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Abstract

Blazars are a class of active galactic nuclei (AGN) that have relativistic jets that are
oriented close to the observers line of sight. They display flux variability across the en-
tire accessible electromagnetic spectrum from low energy radio to high energy ~-rays.
They are classified into BL Lacertae objects (BL Lacs) and flat spectrum radio quasars
(FSRQs) based mainly on the absence or presence of broad emission lines in their op-
tical /IR spectra. They dominate the extragalactic -ray sky and are also suggested to
be the possible sources of astrophysical neutrinos. The recent detection of neutrinos by
the IceCube collaboration has been found to be closely associated with flaring blazars.
In the leptonic model of emission from blazar jets, the low energy emission is from
acceleration and cooling of relativistic electrons through synchrotron emission process
and the high energy emission is through inverse Compton scattering off jet relativistic
electrons that produce the synchrotron emission. The seed photons for the inverse
Compton process come either from inside the jet (synchrotron self-Compton or SSC),
or from outside the jet (external Compton or EC). Whereas in the hadronic model
of emission from blazar jets, relativistic protons also contribute to the high energy

emission through the proton synchrotron emission or photo-pion production processes.

An efficient way to constrain the leptonic v/s hadronic emission from blazar jets is
through modelling of the broad band spectral energy distribution of blazars. However,
this is hindered by (i) the difficulty in accumulating simultaneous or near simultane-
ous data over a range of wavelengths and (ii) complexity of the available models in
explaining the observed SED. An alternative and relatively cheap method to constrain
the leptonic v/s hadronic emission in blazars is via the analysis of flux variations in
the optical and v-ray bands. In the leptonic model of emission from blazar jets, as the
relativistic electrons in the jet are responsible for the optical and ~-ray emission a close

i



correlation between the optical and ~-ray flux variations are expected. Alternatively
in the hadronic model of emission from blazar jets, as the optical emission is from
electron synchrotron and the ~-ray emission might be due to proton synchrotron, a
close correlation between optical and ~-ray flux variations are not expected.

In this thesis, | mainly concentrated on the question "Is leptonic model able to explain
the optical and v-ray flux variations and optical polarization behaviour in blazars?”
| have followed the following approaches to address the above question (i) to con-
strain the leptonic scenario in blazars through correlation analysis of flux variations
in the optical and 7-ray bands (ii) characterize the y-ray variability characteristics
of different categories of blazars on month like time scales and (iii) characterize
the correlation between flux and polarization variations in blazars to constrain the

connection between different emission regions in the jets of blazars.

To achieve the first objective, I analyzed ten years (2008 - 2018) of multiband data
on a sample of five FSRQs (3C 454.3, PKS 1510-089, 3C 279, 3C 273 and CTA
102) and three BL Lac objects (AO 02354164, OJ 287 and PKS 2155-304). In
the case of FSRQs, I noticed (i) correlated optical and ~y-ray flux variations, (ii)
optical flare without a y-ray counterpart and (iii) v-ray flare without an optical
counterpart. In all the three BL Lacs analyzed in this thesis, I found correlated op-
tical and v-ray flare. Our SED modelling of those epochs indicates that correlated
optical and ~-ray flux variations are mostly driven by changes in the bulk Lorentz
factor, while y-ray flares without optical counterparts are due to an increase in
the bulk Lorentz factor and/or increase in the electron energy density and opti-
cal flares without y-ray counterparts are due to an increase in the magnetic field.
Details are given in Chapter 3 and Chapter 4 of the thesis.

The second objective of characterizing the long term ~-ray flux variability charac-
teristics of blazars is addressed by analyzing the one month binned light curves of
1120 blazars, of which 481 are FSRQs and 639 are BL. Lacs. Monthly binned light

curves on these sources were generated for a period of about 9 years from 2008



August to 2017 December and the variability was quantified by excess variance
(Fyar). On month like time scales, 371/481 FSRQs are variable (80%) while only
about 50% (304/639) of BL Lacs are variable. FSRQs are thus found to be more
variable than BL Lac objects. Large F,, in FSRQs is also confirmed from the
analysis of ensemble structure function. Details of this are given in Chapter 5 of
the thesis.

The third objective of the thesis is addressed in Chapter 6 of the thesis where I
made an attempt to systematically study the optical flux and polarization varia-
tions in the flat spectrum radio quasar 3C 279. The total flux and polarization data
in the optical V-band cover a period of about 10 years from 2008—2018 August.
During this period the source varied in optical brightness by about 5 magnitudes.
On day like timescales, I identified eleven epochs wherein statistically significant
correlation between total and polarized flux exists. Of these, on five epochs total
and polarized flux are correlated while on the remaining six epochs total and po-
larized flux are anti-correlated. The varied levels of correlation observed between
optical flux and polarization degree on day like timescale point to the presence of

multiple emission regions in the jet of 3C 279.
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Chapter 1

Introduction

Active galactic nuclei (AGN) refer to objects in which the nucleus of a galaxy is
active. This activity is generally manifested in the presence of broad emission lines
(with typical widths in excess of 5000 km sec™!) in the spectrum of these objects.
The total energy emitted from a normal galaxy is the sum of the emission coming
from all the stars present in that galaxy but in the case of AGN the central source
of emission is more than 100 times brighter than the total emission from all the
stars. They emit radiation over the entire accessible electromagnetic spectrum
from low energy radio to high energy ~v-rays. AGN are believed to be powered by
accretion of matter onto supermassive black holes with masses greater than 10°
Mg situated at the centers of galaxies (Lynden-Bell 1969; Shakura and Sunyaev
1973).

AGN are highly luminous objects and their luminosity varies from 10 ergsec™!
to 10*® ergsec™! (Fabian 1999). The different observed properties of AGN depend
mainly on the direction of orientation or random pointing rather than physical
properties (Urry and Padovani 1995). AGN are broadly divided into two categories
namely radio-loud and radio-quiet AGN. This classification is based on the radio-

loudness parameter (R) defined as the ratio of the flux density at 5 GHz to the
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Optical emission Line Properties

Type 2 Typel Type O
(Narrow Line) (Broad Line) (Unusual)
. . Seyfert 2 Seyfert 1
Radio Quiet : 0SO
Radio Loudness

FRI BLRG BL Lacs
Radio Loud : NLRG SSRQ Blazars

FRII FSRQ FSRQ

\j

Decrease in angle to the line of sight

FIGURE 1.1: AGN taxonomy (Adopted from Urry and Padovani 1995)

flux density in the optical B-band (R = fsan./fB—bana; Urry and Padovani 1995).
Radio-loud AGN are those with R > 10 (Kellermann et al. 1989). Radio-loud and
radio-quiet AGN are further divided into several categories which is summarized

in Figure 1.1 and the unification scheme of AGN is shown in Figure 1.2.

1.1 Radio-Loud AGN

Radio-loud AGN are those with the R parameter greater than 10 (Kellermann
et al. 1989). The radio emission from the radio-loud AGN are driven primarily by

the synchrotron emission from their relativistic jets (Begelman et al. 1984). The
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Blazars
BLLacs, FSRQs

High Power
FR I

BLRG
(Type 1 QS0O)

NLRG
(Type 2 QS0)

Seyfert 2 Galaxies

Dusty Torus

Accretion Disk
Seyfert 1 Galaxies
Broad Line Regions

Narrow Line Regions

Relativistic Jets

FIGURE 1.2: Unification model of AGN

bipolar jets originating from the galactic center are beamed relativistically along
the jet axes and they emit radiation throughout the entire accessible electromag-

netic spectrum. Radio-loud AGN include radio galaxies, quasars and blazars.

1.1.1 Blazars

Blazars are a peculiar category of AGN that have their relativistic jets pointed
close to the line of sight to the observer with angle < 10° (Antonucci 1993; Urry and
Padovani 1995). Blazars are mainly hosted by elliptical galaxies. They are classi-

fied into flat spectrum radio quasars (FSRQs) and BL Lacerate objects (BL Lacs)
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based on the strength of the emission lines in their optical/infrared (IR) spectrum.
Both classes of objects emit radiation over the entire accessible electromagnetic
spectrum from low energy radio to high energy y-rays. As blazars are aligned close
to the observer, the emission is highly Doppler boosted causing them to appear
as bright sources in the extra-galactic sky. They dominate the extragalactic y-ray
sky first hinted by the Energetic Gammma-ray Experiment Telescope (EGRET)
observations on board the Compton Gamma-Ray Observatory (CGRO; Hartman
et al. 1999) and now made apparent by the Large Area Telescope (LAT) onboard
the Fermi Gamma-ray space telescope (hereinafter Fermi; Atwood et al. 2009).
Since the jets in blazars are aligned close to the observer, in the beaming model,
the observed emission (S,s) from the jet is Doppler boosted relative to what is
measured in the co-moving frame of the jet (Si.) as Seps = Sined? (Lin et al.
2017) where q = 2 4 « for a stationary jet and q = 3 + « for a jet with distinct
blobs, « is the spectral index defined as S, oc v, § is the Doppler factor given
by 6 = [['(1 — Bcosh)]~!, where I' = (1 — 52)7'/2 is the bulk Lorentz factor, @ is
the angle between the observer’s line of sight and the jet axis and f = v/c is the
jet speed. In addition to flux enhancement, the observed time scale of variabil-
ity is also shortened by a factor 6!, which is relative to that of the co-moving
frame. These two effects increase our chances of detecting variations in blazars
over a range of time scales and amplitudes. In fact, blazars are known to show flux
variations over the accessible bands of the electromagnetic spectrum on timescales
ranging from month to days and minutes. Characterizing the minimum time scale
of variability (¢,,:,) from blazar light curves is important as it provides important
constraints on the size of the emitting region in blazar jets via R < ct,n:,,0(1+2)71.
Flux variations on minute time scales have been observed in optical /IR and X-ray
regimes (Ghosh et al. 2000; Pandey et al. 2017). Additionally, in high-energy ~-
rays, flux variations as short as minutes have been observed in few sources (Albert
et al. 2007; Aharonian et al. 2007; Aleksi¢ et al. 2011; Arlen et al. 2013; Shukla
et al. 2018; Meyer et al. 2019). One of the models to explain the observed flux vari-

ations in blazars is the shock-in-jet model, which was first proposed by Marscher
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and Gear (1985) and recently developed further byBottcher and Dermer (2010).
Other models that explain blazar variability include jet-star interaction (Barkov

et al. 2012) and the magnetic reconnection models (Giannios 2013).

The broad band spectra of blazars is dominated by emission from the jet with
weak or absent emission lines from the broad line region (BLR). In addition to
flux variations, blazars also show large optical and radio polarization as well as
optical polarization variability. In the radio band they have flat spectra with the
radio spectral index (a,.) < 0.5 (S, o< v%7). Based on the location of the peak
(1) of the synchrotron emission in their broad-band spectral energy distribution
(SED), blazars are further divided into low synchrotron peaked (LSP) blazars with
v, < 10" Hz, intermediate synchrotron peaked (ISP) blazars with 10MHz < 1, <
10' H z, and high synchrotron peaked (HSP) blazars with v, > 10'* Hz (Abdo et al.
2010a). The majority of FSRQs belong to the LSP category, while a large fraction
of HSP sources are BL Lacs. Ghisellini et al. (2011) proposed a more physical
distinction between FSRQs and BL Lacs which is based on the luminosity of the
broad line region (Lpgpg) relative to the Eddington luminosity (Lgqq), where Lgqaq

= 1.38 x 10%® (Mpy /M) erg sec™!, and Mpy is the mass of the black hole.

1.1.1.1 Flat Spectrum Radio Quasars (FSRQs)

FSRQs are believed to be the beamed counterparts of the more luminous Fanaroff—Riley
type II (FRII; Fanaroff and Riley 1974) radio sources. In the optical spectra they
have strong emission lines with equivalent width > 5 A. They have Lprr/LEpaa >

5 x 1075, The optical spectrum of the FSRQ 3C 273 is shown in Figure 1.3.
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FIGURE 1.3: Left panel: The optical spectrum of the FSRQ 3C 273 (Credit :
M.G.Yates et al. 1989). Right panel: The optical spectrum of the BL Lac PG
1553+113 (Credit : Treves et al. 2007)

1.1.1.2 BL Lacs

BL Lacs are the beamed counterparts of the less luminous Fanaroff—Riley type I
(FR I; Fanaroff and Riley 1974) radio sources. They generally have a featureless
optical spectrum and in case emission lines are present, they are very weak (equiv-
alent width < 5 A). They have Lprr/Lpsa < 5 x 107°. The optical spectrum of
a BL Lac object PG 1553+113 is shown in the right panel of Figure 1.3.

1.2 ~-ray variability in blazars

Blazars show flux variations over the entire accessible electromagnetic spectrum
over a range of time scale from days to hours to minutes. (Miller et al. 1989;
Albert et al. 2007; Aleksié et al. 2011; Gaur et al. 2012b; Arlen et al. 2013; Pandey
et al. 2017; Shukla et al. 2018; Meyer et al. 2019). Flux variability studies of
AGN at short time scales can help to constrain the physical processes that happen

close to their central regions. Relativistic jet based models are able to explain flux
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variations in blazars. The shock-in-jet scenario (Marscher and Gear 1985; Bland-
ford and Eichler 1987; Jones and Ellison 1991; Baring et al. 2017) and jet-in-jet
scenario (Giannios and Spruit 2006; Giannios 2013; Sironi et al. 2015; Guo et al.
2016) are the most viable scenarios to explain the variability behaviour of blazars.
Inhomogeneities found in the jets in shock-in-jet models cause relativistic shocks
that move down in the relativistically flowing plasma. Particles get accelerated in
this process. Particle acceleration in these models happens around the shock in a
single region with the radius of the cross-section of around 10'® — 101 cm. So the
short-term variability from hour to minute timescale can not be described by this
model unless the bulk Lorentz factor is very large or the size of the cross-section
is very small. Also, in magnetically dominated jets, particle acceleration by shock
waves in the jets may not be effective (Bell et al. 2018). In magnetically dominated
plasma, magnetic reconnection or jet-in-jet scenario may be an efficient model to
discern the short-term variability of blazars (Shukla and Mannheim 2020). This
model provides the possibilities of ultrarelativistic flows of plasmoids within the
reconnection region on small scale. Due to the ultrarelativistic motion of the small
plasmoids, these mini-jets impart additional Doppler boosting. Therefore, without
impacting the bulk motion (T') of the whole jets, these small-scale plasmoids help
us to understand the minute-scale variability of blazars (Petropoulou et al. 2016;
Christie et al. 2019; Shukla and Mannheim 2020).

Blazars have been extensively studied for flux variations at multiple wavelengths,
however, the exact mechanisms that cause flux variability are not fully understood
yet. Therefore, extensive observations on a large sample of blazars are needed to
enhance our understanding on the flux variability characteristics of blazars. One
of the bands of the electromagnetic spectrum where flux variability is less charac-
terized is the v-ray regime, which is attributed to the paucity of flux variability
measurements over a large number of sources. But this band needs to be explored
since this is the region where the peak of the high-energy hump of the broad-band
SED of blazars lie.
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1.3 Optical flux and Polarization variability in

Blazars

The radio to optical emission of blazars is observed to be highly polarized with
variations in both polarization degree and position angle. In synchrotron emission
process the radiation emitted from a single charged particle is elliptically polarized.
The left-handed and right-handed components of elliptical polarization will be
omitted for any particle distribution and the radiation will be partially linearly
polarized (Rybicki and Lightman 1986). If the power radiated per unit frequency
in the parallel and perpendicular direction of the magnetic field are Ppupquer(w)

and Pperpendicuiar(w) then the degree of linear polarization is

H(W) _ PperpendiculaT(w> - Ppa’r‘allel(w) (11)
Pperpendicular (w) + Pparallel(w)

In synchrotron emission, with particles having a power law distribution with index

p, the degree of polarization is

—_

I1-2= (1.2)

p+

W~

Optical flux variations in quasars are known since their discovery about six decades
ago (Kinman et al. 1966) and subsequently optical polarization were measured for
many sources (Angel and Stockman 1980). Blazars in addition to flux variations
are also characterized by a high degree (> 3%) of optical polarization and po-
larization variability. The observed polarized emission in optical as well as at
other longer wavelengths from these sources is a strong evidence for the presence
of synchrotron emission produced by the relativistic jets in them which is also
responsible for the low energy component of their broad band SED (Stockman
and Angel 1978; Mead et al. 1990; Impey et al. 1991; Lister 2001; Marscher et al.
2002; Massardi et al. 2011). Observations of polarized emission therefore provide

valuable information for understanding the physics behind the jets radiation, as it
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can give us inputs on the magnitude and direction of the magnetic field within rel-
ativistic jets. Changes in the observed polarization position angle could be related
to changes in the direction of the magnetic field in the jet along the observer’s
line of sight. Moreover, as the flux variations in the optical and GeV ~v-rays are
connected with each other (Bonning et al. 2009; Chatterjee et al. 2013; Rajput
et al. 2019 and references therein for no correlation between optical and vy-ray flux
variations) flux and polarization variability observations at different wavelengths
can provide important inputs on the connection between different emission regions
in the jets of these sources. Also, observations with Fermi has revealed close asso-
ciation between the y-ray flare and the rotation of the optical polarization position
angle which again can constrain the nature of the high energy ~-ray emission pro-
cess (Marscher et al. 2008, 2010).

Investigations on the relation between total flux and polarization degree (PD) in
blazars that are available in literature, point to varied correlations. For example,
on an analysis of optical flux and polarization data during the period 2013—2014
in 3C 279, Rani et al. (2018) found a negative correlation between optical flux and
PD. Again for 3C 279, analyzing different activity states of the source, Larionov
et al. (2020) found different types of behaviour between total flux and PD with no
preferred correlations. Rakshit et al. (2017) based on monitoring observations of
the source OJ287 during its outburst in 2016 found positive correlation between
flux and PD, negative correlation between flux and PD and no correlation between
flux and PD. Hagen-Thorn et al. (2008) found a general tendency of negative cor-
relation between PD and flux, with the highest degree of polarization occurring
at the lowest flux levels. This is for the source BL Lac using together the data
for more than 20 years. For the same source using data collected during the pe-
riod 2008 to 2010, Gaur et al. (2014) found the V-band flux to anti-correlate with
PD in one observing season, while no trend between flux and PD was observed
during the second observing season. Jorstad et al. (2006) found positive correla-
tion between PD and total flux in the sources 0420—014, 3C 279, 3C 345 and OJ
287 while negative correlation was noticed in 3C 66A and BL Lac. On intra-night
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timescales, in the source A0 0235+164, Hagen-Thorn et al. (2008) found a positive
correlation between total flux and PD. For the TeV blazar 1ES 19594650, Sorcia
et al. (2013) using data accumulated during the period 2009 August to November
found close correlation between flux and PD. Source 3C 454.3 was found to have

different behaviors between optical V-band flux and PD (Rajput et al. 2019).

Available polarimetric observations therefore indicate that the polarization be-
haviours shown by blazars are complex. Coordinated polarization observations
along with flux monitoring at multiple wavelengths are needed to unravel the
physical processes in the jets of blazars. The complexity of polarization results we
know as of today is based on limited observations on few blazars, and more sources
need to be investigated to understand the relation between flux and polarization

variations.

1.4 Spectral Energy Distribution in Blazars

The broad band SED in blazars is characterized by a two hump structure, one
peaking at low energies in the optical /IR /X-ray region and the other one peaking
at high energies in the X-ray/MeV region (Fossati et al. 1998; Mao et al. 2016).
While the origin of the low energy hump of the SED is well understood, the cause
of the high energy hump in the SED is highly debated. The luminosity ratio of
the peak of the high energy hump to the low energy hump is defined as Compton
dominance (CD). For FSRQs the CD value is > 1 and for BL Lacs the value is <
1. An example SED for a FSRQ 3C 279 is shown in Figure 1.6, while that of a
BL Lac object Mrk 421 is shown in Figure 1.7.
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1.5 Origin of the high energy emission in blazars

1.5.1 Leptonic scenario

In the one-zone leptonic model a population of ultrarelativistic electrons (or positrons)
is injected into a spherical emission region of co-moving radius R with power-law
distribution (Bottcher et al. 2013). This spherical emission region moves along the
jet axis with the constant relativistic speed Src corresponding to the bulk Lorentz
factor I'. In this model, the low energy hump in the broad band SED of a blazar is
due to synchrotron emission process and the high energy emission is due to inverse
Compton (IC) emission processes (Abdo et al. 2010c). The seed photons for the
IC process can be either the synchrotron photons that are internal to the jet (syn-
chroton self Compton or SSC; Konigl 1981; Marscher and Gear 1985; Ghisellini
and Maraschi 1989) or external to the jet (external Compton or EC; Begelman
et al. 1987). In the case of EC, the seed photons can be from the disk (Dermer and
Schlickeiser 1993; Boettcher et al. 1997), the BLR (Sikora et al. 1994; Ghisellini
and Madau 1996) and the torus (Blazejowski et al. 2000; Ghisellini and Tavecchio
2008).

1.5.1.1 Synchrotron emission

Emission from blazar jets is dominated by synchrotron process. This is due to the
motion of relativistic non-thermal particles in the presence of a magnetic field. the
characteristics of the emitted radiation depend on the strength of the magnetic
field as well as the velocities of the charged particles. Synchrotron radiation is
polarized and the magnetic field information is given by the degree and direction
of polarization.

Consider a relativistic charged particle (electron) of mass m and charge e spiral
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uniformly with velocity v in the magnetic field B as shown in the Figure 1.4. The
frequency of the gyration (Rybicki and Lightman 1986) is then given as
el

= 1.3
wB ymc (1.3)

Where 7 is the Lorentz factor. The power emitted by the relativistic particle in

this process under an acceleration a is:

2 72q%a?
Psynchrotron = g 3 (14)
where a; = wp v
After solving this equation for an isotropic distribution of velocity, we get
4 2.2
Psynchrotron - gchﬁ Y UB (15)
Where op = % 7 r2 is the Thomson scattering cross-section and Up is magnetic

energy density and given by ?—j.

1.5.1.2 Inverse Compton process

Inverse Compton process is also a non-thermal process. In the case of blazars, the
low energy photons get Compton up-scattered by the relativistic electrons present
in the jet. The low energy photons gain energy in this process and gets up-
scattered to high energy as shown in Figure 1.5. In the inverse Compton process,

the radiated power is given as (Rybicki and Lightman 1986).

4
Pro = gO‘TCﬁ2’)/2Uph (1.6)

Where Uy, is the initial photon energy density.
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FIGURE 1.4: Spiral motion of a charged particle in the uniform magnetic field
(Credit : NASA’s Imagine the Universe)
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FIGURE 1.5: Schematic illustration of inverse Compton process (Credit :
Michael D. Wright et al. 2015)
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In the jets of blazars, the low energy photons (seed photons) can come from
within the jets produced through the synchrotron emission process, known as
the synchrotron-self Compton process. Seed photons from outside the jets such
as the accretion disc, torus, broad-line region, etc. can also contribute to the in-
verse Compton process and this mechanism is referred to as the external Compton

process.

