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Abstract

Active Galactic Nuclei (AGNs) are the most luminous (luminosity ∼ 1042 − 1048 erg/s)

persistent astronomical objects in the Universe, emitting in almost entire wavelength range of

the electromagnetic spectrum, starting from radio to Gamma rays. This enormous radiation

is attributed as due to the accretion of the surrounding material onto a supermassive black

hole (SMBH) located at the centre of a galaxy. Usually, the AGNs are X-ray loud and emit

profoundly in the 0.1 − 100 keV energy band. The spectral energy distribution of type 1

AGNs (e.g. Seyfert galaxies) shows the presence of primary spectral components such as a

big blue bump in the UV range, soft X-ray excess below ∼ 2 keV, Fe emission lines in 6 − 7

keV, reflection hump in 10 − 50 keV range and a power-law continuum emission with high

energy cut-off. These components are thought to be originating from distinct regions of the

AGN and are expected to vary differently. One of the most important properties of these

objects is that they are highly variable on different time scales. The observed X-rays show

rapid variability on the time scale of as short as an hour which is comparable to the size of

the immediate region around the black hole. This makes X-ray emission, along with emission

in other wavelengths, an important proxy to probe the extreme environment of the black

hole. Our understanding of the variability properties of these objects is still not complete.

Therefore, the spectral and timing studies of the AGNs can provide a better understanding

of the central engine and its surrounding medium. The present thesis work is dedicated to

the substantial understanding of three Seyfert galaxies: Mrk 509, NGC 1566 and NGC 4051.

To fulfil the thesis objectives, the data from various space-based observatories, such as

Swift, XMM-Newton and NuSTAR are utilized. To disentangle the origin of short-term

variabilities in Seyfert 1 galaxy Mrk 509, long-term Swift data from 2006 to 2019 in multi-

wavebands (X-ray, UV and optical) have been used. We analyzed a total of 275 pointed

observations to study the variability properties of the source in the optical/UV to X-ray

emission. The average spectrum over the entire duration of observations exhibits a strong

soft X-ray excess above the power-law continuum. The soft X-ray excess is well described

by two thermal components with temperatures of kTBB1 ∼ 120 eV and kTBB2 ∼ 460 eV.

The warm thermal component is likely due to the presence of an optically thick and warm

Comptonizing plasma in the inner accretion disc. We calculated the fractional variability

amplitude in each band and found it to be decreasing with increasing wavelength i.e., from

the soft X-ray (0.3 − 2 keV) to UV/optical emission. However, the hard X-ray (2–8 keV)

emission shows very low variability. The strength of the correlation within the UV and the
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optical bands is found to be stronger (0.95−0.99) than the correlation between the UV/optical

and X-ray bands (0.40–0.53). These results clearly suggest that the emitting regions of the

X-ray and UV/optical emission are likely distinct or partly interacting. After removing the

slow variations in the light curves, we find that the lag spectrum (time lag vs wavelength)

is well described by the 4/3 rule of the standard Shakura–Sunyaev accretion disc when we

omit X-ray lags. Nearly zero time lag and marginal variability difference between UV bands

suggest that the UV emitting region in the disc is not smooth but is instead a stratified

region. All these results suggest that the real disc is complex and the UV emission is likely

reprocessed in the accretion disc to give X-ray and optical emission.

Another detailed spectral and timing study has been performed for the 2018 outburst of

the Changing-look AGN (CL-AGN) NGC 1566, where its intensity increased up to ∼ 25−30

times its quiescent state intensity. This main outburst was accompanied by small recurrent

outbursts. The CLAGNs are a newly emerging class of AGNs where an AGN switches its type

over the years. The study was performed during pre-outburst, outburst and post-outburst

epochs using semi-simultaneous observations with the XMM-Newton, NuSTAR and Swift

Observatories. The broad-band 0.5–70 keV spectra were fitted with phenomenological models

as well as physical models. A strong soft X-ray excess is detected in the spectra during the

outburst, while it was weak before and after the outburst. The soft excess can produce most

of the ionizing flux necessary to create broad optical lines. The broad lines appeared during

the outburst, therefore, could be due to the strong soft excess, leading to the changing-look

event. The soft excess emission is found to be complex and could originate in the warm

Comptonizing region in the inner accretion disc. Using the obtained results, we find that the

increase in the accretion rate, which could be due to the disc instability, is responsible for

the sudden rise in luminosity and rule out the possibility of a tidal-disruption event (TDE).

This is supported by the ‘q’-shape of the hardness-intensity diagram that is generally found in

outbursting black hole X-ray binaries. From our analysis, we find that NGC 1566 most likely

harbours a low-spinning black hole with the spin parameter a ∼ 0.2. We also propose a

possible scenario where the central core of NGC 1566 could be a merging pair of supermassive

black holes. This scenario could explain the recurrent outburst.

To investigate the cause of ubiquitous small X-ray flares in AGNs, a small flaring event

of ∼ 120 ks in narrow-line Seyfert 1 (NLS1) galaxy NGC 4051 has been studied in detail

using simultaneous XMM-Newton and NuSTAR observations. The ∼ 300 ks long NuSTAR

observation and the overlapping XMM-Newton exposure were segregated into pre-flare, flare
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and post-flare segments. We found that during the flare, the NuSTAR count rate peaked at

2.5 times the mean count rate before the flare. We explored the variation of X-ray emission

in three phases using various phenomenological and physical models. The 0.3− 50 keV X-ray

spectrum of the source is described by a composite model consisting of a primary continuum,

reprocessed emission, warm absorber and ultra-fast outflows. From the spectral analysis,

we find that the reflection fraction drops significantly during the flare, accompanied by the

increase in the coronal height to ∼ 12.2 Rg from ∼ 9.6 Rg (during the pre-flare phase) above

the disc. The spectrum became softer during the flare showing the “softer when brighter”

nature of the source. After the alleviation of the flare, the coronal height drops to ∼ 7.4 Rg,

and the corona heats up to the temperature of ∼ 228 keV. This indicates that there could be

inflation of the corona during the flare. We did not find any significant change in the inner

accretion disc or the seed photon temperature during the observation. These results suggest

that the flaring event occurred due to the change in the coronal properties rather than any

notable change in the accretion disc.
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Chapter 1

Introduction: Active Galactic Nuclei

(AGNs)

The emission from normal galaxies in optical and infrared light is dominated primarily by

stars, gas and dust. However, there are galaxies which emit sufficiently in multi-wavelength

bands. This emission comes from a very small central region of an active galaxy which is called

Active Galactic Nucleus (AGN). Huge amount of emission from an AGN is associated with

the material accreting onto the super massive black hole (MBH = 106 − 109 M⊙; Kormendy

& Richstone (1995)). A black hole is defined as the place in space-time where gravity is so

high that even light can not escape from it.

This chapter is dedicated to the brief introduction of AGNs, their classification, X-ray

properties and physical processes going on near extreme gravity.

1.1 Historical background

In 1750, Thomas Wright postulated that the clusters of “nebula” were galaxies too far from us.

In the eighteenth century, Immanuel Kant, who was interested in astronomy, also postulated

that “nebulae” are different “worlds” similar to our own Milky Way. He coined the term

“island Universe”, though there was no observational evidence to support this model. Only

after the great work by Edwin Hubble in the 20th century, who calculated the distances of

these “nebulae” and found that the distances of these objects were much greater than the size

of our own Galaxy. In this way, the extragalactic objects were identified and galaxies were

redefined as “islands” in the “sea” called the Universe.

In 1908, astronomers discovered an unusual optical spectra of a nearby galaxy (later

1
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called NGC 1068 galaxy) at Lick observatory, showing multiple strong emission lines over

the continuum flux (Fath, 1909). After that, these emission spectra were recorded in many

other galaxies (e.g. NGC 1068, NGC 1275, NGC 4151). However, a systematic study of these

findings was only performed by Carl Seyfert in 1943, which led to the beginning of a new class

of galaxies (Seyfert, 1943). He noted that these galaxies have very high surface brightness,

and this emission comes from a very compact region (within 100 pc of the galactic centre)

at the centre that outshines the entire galaxy. It was pointed out that the emission lines

in their spectra are of very high excitation and extremely broad (e.g. ∆v ∼ 10000 km/s).

The high excitation energy of some emission lines shows that the responsible atom must have

been excited by very highly energetic photons. Seyfert, 1943 work was so important that one

of the classes of these objects is named after him: the Seyfert galaxies. With time, many

more Seyfert galaxies were discovered, and their properties were better constrained. In 1959,

Lodewijk Woljer claimed that the extent of the bright core could not be greater than 100 pc

otherwise, they could be spatially resolved.

With the advent of radio astronomy around the 1950s, a milestone was achieved with the

discovery of quasars (3C and 3CR radio catalogues; Edge et al. 1959) that opened the doors of

a new extremely energetic Universe. These discoveries drew the attention of astronomers and

astrophysicists, and the physics of AGNs became the area of extensive research since then. In

1963, Thomas Matthews and Allan Sabdage showed that the quasar 3C48 is a point-like source

of magnitude 16, consisting of a blue continuum and strong emission lines (Greenstein, 1963).

In the same year, with the calculation of the high cosmological redshift of the 3C273, the idea

of accretion of matter onto the black hole was kept forward to support the enormous amount

of emission from the small spatial region (Shields, 1999). Later, this idea was encouraged by

the discovery of black hole X-ray binary sources in our Galaxy. Recently reported images

of the supermassive black holes (SMBH) at the centres of the Milky Way and M87 galaxies

by EHT collaboration (Event Horizon Telescope Collaboration et al., 2019, 2022) confirm

the idea of SMBH at the centre of each galaxy. Still, there are several important questions

which remain unanswered on the formation and fuelling of the super massive black hole at the

centre, the geometry of the central region, the emission mechanisms in different wavebands,

the launching and collimation of jets, and other aspects. The AGNs are so complex that

they will remain a topic of intense research in astronomy and astrophysics for the foreseeable

future.
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1.2 AGN taxonomy & Unified model

The classification of AGNs is complex and somewhat confusing. Different classes of AGNs

correspond to different observational appearances irrespective of the intrinsic physical nature

of the source. We discuss later in the context of the Unified model how the appearance of

AGNs depends on the orientation with respect to our line of sight. Here, we state some simple

taxonomy of the AGNs:

Seyfert galaxies- This is the category which was first identified as AGNs. They come

with moderate bolometric luminosity (Lbol = 1041−45 erg s−1). They are generally radio-quiet

and have high surface brightness at the core. From the optical images, their host galaxies are

identified as spirals with massive galactic bulges whose spectra show strong high-ionization

emission lines. The Seyfert galaxies are divided into two categories such as Seyfert 1 and

Seyfert 2.

Type 1 Seyferts show two sets of emission lines in their spectra, i.e. (i) highly ionized

broad permitted lines with widths up to thousands of km/s and (ii) narrow permitted lines

with width of several hundred km/s. The broad emission lines originate from the regions

closer to the supermassive black hole (within 0.1-1 parsec) called broad-line regions (BLRs).

The BLRs are thought to be dense (ne ≥ 109 cm−3; Ilić et al. 2010) and highly ionized on

the basis of broad lines. The location of the BLRs can be estimated from the observed time

delay due to the additional path travel by photons from the continuum source to the line

emitting gas before reaching the observer. The narrow lines originate from comparatively low

density (ne ∼ 103−6 cm−3; Peterson 2006) and low ionization regions called the narrow-line

regions (NLRs). There is another subclass of Seyferts called narrow-line Seyfert 1 (NLS1)

galaxies which also show broad lines, but they are relatively narrower than that of the typical

Seyfert 1s.

Type 2 Seyfert galaxies are bright in the infrared band apart from the characteristic bright

core. Their spectra show narrow forbidden lines. They have [OIII] λ5007 to Hβ λ4860 ratio

of < 3 (Shuder & Osterbrock, 1981). It is thought that the difference between the type 1 and

2 arises from the orientation of these galaxies with respect to our line of sight. This point will

be discussed in detail later. There are intermediate classes of Seyfert galaxies (e.g. 1.2, 1.5,

1.8), first introduced by Donald Osterbrock in 1981 (Osterbrock, 1981), where the strength

of the broad line component is less compared to the narrow line component.

Quasi-Stellar Objects (QSOs) or Quasars- The QSOs are the most luminous of the
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AGN family (Lbol = 1044−47 erg s−1), usually found at higher redshift (z > 0.1). Their core

luminosity is so high that they outshine their host galaxies and appear as point-like sources

in optical images. Radio-loud quasars, which constitute 10% (Peterson, 1997) of the total

population of quasars, emit significantly in the radio band, and emission in radio band is

associated with the relativistic jets. There is a type 2 category of quasars, where the direct

view of the accretion disc and the broad-line region is obscured by dust and gas, as in the

case of the Seyfert 2 galaxies. Therefore, they are considered the luminous counterparts of

the Seyfert 2 galaxies.

Radio Galaxies - These are bright in radio emission, which is known to be coming

from the extended jets due to the synchrotron process (Krolik, 1999). Their host galaxies

are known to be elliptical and are detected at large distances. They show lobes or plumes

extending up to the megaparsec scale. They can be classified as broad-line radio galaxies

(BLRGs) and narrow-line radio galaxies (NLRGs), depending on their optical/UV spectra.

In 1974, Fanaroff and Riley divided radio galaxies into two categories (FRI and FRII) on the

basis of the morphology of their large-scale radio structure (Fanaroff & Riley, 1974). The

FRIs typically have bright jets at the centre, and the FRIIs have bright hot spots at the end

of the lobes.

Flat Spectrum Radio Quasars (FSRQs) and BL Lacs- One subclass of AGNs,

known as Optically Violently Variable (OVVs), is characterized by rapid variability by a

significant fraction on a short time scale in radio to optical energy bands. The FSRQs are

nearly isomorphic to the old OVV class. Apart from the highest variability, these sources

show relatively high polarization in the optical emission. The BL Lacs (named after their

prototypical source BL Lacertae) show highly variable emission but without showing strong

emission or absorption lines in their spectra. Due to the lack of strong lines, sometimes it

becomes difficult to estimate their redshift. Sometimes, the redshift is calculated from the

absorption lines which are assumed to have originated from their host galaxy. The FSRQs

and BL Lacs are collectively known as blazars. All the known blazars are strong emitters

of radio and X-ray radiation though copious γ-rays are also usually detected. Blazars are

dominated by power-law continua in the IR through UV bands. Only some of the FSRQs

have a detectable thermal component in their spectra.

LINER- In 1980s, Timothy Heckman identified a subclass of AGNs called Low-Ionization

Nuclear Emission Line Region (LINER). This class is identified with weakly-ionized or neutral

emission lines.
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1.2.1 Unified model

The Unified scheme is generally referred to two categories: IR-optical-UV-X-ray unification

and radio unification. The first category can explain the differences between the type-I (or

type 1) and type-II (or type 2) AGNs. According to this Unified model, all radio-quiet AGNs

are intrinsically the same, and the differences in their observational characteristics come from

different inclination angles of obscuring torus (see section 1.3.3) with respect to our line-of-

sight. The second category takes into account the torus with relativistic jets. The radio

unification is used to explain certain observed features of the compact and extended radio-

loud AGNs (Urry, 2003; Tadhunter, 2008). Here, the discussion is restricted to category 1

only.

It is now largely accepted that type-I and II house the same engine at the core. In 1985,

Antonucci and Miller (Antonucci & Miller, 1985) analyzed the optical spectra of Seyfert 2

galaxy NGC 1068 in polarized light. The scattered spectra showed broad emission lines

very similar to those observed ubiquitously in Seyfert 1 spectra. This implies that the type-

I and type-II Seyfert galaxies are intrinsically the same. Due to the hidden view of the

BLRs, some of the features of Seyfert 1 are absent in Seyfert 2 galaxies and vice versa, while

the NLRs are visible for both. According to this model, every AGN has a supermassive

black hole (MBH > 106 M⊙) at the centre, which is accreting matter from the surrounding

medium. This accreting material forms a disc around the supermassive black hole where

the gravitational energy is converted into heat energy and radiation (Shakura & Sunyaev,

1973a). The disc emission is in the form of a multicolour blackbody which usually peaks

in the UV band for AGNs. The photons from the inner part of the disc interact with the

relativistic hot electron plasma called “corona” or “Compton cloud” and give rise to the X-ray

emission (see Section 1.5.1). In the immediate circumnuclear environment, there are clouds

of hot gas in Keplerian motion (BLR regions) and that produce broad emission lines in type-I

AGNs. In radio-loud AGNs, the relativistic jets are present, which are highly collimated and

perpendicular to the accretion disc plane. Beyond the BLRs, the central region is enshrouded

by an optically thick putative torus which is made of gas and dust. In radio-quiet AGNs like

Seyferts, it is the orientation of this torus which decides whether a galaxy is observed as a

Seyfert 1 or a Seyfert 2 (see Figure 1.1). Therefore, an observer looking at the edge-on of

the torus is obscured from the direct view of the BLR emission and only NLRs are visible to

the observing eye. On the other hand, if our line of sight is face-on (i.e. near the axis of the

torus), we can directly peek into the innermost region of the AGN. Therefore, the Unified
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Figure 1.1: The Unified model showing different components of an AGN with their typical
distances from the centre. It consists of a SMBH, an accretion disc, obscuring torus, the BLRs
and NLRs. Image adapted from Antonucci, 1993.

model can explain the differences between type-I and type-II with a minimum number of

assumptions. Although this model explains the basic phenomenology of complex AGNs, it

ceases to successfully explain an increasing set of observations which are in disagreement with

the unified model (Bianchi et al., 2012).

1.3 Structure of an AGN

1.3.1 The central engine

As mentioned in Section 1.1, the enormous amount of energy produced in the AGNs must

be related to the supermassive black hole at the centre. The extremely strong gravity of the

supermassive black hole at the centre is responsible for the very high luminosity of the AGNs.

The most efficient “usual” method for energy production is nuclear fusion, as in the case of

the stars, where hydrogen is burnt into iron. The binding energy per nucleon of iron is 8

MeV, or we can say 0.008 mpc
2 per nucleon energy is released in the fusion. In this way,

the efficiency of this process is only ∼ 0.8%. Thus, a physical mechanism such as accretion

of matter onto the massive black holes at the centre of the host galaxies can provide highly

efficient (∼ 6 − 29%) conversion of gravitational potential energy to radiation (Kembhavi &

Narlikar, 1999). Here, the process of accretion is described in detail:

Accretion - The idea of accretion of matter onto the stars was first proposed by Bondi,

1952 which involved the spherical accretion and gas dynamics in the gravitational field. In
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this case, the steady-state accretion rate (ṁ) onto a star is determined by the conditions of

the surrounding medium in the interstellar medium at large distances and flow conditions,

whether it is subsonic or supersonic. However, for this kind of accretion, ṁ is too small to

show any observational signature. For a massive black hole such as the one at the galactic

centre, the net angular momentum of the gas shed by nearby stars should be substantial

enough to lead to the formation of a disc around the black hole. The disc could be thick

or thin depending on whether its height (H) is comparable to its radius (R). Here, further

discussion will be restricted to the thin disc (H << R).

The accreted gas approaching the black hole loses its gravitational energy and converts

a part of it into kinetic energy and the rest into radiation and heat energy. This accreting

gas surrounding the black hole forms a geometrically thin, optically thick disc (Shakura &

Sunyaev, 1973a) in which the gas loses its angular momentum. The gas in the disc is heated

by internal friction. This friction also reduces the rotational velocity, whereby the gas slowly

moves inwards. The total energy released through the process of accretion is given by:

Lacc = ηṁc2

where, η is the efficiency of converting mass into radiation, and c is the speed of light.

The efficiency depends on the compactness of the accreting object as η = GM/Rc2 = Rs/2R,

where Rs is the Schwarzchild radius for a non-rotating black hole. For a non-spinning black

hole, the radius of the Innermost Stable Circular Orbit (ISCO) is defined as RISCO =

6GM/c2 = 3Rs, whereas for a maximally rotating black hole, RISCO∼ 1.235 Rs. The lu-

minosity (Lacc) depends on the mass accretion rate, which further depends on the mass of

the central black hole. There is an upper limit on the luminosity called Eddington luminosity

which is reached when the radiation force becomes equal to the gravitational pull of the black

hole. For a spherical geometry of accretion and gas of fully ionized hydrogen, the Eddington

luminosity is defined as

Lacc ≤ LEdd =
4πGcmp

σT

M• = 1.3 × 1038(M•/M⊙) erg s−1

where G, mp, σT , M⊙ and M• are the gravitational constant, the mass of the proton,

Thomson cross-section, mass of the Sun, and mass of the central black hole, respectively.

In reality, the geometry is not spherically symmetric. Many a time, the luminosity exceeds

the Eddington limit, which is called super-Eddington emission and some of the accreted gas
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is expelled due to the high radiation pressure. In practice, the Eddington ratio (λEdd =

Lacc/LEdd) is often used to estimate the mass accretion rate in AGNs.

Temperature profile of an accretion disc- Formation of the accretion disc takes place

when the angular momentum of the gas is lost locally though the total angular momentum

is conserved. For the conservation of angular momentum, the angular momentum lost due

to the in-falling of matter has to be recovered through the angular momentum gained by the

matter in the outer part of the disc. In 1973, Nikolai Shakura and Rashid Sunyaev gave an

approximate solution to the problem of “angular momentum transport” for an optically thick

and geometrically thin accretion disc (Shakura & Sunyaev, 1973a). In their “α-disc model”,

the flow of accreted matter is assumed to be in the steady-state and in Keplerian motion

locally. The turbulence in the gas is responsible for the generation of viscosity. For subsonic

turbulence, the viscosity (called α-viscosity) can be approximated as:

ν = αcsh

where, cs and h are the sound speed in the matter and half-thickness of the disc, respectively.

Here, α is a free parameter that depends on the rate of accretion. In this model, the rate is

assumed to be constant. The equation of the temperature profile of the disc can be solved by

using the equation of hydrostatic equilibrium, mass and angular momentum conservation for

a thin disc. Here, we describe an approximate solution of the temperature equation through

fundamental physics.

Suppose a particle of mass m at a distance of R+∆R around a compact object (black hole

in the case of AGNs) of mass M reaches the distance R due to the influence of the gravitational

force of the compact object. Then, half of the gravitational energy of the particle is dissipated

in the form of heat due to the gravitational potential of the black hole. Assuming the disc as

optically thick, geometrically thin and locally emitting as a blackbody, the luminosity of the

disc can be expressed as;

∆L =
GMṁ

2R2
∆R

where ṁ is the mass accretion rate. The disc ring between R and ∆R emits a luminosity,

∆L = 2 × 2πR2σSBT
4∆R

where T is the temperature of the disc at a radius R and σSB is the Stephan-Boltzmann
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Figure 1.2: Accretion disc temperature profile for geometrically thin and optically thick disc.
Credit: (Kembhavi & Narlikar, 1999)

constant. A factor of two has been incorporated to take into account the two faces of the

disc. By equating and re-arranging these two equations, we get

T (R) =
( GMṁ

8πR3σSB

)1/4
A more accurate expression can be derived by considering the dissipation of energy through

viscous torque. The expression for the resulting effective surface temperature becomes,

T (R) =
( 3GMṁ

8πR3σSB

)1/4
for R >> Rs.

The above equation can be simplified again and scaled as,

T (R) ≈ 6.3 × 105
( ṁ

ṁEdd

)1/4( M

108M⊙

)−1/4( R

RS

)−3/4

K

With this temperature profile, the thermal emission from an accretion disc becomes a

multi-colour blackbody spectrum peaking in the UV band for an AGN (see Figure 1.2).
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1.3.2 Narrow-Line and Broad Line Regions (NLRs & BLRs)

The type-I and type-II classes of AGNs are distinguished on the basis of the width of the

emission lines in their optical spectra. These emission lines are the basic signatures of AGNs

and have been extensively studied for more than 60 years. The representative lines in the

AGN spectra are hydrogen Balmer lines like Hα λ6563, Hβ λ4861, Hγ λ4340, Lyman Hα

λ1216 and heavy element ions Mg II λ2798, [C III] λ1909, and C IV λ1549. The observed

width, variability and other properties of these lines show that they emanate from different

regions of the AGN, designated as broad-line regions (BLRs) and narrow-line regions (NLRs).

The BLRs are present in all types of AGNs. These BLR clouds are located very close

to the accretion disc, outspread within about 100 light days (< 0.1 pc) from the centre in

Seyfert 1 galaxies, and its outer edge is likely to be merged with the dusty torus (Suganuma

et al., 2006). There is no well-established mechanism which can determine the effective radius

of the region, although there are studies giving power-law relation between the BLR radius

and the optical luminosity. The emitting medium is primarily in Keplerian motion with

additional velocity components (Done & Krolik, 1996). The density of the BLR is ∼ 109cm−3

and typical gas velocity calculated from the broadening of emission lines is up to 104 km s−1.

From the ionization state of the atoms corresponding to the observed emission lines, a typical

temperature of the BLR can be calculated and comes out to be ∼ 20000 K. Studies of the

BLR play an important role in understanding the accretion and emission mechanisms in the

AGNs and in determining the mass (reverberation mapping method) of the corresponding

supermassive black holes (Peterson et al., 2004; Bentz et al., 2007).

The NLRs are known to be located at larger distances as there is no evidence of variation

echoing the continuum variation. The extent of this region is around 300 pc which can be

resolved in optical bands through ground-based observations. The density of the NLR is 103−6

cm−3 which is estimated through the forbidden lines in the spectra. The gas velocity or the

line width is less than 2000 km s−1 which is considerably narrower than that of the BLRs

but significantly broader than that found in the spectra of normal galaxies. The strongest

line from this region is forbidden [O III] λ5007. The characteristic temperature of the gas,

obtained from the allowed and forbidden line ratio, is T∼16000 K which is lower than that

of the BLRs. The morphology of the NLR is cone-shaped, which suggests that the ionization

of the NLR is not isotropic, instead depending on the direction.
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1.3.3 Dusty/molecular torus

The putative torus is an important component of the AGN structure (Krolik & Begelman,

1988). The unified model for the observational features of type-I and type-II AGNs is based

on this toroidal structure. The direct observational evidence for the existence of torus are only

available for a few nearby AGNs, e.g. NGC 1068 (Raban et al., 2009), Circinus (Tristram

et al., 2014). The torus surrounding the central black hole and the accretion disc, at a

distance of roughly 1 pc, consists of molecular gas and dust (temperature ∼ 103 K). The

simplest geometrical structure of the torus is considered as continuous matter distribution

in toroidal form, although recent observational studies differ from this simple geometry and

predict clumpy structure in the form of moving clouds. The obscuring material absorbs

intrinsic emission coming from the centre and gets ionized at the inner radius of the torus. It

re-radiates in the infra-red (IR) band, thus providing information about the dusty material.

There are multiple hypotheses for the formation of the dusty structure (Nenkova et al., 2008a;

Wada, 2012; Guainazzi et al., 2016).

1.3.4 Corona or Compton cloud

It is necessary to understand the way an accretion disc gets illuminated by the continuum X-

ray emitter above the black hole, i.e. corona, to have a better understanding of the inner disc

region. The formation and energetics of the corona are not completely understood. However,

it is thought to be a result of acceleration and confinement of energetic particles by the

magnetic field encapsulated to the accretion disc (Haardt & Maraschi, 1991). The geometry

of this Comptonizing corona generating power-law continuum in X-ray is very complex. It

could be a point-like, compact medium hovering above the black hole axis or extended over

the inner part of the disc or of a patchy structure (Reynolds & Nowak, 2003).

In the disc-corona or two-phase model (Haardt & Maraschi, 1991), the X-rays are produced

in a hot, optically thin corona (phase 1) embedding cold and optically thick inner accretion disc

(phase 2) via inverse-Compton scattering. The seed (or soft thermal) photons are provided

by the cold accretion disc for the cooling of hot plasma in the corona. Simultaneously, a

fraction of the hard X-ray photons works as a source of heating the underlying cold disc,

which reprocesses them into soft photons. In this way, these hot and cold phases are coupled

with each other. The possible configuration for this kind of disc-corona system could be the

two homogeneous isothermal layers in plane-parallel geometry where the hot layer is above the
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Figure 1.3: Different corona geometries are shown around the black hole (black) and above
the accretion disc (brown). Slab or sandwiched geometry at the top panel, two middle panels
referred as “sphere+disc” geometries and a patchy corona at the bottom panel are shown.
Credit: Reynolds & Nowak, 2003.

cold disc. There could be other types of geometry where instead of a single smooth corona,

there are several smaller regions above the disc. In this case, the patchy corona contains many

blobs and a fraction of available energy is released in the corona. The patchy corona can be

formed due to the magnetic loops in which energy is stored and lost through reconnection

(Haardt et al., 1994). This model can explain the variability of emission that arises due to

the change in the accretion rate or due to the variation in corona blobs. Different kinds of

geometries have been shown in Figure 1.3.

Another widely accepted coronal geometry is the lamp-post model (Matt et al., 1991;

Miniutti & Fabian, 2004). In this model, a point-like source is located at the rotation axis of

the black hole above a certain height from the accretion disc and illuminates the disc. This

model can successfully explain the absence of correlation between the iron line and the X-ray

continuum emission. The effect of light bending due to the strong gravitational field of the

BH and resulting variation of the reflection component as well as broadening of the iron line

can be explained by this model readily. In this scenario, the AGN requires a compact corona

which shows a reflection dominated spectrum (Fabian et al., 2012).

Compactness of the corona

It has been observed that the X-ray emission from the AGNs originated from the compact and

hot medium. The rapid variability observed in the X-ray emission from many AGNs indicated
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that the corona is compact. The variability studies of the lensed quasars also support this

conclusion and estimate the size of the corona to be approximately 6Rg (Zimmer et al., 2011),

where Rg(= GM/c2) is called the gravitational radius. Other evidence of physically compact

corona are provided through the emissivity profile of the iron line (Wilkins & Fabian, 2011) and

variable obscuration of the corona by the clouds (Risaliti et al., 2011). Highly luminous and

physically compact sources can also be compact radiatively, in the sense that the interactions

between photons and particles involving energy exchange between them are very common in

the medium. This property of the source is defined as the “compactness” (l) and can be

described as the ratio between the luminosity and the size of the source (Ghisellini, 2013),

l =
L

R

σT

mec3

where, L is the luminosity, R is the radius of the spherical source, σT is the Thomson cross-

section and me is the mass of the electron.

In terms of Eddington luminosity LE,

l = π
mp

me

L

LE

Rg

R

From this equation, it can be calculated that the sources with luminosity greater than 1

percent of the Eddington luminosity with size less than 20Rg are compact with l > 10.

If the photons are energetic enough, they can lead to electron-positron pair production.

The pair density in the source is directly proportional to the luminosity and temperature,

and inversely proportional to the size of the source. The pair production becomes a run-away

process, i.e. out-pacing annihilation, limiting a further rise in the temperature. The physical

properties of the thermal plasma can be understood by looking at θ− l plane (θ = kTe/mec
2)

(see Figure 1.4). The dominant process in the plasma would be the one for which the cooling

time scale is shorter. In the coronal plasma, the dominant processes are inverse Compton

scattering, Bremsstrahlung and pair production. Considering the spherical source size of

radius R, optical depth τ and luminosity L, the Compton cooling time can be expressed as

(Fabian et al., 2015)

tC =
3πR

2cl(1 + τ)
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In terms of light crossing time tcross = R/c,

tC =
3π

2l(1 + τ)
tcross

For l > 2, we have tC < tcross. This signifies that when l is greater than 1, the electron loses

its energy sufficiently while crossing the size of the emitting region.

Bremsstrahlung cooling time for an electron is,

tB =
θ1/2R

ταfc

where, αf is the fine structure constant. The upper limit of the compactness parameter can

be obtained when,

l ≈ 3αfθ
−1/2

This means at higher compactness, the Comptonization process dominates. Two particle

collisions are the basic heating and thermalization process. The electron-electron coupling

occurs when,

l < 80 θ−3/2

The electron-proton coupling dominates over the electron-electron coupling when (Fabian,

1994),

l < 0.04 θ−3/2

As mentioned above, at a certain regime, the pair production becomes a pair runaway

process and identified as pair runaway lines. The position of these lines depends on the shape

of the source. Stern et al. (1995) calculated this line for a slab corona. Svensson (1984)

computed pair balance line for an isolated cloud when,

l ∼ 10 θ5/2 e1/θ

1.4 X-ray emission mechanism in AGNs

The electromagnetic radiation from an AGN is known to be a mixture of thermal (blackbody)

and non-thermal radiation originating from different regions of the system. Here, we discuss
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Figure 1.4: θ − l plane as described in the Section 1.3.4, Image credit:Ghisellini et al., 1993.

Figure 1.5: Illustration of scattering of a photon by an electron. Image credit: Qiao et al., 2021.

the three emission mechanisms briefly. A detailed discussion can be found in Rybicki &

Lightman (1979), which we follow in the rest of this subsection.

1.4.1 Compton scattering

The scattering between a charged particle like an electron and a photon can happen in one

of three ways depending on the energy of the photon and the rest mass energy of the charged

particle. When the energy of the incoming photon is low compared to the charged particle

(hν << mec
2), Thomson scattering occurs. This scattering is also called “coherent” or “elas-

tic” scattering. Compton scattering is a phenomenon when the photon energy is comparable

to or greater than the electron energy. In astrophysical sources, the inverse Compton scatter-

ing or Comptonization plays an important role than the Compton scattering process. In the

process of Comptonization, a photon undergoes multiple scattering with a thermal distribu-
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Figure 1.6: Illustration of scattering directions in the laboratory and rest frames of the electron.
Image is taken from the lecture notes available at https://www.iucaa.in/ dipankar/ph217/.

tion of electrons. In this process, the photon gains energy from the energetic electrons.

