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Chapter 1

Introduction

1.1 Motivation

Active Galactic Nuclei (AGNs) are undoubtedly some of the most interest-
ing objects in the Universe. Their spectra have the strong broad and narrow
emission lines, which originate from different emission regions. Analysis of
the emission line profiles, their asymmetries, widths and flux ratios, as well
as investigation of the correlations between different spectral properties, en-
able better understanding of the AGN nature. Namely, correlations between
different spectral properties reflect the geometry, structure, kinematics and

physics of emission regions.

Though many interesting correlations have been observed (Baldwin, 1977}
Gaskell|, [1985; [Boroson & Green, [1992; [Dong et al., 2009} [Kovacevic et al.,
2010| etc.), there remains a number of open questions like location of the Fe
IT emission region and Fe II excitation mechanisms, physical reason behind
increase of emission line’s EW with a decrease in the continuum luminosity
- Baldwin effect (Baldwin, [1977)), influence of the inclination angle and Ed-
dington ratio on the correlations between different line parameters like EW
Fe II vs EW]O III]/EW Hf and other "EV 1’ set of correlations from the
paper Boroson & Green| (1992]).

In this work, the spectral properties between emission lines in the opti-
cal and UV wavelength ranges are compared, using a sample of AGNs. In
optical part we analyse the Fe II lines, which are very interesting since there

are many unresolved problems connected to their origin.



Also, we investigate Balmer lines (HB, Hy and HJ) as well as the for-
bidden [O III] AX 4959,5007 lines. In the UV part of spectra we analyze
the UV iron lines, as well as the Mg II line. We are focused in comparing
properties between optical and UV iron lines, in order to investigate if they
have the same place of origin, and to find the physical differences between
their emission regions. Also, we investigate the influence of starbursts on
AGN spectra.

1.2 Organization of the Thesis

The general overview of the AGN nature is outlined in Chapter 2. Tt will
be followed in Chapter 3 by an introduction to spectroscopy, AGN spectra,
spectral properties of the emission lines and their correlations. The sample
for this investigation is obtained from the Sloan Digital Sky Survey (SDSS)
database, Data Release 7. For the sample selection, SQL search was used
to choose the spectra with the specifications required for this investigation.

Details about the sample selection can be found in the 4th Chapter.

The obtained spectra were then corrected for the reddening and red-
shift using the DIPSO software. The continuum emission is subtracted and
emission lines from optical and UV part are fitted using Gaussian functions.
The emission lines are decomposed to Gaussians with each Gaussian rep-
resenting the emission from one emission region. The numerous Fe II lines
are fitted with the iron template given in paper [Kovacevié¢ et al., [2010] and
Shapovalova et al., 2012 Chapter 4 will contain details on the procedures

used for reducing the spectra and fitting of emission lines.

Different parameters of line properties are obtained, as the width, shift,
intensity, flux, equivalent width (EW); and they are compared between dif-
ferent lines in the UV and optical part, in order to search for some trends
and correlations. The results of these investigations and the analysis of
the obtained line parameters are given in Chapter 5. The discussion and

conclusions of the work are presented respectively in 6th and 7th chapters.



Chapter 2

Active Galactic Nuclei

Galaxies are gravitationally bound collection of numerous stars and stellar
remnants with dust, gas and probably dark matter residing in between the
stars. Now-a-days it is widely accepted that most of massive galaxies have
a supermassive black hole hidden in their cores (Magorrian et al., 1998} Ko-
rmendy and Gebhardt], 2001). In some galaxies, central supermassive black
holes feed themselves at very high speed by accreting gas and other matter
nearby. The process of accretion is very energetic and produce a high lu-
minosity in the most of wavelengths of the electromagnetic spectrum. The
nucleus of such galaxies is so bright that the central region is much more
luminous (several order of magnitude) than rest of the host galaxy. These
galaxies with a violently accreting massive black hole in its core are so called
Active Galactic Nuclei or AGNs (Osterbrockl, 1989 |Shield et al., 1999} Tad-
hunter, 2008).

Active galactic nuclei are the most luminous objects in the Universe ra-
diating steadily and powerfully over a vast range of wavelengths. They ba-
sically are the galaxies with highly energetic phenomena in the nuclei region
whose origin cannot be attributed directly to stars. Theoretical predictions
and recent observations suggest that source of radiation is a massive black
hole residing in the central region of the galaxy which produces energy by
accretion of gas. Central regions of AGNs are expected to be almost similar
and are explained by so called Unified Model of AGNs. According to the
Unification Model, the variation in AGN properties is just a result of their

orientation with respect to the line of sight.



Unlike normal galaxies which emit mainly in the optical spectral range,
AGNs emit powerfully over the wide wavelength range of the electromag-
netic spectrum from the X-rays to the radio wavelengths. They very often
show variability, that depending on wavelengths can be on different time

scales, ranging from minutes to years.

AGNs are very luminous and hence can be observed at cosmological
distances. Thus they can be used as probes of the intervening matter on
cosmic scales. These objects are important for the studies of early Universe
and cosmology in general. The study of AGNs is closely related to the
subject of Galactic Evolution in general. Moreover they provide extreme
environments for exotic physics, as e.g. extremely high gravitational field,
supermassive black holes, enormous magnetic fields and highly powerful jets,

etc.

2.1 Historical Sketch

In the year 1908, H. S. Lewitt found a relation between the luminosity and
pulsation of Cepheids. E. P. Hubble used this relation to find the distance to
M31 and showed that it is actually outside our galaxy. Thus, Extragalactic
Astrophysics was born. In the same year, E. A. Fath took a spectrum of
NGC 1068 (Fath,|{1908)). Though the spectrum was similar to that of a plan-
etary nebulae but the emission lines were resolved and they had very large
widths. So, astronomers knew as early as the beginning of 20th century that
there are emission line nuclei in a few galaxies. C. Seyfert (Seyfert, 1943
observed 6 galaxies with a compact nucleus and found their optical spectra
to be dominated by high excitation nuclear emission lines with thousands of
km/s in widths. But even this systematic study by Seyfert was not enough

to launch AGNs as a specific class of objects.

The breakthrough in the study of AGNs came with advances in the radio
astronomy. K. Jansky in 1932 started the era of the radio astronomy. G.
Reber followed him and made many advancements. The advances in the
radio astronomy in the 1950s led to the discovery of quasars. Quasars were
at first considered to be strange, exotic stars whose mystery was solved by

M. Schmidt in 1963 by realising that these strange objects have a normal
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seyfert-like spectra, only highly redshifted (Schmidt|, 1963). But with the
discovery of quasars commenced another confusion - this high redshift im-
plied a distance of many Mpc. Even at such high distance, these objects
have very large luminosity - implying the presence of a source of enormous
high energy. To add to the confusion - their variability timescale is very

small, which suggests the size of emission region to be very small.

With this confusion began speculations about the nature of these pow-
erful energy sources. In 1958 Victor Hambardzumyan suggested exploding
centers of galaxies, while Fred Hoyle in 1961 tried to explain this extreme
luminosity as a consequence of chain reaction of supernovae at the center.
In 1963 Hoyle and Fowler suggested a supermassive centrally placed star
as a source of the gravitational and thermal energy for quasars (Hoyle &
Fowler} [1963). The most accepted explanation is that the energy source is
accretion onto a supermassive black hole and was first proposed by Salpeter
and Zeldovich in 1964 (Salpeter], 1964; Zeldovichl 1964)). Later, in 1969,
Lyden-Bell put forward the possibility of having collapsed bodies like black
holes as the galactic nuclei (Lynden-Bell, 1969)). There was no looking back
after this point. Since then AGNs have been a vigorous part of astronomy
- investigations to know these luminous objects more clearly and precisely

have been going on even now-a-days.

2.2 Properties of AGNs

The AGN family includes many different kinds of them having diverse prop-
erties. Unfortunately, not all of AGNs possess every property and hence
there can not be one single defining list of properties for all AGNs. Never-
theless there are several observational signatures of AGNs which are common
for the AGN family :

1. Very compact angular size of the central nuclear emission.

2. High luminosity - The luminosity of a typical AGN is of the order of
10" L. Such extreme energies can not be produced by stars alone -

even the most massive stars emit in the order of around 10° L.

3. Broad-band continuum emission from the core - SED in AGNs stretches

from the radio to gamma rays (see Figure 2.1).
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Figure 2.1: Schematic representation of the AGN broadband continuum

spectral energy distribution (Elvis et al. |1994).

4. Emission Lines - very prominent with equivalent widths often in the

range of ~ 100 A, both narrow and broad lines are seen.

5. Variability of the continuum and spectral line emission - a strong vari-
ability is very strongly correlated with the strong polarization, com-
pact radio structure and strong high-energy ~-ray emission. Moreover
the variability is unpredictable and non-periodic - it can range from

days to years depending on wavelengths.

6. Strong Radio Emission - many of the known AGNs are strong radio

emitters.

2.3 Classification of AGNs

Classification commences the journey of investigation before having a stable

and clear understanding of any object.

AGNs are a very heterogeneous group. They have many important and
diverse signatures and hence there can be a number of different classifica-
tion schemes. Classification helps in grouping together AGNs that share

certain combinations of specific properties. It also makes easy for one to
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identify interesting patterns whose interpretation might lead to many impor-
tant realisations regarding the origin, structure and physics of these objects.
Starting from the variability timescale, optical/radio morphology, luminos-
ity, spectral shape to the presence of the broad/narrow emission lines in
their spectra - it is possible to divide the AGNs in different groups. This
diversity on classification method makes it flexible to accommodate different
AGNs in various groups by taking into account their numerous properties.
But this diversity of observational characteristics may also lead us to con-
fusion. There are so many different classifying methods that more than one
classification can be applied to each AGN. Moreover, often these classifying
schemes just reflect historical differences in how objects were discovered or
initially distinguished with a very little insight on the real physical differ-

ences in their structure or evolutionary stages.

Few glances of such diverse classification schemes can be found below -

1. Classification using Optical Spectra -

(a) By analysing the optical spectra of AGNs, they are classified as
Seyfert 1 (Syl) and Seyfert 2 (Sy2). Seyferts are normal spiral
galaxies with an unusually bright nucleus, boosting of powerful
high-excitation emission lines in their spectra. A Seyfert 1 galaxy
has both the broad permitted lines and narrow forbidden lines
while Seyfert 2 spectra contain only the narrow (permitted and
forbidden) lines.

Based on spectroscopic details, Osterbrock] (1981)) has introduced
some more subclasses of Seyfert galaxies : 1.5, 1.8 and 1.9. In
Seyfert 1.9, the broad lines are detectable only for the Ha line,
while for 1.8, a weak broad Hf line can be detected also, and for
Seyfert 1.5 nuclei, the strengths of broad and narrow HS compo-

nents are comparable.

(b) There is another very interesting type of Seyferts called as the
Narrow Line Seyfert 1 (NLS1) galaxies which have attracted at-
tention for their pecularities and ambiguous characteristics. They
were first introduced as a class of AGNs by [Osterbrock & Poggel,
1985, This class of AGNs have all properties of type 1 Seyfert

13



galaxies (broad emission-line optical spectra) but additionally
narrower Balmer lines than in Seyfert 1, much stronger Fe II
emission (Osterbrock, 1989; Veron-Cetty et all |[2001); a weak [O
III] emission (Boller et al., [1996) and extreme X-ray properties -
a steep X-ray excess, a steep hard X-ray continuum, and a rapid
large-amplitude X-ray variability (Leighly, 1999a; |Leighlyl 1999b;
Leighly|, 2000; |Panessa et al., 2011)).

Moreover, the permitted lines are only slightly broader than the
forbidden ones. They have high accretion rates close to the Ed-
dington rate, low black hole masses, perhaps young ages and
enhanced radio quiteness (Komossa, [2008). What makes NLS1
more exciting is the fact that this class of AGNs seems to have
challenged the Unified Model (Tarchi et al., 2011). (Osterbrock
& Pogge, (1985)) have pointed out that the equivalent widths of
Balmer emission lines in NLS1s are smaller than typical values
for normal Seyfert 1s, suggesting that they are not just normal

Seyfert 1s seen at a particular viewing angle.

2. Classification using Radio Spectra -
AGNs can be divided according to their Radio Power as Radio-Loud
and Radio-Quiet objects. Almost 10 percent of the AGNs are radio-
loud while all others fall in the category of radio-quiet objects (Della
Ceca et al., [1990). There are different classificatio schemes for these
Radio-Loud Objects -

e Radio Loud AGNs or Radio Galaxies have emission line spectra
similar to the Seyferts but they are extremely bright in the ra-
dio wavelength range. These radio galaxies can be classified as
Broad Line Radio Galaxies (BLRGs) which are just the radio-
loud version of Seyfert 1s and Narrow Line Radio Galaxies (NL-
RGs) which are like Seyfert 2s with no broad emission lines in

spectra, but having a strong radio emission.

e The Radio Loud AGNs can also be divided into two subgroups
on the basis of their radio structures - their extension and other

observational radio properties. This classification was first sug-
gested by Fanaroff and Riley (Fanaroff & Riley, |1974) and are

14



hence termed after them as FR I and FR II. FR Is have edge-
darkened extended radio structures while the extended radio struc-
tures of FR II are edge-brightened. Moreover, FR. IIs are intrin-
sically brighter than FR I radio sources.

e Another classification scheme regarding Radio Loud AGNs help
us distinguish these objects in terms of the slope of their radio
spectrum - Steep Spectrum Radio Loud Quasars (SSRLQ) and
Flat Spectrum Radio Loud Quasars (FSRLQ).

3. Few AGNs show extremely rapid variability in all the frequencies.
They have a smooth featurless continuum with a strong and variable

radio emission. They are called Blazars and are divided into BL Lac

objects having weak lines relative to continuum (Strittmatter et al.,
1972) and OVVs or Optically Violent Variables (Penston & Cannon,

1970).

The most convenient and effective way to classify AGNs is based on their

spectral characteristics. All AGNs can be classified into four broad types as

shown in Figure 2.2.

Main AGN Classifications
Radio quiet Radie loud
Radio quiet gquasar (RG] Radio loud quasar (RLGY)
Broad absarption line (BAL) Steep radio spectrum (SSRLQAN
i Flat radio spectrum (FSRLGY)
Tvpe 1
Seyfert 1 Broad line radio galaxy (BLRG)
Sy10..19
oMarvpw Nne Sy FONLSE)- - Lo sl i e D
Seyfert 2 ype 2 Marrow line radio galaxy (MLRE)
ML Xeray galaxy (MLXE) | o.
LINER Type 3 Weak line radio galaxy (WLRE)
Type O Blazer: BL Lac/OVV

Figure 2.2: Classification labels used for Active Galactic Nuclei (Tadhunter}
2008).

1. AGNs with the broad permitted lines emerging from hot, high-velocity
gas that is near the black hole are Type 1 AGNs. In the radio-quiet
group, these include the Seyfert 1 galaxies and the higher-luminosity
radio-quiet quasars. The radio-loud Type 1 AGN are the Broad-Line
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Radio Galaxies (BLRG) at low luminosities and radio-loud quasars at

high luminosities.

