally driven MHD
wind. A cartoon of their model is illustrated in Fig. 3.4.

36



CHAPTER 3. QUASAR DISK-WIND

Figure 3.2: A schematic of funnel-shaped thin shell outflow model proposed by Elvis
(2004).

Figure 3.3: A schematic of quasar rain proposed by Elvis (2017).
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Small dense and cool molecular clouds are flung away from the exterior parts of
the accretion disk via magnetic field. The exposure to the UV ionising flux from the
interior parts of the disk causes the ensemble of clouds to become photoionised, and
thus producing emission lines. The broaden wings of the line profile is likely caused by
electron scattering of ∼ 106K intercloud medium, where the clouds are either situated
close to the disk or inside the corona. They demonstrated that the estimated values
for the ionising flux, electron density, filling factor, and velocity agree with those from
observations.

Figure 3.4: A schematic of disk-driven hydromagnetic wind model proposed by Emmering
et al. (1992).

3.1.3.3 Everett —Hybrid Radiatively and Magnetically DrivenWindModel

The disk-driven hydromagnetic wind model is originally proposed by Konigl & Kartje
(1994). The apparent achievement of this model in describing the radiative characteristics
of young stellar objects has prompted them to apply it to AGN, considering that these
objects are both similar in some aspects. Everett (2005) further improved the model
with more realistic prescriptions of the radiatively accelerated MHD wind by including
photoionisation. The two key components in play are the ‘shield’ and the ‘wind’,
as portrayed in Fig. 3.5. Both components are intentionally separated for simplistic
approximations of the simulation. The ‘shield’ is the inner part of the outflow facing
the BH and is basically a shielding gas solely driven by magnetic field acceleration. As
it absorbs the ionising radiation, it protects the outer part of the wind from becoming
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over-ionised. The exterior wind past the shield is optically thin, which accelerates off
the accretion disk via radiative and magnetocentrifugal forces.

Figure 3.5: A schematic of hybrid radiatively and magnetically driven wind model
proposed by Everett (2005).

Subsequent work by Gallagher & Everett (2007) suggested a cold dusty outflow
as an additional component into the model. The distinct outflow regions are possibly
governed by different driving mechanisms. The X-ray shielding gas might be magnetically
accelerated, while the UV absorbing wind might be radiatively accelerated. The dusty
outflow is accelerated by UV radiative pressure, and plausibly magnetic forces, on dust
grains.

Keating et al. (2012) enhanced the hybrid model of Everett (2005) with dust
opacity embedded to construct the shape of the infrared SEDs. Using their model as a
framework, Gallagher et al. (2015) examined the effects of various model parameters on
the dusty disk-wind model. They demonstrated that the generated mid-infrared SED is
consistent with the predicted fraction of type 1 and type 2 AGN.

3.1.3.4 Murray et al. — Line-driven Disk-wind Model

The model suggested by Murray et al. (1995) is composed of a smooth wind emanating
off an accretion disk with launch radius of 1016 cm from a 108M� BH. Radiation pressure
further accelerates the outflowing wind to terminal velocity of ∼ 0.1c. The wind is near
planar and forms an opening angle of ∼ 5°. This cloudless model also implies that it is
not susceptible to the confinement problem. An illustration of the proposed structure is
depicted in Fig. 3.6.

A vital ingredient in this model is the postulated ‘hitchhiking’ gas, a thick dense
layer of gas at the inner edge of the wind that hinders the wind from being over-ionised
due to the X-ray source at the centre. It acts as a shield from the strong ionising source
and effectively accelerates the outflow via radiation pressure on UV resonance lines. The
BELs are produced naturally from the base of the wind where the density is high, while
BALs are formed when the line-of-sight intersects the wind.
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Figure 3.6: A schematic of line-driven disk-wind model proposed by Murray et al. (1995).

Several subsequent series of papers by Chiang & Murray (1996) and Murray &
Chiang (1997) attempt to access the robustness of the model. With the addition of
radiative transfer effects, they showed that their model is able to effectively explain
most of the observed BEL characteristics. These include modelling an earlier response
in the red side of the emission line profile that matches with many velocity-resolved RM
objects, and generating single-peaked emission line profile.

3.1.3.5 Proga et al. — Hydrodynamic Line-driven Disk-wind Model

The basis of the numerical hydrodynamic simulation for radiatively driven wind developed
by Proga et al. (1998, 1999) was initially used for a white dwarf. Later, Proga et al.
(2000) and Proga & Kallman (2004) improved the method and extended the functionality
to AGN outflows. Their model, as displayed in Fig. 3.7, consists of a central engine
radiating ionising X-rays and UV photons. The line-driven wind is launched from a
geometrically thin and optically thick Keplerian disk. The accretion disk has inner edge
radius of 3rS, where rS = 2GMBH/c

2 is the Schwarzschild radius, and spans up to outer
radius of 1000 times larger than the inner radius.

They demonstrated that a line-driven wind can be formed for the case of a 108M�
black hole accreting at a rate of 1.8M� yr−1 with disk luminosity of 0.5LEdd. The density
and poloidal component velocity field maps for this system are presented in Fig. 3.8.
There are three components of the flow. The polar region contains hot, low density,
and high photoionisation parameter gas, while warm, dense, and fast gas occupies the
equatorial region. A transitional zone also exists in between whereby hot outflows are
unable to escape.

The line force is less likely to dominate in the polar region since the gas is highly
ionised. On the other hand, the high density and low ionised gas enables the wind to
be driven radiatively from the inner disk of the equatorial region, with wind covering
factor of ∼ 0.2 at opening angle θ ∼ 70° relative to the rotation axis of the disk. The
process causes the density to decrease with increasing temperature and photoionisation
parameter, which continues until the gas is fully ionised. In this situation, the line force
becomes inefficient at ejecting the material and the gas returns to the accretion disk.
This ‘failed wind’ scenario is required to shield the fast stream of gas in the equatorial
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region from X-ray radiation, and hence ensuring line force at outer region of . 1016 cm.
However, the disk-wind is unstable and dense knots are produced within a couple of
years.

While Proga et al. (2000) assume that the X-ray and UV radiation from the
central engine contribute equally, Proga & Kallman (2004) consider that the dominant
contribution of 90% is from the UV band. They reported that the solution of the flow
also relies on the luminosity and the BH mass of the system. When the disk luminosity is
lower than 0.1LEdd, no wind is created since the decrease in the wind mass flux density
causes the the wind to be more vulnerable to over-ionisation. For a source with disk
luminosity of about 0.5LEdd, the one that has a higher BH mass of & 107M� will be
easier to generate line-driven wind.

Figure 3.7: A schematic of hydrodynamic line-driven disk-wind model proposed by Proga
et al. (2000).

(a) Density map (b) Poloidal velocity field map

Figure 3.8: Map of disk-wind solution from Proga et al. (2000).
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3.2 Kinematical Disk-wind Model

In this section, we introduce our BLR disk-wind modelling approach. The kinematics of
our BLR disk-wind model is adopted from Shlosman & Vitello (1993), designed initially
for CVs. The similarities in the geometries, kinematics, and ionisation state between
CVs and AGN, suggest this model can be implemented to study the characteristics of
AGN (Higginbottom et al. 2013, 2014; Matthews et al. 2016). A schematic of the model
is depicted in Fig. 3.9. We also incorporate radiative transfer effects to generate the line
profiles using the Sobolev (high velocity gradient) approximation, following previous
work (Chiang & Murray 1996; Murray & Chiang 1997; Flohic et al. 2012).

Figure 3.9: A sketch of the geometry and main parameters of our cylindrical disk-wind
model.

3.2.1 Wind Kinematics

The BLR model of size rBLR with MBH BH at the centre is assumed to have an axially
symmetric geometry, which we describe using cylindrical coordinates (r, φ, z). The radial
and azimuthal coordinates, r and φ, are located on the xy-plane, which is defined as
the plane of the accretion disk surface. The z-axis is defined as the rotation axis of the
disk. The angle between the z-axis and the line-of-sight of the observer is defined by the
inclination angle, i.

The disk-wind model is described by two main components: the accretion disk
and wind. The accretion disk is assumed to be flat and geometrically thin, but optically
thick such that the far side of the disk is obscured. A conical outflowing wind emanates
from the accretion disk with inner and outer radii of rmin and rmax. The boundary of
the wind opening angle is between θmin and θmax. The wind streamline spirals upwards
in a three-dimensional helical motion at a constant opening angle, θ, given by

θ = θmin + (θmax − θmin)xγ , (3.4)
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where x = (r0 − rmin)/(rmax − rmin), r0 is the origin position of a single streamline,
and γ is used to adjust the concentration of the streamlines toward either the inner or
outer boundaries of the wind. Throughout our investigations we have set γ = 1, which
corresponds to even angular spacing between the streamlines.

The total velocity at any given point inside the wind is expressed in terms of the
poloidal velocity, vl, and rotational velocity, vφ. The poloidal velocity describes the
velocity component along the streamline, which consists of a combination of the radial
component, vr, and vertical component, vz. It specifies the velocity in the rz-plane,
which is given by

vl = v0 + (v∞ − v0)
[

(l/Rv)
α

(l/Rv)α + 1

]
, (3.5)

where v0 is the initial poloidal wind velocity at the surface of the disk (set arbitrarily at
6 km s−1; Higginbottom et al. 2013; Shlosman & Vitello 1993), l = [(r − r0)2 + z2]1/2

is the distance along a poloidal streamline, Rv is the wind acceleration scale height
characterising the scale at which the wind reaches half its terminal velocity v∞, and α
is a power-law index that controls the shape of the acceleration profile. Furthermore,
vl is correlated to vr and vz such that vr = vl sin θ and vz = vl cos θ. In our model, the
asymptotic wind velocity or the terminal velocity, v∞, is taken to be equal to the escape
velocity, vesc = (2GMBH/r0)

1/2.
The initial rotational velocity on the surface of the disk is presumed to be Keplerian,

vφ,0 = (GMBH/r0)1/2. The assumption that the wind conserves specific angular momen-
tum implies that the rotational velocity decreases linearly as the wind is accelerated
radially outwards, given by

vφ = vφ,0

(r0
r

)
. (3.6)

For a particular point (r, z) in the wind, the density, ρ is determined using the
mass continuity equation

ρ(r, z) =
r0
r

dr0
dr

ṁ(r0)

vz(r, z)
, (3.7)

where the factor (r0/r)(dr0/ dr) scales as the streamline area increases with outflowing
wind. The mass-loss rate per unit surface of the disk, ṁ, is

ṁ(r0) = Ṁwind
rλ0 cos θ(r0)∫

dAr′λ0 cos θ(r′0)
, (3.8)

where Ṁwind is the total mass-loss rate of the wind, λ is the mass-loss rate exponential,
and the term cos θ represents the angle formed between the streamline and the disk.
A uniform mass-loss with radius is indicated by λ = 0. Here, Ṁwind is taken to be
equivalent to Ṁacc. The notations for the model parameters are listed in Table 3.1.

There is strong evidence that the gas in the BLR is stratified, with high ionisation
lines situated closer to the ionising source than the low ionisation lines (Peterson &
Wandel 1999; Kollatschny 2003; Peterson 2014). To mimic the stratified structure of the
wind, we separate the wind into ‘wind zones’ of 4 rows and 4 columns that consist of
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narrow streams of cones, as illustrated in Fig. 3.10. An individual zone is designated by
the location of its row and column [a, b], starting from the base of the wind, closest to
the central ionising source, to increasing radial distance.

Table 3.1: Notation for the model parameters.

Parameter Notation

Black hole mass MBH (M�)
BLR size rBLR (cm)
Wind radius rmin; rmax (cm)
Wind opening angle θmin; θmax
Concentration of streamline γ
Initial poloidal velocity v0 (km s−1)
Scale height Rv (cm)
Acceleration power law index α
Mass-loss rate exponent λ

Total mass-loss rate Ṁwind (M� yr−1)

Figure 3.10: A sketch of the ‘wind zones’ numbered by rows and columns, from bottom
to top and left to right.

3.2.2 Disk-wind Radiative Transfer

When the flow speed is much larger than the mean thermal speed of the gas, radiation at
a given frequency as seen by a fixed observer comes primarily from a unique mathematical
surface (iso-velocity surface). In such situations, the full radiative transfer can be treated
by the approximate escape probability method or Sobolev approximation. In this case,
the wind opacity in a given direction mostly depends on the velocity gradient in that
direction. Following Rybicki & Hummer (1978, 1983) prescriptions, the monochromatic
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specific luminosity, Lν , with frequency ν in the direction n̂ over volume V is given by

LSν(n̂) =

∫
Iν dV

=

∫
k(rs)Sν(rs)

1− eτ
τ

δ
[
ν − ν0

(
1 +

vlos
c

)]
dV, (3.9)

where Iν is the intensity. The integrated line opacity, k(rs), and source function, S(rs), are
written as functions of spherical radius. We have taken a fiducial S′(rs) = k(rs)S(rs) ∝
r−βs as a power law function with exponent, β ' 1. Assuming that the line-of-sight does
not intersect multiple resonant surfaces, which occurs when vlos/c = (ν − ν0)/ν0, where
vlos is the line-of-sight velocity of the particle and ν0 is the central frequency.

Within the Sobolev approximation, the optical depth is

τ =
ξ

|Q| , (3.10)

where the ξ = kc/ν0. Roughly, the value of ξ = 1 s−1 will yield an optically thin wind
with τ < 1, while ξ = 1010 s−1 for an optically thick wind. The parameter Q ≡ n̂ ·Λ · n̂
is the double-dot product of the strain tensor, Λ, with the line-of-sight vector, n̂, and
describes the gradient along the line-of-sight wind velocity. In cylindrical coordinates, Q
is expressed as

Q = sin2 i[Λrr cos2 φ+ Λφφ sin2 φ− 2Λrφ sinφ cosφ]

cos i[2Λrz sin i cosφ+ Λzz cos i− 2Λφz sin i sinφ]. (3.11)

Due to azimuthal symmetry, the contribution from ∂/∂φ = 0 and the elements of the
strain tensor (Chajet & Hall 2013) are as follows

Λrφ =
1

2

(
∂vφ
∂r
− vφ

r

)
, Λrz =

1

2

(
∂vr
∂z

+
∂vz
∂r

)
,

Λφz =
1

2

∂vφ
∂z

, Λrr =
∂vr
∂r

, Λφφ =
vr
r
, Λzz =

∂vz
∂z

. (3.12)

3.2.3 Emission Line Construction

Since this study is focussed on understanding the kinematical signatures of BELs, no
attempt has been made to include the effects of photoionisation. After the kinematical
disk-wind model is initialised, the code proceeds by populating particles within the
boundaries of each ‘wind zone’. A Monte Carlo simulation is implemented to generate
a large number of particles. Random points are first created in spherical coordinates
(l, φ, θ) such that the wind forms an angle θ at a particular l in the ‘wind zone’. The
coordinates are then transformed to cylindrical coordinates (r, φ, z) in order to evaluate
the projected velocity along the line-of-sight, vlos. For a given zone, the vlos is computed
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for a range of inclination angles, i, from 5° to 85°, and binned into histograms. The
counts in each bin are weighted by a density distribution and intensity from radiative
transfer. To produce a smooth line profile, the distribution is also convolved using a
Gaussian kernel with standard deviation of 3 bins. These steps are repeated for every
‘wind zone’. A discussion on the histogram binning is elaborated in § 3.2.4.

The resulting line profiles are purely based on the kinematics of the wind with an
optical depth correction. Photoionisation is excluded in our simulations. This should
not have a significant effect on the line profiles derived from local sections of the wind,
within which incident flux is relatively constant. In addition, plausible clumpiness in the
wind (Matthews et al. 2016) and obscuration by the dusty torus (Krolik & Begelman
1988) are not included.

3.2.4 Density Estimation

Density estimation is often applied in statistics and is a useful technique to estimate the
underlying probability density function of the observed data. In essence, the emission
line profile created is an estimate of the probability of a random data point along a
particular line-of-sight velocity. One common representation of the density estimation is
a histogram.

A histogram is a nonparametric density estimator, in a sense that less rigid
distributional assumptions are made on the probability distribution of the variable. It
is constructed by binning the data ranges into intervals of equal bin width and then
tallying the data points within each interval. Generally, there is no definitive rule to
determine the optimal number of bins. However, the graphical presentation of the data
depends on the choice of bin width. The number of bins is inversely proportional to the
bin size, so the number of bins increases with decreasing bin width. The size of the bin
serves as a smoothing parameter and regulates the bias-variance trade-off. If the bin
width chosen is small (high variance), the density estimation will be more precise, but it
will also yield a noisier distribution. In contrast, if the bin width is wide (high bias), the
density distribution will be smoother since noise from randomness in sample is reduced,
but this will induce loss of valuable relations.

Although there are several rules of thumb, the number of bins is calculated using
the square-root of the total number of samples. This was chosen for simplicity and also
because the choice plays a secondary role as the histogram will be further smoothed
by convolving with a Gaussian kernel. In addition, the histogram is also normalised to
display the relative counts that fall into the respective bin.

As a comparison, Fig. 3.11 displays the effect of changing the amount of smoothing
governed by the standard deviation or width of the Gaussian kernel for single- and
double-peaked line profiles. For a small kernel width of σ = 1, the line profiles match
well with the original histogram (yellow), especially the maximum peak. One drawback
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is that they are also more prone to random noise, which makes it difficult to evaluate
the line profile statistics. Although with σ = 2, the emission line profile seems to be
able to capture the major structure of the data distribution for single-peaked case, it is
still slightly noisy for the double-peaked case. With increasing Gaussian kernel width,
the distribution becomes smoother. However, this will also incur an increase in bias
and subsequently yield an over-smoothed line profile. The height of the peaks is mildly
diminished and both sides of the line profile wing are broader, which leads to a biased
line profile measurements. For the rest of the line profile creation, the histogram is
convolved with a Gaussian kernel of standard deviation 3 pixels since it provides a
reasonable visualisation of the underlying shape of the distribution.
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Figure 3.11: Degree of smoothing dependence on the choice of standard deviation of
the Gaussian kernel, σ. The original histogram is displayed in yellow. The dashed grey
vertical line shows the systemic centroid of the line.

3.3 Summary

In this chapter, we have introduced one of the favoured BLR models, which is the
disk-wind model. We developed a simple kinematical disk-wind BLR model with the
incorporation of radiative transfer in the Sobolev limit. This model provides a major
framework for the subsequent chapters, giving an insight into the structure of the BLR.
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CHAPTER 4

Narrow Disk-wind Model

This chapter is based on the publication:

• Yong, S. Y., Webster, R. L., King, A. L., Bate, N. F., O’Dowd, M. J.,
& Labrie, K. (2017). The Kinematics of Quasar Broad Emission Line
Regions Using a Disk-Wind Model. PASA, 34, e042. ADS: 2017PASA.
.. 34. .. 42Y . doi: 10. 1017/ pasa. 2017. 37

Abstract

Based on the kinematical disk-wind model described in the previous chapter, we explore
the model in the context of a narrow outflowing wind angle. We examine how angle
of viewing affects the observed characteristics of the emission line, especially the line
widths and velocity offsets. The line profiles were found to exhibit distinct properties
depending on the orientation, wind opening angle, and region of the wind where the
emission arises.

At low inclination angle (close to face-on), we find the shape of the emission line
is asymmetric with narrow width and significantly blueshifted. As the inclination angle
increases (close to edge-on), the line profile becomes more symmetric, broader, and less
blueshifted. Additionally, lines that arise close to the base of the disk wind, near the
accretion disk, tend to be broad and symmetric. The relative increase in blueshift of the
emission line with increasing wind vertical distance is larger for polar winds compared
with equatorial winds. By considering the optical thickness of the wind, single-peaked
line profiles are recovered for the intermediate and equatorial outflowing wind. The
model is also able to reproduce a faster response in either the red or blue sides of the
line profile, consistent with reverberation mapping studies. A quicker response in the
red side is achieved in the model with a polar wind and intermediate wind opening angle
at low viewing angle. The blue side response is faster for an equatorial wind seen at
high inclination.
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4.1. BACKGROUND

4.1 Background

The immense power of a quasar comes from accreting mass onto the central black hole
via the accretion disk. During the accretion process, gravitational potential energy is
converted into radiation via viscous dissipation, creating the continuum we observe. The
emitted continuum radiation photoionises the surrounding gas, which is deep in the
potential well of the black hole, allowing the formation of the BLR. Since the BLR is too
small spatially to be resolved by modern telescopes even for the most nearby objects, its
geometry, kinematics, and dynamics remain elusive.

The goal of this thesis is to provide qualitative constraints on BEL models through
simple kinematical modelling of a basic disk-wind model. We explore the effect of
orientation on the shapes of the emission lines for outflowing winds with narrow opening
angles. The details of the line shapes, in particular the line widths and velocity offsets,
will hopefully enable us to describe the kinematics and dynamics of the BLR. The
overview is as follows. § 4.1 provides complementary information on the emission lines.
The details on modelling the disk-wind are explained in § 4.2. § 4.3 presents the generated
line profiles. In § 4.4, the implications of wind opening angle, inclination angle, and
wind region on the line widths and velocity offsets are explored. The conclusions are
given in § 4.5.

4.1.1 Shape of Emission Line

A common feature of a quasar spectrum in the optical and UV regimes is the BELs. The
properties of BELs provide crucial details on the nature of the BLR. The BEL profiles
show wide diversity in their widths and shapes. Their line widths commonly exceed
103 km s−1 and can extend to 104 km s−1. In general, the width of the HILs, such as C iv,
are found to be broader than the LILs, such as Mg ii (e.g., Shuder 1982; Mathews &
Wampler 1985). The variation in line profile shapes reflects the dynamics of the emitting
gas in the BLR. This provides valuable information on the structure and geometry of
the emission line region.

It has been known for several decades that there is an offset between different
ionisation lines (e.g., Gaskell 1982; Wilkes 1986; Espey et al. 1989; Tytler & Fan 1992;
McIntosh et al. 1999; Vanden Berk et al. 2001; Shen et al. 2016). The HILs are usually
seen blueshifted relative to LILs. This blueshift can be interpreted as a consequence of
an outflowing wind component and obscuration by the disk (Gaskell 1982; Leighly 2004;
Richards et al. 2011), and is one of the major motivators for the disk-wind model.
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4.1.2 Variability of Emission Line

One of the techniques used to probe the structure of the BLR is RM (Blandford &
McKee 1982; Peterson 1993). This method measures a time delay between emission line
flux variations and continuum flux variations. Analyses based on RM results infer that
the BLR has a stratified ionisation structure (Peterson & Wandel 1999; Kollatschny
2003; Peterson et al. 2004). The HILs are found to have a shorter time lag compared to
that of LILs. This suggests that the HILs are located closer to the central engine, while
the LILs are situated further out (Gaskell & Sparke 1986; Clavel et al. 1991; Peterson &
Wandel 1999; Kollatschny 2003).

Variability in the line profile provides a way to extract information on the geometry
and kinematics of the BLR (e.g., Bahcall et al. 1972; Blandford & McKee 1982; Capriotti
et al. 1982; Horne et al. 2004; Pancoast et al. 2011). By measuring the time delays
of emission lines as a function of line-of-sight velocity, a velocity-delay map can be
constructed, which makes it possible to predict whether the BLR dynamics are dominated
by inflow, outflow, or rotation (Horne et al. 2004). Different studies have reached the
following conclusions: an asymmetric velocity profile with faster response in the red
or blue wing of the line tends to be associated with infall or outflow, respectively; for
virialised gas motion, the velocity profile is symmetric with quicker response in the
line wings compared to the line core. Through analyses of the recovered velocity-delay
maps from velocity-resolved RM, most objects show combinations of infall and rotation
since the red side of the line wing tends to have a shorter lag than the blue side (e.g.,
Gaskell 1988; Koratkar & Gaskell 1989; Crenshaw & Blackwell 1990; Korista et al. 1995;
Ulrich & Horne 1996; Kollatschny 2003; Bentz et al. 2010; Grier et al. 2013). However,
a signature of outflow, with the blue line wing leading, has been found in some objects
(e.g., NGC 3227, Denney et al. 2009).

4.2 Modelling the Narrow Wind

The prescription of the wind kinematics is as provided in § 3.2. Additionally, we also
investigate the effects of optical depth and time delay of the emission lines. We choose
to examine two optical depth cases, one where ξ is 1 s−1 and another where ξ is 1010 s−1.
These values were chosen so that the optical depth of all the points in the wind are
optically thin, τ < 1, in the first case, and optically thick for the other.

The time lag of each particle due to the light travel time is determined from the
centre of the ionising source. During the line profile creation, the line profile is separated
into the blue and red sides from the median velocity, and the mean time delays, 〈τ〉, are
calculated for both sides. The difference in mean time delay between the blue and the
red side, 〈τb〉 − 〈τr〉, is then calculated for every zones.
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4.2.1 Parameter Choice

The geometry of the narrow wind is similar to the models proposed by Murray et al.
(1995) and Elvis (2000, 2004) to describe the phenomenology of BELs and BALs in
quasars. In our model, the vertical component of the wind proposed in Elvis (2000,
2004), where the wind is lifted vertically off the disk before being accelerated outwards,
is not incorporated.

The list of parameters in the model is shown in Table 4.1. Two of the main
parameter values, specifically the black hole mass and wind radius, are selected according
to the funnel disk-wind model proposed by Elvis (2000, 2004). This is based on
one of the most extensive RM AGN, Seyfert 1 NGC 5548, which is estimated to
have MBH ∼ 7 × 107M� with lower and upper limit wind radii of ∼ 10 light-days
(2.59×1016 cm or 175 rg, where rg = GMBH/c

2 is the gravitational radius) and ∼ 30 light-
days (7.77× 1016 cm or 526 rg) from the emitting region size of HIL C iv and LIL Mg ii

respectively (Clavel et al. 1991; Peterson & Wandel 1999).

The size of the BLR wind region is bounded within rBLR = 2× 1017 cm, in both
radius and height. The value is chosen such that the effects of the poloidal velocity can
be seen. This fiducial radius generally agrees with results from RM and microlensing.
For a quasar with black hole mass of MBH ∼ 108M�, RM studies found that the size of
the BLR using Balmer lines is about 1×1017–5×1017 cm (Wandel et al. 1999; Kaspi et al.
2000). Microlensing measurements of the quasar QSO 2237+0305 estimates the BLR
radius for HIL C iv to be ∼ 2× 1017 cm with MBH ∼ 108.3M� (Sluse et al. 2011). For
MBH ∼ 4× 108M� BAL quasar H1413+117, the BLR size is & 2.9× 1016 cm (O’Dowd
et al. 2015).

Based on the evidence that the fraction of BAL quasars is around 20% of the
overall quasar population (Weymann et al. 1991; Hewett & Foltz 2003; Knigge et al.
2008; Allen et al. 2011), we set the wind to have a narrow opening angle of 10°. This
is obtained assuming that the fraction is associated to sin θ = 20/100, which yields
θ . 11.5°. However, due to the anisotropic continuum radiation from the accretion
disk, the fraction of BALs in optical flux-limited samples might be larger when the
outflowing wind opening angle is close to equatorial (Krolik & Voit 1998). Scattering
attenuation of the continuum may also induce substantial bias on the true BAL covering
fraction (Goodrich 1997). These factors are ignored for simplicity. We test ranges of
minimum and maximum narrow wind opening angles from polar (θmin = 5°; θmax = 15°),
intermediate (e.g., θmin = 40°; θmax = 50°), to equatorial (θmin = 75°; θmax = 85°). The
intersections of the wind zone with inclination angle will be presented in § 4.2.2.

The acceleration scale height, Rv, is set to 25 × 1016 cm. The power law index
that adjusts the acceleration of the wind, α, is taken to be 1, such that the acceleration
increases slowly with increasing poloidal distance. Assuming an accretion efficiency of
η = 0.1, the total mass accretion rate for a source with high luminosity of L ≈ 1046 erg s−1
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and black hole mass of 108M� is Ṁacc ≈ 2M� yr−1 (Peterson 1997). The total mass-
loss rate of the wind, Ṁwind, is fixed to be equal to the total mass accretion rate,
Ṁacc = 2M� y−1. The kinematics of the outflow for the fiducial BLR disk-wind model
will be elaborated in § 4.2.3. Quantitative effects due to different choices of some
parameter values will be explored in § 4.4.6.

Table 4.1: Adopted parameter values in the fiducial narrow wind model.

Parameter Notation Value

Black hole mass MBH (108M�) 1.0
BLR size rBLR (1016 cm) 20.0

rBLR (light-days) 77.2
rBLR (rg) 1354.1

Wind radius rmin; rmax (1016 cm) 1.0; 2.0
rmin; rmax (light-days) 3.9; 7.7
rmin; rmax (rg) 67.7; 135.4

Wind opening angle θmin; θmax Within 10°
Scale height Rv (1016 cm) 25.0

Rv (light-days) 96.5
Rv (rg) 1692.6

Acceleration power law index α 1.0
Total mass-loss rate Ṁwind (M� yr−1) 2.0

4.2.2 Wind Zone

As aforementioned, the rationale of partitioning the wind into ‘wind zones’ is to resemble
the stratification of the different ionisation lines in the BLR geometry, which is consistent
with the evidence of different time lags measured for LILs and HILs in RM studies.
Essentially, this approach provides a way to examine the emission line properties in
distinct emitting zone. To get an insight on which wind zones intersect with the sight
lines, illustrations of the narrow winds viewed at various inclination angles are depicted
in Fig. 4.1.

In all cases, a close to pole-on viewing angle of i = 5° intercepts none of the wind
zones, even for the polar wind since the initial baseline radius does not start at the centre
of the rotation axis. A viewing angle near edge-on of i = 85° will certainly intersect
zones [0, b] for all narrow wind models, and additionally zones [a, 3] for equatorial wind.
Meanwhile, a viewing angle at i = 45° crosses zones [0, b] in polar wind model, mostly
zones [a, 0] in intermediate wind model, but none in the equatorial wind model.

These are particularly useful in identifying the trends in the line width and blueshift
of the line profiles, as will be shown later in the findings. In brief, when the line-of-sight
and the outflowing wind are close to or intersect one another, the line profile will be

53



4.2. MODELLING THE NARROW WIND

broader and more blueshifted1. Though, it is also subjected to other factors including
the wind zone position and the angle of outflow.
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Figure 4.1: Plot of intersections between wind zones and inclination angle. The discrete
colours merely to distinguish the generated random points in each zone.

4.2.3 Wind Velocity and Density

Before delving into the characteristics of the line profile, first lets examine the kinematics
of the narrow disk-wind model with the specified fiducial parameter values given in
Table 4.1. The physical properties of the outflow, which include the velocity components,
total velocity, velocity gradient, and density, for three wind opening angles are shown in
the contour plots in Figs. 4.2 to 4.4.

Initially, the wind is driven off the base of the accretion disk. For regions close to
the streamline of the wind, the wind velocity is governed by the rotational component,
vφ, and can be as large as ∼ 12 000 km s−1. This is due to the fact that matter is
accreted into the disk and subsequently contributes to the Keplerian motion. As the
wind spirals upward in a helical movement, the wind gradually gains an increase in the
poloidal velocity while the rotational velocity continues to decrease. At some point, the
poloidal part of the wind will dominate and be larger than the rotational part. This
transition occurs at different positions depending on the angle of the wind, which can be
seen in the total velocity plot. The total velocity is a combination of these two velocity
components and represents the unprojected total velocity, i.e., without accounting for
the projection onto the line-of-sight. Radially further from this location, a significant
portion of the wind velocity comes from the poloidal term. It can achieve ∼ 8000 km s−1

at maximum height or a radius of 2× 1017 cm.

One of the primary factors that determines whether a line profile will be single-peak
is through the velocity gradient, defined by the poloidal over rotational velocity shear
|(dvl/dr)/(dvφ/dr)| (Chiang & Murray 1996; Murray & Chiang 1997). If the poloidal

1Negative velocity indicates blueshift and positive velocity indicates redshift (see Fig. 2.3).
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shear is greater than the rotational shear |(dvl/ dr)/(dvφ/ dr)| & 1, then there is a higher
likelihood of photons to travel radially, which will lead to the formation of single-peaked
emission lines. As shown in Fig. 4.2d, it is challenging for the polar wind model to attain
single-peaked lines since the ratio is never more than 1 regardless of the wind zones.
In contrast, the intermediate Fig. 4.3d and equatorial narrow wind Fig. 4.4d are able
to satisfy this limit for all wind zones except those that are near the wind base. Due
to the higher rotational shear in those regions, the line profiles are expected to remain
double-peaked. The radial shear increases as the wind travels further away; therefore,
the increased ratio.

Considering the case for a uniform mass-loss rate of λ = 0, the densities for the
intermediate and equatorial wind models have roughly the same range of values within
∼ 10−18–10−12 g cm−3, whereas the range is slightly smaller within ∼ 10−17–10−13 g cm−3

for polar wind model. However, the variation in the densities are different in each model.
The density gradient in polar wind model seems to be flatter compared to that of
intermediate and equatorial wind. The inverse relationship between the density and
poloidal velocity implies that the regions near the base of the outflow will be denser
and becoming less dense with increasing poloidal distance, which complies with the
continuity and mass conservations.

While the results presented here are for specific models, they serve as a vital
insight on the motion of the particles in the BLR wind. Accordingly, this will enable
us to infer whether a region in the wind is dominated by rotational or poloidal velocity
component, and hence predicts the shape of the line profile. § 4.4.6 will be dedicated to
explore the sensitivity to the parameters.

4.3 Emission Line Profiles

The width and relative velocity shifts of the emission lines are highly dependent on the
wind opening angles, inclination, and ‘wind zone’ position. We investigate the effects
of changing these parameters on the line properties. Figures 4.5 and 4.6 present the
generated emission lines as a function of viewing angle, i = 5°–85°, for optically thin
wind with ξ = 1 s−1 and optically thick wind with ξ = 1010 s−1. Each panel in the ‘wind
zones’ represents the location in the wind as defined in Fig. 3.10. The emission line
profiles in some zones exhibit small structures. This is caused by a resolution issue and
primarily affects zones with a huge density variation, specifically those near the base of
the wind [0, b].
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Figure 4.2: Contour plot of outflow kinematics for polar wind with opening angle of
5°–15°.

56



CHAPTER 4. NARROW DISK-WIND MODEL

0 5 10 15 20
Radius, r [1016cm]

0

2

4

6

8

10

12

14

16

18

H
e
ig

h
t,

 z
 [

10
1
6
cm

]

0 1000 2000 3000 4000 5000 6000 7000 8000

Poloidal Velocity, vl [km s−1]

(a) Poloidal velocity

0 5 10 15 20
Radius, r [1016cm]

0

2

4

6

8

10

12

14

16

18

H
e
ig

h
t,

 z
 [

10
1
6
cm

]

0 1500 3000 4500 6000 7500 9000 10500 12000

Rotational Velocity, vφ [km s−1]

(b) Rotational velocity

0 5 10 15 20
Radius, r [1016cm]

0

2

4

6

8

10

12

14

16

18

H
e
ig

h
t,

 z
 [

1
0

1
6
cm

]

3000 4000 5000 6000 7000 8000 9000 100001100012000

Total Velocity, v [km s−1]

(c) Total velocity

0 5 10 15 20
Radius, r [1016cm]

0

2

4

6

8

10

12

14

16

18

H
e
ig

h
t,

 z
 [

1
0

1
6
cm

]

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

|(dvl/dr)/(dvφ/dr)|

(d) Velocity gradient

0 5 10 15 20
Radius, r [1016cm]

0

2

4

6

8

10

12

14

16

18

H
e
ig

h
t,

 z
 [

1
0

16
cm

]

18.4 17.6 16.8 16.0 15.2 14.4 13.6 12.8 12.0

log(Density, ρ) [g cm−3]

(e) Density

Figure 4.3: Contour plot of outflow kinematics for intermediate wind with opening angle
of 40°–50°.
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Figure 4.4: Contour plot of outflow kinematics for equatorial wind with opening angle
of 75°–85°.
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4.3.1 Emission Line Shape

In all cases, the line profiles are broadest at the base of the wind [0, b]. The line widths
also decrease with increasing poloidal distances. However, for intermediate (Figs. 4.5b
and 4.6b) and equatorial (Figs. 4.5c and 4.6c) wind opening angles, the widths start to
become broader at a point above half of the total poloidal distance, i.e., ‘wind zones’ of
[2, b] and [3, b], due to an increase in poloidal velocity.

The emission lines also tend to be more blueshifted, i.e., towards the negative side
from the central axis of the line profile, as the wind travels farther away off the base in
the direction of increasing height from [0, b] to [3, b]. This effect is more prominent for
the polar outflowing wind (Figs. 4.5a and 4.6a) but is present in all wind models. For
more equatorial winds, the relative velocity shift of the emission lines between regions
is reduced. The line profiles become more redshifted in the direction of increasing
horizontal distance from [a, 0] to [a, 3].

At high inclination angles close to i = 90° (edge-on), the line profiles are roughly
symmetric and less blueshifted relative to the axis centre. The lines are also broader
compared to those for face-on viewing angle around i = 0°. When the viewing angle is
close to face-on, the lines are asymmetric and exhibit a negative velocity offset. The
differences are less pronounced in wind regions near the wind base.