The energy of the scattered photons can be estimated by applying the energy and mo-

mentum conservation laws in the rest frame of the electron. Considering the initial and final

four-momentum of the photon as P⃗γi = (ϵ/c)(1, n⃗i) and P⃗γf = (ϵ′/c)(1, n⃗f ), where n⃗i and n⃗f

are the initial and final directions of the photon (Fig 1.5), and the initial and final momenta

of the electron as P⃗ei = (me, 0) and P⃗ef = (E/c, p⃗), the energy of the scattered photon can

be expressed as,

ϵ′ =
ϵ

1 + ϵ
mec2

(1 − cosθ)

In terms of wavelength, it becomes

λ′ − λ = λc(1 − cosθ)

where λc = h/mec = 0.02426 Åis the Compton wavelength of the electron.

When the plasma is embedded in a radiation field of temperature Trad, the scattering

of photons and electrons continuously transfers energy between them. During scattering,

the high energy photons with energy mev
2 << ℏω << mec

2 transfer energy to low energy

electrons, while the low energy photons gain energy from the high energy electrons with

ℏω << mev
2. In thermal equilibrium, there is no net energy transfer between the photons
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and electrons. If the temperature of the electron Te >> Trad, the electron are cooled by

transferring energy to the photons and the process is called inverse Compton scattering. In

astrophysical sources, this mechanism can substantially boost the energy of the optical/UV

photons to X-ray range through multiple Compton scattering. Due to multiple scattering,

the spectrum of the photons gets distorted.

Let us consider K and K ′ be the laboratory and rest frames of the electron, respectively

(see Figure 1.6). The energy of the scattered photon ϵ′ in the K frame can be expressed as,

ϵ′1 =
ϵ′

1 + ϵ′

mec2
(1 − cosθ′1)

In the laboratory frame, the energy of the scattered photon is given by the Doppler formula,

ϵ1 = γϵ′1(1 + βcosθ′1)

where, γ is the Lorentz factor and β is the relativistic velocity of the electron in the K frame.

In the rest frame of the electron, for θ′1 = π/2

ϵ1 ≈ γϵ′1

Assuming, in the K ′ frame, ϵ′ << mec
2, so that ϵ′ ≈ ϵ′1. Thus, we have ϵ1 ≈ γϵ′. From

Doppler shift formula,

ϵ′ = γϵ(1 − βcosθ)

Thus we have, ϵ1 ≈ γ2ϵ It is clear that for relativistic electrons, the low energy photons

gain energy by a factor of γ2.

The power emitted by the photons for a single scattering is given by

PCompt =
4

3
c σT γ2β2Urad

where, σT , c and Urad are the Thomson cross-section, speed of light and initial radiation

energy density, respectively. The Compton power for N(γ)dγ number of relativistic electrons

per unit volume can be expressed as :

Ptot =
(4kBT

mec2

)
cσTneUrad
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The energy transfer from the electrons to the photons acts as the source of cooling of the

relativistic plasma. The time scale for Compton cooling of an electron is given by,

tcc ≈
γmec

2

PCompt

Thermal Comptonization is a process of multiple scattering of photons by a thermal

distribution of electrons. In this context, an important parameter is defined as Compton

y-parameter that gives a condition on how significantly a photon changes its energy while

traversing the plasma medium. The mean free path of the photon due to Thomson scattering

is λγ = (neσT )−1 in the medium of size l. If the optical depth of the medium τ(= l/λ) >> 1,

the photon undergoes many collisions in the plasma. In this condition, if N is the number of

collisions in size l, we have N = τ 2 for τ >> 1 and N = τ for τ < 1. Therefore, the number

of scattering is max(τ, τ 2)N . The fractional energy of the photon in one collision is given by

4kBT
mec2

. Hence, for significant change of energy,

1 ≊ N
4kBT

mec2
max(τ, τ 2)

Here, the Compton y-parameter is defined as y = 4kBT
mec2

max(τ, τ 2) and for significant scatter-

ing, y ≊ 1. The change in the energy of a photon after N scattering is given by

ϵ′

ϵ
=
(

1 +
4kBT

mec2

)N
≊ exp

(4kBT

mec2
N
)

= exp(y)

If the initial mean frequency of the photons is ν with hν << kBT , the photons gain energy

from the electrons till their energy rises to 4kBT . In Figure 1.7, the spectrum of the photons

is shown for two different ranges of optical depth.

1.4.2 Bremsstrahlung

“Bremsstrahlung” is a German word that stands for ‘braking radiation’. When high energy

electrons are bombarded at a target with a high atomic number (Z), some of the electrons

get deflected towards the electric field of the protons in the nucleus. Due to the deflection,

the electrons emit X-ray photons by losing their kinetic energy. Bremsstrahlung can have

energy in the range from 0 to the maximum energy of the electron, depending on how much

an electron gets affected due to the electric field, thus producing a continuous spectrum.

The intensity of the emitted radiation is directly proportional to the square of the atomic
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Figure 1.7: The resultant spectrum of the photons undergoing multiple Compton scattering for
τ > 1 and y >> 1 is shown in the left panel. In this case, almost all the photons are scattered
and the number of photons escaping the medium at each scattering is the same. In the flat part
of the spectrum, the photon frequency is of the order of kBT and the photons and electrons
are in equilibrium. The small fraction of escaping photons do not change their frequency
and, therefore, give the Wien hump. The right panel shows the photon spectrum for multiple
Compton scattering for τ < 1. A fraction of the photons of the previous scattering undergo
another scattering and increase the frequency by a factor of (4kBT/mec

2) until it reaches kBT .
After that, there is no change in the frequency. Credit: (Ghisellini, 2013).

number (Z), a number of bombarding particles and inversely proportional to the mass of

the bombarding particles. Therefore, the light mass particles such as electrons are efficient

emitters of Bremsstrahlung radiation.

The total power radiated in the case of an electron with charge e and moving with velocity

v close to an ion of charge Ze with an impact factor b is given by

P =
4

3

Z2e6

c3m2
eb

3v

The total emissivity from a cloud of ions and electrons where electrons have the same fixed

velocity can be expressed as

J(v, ν) =
32πZ2e6

3c3m2
e

nenz

v
ln
[bmax

bmin

]
The value of bmax is of the order of b/w, where w is called the characteristic frequency.

1.4.3 Synchrotron emission

When a relativistic electron gets accelerated in a magnetic field, the radiation emitted by the

electron is called Synchrotron radiation. The photons emitted from the jet of AGNs are the

result of Synchrotron emission. The Lorentz force experienced by a particle of rest mass m,
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charge e and velocity v in a magnetic field B which is given by,

d

dt
(γmv⃗) =

e

c
(v⃗ × B⃗)

where γ = (1− v2/c2)−1/2 = (1−β2)−1/2, is the Lorentz factor. Due to this force, the particle

moves in a helical path with its axis parallel to B⃗. The gyration frequency of the particle is

νg = eB
2πγmc

. The total power emitted by a charged particle is given by

P =
2

3

( e2

mc2

)2
cβ2γ2B2(sinα)2

Here, α is the angle between the velocity and magnetic field and is known as the pitch

angle. This power is emitted in a narrow cone shape with an opening angle ∼ 1/γ. Since

P ∝ m−2, the heavier particles are less effective than the lighter ones, e.g. the electrons. A

radiating electron loses its energy and cools down. In a constant magnetic field, the time

taken by the electron to lose half of its energy is,

t1/2 = 8.5 × 109
( B

1µG

)−2( E

1 GeV

)−1

yr

Synchrotron emission from electrons ensemble - The emitted power i.e. energy

emitted per unit frequency interval is given by (for a critical frequency νc),

p(E, ν) =

√
3e3B sinα

mc2
F (ν/νc)

with F (x) = x
∫∞
x

K5/3(ζ)d(ζ), where K5/3(ζ) is the modified Bessel function of order 5/3. If

we consider an ensemble of electrons in the energy range (E1, E2) with number density n(E),

the power emitted by the electrons as a function of frequency is given by,

P (ν) =

∫ E2

E1

p(E, ν)n(E)d(E)

For power-law distribution of the electrons with number density n(E) = CE−p (C and p are

constants),

p(ν) ∝
∫ E2

E1

E−pF (ν/νc)d(E)
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Changing the variable x = ν/nuc,

p(ν) ∝ ν−(p−1)/2

∫ x2

x1

F (x)x(p−3)/2d(x)

Here, x1 = ν/nu1 and x2 = ν/nu2 correspond to the energy limits E1 and E2, respectively.

For, extreme limits i.e., x1 = 0 and x2 = ∞, above expression reduces,

P (ν) ∝ ν−α

with spectral index α = (p− 1)/2

For extended radio sources, α ∼ 0.5 − 1 and p = 2 − 3. Practically, it is not possible

for electron energies to extend over an interval (0, ∞). Therefore, the energy spectrum must

depart from the power law at the endpoints. But the power law approximation is valid when

ν is far from ν1 and ν2 such that ν/ν1 >> 1 and ν/ν2 << 2.

1.5 Complex X-ray spectra of AGNs

The 0.1-100 keV X-ray spectrum of a radio-quiet AGN contains multiple spectral features,

which provide important information on the physical processes going on in the extremely

strong gravitational field of the supermassive black hole. The X-ray spectrum is dominated

by the primary continuum, called the power-law continuum with high energy cut-off, which

can be expressed in the mathematical form as :

N(E) = N0 × E−Γexp(−E/Ec)

where, Γ is known as photon-index (ranges from 1.3 to 2.6; Brandt et al. (1997)) which is

related to the spectral-index as α = 1−Γ and N0 represents the number of photons at 1 keV.

Ec is termed as a high energy cut-off that provides information on the “coronal temperature”.

In addition to the power-law continuum, the X-ray spectrum of a radio-quiet AGN shows a

hump like structure above 10 keV called as “Compton hump”, iron Kα emission line at around

6.4 keV, soft excess below 2 keV. Apart from these features, many AGNs show signatures of

warm absorbers (WAs) and outflows in their spectra. All these features in the X-ray spectrum

are shown in a schematic diagram (see Figure 1.8) and are discussed below in detail.
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Figure 1.8: Different components in a typical X-ray spectrum of an AGN are shown. Credit:
(Fabian & Miniutti, 2005) (top). A cartoon diagram consisting of black hole (in black), corona
(in sky blue) and accretion disc (in blue) is shown at the bottom for the clarity of the emission
regions.
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1.5.1 Power-law continuum

The most accepted physical mechanism for producing the primary continuum in AGNs is

the inverse Comptonization process. In this process, the soft photons (with temperature

∼ 50 eV) from the innermost part of the accretion disc get scattered from the relativistic

electron plasma (temperature of ∼ 100 keV, optically thin and geometrically thick medium)

and emitted as high energy photons due to multiple scattering (Haardt & Maraschi, 1991).

The strength of interaction between the photon and electrons is given by a dimensionless

Comptonization y-parameter (Rybicki & Lightman, 1979),

y =
4kT

mec2
max(τ, τ 2)

where, k is the Boltzmann constant, T is the electron plasma temperature and τ is the

optical depth (τ = neσTL, where ne is the electron density, σT is Thomson cross-section and

L is the electron cloud size). For a slab geometry, the relation between the photon-index and

the y-parameter is described by Sunyaev & Titarchuk (1980) as,

Γ =
−1

2
+
(9

4
+

4

y

)1/2
The energy of a photon (Ef ) after N scattering in the plasma is given by,

Ef = Ei exp
( 4kT

mec2
N
)

Investigation of this X-ray continuum can provide information on the electron plasma

(corona), such as size, geometry and temperature.

1.5.2 Compton hump and Fe-Kα emission line

The X-ray photons from the corona are emitted isotropically. A fraction of these photons are

incident upon the accretion disc and interact with the material in various ways depending

on their energy. The ratio between the reflected flux and the direct flux emitted at infinity

is called the reflection fraction R. R is also considered as the solid angle subtended by the

reflector (Magdziarz & Zdziarski, 1995). The reflection fraction, also termed as the reflection

efficiency, is higher for Compton thick reflector and drops for the Compton thin reflector

(Ghisellini et al., 1994). The hard X-ray photons are Compton scattered by the electrons

to lower energies in the accretion disc as they have excess energy than the characteristic
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Compton temperature of the scattering material. The photons with energy less than the

Compton temperature gain energy resulting in the characteristic feature called “Compton

hump” in the high energy X-ray. This reflection or Compton hump is an excess of photons

in the 20-30 keV range above the power-law continuum. The soft photons interact with

the material in the disc through photoelectric effect (Magdziarz & Zdziarski, 1995). The

incoming photons are absorbed by the ion/atom and re-emitted through two processes. One

is the Auger effect, where the absorbed photon imparts its energy to an inner shell electron

to be ejected and that vacancy is filled by an electron in the outer shell by emitting a photon.

This photon is again absorbed by another electron in the atom, ejecting an “Auger electron”.

In the alternative process, a photon is emitted as a result of an outer electron filling the inner

shell vacancy giving fluorescent line emission. These lines are emitted when the absorbed

photon has sufficient energy, at least equal to the energy separation between the levels of the

atom. Absorption of soft photons with energy less than 10 keV can produce many fluorescent

lines of heavy elements. Matt et al. (1997) found that the strongest emission line in X-ray from

the accretion disc is the iron kα line because of the highest abundance among all elements

and highest fluorescent yield. At 6.4 keV, doublet should occur from the neutral iron but

current X-ray spectrometers are not able to resolve these lines. The Kα line arises when the

X-ray photon of energy 7.1 keV gets absorbed and removes one K-shell electron and allows

an electron from the L-shell to transit to the K-shell by emitting a photon of 6.4 keV. The

reflected spectrum from the disc depends upon the spectrum of incident emission as well as

the disc temperature, abundance and ionization of the atoms/ions present in the disc. The

atomic abundances determine the intensities of the fluorescent lines and the ionization states

regulate the energies as well as the intensities of the lines. The matter in the disc can also

be ionized from the illumination of the primary X-ray photons coming from the corona. The

amount of the ionization is evaluated by the ionization parameter (ξ = Lion/nr
2, where Lion

is the ionizing luminosity, n is the number density and r is the radius). As the ionization

increases, the photo-absorption cross-section decreases at lower energies.

1.5.3 Black hole spin

We digress here to explain one of the important properties of an isolated uncharged black

hole i.e., spin. An uncharged black hole is characterized by two quantities such as its mass

(M) and angular momentum (J). The spin of the black hole is expressed as the ratio between

the angular momentum and the mass i.e., angular momentum parameter or spin parameter
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Figure 1.9: The incident power-law and reflected spectrum are shown for an accretion disc of
constant density. Credit: Reynolds 1996, PhD Thesis.

a∗ = J/M . For maximally spinning (Kerr) black hole, the spin parameter a∗ = 0.998 while

for non-spinning (Schwarzschild) black hole, a∗ = 0. The black holes have enormous gravity

which can distort and twist the space-time around it. This results in the bending of the

light travelling from the vicinity of the black hole which can be studied in X-ray to get the

information about the spin. Figure 1.10 shows the concept of the effect of the different types

of black hole spin on the X-ray spectrum. This is the consequence of Einstein’s general theory

of relativity. In the retrograde rotation, the accretion disc moves in the opposite direction to

the spin of the black hole while in the prograde motion, the disc rotates in the same direction

as the black hole. The profile of the emission lines in the X-ray spectrum originating from the

accretion disc is used to determine the spin parameter. The emission line profile is fitted using

a relativistic emission line model which includes the black hole spin as a variable parameter.

The spin of the black hole is related to the inner most stable orbit (ISCO) which is the

inner most possible extent of the accretion disc. By varying the spin parameter, the ISCO

is varied and thus gravitational redshift. Each annulus of the accretion disc is considered

independent. On varying the spin parameter, one can determine the effect of black hole spin

on the contribution from the inner annuli on the emission line. However, the emission line

profile for the outer disc will not get affected by the spin of the black hole. Emission from

the regions down to 1.235 Rg implies the maximally rotating black hole.
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Figure 1.10: Cartoon picture showing the concept of the effect of black hole spin on X-ray
spectra.

1.5.4 Soft excess

When 2-10 keV power-law is extrapolated down to the soft X-rays, many AGNs show excess

over the power-law continuum in the low energy ranges. This excess in the low energy range of

the X-ray spectrum is called soft excess. This feature was first observed in Mrk 841 (Arnaud

et al., 1985) & Mrk 509 (Singh et al., 1985). Since then, it has been a common feature in the

AGNs. However, the precise origin of this component is still not very clear (Bianchi et al.,

2009a). In 1997, Piro et al. studied this component in 17 AGNs using ROSAT and Ginga

data and found that no single model fitted the observed soft excess well, and the phenomena

can vary for different sources. Phenomenologically, the soft excess can be fitted with a black-

body component. However, the temperature obtained from the blackbody is too high to have

originated from the thermal disc found in the case of AGNs (Gierliński & Done, 2004). Also,

this temperature has a very narrow window irrespective of mass and mass accretion rate of the

central black hole and requires fine tuning. This indicates that the origin of the soft excess is

not certainly thermal. In a number of Seyfert galaxies, it has been shown that the soft X-ray

excess can be explained through blurred reflection (Fabian et al., 2002; Walton et al., 2013).

In this mechanism, the emission and absorption lines in the soft X-rays originating from the

nearby regions of the SMBH get broadened due the gravitational and relativistic effects. The
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Figure 1.11: Absorption spectra of NGC 3783 in the rest frame of the absorbing gas. Absorption
lines, emission lines and continuum (for the comparison) are plotted with red, blue and green
colors, respectively. Credit: Krongold et al., 2003.

smoothened lines appear like a hump structure. The ionized disc reflection models explain

not only the soft excess but also the finite width of the iron line. This component was also

explained by the smeared absorption due to the ionized absorber in the line-of-sight. However,

the latter is ruled out due to the requirement of high velocity of the absorber (Schurch et al.,

2009). The most favourable origin for the soft excess is the Comptonized disc emission that

requires an electron temperature of 0.1-0.2 keV and a large optical depth of ∼10-20 (Done &

Krolik, 1996). Nandi et al. 2021 discussed a possibility for the origin of soft excess in a “bare”

type AGN Ark 120, where the soft excess could be due to the less number of scatterings in

the Compton cloud.

1.5.5 Absorption features

The AGN spectra are also affected by the absorption attributed to the complex structures

around the central black hole. In the X-ray and UV spectra of the AGNs, the blue-shifted

absorption lines have been found, which reveal the presence of the outflows of ionized gas. In

type 1 sources, it is the intrinsic ionized absorption due to the warm absorbers and ultra-fast

outflows. While in type 2 sources, the obscuring material is relatively cold and made up

of dust and gas, which significantly attenuate the nuclear emission from the optical to soft

X-rays.

In many radio-quiet AGNs, the signatures of absorption from the layer of photo-ionized
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gas, known as warm absorbers (WAs), have been found. Energetic X-ray photons can excite

or ionize the atoms of the abundant elements from C to Ni and Fe. An example of absorption

can be seen in the X-ray spectrum of the Seyfert 1 galaxy NGC 3783 in Figure 1.11 (Krongold

et al., 2003). A region between ∼ 1−100 pc, consistent with the location of BLR or NLR with

ionization parameter of (logξ) ∼ 0−2 erg s−1 cm and a column density of NH ∼ 1021−23cm−2

is expected to show absorption in the X-ray spectrum at around 0.7−0.8 keV. These absorbers

with outflow velocity ∼ 100−1000 km/s are known as warm absorbers. The origin of this gas

has been associated with the optical-UV BLR or NLR or probably with the winds generated

by the evaporation from the inner edge of the torus due to ionizing nuclear emission from

the centre (Blustin et al., 2005; Krolik & Kriss, 2001). Krolik & Kriss (2001) argued for the

two-phase model of the absorber. In this model, the cold and dense clouds having a small

fraction of available volume associated with the optical-UV BLR or NLR are confined by a

hot cloud medium provided by what is known as WA. However, later, this model was shown to

be insufficient to explain the dynamic effect and unable to explain the formation of broad-line

clouds.

Apart from the WAs, the blue-shifted Fe K absorption lines have been detected in the

XMM-Newton spectra of a number of radio-quiet AGNs (Braito et al., 2007; Turner et al.,

2008; Cappi et al., 2009). These absorption features are usually identified as Fe XXV and/or

Fe XXVI K-shell resonant absorption from a high column density (NH ∼ 1022−24cm−2) and

highly ionized (logξ ∼ 2 − 6 erg s−1 cm) gas. The outflow velocity of these gases sometimes

becomes mildly relativistic (∼ 0.2−0.4c), which is much greater than the typical X-ray warm

absorber (McKernan et al., 2007). Variability due to these outflows has been reported to be

at a time scale as short as 1 day. These are located very close to the SMBH with a distance

of ∼ 0.01 − 0.1 pc. The origin of these ultra-fast outflows (UFOs) has been associated with

the accretion disc winds/ejecta (McKernan et al., 2007). These outflows carry a significant

amount of mass and energy which can play a paramount role in the evolution of the host

galaxy, such as quenching of star formation or enriching the interstellar medium.

Another type of absorption is photoelectric absorption by cold and neutral material along

the line-of-sight, such as obscuring torus in the type 2 AGNs. From modelling, it is possible

to estimate the column density of the obscuring material. If NH > 1024 cm−2, the AGN is

called Compton thick AGN, otherwise it is a Compton thin AGN. In the case of Compton

thick AGNs, the X-ray photons with energy below ∼10 keV are completely absorbed, whereas

the photons with energy beyond ∼10 keV are easily transmitted.
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Figure 1.12: Examples of the blue-shifted Fe K absorption lines at energies > 7 keV for MGC-
5-23-16 (left panel; Braito et al., 2007) and NGC 3516 (right panel; Turner et al., 2008) are
shown. These spectra were collected with the XMM-Newton/pn instrument.

1.6 AGN variability

The X-ray and UV/optical flux from an individual AGN can be affected in many ways. The

most obvious way is by altering the accretion rate onto the black hole. An increase in the

mass accretion rate increases the accretion disc temperature causing an increase in the disc

flux in all wavelengths. The increase in disc flux due to an increase in the temperature shifts

the emission peak to higher frequencies. The increased disc flux also increases the number

of seed photons incident in the corona producing X-ray power-law continuum emission. This

enhancement in the power-law continuum emission cools the corona resulting in a steeper

(softer) power-law. The X-ray and UV/optical flux can also be changed due to the change

in the size of the corona. Increasing the size of the corona causes an increase in the X-ray

flux and hardens the X-ray spectrum due to the increase in the number of inverse Compton

scatterings that occur in a larger corona.

The flux at different wavelengths from an AGN is expected to correlate if the cause of

emission at these wavelengths is linked in any way. Investigation of the presence of lags and

correlations between the light curves at different wavelength bands, therefore, can be used to

determine which, if any, of the possible causal links are in effect. The origin of variability in

the UV/optical and X-ray bands is still a matter of debate. These variabilities are interpreted

as due to i) the reprocessing of X-ray emission in the accretion disc (Krolik et al., 1991; Collier

et al., 1998; Breedt et al., 2010), and ii) the intrinsic variations in the thermal disc emission

(Arévalo et al., 2008). It is also possible that both of these processes can occur simultaneously
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in an AGN. Thus, multi-wavelength studies of the AGNs provide an opportunity to determine

the dominant process.

1.6.1 X-ray reprocessing from the accretion disc

X-ray emission from the hot corona when incident on the accretion disc, heats it. The ad-

ditional energy deposited in the accretion disc increases the resultant temperature and the

flux for every disc element (i.e. disc annuli). This resultant temperature can be expressed as

(Cackett et al., 2007) :

T (r) =

[
3GMṀ

8πσr3

(
1 − rin

r

)(1/2)
+

(1 − A)Lx

4πσr2x
cos(θx)

](1/4)

where M, Ṁ , rin, A, Lx, rx, and θx are mass of the central black hole, mass accretion

rate, inner most stable radius (ISCO), albedo for X-ray heating, X-ray luminosity of the

source, the distance of the disc element (i.e. annulus ring) from the X-ray source and angle

between the normal to the annulus ring of the disc and the line connecting to the annulus

ring and the X-ray source, respectively.

The reprocessed UV/optical emission from the accretion disc gets delayed on the light

crossing time scale relative to the X-ray emission coming directly from the corona. For AGNs

with black hole mass in the range of 106−108M⊙, the lag time-scales are expected to be in the

range of minutes to a few days (Breedt et al., 2010). The X-ray to UV/optical lag time-scales

are expected to increase with the increasing wavelength (Cackett et al., 2007) as the longer

wavelength emission originates at larger radii in the disc. Due to the continuous nature of the

temperature profile of the accretion disc and the blackbody spectrum, the reprocessing of X-

rays produces a transfer function consisting of contributions from X-ray emission reprocessed

throughout the disc. The inclination also affects the shape of the transfer function as an

edge-on disc results in larger lags but can result in a narrower peak than a face-on disc. If all

of the UV/optical variabilities are due to reprocessing, then the conservation of energy would

require that the absolute luminosity variation in the optical/UV bands should be smaller than

the luminosity variation seen in the driving X-ray band.
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1.6.2 Comptonization of the seed photons

The seed photons from the inner accretion disc enter the corona and gain energy as a result of

inverse Compton scattering from the energetic electrons. The X-ray photons from the corona,

therefore, are expected to be delayed relative to the soft photons from the accretion disc. The

cause of this delay is the additional travel time via the corona as well as the time required

for multiple scatterings to take place in the corona. Only emission from the central region of

the disc near the corona is expected to contribute significantly to the X-ray flux. Hence, the

lag expected in this case is even shorter than those from the reprocessing. However, unlike in

the case of reprocessing, the longer wavelength emission is expected to lead.

1.6.3 Propagating fluctuations in the accretion disc

In the scenario where the UV/optical variations originate in the accretion disc, it is expected

that these inward propagating accretion rate fluctuations result in variations in the X-ray

emission. In this scenario, the X-ray variations lag behind the optical/UV variations. Even-

tually, the accretion rate fluctuations reach the central regions of the disc and produce seed

photons which get Compton up-scattered in the corona. The lag time-scale is dictated by

the viscous propagation time-scale, which is always much longer than the light-travel time,

typically months to years for standard accretion disc around the black holes with mass in the

range of 106 − 108M⊙ (Lyubarskii, 1997; Czerny, 2006). The viscous time-scale is given by,

tvisc =
1

α

( r
h

)2
tdyn

where, α is the viscosity parameter from Shakura & Sunyaev (1973a), h is the height and r

is the radius of interest within the disc and tdyn is the dynamical time-scale. In this case,

the X-ray emission is expected to lag behind the UV/optical emission by thousands of days.

Like reprocessing, the effects are likely to be blurred by the continuous nature of the disc

spectrum, and the time-scales are generally expected to be comparable to the monitoring

programs, making them very difficult to observe.

1.7 Changing-look AGNs (CLAGNs)

One of the most interesting aspects of the strong variability has given birth to a new subset

of AGNs, known as changing-look AGNs (CLAGNs). In X-ray wavelength, the CLAGNs are
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observed to show strong variability in the line-of-sight column density, i.e. sources are found

to switch between Compton-thin and Compton-thick states. These are categorized as X-ray

changing-look AGNs or changing-obscuration AGNs (CO-AGN) (Risaliti et al., 2010; Marin-

ucci et al., 2016; Ricci et al., 2016). Another category of CLAGNs is the optical changing-look

or changing-state AGNs (CS-AGNs), in which the optical/UV emission lines generated in the

BLR appear or disappear within a few years, i.e. switching between type 1 (or type 1.2 or

1.5) and type 2 (or type 1.8 or 1.9). (Lawrence, 2018). There are about 20-30 CLAGNs

discovered till now. However, the physical mechanism responsible for the CL events is still

poorly understood. In fact, the CL event in AGNs throws challenges to the widely accepted

unified model of AGNs over the past 30 years. The optical CLAGNs can not be explained

through the changing obscuration proposition as the torus is not large enough to affect the

BLR clouds, except for a narrow range of inclination angle. Secondly, these objects do not

carry any signatures of X-ray obscuration along with changing their states (Denney et al.,

2014). It has been proclaimed that the appearance or disappearance of the broad-line occurs

due to the change in the accretion rate or instabilities in the accretion disc (Elitzur et al.,

2014). In some of the AGNs, the luminosity increase could be due to the tidal disruption

event (Merloni et al., 2015).

1.8 Motivation and thesis organization

The study of the AGNs, particularly the Seyfert galaxies, offers an opportunity to study the

characteristics of the central engine through different spectral components such as big blue

bump, power-law continuum, soft X-ray excess, warm absorbers, Fe-Kα line and the Compton

reflection hump. Extensive work has been carried out on modelling the AGN spectra using a

number of models. These spectral components arise from spatially distinct regions; for exam-

ple, the broad iron lines primarily originate from the innermost region of the accretion disc

and the power-law continuum arises from the compact and hot corona. Thus, the variability

properties of different spectral components are expected to be different. Therefore, the study

of variability in different spectral components and the relationship between them can shed

light on the dynamics of the central engine. Such a study can constrain models in explain-

ing the origin of several spectral components. Variability properties seen in X-ray emission

and its relationship with the optical/UV emission from the accretion disc are being studied

considerably with the advent of high-cadence providing observatories like Swift. In the liter-
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ature, it has been seen that often geometry of the accretion disc deviates from the standard

Shakura-Sunyaev disc. Thus, the aforementioned kind of studies can potentially constrain the

dominant physical processes and the geometry of the disc. Similarly, the detailed spectral and

timing studies of X-ray flares of very short duration (within hours or a day) can help to probe

the dynamics of the hot corona. Other than this, the changing of the AGN type is a recently

emerging interesting phenomenon that has challenged our understanding of the classification

of AGNs. Therefore, our main scientific objectives to study these complex objects are:

• Characterizing the broadband X-ray spectrum of AGNs.

• Variability studies in multi-wavelength range and understanding the correlation between

them.

• Searching for the origin of changing-look event in AGNs.

• Investigating the dynamic nature of the corona to explain the observed spectral vari-

ability.

After providing the above brief introduction of an AGN, its structure and emission pro-

cesses in X-rays, we now describe the organization of the remainder of the thesis as follows.

In Chapter 2, a brief description of the instruments onboard several X-ray observatories, from

which the data has been used in this thesis, is presented along with the procedures followed for

data reduction. We discuss the UV/optical and X-ray variability in Seyfert 1 galaxy Mrk 509

in Chapter 3, while in Chapter 4, we describe the detailed broadband X-ray analysis of the

2018 outburst in the changing-look AGN NGC 1566. We have discussed the investigation of

a small flaring event in NLS1 galaxy NGC 4051 in Chapter 5. Finally, we summarize our

results and future prospects in Chapter 6.





Chapter 2

X-ray Instruments & Data Reduction:

Analysis and Techniques

In this thesis, we have utilized X-ray data from different instruments onboard three space

based observatories: Neil Gehrels Swift observatory, XMM-Newton and Nuclear Spectroscopic

Telescope Array (NuSTAR). This chapter is dedicated to a brief description on the instruments

of each observatory mentioned above. Section 2.4 succinctly describes the data reduction

procedure from the instruments we used in our work. We also touch upon the basic X-ray

analysis techniques and basic models that are used in X-ray data fitting in Section 2.5.

2.1 Swift observatory

Swift observatory (Gehrels et al., 2004), previously known as Swift Gamma-Ray Burst Ex-

plorer, is a multi-wavelength space observatory which was primarily designed for studying

gamma-ray bursts (GRBs). It was launched on November 20, 2004 by the Delta 7320 launch

vehicle of NASA. This satellite is orbiting in a low earth orbit (LEO) at an altitude of about

600 km and an inclination of 20.6◦. It has got its name “Swift” due to its unique rapid

slew capability for transient objects in the sky. It is one of its kind that covers the wide

wavelength range from optical/UV, X-ray to gamma-ray. Although the primary science goal

of this observatory was to detect and study the GRBs, the multi-wavelength capability from

the optical to hard X-ray bands makes it significantly useful for the study of other sources

such as X-ray binaries and AGNs. Later on, this observatory was renamed as Neil Gehrels

Swif t Observatory in 2018. This satellite is equipped with three science instruments: (i)

the Burst Alert Telescope (BAT), sensitive in the hard X-ray band of 15–150 keV range,

35
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Figure 2.1: Schematic diagram of the Swift observatory with all the instruments. The image is
taken from the webpage of NASA - http://www.swift.ac.uk/about/instruments.php.

(ii) the X-Ray Telescope (XRT), sensitive in the soft X-ray band of 0.2–10 keV, and (iii)

the Ultraviolet/Optical Telescope (UVOT), sensitive in 170–600 nm wavelength range. The

BAT is used to detect the possible GRBs while XRT and UVOT detect the after glows in

X-ray and UV/Visible light, respectively. The Swift/BAT has the largest field of view among

all while the XRT and the UVOT are high precision focusing instruments. Apart from the

GRB events, Swift has been used extensively for other astronomical sources like AGNs, X-ray

pulsars, black hole X-ray binaries (BHXBs) etc. Along with its unprecedented wavelength

coverage, it provides high cadence data for the time scale of months to years. The data from

Swift observatory are publicly available on HEASARC, maintained by NASA. The schematic

view of the Swift observatory is provided in Figure 2.1.

2.1.1 X-Ray Telescope (XRT)

The Swift/XRT (Burrows et al., 2005) is an X-ray imaging telescope designed to extract

light curves and spectra of objects over a wide dynamic range of more than seven orders of

magnitude in flux. It provides accurate source positions, high time resolution light curves and

moderate resolution spectroscopy in 0.2–10 keV range.

It is built with 12 nested mirrors in the Wolter type-I configuration that focuses the grazing

incident X-ray photons on a CCD detector at the focal plane. A composite telescope tube

holds the focal plane camera, containing a single CCD-22 detector. The CCD-22 detector,

designed for the EPIC-MOS instruments on the XMM-Newton mission, is a three-phase frame-

http://www.swift.ac.uk/about/instruments.php
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transfer device, using high resistivity silicon and an open-electrode structure to achieve a useful

bandpass of 0.2-10 keV. The field of view of XRT is 23.6′ × 23.6′ and it has a PSF of 18′′ at

1.5 keV.

