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ABSTRACT

We perform anomaly detection on the spectral data of 26,818 quasars ly-
ing between 1.97 < z < 2.16 from the SDSS DR16Q) Quasar catalog. Two
datasets were created, with and without BAL quasars, and the results were
compared. We present 5 groups of peculiar quasars and a list of visually
picked 8 truly bizarre objects of unknown nature. Our algorithm also yielded
a serendipitous detection of 7 FeLoBAL and a concise selection of LoBAL
quasars, a subgroup of BAL quasars known for being notoriously tough to de-
tect. We also curate a list of corrupted spectra which require SDSS redaction.
An exhaustive collection of incorrect BALnicity index and z-value quasars
was also created, demanding a re-evaluation of the BAL PROB label in
DR16_v4 metadata.

We used PCA decomposition of the spectra and performed dual K-Means
clustering in a 30-dimensional hyperspace to cluster the entire dataset into 3
groups. Anomalies were marked with a 50 deviation from the cluster centroid
and were then grouped into 5 groups i.e. Excess SilV Emitters, Machine Er-
ror Anomalies, CIV Peakers, BALs, and True Anomalies. A completeness
check was performed using CIV, CIII, and MgII flux ratios, yielding 94%
accumulation. Anomalies presented enhanced and disproportionate spec-
tral features, translating into physical phenomena, creating an isolation that

helped us understand them in greater detail.
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Chapter 1

Introduction

1.1 A Brief Historical Introduction

The discovery of quasars in 1963 marked an important milestone in the field
of astronomy and cosmology. The timeline began when the radars used in
World War II were repurposed for astronomical observations, following the
work of Karl Jansky in the 1930s. When these radio dishes and interferome-
ters were pointed toward the sky, bright radio sources of cosmic origin began
to pop up throughout the celestial sphere. These telescopes did not have a
great resolution. Hence, the radio sources appeared to be blobs of contours,
which could not ignite the interest of optical astronomers, as neither their
shape nor the precise location could be determined.

This changed when a particularly bright radio source named 3C273 was oc-
culted by the moon, leading to the disappearance of the radio blob it pro-
duced, hence projecting its precise location in the sky. When the optical
telescopes were pointed to this location, a star-like object was discovered
that apparently was emitting this massive radio emission, giving rise to the
term “Quasi Stellar Radio Source” or “Quasar”. The question arose: what
could this strange object be?

To add to the conundrum, the spectral observation of 3C48 by Allan Sandage
revealed a very unusual spectrum, with extremely strong emission lines (a

property absent in the stellar spectra) and the light being variable.
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Figure 1.1: First radio images of the earliest known quasars in the Third
Cambridge Catalogue

The confusion piled up with the spectrum of 3C273, which exhibited
four strong emission lines of oxygen and hydrogen, with their wavelength
increased by a factor of 16%. This threw off the calculations that considered

it a star in our galaxy!

Now, it had to be an extra-galactic object, a hundred times brighter
than an entire galaxy to be seen placed at such a large redshift
distance, yet compact enough to exhibit day-variability and to be

confused with a star!

With the advent of the resolution of radio telescopes, the 3C 273 turned out
to be a two-component system with a 19.5 arcsec separation. As seen in
Figure 1.1a, the optically identified component sat on the star-like object in
the upper left corner of the image, while a jet-like object was seen as the
second component of the system seen in the lower right region of the image.
The presence of a jet indicated that the system was a rather violent one and
not a star. During the 1960s, all these indications sparked a huge debate
regarding all aspects of these objects because of their extreme luminosity,
baffling redshifts (mind-boggling at that time without cosmology), extremely

compact sizes, and uniform abundance.



1.1.1 The origin of redshift

The two quasars discussed above exhibited one of the highest concurrent
redshifts ever observed. The astronomers in the 1960s were familiar with
three kinds of redshifts:

1. Doppler Shift arises from the relative motion between the observer
and source, with towards the observer meaning blueshift and away

meaning red.

2. Gravitational Redshift of light that travels from a region of high

gravitational field to a lower one.

3. Cosmological redshift arose from the universe’s expansion due to

dark energy.

All three of these explanations were tried by astronomers in the early days
before the consensus settled with the latter most. The Doppler shift was not
feasible as it would require a source pumping out these sources at a massive
velocity outwards from the galaxy, which did not make statistical sense, as
there was no reason for such bias in direction. Similarly, gravitational red-
shift required the invocation of complex astronomical systems, such as the
presence of massive neutron star ensembles in the hearts of super-giant stars,
to produce a gravitational field strong enough to account for the observed
redshift.

The third alternative, the Cosmological Hypothesis, had always been the
central theory but was not accepted fully until the discovery of CMB (Cos-
mological Microwave Background) in 1965. All galaxies, along with these
peculiar objects, are placed in an expanding universe, and the redshift is
explained by the time-dilation produced in the curved space-time of this uni-
verse. This was later named as the Hubble Law.

The cosmological hypothesis gained traction because it did not require com-
plex physical scenarios to explain the great redshifts. The quasar properties
were found to be similar to Seyfert galaxies and AGNs in general. Since the
redshift of Seyferts was known to be cosmological, it was easily extended to

that of quasars.



1.1.2 Physical Characteristics

Once the boiling debate about the origin of redshift for these objects settled
down on the cosmological hypothesis, the astrophysics community faced a
new challenge: What the heck is happening over there?

The observations held during this initial phase of quasar research helped the

scientists identify the following general properties for them.

o It must be a star-like object identified with a radio source

The light should be variable

The ultraviolet flux should be large

Broad emission lines in the spectra with absorption lines in some cases

Large redshifts

Later on, it was seen that the radio emission property was not general and
was rare, and it was seen only in 10 percent of the quasar population. How-
ever, this connection was obvious since most of the quasars discovered during
that time were initially identified as strong radio sources.
In order to better understand these objects, observations will be made through-
out the electromagnetic spectrum, from radio waves to gamma rays, using
advanced telescopes in the coming decades. Strangely enough, by each of
these methods, the quasars seemed to exhibit vastly different interconnected
and disconnected characteristics, which also varied over time. This indicated
a much more diverse phenomenon at play: An ensemble of high (due to the
presence of I and X-rays) and low energy processes (Radio and Microwaves),
which originated from different regions of the quasar, as seen in the images.
These processes also affected each other as variability in one showed a cor-
responding response in some part of the spectrum.

For example Figure 1.2a shows the observation for the elliptical galaxy M87
(87 object of the Messier Catalogue) in the optical regime. It appears as a
dark circular blob with density falling with radius, which is the typical char-

acteristic of an elliptical galaxy. But when the same galaxy was observed in



(a) Optical Image (b) Radio Image

Figure 1.2: Observations for M87 (Elliptical Galaxy with an AGN) in differ-
ent wavelength domains

Radio frequency, it looked, unlike the optical image. As shown in Figure 1.2b,
the object instead exhibited a jet, spewing warm hydrogen gas into a lobe
that is being pushed back, diffusing into the galaxy, after a certain distance.
When studied, a sharp rise in luminosity towards the center was observed.
At the same time, the velocity of stars in the central region was measured to
rise rapidly, indicating the presence of a compact and massive object in the
center. The conclusion of these studies was that this central attractor was
probably an SMBH of ~ 5 x 10° M. The galaxy was also a strong X-ray
source, requiring an energy production mechanism that could surpass the
typical stellar emissions. Hence, with many such objects being discovered,
the study of quasars and “Active Galactic Nuclei” started to emerge as one
of the most fascinating fields in astronomy, studied extensively throughout
the globe to this day.

Since the only information we receive from these objects is their light, the
spectrum of quasars becomes the most important aspect in determining the
exact taxonomy, characteristics, physical/emission processes, and chemical
properties of quasars. The details about how each of these properties is
derived from the spectrum itself and the motivation for using the quasar
spectra to find anomalous objects will be discussed and made evident in the

later sections.



1.2 Taxonomy of Active (Galaxies

In the diverse zoo of galaxies of varying size, color, composition, shape, origin,

and evolution, there is a special state in which a galaxy can exist

Definition 1.1. Active Galaxy refers to a galaxy that houses an energetic
phenomenon, which cannot be attributed to stellar activity, in their central
region or nucleus. The nuclei of such galaxies are collectively called Active
Galactic Nuclei or AGNs.

Semantically, the AGNs are broadly classified into two types

« Seyfert Galaxies: In this case, the total energy emitted by the nucleus
in the visible regime is comparable to combined energy emitted by all

the stars present in the galaxy, i.e., ~ 1011 ®

e Quasar: Here, the energy output by the AGN is brighter than the

entire galaxy by a factor of 100 or more.

Since the probability of finding high-energy sources like quasars is rare,
one is statistically likely to find them only at great distances. At such a
large separation, because of its small angular size and feeble brightness as
compared to the AGN, the light of the circumnuclear galaxy fades off, leaving
only the star-like nucleus, giving it a “quasi-stellar” appearance.

A detailed taxonomy of active galaxies can be created considering various
emission factors, such as Radio Loud Quasars, which exhibit extremely high
radio emissions and are generally associated with the presence of jets, and
Blazars, which are quasars with their jets pointed directly toward us (as an
observer) giving rise to relativistic effects in their spectral profile.

There are also a few special types of quasars, which will be discussed in later
chapters, as they become relevant to our project and start emerging in the
SDSS data that we are using, such as BAL (Broad Absorption Line) Quasars,
Heavily Reddened Quasars, etc.

Below, we briefly discuss the general taxonomy of active galaxies and their
properties as they form the object set in the sample space for our anomaly

detection project.



1.2.1 Seyfert Galaxy

Seyfert galaxies are a class of active galaxies characterized by their strong and
broad emission lines in their spectra, indicative of highly ionized gas in their
nuclei. They are named after the American astronomer Carl Seyfert, who
first identified them in the 1940s. These galaxies typically have a compact
core, which is believed to host a supermassive black hole accreting material
from the surrounding disk. Seyfert galaxies are further classified into two
main types: Type 1, which displays broad emission lines originating from the
broad-line region (BLR), and Type 2, where only narrow emission lines are
visible due to the obscuration of the BLR by dense gas and dust, character-
ized by strong infrared emission. Studies of Seyfert galaxies have contributed
significantly to our understanding of the processes driving active galactic nu-
clei (AGN) and the role of supermassive black holes in galaxy evolution|23].