A comparison between Figs. 4.5 and 4.6 illustrates the effects of optical depth on
the line profiles. In the ξ = 1 s−1 case, the wind is optically thin, while the ξ = 1010 s−1

case yields an optically thick wind. In the intermediate and equatorial wind, the double
peaks combined to form a single peak line profile for the ξ = 1010 s−1 case, except for
zones nearest to the base. However, the line profiles for the polar wind still exhibit
double-peaked features even when the emission is optically thick. This is because the
velocity shear |(dvl/dr)/(dvφ/dr)| is low (Chiang & Murray 1996; Murray & Chiang
1997). Single-peaked lines are expected to form when the radial shear is larger than the
Keplerian shear as photons are more likely to escape radially in this case.

4.3.2 Time Delay

Figures 4.7 and 4.8 display the difference between mean time delays of blue and red
sides, 〈τb〉 − 〈τr〉, at varying opening angles of the wind and viewing angles for the two
conditions of optical depth. The wind is optically thin using ξ = 1 s−1 in Fig. 4.7 and
optically thick with ξ = 1010 s−1 in Fig. 4.8. The mean time delays are colour-coded by
their values. A negative difference (blue) implies the blue side response is faster than
the red side of the line, and vice versa for positive value (red). Since the time delay is
grouped into the blue and red parts from the median line-of-sight velocity of the line
profile, a quicker response in the red side does not necessarily correspond to inflowing
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Figure 4.5: Simulated emission line profiles as a function of inclination angle for optically
thin wind with ξ = 1 s−1. The position of the ‘wind zone’ [a, b] is indicated on the top
left of each panel. The dashed line shows the systemic centroid of the line.
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(c) Optically thin equatorial wind with opening angle of 75°–85°

Figure 4.5: — Continued

motion in our model. In the cases where the red side responds quicker than the blue,
all or a significant fraction of the particles that make up the red side have a negative
line-of-sight velocity (i.e. outflowing). Therefore, when the red side responds quicker
than the blue side, it simply means that the median time delay to the parts of the wind
with larger negative vlos is longer than the delay to the parts with a more positive vlos.

Most zones in the polar wind model and a few zones in the intermediate wind
model, particularly at small angle of viewing, have a positive difference in the mean
time delay. This indicates that red side of the line profile responds quicker compared to
the blue side. In contrast, the equatorial wind model exhibits shorter lag in the blue
side than the red side. The differences are more noticeable at large inclination angles. In
all cases, as the inclination angle increases towards edge-on, the difference in mean time
delay decreases, i.e., the response in the blue side is becoming faster than the red side.

Changing the optical thickness to a higher value results in smaller time lags of
blue side. The mean time delays for the polar wind are generally all positive except for
a few zones when the wind is viewed close to edge-on. The intermediate and polar wind
show signatures of faster red side response in the zones close to the base in the optically
thick wind but not in the optically thin wind.
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(a) Optically thick polar wind with opening angle of 5°–15°
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(b) Optically thick intermediate wind with opening angle of 40°–50°

Figure 4.6: Simulated emission line profiles as a function of inclination angle for optically
thick wind with ξ = 1010 s−1. The position of the ‘wind zone’ [a, b] is indicated on the
top left of each panel. The dashed line shows the systemic centroid of the line.

62



CHAPTER 4. NARROW DISK-WIND MODEL

0.0

0.25

0.5

0.75

1.0
[3, 0][3, 0][3, 0][3, 0][3, 0] [3, 1][3, 1][3, 1][3, 1][3, 1] [3, 2][3, 2][3, 2][3, 2][3, 2] [3, 3][3, 3][3, 3][3, 3][3, 3]

0.0

0.25

0.5

0.75
[2, 0][2, 0][2, 0][2, 0][2, 0] [2, 1][2, 1][2, 1][2, 1][2, 1] [2, 2][2, 2][2, 2][2, 2][2, 2] [2, 3][2, 3][2, 3][2, 3][2, 3]

0.0

0.25

0.5

0.75
[1, 0][1, 0][1, 0][1, 0][1, 0] [1, 1][1, 1][1, 1][1, 1][1, 1] [1, 2][1, 2][1, 2][1, 2][1, 2] [1, 3][1, 3][1, 3][1, 3][1, 3]

6000 0 6000
0.0

0.25

0.5

0.75
[0, 0][0, 0][0, 0][0, 0][0, 0]

6000 0 6000

[0, 1][0, 1][0, 1][0, 1][0, 1]

6000 0 6000

[0, 2][0, 2][0, 2][0, 2][0, 2]

6000 0 6000

[0, 3][0, 3][0, 3][0, 3][0, 3]

i=5.0°
i=25.0°
i=45.0°
i=65.0°
i=85.0°

Velocity, v [km s−1]

F
lu

x 
[a

rb
it

ra
ry

 u
n

it
s]

(c) Optically thick equatorial wind with opening angle of 75°–85°

Figure 4.6: — Continued

4.4 Discussion

Understanding the wind properties that give rise to the diversity of quasar broad line
profiles has crucial consequences in inferring the structure of the BLR. When line profiles
predicted from given models are compared to the observed emission lines, they can be
used to infer the kinematics and dynamics of the line emitting region. In this section,
we perform a qualitative analysis on a disk-wind model characterised by a flattened
rotating accretion disk and a narrow outflowing helical wind.

4.4.1 Wind Opening Angle

Several authors have considered a multitude of combinations of disk and wind BLR
components, but in reality, the main distinction between the models is the opening angle
of the wind. Our simulation with the intermediate wind opening angle is similar to that
proposed by Elvis (2000, 2004), but without the vertical outflow, which is imposed to
justify narrow absorption lines. Our equatorial wind model also resembles Murray et al.
(1995) model, though their model has a wider opening angle with the wind closer to the
base of the disk.
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Figure 4.7: Difference between mean time delay of blue and red sides for optically thin
wind at various wind opening angles and inclination angles. The narrow winds in each
plot: left: polar, middle: intermediate, and bottom: equatorial.
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Figure 4.8: Difference between mean time delay of blue and red sides for optically thick
wind at various wind opening angles and inclination angles. The narrow winds in each
plot: left: polar, middle: intermediate, and bottom: equatorial.
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Based on Figs. 4.5 and 4.6, an equatorial wind model, like that of Murray et al.
(1995), produces more symmetric and less blueshifted emission line profiles. As the wind
opening angle is shifted towards polar, the profiles tend to become more asymmetric
with higher blueshifts. Since the wind is outflowing, this indicates that the most of the
wind is travelling towards the observer and smaller fraction is projected in the opposite
direction. The increase in blueshift implies that the majority of the wind velocity is
aligned with the line-of-sight of the observer.

4.4.2 Inclination Angle

The degree of line asymmetry tends to increase with decreasing inclination. Chajet &
Hall (2013, 2017) produced similar findings using a model combining the improvised
accretion disk-wind model of Murray & Chiang (1997) and the magnetohydrodynamic
model of Emmering et al. (1992). We find that the line profiles are symmetric when
viewed near edge-on and asymmetric near face-on. This trend is a simple consequence
of the outflowing wind. For low inclination objects, the poloidal or outflowing velocity
dominates the observed line-of-sight velocity. Meanwhile, in high-inclination-angle
objects, the line-of-sight velocity is dominated by the rotational velocity component,
which has roughly equal approaching and receding velocity components.

The line profiles also tend to be more blueshifted for smaller inclination angle
than those seen at high inclination. Following a similar explanation, the direction of the
outflowing wind determines the strength of the blueshift. Viewing the object face-on,
the projected wind velocity is towards the line-of-sight of the observer. Assuming that
the far side of the emission is obscured by the optically thick accretion disk, this yields
an overall bluewards shift of the line. In the optically thick wind (Fig. 4.6), the emission
line gradually becomes more blueshifted as the line-of-sight approaches and intersects
the opening wind region within θmin and θmax (see also Fig. 4.1). When the inclination
angle passes the emitting region and moves closer towards edge-on, the lines become
less blueshifted since the line-of-sight is now travelling away from the wind. In addition,
the Keplerian rotation component significantly contributes to the projected velocity and
hence, the increase in line width. These findings are consistent with the results from
Chajet & Hall (2013, 2017) line profile modelling.

4.4.3 Wind Zone Position

Depending on the spatial location of the line emission region in the wind, there will be a
variation in the physical properties of the emission lines. The width of the line profile is
broader and approximately symmetric near the base of the streamline. This is expected
since the rotational velocity or Keplerian motion is dominant close to the surface of the
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accretion disk. As the wind travels outwards in poloidal distance, the rotational velocity
starts to decrease, while the poloidal component of the velocity gradually increases. This
contributes to the narrowing of the line profile for regions further out until at a certain
point where the poloidal velocity is significant, and consequently broadens the line
profile. This transition is particularly strong in more equatorial winds as demonstrated
in Fig. 4.5b–Fig. 4.5c and Fig. 4.6b–Fig. 4.6c.

Earlier studies have shown that the shape of the emission line profile depends on
the ionisation level of the line. HILs, like C iv, are often broader in comparison to LILs,
like Mg ii and Hβ (e.g., Osterbrock & Shuder 1982; Mathews & Wampler 1985). The
distinct line shapes indicate different physical conditions in the line emitting region and
thus, it is possible to infer the relative spatial location of the line in the outflowing wind.
It is expected that the LILs will lie close to the base of the wind further from the black
hole, in a region of higher density (Ruff et al. 2012), while the HILs will lie closer to the
ionising source, and higher in the wind, reflecting both the rotational and the poloidal
wind components. This explains the reliability of the LILs in black hole estimation (e.g.,
McLure & Jarvis 2002; Shen et al. 2008; Rafiee & Hall 2011; Mejía-Restrepo et al. 2016)
and the observed velocity offset of the HILs with the systemic velocity of the system
compared to that of the LILs (Hewett & Wild 2010).

The relative positions of the HILs and LILs agrees with the blueshifting trend in
our model. The blueward shift in the line is higher for ‘wind zones’ close to the ionising
source relative to zones further away but near the base of the wind. This is consistent
with the observed blueshift of HILs with respect to LILs (e.g., Gaskell 1982). C iv HILs
that display large blueshifts of > 2000 km s−1 tend to be dominated by non-virial motion
(Coatman et al. 2016). In our model, the blueshifting is most prominent for polar wind
opening angle due to the reason mentioned in previous section. The emission lines in
the equatorial wind only show slight blueshifts with larger poloidal distance.

4.4.4 Optical Depth

In the optically thin wind situation, most of the simulated lines presented are double-
peaked, which are rarely observed (Eracleous & Halpern 1994, 2003; Strateva et al. 2003).
The profiles are generally single-peaked for viewing angle close to face-on. However,
‘wind zones’ that are close to the accretion disk and for polar outflowing wind opening
angle, always show double-peaked profiles.

As suggested by Chiang & Murray (1996) and Murray & Chiang (1997), one of the
determining elements for a line profile to be single-peaked is a larger velocity gradient in
the poloidal compared to the rotational, |(dvl/ dr)/(dvφ/ dr)| & 1 since the light is more
readily transmitted in a radial direction. In our model, this ratio is always less than 1
in all ‘wind zones’ for a polar outflowing wind (Fig. 4.2d). Consequently, the profiles
remain double-peaked regardless of the optical thickness of the wind. In the intermediate
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and equatorial wind models, the rotational shear at regions close to the accretion disk
is also higher than the radial shear. Hence the double-peaked line profiles. However,
the radial shear increases with poloidal distance and the photons are more likely to
escape radially along the line-of-sight, which results in the observed single-peaked lines
(Figs. 4.3d and 4.4d).

4.4.5 Time Delay

The response of the BEL flux to changes in the ionising continuum flux reflects the
geometric configuration of the BLR. The side closest to the observer is seen to vary with
changes in the continuum flux earlier (Gaskell 2009). Generally, a shorter lag in the red
side of the line is associated with inflow motion, while a shorter blue side response is
related to outflow motion. Many objects monitored in velocity-resolved RM are detected
to have the red side of the line profile leading the blue side and hence, disfavouring
outflow models and supporting inflow cases (e.g., Gaskell 1988; Koratkar & Gaskell
1989; Crenshaw & Blackwell 1990; Korista et al. 1995; Ulrich & Horne 1996). However,
using the spherical disk-wind model of Murray et al. (1995), Chiang & Murray (1996)
demonstrated that it is possible to attain earlier response in the red side of the line by
taking into account radiative transfer effects due to the radial and rotational components
of the velocity.

Our kinematical narrow wind model is also able to recreate the shorter time delay
in the red or blue side of the line for both optically thin and thick winds. The time lag
in the red side is quicker than the blue side for polar and intermediate wind opening
angles, especially when the viewing angle is close to face-on. This is in accordance with
Type 1 objects seen at low inclination angle. A strong indication of outflowing winds
with shorter lag in the blue side is exhibited in equatorial winds at high viewing angle.

4.4.6 Parameter Sensitivities

The results presented assume the model parameters described in § 4.2.1. However,
despite the exact values chosen for this analysis, the underlying trends in line widths and
blueshifts at varying viewing angles and outflowing wind should remain true over a large
range of parameters. In order to test this, we inspect how changing the values of some
parameters affects the shape of the line profile. An individual free parameter is varied
while assuming the values for the rest of the parameters fixed using those from Table 4.1.
Note that since full radiative transfer and photoionisation are not implemented in our
modelling, changes in the spectral energy distribution shape and luminosity of quasar
spectra due to changing the physical black hole parameters, such as the black hole mass
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and accretion efficiency, are not accounted for. Instead, we concentrate on investigating
the following key points:

• Shape of the line profile.
• Properties of the line profile: line width, blueshift, and asymmetry.
• Variation in density.

Further caveats on the modelling are mentioned in § 4.4.7.

We found that changing the source function power law exponent, β, in the radiative
transfer equation only slightly changes the line profile width and asymmetry. At regions
far from the surface of the disk, the increase in β yields narrower emission lines in the
equatorial wind model. This trend is in agreement with the Murray & Chiang (1997)
studies. For intermediate wind angles, the lines are narrower with less flux on the blue
wing and slightly more on the red wing. However, in all wind models, zones near the
base display broader lines with higher β. The rest of the zones for a polar wind also
show line profiles broader on the red side and slightly narrower on the blue side. This
trend is likely because zones have smaller poloidal velocity shear than rotational shear
with |(dvl/dr)/(dvφ/ dr)| < 1.

The widths of the line profiles were found to be broader with increasing black
hole mass. They scale roughly ∝M1/2

BH as expected from virial motion, assuming other
parameters are kept constant. The parameter γ is used to specify the separation in
the streamline opening angle, θ, for the bounded initial radius at the base, r0. Fig. 4.9
demonstrates the changes in θ with increasing r0 for different γ in the intermediate wind
opening angle of 40°–50°. Since the sole difference in the physical parameters compared
to other models is the inner and outer limit of the wind angle, similar exponential growth
for higher γ is also shown in the narrow polar and equatorial wind models. As predicted,
γ of 1 corresponds to a linear increment between θ and r0.

The rate of wind acceleration can be regulated by the quantity α. For a large α
value, the poloidal velocity near the base of the accretion disk starts slow initially but
gradually increases at around Rv. On the other hand, a smaller α implies a faster initial
poloidal velocity. These variations are displayed in Fig. 4.10.

The density of the wind is dependent on the parameters λ and Ṁwind, as shown
in Fig. 4.11. A negative mass-loss rate exponential leads to a decreasing local mass-loss
rate as the radius increases. By lowering the mass-loss rate of the wind, the density
decreases and causes a change in ionisation states. In all scenarios, the qualitative trends
in the line profile shapes are fairly similar.

4.4.7 Caveats

Several caveats are noteworthy in our modelling. The values of ξ in the optical depth
function were selected to represent an optically thin or thick wind. Although these
conditions are shown to suppress the double peaks to a single peak, a more sensible
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value obtained through photoionisation simulations should further clarify the effects of
optical depth on the emission lines. There is also a possibility for radiative transfer in
multiple scattering surfaces (Rybicki & Hummer 1978).

Though our modelling assumes that the line profiles are generated locally within
each zone, in a realistic context, variations in density can induce significant fluc-
tuations in the ionising state. The density ranges at different opening angles are
∼ 10−17–10−13 g cm−3 (Hydrogen number density, nH ∼ 6 × 106–10 cm−3) for po-
lar wind, ∼ 10−18–10−13 g cm−3 (nH ∼ 6 × 105–10 cm−3) for intermediate wind, and
∼ 10−18–10−12 g cm−3 (nH ∼ 6× 105–11 cm−3) for equatorial wind. Huge variations in
densities are seen for [0, b] ‘wind zones’ that are close to the base of the accretion disk.
The difference can be up to three orders of magnitude ∼ 10−16–10−13 g cm−3 for polar
winds and up to four orders of magnitude for intermediate and equatorial winds with
ranges of ∼ 10−17–10−13 g cm−3 and ∼ 10−16–10−12 g cm−3 respectively. The densities
vary approximately an order of magnitude for the rest of the ‘wind zones’. Although
most emission lines are effective at emitting over a large range of densities (Korista
et al. 1997), ionisation changes over these density ranges could dramatically affect the
emergent line profiles. As the wind travels further in poloidal distance, the changes in
density are less. The model can be enhanced by taking into account the complexity of
the BLR structure, such as incorporating photoionisation.

4.4.8 Comparison with Other Studies

Different models of quasar wind geometries have been tested against the observations by
a number of authors. Marin et al. (2015, and references therein) considered different
models to explain the observed polarisation dichotomy between Type 1 and 2 AGN.
This dichotomy shows Type 1 quasars typically have polarisation parallel to the system
axis, while for Type 2, the polarisation is perpendicular to the axis. They found that a
two-phased outflowing wind with a bending angle of 45° is able to explain this dichotomy.
However, their predicted polarisations depend quite strongly on the clumpiness of the
wind and the line-of-sight. Similarly Young et al. (2007) modelled the structures observed
in polarized light of the BAL quasar PG1700+518, and found the general geometric
structure of both the BLR wind and the electron scattering wind responsible for the
polarisation consistent with an outflowing wind, with a poloidal launching angle.

Other authors are challenging the idea that quasars follow a simple unification
model, depending only on black hole mass and accretion rate (for example, Matthews
et al. 2017; DiPompeo et al. 2017, and references therein). In DiPompeo et al. (2017),
evidence is presented for evolutionary differences affecting the amount of obscuration in
quasars and Matthews et al. (2017) concluded that BAL quasars are viewed from similar
angles to non-BAL quasars, and/or geometric unification cannot explain the fraction of
BALs in quasar samples.
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Detailed hydrodynamic simulations of a line-driven wind have illustrated the
possibility of over-ionising the wind, leading to a reduction in efficiency of the line-
driving. This illustrates the complexity of the BLR region demanded by observations,
which require shielding of the outflowing winds (Proga et al. 2000; Higginbottom et al.
2014).

4.5 Summary

We have explored the properties of BELs, specifically the widths and velocity offsets,
using a dynamical disk-wind model with radiative transfer in the Sobolev limit. The
effect of orientation for narrow angle of outflowing wind is analysed. We have considered
several factors that contribute to the different BEL features, which include inclination
angle, angle of outflow, and position of the emission region in the wind.

When viewed face-on, the emission line profile is asymmetric and narrow. The
profile is blueshifted since the wind is approaching the observer. The blueshift increases
as the inclination angle moves toward the opening angle of the wind and decreases as
the viewing angle recedes from the emitting wind. The profile is symmetric and broader
as the viewing angle approaches edge-on. At wind regions close to the accretion disk
surface, the emission line is symmetric with broader width than a line emitted further
out. The emission line profile has a larger blueshift with increasing vertical distance
along the wind from the central ionising source, particularly for polar wind opening
angle. The blueshifting effect decreases as the angle of outflowing wind tends towards
equatorial.

By taking into account the correction for optical depth, single-peaked emission
lines are formed for the intermediate and equatorial wind. Due to the relatively small
poloidal velocity gradient compared to the rotational shear found in the polar wind, the
lines are double-peaked even after applying the optical depth correction.

We have also demonstrated that an ouflowing wind model is capable of generating
a shorter lag in the red or blue sides of the line. This suggests that outflowing winds are
not ruled out when the red side of the emission line responds on a quicker time frame
than the blue side, as has previously been implied.
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This chapter is based on the publication:

• Yong, S. Y., King, A. L., Webster, R. L., Bate, N. F., O’Dowd, M. J.,
& Labrie, K. (2018). Using the Properties of Broad Absorption Line
Quasars to Illuminate Quasar Structure. MNRAS, 479, 4153–4171.
ADS: 2018MNRAS. 479. 4153Y . doi: 10. 1093/ mnras/ sty1540

Abstract

A key to understanding quasar unification paradigms is the emission properties of broad
absorption line quasars (BALQs). The fact that only a small fraction of quasar spectra
exhibit deep absorption troughs blueward of the broad permitted emission lines provides
a crucial clue to the structure of quasar emitting regions. To learn whether it is possible
to discriminate between the BALQ and non-BALQ populations given the observed
spectral properties of a quasar, we employ two approaches: one based on statistical
methods and the other supervised machine learning classification, applied to quasar
samples from the Sloan Digital Sky Survey. The features explored include continuum
and emission line properties, in particular the absolute magnitude, redshift, spectral
index, line width, asymmetry, strength, and relative velocity offsets of high-ionisation
C ivλ1549 and low-ionisation Mg iiλ2798 lines.

We consider a complete population of quasars, and assume that the statistical
distributions of properties represent all angles where the quasar is viewed without
obscuration. The distributions of the BALQ and non-BALQ sample properties show few
significant differences. None of the observed continuum and emission line features are
capable of differentiating between the two samples. Most published narrow disk-wind
models are inconsistent with these observations, and an alternative disk-wind model is
proposed. The key feature of the proposed model is a disk-wind filling a wide opening
angle with multiple radial streams of dense clumps.
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5.1. BACKGROUND

5.1 Background

In § 3.2, we developed a simple kinematical thin disk-wind model, enabling a qualitative
understanding of both the emission line widths and the offsets of line centroids. The
results of those analyses demonstrate that the properties of the BELs are highly dependent
on the viewing angle, wind opening angle, and wind region. In Chapter 4, we find that
the shape of the emission line profile is narrow and asymmetric when viewed face-on. In
contrast, the emission line is broad and symmetric for an edge-on geometry. The relative
blueshift is larger as the line-of-sight is aligned with the outflowing wind. Additionally, a
polar narrow wind model exhibits higher blueshift compared to that of equatorial wind
model. The aim of these investigations was to relate the measured attributes of the
BELs to the observed in the context of a disk-wind model for the BLR.

Investigating the differences in emission properties between the BALQ and non-
BALQ populations can therefore shed light on the geometry and origin of the observed
BALs. In this study, we attempt to group the BAL and non-BAL quasars into their
respective classes using statistical tests and supervised machine learning for classifica-
tion. The investigated features include continuum properties, particularly the absolute
magnitude, redshift, and spectral index, and additionally the characteristics of high-
and low-ionisation emission lines, specifically the FWHM, asymmetry, EW, and velocity
offsets of C ivλ1549 and Mg iiλ2798 emission lines. We explicitly consider whether the
differences between the BALQs and the non-BALQs can be explained by either of the
postulated paradigms, and if so, what constraints are required on the model. Throughout
this analysis, we assume that the BELs and BALs arise in the same disk-wind and we
refer to this region as the BLR.

The outline of this chapter is as follows. We discuss plausible explanations for the
BAL phenomenology in § 5.1. In § 5.2, we describe the selection criteria for the data
sample of quasars and how they were separated into BAL and non-BAL populations.
The statistical tests and machine learning algorithms employed are outlined in § 5.3. The
results from the two methods are presented in § 5.4, followed by discussion in § 5.5 where
we examine the use of the observable BAL signatures in the context of evolutionary and
orientation in a narrow disk-wind paradigms. This analysis motivates us to present a
revised BLR model in § 5.6. Finally, a summary is provided in § 5.7.

5.1.1 BAL Phenomenology

One of the main explanations for the BAL phenomenon and its relative rarity is a
unification/orientation model that assumes all AGN possess BAL outflows but these
outflows are narrow and BAL features are only observed when the observer’s line-of-sight
intersects the outflow. If the presence of a broad absorption feature results from a
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specific angle of viewing, the signature should be evident in the characteristics of the
BELs. This is true no matter if the BLR is assumed to be co-spatial with BAL outflows,
or not, or which BLR model (Keplerian disk, equatorial disk-wind, poloidal wind, etc.)
is adopted. This study compares the measurable characteristics of BELs in quasars with
and without BALs, to further understand the geometry of the BLR and BAL outflows.

Only a fraction of quasars are BALQs. A common measure of a BAL is the
balnicity index (BI; Weymann et al. 1991), which describes the amount of absorption
blueward of the line:

BI =

∫ −3000
−25 000

[
1− f(v)

0.9

]
C(v) dv, (5.1)

where f(v) is the normalised flux density as a function of velocity, v, relative to the
centre of emission line. The value of C is either 0 or 1. It equals to unity when the term
in the square bracket is continuously positive for at least 2000 km s−1, and zero otherwise.
Traditional BALs are defined to have BI > 0 km s−1. Depending on the ionisation
potential of the absorbed lines, BALQs are further separated into three subcategories:
high-ionisation BAL (HiBAL) quasars, low-ionisation BAL (LoBAL) quasars, and iron
low-ionisation BAL (FeLoBAL) quasars. HiBAL quasars show absorption from high-
ionisation species, for example C iv, Nv, and Si iv, and are the most common type
of BALQ. LoBAL quasars show absorption from high-ionisation species as well as
absorption from low-ionisation species, such as Mg ii, Al iii, and Al ii. FeLoBAL quasars
are the rarest type of BALQ and are LoBALs with additional absorption lines from Fe ii

or Fe iii complexes.

5.1.2 Orientation Interpretation

There are two primary explanations for the BAL phenomenon in quasars. One interpreta-
tion that we mentioned earlier is a unification model based on orientation. It is believed
that all quasars have BAL outflows since the characteristics of the emission line and
continuum of BALQs and non-BALQs are found to be similar (Weymann et al. 1991).
The fact that only a small fraction ∼ 15% of quasars display BAL features (Hewett &
Foltz 2003; Reichard et al. 2003; Knigge et al. 2008; Gibson et al. 2009) might be due to
orientation effects, such that a BAL is seen when the line-of-sight intersects the covering
angle of the outflow. This leads to the notion of wind emanating from the accretion disk
or the disk-wind model.

The disk-wind model is often depicted as a biconical wind with a narrow opening
angle of ∼ 10°–20° to account for the small fraction of BALQs, from which the BELs
and BALs arise (Murray et al. 1995; Elvis 2000, 2004). However, for a narrow wind,
we might expect different physical characteristics in the BELs between the BALQs
and non-BALQs since they are observed from different directions (see also Chapter 4,
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Matthews et al. 2017). For example, BALs viewed through a polar narrow wind will
have narrower and more blueshifted line profiles than those of non-BALs observed from
non-polar angles. In contrast, the line profile will be broad and less blueshifted in BALQs
with equatorial narrow wind opening angle. We would expect different BEL properties
for the two population when viewed from different orientations for any general flattened
axisymmetric BLR models as shown by Collin et al. (2006), Goad et al. (2012), and
Braibant et al. (2017). An orientation explanation is not a new concept. Orientation has
also been commonly used in the literature to differentiate between the types of AGN,
either type 1 or type 2, and based on radio morphology, either RL or RQ (Antonucci
1993; Urry & Padovani 1995).

In a recent paper by Matthews et al. (2017), the distribution of the BEL EW values
for both BALQ and non-BALQ are compared to test the geometric unification model.
They find similarities between the EWs of both populations, which contradicts the idea
that a BAL originates from an equatorial outflowing wind coming off a geometrically thin
but optically thick accretion disk. These authors conclude that either (i) the continuum
emission is inconsistent with a geometrically thin accretion disk, (ii) the viewing angles
for BALQ and non-BALQ are the same (i.e., at low inclination angles close to face-on),
or (iii) geometric unification is unable to justify the BAL fraction in quasar samples.

5.1.3 Evolutionary Interpretation

An alternative interpretation for the BAL phenomena is that the BALQ represents a
stage in the evolution of quasars. In this scenario, BALQs are young quasars residing in
a gas- and dust-rich environments enveloped by a high covering fraction cocoon (e.g.,
Hamann & Ferland 1993; Voit et al. 1993; Becker et al. 2000). After some time they
blow off their dusty shroud and become the more common non-BALQs.

The spectrum of a BALQ is found to be redder compared to a non-BALQ spectrum
with LoBAL quasars redder than HiBAL quasars (Weymann et al. 1991; Sprayberry &
Foltz 1992; Brotherton et al. 2001; Reichard et al. 2003; Trump et al. 2006; Gibson et al.
2009), suggesting a quasar transition from FeLoBALs, LoBALs, HiBALs, and finally to
non-BALs. If the BAL phenomenon is an evolutionary stage of a quasar, then we might
expect no difference between BEL characteristics of the two populations, but a difference
in spectral slope and maybe differences in accretion rates and/or black hole masses.
It is also possible that the BAL phenomenon is a combination of both explanations
(Gallagher et al. 2007; Allen et al. 2011; DiPompeo et al. 2013).

76



CHAPTER 5. BROAD ABSORPTION LINE QUASAR (BALQ)

5.1.4 Two-sample Empirical Distribution Function Tests

To determine whether two samples are likely to be drawn from the same population, a
two-sample (2s) statistical test based on the empirical distribution function (EDF) can
be conducted. For an ordered set of n independent and identically distributed random
samples (x1, x2, . . . , xn), the EDF represents the fraction of elements in the sample that
are less than or equal to x. This can be expressed as

Fn(x) =


0 if x < x1,

i/n if xi ≤ x < xi+1 for i = 1, . . . , n− 1,

1 if x ≥ xn.
(5.2)

The two well-known EDF tests are Kolmogorov–Smirnov (K–S) and Anderson–Darling (A–
D) tests. Both are non-parametric statistical methods that are free from any assumption
about the probability distribution of the data and test the null hypothesis, H0, that the
samples belong to the same distribution.

The K–S statistic was first proposed by Kolmogorov (1933, 1941) and Smirnov
(1939) and belongs to the supremum type EDF statistic. For a 2s K–S test, the K–S
statistic, denoted as Dnm, is calculated from the supremum or the maximum absolute
difference of two EDFs, Fn(x) and Fm(x), with sample sizes of n and m:

Dnm = sup
x
|Fn(x)− Fm(x)|. (5.3)

The A–D statistic was introduced by Anderson & Darling (1954) and was further
developed by Darling (1957); Pettitt (1976). It belongs to the square type EDF statistic.
Given two random samples (x1, x2, . . . , xn) and (y1, y2, . . . , ym), the 2s A–D statistic
can be written as

A2
nm =

1

nm

N−1∑
i=1

(MiN − ni)2
i(N − i) , (5.4)

where N = m+ n is the combined samples and Mi is the number of samples in x that is
less than or equal to the ith smallest element in the combined samples. Compared to the
K–S test, the A–D test is more sensitive to the changes at the tails of the distributions
(Engmann & Cousineau 2011).

5.1.5 Machine Learning (ML) Algorithms

With the advent of big data era, many promising resources have been developed to
handle the challenge. One of these tools is machine learning (ML). The term machine
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learning refers to a technique that enables computers to learn information based on
data and experiences without being explicitly programmed. It is closely linked with
statistics in respect of performing predictions. ML is broadly applied to untangle real
world problems. From winning the American quiz game show, Jeopardy, with the IBM
Watson computer system (Ferrucci et al. 2010), to automating rovers for space missions
(McGovern & Wagstaff 2011), the applications of ML extend to many fields.

ML can be branched into supervised learning, unsupervised learning, and rein-
forcement learning. With supervised learning, the outputs are already established and
the learning process attempts to predict the outcome of an event given prior knowledge
of other outcomes. In contrast, the outputs are not provided in unsupervised learning.
The algorithm then seeks to discover the inherent pattern in the data. Reinforcement
learning is an automated approach whereby machine learns by interacting with the
environment. It decides the ideal course of action based on its past trials in order to
acquire the greatest reward or outcome.

In supervised learning, a model is trained using a training dataset given inputs
where the desired outputs are identified beforehand. A set of features to be examined
is used as the input to make predictions on the outputs. The feature is also known
by its many names such as attribute, input, and explanatory variable. Outputs are
also called classes, labels, outcomes, response variables, and targets. There are two
subdivisions of supervised learning, namely classification and regression problems, which
differ depending on the type of labels. For classification, the label is categorical or
discrete, while it is continuous for regression. For the purposes of this study, we use
supervised ML for binary classification problems and only review these methods.

Various ML algorithms have been developed to solve different tasks. This ideology
is clearly captured by the “No Free Lunch” theorems. There are two of these theorems,
one for supervised ML (Wolpert 1996) and another for optimisation (Wolpert & Macready
1997). Essentially the main message conveyed is that there is no unique algorithm that
works perfectly in every scenario and is free from any drawbacks. A model is often based
on some simplifications of the actual reality, which is achieved by making assumptions.
Generally, the assumptions might hold for one situation but possibly fail for other. For
this reason, it is vital to examine a variety of algorithms to assess the performance of
the model.

A good ML model will strive to achieve a balanced bias-variance trade-off. Bias
measures the error between the expected predictions and the actual values, while variance
error measures the consistency of the model predictions in the training dataset. A model
will suffer underfitting (high bias) when it is far too simple, and is therefore unable to
grasp the underlying pattern in the data. In this case, the learning algorithm performs
badly on both the training and test dataset. On the other hand, a model suffers from
overfitting (high variance) when it is extremely complex, for example containing too
many parameters. This model is able to perform exceedingly well on the training data,
but has a poor performance on the test dataset. Hence, managing the trade-off is crucial
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in selecting an optimal model that will generalise well on real world data. We investigate
several algorithms that will be described in detail next.

5.1.5.1 Decision Tree

Decision tree (Breiman et al. 1984) is a predictive model that uses a series of observations
and sample splitting according to those observations to make conclusions about the
possible classification of an input. The training process starts at the tree root node, i.e.,
the origin of all branches, and the samples are split into branches of child nodes. At a
node, all features are considered and the split is chosen that maximises the purity of the
children sample given the parent sample. The purity of the sample can be thought of
as the least amount of mixing between the different classifications. In the case, where
the parent node is a mix of objects with a classification of either A or B, the perfect
split (aka the split that gives the maximum purity) would perfectly split the sample
with classification A into one child node and objects with classification B into the other
child node. This purity can rarely be achieved after one split. Therefore, the splitting
procedure is iterated at each child node until the samples are perfectly separated or
upon reaching the specified minimum number of samples at the node. The final node is
called the terminal or leaf node, and the predicted outcome is given at this point.

Technically, the objective function of the decision tree algorithm is to maximise the
impurity decrease at each split. The impurity decrease, ∆I(s, t), evaluates the quality
of a split s given node t. In the binary case, the parent node at t is separated into two
child nodes, the left (tL) and the right (tR):

∆I(s, t) = I(t)− NtL

Nt
I(tL)− NtR

Nt
I(tR), (5.5)

where Nt, NtL , and NtR are the number of samples in the parent, left, and right nodes,
respectively. The quantity I(t) is the purity in the sample and ∆I(s, t) describes the
changes in purity from the parent node to the left and right child nodes.

The two common impurity measures, I(t), are the Gini index (Gini 1921) and
the Shannon entropy (Shannon 1948). The Gini index minimises the probability of
misclassification and is defined as

IG(t) =
c∑
i=1

p(i|t)[1− p(i|t)]. (5.6)

The parameter p(i|t) is the fraction of samples that are in class c at node t. For binary
classification, this can be simplified to

IG(t) = 2p(i|t)[1− p(i|t)]. (5.7)
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The impurity function using Shannon entropy maximises the amount of information in
the tree. This is given by

IH(t) = −
c∑
i=1

p(i|t) log2 p(i|t) (5.8)

and for the binary problem

IH(t) = −p(i|t) log2 p(i|t)− [1− p(i|t)] log2[1− p(i|t)]. (5.9)

The impurity decrease based on Gini index, ∆IG(s, t), is also known as Gini impurity,
while it is termed information gain, ∆IH(s, t), using Shannon entropy.

A quantitative representation of the feature importances can be allocated based
on how much they contribute to the prediction during the training process. For a single
decision tree, T , the importance of variable Xj (Breiman et al. 1984) is given by

Imp(Xj , T ) =
∑
t∈NT

1(Xj , t)
Nt

N
∆I(s, t), (5.10)

where Nt/N is the proportion of samples at node t and ∆I(s, t) is the impurity decrease
of a split s at t as specified in Eq. (5.5). The quantity 1(Xj , t) is an indicator function
that equals 1 when node t splits on input variable Xj and 0 otherwise.

5.1.5.2 Random Forest

Random forest (Breiman 2001) is an ensemble of decision trees. A collection of trees is
built from random samples of the training set generated by bootstrap sampling without
replacement. The final classification is obtained via averaging all the votes from each
trees. By combining multiple independently trained decision trees, the variance captured
by individual trees in the forest is reduced.