2. AGNs with only narrow emission lines are Type 2 AGNs. They have
a weak continuum and only narrow emission lines. That means either
they do not have any high-velocity gas or the line of sight to such
gas is obscured by a thick torus. Radio-quiet Type 2 AGN include
Seyfert 2 galaxies at low luminosities, as well as the narrow-emission-
line X-ray galaxies. Likely candidates for their high-luminosity are
the infrared-luminous TRAS AGN (Sanders et al., [1988; Wills et al.,
1993). Radio-loud Type 2 AGN are the Narrow-Line Radio Galaxies
(NLRG).

3. Type 3 AGNs are the lower luminosity AGNs. They include the
Low-Ionization Nuclear Emission-line Regions (LINERs) in the radio-
quiet version while the radio-loud counterpart are the Weak-Line Ra-
dio Galaxies (WLRGS).

4. Those AGNs showing rapid variability at optical wavelengths are la-
belled as Type 0 AGNs. They include Blazars and OV Vs.

The behavior of an AGN can be basically categorised by three major
properties - luminosity, broad line strength in its spectra and radio loudness.
Keeping these three important features in mind, AGNs classification can
be more clearly and compactly summarized in a 3-Dimensional diagram as

shown in Figure 2.3 -

BL Lac WLRLL

Power

VY (ET] SR,

Hadio

Figure 2.3: 3-dimensional Classification Scheme for Active Galactic Nuclei
(Tadhunter, [2008).
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2.4 Unified Model of AGNs

According to the Unified Model of AGNs, these classification schemes as
presented in Section 2.3 are dominated by the orientation of the AGN with
respect to the line of sight of an observer, and not due to some basic intrinsic
physical properties. The Unified Model proposes that all AGNs have the
same physical characteristics but are being looked at from a different point

of view.

2.4.1 Historical Perspective

The idea of an Unified Model for AGNs has stayed around since 1977 and was
developed in both radio and optical bands. For optical, |[Rowan-Robinson
(1977)) argued for all Seyferts being the same object differing only in the
dust opacity surrounding its optical core. |[Antonucci| (1984) made the first
sketch of a circumnuclear torus. In the radio band, the development towards
a Unified Picture began when |Cohen et al. (1977) discovered that the radio
jet is moving out at very high speed from an AGN. Thus Beaming Effect
came into picture and a relation between FSRLQ and SSRLQ could be es-
tablished.

At the end of 1980s, astronomers were aware of two distinct mechanisms
causing anisotropy - (a) Beaming by a relativistic jet and (b) Obscuration
by an optically thick torus. Barthel scheme (Barthel, |1989) combined both
of them and the present Unification Model was formed. It started to gain
popularity by the mid-80s (see reviews by Lawrence, [1987; Antonucci, 1993
Urry and Padovanil [1995).

Although recently the Unified Model has gained immense popularity and
wide acceptance, but it is not completely proved and established yet. There
are several open questions and controversies - Singal (1993) raised doubts if
viewing angle of relativistic jet can actually unify radio-loud objects. [Wilson
(Colbert & Bland-Hawthrone) suggested that the dichotomy of radio power
is intrinsic and it depends on the angular momentum of the central black
hole. Whether the Unification Scheme seems to be the right approach is still

open for debate.
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2.4.2 AGN Structure from the Unified Model

The Unified Model of AGNs suggests all AGNs to have the same fundamental
ingredients as its components. A schematic picture of an AGN is present in

Figure 2.4 :

BLAZAR

SEYFERT 1, QSO

SEYFERT 2

Figure 2.4: The Structure of an AGN where AD is Accretion Disk, BH is
Black Hole, BLR implies Broad Line Region and NLR is Narrow Line Region
(Jovanovi¢ & Popovic, 2009).

According to the Unified Model of AGNs, the basic components that we
expect to be present in all AGNs are -

e Supermassive Black Hole at the central-most region of the AGN

with mass ranging from 105719 M, (Kaspi et al., 2000; Peterson et al.,

2001).

e Accretion Disk that is formed by the material close to the central

black hole. The accretion disk transports matter inwards and angular

momentum outwards which heats the disk up. It radiates with a peak
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in the optical-ultraviolet waveband. This is the energy source at the
heart of the AGN - the central engine.

Broad Line Region (BLR) is closer to the black hole comprising
of high-velocity gas. It is a compact region, with small dimensions
ranging from a couple of light days up to couple of light weeks (Kaspi
et al.l [2000; Peterson et al., 2004). This region has a higher density
(n > 10%cm3) and hence there are no forbidden lines coming from the
BLR. The broad lines coming from this region are often variable in
response to the continuum variability. This unique property can be
used to do Reverbation Mapping (Blandford & McKee.| (1982, |Peter-
son, 1988| Netzer & Peterson, 1997)) in order to find the mass of the
central black hole.

Earlier it was assumed to be consisting of clouds moving in Keplerian
orbits around the central black hole. The modern view however is dif-
ferent and it is believed to be comprising of the gas from the accretion
disk residing either just above the disk or in the disk wind. It has
a very complex structure and most likely it consists of two or more
separated subregions (Popovi¢ et al.l |2004; |Ili¢ et al., 2006; Bon et al.|
2009)).

Narrow Line Region (NLR) consists of a low-velocity gas - the
NLR extends even up to 1 kpc far from the central source (Peterson
et al., 2004). This region is less dense (~ 103cm™3) and have temper-
atures ranging from 10,000 to 20,000 K. These conditions are optimal
for producing the forbidden lines. They are spread out further from
the center and the dusty torus. Hence the NLR is always in view, so

narrow lines will be seen even if the broad-line emitting gas is obscured.

Obscuring Torus represents the gas and dust which being optically
thick can hide the broad line region for certain orientations. This torus

accounts for the strong infrared emission coming from AGNs.

Relativistic Jets are present in all Radio-Loud AGNs. These jets are
basically highly collimated and fast outflows that emerge in opposite
directions from close to the disk and extend outwards for some kpc or
Mpc
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2.4.3 Arguments supporting the Unified Model

Few arguments for Orientation Unification scenario supporting the Obscu-

ration Hypothesis :

e Antonucci & Miller| (1985)) found hidden polarized broad lines in
the Type 2 Seyfert NGC 1068 and suggested that ”the continuum and
broad-line regions are located inside an optically and geometrically
thick disk. Continuum and broad-line photons are scattered into the
line of sight by free electrons above and below the disk.” More examples
like NGC 1068 have been found by Miller & Goodrich| (1990) , thereby

making this evidence more and more powerful.

e While Seyfert 1s show a star-like bright nuclei with a powerful feature-
less continuum that is variable on time-scales of weeks, the Seyfert
2s have a featureless continuum with weak or non-existant broad
lines which do not vary. Even the Seyfert 2s that display polarized
broad lines have a weak featureless continuum with the same polar-
ization as the broad lines. The one and most obvious implication of
this is the presence of something obscuring an observer’s direct view
of Seyferty2 nuclei so that only the scattered light from the AGN is

visible.

e The OH megamaser structure detected in the nucleus of a Seyfert
1 AGN named Mrk 231 is best modelled as the inner wall of a rotating
torus with obscuration angle of 60 degrees (Klockner et al.,|2003).The

detected CO emission can be considered as the outer radius.

e There were suggestions for alternate theories like the two types
of Seyferts representing evolutionary stages in which the Syl nucleus
switches off to produce the Sy2 state once the BLR gas has de-excited
(Roy et al., |1994; [Penston & Perez|, |1984). But the space density of
Seyferts is almost 2:1, with Seyfert 2 being more in number. Such a
ratio can not be explained by switched-off Seyfert 1s as their predicted

NLR excitation properties are different from the observed ones.

e NLRs are sometimes cone-shaped (Poggel 1989; |Evans et al.,
1991; [Evans et al.| |1994) which is specially evident in well-resolved
cases. lonizing radiation seems to be roughly collimated before emerg-

ing into the NLR, which suggests the presence of an obscuring torus
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or some prebeaming phenomenon by the accretion or its atmosphere
(Kriss et al., 1994).

e The X-ray spectrum of the Seyfert 2s seems to have large absorbing
columns compared to the Seyfert 1s (Mushotzky}, [1982; Pounds et al.,
1990)).

e The optical-UV continuum flux needed to ionize the Seyfert 2 NLR is
much larger than that seen directly. This is known as the Photon-
Deficit problem (Neugebauer et all 1980; Binette et al., 1993)).
This can be successfully explained by invoking anisotropic absorption

around the continuum source.

e Moreover, HST imaging of the radio galaxy NGC 4261 at 5429 Areveals
a thin extended disk of obscuration (Jaffe et al., |1993). VLBA obser-
vations of the nucleus of NGC 1068 (Seyfert 2) at 8.4 GHz reveals a
small elongated structure, probably an ionized disk of ~ 1.2 pc (Gal-
limore et al. 1997) that radiates a free-free continuum or scattered
light.

2.4.4 Arguments criticizing the Unified Model

Listed below are few strong points against the Orientation-based Unification
Models :

e There are problems regarding the Polarization Levels as in the
most of the Seyfert 2s, the continuum is seen in direct light while the
broad lines are just seen in polarized light which can not be explained
clearly with Unification Models. Also, the continuum is polarized at
a lower level compared to the broad lines (Miller & Goodrich, 1990;
Tran, [1995)).

e Few Seyferts change type in a very short timescale, which is
too fast to be explained by a cloud moving into our line of sight. Such
events encouraged the proposal of considering Seyfert 2s as switched-
off Seyfert 1s (Roy et al. [1994; |[Penston & Perez, |1984)).

e It is not common to have a scattered BLR in the Seyfert 2s (Cid
Fernades & Terlevich, [1995). But going by the Unification Model one
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expects more frequent detection of the polarized scattered light from
BLRs of Seyfert 2s.

e Though we see many Seyfert 2s, finding a narrow line QSO is not so
easy. This curious absence of radio-loud counterpart of Seyfert
2 can be explained by a modified unification scheme of a Receeding
Torus Model (Hill et al., [1996).

e In the Unification Model Scenario, we can not fit in the Weak Line
Radio Galaxies (WLRGs) with either anisotropy or beaming effect
(Tadhunter, 2008). Moreover, the status of BLRGs is not clear

under this Unification Scheme.

e Moreover, we assume that the obscuration in AGNs is by a compact
torus made of gas and dust and the distribution of Interstellar Medium
(ISM) remains fixed over the complete lifetime of an AGN. But the
high resolution observation reveals much extended ISM distri-
bution in the form of dust lanes. Moreover, making these assumptions
questionable, we have found direct kinematic evidence for outflows in
the few AGNs (Nesvadba et al., 2008).

The Unification Scheme hence can successfully explain many AGN char-
acteristics and properties but some questions remain. It is still too simplified
but it is the best explanation we have for developing a common model for
an AGN.
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Chapter 3

AGN Spectroscopy

3.1 Spectroscopy in Astrophysics

Astronomical spectroscopy has been invited since 1814 when Joseph von
Fraunhofer recorded the first-ever astronomical spectrum and observed ab-
sorption lines in a diffracted beam of sunlight. Gustav Kirchoff and Robert
Bunsen’s experiments in the mid-19th century gave one the initial clues to
understand the Fraunhofer’s lines. With the arrival of 20th century came
better and deeper understanding of these lines, thanks to the immense ad-

vancements in the quantum mechanics.

Electromagnetic radiation is the main carrier of information from all
the extra-solar objects. The light emitted by the astronomical objects is the
main source of almost all the useful knowledge we have gained till now about
them. The most detailed analysis of these message-carrier electromagnetic
radiation is done by the use of spectroscopy. It is basically the measurement
of the radiation intensity as a function of wavelength. These spectra pro-
vide a very useful and efficient tool to explore the farthest of astronomical
objets and extract informations about their physical properties. Knowledge
of atomic and molecular physics is the key to interpret any astronomical

spectra.

Many general things about the emitting object can be inferred from these

spectra and the strengths, positions and the widths of the spectral lines -

e Chemical Composition - By determining which atoms are produc-
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ing which transitions, we can list the composition of astronomical ob-
jects with a detailed information about the ions and molecules present
there.

e Abundance of the species - Strength of a transition determines the
number of atoms undergoing that transition. So, to find abundance of
a particular species we just need to know the intrinsic strength of the

transition being observed.

e Physical Environment of the Region - The different states in-
volved in the transitions for one particular atom lead us to the infor-
mations on the degree of excitation and hence the temperature and
density of the environment prevailing in that region. Moreover, emis-
sion line profiles and their broadening sheds light on the pressure and
density of the emitting/absorbing gas. Pressure broadening is broad-
ening of the lines due to collissions while the doppler broadening arises

because of the thermal random motion of emitters.

e Motion and Velocity of the Component Gases - The motion of
the species with respect to the observer is manifested on spectra as a
change in the line position. This line shift in the wavelength is called
Doppler shift and it gives an idea of the motion and velocity of the

object with respect to an observer.

e Magnetic Field - Splitting of spectral lines - whenever present - and
the degree of separation between the component of the splitted spectral
line (Zeeman Effect) sheds light on the strength of the magnetic field

whenever present.

3.2 Spectrum of a Galaxy - Normal and Active

The spectrum of a galaxy is the composite spectrum of all its components -
the spectra from the billions of stars that it contains, the star-forming HII
regions, other gases in a number of molecular clouds etc. Generally the con-
tinuum in the spectra is a result of all the black-body spectra coming from
individual stars ranging over a distribution of temperatures. The atoms and
molecules in stellar atmospheres and the cold gas in ISM absorbs these lines

at specific wavelengths and absorption lines are formed in galaxy spectra.
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On the other hand, emission lines are produced by the hot ionized gas sur-

rounding the energetic and high-mass young stars.

Elliptical galaxy spectra are characterized by strong absorption lines
due to metals and absence of emission lines due to the absence of young stars
and gas. Spiral galaxy spectra, on the other hand, are characterized by
strong emission lines owing to the heated gas surrounding hot young stars.
They also have a few absorption features due to the older stellar population
contained in them. Irregular galaxy spectra also have strong emission

lines because of the hot young stars and surrounding HII regions.
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Figure 3.1: Different kinds of normal and active galaxy spectra (Credit: Bill
Keel) - NGC 4941 and NGC 4579 are from observations by Keel in
. The "mean quasar” spectrum is from a composite generated in
Francis et al.| (1991)). The spectra for 08144425 and 3C 390.3 are from
Lawrence et al.| (1996). Cygnus A spectra was published by
.The normal-galaxy spectrum of NGC 3368 is from the spectroscopic
atlas of galaxies produced by Rob Kennicutt.

Active Galaxies have more powerful radiation and are characterised by

very strong and bright emission lines relative to a low intensity continuum.
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Moreover, the Spectral Energy Distributions (SED) of normal galaxies peak
at optical wavelengths while the SEDs of active galaxies emit across a wide
range of wavelengths. In addition this, unlike the normal galaxies, an Active
Galaxy spectrum is variable - with a broad range of variability from hours
to years. The spectra of different AGNs have different behaviour (see Figure
3.1).

