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Abstract

Flux variability is one of the defining characteristics of active galactic nuclei

(AGN). This has been known over the past six decades ever since the discov-

ery of quasars in 1963. Since then AGN have been observed for flux variability

over all accessible wavelengths on a range of timescales from hours to days and

months. Studying flux variability of AGN is important as it is a effective tool to

probe the central regions of AGN that are not accessible by any current imaging

techniques set by Rs < c×tvar, where tvar is the time scale of variability and Rs

is the size of the emitting region. Of all the wavelengths that are used to probe

AGN, hard X-ray is very important, because firstly it is known to originate in the

immediate vicinity of the central supermassive black hole (SMBH) and secondly,

it is less affected by absorption. However, available studies on the hard X-ray

variability characteristics of different classes of AGN on hour like timescale is very

limited.

The primary X-ray emission in AGN is believed to originate in a compact region

called the corona situated very close to the SMBH and the accretion disk. The

knowledge of the cut-off energy (Ecut) of the primary X-ray continuum in AGN is

very important as it carries information on the physical characteristics of the hot

X-ray emitting corona. Though Ecut has been measured in AGN in the past, the

existing measurements have large error bars largely attributed to the sensitivity

of the instruments used to carry out the observations. The availability of a new

hard X-ray focussing instrument Nuclear Spectroscopic Telescope Array (NuS-

TAR) which is about 100 times more sensitive than earlier hard X-ray missions

has opened up the possibility to explore both the hard X-ray variability charac-

teristics of AGN as well as to obtain precise Ecut values on a large sample of AGN

i



to infer their coronal properties. Exploiting the high sensitivity of NuSTAR to

observations in the 3−79 keV band, we in this thesis work aimed to address two

problems (a) to carry out a comparative analysis of the hard X-ray flux variability

characteristics of different classes of AGN to look for similarities and/or differences

in the hard X-ray variability characteristics of radio-loud vis-a-vis radio-loud AGN

on hour like time scales and (b) determine new Ecut values for a sample of AGN

to infer the coronal properties and look for correlations if any between Ecut and

other physical properties of AGN.

The first part of the thesis objective is addressed in Chapter 3, wherein we have

analysed 557 sets of observations pertaining to 335 AGN that comprises of 24 BL

Lac objects, 24 flat spectrum quasars (FSRQs), 20 Narrow Line Seyfert 1 galaxies,

121 Seyfert 1 galaxies and 146 Seyfert 2 galaxies. Our analysis indicates that on

hour like time scales, blazars (that includes FSRQs and BL Lac objects) are more

variable that their radio-quiet counterparts namely the Seyfert galaxies, which

could be attributed to the contribution of relativistic jets to the observed X-ray

emission in blazars. We also found brighter AGN to be less variable as well as

AGN powered by more massive black holes to be less variable.

The second part of the thesis objective is addressed in two chapters, namely Chap-

ter 4 and Chapter 5. In Chapter 4, we report the first time measurement of Ecut

value for the radio-loud AGN, namely 3C 120, whereas in Chapter 5, we report

first time measurement of Ecut values for nine AGN and an upper limit of one

AGN. Combining our new Ecut measurements with those available in literature,

totalling 30 AGN, we found that the correlation between Ecut and the photon in-

dex of AGN is complicated, thereby requiring more Ecut measurements on a large

number of AGN in the future to understand the complicated behaviour between

Ecut and photon index.
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Chapter 1

Introduction

Active galactic nuclei (AGN) are among the most luminous extragalactic sources

present in our Universe. They are associated with the nuclei of galaxies and are

known to produce very high luminosities ranging from 1040 to greater than 1047

erg/sec (Fabian 1999) from a very tiny volume. This clearly indicates that the

emission from these sources are dominated by non-stellar processes. It is now

believed that these sources are powered by a complex physical process, namely,

the accretion of matter on to super-massive black holes (SMBHs) residing at the

centres of galaxies (Rees 1984). The matter accreted by the SMBH forms an

optically thick, geometrically thin accretion disk (Shakura & Sunyaev 1973), with

a temperature of about 104−105 K for a SMBH of mass 106 to 109 M�, and that

emits predominantly in the optical/UV region of the electromagnetic spectrum.

AGN emit over the complete accessible electromagnetic spectrum ranging from

low energy radio waves to high energy γ−rays.

1
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1.1 Phenomenology of AGN and unification

scheme

Seyfert (1943) was the first to investigate AGN when he identified six spiral galax-

ies with unusually bright nuclei in their images and broad emission lines in their

spectra. AGN are broadly classified into two categories, based on their radio emis-

sion, a majority of them (∼ 85%) are called radio-quiet AGN that emit little or

no radio emission and a minority of them (∼15%) are called radio-loud AGN that

emit more in the radio band and have large scale relativistic jets. The division

of AGN into radio-loud and radio-quiet AGN is based on the radio loudness pa-

rameter (R) defined as the ratio of the flux density in the radio band at 5 GHz

to the flux density in the optical B-band (R = f5GHz/fB; Urry & Padovani 1995),

with radio-loud sources having R > 10 (Kellermann et al. 1989). This apparent

radio-loud/radio-quiet dichotomy first seen in the Palomar-Green quasar sample

by Kellermann et al. (1989) is also evident in the sample of quasars from the Sloan

Digital Sky survey (SDSS; Ivezić et al. 2002), however, not seen by Cirasuolo et al.

(2003) in the sample of quasars from the six degree field (6dF) quasar survey.

Radio-loud and radio-quiet AGN are further sub-divided into various sub-classes

such as Seyfert 1 galaxies, Seyfert 2 galaxies, blazars that includes flat spectrum

radio quasars (FSRQs), BL Lacertae objects (BL Lacs) etc. Observations indi-

cate that the appearance of a given AGN will depend strongly on the observer’s

location relative to the axis of symmetry of the object. The classification of AGN

into different types is therefore a function of the viewing angle (θ) and this is the

fundamental idea of the so called unification model of AGN (Urry & Padovani

1995). Among the different types of AGN, the classes that are analysed in this

thesis are the Seyfert 1 galaxies, Seyfert 2 galaxies, narrow line Seyfert 1 (NLSy1)

galaxies and blazars.
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1.1.1 Seyfert 1 galaxies

Seyfert galaxies come under the radio-quiet category of AGN and they are further

sub-divided into two categories namely Seyfert 1 and Seyfert 2 galaxies. Seyfert 1

galaxies have both broad and narrow emission lines in their nuclear spectra (e.g.

Figure 1.1). Narrow emission lines originate from the low density ionized gas hav-

ing electron density ne ≈ 103-106 cm−3 with line widths of few hundred kilometres

per second whereas broad emission lines are characteristic of high density ionized

gas (ne ≥ 109 cm−3) with line widths of up to 10000 km s−1.

1.1.2 Seyfert 2 galaxies

Seyfert 2 galaxies have only narrow emission lines in their spectra as evident in

Figure 1.2. According to the unification model of AGN (Urry & Padovani 1995),

Seyfert 1 and Seyfert 2 galaxies are intrinsically same and the difference between

these two is due to the viewing angle with Seyfert 1 galaxies being viewed pole on

and Seyfert 2 galaxies being viewed edge on.

1.1.3 Blazars

Blazars are a small subset of radio-loud AGN. They have compact radio morphol-

ogy and flat radio spectra (α ≤ 0.5, Sν ∝ ν−α, Urry & Padovani (1995)). One

of their defining characteristic is that they show rapid flux variations at all wave-

lengths (Wagner & Witzel 1995). They show polarised emission in the radio and

optical bands. They also exhibit superluminal motion (Kellermann et al. 2003).

These observed characteristics of blazars are generally attributed to their relativis-

tic jets being aligned close to the observer. Blazars are subdivided into FSRQs
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Figure 1.1: Optical spectrum of the Seyfert 1 galaxy Mrk 335 (Mickaelian
2015).

Figure 1.2: Optical spectrum of the Seyfert 2 galaxy NGC 1667 (Ho et al.
1993). The X-axis is in wavelength (Å), while the Y-axis is in Fλ (ergs s−1 cm−2

Å −1).



Chapter 1: Introduction 5

Figure 1.3: Optical spectrum of the BL Lac object Mrk 421 (Credit: http:

//ned.ipac.caltech.edu/classic/).

Figure 1.4: Optical spectrum of the FSRQ object 3C 273 (Credit: http:

//ned.ipac.caltech.edu/classic/).

and BL Lacs. FSRQs have broad emission lines in their optical spectrum (Figure

1.4) while BL Lacs either have a featureless optical spectrum or an optical spec-

trum (Figure 1.3) with weak emission lines (with equivalent width (EW) < 5 Å).

The presence and absence/weak of emission lines in FSRQs and BL Lacs could

be linked to accretion processes with FSRQs having radiatively efficient accretion

disk and BL Lacs having inefficient accretion disk (Maraschi & Tavecchio 2003).

http://ned.ipac.caltech.edu/classic/
http://ned.ipac.caltech.edu/classic/
http://ned.ipac.caltech.edu/classic/
http://ned.ipac.caltech.edu/classic/
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1.1.4 Narrow line Seyfert 1 galaxies(NLSy1)

NLSy1 galaxies were identified as a separate class of AGN by Osterbrock & Pogge

(1985). They are characterized by narrow Balmer lines with FWHM ≤ 2000 km

s−1, weak [OIII] lines with O[III]/Hβ < 3 and strong optical Fe II lines (Osterbrock

& Pogge 1985; Goodrich 1989). They have steep soft X-ray spectra and show rapid

X-ray variability (Boller et al. 1996). These observed characteristics are attributed

to them having low mass black holes 106−108 M� and hosted by spiral galaxies

(Kotilainen et al. 2016). NLSy1 galaxies came into prominence about a decade ago

due to the detection of γ-rays in few sources by the Fermi γ-ray space telescope.

As of now less than 2 dozen NLSy1 galaxies are known to be emitters of γ-rays,

and the detection of γ-rays unambiguously points to the presence of relativistic

jets in them. Multi-wavelength analysis of γ-ray emitting NLSy1 galaxies indicate

that they are the low black hole mass counterparts to conventional FSRQs (Paliya

et al. 2016).

1.2 Variability in AGN

One of the defining characteristics of AGN is that they show flux variations over

the entire electromagnetic spectrum (Wagner & Witzel 1995; Ulrich et al. 1997)

and the timescales for these flux variations can be as long as years and as short

as minutes (Smith 1996). This flux variability behaviour in AGN was realised

soon after the discovery of quasars (Matthews & Sandage 1963; Fitch et al. 1967)

and since then, AGN have been studied for flux variations in different wavelengths

and timescales ranging from minutes to years. However, we still do not have a

clear understanding of the physical processes causing flux variations in different

categories of AGN. In spite of that, studying AGN flux variability on short time

scales, say minutes to hours is very important as it will help to probe the innermost
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regions of AGN not accessible by any direct imaging techniques till now via Rs

< c tvar, where tvar is the variability time scale and Rs is the size of the emission

region.

1.2.1 Hard X-ray variability

Though studies of flux variation in AGN serve as an effective way to probe the

very central region of AGN, among different wavelength probes, hard X-ray is

most suited as (i) it is known to originate in the immediate vicinity of the SMBH

and (ii) it is less affected by absorption. Different processes contribute to the hard

X-ray emission in radio-quiet and radio-loud AGN. In the case of radio-quiet AGN,

the hard X-ray emission is due to the Comptonization of accretion disk photons

by the hot corona (Haardt & Maraschi 1993). It has been observed that radio-

loud AGN with optical luminosities similar to radio-quiet AGN show enhanced

X-ray emission that could be linked to the jets in them (Zamorani et al. 1981;

Wilkes & Elvis 1987; Cappi et al. 1997). Thus, in radio-loud AGN, in addition

to the hard X-ray coronal emission, they also have hard X-ray emission through

inverse Compton (IC) emission processes from relativistic jet electrons as well as

synchrotron jet emission (Soldi et al. 2014). Carrying out a comparative analysis

of the hard X-ray flux variability characteristics of different classes of AGN, in

addition to providing clues on the processes that cause flux variations, can also test

the AGN unification model. There are various studies available in the literature on

the long term X-ray variability at energies less than 10 keV based on observations

from the Rossi X-ray Timing Explorer (RXTE) and XMM-Newton (Nandra et al.

1997; Fiore et al. 1998; Turner et al. 1999; Uttley et al. 2002; Markowitz et al.

2003; Soldi et al. 2008; McHardy 2010).



Chapter 1: Introduction 8

1.2.2 Hard X-ray variability: Pre-NuSTAR era

Our knowledge on the hard X-ray flux variability characteristics of AGN is very

limited which is based on observations from BeppoSAX (Petrucci et al. 2000),

INTEGRAL (Petrucci et al. 2013) and Suzaku (Reis et al. 2012). Using the Burst

Alert Telescope (BAT) on board Swift, hard X-ray flux variability characteristics

have been studied for few AGN, but they are limited to long time scales of the

order of days to years (Soldi et al. 2014).

1.2.3 Hard X-ray variability: NuSTAR era

Only few studies are available on the hard X-ray variability of AGN on hour like

time scales using NuSTAR (Paliya et al. 2015; Ravasio et al. 2003; Tagliaferri

et al. 2000). These studies do indicate that hard X-ray variability on hour like

time scales is prevalent in AGN.

1.3 Corona in AGN

The observed primary X-ray continuum emission from AGN is thought to be due

to the inverse Compton scattering of UV and optical photons from the accretion

disk by hot electrons in a compact region called the corona (Haardt & Maraschi

1991; Haardt et al. 1994, 1997). This inverse Compton scattering of UV/opti-

cal photons from the accretion disk by the coronal electrons produces a X-ray

continuum with a power-law spectral shape and a high energy cut-off (Rybicki &

Lightman 1979). This high energy cut-off (Ecut) in the observed spectrum happens

when the electrons in the corona are no longer able to add energy to the photon

in the photon-electron interaction (Buisson et al. 2018). The shape of the power
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law continuum depends on various parameters such as the seed photon field, the

coronal temperature (KBTe), the optical depth and the observers viewing angle,

while the value of Ecut is determined by KBTe (Mushotzky et al. 1993). X-ray

reverberation studies indicate the AGN corona to be located close to the accretion

disk (Fabian et al. 2009; Kara et al. 2013) typically within 3 − 10 RG, where,

RG is the gravitational radius defined as RG = GMBH/c
2, and MBH is the mass

of the SMBH. Rapid X-ray flux variability studies (McHardy et al. 2005), the

observed small time scales of X-ray eclipses (Risaliti et al. 2005, 2011) and micro-

lensing studies (Chartas et al. 2009) point to the small size of the X-ray corona

of 5−10 RG. Exchange of energy happens between particles and photons in the

compact corona, the compactness of which is parameterised by the dimensionless

compactness parameter (Guilbert et al. 1983).

l = 4π
mp

me

RG

R

L

LE
(1.1)

where mp and me are the masses of the proton and electron respectively, RG is

the gravitational radius, R is the size of the source, L is the luminosity of the

source, and LE is the Eddington luminosity defined as LEdd = 4πGMBHmpc

σT
∼ 1.3×

1038(MBH

M�
) erg s−1, where σT is the Thomson scattering cross section. Also, the

coronal electron temperature can be characterised by the dimensionless parameter

as

θ = KBTe/mec
2. (1.2)

Empirically, the electron temperature and Ecut are related as Ecut = 2 − 3KBTe

(Petrucci et al. 2001). In spite of several studies, the geometry of the corona is still

not known. It could be in the form of a slab (Poutanen et al. 1997) or a sphere

(Dove et al. 1997). Also, it is not known if the medium of the coronal plasma is

continuous or patchy (Stern et al. 1995; Petrucci et al. 2013). In addition to the

big blue bump (BBB) and the primary power law X-ray continuum with a high

energy cut off, a large fraction of AGN also show soft excess between 0.1 − 2 keV,

broad (∼ 4 − 7 keV) Fe Kα line and a Compton reflection bump peaking between
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20 − 30 keV. These features are well explained by reflection models (Fabian et al.

2002) where the coronal photons irradiate the accretion disk and Compton scatter

off the disk. Determination of Ecut values from the X-ray spectra of AGN can

provide important constraints on the temperature of the corona KBTe.

1.3.1 Cut-off energy in AGN: Pre-NuSTAR era

Ecut measurements are difficult to obtain due to the requirement of X-ray data

with high S/N beyond 10 keV. In spite of that, Ecut measurements for few nearby

AGN are available via analysis of data from the Compton Gamma Ray Observatory

(CGRO; Zdziarski et al. 2000, 1996; Johnson et al. 1997), BeppoSAX (Nicastro

et al. 2000; Dadina 2007), INTEGRAL (Malizia et al. 2014; Lubiński et al. 2010,

2016; Ricci et al. 2011), Swift/BAT (Vasudevan et al. 2013a; Ricci et al. 2017) and

Suzaku (Tazaki et al. 2011).

1.3.2 Cut-off energy in AGN: NuSTAR era

The launch of the Nuclear Spectroscopic Telescope Array (NuSTAR; Harrison et al.

2013) with its unique capability to focus hard X-rays and thereby providing good

signal to noise ratio data in the 3−79 keV band has allowed us to get improved

values of Ecut measurements for a growing number of AGN. As of today Ecut has

been measured in less than two dozen AGN using NuSTAR (Brenneman et al.

2014; Baloković et al. 2015; Ballantyne et al. 2014; Matt et al. 2015; Ursini et al.

2015; Lohfink et al. 2015; Tortosa et al. 2016; Lanzuisi et al. 2016; Lohfink et al.

2017; Kara et al. 2017; Tortosa et al. 2018a; Porquet et al. 2018; Buisson et al.

2018; Rani & Stalin 2018a,b). With the availability of more spectral measure-

ments from NuSTAR, correlations between Ecut and various physical properties
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of the sources have been explored. From an analysis of 12 sources observed with

NuSTAR, Rani & Stalin (2018b), found no correlation of Ecut with MBH and Γ.

Also, Tortosa et al. (2018b) using 19 sources from NuSTAR, found no correlation

between Ecut and MBH . The number of Ecut measurements from NuSTAR is small

to unambiguously know for the existence of correlation of Ecut with various phys-

ical properties of AGN. It is therefore very important to determine Ecut for more

number of AGN. Recently, using Swift/BAT data for a sample of about 200 AGN,

Ricci et al. (2018) found a statistically significant negative correlation between

Ecut and Eddington ratio. However, observations from Swift/BAT are likely to

be background dominated due to its survey mode of operation necessitating more

Ecut measurements from NuSTAR to confirm the correlation noticed by Ricci et al.

(2018).

1.4 Major goals of the thesis

From the overview of the hard X-ray spectral and timing properties of AGN out-

lined in this chapter, it is very clear that many questions on the hard X-ray flux

variability as well as the coronal properties of AGN need to be settled. Progress in

this direction only rests on carrying out (a) systematic flux variability analysis of

different types of AGN in the hard X-ray band and (b) spectral analysis of a large

number of Seyfert galaxies to deduce information on the cut-off energies in AGN

which could in principle lead to information on the nature of the X-ray corona in

them. Therefore, the key questions that we aimed to address in this thesis work

are given below

1. How do radio-loud AGN (blazars) compare with radio-quiet AGN (Seyfert

1 galaxies, Seyfert 2 galaxies and radio-quiet NLSy1 galaxies) in their hard

X-ray variability characteristics on hour like timescales? Can any observed
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differences in the hard X-ray variability if any be attributed to differences in

the hard X-ray emission processes in them?

2. What is the dependence of hard X-ray flux variability on various physical

characteristics of AGN?

3. Whether the quality of hard X-ray data available from NuSTAR is sufficient

enough to increase the Ecut measurements on more number of AGN.

4. Is there any relation between Ecut and various physical properties of AGN?

These above problems will be addressed in this thesis.



Chapter 2

Observations, sample selection

and basic data reduction

Limited results are available in literature on the hard X-ray variability character-

istics of AGN on hour like timescales. This is attributed to the non-availability

of sensitive hard X-ray instruments. The availability of sensitive focussing hard

X-ray telescope NuSTAR has made open the possibility of studying the hard X-

ray flux variability characteristics of AGN on hour like timescales. Therefore an

effort is made in this thesis to carry out a systematic study of the flux variability

characteristics of a large sample of radio-loud and radio-quiet AGN to have an un-

derstanding of the hard X-ray flux variability characteristics of radio-loud vis-a-vis

radio-quiet AGN. Similarly observations with NuSTAR has enabled accumulation

of high S/N data on a large number of AGN, which is crucial to find Ecut values

in AGN. Therefore a strong need is felt to carry out a systematic analysis of the

spectra of a large sample of AGN to find Ecut values.

13
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2.1 Nuclear Spectroscopic Telescope Array (NuS-

TAR)

The data used in this thesis work is from NuSTAR. This is the first focussing

hard X-ray instrument with sensitivity more than 100 times than earlier missions

operating in the same energy range same as NuSTAR (see Table 2.1). NuSTAR

(Harrison et al. 2013) is a space based hard X-ray mission, it was launched into

a low-Earth equatorial orbit on 13th June, 2012 at an altitude and an inclination

of nearly 600 km and 6 degrees respectively. It is the first hard X-ray focusing

telescopes which operates in the high energy X-ray (3−79) keV band.

NuSTAR (Figure 2.1) uses a Wolter-I design with conical approximation to focus

hard X-rays which comprises of 133 concentric mirror shells covered with Pt/SiC

and W/Si multilayer, this coating helps instrument to achieve reflectivity up to

79 keV. NuSTAR has two focal plane modules or detector units which are called

as focal plane module A (FPMA) and B (FPMB) respectively (Figure 2.1). Each

focal plane module has a total field of view of ∼ 13′. NuSTAR has better angular

resolution, sensitivity and collecting area than any existing hard X-ray instrument,

(see Table 2.1, Figure 2.2). Multilayer coatings and low grazing angle X-ray op-

tics help NuSTAR to achieve collecting area of ≈79 keV. The summary of all the

parameters of NuSTAR is given in Table 2.2.

2.2 Sample

Sample selection is very crucial for a comparative analysis of the hard X-ray flux

variability of radio-loud and radio-quiet AGN as well as to measure Ecut values.
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Figure 2.1: The schematic of NuSTAR. (Harrison et al. 2013)

Figure 2.2: A comparison of the effective area curves of Chandra, XMM-
Netwon and NuSTAR. Credit: https://heasarc.gsfc.nasa.gov/docs/

nustar/nustar_tech_desc.html

https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
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Table 2.1: Some details of the currently operational hard X-ray instruments.

Name Energy range Launch year Sensitivity Ref.

Integral (IBIS/ISGRI) 15−1000 keV 2002 ∼500µcrab a

(>Ms exposures)

Swift/BAT 15−150 keV 2002 ∼800µcrab b

(>Ms exposures)

Suzaku/HXD 10−600 keV 2005 – c

NuSTAR 3−79 keV 2012 ∼0.7µcrab d

(1 Ms exposures)

a: Ubertini et al. (2003); b: Barthelmy et al. (2005), c: Takahashi et al. (2007);

d: Harrison et al. (2013)

Table 2.2: Parameters of NuSTAR.

Parameter(Name) Value

Energy range 3−79 keV

Angular resolution (HPD) 58 ′′

Angular resolution (FWHM) 18 ′′

Energy resolution (FWHM) 400 eV at 10 keV, 900 eV at 68 keV

Temporal resolution 2 µs

Sensitivity (6−10 keV) 2 × 10−15 erg cm−2 s−1

Sensitivity (10−30 keV) 1 × 10−14 erg cm−2 s−1

Background (10−30 keV)(HPD) 1.1 × 10−3 counts s−1

Background (30−60 keV)(HPD) 8.4 × 10−4 counts s−1
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However the sample for the study in this thesis is limited by the availability of

NuSTAR data in the public domain.

2.2.1 Timing

For flux variability studies, we used all the data of AGN from NuSTAR that have

become public from its launch in 13 June 2012 till June 2018. This search lead us

to an initial sample of about six hundred sources. On this initial list, we did the

following

1. Firstly, we cross-correlated our sample with the catalog of sources in Véron-

Cetty & Véron (2010). Only sources that have a definite classification in

Véron-Cetty & Véron (2010) catalog were considered. In Véron-Cetty &

Véron (2010), Seyfert galaxies are classified into various categories such as

Sy1, Sy1.2, Sy1.5, Sy1.8 etc. All Seyfert galaxies with sub-classes up to Sy1.5

were considered under the Seyfert 1 galaxies category and sources with sub-

classes beyond Sy1.5 were considered in the category of Seyfert 2 galaxies

Also, sources with Sy1h classification were considered under the Seyfert 2

galaxies category.

2. Secondly, for sources that do not have an entry in Véron-Cetty & Véron

(2010), we searched the BZCAT∗ catalog (Massaro et al. 2009) and the 105

month Swift-BAT† catalog (Oh et al. 2018).

Adopting the above two criteria, we arrived at a final sample of 335 sources that

consists of 24 BL Lacs 24 FSRQs, 20 NLSy1 galaxies, 121 Seyfert 1 galaxies and

146 Seyfert 2 galaxies. Tables 2.3, 2.4, 2.5 and 2.6 give the details of the sources

used for flux variability analysis on hour like timescales.

∗https://www.ssdc.asi.it/bzcat/
†https://swift.gsfc.nasa.gov/results/bs105mon/
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Table 2.3: Details of the sources analysed for flux variability in this work. The
columns are (1) and (7): name of the source, (2) and (8) right ascension, (3) and
(9) declination (4) and (10) V band magnitude, here * refers to photographic
magnitude, # refers to R-band magnitude from Véron-Cetty & Véron (2010)
and $ refers to R-band magnitude from BZCAT, (5) and (11) redshift, (6) and
(12) type of the source.