By taking the mean of Eq. (5.10), the equation can be extended to calculate the
feature importance trained with random forest algorithm (Breiman 2001) by taking the
mean of Eq. (5.10) from a number of trees, which is also known as the mean decrease
impurity:

Imp(Xj) =
1

NT

∑
T

Imp(Xj , T ), (5.11)

where NT is the number of trees in the forest. The value is normalised to have a sum
of unity. If Gini index is used as the impurity function, consequently the equation is
sometimes called the Gini importance or mean decrease Gini.
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5.1.5.3 Logistic Regression

Logistic regression (Cox 1958), also called logit regression or maximum-entropy classifi-
cation, belongs to a generalised linear model. It is used to predict the probability of
being one of two possible classifications based on the input features. The regions that
separate the input space into its respective class are called the decision boundaries. If
there exists a region that perfectly divides the two classes, then the classes are linearly
separable and the decision boundary is called a hyperplane.

Logistic regression algorithm attempts to search for the optimal hyperplane in
the input features by maximising the log likelihood function. The hyperplane has a
linear form that can be written as a combination of the predictor variables ~x and the
corresponding weight vector ~w:

z = w0 + w1x1 + . . .+ wmxm = w0 +
n∑
i=1

wmxm = w0 + ~wT~x,

where n is the number of samples, m is the number of features, and w0 is the intercept
or bias. The probability model is characterised by a logistic or sigmoid function

P (y = ±1|~x, ~w) =
1

1 + exp[−y(w0 + ~wT~x)]
, (5.12)

which can be interpreted as the conditional probability that a sample belongs to class y
given feature ~x and weight ~w.

Consider the training vectors of n samples for binary class (~x(i), y(i)) and y ∈
{−1,+1}n, where ~x(i) ∈ Rd is a d-dimensional real vector and i = 1, . . . , n. The logistic
regression solves the following optimisation problem:

min
w0, ~w

1

2
~wT ~w + C

n∑
i

log[1 + exp(−y(i)(w0 + ~wT~x(i)))], (5.13)

where the first term is the L2 regularisation. The misclassification penalty is controlled
by the parameter C = 1/λ, which is the inverse of the regularisation parameter, λ.
It controls the trade-off between large decision boundaries and correctly identified
~x(i). Smaller C value implies that the optimisation will be less strict on penalising
misclassification and seeks a hyperplane with larger decision bounds. Conversely, large C
means weak regularisation and tends to impose higher penalties on misidentified points.
This leads to a stricter decision bound.

The probability is then compared with a threshold of 0.5 to determine either the
object is in y binary class −1 or +1. If the likelihood is greater than the threshold,
the object will be predicted as a +1, and vice versa if it is less. The weight function
is iteratively calculated using a training sample and is chosen to minimise the devia-
tions between the predicted classification given a trial weight function and the known
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classification.

5.1.5.4 Support Vector Machine (SVM)

Support vector machine (SVM; Boser et al. 1992; Cortes & Vapnik 1995) is a discrimi-
native classifier with the aim of obtaining a maximum margin hyperplane that divides
the classes. This is illustrated in Fig. 5.1. Margin is defined as the distance between
the closest points, i.e., the support vectors, and the hyperplane. In a linear model, the
hyperplane is a linear combination of input vector, ~x, and is written as w0 + ~wT~x, where
~w is the weight vector and w0 is the intercept.

X1

X
2

Figure 5.1: Separating hyperplane for samples from two classes using two features, X1

and X2, trained with linear SVM. The hyperplane is indicated by the solid line. The
margin is the grey shaded region between the two dashed lines with circled points on
the boundary as the support vectors.

Given the training vectors of n samples for binary class (~x(i), y(i)) and y ∈
{−1,+1}n, where ~x(i) ∈ Rd is a d-dimensional real vector and i = 1, . . . , n. The
objective function to be optimised consists of solving the primal problem:

min
w0, ~w,~ξ

1

2
~wT ~w + C

n∑
i

ξ(i) (5.14)

subject to y(i)(w0 + ~wT~x(i)) ≥ 1− ξ(i),
ξ(i) ≥ 0,∀i.

The slack parameter, ξ(i), is introduced to relax the constraints on the margin. Similar to
logistic regression, the penalty is governed by C. If the value is large, the algorithm will
try to enforce a small margin hyperplane such that all the points are grouped correctly,
and vice versa for small value of C.
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This optimisation problem can also be represented in its dual form:

max
α

n∑
i

αi −
1

2

∑
i

∑
j

αiαjy
(i)y(j)~x(i)T · ~x(j), (5.15)

subject to 0 ≤ αi ≤ C,
n∑
i

αiy
(i) = 0,∀i,

where αi is the Lagrangian multiplier. Solving the dual problem yields the weight
coefficient and intercept:

~w =
n∑
i

αiy
(i)~x(i) (5.16)

w0 = y(i) − ~wT~x(i). (5.17)

The predictions for unseen data can be made using

sign

(
w0 +

n∑
i

αiy
(i)~x(i)T · ~x(j)

)
. (5.18)

A technique called kernel trick can be implemented with SVM. The idea is to apply
functions, i.e., kernels, to map inputs from a low dimensional space to higher dimensional
feature spaces, φ(·), such that the data becomes linearly separable. In this case, the dot
product (~x(i)T · ~x(j)) is replaced with a kernel function K(~x(i), ~x(j)) = φ(~x(i))T · φ(~x(j)).

The algorithm searches for decision boundaries with the largest margin and solves
for the hyperplane parameters. Once the optimal hyperplane is found, discrete class
labels are assigned to make predictions on the new points.

5.2 Dataset

The data used are obtained from the Baryon Oscillation Spectroscopic Survey (Dawson
et al. 2013) of the SDSS-III (Eisenstein et al. 2011) Data Release 12 Quasar (DR12Q;
Pâris et al. 2017) catalogue. The SDSS DR12Q catalogue is retrieved through the VizieR
catalogue access tool1 (Ochsenbein et al. 2000), which is publicly available online. The
details of the estimation of the global redshift, emission line redshift, and subsequently
the widths and the rest frame EW for each line, are described in Sect. 4 of Pâris et al.
(2012). We will briefly summarise them here.

1http://vizier.u-strasbg.fr/viz-bin/VizieR
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Pâris et al. (2017) first estimated the overall redshift via visual inspection, zvi.
The spectra are then fitted using a linear combination of four principal components
constructed from a high quality subset of SDSS DR7Q (Schneider et al. 2010) spectra
that do not exhibit BAL features. The redshifts are adjusted until the best fit is found,
which yields the principal component analysis (PCA) redshift, zPCA. The individual
emission lines are then fitted by a set of five principal components. The redshift of an
emission line is estimated from the peak amplitude of the fitted line. The velocity offset
between the lines is computed as the difference in the individual emission line redshifts.
The symmetry of the line is defined as the ratio of the blue to red half width at half
maximum (HWHM), which are evaluated bluewards and redwards of the emission line
peak, respectively. The FWHM is then the sum of both HWHM values.

We adopt the convention that a blueshifted line has a negative velocity and will
peak towards the bluer end of the wavelength (see Fig. 2.3). Conversely, the peak of a
redshifted line has a positive value and tends towards longer wavelengths. A blue/red
HWHM ratio of < 1 or blueward asymmetric line will have more flux on the blue wing,
while a blue/red HWHM ratio of > 1 or redward asymmetric line will have a broader
red wing (see Fig. 2.4).

Pâris et al. (2017) implemented the BALQ definition from Weymann et al. (1991)
to identify BAL feature in C iv line. For a line to be considered as a BAL, the BI needs
to be larger than 0 km s−1, have an absorption trough width of ≥ 2000 km s−1 at 10%
depth below the continuum, and be blueshifted ≥ 3000 km s−1 from the emission line.
The C iv BAL troughs are automatically detected for quasars with zvi ≥ 1.57 to ensure
that the region from S iv to C iv is included. The continuum is estimated using a linear
combination of four principal components fit to the spectra iteratively to mask any
absorption in the spectrum (see examples in Fig. 15 of Pâris et al. 2012). Based on the
constructed continuum, the BI in the blue side of C iv emission line is calculated.

The flux density of the continuum can be represented by a power law, given by
fcont ∝ ναν , where ν is the frequency. The spectral index, αν , is retrieved by applying
this approximation to fit over regions with rest wavelength of 1450–1500, 1700–1850,
and 1950–2750Å. These regions are selected as they are free from emission lines. Based
on the SDSS primary photometry, the i-band absolute magnitude at redshift z = 2,
Mi(z = 2), is computed assuming αν = −0.5 and K-correction from Table 4 in Richards
et al. (2006).

We select a subsample of the SDSS DR12Q catalogue for this analysis such that
both C iv and Mg ii emission lines, and C iv BAL features, are present in the spectrum.
For this purpose, the redshift is bounded for zvi and zPCA ≥ 1.57. The sample was also
chosen to ensure that all measurements had high signal-to-noise (S/N), so that results
are not biased by poor statistics. Thus, the sample is further constrained to ensure that
the spectra have prominent emission lines: (i) median S/N per pixel over the whole
spectrum ≥ 15, (ii) C iv and Mg ii FWHMs > 0 km s−1, and (iii) C iv amplitude ≥ 10

and Mg ii amplitude ≥ 5 median root-mean-square pixel noise. Although the C iii] line
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is also included in this wavelength range, the uncertain contributions of Al iii and Si iii]
emissions to the wings of the line means that an analysis including this line may not be
as robust unless the Al iii and Si iii] emissions are deconvolved.

We remove the data with missing or undefined αν values from the raw data. Three
outliers are also taken out from the sample. One has Mi(z = 2) ∼ −45, much brighter
than the rest of the samples which have Mi(z = 2) < −35. Upon visual inspection,
we found that the other two with either EW(Mg ii) < 0 or blue/red HWHM(Mg ii)
> 10 000, have inaccurate measurements. The final sample consists of 2773 spectra and
among those 313 show a BAL feature for the C iv line. This corresponds to a BAL
quasar fraction of ∼ 11.29%. Hereafter, a BALQ refers to a quasar with the presence of
a C iv line HiBAL feature only, unless mentioned otherwise. LoBALs might be present
but are not identified in the dataset.

5.3 Methodology

Using the dataset presented in the previous section, we conduct several tests to find out
whether the BALQ and non-BALQ populations belong to the same parent population
using continuum and BEL properties. The two approaches employed are based on
statistics and machine learning techniques, which will be described in § 5.3.1 and § 5.3.2
respectively. A total of 12 features are investigated in this work, as listed in Table 5.1.

Table 5.1: List of investigated features using continuum and broad emission line proper-
ties.

Property Feature Description Notation

Continuum imag Absolute magnitude in i-band at z = 2 Mi(z = 2)
z.pca PCA redshift zPCA
alphanu Spectral index αν

BEL fw(civ) FWHM of C iv FWHM(C iv)
civ_ratioskew* Asymmetry of C iv Blue/red HWHM(C iv)
w(civ) EW of C iv EW(C iv)
fw(mgii) FWHM of Mg ii FWHM(Mg ii)
mgii_ratioskew* Asymmetry of Mg ii Blue/red HWHM(Mg ii)
w(mgii) EW of Mg ii EW(Mg ii)
civmgii_diffv* Velocity offsets of C iv and Mg ii ∆v(C iv-Mg ii)
civmgii_ratiofwhm*FWHM ratio of C iv and Mg ii FWHM(C iv/Mg ii)
civmgii_ratioew* EW ratio of C iv and Mg ii EW(C iv/Mg ii)

Note: Features are as those defined in VizieR access tool, except stated otherwise.
*User defined features from SDSS measurements.

5.3.1 Statistical Tests

For the K–S test, a two-tailed p-value is evaluated. We describe the statistics as highly
significant at < 0.1%, significant at < 5%, and not significant at > 5%. The p-value
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can be interpreted as follows. If the p-value is ≤ 5%, there is sufficient evidence to
reject the null hypothesis, suggesting that the two samples are not chosen from the same
distribution. On the other hand, if the p-value is > 5%, there is not enough evidence to
reject the null hypothesis.

The 2s A–D test is estimated from the midrank EDF. The calculated significance
level, α, is the probability of the null hypothesis being rejected when it is true. If the
returned test statistic is greater than the critical value for a given significance level, then
the null hypothesis is rejected at that level. The corresponding boundary for the critical
value is the critical or rejection region. Since the interpretations for p-value and α are
similar, we adopt the same statistical significance cut-off for both. For example, α of
4.9% implies a 4.9% chance that the null hypothesis is incorrectly rejected. The null
hypothesis can be rejected at 5% level since α falls within the 5% critical region, but
fails to reject for critical region of 2.5%.

The 2s statistical tests are computed using an open source scientific tools for
Python, scipy2 (Jones et al. 2001). The tests are calculated for one-dimensional (1d)
case between BALQ and non-BALQ datasets.

5.3.2 Building ML Classifiers

The goal of using ML is to find the parameter space that plays the biggest role in
separating the BALQ and non-BALQ populations without human intervention, provid-
ing us some clues to the dynamics and origins of the BLR. For the purposes of this
study, we use supervised ML for binary classification problems and only review these
methods. Following the “No Free Lunch” theorems, different supervised ML classifiers
are investigated. The choice of ML algorithms is restricted to those that return feature
importance or weighting such that the influence of each features can be quantified. We
start with four basic supervised ML classification algorithms for interpretability, namely:
decision tree, random forest, logistic regression, and support vector machine (see § 5.1.5).

We attempt to construct a supervised binary classification algorithm that can
differentiate between the two populations, using a set of continuum and emission line
properties. We examine if there is any one of them that outperforms in dividing the
samples into their respective classes. The analyses use scikit-learn3 (Pedregosa et al.
2011), an open source ML package in Python. Each of the algorithms utilised in this
analysis requires tuning via hyperparameters. For example, the number of decision tree
splits for a given decision tree, the number of decision trees used in the random forest
algorithm, or the regularisation of the logistic regression algorithm that controls the
complexity versus fit balance when finding the optimal weight vector. An outline of the
steps performed is as following:

2https://scipy.org/
3http://scikit-learn.org/
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1. Data preprocessing (see § 5.3.2.1)
• Load raw data and remove those with missing values and bad measurements.
Separate the data into binary classes of BALQ and non-BALQ populations
based on BI values, where BALs are those with BI > 0 km s−1 in C iv line.

• Split data into 80% training and 20% test samples.
• Apply feature scaling to dataset.

2. Tuning the models (see § 5.3.2.3)
• Conduct coarse grid searches on algorithm hyperparameters with stratified
10-folds cross-validation (CV) using training set and evaluate the performance
using scoring metrics (see § 5.3.2.2).

• Conduct fine grid search and randomised search on algorithm hyperparameters
with stratified 10-folds CV.

3. Model evaluation (see § 5.3.2.4)
• Obtain the best estimator with the highest validation score.
• Compare the performance of the different models using various scoring metrics
(see § 5.3.2.2).

• Predict the classes of the test set. Extract the feature importances and
compare their significance in other models.

5.3.2.1 Data Preprocessing

After the samples have been refined (see § 5.2), the dataset is partitioned into 80%
training and 20% test samples. This step enables the model to be generalised not only
for the training set, but also on new samples. The training set consists of quasars from
SDSS DR12Q catalogue, with known classes. It is used to learn a model and make a
prediction on the new data. The performance of the model is then assessed using the
test set.

Logistic regression and SVM algorithms require the data to be scaled, while
tree-based estimators are scale-invariant. If a feature has a large variance, it causes
the estimator to undermine other features with smaller variance. This problem can be
avoided by scaling the features. Since there are possibly some outliers, a robust scaler is
used to centre the median to zero and scale the input parameters by the interquartile
range, which is the difference between the upper (75th) and lower (25th) quartiles. A
pipeline is also applied to chain the scaler transformation and the classifier to avoid
information leakage. This ensures that the scaling is done for each split during the CV.

An imbalanced dataset may render model predictions inaccurate towards the more
common class. In the dataset, non-BALQs are more abundant and the estimator will
attempt to maximise the prediction for this class and overlook the BALQ sample. To
account for the imbalanced population, the weighting for each class is set to be the
same. As a consequence, the cost of misclassifying the minority class is increased and the
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classifier will assign equal emphasis to predicting both classes correctly. A scoring metric
that is sensitive to imbalanced classes is employed to alleviate this issue as described
next.

5.3.2.2 Scoring Metrics

One way to illustrate the number of samples that are correctly predicted in each class is
with a contingency table or confusion matrix. Here, the binary classes can be denoted as
non-BALQ (negative) and BALQ (positive). The resulting confusion matrix for binary
classification is displayed in Table 5.2. A negative class sample that is correctly labelled
is referred to as true negative (TN), while false positive (FP) if it is misclassified as
positive. A sample in positive class that is predicted correctly is called true positive
(TP), while false negative (FN) when it is wrongly identified as negative.

Table 5.2: Confusion matrix for binary classification.

Actual
Class non-BALQ BALQ

P
re
di
ct
ed non-BALQ True False

negative (TN) negative (FN)
BALQ False True

positive (FP) positive (TP)

The true and false positive and negative rates are given by

• True positive rate (TPR) or sensitivity or recall: The probability of detecting
positive instances.

TPR =
TP

TP+FN
.

• True negative rate (TNR) or specificity: The probability of detecting negative
conditions.

TNR =
TN

FP+TN
.

• False positive rate (FPR) or fall-out: The probability of misclassified points as
positive among negative instances.

FPR =
FP

FP+TN
= 1− TNR.
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• False negative rate (FNR) or miss rate: The probability of misclassified points as
negative among positive instances.

FNR =
FN

TP+FN
= 1− TPR.

A scoring metric is assigned to quantify the efficacy of the model predictions.
Model evaluations that use accuracy are unreliable in the presence of imbalanced dataset.
Instead, a F1 score is used as the scoring parameter as it is slightly more sensitive to
class imbalanced data. Several other relevant metrics are also computed in the following
analysis for comparison. All metrics adopt the convention that a higher score signify a
better estimator.

• F1 score: Represents the balance between precision and recall.

F1 = 2

(
1

precision
+

1

recall

)
,

where precision=TP/(TP+FP) is the probability of predicting positive instances.
The score ranges between 0 and 1, with 1 indicating perfect precision and recall.

• Area under the receiver operation characteristic (AUROC): Computes AUROC
curve, which is the TPR against FPR at various discriminatory threshold, using
trapezoidal rule. It provides an estimate of how good is the model in differentiating
positive and negative results. The score ranges between 0 and 1, with 0.5 indicating
random prediction.

• Balanced accuracy (BACC): Average of the true positive and negative rates.

BACC =
1

2
(TPR + TNR).

The score ranges between 0 and 1.
• Cohen’s kappa, κ: Measures the inter-rater agreement between two classifications.
In this case, the two raters are the predictions by the ML classifier and the true
classes.

κ =
po − pe
1− pe

,

where po is the observed probability in agreement and pe is the expected probability
in agreement due to chance. The score ranges between -1 and 1, with ≤ 0 indicating
poor agreement.

• Matthew’s correlation coefficient (MCC): Measures the quality of binary classifi-
cation and is a balanced representative statistic of the confusion matrix since it
considers the true/false positives/negatives.

MCC =
TP× TN− FP× FN√

(TP + FP)(TP + FN)(TN + FP)(TN + FN)
.
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The score ranges between -1 and 1, with ≤ 0 indicating random prediction.

5.3.2.3 Tuning the Models

Subsets of the training dataset can be further split using CV technique to tune the
variables. One of CV strategies is a stratified k-fold CV, which is a sampling method
that retains the initial fraction of each class. This method has been shown to reduce
the bias and variance estimation in imbalanced data (Kohavi 1995). The strategy is as
follows. The training set is randomly partitioned into k folds without replacement, i.e.,
each sample will be selected exactly once. Then, k − 1 subsets are used to train the
data and one subset for testing the performance. The one remaining fold is called the
holdout or validation set. The preceding step is repeated k times. Lastly, all the model
performances are averaged.

Before initialising a ML algorithm, there are a few variables that need to be specified.
These variables are termed the hyperparameters and require tuning by exploring the
parameter space. To calibrate the hyperparameters for a particular algorithm, parameter
space searches are performed with stratified 10-folds CV. In general, there are two
strategies to conduct a parameter search: grid and randomised search. Grid search CV
explores a set of predefined parameter ranges. Randomised search CV probes parameters
sampled from a prescribed distribution for a specified number of candidates. We perform
both strategies to check the consistencies of the searches.

As outlined earlier, a coarse grid search with stratified 10-folds CV is first executed
to find an appropriate range of hyperparameter values. If there are more than two
hyperparameters to examine, a set of two values are varied while the rest are fixed in the
hyperparameter search, such that the trends can be easily identified. The performance
of the models is evaluated using a F1 score (see § 5.3.2.2). From this investigation, a
set of parameter ranges is assembled for a fine grid search. Using the same range of
parameter space, a randomised search is also sampled for 1000 iterations. The details
on setting the parameter space for individual algorithm are summarised here.

The three hyperparameters that are tuned in decision tree classifier are as follows:

• max_depth: Maximum depth of tree.
• max_features: Maximum features considered in search for the best split.
• min_samples_leaf: Minimum number of samples in a leaf node.

Although there are other hyperparamters that can be calibrated, they are of secondary
importance, and hence are omitted to save computational time. The splitting criteria is
by Gini impurity defined earlier. At each node, the best split that maximised the purity
of the children sample given the parent sample, is chosen.
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The test scores computed using F1 score for a decision tree model tuned with
rough grid search of two hyperparameters are shown in Fig. 5.2. The first pair of
hyperparameters calibrated are max_depth ∈ {1, 6, . . . , 26} and min_samples_leaf ∈
{1, 11, . . . , 101}, as presented in Fig. 5.2a. The test scores are lower if the maximum
tree depth is less than 6 or minimum samples in a leaf is less than 51.

Figure 5.2b shows the tuning for max_features ∈ {3 . . 12} and min_samples_leaf

∈ {1, 11, . . . , 101}. Although one of the model test scores is high using the parameters
maximum features of 4 and minimum samples in a leaf of 31, the model shows signs
of overfitting when the training and test scores are compared. This suggests that the
lower the minimum number of samples at a leaf node, the more prone the model is
to overfitting, as expected. A minimum number of one sample at a leaf node is also
insufficient to properly classify the model as indicated by the low test scores.

The last pair of hyperparameters are max_depth ∈ {1, 6, . . . , 26} and max_features
∈ {3 . . 12} with constant min_samples_leaf of 80 to prevent overfitting. The test scores
are roughly similar for maximum depth & 6 regardless of the number of features. Notably,
a few models have high test scores even with maximum tree depth of 6. Higher values
for both parameters would imply a more complex model and are likely to overfit the
samples. Hence, the maximum depth is restricted to below 15 in the fine grid search.

Since a random forest classifier is a collection of decision trees, the hyperparameters
are the same as those used in the decision tree analysis. Following the procedure in the
previous section, max_depth, max_features, and min_samples_leaf are tuned by grid
search. An additional hyperparameter, which is the number of trees, n_estimators, can
also be adjusted. A higher number of trees reduces the variance in the model but with
the cost of increasing computational time. Due to this, the number of trees is fixed to
be 100.

To ensure that this chosen parameter value would not considerably change the
scores, a grid search is carried out for n_estimators ∈ {50, 70, . . . , 510} using the
classifier with the best parameters from the search earlier, which are max_depth=9,
max_features=7, and min_samples_leaf=53 (Table 5.3). For the given model, the test
scores slightly decrease with increasing number of trees above 110, which is illustrated
in Fig. 5.3. This justifies our choice of n_estimators.

The logistic regression algorithm is implemented using a library for large linear
classification (LIBLINEAR)4. The grid searches on the hyperparameter C, which controls
the regularisation, are done in a sequence of 100 evenly spaced samples in logarithmic
scale. First, a broad range of parameter values is investigated using C ∈ 2{−10,−9.82,...,8}.
As shown in Fig. 5.4a, the test scores are slightly higher for smaller values of C. Next,
the parameter space is further narrowed to C ∈ 2{−8,−7.92,...,0}. The results are displayed
in Fig. 5.4b, which hint that the test scores peak when C < 0.3.

The internal computation for SVM in scikit-learn is integrated with a library

4https://www.csie.ntu.edu.tw/~cjlin/liblinear/
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Figure 5.2: Hyperparameter tuning using course grid search for decision tree. The test
score is evaluated using F1 score as annotated in each cell. A better estimator has a
higher F1 score, which is indicated by the progressively darker colour.
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Figure 5.3: F1 test score as a function of number of estimators for random forest model
with max_depth=9, max_features=7, and min_samples_leaf=53.

92



CHAPTER 5. BROAD ABSORPTION LINE QUASAR (BALQ)

50 100 150 200 250

C

0.245

0.250

0.255

0.260

0.265

0.270

0.275

S
co

re
mean_test_score

mean_train_score

(a) C ∈ 2{−10,−9.82,...,8}

0.2 0.4 0.6 0.8 1.0

C

0.245

0.250

0.255

0.260

0.265

0.270

0.275

S
co

re

mean_test_score

mean_train_score

(b) C ∈ 2{−8,−7.92,...,0}

Figure 5.4: Hyperparameter tuning of C using course grid search evaluated with F1
score for logistic regression.

for SVM (LIBSVM)5. The hyperparameter and the tuning steps for SVM are essentially
the same as for logistic regression. The prediction capabilities of SVM algorithm can be
expanded by applying kernel tricks with high-dimensional kernels, such as radial basis
function and polynomial. However, since the features coefficients can only be calculated
if the separating plane and the input features are in the same dimension, the kernel type
of the SVM algorithm is restricted to a linear function.

Based on the analyses from the coarse parameter space, an exhaustive fine grid
search and a randomised search are conducted for each algorithm. The range of values
explored are presented in Table 5.3. The best hyperparameter values found for the given
classifiers are also provided. Generally, both grid and randomised searches for almost all
algorithms yield consistent best estimators, except decision tree.

Table 5.3: Exploration of fine parameter space by the algorithms.

Algorithm Hyperparameter Grid Search Randomised Search
Values Best Values Best

Decision tree max_depth 3 . . 15 6 3 . . 15 5
max_features 4 . . 12 9 4 . . 12 11
min_samples_leaf 50 . . 100 74 50 . . 100 66

Random forest max_depth 4 . . 9 9 4 . . 9 9
max_features 4 . . 10 7 4 . . 10 7
min_samples_leaf 50 . . 90 53 50 . . 90 54

Logistic regression C 2{−5,−4.96,...,−1} {0.093, 0.120}* 2{−5,−1} {0.093, 0.120}*

SVM C 2{−10,−9.95,...,−5} 0.002 2{−10,−5} 0.002
* Multiple hyperparameter values with the same test scores and are stated within the range.

5https://www.csie.ntu.edu.tw/~cjlin/libsvm/

93

https://www.csie.ntu.edu.tw/~cjlin/libsvm/


5.4. RESULT

5.3.2.4 Model Evaluation

Based on the fine grid and randomised searches, the final best estimator is acquired
from the model with the highest validation F1 score. Additional scoring metrics that are
sensitive to imbalanced classes (see § 5.3.2.2) are also computed to diagnose the general
performance of each algorithm. The higher the scores, the better the estimator.

The classes of the test dataset are predicted using the best model. The classifier
also returns the feature of importance for the decision tree and random forest, while
feature weighting for logistic regression and SVM (see § 5.1.5). The feature importance
for tree-based estimators is computed using Gini index as the impurity function. For
logistic regression and SVM, the contribution of a feature is taken to be the absolute
value of the weight or coefficient.

5.4 Result

5.4.1 1d2s Statistical Tests

Two-sample A–D and two-tailed K–S tests between BALQ and non-BALQ samples are
performed on each parameter independently. The statistics are presented in Table 5.4.
Only those that are highly significant at < 0.1% are marked by an asterisk, while we
also considered those that are < 5% as significantly different.

Table 5.4: One-dimensional two-sample A–D and K–S tests between BAL and non-BAL
quasars.

Parameter A–D Stats A–D α (%) K–S Stats K–S p-value (%)

alphanu 32.94 0.04* 0.19 3.05× 10−7*

civmgii_ratioew 7.97 0.04* 0.12 0.09*

civmgii_ratiofwhm 7.47 0.06* 0.09 2.06
civ_ratioskew 7.06 0.08* 0.11 0.21
w(civ) 5.67 0.21 0.10 0.43
fw(mgii) 3.50 1.24 0.11 0.17
mgii_ratioskew 3.35 1.42 0.09 3.22
z.pca 3.15 1.69 0.09 3.04
civmgii_diffv 3.10 1.77 0.08 4.39
fw(civ) 1.87 5.42 0.07 13.70
w(mgii) 1.08 11.60 0.07 8.99
imag -0.10 38.76 0.07 17.18

Note: The results are sorted in descending order of significance based on A–D significance level,
α.
*Highly significant at < 0.1%.
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Based on the results, both statistical tests tend to be fairly consistent at 5% level.
The parameters that are significant at the < 5% in the A–D test also manifest in the
K–S test. The spectral index, αν , shows high significance level of 0.04% and p-value of
� 0.01%. This might imply that the BALQs and non-BALQs are physically different in
some way.

The EW of C iv is significant at < 1%, while the Mg ii EW shows no statistical
difference between the populations. The ratio of C iv and Mg ii EW is even more
significantly different, with A–D α of 0.04 and K–S p-value of < 0.1%. Using the K–S
test, Gibson et al. (2009) also obtained a comparably high significant difference of
p < 0.01% for the EW of C iv between the BAL and non-BAL quasars. They applied an
additional condition in their sample requiring the BAL minimum outflow velocity, vmin,
to be less than −10 000 km s−1, such that the C iv absorption trough is clearly separated
and less affected by the line emission.

The FWHM ratios between the two emission lines are highly significantly different
between the two samples using A–D statistics with α of 0.06 while the K–S p-value is
< 5%. The FWHM of Mg ii is also significant at < 5% level. Conversely, the FWHM of
C iv is not significantly different between the two samples. This is in agreement with
Gibson et al. (2009), who found no difference in the FWHM of C iv distributions between
BALQ and non-BALQ populations using samples from the SDSS DR5Q (Schneider et al.
2007) catalogue. In our result, there is statistical evidence that the asymmetry ratios of
individual emission lines are different for the two populations, though α and p-value are
slightly higher but still below 5% level for Mg ii line.

The PCA redshift and the velocity offsets of the high-ionisation C iv line relative
to the low-ionisation Mg ii line are marginally significant at < 5%. There appears to be
no significant difference in the absolute i-band magnitude distribution between the two
samples.

5.4.2 Spearman’s Correlation Coefficient

To measure the strength of monotonic correlation between the two variables, a nonpara-
metric statistical method using the Spearman’s correlation coefficient (Spearman 1904),
rs, is conducted. A perfect positive or negative correlation between two variables will
have rs value of +1 or −1 respectively, while 0 indicates no correlation. Those that have
0.00 ≥ |rs| < 0.29 show negligible or no correlation and 0.30 ≥ |rs| < 0.49 show low or
weak correlation. The threshold of |rs| ≥ 0.50 is considered significant correlation, either
moderate or stronger correlation, and is commonly applied in many science fields (e.g.,
Cohen 1988; Mukaka 2012).
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The error of the Spearman’s correlation coefficient is also estimated. One method
is using Monte-Carlo bootstrapping or resampling method (Curran 2014). Bootstrapping
(Efron 1979) is done by generating 1000 iterations of subsample consisting of pair of
parameters from the original dataset. Each sample is randomly selected with replacement,
in a sense that the same point can appear multiple times and is independent to one
other with equal chance of choosing any points. The Spearman’s correlation coefficient
is then computed for each iteration. The final value is quoted as the mean and the
associated error as the standard deviation. This technique only accounts for the error in
the population associated with lack of data and not error in each individual data point.
The data uncertainties are not considered since they are not provided for some variables.

Additionally, the two-tailed p-value for rs or the correlation probability of being
drawn from a random sample, ps, is also measured, with null hypothesis that a given
pair of variable is uncorrelated. Similar to the criterion for p-value used in the previous
statistical tests, < 5% is marginally significant and < 0.1% is highly significant, implying
that the null hypothesis can be rejected.

The correlation coefficients among all the features examined are portrayed in
Fig. 5.5a for all quasars and in Fig. 5.5b by considering BALQs (lower triangle) and
non-BALQs (upper triangle) separately. Even though the coefficient is computed for
every feature, only meaningful correlations will be interpreted. The rest are provided for
completeness.

There is a moderate anti-correlation between C iv FWHM and EW at a highly
statistical significance of ps =� 0.1% for non-BAL samples (rs = −0.50+0.02

−0.02), while the
negative correlation is weak for BAL samples (rs = −0.30+0.05

−0.06) and when considering
both populations (rs = −0.47+0.02

−0.02). This negative relationship is also identified by Wills
et al. (1993) in 123 high-luminosity quasars with rs of −0.46 (ps < 10−4%). Brotherton
et al. (1994) performed a similar analysis and found rs of −0.33 at ps of 3% by using a
portion of Wills et al. (1993) dataset within their total sample. Additionally, the line
width of C iv is also positively related to that of Mg ii line, with weaker relation in the
BALQs compared to non-BALQs.

The FWHM and EW of Mg ii are moderately correlated with rs ∼ 0.50 and
ps � 0.1%. A weaker correlation is reported by Brotherton et al. (1994) with rs and
ps of 0.21 and 10% respectively. Puchnarewicz et al. (1997) measured a higher positive
correlation rs = 0.60 with < 1% significance level in their sample of 160 X-ray selected
Seyferts and quasars from ROSAT International X-ray/Optical Survey.

The velocity offset between C iv and Mg ii exhibits weak to moderate correlations
with nearly half of features inspected. It is moderately anti-correlated (rs ∼ −0.50, ps �
0.1%) with the FWHM of C iv and asymmetry of Mg ii for all quasars and non-BALQs.
A weak decreasing correlation of rs ∼ −0.40 at ps � 0.1% is seen with the FWHM ratio
of the two lines. There is a weak increasing relationship between the velocity offsets and
EW of C iv, and consequently the two lines EW ratio using non-BALQs and all samples.
In contrast, these trends are negligible in the BALQs. Interestingly, the velocity shift and
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CHAPTER 5. BROAD ABSORPTION LINE QUASAR (BALQ)

C iv asymmetry correlation coefficient is negligibly negative for non-BAL samples with
rs = −0.15+0.02

−0.02 (ps � 0.1%) but is positive for BAL samples rs = 0.24+0.07
−0.07 (ps < 1%).

The negative correlation between the spectral index and the EW ratio of the lines is
moderate, and correspondingly a slightly weaker relation with C iv EW. The Spearman’s
coefficient correlation between αν and C iv FWHM is low positive rs ∼ 0.30. Meanwhile,
zPCA and Mi(z = 2) show negligible correlations with other features, except for the
weakly negative relation between zPCA and EW of Mg ii (rs = −0.31+0.05

−0.04, ps � 0.1%).
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Figure 5.5: Spearman’s correlation coefficient of all the features. In each panel, the first
and second lines are the mean Spearman’s correlation coefficient, rs, and the associated
uncertainty within one sigma using bootstrap method in parentheses, (−σ,+σ). The
third and fourth lines are the p-value in brackets, [ps %], and the significant level in
asterisk, where < 5% as ∗, < 1% as ∗∗, and < 0.1% as ∗ ∗ ∗.
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5.4. RESULT
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Figure 5.5: — Continued

5.4.3 Predictions with ML Classifiers

Table 5.5 presents the confusion matrix for the test dataset after the algorithms have
been trained using the training dataset with the best estimators. The true and false
positive and negative rates are also supplied. The complementary of true positive rate is
the false negative rate. Similarly, the complementary of true negative rate is the false
positive rate. Objects that are correctly labelled, i.e., the true positives and negatives,
are highlighted in bold. The performances of different algorithms evaluated using various
scoring metrics are shown in Fig. 5.6.
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Table 5.5: Prediction results of the best estimators from each algorithm for the test
dataset using grid and randomised searches.

Algorithm Decision Tree Random Forest Logistic Regression* SVM
Class non-BAL BAL non-BAL BAL non-BAL BAL non-BAL BAL

G
ri
d
Se
ar
ch non-BAL 356 34 386 29 323 22 342 24

Rate (%) 73.40 48.57 79.59 41.43 66.60 31.43 70.52 34.29
BAL 129 36 99 41 162 48 143 46
Rate (%) 26.60 51.43 20.41 58.57 33.40 68.57 29.48 65.71
F1 score 0.306 0.391 0.343 0.355

R
an

do
m
iz
ed

Se
ar
ch

non-BAL 362 32 385 29 323 22 342 24
Rate (%) 74.64 45.71 79.38 41.43 66.60 31.43 70.52 34.29
BAL 123 38 100 41 162 48 143 46
Rate (%) 25.36 54.29 20.62 58.57 33.40 68.57 29.48 65.71
F1 score 0.329 0.389 0.343 0.355

Note: Columns represent the actual non-BALQ and BALQ classes, while rows represent the predicted classes.
Rates are the true and false positive and negative rates in percentage. The true positives and negatives are
highlighted in bold.
*Multiple best estimators are present but only one is shown here.
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Figure 5.6: Scoring metrics for different algorithms.