The XRT is configured to operate in four different modes depending upon the brightness

of the source being observed and the requirement of the science case. The modes of operation

are : (i) Imaging (IM), (ii) Photo-Diode (PD), (iii) Photon Counting (PC) and (iv) Window

Timing (WT) modes (Hill et al. 2004). The IM mode generates an integrated image measuring

the total energy deposited per pixel. It does not permit spectroscopy but the accurate position

of the source is possible to determine in imaging mode. The PD mode was made unavailable

after May 2005. The PC mode is a traditional frame transfer operation of a CCD camera.

The entire chip readout in this mode results in a complete 2D image of the source, thereby

limiting the time resolution to the readout time of 2.5 s. While in the WT mode, high timing

resolution of ∼1.8 ms could be achieved at the expense of losing the information about the

source position. In this mode, the readout is restricted to a narrow part of the CCD. The

central 200 columns (∼8′) are read out all at once in a single row, resulting in a collapsed 1D

source image. Due to high timing resolution of this mode, photon pile-up could be avoided for

moderately bright sources (< 100 counts/s; Romano et al. 2006). The primary characteristic

properties of this telescope are listed in Table 2.1.

2.1.2 Ultra-Violet Optical Telescope (UVOT)

The UVOT (Roming et al., 2005) has a modified Ritchey-Chrétien optical configuration with

a 30 cm primary mirror working in the wavelength range of 170–600 nm. To collect the data,

two micro-channel plate intensified CCDs are used that record the arrival time of photons

and provide sub-arcsecond positioning of the source. Each of the detectors lies behind the

11-position filter wheel. The UVOT is mounted to the optical bench co-aligned with the BAT

and XRT for broad spectral coverage and better position localization. The specification of

the UVOT is given in Table 2.1.

2.1.3 Burst Alert Telescope (BAT)

The BAT (Barthelmy et al., 2005) is a gamma-ray telescope with a large field of view which

uses coded masked aperture techniques to image the objects in the 15-150 keV range. The

coded aperture casts shadow of sources at the detector plane, which is then used to reconstruct
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Table 2.1: Specifications of the XRT and UVOT onboard Swift observatory.

Parameters Instrument Specifications
XRT UVOT

Telescope Wolter I (3.5 m focal length) Modified Ritchey-Chretien
(30 cm diameter)

Field of view 23.6′ × 23.6′ 17′ × 17′

Telescope PSF 18′′ Half Power Diameter @
1.5 keV, 22′′ Half Power Di-
ameter @ 8.1 keV

0.9′′ FWHM @ 350 nm

f-Number − 12.7
Detector operation photon counting
Detector EPIC MOS CCDs MCP Intensified CCD
Detector element 600 × 600 pixels 2048 × 2048 after centroid
Spectral range 0.2-10 keV 170-650 nm
Filters − 11
Pixel scale − 0.5′/pixel
Position accuracy 3′′ − 5′′ −
Detector operation Autonomous Photon counting
Sensitivity 2 × 10−14 erg cm−2 s−1 in

104s
24.0 magnitude in white
light in 1000s

Brightness limit − 7.4 magnitude
Best Temporal resolution 0.14 ms, 1.8ms, 2.5s 11 ms
Energy/Spectral resolution
(Grisms)

140 eV @5.9 keV λ/δλ ∼ 200 @ 400 nm
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the source locations with arc-minute accuracy. The detector of the BAT is made up of CdZnTe

(CZT) with a detector area of 5240 cm2. The CZT detector consists of 32500 detector elements

that can pin-point the location of sources within 1.4 arcminutes. The BAT has two operation

modes : (i) the burst mode, which produces burst position and (ii) the hard X-ray survey

mode.

2.2 The XMM-Newton observatory

The X-ray Multi-Mirror Mission (XMM-Newton; Jansen et al. (2001)) is an X-ray space ob-

servatory which was launched by European Space Agency (ESA) on December 10, 1999 and

named after physicist and astronomer Sir Issac Newton. It has a highly elliptical orbit with

perigee of 7000 km and apogee of 114000 km, and orbital period ∼48 hours. The spacecraft

has been configured with three co-aligned X-ray telescopes and an optical/ultraviolet tele-

scope with a length of 30 cm. This is the first spacecraft that was positioned to perform

broad-range X-ray spectroscopy, and the first simultaneous imaging of objects in X-ray, op-

tical and ultraviolet wavelengths. It provides pointing accuracy of 0.25 to 1′′. A schematic

diagram of the XMM-Newton telescopes is given in Figure 2.2. The instruments on-board

this observatory includes three European Photon Imaging Cameras (EPIC) and two Reflection

Grating Spectrometers (RGS) at the back-end of X-ray telescopes, and an Optical Monitor

(OM). Each of the three telescopes consist of 58 nested cylindrical Wolter type-I mirrors pro-

viding a total effective area of 4425 cm2 at 1.5 keV and 1740 cm2 at 8 keV. There are two

types of primary instruments EPIC: PN and MOS. In addition, there are two high resolution

spectrometers known as Reflection Grating Spectrometers (RGS). The main characteristics

of EPIC instruments is given in Table 2.2

2.2.1 European Photon Imaging Camera (EPIC)-PN/MOS

The three EPIC, two MOS-CCD (Turner et al., 2001) and one pn-CCD (Strüder et al., 2001)

cameras are the primary instruments onboard XMM-Newton observatory. The two front

illuminated Metal Oxide Semiconductor (MOS) CCD arrays MOS1 and MOS2 and a back-

illuminated pn-CCD array together are called the EPIC. These instruments are sensitive in

the energy range of 0.15-15 keV with a total field of view 30 arcminutes. These cameras

operate in the following science modes depending on the source flux, image sensitivity and

speed needed.
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Figure 2.2: Schematic diagram of the XMM-Newton observatory with all the instruments. Image
credit: Jansen et al. (2001)

Table 2.2: Specifications for the PN and MOS detectors onboard XMM-Newton observatory.

Parameters Instrument Specifications
MOS PN

Telescope Wolter Type I
Effective area 4650 cm2 at 1 keV
Energy range 0.2-10 keV
Orbital target 5-135 ks
Sensitivity ∼ 10−14 erg s−1 cm−2

Field of View 30′

PSF (FWHM/HEW) 5′′/14′′ 6′′/15′′

Pixel size 40 µm 150 µm
Time resolution 1.75 ms 0.03 ms
Spectral resolution ∼70 eV ∼80 eV
Science modes Full frame, Small window, Large window,

Timing mode, Burst mode
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1. In the “Full Frame or Extended Full Frame”, the entire field of view (FOV) is covered

due to the readout of all pixels of the pn-CCDs.

2. In the “Partial Window” mode of the MOS-cameras, the central CCDs of both the

cameras can be operated in different modes and only a part of the CCD is readout.

3. In the “Large Window” and “Small Window” modes of pn camera, only half of the

area of all 12 CCDs and only a part of CCD number 4 are used for data acquisition,

respectively.

4. In the “Timing” mode, information is stored in one dimension. For the pn camera, the

data is stored using the full width of CCD4, whereas for MOS, the data acquisition is

reduced to ∼ 100 columns around boresight. “Burst” mode of the pn camera provides

very high time resolution.

The EPIC focal plane imaging spectrometers use CCDs to record the events of the sources

focused on the X-ray mirror telescope. Each MOS-CCD camera is composed of seven silicon

chips with each chip containing 600 × 600 pixels. The pn-CCD is composed of a single chip

with 12 individual CCDs containing 64× 189 pixels on each CCD. Radiators are used to cool

the CCDs down to the operating temperature of 150–170 K. About 50% astronomical light

is diverted towards the RGS, away from the optical path of the EPIC-MOS.

2.3 Nuclear Spectroscopic Telescope Array (NuSTAR)

NuSTAR is the first hard X-ray focusing telescope that works in the energy range of 3-79

keV (Harrison et al., 2013). It was launched on June 13, 2012 as a Small Explorer satellite

mission (SMEX) led by the California Institute of Technology (Caltech) and managed by

Jet Propulsion Laboratory (JPL). It was set up into a low equatorial earth orbit (with an

inclination ∼6◦) at an altitude of 600-610 km and an orbital period of 97.126 minutes. This

telescope is designed with a Wolter type-I optics with 10.15 m focal length and is separated

from the detectors with the help of a long deployable mast. To get the exact relative positions

of the optics and the focal plane, a laser metrology system is used. A schematic view of the

satellite (before and after deployment) is shown in Figure 2.3. In NuSTAR, the optics to focus

hard X-ray photons uses 133 concentric shells where each shell is coated with depth-graded

Pt/SiC and W/Si multilayers enabling reflectivity of X-rays up to 79 keV. Above this energy,
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Table 2.3: Specifications of NuSTAR satellite.

Parameters Instrument Specifications
Focal length 10.14 m
Field of View 12.2 × 12.2 arcmin
Angular resolution 58′′ HPD 18′′ FWHM
Energy range 3 to 78.4 keV
Spectral resolution 400/900 eV at 10/68 keV
Temporal resolution 2 × 10−3s
Sensitivity (in 106s) 2 × 10−15 erg s−1 cm−2 in

6-10 keV, 1 × 10−14 erg s−1

cm−2 in 10-30 keV

the mirror coating starts absorbing instead of reflecting hard X-ray photons. At the focal

plane of the telescope, there are two solid state photon counting detector modules: FPMA &

FPMB. Each module consists of a 2×2 array of CdZnTe (CZT) crystal detectors with 32×32

pixels, resulting in a field of view of about ∼12 arcminutes. The detectors are surrounded

by CsI anti-coincidence shielding. The operating temperature of these detectors are kept at

15° C. Due to the triggered readout mode available with the FPMs, the NuSTAR data do

not get affected due to pile-up effect. The key parameters of the NuSTAR spacecraft are

tabulated in Table 2.3.

2.4 X-ray Data Reduction

X-ray detectors store three main information of each falling photon (referred as an event)

such as arrival time, pulse height amplitude and arrival position on the detector. These

three attributes are used to generate science products i.e., light curves (Count/flux vs. time

plot), spectra and images. The raw event data files of each X-ray observation are stored

in a Flexible Image Transport System (FITS) format and are processed for deriving the

science products. The High Energy Astrophysics Software (HEASoft)1 package is utilized

for the data reduction and analysis of data obtained from the observatories. The HEASoft

package is publicly available on NASA’s High Energy Astrophysics Science Archive Research

Centre (HEASARC)2. It is a multi-mission platform as the data from various observatories

(known as supported missions) are publicly available in this platform. A Calibration Data

Base (CALDB)3 is maintained in HEASARC for each individual mission, which regularly gets

1https://heasarc.gsfc.nasa.gov/lheasoft
2https://heasarc.gsfc.nasa.gov/
3https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb_supported_missions.html

https://heasarc.gsfc.nasa.gov/lheasoft
https://heasarc.gsfc.nasa.gov/
https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb_supported_missions.html
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Figure 2.3: Schematic view of the NuSTAR observatory in the stowed (bottom) and deployed
(top) configurations. The figure is taken from (Harrison et al., 2013).

updated as per the performance and condition of the instruments in space. To extract these

scientific products, a standard procedure is followed for each instrument which is described

below.

2.4.1 Swift-XRT data

The Swift/XRT (Burrows et al., 2005) data used in present work are analyzed using the

standard procedures prescribed by the instrument team using the latest calibration files from

the Swift CALDB. The data are reprocessed using the xrtpipeline task to generate the

science products. There is default grade pattern (WT: 0-2, PC:0-12) of events that is used

for data extraction. Then, the source photons for spectra and light curves are extracted using

a circular region with an appropriate radius (in pixels) centered on the source. Background

region is selected from the nearby uncontaminated region with a little larger radius than the

source region. There are other effects that need to be corrected like CCD defects, exposures

and PSF corrections using the auxiliary response file (ARF) generated using the xrtmkarf

task. The XRT data can also be analyzed using the publicly available “Swift-XRT product
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generator tool” at the University of Leicester website4. This online tool has the capability

to generate spectra, light curves and images from a particular observation or a sample of

observations. For our study, as we used a large number of data sets, this tool has been

proved very useful for data extraction. The detailed adopted methodology in the online tool

is described in (Evans et al., 2007, 2009).

2.4.2 Swift-UVOT data

We followed standard procedure suggested by instruments team to reduce the UVOT data.

The UVOT data are in event mode or imaging mode. We used aspect corrected (corrected

for any shift or rotation from the source position) sky image files of available filters in each

observation ID for a selected source region to get the average count rate. To avoid the UV or

optical contamination from the host galaxy instrument team has suggested to take the circular

region of 5 arcsec radius, centred at the source RA and DEC. We used a circular region of 20

arcsec away from the target source and any other contaminating object in the field to get the

background products. The exposures of the UVOT filters are generally in the range of 10 s to

2 ks. To get the deepest image, the UVOTISUM 5 task was used to co-add multiple exposures, if

available, in a particular observation ID. To get the background-corrected source count rate,

the UVOTSOURCE 6 task was used. There are regions on UVOT detectors, called small-scale

sensitivity (SSS) regions, where the throughput of the detector is comparatively low. We

checked for the filters with such regions and removed that particular data point. Sometimes,

few data points show an unusual drop in the count rate/flux fall and hence, resulting in large

variability compared to the local mean. McHardy et al. (2014) reasoned this arises from

the bad tracking of the telescope. We discarded those data points in our analysis. We also

corrected the count rates to account for the loss of sensitivity of UV detectors with time by

using filter correction files.

2.4.3 XMM-Newton EPIC-pn and MOS data

All XMM-Newton data are processed using standard System Analysis Software (SAS; Gabriel

et al., 2004) and updated calibration files available at the time of processing. To check the

presence of any flaring particle background, we created the source light curve above 10 keV.

4http://www.swift.ac.uk/user-objects/
5https://www.swift.ac.uk/analysis/uvot/image.php
6https://www.swift.ac.uk/analysis/uvot/mag.php

http://www.swift.ac.uk/user-objects/
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This is a necessary step in the data extraction process of EPIC since the data suffers from

background flaring event due to the high apogee altitude of the satellite orbit. We created

good time interval (GTI) files by excluding the time intervals containing particle background

which were capped by count rate. We considered the event only with PATTERN≤4 for EPIC-

pn and excluded events in the bad pixels and at the edges of the CCD (FLAG=0). We also

checked for the pile-up7 effect using epatplot task. After examining the result of epatplot,

one can decide whether the data set is significantly affected by pile-up by checking the ratio

between the observed single or double events to the model predicted events. This ratio must

be very close to 1 for non piled-up data. We extracted the source and background spectra from

the circular regions of a particular radius depending on the individual object. We generated

the light curves in different energy bands using ftool xselect. The redistribution matrix and

ancillary response files were generated using arfgen and rmfgen tasks, respectively. Similar

steps are followed for MOS detector.

2.4.4 NuSTAR data

To reduce the NuSTAR data, we used standard NuSTAR data analysis software (NuSTARDAS)

available in the HEASoft package. The nupipeline task was run to extract the calibrated

and cleaned event files from the raw data files. These events are further reprocessed to

generate the science quality products i.e., light curves, energy spectrum, effective area files

and response matrices for each detector (FPMA and FPMB) by using nuproducts task. The

source light curves and spectra are accumulated by selecting a circular region centered around

the source coordinates in the image obtained from the cleaned event file. The background

products are extracted in the similar manner by selecting another circular area away from the

source region. A detailed description of individual task could be found in the NuSTAR data

analysis software guide8.

2.5 X-ray Data Fitting Procedure

One of the main focuses of this work is the spectroscopic studies of Seyfert galaxies by using

X-ray data from different space-based observatories. Various physical as well as phenomeno-

7The pile-up of source photons occurs when two or more soft X-ray photons are registered as a single high
energy photon. However, it is possible to estimate the extent of pile-up effected area in the source image on
the detector plane. For any scientific analysis, this pile-up effected area has to be estimated and removed
from the event file

8https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf

https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf
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logical models are used in our spectral fitting. In this thesis work, we used the X-ray spectral

fitting package XSPEC (Arnaud, 1996) to fit the data. XSPEC is a command-driven X-ray

spectral-fitting program which is available as an integrated part of HEASoft. It is indepen-

dent of detectors from which the data have been collected. The XSPEC package comes with

in-built models ranging from simple mathematical functions (e.g. constants, power laws,

Gaussians, etc.) to highly complex physically-motivated models. XSPEC also gives the liberty

to load external models in it and make use of fitting process.

The observed spectrum D(I) of an X-ray source is a distribution of photon counts over

the instrument channels (I). However, it is not the actual description of the source properties

as the spectrum measured with the X-ray detectors are contaminated with the background

contribution B(I). Therefore, the observed spectrum of the source D(I) is related to the

actual spectrum f(E) by:

D(I) =

∞∫
0

R(I, E)f(E)dE + B(I), (2.1)

where R(I, E) is the instrument response which is the probability that an incoming photon of

energy E would be detected in channel I. The net source counts per channel (after background

subtraction) could be thus derived by the quantity D(I) − B(I). Since there are N number

of discrete channels, the integral part of Equation 2.1 can be written as summation, i.e.,

D(I) −B(I) = C(I) =
N∑
i=1

fi(E)Ri(I, E) (2.2)

In principle, the response matrix function is a non-invertible matrix. Hence Equation 2.2

could not be solved directly to infer the actual source spectrum f(E). Rather, an alternative

approach is to choose a model spectrum M(I), that can be described in terms of a few

parameters. Then the model predicted counts are compared with the observed counts by using

a fit statistics and used to evaluate whether the model spectrum “fits” the data obtained from

the detector. The model parameters are varied to find the best fitted parameters according

to fit statistics. The most commonly used fit statistic is chi-square statistics which is defined

as:

χ2 =
N∑
i=1

(Ci(I) −Mi(I))2

σi(I)2
, (2.3)

where σi(I)=
√

Ci(I) is the error associated with the observed counts C(I) in a particular
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Table 2.4: Table for δχ2 values for a number of parameters and corresponding confidence level.

Confidence Parameters (n)
1 2 3

0.68 1.00 2.30 3.50
0.90 2.71 4.61 6.25
0.99 6.63 9.21 11.30

channel i assuming a Gaussian distribution (Wheaton et al., 1995). In general, for best-

fit, the expected value of “Reduced-χ2 = χ2/(dof)” is approximately equal to one for any

acceptable model. Here, the number of degrees of freedom (dof) is calculated as the number

of channels/bins minus the number of model parameters of the best-fitted model. For the case

of low count statistics (or low source counts), it is more appropriate to use C-statistic (CSTAT)

for the spectral fitting. In our analysis, we ensured that each channel consists of at least 20

counts to use χ2 statistics. There may be cases when a number of models could be acceptable

to fit the data with comparable goodness-of-fit. In such cases, the choice of best-fit model

is driven by the scientific judgement and feasibility of the derived parameters. After having

obtained the best-fit parameter values for the given model of choice, one needs to determine

the range of values within which true value of parameter lies, called confidence interval. To

calculate the confidence interval for a given parameter, the value is varied until the χ2 increases

by a particular amount (referred as the critical δχ2) above the best-fit value. δχ2 value depends

on the confidence level required and on the number of parameters. The improvement in the fit

with δχ2 values by adding n free parameters and their corresponding confidence level (Avni,

1976) are listed in Table 2.4. These values are taken from the XSPEC manual. In the present

work, we have estimated the best-fit parameter values for 90% confidence level unless stated

otherwise.

We used the various models available for X-ray continuum (ZCUTOFFPL, ZPOWERLW),

absorption (PHABS, TBABS, ZXIPCF), reflection (PEXRAV, XILLVER, RELXILL), Comp-

tonization (NTHCOMP, OPTXAGNF) and others for our work. Some of them are table

models which are used as the local model such as RELXILL, XILLVER. These models are

described in detail in the following chapters wherever they are used. Here, we provide a brief

description of these models.

1. X-ray continuum- As described in Chapter-1, X-ray continuum is a result of Comp-

tonization of thermal seed photons coming from the disk in the hot electron plasma.

The spectrum of this continuum can be well described by simple power-law. The math-



2.5. X-ray Data Fitting Procedure 48

ematical form ZPOWERLW is written as:

A(E) = N [E(1 + z)]−Γ, (2.4)

where N is the normalization of the power law, representing the photon flux in Photons

keV−1 cm−2 s−1 units, Γ is the photon index of the power law, varying in the range

of ∼ 1.5-2.5 for AGNs and z is the redshift of the galaxy. Actually, power-law has an

exponential cutoff at energies, generally, above 100 keV which can be constraint with

high energy telescopes, e.g. NuSTAR . The mathematical form of ZCUTOFFPL is:

F (E) = N [E(1 + z)]−Γe−E(1+z)/Ecut , (2.5)

where Ecut is the cutoff energy.

NTHCOMP (Zdziarski et al., 1996; Życki et al., 1999) is a physical model which is

commonly used for thermal Comptonization. In this model, the high energy cutoff is

parameterized by the electron temperature (kTe). It is sharper than an exponential

cutoff of ZCUTOFFPL. At low energy end of the spectrum, a rollover is formed which

is driven by the seed photon energy. Between these two rollovers, the shape of the

spectrum is governed by the electron temperature and the electron scattering optical

depth.

COMPPS (Poutanen & Svensson, 1996) is a model in which Comptonization is com-

puted for different geometries (slab, cylinder, sphere, hemisphere) of the source using

exact numerical solution of radiative transfer equation. The Comptonization spectra

depend on the geometry of the source, optical depth of the source medium, electron

distribution parameters (e.g. electron temperature), spectral distribution of the seed

photons (blackbody or multicolor disc), the way seed photons are injected to the elec-

tron cloud and the inclination angle. Instead of directly fitting the parameter for optical

depth, the Compton parameter y = 4 ∗ tau ∗ theta (where theta = electron temperature

in keV/511) is used as the y-parameter is directly related to the spectral index and is

stable in the fitting process. The electron distribution can be chosen as a power-law,

Maxwellian, cutoff Maxwellian or hybrid. There are two ways to inject seed photons

into the electron cloud, either isotropically and homogeneously throughout the cloud or

from the bottom of the slab/cylinder/hemisphere or centre of the sphere. Besides the
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X-ray continuum, this model also includes the reflected spectrum from the cold medium

and the general relativistic effects of the rotating disc on it. The parameter space re-

gion for which numerical methods in this model gives reasonable outcome is: electron

temperature should be greater than 10 keV and optical depth is less than 1.5 for slab

geometry and 3 for other geometries.

OPTXAGNF is another Comptonization model for AGNs which is for colour tempera-

ture corrected disc and is energetically coupled model. This model includes a standard

disc, optically thick and low temperature Comptonization region to produce soft X-ray

excess and optically thin and high temperature thermal Comptonization region to pro-

duce power law emission. These three regions are powered by the gravitational energy

released due to the mass accretion. When energy released is not fully thermalized, it is

possible that a fraction of that energy is dissipated in the inner part of the accretion

disc and elevates its temperature such that it acts as an optically thick Comptonizing

medium. The disc emission is released up to a radius Rcorona. Below this radius, the en-

ergy is distributed between powering the power-law and soft excess emission. The colour

temperature corrected disc partly contributes to the soft excess. Remaining contribution

comes from the Compton upscattering of inner disc photons in the cold Comptonization

(kTe ∼ 0.2keV) medium. A fraction of the total gravitational energy is also consumed

in the hot corona (kTe ∼ 100keV) which gives rise to the X-ray continuum emission.

2. Absorption- The intrinsic continuum emission from the source gets absorbed by the

our local galactic medium before reaching the X-ray detectors. This absorption mostly

affect the soft X-rays below 10 keV. The spectral model PHABS (i.e., photoelectric

absorption model) describe the continuum absorption, is expressed as:

F (E) = exp[−NHσ(E[1 + z])], (2.6)

where NH is the density of the absorbing material measured in atoms cm−2 and is

normalized to the total hydrogen number density, known as equivalent hydrogen col-

umn density, σ(E) represents the cross-section (excluding Thomson scattering) for the

absorption of X-ray photon with energy E . It is mainly derived by considering the in-

dividual contribution of three different cross sections of gas, grain and molecules present

in the interstellar medium (ISM) (see Wilms et al. (2000) for a detailed discussion). In

TBABS model, updated photoionization and gas phase cross sections have been used
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as a result of updates to the ISM abundances.

ZXIPCF (Reeves et al., 2008) is another model which is an XSTAR-based absorption

model, simulated for X-ray continuum with slope of 2.2 and turbulent velocity 0f 200

km/s. XSTAR is a computer program for probing the emission spectra and physical

conditions of photoionized gas. This is used for ionized and partially covering absorbers

along the line of sight to the nuclear source.

3. Blackbody emission- As mentioned previously, AGNs have also been observed to

show an excess at soft X-ray ranges, in addition to the continuum emission (below

∼2 keV). This is known as ‘soft X-ray excess’. Although there are physical model to

fit this feature, but in phenomenological model it is modeled with a thermal blackbody

spectrum of the form:

F (E) = N × 8.0525
E(1 + z)2

((1 + z)kT )4(exp(E(1 + z)/kT ) − 1)
dE, (2.7)

where N is blackbody normalization in the units of 1039 erg s−1 (10 kpc)−2 and kT is

the blackbody temperature.

4. Reflection- There are many different models used to fit the reflection component of

an AGN spectrum. One of the model, PEXRAV (Magdziarz & Zdziarski, 1995), con-

sists of the cutoff power law continuum model and the component reflected from the

accretion disc. It considers Compton reflection of X-rays and γ-rays by cold electrons.

In the Compton reflection, the photons emitted by a source (e.g. corona) fall onto a

slab (e.g. an accretion disc) and re-emitted with different energy altered by Compton

scattering and bound-free absorption. In this model, the angular dependence of the

reflection spectrum has been taken into account. In the hard X-ray or γ-ray regime,

the reflected spectrum hardens with increasing viewing angle. Some of the parameters

characterizing PEXRAV model are photon index, cutoff energy, inclination angle and

reflection scaling factor. The reflection scaling factor is the relative reflection. Only the

reflection component can also be derived by setting this factor negative.

The other physical reflection model is RELXILL (Garćıa et al., 2014; Dauser et al.,

2014) which is a combination of the advanced code XILLVER (Garćıa & Kallman, 2010;

Garćıa et al., 2013) and the relativistic line-emission kernel RELLINE (Dauser et al.,

2010). This model takes into account the angular dependence of reflection with accretion
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disc radius and includes recent photoionization data. RELXILL provides two types of

coronal geometry for the calculation of emissivity- (1) the extended corona (RELXILL)

and (2) the lamppost corona (RELXILLLP). In the extended corona geometry, the

emissivity profile of the accretion follows a broken power law, while the lamppost corona

is assumed to be a point-like structure above the disc at a certain height along the

rotation axis. This model includes both the reflected spectrum as well as illuminating

continuum. There are two options for the illuminating continuum- (1) a power law with

exponential cutoff and (2) an NTHCOMP type thermal Comptonization. The model

parameters include the reflection fraction which is a ratio between the flux reflected

from the disk and the flux that directly reaches the observer. The observed reflected

emission not only depends on the emissivity profile but also on the ionization state,

disk density, iron abundance of the accretion disk and the disc inclination angle. This

model also estimates the spin of the black hole by fitting a relativistically smeared

fluorescent iron line. Another variant of this model is called RELXILLLPION, which

approximates the variation in the ionization parameter of the disc as a power law. These

models are in developing stage and several assumptions have been made in the RELXILL

family models. For example, the disc density is assumed to be height independent, the

irradiation angle is kept constant at 45° and the element abundances are fixed to solar

values except for iron. Apart from these, other important effects which have not been

taken into account, found to affect the spectroscopy (Niedźwiecki et al., 2016). In

the lamppost model, for a small height of the continuum source and steep emissivity

profiles, the gravitational redshift is neglected. This affects the shape of the reflected

spectrum and the cutoff energy of the Comptonization spectrum. Also, the reflected

photons due to the light-bending effect can irradiate the disc which can change the

refection spectrum. This kind of second order effect is significant for smaller height.

These limitations are corrected in the latest reflection model REFLKERR (Niedźwiecki

et al., 2019), where the continuum spectrum is calculated using the COMPPS model

and agrees well with the simulations.





Chapter 3

Complex optical/UV and X-ray

variability in Seyfert 1 galaxy Mrk 509

Active galactic nuclei (AGNs) emit radiation in multi-wavelength ranges, originating from dif-

ferent regions. Simultaneous observation in multi-bands provides an opportunity to establish

connections between various bands from radio to γ-ray. Although simultaneous broadband

coverage of AGNs using ground and space-based observatories is quite difficult to schedule

due to many different factors, the space-based observatories such as XMM-Newton, Swift

and AstroSat have capabilities to provide simultaneous coverage from X-rays to UV/optical

bands. Due to its high cadence capability, Swift has been used in monitoring programs of

many AGNs that provided an insight into the UV/optical and X-rays variabilities on short

as well as long term time scales. These campaigns have shown a remarkably strong correla-

tion between emission in different bands. The X-ray reprocessing is interpreted as the most

likely origin of the variabilities in UV/optical emission. In this chapter, a detailed spectral

and timing analysis of a Seyfert 1 galaxy Mrk 509 is presented. In this work, data from the

Neil Gehrels Swift observatory that spanned over ∼13 years between 2006 and 2019 are used.

This chapter is structured as follows: Section 3.1 presents the basic introduction and previous

studies of this source. In Section 3.2, the observation details and data reduction processes

have been discussed. Spectral fitting, correlation analysis between original light curves, fil-

tering of the light curves for long term variations and corresponding results are described in

Section 3.3. Finally, the discussion and summary of our findings are presented in Section 3.4

and 3.5. This work is published as Kumari et al. (2021) in the Publication of the Astronomical

Society of Australia (PASA).
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3.1 Introduction

As discussed in Chapter 1, AGNs are strongly believed to be fuelled through the accretion of

matter from the surrounding medium around the SMBH at the center. This has been recently

confirmed through the observations of a nearby radio-galaxy M87 with the Event Horizon

Telescope (EHT; Akiyama et al. 2019). Imaging the central black hole and the accretion

disk at the center of other galaxies that are farther away is impossible even with the EHT.

There are, however, other indirect methods that are used to derive the physical structure

and size of these objects. Continuum reverberation mapping (RM; Blandford & McKee 1982;

Peterson 2014) technique is one such method in which the estimated time lag between the

continuum emission in shorter and longer wavelength ranges has been used to derive the size

of the BLR and hence the black hole virial mass in several AGNs (Peterson et al., 2004; Bentz

et al., 2009). Understanding of the emission mechanism in AGNs has been a topic of intense

research for several decades. However, the origin of emission in different wavelength ranges of

the electromagnetic spectrum and correlation between them remain ambiguous to date. The

general picture is that the low energy photons (seed photons) in ultraviolet (UV) and optical

bands are believed to be originated from the accretion disk and the BLR. These photons get

inverse Compton scattered in the hot electron plasma (corona), causing X-ray emission from

the AGNs (Haardt & Maraschi, 1991).

The origin of the UV/optical and X-ray variabilities and correlation between them have

been one of the most intriguing questions in the studies of the physical size and structure

of AGNs. In Seyfert galaxies, the energy spectrum is dominated by UV radiation which is

believed to be originated from a multi-colour blackbody disk (Koratkar & Blaes, 1999). The

X-ray/UV/optical emission from the accretion disk shows variabilities over timescales ranging

from a few hours to years in the AGNs with black hole mass in 106−109 M⊙ range. Although

the cause of the observed variabilities is not very well understood, several possible explana-

tions are presented to interpret the results. The first and the obvious one is the fluctuations

in the mass accretion rate (Arévalo et al., 2008). However, fluctuation in the mass accretion

rate is insufficient to explain the variabilities on short time scales (i.e., hours to days) as

these fluctuations drift on a viscous time scale, which is in years for AGNs. In many Seyfert

galaxies, variations in X-rays have been found to lead UV/optical variations on short-time

scales (McHardy et al., 2014), which can not be explained by density fluctuations. Fluctua-

tions in X-ray leading over the UV/optical band is explained by the so-called “reprocessing
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model”. In this model, X-ray radiation from the central corona directly illuminates the accre-

tion disk, thereby increasing its temperature. Heating of the accretion disk due to radiation

from the corona makes the disk a source of enhanced radiation in UV/optical bands. In this

process, the time delay between the driving radiation and reprocessed radiation is given by

τ ∝ λβ, where β = 4/3 for the standard Shakura-Sunyaev accretion disk (Cackett et al., 2007;

McHardy et al., 2014; Edelson et al., 2015; Fausnaugh et al., 2016; Troyer et al., 2016; Edelson

et al., 2017). Earlier studies were mainly performed with radiation in UV and optical bands

and were found to be consistent with the 4/3 dependence.

The often seen strong temporal correlation between the X-ray and UV/optical emission

indicates a connection between the two. Thus, simultaneous multi-wavelength observations

are necessary to probe the physical processes taking place near the central engine. Before the

advent of simultaneous multi-frequency observatories, e.g. XMM-Newton, Swift and AstroSat,

many coordinated monitoring programs have been carried out using the space-based and

ground-based observatories (Maoz et al. 2002; Arévalo et al. 2008; Evans et al. 2009; Breedt

et al. 2010). Coordinated observations with the Rossi X-ray Timing Explorer (RXTE) and

many ground-based telescopes divulged the lag of optical emission with respect to the X-rays

and showed a pretty good correlation between them (Shemmer et al., 2003; Uttley et al.,

2003; Arévalo et al., 2008; Marshall et al., 2008; Arévalo et al., 2009). In some other cases,

however, the radiation in longer wavelengths was found to be leading the shorter wavelength

emission (Papadakis et al., 2001; McHardy et al., 2004).

