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Preface

This thesis explores the multi-wavelength variability of blazars using two Fermi
bright sources 3C 279 and 4C 31.03. Blazars are a subclass of active galactic nuclei
(AGN) characterized by the relativistic jets that are pointed towards the observer.
Much of the research on blazars have focused on the spectacular and strong flares
exhibited by the sources in various energy bands. However, blazars are chaotically
variable sources and their light curves feature both major and minor flares, the latter
being more common. Therefore, a long-term study based on spectral and timing
analysis is as essential as studies focused on individual flares of a source.

In Chapter 1, a general introduction to blazars is provided, including a detailed
discussion of their unique properties. This chapter also presents a comprehensive
description of the particle acceleration and radiative processes underlying the
broadband emission of blazars. Chapter 2 introduces the space telescopes Fermi-LAT,
Swift-XRT, and UVOT, along with the standard procedures for data reduction and
analysis.

Chapter 3 focuses on a correlation/regression study of various spectral
parameters of the narrowband spectra of the blazar 3C 279, used as a case study. It
begins with a brief introduction to 3C 279, outlines the sample selection and data
analysis methods, and discusses the results alongside their scientific interpretations.
The primary conclusion of this study is that long-term spectral variations at low
energies are mainly caused by changes in the spectral index, while variations at high
energies are attributed to changes in the break energy of the underlying particle
spectrum. These break energy variations are also reflected in the external Compton
(EC) peak energy shifts, as evidenced by the observed ~y-ray index values around 2.
Systematic broadband SED modeling confirms that the EC peak energy shift can be

caused either by variations in the break energy or by changes in the target photon
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field.

Chapter 4 examines the first major ~y-ray outburst exhibited by the blazar
4C 31.03 after a prolonged quiescent phase. This chapter begins with an introduction
to the source, followed by a temporal analysis of its y-ray light curves and the
corresponding inferences. It also provides a detailed description of broadband SED
modeling performed for three epochs. The study concludes that the production of
~-rays in 4C 31.03 likely occurs beyond the broad-line region (BLR) and notes a
significant spectral transition of the source during the y-ray outburst.

In Chapter 5, a flux distribution study for 3C 279 and 4C 31.03 is presented.
For 3C 279, this study spans -ray, X-ray, and optical/UV bands using observations
collected over 14 years. For 4C 31.03, the analysis is limited to the ~y-ray spectrum
due to the scarcity of X-ray and optical/UV data.

The final chapters of the thesis summarize the research conducted and provide

recommendations for future studies.



List of Tables

3.1

3.2

3.3

3.4

3.5

Table showing results of power-law fitting of Swift-XRT observations. From
left to right: Observation id, time in MJD, un-absorbed flux in the energy
range 0.2-10 keV, spectral index, chi-square, and degrees of freedom. The

entire tabular data is given the Table A.1 in the appendix. . . . . . . .

Table showing results of power-law fitting of Swift-UVOT observations.

Columns from left to right: 1-Observation id, 2—-time in MJD,
3—un-absorbed flux in the energy range 2-7 eV, 4—spectral index,
5—chi-square, and 6—degrees of freedom. The entire data is given the
Table A.2 in the appendix. . . . . . . . . . . . . . . .. ... ...
Table showing Details of best fit parameter values of power-law fit of
selected ~-ray observations (adaptive time bins) simultanoeus to Swift
observtaions. Columns from left to right: 1—Tstart in MJD, 2—Tstop,
3—integrated flux in the energy 0.157-300 GeV, 4 —spectral index, 5—TS
of power-law function, 6 —TS of log-parabola model, 8- TS of curvature.
Entire data is presented in the Table A.3 in the appendix. . . . . . . .
Table showing results of combined spectral fitting of XRT and UVOT
spectra with the Broken power-law model. Columns from left to right:
1—observation id, 2—time in MJD, 3—break energy ¢, (keV), 4 —chi-square,
and 5—Dof. The entire data is given in the Table A.4 of the appendix.

Table showing Details of Combined spectral fitting of XRT and UVOT
specra with the Double power-law model. Columns from left to right:
1—observation id, 2—time in MJD, 3—Photon index < ¢,, 4—index at
> €,, b—Transition Energy, €,, 6 —chi-square, and 7—Dof. The entire data
is presented in Table A.5 in the appendix. . . . . . . . . . . . . . ..

vii

73

74

77

79



viil

3.6

3.7

4.1

4.2
4.3

4.4

4.5
4.6

5.1

5.2

9.3

5.4

Al

LIST OF TABLES

The details of correlation results found between different source
parameters/quantities. . . . . . .. ... 93

Best fit values of the source parameters from the broadband SED fitting. 97

The summary of the analysis performed for the Swift XRT and UVOT
observations. . . . . . . . . . . . 107
The duration and peak time of the flares identified. . . . . . . . . . 108

The summary of the short term variability analysis. £y and ¢ are the
times in MJD; F(tg) and F'(t;) are the fluxes in units of x107%) phs
em~2 s L significance of difference in flux in o; variability time scale
T; uncertainty in 7; nature of the flux variations, rise or decay. . . . 112
The rise and decay times estimated from equation 4.2 for all the
subflares. The peak flux Fy is in units of (><10_6) phs em™2s~ 1. . 115
Results of y-ray spectral analysis for the flaring and quiescent states. 120
Best-fit values of the source parameters from broadband SED
fitting. Description of symbols in columnl: p-Low energy
particle index, ¢-High energy particle index, ~,-Break Lorentz
factor, B-Magnetic Field (G), I'-Bulk Lorentz factor, ¢ - Doppler
Factor, 7)-Equipartition, f- External Compton fraction f, and
Utarget - External photon energy density (erg Cm_3) ......... 124

Results of the Anderson Darling test done for the flux/index
distributions in ~y-ray, X-ray and optical/UV bands of 3C279. . . . 137
Best-fit parameter values of the PDFs fitted to the logarithm of flux
and index histograms for X-ray, optical/U and v-ray light curves. G1
represents single Gaussian PDF and G2 gives double Gaussian PDF. 137
Best fit parameter values of the PDFs fitted to the logarithm of fluxes
and indices . (PDF: GI stands for Gaussian and GII for double Gaussian)141
Results of the Anderson-Darling test for flux/index distributions,

indicating normality when the test statistic is below the critical value. 141

Table showing results of power-law fitting of Swift-XRT observations. From
left to right: Observation id, time in MJD, un-absorbed flux in the energy
range 0.2-10 keV, spectral index, chi-square, and degrees of freedom. . . 170



LIST OF TABLES

A2

A3

A4

A5

Table showing results of power-law fitting of Swift-UVOT observations.

From left to right: Observation id, time in MJD, un-absorbed flux in the
energy range 2-7 eV, spectral index, chi-square, and degrees of freedom. .
Table showing Details of best fit parameter values of power-law fit of
selected v-ray observations (adaptive time bins) simultanoeus to Swift
observtaions. From left to right: column 1-Tstart in MJD, column 2-Tstop,
column 3-integrated flux in the energy 0.157-300 GeV, column 4—spectral
index, column 5— TS of power-law function, column 6: TS of log-parabola
model, and column 8 TS(Curvature). . . . . . . . . . . . . .. ...
Table showing results of combined spectral fitting of XRT and UVOT
spectra with the Broken power-law model. column 1—observation id,
column 2 —time in MJD, column 3 —optical index, column 4 —break energy,
€p, column 5 — X-ray index, column 6 —chisquare, and column 7—Dof. . . .
Table showing Details of Combined spectral fitting of XRT and UVOT
specra with the Double power-law model. Column2—Photon index
< €, column3d—index at > ¢,, column4-Transition Energy, e,,

column 5 —chi-square, and column6-Dof . . . . . . . . . . . . . . ..

ix

181

187

196



LIST OF TABLES



List of Figures

1.1

1.2

1.3

1.4

1.5

The image of the galaxy Markarian 509 from the NASA /ESA Hubble
Space Telescope. The bright object at the center that appears like
a star, is an active galactic nucleus. Credit: NASA, ESA, J. Kriss
(STScl) and J. de Plaa (SRON) . . . . . . . .. ... .. ... ..

A schematic representation of how different classes of radio-loud AGNs
emerge with the variation in the viewing angle of the observer. Image

courtesy:Singh (2013) . . . . . . . .. Lo

The SED of the blazar 3C 454.3 showing the double humb feature spnning
from radio to -ray energies. The different colours in the figure represents

observed SEDs corresponding to various epochs (Bonnoli et al., 2010).

The phenomenological sequence revisited by Ghisellini et al. (2017). The
sample is divided on the basis of y—ray luminosity expressed in logarithms
as indicated by the labels inboxed. The spectral shape of FSRQs remains
almost same across the luminosity divisions, and shows variations for
the Compton dominance. BL Lacs, significantly exhibit trends as in the

primary blazar sequence. . . . . . . . . . . . . ...

From top to bottom: low cut-off frequency due to self absorption vy,
synchrotron SED peak frequency vg, high energy peak frequency vg,
Compton dominance CD, and slope of SED before high energy peak as as

pal

a function of the y—ray luminosity in the LAT band Ghisellini et al. (2017). 10



xii

1.6

1.7

1.8

1.9

1.10

1.11

1.12

2.1

2.2

LIST OF FIGURES

Light curves of 3C 279 above 100 MeV during the flare in 2015 June (a) 5
min (red) and 3 min (green) time binning (b): Enlarged images of epochs

C and D. The fluxes are denoted by points and the histograms depicts the

counts (right axis) detected within 8° radius around 3C 279 for each bin.

Image credit: (Ackermann et al., 2016). . . . . . . . . . . . . . . ..

Correlation shown by the unabsorbed 0.3-10 keV flux with (left) the
spectral index, a, and (right) the synchrotron SED peak energy E, for
the source MKN 421 respectively (Kapanadze et al., 2020). . . . . . . .

The plot showing variation of ogxn/or with energy in log. The plot is
taken from Condon & Ransom (2016). It is clear from the Figure that oxn
drops off significantly at higher energies. The dashed curve represents the

approximate solution at higher energies given by the equation (1.13)

a) Radiation patterns of electrons with velocities: relativistic (top), mildly

relativistic (middle), and relativistic (bottom) (Ghisellini, 2013).

The orbit of an electron with 90° pitch angle will be a circle with radius
rr, and the observer will see the radiation when the beaming cone points
towards the observer (Ghisellini, 2013). . . . . . . . . . . . ... ..

The synchrotron spectrum from a partially self-absorbed source. 14

is the frequency at which the optical depth, 7 becomes unity. . . . .

left) In the lab frame K, incoming photons are isotropically distributed with
energy ~ ¢; about an electron with velocity v. right) In electron’s frame
K’, the incoming photons are significantly anisotropic and with respect to
electron, they are nearly head-on, and their typical energies are boosted

by a factor 7. Image courtesy: Frank M. Reiger . . . . . . . . . . ..

left) A multiwavelength picture of Centaurus A obtained by combining

the images in the right panel. right) Images collected by Hubble (visible),

Chandra (X-ray), Spitzer (IR), and Very Large Array (Radio) telescopes.

Image courtesy:https://webbtelescope.org/contents/media/images/
20217015/ . . . . .o

Schematic diagram of LAT instrument (Hays, 2023). . . . . . . . .

15

20

23

27

27

30

32



LIST OF FIGURES

2.3

2.4

2.5

2.6

3.1

3.2

3.3

(a):  The effective area as a function of energy for normal
incidence photons (0=0), (b): comparison of the on-axis effective
area (Total) as a function of the energy for different P8R3_V3
event classes. https://www.slac.stanford.edu/exp/glast/
groups/canda/lat_Performance.htm . . . . . . .. .. ...

The schematic diagram of the XRT instrument.https://swift.gsfc.

nasa.gov/about_swift/xrt_desc.html . . . . . . . . . . . . . . ..

The plot of effective are as a function of energy. Image credit: https:

//swift.gsfc.nasa.gov/about_swift/xrt_desc.html . . . . . . . .

The plot of effective are as a function of wavelength for all the 6
UVOT filters. The dashed black curve shows the cumulative effective
area. Image credit: https://www.swift.ac.uk/analysis/
uvot/filters.php . . . . . . . . ...

light curves of 3C 279 in v-ray, X-ray and optical energies. The horizontal
dashed lines represent the average flux. The X-ray and optical/UV fluxes

2571 and y-ray fluxes are in units of phscm=2s71.

are in units of ergscm™
From top to bottom: panel 1 & 2 displays the ~-ray light curves using
Fermi observations in the energy range 0.1-300 GeV with adaptive and

3 day binning respectively. panel 3: X-ray lightcurve using Swift-XRT

xiii

52

60

60

64

observations, panel 4: optical/UV lightcurve using Swift-UVOT observations. 75

Scatter plots between the parameters obtained from broken
power-law /power-law and double power-law fitting along with the
identity line (black solid line). (a) The estimates of transition energy,
€y and €,, (b) optical/UV indices I'y/yy and I'syn, and (c) X-ray
indices ', and L'y, respectively. . . . . . . . . ...
Scatter plots between integrated fluxes and photon indices. The
vertical dashed lines represents the average value of corresponding
fluxes in logscale. X-ray and optical/UV fluxes are in units of
ergscm 2s ! and 7-ray flux is in units of phscm 257! (a)
Optical /UV flux and index, (b) X-ray flux and index, the solid curve
represents the integrated power-law function mentioned in Section

3.3.2. (c¢) y-ray flux and index (adaptive binning). . . . . . . . ..

80



Xiv

3.4

3.5

3.6

3.7

LIST OF FIGURES

Scatter plots between the spectral indices obtained through power-law
and double power-law spectral fitting to simultaneous optical /UV,
X-ray and ~-ray spectra. (a) Optical/UV and X-ray spectral indices
from simple power-law fit (I'y/yy & I'z). (b) The same from double
power-law fit (I'syne & I'com). The dashed line indicate the straightline
‘X = Y +0.5. It is evident from the figures, that the points deviate
considerably from this line indicating an index difference > 0.5 as
mentioned in Section 3.3.2. (c) Optical/UV and v-ray power-law
indices. (d) X-ray and 7-ray power-law indices. In all the subplots,
filled shapes represent the states of high flux and open shapes the low
flux states and the details of correlation coefficient p with respect to
flux states have been inboxed in the plots. . . . . . . . . . .. ..
Scatter plots between the integrated fluxes of optical/UV (2-7 V) ,
X-ray (0.3-10 keV) and y-ray (0.157-300 GeV) spectra of 3C 279. (a)
X-ray and optical/UV flux. (b) Optical/UV and v-ray flux. (c) X-ray
and ~y-ray flux. The solid line represents the best-fit linear regression

to this correlation. The dashed lines in all the plots represents the

value of arithmetic average of the fluxes plotted on respective axis.

The X-ray and optical/UV fluxes are in units of ergs cm ?s~ ! and

v-ray fluxes are in units of phs cm2sl. L

Scatter plots between transition energy and other parameters. (a)
The variation of transition energy (€p/€,) with optical/UV flux
(b) Transition energy (€p/€,) and Iy /T'syn (c) The variation of
transition energy (€p/€,) with X-ray flux. (d) Transition energy
(ep/€y) and 'y /T'com. In all the plots, hollow shapes represent the
parameters obtained from broken power-law (BknPL) and filled one
show that from double power-law (doublePL). . . . . . .. . . ..
Figure showing the broadband SED fitting of 3C 279 during the time
intervals 56642-56649 (top) and 56649-56660 (bottom). Left: Dashed

curve represents the synchrotron, dotted curve shows SSC, and dashed

dotted curve represents the EC-BLR/EC-IR components respectively.

The solid curve shows the total best-fit model. Right: The plots of
unfolded spectrum with residuals generated from XSPEC. . . . . .

84

87

90



LIST OF FIGURES

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

7 day binned lightcurve of 4C31.03 generated using Fermi-LAT
observations from 54832 to 60152 MJD. The shaded time period
represents the observed recent high activity epoch. The ~y-ray fluxes

are in the units of phs em 2sTL

y-ray lightcurve of 4C31.03 spanning the time 59940-60152 MJD.

Panels 1 & 2: 0.5 and 1 day binned lightcurves. Fluxes are in units
of phs cm? s~1. The solid line indicates the Bayesian blocks obtained
while horizontal dashed line represents the average flux level. Bottom
panel: photon index obtained from 1 day binned lightcurve. The
shaded time periods represent the duration of flares as characterized
from the HOP analysis. . . . . . . . . . .. . ... ... ...

Plots showing the temporal profile fitting of the 3 prominent flares
observed. The dashed curve represent the total best fit model and
solid line is the base flux level chosen. Flare 1 and 2 fitted together
(left). Flare 4 is plotted in the right panel. . . . . . . .. .. . ..

The v-ray ligtcurves with 12 hour binning in the low (0.1-1 GeV) and
high-energy (1-500 GeV) ranges are shown in the top panels. The
high-energy light curve is scaled (X 3) to plot together. In the bottom
panel, hardness ratio H R is plotted against time. Left) Flare 1 and
2 combined. Right) Flare4. . . . . . . . . . . .. ... ... ...

Discrete correlation function (DCF) is plotted across the lag in days

measured as Time (100-500 GeV)-Time (0.1-100 GeV) lightcurves.

Left) flare 1 and 2, Right) flare 4. . . . . . . .. .. ... .. ...

Plots showing the y-ray SEDs during different activity states along
with the fitted spectral models. The details of models are inboxed in
the plots. . . . . . . .

Figure showing the multi-wavelength fluxes of 4C 31.03 during MJD
59940-59965. From top to bottom: v-ray flux (phs cm ™2 s_l), X-ray
flux (erg cm ™2 s71), and optical/UV flux (erg em™2 s~ 1). Time zero
corresponds to 59940 MJD. . . . . . ..o

Plot showing all the 3 multiwavelength SEDs together. . . . . . . .

XV

103

109

113

114

115

119

122



xvi

4.9

0.1

5.2

2.3

5.4

2.5

LIST OF FIGURES

Left) The selected SEDs with best-fit models. The dashed line
represents the synchrotron, dotted line SSC, and dotted dashed line
EC process respectively. The solid curve shows the total best-fit
model. Right) Corresponding plot of unfolded spectrum with residuals
generated from XSPEC. From top to bottom: Flare 1, 2, and

quiescent state. . . . . . . . L L

Plots showing the histograms with best-fit PDFs obtained in the case of
3C279: a) Optical/UV flux, b) Index. The dotted vertical line in the left
panel gives the mean value of corresponding flux. . . . . . . . . . ..
Plots showing the histograms with best-fit PDFs obtained in the case
of 3C279: a) X-ray flux— The solid curve represents the best-fit double
Gaussian, dotted curves the two components of double Gaussian, dotted
dashed curve the best-fit single Gaussian, and dashed vertical line the
logarithm of average flux value respectively. b) X-ray index. . . . . . .
Plots showing histograms of y-ray fluxes of 3C 279: a) adaptively binned,
b) 3 day binned. The red solid curves show the best-fit double Gaussian,
the dotted curves the two individual components of the double Gaussian,
dotted dashed curves the best-fit Gaussian, and the vertical dashed line
represents the logarithm of average flux value. . . . . . . . . . . . ..
Plots showing histograms of y-ray indices of 3C 279: a) adaptively binned,
b) 3 day binned. The red solid curves show the best-fit double Gaussian,
the dotted curves the two individual components of the double Gaussian,
and the dotted dashed curves the best-fit Gaussian respectively.

Plots showing the histogram fitting of logarithm flux distributions
obtained for a) Quiescent state, b) Active state, ¢) Total lightcurve,
and d) The index distribution obtained from the total 7 day binned

lightcurve. . . . . . . . ..o

125

134

135

135

136



Physical Constants

Parsec

Solar Mass

Solar Luminosity
Velocity of light
Boltzmann Constant

Planck’s Constant

Abbreviations

AGN
BL Lacs
BLR
CCD
EC
FGL
FSRQ
HST
1C

IR
LAT
SED
SMBH
SSC
UuvoT
XRT
3C

xvii

pc = 3.086 x 100 m

My = 1.989 x 10%0 kg
Lo = 3.826 x 1033 erg/s
c=2999 x 10® m s™!

ky = 1.38 x 1072 J/K
h = 6.626 x 1073* Kg/s

Active Galactic Nucleus

BL Lacertae objects

Broad line region

Charge coupled device
External Compton

Fermi Gamma-ray LAT
Flat spectrum radio quasars
Hubble Space Telescope
Inverse Compton

Infrared

Large Area Telescope
Spectral energy distribution
Super massive black hole
Sychrotron self Compton
Ultra-violet Optical Telescope
X-ray Telescope

Third Cambridge Catalog



Chapter 1

Introduction

1.1 Active Galactic Nucleus: Star or Galaxy?

The sky has remained a mystery to humankind for ages. At night, it
transforms into an eternal beauty, illuminated by countless stars, planets,
moons, and the distant glow of galaxies each one carrying some stories
to be told. Yet there are millions of exotic objects in the universe that
remain shrouded in mystery. Active galactic nuclei (AGNs) are one such
mystery. AGNs are extra-galactic sources associated with the nuclei of
certain galaxies known as active galaxies. In these type of galaxies, energy
arises from a central region that is extremely small compared to the galaxy
as a whole, yet outshining the entire brightness of the host galaxy. This
peculiar feature gives rise to the name ‘Active galactic nucleus’ The Figure
1.1 shows the picture of an active galaxy Mkn 501 with its extremely bright
center, imaged by Hubble space telescope. Today we know that AGNs
are the most enigmatic sources in the universe powered by supermassive

black-holes (SMBH) with masses in the range 105711 M at their centre.

AGN was first identified in 1908 by EA Fath at Lick Observatory when
he noticed that the galaxy NGC 1068 had an unusual optical spectrum,
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Figure 1.1: The image of the galaxy Markarian 509 from the NASA /ESA Hubble
Space Telescope. The bright object at the center that appears like a star, is an active
galactic nucleus. Credit: NASA, ESA, J. Kriss (STScl) and J. de Plaa (SRON)

similar to that of a gaseous nebula (Campbell, 1908). In 1943, Carl Seyfert
also observed a similar kind of optical spectrum for six spiral galaxies
having point-like central brightness profiles with broad emission lines. He
confirmed that these objects form a distinct class of galaxies, now known
as Seyfert galaxies (Seyfert, 1943). In late 1950s, with the revolution in
radio astronomy that happened after the Second World War, the first
radio sky surveys were performed and several catalogs were published. In
1963, Schmidt realized that 3C 273, a faint star-like object with a jet, has
a high redshift and is associated with an optical counterpart (Schmidt,

1963). Later, it was realized that 3C 273 is actually a nuclear region of
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a galaxy having brightness 100 times the host galaxy. Such objects were
later named as quasi-stellar objects or Quasars and was categorized as one
AGN subclass.

Energy Budget and Eddington Luminosity

The energy content of AGN is in the order of 10% ergs and initially, it was
attributed to a series of supernovae explosions occurring at the center of the
galaxy (Burbidge 1959). The idea that SMBHs could account for the energy
budget of AGNs was first put forward by Hoyle & Fowler (1963) and later by
Salpeter (1964) and Lynden-Bell (1969).The theory of supermassive black
holes remains consistent with the AGN energetics to date. The maximum
amount of energy generated by the release of the gravitational potential

energy, when a matter with mass m falls into a black-hole of mass, Mgy
and Schwarzschild radius R, = 2GMgg/c?, is

This mechanism is highly efficient, as it can extract nearly 50% of the rest
mass energy from the infalling material.

However, there is still a limit to the energy output of an AGN as
the high radiation pressure exerted by the ions and electrons opposes
the gravitational pull of the black-hole. The thermodynamic equilibrium
between the gravitational force of a supermassive black-hole and the
radiation pressure set a limit on the maximum amount of energy that
can be liberated from an object. The maximum luminosity, that can be
achieved from a thermodynamically balanced system is known as Eddington
Limit, Lggq, given by

4re GMBH

L = ——— 1.1
Edd < ) ( )
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where k is the opacity of the environment surrounding the black-hole. For
a spherically symmetric radiating object x can be approximated as op/m,,.
or is the Thomson scattering cross section and m, is the proton mass.
The Eddington luminosity can be expressed in terms of solar mass and

luminosity as
Mgy

Lgqq ~ 3 x 10* Lo (1.2)

O]
Components of an AGN

AGNs are generally assumed to be consisting of the following components:

e SMBH: AGNs are powered by SMBHs with mass 109~ M, at their
center. The black-hole is believed to be spinning with some definite
angular momentum, nevertheless, there is no constrained estimation

of the spin.

e Accretion disk: In the process of accretion of matter into the SMBH,
the high angular momentum of the gas and dust causes it to evolve
towards a radiatively efficient thin disc. The disk luminosity will be

primarily proportional to the rate of accretion of mass falling into the

black-hole. ;
m

L —? 1.3

b O (13

e X-ray corona: It is a hot layer sandwiching the accretion disc
consisting radiatively active viscous regions in the inner sides of the
disk.

e Broad line region (BLR): Sub-parsec region from the black-hole with
many small clouds moving rapidly at ~ 3000 kms~!. These clouds
absorb about 10 percent of the radiation from the disk and re-emit it

as broadened lines, hence the name Broad-line region (BLR).
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e Torus: This is a dense molecular region at parsecs distance from the
black-hole. It absorbs a fraction of the radiation produced by the disk

and re-emit it in the infrared energies.

e Narrow line region: Another region of relatively less dense clouds
(103cm™3) at large distance ~ 100 parsec from the central core.
These clouds are moving with lowe velocities (~ 300 kms™!) and

are responsible for the narrow lines in the spectrum.

e The relativistic jets: These are magnetically collimated, bipolar
outflows of plasma at relativistic speed from the central engine. These
relativistic jets can extend up to Mpc scales beyond the host galaxy

dimension.

How do we look at an AGN?

A key property of AGN is its observational diversity. Since the central
region of AGN is anisotropic, the orientation effect is widely regarded as
the main reason for this diversity (Antonucci, 1993). In general, AGNs fall
into two physically distinct categories, radio-loud and radio-quiet (Wilson
& Colbert, 1995). This classification is based on their ratio of luminosity at
5GHz to that in optical B-band (4850A). Radio-loud AGNs, characterized
by large-scale jets, have this ratio greater than 10 and are associated with
elliptical galaxies. Radio quiet AGNs are associated with spiral galaxies and
their ratio of radio to optical luminosity is less than 10 (Shastri et al., 1993).
Based on this criterion, only 10% of AGNs were identified as radio-loud
and this is still an unresolved dichotomy. Different subclasses within radio
loud/quiet can be unified based on the viewing angle. The Unified model
by Urry & Padovani (1995) categorizes radio-loud AGNs based on the

viewing angle and the nature of optical and radio spectra. According to
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Figure 1.2: A schematic representation of how different classes of radio-loud AGNs emerge
with the variation in the viewing angle of the observer. Image courtesy:Singh (2013)

this hypothesis, if the jet is directed towards the observer at smaller viewing
angles (< 10°), the central core and the broad line region will be visible.
This orientation gives blazar subclass and at larger inclinations, we can

observe radio galaxies with large-scale jets.

1.2 Blazars

The term ‘Blazar’ was first proposed in 1978 by combining the words
BL Lac objects and Optically violent variable quasars (OVV) (Angel &
Stockman, 1980). Blazars represent the subclass of AGNs with one of two
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the relativistic jets pointed at the observer. Their broad-band spectral
energy distribution is characterized by rapid variability, blue-shifted line
spectrum, and a high degree of polarization. Blazars are the most luminous
objects in the universe and almost 70% of known extra-galactic y-ray
sources are blazars (Cerruti, 2020). The non-thermal continuum of blazars
extends from radio to very-high-energy (VHE) 7-rays and is distinguished
by two broad humps. The peak of the first radiative component falls in
infrared to X-rays and the second in the energy range from MeV-TeV
(Fossati et al., 1998). The Figure 1.3, depicts the broadband SED of
3C 454.3, a brightest blazar. Since the jet is moving towards the observer,
the relativistic effect has three immediate consequences in the observed

emission of blazars.

e Considering a blazar and a radio galaxy at same distance and with
same intrinsic flux, the emission from the blazar will be several times
brighter than that from radio galaxy since the observed flux density,
F, of blazars will be translated from the jet’s frame to observer’s at

1
scales as 0°F, where § = g

is the relativistic Doppler

factor.

e The plasma moving in the jet will appear to be moving with velocities

greater than c in the observer’s frame. The apparent superluminal

velocity is given by Sapp = 1_52111389.
e As a result of time dilation, the flux variability time in the observer’s
frame will be shorter compared to the variability time scales in the
jet’s frame. A flare with a time scale of an hour in the jet’s frame will
likely be compressed into a minutes-long flare in the observer’s frame

(Lister et al., 2013).
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Figure 1.3: The SED of the blazar 3C 454.3 showing the double humb feature spnning
from radio to y-ray energies. The different colours in the figure represents observed SEDs
corresponding to various epochs (Bonnoli et al., 2010).

1.2.1 Blazar sequence

Blazars typically come in two varieties: BL Lacertae objects (BL Lacs), and
Flat-Spectrum-Radio-Quasars (FSRQs). FSRQs are with strong emission
lines in the optical spectrum having EW greater than 5A° while the opposite
is true for BL Lac objects (Ghisellini et al., 1998). This classification is
easy but does not depend on the source’s actual physical state. As an
alternative, Ghisellini et al. (2011) proposed FSRQs are the blazars with
Lpir > 1072Lggq and BL Lacs are the others.

However, there is a more physical concept that classifies this

phenomenology known as blazar sequence (Fossati et al., 1998; Ghisellini
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Figure 1.4: The phenomenological sequence revisited by Ghisellini et al. (2017). The
sample is divided on the basis of y—ray luminosity expressed in logarithms as indicated by
the labels inboxed. The spectral shape of FSRQs remains almost same across the luminosity
divisions, and shows variations for the Compton dominance. BL Lacs, significantly exhibit
trends as in the primary blazar sequence.

et al., 1998). Blazar SEDs exhibit a continuity trend with the bolometric
luminosity as i) become redder with increasing luminosity, i.e. SED peaks at
low frequencies, (ii) Compton dominance (Pic/Psync), the ratio of powers of
inverse Compton SED to synchrotron component, increases with luminosity,

and iii) The ~-ray slope becomes softer while X-ray slope becomes harder
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synchrotron SED peak frequency vg, high energy peak frequency v, Compton dominance
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in the LAT band Ghisellini et al. (2017).
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with luminosity. FSRQs are the most luminous class with the lowest peak
frequency and within BL Lacs, the sequence in the increasing order of peak
frequency is LBL (low energy peak BL Lac) — IBL (intermediate energy
peak BL Lac) — HBL (high energy peak BL Lac) — EHBL (extreme high
energy peak BL Lac). However, the number of blazars considered for this
study was 162 with only 33 detected in ~v-rays by EGRET and they are
the brightest ~-ray blazars. To compensate for this, Ghisellini et al. (2017)
revisited the original sequence using the 3rd Fermi catalog of AGNs (Ajello
et al., 2017). The revisited sequence with sample of 747 blazars is shown
in Figure 1.4. The main findings of this study include i) All blazars do
form a sequence as in the original and ii) When considering FSRQs and
BL Lacs separately, FSRQs align with the sequence in the case of Compton
dominance and the spectral slope at X-rays. They do not become redder
with luminosity. Whereas, BL Lacs do form a sequence in all three cases
(Figure 1.5)

1.2.2 Spectral energy distribution of Blazar

In the observed broadband SED of blazars, the component from radio to
optical /X-ray is well established as synchrotron emission from relativistic
electrons in the jet (Sahayanathan & Godambe, 2012; Rybicki & Lightman,
1986) (see Section 1.3.2 for synchrotron process). The origin and the
location of high- energy emission (X-ray to TeV) emission is yet a matter
of debate. There are two theoretically different approaches referred to as
leptonic and hadronic models that explain the high energy SED of blazar
(Cerruti, 2020; Bottcher et al., 2013; Boettcher, 2010). In leptonic scenarios,
the population of relativistic leptons namely electrons and positrons are
responsible for the entire radiative output while protons are assumed to be

cold and contribute only toward the kinetic output of the jet. The high



12 Chapter 1. Introduction

energy SED is produced by inverse Compton scattering of soft photons
either the synchrotron photon in the jet and/or the photon fields external
to the jet (Sikora et al., 1994; Dermer & Schlickeiser, 1994a) (section 1.3.3).
The emission mechanisms in these circumstances are named synchrotron
self-Compton (SSC) and external Compton processes (EC) respectively.
The X-ray emission from FSRQs is generally considered as SSC, while a
dominant contribution of EC is required to address the ~-ray emission
(Sahayanathan & Godambe, 2012; Shah et al., 2017). Sometimes, the
combination of two or more EC components (eg: EC-disk or EC-BLR)
provides a better fit to the ~-ray spectrum of these sources (Finke &
Dermer, 2010). In BL Lac objects, the high energy SED is dominantly SSC,
while there are exceptions. An additional EC of low luminosity disk photon
and BLR gives more plausible parameters compared to pure SSC in the
case of LBLs. Furthermore, the SEDs of IBLs S50716+714 and OJ 287
are well addressed by synchrotron+SSC+EC model (Madejski et al., 1999;
Béttcher & Bloom, 2000).

The hadronic models assume the presence of relativistically accelerated
protons in the blazar jets. Then the high-energy emission from blazar
is dominated by proton-synchrotron emission, 7° decay photons, and
the out coming emissions from pair cascades (Miicke & Protheroe, 2001;
Aharonian, 2000; Cerruti et al., 2011; Begelman et al., 1990). The solution
involving the proton synchrotron process is the true hadronic model and
others involving proton-photon interactions and subsequent pion decays
are termed as lepto-hadronic. In the simplest lepto-hadronic model, the
higher energy SED is still dominated by SSC and the emission from the
secondary particles emerges in X-rays and the TeV regime is explained
with photo-meson interactions (Béttcher et al., 2013; Cerruti et al., 2011).

The main advantage of the lepto-hadronic model is that it can directly
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predict the neutrino emission as secondary particles emerging from the
processes. To date, there is no consensus on whether the leptonic or
hadronic model better describes the SED of blazars. Leptonic models
are a great success in this realm providing parameters close the minimum
energy state of the source. However, in the case of TeV minute scale
variability, instances of mismatch between steep optical-UV synchrotron
spectrum and a relatively flat ~v-ray spectrum, and the steepening of
~v-ray spectrum due to Klein-Nishina effects, the leptonic models become
inadequate. Even for a single source, the higher energy SED cannot always
be explained by the leptonic or hadronic model alone. For example, the
multi-wavelength SED of quasar 3C 279 is well fitted with a leptonic model
involving synchrotron, SSC and EC emission processes (Paliya, 2015),
whereas the VHE spectrum is better attributed to proton synchrotron
model (Petropoulou & Mastichiadis, 2012) especially the TeV orphan
flare happened in 2018 (Sunanda & Moharana, 2023) and Paliya et al.
(2016) used lepto-hadronic processes to model the hard ~-ray flare in 2013.
The contemporary detection of a VHE neutrino from IceCube-170922A,
associated with the blazar TXS 05064056 confirms the presence of hadronic
processes happening in blazar jets and further asserts blazar as a cosmic-ray
and neutrino source (IceCube Collaboration et al., 2018; Sunanda et al.,
2022). The future multi-messenger observations including neutrino and
gravitational waves together with the electromagnetic data can provide
breakthroughs in the realm of extreme very high energy emission from

blazars.

1.2.3 Blazars through multi-wavelength observations

Electromagnetic radiation is the major probe to understand the physical

processes in blazars. The advancements that happened in multi-wavelength
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astronomy facilitated huge advancements in our knowledge of the
underlying non-thermal processes responsible for the emission in relativistic
jets. Since blazar emission is prominent across the entire electromagnetic
spectrum, it has been the primary target of interest for all multi-wavelength
campaigns till date. Some exmaples for the major radio surveys on large
samples of blazars are very long baseline interferometry (VLBI) surveys,
single-dish observations, the 2 cm-survey program, Owens Valley Radio
Observatory (OVRO) observations, and the Monitoring of Jets in AGNs
with VLBA Experiments (MOJAVE) (Boccardi et al., 2017; Kellermann
et al., 1998; Beasley et al., 2002; Lister et al., 2011). The MOJAVE program
imaged 400 AGNs jets with the multi-epoch VLBA data at 15 GHz over a
period of 25 years show a one-sided core-jet structure scenario for almost all
blazars (Lister et al., 2011, 2016). Superluminal motion is usually observed
in radio images with apparent speeds within ~ 0.03¢ — 40c¢ (Blandford
et al., 2019).

Blazars are the dominant emitters in the extra-galactic y-ray sky and
have been monitored ever since the beginning of vy-ray astronomy. In the
third EGRET (Energetic Gamma Ray Experiment Telescope) catalog, out
of the 271 sources detected, 93 are blazars (Hartman et al., 1999). Now there
are more than 3500 blazars in the latest 4FGL-DR3 catalog by Fermi ~-ray
Space Telescope (Abdollahi et al., 2022). The fastest moving components
observed in the radio images of almost all jetted sources were detected by
Fermi, and this asserts the strong correlation between ~y-ray luminosity and
bulk Lorentz factor (Blandford et al., 2019). While Fermi can measure even
up to 20 TeV energy range, the VHE emission from blazars up to 100s of
TeV is monitored by several ground-based Imaging Atmospheric Cherenkov
Telescopes (IACTs). High Energy Stereoscopic System (H.E.S.S.), Major
Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC), Very
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Energetic Radiation Imaging Telescope Array System (VERITAS), Major
Atmospheric Cherenkov Experiment Telescope (MACE), and Cherenkov
Telescope Array Observatory (CTAQO) are the major IACT instruments.
Recently, the Large-Sized Telescope (LST) at CTAO detected the quasar
OP 313 with redshift 0.997 above 100 GeV. This is the first time discovery
of VHE emission from a distant AGN. OP 313 becomes the farthest AGN
and the second farthest astrophysical object ever detected at very high
energies (Cortina & LST collaboration, 2023).
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Figure 1.6: Light curves of 3C 279 above 100 MeV during the flare in 2015 June (a) 5 min
(red) and 3 min (green) time binning (b): Enlarged images of epochs C and D. The fluxes
are denoted by points and the histograms depicts the counts (right axis) detected within
8° radius around 3C 279 for each bin. Image credit: (Ackermann et al., 2016).

Flux variability time-scale in blazars ranges from a few minutes to

decades. In recent years, vy-ray astronomy has matured and progressed
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far beyond to utilize source variability time scales down to a few minutes.
Fermi-LAT observed a giant outburst from the FSRQ 3C279 on 2015
June 16 with a flux doubling within a time scale of almost 3 minutes
(figure 1.6) (Ackermann et al., 2016). (Shukla et al., 2018) also reported
a rapid GeV flare from CTA 102 within times of ~ 5 minutes (Shukla
et al., 2018). A rapid variability of 4 minutes is observed for the blazar
PKS2155-304 (Aharonian et al., 2007) and 1.5 hours for the source
PKS1510-089 (H. E. S. S. Collaboration et al., 2021) at VHE energy.
The hour time-scales variability is observed sources MKN 501, 3C 273, and
S50716+4714 (Albert et al., 2007; Rani et al., 2013; Geng et al., 2020).
Variability within less than a day at low energies is also observed for
blazars. S5 07164714 has shown intra-day variability in radio band and
optical bands (Tripathi et al., 2024; Zhang et al., 2012; Gupta et al., 2012).