Overall, random forest classifiers have the highest test scores. However, this model
might suffer from high variance (overfitting), as will be discussed in § 5.5.2.2. Logistic
regression and SVM models tend to perform similarly. Single decision tree models have
lower test scores compared to the others, which is likely due to their simplistic nature.
A small variation in the test scores is also observed in the decision tree classifier when
using either the fine grid or randomised parameter space exploration methods, with
poorer scoring metrics found for a grid search. As for the rest of the algorithms, the
outputs are rather consistent between the two strategies. Indeed, they are exactly the
same for logistic regression and SVM.

In general, the predictive power of the estimators are mediocre for the given
imbalanced dataset. Tree-based estimators appear to place greater weight in capturing
non-BALQ sample correctly, while logistic regression and SVM treat both equally. These
can be seen by the percentage rate and number of accurately identified objects for the
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individual algorithms. In fact, logistic regression models appears to assign slightly more
emphasis on the minority class.

Most of the test scores evaluated using a variety of metrics perform moderately.
The AUROC quantifies the ability of the classifier to distinguish between the two quasar
population. It indicates that the probabilities of a randomly chosen BAL point is
ranked higher than a randomly chosen non-BAL point are between 0.65 and 0.80. The
mean of true positive rate and true negative rate described by the balanced accuracy is
within 0.60–0.70. Based on the range of Cohen’s kappa scores of 0.15–0.30, the level
of agreement between the labels assigned by ML algorithms and the actual is poor to
fair agreement. A qualitative measure of the precision and robustness of the algorithms
indicated by the F1 scores are rather low with values span from 0.30 to 0.40. The
assessment of the models using Matthew’s correlation coefficient are only marginally
better than random predictions with scores of 0.15–0.30.

5.4.4 Feature Importance and Weighting

The feature importance and absolute weighting are computed to identify the contributions
of each feature in discriminating between the BALQ and non-BALQ groups. The results
are depicted in Fig. 5.7 and the corresponding values are listed in Table 5.6. Higher
values correspond to a greater deciding factor in the class separation. The three most
influential features for each individual estimator are highlighted in bold in Table 5.6.
To compare with the results from 1d2s EDF statistical tests, features that are highly
significant at < 0.1% level and not significant at 5% level are also indicated with symbols.
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Figure 5.7: Feature importance and weighting. Using the best estimator with the highest
test scores, the features are sorted in descending order of (a) importance based on
random forest (grid) (b) weighting based on SVM (grid).

100



CHAPTER 5. BROAD ABSORPTION LINE QUASAR (BALQ)

Table 5.6: Feature importance and weighting for all algorithms.

Feature Importance Weight
Decision Tree Random Forest Logistic Regression SVM
Grid Rand Grid Rand Grid Rand Grid Rand

alphanu*† 0.265 0.246 0.206 0.206 0.524 0.524 0.405 0.405
civ_ratioskew* 0.164 0.168 0.156 0.154 0.427 0.427 0.283 0.283
civmgii_diffv 0.089 0.103 0.099 0.097 0.295 0.295 0.108 0.108
civmgii_ratiofwhm* 0.000 0.073 0.087 0.085 0.009 0.009 0.043 0.043
civmgii_ratioew*† 0.136 0.149 0.075 0.076 0.074 0.074 0.183 0.183
z.pca 0.065 0.100 0.062 0.060 0.165 0.165 0.094 0.094
fw(civ)‡ 0.000 0.052 0.060 0.063 0.114 0.113 0.129 0.129
fw(mgii) 0.171 0.037 0.059 0.059 0.400 0.401 0.245 0.245
mgii_ratioskew 0.038 0.051 0.058 0.060 0.008 0.008 0.152 0.152
w(civ) 0.027 0.000 0.050 0.050 0.167 0.168 0.130 0.130
w(mgii)‡ 0.029 0.000 0.044 0.046 0.147 0.147 0.044 0.044
imag‡ 0.016 0.021 0.043 0.044 0.143 0.143 0.060 0.060

Note: The features are sorted in descending order of importance based on random forest (grid), which is the
best estimator with the highest test score. The top three highest values are highlighted in bold.
*A–D significance level of < 0.1%.
†K–S p-value of < 0.1%.
‡Not significant at 5% level.

Notably, every classifier is unanimous in determining the two of the features in
the top three ranking, namely the spectral index and asymmetry of C iv line. These
two features are also highly significant in the A–D tests, while only the spectral index
is found to be significant in the K–S test. The FWHM of Mg ii and the velocity shift
between C iv and Mg ii that fall into the three most important features in the ML
algorithms, are just marginally significant in the statistical test with p-value of < 5%.

Another parameter that is highly significant in both statistical tests is the EW
ratio of C iv and Mg ii lines. However, it can be seen that this feature is not substantial
in splitting the populations with importance values below 0.1 for random forest and
logistic regression. Even though the FWHM ratio of the two lines is significantly different
between the samples at < 0.1% in the A–D test, the importance is below 0.1 and even
equals zero for decision tree using grid search.

The distributions for three of the dominant features from each ML estimator
are plotted in histograms and scatter plots, shown in Fig. 5.8. The spectral index
distribution for the BALQ group appears to be shifted towards lower values with respect
to that of non-BALQ group. BALs also show more extreme blue HWHM of C iv line,
though the two histograms are comparatively alike on the lower end. There is a relatively
higher number of BALQs with blueshifted C iv line from Mg ii line. In principal, the
velocity shifts between the two lines show the C iv to be predominantly blueshifted
compared to Mg ii line, in agreement with previous studies (e.g., Gaskell 1982). The
EW ratio of the two BELs for the BALQ sample tends to be marginally larger than for
non-BALQ sample. The BALQ population also exhibits a higher median in the Mg ii

FWHM distribution.
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However, in all cases, the shape of the distributions is fairly similar. Based on the
scatter plots, there seems to be no obvious trends that can possibly distinguish between
the BALQ and non-BALQ classes. Clearly, it is insufficient to isolate the classes using
only one or two features. The similarities in the BALQ and non-BALQ optical/UV
emission line and continuum properties, apart from the excess Nv emission and redder
continua in BALQs, are well established and have been shown in several comparative
studies (e.g., Weymann et al. 1991; Reichard et al. 2003).
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Figure 5.8: Pairwise correlation plot of top three features from each model. The
histograms are normalised with the area underneath equals unity.

The results from the 1d2s EDF tests yield three parameters that are not significant
at 5%, which are FWHM of C iv, EW of Mg ii, and absolute magnitude in i-band. All
of these features are also regarded as low importance by the ML classifiers. Two of these
features, Mg ii EW and absolute magnitude in i-band, received importance values of
≤ 0.060 from most models and ∼ 0.145 for logistic regression. Meanwhile, C iv FWHM
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importances are < 0.070 for tree-based estimators, while they are ∼ 0.120 for logistic
regression and SVM.

Generally, there appears to be some degree of consistency between the different
ML classifiers employed. In particular, the features that are ranked prominently such as
the spectral index and C iv line asymmetry by the tree-based estimators, also persist
in logistic regression and SVM estimators. Most models are coherent in assigning low
values to features that have minimal contribution, such as FWHM ratio of C iv and
Mg ii, FWHM C iv, Mg ii line asymmetry, EW C iv, EW Mg ii, and i-band absolute
magnitude.

5.5 Discussion

As discussed in § 5.1, there are some pieces of evidence that support the disk-wind model.
However, the dynamics and photoionisation structure of the wind are still uncertain.
Several aspects of the wind kinematics appear to be well established. First, gas leaving
the accretion disk should retain the angular momentum of the disk in line-driven winds
or conserve gas angular velocity if the winds can co-rotate, at least close to the disk, as
in magnetocentrifugally driven winds (Proga 2007). Thus, an outflowing wind would
have a helical structure. In addition, there is strong evidence for a dominant outflowing
component in at least some parts of the broad emission line region due to the observed
blueshift between C iv and Mg ii lines. And finally, only the near side of the disk-wind
will be seen due to the opacity of the disk. Larger scale emission, such as the narrow
line region would be much less obscured.

An outflowing helical wind, viewed along different lines-of-sight will appear to
have different measured physical characteristics, for example the FWHM of the BELs.
The effect of orientation, particularly for winds with relatively narrow opening angles, is
explored in Chapter 4. It establishes two important results. Firstly, angle of viewing has
a significant impact on the measured physical parameters of the BELs. If an emission
line is located in a region of the wind with a non-negligible poloidal velocity, then from
some angles of viewing, the velocity offset of the line from the systemic velocity will be
large. Conversely, if the line is emitted from gas that has primarily rotational kinematics,
then its peak velocity will largely reflect the systemic velocity of the quasar. Additionally,
the FWHM of the line will vary with the angle of viewing, with the exact relationships
dependent on the contributions of poloidal, rotational, and wind opening angle to the
relevant part of the wind. Secondly, the observed BEL properties depend on the location
of the emission region within the wind.

Clearly, the similarities and differences in the properties of the emission lines
between BALQ and non-BALQ populations provide crucial information on the geometry
and physics of the BLR. In a disk-wind model, the common hypothesis is that orientation
effects determine whether a BAL or a non-BAL is detected (Murray et al. 1995; Elvis
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2000, 2004). In these models, a BAL is predicted to be seen if the narrow outflowing
wind falls within the line-of-sight of the observer. Though other quasar parameters, such
as the black hole mass and mass accretion rate, might be important, they do not mitigate
the effect of the AGN’s orientation on the line shape. The scatter from the black hole
mass and accretion rate will essentially contribute to the spread in the width of the
distributions of BEL properties. However, the underlying trends will remain the same,
and therefore differences between them can be differentiated by statistical tests. As
noted in § 4.4.6, varying the black hole mass mainly affects the line width, as predicted
from the virial motion, while the degree of ionisation is affected by the mass accretion
rate. Generally, the trends in the line profiles, like blueshifting and line asymmetry, still
persist. Hence, in a representative population of quasars, BALQs and non-BALQs will
appear significantly different in a narrow disk-wind model, as viewed from varying range
of angle, despite the expected variation in black hole masses and accretion rate. The
differences in the emission line shapes should also be indicative of the structure of the
associated wind region. Therefore, any observed difference between the two samples
should enable us to deduce the spatial origin of a particular emission or absorption line.

5.5.1 Orientation vs. Evolutionary Models

It remains unclear from the literature which model, the orientation or evolutionary, can
provide a definite explanation on the presence of BALs or whether a combination of both
model is required. When considering the orientation model, most authors have assumed
the BEL disk-wind to have a structure similar to Elvis (2004), with a fairly narrow wind
opening angle. The similarity between the two samples in this analysis is in conflict with
this model. Also, models that invoke a narrow wind, do not all agree on the orientation
of the wind. In fact, there are several pieces of evidence that appear inconsistent with
regards to the launching angle of the wind. Evidence of an equatorial wind launched
from the accretion disk are supported by spectropolarimetry observations (Goodrich &
Miller 1995; Cohen et al. 1995; Ogle et al. 1999; Lamy & Hutsemékers 2004; Brotherton
et al. 2006; Young et al. 2007). Detailed models incorporating both hydrodynamical
wind and photoionisation from radiation field also favour this idea (Proga et al. 2000;
Proga & Kallman 2004). However, this is complicated by the discovery of RL BALQs
with polar outflows, implying that they are seen near parallel to the relativistic radio
jet (Zhou et al. 2006; Ghosh & Punsly 2007). This hints that BAL outflows can span a
broad range of viewing angle.

Suppose the sole factor that governs the intrinsic BALQ fraction is the viewing
angle along the narrow wind opening angle. Then, it is predicted that the fraction
should remain the same over time, and therefore be redshift independent. However,
Allen et al. (2011) found that the intrinsic fraction of C iv BALQs changes with redshift,
which they argue contradicts the orientation only explanation. Additionally, Becker et al.
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(2000), Montenegro-Montes et al. (2008), and Fine et al. (2011) demonstrated that the
radio spectral index distributions in a small sample of BAL and non-BAL quasars are
comparable, indicating no preference in orientation. Using a larger sample consisting of
74 BALQs, DiPompeo et al. (2011) discovered that there are more radio core sources
in BALQs, associated with a face-on inclination, but with both BALQ and non-BALQ
populations having the same spectral index range. DiPompeo et al. (2012) also found
no relationship between the radio spectral index and BAL outflow properties. Each of
these lines of evidence, argue against a limited angle of viewing for BALQs.

There are also some inconsistencies between the observations and the predictions
of the evolutionary model. In the optical/UV wavelength regime, BALQs exhibit higher
reddening than non-BALQs, which could indicate that a quasar with BALs is younger
and dwells in a dustier environment (e.g., Weymann et al. 1991; Sprayberry & Foltz
1992). Our results in the previous section also show that there is a distinct difference in
the spectral indices between BALQ and non-BALQ samples, which might be due to dust
extinction. The distribution of the spectral index for BALQ sample tends to be smaller
than that of non-BALQ sample. This difference in spectral indices between the two
populations is also detected by the ML algorithms, which yields the spectral index as
the dominant feature that distinguish the two groups. A quasar with a higher covering
fraction, as deduced in the evolutionary model, is expected to exhibit relatively more
emission in the longer wavelengths, where less dust is being absorbed. However, studies
in the mid-infrared (Gallagher et al. 2007), far-infrared (Cao Orjales et al. 2012), and
submillimetre (Willott et al. 2003) show that the SEDs are the same for a small sample
of BAL and non-BAL quasars with similar luminosity. When using a larger sample of
72 RL BAL objects from DiPompeo et al. (2011), DiPompeo et al. (2013) discovered
that there is indeed more radiation in the mid-infrared in the BALQ sample. Hence, a
mixture of both the orientation and evolutionary models has been suggested (Gallagher
et al. 2007; Allen et al. 2011; DiPompeo et al. 2013). Lawther et al. (2018) found close
companion galaxies to a subset of observed FeLoBALs supporting a merger-induced
young quasar scenario.

If the orientation model were valid, the observed emission line properties of the
BAL and non-BAL quasars are predicted to be distinct in a narrow wind disk-wind
model. We can rule out BALs arising from specific fixed narrow wind opening angle if the
BEL properties are statistically indistinguishable. This is because the resulting BALQs
and non-BALQs will populate different extremes of the BEL property distributions
depending on the angle the wind is located. For BALs viewed through a polar narrow
wind, the line profile will be narrower and more blueshifted compared to those for non-
BALQs that are seen at non-polar angles. The opposite is true for equatorial BAL wind.
Additionally, if the narrow wind lay in the middle of these extremes, we expect that the
non-BALQs to show both the most narrow, blueshifted and the most wide, symmetric
BEL profiles, while the BALQs would not. This would manifest as a difference between
the BEL properties of BALQs and non-BALQs, and can be identified by statistical tests.
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For a rotationally dominated structure, the FWHMs should increase significantly with
inclination angles toward edge-on, as a higher portion of the velocity aligns with the
line-of-sight (see Chapter 4). In this case, a systemic shift to larger FWHM values should
be detectable by the statistical tests and machine learning. If the evolutionary model
were valid, we could expect that there would be no difference in most of the emission
line features for the two groups, assuming the only difference between the two groups is
the shrouding of the AGN by a dust and gas cocoon. However, it is possible that we are
looking at very different AGN states due to different accretion rates and less relaxed
systems, and hence differences in emission properties may arise.

In our analysis, the BAL and non-BAL characteristics are found to be very much
alike, which argues against the idea that a BAL is formed when the projected line-of-
sight intercepts an equatorial outflowing wind with narrow opening angle. Although
we assume that the BELs are formed in the BAL wind, our argument holds as long as
the BEL emitting region has a realistically flattened axisymmetric geometry. In fact,
only a few attributes of the BELs are highly significantly different at < 0.1% level. The
outcomes from ML also support the difficulty in discriminating the BALQs from the
non-BALQs. We found that with only the observed continuum and BEL features, the
two populations cannot be clearly distinguished. Even the features that demonstrated
significant differences still show strong similarities in the overall distributions. This
suggests that a revision in the commonly used paradigms is required to describe the
observed trends.

5.5.2 Caveats

5.5.2.1 Dataset

It is noteworthy to mention a few caveats that would affect our results. As datasets are
normally heterogenous, they are prone to suffer from selection bias. This might shift the
significance of the results and the observed trends, but it should not substantially alter
our major conclusion.

The true BALQ fraction is still poorly established. In our sample, the percentage
of quasars with BALs is ∼ 11.3% within redshift of 1.57 ≤ z ≤ 2.42, which is slightly
lower than other published results. The observed fraction has been found to be 15± 3%

for 1.5 ≤ z ≤ 3.0 (Hewett & Foltz 2003), 14.0± 1.0% for 1.7 ≤ z ≤ 4.2 (Reichard et al.
2003), 13.3± 0.6% for 1.68 ≤ 2.3 (Gibson et al. 2009), and 8.0± 0.1% for 1.6 ≤ z ≤ 5

(Allen et al. 2011). After taking into account certain selection effects, the intrinsic
fraction of BALQs are generally found to be larger, for example, about 22± 4% (Hewett
& Foltz 2003), 15.9 ± 1.4% for 1.70 ≤ z ≤ 3.45 (Reichard et al. 2003), 16.4 ± 0.6%

(Gibson et al. 2009), and 40.7± 5.4% (Allen et al. 2011).
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The number of BALQs in any given sample is dependent on the choice of constraints
applied to classify BALQs and non-BALQs. Different S/N cuts affect the BALQ detection
rate. There is a higher chance of identifying a BALQ in spectra with high S/N (Allen
et al. 2011). In addition, the BI measure used to determine a BAL might underestimate
the total BALQs as it rejects those with weak absorption troughs.

The measure of absorption trough relies on the method of line fitting applied on
the quasar samples (Pâris et al. 2017). The emission lines in SDSS DR12Q are fitted
using PCA components created using a sample of non-BALQ spectra. Each line is fitted
with five PCA components and the continuum is fitted as a power-law using the best
fit PCA component around the emission line. Pâris et al. (2017) reported that the
PCA method produces a similar BI distribution to that of Allen et al. (2011) using
non-negative matrix factorisation, but differs slightly from Gibson et al. (2009), which
shows more objects with low BI values. Gibson et al. (2009) modelled the emission lines
using a power-law continuum and a Voigt profile. Therefore, some BALQs may have
been misidentified as non-BALQs or vice versa.

We did not inspect every spectra on the accuracy of each parameter value extracted
from SDSS DR12Q (Pâris et al. 2017) catalogue. It is possible that some spectra,
especially the BALQ sample, are not fitted accurately since the fitting procedure is done
automatically and is based on a sample without broad absorption features. Consequently,
the results could be biased towards the properties of the non-BALQs. Additionally, the
measurement uncertainties for each property are not accounted for.

5.5.2.2 Bias-variance Trade-off in ML Algorithms

To determine if increasing the size of the training dataset will help to boost the score, we
examine the learning curves with stratified 10-folds CV of every algorithm, as visualised
in Fig. 5.9. The learning curve also serves to identify situations where ML models suffer
from under or overfitting. The training and validation scores are evaluated using F1
score.

We found that no matter the size of the training sample, the properties used could
not provide a good fit, in the sense that the training and validation scores are low. Using
a more complex ML model, such as multi-layer perceptron and incorporating boosting
methods, might marginally increase the scores. However, given the input features, the
prediction capabilities using different ML classifiers is not expected to significantly boost
the test scores. This is shown by the fairly similar test scores of the four different ML
algorithms. An alternative method of improving the classification algorithm is to add
more features. However, this requires some insight into which features are actually
substantial in differentiating the BALQ from the non-BALQ group, which is not obvious
at present.
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Additionally, the random forest algorithms show signs of high variance, with a
huge gap between the training and validation scores. A slight indication of this problem
is also seen in decision tree algorithms. This means that the training dataset is overfit,
and therefore gives poorer results when the algorithm is applied to the test set. To
counteract this dilemma, increasing the training samples and reducing the complexity of
the model might remove this gap. In contrast, logistic regression and linear SVM are
free from this issue. The learning curves of both scores have somewhat converged. In
this case, adding data will not further improve the results.

5.6 Proposed BLR Disk-wind Model

In general, there is a large diversity in line widths and line shifts between the different
BELs in a single object. When this information is combined with the line strengths, this
variety can be utilised to infer the ionisation potential and dynamics of the gas. The
different properties of the high-ionisation C iv line and low-ionisation Mg ii line suggest
these two lines are emitted in distinct regions.

It is still unknown whether BELs and BALs originate from the same region or
structure, or the nature of this region. As mentioned previously, some of the observed
trends are inconsistent with the published disk-wind models, incorporating a narrow
outflowing wind angled close to equatorial and emanating from an opaque accretion disk.
This hints that other BLR outflow geometries are needed to understand the observations.

To address this situation, we present a potential disk-wind model of BLR with
the assumption that the BLR is directly associated with the BAL wind. The highlights
of our model include the following important additional features:

• The wind spans a wide range of angles between the torus and an axial ionised
cone.

• Within that wind, there are multiple radial streams of higher density, clumpy
material.

• BAL troughs are detected if an observer’s line-of-sight intersects any of these
streams, while non-BALQs are seen for other lines of sight through the wind.

The model is illustrated in Fig. 5.10 and the specifications of the features are elaborated
as follows:

• The BLR comprises a disk-wind with a rotational velocity component
reflecting the angular momentum of its origin in the accretion disk, and
a poloidal component resulting from an acceleration mechanism. The
emission line flux produced at each region of the wind is expected to
reflect the local density and ionisation state.
The main acceleration mechanism is not known but could be due to a gradient in
gas pressure or thermal expansion (Weymann et al. 1982; Begelman et al. 1991),
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(a) Decision tree (grid search)
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(b) Decision tree (randomised search)
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(c) Random forest (grid search)
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(d) Random forest (randomised search)
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(e) Logistic regression (grid search)
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(f) Logistic regression (randomised search)
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(g) SVM (grid search)
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(h) SVM (randomised search)

Figure 5.9: Learning curves with stratified 10-folds CV for every algorithm. The
dash-dotted vertical lines represent the maximum score.
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Figure 5.10: The proposed BLR disk-wind model with the following features: black
hole (black), optically thick accretion disk (orange), dusty torus (vermillion), ionisation
cone or corona (yellow), and wind that spans a wide range of angles (sky blue). The
wind is driven by some acceleration mechanism, forming radial streams of regions with
denser gas (curl lines in the wind). These regions can be transient in nature and occur
at different angles in each quasar. BALs are seen when the line-of-sight intersects these
regions. The bulk of the high-ionisation C iv line emission (dark purple) is emitted close
to the black hole, while the bulk of the low-ionisation Mg ii line emission (light purple)
is emitted near the base of the wind and further from the centre of the ionising source.
The region in the ionisation cone is completely ionised. The view of the inner regions
will be obstructed by the dusty torus when seen with an angle θT of edge-on.

radiation pressure or line driving (Shlosman et al. 1985; Arav et al. 1994; Murray
et al. 1995), or it could be a magnetically driven wind (Blandford & Payne 1982;
Emmering et al. 1992; Konigl & Kartje 1994). The presence of the BALs strongly
indicates that substantial momentum is transferred from a powerful radiation
field to the gas. The preferred driving mechanisms for a disk-wind are often a
combination of line-driven and magnetic field (Konigl & Kartje 1994; de Kool &
Begelman 1995; Proga 2003; Everett 2005).

Our understanding on how line driving can produce powerful, high velocity
winds is based on studies of winds in hot stars (Castor et al. 1975). Luminous and
massive hot stars possess fast winds that are radiatively line-driven due to the
intense radiation of the star (Castor et al. 1975; Pauldrach et al. 1986; Friend &
Abbott 1986). Subsequently, line driving mechanisms has been adapted in other
accreting systems, such as cataclysmic variables, quasars, and young stellar objects.
Hydrodynamical models of AGN using line driving have successfully created winds
of the observed dynamics (Proga et al. 2000; Proga & Kallman 2004). However,
the efficiency of line driving is highly dependent on the ionisation state of the
outflow. Due to the strong X-ray emission of AGN, without a layer of ‘hitchhiking’
gas (Murray et al. 1995) or a small filling factor (we will discuss this further), the
gas will be too ionised to drive the wind.

Further evidence for the role of radiation in driving the wind is the blueshift
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of emission lines. Richards et al. (2011) conducted a comprehensive investigation
on the correlation of C iv blueshift with quasar properties and showed that the
trends can be explained within the framework of disk and wind components. They
suggested that weak C iv with large blueshift is indicative of a wind-dominated
system with relatively low X-ray luminosity that allows strong winds to be driven
via radiative pressure. In a disk-dominated system, the relatively high X-rays will
over-ionise the wind and suppress line-driving mechanism. Shen et al. (2016) found
that the blueshift of He ii, C iv, and Si iv have strong luminosity dependence. Their
average blueshift relative to LILs such as [O ii] or Mg ii increases with luminosity,
consistent with previous findings (e.g., Hewett & Wild 2010; Richards et al. 2011;
Shen et al. 2011; Shen & Liu 2012).

We expect that magnetic fields may be important in driving or confining
the ionised outflowing wind. Magnetic fields are essential to the existence and
evolution of accretion disks as magnetorotational instability is almost certainly
responsible for local angular momentum transport in accretion disks (Balbus &
Hawley 1991). Therefore, it is likely that the magnetic fields play a role in the wind.
Magnetocentrifugal wind models are able to predict the geometry and kinematics
of a wind, but considerable assumptions must be made on the mass-loss rate,
making a magnetocentrifugal wind less robust to observational testing.

• Only the near side of the BLR disk-wind is observed due to the opacity
of the accretion disk.
This is a commonly accepted argument due to the high column density of the
accretion disk. However, the assumption does depend on the opacity remaining
high out beyond the self gravitation radius.

• A region or cone around the accretion axis may be completely ionised,
and therefore not contribute to the BELs.
Due to the strong X-ray component of the AGN emission, the gas close to the
central source is expected to be over-ionised. Proga et al. (2000) and Proga &
Kallman (2004) found a region consistent with this in their line driving simulations.

• The BLR will be obscured for viewing angles close to edge-on (i.e.,
the plane of the accretion axis). Thus, the BLR will be observed in
AGN viewed from a range of angles, significantly less than a solid angle
covering of 4π.
This assumption is based on the general unification model of AGN, where the
obscuration comes from a type of dusty torus, thickened accretion disk, or dusty
outflow (e.g., Antonucci 1993). The existence of dust on scales just beyond the
BLR is well established (Jaffe et al. 2004; Kishimoto et al. 2009, 2011; Hönig et al.
2012; Kishimoto et al. 2013), and can explain the observed broad line emission in
the polarised spectra of some type 2 quasars (e.g., Antonucci & Miller 1985; Miller
& Goodrich 1990; Tran et al. 1992; Heisler et al. 1997; Zakamska et al. 2005).
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• Within the wind, the ionisation (and density) will vary depending on
the angle from the accretion axis and radial distance from central source.
In particular, HILs such as C iv will be preferentially emitted closer to
the accretion axis, while LILs such as Mg ii and Hα will be emitted
from regions closer to the accretion disk.
This assumption is based on the line profiles of the associated lines. LILs tend to
be more symmetric, having little or no velocity shift from the systematic redshift
of the object. Their line widths are consistent with their motions being dominated
by Keplerian motion, and hence are often used to estimate the black hole masses
(McLure & Jarvis 2002; Shen et al. 2008; Wang et al. 2009; Rafiee & Hall 2011;
Trakhtenbrot & Netzer 2012; Mejía-Restrepo et al. 2016). In contrast, HILs are
commonly blueshifted with respect to the systematic redshift and show significant
asymmetry. Shape corrections are required to recover black hole masses consistent
with those found with LILs (Collin et al. 2006; Shen & Liu 2012; Denney 2012;
Park et al. 2013; Runnoe et al. 2013a; Coatman et al. 2017; Park et al. 2017). This
may suggest another velocity component is playing a significant role in the motion
of the HIL emitting gas. The small scatter in the broad line widths for more
luminous objects also hints the presence of non-virial velocity component (Fine
et al. 2008). The models presented in Chapter 4 show that emission lines emitted
from close in a disk-wind are more symmetric and unshifted from the systematic
redshift, while lines emitted from regions close to the central source with a larger
angular offset from the disk show significant blueshifts for most inclinations, and
have a substantial poloidal velocity component causing line asymmetries.

• The BAL wind is co-spatial with the BLR or at least part of the same
extended geometry.
As the BELs are often absorbed, the BAL wind must be either outside or co-spatial
with the BLR. We expect that the BEL and BAL regions originate from the same
continuous geometry in the BLR, driven by same mechanism, and not from distinct
regions. This is due to the similar ionisation states required to emit and absorb the
observed lines. Additionally, some connections have been found between BALs and
BELs, such as correlations between the minimum outflow velocity (detachment)
of the BAL troughs and the width or the strength of the BELs (Turnshek 1984;
Lee & Turnshek 1995) and the BEL blueshifts are particularly large in BALQ
composite spectra (Richards et al. 2002).

• BALs will be observed when the angle of viewing intersects a region
of denser gas. This suggests that these regions occur throughout the
wind, not in a preferred direction.
The similarity between the BAL and non-BAL quasar FWHM distributions suggest
that there is not a significant inclination difference between the two samples, as
discussed in § 5.5.1. This means that BALQs are viewed from similar angles to
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non-BALQs and a flattened or narrow disk-wind model, such as that proposed
by Murray et al. (1995) and Elvis (2000, 2004), is inconsistent with our finding.
Instead we propose a wind covering a large angular range that is intrinsically
clumpy in nature. These clumps are embedded along streams and are regions of
high column density. Multiple radial streams may be present, presumably with an
integrated covering factor of < 20% to account for the observed fraction of BALQs
to non-BALQs (assuming a non-evolutionary argument). BALs are observed when
our line-of-sight passes through these streams. Some BELs are also produced in
these streams. The regions are radially extended, spanning the wide velocity range
observed in BAL troughs, whereas they can have orientations anywhere in the
viewing angle range of non-BALQs. They are temporary with differing launching
angles in individual quasars as this randomness works well with the observed
timescale of variability in the BALs (Hamann et al. 2013). These regions can be
thought of as radial streams of clumps with a range of optical depths. While they
are expected to be mostly optically thick, overall these regions will have different
density and optical thickness that give rise to the distinct emission and absorption
lines in the spectrum.

The idea of small-scale dense substructure has already been well established
in hot stars. Line-driven winds in stellar winds can be unstable and are affected by
line-deshadowing instability (LDI; Lucy & Solomon 1970; MacGregor et al. 1979;
Abbott 1980; Carlberg 1980; Lucy & White 1980; Owocki & Rybicki 1984). Time
dependent numerical simulations have shown that LDI is able to create strong wind
shocks, which leads to the compression of materials in the star atmosphere and
the formation of a highly inhomogeneous dense clumped structure (e.g., Owocki
et al. 1988; Feldmeier et al. 1997). The existence of clumped winds in massive
stars is also confirmed by observations (see reviews by e.g., Hamann et al. 2008;
Sundqvist et al. 2012). Additionally, the numerical studies on cataclysmic variable
stars demonstrate that the clumps in the line-driven winds are time dependent
(Proga et al. 1998; Dyda & Proga 2018).

In AGN models, a clumpy wind is naturally produced in both a magneto-
centrifugal outflowing wind (Emmering et al. 1992) and a line-driven wind (Proga
& Kallman 2004), or may represent transient density enhancements formed due to
turbulence or shocks in radiatively driven wind (Arav et al. 1994). A clumpy wind
is also one of the two main mechanisms proposed to resolve the over-ionisation
problem found for all wind models regardless of driving mechanism. A sufficiently
low filling factor increases the electron number density and lowers the ionisation
parameter enough to prevent over-ionisation (e.g., de Kool 1997; Hamann et al.
2013; Baskin et al. 2014).

Sim et al. (2010) and Higginbottom et al. (2013, 2014) performed a Monte
Carlo radiative transfer simulation of a line-driven disk-wind and managed to
produce synthetic spectra of AGN. However, they noted that the wind in high
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luminosity X-ray sources tends to over-ionised and consequently inhibits the
production of UV absorption lines. An extension to their work by Matthews et al.
(2016) found that a clumpy wind was required to moderate the ionisation state of
the gas and allow the formation of BAL features at realistic X-ray luminosities.
It also allowed the formation of strong emission lines, although their simulations
were still not able to recreate all the emission lines seen in quasar spectra with the
correct EW ratios. Everett et al. (2002) also found that a clumpy, multi-phase
outflowing gas could explain the observed BAL spectra well, and models without
clumping fail to explain how different ionisation absorption lines are found to have
similar velocity structures.

There is also further evidence of dense substructures in AGN winds from
BALQ absorption line profiles. BALQs show complex absorption line profiles,
commonly consisting of a number of distinct troughs, each only a few 1000 km s−1

broad (e.g., Korista et al. 1992; Hamann 1998; Arav et al. 2001; Trump et al.
2006; Ganguly et al. 2006; Gibson et al. 2009; Simon & Hamann 2010) and exhibit
variability in these profile shapes (e.g., Barlow 1994; Gibson et al. 2008; Capellupo
et al. 2011, 2012, 2013; Grier et al. 2015), which suggests motion of absorbing gas
transverse to our line-of-sight (Hamann et al. 2013). In addition, BALs display a
wide range of ionisation levels, which is inconsistent with a single uniform-density
absorber (Turnshek et al. 1996; Hamann 1997).

• The covering fraction of the clumps and streams of dense clumps may
vary as a function of age of the quasar or accretion rate.
In this case, the probability of seeing BALs in any particular quasar is still a
function of the covering fraction of the absorbing material, but the coverage itself
is a function of time or accretion rate. This helps explain the observed redshift
evolution of the two populations found in Allen et al. (2011) and could be related
to the difference in spectral index that we see.

We also attempt to explain some aspects of the observed phenomena:

• LoBALs are HiBALs.
Quasars with LoBALs also have HiBALs, but not the opposite. Within our model,
the presence of LoBALs and FeLoBALs is due to the enhanced covering fraction,
enhanced Hydrogen column density, and to a lesser degree a smaller ionisation
parameter. The generally weak [O iii] emission and strong reddening of LoBALs
suggest that LoBAL quasars tend to be surrounded by dust and gas that has
a larger global covering factor compared to HiBALs (e.g., Boroson & Meyers
1992; Turnshek et al. 1994; Zhang et al. 2010). Additionally, Liu et al. (2015)
found using photoionisation modelling that the column density of the respective
ion species, Nion, and thus the absorption strength depends on the ionisation
parameter, U , and the cloud/outflow thickness (described by the cloud’s Hydrogen
column density, NH). They found that the C iv column density, NC iv, was several
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orders of magnitude larger than that of Mg ii at small NH, but NMg ii increased
significantly to become comparable with C iv at a sufficiently large NH. NMg ii is
also dependent on U and a larger NH is required for a system with a larger U to
obtain the same NMg ii value. If the cloud’s NH is sufficiently large, both high- and
low-ionisation absorption lines will be detected. Baskin et al. (2014) also found
LoBALs present in a high NH radiation pressure confined gas slab, and that the
corresponding absorption of the higher ionisation lines (e.g., C iv) was significantly
more complete.

In addition, LoBAL quasars have been found to display typically larger
HiBAL BI values compared to systems with only HiBALs (Allen et al. 2011). A
higher BI value plausibly indicates that the range of velocities that are absorbed
and the absorption depth are large. In the context of our model, this phenomenon
is likely to occur when the absorption happens over a large region that contains
a myriad of outflow velocities. The gas will have a larger covering fraction, and
hence more clumps intercept with our line-of-sight, building up the column density
and LoBAL quasars can be detected.

• The trend between FWHM and EW of C iv and Mg ii lines.
The relationship between the FWHM and EW for the different quasar populations
should then reveal details on the structure, kinematics, and dynamics of the BLR.
There is an anti-correlation between FWHM and EW for HIL C iv (Francis et al.
1992; Wills et al. 1993; Brotherton et al. 1994), while a positive correlation is
identified for LIL Mg ii (Brotherton et al. 1994; Puchnarewicz et al. 1997).

To explain the trend seen in HILs, Francis et al. (1992) and Wills et al.
(1993) proposed that the BLR comprises a two line-emitting region: a very broad
line region (VBLR) and an intermediate line region (ILR). The components of a
BEL include a line core and broad line wings, which are emitted from the VBLR
and ILR respectively. Since the spherical VBLR is located closer to the central
ionising source, it has a higher velocity and density compared to the disk-like ILR.
With increasing line core relative to the line wings of the HIL, the EW increases
while the FWHM decreases since the peak is narrower and sharper. Meanwhile,
the LIL has relatively weak core but strong line wings, which implies that it might
originate within the ILR where the velocity is lower (Puchnarewicz et al. 1997).

In our model, this trend is explained in combination with the Baldwin effect
(Baldwin 1977). As the continuum luminosity increases and likely the SED softens,
the EW of C iv and Mg ii decreases. In a lower luminosity quasar, the observed
emission is likely to be emitted closer to the central black hole based on the observed
radius–luminosity (R–L) relationship (e.g., Kaspi et al. 2007; Bentz et al. 2009).
To explain the trend found for C iv, we require the wind to be radiation driven or
at least the strength of the wind to be positively correlated with the luminosity. In
this case, the increase in FWHM for decreasing EW is due to an increase in outflow
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velocity with increasing luminosity. Additionally, C iv FWHM is found to correlate
with velocity shift, suggesting stronger outflows for these objects. This supports
our interpretation. For a line profile dominated by Keplerian motion, expected for
Mg ii, things get more complicated. If a constant black hole mass is assumed, the
FWHM should increase as the luminosity decreases with FWHM ∝ L−1/4, which
fits the observed trend. However, the opposite trend is expected if the black hole
mass is varied and the relative accretion rate (Eddington fraction) is kept fixed.
In this case, the FWHM should decrease as the luminosity decreases with FWHM
∝ L1/4, that is the FWHM should decrease with increasing EW, assuming that
the luminosity is proportional to black hole mass. This is in contradiction to the
observed trend. Therefore, the Mg ii EW vs. FWHM trend is not easily resolved
in our model using a dynamically driven argument.