Simultaneous multi-wavelength and high cadence capabilities of the Swift observatory has

given a thrust to the field of variability studies of AGNs. Originally designed for and focused

on mainly gamma-ray bursts (GRBs), Swift has been utilized for the RM studies of many

Seyfert 1 galaxies (Ebrero et al., 2011; McHardy et al., 2014; Edelson et al., 2015; Buisson

et al., 2016; Noda et al., 2016; Troyer et al., 2016; Pal et al., 2016; Connolly et al., 2016;

McHardy et al., 2016; Fausnaugh et al., 2016; Edelson et al., 2017; Starkey et al., 2017) and

revealed the correlation between the radiation in UV/optical and X-ray bands, corroborating

the reprocessing scenario. However, the observed correlation between X-ray and UV/optical

emission in most cases has been found to be weak compared to that between the UV and

optical emission (Edelson et al., 2019). In several AGNs, the time lag has been found to be

∼ 2− 3 times larger than the lag expected from the standard accretion disk model (McHardy

et al., 2014). This indicates that there are other reprocessing regions apart from the accretion

disk. Excess lag in the U-band of Swift containing the Balmer jump compared to either X-ray
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or extreme UV band hints towards the contribution of BLR (Korista & Goad, 2001; Korista

& Goad, 2019). Earlier results from the Swift observations revealed that the extrapolation

of the measured lag-spectrum, following the τ ∝ λ4/3 relation down to X-rays, showed large

deviation (Dai et al., 2009; Morgan et al., 2010; Edelson et al., 2015; Fausnaugh et al., 2016;

McHardy et al., 2018). Possible explanations for this excess lag could be (i) the size of the

accretion disk is larger than that predicted by standard disk (Pal et al., 2016), (ii) reprocessing

of FUV photons in the inner “puffed-up” Comptonized disk region (Gardner & Done, 2017),

(iii) reprocessing of X-rays from scattering atmosphere (Narayan, 1996). On filtering out

the longer timescale variabilities from the light curves, the excess lags are found to decrease

significantly, making the X-ray and UV/optical correlation stronger. This behaviour has been

found in NGC 5548 (Edelson et al., 2015), NGC 4593 (McHardy et al., 2018), NGC 7469

(Pahari et al., 2020).

In this work, we analyzed the Swift multi-band observations of Mrk 509, spanning over

2006 to 2019, to investigate the cause of variations on different time scales and the effect of

filtering the long term variations on the time-delay between X-ray and UV/optical bands.

Mrk 509 is a bright (LBol = 1.07 × 1045 erg s−1; Woo & Urry, 2002) Seyfert 1 galaxy, located

at a distance of 145 Mpc (z=0.0344; Huchra et al., 1993) with a central black hole of mass

1.43×108M⊙ (Peterson et al., 2004). This is the first AGN in which soft X-ray excess emission

was discovered using HEAO-1 X-ray satellite (Singh et al., 1985). It has been the target of

interest for multi-wavelength campaigns due to its variability properties, brightness, nature

of soft X-ray excess, warm absorbers and outflow characteristics (Ebrero et al., 2011; Kaastra

et al., 2012).

.

3.2 Observations and Data Reduction

In this work, we used archival data of Mrk 509 from Swift observatory that spanned 2006

July 18 to 2019 May 8. The observations were carried out simultaneously in UV/optical

and X-ray bands with the UltraViolet-Optical Telescope (UVOT; Roming et al. 2005) and

X-ray Telescope (XRT; Burrows et al. 2005), respectively. The UV/optical observations were

carried out using six filters viz. UVW2 (192.8 ± 65.7 nm), UVM2 (224.6 ± 49.8 nm), UVW1

(260 ± 69.3 nm), U (346.5 ± 78.5 nm), B (439.2 ± 97.5 nm), and V (546.8 ± 76.9 nm) (Poole

et al., 2007), whereas the X-ray observations were obtained in 0.3-10 keV range. The details
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Figure 3.1: Images of Mrk 509 in six filters of UVOT (marked in each panel) are shown for
observation ID : 00035469003 (20 April, 2006). Circular regions of 5 arcsec (red, centered at
source position) and 20 arcsec (green, away from the source) radii were selected for the source
and background regions, respectively.
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of the observations used in the present work are listed in Table 3.1.

We extracted light curves in different energy ranges and spectra using the online XRT

product generator tool1. The method used in the online tool is described in Evans et al.

(2007, 2009). As already described in Section 2.4.1, each event file was divided into individual

snapshots for generating light curves and spectra, and further in time intervals for pile-up

correction. The source extraction radius is chosen depending on the mean-count rate. The

pile-up correction was performed on the time intervals in photon counting (PC) mode where

mean count rate is greater than 0.6 counts s−1, by fitting the wings of the source PSF with the

King function. For each interval, a source event list and an Ancillary Response File (ARF)

were generated and then combined. While combining, each ARF was weighted according to

the total counts in the source spectrum extracted from that particular time interval. The

background spectrum was extracted by selecting an annular region with inner and outer radii

of 142 arcsec and 260 arcsec, respectively, within the detector window. Any other source

in the background region was excluded from the extraction region. The average count rate

was calculated for each observation ID in PC mode of XRT for further timing and spectral

analysis of the source.

Standard procedure was followed to reduce the UVOT data. We used aspect corrected sky

image files of each observation ID in every filter to get the average count rate for the selected

source region. A circular region of 5 arcsec radius, centered at the source, was selected as the

source region to minimize contamination from the host galaxy. For background products, a

circular region of 20 arcsec was selected away from the source to avoid contamination from

the host galaxy as well as from any other source in the field. The regions selected for the

source and background are shown in red and green circles in Figure 3.1, respectively. The

exposures of the UVOT filters are generally in the range of 10 s to 2 ks. To get the deepest

image, UVOTISUM2 task was used to co-add multiple exposures, if available, in each observation

ID. The UVOTSOURCE3 task was used to get the background-corrected source count rate/flux

densities in different filters. We also checked for small scale sensitivity (SSS) regions where

throughput of the detector is comparatively low by running UVOTSOURCE task with additional

command lssfile=sssfile5.fits. Apart from this, there are a number of data points

where the count rate/flux fall rapidly and show large variability compared to the local mean.

This may be due to the bad tracking of the telescope, as described in McHardy et al. (2014).

1http://www.swift.ac.uk/user objects/
2https://www.swift.ac.uk/analysis/uvot/image.php
3https://www.swift.ac.uk/analysis/uvot/mag.php
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Table 3.1: Log of observations of Mrk 509 with the Swift observatory

Observation ID 00035469001–00095002006
Duration of observation 2006 July 18 - 2019 May 8
MJD 53812.05 - 58611.70
No. of IDs for XRT used 275
No. of IDs for UVOT used 271
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Figure 3.2: Time-averaged Swift/XRT spectrum of Mrk 509 and best-fit model (green line) are
shown along with individual spectral components (red dotted lines for two blackbody compo-
nents and solid black line for the power-law continuum model) in the top panel. Corresponding
residuals are shown in the bottom panel.

We discarded those data points from further analysis. We also corrected the count rates to

account for the loss of sensitivity of UV detectors with time by using filter correction files4.

3.3 Data Analysis & Results

3.3.1 Spectral analysis

The AGNs spectra, especially of Seyferts, in 0.3-10 keV range (the range of operation of

Swift/XRT) generally consist of soft X-ray excess and a power-law continuum along with

the iron emission lines in ∼ 6 − 7 keV range. In order to investigate the origin of the soft

X-ray excess and power-law continuum, we carried out spectral analysis using data from all

the Swift/XRT observations of Mrk 509. We extracted the time-averaged spectrum of all the

4https://www.swift.ac.uk/analysis/uvot/index.php
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Table 3.2: Best-fit parameters obtained from spectral fitting of Swift/XRT data.

Spectral parameter Value
Absorption column density NH [1020 cm−2] 3.95 (f)
Blackbody Temperature kTBB1 [keV] 0.121±0.002
Blackbody Normalization kTnorm1 [10−5] 17.4±0.8
Blackbody Temperature kTBB2 [keV] 0.46±0.01
Blackbody Normalization kTnorm2 [10−5] 9.0±1.0
Power-law Photon Index Γ 1.39±0.04
Power-law Normalization Γnorm [10−3] 5.3±0.4
C/dof 730.1/764

Best fit model : tbabs × [(zbbody+zbbody+zpowerlw)].

observation IDs using the online XRT product generator tool1 (Evans et al., 2009). We fitted

the spectrum in XSPEC and used C-statistics for minimization to obtain the best-fit parameters.

The errors on each parameter are quoted at 90% confidence level. Using the source and

background spectra and appropriate response matrices, we attempted to fit the data in 2-

8 keV range with a redshifted power-law model along with the multiplicative component

tbabs to incorporate the modification due to the Galactic absorption. In our fitting, the

Galactic column density was fixed at 3.95 × 1020 cm−2 (HI4PI Collaboration et al., 2016).

The fit statistic was found to be C/dof = 580.8/597 for a best-fit power-law photon index of

1.68 ± 0.02. We extrapolated the fitted model down to 0.3 keV. This showed strong positive

residuals in the soft X-ray range (below 1 keV). This confirms the presence of soft X-ray

excess in the spectrum. The soft X-ray excess above the power-law continuum was fitted with

a simple redshifted blackbody (zbbody) model. The positive residuals were still present up to

∼3 keV. We added another redshifted blackbody component to the above model to describe

these residuals. The fit-statistic improved by ∆C = −91 with two additional parameters.

The best-fit model tbabs×(zbbody+zbbody+zpowerlaw) resulted in C/dof = 730.1/764.

The best-fit value of the power-law photon index was found to be Γ = 1.39 ± 0.04, which

is consistent with that reported by Mehdipour et al. (2011). The best-fit model, data and

residuals are shown in Figure 3.2. The best-fitted parameters are given in Table 3.2.

Following the time-averaged spectroscopy, we attempted to fit the spectra from individual

observation IDs with exposures of ∼1 ks. Each spectrum was grouped at a minimum of 1 count

per bin to use C-statistics in XSPEC spectral fitting. We fitted each spectrum with a simple

phenomenological model tbabs×(zbbody+zpowerlw) as the second thermal component was

1http://www.swift.ac.uk/user objects/
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not required in fitting. While fitting the spectrum of individual IDs with the above model, we

estimated source flux in 0.3-8 keV, 0.3-2 keV, and 2-8 keV ranges for further analysis. The

total flux in 0.3-8 keV range, best-fit spectral parameters and the reduced C for all observation

IDs are shown in Figure 3.3. The variation/non-variation of flux and spectral parameters over

the duration of the observations can be clearly seen in the figure. We attempted to search for

the presence of any correlation between different parameters obtained from spectral fitting.

The correlations between the power-law flux (in 2-8 keV range), blackbody flux (BB flux in

0.3-2 keV range), power-law photon index and blackbody temperature are shown in Figure 3.4.

From this analysis, we found a moderate correlation between the blackbody flux and power-law

flux with Pearson’s coefficient ρ ∼ 0.56, between the blackbody temperature and blackbody

flux with ρ ∼ 0.31, and between the blackbody temperature and photon index with ρ ∼ −0.38.

Considering the narrow energy range of XRT and short exposure of observations, there

is a possibility of presence of degeneracy between parameters. Therefore, we investigated

marginal posterior distributions of all the fitted parameters to determine the degree to which

the parameters are correlated due to the degeneracies within the spectral fitting. In order

to search through the parameter space, the data from the observation with maximum expo-

sure, i.e. ∼7 ks (Obs. ID 00035469003 : 20 April 2006) were used for fitting by applying

the Markov Chain Monte-Carlo (MCMC) sampling procedure. We used the affine-invariant

sampler developed by Goodman & Weare, 2010 and implemented in XSPEC as CHAIN task.

For tbabs×(zbbody+zpowerlw) model, we considered 20 walkers with a total chain length of

100000 and burning initial steps of 20000. In Figure 3.6, we showed one and two-dimensional

(1D and 2D) marginal posterior distributions for the spectral parameters. The median val-

ues of the parameters with 90% credible interval are shown above each 1D histogram. The

Pearson’s correlation coefficients for these distributions are −0.26 for kTBB & kTnorm, −0.49

for Γ & kTBB, −0.47 for Γ & kTnorm, −0.59 for Γnorm & kTBB, −0.44 for Γnorm & kTnorm,

and 0.85 for Γnorm & Γ with p-value < 10−5. It is evident from the figure that the correlation

between the blackbody temperature and the photon index is not physical, instead spurious.

On a careful investigation of correlation between spectral parameters from spectral fitting of

all the observations and the MCMC sampling procedure, it is confirmed that there exists a

certain degree of degeneracy between power-law photon index and blackbody temperature.

However, the narrow energy range of Swift/XRT and short exposure time (∼1 ks) of individual

observations make it extremely difficult to remove this degeneracy through spectral fitting.

Considering this, we proceeded with time-series analysis using data from all the Swift/XRT
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Figure 3.3: Variation of the source flux in 0.3-8 keV range, blackbody temperature (kT) and
power-law photon index (Γ) with time (MJD) are shown in top three panels. The reduced
C-stat obtained from the spectral fitting of each observation ID is plotted in the bottom panel.

observations.

3.3.2 Timing analysis

Variability amplitudes & nature of variability

As described in Section 3.2, the source flux densities for all six UVOT filters were estimated

from all observation IDs. Soft X-ray (0.3-2 keV range) and hard X-ray (2-8 keV) fluxes

were estimated from the spectral analysis of Swift/XRT data of each observation ID (see

Section 3.3.1). Using these estimated flux densities, simultaneous X-ray and UVOT light

curves of Mrk 509, for the duration of the Swift monitoring campaign, i.e. from 2006 June 18

to 2019 May 8, are generated and shown in Figure 3.5. It can be clearly seen that the light

curves in different bands show variabilities in short-term as well as long-term time scales.

To quantify the observed variabilities in X-ray and UV/optical light curves, we calculated

fractional variability Fvar and its uncertainty using the relations,

Fvar =

√
S2 − σ2

err

x̄2
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and uncertainty in Fvar as

√√√√(√ 1

2N

σ2
err

x̄2Fvar

)2

+

(√
σ2
err

N

1

x̄

)2

where x̄, S, σerr and N are the mean, total variance, mean error and number of data

points, respectively (Vaughan et al., 2003), for X-ray and UV/optical bands. Using above

expressions, the fractional variabilities in hard X-ray (2-8 keV), soft X-ray (0.3-2 keV), UVW2,

UVM2, UVW1, U, B, and V bands are derived to be 0.152±0.010, 0.281±0.006, 0.223±0.001,

0.234±0.002, 0.184±0.002, 0.174±0.002, 0.147±0.002 and 0.114±0.002, respectively. Within

the UV/optical bands, the variability amplitudes are found to decrease with the increase in

wavelength. This trend has been reported in many previous studies (Fausnaugh et al., 2016;

Edelson et al., 2019) as emission at longer wavelengths is expected to originate from regions

in accretion disk at larger radii and thus, prone to get diluted with other effects like emission

from the BLR and NLR or the host galaxy. From the spectral analysis, we found a complex

soft X-ray excess which can be described by two thermal components. Thus, high variability

in the soft X-ray band could be due to a mixture of different spectral components i.e., thermal

plasma in the inner disk or/and X-ray reprocessing close to the inner edge of the disk. Since

the signatures of warm absorbers have already been reported in earlier studies (Ebrero et al.,

2011; Steenbrugge et al., 2011), and we see residuals below 1 keV (Figure 3.2), variability due

to the warm absorbers can not be ruled out.

Based on the probability spectral density (PSD) studies, the nature of variability in AGNs

is considered to be red-noise variability (Papadakis & Lawrence, 1993). This is very similar

to the one that is observed in Galactic black holes, where the PSD is described by a broken

power-law at a specific frequency depending on the spectral state. Switching between different

states indicates that the variability process is non-stationary. Statistically, in non-stationary

process, the moments of the probability distribution function (i.e. mean and variance) vary

with time. In the left panel of Figure 3.7, we plotted the change of mean < x >, excess

variance σ2
xs and fractional rms amplitude Fvar (computed by taking 10 data points) in 0.3-10

keV range light curve with time. All these quantities are found to change with time. In the

bottom panel, the averaged rms has been shown (binned over 5 data points of individual

rms), which also changes with time, indicating the non-stationarity of the variability process.

We divided the entire light curve into two segments covering the time from 57829 to 57967

MJD and 57968 to 58102 MJD, respectively (marked with a dotted line in the top left panel of
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Figure 3.7: Left panel: Light curve of Mrk 509 in 0.3-10 keV range is shown in the top panel.
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with a dotted line in the top left panel) of 0.3-10 keV light curves are shown.

Figure 3.7) and calculated the auto-correlation function (ACF) of each segment (Gliozzi et al.,

2004). The rate at which the ACF decays for each segment is different. This suggests that

there is an intrinsic difference in the temporal properties in both segments. This indicates

non-stationary variability, though we can not claim it firmly due to the quality of the data

used. We also did not find any signature of apparent state change over the duration of the

observations (see Figure 3.3).

Table 3.3: Variability in X-ray and UV/optical bands are shown. N = number of data points
or length of the light curve, Fmax & Fmin = maximum & minimum flux in the light curve in
units of erg s−1 cm−2 Å−1, R = peak-to-peak ratio (Fmax/Fmin)

Energy band N Fmax Fmin R Mean σ2
NXS Fvar

(10−11) (10−11) (10−11) (10−3) (%)
0.3-2 keV 289 6.82 1.31 5.21 3.63 7.90 28.11 ± 0.11
2-8 keV 289 6.8 1.81 3.76 3.66 2.31 15.20 ± 0.96

(10−14) (10−14) (10−14) (10−3) (%)
UVW2 258 7.03 2.74 2.57 4.47 4.99 22.35 ± 0.15
UVM2 233 6.20 2.43 2.55 3.80 5.49 23.43 ± 0.17
UVW1 234 5.76 2.65 2.17 3.76 3.42 18.48 ± 0.16
U 239 3.95 1.77 2.22 2.48 3.03 17.41 ± 0.18
B 237 2.27 1.04 2.17 1.44 2.17 14.72 ± 0.16
V 235 1.7 0.89 1.90 1.12 1.29 11.38 ± 0.15
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Count–Count Correlation with Positive Offset (C3PO)

We defined 0.3 − 2 keV and 2 − 8 keV energy ranges as soft and hard X-ray bands. The soft

X-ray band has several complex features such as soft X-ray excess, emission lines, blurred

reflection and absorption features, while the hard band is mainly dominated by primary

continuum resulted from multiple inverse Compton scattering of seed photons with electron

plasma in the corona. We plotted light curves in soft X-ray band, hard X-ray band and all

the filters of optical and UV bands in Figure 3.5. From visual inspection, all the light curves

seem to be correlated. The variations in UV/optical bands are smoother than the X-rays.

We attempted to quantify the correlations and variabilities seen in UV/optical and X-ray

light curves using C3PO method. The C3PO method was first used by Churazov et al. (2001)

in the black hole binary system Cygnus X-1 to find the varying and stable components in

high/soft state. After that, this technique has been used in many AGNs (Taylor et al., 2003;

Noda et al., 2011, 2013, 2016; Pal & Naik, 2017). We fitted a linear function y = mx + c

between the reference band as abscissa and secondary bands as ordinate, where m and c are

the slope and offset, respectively. In the left and right panels of Figure 3.8, the hard X-ray

(2-8 keV) and UVW2 bands are taken as reference bands, respectively, and all other bands

are considered as secondary. For uniformity, the plots have been shown for flux densities

though there was no difference in the fitted values when plotted in count rates. We also

used Pearson’s correlation coefficient ‘ρ’ to quantify the strength of inter-band correlation

and determined the significance of the strength of the correlation. All the values of slopes,

offset, Pearson’s coefficient are given in Tables 3.4 and 3.5. From the linear fitting, we found

a reasonable correlation between hard X-rays and all UV/optical bands (ρ ∼ 0.40 − 0.53).

However, the correlation between the UVW2 and other UV-optical bands is found to be

stronger (ρ ∼ 0.95−0.99). When fitted relative to UVW2 band, a positive offset (except for

soft X-rays) has been found for all other UV/optical bands, including the hard X-ray band.

This indicates that the less variable component is possibly coming from the BLR and the

host galaxy. Similar results have been drawn from the flux-flux analysis for other systems,

e.g. Fairall 9 (Hernández Santisteban et al., 2020).

Filtering of slow and linear variations

To understand the short term variabilities in different bands due to reprocessing, i.e. X-

ray reprocessing or Comptonizaton, we focused on the fast variations in the light curves.
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Table 3.4: Slope, offset and Pearson’s coefficient for hard X-ray vs soft bands (soft X-ray &
UV/optical bands).

Band slope(m) & offset(c) χ2
ν , dof Pearson’s

coefficientρ, p

Soft X-ray m = 1.50 ± 0.05 0.61, 289 0.82, 1.80 × 10−71

c = (−1.79±0.17)×10−11

UVW2 m = 2.17 ± 0.21 2.03, 251 0.52, 1.15 × 10−18

c = (−2.97±0.70)×10−11

UVM2 m = 1.97 ± 0.21 2.14, 246 0.40, 4.95 × 10−11

c = (−2.90±0.70)×10−11

UVW1 m = 1.51 ± 0.16 2.13, 240 0.44, 6.98 × 10−13

c = (−1.37±0.53)×10−11

U m = 0.92 ± 0.09 2.13, 239 0.52, 4.64 × 10−18

c = (−0.62±0.30)×10−11

B m = 0.47 ± 0.05 2.18, 237 0.53, 8.64 × 10−19

c = (−0.14±0.16)×10−11

V m = 0.25 ± 0.023 2.16, 234 0.48, 3.67 × 10−15

c = (0.27 ± 0.08) × 10−14

Table 3.5: Slope, offset and Pearson’s coefficient for UVW2 vs other UV/optical bands.

Band slope(m) & offset(c) χ2
ν , dof Pearson’s coeffi-

cient ρ, p

Hard X-ray m = 0.46 ± 0.04 2.07, 238 0.51, 2.41 × 10−17

c = (1.34 ± 0.19) × 10−11

Soft X-ray m = 0.96 ± 0.05 6.04, 238 0.75, 5.76 × 10−44

c = (−0.85±0.20)×10−14

UVM2 m = 0.79 ± 0.004 0.26, 224 0.99, 6.37 × 10−241

c = (0.25±0.02)×10−14)
UVW1 m = 0.66 ± 0.005 0.38, 224 0.99, 4.82 × 10−212

c = (0.85 ± 0.02) × 10−14

U m = 0.43 ± 0.006 1.10, 225 0.98, 2.74 × 10−150

c = (0.59 ± .02) × 10−14

B m = 0.21 ± 0.003 1.35, 225 0.97, 8.27 × 10−133

c = (0.50 ± 0.01) × 10−14

V m = 0.12 ± 0.002 0.97, 225 0.95, 1.01 × 10−113

c = (0.60 ± 0.01) × 10−14
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It is well known that the long term variations can distort the short term time lags while

estimating CCFs (Welsh, 1999). So we attempted to remove the slow variations, i.e long

term variations due to the changes in the accretion rate, from the light curves. As mentioned

above, Figure 3.5 shows short term variations as well as long term variations in the curves

in all bands. Therefore, the long term variations should be filtered out from the light curves

to determine short time information. Such filtering has been carried out in recent studies

in a few AGNs, e.g. NGC 5548 (McHardy et al., 2014), NGC 4593 (McHardy et al., 2018),

NGC 7469 (Pahari et al., 2020), to eliminate the effect of long term variations. We used the

locally weighted scatter smoothing (LOWESS) method for the filtering process, which is based

on non-parametric and non-linear least square regression method (Cleveland & Devlin, 1988).

In this method, a regression surface is estimated by fitting a low-degree polynomial locally

to a subset of the data. The polynomial is fitted with weighted least-squares, giving more

weight to the near data points and least weight to the farthest ones. The tricube function,

w(s) = (1−|s|3)3 is used to calculate the weight, where s is the distance of a given data point

from the neighbouring point scaled to lie in the range of 0 to 1. Here, s(t) = (t− ti/∆t) is the

time difference between time t and ti at the data point i in terms of filtering time ∆t. For this

work, we used different filtering time to calculate the time lags as well as to investigate the

effect of filtering of the long term variations. Since the filtering process has a limitation that

it can only be performed on densely populated sample, we, therefore, applied the LOWESS

filtering to the data in the range of MJD 57829 to MJD 58102 and calculated the time lags.

We filtered out the slow variations of the order of more than 10, 15, 18, 20 and 25 days

from all light curves shown in Figure 3.5. The light curves obtained after filtering of variations

of 18 days are shown in Figure 3.10. Although, the average cadence of the observations was

about 1 day, filtering for less than 10 days was not feasible due to the gap of 6 days between

two observations. Filtered light curves for the UVW2 and UVW1 bands, after removing slow

variations of the order of 20 days, are shown in Figure 3.9 (top panel).

For determining the short time delay between two filtered light curves, we applied ICCF

method (described in detail in Section 3.3.2). The estimated time delays between UVW2 and

other bands after filtering have been listed in Table 3.6. The CCF lag-distribution for 20

days filtering and without filtering have been plotted in the bottom panel of Figure 3.9 to

compare the effect of filtering on CCF distribution. It can be seen from the figure that after

filtering, the distribution is significantly narrower than the unfiltered one. This indicates that

the slower variations were causing the wider CCF which became narrower after filtering the
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Figure 3.9: The light curves, filtered for the variations longer than 20 days, in UVW2 and
UVW1 bands are shown in the top panel. These filtered light curves are cross-correlated using
ICCF method and resulting CCF distribution is shown in the bottom panel (in red circle) along
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long term variations from the light curves. The derived lags of X-ray emission with respect to

the UVW2 emission from the unfiltered and filtered light curves clearly show the effect of the

removal of slow variations (See Table 3.6). Further, to check the effect of different filtering

among UV and optical bands, we filtered slow variations for different days from all the light

curves and estimated time lags with respect to the UVW2 band.

Time lag estimation

After removing the slow variations from the observed light curves, we measured the lags in

different bands with respect to the UVW2 band. For the estimation of time lags, we used

two methods that are interpolation cross-correlation function (ICCF; Gaskell & Peterson

1987, Peterson et al. 1998) and JAVELIN (Zu et al., 2011). The lags estimated using these

two methods were similar except that the errors calculated from JAVELIN were smaller, as

previously noted by Fausnaugh et al., 2016. In the ICCF method, we assume that two light

curves, say a(t) and b(t) are displaced by a time lag of τ . First, each observed data point of

the curve b(t) is correlated with a linearly interpolated value of a(t) at a time difference of τ .

Similarly, each observed data point in curve a(t) is correlated with an interpolated value in

b(t). In this way, two correlation coefficients are calculated for each value of time lag τ and

then averaged out to get the final value of the correlation coefficient. Uncertainties on the

lag measurements are estimated using flux randomisation (FR) and random subset selection

(RSS) methods. In the RSS method, the N selections are drawn randomly from the light

curve of N data points for each Monte Carlo realisation, similar to the bootstraping method.

The data point which is selected M times, the uncertainty is decreased by M1/2. To assess

the flux uncertainty, the random Gaussian deviates are added to the data points (FR). After

multiple Monte Carlo realisations, a cross-correlation function is obtained having correlation

coefficient at the peak and centroid lags (usually measured above the 80% of peak value). The

peak and centroid lag values differ for asymmetric ICCF distribution. We performed 2000

Monte Carlo simulations for each pair of light curves of UVW2 and other bands and rejected

those cross-correlation coefficients that were below 0.2. Time lags calculated with and without

filtering have been tabulated in Table 3.6. Edelson et al. (2019) calculated time lags using

average count rates in the light curves for this source without removing any slow variations

which are found to be consistent with the values reported in the present work (within error).

However, there is a difference in the centroid value of lags in UVM2 and UVW1.

We also applied JAVELIN method to calculate the inter-band lags. Instead of linearly
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Figure 3.10: Simultaneous UV/optical and X-ray light curves of Mrk 509 after filtering for
variations greater than 18 days. The filtered UV/optical (UVW2, UVM2, UVW1, U, B, V)
flux densities (in 10−14 erg s−1 cm−2 Å−1) of Mrk 509 are plotted with filtered the hard X-ray
(2-8 keV range) and soft X-ray (0.3-2 keV range) flux densities (10−11 erg s−1 cm−2).
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interpolating between the gaps, JAVELIN models the light curves by making an assumption

that the driving light curve is modeled by a damped random walk (DRW) that has been

generally applied in quasars (Zu et al., 2013) and the derived light curves are related to the

driving light curve via a top-hat transfer function. This method was first applied by Kelly

et al. (2009). The time lags for X-rays, UVM2, UVW1, U, B, V bands relative to UVW2

band, without filtering are −2.086 ± 3.041, −0.311 ± 0.218, 0.132 ± 0.196, 1.656 ± 0.337,

1.298 ± 0.404 and 2.458 ± 0.607, respectively. After 20 days filtering, these lags were found

to be −1.232 ± 0.509, −0.123 ± 0.239, −0.023 ± 0.266, 0.729 ± 0.488, 1.086 ± 0.639, and

2.474± 1.246, respectively. These lags are consistent with that found with the ICCF method.



3.3. Data Analysis & Results 76

T
a
b
le

3
.6
:
T
im

e
la
g
s
(i
n

d
a
y
s)

in
d
iff
e
re

n
t
e
n
e
rg

y
b
a
n
d

re
la
ti
v
e
to

th
e
U
V
W

2
b
a
n
d

e
st
im

a
te
d

fr
o
m

th
e
IC

C
F

c
o
rr
e
la
ti
o
n

m
e
th

o
d
.

B
an

d
W

av
el

en
gt

h
T

im
e

la
g
τ

(i
n

d
ay

s)
(Å
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We derived the lag spectrum, i.e. lag as a function of wavelength for unfiltered and filtered

(for 18 days filtering) light curves and showed it in the left and right panels of Figure 3.11,

respectively. We then used a phenomenological power law model to model the lag spectrum.

An expression of such power law model in terms of lags, i.e. the time-delay between a reference

wavelength (λ0) and other wavelength (λ) can be given as

τ = α

[(
λ

λ0

)β

− 1

]

where τ , α and β are time delay between reprocessing and reprocessed emission, power-law

normalization and power-law index, respectively. In the standard accretion disk theory, the

value of power-law index β is considered to be 4/3 (Collier et al., 1999; Cackett et al., 2007).

We modelled the lag spectrum with the power law model in the following ways: (a) varying

normalization α and power-law index β with and without hard and soft X-ray lags, and (b)

by fixing the value of β as 4/3 and varying normalization only. Since there was an excess

lag in U band for unfiltered case, it was removed from the lag spectrum. Here, the UVW2

band is considered as the reference waveband. The parameters obtained from fitting the lag

spectrum for unfiltered light curves are (a) α = 0.14±0.75, β = 2.71±5.08 (including all the

wavebands), and α = 1.49±5.71 β = 0.78±2.11 (excluding X-ray and U bands), and (b) α

= 0.51±0.44. After 18 days filtering of light curves, the parameters are (a) α = 0.26±0.15,

β = 2.28±0.59 (including all wavebands), α = 0.20±0.19, β = 2.52±0.98 (excluding X-ray

bands), and (b) α = 0.61±0.12. The lag spectrum along with fitted power law models (as

described above) without filtering and 18 days filtering of light curves are shown in the left

and right panels of Figure 3.11, respectively. From the figure, it is clear that there is a large

discrepancy between the model and observed lag even after filtering the light curves for long

term variations.

3.4 Discussion

3.4.1 Correlations observed in the X-ray and UV/optical emission

From the analysis, we found that the average spectrum over a duration of thirteen years shows

the presence of a complicated soft X-ray excess over the power-law continuum. The soft X-ray

excess is described well with a combination of two thermal components with temperatures of

kTbb1 ∼ 120 eV and kTbb2 ∼ 460 eV. The low temperature thermal component is normally
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required in Seyfert 1 AGNs (Leighly, 1999). However, the warm thermal component may be

an analogy to the warm Comptonization, as described by Done et al. (2012), to explain the

soft X-ray excess. According to this model, the warm Comptonizing plasma (∼ 0.2 − 0.5

keV) is embedded inside the optically thin and hot Comptonizing plasma (∼ 100 keV). The

soft X-ray excess due to warm Comptonization was also reported in this AGN by Mehdipour

et al. (2011). Such a geometry of disk/X-ray plasma may be supported due to the observed

correlation between the soft X-ray and hard X-ray emission (ρ ∼ 0.82, logp ∼ −71). In

that case, the variability amplitude observed in the UV and soft X-ray bands should be, at

least, equal to that of the highly variable power-law continuum flux. From the estimation

of fractional variability, we found a low variability amplitude of the power-law continuum

flux (∼ 15%). This suggests that the hot X-ray plasma may not be lying over the warm

Comptonizing plasma, but situated at a different location closer to the SMBH. Further, the

correlation between the derived spectral components such as power-law flux and BB flux and

BB temperature and BB flux are weak or moderate while other combinations do not show

any correlation (see Figure 3.4). The observed weak anti-correlation between the power-law

photon index and blackbody temperature, though both the components overlap only in a

narrow energy range (below 2 keV), is apparently due to the degeneracy between both the

parameters. Therefore, the emitting regions are likely to be partly interacting or distinct. At

the same time, the variability observed in the UV emission, which is supposed to be radiated

from regions close to the SMBH as compared to the optical emission, is also higher than that

observed in the hard X-ray emission. However, the hard X-ray emission variability is higher

relative to the changes found in the V-band. This also suggests that the UV and hard X-ray

emission may be associated with disjoint regions or partly interacting regions. Similarly, the

C3PO analysis gives a negative offset for the soft X-ray and UV/optical bands (except the V

band) while taking the hard X-ray band as the abscissa. This indicates that these bands are

more variable than the hard X-ray.

Weak/moderate correlations between the X-rays and the UV/optical emission may be in-

terpreted as due to the presence of fluctuations of different time scales. These fluctuations

may be associated with the changes in the accretion rates according to the fluctuation prop-

agation model proposed by Lyubarskii (1997). Typical time scale of variations expected for

the UV/optical bands due to changes in the accretion rates are of the order of thousands or

more years for AGNs like Mrk 509. These time scales are estimated for 1H 0419-577 by Pal

et al. (2018), which has a similar supermassive black hole mass (∼108 M⊙).
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The soft excess in AGNs is often explained by the relativistic blurred disk reflection model

(Fabian et al., 2000, 2009). According to this model, the accretion disk is illuminated by

the X-ray power-law continuum emission from the corona, producing a reflected spectrum.