The rapid variability observed in blazars hints at extreme jet conditions
based on light crossing time arguments like very compact emission regions
located at a few hundred Schwarzschild radii away from the black-hole
(Rieger, 2019b). The fastest variability timescale (7) is often employed to

constrain the physical size of the y-ray emission region as

R < cTo

1.4
T 1l+2z] (1.4)

where 7 is characteristic time for fastest flux doubling/halving, § is the
Doppler factor and z is the redshift of the source. Conversely, must be
located at a significant distance from the central black hole, as GeV ~-rays
generated near the black hole can be absorbed by low-energy photons
originating from the disk and broad-line region (BLR). The condition for
the transparency of y-rays produced from an emission region of size R
(equation 1.4) against the pair absorption by the low energy photon fields

can be utilized to set a lower-limit on the jet Doppler factor (Dondi &



1.2: Blazars 17

Ghisellini, 1995a). For a v-ray photon of energy ¢ = E/mc? to be detected,
the optical depth for the v — v absorption in the emission region will be
minimum, i.e. 7,—, < 1. Using the expression for the optical depth, 7,_,
in terms of the observational parameters, we can obtain the lower-limit on
Doppler factor as

aTd%(1+z)2€f ° (1.5)

41 mect

where op is the Thomson scattering cross section, dz is the luminosity
distance, and f, is the X-ray flux observed simultaneously with the v-ray
events. The TeV flaring within a few minutes yields a Doppler factor > 50,
typically more than the usual range of 10-35 observed from superluminal
motion. The emission region size constrained through rapid variability
may not be consistent with that derived through multi-wavelength SED
modeling. The variability studies, usually performed in the context of
high-flaring events remain inadequate to probe the exact nature of the
emission scenarios since the flares are usually interpreted in terms of the
interaction with shocks that propagate down the jet. In the context of
variability, it is also essential to study the more frequent minor flares in

the long-term lightcurves (Rieger, 2019b).

The lightcurves spanning months to years are usually referred as
long-term light curves. Lightcurves with more than 10 years of data are
available for blazars in optical and radio bands. In the X-ray band, some
major blazars like MKN 421, 3C 279, MKN 501, 3C 454.3, PKS 1510-089 are
monitored over more than a decade by Swift telescope onboard. Blazars are
also monitored by other X-ray instruments like Chandra, XMM-Newton,
and NuSTAR. Fortunately, Fermi-LAT with its scanning mode provides

a surfeit of continuous -ray observations for almost all blazars detected.
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The long-term multi-wavelength lightcurves are effective tools for analyzing
the correlated variability and studying the connection between different
wavebands, the underlying physical process behind the variations, and
the possible periodicities in the light curves. The Discrete Correlation
Function (DCF) can be utilized to study the cross-correlation between the
lightcurves in different energy bands. Blazars show both correlated flares
and time lags in the multi-wavelength lightcurves. Prince (2020b) showed a
correlated variability with zero time lag between y-ray and X-ray lightcurves
of 3C 279 during the period 2017-2018. A strong correlation and zero time
lag of ~-ray flares with optical or X-ray flares indicate its co-spatial origin,
whereas a definite time lag its opposite. Moreover, under the leptonic
scenario, a strong correlation between vy-ray flares with optical and X-ray
flares is expected (Rajput et al., 2020). Besides correlated, orphan flares
(no detected counterparts in other energy bands) are often observed in
blazar multi-wavelength light curves. Liodakis et al. (2019) found that
about 50% of the optical flares of blazars had no GeV counterparts and
about 20% of ~-ray flares had no optical counterparts in a sample of 178
blazars. The orphan ~-ray flares may hint at the hadronic signatures in

the high-energy emission process (Rajput et al., 2020).

The narrow band spectrum of blazars can be approximated with a
simple power-law model. Nevertheless, the spectra falling on the peak of
the SED deviate from a power-law. The synchrotron peak in HBLs/EHBLs
falls in the X-ray energy range (0.3-50 keV) and the spectrum at this
energy is convex shaped and shows a positive curvature (Massaro et al.,
2004). The X-ray spectrum of HBLs is often better explained by a
log-parabolic function indicating the same distribution for the underlying
particle distribution. Such a particle distribution indicates an acceleration

scenario where the probability of acceleration is energy dependent in a way
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that the most energetic particles are less probable to get accelerated. We
can also constrain the SED peak energy from a narrow band spectrum
described by a log-parabolic function (Massaro et al., 2004). In FSRQs,
the X-ray spectrum sometimes falls near the transition region between the
synchrotron and inverse Compton dominated regions in the SED. Similarly,
in many of the IBLs and LBLs, the soft X-ray spectrum switches between
synchrotron and IC emissions. In these cases, we can model the transition
region and obtain the value of energy at which the dominant emission
mechanism changes (see Section 3.3.1 chapter 3). Besides, we can constrain
the minimum particle energy v, from this value (Jagan et al., 2021). The
Fermi observations revealed a clear spectral break at GeV energies in the
spectrum of some FSRQs and low energy peaking BLlacs (Abdo et al.,
2010d; Cerruti et al., 2013; Kang et al., 2021). Several phenomena such
as Klein-Nishina effects, intrinsic break in the particle spectrum, internal
absorption of y-ray photons, and addition of two or more EC components
are used to interpret the GeV spectral break (Finke & Dermer, 2010; Liu
& Bai, 2006; Poutanen & Stern, 2010).

One of the peculiar properties of blazars is that their spectral index
or peak energy exhibits a positive or negative correlation with the flux.
Correspondingly, the positive correlation of index/peak energy with flux is
termed as “softer or bluer when brighter”, and the anti-correlation is known
as “harder or redder when brighter” trends. Figure 1.7 shows the “softer
or bluer when brighter” trend exhibited by the X-ray spectrum of HBL
MKN 421. These trends are observed for many blazars in X-ray, optical,
and 7-ray spectra (Pandey et al., 2017; Bhatta et al., 2018; Kapanadze
et al., 2020; Shah et al., 2019). The harder when brighter trend indicates
the dominance of soft electrons’ contribution to the flux enhancement,

while a steeper spectrum in a high flux state suggests the opposite (Bhatta
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Figure 1.7: Correlation shown by the unabsorbed 0.3-10 keV flux with (left) the spectral
index, a, and (right) the synchrotron SED peak energy E, for the source MKN 421
respectively (Kapanadze et al., 2020).

et al., 2018). The blazars with steeper spectral indices are found to be
more variable also (Bhatta & Dhital, 2020; Bhatta et al., 2018). The
flux variability can be caused by circumstances such as increased injection
of accelerated particles, release of energy over a large volume capable of
producing effective acceleration, and big flares (Hayashida et al., 2015).
The flux variations can also be due to extrinsic effects such as variations
in the Doppler factor induced by the changes in the viewing angle (Bhatta,
2017). The relation between flux and index or peak energy is found to
be varying during different periods and the overall nature of correlation

between the flux and spectral state in blazars is somewhat uncertain.

1.3 Radiative Processes in Astrophysics

1.3.1 Scattering of a photon by an electron

The classical picture of the scattering of a photon by an electron can be
illustrated as when an electromagnetic wave is incident on a charged particle,
the electric and magnetic components of the wave exert a Lorentz force on
the particle. Consequently, the particle gets accelerated and emits radiation.

The particle absorbs energy from the incident radiation and re-emits it again
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as radiation. This classical non-relativistic scenario is termed as Thomson
scattering where the initial energy of the photon ¢, = hv is very much
less than the rest mass energy me.c® of the electron. This is an elastic
or coherent scattering process as there is no change in the energy of the

charged particle and the photon before and after scattering. i.e.
€ = €f,

where €y is the photon energy after scattering. The probability of a
photon getting absorbed by an electron can be quantified by the differential

scattering cross section given by

do e 1 9

me C

where 0 is the angle between incident and scattered radiation. The total
cross-section can be obtained by integrating the equation 1.6 over the solid
angle. The total scattering cross section associated with the scattering of a
photon by an electron in the classical limit is known as Thomson scattering

cross section, or.

2

or = 8; ( ¢ ) (1.7)

me C2

It is numerically equal to 6.65 x 1072° cm™2 and the quantity e?/m.c? is
called classical electron radius ry (2.8 x 10713 ¢cm). Quantum mechanical
treatment is required when the photon energy is comparable to electron
rest mass energy, and the scattering in this limit is known as Compton

scattering (Compton, 1923). The change in the energy of the photon in
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Compton scattering is given by

AN = (1 —cos®), (1.8)

Me C

and the energy of the photon after scattering, €y is related to energy before
scattering €; as
€

R A = (1 — cos®)

Me C2

(1.9)

In the limit ¢, < m, c?, this will turn as classical and ¢; will be equal to
er. However, at photon energies €; much greater than mec?, the scattering
becomes deeply inelastic and the scattering cross section decline fast from
the value of op (Klein & Nishina, 1928). This is known as Klein-Nishina
effect and the differential scattering cross section in this limit (¢; > m, c?)

is given by

do 3 €f 2 (e € 7 9

— = — — — + — —sin“ 6 1.10

dS) 167 or < EZ') <€f + € i ) ( )
The total cross section ogn can be obtained by integrating the equation

(1.10) over the solid angle.

307 [1+x (22(1+2) ) In(1+2z) 143z
- ~In(1 42 -
KN T T ( T2+ )+ =] (1 21)2
(1.11)

2

where x = ¢;/ mec?. At the classical limit, ; < me.c® or x < 1, oxn can

be approximated as

(1.12)

2612 )
F .

OKN ~ OT (1—2$+—|—
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Figure 1.8: The plot showing variation of oxn/or with energy in log. The plot is taken
from Condon & Ransom (2016). It is clear from the Figure that oxn drops off significantly
at higher energies. The dashed curve represents the approximate solution at higher energies
given by the equation (1.13)

At the asymptotic limit € > m.c? or x > 1 (the extreme Klein-Nishina),

the cross-section is approximately

3 1
OKN & O % <ln 2r + 2) (1.13)

The decaying of scattering cross section oky in the Klein-Nishina scattering
is shown in Figure 1.8. This can make a signature cutoff in the observed
~v-ray spectrum of blazars where the y-rays are produced from the inverse

Compton scattering of low-energy photons as discussed in the section 1.3.3.

1.3.2 Synchrotron

All accelerated charged particles emit radiation known as bremsstrahlung.
When the acceleration is produced by magnetic field, the emission is termed
as magneto-bremsstrahlung. In the astrophysical context, sources are
extremely magnetized, capable of providing acceleration to charged particles

up to relativistic energies and the magneto-bremsstrahlung emitted by these
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particles is commonly known as synchrotron radiation. The most prominent
particles taking part in the emission processes are the lightest ones
(electrons, positrons). The power of emitted radiation by a non-relativistic

particle is given by Larmor’s equation,

, (1.14)

where ¢ is the charge and a is the acceleration of the particle. The
synchrotron radiation is omnipresent in the field of AGNs especially blazars,
as it completely describes the emitted radiation from radio to optical /X-ray

wavelengths in these objects.

Using fundamental principles of electrodynamics, we can write the
equation of motion of an electron (relativistic) moving with a velocity

and Lorentz factor v = (1 — v2/c?)™2 in a magnetic field B as
F = S(ymed) = S (7 x B) (1.15)
c

From the property of cross product of vectors, it is clear that the
acceleration will be along the direction perpendicular to that of the motion
of electron and the field. The magnitudes of the components of electron’s
velocity, vy and vy are constant, and the particle will execute a helical
motion with constant radius r, and pitch angle o with respect to the
direction of the field B (Condon & Ransom, 2016). The component of @

perpendicular to the direction of B is given by

Busi
0 - eBvsin o (1.16)
ymce
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The radius of gyration of electron, r, can be found from a; = v? /r,.

ymec? B sin o
eB

(1.17)

Tg

The frequency of gyration or the fundamental frequency of synchrotron
radiation from a single electron is the inverse of the time required to

complete one orbit and is given by

o vsina @7 (1.18)
2mry ¥

where vy, is the Larmor frequency (gyration frequency of non-relativistic

particle), given by

eB

v, = ——— 1.19

L 2TyMecC ( )

In the case of synchrotron, the radiated power in the electron’s rest

frame can be obtained by modifying the Larmor equation 1.14,
;26 (a))?

P
3c3

(1.20)

Applying the Lorentz transformations a; = d/, /7%, P’ = P, and
substituting for a; and using equation 1.7, we can obtain the equation
for the synchrotron power emitted by a single electron in the lab frame as
(Rybicki & Lightman, 1986; Ghisellini, 2013; Condon & Ransom, 2016)

P = 207 cf*y* Upsina (1.21)

Where Up is the magnetic field energy density defined by

BQ

Ug = —.
B &

(1.22)
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Average synchrotron power

In astrophysical environments like relativistic jets, the electrons are
multiply scattered by the magnetic field fluctuations and other charged
particles. Consequently, their pitch angles gradually become random and
isotropic (Rybicki & Lightman, 1986). Thus the average synchrotron power
per electron from an ensemble of electrons having the same energy and an
isotropic distribution of pitch angle «, can be obtained by averaging sin? o

over all the pitch angles.
1 pin 2
.. 9 . ) _ =
(sin®a) = 47r/0 sin” a df2 3

Thus the average synchrotron power per single electron is

(P) = ;lUT B2y*cUp (1.23)

The synchrotron spectrum from a single electron

To an observer from the earth, the synchrotron radiation appears at
frequencies higher than g although the electrons emit at a single frequency.
The electrons emit isotropically in their co-moving frames. However, due
to aberration effects, the radiation will be strongly beamed and confined in
a narrow cone of angular width ~ 2/~ along the direction of the observer.
Thus the observer will see the radiation only from a tiny fraction, 1/(my)
of the electron’s total circular orbit at the time when the latter is pointing
almost directly to the observer (Figure 1.10). i.e., although the relativistic
electron emits photons all along its orbit, it will shoot or direct along the
observer’s direction only for the time, At' = 1/ywp, where wp = 27vp,
the angular frequency of the radiation (Ghisellini, 2013; Condon & Ransom,

2016). This is the time of emissions in the electron’s frame whenever the
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Figure 1.9: a) Radiation patterns of electrons with velocities: relativistic (top), mildly
relativistic (middle), and relativistic (bottom) (Ghisellini, 2013).

Line of sight

Figure 1.10: The orbit of an electron with 90° pitch angle will be a circle with radius rp,
and the observer will see the radiation when the beaming cone points towards the observer

(Ghisellini, 2013).
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observer sees the radiation. Since the electron is relativistic, the observer
sees the radiation in the form of pulses in much shorter time intervals given

by
1

At =
Ywp

(1.24)

Thus one can find that the observed frequency of synchrotron radiation
gets increased by a factor of 42 in the observer’s frame of reference (Rybicki
& Lightman, 1986).

vs = Yup or vs = Yur (1.25)

The observed synchrotron spectrum, P(v) will be the Fourier transform
of the time series of the short pulses and can be expressed as given by
(Ghisellini, 2013)

V3e!Bsina [ v 00
P(v) = T2 [ Kyjalu)dy) (1.26)
where v, = %Vs sina is the cutoff frequency and Kj/3(y) is the modified

Bessel function. The frequency dependence is contained in the function
in the square bracket of the equation 1.26 which peaks at frequency v ~
0.29v.. At low frequencies, the spectrum can be well approximated with a

power-law of slope 1/3 and it decays exponentially at higher frequencies.

v <L,
P(v) « VQVC ‘
—exp(57) V> v
Ve e

(1.27)
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Synchrotron spectrum from a non-thermal distribution of electrons

The simplest functional form for the accelerated particle distribution in

AGNs and blazars is a power-law represented as
N(y)dy = Ky em™;  Yin <7 < Ymaz (1.28)

where Vin and Y4, are the minimum and maximum of the Lorentz factor

of the particles and K is the normalization factor.

The total synchrotron emissivity from a power-law distribution of
electrons can be estimated as 1/47 times the integral of the power emitted
by a single electron times the N(v) across all .

1 Ymax
(V) [ PN (y)dy (1.29)

47T Ymin

The spectral index of the total synchrotron spectrum must be greater than
1/3, the slope of the single particle spectrum. One can find from equation
1.29 that,

es(v) oc K BPHD/2,~(p=1)/2 (1.30)

Thus, it is interesting to notice that a power-law particle distribution gives
out a power-law photon spectrum for which the spectral index, « is related

to the particle index as

The total synchrotron flux from a homogeneous optically thin source of
volume V and size R at a distance of dj, can be obtained from emissivity

es(v) as
V R3
= @ ES(V) X @

F(v) K B'tepe (1.31)
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Figure 1.11: The synchrotron spectrum from a partially self-absorbed source. 1, is
the frequency at which the optical depth, 7 becomes unity.

Synchrotron self absorption

According to equation (1.31), the spectrum of an optically thin (optical

@ and according to this one would

depth 7 < 1) is proportional to v~
expect a continuously rising spectrum at low frequencies. However, the
observed spectrum shows a falling off at low energies due to the absorption
of synchrotron photons by the electrons in the emission region. This
phenomenon is known as synchrotron self absorption and the low frequency
spectrum (Radio wavelength) decay more rapidly with an index of -5/2,
independent of that of the particle distribution as given by (Condon &

Ransom, 2016),

I, o v°/? B71/2 (1.32)

The Figure 1.11 shows the synchrotron spectrum of a partially absorbed

source.
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1.3.3 Inverse Compton scattering

When the electrons that scatter the photons become relativistic, the
opposite of Compton scattering can happen, in which the photon can gain
energy from the electron and the process is known as inverse Compton
scattering. Since the electrons are relativistic, one must apply the Lorentz
transformations between the observables measured from electron’s rest
frame K’ and from the lab frame K. The photon energies in K and K are

related as,
€;7f = ¢ sv(1 — Bcosd; ) (1.33)

where ¢; ; are the angles between electron and photon directions and ¢ and f
suffixes represent quantities before and after collisions. The transformation
equation for ¢; s can be written following the relativistic aberration formula

as,

cos dis —
1 —Bcoso; ¢

cos ¢y p = (1.34)

Using equation 1.34, the relation for photon energies can also be written as

€,

€ = 7(1+6§os¢;,f) (1.35)
In the lab frame, K, the incoming photons are isotropically distributed
concerning a moving electron with velocity, v and hence half of the photons
must have ¢; between m and 7/2. Hence from equation 1.34, the value for
cos ¢ will be —f when ¢; = 7/2. This means that for relativistic electrons
with 8 ~ 1, most of the photons are in head-on scattering in K’ as shown

in Figurel.12.

In Thomson regime: for €, < mc?, €, = ¢; Following equations 1.33
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Figure 1.12: left) In the lab frame K, incoming photons are isotropically distributed with
energy ~ ¢; about an electron with velocity v. right) In electron’s frame K’, the incoming
photons are significantly anisotropic and with respect to electron, they are nearly head-on,
and their typical energies are boosted by a factor . Image courtesy: Frank M. Reiger

and 1.35, we can get

Ef o B
Y1+ Beosd)) €y(1 — B cos ¢y) (1.36)

substituting for (bff using equation 1.34, and simplifying, we can obtain the

energy of the scattered photon in the lab frame as,

(1 — Bcosey)
(1 — Bcosoy)

The maximum energy transfer occurs when the collision is head-on and

(1.37)

€f — €

the photon is scattered along the direction of electrons (cos¢; = m and
cos s = 0). i.e. the maximum energy transfer in Thomson limit is given
by

€fmar = 47%€; (1.38)

In Klein-Nishina regime: €, > mc? and the maximum amount of
energy transfer can be obtained by using the energy conservation in lab
frame K as

€ f.max < € + ﬂymecz (139)
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Energy loss rate per single electron in the Thomson limit

In the Thomson limit, the energy of the scattered photon is much greater
than the incident photon in the lab frame. Hence the rate of energy loss
of electron would be equal to the rate of energy gain of scattered photon
(Blumenthal & Gould, 1970; Ghisellini, 2013). i.e.

dB. _ dey
dt — dt

dE.
dt

The power emitted by the electron — is an invariant quantity, hence,

dE.  dé} , dN’
_ _ Y g GV
dt dt’ Fdtr

(1.40)

Here o is called the rate of scattering!. Let n be the number density
of photons with energy € = hrv moving with velocity v and ¢ is the angle
between photon and electron directions. For a mono-directional photon

distribution, the scattering rate can be given by

dN
e /aTvreldn = /aTc(l — [ cos ) dn,

where v, is the relative velocity of the photon with respect to the electron.
The average rate of energy loss per single electron in the Thomson limit

can be written as (Blumenthal & Gould, 1970)

— = — 1.41
dt 30'TCB 7 Uph ( )

where Uy, = 4/3 / €; dn is the energy density of the isotropic photon gas
(Ghisellini, 2013; Blumenthal & Gould, 1970).

Inumber of scattering per unit time per electron. Here the primed quantities are measured from
electron’s rest frame and unprimed are from the lab frame.
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Following equations 1.21 and 1.41, one can find that the ratio of
synchrotron power Pyyp. to the inverse Compton power P, radiated from
a single electron is equal to the ratio of magnetic field energy density Up

to the target photon field energy density Upy. i.e.

P, sync UB
= 1.42
P, com Uph ( )

The mean energy of the Compton scattered photon can be expressed as

dE, dN
— = — 1.43
= (e (1.43
where % is the scattering rate and using equation 1.41, the average energy

of scattered photon for isotropic field can be expressed as (Blumenthal &
Gould, 1970)

(er) = §72<6i>7 (1.44)

where (¢;) = Upp/n is the mean energy of the photon gas before scattering.

Total inverse Compton scattering spectrum

In general, the rate of total energy loss per single electron can be computed
from the equation given by (Blumenthal & Gould, 1970).

dE AN, .
e /(ef—ei) (dtdﬁ) de (1.45)

Here in all cases, ¢; can be neglected compared to €;. The quantity in
the second bracket in RHS of the equation is the Compton scattered
spectrum from the scattering an isotropic density segment, dn = n(e)de
having energies within de by electrons of energy ym.c?. The total Compton

spectrum from a distribution of electrons can be computed from integrating
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the spectrum overall electron energies, v of the particle spectrum N (v)dy,

and overall photon energies € (Blumenthal & Gould, 1970).

dtdef WAL (d def) de (1.46)

Considering the simplest case, a power-law distribution for electron,

N(7v)dy = K~ Pdr, the total spectrum produced by the scattered photons
with energy ey by the relativistic distribution of electrons in Thomson limit
is given by (Blumenthal & Gould, 1970)

d 24 4p 411 .
w = 7rr80K2p+3 p_ap ef(p /2 X/E(p_l)/Qn(E)de

dtde (p+3)2(p+1)(p+5)
(1.47)

Remembering the equation for synchrotron spectrum at this point (equation
1.31), we can say that both synchrotron and inverse Compton spectrum
at Thomson regime will have the same spectral slope of (p — 1)/2 for the
same power-law particle distribution of index p.The total inverse Compton

scattering spectrum in the Klein-Nishina limit is obtained by the equation,

dW
dt dEf

de €€y

m@(mgm%2+0@0 (1.48)

= mryc K (mec®)Ple;” ></

€
Here C(p) is a parameter close to unity. Since the Klein-Nishina
cross-section declines fast very high energies, the spectrum in this regime

will be much soft.

1.3.4 Hadronic Processes

Hadronic processes represent the unique category of phenomena that
share the presence of a primary population of accelerated protons in the

relativistic jets. The primary hadronic process is the proton synchrotron
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emission in which the relativistic protons in the jet radiate in the magnetic
field. However, the actual physical conditions needed for accelerating
protons to relativistic energies are exotic and are entirely different from
those for electrons. The proton synchrotron spectrum will also be a
power-law with index o = (p—1)/2 for a power-law injection of protons with
same particle distribution index p as that of electrons. The peak energy of
this emission falls in the range 10-100 GeV, and is observed usually for the
high energy SED of HBLs? (Cerruti, 2020).

Protons in the jet can also interact with the low-energy photon
fields. Unlike electrons, the dominant proton photon interaction is the
photo-meson production and the Bethe-Heitler pair production rather than
inverse Compton scattering. The photo-meson production involves the
formation and decaying of pions (7) during the interaction of protons (p)

with photons (7). The * indicates the excited state.

p+vy—p+n° (1.49)
p+y—>n+7"
p+y—=p a4+

The threshold photon energy, €, in the proton frame required to produce

pions must be greater than m, ¢* + (m;/2m,) c¢* ~ 145 MeV. The pions

Zassuming parameters Y,q. = 10°, B=[10G,100G] and § = [10,50]
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formed through the above reactions can decay as

™ — 2y (1.50)
™= ut v, = et v+ UL+,

T = W U, > e +Ue +v,+T,

An interesting feature of photo-meson interaction is the production of
neutrinos as secondary particles that can escape from the emission
region without suffering any form of absorption. The Bethe-Heitler

pair-production is the interaction represented by the equation
p+v—=p +et+ e (1.51)

The minimum energy required for a proton to initiate the Bethe-Heitler
reaction is lower than that for the photo-meson production by a factor of
me/my; =~ 0.004. Hence this is the dominant proton-photon interaction
at low energies (originates in X-rays). The photo-meson production, on
the other hand takes over at high energy where the energy of the proton
exceeds the threshold of ~ 145 MeV.

1.3.5 Particle acceleration mechanisms in Blazars

The origin of cosmic rays has been an unresolved issue in Astrophysics
since its discovery by V. Hess in 1911. The presence of energetic
particles in the cosmic rays hints highly efficient acceleration mechanisms
present in our galaxy as well as other parts of the universe. Supernova
remnants were initially considered the best candidates for the acceleration of

particles from the cosmos. However, the presence of synchrotron radiation
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from extra-galactic sources like AGN confirms them as effective particle
accelerators. Further, with the advent of v-ray astronomy, the detection
of GeV and TeV photons became possible and these types of sources are
now remarked as capable of accelerating particles even protons up to ultra
relativistic energies. In an astrophysical scenario, the particles gain energy
from the repeated interactions with the magnetic structures embedded in

a shock, called magnetic mirrors.
Fermi acceleration processes

In the scenario of astrophysics, the magnetic mirrors are typically Alfven
waves or magnetized clouds. The pioneering physicist Enrico Fermi
realized that the scattering of particles by the Alfven waves can impart
efficient energization (Fermi, 1949, 1954). For example, let us consider
the interaction of a particle with velocity ¢ = (—vcosf, —vsin ) with a
mirror moving with a velocity V along the x-axis such that 6 = 0 specifies
a head-on collision. Consider P, as the momentum of the particle along
the direction of V and E as the energy of the particle. Writing Lorentz
transformation equations for energy and momentum of the particle before

scattering in lab and mirror frames (with prime) as,

E
E' =~(FE-VP,) and P =~ (P, — VCQ) (1.52)

Assuming an elastic process in the co-moving frame of the mirror, the final

momentum P, and energy F; of the particle are given by
Ei=FE  and L =—P, (1.53)
The transformation equation for E is

Ey = 1(E1+VPy)
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Using equations 1.52 and 1.53, we can write the expression for the energy

of the particle after scattering in the lab frame as

E E
Elz[E——mcgur+2V%§] (1.54)
Ey—-F
The fractional energy change, ! is given by
AE 2V
- = ?(vcose—l—\/), (1.55)
where v, = —vcosf. The head-on (cosd = 1) collisions lead to a gain in

energy and are statistically more probable than the opposite. Averaging
the energy gain over an isotropic distribution of velocities, one gets as
AE, 8V?
(—) = Rl (1.56)
E 3c
This process is referred to as the second-order Fermi mechanism since the
energy gain is proportional to (V/c)2. However, it is not considered as a

very efficient mechanism for the acceleration since typically V < c.

The acceleration process can be highly efficient if all the collisions are
head-on. In that case, the average would be on all cosf# > 0 and the
energy gain will be dominated by the first-order term in the equation 1.55.
Such acceleration scenarios are known as Fermi first-order mechanisms.
For example, the Diffusive Shock Acceleration (DSA), where particles are
frequently reflected back and forth across a shock front undergoing multiple
head-on collisions. Suppose a strong non-relativistic shock wave propagates
through the plasma such that the velocity of upstream is much higher
than the downstream velocity as viewed from the shock frame. Hence in
the restframe of upstream/downstream, the plasma is always approaching

towards the particle and the it will always experience head-on collisions
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while crossing the shock. Thus the particles gain energy whenever it crosses
the shock front (Rieger et al., 2007; Blandford & Ostriker, 1978; Krymskii,
1977; Bell, 1978).

In addition to the first and second-order Fermi processes, there is one
more mechanism known as shear acceleration (Rieger et al., 2007). It is a
special kind of second-order acceleration in which particles get accelerated
when they cross a gradual shear flow of plasma carrying magnetic turbulent
structures. As the particle travels through the shear flow, it encounters
scattering centers with varying local velocities, and the gain in energy of

the particle will be proportional to,

()

u
where — is the relative velocity of the scattering centers along the motion

ox

of the particles and 7 is the average scattering time (Rieger et al., 2007).

Bell’s argument for the accelerated particle distribution

Generally, the Fermi acceleration processes produce a particle
distribution that does not depends on the nature of the acceleration
process. This argument can be easily illustrated using Bell’s approach
(Bell, 1978). Let ng be the number of particles having initial energy Fj,
injected into a typical acceleration zone. FE is the instantaneous value of
particle’s energy and G = AE/FE is the fractional energy gain per cycle
(Caprioli, 2023). If [ is the probability of the particle being advected
downstream, then 1 — [ will be the probability of leaving the acceleration
zone. After one cycle, the number of particles in the acceleration zone

will be nol with energy GEy. Hence after k steps, there will be n;, = ng (¥
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number of particles with energy Ej, = EyG*. Taking k as

k = In(ng/ng)/Inl = In(Ey/Ep)/ InG

we obtain,
In(ng/ng) = Q In(Ey/Ey),
where Q = —Inl/InG. Or we can write as
B\ ¢
ng = ng <E];> (1.58)

Here () can be considered as the index of the energy spectrum for the total
number of particles in the acceleration zone. For a non-relativistic shock,
@ is given by 3/(k — 1), where & is the compression ratio of a shock, which
is proportional to the ratio of velocities of upstream to downstream (Bell,
1978; Caprioli, 2023). Here we can also notice that Fermi acceleration

processes generally yield a non-thermal power-law particle distribution.

1.3.6 One zone Leptonic model for Blazar SED

In this theoretical framework, the electrons in the jet are assumed to
be accelerated to relativistic energies through Fermi processes, while the
protons are considered as cold, and contribute only to the total jet’s kinetic
momentum (Celotti et al., 1997; Ghisellini & Tavecchio, 2009a). The
accelerated electrons emit synchrotron radiation in an optically thin plasma
(Beckmann & Shrader, 2012). The relativistic electrons also upscatter
the soft photon fields to X-ray and v-ray energies through SSC and EC

processes. The ambient external photon fields are,

e Thermal photons from the accretion disk.

e Bright line emissions and the re-emitted accretion disk photons from
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the BLR The prominent line emission from BLR is the Ly-a emission
and the emission from BLR can be approximated as a Planckian
spectrum peaked at 10.2 eV (corresponding to the Ly-a frequency),

with a characteristic temperature of ~ 42000K.

e The thermal IR photon field in the Torus. This can be well described
by a black-body with a temperature of 1000 K.

This Section describes a one-zone leptonic model by Sahayanathan et al.
(2018) that is utilized in the theoretical modeling of broadband blazar SEDs
discussed in this thesis. The model incorporates synchrotron, SSC, and EC
emission processes, and the numerical code is loaded in XSPEC (Arnaud,
1996) for performing a systematic fitting. Levenberg-Marquardt algorithm
is used for the parameter estimation. The model assumes a homogeneous
distribution of electrons in a spherical blob of plasma with radius R, moving
down the jet with a bulk Lorentz factor I' and at a viewing angle 6 with
respect to the observer. The model assumes a broken power-law distribution
for the electrons accelerated to relativistic energies.

K~y Pdy for  Amin <7 <M 3

N(v)dy = cm 1.59
" { Koy Py=0dy for v <79 < Ymax (1.59)

where 7 is the electron energy in m.c?

units and the ypin and Y. are
respectively the minimum and maximum of the available electron energy.
K is the normalization constant of the particle distribution and ~; is the
break energy. p and ¢ are the particle indices at low (Ymin < 7 < 73) and
high (75 < 7 < Ymax) energies respectively. ~ The break energy 7, of a
particle distribution is a particular energy within the range [Ymin, Ymax] at
which the rate of radiative cooling becomes equal to the rate of particles’

escape from the emission region. The magnetic field associated within
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the emission blob is represented by the parameter B. In this approach,
the target photon field energy density at the emission blob undergoing
external Compton scattering process is expressed as a fraction (f) of the

corresponding black-body energy density.

Utarget - fUBB (160)

4
where, Upp = 9Bt s the black-body energy density at specific
c

temperature T'.

The flux observed at a frequency v,ps in a direction 2,,s with the observer
is estimated from the emissivities of synchrotron and inverse Compton
processes, after correcting for Doppler and cosmological effects (Begelman
et al., 1984; Dermer, 1995).
1+=2

erad <5V0bs; ¢obs> erg/ch/S/HZ (1'61)

31+ 2)

Fobs(Vobs) —
dy

where, d;, is luminosity distance, ¢ is the Doppler factor, z the redshift of the
source, V' the emission region volume, j,.q is analytical approximations of
the emissivities corresponding to synchrotron, SSC, and EC processes, and
®obs the azimuthal angle of the observer. The approximated solutions for

the resultant fluxes observed at earth corresponding to these processes are
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given by Sahayanathan et al. (2018) as a function of the source parameters.

ohe (Vobs) &2

obs (Vobs) &

S(z,p) 5%B%R3Kuob(sp )

for  Vons < 072/ (14 2)
S(z,q) 6" B R¥3K~1? Ob<sq2 )

for  vgns > 0 vEvr /(1 + 2)

(1.62)

(C(Z p) 5p+5Bp+1 RAK? ob(s )log (me)

for  vops < 6vpvr/(1+ 2)
(C(Z q) 6Q+5Bq+l R4K2,.yb(q p) Ob(s )].Og ('Ymax)

for s > dvpvr/(1+ 2)
(1.63)

E(z,p) 6P 13U, VTgR?’KVOb(S%I)
for  vops < 0TV 7. /(1 + 2)
Bz, q) 619077 ROKA vl ™)
for  Vons > 620, /(1 + 2)
(1.64)

All the quantities in the above equations with suffix ’obs’ are measured

from observer’s frame, and with * represents AGN frame. The rest of the

quantities are measured from the emission region frame Here S, C and E

are functions involving physical constants, redshift and particle index. U,

and 7, are the energy density and the frequency of target photon field.

The model consists of 12 free parameters K, Ymin, Ymax, 7, 0, B,
R, 7, and U, which makes it difficult to converge the fit due to the
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limited number of data points available from multi-wavelength observations.
An estimate for the upper limit of the emission region size, R and the
minimum jet Doppler factor (dm;,) can be estimated numerically using
~-ray observational results (Abdo et al., 2010c; Foschini et al., 2011; Dondi
& Ghisellini, 1995b) (Section 1.2.3). Moreover, the observed synchrotron

peak frequency, vy, is related to v, as

op
Vep = (1—1—2) Vv (1.65)

where vy, is Larmor frequency. Similarly, the SSC peak frequency, vgsp is

expressed in terms of v, as

Op
Vssep = (1 T Z) ’VZLVL (166)

Henceforth, a fair guess on the break energy 7, can be made using the
above relations provided one has good information about the synchrotron
and IC peak frequencies. The EC peak frequency, v, is related to the jet
Doppler factor and the target photon field frequency, 7, as

opl’

Vecp = <1_|_Z> gﬁ* (167)

The target photon field frequency 7, can be estimated from the target
photon energy density approximated as a blackbody at temperature T
(equation 1.60). The magnetic field energy density (Up) in terms of electron

energy density (U.) and equipartition relation is given by

UB = 77Ue (1.68)
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2
where, Up = 5. 18 / cm® is the magnetic field energy density and
T

“Ymax

/ YN (7)dy erg/em’

Ymin

U, = m.c*

is the energy density in the particle distribution. The parameter 7 is the
equipartition factor and a value of 1 indicates the equipartition condition
which allows us to obtain a minimum jet power solution (Pacholczyk, 1970).
Using the values of U, and 7, we can obtain an approximate value of the
magnetic field.

In this chapter, we provided a detailed overview of blazars, focusing
on their physical and observational properties across the electromagnetic
spectrum. We also examined the dominant radiative processes that govern
their emissions, along with a theoretical framework for modeling the
broadband spectral energy distribution of blazars. These discussions set
a back stage for the subsequent chapters of this thesis. In the following
chapter, we delve into the multiwavelength observations and data analysis,
laying the groundwork for a comprehensive understanding of the results

presented in this study.
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Multiwavelength Data and
Analysis

2.1 Multiwavelength Astronomy

We all know that the electromagnetic spectrum is the arrangement of
radiations in the order of their wavelengths/frequencies. Different types of
celestial objects emit radiation at some specific wavelengths that can tell
us about the temperature and energy of the source according to Wien’s
displacement law: Amax 7 = 3 x 10°nm K. Here, A\payx is the wavelength
corresponding to the maximum intensity, that can be emitted from a
black body at an equilibrium temperature, T (Bhagwan et al., 2015).
This situation holds good in star-like objects which emit radiation like
a blackbody. However, in the case of more complex objects like quasars
and AGNs, this is not the case. The non-thermal continuum emission from
these sources extend the entire electromagnetic spectrum and cannot be
described by a single characteristic temperature. The emitting particles
in such objects define a non-Maxwellian distribution. To fully understand
such objects, it is essential to look into multi-wavelengths or even other

messengers like neutrinos or gravitational waves. These multi-wavelength
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or multi-messenger information can provide a more comprehensive view
of the source’s properties. Different wavelengths reveal different layers
of information of the object. To illustrate this further, the image of
Centaurus A galaxy in different wavelengths and a combined image is shown
in Figure 2.1. The X-ray image in the Figure 2.1 reveals Centaurus A’s
highly energetic central region around the supermassive black hole which is
accreting gas and dust in to it. Looking in optical we can see the light from
the stars in the galaxy though it is heavily obscured by thick dust lanes
around the galactic edge. In IR, the same dark dust region looks bright
and stars seem dimmer, where as radio does not show the galaxy itself, but
reveals the jets of materials ejected out at larger distances from the center.
It is not until we combine all the pieces of information together, we get a
complete knowledge of what object really Centaurus A is. An astronomer
looking in a single wavelength can only grasp a piece of puzzle. It is
crucial for any research in observational astronomy to leverage the diverse
multi-wavelength resources for bringing significant progress in science.

In the following sections, we provide the details of the multi-wavelength
instruments or telescopes pertinent to this study. This includes a brief
overview of the instruments, mode of operation, data structure, as well as

the general methods of data reduction and analysis.

2.2 Fermi ~-ray telescope

The Fermi ~-ray Telescope is an international space observatory by
NASA that observes the sky in gamma-rays, the most energetic form
of light (Thompson & Wilson-Hodge, 2022; Atwood et al., 2009). The
mission was launched as the Gamma-ray Large Area Space Telescope

(GLAST) from Cape Canaravel air station. Shortly after the launch, the
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Figure 2.1: left) A multiwavelength picture of Centaurus A obtained by combining
the images in the right panel. right) Images collected by Hubble (visible), Chandra
(X-ray), Spitzer (IR), and Very Large Array (Radio) telescopes. Image courtesy:https:
//webbtelescope.org/contents/media/images/2021/015/

observatory has been renamed in honor of Enrico Fermi (1901-1954), a
pioneer in high-energy physics. The prime goal of the mission was to
explore the highly dynamic gamma-ray sky particularly above 1 GeV,
where the historic mission EGRET’s sensitivity was poor. The scientific
objectives of Fermi includes, investigating the origins of tremendous energies
far beyond anything possible on Earth, achieving new breakthroughs in
understanding of Dark matter, and to answer long lasting questions in the

realm of gamma-ray bursts, pulsars, solar flares and more.