• Variability in the line profile.
Based on reverberation mapping, it has been found that the response in the red
side of most lines is faster than the blue side (e.g., Gaskell 1988; Koratkar &
Gaskell 1989; Crenshaw & Blackwell 1990; Korista et al. 1995; Ulrich & Horne
1996; Kollatschny 2003; Bentz et al. 2010; Grier et al. 2013). Though, a leading
blue side has been observed in some sources (e.g., Denney et al. 2009). In the
simplest outflowing disk-wind model, it is expected that there will be little lag in
the blue line wing compared to the variation in the continuum, while the red wing
experiences up to twice the delay (Gaskell 2009). Gaskell & Goosmann (2016)
suggested that the shorter response in the red wing is an evidence of inflow motion,
and hence disfavouring the outflowing wind model.

However, Mangham et al. (2017) using detailed radiative transfer and ioni-
sation treatment of a disk-wind simulation argued that the classical indicator of
Keplerian rotation, inflow, or outflow is not always denoted by the symmetric, red
wing leading blue wing, or blue wing leading red wing line profile signature. Even
for flows dominated by a rotational velocity component (Chiang & Murray 1996;
Kashi et al. 2013; Waters et al. 2016; Mangham et al. 2017), a faster response in
the red wing, which is often considered as a signature of inflow, can be produced
in moderate luminosity objects (Mangham et al. 2017). An outflow signature is
only apparent in high luminosity objects (Mangham et al. 2017).

Chiang & Murray (1996) demonstrated that an earlier time delay of the
red wing can be achieved in their outflowing spherical wind model due to the
contributions of radial and rotational velocity components from the radiative
transfer effects. By modelling a narrow outflowing wind model, a quicker response
in the red side of the line profile in some regions of the wind especially for face-
on inclination angle is found (see § 4.3.2). Furthermore, the dusty failed wind
of Czerny & Hryniewicz (2011) and quasar rain model of Elvis (2017) suggest
that both infall and outflow are present in the wind. This is consistent with the
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observations from dynamical modelling of the BLR (Pancoast et al. 2014) and
velocity-resolved reverberation mapping (Grier et al. 2013).

• Radio loudness and BAL.
The presence of both BALs and radio jets in a quasar was initially believed to be
impossible (e.g., Stocke et al. 1992). However, numerous RL BALQs now have
been detected (e.g., Becker et al. 1997; Brotherton et al. 1998). Yet, only ∼ 5% of
RL quasars are BALQs (e.g., Becker et al. 2001; Menou et al. 2001), compared to
the ∼ 15% of the entire quasar population being BALQs (e.g., Kellermann et al.
1989; Ivezić et al. 2002; Baloković et al. 2012). BALQs with high radio power
and radio luminosity are even rarer (Gregg et al. 2006; Shankar et al. 2008). This
discrepancy can be explained in the context of the orientation scenario, due to
relativistic beaming of the radio jets along the observer’s line-of-sight. In this
case, a fraction of RQ quasars will be relativistically beamed towards the observer
and boosted to higher radio luminosities. These beamed radio sources become a
disproportionate fraction of the bright radio source. This reasoning is discussed in
Shankar et al. (2008), though they also pointed out that other mechanisms are
necessary to accelerate the BAL winds in polar RL quasars.

In our model, we have an ionisation cone or corona that is aligned with the
radio jet. An observer looking down this ionisation cone will not observe BALs.
Therefore, BALQs will generally be non-beamed sources, and even when BALQs
are a fixed fraction of radio quasars, the observed fraction of BALQs seen will
decrease with radio power due to the apparent increase in RL quasars numbers
due to beaming.

Using samples in the optical domain, Bruni et al. (2014) reported that the
BALQs have similar geometries, black hole masses, and accretion rates, regardless
of their radio properties. DiPompeo et al. (2012) and Rochais et al. (2014) also
found no statistical difference in the BAL features between RL and RQ ultraviolet
BALQ spectra. This hints that the radio loudness might be independent of the
BAL characteristics. Thus, the findings can be generalised to both radio phases of
BALQs Rochais et al. (2014).

Our model allows a wide range of BAL viewing angles, and therefore a range
of observed radio properties. We also do not expect the radio loudness of the AGN
to affect the BLR properties, hence we expect the observed similarities between
the RL and RQ samples.

• X-ray observational features.
X-ray spectra of AGN have revealed the presence of ionised absorption, which
is often considered to be indicative of outflowing photoionised material along
the line-of-sight (Halpern 1984). The WAs or X-ray blueshifted absorption lines
are associated to highly ionised gas with velocity of order 100–1000 km s−1 (e.g.,
Kaastra et al. 2000; Kaspi et al. 2002; McKernan et al. 2007). WAs are also
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common and present in about half of Seyfert 1 galaxies (e.g., Reynolds & Fabian
1995; Reynolds 1997; George et al. 1998). Although less is known about the exact
nature and origin of the WAs (see review by e.g., Crenshaw et al. 2003), several
suggestions on their nature include evaporating clouds in the BLR (e.g., Netzer
1996), scattering gas through the obscuring torus (e.g., Krolik & Kriss 1995),
two-component WA regions (e.g., Otani et al. 1996), and accretion disk wind (e.g.,
Konigl & Kartje 1994; Elvis 2000; Bottorff et al. 2000). There is also an extreme
class of absorbers, called ultra-fast outflows (UFOs), with velocity & 103 km s−1

and even extending up to ∼ 0.4 c, where c is the speed of light (e.g., Chartas et al.
2002; Reeves et al. 2003; Chartas et al. 2003; Pounds et al. 2003). It has been
suggested that the UFOs and WAs belong to the same single large-scale stratified
wind, with WAs located further away from the black hole than the UFOs (e.g.,
Tombesi et al. 2013, but see also Laha et al. 2014). We do not attempt to explain
these phenomena in our model.

• Unification of AGN.
The basis of our proposed BLR disk-wind model is based on the study of BAL
features from quasar samples. However, to a certain degree, we believe that our
model could be extended to other types of AGN, such as Seyfert galaxies. Although,
the strength of the outflow is likely to be dependent on the properties of the AGN,
in a sense that more luminous systems are associated with stronger BAL winds
while narrower absorptions occur in less luminous systems (Laor & Brandt 2002;
Ganguly et al. 2007). Since Seyferts are low or moderate luminosity counterparts
of quasars, those with BALs are scarce and only a transient BAL outflow, for
example in the narrow-line Seyfert 1 galaxy WPVS 007 (Leighly et al. 2009), is
found. In this case, we expect Seyferts to fit into our model but with wind power
scaled to its luminosity and black hole mass.

Our model differs from the majority of disk-wind models as it does not have
a narrow opening angle for the wind. Additionally, the wind is stratified in both
ionisation and probably density by angle from the axis of accretion and distance from the
central accretion disk. The model quite naturally accounts for the substantial observed
similarities between BALQs and non-BALQs, while retaining some of the key elements
of the models of Murray et al. (1995) and Elvis (2000, 2004).

5.7 Summary

Using quasar samples from the SDSS DR12Q, we have investigated the various charac-
teristics of the continuum and BELs, namely the absolute magnitude, redshift spectral
index, FWHM, asymmetry, EW, and velocity shifts for HIL C iv and LIL Mg ii. We have
applied statistical tests and supervised machine learning for classification to examine
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whether the attributes for BALQ and non-BALQ populations originate from the same
parent population.

Although a few parameters have shown statistical differences between the BALQ
and non-BALQ samples, the overriding result is that the two populations have largely
similar properties. The shape of the distributions is highly similar in most cases. Analysis
from machine learning also points out the complexity in separating the two classes as all
the algorithms employed only performed marginally in the classification tasks. These
observed trends appear to be inconsistent with predictions from a purely orientation
explanation based on a narrow disk-wind for explaining the BALQ population. We have
no evidence against an evolutionary model.

Under the assumption that the BAL and BEL regions are co-spatial, our analysis
can be used to infer something about the structure of the BLR. BELs are standard
features of quasars from almost all lines-of-sight that are not obscured by a dusty torus.
In the orientation explanation, the BLR is described as a traditional disk-wind model
that is constrained within a narrow angular range. This means that the covering factor
of the absorbing part of the wind is reflected by the proportion of BALQs. Importantly,
the measured profiles of BELs will vary significantly with line-of-sight. Since we do not
observe any significant difference between the properties of the BALQs and non-BALQs,
BALs must not have a preferred direction. This argues against a disk-wind of small
opening angle, and instead favours a clumpy wind covering a wide range of angles.

A modified model for the disk-wind is required and proposed, retaining key features
of the traditional models:

• The clumpy wind is stratified and covers a wide range of angles.
• The wind consists of multiple radial streams of high density gas and BALs are

seen when the viewing angle intersects with these streams in the wind.
• The high-ionisation lines, such as C iv, lie close to the ionising source, while
low-ionisation lines, such as Mg ii, lie further from the source but close to the
accretion disk.

This model appears to consistently explain a lot of the observed features in BAL and
non-BAL quasars.
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Quasar Orientation

This chapter is based on the publication:

• Yong, S. Y., Webster, R. L., King, A. L., Bate, N. F., Labrie, K.,
& O’Dowd, M. J. (2020). Determining quasar orientation. MNRAS,
491(1), 1320–1334. ADS: 2020MNRAS. 491. 1320Y . doi: 10. 1093/

mnras/ stz3074

Abstract

Since the discovery of AGN and their subclasses, a unification scheme of AGN has been
long sought. Orientation-based unified models predict that some of the diversity within
AGN subclasses can be explained by the different viewing angles of the observer. Several
orientation categorisations have been suggested, but a widely applicable measure has
yet to be found.

Using the properties of the ultraviolet and optical broad emission lines of quasars,
in particular the velocity offsets and line widths of high-ionisation C iv and low-ionisation
Mg ii lines, a correlation has been measured. It is postulated that this correlation is due
to the viewing angle of the observer. Comparison with other orientation tracers shows
consistency with this interpretation. Using a simulation of a wide angle disk-wind model
for the broad emission line region, we successfully replicate the observed correlation with
inclination. Future more detailed modelling will not only enable improved accuracy in
the determination of the viewing angle to individual AGN, but will also substantially
increase our understanding of the emitting regions of AGN.
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6.1. BACKGROUND

6.1 Background

There has been a long-held belief that there should be a simple unifying physical model
for quasars, similar to the primary characterisation of stars by their mass. However
its form and shape has proven elusive. Quasars are seen as the unresolved cores of
distant galaxies, powered by accreting supermassive black holes. It has been difficult
to disentangle the geometry of the emitting regions as there seems to be a degeneracy
between orientation and at least three, and possibly more, parameters, such as the
black hole mass, accretion rate, embodied in the Eddington ratio, and luminosity (e.g.,
Laor 2000). The geometry of some of the inner components can depend on the listed
parameters, for example, the possible dependence of the thickness of the accretion disk
and the characteristics of the emitting region on the accretion rate and luminosity of
the objects (e.g., Collin & Huré 2001). The similarities between individual quasars also
suggests possible unification, providing the motivation to search for a simple physical
model. The classic Urry & Padovani (1995) model of AGN is axisymmetric, powered by
an accretion disk surrounding a black hole. Thus orientation is expected to affect the
measurement of observables at all wavelengths.

Despite extensive studies of many observable parameters, a clean measurement
of the orientation of the accretion disk rotational axis to the line-of-sight has proven
elusive. We describe a simple correlation that measures the angle-of-viewing to a quasar,
unlocking one of the systematic variables to understanding the complexities of observed
quasar properties. We propose an orientation indicator based on the velocity shifts
and line width ratio of high-ionisation C iv and low-ionisation Mg ii lines. We interpret
the correlation with inclination in the context of the quasar disk-wind model. The
outline is as follows. § 6.1 discusses some of the potential orientation proxies available.
§ 6.2 describes the quasar sample employed. Our proposed quasar orientation indicator
is presented in § 6.3. Comparison with other orientation tracers and simulation are
examined in § 6.4 and § 6.5, respectively. Further discussion on our inclination mapping
is in § 6.6. Lastly, § 6.7 provides the summary.

6.1.1 Obscuration, Orientation, and Unification

The opening angle of the torus measured from the axis of accretion disk, θT, reflects
the covering factor of the absorbing material in the torus. In particular, it describes
the degree of obscuration whereby photons coming from the BLR are blocked by the
circumnuclear dusty torus when viewed at certain inclination, and thus the object lacks
broad lines and is identified as type 2. This aspect is what distinguishes type 1 and type
2 AGN in the unification scheme (Antonucci 1993). Earlier studies have also envisaged
the idea of two AGN populations between quasars and radio galaxies (Scheuer 1987;
Barthel 1989), in which the latter lacks BELs as their BLRs are hidden by the torus.
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Estimation of the torus opening angle can be made based on the fraction of the
two AGN types (e.g., Osterbrock & Shaw 1988; Huchra & Burg 1992; Maiolino & Rieke
1995). Sampling of the AGN is performed in various wavebands as the amount of
obscuration due to dust and gas differs depending on the wavelength of the observations.
Radio-selected data at low frequency has the advantage of being an unbiased orientation
sample. Early findings using low frequency radio samples from the Revised Third
Cambridge catalogue of radio sources found that the boundary that separates quasars
and radio galaxies to be around 45° (Barthel 1989). Subsequent studies using the revised
version of the catalogue also obtain similar results with unobscured opening angle of
∼ 50–60°, implying θT ∼ 30–40° (Willott et al. 2000; Wilkes et al. 2013; Baldi et al.
2013; Marin & Antonucci 2016).

Meanwhile, dust obscuration can be detected in the infrared, while in the hard
X-ray, it is mainly associated with dust-free gas (see review by Ramos Almeida & Ricci
2017). By modelling the SEDs of the torus emission in the infrared, the dust covering
factor is inferred to be about 0.6–0.7 with plausible torus half-opening angle of ∼ 30°
(Stalevski et al. 2016). Findings from low redshift hard X-ray selected Seyferts and
spectral X-ray modelling recovered the intrinsic obscured AGN fraction of . 0.6 and
θT . 45° in high luminosity sample, but can be as large as ∼ 0.85 with θT & 60° in low
luminosity sample (Sazonov et al. 2015).

The torus structure dependence on luminosity has also been noted by other works
(e.g., Lawrence 1991; Willott et al. 2000; Arshakian 2005; Simpson 2005, but see also
Lawrence & Elvis 2010; Mateos et al. 2016; Stalevski et al. 2016; Mateos et al. 2017). In
brighter AGN, the higher ionising radiation from the central engine gradually evaporates
more of the obscuring material. Consequently, the inner dust sublimation radius of the
torus extends further out and the torus appears to recede, which is aptly named the
receding torus model (Lawrence 1991). This is also in accordance with observations
from RM time lags, whereby the dust sublimation radius is related to the square root of
AGN luminosity (Suganuma et al. 2006). Assuming a fixed torus height, this leads to
a decrease in dust covering fraction and a smaller torus opening angle with increasing
luminosity. Thus, the fraction of obscured type 2 AGN is expected to be smaller while
the chance of detecting unobscured type 1 AGN is higher in brighter AGN.

6.1.2 Quasar Diversity in Eigenvector 1

For the past years, the idea of attaining an analogous metric to the stellar Hertzsprung-
Russell (H-R) diagram to classify the diverse spectral properties of quasars, has always
been appealing. The search came to fruition when Boroson & Green (1992) applied
principal component analysis to a sample of 87 low redshift z < 0.5 Palomar-Green
quasars and subsequently identified a set of measurable parameters with meaningful
correlations. They found that the largest source of dispersion, referred to as the
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Figure 6.1: Quasar main sequence in Eigenvector 1 optical plane given by Hβ FWHM
vs. RFe ii from Marziani et al. (2018). The shaded region shows an indication of a quasar
main sequence using Zamfir et al. (2010) quasar sample.

Eigenvector 1 (E1), is attributed to the strong anti-correlation between the strength
of Fe ii and [O iii]λ5007. Additionally, E1 is also related to FWHM and asymmetry
of Hβ line. These trends have been verified in other studies (e.g., Sulentic et al. 2000;
Marziani et al. 2001; Shen & Ho 2014). It is speculated that the Eddington ratio is
mainly responsible for driving the observed E1 pattern, but other physical drivers, such
as black hole mass, spin, and orientation, might also contribute (Boroson & Green
1992; Marziani et al. 2001; Boroson 2002; Shen & Ho 2014; Marziani et al. 2018). The
secondary source of dispersion or Eigenvector 2 is described by the inverse relationship
between strength of He iiλ4686 and optical luminosity.

This breakthrough has provided a foundation to construct a potential H-R diagram
for AGN with broad lines. In particular, there appears to be a systematic pattern in
the optical plane of E1 parameters Hβ FWHM and RFe ii =EW(Fe iiλ4570/Hβ) (e.g.,
Sulentic et al. 2000; Marziani et al. 2001; Sulentic et al. 2003; Zamfir et al. 2008, 2010),
dubbed the main sequence of quasars (Marziani et al. 2001). Figure 6.1 shows the
plot of E1 parameters from Marziani et al. (2018), with possible indication of quasar
main sequence using Zamfir et al. (2010) quasar sample shaded in green (see review by
e.g., Marziani et al. 2018). The main sequence of quasars resembles a wedge-shaped,
compared to that of stellar H-R diagram. The difference is primarily because quasars
do not radiate isotropically unlike stars, which hints to additional dimensions in the
parameter space required to reflect the complexity.

The four dimensional Eigenvector 1 (4DE1) parameter space is introduced as
complimentary to E1. It contains E1 parameters (Sulentic et al. 2000) plus 2 extras, the
soft X-ray photon index, Γsoft (Wang et al. 1996), and C ivλ1549 broad line centroid shift
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at half maximum, c
(
1
2

)
(Sulentic et al. 2007). Basically, two populations can be identified

within the 4DE1 formalism for low redshift quasars, population A and B. Population A
has FWHM(Hβ). 4000 km s−1, strongRFe ii ≈ 0.7, blueshifted C iv c

(
1
2

)
≈ −800 km s−1,

and large Γsoft > 2. In contrast, population B has FWHM(Hβ)> 4000 km s−1, weak
RFe ii ≈ 0.3, no blueshift C iv c

(
1
2

)
, and Γsoft ≈ 2. Several other physical properties that

are associated with each population have also been found (see Table 1 of Sulentic et al.
2011; Fraix-Burnet et al. 2017).

The pursuit for a quasar H-R diagram and main sequence have been built upon
the context of E1 parameter space. Although a precise H-R diagram for quasars has yet
to be established, the E1 provides a useful framework to distinguish the majority of low
redshift broad line sources according to their spectral types. As will be discussed in the
next section, hints of orientation indicator have also been proposed in the E1 plane.

6.1.2.1 [O iii] EW as Orientation Tracer

The [O iii]λ5007 is a prominent NEL in the optical spectrum. The line, originating from
the NLR, emits isotropically (Mulchaey et al. 1994, but see also di Serego Alighieri et al.
1997), while the continuum is often assumed to exhibit anisotropic emission from the
optically thick and geometrically thin accretion disk (Shakura & Sunyaev 1973). Hence,
the flux of the optical continuum from the disk is expected to decrease with increasing
angle from face-on to edge-on, while the variation in the line intensity is insignificant.

By inspecting the distribution of [O iii] EW for ∼ 6000 SDSS quasar spectra,
Risaliti et al. (2011) demonstrated that the [O iii] EW parameter plays a part in
orientation effect. A follow-up study with twice the sample size also supports the idea
(Bisogni et al. 2017). These studies argued that the power-law tail slope of -3.5 of
the EW distribution above 30Å is a strong signature of orientation and indicates near
edge-on quasar. Values below this may be due to the intrinsic variance due to factors
such as the continuum properties and narrow line region structure. In relation to E1
parameter space, the Hβ width is also expected to be broad in this case due to the
contribution from the virial component. As the orientation moves towards pole-on, the
EW of [O iii] decreases by a factor of cosine angle, between the disk and line-of-sight,
along with narrower Hβ width. Their analyses also favoured a disk-like BLR geometry,
which has been reported by several authors (e.g., Netzer 1987; Collin-Souffrin & Dumont
1990; Wanders et al. 1995; McLure & Dunlop 2002; Jarvis & McLure 2006).
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6.1.2.2 Fe ii Strength and Hβ FWHM as Eddington Ratio and Orientation
Tracer

As aforementioned, the Eddington ratio is thought to be the primary driver of E1 (e.g.,
Boroson & Green 1992). Shen & Ho (2014) took a step further by developing a unification
scheme solely defined by the Eddington ratio and orientation. Using 20 000 quasars at
low redshift 0.1 ≤ z ≤ 0.9 from the SDSS, they mapped the quasar distribution in the
E1 optical parameter space, as shown in Fig. 6.2a.

The FWHM of Hβ is plotted against the EW ratio of Fe ii line and broad Hβ line,
denoted by RFe ii. With stronger RFe ii and weaker EW [O iii], the Eddington ratio is
higher. Information on orientation is provided at any constant value of RFe ii. At pole-on,
the FWHM of Hβ is narrow and becomes broader as the inclination angle increases
approaching edge-on (e.g., Wills & Browne 1986; Boroson & Green 1992; Shen & Ho
2014).

The radio morphologies and orientation relationships are also demonstrated in
Fig. 6.2b. Their findings are consistent with the prediction that core-dominated objects
are mainly viewed pole-on, and hence a less broad FWHM of Hβ than lobe-dominated
objects. Furthermore, the RL sample dwells in region with larger Hβ FWHM and smaller
range of RFe ii compared to the RQ sample. This suggests that RL AGN are likely to
harbour massive black holes, accreting at lower Eddington ratio, as has been determined
in earlier studies (e.g., Laor 2000; Ho 2002).
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Figure 6.2: Eigenvector 1 for quasars from Shen & Ho (2014).
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6.1.3 Radio Core Dominance

Although RQ AGN make up the majority of AGN population, compared to their
counterpart the RL AGN, orientation effects are harder to establish in these objects.
Most orientation tracers have been applied to RL sources, although their effectiveness
have been debated (e.g., Van Gorkom et al. 2015). The presence of a relativistic jet in
RL AGN enables the determination of their inclination angle based on the jet alignment
and radio properties (e.g., Orr & Browne 1982; Ghisellini et al. 1993; Wills & Brotherton
1995). One such dichotomy for radio quasars is flat-/steep-spectrum division. Viewing
close to pole-on along the jet axis provides a direct view of the relativistic jet associated
with non-thermal emission. The object will appear as a BL Lac object or FSRLQ, both
of which are blazars. BL Lac objects are distinguished by their optically featureless
continua with almost no emission lines. As the viewing angle moves away from the jet,
the Doppler-boosted component of the jet is weaker and the object is seen as a SSRLQ.
FSRLQs tend to be core-dominated with flat radio spectra, while SSRLQs are mainly
lobe-dominated and exhibit steep radio spectra (Orr & Browne 1982).

Several orientation indicators have been proposed for RL sources, though which is
the best measure of orientation is still inconclusive. The core dominance of RL sources
reflects the strength of the Doppler-boosted jet. As the angle between the jet and line-of-
sight decreases (towards pole-on), the emission from the core increases (Padovani & Urry
1992; Ghisellini et al. 1993), and hence higher core dominance will be detected. This is
also related to the radio jet morphology between core- and lobe-dominated RL quasars.
Sources that are near pole-on have high optical depth due to the relativistic beaming from
the core and their spectra tend to be flat, whereas near edge-on sources are dominated by
the optically thin lobe radio emission and have steeper spectra. However, the true radio
morphological type of RL objects can be hard to resolve. Their ranges of inclination
often overlap at intermediate angles. In practice, this approach is merely suggestive of
the inclination position of the object and by no means a definitive orientation indicator.

A few quantitative measures of radio core dominance have been introduced,
where the sole difference is the normalisation, i.e., the denominator used to define the
parameter. The numerator is specified by the radio core luminosity, often taken at 5GHz
rest frequency. Assuming that the extended lobe emission is isotropic, the core flux
density reflects the Doppler boosting of the beamed jet, and thus inducing orientation
dependence. Subsequently, the best orientation proxy should perfectly account for the
intrinsic central engine power (see Van Gorkom et al. 2015).

Two notable radio core dominance parameters are prescribed by the quantities R
and RV . The pioneer paper by Orr & Browne (1982) suggested using R with the radio
lobe luminosity as the denominator. Wills & Brotherton (1995) provided an alternative
expression of the radio core dominance, RV , which is normalised by the optical continuum
luminosity at 2500Å. Though it is shown that there is a correlation between the radio
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core dominance and angle, there appears to have a large scatter for small radio core
dominance values (Orr & Browne 1982; Wills & Brotherton 1995). There are some
authors who prefer one over the other, albeit which is superior remains debatable (see
e.g., Van Gorkom et al. 2015; Marin & Antonucci 2016). Other normalisations include
using the NLR luminosity (Rawlings & Saunders 1991) and 151MHz radio luminosity
(Willott et al. 1999).

There are several studies to investigate whether there is a correlation between
radio core dominance and line width of BELs. It was found that the core dominance
is inversely related to the line widths of Hβ (Wills & Browne 1986; Baker & Hunstead
1995; Runnoe et al. 2013b, 2014; Brotherton et al. 2015b) and Mg ii (Baker & Hunstead
1995; Runnoe et al. 2013b). The broad FWHM corresponds to low radio core dominance,
which is predicted to be seen at high inclination angle with respect to the jet axis.
Though the FWHM of C iv shows no dependence, there appears to be anti-correlation
when using the line width measured close to the base of the line, around one-quarter of
maximum C iv emission line peak (Vestergaard et al. 2000; Runnoe et al. 2014).

The radio spectral index, which describes the steepness of a radio spectrum, has
also been demonstrated to agree closely with R, and subsequently with the FWHM of
Hβ (e.g., Brotherton 1996; Jarvis & McLure 2006; Runnoe et al. 2013b). However, there
is a weaker orientation dependence when Mg ii line is used instead (e.g., Jarvis & McLure
2006; Fine et al. 2011; Runnoe et al. 2013b). In contrast, the C iv line width shows a
negligible relation with the radio spectral index (e.g., Fine et al. 2011). This evidence
implies that orientation matters in at least part of the BLR where LILs are situated. It
is also vital to point out these proxies are not a perfect measure of orientation as they
are often subject to scatter, and hence difficult to measure. Nevertheless, they act as
reasonable indicators for source orientation.

6.1.4 Orientation Indicator for Radio-quiet

The inclination of RQ sources is harder to estimate as these sources show no relativistic
beaming from the jet. Though a few methods of orientation specific for RQ AGN have
been suggested, their reliability is still controversial. Boroson (2011) proposed that the
presence of [O iii] blueshift and Fe ii redshift in a spectrum, along with the strength of
Eddington ratio, determine the viewing angle of RQ quasars. However, this technique is
questionable as Sulentic et al. (2012) found no evidence of Fe ii line redshift with respect
to broad Hβ line.

In Marin (2016), four measures of nuclear inclination for RQ targets, specifically
Seyferts, are examined. Each of these methods is limited to different regions of the AGN.
In order of increasing radial scale from the black hole: X-ray reflection spectroscopy
for inner section of the disk (Nandra et al. 1997, 2007), empirical MBH–σ relation for
BLR (Wu & Han 2001; Zhang & Wu 2002), infrared modelling for torus (Mor et al.
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2009; Alonso-Herrero et al. 2011; Sales et al. 2011; Ruschel-Dutra et al. 2014), and [O iii]
mapping for NLR (Crenshaw et al. 2000; Fischer et al. 2013).

The first method is utilised to detect iron fluorescence emission from near-neutral
material at 6.4 keV, in which the line width is associated with the inclination of the
accretion disk. The X-ray spectra is then fitted with accretion disk reflection models in
special and general relativity spacetimes to retrieve the orientation. The second approach
is based on the assumption that the LIL gas in the BLR is mainly in Keplerian motion.
Using theMBH–σ relation, the measured black hole mass and FWHM are used to provide
an estimate of the BLR inclination. The third method extracts the torus orientation by
fitting the spectral properties of infrared spectra with clumpy torus models. The fourth
technique, that is [O iii]λ5007 mapping, involves inferring the NLR inclination from
kinematic modelling of the extended NLR with a radial outflow resembling a biconical
funnel. Their analyses suggested that all other techniques are less effective compared to
NLR [O iii] fitting, though this method is also not foolproof as it might be affected in
the presence of a warped disk at close radial distance < 0.01 pc of the black hole.

6.1.5 Orientation Indicator in BALQs

A subpopulation of quasars that display BALs bluewards of the main UV broad emission
lines (Weymann et al. 1991), such as C iv, also seems to provide clues to orientation.
BALs exhibit a broad absorption trough, which is often blueshifted with respect to the
emission line, that hints to evidence of outflowing material. One interpretation of the
BAL phenomenon is in the context of orientation model, whereby BAL quasars are
detected when the line-of-sight and outflow intersects a disk-wind within a narrow range
of angle to account for the low fraction of BAL population (e.g., Murray et al. 1995;
Elvis 2004). The constraint on the outflow angle is not yet well-determined. Findings
from spectropolarimetric observations favour an equatorial outflow geometry (Goodrich
& Miller 1995; Cohen et al. 1995; Ogle et al. 1999). This is challenged by the existence
of RL BAL quasars, including those with LoBALs, that possess a large brightness
temperature (Zhou et al. 2006; Ghosh & Punsly 2007). From radio variability reasoning,
they argued that the observer’s sightline is closely aligned with the radio emission from
the relativistic jet in the polar direction about ∼ 10°–35°. However, this trait also is
manifested in RQ quasars with weak radio emission, which could be explained by an
optically thin free-free (bremsstrahlung) emission from the accretion disk wind model
(Blundell & Kuncic 2007). Other evidence that prefers a polar BAL wind is the excess
narrow Hβ line width in LoBAL quasars since a large width would indicate an equatorial
view using the assumption of Hβ line width as orientation tracer (Punsly & Zhang 2010).
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6.2 Dataset

We select quasar data set using two releases of the SDSS from the DR7 (Shen et al.
2011) and DR12 (Pâris et al. 2017) quasar catalogues. The data are publicly accessible
online through the VizieR catalogue access tool1 (Ochsenbein et al. 2000).

The catalogue of quasar properties (Shen et al. 2011) is derived from the SDSS
DR7Q (Schneider et al. 2010). The specifications on the sample and spectral line
measurements for SDSS DR7Q (Shen et al. 2011) catalogue are described in Sect. 2 and
Sect. 3 of their paper. The broad emission lines are modelled using at least one Gaussian
profile and are separated into their corresponding broad and narrow line components,
except for C iv which retains both components. The FWHMs are also computed in
the process. The velocity shifts with respect to the systemic redshift for Mg ii broad
line component and C iv line are estimated from the fitted model emission line peak.
They evaluated the uncertainties in the spectral line measurements using a Monte Carlo
approach. From the flux density errors, Gaussian noise is introduced to the original
spectrum by generating 50 random mock spectra fitted by the same fitting procedure to
yield distribution of individual spectral quantity. The measurement errors are calculated
from the 68% range at the median of the distribution.

We further limit our sample to spectra with C iv and Mg ii FWHM and velocity
shift measurements available, and median S/N per pixel of ≥ 15 in Mg ii region at
2700–2900Å and C iv region at 1500–1600Å. To minimise the induced scatter in the
observed correlation, we further constrain our sample as follows. Due to the presence of
broad absorption features in quasars with BALs, the FWHM measurements of these
objects might be imprecise. Therefore, we limit our sample to be non-BAL quasars.
Furthermore, we also remove anomalous values, which are plausibly outliers, using the
interquartile range (IQR) method (Tukey 1977) for outlier detection. The IQR represents
the dispersion of a data set and is given by the difference between upper (third or 75th

percentile) and lower (first or 25th percentile) quartiles, IQR=Q3−Q1. Measurements
outside of 1.5 times the IQR are considered outliers and are omitted. The implications
of excluding these points will be discussed later. This reduces our quasar sample to
1835, with redshifts 1.50 ≤ z ≤ 2.25, excluding BAL quasars (228) and outliers (98).

The quasar sample from SDSS DR12Q is the same as described in § 5.2. Addition-
ally, those with BALs (313) and plausible outliers (31) are also taken out, yielding 2429
quasars at redshift 1.57 ≤ z ≤ 2.42.

1http://vizier.u-strasbg.fr/viz-bin/VizieR
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6.3 Velocity Shifts and Ratio Line Width as Orienta-
tion Indicator

The quest to acquire an accurate proxy of orientation has proven to be a challenging
task. Most proxies are either ineffective or restricted to certain criteria, as discussed
in § 6.1. For example, the E1 scheme seems promising but it is exclusive for low
redshift AGN in optical regime. The radio core dominance depends on the presence of
beamed jet, and thus impractical for the majority of AGN that are RQ. Among the
four inclination methods for RQ targets investigated in Marin (2016) (see § 6.1.4), the
best is [O iii]λ5007 mapping, is only applicable in the NLR domain. At present, there is
no reliable orientation indicator in the UV-optical plane for the BLR component. In
this domain, the only indicator using MBH–σ relation has been argued to be unsuitable
(Marin 2016). We propose a simple and robust way to estimate inclination angle using
the observable characteristic of the UV-optical emission lines.

Qualitatively, we expect that a number of the physical characteristics of line shape
will result from differences in the angle-of-viewing to the quasar: line velocity-offsets, line
widths and line asymmetries. In order to test these ideas, we concentrate on the emission
lines that are observed in the optical, but are emitted at UV wavelengths. Two broad
emission lines with little contamination from other emission lines close by, originating
from the BLR, are compared: the high-ionisation C iv and low-ionisation Mg ii lines.
Although the Fe ii multiplets can contaminate the Mg ii line, the Fe ii emissions do not
significantly affect the peak or FWHM of the Mg ii line. The C iv and Mg ii lines are
emitted at rest wavelengths 1549Å and 2798Å respectively with ionisation potentials
of 64.49 eV and 15.04 eV. Typically, the emission lines in quasars are broadened, with
FWHM velocities ranging from ∼ 2000–10 000 km s−1. Physical constraints on the state
of the emitting regions implies that these velocities must result from bulk motions of
the emitting ions.

To examine trends in observable parameters, we use the quasar sample from SDSS
DR7Q (Shen et al. 2011) and DR12Q (Pâris et al. 2017) described in § 6.2. Figure 6.3
shows an anti-correlation between the velocity offset2 of the C iv line with respect to
the Mg ii line, ∆v(C iv-Mg ii), and the ratio of the FWHM of the two emission lines,
FWHM(C iv/Mg ii). Based on a kinematical argument, we propose that the correlation
is attributed to angle-of-viewing.

To measure the orientation of the quasar axis to the line-of-sight, a suitable model
within which to interpret the key observables is required. In the UV/optical region of the
spectrum, the broad emission lines are easily observable, with the broadening attributed
to the velocity of the emitting ions projected onto the line-of-sight. To model the BLR,
a kinematic disk-wind model is explored Chapter 5, based on previous quasar models
(Murray et al. 1995; Elvis 2004) but with some key differences. Importantly, a disk-wind

2Negative velocity indicates blueshift and positive velocity indicates redshift (see Fig. 2.3).
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Figure 6.3: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii. We interpret the correlation to be attributed to inclination
angle, with the upper left corner towards the lower right of the correlation indicating
face-on to edge-on. The contours show the density of the sample at one- and two-sigma
confidence levels. For comparison, the removed outliers are superimposed in small grey
symbols.

covering a wide angle is required since there are similarities in emission line shapes
between BAL and non-BAL quasars, which contradicts the wind arising from a narrow
opening angle. The features that differentiate our disk-wind model from others are as
elaborated in § 5.6 and shown in Fig. 5.10. In this model, ions leave the accretion disk at
some radius, retaining the angular momentum associated with that radius (a rotational
velocity), and then experience an outward acceleration due to radiation pressure or a
similar mechanism (a poloidal velocity). Thus, the trajectories of these ions will be
outward spiralling paths, with different mixes of the two velocity components. Note that
the effect of likely magnetic fields is ignored in this simple model. The opacity of the
accretion disk, combined with a putative dusty torus will obscure the far-side of the BLR.
Thus, only the forward-facing hemisphere of the quasar would be observed. Continuum
emission is observed either directly from the accretion disk or re-processed emission from
an atmosphere. It is expected that in the region close to the rotational axis, the ions
will be completely ionised and so will not contribute to the emission line flux. This will
be called the ionisation cone or corona. As the angle from the rotational axis increases,
the density of the atmosphere or gas above the disk will increase, providing regions
where the dominant emission will be from ions of decreasing ionisation. This is also a
direct consequence of BLR stratification with different ionisation potential. Since the
wind is likely to be launched in the proximity of the central ionising source, we expect
high-ionisation lines such as the C iv line to have a significant poloidal component, while
retaining the velocity component from its rotational footprint. As the angle from the
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axis approaches the disk, emission from low-ionisation ions such as Mg ii and Hβ will be
observed, largely reflecting the rotational velocity of their footprint. These outflowing
components are termed the disk-wind, but the geometric location and kinematics of
different ionic species will vary within the wind. Regions of higher density within the
wind will be responsible for the absorption observed in BAL quasars. In particular,
LoBALs should appear to be viewed from a preferential direction closer to the plane
of the quasar. HiBAL quasars are still seen when the viewing angle intersects these
streams, but they are not restricted to any preferential line-of-sight.