They frequently exhibit complex kinematics in their emission-line regions,

[on]

Type II Seyfert

11 ] N Y | | | I | ‘ I T Y I | ]
4000 5000 . 6000
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(b) Typical spectra of Seyfert galax-
(a) Seyfert Galaxy (NGC 7742) ies

Figure 1.3: Optical image and spectral property of a typical Seyfert Galaxy

suggesting the presence of outflows and inflows of ionized gas driven by the
central engine. Recent observations and simulations have highlighted the role
of interactions and mergers in triggering AGN activity in Seyfert galaxies,
contributing to our understanding of galaxy evolution processes [9]. Figure
1.3a shows the optical image of a Seyfert Galaxy, NGC 7742, and the typical
spectra of Seyfert Type I and II are shown in figure 1.3b.



1.2.2 Quasars

)

Quasars, short for "quasi-stellar radio sources,” are the intensely luminous
centers of distant galaxies powered by supermassive black holes accreting
matter at high rates. These celestial objects were first identified in the 1960s
through their strong radio emissions, but they are also known for their high-
energy radiation across the electromagnetic spectrum. Quasars exhibit ex-
treme redshifts, indicating their immense distances from Earth, with some
of the most distant quasars observed existing when the universe was only
a fraction of its current age. They are crucial probes of cosmic evolution,
shedding light on the early stages of galaxy formation and the growth of su-
permassive black holes. Quasar research has significantly contributed to our
understanding of active galactic nuclei (AGN) and the role of black holes in

shaping the universe’s structure [21].

Figure 1.4: Quasar Host Galaxies, HST Nov 19, 1996. J Bahcall, Institute
of Adv Studies, NASA

Quasars are the main objects we are interested in studying for this project

and we will be looking at their UV-Optical emissions via SDSS Data.



1.2.3 Radio Galaxies

Radio galaxies are a class of active galaxies distinguished by their strong
and extended radio emission, often originating from powerful jets expelled
from their central regions. These jets, composed of relativistic particles,
can extend over vast distances, interacting with the intergalactic medium
and impacting their surrounding environments. Radio galaxies are known to
exhibit a wide range of morphologies, including double-lobed, edge-darkened
structures, and compact core-dominated sources. Studies of radio galaxies
have revealed a connection between their radio emission and the presence
of supermassive black holes at their centers, suggesting that accretion onto
these black holes powers the jets. Furthermore, observations have shown
that radio galaxies can influence the evolution of their host galaxies and the
surrounding intergalactic medium through feedback processes driven by their
energetic outflows. The study of radio galaxies provides valuable insights into
the physics of active galactic nuclei and their role in the broader context of

galaxy formation and evolution [6]. Figure 1.5 shows the radio image of

Figure 1.5: Radio Galaxy Cygnus A (3C 405)

the galaxy Cygnus A, the first radio galaxy to be discovered and identified
optically. At a distance of 232 MPc (Mega Parsecs), it is one of the brightest
radio sources in the sky. The central bright dot is the galaxy shooting two

jets on both sides, which diffuse into radio lobes surpassing the galactic scale.



There are a few minor but rare classes of AGNs, such as

« LINERs (Low-Ionization Nuclear Emission-line Regions) represent
a diverse class of galaxies with weak emission lines originating from
their central regions. These galaxies often exhibit low-ionization states
of gas, suggesting various underlying mechanisms for their activity.
LINERs are found in both spiral and elliptical galaxies, hinting at a
wide range of possible origins, including processes such as star forma-

tion, shocks, and the presence of low-luminosity active galactic nuclei

(AGN)[12].

« BL Lac Objects are a subset of active galactic nuclei (AGN) known
for their featureless optical spectra and high degree of polarization.
They are characterized by their rapid and unpredictable variability
across the electromagnetic spectrum. BL Lac Objects are thought to be
powered by relativistic jets emanating from supermassive black holes
at their centers, with these jets oriented toward Earth, resulting in
intense emission from the core region. These objects provide valuable
insights into the physics of AGN and the nature of compact, energetic

phenomena in the universe [18].

« Blazars are a subclass of AGN characterized by their extreme variabil-
ity and intense emission across all wavelengths, from radio to gamma
rays. They are believed to be powered by relativistic jets pointed di-
rectly towards Earth, resulting in extreme Doppler boosting effects and
enhancing their observed luminosity. Blazars are divided into two main
sub-classes: BL Lac Objects, which exhibit weak or no emission lines,
and Flat-Spectrum Radio Quasars (FSRQs), which display prominent
emission lines in their spectra. The study of blazars provides crucial
insights into the physics of AGN jets, particle acceleration mechanisms,

and the interplay between black holes and their host galaxies[28].

With a general idea of the types of active galaxies and quasars that can
be found in the cosmos, we move on to understand and discuss the various

radiative processes and their physics that constitute the spectrum of a quasar.
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1.3 Radiative Processes

The radiation from a quasar covers the entire electromagnetic spectrum, from
radio-emitting jets to high energy gamma gays by annihilation. The major
part of this radiation is very different from the simple black body radiation
of stellar sources, giving rise to the name Non-Stellar emissions or Non-
Thermal Emissions. A few of the most important and prominent radiative
processes are discussed below, which will become relevant when we try to

explain the anomalous spectra with their help.

1.3.1 Basic Radiative Transfer

Radiative transfer deals with the interaction of radiation with matter and
the subsequent phenomena. In order to understand it, we need to describe
three quantities, i.e., Specific Intensity (1,,), Monochromatic absorption cross-
section, (k,(cm™!)) and Volume emission coefficient (j,), described as:

F , F
v =

I =

gAvs ovV's

Where, F' is locally emitted flux, o is the solid angle, A/V is

Area/Volume, and s is time in seconds.

These three combined give us the equation of radiative transfer,

dl,

S L+, 1.1
s kvl + (1.1)

The first term on the right describes the radiation loss due to absorption,
while the second shows the radiation gain due to the local emission process.

When Equation 1.1 is divided by x, on both sides, we obtain,

dl,
dr,

=-1,+5, (1.2)

Where (dr, = k,ds) is the optical depth and S, = j,/k, is the source func-
tion. Considering the AGN vicinity the radiating matter behaves like an

opaque source in full thermodynamic equilibrium (TE), and the optical depth

11



is large, hence both I, and S, approach the Planck Function,

2h13 /3
exp(hv/kT) — 1

B(T) = (13)

1.3.2 Synchrotron Radiation

Synchrotron radiation is emitted when a relativistic electron is accelerated by
a magnetic field; hence it also goes by the name Magneto Bremsstrahlung. 1t
is believed to majorly constitute the radio emission from quasars, sometimes
modified by intervening processes such as absorption and re-emission. Syn-
chrotron polarization and absorption is also an important aspect of quasar
radiation.

Considering an electron with energy E being accelerated in a magnetic field
B of energy density u = B?/87. The power emitted by this electron (P),
i.e., —dE/dt, is given by

P = 20pcy? BPup sin®a (1.4)

Where o7 is the Thomson Cross section, v is the Lorentz Factor,
f = v/c and the angular terms represent the direction of motion

with o as the pitch angle.

When Equation 1.4 is averaged over isotropic pitch angles, it gives

_ 4
P = §UT07252uB (1.5)

The radiation emitted by such a single electron is beamed in the direction
of motion. The final emission is calculated by considering an ensemble of
electrons with an energy distribution, which emits radiation at a character-
istic peak frequency ~?v; where vy is the Larmor Frequency. Hence, the
luminosity is calculating the integral over the optically thing source, which

is given by

=L /V / PGy vV (16)
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Where n(y)dy gives the energy distribution. This formulation brilliantly
explains the slopes of many AGNs at radio, UV-optical, and X-ray energies.

Synchrotron Self-Absorption

This situation arises when the source of these electrons is optically thick to
its own radiation. The opacity is maximum at the lowest frequency, which
results in significant modification of the emergent spectrum. Here, with p

being the power index, it is seen

Ky o v T (1.7)

that the largest absorption is at the lowest frequencies. Using Equation 1.1

for a homogeneous medium, we get I, o< v°/2 for large optical depths.

Polarization

Synchrotron radiation exhibits high linear polarization, with an intrinsic level
of up to about ~ 70%. However, the observed radiation has a much smaller
polarization extent (3 — 15%), which indicates the presence of a strong non-
polarized source mixed with this highly polarized source. This percentage
drops at lower wavelengths, which is contrary to what is expected from a
pure synchrotron source. This is explained by the presence of an additional
thermal non-polarized source. Synchrotron radiation with both these sec-
ondary processes, is thought to make up most of the AGN’s non-thermal

emission.

1.3.3 Compton Scattering

Compton scattering refers to the interaction between an electron and a beam
of radiation. The energy and momentum conservation relations are used to
calculate the relationship between the frequencies of incoming and outgoing

photos, for slow or stationary electrons. If n;, and n,, are unit vectors in the
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direction of incoming and outgoing photons,

2./
_ MeCV (1.8)
mec? + hv'(1 — cos 0)
For non-relativistic electrons, the cross section for this is
d 1
% = 57“3[1 + cos? 0] (1.9)

Where r, = €%/m.c? is the classical electron radius. Integrating over angles

gives the Thomson cross section, or.

Comptonization

It refers to the process of photons and electrons reaching an equilibrium. The
fraction of energy lost by the photon after each scattering is,
Av hv

- _ _ = — 1.10
v M2 ‘ ( )

Here, the loss of energy, hence a cooling of the gas is the direct result of

Inverse Compton Scattering.

Definition 1.2. Inverse Compton Scattering refers to the phenomenon which
involves the scattering of a photon by an electron, where the outgoing photon

as more energy than the incoming one.