1.5.2 Hadronic scenario

Protons can also significantly contribute to the high energy emission from jets in
blazars. In this scenario, the y-ray emission is due to synchroton radiation from
extremely relativistic protons (Miicke et al. 2003) or the cascade process resulting

from proton-proton or proton-photon interaction (Mannheim 1993).

1.6 Broad band SED modelling: The current

scenario

Though leptonic models are found to fit the observed SED of majority of blazars,
for some blazars, their SEDs are also well fit by either hadronic (Miicke et al.
2003; Bottcher et al. 2013) or lepto-hadronic models (Diltz and Béttcher 2016;
Paliya et al. 2016). Blazars are expected to be emitters of neutrinos. These astro-
physical neutrinos that are produced by hadronic process can travel unattenuated
from the source to the observer. TXS 05064056 is the first blazar associated with
the detection of neutrinos by the IceCube neutrino Observatory on 22 September

2017 and this was coincident in direction and time with a ~-ray flare from TXS
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FIGURE 1.6: Spectral energy distribution of the FSRQ 3C 279. Here the black
solid line refers to the synchrotron and SSC process. The black dotted and
dashed lines refer to the external Compton process through dusty torus and BLR
respectively. And the yellow solid line represents sum of all the components.
(Credit : Yan et al. 2015)

0506-+056. This gives observational evidence of hadronic emission in blazars (Ice-
Cube Collaboration et al. 2018b). Also, recently another blazar has been found
to be spatially coincident with the IceCube neutrino event IC-200107A (Paliya
et al. 2020). Even during different brightness/flaring states of a source, a single
emission model is not able to fit the broad band SED at all times. For example
in the source 3C 279, while the flare during March — April 2014 is well fit by
leptonic model (Paliya et al. 2015), the flare in 2013 December with a hard ~-ray
spectrum is well described by lepto-hadronic processes (Paliya et al. 2016). Thus,
the recent availability of multiwavelength data coupled with studies of sources at
different active states indicate that we still do not have a clear understanding of

the physical processes happening close to the central regions of blazars.



Chapter 1: Introduction 16

-1 2

\fFV [ergs cm ]
o
2
1 IIIIIuI L llllllll Il IIIIIuI 1 IIIIIIIl Ll IIIIIII IR )

1008 10" 10 107 10 107 10 10

v [Hz]

29

FIGURE 1.7: Spectral energy distribution of the BL. Lac Mrk 421. Here red
and green solid lines refer to the one-zone SSC model obtained with different
minimum variability timescales of 1 day and 1 hour respectively. (Credit : Abdo
et al. 2011)

1.7 Optical - GeV variability to constrain the

origin of high energy emission in blazars

An alternative to the SED modeling approach to constrain the emission models in
blazars is though multiband flux monitoring observations. In the leptonic scenario
of emission from the jets of blazars (Bottcher 2007), a close correlation between the
optical and ~-ray flux variations is expected. However, in the hadronic scenario of
emission from blazars (Miicke and Protheroe 2001), optical and ~-ray flux varia-
tions may not be correlated. Thus, optical and ~-ray flux variability observations
could constrain the leptonic v/s hadronic emission model of blazar jets. Recent
observations made with Fermi (Atwood et al. 2009) coupled with observations in
the optical and infrared wavelengths indicate that in majority of the blazars stud-
ied for flux variations, y-ray flares are closely associated with flares detected at
the optical wavelengths with or without lag (Bonning et al. 2009; Chatterjee et al.
2012; Liao et al. 2014; Carnerero et al. 2015). However the availability of good
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time resolution of optical and ~-ray lightcurves has led to the identification of iso-
lated flaring events in optical and vy-rays termed as ”orphan” flares. Both orphan
v-ray flares (prominent flares in GeV band ~-rays with no corresponding flares
in the optical band) and orphan optical flares (flaring events in the optical band
with no counterpart in the -ray band) are now known in blazars. Till recently,
optical flares with no corresponding 7-ray flares, are known in PKS 0208—5122
(Chatterjee et al. 2013) and S4 1849+67 (Cohen et al. 2014) and ~-ray flares with
no corresponding optical flares, are known in PKS 2142—75 (Dutka et al. 2013),
PKS 1510—089 (MacDonald et al. 2015) PKS 0454—234 (Cohen et al. 2014) and
3C 454.3 (Vercellone et al. 2011).

1.8 Major objectives of the thesis

Advances in observational astronomy during the last decade, has enabled one to
acquire simultaneous data on blazars that covers IR, optical, ultra-violet (UV), X-
ray and ~-ray energies. The availability of such observations has triggered interest
in constraining the high energy emission process in blazars via SED modelling.
However, this is a difficult approach as it requires near simultaneous data over
various wavelengths such as optical/UV /IR, X-rays and ~-rays as well as realistic
models and SED fitting tools that incorporate sophisticated minimization tech-
niques. Results available on few sources show that observations are fit equally by
leptonic as well as lepto-hardonic modes. A definitive way to constrain the lep-
tonic v/s hadronic emission process in blazars is through the measurement of high
energy polarization in blazars. But, such high energy polarization measurements
do not exist currently and must await the launch of X-ray polarimetric missions

such as IXPE (Weisskopf et al. 2016) and AMEGO (McEnery et al. 2019).
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The number of sources that are known to be emitters of high energy ~-ray emis-
sion (100 MeV to 300 GeV) has increased significantly since the launch of Fermi
in 2008. The availability of such a data set would enable to probe the high energy
~-ray variability characteristics of blazars. Also, Fermi observations has revealed
close association between v-ray flare and the rotation of the optical polarization
position angle which again can constraint the nature of the high energy emission
in blazars. Given the vast amount of multi-wavelength data that exists on blazars

today, in this thesis work, I aim to address the following

1. How do the flux variations in the high energy GeV band relate with the flux
variations in the optical band in FSRQs and BL Lacs? Can such a corre-
lation analysis of flux variations in the optical and GeV band constrain the

leptonic scenario in blazars?

2. Are there any differences in the long term ~-ray flux variability characteris-

tics between FSRQs and BL Lacs?

3. What is the association between 7-ray and optical flux variations with opti-

cal polarization variations?

The above will be addressed in the following chapters.



Chapter 2

Observations, sample selection

and data reduction

The number of blazars that are known to be emitters of y-rays has increased
manifold since the launch of Fermsi in the year 2008. The recently released 4LAC
catalog (Abdollahi et al. 2020) contains around 3000 blazars of which 681 are F'S-
RQs and 1102 are BL Lacs. However, during the start of the thesis the Fermi
catalog of AGN that was available is the 3LAC catalog which contains 481 FSRQs
and 639 BL Lacs. Ground based optical (in B, V and R-bands) and IR (J and K
bands) observations of few Fermi detected blazars were carried out by the Small
and Moderate Apetrure Telescope System (SMARTS*; Bonning et al. 2012). Sim-
ilarly optical V-band and spectro-polarimetric observations on few Fermi blazars
were carried out by the Steward Observatory (Smith et al. 2009). Observations
provided by Fermi, SMARTS and Steward Observatory form the main data that

was used to address the objectives of this thesis.

*http://www.astro.yale.edu/smarts/glast /home.php
19
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2.1 Sample Selection

2.1.1 Optical - GeV connection

To investigate the correlations between optical and GeV flux variations in blazars,
I first selected all sources that are classified as FSRQs and BL Lacs in the third
catalog of AGN detected by LAT onboard Fermi (3LAC; Ackermann et al. 2015a
). For the selected sources I then looked into their one day binned v-ray light
curves and selected those sources that have at least one flare with the ~-ray flux
exceeding 1079 photons cm™2 s7!. This leads us to a sample of 84 FSRQs and
21 BL Lacs. For the 84 FSRQs and 21 BL Lacs, I also looked in the archives of
SMARTS for the availability of optical and IR data overlapping the y-ray data.
Of the 84 FSRQs, optical and IR data in SMARTS is available for 40 sources.
Of these 40, three sources namely 3C 454.3, PKS 1510—089 and 3C 279 have
the largest number of data points in the optical and IR bands with the total
exceeding 500. To these three, I added two more sources namely 3C 273 and CTA
102 due to their high ~-ray activity states (Ciprini 2016; Bastieri 2009). Thus,
in FSRQs I considered five sources for study of correlations between optical and
~v-ray flux variations. Similarly for BL Lacs, out of the 21 sources with at least on
~-ray flare exceeding 107% photons cm~2 s}, six sources, namely AO 0235+164,
PKS 0301—243, PKS 0426—380, PKS 0537—441, OJ 287 and PKS 2155—304 have
optical and IR data in the SMARTS archives. Of these I selected only three sources
namely AO 0235+164, OJ 287 and PKS 2155-304 as they are the ones with the
maximum number of points in the optical and IR bands put together. Thus for
analysis of the correlation between optical and y-ray flux variations I selected a
total of 8 sources, of which five are FSRQs and three are BL Lacs. The details of

these sources are given in Table 2.1.
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TABLE 2.1: Details of the objects analysed in this thesis. The ~-ray flux in the
100 MeV - 300 GeV band is in units of 10~7 ph cm™2 s~! and T is the v-ray
photon index in the 100 MeV — 300 GeV band.

Type Name 3FGL name 2000 02000 z r ~-ray flux
FSRQ 3C 273 3FGL J1229.140202 12:29:06.70 +02:03:09 0.158 2.661 6.73
FSRQ 3C 279 3FGL J1256.1—-0547 12:56:11.17 —05:47:22 0.536 2.343 8.79
FSRQ PKS 1510—-089 3FGL J1512.8—0906 15:12:50.53 —09:06:00 0.360 2.364 9.13
FSRQ CTA 102 3FGL J2232.5+1143 22:32:36.41 +11:43:51 1.037 2.520 13.70
FSRQ 3C 454.3 3FGL J2254.04+1608  22:53:57.7 +16:08:54 0.859 2.35 24.7
BL Lac AO 0235+164 3FGL J0238.6+1636 02:38:38.9 +16:36:59 0.940 2.06 1.41
BL Lac OJ 287 3FGL J0854.842006 08:54:48.9  +20:06:31 0.306 2.12 0.99

BL Lac PKS 2155—-304 3FGL J2158.8-3013  21:58:52.0 —30:13:32 0.116 1.75

1.12

2.1.2 ~-ray flux variability

The sample of objects for analysis of y-ray flux variability was taken from the third
catalogue of AGN detected by Fermi-LAT (3LAC; Ackermann et al. 2015a). For
this work I selected a total of 1120 sources detected between 100 MeV and 300 GeV
with test statistic (TS) > 25. The TS is a measure of source detection significance
and is defined as TS = 2log(likelihood) between models with and without the
source (Mattox et al. 1996). Of these 1120 sources, 639 are BL Lacs and 481 are
FSRQs. About 50% of the BL Lacs in my sample have no measured redshift.
Excluding those objects, the BL Lacs in my sample have redshifts between 0.03
and 1.72, while the FSRQs have redshifts between 0.16 and 3.10. The distribution
of the redshifts of the sample is shown in Figure 2.1. By further dividing the
sources in the sample that were selected for this study and based on the position
of synchrotron peak frequency in their broad-band SED, I have 599 LSPs, 232
ISPs and 289 HSPs. Also shown in Figure 2.2 and Figure 2.3 are the distributions
of the y-ray luminosity in the 1 - 100 GeV range and the v-ray photon index. The
~-ray luminosities and the photon indices were taken from the 3LAC catalogue.

FSRQs are highly luminous and have steeper photon indices in the ~-ray band
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relative to BL Lacs, which is similar to what is known based on the analysis of

three months of data from Fermi (Ghisellini and Tavecchio 2009).

2.2 Data Reduction

2.2.1 Fermi y-ray space Telescope

The 7-ray data used in this thesis work is from the LAT instrument onboard
Fermi. The LAT (Atwood et al. 2009) is an imaging, high energy ~-ray telescope,
which covers the energy range 20 MeV to more than 300 GeV. The LAT is a
pair-conversion telescope, which mainly operates in scanning mode and covers the
entire sky once every ~ 3 hr.

I analyzed 10 years y-ray data using the Fermi Science Tool version v10rOp5 with
appropriate selections and cuts recommended for the scientific analysis of PASS8
data 7. The photon-like events categorized as ’evclass=128, evtype=3" with en-
ergies 0.1<E<300 GeV ~4-rays within a circular region of interest (ROI) of 15°
centered on the source and with zenith angle 90° were extracted. The appropri-
ate good time intervals were then generated by using the recommended criteria
7(DATA_QUAL > 0)&&(LAT_CONFIG==1)". The likely effects of cuts and se-
lections, as well as the presence of other sources in the ROI, were incorporated
by generating exposure map on the ROI and an additional annulus of 15° around
it with the third LAT catalogue (3FGL - gll_psc_v16.fit; Acero et al. 2015). 1
used isotropic model, "iso_ P8SR2_SOURCE_V6_v06” and the Galactic diffuse emis-
sion model "gll iem_v06” . To evaluate the significance of detection, I used the
maximum-likelihood (ML) ratio test defined as TS = 2A log(L), where L is the

likelihood function between models with and without a vy-ray point source at the

T http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
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FIGURE 2.1: Distribution of redshifts for FSRQs and BL Lacs.

position of the source. I considered the source as detected if TS > 9, which corre-
sponds to a 3o detection (Mattox et al. 1996). I generated the source light curve
with time binning of 1 day (for the analysis of correlation between optical and
v-ray flux variations) and 1 month (for y-ray variability analysis). For bins with
TS < 9, the source was considered undetected. All the errors associated with

Fermi-LAT points are the 1o statistical uncertainties.

2.2.2 Swift-XRT

Swift X-ray telescope (XRT; Burrows et al. 2005) is a sensitive X-ray imaging

telescope designed to measure flux, spectra, lightcurves of GRBs and afterglows
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FIGURE 2.2: Distribution of «-ray luminosities for FSRQs and BL Lacs.

across a wide dynamic range of more than 7 flux magnitude orders. The parameters
of the Swift X-ray telescope are given in Table 2.2. For X-rays covering the energy
range of 0.3 — 10 keV, I used the data from the X-ray telescope onboard the Swift
satellite (Gehrels et al. 2004) taken from the archives at HEASARC *. The data
collected during the period 2008 August — 2018 August were analyzed with default
parameter settings following the procedures given by the instrument pipeline. For
light curve analysis, data collected using both window timing (WT) and photon
counting (PC) modes were used. For spectral analysis for the sources 3C 454.3,
PKS 1510—-089, 3C 279, CTA 102, AO 0235+164 and OJ 287, I used the data
collected only from the PC mode. While, for the source 3C 273, I used PC mode
data for the quiescent state but for v-ray flaring state I used the WT mode data

thttps://heasarc.gsfc.nasa.gov/docs/archive.html
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and for the source PKS 2155—304, I used WT mode data for the quiescent state
and PC mode data for the flaring states. The WT mode data is used due to the
non availability of PC mode data. The collected XRT data were processed with the
xrtpipeline task using the latest CALDB files available with version HEASOFT-
6.21. I used the standard grade selection 0—12. The calibrated and cleaned events
files were summed to generate energy spectra. For PC mode, I extracted the
source spectra from a circular region of radii 60”, and the background spectra
were selected from the region of radii 80” away from the source. In WT mode,
for the source I used a circular region of 60” radii while for the background I used
the region between 80" and 120" radii centered around the source. I combined
the exposure maps using XIMAGE and created the ancillary response files using

xrtmkarf. I used an absorbed simple power law model with the Galactic neutral
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TABLE 2.2: Characteristics of Swift-XRT

Field of View 23.6 x 23.6 arcmin

Energy range 0.2 — 10 keV

Effective area 135 em? @ 1.5 keV
Sensitivity 2 x 107" erg em™2 571 in 10* s

Detector readout modes Photon-counting, Imaging and Timing
Position accuracy 2.5 arcseconds

Operation Autonomous

hydrogen column density of Ny=6.5x 10%° em=2, 6.89x 10% em™2, 2.21x 10%°
em ™2, 4.81x 10%° em™2, 1.68x 10%° em ™2, 6.59x 10%° cm ™2, 2.38x 10?° cm~2 and
1.29x 10%° em™2 (Kalberla et al. 2005) for the sources 3C 454.3, PKS 1510—089,
3C 279, CTA 102, 3C 273, AO 02354164, OJ 287 and PKS 2155—304 respectively
to perform the fitting within XSPEC (Arnaud 1996). Within XSPEC, I adopted

x? statistics and the calculated uncertainties were at the 90% confidence level.

2.2.3 UV-Optical Data

For UV and optical I used the data from the Swift-UV-Optical telescope (UVOT).
The UVOT is co-aligned to XRT and provides both ultraviolet and optical coverage
simultaneously in a 17"x 17" within the 170 — 650nm wavelength range. The data
was analyzed using the online tool’. To generate the lightcurve the magnitudes
thus obtained and uncorrected for Galactic reddening were then converted to fluxes
using the zero points taken from Breeveld et al. (2011). However corrections due

to galactic absorption were applied to generate the average spectrum.

Shttps://www.ssdc.asi.it /cgi-bin /Swiftuvarchint
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2.2.4 Optical-NIR Data

In addition to UVOT, optical data were also taken from SMARTS ¥ in B, V and
R band as well as the from Steward Observatory | in V-band. Similarly near-
infrared (NIR) data in J and K bands were taken from observations carried out
using the ANDICAM instrument on the SMARTS 1.3 m telescope as part of a
blazar monitoring campaign, supporting the Fermi multiwavelength AGN science.
The details of the instrument and the data reduction procedures for SMARTS
observations can be found in Bonning et al. (2012). Similarly the details of the
instrument and the reduction procedures adopted for observations carried out in
the Steward Observatory can be found in Smith et al. (2009). The data in the
optical and NIR bands taken from the Steward Observatory and SMARTS are
the standard magnitudes and the data were not reduced in this thesis to get the

magnitudes.

2.3 Cross-Correlation Analysis

To check for the presence of any correlation between optical and ~-ray flux vari-
ations I cross-correlated the optical and v -ray light curves using the discrete
correlation (DCF) technique of Edelson and Krolik (1988) and the interpolated
cross-correlation function (ICCF) technique of Gaskell and Sparke (1986); Gaskell
and Peterson (1987). Errors in both DCF and ICCF were obtained by performing
a model-independent Monte Carlo simulation that involves both flux randomiza-
tion and random selection of subsets (RSS) according to the procedures outlined

in Peterson et al. (2004). In each iteration of Monte Carlo simulation, I randomly

Yhttp://www.astro.yale.edu/smarts/glast /home.php
Ihttp://james.as.arizona.edu/~psmith/Fermi
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first took N independent points from the parent light curve of N data points, re-
gardless of whether any point was previously selected using RSS process. After
RSS method the new light curve includes M data points. To take into account the
uncertainties in the calculated flux values, the fluxes of the M data points were
then altered randomly by adding the uncertainties of the calculated flux multiplied
by a random Gaussian number. I estimated the CCF of the modified light curve
for each Monte Carlo iteration and estimated the 7..,; using the points within 60
per cent of the CCF value. To get the significance cross-correlation results, this
process has been repeated for 10000 iterations keeping only those CCF with a peak
value > 0.5. The median of the cross-correlation centroid distribution (CCCD) is
taken as a measure of the time lag. Within a confidence interval of 68% I measured

uncertainties around the median value.

2.4 ~-ray spectra

The shape of the y-ray spectrum can provide evidence on the intrinsic distribution
of electrons involved in the v-ray emission processes that might involve acceleration
and cooling processes. For all the selected intervals identified for the correlation
study, I generated the v-ray spectra and fitted them with two models, namely a
simple power law (PL) model and a log parabola (LP) model. The PL model has
the form

dN(E)/dE = N,(E/E,)™" (2.1)

where N, is normalization of the energy spectrum and E, = 300 MeV, which is

constant for all SEDs.

The LP model is defined as below following Nolan et al. (2012)
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dN(E)/dE = N,(E/E,)~e~#n(E/E) (2.2)

here, dN/dE is the number of photons cm™2 s™! MeV~! « is photon index at
E,, B is the curvature index, E is the y-ray photon energy, N, and E, are the

normalization and scaling factor of the energy spectrum respectively.

I used the maximum likelihood estimator gtlike for spectral analysis using like-
lihood ratio test (Mattox et al. 1996) to check the PL model (null hypothesis)
against the LP model (alternative hypothesis). T'Seuwe = 2(log Lpp - log Lpy)
was also calculated (Nolan et al. 2012). The presence of a significant curvature

was tested by setting the condition T'S.y e > 16.

2.5 Spectral energy distribution modeling

To characterize the nature of the sources during different epochs, I constructed
the broad band SED. All the generated SEDs were modelled using the one zone
leptonic model of Sahayanathan and Godambe (2012). In this model, the emission
region is assumed to be a spherical blob of size R filled with non-thermal electrons

following a broken power law distribution

N(y) dy = K’Y_f dy for  Ymin <7 < 2.3)

Ky Py tdy for 7 <7 < Ymax
where, 7 is the electron Lorentz factor and, p and ¢ are the low and high energy
power-law indices with 7, the Lorentz factor corresponding to the break energy.
The emission region is permeated with a tangled magnetic field B and move down
the jet with a bulk Lorentz factor I'. The broadband SEDs are modelled using

synchrotron, SSC and EC emission mechanisms. This model was added as a local

model in XSPEC (Arnaud 1996) and the source parameters were obtained through
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x? minimization (Sahayanathan et al. 2018). There are twelve free parameters in
the model, of which six parameters govern the electron energy distribution, namely
electron energy index before the break (p), electron energy index after the break
(q), the break Lorentz factor (7;), minimum Lorentz factor of the electrons (Ymin),
the maximum Lorentz factor of the electron (7,,4.) and the electron energy density
(U). The other six parameters in the model are the magnetic field (B), size of
the emission region (R), Lorentz factor (I'), jet viewing angle (#), external photon
field temperature (T) and the fraction of the external photons that take part in
the EC process (f). In order to investigate the different flaring behaviour between
optical and v-ray, firstly I fitted the quiescent epoch to obtain the parameters for
all the sources. From the observed SED, I could obtain the high and low energy
spectral indices, the synchrotron flux in the optical, the SSC and EC fluxes in the
X-ray and ~-ray energies respectively. Consistently for the model fit, I chose five
free parameters namely p, q, U, I' and B while the other parameters were frozen
to typical values.

To account for the deviation of the model from the optical spectra, I modified the
model by including the emission from the accretion disk. The thermal emission
from the disk is decided by two parameters, namely the central black hole mass
and the mass accretion rate (Shakura and Sunyaev 1973; Jolley and Kuncic 2008).
The mass of the black hole is obtained from Chen (2018) and the accretion rate is
fitted to reproduce the optical spectra. This procedure significantly improved the
resultant x? and the best fit parameters. Through this exercise I also demonstrate
the capability to extract the accretion disk component from the broadband SED
through a realistic spectral modelling involving different emission mechanisms. To
account for the model related uncertainties, I added 12% systematic error evenly
over the entire data. For SED model fits, corrections due to galactic absorption
were applied to the IR, optical**, UV (Cardelli et al. 1988) and X-ray data points.
For UV, optical and IR, all data points over the period in each of the epochs were

averaged filter wise to get one data point for each filter. However, for X-ray and

**http:/ /ned.ipac.caltech.edu
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~-rays, all the available data over the period in each of the epochs was used to

construct their average spectra.