Name α(2000) δ(2000) V z Type Name α(2000) δ(2000) V z Type

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Fairall 1203 00 01 46.0 −76 57 14 — 0.06 Sy2 2MASX J03181899+6829322 03 18 19.4 +68 29 31 — 0.09 Sy2

Mkn 335 00 06 19.5 +20 12 11 13.85 0.03 Sy1 NGC 1275 03 19 48.2 +41 30 42 12.48 0.02 Sy1

S5 0014+81 00 17 08.5 +81 35 08 15.90$ 3.39 FSRQ 1H 0323+342 03 24 41.2 +34 10 45 15.72 0.061 NLSy1

2MASX J00341665-7905204 00 34 16.7 −79 05 21 15.40 0.07 Sy1 NGC 1320 03 24 48.7 −03 02 32 14.00 0.009 Sy2

Mrk 348 00 48 47.2 +31 57 25.0 14.59 0.014 Sy2 LCRS B032315d2-420449 03 25 02.1 −41 54 19 15.43 0.06 Sy1

Mrk 1148 00 51 54.8 +17 25 59 15.96 0.06 Sy1 IRAS 03219+4031 03 25 17.6 +40 42 00 15.20 0.05 Sy2

Ton S180 00 57 20.2 −22 22 56 14.4 0.06 NLSy1 NGC 1365 03 33 36.4 −36 08 24 12.95 0.006 Sy2

ESO195 IG021 NED03 01 00 36.5 −47 52 03 16.70 0.05 Sy2 1ES 0347-121 03 49 23.2 −11 59 27 19.10 0.19 BL Lac

NGC 424 01 11 27.7 −38 05 10 14.12 0.011 Sy2 PKS 0352-686 03 52 57.6 −68 31 17 13.60 0.09 BL Lac

NGC 454E 01 14 23.1 −55 23 51 13.58 0.01 Sy2 SWIFT J0357d5-6255 03 56 20.0 −62 51 39 — 0.11 Sy2

MCG+08-03-018 01 22 34.4 +50 03 18 — 0.02 Sy2 MRSS302-039347 03 56 56.5 −40 41 46 — 0.08 Sy2

Fairall 9 01 23 45.8 −58 48 21 13.83 0.05 Sy1 3C 098 03 58 54.5 +10 26 02 15.41 0.03 Sy2

BZB J0123-2310 01 23 38.3 −23 10 59 17.60$ 0.40 BL Lac 4C+50.11 03 59 29.7 +50 57 50 18.10$ 1.52 BL Lac

NGC 513 01 24 26.8 +33 47 58 13.40 0.019 Sy2 PKS 0402-362 04 03 53.8 −36 05 01 17.17 1.42 FSRQ

4C 25.05 01 26 42.8 +25 59 01 17.50 2.37 FSRQ 3C 105 04 07 16.4 +03 42 25 18.50 0.09 Sy2

MCG-03-04-072 01 28 06.7 −18 48 31 15.70 0.05 Sy1 1ES 0414+009 04 16 52.4 +01 05 24 16.30 0.29 BL Lac

NGC 612 01 33 57.8 −36 29 36 13.20 0.030 Sy2 1H 0419-577 04 26 00.8 −57 12 01 13.20* 0.1 Sy1

2MASX J01402676-5319389 01 40 26.8 −53 19 39 — 0.07 Sy2 3C 120 04 33 11.1 +05 21 15 15.05 0.033 Sy1

MCG +01−05−047 01 52 49.0 −03 26 49 14.24 0.017 Sy2 2MASX J04372814-4711298 04 37 28.1 −47 11 29 15.30 0.05 Sy1

1ES0152+022 01 55 25.0 +02 28 15 17.70 0.08 Sy1 IRAS 04392-2713 04 41 22.6 −27 08 20 15.32 0.08 Sy1

NGC 788 02 01 06.5 −06 48 56 12.76 0.013 Sy2 MCG +03−13−01 04 46 29.7 +18 27 40 15.00 0.016 Sy2

Mrk 1018 02 06 16.0 −00 17 28 15.50 0.04 Sy2 PKS 0451-28 04 53 14.6 −28 07 37 18.20* 2.56 FSRQ

ESO 197-27 02 10 53.3 −49 41 45 14.80 0.05 Sy2 2MASX J04532576+0403416 04 53 25.7 +04 03 42 15.00 0.03 Sy2

2MASX J02141794+5144520 02 14 10.4 +51 43 08 16.50 0.05 BL Lac ESO033 G002 04 55 58.8 −75 32 28 14.60 0.02 Sy2

RBS 0295 02 14 37.3 −64 30 04 15.90 0.07 Sy1 2MASX J05043414-7349269 05 04 34.2 −73 49 27 — 0.05 Sy2

Mrk 590 02 14 33.6 −00 46 00 13.81 0.03 Sy1 XSS J05054−2348 05 05 45.7 −23 51 14 17.00 0.035 Sy2

HB89 0212+735 02 17 30.9 +73 49 33 20.00 2.37 FSRQ 1ES 0502+675 05 07 56.1 +67 37 24 18.50 0.42 BL Lac

VZw 232 02 23 33.9 +45 49 07 — 0.06 Sy2 2MASX J05081967+1721483 05 08 19.7 +17 21 47 13.50 0.02 Sy2

B 0222+185 02 25 04.7 +18 46 49 19.10 2.69 FSRQ Ark 120 05 16 11.4 −00 09 00 13.92 0.03 Sy1

AM 0224-283 02 26 25.7 −28 20 59 16.76 0.06 Sy1 SWIFT J0516.5-5179 05 16 38.0 −51 46 50 18.00 0.22 Sy1

Mrk 1040 02 28 14.4 +31 18 41.0 14.74 0.016 Sy1 ESO 362−G18 05 19 35.8 -32 39 27.0 13.37 0.013 Sy1

Mrk 1044 02 30 05.5 −08 59 53 14.29 0.02 NLSy1 Pictor A 05 19 49.6 −45 46 44 15.77 0.04 Sy2

1ES 0229+200 02 32 48.6 +20 17 17 18.00 0.14 BL Lac IRAS F05189-2524 05 21 01.4 −25 21 45 14.75 0.04 Sy2

NGC 985 02 34 37.8 −08 47 15 14.28 0.043 Sy1 PMN J0525-2338 05 25 06.5 −23 38 10 17.74# 3.1 FSRQ

ESO416 G002 02 35 13.4 −29 36 17 14.90 0.06 Sy2 ESO253 3 05 25 18.4 −46 00 18 14.20 0.04 Sy2

Mrk 595 02 41 34.9 +07 11 14 14.69 0.03 Sy1 1RXS J054357d3-553206 05 43 57.3 −55 32 08 17.40 0.27 BL Lac

NGC 1068 02 42 40.7 −00 00 47 10.83 0.004 Sy2 NGC 2110 05 52 11.4 −07 27 23 13.51 0.007 Sy2

2MFGC02171 02 44 03.0 +53 28 28 — 0.04 Sy2 MCG+8-11-11 05 54 53.6 +46 26 21 14.62 0.02 Sy1

HB89 0241+622 02 44 57.6 +62 28 06 12.19 0.04 Sy1 B3 0552+398 05 55 30.8 +39 48 49 18.30# 2.36 FSRQ

NGC 1194 03 03 49.2 −01 06 15 14.18 0.01 Sy2 PKS 0558-504 05 59 47.4 −50 26 51 14.97 0.14 NLSy1

ESO 031-G008 03 07 35.0 −72 50 04 14.98 0.03 Sy1 IRAS 05581+0006 06 00 40.1 +00 06 18 17.60# 0.12 Sy1

NGC 1229 03 08 10.8 −22 57 39 14.45 0.04 Sy2 Mrk 3 06 15 36.3 +71 02 15 13.34 0.01 Sy2

HB89 0312-770 03 11 55.3 −76 51 51 15.40$ 0.22 FSRQ 2MASX J06230765-6436211 06 23 07.7 −64 36 19 13.70$ 0.13 FSRQ

MCG+00-09-042 03 17 02.2 +01 15 18 — 0.02 Sy2 ESO121 IG028 06 23 46.0 −60 58 36 15.20 0.04 Sy2
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Table 2.4: Details of the sources analysed for flux variability in this work.
Columns have the same meaning as in Table 2.3

Name α(2000) δ(2000) V z Ty pe Name α(2000) δ(2000) V z Type

2MASX J06403799-4321211 06 40 38.0 −43 21 21 — 0.06 Sy2 SDSS J104326.47+110524.2 10 43 26.5 +11 05 23 17.01 0.05 Sy1

NGC 2273 06 50 08.7 +60 50 45 13.54 0.01 Sy2 S5 1039+81 10 44 23.1 +80 54 39 17.90* 1.26 FSRQ

Mkn 6 06 52 12.4 +74 25 38 14.19 0.02 Sy1 MCG+12 10 067 10 44 08.4 +70 24 19 14.20 0.03 Sy2

1H 0707−495 07 08 41.5 −49 33 06 15.70 0.041 NLSy1 MCG+06-24-008 10 44 49.0 +38 10 52 — 0.03 Sy2

2MASX J07084326-4642494 07 08 43.2 −46 42 49 — 0.05 Sy2 NGC 3393 10 48 23.4 −25 09 44 13.95 0.01 Sy2

RGB J0710+591 07 10 30.1 +59 08 21 18.40 0.13 BL Lac Mrk 417 10 49 30.9 +22 57 52 16.00 0.03 Sy2

Mrk 376 07 14 15.1 +45 41 57 14.62 0.06 Sy1 2MASX J10523297+1036205 10 52 33.0 +10 36 20 18.61 0.09 Sy1

ESO428 G014 07 16 31.2 −29 19 28 13.52 0.01 Sy2 Mrk 728 11 01 01.8 +11 02 50 16.93 0.036 Sy2

S5 0716+714 07 21 53.3 +71 20 36 15.50 0.3 BL Lac 1ES 1101-232 11 03 37.7 −23 29 31 16.55 0.19 BL Lac

IRAS 07245−3548 07 26 26.3 −35 54 22 16.80 0.029 Sy2 PG 1100+772 11 04 13.8 +76 58 58 15.72 0.31 Sy1

1RXS J073308.7+455511 07 33 09.2 +45 55 05 16.01 0.14 Sy1 Mrk 421 11 04 27.2 +38 12 32 12.90 0.03 BL Lac

Mrk 9 07 36 57.0 +58 46 13 14.37 0.039 Sy1 NGC 3516 11 06 47.4 +72 34 07 12.40 0.009 Sy1

IRAS 07378−3136 07 39 44.7 −31 43 02 16.80* 0.025 Sy2 ESO438-G009 11 10 48.0 −28 30 04 14.17 0.02 Sy1

3C 184.1 07 43 01.4 +80 26 26 17.00 0.12 Sy1 Mrk 732 11 13 49.8 +09 35 10 14.17 0.030 Sy1

UGC 03995A 07 44 09.1 +29 14 49 13.33 0.02 Sy2 MCG+13-08-056 11 14 43.9 +79 43 36 — 0.04 Sy2

SDSS J0758+3923 07 58 21.0 +39 23 36 18.49 0.22 Sy2 IRAS F11119+3257 11 14 38.9 +32 41 33 17.96 0.19 NLSy1

Mrk 1210 08 04 05.9 +05 06 50 13.70 0.013 Sy2 QSO B1114-2846 11 17 04.0 −29 02 29 15.81* 0.07 NLSy1

MCG+02 21 013 08 04 46.4 +10 46 34 14.50 0.04 Sy1 RBS 0970 11 20 48.1 +42 12 13 17.11 0.12 BL Lac

PG 0804+761 08 10 58.5 +76 02 43 14.71 0.10 Sy1 ESO439 G009 11 27 23.4 −29 15 27 14.80 0.02 Sy2

FAIRALL 0272 08 23 01.1 −04 56 05 16.00 0.021 Sy2 Mrk 739E 11 36 29.3 +21 35 45 14.08 0.03 NLSy1

F2M 0830+3759 08 30 11.2 +37 59 51 20.07 0.41 Sy1 IGR J11366-6002 11 36 42.1 −60 03 07 — 0.01 Sy2

FAIRALL 1146 08 38 30.8 −35 59 33 16.10 0.031 Sy1 NGC 3783 11 39 01.8 -37 44 19.0 13.43 0.009 Sy1

3C 206 08 39 50.6 −12 14 34 15.76 0.20 Sy1 SBS 1136+594 11 39 09.0 +59 11 55 15.77 0.06 Sy1

HB 0836+710 08 41 24.4 +70 53 42 17.30* 2.22 FSRQ NGC 3822 11 42 11.3 +10 16 40 13.70 0.02 Sy2

2MASX J08434495+3549421 08 43 45.0 +35 49 42 17.55 0.05 Sy2 UGC 06728 11 45 16.1 +79 40 54 15.88 0.01 Sy1

SWIFT J0845.0−3531 08 45 21.4 −35 30 24 — 0.137 Sy1 2MASX J11462959+7421289 11 46 29.6 +74 21 28 16.60 0.06 Sy2

PMN J0847-2337 08 47 01.56 −23 37 02 13.00$ 0.06 BL Lac SDSS J114921.52+532013.4 11 49 21.6 +53 20 13 18.15 0.10 Sy1

OJ 287 08 54 48.8 +20 06 30 15.4$ 0.31 BL Lac RBS 1037 11 49 18.6 −04 16 52 17.40 0.09 Sy1

MCG+11 11 032 08 55 12.5 +64 23 46 — 0.04 Sy2 MCG 01 30 041 11 52 37.9 −05 12 26 15.00 0.02 Sy2

NGC 2712 08 59 30.5 +44 54 50 — 0.01 Sy2 NGC 3998 11 57 56.1 +55 27 13 12.10 0.004 Sy2

2MASX J09112999+4528060 09 11 30.0 +45 28 06 — 0.03 Sy2 IC 751 11 58 52.5 +42 34 15 14.39 0.03 Sy2

Mrk 704 09 18 26.0 +16 18 20 14.20 0.03 Sy1 Mrk 1310 12 01 14.5 −03 40 40 15.89 0.02 Sy1

IC 2461 09 19 58.0 +37 11 29 — 0.01 Sy2 NGC 4051 12 03 09.6 +44 31 53 12.92 0.002 NLSy1

MCG +01−24−012 09 20 46.2 −08 03 21 13.70 0.020 Sy2 B2 1204+34 12 07 32.9 +33 52 40 — 0.08 Sy2

MCG +04−22−042 09 23 43.1 +22 54 33 14.80 0.033 NLSy1 NGC 4151 12 10 32.5 +39 24 21 11.85 0.003 Sy1

2MASX J09235371-3141305 09 23 53.7 −31 41 31 15.00# 0.04 Sy2 PG 1211+143 12 14 17.7 +14 03 13 14.19 0.08 NLSy1

Mrk 110 09 25 12.9 +52 17 11 16.41 0.04 Sy1 WAS 49b 12 14 17.8 +29 31 43 15.40 0.064 Sy2

SWIFT J0926.1+6931 09 25 47.6 +69 27 54 — 0.04 Sy2 ESO505 30 12 17 00.0 −26 12 36 15.49 0.04 Sy2

2MASX J09261742-8421330 09 26 18.0 −84 21 37 15.60 0.06 Sy2 Mrk 766 12 18 26.5 +29 48 47 13.57 0.01 NLSy1

NGC 2992 09 45 42.0 -14 19 35.0 13.78 0.008 Sy2 NGC 4258 12 18 57.5 +47 18 14 11.65 0.002 Sy2

MCG-5-23-16 09 47 40.2 −30 56 54 13.69 0.01 Sy1 PKS J1220+0203 12 20 11.9 +02 03 42 15.97 0.24 Sy1

3C 227 09 47 45.1 +07 25 20 16.97 0.086 Sy1 1ES 1218p+04 12 21 21.9 +30 10 37 15.85 0.18 BL Lac

PMN J0948+0022 09 48 47.3 +00 22 26 — 0.59 NLSy1 Mrk 205 12 21 44.1 +75 18 38 15.24 0.07 Sy1

NGC 3079 10 01 58.5 +55 40 50 12.18 0.004 Sy2 NGC 4388 12 25 46.7 +12 39 41 13.90 0.01 Sy2

SWIFT J1009.3-4250 10 09 48.2 −42 48 40 14.95 0.03 Sy2 NGC 4395 12 25 48.9 +33 32 48 10.27 0.001 Sy2

NGC 3147 10 16 53.2 +73 24 02 12.65 0.01 Sy2 3C 273 12 29 06.7 +02 03 08 12.85 0.16 FSRQ

Ark 241 10 21 40.2 −03 27 14 15.70 0.04 Sy1 2MASX J12313717-4758019 12 31 37.2 −47 58 03 16.50 0.03 Sy1

NGC 3227 10 23 30.6 +19 51 56 11.79 0.004 Sy1 RBS 1125 12 32 03.7 +20 09 29 15.30 0.06 Sy1

ESO500 34 10 24 31.5 −23 33 10 14.21 0.01 Sy2 NGC 4507 12 35 36.5 −39 54 33 13.54 0.01 Sy2

NGC 3281 10 31 52.1 −34 51 13 14.02 0.01 Sy2 NGC 4579 12 37 43.5 +11 49 05 11.72 0.01 Sy2
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Table 2.5: Details of the sources analysed for flux variability in this work.
Columns have the same meaning as in Table 2.3

Name α(2000) δ(2000) V z Ty pe Name α(2000) δ(2000) V z Type

IGR J12391-1612 12 39 06.3 −16 10 48 14.80 0.04 Sy2 PKS 1549-79 15 56 58.5 −79 14 05 18.50 0.15 Sy1

NGC 4593 12 39 39.4 −05 20 39 13.15 0.01 Sy1 UGC 10120 15 59 09.6 +35 01 47 15.06 0.03 NLSy1

WKK 1263 12 41 25.5 −57 49 51 16.90 0.02 Sy2 LEDA 100168 16 07 23.8 +85 01 51 17.40 0.18 Sy1

NGC 4785 12 53 26.8 −48 45 03 12.09 0.01 Sy2 IC 1198 16 08 36.3 +12 19 51 14.94 0.03 Sy1

6dF J1254564-265702 12 54 56.3 −26 57 04 16.50 0.06 Sy1 WKK 6092 16 11 51.5 −60 37 55 14.70 0.02 Sy1

3C 279 12 56 11.1 −05 47 22 17.75 0.538 FSRQ 3C 332 16 17 42.7 +32 22 34 17.45 0.15 Sy1

Mrk 231 12 56 14.2 +56 52 25 13.84 0.041 Sy1 MCG+14 08 004 16 19 19.2 +81 02 48 — 0.03 Sy2

NGC 4939 13 04 14.3 −10 20 23 13.80 0.01 Sy2 VII Zw653 16 25 26.1 +85 29 42 16.30 0.06 Sy1

NGC 4945 13 05 27.6 −49 28 03 14.40 0.00 Sy2 Mrk 1498 16 28 04.2 +51 46 31 17.00 0.06 Sy2

ESO 323-G077 13 06 26.2 −40 24 52 13.42 0.02 Sy1 ESO137 34 16 35 14.2 −58 04 41 12.20 0.01 Sy2

NGC 4992 13 09 05.6 +11 38 03 14.34 0.03 Sy1 3C 345 16 42 58.8 +39 48 37 16.59 0.6 FSRQ

Mrk 248 13 15 17.3 +44 24 25 15.10 0.04 Sy2 2MASX J16481523-3035037 16 48 15.2 −30 35 04 15.80 0.03 Sy1

NGC 5100NED02 13 20 59.6 +08 58 42 — 0.03 Sy2 2MASX J16504275+0436180 16 50 42.7 +04 36 18 14.60 0.03 Sy2

IRAS 13197-1627 13 22 24.5 −16 43 42 13.90 0.02 Sy2 ESO 138-G1 16 51 20.5 −59 14 11 13.63 0.01 Sy2

IRAS 13224-3809 13 25 19.2 −38 24 54 13.80* 0.07 NLSy1 NGC 6221 16 52 58.2 −59 13 12 — 0.01 Sy2

ESO509-G038 13 31 13.8 −25 24 09 14.80 0.03 Sy1 NGC 6240 16 52 58.9 +02 24 01 13.37 0.02 Sy2

ESO383 18 13 33 26.0 −34 00 56 13.60 0.01 Sy2 2MASXJ 16531506+2349431 16 53 15.0 +23 49 42 17.80 0.1 Sy2

ESO509 66 13 34 39.7 −23 26 47 16.60 0.03 Sy2 Mrk 501 16 53 52.2 +39 45 36 13.78 0.03 BL Lac

MCG −06−30−15 13 35 53.4 −34 17 48 13.61 0.008 Sy1 2MASS J16561677-3302127 16 56 16.8 −33 02 12 17.50 2.4 FSRQ

NGC 5252 13 38 15.9 +04 32 33 14.21 0.022 Sy2 MCG +05−40−026 17 01 07.8 +29 24 25 15.78 0.036 NLSy1

NGC 5273 13 42 08.3 +35 39 15 13.12 0.003 Sy2 NGC 6300 17 16 59.2 −62 49 05 13.08 0.004 Sy2

Mrk 273 13 44 42.1 +55 53 13 14.91 0.037 Sy2 GRS 1734-292 17 27 28.3 −29 08 02 — 0.02 Sy1

2MASS J1346085+732053 13 46 08.5 +73 20 54 17.40* 0.29 Sy1 PDS 456 17 28 19.9 −14 15 56 14.03 0.18 NLSy1

4U 1344−60 13 47 36.0 -60 37 03.0 19.00 0.013 Sy1 2E 1739.1-1210 17 41 55.3 −12 11 57 16.40 0.04 Sy1

IC 4329A 13 49 19.3 −30 18 34 13.66 0.016 Sy1 4C+18.51 17 42 07.0 +18 27 20 17.50 0.19 Sy1

UM 614 13 49 52.8 +02 04 45 16.23 0.03 Sy2 1RXS J174538.1+290823 17 45 38.3 +29 08 22 14.20 0.11 Sy1

2MASX J14104482-4228325 14 10 44.8 −42 28 33 — 0.03 Sy1 IGR J17476-2253 17 47 35.5 −22 51 18 — 0.05 Sy1

PKS 1409−651 14 13 09.8 −65 20 17 12.10 0.001 Sy2 2MASXi J1802473-145454 18 02 47.3 −14 54 54 16.55# 0.04 Sy1

NGC 5506 14 13 14.8 −03 12 26 14.38 0.007 Sy1 MCG+07 37 031 18 16 09.4 +42 39 22 15.90 0.04 Sy2

NGC 5548 14 17 59.6 +25 08 13 13.73 0.017 Sy1 IGR J18244−5622 18 24 19.4 −56 22 09 14.40 0.017 Sy2

Mrk 813 14 27 25.0 +19 49 51 15.27 0.11 Sy1 LEDA 3097193 18 26 32.4 +32 51 30 .... 0.022 Sy2

GBB 1428+4217 14 30 23.7 +42 04 37 22.04 4.72 FSRQ SX J18305065+0928414 18 30 50.6 +09 28 42 — 0.02 Sy2

NGC 5674 14 33 52.3 +05 27 30 13.70 0.025 Sy2 PKS 1830-21 18 33 39.9 −21 03 40 18.70 2.51 FSRQ

Mrk 817 14 36 22.1 +58 47 40 13.79 0.03 Sy1 3C 382 18 35 03.4 +32 41 47 15.39 0.06 Sy1

Mrk 477 14 40 38.1 +53 30 15 15.03 0.04 Sy2 ESO 103-35 18 38 20.5 −65 25 39 14.53 0.01 Sy2

NGC 5728 14 42 23.9 −17 15 11 13.40 0.009 Sy2 3C 390.3 18 42 09.0 +79 46 17 15.38 0.057 Sy1

IGR J14471-6414 14 46 28.2 −64 16 24 — 0.05 Sy1 1RXS J184642.2+842506 18 46 52.4 +84 25 06 — — Sy1

IGR J14552−5133 14 55 17.8 −51 34 17 17.10 0.016 NLSy1 2MASX J18560128+1538059 18 56 00.5 +15 38 56 18.4 0.08 Sy1

IC 4518A 14 57 41.2 −43 07 56 15.00 0.016 Sy2 2E 1849.2−7832 18 57 07.7 −78 28 21 14.50* 0.042 Sy1

3C 309.1 14 59 07.6 +71 40 20 16.78 0.9 Sy1 ESO 231-G026 19 13 14.7 −50 10 59 — 0.06 Sy2

Mrk 841 15 04 01.2 +10 26 16 14.27 0.04 Sy1 PKS 1916-300 19 19 28.0 −29 58 10 — 0.17 Sy2

Mrk 1392 15 05 56.6 +03 42 26 15.50 0.04 Sy2 ESO141-G55 19 21 14.3 -58 40 13.0 13.64 0.037 Sy1

Mrk 1393 15 08 54.0 −00 11 49 16.65 0.05 Sy1 4C+73.18 19 27 48.6 +73 58 02 16.06 0.3 FSRQ

SWIFT J1514.5-8123 15 14 42.0 −81 23 38 17.30* 0.068 Sy1 2MASX J19301380+3410495 19 30 13.8 +34 10 49 15.90# 0.06 Sy1

NGC 5899 15 15 03.3 +42 02 59 13.21 0.01 Sy2 2MASS J19334715+3254259 19 33 47.1 +32 54 26 14.50# 0.06 Sy1

SDSS J152132.21+391206.9 15 21 33.1 +39 12 02 14.10 0.03 Sy1 PMN J1936-4719 19 36 56.1 −47 19 50 20.30 0.27 BL Lac

2MASX J15295830-1300397 15 29 58.3 −13 00 40 — 0.1 Sy2 IGR J19378-0617 19 37 33.1 −06 13 05 15.35 0.01 Sy1

1E 1530-085 15 33 18.9 −08 41 25 15.70 0.02 Sy2 2MASX J19380437-5109497 19 38 04.5 −51 09 47 15.20 0.04 Sy1

Mrk 290 15 35 52.3 +57 54 09 15.30 0.030 Sy1 NGC 6814 19 42 40.7 −10 19 23 14.21 0.01 Sy1

NGC 5995 15 48 25.0 −13 45 27 13.69 0.03 Sy2 IGR J19473+4452 19 47 19.4 +44 49 42 15.70 0.053 Sy2
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Table 2.6: Details of the sources analysed for flux variability in this work.
Columns have the same meaning as in Table 2.3

Name α(2000) δ(2000) V z Ty pe Name α(2000) δ(2000) V z Type

3C 403 19 52 15.9 +02 30 24 16.50 0.059 Sy2 PKS 2155−304 21 58 52.0 −30 13 32 13.09 0.116 BL Lac

1RXS J195815.6-301119 19 58 14.9 −30 11 12 14.00$ 0.12 BL Lac Mrk 520 22 00 41.4 +10 33 09 15.20 0.03 Sy2

MCG +07−41−003 19 59 28.3 +40 44 02 15.10 0.056 Sy2 NGC 7172 22 02 01.9 -31 52 08.0 13.61 0.009 Sy2