Various classes of AGNs have their own trademark spectra. Seyfert 1
galaxies have both narrow and broad emission lines in their optical spec-
tra. On the other hand, Seyfert 2 galaxies have only narrow emission lines
(Khachikian & Weedman, [1974). A Quasar spectrum is similar to that of
a Seyfert but they have weak or no stellar absorption features, the narrow
emission lines are weaker than the broad lines and the bumps of Fe II emis-

sion are more prominent.

The Radio Galaxies can also be divided in two types according to
their spectra and their counterparts in Seyferts can be identified accord-
ingly - BLRGs having both broad and narrow emission lines like Seyfert
1s and NLRGs containing only narrow lines like that of the type 2 Seyferts.

BL Lacertae objects have virtually featureless continuum with rapid
large-amplitude optical variability in flux and polarization and with strong

and variable radio emission (Bregman, 1990)).

3.3 Continuum in AGN Spectra

AGNs have a complex continuum spectra (Spectral Energy Distribution -
SED, see Figure 3.2) that can be loosely approximated as a power law of

a

the form F,, oc v~ with a ranging from 0 to 1. Although this power law
assumption is reasonable enough, it shows some additional features like the
Big Blue Bump at wavelength shortwards of ~ 4000 A which extends
till ~ 1000 A. High-energy end of this feature is in the X-ray region and is
called Soft X-ray excess. There is another smooth bump at wavelengths
longward of ~ 1um and is referred to as the IR Bump. In the vicinity of
~ lpm is a local minimum. For the radio-quiet AGNs, the SED decreases

sharply at low energies starting from the Millimeter break.

26



Wem lem Qmm 00p (0p Lp lO00O A 1heV LD eV

b i
044 - uv Taard/x —
F I Bump Gap component
42 - -
P9

= [ ]
S a0+ 4C 34.47 (radio loud) -

1
mm-break

TN ™ .

T
W
44 - : -— 4
o I c KUV .
= T Inflection excess
T 42
i
ol L 4
240 Mkn 588 (radic quiet) —

e 87 q .

A | - F— | — TR — | E— A 1 1 i L n
10 i2 14 18 18
log(v) (Hz)

Figure 3.2: The typical AGN SED showing all its major features (Elvis et
all [1994)

3.3.1 AGN Continuum in the UV-optical range

The most prominent feature in the continuum of these wavelength ranges
is the above-mentioned Big Blue Bump which is thought to be a thermal
emission in 10* — 108 K. Many authors consider it to be the emission from
Accretion Disk (Shields, [1978; Malkan & Sargent, [1982). For an accretion
disk surrounding a 10® M Black Hole and accreting at Eddington Rate,

the expected emitting wavelength is ~ 100 A and hence the continuum in
this wavelength range helds special promises for investigating evidence of an

accretion disk structure.

But a thin accretion disk as source of UV-optical continua is questionable
due to several reasons like the simultaneity of the UV and optical continuum.

This opens up many other possible explanations for the source of continuum

at this A range. Barvainis (1993)) suggested that the UV-optical continuum

represents an optically thin Bremmstrahlung emission rather than the op-
tically thick black body emission. Malkan & Sargent| (1982) showed that
both these explanations fit the observed SED quite well. But all these mod-
els have their own limitations and the origin of the UV-optical continuum
is still debatable.
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3.4 Emission lines in AGN Spectra

Emission lines in AGN spectra can be divided into two types - permitted
and forbidden lines. The permitted lines or the recombination lines result
from free electrons recombining with mostly hydrogen nuclei and cascad-
ing down to the ground state while the forbidden line emission is typically
excited by collisions in the NLR. The forbidden lines have extremely low
transition probabilities and are emitted by atoms undergoing transitions
that are normally not allowed by the LS selection rules of quantum me-
chanics. The permitted line emission is seen from both the BLR and NLR

whereas forbidden line emission is typical for only NLR conditions.

3.4.1 Informations from emission lines

A spectral line is described by the position, width and line strength or

intensity.
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Figure 3.3: Different Line Parameters shown on a HfS Balmer line - posi-
tion (emitted wavelength), intensity, shift and full width at half maximum
(FWHM)

The line position is basically the central wavelength where it is emitted
- it helps to determine the Doppler shift and hence the motion of atomic
species with respect to the observer. The width of a spectral line is most
commonly expressed as the Full Width at Half Maximum (FWHM) and
it is the line width when its strength is half of the total intensity. Another
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important line parameter is the Equivalent Width (EW). The EW of a
spectral line is again a measure of the line area on a intensity-vs-wavelength
plot. It is measured by forming a rectangle with a height equal to that of
the continuum emission, and finding the width such that the area of the
rectangle is equal to the area in the spectral line. Line flux or strength is
determined by the area under the line shape which basically is the integral

of it’s energy versus wavelength.

Emission line profiles provide important clue to the dynamics of the
emission region. Lines are broadened due to several other mechanisms.
Their broadening pattern and strength gives one an insight to the physi-

cal processes causing the broadening.

Asymmetry in line sheds light on anisotropy in the line emission,
existence of inhomogeneities and outflow processes in the emission region,
etc. The origin of these asymmetries are thought to be arising either due to
Anisotropic line emission from radially moving clouds or due to a velocity
difference between the centroids of the different emission regions (Corbinl,
1995)).

These line parameters depend on physics, geometry and kinematics of
the emitting regions. Intrinsically, there is a very small natural width of
every emission line owing to the quantum mechanical uncertainity in energy

levels with finite lifetime. This natural broadening of a line is very small.

In high density environments, there is collissional broadening of the
line. The collision of neighbour particles with the emitting particle shortens
the characteristic time for the emission process and increases the uncertainty
in the energy emitted. This results in broadening of the line. Another pro-
cess resulting into line broadening is the thermal Doppler broadening.
This is caused by the relative velocities of different atoms with respect to
the observer. When temperatuure of the gas is high, the velocity distribu-
tion of the gas becomes wider. Thus the line profile broadens. Hence by
analysing the broadening of a line, we can estimate the temperature, pres-

sure and density of the emitting region.
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Size and structure of the BLR can be obtained by observing delayed
response of emission lines to variations in the continuum by the process
called Reverberation Mapping (Blandford & McKee., |1982; Petersonl,
[1988; [Netzer & Peterson) [1997).

The forbidden lines are very efficient in providing basic informations
about the physical environment of the NLR. The intensity ratio of the [SII]
AAN6716,6731 or [OII] AA3726, 3729 doublet can be used to estimate the elec-
tron density of the NLR while intensity ratio of lines arising from the same
ion but having different excitation potentials like the [OIII] A\4363, 4959, 5007
triplet or [NII] AA5755, 6548, 6583 intensity ratios gives the NLR tempera-
ture. The typical value of NLR temperature is ~ 16000 K .
Moreover, by plotting different line ratios we can distinguish between Seyferts,
LINERs and starbust galaxies (Baldwin et al., [1981} |Veilleux & Osterbrockl,
[1987). These are the famous BPT diagrams.

3.4.2 The UV and Optical emission lines in AGNs

The spectrum of an AGN has several strong, broad emission lines in the
optical and UV band (see Figure 3.4).
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Figure 3.4: A quasar composite spectra with emission features labeled by
ions (Francis et al., [1991)).
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In this thesis, we will be doing detailed analysis of these wavelength
ranges of AGN spectra. Here we describe the most prominent line emissions

in these wavelength ranges, that will be analysed further in this thesis.

e Balmer lines (H3, Hy, Ho) and Mg II A 2798 are few of the most

prominent emission lines in this range.

e The region between HB and H~ is covered by a very broad spectral
feature owing its origin to number of weak blended Fe II lines combined
with He IT X 4686. A similar Fe II blend is also seen at A\ longward of
HpA (Osterbrockl, [1977).

e Forbidden lines are generally absent in broad-line spectra. In contrast,
NLR spectra allow many forbidden transitions owing to its low density
and we find many forbidden lines like [O II] A\ 3726,3729; [O III]
AA4363,4959,5007; [N II] A\ 5755,6548,6583, etc.

e From ~ 20004 to ~ 40004 lies another strong blended feature consist-
ing of the blended Fe IT emission lines and Balmer continuum emission
(Wills et al., [1985) and is termed as the Small Blue Bump (see Figure

3.5).
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Figure 3.5: The Fe II blend and Balmer continuum comprising the Small
Blue Bump from 2000 A to 4000 A in Seyfert 1 Mrk 335 (Zheng et al., 1995).
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3.5 Spectral Property Correlations in AGNs

3.5.1 Need for Correlation between spectral properties

One can obtain physical parameters of an AGN and it’s emission line re-
gions by exploring it’s spectrum - spectral line features like widths, shifts
and fluxes of different lines arising due to transitions of different atoms, con-
tinuum properties, clues for the density and temperature of different regions,
informations on polarizations and magnetic field, radio strength and X-ray

properties, black hole masses, etc.

These observed properties are believed to be controlled by a few physical
parameters. Which parameters are the most influencial ones is still a doubt-
ful question. It is interesting to find some connections between these observ-
ables and the physical processes as that would help in answering many open
questions regarding physical and kinematic properties of the AGN emission

regions and their geometry.

3.5.2 Few important correlations

In order to understand the physics of line-emitting regions, many attempts
have been made till now to find correlations and trends among different ob-
servable properties of AGNs and relate these correlations to some physical
processes and parameters (Boroson & Green) 1992; |Gaskell, [1985; |[Baldwin,
1977; Dong et al. |2009; Kovacevic et al., 2010; Popovi¢ & Kovacevid, [2011)).
The former of these two goals have been achieved by many but the later is

an area which has not yet been successfully explored.

Few of these interesting trends and correlations are -

1. Boroson & Green| (1992) have tried to find correlation between many
spectral properties of AGNs and have discovered a very interesting
correlation - as the Equivalent Width (EW) of Fe II increases, EW [O
III] and FWHM H/3 decreases. These correlations are related to what
they have termed as EV1 (Eigenvector 1) in|Boroson & Green| (1992).
The physical cause of EV1 is yet to be understood.

2. Another such interesting correlation is known as the Baldwin Effect

(Baldwin, 1977)) - as the continuum luminosity increases, most of the
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emission lines show a decrease in their EWs. Origin of the Baldwin
Effect is also not yet understood clearly. However recently, quite in-
terestingly there is a proposal of the Baldwin Effect to be related to
EV1 (Dong et al., [2009; Kovacevié et al.l 2010).

3. There are interesting correlation between kinematic properties of the

Fe II lines and the Balmer Line ILR component (Marziani and Sulentic,
11993; [Popovi¢ et al., 2004; Kovacevi¢ et al., 2010) suggesting that the

ILR (Intermediate Line Region) is the emission line region of the Fe

IT lines too.

These correlations, if analysed properly can lead us to a much better and
deeper understanding of the emission regions and the geometry of the AGNs.
But for that one needs to find the physical causes of these correlations. There
have been many suggestions regarding the possible influencial properties, a

few strong suggestions are :

e Eddington Ratio (Boroson & Green| 1992; Baskin & Laor, [2004])

e Black Hole Mass 2002))

e Inclination Angle (Miley and Miller, 1979; Wills & Brownel 1986}
Marziani et al., 2001)

But as mentioned in the Introduction, there are many questions yet to
be answered regarding the cause behind these correlations. Nevertheless,
these investigations have the potential to take us to the next breakthrough
in the area of AGNs and provide us with new informations on the geometry,

physics and kinematics of different regions in AGNs.
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Chapter 4

Sample and Method of
Analysis

4.1 Sample Source - SDSS

We have taken spectra for our sample from SDSS (Sloan Digital Sky Sur-
vey) 7Tth Data Release (Abazajian et al., 2009). SDSS, in work since April
2000, is one of the most influential surveys in the Astronomical History of

mankind. It has two concurrent surveys - photometric and spectroscopic.

It has a CCD camera with wide-field imaging to image the sky in five op-
tical bands and two spectrographs - one covering a wavelength range of 3800
A to 6150 A and the other from 5800 A to 9200 A. The spectral resolution
ranges from 1850 to 2200. This telescope covers more than a quarter of the
sky and contains more than 930,000 galaxies and more than 120,000 quasars.
SDSS is an open data source and all its images, spectra and other resources
are open for general public, amature astronomers and scientific educators
(Szalay et al., 2003). The advantage of using SDSS for AGN emission-line

studies is that it allows one to have a large and uniformly selected sample.

The telescope dedicated for SDSS is a 2.5 meter altitude-azimuthal tele-
scope located in the Apache Point Observatory, New Mexico (York et al.,
2000). Tt is equipped with a 120-megapixel camera which is used to im-
age 1.5 square degrees of sky at a time. The telescope also contains a pair

of spectrographs capable of measuring more than 600 spectra in a single
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observation. To manage the enormous and high-speed data flow from the

telescope, a custom-designed set of software pipelines have been created.

The data is then reduced and within a week or two of the observation,
the reduced data is made available to the SDSS astronomers for validation
and analysis. These SDSS published data are made available to everyone
after one year of observation. This data can be accessed via the SkyServer
on the internet (http://skyserver.sdss.org/). SDSS data has a high spec-
tral resolution. The spectral wavelength coverage is large. They have a
good photometric calibration since each SDSS multifiber observation con-
tains numerous standard stars and can be individually calibrated. And it
has huge database sorted out nicely in order to find specific data with one

simple search form.

4.2 Sample Selection

4.2.1 Specifications for Selection

For our work, we needed a good quality sample consisting of AGNs with the

following specific properties :

1. High Signal to Noise Ratio (S/N > 25)

2. Redshift Range of 0.4 to 0.6 so as to cover most of the Balmer series
(HB, Hy and HJ), Mg II emission lines and the optical and UV Fell

lines in the spectral range

3. High Redshift Confidence (zConf > 0.95)

4.2.2 SQL Method to Select Samples

All the information of the SDSS is stored in a database. To search for ob-
jects with specified properties from the huge database of SDSS, we can send
some queries requesting for information. The most effective way to do so is
by directly submitting an SQL (Structured Query Language) query to the
SDSS database server.
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To find all the quasars with the above mentioned criteria, the SQL given

in Figure 4.1 has been used.

SELECT SpecObj.SpecObjlD, SpecObj.plate, SpecObj.mjd, SpecObj.fiberlD, SpecObj.z,
SpecObj.sn_0

FROM SpecObj

JOIN SpecLine as L1 ON SpecObj.SpecObjID = L1.SpecObjlD
JOIN SpeclLine as L2 ON SpecObj.SpecObjlD = L2.SpecObjiD
JOIN SpeclLineNames as LN1 ON L1.Lineld = LN1.value

JOIN SpecLineMNames as LN2 ON L2 Lineld = LN2 value

WHERE LN1.name = 'Hb_4863'

and LN2.name = "Mgll_2799'

and L1ew=0

and L2.ew >0

AND SpecObj.z between 0.407 and 0.643 and
SpecObj.zConf > 0.95 and

SpecObj.sn_0>25 and

specObj.specClass = 3

Figure 4.1: The SQL format used to search for SDSS Quasars fulfilling our

specific requirements .

We extracted 333 quasar spectra with these criteria.