Considering the fraction x of the electron energy kT being transferred to

the photon, the cooling term for the electron gas with temperature 7, can

CCS :/iNeUT |:IkTe:| dV (111)

47r? MeC?

be written as

If we consider the Compton Heating and cooling to be the only source-sink
process, and as previously discussed, if the radiation field is a Planck function
the equilibrium requirement would give x = 4 in the above equation. In

AGNs, the energy density of photons exceeds that of the electron, giving rise

14



to the Compton equilibrium temperature of

hv

T, =~
¢ 4k

(1.12)

Where the mean frequency is given by integrating over the SED of the source.
For a typical quasar, such calculations reveal a temperature of 7' = 10® K.
Hence, Compton and Inverse Compton scattering, along with some other
processes, form the basis of the primary continuum emission source from the
denser parts of the AGN, which we will see inscribed in the quasar spectra

as discussed in Chapter 4.

Synchrotron Self-Compton

Definition 1.3. Synchrotron Self-Compton (SSC) refers to the phenomenon
where, in a compact synchrotron source, the emitted photons get inverse
Compton scattered by the relativistic electrons that give rise to the syn-

chrotron radiation, which results in a big boost of energy for the photons.

The emergent flux from this process is calculated by integrating the
electron velocity distribution and the synchrotron radiation spectrum. The
medium is usually so dense that this SSC process repeats several times be-
fore an emergent photon is released. The natural limit of this process occurs
when the scattered photon energy becomes ~-radiation and the condition
hv, < m.c* no longer holds, which results in a dramatic radiation density

decrement. [4]

1.3.4 Thomson Scattering

The classical scattering of photons with energy hrv < mc?, incident on an
electron is called Thomson Scattering. The photons render the electron os-
cillating, radiating as per the Larmor formula. Here, there is no change in
frequency of the incident photon i.e., the scattering is elastic, which is the
main difference between Thomson and Compton scattering. For a linearly
polarized incident radiation, the differential cross section for scattering is

given by
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Whereas for an un-polarized source, the cross-section is given by Equation
1.9. Summed over all the angles, the cross-section comes out to be about
6.65 x 1072 cm?  When un-polarized radiation is Thomson scattered, it

becomes partially polarized, and the degree is given by

_ 1 —cos?d
1+ cos?6

It accounts for a few low-energy exchanges taking place in the outermost

(1.14)

regions of the AGN where the photon & electron energy exchange is elastic.

1.3.5 Annihilation and Pair Production

Many AGNs are known to exhibit y-ray jets, which indicates that in certain
parts of the central engine, the conditions are just right such that the den-
sity of high-energy photons becomes large enough for pair production. This
results in the formation of concentrated electrons and positrons pockets in

those parts.

Pair production is a fundamental process in particle physics where a high-
energy photon converts into a particle-antiparticle pair, typically an electron
and a positron, in the vicinity of a heavy nucleus or another energetic photon.
This phenomenon requires the presence of a target particle, usually a nucleus,
to conserve both energy and momentum. The produced particles carry away
the excess energy in kinetic form, leading to the creation of an electron-
positron pair.

e +e =v+7y

Pair annihilation, on the other hand, is the reverse process where a particle
(electron) and its antiparticle (positron) collide and annihilate each other, re-
sulting in the production of two photons with energies equivalent to the rest

mass energies of the initial particles. Pair production and annihilation are
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crucial concepts in understanding particle interactions and play significant
roles in various astrophysical phenomena, such as gamma-ray emission from
compact objects and the formation of electron-positron plasma in high-energy
environments [13, 30]. These processes are likely to occur in the corona of

the accretion disk or inside the gamma-ray jets.

Considering the interaction between a gamma ray photon with frequency
v, with an X-ray photon of frequency vy, the threshold frequency for pair

production is given by

s = (MY 2 (1.15)
T h V)((l — ﬁfy.ﬁx) .

The size of the optical source plays an important role in determining its

optical depth and hence the probability of pair production. The dependence

is called the compactness parameter.

1.3.6 Bremsstrahlung Radiation

Free-free emission, also known as bremsstrahlung or free-bound continuum
emission, is a process in which a free electron is accelerated or decelerated
by the Coulomb force of a positively charged ion, resulting in the emission
of electromagnetic radiation. This radiation covers a broad spectrum, from
radio to X-rays, depending on the energy of the electrons involved. Free-free
emission is prevalent in hot and ionized astrophysical environments, such as
HII regions, stellar atmospheres, and accretion disks around compact objects.
It contributes significantly to the observed continuum emission and can be
used to infer physical properties such as temperature, density, and ionization
state in these environments [16].

Free-bound emission occurs when a free electron is captured by an ion,
transitioning to a bound state within the ion’s atomic structure. During this
transition, the electron releases energy in the form of a photon. The emitted
photon’s energy corresponds to the difference in energy levels between the

initial and final electron states. Free-bound transitions are responsible for
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producing discrete spectral lines observed in various astrophysical environ-
ments, such as nebulae, stellar atmospheres, and interstellar medium. These
emission lines provide valuable information about the chemical composition,

temperature, and density of the emitting regions [17].

The spectral shape for these emissions differs significantly from a black
body radiation. The Free-Free emissivity due to ion ¢ of an element Z with

a number density N; is given by

4, = 6.8 x 10738 22T V2N, NG (v, Ty, Z)e ™/ H e (1.16)

where gsy is the energy averaged Gaunt Factor.
The Bremsstrahlung radiation extends over a large range of energies and
looks like a very flat powerlaw. The total energy per unit volume per second
(which is also the cooling rate) can be found by integrating Equation 1.16
over all the frequencies.
This concludes the introduction of the various emissions present in a quasar.

An anomaly would be an unusual amalgamation of many of these processes.

1.4 The Spectra of Quasars

1.4.1 What forms the spectra?

A quasar or galaxy in general has four major constituents: gas, dust, stars
and dark matter. Although dark matter is the main component of a galaxy,
it does not interact with normal matter or photons. Since we are talking
about spectra, we will be ignoring the dark matter component, leaving us
three bulk sources of radiation. As seen in Figure 1.6a, a typical stellar spec-
trum contains absorption lines cut into a thermal continuum. Using these
absorption lines one can learn many things about the star, such as the chem-
ical composition, surface temperature, and luminosity are encoded in the
strength and width of these absorption lines. Doppler shifts in these lines

can help measure the radial velocity, and a periodicity in the Doppler shift
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Figure 1.6: Major components of a galactic spectrum
is indicative of a binary star system.

The primary emissions and major contribution to the galactic spectrum
by gas in a galaxy are observed from hot clouds known as HII regions.
They are usually seen around active star-forming zones and hence are promi-
nently present in spiral and irregular galaxies. Their spectrum consists of

few emission lines as seen in Figure 1.6b.

The dust in a galaxy performs the cooling task and hence does not have
any optical emission signature. Its main effect is absorbing the optical and
high energy radiation (hence cooling) and emitting them in lower energy

wavelengths (Infrared and beyond).

In the case of active galaxies, the spectrum extends to a wider range of
wavelengths hence becoming a broadband spectrum. It has features in addi-
tion to the combination of the three features mentioned above that make a
typical galactic spectrum. We will shortly see, how the features in a broad-

band spectrum reveal phenomenal physics of extreme nature.
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1.4.2 Optical Spectra

The optical spectrum of a galaxy is obtained by adding up the spectra of
its individual components i.e. the stars, gas, and dust. When adding up

spectra, the following common scenarios show up,

« Different types (by age, composition, mass, etc) of stars have different
absorption lines. When added, these lines get diluted as one line might

not be present in the other spectra and vice versa.

o All the lines share the galaxy’s redshift, but additional Doppler shifts
can also arise because of the individual motion of objects within the
galaxy, resulting in the broadening of the lines making them wider and

shallower.

o When the spectrum of HII regions is added to stellar spectra, their steep
emission lines tend to be the prominent feature, unless it coincides with
an absorption line and fades out. These emission lines also face Doppler

broadening to different extents.

Doppler Broadening

Light from a quasar is emitted by individual atoms in motion, causing red
and blue shifts of the emitted radiation which broadens the overall received
spectrum. The motion of these atoms is a consequence of their thermal
energy, hence hotter gas tends to show higher broadening effects than colder

gas. The velocity dispersion of a gas with atoms of mass m, at a temperature

Av = (%—T) (1.17)

T is given by

m

The broadening caused by this velocity dispersion is given as

A)\NAU

A (1.18)

and it has become a standard practice to express the broadening in terms of

velocity. Thermal motion is not the only source of Doppler broadening. The
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bulk motion of particles can also cause velocity dispersion. The bulk motion
must impart different velocities to different atoms along the line of sight to

cause a broadening effect. These motions are visualized in Figure 1.7 The
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Figure 1.7: Doppler Broadening is caused by particles having different veloc-
ities along the line of sight (a). This can be due to (b) Thermal motion, (c)
galactic rotation, (d) gas inflow or outflow (e) chaotic gas motion.

thermal broadening depends on the mass of individual atoms that emit the
radiation as described in Equation 1.17; Hence lines of different elements will
have different extents of broadening. Whereas, the bulk motion of particles
will affect every line equally. This fact is used to differentiate between ther-
mal and bulk broadening.

Figure 1.8 shows the spectrum for elliptical galazies(First row) which pri-
marily contain absorption lines due to lack of HII regions and constitute
mostly of old stars, and spiral galaxies (bottom row) which show a mixture
of both emission and absorption because of star formation, dust and HII
regions around the stars. Notice, the narrow sharply peaked emission lines
in the spiral galaxies. The Doppler broadening due to galactic rotation and

other processes described above has caused them to become sharp narrow
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Figure 1.8: Typical spectra of galaxies

peaks with Av ~ 100 —300 Km/s instead of a single line (resembling a Dirac
Delta Function).