1ES 1959+650 19 59 59.9 +65 08 55 12.80 0.05 BL Lac BL Lac 22 02 43.3 +42 16 39 14.72 0.069 BL Lac

2MASX J20005575-1810274 20 00 55.7 −18 10 28 15.21 0.04 Sy2 ESO 344-G016 22 14 42.0 −38 48 24 14.54 0.04 Sy1

PKS 2008-159 20 11 15.7 −15 46 40 18.30 1.18 FSRQ 3C 445 22 23 49.7 −02 06 13 15.77 0.06 Sy1

SWIFT J2015.2+2526 20 14 59.3 +25 23 01 — 0.045 Sy2 CTA 102 22 32 36.4 +11 43 51 16.70$ 1.04 FSRQ

QSO B2013+370 20 15 30.6 +37 12 49 — 0.86 FSRQ NGC 7314 22 35 46.1 -26 03 02.0 13.11 0.005 Sy2

IGR J20187+4041 20 18 38.7 +40 41 00 .... 0.014 Sy2 Mrk 915 22 36 46.5 −12 32 42 14.50 0.03 Sy2

IGR J20216+4359 20 21 49.0 +44 00 39 19.14# 0.02 Sy2 MCG+01-57-016 22 40 17.1 +08 03 14 14.45 0.03 Sy2

4C+21.55 20 33 32.0 +21 46 21 16.20# 0.17 Sy1 Ark 564 22 42 39.3 +29 43 32 14.16 0.03 NLSy1

2MASX J20350566+2603301 20 35 05.6 +26 03 30 — 0.05 Sy1 3C 452 22 45 48.8 +39 41 15 16.56 0.08 Sy2

4C 74.26 20 42 37.3 +75 08 02 15.13 0.1 Sy1 MCG 03 58 007 22 49 37.1 −19 16 27 14.79 0.03 Sy2

Mrk 509 20 44 09.7 -10 43 24.0 13.12 0.035 Sy1 MR 2251-178 22 54 05.9 −17 34 55 14.36 0.06 Sy1

IC 5063 20 52 02.2 −57 04 08 13.60 0.011 Sy2 2MASX J23013626-5913210 23 01 36.2 −59 13 19 17.40* 0.15 Sy1

S5 2116+81 21 14 01.6 +82 04 47 15.70 0.09 Sy1 NGC 7469 23 03 15.6 +08 52 26 13.04 0.02 Sy1

2MASX J21192912+3332566 21 19 29.1 +33 32 57 — 0.05 Sy1 Mrk 926 23 04 43.5 −08 41 08 15.91 0.05 Sy1

IGR J21247+5058 21 24 39.4 +50 58 25 15.40# 0.02 Sy1 UGC 12348 23 05 18.9 +00 11 21 15.30 0.03 Sy2

IGR J21277+5656 21 27 44.9 +56 56 40 18.79 0.014 NLSy1 NGC 7582 23 18 23.5 −42 22 14 13.57 0.01 Sy1

1RXS J213445.2-272551 21 34 45.1 −27 25 55 — 0.07 Sy1 NGC 7674 23 27 56.7 +08 46 44 14.36 0.03 Sy2

RX J2145.5+1102 21 45 32.8 +11 02 56 17.24 0.21 Sy1 IGR J23524+5842 23 52 22.1 +58 45 31 18.62# 0.16 Sy2

PKS 2145+06 21 48 05.5 +06 57 39 16.47 1 FSRQ PKS 2356-61 23 59 04.3 −60 54 59 16.00 0.1 Sy2

IRAS 21483+1352 21 50 46.8 +14 06 37 — 0.03 Sy2 H 2356-309 23 59 07.8 −30 37 39 15.80$ 0.17 BL Lac

PKS 2149−306 21 51 55.4 −30 27 54 17.90 2.345 FSRQ

2.2.2 Spectral

Spectral analysis requires quality data with high S/N. We therefore looked at the

HEASARC archives ‡ for observations from NuSTAR that are open for use between

the period June 2012 - June 2018. From this, we focussed on 12 nearby objects,

that are also reasonably bright with net count rate in the 3−79 keV band greater

than 0.1. The details of these 12 objects selected for this study are given in Table

2.7.

‡https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
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Table 2.7: Details of the selected objects for spectral analysis. The columns
are: (1) running number,(2) name of the source, (3) right ascension, (4) decli-
nation, (5) redshift, (6) V-band magnitude, (7) type of the source, (8) Observa-
tional IDs, (9) date of observation and (10) the exposure time in seconds. The
values of α2000, δ2000, z, V-band magnitude and type of the source were taken
from Véron-Cetty & Véron (2010) catalog

No. Name α2000 δ2000 z V (mag) Type OBSID Date Exposure

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

1. Mrk 348 00:48:47.2 +31:57:25.0 0.014 14.59 Sy1h 60160026002 2015-10-28 21520

2. Mrk 1040 02:28:14.4 +31:18:41.0 0.016 14.74 Sy1 60101002002 2015-08-12 62960

60101002004 2015-08-15 64252

3. 3C 120 04 33 11.1 +05 21 15 0.033 15.05 Sy1 60001042003 2013-02-06 127731

4. ESO 362−G18 05:19:35.8 -32:39:27.0 0.013 13.37 Sy1.5 60201046002 2016-09-24 101906

5. NGC 2992 09:45:42.0 -14:19:35.0 0.008 13.78 Sy1.9 60160371002 2015-12-02 20798

6. NGC 3783 11:39:01.8 -37:44:19.0 0.009 13.43 Sy1.5 60101110002 2016-08-22 41271

60101110004 2016-08-24 42434

7. NGC 4151 12:10:32.5 +39:24:21 0.003 11.85 Sy1 60001111002 2012-11-12 21864

60001111003 2012-11-12 57036

60001111005 2012-11-14 61531

8. 4U 1344−60 13:47:36.0 -60:37:03.0 0.013 19.00 Sy1 60201041002 2016-09-17 99464

9. ESO141-G55 19:21:14.3 -58:40:13.0 0.037 13.64 Sy1.2 60201042002 2016-07-15 93011

10. Mrk 509 20:44:09.7 -10:43:24.0 0.035 13.12 Sy1.5 60101043002 2015-04-29 165893

60101043004 2015-06-02 36475

11. NGC 7172 22:02:01.9 -31:52:08.0 0.009 13.61 Sy2 60061308002 2014-10-07 32001

12. NGC 7314 22:35:46.1 -26:03:02.0 0.005 13.11 Sy1h 60201031002 2016-05-13 100424

2.3 Data reduction: Timing

We reduced the data using the standard tasks nupipeline and nuproducts available

in the NuSTAR Data Analysis Software package NuSTARDAS version 1.6.0 § and

distributed by the High Energy Astrophysics Archive Research Center (HEASARC).

We used NuSTAR CALDB 20161207 to generate the cleaned and screened event

files. We also accounted for the passage of the satellite through the South Atlantic

Anomaly while doing the analysis. Source light curves were extracted using a cir-

cular region of radius 60′′ centred on the source for both the focal plane modules

§https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar swguide.pdf
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FPMA and FPMB ¶. A circular region of radius 70′′ was used to extract the back-

ground light curves away from the source on the same detector. Light curves were

generated using a time bin of 300 seconds in the soft (3−10 keV), hard (10−79

keV) and total (3−79 keV) energy ranges for both the focal plane modules. The

task lcmath available in FTOOLS V6.19 was used to combine the light curves

from the two modules FPMA and FPMB. Once the combined light curves were

generated, we analysed them for the presence of outliers as well as the presence of

points with large error bars. To remove both outliers and those with large error

bars, we calculated the mean and standard deviation of the light curves as well

as the mean and standard deviation of the errors. The following two conditions

were then imposed on the light curves to generate the final light curves namely

(a) the error on any data point in a light curve must be less than 5 times the

standard deviation of the errors and (b) the difference between a data point in a

light curve and the mean of the same light curve must be less than 5 times the

standard deviation of the light curve.

2.4 Data reduction: Spectral

Initial processing of the data was carried out following the procedures outlined

in Section 2.3. We extracted the spectra and corresponding response files using

nuproducts task, with a circular region of 60′′ at the peak of the source and 70′′

radius circular background region away from the source on the same chip. For

spectral analysis, we fitted both the focal plane modules FPMA and FPMB spectra

simultaneously allowing the cross normalization for both modules to vary. In this

fitting process, the abundances of the elements were fixed to their solar values

(Anders & Grevesse 1989). We used XSPEC (version 12.9.0; Arnaud 1996) for the

spectral fitting. The χ2 minimization technique in XSPEC was used to get the

¶https://heasarc.gsfc.nasa.gov/docs/nustar/
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best model description of the data and all errors were calculated using χ2 = 2.71

criterion i.e. 90% confidence range for one parameter of interest.



Chapter 3

A comparative study of the X-ray

flux variability characteristics of

different classes of AGN with

NuSTAR †

In this chapter, we present the results on our comparative study on the hard X-ray

flux variability characteristics of different classes of AGN on hour like timescales.

The details on the selection of sample for this comparative study and the proce-

dures followed to generate light curves are given in Chapter 2. Our final sample

for this comparative study consists of 335 sources. They include 24 BL Lacs, 24

FSRQs, 20 NLSy1 galaxies, 121 Seyfert 1 galaxies and 146 Seyfert 2 galaxies. The

distribution of the sources is shown in Figure 3.1. In the same figure is also shown

the fractional distribution of the different types of AGN. In terms of percentage,

†The contents of this chapter are
1. Under review in Rani et al. 2019, MNRAS
2. Published in Rani P., Stalin C. S., Rakshit S., 2017, MNRAS, 466, 3309 .
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44% of the sources are Seyfert 2 galaxies, 36% are Seyfert 1 galaxies, 7% are BL

Lacs, 6% are NLSy1 galaxies, and FSRQs comprise 7%. In addition to finding

differences if any in the hard X-ray variability characteristics of different classes

of AGN, we also investigated here the dependence of variability against various

physical characteristics of the sources.

3.1 Variability Amplitude

An example light curve of one of the objects in our sample analysed for flux

variability is given in Figure 3.2. From the figure, it is evident that the source

has varied in the soft (3-10 keV), hard (10-79 keV) and total (3−79 keV) energy

bands. To check for flux variations in the observed count rates in soft, hard and

total energy bands and to quantify the flux variability, we calculated the excess

variance also called the fractional root mean square variability amplitude (Fvar).

Fvar gives an estimate of the intrinsic variability amplitude of the sources relative to

their mean count rate after removal of the contribution of the measurement errors

and thus gives an estimate of the intrinsic variability amplitude of the sources

(Edelson et al. 2002; Vaughan et al. 2003). Following Vaughan et al. (2003), Fvar

is defined as

Fvar =

√
S2 − σ̄2

err

x̄2
(3.1)

where S2 represents the sample variance, x̄ is the arithmetic mean of xi and σ̄2
err

represents the mean square error. S2 and σ̄2
err are given as

S2 =
1

N − 1

N∑
i=1

(xi − x̄)2 (3.2)

σ̄2
err =

1

N

N∑
i=1

σ2
err,i (3.3)
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Figure 3.1: Top: Pie chart showing the relative number of the different classes
of AGN. Bottom: Histogram of the number of different type of sources.

The uncertainty in Fvar is given by

err(Fvar) =

√√√√(√ 1

2N

¯σ2
err

x̄2Fvar

)2

+

(√
σ̄2

err

N

1

x̄

)2

(3.4)

The values of Fvar for the sources that are found to be variable are listed in

Tables 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7 and 3.8. About 60% of the sources in our

sample are found to be variable. The number of observations (OBSIDs) where

variability has been observed are 65 in blazars (BL Lacs = 46, FSRQs = 19), 113

in Seyfert 1 galaxies, 113 in Seyfert 2 galaxies and 32 in NLSy1 galaxies. The

weighted mean values of Fvar in different classes of AGN are given in Table 3.9.
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Figure 3.2: Light curves of the BL Lac object Mrk 421 corresponding to the
observational ID 60202048004 and observed by NuSTAR on 2017-01-31 for a
duration of 21564 sec. Shown from the top to the bottom are the flux variations
in the energy ranges of 3−10 keV (soft band), 10−79 keV (hard band) and
3−79 keV (total band) respectively. Each point corresponds to a binning of 300
seconds.
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Figure 3.3: Histogram of Fvar in the 3−79 keV band for different classes of
AGN. The bottom right panel is the cumulative distribution function of Fvar in
the 3−79 keV band for different types of AGN.
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Table 3.1: Results of the analysis of variability. Column information are as
follows (1) name of the source (2) type of the source, (3) observational ID, (4)
date of observation, (5) exposure time in seconds (6), (7), (8) are the Fvar and
error in the soft, hard and total bands respectively.

Name Type OBS ID Date Exposure Fvar ± err(Fvar)

3−10 keV 10−79 keV 3−79 keV

1ES 0502+675 BL Lac 60202026002 2016-11-02 24708 0.029±0.012 0.217±0.037 0.057±0.011

1ES 1218+304 BL Lac 60101034002 2015-11-23 49551 0.114±0.011 0.156±0.025 0.112±0.011

1ES 1959+650 BL Lac 60002055002 2014-09-17 19612 0.276±0.009 0.375±0.017 0.287±0.008

BZB J0123-2310 BL Lac 60101060002 2015-09-08 21761 0.113±0.023 0.273±0.052 0.128±0.021

Mrk 421 BL Lac 10002015001 2012-07-07 42034 0.209±0.003 0.247±0.008 0.225±0.004

10002016001 2012-07-08 24885 0.305±0.003 0.430±0.009 0.358±0.004

60002023002 2013-01-02 9152 0.068±0.010 0.168±0.027 0.088±0.013

60002023004 2013-01-10 22633 0.119±0.008 0.146±0.021 0.132±0.010

60002023006 2013-01-15 24182 0.199±0.004 0.302±0.012 0.243±0.005

60002023008 2013-01-20 24968 0.084±0.007 0.159±0.020 0.095±0.009

60002023010 2013-02-06 19307 0.097±0.005 0.095±0.014 0.108±0.006

60002023012 2013-02-12 14780 0.204±0.005 0.280±0.012 0.241±0.006

60002023014 2013-02-16 17359 0.231±0.013 0.220±0.034 0.237±0.020

60002023016 2013-03-04 17252 0.122±0.005 0.115±0.016 0.122±0.007

60002023018 2013-03-11 17474 0.144±0.005 0.112±0.014 0.125±0.006

60002023020 2013-03-17 16558 0.088±0.004 0.125±0.012 0.102±0.006

60002023022 2013-04-02 24772 0.223±0.004 0.378±0.011 0.295±0.006

60002023024 2013-04-10 5758 0.146±0.005 0.164±0.013 0.165±0.006

60002023025 2013-04-11 57509 0.599±0.001 0.638±0.004 0.621±0.002

60002023027 2013-04-12 7630 0.134±0.002 0.172±0.005 0.150±0.002

60002023029 2013-04-13 16510 0.221±0.002 0.226±0.005 0.224±0.002

60002023031 2013-04-14 15606 0.312±0.001 0.361±0.002 0.335±0.001

60002023033 2013-04-15 17278 0.192±0.006 0.248±0.005 0.199±0.008

60002023035 2013-04-16 20279 0.391±0.002 0.441±0.004 0.414±0.002

60002023037 2013-04-18 17795 0.181±0.005 0.212±0.013 0.199±0.006

60002023039 2013-04-19 15958 0.120±0.005 0.149±0.013 0.134±0.006

60202048002 2017-01-03 23691 0.079±0.002 0.074±0.006 0.076±0.002

60202048004 2017-01-31 21564 0.190±0.002 0.283±0.005 0.205±0.002

60202048006 2017-02-28 23906 0.166±0.002 0.192±0.006 0.169±0.002

60202048008 2017-03-27 31228 0.260±0.003 0.305±0.007 0.266±0.003

Mrk 501 BL Lac 60002024004 2013-05-08 26141 0.138±0.007 0.238±0.019 0.163±0.008

60002024006 2013-07-12 10857 0.043±0.004 0.059±0.008 0.047±0.005

60002024008 2013-07-13 10343 0.069±0.007 0.094±0.012 0.081±0.007

60202049002 2017-04-27 23151 0.047±0.006 0.086±0.012 0.051±0.005

RBS 0970 BL Lac 60101062002 2015-11-04 22502 0.113±0.023 0.110±0.066 0.113±0.022

RGB J0710+591 BL Lac 60101037002 2015-09-01 3920 0.063±0.023 0.130±0.051 0.070±0.021

60101037004 2015-09-01 26477 0.013±0.011 0.088±0.022 0.037±0.010
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Table 3.2: Results of the analysis of variability. Column information are the
same as in Table 3.1.

Name Type OBS ID Date Exposure Fvar ± err(Fvar)

3−10 keV 10−79 keV 3−79 keV

OJ 287 BL Lac 90201054002 2017-04-09 53002 0.133±0.013 0.119±0.023 0.130±0.011

S5 0716+714 BL Lac 90002003002 2015-01-24 18583 0.185±0.014 0.187±0.026 0.183±0.012

PKS 0352−686 BL Lac 60160169002 2016-04-14 21227 0.018±0.011 0.143±0.026 0.016±0.010

PMN J0847−2337 BL Lac 60101059002 2015-12-19 32143 0.214±0.018 0.144±0.044 0.195±0.017

PKS 2155−304 BL Lac 10002010001 2012-07-08 33838 0.108±0.008 0.270±0.020 0.127±0.010

60002022004 2013-07-16 13856 0.124±0.020 0.223±0.046 0.134±0.022

60002022008 2013-08-08 13496 0.110±0.040 0.093±0.054 0.156±0.054

60002022012 2013-08-26 11356 0.198±0.013 0.197±0.030 0.209±0.015

60002022014 2013-09-04 12282 0.151±0.019 0.074±0.043 0.079±0.024

3C 273 FSRQ 00015013001 2012-07-02 2573 0.341±0.013 0.344±0.019 0.341±0.012

00015016001 2012-07-02 2990 0.140±0.018 0.181±0.028 0.164±0.017

10002020001 2012-07-14 244003 0.068±0.002 0.075±0.002 0.072±0.001

10012007001 2012-07-13 4530 0.090±0.013 0.099±0.021 0.096±0.013

10002020003 2015-07-13 49414 0.028±0.004 0.020±0.005 0.024±0.003

10202020002 2016-06-26 35416 0.028±0.003 0.040±0.004 0.027±0.002

10302020002 2017-06-26 35398 0.029±0.004 0.039±0.005 0.034±0.003

3C 279 FSRQ 60002020002 2013-12-16 39594 0.104±0.009 0.102±0.014 0.098±0.009

60002020004 2013-12-31 42810 0.164±0.007 0.174±0.010 0.173±0.006

PKS 2149−306 FSRQ 60001099004 2014-04-18 44167 0.092±0.008 0.055±0.011 0.120±0.007

4C 25.05 FSRQ 60201047002 2017-01-15 41783 0.125±0.021 0.066±0.033 0.091±0.018

HB0836+710 FSRQ 60002045002 2013-12-15 29697 0.056±0.009 0.113±0.015 0.080±0.008

60002045004 2014-01-18 36398 0.032±0.006 0.064±0.009 0.031±0.005

CTA 102 FSRQ 90202044002 2016-12-30 26211 0.067±0.005 0.028±0.006 0.057±0.004

S5 1039+81 FSRQ 90201018002 2016-04-12 14692 0.144±0.023 0.178±0.033 0.107±0.020

2MASS J16561677-3302127 FSRQ 60160657002 2015-09-27 21140 0.137±0.019 0.065±0.031 0.135±0.016

HB89 0212+735 FSRQ 60160099002 2016-02-24 30344 0.056±0.012 0.030±0.018 0.051±0.010

PMN J0525-2338 FSRQ 60160234002 2017-04-26 20934 0.145±0.027 0.242±0.042 0.122±0.023

GBB 1428+4217 FSRQ 60001103002 2014-07-14 49186 0.038±0.023 0.228±0.035 0.078±0.019

TON S180 NLSy1 60201057002 2016-06-10 127353 0.282±0.010 0.232±0.022 0.254±0.009

Mrk 1044 NLSy1 60160109002 2016-02-08 21684 0.180±0.014 0.261±0.027 0.158±0.012

PKS 0558-504 NLSy1 60160254002 2016-11-19 20983 0.118±0.017 0.217±0.036 0.114±0.014

IRAS F11119+3257 NLSy1 60101045002 2015-05-12 104494 0.165±0.019 0.319±0.043 0.149±0.018

QSO B1114-2846 NLSy1 60061209002 2017-05-05 19923 0.258±0.031 0.178±0.047 0.208±0.027

Mrk 739E NLSy1 60260008002 2017-03-16 18547 0.198±0.022 0.140±0.038 0.215±0.019

PG 1211+143 NLSy1 60001100002 2014-02-18 111438 0.168±0.010 0.036±0.021 0.155±0.009

60001100004 2014-04-08 48949 0.150±0.013 0.146±0.024 0.141±0.011

60001100005 2014-04-09 64430 0.114±0.010 0.119±0.020 0.094±0.009

60001100007 2014-07-07 74887 0.128±0.013 0.201±0.022 0.121±0.011

Mrk 766 NLSy1 60101022002 2015-07-05 23567 0.232±0.010 0.213±0.019 0.226±0.009

60001048002 2015-01-24 90174 0.173±0.004 0.144±0.008 0.166±0.004

IRAS 13224-3809 NLSy1 60202001012 2016-08-01 171657 0.935±0.022 1.725±0.143 1.043±0.036

UGC 10120 NLSy1 60361013002 2018-03-22 26036 0.161±0.026 0.189±0.051 0.141±0.023

1H 0323+342 NLSy1 60061360002 2014-03-15 101633 0.141±0.010 0.172±0.017 0.138±0.010

MCG +04−22−042 NLSy1 60061092002 2012-12-26 18845 0.020±0.009 0.085±0.015 0.081±0.009
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Table 3.3: Results of the analysis of variability. Column information are the
same as in Table 3.1.

Name Type OBS ID Date Exposure Fvar ± err(Fvar)

3−10 keV 10−79 keV 3−79 keV

NGC 4051 NLSy1 60001050002 2013-06-17 9434 0.225±0.014 0.058±0.024 0.168±0.014

60001050003 2013-06-17 45737 0.341±0.006 0.214±0.010 0.277±0.006

60001050005 2013-10-09 10202 0.164±0.016 0.064±0.024 0.128±0.015

60001050006 2013-10-09 49621 0.352±0.009 0.198±0.012 0.273±0.008

60001050008 2014-02-16 56683 0.226±0.005 0.132±0.009 0.180±0.005

IGR J14552−5133 NLSy1 60061259002 2013-09-19 21943 0.170±0.017 0.148±0.027 0.160±0.017

MCG +05−40−026 NLSy1 60061276002 2013-12-19 20999 0.147±0.019 0.111±0.029 0.073±0.018

PDS 456 NLSy1 60002032010 2014-02-26 109717 0.144±0.020 0.161±0.037 0.180±0.022

90101008002 2015-07-21 77127 0.174±0.014 0.171±0.028 0.176±0.013

90101008004 2015-07-24 40885 0.256±0.018 0.278±0.038 0.232±0.016

60201020002 2017-03-23 158173 0.411±0.018 0.542±0.044 0.400±0.017

Ark 564 NLSy1 60101031002 2015-05-22 211226 0.386±0.003 0.385±0.009 0.383±0.003

IGR J21277+5656 NLSy1 60001110002 2012-11-04 49202 0.143±0.006 0.122±0.010 0.138±0.006

60001110003 2012-11-05 28765 0.096±0.007 0.019±0.012 0.054±0.007

60001110005 2012-11-06 74583 0.139±0.004 0.112±0.007 0.124±0.004

60001110007 2012-11-08 42110 0.128±0.006 0.085±0.009 0.101±0.006

Mkn 335 Sy1 60001041002 2013-06-13 21299 0.190±0.026 0.292±0.032 0.204±0.022

60001041003 2013-06-13 21525 0.179±0.025 0.045±0.034 0.188±0.023

60001041005 2013-06-25 93028 0.157±0.009 0.045±0.013 0.114±0.008

80001020002 2014-09-20 68908 0.167±0.008 0.163±0.014 0.160±0.007

3C 120 Sy1 60001042002 2013-02-06 21606 0.047±0.006 0.035±0.010 0.036±0.006

60001042003 2013-02-06 127731 0.074±0.003 0.017±0.005 0.044±0.003

Mrk 9 Sy1 60061326002 2013-10-29 23310 0.066±0.026 0.104±0.035 0.113±0.024

2MASX J00341665-7905204 Sy1 60160015002 2016-03-28 22668 0.038±0.014 0.419±0.126 0.041±0.012

MCG-03-04-072 Sy1 60160061002 2015-01-12 21879 0.027±0.012 0.054±0.019 0.047±0.010

RBS 0295 Sy1 60061021002 2017-01-14 23367 0.187±0.018 0.195±0.030 0.191±0.015

Mrk 590 Sy1 90201043002 2016-12-02 51003 0.146±0.014 0.171±0.023 0.124±0.012

60160095002 2016-02-05 21206 0.119±0.024 0.127±0.038 0.133±0.020

AM 0224-283 Sy1 60363002002 2017-06-17 22063 0.042±0.024 0.290±0.040 0.134±0.021

NGC 1275 Sy1 60061361002 2015-11-03 19874 0.014±0.005 0.053±0.011 0.021±0.004

90202046004 2017-02-04 28169 0.014±0.004 0.139±0.009 0.016±0.004

1H 0419-577 Sy1 60101039002 2015-06-03 169473 0.040±0.004 0.037±0.006 0.036±0.003

2MASX J04372814-4711298 Sy1 60160197002 2015-12-09 19986 0.211±0.020 0.168±0.037 0.178±0.017

IRAS 04392-2713 Sy1 60160201002 2015-12-20 19556 0.081±0.016 0.113±0.028 0.083±0.014

Ark 120 Sy1 60001044004 2014-03-22 65458 0.051±0.004 0.058±0.006 0.049±0.003

4U 1344−60 Sy1 60201041002 2016-09-17 99464 0.105±0.003 0.094±0.004 0.101±0.002

ESO 141−G055 Sy1 60201042002 2016-07-15 93011 0.099±0.004 0.075±0.006 0.094±0.003

ESO 362−G18 Sy1 60201046002 2016-09-24 101906 0.222±0.006 0.150±0.008 0.195±0.005

Mrk 1040 Sy1 60101002002 2015-08-12 62960 0.089±0.005 0.069±0.007 0.081±0.004

60101002004 2015-08-15 64252 0.099±0.005 0.070±0.008 0.090±0.004

Mrk 509 Sy1 60101043002 2015-04-29 165893 0.033±0.002 0.044±0.003 0.032±0.002

60101043004 2015-06-02 36475 0.044±0.005 0.085±0.008 0.049±0.004

NGC 3783 Sy1 60101110002 2016-08-22 41271 0.097±0.006 0.041±0.009 0.093±0.005

60101110004 2016-08-24 42434 0.057±0.005 0.017±0.006 0.044±0.004
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Table 3.4: Results of the analysis of variability. Column information are the
same as in Table 3.1.