4.2.3 The Subsample

Within our sample we tried to make a subsample containing all the spectra
with negligible stellar contribution. This was achieved by selecting all the
spectra with the absorption lines CaK 3934 A, Mg 5177 A and Hé 4102
A having Equivalent Width less than 1 A. The SQL run to extract these

spectra is shown in Figure 4.2.
121 spectra out of our sample of 333 featured in this subsample list.

Of these 121 spectra, 83 were common with the sample list of
where they have analysed optical Fe II line emission in a sample
of AGN spectra with negligible stellar contribution. We have chosen these
83 spectra and have added 17 more spectra from the rest of our sample to

see the differences between these two and also to have an unbiased sample.
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Thus, 100 spectra were finally taken for our analysis.

SELECT SpecObj.SpecObjlD, SpecQbj.plate, SpecObj.mjd, SpecObj.fiberlD, SpecObj.z,
SpecObj.sn_0

FROM SpecObj

JOIN SpeclLine as L1 ON SpecObj.SpecObjlD = L1.SpecObjlD
JOIN SpecLine as L2 ON SpecObj.SpecObjlD = L2.SpecObjID
JOIN SpecLine as L3 ON SpecObj.SpecObjlD = L3.SpecObjlD
JOIN SpecLine as L4 ON SpecObj. SpecObjID = L4.SpecObjID
JOIN SpecLine as L5 ON SpecObj.SpecObjID = L5.SpecObjlD
JOIN SpecLineNames as LN1 ON L1.Lineld = LN1.value

JOIN SpecLineNames as LN2 ON L2 Lineld = LN2.value

JOIN SpecLineNames as LN3 ON L3.Lineld = LN3.value

JOIN SpecLineNames as LN4 ON L4 Lineld = LN4 value

JOIN SpecLineNames as LNS ON L5 Lineld = LNS.value

WHERE LN1.name = 'Hb_4863'
and LN2.name = 'Mgll_2799'
and LN3.name ='K_393%'

and LN4.name = 'Mg_S177"
and LN5.name = 'Hd_4103'

and L1ew=0

and L2.ew >0

and L3.ew > -1

and L4 ew > -1

and L5.ew > -1

AND SpecObj.z between 0.407 and 0.643 and
SpecObj.zConf > 0.95 and
SpecObj.sn_0>25 and
specObj.specClass = 3

Figure 4.2: The SQL format used to search for a subsample of quasars with

negligible stellar contribution .

4.3 Preparing the SDSS Spectra

De-redshifting, reddening corrections and the continuum subtraction of the

spectra were done using the DIPSO plotting package. El

The redshift values and correction values for reddening were taken from

the database of SDSS Skyserver.

!DIPSO is a plotting package with many basic astronomical applications incorporated

in it. (see http://www.starlink.rl.ac.uk/docs/sun50.htx/sun50.html)
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4.3.1 Continuum Subtraction

Continuum subtraction was done seperately for the optical and the UV range

as we analysed both these wavelength ranges separately.
Continuum Subtraction in the Optical Range

To subtract the continuum in the optical range, we first drew the contin-
uum level by using continuum windows given in the paper of
(2002). These continuum windows are at wavelengths without any
emission line features. The windows that we used in the optical range are
3010-3040 A, 3240-3270 A, 3790-3810 A, 4210-4230 A, 5080-5100 A, 5600-
5630 A and 5970-6000 A. The continuum level is determined by interpolating
between these points (see Figure 4.3). For the subtraction purpose we used
the DIPSO software.

Flux
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B0 E200 5400

Waveler 1g1r

Figure 4.3: The continuum subtraction in the optical part of the QSO spec-
trum SDSS J210001.25-071136.34 using DIPSO software. The two contin-
uum windows given in this wavelength range are shown as asterisks. The
same spectrum has been shown prior to and after the subtraction of the

continuum (the spectrum at the bottom)

The same procedure has been used to remove the continuum contribu-

tion from the optcal range of all 100 spectra in our sample.
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Continuum Subtraction in the UV Range

To subtract the continuum from the UV part of the spectra by using only
continuum windows is tricky because of the complex shape of the continuum
which is a combination of the power law, Fe II pseudo-continuum and the
Balmer continuum (Grandi, |1982)). Moreover, to cover the Fe II lines in both
optical and UV range, we have selected our sample spectra to be within the
spectral range: 2900 A - 5500 A. This leaves us with less continuum windows
than what is required to reproduce the continuum level effectively. There
have been a number of models suggested by different authors to fit the
continuum in the UV range considering all the possible contribution (e.g.
Tsuzuki et al., 2006). But there is no one satisfactory model for it yet and
trials to find the perfect continuum fit still continues (Sameshima et al.
2011)).
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Figure 4.4: Continuum subtraction in UV part of a sample QSO Spectra
(Sameshima et al., [2011)).
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As evident from the Figure 4.4, there are still modifications needed in the
continuum model as we can see a non-physical discontinuity near ~ 36004
after the Balmer edge. We tried to make a model which we could use for
fitting spectra within the 2900 A to 5500 A range (with less number of con-
tinuum windows than needed). And we try to make a good fit near the
Balmer edge (~ 36464).

Our model consists of a Power law, the Balmer continuum (A < 3646A)
and high order Balmer lines (n=3-400) with \ > 36464 .

e Power Law Continuum - Power law continuum is simply given as

: A \°
WCONL .
Fx™ = fﬂu“(.’:[i_]“)

It has the power-law index « and the scaling factor F5199 as the free

parameters

e Balmer Continuum - Balmer continuum produced by a uniform

temperature, partially optically thick cloud is given in (Grandi| (1982])

FpacBx(T%) [l - --:t:p{—ﬁu.' ( \;r ) }:|

where B, (T¢) is the Planck function at electron temperature T

as

2he? 1

\;’p he
N eTET —]

B\(T) =

and 7pp is the optical depth at Balmer edge (A = 3646A4). This
formula has been frequently used by many authors to fit the Balmer
continuum (Kurk et al.|2007; Dietrich et al.,2003). This same formula

has been used by us to estimate the strength of the Balmer continuum.
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e High order Balmer lines - This is one additional component we
have included to fit the UV-optical continuum more accurately. We
are fitting them by one Gaussian with the same width and shift as H,.

The relative intensites for Balmer lines with n < 50 are taken from

the paper [Storey & Hummer (1995) while the relative intensities for

50 < n < 400 are calculated using the approximate formula:

I by ._-\"e)[ﬁ)aﬁ 91 ~(E1-E2)/kT

T b —
IQ bQ(T ;\'re) }‘1 fQ g2

An example of the continuum subtraction in the UV part of the spectra

using our model can be seen below in Figure 4.5.
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Figure 4.5: Continuum subtraction in the UV part of SDSS J223500.74-
101216.83 spectrum using our model. Here the bold blackline shows the
observed spectra. The green line in the bottom composes of the Balmer
continuum with the high order Balmer lines. The blue line shows the power
law continuum and the red line is the addition of both - representing the

total UV continuum.

So we conclude that the intensity of the Balmer continuum near Balmer

edge (~ 3646 A) may be well estimated using fitting result for the intensity
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of prominent Balmer lines. The fit near Balmer edge can be improved by
including high order Balmer lines with n=3-400 for A > 3646 A in our
model. The calculated intensity of the Balmer continuum combined with
one more continuum window (~ 3000 A) should be enough to determine the

UV pseudocontinuum in 2900 A- 5500 Awavelength range.

4.4 Line Fitting Procedure

We intended to study the emission line properties of the AGN spectra and
investigate their correlations to extract some information about the physical
properties of the emission line regions of the AGNs. For this purpose, we
fitted all the emission lines with Gaussians of different shifts and widths.
The Fe II lines need special treatment as they are often many in number
and form blended features. To fit the Fe II lines we have used our own
template. The fitting has been done seperately for the optical and the UV

part to make it less cumbersome.

4.4.1 Fitting the optical Fe IT (A\4100 — 5500A4) lines

As mentioned above, the fitting of the Fe II line profile is complex as it
consists of numerous overlapping lines with different intensities for various
transitions. For example, the Fe IT model calculated by [Bruhweiler & Verner
(2008)) using CLOUDY code produces 344,035 atomic transitions. These
lines often form a broad blended feature which can not be fitted simply
using single Gaussians and a seperate empirical iron template is needed to

fit these iron features better and more accurate (Vestergaard & Wikes, 2001).

These templates are defined mainly by the line width and the line strength.
The relative strengths of the lines in the Fe II multiplets are the same in all
objects. But due to the presence of numerous lines, the list of Fe II lines
used and their relative intensities differ for different models (Veron-Cetty
et al) 2004; [Bruhweiler & Verner, 2008]). Values of oscillator strengths in
different atomic data sources also differ (Fuhr et al., 1981} (Giridhar & Ferro,
1995).

Theoretically many authors have worked on the iron templates (Bruh-
weiler & Verner, 2008; [Verner et al., [1999; Sigut & Pradhan, 2003 etc.),
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which has been complemented by different analytic empirical models. The
empirical iron template applied in Boroson & Green|(1992) has been formed
by removing all lines which are not Fe II, from the spectrum of I Zw 1. Sim-
ilarly, Veron-Cetty et al.| (2004) constructed an Fe II template by identifying
the broad and of narrow Fe II lines and measuring their relative intensitites
in the I Zw 1 spectrum. On the other hand, Dong et al.| (2008)) used a tem-
plate having one intensity parameter for the broad Fe II lines and another

for the narrow ones.

These existing empirical and theoretical Fe II models have good fits for
the Fe II lines in NLSy1 but show discrepancies in the spectra with broader
Hp lines. Hence we use the optical multi-gaussian Fe II template given in
Kovacevic et al.| (2010) consisting of 50 Fe II emission lines (see Figure 4.7)
with the addition of 15 more Fe II lines in the extra spectral range being

considered in this analysis (Shapovalova et al., 2012 ) :

1. Majority of the strong multiplets dominant in the optical part (AA4100—
5500) whose lines can be clearly identified in AGN spectra and which
have one of the three specific lower terms of their transitions: F, S,
G or P - we have taken into account 65 such lines and have grouped

them according to the lower term of their transition (F, S, G or P)

e F group - Blue shelf of the iron template (4400-4700 A) with 19

lines which are mainly multiplets 37 and 38 .

e S group - Fe II emission covering the Hg and [O III] region in
addition to some emission from the red Fe II bump (5150-5400 ).
This group has 5 lines in multiplets 41, 42 and 43 .

e C group - Red bump of the iron shelf (5150-5400 A) with 11 lines
from multiplets 48 and 49 .

e P group - The transition arising from the group with lower level

4p, consisting of 15 lines from multiplets 27 and 28 .

2. 15 more lines selected from Kurucz database? EIWhiCh presumably orig-
inate from higher levels and are emitted around ~ 44504, ~ 46304, ~
51304 and ~ 5370A. Their relative intensities were measured from I

Zw 1 (Veron-Cetty et al., [2004). These extra lines are represented in

http://www.pmp.uni-hannover.de/cgi-bin /ssi/test /kurucz/sekur.html
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the bottom plot of Figure 4.6 with a dotted line. There are indications
of processes like self-fluorescence, continuum fluorescence etc., which
can excite the Fe II lines with higher energy of excitation
[1999; Hartman & Johansson| 2000) and produce these lines but

their origin is not yet well-known.
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Figure 4.6: The top level shows the strongest Fe II transitions in the 4100-
5500 A region. Middle plot has the lines separated into five groups according
to the lower level of transition: F (dashed), S (solid), G (dash-dotted), H
(two-dashed) and P (dotted). The bottom panel showcases the lines from
these five line groups (solid line) and lines measured from I Zw 1 - represented
with dots (Shapovalova et al. [2012)).

Each emission line profile in the model is represented by a Gaussian de-
scribed by the line width, shift and intensity. The width and shift are taken
to be the same for all iron lines as they are expected to originate in the same

region.

So we describe our optical iron template with eight free fitting parameters
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- one parameter for width, another for shift, five parameters for intensity
(for the F, S, G, P line groups and for the high excitation group) and the

seventh parameter is the excitation temperature needed to calculate the

relative intensities within F, S, G and P line groups (see Kovacevi¢ et al.l
2010; |[Shapovalova et al, 2012).
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Figure 4.7: An example of multi-gaussian fitting of an spectrum in optical
range (4100-5500 A) highlighting the Fe IT template - The dashed line showed
in the bottom represents all the optical Fe II lines with marked sub-groups
while the solid lines represents the Gaussian components of each Balmer

line.

4.4.2 Fitting the UV Fe 1II lines

For the UV template of the Fe II lines, we have considered the contribu-
tion of 33 Fe II lines from multiplets 60, 61, 62, and 63 near the red and
blue wing of Mg II A2798 (see Popovi¢ et all [2003). The atomic data
for the line strength has been taken from the NIST web site which is a
partner of VAMDC project. The line intensity ratio within a multiplet has

been assumed to be proportional to the ratio of corresponding line strengths
(Kovacevié et al., 2010) .

Like the optical iron template, we have again assumed the Fe II emission

to originate from the same region and hence have the same width and shift.
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4.4.3 Spectral emission lines fitting

We assume the emission line profiles can be fitted with number of Gaussians.
Each such line profile is considered to be a composite of contributions from

different emitting regions.

Components of most of the broad emission lines are hypothesized to
come from two or more emission regions (Brotherton et al. [1994; Popovi¢
et al., [2004; 1li¢ et al., 2006; Bon et al., [2009; Kovacevi¢ et al., [2010).

Thus each emission line is a sum of gaussians with different parameters
- shift from the laboratory transition wavelengths, widths and intensities.
These parameters reflect the physical conditions and kinematics of the re-
spective emission sub-region. Few of the most prominent lines in this wave-
length range which have been used extensively for our studies have been

noted below.

Fitting of the UV part

The most prominent line in UV spectral range - the Mg IT A2800 A line, is
a doublet (Mg II A\2795,2803 A). We see it as one line because they are
too close. We fit this line with one Gaussian in core, which is actually sum
of two Gaussians in core of two lines, and the same for the wings. So each
component of the fitted Mg II line is convolution of 2 Gaussians (Tsuzuki
et al., 20006).

We fit these lines with only two Gaussians instead of four, because we
want to simplify the procedure and their flux ratio is not constant (like for
OIII) (the same is done in Sameshima et al.| (2011))). In this UV spectral
range, we have also fitted the UV Fe II lines as described above (see Figure
48) .

This part of the spectrum was fitted with 12 free parameters - 6 of them
considering the intensity, widths and shifts for two broad and intermediate
Mg IT components and the other 6 for the width, shift and intensity (for
multiplets 60, 61, 62 and 63) of the iron lines in the UV.
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Figure 4.8: The two components of the Mg II A2800 A line with the Fe II

features in the UV spectra range

Fitting of the optical part

Balmer lines are normally thought to be coming from two regions - NLR
and BLR. But the complex broad emission lines are often impossible to be

correctly represented by only one single Gaussian component.