Reflection of continuum photons from the relativistically rotating inner disk gives rise to

several smeared emission lines which look like a hump (an excess over the continuum emission)

below ∼ 2 keV. In the case of Mrk 509, however, the soft X-ray leads the hard X-ray (power-

law) emission as shown in Table 3.6, which is not compatible with the reflection model.

Secondly, the low variability in hard X-ray and weak/moderate correlation between hard

X-ray and UV/optical bands make it unlikely that the UV/optical emissions are driven by

reflection.

3.4.2 Possibility of the X-ray reprocessing

X-ray reprocessing phenomenon is a process in which X-ray emission from the optically thin

and hot plasma is reprocessed in the distant accretion disk to re-emit in the longer wavelengths

(Krolik et al., 1991; Collier et al., 1999). Confirmation of the X-ray reprocessing was first

observed from UV/optical to infrared bands in a Seyfert 1 AGN NGC 2617 by Shappee et al.,

2014 and the lags at the longer wavelengths were found to be consistent with the predictions

of the X-ray reprocessing in the standard accretion disk. In recent times, NGC 5548 has

been the most studied AGN for the reverberation mapping of the accretion disk (Edelson

et al., 2015; Fausnaugh et al., 2016), and most of the studies hint towards a larger size of

the accretion disk. Theoretically, in a geometrically thin and optically thick accretion disk,

which is heated internally by viscous dissipation and externally by irradiation of the central

UV/X-ray source, the temperature at a radius R from the center is given by

T (R) =

(
3GMṀ

8πσR3
+

(1 − A)LxH

4πσR3

)1/4

(3.1)

where G, M , Ṁ , Lx, A, H and σ are the gravitational constant, mass of the central SMBH,

mass accretion rate, luminosity of the heating radiation, albedo of the accretion disk, height

of the central heating source and Stefan-Boltzmann constant, respectively (Cackett et al.,

2007). In this equation, the effects of inclination angle, relativistic effects in the inner part

of the disk and the inner edge of the disk have been neglected. Following the steps given in

Fausnaugh et al. (2016), the time delay τ relative to the reference time-delay τ0 corresponding
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to reference wavelength λ0 is given by

τ − τ0 =
1

c

(
X
kλ0

hc

)4/3(
3GMṀ

8πσ
+

(1 − A)LxH

4πσ

)1/3

×

[(
λ

λ0

)4/3

− 1

]
(3.2)

where, X is the multiplicative factor that takes into account systematic issues in the

conversion of temperature T to wavelength λ for a given R. The value of this factor is 4.87

when the temperature corresponding to the observed emission wavelength is given by Wein’s

law and 2.49 when flux-weighted radius is used. In the flux-weighted case, the temperature

profile of the accretion disk is described by the Shakura & Sunyaeav disk (T ∝ R−3/4). In

both the cases, the disk is assumed to have a fixed aspect ratio all over. Eqn. 3.2 can be

simplified by taking (1 − A)LxHR = κGMṀ/2R, where κ is the local ratio of external to

internal heating and independent of radius. Using luminosity of Mrk 509 Lx as 1044 erg s−1

(Vasudevan & Fabian, 2009), coronal height H as 1.53 rg(= GM/c2) (Garćıa et al., 2019) and

assuming albedo A equal to 0.2 (as used in several AGNs e.g. McHardy et al. (2014), Pal &

Naik (2017)), the value of κ comes out as ∼0.016. The smaller value of κ indicates that the

contribution towards time delay due to external heating is insignificant (0.5%, estimated from

Eqn. 3.2) compared to viscous heating. Therefore, using Eqn. 3 from Edelson et al. (2017),

the time delays with respect to UVW2 (τ0 = 0) band can be expressed as

τ = 0.09

(
X

λ

1928Å

)4/3

M
2/3
8

(
ṁedd

0.10

)1/3

×

[(
λ

λ0

)4/3

− 1

]
days (3.3)

where, M8 and ṁedd are mass of the black hole in units of 108 M⊙ and the Edding-

ton ratio (Ṁ/Ṁedd). This equation assumes negligible external heating by the UV/X-ray

source compared to the internal viscous heating and radiation efficiency to be 0.1. We use

the mass of the central SMBH of Mrk 509 to be 1.43 × 108 M⊙ (Peterson et al., 2004),

ṁedd equal to 0.0951 (Vasudevan & Fabian, 2009) and X=2.49 for flux-weighted radius.

Using above values, the time-delays with respect to the UVW2 band are estimated to be

−0.367,−0.366, 0.083, 0.180, 0.367, 0.733 and 1.106 days for hard X-rays, soft X-rays, UVM2,

UVW1, U, B and V bands, respectively. In our analysis of unfiltered light curves of Mrk 509,

we found delayed emission in hard X-ray, soft X-ray, UVW1, U, B and V bands with respect

to the emission in UVW2 band (Figure 3.11 & Table 3.6) while the delayed emission in the

X-ray reprocessing is expected to be in the longer wavelength bands compared to the X-ray

emission. Therefore, the observed positive lags in the X-ray bands are unexpected while
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Figure 3.11: Wavelength dependent lag spectrum modeling is shown for without filtering (left
panel) and 18 days filtering (right panel) of light curves (i) with power law model τ ∝ λβ

excluding X-ray data points (and U in the case of without filtering) and extrapolated down
to X-ray (red solid line) (ii) with simple 4/3 power law (blue solid line) (iii) Theoretically
estimated time-delay with respect to UVW2 band (green dashed line). Blue stars are the time
lag values calculated from ICCF method.

considering the reprocessing scenario.

The estimated lags from the observed light curves may be affected due to the slow vari-

ations, for example, due to the fluctuations in the accretion flow. The reprocessed variable

component in longer wavelength is diluted with the intrinsic emission due to the viscous

heating in the accretion disk. Therefore, a possible origin of the variability in longer wave-

lengths could be a combination of two effects: reprocessing and propagating fluctuations. In

the propagating fluctuation scenario, one expects the longer wavelength emission leading to

the shorter wavelength emission. As the fluctuations propagate inwards through the accretion

flow, it modulates the UV/optical and X-ray emission. Since the X-ray emitting region is very

close to the central engine, it shows rapid fluctuations. These X-rays are again reprocessed to

give longer wavelength emission. Therefore, there is always a tussle between the reprocessing

and propagating fluctuations and the resultant time lag depends on the dominant process.

Therefore, the geometry of the corona and the accretion disk are complex and both are not

so simple as assumed in the lamp-post model. After removing the slow variations of about

18 days, the trend in the estimated lags appear to be the same as the delayed hard X-ray

emission as well as the optical emission (right panel of Figure 3.11).
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3.4.3 Excess lags in U and X-ray band with respect to UVW2 band

The lags derived without removing the slow variations are shown in the left panel of Fig-

ure 3.11. This shows clear “excess” lags in U as well as in X-ray bands with respect to the

UVW2 band when fitted with the power law model τ ∝ λ4/3. Excess lag in U band was first

reported by Korista & Goad (2001) in NGC 5548 and then in later studies (Edelson et al.,

2015; Fausnaugh et al., 2016; Pal & Naik, 2017; Naik et al., 2019) in different AGNs. Cackett

et al. (2018) also found a strong excess in the Balmer jump region in NGC 4593. Korista

& Goad, 2001 predicted that there is a significant contribution of diffused emission from the

BLR in UV bands. The wavelength-dependent lag across UV-optical energy range can imitate

the lag spectrum originated as a result of X-ray reprocessing from the accretion disk. Similar

results were found by Lawther et al. (2018) and they emphasized on the importance of diffuse

continuum contribution while inferring the disk sizes on the basis of inter-band continuum

delays. This feature has been observed in many Seyfert 1 galaxies, as shown by Edelson et al.

(2019) in four AGNs, including Mrk 509. Hernández Santisteban et al. (2020) modelled the

lag spectrum of Fairall 9 by taking into account the contribution from the BLR (Figure 6 of

their paper). Their modelling was based on the previous work on NGC 5548 by Korista &

Goad (2019). On the basis of these results, it can be safely inferred that the BLR contribution

in the inter-band lag spectra is unavoidable. As a result, the variability within the UV/optical

can be inferred as the mixing of two effects: emission from standard Shakura-Sunyaev disk

and diffused continuum emission from the BLR as discussed above.

In the simple picture of reprocessing model, X-ray emitting central corona illuminates

and heats the accretion disk. The reprocessing model predicts that when τ ∝ λ4/3 relation

in UV/optical is extrapolated down to X-rays, it should fit the data well. But Figure 3.11,

generated from unfiltered light curves for long term variations, shows a huge discrepancy.

Even after filtering, although excess lag was decreased significantly, the lags in hard X-rays

still appear to be higher, which can not be explained by a simple reprocessing model.

3.4.4 Complex nature of the accretion disk

As the X-ray reprocessing phenomenon is unable to explain the observed lag spectrum suc-

cessfully, this compels us to look for alternative models in explaining the observed correlated

variability in the X-ray/UV/optical wave-bands. One such model is given by Gardner &

Done (2017) in which the excess lag of X-ray relative to UV band in NGC 5548 is explained.
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Figure 3.12: A cartoon diagram depicting the inner accretion flow of Mrk 509. The hot corona
(temperature T ∼ 100 keV and optical depth τ ∼ 0.5) is producing hard X-rays and forming
warm Comptonizing disc layer (temperature T ∼ 1 keV and optical depth τ ∼ 15). The warm
Comptonizing region produces soft X-ray emission. Image courtesy: Petrucci et al. (2013)

According to this model, the inner part of the accretion disk is called the Comptonization

region, which is “puffed up” and emits in EUV energy band. This region is heated by the hard

X-rays coming from the central corona, producing heating waves which dissipate outwards.

In response to these heating waves, the outer region of the disk expands and contracts and

produces continuum lags. The model suggests the shorter wavelength lead the longer wave-

length variations, which is not the case with Mrk 509 even after filtering. So this model does

not explain the short term variability seen in Mrk 509 for this particular duration of observa-

tions. Using XMM-Newton and Swift observations of Mrk 509 for a few days, Mehdipour et al.

(2011) inferred that the soft X-ray excess below 2 keV is produced by the Comptonization of

the seed photons from the UV-optical disk into a warm and optically thick corona. A similar

geometry was suggested by Petrucci et al. (2013) and is shown in Figure 3.12. This result

seems to be consistent with the positive lag between UVW2 and X-rays found in our analysis.

The best-fitted value of power-law normalization α gives the size of the emitting region of

reference wavelength, i.e. 1928Å (the central wavelength of the UVW2 band) if we assume

the face-on standard disk. The size of the emitting region for the UVW2 emission can be

estimated to be 0.61× 24× 60× 60× 3× 1010 = 1.58× 1015cm which is equivalent to ∼80Rg.

Therefore, the size for the UVM2 and UVW1 emission would be similar as these bands show

the time delays consistent with zero for the UVM2 and UVW1 bands with respect to the

UVW2. In the case of variability, the fractional variability found in the UVW2 band is

marginally higher than that seen in the UVM2 and UVW1 bands. The lags consistent with

zero and similar amplitude of the variability in the UV bands suggest that the disk does not
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appear to have a smooth surface. Although, the β =4/3 wavelength rule does not fit the lag

spectrum well when the X-ray and U band lags are included; the spectrum is well described

by this rule when those excess lags are excluded. This implies that the reprocessed optical

emission is likely caused by the UV emission with some delay. Excluding the X-ray lags, the

fits corresponding to β = 2.52 ± 0.98 and the β = 4/3 values describe the lag spectrum well

(right panel of Figure 3.11). These fits suggest that the UV emission is probably reprocessed

in optical as well as in X-ray bands.

The fitted β values (0.78 ± 2.11 without X-ray and U; 2.52 ± 0.98 after filtering) imply

a complex structure of the accretion disk and even rules out a shell-like geometry (τ ∝ λ2)

of emitting/reprocessing regions around the SMBH. Therefore, the actual disk is likely to be

partly puffy, warped and inhomogeneous in nature and thus, the standard accretion theory

seems not viable in the case of Mrk 509. The reason for getting lower lags after the process

of filtering slow variations can not be explained simply. In this process of removing slow

components, it is not clear about the increased lags of V band, i.e. ∼ 1 day for 10 days

filtering and ∼ 3 days for 20 days filtering. To answer the above questions and exploring such

a complex nature of the accretion disk of Mrk 509 require a longer monitoring program with

a good cadence of observations compared to the available one.

3.5 Summary

Using multi-wavelength observations of Seyfert 1 galaxy Mrk 509 from Swift observatory, we

investigated the short-term variabilities in X-ray and UV/optical emission. We quantified

the variabilities in each band by calculating fractional variability. We employed different

techniques to investigate the correlation between X-ray and UV/optical bands. Flux-flux

correlation was used to find the presence of slowly varying component compared to UVW2

and hard X-ray band. We filtered the light curves to remove the slow variations. To estimate

the time lags between UVW2 and other UV/optical/Xray energy bands, we applied ICCF

and JAVELIN methods. After filtering light curves for variations greater than 10, 15, 18, 20

and 25 days, we generated the lag spectrum and compared it with the predicted lag spectrum

for standard accretion disk. The highlighted results from this work are summarized below.

1. Average spectrum over the entire duration shows that the soft X-ray excess is well

described by two blackbody components with temperatures kTbb1 ∼ 120 eV and kTbb2 ∼

460 eV.
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2. We found a moderate/weak correlation between (i) the power-law flux and BB flux, and

(ii) the blackbody temperature and BB flux.

3. Mrk 509 shows strong variability on short as well as long term time scale (see variability

amplitudes in Section 3.3.2) in all bands. Interestingly, the X-ray power-law continuum

shows smaller variability amplitude (∼15%) compared to the soft X-ray and UV bands

(∼18-28%). The peak-to-peak ratio (R) and fractional variability amplitude Fvar show

that the variability decreases with the increase in wavelength. This is because emission

at longer wavelengths is expected to originate from the regions in the accretion disk at

larger radii and get diluted with the emission from BLR and narrow-line region (NLR).

Interestingly, hard X-ray emission shows less variability than other bands.

4. The variability process in this AGN seems to be non-stationary (Figure 3.7). However,

no spectral transition is observed over the years, as can be seen in Figure 3.3 where

the power-law photon index and blackbody temperature do not show any significant

change.

5. The value of Pearson’s correlation coefficients for the UV/optical bands (ρ = 0.95−0.99

with respect to the UVW2 bands and ρ = 0.40 − 0.53 with respect to the hard X-ray)

and corresponding p values show that UV and optical bands are significantly correlated

as compared to that of the X-ray emission and UV/optical bands. The hard X-ray

emission is found to be well correlated with the soft X-ray emission (ρ=0.82) while the

hard X-ray and soft X-ray emission are correlated to the UVW2 emission with ρ values

of 0.51 and 0.75, respectively.

6. The flux-flux plot between UVW2 and other bands (X-ray and UV/optical bands) shows

that the UVW2 emission is strongly correlated with other UV and optical emission

whereas it is moderately correlated with the X-ray emission. The presence of positive

offset for other UV/optical bands suggests the weakly variable disk component while

positive offset for hard X-ray hints that the X-ray and UV/optical emission regions are

partially interacting.

7. Light curves were filtered for long term variations greater than 10, 15, 18, 20 and 25

days and time lags were estimated for each filtering. Time lags were calculated between

UVW2 band and other bands using ICCF and JAVELIN methods and found to be
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consistent (within errors). Without filtering the light curves, an excess is found in X-

ray and U band. The excess in U band could be due to diffusion emission due to the

BLR. After filtering, excess in X-ray and U band was reduced significantly. However,

the lag in soft (considering error) and hard X-ray does not fit into the lags predicted

from standard accretion disk model.

8. The observed lags were found to increase with wavelength and were fitted with power law

model by (i) keeping power-law parameters (i.e., α & β) free with and without excluding

hard and soft X-ray (ii) fixing β at 4/3 according to Shakura-Sunyaev accretion disk

geometry.

9. Our results favour the warm Comptonization region, located above the inner part of the

accretion disk as the origin of the observed soft X-ray emission from Mrk 509. However,

zero time lag and marginal variability difference between UV bands suggest that the

UV emitting region in the disk is not smooth, but instead is stratified.



Chapter 4

Broadband X-Ray Observations of the

2018 Outburst of the Changing-Look

Active Galactic Nucleus NGC 1566

As described in Chapter 1, the AGNs are classified as type 1 or type 2, depending on the

presence or absence of broad optical emission lines. The existence of different classes of AGNs

can be explained by the Unified model (Antonucci, 1993), which is based on the orientation of

the optically thick torus with respect to our line-of-sight. Recently, a new sub-class of AGNs,

known as changing look AGNs (CLAGNs), has been identified through optical observations.

These objects display the appearance or disappearance of the broad optical emission lines,

transitioning from type-1 (or type 1.2/1.5) to type-2 (or type 1.8/1.9) and vice versa. Several

nearby galaxies, such as Mrk 590 (Denney et al., 2014), NGC 2617 (Shappee et al., 2014),

Mrk 1018 (Cohen et al., 1986), NGC 7582 (Aretxaga et al., 1999), NGC 3065 (Eracleous

& Halpern, 2001), have been found to show such a peculiar behaviour. In the X-rays, a

different type of changing-look events has been observed, with the AGN switching between

Compton-thin and Compton-thick states (Risaliti et al., 2002; Matt et al., 2003). These X-ray

changing-look events have been observed in many AGNs, namely, NGC 1365 (Risaliti et al.,

2007), NGC 4388 (Elvis et al., 2004), NGC 7582 (Piconcelli et al., 2007; Bianchi et al., 2009b),

NGC 4395 (Nardini & Risaliti, 2011), IC 751 (Ricci et al., 2016), NGC 4507 (Braito et al.,

2013), NGC 6300 (Guainazzi, 2002; Jana et al., 2020). In this chapter, we discuss the nature of

the changing-look Active Galactic Nucleus NGC 1566 during its June 2018 outburst. During

the outburst, the X-ray intensity of the AGN increased up to ∼ 25−30 times compared to its

quiescent state intensity. We performed timing and spectral analysis of the source during pre-

87
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outburst, outburst and post-outburst epochs using semi-simultaneous observations with the

XMM-Newton, NuSTAR and Swift Observatories covering a broad energy range (0.5−70 keV).

In Section 4.1, the observations and data reduction process are described. In Section 4.3 &

4.3.1, we present results obtained from our timing and spectral analysis, respectively. In

Section 4.4, we discuss our findings. Our conclusions are given in Section 4.5. This work has

been published as Jana et al., 2021 in MNRAS.

4.1 Introduction

The origin of the changing look (CL) events is still unclear. The X-ray changing-look events

could be explained through the variability of the line-of-sight column density (NH) associated

with the clumpiness of the BLR or of the circumnuclear molecular torus (Nenkova et al.,

2008a,b; Elitzur, 2012; Yaqoob et al., 2015; Guainazzi et al., 2016; Jana et al., 2020). On

the other hand, the optical CL events could be related to changes in the accretion rate

(Elitzur et al., 2014; MacLeod et al., 2016; Sheng et al., 2017), which could be linked with

the appearance and disappearance of the broad line regions (BLRs) (Nicastro, 2000; Korista

& Goad, 2004; Runnoe et al., 2016). Some of these optical CL events could also be associated

with the tidal disruption of a star by the supermassive black hole (SMBH) at the centre of

the galaxy (Eracleous et al., 1995; Merloni et al., 2015; Ricci et al., 2020, 2021).

NGC 1566 is a nearby (z=0.005), face-on spiral galaxy, classified as a type SAB(s)bc (de

Vaucouleurs, 1973; Shobbrook, 1966). The AGN has been intensively studied over the last

70 years and is one of the first galaxies where variability was detected (Quintana et al., 1975;

Alloin et al., 1985, 1986; Winkler, 1992). In 1960s, NGC 1566 was classified as a Seyfert 1,

with broad Hα and Hβ lines (de Vaucouleurs & de Vaucouleurs, 1961). Later, the Hβ line was

found to be weak, leading to the source being classified as a Seyfert 2 (Pastoriza & Gerola,

1970). In the 1970s and 1980s, NGC 1566 was observed to be in the low state with weak

Hβ emission (Alloin et al., 1986). Over the years, it was observed to change its type again

from Seyfert 1.9-1.8 to Seyfert 1.5-1.2 (da Silva et al., 2017), with two optical outbursts in

1962 and 1992 (Shobbrook, 1966; Pastoriza & Gerola, 1970; da Silva et al., 2017; Oknyansky

et al., 2019).

INTEGRAL caught NGC 1566 during an outburst in the hard X-ray band in June 2018

(Ducci et al., 2018). Follow-up observations were carried out in the X-ray, optical, ultraviolet

(UV), and infrared (IR) bands (Grupe et al., 2018a; Ferrigno et al., 2018; Kuin et al., 2018;
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Dai et al., 2018; Cutri et al., 2018). The flux of the AGN was found to increase in all

wavebands and reached its peak in July 2018 (Oknyansky et al., 2019, 2020; Parker et al.,

2019). Long-term ASAS-SN and NEOWISE light curves showed that the optical and IR flux

started to increase from September 2017 (Dai et al., 2018; Cutri et al., 2018). The Swift/XRT

flux increased by about ∼ 25 − 30 times (Oknyansky et al., 2019) as the source changed to

Seyfert 1.2 from Seyfert 1.8-1.9 type (Oknyansky et al., 2019, 2020). The source became

type-1 with the appearance of strong, broad emission lines (Oknyansky et al., 2019; Ochmann

et al., 2020). After reaching the peak, the fluxes declined in all wavebands. After the main

outburst, several small flares were observed (Grupe et al., 2018b, 2019).
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4.2 Observation and Data Reduction

In the present work, we used data from NuSTAR, XMM-Newton and Swift observations

of NGC 1566, carried out at different epochs, as reported in Table 4.1. Out of the eight

available epochs, X1 and O1 were studied by Parker et al. (2019). We also included those

observations for a complete study of the source at different phases (pre-outbursts, outburst

and post-outburst periods).

4.2.1 NuSTAR

NuSTAR is a hard X-ray focusing telescope, consisting of two identical modules: FPMA and

FPMB (Harrison et al., 2013). NGC 1566 was observed with NuSTAR six times between

26 June 2018 and 21 August 2019, simultaneously with either XMM-Newton or Swift (see

Table 4.1). Reprocessing of the raw data was performed with the NuSTAR Data Analysis

Software (NuSTARDAS, version 1.4.1). Cleaned event files were generated and calibrated by

using standard filtering criteria in nupipeline task and the latest calibration data files avail-

able in the NuSTAR calibration database (CALDB) 1. The source and background products

were extracted by considering circular regions with radii 60 arcsec and 90 arcsec, respectively.

While the source region was centred at the coordinates of the optical counterparts, the back-

ground spectrum was extracted from a region devoid of other sources. The spectra and light

curves were extracted using the nuproduct task. The light curves were binned at 500 s. We

re-binned the spectra with 20 counts per bin by using the grppha task. No background flare

was detected during the NuSTAR observations.

4.2.2 XMM-Newton

NGC 1566 was observed by XMM-Newton (Jansen et al., 2001) at five epochs between

November 2015 and August 2019. Out of these five observations, the source was observed

simultaneously with NuSTAR in three epochs (see Table 4.3). We used the Science Analysis

System (SAS v16.1.02) to reprocess the raw EPIC-pn data (Strüder et al., 2001). We consid-

ered only unflagged events with PATTERN ≤ 4. Particle background flares were observed above

10 keV in the observations X1 and O5. The Good Time Interval (GTI) file was generated

considering only intervals with < 0.65 counts−1, using the SAS task tabgtigen. No flare

1http://heasarc.gsfc.nasa.gov/FTP/caldb/data/nustar/fpm/
2https://www.cosmos.esa.int/web/xmm-newton/sas-threads

http://heasarc.gsfc.nasa.gov/FTP/caldb/data/nustar/fpm/
https://www.cosmos.esa.int/web/xmm-newton/sas-threads
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was observed in the observations O1, O2 and O3. The source and background spectra were

initially extracted from a circular region of 30′′ centered at the position of the optical coun-

terpart, and from a circular region of 60′′ radius away from the source, respectively. Then we

extracted the spectrum using the SAS task ‘especget’. The observed and expected pattern

distributions were generated by applying epaplot task on the filtered events. We found that

the source spectrum would be affected by photon pile-up and as a result, the expected dis-

tributions were significantly discrepant from the observed ones. We, therefore, considered an

annular region of 30′′ outer radius and different values of inner radii for the source and checked

for the presence of pile-up. We found that, with an inner radius of 10′′, the source would be

pile-up free3. We, therefore, used this inner radius for the spectral extraction. The response

files (arf and rmf files) were generated by using SAS tasks ARFGEN and RMFGEN, respectively.

Background-subtracted light curves were produced using the FTOOLS task LCMATH. It is also to

be noted that we ran SAS task ‘correctforpileup’ when we generated the pile-up corrected

rmf file by using ‘rmfgen’.

4.2.3 Swift

Swift monitored NGC 1566 over a decade in both window-timing (WT) and photon counting

(PC) modes. The source was observed simultaneously with Swift/XRT and NuSTAR three

times (see Table 4.1 for details). The 0.3− 10 keV spectra were generated using the standard

online tools provided by the UK Swift Science Data Centre (Evans et al., 2009) 4. For the

present study, we used both WT and PC mode spectra in the 0.3 − 10 keV range. We also

generated long-term light curves in the 0.3 − 10 keV band using the online-tools5.

4.3 Results

4.3.1 Timing Analysis

We studied the long term Swift/XRT light curves of NGC 1566 in the 0.3 − 10 keV energy

range for the timing analysis. Along with the Swift/XRT light curves, the 0.5 − 10 keV and

3−70 keV light curves (500 s time-bin) from XMM-Newton and NuSTAR observations were

also analysed.

3https://www.cosmos.esa.int/web/xmm-newton/sas-thread-epatplot
4http://www.swift.ac.uk/user_objects/
5http://www.swift.ac.uk/user_objects/

https://www.cosmos.esa.int/web/xmm-newton/sas-thread-epatplot
http://www.swift.ac.uk/user_objects/
http://www.swift.ac.uk/user_objects/
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Outburst Profile

NGC 1566 was observed intensively with many observatories for about 70 years, starting from

1950s. In this time period, NGC 1566 showed two major outbursts in optical wavebands,

in 1962 and 1992, along with several flaring episodes (Alloin et al., 1986; da Silva et al.,

2017). Before the major X-ray outburst in 2018, a flaring event was observed in 2010 with

the Swift/BAT survey6 (Oknyansky et al., 2018, 2019). Since then, NGC 1566 remained in

the low state with a luminosity of L ∼ 1041 erg s−1 in 2–10 keV energy band.

NGC 1566 was monitored by Swift/XRT over a decade and it was caught in an outburst in

June 2018, when the X-ray intensity increased by ∼ 25− 30 times compared to the quiescent

state (Oknyansky et al., 2019). During the 2018 X-ray outburst, the source also brightened

in the optical, ultraviolet (UV) and infrared (IR) wavebands (Dai et al., 2018; Cutri et al.,

2018). The optical and near-infrared (NIR) observations showed that the AGN started to

brighten since September 2017 (Dai et al., 2018). In the upper panel of Figure 4.1, we show

the long term 0.3 − 10 keV Swift/XRT light curve. From this figure, it can be seen that the

source experienced a major outburst in June 2018 (F1), which was followed by three smaller

flaring events in December 2018 (F2; Grupe et al., 2018b), May 2019 (F3; Grupe et al., 2019),

and May 2020 (F4). The smaller outbursts (F2, F3 and F4) were not as bright as the main

outburst (F1). In the bottom panel of Figure 4.1, we show the evolution of the hardness

ratio (HR; i.e. the ratio between the 1.5 − 10 keV and 0.3 − 1.5 keV count rates) with time.

Unlike the Swift/XRT light curve (top panel), the HR plot did not show any significant long-

term variability. In Figure 4.2, we show hardness-intensity diagram (Homan et al., 2001;

Remillard & McClintock, 2006) for the main outburst (F1), where the Swift/XRT count rate

is plotted as a function of HR. The HID or ‘q’-diagram appeared to show a ‘q’-like shape,

which is ubiquitous for outbursting Galactic black hole X-ray binaries. Interestingly, we did

not observe any clear sign of ‘q’-shape HID for the next three recurrent outbursts.

Variability

We studied the source variability in different energy bands. As the soft excess in AGNs is

generally observed below 3 keV, whereas the primary emission is observed beyond 3 keV, we

analyzed the XMM-Newton light curves in 0.5 − 3 keV and 3 − 10 keV energy ranges. We

also studied the NuSTAR light curves in two separate bands (3 − 10 keV and 10 − 70 keV

ranges).

6https://swift.gsfc.nasa.gov/results/bs105mon/216

https://swift.gsfc.nasa.gov/results/bs105mon/216
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Figure 4.2: Hardness-intensity diagram (HID) for the first outburst F1 (from MJD 58308 to
MJD 58380). The 0.3− 10 keV Swift/XRT count rate is plotted as a function of hardness ratio
(HR). The arrow marks in the figure represent the evolution of the outburst.

We calculated the peak-to-peak ratio of the light curves, which is defined as R = Fmax/Fmin,

where Fmax and Fmin are the maximum and minimum count rates, respectively. The light

curves in different energy bands (0.5 − 3 keV, 3 − 10 keV, and 10 − 70 keV) showed different

magnitude of variability. In all observations, R was higher in the 3 − 10 keV energy band

than in the 0.5−3 keV range. In the 10−70 keV energy band, R was higher than in the lower

energy band, except for O4. The mean value of R in 0.5−3 keV, 3−10 keV, and 10−70 keV

energy bands are < R >= 1.34, 3.43, and 5.33, respectively. Thus, it is clear that the light

curves showed higher variability in the higher energy bands in terms of R. However, this is

too simplistic as very high or low count could be generated due to systematic/instrumental

error. Hence, we calculated the normalized variance (σ2
NXS) and fractional variability (Fvar to

study the variability.

We calculated the fractional variability (Fvar) (Edelson et al., 1996, 2001; Edelson &

Malkan, 2012; Nandra et al., 1997; Vaughan et al., 2003) in the 0.5–3, 3–10 and 10–70 keV

bands for a light curve of xi counts s−1 with uncertainties σi of length N , with a mean µ and

standard deviation σ is given by,

Fvar =

√
σ2
XS

µ2
, (4.1)
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where, σ2
XS is the excess variance (Nandra et al., 1997; Edelson et al., 2002) which is given

by,

σ2
XS = σ2 − σ2

err, (4.2)

where, σ2
err is the mean squared error. The σ2

err is given by,

σ2
err =

1

N

N∑
i=1

σ2
i . (4.3)

The normalized excess variance is given by,

σ2
NXS =

σ2
XS

µ2
. (4.4)

The uncertainties in Fvar and σNXS (Vaughan et al., 2003) are given by,

err(Fvar) =

√(√ 1

2N

σ2
err

µ2Fvar

)2
+
( 1

µ

√
σ2
err

N

)2
, (4.5)

and

err(σ2
NXS) =

√(√ 2

N

σ2
err

µ2

)2
+
(√σ2

err

N

2Fvar

µ

)2
. (4.6)

For a few observations, we could not estimate excess variance due to large errors in the

data. Thus, from the normalized variance (σ2
NXS), the trend of variability was not clear. We

calculated the fractional rms variability amplitude (Fvar) to study the variability. We obtained

the highest fractional variability (Fvar) in the 0.5 − 3 keV energy range for four observations

(X1, O1, O2 & O3), while the highest variability is observed in 3− 10 keV range for O5. The

mean value of the fractional variability in 0.5 − 3 keV, 3 − 10 keV, and 10 − 70 keV energy

ranges were < Fvar >= 12.8 ± 0.5%, 12.0 ± 2.8%, and 7.9 ± 2.4%, respectively. This indicates

that the strongest variability is observed in the 0.5 − 3 keV energy range. The variability

parameters discussed here are reported in Table 4.2.

Correlation

To investigate the origin of the soft excess, we calculated the time delay between the soft

X-ray photons (0.5 − 3 keV range) and the continuum photons (3 − 10 keV range) using

cross-correlation method from the XMM-Newton observations. We used the ξ-transformed



4.3. Results 98

Table 4.3: ZDCF results.

soft excess
ID ∆t† σ† amp†

(min) (min)
X1 −10.5 ± 13.0 145.2 ± 8.3 0.24 ± 0.07
O1 13.8 ± 3.1 103.3 ± 8.3 0.84 ± 0.08
O2 11.7 ± 5.9 222.9 ± 8.3 0.90 ± 0.07
O3 13.9 ± 7.8 263.4 ± 8.3 0.69 ± 0.07
O5 – – –

† ZDCF correlation between primary X-ray continuum (3 − 10 energy band)
and soft excess (0.5 − 3 keV energy band). σ’s and amp’s are FWHM and
amplitude of the ZDCF function. Note that the maximum amplitude can be 1.

discrete correlation function (ZDCF) method (Alexander, 1997)7 to investigate the time-delay

between the soft-excess and the X-ray continuum. The ZDCF co-efficient was calculated for

two cases: omitting the zero lag points and including the zero lag points. In both cases,

similar results were obtained. A strong correlation between the 0.5 − 3 keV and 3 − 10 keV

energy bands was observed (amplitude > 0.7) during observations O1, O2 and O3. However,

no significant delay was observed during those observations. The values of ZDCF coefficient

with time delay are presented in Table 4.3.