Chapter 3

Correlation between optical and

v-ray flux variations in flat

spectrum radio quasars *

In this chapter I present the results of the correlation analysis between optical and
~v-ray flux variations in FSRQs. The sample selected for this study consists of a
total of five FSRQs, namely 3C 454.3, PKS 1510—089, 3C 273, 3C 279 and CTA
102. The details of the sample selection, reduction of the data for the generation of
multiband light curves, y-ray spectra and broad band SED are given in Chapter 2.
For 3C 454.3 T have used the multiband data that spans the period 2008 August to
2017 February while for the remaining four sources, I have used the data covering
the period 2008 August to 2018 February. A brief description of these sources are

given below.

*Content of this chapter are from
1. Bhoomika Rajput, C. S. Stalin, S. Sahayanathan, Suvendu Rakshit, Amit Kumar Mandal
2019, MNRAS, 486, 1781
2. Bhoomika Rajput, C. S. Stalin, S. Sahayanathan, 2020, MNRAS, 498, 5128
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TABLE 3.1: Details of the epochs considered for detailed light curve analysis,
SED modelling and spectral analysis. The ~-ray fluxes in the 100 MeV to 300
GeV band are in units of 107% ph cm™2 s~! and the optical fluxes in the V-band

are in units of 107! erg cm™2 s7!
MJD Calender date Mean flux
Name ID Start End Start End v Optical Remark
3C 454.3 A 55122 55222 18-10-2009 26-01-2010 4.97  1.76  ~v-ray flare and optical flare
B 55460 55560 21-09-2010 30-12-2010 11.7  2.81 ~-ray flare and optical flare
C 55650 55750 30-03-2011 08-07-2011 0.54  0.68  Quiescent state
D 56510 56610 06-08-2013 14-11-2013 0.99  1.67  Optical flare but no ~-ray flare
E 56780 56880 03-05-2014 11-08-2014 3.75  3.23  Optical flare but weak ~v-ray flare
PKS 1510—089 A 54937 54957 16-04-2009 06-05-2009 2.97  1.07  ~-ray flare with no optical flare
B 54951 54971 30-04-2009 20-05-2009 2.26  1.94  ~-ray flare and optical flare
C 55757 55777 15-07-2011 04-08-2011 1.10  0.66  ~-ray flare with no optical flare
D 56062 56162 15-05-2012 23-08-2012 0.44 0.62 Quiescent state
E 57105 57125 24-03-2015 13-04-2015 3.12  0.95  ~-ray flare with no optical flare
F 57157 57177 15-05-2015 04-06-2015 3.17 230  7-ray flare and optical flare
3C 273 A 55265 55285 10-03-2010 30-03-2010 1.53  16.9  ~-ray flare with no optical flare
B 56450 56550 07-06-2013 15-09-2013 0.40  16.7  Quiescent state
3C 279 A 55290 55390 04-04-2010 13-07-2010 0.26  0.14  Quiescent state
B 56742 56762 26-03-2014 15-04-2014 2.21  2.15  ~-ray flare with no optical flare
C 57178 57198 05-06-2015 25-06-2015 3.94 142 ~-ray flare with no optical flare
D 57828 57848 16-03-2017 05-04-2017 2.33  4.25  optical flare but no ~-ray flare
CTA 102 A 55840 55940 06-10-2011 14-01-2012 0.31  0.39  Quiescent state
B 57740 57750 18-12-2016 28-12-2016 10.3  44.5  ~-ray flare and optical flare

3.1 3C 454.3

3C 454.3 is a FSRQ at a redshift z = 0.859. It was detected first as a bright and

variable y-ray source by EGRET onboard the Compton Gamma Ray Observatory

(CGRO; Hartman et al. 1993). It has been studied extensively utilizing data

over a large range of wavelengths that include, optical, X-ray and ~v-ray energies
(Bonning et al. 2009, 2012; Ackermann et al. 2010; Kushwaha et al. 2017). 3C
454.3 was found in a highly active state in the v-ray band by AGILE (Vercellone
et al. 2010, 2009) in 2007. In 2010 November the highest flare was detected at E

> 100 MeV with the LAT instrument, having a flux value of about 6.6 x 10~°ph
em™? s7'(Abdo et al. 2011). According to Shah et al. (2017) X-ray and v-ray
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emission from 3C 454.3 cannot be explained by single emission mechanism and
to study the high energy observations one needs to consider both EC and SSC

emission processes.

3.2 PKS 1510-089

It was identified as a quasar firstly by Bolton and Ekers (1966) with a visual
magnitude of 16.5 mag. It is one of the most variable FSRQs in the 3FGL catalog.
Located at a redshift of z = 0.361 (Tanner et al. 1996), it is powered by a black hole
of mass 5.4 x 10® Mg, and accretes at the rate of 0.5 Mg, yr~! (Abdo et al. 2010d).
It has been detected at very high energies by HESS (H. E. S. S. Collaboration et al.
2013) and MAGIC (Major Atmospheric Gamma-Ray Imaging Cherenkov; Aleksi¢
et al. 2014). This source has been studied for multi-wavelength flux variability
(Prince et al. 2017; Nalewajko 2013) as well as subjected to few SED modelling
studies (Prince et al. 2019; Nalewajko et al. 2012). Considering radio observations
with the VLBA coupled with optical long term monitoring data Wu et al. (2005)
argued for the presence of a binary black hole in PKS 1510—0809.

3.3 3C 273

3C 273, the first quasar discovered by Schmidt (1963) at a redshift z = 0.158 has a
large scale radio jet with a projected size of 57 kpc (Harris and Krawczynski 2006).
It was the first quasar that was discovered in the v-ray band in the energy range
of 50—500 MeV (Swanenburg et al. 1978). It was later detected by the Energetic
Gamma- Ray Experiment Telescope (EGRET; Hartman et al. 1999) and then by

Fermi. It has been studied for flux variations in the optical (Xiong et al. 2017)
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and also has been found to show dramatic variations in the v-ray band from Fermi
observations (Abdo et al. 2010b). The ~-ray outburst in 2009 was explained by a

time dependent one zone synchrotron self-Compton model (Zheng et al. 2013).

3.4 3C 279

At a redshift of z = 0.536 (Lynds et al. 1965), 3C 279 was among the blazars
that were discovered as emitters of y-rays by EGRET (Hartman et al. 1992).
In the GeV—TeV range it was first detected by the ground based atmospheric
Cherenkov experiment MAGIC (MAGIC Collaboration et al. 2008). It has been
recently suggested that 3C 279 hosts a supermassive black hole binary at its center
(Qian et al. 2019). The source is found to show flux variations over a range of
wavelengths such as radio (Pauliny-Toth and Kellermann 1966), optical (Oke 1967)
and y-rays (Hartman et al. 1992). It has also been studied for correlated variations
over different wavebands (Chatterjee et al. 2008). Fermiobservations have revealed
minute scale flare in this source with a shortest flux doubling time scale lesser than
5 minutes during the outburst in 2015 (Hayashida et al. 2017). In addition to flux
variability studies, it has also been studied via broad band SED modelling during
various activity states. The flares at different epochs of the source were explained
by leptonic process (Paliya et al. 2015; Shah et al. 2019), lepto-hardonic process
(Paliya et al. 2018) as well as hadronic processes (Petropoulou et al. 2017). These
observations and subsequent modelling clearly indicate that the same emission
mechanisms are not responsible for the high energy emission received from the

source at all times.
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3.5 CTA 102

This FSRQ at a redshift of z = 1.037 (Schmidt 1965) is highly polarized (Moore
and Stockman 1981) and variable in the optical band (Maraschi et al. 1986). It was
detected in the y-ray band both by EGRET (Fichtel et al. 1994) and Fermi (Abdo
et al. 2009). It has been studied for flux variations across different wavebands
(Kaur and Baliyan 2018) and minute like time scales of variability were detected

in the optical (Osterman Meyer et al. 2009) and ~-ray bands (Shukla et al. 2018).

3.6 Multi-wavelength light curves

Analysis for the presence or absence of correlation between optical and y-ray flares
requires identification of flares in optical and/or 7-ray light curves. Due to large
gaps and/or less number of points in the optical light curves it is not possible to
automatically identify epochs (through cross-correlation analysis) on the presence
or absence of correlated optical and ~-ray flux variations. Therefore, flares for
detailed analysis were selected visually (except for 3C 454.3) as follows. Multi-
wavelength light curves that span the 10 year period were first generated for each
object. In that, optical and ~-ray light curves were visually inspected for the
presence of sharp peaks above their base flux levels. Once identified, expanded
multi-wavelength light curves were generated for a total duration of 20 days, cen-
tered at the optical and/or ~-ray flares. In an epoch when a v-ray flare or an
optical flare is identified, I imposed the condition of having data in multiple wave-
lengths such as ~-rays, X-rays, UV, optical and IR so as to constrain both the
low energy and high energy hump in the SED analysis. These conditions lead to
the identification of few flares. Of these I concentrated only on some epochs for
each object. For the source 3C 454.3, I identified an optical flare as follows (i)

there is a gradual increase of the optical brightness at least by 0.5 mag from the
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quiescent level, (ii) there is a corresponding declining branch from the peak back
to the quiescent level and (iii) the rising and decaying phase (both inclusive) lasts
for more than 50 days. The details of the epochs selected for the analysis for the

sources are given in Table 3.1.

3.6.1 3C 454.3

The multi-wavelength light curves that include v-ray, X-ray, UV, optical and IR
along with the polarization measurements from 2008 August to 2017 February
(MJD: 54500—57800) are shown in Figure 3.1. From Figure 3.1 it is evident that
3C 454.3 has gone through both quiescent and active phases during the period
MJD 54500 — 57800. During this period, I identified four time intervals during
which large optical flares were seen. They are denoted by epochs A B,D and E
and cover the period MJD 55122—55222 (Epoch A), MJD 55460—55560 (Epoch
B), MJD 56510—56610 (Epoch D) and MJD 56780—56880 (Epoch E). The above
four intervals were chosen such that (i) there is a gradual increase of the optical
brightness at least by 0.5 mag from the quiescent level (ii) there is a corresponding
declining branch from the peak back to the quiescent level and (iii) the rising and
decaying phase (both inclusive) lasts for more than 50 days. The peak of the
flares are shown as a vertical dashed red line in Figure 3.1. On either side of
the red lines are two black vertical lines, having a total duration of 100 days. I
also identified a time interval denoted as Epoch C and covering the period MJD
55650—55750, where the source was at its quiescent state in IR-optical-UV-Xrays
and ~-rays. This quiescent period for a duration of 100 days is indicated by two
vertical blue lines in Figure 3.1. The details of the five epochs that were identified
for further analysis along with their mean optical and y-ray flux levels are given in
Table 3.1. Detailed analysis of each of these five epochs are given in the following

sub-sections.
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Epoch A (MJD 55122 — 55222) An inspection of Figure 3.1. indicates that
there is a close correlation between IR, optical, UV, X-rays and v-rays. Optical
polarization data though sparse during this period was not available during the
peak of the flare making it impossible to comment on the nature of the optical po-
larization during the peak of the y-ray flare. The multiband light curves covering
for a duration of 100 days centered of the peak of epoch A, along with the polar-
ization measurements when available are given in Figure 3.2. The results of the
cross-correlation functions analysis are shown Figure 3.3 both for ICCF and DCF.
I found a lag of 2.2703 days with the y-ray leading the optical flux variations. This
is similar to the lag of about 4 days found between the ~-ray and optical band by
Gaur et al. (2012a) on analysis of the data for the time period 2009 November —
2009 December. However, Gupta et al. (2017) found that the optical and ~-rays
are correlated with zero lag during the period MJD 55150—55200 which is within
the range analysed here. During the same period, Gupta et al. (2017) found that
during the declining phase of the y-ray flare, the degree of optical polarization in-
creased, showing a clear signature of anti correlation between -ray flux variation

and optical polarization.

Epoch B (MJD 55460 — 55560) During this period, the peak of the optical
flare is about two times larger than the peak of the optical brightness at epoch
A. The ~-ray brightness too peaked at nearly the same time of the optical flare.
During this epoch, visual inspection indicates close correlation between ~-ray, X-
ray, UV optical and IR flux variations. During this period a short duration intense
flare in the optical was observed superimposed on the large optical flare at around
MJD 55510. This particular short duration optical flare has no corresponding ~-
ray flare (Figure 3.2) and is thus a case of an optical flare with no corresponding
~-ray counterpart. At the epoch of this short duration optical flare, there is also
enhanced optical polarization, pointing to a strong correlation between optical flux
and polarization variations. At this time, enhanced flux levels were also seen in

UV and X-ray bands. This remarkable short duration intense optical flare with no
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corresponding flare in the ~-ray band was also noticed by Vercellone et al. (2011).
According to Vercellone et al. (2011) this optical flare showed a sharp rise and
decay in 48 hours. At the same time, 20% rise was seen in the X-ray with no
change at other wavelengths. During the duration of the large optical flare with
the peak at MJD 55519, data on the degree of optical polarization is missing to
make any statement on the correlation or anti-correlation between optical flux and
polarization variations. DCF and ICCF analysis between optical and ~-ray flux
variations, shown in Figure 3.3 indicate that the time delay between optical and
~-ray flux variations is 0.8ﬂj{1) days. Thus, during this major optical flare in epoch

B, the optical and «-ray flux variations are correlated with zero lag.

Epoch D (MJD 56510 — 56610) The optical flux during this epoch has nearly
the same amplitude as the optical flare at epoch B. Considering the correlation
between optical and v-ray flux variations during both epochs A and B, it is natural
to expect the v-ray flare at epoch D to have similar brightness to that of epoch B.
However, the source was barely detected in the y-ray band during this period. This
is an indication of an optical flare with no/weak corresponding ~-ray flare (Figure
3.2). Correlation analysis between the optical and 7-ray light curves during this
epoch gives a time delay of 1.0707 days. This shows that the optical and the
very weak y-ray variations are correlated with 1 day lag. The results of the cross-
correlation function analysis are shown in Figure 3.3. Polarizaion data was not
available during the period of the flare and therefore the correlation if any between

optical flux and polarization variations could not be ascertained.

Epoch E (MJD 56780 — 56880) During this epoch the optical flare has a
peak brightness similar to that of the optical flare at epoch B, but the source has
minor ~v-ray flare during this epoch. This same period was also independently
analyzed by Kushwaha et al. (2017) for correlation between ~-ray and optical flux
variations. They find no lag between optical and y-ray flux variations during the

period overlapping the duration of epoch E. I noticed an interesting feature by
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careful examination of the optical total flux and polarization variations shown in
Figure 3.2. The degree of optical polarization is anticorrelated with the optical
flare both during the rising phase and the decaying phase of the flare. Though
such anti-correlations between optical flux and polarization variations were known
before in the blazar BL Lac (Gaur et al. 2014) and 3C 454.3 (Gupta et al. 2017),
I noticed anticorrelation between optical flux and polarization variations both
during the rising part of the flare as well as the decaying part of the flare. The
correlation analysis between the optical and ~-ray light curves during this epoch
gives a time delay of 0.3%)7 days.Correlation analysis for this epoch shown in

Figure 3.3.

3.6.2 PKS 1510-089

The multi-wavelength light curves that include v-ray, X-ray, UV, optical and IR
are given in Figure 3.4. The figure also includes polarization measurements. In-
spection of the light curves indicates that the source has displayed varied activity
levels that includes both flaring and quiescent periods. From visual inspection
of the light curves I selected 6 epochs (A, B, C, D, E and F) in the source for
studying the correlations between optical and ~-ray variations. These epochs were
identified by the presence of optical and/or y-ray flares in the light curves and a
quiescent state in both the optical and y-ray bands. A summary of these epochs
is given in Table 3.1 and the multi-wavelength light curves covering a shorter du-
ration during these epochs are shown in Figure 3.5 and Figure 3.6. More details

on these six epochs are given below:

Epoch A: During this epoch, the y-ray has increased in flux by a factor of about
10, while the optical and the IR J and K-band fluxes have not shown any variability
and are indeed steady. There is also a hint that the X-ray flux from the source is

non-variable, however, due to the lack of data during part of the v-ray flare, no
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conclusive statement could be made on the nature of X-ray flux variations. The
optical polarization too has not shown noticeable variability during the steady
optical /IR brightness state of the source. I conclude that in this epoch I observed

a vy-ray flare with no optical counterpart.

Epoch B: During this epoch, the optical flux has increased by a factor of 6, while
the flux variations in the IR band are at a reduced level. There is also a hint of a
very low amplitude y-ray flare during the peak of the optical flare, but it is very
small. The lack of X-ray data and optical polarization data during the epoch of
the optical flare has prevented us to make any statement on the nature of X-ray
variations as well as the degree of optical polarization during this epoch. Thus
in this epoch the source has shown correlated optical and v-ray flux variations,
though the amplitude of variations in the v-ray band is much lower than that of

the optical and IR bands.

Epoch C: The flux variations noticed in this epoch is similar to that observed
during epoch A. A minor flare is observed in the y-ray band, but the source is
stable in the X-ray, optical and IR bands. Optical polarization data is not available
during the v-ray flare to ascertain the nature of optical V-band polarization. Thus,
during this epoch, the source has shown a ~-ray flare without a counterpart in the

low energy X-ray, optical and IR bands.

Epoch D: During this period, the source is in the quiescent state in all the energy

bands analyzed here.

Epoch E: During this epoch, the source has shown a strong v-ray flare, however,
such a flare is not seen in the X-ray, optical and IR bands. Here too, optical
polarization data is not available during the period of the y-ray flare. Thus, in
this epoch, the source has shown a ~-ray flare without similar flaring in the other

wavelengths such as X-rays, optical and IR.
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Epoch F: A weak «-ray flare is seen in the source during this period. Simultaneous
to the v-ray flare, there is an indication of a minor optical flare which is also
accompanied by an increase in the degree of optical polarization. There is paucity
of X-ray and IR data during the peak of the v-ray flare. Thus, the optical and

~v-ray flux variations are closely correlated during this epoch.

3.6.3 3C 273

I show in Figure 3.7 the multi-wavelength light curves for the source 3C 273. The
source is mostly quiescent during the period 2008 to 2018 August except for few
instances where it has flared in the ~-ray band. I identified two epochs in this
source for studying the correlation between optical and ~-rays. The details of
these two epochs are given in Table 3.1. They are also marked in Figure 3.7, and

an expanded version of these two epochs are given in Figure 3.8.

Epoch A: There is a prominent y-ray flare during this epoch, wherein the ~-ray
flux has increased by a factor of two at the peak of the v-ray flare. During the
peak of the y-ray flare, the X-ray, optical and IR brightness do not show significant
changes. Also, the source lacks optical polarization data during the peak of the
~-ray flare. The source has thus shown a y-ray flare without an optical counterpart

in this epoch.

Epoch B: During this epoch the source is found to be in the quiescent state in
all the wavebands namely ~-rays, X-ray, optical and IR. The source is also weakly

polarized in the optical V-band during this period.
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3.6.4 3C 279

I show in Figure 3.9 the multi-wavelength light curves. From visual inspection, I
identified four epochs in this source for studying the correlation between optical
and v-ray flux variations. I give in Table 3.1 the summary of those four epochs.
An expanded view of the multi-wavelength flux variations in the source is shown

in Figure 3.10. Below, I summarize the salient aspects of these four epochs.

Epoch A: In this epoch the source is in the quiescent state. In the one day binned
~-ray light curve the source is below the detection limit for many days during this
100 days period. Also, in the X-ray, optical and IR bands, the source is non-
variable during this period. However, during the middle of this epoch, the optical
polarization increased by a factor of about 5 from ~6% to ~25.8%. During this
period of increased optical polarization, the source did not show flux variations in

any of the bands.

Epoch B: During this epoch, the source has shown a minor flare in the y-ray band
with no corresponding flare in the optical, IR and X-ray bands. Polarization data
is not available during the peak of the v-ray flare thereby making it impossible to
know the polarized nature of the source. By comparing the multi-wavelength light
curves during this epoch, I conclude that the source showed a v-ray flare without

an optical counterpart.

Epoch C: During this epoch, a strong y-ray flare was observed wherein the ~-ray
flux increased by a factor of about 3. During the peak of the y-ray flare, X-ray
too showed a flare, however, in the optical and IR bands, the source was found to
be stable with no signs of flux variability. An interesting behaviour displayed by
this source is an apparent negative correlation of v-ray and X-ray flux variations
to the optical polarization. During the epoch when the v-ray and X-ray were at

their peaks, the optical polarization was low, and it gradually increased when the
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X-ray and y-ray fluxes declined.

Epoch D: During this epoch, the source showed a prominent optical and IR flare.
The flare was found be be asymmetric with a fast rise and slow decay. During the
epoch of the optical and IR flare the source did not show any variation in the ~-ray
band. Due to the lack of polarization data during the peak of the optical and IR
flare, I could not make any statement on the optical polarization state during the
time of the optical and IR flare. Thus this epoch is a clear example of the source

showing an optical flare without a y-ray counterpart.

3.6.5 CTA 102

The source was found to be in a steady and low brightness state during most of
the time between 2008 August to 2018 August, except for a spectacular y-ray flare
in the beginning of 2016. The multi-wavelength light curves are shown in Figure
3.11. T identified 2 epochs in this source for studying the correlation between
optical and ~-ray variations. A summary of these two epochs is given in Table 3.1
and expanded plots of these two epochs are shown in Figure 3.12. More details on

these two epochs are given below.

Epoch A: During this epoch the source was in the quiescent state in all the

wavebands considered in this work.

Epoch B: The source showed a major v-ray flare during this epoch. This flaring
in the v-ray band was also accompanied by flaring behaviour in the X-ray and
optical wavelengths. The nature of IR flux during this period is uncertain due to
the non-availability of IR data during this flaring period. Thus, during this epoch,

the source showed correlated flux variations in the optical and y-ray bands.
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FiGure 3.1: Multi-wavelength light curves of the source 3C 454.3. From the
top, the first panel shows the 1 day binned ~-ray lightcurve for the time range
MJD 54500-57800; the second panel shows the Swift- XRT lightcurve in both
PC and WT modes, the third panel shows the Swift UVOT lightcurves in W1,
W2 and UU bands; in the fourth panel optical light curve in V-band is given;
the fifth panel shows the IR light curves in J and K bands and in the bottom
panel variation of the degree of polarization is presented.The red vertical lines
correspond to the peaks of the optical flares and the two black vertical lines
denote a width of 50 days each on either side of the peak of the flare. The two
vertical blue lines have a width of 100 days and correspond to the quiescent
period. In ~-ray light curve only points with TS > 9 are shown.