Active Galactic Spectra

Looking at the spectrum of a typical quasar in Figure 1.9, it immediately
becomes apparent that the emission lines here are much stronger and broader
than that of normal or even starburst galaxies. The strong lines point to-
wards excessive amounts of hot gas which also needs to be extremely hot or
in rapid motion to account for the broadening. When we try to account for
this broadening thermally, the temperature needed sores up to 10° K!, which
is higher than the core temperatures of most massive stars and is enough to
rip atoms apart, hence unfeasible. This suggests that the hot gas is in rapid

motion with a velocity dispersion of several thousand Km/s. To calculate
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Figure 1.9: A mean QSO spectrum formed by averaging spectra of over 700
QSOs from the Large Bright Quasar Survey [8]. Prominent emission lines
are indicated. Data courtesy of P. J. Francis and C. B. Foltz.

the actual temperature of the emitting gas, we use the relative strengths of
all the emission lines, which turns out to be about 10* K.

It is also noted that the active galaxies exhibit several times the total energy
output of a normal galaxy. The exact physical process behind it will be dis-
cussed in Section 1.5. Two important features of the AGN spectra are the
Big Blue Bump which refers to a prominent feature in the UV to soft X-ray
portion of the AGN spectrum, characterized by a broad, smooth continuum
emission. This emission is believed to originate from thermal radiation emit-
ted by the accretion disk surrounding the supermassive black hole at the
center of the AGN. The term "blue” is used because this component of the
spectrum peaks at relatively short wavelengths, typically in the UV region.
It provides crucial insights into the physical properties of the accretion disk,

such as its temperature profile and luminosity, and plays a significant role in

23



When we compare the broad-
band Spectra Emergy Distribu-
tions (SED) of active and nor-
mal galaxies, we find that the ac-
tive galaxies have a much flatter
SED. As seen in the figure to the
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Gamma, X-rays and UV light for
the QSOs indicating that there is
relatively much more emission at
high energy wavelengths stringed
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understanding the accretion processes powering AGN. [25]

In contrast, the Small Blue Bump refers to a secondary emission com-
ponent observed in the optical to UV portion of the AGN spectrum, typically
peaking at shorter wavelengths than the Big Blue Bump. The origin of the
Small Blue Bump is less well-understood compared to its larger counterpart.
It is thought to arise from a combination of contributions, including emission
from the outer regions of the accretion disk, as well as other processes such
as reprocessing of radiation by optically thick material or contributions from
the host galaxy. It plays a significant role in constraining models of AGN

energetics and the geometry of the accretion flow. [31]

1.5 Unified Model: Structure of Quasar

In the previous sections, we discussed the different types of radiation pro-
cesses that we were able to decipher after studying the spectrum. We were
also able to come up with size, temperature, density, and composition by
studying and comparing various properties present in the quasar spectra.
Now, we finally are in the position to discuss the "possible” and most ac-
cepted structure that a quasar must have in order to account for all the

observed characteristics.
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The size of AGNs

AGNs appear as point sources in optical images of even the most advanced
telescopes such as the Hubble Space Telescope. Using their resolution pa-
rameters, we have calculated an upper constraint on the size of a typical
AGN to be about ~ 1pc. One parsec is an extremely small distance on a
galactic scale given our galaxy is 30,000 parsecs in diameter, making AGNs
much smaller than the galaxies.

A second size constraint is placed using variability. The spectral variation
time scales at X-ray frequency for AGNs can be from a few hours to over a
year. In order to observe a brightness variability with time scale At, the size
(R) of the source must be no larger than R = cAt. If the source is bigger
than this, the luminosity variations will be smeared out and the observer will
see a continuum instead. When we input the day variability of a few quasars
(At ~ 10%s), we obtain a size of about 0.0001 pc. This result is staggeringly
small as compared to the optical image constraint discussed above, which
means the X-rays are being emitted from a very smaller region of the AGN.
Using Very Long Baseline Interferometry, radio astronomers also place

a size constraint about 100 times smaller than the optical image counterpart.

The Luminosity of AGNs

It is observed that a typical quasar emits thrice as much as optical at UV and
IR frequencies, making it at least four times as bright as a typical galaxy.
Most of the quasar’s emissions are attributed to the AGN. Calculations sug-
gest that in general AGNs have a luminosity of more than 2 x 10°L. or

8 x 10%W which is produced in a minuscule volume.

1.5.1 The Supermassive Black Hole

The gravitational field of am SMBH acts as the key component that powers
the central engine of a quasar. The radius of the event horizon (the so-

called surface of a black hole, beyond which escape velocity exceeds ¢) for a
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black hole that powers a quasar is given by

_ 2GM

2

Rs

(1.19)

c

Where Rg is the Schwarzschild Radius and M is the black hole mass. When
Ry is calculated from the variability constraints discussed above, we get a
mass equivalent to ~ 10°M. This calculation ensures that it is in fact
possible to fit an SMBH inside the AGN, but does not mandate it to be this

massive.
1.5.2 The Accretion Disk

When a number of gas clouds come in the

A vicinity of the SMBH, they start to accel-

«—E erate towards it under gravity and begin

l orbiting it. At the closest approach, they

collide with each other, losing kinetic en-

~ ergy, hence retreating to a lesser distance

M (black hole) with each collision. Subsequent collisions

—> make their orbits circular and also heat up

the gas. Since these clouds are in a Kep-

lerian orbit, the inner clouds orbit faster

i D than the outer ones. A form of friction

(viscosity) starts to act between neighbor-

ing clouds accelerating their energy loss.

Figure 1.11: Gas cloud in- As a result, the innermost regions of the

fall around the black hole clouds fall to even smaller orbits an ac-
cretion disk is created.

The amount of power that can be produced by this accretion disk has an
upper limit called the Eddington Luminosity. As the accretion becomes
faster, so does the radiation pressure of the energy being emitted by the
disk. This outward-pushing radiation pressure balances the gravitational

force pulling the matter inside hence placing a limit to the rate of accretion.
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The inward spiralling ends abruptly at ~
5Rg from the black hole’s center. Hereon, /
the infalling material begins to fall rapidly
and passes through the event horizon, into
the black hole. The accretion disk is sit-
uated outside this event horizon and radi-
ates a vast amount of energy which is be-
lieved to power the quasar. Based on cal-
culations, if a mass m falls into the black /
hole, it can radiate energy ~ 0.1 mc? be-
fore disappearing. This makes accretion
the most effective mass to energy conver-
sion mechanism after matter-antimatter
annihilation.

Figure 1.12: Formation of
accretion disk spiral

Mathematically,

AnGM M
Ly = e o 3y 10 W (1.20)

or ®
Where m,, is the mass of the proton, op is the Thomson cross section, M
is the mass of SMBH and M, is the solar mass. Hence to account for the
observed luminosity, a supermassive black hole of the order of billion solar

masses is needed to sit in the center of the AGN.

1.5.3 The Jets

Jets are narrow, highly collimated streams of particles and electromagnetic
radiation emitted from the vicinity of compact astronomical objects, such as
black holes, neutron stars, and young stellar objects. These structures can
extend over vast distances, sometimes spanning thousands of light-years. Jets
are observed across the entire electromagnetic spectrum, from radio waves
to gamma rays, and exhibit complex morphologies, including knots, shocks,
and collimated flows. They are believed to originate from accretion processes
onto the central object or from the interaction of the object’s magnetic fields
with surrounding matter. Jets play a crucial role in various astrophysical

phenomena, including the formation and evolution of galaxies, the launch-
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ing and propagation of relativistic outflows, and the feedback mechanisms

regulating star formation and black hole growth [2, 15]

1.5.4 The Dust Torus

The obscuring torus, often referred to simply as the ”dusty torus,” is a
key component of the unified model for active galactic nuclei (AGN). This
toroidal structure consists of a dense distribution of dust and gas surrounding
the central supermassive black hole in AGN. The torus is thought to play
a crucial role in shaping the observed properties of AGN and their classi-
fication. In the unified model, the orientation of the torus with respect to
the observer’s line of sight determines the observed appearance of the AGN.
When viewed edge-on, the torus obscures the central engine and broad-line
region, resulting in the classification of Type 2 AGN, characterized by nar-
row emission lines and strong infrared emission. In contrast, when viewed
face-on, the torus allows a direct view of the central engine and broad-line
region, leading to the classification of Type 1 AGN, which exhibits broad
emission lines in their spectra. Understanding the structure and properties
of the obscuring torus is essential for elucidating the diversity of AGN and

its role in galaxy evolution. [1, 5]

1.5.5 Broad and Narrow Line Regions

The Broad-Line Region (BLR) and Narrow-Line Region (NLR) are distinct
components of the emission-line regions observed in active galactic nuclei
(AGN) spectra. The BLR is located close to the central supermassive black
hole and is characterized by broad emission lines with widths ranging from
thousands to tens of thousands of kilometers per second. These broad lines
arise from gas clouds moving at high velocities in the gravitational field of
the black hole. The BLR is thought to be ionized primarily by the intense
radiation from the accretion disk surrounding the black hole. In contrast, the
NLR is located further from the central engine and exhibits narrow emission
lines with widths typically less than a few hundred kilometers per second.

The NLR is believed to be ionized by a combination of processes, including
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photo-ionization by the AGN’s central engine and shocks from outflows or
interactions with the interstellar medium. Understanding the properties and
dynamics of the BLR and NLR is crucial for unraveling the mechanisms driv-
ing the observed spectral features in AGN and their role in galaxy evolution
[18, 17].

The anatomy presented in the sections above is known as the Unified Model
or Standard Model of AGNs, as it includes the final product or structure
of what a quasar needs to be in order to fit in with every observation to
date. There had been no direct observations of a supermassive black hole
until the recent radio images of the supermassive black hole in the center of

MBS7 active galaxy, and later Sagittarius A" at our galaxy’s center.
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1.6 Motivation

So far, we have discussed the methods and novel ways in which the astro-
physics community, throughout the decades, was able to extract bits and
pieces of information about quasars, using just the light received from them.
These quanta of information fitted together like the pieces of a puzzle to
finally reveal one of the most mysterious objects in the cosmos, a quasar; An
object so bizarre that its existence was denied for years until they had to
accept the unfathomable realities that the cosmos hides.