4.3.2 Spectral Analysis

We carry out the X-ray spectral analysis using data obtained from the Swift/XRT, XMM-

Newton and NuSTAR observations of NGC 1566 using XSPEC v12.10 package (Arnaud,

1996)8. The spectral analysis was performed using simultaneous XMM-Newton and NuS-

TAR observations in the 0.5−70 keV energy band for three epochs, simultaneous Swift/XRT

and NuSTAR observations (0.5 − 70 keV) for three epochs, and XMM-Newton observations

for two epochs (0.5− 10 keV), between 5 November 2015 and 21 August 2019 (see Table 4.1).

For the spectral analysis, we used various phenomenological and physical models, namely,

powerlaw (PL)9, NTHCOMP10 (Zdziarski et al., 1996; Życki et al., 1999), OPTXAGNF11 (Done

et al., 2012), and RELXILL12 (Garćıa et al., 2014; Dauser et al., 2014) to understand the X-ray

properties of NGC 1566. In general, an X-ray spectrum of an AGN consists of a power-law

continuum, a reflection hump at around 15−40 keV, a Fe Kα fluorescent line, and a soft X-ray

7http://www.weizmann.ac.il/particle/tal/research-activities/software
8https://heasarc.gsfc.nasa.gov/xanadu/xspec/
9https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node213.html

10https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node205.html
11https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node206.html
12www.sternwarte.uni-erlangen.de/~dauser/research/relxill/

http://www.weizmann.ac.il/particle/tal/research-activities/software
https://heasarc.gsfc.nasa.gov/xanadu/xspec/
https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node213.html
https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node205.html
https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node206.html
www.sternwarte.uni-erlangen.de/~dauser/research/relxill/
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Figure 4.3: The top panel shows the unfolded spectra obtained from each observations. Trian-
gles represent the XMM-Newton or Swift/XRT data, while circles represent the NuSTAR data.
The light-green, brown, red, magenta, blue, orange, dark green and black points represent the
observation X1, O1, O2, O3, O4, O5, O6 and O7, respectively. The residuals obtained after
fitting the source spectra with Model–1 and Model–3 are shown in the bottom panels. The
spectra are re-binned to improve clarity.
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Figure 4.4: Top left panel shows the 2D contours between the column density of the low-
ionizing absorber (NH,1) and high-ionizing absorber (NH,2) for O1. The top right and bottom
panels show 2D contours between log ξ and covering fraction for low and high-ionizing absorbers,
respectively.

component below 2 keV (Netzer, 2015; Padovani et al., 2017; Ricci et al., 2017). The observed

X-ray emission also suffers from absorption caused by the interstellar medium and the torus.

In our analysis, we used two absorption components. For the Galactic interstellar absorption,

we used TBabs13(Wilms et al., 2000) with fixed hydrogen column density of NH = 7.15× 1019

cm−2(HI4PI Collaboration et al., 2016). In addition, we also used a ionized absorption model

zxipcf. For both the absorption components, we used the wilms abundances (Wilms et al.,

2000) and the Verner cross-section (Verner et al., 1996). In this work, we used the following

cosmological parameters : H0 = 71 km s−1 Mpc −1, ΩΛ = 0.73, and ΩM = 0.27 (Bennett

et al., 2003). The uncertainties in each spectral parameters are calculated using the ‘error’

command in XSPEC, and reported at the 90% confidence (1.6 σ).

13https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node265.html

https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node265.html
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dashed line represents E=6.4 keV. The horizontal dashed lines represent the data/model=1
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Model 1: POWERLAW

We built our baseline spectral model with power-law continuum, along with the soft-excess,

and Fe K-line emission. We used a blackbody component (bbody in XSPEC) for the soft-excess

and one or more Gaussian functions to incorporate the Fe K complex. Out of the eight epochs,

two Gaussian lines were required for six observations. Two ionized absorbers were also needed

while fitting the data from three observations. The final model (hereafter Model–1) reads in

XSPEC as,

TB × zxipcf1 × zxipcf2 × ( zPL1+ zGa + zGa + bbody).

We started our analysis with the pre-outburst XMM-Newton observation X1 (in the

0.5− 10 keV energy range), ∼2.5 years prior to the 2018 outburst. Model–1 provided a good

fit to the XMM-Newton data, with NH = (3.53 ± 0.06) × 1021 cm−2 and power-law photon

index of Γ = 1.72 ± 0.05, with χ2 = 1073 for 998 degrees of freedom (dof). Along with this,

an iron Kα emission line at ∼6.4 keV with an equivalent width (EW) of ∼ 206+4
−18 eV was

detected.

Next, we analyzed simultaneous observations of NGC 1566 with XMM-Newton and

NuSTAR in the rising phase of the 2018 outburst (O1). First, we included one zxipcf

component in our spectral model. The fit returned with χ2 = 2850 for 2562 degrees of freedom

(dof). However, negative residuals were clearly observed in soft X-rays (<1 keV). Thus, we

included another zxipcf component, and our fit improved significantly with ∆χ2 = 106 for

3 dof. The spectral fitting in 0.5 − 70 keV range returned Γ = 1.85 ± 0.04, and χ2 = 2744

for 2559 dof. The Fe Kα line was detected at 6.38 keV with EW of 114 ± 15 eV, as well

as another emission feature at 6.87 keV, with EW < 37 eV. This line could be associated

with Fe XXVI line. We required two ionized absorber to fit the spectra, one low-ionization

absorber (ξ ∼ 101.7±0.1) with NH,1 = (8.1±2.2)×1020 cm−2, and one high-ionization absorber

(ξ ∼ 104.7±0.4) with NH,2 = (4.3 ± 0.4) × 1021 cm−2. The high-ionizing absorber required

a high covering fraction (CF > 0.73), while the low-ionizing absorber a moderate covering

fraction with CF ∼ 0.46 ± 0.04.

The next observation (O2) was carried out on 10 October 2018, simultaneously with

XMM-Newton and NuSTAR, covering the 0.5− 70 keV energy range. The source was in the

decay phase of the outburst at the time of the observation. We started our fitting with one

zxipcf component. Although, the model provided a good fit to the data with χ2 = 2298 for

2130 dof, an absorption feature was seen in the residuals. Thus, we added a second zxipcf

component, and our fit returned with χ2 = 2224 for 2127 dof. The photon index decreased
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marginally compared to O1 (Γ = 1.78± 0.02), while the column density increased slightly for

both low and high-ionizing absorbers. The Fe Kα and Fe XXVI lines were detected at 6.41

keV and 6.89 keV, with EWs of 126+3
−21 eV and < 49 eV, respectively. The next simultaneous

observations of NGC 1566 with XMM-Newton and NuSTAR (O3) were carried out ∼8

months after the end of the outburst. The source was in a low state during the observation.

Similar to O1 and O2, adding second absorption component improved the fit ∆χ2 = 67 for 3

dof. The column density increased to NH,1 = (1.24± 0.14)× 1021 cm−2 for the low-ionization

absorber, while the column density decreased to NH,2 = (8.9± 0.2)× 1020 cm−2 for the high-

ionization absorber. The photon index was found to be Γ = 1.68 ± 0.02 in this observation.

We detected both Fe Kα and Fe kβ lines at 6.39 keV and 7.04 keV, with EWs of 117± 14 eV

and < 92 eV, respectively.

The last four observations (O4, O5, O6 & O7) were carried out in the span of 13 days.

Observation O4 was made during the second small flare (F2), after the 2018 main outburst.

During these four observations, the photon index was nearly constant (Γ ∼ 1.67 ± 0.07 −

1.69 ± 0.06), while the column density of the low-ionizing absorber was found to vary in the

range of NH,1 ∼ 1.2 − 1.3 × 1021 cm−2. A high-ionization absorber was not required to fit

the spectra of these four observations. We also observed a low covering fraction in these

four observations (see Table 4.4). The Fe Kα line was detected in all four observations, with

EW > 100 eV (except O5). During our observations, the blackbody temperature (Tbb) was

observed to be remarkably constant with Tbb ∼ 110 eV. The parameters obtained by our

spectral fitting results are listed in Table 4.4. Model–1 fitted spectra of NGC 1566 are shown

in the top panel of Fig. 4.3, whereas the corresponding residuals are shown in the bottom

panels. To test for the presence of degeneracies between the column densities of two ionizing

absorbers, we plotted the 2D contour in Figure 4.4a for the observation O1. In Figure 4.4b

and Figure 4.4c, we show 2D contours between log(ξ) and covering fraction for the low and

high-ionizing absorbers, respectively, for observation O1. In Figure 4.5, we show the residuals

above the continuum in 4 − 8 keV energy range for Fe line emission. In Figure 4.6a, we also

show the unfolded spectrum fitted with Model–1 for observation O2.
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Figure 4.6: Best-fit unfolded spectra using Model–1, Model–3 and Model–4 are shown in the
top left, top right, and bottom panels, respectively, for O2. The corresponding residuals are
shown in the bottom of each panel. Top left panel: the black, yellow, magenta and red lines
represent the total, primary emission, soft excess and Fe line emission, respectively. Top right
panel: the black, yellow, and red lines represent the total emission, the AGN emission and Fe
line emission, respectively. Bottom panel: the black, yellow, magenta and red lines represent
the total emission, primary emission, soft excess and reflection component, respectively.
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Model 2: NTHCOMP

While fitting the source spectra with Model–1 provided us with information on the spectral

shape and hydrogen column density, it provided limited information on the physical prop-

erties of the Comptonizing plasma. The Comptonizing plasma can be characterized by the

electron temperature (kTe) and optical depth (τ). In order to understand the properties of

the Compton cloud, we replaced the powerlaw continuum model with NTHCOMP (Zdziarski

et al., 1996; Życki et al., 1999) in Model–1. The NTHCOMP model provided us the photon index

(Γ) and the hot electron temperature of the Compton cloud (kTe). The optical depth can be

easily calculated from the information on Γ and kTe using the following equation (Sunyaev &

Titarchuk, 1980; Zdziarski et al., 1996),

τ ∼

√
9

4
+

mec2

kTe

3

(Γ − 1)(Γ + 2)
− 3

2
. (4.7)

This model (hereafter Model–2) reads in XSPEC as,

TB × zxipcf1 × zxipcf2 × (NTHCOMP + zGa + zGa + bbody).

We fixed the seed photon temperature at kTs = 30 eV, which is reasonable for a BH of

mass ∼ 8.3 × 106 M⊙(Shakura & Sunyaev, 1973b; Makishima et al., 2000). We required two

absorption component during O1, O2 and O3. Inclusion of second absorption improved the

fit significantly with ∆χ2 = 108, 84, 78 for 3 dof, during O1, O2 and O3, respectively. The

photon indices and column densities obtained are similar to those obtained using Model–

1. We found that kTe = 102 ± 5 keV for observation X1. During the rising phase of the

outburst (observation O1), the Compton cloud was found to be relatively cooler, with kTe =

61 ± 7 keV. The Compton cloud was hot during the later observations, with the electron

temperature increasing up to 106 ± 7 keV within the eight observations analyzed here. A

nearly constant photon index and a variable temperature would imply a variation in the

density of the Comptonizing cloud. This would suggest that the optical depth was varying

during the observations in the range of ∼ 1.27− 1.66. The results obtained from our spectral

fitting with this model are listed in Table 4.4.

Model 3: OPTXAGNF

The X-ray spectra of AGN typically show a soft excess below 2 keV (Arnaud et al., 1985;

Singh et al., 1985). Although the soft excess in AGNs was first detected in the 1980s, its

origin is still very debated. In Models 1 & 2, we fitted the soft excess component with a
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Figure 4.7: 2D contour plot between Rcor and a∗ for Model–3 during the observation O2.

phenomenological blackbody model. To shed light on the origin of the soft excess in this

source, we used a more physical model, OPTXAGNF (Done et al., 2012).

The OPTXAGNF model (hereafter Model–3) computes the soft excess and the primary emis-

sion self-consistently. In this model, total emission is determined by the mass accretion rate

and by the BH mass. The disc emission emerges as a colour temperature corrected black-

body emission at radii Rout > r > Rcor, where Rout and Rcor are the outer edge of the disc

and the corona, respectively. At r < Rcor, the disc emission emerges as the Comptonized

emission from a warm and optically-thick medium, rather than thermal emission. The hot

and optically-thin corona is located around the disc and produces the high energy power-law

continuum. The total Comptonized emission is divided between the cold and hot corona,

and the fraction of the hot-Comptonized emission (fPL) can be found from the model fitting.

The temperature of the cold corona (kTS), temperature of the seed photon, and the optical

depth of the cold corona (τ) at r = Rcor determine the energy of the up-scattered soft excess

emission. The power-law continuum is approximated as the NTHCOMP model, with the seed

photon temperature fixed at the disc temperature at r = Rcor, and the electron temperature

fixed at 100 keV.

When using the OPTXAGNF model, we included two Gaussian components to incorporate

the Fe emission lines. The model reads in XSPEC as,

TB × zxipcf1 × zxipcf2 × ( OPTXAGNF + zGa + zGa).
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While fitting the data with this model, we kept the BH mass frozen at MBH = 8.3 × 106

M⊙ (Woo & Urry, 2002). As recommended, we fixed normalization to unity during our

analysis. Initially, we started our analysis with one absorption component. However, an

absorption feature was seen during O1, O2 and O3. Thus, we added second absorption

component in the spectra of O1, O2 and O3. Adding second zxipcf component significantly

improved the fit with ∆χ2 = 88, 76, 65 for 3 dof, during the observation O1, O2 and O3,

respectively. Overall, this model provided a good fit for all the observations. A clear variation

in the Eddington ratio and size of the corona were observed in the different observations. In the

rising phase of the 2018 outburst (observation O1), a high Eddington ratio (L/LEdd ∼ 0.23)

and a large corona (Rcor = 43 ± 3 Rg) were observed. These values were found to be higher

than the pre-outburst observation (X1; L/LEdd ∼ 0.04; Rcor = 12+2
−1 Rg). In later observations,

both Eddington ratio and size of the X-ray corona decreased to L/LEdd ∼ 0.06 − 0.07 and

Rcor ∼ 15 ± 2 − 26 ± 2 Rg, respectively. In the observation O1, the electron temperature

of the optically thick Comptonizing region was observed to be kTS ∼ 1.4 ± 0.1 keV, along

with optical depth τ ∼ 4.6 ± 1. The temperature of the optically-thick medium decreased

to kTS ∼ 0.5 − 0.6 keV in the later observations (O3 – O7). However, the optical depth

did not change much and varied in the range of τ ∼ 4 − 5. A significant fraction of the

Comptonized emission was emitted from the optically thin corona with fPL > 0.79 during

all the observations. We allowed the spin of the BH to vary. The best-fitted spin parameter

fluctuated in the range of a∗ ∼ 0.18+0.01
−0.02 − 0.21+0.03

−0.02, suggesting that the SMBH is spinning

slowly. The variation of the column density (NH) and of the photon indices (Γ) was similar to

that observed using Model–1. All the parameters obtained from our spectral analysis using

Model–3 are presented in Table 4.5. In Figure 4.6b, we show the unfolded spectrum fitted

with Model–3 for observation O2. In Figure 4.7, we display the contour plot of Rcor and a∗,

which shows that there is no strong degeneracy between those two parameters.

Model–4 : RELXILL

Reprocessed X-ray radiation is a feature often observed in AGN spectra. This reflection

component typically consists of a reflection hump at ∼ 15−40 keV and fluorescent iron lines.

In Model 1 – 3 we did not include a reprocessed X-ray radiation, hence, we add a relativistic

reflection component RELXILL (Garćıa et al., 2014; Dauser et al., 2014, 2016) to our baseline

model.

In this model, the strength of reflection is measured from the relative reflection fraction
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(Rrefl), which is defined as the ratio between the observed Comptonized emission and the

radiation reprocessed by the disc. RELXILL assumes a broken power-law emission profile

(E(r) ≈ r−q), where r is the distance from the SMBH, E(r) is the emissivity, and q is the

emissivity index. At a larger disc radii, in a non-relativistic domain, the emissivity profile has

a form of E(r) ∼ r−3. However, in the relativistic domain, the emissivity profile is steeper.

The break radius (Rbr) separates the relativistic and non-relativistic domains. In our analysis,

we fixed q2 = 3 for emission at r > Rbr.

In our spectral analysis, we used RELXILL along with the absorbed power-law continuum.

We only considered the reflection component from RELXILL model by setting Rrefl to a negative

value. The model (hereafter Model–4) read in XSPEC as,

TB × zxipcf1 × zxipcf2 × (zPL1 + RELXILL + bbody).
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Figure 4.8: 2D contour plot between Rin and a∗ for Model–4 during the observation O2.

While fitting the data with this model, we tied the photon indices of the RELXILL compo-

nent to that of the power-law model. Although, we started our analysis with one absorption

component, we required two absorption component during O1, O2 and O3. The second ab-

sorption component improved the fit with ∆χ2 = 82, 68 and 59 for 3 dof, during O1, O2

and O3 respectively. Throughout the observations, we obtained a fairly unchanged value of

the iron abundances with AFe ∼ 3.7 − 4.2 A⊙. Disc ionization was also constant during our

observation period with ξ ∼ 101.9−2.2 erg cm s−1. The emissivity profile was quite stable with

q2 ∼ 4 − 5, although Rbr was found to change. This parameter reached its maximum during

the observation O1 (Rbr = 42+3
−2 Rg). In the later observations, it decreased and varied in the

range of Rbr ∼ 16 − 26 Rg. The inner edge of the disc varied in the range of Rin ∼ 4 − 7 Rg.

The best-fit inclination angle of the AGN was obtained in the range of 10.3+4.9
−6.1°– 17.7+2.9

−5.2°.

The spin of the BH in NGC 1566 was observed to be low, with the best-fitted spin parame-

ters found to be in the range of 0.15+0.03
−0.03 − 0.21+0.04

−0.02, which is consistent with what we found

from the OPTXAGNF model. In all the observations, the reflection component was found to

be relatively weak with reflection fraction varied in the range of, Rrefl ∼ 0.10 − 0.18. The

RELXILL model fitted spectral analysis results are given in Table 4.6. We show the unfolded

spectrum fitted with Model–4 for observation O2 in Figure 4.6. In Figure 4.8, we show the

contour plot of Rin and a∗ for the observation O2.
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4.4 Discussion

We studied NGC 1566 during and after the 2018 outburst event using data from XMM-

Newton, Swift and NuSTAR observatories in the 0.5− 70 keV energy band. From a detailed

spectral and timing analysis, we explored the nuclear properties of the AGN.

4.4.1 Black Hole Properties

NGC 1566 hosts a supermassive black hole of mass MBH ≈ 8.3×106 M⊙ (Woo & Urry, 2002).

We kept the mass of the BH frozen during our spectral analysis with Model–3. Fitting the

spectra with Model–3 and Model–4, we estimated the spin parameter (a∗) to be in the range

0.18+0.01
−0.02 − 0.21+0.03

−0.02 and 0.15+0.2
−0.3 − 0.21+0.04

−0.02, respectively. Both models favour a low spinning

BH with the spin parameter a∗ ∼ 0.2, which is consistent with the findings of Parker et al.,

2019.

The inclination angle was a free parameter in Model–4, and it was estimated to be in the

range of 10.3+4.9
−6.1°– 17.7+2.9

−5.2°. Parker et al. (2019) also found a consistent inclination angle

(θincl < 11°).
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Table 4.7: Luminosities of NGC 1566 in the observations analyzed here.

ID Day Lnuc Lsoft L0.1−100 Lbol λEdd

(1042 erg s−1) (1041 erg s−1) (1042 erg s−1) (1043 erg s−1)
X1 57331 0.34 ± 0.01 0.89 ± 0.06 0.43 ± 0.01 0.09 ± 0.01 0.003 ± 0.001
O1 58295 13.42 ± 0.08 4.89 ± 0.33 13.91 ± 0.08 7.11 ± 0.04 0.066 ± 0.001
O2 58395 4.02 ± 0.05 2.45 ± 0.14 4.26 ± 0.05 1.84 ± 0.03 0.017 ± 0.001
O3 58639 2.36 ± 0.01 1.16 ± 0.25 2.48 ± 0.03 1.19 ± 0.02 0.011 ± 0.001
O4 58703 4.01 ± 0.05 1.56 ± 0.22 4.17 ± 0.05 2.04 ± 0.03 0.019 ± 0.001
O5 58706 2.16 ± 0.06 1.64 ± 0.21 2.32 ± 0.06 1.33 ± 0.05 0.012 ± 0.001
O6 58713 1.96 ± 0.12 1.54 ± 0.29 2.11 ± 0.12 1.29 ± 0.07 0.012 ± 0.001
O7 58716 2.40 ± 0.03 1.59 ± 0.31 2.58 ± 0.04 1.31 ± 0.03 0.012 ± 0.001

Lnuc and Lsoft are calculated for the primary power-law and soft excess components, respectively.
Eddington ratio, λEdd is calculated using Lbol/LEdd for a BH of mass 8.3 × 106 M⊙.

4.4.2 Corona Properties

The X-ray emitting corona is generally located very close to the central BH (Fabian et al.,

2015). This corona is characterized by the photon index (Γ), temperature (kTe) and optical

depth (τ) of the Comptonizing plasma. While using a simple power-law model gives us

information only about the photon index, the NTHCOMP model can provide us with information

on the electron temperature of the Compton cloud (kTe), while the optical depth (τ) is

calculated from Equation 4.7. We found that the photon index varied within a narrow range

of Γ ∼ 1.7−1.8, and can be considered as constant within the uncertainties. To constrain the

photon index with more accuracy, we fitted the source spectra from NuSTAR observations in

3−70 keV and 10−70 keV energy ranges to approximate only the power-law part. We found

similar results as from the simultaneous fitting of the XMM-Newton and NuSTAR data in

0.5 − 70 keV range. From the spectral analysis with Model–3, we estimated the Compton

cloud radius to be 12 − 43 Rg.

We calculated the intrinsic luminosity (L0.1−100) of the AGN from Model–1. The intrinsic

luminosity was observed to be low during the pre-outburst observation, X1, with L0.1−100 ∼

(4.3±0.1)×1041 erg s−1. During O1, the source was observed to be maximum with L0.1−100 ∼

(1.39±0.01)×1044 erg s−1. Later, the intrinsic luminosity decreased and varied in the range of

2.1−4.3×1043 erg s−1. We also computed the luminosity for the primary emission (Lnuc) and

soft excess (Lsoft) from the individual components while analyzing the spectra with Model–

1. We calculated the bolometric luminosity (Lbol) using the 2–10 keV bolometric correction,

κbol,2−10 keV = 20 (Vasudevan & Fabian, 2009). The Eddington ratio (λEdd = Lbol/LEdd),

assuming a BH of mass of 8.3 × 106 M⊙(Woo & Urry, 2002), was estimated to be λEdd ∼

0.003 − 0.066 in different epoch which is consistent with other nearby Seyfert-1 galaxies (Wu
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& Liu, 2004; Sikora et al., 2007; Koss et al., 2017).

In the pre-outburst observation in November 2015 (X1 : see Table 4.7), we obtained a

bolometric luminosity of Lbol = (0.9 ± 0.1) × 1042 erg s−1, with corona size Rcor = 12 ± 3 Rg

and hot electron plasma temperature kTe = 102 ± 5 keV. In the observation during the

outburst in June 2018 (O1), the luminosity of the AGN increased by a factor of about ∼25,

compared to the November 2015 observation (X1). During this observation, the corona was

large (Rcor = 43 ± 3 Rg) with hot electron plasma temperature kTe = 61 ± 7 keV and the

observed spectrum was harder. As the outburst progressed, the bolometric luminosity and

the corona size decreased. As Rcor decreased, the electron plasma temperature increased.

Overall, kTe varied in a range of ∼ 61 − 106 keV during the observations. In general, the

plasma temperature is observed in a wide range, with a median at kTe ∼ 105± 18 keV (Ricci

et al., 2018). Thus, the plasma temperature is consistent with other AGNs. During these

observations, the optical depth of the Compton cloud varied within ∼ 1.2−1.7. Interestingly,

the photon index (Γ) was almost constant, although some of the properties of the corona

evolved with time. This appears to imply that both the optical depth and the hot electron

temperature changed in such a way that the spectral shape remained the same.

We found several correlations and anti-correlations between the spectral parameters and

show them in Figure 4.9. We fitted the data points with linear regression method using

y = mx+c. The fitted value of the slope (m) and intercept (c) are mentioned in each panel of

Figure 4.9. We found that the nuclear luminosity (Lnuc) and the soft excess luminosity (Lsoft)

are strongly correlated with the Eddington ratio with the Pearson correlation indices of 0.84

and 0.85, respectively. We also found that the bolometric luminosity (Lbol) and the Compton

cloud temperature (kTe) are anti-correlated (ρs = −0.85). The electron temperature is found

to be anti-correlated with the Eddington ratio (ρs = −0.85), while the size of the Compton

corona and the luminosity are positively correlated (ρs = 0.93). We also observed that the

electron temperature is anti-correlated with the size of the Compton cloud (ρs = −0.84). The

above correlations can be explained thinking that, as the accretion rate increased, the energy

radiation increased, thereby, increasing the luminosity. An increase in the mass accretion

rate makes the cooling more efficient, leading to a decrease in the electron temperature of the

Comptonizing region (Haardt & Maraschi, 1991; Done et al., 2007).
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Figure 4.9: Correlation between different spectral parameters. In each panel, the corresponding
Pearson correlation co-efficient (ρs) is quoted. The solid green line in each panel represent the
linear fit, y=mx+c. Corresponding fitted values of the slope (m) and intercept (c) are also
mentioned in each panels.
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4.4.3 Reflection

The hard X-ray photons from the corona are reflected from cold material in the accretion

disc, BLR and torus, producing a reflection hump and a Fe-K emission line (George & Fabian,

1991; Matt et al., 1991). When fitted with a simple power-law model, NGC 1566 showed

the presence of Fe Kα emission line along with a weak reflection hump at ∼ 15 − 40 keV

energy range (see Figure 4.6). Thus, we fitted the spectra with the relativistic reflection

model RELXILL to probe the reflection component.

Parker et al. (2019) analyzed O1 observation with RELXILL and XILLVER models in their

spectral analysis. They found ξ = 102.4±0.1 erg cm−2 s−1, AFe = 3 ± 0.2A⊙ and Rrefl =

0.091±0.005. In the present work, we obtained ξ = 102.09±0.05 erg cm−2 s−1, AFe = 3.89±0.35,

and Rrefl = 0.16 ± 0.04 for O1. The marginal difference between our results and those of

Parker et al., 2019 could be ascribed to the different spectral models used. We observed

fairly constant ionization (ξ ∼ 101.9−2.2 erg cm s−1) and iron abundances (AFe ∼ 4 − 5 A⊙)

across the observations. This is expected within our short period of observation. In all the

spectra, we found a very weak reflection with reflection fraction, Rrefl < 0.2. We found a

weak correlation between the reflection fraction (Rrefl) and the luminosity with the Pearson

correlation coefficient of 0.47. In general, reflection becomes strong with increase in the

luminosity (Zdziarski et al., 1999). The low inclination angle of the source also results in

a weak reflection (Ricci et al., 2011; Chatterjee et al., 2018). Therefore, the observed weak

correlation between the reflection fraction and luminosity in NGC 1566 could be due to the

low inclination angle of the source.

During the observations, a strong Fe Kα emission line with equivalent width EW > 100 eV

was detected, despite a weak reflection component, except for O5. This could be explained

by high iron abundances in the reflector. From the spectral analysis with model–4, we found

the inner edge of the disc extends up to ∼ 5 Rg. If iron originates from the inner disc, a broad

iron line is expected. However, we did not observe a broad iron line. Either the broad line

was absent or it was blurred beyond detection. However, during our observation, a narrow

iron line was detected, which given its width, originates in the material further out than the

accretion disc. Hence, from the full-width at half maximum (FWHM) of the line, we tried to

constraint the Fe Kα line emitting region. During our observation period, the FWHM of Fe

Kα line emission was found to be < 8700 km s−1, which corresponds to the region > 1200 Rg

from the BH. This corresponds to the distance at which we expect to find the BLR (Kaspi

et al., 2000). Thus, the BLR is the most probable Fe Kα line emitting region in NGC 1566.
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4.4.4 Soft Excess

The origin of the soft excess in AGNs is still debated. Several models have been proposed to

explain it. Relativistic blurred ionized reflection from the accretion disc has been put forward

as a likely explanation for the soft excess in many sources (Fabian et al., 2002; Ross & Fabian,

2005; Walton et al., 2013; Garćıa et al., 2019; Ghosh & Laha, 2020). An alternative scenario

considers Comptonization by a optically thick, cold corona (Done et al., 2012). In this model,

the Comptonizing region is located above the inner accretion disc as a thin layer. Heating of

circumnuclear region by bulk motion Comptonization in AGN with high Eddington ratio is

also considered to be the reason for the soft excess (Kaufman et al., 2017). Recently, Nandi

et al. (2021) argued from long-term observations and Monte-Carlo simulations (see Chatterjee

et al. (2018) and references therein) that the thermal Comptonization of photons which have

suffered fewer scatterings could explain the origin of soft excess in Ark 120.

In our analysis, we used a bbody component to take into account the soft excess. The

blackbody temperature (kTbb) was roughly constant with kTbb ∼ 110 eV during our observa-

tions. This is consistent with the observation of other nearby AGNs (Gierliński & Done, 2004;

Winter et al., 2009; Ricci et al., 2017; Garćıa et al., 2019). A good-fit with the OPTXAGNF

model favoured soft Comptonization by an optically thick corona as the origin of the soft

excess. During observation O1, the temperature of the optically-thick corona was observed

to be ∼ 1.4 keV. Later, the optically thick corona cooled with decreasing luminosity.

We tried to estimate delay and correlation between the soft excess and X-ray continuum

light curves (see Section 4.3.1). In the OPTXAGNF scenario, the total power depends on the

mass accretion rate and is divided between the soft-Comptonization (soft-excess) and hard-

Comptonization (nuclear or primary emission). We found a strong correlation between the

soft excess luminosity (Lsoft) and nuclear luminosity (Lnuc). The soft-excess luminosity and

the Eddington ratio (L/LEdd) were found to be correlated (ρs = 0.78). This indicated that

the soft excess strongly depended on the accretion rate, supporting the soft-Comptonization

as the origin of the soft excess. We also found a delay of ∼ 10 minutes between the soft excess

and primary emission, indicating the origin of the soft excess was beyond the corona, possibly

the accretion disc. Higher variability was also observed in the soft excess (see Section 4.3.1)

during observations X1, O1, and O3. This could indicate a higher stochasticity in the origin of

the soft-excess. It should be noted that, theoretically, infinite scattering produces blackbody

which has the lowest variability. As Nandi et al. (2021) suggested, fewer scattering which

could generate higher variability than the large number of scatterings, possibly lead to the
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origin of soft-excess. Overall, the soft excess in NGC 1566 has a complex origin, including

reflection from the accretion disc and soft-Comptonization.

4.4.5 Changing-Look Event and its Evolution

The physical drivers of CL events are still highly debated, and could change from source to

source. Tidal disruption events (TDEs), changes in obscuration, and variations in the mass

accretion rate could all be possible explanations for the CL events.

In the pre-outburst observation, X1, the absorber was not strongly ionized (ξ1 < 0.001),

and had a column density of NH,1 = (3.53 ± 0.06) × 1021 cm−2. Two ionizing absorbers were

detected during the observations O1, O2, and O3 which could be associated with an outflow.

Parker et al., 2019 also observed two ionized absorbers during O1, and suggested that they

could be associated with an outflow. The highest ionization (for both absorbers) was observed

in O1, which corresponded to the epoch in which the observed luminosity was the highest.

During the 2018 outburst, when the X-ray intensity increased, the emitted radiation may have

caused the sublimation of the dust along the line of sight, thereby decreasing the hydrogen

column density (Parker et al., 2019). As the X-ray intensity decreased after the main outburst,

the dust could have condensed, leading to an increase in the column density. Eventually,

during the August 2019 observations, the dust formation was stable as the hydrogen column

density was approximately constant (NH ∼ 1.3 × 1021 cm−2). Generally, the dust clouds can

recover in the timescale of several years (Kishimoto et al., 2013; Oknyansky et al., 2017). In

this case, we observed that the dust clouds already recovered with an increase in NH from

∼ 6× 1020 cm−2 to 1.3× 1021 cm−2 in ∼14 months time. If this is correct, we would expect

the NH to reach at its pre-outburst value of NH ∼ 3.5 × 1021 cm−2 in next few months.

The strong correlation between the accretion rate and the bolometric luminosity suggests

that the accretion rate is responsible for the CL events in NGC 1566 during the 2018 outburst.

Parker et al. (2019) also discussed several possibilities for the CL event in NGC 1566 and

concluded that the disc-instability is the most likely reason for the outburst. The instability at

the outer disc could propagate through the disc and cause the outburst. Noda & Done (2018)

explained the flux drop and changing-look phenomena in Mrk 1018 with the disc-instability

model where the time-scale for the changing-look event was ∼ 8 years. The time-scale for

changing-look event for NGC 1566 was ∼ 10 months as the flux started to increase from

September 2017 (Dai et al., 2018; Cutri et al., 2018). The time-scales are similar if we consider

the mass of the BH. As the mass of Mrk 1018 is M1018 ∼ 107.84 M⊙ (Ezhikode et al., 2017),
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the expected time-scale for NGC 1566 is ∼ 8 years/10 ∼ 10 months. The observed ‘q’-shape

in the HID during the main outburst (F1), also suggests of disc instability as seen in the case

of the outbursting black holes. The ‘q’-shaped HID is very common for the outbursting black

holes (Remillard & McClintock, 2006) where disc instability is believed to lead the outburst.

Noda & Done, 2018 also suggested that the soft-excess would decrease much more compared

to the hard X-ray with decreasing L/LEdd. NGC 1566 also showed the strongest soft-excess

emission during the highest L/LEdd (O1), while the soft-excess emission dropped as L/LEdd

decreased. In the pre-outburst quiescent state, no soft-excess was observed in NGC 1566. As

the soft-excess can produce most of the ionizing photons necessary to create broad optical

lines (Noda & Done, 2018), the broad line appeared during O1 (when the soft-excess was

strong), leading to the changing-look event.