3.7 ~-ray spectra

To study the intrinsic distribution of electrons in the jets that are involved in the
~-ray emission process, | generated v-ray spectra for all the selected epochs of the
five sources. I fitted the y-ray spectra with the two models namely (i) the simple
power law (PL) model and (ii) the log-parabola (LP) model. The details of this
two models and the procedure followed to generate the y-ray spectra are specified
in Chapter 2. The results of the v-ray spectral analysis are given in Table 3.2. One
example of the PL model that best fits the data (for the source 3C 273 at Epoch

00



Chapter 3: Optical GeV connection in FSRQ)s

47

le-5

) 3
xE 15 :‘A‘]‘
= O i
> < 1.0 S Y A a 1day binned
gs x{,}‘ L g, . —
g 03t A L B e ‘m‘m.‘“‘““

0.0 i —
5.5 ;

8 .

v 35
LSE H j-..‘- °

g 15je e R . ° i Pt U o .

-0.5 ,
: ' ' '
e
25 . .-—: B “j = SMARTS V
s

2 ! Iy

- LS A,

Sos | :

o 25 ! N
g 20 |
R S
5 10 B i # s
&7 & e ! 2 b
° ,
180 N | A a

o 150 gt Iy |

©120 “ !

£ |

S 60 |

“ 3 | ot

0 'y . . e " el
55122 55147 55172 55197 55222
Time(M)D)
le—6

E 3.0 $ A A 1day binned
5 25 ?2
= £ 20 | ;
> <
FE1s5] ) i I wi;éﬂ A m
91 10 1 13 W

S 0s el W ;%ﬁg&;} Tt

0.0 ;

, s ! e o XRT WT mode
kg 35 l = = XRT PC mode
S " 1
“3 1 |

o - :o . 4

-0.5
L 56 il
E 46 |
EE 'R 4 4 STEWARDV
$9,6 'y = 8 SMARTSV
T | m
2 ;'2 ommg  Te0 hang d-.l e
. f
25 !

¢ 20 l

g0 | ‘Lz .
5 L 1 L
Q t

180

o 150 A l oy

©120 s ' A

< 90 : 4 A Pol Angle

g 60 !

30 |
0 .
56510 56535 56560 56585 56610
Time(MJD)

y_ray flux
[10°° ph/cm?/s]

UorNWRUO

w u
o

Fxr
count/sec

ame"e, o aEmgmeE

&
#
%
* 1
: .
& k 1A N
“f‘i ‘l‘.a
S £y
g 60 !
5 | :
0 I L L A&
55460 55485 55510 55535 55560
Time(MJD)
le-5
g 1.2 IS 3 __A A 1 day binned
5g L0 i
= Y 0.8 3 i3 a %
gaos * ot Aa “
A7 04 uw PN A “I“l
S 02 o rnasa paa T
HO.OMA ‘. Ay
, s ! e o XRT WT mode
o | XRT PC mode
3 33 |
< ° °
g 5 . LA i 0 L] o=
A A& STEWARDV
e | @ 8 SMARTS V
I
" 1 m
m ! o
m [ iy
Aam BB i s T e
t
:
-« :
&,
L N t, N
180 = p :
™
X -
o) 1
Bu e :
S 60 I N
30 M L &
0 L a
56780 56805 56830 56855 56880
Time(MJD)

FIGURE 3.2: Multi-wavelength light curves covering a period of 100 days during
epochs A (top left), B (top right), D (bottom left) and E (bottom right) for the
source 3C 454.3. Here, from the top the first panel shows the ~-ray variations,
the second and third panels show the variations in X-ray and optical bands
and the bottom two panels show the variations in degree of optical polarization

and polarization position angle.

optical /y-ray flare.

The vertical dashed line shows the peak of
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FIGURE 3.3: Cross-correlation analysis between y-ray and optical flux varia-
tions during epoch A (top left), epoch B (top right), epoch C (bottom left)
and epoch D (bottom right). The solid line is for ICCF and the filled cir-
cles refer to DCF. The histograms in blue and orange show the distribution of
cross-correlation centroids for ICCF and DCF respectively.

B) and another example of a LP model that best fits the data (for the source 3C
454.3 at Epoch A) is shown in Figure 3.13.
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FiGUurE 3.4: Light curves of the source PKS 1510—089. The top one is the
one day binned v-ray light curve, the second panel from the top is the X-ray
light curve, the next two panels are the optical and the IR light curves and the
bottom panel is the optical V-band polarization. The peak of either the optical
or y-ray light curve is shown by red dotted lines, while the two black solid lines
on either side of the red line correspond to a width of 10 days each. The two
blue lines show the quiescent period of 100 days. For v-ray light curve, upper
limits are not shown and only points with T'S > 9 are plotted.

3.8 Spectral energy distribution modelling

The sources studied here showed various characteristics in their optical and v-ray
flux variations. There are instances when (a) optical and ~-ray flux variations are
correlated, (b) there are optical flares without ~-ray counterparts and (c) there
are y-ray flares without optical counterparts. To further characterize the nature
of the sources during the various epochs, I constructed their broad band SED
during these epochs and studied them using simple one zone leptonic emission
model. Chapters 1 and 2 provide a brief introduction to the one zone leptonic

model and the methodology used for this work. The adopted values of the seven

58400
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FIGURE 3.5: Multi-wavelength light curves for epochs A (top left), B (top
right), C (bottom left) and D (bottom right) for the source PKS 1510—089. In
all the panels y-ray fluxes are in units of 107 ph cm™2 s~!. The optical fluxes
are in units of 107 erg cm™2 s~! and the IR fluxes are in the units of 10710 erg
em~2 s71. The vertical dotted line shows the peak of the optical/y-ray flare.
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TABLE 3.2: Details of the PL and LP model fits for the different epochs of the

source 3C 454.3, PKS 1510—089, 3C 273, 3C 279 and CTA 102. Here the ~-ray

flux values are in units of 10 %ph em =2 s~ !

PL LP

Epochs T Flux TS —LogL @ I3 Flux TS —LogL TScurve

3C 454.3
A 2344001  5.6840.06 87024.8 138177.8 1.91+0.03 0.15+ 0.01  4.93£0.07 795682 137962.7  430.1
B -2.33£0.01  13.340.08 278585.0 80508.1 2.21+0.00  0.09+ 0.00 12.79£0.12 283811.0 80238.2  539.8
C 2424003 0.57£0.02 34226 151787.4 1.97+0.10 0.24+ 004 0472003  3392.8 151756.9 61.0
D -2.2540.02  1.0340.03  9890.6 142338.0 2.04+0.04 0.14+ 0.02  0.88£0.03  9768.6 142299.7 76.6
E -2.14£0.00  4.4240.00 661619 146140.9 1.53+0.00 0.15+0.00  3.71£0.03 621453 145896.2  489.4

PKS 1510-089

A -241£0.04  0.08£0.006 1502.89 32666.94 2.35+0.03 0.10+ 0.02  2.89£0.08  6626.5 30287.04 4759.8
B -2.3840.01  1.1040.02 448427 40710.69 2.31+0.04 0.05+ 0.02  2.3040.03 6046.02 39865.06 1691.24
C -2.2940.05  1.05£0.03  2143.16 26980.49 2.24+0.06 0.06+ 0.04  1.16£0.01 2149.74 26918.59  123.8
D -246£0.01  0.36+0.007 1396.18 71986.58 2.40+0.05 0.009+ 0.007 0.38+£0.009 1383.28 71943.76  85.64
E -2.3540.02  0.10£0.006 3632.06 4199812 2.21+0.04 0.05+ 0.02  3.0040.02 122545 37916.38 8163.48
F -2.26£0.02  0.4440.008 7069.12 33739.65 2.18+0.02 0.06+ 0.0l  3.0520.05 11891.14 31131.89 5215.52

3C 273

A -24840.04  0.03£0.003 38426 18366.24 2.45+0.06 0.02+ 0.04  0.49£0.01 196547 17796.95 1138.58
B -2.914 0.10  0.005+1.13 2210 53603.31 291+0.11 0.13+0.16  0.46+0.02 -328.63 53791.17 -375.72

3C 279
A -2.4240.03  0.0240.003 193.899 61574.51 2.46+0.07 0.06+ 0.01  0.16+0.004 341.966 61472.92  203.18
B 2284 0.04 0.29+0.003 5059.59 28075.17 2.13£0.05 0.094 0.02  0.61+£0.03 6630.85 27337.68 1474.98
C -2.2240.00  0.60£0.01 14113.31 41165.00 2.05+0.03  0.10+ 0.01  4.09£0.001  25625.3 37399.62 7530.76
D -2.2840.03  0.164+0.003 2426.62 24463.13 2.14+0.04 0.08+ 0.02  1.44£0.01 539143 23282.19 2361.88

CTA 102

A -2.49£0.00  0.00240.91 26.02 5761441 2.58+0.06 0.02+ 0.05 0.16+0.004  565.75 57358.15 512.52
B 2124 0.004 0.36+£0.008 10266.7 35236.65 1.84+0.03 0.09+ 0.01  0.63£0.02 14952.58 35028.19  416.92

frozen parameters for the five sources are given in Table 3.3. In Table 3.4, and

Figure 3.14 to Figure 3.20, I summarize the results of the fitting.
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FIGURE 3.13: Observed and model fits to the y-ray spectra of the source 3C
273 for epoch B (left panel) and of 3C 454.3 for epoch A (right panel).

TABLE 3.3: Values of the parameters that were frozen during the model fits to
the observed SEDs. The size of the emission region R is in units of 10'® cm, the
temperature T is in Kelvin and viewing angle 4 is in degree.

Object R Yin Vmaz w TK) 6 f State

3C 454.3 30 40 1x10* 1200 1000 1 09 A, B,C,D

90 40 4x10* 1500 800 1 0.8 E
PKS 1510—-089 7.9 40 2 x 10* 1500 800 2 09 A,B,C,D,E F
3C 273 158 50 1 x 10* 1200 800 2 09 A,B
3C 279 158 40 2 x 10* 1200 800 2 09 A, B,C,D
CTA 102 100 50 2x 10° 2100 800 2 0.02 A, B

3.9 Results and Discussion

3.9.1 ~-ray spectra

The high energy ~-ray spectra of FSRQs and low synchrotron peaked BL Lacs de-
viate from the power law behaviour and are phenomenologically better represented

either as a broken power law (BPL) or a LP model. Such departures from simple
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TABLE 3.4: Results of the broad band SED analysis on the sources at different
epochs
Bulk Lorentz ~ Low energy High energy  Eletron energy Magnetic Accretion  IC peak
Name Epoch factor particle index particle index density (cm™) field (Gauss) rate  (MeV)  x2/dof
3C 454.3 A (with out AD) 11.7940.82 1.474+0.16 3.64+0.11 5.15+1.08 1.774+0.11 — 246 1.0
B (with out AD) 16.631+0.96 1.344+0.13 3.93+0.09 2.05+0.36 1.7840.09 — 402 1.0
C (with out AD) 7.304+0.30 1.56+0.09 3.124+0.11 3.62+0.32 2.82+0.16 — 118 0.84
D (with out AD) 11.88£1.07 1.98+0.15 3.4910.15 1.15+0.24 4.01+0.23 226 1.30
E (with out AD) 5.00£0.71 1.37+£0.11 3.1440.08 0.04£0.01 0.73£0.03 — 84 1.07
PKS 1510—089 A (with out AD)  10.29 &+ 1.12  1.10 £ 0.52 3.85 £ 0.11 0.12 £ 0.04 0.97 £+ 0.08 — 227 1.9
A (with AD) 10.62 +1.20  1.10 £ 0.58 4.22 £ 0.16 0.12 £ 0.04 0.84 £+ 0.07 1.48 + 0.32 0.8
B (with out AD) 8.56 £ 0.65 1.10 + 0.37 3.66 = 0.09 0.22 £ 0.05 1.05 + 0.06 — 198 0.8
B (with AD) 9.01 £0.69 1.10 £ 0.38 3.86 £ 0.12 0.20 £ 0.05 0.98 £ 0.06 1.24 £+ 0.48 0.5
C (without AD) 5.72 £0.61 1.10 £ 0.35 3.04 £0.13 0.66 £ 0.19 0.66 £ 0.03 163 1.2
C (with AD) 731 £0.63 1.39 £0.23 3.55 £ 0.13 0.37 £ 0.09 0.64 £ 0.05 0.85 £ 0.22 0.7
D (without AD) 5.00 £ 1.31  1.10 £ 0.36 3.20 £0.13 0.32 £ 0.09 1.34 £ 0.08 — 116 24
D (with AD) 6.41 £1.27 1.10+1.26 3.95 £ 0.18 0.21 £0.15 0.98 £+ 0.16 1.26 + 0.22 1.2
E (without AD) 8.62 £ 0.86 1.10 + 0.51 3.45 £ 0.08 0.27 £ 0.09 0.72 £+ 0.06 — 209 1.6
E (with AD) 9.22 £096 1.13 £0.27 3.63 £ 0.10 0.24 £ 0.08 0.68 £ 0.06 0.79 £ 0.28 1.3
F (without AD) 1231 £1.19  1.10 £ 0.37 3.68 £ 0.09 0.08 £ 0.02 1.18 £+ 0.07 333 2.2
F (with AD) 1253 £ 1.11  1.10 £ 0.33 3.81 £0.12 0.07 £ 0.02 1.12 £ 0.06 1.49 £+ 0.67 1.9
3C 273 A (with AD) 942 £ 1.37 244 +0.27 3.94 £0.15 0.01 £ 0.004 2.21 £0.42 16.00 + 4.13 121 1.9
B (with AD) 5.00 £0.52 1.92+0.12 5.48 + 0.44 0.07 £ 0.009 2.33 £0.20 16.00 = 2.72 32 1.5
3C 279 A (without AD) 713 £1.03 1.89 4+ 0.46 4.27 £ 0.10 0.07 £ 0.02 1.05 + 0.14 — 64 1.5
A (with AD) 713 £1.09 1.89 £ 0.48 4.25 £ 0.20 0.07 £ 0.02 1.05 £+ 0.15 0.01 £0.15 1.7
B (without AD) 11.22 +£1.10 1.15£0.26 3.71 £ 0.08 0.04 £ 0.01 1.16 £+ 0.09 177 1.1
B (with AD) 1122 £ 1.12  1.15 £ 0.26 3.71 £ 0.10 0.04 £0.01 1.16 £ 0.09 0.01 £ 1.18 1.2
C (without AD) 8.80 £ 0.04 1.24 £ 0.20 3.51 £ 0.07 0.22 £0.03 0.66 £ 0.04 — 147 1.8
C (with AD) 8.80 £0.60 1.24+0.21 3.51 £ 0.09 0.22 £ 0.04 0.66 £ 0.04 0.01 £ 1.86 1.9
D (without AD) 11.75 £ 153  1.72 £ 0.25 3.70 +£ 0.01 0.05 £ 0.01 1.52 £ 0.13 — 154 3.0
D (with AD) 11.75 £ 1.50 1.72 £ 0.26 3.70 £ 0.11 0.05 £ 0.01 1.52 £+ 0.18 0.01 £ 4.92 3.1
CTA 102 A (without AD) 7.98 £1.50 1.10 £ 0.64 3.84 £ 0.46 0.006 £ 0.004  0.39 £ 0.10 — 196 24
A (with AD) 842 £1.19 1.10 £0.70 4.35 £ 0.38 0.006 £ 0.003  0.32 £ 0.07 10.00 + 6.09 1.4
B (without AD)  32.17 £ 13.61  1.29 &+ 0.08 3.17 £ 0.15 0.007 £ 0.001  0.42 £ 0.03 — 1295 1.0
B (with AD) 36.44 £ 11.84  1.28 + 0.09 3.11 £ 0.17 0.008 £ 0.003  0.42 £ 0.10 0.08 £ 325.54 1.0

PL fits noted as a common feature in FSRQs firstly in the early observations from
Fermi-LAT (Abdo et al. 2010a) are now observed in the high energy spectra of
several FSRQs (Harris et al. 2014; Paliya et al. 2015; Rajput et al. 2019; Sahakyan
2020). The cause of the spectral curvature seen in the v-ray spectra from Fermi-

LAT is still not known. Several scenarios, both intrinsic and extrinsic origins are

proposed in the literature to explain the break in the v-ray spectrum of FSRQs.
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F1GURE 3.15: Model fits to the broad band SED during epochs D and E. The
panels have the same meanings as that of Figure 3.14.

One of the causes could be due to the attenuation of y-rays by photon-photon pair
production within the BLR due to Hell recombination and HI recombination. In
this scenario termed as the double absorber model (Poutanen and Stern 2010),
one expects to see a break around 4—7 GeV and another break around 19.2—30
GeV. Such an observation would imply absorption of v-rays by BLR photons and
the v-ray production site must lie within the BLR. However, observations do not
support the double absorber model (Harris et al. 2012). Alternatively, the break
in the GeV spectra of FSRQs can happen by Klein-Nishina effect on the inverse
Compton scattering of BLR photons by relativistic jet electrons with a curved

distribution (Cerruti et al. 2013). But, from an analysis of the ~-ray spectra of
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FIGURE 3.16: Observed broad band spectral energy distribution for the source
PKS 1510—089 along with model fits for the epochs A ;B C and D. The various
components are the synchrotron emission (green line), the SSC process (yellow
line), the EC process (red line) and the accretion disk component (cyan line).
The magenta line is the sum of all the components. The bottom panel in each
SED shows the residuals between SED fits and the observed points.
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FIGURE 3.17: Model fits to the broad band SED during epochs E and F for the
source PKS 1510—089. The panels have the same meanings as that of Figure

3.16.
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FIGURE 3.18: Model fits to the broad band SED during epochs A and B for
source 3C 273. The panels have the same meanings as that of Figure 3.16.
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FIGURE 3.19: Model fits to the broad band SED during epochs A, B, C and
D for the source 3C 279. The panels have the same meanings as that of Figure

3.16.
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FIGURE 3.20: Model fits to the broad band SED during epoch A and B for the
source CTA 102. The panels have the same meanings as that of Figure 3.16.

a large number of blazars, Costamante et al. (2018) found that in FSRQs, the
observed ~-ray spectra is not by IC scattering of BLR photons and the ~-ray

emission site lies outside the BLR.

Apart from the above, the break in the v-ray spectra of FSRQs can also hap-
pen due to intrinsic effects because of the electrons in the relativistic jets of these
sources either having a cut-off in their energy distribution or a log-parabola energy
distribution. In this work, the SEDs of all the sources in the different epochs are
well modelled by IC scattering of the photons from the obscuring torus, and the
~v-ray emission region lies outside the BLR where 1C takes place in the Thom-
son regime. The results of the v-ray spectral analysis carried out on all the
epochs in the objects and reported in Table 3.2. I note that in the 3FGL catalog
(https://www.ssdc.asi.it /fermi3fgl/), the y-ray spectra of all the sources studied
here are better described by the LP model than the PL model except for the
source 3C 273 at epoch B. The parameters o and  in the LP model fits to the
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data carry very important information on the characteristics of the y-ray spectra.
In this model, a gives the slope of the spectra and § is a measure of the curva-
ture in the spectra. A smaller value of o and § implies a harder spectrum with
a mild curvature. Any changes in the value of a and  during different epochs is
a measure of the changes in the y-ray spectral shape. The dependence of o and
[ values against the fluxes of the sources are given in Figure 3.21. For all the
sources I found the spectra to harden with increasing flux. I found decreasing as
well as increasing trend of § with flux. The variation in the y-ray spectral shape
can be associated with the shift in IC peak frequency. This is evident from the
results of our SED analysis. Our model fits to the observed SED also gives the IC
peak frequency (see Table 3.4). Analysis of the IC peak indicates that as the IC
peak shifts towards lower energies, the spectrum is harder and the curvature () is
sharper which too demonstrates that the y-ray spectral variation is closely related
to the changes in the IC peak. Alternatively, y-ray spectral variation can also be
attributed to the changes in the location of the y-ray emission region during dif-
ferent activity states of the sources (Coogan et al. 2016). Besides, since the ~-ray
emission in FSRQs is due to EC scattering of the external target photons, the
~v-ray peak energy will depend on the dominant external photon frequency. If the
target photon field is the IR emission from the dusty torus, then the temperature
of the dust emission will depend on the location of the emission region from the

central black hole (Dermer et al. 2014; Ghisellini and Tavecchio 2009).

3.9.2 Connection between optical and GeV flux variation

The capability of Fermi to scan the sky once in three hours and supporting ground
based monitoring observations in the optical band has enabled one to study close
correlations between flux variations in the GeV band and other low energy bands.
From multiband observations of the blazar 3C 454.3 over a period of about 5

months, Bonning et al. (2009) found close correlation between the optical and
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GeV band flux variations. This argues for co-spatiality of the optical and GeV
emission regions. This correlation is also easily understood in the one zone leptonic
emission model, wherein relativistic electrons in the jet produce optical emission
by synchrotron process, and the same relativistic electrons produce y-ray emission
by inverse Compton process. However, mismatch between optical and GeV flux
variations are also known in few other blazars such as PKS 0208—512, (Chatterjee
et al. 2013), PKS 0454—234, S4 1849+67, BZQ J0850—1213, OP 313 (Cohen et al.
2014), PKS 2142—75 (Dutka et al. 2013), PKS 1510—089 (MacDonald et al. 2015)
and PKS 2155—304 (Wierzcholska et al. 2019a). From the analysis of multi-band
light curves of the sources, I found instances where the optical and v-ray flux
variations are closely correlated, cases where there are optical flares without ~-ray
counterpart and instances when there are v-ray flares without optical counterparts.
Thus, it is evident that the correlations between the optical and GeV flux variations
in Fermi blazars are complex. Recently, from correlation analysis between the
optical and 7-ray light curves of 178 blazars, Liodakis et al. (2019) found that
statistically about 50% of their optical flares have no GeV counterparts and this
fraction is less in the case of y-ray flares, i.e., about 20% of ~-ray flares have no
optical counterparts. While in the leptonic scenario a close correlation between
optical and GeV variations is expected, the results found in this work as well as the
other recent results by Rajput et al. (2019) and Liodakis et al. (2019) indicate that
correlated variability analysis between the optical and GeV bands may also not
be definitive in constraining the leptonic v/s hadronic scenario for the high energy
emission process in blazars. Most of the correlation studies between different
energy bands of the blazars indicate positive correlation. But there are exceptions
and cases of anticorrelation are also found for some sources (Chatterjee et al. 2013;
Cohen et al. 2014; Dutka et al. 2013; MacDonald et al. 2015; Rajput et al. 2019).
I found various behaviours between optical and v-ray energy bands for our selected
sample of sources. During the 9 years of monitoring data analyzed for the source
3C 454.3 T found four flaring epochs in the optical, namely A,B, D and E. During
epochs A and B, the optical flare is accompanied by a v-ray flare, while at the
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other two epochs D and E, though the optical flares have amplitudes similar to
that of epochs A and B, the v-rays during epochs D and E were either weak or
undetected. This is clearly seen in Figure 3.22 where the logarithm of v-ray flux is
plotted against the logarithm of optical flux. I looked for the correlation between
the optical V-band and the vy-ray band for all the epochs for other four sources
which are chosen for the analysis and I only consider epochs where the correlation
is significant at the 90% level. The results are shown in Figure 3.22 and the results
of the fit are given in Table 3.5. I convert the gamma-ray fluxes from ph em =2 s7!
to erg cm™2 s~ at 100 MeV (Singal et al. 2014) to match the optical flux units.
The fit takes into account the errors in both the optical and y-ray flux values.