Fermi has two payloads, namely the Large Area Telescope (LAT)
covering 20 MeV to 2 TeV energy range, and the Gamma-ray Burst Monitor
(GBM), that detects and localizes gamma-ray bursts (GRBs) providing the
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spectral and temporal information in 10 keV-25 MeV energy band. GBM
also sends triggers to the LAT for a burst in progress. Fermi has an orbital
period of 90 minutes and covers the entire sky in every 3 hour alternating

between two orbits at +50°!.

2.2.1 Large Area Telescope (LAT)

The Large Area Telescope is the prime instrument of Fermi that detects
gamma-rays in the energy range 20 MeV to 2 TeV. It has an effective area
> 8000 cm? and a point source sensitivity of < 6 x 107 phs cm~2 s7! at
energies greater than 100 MeV. Unlike the optical and radio instruments,
the gamma-rays cannot be focused, but can be scattered and absorbed in
the matter. Above 10 MeV energy, pair conversion is the most efficient
energy loss mechanism for gamma-rays. LAT uses this technique to detect
gamma-rays (Atwood et al., 2009) The LAT has an array of 16 tracker
(TKR) modules consisting of silicon strip detectors, coated on top with
Tungsten convertor foil that convert gamma-rays in to pairs. The tracker
can also measure the direction of incident gamma-rays. The bottom part
of the LAT is occupied by 16 calorimeter (CAL) modules made of CsI(TI)
performing adequate energy measurements of the pairs in the LAT energy
band (Atwood et al., 2009). A schematic representation of the components
and working is illustrated in Figure 2.2.

The charged cosmic ray particles can also create et /e” pairs when
they strike on the LAT. These pairs are much larger in counts and exceeds
those produced by preferred gamma rays by factors of 102 — 105. This can
result a potentially overwhelming background inside the LAT. Hence an
anti-coincidence detector (ACD), consisting of scintillator tiles is installed

over the hardware of LAT. ACD detects such events and issue a veto signal.

lhttps://fermi.gsfc.nasa.gov/ssc/observations/types/post_anomaly/
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Pair Conversion Telescope — Basic Picture

Gam+m? ray converts to :Y An anti-coincidence shield detects
an e* e’ pair in a high & and vetos incoming charged
density foil layer. ——— | particles.

L The tracks of charged
particles in the instrument
are recorded by sensors.

The photon energy is determined The tracks are used to determine
from measured energy deposited in the direction of the gamma-ray
the calorimeter. source.

11

Figure 2.2: Schematic diagram of LAT instrument (Hays, 2023).

LAT data and Instrument Response Function (IRF)

The Level-1 data processing in LAT involves reconstructing the events
from the hits on the parts of the LAT, identifying the type of each event,
and characterizing the event’s physical parameters like direction and energy
(Atwood et al., 2009; Ackermann et al., 2012). The event-level analysis
software has been updated periodically to incorporate the improvements in
the understanding of LAT and its orbital environment. Since launch, there
have been four major data releases or Passes from the LAT team, with Pass
8 is the latest release (Atwood et al., 2013). A Pass means a version of the
Fermi LAT data package with instrument simulation, reconstruction code,
event selection, IRFSs, systematic uncertainties, and isotropic templates.
The LAT response function describes the response of the instrument to the
arrived gamma-ray photon of given energy and direction in the instrument
coordinates. The LAT team classifies the events in to different classes

based on the quality of event reconstruction, defined in terms of different
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Figure 2.3: (a): The effective area as a function of energy for normal incidence
photons (6=0), (b): comparison of the on-axis effective area (Total) as a function of
the energy for different PSR3_V3 event classes. https://www.slac.stanford.edu/
exp/glast/groups/canda/lat_Performance.htm
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parameters. transient class have the most background contamination,
then source, clean, and the ultraclean with least background (Ackermann
et al., 2012). Each event class is defined by a set of event types and
has a corresponding set of response functions which are unique to the
particular class. Based on the conversion type, the events are partitioned
into FRONT and BACK conversion types. Additionally, Pass8 categorizes
data into partitions based on the quality of position reconstruction
(PSF0, PSF1, PSF2, PSF3) and energy reconstruction (EDISPO, EDISP1,
EDISP2, EDISP3). Each datum is divided into quartiles, ranging from the
lowest quality quartile (PSF0, EDSPO0) to the best quality quartile (PSF3,
EDISP3) (Atwood et al., 2013; Ackermann et al., 2012). The IRFs are
provided for each combination of event class and type and further details
can be found in https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone LAT IRFs/IRF_overview.html.

As an example, the Figure 2.3 shows how the effective area parameter of

P8R3_V3 response function varies with different event types and classes.
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2.2.2 LAT Data Analysis

Data structure

The LAT observation for any source mainly consists of two types of data
files: photon file and spacecraft file. The photon file carries information
of photons such as energy, position, quality of event reconstruction, which
are required for the science analysis. On the other hand, the spacecraft
file contains spacecraft position and orientation information for 30 second
intervals. Additionally, the spacecraft file also carries the information about
the time period when the spacecraft passes the South Atlantic Anomaly
(SAA). The LAT data over a user defined region in sky (10-15 degree) can

be downloaded from data access website.

Prerequisites

e Software: The Fermi Science Support Center (FSSC) and the LAT
instrument team collaboratively developed a suite of python based
instrument specific tools named Fermi Science tools for public use.
This software is distributed and maintained by the FSSC. More details
for the installation can be found in the FSSC Data Analysis webpage?.

e Instrument Response Functions (IRF): The fermitools can access

appropriate IRF files at the time of running the analysis.

e Diffuse emission models: The LAT detects point sources in the
background of the bright diffuse emission from our galaxy and other
extra galactic sources. Hence for the accuracy of the analysis, it
is crucial to model the galactic diffuse emission and the isotropic

emissions from all other gamma-ray sources. The templates for

’https://fermi.gsfc.nasa.gov/ssc/data/analysis/
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galactic diffuse and isotropic emission used for P8R3 data are
gll_iem_v07.fits and iso_PSR3_.SOURCE_V3_vl.tzt.

e Input model file: The sources in the LAT catalogs are defined as
either PointSource or a DiffuseSource each of which are modeled with
a spectral model and a spatial model. The LAT spectral models for

2 571 MeV~! while for diffuse sources,

point sources are defined in cm™
the fluxes are described in em™2 s™' MeV~! sr=!. The spatial model
used for a point source is SkyDirFunction, which describes a position
in the sky. An XML model file containing the spatial and the spectral
description of all the sources of interest, is necessary for performing

spectral fitting using LAT data.

Analysis description

The tutorial for the data analysis can be found in the FSSC webpage
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/. The
first step in the process of data preparation is to apply some selection cuts on
the data using the fermitool gtselect. The data selection recommendations
based on event type and classes for the analysis of different types of sources
can be found from the link?. Additionally, the data set has to be constrained
in time frame of the analysis, energy range and position in the sky. The
selection cut on position is done by defining a region of interest (ROI)
centered at the ra and dec of the target. The size of the ROI is usually set
same or smaller than size of the region selected for data extraction. The
maximum zenith angle is set as 90 degrees to exclude Earth’s limb events
that may result in elevated background levels.

After the gtselect, the gtmktime script is used to update the Good Time

3https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
Cicerone_Data_Exploration/Data_preparation.html
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Intervals (GTI) extension in the photon file. The Good Time Interval is
the intervals of time when the data quality is good. The GTT extension
in the photon files contains a list of these GTIs. The gtmktime tool reads
the spacecraft data, and creates a set of GTIs based on the specified cuts
and then recombine this with the existing GTIs in the event file after
incorporating the user defined logical expression. The tool excludes all
time outside this new set of GTI in the output file. The most comment
filter expression used is “DATA_QUAL == 1&& LAT_CONFIG == 1"
The option “ROIcut=yes” is used to exclude times where ROI is beyond
the field of view.

The LAT IRF depends on the inclination angle of the direction of the
source with the z-axis of the instrument. Hence the number of photons of
a specific intensity that are detected from a source depends on how long
the source is at various inclination angles over the course of an observation.
Hence, it is essential to compute the accumulated time, known as livetime
in which the LAT could actively record the events from a particular source.
The gtltcube tool computes the livetime as a function of the angle of
inclination and location on the sky for a specified period of observation

using the spacecraft file.

An exposure map is simply an accounting of the exposure at each
position in the sky, that we need for background modeling. The
gtexpmap/ gtexpcube?2 tool compute the exposure map for the case of
unbinned/binned analysis (2.2.2). The LAT point spread function is broad
especially at low energies (68% of the counts will fall within 3.5 degrees
around the source at 100 MeV). As a consequence, the PSF tails of nearby
sources will overlap significantly with the emission from the target source.
In order to obtain a more accurate fit, the user has to fit all the nearby

point sources and the diffuse components simultaneously, and this will
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require the selection of an ROI, that is several times larger than the PSF
size at the gtselect level. Again due to the large PSF of the LAT, sources
from well outside the ROI can also affect the sources we are analyzing.
To correct for this, we must create an exposure map over a region that
includes sources up to 10 degrees beyond the ROI. This defines another
region known as “Source Region” much larger in size, several PSF length
scales, centered about the ROI. The exposure map created over a particular
region is unique to a particular ROI defined. The input source model file
for the gtlike should also include all of the sources in the Source Region.

LAT data are fitted using maximum likelihood method in which the
likelihood function is defined in terms of the expected photon distribution
for a given source model defined by a set of parameters. gtdiffrsp tool
pre-computes the expected photon distribution by convolving the source
model and the instrument response functions. The gtlike tool performs
unbinned and binned likelihood spectral fitting of the LAT data. Likelyhood
fitting can be performed in two statistics, binned and unbinned (2.2.2).
User can also choose from various optimization algorithms to converge the
fit including ‘DRMNFB’, ‘NEWMINUIT’, ‘MINUIT’, ‘DRMNGB’, and
‘LBFGS..

Likelihood fitting of Fermi-LAT data:

The likelihood method was introduced to photon-counting experiments
by Cash Cash (1979) and maximum likelihood method was initially applied
for the estimation of parameters in the analysis of EGRET data (Mattox
et al., 1996). Likelihood function is generally defined as the probability
of obtaining an observed data from a given input model with a set of
parameters (Cash, 1979). In this case, the input model is the distribution

of gamma-ray sources on the sky including their intensity and spectra. To
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analyze LAT data, a likelihood function suitable to the data has been
constructed, and then the best fit parameters have been estimated after
maximizing the likelihood function. Assume that LAT data is binned in to
many bins and each bin contains a small number of counts. The observed
number of counts in each bin is assumed to be a Poisson distribution. Let
m; be the expected number of counts in the i** bin of the data and is a
function of the assumed model. Then the probability for n; counts to occur
in the *" bin is given by

P =—— (2.1)
By definition, likelihood will be the product of all P;s.

mnz e—mi

L = 1:[ T (2.2)

The parameter space can be quite large when a number of sources
are involved. The spectral parameters of all sources of interest must be
fitted simultaneously. As mentioned earlier, LAT likelihood tools provide
a choice optimizer to maximize the likelihood efficiently. Fitting involves
repeated calculation of likelihood for different sets of parameters until a
value sufficiently near the maximum is obtained. The optimizer provides
hints to the choice of new trial parameter sets for converging the fit
efficiently. The parameter uncertainties are estimated from the variation

of the likelihood in the vicinity of the maximum value obtained.

The likelihood spectral fitting provides the best fit parameter values and
their uncertainties. However, we cannot obtain the goodness of fit directly
from this method. Also the fitting procedure does not involve fitting of
spatial coordinates. The space localization is done by performing a grid
search to find out the maximum likelihood over a grid of locations. The

maximization of likelihood at a particular position is quantified through
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the quantity called Test Statistic (T'S), a monotonic function of likelihood.
The TS is defined as :
TS = —2In (mxo> (2.3)

Linax

where Lpaxo is the maximum likelihood value for a model without a source
(the ‘null hypothesis’) and Lyax1 is the maximum likelihood value for a
model with source at a specified location. Maximizing TS on a grid is
equivalent to maximizing the likelihood on a grid and the square root
of the TS is approximately considered as the detection significance for a
given source. The concept of TS can also be employed for comparing the
suitability of any two spectral models for a particular source. For example,
if the value defined by,

—21In (Lmax’1> = T'S(model2) — T'S(modell) (2.4)

max,2
where, Lax,1 and L,y 2 are the maximum likelihood values corresponding
to model 1 and 2 respectively, yields a large positive value, then model 2

can be inferred as a better choice than model 1.

Unbinned and binned Likelihood

Likelihood fitting of LAT data can be performed in two methods:
Unbinned and binned analysis. In the unbinned method, each photon
is taken separately and the script computes response for each photon. This
approach is the most effective one where photons are sparse. For example,
in the case of time series analysis with short time bins and at high energies
(> 10 GeV) where the number photons is a few. However, for large time
period analysis including bright background sources (such as the Galactic
plane), the unbinned analysis is asymptotically slow and binned likelihood

method is the preferred one. In this approach, the data is binned in space
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and energy while the instrument response is averaged over space and energy.

2.3 Swift Gamma-Ray Burst Telescope

Swift is a pioneering space observatory in the multiwavelength field
with it’s major science goal being the study of the origin as well as after
glow emissions of gamma-ray bursts (GRBs). Swift was launched into a
low-Earth orbit on November 20, 2004. The Swift telescope payload has 3

instruments observing in v-ray, X-ray and optical /UV bands.

Burst Alert Telescope (BAT):

The Burst Alert Telescope (BAT) has a large field-of-view (2 steradians)
and act as a sensitive instrument for providing critical GRB triggers. BAT
detects signals in the hard X-ray and soft v-ray energies between 15-150 keV.

It can alert a detection within seconds and idenitifies 100 GRBs annually.

2.3.1 X-ray Telescope (XRT):

The XRT is a focusing X-ray telescope with an effective area of 110 cm?
at the energy range 0.3—10 keV and an angular resolution of 18 arcseconds
at 1.5 keV. This instrument utilizes a grazing incidence Wolter 1 telescope
having 23.6x 23.6 arcmin field of view to focus X-rays. XRT helps Swift
to localize GRB positions with an accuracy of few arcseconds within 100
seconds burst. The detection sensitivity is 2 x 10714 ergem?s~! in 10%s
(Citterio et al., 1996; Burrows et al., 2005; Hill et al., 2000). XRT is
intended to study the X-ray counterparts of GRBs by measuring the fluxes,
spectra, and lightcurves, starting from 20-70 seconds after the burst and
continuing to weeks. The Figure 2.4 shows the schematic representation

of the major components of X-ray telescope and the plot of effective area
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Figure 2.4: The schematic diagram of the XRT instrument.https://swift.gsfc.nasa.
gov/about_swift/xrt_desc.html
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Figure 2.5: The plot of effective are as a function of energy. Image credit: https:
//swift.gsfc.nasa.gov/about_swift/xrt_desc.html
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with energy. The XRT has the following operating modes (Burrows et al.,
2005).

e Imaging mode: This is a normal imaging exposure and readout
method where photons are being allowed to pile up. There is no
event recognition in the onboard processing. The CCD operates likes

an optical one in this mode of operation.

e Photodiode (PD) mode: This mode is used to produce accurate timing
information for very bright sources producing high speed light curves

with a time resolution of 0.14 ms.

e Windowed timing (WT) mode: This mode is used to obtain
high resolution timing (2.2ms) with 1-D position information and
spectroscopy. However, this mode is restricted to the central 8

arcminutes of the field of view.

e Photon-counting (PC) mode: It is the most common mode of
operation of the X-ray CCD. It provides full imaging and spectroscopic
resolution. Even though, the time resolution is only 2.5 seconds.
The instrument is operated in this mode at very low fluxes (below 1
mCrab).

XRT data reduction

The Swift Data Center (SDC) at NASA/GSFC performs the pipeline
processing using Level 0/1 software and produces standard format FITS
event files. The Level 2/3 software for generating high level scientific
data products is called the XRT Data Analysis Software (XRTDAS),
a set of FTOOLS comes in collaboration with HEASOFT package
available at HEASARC/NASA /GSFC webpage. The HEASOFT software
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package can be downloaded from the HEASARC software site*. To
analyze the data, the calibration database (CALDB) for the Swift and
individual instruments must be accessible as a local installation or user
can access remotely. The Swift calibration files for all instruments can
be downloaded from https://heasarc.gsfc.nasa.gov/docs/heasarc/
caldb/swift/ and can be installed following instructions in the page
> Though the level 2 cleaned event lists are generated by the SDC
processing, it is recommended that users should run the pipeline on level
1 data to ensure that the most recent version of the processing scripts
is being used. The generation of cleaned event files mainly involves
two steps: calibration and screening. The criteria of calibration are
different for different modes. This stage involves identification of bad
pixels, transformation of coordinates, time tagging, reconstruction of the
events, and elimination of piled up frames as well as partially exposed pixels.
The screening uses the GTIs obtained from the housekeeping parameters
and conditions on the quantities related to attitude and orbit. Further
selections are applied on the GRADE and the STATUS columns. All these
tasks are implemented in the script zrtpipeline. This tool uses files available
in the ‘auxil’ and ‘xrt’ directories of the downloaded observation to perform

the screening and filtering of the events.

The ftool xrtproducts is used to extract high level science products,
like spectra, light curves and images for PC, WT, and PD modes. The
user can specify a region of arbitrary shape for the extraction of products
through an ASCII file with .reg extension. The most common is a circular
region centered around the source defined in sky coordinates. It is highly

recommended to take a substantially larger region in a source free field

‘https://heasarc.gsfc.nasa.gov/lheasoft/download.html
Shttps://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb_install.html
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than that for the source as the background. xzrtproducts also generates
the ancillary response files (ARF) needed for the spectral analysis together

with the spectrum and lightcurves.

The Swift-XRT data products generator

This online facility creates ready-to-publish light curves, spectra, images
in the X-ray, and positions of any point source in the Swift-XRT field of view
(Evans et al., 2009; Goad et al., 2007). The fully calibrated output products
are corrected for instrumental artifacts such as pile up and bad pixels on
the CCD. The spectra available from this tool are automatically fitted with
a power-law. However, user can download the spectral files as a tar archive
including responses and background spectra. The downloaded spectra can
be analyzed with different models after loading it on platforms like XSPEC.
More details can be found at the page Swift-XRT data products generator

available at the link®.

2.3.2 UV /Optical Telescope (UVOT):

The UVOT makes Swift a complete multi-wavelength facility by
providing simultaneous ultraviolet and optical coverage (170-650 nm) in
a 17 x 17" field. UVOT comprises a 30 cm modified Ritchey-Chretien
UV /optical telescope spatially aligned with the X-ray Telescope (Roming
et al., 2005). UVOT operates in a similar mode to typical X-ray telescopes
using photon counting detectors. The UVOT usually takes images and
can also obtain spectra of GRB afterglows during the pointed follow-up
observations.

UVOT takes data in three different modes: image mode, event mode,

and image & event mode. There are 6 broadband filters associated with

Shttps://www.swift.ac.uk/user_objects/docs.php
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Figure 2.6: The plot of effective are as a function of wavelength for all the 6 UVOT
filters. The dashed black curve shows the cumulative effective area. Image credit:
https://www.swift.ac.uk/analysis/uvot/filters.php

image mode comprising 3 UV (UVW2, UVM2, UVW1) and 3 optical (U,
B, V) filters. Their central wavelengths in Angstrom are 1928, 2246, 2600,
3465, 4392, and 5468 respectively (Figure 2.6). Unlike the XRT data,
UVOT data reduction generally starts with Level 2 sky images. However,
calibration files are needed for further analysis (Kuin et al., 2015). Some of
the most common UVOT tools for the Level 2 image reduction are listed

below. More details can be found online at https://www.swift.ac.uk/

analysis/uvot/.

e Before beginning the analysis, user has to check that all images are
correctly aligned to the World Co-ordinate System (WCS). This can
be done by looking the value of keyword ‘ASPCORR’ in the image
header using ftool fkeyprint. If ‘ASPCORR = DIRECT’, then the
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images are already correctly aligned. If not, one has to run the task

uvotskycorr twice to get that corrected”.

e uvotsource: This tool is used to preform the aperture photometry on
the UVOT sky image files. The recommended size of the aperture
around the source is 5 arcseconds for all filters and it is always
preferable to define a background region several times larger than
the source extraction region. The resulting FITS file provides the
information of coincidence-corrected count rate, magnitude and flux
density in erg cm™?s ! A~ and in mJy with 1-o error ® along with

the significance of source detection.

e uvotimsum: This tool is employed to sum the extensions within an
image in order to study faint sources. Additionally, the ftool fappend
can be applied to sum the output FITS files of wvotimsum from

different observations.

e uvot2pha: The uvot spectral points corresponding to each filter can
be obtained in the form of pha files after running the tool uvot2pha.
The response matrices can be accessed through the CALDB database.
This tool will create source and background spectra with response
files that can be grouped and loaded in XSPEC.

e uvotproduct: This tool creates level 3 science products from the level 2
images after combining images until significant detections are achieved.
The script generates a plot of the light-curve in all available filters for
a particular observation, together with the corresponding FITS file

and a text file containing a report of the output.

"https://www.swift.ac.uk/analysis/uvot/
8in the case of 3-0 source detection otherwise "Background threshold”-o upper limits
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2.3.3 Advanced analysis methods

The data reduction procedures mentioned in previous sections yields
science products such as sky images, spectra, and lightcurves. We
can perform advanced analysis on these products for detailed studies.
The spectra obtained can be fitted and studied with various functions
in platforms like XSPEC (Arnaud, 1996). This allows us to explore
different spectral parameters and study the spectral evolution of the
source. Additionally, the spectral points can also be plotted and modeled
using many third party software available to bring breakthrough results.
For example, the broad-band spectral energy distribution (SED) of the
interested sources can be obtained from the spectra generated by the
standard pipelines. Then these SEDs can be studied using user defined
models. On the other hand, researchers can do the systematic SED
modeling of blazars and AGNs using free softwares such as JetSet, AGNpy,
and GAMERA (Tramacere, 2020; Hahn, 2016; Nigro et al., 2022). The
systematic study of SEDs provides hints on the physics behind the
emission processes. The lightcurves are often used for further statistical
analysis to understand the nature of emission processes and the temporal
behaviour of the source. Bayesian blocks, histograms, power spectrum,
correlation functions are some of the tools that are commonly used in such
studies. There are various other software packages that are helpful in

11

analyzing astronomical data like astropy®, gammapy'®, Imfit, emcee'!, and

PyAstronomy'?.

Yhttps://www.astropy.org/
Onttps://gammapy.org/
Uhttps://Imfit.github.io/Imfit-py/examples/example_emcee_Model_interface.html
2https://pyastronomy.readthedocs.io/en/latest/
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Chapter 3

Understanding the Broadband

Emission Process of 3C 279
through Long term Spectral
Analysis

3.1 Introduction

3C 279 is one of the well-studied FSRQs with redshift, z=0.539 (Lynds
et al., 1965) and the first one to be detected at GeV/TeV energies.
This source was studied extensively in gamma-rays by FGRET during
different flux states. With the advent of Fermi, 3C 279 has been monitored
continuously at MeV-GeV energies revealing a series of extreme flaring
events (Ackermann et al., 2016; Hayashida et al., 2012, 2015; Paliya, 2015;
Shah et al., 2019). The broadband SED of 3C279 is characterized by
two broad peaks with the low-energy component peaking at IR and the
high-energy component peaks at MeV energies. The v-ray spectrum of
3C 279 in the energy range 0.1-10 GeV is significantly curved since the
high energy SED of the source peaks in this energy band (Ackermann
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et al., 2016). Hence a log-parabolic function represents the y-ray spectrum
better than a power-law during a flare (Roy et al., 2021; Zhang et al., 2021;
Larionov et al., 2020). The source also undergoes considerable changes
in the spectral parameters along with the flux variations, for instance,
during the 2018 flare, variation in the peak energy was positively correlated
with the gamma-ray flux showing a ‘bluer when brighter’ trend (Shah
et al.; 2019). The spectral curvature at the peak energy also showed a
positive correlation with the flux. The soft X-ray and optical band, on the
contrary, follow a simple power law with relatively harder X-ray spectral
index (Zhang et al., 2021; Prince, 2020a). During a flare the X-ray hardness
increases with the flux showing a ‘harder when brighter’ behaviour (Abdo
et al., 2010b; Yoo & An, 2020). Besides these, studies using longterm
multiwavelength lightcurves have shown that the gamma-ray and X-ray
fluxes were correlated in 3C 279; nevertheless, no significant correlation
is observed between optical and gamma-ray energy bands (Prince, 2020a;

Larionov et al., 2020).

One of the striking features of 3C 279 is its flux variability observed
within timescales down to minutes (Ackermann et al., 2016; Paliya, 2015).
Such rapid variability demands a very compact emission region located
well within the broad line emitting region of the quasar (Joshi et al., 2013;
Narayan & Piran, 2012). However, the location of the emission region
inferred from the broadband SED modelling contradicts this since the v-ray
emission is better interpreted as EC-IR process demanding an emission site
beyond the BLR (Sikora et al., 2009; Paliya et al., 2016).

The broadband SEDs of blazars, and 3C 279 in particular, have been
reasonably well understood through broadband spectral modelling using

synchrotron, SSC, and EC emission processes (Blazejowski et al., 2000;
Sahayanathan & Godambe, 2012; Shah et al., 2017; Shah et al., 2019).
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However, the temporal behaviour of the source at different energy bands
in connection with these emission models is not addressed in detail. Such
a study, besides refining the emission models, has the potential to identify
the origin of the flaring mechanism. In this work, we performed a detailed
analysis of optical-X-ray—gamma-ray spectral behavior of 3C 279 spanning
from 2008 to 2022. Since the spectra at these energies are interpreted by
different emission processes, we carried over a correlation study between the
best fit parameters of the individual spectral fittings to identify the plausible
reasons for the observed flux variations. Further, we also performed a
statistical broadband spectral fit using synchrotron and inverse Compton
emission processes for two epochs with simultaneous Swift, NuSTAR and

Fermi observations to investigate the emission processes.

3.2 Observations and Data Reduction

3C 279 is one of the well-studied FSRQs thanks to the wealth of observations
at different energy bands. To study its spectral behavior at optical/UV,
X-ray, and ~-ray energy bands, we performed a detailed analysis of
the source using longterm observations by Swift-UVOT, Swift-XRT, and
Fermi-LAT telescopes on board. We also supplement these with the
simultaneous Nu-STAR observations of the source at hard X-rays available

for two epochs.

3.2.1 Fermi-LAT Observations

In this work, we have analyzed the Fermi-LAT observation of 3C279
spanning the time period 2008 — 2022 (MJD 54693-59754) in the energy
range 0.1-300 GeV. A 10° circular region centered at RA=194.0415,
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Dec= -5.7887 was chosen as Region of interest (ROI) to download the datal.
We used the Fermitools software version 2.2.0 for the data analysis. First,
we performed the preferred selection cuts in the event data on region, time,
energy interval, and type using standard criteria recommended for Pass 8
data. The ‘gtmktime’ tool was applied on the event files to update good
time intervals based on the spacecraft parameters. A livetime and exposure
maps were created using ‘gtltcube’ and ‘gtexrpmap’ respectively. The binned
likelihood method was performed to fit the data over the whole time interval
using standard templates gll _iem_v07 and iso_PSR3_SOURCE_V3_v1 for the
galactic diffuse and extragalactic isotropic background emissions. All the
~-ray sources within 20-degree radius circle from the center were considered
in the analysis and their spectral shapes were adopted from the 4FGL
catalog. The parameters of all sources lying within the ROI were kept free
while that of the sources outside ROI were fixed to their catalog values.
The significance of v-ray detection from all the positions was quantified
using the test statistic defined as, T'S = 2log(L) where L is the ratio
of maximum likelihood value with the source at a particular position to
that without the source in that position. A larger TS indicates a higher
probability for the source to be at the position. The spectral parameters
of all sources for which TS<25 were then kept frozen. The output file thus
obtained was used as the input sky model in further analysis.

We obtained longterm ~-ray lightcurves of 3C 279 for two types of
binning, a constant time interval (3 day) and the adaptive binning. The
adaptive binning is a new technique for the lightcurves, in which bin
widths are estimated by setting a constant relative uncertainty on the
flux (Lott et al., 2012; Sahakyan et al., 2022). Unlike the constant time

bin method, which smooths out the minute scale variability, this method

https://Fermi.gsfc.nasa.gov/ssc/data/access/lat/12yr_catalog
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is more suitable for studying highly variable sources, especially during the
flaring periods. The adaptive time bins for a 20% constant relative flux
density were obtained following the steps in the documentation?. The
optimum energy for estimating the adaptive time bins was computed as
157 MeV. The same was chosen as the minimum energy, F,,;, for estimating
fluxes in the adaptively binned lightcurve. The unbinned likelihood analysis
was adopted for obtaining lightcurves in the case of adaptive as well as
3 day binning criteria. We chose the power-law2 function® to model the
~v-ray spectrum of 3C 279 and used an iterative approach for the likelihood
fit to obtain convergence in fit. Initially ‘DRMNFB’ optimizer was used
and all the sources with TS<9 were deleted once found no convergence in
trial runs. Additionally, all the parameters other than the norm for sources
with TS between 9 and 50 were kept frozen in such cases. All the final fits

were optimized using ‘Newminuit’ method.

3.2.2 Swift Observations

In the X-ray and optical/UV bands, a total of 491 observations were
available for 3C 279 up to 59754 MJD. We obtained the Swift X-ray spectra
from the automated online tool ‘Swift-XRT data products generator’ (Evans
et al., 2009). All the obtained spectra were rebinned to 20 minimum counts
in each energy bin and fitted with a absorbed power-law in XSPEC (Arnaud,
1996). To account for the attenuation of X-rays by the hydrogen atoms,
the neutral hydrogen column density was set at ng = 2.24 x 10?0 cm =2
(Pian et al., 1999). The unabsorbed integrated flux in the energy range of
0.3-10 keV and spectral index were determined from the best fit results. For

the present work, we considered only those spectra which were well fitted

thtps ://www.slac.stanford.edu/~lott/ABM_mult_P8.tar.gz
Shttps://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html
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with a power-law (reduced chi-square between 0.6 and 1.8). Additionally,
we rejected some spectra due to very low exposure periods and a very low
number of energy bins. After these reductions, we were left with 326 X-ray
spectra and the fit details are given in Table 3.1.

All the available UVOT observations for 3C 279 were downloaded from
the HEASARC archive. We followed the standard procedures of data
reduction given by the tutorial* for obtaining spectral files. For each
observation, the images over all the extensions were summed up using
the wvotimsum tool for every filter. A circle of radius 6 arcsec centered at
the source was chosen to extract the source counts while, for the background
estimation, we used a circle of radius 20 arcsec from a source-free region near
the target. For all the observations, the spectral products corresponding
to each filter were then obtained using wwvot2pha tool. For the spectral
fit, we considered only those UVOT observations for which the images are
available in atleast 3 filters. The selected optical/UV spectra were then
fitted using XSPEC with an absorbed power-law model. The integrated
fluxes were corrected for galactic extinction after fixing the value of the
parameter E(B-V) magnitude to 0.025 (Schlafly & Finkbeiner, 2011a). For
some observations, we included an additional 3% systematic error in order
to obtain the reduced chi-square less than 2. Those observations with
reduced chi-square larger than 2 even after adding 3%systematic error
are not considered in the present work. Similarly, we also rejected those
observations whose power-law spectral fit resulted in a reduced chi-square of
less than 0.6 as this indicates the over estimation of the best-fit parameters.
Finally, we were left with 189 UVOT observations and the details are given
in Table 3.2.

For the combined optical/UV—X-ray spectral analysis, some of the

‘https://Swift.gsfc.nasa.gov/analysis/threads/uvot_thread_spectra.html
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Table 3.1: Table showing results of power-law fitting of Swift-XRT observations. From
left to right: Observation id, time in MJD, un-absorbed flux in the energy range 0.2-10
keV, spectral index, chi-square, and degrees of freedom. The entire tabular data is given
the Table A.1 in the appendix.

Obs.Id Time in MJD Flux spectral index, I';,  x? Dof
107" ergscm 25!

000 35019001 53748.0 1.498 + 0.057 1.517 £ 0.040 111.22 132.0

000 35019002 53749.0 1.414 £ 0.066 1.579 + 0.052 70.27  96.0

000 35019003 53751.2 1.636 £ 0.202 1.397 £ 0.130 16.06 15.0

000 35019004 53752.0 1.592 +0.051 1.521 +£0.033 178.63 179.0

000 35019005 53753.1 1.766 + 0.061 1.545 +0.037 160.48 148.0

Swift observations are excluded since either UVOT or the XRT spectra
were not available due to the selection criteria mentioned above. We were
finally left with 170 Swift observations for which simultaneous optical-X-ray
information was available. Similarly, for the simultaneous v-ray analysis,
we considered the adaptively binned Ferms: spectrum which overlapped
(at least partially) with the Swift observation epochs. This resulted
in 260 simultaneous X-ray—y-ray observations and 164 optical/UV—y-ray
observations. However, we have included all the selected observations for

studying individual energy band.

3.2.3 NuSTAR Observations

We used two NuSTAR Observations (60002020002 and 60002020004 )
of 3C279 which are publicly available and having simultaneous Swift
observations for the broadband SED analysis. The data were downloaded
from the archive and reduced using the standard pipeline techniques
(software version v1.9.7)%. The nupipeline tool was used to filter the event

lists from the downloaded observations. Then the tool nuproducts was

Shttps://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
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Table 3.2: Table showing results of power-law fitting of Swift-UVOT observations.
Columns from left to right: 1—Observation id, 2—time in MJD, 3—un-absorbed flux
in the energy range 2-7 eV, 4 —spectral index, 5— chi-square, and 6 —degrees of freedom.
The entire data is given the Table A.2 in the appendix.

Obs.Id Time in MJD Flux spectral index, [,/ x> Dof
107" ergsecm 25!
000 30867007 54157.27 2.23+0.04 2.777 +£0.049 2.53 4.0
000 30867009 54266.79 1.07 £0.02 2.665 4+ 0.046 5.12 4.0
000 30867017 54686.49 0.38 +0.02 2.149 +0.135 3.13 4.0
000 30867022 54695.6 0.45 +£0.02 2.14+£0.114 4.65 4.0
000 30867024 54698.01 0.75 + 0.02 2.164 +0.081 3.65 4.0

used to extract spectral products and response files for the two instruments
FPMA and FPMB. To extract the source counts, we selected a circular
region of 49 arcsecond radius centered at the source. Another circle of
60 arcsecond radius in a source-free region was selected as background
region. Separate source and background region files were used for FPMA
and FPMB observations. The obtained spectra were loaded in XSPEC and
fitted with an absorbed power-law. The best fit photon power-law indices
for the two observations are 1.734-0.02 and 1.764-0.01 with fit statistics (x>
(dof)) 529.42 (528) and 678.77 (737), respectively. The unabsorbed fluxes
in 3-79 keV energies is used for the broadband spectral study (Section 3.4).

3.3 Multi-wavelength Analysis

In Figure 3.1, we show the multi-wavelength lightcurve of the source in
~-ray, X-ray, and optical /UV bands. It is evident from the multi-wavelength
lightcurve that the source exhibits significant variability in all energy
bands and the instances where the flux enhancements are not correlated.

For example, we observe an optical/UV flux excess around the epochs
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Figure 3.1: light curves of 3C 279 in ~-ray, X-ray and optical energies. The horizontal
dashed lines represent the average flux. The X-ray and optical/UV fluxes are in units

of ergscm™2s~! and y-ray fluxes are in units of phscm=2s~!'. From top to bottom:

panel 1 & 2 displays the v-ray light curves using Fermi observations in the energy range
0.1-300 GeV with adaptive and 3 day binning respectively. panel 3: X-ray lightcurve using
Swift-XRT observations, panel 4: optical/UV lightcurve using Swift-UVOT observations.

57827 and 59238; whereas, no significant flux enhancement is observed
in X-ray and 7-ray bands. On the contrary, during epochs 56750 and
57188, flux enhancement is witnessed in ~-ray and X-ray energy bands
with no such variation in optical band. The simultaneous SED during
correlated and uncorrelated flares for certain epochs were already studied

under synchrotron and inverse Compton emission models (Rajput et al.,
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2020). Here, we considered all the observations of the source by Swift and
Fermi telescopes during its entire period of operation till 59754 MJD. The
~-ray light curves were obtained for two different binning criteria. The top
panel displays the lightcurve using adaptive binning technique whereas, the
second from the top shows that with 3 day binning. The average flux over
the entire period is shown as a horizontal line in all the light curves. The

value of the average optical /UV flux estimated is 1.24 x 107 ergem=2s71

and that for X-ray emission is 1.93 x 107" ergem=2s~!. The average
y-ray flux for 3C 279 was found to be 9.27 x 1077 phscem™2 s~ We used
these values of fluxes to demarcate high and low states in the corresponding

energy bands.

To investigate the relation between the optical, X-ray, and ~-ray
energies, we studied the spectra at these energies using a power-law function.
Swift being a pointing telescope, the individual observation period of
3C 279 spans mostly from 0.2 to 7 ks; whereas, due to the scanning
mode of operation, the Fermi-LAT observations are continuous. The ~-ray
spectra simultaneous to optical/UV and X-ray spectra were taken from the
corresponding adaptive bins. The ~y-ray spectrum of 3C 279 is generally
curved and often modelled using a log-parabolic function. To verify whether
the y-ray spectrum from the selected bins (adaptive bins) show curvature,
we estimated the test statistics for curvature, TS (curv) as TS (LP) - TS
(PL), where TS (LP) is the TS obtained with log-parabola model and TS
(PL) is that for power-law model. A large positive value of TS (curv) will
indicate significant curvature in the spectrum (Prince, 2020a). Our study
suggests that the y-ray spectra are well represented by a power-law and
the details of this study are given in Table 3.3. The integrated y-ray flux

is estimated by considering the best-fit power-law.
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Table 3.3: Table showing Details of best fit parameter values of power-law fit of selected
~-ray observations (adaptive time bins) simultanoeus to Swift observtaions. Columns from
left to right: 1-Tstart in MJD, 2—Tstop, 3 —integrated flux in the energy 0.157-300 GeV,
4 —spectral index, 5—TS of power-law function, 6-TS of log-parabola model, 8- TS of
curvature. Entire data is presented in the Table A.3 in the appendix.