Name Type OBS ID Date Exposure Fvar ± err(Fvar)

3−10 keV 10−79 keV 3−79 keV

MCG+8-11-11 Sy1 60201027002 2016-08-16 97925 0.053±0.003 0.048±0.004 0.050±0.003

IRAS 05581+0006 Sy1 60160255002 2015-12-12 21146 0.103±0.030 0.146±0.033 0.053±0.022

MCG+02 21 013 Sy1 60260001002 2017-03-11 20336 0.181±0.020 0.186±0.026 0.166±0.016

Mrk 704 Sy1 60061090002 2014-12-28 21523 0.096±0.013 0.140±0.017 0.071±0.011

Mrk 110 Sy1 60201025002 2017-01-23 184563 0.054±0.002 0.049±0.004 0.053±0.002

MCG-5-23-16 Sy1 10002019001 2012-07-16 33927 0.088±0.003 0.074±0.005 0.082±0.003

60001046002 2013-06-03 160478 0.104±0.003 0.097±0.005 0.096±0.003

60001046004 2015-02-15 210887 0.138±0.002 0.120±0.002 0.132±0.001

60001046006 2015-02-21 98472 0.104±0.002 0.083±0.004 0.096±0.002

60001046008 2015-03-13 220845 0.110±0.001 0.091±0.002 0.103±0.001

3C 227 Sy1 60061329004 2014-02-26 12064 0.036±0.018 0.158±0.023 0.066±0.016

NGC 3516 Sy1 60002042004 2014-07-11 72089 0.053±0.010 0.122±0.014 0.060±0.009

Mrk 732 Sy1 60061208002 2013-06-11 26359 0.043±0.013 0.041±0.019 0.085±0.013

NGC 4151 Sy1 60001111002 2012-11-12 21864 0.049±0.003 0.058±0.004 0.050±0.002

60001111003 2012-11-12 57036 0.099±0.004 0.081±0.003 0.069±0.003

60001111005 2012-11-14 61531 0.099±0.002 0.082±0.003 0.088±0.002

Mrk 231 Sy1 60002025004 2013-05-09 28557 0.215±0.044 0.149±0.062 0.047±0.041

MCG −06−30−15 Sy1 60001047002 2013-01-29 23270 0.225±0.007 0.181±0.012 0.199±0.007

60001047003 2013-01-30 127232 0.314±0.003 0.263±0.005 0.289±0.003

60001047005 2013-02-02 29646 0.173±0.007 0.140±0.010 0.154±0.006

NGC 5506 Sy1 60061323002 2014-04-01 56585 0.072±0.004 0.052±0.006 0.063±0.004

NGC 5548 Sy1 60002044006 2013-09-10 51460 0.066±0.005 0.094±0.007 0.066±0.005

60002044008 2013-12-20 50103 0.057±0.006 0.054±0.008 0.073±0.006

Mrk 290 Sy1 60061266002 2013-11-14 25012 0.087±0.013 0.032±0.020 0.023±0.013

60061266004 2013-11-27 26348 0.038±0.014 0.173±0.021 0.057±0.013

3C 390.3 Sy1 60001082002 2013-05-24 23643 0.042±0.006 0.062±0.010 0.053±0.006

60001082003 2013-05-24 47559 0.020±0.005 0.072±0.007 0.020±0.005

ARK 241 Sy1 60160392002 2017-12-22 20329 0.203±0.015 0.207±0.026 0.204±0.013

NGC 3227 Sy1 60202002002 2016-11-09 49800 0.198±0.004 0.119±0.006 0.161±0.004

60202002004 2016-11-25 42462 0.211±0.007 0.184±0.008 0.193±0.005

60202002006 2016-11-29 39689 0.218±0.006 0.143±0.008 0.194±0.005

60202002008 2016-12-01 41818 0.160±0.005 0.096±0.008 0.143±0.004

60202002010 2016-12-05 40887 0.090±0.006 0.099±0.007 0.083±0.004

60202002012 2016-12-09 39282 0.091±0.011 0.203±0.007 0.118±0.008

60202002014 2017-01-21 47602 0.183±0.004 0.133±0.006 0.167±0.003

SDSS J104326d47+110524d2 Sy1 60160406002 2016-06-14 20158 0.212±0.023 0.323±0.048 0.198±0.020

2MASX J10523297+1036205 Sy1 60160414002 2017-01-30 40696 0.127±0.015 0.088±0.021 0.098±0.012

PG 1100+772 Sy1 60463031002 2018-01-02 19803 0.097±0.021 0.096±0.040 0.070±0.019

SBS 1136+594 Sy1 60160443002 2014-12-26 23531 0.060±0.012 0.159±0.021 0.097±0.011

UGC 06728 Sy1 60376007002 2017-10-13 58077 0.258±0.006 0.215±0.010 0.244±0.005

RBS 1037 Sy1 60061215002 2017-02-02 40679 0.080±0.018 0.052±0.032 0.058±0.016

PKS J1220+0203 Sy1 60301001002 2017-06-06 50517 0.173±0.012 0.239±0.022 0.177±0.011

2MASX J12313717−4758019 Sy1 60160498002 2016-08-21 19359 0.267±0.020 0.268±0.032 0.242±0.018

RBS 1125 Sy1 60061229002 2016-07-28 19936 0.135±0.023 0.261±0.045 0.073±0.021
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Table 3.5: Results of the analysis of variability. Column information are the
same as in Table 3.1.

Name Type OBS ID Date Exposure Fvar ± err(Fvar)

3−10 keV 10−79 keV 3−79 keV

NGC 4593 Sy1 60001149002 2014-12-29 23319 0.195±0.016 0.127±0.012 0.170±0.012

60001149004 2014-12-31 21681 0.087±0.011 0.160±0.015 0.100±0.009

60001149006 2015-01-02 21333 0.080±0.010 0.034±0.016 0.076±0.009

60001149010 2015-01-06 21209 0.162±0.008 0.105±0.012 0.109±0.007

6dF J1254564−265702 Sy1 60363001002 2017-06-25 20296 0.076±0.018 0.187±0.031 0.050±0.015

ESO 323-G077 Sy1 60202021002 2016-12-14 39361 0.116±0.017 0.150±0.015 0.084±0.011

60202021004 2016-12-20 42533 0.148±0.018 0.111±0.016 0.071±0.012

60202021006 2017-01-04 43403 0.132±0.016 0.111±0.014 0.095±0.011

60202021008 2017-02-03 43295 0.206±0.015 0.167±0.017 0.172±0.012

NGC 4992 Sy1 60061239002 2015-01-27 23465 0.155±0.023 0.203±0.018 0.174±0.014

2MASS J1346085+732053 Sy1 60160556002 2017-06-25 17965 0.147±0.029 0.239±0.053 0.132±0.025

Mrk 813 Sy1 60160583002 2017-01-23 24562 0.166±0.014 0.129±0.026 0.166±0.013

Mrk 817 Sy1 60160590002 2015-07-25 21922 0.211±0.016 0.221±0.025 0.211±0.013

3C 309.1 Sy1 60376006002 2017-11-16 61099 0.101±0.018 0.063±0.032 0.092±0.016

IC 1198 Sy1 60361014002 2017-05-07 26973 0.080±0.017 0.057±0.025 0.089±0.014

WKK 6092 Sy1 60160632002 2018-04-27 22052 0.177±0.012 0.207±0.019 0.075±0.010

VII Zw653 Sy1 60160639002 2017-06-08 27580 0.109±0.016 0.170±0.030 0.025±0.014

4C +18.51 Sy1 60160672002 2017-03-27 22512 0.121±0.026 0.114±0.047 0.138±0.022

3C 382 Sy1 60202015006 2016-09-22 20825 0.033±0.006 0.017±0.010 0.024±0.005

1RXS J184642.2+842506 Sy1 60464157002 2018-03-27 16004 0.151±0.030 0.233±0.052 0.198±0.027

IGR J19378-0617 Sy1 60101003002 2015-10-01 65527 0.218±0.005 0.200±0.011 0.205±0.005

NGC 6814 Sy1 60201028002 2016-07-04 148436 0.261±0.003 0.202±0.004 0.239±0.002

4C 74.26 Sy1 60001080002 2014-09-21 19065 0.199±0.009 0.160±0.016 0.026±0.009

2MASX J21192912+3332566 Sy1 60061358002 2015-01-17 21484 0.053±0.013 0.086±0.023 0.071±0.012

1RXS J213445.2−272551 Sy1 60061306002 2013-10-22 19809 0.045±0.017 0.139±0.029 0.026±0.017

60363005002 2017-04-16 21064 0.078±0.015 0.049±0.026 0.047±0.013

ESO 344-G016 Sy1 60361017002 2017-06-29 24868 0.112±0.011 0.135±0.021 0.121±0.010

3C 445 Sy1 60160788002 2016-05-15 19930 0.054±0.016 0.052±0.019 0.059±0.012

MR 2251-178 Sy1 60102025002 2015-05-18 23116 0.023±0.006 0.024±0.009 0.025±0.005

60102025008 2015-12-11 21709 0.027±0.006 0.072±0.009 0.022±0.005

2MASX J23013626−5913210 Sy1 60160814002 2017-10-05 19500 0.050±0.017 0.104±0.029 0.037±0.015

NGC 7469 Sy1 60101001002 2015-06-12 21579 0.106±0.008 0.053±0.012 0.096±0.007

60101001006 2015-12-15 22521 0.062±0.008 0.049±0.012 0.042±0.007

60101001008 2015-12-22 23483 0.041±0.007 0.035±0.011 0.033±0.006

60101001010 2015-12-25 20846 0.049±0.006 0.064±0.010 0.040±0.005

60101001014 2015-12-28 23400 0.064±0.006 0.065±0.010 0.056±0.005

Mrk 926 Sy1 60201029002 2016-11-21 106205 0.017±0.003 0.026±0.004 0.022±0.002

NGC 7582 Sy1 60201003002 2016-04-28 48495 0.218±0.007 0.152±0.007 0.183±0.005

60061318002 2012-08-31 16463 0.152±0.018 0.108±0.016 0.137±0.013

GRS1734-292 Sy1 60061279002 2014-09-16 20293 0.030±0.005 0.025±0.008 0.018±0.005

IC 4329A Sy1 60001045002 2012-08-12 162399 0.118±0.002 0.103±0.004 0.109±0.002

Fairall 1203 Sy2 60160002002 2015-04-11 34128 0.058±0.018 0.142±0.028 0.077±0.016

Mrk 348 Sy2 60160026002 2015-10-28 21520 0.029±0.006 0.029±0.008 0.026±0.005

NGC 2992 Sy2 60160371002 2015-12-02 20798 0.069±0.005 0.064±0.008 0.067±0.004

NGC 7172 Sy2 60061308002 2014-10-07 32001 0.071±0.005 0.071±0.006 0.077±0.004
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Table 3.6: Results of the analysis of variability. Column information are the
same as in Table 3.1.

Name Type OBS ID Date Exposure Fvar ± err(Fvar)

3−10 keV 10−79 keV 3−79 keV

NGC 7314 Sy2 60201031002 2016-05-13 100424 0.271±0.003 0.195±0.005 0.250±0.003

NGC 454E Sy2 60061009002 2016-02-14 24229 0.265±0.044 0.158±0.038 0.210±0.028

2MASX J01402676-5319389 Sy2 60160072002 2015-03-03 22558 0.118±0.021 0.140±0.028 0.105±0.017

NGC 513 Sy2 60061012002 2013-02-16 16040 0.113±0.027 0.097±0.033 0.115±0.023

NGC 788 Sy2 60061018002 2013-01-28 15411 0.088±0.031 0.110±0.024 0.093±0.020

NGC 1068 Sy2 60002030002 2012-12-18 57851 0.057±0.010 0.054±0.013 0.027±0.008

60002030004 2012-12-20 48560 0.035±0.010 0.071±0.013 0.065±0.009

60002030006 2012-12-21 19461 0.052±0.016 0.120±0.020 0.087±0.013

NGC 1365 Sy2 60002046002 2012-07-25 36258 0.276±0.010 0.311±0.034 0.215±0.019

60002046003 2012-07-26 40588 0.157±0.011 0.103±0.011 0.130±0.008

60002046005 2012-12-24 66297 0.202±0.005 0.161±0.007 0.172±0.004

60002046007 2013-01-23 73650 0.431±0.004 0.255±0.007 0.338±0.004

60002046009 2013-02-12 69877 0.397±0.006 0.218±0.009 0.280±0.006

MCG +03−13−01 Sy2 60061051002 2014-03-18 20088 0.139±0.045 0.047±0.040 0.122±0.031

XSS J05054−2348 Sy2 60061056002 2013-08-21 21161 0.035±0.010 0.077±0.013 0.060±0.009

60002033002 2014-08-18 52062 0.055±0.011 0.099±0.013 0.056±0.008

MCG+00-09-042 Sy2 60160148002 2016-10-15 24191 0.154±0.016 0.091±0.025 0.080±0.014

SWIFT J0357.5-6255 Sy2 60201034002 2016-05-06 26562 0.121±0.034 0.177±0.026 0.110±0.020

MRSS 302-039347 Sy2 60061341002 2015-04-13 21904 0.189±0.023 0.207±0.041 0.195±0.020

3C 105 Sy2 60261003002 2016-08-21 20740 0.164±0.039 0.158±0.038 0.127±0.027

ESO033 G002 Sy2 60061054002 2014-05-04 23573 0.105±0.011 0.090±0.018 0.103±0.010

2MASX J05043414-7349269 Sy2 60160217002 2016-09-30 22668 0.244±0.042 0.291±0.050 0.167±0.033

Pictor A Sy2 60101047002 2015-12-03 109459 0.041±0.006 0.141±0.011 0.054±0.005

IRAS 05189−2524 Sy2 60002027002 2013-02-20 23141 0.060±0.023 0.236±0.038 0.177±0.023

60002027004 2013-10-02 25370 0.213±0.026 0.181±0.045 0.227±0.025

60201022002 2016-09-05 155096 0.263±0.008 0.341±0.015 0.280±0.007

NGC 2110 Sy2 60061061004 2013-02-14 12019 0.028±0.008 0.028±0.011 0.073±0.007

IRAS 07378−3136 Sy2 60061351002 2014-04-20 23952 0.077±0.020 0.075±0.020 0.038±0.015

Mrk 1210 Sy2 60061078002 2012-10-05 15447 0.115±0.014 0.120±0.015 0.121±0.011

MCG +01−24−012 Sy2 60061091002 2013-04-03 12376 0.063±0.014 0.076±0.020 0.048±0.013

60061091004 2013-04-10 9386 0.141±0.016 0.044±0.022 0.111±0.014

60061091006 2013-04-18 12178 0.171±0.015 0.026±0.028 0.053±0.016

60061091010 2013-05-12 15334 0.050±0.011 0.050±0.016 0.024±0.010

60061091012 2013-05-22 12289 0.063±0.012 0.020±0.017 0.038±0.011

NGC 3079 Sy2 60061097002 2013-11-12 21542 0.126±0.054 0.131±0.029 0.125±0.026

NGC 4395 Sy2 60061322002 2013-05-10 19249 0.365±0.015 0.281±0.018 0.320±0.013

Mrk 3 Sy2 60002049004 2015-04-05 24703 0.041±0.010 0.026±0.008 0.032±0.007

60002049010 2015-04-20 27987 0.047±0.010 0.030±0.009 0.035±0.007

ESO 121-IG028 Sy2 60061065002 2014-08-08 22049 0.102±0.025 0.164±0.024 0.095±0.018

NGC 2273 Sy2 60001064002 2014-03-23 23233 0.155±0.037 0.227±0.040 0.124±0.027

2MASX J07084326-4642494 Sy2 60160284002 2015-07-18 25681 0.109±0.020 0.229±0.041 0.169±0.020

ESO 428-G014 Sy2 60001152002 2015-01-11 40246 0.269±0.038 0.206±0.037 0.190±0.027

SDSS J0758+3923 Sy2 60001131002 2014-09-12 45132 0.264±0.014 0.238±0.024 0.256±0.012

NGC 2712 Sy2 60161342002 2017-12-03 17710 0.226±0.027 0.283±0.044 0.231±0.023



Chapter 3: X-ray flux variability of AGN 35

Table 3.7: Results of the analysis of variability. Column information are the
same as in Table 3.1.

Name Type OBS ID Date Exposure Fvar ± err(Fvar)

3−10 keV 10−79 keV 3−79 keV

IC 2461 Sy2 60061353002 2014-06-13 32913 0.195±0.017 0.213±0.025 0.193±0.014

2MASX J09235371-3141305 Sy2 60061339002 2014-04-19 21306 0.168±0.031 0.065±0.025 0.113±0.019

SWIFT J0926.1+6931 Sy2 60201030002 2016-06-30 45610 0.121±0.016 0.077±0.023 0.122±0.013

2MASX J09261742-8421330 Sy2 60160360002 2015-11-3 35128 0.217±0.017 0.238±0.033 0.195±0.016

NGC 3147 Sy2 60101032002 2015-12-27 49264 0.120±0.016 0.172±0.026 0.096±0.014

ESO 500-34 Sy2 60061100002 2017-12-15 18298 0.361±0.034 0.279±0.042 0.306±0.027

NGC 3281 Sy2 60061201002 2016-01-22 22986 0.117±0.027 0.175±0.021 0.156±0.017

MCG+12-10-067 Sy2 60061204002 2015-01-15 24776 0.136±0.027 0.071±0.039 0.114±0.023

MCG+06-24-008 Sy2 60061359002 2014-11-02 24108 0.172±0.023 0.135±0.037 0.102±0.020

NGC 3393 Sy2 60061205002 2013-01-28 15661 0.203±0.084 0.173±0.033 0.179±0.030

IGRJ 11366-6002 Sy2 60061213002 2014-10-29 21566 0.269±0.018 0.253±0.030 0.271±0.015

NGC 3822 Sy2 60061332002 2016-01-12 21299 0.201±0.026 0.258±0.050 0.179±0.024

2MASX J11462959+7421289 Sy2 60061214002 2013-12-10 22833 0.165±0.025 0.246±0.046 0.118±0.022

MCG 01-30-041 Sy2 60061216002 2017-06-14 26904 0.224±0.016 0.189±0.028 0.210±0.014

NGC 3998 Sy2 60201050002 2016-10-25 103936 0.044±0.010 0.134±0.017 0.059±0.009

IC 751 Sy2 60001148002 2014-11-28 26290 0.267±0.031 0.320±0.043 0.292±0.027

ESO 505-30 Sy2 60061226002 2018-01-28 21670 0.164±0.018 0.227±0.024 0.153±0.015

NGC 4258 Sy2 60101046002 2015-11-16 54785 0.131±0.015 0.184±0.024 0.079±0.013

60101046004 2016-01-10 103616 0.104±0.013 0.195±0.020 0.102±0.011

NGC 4579 Sy2 60201051002 2016-12-06 117843 0.148±0.007 0.062±0.015 0.130±0.007

IGR J12391-1612 Sy2 60061232002 2016-01-15 21354 0.152±0.024 0.259±0.039 0.150±0.020

WKK 1263 Sy2 60160510002 2016-04-27 16373 0.034±0.008 0.061±0.014 0.022±0.007

NGC 4785 Sy2 60001143002 2014-08-20 48832 0.095±0.026 0.199±0.028 0.000±0.020

NGC 4939 Sy2 60002036002 2017-02-17 22043 0.098±0.029 0.150±0.026 0.137±0.020

NGC 4945 Sy2 60002051002 2013-02-10 45215 0.161±0.015 0.199±0.008 0.183±0.007

60002051004 2013-06-15 54616 0.074±0.012 0.194±0.005 0.163±0.005

60002051006 2013-07-05 34713 0.150±0.021 0.280±0.010 0.247±0.009

Mrk 248 Sy2 60061241002 2013-04-21 12901 0.033±0.019 0.017±0.025 0.036±0.017

60061241004 2013-11-17 28909 0.040±0.013 0.016±0.018 0.065±0.011

60061241006 2013-11-23 23056 0.127±0.015 0.115±0.022 0.107±0.014

60363006002 2017-11-15 22053 0.063±0.013 0.099±0.020 0.061±0.011

NGC 5273 Sy2 60061350002 2014-07-14 21119 0.167±0.009 0.130±0.013 0.153±0.009

NGC 5674 Sy2 60061337002 2014-07-10 20671 0.073±0.014 0.107±0.021 0.051±0.013

Mrk 477 Sy2 60061255002 2014-05-15 18076 0.085±0.022 0.027±0.025 0.027±0.018

IRAS 13197-1627 Sy2 60101020002 2016-01-17 78501 0.254±0.013 0.244±0.011 0.248±0.008

ESO 383-18 Sy2 60261002002 2016-01-20 106583 0.121±0.007 0.114±0.008 0.096±0.005

60061243002 2014-09-11 17343 0.088±0.019 0.102±0.020 0.078±0.014

UM 614 Sy2 60160560002 2015-03-31 18200 0.074±0.016 0.078±0.025 0.062±0.014

NGC 5899 Sy2 60061348002 2014-04-08 23880 0.124±0.016 0.163±0.021 0.111±0.013

Mrk 1498 Sy2 60160640002 2015-05-11 23697 0.053±0.011 0.021±0.014 0.034±0.009

NGC 6221 Sy2 60160651002 2016-05-23 18470 0.243±0.020 0.096±0.031 0.222±0.017

NGC 6240 Sy2 60102042004 2015-09-06 23010 0.185±0.024 0.034±0.016 0.045±0.013

2MASX J16531506+2349431 Sy2 60160654002 2018-01-19 27636 0.189±0.024 0.188±0.032 0.164±0.020
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Table 3.8: Results of the analysis of variability. Column information are the
same as in Table 3.1.

Name Type OBS ID Date Exposure Fvar ± err(Fvar)

3−10 keV 10−79 keV 3−79 keV

NGC 6300 Sy2 60061277002 2013-02-25 17706 0.280±0.010 0.184±0.012 0.226±0.008

60261001002 2016-01-24 20433 0.245±0.010 0.159±0.013 0.200±0.008

60261001004 2016-08-24 23543 0.218±0.012 0.136±0.015 0.187±0.009

LEDA 3097193 Sy2 60061354002 2014-05-19 15645 0.114±0.015 0.132±0.019 0.133±0.013

2MASX J18305065+0928414 Sy2 60061285002 2015-11-15 22719 0.165±0.029 0.239±0.043 0.131±0.025

ESO 103-35 Sy2 60061288002 2013-02-24 27391 0.054±0.007 0.021±0.009 0.057±0.006

60061288002 2013-02-24 27391 0.047±0.007 0.045±0.009 0.049±0.006

IGR J19473+4452 Sy2 60061292002 2012-11-06 18214 0.024±0.017 0.069±0.024 0.057±0.015

MCG +07−41−003 Sy2 60001083004 2013-03-01 20715 0.019±0.006 0.040±0.009 0.029±0.006

IGR J20187+4041 Sy2 60061297002 2013-12-21 20967 0.099±0.017 0.065±0.021 0.080±0.014

PKS 1916-300 Sy2 60160707002 2017-08-08 21789 0.178±0.018 0.182±0.031 0.162±0.016

2MASX J20005575-1810274 Sy2 60061295002 2016-10-25 21903 0.075±0.013 0.119±0.021 0.066±0.011

IGR J20216+4359 Sy2 60061298002 2014-10-03 21100 0.112±0.031 0.128±0.033 0.129±0.020

Mrk 915 Sy2 60002060002 2014-12-02 52980 0.086±0.008 0.116±0.014 0.073±0.007

60002060004 2014-12-07 54253 0.168±0.011 0.153±0.015 0.141±0.009

60002060006 2014-12-12 50684 0.233±0.013 0.263±0.018 0.224±0.011

MCG+01-57-016 Sy2 60061343002 2014-11-18 21366 0.298±0.020 0.206±0.032 0.252±0.017

3C 452 Sy2 60261004002 2017-05-01 51814 0.163±0.013 0.129±0.013 0.055±0.009

MCG 03-58-007 Sy2 60101027002 2015-12-06 137921 0.419±0.012 0.231±0.018 0.351±0.010

UGC 12348 Sy2 60001147002 2014-12-09 26708 0.182±0.017 0.186±0.031 0.176±0.015

PKS 2356−61 Sy2 60061330002 2014-08-10 23091 0.145±0.022 0.202±0.034 0.117±0.018

SWIFT J2015.2+2526 Sy2 60201032002 2017-05-27 28131 0.155±0.021 0.185±0.032 0.156±0.018

Table 3.9: Weighted mean variability characteristics of different classes of
AGN. N1 and N2 represent the number of objects and the number of OBSIDs
respectively.

Type N1 N2 (Fvar ± err(Fvar))

3−10 keV 10−79 keV 3−79 keV

FSRQ 11 19 0.060±0.042 0.064±0.038 0.062±0.033

BL Lac 13 46 0.303±0.179 0.316±0.147 0.268±0.142

Sy1 74 113 0.103±0.061 0.093±0.050 0.099±0.057

Sy2 87 113 0.162±0.124 0.132±0.079 0.135±0.093

NLSy1 18 32 0.227±0.119 0.157±0.098 0.207±0.112

Blazars 24 65 0.273±0.186 0.219±0.170 0.201±0.153
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Table 3.10: Results of the shortest flux doubling/halving time in minutes and
its significance. Column information are (1) name of the source, (2) type of
the source (3) OBSID, (4) flux doubling time scale and its error in minutes in
the 3−10 keV band, (5) significance of the doubling time scale in the 3−10 keV
band, (6) flux doubling time scale and its error in minutes in the 10−79 keV
band and (7) significance of the doubling time scale in the 10−79 keV band.

Name Type OBSID τ Sig. τ Sig.

(3−10 keV) (10−79 keV)

(min.) (min.)