To have an insight into this anomalous variability behavior I fitted the broad band
SED of the source in all the epochs using simple one zone leptonic emission model.
For the source 3C 454.3 during epochs A and B, where the optical and -ray flux
variations are correlated, there is enhancement in the bulk Lorentz factor relative
to the quiescent epoch C. During epoch D, I found an enhancement of the magnetic
field related to the quiescent state C, which could explain the high optical flare
accompanied by a very weak ~-ray flare. Such a change in magnetic field could also
produce enhanced optical polarization and X-ray flux. But, the non-availability
of optical polarization and X-ray flux measurements during epoch D, preclude us
to make a firm conclusion on the enhancement of the magnetic field as the cause
for the occurrence of optical flare with weak ~-ray flare during epoch D, however,
is the most favorable scenario. In epoch E,where there is an optical flare with a
weak ~-ray counterpart our SED modeling indicates decrease in electron energy
density, magnetic field and bulk Lorentz factor and also the emission region could
be located at a region farther than the emission region of other epochs. I therefore
conclude that the observations of optical flare with weak/no corresponding ~-ray
flare during epochs D and E, could be due to one or a combination of parameters
such as the bulk Lorentz factor, magnetic field and electron energy density or due
to changes in the locations of the ~-ray emitting regions. A possible cause for

optical flux variations without ~-ray counterparts could be attributed to hadronic
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processes (Miicke and Protheroe 2001), however based on our SED analysis, I
conclude that the leptonic model is also capable of explaining the emission from
3C 454.3 during all the epochs.

For the source PKS 1510—089 during epochs B and F the optical and ~-ray flares
are correlated. During this epoch I' is larger than that of the quiescent period.
This has given rise to increased flare in optical and v-rays. The difference in the
amplitude of variations between optical and v-ray flares during epochs B and F
must be due to a combination of I' and B. For epochs A, C and E the magnetic
field is lower than the quiescent period by a factor of 1.2 - 1.5. This has led to
decreased optical variations. At the same time I" has increased from 1.1 - 1.7 times
the quiescent period leading to increased 7-ray flare, but no corresponding optical

flare (see Figure 3.5 and Figure 3.6).

In the source 3C 273, using our criteria, I were able to identify one quiescent period
and a flaring period. At epoch A, the bulk Lorentz factor increased compared to
the quiescent state B, whether the magnetic field is nearly the same (Table 3.4).
It is natural to expect increased optical and ~-ray flares during epoch A, but I
found a ~-ray flare without an optical counterpart. This absence in optical flux
variations might be due to sub-dominant optical synchrotron emission compared to
the prominent accretion disk emission. The prominent accretion disk component
is very well evident in the broad band SED both in the quiescent and active states

(Figure 3.18).

In the source 3C 279, I identified four epochs, A,B, C and D of which during
epoch A, the source was quiescent while it was active during the other epochs.
During epoch D, magnetic field is about 1.5 times larger than the quiescent period
leading to larger optical synchrotron emission. At the same epoch, I" has increased
from about 7 to 12. This explains the increased v and optical flaring in epoch D.
During epochs B and C, T" has increased relative to the quiescent state giving rise

to larger v-ray fluctuations. During epoch B, magnetic field is marginally larger
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than the quiescent period, while the particle density is lower than the quiescent
period. However, in epoch C, the magnetic field and particle density is lower and
higher respectively than the quiescent period. The interplay between low magnetic
field and high particle density and vice versa could lead to lower optical variations.
This could be the reason for v-ray flares without optical counterparts in epochs B

and C in 3C 279.

In CTA 102, T found one flaring epoch when the optical and v-ray seems to be
correlated. Many short term flares with optical and ~-ray counterparts are seen
during this epoch. For SED analysis I considered only 10 days due to the avail-
ability of y-ray, X-ray and optical data points for SED modelling. During Epoch
B, I was nearly four times greater than the quiescent epoch. The magnetic field
during epoch B and the quiescent period agree with each other within errors (see
Table 3.4). This increase in I' relative to the quiescent epoch is the cause of the
increased v-ray flare and optical flare during epoch B. Prominent accretion disk
component is visible in the SED during the quiescent phase, however, this is not
evident in the flaring epoch B (Figure 3.20). This is also reflected in the high
accretion rate found during the quiescent epoch A and a negligibly small accretion

rate during epoch B.

3.10 Summary

I have carried out detailed investigations of the correlation between optical and
GeV flux variations in five FSRQs namely 3C 454.3, PKS 1510—-089, 3C 273, 3C
279 and CTA 102. The study includes (a) identification of epochs in those sources
with anomalous optical —GeV flux variations, (b) analysis of the broad band SEDs
of the sources in those epochs and (c) the analysis of y-ray spectra. The results

of those analysis are summarized below:
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FIGURE 3.21: Variations of the parameters « and 8 with flux for the sources
3C 454.3 (top panels), the bottom left panels are for PKS 1510—089 and 3C
273 while the bottom right panels are for 3C 279 and CTA 102.

1. All the five FSRQs studied here, namely 3C 454.3, PKS 1510—089, 3C 279,
3C 273 and CTA 102 showed varied correlations between optical and GeV
flux variations. I found cases when the optical and v-rays are closely corre-
lated, epochs when there are optical flares without ~-ray and epochs when
there are ~v-ray flares without optical counterparts. From analysis of these
epochs through broad band SED fits, I found that the regions giving rise to

optical and ~-ray emission in all the sources are largely co-spatial.
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TABLE 3.5: Results of the linear least squares fit to the optical and ~-ray flux
measurements, during different epochs for the sources 3C 454.3, PKS 1510—089,
3C 273, and 3C 279. Here R and P are the Spearman rank correlation coefficient
and the probability for no correlation respectively.

Object Epoch Slope Intercept R P

3C 454.3 A 1.54 £ 0.12 8.04 £1.29 0.81 0.00
1.23 £0.15 494 £1.51 0.61 0.00

D 0.52 £ 0.04 -3.50 = 0.40 0.60 0.00
E 0.98 £+ 0.07 1.71 £0.71 0.80 0.00
PKS 1510—089 C 3.23 £1.07  27.11 £ 12.09 0.55 0.08
E 1.45 £ 0.60 7.13 £6.73 0.57 0.07
3C 273 A 16.93 £ 3.52 156.64 = 34.52 0.94 0.00
3C 279 B 4.78 £1.66 41.96 £ 17.90 0.50 0.06
C

1.96 £ 1.45 12.02 £ 16.01 0.55 0.05

2. SED analysis indicates that the optical emission is often well explained by
synchrotron emission process and the y-ray emission is well explained by
EC process with the seed photons from the torus. Inclusion of accretion disk
component to the model, improves the spectral fit, yielding low x? relative to
the non-inclusion of accretion disk component. However, prominent accre-
tion disk component is seen in all the epochs of the SEDs in PKS 1510—089,
3C 273 and the quiescent state SED of CTA 102. For the sources 3C 454.3,
3C 279, the low energy part of the SED is dominated by the jet synchrotron

without a prominent accretion disk.

3. From model fits I found that (a) correlated optical and y-ray flux variations
are caused by increase in the bulk Lorentz factor (b) -ray flares with no
optical counterparts are due to an increase in the bulk Lorentz factor and /or
increase in the electron number density and (c¢) an optical flare with no y-ray

counterpart is due to an increase in the magnetic field.
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FIGURE 3.22: Optical flux v/s y-ray flux for the sources 3C 454.3 (top left),
PKS 1510—089 (top right), 3C 273 (bottom left) and 3C 279 (bottom right)
respectively.

4. The ~-ray spectra of the sources during various epochs are well represented

by the LP model.






Chapter 4

Correlation between optical and v

-ray flux variations in BL Lacs *

Results of the analysis on the correlations between optical and ~-ray flux variations
in the BL Lac category of AGN is presented in this chapter. A total of 3 BL Lac
objects were selected. They are AO 0235+164, OJ 287 and PKS 2155—304. The
details on the selection of the above three objects and the data used are given in

chapter 2. Brief details on the three objects are given below.

4.0.1 AO 02354164

AO 02354164 was first classified as a BL. Lac object based on its variability and
featureless optical spectrum (Spinrad and Smith 1975). Cohen et al. (1987) mea-
sured the redshift of the object at z = 0.94. It has shown violent variations across

the electromagnetic spectrum that includes optical, X-rays and ~-rays (Raiteri

*The contents of this chapter are from
Bhoomika Rajput, C. S. Stalin, S. Sahayanathan 2020, (in preparation)
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TABLE 4.1: Summary of the epochs considered for detailed light curve analysis,
SED modelling and spectral analysis. The y-ray fluxes are between 100 MeV to
300 GeV and in units of 107% ph cm™2 s~! and the optical fluxes are in units

of 107" erg cm™2 s~ L.
MJD Calender date Mean Flux Peak Flux

Name/ID Start  End Start End vy Optical vy Optical Remark
AO 0235+164
A 54720 54740 11-09-2008 01-10-2008 1.03+£0.26 0.96+0.56 0.86+0.14 2.26+0.01 ~4-ray and optical flare
B 54743 54763 04-10-2008 24-10-2008 0.904+0.23 0.884+0.42 1.414+0.20 1.57£0.01 ~-ray and optical flare
C 55100 55200 26-09-2009 04-01-2010 0.114£0.11 0.07+0.02 Quiescent State
D 57040 57060 18-01-2015 07-02-2015 0.13+£0.08 0.35£0.19 0.224+0.10 0.67£0.01 7-ray and optical flare
0J 287
A 54870 54970 08-02-2009 19-05-2009 0.04+0.06 1.62+0.46 Quiescent state
B 55127 55147 23-10-2009 12-11-2009 0.114+0.14 3.494+1.10 0.504+0.18 5.88+£0.02 ~-ray and optical flare
C 56735 56755 19-03-2014 08-04-2014 0.26+£0.18 2.10£0.39 0.594+0.18 2.69+0.01 ~4-ray and optical flare
D 57350 57370 24-11-2015 14-12-2015 0.2840.13 4.34+1.78 0.47+0.14 8.20+0.02 ~-ray and optical flare
PKS 2155-304
A 55740 55840 28-06-2011 06-10-2011 0.08+0.06 5.82+0.61 — — Quiescent state
B 56790 56810 13-05-2014 02-06-2014 0.41£0.30 9.88+0.81 1.044+0.20 10.70£0.02 ~-ray and optical flare

et al. 2001, 2009; Abdo et al. 2010c). The high optical flux variability shown by
the source during December 2006 is explained by the high optical polarization de-
gree (30% - 50%) and small changes in the viewing angle of the jet (Hagen-Thorn
et al. 2008). Raiteri et al. (2001) found quasi-periodic behaviour in radio outburst
with a periodicity of ~ 5.7 years. It is classified as a LSP blazar (Ackermann et al.
2015a) and its y-ray spectrum is will fit by a LP function (Acero et al. 2015). From
detailed multi-wavelength observations of the source spanning about six months
and including observations from the radio to the y-ray bands, Ackermann et al.
(2012) found the ~-ray activity to be well correlated with the optical/IR flares.
They also found the broad band SED to be well explained by leptonic model with
the seed photons for the IC scattering from the torus.
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4.0.2 OJ 287

OJ 287 first identified as a blazar in 1967 by Dickel et al. (1967) is a LSP blazar
(Ackermann et al. 2015a) at redshift z = 0.3056. In the long term optical light
curve, a periodicity of ~12 years was observed which in the binary super massive
black hole model is attributed to the secondary SMBH striking the accretion disk
around the primary SMBH (Sillanpaa et al. 1988). In addition to flux variations
in the optical band (Rakshit et al. 2017; Paliya et al. 2017b), it has also shown
polarization variations (Rakshit et al. 2017). Flux variations are also seen in the
GeV ~-ray energy band (Agudo et al. 2011). The broadband spectral analysis of
the source at various activity levels points to the high energy hump explained by
IC scattering of both emission line photons (Kushwaha et al. 2018) as well as the
torus (Kushwaha et al. 2013).

4.0.3 PKS 2155-304

PKS 2155—304 was first discovered in the Parkes survey (Shimmins and Bolton
1974) and identified as a BL Lac object by Hewitt and Burbidge (1980). It is a
HSP blazar at a redshift of z =0.116 (Bowyer et al. 1984), and its y-ray spectrum
is consistent with a LP function (Acero et al. 2015). Correlated optical and ~-
ray flare was seen in 2014, while in 2016, there was a large optical flare with
no corresponding flare both in the GeV band as well as at very high energies
(Wierzcholska et al. 2019b). Simultaneous observations of the source in 2008,
showed evidence of correlated flux variations between optical and VHE bands,
however, the increased flux in the optical band has no correspondence with the
X-ray and the GeV flux consistent with being constant (Aharonian et al. 2009).

Quasi-periodic variations in the optical emission with a time scale of 317+£12 days
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FIGURE 4.1: Multi-wavelength light curves of the source AO 0235+164. From
the top, panels refer to the one day binned ~-ray light curve, the X-ray light
curve, the optical light curve, the IR light curves and the degree of optical
polarization. The vertical red lines refer to the optical flare peaks and ~-ray
flare, and the two vertical black lines indicate a period of 10 days each on either
side of the peak of the flare. The two vertical blue lines are for the period of 100
days and shown correspond to the quiescent period. The upper limit points,
which are defined for TS < 9 are shown with vertical arrow in the -ray light

curve.

(Zhang et al. 2014) and in the GeV emission with a time scale of 1.744-0.013 years
are known in PKS 2155—304 (Zhang et al. 2017).
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FIGURE 4.2: Multi-wavelength light curves for the selected epochs of the source
AO 0235+164. Epoch A is in the top left panel and epoch B is shown in the top
right panel. The bottom left and right panels show the light curves for epochs
C and D respectively. The dashed lines show the peak of the optical and GeV
flare.
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4.1 Analysis

4.1.1 Multi-wavelength light curves

Multi wavelength light curves of all the BL. Lacs were generated as per the pro-
cedures outlined in chapter 2. From these, flares need to be identified to study
the correlation between optical and gamma-ray flux variations. However, an au-
tomated procedure to identify this was hindered due to gaps and less number of
data points in the optical light curves. Therefore, flares were first identified visu-
ally. Once those flares were identified expanded light curves were generated for a
duration of 20 days centered on the optical or y-ray flare. This is to make sure the
availability of data at multiple wavelengths that are needed for broad band SED
modelling. This condition of data availability at multiple wavelengths lead to the
identification of few epochs for each object. A summary is given in Table 4.1 and

the details of the epochs selected for each object are given below.

4.1.1.1 AO 02354164

Multi-wavelength light curves from Fermi, Swift- XRT, SMARTS and Steward ob-
servatory are shown in Figure 4.1. Two major flares in the optical /IR bands are
evident in the light curves. X-ray and ~-rays too have measurements simultane-
ous to the flares in the optical /IR. Close inspection of the light curves indicates
that these large optical flares are composed of many short term flux variations. I
identified four epochs in this source namely A,B,C and D for studying the corre-
lations between optical and GeV flux variations. Table 4.1 provides a summary of
these epochs and the multi-wavelength light curves covering a 40 day period for
each epoch (except for the quiescent epoch which is 100 days) are given in Figure

4.2. However, for SED analysis during flaring epochs, data covering a period of
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20 days centered around the flare was used. The details of those four epochs are

given below.

Epoch A: During this epoch, the v-ray and optical flares have increased by the
same factor relative to the quiescent epoch, however, the amplitude of IR variation
is larger than the variation in the optical. During this epoch, there are two optical
flares, a major one around MJD 54733 and a minor one around MJD 54726. The
nature of X-ray flux variations during the peak of the optical flare could not be
ascertained due to the lack of X-ray flux measurements. No optical polarization
measurements were available during the 20 days period of this epoch. I conclude

that in this epoch the optical and GeV flares are correlated.

Epoch B: During this epoch the available peak optical flux is about a factor of
2 larger than the mean level during the 20 days period of this epoch. Similar
enhancement in the v-ray flux is there during the same epoch of the optical flare
(see Table 4.1). In IR too, there are indications of increased brightness during this
epoch, however, the nature of the X-ray state of the source could not be ascertained
during this epoch due to the lack of flux measurements. Optical polarization
measurements were not available during the peak of the optical flare, but the
measurements during the 20 day period centered around the optical flare show
that the source is strongly polarized at the 20% level, relative to the quiescent
state where the PD is around 2%. Thus in this epoch, there is an optical flare

with a GeV counterpart.

Epoch C: During this period, the source was at its quiescent phase in all the
wavelengths analyzed in this work. The source was also less polarized during this

epoch with a PD of around 2%.

Epoch D: The source has shown an optical flare during this epoch. Simultaneous

to the optical flare, the IR fluxes too have increased with the peak of the IR
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measurements coinciding with the peak of the optical flare. Around the peak of
the optical flare the source is detected in the y-ray band with high significance
(TS > 9). Considering points also with TS < 9 during this epoch, the presence of
a ~-ray flare is evident. There is lack of X-ray flux measurements during the peak
of the optical flare and therefore, the exact X-ray flux state of the source during
the optical flare is not known. Though there are no simultaneous polarization
measurements during the peak of the optical flare, the few measurements available
during the 20 days period of this epoch show that the PD during this epoch is
about 30%, a factor of about 15 larger relative to the polarization at the quiescent

state. Thus in this epoch too, there is an optical flare with a GeV counterpart.

4.1.1.2 0OJ 287

I show in Figure 4.3 the multi-wavelength light curves of the source, that include
data from Fermi, Swift-XRT, SMARTS and the Steward Observatory. The source
is active all the times in the optical. I identified four epochs in this source, namely
A B,C and D. The brief details of these four epochs are given in Table 4.1. An
expanded view of those four epochs, that covers a time span of 40 days for the

flaring epochs and 100 days for the quiescent epoch is shown in Figure 4.4.

Epoch A: During this epoch, the source was at a quiescent state at all the wave-
lengths, though some small scale variations are seen in the optical light curve. It
was below the detection limit (TS < 9) in the y-ray band for most of the time
during this epoch. During this quiescent period of 100 days, dramatic changes
were noticed in the degree of optical polarization. During the beginning of the
epoch, PD decreased from about 30% to around 15% in about 20 days, remained
steady at around 20% in the middle of the epoch and again increased to about
30% during the end of this epoch. No changes in optical flux were noticed during

the times of polarization variations.
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Epoch B: There is a weak 7y-ray flare in this epoch that has a corresponding
enhancement in flux in the optical band. The X-ray brightness state of the source
during the epoch of the weak optical and v-ray flare is unknown due to the absence
of X-ray measurements. Polarization measurements during the beginning of this
epoch indicate that the source has high optical polarization of about 20% to 30%.

During this epoch optical and «-ray flares are correlated.

Epoch C: During this epoch from visual inspection there is a weak optical flare,
which again has a correlated y-ray flare that is moderate. The optical polarization
also showed a marginal increase during the peak of the optical and ~-ray flare.

Thus in this epoch there is a correlated optical and ~-ray flare.

Epoch D: During this epoch, the source showed a large optical flare. In the IR
band too, a flare is noticed albeit with low amplitude. However, the source was
detected in the y-ray band with high significance (T'S > 9) only during the peak of
the flare while during most of the time in this epoch, the source was detected with
less significance (TS < 9). Considering all the detections indicate the presence of a
~-ray flare along with an optical flare. The X-ray brightness during this epoch was
consistent with a constant flux level. Polarization observations available during
the end of the epoch indicate the source to have lower polarization compared to
the values of PD at epoch B. Thus, during this epoch too I have an optical flare

with a y-ray counterpart.

4.1.1.3 PKS 2155-304

During the 10 year period analyzed here for flux variations, the source was found
to be variable all the times in the optical band. This is evident in Figure 4.5 where
I show the multi-wavelength light curves of the source. In this source I identified

two epochs namely A and B. The summary of these two epochs are given in Table
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4.1 and an expanded view of these two epochs are shown in Figure 4.6. For the
quiescent period this expanded plot is shown for a 100 day period, while for epoch
B, it is shown for a duration of 40 days. The details of these two epochs are given

below.

Epoch A: I considered this epoch as the quiescent state of the source. During
this period, the one day binned y—ray light curve was nearly stable. In the optical
and IR bands too, the flux of the source remained stable. Available X-ray flux
measurements during this period too points to the source being weak in X-rays.
No changes were noticed in the optical polarization with the PD remaining nearly
constant at a value of about 3%. This epoch thus represents the true quiescent

period of the source.

Epoch B: The source displayed a strong ~-ray flare during this epoch. Coincident
with the y-ray flare I noticed a low amplitude optical and IR flare. X-ray too
showed increased flux during the optical and v-ray flare however the peak of the
X-ray does not coincide with the peak of the ~-ray flare. Although the overall
optical brightness state of the source is larger compared to the other periods, there
is lack of optical data at the peak of the y-ray flare. However visual inspection
of Figure 4.5 indicates a 7-ray flare correlated with a weak optical flare. Optical
polarization was also higher during this epoch relative to the quiescent epoch A.

Thus during this epoch I observed correlated flux variations in IR, optical, and

y-rays.

4.1.2 ~-ray spectrum

In order to explore the behaviour of ~-ray spectra for different epochs and to
discern the intrinsic distribution of electrons in the jet of BL Lacs, I performed

the fitting of the 7-ray spectra with two models namely PL and LP. For v-ray
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FIGURE 4.3: Multi-wavelength light curves of the source OJ 287. The other
details are similar to that given in the caption to Figure 4.1.

spectral analysis, the data were averaged over a duration of 100-days in the case
of quiescent periods and 20 days during other periods. Two sample spectral fits
are shown in Figure 4.7, one in which the spectrum is well described by the LP
model and the other in which the spectrum is well described by the PL model.The
large error bars in the y-ray spectra are due to poor photon statistics. The results
of the model fitting are given in Table 4.2. For most of the epochs, the ~-ray

spectra is well fit by a LP model.