Tstart Tstop Flux [0.1-300 GeV] PL Index TS(PL) TS(LP) TS(Curv)
MJD MJD 10~ "phs cm =2 57! r,

54693.0 54696.0271 1.05 £0.50 2.00£0.30 34.58 34.59 0.02
54693.0 54696.0271 1.05 £ 0.50 2.00£0.30 34.58 34.59 0.02
54696.0271 54697.0139 6.20£1.74 2.40£0.28 57.42 57.42 0.0
54697.8665 54698.2684 8.90 £ 2.60 2.13£0.23 72.46 72.46 0.0

54795.0751 54795.6055 15.33 £3.84 2.20+£0.21 110.21 110.21 0.0

3.3.1 Spectral Transition

The broadband spectral modelling of 3C279 indicates that the
optical /UV emission is by synchrotron process while the X-ray emission
is due to Inverse Compton scattering (Sahayanathan & Godambe, 2012;
Paliya, 2015). From the narrow band spectral fitting using power-law
functions, we found that the optical/UV spectral index I';/,, > 2 and
the X-ray spectral index I'y, < 2 (Tables 3.1 & 3.2). This suggests
the optical/UV emission falls on the decaying part of the synchrotron
spectrum while the X-ray emission lies on the rising part of the IC spectrum
(Sahayanathan & Godambe, 2012; Larionov et al., 2020). A combined
spectral study can therefore probe the relation between these spectral
components. Particularly, studying the transition energy variations, where
the dominant emission shifts from synchrotron to IC, can investigate the
changes in the dominance of these components during different flux states.

To facilitate this, we performed a combined spectral fit of optical/UV and



Chapter 3. Understanding the Broadband Emission Process of 3C 279 through Long
78 term Spectral Analysis

X-ray observations using a broken power-law described as

d e T fore <e¢
i _ )b ' (3.1)

de foe> e fore> ¢

where I'y and I'y are the high and low-energy photon spectral indices
respectively, €, is break energy, and fj is the normalization. The parameter
€, can be treated as the transition energy and to obtain better constraints
on it, we have fixed I'; and I'y to the best fit power-law indices of the
corresponding optical /UV and X-ray spectrum. The best fit values of ¢,
obtained from the broken power-law fitting of simultaneous observations of
Swift UVOT and XRT are given in Table 3.4.

An improved estimation of the transition energy can be obtained by
fitting the simultaneous optical/UV and the X-ray data with a double
power-law function. If we consider the underlying electron distribution
responsible for the broadband SED of 3C 279 to be a broken power-law,
then the optical/UV emission can be attributed to the synchrotron emission
from high energy electrons and the X-ray emission to the inverse Compton

scattering from the low energy electrons. We define the double power-law

LAl e

function as

Here, €, is the energy at which the synchrotron and IC fluxes are equal to fy
while Iy, and I'eom are the synchrotron and IC spectral indices respectively.

The valley energy (e,) corresponding to minimum flux will be

F 1/(Fsyn+rcom)
€y = €m ( Syn> (33)

1—’COIIl
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Table 3.4: Table showing results of combined spectral fitting of XRT and UVOT spectra
with the Broken power-law model. Columns from left to right: 1—observation id, 2—time
in MJD, 3—break energy €, (keV), 4—chi-square, and 5—Dof. The entire data is given in
the Table A.4 of the appendix.

Obs Id Time Break energy,¢, X2 Dof
MJD keV

000 30867009  54266.79 0.103 £ 0.005 40.09 50.0
000 30867022  54695.6 0.757 £ 0.166 21.44 19.0
000 30867024  54698.01 0.409 £0.134 21.53 21.0
000 30867028  54828.2 0.099 £ 0.008 13.62  23.0
000 30867031  54834.23 0.079 £ 0.007 13.82  18.0

and this can be treated as the transition energy. The double power-law
model is added as a local model in XSPEC with fo, I'syn, ['com and €, as
free parameters, and the combined spectral fits to optical/UV and X-ray
data were performed. The results of the spectral fit are given in Table
3.5. In Figure 3.2 (a), we plot the transition energies obtained through a
broken power-law (€,) and double power-law (¢,) functions along with the
identity line. We find the estimate of the transition energy obtained using
either methods closely match. We also compare the optical/UV and X-ray
power-law spectral indices with I'yy, and o in Figures 3.2 (b) and (c),
along with the identity line. It is evident from the figures that I'sy, and

['y/uy Teasonably matches; whereas I'con is relatively harder than I',.

3.3.2 Correlation Analysis

Flux-index Correlation

In Figures 3.3 (a), (b), and (c), we show the scatter plots between the
integrated fluxes at optical /UV, X-ray, and ~-ray energies respectively with
their corresponding spectral indices. The dashed vertical line shows the

corresponding average flux values in all the plots. A negative correlation
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Figure 3.2: Scatter plots between the parameters obtained from broken
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solid line). (a) The estimates of transition energy, €, and €,, (b) optical/UV indices
[o/uv and 'y, and (c) X-ray indices I'; and e respectively.
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Figure 3.3: Scatter plots between integrated fluxes and photon indices. The vertical
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curve represents the integrated power-law function mentioned in Section 3.3.2. (c)
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Table 3.5: Table showing Details of Combined spectral fitting of XRT and UVOT specra
with the Double power-law model. Columns from left to right: 1—observation id, 2—time
in MJD, 3—Photon index < ¢,, 4—index at > ¢,, 5—Transition Energy, €,, 6 —chi-square,
and 7—Dof. The entire data is presented in Table A.5 in the appendix.

Obsld Time  Tyyn (To/uv) Teom (Tyx) € x? Dof
MJD keV

000 30867001 54113.0 2.761 £0.056 1.41540.086 0.428 +0.080 154.53 138.0

000 30867003 54118.22 2.606 £ 0.062 1.269 4+0.205 0.563 £0.128 34.61 27.0

000 30867004 54119.22 2.630+0.059 1.2394+0.182 0.576 £0.120 36.05 25.0

000 30867005 54120.18 2.625 4+ 0.060 1.282+0.170 0.472+0.104 25.4  28.0

000 30867007 54157.27 2.752+0.039 1.386 +0.141 0.172+0.022 11.07 23.0

between the flux and indices indicates a “harder when brighter” trend
while the reverse indicates a “softer when brighter” trend. Since we have
considered the observations spanning over a decade, this study tells the
general behavior of the source irrespective of its individual flaring states.
It is evident from Figure 3.3 (a) and 3.3 (c), that no significant correlation
was observed between optical flux and index as well as y-ray flux and index.
A Spearman rank correlation study between these quantities resulted in the
correlation coefficient p ~ 0.13 with the null hypothesis probability P ~
0.06 for the former, and p = —0.09 with P = 0.28 for the latter. However,
a negative correlation with the p = —0.64 and p < 0.001 is obtained for the
X-ray flux and index study. This suggests that the source generally shows
a “harder when brighter” trend in X-ray. A “harder when brighter” trend
may be evident in time periods around the flares in optical/UV and ~-ray
energies. However, our longterm study indicates that this trend may not

be the only possibility in these energy bands.

The negative correlation observed at X-ray energy also suggests that
the enhancement in integrated flux may be predominantly due to the

spectral hardening of the power-law function. The integrated flux in v f,
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representation between the photon energies €; and €5 will be:

Keg 2-T  2-T
(Q—F) (62 — €] ) (3.4)

Here, K is the normalization, ¢ is the pivot energy and I' is the spectral

index. To verify our inference, we plotted the integrated flux against I' for
a constant K. With a proper choice of K, we find that the predicted line
reasonably supports the ‘harder when brighter’ trend. However, the spread
of the points around this line suggests, the variation in normalization
is also responsible for the flux variation. The absence of any such
correlation at optical/UV and y-ray energies suggests significant variation
in normalization may be responsible for the flux variations. Alternatively,

this could also suggest that the source exhibits both “harder when brighter’

and “softer when brighter” behaviors during different flaring states.

Index-index Correlations

If we consider the radiative loss origin of the broken power-law electron
distribution, then the indices should be positively correlated (Kardashev,
1962; Baheeja et al., 2022). Since, ',y > 2 and I'; < 2 (Tables 3.1
& 3.2), these indices can relate to the high energy and the low energy
power-law indices of the electron distribution. However, the Spearman
correlation study between these two quantities obtained from the power-law
fit suggested a poor correlation with p ~ —0.23 and P =~ 0.002. The
scatter plot between I',/y, and I'; is shown in Figure 3.4 (a). Interestingly,
a moderate positive correlation with p ~ 0.52 and P < 0.001 is witnessed
(figure 3.4 (b)) when the optical /UV and X-ray spectral indices are obtained
from a double power-law function (I'syn and 'cor). However, the difference

between the optical/UV and X-ray spectral indices are much larger than
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Figure 3.4: Scatter plots between the spectral indices obtained through power-law
and double power-law spectral fitting to simultaneous optical /UV, X-ray and y-ray
spectra. (a) Optical/UV and X-ray spectral indices from simple power-law fit (I' /.y
& I';). (b) The same from double power-law fit (I'yyne & Ieom). The dashed line
indicate the straightline ‘X = Y 4 0.5°. It is evident from the figures, that the
points deviate considerably from this line indicating an index difference > 0.5 as
mentioned in Section 3.3.2. (c¢) Optical/UV and y-ray power-law indices. (d) X-ray
and ~v-ray power-law indices. In all the subplots, filled shapes represent the states of
high flux and open shapes the low flux states and the details of correlation coefficient
p with respect to flux states have been inboxed in the plots.
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0.5 and hence, cannot be interpreted in terms of radiative losses (Baheeja
et al., 2022). Therefore, this study is inconclusive on the radiative cooling

interpretation of the broken power-law electron distribution.

If the electron distribution responsible for the broadband emission
is an outcome of multiple acceleration processes (e.g. stochastic and
shock acceleration), then the resultant broken power-law indices will be
governed by the corresponding acceleration rate (Sahayanathan, 2008).
Under this scenario, it may happen that the power-law indices of the
electron distribution (or the corresponding photon spectral indices) are not
strongly correlated. Such a study may involve the exact description of the
acceleration processes with a suitable choice of the magneto-hydrodynamic
turbulence (Rieger et al., 2007; Rieger, 2019a) and is beyond the scope of

present work.

We did not find any significant correlation between T’/ /T, and the
v-ray spectral index I'y. This result may indicate that the electron energies
responsible for the emission at these photon energies are different. Probably,
the electron population responsible for the y-ray emission is falling close to
the break energy. This is consistent with the range of I'y which is spread

around 2.

To study the spectral index behavior of the source during high and low
X-ray flux states, we distinguish the points in the scatter plots in Figure
3.4 using filled shapes for high flux and open shapes for low flux. From
the scatter plot between the indices obtained from power-law spectral fit of
optical/UV and X-ray spectra, we find that during high flux states (filled
shapes) the I'; is moderately harder and I, softer. However, no such
behaviour is seen when the indices are obtained through a double power-law
function (Figure 3.4 (b)). Similarly, in Figure 3.4 (c) and (d), we again
divide the data points on the basis of average y-ray flux with the filled /open
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shapes indicating the high/low ~-ray flux. No definite trend is observed
for the indices corresponding to high/low flux states of the y-ray spectrum.
The distribution of the filled data points is almost similar to that of the
open ones with the values of I'y spread around 2. The individual flares
may exhibit either “bluer when brighter” or “redder when brighter” which
is consistent with the absence of any definite pattern in the scatter plots
(Figures 3.4 (c) and (d)). On the other hand, the X-ray indices during the
v-ray high flux show a mild hardness (figure 3.4 (¢)) which is consistent

with the “harder when brighter” trend mentioned earlier.

Flux-Flux Correlations

3C279 is known to exhibit multi-wavelength flux correlations during
its several major outbursts (Hayashida et al., 2015; Zhang et al., 2021;
Hayashida et al., 2012; Patifio-Alvarez et al., 2018; Prince, 2020a; Paliya,
2015; Rajput et al., 2020). To study whether such correlations exist in its
long term behaviour spanning over 14 years we performed a correlation test
on the simultaneous fluxes at the optical/UV, X-ray, and «-ray energies.
Contrary to X-ray—y-ray spectral indices, the v-ray flux is well correlated
with the X-ray flux, and the plot between these quantities is shown in
Figure 3.5 (c¢). The Spearman rank correlation study resulted in p=0.72
with P < 0.001.

The flux—index correlation study at X-ray energies suggests the flux
variability is predominantly due to the change in the index, whereas at
~v-ray energy no such correlation is observed. However, the range of index
values suggests that the Compton SED peak may fall at this energy range.
Hence, flux—index correlation at X-rays can also cause variation in flux
at the low energy ~-rays if the same power-law electron distribution is

responsible for the emission at both these energies.



3.3: Multi-wavelength Analysis

87

log Flux [0.3-10 (keV)]

15
log Flux [2-7 (eV)]

(a)

-12

-10.5

-10

log Flux [0.157-300 (GeV)]

48

-5.6

6.4 |

-7.2

-8.8

T 1]
'
'
.
O
' A
[ N
' A
Ix s TV
e R i 1k /P A A = -
x“}“f' “A‘ A A 4
A Ay L oA
T AT PRI & ]
A vy
£A“““ 2 ake “id 4
adh ] 4
4+ Aa A A
a Y Ll
a
-12 -11.5 -11 -10.5

log Flux [2-7 (eV)]

(b)

log4o Flux [0.157-300 (GeV)]

- — - ——

-8.8

-11

-10.5 -10
1094 Flux [0.3-10 (keV)]

()
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The observed correlation between the X-ray and ~-ray fluxes is also
possible when the same radiative process is responsible for the emission
at these energies. To understand this, we performed a linear regression
analysis between the logarithm of the X-ray and v-ray fluxes and obtained
the best fit straight line as

log Fy_ray = (1.9 £ 0.1) log g FX—ray + (13.5 £ 1.0) (3.5)

with Q-value® of 0.87. A near quadratic dependence of the y-ray flux on the
X-ray flux disfavours this interpretation. Quadratic dependence between
the X-ray and ~-ray fluxes is also observed for the BLLac type source
MKN 421 (Gonzalez et al., 2019; Kapanadze et al., 2018; Mastichiadis &
Kirk, 1997; Goswami et al., 2020). The X-ray emission for this source is due
to the synchrotron process and the quadratic dependence of y-ray emission
supports the SSC interpretation of the Compton spectral component
(Blazejowski et al., 2005; Acciari et al., 2011). However, in the case of
3C 279, both the X-ray and the ~-ray emission are due to IC process. The
broadband SED modeling of the source also associates the X-ray emission
to the SSC process and the y-ray emission to the EC process (Section 3.4).

A moderate correlation is also observed between the optical/UV and
~v-ray fluxes with the Spearman rank correlation coefficient p = 0.60 and
P < 0.001. Again, this correlation may be associated with the fact that
the Compton peak falls in the v-ray regime. If we consider a broken
power-law electron distribution responsible for the broadband emission,
then the enhancement in optical flux may be associated with the increase
in the high energy (larger than the break energy) electron component.
This would also affect the high energy ~-ray flux resulting in the observed

correlation. However, the correlation may be suppressed due to orphan

6Q is known as the probability of fitting and the fitting can be accepted if the value of Q< 0.1
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flares often encountered in 3C 279 (Rajput et al., 2020; Paliya et al., 2021).
We did not observe any significant correlation between optical/UV and
the X-ray fluxes. The Spearman correlation study resulted in p = 0.42
and P < 0.001. This is consistent with the absence of a strong correlation

between the corresponding spectral indices.

Correlation with Transition Energy

We identify the transition energy as the photon energy at which the
dominance of the synchrotron or IC flux switches. This is obtained by
fitting the optical/UV and the X-ray spectra with broken power-law and
double power-law functions (Section 3.3.1). Consistently, we obtained two
estimates of the transition energy, ¢, and ¢,, and studied the correlation of
these quantities with the spectral indices and fluxes. Since the transition
energy is very sensitive to the indices, even a minor change in the latter
can vary the result considerably. We find both ¢, and ¢, are well correlated
with the optical/UV flux though, the correlation is much stronger in the
case of €¢,. The correlation results are p = 0.73 with P < 0.001 for ¢, and
p = 0.91 with P < 0.001 for ¢,. We find no significant correlation of the
transition energy with the optical /UV index and the correlation results are
p = —0.33 with P < 0.001 in the case of € and I'y/,, while p = —0.39 with
P < 0.001 for €, and I'yyy.

The correlation results, in the case of transition energy with X-ray
spectrum were contrary to that of optical/UV. We found that the transition
energy is anti-correlated with the X-ray spectral index with p = —0.72 and
P < 0.001 in the case of ¢, and I'.,,. However, this correlation is found
to be weak in the case of ¢, and I', where we obtained p = —0.14 and
P = 0.07. This is consistent with the variation observed between I', and

LCeom (figure 3.2(c)). No significant correlation was observed between the
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Figure 3.6: Scatter plots between transition energy and other parameters. (a) The
variation of transition energy (e,/€,) with optical/UV flux (b) Transition energy
(ep/€y) and T’ uy/Tsyn (¢) The variation of transition energy (e,/e,) with X-ray flux.
(d) Transition energy (e,/€,) and ', /Tcom. In all the plots, hollow shapes represent
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from double power-law (doublePL).
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transition energy and the X-ray flux. The correlation results are p = 0.15
with P = 0.04 in the case of ¢, while, p = 0.20 with P = 0.03 for ¢,
with X-ray flux. The scatter plot between the transition energy and the
flux/index is shown in Figure 3.6 with the vertical dashed lines in (a) and

(¢) denoting the average optical/UV and X-ray fluxes.

To understand the variability behaviour of the source depicted by
these correlation studies with the transition energy, we performed a linear
regression analysis between the quantities which showed a strong correlation.
We were able to obtain an acceptable linear fit in the case of €, and F5_7qv

and the linear regression line obtained is given by
log(e,) = (0.89 £ 0.04) log(Ff uy) + (8.82 £0.44) (3.6)

with Q-value of 0.99. The near-linear dependence of the transition energy
with the optical/UV flux supports that the flux variability at this energy
band is mainly governed by the changes in the normalization. This inference
is further asserted by the absence of any correlation between the transition
energy and the optical/UV spectral index. The anti-correlation between
the transition energy and the X-ray spectral index is consistent with the
“harder when brighter” trend observed in the X-ray flux-index correlation.
The lack of any appreciable correlation between the transition energy and
the X-ray flux also supports the idea that the flux variations are mainly
governed by the index changes in this band. If the broken power-law

electron distribution responsible for the broadband emission is given by

K EPdE for E < E, ;
N(E)dE = , cm” (3.7)
K EPFP"EPdE for E > E,

then extending our correlation/regression studies to the emitting electron
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distribution, one can conclude that: at low energy (E < Ej) the variations
are mainly governed by the changes in index p1, whereas at high energy (E >
Ey) the variations can be due to the change in Ej. Since the X-ray spectrum
is governed by the low energy electrons, the changes in p; are consistent
with the “harder when brighter” trend observed in the flux-index correlation
and the anti-correlation observed between the transition energy and X-ray
spectral index. Similarly, the transition energy-flux correlation observed
for the optical/UV band is consistent with the change in normalization
initiated by the variations in Ej. The change in Ej may also be consistent
with the variation in vy-ray peak suggested by the range of I',. These results
disfavour the radiative cooling interpretation of Ej and probably the broken
power-law electron distribution may be an outcome of the acceleration
process itself (Aharonian et al., 2003; Sahayanathan, 2008; Rieger et al.,
2007). The details of all Spearman rank correlation studies discussed in

this Section are also furnished in Table 3.6.

3.4 Broadband SED Analysis

The multi-wavelength correlation analysis between different spectral
quantities (Section 3.3.2) suggests the optical/UV emission fall on the
high energy end of the synchrotron SED. The X-ray and ~v-ray energy
bands fall on the Compton SED and the linear regression analysis suggests
different emission processes to be active at these energies. Further, the v-ray
energy band falls around the peak of the Compton spectral component. To
validate these findings, we performed a detailed spectral modelling of the
simultaneous observation of the source using synchrotron, SSC and EC
processes. For this, we selected two epochs with simultaneous observation

by Swift, NuSTAR, and Fermi telescopes. Figure 3.7 shows the observed
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Table 3.6: The details of correlation results found between different source
parameters/quantities.

Parameters/quantities p P

Ty and Flux 2-7 (eV))] 013 0.06

T, and Flux [0.3-10 (keV)] 2064 < 0.001
I',, and Flux [0.157-300 (GeV)] -0.09 0.28
Lopuv and Iy -0.23 0.002
I'o/uv and T, -0.03 0.68

I'y and T, 0.07 0.38
Flux [2-7 (V)] and Flux [0.3-10 (keV)] 042 < 0.001
Flux [2-7 (eV)] and Flux [0.157-300 (GeV)] 0.60 < 0.001
Flux [0.3-10 (keV)] and Flux [0.157-300 (GeV)] 0.72 < 0.001
e, and Flux [2-7 (eV)] 0.73 < 0.001
¢y and Flux [0.3-10 (keV)] 0.15 0.04

ey and L'y yy -0.33 < 0.001
e and I'; -0.14 0.07

€, and Flux [2-7 (eV)] 0.91 < 0.001
€, and Flux [0.3-10 (keV)] 0.20 0.03

€, and L'gyy -0.39 < 0.001
€, and I'eom -0.72 < 0.001
Fgyn and Ueom 0.52 < 0.001
[ojuy and Iy 0.09 0.50
(x-ray flux > average flux)

Loy and I, -0.38 < 0.001
(x-ray flux > average flux)

Fgyn and Ueom 0.62 < 0.001
(x-ray flux > average flux)

Lgyn and Ueom 0.27 0.12
(x-ray flux > average flux)

I'o/uy and T, 0.40 0.06
(v-ray flux > average flux)

Loy and I 0.07 0.38
(vy-ray flux > average flux)

I'y and I, 0.06 0.51
(vy-ray flux > average flux)

I'y and T, 0.10 0.31

(y-ray flux > average flux)
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multi-wavelength SEDs along with the fitted models.

To model the SED, we considered a one-zone leptonic model by
Sahayanathan et al. (2018) as described in Section 1.3.6 of chapter 1. The
numerical model capable of producing flux for synchrotron, SSC, and EC
spectra from the source parameters, was added as a local model in XSPEC
and used to fit the broadband SED corresponding to the selected two
epochs (56642-56649 MJD and 56649-56660 MJD). To reduce the number
of free parameters, we assumed equipartition between the magnetic field
and the electron energy densities (Burbidge, 1959; Kembhavi & Narlikar,
1999). The proton population, responsible for providing the bulk jet power,
is assumed to be cold in the reference frame of the emission region and
hence was not included in deriving the equipartition condition. The limited
information available at optical/UV, X-ray and v-ray energies does not let
us to constrain all the parameters and hence the fit was performed only
on four parameters namely, p, ¢, I' and B. The rest of the parameters
are frozen at their typical values or at a value that provides better fit
statistics (x?). The values chosen for the frozen parameters are = 2 deg.
Ymin = 40, VYmax = 107, and R ~ 10'% cm. The temperature of the external
photon field is frozen either at 1000 K (EC-IR) or 42000 K (EC-BLR)
depending upon the fit statistics. The parameter ~, can be constrained
with the knowledge of the photon frequencies at which synchrotron and

SSC spectral component peaks (Sahayanathan et al., 2018).

Vssc,peak
Yo = | (3.8)
Vsyn peak

However, the available information at optical/UV and X-ray energies does
not let us to obtain these peak frequencies. Nevertheless, since Iy, > 2

and I'y < 2, this suggests that vsynpeak < 2 €V and Ve peak > 79 keV
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corresponding to the minimum photon energy of optical observation and
maximum photon energy of X-ray observation. A constraint on 7, can then
be obtained as v, > 200. The initial spectral fit was performed keeping -,
as a free parameter with the above constraint satisfied. We find that the
choice of ~, as 750 for the epoch 56642-56649 MJD and 400 for the epoch
56649-56660 MJD provide better fit statistics. The fit is repeated with ~,

frozen at these values and the results are given in Table 4.6.

The ~-ray spectrum corresponding to the epoch 56642-56649 MJD is
hard and this demanded the EC peak to fall at high energies to obtain a
better fit. Consistently, we found EC-BLR provides a better fit to the SED
with x2,4 = 1.58 as compared to EC-IR (24 > 10). On the contrary, the
~v-ray spectrum corresponding to the epoch 56649-56660 MJD is relatively
soft and the EC peak frequency falls at lower energies. Through the SED
fitting, we also noted that EC-IR interpretation of the ~-ray spectrum
provides a better fit statistic (%4 = 1.5) than EC-BLR (x%4 > 10) for
this epoch. It can be argued that with a proper choice of 7, the y-ray
spectrum during these epochs can be explained under a single emission
process (EC-IR or EC-BLR). However, this was not favoured by our initial
fit to the SED when v, set as a free parameter. We found better fit statistics
when 7, is approximately equal to the values quoted in Table 4.6 along
with mentioned target photon fields. Hence, the SED fitting for these
two epochs indicates a significant variation in the target photon field (IR
from the dusty environment and the Ly-a emission from BLR) and this
suggests during different flaring epochs, the emission region can be located
at different distances from the central black hole (Ghisellini & Tavecchio,
2009a). Interestingly, this analysis implies that the variation in the EC
spectral peak of 3C 279 is associated with the change in the frequency of

external photon field. To be consistent with our inference obtained from
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the correlation study (Section 3.3.2), where the variation in Compton SED
peak is attributed to the changes in 7, we interpret that the variations in
Compton peak may be associated with the change in 73 and/or the external
photon field. The best-fit parameter values presented in Table 4.6 may vary
moderately, if we relax the assumption of equipartition condition which
banks upon the minimum total energy criterion of the source (Burbidge,
1959; Kembhavi & Narlikar, 1999). However, the imposed constraint on
the equipartition does not affect our conclusion on the variation in the
target photon field for the EC process. The reason for this being, the
equipartition condition constrains the particle and magnetic field energy
densities; whereas, the EC spectral component depends upon the particle
distribution and the external photon field with no direct dependence on
the jet magnetic field (Shah et al., 2017).
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3.5 Summary

We performed a detailed longterm spectral analysis of the FSRQ 3C 279
using simultaneous broadband observations of Swift-XRT, UVOT, and
Fermi-LAT observations. The spectra at these energy bands can be
individually fitted by a power-law and we found a clear “harder when
brighter” trend at X-ray energy; however, no such behavior was witnessed
in optical/UV and ~-ray energies. We also estimated the transition photon
energy at which the dominance of the synchrotron and the inverse Compton
spectral component switches. The transition energy is well correlated
with the optical/UV flux and the X-ray spectral index but not with the
other spectral parameters. This correlation study suggests that at X-ray
energies the flux enhancement is mainly dominated by the variations in
the spectral index while at optical/UV energies the flux variations are
majorly caused by the changes in normalization. We also find a moderate
correlation between the optical /UV and X-ray spectral indices; however, the
linear regression analysis disfavoured the radiative loss origin of the broken
power-law electron distribution responsible for the broadband emission.
These study results let us conclude that multiple acceleration process may
be responsible for the broken power-law electron distribution and the long
term spectral variations are predominantly associated with the power-law
index changes at lower energy (F < Ej) and the variation in break energy
at higher energy (E > Ej). This is also consistent with the range of y-ray

spectral indices.

The broadband SED of the source was performed considering
synchrotron, SSC, and EC processes for the two epochs with simultaneous
observations by Swift, NuSTAR, and Fermi telescopes. Among the two
selected epochs, the one with hard ~-ray spectrum (56642-56649 MJD)



3.5: Summary 99

10 p—— . ;
Swift UVOT +—e—
Swift XRT ~—e—
Nustar —e—
Fermi LAT —»—

~
TV)

o0 | 1

"0 10 5

o &

'E 5zl 4

G Z S

o = Fo
5%

3 "

2

-
wioM - !
>10

10-12

(data—model)/error
-1 0 1 2 3
T T [

—
— 3
L ]
T ]

E3
]
]
1

‘12 ‘14 V‘16 ‘18 ‘2‘0 ‘22 ‘24
10 10 10 1V°(Hz) 10 10 10 001 01 1 10 100 1000 10° 10° 10° 107
Energy (keV)

Swift UVOT +—e—
Swift XRT +—e—
Nustar —e—
Ferml LAT T T il il T T T il il

©

10° F

- b=
() ¢ ©
o 1010 £ j:‘:B;:E
5 g ]
o o
s 2 S jfr
v ]
=10 . "Z
§ Bl
S -F
=S .Il II ]
3 | | T ;
e Tk :
, « E
10-12 ! ! ! . ! L ! ! ! PLANNVE 3 3
102 10%  10® 10® 102° 102 10% s ! . . A A ) ) ) J. A
v (Hz) 103 0.01 0.1 1 10 100 1000 10* 105 10¢
Energy (keV)

Figure 3.7: Figure showing the broadband SED fitting of 3C279 during the
time intervals 56642-56649 (top) and 56649-56660 (bottom). Left: Dashed curve
represents the synchrotron, dotted curve shows SSC, and dashed dotted curve
represents the EC-BLR/EC-IR components respectively. The solid curve shows
the total best-fit model. Right: The plots of unfolded spectrum with residuals
generated from XSPEC.

indicates EC-BLR origin for the y-ray emission and the epoch with soft
v-ray spectrum (56649-56660 MJD) supports EC-IR emission process.
Interestingly, these SED fits suggest that the variations in ~v-ray peak may
be associated with the change in target photon frequency. Combining this
result with the conclusions drawn from the correlation study, we find that

the variation in the peak of the y-ray spectral component can be associated
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with the changes in the break energy of the electron distribution and/or

the temperature of the target photon field involved in the EC process.
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Chapter 4

Gamma-ray variability and
multi-wavelength insights into the

unprecedented outburst from
4C 31.03

4.1 Introduction

Fermi-LAT is a ~v-ray space telescope, that observes the cosmos
in the energy range 20 MeV to 1 TeV. Recently, in January 2023,
Fermi-LAT reported an enhancement in the y-ray activity from the source
4C 31.03, consistent with the coordinates RA=18.2227 and DEC=32.1399
(Ciprini & Garrappa, 2023). 4C31.03 is recognized as a flat spectrum
radio quasar (FSRQ) with redshift z=0.603, (Wills & Wills, 1976) and
is included in the Fermi 4FGL point source catalog with the identifier
J0112.84-3208 (Abdollahi et al., 2020). This source is also historically
known with other names such as, B20110431, OC317, and NRAO 62.
Further, it is considered as a possible candidate for the study of neutrino

emission from Blazars (Chang et al., 2022). This recent high ~y-ray outburst
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marks the first instance of such an extraordinary activity since its discovery.
The daily average gamma-ray flux reported (~ 4 x 107% phs em™2 s71)
is 60 times greater than the average value quoted in the 4FGL catalog.
Contemporarily, the IceCube Collaboration conducted a search for possible
muon neutrino events from the source and obtained an upper limit on the
neutrino flux, with a 90% confidence level (Hori & IceCube Collaboration,
2023). After this flaring event, the source reverted back to its quiescent flux
level within a few days. The source again underwent a major transition
to the phase of high activity during June 2023 with a maximum flux of
4.9x107% phs cm~2 s~ (Cutini, 2023). The variability aspects of this source
has not been thoroughly studied before, despite continuous monitoring by
Fermi-LAT since 2009.

The underlying mechanism for the high-energy (HE) emission and the
location of the main emission region from the central blackhole still remain
as open questions (Joshi et al., 2013). Identification of the target photon
field for the EC process can provide hints about the location of the emission
region in FSRQs (Joshi et al., 2013; Dermer et al., 2009). The knowledge
of the shortest variability time (7) has been often used to constrain the
emission region size and its location in blazar jets. The light crossing time
suggests the emission region size, R, is less than ¢ 7/(1 + z), where, ¢ is
the relativistic Doppler factor. If the emission arises from a homogeneous
region, then R > r,, where r, ~ GC—QM, is the Schwarzchild radius of
the central blackhole. If v is the semi aperture angle of the conical jet,
then the location of emission region from the central black hole would be
r ~ R/1y. The availability of continuous observations from Fermi-LAT
presents a surfeit of data to search for the shortest time variability events.
The minute scale variability suggests a compact emission region situated

at sub-parsec scales within the broad line region (Dermer & Schlickeiser,
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Figure 4.1: 7 day binned lightcurve of 4C31.03 generated using Fermi-LAT

observations from 54832 to 60152 MJD. The shaded time period represents the

observed recent high activity epoch. The y-ray fluxes are in the units of phs cm =2 s71.

1994b; Blandford & Levinson, 1995). Conversely, for the y-rays to escape
from the pair production losses with the ambient photon field (BLR), the
emission region should be sufficiently far from the central engine (Dondi &
Ghisellini, 1995b).

Modelling the lightcurve variability patterns as well as the spectral
energy distribution (SED) are powerful tools for deciphering the underlying
particle distribution and the physical processes responsible for the
broadband emission. The multi-wavelength SED of 4C 31.03 during the
quiescent phase has been previously modeled under hadronic scenario using
proton synchrotron emission (Liodakis & Petropoulou, 2020). Due to
the decade long quiescent phase, this source has been sparsely studied.
In this chapter, a comprehensive study on the major ~v-ray outbursts of
4C 31.03 using its variability patterns and multi-wavelength observations
are presented. As mentioned before, up to authors’ knowledge, this is
the first study reporting the variability and multi-wavelength aspects of
4C 31.03.
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4.2 Multiwavelength Observations and Data

Reduction

4.2.1 ~v-ray Observations

The Fermi-LAT observation in the energy range 0.1-500 GeV spanning
the time interval 2009 - 2023 (MJD 54830-60160) was used in this work to
study the ~-ray emission of 4C31.03. A 10 degree circular region centered
at RA=18.2227 and DEC=32.1399 was selected as the ROI for this analysis.
We used the software package Fermitools version 2.2.0 for data reduction
and analysis. The photon events were filtered and extracted the good time
intervals (GTI) following standard criteria mentioned in the FSSC page!.
The livetime cube and exposure map were generated using ‘gtltcube’ and
‘gtexpmap’ tools. A circular region of radius 25 degree centered at the
target was selected as the source region and exposure map was generated
for the same. We optimized the ROI of all the sources of interest with
models from the 4FGL catalog. An initial sky model for all the sources
of interest was obtained after performing a binned likelihood analysis over
the total observation. The parameters of the sources within the ROI were
kept free while that of the other sources were frozen to their catalog values.
We have also applied a selection, based on the value of test statistics, TS,
such that the parameters of all sources for which TS (in the entire time
interval) < 9 were kept fixed. The sky model thus acquired was used in
the preparation of lightcurves and the v-ray SEDs. We generated a 7 day
binned global light curve of 4C 31.03 for the entire observation. The ~-ray
lightcurves during the recent active phase were obtained with two time
bin sizes, 0.5 and 1 day. We adopted the unbinned likelihood analysis for

obtaining the light curves. The PowerLaw?2 function was chosen to model

https://fermi.gsfc.nasa.gov/ssc/data/analysis
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the ~-ray spectrum of 4C 31.03 while generating the lightcurves. In order to
obtain the fit convergence in each time bin, we made an iterative procedure:
initially, the ‘DRMNFB’ optimizer was applied to fit in the individual time
bins and whenever this fit failed to converge, we deleted all the sources
with TS< 5. In the final step, we performed the fit within all time bins
after setting ‘Newminuit’ as the optimizer. We rejected those time bins

that failed to converge in the final step.

4.2.2 Swift Observations

The Swift telescope also monitored the outburst of 4C 31.03 in the X-ray
and optical/UV bands. To study the X-ray spectrum, we obtained the
ready-to-use Swift-XRT spectra from the automated online tool Swift-XRT
data products’ generator (Evans et al., 2009). This tool automatically
selects the source and background regions based on count rate and also
performs the corrections for pile up and bad pixels. All the spectra were
rebinned to 20 minimum counts in each energy bin using ftool ‘grppha’
Then the spectra were loaded and fitted in the X-ray fitting platform
XSPEC (Arnaud, 1996). The unabsorbed fluxes in the selected energy
bins were estimated after setting the value of hydrogen column density to
ny = 7.8 x 102 cm~2 (Kalberla et al., 2005). We also obtained the values
of the photon indices and the unabsorbed integrated fluxes in the energy
range 0.3-10 keV for each observation.

The UVOT observations were downloaded from the archive and reduced
following standard procedures?. The images in all the available filters
were summed over the extensions using the tool uvotimsum. A circular

region of radius 6 arcsec was used to extract the source counts, while a

20 arcsec radius circle in the source free region was used for background

’https://swift.gsfc.nasa.gov/analysis/threads
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estimation. For all observations, we also produced spectral products using
the tool uwvot2pha and these were fitted in XSPEC to estimate the total
integrated flux in the energy range 2-7 eV. All the fluxes in each filter as
well as the integrated fluxes were corrected for galactic absorption by fixing
E(B-V)=0.0503 for R,=3.1 (Schlafly & Finkbeiner, 2011b). The results
of the data reduction and analysis of Swift observations are presented in
Table 4.1.
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Table 4.2: The duration and peak time of the flares identified.

Flare Tstart Tpeak Tstop
MJD MJD MJD

1 59945.0  59948.0  59952.0

2 59953.0  59955.5 59960.0

3 60031.0 60032.0 60033.0

4 60071.0 60095.0 60123.0

) 60131.5 60134.7 60138.0

4.3 RESULTS AND DISCUSSION

4.3.1 ~-ray temporal analysis of 4C 31.03

In Figure 4.1, we show the 7-day binned 7-ray lightcurve obtained for
the time duration 54832-60152 MJD. It is evident from the figure that the
source 4C 31.03 has shown such pronounced activity (shaded region) for the
first time since it’s discovery. In this work, we imposed two conditions on all
the lightcurves studied, which are : a) In each time bin, test statistics, TS>
4 and b) uncertainty in flux, AF < 0.5F. There are two reported instances
during which the flux exhibited an extraordinary increase (Ciprini &
Garrappa, 2023; Cutini, 2023). In order to achieve better resolution in time
and to differentiate the rise and decay substructures in this unprecedented
high activity period, we obtained 1 and 0.5 day binned lightcurves during
the shaded region in Figure 4.1. The highest flux obtained is 4.8 x 1076
phs cm ™2 57! for one day binned and 6.9 x 107% phs cm ™2 s~! for 12 hour
binned lightcurve. To have a systematic identification of the duration of
flares, we employed an algorithm utilizing Bayesian blocks (Meyer et al.,
2019; Wagner et al., 2022). This algorithm starts by identifying a block
with higher flux than its preceding and succeeding blocks. It then proceeds
in both directions from the peak, as long as sequentially lower blocks are

found. The start/end of a flare is set by the flux exceeding/falling under
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Figure 4.2: ~-ray lightcurve of 4C 31.03 spanning the time 59940-60152 MJD. Panels
1 & 2: 0.5 and 1 day binned lightcurves. Fluxes are in units of phs cm? s~*. The solid
line indicates the Bayesian blocks obtained while horizontal dashed line represents
the average flux level. Bottom panel: photon index obtained from 1 day binned
lightcurve. The shaded time periods represent the duration of flares as characterized
from the HOP analysis.

a predefined flux level (average flux). This approach is referred to as the
“HOP algorithm,” and was first introduced by Eisenstein & Hut (1998). We
identified five epochs of flaring in the 12 hour and 1 day binned lightcurves
shown as the shaded regions in Figure 4.2. The top 2 panels display the 0.5
and 1 day binned lightcurves along with the Bayesian blocks respectively.
In the bottom panel, we plotted the ~-ray photon index, I',, obtained
from the 1 day binned lightcurve. It is apparent from the figure that
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~v-ray spectrum shows a clear hardness during the flares. Out of all the
identified flares, 3 time intervals (flares 1,2, and 4) corresponding to MJD
59945-59952, 59953-59960, and 60071-60123, show prominent activity. The
other 2 epochs exhibit less significant activity, especially flare 3. The time
periods corresponding to the beginning and the decay of flares as well as
the period of maximum flux, are tabulated in Table 4.2. The Bayesian
blocks and the HOP groups in this analysis were obtained using an open
source python module provided by Wagner et al. (2022). Furthermore, the
variation of I', around 2, during the flares hints that the external Compton

peak falls in the Fermi energy range (> 100 MeV).