A TDE might be another possible explanation for the 2018 outburst of NGC 1566. A TDE

could supply the accreting matter to the central SMBH, which would lead to an increase in

luminosity. Several recurrent outbursts (F2, F3 & F4) and nearly periodic X-ray variations

were observed after the main outburst (F1) as seen in the upper panel of Figure 4.1 and

Figure4.10. In TDEs, some amount of matter could be left out and cause recurrent outbursts

(Komossa, 2017). In the case of a classic TDE, after a star is tidally disrupted by the SMBH,

a decay profile of the luminosity with t−5/3 is expected (Rees, 1988; Komossa, 2015, 2017),

which is not observed in this case. During all observations, the source showed a relatively

hard spectrum with Γ ∼ 1.6 − 1.7. This is in clear contrast with the classic TDEs which

typically show much softer spectra (Γ ≥ 3) (Komossa, 2017). During the June 2018 outburst

(F1), the X-ray luminosity changed by ∼ 25 times compared to the low state which is low

in comparison to other candidate TDEs. For example, 1ES 1927+654 and RX J1242-1119

showed a change in luminosity by over 4 orders of magnitude (Ricci et al., 2020) and 1500

times (Komossa et al., 2004), respectively. In general, no iron emission line was observed in

the X-ray band during the TDE (Saxton et al., 2020), whereas in the case of NGC 1566, a

strong Fe Kα line was observed. Considering all these, we deem unlikely that the June 2018

outburst of NGC 1566 was triggered by a TDE.

An alternative explanation could be that a star is tidally disrupted by a merging SMBH

binary at the center of NGC 1566. According to Hayasaki & Loeb (2016), after the stellar

tidal disruption, the debris chaotically move in the binary potential and are well-stretched.

The debris orbital energy is then dissipated by the shock due to the self-crossing, leading

to the formation of an accretion disc around each black hole after several mass exchanges
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Figure 4.10: Light curve of NGC 1566 between June 2018 and August 2020 with smooth lines
showing near-periodic variation of count rate.

through the Lagrange (L1) point of the binary system. If the orbital period of an unequal-

mass binary is short enough (< 1000 days) to lose the orbital energy through gravitational

wave (GW) emission, the secondary, less massive SMBH orbits around the center of mass at

highly relativistic speed, while the primary SMBH hardly moves. Therefore, the electromag-

netic emission from the accretion disc around the secondary black hole would be enhanced

periodically by relativistic Doppler boosting. This scenario could explain the recurrent out-

burst observed in case of NGC 1566 (see Figure 4.10). From this figure, the orbital period is

estimated to be Porb ∼ 160 days (between F1 & F2). Taking into account the SMBH mass

(MBH = 8.3 × 106 M⊙), we obtain a ∼ 710 rs ≈ 5.6 × 10−4 pc as a binary semi-major axis,

where rs = 2GMBH/c
2 is the Schwarzschild radius. The merging timescale of two SMBH with

mass ratio q due to GW emission is given by (Peters, 1964),

tgw =
5

8

(1 − q)2

q

rs
c

( a

rs

)
∼ 5.0 × 106yr. (4.8)

This suggests that more than 100 TDEs could occur before the SMBH merger, considering

the TDE rate for a single SMBH (10−4 to 10−5 yr−1 per galaxy Stone et al., 2020). However,

the event rate can be enhanced up to 0.1 yr−1 per galaxy due to chaotic orbital evolution

and Kozai-Lidov effect in the case of SMBH binaries (Chen et al., 2009; Li et al., 2015).

Moreover, if the stars are supplied by accretion from a circumbinary disc (eg, Hayasaki et al.,

2007; Amaro-Seoane et al., 2013), then the TDE rate could be higher up to ∼ 0.2 yr−1 if
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the mass supply rate is at the Eddington limit (Wolf et al., 2021). Therefore, the detection

of similar, periodic burst events in the next few years to tens of years would support this

interpretation.

4.5 Summary

We analyzed the X-ray emission of the changing-look AGN NGC 1566 between 2015 and

2019. Our key findings are the following.

1. NGC 1566 showed a giant outburst in June 2018 when the X-ray luminosity increased

by ∼ 25 − 30 times compared to that during the low state. After the main outburst,

several recurrent outbursts were also observed.

2. NGC 1566 hosts a low-spinning BH with the spin parameter, a∗ ∼ 0.2.

3. The inclination angle is estimated to be in the range of i ∼ 10°–21°.

4. The variation of the accretion rate is responsible for the evolution of the Compton

corona and X-ray luminosity.

5. A rise in the accretion rate is responsible for the change of luminosity. The HID or

‘q’-diagram links the CL event of NGC 1566 with the outbursting black holes.

6. A strong soft excess was observed when the luminosity of NGC 1566 was high. The

origin of the soft excess is observed to be complex.

7. We rule out the possibility that the event was triggered by a classical TDE, where a

star is tidally disrupted by the SMBH.

8. We propose a possible scenario where the central core is a merging binary SMBH. This

scenario could explain the recurrent outburst.



Chapter 5

Investigation of a small flare in NLS1

galaxy NGC 4051

As mentioned earlier, Active Galactic Nuclei (AGNs) are the accreting supermassive black

holes (SMBH) of mass > 105 M⊙ located at the centre of almost every galaxy. These are

considered to be the powerful sources (luminosity up to 1048 erg s−1) in the Universe that emit

in the entire range of the electromagnetic spectrum. The ultraviolet/optical photons origi-

nating from a thermal accretion disk are inverse Comptonized in the hot corona of relativistic

electrons near the black hole and produce X-ray continuum emission (Haardt & Maraschi,

1993), that can be approximated by a power-law with an exponential cut-off. However, the

origin of the compact corona and its nature, structure and location are still unknown. Recent

studies put forward the hint of the connection between the corona and the jet (Zhu et al.,

2020). It is hypothesized that in Seyfert galaxies (or radio-quiet AGNs), the corona may be

powered by the magnetic flux tubes associated with the accretion disk near the black hole.

These flux tubes get inflated due to the differential rotation of the black hole and the ac-

cretion disk, and strong confinement from the surrounding medium quenches the launching

of jets. As a result, the plasma gets heated up and produces X-ray emission (Yuan et al.,

2019). The X-ray emission shows high variability in the timing and spectral properties on

short as well as long timescales. The rapid and small variability, where the count rate in dif-

ferent energy ranges changes by a factor of two or three, is frequently observed in the AGNs

and primarily attributed to the change in the coronal topology. In this chapter, we have

studied a small-scale X-ray flare through detailed timing and spectral studies. Section 5.1

presents the previous studies on NGC 4051, whereas Section 5.2 describes the observations of

NGC 4051 with XMM-Newton and NuSTAR observatories and corresponding data reduc-
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tion processes. The results from the time-resolved spectral analysis and timing analysis are

discussed in Section 5.3. The implications of the results are discussed in Section 5.4. In the

end, the conclusions are summarized in Section 5.5.

5.1 Introduction

Narrow-Line Seyfert galaxies (NLS1s) are the subcategory of AGNs and believed to be ac-

creting mass at a higher rate or close to the Eddington limit (Komossa et al., 2006). In the

X-ray band, the NLS1s show a steep X-ray spectral slope (Γ ∼ 1.6 – 2.5; Vaughan et al.

1999). It is proposed that when the accretion rate is high, more soft photons are produced

causing the corona to cool down rapidly, producing brighter and softer spectra (Shemmer

et al., 2008). The NLS1s are known to show strong reprocessed emission, soft excess below 2

keV and signatures of ionized or neutral absorbers (Fabian et al., 2002; Wang et al., 1996) in

their spectra. Moreover, strong outflows associated with high mass accretion rate, have been

observed in these objects (Laha et al., 2021). The NLS1s are well known to show strong soft

X-ray excess below 2 keV though the origin of this feature is still debatable. There are differ-

ent models to explain the origin of this component, e.g., warm Comptonization in a relatively

cool and optically thick plasma (Done et al., 2012; Kubota & Done, 2018) and relativistic

blurred reflection from the inner disk (Fabian et al., 2004). It has also been suggested that

fewer scatterings in the corona which can generate higher variability than a large number of

scatterings, may possibly lead to the origin of soft-excess (Nandi et al., 2021).

NGC 4051, a nearby (z=0.00234) galaxy, is one of the brightest NLS1 galaxies with mass

∼ 1.7 × 106 M⊙ (Denney et al., 2009). This is a low-luminosity (∼1041 erg s−1) NLS1 galaxy

which shows rapid flux and spectral variability (Guainazzi et al., 1996) on different timescales

and a number of emission/absorption features in the spectrum. The X-ray spectral and

timing variabilities of this AGN have been studied copiously in the past. Using 1000 days

of data from 1996 to 1999, Lamer et al. (2003) reported a very hard spectrum during its

low state. There was an underlying reflection emission likely from the molecular torus in all

the flux states. They found an anti-correlation between the X-ray flux and spectral hardness.

Similar results have been reported by Pounds et al. (2004), where the reflection of hard X-rays

from the cold matter was found along with a non-variable and narrow Iron Kα fluorescent

line. The difference between the low and high flux spectral states was interpreted in terms

of varying properties of the outflowing gas. Ponti et al. (2006) studied the time-resolved
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spectra using XMM-Newton observation and calculated the slope-flux correlation in the low

and high flux states. Mizumoto & Ebisawa (2016) found the presence of different kinds of

warm absorbers (WAs) in the X-ray spectrum and their variability. In 2018, Seifina et al.

(2018) reported correlation between the X-ray spectral photon-index and the mass accretion

rate using the XMM-Newton, Suzaku and RXTE observations. This provided an estimate

of the lower limit of the black hole mass in NGC 4051 as 6 × 105 M⊙. In the present

work, we report the results from X-ray timing and spectral analysis of simultaneous XMM-

Newton and NuSTAR observations of NGC 4051 in November 2018. We investigated the

spectral variability at three time intervals of the observations to examine the changes in the

X-ray emitting corona with flux variability.

5.2 Observations and Data reduction

NGC 4051 was observed with NuSTAR (Harrison et al., 2013) and XMM-Newton (Jansen

et al., 2001) multiple times in the last two decades. Most recently, it was observed with

NuSTAR in November 2018 simultaneously with XMM-Newton. The observation details are

given in Table 5.1. Two observation IDs of XMM-Newton that are used in this work, were

studied by Wu et al. (2020). They have studied the “softer when brighter” nature of this

source by utilizing data in the energy range of 2-10 keV. They found that the “softer when

brighter” empirical relation weakens with decreasing timescale and concluded that the power

law shape of the spectrum is not dependent only on source brightness.

XMM-Newton

In this work, we used the European Photon Imaging Camera (EPIC)-pn (Strüder et al.,

2001) small window mode data due to its higher sensitivity. We reprocessed the EPIC-pn

data using standard System Analysis Software (SAS v.19.1.0; Gabriel et al., 2004)

and updated calibration files. To check the presence of any flaring particle background, we

generated a light curve above 10 keV. We created good time interval (GTI) files by excluding

the time intervals containing particle background, which were capped by count rate. We used

<0.15 and <0.2 count s−1 for 0830430801 and 0830430201 Obs. IDs, respectively. This

resulted in corresponding net exposures of ∼ 73.8 and ∼ 68.8 ks. We considered events with

PATTERN≤4 for EPIC-pn. We also checked for the photon pile-up effect using the epatplot

task. We extracted source and background spectra by selecting circular regions of 30 arcsec
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Table 5.1: Log of November 2018 simultaneous observations of NGC 4051 with NuSTAR and
XMM-Newton. The quoted count rate for NuSTAR observation is the average count rate over
entire observation.

UT Date (start) UT Date (end) Observation ID. Exposure (ks) Counts s−1

XMM-Newton Observation
2018-11-07 09:59:39 2018-11-08 10:26:15 0830430201 83.2 13.84
2018-11-09 09:48:58 2018-11-10 09:02:59 0830430801 85.5 8.59

NuSTAR Observation
2018-11-04 12:56:09 2018-11-11 14:46:09 60401009002 311.1 0.45

radii for both the observations. We generated light curves in different energy bands using the

xselect task of FTOOLS. The redistribution matrix and ancillary response files were generated

by arfgen and rmfgen tasks, respectively. We grouped the spectral data sets to a minimum

of 30 counts per bin using the grppha task.

NuSTAR

NuSTAR consists of two hard X-ray focusing telescopes called Focal Plane Modules FPMA

and FPMB. The level 1 data files from both the modules were reprocessed with the NuS-

TAR Data Analysis Software (NuSTARDAS v2.0.0) package incorporated in the

latest heasoft package (v6.28). The level 2 cleaned and calibrated data products were pro-

duced using nupipeline task with the latest calibration files (CALDB)1. We considered

circular regions of 80 arcsec radii to extract source and background spectra from the event

files. The source region was centered at the coordinates of the optical counterpart and the

background region was selected away from the source. The nuproducts task was used to

generate the spectra and light curves. We generated time-resolved spectra (pre-flare, flare

and post-flare) by using the nuproduct task. We also generated spectra for the rising and

decay phases of the flare separately. The spectra are binned with 30 counts per bin. We

used the spectral range up to 50 keV where the count rate was significantly higher than the

background.

In Figure 5.1, the light curves of NGC 4051 from the NuSTAR and XMM-Newton obser-

vations are shown. The NuSTAR light curve showed the occurrence of a small flare at around

3 × 105 s from the beginning of the observation that lasted for ∼ 120 ks (duration between

two vertical lines in Figure 5.1). During this flare, the peak count rate was ∼2.5 times the

average count rate observed before and after the flare. This flaring event was probably also

1http://heasarc.gsfc.nasa.gov/FTP/caldb/data/nustar/fpm/

http://heasarc.gsfc.nasa.gov/FTP/caldb/data/nustar/fpm/
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Figure 5.1: The X-ray light curves of NGC 4051 in 3− 50 keV and 0.3− 10 keV ranges, obtained
from the November 2018 NuSTAR (upper panel) and XMM-Newton (bottom panel) observations,
respectively, are shown for 500 s time bin. In the NuSTAR light curve, a flare of ∼120 ks duration
with peak count rate reaching by a factor of ∼2.5 compared to the quiescent duration is detected.
The red dotted lines divide the light curves (observations) into three time segments: pre-flare,
flare and post-flare segments.

present in the XMM-Newton light curve, though the lack of observation coverage during the

flare did not make it evident. However, to avoid the ambiguity, we tried to correlate 3-10 keV

count rate for overlapping pre-flare phase from the XMM-Newton and NuSTAR observations

(see Figure 5.2) and found Pearson’s correlation coefficient to be ∼0.82 with p-value <0.01.

5.3 Data Analysis and Results

5.3.1 Timing analysis

Fractional variability

In the beginning, we attempted to investigate the timing variability of NGC 4051 using XMM-

Newton and NuSTAR observations. To check the temporal variability, we calculated the

fractional variability (Fvar; Nandra et al. (1997), Vaughan et al. (2003)) in different energy

bands using the equation,
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Figure 5.2: The count rates in 3-10 keV range are shown for the overlapping pre-flare phase of
the XMM-Newton and NuSTAR observations.
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√
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where, x̄, S, σerr, and N are the mean, total variance, mean error and number of data

points, respectively. We generated the variability spectrum, i.e. Fvar as a function of energy

(see Figure 5.3) using background subtracted EPIC-pn (obs. ID 0830430201) light curves in

increasing energy binning. The Pearson’s correlation coefficient was calculated to be −0.95

with the null hypothesis probability of ∼ 10−9. The spectrum shows that the low energy

components, e.g., soft X-ray excess or/and ionized absorbers are more variable than the high

energy ones.

To have an initial guess of the spectral variability during the observation, we plotted

variation of the hardness ratio (HR), i.e. the ratio between the hard X-ray and soft X-ray

light curves, with respect to time. For NuSTAR observation, we computed HR by taking the

ratio between the light curves in the 10 − 50 keV and 3 − 10 keV energy ranges, whereas for

XMM-Newton observation, we estimated HR by taking the ratio between the 2−10 keV and

0.3 − 2 keV light curves. From Figure 5.4, we observed a considerable spectral variability in
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Figure 5.3: The fractional variability spectrum is shown for the EPIC-pn data from the XMM-
Newton observation (Obs. ID 083043201) of NGC 4051. The red line represents the linear fit
to the observed data points.

the soft X-rays. The spectrum became soft at the beginning of the flare. Careful examination

reveals that there is ’softer when brighter’ trend, which is corroborated by the hardness-

intensity diagram (HR vs total count rate) in Figure 5.5. On the other hand, the variability

seen in the NuSTAR spectrum is comparatively less. The NuSTAR HR is more or less

constant except softening marginally during the flaring phase (upper panel of Figure 5.4 and

left panel of Figure 5.5).

Correlation

For correlation analysis in the X-ray band (3.0−50.0 keV), we divided the entire NuSTAR ob-

servation of NGC 4051 into the pre-flare (MJD 18429.4 to MJD 18430.0), flare (MJD 18430

to MJD 18431.6) and post-flare (MJD 18431.6 to MJD 18432.4) segments that are marked

with vertical lines in Figure 5.1. For each segment, we segregated the X-ray light curve into

soft X-ray (3.0 to 10.0 keV) and hard X-ray (10.0 to 50.0 keV) bands. Corresponding light

curves with time resolutions of 50 s are shown in the top panels of Figure 5.6. During the

entire duration of the observation, the source count rate in the hard X-ray band was always

less than that of the soft X-ray band. At the peak of the flaring event, the source count rate

in both the bands increased by a factor of 2-3 compared to the average count rate during the

pre- and post-flare segments. We performed cross-correlation analysis using crosscor2 and

2https://heasarc.gsfc.nasa.gov/xanadu/xronos/help/crosscor.html

https://heasarc.gsfc.nasa.gov/xanadu/xronos/help/crosscor.html
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Figure 5.4: The hardness ratios are shown for NuSTAR (upper panel) and XMM-Newton (bottom
panel) observations of NGC 4051. The hardness ratios are obtained by taking ratio between
the light curves in 10-50 keV and 3-10 keV bands (for NuSTAR), and 2-10 keV and 0.3-2 keV
bands (for XMM-Newton ).

Figure 5.5: Hardness-Intensity diagrams of NGC 4051 are shown from the NuSTAR (left panel)
and XMM-Newton (right panel) observations. Corresponding correlation coefficients are −0.42
and −0.73, respectively.
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ζ-discrete cross-correlation function (ZDCF3; Alexander, 1997) for comparison of light curves

in two different bands. For the error estimation, we considered 12000 simulation points in

the ZDCF code for the light curves. The soft and hard band light curves during the pre- and

post-flare segments yielded an acceptable χ2
red < 1.5 when fitted with a straight line. How-

ever, the data during the flare yielded poor statistics with high residuals when fitted with

a linear function. We carried out delay estimation through the discrete correlation function

using NuSTAR data during three segments separately.

The discrete correlation function analysis, performed on the light curves from three differ-

ent segments, generated three different patterns as shown in the bottom panels of Figure 5.6.

In the pre-flare and post-flare phases, the soft and hard X-ray bands are found to be very

poorly correlated. The values of correlation function for pre-flare and post-flare segments

were found to be <0.1 (left bottom panel of Figure 5.6) and <0.2 (right bottom panel of Fig-

ure 5.6), respectively, for the time delay range of −10 to +10 kilo-second (ks). However, the

flaring event data showed a moderately strong correlation between the soft and hard bands

in both the algorithms. From the ZDCF, we found the peak of the correlation function at

0.0±0.05 ks with correlation coefficient of 0.48±0.02 ks and for the CCF, calculated through

crosscor, the peak appears at 0.0±0.05 ks with correlation coefficient of 0.4 (middle bottom

panel of Figure 5.6). Although from the CCF analysis of post-flare segment data, a minor

peak is observed near 0.0 ± 50 ks time delay, it is not prominent as the peak value is 0.13

(bottom right panel of Figure 5.6). Therefore, we are not considering this as a peak in the

correlation function. We do not notice any significant peak in ζ-discrete cross-correlation

function in this post-flaring segment. From the correlation analysis, we conclude that the soft

and hard X-ray light curves are moderately correlated only during the flare segment.

5.3.2 Spectral analysis

We used XSPEC (v12.11.1) software package (Arnaud, 1996) to analyse the spectral data and χ2

statistics to find the best-fitting models. Throughout the spectral analysis, the uncertainties

in various parameters are calculated using ‘error’ command in XSPEC at 90% confidence level

unless or otherwise stated. As mentioned earlier, the data from the NuSTAR and XMM-

Newton observations are divided into three segments such as pre-flare, flare and post-flare

segments (see Figure 5.1). We carried out the spectral analysis in the 0.3 − 50 keV energy

range using simultaneous XMM-Newton and NuSTAR observations for all three segments.

3https://www.weizmann.ac.il/particle/tal/research-activities/software

https://www.weizmann.ac.il/particle/tal/research-activities/software
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Figure 5.6: Top panel : The light curves of NGC 4051 in soft X-ray (3.0 – 10.0 keV range :
salmon) and hard X-ray (10.0 – 50.0 keV range : light blue) bands obtained from the NuSTAR
observation are shown for pre-flare, flare and post-flare segments. Bottom panel : The discrete
cross-correlations between the soft X-ray and hard X-ray light curves are plotted. A moderately
strong correlation between these bands can be seen during the duration of the flare, which
is absent in the pre- and post-flare segments. The Cross-Correlation Functions (CCFs) are
presented in a solid-magenta line, whereas the green bands represent the ζ-discrete cross-
correlations.

The X-ray spectrum of an AGN is typically described by a power-law continuum, complex

iron emission lines in ∼ 6 − 7 keV range, reflection hump in ∼ 20 − 40 keV range and soft

X-ray excess below 2 keV. We used various phenomenological as well as physical models and

included all the features in our analysis. We used zpowlw4, borus (Baloković et al., 2018) ,

and relxilllpion, modified version of relxill5 model (Dauser et al., 2016). For Galactic

absorption and local ionized absorption, we used phabs or tbabs(Wilms et al., 2000) and

zxipcf6 models, respectively.

We started our spectral analysis with NuSTAR observation in the 3 − 50 keV range to

have an initial idea of spectral changes with the flux variability. As mentioned earlier, we

dissected NuSTAR observation into three parts: pre-flare, flare and post-flare segments. To

investigate the spectral changes during the flare, we further divided the flare duration into

two sub-segments, such as rising phase and declining phase. Our basic model reads in XSPEC

as:

4https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node212.html
5http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/
6https://heasarc.gsfc.nasa.gov/xanadu/xspec/models/zxipcf.html

https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node212.html
http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/
https://heasarc.gsfc.nasa.gov/xanadu/xspec/models/zxipcf.html
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phabs × (atable{borus} + zphabs × cabs × zcutoffpl + constant × zcutoffpl)

In the above expression, we used the cutoff power-law model to fit the primary contin-

uum. In this model, ‘constant’ stands for the relative normalization of leaked or scattered

unabsorbed intrinsic continuum. The zphabs× cabs component represents the line-of-sight

absorption, including the Compton scattering losses out of the line of sight. Here, the addi-

tive borus model is used for the reprocessed emission from the cold and neutral gas. This

model calculates the fluorescent line emission and reprocessed continuum self-consistently.

We simultaneously fitted all four time-resolved spectra with the above model. While fitting,

the inclination angle, covering factor ( CF,Tor) and average column density (NH,Tor) of the ob-

scuring materials are tied across the four segments. These parameters are unlikely to change

during such a short observation span. The foreground Galactic absorption column density is

fixed at NH,Gal = 1.2×1020cm−2(HI4PI Collaboration et al., 2016) in the source direction and

modelled with phabs. We obtained a good fit (χ2/dof=1669/1603) with this model. All the

fitted parameters are listed in Table 5.2. From this fitting, we found that the photon index

(Γ) was relatively higher during the flare phase as compared to pre- and post-flare phases. We

could not constrain the cutoff energy (Ecut) in all four phases. The inclination angle obtained

from this fitting was found to be around 30 degrees which is reasonable for type-1 Seyfert

galaxies.

It is found that the photon index remained unchanged during the rising and declining

phases of the flare. Therefore, we clubbed these two time intervals together for further spectral

analysis. Next, we fitted simultaneous XMM-Newton (0.3−10 keV range) and NuSTAR (3−50

keV range) spectra in three segments (pre-flare, flare and post-flare) together using different

models. All the fitted spectra are shown in Figure 5.8. The advantage of fitting spectra of

three intervals simultaneously is that it produces the spectral variability in a more physical

way.

Model-1: We built our baseline model with the power-law with a high energy cutoff as

the source continuum. We used a redshifted black body component (zbbody) for the soft

excess, a Gaussian line (zgaus) for the iron K-alpha emission line and the pexrav model for

the reflection component above 10 keV (Magdziarz & Zdziarski, 1995). We set the reflection

fraction (Rrefl) as negative so that the pexrav component is considered as only the reflection

spectrum. We fixed the inclination angle at 30 degrees as obtained from the previous model.

The iron and heavy element abundances were tied for three intervals. The photon index
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Figure 5.7: Top panel: The best fit model spectra (fitted simultaneously) for the pre-flare,
rising and falling part of the flare, post-flare phases in the 3 − 50 keV energy range from
NuSTAR observation. Bottom four panels show corresponding residuals. The magenta, cyan,
orange and green points represent the data from the pre-flare, rising part, declining part of the
flare and post-flare phases, respectively.
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Table 5.2: The best-fitted parameters obtained by fitting the 3− 50 keV NuSTAR time-resolved
spectra of NGC 4051 with the borus model.

Parameters Pre-flare Rising Declining Post-flare
segment phase phase segment

Torus column density NH,Tor (1022 cm−2) 24.50+0.07
−0.06 f f f

Torus covering fraction CF,Tor 0.870.07
−0.03 f f f

Inclination (deg.) 30+5
−5 f f f

Iron abundance AFe 1.10+0.33
−0.14 0.97+0.27

−0.23 1.01+0.35
−0.28 0.82+0.22

−0.17

Norm (10−3) 6.20+1.1
−1.1 7.42+0.32

−0.92 8.09+0.66
−1.00 3.29+1.30

−0.73

Line-of-sight column density NH,ref (1022 cm−2) 1.22+0.50
−0.55 < 0.62 0.83+0.59

−0.70 1†

Photon indexΓ 1.89+0.06
−0.08 1.97+0.05

−0.09 1.97+0.03
−0.08 1.64+0.09

−0.07

f represents the parameter fixed at corresponding value at the pre-flare phase.
† pegged at this value

of the pexrav model was linked with that of the cutoff power-law model. Since the cut-off

energy could not be constrained, we fixed it at 370 keV for low Eddington Seyfert galaxies

as suggested in the statistical study by Ricci et al. (2017). We needed two absorbers while

fitting the spectra to get the best fit model. The final model in XSPEC reads as,

constant × tbabs × zxipcf × zxipcf × (zbbody + pexrav + zcutoffpl)

We applied a constant factor in the composite model to take into account the calibration

uncertainties between different instruments. This model provided a good fit to the XMM-

Newton and NuSTAR data with χ2 = 5385 for 5104 degrees of freedom (dof). We required

two ionized absorbers for the residuals below 2 keV. To take into account this absorption

feature, we included two zxipcf models for partially covering and partially ionized absorbing

material. The obtained redshift (z =∼ 0.20) of the first absorber was similar to the ultra-

fast outflows (UFOs) (Tombesi et al., 2013) during three intervals. The second absorber

showed the redshift comparable to the warm absorbers (WAs) (Ebrero et al., 2011). The

value of the blackbody temperature was found to be ∼ 100 eV which was non-variable during

the observation period. The spectrum became softer during the flare with the best fitted
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photon-index Γ = 2.10 ± 0.005. As we are considering only reflection component of the

pexrav model and using a separate continuum model, we could not constrain the value of the

reflection scaling factor and fixed it at -1. We calculated the soft excess and power-law flux

(see Table 5.6) from corresponding model component. The soft excess flux was found to be

decreasing with time while the power-law flux was highest during the flaring phase.

Model-2: Time-resolved spectral fitting of NuSTAR and XMM-Newton data with

Model-1 provided information on the spectral changes, presence of warm absorber and UFO

in the three time intervals. However, it did not provide any physical properties of the Comp-

tonizing plasma, i.e., the corona. To get information on the change in coronal properties, we

replaced zcutoffpl with the Comptonization model compPS (Poutanen & Svensson, 1996).

This model produces X-ray continuum for different geometries using the exact numerical so-

lution of the radiative transfer equation, which depends on the geometry, optical depth of

the hot electron plasma, spectral distribution of the seed photons, inclination angle and the

way seed soft photons are injected into the hot plasma. This model also takes into account

the reflection spectra from the cold medium as well as blurred reflection smeared out by the

rotation of the disk and relativistic effects. In the fitting process, we fixed certain parameters

based on a prior guess of the system so that fitting could converge.

We considered a spherical geometry of the plasma in this model. The inclination was

fixed at 30 degrees. The values of Rin and Rout were fixed at 6 and 2000 Rs, respectively. The

parameters obtained from fitting the data from three segments are tabulated in Table 5.4.

Instead of the optical depth, this model incorporates Compton y-parameter (τy) as one input

which relates to the optical depth as τ = τy/(4kTe/mec
2), where kTe is the hot electron

temperature in keV. Iron and heavy element abundances were tied for the time intervals. The

absolute value of Fe Kα line energy marginally varies in three phases while the equivalent

width (EW) is lowest in the flare phase. Inner disk temperature is found to be invariable

(within error) with an average temperature of ∼18 eV. From this model, interestingly we

found that the coronal temperature increased to ∼228 keV post-flare while it was similar

before and during the flare with a value around ∼182 keV. Moreover, the reflection fraction

was found to be decreasing during the flare while it substantially increased after the flare.

.

Model-3: Reflection from the photoionized accretion disk is considered to be one of the

explanations of the origin of the soft X-ray excess in the AGNs. Emissions from the compact,

hot and relativistic plasma irradiate the accretion disk. The X-ray illumination is stronger
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Table 5.3: The best fitted parameters obtained from fitting 0.3− 50 keV time-resolved spectra
simultaneously using XMM-Newton and NuSTAR observations with phenomenological model
zcutoffpl. Column density (NH), ionization fraction (log ξ), velocity (v), maximum (rmax) and
minimum (rmin) locations of the two absorbers.

Parameters Pre-flare Flare Post-flare
segment segment segment

NH,1 (1022 cm−2) 9.38+1.22
−1.61 14.87+2.47

−2.86 11.13+1.65
−1.69

log ξ1 1.08+0.08
−0.95 1.09+0.14

−0.56 1.31+0.06
−0.09

Cov Frac1 0.24+0.02
−0.01 0.20+0.02

−0.007 0.23+0.01
−0.03

z1 −0.20+0.04
−0.06 −0.21+0.04

−0.07 −0.22+.02
−0.05

v/c -0.20 -0.21 -0.22
rmax (pc) 0.1686 0.1095 0.0576
rmin (10−4pc) 0.0409 0.0371 0.0338
rmin (Rs) 25 23 21
NH,2 (1022 cm−2) 0.62+0.52

−0.51 2.28+0.79
−0.89 2.99+0.52

−0.55

log ξ2 2.07+0.15
−0.45 2.08+0.14

−0.14 2.01+0.07
−0.03

Cov Frac1 0.39+0.58
−0.09 0.30+0.07

−0.05 0.40+0.03
−0.02

z2 0.04+0.02
−0.02 0.02+0.02

−0.02 0.03+0.01
−0.01

v/c 0.037 0.017 .027
rmax (pc) 0.260 0.073 0.0427
rmin (10−4pc) 1.1967 0.4024 1.0826

min (Rs) 730 3460 1372
kTBB (eV) 100+1

−1 100+2
−2 100+1

−1

NormBB (10−04) 1.50+0.02
−0.02 1.11+0.25

−0.22 0.85+0.01
−0.01

Fe Kα LE (keV) 6.40+0.02
−0.03 6.36+0.04

−0.05 6.35+0.02
−0.02

EW (eV) 101+16
−15 82+22

−20 95+29
−32

Norm (10−5) 1.97+0.32
−0.29 1.58+0.42

−0.38 1.35+0.23
−0.23

Abund 1.87+0.18
−0.16 f f

AbundFe 2.39+0.22
−0.21 f f

Γ 2.05+0.003
−0.003 2.10+0.005

−0.005 2.05+0.005
−0.005

NormPL (10−03) 7.82+0.02
−0.02 8.34+0.03

−0.03 5.43+0.01
−0.01

f represents the parameter fixed at corresponding value at the pre-flare phase.
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Figure 5.8: The 0.3 − 50 keV XMM-Newton + NuSTAR spectra fitted with the Model-1 (top left
panel), Model-2 (top right panel), and Model-3 (bottom panel) for the pre-flare, flare, post-flare
phases. Corresponding residuals for the pre-flare, flare, post-flare phases are shown in three
sub-panels of each figure. The cyan, orange and magenta points represent the XMM-Newton
data for the pre-flare, flare, post-flare phases, respectively. The green, blue and turquoise
points represent the NuSTAR data for the pre-flare, flare, post-flare phases, respectively.
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Table 5.4: The best fitted parameters obtained after fitting 0.3− 50 keV time-resolved spectra
simultaneously using XMM-Newton and NuSTAR observations with phenomenological model
compPS.