The important thing to notice here is that, all this was accomplished by an-
alyzing the spectra of these quasars. All that we know, from their structure
to size, composition to distance, age to evolution, everything has been en-
coded in the spectrum. This makes the spectrum, an invaluable asset when
studying these objects.

Despite the rigorous ongoing research, the field still has many unanswered
questions and unexplored phenomena such as the formation of jets, co-
evolution of an AGN and its host galaxy, accretion disk dynamics and its
effects on the outflows, etc. The answer to such questions can be answered in
two ways, either by inductive reasoning, which uses the statistical prop-
erties of the bulk sample space to reach a conclusion or by deductive rea-
soning, which involves finding unique instances of the sample space and
studying them to know more about the bulk.

Hence in this project, we find spectroscopic anomalies using machine learn-
ing. An anomaly would be caused by a disbalance in one or more of the
"radiation processes” discussed in Section 1.3, which will translate to an odd
behavior being exhibited by one of the parts of the quasar as discussed in
Section 1.5. This odd behavior will highlight that particular section of the
quasar in the anomalous spectrum and hence will help us study it in isolation
giving a deeper insight into the physics at play.

Therefore, we wish to find anomalies in quasar datasets in the hope and
attempt to understand and answer a few unsettled questions in the field of

quasar astrophysics.
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Chapter 2

Methodology

The spectral realm of electromagnetic radiation is a temporal, topological,
compositional, and phenomenological signature of the physics at play in the
source. Hence, the various lines, their intensities, and widths in the spectrum
become the prime messengers in the quest to understand the workings and
dynamics of quasars. As we have a standard model for AGNs [29], all quasars
are thought to consist of a similar overall structure (Section ?77?) emitting a
“typical spectrum” as shown in Figure 1.9. Therefore it is straightforward
that an anomalously behaving quasar will leave an "uncommon” imprint on
the spectrum. This anomalous spectrum can be considered as the “odd-one-

out” in a group of similar spectra.

2.1 Data

The spectral data for this project is obtained from SDSS DR16Q Quasar
Catalog [14], which contains 750,414 quasars in the redshift range from
0 < z < 7.1. This massive redshift window allows the measurement of quasar
spectra throughout the high energy electromagnetic spectrum, as the rest
wavelength gets shorter with increasing redshift value corresponding to the

— Dobs

formula A\g = £ o

ple space so the odd ones could be detected and labeled as outliers. To achieve

For anomaly detection, we needed a "similar looking” sam-
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this, we restricted our wavelength window from 1250 to 3000 which cap-
tured 4 prominent emission lines (Si[IV](A1400), C[IV](A1549), C[II1](A1909),
Mg[IT](A2798) of a typical quasar spectrum. With the SDSS Telescope’s
wavelength coverage of [3800,9200], our wavelength window translates to a
redshift range of z € [1.920,2.167] as shown in Fig 2.1.
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Figure 2.1: Selected quasar sample from the SDSS DR16Q) Catalog

In our chosen redshift window, we carry our analysis with two datasets: a)
Control Dataset containing all the 26830 confirmed quasars in the sample
and b) No BAL Dataset which contains 17683 Non-BAL quasars which were
identified using the ‘BAL PROB’ keyword ([10]) being > 0.5. All the spectra
also have a Signal To Noise Ratio (SNR) > 5. This allows us to extract only
the high-quality spectra, as the structure and information retained in the
spectrum are of crucial importance in this project due to the lack of human
aid and the involvement of machine learning, which is very susceptible to the

quality of the input data.
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2.2 Spectral Pre-Processing

Each spectrum used in the project undergoes a four-step pre-processing
pipeline to be included in the anomaly detection dataset. The pipeline can

be understood in the following sections:

2.2.1 Redshift Correction

The quasar spectra from SDSS are read as measured flux (ergs/cm?/sec/A)
for a given observed wavelength (A) The quasars are spread over a large
redshift range, which leads to the Doppler shifting of emission and absorption

lines. Hence, we began by applying redshift correction to the spectra using:

)\obs
Ao = 2.1
072 +1 (2.1)

Where )\g is the rest wavelength, A, is the observed wavelength, and z
is the quasar redshift. The redshift value for each quasar is obtained from
the “Z” keyword in the SDSS DR16Q_v4 documentation. This brings all
the spectra in the singular wavelength window of [1250, 3000].

2.2.2 Flux Correction

Once the spectra are brought to the rest frame, we perform a series of smooth-
ing methods to remove the noise and system-introduced artifacts from the
spectra, which otherwise would reduce the efficiency of the anomaly detec-
tion algorithms or lead to false outlier detection. The steps followed for this

in chronological order are:

1. Re-Sampling: The spectra are resampled using Spectres [3] (A
Python-based spectral resampling module). Resampling means bin-
ning the flux values and taking the average flux of each bin as the new
value, which reduces the size of the data array. The spectra also con-
tain system-generated Gaussian Noise [22], which, on average, smooths
out the fluctuations. The spectra are sampled at 1A by the telescope,
resulting in a typical flux array of length 4000, which, when resampled
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with binning of 2 in the desired wavelength window, reduces the dimen-
sions to around 875, which makes it computationally less expensive.
This process leads to a neglectable information loss and enhances the

quality of the information retained by the spectra by noise removal.

2. Normalization: The luminosity of quasars exhibits a wide range of
values as it is a sensitive function of the quasar’s distance, the mass of
its SMBH, composition, orientation, and many more parameters. De-
spite this variability in luminosity flux values, the overall shape remains
more or less the same; there is just a translation of the spectrum on
the flux axis. Hence, the resampled spectra are normalized using their
maximum flux value, which brings the flux value range for all spectra
to [—1,1]. This helps us reduce the chances of the algorithm labeling
a spectrum as an outlier just because of its extreme luminosity, which
can merely be the effect of it being close as compared to the other

quasars in the sample space.

Fy
max(F; :i € n)

(Fnormalized>)\ - (2 . 2)

3. Smoothing: The normalized-resampled spectra are passed through a
Savitzky Golay Filter[20]. This filter works by fitting an n'® de-
gree polynomial to a short section (called "window length”) of the en-
tire spectrum. The window begins for the start and shifts a "window
length” amount after each fitting until it reaches the end. Finally, the
fitted polynomials from each window are joined to form a smooth new
spectrum. In our project, we used a window length of five and fitted
cubic polynomials. This smoothing method removes most of the noise
in the spectra without altering the length and shape of the spectral ar-
ray but leaves out artifacts like extremely narrow spikes in the spectra

caused either by cosmic ray encounters or system-induced errors.

4. Padding: The spectra recorded by the SDSS survey telescope have

35



varying dimensions. Hence, after all this pre-processing and extracting
the flux values only from 1250 to 3000 , there are still some spectra
that are shorter than the required grid. This is resolved by placing each
spectrum in this wavelength grid and padding any remaining space with
zeros on either side. This step is crucial as the anomaly detection algo-
rithms need all of their samples of the same dimensions for clustering

in the same hyperspace.

The final result of all the pre-processing above can be seen in Figure 2.2.
The raw spectrum extracted from the SDSS FITS file is represented by blue,

while the black shows the processed spectrum, which will be used hereafter.

Original Spectrum (Normalized)
—— Resampled Normalized and Smoothed Processed Spectrum
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Figure 2.2: Example of a spectrum before and after pre-processing.

2.3 Principal Component Analysis

Definition 2.1. Principal component analysis (PCA) is a dimensionality

reduction method that engages eigenvector decomposition to simplify a large
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data set into smaller sets while retaining its significant or “Principal” patterns

and trends.

Our quasar spectra can be considered as ~ 800-dimensional vectors, with
each wavelength corresponding to a unit vector and the flux value at that
particular wavelength as its coefficient. This allows us to visualize the entire
spectral dataset as points in an ~ 800-dimensional hyperspace, which can

then be clustered for anomaly detection.

PCA helps us to reduce the number of these dimensions by constructing
new variables called Eigenspectra, which are linear combinations of the ini-
tial variables. It is done so that the majority of information stored in the
initial variables is squeezed into the initial few components of the PCA com-
ponents, with each subsequent component containing lesser information than

the previous. As we can see in Figure 2.3 the first component PCA 1 lies

WVariable 2

“ariable 1

Figure 2.3: Visualization of typical principal components

in the direction of maximum variance of the data, while the second com-
ponent is orthogonal to it and explains the second highest variance, and so
on. This allows us to use only the first few components to retain most of
the information, drastically reducing the dimensions while discarding those
components with minimal contribution to information retention. The in-

formation retained by the components is measured in terms of Explained
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Variance. It refers to the amount of variability or total variance in the orig-
inal dataset that is accounted for or “explained” by each component. The
higher the explained variance the more important the particular component
as the explained variance directly translates to the amount of information

retained by the eigenspectrum.

In our project, we use 30 Principal components for both of the datasets which
is able to have a cumulative explained variance of 95.2% for the Control
Dataset and 95.3% for the No BAL Dataset.
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Figure 2.4: Individual (green) and Cumulative (blue) Explained Variance per
Principal Component for both datasets.

We agreed on a total explained variance of ~ 95% for our project. Figure
2.4 shows the contribution in the total explained variance rapidly diminishes
with each subsequent principal component and the cumulative sum reaches
our required value with 30 components, with more than 90% of the variance
being explained by just the first three components.

Application of PCA reduces the 875 dimensional vectors to 30 dimensions and
at the same time drastically reduces the dimension of the spectral hyperspace
too. This makes it much more computationally efficient. The clustering is
done by calculating the Euclidean distance between data points, and grouping
the close by points, a reduction in dimensions also helps in better clustering
since the sense of cluster structure tends to become hazier with increasing

dimensions.
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2.3.1 PCA Reconstruction

Since our PCA has a variance explanation of 95%, which describes the total
fraction of spectra that can be described by the linear combination of PCA
eigenvectors; there are some spectra that are not being accounted for by the
PCA. If we plan to use the PCA Eigenvector coefficients for our clustering,
we need to remove the 5% unresolved spectra for better results. We achieve
this by reconstructing each spectrum using the PCA Eigenvectors. We then

calculate the RMS error for each spectrum, which is calculated as:

SNV (FolAi — Fgl)?