Searching for the fastest y-ray variability

To investigate the fastest flux doubling or halving time during the flares,

we scanned the 0.5 day binned lightcurve using the equation:
F(t) = F(tg) 2~ tt)/m (4.1)

where F'(t) and F'(ty) are the fluxes at consecutive times ¢ and ¢, respectively
and 7 is the characteristic time scale. We further imposed a minimum 3o
significance level for the difference in flux at consecutive times (Foschini
et al., 2013) for this analysis. The values of 7 corresponding to the times at
which the above condition has been satisfied are shown in Table 4.3. Our
analysis shows variability time scales ranging from 5 to 18 hours, with the
fastest flux decay between MJD 59951-59952 in a time scale of 5.5 & 0.7
hours. Following the light travel arguments discussed in §5.1, the size of the
emission region, R for a 7 in the order of hours, will be roughly in the range
10 — 101% ¢m (Ghisellini & Tavecchio, 2009b; Dermer et al., 2009). An

observed hour scale flux variability time usually indicates further shorter
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cooling time scale for the emitting particle distribution. And it is worth
mentioning that a cooling time scale lesser than one hour supports the
BLR while more than 10 hour suggests the molecular torus as the location

of y-ray emission in blazars (Foschini et al., 2011).
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Figure 4.3: Plots showing the temporal profile fitting of the 3 prominent flares
observed. The dashed curve represent the total best fit model and solid line is the
base flux level chosen. Flare 1 and 2 fitted together (left). Flare 4 is plotted in the
right panel.

Additionally, we performed a y? minimization fitting of the subflares

using exponential profiles represented by

ty —t t—to
F(t) = 2F lex ( )—l—ex ( )
() o |exp (7 P,

-1

(4.2)

where T, and Ty are the rise and decay times of subflares, respectively,
and Fj is the approximated amplitude of each subflare, measured at time
to. We considered the epochs 59945-59960 and 60071-60123 including the
three prominent flares 1, 2 and 4 as given in Table 4.2. All the fluxes
were estimated above a constant base flux in the analysis. The plots of
the lightcurve with the total best fit function are shown in Figure 4.3. In
the analysis, flare 1 and 2 were fitted together since there is no much time
gap between the flares compared to the lightcurve binning time (0.5 day).
Certain sub-flares within the flare 1 and 2 contain only three data points
and cannot be fitted with the equation 4.2. Hence the parameters of these
subflares (2, 4, and 5) were kept fixed at their optimized values. These

fixed parameters are given in Table 4.4 with suffix . For the sub-flares
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Figure 4.4: The ~-ray ligtcurves with 12 hour binning in the low (0.1-1 GeV) and
high-energy (1-500 GeV) ranges are shown in the top panels. The high-energy light
curve is scaled (x 3) to plot together. In the bottom panel, hardness ratio HR is
plotted against time. Left) Flare 1 and 2 combined. Right) Flare 4.

with more than three data points we quote the standard errors. We also
found the value of asymmetry ( for each subflare from the expression,
(T, — Ty)/(T, + Ty). The flares with ¢ < 0 are known as fast rise and
exponential decay (FRED) flares which are common in 7-ray lightcurves.
Such flares support the scenario of an injection time scale faster than the
radiative time scale (Meyer et al., 2019). However, in our analysis, very
few sub-flares are found with { < 0. Moreover, most of the sub-flares are

slightly /moderately asymmetric since |¢| < 0.7 (Abdo et al., 2010a).

High and low-energy v-ray lightcurves

The good test statistics (T'S) for the fluxes during the 3 prominent flares
made it possible to split the lightcurve into low-energy (0.1-1 GeV) and
high-energy (1-500 GeV) divisions. In Figure 4.4, we show the lightcurves
in these energy ranges plotted together ( high energy lightcurve is scaled
appropriately). In the bottom panel, we plotted the hardness ratio (HR)
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Imunn -

Figure 4.5: Discrete correlation function (DCF) is plotted across the lag in days
measured as Time (100-500 GeV) - Time (0.1-100 GeV) lightcurves. Left) flare 1 and
2, Right) flare 4.

Table 4.4: The rise and decay times estimated from equation 4.2 for all the subflares.
The peak flux Fy is in units of (x107%) phs cm™2 s71.

to Fy T, Ty ¢
(MJD) (day) (day)

Flare 1& 2: xZq=1.21 dof=28

59946.75 52404  0.43+0.04  0.5940.06 0.17
59948.20 2.3* 0.1* 0.5% —0.7
59949.50 29403  037+£0.08 1.4+02 0.59
59953.25 2.1 0.21* 0.22* 0.02
59955.50 1.0* 0.34* 0.06* 0.7
59956.75 15402 1.24+0.3 1.240.2 0.001
Flare 4: x2q=1.8 dof=48

60095.75 38+03 22+03 0.91+£0.20  -0.42
60099.50 22405 0554020 0.30+0.10 -0.31
60103.25 25+05 0.40+£0.10  0.64+0.10 0.26
60110.50 1.14+£03 1.0+0.3 0.75+0.30  -0.14
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defined by,
HR — fo — fi (4.3)
fu + fr

where fy and f;, are the fluxes in the high and low energy bands respectively.
The nature of variations in the low and high energy scenarios seems similar,
however, during most of the epochs, the flaring is more intense in the low
energy regime. This observation indicates that the recent active phase of
4C 31.03 is primarily caused by the low energy electrons in the particle
spectrum. We also explored the time lag between the low and high
energy 7-ray lightcurves using the Discrete Correlation Function (DCF)
(Edelson & Krolik, 1988). A zero time-lag between these lightcurves is
obtained suggesting an energy-independent evolution of the light curves or
the underlying electron distribution. However, the cooling timescales of
the emitting electron distribution at these photon energies are too short
than the light curve binning of 12 hour used for the DCF analysis. For
instance, the cooling time scale (equation 4.7 from §4.3.3) corresponding to
~ 0.5 GeV emission is ~ 7.3 hours and in case of ~ 20 GeV it is ~ 1 hour.
Hence, the zero time-lag obtained through the DCF analysis indicates its
inability to probe the energy-dependence of the electron cooling using 12

hour binned lightcurve.

v-ray spectral variations

In order to study the y-ray spectral transitions during the recent activity
phase of 4C31.03, we obtained the corresponding SEDs for the flares
1,2,4, and 5 (Section 4.3.1) using the likeSED.py module. The SED
for flare 3 cannot be constrained due to low photon statistics. We

also extracted the y-ray SED during the epoch 59960-59975, when the
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source is at a quiescent state. This SED is used later to compare the
broadband SEDs during different activity states of the source (Section
4.3.3). The SEDs corresponding to these epochs were fitted independently
using power-law (PL), log-parabola (LP), broken power-law (BPL), and
power-law with an exponential cutoff (PLEC) models. The PL model
was able to give an acceptable fit only during the quiescent state. The
significance of curvature/break, (T'Scyv) of a spectrum can be estimated as
TS (model of curvature/break) - TS (PL). According to this criterion, a
spectrum shows significant curvature/break if T'Scyy > 16, as it indicates a
40 level confidence (Prince, 2020b; Prince et al., 2021). The results of this
analysis with the T'S¢uv values obtained are given in Table 4.5. The results
of T'Scury test show that nearly all the flaring y-ray spectra (flares 1, 2, and
4) exhibit a notable break, as BPL model provided better statistics in these
cases. However, in the case of flares 1 and 4, the ~-ray spectra can also be
well described by LP and PLEC models in addition to BPL (Table 4.5).
In the case of flare 5, the results show that the spectrum can be described
equally well by all the models. The plots of the y-ray SEDs obtained along
with the models are shown in Figure 4.6. The v-ray spectrum becomes
harder during the outburst as evident from the change in the value of the

spectral index from 2.7 at quiescent state to 1.8 during flares.

The energy corresponding to the break in the spectra is found to be
almost stationary and lies around 2 GeV. The GeV spectral break in Fermi
bright blazars might be intrinsic in nature and can be attributed to the
shape of the underlying particle distribution or the target photon spectrum
(Kang et al., 2021; Lefa et al., 2012). The break/curvature in the ~-ray
spectrum can also be caused by the pair absorption of GeV photons from the
Ly-a line emission of the BLR. This will be the case only when the emission

region lies within the BLR (Poutanen & Stern, 2010). However, Costamante
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et al. (2018) investigated the external Compton scenario involving BLR
photons in a sample of 106 Fermi bright FSRQs (including 4C 31.03) and
suggested that the v-ray spectra of such sources do not exhibit significant

absorption effects, instead, vy-rays seems to be produced outside the BLR.

Highest photon energy

As mentioned above, the detection of photons with energy greater than
20 GeV is pivotal in the case of FSRQ type sources since the photons of such
energy detected can plausibly indicate that the v-ray production happens
beyond the BLR (Liu & Bai, 2006; Costamante et al., 2018). We found the
energies of the photons detected during the active state of 4C 31.03 which
are positionally consistent with the source co-ordinates using the fermitool
gtsrcprob. Three epochs were noticed at which photons with energy greater
than 50 GeV have been detected from the source with more than 99%
association probability. They are 51.3 GeV at 59946.76 MJD, 82.6 GeV at
59947.15 MJD, and 65.5 GeV at 60107.24 MJD.
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Figure 4.6: Plots showing the y-ray SEDs during different activity states along with
the fitted spectral models. The details of models are inboxed in the plots.
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4.3.2 Constraints on the Doppler factor

The detection of ~-rays from blazars is often used to constrain various
source parameters (Foschini et al., 2013; Tavecchio et al., 2010). The
observed variability timescale (7) coupled with the light travel time

arguments can effectively constrain the emission region size as

R< cT
— 14z

5 (4.4)

where ¢ is the jet Doppler factor. Using this relation along with the pair
production opacity of the v-ray photons against the target X-ray photons,
one can obtain a lower limit on the jet Doppler factor (Dondi & Ghisellini,

2 units

1995b; Abdo et al., 2010a). For a ~-ray photon of energy € in mec
and the target X-ray photon flux f,, the minimum jet Doppler factor can

be deduced as

1
ord? (1+ 2)% fr€]®
47 m,ct

5 > (4.5)

where, op is the Thomson scattering cross section and dj, is the luminosity
distance. The highest photon energy detected during the time period of
flares 1 and 2 is 82.6 GeV (Section 4.3.1) and the X-ray flux obtained in the
energy range 0.3-10 keV during the flaring state is 2.915x 107! erg/cm?/s.
Incorporating this values with shortest variability timescale of 5.5 hours
(Section 4.3.1) in the above equation, we found the minimum jet Doppler
factor during the flaring state as 17. Using this value in equation 4.4, the
upper-limit on the emission region size R is estimated to be ~ 10'% cm. For
a similar value of the emission region size and the target X-ray photon flux
5.6x10712 erg/cm? /s corresponding to the quiescent state, the jet Doppler
factor was found to be 13. Here, we used the highest photon energy as 26
GeV (detected during the quiescent state on 59960 MJD).
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Figure 4.7: Figure showing the multi-wavelength fluxes of 4C 31.03 during MJD
59940-59965. From top to bottom: ~y-ray flux (phs cm™2 s71), X-ray flux (erg cm™2
s71), and optical /UV flux (erg cm™2 s7!). Time zero corresponds to 59940 MJD.

4.3.3 Broadband SED analysis

The broadband spectral modeling of the source with different emission
processes can provide clues on the gamma-ray emission mechanism and
the plausible location of the emission region in the blazar jet (Ghisellini
& Tavecchio, 2009b; Cerruti, 2020). For this, we selected three epochs
from the multi-wavelength light curve corresponding to two high activity
states and a quiescent state. These epochs were also chosen based on the

availability of the Swift observations and are shown in Figure 4.7. In Figure
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Figure 4.8: Plot showing all the 3 multiwavelength SEDs together.

4.8, we show the observed SEDs corresponding to these three flux states.

The broadband SEDs available at optical /UV, X-ray, and ~-rays from
the Swift-XRT and Fermi observations are modeled using a one-zone
leptonic model considering synchrotron, SSC, and EC processes (Section
1.3.6) (Shah et al., 2017; Sahayanathan et al., 2018). The emissivity
functions corresponding to these radiative processes are solved numerically
and the routines developed are incorporated as a local model in the
spectral fitting package XSPEC (Arnaud, 1996). The energy density of the
target photon field involved in the external Compton scattering process is

expressed as a fraction (f) of the corresponding black-body energy density.

Utarget = f x Upp (46)

4
where, Upp = 2984 s the black-body energy density. The temperature
c

for BLR emission was taken as 42000 K and that for Torus was set at 1000 K.

The total number of parameters governing the broadband spectrum exceeds
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Table 4.6: Best-fit values of the source parameters from broadband SED fitting.
Description of symbols in columnl: p-Low energy particle index, ¢-High energy
particle index, v,-Break Lorentz factor, B-Magnetic Field (G), I'- Bulk Lorentz
factor, 0 - Doppler Factor, n- Equipartition, f- External Compton fraction f, and
Ustarget - External photon energy density (erg cm™)

Parameter Flarel Flare 2 Quiescent
P 2.3240.04 1.7840.05 1.63£0.13
q 4.4+0.1 4.840.2 4.2+0.1
Vb 45424508 26174257 1230+ 69
B 0.86+0.03 0.80+0.01 0.68+0.02
r 28 16 13
) 28.6 24.4 21.5
n 3.0 3.0 3.0
f 0.048+0.004 0.029+0.005 0.008+0.002
Usarget 3.6 x 1074 2.2 x 1074 6.1x107°

the information available from the optical, X-ray, and vy-ray energies, and
hence, certain constraints were imposed. The emission region size was
optimized at 2 x 100 cm after freeing initially, and was then kept fixed in
further steps. In addition to these, we also fixed the parameters: v,i,=10,
Ymax=2 X% 10%, and viewing angle, §=2°.

The spectral fit to the different activity states using these emission
processes was first performed by setting all parameters free except the ones
mentioned above. However, the confidence intervals were obtained only for
the parameters p, q, 7, B, and the external Compton fraction f, since the
iterations were unable to converge due to plausible degeneracies. In Table
4.6, we provide the details of the best-fit parameters, and the spectrum
corresponding to these best-fit parameters are shown in Figure 4.9 with

the right panels showing the output from XSPEC.

The observed fluxes at the three selected epochs were reasonably

reproduced by the model using synchrotron, SSC and EC-IR emission
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Figure 4.9: Left) The selected SEDs with best-fit models. The dashed line represents
the synchrotron, dotted line SSC, and dotted dashed line EC process respectively.
The solid curve shows the total best-fit model. Right) Corresponding plot of unfolded
spectrum with residuals generated from XSPEC. From top to bottom: Flare 1, 2,

and quiescent state.
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processes. Comparing the SEDs in the Figure 4.8, one can note that
the flux has substantially increased across all the wavebands during flares.
The results of our SED fit suggest that this transition is associated with
significant variations in most of the source parameters, including low and
high energy particle indices, bulk Lorentz factor, ;, magnetic field B, and
the target photon energy density Utarget- The variation in Uparger across the
activity states can be associated with the location of the emission region
from the central black-hole (Ghisellini & Tavecchio, 2009b). The target
photon energy density is higher for the flaring states compared to quiescent
period, and this implies that during the flares, the emission region is more
closer to central black-hole than in the case of quiescent state. Similarly,
the target photon field energy density for flare 1 is larger than that of
flare 2, suggesting that the location of the emission region can be closer
to the central black hole for Flare 1. The SEDs also exhibit a significant
difference in the spectral shape. For example, the X-ray spectrum during
flare 1 has the contribution from synchrotron and SSC processes and shows
a negative curvature, while for the other epochs the X-ray emission is

predominantly due to SSC process following a power-law.

Our broadband analysis suggests that the y-ray emission from 4C 31.03
can be due to the inverse Compton scattering of IR photons from the torus.
This is consistent with our findings from the ~-ray observational results
mentioned in previous sections. Further, the observed cooling time scale of
the underlying electron distribution for the EC emission can be calculated
as (Tavecchio et al., 2010; Saito et al., 2013),

1
7fobs — 3mec VS;%F(l—I—Z) ’ (47)
¢ T Ao U )

where, U = Usarget I'? is the target photon field energy density in the
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co-moving frame, 2% (2 x 10®Hz) is the observed seed photon frequency

seed
(for torus IR as the target photon field) and v82° is the observed EC peak
frequency. The peak EC frequency is obtained from the best-fit values
of the log-parabola spectral fit to the y-ray observations (Massaro et al.,
2006). In the case of flare 1, 14 is equal to 1.2 x 10%® Hz. Using the best-fit
values provided in Table 4.6, we obtained tgbs to be 7.3 hours. This is in
close agreement with the decay time scales obtained from the temporal

analysis of the source (Section 4.3.1).

4.4 Summary

The blazar 4C31.03 has recently been reported by Fermi-LAT for
exhibiting an exceptionally high ~-ray activity for the first time. In this
paper, we performed a detailed study of this major outburst through
temporal and spectral analysis. We used publicly available observations by
Fermi-LAT, Swift-XRT, and UVOT instruments for this study.

We performed a detailed temporal study of the ~-ray emission from
4C 31.03 using lightcurves with 7, 1, and 0.5 day binning. Through the
statistical analysis of lightcurves using Bayesian blocks, we identified 3
epochs featuring prominent flares. The shortest variability timescale of 5.5+
0.7 hours was observed from the variability analysis performed using 0.5
day binned lightcurve. The comparison of fluxes in the energy ranges 0.1-1
GeV and 1-500 GeV indicates that this outburst is predominantly caused
by the low-energy electrons in the particle distribution. The y-ray SEDs
corresponding to flaring and quiescent states were studied using various
models, revealing that the spectra during the flares exhibit significant
curvature/break.

The maximum photon energy, detected positionally consistent with the
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source, is ~ 82 GeV, and this implies that the emission region may be
situated outside the BLR. Using the pair production opacity argument
and considering variability time scale, we obtained the value of minimum
jet Doppler factor corresponding to the flaring state as 17 and 13 for the
quiescent state.

Further, we performed a detailed statistical broadband SED study of
3 multi-wavelength spectra representing flaring and quiescent activities.
Using a one-zone leptonic model that incorporates synchrotron, SSC, and
EC emission processes, the observed fluxes at considered energy bands
were successfully reproduced. Interestingly, the observed v-ray fluxes are
well accounted by attributing with the external Compton process involving
IR photons from the torus. Further the value of the observed cooling
timescale, to” estimated from the broadband SED results, closely aligns
with the values of time scales obtained from the variability analysis. Our
study supports the idea that the y-ray production in 4C31.03 happens
beyond the BLR, but within the molecular torus.
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Chapter 5

Study of the long-term flux
distribution of 3C 279 and 4C 31.03

5.1 Introduction

Studying the probability density functions (PDF) associated with the
long-term flux distribution can provide valuable insights into the underlying
processes driving the variability. In general, a Gaussian PDF for the
longtime flux distribution indicates that random or additive processes are
responsible for the flux variations. However, longterm flux distributions of
blazars were known to follow a log-normal PDF (Sinha et al., 2018; Romoli
et al., 2018; Shah et al., 2018). In a lognormal process, the fluctuations
in an observable are correlated to the actual value. ie, for a stochastic
phenomenon X originating from random multiplicative disturbances, z;,
such that X = Ilx;. The logarithm of X will be additive in logx; and
by central limit theorem, the sum of logx;’s must approach a normal
distribution as N — oco. Hence, a log-normal flux distribution (normal in
logarithm) hints multiplicative origin for the variability and rules out the
possibility of additive processes involved with the flux variations.

Log-normal flux variability was initially observed for X-ray binaries
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(McHardy, 2010; Uttley et al., 2005). Later, several studies reported
log-normal signatures in the long-term flux distributions of blazars (Shah
et al., 2018; Pian et al., 1999; Romoli et al., 2018; Rieger, 2019b; Vaughan
et al., 2003). A linear trend in rms—flux relation is also observed for blazars,
that supports the log-normal flux variability (Uttley et al., 2005; Shah et al.,
2018). The log-normal flux distributions found in X-ray binaries can be
connected to the multiplicative phenomena associated with accretion disc.
The viscous density fluctuations in the disk can propagate inward and make
a power-law multiplicative noise. This signals when transmitted to the jet
can modulate the jet emission (Arévalo & Uttley, 2006; Lyubarskii, 1997;
Uttley et al., 2005; Narayan & Piran, 2012). However, in the case of blazars,
the observed rapid variability within timescales in the order of hours or
even less than that demands the origin of variability within the jet, since
it is difficult for the signals from the disc to propogate in such short time
periods (Narayan & Piran, 2012; Shukla et al., 2018). On the other hand,
log-normal variability associated with the blazar emission can be intrinsic,
and caused by random variations in the spectral index. In a narrow-band
photon spectrum approximated with a power-law, any Gaussian variation
in the spectral index can cause a log-normal flux distribution (Sinha et al.,
2018; Khatoon et al., 2020) as,

F, x v ™©®

log F, x —alogv
Alog F,, x —aAlogr — Aa logv
(5.1)

where « is the spectral index. The Gaussian variation in « indicate similar

type of fluctuations in particle distribution index p as p = (a — 1)/2.
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Considering a particle distribution represented by a power-law as, N(v)

~~P, the index p is given by (1 + lac ), where tg../tese is the the particle

tesc

acceleration /escape time scale. Hence a random variation in « implies a
perturbation in the particle acceleration/escape time scale. In this scenario,
the fractional variability AN (y)/N(v) or Alog(N(v)) will be a linear sum
of a Gaussian and log~ terms. The synchrotron and inverse Compton
fluxes carries the signatures of log-normality from the particle distribution.
The log-normal imprints in this case, is energy dependent and becomes
weaker towards lower energies (Rieger, 2019b).

As a continuation to the studies in chapters 3 and 4, we present a
detailed analysis of the long-term flux distributions of the sources 3C 279
and 4C 31.03 in this chapter. In the first section, the analysis and results
of the flux distribution study of optical, X-ray and ~ -ray lightcurves of
3C 279 is presented in detail. The second section elaborates the details of
~-ray flux distributions associated with the quiescent and active phases of

4C 31.03. We summarize our findings in the last section.

5.2 Data selection

To perform the flux distribution study of 3C 279, we took the power-law
modeled fluxes and indices from the multi-wavelength data described in
the Section 3.2 of chapter 3. These lightcurves in optical, X-ray and
~v-ray bands have been obtained using observations spanning 14 years of
Swift-UVOT, XRT and Fermi-LAT instruments. For investigating the v-ray
flux distribution of 4C 31.03, we used 7 and 0.5 day binned v-ray lightcurves
obtained from the Fermi observations during the period 54832-60152 MJD,

which has been already used in the variability studies presented in chapter
4.



132 Chapter 5. Study of the long-term flux distribution of 3C 279 and 4C 31.03

5.3 Multi-wavelength flux distribution study of
3C 279

In general, the flux distribution of 3C279 supports a log normal
behavior, suggesting the physical process responsible for the variability
to be multiplicative (Romoli et al., 2018; Goyal et al., 2022; Sahakyan,
2021). This can possibly indicate the coupling of the blazar jet with the
accretion disk where the variable emission from the latter is well understood
to be log-normal (McHardy, 2010). However, one of the striking features
of 3C279 is its flux variability measured even up to minute timescales
(Ackermann et al., 2016; Paliya, 2015). Such rapid variability demands a
very compact emission region along with the origin of variability within the
jet. A detailed study of the PDF associated with long-term flux distribution

can provide insights into this.

3C 279 exhibits prominent flares in various energy bands with significant
spectral variations. There are epochs when these flares are correlated over
all the energy bands and also for the peculiar orphan ones. For example, the
GeV flares at epochs 56646, 56720, 56750, and 57188 have previously been
reported as orphan ~y-ray flares (MacDonald et al., 2017; Lewis et al., 2019a;
Wang et al., 2022; Patel et al., 2021). The spectral property of the source
within orphan and multi-wavelength flares differ considerably (Rajput et al.,
2020). Besides, the frequent flaring episodes encountered from this source
also raise the question of whether the source posses two definite flux states.
Studying the long term flux distribution also has the potential to identify
whether these flux variations are associated with a single statistical process
or the source behavior changes during different flux states (Shah et al.,
2018). Such studies on blazar lightcurve (including 3C279) at different

energy bands have already been done and they suggest a log-normal flux
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variability (Narayan & Piran, 2012; Shah et al., 2018; Vaughan et al.,
2003; Romoli et al., 2018; Sobolewska et al., 2014). Further, the ~-ray
flux distribution of 3C 279 shows a double-Gaussian nature suggesting two
definite flux states (Shah et al., 2018). We repeated this by including the
optical/UV, X-ray, and ~-ray light curves, and also studied the distribution

of the spectral indices.

To study whether the flux and index variations are consistent with a
normal distribution, we first performed the Anderson-Darling (AD) test on
these quantities. Depending on the value of the test statistics, one can reject
the normality of the distribution when it is greater than the critical value.
The test was performed on the fluxes, logarithm of fluxes, and spectral
indices. In Table 5.1, we provide the results of the AD test with the critical
values estimated at 5% significance of the null hypothesis. We find that the
distributions of the logarithm of the optical/UV fluxes, optical/UV spectral
indices and the X-ray spectral indices favour a Gaussian distribution (in
bold); while the other distributions are inconclusive. This behaviour of
the optical /UV flux is consistent with the earlier studies where the blazar
flux variations are log-normal in nature. We repeated this analysis by
performing the fitting of histograms of logarithm of fluxes and the spectral
indices with Gaussian and double Gaussian PDFs A Gaussian PDF is

defined as
a —(z—p)?

f(x) = V202 e 207 (5.2)

where, 1 and o are the mean and standard deviation of the distribution

respectively; while a double Gaussian PDF is defined as

—(x—p1)? 1 — —(x—p9)?
dx) = e > 42 o 2 (5.3)

\2mo? V2703

where 1 and po are the means, and o; and o9 are the standard deviations
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Figure 5.1: Plots showing the histograms with best-fit PDFs obtained in the case of
3C279: a) Optical/UV flux, b) Index. The dotted vertical line in the left panel gives the
mean value of corresponding flux.

of the two Gaussian PDFs. Consistent with the AD test, histograms of
the logarithm of optical/UV fluxes and the corresponding spectral indices
can be well fitted by a Gaussian PDF (with reduced chi-squares 2,4, 1.08
and 1.28 respectively). In Figure 5.1, we show these histograms with the
best fit Gaussian PDF. For X-rays, the fit by a double Gaussian PDF to
the histogram of the logarithm of X-ray fluxes provided better statistics
(x%q = 0.86) compared to the Gaussian PDF (2, = 1.99); whereas, a
single Gaussian PDF was able to fit the histogram of X-ray spectral index.
Though the logarithm of X-ray fluxes favoured a double Gaussian PDF,
the distributions are too close to be differentiated. In Figure 5.2, we show
that these distributions with the best-fit Gaussian (logarithm of fluxes
and indices) and the double Gaussian (logarithm of fluxes) PDFs. The
histogram of the logarithm of y-ray fluxes constructed from the adaptively
binned light curve clearly showed two distinct peaks and is well fitted by a
double Gaussian PDF (x2, = 0.824). A similar feature is also observed in
3-day binned fluxes and the best fit double Gaussian PDF resulted in similar

statistical moments (means and the standard deviations). The results are
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Figure 5.2: Plots showing the histograms with best-fit PDFs obtained in the case of 3C 279:
a) X-ray flux— The solid curve represents the best-fit double Gaussian, dotted curves the
two components of double Gaussian, dotted dashed curve the best-fit single Gaussian, and
dashed vertical line the logarithm of average flux value respectively. b) X-ray index.
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Figure 5.3: Plots showing histograms of v-ray fluxes of 3C 279: a) adaptively binned, b)
3 day binned. The red solid curves show the best-fit double Gaussian, the dotted curves
the two individual components of the double Gaussian, dotted dashed curves the best-fit
Gaussian, and the vertical dashed line represents the logarithm of average flux value.

given in Table 5.2 and the histograms with best-fit double Gaussian PDFs

are shown in Figure 5.3. In both cases, the index distribution also favoured

double Gaussian PDFs and the fit statistics are given in Table 5.2. In Figure

5.4, we show the corresponding histograms and the best fit Gaussian and

double Gaussian PDFs. Though the distribution of two Gaussians of the
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Figure 5.4: Plots showing histograms of ~-ray indices of 3C279: a) adaptively binned, b)
3 day binned. The red solid curves show the best-fit double Gaussian, the dotted curves
the two individual components of the double Gaussian, and the dotted dashed curves the
best-fit Gaussian respectively.

double Gaussian PDF is not very distinct in the histogram of indices,
they supplement the double Gaussian flux distribution with the fact that
the plausible log-normal vy-ray flux variability can be associated with the
Gaussian variability in indices. However, to affirm this claim more rigorous
statistical treatment is required. In the histogram of logarithm of fluxes,
we show the mean ~-ray flux by vertical dashed lines. Based on these
histograms, the average flux may not actually differentiate between the
high and low states instead one can use the flux value at which the two
Gaussian functions intersect (dotted dashed vertical line in Figures 5.3 (a)
and (b)). However, this value (3.3 x 107% phs cm™2 s7!) is not used to
demarcate the high and low states in the correlation study described in
chapter 3, as we could find very few observations during which the fluxes
are higher than this value and hence did not use in the correlation study

described in chapter 3.
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5.4 ~-ray flux distribution of 4C 31.03

Being a bright v-ray source after the prolonged low activity phase,
4C 31.03 forms an ideal blazar to study the log-normal flux and spectral
variations. We obtained the histograms for the logarithm of fluxes and
indices from the 7 day binned long-term lightcurve. To identify whether
the source displays two flux states, we first performed the histogram study
using only the prolonged quiescent phase (54832-59940 MJD) and then
repeated with the inclusion of the recent active period (5994060152 MJD).
The histogram analysis reveals that the long-term quiescent phase flux alone
can reasonably be reproduced by a single log-normal function. Conversely,
a double log-normal function gives better representation for the total flux
distribution after including the active phase. However, in the double
log-normal distribution, the Gaussian component corresponding to the
high flux state is significantly suppressed due to the prolonged quiescent
activity. Hence, we further explored the flux distribution of the active
state using histogram obtained from 12 hour binned lightcurve (to improve
statistics). The histogram of the logarithmic fluxes corresponding to the
active phase is again well fitted by a single Gaussian PDF reflecting a
log-normal flux distribution. The histogram study, therefore supports that
the blazar 4C 31.03 is characterized by two definite flux states corresponding
to its quiescent and active phases. The results of this study are given in
Table 5.3 and the histograms with the best-fit models are shown in Figure
5.5.

We extended our study to understand the index variability by
constructing their histograms. Interestingly, the index distributions
demanded a double Gaussian shape irrespective of the flux states (Figure

5.5(d)). A possible reason for this could be that the observed ~-ray
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spectrum falls around the peak of the Compton component and hence the
spectrum is not represented by a simple power-law. During the different
flux states the y-ray peak shifts significantly and the integrated flux can
be either governed by the low or high-energy index.

The observed log-normal flux variability can be attributed to the normal
variation in the spectral index. However, we find the index distributions
during the flaring and quiescent states are better represented by a double
Gaussian function while the flux distributions during these states suggest
a single log-normal variability. Alternatively, the observed log-normality
in blazars can also be attributed to the Fermi acceleration processes in
the jet (Rieger, 2019b; Xu et al., 2019; H. E. S. S. Collaboration et al.,
2017). For instance, the quiescent period of the blazar may be dominated
by one type of Fermi acceleration (turbulent/shock) and at the flaring
period, both could be at play (Dmytriiev et al., 2021; Lewis et al., 2019b).
Consistently, the flux distribution of the total period reflects a double

log-normal behavior.

To scrutinize our inference drawn from the histograms, we tested the
hypothesis of normality for the distributions of y-ray fluxes and indices
using Anderson-Darling (AD) statistics. The test results are provided
in Table 5.4. According to the AD test performed, the logarithmic flux
distribution of the total lightcurve deviates significantly from a single
Gaussian behavior. This result is consistent with conclusions drawn
from the histogram study which supports a double log-normal variability.
The AD test performed on the active phase fluxes alone supports a
log-normal variability in agreement with the corresponding histogram
analysis. Interestingly, the AD test for the quiescent phase suggests a
slight deviation from the log-normal behavior which is contrary to the

conclusion drawn from the histogram study. A plausible reason could be,
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Figure 5.5: Plots showing the histogram fitting of logarithm flux distributions
obtained for a) Quiescent state, b) Active state, ¢) Total lightcurve, and d) The
index distribution obtained from the total 7 day binned lightcurve.

the quiescent period may also contain minor flares associated with different
physical processes. The presence of such flares deviate the variability
behavior from log-normal in case of AD test. However, in case of histogram
study, these minor flares may be over shadowed by the prolonged quiescent

phase and hence showed a log-normal distribution.
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5.5 Summary

The long-term flux and index distribution of the sources 3C 279 and
4C 31.03 were studied to identify the nature of variability. In the case of
3C 279, a long-term distribution study was performed in optical, X-ray
and vy-ray wavelengths. We used observations of Swift-XRT, UVOT, and
Fermi-LAT spanning 14 years. The Anderson-Darling test conducted
over all the flux and index distributions suggests a log-normal variability
for the optical flux and a normal behavior for the optical and X-ray
index distributions. To leverage this, we also performed the fitting of
the corresponding histograms with single Gaussian and double Gaussian
functions. In this study, the X-ray and v-ray flux distributions are found to
be deviating from a single log-normal feature and is better explained by a
double Gaussian. However, the double log-normal variability is only evident
in the y-ray flux distribution and in X-ray, the two individual Gaussian
are not well resolved. The double log-normal behavior in v-ray emission
is further asserted by the double normal distribution observed for ~-ray
index distribution. The log-normal variability observed in the broadband
emission of 3C 279 can be associated with the Gaussian perturbations in the
index which in turn connect the origin of variability to the perturbations

in the particle acceleration/escape time scale.

The comprehensive study seeking the origin of variability in the y-ray
emission of 4C 31.03 was performed using flux and index distributions. The
~v-ray emission from 4C 31.03 exhibits log-normal variability and showcase
a double flux state corresponding to the prolonged quiescent and the recent
active phases. The index distributions corresponding to quiescent, active
and total periods show case a double normal variation indicating that the

~v-ray spectrum is characterized by two spectral indices. The observed
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double log-normal variability in the v-ray flux cannot be attributed to
the Gaussian variation in the index, nevertheless, can be associated with
changes in the dominant acceleration processes themselves during different

activity phases of the source.
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Chapter 6

Summary

This thesis investigates the multi-wavelength variability of blazars,
focusing on two prominent Fermi-bright sources: 3C 279 and 4C 31.03.
Blazars, a subset of active galactic nuclei (AGN), are distinguished by
relativistic jets that are directed towards the earth. Chapter 1 provides a
foundational overview of blazars, detailing their distinctive characteristics
and offering a discussion on the particle acceleration mechanisms and
radiative processes that contribute to their broad-band emissions. Chapter
2 introduces the space telescopes Fermi-LAT, Swift-XRT, and UVOT,
alongside an explanation of standard data reduction and analysis

procedures.

Chapter 3 focuses on a detailed correlation and regression analysis of
various spectral parameters within the narrow band spectra of the blazar 3C
279, which is examined as a case study. We used the Swift-UVOT, XRT,
and Fermi-LAT observations of 3C279 spanning 14 years in this study.
Our multi-wavelength sample used in the correlation analysis consists of
simultaneous 170 optical and X-ray spectra, 260 X-ray and ~-ray spectra,
and 164 optical and ~-ray spectra. Additionally, we included all the
available y-ray, X-ray and optical/UV spectra of 3C 279 for performing
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correlation analysis in each individual energy band. The major findings of

this study are

e Blazars are known for exhibiting positive /negative correlation between
flux and indices during the flares in the narrow band emissions.

However, this trend may or may not be present on a long-term basis.

e In the case of FSRQs, particularly 3C 279, the optical emission can be
considered to be from the high energy particles and X-ray emission
is from the low energy particles in the distribution. Further, under
the radiative cooling interpretation, a strong positive correlation is
expected between X-ray and optical indices with an index difference
of 0.5. The detailed correlation study does not support such a trend

and the index difference strongly deviate from 0.5.

e The correlation study perfomed on transition energy shows a
strong positive correlation with the optical/UV flux and a notable

anticorrelation with X-ray index.

e The results of the correlation/regression analysis suggest that flux
changes in the optical band are primarily driven by normalization
variations, while flux variability in the X-ray band is largely influenced

by changes in the index.

e Extending these results to the underlying particle distribution with a
break energy FEj, one can say that at low energy (E < Ej) the spectral
variations are mainly caused by the index, whereas at high energy

(E > E}) the variations can be due to the changes in Fj.

e Broadband SED modeling of 3C 279 reveals substantial shifts in the
EC peak energy, which can be attributed to changes in the break
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energy. The SED analysis also suggests that EC peak energy shifts

may occur when the target photon field is altered.

4C 31.03 is a sparsely studied object due to its prolonged quiescent
activity. In January 2023, it underwent its first y-ray outburst, during
which the flux level rose to 60 times its previous average. The thesis
explores y-ray variability and presents a multi-wavelength study of this
source in Chapter 4. In this work, we conducted an in-depth study on the
temporal variability of the active v-ray phase of 4C 31.03 and explored
its multi-wavelength implications. The main findings of this study are

summarized.

e The study of 12 hour binned lightcurve using Bayesian blocks and

HOP algorithm shows three prominent flaring epochs

e The short-term variability times obtained scales from 5-18 hours with

the fastest variability observed at 5.5 hours.

e The maximum photon energy for the ~-ray photon detected with
more than 99% association probability is 82 GeV, and these ~-ray
observations indicate that the ~-ray emission region may lie beyond
the BLR.

e A systematic SED modeling using one zone leptonic model was
performed for the selected 3 SEDs. The observed gamma-ray fluxes
were well accounted for by assigning EC-IR process as the likely

gamma-ray production mechanism at all the selected epochs.

e The observed gamma-ray fluxes were well accounted for by assigning
EC-IR process as the likely gamma-ray production mechanism at all

the selected epochs.
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e Results of SED analysis show notable variations in the parameters B,

I', 0, , and Utarger during the transition of the source from quiescent

to active phase.

The observed cooling time of the emitting particle spectrum estimated
using best-fit parameters of SED modeling is 7.3 hours. This value
aligns perfectly with the variability time scales measured from the

timing analysis.

SED modeling also revealed a significant change in the spectral shape
of the source, particularly in the X-ray energies. The X-ray spectrum
shifts from a power-law form during the quiescent phase to a negatively
curved spectrum during the flaring epoch. During this flaring period,
there is a soft X-ray excess in the synchrotron emission component,

indicating that particles are accelerated to much high energies.