Parameters Pre-flare Flare Post-flare
segment segment segment

NH,1 (1022 cm−2) 8.22+0.25
−0.87 7.55+1.17

−1.47 5.64+0.36
−0.26

log ξ1 1.93+0.09
−0.02 1.89+0.07

−0.04 1.80+0.02
−0.06

Cov Frac1 0.35+0.01
−0.02 0.28+0.07

−0.05 0.45+0.03
−0.02

z2 −0.26+0.007
−0.009 −0.26+0.02

−0.02 −0.21+0.006
−0.004

NH,2 (1022 cm−2) 0.47+0.43
−0.08 1.37+2.02

−0.76 1.24+0.32
−0.54

log ξ2 2.15+0.08
−0.06 2.14+0.13

−0.09 2.04+0.08
−0.05

Cov Frac2 > 0.63 > 0.47 0.71+0.16
−0.06

z1 0.001+0.01
−0.008 0.009+0.02

−0.01 0.04+0.01
−0.005

Fe Kα LE (keV) 6.40+0.02
−0.03 6.37+0.04

−0.05 6.35+0.02
−0.02

σ (eV) 97+55
−49 115+88

−58 70+38
−41

EW (eV) 125+18
−17 101+25

−22 118+19
−18

Norm (10−05) 2.38+0.35
−0.33 1.82+0.44

−0.39 1.56+0.24
−0.23

kTe (keV) 182+24
−23 184+28

−26 228+52
−15

kTbb (eV) 19+3
−3 19+5

−4 16+4
−3

τy 0.37+0.02
−0.02 0.36+0.03

−0.03 0.31+0.02
−0.01

relrefl 2.19+0.16
−0.16 2.10+0.21

−0.23 2.58+0.29
−0.46

Abund 4.68+0.47
−0.41 f f

AbundFe 2.25+0.29
−0.30 f f

f represents the parameter fixed at corresponding value at the pre-flare phase.
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in the inner regions of the accretion disk due to strong gravity of the central black hole. We

used the relxilllpion variant of the relxill model to describe the soft X-ray excess. The

relxill model computes the continuum emission and its reflection from the accretion disk

that includes the reprocessing of the continuum photons in the disk. The blurring of the

emission lines due to relativistic motion of the inner disk in the soft X-ray gives the smooth

curvature which appears as soft X-ray excess. This model is parameterized by the inclination

angle, inner radius, reflection fraction, ionization parameter (logξ) with constant ionization

throughout the disk. The relxilllpion model allows the ionization of the disk to vary with

radius and this variation is approximated by power-law.

The composite model in XSPEC reads as

constant × tbabs × zxipcf × zxipcf × (relxilllpion)

While fitting the data with this model, we tied the iron abundance across the three in-

tervals. The Eddington ratio for this source is calculated to be ∼ 0.01 for black hole mass

1.73× 106M⊙ and bolometric luminosity ∼ 2.3× 1042 erg s−1. The cutoff energy is kept fixed

at 370 keV as earlier. We required two absorbers to fit the residuals in the soft X-ray range

(< 2 keV) of the spectra. Initially, we varied the value of inner disk radius (Rin), ionization

parameter (logξ) and found fairly unchanged parameter values. Therefore, we tied these pa-

rameters for all three segments. The height of the corona from the disk increased to 12.18+0.98
−0.92

Rg accompanied by reduction in the reflection fraction during the flare. After the flare, the

coronal height decreased with the highest reflection fraction among the three phases.

5.4 Discussion

In this work, we explored the changes in the spectral and timing properties of NGC 4051

during the pre-flare, flare and post-flare phases using the data obtained from the XMM-

Newton and NuSTAR observations in November 2018. We explored the accretion properties,

accretion mechanism and the corona structural changes of the source in detail using various

phenomenological and physical models. The results obtained from our work are described

here.
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Table 5.5: The best fitted parameters obtained after fitting 0.3− 50 keV time-resolved spectra
simultaneously using XMM-Newton and NuSTAR observations with physical model relxilllpion.

Parameters Pre-flare Flare Post-flare
segment segment segment

NH,1 (1022 cm−2) 21.04+4.79
−2.39 46.46+4.89

−4.09 47.59+6.93
−9.00

log ξ1 1.92+0.08
−0.07 2.00+0.03

−0.03 1.77+0.23
−0.30

Cov. Frac1 0.27+0.02
−0.02 0.30+0.01

−0.01 0.30+0.01
−0.01

z1 −0.33+0.01
−0.02 −0.31+0.03

−0.02 −0.36+.02
−0.03

NH,2 (1022 cm−2) 3.98+0.59
−0.59 5.44+0.39

−0.47 1.07+0.11
−0.30

log ξ2 1.91+0.09
−0.06 1.98+0.08

−0.11 1.90+0.04
−0.07

Cov Frac1 0.28+0.03
−0.02 0.35+0.02

−0.03 0.45+0.01
−0.01

z2 −0.01+0.02
−0.01 −0.01+0.01

−0.02 0.001+0.007
−0.008

h 9.61+1.38
−1.68 12.18+0.98

−0.92 7.36+1.51
−0.98

a > 0.85 f f

Rin < 2.52 f f

log ξ1 3.10+0.05
−0.06 f f

Γ 2.16+0.007
−0.008 2.18+0.009

−0.009 2.15+0.009
−0.007

AbundFe 1.02+0.16
−0.04 f f

Reflfrac 2.00+0.06
−0.06 1.42+0.05

−0.05 2.12+0.07
−0.06

Ionization index 1.07+0.08
−0.05 1.15+0.09

−0.09 1.03+0.05
−0.05

NormPL (10−04) 1.79+0.71
−0.72 1.91+0.06

−0.05 1.73+0.19
−0.18

f represents the parameter fixed at corresponding value at the pre-flare phase.
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Table 5.6: Fluxes and Luminosities

Parameters Pre-flare Flare Post-flare
segment segment segment

FBB
0.3−2 keV(10−12)⋆ 7.65 ± 0.08 5.88 ± 0.09 4.54 ± 0.05

FPL
2−10 keV(10−11)⋆ 1.77 ± 0.01 1.82 ± 0.01 1.26 ± 0.06

L0.1−200 (1041)• 8.55 ± 0.03 9.20 ± 0.03 6.04 ± 0.02

Lion (1041)• 5.85 ± 0.02 6.18 ± 0.02 4.04 ± 0.01

L2−10 keV (1041)• 2.06 ± 0.004 2.39 ± 0.005 1.5 ± 0.003

λEdd 0.014 ± 0.001 0.016 ± 0.001 0.011 ± 0.001
l 9.12+0.02

−0.03 9.82+0.02
−0.05 6.44+0.03

−0.02

θ 0.356+0.05
−0.04 0.36+0.06

−0.06 0.446+0.10
−0.03

⋆ in units of ergs s−1 cm−2

• in units of erg s−1

5.4.1 Black Hole spin

The spin of the black hole is estimated self-consistently from the X-ray reflection models.

In the present work, the spin parameter was linked while fitting spectra of three segments

simultaneously. From the relativistic reflection model relxilllpion, we found that the black

hole is rapidly spinning with the spin parameter a > 0.85, while keeping the values of the

inner radius and spin parameter tied for three time intervals.

5.4.2 Location of the absorbers

While fitting the spectra from the simultaneous observations of NGC 4051 with XMM-

Newton and NuSTAR, we required two absorbers to get rid of the residuals below 2 keV

in all the spectral models used in this work. We took into account absorption with partially

ionized and partially covered absorber models zxipcf. The properties of these absorbers

are listed in Tables 5.3, 5.4, & 5.5. The ionization parameter of an absorber is defined as

ξ = Lion/nr
2 (Tarter et al., 1969), where Lion, n and r are the unabsorbed ionizing luminosity

of the emitting source, number density and radial location of the absorber from the central

source, respectively. The absorption from the excited states or absorption variability can be

used to determine the limits of r using the definition of ξ. It is possible to estimate the upper

limit of the radial distance based on the assumption that the thickness of the absorber can
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not exceed its location from the SMBH (Ebrero et al., 2011; Crenshaw & Kraemer, 2012);

r ≤ rmax =
Lion

NHξ

where, NH is the column density of the absorber.

A lower limit on the location of the outflow can be calculated as

r ≥ rmin =
2GMBH

ν2

Another way of calculating the lower limit is by considering the light travel time D = ∆t×c

during the observation if the absorber does not seem to be variable. We used the values from

the zcutoffpl model to estimate the radial location of both the absorbers. The ionizing

luminosity of this source has been calculated for three intervals by considering the power law

component in the 0.3-50 keV range (see Table 5.6). The locations of the absorber 1 and

absorber 2 are estimated and listed in Table 5.3 separately for three time intervals. These

values of locations and redshift are consistent with the WAs and UFOs found in the studies

of type 1 Seyfert galaxies (Tombesi et al., 2012; Tombesi et al., 2013).

We have also calculated the marginal posterior distributions for the absorber parameters to

check the spectral fitting degeneracy between them. To search through the parameter space,

we used the Markov Chain Monte Carlo (MCMC) sampling procedure. We used Goodman

& Weare, 2010 algorithm implemented in XSPEC to determine the chain. We considered 20

walkers with a total chain length of 200000 and burnt the initial 20000 steps. The one-

dimensional (1D) and two-dimensional (2D) distributions are shown in Figure 5.9.

5.4.3 Properties of corona

The X-ray emitting corona is characterized by the optical depth (τ), hot electron plasma

temperature (kTe) and the X-ray continuum photon index (Γ). As the power-law with high

energy cut-off continuum model gives information only on the photon-index, we utilized the

compPS model, which considers kTe, Compton y parameter and inner disk temperature (kTbb)

as free parameters. We find that the temperature of the corona increased after the flare

subsided and the source went into the low flux state. During the flare, when flux was high,

the slope of the spectrum became steep. This softening of the X-ray continuum with high

flux is consistent with the “softer when brighter” nature observed in many AGNs (Connolly
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Figure 5.9: The 1D and 2D posterior distribution curves resulted from the MCMC analy-
sis of the ionization parameter (logξ), covering factor, and redshift (z) of the two absorbers.
The vertical lines in the 1D distribution show 16%, 50%, and 90% quantiles. CORNER.PY
(Foreman-Mackey, 2016) was used to plot the distributions.
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Figure 5.10: Contour plots resulted from the MCMC analysis of the relxilllpion, compPS models
for the reflection fraction vs Γ (top panel), Compton y-parameter (τy) vs kTe (middle panel)
and reflection fraction vs kTe (bottom panel).
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et al., 2016). The less energetic seed photons from the accretion disk get Comptonized in

the corona, producing X-ray emission. In the present work, it is found that the coronal

temperature increased after the flare. An increase in temperature of the corona after the flare

can be interpreted as due to the injection of fewer seed photons into the corona resulting in

the reduction of the Compton cooling rate. Considering the magnitude of the observed flare

and the duration of the observation, it is highly unlikely that there could be any significant

variation in the accretion rate (see λEdd values from Table 5.6). Moreover, the flux of the

soft X-ray excess (0.3 − 2 keV range) does not show any clear correlation with the photon

index (see Table 5.6). This indicates that the change in the spectral state during the flaring

phase is inherent to the corona instead of the variations in the seed photons. In an AGN,

the corona is likely to be powered by the small-scale magnetic flux tubes associated with the

orbiting plasma in the accretion disk Yuan et al. (2019). Any change in the magnetic field

can cause a change in the location and geometry of the corona, which in turn can result in

the coronal temperature variation. Recently, Wilkins et al. (2022) studied a similar kind of

X-ray flaring event in NLS1 galaxy IZw1. They found that the temperature was higher in the

pre-flare phase and decreased during the flare, probably due to the expansion of the corona

accompanied by softening of the spectrum. After the flare, the temperature again started to

increase with the hardening of the continuum spectrum. In NGC 4051, we found that the

coronal temperature increased after the flare and the spectrum became harder. In this case,

the corona perhaps started inflating in the pre-flare phase and reached a maximum during

the flare. After the flare, it again contracted, followed by an increase in temperature.

In the present work, the coronal temperature was found to be high (average value of

∼198 keV). This is likely the reason we could not constrain the cut-off energy for this source.

From the best fitted values of the coronal temperature (kTe) and Compton y-parameter

(y) (although these two parameters are degenerate as shown in the middle contour plot of

Figure 5.10), the value of optical depth (τ = τy
4Te/mec2

) is calculated as 0.26±0.04, 0.25±0.04,

0.17 ± 0.03 in the pre-flare, flare and post-flare phases, respectively. These values of τ are

consistent with the mean value obtained for a sample of 838 Swift/BAT AGNs (Ricci et al.,

2018). The coronal temperature carries important information on the state of the X-ray

emitting plasma. The position of the AGN in the compactness-temperature (θ−l plane) space

provides an insight to the dominant process in the corona (Fabian et al., 2015). In the corona

of an AGN, the most significant processes are inverse Compton scattering, bremsstrahlung

and pair production. Among these, the dominant process is the one for which the cooling time
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is shortest. The Comptonization process dominates when l > 3αfθ
−1/2, where αf and θ are

the fine structure constant and coronal temperature normalized to the electron rest energy,

respectively. The electron-proton coupling dominates when 3αfθ < l < 0.04θ−3/2 while for

0.04θ−3/2 < l < 80θ−3/2, the electron-electron coupling becomes prominent. There is a regime

in the θ − l plane where the pair production process becomes the runaway process that

depends on the corona shape and on the radiation mechanism. Stern et al. (1995) computed

the position of these pair runaway lines for a slab corona. Svensson (1984) calculated this

regime for isolated clouds and gave the condition for its occurrence when l ∼ 10θ5/2e1/θ. The

compactness parameter is defined as,

l =
L

R

σT

mec3

where L, R, σT , me and c are the luminosity, radius of the corona, the Thomson cross-

section, mass of the electron and speed of light, respectively. We estimated this parameter

for NGC 4051 considering power-law continuum luminosity extrapolated to the 0.1−200 keV

band in three intervals and radius as 10 Rg (for standard sources, (Fabian et al., 2015)).

The l and θ values are given in Table 5.6 and plotted in Figure 5.11. NGC 4051 is found

to be located at the edge of the pair runaway region corresponding to the slab corona. This

suggests that the process is mostly dominated by pair production and annihilation. In a

compact corona (l > 1) when the photons are highly energetic, the photon-photon collision

generates an electron-positron pair. If the temperature reaches ∼1 MeV, the pair production

process becomes significant, thereby soaking energy and limiting further rise in temperature.

5.4.4 Soft X-ray excess and reflection

The soft X-ray excess above the continuum is very often seen in AGNs. This component

is prominent in the NLS1s. However, the origin of the soft X-ray excess is still part of the

discourse. There are various models in the literature that take account of the origin of this

component. The Comptonization of the photons in an optically thick and warm corona in

the inner part of the disc is one explanation (Done et al., 2012) for the origin of the soft

excess. Another scenario is the one in which the photons from the hot corona (∼100 keV) get

reflected from the relativistically moving inner accretion disc and give rise to the soft excess

(Fabian et al., 2002; Ross & Fabian, 2005; Pal et al., 2016). In the ionized absorption model,

the photons are absorbed by the high-velocity winds originating from the accretion disc and
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Figure 5.11: Theoretical compactness-temperature diagram is shown. The green line represents
the region below which the electron-electron coupling time scale is shorter than the Compton
cooling time while the region below the blue line, the electron-proton coupling time is shorter.
Bremsstrahlung is dominant in the region below the black line. The region beyond the cyan
and red curves represents where pair run-away process occur for for isolated cloud (Svensson,
1984) and slab geometry (Stern et al., 1995). The green, magenta and blue points are drawn
for pre-flare, flare and post-flare phase positions of NGC 4051, respectively.



5.4. Discussion 151

re-emitted (Gierliński & Done, 2004).

In our analysis, we initially used the zbbody model to fit the soft X-ray excess. We found

the blackbody temperature (kTBB) to be ∼ 100 eV which was almost constant throughout

the observation. This non-variation or minimal variation of the soft excess temperature is

expected, as suggested by earlier studies (Gierliński & Done, 2004; Ricci et al., 2017). We

calculated the unabsorbed flux of the blackbody component for the soft excess and found it

to be unaffected during the flare and decreasing with time.

From the relxilllpion model, we found that during the flare, the reflection fraction

decreased to 1.42 from 2.00 in the pre-flare phase and again increased to 2.09 in the post-

flare phase (bottom panel of Figure 5.13). Similar trend was also observed from the compPS

model. The change in the reflection component can be seen in Figure 5.12 where the ratio

between the 3-50 keV spectrum from the NuSTAR observation and the best-fitted power-law

is plotted. The reflection fraction is the ratio of reflected emission from the disc and direct

emission from the corona. From our analysis, we found this factor to be greater than unity,

which means the source is reflection dominated. The gravitational bending causes the X-rays

to be concentrated towards the accretion disc resulting in a high reflection fraction (Miniutti

& Fabian, 2004). As we mentioned above, NGC 4051 hosts a highly spinning black hole.

Therefore, the effect of light bending causing a high reflection fraction is expected. In the

simple lamppost geometry scenario, the compact corona is located above the central black

hole. The drop of reflection fraction during the flare can be explained in terms of the coronal

height from the accretion disc. We found that the coronal height increased, i.e., the corona

moved away from the accretion disc during the flare when the reflection fraction was lowest

(second and bottom panels of Figure 5.13). After the flare, coronal height decreased and the

reflection fraction increased again. Another possibility of the drop in the reflection during the

flare and enhancement after the flare could be due to the change in the inner accretion disc

radius (De Marco et al., 2021). As mentioned before, we did not find any significant change

in the inner radius during three phases. Over-ionization could be another reason for the drop

of the reflection during the flare. However, the ionization parameter was invariable during the

observation and was fixed for the final fitting. Therefore, the motion of the corona from the

accretion disc seems to be the most plausible explanation for the variable reflection fraction.
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Figure 5.12: The ratio of the 3−50 keV spectrum from NuSTAR observation and the best fitted
power-law model is shown. The varying strength of the reflection component above 10 keV is
evident for all three phases of the observation.

5.5 Summary & Conclusions

A detailed broadband X-ray spectral and timing analysis of a minor flaring event in the

NLS1 galaxy NGC 4051 during 4-11 November 2018 has been performed using simultaneous

observations with NuSTAR and XMM-Newton observatories. While analysing the data, we

divided the total exposure into pre-flare, flare and post-flare segments and carried out timing

and spectral studies. Following are the main results and conclusions of our study.

• NGC 4051 showed a rapid variability in the 3− 50 keV energy band of NuSTAR, where

the count rate increased by a factor of ∼2.5, followed by a decrease to the pre-flare

level within a day. The X-ray variability spectrum of the source showed a trend where

variability is higher in soft bands, i.e., soft excess or ionized absorbers.

• From the spectral analysis in 3−50 keV range, we found that the spectral slope changes

during the observation period. During the flare, the 0.3− 50 keV spectrum was softest.

• During the X-ray flare, the reflection fraction is estimated to be the lowest which is

consistent with the increase in coronal height. After the flare, the coronal height reaches

at its lowest during the observation with the increase in the reflection fraction.
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Figure 5.13: Variation of the best fit parameters are shown for three segments. The photon-
index (Γ), coronal height (h) and ref.frac (R) are obtained from the relxilllpion model while
coronal temperature (kTe) and inner disc temperature (kTbb) has been taken from the compPS

model.
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• We find that the temperature of the corona increased significantly after the flare (see

Figure 5.13) from 184+26
−28 to 228+15

−52 keV. This re-heating of the corona is consistent with

the hardening of the spectra after flare subsides.

• In this source, we found signatures of warm absorbers and ultra-fast outflows.

• NGC 4051 hosts a rapidly spinning black hole with spin parameter a > 0.85.

• NGC 4051 is positioned in the compactness-temperature plane at a region between the

electron-electron coupling and the pair runaway line for a slab corona. This implies that

the dominant process in the corona is pair production.

• Rapid spectral variabilities in NGC 4051 or similar type of NLS1s could be due to the

change in the coronal geometry and/or location, which in turn produces small scale

flares. Due to the short time scale of these flares, their origin in the corona is likely to

be associated with ejection of the magnetic field.



Chapter 6

Concluding remarks and Future

prospects

This chapter summarizes the main results of the thesis. Along with the summary, possible

future work is discussed that can be carried out to understand different kinds of variability

properties of different components in the AGNs. The primary findings of this thesis work are

presented below.

6.1 Summary & Conclusion

In Chapter 3, a detailed timing and spectral analysis of multi-wavelength observations of

a Seyfert galaxy Mrk 509 is presented to study the variability properties of the source in

the optical/UV and X-ray bands and correlation between them. The long term simultaneous

observations in multi-wavebands from the Swift observatory, spanning from 2006 to 2019,

have been utilized to perform the analysis. In the beginning, we started the spectral analysis

by fitting the average X-ray spectrum over the entire duration of observations that shows a

strong soft X-ray excess above the power law continuum. We find two thermal components

with temperatures of ∼120 eV and ∼460 eV that can accurately represent this soft X-ray

excess. The warm Comptonizing zone is likely the one where the warm thermal component is

coming from. From the timing studies, we found that the increasing wavelength resulted in a

decrease in fractional variability amplitude with the exception that the hard X-ray emission

is less variable. The strength of correlation among emission in the UV and optical bands was

stronger than that found between the emission in the UV and X-ray bands. All these results

indicate that the emitting region of hard X-ray and UV/optical emission may be distinct or

155
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partly interacting. While calculating the time lag between the UVW2 and other UV/optical

and X-ray bands, a large excess was found in the U band and X-ray bands. The U band excess

supposedly comes from the contribution of diffused emission from the BLRs. After filtering

the light curves for slow variations and omitting the X-ray lags, the lag spectrum can be

described approximately by the 4/3 rule for the standard accretion disc. All of these findings

imply that the real disc is complicated and that the UV emission is probably processed further

to produce X-ray and optical emission in the accretion disc.

Chapter 4 presents the spectral and timing properties of an AGN NGC 1566 during

an X-ray outburst event in June 2018 when the X-ray flux of the source increased up to

∼25-30 times in comparison to its quiescence state. A detailed spectral and timing analysis

was performed using semi-simultaneous pointed observations from XMM-Newton, NuSTAR,

and Swift observatories in pre-outburst, outburst and post-outburst epochs. The broadband

spectra in 0.5–70 keV range were fitted with various phenomenological and physical models.

The spectra show a strong soft X-ray excess during the outburst, while it was feeble before

and after. Since soft excess produces the majority of ionizing flux required to generate the

broad optical lines, so the broad line occurred during the outburst the resulting in changing-

look event. The origin of the soft excess emission is complex and found to be emitted from

the warm Comptonizing region in the inner part of the accretion disc. Using the results

obtained from this work, we find that the increase in the accretion rate, which could be due

to the disc instability is responsible for the sudden rise in the luminosity and rule out the

possibility of a tidal-disruption event (TDE). This result is corroborated by the ‘q’-shape of

the hardness-intensity plot that is the typical characteristic of outbursts in black hole binary

systems. From this analysis, we find that NGC 1566 has a low-spinning supermassive black

hole at the centre with spin parameter a∗ ∼0.2. We also considered a scenario in which the

core of this AGN could be a merging supermassive black hole. This scenario could explain

the recurrent outburst.

In Chapter 5, the findings on the investigation of the cause of a small flaring event in the

narrow line Seyfert 1 (NLS1) galaxy NGC 4051 is presented. The flaring event was caught

in a ∼300 ks long NuSTAR observation of the AGN. The event lasted for a duration of

∼100 ks. Though the AGN was also observed with XMM-Newton for a shorter exposure

compared to the NuSTAR observation, the flaring event was partially caught in its rising

phase. To investigate the timing and spectral properties of the AGN during the flaring event,

the NuSTAR observation and the overlapping XMM-Newton exposure were segregated into
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pre-flare, flare and post-flare segments. We found that during the flare, the NuSTAR count

rate peaked at 2.5 times the mean count rate before the flare. We explored the variation

of X-ray emission in three phases using various phenomenological and physical models. The

0.3-50 keV X-ray spectrum of the source can be described by a composite model consisting

of a primary continuum, reprocessed emission, warm absorber and ultra-fast outflows. From

spectral analysis, we found that the reflection fraction drops significantly during the flare,

accompanied by the increase in the coronal height to ∼12.2 Rg from ∼9.6 Rg (during the

pre-flare phase) above the disc. The spectrum became softer during the flare showing the

“softer when brighter” nature of the source. After the flare is over, the coronal height drops

to ∼7.4 Rg and the corona heats up to the temperature of ∼228 keV. This indicates that

there could be inflation of corona during the flare. We did not find any significant change in

the inner accretion disc or the seed photon temperature during the observation. These results

suggest that the flaring event occurred due to the change in the coronal properties rather

than any notable change in the accretion disc.

6.2 Future work

6.2.1 X-ray/UV/Optical/IR variability of the bare AGNUGC 6728

In Chapter 3, a detailed cross-correlation study and lag spectrum of a Seyfert galaxy Mrk 509

(with the mass of the central black hole MBH ∼ 108 M⊙) is presented using a long SwiftXRT/UVOT

monitoring campaign. As the time delay τ ∝ M
2/3
BH , therefore, the AGNs with lower black

hole mass such as UGC 6728 (MBH = 7.1±4.0×105M⊙; Bentz et al., 2016) give us an oppor-

tunity to demonstrate similar kind of study within a few days of observation. We proposed

multi-wavelength observations of UGC 6728 with AstroSat. The proposal was accepted for

observing time with AstroSat, and data are available with us. The primary objectives of the

proposal are as follows.

Lag spectrum- We aim to perform an intense cross-correlation and reverberation map-

ping analysis between emission in the UV/optical and X-ray bands using the AstroSat ob-

servation. We will use all the light curves with available UVIT filters and X-ray light curves

in the soft band, e.g. below 2 keV as seen by SXT and hard band > 10 keV using LAXPC.

Such correlation studies have never been done before for this AGN.

Connection between UV, soft excess, hard X-ray and thermal Comptonization-
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We will attempt to establish a correlation study between the UV, soft excess and hard X-ray

bands based on broadband spectroscopy. We will be able to study both the primary power-law

generated through Comptonization and reflection components based on their variability.

6.2.2 Radio emission from NLS1

Seyfert galaxies are one of the classes of Active Galactic Nuclei (AGNs), which are usually

radio-quiet and show prominent features like soft X-ray excess below 2 keV, Iron lines in 6-7

keV range, and Compton hump above 10 keV in their spectra. These are further classified

as type 1 and 2 on the basis of their optical spectra and orientation. There is another sub-

category, such as Narrow-Line Seyfert 1 (NLS1) galaxies, which show extreme properties in

the AGN parameter space. This subclass was first identified by Osterbrock & Pogge, 1985

and named as ‘NLS1’ by Gaskell, 1985. The classification criteria used to define NLS1 are

small width of the broad line < 2000 km/s in optical spectra as compared to the regular

Seyfert 1, the ratio [OIII]/Hβ < 3, and presence of strong Fe II emission lines. The extreme

properties of NLS1s include the near Eddington accretion rate with a lower bound of the

black hole mass range of AGNs. Because of their extreme properties, the NLS1s provide us

with important insights into the physics of the AGNs. The majority of the NLS1 population

is radio-quiet, but there is a small fraction (7%; Komossa et al., 2006) which are radio-loud

and highly variable in radio emission, along with γ-ray emission. The radio-loudness of an

AGN is commonly quantified by the radio-index, R which is the ratio of the radio flux at 6 cm

over the optical flux at 4400Å. The AGNs with R > 10 are usually referred to as radio-loud.

These intriguing objects are considered to probe the formation of jets at the near-Eddington

rate and low black hole mass, unlike the blazars or radio galaxies.

The understanding of launching powerful radio jets in radio-loud AGNs is still not com-

plete. The role of the accretion disk and black hole spin in the formation and collimation of

jets is an open question. Recent studies show that the hot corona, which is responsible for

the strong X-ray emission in the AGNs, may be powered by failed jets (Yuan et al., 2019).

This needs explanation on the factors that decide the failed or successful launching of jets.

Unlike blazars, the NLS1 shows a strong thermal component originating from the accretion

disk along with a non-thermal component from the jets. As the NLS1 possesses a unique

position in the parameter space (Figure 6.1), these are ideal laboratories to disentangle these

key questions in the field of accretion physics.

There are dozens of NLS1 sources which are radio-loud; e.g. RX J1633+4179, PKS0558–504,
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Figure 6.1: Distribution of NLS1 galaxies (red bullets) in radio-loudness vs SMBH mass dia-
gram. Image credit: Komossa et al., 2006

RXJ0134–4258, SDSSJ094857.3+002225, and SDSSJ172206.03+565451.6. We have selected

one, NLS1 RX J1633+4179, as the first source for the research objectives. This radio-

loud NLS1 galaxy is located at a redshift z=0.116 with radio-loudness parameter R5 =

f(5GHz)/f(4400) > 100. Its relativistic radio-jet is pointed almost towards our line-of-

sight with an inclination angle 10 degrees (Yuan et al., 2008) like blazars. This source is

known to show an ultra-soft X-ray excess which is modelled by thermal emission from the

accretion disk with the disk blackbody temperature of ∼32 eV. Interestingly, this temperature

is lower than that usually found in the radio-quiet NLS1s and follows the standard accretion

disk (Mallick et al., 2016). Using XMM-Newton observations, Mallick et al. (2016) showed

that the temperature of ultra-soft X-ray excess is ∼40 eV. The UV part of the spectrum was

fitted with a power-law of photon index ∼3.25, which is comparable to the typical value of

photon index in FSRQs. This indicates that the UV emission is not entirely emitted from the

disk and has some contribution from other parts, likely from the radio jet. The first result on

the ultra-soft X-ray excess implies that the nature of the accretion disk in radio-loud NLS1s

is somewhat different from that in the radio-quiet sources. In this regard, there must be some

connection between the accretion disk and jet formation. The second one, the UV enhance-

ment, is explained as the high energy tail of synchrotron emission from the radio jet. One
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possibility to confirm this is to get the correlation between the IR and UV emission as in both

the bands, the contribution comes from synchrotron emission as well as an accretion disk.

The variability time scale in different energy bands depends on various physical mechanisms

such as X-ray reprocessing, Comptonization and absorption along the line-of-sight. Therefore,

the correlation and lag studies between X-ray and UV/optical/IR bands is one of the tools

to diagnose the origin of emissions in different energies. Since the time lag τ ∝ M
2/3
BH , this

source, harbouring a low mass black hole (∼ 3 × 106 M⊙; Yuan et al., 2010) can be studied

for a few days of observation from any X-ray observatory. Following are the main research

objectives on this topic:

To check the IR, optical/UV, and X-ray variabilities and correlation between

them- In the previous studies of this source (Mallick et al., 2016), it has been found that

the soft energy flux (0.3-1 keV range) is not correlated with the hard energy flux (1-10 keV

range). This means that the cause of variability of soft and hard X-ray photons is different.

Also, the fractional variability amplitude of the hard band (17.9± 1.4%) is greater than that

in the soft band (9.6±1.7%). This may be due to the intrinsic variable nature of the primary

continuum instead of absorption. This can be confirmed from the correlation studies in the

soft band (0.3-1 keV), the intermediate band (1-10 keV) and the hard band (above 10 keV)

by using broadband X-ray observation. As mentioned previously, the origin of UV excess is

associated with the jets, which should be in synchronization with the IR emission from the jet.

Simultaneous observations in UV and IR/optical bands would help to verify the origin of the

UV emission. Therefore, my main objective is to perform cross-correlation and reverberation

mapping studies between the IR/UV/optical and X-ray energy bands. This task has not been

performed in the previous studies for this source. This can shed light on whether the UV

emission is entirely disk emission or reprocessed emission from soft X-ray photons.

To understand the jet-corona coupling- In Seyfert 1 AGNs, the origin of soft excess

is debatable. However, in RX J1633+4719, this component is described as direct thermal

emission from the disk. With reference to the cold Comptonization model, this is the indi-

cation of the lack of Comptonization region that is supposed to be responsible for the soft

excess. This implies that in radio-quiet AGNs, the Comptonization region may be formed by

aborted jets whose kinetic energy is converted into internal energy to heat the electrons and

form the Comptonization region. This is analogous to the soft/hard states in the black hole

X-ray binaries with relatively weak corona and can be correlated to the formation of jets at
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the cost of suppression of corona. The absence of reflection components like iron line also

supports the lack of a strong hot Comptonization medium, which is essential in the reflection

model. Therefore, this object and similar types of radio-loud NLS1s with high radio-loudness

parameters are important to disentangle the enigma of the formation of jet and its connection

with the corona. This can be fulfilled by the broad-band spectral analysis of the source at

different epochs.

Dedicated simultaneous multi-wavelength observation campaigns with the next generation

X-ray telescopes will be able to reveal the actual nature of the sources in near future. Already

existing X-ray observatories such as NuSTAR, XMM-Newton and Chandra along with various

radio telescopes like GMRT, LOFAR, VLA, MeerKAT, SKA, EHT hold the potential to

deepen our understanding on the extreme environment near the black holes.





BIBLIOGRAPHY 163

Bibliography

Akiyama, K., Alberdi, A., Alef, W., et al. 2019, First M87 event horizon telescope results.

IV. Imaging the central supermassive black hole, The Astrophysical Journal Letters, 875,

L4

Alexander, T. 1997, Is AGN Variability Correlated with Other AGN Properties? ZDCF

Analysis of Small Samples of Sparse Light Curves, ed. D. Maoz, A. Sternberg, & E. M.

Leibowitz, Vol. 218, 163

Alloin, D., Pelat, D., Phillips, M., & Whittle, M. 1985, Recent spectral variations in the active

nucleus of NGC 1566., ApJ, 288, 205

Alloin, D., Pelat, D., Phillips, M. M., Fosbury, R. A. E., & Freeman, K. 1986, Recurrent

Outbursts in the Broad-Line Region of NGC 1566, ApJ, 308, 23

Amaro-Seoane, P., Brem, P., & Cuadra, J. 2013, Tidal Disruptions in Circumbinary Disks. I.

Star Formation, Dynamics, and Binary Evolution, ApJ, 764, 14

Antonucci, R. 1993, Unified models for active galactic nuclei and quasars., ARA&A, 31, 473

Antonucci, R. R. J. & Miller, J. S. 1985, Spectropolarimetry and the nature of NGC 1068.,

ApJ, 297, 621

Aretxaga, I., Joguet, B., Kunth, D., Melnick, J., & Terlevich, R. J. 1999, Seyfert 1 Mutation

of the Classical Seyfert 2 Nucleus NGC 7582, ApJ, 519, L123
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