It is well-known that the C iv line is mostly blueshifted with respect to other lines
(e.g., Gaskell 1982; Wilkes 1986; Espey et al. 1989; Tytler & Fan 1992; McIntosh et al.
1999; Vanden Berk et al. 2001; Shen et al. 2016). The Mg ii emission is observed to be
close to the systemic velocity of the quasar (Hewett & Wild 2010). Within the model
described above, the Mg ii line is expected to be emitted close to the disk and have only
a small poloidal velocity component, while the C iv line is emitted closer to rotational
axis. Therefore, C iv will reflect the projection of the poloidal or outflowing velocity
along the line-of-sight, while Mg ii will show predominantly the rotational velocity. The
FWHM of each line will measure the projection of the bulk motion of the wind onto
the line-of-sight. If these two ions are emitted in different parts of the wind, then the
ratio of the FWHM of the two lines will reflect the different contributions to the two
velocity components, projected along the line-of-sight. Thus, this ratio provides some
constraints on the magnitude of the outflowing velocity, with respect to the rotational
component at this particular angle of viewing.

The relation shown in Fig. 6.3 then reflects the strength of the poloidal and
rotational velocity component, which can be used as a proxy to determine the inclination
angle. Quasars viewed at face-on will be populating the top left-hand corner of the
correlation and those views edge-on, towards the bottom right. Other physical parameters
such as black hole mass and accretion rate, might determine the scatter in this relationship.
Thus, due to the intrinsic properties of the sources, the correlation might be expected to
have a significant but natural dispersion. It is not a trivial matter to extract information
on these intrinsic properties and is beyond the scope of the current work.

6.3.1 Methodology

We conduct statistical analysis and linear regression techniques in order to investigate
this relationship. Before fitting the correlation, we first rescale the data since the two
variables have different magnitude which would result in a biased fit. This is done via
z-score normalisation or standardisation, by centring the variable values at zero with a
unit variance. In any case, rescaling data will not alter the general trend. Note that the
original scales are used to produce the plots to illustrate the actual values.
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Regression analysis is a valuable statistical tool for representing and examining the
relationship between two or more variables. A simple linear regression model is when a
linear relationship is considered with one dependent variable, x, and another independent
variable, y, which gives the standard function y = mx+ c, where m and c is the slope
and intercept respectively. In linear regression technique, models with measurement
errors attempt to minimise the variance along the fitted line. One measurement error
model is the orthogonal regression model or also known as total least squares (Adcock
1878; Golub & van Loan 1980), which assumes uncertainties in the two-dimensional data
and minimises the squared orthogonal distance. This method treats the two variables
symmetrically rather than depending on one another. For this reason, we choose to fit a
linear line using orthogonal regression to the FWHM(C iv/Mg ii) versus ∆v(C iv-Mg ii)
correlation.

There are several sources of uncertainty that can be considered in our inclination
estimation. One plausible source is from the fitted line. The error on the orthogonal
fit can be directly determined by including the errors for each data point. To account
for the measurement errors and intrinsic scatter in both velocity shifts and FWHM
ratios, we perform the linear regression using bivariate correlated errors and intrinsic
scatter (BCES; Akritas & Bershady 1996) method based on the publicly available Python
module (Nemmen et al. 2012)3. The BCES is only applied on the SDSS DR7Q sample
as measurement errors are not given in DR12Q. To estimate the error in the orthogonal
fit for the SDSS DR12Q sample, we fit the correlation using a different linear regression
method. Another measurement error model is the ordinary least squares (Legendre
1805; Gauss 1809), which only treats error in the dependent variable. The ordinary least
squares of y on x assumes y as dependent variable and minimises the squared vertical
distance, while the x on y assumes x dependence and minimises the squared horizontal
distance. The shallow and steep slopes from these methods allow us to retrieve the
extremes at both ends of the lines. This provides an estimate of the error in the projected
inclinations. We compute these linear regression models for the SDSS DR12Q.

To assess the reliability of the fitted line if the same observation is done repeatedly,
a bootstrap resampling method of the correlation is conducted. Random pairs of
correlation are sampled with replacement from the original data set to assemble a new
sample of the same size. The new sample is fitted with a linear regression model yielding
its corresponding slope and intercept, and the whole process is iterated 1000 times. The
median of the bootstrapped slopes and intercepts are taken as the best fit line. The
99.7% confidence interval at the three standard deviation level of the slope and intercept
are also computed. To quantify the fit, we calculate the residuals, which is distance
between the observed and predicted values, and the corresponding mean squared error,
where the error in this case is the residuals.

Determining the angle-of-viewing is clearly model dependent. We start by assuming
a simplest possible mapping. For each quasar, the FWHM(C iv/Mg ii) and ∆v(C iv-

3https://github.com/rsnemmen/BCES
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Figure 6.4: Sketch of our proposed inclination mapping using the relationship between
the velocity shift, ∆v, and ratio full width at half maximum, FWHM, of C iv and Mg ii.
The upper left corner towards the lower right of the correlation corresponds to face-on
to edge-on viewing angle. Left: Each point is projected onto the best fit line as the
projected distance, dp. The projection is performed in the perpendicular direction for
orthogonal regression model, as shown by the dashed line. Whereas for ordinary least
squares regression models, the projection is in the vertical direction for y on x and
horizontal direction for x on y. Right: The dp is then mapped to inclination angle, i,
using Eq. (6.1).

Mg ii) values are mapped to a projected distance along the best fit line. Based on the
linear regression models, the mapping is performed in the perpendicular direction for
orthogonal, vertical direction for y on x, and horizontal direction for x on y regression.
A distribution is generated from the projection. Assuming that the projected distance,
dp, scales linearly with the inclination angle, i, the mapping is performed using

i = 90°
[

dp − dp,min

dp,max − dp,min

]
, (6.1)

where dp,min and dp,max are the minimum and maximum limits of dp. A sketch of our
proposed inclination angle mapping for orthogonal projection is portrayed in Fig. 6.4.
Indeed, the choice of projected scaling factor also contributes to the error in the inclination
angle estimate. It is worth mentioning that the given prescription here is by no means
univocal, but merely serves as a guide to whether it is viewed from polar, intermediate, or
equatorial viewing angle. We further comment on the effects of our mapping procedure
on the estimated viewing angle in § 6.3.3.

The expected differential probability of observing a quasar at a particular inclina-
tion angle, i, defined from the rotation axis of the accretion disk, is given by P (i) = sin i

with 0° ≤ i ≤ 90°. The mapped inclination angle distribution is then normalised by
the relative area on the sky to generate the ‘transparency distribution’ as a function of
inclination, i.e., the fraction of quasars whose inner regions are visible to the observer,
given the orientation of the source and the presence of possible obscuring components,
such as the torus.
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6.3.2 Results and Discussion

The linear regression models fitting onto the ∆v(C iv-Mg ii) and FWHM(C iv/Mg ii)
correlation, accounting for measurement errors in SDSS DR7Q and without in DR12Q,
are displayed in Fig. 6.5 along with the residuals in Fig. 6.6. The samples from SDSS
DR7Q and DR12Q catalogues before (grey) and after (blue) removing the outliers
are also shown. The fitted line parameters and their corresponding errors at 99.7%
confidence interval are presented in Table 6.1. The Spearman’s correlation coefficient, rS ,
(Spearman 1904) between ∆v(C iv-Mg ii) and FWHM(C iv/Mg ii) and its corresponding
correlation probability, pS , are statistically significant in both samples, with (rS =

−0.580, pS � 0.01%) using SDSS DR7Q and (rS = −0.387, pS � 0.01%) using SDSS
DR12Q.

The distribution of our simple mapping from ∆v(C iv-Mg ii) and FWHM(C iv/Mg ii)
plane to inclination angle are demonstrated in Fig. 6.7. The transparency plot that
indicates the fraction of quasars that is not obstructing our line-of-sight is displayed in
Fig. 6.8. For SDSS DR12Q, the variation in the fitted slopes using different regression
models are portrayed by the error bars.

The transparency is fairly constant at low inclination and peaks at intermediate
angle, implying that most objects are seen at this range of direction. The scarcity of
equatorial objects suggests an increase in obscuring material between the emitting region
and the observer, which is possibly due to the presence of a torus. The dust distribution
of the torus is supposedly clumpy, rather than smooth (e.g., Krolik & Begelman 1988;
Nenkova et al. 2002, 2008; Elitzur & Shlosman 2006), such that emission from the
ionising source is only partially blocked by the torus. This aspect is what distinguishes
type 1 and 2 AGN, as have been established in the classic unification scheme of AGN
(Antonucci 1993; Urry & Padovani 1995). Obscured AGN lack broad emission lines and
are classified as type 2 AGN.

The boundary where there is a higher amount of obscuration along the line-of-sight
is demonstrated by the drop-off in the distribution. This suggests that the angle of
torus is θT ∼ 25°–35° from the accretion disk plane using the samples without outliers
(Fig. 6.8, thick blue). Other findings based on the fraction of two AGN types found the
torus angle to be θT ∼ 30°–40° (Willott et al. 2000; Wilkes et al. 2013; Baldi et al. 2013;
Marin & Antonucci 2016) and extend to 45° (Barthel 1989). These ranges of torus angle
are consistent with our estimation.

However, the distribution of orientation angles obtained depends on the quality
of the dataset analysed. This also affects the fitted regression, as illustrated by the
underlying grey data points in Fig. 6.7 and Fig. 6.8 when outliers are retained in the
sample. In the SDSS DR7Q sample with outliers included, the underlying shape of both
distributions are more negatively skewed compared to those when outliers are excluded.
There are lower number of quasars at low inclination angles, and hence the transparency
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distribution is much flatter at low ends. The suggested torus angle is also smaller, about
θT ∼ 20° for SDSS DR7Q and θT ∼ 35° for SDSS DR12Q.

Table 6.1: Velocity shift and ratio full width at half maximum of C iv and Mg ii
correlation fitting using linear regression models. The linear fits of the expression
FWHM(C iv/Mg ii)= m∆v(C iv-Mg ii)+c, where m is the slope and c is the intercept.
The uncertainties in the fitted lines at 99.7% confidence interval are computed using
bootstrapping of 1000 samples.

Catalogue Regression Model Slope Intercept Mean Squared Error

S11 BCES orthogonal (−6.906+1.838
−1.901)× 10−4 0.798+0.168

−0.173 0.396

S11 [-O] BCES orthogonal (−6.918+1.999
−2.418)× 10−4 0.790+0.165

−0.200 0.420

P17 Orthogonal (−5.039+0.362
−0.589)× 10−4 0.877+0.025

−0.041 0.662

yx (−1.711+0.175
−0.156)× 10−4 1.107+0.012

−0.011 0.886

xy (−1.495+0.142
−0.205)× 10−3 0.192+0.098

−0.142 0.886

P17 [-O] Orthogonal (−5.062+0.407
−0.525)× 10−4 0.868+0.028

−0.036 0.648

yx (−1.778+0.177
−0.161)× 10−4 1.096+0.012

−0.011 0.876

xy (−1.436+0.116
−0.173)× 10−3 0.222+0.081

−0.120 0.876

Note: The quasar properties SDSS DR7Q catalogue (Shen et al. 2011) as S11 and SDSS DR12Q catalogue as
P17 (Pâris et al. 2017). Sample with outliers removed is indicated with [-O].

6.3.3 Error in Fits

Several aspects of the data can affect the mapping of inclination angle to the fitted line.
There is a subtle difference in the emission line modelling method adopted by different
catalogues. In general, the trend in ∆v(C iv-Mg ii) and FWHM(C iv/Mg ii) correlation
remains regardless of the different dataset employed. The line profiles in SDSS DR7Q
catalogue are fitted with combination of Gaussian functions and yield wider ranges of
FWHM and velocity shift values than those in SDSS DR12Q using principal component
analysis.

For this purpose, we visually inspect samples with high velocity offsets of C iv

and Mg ii, those that are ≤ −4000 km s−1 or ≥ 1500 km s−1 in SDSS DR7Q and ≤
−2000 km s−1 or ≥ 1000 km s−1 in SDSS DR12Q. Selected examples of high blueward
and redward velocity offsets quasars are shown in Fig. 6.9 from SDSS DR7Q and Fig. 6.10
from SDSS DR12Q, with the corresponding measurements in Table 6.2. In general, the
reported measurements from the catalogue are mostly overestimated, especially those
that are claimed to have redward offsets. In almost all cases, the redward shifts of these
objects are measured to be < 1000 km s−1, contrary to the given measurements. We
found that objects with measured offsets of ≥ 1000 km s−1 are due to the broad and
redward asymmetric Mg ii line, with peak shifted towards the lower wavelength. Indeed,
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Figure 6.5: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii fitted using linear regression models. The fitted line is given
in solid line with shaded region indicating the 99.7% confidence interval. The contours
show the density of the sample at one- and two-sigma confidence levels. Left: The
SDSS DR7Q sample with measurement errors is fitted using bivariate correlated errors
and intrinsic scatter. Right: The SDSS DR12Q sample is fitted without accounting for
measurement error. For comparison, the removed outliers are superimposed in small
grey symbols.
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Figure 6.6: Standardised residuals plot of the relation between ratio full width at half
maximum and velocity shift of C iv and Mg ii. The mean squared error (MSE) and
linear regression model are listed on the upper left and right of each panel, respectively.
The fitted lines are shown in Fig. 6.5.
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Figure 6.7: Histograms of mapped velocity shift and ratio full width at half maximum
of C iv and Mg ii plane onto inclination angle. The distribution of inclination angles is a
linear projection of distance along the best fit line using orthogonal regression. For SDSS
DR12Q, the error bars are estimated from ordinary least squares fitted lines. The fitted
lines are shown in Fig. 6.5. For comparison, the distribution using samples including
outliers is superimposed in hatch grey.
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Figure 6.8: Fraction of quasars along the line-of-sight normalised to area on the sky using
velocity shift and ratio full width at half maximum of C iv and Mg ii mapping. The
distributions of the projected distance mapped onto inclination are shown in Fig. 6.7.
For comparison, the distribution using samples including outliers is superimposed in
hatch grey.
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a careful inspection of the spectral measurements will better constrain the model.

The differences between the measurements from the two catalogues are shown
in Fig. 6.11 for 273 samples with same object name. It is clear that most of them are
on the one-to-one relationship. The dispersion in the distribution is evident for large
FWHM values. The FWHMs from SDSS DR7Q for both C iv and Mg ii lines tend to be
larger than those from SDSS DR12Q, which can be up to ∼ 1.6 times broader or more
in the case of Mg ii. The scatter in the velocity shifts range between ± ∼ 1500 km s−1.

Although we opt for high S/N quasar spectra, uncertainties in the spectral line
measurements are inevitable. This can be due to systematic errors since the measure-
ments from the catalogue are collected automatically, which might also be the cause
of the redshifted velocity offsets seen. Additionally, erroneous parameter values or
outliers might be present as we did not manually check the accuracy of the automated
measurements. This effectively results in a mapped inclination angle distribution with
long tails, particularly on both ends at low and high inclinations. The data rescaling
that we did, is an attempt to mitigate the contributions from the outliers.

Another key question that needs to be considered is the method for mapping
from the data points to the regression line. For example, instead of using orthogonal
regression model with projected points along the perpendicular direction, it could be
projected along the vertical direction. The different gradients and projections produce
different distributions of mapped projected distance to viewing angle. At low inclination
angles, the transparency is higher when using ordinary least squares projections onto
the fitted lines (Fig. 6.8, right). The torus angle is also wider θT ∼ 30°–35° with quicker
falloff in the distribution.

As given by Eq. (6.1), the normalisation for the histogram of mapped inclination is
over 0°–90°. A different normalisation can be applied, for example 0°–80° to account for
the obscuration by the torus, although this would not significantly alter the distribution.
The linear scaling between the projected distance and inclination might also be a
simplification as the exact scaling is still unclear. Deducing a proper mapping will
requires a thorough investigation and more insight on the physical properties and the
relationship between them.

6.4 Other Proposed Measurements of Inclination

In the standard unified AGN scheme (Urry & Padovani 1995), the diversity of AGN
classes is partly attributed to orientation. Various orientation indicators have been
introduced in the literature, though most often accompanied by some limitations. We
compare our proposed measurement of inclination with specific examples from the
literature. We utilise the VizieR catalogue access tool to retrieve the data. Our choice of
catalogues are limited to non-BAL objects within the SDSS coverage, unless mentioned
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Figure 6.9: Example of spectra and emission line measurements of high velocity offsets,
∆v(C iv-Mg ii), outliers from SDSS DR7Q. The dash-dotted line indicates the data
measurement from the catalogue, the solid line for the measured maximum peak, and
the dashed line for the theoretical value based on the quasar redshift. The measurements
are given in Table 6.2.
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Figure 6.10: Example of spectra and emission line measurements of high velocity offsets,
∆v(C iv-Mg ii), outliers from SDSS DR12Q. The dash-dotted line indicates the data
measurement from the catalogue, the solid line for the measured maximum peak, and
the dashed line for the theoretical value based on the quasar redshift. The measurements
are given in Table 6.2.

142



CHAPTER 6. QUASAR ORIENTATION

2000 4000 6000 8000 10000

FWHM(C iv)DR7Q [km s−1]

2000

4000

6000

8000

10000

F
W

H
M

(C
iv

) D
R

1
2
Q

[k
m

s−
1
]

0.4 0.6 0.8 1.0 1.2 1.4 1.6

FWHM(C iv)DR7Q/DR12Q

0

10

20

30

40

50

60

70

80

F
re

q
u

en
cy

(a) Full width at half maximum of C iv

2000 4000 6000 8000 10000

FWHM(Mg ii)DR7Q [km s−1]

2000

4000

6000

8000

10000

F
W

H
M

(M
g

ii
) D

R
1
2
Q

[k
m

s−
1
]

0.6 1.1 1.6 2.1 2.6 3.1

FWHM(Mg ii)DR7Q/DR12Q

0

20

40

60

80

100

120

140

160

F
re

q
u

en
cy

(b) Full width at half maximum of Mg ii

−3000 −2000 −1000 0 1000

∆ v(C iv - Mg ii)DR7Q [km s−1]

−3000

−2000

−1000

0

1000

∆
v
(C

iv
-

M
g

ii
) D

R
1
2
Q

[k
m

s−
1
]

−2000 −1200 −400 400 1200 2000

∆ v(C iv - Mg ii)DR7Q−DR12Q [km s−1]

0

20

40

60

80

100

F
re

q
u

en
cy

(c) Velocity shift of C iv and Mg ii

Figure 6.11: Comparison between SDSS DR7Q and DR12Q parameter measurements.
The distributions are on the left panels with one-to-one relationship in dashed grey line.
The histograms on the right panels, where the full with at half maximum (FWHM)
values between the two catalogue are compared using the ratios and the ∆v using the
differences.
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Table 6.2: Velocity shift measurements for examples of high velocity offsets outliers
shown in Fig. 6.9 and Fig. 6.10.

Name (SDSS J) z vC iv
a (km s−1), zC iv

b vMg ii
a (km s−1), zMg ii

b ∆v(C iv-Mg ii) (km s−1)
Data Measured Data Measured Data Measured

Quasars from SDSS DR7Qa

130944.98+222632.0 1.961 -3382.300 -2443.186 1673.500 1956.670 -5055.800 -4371.325
114449.33+032751.8 2.098 -241.500 -627.212 -2315.500 -710.461 2074.000 83.446

Quasars from SDSS DR12Qb

132747.47+284259.9 1.943 1.922 1.928 1.943 1.940 -2068.167 -1225.583
162143.78+355534.0 2.037 2.049 2.041 2.038 2.037 1036.047 359.808

a The offsets in the emission lines are given in velocity shifts relative to the quasar redshifts in SDSS DR7Q.
b The offsets in the emission lines are given in line redshifts in SDSS DR12Q.

otherwise, so that they can be cross-matched with the parent dataset from SDSS DR7Q
properties catalogue (Shen et al. 2011) and SDSS DR12Q (Pâris et al. 2017) that contain
measurements of the spectral lines. This ensures a sufficient sample is acquired, though
it does not guarantee that the spectra are of high S/N.

How can we compare the utility of our correlation to measure orientation with
other indicators in the literature? We have not measured orientation, and so cannot
make a direct comparison with metrics that measure a specific angle. However we can
compare with correlations that claim to reflect orientation. We measure the Spearman’s
correlation coefficient, rS , of our proposed correlation with other measures of inclination.
The corresponding probability that two parameters are unrelated, pS , is also measured.
We use the cross-matched samples with the SDSS DR7Q properties catalogue as they
yield a larger sample and a stronger Spearman’s correlation coefficient. The Spearman’s
correlation coefficients and the corresponding probability for the investigated parameters
are listed in Table 6.3. In almost all the sub-samples resulting from the cross-match
with data in other bands, the FWHM(C iv/Mg ii) and ∆v(C iv−Mg ii) correlation is
significant at pS < 5%, except one which is due to the small sample size.

6.4.1 Radio Morphology

We use catalogues of quasar properties (Shen et al. 2011), radio properties of quasars
(Kimball et al. 2011), and Radio Optical X-ray Italian Space Agency Science Data Center
(ROXA; Turriziani et al. 2007), that includes the radio morphology classification. The
SDSS DR7Q properties catalogue (Shen et al. 2011) contains radio properties obtained
by matching the DR7Q catalogue to the Faint Images of the Radio Sky at Twenty cm
(FIRST; White et al. 1997) catalogue using a 30” matching radius. Radio quasars with
single FIRST source within 30” matching radius are rematched with higher matching
radius of 5” and are categorised into core-dominant radio quasars. Whereas, those with
multiple FIRST sources within 5” matching radius are lobe-dominant radio quasars. The
rest are either undetected or outside FIRST area coverage.

144



CHAPTER 6. QUASAR ORIENTATION

Table 6.3: Spearman’s correlation coefficient for the investigated parameters.

Sample Parameter ∆v(C iv−Mg ii) R FWHM Hβ EW [O iii]

S11 [1933] FWHM(C iv/Mg ii) -0.608
(6.039× 10−194%)*

S11 [-O: 1835] FWHM(C iv/Mg ii) -0.580
(2.946× 10−163%)*

S11 [Cd+Ld: 231] FWHM(C iv/Mg ii) -0.454
(3.841× 10−11%)*

P17 [2460] FWHM(C iv/Mg ii) -0.380
(3.005× 10−83%)*

P17 [-O: 2429] FWHM(C iv/Mg ii) -0.387
(7.597× 10−86%)*

T06 x S11 [B: 72] FWHM(C iv/Mg ii) -0.264
(2.491%)

K11 x S11 [1122] FWHM(C iv/Mg ii) -0.185
(4.217× 10−8%)*

K11 x S11 [L+T: 203] FWHM(C iv/Mg ii) -0.186 0.145
(0.781%) (3.870%)

R -0.222
(0.144%)

T07 x S11 [47] FWHM(C iv/Mg ii) -0.425
(0.290%)

K12 x S11 [15] FWHM(C iv/Mg ii) 0.196
(48.290%)

T12 [70] FWHM(C iv/Mg ii) -0.271 -0.711 -0.411
(2.338%) (5.086× 10−10%)* (4.036× 10−2%)*

FWHM Hβ 0.203 0.534
(9.209%) (1.915× 10−4%)*

EW [O iii] 0.194 0.534
(10.763%) (1.915× 10−4%)*

S12 x S16 [60] FWHM(C iv/Mg ii) -0.457 -0.513 -0.210
(2.418× 10−2%)* (2.722× 10−3%)* (10.682%)

FWHM Hβ 0.320 0.333
(1.263%) (0.930%)

EW [O iii] 0.091 0.333
(48.925%) (0.930%)

T12, S12 x S16 [130] FWHM(C iv/Mg ii) -0.460 -0.556 -0.399
(3.780× 10−6%)* (6.551× 10−10%)* (2.637× 10−2%)*

FWHM Hβ 0.196 0.375
(2.548%) (1.078× 10−3%)*

EW [O iii] 0.304 0.375
(4.458× 10−2%)* (1.078× 10−3%)*

Note: The catalogues are S11 for Shen et al. (2011), P17 for Pâris et al. (2017), T06 for Trump et al. (2006), K11 for Kimball et al. (2011),
T07 for Turriziani et al. (2007), K12 for Kuźmicz & Jamrozy (2012), T12 for Tang et al. (2012), S12 for Shen & Liu (2012), and S16 for Shen
(2016), with the character x indicates cross-match. The number of samples is in square brackets, with selected samples without outliers as -O,
BAL as B, core- or lobe-dominated as Cd+Ld, and lobe or triple classes as L+T. The pS value is given in round brackets.
*Highly significant at pS < 0.1%.
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The radio properties catalogue (Kimball et al. 2011) has also utilised optical quasar
spectra from SDSS and line measurements from SDSS DR7Q (Shen et al. 2011) (see
Sect. 2 of their paper). Their sub-sample of radio quasars are then classified via visual
inspection using FIRST (Becker et al. 1995) 2′ × 2′ images and 4′ × 4′ if the image has
radio emission relative to the optical position of & 1′. Depending on the location of the
radio emission (see Sect. 3 of their paper), radio quasars are primarily sorted into core if
emission is at optical position, jet if emission is from core and jet components, lobe if
emission is from core and single lobe, and triple if emission from core and double lobe.
The core and lobe 20 cm flux densities of lobe and triple class are also provided. We
then cross-match with the full sample from the quasar properties SDSS DR7Q catalogue
(Shen et al. 2011) to obtain the broad emission line FWHM and velocity shifts. We also
select only those with clear identifiable morphology classification where two examiners
concur with each other on the designation, as flagged in the catalogue. Additionally, we
remove 3 points with extreme ratio FWHM of > 8. The number of object in the sample
is then 1122.

The ROXA catalogue (Turriziani et al. 2007) includes identifications of blazars and
FSRLQs. The selection and classification process are elaborated in Sect. 2 and Sect. 3
of their paper. Their sample is built based on multi-frequency approach using radio
and X-ray surveys to attain the spectral slopes, through which possible candidates are
identified. They then distinguished the radio sources by analysing the spectral energy
distributions and optical spectra from the SDSS and 2dF surveys. We obtain 47 radio
quasars with FSRLQ, BL Lac, or SSRLQ category after cross-matching their catalogue
with SDSS DR7Q properties catalogue (Shen et al. 2011).

In Figs. 6.12 to 6.14, we present the radio morphology overlaid onto the FWHM
(C iv/Mg ii) versus ∆v(C iv-Mg ii) distribution. Most data points are situated towards
the lower right, which would signify intermediate to edge-on viewing angle in our simple
inclination angle mapping. However, if we disregard the large dispersion in the relation
at high FWHM(C iv/Mg ii) and blueshifts, and concentrate on the bulk of the dispersion,
the difference between radio classes with inclination can be clearly identified. Core-
dominated radio quasars are shifted towards the negative velocity shifts and higher
FWHM ratio compared to those of lobe-dominated (Figs. 6.12 and 6.13). Similarly, most
SSRLQs have the same trend as lobe-dominant radio quasars, while their counterpart
FSRLQs as core-dominant (Fig. 6.14). There is one BL Lac that seems to contradict
with our assumption, though we are unable to statistically infer its true effect with only
a data point. The jet and lobe classes in Fig. 6.13 are also clustered around the bottom
right end of the trend.

Although the radio morphology classification provides a crude way to deduce the
orientation of radio sources, generally they are in agreement with our simple approach
of inferring the orientation. In our scheme, objects viewed along the line-of-sight
approaching edge-on tend to have emission line properties that are less blueshifted with
FWHM C iv roughly equal or smaller than FWHM Mg ii, which match with what we
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Figure 6.12: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii, with radio morphology. The quasar sample is obtained from
Shen et al. (2011) SDSS DR7Q. Quasars classified as core-dominated (Cd) are indicated
with green stars and lobe-dominated (Ld) with yellow squares. For comparison, their
high spectral quality (high S/N) samples are superimposed in small grey symbols.

found for lobe-dominated SSRLQs. Meanwhile, core-dominated FSRLQs cover a wide
range of FWHM ratios and velocity shifts, but mostly are blueshifted and at higher
FWHM ratios.

6.4.2 Radio Core Dominance

We examine the trend in core dominance with our suggested model using the cross-
matched sample between radio properties catalogue (Kimball et al. 2011) and quasar
properties SDSS DR7Q catalogue (Shen et al. 2011) mentioned in the previous section.
The core dominance in terms of ratio of core to lobe flux density at 20 cm, K-corrected
to its rest frame, is calculated for lobe and triple class radio quasars (Kimball et al.
2011):

R =
Score
Slobe

(1 + z)αlobe−αcore , (6.2)

where Score and Slobe are the observed 20 cm core and lobe flux densities, and αcore = 0

and αlobe = −0.8 are the core and lobe spectral indexes.

Figure 6.15 shows the core dominance in R for the radio sources. The values of R
seem to be increasing, from the lower right to upper left of the ratio FWHM versus the
velocity shift relation. This is also identified using the Spearman correlation coefficient
(Table 6.3). The parameter is significantly anti-correlated with ∆v(C iv-Mg ii) at (rS =

−0.222, pS < 1%) and correlated with FWHM(C iv/Mg ii) at (rS = 0.145, pS < 5%).
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Figure 6.13: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii, with radio morphology. The radio morphology classifications
are obtained from Kimball et al. (2011). Quasars classified as core (C) are indicated with
stars, jet (J) with triangles, lobe (L) with squares, and triple (T) with diamonds. Triple
class quasars are subdivided into core-dominated triple (TCd) and lobe-dominated triple
(TLd), denoted in different colours. The emission lines measurements are obtained from
Shen et al. (2011) SDSS DR7Q catalogue. For comparison, their high spectral quality
(high S/N) samples are superimposed in small grey symbols.
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Figure 6.14: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii, with radio morphology. The radio morphology classifications
are obtained from Turriziani et al. (2007). Quasars classified as blazars are indicated
with stars, including BL Lacertae (BL Lacs) in green and flat-spectrum radio-loud
quasar (FSRLQ) in yellow, while steep-spectrum radio-loud quasars (SSRLQs) with
pink squares. The emission lines measurements are obtained from Shen et al. (2011)
SDSS DR7Q catalogue. For comparison, their high spectral quality (high S/N) samples
are superimposed in small grey symbols.
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Figure 6.15: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii, with core dominance, R. The distribution is colour-coded by
increasing colour gradient with R using quasars sample of Kimball et al. (2011). The
emission lines measurements are obtained from Shen et al. (2011) SDSS DR7Q catalogue.
For comparison, their high spectral quality (high S/N) samples are superimposed in
small grey symbols.

Although it has been argued that radio lobe flux density is not the best normalisation
for radio core dominance (Wills & Brotherton 1995), our results are consistent with
edge-on objects having lower R.

6.4.3 Inclination Angle from Radio

In radio-loud quasars, the strength of the Doppler boosted jet component can be used
to infer the orientation of the source. Kuźmicz & Jamrozy (2012) have assembled a
sample of 43 giant- and 49 smaller-sized lobe-dominated radio quasars at redshift range
0.4 . z . 2, with inclination angle measurements from radio data. The giant radio
sources are those with radio structure > 0.72Mpc, assuming the cosmological parameters
from Spergel et al. (2003). The selection method and possible biases in the sample are
described in Sect. 2 and Sect. 3 of their paper. Kuźmicz & Jamrozy (2012) shown that
the two populations are rather similar in their properties, such as black hole mass and
accretion rate, and hence we consider both as one sample.

They measured the viewing angle, defined from the jet axis to the line-of-sight,
with the assumption that the asymmetries of an object is due to the Doppler beaming
of the jet:

i = arccos

[
1

βj

s− 1

s+ 1

]
, (6.3)
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where s = (Sj/Scj)
1/(2−α), Sj and Scj are the peak flux density of the lobe nearer to

and father from the core respectively. The jet velocity, βj , is taken to be 0.6 of speed of
light (Wardle & Aaron 1997; Arshakian & Longair 2004) and the spectral index, α, is
-0.6 (Wardle & Aaron 1997).

Since the velocity shifts of the lines are not provided, we cross-match their sample
with z ≥ 1.5, with those in the parent sample of SDSS DR12Q (Pâris et al. 2017) and
SDSS DR7Q (Shen et al. 2011) catalogues. 15 sources found in SDSS DR7Q and 8 in
SDSS DR12Q, with 7 of them are also in SDSS DR7Q. Thus, our analysis can only
exploit the 15 objects from SDSS DR7Q along with their corresponding values of broad
emission lines properties for consistency.

We show the distribution of ratio FWHM and velocity shifts with inclination angle
in Fig. 6.16. Similarly, the samples from Shen et al. (2011) SDSS DR7Q catalogue are
also plotted for representation of the actual trend. The small sample of radio quasars
mostly have high inclination angle (near edge-on) located at low FWHM ratio and high
velocity shift of the distribution, while the only object with near pole-on viewing angle
of 13° is situated at higher FWHM ratio and lower velocity shift. However, there is also
a mixture of intermediate inclination angles, between ∼ 40° and ∼ 60°, in the lower right
end of the sequence. Some of the associated errors in the FWHM ratio and velocity
offsets are also large.

It has been noted that the majority of radio quasars consist of close to edge-on
objects of i > 60° (Kuźmicz & Jamrozy 2012). Although seems to contradict the
traditional unified AGN picture, this can be related to the clumpy (Nenkova et al. 2008)
or receding torus model (Lawrence 1991). The nearly pole-on angle object also might be
a possible BL Lac source (Kuźmicz & Jamrozy 2012).

6.4.4 Line Width of Hβ

We use two samples from the literature that provide emission line measurements covering
the UV and optical regime. The first sample (Tang et al. 2012, hereafter T12) contains
bright quasars with redshift z < 1.4, including radio-loud and radio-quiet, compiled
from three subsamples, namely selected UV-excess Palomar-Green quasars, spectra with
far-UV from Far Ultraviolet Spectroscopic Explorer and Hubble Space Telescope, and
radio-loud quasars. Sect. 2 of their paper outlines the sample selection and spectral
fitting procedure. They modelled the regions in the vicinity of C iv, Mg ii, and Hβ with
a power-law continuum. Two Gaussian components are applied to fit individual broad
emission lines, except for Hβ which requires an extra Gaussian to reflect the narrow line
region emission. Using the fitted model, they calculated the properties of the emission
lines. They also evaluated the velocity shifts between the fitted peak of the line and the
systemic redshift. The spectral line measurements are listed in Table 3 and Table 4 of

150



CHAPTER 6. QUASAR ORIENTATION

−6000 −4000 −2000 0 2000

∆ v(C iv - Mg ii) [km s−1]

0

1

2

3

4

5

F
W

H
M

(C
iv

/
M

g
ii

)

0

10

20

30

40

50

60

70

80

90

In
cl

in
at

io
n

an
gl

e
[◦

]

Figure 6.16: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii, with inclination. The distribution is colour-coded by increasing
colour gradient with inclination from 0° (pole-on) to 90° (edge-on) using radio quasars
sample of Kuźmicz & Jamrozy (2012). The emission lines measurements and errors are
obtained from Shen et al. (2011) SDSS DR7Q catalogue. For comparison, their high
spectral quality (high S/N) samples are superimposed in small grey symbols.

their paper. For our sample, we use 70 out of 85 objects that have complete emission
line measurements for C iv, Mg ii, Hβ, and [O iii].

The second sample consists of 60 luminous quasars at intermediate redshift of
z ∼ 1.5–2.2 that cover the C iv to Hβ region (Shen & Liu 2012) and a subsequent
follow-up survey that extends to cover [O iii] region (Shen 2016). The selection of sample
and spectral measurements are specified in Sect. 2 (Shen 2016) and Sect. 3 (Shen &
Liu 2012) of their paper. They applied spectral fitting to the optical and near-infrared
spectra to extract the continuum and line features. A pseudo-continuum is created by
fitting a power-law continuum using UV and optical line templates, depending on the
wavelength region. It is then subtracted from the original spectrum to yield the spectrum
of emission lines. They fitted Gaussian profiles in logarithmic wavelength to model the
broad and narrow components of the emission line. Using the fitted model, the emission
line properties are derived, including the FWHMs of the broad line component. The
relative velocity shifts are measured at the centroid of the narrow [O iii], broad C iv,
Mg ii, and Hβ. Since [O iii] is not within the coverage in Shen & Liu (2012), in our
analysis, the Hβ and [O iii] line measurements are taken from Shen (2016), while the
C iv and Mg ii line properties are from Shen & Liu (2012) to be consistent. Hereafter,
this cross-matched sample is the S12xS16 sample.