(1) (2) (3) (4) (5) (6) (7)

3C 120 Sy1 60001042002 17.36 ± 5.60 3.11 5.25 ± 2.01 3.33

MCG +07−41−003 Sy2 60001083002 16.82 ± 5.49 3.07 9.13 ± 2.63 3.56

NGC 4051 NLSy1 60001050008 6.96 ± 1.25 5.65 5.70 ± 1.48 3.91

NGC 4151 Sy1 60001111005 16.42 ± 5.78 3.08 23.53 ± 6.36 3.70

Mrk 421 BLLac 10002015001 23.40 ± 6.66 3.52 43.40 ± 13.44 3.85

60002023006 22.32 ± 6.80 3.29 3.04 ± 1.23 3.75

60002023022 113.64 ± 15.26 7.71 96.20 ± 26.51 3.78

60002023025 37.08 ± 8.69 4.27 16.59 ± 4.44 3.98

60002023027 55.84 ± 4.72 11.57 47.44 ± 8.28 5.58

60002023031 34.13 ± 3.47 9.84 34.72 ± 9.89 3.43

60002023033 55.96 ± 16.92 3.31 22.33 ± 6.48 3.45

60002023035 25.11 ± 2.54 9.88 25.07 ± 5.60 4.48

3C 273 FSRQ 10002020001 20.64 ± 6.36 3.25 11.06 ± 2.45 4.52

IC 4329A Sy1 60001045002 22.11 ± 7.27 3.05 14.12 ± 4.19 3.38

MCG −05−23−16 Sy1 60001046002 99.58 ± 23.12 4.23 3.35 ± 1.45 3.89

MCG −06−30−15 Sy1 60001047003 10.45 ± 3.18 3.30 7.89 ± 2.53 3.15

PDS 456 NLSy1 60002032002 4.94 ± 1.45 3.27 1.99 ± 0.85 3.34

IGR J21277+5656 NLSy1 60001110002 10.36 ± 2.84 3.68 32.59 ± 8.63 3.56

60001110005 5.78 ± 1.93 3.79 51.47 ± 17.07 3.04

NGC 1068 Sy2 60002030004 17.63 ± 8.07 3.98 5.12 ± 1.72 3.02

NGC 1365 Sy2 60002046005 10.49 ± 2.45 4.32 5.36 ± 2.17 3.14

60002046007 8.45 ± 2.16 3.94 7.70 ± 2.83 3.04

60002046009 10.56 ± 3.16 3.35 7.76 ± 2.39 3.28

NGC 1052 Sy2 60061027002 3.53 ± 1.45 3.10 1.86 ± 1.02 3.67

NGC 4395 Sy2 60061322002 3.08 ± 0.44 7.33 4.35 ± 1.08 4.13

NGC 3227 Sy1 60202002004 25.922 ± 12.271 3.479 16.315 ± 9.671 3.728

60202002012 32.748 ± 11.004 3.297 10.952 ± 3.576 3.025

IGRJ19378−0617 Sy1 60101003002 6.772 ± 1.463 4.693 6.116 ± 1.933 3.208

NGC 6814 Sy1 60201028002 12.457 ± 3.603 3.462 6.911 ± 2.470 3.082

MR2251−178 Sy1 60102025002 16.806 ± 5.285 3.186 9.529 ± 2.974 3.243

60102025008 5.456 ± 0.712 7.870 4.258 ± 0.747 5.952

Ark 120 Sy1 60001044004 14.566 ± 4.581 3.187 8.862 ± 2.876 3.117

MCG+8−11−11 Sy1 60201027002 16.651 ± 5.034 3.313 10.938 ± 3.459 3.181

MCG−5−23−16 Sy1 60001046008 12.233 ± 4.422 3.083 14.719 ± 4.859 3.037

Pictor A Sy2 60101047002 4.042 ± 1.307 3.864 1.595 ± 0.988 3.017

NGC 3998 Sy2 60201050002 3.344 ± 1.127 3.388 3.147 ± 1.155 3.020

NGC 4579 Sy2 60201051002 4.288 ± 1.682 3.171 2.451 ± 0.819 3.198

NGC 4945 Sy2 60002051002 4.724 ± 1.612 3.018 9.480 ± 2.760 3.472

ESO383-18 Sy2 60261002002 5.101 ± 1.657 3.197 16.048 ± 9.410 3.419

Mrk 915 Sy2 60002060004 6.926 ± 2.289 3.059 3.715 ± 1.280 3.199

Ark 564 NLSy1 60101031002 6.163 ± 1.344 4.008 3.462 ± 1.263 3.006
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Figure 3.4: Correlation between HR and the count rate in the 3−79 keV
band. The blue solid line is the weighted linear least squares fit to the data.
Here R refers to correlation co-efficient.

3.2 Flux variability time scale

AGN in X-ray wavelengths are known to vary rapidly in the range of hours to

minutes and the knowledge of these time scales is very important because it has

implications on the size of the continuum-emitting region. For sources that have

shown flux variations, we scanned their light curves in the energy range 3−10 keV

and 10−79 keV to find the time scale of flux variations. To find the flux doubling

time/halving time we used the following relation:

F (t) = F (t0)× 2(t−t0)/τ (3.5)
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Figure 3.5: Correlation of flux variations between soft and hard bands for
the different classes of AGN. Soft band and hard band correspond to 3−10 and
10−79 keV respectively. The dashed lines have a slope of unity and indicate
identical variation of Fvar values between soft and hard bands.

here, τ represents the characteristic flux doubling/halving time scale and F (t0) and

F (t) are values of the fluxes at time t0 and t respectively. We calculated the flux

doubling/halving time by imposing the condition that the difference between the

fluxes at times t0 and t is greater than 3σ (Foschini et al. 2011). This 3σ criteria

ensures that the derived flux doubling/halving times are statistically significant.

The output of this analysis obtained from Equation 5 is listed in Table 3.10. The

quoted uncertainties in τ are the 1 σ errors. A total of 29 sources are found to

have flux doubling/halving time scale. We noticed that all type of sources are

found to have flux doubling/halving time scale. In the soft band the shortest flux

doubling time of 3.08 ± 0.44 min was seen in NGC 4395, while in the hard band,

the shortest flux doubling time scale was noticed in Pictor A with a value of 1.6

± 1.0 min.
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Figure 3.6: Correlation between Fvar in the 3−79 keV band and z for different
classes of AGN. Solid line is the linear least squares fit to the data.

3.3 Spectral variability

To characterise the spectral variations, we followed a model independent approach

by constructing the diagrams of hardness ratio (HR) plotted as a function of total

count rates in the 3−79 keV energy range. HR is estimated using the following

relation

HR = Fhard/Fsoft (3.6)

where, Fhard and Fsoft refers to the fluxes in the 10−79 keV and the 3−10 keV

bands respectively. The HR is computed from light curves that cover a wide

energy range. Therefore the disadvantage in using HR to characterize spectral
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Table 3.11: Results of correlation analysis between HR and flux variations in
the 3 − 79 keV band. The column information are as follows (1) name, (2) type
of the source (3) OBSID, (4) date of observation (5) exposure time in seconds,
(6) slope and error in slope, (7) intercept and error in intercept, (8) reduced χ2,
(9) probability for no correlation and (10) linear correlation coefficient.

Name Type OBSID Date Exposure Slope Intercept χ2
red P R

Mrk 421 BL Lac 10002016001 2012-07-08 24885 0.005 ± 0.000 0.081 ± 0.003 0.900 < 10−5 0.8

60002023022 2013-04-02 24772 0.003 ± 0.000 0.062 ± 0.006 3.030 < 10−5 0.8

60002023025 2013-04-11 57509 0.001 ± 0.000 0.133 ± 0.000 6.954 < 10−5 0.5

60002023027 2013-04-12 7630 0.000 ± 0.000 0.119 ± 0.000 1.984 < 10−5 0.7

60002023031 2013-04-14 15606 0.000 ± 0.000 0.176 ± 0.000 2.924 < 10−5 0.9

60002023035 2013-04-16 20279 0.001 ± 0.000 0.169 ± 0.000 3.562 < 10−5 0.7

60202048004 2017-01-31 21564 0.004 ± 0.000 0.093 ± 0.006 1.454 1.2 × 10−26 0.9

60202048008 2017-03-27 31228 0.004 ± 0.001 0.124 ± 0.006 1.281 6.8 × 10−08 0.5

3C 273 FSRQ 00015012001 2012-07-01 2881 0.085 ± 0.034 −0.186 ± 0.262 1.193 0.010 0.7

00015016001 2012-07-02 2990 0.049 ± 0.032 0.168 ± 0.187 0.984 0.029 0.7

00015017001 2012-07-02 3003 −0.085 ± 0.028 1.038 ± 0.208 1.809 0.015 −0.7

NGC 1365 Sy2 60002046007 2013-01-23 73650 −0.093 ± 0.007 0.679 ± 0.018 1.890 < 10−5 −0.7

NGC 5548 Sy1 60002044005 2013-07-23 49521 −0.192 ± 0.027 1.060 ± 0.077 1.301 < 10−5 −0.5

NGC 3227 Sy1 60202002002 2016-11-09 49800 −0.058 ± 0.007 0.661 ± 0.021 1.086 2.9 × 10−13 −0.5

60202002006 2016-11-29 39689 −0.046 ± 0.007 0.594 ± 0.020 1.056 7.9 × 10−09 −0.5

60202002008 2016-12-01 41818 −0.040 ± 0.007 0.584 ± 0.024 0.999 1.8 × 10−10 −0.5

NGC 4945 Sy2 60002051004 2013-06-15 54616 2.521 ± 0.242 1.310 ± 0.380 0.927 3.4 × 10−12 0.5

NGC 4593 Sy1 60001149002 2014-12-29 23319 −0.079 ± 0.013 0.564 ± 0.025 0.786 4.4 × 10−10 −0.6

NGC 7314 Sy2 60201031002 2016-05-13 100424 −0.036±0.003 0.467±0.009 1.088 7.02 × 10−28 −0.5

NGC 7582 Sy1 60201003002 2016-04-28 48495 -0.242 ± 0.031 1.370 ± 0.052 0.930 1.4 × 10−11 −0.5
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Figure 3.7: Correlation between Fvar and z for the full sample of sources.
The data are binned in redshift with a bin size of 0.47. The black and blue solid
lines are respectively the weighted and unweighted linear least squares fit to the
data.
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Table 3.12: Results of statistical tests to compare the Fvar properties of
different classes of AGN. Here, Yes indicates that the null hypothesis is rejected,
while No indicates the acceptance of the null hypothesis

Parameters Mann-Whitney U test Kolmogorov-Smirnov test

Uobs Ucrit Null hypothesis P D Dcrit Null hypothesis P

Sy1 & Sy2 (soft band) 5035.5 5420.7 Yes 0.007 0.2034 0.1809 Yes 0.019

Sy1 & Sy2 (hard band) 5176.5 5420.7 Yes 0.014 0.1947 0.1809 Yes 0.028

Sy1 & Sy2 (full band) 4962.5 5420.7 Yes 0.004 0.2301 0.1809 Yes 0.005

BL Lac & FSRQ (soft band) 257.5 300.6 Yes 0.010 0.3707 0.3709 No 0.050

BL Lac & FSRQ (hard band) 204.0 300.6 Yes 0.008 0.4668 0.3709 Yes 0.006

BL Lac & FSRQ (full band) 227.5 300.6 Yes 0.003 0.4416 0.3709 Yes 0.011

Sy & blazars (soft band) 6974.5 6172.7 No 0.535 0.0998 0.1914 No 0.696

Sy & blazars (hard band) 5683.0 6172.7 Yes < 0.005 0.1901 0.1914 No < 0.052

Sy & blazars (full band) 5931.0 6172.7 Yes < 0.018 0.1628 0.1914 No 0.138

Sy1 (hard v/s soft) 6120.0 5420.7 No 0.589 0.0708 0.1809 No 0.940

Sy2 (hard v/s soft) 6235.0 5420.7 No 0.764 0.0973 0.1809 No 0.658

BL Lac (hard v/s soft) 781.0 806.5 Yes 0.031 0.2174 0.2835 No 0.227

FSRQ (hard v/s soft) 169.0 112.9 No 0.749 0.2632 0.4412 No 0.526

NLSy1 (hard v/s soft) 445.0 365.5 No 0.373 0.1875 0.3400 No 0.627

NLSy1 & BLSy1 (soft) 821.5 1396.4 Yes < 0.001 0.5304 0.2723 Yes < 0.001

NLSy1 & BLSy1 (hard) 1133.0 1396.4 Yes 0.001 0.3258 0.2723 Yes 0.010

NLSy1 & BLSy1 (full band) 793.5 1396.4 Yes < 0.001 0.4986 0.2723 Yes < 0.001

NLSy1 & blazars (soft) 609.0 784.0 Yes 0.001 0.3981 0.2937 Yes 0.002

NLSy1 & blazars (hard) 1006.0 784.0 No 0.795 0.1356 0.2937 No 0.825

NLSy1 & blazars (full band) 758.0 784.0 Yes 0.031 0.3188 0.2937 Yes 0.026
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Figure 3.8: Left panel: Fvar in the total band versus black hole mass. Different
classes of sources are indicated in different colours. Right panel: correlation
between Fvar and black hole mass wherein the points are binned in black hole
masses with a bin width of 0.477. Here, black solid line refers to the unweighted
linear least squares fit, while the blue solid line is the weighted linear least
squares fit.
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Figure 3.9: Correlation between Fvar and the intrinsic luminosity in the 2-10
keV band for the different classes of AGN. Solid line is the unweighted linear
least squares fit to the data

variations is that they do not identify spectral components that are responsible

for the observed variations measured over a band, however, they are the simplest

one to study spectral variations in a model independent way. As blazars are known

to show spectral variations between different epochs, correlation analysis between

HR and total count rates (379 keV) need to be performed individually for each

epoch. The majority of sources in our sample do not show any correlation between

HR and flux variations. However, some sources do show correlations between flux

and spectral variations. To characterise the spectral variability, we fitted the ob-

served points in the HR v/s flux diagram using a linear function of the form HR

= a × Flux(3−79keV) + b. This fit took into account the errors in both HR and

flux following Press et al. (1992). In most of the objects there were indications of

spectral variations, with both “harder when brighter trend (HWB, as the source

flux increases the HR also increases) and a “softer when brighter trend (SWB, as

the source flux increases, the HR decreases), but those correlations are weak and



Chapter 3: X-ray flux variability of AGN 44

insignificant. Only in nine sources we found significant spectral variations with

linear correlation coefficient greater than 0.5. Of these nine sources, three sources,

Mrk 421 (a BL Lac object), the FSRQ 3C 273 and NGC 4945 (a Seyfert 2 galaxy)

showed a HWB behaviour and the other six sources namely the Seyfert 1 galaxies

NGC 5548, NGC 3227, NGC 4593, NGC 7582 and the Seyfert 2 galaxy NGC 1365

and NGC 7314 showed a SWB trend. The colour-flux diagram, the plot of HR

v/s flux for those objects are shown in Fig. 3.4. The solid line in these figures

are the weighted linear least squares fit to the data. The results of the linear fits

are given in Table 3.11. The SWB trend seen in NGC 5548, NGC 1365, NGC

3227, NGC 4593, NGC 7314 and NGC 7582 is similar to what is generally seen in

radio-quiet AGN (Sobolewska & Papadakis 2009). In radio-quiet AGN, the hard

X-ray emission is believed to be produced by Comptonization processes, where

the photons from the accretion disk are Comptonized by the electrons in the hot

corona. In this scenario, variations in the UV/optical photons from the accretion

disk can have an effect on the slope of the output X-ray spectrum subsequently

leading to a softer when brighter trend (Caballero-Garcia et al. 2012). For the BL

Lac object Mrk 421 a significant harder when brighter trend is seen in 8 epochs of

observations. However, for the FSRQ 3C 273, in the three epochs where a corre-

lation between HR and total flux is found, on two epochs a harder when brighter

trend is found, while, in one epoch a softer when brighter trend is noticed. Blazars

in general are found to show a harder when brighter behaviour. Such hardening

when brightening behaviour more often seen in the HSP category (Giommi et al.

1990; Pian et al. 1998) among other things could be due to the shift of their broad

band SEDs to higher energies (Brinkmann et al. 2003). The behaviour seen in Mrk

421 here is observed before as well (Takahashi et al. 1996). The another source

which has shown a HWB trend (Fig. 3.4) is NGC 4945. According to Véron-Cetty

& Véron (2010) it is an “unclassified Seyfert. This source having a circumnuclear

star burst (Lenc & Tingay 2009) is detected in the γ-ray band by the Large Area

Telescope on board the Fermi gamma-ray space telescope (Abdo et al. 2010a). It

has been argued that the dominant contribution to the observed γ-ray emission
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is from the AGN of NGC 4945 (Wojaczyński & Niedźwiecki 2017), and therefore

points to the presence of a relativistic jet. Thus the observed HWB trend in NGC

4945 is due to the dominant jet emission in the source.

3.4 Variation between soft and hard bands

For sources that have shown flux variations, we found close correlation between flux

variations in the soft and hard bands (Fig. 3.5), which could suggest of the same

physical processes responsible for the flux variations in both the bands. However,

for a large fraction of the sources that have shown flux variations, the values of

Fvar in the soft and hard bands are found to be not identical, pointing to spectral

variations in the sources. The mean weighted Fvar values for Seyfert 1 galaxies in

the soft and hard bands are 0.103± 0.061 and 0.093± 0.050 respectively. Similarly,

in the soft band Seyfert 2 galaxies have a mean Fvar value of 0.162 ± 0.124, while

in the hard band the mean Fvar value is 0.132 ± 0.079. Thus, on average, both

Seyfert 1 and Seyfert 2 galaxies do not show any difference in variability between

soft and hard bands. This is confirmed by both the U-test and KS test (see Sect.

3.6). This is also evident in Fig. 3.5 where the points are distributed around

the line of slope unity. The weighted mean Fvar values for BL Lacs in the soft

and hard bands are 0.303 ± 0.179 and 0.316 ± 0.147 respectively. U test shows

that in BL Lacs, there is no difference in variability between soft and hard bands.

FSRQs, too show similar flux variations in the soft and hard bands with mean Fvar

values of 0.060 ± 0.042 and 0.064 ± 0.038 respectively. Statistical analysis using

U-test and KS test also provides no evidence of difference in variations between

soft and hard bands in FSRQs. In the case of NLSy1 galaxies, we found mean Fvar

values of 0.227±0.119 and 0.157±0.098 respectively in the soft and hard bands.

Though, on average NLSy1 galaxies are more variable in soft band relative to

hard band, the error bars are larger to conclusively establish that NLSy1 galaxies
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are more variable in the soft band relative to the hard band. Also, the number

of NLSy1 galaxies is small. Both U and KS tests also point to no difference in

the distribution of Fvar values between soft and hard bands in NLSy1 galaxies.

Considering the different classes of AGN, from statistical analysis using both the

U-test and KS test, we found no difference in variability between the soft and

hard bands in Sefyert 1 galaxies, Seyfert 2 galaxies, FSRQs and NLSy1 galaxies.

In BL Lacs, U-test indicates of difference in variability between soft and hard

bands, however, KS-test points to no difference between the soft and hard band

variations. The results of the statistical analysis are given in Table 3.12.

3.5 Duty cycle of flux variations

AGN do not show flux variations on each time they are observed. In our combined

sample only 61% of the sources showed flux variability exceeding the measurement

noise characterised by Fvar. Therefore to characterize the incidence of observability

of flux variability at X-ray energies we have calculated the duty cycle (DC) of

variability using the definition of Romero et al. (1999). DC is a measure of the

fraction of time over which the objects of a given class are found to vary to the total

time of observations carried out on each objects in the class. Following Romero

et al. (1999) DC is given as

DC =

∑n
i=1Ni(1/∆ti)∑n
i=1(1/∆ti)

× 100% (3.7)

Here, ∆ti = ∆t0(1+z)−1, is the duration corrected for cosmological redshift of each

of the sources observed, Ni takes the value of 1, if an object is variable during the

duration of observation ∆ti and 0 otherwise. Considering all the sources analysed

in this work, we found NLSy1 galaxies to show the highest DC of variability of

85%, followed by BL Lacs (67%) and then Seyfert 1 and Seyfert 2 galaxies each
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with DC of variability of 51%. FSRQs showed the lowest DC of variations of

about 29%. The observed differences in the DC of X-ray flux variations between

BL Lacs and FSRQs can be attributed to the difference in the physical processes

that contribute to the observed X-ray emission in the NuSTAR band. Though

Seyfert 2 galaxies show large amplitude flux variations than Seyfert 1 galaxies, in

terms of the detectability of flux variations, both Seyfert 1 and Seyfert 2 galaxies

have similar DC of variability of 51%. The results of the DC of flux variability are

given in Table 3.13.

3.6 Flux variability

We found that 61% of the sources (203/335) showed flux variability. The distribu-

tion of Fvar for different classes of AGN along with their cumulative distribution

are shown in Fig. 3.3. For this sample, we found difference in the mean Fvar values

between Seyfert 1 and Seyfert 2 galaxies in the soft, hard and total bands with

Seyfert 2 galaxies more variable than Seyfert 1 galaxies. For example, in the soft

band, Seyfert 1 galaxies have a weighted mean Fvar value of 0.103 ± 0.061, while

Seyfert 2 galaxies have a weighted mean Fvar value of 0.162 ± 0.124. Though on

average, Seyfert 2 galaxies are more variable than Seyfert 1 galaxies, the error

bars are large to conclude that Seyfert 2 galaxies are more variable than Seyfert 1

galaxies. However, to confirm if the observed differences in the mean Fvar values

between Seyfert 1 and Seyfert 2 galaxies are statistically significant, we carried

out two non-parametric tests, namely the Mann-Whitney U test (U-test) and the

Kolmogorov-Smirnov test (KS-test). The U-test tests the null hypothesis that the

distribution of Fvar values between different classes of AGN or between different

energy bands in a particular class of AGN is identical. The null hypothesis is re-

jected if the evaluated U-statistics is less than the critical U-value (Ucrit) at some

confidence level. The KS test is also similar to the U-test. Here too, the null
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hypothesis that is tested is that the distributions that are compared are identical.

The null hypothesis is rejected if the obtained D-value is greater than the critical

D-value (Dcrit) at some confidence level. For both U and KS tests, Ucrit and Dcrit

were evaluated at the 5% confidence level. Statistical analysis using both the U-

test and KS-test reject the null hypothesis that the distribution of Fvar is identical

between Seyfert 1 and Seyfert 2 galaxies in the soft, hard and total bands. Our re-

sults are in agreement with that of Beckmann et al. (2007) who found that Seyfert

galaxies of type 1.5 to 2 show more hard X-ray flux variations than Seyfert 1 galax-

ies using data from Swift/BAT on year like time scales. Similar, results have also

been found by Soldi et al. (2014). These earlier studies point to the difference in

the hard X-ray variability between Seyfert 1 and Seyfert 2 galaxies on longer time

scales. However, from long term X-ray variability studies using XMM-Newton,

Lanzuisi et al. (2014) found no difference in the X-ray variability characteristics

between type I and type II AGN. Here our analysis on timescales of the order

of minutes to hours indicates that on shorter time scales Seyfert 2 galaxies are

more variable than Seyfert 1 galaxies in the soft, hard and total energy bands. As

Seyfert 1 and Seyfert 2 galaxies are the same except the orientation, it is expected

that they have the same X-ray variability characteristics. This is because at X-ray

frequencies, the difference between Seyfert 1 and Seyfert 2 galaxies, is based on the

absorption column density along our line of sight (nH ; Maiolino et al. (1998)) with

Seyfert 1 galaxies having nH < 1022 cm−2 (unobscured view of the central engine)

and Seyfert 2 galaxies having nH > 1022 cm−2 (obscured view of the central engine

through the torus). However, we see in our combined sample Seyfert 2 galaxies

showing enhanced variability relative to Seyfert 1 galaxies. Therefore, the en-

hanced X-ray flux variation seen in Seyfert 2 galaxies relative to Seyfert 1 galaxies

might be due to a combination of variations in the central engine as well as changes

in the line of sight column density. Comparing the variability properties of radio-

loud sources against radio-quiet sources we found that blazars are more variable

than both Seyfert 1 and Seyfert 2 galaxies in soft, hard and total bands. For ex-

ample in the 10−79 keV band, the weighted mean Fvar value for blazars is 0.219 ±
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0.170, while for Seyfert galaxies the mean Fvar values are 0.093 ± 0.050 and 0.132

± 0.079 respectively for Seyfert 1 and Seyfert 2 galaxies. According to U-test, the

distributions of Fvar values between blazars and Seyfert galaxies (including Seyfert

1 and Seyfert 2 galaxies) are different in the hard and total bands. This is not

supported by the KS test, which could be due to the limited number of blazars.

However, more observations on a larger sample of blazars are needed to establish

that on short time scales, in the X-ray band, blazars are more variable than Seyfert

galaxies, a conclusion arrived in this work. This enhanced variability in blazars

compared to Seyfert galaxies is expected if the hard X-ray emission in blazars is

dominated by the emission processes in their relativistic jets. Among blazars, BL

Lacs showed more variations than FSRQs in the soft, hard and total bands. In

the soft band, the mean Fvar values of FSRQs and BL Lacs are 0.060±0.042 and

0.303±0.179 respectively. In the hard band, FSRQs have a mean Fvar of 0.064 ±

0.038, while BL Lacs have a weighted mean Fvar of 0.316 ± 0.147. Thus, BL Lacs

show large amplitude variations compared to FSRQs. Both the U-test and KS-

test, indicates that the distribution of Fvar of FSRQs and BL Lacs are different.