4.1.3 Spectral energy distribution modelling

To characterize the physical properties of the sources during the epochs of optical
and ~-ray flux variations, I generated the broad band SED of the sources at the

different epochs and modelled them using the one zone leptonic emission model.
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FIGURE 4.4: Multi-wavelength light curves for the selected epochs of the source
0J 287. The top left and right panels are for epochs A and B, while the bottom
left and right panels are for epochs C and D respectively.
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FIGURE 4.5: Multi-wavelength light curves of the source PKS 2155—304. Other
details to the figure are similar to that given in the caption to Figure 4.1.
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FIGURE 4.6: Multi-wavelength light curves for the selected epochs of the source
PKS 2155—304. The left and right panels are for the epochs A and B respec-

tively.
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TABLE 4.2: Details of the PL and LP model fits for the selected epochs of the
sources AO 0235+164, OJ 287 and PKS 2155—304. Here the ~-ray flux value
is in units of 10~ "ph em™2 s~!. The value of I', a and 8 mentioned here are
obtained by fits to the data which matches with the values returned by fermipy.
PL LP
Epochs r Flux TS —LogL o Ié] Flux TS —LogL TScurve
AO 0235+164
A -1.90£0.02  3.90+0.13 3874.64 31241.99 1.9440.03 0.05+ 0.02 9.64:£0.12 4413.69 30888.09  707.8
B -1.9540.01  3.60+£0.05 2617.2 27655.91 1.9840.03 0.08+ 0.03 8.64:£0.12 2082.15 27330.24  651.36
C 2404016  0.19+0.11  71.97 69867.23 2.4040.18 0.06+ 0.06 0.92+0.12 133.52 69843.77  46.94
D -1.9140.16 1.03£0.12  87.59 21402.72 1.91+0.18 0.07+ 0.00 1.4240.05  95.85 21422.97  -40.50
0J 287
A -2.4440.13  0.4340.05 104.512 57896.37 2.48+0.16 0.07+ 0.17 0.4040.02  98.39 57897.17  -0.16
B 22514 0.16 0.8740.19  109.77 15636.63 2.9540.41 0.304 0.27 1.4740.09 143.06 15634.43  4.40
C -1.8840.11  1.7740.37  205.64 8613.66 1.87+0.15 0.07+ 0.02 2.4640.20 242.103 8601.86  23.60
D 2.7240.14  1.9740.24  184.95  9139.01 2.88+0.40 0.09+ 0.23 3.0142.32 254.03 912945  19.12
PKS 2155—304
A -1.7840.04 0.4140.04  831.04 51370.55 1.84+0.05 0.094 0.04 0.8540.06 934.67 51344.24  52.62
B 21624 0.04 4.0940.40 1541.92 14844.11 1.83+0.06 0.024 0.03 4.97+0.54 1621.77 14822.00  44.22
t |
- -+- | ——9-
I
-

FIGURE 4.7: Observed and model fits to the y-ray spectra. Left: Epoch A of
AO 02354164 well fit by the LP model and Right: Epoch A of OJ 287 well

described by the PL model.
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For comparison, I also generated the broad band SED for a quiescent state in
each of the sources. To generate the SEDs, all photometric measurements during
each epoch as summarized in Table 4.1 were averaged filter wise in the optical and
IR bands to get one photometric point for each epoch. For X-rays and ~-rays,
average X-ray and ~-ray spectra were generated using all data during the period
of each epoch. Blazars are known to show flux variations over a range of time
scales (Wagner and Witzel 1995). Also during the time ranges considered here
for SED analysis, the brightness states of the sources were not stable in most of
the wavelengths. Therefore, the source parameters obtained by fitting the time
averaged SED could be treated as average/typical values applicable for the dura-
tion that is considered. In the one zone leptonic emission model the low energy
hump of the broad band SED of BL Lacs is due to synchrotron emission from
relativistic electrons in the jet, while the high energy hump is mostly attributed
to SSC processes. For example in the source PKS 2155—304, Wierzcholska et al.
(2019b) explains the high energy part of the SED using SSC process. The flare
of the source in June 2013 was well fit by leptonic model, while the flare of April
2013 was fit with lepto-hadronic model (Abdalla et al. 2020). Also, the interest in
the modelling of blazar SED has increased due to the finding of an association of
the IceCube neutrino with blazars such as TXS 05064056 (IceCube Collaboration
et al. 2018a) and BZB J0955+3551 (Paliya et al. 2020). In spite of the different
model fits attempted on BL Lac sources such as PKS 2155—304 at different peri-
ods, I performed a statistical fitting of the broad band SEDs using synchrotron,
synchrotron self Compton and external Compton mechanisms. The details of the
model as implemented within XSPEC can be found in Sahayanathan et al. (2018).
This XSPEC implementation of the model also gives the errors in the best fitting
parameters through the x? minimization technique. To account for the model
as well as observational (for example, non-removal of host galaxy contribution in
the optical brightness of the sources) uncertainties, we added 12% systematics to

the data. The model has twelve free parameters, namely particle spectral index
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before the break (p), the particle spectral index after the break (¢), electron en-
ergy density (U.), minimum Lorentz factor of the electrons (Ymin), the maximum
Lorentz factor of the electrons (vmaz), the break Lorentz factor of the electrons
(), magnetic field (B), size of the emission region (R), bulk Lorentz factor of the
jet ('), viewing angle of the jet (), the temperature of the external photon field
(T), and the fraction of the external photons that take part in the EC process
(f). The number of parameters defining the model SED is larger than the spectral
information extracted from observed SED and this force us to freeze some param-
eters to typical values and perform the fitting procedure. Hence, the fitting was
performed only on five parameters namely p, ¢, B, I' and U,; while the remaining
seven parameters are frozen to their typical values (Table 4.3). Consistently, the
validity of the fitted parameters will heavily depend on the choice of these frozen
parameters. The observed SED along with the model fits are given in Figure 4.8
to Figure 4.10. The best fit model parameters are given in Table 4.4. A quick look
into the best fit power-law indices of the particle spectrum disfavors the radiative
cooling origin of the broken power-law electron distribution. Under this interpre-
tation, one may expect the difference in the power-law index to be ~1 (p and
p+1). The corresponding difference in the synchrotron spectral index will be ~0.5
(Rybicki and Lightman 1986). However, the spectral index difference of blazars
exceeds this value (Figure 27. of Abdo et al. 2010c). The large difference in parti-
cle indices is also seen in case of CGRaBS catalog (Figure 9 of Paliya et al. 2017a).
An alternate explanation for the broken power-law distribution with large index
difference could be the presence of multiple acceleration scenarios (Sahayanathan
2008). In addition, the excessively large index difference can also be an artifact
introduced by a steeply decaying spectrum. For the sources AO 0235+164 and OJ
287, during all the epochs, the high energy component is well fit by EC with the
seed photons for the EC scattering coming from the dusty torus. For the source

PKS 2155—304, the high energy component is well fit by SSC model.
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FIGURE 4.8: One zone leptonic model fits to the broad band SED for epochs
A, B, C and D for the source AO 0235+164. In the figures, the green line is the
synchrotron emission, the yellow and red lines are the SSC and EC components
respectively. The cyan line is the sum of all the components. The second panel
in the figures show the residuals.
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FIGURE 4.9: One zone leptonic model fits to the broad band SED for epochs
A, B, C and D for the source OJ 287. The details to the figures are the same
as those given in Figure 4.8.
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TABLE 4.3: Values of the parameters that were frozen during the model fits to
the observed SED. The viewing angle of 2° was assumed in all the SED model

fits. The size of the emission region is in units of 10'6 cm.

Object Vimin Vimaz Temperature f State

(K)
AO 0235+164  25.1 50 1 x 10° 8000 800 0.001 A,B,C,D
0J 287 0.63 50 2 x 104 1200 800 09 ABCD
PKS 2155—-304 15.8 50 1 x 105 2.5 x 104 - - A B

TABLE 4.4: Results of the broad band SED analysis for the sources at different

epochs
Bulk Lorentz  Low energy High energy  Electron energy =~ Magnetic
Name Epoch factor particle index particle index density (cm™3) field (Gauss) x?/dof
AO 0235+164 A 10.31 £ 0.33  1.10 £ 0.12 7.00 £0.62 0.005 £ 0.0004 0.06 £0.002 1.7
B 9.23 £ 0.31 1.13 £ 0.05 6.77 £0.23  0.006 £ 0.0005 0.06 + 0.002 1.6
C 5.86 £ 047  1.10 £ 0.25 6.61 £ 0.42  0.004 £ 0.0008 0.06 £ 0.004 1.2
D 6.43 £080 1.244+0.14 6.08 £ 0.21 0.005 £ 0.001  0.08 £ 0.009 1.5
0J 287 A 6.12 +1.40  1.10 £ 0.95 4.26 £ 0.26 0.16 + 0.09 3.15 £ 0.30 0.8
B 10.57 £ 1.97  1.93 £ 0.36 4.97 £ 0.39 0.06 £ 0.02 4.12 + 0.58 0.9
C 6.82 £ 1.21 1.75 £ 0.29 3.58 £ 0.20 0.30 £ 0.12 212 £ 0.17 0.8
D 19.03 £ 8.60  2.62 £+ 0.41 5.74 £ 0.83 0.02 £ 0.007 6.48 £ 1.16 1.4
PKS 2155-304 A 6.05 £ 243  2.26 £ 0.05 6.38 £ 0.65  0.001 £ 0.0003 0.12 £ 0.10 1.3
B 11.78 £ 6.90 2.02 £ 0.15 3.26 £0.08  0.001 £ 0.0006 0.03 £ 0.02 0.7

4.2 Results and Discussion

4.2.1 Connection between optical and GeV flux variations

The nature of seed photons that participate in the IC process to explain the high
energy emission in BL Lac objects is highly debated. Cross-correlation analysis
between variations in the optical band and Gev ~-ray band on a large sample of
blazars tend to support the scenario of EC to be the dominant process in FSRQs
and SSC being the dominant process in BL Lacs (Cohen et al. 2014). On analysis
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FIGURE 4.10: One zone leptonic model fits to the broad band SED for epochs
A and B for the source PKS 2155—304. The different components in the figure
have the same meaning as that of Figure 4.8.

of the relation between optical and ~-ray flux variations on a large sample of
blazars, Hovatta et al. (2014) found SSC to be the dominant high energy emission
mechanism in ISP and HSP sources, while EC is more dominant in LSP sources.
Though these studies broadly support the one-zone leptonic emission from blazar
jets, the recent observations of uncorrelated optical and GeV flares challenge one
zone models of blazar emission. The existence of such uncorrelated flux variations
between the optical and GeV bands are known today owing to the capabilities
of Fermi and supporting ground based observations at longer wavelengths in the
optical bands. I have examined here on the prevalence of uncorrelated optical
and GeV flux variations in the BL Lac objects. Based on the criteria outlined in
chapter 2, I arrived at a sample of three objects namely A0 02354164, OJ 287
and PKS 2155—304. In all the three objects in the epochs where flares are studied
in this work, the optical and ~-ray flux variations are correlated. However, some
observations point to scenarios of uncorrelated optical and GeV flux variations to

be a common feature in blazars. Recently, from a discrete correlation function
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analysis of a sample of 178 blazars, Liodakis et al. (2019) found that about 50%
of optical flares have no «-ray counterparts and about 20% of ~-ray flares have
no optical counterparts. This has increased our knowledge on the prevalence of
correlated optical and gamma-ray flux variations in blazars manifold compared
to the earlier reports available on few individual sources (Chatterjee et al. 2013;
Dutka et al. 2013; Cohen et al. 2014; MacDonald et al. 2015; Rajput et al. 2019,
Rajput et al. 2020).

In AO 02354164, during epochs A, B and D, I found variations in the optical and
GeV y-rays are closely correlated. This is a LSP source (Ackermann et al. 2015a)
and the high energy emission in the broad band SEDs during all the epochs of
this source is well fit by EC process with the seed photons for inverse Compton
scattering being the IR emission from the torus (see Figure 4.8). The high energy
emission is via EC process is also studied by Hovatta et al. (2014). The multi-
wavelength analysis of the source AO 0235+164 conducted by Baring et al. (2017)
also suggests the presence of EC process, which is responsible for the high energy
emission. The radiation output from inverse Compton emission, that constitutes
the high energy component is a function of the energy density of the electrons U,,
Lorentz factor I' and the density of the external photon field that participates in
IC scattering. At the same time, the radiation output from synchrotron process
that constitutes the low energy component in the SED depends on U, I' and
magnetic field B. During epochs A and B, compared to the quiescent period, I
found the bulk Lorentz factor to increase by a factor of around 1.8 and 1.6 in
epochs A and B respectively. At the same time the electron energy density during
epochs A and B has increased relative to the quiescent state. This increase in bulk
Lorentz factor and electron energy density has lead to increased optical and ~-ray
flare. Thus the correlated optical and ~-ray flux variations during epochs A and
B can be attributed to the increase of I' and U.. At epoch D, I have an optical
flare with a y-ray counterpart. Our leptonic model fit showed marginal increase in

B-field during this epoch, relative to the quiescent period. This has given rise to
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increased optical emission. A plausible reason for the increase in magnetic field B
can be due to the alignment of B-field via shocks in the jets. Though I" during the
epoch is greater than the quiescent period. U, has also increased relative to the
quiescent period. Hence, the correlated optical and y-ray flare seen during epoch

D can be inferred as a result of increase in I', B and U..

0J 287 is a LSP BL Lac and here too the high energy part of the SED at different
epochs is described by EC process with the seed photons from the dusty torus. In
this source, I found during all the flaring epochs considered here the optical flare
is correlated with the ~-ray flare (see Figs. 4.3 and 4.4). For epoch B, comparison
of the model parameters obtained from SED fits (see Table 4.4) shows that U, has
decreased by a factor of about 2.5, while I' has increased by a factor of about 2, and
the B field has increased marginally. The correlated optical and v-ray flare during
epoch B is due to a factor of 2 increase in I' coupled with a marginal increase in
the B-field. During epoch C, again we noticed correlated optical and ~-ray flare.
At this epoch relative to the quiescent period, I' is similar while U, has increased
by about a factor of 2, which could lead to increased optical and ~-ray flare. For
epoch D too, I observed an optical flare with a y-ray counterpart. The magnetic
field and I' obtained from SED model fit during this epoch is a factor of 2 and 3
larger than the quiescent period. Thus, the correlated optical and v-ray flare seen
during this epoch is due to a change in the magnetic field in the emitting region

and increase in I'.

For the source PKS 2155—304, I identified two epochs, epoch A, a quiescent period
and epoch B, an active period with an increased optical state coinciding with a
v-ray flare (see Figure 4.5). This is a HSP BL Lac and the high energy emission
in the broad band SED both during the quiescent and flaring state is fit by SSC
process in our one-zone leptonic modelling approach. This source has also been
extensively studied by various authors for multi-wavelength variability and broad

band SED modelling, however, different processes have been invoked at different
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periods of the source to explain the observations. For example multi-wavelength
observations carried out on the source during 25 August 2008 — 06 September
2008, Aharonian et al. (2009) found correlation between the optical brightness
changes with the changes in the VHE 7-rays, but the optical variations did not
correlate with the GeV ~-rays. The authors argue that the population of electrons
that were responsible for optical emission may be different from those responsible
for GeV and VHE ~-rays. From an analysis of the optical and GeV y-rays dur-
ing the period 2007 to 2009, H. E. S. S. Collaboration et al. (2014) found varied
correlations between the optical and GeV ~-rays. They found instances of (a)
correlation between optical and GeV ~-rays, (b) anti-correlation between optical
and GeV v-rays and (c) no-correlation between optical and GeV ~-rays. In this
work too, during epoch B, I have an enhanced v-ray with a peak value of about
two times the quiescent level. Similarly in the optical too there is an enhancement
of about a factor of 2 relative to the base optical brightness, but available obser-
vations lack optical measurements during the peak of the y-ray flare. X-ray flux
enhancement too is not coincident with the GeV flare. From SED modelling, the
I' during epoch B is ~ 1.9 times larger than that at the quiescent epoch. The cor-
related optical and gamma-ray flare at this epoch is thus due to an increase in I'.
In this work, though the observed high energy SEDs are modelled well with either
the EC (for AO 02354164 and OJ 287) or SSC (PKS 2155—304), in all the sources
I noticed that the y-ray spectra have hard component which were not fit with our
one-zone leptonic model. This is also seen in the residuals of the broad band SED
fits. Such rising y-ray spectrum is also seen at certain epochs in the blazar 3C
279 (Paliya et al. 2016). The hard y-ray spectrum in 3C 279 is also not fit by the
one zone leptonic model and is explained by either the two-zone leptonic model or
the lepto-hardronic model. Co-ordinated multi-wavelength observations of many
blazars are indeed needed to see if such complicated variability patterns and broad
band SEDs are witnessed in many other blazars. Though in the leptonic scenario
a correlation between optical and GeV flux variations is expected, contrary to the

hadronic scenario, in which a close correlation is not expected, the observations
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of varied variability behaviours in the same source suggest that variability studies
might not be definitive in constraining leptonic v/s hadronic models of emission
in blazar jets. Also, I note that even in the case of the association of the IceCube
neutrino detection with the blazar TXS 05064056, which argues for the hadronic
component in the SED of blazars, SED modelling of the source points to leptonic

process for the observed GeV and high energy ~-rays (Gao et al. 2019).

4.3 Summary

In an effort to identify correlated as well as uncorrelated flux variations between
optical and GeV v-ray band in BL Lac objects, I carried out a systematic analysis
of flux variations in three BL Lac objects namely AO 02354164, OJ 287 and PKS

2155—304. The results of this work are summarized below.

1. All the three BL Lacs showed correlated variations between optical and -

rays during the flares analyzed in this work.

2. The high energy hump of the broad band SED of AO 02354164 and OJ 287
at all epochs are described by inverse Compton scattering of IR photons from
the torus. For PKS 2155—304, the SEDs at all epochs are fit by synchrotron
and synchrotron self Compton process. However, in all the sources, there is

a hard ~-ray component that is not fit by the one-zone leptonic model.

3. The instances of correlated flux variations in the optical and GeV bands
in the one-zone leptonic scenario can be explained by changes in the bulk

Lorentz factor, magnetic field and electron density.
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Long-term ~-ray variability in

blazars *

Blazars have been studied for their y-ray variability since the launch of Fermi in
the year 2008. However, most of the time, individual sources were analysed for
variability, which, in addition to 7-rays utilizes data from other wavelengths (Bon-
ning et al. 2009; Chatterjee et al. 2012; Paliya et al. 2015; Rajput et al. 2019).
There are a limited number of studies in the literature that focus on the ~-ray flux
variability characteristics of a large sample of blazars. The first study focusing
on the ~-ray flux variability of blazars is by Abdo et al. (2010e) who analysed
11 months of data from the Fermi LAT for a total of 106 objects. Similarly,
the ~y-ray flux variability of high redshift (z > 3) blazars has recently been in-
vestigated by Li et al. (2018). Quasi-periodic oscillation on year-like time scales
has also been reported from the analysis of the long term 7-ray light curves of
blazars (Ackermann et al. 2015b; Zhang et al. 2017; Gupta et al. 2019; Bhatta

2019). However, a careful re-analysis of the same data set for a few objects for

*The contents of this chapter are from
Bhoomika Rajput, C. S. Stalin, Suvendu Rakshit, 2020, AA, 634A, 80
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which quasi-periodicities were reported did not yield any solid evidence as to the
existence of year-long periodicities in the y-ray light curves (Covino et al. 2019;
Castignani et al. 2017). This as well as our limited knowledge on the long term
~v-ray flux variability characteristics of blazars necessitates a systematic analysis
on the y-ray flux variability properties of blazars carried out in a homogeneous
manner. Such a study is now possible due to the availability of y-ray data for a
large number of blazars for a long duration of time.

In this chapter, I present the results on the long term ~-ray flux variability char-
acteristics (that includes flux variability amplitude and time scale of variability)
of different classes of blazars. The sample consists of 1120 blazars of which 481
are FSRQs and 639 are BL Lacs. In addition to characterising variability, I also
looked for a correlation of variability with other physical properties of the sources

such as the mass of the black hole (Mpy) and Doppler factor (9).

5.1 Monthly binned light curves

The ~-ray light curves of my sample of sources were generated for a period of
about nine years from 2008 August 11 to 2017 December 31. The light curves
were generated with a time binning of one month which results in 114 bins for each
light curve. For each interval I calculated the flux and test statistic (T'S) values
for every source. The TS values were calculated using the maximum likelihood
function gtlike. I considered a source to be detected at any epoch if its TS > 9
(30 detection). At epochs where TS < 9, the source was considered undetected.
In Figure 5.1 and Figure 5.2, I show the light curves of a few FSRQs and BL Lacs
from the sample. It is likely that many light curves do not have flux measurements

every month and missing flux points are due to the source’s flux below the detection

threshold.
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FIGURE 5.1: Example light curves for variable FSRQs. The light curves gener-
ated on monthly time bins have their integrated fluxes measured between 100
MeV—300 GeV. The points are the flux values in the monthly bins with TS >
9 (approximately 3 o) and the error bars are their 1 ¢ values. The names of the
sources are given in each panel.

5.2 Flux variability amplitude

To quantify flux variability, I used the fractional root mean square variability

amplitude (F,.-;Vaughan et al. 2003). This is defined as

(5.1)

where S? is the sample variance and o2, is mean square error. They are given as

oo 1 > - o (5.2)
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FIGURE 5.2: Example monthly binned light curves (TS > 9) along with their
1 o errors for BL Lacs. The names of the sources are given in each panel. Each
point in the light curves refers to flux measured in the 100 MeV—-300 GeV band
and

61"7" - N Z Uerrz ’ (53)

Here, o; is the statistical uncertainty, to which I added the systematic uncertainty

osyst = 0.03 < x; > in quadrature (Abdo et al. 2009) to get the total error o,
defined as

Oerr = 0—1‘2 + O—gys (54)

The uncertainty in F,,,. is defined as (Rani et al. 2017)

2
1 o2
err(Foe) = ——e” +

2N z2F,,, (5:5)
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FIGURE 5.3: Histogram and cumulative distribution of F,,, for variable FSRQs
and BL Lacs.

FIGURE 5.4: Distribution of F,, values for variable LSP, ISP and HSP blazars.
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FIGURE 5.5: Histogram and cumulative distribution of the time scale of vari-
ability (days) for FSRQs and BL Lacs. The time scales of variability are cor-
rected for the redshift of the sources.
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FIGURE 5.6: Structure function (SF) against observed frame time lag for BL
Lacs (red dots) and FSRQs (blue dots). The dashed lines are the best fits to
the SF using Equation 5.9.
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FIGURE 5.7: Structure functions for HSP (red), ISP (black) and LSP (blue)
blazars. The dashed lines are the best fits to the SF using Equation 5.9.

FIGURE 5.8: Correlation between F,.. and Mgy values for FSRQs. The solid
line is the unweighted linear least squares fit to the data
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FIGURE 5.9: Relation between F,,, and Doppler factor for FSRQs (top panel)
and BL Lacs (bottom panel). Unweighted linear least squares fit to the data
are shown as solid lines.

FIiGURE 5.10: Correlation between time scale of variability and Mgy for
blazars. The solid line is the unweighted linear least squares fit to the data
points.
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FIGURE 5.11: Correlation between time scale of variability and Doppler factor
for FSRQs(top panel) and BL Lacs (bottom panel). Linear least squares fit to
the data are shown as solid lines.

In Figure 5.3, the distribution and cumulative distribution of F,,, for FSRQs and
BL Lacs are shown. I found mean F,,,. values of 0.47 £+ 0.29 and 0.55 £ 0.33
for BL Lacs and FSRQs, respectively. A two sample Kolmogorov Smirnov (KS)
test shows that the two distributions are indeed different at the 95% level with
statistics of 0.15 and a p value of 0.001. I also sub-divided the sample into different
spectral energy distribution classes based on the peak frequency of the low energy
synchrotron component in their broad-band SED. The mean F,,,. values for the
different sub-classes are 0.54 + 0.33 for LSPs, 0.45 + 0.25 for ISPs, and 0.47 + 0.33
for HSPs. The distribution of F,,, values for the different sub-classes are shown
in Figure 5.4 Ackermann et al. (2011) also find a similar trend of flux variations

in the v-ray band for different classes of blazars.