The long-term flux distribution study possesses the potential to probe

the nature of physical processes that drives the variability. We performed
a detailed study to understand the nature of flux distributions in 3C 279
and 4C 31.03 and is presented in Chapter 5. The study on 3C 279 covers

the optical, X-ray, and vy-ray emission, while the flux distribution study for

4C 31.03 was limited to v-ray spectrum. We tested the normality of flux

and index distributions using Anderson-Darling test and also performed

the histogram fitting with Gaussian and double Gaussian PDFs to identify

the nature of distributions.

e A clear log-normal variability behavior is observed for 3C279 (in

optical, X-ray, and ~-ray spectra) and 4C31.03 (for the ~-ray

emission).

e The 7-ray flux distribution in 3C 279 and 4C 31.03 displays a double
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flux state.

e The double flux state in 4C 31.03 clearly corresponds to the overlong

quiescent phase and the recently observed high activity state.

e The log-normal variability observed in 3C 279 can be attributed to the
random fluctuations in the particle acceleration/escape time scales

that can cause a Gaussian variation in the index.

e However, the double log-normal variability observed for 4C31.03
cannot be attributed to the above mentioned phenomenon. In this
case, the y-ray index distribution displays a double normal behavior
irrespective of the flux state. Hence, the double log-normal flux
distribution of 4C 31.03 may be an outcome of the variations in the
dominant particle acceleration process corresponding to quiescent and

flaring periods.
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Recommendations for future study

e Searching for the lower-energy counterpart of the galactic plane
transient source 4FGL J0133.0+5930: This is a galactic plane y-ray
source for which the lower-energy counterpart is unknown. Marti
et al. (2017), considered two objects as the possible candidates for
the low-energy counter part of this source. One is an eclipsing
binary star TYC 3683-985-1, and the other is a Swift X-ray source
SWIFT J0132.94+5932. However, according to the latest 4FGL-DR3
catalog, the 95% confidence Fermi ellipse does not include the
position of TYC 3683-985-1. This indicate SWIFT J0132.94+5932 as a
promising candidate and we observed an enhanced X-ray and optical
activity simultaneous to the detection of y-ray emission by Fermi-LAT
(Angioni et al., 2021). We aim to explore SWIFT J0132.9+-5932 to
identify the nature of the astronomical object that is responsible for

the vy-ray emission.

e Study of the unknown/unassociated y-ray sources: Many sources have
shown ~-ray activity detected by Fermi telescope, but not included
in any ~y-ray source catalogs (Benke et al., 2024; Cheung & Kocevski,

2023). The spatial templates of such sources are not designated as
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a point source or an extended one. The emission from such sources
is below the Fermi detection threshold most of the time. Studying
the properties of such sources offers potential data analysis challenges.
Besides this, recently there are several detections of TeV emission by
LHAASO and HAWC for which the lower energy/GeV counterpart
is unknown (Horan & Wakely, 2008). It is interesting to explore the
exact origin of such powerful emissions from the unidentified positions

in the universe.

Exploring X-ray and MeV polarization: Polarization is an efficient
tool to probe the radiation mechanism and the physical environments
within the jet. The polarization angle shows drastic variability
correlated with flares at optical and X-ray wavelengths and this
parameter can point out the orientation of the magnetic field in
the jet (Pavlidou et al., 2014). The Imaging X-ray Polarimetry
Explorer (IXPE) onboard since 2021 December, provides polarization
data for blazars at X-ray energies. The MeV polarization can
probe the radiative mechanism in blazars since a high degree of
MeV polarization confirms hadronic processes. Studying the data
from The Compton Spectrometer and Imager (COSI) can unveil the
gamma-ray polarization in blazars and constrain the high energy

emission mechanism.

The study of the nature of v-ray variability for a sample of southern sky
blazars detected by TESS: If FSRQs and BLLs are physically distinct
classes, then they should manifest statistically different variability
properties. The same scenario is true if there is a clear balance
between disk driven and jet driven emission. A recent study on

the optical variability of a sample of southern sky blazars reveals



153

no significant distinction between the variability properties of FSRQs
and BLLs (Dingler & Smith, 2024). However, the y-ray emission from
these classes has distinct origin and FSRQs are more luminous in
~v-ray energies with higher Compton dominance than BLLs. Moreover,
the long-term ~-ray flux distribution of blazars is characterized by
double log-normal feature (Thekkoth et al., 2024, 2023). A study
exploring the nature of variability of y-ray emission using Fermi-LAT
observations is crucial in understanding the connection or distinction
between FSRQs and BLLS. A further comparison of the results
with the optical study can also provide better understanding of the
difference in the statistical processes driving variability in low and

high energies.
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Table A.1: Table showing results of power-law fitting of Swift-XRT observations. From
left to right: Observation id, time in MJD, un-absorbed flux in the energy range 0.2-10
keV, spectral index, chi-square, and degrees of freedom.

Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; X2 Dof
107 ergsem™2s7!

000 35019001 53748.0 1.498 £ 0.057 1.517 £ 0.04 111.22  132.0
000 35019002 53749.0 1.414 + 0.066 1.579 £ 0.052 70.27 96.0
000 35019003 53751.2 1.636 £ 0.202 1.397 £0.13 16.06 15.0
000 35019004 53752.0 1.592 £ 0.051 1.521 £ 0.033 178.63 179.0
000 35019005 53753.1 1.766 £ 0.061 1.545 £ 0.037 160.48 148.0
000 35019006 53754.1 1.685 £ 0.118 1.529 £ 0.074 47.22 45.0
000 53516002 53926.2 2.356 + 0.467 1.533 £0.213 5.1 7.0
000 53517002 53926.3 2.218 £0.38 1.492 £0.178 5.13 7.0
000 53519002 53926.4 1.728 £ 0.439 1.624 £ 0.283 5.04 4.0
000 53521002 53928.0 1.815 4+ 0.493 1.742 £ 0.294 2.8 4.0
000 53522002 53928.1 1.96 £ 0.347 1.612 £ 0.193 5.48 7.0
000 53523002 53928.2 1.68 £0.394 1.755 £ 0.281 3.2 4.0
000 53524002 53928.2 2.222 +£0.353 1.606 £ 0.167 5.29 8.0
000 53526002 53928.4 1.878 £0.471 1.486 + 0.28 5.27 4.0
000 53502004 53930.5 2.421 + 0.466 1.459 £ 0.201 3.9 6.0
000 53503004 53930.6 1.803 £ 0.425 1.628 £ 0.277 2.59 4.0
000 30867001 54113.0 2.396 + 0.091 1.587 £ 0.042 141.59 134.0
000 30867002 54117.2 3.369 £ 0.386 1.403 £ 0.122 13.26 19.0
000 30867003 54118.2 2.077 +£0.212 1.597 £0.115 22.39 23.0
000 30867004 54119.2 1.859 £0.187 1.571 £ 0.109 23.46 21.0
000 30867005 54120.2 2.218 +0.223 1.538 £0.109 21.64 24.0
000 30867006 54121.2 2.103 £ 0.155 1.583 £ 0.082 27.2 41.0
000 30867008 54265.8 1.71 £0.122 1.613 £0.076 49.55 41.0
000 30867009 54266.8 1.542 £ 0.105 1.489 + 0.07 35.63 44.0
000 30867010 54289.5 1.455 £ 0.073 1.458 £ 0.051 83.63 83.0
000 30867011 54291.2 1.778 £0.11 1.372 £ 0.062 48.95 59.0
000 30867012 54292.7 1.752 £ 0.155 1.469 £ 0.095 30.44 34.0




171

2

Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; X Dof
107 ergsecm 25~

000 30867013 54293.4 1.497 £0.103 1.429 £ 0.072 42.51  49.0
000 30867014 54294 .4 1.663 £0.122 1.416 £ 0.075 30.1  42.0
000 30867015 54295.3 1.744 £0.112 1.496 + 0.068 55.84 54.0
000 53652001 54487.2 1.878 £0.471 1.486 + 0.28 5.27 4.0
000 53652002 54487.2 1.878 £0.471 1.486 +0.28 5.27 4.0
000 53651001 54487.4 1.878 £0.471 1.486 +0.28 5.27 4.0
000 53651002 54487.4 1.878 £0.471 1.486 + 0.28 5.27 4.0
000 53650001 54487.5 1.878 £0.471 1.486 +0.28 5.27 4.0
000 53650002 54487.5 1.878 £0.471 1.486 + 0.28 5.27 4.0
000 53656002 54489.0 1.447 £ 0.255 1.685 £ 0.204 3.66 6.0
000 53675002 54496.9 1.44 £0.305 1.627 £ 0.247 4.39 5.0
000 53660002 54512.5 1.49+£0.334 1.681 + 0.262 6.48 7.0
000 53665002 54514.5 1.628 £0.26 1.584 £ 0.183 12,53 11.0
000 53666002 54517.0 1.628 £ 0.304 1.656 £ 0.201 7.25 5.0
000 53654006 54518.0 1.826 £ 0.269 1.563 £ 0.158 7.08 9.0
000 53667002 54523.0 1.011 £0.177 1.667 £ 0.207 7.79 7.0
000 53668002 54523.1 1.818 £0.324 1.572 £ 0.183 8.66 9.0
000 53669002 54524.0 1.052 £ 0.204 1.711 £ 0.229 6.68 5.0
000 53670002 54525.4 1.373 £0.239 1.491 +0.189 6.21 8.0
000 53671002 54526.4 1.226 + 0.239 1.67£0.21 3.9 6.0
000 53671002 54526.4 1.226 £ 0.239 1.67+0.21 3.9 6.0
000 53673002 54528.7 1.264 + 0.256 1.826 £ 0.257 5.9 4.0
000 53674002 54529.5 1.288 £ 0.239 1.662 £ 0.215 6.5 8.0
000 53662004 54531.3 1.529 £0.243 1.471+£0.172 6.89 10.0
000 53661006 54539.1 1.767 £ 0.362 1.522 £ 0.228 6.64 8.0
000 53663004 54540.1 1.611 £ 0.304 1.462 + 0.2 3.83 6.0
000 53672004 54542.4 1.544 £ 0.403 1.471 £0.276 8.52 6.0
000 30867016 54678.6 1.049 £0.128 1.652 £ 0.144 8.56 15.0
000 30867018 54688.4 1.078 £0.108 1.599 £ 0.109 23.28 23.0
000 30867019 54690.8 1.001 £0.126 1.745 £ 0.152 20.78 16.0
000 30867021 54694.3 1.026 £ 0.135 1.618 £0.153 10.18 13.0
000 30867022 54695.6 0.912+0.13 1.599 £ 0.159 17.33  13.0
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Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; x> Dof
107 ergsem 257!

000 30867023 54696.3 0.82+0.115 1.709 £ 0.163 8.23 12.0
000 30867024 54698.0 1.194 £+ 0.135 1.86 £0.135 18.51 15.0
000 35019007 54795.4 1.478 £0.075 1.532 £ 0.053 70.41 81.0
000 35019008 54795.9 1.39 £0.129 1.603 £ 0.101 24.58 26.0
000 35019009 54796.1 1.497 £ 0.048 1.563 £ 0.034 130.3  175.0
000 35019010 54799.0 1.586 £ 0.052 1.571 £ 0.035 191.39 178.0
000 35019011 54800.0 1.502 £+ 0.06 1.573 £ 0.042 123.39 117.0
000 35019012 54816.0 1.381 £0.149 1.579 £ 0.12 15.88 20.0
000 30867026 54824.2 1.645 £ 0.251 1.511 £0.163 15.28 12.0
000 30867028 54828.2 1.529 £ 0.186 1.55+0.13 9.65 17.0
000 30867029 54830.2 1.507 £0.163 1.683 £ 0.122 25.39 20.0
000 30867030 54832.2 1.278 £0.161 1.533 £0.133 13.66 16.0
000 30867031 54834.2 1.417 £0.192 1.587 £ 0.151 10.35 12.0
000 30867032 54836.2 1.235 £0.193 1.43 +£0.157 9.62 12.0
000 30867033 54838.2 1.44+0.191 1.544 £ 0.143 12.37 13.0
000 35019013 54864.0 1.48 £ 0.098 1.537 £ 0.07 41.1 49.0
000 35019014 54866.0 1.327 £0.178 1.676 £ 0.145 17.48 11.0
000 35019015 54880.0 1.904 £ 0.308 1.402 £ 0.156 14.28 9.0
000 35019016 54887.0 1.54 £0.214 1.542 £ 0.151 14.83 12.0
000 90022001 54893.5 1.353 £0.273 1.417 £ 0.198 4.46 6.0
000 90022003 54896.5 1.189 £ 0.186 1.531 £0.17 7.61 9.0
000 90022004 54897.1 1.428 + 0.242 1.398 £ 0.18 8.02 10.0
000 90022007 54900.8 1.267 £0.25 1.605 £ 0.205 3.52 6.0
000 90022009 54905.1 1.178 £ 0.299 1.312 £ 0.246 3.17 5.0
000 90022010 54906.6 1.003 £0.231 1.489 £ 0.241 3.63 5.0
000 35019018 54915.0 0.808 + 0.197 1.885 £ 0.341 5.91 4.0
000 90109001 54936.6 1.31 £0.192 1.49 +£0.162 9.86 12.0
000 90109002 54937.7 1.355 £ 0.14 1.586 + 0.11 19.42 20.0
000 90109004 54939.9 1.635 £ 0.191 1.449 £ 0.123 21.13 19.0
000 90109006 54941.7 1.708 + 0.247 1.451 £0.153 12.76 11.0
000 90109007 54942.7 1.348 £0.164 1.565 +0.13 9.41 14.0
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Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; X2 Dof
107 ergsem 27!

000 90109009 54944.6 1.914 + 0.187 1.534 +0.103 24.48 24.0
000 90109010 54945.7 1.997 £ 0.193 1.402 £ 0.101 31.13  27.0
000 90109011 54946.7 1.81 +£0.162 1.468 £ 0.088 33.06 27.0
000 90109013 54948.3 2.507 £ 0.217 1.456 £ 0.092 44.93  35.0
000 90109014 54949.9 1.801 £0.176 1.532 £0.104 22.02 24.0
000 90109015 54950.6 2.329 +0.259 1.46 £0.111 23.39 20.0
000 90109017 54953.4 2.113 +0.234 1.473 £0.114 20.67 19.0
000 90109018 54954.6 2.237+0.237 1.493 + 0.108 23.71  20.0
000 90109019 54955.6 2.981 £0.313 1.35+0.104 21.94 23.0
000 90109020 54959.6 1.95 4+ 0.205 1.446 £0.11 249 24.0
000 90109021 54960.5 1.919 £0.179 1.595 £ 0.099 27.75  26.0
000 90109022 54961.1 1.945 £ 0.281 1.461 £ 0.148 17.0 13.0
000 90109024 54963.9 1.712 £0.2 1.684 +0.136 19.73 16.0
000 90109025 54964.8 1.277 £0.167 1.62 +0.136 16.26  15.0
000 90109026 54965.0 1.456 £ 0.157 1.586 +0.115 14.73  18.0
000 90109027 54966.1 1.723 £ 0.254 1.593 £ 0.168 20.67 15.0
000 90109028 54967.0 1.318 £0.141 1.626 £0.116 21.98 19.0
000 90109031 54970.3 1.496 + 0.183 1.552 £ 0.129 15.27 17.0
000 90109032 54971.4 1.345 £0.183 1.546 £ 0.154 7.83 14.0
000 90109033 54972.8 1.328 £0.139 1.514 £+ 0.108 25.68 21.0
000 90109034 54973.4 1.051 £0.123 1.567 £0.123 15.14 15.0
000 90109035 54974.7 1.061 £0.123 1.677 +0.132 11.81 16.0
000 90109036 54975.7 0.967 £ 0.097 1.669 £ 0.107 15.74  20.0
000 90109037 54976.1 0.984 +0.112 1.576 £ 0.123 12.84 18.0
000 90109038 54977.7 0.99 +£0.128 1.552 £ 0.138 10.9 14.0
000 90109039 54978.3 0.877 + 0.084 1.719 £0.108 17.56  21.0
000 90109041 54980.1 0.903 £0.118 1.686 £ 0.152 749  13.0
000 90109043 54982.1 1.048 £0.115 1.563 £0.114 309 19.0
000 30867034 55041.1 2.314 £ 0.154 1.357 £ 0.067 40.48  58.0
000 30867035 55042.7 2.322 £0.144 1.433 £ 0.064 49.54 58.0
000 30867036 55043.5 2.73 £0.206 1.329 £ 0.077 46.15  45.0




174 Chapter A. Appendix

Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; x> Dof
107 ergsecm™2s7!

000 30867037 55044.5 2.394+0.13 1.383 £ 0.055 80.33 77.0
000 30867038 55045.2 2.163 £0.151 1.403 £ 0.07 75.51  50.0
000 35019020 55170.5 1.524 £ 0.099 1.555 £ 0.068 59.36  50.0
000 35019021 55211.5 1.313 £0.108 1.506 £ 0.085 38.16  34.0
000 35019023 55225.8 1.331 £0.175 1.484 + 0.136 14.94 13.0
000 35019024 55237.9 1.629 £ 0.313 1.432 £0.188 6.37 8.0
000 35019025 55244 .4 1.68 +0.281 1.634 £0.18 8.54 9.0
000 35019026 55251.6 1.384 £0.183 1.607 + 0.146 9.1 12.0
000 35019029 55272.0 1.467 £ 0.186 1.661 £+ 0.136 8.56  12.0
000 35019030 55280.0 1.322 £ 0.242 1.456 + 0.188 5.79 8.0
000 35019031 55288.8 1.865 £ 0.556 1.572 £ 0.312 3.69 4.0
000 35019033 55300.7 1.383 £0.177 1.612 +0.146 10.22  14.0
000 35019037 55374.1 0.917+0.134 1.555 £ 0.15 6.58 9.0
000 35019039 55567.9 1.751 £ 0.167 1.527 £0.103 24.67  26.0
000 35019040 55588.1 1.498 £0.153 1.452 + 0.103 29.05 24.0
000 35019041 55593.4 1.504 £ 0.221 1.389 + 0.147 7.8 10.0
000 35019043 55615.0 1.572 £ 0.205 1.615 + 0.146 8.1 13.0
000 35019044 55621.1 1.345 £0.25 1.591 £0.193 5.98 6.0
000 35019045 55629.2 1.525 £0.224 1.517 £0.153 6.07 9.0
000 35019046 55634.2 1.602 £0.14 1.482 + 0.088 24.07 28.0
000 35019047 55642.5 1.892 £0.215 1.531 £0.118 9.39 16.0
000 35019048 55649.1 1.258 £0.232 1.664 + 0.205 7.18 6.0
000 35019049 55665.7 2.072 £0.192 1.451 £ 0.093 28.24  26.0
000 35019052 55684.3 2.251+0.18 1.52 £ 0.083 3292  35.0
000 35019053 55691.5 1.771 £ 0.245 1.517 £ 0.151 743 120
000 35019054 55698.3 2.235 +0.436 1.401 £ 0.199 10.66 8.0
000 35019055 55705.3 1.81 £0.226 1.459 + 0.135 13.66 17.0
000 35019057 55710.3 1.867 £0.176 1.447 £0.1 22.57  30.0
000 35019056 55712.1 1.834 £ 0.281 1.495 + 0.157 12.34 11.0
000 91020001 55725.1 1.846 £ 0.268 1.651 £+ 0.168 8.93 11.0
000 91020002 55727.6 1.808 £ 0.258 1.587 £ 0.153 7.68 13.0
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Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; X2 Dof
107 ergsem 257!

000 91020003 55729.0 1.934 +0.43 1.441 £+ 0.229 4.75 7.0
000 35019058 55729.8 1.602 £ 0.153 1.596 £ 0.101 26.08 27.0
000 91020005 55733.6 1.305 + 0.23 1.561 + 0.185 7.63 7.0
000 91020007 55737.5 1.536 £ 0.232 1.52 £ 0.165 9.88 11.0
000 91020009 55741.6 1.527 +0.247 1.569 + 0.187 11.42 9.0
000 91020011 55745.5 1.385 £+ 0.245 1.647 £ 0.193 4.11 7.0
000 91020014 55755.3 1.26 £0.176 1.792 £0.16 16.95 11.0
000 35019060 55755.4 1.596 +0.18 1.554 £+ 0.122 11.08 19.0
000 91020017 55761.9 1.427 +£0.217 1.789 £ 0.171 7.23 8.0
000 91020018 55763.7 1.596 4+ 0.257 1.439 + 0.163 9.13 9.0
000 91020019 55765.9 1.907 £ 0.363 1.292 £ 0.181 5.72 8.0
000 91020020 55768.0 1.248 +0.152 1.756 + 0.133 9.88 12.0
000 91020021 55770.0 1.573 4+ 0.284 1.505 £ 0.181 12.28 9.0
000 91020023 55773.3 1.704 £+ 0.327 1.497 4+ 0.203 5.69 6.0
000 35019061 55774.8 1.629 £+ 0.226 1.687 £+ 0.162 7.15  11.0
000 35019062 55775.0 1.399 £+ 0.216 1.591 £ 0.168 559  10.0
000 91020024 55780.0 1.315 4+ 0.294 1.642 £+ 0.27 3.48 4.0
000 91020025 55782.3 1.484 4+ 0.243 1.74 +0.197 6.04 8.0
000 35019063 55794.6 1.3+0.131 1.607 + 0.108 3548 23.0
000 35019064 55894.7 1.272 £ 0.26 1.626 + 0.246 8.28 5.0
000 35019065 55931.3 1.771 £ 0.149 1.532 +0.09 33.75  32.0
000 35019066 55952.5 1.824 4+ 0.168 1.61 £+ 0.098 30.87 28.0
000 35019069 55975.0 1.751 £+ 0.282 1.491 £0.172 6.11  10.0
000 35019069 55975.0 1.751 £+ 0.282 1.491 £ 0.172 6.11  10.0
000 35019074 56011.0 1.682 £ 0.284 1.463 £ 0.168 7.38 7.0
000 35019078 56044.3 1.443 4+ 0.205 1.754 £ 0.177 11.71  10.0
000 35019079 56052.7 2.078 £0.277 1.662 £ 0.15 724 11.0
000 35019080 56059.6 1.992 £ 0.293 1.706 £ 0.162 1273 11.0
000 35019083 56137.9 1.307 £ 0.155 1.564 £+ 0.122 20.04 15.0
000 35019084 56151.0 1.196 £+ 0.157 1.689 £ 0.141 17.96 12.0
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Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; x> Dof
107 ergsem 257!

000 35019086 56332.7 1.372£0.183 1.762 £ 0.15 11.41 10.0
000 35019087 56339.5 1.59 +£0.204 1.668 £ 0.141 17.23 12.0
000 35019088 56346.4 1.961 £ 0.361 1.641 £ 0.209 8.93 7.0
000 35019089 56353.4 2.624 £+ 0.461 1.505 £ 0.172 13.46 10.0
000 35019092 56374.9 1.348 £0.2 1.886 £ 0.181 9.95 8.0
000 35019093 56383.6 1.372 £ 0.26 1.52+0.19 7.37 5.0
000 35019094 56388.9 1.527 £0.337 1.778 £ 0.276 2.51 3.0
000 35019095 56395.6 1.084 £0.176 1.714 £0.184 10.57 9.0
000 35019096 56401.5 1.115 + 0.166 1.72+£0.16 6.36 8.0
000 35019097 56409.3 1.134 £ 0.235 1.584 + 0.228 4.26 4.0
000 35019098 56423.2 1.628 £0.367 1.523 £0.229 3.37 6.0
000 35019099 56437.4 3.313 £ 0.453 1.584 £+ 0.145 13.2 11.0
000 33052001 56633.6 2.891+0.184 1.376 £ 0.065 66.46 60.0
000 33052002 56635.7 3.345 £0.198 1.503 £ 0.061 59.35 59.0
000 35019100 56638.0 2.309 £+ 0.092 1.542 £ 0.042 107.13  120.0
000 80090001 56643.9 1.743 £ 0.206 1.569 £ 0.124 18.74 15.0
000 33059001 56648.3 3.276 £ 0.2 1.392 £ 0.06 50.01 62.0
000 33059002 56650.0 4.778 £0.371 1.236 £ 0.075 60.48 41.0
000 35019101 56655.1 3.281 +0.613 1.353 £0.181 10.77 8.0
000 35019103 56655.2 3.838 £ 0.578 1.452 £ 0.154 12.0 10.0
000 35019104 56655.3 4.976 £0.71 1.37 +£0.142 12.88 12.0
000 35019108 56655.5 4.175+0.67 1.362 £ 0.165 6.3 10.0
000 35019111 56655.7 4.92 £0.871 1.4 £0.169 9.75 9.0
000 35019112 56655.8 4.386 £0.718 1.314 £0.162 7.97 8.0
000 35019113 56655.9 4.386 £0.724 1.438 £0.16 6.68 8.0
000 35019114 56655.9 3.694 + 0.584 1.542 £0.171 8.43 8.0
000 35019117 56656.2 3.31 +£0.532 1.425 £ 0.166 9.53 8.0
000 35019118 56656.2 3.281 + 0.657 1.555 £ 0.217 6.11 6.0
000 35019126 56656.7 3.671 £ 0.592 1.441 £ 0.162 10.36 9.0
000 35019127 56656.8 4.462 + 0.878 1.347£0.191 4.59 6.0
000 35019128 56656.9 4.173 £ 0.827 1.38 £ 0.212 3.54 6.0
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Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; X Dof
107" ergscm 257!

000 35019129 56656.9 4.021 £0.728 1.452 +0.184 5.97 8.0
000 35019131 56657.0 4.36 +0.197 1.389 £ 0.046 99.62 105.0
000 35019132 56658.0 4.158 £ 0.199 1.352 + 0.049 97.43 101.0
000 35019133 56659.0 3.936 + 0.181 1.456 £ 0.047 95.31 101.0
000 35019134 56666.9 3.936 +0.181 1.456 £ 0.047 95.31 101.0
000 35019135 56673.5 1.878 £ 0.389 1.494 + 0.226 4.71 4.0
000 35019136 56681.9 2.745+0.48 1.346 + 0.172 10.57 7.0
000 35019138 56688.9 1.993 £0.3 1.506 £ 0.15 16.69  10.0
000 35019140 56701.6 2.238 +0.366 1.553 £0.177 10.82 8.0
000 35019141 56703.0 1.875 £ 0.284 1.664 £ 0.167 6.08 9.0
000 35019144 56729.2 1.447 £ 0.255 1.602 £ 0.186 4.79 6.0
000 35019148 56745.8 4.105 £ 0.455 1.297 + 0.106 32.01  20.0
000 35019149 56748.0 1.692 £ 0.208 1.631+£0.14 16.06  15.0
000 35019150 56749.1 1.92+£0.317 1.454 +0.176 9.61 11.0
000 35019151 56749.3 1.834 £0.429 1.525 £0.26 5.05 5.0
000 35019152 56750.0 2.637 £ 0.296 1.462 +0.118 16.62  18.0
000 35019155 56750.3 4.987 +0.521 1.214 £ 0.107 13.82  24.0
000 35019157 56751.3 3.052 +0.325 1.605 £ 0.115 14.58  18.0
000 35019159 56752.3 5.627 £ 0.818 1.234 + 0.142 8.04 12.0
000 35019161 56753.3 3.5+£0.387 1.416 £ 0.114 12.01 18.0
000 35019162 56754.4 2.869 +0.34 1.431+£0.12 17.69  18.0
000 35019164 56766.7 1.732+0.21 1.7£0.135 14.84 13.0
000 35019165 56780.5 1.58 £ 0.286 1.756 £ 0.207 3.07 5.0
000 35019166 56786.9 2.202 +£0.417 1.375+0.186 6.44 8.0
000 35019167 56790.7 1.76 £0.179 1.499 £0.113 43.56  27.0
000 35019168 56793.2 1.527 £ 0.199 1.542 + 0.142 10.11  13.0
000 35019169 56797.4 2.017 £0.178 1.51 £ 0.095 28.67  31.0
000 35019171 57053.8 1.909 £ 0.323 1.511£0.173 6.99 8.0
000 35019174 57155.2 3.531 £0.344 1.373 £ 0.101 35.1 28.0
000 92194001 57156.5 1.583 £0.182 1.622 +0.131 13.7 17.0
000 92194002 57157.7 1.603 £ 0.222 1.446 + 0.141 12.4 12.0
000 92194005 57160.7 1.863 £ 0.332 1.37 £0.189 6.01 7.0
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Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; x> Dof

107 ergsecm™2s7!

000 92194006 57161.5 1.275 £ 0.208 1.612 +0.188 8.0 10.0
000 35019176 57188.6 6.565 £+ 0.461 1.224 + 0.067 59.41 48.0
000 35019180 57189.1 12.868 £ 1.327 1.088 + 0.099 27.27  26.0
000 35019181 57189.7 4.173 £ 0.508 1.354 +0.127 22.88 19.0
000 35019185 57190.2 3.588 £ 0.494 1.289 £ 0.135 12.42  15.0
000 35019187 57190.9 2.452 £ 0.591 1.291 + 0.239 3.33 5.0
000 92194012 57457.2 1.507 £ 0.29 1.457 £ 0.214 5.84 7.0
000 92194013 57458.1 1.026 £ 0.176 1.627 £ 0.205 5.8 7.0
000 92194014 57459.6 2477 £0.425 1.648 +0.198 12.83 8.0
000 92194015 57460.5 1.281 £ 0.229 1.566 + 0.197 7.85 6.0
000 35019190 57465.3 1.271 £0.278 1.529 +0.219 5.04 5.0
000 35019193 57522.6 0.98 £ 0.254 1.643 £ 0.275 2.33 3.0
000 30867041 57821.1 2.733 £0.383 1.401 +0.145 11.18 12.0
000 30867042 57822.1 2.328 £0.309 1.526 £+ 0.141 13.24 14.0
000 30867043 57837.0 3.508 £ 0.437 1.428 +0.128 16.49 14.0
000 30867048 57851.8 1.931 £0.393 1.438 £ 0.2 3.37 6.0
000 30867049 57855.6 1.423 £0.224 1.571 £ 0.171 5.78  10.0
000 30867050 57856.6 1.954 £ 0.356 1.451 £0.199 10.06 9.0
000 30867051 57857.3 2.346 £ 0.345 1.622 £ 0.157 12.08 10.0
000 35019194 57894.7 2.601 +£0.316 1.471 +0.123 16.18 18.0
000 35019198 57899.3 2.258 £0.279 1.493 £ 0.127 8.69 15.0
000 35019199 57930.3 3.769 £ 0.436 1.417 +£0.123 2294  20.0
000 35019200 57932.3 2.38 £0.311 1.564 + 0.145 20.14 14.0
000 35019201 58081.3 1.578 £0.234 1.578 £ 0.159 11.77  13.0
000 35019203 58083.7 1.443 £0.182 1.573 £0.14 14.87 14.0
000 35019204 58085.4 1.972 £ 0.236 1.738 £ 0.137 16.14 16.0
000 35019206 58134.2 9.594 + 1.304 1.15+£0.133 10.93 13.0
000 35019210 58135.1 9.79 £ 0.954 1.309 + 0.098 38.39 28.0
000 35019211 58136.1 11.356 £ 1.426 1.222 4+ 0.127 14.0 18.0
000 35019213 58137.1 11.356 £+ 1.426 1.222 £ 0.127 14.0 18.0
000 35019214 58139.1 11.356 £ 1.426 1.222 +£0.127 14.0 18.0
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Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; X2 Dof
107 ergsem 27!

000 35019218 58141.2 11.356 £+ 1.426 1.222 +0.127 14.0 18.0
000 35019219 58143.1 11.356 £ 1.426 1.222 £0.127 14.0 18.0
000 35019220 58144.2 2.851 +0.327 1.556 £ 0.125 13.85 17.0
000 35019221 58147.7 2.769 £ 0.274 1.418 £0.107 16.34  28.0
000 35019222 58150.5 2.184 +0.223 1.558 £ 0.11 18.73  23.0
000 35019224 58158.1 3.029 + 0.305 1.523 £ 0.107 18.57 24.0
000 35019225 58165.3 2.502 + 0.276 1.432+£0.12 23.56  21.0
000 35019227 58173.7 2.502 + 0.276 1.432 £0.12 23.56 21.0
000 35019229 58184.2 1.945 £ 0.317 1.485 £ 0.166 5.73 7.0
000 35019230 58201.5 2.239 £ 0.254 1.401 £0.121 13.32  21.0
000 35019231 58202.8 1.672£0.19 1.572 £0.129 28.19 19.0
000 35019232 58203.9 2.132+£0.334 1.438 £ 0.166 9.35 9.0
000 35019233 58205.7 2.319 +£0.247 1.488 £0.12 17.96  22.0
000 35019234 58225.9 6.001 + 0.529 1.249 £ 0.085 36.6  32.0
000 35019236 58227.7 4.746 + 0.436 1.341 £ 0.094 32.09 30.0
000 35019237 58228.4 6.814 +£1.008 1.265 £ 0.15 17.46  12.0
000 35019238 58240.4 2.649 £+ 0.297 1.432£0.121 21.68 21.0
000 35019239 58241.3 3.176 £ 0.329 1.455 £ 0.109 33.14  26.0
000 35019240 58242.5 2.249 +0.246 1.607 £0.123 16.46  20.0
000 35019241 58249.9 1.688 £0.238 1.5+£0.151 12.76  13.0
000 35019242 58253.9 2.24 £0.355 1.549 £0.172 13.38  10.0
000 30867052 58270.3 5.135+0.576 1.226 +0.116 29.71  23.0
000 30867054 58276.1 2.615 £ 0.277 1.491 £0.117 14.23  22.0
000 30867056 58279.9 1.856 £ 0.326 1.465 +0.18 10.15 9.0
000 30867057 58282.0 1.584 £0.33 1.681 £ 0.258 4.91 6.0
000 30867058 58284.8 1.513 £0.276 1.781 £ 0.236 9.8 8.0
000 30867059 58286.1 2.047 £ 0.318 1.478 £0.158 11.05 10.0
000 30867060 58288.6 2.417+0.334 1.489 + 0.147 12.46  13.0
000 30867061 58292.6 3.731 £ 0.66 1.405 +0.184 6.25 9.0
000 30867062 58294.2 2.384 £0.298 1.455 £0.135 15.1  15.0
000 30867063 58296.3 2.115 + 0.387 1.417 £ 0.183 7.12 7.0
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Obs.Id Time in MJD Flux in 0.3-10 keV  Photon index, I'; X2 Dof

107" ergsecm 257!

000 30867064 58298.9 1.656 + 0.25 1.602 £0.17 11.83 10.0
000 35019243 58927.7 1.281 £0.172 1.675 £ 0.153 126 13.0
000 30867068 59228.1 1.443 £0.253 1.566 + 0.197 6.03 8.0
000 30867070 59234.4 1.4£0.163 1.703 £ 0.134 14.6  15.0
000 96563001 59736.4 3.054 +0.463 1.732 £ 0.188 8.83 9.0
000 96564004 59738.0 1.45+0.26 1.614 £ 0.197 7.54 9.0
000 96564005 59741.5 2.06 £ 0.337 1.487 £ 0.172 7.35 10.0
000 96564006 59742.4 2.121 £0.348 1.553 £ 0.181 12.93 9.0
000 96564007 59743.4 1.852 £ 0.231 1.647 £ 0.139 10.08  13.0
000 96564008 59744.3 2.752 £ 0.576 1.385 £ 0.226 5.23 6.0
000 96564009 59745.3 1.484 +0.29 1.702 £ 0.215 3.56 6.0
000 96564011 59747 .4 1.352 £ 0.253 1.597 £ 0.202 5.52 7.0
000 96564012 59748.5 1.653 £ 0.252 1.52 +£0.154 13.73 9.0
000 96564013 59749.3 1.75 4+ 0.263 1.632 + 0.163 711 10.0
000 96564015 59753.2 1.845 £ 0.393 1.491 £ 0.216 2.87 5.0
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Table A.2: Table showing results of power-law fitting of Swift-UVOT observations. From
left to right: Observation id, time in MJD, un-absorbed flux in the energy range 2-7 eV,
spectral index, chi-square, and degrees of freedom.

Obs.Id Time in MJD Flux in 2-7 eV Photon index, I';,uy X2 Dof

107 ergsem™?s7!
000 30867007 54157.27 2.23£0.04 2.777 +£0.049 2.04 4.0
000 30867009 54266.79 1.07 £0.02 2.665 £ 0.046 5.12 4.0
000 30867017 54686.49 0.38 £ 0.02 2.149 £0.135 3.13 4.0
000 30867022 54695.6 0.45 +0.02 2.14+0.114 4.65 4.0
000 30867024 54698.01 0.75+0.02 2.164 £ 0.081 3.65 4.0
000 30867025 54823.23 1.26 £0.03 2.605 £+ 0.058 4.63 4.0
000 30867028 54828.2 1.08 £0.03 2.623 £0.06 4.87 4.0
000 30867031 54834.23 0.98 +0.03 2.654 + 0.067 442 4.0
000 30867032 54836.24 1.01 £0.03 2.78 £ 0.066 5.88 4.0
000 30867035 55042.65 0.95 +0.02 2.556 £ 0.049 5.22 4.0
000 30867036 55043.52 1.25 £0.02 2.393 +£0.048 713 4.0
000 30867044 57838.0 1.46 £ 0.04 2.633 £0.075 3.98 4.0
000 30867050 57856.61 0.67 +0.03 2.517 £0.102 4.12 4.0
000 30867054 58276.07 1.92+0.04 2.434 £ 0.056 6.75 4.0
000 30867056 58279.93 0.84 +0.03 2.617 £ 0.09 411 4.0
000 30867058 58284.83 1.39 £0.04 2.466 £ 0.074 4.74 4.0
000 30867060 58288.63 1.68 £0.04 2.342 +£0.065 5.65 4.0
000 30867061 58292.61 2.32£0.07 2.633 £ 0.075 249 4.0
000 30867062 58294.2 1.51+£0.04 2.468 £ 0.067 4.89 4.0
000 30867064 58298.85 1.28 £0.04 2.575+0.073 6.19 4.0
000 30867068 59228.11 3.78 £0.07 2.572 £0.048 4.26 4.0
000 33052001 56633.59 0.6 £0.01 2.523 +0.063 2.71 4.0
000 35019006 53754.05 0.87 +£0.02 2.775 £ 0.051 419 4.0
000 35019023 55225.77 0.28 +0.02 2.83 £0.148 2.03 4.0
000 35019024 55237.94 0.18 £ 0.02 2.627 £0.211 4.79 4.0
000 35019025 55244.42 0.14 £0.01 2.238 £0.263 3.64 4.0
000 35019026 55251.6 0.13+0.01 2.362 £0.29 4.96 4.0
000 35019028 55265.31 0.15+0.02 2.434 £ 0.309 6.82 4.0
000 35019029 55272.0 0.14 +£0.01 2.357 +£0.251 4.14 4.0
000 35019032 55293.35 0.16 +0.02 2.562 £ 0.264 6.03 4.0

000 35019033 55300.65 0.124+0.01 2.186 +0.278 5.06 4.0
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Obs.Id Time in MJD Flux in 2-7 eV Photon index, I';,.. X2 Dof

107" ergsem 257!