The difference in the X-ray flux variability characteristics between FSRQs and BL

Lacs can be attributed to the different physical processes that contribute to the

X-ray emission. The observed X-ray flux variations in blazars (FSRQs and BL

Lacs) is due to a complicated interplay between different physical processes and

timescales, which among many could involve particle acceleration, radiative cool-

ing Doppler boosting etc. (Massaro et al. 2004). The broad band spectral energy

distribution (SED) of blazars has a double hump structure. The low energy hump

with its peak in the optical/IR/X-ray energies is due to synchrotron process and

the high energy hump peaking at X-ray/MeV energies is due to inverse Compton

process (Fossati et al. 1998; Mao et al. 2016; Abdo et al. 2010b). Based on peak

of the synchrotron bump in the broad band SED, blazars are further classified as

low synchrotron peaked (LSP; νpeak < 1014 Hz), intermediate synchrotron peaked

(ISP, 1015 < νpeak < 1014 Hz) and high synchrotron peaked (HSP, νpeak > 1015 Hz)

blazars (Ackermann et al. 2015). Majority of the FSRQs are LSP blazars, while
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most of BL Lacs fall in the HSP category. In the case of HSPs, the X-ray emission

with photons up to 10 keV and occasionally up to 100 keV (Pian 2002) is domi-

nated by synchrotron process and are produced by the more energetic electrons in

the jet that represent the highest energy tail of the synchrotron radiation having

the shortest cooling timescale. As the synchrotron radiation in this part of the

SED is produced by the most energetic electrons, they are sensitive to variations

in the acceleration and colling processes, and hence could lead to rapid and large

amplitude flux variations (Pian 2002). In FSRQs, the X-ray emission is produced

through IC scattering of seed synchrotron photons, by the low energy electrons

in the jet, and thus dominated by synchrotron self Compton emission process.

Therefore, it is expected that the flux variations in FSRQs can be less dramatic

due to the longer cooling time scales of the low energy electrons that contribute

to the IC processes (Gupta et al. 2016). In our sample, there are 13 BL Lacs.

According to the classification in the 3FGL catalog (Ackermann et al. 2015), 11

are HSPs and two (OJ 298 and S5 0716+714) are LSPs. Similarly, there are 11

FSRQs in sample and according to Ackermann et al. (2015) 9 belong to the LSP

category and two have no entry in Ackermann et al. (2015). Thus, in our sample,

most/all of the FSRQs belong to the LSP category while all but two of BL Lacs

belong to the HSP category. Therefore, the observed differences in the X-ray flux

variability properties of BL Lacs and FSRQs, with BL Lacs having more Fvar than

FSRQs could be attributed to the difference in their X-ray emission processes. For

NLSy1 galaxies we found mean Fvar values of 0.227 ± 0.119, 0.157 ± 0.098 and

0.207 ± 0.112 in the soft, hard and total bands respectively. This is larger than

the mean Fvar values of Seyfert 1 and Seyfert 2 galaxies. Statistical analysis us-

ing both U-test and KS-test confirms that NLSy1 galaxies are more variable than

BLSy1 galaxies in all the three energy bands. Comparing the X-ray flux variabil-

ity characteristics of NLSy1 galaxies with blazars (that includes FSRQs and BL

Lacs), we found NLSy1 galaxies are more variable than blazars in the soft band

and total band according to both U-test and KS-test. Statistically no difference

in variation between NLSy1 galaxies and blazars was found in the hard band.
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3.7 Correlation of Variability with physical prop-

erties of sources

3.7.1 Fvar v/s redshift

We show in Fig. 3.6 the correlation between Fvar and redshift for different classes

of sources such as Seyfert 1 galaxies, Seyfert 2 galaxies, NLSy1 galaxies and blazars

(including both FSRQs and BL Lacs). In the same figure is shown the unweighted

linear least squares fit to the data. Linear least squares fit to the data hint for the

presence of weak/no anti-correlation between variability and redshift in different

classes of AGN. The absence of correlation if any between Fvar and z in different

types of AGN could be due to the limited redshift coverage for the different types.

To cover a wide z range, we combined the data for all types of AGN and binned

them in redshift with a bin width of 0.47. The correlation between Fvar and z in

this binned data is shown in Fig. 3.7. Unweighted linear least squares fit to the

data gave

Fvar = (−0.007± 0.008)z + (0.106± 0.021) (3.8)

with a linear correlation coefficient of −0.034. Thus, AGN variability tend to

show no correlation with redshift. On analysis of long time scale variability, Zheng

et al. (2017) has found that for a fixed luminosity, there is a decreasing trend of

variability with increasing redshift.

3.7.2 Fvar v/s black hole mass

To test the correlation of variability with black hole mass (MBH), we collected

from literature, the black hole masses for the objects in our sample. Out of the

335 objects in our sample, we could gather MBH values for 92 objects. They were
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taken from Bentz & Katz (2015), Woo & Urry (2002) and Vasudevan & Fabian

(2007). We show in Fig. 3.8 the correlation of Fvar in the total band against

MBH. In this plot we have considered all classes of AGN, that includes 43 Seyfert

1 galaxies, 24 Seyfert 2 galaxies, 14 NLSy1 galaxies, 4 FSRQs and 7 BL Lacs.

Unweighted linear least squares fit to the data yielded

Fvar = (−0.044± 0.001)log(MBH) + (0.421± 0.002) (3.9)

A weak anti-correlation with a linear correlation coefficient (R) of -0.39 is found

between Fvar in the 3−79 keV band on hour like time scales and MBH for the

combined sample of Seyfert 1 galaxies, Seyfert 2 galaxies, NLSy1 galaxies, FSRQs

and BL Lacs. This indicates that AGN with more massive black holes are less

variable. This anti-correlation between Fvar and MBH is shown in the left panel

of Fig. 3.8. We also binned the data plotted in the left panel of Fig.3.8. For

this binning, we excluded the data pertaining to the source OJ 287, as it has

different values of black hole mass values available in literature and it is known to

be a binary black hole system (Valtonen et al. 2016) from observations of quasi

periodic behaviour in their long term optical light curves (Sillanpaa et al. 1988)

with a period of roughly 12 years. In the binned data shown in the right panel

of Fig. 3.8 the anti-correlation between Fvar and black hole mass is more vivid.

From unweighted linear least squares fit to the binned data with MBH ranging

from about 106 − 1010 M�, we found

Fvar = (−0.036± 0.005)log(MBH) + (0.395± 0.036) (3.10)

with a strong negative correlation coefficient of -0.94. Such inverse correlation

between variability and black hole mass is known earlier as well (Ponti et al. 2012;

O’Neill et al. 2005). This relation between Fvar and MBH cannot be extended to

sources with black hole masses < 106 M�. From analysis of X-ray variability of

low mass AGN (MBH < 106M�) it has been found by Ludlam et al. (2015) and

Pan et al. (2015) that the linear relation between variability and MBH flattens at
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the low black hole mass region. In this study, NLSy1 galaxies show the highest DC

of variations in the hard X-ray band on hour like time scales. Also, they are found

to have mean Fvar larger than Seyfert 1 galaxies, Seyfert 2 galaxies and FSRQs

but lower than BL Lac objects. From analysis of ASCA data, Leighly (1999)

found that at any X-ray luminosity, NLSy1 galaxies have larger Fvar values than

broad line Seyfert galaxies which is interpreted to them having low MBH values

than Seyfert galaxies. It is possible that the large Fvar values obtained for NLSy1

galaxies is due them being powered by lighter black holes. This also fits in nicely

with the anti-correlation observed between Fvar and MBH (Fig. 3.8). However,

spectro-polarimetric observation of a NLSy1 galaxy points to it having heavier

black hole similar to blazars (Baldi et al. 2016). If this is indeed found to be true

on observations on a large sample of NLSy1 galaxies, then the enhanced Fvar on

hour like time scales in NLSy1 galaxies relative to other classes of AGN would not

be driven by the anti-correlation between Fvar and MBH, however, could be caused

by different processes giving rise to the X-ray flux variations.

3.7.3 Fvar v/s Luminosity

The intrinsic luminosity in the 2 − 10 keV band was obtained using the relation

L2−10keV = 4πd2
L

F2−10keV

(1 + z)2−Γ
(3.11)

where F2−10keV is the absorption corrected flux, dL is the luminosity distance and

Γ is the photon index obtained by simple power law fit to the spectra in the

2−10 keV band. In this calculation of the X-ray luminosity, it is assumed that

the emission from the AGN is isotropic. This is not a valid assumption if the

emission is beamed which is possible in the case of FSRQs and BL Lac objects.

The correlation between Fvar in the 3−79 keV band and the intrinsic luminosity

in the 2−10 keV band for the various classes of AGN are shown in Fig 3.9. In
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this Figure, we have 13 sources for BL Lacs, 11 sources for FSRQs, 18 sources

for NLSy1 galaxies, while for Seyfert 1 and Seyfert 2 galaxies we have 74 and 87

sources respectively. For this correlation analysis we have excluded two sources in

Seyfert 1 galaxy sample, namely 3C 309.1 and PG 1100+772 and two sources in

Seyfert 2 sample namely SDSS J0758+3923 and PKS 1916−300 as they are clearly

as they are clearly outliers in the Fvar v/s luminosity diagram. Unweighted linear

least squares fit to the data shown as blue solid lines in Fig. 3.9 indicates a weak

negative correlation between Fvar and the X-ray luminosity in the 2−10 keV band

indicating that brighter AGN are less variable. We also checked for the correlation

between Fvar and the 2−10 keV luminosity in the sample that includes Seyfert 1

galaxies, Seyfert 2 galaxies, NLSy1 galaxies, FSRQs and BL Lacs. The relation

between Fvar and luminosity sample with the Fvar values binned in luminosity

is shown in Fig. 3.10. Here, the luminosity ranges from 1044 − 1047 erg s−1. A

clear anti-correlation is evident, and unweighted linear least squares fit to the data

yielded

Fvar(3− 79keV ) = (−1.08± 0.466)× 10−49L2−10keV + (0.108± 0.009) (3.12)

Anti-correlation between luminosity and X-ray variability has been observed ear-

lier ( Lawrence & Papadakis 1993; Barr & Mushotzky 1986; O’Neill et al. 2005;

Lanzuisi et al. 2014; Nandra et al. 1997; Ponti et al. 2012). Recently, Mayers

et al. (2018) has also found a negative correlation between flux variation in the

0.2−10 keV band and luminosity in the 2−10 keV band based on data from XMM-

Newton. Thus the anti-correlation between variability on time scales of months

and luminosity (Mayers et al. 2018) is also seen in the flux variation in the hard

band on hour like time scales and luminosity.
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Figure 3.10: The plot of Fvar in the total band against luminosity for the
complete sample of sources that includes Seyfert 1 galaxies, Seyfert 2 galaxies,
NLSy1 galaxies, FSRQs and BL Lacs. The sources are binned in luminosity
with a bin width of 3.18×1046. The solid line is the unweighted linear least
squares fit to the data.

Table 3.13: Duty cycle of variability for different classes of AGN

Type Objects OBSIDs DC(%)

FSRQs 24 47 29

BL Lacs 24 70 67

Sy1 121 193 51

Sy2 146 203 51

NLSy1 20 44 85

Blazars 48 117 42

3.8 Summary

To characterize the flux variability in the soft (3−10 keV), hard (10−79 keV) and

total (3-−79 keV) X-ray band of different classes of AGN, we have carried out a

systematic analysis of data from NuSTAR for a large sample of AGN. Key findings

of this work are summarized below:

1. A total of 335 sources (24 BL Lacs, 24 FSRQs, 121 Seyfert 1 galaxies, 146
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Seyfert 2 galaxies and 20 NLSy1 galaxies) over 557 sets of observations were

studied in this work for hard X-ray flux variability on hour like time scales

for the first time. About 60% of the sources in the sample showed X-ray flux

variability.

2. In our sample, among the different categories of AGN, blazars are found to

be more variable than their radio-quiet counterparts namely Seyfert 1 and

Seyfert 2 galaxies. Seyfert 2 galaxies are found to be more variable than

Seyfert 1 galaxies in the soft, hard and total energy bands. Within blazars,

BL Lacs are found to be more variable than FSRQs. Considering the different

classes of AGN, BL Lacs show high amplitude of variability, followed by

NLSy1 galaxies, Seyfert 2 galaxies, Seyfert 1 galaxies and FSRQs.

3. There is no difference in variability between the soft and hard bands in

Seyfert 1 galaxies, Seyfert 2 galaxies, NLSy1, FSRQs and BL Lacs.

4. Among the different classes of AGN, NLSy1 galaxies showed the highest DC

of variability of about 85%. This was followed by BL Lacs with a DC of

about 67%. Seyfert galaxies have a DC of ∼50% while FSRQs showed the

lowest DC of variability of ∼30%.

5. When combining the different classes of AGN and binning them in MBH

and luminosity, we found a significant negative correlation between Fvar and

MBH as well as Fvar and luminosity in the 2−10 keV band. i.e brighter

AGN are less variable, as well as AGN hosted by massive black holes are less

variable. Even, when the different classes were considered separately, there

is in indication of a weak anti-correlation of Fvar with luminosity.
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Coronal properties of the Seyfert

1 galaxy 3C 120 with NuSTAR †

3C 120 is a X-ray bright Seyfert 1 galaxy at z = 0.033 (Burbidge 1967) and having

a black hole mass of 5.6 × 107 M� (Bentz & Katz 2015). It is also classified as a

broad line radio galaxy (BLRG) by Walker et al. (1987). It has a radio morphology

similar to the FRI category of AGN (Fanaroff & Riley 1974). Its one sided jet has

an inclination to the line of sight of ∼ 14◦ (Eracleous & Halpern 1998) which is

based on the apparent superluminal speed βapp reported by Zensus (1989). The jet

is known to extend on scales up to 100 kpc (Walker et al. 1987). It has been found

to be variable in X-rays. A broad Fe Kα line well fitted by a Gaussian with a σ

of 0.8 keV and having an equivalent width of 400 eV has been found from ASCA

observations (Halpern 1985). It has not been detected in γ-rays by the Compton

Gamma Ray Observatory (CGRO,Lin et al. 1993). However, using data from the

Oriented Scintillation Spectroscopy Experiment (OSSE,Johnson et al. 1993) on

†The contents of this chapter are published in
1. Rani and Stalin, 2018a, ApJ, 856, 120
2. Rani and Stalin, 2018b, JApA, 39, 15.
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board CGRO, Wozniak et al. (1998) found the presence of a spectral break in 3C

120 between X-rays and soft γ-rays. 3C 120 was detected in Fermi using the first

15 months of data (Abdo et al. 2010c), but not detected in the second Fermi-LAT

catalog (2FGL, Nolan et al. 2012) and the third Fermi-LAT catalog (3FGL, Acero

et al. 2015) indicating that the source is variable in the high energy γ-rays. Using

180 and 365 days binning on the data obtained between August 2008 - December

2013, Sahakyan et al. (2015) found γ-ray flux variations. Using 5 days binned

light curve Tanaka et al. (2015) noticed that 3C 120 was detected only at certain

epochs. In this chapter, we focus on the broad band X-ray spectral analysis of 3C

120 using NuSTAR. This is the first time analysis of 3C 120 for coronal properties

using NuSTAR data. However, from BeppoSAX observations, Zdziarski & Grandi

(2001) have estimated a Ecut of 100−300 keV. Also, Wozniak et al. (1998) using

the average OSSE spectrum together with ASCA data reported a Ecut of 130+150
−40

keV. Using data from several telescopes Lubiński et al. (2016) obtained a value of

kTe = 176+24
−23 keV.

4.1 Analysis of the data

The NuSTAR spectrum of 3C 120 was generated using the procedures outlined

in Chapter 2. Analysis of the spectrum along with model fittings was carried out

using the XSPEC package. We first start the spectral analysis of 3C 120 data by

fitting a phenomenological model in which we considered two absorption compo-

nents, one is for our own galactic absorption and another is for the host galaxy

absorption in addition to the continuum. This simple model was first fit to the

data to identify the presence of more complex spectral components in the data.

The considered model thus has the final form TBabs × zTBabs × Pow. In the

fitting process, the galactic neutral hydrogen column density was fixed in TBabs
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(Wilms et al. 2000) to the value of 1.11×1021 cm−2 obtained from Dickey & Lock-

man (1990) using the nH tool in HEASARC ∗. Column density in zTBabs was kept

as a free parameter in the fitting and the redshift was fixed to z = 0.033. This

gave a poor fit with a reduced χ2 = 1.133 (χ2/ν = 4299/3795, where ν is the total

degrees of freedom). The best fit model is shown in Figure 4.1 on the top along

with residuals. The best fit parameters are given in Table 4.1. The residuals of

the fit clearly showed the strong signature of the Fe Kα emission line around 6.4

keV which appears because of X-ray reprocessing. There is also an indication of

excess emission between 10−35 keV which could be due to Compton up-scattering

of accretion disk photons in the corona. In order to improve our previous model,

we replaced the continuum with an exponential high-energy cutoff power law, the

pexrav model (Magdziarz & Zdziarski 1995) and added a redshifted Gaussian line

(zgauss) to fit the excess emission around 6.4 keV. The inclination angle of the

reflector was fixed at cos i = 0.95, i.e., i ≈ 17◦, very close to the value of 14◦ found

for the inclination of the jet of the source to the line of sight (Eracleous & Halpern

1998) and the abundances of elements were fixed to their solar values (Anders &

Grevesse 1989). The observed spectrum with the model fit as well as the residual

spectrum are shown in Figure 4.2. Model TBabs × zTbabs × (zgauss + pexrav)

gave a better reduced χ2 = 0.999 (χ2/ν = 3788/3791) than Model-1. A model

that is more appropriate than pexrav is pexmon (Nandra et al. 2007). For the data

sets analysed here, while using Ecut as a free parameter, pexmon led to unreliable

values in the model parameters such as T etc. Alternatively, pexrav model fits

to the data lead to convergence of the model parameters. Therefore, pexmon was

not considered in all further analysis. The best fit parameters are given in Table

4.1. Using TBabs × zTbabs × (zgauss + pexrav), We found a Ecut value of 83+10
−8

keV.

∗https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 4.1: Normalized counts/sec versus energy for the model tbabs × ztbabs
× pow. Here, black and red refers to FPMA and FPMB modules respectively.
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Figure 4.2: Normalized counts/sec versus energy for the model tbabs × ztbabs
× (zgauss + pexrav) for the source. Here, black and red refers to FPMA and
FPMB modules respectively.
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4.1.1 CompTT model

We used the Comptonization model (CompTT; Titarchuk 1994) convolved with

a reflection component so as to get the coronal parameters. This model has the

form TBabs × zTBabs × (zgauss+CompTT+refl(CompTT)). The first compo-

nent of this model TBabs (Wilms et al. 2000) includes galactic absorption, with

the galactic neutral hydrogen column density frozen to the value of 1.11×1021 cm−2

obtained from Dickey & Lockman (1990) using the nH tool in HEASARC† and

the second component zTBabs represents absorption intrinsic to the host galaxy

of the source. Redshift was fixed to z = 0.033 and the column density zTBabs was

kept as a free parameter in the fitting. The CompTT component in this model

assumes a geometry for the corona (a slab or spherical) and models the intrinsic

coronal continuum, and refl convolves it with reflection features (Baloković et al.

2015). For slab geometry the reduced χ2 was 0.986 (χ2/ν = 3734/3788) and for

spherical geometry too it was 0.986 (χ2/ν = 3734/3788). For the slab geometry,

we found the mean value of kTe = 9+2
−3 keV and τ = 2.4+0.6

−1.1 considering primary

and reflected emission. at the 90% confidence. For the spherical geometry the

best fit yielded the mean value of kTe = 16+6
−7 keV and τ = 5.1+0.6

−0.4 for primary and

reflected emission at the 90% confidence. The CompTT model gave huge error

bars in the normalization constant. The observed spectrum along with the fit and

residuals are shown in Figure 4.3 for the spherical geometry and Figure 4.4 for

the slab geometry. The best fit parameters and their errors at 90% confidence

levels are given in Table 4.1. The 2−10 keV flux determined from the fit is (5.19

± 0.01) × 10−11 erg cm−2 sec−1. This gives an unabsorbed luminosity of (1.29

± 0.01) × 1044 erg sec−1. Using the bolometric correction of 20.6 ± 0.1 found

by Vasudevan & Fabian (2009) we obtained a bolometric luminosity of (26.656 ±

0.001) × 1044 erg sec−1. For a BH mass of 5.6 × 107 M� (Bentz & Katz 2015),

the calculated Eddington accretion rate is λEdd = Lbol/LEdd = 0.353, where the

Eddington luminosity,LEdd = 1.36 × 1038 (MBH/M�) erg sec−1. This is similar to

†https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl



Chapter 4: Coronal properties of 3C 120 62

the value of λEdd = 0.352 found by Lubiński et al. (2016) using data from many

telescopes including INTEGRAL.

4.1.2 CompPS

Though CompTT model well represents the observed spectrum, this has limita-

tions such as its simplistic treatment of the seed photons that participate in the

Comptonization process. We therefore fit the spectrum using one of the most ad-

vanced Comptonization models available in XSPEC namely CompPS (Poutanen

& Svensson 1996). CompPS that produces the continuum through thermal Comp-

tonization processes incorporates proper treatment of the Comptonization process

through exact numerical solution of the radiative transfer equations. It also offers

several choices for the geometries. In the fitting process, when all the parameters

were kept free, the fitting failed to converge. Therefore, to avoid non-convergence

owing to the presence of many free parameters in CompPS fitting, we fixed the

centroid energy and deviation of the Fe Kα line to be 6.43 keV and 0.29 keV re-

spectively obtained from CompTT for a slab geometry. The parameters obtained

from the fit along with their associated errors including the Compton y parameter

(y = 4τ KT
mec2

, where τ is the Thomson optical depth (Zdziarski et al. 2000) and

the normalization (NCompPS) are given in Table 4.2. To compare our results with

CompTT, we used CompPS model only for slab and spherical geometries. The

seed photons were assumed to be 10 eV. The observed spectra along with the fit

and residuals are shown in Figure 4.5 for the spherical and the slab geometries.

For slab geometry we obtained a reduced (χ2/ν = 3773/3790) of 0.996, whereas,

for the spherical geometry the reduced (χ2/ν = 3783/3790) was 0.998. For slab

and spherical geometry, we found R values of 0.80+0.11
−0.10 and 0.43±0.06 respectively.

We found that the kTe values obtained from CompPS model is larger than that

obtained from CompTT for both spherical and slab geometries.
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4.1.3 EQPAIR

The models used above to fit the NuSTAR data of 3C 120 assumes that the

electrons involved in the Comptonization process are thermal electrons with a

Maxwellian energy distribution. However, hybrid models for the corona that

involves the contribution of both thermal and non-thermal electrons have been

applied to AGN. For example, in NGC 4151, the contribution of non-thermal elec-

trons is found to be less than 15% (Zdziarski et al. 1996; Johnson et al. 1997).

The non-thermal fraction can also be as large as 30% (Fabian et al. 2017). 3C 120

is known to have a jet emission (Eracleous & Halpern 1998) and it is likely the

observed X-ray emission is a combination of various components. We therefore

model the spectrum with the EQPAIR model (Coppi 1999), the most advanced

Comptonization model in XSPEC. This model evaluates the emission spectrum

resulting from Comptonization, Coulomb collisions and pair production. This

model can treat the Comptonization for a different nature of plasma (thermal,

non-thermal and hybrid plasma) and even incorporates Compton hump from cold

reflection. This is because in EQPAIR, only electrons with optical depth (τp)

are accelerated with total power characterised by the compactness parameter lh

(such that lh = LhσT/Rmec
2, where Lh is the luminosity or the power supplied to

the electrons in the Comptonization region and R the size of the Comptonization

region (Done & Gierliński 2003) that is split between thermal distribution with

power (lth) and non-thermal distribution with power lnth and lh = lnth+ lth. These

electrons then cool either through Compton scattering of soft photons or through

Coulomb collisions. The parameter that plays an important role in characterising

the overall spectral shape in EQPAIR is the parameter lh/ls. The soft compactness

parameter (ls) refers to the luminosity of the soft photons that is injected into the

corona and the hard compactness parameter lh refers to the power supplied to the

accelerated electrons in the source. To model the observed spectrum with EQ-

PAIR, we fixed the centroid energy of the Fe Kα emission line to the best fit value

found from CompTT above for a slab geometry. However, in EQPAIR model the
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geometry is spherical and the photons are induced homogeneously throughout the

spherical cloud. We assumed that the input source of soft photons in EQPAIR is

diskpn, a black body spectrum (Gierliński et al. 1999) with a peak temperature of

10 eV . The seed photon distribution can be modified in the model by changing ls

which for this model fitting was fixed to 10. The inclination was fixed to 17 degrees

and the iron abundance was taken to be solar. For the purpose of this modelling

we considered the accelerated particles to be electrons from the thermal pool. The

best fit parameters are given in Table 4.2. The observed and fitted spectra along

with the residuals are given in Figure 4.5. Similar to CompPS and CompTT mod-

els, the fit of the data with EQPAIR model too provides a good description of the

data with a reduced χ2 of 1.047(χ2/ν = 3972/3791). However, the temperature

is not among the default output parameters returned by EQPAIR though it is

calculated in the model. We therefore used the chatter command (chatter level =

15) (Coppi 1999) and obtained kTe = 23. The error in kTe was obtained using χ2

minimization technique at the 90 % significance level. Thus, using the EQPAIR

model we found kTe = 23+1
−7 keV. We found the best fit ratio of the hard to the

soft compactness parameter, lh/ls = 0.90 ± 0.32. This points to similar power

in the irradiating soft photons that enter the source region and in the heating of

the electrons. The EQPAIR model yields the value of ionization parameter of the

reflector to be ξ = 5.14 ± 11.15. The electron optical depth obtained by the fit

was τp = 0.60± 0.08. The ratio lnth/lh, which gives the fraction of power supplied

to energetic particles that goes into accelerating non-thermal particles was found

to be 0.78 ± 0.10. The value of lnth/lh is zero for a purely thermal model, while

it is unity for a purely non-thermal model. Though lnth/lh obtained from the fit

deviates much from zero, the detection of a high energy cutoff in the NuSTAR

spectrum not much beyond the sensitivity of NuSTAR (Rani & Stalin 2018a) and

the non-detection of the source in γ−rays suggest that Comptonization by non-

thermal electrons if any is non-significant. The χ2 from EQPAIR model fit is

poorer compared to CompPS and CompTT, though, the kTe value from EQPAIR

model fit agrees to that obtained from CompPS. Thus, it is likely that in 3C 120,
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Table 4.1: Best fit parameters and errors (90% confidence) obtained from
spectral fitting for different models.