Chapter 5: ~-ray fluxz variability of AGN 106

5.3 Duty cycle of variability

[ calculated the duty cycle (DC) of variability, including only those sources that
have a redshift measurement, in order to determine the fraction of time a particular
class of sources shows flux variations. The DC was estimated following Romero

et al. (1999) and is given as

SNLQi(1/At)

DC =1
© =1 ayan)

(5.6)

where At; = At;(1+ z)~! is the time in the rest frame of the source, N; = 1 if a
particular source is variable, or else N; = 0. For FSRQs, I found a DC of 66%,
while for BL Lacs, I found a DC of 36%. For the sub-classes of blazars I found DCs
of 65%, 43%, and 36% for LSP, ISP, and HSP blazars, respectively. Thus, LSP
sources show a larger DC of y-ray variability on month-like time scales related to

the other classes of blazars.

5.4 Variability timescale

The variability time scale (7) is a very important parameter that can be deduced
from the light curves, which in turn can provide constraints on the physical pro-
cesses that cause vy-ray flux variations. Since I analysed monthly binned light
curves in this work, I was able to probe time scales of the order of months. I
calculated 7 of «-ray flux variability for the sources in the sample that showed

v-ray flux variability following Jorstad et al. (2013)

T = At/In(Sy/S1) (5.7)
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Here S5 and S; are the flux values at times of ¢, and ¢y, respectively, and At =
|ta-t1]. In order to estimate 7, I considered all possible pairs of flux values that
satisfy the conditions (i) Sy > S and (ii) Sy — 57 > 3(0s, + 0s,)/2, where o,
and og, are the uncertainties corresponding to the flux measurements S; and So,
respectively. Among all of the calculated values of 7 for a particular source, I
considered the minimum 7 value as the timescale of variability of the source with
the y-ray flux changing by a factor greater than 2. The histogram and cumulative

distribution of 7 for FSRQs and BL Lacs are shown in Figure 5.5.

5.5 Ensemble structure function

The variability of AGN can also be described by the structure function (SF),
which shows the dependency of variability as a function of time lag (Simonetti
et al. 1985). The SF can be calculated for individual AGN that have a light curve
with multiple epochs of observations, which takes the magnitude difference for
each pair of time lags in a light curve. It can also be calculated for a group of
AGN, known as the ensemble structure function, allowing us to obtain the mean
variability behaviour of the population that is similar to what has been obtained
from the flux variability amplitude. I studied the mean variability of different

classes of AGN by using the ensemble structure function following di Clemente

et al. (1996)

SF = \/g < |Am| >2? — < 02, >, (5.8)

where |Am| = m; —m;, is the magnitude difference between any two epochs (¢, j)
that are separated by time At = ¢; — t;. 0%, = 0% + 0?;, which is the square of
the uncertainty of the magnitude differences. As majority of our sources do not
have redshift measurements in the literature, thus, the SF was calculated in the

observed frame. In Figure 5.6, is shown the SF against the observed frame time lag
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for BL Lacs (red) and FSRQs (blue). The error bar in the SF was calculated via
error propagation following Vanden Berk et al. (2004). Figure 5.6 clearly shows
that FSRQs are more variable than BL Lacs, which is consistent with the result
obtained by F,,, analysis. The SF increases gradually from time lags ranging from
one to ~400 days and becomes flatter at higher time lags. Such a trend has been
noted previously by various authors (Vanden Berk et al. 2004; Welsh et al. 2011;
Kozlowski 2016). To characterise the structure function, I fitted the following

simple power-law model:

SF = S, x <£> (59)

To
By adopting 7p=4 years in the observed frame (Koztowski 2016) I estimated Sy
and v. The fitting results are given in Table 5.1. Sj is higher in FSRQs than in
BL Lacs, suggesting that the former has higher variability than the latter. This is
also confirmed from the higher flux variability of the FSRQs compared to BL Lacs.
In Figure 5.7, the SFs of HSP, ISP, and LSP are shown. I found that LSPs have
stronger variability followed by ISP and HSP blazars. This is also in agreement

with that was obtained from the F,,, analysis.

Based on the analysis of 106 ~-ray light curves using 11 months of data from
Fermi, Abdo et al. (2010c) find FSRQs to show a higher amplitude of y-ray vari-
ability than other AGN classes. Similarly, from an analysis of the sources in the
second LAT AGN catalogue, Ackermann et al. (2011) find FSRQs to have more
flux variability than BL Lacs. According to Ackermann et al. (2011), the higher
variability seen in FSRQs relative to BL Lacs could be attributed to the location
of the high-energy peak (in the broad-band SED of blazars) with respect to the
Fermi band. In the Fermi band, FSRQs are observed at energies greater than the
inverse Compton peak in the SED; the observed emission is therefore produced
by high-energy electrons with shorter cooling time scales and thereby shows more

variations. Alternatively, in the Fermi band, BL Lacs are observed at frequencies



Chapter 5: ~v-ray flux variability of AGN 109

TABLE 5.1: Results of model fits to the structure function using power-law
model.

Object class Sy (1078 ph cm? s71)

BL Lac 3.92+0.04 0.100 £ 0.007
FSRQ 18.70 £ 0.20 0.132 £ 0.007
HSP 2.33 £0.02 0.129 £+ 0.006
ISP 3.79£0.08 0.058 £0.014
LSP 15.95£0.16 0.124 £ 0.007

much lower than the inverse Compton peak, the low-energy electrons have longer
cooling time scales, and therefore show low variations. The results obtained in
this work on a large sample of blazars having data spanning about nine years is
in agreement with the earlier results that obtained on a smaller sample of blazars

with less time coverage (Ackermann et al. 2011; Abdo et al. 2010c).

5.6 F,,, Mgy, and Doppler factor

I searched in the literature for the availability of Mgy values for the sources
analysed for variability here. I could gather Mpy values (Chen 2018) for a total
of 184 FSRQs. In Figure 5.8, is shown the plot of F,,. as a function of Mpy
for FSRQs. There is a weak indication of larger y-ray flux variations in sources
with large Mpy values. However, linear least squares fit to the data showed an
insignificant correlation between F,,,. and Mgy with a linear correlation coefficient
of 0.07. Lu and Yu (2001) carried out an analysis of the X-ray flux variations on a
composite sample of Seyfert 1 galaxies, quasars and narrow line Seyfert 1 galaxies
and found a significant anti-correlation between X-ray variability and Mpy. Upon
the analysis of the long term optical variability characteristics of a large sample

of quasars, Zuo et al. (2012) could not find any correlation between Mpy and
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variability amplitude, however, other studies have found a correlation between
quasar variability and Mgy (Wold et al. 2007; Bauer et al. 2009), while Kelly
et al. (2009) found a negative correlation between Mpy and quasar variability.
Ai et al. (2010) note that the correlation between optical variability and Mpy

vanishes when the Eddington ratio is controlled.

The correlation between F,,, and 6 for FSRQs and BL Lacs is shown in Figure 5.9.
The values of § was also collected from Chen (2018). The figure is suggestive of
a positive correlation between F,,,. and 0. However, from the linear least squares
fit to the data points, I found no correlation between F,,. and 6 in both FSRQs
and BL Lacs. Any small changes in the jet emission in blazars would get Doppler
boosted, leading to the large amplitude of flux variations by the observer. Even

though our data sets are indicative of such a correlation, no clear trend could be

established.

5.7 Time scale of variability, Mgy, and Doppler

factor

Knowledge on the time scale of flux variations in blazar light curves is very impor-
tant as it can provide us important clues as to the physical processes responsible
for «-ray flux variations in blazars. The power spectral density (PSD) is generally
used to quantify the time scale of flux variations in blazars, however, I followed
the approach given in Equation 5.7 to determine the time scale of variability in the
monthly binned blazar light curves. From a homogeneous analysis of the blazar
light curves, I found that most of the sources analysed in this work have a time
scale of variability that is less than 50 days, while few sources have time scales
larger than 100 days. From a PSD analysis of the weekly and daily binned ~-ray
light curves of 13 blazars spanning about ten years, Ryan et al. (2019) observed
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two time scales of variability, the longer time scale having a duration of the order
of years and the shorter time scale spanning of the order of days. According to
them, the longer time scales might represent the thermal time scale of the accre-
tion disc, while the shorter time scales may be related to processes in the jet. For
most of the sources analysed here, the estimated time scales are of the order of
days, and such time scales could be related to emission processes in the jet (Ryan

et al. 2019).

Even though, historically, blazars are separated into FSRQs and BL Lacs based on
the width of the emission lines present in their optical spectrum, Ghisellini et al.
(2009) postulated a physical distinction between FSRQs and BL Lacs. The PSDs
associated with EC, which produces y-ray emission in FSRQs, and SSC, producing
v-ray emission in BL Lacs, show different break frequencies (Ryan et al. 2019) . In
such a scenario, different time scales of variability in the vy-ray band are expected.
The distribution of 7 for both FSRQs and BL Lacs are shown in Figure 5.5. A
KS test indicates that the distribution for each of them is marginally different,
with a statistic of 0.18 and p values of 0.004. I thus noticed a difference in the
distribution of the time scales of variability between FSRQs and BL Lacs.

The correlation between 7 and Mgy in blazars were found in the X-ray (Chatterjee
et al. 2018) and optical (Kelly et al. 2009; MacLeod et al. 2010). In Figure 5.10, I
show the correlation between 7 in the y-ray band against Mpy. The linear least
squares fit to the data yields a low correlation coefficient of —0.12. T therefore
do not find a significant correlation between 7 and Mpy. I also do not find any
correlation between 7 and ¢ for both FSRQs and BL Lacs (Figure 5.11). Doppler
boosting shortens the observed time scale by 6!, and the observed hint (though
insignificant) of a negative correlation is a consequence of the effect of § on the

time scale of flux variations.
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5.8 Summary

In this work I generated one month binned ~v-ray light curves for a total of 1120
blazars, comprising 481 FSRQs and 639 BL Lacs to characterise their vy-ray vari-
ability with the data collected from Ferm: for over approximately nine years. The
main motivation of this is to characterise the long term (on month-like time scales)
~-ray variability nature of blazars, which includes characterising the flux variabil-
ity amplitude and flux variability time scale that could put constraints on blazar
emission models, in principle. In addition to characterising variability, I also looked
for a correlation in variability with other physical properties of the sources such
as the mass of the black hole (Mpy ) and Doppler factor (6). The results are

summarizes below.

1. More than 50% of the blazars studied in this work are found to be variable.
Out of the total 639 BL Lacs analysed for variability, 304 sources showed
variability. Similarly, out of the 481 FSRQs studied for flux variability, 371
are found to be variable. Thus, about 80% of FSRQs are variable, while
only about 50% of BL Lacs are variable. I found mean F,, values of 0.55
+ 0.33 and 0.47 + 0.29 for FSRQs and BL Lacs, respectively. Thus FSRQs
are more variable than BL Lacs in the y-ray band. This difference in the
~v-ray flux variations between FSRQs and BL Lacs can be explained by the
location of the inverse Compton peak in their broad-band SED with respect
to the Fermi observing band. Among different sub-classes of blazars, LSPs
are more variable followed by ISP and HSP blazars. The ensemble structure

function analysis also shows that FSRQs are more variable than BL Lacs.

2. FSRQs show the highest DC of variability of 66% relative to BL Lacs that
show a DC of 36%.

3. The majority of FSRQs and BL Lacs in the sample analysed here show time

scales of variability of about 20 days. This time scale could be related to
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processes in the jets of these sources. The distribution of timescales between

FSRQs and BL Lacs are different.

4. Statistically F,,. is not found to be not correlated with either Mgy and
0. Additionally, the time scale of the y-ray flux variability does not show

statistically significant correlation between Mgy and 9.






Chapter 6

Optical flux and polarization

variations in the flat spectrum

radio quasar 3C 279 *

The radio to optical emission of blazars is observed to be highly polarized due to
the synchrotron emission process from blazar jets and also highly variable in both
polarization degree and position angle. A systematic study has been performed
using the first and second RoboPol observing seasons on the samples of ~-ray-loud
and v-ray-quiet blazars by (Angelakis et al. 2016). In this study the ~-ray-loud
class found to be exhibit higher polarization fraction than ~-ray-quiet blazars.
This result is likely due to the fact that v-ray-loud class of blazars are more
synchrotron dominated in optical band because of high Doppler boosting and thus
accelerate the particles more around the synchrotron peak. With the increasing
degree of polarization the synchrotron peak frequency decreases because of the

efficient acceleration of the electrons around the peak and increase in the helical

*The content of the chapter are from
Bhoomika Rajput C. S. Stalin, 2020, MNRAS (in preparation)
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B-field component downstream the shock. In this thesis I aim for a systematic
analysis of the optical flux and polarization variations in the flat spectrum radio
quasar 3C 279. 3C 279 is a very bright FSRQ at a redshift of z = 0.538 (Burbidge
and Rosenberg 1965). Powered by a massive black hole with a mass of 2.7 x 10®
Mg (Woo and Urry 2002), it has kilo-parsec scale jets with apparent velocities
of 4 to 20c (Lister et al. 2013). It was among the sources to be discovered in
the y-rays (30 MeV to over 5 GeV) by the EGRET (Hartman et al. 1992)). It
has been regularly detected in the 100 MeV to 300 GeV range by Ferm: and on
several occasions high intensity flares were recorded. It has also been detected
at energies beyond 100 GeV by the ground based Cherenkov telescope MAGIC
(MAGIC Collaboration et al. 2008). 3C 279 has also been studied for optical
polarization variations (Rani et al. 2018). It showed a significant change in the
position angle, which coincided with the v-ray flare during 18 February 2009 to 10
March 2009 (Abdo et al. 2010f). During the period 2008—2012 3C 279 revealed
different polarization behaviours at low optical flux and flaring states. According
to Kiehlmann et al. (2016) the polarization behaviour of the source at two optical
flux states could be due to two different processes, a stochastic process during low
optical flux state and a deterministic process during flaring. In this work I present
analysis of the relation between optical flux and polarization variations in 3C 279
on day like timescales as well as year like timescale using data for a period of 10
years between August 2008 and 2018. The total flux and polarization data in the

optical V-band were taken from the archives of the Steward Observatory.
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TABLE 6.1:

Details of the epochs studied for correlation between flux and

polarization. Here, R is the Spearman rank correlation coefficient and P is the
null hypothesis probability of no correlation between flux and PD variations.
NC indicates PD and total flux are anti-correlated, while PC indicates PD and
total flux are positively correlated.

F, v/s time F,, v/s time PD v/s time Fope v/s PD
Time-period  Epoch R P R P R P Remark R P
54790 - 54810 A —0.42 0.08 —-0.91 0.01 0.73 0.02 NC —0.75 0.05
55920 - 55930 B —0.43 0.29  1.00 0.00 1.00 0.00 PC 1.00  0.00
55948 - 55958 C —-0.12 0.78 —1.00 0.00 0.81 0.01 NC —0.77 0.07
56038 - 56048 D —0.77 0.07  0.99 0.00 0.98 0.00 PC 0.99 0.00
56740 - 56751 E 0.25 049 093 0.00 -0.84 0.00 NC —0.42 0.00
57010 - 57021 F 0.10 0.78 0.90 0.04 -0.86 0.01 NC —0.99 0.00
57041 - 57052 G —-0.30 0.62 075 0.08 —1.00 0.00 NC —0.75 0.08
57065 - 57075 H 0.03 096 —0.90 0.04 0.86 0.01 NC —0.90 0.04
57124 - 57135 I - - =094 0.00 =083 001 PC 0.73 0.03
57159 - 57169 J 043 024 086 0.01 0.81 0.01 PC 0.72 0.07
57913 - 57923 K 0.28 046 —-0.97 0.00 -0.90 0.04 PC 0.82 0.09

TABLE 6.2: Statistics of the observed flux and polarization properties. F, is

in units of 107 ph em~

2

polarization degree PD is in %, while the position angle PA is in degrees.

s~ and Fopt is in units of 10~11 erg em™2 s~ The

Fopt F PD PA

Epoch Min Max Average Min Max Average Min Max Average Min Max  Average
A 1.36 1.49 1.43£0.05 0.93 2.05 1.574+0.26 21.02 30.54 26.78+3.61 43 66 5148
1.71 198 1.83£0.10 0.03 0.57 0.224+0.17 7.71 11.09 9.61£1.23 —-353 —349 —349 £2

C 1.36 1.74 1.54+0.14 0.14 0.45 0.29£0.01 10.68 12.79 11.79+0.77 —-325 —321 —322 +1
D 0.96 1.15 1.06£0.08 0.16 0.29 0.22+0.05 1091 16.29 13.08+1.89 —202 —188 —196 £6
E 1.72 221 205£0.13 049 6.13 2.43+1.75 9.8 1342 10.70£0.98 —140 —-123 —-129 £5
F 0.52 0.64 0.58+0.04 0.21 0.60 0.3840.13 20.8 26.57 23.77+£2.14 —143 —137 —141 £2
G 0.88 1.04 0.96+0.06 0.19 0.29 0.22+£0.04 18.09 24.01 21.144+2.14 —-141 —-132 —-1354+3
H 1.06 1.27 1.15£0.10 0.26 0.55 0.404+0.11 12.64 17.59 14.98+1.80 —137 —120 —127 £6
I 0.66 0.77 0.72+£0.04 — — — 17.70 2229 20.45+1.85 —140 —-132 —1354+3
J 0.62 0.77 0.68+£0.05 0.26 0.71 0.44+£0.18 14.15 20.06 16.7242.12 —147 —135 —143 4
K 0.64 0.74 0.68£0.04 0.39 1.00 0.61+£0.20 6.97 14.92 10.23+3.47 —-138 —133 —135 £2
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TABLE 6.3: Analysis of optical variability characteristics. The observed
timescale of variability 7,5 is in days and the magnetic field B is in Gauss.

spectral index

Epoch For min max diff Tobs 0 B

A 0.03£0.006 0.44 048 0.04 0.33+£0.74 1.22 1.67
0.06+0.004 0.48 0.58 0.10 21.944+6.73 0.67 0.13
0.094£0.008 0.48 0.48 0.00 17.914+4.58 0.74 0.14
0.08£0.004 0.39 0.44 0.05 21.96+£3.37 0.60 0.13
0.06£0.002 0.04 0.44 0.39 3.63+5.57 1.11 0.35
0.08£0.004 0.44 0.53 0.09 10.90£1.67 0.65 0.20
0.07£0.004 0.39 0.48 0.09 9.79+1.37 0.68 0.22
0.09£0.008 0.44 0.53 0.09 14.89£3.05 0.66 0.17
| 0.06£0.008 0.04 0.39 0.34 21.15+6.50 0.53 0.14
J 0.08+0.004 0.34 0.48 0.14 11.40+£1.75 0.63 0.20
K 0.06+0.01 0.24 048 0.24 16.41+9.17 0.50 0.17

o Q@ =7 g 0 QW

6.1 Analysis

6.1.1 Optical and vy-ray lightcurves

The optical and v-ray light curves during the time interval 2008—2018 (MJD
54500—58400) are shown in Figure 6.1. In addition to optical and ~-ray fluxes, op-
tical V-band PD and electric vector position angle (PA) are also plotted. I adopted
the standard procedure to overcome the 180° ambiguity in the PA measurements
(Abdo et al. 2010f; Ikejiri et al. 2011; Blinov et al. 2015), wherein changes in the
PA between consecutive measurements should be minimum i.e. —90° < Af < 90°.

Here, A6 is defined as |6,, — Gn_l\—\/a(en)Q + 0(0,-1)?, where 0,,_; and 6,, are the

(n — 1)" and n'* measurement of PA and o(6,_1), o(6,) are the corresponding

errors of the PA measurements. For Af > 90°, 6, is shifted to 8,,—180° and for
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FIGURE 6.1: Multi-wavelength light curve for the source 3C 279. From the
top, the first panel shows the 1 day binned ~-ray light curve for the time range
MJD 54500-58400; the second panel shows the optical light curve in V-band,
the third panel shows the variation of the degree of polarization and the fourth
panel shows the variation of PA (corrected for the 180° ambiguity.)

Af < —90°, 6, is shifted to 6,,4+180°.

6.1.2 Relation between optical flux and polarization

During the whole period the source showed a maximum V-band brightness of 13.28
+ 0.01 mag and a minimum V-band brightness of 17.99 + 0.04 mag. During the
same period, the PD showed minimum and maximum values of 0.63 & 0.15% and
34.5 £ 0.06% respectively. I examined the correlation between total flux and PD
on both day like timescales and year like timescales. Firstly, I divided the 10 year

period into 10 segments based on the seasonal gaps over this 10-year period. These

58400
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FIGURE 6.2: Multi-wavelength light curves along with polarization measure-
ments for epochs A,B,C and D. The names of the epochs are given in each
panel. In each panel, from the top, the first panel shows the one day binned
~-ray light curve, the second panel shows the light curve in the optical V-band,
the third and fourth panels show the variation the degree of optical polarization
and position angle respectively. The solid lines are the linear least squares fit
to the data.

10 epochs were used for studying the relation between flux and PD on year like
timescales. To explore the correlation between flux and PD on day like timescale, I
inspected each of these 10 sub light curves. Each sub light curves were then divided
into segments. For each segment I imposed a criteria of having a minimum of 5
measurements in PD, PA, and V-band total flux. By this approach I selected a
total of 55 segments with each segment having observations that span about 10
days. This period matches with the Steward Observatory’s monitoring program
that carries out observations in cycles, and each observing cycle corresponds to

observing runs of ~10 days every month (Patiﬁo—Alvarez et al. 2018). T carried
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FIGURE 6.3: Multi-wavelength light curves along with polarization measure-
ments for epochs E to K. The panels have the same meaning as in Figure 6.2.

out linear least squares fit to the data points in the PD v/s total flux variation
plane for each of the 55 segments by taking into account the errors in both PD and
total flux. For detailed analysis I considered only those segments that satisfy the
following criteria (i) the Spearman rank correlation coefficient between PD and
total flux must be either > 0.5 or < —0.5 and (ii) the null hypothesis probability for
no-correlation between PD and flux is < 0.05. By applying the above two criteria
I arrived at a total of 11 epochs for further correlation analysis. A summary of
these eleven epochs is given in Table 6.1. The optical and v-ray light curves along
with PD and PA for those 11 epochs are given in Figs. 6.2 and 6.3. The statistics
of the flux and polarization variations are given in Table 6.2. Further details on

these 11 epochs are given below

1. Epoch A: During this epoch the ~v-ray flux remained nearly stable. While
the optical flux decreased by a factor of about 1.2, the PD increased by a
factor of 1.5 and the PA decreased by about 25 deg. During this period, PD

significantly anti-correlates with the total flux.
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FIGURE 6.4: Relation between total flux and degree of polarization in the
optical V-band. The names of the epochs are given in each panel. The solid

line is the linear least squares fit to the data.

2. Epoch B: The ~-ray flux during this epoch tend to show a gradual decline.

This is not statistically significant and therefore consistent of being constant.