The distribution of Hβ FWHM onto the ∆v(C iv-Mg ii) and FWHM(C iv/Mg ii)
relation is illustrated in Fig. 6.17. The ∆v(C iv-Mg ii) and FWHM Hβ are positively
correlated, while the opposite correlation between FWHM(C iv/Mg ii) and FWHM Hβ is
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Figure 6.17: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii, with FWHM Hβ. The distribution is colour-coded by increasing
colour gradient with FWHM Hβ using quasars sample of T12 (Tang et al. 2012) in green
squares and S12xS16 (Shen & Liu 2012; Shen 2016) in yellow diamonds.

seen (Table 6.3). This finding agrees with the expectation from the orientation indicator
using Hβ line width, whereby the FWHM of Hβ is broader for high inclination, less
blueshifted, and small FWHM(C iv/Mg ii) ratio objects.

Using T12 sample, the ∆v(C iv-Mg ii) and FWHM(C iv/Mg ii) correlation is
weaker compared to that using S12xS16 sample, though both are significant at pS < 5%.
The anti-correlation between the line width ratio and Hβ is highly significant with
pS � 0.01% in both samples. Meanwhile, the relationship between the velocity shift and
Hβ is not statistically significant in T12 sample but significant at pS < 5% in S12xS16
sample. Combining both samples yields a significant pS value between the parameters.

6.4.5 Line Strength of [O iii]

We use the bright quasar samples (Tang et al. 2012) and the SDSS DR7Q optical
and near-infrared spectral measurements (Shen & Liu 2012; Shen 2016) described in
the previous section. The behaviour of EW [O iii] on the FWHM(C iv/Mg ii) versus
∆v(C iv-Mg ii) map, shown in Fig. 6.18, seems to be consistent with high EW [O iii]
objects situated at lower right end of the map for viewing angle close to the accretion disk.
When considering both samples from T12 and S12xS16, the Spearman rank correlation
coefficients of velocity shifts and FWHM ratio with EW [O iii] are highly significant
(pS < 0.1%) with rS = 0.304 and rS = −0.399, respectively (Table 6.3).

However, examining the samples separately, the EW [O iii] with ∆v(C iv-Mg ii) and
FWHM(C iv/Mg ii) relations in S12xS16 sample are not significant. This inconsistency
is probably due to the lack of high EW [O iii] quasars in S12xS16 sample to be considered
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Figure 6.18: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii, with equivalent width (EW) [O iii]. The distribution is colour-
coded by increasing colour gradient with EW [O iii] using quasars sample of T12 (Tang
et al. 2012) in green squares and S12xS16 (Shen & Liu 2012; Shen 2016) in yellow
diamonds.

as near edge-on orientation objects, whereby only 6 quasars have EW [O iii] ≥ 30Å, with
4 of them range ∼ 30–40Å. This is portrayed in Fig. 6.18, where it is colour-coded into
a different range of EW for distinction. The sample in T12 contains more objects with
high EW, with almost half or 30 of them that display high EW [O iii] of ≥ 30Å. There
is a highly significant anti-correlation between the EW [O iii] and FWHM(C iv/Mg ii)
at pS < 0.1%, though EW [O iii] and ∆v(C iv-Mg ii) show non-significant correlation.
This might be also because of the weak negative relation between ∆v(C iv-Mg ii) and
FWHM(C iv/Mg ii) with rS = −0.271 and lower significance at pS < 5%.

Assuming that the line width of Hβ and the line strength of [O iii] are both
inclination diagnostics, the Spearman correlation coefficients are highly significant at
pS � 0.01% when using T12 sample and with S12xS16 merged. The rS and pS values
are weaker in S12xS16 sample.

6.4.6 Low-ionisation Broad Absorption Line Quasars

To examine the emission line properties of LoBAL quasars, we use the catalogue of BAL
quasars from the SDSS DR3 (Trump et al. 2006). The descriptions on the construction
of the spectra and selection of BAL quasars are given in Sect. 3 and Sect. 4 of their paper.
They identified 0.5 ≤ z ≤ 2.15 quasars with LoBAL features in Mg ii line that satisfy a
less stricter measure of BAL, the absorption index (AI; Hall et al. 2002). They adopted
a modified version of AI such that it measures the true EW and the whole absorption up
to 29 000 km s−1 through an automated pipeline. Their parent sample consists of about
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Figure 6.19: Ratio of full width at half maximum, FWHM, against velocity shift, ∆v,
between C iv and Mg ii, with low-ionisation broad absorption line (LoBAL) quasars.
The LoBAL classification is obtained from Trump et al. (2006). The emission lines mea-
surements are obtained from Shen et al. (2011) SDSS DR7Q catalogue. For comparison,
their high spectral quality (high S/N) samples are superimposed in small grey symbols.

1.31% LoBAL quasars. By cross-matching their catalogue with the quasar properties
SDSS DR7Q catalogue (Shen et al. 2011), we obtain 72 LoBAL quasars.

Figure 6.19 shows the sample of LoBAL quasars on the ratio FWHM and velocity
shift relation. They seem to be preferentially clustered towards the lower right of the
distribution, implying mid to high inclination angles. This supports our viewpoint that
LoBALs are seen preferentially near equatorial angle, though about 20% appears on the
opposite end with more blueshifted and higher C iv FWHM than Mg ii. It is crucial
to point out that BALs might inherently have large blueshift, which reflects the wind
outflow. Additionally, the absorption trough might affect the line width measurement.

6.4.7 Summary of Comparison with Other Inclination Measurements

The presented statistics and analyses demonstrate that our proposed correlation using
the ratio of FWHM and the velocity shift of C iv and Mg ii is generally consistent
with other inclination angle measurements from the literature. Inclinations of radio
sources can be loosely inferred from the radio morphology and radio core dominance.
These measurements of inclination are also roughly consistent when projected onto our
proposed indicator.

Since Hβ and Mg ii are both low-ionisation lines, they are expected to be emitted
at similar locations in the BLR, close to the disk with a dominant rotational component.
Hence the strong correlation between the FWHM(Hβ) and ratio FWHM(C iv/Mg ii).
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The strength of [O iii] provides an indication of the geometry of the emitting region,
which also reflects orientation. This metric is weakly correlated when compared to the
FWHM ratio and velocity shifts. The distribution of LoBAL quasars on our proposed
inclination indicator also agrees with the prediction that these population being observed
close to equatorial plane.

6.5 Comparison with Simulations

Since our proposed inclination indicator is derived mainly based on the kinematics of
the wind, we can test whether our simple kinematical BLR disk-wind model is able
to predict a similar trend as seen in observation. Detailed descriptions on the wind
kinematics and modelling are mentioned in § 3.2. The BLR disk-wind is modelled with
a wide wind opening angle and the choices of our input parameters are mentioned next.

6.5.1 Modelling the Wind Kinematics

A sketch of the wide disk-wind model is presented in Fig. 6.20. The main parameter
values adopted are shown on the left side of Fig. 6.20 and the full list in Table 6.4. To
create our fiducial model, we utilise constraints from observations and theory. The black
hole mass is estimated based on the virial black hole mass measurements from the SDSS
DR7Q quasar properties catalogue (Shen et al. 2011). Assuming that it scales with the
continuum luminosity, λLλ, and the broad emission line width, the virial black hole
mass, MBH,vir, is expressed as

logMBH,vir = a log

(
λLλ

1044 erg s−1

)
+ 2 log FWHM + b, (6.4)

where (a, b) = (0.62, 0.74) calibrated based on Mg ii line for 0.7 ≤ z < 1.9 (Shen et al.
2011) and (a, b) = (0.53, 0.66) calibrated based on C iv line for z ≥ 1.9 (Vestergaard
& Peterson 2006). The mean of MBH,vir in our SDSS DR7Q sample is 109.49M�
(3.07× 109M�), and we set MBH = 109M� in our model.

The mass accretion rate onto the black hole is determined by the accretion
parameters. The radiative efficiency at which mass is converted to radiation is given by
η = Lbol/Ṁaccc

2, where Lbol is the bolometric luminosity and Ṁacc is the total mass
accretion rate. For luminous sources at intermediate redshift, η is found to be > 0.2

(Davis & Laor 2011; Trakhtenbrot 2014). Since our sample consists of high bolometric
luminosity quasars with mean Lbol ≈ 1.23× 1047 erg s−1, we use η = 0.2. The accretion
rate is then Ṁacc ∼ 10M� yr−1 and the total mass-loss rate of the wind, Ṁwind, is also
set to this value.
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The wind has a wide range of angles from 15° to 60°. For this model, the wind
is also optically thick and is bounded within radius from 5 × 1017 cm to 4 × 1018 cm.
To justify our selected parameters, these values are chosen using the well-known BLR
radius–luminosity (r–L) relation (Kaspi et al. 2007; Bentz et al. 2009) from RM studies
as a baseline. The BLR radius in units of light days is given by

rBLR = c

(
λLλ

1044 erg s−1

)d
, (6.5)

where (c, d) = (19.1, 0.56) derived at 1350Å using the average of fitted slopes from
mean time lags of Balmer lines for all dataset per object (Kaspi et al. 2005) and
(c, d) = (18.5, 0.62) derived at 3000Å (McLure & Dunlop 2004). Using these relations,
the mean radii of the BLR are 1.39× 1018 cm for 1350Å and 1.50× 1018 cm for 3000Å,
which provide an estimate of the emitting region for C iv and Mg ii lines in the wind.
These values are within the bounds of the BLR wind in our model. The size of BLR
using Hβ of reverberation-mapped samples is also found to be ∼ 2–3 times larger than
that using C iv (Peterson et al. 2004). Subsequently, we fix the BLR radius to be
rBLR = 5× 1018 cm.

For C iv to be blueshifted and broader than Mg ii, the wind poloidal velocity
has to be boosted enough to overcome the rotational component. There are couple of
free parameters that regulate the poloidal velocity, two of which are Rv and α. The
acceleration scale height, Rv, of the poloidal velocity determines the stage where the
wind attains half of its terminal velocity. The acceleration of the poloidal wind is dictated
by the power law index, α. The quantities Rv and α are set to be 1× 1018 cm and 3.5
respectively such that the poloidal velocity near the wind base accelerates slowly but
quickly gains speed with higher poloidal distance.

The wind is partitioned into 4 by 4 ‘wind zones’ to emulate the stratification in
the BLR wind, as illustrated on the right side of Fig. 6.20. We explore a set of zone
pairs for Mg ii and C iv emission lines. Wind zones [0, 1]–[0, 3] are chosen as plausible
line emitting region for Mg ii line, and zones [2, 0]–[2, 1] for C iv.

Once the wind kinematics are set up, a Monte Carlo simulation is employed to
generate large number of random particles within each zone. The projected line-of-sight
velocity as a function of inclination angle between 10° and 80° is computed for each
particle, which is binned to create a histogram, and finally considered in the production
of the total line profile. Within each specified bins, the counts are weighted according
to the density and radiative transfer intensity. The contribution of every particle at its
given velocity is then the total emission line profile. A smooth emission line profile is
produced by convolving with a Gaussian kernel. The line width of the smoothed line is
evaluated at its FWHM. The velocity shift of individual emission line is estimated from
the median of the line to the axis centre. The median is used instead of the line peak
due to the shape of the generated line profile. The velocity shift of C iv with respect to
Mg ii is then the difference between the two shifts.
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Figure 6.20: A sketch of the disk-wind model with wide opening wind. Left: Adopted
fiducial parameters values. Right: Wind zones indicated by rows and column, from
bottom to top and left to right.

Table 6.4: Adopted parameter values in the fiducial wide wind model.

Parameter Notation Value

Black hole mass MBH (109M�) 1.0
BLR size rBLR (1017 cm) 50.0

rBLR (light-days) 1930.3
rBLR (rg) 33 852.5

Wind radius rmin; rmax (1017 cm) 5.0; 40.0
rmin; rmax (light-days) 193.0; 1544.3
rmin; rmax (rg) 3385.2; 27 082.0

Wind opening angle θmin; θmax 15.0°; 60.0°
Scale height Rv (1017 cm) 10.0

Rv (light-days) 386.1
Rv (rg) 6770.5

Acceleration power law index α 3.5
Total mass-loss rate Ṁwind (M� yr−1) 10.0
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6.5.2 Predictions with Simulation

The predicted emission line profile properties with inclination angle are shown in Fig. 6.21.
Additionally, Fig. 6.22 depicts the shape of the line profiles in each zone. As expected, the
line profiles closest to the base of the wind streamline at zones [0, b] are less blueshifted
and broader due to the stronger contribution from the Keplerian rotational velocity.
Meanwhile, emission lines situated at zones further above the disk have larger wind
poloidal velocity wind and lesser from the rotational component, which are reflected by
the more blueward shifts away from the line centroid and reduced FWHMs. The line
shifts and FWHMs in zones [2, b] and [3, b] are also fairly similar.

The blueshift is the most prominent at low inclination angle (Fig. 6.21a). Subse-
quently, it becomes smaller with increasing viewing angle since the line-of-sight is moving
away relative to the wind. At small inclination angle, the line-of-sight velocity is also
less affected by the rotational component, and hence the smaller FWHM (Fig. 6.21b).
The line width peaks as the angle of inclination approaches equatorial view.

Figure 6.23 presents the ratio FWHM versus the velocity shifts of the line profiles
emitted from zones [2, 0]–[2, 1] and [0, 1]–[0, 3]. As explained in the previous section,
[2, 0]–[2, 1] is the zone of the wind emitting C iv, while [0, 1]–[0, 3] is emitting Mg ii.
Figure 6.23 therefore examine how the ratio of the FWHM and the velocity shifts between
the two lines vary when comparing different regions of the wind. As the relative distance
between the two emitting regions increases, the velocity shift decreases while the FWHM
ratio increases. This is demonstrated in, for example, the line profiles in zone pairs [2, 0]
and [0, 2] have higher blueshift and FWHM ratio than those in zones [2, 1] and [0, 2].

As a comparison, the fitted linear regression models using observational data are
also overlaid in Fig. 6.24. The prediction from our simple kinematical model matches well
with the fitted slopes, with the scales of the parameter within those from observations. In
general, the model is able to qualitatively reproduce the negative relationship between the
ratio FWHM and velocity shift with higher inclination angle (near edge-on), consistent
with our proposition.

6.6 Potential of the Orientation Indicator

Using two easily measured characteristics of emission line in the UV-optical, we demon-
strate that the correlation between the velocity difference and FWHM ratio of C iv and
Mg ii lines is due to angle-of-viewing. We argued that the relation can be explained in a
simple physical model of the disk-wind. We have tested the predictions of our diagnostic
against other tests which claim to indicate orientation. The results shown indicate broad
consistency with our indicator. The analytic disk-wind modelling performed has also
successfully reproduced the range of velocity difference and FWHM ratio.

158



CHAPTER 6. QUASAR ORIENTATION

10 20 30 40 50 60 70 80

Inclination angle, i [◦]

−2500

−2000

−1500

−1000

−500

0

v
[k

m
s−

1
] [0, b]

[1, b]

[2, b]

[3, b]

[a, 0]

[a, 1]

[a, 2]

[a, 3]

(a) Velocity shift relative to the line profile
centroid, v, against i

10 20 30 40 50 60 70 80

Inclination angle, i [◦]

1000

2000

3000

4000

5000

6000

7000

8000

F
W

H
M

[k
m

s−
1
]

[0, b]

[1, b]

[2, b]

[3, b]

[a, 0]

[a, 1]

[a, 2]

[a, 3]

(b) Full width at half maximum, FWHM,
against i

Figure 6.21: Simulated emission line properties as a function of inclination angle i. The
different colours and line-styles represent distinct rows and columns in the wind zones.
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Figure 6.24: Comparison between simulation and observation. Figure 6.23 with superim-
posed fitted lines from observation, shown in Fig. 6.5. The representation of the different
colours is as detailed in Fig. 6.23 caption.
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All evidence that has been presented favours a disk-wind model similar to the one
presented. However, as mentioned in § 6.3.3, there are a few caveats in our approach
that are worth reiterating. The dataset used to test the model has been derived from
automated algorithms of the very large SDSS dataset. Thus, it is expected that some
individual data points will be revised with more careful individual analysis. However,
this will not void the basic trend. The chosen linearity between the projected distance
and the inclination angle and the range of this mapping is also not entirely justified,
however, this choice leads to a physically sensible interpretation and fits our simple
model. Ultimately, further modelling, including the choice of the C iv and Mg ii emission
regions and photoionisation effects, will be needed to better establish this mapping.

In our modelling, the acceleration power law index of 3.5 is chosen as it fits the
model with the observations. The α parameter provides a sense of the rate of increase in
the poloidal velocity component as the wind travels further out. For α = 1, this implies
a slow increase in the wind acceleration with increasing distance (see Fig. 4.10). The
high α value in our model suggests that a significant boost in the poloidal velocity is
needed to be able to reproduce the observed non-virial broadening in high-ionisation
emission lines, like C iv. Understanding the behaviour of the wind will allows us to make
predictions on the physics of the BLR.

The expected variation in physical properties due to the angle-of-viewing provides
a strong motivation to develop this model and improve the estimation. Future detailed
analysis of the datasets, combined with optimisation of model parameters and properly
account for other intrinsic properties of the source such as the accretion state and
luminosity, will enable the angle-of-viewing to be well-determined. Once the effects of
orientation are accounted for, more robust determinations of other physical parameters
are possible, providing a natural framework for unravelling a detailed physical model
for quasars. If the physics of these highly luminous sources can be unravelled, they
potentially provide a standard candle, with which to map the structure of the distant
universe (Marziani & Sulentic 2014; Risaliti & Lusso 2015, 2019; Lusso et al. 2019).

The measured characteristics of the high and low ionisation lines differ, providing
clear evidence that they arise in different geometric and kinematic locations of the disk-
wind. Interpreted in the correct model, this data can be used to measure angle-of-viewing
to the quasar. If the angle-of-viewing can be robustly measured, then finally a key
observational parameter in the physical model of the emitting regions of a quasar can be
determined, significantly helping the mapping, both geometrically and kinematically, of
those regions. Also, emission line widths are used to estimate black hole masses, and the
orientation may introduce up to an order of magnitude variation (see Chapter 7). Thus,
determination of the angle-of-viewing will significantly improve black hole estimates.
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6.7 Summary

The scales of AGN emission regions are small enough that the detailed structure is
unlikely to be directly resolved at wavelengths shorter than infrared in the foreseeable
future. Thus, the challenge of understanding their complex physical structure must rely
on observational proxies and physically motivated modelling. Since AGN are powered
by gravitational accretion, the emission regions are expected to be axisymmetric. This
also suggests that the accretion disk will be opaque in the inner regions, and therefore
only the forward side of the emission region will be observed. Therefore, unravelling the
detailed physics will be greatly simplified if an accurate measure of the viewing angle of
the observer can be determined.

In this work, we have made significant progress in determining the viewing angle
to individual AGN. We have:

• Found a strong correlation between two easily measurable parameters in the
ultraviolet emission spectrum of AGN. Specifically, we have chosen a high ionisation
line, C iv, and a lower ionisation line, Mg ii, and shown that they must be emitted
in different parts of a disk-wind. The measured physical parameters are the velocity
shifts and line widths, both of which might be expected to depend on orientation.

• Established that qualitatively, the correlation is consistent with an explanation
due to orientation angle. Quasars viewed at close to face-on angle are predicted
to exhibit large blueshifts and line width ratio of C iv and Mg ii. In contrast, the
blueshifts and relative ratio of the line widths decrease as the inclination is towards
edge-on.

• Compared this measurement with a few known orientation indicators in the
literature. In particular, the results for LoBALs is strongly consistent, but other
indicators are broadly consistent with our predictions.

• Modelled the correlation using a simple disk-wind, suggesting that a detailed
exploration of the model parameters will further refine the structure of the physical
models for the broad emission line regions of AGN.

AGN, particularly at high redshift, have a profound impact on galaxy evolution
and as tracers of cosmography. If a standard physical model for the observables of an
AGN can be determined, then these objects might realise their potential for cosmological
studies.
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CHAPTER 7

Black Hole Mass Estimation

This chapter is based on the publications:

• Yong, S. Y., Webster, R. L., & King, A. L. (2016). Black Hole
Mass Estimation: How Good is the Virial Estimate? PASA, 33, e009.
ADS: 2016PASA. .. 33. .. .9Y . doi: 10. 1017/ pasa. 2016. 8

• Yong, S. Y. & Webster, R. L. (2019). Black hole mass estimation:
Modelling the biases. In 2019 6th International Conference on Space
Science and Communication (IconSpace) (pp. 139–143). doi: 10. 1109/
IconSpace. 2019. 8905923

Abstract

Black hole mass is a key factor in determining how a black hole interacts with its
environment. However, the determination of black hole masses at high redshifts depends
on secondary mass estimators, which are based on empirical relationships and broad
approximations. A dynamical disk wind BLR model of AGN is built in order to test
the impact of different BLR geometries and inclination angles on the black hole mass
estimation. Monte Carlo simulations of the disk wind model are constructed to recover
the virial scale factor, f , at various inclination angles. The resulting f values strongly
correlate with inclination angle, with large f values associated with small inclination
angles (close to face-on) and small f values with large inclination angles (close to
edge-on).

The recovered f factors are consistent with previously determined f values, found
from empirical relationships. Setting f as a constant may introduce a bias into virial
black hole mass estimates for a large sample of AGN. However, the extent of the bias
depends on the line width characterisation (e.g., FWHM or line dispersion). Masses
estimated using fFWHM tend to be biased towards larger masses, but this can generally
be corrected by calibrating for the width or shape of the emission line.
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7.1. BACKGROUND

7.1 Background

BHs are widely believed to be located at the centre of most galaxies, both active and
quiescent galaxies (Kormendy & Richstone 1995; Richstone 1998; Ferrarese & Ford 2005;
Kormendy & Ho 2013). Relationships have long been observed between the mass of
the black hole and the properties of the host-galaxy, namely stellar velocity dispersion
(the MBH–σ∗ relation; Ferrarese & Merritt 2000; Gültekin et al. 2009; McConnell & Ma
2013), light concentration (the MBH–Crc relation; Graham et al. 2001), bulge luminosity
and bulge stellar mass (the MBH–Lbulge and MBH–Mbulge relations; Magorrian et al.
1998; Marconi & Hunt 2003; McConnell & Ma 2013). Despite this, the origin of
these correlations and the role of the central BH in galaxy evolution, are still not well
understood (Silk & Rees 1998; King 2003, 2005; Di Matteo et al. 2005; Murray et al.
2005; Di Matteo et al. 2008; Park et al. 2015). The properties of a BH can be related to
its mass, MBH, and to understand the interplay between the BH and its host galaxy, we
require precise and accurate MBH measurements over a broad range of galaxy properties
and cosmic time.

We attempt to recover a theoretical prediction of the f factor in the BH mass
estimation based on a dynamical disk wind model of the BLR and investigate the impact
of orientation on the value of f . The overview of this chapter is as follows. The different
methods used to measure the BH mass and the associated uncertainty are reviewed in
§ 7.1. In § 7.2, we describe our approach in modelling the disk wind. The results of the
simulations are presented in § 7.3. In § 7.4, we discuss our findings and compare them
to previous studies. The conclusions are given in § 7.5.

7.1.1 Methods of BH Mass Measurement

There are two methods of BH mass measurement. The BH masses estimated using the
aforementioned relations between the MBH and host-galaxy attributes are examples of
indirect method. In general, an indirect method is based on established observables
related to the mass of the BH. Other examples are fundamental plane and AGN scaling
correlations, e.g., between the size of BLR and luminosity of AGN, which will be discussed
later. The main advantage of this method is that it can be applied to large samples,
albeit less accurately for individual sources. On the other hand, the direct method
measures the value of MBH directly using the dynamics of stars or gas in close proximity
to the BH (Ferrarese & Ford 2005; McConnell & Ma 2013). However, this method is
limited to the local universe due to the high spatial resolution required. Examples of
this method are stellar and gas dynamics, megamasers, and RM.
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Additionally, depending on the number of assumptions and model involved, the
methods are categorised into primary, secondary, and tertiary, where the primary estima-
tor contains the fewest assumptions. Stellar dynamics, gas dynamics, and megamasers
are grouped under primary method since they are not based on other results. The RM
technique is currently a secondary direct method as it requires another primary method
for calibration. This will be reviewed in the next section. A flowchart of different BH
mass calibration methods from Peterson (2010) is displayed in Fig. 7.1.

Figure 7.1: Flow chart of black hole mass measurements methods from Peterson (2010).

7.1.1.1 Reverberation Mapping BH Mass

RM of AGN provide an alternative method of BH estimation at high cosmological
distance, with calibration via MBH–σ∗ relation. Variable continuum emission originating
from the accretion disk is absorbed by nearby gas deep within the gravitational potential
of the BH (broad line region). The BLR gas reprocesses this radiation and emits Doppler
broadened emission-lines. The corresponding emission-line flux is observed to vary in
response to the continuum flux in a roughly linear fashion with a time delay, τ . This time
delay corresponds to the light travel time to the mean responsivity-weighted distance
to the BLR from the accretion disk. RM is based on the assumption that there is a
simple, though not necessarily linear, relationship between the observed continuum and
the ionising continuum (Peterson 1993). In general, the emission line response has been
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found to be approximately linear in fashion; however, non-linear responses have been
observed in NGC7469 (Peterson et al. 2014), NGC5548 (De Rosa et al. 2015) during the
second half of the campaign, and J080131 (Du et al. 2015). The mechanism causing the
observed non-linear response in these objects is not well understood.

Under the assumption that the gas in the BLR is virialised and its motion is
dominated by the gravitational field of the central BH, the mass of the BH is (Peterson
& Wandel 1999)

MBH = f

(
∆V 2R

G

)
= fMvir, (7.1)

where R = cτ is the radius of the emitting line, c is the speed of light, and G is the
gravitational constant. The velocity dispersion, denoted by ∆V , is determined from
the width of an individual broad emission line by measuring the FWHM or the line
dispersion, σline, and f is the virial factor that links the line-of-sight virial product, Mvir,
to the true BH mass.

7.1.1.2 Radius–Luminosity Relation

RM has yielded masses for approximately ∼ 50 AGN (Bentz & Katz 2015) and the
values of R have been found to exhibit a power law relationship with the AGN continuum
luminosity, λLλ (Kaspi et al. 2000; Bentz et al. 2009, 2013), as predicted from simple
photoionisation physics (Davidson 1972; Krolik & McKee 1978). The empirical relation
has the form of R ∝ La with different value of a depending on which emission line is
used. It is formally known as the BLR radius–luminosity (R–L) relationship (e.g., Kaspi
et al. 2007; Bentz et al. 2009).

Assuming that the SEDs and BLR density distribution are independent of the
luminosity, the value of a = 0.5 is expected based on photoionisation calculation. The
ionisation parameter, U , can be expressed as (Osterbrock & Ferland 2006):

U =
1

4πR2cnH

∫ ∞
ν0

Lν
hν

dν =
Q(H)

4πR2cnH
, (7.2)

where R is the distance from the central source, nH is hydrogen number density, ν0 is
the threshold frequency for ionisation of hydrogen, Lν is the source luminosity per unit
frequency interval, and Q(H) ∝ L is the number of ionising photons for hydrogen. Then,
the radius of the BLR follows the square root of the ionising luminosity, R ∝ L0.5 (e.g.,
Netzer 1990). This is also anticipated if the BLR size is reflected by the dust sublimation
radius (Netzer & Laor 1993). However, there have been observational indications of the
SED dependency on the luminosity, and hence one assumption is not validated (e.g.,
Mushotzky & Wandel 1989; Zheng & Malkan 1993; Puchnarewicz et al. 1996).
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7.1.1.3 Single-Epoch Virial BH Mass Estimator

The strong R–L correlation is the basis of single-epoch virial BH mass estimators (‘virial
BH mass estimators’ for short), which estimate the mass of the BH using a single-epoch of
spectroscopy (e.g., Laor 1998; Wandel et al. 1999; McLure & Jarvis 2002; Vestergaard &
Peterson 2006). The single-epoch mass estimation method is routinely used to estimate
BH masses (e.g., Vestergaard et al. 2008; Vestergaard & Osmer 2009; Willott et al.
2010; Schulze & Wisotzki 2010; Mortlock et al. 2011; Trump et al. 2011; Shen & Liu
2012; Kelly & Shen 2013), and allows the black hole–galaxy correlations to be studied
using large samples of galaxies. Using FWHM as the velocity dispersion, the BH mass
scaling is then Mvir = Mvir(L,FWHM) ∝ LaFWHM2, which can be rewritten as (e.g.,
Vestergaard & Peterson 2006)

log

(
Mvir

M�

)
= a log

(
λLλ

1044 erg s−1

)
+ 2 log

(
FWHM
km s−1

)
+ b, (7.3)

where Lλ is the monochromatic luminosity at wavelength λ and (a, b) are the coefficients
empirically estimated using local reverberation-mapped AGN. A list of commonly
adopted cross-calibrated recipes is provided by McGill et al. (2008).

The Balmer line Hβ with the optical continuum luminosity at 5100Å, L5100,
was originally used in the R–L relation and arguably the most reliable estimator of
the BLR size and single-epoch BH mass (e.g., Kaspi et al. 2000; Bentz et al. 2009).
Subsequently, other emission lines, including Mg ii and C iv, and their corresponding
continuum luminosities at 3000Å and 1350Å, can also be utilised in the calibration.
Theoretically as derived previously, the quantity a = 0.5 will also recover the virial
assumption. Some studies are able to obtain (a, b) of (0.50, 0.910) for Hβ (Vestergaard &
Peterson 2006) and (0.50, 0.860) for Mg ii (Vestergaard & Osmer 2009). Though, it often
differs slightly from the ideal case, for example, (0.61, 0.672) from McLure & Dunlop
(2004) for Hβ, (0.62, 0.505), (0.62, 0.740) from McLure & Dunlop (2004) and Shen et al.
(2011) for Mg ii, and (0.53, 0.660) from Vestergaard & Peterson (2006) for C iv.

A number of studies has also considered alternative parameters to be used for the
line width and luminosity in Eq. (7.3). Instead of the FWHM, it has been suggested
that the line dispersion σline is more representative of the emission line width and yields
a less biased estimate (e.g., Peterson et al. 2004; Collin et al. 2006). Another indicator
for the line width, using the mean absolute deviation, has been found to be a better
measure of the velocity width, especially if the quality of the data is poor, as it is less
sensitive to the core component and the high velocity wings of the line profile (Denney
et al. 2016; Park et al. 2017).

Sometimes using the continuum luminosity is not practical since the continuum
might be too faint or contaminated by host galaxy starlight or relativistic jet emissions
of RL AGN. In this case, the line luminosity of the BELs, such as those based on
recombination line like Hβ (Osterbrock & Ferland 2006), can be employed to approximate
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the BLR size and BH mass (e.g., Wu et al. 2004; Greene & Ho 2005; Shen et al. 2011;
Shen & Liu 2012). Various studies have been conducted to examine the correlation
between the luminosities of different lines and the continuum luminosity at 5100Å.
Using samples with minimal contamination from host galaxy light, Shen & Liu (2012)
showed that LHβ and LMg ii are comparable to that of L5100, while LC iv and LC iii] are
poorly constrained with L5100. One reason is due to the fact that HILs and LILs differ
in ionisation potential and so we might expect them to exhibit dissimilar properties
and behave differently (Sulentic et al. 2000). Alternatively, other proxies for ionising
luminosity include those using fluxes at hard X-ray, narrow [O iii]λ5007, and narrow
[O iv]λ25.8µm (Greene et al. 2010), though their reliabilities are still debatable due to
lack of calibration.

7.1.2 Sources of Uncertainty

Despite the widespread use of the single-epoch method, it is not immune to random and
systematic uncertainties (e.g., Vestergaard & Peterson 2006; Collin et al. 2006; McGill
et al. 2008; Shen et al. 2008; Denney et al. 2009; Richards et al. 2011; Denney 2012;
Park et al. 2012b). Some common sources of uncertainty are mentioned below.

Firstly, the dominant portion of error is due to the insufficient information about
the BLR, which is integrated into the unknown virial factor f . The uncertainty in the
single-epoch BH mass induced from the f factor is one of the main subjects of this
chapter and will be discussed in detail in the next section. Secondly, the R–L relationship
used to deduce the BLR size is prone to intrinsic scatter. Using reverberation-mapped
AGN, the scatter in the slope of the R–L relation is approximated to be 34%–40% after
accounting for the contribution from the host-galaxy starlight (Bentz et al. 2009).

Thirdly, there might be some systematic differences in the line width measurements
between the single-epoch spectra and root-mean-square (rms) spectra used in RM studies.
The widths of Hβ line profile computed in mean spectra for single-epoch mass estimates
are often broader compared to those in rms spectra (e.g., Sergeev et al. 1999; Shapovalova
et al. 2004; Collin et al. 2006; Denney et al. 2009; Park et al. 2012b). Fourthly, variability
in the line profile due to the changes in continuum luminosity and line width can also
induce a small scatter of roughly ∼ 25% or ∼ 0.1dex to the single-epoch masses (e.g.,
Wilhite et al. 2007; Denney et al. 2009; Park et al. 2012b). This is because the luminosity
variability amplitude only fluctuates slightly ∼ 0.1–0.2magnitude over an order of few
years timescales (e.g., Sesar et al. 2007; MacLeod et al. 2010, 2012).

Lastly, the selected AGN samples in RM campaigns are likely to suffer from
selection bias. The samples are usually heterogeneous and do not encompass the whole
AGN population, whereby luminous and/or high redshift objects are under-sampled
(e.g., Richards et al. 2011). Therefore, a proper calibration of the BH mass estimator for
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single-epoch method is required to reduce the systematic and statistical errors. This
will ensure that the mass estimated remains accurate and unbiased.

7.1.2.1 The Virial Factor f

Several different virial BH mass estimators have been developed in the last decade,
based on different line width characterisations and different lines. The FWHM of the
Hβ, Mg ii, and C iv emission lines and a set value of f , are commonly used. Due to
the widespread use of virial BH mass estimators, it is critical to fully understand the
variation expected in f within the AGN population.

The value of the f factor depends on the structure, kinematics, dynamics, and
orientation of the BLR with respect to the observer. Its value is expected to be different
for every AGN. Nevertheless, it is a common practice to adopt a single f factor value
for all AGN, calibrated from the local RM sample under the assumption that the
MBH–σ∗ relation is consistent between quiescent and active galaxies (Gebhardt et al.
2000; Ferrarese et al. 2001).

Since the primary assumption in the virial mass determination is that the dynamics
of the BLR is regulated by the central BH gravity, other forces, like radiation pressure,
are not taken into consideration. Marconi et al. (2008) accounted for the possible role of
radiation pressure by including an additional term that depends on the source luminosity
and column density into the classic virial calculation. They demonstrated that the
scatter between virial BH mass for single-epoch spectra and RM samples is substantially
reduced from 0.4 to 0.2 dex. They also stated that the failure to consider radiation
pressure will consequently underestimate the BH mass, though this claim is challenged
by Netzer & Marziani (2010).

It has been established that BLR is not isotropic, and hence the velocity distribution
of the BEL is likely to be affected by orientation effects (e.g., Runnoe et al. 2013b; Shen
& Ho 2014; Brotherton et al. 2015b). In particular, a flattened disk BLR geometry will
induce an inclination dependence on the width of the line profile (e.g., Wills & Browne
1986; Jarvis & McLure 2006; Decarli et al. 2008). This interpretation is based on the
Hβ line, where they reported possible correlation between Hβ FWHM and radio core
dominance, R. The parameter R, defined as the rest frame ratio of 5GHz radio core to
extended flux density, is widely used as an orientation indicator (Orr & Browne 1982).
Essentially, it is linked to the viewing angle of radio jet axis relative to the line-of-sight
in relativistic beaming model for radio objects.

The value of f also depends on line width characterisation (e.g., FWHM or σline)
and whether the mean or rms spectrum is used for the line width measurement. Recent
measurements of 〈f〉 based on rms spectra and σline vary between 〈fσ〉 = 2.8+0.7

−0.5 (Graham
et al. 2011) and 〈fσ〉 = 5.5± 1.8 (Onken et al. 2004), with most 〈fσ〉 values lying within
the range of 〈fσ〉 ∼ 4–6 (Collin et al. 2006; Park et al. 2012a; Grier 2013; Woo et al.
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2013; Pancoast et al. 2014; Woo et al. 2015). The 〈fσ〉 obtained from mean spectra
is 3.85 ± 1.15 (Collin et al. 2006). On the other hand, the mean fFWHM measured
using rms spectra were found to be 〈fFWHM〉 = 1.12+0.36

−0.27 by Woo et al. (2015) and
〈fFWHM〉 = 1.44 ± 0.49 by Collin et al. (2006). The 〈fFWHM〉 using mean spectra is
1.17± 0.50 (Collin et al. 2006). The calibration of the f factor makes RM a secondary
mass estimation method. The typical uncertainties in reverberation masses resulting
from the uncertainty in f is ∼ 0.43 dex (Woo et al. 2010), due to the intrinsic scatter in
the MBH–σ∗ relation.