Many authors assume these broad lines to be emitted from two parts of
BLR - a "Very Broad Line Region’ (VBLR) and a kinematically different
'Intermediate Line Region’ (ILR) (Brotherton et al. 1994} |Corbin & Boro-|
son|, [1996; [Popovi¢ et all, [2004; [Hu et all, [2008; Kovacevié¢ et all, [2010) .
In our analysis, we have also assumed the Balmer lines to be coming from
three kinematically different emission regions - NLR, ILR and VBLR.
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Figure 4.9: Line fitting in optical spectral range - The SDSS observed spec-
trum of SDSS J020039.16-084555.01 (dots) and the best fit (solid line) where
Balmer lines are fitted with the sum of three Gaussians representing emission
from the NLR, ILR, and VBLR, lines of the [O III] AA4959,5007 doublet are
fitted with two Gaussians each, He II A\4686 is fitted with one broad Gaus-
sian and the Fe II lines are fitted with a template denoted by a dashed line
here.

The forbidden [O TII] AA4959,5007A doublet originates from the same
lower energy level. In addition to this, beause they are strongly foridden,
they should have negligible optical depth. Thus they can be assumed to

have the same emission line profile with same width and same shift. More-

over, their intensity ratio can be taken as 2.99 (Dimitrijevi¢ et al., [2007).

The [O III] lines have been fitted either with one gaussian or with two gaus-

sians in case of significant asymmetry (Popovi¢ et al., [2004; [Ili¢ et al., [2006]).

As the narrow forbidden lines and the narrow components of the broad
permitted emission lines should be theoretically originating from the same
NLR, we have taken the same values for shifts and widths of the Gaussians
of all NLR originated components. The He II AM6864 line is fitted with one

broad gaussian.
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An example of a fitted spectrum in optical range by our multi-gaussian

fit can be seen in Figure 4.9.

4.4.4 y? Minimization Routine

The spectral fitting in the optical 4100-5500 A range was performed by

applying a x? minimization routine (Popovi¢ et al. 2004) to obtain the

best fit. The UV range was fitted separately with a multi-gaussian fitting

method described in [Popovi¢ et al. (2003). The optical part of the spectra

for the whole sample was fitted twice with two slightly different minimization

routines with changed parameters.

Original fitting procedure

This is the multi-gaussian fitting procedure as described the latest in Kovacevié

(2010).
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Figure 4.10: The SDSS observed spectrum (dots) and the best fit with orig-
inal fitting programme (solid line) where Balmer lines are fit with the sum
of three Gaussians representing emission from the NLR, ILR, and VBLR,
lines of [O III] A4959,5007 doublet are fitted with two Gaussians each, He
IT \4686 is fitted with one broad Gaussian and the Fe II lines are fitted with
a template denoted by a dashed line.
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We first fitted the optical range of the spectra (AAA100A — 5600A4) with
36 free parameters to cover the width, shift and intensities of various lines in
that wavelength range along with few more physical parameters like temper-
ature. In this analysis, we had kept the widths and shifts of various Balmer
line components (like the VBLR components of all Balmer lines, the NLR
width and shifts of the Balmer lines) to have different values (see Figure
4.10).

Fitting with fixed Balmer line widths and shifts

In the original fitting model we had separate parameters for the widths and
shifts of different Balmer line components. After completing the sample
fitting, we found many spectra where the shifts and widths of the NLR,
ILR, and VBLR components of Hf are highly correlated with the shifts and
widths of the NLR, ILR, and VBLR components of Hy and HJ.

But several others had a highly redshifted H3 VBLR component com-
pared to the other two Balmer lines in our spectral range (Hy and HJ) and
hence showed disagreement with these correlations of line parameters as it

can be seen in Figure 4.11.

Therefore we introduce some constraints assuming that Balmer lines and
their components are originating in the same region and hence should have
the same widths and shifts. This reduced the number of parameters in our
new programme from 36 to 31. We re-fitted all the 100 spectra again with

this new programme.

We normally expect the various components of different Balmer lines
to originate from the same region - e.g. VBLR HS, VBLR Hv and VBLR
H§ should originate in the same emission region and hence portray similar
physics and dynamics. Thus it is theoretically more acceptable to have the
shifts and widths of all NLR (or ILR or VBLR) components of Balmer lines
(HB, Hy and Hé) to be the same.

50



o T T T T T T T T T T T T T T T

20 parameters of different balmer line components.

Spectra with a nice correlation between the line i

itive intensity

50 Spectra having a highly redshifted VELR HE f -
compenent compared to other balmer lines. 3

Relative intensity

-20 | .

-40 ;WMWWW+”WAW' s

-50
4000 4100 4200 4300 4400 4500 4600 4700 4800 4900 5000 5100 5200 5300 5400 5500 5600
Wavelength (in A)

Figure 4.11: Both the spectra here are fitted with our original fitting pro-
gramme with different width and shift values for different components of
Hp, Hy and Hé. The spectrum at the top shows good correlations between
the line parameters of NLRs, ILRs and VBLRs of the respective Balmer
lines. The spectrum on the bottom plan is an example where the width and
shift of H3 VBLR is very much different from widths and shifts of Hy and
Hé VBLR.

As mentioned above, not all spectra have shown a nice correlation be-
tween these parameters. But with our new programme, we could get a good
fit for almost all spectra. Comparison of an AGN spectrum being fitted first
by our original programme and then by the new programme can be seen in
Figure 4.12.
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Figure 4.12: A comparison for the two fitting programmes on the same AGN
spectrum - the observed spectrum is shown in dots, the upper panel shows
the multi-gaussian fit of it with our original programme considering different
width and shift parameters VBLR, ILR and NLR components of the Hf,
H~ and H¢ lines, the plot at the bottom represents the fit with the new
programme where we have introduced the same width and shift parameters

for NLR,

ILR and VBLR of all the Balmer lines.
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4.5 Line parameters obtained from the best fit

By running the x? minimization routine (Popovi¢ et al., 2004)), we obtain the
best fit for given spectrum and extract line parameters from the spectrum.

The following parameters are further analysed.

Luminosity of emission lines

Luminosities were calculated using the formulae given in |[Peebles| [1993| con-
sidering the cosmological parameters to be Q3 = 0.27, QA = 0.73,Q = 0
and Hubble constant as 71 km s' Mpc!.

Continuum Luminosity

The average value of the continuum flux is measured between AA5095 —
5100 and AA5100 — 5105 and is taken for the calculation of the continuum
luminosity at 5100 A.

Line Width and Shift
We obtained the parameters for shifts and widths (for all emission lines)
directly from the fit.

Excitation Temperature

The excitation temperature needed to obtain the relative intensities within
F, S, G and P line groups is given as one of the parameters from our Fe 11

template.

Line Equivalent Widths

To measure the Equivalent Width (EW) of the lines, we first estimate the
continuum by subtracting all fitted lines from the observed spectra and then
adding the line of interest to the continuum (see Figure 4.13). Then the lines
are normalized to the continuum level and their flux is measured (see Figure
4.14). This gives us the value for the EW.
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Figure 4.13: Example of measuring Equivalent Width of the H line on SDSS
J131840.214000735.28 - Observed SDSS spectrum with fitted continuum
and HS line.
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Figure 4.14: Example of measuring Equivalent Width of the Hf line on

SDSS J131840.214-000735.28 - Top: HP line and the continuum, Bottom
Hp line normallized to the continuum level
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Line FWHM

The broad component of the Balmer line is assumed as a sum of the VBLR
and ILR components. The fitted broad Balmer line is then normalized to
unity and the full width at half of the maximum intensity is measured. This
gives the value of FWHM for the line (see Figure 4.15).
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Figure 4.15: Example of measuring FWHM of the HS line on SDSS
J113615.14+103430.94 - Top: The broad HfS line is fitted by adding the
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Chapter 5

Results

We have investigated correlations between different UV /optical emission line
and continuum properties. We fitted a sample of 100 AGNs in the UV /op-

tical range.

Note here that 15 of 100 spectra from the sample, have a fitting problem
near 2650 A since it seems that continuum is not well subtracted below the
Mg II line. The possible reason for that may be that there are some addi-
tional Fe II lines in that part, which we did not take into account properly
in the fitting procedure. Additionally, 16 spectra have good fitting in the
optical, but could not be fitted well in the UV because of a strong absorption

in Mg II and strong noise.

For the rest 69 AGNs, the fittings are reasonably good and furthermore

we will explore correlations for these 69 AGNs.

5.1 Kinematical Parameters of Emitting Regions

The line widths and shifts obtained from our best fit were used to extract
informations about the kinematical relations among different emission re-
gions. The width is assumed to be connected to the degree of Doppler effect
caused by the motion of emission clouds. The Line shift, on the other hand,
is assumed to be a measure of the systematic motion of the emission regions

with respect to the host galaxy.

Further we outline the major results of the multigaussian fitting.
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5.1.1 Connection between Balmer and Fe II emission regions

The average value for the Fe II (optical) width, for the sample, is ~ 2050
km/s, while the average values for the Balmer line (H3,Hvy and H¢) widths
are ~ 300 km/s for the NLR, ~ 1900 km/s for the ILR component and
~ 4570 km/s for the VBLR component. Even before looking at the cor-
relations, it is obvious that the averaged Fe II width is much closer to the
average widths of the Balmer ILR components as compared to that of the
NLR and VBLR components (see Figure 5.1) .

Relationships among the widths of the Fe I and various Blamer compo-
nents are also presented in Figure 5.1. We do not see much of a correlation
between the kinematic properties of the emission clouds of the Fe II lines
with Balmer NLR and VBLR components.

But as shown by the Pearson correlation values, the correlation between
the Fe IT width and the width of Balmer ILR is very strong and significant
(r =0.75, P = 1le-13).

We also performed the same analysis for the Fe II lines in UV. There
was no obvious similarities between Balmer line component average widths
which are ~ 4570 km/s for the VBLR component, ~ 1900 km/s for the ILR
component and ~ 300 km/s for the NLR component, as compared to the
average width of Fe II (UV) lines, which is ~ 2900 km/s.

Moreover, as shown in Figure 5.2, we found no correlation between the
kinematical properties of the Balmer line components and the UV Fe 11
lines. The Pearson correlation values for Balmer VBLR component and Fe
II UV width are r = 0.22, P = 0.05; for ILR Balmer component and Fe II
UV width are r = 0.28, P = 0.18 and for widths of Balmer NLR and UV Fe
IT arer = 0.01, P = 0.91.

As obvious from the above mentioned values, altough slight but there
is still a trend of the width component of Fe II UV with Balmer ILR com-
ponent width but there is no trend whatsoever with the NLR and VBLR

components.
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Correlation: Widths of Balmer and Fe Il (optical) lines
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Figure 5.1: Widths of the Balmer line components are compared with the
widths of the Fe II (optical) lines. On the X-axis are the widths of Fell
and on Y-axis are the widths of the Balmer line components : squares
show VBLR data, open diamonds represents ILR components and inverted
triangles are giving the NLR data. There is a good correlation (dashed line)
between the kinematic properties of the emission region of the optical Fe 11

lines and ILR Balmer lines.
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Correlation: Widths of Balmer and Fe Il (UV) lines
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Figure 5.2: Widths of the Balmer line components are compared with the
widths of the Fe IT (UV) lines. On the X-axis are the widths of Fe II and on
Y-axis are the widths of the Balmer line components. No correlation was
seen between the kinematic properties of the emission region of Fe II UV
lines and the Balmer lines components, although a slight trend was shown
by the ILR components with Fe IT (UV) widths The notation is same as in
Figure 5.1.

The correlation analysis for the shifts of the Balmer lines and Fe II optical
as well as UV lines showed no significant correlations (Figure 5.3). Even the
average shift values were not similar between any of the components. The
values for average shifts are - Balmer VBLR ~ 1400 km/s, Balmer ILR
~ 150 km/s, Balmer NLR ~ 200 km/s, Fe II optical lines ~ 450 km/s and
Fe II UV lines ~ 1530 km/s.
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correlabon: Shifts of Balmer compenents and Fe || {optical) lines Correlation: Shifts of Balmer componants and Fe Il (UV) lines
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Figure 5.3: The same as in Figure 5.1 and 5.2 but for shifts of the Balmer
and Fe II lines. The left panel shows the relations with Fe II optical shifts
while the right panel demonstrates the shifts of Balmer line components and

Fe IT UV lines. The notation is the same as in Figure 5.1

5.1.2 Kinematic relations between Mg II and Fe II emission

regions

The Mg II emission line, as mentioned before in Section 4.4.3, is fitted with

two gaussians - one broad component and an intermediate component.

Exploring the widths and shifts of these two Mg II components and the
Fe II optical as well as Fe II UV Lines, we saw that neither of the Mg II
components show a correlation with the widths and shifts of Fe II lines in
the UV range.

But there is a high correlation (r = 0.69, P = 1E-11) between the widths
of Mg II intermediate component and optial Fe II line widths (Figure 5.4).
Moreover, the average value of intermediate component width of Mg II (~
1600 km/s) is highly similar to the optical Fe II width (~ 2050 km/s),
while the average width of Mg II broad component was significantly higher
(~ 9200 km/s).
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Correlation: Widths of Mg Il and Fe Il (optical) lines
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Figure 5.4: Widths of the Mg II line components compared with the widths
of the Fe II (optical) lines. On the X-axis are the widths of Fe II and on
Y-axis are the widths of the Mg II components. Filled triangles show the
Mg II broad component and open diamonds represent the data from Mg II

intermediate component.
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No such strong relationships were found between the UV Fe II widths
and Mg II broad line widths (Figure 5.5).

Correlation: Widths of Mg Il and Fe Il (UV) lines
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Figure 5.5: The same as in Figure 5.4 but for UV Fe II lines

For the shifts between Fe II lines in the UV as well as the optical band
and the components of Mg I, we again saw no significant correlation (Figure
5.6, 5.7).
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Mg Il shifts (kmi/s)

Correlation: Shifts of Mg Il and Fe Il (optical) lines
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Figure 5.7: The same as in Figure 5.5, but for shifts
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5.1.3 Optical and UV Fe 1II lines

No correlation was found between the widths and shifts of Fe II lines in
optical and in UV. We get Pearson values of r = 0.18 and P = 0.124 for the
line widths correlation of optical and UV lines, showing no relationship in
the kinematic properties of the emission regions of Fe II lines in optical and

the regions emitting Fe II in UV (Figure 5.8).
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Figure 5.8: The widths of the UV iron (Fe II) lines with respect to the

widths of the optical iron lines.