The optical flux and PD increased by factors of 1.2 and 1.5 respectively. The

PA too gradually increased by about 6 deg during this period. The total

flux and polarization is tightly correlated with a Spearman rank correlation

coefficient of unity and a probability of no correlation close to zero (see Table.

6.1).
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3. Epoch C: The y-ray flux is consistent with constant during this epoch. Op-
tical flux decreased with time, while PD increased with time. PA gradually
increased by ~4 deg. The PD is anti-correlated with total flux at the 90%

confidence level with a Spearman rank correlation coefficient of —0.77.

4. Epoch D: Both optical flux and PD increased with time during this epoch,
while y-ray flux decreased with time, which is statistically significant at
greater than the 90% level. PA gradually decreased by ~15 deg. There
is thus a tight positive correlation between optical flux and polarization
with a Spearman rank correlation coefficient of 0.99 and a probability of no

correlation close to zero.

5. Epoch E: There is a hint for the y-ray flux to increase with time. However,
this is statistically insignificant and consistent with a constant. There is
increase in the optical flux, while the PD decreased by a factor of 1.2. PA
was nearly constant except for a sudden increase by about 10 deg in the last

two days. The optical flux was thus found to be anti-correlated with PD.

6. Epoch F: During this epoch the source did not show variation in v-rays
statistically consistent to have a constant flux. Optical flux increased with
time, while PD decreased with time. PA decreased by ~ 6 deg, returned to
the original in the next two days and again increased by ~ 8 deg. There is
strong anti-correlation between optical flux and PD with a Spearman rank
correlation coefficient of —0.99 and a probability of no correlation close to

Zero.

7. Epoch G: The ~v-rays during is epoch is non-variable. Optical brightness
increased with time, while PD decreased with time. PA was constant for
~5 days, increased by about 2 deg in the next two days, further decreased
by about 8 deg and again increased by 8 deg during the next two days. In
this epoch PD is anti-correlated with the total flux significant to better than
90%.
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8. Epoch H: The v-ray emission from the source has not shown any variation
during this epoch. During this period, optical flux decreased with time while
PD increased with time. PA increased by about 20 deg in 10 days time. The
PD is found to be anti-correlated with flux with a Speraman rank correlation

coefficient of —0.90 and a probability of no correlation of 0.04.

9. Epoch I: The source was undetected by Fermi during most of the time during
this epoch. Both optical flux and PD decreased with time. PA increased by
about 8 deg in the beginning 3 days, remained steady at 135 deg during the
next one week. Thus in this epoch PD is positively correlated with flux with
a Spearman rank correlation coefficient and probability of no-correlation of

0.73 and 0.03 respectively.

10. Epoch J: Variation in the v-ray flux during this epoch was found to be
statistically consistent with a constant flux. Both optical flux and PD were
nearly constant for about 3 days in the beginning and then both increased
with time. Both PD and flux are positively correlated with a Spearman
correlation coefficient of 0.73 and a probability of no correlation of 0.07. PA
decreased by about 12 deg in the beginning and then gradually increased by
about 6 deg.

11. Epoch K: The v-ray flux from the source did not show variations. Both
flux and PD increased with time. PA decreased by about 10 deg during the

initial four days and remained steady during the remaining time.

Thus, among the 11 epochs analysed for correlation between PD and flux on day
like timescales, on five epochs, I noticed positive correlation, while on six epochs,
PD was found to be negatively correlated with total flux. The linear least squares
fit to the points in the PD against total flux plane for all the eleven epochs are given
in Figure 6.4. On year like timescales, I found the observations to be randomly
distributed in the PD v/s flux plane with no significant correlation between the

two.
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FIGURE 6.5: Plot of Stokes U against Stokes Q for the 11 epochs. The Q=0
and U=0 are shown as blue dashed lines.

6.2 Results and Discussion

6.2.1 Optical flux variability

During the whole 10 year period the source varied in V-band brightness by about
100 times having the brightest and faintest brightness of 13.28 £ 0.01 mag and
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FIGURE 6.6: The (V-R) v/s V colour-magnitude diagram. The blue solid line
is the linear least squares fit to the data.

17.99 + 0.04 mag respectively. For the light curves analysed in this work, I cal-
culated the optical variability amplitude using the fractional root mean square
variability (F,q) given by (Vaughan et al. 2003)

2 _ 2
F,, = ey (6.1)

72

where S? is the sample variance of the light curve and o2, is mean square error

defined as 02, = 1 sz\il 02..; Lalso calculated the minimum variability timescale.

err — N
Following Burbidge et al. (1974), I used 7ps = dt/In(Fy/F;), where dt is the
difference in time between any two flux measurements F; and F;. For each of the
11 epochs I calculated all possible time differences 7;; that satisfy the condition
|Fi — Fj| > op, + op;. The minimum from the ensemble of 7;; values was taken
as the minimum variability timescale 7.,,. The errors in 7;; were obtained by
error propagation (Bevington and Robinson 1992). The 7, values for all the

epochs are given in Table 6.3. The values range between about 0.33 and 22 days .

Due to relativistic beaming the observed timescale is shortened from the intrinsic
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timescale 7;,; by

Tobs = Tint(1 + 2) /0 (6.2)

This sets an upper limit on the size of the emission region as R < 1.69x101%7,,,(5/10)
cm, where 0 is the Doppler factor and 7, is in days. From the observed smallest
and largest timescales of variability (see Table 6.3), I obtained values of the size
of the emission region R as 5.6 x10'(§/10) cm and 3.7 x10'7(6/10) cm. Broad
band SED modelling of 3C 279 at different epochs gave values of the bulk Lorentz
factor (I') of around 10 (Rajput et al. 2020) and assuming I' = §, as the jets
of blazars are aligned close to the line of sight to the observer, I found the size
of the emission region to range between 5.6 x10 cm to 3.7 x10'7 cm. Con-
sidering relativistic beaming, I also estimated the observed Doppler factor 0.
From the observed flux in the V-band and R-band I estimated the monochromatic

luminosity (Rakshit et al. 2017) in the V-band in the source frame using

Ly = 4wD§fR( ali ))a(l +2)7! (6.3)

Av(l + 4

where Dy is the luminosity distance, fz is the R-band flux, which is calculated
from the R-band magnitude (mp) using the formula fzr = 3.08 x 10723 10~%4mr
W m=2 Hz"'. Xg and \y are effective wavelength in R and V-band. For the
spectral index «, I used the average o for each epoch. I calculated the observed
bolometric luminosity as Ly = 13.2vy Ly (Elvis et al. 1994), where vy is the
frequency of V-band. Using the fact that any observed variation with energy AL =
|L; — L;| must occur on timescales larger than 7,,;, = Tops/(1+2) , I calculated the
inferred efficiency of accretion as 7,55 > 5 X 1073 AL /7,:,. Relativistic beaming
amplifies the observed flux relative to the intrinsic flux as ALy, = PT*ALj,,
and shortens the observed timescale as 7o, = 0 '7,;. Using this and the relations

Nobs > DX 10™BALgys /Tops and 1 > 5 X 1073 ALt /Tine 1 calculated the observed

0 1/(4+c)
Sops = ( ""8) (6.4)

Nint

Doppler factor as
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Using the above equation and adopting 7;,; = 0.05 which is the geometric mean
value between 7;,,; = 0.007 (nuclear fusion) and 7;,; = 0.32 (accretion) I calcu-
lated 0, for all the epochs. They are given in Table 6.3. I also calculated the
magnetic field considering the observed variability timescale to be lesser than the

synchrotron lifetime of the relativistic electrons in the jet of 3C 279 as

1 1/2
tagn o< 4.75 x 102 (ﬁ) days (6.5)

Using 7,4 and 0,55 calculated using Equations 6.2 and 6.4, the calculated magnetic
fields during the different epochs are given in Table 6.3 . In the leptonic scenario of
emission from blazars jets, the typical magnetic field strength in FSRQs is of the
order of ~1 to 10 G (Petropoulou and Mastichiadis 2012). From SED modelling
of 3C 279 using one zone leptonic emission model Rajput et al. (2020) found
magnetic field strengths around 1 Gauss. The estimated magnetic fields from

variability analysis are therefore similar to the magnetic fields expected in FSRQs.

6.2.2 Relation between flux and polarization variations

Using 10 years of data accumulated between 20082018 August, I carried out an
analysis of the correlation between PD and total flux variations on both year like
timescale and day like timescale. During the same period the maximum change
in PD is about 30% with minimum and maximum PD of 0.63 4+ 0.15% and 34.5
+ 0.06% respectively. On year like timescales I noticed no significant correlation
between flux and PD variations (the variations between flux and PD are random),
however, on day like timescales, I noticed close correlations between PD and flux
variations. Among the eleven epochs that I analysed, on five epochs I found
positive correlation between PD and flux, while on six occasions I found negative

correlation between PD and flux (see Table 6.1).
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Flux variations in blazars are explained by models as being caused by extrinsic as
well as intrinsic mechanisms. If the observed flux variations in 3C 279 are caused
by extrinsic effects, the observed correlation and anti-correlation between total flux
and PD can be explained due to changes in the trajectories of the jet as postulated
by Gopal-Krishna and Wiita (1992) in their ”swinging jet model”. The observed
flux variations in blazars if intrinsic to the source can be well explained by the
shock-in-jet model (Marscher and Gear 1985). In this model the observed positive
correlation between total flux and PD can be understood due to shock alignment
of the magnetic field and thereby creation of an ordered magnetic field. Changes
in the PD can also be explained by changes in the spectral index of the electrons
in their relativistic jet (Rani et al. 2018). The maximum degree of polarization
from synchrotron emission from a power law distribution of relativistic electrons

with dN/dE « E~P, where p = 2a + 1 is given by

(a+1)

PD =
a+5/3

(6.6)

where « is the spectral index and the PA is perpendicular to the magnetic field
direction as projected on the sky (Marscher 2014). For each of the 11 epochs,
in addition to the V-band data used in this work, data is also available in other
optical and infrared bands from SMARTS data base’. Considering that the optical-
infrared spectrum is well described by a power law of the form S, oc v™¢ 1
estimated the spectral indices for each of the observations in the 11 epochs. The
maximum change in the spectral indices observed during any of these epochs is
lesser than 0.4 (see Table 6.3). Change of of the spectral index by 0.4, produces
a maximum change in the PD of about 1% from Equation 6.6. The observed
variation in PD in all epochs is larger than 1%. Therefore, the changes in PD
cannot be caused by changes in the power law index of the distribution of electrons

in the jet.

Thttp://www.astro.yale.edu/smarts/glast /home.php
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On the other hand, if the enhanced flux variations coincide with the emergence
of a new VLBI knot (a new emission region), the observed increased flux can
be due to this new emission region. If the magnetic field in this new blob of
emission is aligned with the large scale magnetic field a correlation between flux
and PD is expected. Alternatively, if the new blob of emission is either chaotic or
if it is misaligned with the large scale magnetic field, an anti-correlation between
flux and PD can be expected. Also, such anti-correlation between flux and PD
can be explained by the Turbulent, Extreme Multi-zone (TEMZ, Marscher 2014)
model. According to this model, there can be more turbulent cells (smallest scale
emission regions) during outburst compared to other times. These multiple cells
can have different polarizations leading to low polarization with increase in flux.
To test the hypothesis of the presence of more than one emission components, for
example, a stable polarized component plus other multiple components, I plot the
observed Q and U Stokes parameters for all the eleven epochs in Figure 6.5. In
this Figure, the Q and U measurements deviate from (Q,U) = (0,0) implying the
presence of a stable polarized component (Jones et al. 1985) with the PA aligned
along the jet direction. This steady polarized component with a higher degree
of polarization can also gives rise to anti-correlation between PD and total flux
(Blinov and Hagen-Thorn 2009). Furthermore, multi-wavelength of observations of
3C 379 have found instances of X-ray flares without corresponding optical and/or
v-ray flares (Abdo et al. 2010f). This challenges the one-zone emission models
generally used to explain the broad band emission from 3C 279. The broad band
SEDs of 3C 279 are fit with one-zone leptonic model (Paliya et al. 2015) as well as
lepto-hadronic models (Paliya et al. 2016). I found overlapping VLBI observations
at 15 GHz (Lister et al. 2018) on four of the eleven epochs studied in this work.
The PA found from VLBI observations that could provide parsec scale resolution
are in agreement with the polarization PA (see Table 6.4). This indicates that the
optical PA is similar to the jet direction, provided the direction of the jet at sub
parsec scales is similar to that of the direction of jet at parsec scales resolvable

by VLBI. This indicates that the direction of the magnetic field at the optical
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emission region is perpendicular to the jet axis. However, the PD from VLBI
during those four epochs are different from that of the PD in the optical. This
suggests that the radio emission (from low energy electrons) could be produced
in a emission region at a much larger distance from the black hole compared to
the optical and ~-ray emission region containing high energy electron population.
Among these four epochs, too, on two epochs (A and G) I found the total flux to
be anti-correlated with the PD, while on the other two epochs (D and K) I found
tight positive correlation between flux and PD. Therefore, the varied correlations
between total flux and PD (both correlation and anti-correlation) observed on
day like timescales in 3C 279 could be due to the presence of multiple emission

components in the jet of 3C 279.

6.2.3 Optical spectral variations

I also investigated spectral variations on all the 11 epochs. 1 constructed colour
(V-R) magnitude (V-band) diagram and fitted the points in the (V-R) v/s V plane
with a straight line by taking into account the errors in both colour and brightness.
I considered the source to show spectral variations if the Spearman rank correlation
coefficient is greater than 0.5 or lesser -0.5 and the probability (p) of no correlation
is lesser than 0.05. With this criteria I found prominent variations in colour on four
epochs as can be seen in Figure 6.6. During epoch F, the spectrum gets redder as
the source brightness (RWB), while during epochs H, J and K the source showed
a bluer when brighter (BWB) trend. A RWB spectral variability is predominantly
seen in FSRQs (Bonning et al. 2012; Sarkar et al. 2019), however, both BWB and
RWB trends are also seen in FSRQs (Rajput et al. 2019; Wu et al. 2011, Safna et
al. 2020). Here, too I found BWB trend on one epoch and RWB trend on three
epochs. FSRQs generally have prominent accretion disk component in their broad
band SED and RWB trend is expected if the red non-thermal synchrotron emission

dominates the blue thermal emission from the accretion disk (Sarkar et al. 2019).
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A BWB trend can happen because of geometric effects such as changes in the
viewing angle of the jet (Villata et al. 2004; Papadakis et al. 2007). Alternatively,
in the one zone synchrotron emission model, BWB trend can also be caused due
the injection of fresh electrons with a harder energy distribution (Kirk et al. 1998;
Mastichiadis and Kirk 2002). BWB trend is also expected in the TEMZ model
(Marscher 2014). According to this model, turbulence driven by instabilities in
the jet that also varies with time can (i) influence the number of cells in a given
emission region and (ii) influence particle acceleration. Particle acceleration and
the increase in the number of cells with each cells having a preferred magnetic field
direction can lead to BWB trend and low PD (Rani et al. 2018). During epochs
H,J and K I found BWB trend and the average PD are 14.98 £+ 1.80%, 16.72 +
2.12% and 10.23 £ 3.47% respectively. This is lesser than the average PD of 21.14
+ 2.14% at epoch F, during which time a RWB trend is observed. It is likely
that during this epoch, the contribution of the stable polarized component with
increased polarization dominates. The presence of a stable polarized component

is evident in the offset of average Q and U vectors from (0,0) in Figure 6.5.

Analysis of the correlation between flux and polarization variations as well as spec-
tral variability in conjunction with polarization observations point to the presence
of multiple emission regions in the jet of 3C 279. Rani et al. (2018) too noticed anti-
correlation between PD and optical flux on an analysis of the multi-wavelength
data of 3C 279 during the period 2013—2014, which they explained as due to the
presence of more active cells during the outburst phase. Our knowledge on the flux
and polarization variability characteristics of 3C 279 are drawn from the analysis
of different modes of multi-wavelength data that are scanty and with poor time
resolution. Near simultaneous observations over several wavelengths and covering
different timescales (with good time sampling) on a large sample of blazars are
needed to pinpoint the exact causes for different correlations between flux and

polarization in blazars.
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TABLE 6.4: Comparison between the polarization PA (in %) and the PA (in
degrees, after accounting for the 180 deg. ambiguity) of the innermost jet from
VLBI observations.

optical VLBI
Epoch Period PD PA Epoch PD PA
A 54790 - 54810 26.8£3.6  51.3£7.5 54796 3.9 48
D 56038 - 56048 13.1£1.9 164.04£5.7 56046 5.8 140
G 57041 - 57052 21.1+£2.1  44.7+£2.8 57040 7.8 26
K 57913 - 57923 10.2+£3.3  44.6+2.0 57921 9.7 27
6.3 Summary

Using optical V-band flux and polarization data from the observations of Steward

Observatory for a 10 year period between 2008—2018, I probed (i) the correla-

tion between optical flux and polarization, (ii) optical flux variability on day like

timescales and (iii) optical spectral variability on day like timescales. I summarize

the findings of this work below.

1. One year like timescales the source showed variations in optical and v-rays.

On such timescales I found the relation between total flux and polarization

to be random with no significant correlation or anti-correlation between the

two.

. On day like timescales, I found significant variations in the optical band on

eleven epochs. Of these eleven epochs, on only one epoch I found the v-ray

flux to change with time at the 90% confidence level. The ~-ray flux was

found to be consistent with a constant flux on the remaining 10 epochs. Thus

there is no correspondence between optical and vy-ray flux variations on day

like timescales analysed here.
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3. On day like timescales, during six epochs I detected anti-correlation between
PD and optical total flux, while positive correlation between PD and total
flux was seen on five epochs. The diverse correlations observed between
optical flux and polarization variations can be well explained by the multi-

zone emission model of Marscher (2014).

4. From the plots of Stokes QQ and U parameters for all the epochs, I noticed
that they are shifted from the origin, suggesting the presence of a stable

polarized component.

5. Spectral variations were noticed on four of the 11 epochs. On one epoch (F)
I observed a redder when brighter trend, while on three epochs (H, J and K)
I found a bluer when brighter trend. The PD during epochs H, J and K is
lower than that of epoch F. The observed spectral variations in conjunction
with polarization observation also point to the presence of multiple emission

regions in the jet of 3C 279.
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Summary and Future Work

Blazars (that comprise FSRQs and BL Lacs) are a class of AGN with their rela-
tivistic jets pointed close (within a few degree) to the observer. Their radiation
output is dominated by non thermal emission procedure and span the entire ac-
cessible electromagnetic spectrum. They show flux variations on a wide range of
timescales from minutes to days to months. In the high energy v-ray band flux
variations as short as minutes have been observed in few sources (Shukla et al.
2018; Meyer et al. 2019; Arlen et al. 2013; Aleksié¢ et al. 2011; Albert et al. 2007,
Aharonian et al. 2007). In spite of that, the band of the electromagnetic spectrum
where flux variability is less characterized is the y-ray band. This is due to the
lack of monitoring observation for a large number of sources. But the high energy
~v-ray band needs to be explored as this is the region where the peak of the high
energy hump of the broad-band SED of blazars lie. The launch of Fermi in the
year 2008 and its capacity to scan the sky once in 3 hrs has now made possible
the study of the high energy v-ray variability characteristics of blazars.

The SED of blazars in the log vF, v/s log v representation has two dominant
humps. The low energy hump that peaks in the UV /optical range is well under-

stood, as due to synchrotron emission. The origin of the high energy hump that

135



Chapter 7: Concluding remarks and future plans 136

peaks in the MeV—GeV is still debated. A likely process is the inverse Compton
scattering of the low energy photons by relativistic electrons in the jet (leptonic
process). An alternative mechanism for the high energy emission in blazars is via
hadronic processes that includes proton synchrotron process (Aharonian 2000) or
photo pion process (Mannheim 1993). But, often the observed SED of blazars can
be modelled satisfactorily by leptonic (Paliya et al. 2015) and hadronic (Bottcher
et al. 2013) or lepto-hadronic models (Paliya et al. 2016). A way to understand the
high energy emission in blazars is via correlated studies of flux variation between
the optical and ~-ray bands. To probe the high energy emission in blazars, in this

thesis I carried out

1. A systematic analysis of the v-ray flux variability characteristics (on month

like timescales) of a large sample of blazars.

2. An analysis of the correlation between optical and v-ray flux variations on

a sample of 8 blazars that comprises 5 FSRQs and 3 BL Lacs.

3. An investigation of the correlation between optical flux and polarization

variation in the FSRQ 3C 279, and its relation to y-ray flux variations.

The outcome of the investigations carried out in the thesis are summarized below.

1. On month like timescales, in the y-ray band (100 MeV — 300 GeV) FSRQs
are more variable than BL Lacs. The difference in the y-ray flux variations
between FSRQs and BL Lacs can be explained by the location of the inverse
Compton peak in the broad band SED with respect to the Fermi observing
band. Majority of the objects in my sample showed timescale of variability
of about 20 days, which could be related to processes in the jets of these

sources.
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2. Varied correlations between optical and GeV flux variations were observed
in FSRQs, I found instances when (a) optical and GeV fluxes are correlated
(b) optical fluxes without ~-ray counterparts and (c) y-ray fluxes without
optical counterparts. Analysis of these epochs through broad band SED fits
indicate that the region giving rise to optical and ~v-ray flux variations are
co-spatial. SED model fits also indicate (i) correlated optical and ~-ray flux
variations are caused by increase in the bulk Lorentz factor (ii) y-ray fluxes
with no counterparts are due to an increase in the bulk Lorentz factor and/or
increase in the electron number density and (iii) optical fluxes with no 7-ray

counterparts is due to an increase in the magnetic field.

3. In all the three BL Lacs studied in this work, optical and ~-ray fluxes are
found to be correlated, which can be explained predominantly due to changes

in the bulk Lorentz factor.

4. In the FSRQ 3C 279, on day like timescales, at certain epochs the degree
of optical polarization is found to be correlated with optical flux, while at
certain epochs, the degree of optical polarization is found to be anticorrelated
with optical flux. Such diverse correlation observed between optical flux and

polarization variations could be explained by multizone emission models.

The flux variations seen in the blazars studied in the thesis are thus complex.
In the leptonic scenario of high energy emission in blazars a correlation between
optical and GeV flux variations is expected, while in the hadronic scenario of high
energy emission from blazar jets a close correlation between optical and GeV flux
variations is not expected. However, in this thesis observations of the varied vari-
ability behaviours in the same source suggest that ” Variability studies might not
be definitive in constraining leptonic v/s hadronic models of high energy emission

in blazars jets.”
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7.1 Outline of the future work

The code used in this thesis work to fit the observed SED is a static one. To carry-
out a more realistic modelling of the SED, I intend to work towards development
of a time dependent SED fitting code. Secondly, the optical flux and polarization
analysis carried out on 3C 279 in this thesis has displayed varied correlation be-
tween optical flux and polarization variations. This needs to be checked on other
blazars too. Therefore, I plan to examine the correlation between optical flux and
polarization variations in a large sample of blazars, the data for which is available
in the archives of the Steward Observatory. A search in the archives of Steward
Observatory shows the availability of quality optical flux and polarization data for

about two dozen AGN.
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