7.1.3 Bias in Emission Line Estimator

The underlying assumption for the virial mass estimation is that the significant contribu-
tion of the BEL width comes from the virialised bulk motion of the line emitting gas. In
essence, LILs provide reasonable estimates as they are primarily dominated by the virial
component. This is reflected by the roughly symmetric line profile shape with velocity
shifts close to the systemic shift of quasars (e.g., Hewett & Wild 2010), indicating that
the line is likely to be governed by gravity due to the virialised dynamics associated
with the BH.

Generally, different emission lines are employed to derive the single-epoch BH
mass depending on the range of wavelength regime. Since the BH scaling relationship is
dependent on the broad line used, it is important to ensure consistent scaling formalisms
and measurement procedures are applied throughout the calibration process (e.g., Shen
et al. 2008; Assef et al. 2011; Denney 2012; Shen & Liu 2012). It has been noted that
for low redshift of z ∼ 0.7, single-epoch method using Hβ Balmer line is the standard
line of choice and is currently the best approach in virial BH masses calibration, in a
sense that extensive monitoring of RM samples is done based on this line (e.g., Kaspi
et al. 2000, 2005; Bentz et al. 2009). In a situation where the Hβ line is inaccessible,
another broad Balmer line, Hα, can serve as a substitute since its line measurements
correlate well with the FWHM of Hβ and L5100 (Greene & Ho 2005).

On the other hand, the Mg ii LIL has been used for intermediate redshift of z ∼ 1.9

(McLure & Jarvis 2002). The comparison between the line width of Mg ii and Hβ shows
agreement, but the relationship is not directly one-to-one with shallower slope than
unity relative to the Hβ line width (e.g., Salviander et al. 2007; McGill et al. 2008; Shen
et al. 2008; Wang et al. 2009; Shen & Liu 2012). Although some discrepancies have
been reported, possibly related to Eddington ratio (Kollmeier et al. 2006; Onken &
Kollmeier 2008), most virial BH masses determined using Mg ii line are found to be
fairly consistent with those using Hβ line (e.g., McLure & Dunlop 2004; Shen et al. 2008;
Wang et al. 2009; Rafiee & Hall 2011; Shen & Liu 2012; Marziani et al. 2013; Woo et al.
2018; Bahk et al. 2019).
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Despite the usefulness of LILs to estimate BH masses, these lines are only mea-
surable for low redshift. In contrast, using the C iv line has an advantage of being
observable at even higher redshifts, z & 2 (Vestergaard 2002). Yet, the accuracy of the
BH mass scaling for this line has been questioned, as there are contradictions in the
reported effectiveness of C iv-based BH estimator. While some studies claimed that
the BH masses evaluated using C iv and Hβ are in agreement with one another (e.g.,
Warner et al. 2003; Vestergaard & Peterson 2006; Kelly & Bechtold 2007), others are
more skeptical. Several studies found a weak relationship between C iv and Hβ line
widths, and consequently a large scatter when comparing their estimated BH masses
(e.g., Baskin & Laor 2005; Sulentic et al. 2007; Shen & Liu 2012; Trakhtenbrot & Netzer
2012).

The fact that HIL C iv line is typically asymmetric and blueshifted from the
rest frame of the quasar (e.g., Gaskell 1982), may result in a poorer fit to the virial
model. As the shift in C iv line is presumably linked to the non-virial component of the
system probably due to non-gravitational force, such as from outflows (e.g., Leighly 2004;
Shen et al. 2008; Richards et al. 2011; Denney 2012), the BH mass calibrated might
be unreliable (e.g., Sulentic et al. 2007; Park et al. 2013; Mejía-Restrepo et al. 2016;
Coatman et al. 2017; Marziani et al. 2019). There are also other aspects of the C iv line
that raise concerns, such as the Baldwin effect, a possible narrow line component, and a
strong broad absorption feature (see e.g., Denney 2012).

Several recommendations have been suggested for an unbiased C iv-based BH
mass estimator. Using samples of lensed quasars, Assef et al. (2011) recommended a
prescription to mitigate the BH mass residuals by correcting the ratio of UV to optical
continuum luminosities (colour dependence). Additionally, Denney (2012) discovered
that C iv emission line profiles from the C iv reverberation-mapped sources exhibit two
components: the variable and non-variable parts. Denney (2012) deduced that the latter
component is the main cause of the scatter in BH mass calibration and suggested an
empirical correction with parameterisation given by the ratio of FWHM to line dispersion
(shape parameter). Following Wang et al. (2009) approach for Mg ii-based BH mass
scaling, Park et al. (2013) treated the coefficient for the line width in the C iv-based
mass calibration as a free parameter with best fit values of 1.74 using σline and 0.56
using FWHM. The fitted values are much lower than the conventional value of 2 and
effectively lessen the scaling dependence of the BH mass on the line width. Runnoe
et al. (2013a) and Brotherton et al. (2015a) applied the peak flux ratio of Si iv+O iv] at
1400Å to C iv to account for the contribution from the non-virialised component of the
C iv emission line. Shen & Liu (2012) and Coatman et al. (2016, 2017) corrected for the
C iv bias caused by the C iv blueshift.
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7.2 Methodology

Following the disk-wind modelling approach presented in § 3.2 with constraints on the
input parameters for a wide wind opening angle as given in Table 6.4, an extension of
our model into practical application is to retrieve the f factors and examine the bias on
the BH mass estimation. We further incorporate this in our simulation.

For each ‘wind zone’ line profile, the FWHM and σline values are measured and
the corresponding f factor is calculated using Eq. (7.1). As Hβ is typically used to
calculate the BH mass in RM studies (Collin et al. 2006; Park et al. 2012b; Grier 2013;
Woo et al. 2013; Pancoast et al. 2014; Woo et al. 2015), we concentrate our analysis
on a wind zone close to the base of the wind and towards the outer edge of the BLR,
corresponding to expectations for Hβ emission. Zone [0, 3] is chosen in this case. We
also calculate the probability of measuring a given BH mass based on a fixed f value
from the literature using the cumulative probability of viewing a quasar at any given
inclination angle, i, of F (i) = 1− cos(i), with 0° ≤ i ≤ 90°.

The response of an individual emission line to changes in the continuum flux is
expected to vary depending on where the line is emitted within the disk wind and the
luminosity of the AGN (due to differences in density and ionising flux; Korista & Goad
2000, 2004). Without further assumptions about the degree of continuum variability and
luminosity and further photoionisation modelling, it becomes impossible to model rms
spectra. Therefore, we only compare our generated spectra with the f factors measured
using the mean spectra.

7.3 Results

7.3.1 f Factor vs. Inclination for All Zones

The range of f factors found for the wide angle disk-wind model at various inclination
angles and for each zone are presented in Table 7.1. The range of f factors found extend
well beyond the spread prescribed in the empirically determined 〈f〉 values of Collin
et al. (2006).

The f value as a function of inclination angle for every wind zone is illustrated
in Fig. 7.2. The zones provide some indication of the f values for different emission
lines expected to be emitted from different locations in the wind. The recovered values
of f using FWHM and σ for each layer in the wind zones of roughly the same radius
([0, b]–[3, b]) are generally comparable. The wind is dominated by virialised rotational
dynamics for wind zones close to the base of the wind. For wind zones at large r and
small z (e.g., [0, 3]), f has a steeper trend with inclination and its value is slightly larger
than the f factor obtained in wind zones closer to the ionisation source (e.g., [0, 0]).
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Figure 7.2: Plot of f factors against inclination angle for all wind zones.
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Table 7.1: Values of f for all zones.

Zone fFWHM fσ
i = 5° i = 45° i = 85° i = 5° i = 45° i = 85°

[0, 0] 20.90 0.36 0.18 199.37 3.01 1.51
[1, 0] 18.48 0.43 0.21 128.39 3.70 1.73
[2, 0] 7.01 0.40 0.23 40.09 3.90 1.93
[3, 0] 4.16 0.39 0.22 22.09 3.89 2.08
[0, 1] 23.71 0.45 0.23 213.03 3.71 1.87
[1, 1] 20.41 0.49 0.25 149.81 4.56 2.10
[2, 1] 9.55 0.47 0.27 61.44 4.62 2.86
[3, 1] 7.42 0.53 0.29 45.05 4.49 3.29
[0, 2] 21.71 0.47 0.24 207.15 3.84 1.95
[1, 2] 18.54 0.49 0.26 155.31 4.91 2.41
[2, 2] 11.56 0.50 0.38 76.34 4.94 3.88
[3, 2] 9.47 1.10 0.27 58.74 4.62 3.08
[0, 3] 21.77 0.49 0.24a 197.69 3.98 1.97b

[1, 3] 20.06 0.53 0.26 162.87 5.30 2.86
[2, 3] 13.26 0.51 0.35 91.24 5.25 3.79
[3, 3] 11.15 1.13 0.20 68.96 4.77 2.35

a Compare with 〈fFWHM(Hβ)〉 = 1.17 ± 0.50 (or log10〈fFWHM(Hβ)〉 =
0.07+0.15

−0.24) from Collin et al. (2006).
b Compare with 〈fσ(Hβ)〉 = 3.85± 1.15 (or log10〈fσ(Hβ)〉 = 0.59+0.11

−0.15) from
Collin et al. (2006).

Based on the Table 7.1, it can be seen that the f values in wind zones of the
same radial streamline ([a, 0]–[a, 3]) have increasing and then decreasing trends as the
zone increases radially outwards. Since the initial positions of the streamlines, r0, are
contained within zone [0, b], the rotational velocity in the outer zones (e.g., [1, b]) rapidly
diverges from Keplerian motion and quickly becomes smaller with larger r, in accordance
with the conservation of angular momentum (see Eq. (3.6)). This results in the much
larger f values found in these zones compared with zone [0, b]. However, as the poloidal
velocity gradually increases and becomes dominant with increasing poloidal distance
(that is, large r and z; e.g., zone [3, 0]), the line width broadens and the true value of f
decreases.

As the inclination angle is closer to edge-on, the line width is expected to be broader
due to the increasing contribution from the Keplerian rotational velocity component to
the projected line-of-sight velocity, which yields a lower f value. However, there are a
few cases where the f measurements using FWHM increased drastically at some i and
decreased unevenly later at high i, as shown in Fig. 7.2c and Fig. 7.2d. This unexpected
trend arises as a result of the artifact created on the line profile, and subsequently the
half maximum chosen. Further discussion on this issue is presented in § 7.4.3.2.
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7.3.2 f Factor vs. Inclination for Hβ and Comparison with Literature

The distribution of f factors with inclination angle for the equivalent Hβ wind zone
[0, 3], in both models, is shown in Fig. 7.3. The agreement between the empirically
determined f value from Collin et al. (2006) and our predictions varies between the
two velocity dispersion characterisations. The Collin et al. (2006) fFWHM measurement
coincides with the low range viewing angle (around 20° to 35°) predictions using our
disk wind models. Meanwhile, the Collin et al. (2006) fσ measurement was consistent
with our prediction for a middle inclination angle (around 40° to 60°) disk wind model.

Our predictions for f were found to cover a similar range of values and fit closely
with those found using direct modelling estimates of Pancoast et al. (2014). Pancoast
et al. (2014) estimated the f factor via direct BLR modelling using RM mean spectra of
five Seyfert galaxies. Our predicted fFWHM values also follow the general trend with
inclination of the Pancoast et al. (2014) results.

A comparison with the fFWHM values from Mangham et al. (2017) is also displayed
in Fig. 7.3. Using radiative transfer and reverberation modelling, Mangham et al. (2017)
determined the Hβ line response function for a rotating and outflowing disk-wind BLR
model of a 109M� quasar with a narrow wind opening angle of 70° to 82°. They
then computed the values of f from the FWHM and the centroid of the emission line
time delay for mean spectra. The steepness of the slope is comparable to that of our
predictions; however, their results exhibit a slight systematic shift towards larger f
values. They also anticipated an increase in f factor value as the i passes through the
wind, a trait that is not identified in our models. The reason is because our simulations
only create emission lines, whereas their synthetic quasar spectra also simulate the
absorption and emission spectral features at which BALQ spectrum is produced when
the line-of-sight is viewed anywhere within the wind opening angle. The narrower line
width in their spectra is then a consequence of the absorption feature, whereby the blue
wing of the line profile is suppressed, resulting in a higher f factor.

If a fixed value of f is assumed, and the potential bias of orientation is ignored,
then a large sample of quasars of the same mass will produce a broad distribution
of BHs masses. To quantify the effect of the orientation dependence of f on the BH
mass estimation for a large sample of AGN, we calculated the differential probability of
estimating a given BH mass using the fixed mean f value from Collin et al. (2006). The
results are shown in Fig. 7.4. Since the differential probability increases with increasing
inclination angle, the possibility of seeing closer to edge-on is higher, P (i) = sin(i).
Therefore, broader profiles are more likely to be observed as they become dominant in
edge-on viewing angle, and BH masses will generally be overestimated.

Regardless of the line width characterisations of 〈f〉, the recovered median BH
masses are biased towards larger values. This is more pronounced when using FWHM and
in general, the masses determined from FWHM tend to be overestimated for both disk
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Figure 7.3: Plot of f factors against inclination angle for Hβ line characterised by
emission from the [0, 3] location in the wind zone. Upper: Virial factor using FWHM,
fFWHM. Lower: Virial factor using σline, fσ. The dashed lines are the mean f factor,
〈f〉, with uncertainties (shaded) from Collin et al. (2006). In the upper panel, the green
circles with error bars show fFWHM(Hβ) for individual quasars using direct modelling from
Pancoast et al. (2014), while the red crosses show those from reverberation modelling of
Hβ response function from Mangham et al. (2017).
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wind geometries (Fig. 7.4, left). The median BH mass recovered is 3.56+0.45
−1.20× 109M�,

approximately 3.5 times larger than the input BH mass of 109M�. The BH masses
obtained from σline (Fig. 7.4, right) tend to be less biased and more accurate in general
in comparison to those from FWHM. Despite that, the median recovered BH mass is
1.47+0.17

−0.49× 109M�, which is still bigger by a factor of about 1.5.

0 5 10 15 20 25 30 35 40 45

Mass of Black Hole, MBH [108M�]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

D
if

fe
re

nt
ia

lP
ro

ba
bi

lit
y

0 5 10 15 20

Mass of Black Hole, MBH [108M�]

10

20

30

40

50

60

70
80

In
cl

in
at

io
n

an
gl

e,
i

[◦
]

Collin+ 2006
〈fFWHM〉 = 1.17

Collin+ 2006
〈fσ〉 = 3.85

Figure 7.4: Differential probability associated with black hole mass for Hβ line char-
acterised by emission from the [0, 3] location in the wind zone using 〈f〉 values for
mean spectrum from Collin et al. (2006). In these models, the true black hole mass
is 109M� (dotted vertical line). The shaded region represents the MBH within one
sigma range of the median (dashed vertical line). Left: Mean f factor using FWHM of
〈fFWHM(Hβ)〉 = 1.17. Right: Mean f factor using σline of 〈fσ(Hβ)〉 = 3.85.

7.4 Discussion

Obtaining accurate BH mass measurements is crucial for understanding the role of BH
growth in galaxy evolution. Therefore, it is important to understand how the geometry
and inclination of the BLR, and the chosen line width measurement affect the accuracy
in our mass estimation.

7.4.1 BLR Geometry and Inclination Dependence

The range of f values can be much greater than the prescribed spread in the literature
value. Therefore, we need to be cautious when using a single value of f as it may bias
mass estimates especially when the inclination angle of the AGN is low. The disk-wind
model with wide wind opening angle establishes a relationship between the f factor
and inclination angle (Fig. 7.3, upper), in agreement with Pancoast et al. (2014) and
Mangham et al. (2017) despite a different modelling approach.
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The BLR geometry, kinematics and the origin of the emission line also affects the
true f value for individual AGN. This is evident from the differences in the f values
calculated for the different disk wind models, the offset between the disk wind models,
the differences in the f values for the different wind zones, the dynamical modelling
results of Pancoast et al. (2014), and the reverberation modelling results of Mangham
et al. (2017). The true nature of the BLR is unknown, and although some consistency is
expected in the BLR, we currently cannot characterise the intrinsic distribution of f
values for the whole AGN population. However, the differences in f due to the geometry
and kinematics appears to be small compared to the effects of inclination angle. Also,
our model assumes that the BLR is visible for all inclination angles. However, in the
standard model of AGN, the BLR is believed to be obscured by a dusty torus. When
this is taken into consideration, the estimate of the median BH mass (Fig. 7.4) is lowered
as the probability of observing a closer to face-on AGN is increased.

Several studies have also investigated the scaling relationship between the f factor
and inclination angle (Decarli et al. 2008; Kashi et al. 2013). Our predicted range of
fFWHM value is close to the analytical prediction of f from Decarli et al. (2008) for a
geometrically thin disk model given by f ≈ 1/(2 sin i)1/2, although their slope is much
flatter than those in our models. The Kashi et al. (2013) theoretical predictions based
on a axisymmetric time dependent numerical simulation for a virialised line-driven disk
wind model with f ≈ 1.32/ sin2 i, better matches our findings for fσ.

7.4.2 Line Width Characterisation Dependence

The line widths are typically measured using the FWHM or σline. As the FWHM is a
zeroth moment of the line profile, the sensitivity to the line core is higher than it is in
the line wings. In contrast, σline is a second moment of the line and is less affected by
the line core. The σline from rms spectra is commonly employed as a proxy in calculating
the BH mass since it has been argued that this provides a smaller bias and a better fit
to the virial relation (Peterson et al. 2004; Collin et al. 2006; Peterson 2011; Denney
et al. 2013).

We found that the BH mass estimated using the 〈fσ(Hβ)〉 is closer to the input
BH mass, in a sense that it is less overestimated, compared to 〈fFWHM(Hβ)〉 value from
Collin et al. (2006) (Fig. 7.4). However, this discrepancy can be reduced when the
shape corrections for 〈fFWHM(Hβ)〉, suggested by Collin et al. (2006), are taken into
consideration. The median BH mass is 1.52+0.19

−0.51× 109M� after the 〈fFWHM(Hβ)〉 shape
correction (Equation 5; Collin et al. 2006), which is marginally consistent with the true
mass and the mass estimate found using 〈fσ(Hβ)〉.

However, there appears to be no significant change in the recovered median BH
mass of 3.57+0.25

−1.19× 109M� using the FWHM width correction (Equation 7; Collin et al.
2006). The reason is because the FWHMs of the generated line profiles are all less than
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4000 km s−1. Then according to the correction scheme (Collin et al. 2006), the corrected
f values are always ≥ 1, with most of them larger than 〈fFWHM(Hβ)〉 = 1.17 of (Collin
et al. 2006). Essentially, those with broad FWHM need to be corrected to a small f to
lessen the overestimated virial BH mass, and vice versa for narrow FWHM. Hence, the
corrected median BH mass is still overestimated.

The implementation of the Collin et al. (2006) shape correction on the fFWHM has
effectively minimised the overestimation of the BH masses by more than half. Although
the BH masses predicted are now comparable to those using 〈fσ(Hβ)〉, the recovered
masses are still significantly larger the initial true mass. Hence, extensive care should be
practiced whenever f is assumed to be a constant as this inevitably leads to a biased
BH mass.

7.4.3 Caveats

7.4.3.1 Assumptions

It is worth mentioning several caveats in our modelling approach. The disk wind
model simulations presented are simplifications of the complex BLR. The line driving
mechanisms of the wind or photoionisation physics are not included in this model. We
have also made major assumptions about the wind dynamics in our models, such as
the local mass loss rate and the wind acceleration profile. The poloidal component
might be random and will affect the HIL C iv more significantly than the LILs. The
effects of these assumptions have not been investigated in this work. Future work will
systematically search the parameter space in order to refine the models and to obtain a
better fit with observations, and therefore predictions of BH mass.

7.4.3.2 Accuracy of the FWHM Measurements

Several examples of the FWHM line width measurements from generalised line profiles
are illustrated in Fig. 7.5. It performs reasonably well in locating both ends of the line
profile at half maximum. However, as can be seen, some of the FWHMs (orange) are
not perfectly horizontal from the left to the right edge at half maximum. This slight
imprecision is due to the algorithm selecting the nearest index of the half maximum.
The FWHM calculated will be overestimated, inducing in a smaller f value. Despite the
small offset, generally the algorithm is robust in a sense that it does well in detecting
the maximum peak even in the presence of multiple peaks.
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Clearly, the offset problem can be easily rectified by increasing number of points
assigned to plot the convolved Gaussian line profile. As these points are used to locate
the half maximums and the peak, these locations can be pinpointed more accurately.
However, this solution is not without a flaw. The line profile will also be afflicted by
more random noise, consequently needing a larger smoothing parameter for the Gaussian
kernel width (see § 3.2.4). Hence, this idea is not implemented.

The shape of the line profiles affects the FWHM line width measurement. This
is evident especially for emitting regions further out in wind zones [3, b] (see Fig. 7.2d
upper panels). Due to the artifact of the line profile generated, there seems to be an
increase in the recovered f factor for certain increases in i, instead of a smooth decrease
in f with increasing i as shown in other zones. While the emission line profiles are
single peaked, there appears to be a bump on either the red or blue side of the line
profile particularly for low and mid angle range inclination angles as shown in Fig. 7.6.
Consequently, the FWHM measurements are dependent on the positions of the half
maximum and the bump. For example in Fig. 7.6a–Fig. 7.6b, the spurious increment in
f at i ≈ 25° is because the right half maximum detected is slightly narrower compared
to the previous iteration of inclination angle. Another defect is the sudden decrement in
f with wider FWHM in some high inclinations. An example of this case is portrayed
in Fig. 7.6c–Fig. 7.6d. In Fig. 7.6c, the bump is almost inconspicuous, however, in the
subsequent i shown in Fig. 7.6d, the FWHM extends to the edge of the bump, which
leads to the abrupt broadening of FWHM.

7.5 Summary

In this work, we have implemented a dynamical disk wind prescription to explore the
influence of BLR orientation on the recovered black hole mass. The virial factor, f ,
which scales the line-of-sight virial product to the true black hole mass, is calculated
using the disk wind model and compared to f values from the literature. It is evident
that the black hole masses recovered depend on several factors: the BLR geometry
and dynamics, the origin of the emission line, and the inclination angle. The observed
trend with inclination angle agrees with the results of Pancoast et al. (2014) despite
the different models investigated. Additionally, the spread in the model predicted f
values significantly exceeds the spread prescribed for the empirically determined values
of f from the literature. Therefore, using a single average value of f may bias the mass
estimate for large AGN samples.

We also computed the black hole mass using literature values of fσ and fFWHM

from Collin et al. (2006). The black hole mass is closer to the true mass if the velocity
dispersion is measured using the σline. Nevertheless, as suggested by Collin et al. (2006),
the fFWHM can be corrected to improve the mass estimate.
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Figure 7.5: Examples of line profile measurements using FWHM. The detected maximum
and half maximum points are indicated by the vermillion and green dots respectively.
The orange horizontal line is the FWHM measurement. The dashed grey vertical line
shows the systemic centroid of the line.
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Figure 7.6: Examples of artifacts of line profile measurements using FWHM. The
detected maximum and half maximum points are indicated by the vermillion and green
dots respectively. The orange horizontal line is the FWHM measurement. The dashed
grey vertical line shows the systemic centroid of the line. For a–b, the FWHM slightly
decreases with increasing inclination from a to b. For c–d, the FWHM increased
irregularly from c to d.
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CHAPTER 8

Conclusion

8.1 Summary

Among the various subclassifications of AGN, quasars are the brightest sources in the
universe, even outshining whole galaxies. A key to unlock their structure is through
spectral analysis. The unique broad spectral lines in a quasar spectrum reveal information
on the geometry and kinematics of the emitting region, that is the BLR. These lines
are effectively produced in the wind that is emitted off the accretion disk, which is
the so-called disk-wind model. The notion that the BLR is in general not spherically
symmetric, implies that there is some interplay with the angle of viewing. Orientation
unites the different AGN classes in the basic AGN unification paradigm, however, a
reliable orientation indicator has yet been found. The recurring motifs of this thesis
entail exploring the spectral line characteristics, a disk-wind model, and the viewing
angle.

In Chapter 3, we constructed a simple kinematical disk-wind BLR model with
radiative transfer in the high velocity limit. The outflow of the wind accounts for both
the poloidal and rotational velocity components, where the former is mainly contributed
by the acceleration of the wind, while the latter is due to the Keplerian motion of the
emitting ions. The model provided the necessary groundwork and enabled qualitative
analysis into the key properties of the observed spectral lines.

In Chapter 4, we presented a detailed analysis of the disk-wind in the form of
a narrow outflowing wind, as has been suggested by several disk-wind models in the
literature. Essentially, we considered whether a narrow wind model can replicate the
observed trends in the line widths and velocity shifts. The work focused on gaining
insight into the diverse shape of the emission lines and their dependence on three factors,
namely orientation, angle of the wind, and emitting region. Correction to the optical
depth is also applied to examine whether single-peaked line profiles can be recovered.
One of the flaws in an outflowing disk-wind model is that observations have indicated that
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the red side of the line displays shorter time delay than the blue side. We investigated
this issue by considering the time delay in our model. Our major findings are as follow:

• At pole-on inclination angles, the emission line is narrow, asymmetric, and
blueshifted. When the line-of-sight intersects the wind, the blueshift is larger. The
emission line profile is broad, symmetric, and less shifted relative to the centroid
for edge-on inclinations.

• A narrow polar wind model yields greater blueshifts than those of intermediate
and equatorial winds.

• For a wind emitting region near the base of the accretion disk, the emission line
is broad and symmetric, reflecting the dominant Keplerian motion. The poloidal
velocity dominates as the line is emitted further away from the source of ionisation.

• Single-peaked emission lines are retrieved for optically thick winds, while the lines
mostly remained double-peaked for the optically thin case.

• A quicker time lag in the red or blue side of the line can be reproduced in an
outflowing wind model.

In Chapter 5, we undertook statistical and machine learning approaches to deter-
mine whether the given quasar properties are able to differentiate between BAL and
non-BAL populations. An explanation for the rarity of these objects is associated with
the geometric unification model in the context of a narrow disk-wind. In such cases, the
intersection between the line-of-sight and the wind will define the presence of BAL. Using
a quasar dataset from the SDSS, we analysed the continuum and emission properties
of the two populations. We found that their underlying distributions are similar with
respect to one another, contradicting the expectation from an orientation based narrow
disk-wind model. Thus, we suggested an alternative disk-wind model with the following
key traits:

• The angle of the wind covers a wide range.
• The wind is filled by multiple radial streams embedded with dense clumps, such

that BAL occurs when the sightline and the streams overlap.

In Chapter 6, we introduced a robust mapping to inclination angle based on the
observables of emission lines. To examine its reliability, we conducted simulations and
several tests against other orientation indicators. The main highlights are as follows:

• A UV-optical orientation indicator using the relation between the velocity shift
and line width ratio of high-ionisation C iv and low-ionisation Mg ii emission lines
is suggested.

• Quasars with large blueshifts and line width ratios are expected to be face-on,
while those with small velocity shifts and line width ratio correspond to edge-on
view.

• The predictions are qualitatively consistent with other orientation tracers and with
simulations.
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In Chapter 7, we implemented our modelling to determine the biases induced by
the scale factor, f , on the virial black hole mass estimation. Our key results are listed
below:

• The f factor is subjected to orientation effects. As the inclination angle changes
from face-on to edge-on, the f value decreases.

• The f factor is affected by the line width characterisation. The recovered masses
are relatively larger using FWHM than those using line dispersion.

• The f factor is dependent on the position of the emitting region in the wind.
• The estimated black hole mass will be biased if a fixed value of f is applied.

8.2 Future Prospect

8.2.1 Exploring the Parameter Space

A set of reasonable parameters is vital to create a physically realistic disk-wind model of
the BLR. One option is to obtain estimates of the parameters through observational
efforts. With improved time delay measurements from reverberation mapping campaigns,
a tighter limit on the BLR radius can be established. Alternatively, microlensing of
lensed quasars also provides information on the size of the emitting region and can be
used even for bright distant quasars. Subsequently, the black hole mass can be derived
from the BLR radius.

Although most parameter values are either based on the disk-wind model from
literature or measurements from observations, a number of free parameters are arbitrarily
set to some fixed value. In order to find the best value for the free parameters, a full
exploration of the parameter space using, e.g., a grid search combined with Markov chain
Monte Carlo and maximum likelihood, is crucial. This would lead to proper constraints
on the model and would effectively better match the predictions from simulations to
those of observations.

Exhaustive modelling will also help in deciphering the exact contribution of the
different velocity components on the line broadening. The role of the poloidal component
is particularly significant in HILs as they are located at region further away from the
disk, while the rotational component dominates in LILs. A thorough investigation of
the wind kinematics, especially the relationship between the rotational and poloidal
velocity component, will boost our insight of the distinct broad spectral line shapes.
Understanding the physical meaning and refining each model parameter will greatly aid
the current view of the BLR structure.
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8.2.2 Improving the Modelling

A substantial improvement to the modelling can be performed with the inclusion of
the following elements. This is done by incorporating the dynamics into the model,
such as photoionisation and full radiative transfer. An example of publicly available
photoionisation code is CLOUDY1, which has been intensively developed and tested.
Consequently, the line profiles generated will account for both the emission and absorption
features, which better represent the actual spectra of quasars. Through photoionisation
modelling, the density and ionising flux of individual emission lines can be calculated,
and therefore provide an estimate of the line location in the BLR.

Instead of a straight-edged wind in our model assumption, it is plausible that the
wind contains a certain degree of curvature, in which case this feature can be included to
determine the difference it will make to the emission line profiles. Clumps can be added
to emulate the clumpy torus so that some photons are able to pass through and the
torus is not completely opaque. CLUMPY2 is one such example of publicly accessible code
for modelling the clumpiness of the torus emission. There is also the possibility that
the accretion disk is warped (e.g., Sanders et al. 1989; Pringle 1996; Nayakshin 2005;
Tremaine & Davis 2014) and not entirely flat (e.g., Collin et al. 2006). Some fraction
of the central engine will be obscured due to the misalignment of the disk (Lawrence
& Elvis 2010). The wind might also be influenced by the presence of magnetic field
(e.g., Blandford & Payne 1982; Emmering et al. 1992; Konigl & Kartje 1994). These
modifications reflect the complexity of the BLR and will create a physically more realistic
model of the emitting region.

8.2.3 Extending to Application

The potential and robustness of our simple kinematical modelling approach can be
extended to numerous practical applications. We have applied our model to recover the
time delay of the emission lines and to examine the effects of f factors on the virial black
hole mass estimation. The model can be adapted and modified to make predictions for
reverberation mapping and microlensing data.

For example, using our wide disk-wind model shown in Fig. 6.20 and the correspond-
ing parameters in Table 6.4, a velocity-delay map can be constructed as demonstrated
in Fig. 8.1, similar to those from Horne et al. (e.g., 2004) and Grier et al. (2013). The
three scenarios of the fiducial model correspond to signatures of inflow, outflow, and
rotation, respectively. A roughly symmetric velocity profile with shorter/longer time
delay at the wing/core of the line indicates Keplerian rotation dominated. On the other
hand, an asymmetric velocity profile with quicker time delay in the red/blue wing of

1https://www.nublado.org/
2https://www.clumpy.org/
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the line suggests inflow/outflow. These maps convey information of the BLR geometry,
through which the behaviour of the wind can be deduced.

Additionally, line profile modelling can be conducted to study microlensing by
accommodating the distortions of the emission line due to microlensing effect. Such
work has been done by Braibant et al. (e.g., 2017). A comparative study with those will
further help in assessing the influence of microlensing on the emission lines.
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Figure 8.1: Velocity-delay maps representing different kinematical signatures for fiducial
wide disk-wind model at inclination angle of 45°. The input parameters for our model
are listed in Table 6.4.
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8.2.4 Utilising Big Data and Artificial Intelligence

In recent years, incredible progress has been made in the fields of machine learning
and artificial intelligence, creating advanced mathematical and statistical methods to
learn from data. These techniques, coupled with the availability and sheer volume of
astronomical datasets, enable more information to be extracted and analysed. The
ability of technology to efficiently process the data has also made this task effortless.

With the upcoming next generation of telescopes, the volume of data collected
will increase exponentially and limited samples will no longer be a major issue. In the
near future, wide-field surveys, such as the ground-based Large Scale Synoptic Telescope
(LSST)3, will produce terabytes of data per night. The LSST, which is scheduled to
be operational in 2023, is also determined to make data publicly accessible, allowing
scientific discoveries to be conducted in many areas of astronomy. The large data
exploration will enhance the chances of finding elusive AGN with exotic features, among
which are LoBALs, FeLoBALs, changing-look AGN, UFOs, and others. By piecing
together the information from different AGN subclasses, a more comprehensive picture
of AGN as a whole can be inferred.

A variety of data analytical methods is required to accommodate and process the
massive dataset. Statistical tests and machine learning techniques are invaluable tools
to investigate the relationship between the observed properties and subpopulation of
quasars. We have used these methods on the BAL population. The same analyses can
be extended to different datasets, for example, using a slightly lower S/N cut or a less
restrictive BAL definition. We can investigate how these selection choices affect the
findings. This can be used to evaluate the reliability and robustness of the classification
algorithms on the new dataset. If there is a change in the statistical difference or/and
features of importance from machine learning, this will further reinforce the difficulty in
segregating the BAL and non-BAL quasars.

The employment of a more complex learning algorithm, such as neural networks,
might be able to accurately differentiate the quasar subgroups. A further extension is to
apply them to learn about other subclasses of AGN, such as type 1 versus type 2 AGN
and RL versus RQ. These resources have proven to be indispensable, bringing a better
understanding of the data and gaining a broader perspective on various aspects of the
BLR.

8.2.5 Probing the Orientation

The proposed orientation indicator based on the velocity shifts and line width relation
is indeed enticing and survived several tests. Nevertheless, the choice of mapping the

3https://www.lsst.org
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orientation to the regression line is still unclear, and so is the orientation range of the
sample. More work needs to be done, including inspecting and assessing various tests to
determine whether the proposed model still holds. Datasets with clean measurements
will be beneficial to avoid biases in the presence of limited samples. The need for quality
data and refined individual measurements will also form tighter constraints on the
correlation. Observational constraints combined with detailed modelling will assist in
fully resolving the mapping.

If our proposed orientation indicator is proven to be valid, this will open up new
realms of application. This is extremely useful, notably in the black hole mass estimation.
By knowing the inclination of a system, the bias in the virial black hole mass due to
orientation can corrected.

8.3 Final Remarks

There are endless mysteries lurking in the depths of the universe. One such source,
quasars, is the most luminous and energetic star-like active galactic nuclei harbouring a
supermassive black hole at their core. The disk-wind seems to be ubiquitous in these
systems as an efficient mechanism to transport radiation off the accretion disk, giving
rise to the observed spectral features of the line profiles.

Our simple kinematical disk-wind model offers a promising avenue to probe the
shape of the quasar spectral lines with respect to the different geometry and orientation of
the BLR. The findings in this thesis have quantified several key attributes of the disk-wind
as well as seeking an orientation tracer of quasars in the UV-optical, leading to potential
unification. Although significant advancements have been made in understanding the
quasar structure, some questions remain unanswered. With the breakthrough of machine
learning and artificial intelligence in the astronomy community, it is possible to unravel
information, which then helps to disentangle existing problems and even sparks new
ideas. The abundance of high quality data from next generation telescopes and surveys
also allows meaningful statistical analysis to be conducted. Ultimately, the accumulated
knowledge will bring a step closer towards unveiling the true nature of the AGN.
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APPENDIX A

Emission Line Features

Table A.1 presents selected emission line identifications, laboratory rest wavelengths,
velocity shifts, skewness, EWs, and ionisation potentials from Vanden Berk et al. (2001).
The various properties of the emission lines are measured by using a median composite
spectrum (see Fig. 2.2). The composite is generated by compiling more than 2200 quasar
spectra with redshift range between 0.04 and 4.79 from the SDSS catalogue. Note that
the relative EWs do not represent the physics of a single object but median values.

Table A.1: Selected emission line features from Vanden Berk et al. (2001).

Ion Wavelength Velocity Skewb EW Ionisation
(Å) Shiftsa (km s−1) (Å) Potential (eV)

Lyα 1215.67 143 0.40 92.91 13.60
C iv 1549.06 -70 -0.04 23.78 97.89
He ii 1640.42 -471 -0.22 0.51 54.42
C iii] 1908.73 -224 -0.27 21.19 47.89
Mg ii 2798.75 161 -0.06 32.28 15.04
[O ii] 3728.48 94 -0.24 1.56 35.12
[Ne iii] 3869.85 -6 -0.50 1.38 63.46
Hγ 4341.68 23 0.12 12.62 13.60
Hβ 4862.68 -1 0.61 46.21 13.60
[O iii] 4960.30 3 -0.22 3.50 54.94
[O iii] 5008.24 -1 -0.22 13.23 54.94
He i 5877.29 -27 0.26 4.94 24.59
[O i] 6302.05 47 -0.64 1.15 13.62
Hα 6564.61 27 0.35 194.52 13.60

a Measured relative to the forbidden [O iii]λ5007 line.
b Measured using the Pearson’s coefficient of skewness given by 3(mean−median)/σλ,
where σλ is the root mean square wavelength dispersion.
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