We also looked for the correlations between the shifts of the Fe II lines
in optical and UV but there was no correlation (r = -0.19, P = 0.1169) at

all between these properties (see Figure 5.9).
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Figure 5.9: The shifts of the optical vs the UV widths of iron (Fe II) lines.
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5.1.4 Kinematical relations between the Mg II and Balmer
Line Emitting Regions

We looked for correlations between widths and shifts of the Mg II compo-
nents in the UV range and the Balmer Hf line components. We assumed in
the fitting procedure that the widths and shifts of the Balmer lines (Hj3, H~y
and H¢) are the same. The only effective correlations were found between
the Mg intermediate component widths and widths of the ILR (r = 0.61, P
= 1E-8) and VBLR (r = 0.38, P = 8E-4) components of HS (Figure 5.10).
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Figure 5.10: Widths of the Balmer lines compared with the width of the
Mg IT intermediate component - squares showing data of broad HS com-
ponent, diamonds representing the ILR data and triangles giving the NLR

component of H3. The correlations are shown by the dashed lines.
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There is no correlation between the widths of Mg II broad component

and widths of any of these Balmer components. Moreover, the averaged

value of Mg II broad component was found to be much higher (~ 9200

km/s) in comparison with the widths of Balmer line components (VBLR
~ 4570 km/s, ILR ~ 1900 km/s and NLR ~ 300 km/s) (Figure 5.11).
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Figure 5.11: The same as in Figure 5.10 but for the broad component of Mg

II

The same analysis was carried out for the correlations between the shifts

of the UV /optical lines.
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Although no high correlation was seen among the shifts of the compo-
nents (Figure 5.12, 5.13), we found the averaged value of the shifts of Mg
intermediate component (~ 190 km/s) to be highly similar to the average
shifts of NLR and ILR components of Balmer lines (~ 200 km/s and ~ 150
km/s respectively).
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Figure 5.12: The same as in Figure 5.10, but for line component shifts.
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Correlation: Shifts of Balmer and Mg |l broad component
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Figure 5.13: The same as in Figure 5.11, but for the component shifts

5.1.5 Correlation between widths and shifts of Fe II lines

We found a significant correlation between the width and the shift of the Fe
IT lines in UV, with pearson values : r = 0.51, P = 6e-6 (see Figure 5.14)

There was a strong enough correlation even between the width and the
shift of the optical Fe II lines (r = 0.46, P = 5e-5). (see Figure 5.15)
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Figure 5.14: The widths vs shifts of Fe II (UV) lines.
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Figure 5.15: The widths vs shifts of the optical Fe II lines. Both the width

and the shift are given in the units of km/s.
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5.2 Correlation between the intensities of emis-

sion lines

We analysed the line intensities of the various components of different emis-
sion lines in order to find some relationships. Line intensity, basically, is
the flux on the wavelength where we have a line maximum. It is the flux
on the specific wavelength where the line is peaked. Line intensities in the

following analysis will always be given in 1077 erg cm™2 s~ 1t A~!

5.2.1 Correlation between Balmer and Mg II line strengths

The line intensities of both the broad and the intermediate components of
Mg II lines were seen to be highly correlated with the line intensities of all
the components of H3, Hy & Hé (Figure 5.16).
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Figure 5.16: Correlations between intensities of Mg II intermediate com-
ponent and the three (NLR, ILR, VBLR) component of H3. All the line

intensities are given in units of 10717 erg cm=2 51 A~!
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The Mg II intermediate component has higher correlation with the HfS
ILR (r = 0.88, P = 0) component as compared to the correlation with the
NLR (r = 0.61, P = 1E-6) and VBLR (r = 0.70, P = 1E-11) intensities.

The same trend was observed with the line intensities of Hy and Hd too,
with higher significance for correlation with the ILR component intensities
as compared to that of VBLRs and NLRs (Figure 5.17).
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Figure 5.17: Correlations between intensities of Mg II intermediate compo-
nent and the intermediate components of Hy and H§. The line intensities
are given in units of 10717 erg cm™2 57! A~1.

A correlation was not found between the line intensities of Balmer line
components and the broad component of Mg II. Even for Fe II line intensity,

no correlation was found with the Balmer line and Mg II line components.
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5.2.2 Correlation between different Balmer line intensities

The fluxes of the NLR, ILR and VBLR components of the different Balmer

lines (HB,H~v and Ho)

were analysed.

Correlations among the VBLR component intensities of different Balmer

lines returned very high Pearson values. We got for H3 vs Hy (r = 0.85, P
=0), Ho vs HG (r = 0.84, P =0) and H~v vs HJ (r = 0.80, P =2E-16). The
same trend was observed also in the correlations among the ILR component
intensities of the three different Balmer lines - HS vs Hy (r = 0.80, P =1E-
16), Ho vs HB (r = 0.55, P =1E-6) and Hvy vs H§ (r = 0.68, P =1E-10).
These are illustrated in figures 5.18 and 5.19. Even the intensities of the

NLR components of the respective lines showed good correlations.
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Figure 5.18: Correlations among the VBLR component intensities of dif-

ferent Balmer lines can be seen here.

Very high correlations were found

between their intensities. The line intensities are given in units of 107!7 erg

cm2 g7t A’l.
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AL

5.3 Correlation with the EWs of emission lines

Many correlations were tried out between the Equivalent Widths of emission
lines and their ratios, for different emission lines from the analyzed spectral

range.

A few very interesting correlations were found for the two ratios - EW
[O 1T}/ EW Fe II (optical) and EW [O II1]/ EW Hp ILR with many other
optical and UV emission lines, although the reason behind this significance

is not yet understood.
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5.3.1 Relations with EW [O III]/ EW Fe II (optical)

We saw a high correlation for the ratio EW [O III]/ EW Fe II (optical) and
EW [O III] (r = 0.82, P = 1E-14) (see Figure 5.20) and thus a significant
anti-correlation for the same ratio with EW Fe II (optical) (r = -0.56, P =
TE-6) (Figure 5.21).
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Figure 5.20: The EW [O III] / EW Fe II (opt) presented against EW [O
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A high correlation was also seen between the logarithmatic of the ratio
EW [O III]/ EW HpB (NLR, ILR and VBLR) components and log of EW
[O III]/ EW Fe II (optical), with the most significant relationship being the
one with HB ILR component (Figure 5.22).
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Figure 5.22: The log of EW [O I1I] / EW Hf components presented against
the log of EW [O III] / EW Fe II (opt) . The Pearson corr coefficients are
specified for all the HB components. EWs are in A.

5.3.2 Relations with EW [0 III]/ EW Hg ILR

As shown in the Figure 5.22, log of EW [O III]/ EW Hf components have
good correlations with the log value of the ratio EW [O III]/ EW Fe II (op-
tical). The highest correlation component was obtained between log of EW
[O I1I]/ EW Hp ILR component and log of EW [O III]/ EW Fe II (optical)
with Pearson corr coefficient values : r = 0.9, P = 0. The pearson values
showed some significance even for log of EW [O III]/ EW H3 VBLR vs log
of EW [O IIT]/ EW Fe II (optical) with r = 0.7, P = 5E-10 and log of EW
[O III}/ EW HS NLR vs log of EW [O I1I]/ EW Fe II (optical) with Pearson
values of r = 0.4, P = 1E-4.
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The ratio of EW [O III]/ EW Hf ILR also shows a very high significance
correlation with EW [O III] (Figure 5.23).
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Figure 5.23: The log of EW [O III] / EW Hp ILR presented against EW [O

ITI]. The Pearson corr coefficients are also specified. EWs are in A.

There was also a correlation between the EW [O III] / EW Fe II (opt)
vs EW [O IIT] / EW Hp ILR as shown in Figure 5.24. We saw pearson
coefficient values of r = 0.62 and P = 3E-7.
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Figure 5.24: The ratio of EW [O III] / EW Fe II (opt) presented against
EW [O III] / EW Hp ILR. The Pearson corr coefficients are also specified.
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Chapter 6

Discussion

We have investigated the physical and kinematical characteristics of the dif-
ferent line emission regions in a sample of AGNs by analysing their line
parameters and their correlation with the spectral features of other emis-
sion lines in the optical and UV wavelength ranges. Some analysis of the
results we have obtained and few observations about the sample spectra are

discussed here.

6.1 Origin of Emission Lines

6.1.1 Distances of Emission Regions from the Black Hole

From the widths of different emission lines and considering the typical mass
of the central black hole of an AGN to be 10® My, we can estimate the
distance of the line emission regions from the central black hole by taking
the simple virial relation. We assume that for the stability of an emission
cloud (mass m) moving around the central black hole (mass M) with velocity
V km/s at a distance of R meters; it’s centripetal force must equal the

Gravitation pull towards the black hole :
mV? _ GMm
R  R?

where G is the gravitational constant: 6.67 x 107! m3 kg

(6.1)

-1 82.

Thus we get the distance of the emission cloud from the central black
hole (R) as
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GM
where the line width gives a reasonable first estimate of the velocity of

the lines emission regions.

After looking at the various distances (see Figure 6.1), we figured that
the Mg II broad component is emitted closest to the black hole, followed by
the HB BLR component. They are closely persued by the Fe II UV emission
region, which seems to lie in between the VBLR and ILR emission regions.
Further out from the black hole comes the intermediate line components
of both Mg II and HfB lines. The emission line regions of Fe II optical
components lie very close to the intermediate line emission regions. As it
is well known, the furthest from the center is the NLR emitting the narrow

lines in a spectra.

Distance of various line emission regions from central Black Hole
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Figure 6.1: The estimated averaged distances of emission line regions from
the central black hole, where the mass of black hole is taken as 108 Mg
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6.1.2 Optical Fe II emission regions

To get ideas about the location of the optical Fe II emission region, we ex-
plored the kinematics of that region and compared the widths and shifts of
the optical Fe II, Balmer and Mg II line components. We found that the cor-
relation between the widths of the optical Fe II and Balmer ILR component
is significantly higher (r = 0.75, P = 1e-13) than for the VBLR and NLR
(see Figure 5.1). Moreover, the average width of the optical Fe II (~ 2050
km/s) is very close to the average value of the width of the ILR component
of Balmer lines (~ 1900 km/s).

In addition to it, although there was no significant correlation between
the Fe II widths and the width of the Mg II broad component, we found a
strong correlation (r = 0.69, P = 1E-11) between the widths of the Fe II
lines in optical and the intermediate component of the Mg II emission lines
(Figure 5.4).

Thus, we observed indication of Fe II emitting region being located in
the ILR i.e. the emission region of the intermediate lines which may be the

transition region from a torus to the BLR.

This has been proposed earlier by [Marziani and Sulentic (1993)) and
Popovié¢ et al.| (2004). Few other authors have also noted that the optical
Fe II emission arise from a region which lies in the outer parts of the BLR
(Gaskell et al., 2007; Hu et al.l 2008; Kuehn et al., [2008; [Popovi¢ et al.,
2009; Kovacevic et al., [2010).

6.1.3 Regions emitting Fe Il in UV

One interesting result regarding the the Fe II UV lines is the very high red-
shift that they feature (see Figure 6.2).

The Fe IT UV lines in most of our spectra were highly redshifted - most
of them in the range of 500 - 2500 km/s with an average of ~ 1530 km/s.
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Figure 6.2: Fe II UV shifts vs Fe II optical shifts : the Fe II lines in UV
have a high redshift range as compared to the optical Fe II lines

Moreover, we correlated the kinematical parameters (widths and shifts)
of the Fe II (UV) lines with the same parameters of the Mg II line com-
ponents and components of the Balmer lines. No kinematical relationship
were found between the emission regions of Fe II UV lines and the Balmer
or Mg II line components, though the average width of the Fe II in UV
(~ 2900 km/s) was slightly closer to the average value of the width for the
ILR component of Balmer lines (~ 1900 km/s) as compared to that of NLR
and VBLR. There was also no correlation between the emission region of
the optical Fe II lines and the region emitting Fe II in UV. Even with the
shifts of these lines, we did not catch any relationship. So we conclude that
the emission region of the Fe II UV lines is different from these other lines

considered in our analysis.
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6.2 Highly redshifted Broad component of Hf

One of the interesting results from the investigation is a highly redshifted
VBL component in Hj that is often seen in so called Pop 1 objects (Sulentic
et al., [2009) .

Normally we expect an emission line profile to be such that it has the
NLR component in the center taking care of the line core with the BLR

component covering for the line wings (see Figure 6.3)

Figure 6.3: Classical Hg fitting with its NLR, ILR and VBLR components

But in almost half of the spectra from this sample (especially the spectra
with line width > 4000 km/s), it was seen that the VBLR component of H3
is unusually highly redshifted compared to the NLR and ILR Hf compo-
nents. The high redshift range of the VBLR components as compared to
that of the ILR and NLR components can be seen in Figure 6.4.

This can be a real physical asymmetry, but no justification could be as-

cribed by us to this strange behaviour yet, and this should be studied in

more details in the future work.
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Figure 6.4: Shifts of H3 VBLR (in x-axis) plotted against the shifts of HS
NLR (red asteriks) and HB ILR component (blue triangles).

This highly redshifted VBLR component might even be artificial and
it is normal to suspect that we are missing few other lines under the Hf
and [O III] emission lines, which are present but their importance has been
underestimated in our analysis. This wavelength range from ~ 4900 A to
~ 5100 A is generally complicated due to the presence of numerous emission
lines - most of the contribution coming from HB broad component, the
forbidden [O III] doublet and few iron lines. But there can be additional

contributions from more iron lines or may be even weaker helium lines.

6.3 Broad [O III] component

The [O III] A\4959, 5007 A lines are typical forbidden lines in a quasar spec-
tra. Normally, forbidden lines have extremely low transition probabilities
and are emitted only in some ideal emission environments like low density
plasma with optimal temperature. The NLR provides such conditions to
let these forbidden lines arise while these lines are absent in the Broad line

spectra.

The [O TII] AA4959,5007A being a forbidden line should have only a

narrow component in it’s emission line profile. But sometimes, as shown in
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Figure 6.5, it has been observed that the line profile shows some contribution
from the broad region too (Popovié et al. 2004; Ili¢ et al.l [2006; Kovacevid|

ot al] 2010)

o]

[QInarrew

t
el [61I] broad

® | component

Figure 6.5: Fitting of the forbidden [O III] doublet showing both the narrow

and the ’broad’ components.

The broad line component of [O III], in our analysis is generally seen to
be between ~20 km/s and ~3500 km/s and mostly they are observed to be
blue-shifted (98 out of 100 spectra showed this trend). In very few cases,
this broad [O III] component seemed to have a width more than ~ 1000

km/s, which is generally not expected.

-}_‘. [l narrow .

COmpOonent L

[0 broad
component

Figure 6.6: An unusual quasar spectra with a broad [O III] component
having width of ~ 3330 km/s
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The spectrum presented in Figure 6.6 has such broad [O III] component,
which is physically prohibited. This seemingly broadened component might
be a result of blending of many different narrower gaussians which are [O
ITI] emissions coming from different outflowing regions differing slightly in
their shifts. All these gaussians add up to produce one final single gaussian

which can be seen in the QSO spectra as one broad component.
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Chapter 7

Conclusions

This master thesis is a part of a project to investigate relationship between
the UV and optical line emitting regions. The complete sample has 333
AGNs and here we did a test work on a subsample of 100 AGNs.

We took the 100 spectra from SDSS DR7 and corrected them for redshift
and reddening. Then we fitted all of them with multi-gaussian procedure
considering each emission line to be composite of contributions from different
emission regions having different physical properties. It was also assumed
that all the Balmer lines (Hf3, Hy and HJ) originate at the same emitting
regions and hence should have same widths and shifts for their constituent
components. From the best fit obtained by x? method, we extracted vari-
ous line parameters as the widths, shifts, intensities of all the line compo-
nents. We further calculated few other signatures of the emission lines like
the FWHM, equivalent width, etc. The parameters obtained for different
emission lines were then correlated to find connection between various line

emitting regions.