Model Name Parameter Parameter χ2/dof

Name (units) Values

TBabs*zTbabs*pow NH (1022cm−2) 0.33 ± 0.11 1.133

Γ 1.85 ± 0.01

Npow × 10−2 1.67 ± 0.04

TBabs*zTbabs*(zgauss+pexrav) E (keV) 6.45 ± 0.05 0.999

σ (keV) 0.15+0.10
−0.12

Nzgauss × 10−5 3.34+0.76
−0.70

Γ 1.87 ± 0.02

Ecut (keV) 83+10
−8

R 0.55 ± 0.07

Npexrav × 10−2 1.73 ± 0.04

CompTT

TBabs*zTbabs*(zgauss+CompTT+refl(CompTT)) E (keV) 6.43 ± 0.06 0.986

(Spherical geometry) σ (keV) 0.29+0.10
−0.09

Nzgauss × 10−5 5.50+1.05
−1.01

mean kTe (keV) 16+6
−7

mean τ 5.1+0.6
−0.4

NCompTT × 106 3.58+234
−2.99

R 0.29 ± 0.07

Nrefl(CompTT ) × 10−2 2.82+2.63
−2.67

CompTT

TBabs*zTbabs*(zgauss+CompTT+refl(CompTT)) E (keV) 6.43 ± 0.06 0.986

(Slab geometry) σ (keV) 0.29+0.10
−0.09

Nzgauss × 10−5 5.41+1.63
−1.05

mean kTe (keV) 9+2
−3

mean τ 2.4+0.6
−1.1

NCompTT × 107 1.17+590
−1.16

R 0.30+0.07
−0.08

Nrefl(CompTT ) × 10−2 2.79+0.25
−0.23

for the observations analysed here, the electrons involved in the Comptonization

process are predominantly thermal.
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Table 4.2: Best fit parameters and errors (90% confidence) obtained from
spectral fitting for different models. Column information are the same as in
Table 4.1 .In CompPS model the parameters marked with * were fixed to the
best fit values obtained from CompTT for a slab geometry. The errors in the
parameters obtained from EQPAIR are the 1 σ error returned by the model fits.

Model Name Parameter Parameter χ2/dof

Name (units) Values

CompPS

TBabs*zTbabs*(zgauss+CompPS) E (keV) 6.43∗ 0.996

(Slab geometry) σ (keV) 0.29∗

kTe (keV) 25 ± 2

Compton y parameter 2.2 ± 0.1

R 0.80+0.11
−0.10

ξ 2.36× 10−3+0.237
−0.003

NCompPS × 10+8 3.23 ± 0.03

CompPS

TBabs*zTbabs*(zgauss+CompPS) E (keV) 6.43∗ 0.998

(Spherical geometry) σ (keV) 0.29∗

kTe (keV) 26+2
−0

Compton y parameter 2.99+2.99
−0.18

R 0.43 ± 0.06

ξ 2.13× 10−3+0.161
−0.002

NCompPS × 10+7 5.26+0.49
−0.06

EQPAIR

TBabs*zTbabs*(zgauss+EQPAIR) lh/ls 0.90 ± 0.32 1.047

lnt/lh 0.78 ± 0.10

kTe (keV) 23+1
−7

τp 0.60 ± 0.08

R 0.19 ± 0.03

ξ 5.14 ± 11.15

NEQPAIR × 10−3 0.69 ± 0.03
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Figure 4.3: The figure shows the observed spectrum (Normalized
counts/sec versus Energy) along with the fitted model TBabs × ZTBabs ×
(zgauss+compTT+refl(compTT)) (for a spherical geometry) in FPMA (black)
and FPMB(red). The ratio of observations to the fitted model is also shown for
FPMA (black) and FPMB (red).
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Figure 4.4: Same as in Figure 4.3 except for the slab geometry.
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Figure 4.5: The left panel shows the observed spectrum (Normalized
counts/sec versus Energy) along with the fitted model TBabs × zTbabs ×
(zgauss+compPS) (for a slab geometry) for the FPMA(black) and FPMB(red).
Middle panel is same as first except for the spherical geometry. The right
panel shows the observed spectrum fitted with EQPAIR (TBabs × zTbabs ×
(zgauss+EQPAIR)).

4.2 Discussion

4.2.1 Coronal properties

The availability of high quality NuSTAR data from observations of about 120

ks has enabled the determination of the coronal properties of 3C 120. The time

averaged spectrum covering the 3−79 keV band, when fitted with the phenomeno-

logical power law model gave the continuum power law index of Γ = 1.85 ± 0.01

(Rani & Stalin 2018a). However, values of 1.70 and 2.08 were found from XMM

(Vasudevan & Fabian 2009) and INTEGRAL (Lubiński et al. 2016) observations.

From BeppoSAX observations, Zdziarski & Grandi (2001) found the continuum to

be well described by a power law with Γ ∼ 1.85 ± 0.05, which is in close agreement

with what is found from NuSTAR data 1.87 ± 0.02 (Rani & Stalin 2018a). The

difference in the photon index values obtained from different sets of observations

acquired from different telescopes could point to spectral variations in the source.
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Using the pexrav model with the inclusion of a Gaussian component to account for

the presence of the Fe Kα line in the spectrum, we found values of Γ= 1.87 ± 0.02

and Ecut = 83+10
−8 keV. 3C 120 has been observed before by BeppoSAX and OSSE.

By modelling the BeppoSAX data with an e-folded power law or a thermal Comp-

tonization model, Zdziarski & Grandi (2001) found a value of Ecut = 150+230
−30 keV.

Using ASCA observation that was contemporaneous with an OSSE observation,

and modelling the spectra with a broken power law multiplied by an exponential

factor, Wozniak et al. (1998) found Ecut = 110+130
−50 keV. Within error bars, the

value of Ecut obtained from NuSTAR data using simple model fits matches with

that known from BeppoSAX and OSSE data, however, has improved precision,

with a manifold reduction in the errors. As these observations were taken at dif-

ferent epochs, it is also likely the Ecut is variable, but, this cannot be ascertained

because of the large error bars in its values from earlier observations. The Fe Kα

line is well fit by a Gaussian incorporated in CompTT with σ of 0.29+0.09
−0.10 keV

and 0.29+0.09
−0.10 keV respectively for the slab and spherical geometry. This is much

narrower than the value of σ = 0.8 keV obtained from ASCA observations (Grandi

et al. 1997). In this work, we applied physical models to the data as well as sim-

ple phenomenological models. We fitted CompTT, to the observed spectrum and

used it to characterise the temperature and optical depth of the electrons in the

corona for two geometries, namely a sphere and a slab. The goodness of the fit

(with a nearly identical chi-square per degree of freedom of χ2/ν ≈ 3734/3788) is

found to be insensitive to the assumption of the coronal geometry as assumption

of both the slab and spherical geometry fit the data equally well and we obtained

kTe = 9+2
−3 keV for slab geometry and kTe = 16+6

−7 keV for the spherical geometry.

These two model assumptions about the geometry of the corona gave different

values of the optical depth with τ = 2.4+0.6
−1.1 and τ = 5.1+0.6

−0.4 for the slab and spher-

ical geometry. This is expected because the optical depth for a slab geometry is

measured vertically while for a sphere it is measured radially. Using CompPS an

advanced Comptonization model available in XSPEC, we found kTe values of 25±

2 and 26+2
−0 for the slab and spherical geometry. Within errors, these values of kTe
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matches with that obtained from the fit of the EQPAIR model to the NuSTAR

data that returned a value of kTe = 23+1
−7 keV. This value of kTe is much lower than

the value of kTe of 176 keV obtained by Lubiński et al. (2016). This discrepancy

might be attributed to the presence of a significant jet contribution during the

epoch of observations done from INTEGRAL. Considering CompPS model, the

derived value of kTe is nearly identical for both the slab and sphere geometry of

the corona. This could mean that the shape of the X-ray spectra emerging out of

these two geometries is quite similar and the available spectral data from NuSTAR

is not sufficient to distinguish between these two geometries.

4.2.2 Nature of the corona in 3C 120

3C 120 is classified as a Seyfert 1 galaxy (Burbidge 1967) and is also identified as

a BLRG by Walker et al. (1987). It has an one sided jet and is also known to be

a γ-ray emitter in Fermi data (Sahakyan et al. 2015; Tanaka et al. 2015), which

provides additional evidence for the presence of a powerful relativistic jet, already

seen in radio observations (Harris et al. 2004). It is known that BLRGs have harder

X-ray spectra in comparison to radio-quiet Seyfert galaxies (Zdziarski & Grandi

2001). However, spectral fits to the NuSTAR data analysed here using pexrav

model gave a photon index Γ of 1.87 ± 0.02. This value is similar to that known for

non-jetted Seyfert 1 galaxies and different from the X-ray spectrum of AGN with

relativistic jets (blazars) that have Γ < 1.5 (Sambruna et al. 2006; Gianńı et al.

2011). Though the derived X-ray spectral index points to negligible contribution

of the jet emission we checked for the signature of jets in our data by looking

at the multi-wavelength properties during the epoch of NuSTAR observations.

Using the light curves taken in the optical from the Catalina Realtime Transient

Survey (CRTS; Drake et al. 2009) and in the 15 GHz band in the radio from the

Owens Valley Radio Observatory (OVRO, Richards et al. 2011), we found that 3C

120 was in a moderately low flux state during the time of NuSTAR observation
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analysed here. The optical and radio light curves are given in Figure 4.6 with

the epoch of NuSTAR observations indicated as a blue dashed line. Also, during

the epoch of the NuSTAR observations used here, the source was not detected

in γ-rays by Fermi (Tanaka et al. 2015). The Fvar for 3C 120 in the soft and

hard bands are 0.065 ± 0.002 and 0.052 ± 0.003 respectively. This is much lower

than the average Fvar in X-rays shown by the blazar class of AGN (Soldi et al.

2014; Rani et al. 2017) Also, the variations seen in the NuSTAR data is similar

to that of Seyfert galaxies and not blazars (Rani et al. 2017). Model fits to the

observed spectrum using CompPS that considers thermal Comptonization gave

a value of kTe = 26+2
−0 keV for a spherical geometry. On the other hand, fits to

the observed spectrum using EQPAIR that treats Comptonization from hybrid

plasma gave kTe = 23+1
−7 keV. Comparing CompTT and CompPS models for a

spherical geometry using F-test we find a F-value of 1.013. The test does not rule

out the null hypothesis that the two chi-square distributions are the same at the

90% confidence level. Between CompPS and EQPAIR model fits for a spherical

geometry we find a F-value of 1.0637, larger than the Fcritical value for a 90%

confidence, rejecting the null hypothesis that the two chi-square distributions are

the same. As the chi-square value of CompPS matches close to unity compared

to EQPAIR, we consider CompPS model better represents the spectrum of 3C

120. Therefore, based on both spectral (presence of X-ray high energy cut-off

and the X-ray photon index being close to that known for Seyfert galaxies) and

timing analysis (non-detection of the source in γ-rays during the epoch of NuSTAR

observations), it is clear that the X-rays observed by NuSTAR from 3C 120 is

similar to that found in non-jetted Seyfert 1 galaxies considering a model of a

thermal Comptonizing corona producing the X-ray in 3C 120. We note that the

strength of the reflection component obtained here showed significant differences

between various model fits, which might the due to the low S/N of the data beyond

30 keV.
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Figure 4.6: Long term optical V-band light curves from CRTS (top panel) and
15 GHz radio light curves from OVRO (bottom panel). The epoch of NuSTAR
observation studied here is indicated by the blue dashed line.

4.3 Summary

We have carried out the spectral analysis of the Seyfert 1 galaxy 3C 120 using

∼120 ks observations from NuSTAR. The results of our analysis are summarized

below:

1. TBabs×zTBabs×Pow model provided a bad fit to the data. The residuals of

the simple phenomenological model fit to the data sets of 3C 120 indicated

the presence of the Fe Kα emission line. Also, excess emission was seen

beyond 10 keV which is due to Compton reflection of X-ray photons by the

accretion disk.

2. Fit to the data of 3C 120, gave a value of E = 6.45 ± 0.05 keV and σ =

0.15+0.10
−0.12 keV for the Fe Kα line.
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3. Using phenomenological model fits to the data of 3C 120, we find a high

energy cut off Ecut = 83+10
−8 keV, photon index Γ = 1.87± 0.02 and a reflection

fraction of R = 0.55 ± 0.07.

4. From fit of CompTT model to the time averaged spectrum we found evidence

for the presence of weak Fe Kα line in the data at 6.4 keV with an equivalent

width of 60 ± 5 eV. The line is best fit by a Gaussian with a σ of 0.29 keV.

5. Using the Comptonization model CompPS to fit the observed spectrum, we

derived the kinetic temperature of the coronal electrons to be kTe = 25 ±

2 keV with a Compton y parameter of y = 2.2 ± 0.2 for a slab geometry.

This is similar to the value of the kinetic temperature of kTe = 26+2
−0 keV

obtained for a spherical geometry with a y of 2.99+2.99
−0.18. Also, fitting the

observed spectrum with EQPAIR gave a best fit value of kTe = 23+1
−7 keV.

Thus, fits to the data with the two most advanced Comptonization mod-

els available in XSPEC namely CompPS and EQPAIR gave similar values

of coronal temperature. It is likely that the electrons participating in the

comptonization process is predominantly thermal. Comptonization by non-

thermal electrons if any is in-significant as (i) the source is not detected in

γ-rays during the epoch of NuSTAR observations and (ii) the X-ray photon

index is similar to that known for Seyfert galaxies

6. 3C 120 is known to have a large scale radio jet and is also a γ-ray emitter.

However, NuSTAR data analysed here has made possible the detection of

coronal spectral signatures, constrain kTe and the reflection features, which

are found similar to that known for radio-quiet Seyfert galaxies. This indi-

cates that the contribution of jet emission to the X-ray is negligible in the

NuSTAR data and is likely to be weak during the epoch of NuSTAR observa-

tions. Additional support to this is provided by similar value of kTe obtained

by both CompPS and EQPAIR model fits to NuSTAR observations. This is

also supported by the low/moderate radio and optical flux states as well as
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non-detection by Fermi during the epoch of NuSTAR observations. To con-

strain the contribution of jet emission if any to the X-ray emission from 3C

120 requires observations at energies higher than that covered by NuSTAR.



Chapter 5

Study of AGN Coronae using

NuSTAR †

One of the aims of this thesis is to increase the number of AGN with Ecut measure-

ments and to check for correlations if any between Ecut values and other physical

properties of the sources. Towards this we have carefully selected a sample of 12

objects, the details of which are given in Chapter 2. In Chapter 4, we have given

the results obtained on one of the sources in our sample, namely 3C 120. Here

we give the results of the Ecut measurements for other sources in the sample. In

addition to this, we also present an investigation of the correlation between Ecut

with various physical properties of the sources.

†The contents of this chapter are published in
1. Rani and Stalin, 2018b, JApA, 39, 15
2. Rani et al., 2019, MNRAS, 484, 5113.
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Figure 5.1: Observed spectra along with model fits TBabs× zTbabs× (zgauss
+ pexrav) and the ratio spectrum. The top panel is for the source Mrk 348
(left) and NGC 4151 for the OBSID 60001111002 (right). The bottom panel is
for the sources NGC 4151 for the OBSID 60001111003 (left) and the OBSID
60001111005 (right).
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Figure 5.2: Observed spectra along with model fits TBabs× zTbabs× (zgauss
+ pexrav) and the ratio spectrum. The top panel is for the source Mrk 1040
for the OBSID 60101002002 (left) and the OBSID 60101002004 (right). The
bottom panel is for the sources ESO 362−G18 (left) and NGC 2992 (right). For
NGC 2992 the fitted model is TBabs × zTbabs × pexrav
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Figure 5.3: Normalized counts/sec versus energy for the model TBabs ×
zTbabs × (zgauss+pexrav) given for both FPMA (black) and FPMB (red)
modules and the ratio plots. The top panel is for the source NGC 3783 for the
OBISD 60101110002 (left) and 60101110004(right). The bottom panel is for the
sources 4U 1344−60 (left) and ESO 141G055 (right).
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Figure 5.4: Observed NuSTAR spectra along with the model fit using the
model TBabs × zTbabs × (zgauss+pexrav) given for both FPMA (black)
and FPMB (red) modules and the ratio spectra. The top panel is for the source
Mrk 509 for the OBSID 60101043002 (left) and the OBSID 60101043004 (right).
The bottom panel is for the source NGC 7172 (left) and NGC 7314 (right). For
the source NGC 7172 the zgauss component of the model was not used.
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Table 5.1: Best fitting model parameters for the sources using the model
TBabs × zTbabs × pow. Columns are (1) name, (2) OBSID, (3) galactic
column density in units of 1020 cm−2 (values marked with * were fixed to the
value obtained from Dickey & Lockman (1990)), (4) intrinsic column density in
units of 1022 cm−2, (5) X-ray photon index, (6) normalization factor and (7)
reduced χ2

Name OBSID NH(TBabs) NH(zTBabs) Γ Npow × 10−2 χ2/dof

(1) (2) (3) (4) (5) (6) (7)

Mrk 348 60160026002 5.84∗ 9.42+0.59
−0.58 1.74±0.02 1.72+0.11

−0.10 0.67

Mrk 1040 60101002002 7.23∗ 1.63±0.37 1.86±0.02 1.00±0.05 0.79

60101002004 4.11∗ 1.28+0.40
−0.39 1.85±0.02 0.90±0.05 0.80

ESO 362−G18 60201046002 1.76∗ 2.20+0.73
−0.72 1.57±0.02 2.31±0.13 1.25

NGC 2992 60160371002 5.26∗ 2.90±0.42 1.90±0.02 2.44+0.14
−0.13 0.67

NGC 3783 60101110002 8.26∗ 2.12±0.35 1.72±0.02 1.25±0.05 0.88

60101110004 4.11∗ 3.32+0.41
−0.40 1.68±0.02 0.99±0.05 0.90

4U 1344−60 60201041002 1.07∗ 2.12±0.24 1.81±0.01 1.44±0.04 1.08

ESO141G055 60201042002 5.11∗ 0.70±0.33 1.88±0.02 0.87±0.04 0.91

Mrk 509 60101043002 4.11∗ 1.08±0.27 1.81±0.01 1.41±0.03 1.35

60101043004 4.11∗ 1.22+0.62
−0.61 1.77±0.02 1.19±0.06 1.13

NGC 7172 60061308002 1.65∗ 9.95±0.44 1.83±0.02 2.34+0.11
−0.10 0.82

NGC 7314 60201031002 1.46∗ 0.77±0.37 1.87±0.01 1.18±0.04 1.43

NGC 4151 60001111002 2.30∗ 7.30±0.14 1.69±0.005 6.51±0.02 1.29

60001111003 2.30∗ 10.01±0.10 1.61±0.003 5.60±0.01 1.86

60001111005 2.30∗ 8.31±0.08 1.64±0.003 6.62±0.01 1.92

5.1 Model-1

We first used the simple absorbed power law model TBabs × zTBabs × powlaw

to fit each of the AGN spectra. TBabs (Wilms et al. 2000) was used to model the

Galactic absorption whereas zTBabs was used to consider the absorption due to

host galaxy of the source. For this model, we used Anders & Grevesse (1989) set of

solar abundances and the Balucinska-Church & McCammon (1992) photoelectric

cross sections. The galactic neutral hydrogen column density was frozen to the

value obtained from Dickey & Lockman (1990) for all the sources. In this model
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Table 5.2: Best fitting model parameters for the sources using the model
TBabs × zTbabs × (zgauss+pexrav). However, for sources, Mrk 348, NGC
2992 and NGC 7172, zgauss is not used. The columns are: (1) Name of the
sources, (2) OBSIDs, (3) peak of the Fe Kα line in keV, (4) width of the Fe
Kα line in keV, (5) photon index, (6) Ecut in keV, (7) reflection fraction, (8)
normalization in units of 10−2 and (9) χ2 per degree of freedom

Name OBSID E (keV) σ (keV) Γ Ecut (keV) R Npexrav χ2/dof

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Mrk 348 60160026002 — — 1.68±0.05 79+39
−19 0.38+0.26

−0.22 1.61+0.12
−0.10 0.67

Mrk 1040 60101002002 6.35+0.05
−0.05 0.11+0.07

−0.11 1.91±0.04 99+39
−22 0.88+0.26

−0.23 1.07+0.06
−0.05 0.75

60101002004 6.44+0.10
−0.09 0.30+0.13

−0.11 1.94±0.04 114+61
−30 0.95+0.29

−0.25 0.99+0.06
−0.05 0.76

ESO 362−G18 60201046002 6.33+0.04
−0.04 0.13+0.06

−0.07 1.71+0.03
−0.05 >241 0.70+0.26

−0.14 0.27+0.01
−0.02 0.97

NGC 2992 60160371002 — — 1.84±0.04 150+129
−65 0.07+0.23

−0.07 2.28+0.13
−0.12 0.67

NGC 3783 60101110002 6.24+0.05
−0.06 0.12+0.08

−0.12 1.88±0.04 77+15
−11 1.86+0.37

−0.32 1.52+0.09
−0.08 0.79

60101110004 6.30+0.03
−0.04 0.00+0.11

−0.00 1.87±0.04 63+11
−8 2.46+0.50

−0.34 1.25±0.08 0.80

4U 1344−60 60201041002 6.36+0.04
−0.04 0.12+0.07

−0.12 1.95±0.03 91+13
−10 1.54+0.20

−0.19 1.71±0.06 0.92

ESO141G055 60201042002 6.31+0.07
−0.06 0.08+0.12

−0.07 1.94±0.04 69+14
−10 1.20+0.27

−0.24 0.94+0.05
−0.04 0.86

Mrk 509 60101043002 6.40+0.04
−0.04 0.14+0.06

−0.07 1.83±0.02 160+31
−23 0.27+0.05

−0.04 1.46±0.04 1.10

60101043004 6.40+0.09
−0.06 0.00+1.09

−0.00 1.78±0.04 143+72
−36 0.23+0.10

−0.09 1.20+0.07
−0.06 1.06

NGC 7172 60061308002 — — 1.87±0.04 69+14
−10 1.09+0.26

−0.23 2.51+0.15
−0.14 0.80

NGC 7314 60201031002 6.36+0.08
−0.09 0.50+0.14

−0.10 2.03±0.03 — 1.02+0.18
−0.16 1.40±0.05 1.05

NGC 4151 60001111002 6.26±0.05 0.19±0.06 1.66±0.03 59±4 1.47+0.07
−0.06 5.16±0.2 0.94

60001111003 6.25±0.02 0.23±0.03 1.46±0.02 64±3 0.76+0.07
−0.06 3.58±0.09 1.12

60001111005 6.26±0.02 0.20±0.004 1.51±0.02 70±3 0.74±0.06 4.60±0.1 1.12

the free parameters were the photon index Γ and the normalization. In some of

the sources, we found evidence of iron Kα line and reflection component in the

residuals, along with high energy turnover. The fitting results along with the

galactic neutral hydrogen column density that was used and frozen during the fit

are given in Table 5.1.

5.2 Model-2

We noticed turnover in the residuals obtained by fitting the model TBabs ×

zTBabs × powlaw to the data. This clearly suggested of the presence of cut-off in
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Table 5.3: Up to date list of sources having Ecut measurements from NuSTAR
and associated details. For sources that are analysed in this work and having
more than one OBSID, the lowest values of Ecut is given in the table. The values
of Ecut,Γ, MBH and λEdd quoted in this table are taken from the references given
in the last column.

No. Name α2000 δ2000 z V Type Ecut Γ MBH λEdd Reference

(mag) (keV)

1 Mrk 348 00:48:47.2 31:57:25.0 0.014 14.59 Sy1h 7939
19 1.68 ± 0.05 7.2 0.149 This work

2 Mrk 1040 02:28:14.4 31:18:41.0 0.016 14.74 Sy1 99+39
−22 1.91 ± 0.04 6.4 1.030 This work

3 3C 120 04:33:11.1 05:21:15.0 0.033 15.05 Sy1.5 83+10
−08 1.87 ±0.02 7.7 0.353 A

4 Ark 120 05:16:11.4 −00:09:00.0 0.033 13.92 Sy1 183+83
−43 1.87 ± 0.02 8.2 0.085 C,J

5 ESO 362−G18 05:19:35.8 −32:39:27.0 0.013 13.37 Sy1.5 > 241 1.71+0.03
−0.05 7.7 0.012 This work

6 MCG +8-11-11 05:54:53.6 46:26:21.0 0.020 14.62 Sy1.5 175+110
−50 1.77 ± 0.04 7.2 0.754 C,H

7 NGC 2992 09:45:42.0 −14:19:35.0 0.008 13.78 Sy1.9 150+129
−65 1.84 ± 0.04 7.7 0.029 This work

8 MCG-5-23-16 09:47:40.2 −30:56:54.0 0.008 13.69 Syi 116+6
−5 1.85 ± 0.01 7.8 0.031 A

9 NGC 3783 11:39:01.8 −37:44:19.0 0.009 13.43 Sy1.5 63+11
−8 1.87 ± 0.04 6.9 0.146 This work

10 NGC 4151 12:10:32.5 39:24:21.0 0.003 11.85 Sy1.5 59 ± 4.0 1.66 ± 0.02 7.6 0.100 This work,K

11 PG 1247+268 12:50:05.7 26:31:07.0 2.042 15.92 QSO 89+112
−34 2.35+0.09

−0.08 8.9 0.024 C,I

12 NGC 5273 13:42:08.3 35:39:15.0 0.003 13.12 Sy1.9 143−96
40 1.81+0.02

−0.03 6.8 1.10 A

13 4U 1344−60 13:47:36.0 −60:37:03.0 0.013 19.00 Sy1 91+13
−10 1.95 ± 0.03 8.2 0.014 This work

14 IC 4329A 13:49:19.3 −30:18:34.0 0.016 13.66 Sy1.2 186 ± 14 1.73 ± 0.01 6.8 0.082 A

15 NGC 5506 14:13:14.8 −03:12:26.0 0.007 14.38 Sy1i 720+130
−190 1.91 ± 0.03 8.0 0.013 A

16 GRS 1734-292 17:37:28.3 −29:08:02 0.021 21.0 Sy1 53+11
−08 1.65 ± 0.05 8.5 0.033 A

17 3C 382 18:35:03.4 32:41:47.0 0.058 15.39 Sy1 214147
−63 1.68+0.03

0.02 9.2 0.109 A

18 ESO 103-035 18:38:20.5 −65:25:39.0 0.013 14.53 Sy2 183+83
−43 1.87 ± 0.02 8.2 0.085 D,G

19 3C 390.3 18:42:09.0 79:46:17.0 0.056 15.38 Sy1.5 117+18
14 1.70 ± 0.01 8.4 0.240 A

20 ESO141-G55 19:21:14.3 −58:40:13.0 0.037 13.64 Sy1.2 69+14
−10 1.94 ± 0.04 7.5 0.370 This work

21 NGC 6814 19:42:40.7 −10:19:23 0.005 14.21 Sy1.5 155+70
−35 1.71+0.04

−0.03 7.0 0.003 C,H

22 4C 74.26 20:42:37.3 75:08:02.0 0.104 15.13 Sy1 183+51
−35 1.84+0.03

−0.02 9.6 0.037 A

23 Mrk 509 20:44:09.7 −10:43:24.0 0.035 13.12 Sy1.5 143+72
−36 1.78 ± 0.04 7.9 0.215 This work

24 IGR 2124.7+5058 21:24:39.4 50:58:25.0 0.020 15.4 R Sy1 80+11
−09 1.59 ± 0.02 7.5 0.400 E,G

25 J2127.4+5654 21:27:44.9 56:56:40 0.014 18.79 Sy1n 108+11
−10 2.08 ± 0.01 7.2 0.090 A

26 NGC 7172 22:02:01.9 −31:52:08.0 0.009 13.61 Sy2 69+14
−10 1.87 ± 0.04 8.3 0.004 This work

27 QSO B2202-209 22:05:09.9 −01:55:18.0 1.770 17.50 QSO 153+103
−54 1.82 ± 0.05 9.1 1.150 A

28 NGC 7314 22:35:46.1 −26:03:02.0 0.005 13.11 Sy1h 2.03 ± 0.003 5.9 0.181 This work

29 Ark 564 22:42:39.3 29:43:32.0 0.025 14.16 S3 42 ± 3 2.27 ± 0.08 6.4 1.100 A

30 NGC 7469 23:03:15.6 08:42:26.0 0.017 13.04 Sy1.5 170+60
−40 1.78 ± 0.02 7.0 0.300 F

A:Rani & Stalin (2018b); B: Rani & Stalin (2018a), C: Tortosa et al. (2018b); D:

Vasudevan & Fabian (2009), E:Tazaki et al. (2010), F: Middei et al. (2018) G:

Buisson et al. (2018), H:Tortosa et al. (2018b), I:Lanzuisi et al. (2016), J:Porquet

et al. (2018),K:Woo & Urry (2002)
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the spectrum. Also, in the residual spectra of simple power law model (model-1)

fits to the data there were indications of the presence of the fluorescent Fe Kα

line. This line is present in the X-ray spectra of most of the AGN (Mushotzky

et al. 1993), consisting of both broad and narrow components. Therefore, Fe Kα

component was included in the spectral analysis of the sources analysed here.