000 35019034 55314.98 0.11+£0.01 2.015 £ 0.331 6.36 4.0
000 35019036 55335.92 0.14+£0.01 2.335 £0.249 6.06 4.0
000 35019037 55374.07 0.12+0.01 2.227 £0.281 4.94 4.0
000 35019038 55547.71 0.46 £ 0.01 2.722 + 0.086 5.77 4.0
000 35019043 55615.03 0.61 £0.02 2.708 £ 0.099 4.68 4.0
000 35019044 55621.12 0.46 £+ 0.02 2.806 £+ 0.137 4.27 4.0
000 35019045 55629.15 0.45 £ 0.02 2.749 £0.123 4.48 4.0
000 35019046 55634.17 0.45+0.01 2.753 £0.074 2.08 4.0
000 35019047 55642.52 0.42 £ 0.02 2.78 £0.106 6.32 4.0
000 35019050 55671.76 0.96 £0.03 2.744 £0.077 4.84 4.0
000 35019052 55684.26 0.64 +£0.02 2.734 +0.062 4.06 4.0
000 35019053 55691.5 0.72+£0.03 2.8 £0.094 2.65 4.0
000 35019064 55894.65 1.2£0.05 2.655 £ 0.107 3.57 4.0
000 35019066 55952.46 1.52 £ 0.03 2.584 £0.048 3.3 4.0
000 35019067 55961.16 1.16 £ 0.03 2.575 £ 0.078 2.07 4.0
000 35019068 55967.05 1.23 +£0.03 2.473 £0.073 247 4.0
000 35019069 55975.0 1.5£0.04 2.544 £+ 0.066 3.7 4.0
000 35019072 55998.19 1.05+£0.03 2.472+0.072 4.37 4.0
000 35019073 56003.08 0.93 £0.03 2.537 £ 0.081 3.08 4.0
000 35019075 56017.99 0.82+£0.03 2.493 £ 0.094 5.02 4.0
000 35019083 56137.93 0.59 £ 0.02 2.341 £ 0.097 455 4.0
000 35019084 56151.03 0.83 £0.04 2.402 £0.112 459 4.0
000 35019085 56326.32 1.0 £0.03 2.353 £0.074 3.9 4.0
000 35019087 56339.48 0.81 £0.03 2.288 £ 0.089 6.21 4.0
000 35019092 56374.94 1.16 £ 0.03 2.288 £ 0.073 3.13 4.0
000 35019095 56395.64 0.81 £0.03 2.453 £0.088 5.36 4.0
000 35019099 56437.38 0.86 +0.03 2.366 £ 0.086 2.66 4.0
000 35019100 56638.0 0.6 £0.01 2.594 £ 0.049 2.82 4.0
000 35019138 56688.92 1.57 £ 0.04 2.53 £0.073 4.8 4.0
000 35019141 56702.98 1.77 £ 0.04 2.428 £ 0.065 4.7 4.0

000 35019157 56751.32 2.01 £0.05 2.448 £ 0.06 6.78 4.0
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Obs.Id Time in MJD Flux in 2-7 eV Photon index, I';,yv x> Dof
107" ergsem 257!

000 35019159 56752.32 1.93+£0.05 2.464 £ 0.062 2.76 4.0
000 35019165 56780.52 1.62 +£0.04 2.387 £ 0.069 3.36 4.0
000 35019166 56786.92 1.68 £0.05 2.526 +£0.071 3.056 4.0
000 35019167 56790.73 1.96 £0.04 2.373 £0.051 4.03 4.0
000 35019168 56793.19 1.96 £0.04 2.35£0.054 277 4.0
000 35019171 57053.79 0.92+0.03 2.57+£0.084 442 4.0
000 35019175 57165.98 0.71+0.03 2.39£0.114 5.65 4.0
000 35019190 57465.28 1.55+0.05 2.409 £ 0.079 421 4.0
000 35019192 57515.93 0.67£0.03 2.387 £0.136 3.44 4.0
000 35019193 57522.64 0.78 £0.03 2.604 £0.121 2.52 4.0
000 35019211 58136.13 3.84 £0.07 2.44+£0.05 2.79 4.0
000 35019213 58137.07 3.63 £0.08 2.521 +0.062 5.01 4.0
000 35019214 58139.12 3.23 £0.07 2.442 £ 0.053 6.22 4.0
000 35019218 58141.24 3.15£0.06 2.465 £ 0.052 4.12 4.0
000 35019219 58143.1 3.05 £ 0.06 2.475 £ 0.054 2.04 4.0
000 35019224 58158.12 1.08 £ 0.03 2.502 £ 0.065 451 4.0
000 35019225 58165.28 1.46 £0.03 2.445 £ 0.06 6.86 4.0
000 35019229 58184.22 1.8+0.05 2.591 £0.078 6.96 4.0
000 35019238 58240.4 2.96 £+ 0.05 2.259 +0.048 439 4.0
000 35019244 58928.69 2.27£0.05 2.611 £ 0.061 2.95 4.0
000 90022002 54894.79 0.71+0.03 2.792 +£0.097 2.78 4.0
000 90022009 54905.09 0.55 +0.02 2.644 £0.104 2.56 4.0
000 90022010 54906.63 0.5+0.02 2.593 £0.113 3.42 4.0
000 90109001 54936.64 0.32+0.01 2.561 £0.131 2.82 4.0
000 90109004 54939.85 0.36 = 0.01 2.444 £0.097 223 4.0
000 90109010 54945.67 0.41+0.01 2.491 +0.088 5.57 4.0
000 90109011 54946.66 0.4£0.01 2.698 £0.09 2.84 4.0
000 90109013 54948.28 0.38 £0.01 2.709 + 0.097 4.86 4.0
000 90109014 54949.88 0.34 £0.01 2.626 £ 0.104 6.19 4.0
000 90109017 54953.43 0.54 £0.02 2.478 £0.082 4.28 4.0
000 90109018 54954.64 0.4 +0.02 2.443 £0.122 2.9 4.0
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Obs.Id Time in MJD Flux in 2-7 eV Photon index, I';,.. X2 Dof

107" ergsem 257!

000 90109019 54955.58 0.32+£0.01 2.413£0.111 2.71 4.0
000 90109022 54961.07 0.29 £ 0.01 2.436 £0.118 6.5 4.0
000 90109025 54964.81 0.23£0.01 2.457 £0.137 5.16 4.0
000 90109026 54965.01 0.26 £ 0.01 2.546 £ 0.127 223 4.0
000 90109028 54967.02 0.23£0.01 2.376 £0.129 3.75 4.0
000 90109032 54971.38 0.27+£0.01 2.362 £ 0.132 3.66 4.0
000 90109033 54972.78 0.45 £ 0.02 2.388 £ 0.107 2,55 4.0
000 90109035 54974.66 0.29 £ 0.01 2.395 £ 0.123 252 4.0
000 90109036 54975.71 0.24 £0.01 2.339 £0.118 4.82 4.0
000 90109037 54976.12 0.23£0.01 2.462 £ 0.122 6.41 4.0
000 90109039 54978.25 0.22 £0.01 2.336 £0.12 237 4.0
000 90109040 54979.05 0.19+£0.01 2.463 £0.172 226 4.0
000 90109041 54980.12 0.16 £0.01 2.429 £ 0.186 6.51 4.0
000 96564004 59738.04 0.71£0.03 2.553 £0.102 3.19 4.0
000 96564005 59741.49 0.62 £ 0.03 2.447 £0.123 2.04 4.0
000 96564007 59743.35 0.66 £ 0.03 2.545 £ 0.105 6.02 4.0
000 96564009 59745.34 0.66 £ 0.03 2.496 £0.114 3.26 4.0
000 96564010 59746.41 0.64 +£0.03 2.497 £0.114 291 4.0
000 96564012 59748.53 0.72+£0.03 2.362 £ 0.109 2.81 4.0
000 96564013 59749.32 0.74 £0.03 2.559 £ 0.106 2.88 4.0
000 30867003 54118.22 5.65 £0.15 2.63 £0.072 2.7 4.0
000 30867004 54119.22 5.6 £ 0.15 2.628 £ 0.071 3.63 4.0
000 30867005 54120.18 5.29+0.14 2.642 £0.07 3.58 4.0
000 30867008 54265.78 1.17 £ 0.04 2.737£0.08 3.57 4.0
000 30867018 54688.43 0.36 = 0.02 1.992 £ 0.169 3.99 4.0
000 30867019 54690.77 0.43 £0.03 2.226 £ 0.186 4.73 4.0
000 30867021 54694.32 0.41+0.03 2.225 £ 0.207 3.01 4.0
000 30867023 54696.33 0.56 £ 0.03 2.115£0.163 3.27 4.0
000 30867029 54830.21 1.04 £ 0.04 2.583 £ 0.1 3.25 4.0
000 30867034 55041.1 0.82+£0.03 2.585 £ 0.097 3.22 4.0

000 30867037 55044.45 1.08 £ 0.04 2.439 £ 0.089 2.94 4.0
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Obs.Id Time in MJD Flux in 2-7 eV Photon index, I';,yv x> Dof
107" ergsem 257!

000 30867038 55045.18 0.72+0.03 2.508 £ 0.103 292 4.0
000 30867040 57820.47 6.75£0.21 2.783 £0.08 4.58 4.0
000 30867041 57821.12 5.1£0.15 2.745 £ 0.076 3.42 4.0
000 30867063 58296.25 1.14 £0.05 2.5+0.12 6.77 4.0
000 30867067 59003.45 1.31 £0.05 2.514 £0.102 6.0 4.0
000 30867070 59234.42 2.24£0.07 2.725 £0.079 3.59 4.0
000 33059001 56648.27 0.714+0.03 2.464 +0.106 3.86 4.0
000 35019001 53748.03 1.38 £0.04 2.74+0.076 2.72 4.0
000 35019002 53749.03 1.22+£0.04 2.747 £0.077 2.25 4.0
000 35019004 53752.04 1.03 £0.03 2.745 £ 0.077 2.26 4.0
000 35019021 55211.45 0.26 £0.01 2.846 £0.142 4.76 4.0
000 35019021 55211.45 0.26 +0.01 2.854 £0.141 3.79 4.0
000 35019034 55314.98 0.11+0.01 1.981 +0.371 593 4.0
000 35019041 55593.35 0.39 +0.02 2.667 £ 0.161 6.62 4.0
000 35019047 55642.52 0.41 +£0.02 2.773 £0.135 4.7 4.0
000 35019057 55710.29 1.37 +£0.05 2.822 £ 0.086 2.76 4.0
000 35019060 55755.39 1.43 £0.05 2.623 £+ 0.086 3.98 4.0
000 35019061 55774.84 1.08 £0.05 2.782 £0.102 5.78 4.0
000 35019071 55989.52 1.56 £0.05 2.367 +0.094 4.07 4.0
000 35019080 56059.55 1.23+£0.05 2.484 £0.097 4.84 4.0
000 35019082 56123.1 0.7 £0.03 2.409 £0.113 3.84 4.0
000 35019091 56367.26 1.06 +0.04 2.171 £0.097 459 4.0
000 35019096 56401.53 1.06 +0.04 2.171 £0.097 459 4.0
000 35019146 56738.85 1.69 £0.07 2.432£0.111 6.29 4.0
000 35019148 56745.79 1.87 £ 0.06 2.55+0.089 7.07 4.0
000 35019152 56749.98 2.26 £0.07 2.382 +0.086 5.01 4.0
000 35019155 56750.32 2.19 £0.07 2.391 £ 0.086 3.06 4.0
000 35019163 56759.25 1.71 £ 0.06 2.427 £ 0.093 4.51 4.0
000 35019191 57474.19 2.18 £0.08 2.394 £0.104 3.46 4.0
000 35019201 58081.28 1.57 £ 0.06 2.198 £0.116 413 4.0
000 35019204 58085.38 5.87 £0.16 2.244 £0.074 3.35 4.0
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Obs.Id Time in MJD Flux in 2-7 eV Photon index, I';,.. X2 Dof

107" ergsem 257!

000 35019210 58135.13 3.3+0.1 2.398 £ 0.081 3.84 4.0
000 35019220 58144.23 2.79+£0.08 2.524 £0.081 531 4.0
000 35019221 58147.68 2.34 £0.07 2.504 £ 0.077 4.25 4.0
000 35019239 58241.26 3.3£0.09 2.268 £ 0.077 434 4.0
000 35019243 58927.69 2.35+£0.08 2.575 £ 0.084 3.18 4.0
000 90109015 54950.63 0.4 +£0.02 2.619 £ 0.139 5.85 4.0
000 90109021 54960.53 0.29 £ 0.02 2.551 £0.146 6.26 4.0
000 90109043 54982.07 0.2+0.01 2.388 £0.18 5.7 4.0
000 96564008 59744.28 0.61£0.04 2.757 £0.144 5.77 4.0
000 30867055 58278.06 1.01 £ 0.05 2.527 £0.148 6.09 4.0
000 35019074 56010.96 0.76 £ 0.04 2.518 £0.124 5.1 4.0
000 35019082 56123.1 0.69 £0.03 2.392 £0.113 3.82 4.0
000 35019071 55997.0 1.73 +£0.05 2.57 £ 0.086 4.47 4.0
000 35019164 56766.67 1.53 £0.05 2.469 £ 0.093 3.94 4.0
000 35019169 56797.39 1.99 £ 0.06 2.414 £0.079 2.66 4.0
000 35019170 56808.64 1.19 £ 0.06 2.458 £0.126 543 4.0
000 30867001 54113.0 8.57+£0.33 2.586 £ 0.104 1.93 4.0
000 30867010 54289.48 2.29£0.1 2.666 = 0.111 1.96 4.0
000 30867011 54291.22 2.35+£0.1 2.66 £0.111 2.16 4.0
000 30867012 54292.69 2.71+£0.12 2.622 £0.111 213 4.0
000 30867013 54293.35 2.76 £0.12 2.593 £0.11 1.8 4.0
000 30867014 54294.36 2.91+£0.12 2.652£0.11 2.1 4.0
000 30867015 54295.3 2.86 £0.12 2.638 £0.11 1.77 4.0
000 30867052 58270.3 4.3+0.18 2.498 £0.108 3.24 4.0
000 35019063 55794.58 2.07£0.11 2.533 £0.134 249 4.0
000 35019048 55649.14 0.43 £0.03 3.054 £0.18 449 4.0
000 35019058 55729.84 1.48 £0.07 2.892 £0.118 1.74 4.0
000 35019093 56383.61 0.88 £0.05 2.445 £0.144 4.7 4.0
000 35019055 55705.34 1.24 £ 0.06 2.838 £0.125 5.01 4.0
000 35019063 55794.58 2.06 £0.11 2.533 £0.134 2.68 4.0

000 96564002 59731.48 1.1£0.05 2.952 £ 0.135 5.35 4.0
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Obs.Id Time in MJD Flux in 2-7 eV Photon index, I';,u x2 Dof

107 ergscm™2s7!

000 35019078 56044.26 1.03 £ 0.06 2.417£0.133 448 4.0
000 35019097 56409.26 0.69 £0.05 2.681 £0.168 4.89 4.0
000 35019173 57150.17 0.65 £ 0.05 2.63 +0.182 541 4.0

Table A.3: Table showing Details of best fit parameter values of power-law fit of selected
~-ray observations (adaptive time bins) simultanoeus to Swift observtaions. From left to
right: column 1-Tstart in MJD, column 2-Tstop, column 3—integrated flux in the energy
0.157-300 GeV, column 4—spectral index, column 5— TS of power-law function, column 6:
TS of log-parabola model, and column 8: T'S(Curvature).

Tstart Tstop Flux [0.1-300 GeV]  PL Index TS(PL) TS(LP) TS(Curvature)
MJD MJD 10~ "phs em™2 57! I,

54693.0 54696.0271 1.048 £ 0.52 2.006 £0.302  34.58 34.59 0.02
54693.0 54696.0271 1.048 4+ 0.52 2.006 £0.302 34.58 34.59 0.02
54696.0271 54697.0139 6.201 £ 1.743 2.391£0.273 57.42 57.42 0.0
54697.8665 54698.2684 8.895 £+ 2.604 2.13+£0.235  72.46 72.46 0.0
54795.0751 54795.6055 15.33 + 3.844 2.199 £0.208 110.21 110.21 0.0
54795.6055 54795.8768 16.22 £+ 4.402 2.14+£0.215  73.69 73.69 0.01
54796.1294 54796.6023 15.31 +4.241 2.306 £0.247 73.41 74.42 1.01
54798.9292 54799.1258 19.0 £5.224 2.387+£0.26  86.59 86.87 0.28
54799.8488 54800.0567 15.07 & 3.945 2.294 £0.237 85.34 86.82 1.47
54815.7986 54816.1867 11.25 4+ 2.847 2.322+£0.231 68.75 71.6 2.85
54824.1679 54824.5548 10.78 £ 2.786 2.158 £0.208  75.08 75.46 0.38
54827.8209 54828.2106 10.45 + 2.754 2.284 £0.229 62.21 64.4 2.19
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Tstart Tstop Flux [0.1-300 GeV]  PL Index  TS(PL) TS(LP) TS(Curvature)
MJD MJD 10~ "phs cm™2 571 r,

54829.8017 54830.6031 3.939 £ 1.312 2.209 £0.253 54.93 55.33 0.4
54831.9298 54832.5894 6.653 £ 1.935 2.298 £0.239 61.27 62.97 1.7
54833.8503 54834.3066 9.214 £ 2.389 2.433 £0.25 64.09 64.69 0.6
54835.7782 54836.4362 6.559 £ 1.936 2.34+£0.25 53.44 53.69 0.25
54838.1632 54838.8986 6.15 +1.954 2273 £0.277 36.82 39.72 2.9
54863.9278 54864.3817 9.212 + 2.444 2.208 £0.23 60.04 60.58 0.54
54865.5799 54866.1196 8.374 + 2.155 2.222+0.212  79.42 79.57 0.15
54879.8545 54880.0624 20.17 £4.394 2.36 £0.209 103.61 104.29 0.68
54886.9723 54887.4289 15.24 4+ 3.503 2.839£0.292 78.93 79.15 0.22
54893.0061 54893.5393 8.738 £2.791 1.933 £0.207  65.8 66.18 0.38
54896.3141 54896.7824 8.08 £2.434 2.309 £0.255  54.33 55.89 1.57
54896.7824 54897.8504 8.111 £ 2.075 2.753 £0.265 56.55 60.51 3.95
54900.435  54906.6066 2.525£1.034 1.846 £ 0.235  44.35 45.02 0.67
54900.435 54906.6066 2.525 £1.034 1.846 £ 0.235  44.35 45.02 0.67
54906.6066 54908.8049 2.787£0.935 2.491 £0.29 30.95 31.44 0.5
54914.4469 54917.0375 2.265 £ 0.779 2.724+0.335 19.76 21.33 1.57
54935.0939 54937.1485 2.051 £0.765 2433 £0.304 25.39 26.24 0.85
54937.1485 54938.69 3.183 £1.041 2.543 £0.315  33.02 33.02 0.0
54938.69 54940.9354 1.488 +0.694 2.536 £0.381 12.24 16.01 3.76
54940.9354 54942.3323 2.065 £ 0.974 1.988 +£0.298 38.31 36.94 -1.37
54942.3323 54944.1149 2.924 + 0.962 2.594 +0.309 31.32 31.32 0.0
54944.1149 54946.3841 1.585 £+ 0.625 2.063 £0.248  38.87 39.41 0.54
54944.1149 54946.3841 1.585 4+ 0.625 2.063 £0.248  38.87 39.41 0.54
54946.3841 54947.7007 5.015 + 1.265 2711 £0.299 53.52 53.82 0.3
54947.7007 54949.3076 2.232 +£0.97 2.068 £ 0.284 36.1 36.1 0.0
54949.3076 54951.3626 4.293 +1.186 2.813£0.302 37.15 40.84 3.69
54949.3076 54951.3626 4.293 +£1.186 2.813£0.302 37.15 40.84 3.69
54952.6791 54954.6765 4.145 £ 1.287 2.411+0.3 39.15 39.15 0.0
54952.6791 54954.6765 4.145 £ 1.287 2.411+0.3 39.15 39.15 0.0
54954.6765 54957.6083 3.383 £ 0.969 3.112 £ 0.38 28.98 29.03 0.05
54957.6083 54959.7373 1.965 £ 0.978 2.158 £0.322 22.14 22.99 0.85
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Tstart Tstop Flux [0.1-300 GeV]  PL Index  Ts(PL) Ts(LP) Ts(Curvature)
MJD MJD 10~ "phs cm™2 57+ r,

54959.7373 54961.6665 4.83 £1.382 2.685+£0.32 33.68 33.68 0.0
54959.7373 54961.6665 4.83 +1.382 2.685+£0.32 33.68 33.68 0.0
54961.6665 54965.4441 2.158 £0.744 2.813 £0.382 20.72 20.72 0.0
54961.6665 54965.4441 2.158 £0.744 2.813+£0.382 20.72 20.72 0.0
54961.6665 54965.4441 2.158 £0.744 2.813 £0.382 20.72 20.72 0.0
54965.4441 54968.699 1.555 £0.642 2.43+0.316 21.86 22.48 0.62
54965.4441 54968.699 1.555 + 0.642 2.43+0.316 21.86 22.48 0.62
54968.699  54970.8815 3.569 £ 0.92 2.699 £0.274 41.61 42.87 1.27
54970.8815 54971.7455 4.075 £ 1.595 2.321 £0.312 28.42 28.42 0.0
54972.6865 54973.6725 4.897 £ 1.228 2.307£0.214 67.65 75.36 7.7
54972.6865 54973.6725 4.897 +£1.228 2.307 £0.214 67.65 75.36 7.7
54973.6725 54975.3231 3.331 £ 0.909 2.622 £0.286 40.77  41.28 0.51
54975.3231 54977.1851 3.505 £ 0.978 2.73+£0.306 47.77  47.77 0.0
54975.3231 54977.1851 3.505 £ 0.978 2.734+0.306  47.77  47.77 0.0
54977.1851 54978.9226 2.021£0.714 2.242 £0.262 28.89 30.76 1.86
54977.1851 54978.9226 2.021 £0.714 2.242 £0.262 28.89 30.76 1.86
54978.9226 54980.9071 1.769 + 0.687 2.495 £ 0.367 16.62 17.4 0.79
54980.9071 54982.2447 2.987 £0.892 2.206 £0.233  53.26 53.67 0.4
55040.8613 55041.2518 16.58 + 4.042 2.456 £ 0.264 85.72 85.72 0.0
55042.575  55042.8466 14.26 £ 3.571 2.378£0.238 86.11 86.11 0.0
55043.5158 55043.7171 29.14 £+ 6.865 2.709£0.263 9594  95.95 0.01
55044.4476 55044.7829 13.08 + 3.53 2.379+£0.239 74.74 74.8 0.05
55044.9776 55045.3029 13.04 &+ 3.259 2.083 £0.197 96.98 98.16 1.18
55169.7179 55170.9057 7.68 £2.177 2.537£0.274 54.72 54.72 0.0
55210.9443 55212.1963 7.135 £1.904 2.454 £0.238  59.96 61.94 1.98
55222.422  55225.8774 1.939 + 0.754 2276 £0.31  22.19 22.81 0.63
55236.9673 55238.8149 4.862 £+ 1.456 2.81+£0.353  33.52 33.52 0.0
55242.8126 55244.8029 3.203 £0.91 2.629 £0.303 33.41 34.95 1.54
55248.2537 55251.7076 1.881 £0.552 2.666 £ 0.297  26.73 29.28 2.55
55268.4989 55272.5938 3.764 £1.06 3.407£0.471  27.39 28.96 1.57
55278.6015 55281.7848 1.69£0.773 2.283£0.339 17.89 18.81 0.91
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Tstart Tstop Flux [0.1-300 GeV]  PL Index  Ts(PL) Ts(LP) Ts(Curvature)
MJD MJD 10~ "phs cm™2 571 r,

55286.6305 55289.8737 6.422 £1.372 3.376 £0.316 61.74 61.76 0.02
55300.4288 55303.2114 1.314 £ 0.513 2.195£0.277 27.58 27.81 0.23
55369.1367 55374.319 1.166 £ 0.464 2.323 £0.278 19.24 23.77 4.52
55566.6293 55568.0271 4.371 £1.105 2.566 £0.275  49.6 50.71 1.11
55586.4739 55588.7916 2.363 £1.025 2.138 £0.297 32.45 34.73 2.29
55591.7113 55594.901 2.011 + 0.846 2.202+0.29 40.54 40.54 0.0

55614.6308 55616.3438 4.771 £1.249 2.605+0.28 49.41 49.41 0.0

55619.7917 55621.1282 2.655 + 0917 2.146 £0.249 28.55 33.09 4.54
55627.89 55630.5541 2.834 £ 0.863 2.643 £0.315 28.2 28.66 0.47
55632.1454 55635.3173 2.743 £0.906 2.536 £0.307 32.97 33.05 0.08
55641.5031 55643.8946 3.003 £ 0.964 2.273 £0.256 40.13 41.45 1.33
55643.8946 55649.7986 2.015 £ 0.799 2.476 £0.313  27.02 27.02 0.0

55663.6583 55667.5305 11.5 4+ 3.082 2.164 +£0.208 76.1 79.55 3.45
55682.9078 55684.5087 4.645 +1.189 2.513£0.241 50.36 52.97 2.61
55690.6179 55691.8107 4.242 £+ 1.455 2.005£0.214 50.49 48.41 -2.08
55698.1068 55698.393 22.12 £ 5.246 2.421 £0.235 101.5 102.89 1.39
55704.6826 55705.4084 12.69 £ 3.541 2.252+0.23 74.71 74.71 0.0

55709.4635 55710.3224 10.4 £2.709 2.101 £0.195 87.91 90.14 2.23
55711.3274 55712.3939 7.194 £ 2.003 2.307 £0.237 56.54 57.35 0.8

55724.7273 55725.2714 10.05 £ 2.354 2.471 £0.236 81.14 81.79 0.65
55726.9882 55727.6401 12.34 £+ 2.332 2.642 +£0.227 11547 119.65 4.17
55728.9779 55729.5252 7.251 £1.977 2.185+£0.222 63.52 63.92 0.4

55729.5252 55730.7006 4.093 £ 1.125 2.184 £0.214 53.06 57.52 4.46
55732.5621 55733.878 4.918 +1.269 2.611 £0.279 52.08 52.08 0.0

55736.5536 55738.1341 2.994 £ 1.041 2.184 £0.258 43.37 43.54 0.17
55741.0485 55741.602 7.554 £ 2.292 1.99 £ 0.197 68.0 72.58 4.58
55744.7087 55745.6439 5.095 £ 2.09 2.164 £0.286 33.92 33.95 0.03
55753.1928 55756.6606 2.477 £0.819 2.394 +0.269 41.37 41.4 0.03
55759.4454 55762.6283 2.393 £ 0.749 2.111+£0.218 41.73 47.27 5.54
55762.6283 55767.2122 2.668 £ 0.851 2.709 £0.283 25.32 30.77 5.45
55762.6283 55767.2122 2.668 £ 0.851 2.709 £0.283 25.32 30.77 5.45
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Tstart Tstop Flux [0.1-300 GeV]  PL Index  Ts(PL) Ts(LP) Ts(Curvature)
MJD MJD 10~ "phs cm™2 57+ r,

55767.2122 55769.7993 2.798 £1.018 2.215£0.295 3544 3544 0.0
55769.7993 55772.9052 2.26 £0.7 2.199 £0.215 45.42 51.9 6.49
55772.9052 55775.1686 2.291+£0.736 2.162£0.228 43.54  44.22 0.69
55772.9052 55775.1686 2.291 £0.736 2.162 £0.228 43.54  44.22 0.69
55772.9052 55775.1686 2.291 £0.736 2.162 £0.228 43.54  44.22 0.69
55779.9588 55781.2674 4.117£1.174 2.398£0.256  52.78 53.89 1.11
55781.2674 55782.5994 2.298 £0.767 1.896 £0.211  50.63 56.57 5.95
55793.1003 55795.3459 5.406 £1.3 2.763 £0.261 52.87  55.22 2.35
55893.621  55895.1657 3.297 £ 0.982 2.477£0.269 40.44 42.06 1.62
55929.191  55931.7078 1.805 + 0.737 2.124+0.268  36.59 36.59 0.0
55951.1632 55952.6116 2.324 £1.008 1.993 +£0.273  38.23 38.23 0.0
55972.9153 55976.9009 1.459 + 0.551 2.204 £0.259 25.01 27.74 2.73
55972.9153 55976.9009 1.459 £ 0.551 2.204 £0.259 25.01 27.74 2.73
56008.9257 56013.5023 3.28+1.03 3.156 £ 0.486 29.45 29.45 0.0
56041.7166 56045.283 1.722 £ 0.642 2.493£0.3 23.71 23.79 0.08
56052.716  56054.0554 3.749 £ 1.136 2.399 £0.277  36.59 36.67 0.09
56058.4913 56061.6114 3.356 £ 0.964 2.882+£0.322 33.09 33.26 0.17
56131.6578 56141.4105 0.64 £ 0.351 2.331 £0.354 16.05 16.5 0.45
56150.3679 56151.6964 1.896 + 0.813 1.74£0.222  45.35  45.76 0.41
56329.1525 56334.003 1.704 + 0.652 2.638£0.418 21.96 21.96 0.0
56334.003 56341.0243 0.996 £ 0.448 2.428 £0.395 13.13 16.8 3.68
56341.0243 56346.5995 0.628 £ 0.362 1.819 £0.299 35.67 37.7 2.02
56349.6431 56354.9435 1.383 £ 0.619 2.424 £0.315 24.3 25.44 1.14
56374.4727 56376.3572 2.605 £ 0.986 2.375+£0.311 31.17  31.28 0.11
56382.6592 56388.7545 1.228 £0.612 2.345+0.334 17.13 17.13 0.0
56388.7545 56394.8608 1.796 + 0.699 2.938£0.593 14.85 14.85 0.0
56394.8608 56402.6172 1.084 + 0.449 2.427+0.304 16.34 17.59 1.25
56394.8608 56402.6172 1.084 + 0.449 2.427+£0.304 16.34 17.59 1.25
56402.6172 56409.5833 0.389 £ 0.283 1.731 £0.324 20.11 21.28 1.17
56419.9871 56424.4959 1.35£0.479 2.639 £0.362 22.86 23.42 0.56
56436.494  56438.8252 3.699 £ 0.969 2.625£0.254 43.25  46.96 3.71
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Tstart Tstop Flux [0.1-300 GeV]  PL Index  Ts(PL) Ts(LP) Ts(Curvature)
MJD MJD 10~ "phs cm™2 571 r,

56633.5033 56633.6359 21.74 £4.712 2481 £0.232 109.29 113.41 4.11
56635.6146 56635.694 16.96 £ 5.089 2.073 £0.231 82.21 82.24 0.03
56637.9445 56638.5968 18.5 £ 3.695 2.614 £0.252 106.28 106.28 0.0
56643.4578 56644.1637 7.191 £1.608 2.666 £ 0.253  70.77 71.32 0.55
56648.2111 56648.606 22.02 £ 6.086 2.109 £0.203 91.24 93.57 2.32
56649.7981 56650.1374 24.56 £ 5.69 2.623 £0.249 75.19 78.45 3.26
56654.7608 56655.1128 12.75 4+ 3.37 2.037£0.195 90.7 91.77 1.07
56655.1128 56655.7743 13.38 £ 3.697 2.111+£0.203 74.1 75.71 1.6
56655.1128 56655.7743 13.38 4+ 3.697 2.111 £0.203 74.1 75.71 1.6
56655.1128 56655.7743 13.38 £ 3.697 2111 £0.203 74.1 75.71 1.6
56655.1128 56655.7743 13.38 £ 3.697 2.111 £0.203 74.1 75.71 1.6
56655.7743 56656.6258 10.46 £ 3.299 2.517+£0.282 46.54 46.54 0.0
56655.7743 56656.6258 10.46 £ 3.299 2.517+£0.282 46.54 46.54 0.0
56655.7743 56656.6258 10.46 £ 3.299 2.517+£0.282 46.54 46.54 0.0
56655.7743 56656.6258 10.46 £ 3.299 2.517+£0.282 46.54 46.54 0.0
56655.7743 56656.6258 10.46 £ 3.299 2.517£0.282 46.54 46.54 0.0
56656.6258 56656.8876 24.69 £ 6.818 2418 £0.254 57.62 58.6 0.98
56656.8876 56657.1054 23.72 £ 6.585 2.287£0.228 76.48 76.48 0.0
56656.8876 56657.1054 23.72 £ 6.585 2.287£0.228 76.48 76.48 0.0
56657.8092 56658.0821 21.45£5.295 2.418 £0.233  86.52 90.24 3.72
56658.6927 56659.0148 17.4 £4.945 2.502 £0.268  58.5 58.51 0.01
56666.1743 56666.9018 5.522 £1.819 2.05+0.244  56.87 56.98 0.11
56673.4079 56673.6023 18.93 £+ 5.497 2.141 £0.219 79.77 79.8 0.03
56680.415 56693.1574 10.94 £+ 2.873 2.441 £0.241 60.98 68.3 7.33
56680.415  56693.1574 10.94 + 2.873 2.441 £0.241 60.98 68.3 7.33
56700.5589 56701.9529 7.174+2.032 2.436 £0.258 54.1 54.17 0.07
56701.9529 56703.0881 6.116 £1.714 2.085+£0.197 84.55 88.0 3.45
56727.3461 56729.7185 5.584 £1.495 2.501 £0.238 52.68 54.05 1.37
56745.6847 56745.8187 41.23 £10.76 2.294 +£0.238 105.01 106.52 1.51
56747.9487 56748.0766 5.872 £1.995 1.767 £0.21  48.24 49.81 1.56
56749.0021 56749.3218 5.823 £ 1.561 2.315+£0.256  56.95 57.42 0.47
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Tstart Tstop Flux [0.1-300 GeV]  PL Index  Ts(PL) Ts(LP) Ts(Curvature)
MJD MJD 10~ "phs cm™2 57+ r,

56749.0021 56749.3218 5.823 £1.561 2.315£0.256 56.95 57.42 0.47
56749.8656 56749.9894 15.89 + 3.903 2.587 £ 0.277 75.02 75.02 0.0
56750.3168 56750.3219 136.2 + 28.01 2.347£0.226 184.05 185.53 1.48
56751.312  56751.3673 57.78 £13.41 1.98+£0.19 127.39 127.73 0.34
56752.3 56752.3731 66.33 £+ 16.33 2.027£0.193 159.66 160.11 0.46
56753.037  56753.3658 21.84 £5.888 2.142+£0.215 89.81 93.16 3.35
56754.0308 56754.4213 20.68 £ 5.461 1.954+0.18  97.26 98.26 1.0
56765.621 56766.8144 5.747 £1.697 2.285+£0.24 5937 63.19 3.82
56779.3413 56780.9353 5.422 £+ 1.548 2.667 £0.337 38.23 38.23 0.0
56786.2223 56787.0276 6.438 £+ 1.868 2.408 £0.261 46.74  46.76 0.02
56790.6094 56791.3946 4.436 +1.295 1.761 +£0.172 109.67  109.7 0.03
56793.1224 56794.1836 2.986 £ 0.849 1.654 +0.148 109.25 111.5 2.25
56797.3579 56797.8795 8.451 £ 2.292 2.132+£0.207 66.6 69.0 2.4
57052.4998 57054.7483 3.16 + 0.986 2.724+0.363  26.21 26.22 0.01
57155.0789 57155.2219 26.69 £ 6.641 2.344 £0.243 80.71 89.4 8.7
57156.021  57157.1986 6.441 £ 1.756 2.694 £0.318 43.56 43.56 0.0
57157.1986 57159.4448 3.422 £0.98 2.62+0.295 35.01 35.01 0.0
57159.4448 57161.5699 4.913 £1.017 2.869 £0.262 66.37  68.55 2.18
57159.4448 57161.5699 4.913 £1.017 2.869 £0.262 66.37  68.55 2.18
57188.5163 57188.6187 357.6 £93.13 2.324 £0.223 150.79 151.17 0.38
57189.0993 57189.1481 506.1 £ 83.75 2.329 £0.185 402.82 403.1 0.28
57189.6412 57189.6942 105.1 £ 25.77 2.027£0.197 171.32 173.55 2.23
57190.1578 57190.2315 45.69 £ 7.679 2.522£0.2 200.66 204.98 4.31
57190.7651 57191.0762 14.55 + 3.296 2.323 £0.224 98.83 100.27 1.44
57456.769  57459.5534 3.669 £ 1.121 2.518 £0.28  41.23 41.23 0.0
57456.769  57459.5534 3.669 £ 1.121 2.518£0.28 41.23  41.23 0.0
57459.5534 57463.6578 2.327£0.726 2.306 £0.244  33.66 34.87 1.21
57459.5534 57463.6578 2.327£0.726 2.306 £ 0.244  33.66 34.87 1.21
57463.6578 57465.6387 4.372 £1.307 2.388+£0.249 40.21 41.2 0.99
57522.1183 57522.855 8.465 £ 2.434 2.116 £0.213 100.75 100.75 0.0
57820.4557 57821.4549 8.702 £ 2.598 2.507£0.261 47.48  48.97 1.5
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Tstart Tstop Flux [0.1-300 GeV]  PL Index  Ts(PL) Ts(LP) Ts(Curvature)
MJD MJD 10~ "phs cm™2 571 r,

57821.9972 57822.8984 8.331 £ 2.063 1.843 £0.154 85.25 94.13 8.88
57836.7351 57837.1342 19.13 £ 5.013 2.006 £0.187 134.66 134.66 0.0
57851.742  57851.8143 19.85 £ 4.802 2.126 £0.208 103.65 104.86 1.21
57854.7262 57855.6452 4.243 £1.313 2.081 £0.228 58.38 58.89 0.51
57856.4338 57856.839 13.64 £+ 3.121 2.457+0.24 74.89 74.95 0.06
57857.225  57857.7547 14.43 £ 2.904 2.81£0.257 100.6 100.6 0.0
57894.6634 57895.1831 15.23 £4.172 2.441 £0.264 64.51 65.1 0.59
57898.7717 57899.5663 8.832£2.472 2.467 £0.257 72.23 72.23 0.0
57930.0376 57930.4246 20.78 £4.97 2.447 £0.238 92.67 94.32 1.65
57932.2822 57933.6063 10.8 £2.638 2.603 £0.261 73.46 73.46 0.0
58081.0711 58081.9889 4.3+£1.434 1.876 £0.203 53.6 53.77 0.17
58083.2389 58084.6355 4.547 £ 1.375 2.022£0.204 55.8 58.33 2.53
58085.0327 58085.4883 12.76 £ 3.361 1.945 4+ 0.181 81.11 81.71 0.6
58134.1082 58134.1622 178.6 = 43.4 2.145+£0.196 221.68 222.98 1.3
58135.1038 58135.1488 169.0 £ 48.92 1.968 £0.207 116.19 117.02 0.83
58136.0948 58136.1374 214.0 £ 54.47 2.166 £0.217 151.63 151.69 0.06
58137.066  58137.0747 176.3 4+ 39.47 2.523 £0.247 167.09 167.12 0.03
58139.0479 58139.1283 43.26 £ 11.05 2.347 £0.252  80.55 80.55 0.0
58141.1883 58141.296 62.79 £ 16.48 2.068 £0.205 113.77 113.77 0.0
58143.0975 58143.5427 27.36 £ 7.492 2.131 £0.218 95.41 95.41 0.0
58144.0212 58144.4733 26.97 + 7.004 2.438 £0.249 95.29 97.59 2.31
58147.6532 58147.7906 27.01 +£6.48 2.21£0.206 108.15 112.67 4.52
58150.4283 58150.643 18.33 £ 4.285 2.091 £0.184 119.7 122.71 3.0
58157.9741 58158.6821 15.27 £+ 3.484 2.89+£0.281 65.43 66.31 0.87
58165.1849 58165.4312 34.17 £ 7.388 2.441 £0.221 123.7 124.3 0.6
58173.649  58173.7801 28.94 £ 6.238 1.94+0.16 157.61 159.28 1.67
58184.0945 58184.6719 14.55 + 3.904 2.346 £0.237 87.75 87.75 0.0
58191.8281 58216.5537 8.389 £ 2.502 2.291 £0.249 60.06 60.11 0.04
58225.8856 58225.9321 110.1 £ 26.98 2.217+£0.215 124.97 125.1 0.13
58227.7147 58227.7226 110.2 £+ 27.66 2.198 £0.223 101.57 104.46 2.89
58228.3791 58228.3826 250.2 £ 48.97 1.754 £0.133 406.33 413.53 7.2
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Tstart Tstop Flux [0.1-300 GeV]  PL Index  Ts(PL) Ts(LP) Ts(Curvature)
MJID MJD 10" "phs cm 2 s7* r,

58240.3607 58240.4844 33.51 £ 7.849 1.908 £0.168 156.95 159.79 2.85
58241.1466 58241.272 70.83 £ 14.87 1.819 £0.143 205.12 206.48 1.35
58242.5268 58242.5922 37.88 £9.795 1.746 £ 0.161 156.78 156.83 0.05
58249.6861 58250.2632 9.979 £ 2.589 2.081 £0.195 93.38  95.13 1.76
58251.6761 58256.6869 8.74 +£2.238 2.041 £0.171 112.32 116.42 4.11
58270.2987 58270.3611 136.3 £ 33.23 2.258 £0.216 154.81 159.23 4.42
58275.9203 58276.1171 21.99 £6.162 1.957+0.198 86.12  86.12 0.0
58279.8954 58280.1459 10.3 £2.631 2.215+£0.222 87.25  87.25 0.0
58281.6797 58282.0662 10.19 + 2.352 2.715£0.272 68.12  68.55 0.43
58284.644  58285.0532 6.432 +£1.919 2.173+£0.234 63.44 63.58 0.14
58285.7808 58286.293 5.703 £1.921 2.114 £0.245 53.29  53.29 0.0
58288.5453 58289.0837 13.45 £ 4.221 2.11£0.233 6193  61.93 0.0
58292.5846 58292.655 48.24 £ 11.66 2.079 £0.193 125.06 126.29 1.23
58293.8385 58294.2415 22.39 £ 5.366 2.437+0.225 90.35 100.46 10.11
58295.5701 58297.352 17.82 £ 4.198 2.491 £0.213  95.63 99.5 3.88
58297.352  58304.7658 8.368 £ 2.382 2.404 £0.229 50.13  51.54 141
58926.7 58927.7474 5.728 £1.769 2.003 £0.205 50.88 51.35 0.47
59227.5572 59228.1363 9.624 £+ 2.162 2.456 £0.22  82.43 94.91 12.48
59234.3518 59235.1444 5.955 £ 1.541 2.08£0.197 75.61 76.47 0.86
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Table A.4: Table showing results of combined spectral fitting of XRT and UVOT
spectra with the Broken power-law model. column 1-observation id, column 2—time
in MJD, column 3-optical index, column4—break energy, ¢, columnb—X-ray index,
column 6 — chisquare, and column 7 —Dof.