Even a smaller number of AGNs can lead us to some valuable conclusions
which probably will not be changed after analysis of the complete sample.

A few of them are :

1. By comparing the widths and shifts of the Fe II, Balmer and Mg II
line components, we found a high correlation between the widths of
the Fe II optical lines and Balmer ILR component (r = 0.75, P = le-
13). Moreover, the average width of the optical Fe II (~ 2050 km/s)
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is very close to the average value of width for the ILR component of
Balmer lines (~ 1900 km/s). We also found a strong relationship (r
= 0.69, P = 1E-11) between the widths of Fe II optical lines and the
intermediate component of the Mg II emission line, So we confirm an
indication of Fe II emitting region being located in the ILR which has
been earlier suggested by Marziani and Sulentic| (1993), [Popovié et al.
(2004), [Kuehn et al.| (2008)) etc.

. The distances of various emission regions from the central black hole
were calculated by taking the mass of the central black hole to be 103
Mg and by using the simple virial relation. As previously suggested
in literature, this sample data confirms a stratification of emission
regions in an AGN. The closest to the black hole were the Mg IT broad
component emission region, followed closely by the broad line region
emitting HB. Further out from the black hole comes the intermediate
line components of both Mg II and HfS lines. The Fe UV emission
region seems to lie in between the VBLR and ILR emission regions,
while the emission line regions of Fe II optical components were found
to lie very close to the intermediate line emission regions. The furthest

from the center is of course the narrow line region.

. We found some promising relationships between various emission line
equivalent widths and their ratios. Eg. high correlations were found
between EW [O III}/ EW Fe II (optical) and EW [O III] (r = 0.82,
P = 1E-14) while an equally significant anti-correlation was seen for
the same ratio with EW Fe II (optical) (r = -0.56, P = 7E-6). A good
correlation was also spotted between log of the ratio EW [O III]/ EW
Hp components and log of EW [O III]/ EW Fe II (optical) with H/j
ILR component showing the closest relationship. This ratio of EW [O
I11]/ EW Hp ILR also shows a very high significance correlation with
EW [O I11].

As we noted above, here we give investigation of a subsample of 100

AGNs and in the future we plan to fit the total sample of 333 spectra

and extract line parameters. We plan to explore new correlations to find

kinematic similarities or differences between Fe II lines in UV and optical,
search for Baldwin effect in the Balmer, [O III], Mg II and Fe II emission

lines and explore possible physical mechanisms behind these correlations.
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Chapter 8

Appendix

8.1 Line parameters obtained from the best fit

8.1.1 Shifts of the lines in km/s

SDSS name (SDSS J) |Redshit  |NLR HbILR |Hb BLR |Fe optical Mg broad Mg IL Fe UV
1 (014942 51+001501.73 0.552 06.555 364719 (1720743 [578.406 861.453 262458  |1665.366
2 033438 28-071149.03 0.634 54 60 150777 1213776 |453.069 1524.180 (235563 | 2042277
13 |032205.05+001201 .48 0.471 90.174 342666 |1096.311 |667.008 -190.407 (232383 152148
4 |112158.37+651716.20 0.502 228684 52.014 623.598  |368.277 2205333 (123957 (1866.063
6 163746 56+425449 66 0 544 1947 105828 |1051.845 (534738 2471961 (322566 (990.168
6 004222 29-103743.70 0.423 202.314 55.977 1249.686 (292245 861,504 251,34 1531.44
T 020435 19-093155.02 0.623 336.132 306411 493500 360579 1666.837 (205032 |1544.079
|8 [020039.16-084555.01 0.431 133527 35037 140079 [290.973 757494 140.556 |1252.599
19 [210001.25-071136.34 0.599 98.043 5075 |2473.017  |536.646 834,915 185829 |2180.925
10 |212619.66-065408.95 0.418 -154 146  |166.08 239253  |500.676 1157.721  [113.844 852 588
11 |223500.74-101216.83 0.553 193.083 190.524 |723.264 [531.099 920.451 264.114  [1058.781
12 |091957 60+510609 61 0553 347.754 146,067 (2086 986 (545544 1226724 (193551 [1206.732
13 (093930 .09+514103.62 0.605 276.258 3071 427.305 [412.548 2514678 250224 (1003926
14 [105122.29+020736.63 0.599 21.141 227619 [1839.678 |546.645 ~430.557 320823 1262151
16 [111507.66+023757 .62 0.566 226.374 230181 |723762 (488202 F033.714 (220353 |1441.455
16 |085334 25+434002.33 0.514 155.328 182322  |617.598 [379.539 1060.929 [189.876 (1389.27
17 |091625.40+471441 64 0.538 -10.839 510696 428184 [530.841 |270.867 336.54 1998 939
18 |DB3010.51+321352.74 0.521 116.763 207243 (3550602 [1997.07 1053489 |-7T8 882  |-215.502
19 (112224 15+031802,59 0.474 192,381 162,834  |315.54 538194 -1223.301 (2420622 |1053.78
120 163746 56+425449 66 0.544 -181.662 (232458 (11082 362 088 2117.436 (120789 |1175.358
21 |095000.74+483129.33 0566 172917 323214 431937 |526.053 FAT912T (253467 [ 2577.916
122 |095257.15+050910.31 0.543 210.507 181137  |338421 [282.078 728481 174435 |1081.992
123 |115355.82+543528.40 0.440 386508 406.05 468450  |478.080 -1287.129 H5T 155 1285316
124 |113615.14+103430.84 0.522 236.83 286.104 (590172  |505.023 -179.544 (258381 1752.915
26 |150257 9B8+502014 85 0.530 237.714 -T8.216 3380634 |75.513 1064925 (36261 1835352
126 111357 36+425326.34 0.441 204.831 -85.2 2422.035 [448.530 864,108 53.802 1512.306
127 135450 65+405218.24 0.473 306.843 192765 2765817 [103.392 ~208.773  |B0.457  |831.108
128 |123734.47+444731.74 0.460 176.961 124404 (3079488 |947.145 708.939 116892 |1315.746
129 |163746.56+425449.66 0.544 21.057 ~1T2.857 4052475 [1085.787 -27.231 85.5 1243.806
30 141842 22+423343 .34 0.420 272,613 243768  |-50.082 ST7.41 -326 997 134232 (1035.114
131 |073314 35+431049 04 0.500 279.978 217.5893  (4080.795 [307.086 -823. 113 (2373 689.796
132 |112643.02+154554 B7 0.434 266 454 83811 1046 616 |185.682 945,174 22 665 1783 638
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SDSS name (SDSS J) |Redshit  |NLR HbILR |Hb BLR |Fe optical ‘Mg broad ‘Mg IL Fe UV
133 |005623.21+323621.71 0.526 100.827 161.058 (469239 |170.955 586858 171.342  |[2246.508
34 |161916.55+334238 40 0.470 188.409 -85.92 14817.22  |166.353 -60.801 -5.34 1502.622
135 |114212.33+301613.39 0.481 193.266 86.952 730,767 |3T1.616 1948209 |106.725 |4878
36 [132115.86+284719.50 0.540 333.321 159.996 848955 |357.564 355.08 13167 1536.007
37 |122520.13+084450.78 0.535 93.234 89.412 2023.098 |403.311 1282122 212676 [1558.953
38 [106157.24+375429.12 0.561 360.186 -33.207 5056.5 711.336 300 397.914  |2025.354
139 |161924 11+260907 30 0.628 86181 327.384  [37.275 403.23 140821 270648 1400487
40 (145450.03+111434.51 0.467 211.836 251.391 [2247.669 |312.729 -1284 366 [286.392 |1831.107
41 |083332.92+164411.09 0.460 96.384 347997 220884 475494 -416.232 265608 (1776.243
42 (094236 68+192541.22 0.539 209.712 4233 382836 |258.861 1598.472 |79.599 1105.746
43 103458 43+204912 23 0.516 106.401 166.782 [276.72 220173 115.071 170,133 (B69.799
44 |114212.33+301613.39 0.481 156.642 207.342  [3339.753 |669.693 -957.342 288207 (1710702
45 |083010.51+321352.74 0.521 -4.815 128.52 169.233  |128.937 1758177 |-21.78 1283.043
46 130357 .42+103313.50 0.589 503.328 47.064 2380.89 (417183 -416.208 |205923 [1796.691
47 074619.19+444707 B7 0.601 0.225 92.016 630.786 514167 222.078 B86.445 1700.085
48 150527 60+294718.38 0.526 -71.562 -43.071 2194 746 (507 654 679.923 -11.472  (1279.956
49 083100.40+143448.94 0.565 241704 -190.341 [3025.86 |725.124 74.85 260.814 (192537
50 |140356.15+080731.66 0.591 495.018 291474  [260391 4176 240.843 220563 (1955559
51 |154453.86+165710.12 0.518 105.522 -271.107 [2435.598 B45.025 1192179 121035 |1324.02
62 |154333.95+102231.90 0.486 106.542 208557 |750.198  [326.559 1193976 [267.795 |1337.4

130435.04+184749.04 0.641 232761 -11.463  |453.177 |315.528 751.737 -144.504 (2035.794
64 (143222 85+184343 41 0.550 204696  |-765.465 [2757.495 |401.115 154.311 33324  |2015.637
66 |155821.86+120533.23 0.574 200.838 -10.995 !40?8. 245 [1276.779 185.049 250629 |996.195
56 |160739.30+103555.69 0.458 146.88 163.575 [1314.582 |290.154 499605 295431  [1326.513
57 |095758.44-002354.0 0.995 128.004 506.994  |86.001 570.051 432.303 546.513  [1889.859
58 |151722.51-003002.7 0.444 231.018 70.008 -B16.936 | 416.67 -068.778  |-53.403  [2164.563
59 |170533.69+644004.7 0.534 69.21 165486 80229 416.142 1418.263 166.713  (2176.722
171334 02+595028 .3 0615 67.458 264 855  [409.17 090.972 0 600 2164 563
1 |024240.31+005727 1 0.569 -5.007 338091 |B76.366  |-38.361 -182.253  [258.447  |3360.939
011132.32+133519.1 0.576 323721 2264781 [-339.396 |904.329 950797 184.11 2476806
024651 91-005930.9 0.467 237.516 245814  [207.579  |308.262 232.572 113.208  |1008.444
234440.03-003231 6 0.502 538.278 -176.925 (225234 |-52.065 140.508 69.939 G00.399
040148.98-054056 .64 0.570 119.814 168.198  [3063.255 |499.062 -1048.491 54381  |2382.207
041210.17-051109.1 0.549 79.215 -7.449 376.521 (13794 -630.627 (192249 |575.739
085559.00+005745.4 0.454 231.798 -585.705 283548  1360.21 -778.167 407328 |1218.54
094443 08+580953 2 0.562 220.329 30.627 2016.78  |272.523 901.551 561.627 (2350539
122806.90+670844 1 0.443 113.622 35.436 357.534  |1030.479 32.901 241.584 |2597.679
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8.1.2 Widths of the lines in km/s

SDSS name (SDSS J) NLR Balmer ILR  |Balmer BLR Mg broad Mg IL Fe optical  |Fe UV
014942 51+001501.73 494 463 2159.406 4401.081 7329.60 1581.027 291204 2912.04
033436.28-071149.03 201.825 2045076 4523.082 12639.114 2034 435 2584 440 2584 449
032205.05+001201 .48 200.439 12108 466 6569.517 8332.064 1619.91 2581.728 2581.728
112158 37+651716.20 195012 1416.36 3548 448 B274.06 1274 964 5508.72 550872
163746.56+425440 66 116.541 1709.007 4406400 5883 138 1422.516 4830993 4830 093
004222 29-103743.70 331 1432 188 4426041 7329 66 1176.744 41509767 4150.767
020435.19-093155.02 116.433 1097 973 3975.15 042024 188777 3205506 3205506
020039.16-084555.01 188.367 967 7688 2875.386 B073.024 1015.242 1580175 1580.175
210001.25-071136.34 799.305 2353.83 5515.587 9249 516 1512.855 4500135 4509.135
212619.66-065408.95 203.76 1915.062 3012.639 BG51.973 1534.845 1794.18 1794.18
223500.74-101216.83 280.62 1602.012 3084 .18 |6348.21 1748.724 2145819 2145819
091957.60+510609.61 335.799 1809 .48 '5380.857 6026.829 1448.211 2058.768 2058.768
093930.08+514103 62 278.64 B62 401 3160.278 6032379 1182828 1586162 1506162
105122 20+020736 63 204 606 1314.852 9371.821 10137 567 1527.801 1896480 1806.489
111507 66+023757 62 243.705 1306 095 4507 068 0842 013 1520.793 2050 698 2050 608
085334 25+434002 33 475 863 142116 4380.378 10196.736 1229253 2143.986 2143 986
091625.40+471441.64 340.515 1481 925 ATBE.662 9811461 1285674 1761.501 1761.501
083010.51+321352.74 215.007 3090.615 7139.472 4561.512 180117 2486514 2486514
112224 15+031802 .59 145.722 1424 016 3265.908 10704.936 1316.439 3874581 3874581
163746.56+425440 66 341.091 1199.703 3803 898 G487 815 1731.48 2035.323 2035.323
095000.74+483129.33 302.112 1521.345 3965.778 8823 485 1374.096 6951.993 6951.993
095257.15+050910.31 514 584 1451511 3571.560 7028.016 1083 464 3857 415 3857 415
115355.82+543528 40 354,369 1850.058 3A586.167 7372.158 1500096 2838234 2838 234
113615.14+103430.94 222 522 1474 935 4465 845 10764 .006 15684705 1990254 1990254
150257 98+502914 85 319.161 2420775 4511.316 9136.743 1477851 3197.724 3197724
111357 36+425326 34 152.07 1825926 3348.105 8308533 1640922 2298618 2208 618
135450 65+405218 24 459 387 1711.911 4079.685 11694 066 1332.642 1565.997 1565.997
123734 47+444731.74 212.674 2411.214 5731.488 SB61.877 1604.766 2155539 2155539
163746.56+425440 66 60.636 2190.414 5548.335 9419.307 1501.119 1069.842 1069.842
141842 .22+423343.34 286.314 12406996 4289 628 10441.621 1527.027 2554.332 2554.332
073314.35+431049.04 530 262 1948.011 5774.367 12676.026 979.401 1236.9 12369
112643.02+154554 87 329.958 1649.076 5175.312 B377.034 1223.82 2842 638 2842 638
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SDSS name (SDSS J) NLR Balmer ILR  |[Balmer BLR |Mgbroad  |MgIL Fe optical  [Fe UV
(195623 21+323621.71 420.51 1162.578 3460266 10628.55 1141.758 3937.05 3937.05
161916.55+334238 40 220449 2607 444 G607 116 7541109 2327 319 7587 972 7587.972
114212.33+301613 30 356,671 1649 439 4416.675 6321163 1404.477 256,689 10506 660
132115.86+284719.50 Gr2.441 1861.632 4722399 10867.902 1094157 2057 .034 |2057.034
122520.13+084450 78 148 629 2038 434 5813373 7785528 1808.079 3132513 3132.513
105157 24+375429.12 345.84 271838 4TET 042 11100 2771.85 3766.605 3766.605
161924 11+260907 .30 258 537 B850 134 2047 194 13251 651 1252 335 1689.525 1680 525
145450.03+111434 51 366.043 1792.641 7167.453 0685 917 1672485 2724 75 2724 75
083332 82+164411 00 274428 (1932057 (565 27 12376 446 1611573 2382 867 2382 867
004236 68+192541 22 606.18 1668.723 4076.625 6792 195 1056 204 2004 406 2204 496
103458 43+204912 23 195162 (1231500 3308.418 0457 314 1350.018 1493952 1493 952
114212.33+301613.30 205500 (2431053 5068.707 12572427 1640877 2573736 2673 736
083010 51+321352.74 430,548 1834308 3011.049 5825 658 1089.741 137877 1376.77
130357 42+103313.50 608 955 1732 608 6308.832 12376.446 1157 958 4030.776 14030.776
074619.19+444707 .87 171.102 1528.62 3893.271 9552.978 1727 394 2096.373 12096373
150527 60+294718 38 400.059 2858112 3956.829 7342077 1638 462 2889 867 |2889 867
083100.40+143448 94 210474 2400 483 5907 21 10178, 718 2413.128 3053.157 3053.157
140356 15+080731.66 240,185 1074.741 3195.672 12103.388 1309.752 2693.316 |2693.316
154453 BE+165710.12 283 536 1665102 14714 251 8249 631 1693 62 2284 716 2284 716
154333.95+102231.90 232227 [1214.652 4127.151 10500 1370.400 2281.341 2281341
130435.04+184749.04 130020 1206066 3102 603 14037 36 1496706 3620719 3620.719
143222 B5+184343 41 222642 [3076.761 5287 .23 8062 557 2442 555 4323.502 3323 502
165821 86+120533 23 216237 (2287227 181.062 7850511 1666.156 2066.148 0066 148
160739_30+103555.69 360252 1968255 4099 209 8199.12 1506 048 3633.951 3633 951
005758 44-002354.0 267 78 2611257 4769 284 8096 916 2149.443 2851008 2651 908
151722.51-003002.7 256 791 1437.855 £223.734 9306.138 1360.992 4659 466 14689 486
170533 69+644004 7 300171 1817.724 4377 249 BB58 604 1370616 4573392 14573 392
171334 02+595028 3 239.409 2938191 8983 968 B000 2100 4680 486 689 486
024240.31+005727 1 292 095 1039 416 4732 377 T756.626 1337 451 5188 413 5188 413
011132,32+133519.1 33.3 4070 568 2502.174 8542 896 1644 453 4561 596 4561 506
024651 51-005930.9 143028 04713 2537.073 7726 305 1094913 1248 066 1248 066
234440,03-003231 .6 4.077 1427 685 3372.330 7852.005 1620051 1457229 1457.220
040148,98-054056.64 553275  [3807.732 5043630 13073841 [2077.038 3734 652 3734 652
041210.17-051109.1 362550  [711.066 4920003 6250 821 1206.084 100497 1094 97
085550 00+005745 4 364 35 2156.187 5125.779 0846 597 2091 166 3625032 3625.032
094443 08+580953 2 300438 (2635614 4830.048 11878581  [3257.016 2458 536 (0458 536
122806 90+G70844 1 165.603 844 14 3371.961 11636.694 1618.836 2144 802 |2144 802
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8.1.3 EWs of the lines in A