From model-1 fits, we found that for three sources namely Mrk 348, NGC 2992

and NGC 7172, the Fe Kα line was not visibly present in their observed spectra.

Therefore, for those three sources, while fitting model-2, the Gaussian component

to model the Fe Kα line was not used, while it was used in the other 8 sources.

The parameters of the component that were extracted from the spectral analysis

are the peak energy of the line, the width of the line and the normalization. Also,

in the observed hard X-ray emission of AGN, both Ecut and reflection are believed

to play an important role. Therefore to obtain Ecut, we replaced the powerlaw

in model-1 with the Pexrav component and refitted each AGN spectra. Pexrav

(Magdziarz & Zdziarski 1995) includes both primary emission in the form of a

power law with an exponential cut-off and the reflection component, wherein it

calculates the spectrum of the X-ray source on reflection from an optically thick

neutral slab. In this model, the output parameter R, gives a measure of the re-

flection component present in the observed spectrum. If the source is isotropic,

R is related to the solid angle as R ∼ Ω/2π and this value of R depends on the

angle of inclination i between the perpendicular to the accretion disk and the line

of sight to the observer. During the spectral fitting, we used the default value of

the inclination angle of i = 45◦ and abundances present in the model. As i is fixed

to the default value for all the fitting, the values of R derived from the fit only

gives an indication of the amplitude of reflection. The nH values for the zTBabs

component of the model was frozen to the value obtained from model-1. The com-

ponents that were left free during this model fit were Ecut, peak of the Fe Kα line,

standard deviation of the Fe Kα line, reflection parameter and normalization for

both zguass and pexrav components of the model. The model fit along with the

residual spectrum are shown in Figure 5.1 − 5.4 and fitting results are given in
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Figure 5.5: Γ obtained from model-1 against Γ obtained from model-2

Table 5.2. In three out of the eleven sources analysed here, namely, Mrk 348, NGC

2992 and NGC 7172 Fe Kα line is not seen. In the standard model of AGN, broad

Fe Kα line is expected to be ubiquitously present in spectra of AGN, however,

there are exceptions (Bhayani & Nandra 2011). The apparent non-detection of Fe

Kα line in the spectra of AGN could be due to them viewed at large angles to the

line of sight to the observer subsequently leading to weaker reflection (Bhayani &

Nandra 2011), low signal-to-noise ratio (S/N) spectra, very high ionised accretion

disk (Ross & Fabian 1993; Zycki & Czerny 1994) or a combination of the above.

All the three sources for which Fe Kα line is not seen here are viewed at larger

angles having classification of Sy1h, Sy1.9 and Sy2 in the Véron-Cetty & Véron

(2010) catalog respectively. Thus, the apparent lack of Fe Kα line in them could

be due to weaker reflection owing to larger viewing angle, however, more detailed

spectral analysis is needed to clearly pin point the causes for the absence of Fe

Kα line in these sources. As the aim of this work is to find Ecut, detailed spectral

analysis of the sources are not attempted here.
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Figure 5.6: Correlation between Ecut and MBH (top-left panel), Ecut and Γ
(top-right panel), Ecut and λEdd (bottom-left panel) and Ecut vs luminosity in
the 2−10 keV band for sources with 1.78 < Γ < 2.0 (bottom-right panel). The
red points belong to the sources analysed in this work, the two blue points are
from our earlier work on two sources 3C 120 and NGC 4151, while the black
points are for the sources collected from literature. The green lines in the top-
right panel are the unweighted linear least squares fit to sources with Γ < 1.78
and 1.78 < Γ < 2.0 respectively.
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5.3 Model-3

While the fits to the spectra using the model TBabs × zTbabs × (zgauss+pexrav)

is acceptable, we replaced the Gaussian component in Model-2 with the relativistic

line emission model RELLINE (Dauser et al. 2010) and refit the spectra. The pa-

rameters obtained using RELLINE model are similar to that obtained using TBabs

× zTbabs × (zgauss+pexrav) model. There is negligible improvement in the

parameters obtained with Model-2 suggesting little/no blurring. Hence, in all

further discussions we consider the parameters obtained by the model TBbs ×

zTbabs × (zgauss+pexrav).

5.4 Reflection parameter

All the 11 sources studied in this work are Seyfert galaxies, however based on

Véron-Cetty & Véron (2010) they have varied classifications such as Sy1, Sy1.2,

Sy1.5, Sy1.9, Sy1h and Sy2. Clubbing all sources with classifications up to Sy1.5 as

Sy1 galaxies, sources beyond Sy1.5 as Seyfert 2 galaxies and Sy1h as Sy2 galaxies,

we found four Seyfert 2 galaxies and seven Seyfert 1 galaxies The unweighted mean

value of R for the Seyfert 2 galaxies in our sample is 0.58 ± 0.51, while that for

the Seyfert 1 galaxy sample, we obtained an unweighted mean value of 1.05 ±

0.66. Given the large error bars, both Sy1 and Sy2 galaxies have similar mean R

value, however, this large error bar is attributable to the small number statistics.

Given this limitation, the mean value of R for Seyfert 2 galaxies points to have a

lower value compared to the mean R value of Seyfert 1 galaxies. The decrease of

reflection in Seyfert 2 relative to Seyfert 1 galaxies would be in agreement with

the Unification scenario (Urry & Padovani 1995). Reprocessing in AGN is from

the accretion disk and for Seyfert 1 galaxies that are observed pole on, we are

able to see more of the reprocessed radiation, while in Seyfert 2 galaxies that
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are observed edge on, the reprocessed component is expected to be less. From an

analysis of Swift/BAT spectra for a large sample of AGN, Ricci et al. (2017) found

obscured sources to have less values of R compared to their counterparts that are

seen pole on.Thus our results on R, though suffer from small number statistics are

in agreement with that found by Ricci et al. (2017) from an analysis of the spectra

taken from Swift/BAT for a larger number of sources. However, from an analysis

of the stacked Swift/BAT spectra, Vasudevan et al. (2013b) found that obscured

sources have more reflection component than their unobscured counterparts. The

origin of this difference between the values obtained from spectral analysis of

individual sources and analysis of the stacked spectra of different categories of

sources is not clear.

5.5 Photon index

The photon indices obtained by both the model fits ranged between 1.57 to 2.03.

Comparing the photon indices obtained from both the model fits, we noticed

that the Γ obtained by model-1 (a simple power law fit) is flatter than the Γ

obtained from model-2 for all the sources except 2, namely Mrk 348 and NGC

2992. The steeper Γ obtained from model-2 is also consistent with the observations

of the presence of high energy cut-off in most of the AGN. Unweighted mean

values obtained from both model-1 and model-2 are 1.77 ± 0.12 and 1.86 ± 0.10

respectively. The plot of the Γ obtained from model-1 against Γ obtained from

model-2 is shown in Fig. 5.5. Also, shown in the same figure is a line of unity

slope. It is very clear from the Figure, that the Γ from model-2 is steeper than

the Γ obtained from model-1.
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5.6 Cut-off energy

Of the 11 sources analysed here, we obtained Ecut for 9 sources, for one source

a lower limit is obtained while for one source, we could not constrain Ecut. For

sources for which we were able to obtain Ecut, the obtained values range between

160 keV<Ecut < 59 keV. For 5 sources in our sample, the obtained Ecut values were

less than 80 keV and is within the energy range for which NuSTAR is sensitive. For

our sample of 9 sources, we found a mean Ecut value of 91 keV with a standard

deviation of 32 keV. This is lower than that obtained by Malizia et al. (2014),

who on analysis of 41 AGN found a mean Ecut value of 128 keV and a standard

deviation of 46 keV. This comparison needs to be taken with caution as changes

in the Ecut values, that reflect coronal temperature variations are also noticed for

sources when observed at different times (Zoghbi et al. 2017; Zhang et al. 2018).

5.7 Correlation of Ecut with other parameters

In this chapter, we have reported the results of our analysis on the spectra of

11 AGN. By modelling the observed X-ray spectra of 11 AGN using data from

NuSTAR using an empirical description of the observations as a power law with

an exponential cut-off, we were able to derive Γ for 11 sources. Out of the 11

sources, we could obtain Ecut for 9 sources, and a lower limit for one source. Using

these new measurements along with data for other sources culled from literature

that has NuSTAR measurements, we could collect data for a total of 30 sources

(Table 5.3). The Γ values for this enlarged complete sample, range from 1.6 to

2.4, while the Ecut take values lesser then 250 keV, except for one sources namely

NGC 5506 having a value of Ecut = 720+130
−190. This range of Ecut from NuSTAR

also lies in the range of Ecut values obtained from non-focussing instruments such

as BeppoSAX and INTEGRAL. However, the values of Ecut from NuSTAR have
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low errors compared to the values obtained from earlier missions operating in

the energy range similar to NuSTAR. This is likely due to the high sensitivity

of NuSTAR compared to earlier missions. For these 30 sources with quality Ecut

measurements from NusTAR, we tried to look for correlation if any between Ecut

and various properties of the sources, such as Γ, BH mass and Eddington ratio.

We obtained a complicated pattern between Ecut and Γ. This is shown in Fig.

5.6. For sources with Γ less than 1.78, we found a positive correlation (correlation

coefficient = 0.6) between Ecut and Γ, while if we consider sources with 1.78 <

Γ < 2.0, we found a negative correlation (correlation coefficient = 0.6) between

Ecut and Γ. Beyond Γ > 2.0, no trend of Ecut with Γ is noticed, however, this

apparent no-correlation is based on three sources. Thus this analysis gives indi-

cations of the existence of complicated correlation between Ecut and Γ. Though

the reasons for this complicated behaviour is not clear presently, the existence of

it too needs to be confirmed from more precise measurements of Ecut on a larger

number of sources. For the sources lying in the negative correlation line in the

Ecut versus Γ diagram, we plot in Fig. 5.6 the Ecut of those sources against their

luminosity in the 2−10 keV band. We noticed a weak negative correlation with

a correlation coefficient of 0.3 wherein sources with low Ecut have larger luminos-

ity. This behaviour can be explained due to electrons in the corona being more

effectively cooled via Comptonization in luminous sources, thereby leading to low

Ecut as well as steeper Γ (Zhang et al. 2018). We however, note that the weak

negative correlation obtained here is based on 6 measurements. Observations of

more sources are needed to confirm or refute this observed correlation. From Bep-

poSAX measurement of nine sources, using data in the range of 0.1 − 200 keV,

Perola et al. (2002) found for the first time a strong positive correlation between

Ecut and Γ. In their sample of nine sources, two have lower limits and some from

the remaining seven have large error bars. From simulated Swift/BAT data Ricci

et al. (2017) found a negative correlation between Ecut and Γ while Tortosa et al.

(2018b) using a sample of 19 sources, found no correlation between Ecut and Γ. We

also looked for correlation between Ecut and Eddington ratio (λEdd = LBol/LEdd).
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To estimate LBol for our sources we calculated the intrinsic (absorption corrected

and k-corrected) continuum luminosity in 2− 10 keV using the following relation

Lint = 4πd2
L

Fint
(1 + z)2−Γ

(5.1)

where Fint is the absorption corrected 2−10 keV flux and dL is the luminosity

distance. From Lint, LBol was calculated as LBol = 20×Lint (Vasudevan & Fabian

2007). We did not find any correlation between Ecut and Eddington ratio. The

correlation between Ecut and BH mass is shown in the top panel of Fig. 5.6. Also,

shown in the same figure are unweighted linear least squares fit (magenta line)

and weighted linear least squares fit (yellow line). There is an indication of a weak

positive correlation. Recently, Tortosa et al. (2018b) found an anti-correlation

between the coronal temperature and optical depth (τ) from an analysis of a

sample of Seyfert galaxies. We in this work have first time measurement of Ecut

for nine Seyfert galaxies. We tried to investigate the location of our nine new

sources in the KTe − τ plane and see if they lie on the trend found by Tortosa

et al. (2018b). To calculate τ we used the approximation given by Pozdniakov

et al. (1979) as

Γ = 1 +
[2/(θ + 3)− log(τ)]

log(12θ2 + 25θ)
(5.2)

Similarly for KTe, we used KTe = Ecut/2 (Petrucci et al. 2001). We show in Fig.

5.7 the location of our sources in the KTe versus τ plane both for slab and spherical

geometry of the corona. Also, shown in the same figure are the sources with KTe

measurements from Tortosa et al. (2018b) as well as the relation found by Tortosa

et al. (2018b) separately for the slab and spherical geometry. Our sources nicely

lie in the trend found by Tortosa et al. (2018b).
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Figure 5.7: Coronal temperature versus optical depth for Seyfert galaxies in
the case of slab geometry (top panel) and spherical geometry (bottom panel).
The green filled circles are the measurements from Tortosa et al. (2018b) while
the red filled circles are the new measurements from this work. The black solid
lines are the relation from Tortosa et al. (2018b) separately for the disk and
spherical shape of the corona.

5.8 Location of sources in the θ − l plane

We have Ecut measurements for nine sources. To plot the location of our sources

in the θ - l plane we converted out Ecut measurements to θ using Equation (1.2)

given in Chapter 1, where we used KBTe = Ecut/2 (Petrucci et al. 2001). Similarly

for calculating l we used Equation (1.1) given in Chapter 1. Here, for the coronal

radius we assumed a value of 10RG (Fabian et al. 2015), as we do not have any

measurement of the coronal size for our sources. For the luminosity of the sources,

we used the absorption corrected 0.1−200 keV flux obtained from our spectral fits

and converted to luminosity using the luminosity distance. Black hole masses for

the sources were taken from literature. We show in Fig. 5.8 the location of our

sources in the θ − l plane. Also shown in the same diagram is the pair line for
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Figure 5.8: Location of our sources in the θ − l plane. The black solid line
corresponds to the pair line for the slab coronal geometry.

a slab geometry (Stern et al. 1995; Fabian et al. 2015). All the sources for which

Ecut has been derived in this work lie within the theoretical pair line, similar to

that found by Fabian et al. (2015) and Kamraj et al. (2018).

5.9 Comparison with the coronal properties of

other AGN

Because of the degeneracies involved in the evaluation of the properties of the

corona from the observed X-ray spectrum, it is needed to simultaneously mea-

sure the power law slope and the cut off energy. Measurements of this demands

high quality X-ray spectra. Measurements of Ecut were known for several AGN

from observatories such as BeppoSAX and INTEGRAL. However, most of these

measurements have large error bars. Recently, observations from NuSTAR have
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started to provide reliable estimates of Ecut in few AGN, even though it might

not be sensitive to sources with Ecut much larger that its spectral coverage. To

compare the coronal measurements reported here for Seyfert galaxies with that of

other AGN, we searched the literature for the availability of coronal properties of

AGN based on observations either from NuSTAR alone or NuSTAR observations

coupled with other telescopes. Focussing only on those sources that have Ecut

measurements we arrived at a sample of thirty sources. They are given in Table

5.3. Also, the sources listed in Table 5.3 belong to different types of AGN that

includes both radio-quiet Seyferts and BLRGs (3C 390.3 and 3C 120, 3C 382 and

3C 390.3). Analysis of a larger sample of AGN do indicate differences between

BLRGs and radio-quiet Seyfert 1 galaxies, with BLRGs having, on average lesser

Compton reflection, weaker Fe Kα line and harder hard X-ray spectra compared

to radio-quiet Seyfert 1 galaxies (Wozniak et al. 1998). These differences between

BLRGs and radio-quiet Seyfert 1 galaxies are further confirmed by Zdziarski &

Grandi (2001), however, the authors state that the distribution of these parame-

ters in these two populations of sources is not distinct. Zdziarski & Grandi (2001)

obtained mean values of Γ = 1.74 ± 0.04 and 1.95 ± 0.05 for BLRGs and radio-

quiet Seyferts respectively. The value of Γ obtained for 3C 120 by us (Rani &

Stalin 2018b) is closer to what is known for radio-quiet Seyfert 1 galaxies and is

steeper than the other two BLRGs 3C 282 and 3C 390.3. This also supports the

dormant state of the jet of 3C 120 during the epoch of NuSTAR observations re-

ported here. Though the kTe values of 3C 120 (Rani & Stalin 2018b) and 3C390.3

Lohfink et al. (2015) agree within a factor of two, the value of kTe obtained for

3C 382 (Ballantyne et al. 2014) another BLRG is much larger. Therefore, based

on existing data from NuSTAR, it is very difficult to say if the coronal properties

of radio-loud AGN (BLRGs) and radio-quiet AGN (radio-quiet Seyfert 1 galaxies)

are similar or different. Understanding the connection between radio-emission and

coronal properties if any needs observations on a large number of sources of both

types analysed in a homogeneous manner. For this modest sample of sources with

NuSTAR observations culled from literature, we looked for correlation of Ecut with
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other physical parameters of the sources such as Γ and the black hole mass. No

correlation could be established (Figure 5.6). Therefore, more and more measure-

ment of kTe on a large sample that comprises both radio-loud and radio-quiet

AGN are needed to know for the existence or absence of such correlations and

largely to better understand the nature of the corona in AGN.

5.10 Summary and conclusion

We have carried out X-ray spectral analysis of a sample of 11 sources, using data

from NuSTAR. The aims of this work are two fold (a) to provide new measurements

of Ecut in AGN and (b) look for correlations between Ecut values obtained only

from NuSTAR data and other physical parameters of the sources. The results of

this work are summarized below

1. In eight out of 11 sources, FeKα line was found, while for three sources,

namely Mrk 348, NGC 2992 and NGC 7172, FeKα line could not be seen in

their spectra.

2. Among the eleven sources whose spectra were analysed, Ecut values were

obtained for nine sources. For one sources, ESO 362-G18, a lower limit to

the Ecut value was estimated, while for NGC 7314, our spectral fits did not

yield any Ecut value.

3. Using the new Ecut values obtained in this work along with those collected

from literature, we could gather Ecut measurements for 30 sources. In this

enlarged sample of 30 sources, we found no correlation between Ecut and

MBH and Ecut and λEdd. However, we noticed a complicated correlation be-

tween Ecut and Γ. For values of Γ less than 1.78, Ecut is positively correlated
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with Γ, while for Γ values between 1.78 and 2.0, Ecut is negatively correlated

with Γ.

Though there has been an increase in the number of AGN with Ecut measurements

from NuSTAR, it is still insufficient. Therefore, to study various correlations and

to put any constraints on the theory based on observations the number of Ecut

measurements need to be increased. This also requires physical model fits to

the observed data to infer many other parameters of the system, rather than

phenomenological model fits, requiring high quality data from NuSTAR.





Chapter 6

Conclusions and Future Work

Flux variability behaviour of AGN is an established phenomenon. Since the first

observation about six decades ago, AGN have been studied for flux variations at

all accessible wavelengths on a range of time scales from minutes to years. In par-

ticular studying AGN flux variability on short time scales of the order of minutes

is extremely important as it will help probe the inner most region of AGN that is

not accessible to any direct imaging techniques. In spite of the many studies that

are already available, we still do not have a clear understanding of the physical

processes that causes flux variations in AGN. Among the various wavelengths that

are suitable to probe the central regions of AGN through monitoring observations,

hard X-ray band is the most suited as it is known to originate in the immediate

vicinity of the black hole, and it is less prone to the effects of absorption. Though

several studies exist on the flux variability behaviour of AGN on long time scales

at energies less than 10 keV (Nandra et al. 1997; Fiore et al. 1998; Turner et al.

1999; Uttley et al. 2002; Markowitz et al. 2003; Soldi et al. 2008), our knowledge

on the hard X-ray variability characteristics of AGN are very limited, particularly

on time scales of the order of hours (Petrucci et al. 2000; Reis et al. 2012; Soldi

et al. 2014; Paliya et al. 2015). Also, in all available studies on the hard X-ray flux

97
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characteristics of AGN, no comparative analysis of the flux variability between dif-

ferent types of AGN were available. This is needed and is also important as such

a study, in addition to providing clues on the processes that cause flux variations

in different classes of AGN can also test the unification model.

It is believed that the primary X-ray continuum emission is AGN is due to inverse

Compton Scattering of UV and optical photons from the accretion disk by a hot

compact region called the corona. This produces a power law X-ray continuum

with a high energy cut-off. The shape of the power law continuum contains im-

portant information on the nature of the corona. Cut off measurements for AGN

do exist in literature but they are from low sensitive instruments particularly at

energies beyond 10 keV and thus have large error bars. Quality Ecut measure-

ments are available for about a dozen AGN. Therefore, more sensitive instruments

beyond 10 keV are needed to increase our Ecut measurements on more number

of AGN. The launch of NuSTAR in the year 2012, the first hard X-ray focussing

instrument and sensitive to the energy range between 3−79 keV has enabled the

study of both hard X-ray flux variability as well as understanding the nature of

the corona in AGN.

The strategy followed in this present thesis is to constrain the physical processes

happening close to the central region of AGN, by carrying out spectral and timing

analysis of the hard X-ray emission from AGN. From timing studies, the thesis

aimed to address the differences if any in the hard X-ray variability characteristic

of different classes of AGN on hour like time scales. Towards this we selected a

sample of 335 AGN, that includes 24 BL Lac objects, 24 FSRQs, 20 NLsy1 galax-

ies, 121 Seyfert 1 galaxies and 146 Seyfert 2 galaxies. From spectral studies, the

thesis aimed to understand the nature of the corona in AGN. For this we selected

a sample of 12 AGN, having high S/N ratio data with net count in the 3−79 keV

band greater than 0.1. Both the studies utilized the data from the hard X-ray

telescope NuSTAR. The major findings of the present thesis are:

1. A total of 557 sets of observations on 335 sources were analysed for hard
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X-ray flux variability. About 60% of the sources that were analysed showed

flux variability. Among the various types of AGN, blazars (that includes

FSRQs and BL Lacs) are found to be more variable than their radio-quiet

counterparts namely the Seyfert galaxies. The increased variability in blazars

relative to Seyfert galaxies could be due to the contribution of relativistic

jets to the observed X-ray emission in blazars.

2. Among the different categories of AGN, NLSy1 galaxies showed the highest

DC of variability of about 85%. This was followed by BL Lacs with a DC of

about 67%. Seyfert galaxies have a DC of about 50%. FSRQs showed the

lowest DC of about 30%.

3. Significant negative correlation was noticed between Fvar and MBH as well

as Fvar and luminosity in the 2-10 keV bands. Thus brighter AGN are less

variable. Also, AGN hosted by massive black holes are less variable.

4. Of the 12 sources for which spectral analysis was carried out, Ecut measure-

ments for 10 sources were obtained for the first time. For one source ESO

362-G18, we could obtain a lower limit to the Ecut value, while for NGC

7314, our spectral fits did not yield any Ecut value.

5. Combining our new Ecut measurements with those culled from literature, we

could gather Ecut measurements for a total of 30 sources. Analysing these

30 sources, we noticed a complicated correlation between Ecut and Γ. For

values of Γ less than 1.78 Ecut is positively correlated with Γ, while for Γ

values between 1.78 and 2.0 Ecut is negatively correlated with Γ.

Outline of future research: Although BL Lacs showed large DC of vari-

ability relative to Seyfert galaxies, practically nothing is known at present if

there is any difference in the hard X-ray variability between different classes

of blazars divided based on the position of their synchrotron peak in their

broad band spectral energy distribution. This requires the availability of

more data on blazars which is likely to become available in the near future.
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Also, in our sample, NLSy1 galaxies showed the highest DC of variability

among all the other classes of AGN. NLSy1 galaxies have gained more promi-

nence over the last decade after the discovery of γ-ray emission in about a

dozen NLSy1 galaxies. Also, we still do not yet have a clear picture if these

NLSy1 galaxies are hosted by low mass black holes or spiral galaxies. The

timing studies carried out in this thesis will be carried forward, by perform-

ing the spectral analysis of these sources. The timing results, along with the

spectral analysis which we intend to do in the future could provide some lead

to the peculiar observational signatures shown by NLSy1 galaxies relative to

the Seyfert category of AGN. Also, we plan to continue our efforts towards

determination of Ecut measurements for a large sample of AGN utilizing more

physical model fits to their observed X-ray spectra.
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