Obs 1Id Time To/uv Break energy,e, T, x? Dof
MJD keV

000 30867009 54266.79 2.6645 £ 0.0459  0.1029 4 0.0049  1.4886 £ 0.0697 40.09 50.0
000 30867022 54695.6 2.1404 £0.1136 0.757 £0.1657 1.5987 £ 0.1587 21.44 19.0
000 30867024 54698.01 2.1636 &= 0.0809  0.4083 +0.1346  1.8595+0.1346 21.53 21.0
000 30867028 54828.2 2.6226 +0.0603  0.0987 £ 0.008 1.5496 +£0.1304 13.62 23.0
000 30867031 54834.23 2.6541 £0.0674  0.0787 & 0.0076 1.5867 £ 0.151 13.82 18.0
000 30867032 54836.24 2.7798 £0.0662  0.1001 +0.0076  1.4299 +0.1572 14.42 18.0
000 30867035 55042.65 2.5564 %+ 0.049 0.1048 £+ 0.0046 1.433 £0.064 55.36 64.0
000 30867036 55043.52 2.3926 & 0.0481  0.2756 4 0.0144 1.3288 £ 0.077 52.33 51.0
000 30867050 57856.61 2.5174 £ 0.1015 0.095 £ 0.0106 1.4513 £0.199 13.89 15.0
000 30867054 58276.07 2.4337 £0.0561  0.2488 +0.0207  1.4907 £0.1165 20.4 28.0
000 30867056 58279.93 2.617 £ 0.0897 0.0873 £ 0.009 1.4645 +£0.1803 14.49 15.0
000 30867058 58284.83 2.4664 £0.0739  0.1062 +0.0193  1.7808 +0.2363 14.88 14.0
000 30867060 58288.63 2.3415+0.0649  0.3707 £0.0435  1.4886+0.1466 17.54 19.0
000 30867061 58292.61 2.6331+£0.0752  0.1292 £ 0.0121 1.4046 £0.184 8.26 15.0
000 30867062 58294.2 2.4681 £ 0.0667  0.2025 4+ 0.0187  1.4546 +£0.1351 19.66 21.0
000 30867064 58298.85 2.5753 £0.0727  0.1068 £0.0124  1.6017 +0.1704 17.81 16.0
000 30867068 59228.11 2.5722 £0.0476  0.4109 +0.0517  1.5663 £0.1967 9.2 14.0
000 33052001 56633.59 2.5226 £0.0628  0.0762 +0.0033  1.3762+0.0654 69.12 66.0
000 35019006 53754.05 2.7746 £0.0506  0.0541 +0.0024  1.5286 +0.0744 50.32 51.0
000 35019023 55225.77 2.8299 +£0.148  0.0284 +£0.0022  1.4841+0.1362 17.4 19.0
000 35019024 55237.94 2.6274£0.2112  0.0298 £ 0.0034 1.4324+0.1875 10.46 14.0
000 35019025 55244.42 2.2377 £0.2626  0.0146 +0.0033  1.6341 +£0.1804 12.36 15.0
000 35019026 55251.6 2.3622 £ 0.2899 0.016 £ 0.0027 1.6066 £ 0.1458 14.19 18.0
000 35019029 55272.0 2.3569 £ 0.2509  0.0123 +£0.0022  1.6614 +0.1356 11.15 18.0
000 35019033 55300.65 2.1864 £0.2778  0.0235+0.0049  1.6116 +0.1458 16.48 20.0
000 35019037 55374.07 2.2274 £0.2808  0.0584 +0.0119  1.5547 +£0.1504 11.33 15.0
000 35019043 55615.03 2.7078 £0.0989  0.0363 +0.0034  1.6149 +0.1457 12.73 19.0
000 35019044 55621.12 2.8063 £0.1365  0.0295 4+ 0.0034  1.5905+0.1934 10.86 12.0
000 35019045 55629.15 2.7494 £0.1233  0.0376 +0.0037  1.5171+0.1532 10.49 15.0
000 35019046 55634.17 2.7531 £0.0744  0.0405 £ 0.0023  1.4822 4 0.0882 26.15 34.0
000 35019047 55642.52 2.7802 £+ 0.1064  0.0267 £ 0.002 1.5312 +£0.1182 14.97 22.0
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Obs Id

Time

MJD

Fo/uv

Break energy,e¢;,

keV

Dof

000 35019052
000 35019053
000 35019064
000 35019066
000 35019069
000 35019069
000 35019083
000 35019084
000 35019087
000 35019092
000 35019095
000 35019099
000 35019100
000 35019138
000 35019141
000 35019157
000 35019159
000 35019165
000 35019166
000 35019167
000 35019168
000 35019171
000 35019190
000 35019211
000 35019224
000 35019225
000 35019229
000 90022009
000 90022010
000 90109001
000 90109004

55684.26
55691.5
55894.65
55952.46
55975.0
55975.0
56137.93
56151.03
56339.48
56374.94
56395.64
56437.38
56638.0
56688.92
56702.98
56751.32
56752.32
56780.52
56786.92
56790.73
56793.19
57053.79
57465.28
58136.13
58158.12
58165.28
58184.22
54905.09
54906.63
54936.64
54939.85

2.7335 £ 0.0623
2.7997 £ 0.0937
2.6553 £ 0.1069
2.5836 £ 0.0478
2.5441 £ 0.0661
2.5441 £ 0.0661
2.3406 £ 0.0972
2.402 £ 0.1116
2.2881 + 0.0894
2.2879 £ 0.0733
2.4533 £ 0.0883
2.3661 + 0.0862
2.5939 £ 0.0487
2.5295 + 0.0734
2.4283 +0.0651
2.4479 £ 0.0603
2.4636 + 0.0624
2.3871 £ 0.0686
2.5259 + 0.0706
2.3726 £ 0.0507
2.3495 £ 0.054
2.5697 + 0.0835
2.4091 £ 0.0787
2.4399 + 0.0503
2.5024 £ 0.0645
2.4449 £+ 0.0602
2.5907 £ 0.0778
2.6442 +0.104
2.5931 +£0.1125
2.5612 + 0.1309
2.4443 + 0.0968

0.0372 + 0.0019
0.0441 £+ 0.0036
0.0923 + 0.0135
0.1097 £ 0.0079
0.1835 £ 0.0193
0.1835 +0.0193
0.1761 + 0.0219
0.143 +£0.0217
0.1879 £ 0.0322
0.1856 +0.0578
0.1111 £ 0.0179
0.0714 £ 0.01
0.0433 + 0.0014
0.1715 £ 0.0191
0.2078 £ 0.0317
0.1473 £ 0.0149
0.2051 £ 0.0171
0.2163 £ 0.0502
0.2342 £+ 0.0249
0.5419 4+ 0.0477
0.6707 £ 0.0895
0.0918 + 0.0107
0.4451 £ 0.0754
0.2263 + 0.0159
0.0818 £ 0.0063
0.2175 £ 0.0175
0.1688 £ 0.0198
0.1257 £ 0.0139
0.0949 £+ 0.0128
0.0538 + 0.0054
0.0794 £ 0.007

1.5197 £ 0.0834
1.5168 £ 0.1513
1.6264 + 0.2463
1.6098 £ 0.0979
1.4912 £0.172
1.4912 £0.172
1.5637 £ 0.1222
1.6888 £ 0.1408
1.6678 £ 0.1406
1.8857 £0.181
1.7143 £0.1835
1.5839 £ 0.1447
1.5415 + 0.0418
1.5064 £ 0.1496
1.6644 £ 0.1671
1.6046 £+ 0.1149
1.2343 £ 0.1421
1.7558 £ 0.2066
1.3754 £ 0.1861
1.4991 £ 0.1126
1.5422 £ 0.1424
1.5105 £ 0.1725
1.5285 £ 0.2192
1.2218 + 0.1269
1.5226 £ 0.107
1.4319 £0.1196
1.4854 £ 0.1656
1.3117 £ 0.2464
1.4889 + 0.2406
1.4895 £ 0.1623
1.4492 + 0.1225

36.36
10.66
11.62
33.68
9.89
9.89
25.09
21.89
23.41
12.73
15.49
15.68
109.07
21.29
10.11
20.2
10.97
5.9
9.18
43.78
14.94
11.04
9.34
16.13
23.39
29.68
12.22
5.66
6.93
13.19
23.15

41.0
18.0
11.0
34.0
16.0
16.0
21.0
18.0
18.0
14.0
15.0
17.0
126.0
16.0
15.0
24.0
18.0
11.0
14.0
33.0
19.0
14.0
11.0
24.0
30.0
27.0
13.0
11.0
11.0
18.0
25.0
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Obs 1Id Time Lo/uv Break energy,e, T, x? Dof
MJD keV

000 90109010 54945.67 2.4907 £0.0879  0.0755 4+ 0.0051  1.4015+0.1006 36.73 33.0
000 90109011 54946.66 2.6981 £ 0.0895  0.0394 +£0.0024  1.4681 +0.0882 35.1 33.0
000 90109013 54948.28 2.7087 £ 0.0967  0.0295 4+ 0.0016 ~ 1.4559 +£0.0916 51.23 41.0
000 90109014 54949.88 2.6258 =0.1043  0.0305 +0.0022  1.5324+0.1038 28.13 30.0
000 90109017 54953.43 2.4784 £0.0818  0.0754 +0.0064  1.4731+0.1141 25.28 25.0
000 90109018 54954.64 2.4428 +0.1222  0.0532 £ 0.0049  1.4925+0.1082 26.77 26.0
000 90109019 54955.58 2.4133 +0.111 0.061 £ 0.0047 1.3499 £0.1042 24.6 29.0
000 90109022 54961.07 2.4358 £0.1175  0.0534 4+ 0.0057  1.4606 £ 0.1483 18.15 19.0
000 90109025 54964.81 2.4567 £0.1369  0.0284 £0.0034  1.6203 £ 0.1359 21.36 21.0
000 90109026 54965.01 2.5459 £0.1266  0.0275 4+ 0.0026  1.5862+0.1152 17.36 24.0
000 90109028 54967.02 2.3756 +0.1292  0.0331 £ 0.004 1.6263 £ 0.1161 25.45 25.0
000 90109032 54971.38  2.362 £ 0.132 0.0617 £0.0077  1.5464 +0.1536 12.17 20.0
000 90109033 54972.78 2.3875+£0.1069  0.1186 4+ 0.0116 1.5141 £0.108 27.74 27.0
000 90109035 54974.66 2.3945 £ 0.1233  0.0422 +£0.0057 1.6773+£0.1319 14.41 22.0
000 90109036 54975.71 2.3394 £0.1182  0.0479 +£0.0062  1.6692 £ 0.1065 20.64 26.0
000 90109037 54976.12 2.4615 £ 0.1222  0.0467 £ 0.0048  1.5759 +0.1227 19.37 24.0
000 90109039 54978.25  2.3357 £ 0.12 0.0348 £ 0.0048  1.7191 £0.1079 20.1 27.0
000 90109041 54980.12 2.4287 £0.1863  0.0207 +0.0031  1.6856 +0.1518 14.52 19.0
000 96564004 59738.04 2.5534 £0.1023  0.069 £0.0087  1.6135+0.1969 10.26 15.0
000 96564005 59741.49 2.4467+£0.123  0.0938 +0.0113 1.487£0.1722  9.45 16.0
000 96564007 59743.35 2.5454 +£0.1054  0.0431 £ 0.005 1.6474+£0.1386 15.7 19.0
000 96564009 59745.34 2.4964 £0.1137  0.0505 +0.0089  1.7019 +£0.2152 6.55 12.0
000 96564012 59748.53 2.3619 £0.1085  0.1771 £0.0254  1.5203 £ 0.1537 16.76 15.0
000 96564013 59749.32 2.5585 £ 0.1056  0.0539 +0.0067  1.6321 +0.163 9.6 16.0
000 30867007 54157.27 2.7769 £+ 0.0486  0.133 £ 0.0078 1.3866 +0.1085 10.86 25.0
000 30867017 54686.49 2.1492+0.135 0.2441 £ 0.053 1.6716 +0.1402 9.14 19.0
000 30867025 54823.23 2.605+0.0582  0.1063 % 0.0084 1.5499 +£0.13 38.22 26.0
000 30867044 57838.0 2.6328 £0.0754  0.0858 £ 0.008 1.5239+£0.2888 9.85 18.0
000 35019032 55293.35 2.5618 £0.2635  0.0476 +0.0066  1.3122+0.1608 11.16 10.0
000 35019034 55314.98 2.0146 £ 0.3305  0.0842 £ 0.0247 1.5468 £0.202 11.66 16.0
000 35019036 55335.92 2.3349 £ 0.2485  0.0654 4 0.0102 1.3826 +0.087 16.99 13.0
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Obs Id

Time

MJD

Fo/uv

Break energy,e¢;,

keV

Dof

000 35019038
000 35019050
000 35019067
000 35019072
000 35019073
000 35019075
000 35019082
000 35019085
000 35019175
000 35019192
000 35019193
000 35019244
000 30867003
000 30867004
000 30867005
000 30867008
000 30867019
000 30867021
000 30867023
000 30867029
000 30867034
000 30867037
000 30867038
000 30867041
000 30867063
000 30867070
000 33059001
000 35019001
000 35019002
000 35019004
000 35019021

55547.71
55671.76
55961.16
55998.19
56003.08
56017.99
56123.1
56326.32
57165.98
57515.93
57522.64
58928.69
54118.22
54119.22
54120.18
54265.78
54690.77
54694.32
54696.33
54830.21
55041.1
55044.45
55045.18
57821.12
58296.25
59234.42
56648.27
53748.03
53749.03
53752.04
55211.45

2.7222 + 0.0864
2.7435 +£0.0771
2.5748 £ 0.078
2.4715+£0.0718
2.5372 £ 0.0807
2.493 £ 0.0941
2.409 £0.1126
2.3529 £ 0.0741
2.3896 +0.1138
2.3866 + 0.1358
2.6042 +0.1212
2.6108 + 0.0608
2.6297 £ 0.0719
2.6279 £ 0.0714
2.6417 £ 0.0702
2.7369 £ 0.0797
2.2261 £ 0.1858
2.2248 +0.2072
2.1147 £ 0.1629
2.5828 £ 0.1002
2.5852 £ 0.0971
2.4385 +0.0893
2.5076 + 0.1034
2.7453 £ 0.0757
2.4995 £ 0.1195
2.725 £0.0789
2.4638 £ 0.1057
2.74 £0.0758
2.747 £ 0.077
2.7453 £ 0.0774
2.8461 +0.1421

0.0329 + 0.0018
0.106 £ 0.0096
0.0753 £ 0.0105
0.1148 £ 0.0163
0.0997 + 0.0185
0.096 & 0.0127
0.2523 + 0.0264
0.125 +0.0214
0.2245 £+ 0.0425
0.3666 £ 0.057
0.087 £ 0.016
0.1674 + 0.0236
0.3072 4+ 0.0233
0.3597 £ 0.0281
0.2914 £+ 0.0202
0.0568 + 0.0031
0.1517 £ 0.032
0.2378 £ 0.0429
1.354 £ 0.7014
0.0693 £ 0.0066
0.1067 £ 0.0048
0.1986 4+ 0.0093
0.111 £ 0.006
0.218 £ 0.0169
0.1704 £ 0.0208
0.0965 + 0.009
0.0893 + 0.0046
0.0975 £+ 0.0031
0.0757 4+ 0.0028
0.0713 £ 0.0021
0.024 £ 0.0013

1.464 £+ 0.1737
1.3407 £ 0.1864
1.6668 £ 0.1678
1.6578 £ 0.1678
1.6799 £0.128
1.5846 £ 0.1825
1.418 £0.1527
1.7091 £ 0.1579
1.343 £ 0.3591
1.1091 £ 0.3873
1.6427 £ 0.2751
1.7339 £ 0.1822
1.5966 £ 0.1149
1.5714 £ 0.1085
1.5379 £ 0.1091
1.6129 £ 0.0758
1.7454 £ 0.1517
1.6176 £ 0.1527
1.7091 £ 0.1631
1.6827 £ 0.1219
1.357 £ 0.0674
1.3826 £ 0.0547
1.4027 £ 0.0698
1.4008 £ 0.1447
1.4174 +£0.183
1.703 £ 0.134
1.3916 £ 0.0604
1.5166 £ 0.0402
1.5789 £ 0.0516
1.5209 £ 0.0334
1.5064 £ 0.0851

22.94
7.57
5.14
6.98
3.61
6.24

30.78
6.91
6.45
3.88
4.64

16.68

24.88

26.55
24.4

52.52

25.23

13.64

30.42

27.98

43.75

83.22

77.99

13.81

13.24

17.49

53.26

113.62
72.45
180.19
42.39

38.0
13.0
13.0
15.0
10.0
14.0
19.0
16.0
8.0
8.0
9.0
14.0
29.0
27.0
30.0
47.0
22.0
19.0
18.0
26.0
64.0
83.0
56.0
18.0
13.0
21.0
68.0
138.0
102.0
185.0
40.0
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Obs Id

Time

MJD

Fo/uv

Break energy,e,

keV

Dof

000 35019021
000 35019041
000 35019047
000 35019057
000 35019060
000 35019061
000 35019080
000 35019148
000 35019152
000 35019155
000 35019210
000 35019220
000 35019221
000 35019243
000 90109015
000 90109021
000 90109043
000 96564008
000 35019074
000 35019164
000 35019169
000 30867067
000 35019091
000 35019191
000 35019163
000 30867001
000 30867010
000 30867011
000 30867012
000 30867013
000 30867014

55211.45
55593.35
55642.52
55710.29
55755.39
55774.84
56059.55
56745.79
56749.98
56750.32
58135.13
58144.23
58147.68
58927.69
54950.63
54960.53
54982.07
59744.28
56010.96
56766.67
56797.39
59003.45
56367.26
57474.19
56759.25
54113.0
54289.48
54291.22
54292.69
54293.35
54294.36

2.8544 4 0.1408
2.6672 +£0.1611
2.7726 £ 0.135
2.8217 £ 0.0856
2.6225 £ 0.0856
2.7823 +£0.1021
2.4839 £ 0.0965
2.5504 £ 0.0889
2.3816 £ 0.0861
2.3914 £+ 0.0861
2.3977 £ 0.0814
2.5235 £+ 0.0809
2.5036 = 0.0767
2.5753 £ 0.0842
2.6194 £+ 0.1391
2.5513 £ 0.1464
2.388 £0.1803
2.7574 £ 0.1439
2.518 £0.1239
2.4685 £ 0.0931
2.4137 £ 0.0785
2.514 £ 0.1024
2.1709 £ 0.0972
2.3938 £ 0.104
2.4269 £+ 0.0925
2.5856 + 0.1037
2.6657 == 0.1111
2.6603 £ 0.1108
2.6222 £0.1114
2.5933 £ 0.1104
2.6516 4 0.1098

0.0238 + 0.0013
0.0617 £ 0.0057
0.0269 £+ 0.0021
0.0802 £ 0.0042
0.1215 £+ 0.0098
0.0381 £ 0.0038
0.079 £0.0112
0.1684 +0.0116
0.4063 + 0.0406
0.3416 + 0.0229
0.2128 £0.0145
0.1906 + 0.0178
0.2534 £ 0.0169
0.2167 £ 0.0245
0.0386 + 0.0031
0.0215 + 0.0019
0.0507 £ 0.006
0.0459 £ 0.0048
0.1186 £ 0.015
0.1377 £ 0.0185
0.3607 £ 0.0282
0.0885 +0.0103
0.9765 + 0.3277
0.4946 + 0.1311
0.1295 £ 0.0217
0.5026 + 0.0247
0.2198 £ 0.0099
0.2329 + 0.0109
0.2476 + 0.0156
0.3486 + 0.0193
0.2748 +0.0149

1.5064 £ 0.0851
1.3891 £ 0.1467
1.5312 £+ 0.1182
1.4469 £ 0.0996
1.5543 £0.122
1.687 +0.1618
1.7058 £ 0.162
1.2967 £ 0.1058
1.4616 £ 0.1183
1.2135 £ 0.1074
1.3088 £ 0.098
1.5564 £ 0.1251
1.4182 £ 0.1073
1.6751 £ 0.1532
1.4596 £ 0.1113
1.5947 £ 0.099
1.5631 £0.1139
1.3847 £ 0.2263
1.4627 £ 0.1679
1.7003 £ 0.1354
1.5095 £ 0.0953
1.5345 £ 0.1617
1.6981 £ 0.1487
1.5766 £ 0.3706
1.7594 £ 0.1673
1.5865 £ 0.0421
1.458 £ 0.0505
1.3716 £ 0.0616
1.4689 £ 0.0954
1.4292 £0.072
1.4161 £ 0.0754

42.41
14.66
13.58
25.16
14.35
12.48
16.75
38.15
20.62
16.66
41.95
18.3
20.03
15.11
28.78
34.35
36.49
11.0
11.81
18.96
31.67
10.75
24.05
4.41
9.7
149.85
84.88
50.96
32.68
44.21
31.86

40.0
16.0
22.0
36.0
25.0
17.0
17.0
26.0
24.0
30.0
34.0
23.0
34.0
19.0
26.0
32.0
25.0
12.0
13.0
19.0
37.0
16.0
18.0
8.0
16.0
140.0
89.0
65.0
40.0
55.0
48.0
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Obs Id

Time

MJD

1—‘o/uv

Break energy,c,

keV

Dof

000 30867015
000 30867052
000 35019063
000 35019048
000 35019058
000 35019093
000 35019055
000 35019063
000 35019078
000 35019097

54295.3
58270.3
55794.58
55649.14
55729.84
56383.61
55705.34
55794.58
56044.26
56409.26

2.6378 +0.1098
2.4978 £ 0.1081
2.5332 £ 0.1339
3.0542 £ 0.1795
2.8917 £ 0.1179
2.4452 £0.1435
2.8381 +£0.1245
2.5325 £0.1341
2.4165 £ 0.1326
2.6811 +£0.1679

0.2318 £ 0.0125
0.3795 £ 0.0256
0.2677 £ 0.0252
0.0156 £ 0.0017
0.0536 £ 0.0033
0.188 £ 0.0314
0.0711 £ 0.0049
0.2685 + 0.0253
0.1149 £ 0.0207
0.0693 + 0.0106

1.4957 £ 0.0679
1.2256 £ 0.1158
1.6071 £ 0.108
1.6644 £+ 0.2053
1.5962 £ 0.1005
1.5198 £+ 0.1898
1.4592 £ 0.1345
1.6071 £ 0.108
1.7539 £ 0.177
1.5835 £ 0.2276

57.59
32.57
37.67
11.38
27.22
11.53
18.42
37.67
15.93
8.73

60.0
29.0
29.0
12.0
33.0
11.0
23.0
29.0
16.0
10.0
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Table A.5: Table showing Details of Combined spectral fitting of XRT and UVOT specra
with the Double power-law model. Column 2 —Photon index < ¢,, column3—index at

> €y, column 4 —Transition Energy, €,, column 5 —chi-square, and column 6 — Dof

Obsld Time Coyn (To/uv) Teom (Tx)  Transition energy, E, X2 Dof
MJD keV

000 30867001 54113.0 2.761+£0.056 1.415+ 0.086 0.4272 £ 0.08 154.53 138.0
000 30867003 54118.22 2.606 £ 0.062 1.269 £ 0.205 0.563 £ 0.1282 34.61 270
000 30867004 54119.22 2.63+0.059 1.239+0.182 0.5765 £ 0.12 36.05 25.0
000 30867005 54120.18 2.625+0.06 1.282+0.17 0.472 £0.104 254 28.0
000 30867007 54157.27 2.752+0.039 1.386 £ 0.141 0.172 £ 0.0217 11.07  23.0
000 30867008 54265.78 2.763 +0.087 1.613 £ 0.084 0.0954 + 0.0164 54.0 45.0
000 30867009 54266.79 2.661 +£0.05 1.488 £ 0.091 0.1348 +£0.0145 44.72  48.0
000 30867010 54289.48 2.71£0.095 1.364 £ 0.076 0.263 £ 0.0558 97.87 87.0
000 30867011 54291.22 2.749 £ 0.087 1.286 £ 0.063 0.2234 £ 0.0497 62.72 63.0
000 30867012 54292.69 2.618 £0.084 1.26 +0.164 0.3369 £ 0.1037 33.35 38.0
000 30867013 54293.35 2.639+0.06 1.231 £0.117 0.3832 £ 0.0897 52.74 53.0
000 30867014 54294.36 2.664 +£0.083 1.244+0.116 0.3423 £ 0.0809 38.99 46.0
000 30867015 54295.3 2.651 +0.083 1.342 £0.108 0.3147 + 0.0732 64.69 58.0
000 30867025 54823.23 2.608 £0.058 1.55+0.14 0.1486 + 0.0248 41.56 24.0
000 30867028 54828.2 2.62£0.059 1.549 £ 0.165 0.1409 + 0.0239 14.86  21.0
000 30867031 54834.23 2.658 £0.061 1.587 £0.174 0.1228 +0.0235 141 16.0
000 30867032 54836.24 2.76 +0.057 1.43£0.173 0.1345 + 0.0216 15.19 16.0
000 30867034 55041.1 2.606 +0.103 1.349 £+ 0.09 0.1001 £ 0.0247 46.07  62.0
000 30867035 55042.65 2.535+0.048 1.39 £0.077 0.1168 +0.017 59.15 62.0
000 30867036 55043.52 2.382+0.045 1.134+0.12 0.2377 £ 0.0463 62.28 49.0
000 30867037 55044.45 2.46£0.076 1.271 4+0.08 0.173 £ 0.0339 95.22  81.0
000 30867038 55045.18 2.489 £ 0.098 1.326 £ 0.092 0.1136 + 0.0244 82.7 54.0
000 30867041 57821.12 2.715+0.066 1.262+£0.172 0.3112 4+ 0.0688 14.79 16.0
000 30867044 57838.0 2.633£0.072 1.524£0.161 0.1141 £ 0.0215 9.79  16.0
000 30867050 57856.61 2.513 £0.101 1.451 £ 0.243 0.0945 £+ 0.0435 13.42  13.0
000 30867052 58270.3 2.494+£0.08 0.94+0.194 0.3685 + 0.1067 3421 270
000 30867054 58276.07 2.39£0.038 1.173 £0.193 0.3386 + 0.0805 21.68  26.0
000 30867056 58279.93 2.616 £0.084 1.464 +0.21 0.102 £ 0.0218 14.7  13.0
000 30867060 58288.63 2.321£0.052 1.013 £0.312 0.4392 + 0.1385 2279 17.0
000 30867061 58292.61 2.615+0.074 1.404 £ 0.226 0.1485 £+ 0.0298 8.52  13.0
000 30867062 58294.2 2.444+0.054 1.304=+0.19 0.2331 £ 0.0656 19.56  19.0
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ObsId Time LCsyn (To/uv) TFeom (Tx)  Transition energy, E, x> Dof
MJD keV

000 30867063 58296.25 2.467 +0.092 1.28 +0.246 0.1969 4+ 0.0712 15.44 11.0
000 30867067 59003.45 2.526 +0.095 1.534 4+0.203 0.1 £0.0413 11.3 14.0
000 30867068 59228.11 2.552 +0.045 1.074£0.25 0.6633 £+ 0.1566 17.36  12.0
000 33052001 56633.59 2.528 £0.068 1.375+£ 0.077 0.0658 + 0.0117 69.01 64.0
000 33059001 56648.27 2.51+0.109 1.39+0.078 0.0684 £+ 0.0153 56.89  66.0
000 35019001 53748.03 2.76 £0.081 1.477 £+0.052 0.1391 £ 0.0261 115.8 136.0
000 35019002 53749.03 2.754 +0.087 1.578 4+ 0.068 0.1239 4+ 0.0221 71.8  100.0
000 35019004 53752.04 2.776 £0.083 1.52 +0.041 0.0982 £+ 0.0149 184.71 183.0
000 35019006 53754.05 2.786 +£0.05 1.529 +0.079 0.0787 £ 0.0091 51.0 49.0
000 35019021 55211.45 2.958 £0.177 1.507 £ 0.09 0.031 £0.0072 41.43 38.0
000 35019021 55211.45 2.958 £0.177 1.507 £ 0.09 0.031 £ 0.0072 41.43  38.0
000 35019023 55225.77 2.84+0.176 1.484+0.14 0.0381 £+ 0.0129 17.06 17.0
000 35019024 55237.94 2.682 £ 0.185 1.432+0.192 0.0295 + 0.0129 10.66  12.0
000 35019038 55547.71 2.779 +0.088 1.464 4+ 0.091 0.0382 4 0.0084 2292  36.0
000 35019041 55593.35 2.676 +0.158 1.389 +£0.123 0.0655 £+ 0.0216 14.58 14.0
000 35019043 55615.03 2.775£0.1 1.61540.159 0.0547 £ 0.0107 12.39  17.0
000 35019045 55629.15 2.747 +0.128 1.517 +0.158 0.0518 +£0.0172 10.49 13.0
000 35019046 55634.17 2.787 £0.073 1.482 £ 0.092 0.0511 £+ 0.0093 26.42  32.0
000 35019047 55642.52 2.866 + 0.137 1.531 +0.118 0.035 £ 0.0096 16.0  20.0
000 35019047 55642.52 2.859+0.17 1.531+0.12 0.035 £ 0.0106 14.12  20.0
000 35019050 55671.76 2.722 4+0.066 1.34 +0.188 0.1226 4+ 0.0217 8.33 11.0
000 35019052 55684.26 2.78 £0.064 1.52+ 0.087 0.0483 £ 0.0076 3714  39.0
000 35019053 55691.5 2.8224+0.093 1.517=£0.16 0.0623 £ 0.0114 10.37  16.0
000 35019055 55705.34 2.825+0.109 1.459 +0.143 0.1007 + 0.027 18.35 21.0
000 35019057 55710.29 2.811+£0.082 1.446 £ 0.107 0.1104 £ 0.02 25.53 34.0
000 35019058 55729.84 2.904 +0.117 1.596 4+ 0.106 0.0964 £+ 0.0227 2778 31.0
000 35019060 55755.39 2.63 £0.054 1.452=+0.161 0.1774 + 0.0502 15.09 23.0
000 35019063 55794.58 2.585 +0.107 1.495 4+ 0.201 0.3685 +0.1145 42.17  27.0
000 35019063 55794.58 2.585 +0.107 1.495 £+ 0.201 0.3685 £ 0.1145 42.17  27.0
000 35019066 55952.46 2.582 4+ 0.035 1.552 40.123 0.1782 4+ 0.0283 35.73 320
000 35019069 55975.0 2.531 +0.043 1.349 4+ 0.245 0.234 £ 0.0585 10.38 14.0
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Obsld Time  Tsyn (To/uv) Teom (Tx)  Transition energy, B,  x? Dof
MJD keV

000 35019069 55975.0 2.531 £0.043 1.349 £ 0.245 0.234 + 0.0585 10.38 14.0
000 35019074 56010.96 2.53 4+0.095 1.462 +0.212 0.1205 4 0.0532 13.23 11.0
000 35019082 56123.1 2.355£0.075 1.107 £ 0.252 0.304 + 0.0931 33.53 17.0
000 35019083 56137.93 2.369 +0.058 1.484 £+ 0.216 0.1609 4+ 0.074 29.47 19.0
000 35019099 56437.38 2.394+0.087 1.52+0.191 0.0705 4+ 0.0241 16.6 15.0
000 35019100 56638.0 2.648 +0.048 1.541 4 0.046 0.05 £ 0.006 110.04 124.0
000 35019138 56688.92 2.536 £ 0.048 1.389 + 0.207 0.2087 4+ 0.0547 24.75 14.0
000 35019148 56745.79 2.548 £0.066 1.254 £+ 0.128 0.1551 + 0.0374 41.94 24.0
000 35019152 56749.98 2.387£0.045 1.1 £0.233 0.4325 4+ 0.1356 2711 22.0
000 35019155 56750.32 2.378 £0.07 0.951 £0.177 0.2848 +0.0784 20.52  28.0
000 35019157 56751.32 2.46 +0.068 1.555 £ 0.19 0.1935 4+ 0.0447 23.24 220
000 35019159 56752.32 2.421 £0.051 1.045 £ 0.185 0.1947 4+ 0.0454 14.19 16.0
000 35019166 56786.92 2.527 +0.045 1.306 £ 0.304 0.2362 4+ 0.0548 12.28 12.0
000 35019169 56797.39 2.421 £0.061 1.159 £ 0.198 0.4227 +0.1151 38.22  35.0
000 35019171 57053.79 2.574 £0.077 1.51 £0.206 0.1098 4+ 0.0257 12.15  12.0
000 35019210 58135.13 2.364 £0.077 1.139 £0.143 0.1839 4+ 0.0461 46.32  32.0
000 35019211 58136.13 2.399 £0.049 1.021 +0.16 0.2049 4+ 0.0417 18.22  22.0
000 35019220 58144.23 2.521 £0.072 1.416 £0.191 0.2665 = 0.0728 19.04 21.0
000 35019221 58147.68 2.445+0.076 1.109 £ 0.192 0.3512 4+ 0.0973 16.77  32.0
000 35019224 58158.12 2.519 +0.055 1.522 4+0.138 0.0867 4+ 0.0245 24.27  28.0
000 35019225 58165.28 2.407 £0.053 1.208 £ 0.181 0.2546 4+ 0.0644 28.58  25.0
000 35019229 58184.22 2.591 £0.059 1.376 £ 0.212 0.2152 4+ 0.059 14.32  11.0
000 90022009 54905.09 2.623 £0.091 1.311 £0.243 0.1293 4+ 0.0432 5.76 9.0
000 90109001 54936.64 2.589 £0.144 1.489 £ 0.185 0.056 + 0.0246 12.52  16.0
000 90109004 54939.85 2.461 +0.112 1.448 £0.154 0.0645 + 0.0218 23.66 23.0
000 90109010 54945.67 2.501 £0.1 1.4+£0.12 0.0632 4+ 0.0161 37.07 31.0
000 90109011 54946.66 2.738 +0.096 1.468 £ 0.091 0.0459 4+ 0.0096 36.24 31.0
000 90109013 54948.28 2.783 £0.124 1.456 £ 0.097 0.0327 4+ 0.0079 50.12  39.0
000 90109014 54949.88 2.718 £0.116 1.532+0.11 0.0343 £+ 0.0099 28.31  28.0
000 90109015 54950.63 2.671 £0.144 1.46 £0.117 0.04 £0.0122 29.48 24.0
000 90109017 54953.43 2.498 £0.074 1.473 £0.138 0.0682 4+ 0.0214 26.05 23.0
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Obsld Time Coyn (To/uv) Teom (I'x)  Transition energy, E, x>  Dof
MJD keV

000 90109018 54954.64 2.497+£0.123 1.4924+0.126 0.0434 £ 0.0104 27.45 24.0
000 90109019 54955.58 2.441+0.115 1.349+£0.118 0.0394 + 0.0112 25.25 27.0
000 90109021 54960.53  2.76 £0.212  1.595 £ 0.112 0.0225 £ 0.0058 33.28 30.0
000 90109022 54961.07 2.496 £0.122  1.46 £ 0.167 0.0408 £ 0.0123 18.6 17.0
000 90109025 54964.81 2.616£0.291 1.62+0.153 0.0277 £ 0.0104 21.46 19.0
000 90109026 54965.01 2.688 £0.173 1.586 +0.128 0.0294 + 0.0102 16.81 22.0
000 90109028 54967.02 2.514 +0.164 1.626 +0.135 0.0274 £ 0.0096 26.05 23.0
000 90109032 54971.38 2.414 +£0.141 1.546 £0.214 0.045 £ 0.0158 11.47 18.0
000 90109033 54972.78 2.407 £ 0.079 1.445 % 0.155 0.1067 £ 0.0348 30.34 25.0
000 90109037 54976.12 2.533 £0.121 1.576 £ 0.146 0.0456 £ 0.0155 19.4 22.0
000 90109043 54982.07 2.48£0.181 1.563 +0.143 0.04 £0.0129 37.06 23.0
000 96564005 59741.49 2.462£0.113 1.486 £+ 0.229 0.0839 £+ 0.0422 9.5 14.0
000 96564008 59744.28 2.766 £ 0.151 1.384 £ 0.229 0.0523 + 0.0226 11.1  10.0
000 96564012 59748.53 2.37 £0.069 1.386 4= 0.228 0.1655 £ 0.0779 19.32 13.0
000 96564013 59749.32 2.5706 £ 0.052 1.5496 +0.19 0.0864 +£ 0.0259 10.35 14.0