SDSS name (SDSS J) z Fe UV Qlll EW Hb NLR EW | Hb ILR EW | Hb BLR EW | Fe optical EW

1 014942 51+001501.73 0.552 |1665.366 |1.00491E+01  |3.06213E+00 |4 99484E+01 |2 47303E+01  |1.29739E+02
2 |033438.28-071149.03 0.634 2042277 |1.07531E+01 |2 15066E-01  [3.86326E+01 |3.83556E+01 |1.25757E+02
3 |032205.05+001201.48 0471 |1521.48 |1.83092E+01 |2.97798E+00 |5.1310BE+01 |5.54934E+01 [1.14271E+02
4 [112158.37+651716.20 0.502 |1866.063 |0.00000E+00 |0.00000E+00  [0.00000E+00 |0.00000E+D0  15.12736E-01
6 |163746.56+425449 66 0.544 990168  |[2.96211E+01  |1.04210E+00 |3.54198E+01  [5.03923E+01  |9.68830E+01
6 004222 29-103743.70 0423 153144 [1.61847E+01  |[T46341E-01  2.81116E+01 |3 49160E+01  [9.37025E+01
7 |020435,19-093155.02 0623 1544079 |5.41823E+00 |8.2687T2E-01  [2.64612E+01  [296355E+01  [1.1T110E+02
8 |020039.16-084555 01 0431 |1252.599 |2 22696E+01 |3.31203E+00 [2.43696E+01 |2.72116E+01 |1.20378E+02
9 |210001.25-071136.34 0.599 2180925 |1.02087E+01 |6.19628E+00 |4.07304E+01 |2 BOS45E+D1  |8.62190E+01
10 |212619.66-065408 95 0418 |852.588 |0.7D49BE+D0  |6.62432E-01  [3.30300E+01 |1 26538E+01  [7.68227E+01
11 |[223500.74-101216.83 0.553  |1058.781 |0.25607E+D0 |4 58320E-01  [3.11613E+D1 |4 D4901E+01  |1.82329E+02
12 |091957 60+510609.61 0.553 |1206.732 |4 41799E+00 |3.56389E-01  [3.12024E+01 |3.25172E+01 [1.26836E+02
13 |093930.09+514103.62 0.605 |1003.926 |1.38461E+01 |2.76531E+00 [2.8213BE+01 |4 OGB26E+01 |1.37577E+02
14 105122 29+020736.63 0.599  |1262.151 |4.54044E+01 |1.34998E+00 |4.21070E+01  |7.95160E+01  [1.20483E+02
16 |111507 66+023757 62 0566 |1441455 [2.24935E+01 |1.39824E+00 |4.04216E+01 [6.06827E+01 [1,22329E+02
16 |085334 25+434902 33 0514 [1389.27  [1.11205E+01 [3.66853E+00 [3.45954E+01 |4.33748E+01 [1.16175E+02

091625 40+471441 64 0538 |1998939 [1.89119E+01 |1.18819E+00 |4.20379E+D1 ([3.97T940E+01 [1.06131E+02

083010.51+321352.74 0.521 |-215.502 |0.00000E+00 |0.00000E+00  |0.00000E+00  |0.00000E+00  |5.98070E-01

112224 .15+031802.59 0474 105378  [1.14986E+D1 |2.31975E-01  |2.25490E+01 [3.10855E+01 [1.10024E+02

163746.56+425449 66 0.544 1175358 |1.57696E+01  |9.16096E-01  [2.404509E+01 |4 75251E+01  |1.07D46E+D2

095000.74+483129.33 0.588 |[2577.516 |2.44973E+01 |2.04550E+00 [3.56403E+01 |4 40617E+01  19.39443E+01

095257 .15+050910.31 0.543 1081992 |6.42751E+D0 |7.71979E+00 [2.61680E+01 |3.23484E+01 |1.52295E+02

115356.82+543528 40 0440 1295316 |1.13114E+01 |1.44169E+00 [2.83620E+01 |3.85662E+01 [|1.04162E+02

113615.14+103430.94 0.522 1752915 |1.46472E+01 |9.70341E-01  [3.21905E+01 |4 23696E+01 |1.05575E+02

150257 98+502914.85 0.530 |1835.352 |2 33672E+00 |1.79100E+00 |4 42410E+01 |1.86794E+01 [1.14262E+02

111357 .36+425326.34 0.441 |1512.306 |2.13067E+01 |2.27259E+00 [3.31055E+01 |2.12786E+01  [7.92032E+01

135450 65+405218.24 0473 |831.108 |7.GESSBE+00 |3.99841E+00 [3.90723E+01 [1.67T012E+01 [1.60354E+02

123734 47+444731.74 0460 1315746 |2 72886E+01 |3.19183E+00 |4.25010E+01 |1.96215E+01 |1.00451E+02

163746 56+425449 66 0.544 1243806 |5.78309E+00 [1.12163E-01 |4.07225E+01 ([228728E+01 [2.3727T3E+02

141842 22+423343 .34 0420 |1035.114 |1.93325E+01 |1.45269E+00 [3.44185E+D1 |1.61412E+01 |1.71654E+D2

073314.35+431049.04 0.500 |689.796 |B.95862E+00 |1.76014E+01 |4.78500E+D1 |1.88264E+01 |1 69648E+02

MEEHEBEHEBEBEEEEEHEE

112643 .02+154554.87 0434 (1783638 |3.01228E+01 |4 557B6E+00 |4.23385E+01 |4 .GBODOE+D1  [1.41732E+02
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SDSS name (SDSS J) z Fe UV Olll EW Hb NLR EW | HbILR EW | Hb BLR EW | Fe optical EW
33 095623 21+323621.71 0.526 [2246.508 |1.22888E+01 |1.30094E+00 [1.89404E+01 |5.54088E+01 |1.76304E+02
34 |161916.55+334238 40 0470 |1502.622 |2.30390E+01 |1.62536E+00 |4.85276E+01 |3.20506E+01 |6.56677TE+01
36 [114212.33+301613.39 0.481 4878 3.02240E+01  [3.64612E+00 [532684E+01  [3.54999E+01 |1.33644E+02
36 [132115.86+284719.50 0.549 |1535.007 |1.62721E+01 |B.03815E+00 |4.03455E+01 |3.34567E+01 |1.08978E+02
37 [122520.13+084450.78 0.535 |1558.953 |5.21497E+00 [1.55688E+00 |3.02089E+01 [2.75800E+01  |9.51411E+01
38 |105157.24+375420.12 0561 [2025.354 |1.66858E+01 |3.2B065E-01 |3.42817E+01 [2.36511E+01 |7.37682E+01
39 [161924.11+260907.30 0.628 |1409.487 |1.50790E+01 [7.81543E-01  [1.1954GE+D1  [2.668208E+01 |1.19075E+02
|40 |145450.03+111434 51 0467 |1831.107 [1.78176E+01 [1.85417E+00 |4 13575E+01 |5.71961E+01 (9.10179E+01
|41 |D83332.92+164411.09 0460 |1776.243 |9.41282E+00 |9.84239E-01 |3.34084E+01 |1.51693E+01 |5.84060E+01
|42 094236 68+192541 22 0538 [1105.746 [3.51742E+01 |[1.52932E+01 |2 94538E+01 [2.93560E+01 |1.15005E+02
|43 |103458.43+204912.23 0.516 |B6O.799  |9.25406E+00 |[1.BBO7GE+00 [3.95098E+D1 [3.60202E+01 |1.37082E+02
|44 |114212 33+301613.39 0431 [1710.702 |194484F+01 |1 66640E+00 |5 37286E+01 |2 93405E+01 |8 18616E+01
45 |083010.51+321352.74 0.521 |1283.043 |[1.21130E+01 |8.02596E+00 |6.32154E+01 |5.56248E-01 |1.537BSE+02
46 |130357 42+103313 .50 0589 |1796.691 |4.G0863E-02 [5.93645E+00 |2 30345E+01 [2.20156E+01  |1.14062E+02
|47 |074619.19+444707 87 0.601 |1700.085 |7.69029E+00 |3.91500E-01 [2.19196E+01 |4 44644E+01 |B8.03679E+01
48 |150527.60+294716.38 0.526 |1279.956 [1.31352E+01 |1.77843E+00 |.27425E+01 [2.28719E+01 |1.38320E+02
|49 083109 40+143448 04 0.565 |1925.37 [3.06369E+01 |1.32727E+00 |4.25204E+01 |7.11242E+01 |6.13484E+01
50 |140356 15+080731.66 0.591 [1855.559 [1.15419E+01 [1.36779E+00 [3.01924E+01 |4.45823E+01 |1.74736E+02
51 |154453.86+165710.12 0.518 |1324.02 [1.80913E+01 |5.85763E-01 [3.097T10E+01 |4.70402E+01 |6.04859E+01
62 [154333.95+102231.90 0.486 [1337.4 1.32870E+01  [1.30365E+00 [2.45122E+01 |S.35746E+01  |1.07865E+02
53 |130435.04+184749.04 0.641 |2035.794 |7.97935E+00 |2 40044E-01 [1.71794E+01 |2 49151E+01 (9.40171E+D1
54 [143222 B5+184343 .41 0.550 |2015.637 |B.5SG105E+00 [710621E-01 2 A9M11E+D1 |2 72390E+01  |2.58907E+01
56 |155821.86+12053323 0.574 |996.195 |3.06459E+01 |[2.30364E+00 |5.79331E+01 |2.27220E+01 |6.78085E+01
56 |160739.30+103555.69 0458 |1326.513 |9.58089E+00 |1.18206E+00 |4.35710E+D1 [2.47B23E+01 |1.44156E+02
57 |095758.44-002354.0 0.595 |1889.850 |1.49052E+01 |6.47471E-02 [7.77444E+01 |1.37659E+01 |1.0563TE+02
58 |151722.51-003002.7 0444 2164563 |1.14774E+01  24107T1E+0D  |1.78628E+01 [3.69625E+01 |1.44943E+02
59 |170533 69+644004 7 0.534 |2176.722 [2.26897E+01 |3.73204E+00 |4 22058E+01 |4 668241E+01 |1.86473E+02
60 [171334.02+595026.3 0.615 |2164.563 |3.13258E+01 |[1.60983E+00 [2.16931E+01 [3.70558E+01  |3.81122E+01
61 024240.31+005727 1 0.568 |3360.939 |4.90412E+01 |1.77166E+00 |1.77519E+01 [6.570TOE+01  |1.34T15E-01
62 |011132.32+133519.1 0.576 |2476.806 |1.10557E+01 |1.61803E-01 |4.05806E+01 [2.05076E+01 |7.8762TE+01
63 (024651.91-005930.9 0467 |1008.444 [1.52598E+01 [3.52227E+00 [2.24171E+01 |4 48033E+01  |1.19109E+02
64 [234440.03-003231.6 0.502 |600.399 |7.16238E+00 |1.66890E-01 [1.52582E+01 |4 88733E+01 |9.31212E+01
|§5 040148 98-054056 64 0.570 [2382.207 |5.98071E+00 |9.63067E-05 [3.50198E+01 |2 05691E+01 |6.62387E+01
66 |[041210.17-051109.1 0.549 |575.739  |1.68414E+02 |2 12225E+00 |[1.34882E+01 [9.15341E+01 |2 70496E-01
67 |085550.00+005745.4 0.454 [1218.54  |1.32003E+01 [9.75056E-01 [2.77246E+01 |4.04989E+01 |8.44811E+01
68 |194443 08+580953.2 0562 |2359539 |3.06512E+01 |3.23859E-01 |2 84147E+01 |3.00727E+01  |7.04056E+01
69 [122806.90+670844.1 0.443 [2597.679 |1.72312E+01 [7.92148E-01  [8.60357E+00 |6.87082E+01 |7.03756E+01
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