RMS Error = 2.3
N (23)
Where, N is the total number of spectra, Fp|A; is the flux value
in the original spectrum at a given wavelength \; and Fg|\; is
the flux value of reconstructed spectra at the same wavelength.
Control Dataset No BAL Dataset
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Figure 2.5: RMS Error Distribution for PCA Spectral Reconstruction. The
red-shaded region denotes removed spectra.

We then remove the top 5% of spectra with maximum error, which is marked

by the red-shaded region in the figure. These top 5 percent of spectra account
for “Un-Explained” Variance by PCA.
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2.4 K-Means Clustering

Definition 2.2. Clustering is a technique used in data mining and machine
learning that includes grouping similar data points based on their properties,

either human conceivable or hidden.

K-Means Clustering is one of the most widely used types of clustering
algorithms. It partitions the data points into “K” disjoint subsets usually
denoted as “Ck” containing “Nk” points each, in such a way that the sum-

of-squares objective function is minimized:

K

Z Z sz - MKH2 (2-4)

K=1ieCg

Where, ux = % > a; is the mean of the points in set Ck, and

C(x;) = Ck denoZtEeCSKthat the class of x; is Ck.[24]
In layman’s terms, K-Means clustering works by assigning “K” (user-defined)
data points as nucleation sites. It then calculates the distance of each point
to all K nuclei and assigns the point to the nuclear closest to it, hence forming
a group. With the addition of each point in the group, the centroid of all the
points in each group is recalculated and new data points are added until all
of the data points belong to any one of the clusters. This entire process is
repeated a user-defined times and each time optimization matrices calculate
the efficiency of the clustering. The centroids that provide the most compact

and distant groups are chosen as the best.

2.4.1 Optimum Number of Clusters

There are several types of AGNs present in the SDSS catalog. On the basis
of different properties they can be grouped in a large number of different
disjoint groups. Since we were looking for anomalous quasars, where the
anomalous behavior could have emerged from any section of the spectrum,

we did not use domain-specific knowledge to sort the quasars into groups
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before looking for anomalies. Instead we two used standard techniques to

find the optimum number of clusters for our datasets. These are:

1. Silhouette Coefficient: The silhouette coefficient is a measure of
how similar an object is to its own cluster (cohesion) compared to
other clusters (separation). It ranges from -1 to 1, where a high value
indicates that the object is well matched to its own cluster and poorly
matched to neighboring clusters[19]. The Silhouette Coefficient for a

singular data point is calculated as:

b(i) — ali)
max{a(i), b(z)}

s(i) = (2.5)

Where:

o 5(7) is the silhouette coefficient for data point i,

« a(i) is the average distance from i to other data points in the same

cluster,

o b(7) is the smallest average distance from ¢ to data points in a

different cluster.
The silhouette coefficient ranges from -1 to 1, where:

« s(i) = 1 indicates that the data point is very well matched to its

own cluster,

« s(i) = 0 indicates that the data point is on the boundary of two

clusters,

e s(i) = —1 indicates that the data point is probably assigned to

the wrong cluster.

2. SSE Score: The Sum of Squared Errors (SSE) score, also known as
the Within-Cluster Sum of Squares (WCSS), is a measure commonly
used to evaluate the quality of clustering algorithms. It represents the
sum of the squared distances between each data point and its assigned

centroid within a cluster.[7]
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The formula for calculating the SSE score is as follows:

Where:

K
SSE=) > llv—mll?

=1 Z‘Eci

(2.6)

o (; represents the data points assigned to cluster i,

e ; is the centroid of cluster 1,

o o — pll®

denotes the squared Euclidean distance between data

point z and the centroid p; of its assigned cluster.

We use these two metrics to determine the optimum number of clusters in

our datasets. This is done using a technique called the “Elbow Method”.

Definition 2.3. The Knee Method, also known as the "elbow method,” is a

heuristic used to determine the optimal number of clusters in a dataset for a

clustering algorithm. It involves plotting the SSE (Sum of Squared Errors)

against the number of clusters and identifying the "knee” or the point where

the rate of decrease in SSE slows down, indicating the optimal number of

clusters. [27]
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Figure 2.6: The optimum number of clusters as concluded by Elbow Method

for both datasets

As per Figure 2.6, since Knee is at 3, the value of K=3 for both datasets.

42



2.4.2 Cluster Visualization

Once the data points are clustered, we can visualize them by plotting the
principal component coefficients. The clustering would be best visible in the
initial few principal components as those are the ones that have the maxi-
mum variance explanation. Figure 2.7 shows the clustering for the control
dataset, where we can see that the clustering becomes less and less evident

with the higher order of the principal component. The X and Y axis of the

Cluster

°0
oo

Figure 2.7: Principal Component clusters for Control Dataset

plot depicts the first six principal component coefficients scattered with re-

spect to each other, while the diagonal contains the KDE (Kernel Density
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Estimate) histogram for each PC coefficient. Similarly, Figure 2.8 shows the
cluster visualizations for the No BAL Dataset. Since the first two princi-
pal components account for the maximum cumulative variance, the cluster
separation while plotting them is evident. Hence, from here on we will be

using PCAy and PCA; for visualizing the clusters. It is also observed that

T Cluster

0
o 1
e 2

Figure 2.8: Principal Component Clusters for No BAL Dataset

the clusters do not seem to have an evident separation. This is because they
exist in a 30-dimensional hyperspace while the visualization is a mere two-
dimensional projection, which might not capture the entire separation of the
clusters. One would need access to 30 dimensions to see the exact cluster,

which is beyond human comprehension. Figure 2.9 shows the color-coded
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clusters as a 2D projection with the help of a scatter plot between PCA,
and PCA; coefficients for both datasets. Now that we have three different
clusters, any data point residing very far from the cluster centroid will be

called an outlier and would have a high probability of being an anomalous

quasar.
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Figure 2.9: Quasar spectroscopic clusters with centroids marked

2.4.3 Anomaly Detection

For anomaly marking, we calculate the Euclidean distance of each data
point from its respective cluster centroid and plot the histogram for Control
Dataset in Figure 2.10a and the No BAL Dataset in Figure 2.10b. Any
point residing beyond 5o distance was labeled as an outlier. Where o is the

standard deviation of the distribution, given as:

T — p)°

- [SET o
In the figures below, all the quasars inside the yellow-shaded region are con-
sidered outliers or anomalous as they are too far from the cluster centers
hence having a high probability of containing a “weird” feature in their spec-
tra. When the PCA tried to account for this weirdness, it generated unusual
coefficients for the eigenvectors which caused these points to reside farther
than a typical point from the cluster center.
Once this distance threshold is applied to the clusters in both datasets, we
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get a total of 472 anomalies in Control Dataset and 277 anomalies in No

BAL Dataset. The exact distribution per cluster is given in Table 2.1.

Dataset | Cluster 1 | Cluster 2 | Cluster 3
Control 81 146 245
No BAL 63 82 132

Table 2.1: Anomalies in each cluster for both datasets
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Figure 2.10: Histogram for the Euclidean distance of each point from its
respective cluster centroid

Once the anomalies are detected, we plot the coefficients of their first

and second principal components on top of Figure 2.9. The anomalies are

marked with black dots concentrated on the peripherals of each cluster as

seen in Fig 2.11. Again, some anomalies might seem “inside” the clusters;

This is because the clusters visualization is just a 2D projection of the 30-D
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hyperspace, and the point seemingly inside the cluster might very well be far

off in one of the dimensions making it an outlier.

2.4.4 Composite Cluster Spectra

Since the clustering is done in the hyperspace that contains coefficients of

the PCA, we do not know for sure, what exactly causes these quasars to split

up into three different groups, because PCA coefficients do not translate

into any physical property of the quasar. Hence in order to have a crude

understanding of the “cause” of this clustering, we will have to look at the

mean spectrum for each of the clusters.
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Figure 2.12: Composite Spectrum for each cluster
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The mean spectrum helps us to understand the general trend observed in
the spectra of the cluster members, which translates to a common physical
property as seen in Figure 2.12. A detailed discussion about the implications

and the mean spectra as a whole can be found in section 77

2.5 Anomaly Grouping

As stated in Table 2.1 the number of anomalies is very large, and these
anomalies are spread throughout the PCA Coefficient hyperspace as seen in
Figure 2.11. When a visual inspection of the anomalous spectra was done,
they were found to be exhibiting repetitive properties such as extremely
sharp Cpy peaks, excessive Sipy emissions, faulty spectrum (Machine Error)
etc. Hence, in order to make a sensible inference and to study these anomalies
better, we decided to group these anomalies again using K-Means clustering

following the same steps we did for the core dataset.

2.5.1 Principal Component Analysis

This time, a PCA (with 30 components) was run only on the anomalous spec-

tra detected in Section 2.4.3. The total explained variance is about ~98% for
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Figure 2.13: Individual (green) and Cumulative (blue) Explained Variance
per principal component for anomalies

the anomalies of both the datasets. Since the explanation is very high in this
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case, we did not feel the need to perform the removal of unexplained spectra
by the means of PCA reconstruction RMS error, as was done previously in
Section 2.3.1.

2.5.2 Optimum Number of Clusters

Once the spectral outliers are captured in a 30-Dimensional hyperspace by
PCA eigenvectors, we progress forward by finding the optimum number of
clusters for the datasets. This is done exactly following the paradigm as
discussed in Section 2.4.1. This process was much faster for this case as com-
pared to the entire dataset because of the staggeringly less sample space of
anomalies as compared to the complete dataset. As seen in Figure 2.14 the
optimum number of clusters varies this time, with K=3 for No BAL Dataset

while K=4 for Control Dataset. This difference in K value seems obvi-
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Figure 2.14: Optimum Number of Clusters for Anomalies of Both datasets

ous because the Control Dataset contains the additional “BAL Quasars”
which are deliberately removed from the No BAL Dataset. The weird trend
observed in the Silhouette Coefficient (sudden drop towards the higher side
of cluster number) points towards a chunky cluster i.e. the clusters have
sub-clusters or regions of high and low density, which can be considered as
smaller clusters within the bigger clusters. These clusters are too small to
be considered as an efficient clustering, similar to the concept of over-fitting

by a model. Hence we stick to the number of optimum cluster suggested by
the Elbow Method (Def 2.3).
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2.5.3 Cluster Visualization

The anomaly clusters are much more prominent and fairly separated as com-

pared to the clustering in the original dataset as seen in Figure 2.7 and 2.8.
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Figure 2.15: Principal Component Coefficient Clusters for No BAL Dataset
Anomalies

This is primarily because of two reasons,

o There are much less data points in the sample space making the dis-
tribution less crowded providing the aesthetic “negative space” which

makes the clusters much more distinguished and dense.
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e The anomalies in a group have much more in common than the cluster
members of the initial clustering. This is a direct implication of remov-
ing most of the objects and grouping only those are are far away from
the cluster center. This property of being far away is common among

all the anomalies which makes clustering much simpler and efficient.

Cluster
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Figure 2.16: Principal Component Coefficient Clusters for Control Dataset
Anomalies

As seen in Figure 2.15 there are only three visible clusters which matches with
the elbow method calculations, where as Figure 2.16 contains a fourth (bit

non-obvious) cluster which is supposed to be that of BAL Quasars. Figure
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2.17 shows the color coded Anomaly groups with their centroids marked.
Most of the members of the green group in the control dataset anomalies
are absent in the No BAL anomaly diagram, which suggests that this group
must contain the BAL Quasar anomalies. For the exact details of the general
properties for the members of the group, we will have to plot the mean
spectrum for each. This will give us a crude idea of the general trend in their
spectra which would translate to a common physical process happening in
those quasars that set them apart from rest of the cluster members hence

making them an outlier.

Note: Here on, we will use the word Cluster for the initial
clustering of the entire dataset into three clusters, and the word
Group for the grouping of the anomalies into three and four
groups for the No BAL Dataset and the Control Dataset re-

spectively.
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Figure 2.17: Color coded Anomaly Cluster with centroid marked

The exact number of anomalies in each group is given in Table 2.2. In both

Dataset | Group 1 | Group 2 | Group 3 | Group 4

Control 7 110 230 5}
No BAL 54 76 147 -

Table 2.2: Anomalies in each group for both datasets

cases the group 3 (Shown in “red” in Figure 2.17) contains the most data

points.
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2.5.4 Composite Anomaly Spectra

The mean spectrum of the anomaly groups helps us to identify the general
properties of the quasars common to the group. As seen in Figure 2.18, the
mean spectra for each of the group are color coded in the same color scheme
as in their PCA coefficient distribution plot in Figure 2.17. The spectra vary
greatly in terms of luminosity, spectral index, shape, absorption and emission

lines and relative equivalent line widths. In depth analysis of these anomaly
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Figure 2.18: Composite Spectra for Anomaly Groups

groups can be found in Section 3.1, where we discuss the physical properties
of each of the group members, their possible origin, population statistics, and
manually hand pick some of the most interesting members of each group by

the means of detailed visual inspection.

2.6 Science Products

The analysis discussed in the above sections from the spectral pre-processing
up till the anomaly grouping provided us with a few science products, that
we will be using for our further physical analysis and discussion about the

quasars. The science products include,

o Plot PDFs These PDFs contain a spectrum plot on each page, where

each plot contains

— Anomaly Spectrum
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— Mean Group (of the anomaly) Spectrum

Mean Cluster (of the anomaly) Spectrum

SDSS Skyserver link hyperlink
— PLATE, MJD, FIBERID of the object
— RA, DEC and Redshift values

The PDF product is for each anomaly group for both the dataset,

making a total of seven PDFs.

Catalogs: We created three catalogs based on the most prominent

property of the anomaly group, which are:

— Sharp Cypy Peaking Quasars
— Heavily Reddened Quasars
— Unaccounted BAL Quasars

A list of unique objects, that were placed in one of the groups by the
algorithm but revealed much weirder features upon visual inspection.
These object either contained additional anomalous properties in ad-
dition to the mean property of the group or were totally different of
unexplainable origin, but were placed in that particular group because
of sheer resemblance of some sections of the spectrum to the group

mean plot.

o4



Chapter 3

Results

The methodology presented in Chapter 2 is a refined and well organised ver-
sion of the endeavours and branching efforts that we took in the past year.
Several amendments and minor adjustments were made in the algorithms
throughout the project in order to make the outcome robust and replica-
ble. In this chapter, we present the major findings of our analysis and their

implications.

3.1 Anomaly Groups

As discussed in Section 2.5, we used K-Means clustering to group the anoma-
lous quasars of into three and four groups for the No BAL Dataset and the
Control Dataset respectively. In order to understand what each of these
groups correspond to, we created their composite spectra as shown in Figure
2.18. The shape and features present in the mean spectrum of any group
betrays the common feature of that group, helping us identify the quasars
present in the group. We also created plots for individual anomalies, and
compared them to their mean group and their mean cluster spectra, which
helped us understand what exact feature of these anomalies makes it stand
out from the rest of the cases. This also helps us identify the exact emission
process and hence the physical location and process that might be causing

the anomalous behavior. The Figure 3.1 below, shows the anomaly groups
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marked in different colors, overlayed on top of the clustered “normal” quasars,

and labelled on the basis of their mean spectrum.

Control Dataset No BAL Dataset
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Figure 3.1: Anomaly groups

The four groups (three common in both) of anomalies are:

1. Sharp CIV Peakers: These are the quasars marked in yellow on
the left most part of both the distributions. These quasars exhibit an
excessively high and disproportionate CIV emission line (A1549). The

peaks are extremely narrow and and are the overall maxima of the plot.

2. Excess SIV/Machine Error: This group contains two types of
quasars. First, those that have a corrupted spectrum caused by miss-
ing data points due to a fault in the capturing device(SDSS Telescope).
We do not analyse them, they are just removed as bad data. Second,
quasars with excessively high and broadened emission at SIV (A1400)
and immediately higher wavelengths. These have a physical implica-

tion, which will be discussed in the following sections.

3. BAL Quasars: This group is only present in the control dataset,
where we allowed the presence of BAL Quasars. The anomalies are
unusual or rare BAL quasars, typically being Lo-BAL and FeLo-BAL
Quasars. The exact details about these subgroups and their distribu-

tion will be discussed shortly.

4. True Anomalies: This group, on the rightmost edge of the distribu-

tion is named true anomalies, because of the lack of a general trend in

56



the group members. The anomalies present here seem to have no cor-
relation and most of them have an “unexplainable” feature. These con-
tain a mixture of properties, from heavily reddened quasars, to quasars
having weird absorption lines and spectral indices. We will pick out a
few peculiar objects from this group, which we consider are interested
and need detailed studies on individual basis in order to elaborate upon

the physical processes causing them.

3.1.1 Machine Error Anomalies
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Figure 3.2: Machine Error Anomalies

The plots shown in the figure above depict typical anomalies caused by
a corrupted spectrum (observe the blank spots in the spectra filled in by
a linear line connecting the disjoint ends). The SDSS telescope utilizes an
optical fiber with CCDs to capture these spectra which is subject to failure
because of several external factors such as cosmic ray hitting the CCD hence
overexposing the pixels, which are then removed by the algorithm or the

object of interest moves out of view during raster scan. There can also be
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internal factors, such as lapse of data during storage and transfer etc. These
are instances of bad data points and show up as anomalies because of these
flat features in them. In some sense, these can be called “pseudo anomalies”,
because their weirdness is merely an instrumental mistake, hence, we do not
utilize or analyse them, but rather store them into a dataset which would

then be sent back to the SDSS team for rectification or removal from the

database.

3.1.2 Excess SilV Emitters

These quasars exhibit an unusually high and broadened SilV emission line,
which, in some cases starts to blend in with the Ly-a forest just blueward
to it. In the canonical quasar spectrum seen in Figure 1.9 we observe that
the SilV emission line is much shorter and narrower than the CIV emission
line (A1549). These emissions are in UV-Optical range which originates in
the outer edges of the accretion disk [18]. The excessive and broad emission

of SiIV is always paired with shallow and narrow absorption. SilV is known
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Figure 3.3: SilV Excess Anomalies
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to form in the penultimate stage of a high or intermediate mass star. Since
the emission lines are broad, we know that they are moving at high velocities
as thermal motion is insufficient to account for such massive velocity spread.
For this to happen, the Si atoms sitting in the core of the stars need to be
pulled out and fall in the vicinity of the accretion disk which them heats
them up to cause the emission and rotates them at high velocities causing
broadening. The exact mechanism of this happening is a subject of extensive

studies and would be pursued in future work.

3.1.3 Sharp CIV Peaking Quasars

The CIV emission line is the most prominent feature of the chosen wavelength
window for nearly all the quasars (except a few BALs). This emission lies in
the higher end of UV regime which mostly originates in the accretion disk
[18]. The emitting particles present in the accretion disk travel at extremely
high virially induced velocities, which translates into a heavy broadening
of the emission line. The CIV emission lines seen in Figure 3.4 seem to
be extremely narrow and have significantly higher flux as compared to a
normal quasar. The high-ionization broad emission lines are usually related
to the metallicity of the emitting gas, given all the other factors remain
constant [11], some even considering metallicity as the only factor affecting it.
The metallicity is noted to increase with an increase in a) quasar luminosity
b) black hole mass c¢) accretion rate d) emission line outflow signatures .
With the current observed luminosities, the object would need about five
times the solar metallicity, indicating to a rapid chemical enrichment process
in the AGN withing the first 500 Myr of the first stellar formation in the
galaxy, which is then to be sustained.[26]. The rapid chemical enrichment
is usually accomplished by frequent tidal disruption events (TDE) of the
circumnuclear stars. The narrow spread of the CIV emission like could also
be an illusion created because of its extreme luminosity, which needs to be
carefully calculated and verified in future work. We also obverse, that the
spread in the emission peaks are asymmetric, pointing towards a biased flow

of materials. This can be understood by the scenario of a hot gas cloud
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Figure 3.4: Sharp CIV Peaking Anomalies

moving towards us individually while being dragged away by the galactic
motion and cosmological redshift, hence causing the slightly lower spread in

the redder portion than the bluer one.

3.1.4 BAL Quasars

This anomaly group belongs only to the Control Dataset as we allowed
the presence of about 9000 BAL quasars in this dataset. BAL quasars are
identified by the presence of one or more broad and deep absorption lines
in the spectrum, and constitute about 15% of the total quasar population.
This feature can be observed in all the spectra in Figure 3.5, where two broad
absorption lines can clearly be observed around 1500. On a closer inspection,
we find additional small and shallow absorption lines at Al[III](A1857) and
Mgl (A2798), which identify these objects as LoBAL quasars, which account
for about 2% of the total quasar population (2.4% in our sample space). The
general interpretation of BAL quasars is that we are looking at the bright

AGN through a dense outflowing dust and gas cloud, which results in a redder
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Figure 3.5: BAL Quasar Anomalies

continuum (as can be seen in the figure, the spectrum has a higher slope than
the group and cluster mean), and absorption lines caused by the intervening

dust and gas clouds present in the dust torus as described in section 1.5.4.

3.1.5 True Anomalies

The true anomaly group contains a mixture of quasars with varying proper-
ties with degrees of weirdness. Contrary to the other groups, they do not have
a common feature that sets them apart from the normal quasars. Hence, in
order to understand these, we need to look at each of them individually. The
discussion for all 77 of the true anomalies is beyond the scope of this text,
hence we will focus on four quasars shown in Figure 3.6. The first quasar
on the top left looks nothing like a typical quasar spectral plot. There are
no familiar emission lines, but only an extremely broadened MglI emission
line. The spectral index is also reversed for this case being nearly opposite
to that of a normal quasar. This spectrum also exhibits absorption lines and

a significantly shallow Fell absorption basin. All these factors contribute to

61



Type: True Z:1.93 BAL:0.0 Distance: 0 Type: True Z:2.03 BAL:1.0 Distance: 0

10 PLATE: 5849 10 PLATE: 7690
Siv Civ Cu MID: 56033 Si - Civ Cin MID: 57046 I
FIBERID: 614 FIBERID: 897
y 08 o 08
2 LA 3
=~ B i =5
o 0o Y IS s
g 8 06
= =
g g
15 S o4
“ 02 ---- Cluster Mean “ ---- Cluster Mean
Group Mean Group Mean
00 —— Anomaly Spectra 02 —— Anomaly Spectra
1250 1500 1750 2000 250 2500 2750 3000 1250 1500 1750 2000 250 2500 2750 3000
Wavelength (A Wavelength (4
g g
Type: True Z:2.131 BAL:0.9 Distance: 0 Type: True Z:2.005 BAL:0.9 Distance: 0
10 PLATE: 8187 10 PLATE: 5201
Si i Con MID: 57423 Siv Civ MID: 55832 Mg
FIBERID: 232 FIBERID: 914
o8 08
=] =
2 2
=~ =5
o o 06
e =
= S 0
Z iz
---= Cluster Mean 02 --== Cluster Mean
Group Mean Group Mean
o —— Anomaly Spectra 00 —— Anomaly Spectra
1250 1500 1750 2000 250 2500 215 3000 1250 1500 1750 200 050 2500 750 3000
Wavelength (A) Wavelength (A)

Figure 3.6: True Anomalies

identify this particular quasar as a Heavily Reddened Quasar. These are
quasars, where most of the high energy radiations (left edge) are absorbed
by the intervening dust and then re-emitted at longer wavelengths hence in-
creasing the flux at those places leading to a positively sloping curve. Mgll
being extremely broadened points to a origin in the BLR clouds of the quasar
which have extremely high virial velocities which impart huge Doppler broad-
ening to the emission lines.

The third quasar at the lower left of the figure exhibits a truly unique fea-
ture not seen in any other sample we analysed. The spectral profile for this
spectrum is parabolic in nature, featuring absorption in the intermediate
wavelengths and higher emission in the wavelength extremes with a bias to-
wards the higher wavelength region. This, feature is supposed to be caused
by the eating away of the continuum flux by the closely spaced energy levels
of the iron which mimic dust absorption and hence impart a characteristic
spectra profile inversion to the quasar.

The third type of quasar present in the figure are the two images in the second

column. These contain broad absorption lines near the CIV region as well

62



as prominent absorption at Mgll emission line. They also exhibit absorption
features and continuum absorption throughout the spectrum caused by Fell
and Felll. These features together make them an even rare type of BAL
quasars, known as FeLoBAL quasars. They have been known to be noto-
riously tough to catch using statistical analysis because of the widespread
feature profile in doing which the normal methods such as PCA and Varia-
tional Auto-encoders (VAEs) fail.

Thus a major difference between the BAL Anomaly group and the True
Anomaly group is that the BAL group contains all the LoBAL quasars where
as the true group is selective for the FeLoBAL. This can be attributed to
specialized eigenvectors that capture high end and low end ionization in the
spectrum. This difference was apparent in the PCA coefficient space hence

when clustered, these two different kinds of quasars separated.

This concludes the basic understanding of the results obtained from out
analysis and brief discussion on the possible causes of these anomalies. This
analysis in no way complete, and would take several hours of analysis and
additional literature review and data verification to conclude. The current
conclusion of the study so far and possible future scope is discussed in the

next chapter.
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Chapter 4
Conclusion

The studies and analysis performed on the SDSS DR16 Quasar Dataset as
described and discussed in the previous chapters can be condensed into the

following conclusions.

4.1 Data Products

o Data Selection: As seen throughout the project, the emission lines
in the spectrum play a major role in helping us determine the physical
processes that distinguish the different quasars. Hence, we can con-
clude that the selection of a small redshift window was necessary as
it allowed us to selectively place four of the most prominent emission
lines present in the quasars for our observation, which served as the
basis of differentiation. The dual clustering performed by conducting
the K-means clustering twice played a major role in creating the final

groups of anomalies that are presented in the results section.

e Anomaly Grouping: When the K-Means clustering was performed
initially, it created clusters in the quasar population on the basis of their
relative luminosity differences of various emission lines, as was evident
in the composite spectra. The difference between these clusters was
not very apparent to our human eyes as the clusters were made in a

30 dimensional PCA coefficient hyperspace. But, when the clustering
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was done for the second time for the outliers of each individual cluster,
we observed that the new groups created this time were much more
compact, and clearly distinguishable by human eyes. This was also
evident in the mean group spectra, which exhibited extremely different
characteristics. Hence we can say that our algorithm is able to group
the quasars based on their spectrum observing particularly significant
properties that then translate into physical processes happening inside

the quasar.

Anomaly Groups: As seen in the result sections, there are five promi-
nent groups of anomalies namely a) Machine error anomalies b) Ex-
cessive SilV Emitting anomalies ¢) The Sharp CIV peaking anomalies
d) The two classes of BAL quasars (LoBAL and FeLoBALs) and e)
The true anomalies, which contains an amalgamation of disconnected
bizarre properties. We have discussed the probable cause for the ob-
served prominent features that sets the quasars apart from rest of the
normal ones, such as excessive emission, concurrent absorption etc.
But the exact physical reasoning is yet to be determined. This pro-
cess requires rigorous data analysis, literature survey as well as multi-
messenger astronomy through several epochs of observations. Only
after this paradigm, we will be able to find ourselves in a position
to conclusively determine the exact physical process that led to the
anomalous spectrum. This right now is beyond the scope of this project

in the stipulated timeline.

Rare BAL Quasars: We also observed that algorithm is able to
distinguish between the types of BAL quasars and is also brilliantly,
capturing few of the rarest types of quasars i.e. are the LoBAL and
FeLoBAL quasars. Several attempts have been made to identify and
classify these quasars statistically in the SDSS catalogue, but because
of the widespread or broadband features of the spectra of these, the
success rate has been low. [10]. This came out to be an additional
perk of our algorithm as it is able to place two of the subs features

of the BAL quasars into two separate separate groups which became
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apparent when we plotted their spectra.

4.2 Completeness Check

In order to determine if our algorithm and methodology is able to capture
all the anomalous spectra belonging to a group or not, we perform a com-
pleteness check. For this we choose the CIV Peaker anomalies and calculate
the equivalent line width ratios, CIV/CIII and CIV/MglI for the complete
dataset and the detected anomalies. Since the special property of these
anomalies is the extremely luminous CIV emission lines, both the ratios
mentioned above must have the highest values in the entire dataset. Hence,
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Figure 4.1: Equivalent Line Width Ratios

as seen in Figure 4.1, when plotted against the histogram for the complete
dataset, the ratio values of the anomalies lies in the higher tail regions. Out
51 total CIV peakers, as determined by the tail of the histogram, we were
able to successfully capture 48 anomalies rendering ~ 94% collection. There
can be several such indicators that can help us determine the completeness
check or in other words if our algorithm is capturing all the necessary infor-
mation and not missing out on crucial datapoints.

This reinforces that the analysis and algorithm presented in this project is
able to select nearly all the targeted quasars and immaculately groups them
into clusters based on similar properties which can be easily identified by

human help.
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4.2.1 Future Scope

o We plan to use data from various surveys along with multi-epoch SDSS
data to find and understand the exact physical process occurring in
those distant quasars that made them to behave weirdly. In the case
of unavailability of data, observation proposals would be placed at rel-

evant advanced observatories such as HST and JWST.

« We plan to create a catalog of the unique objects found and present it
for further investigation by the astrophysics community. A list of cor-
rupted spectra would also be delivered to the SDSS team for redacting

or removal.

« Finally, we would also wish to create semantically sound models based
on the population of different quasars we find in the anomalies. This
would involve our analysis expanding to most of the available redshift

values in small window steps.
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