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Hey, look on the bright side:
there’s nowhere but up from a
canyon in hell.

Desperate Pleasures
Every Time I Die





Abstract

The dynamics and geometry of the material in�owing and out�owing close to the
supermassive black hole (SMBH) in active galactic nuclei (AGN) are still largely
uncertain; notably, ejection and accretion processes may be linked to each other.
Furthermore, it is fundamental to understand the physical properties, the extent,
and energetics of the out�ows, as they may also have a fundamental role in AGN
feedback processes on the host galaxies, in�uencing their evolution. The X-ray
band is the most suitable to study AGN innermost regions because it includes the
Fe K� �uorescence emission line at 6.4 keV, a fundamental proxy of the accretion
�ows onto the SMBH (Fabian et al., 2000), and possibly Fe resonant absorp-
tion lines (� 7-12 keV) produced by dense (NH � 1022� 24 cm� 2) winds with a wide
range of velocities (from a few102� 3 km s� 1 up to � 0:3c; Tombesi et al. 2010)
and ionization states (0 . log� . 3 erg cm s� 1, where� = L=nr 2 is the ionization
parameter). Depending on their physical properties, winds have been typically
classi�ed either as Warm Absorbers (slow and mildly ionized, Blustin et al. 2005)
or Ultra Fast Out�ows (fast and highly ionized, Tombesi et al. 2010). An interest-
ing case that has arisen in recent years is that of the so-called Obscurers (Kaastra
et al., 2014), i.e. transient, optically thick winds typically located in the Broad
Line Region that produce a strong spectral hardening in the X-rays, lasting from
days to months. Both emission and absorption features in the X-ray spectra are
observed to vary on time scales spanning from hours to years, probing phenomena
at di�erent distances from the SMBH.

In this work, we use time-resolved spectral analysis to simultaneously inves-
tigate the accretion �ow and the out�ows, hence to further characterize them
individually and search for possible correlations that could help discovering the
launching mechanisms of disk winds, which are not totally clear yet. In particular,
we have analyzed a set of some among the X-ray brightest Seyfert 1 galaxies that
went through an occultation event observed with XMM-Newton EPIC pn, i.e. the
instrument with the largest collecting area in the Fe K energy band. They are
NGC 3783 (Mehdipour et al., 2017), NGC 3227 (Mehdipour et al., 2021), NGC
5548 (Kaastra et al., 2014), and NGC 985 (Parker et al., 2014).
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The aim of our analysis is to search for possible emission and/or absorption
lines in short-duration spectra (� 10 ks) extracted from the entire observations,
in order to explore regions as close as the SMBH as the statistics allows for, and
possibly catch transient phenomena happening in the �rst few gravitational radii
around the black hole, that could be evened out in averaged spectra.

The analysis consists of two steps. The �rst one is running a blind search
on the short time-scale spectra extracted in sequence from single pointings. This
means that, upon �nding a satisfactory model for the continuum emission (typi-
cally, a power law and some form of cold absorption) and the ubiquitous Fe K�
emission line, we search for signi�cant deviations from this model in the form of
Gaussian lines, with either positive or negative normalization. The signi�cance
of these individual lines is further assessed via extensive MonteCarlo simulations.
Then, we study the distribution in energy of the detections: this allows us to un-
derstand their physical origin and determine the frequency at which they appear.
In fact, if some detected lines cluster in a speci�c energy range, we can assume a
common origin for them and thus extrapolate a �global� signi�cance, that includes
not only the information of the signi�cance of a single line, but also how many
times it is detected. After assessing the statistical robustness of the results, the
second part of the analysis consists in studying the evolution in time and energy
of the detected features using the Residual Map technique. This is an upgrade
of the Excess Maps technique that in the past gave many interesting results on
variability patterns of emission lines (Iwasawa et al., 2004; De Marco et al., 2009).
We visualize simultaneously the positive and negative residuals (i.e. the emission
and absorption features) in the time-energy plane, looking for patterns and time
intervals of particular interest. We used NGC 3783 as a test case for our analysis,
as in the past it had been already studied with an approach similar to ours, and
we used this to have a direct comparison and test our methodology. In this source
we have been able to ascribe variations in the normalization of the Fe K� to reso-
nant absorption lines at the same energy due to clumps in the obscuring medium,
whose presence is detected at> 3� from the blind search, and to determine the di-
mensions of the clumps. The same procedure � blind search on each time-resolved
spectrum and production of residual maps � is applied to the other sources. In
NGC 3227 we detected at the� 2� signi�cance level an ultra-fast out�ow with
velocity � 0:2c appearing only in the �rst part of one observation, at the end of
a temporary obscuration event. This feature was not detected in the past, when
only the averaged spectrum of the whole pointing was analyzed. In NGC 5548
and NGC 985 we did not detect any signi�cant feature, either in the obscured or
unobscured phases of each source.

The analysis techniques we adopted not only can be applied to currently avail-
able X-ray datasets of bright AGN, but also holds strong potentiality for the future.



In fact, the X-IFU instrument on boardAthena (Barret et al., 2018), with its un-
precedented collecting area (� 3� 6 times larger than the EPIC-pn at 7 keV), will
allow us to have more statistically robust results on bright sources and to sample
even shorter time-scales (� 102 s) on them, and to probe the innermost regions of
fainter AGN, that are currently precluded.
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Chapter 1

Active Galactic Nuclei

About 10%of all galaxies show a large luminosity (up toLbol � 1048 erg s� 1, with
typical values of Lbol � 1044 � 1046 erg s� 1, where the bolometric luminosityLbol

represents the luminosity across all the electromagnetic spectrum; Padovani et al.
e.g. 2017) over the whole electromagnetic spectrum, originated from highly ener-
getic phenomena in the central regions. These sources are called Active Galactic
Nuclei (AGN). The radiation produced in the nuclear regions of the AGN can
exceed signi�cantly that of the entire host galaxy, overcoming all the light from
the galaxy stellar component.

1.1 The AGN Paradigm

The most recognized model to explain the large quantity of radiation observed
in AGN postulates that the emission is due to material accreting onto a super
massive black hole (SMBH) at the center of the galaxy, with a mass typically in
the range106 � 109 M � (e.g. Peterson, 1997).

Accretion onto compact objects is the most e�cient mechanism to convert mass
into radiation. The conversion has an e�ciency� , so the total available energy
is E = �Mc 2. The rate by which this energy is radiated isL = dE=dt = � _Mc2,
where _M = dM=dt is the mass accretion rate. The potential energyU of a massm
falling from a distancer onto an object of massM can be converted to radiation
at a rate of:

L =
dU
dt

=
GM

r
dm
dt

=
GM _M

r
(1.1)

Therefore� / M=r , which is a measure of the compactness of the source: the
smaller the system, the higher the e�ciency. For AGN,� � 0:1 (Shakura and
Sunyaev, 1973).

A simple estimate of the mass of the central object can be made assuming
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CHAPTER 1. ACTIVE GALACTIC NUCLEI

a completely ionized gas falling with spherical symmetry at a constant rate. To
maintain the stability of the system, the outward radiation pressure force must be
compensated by the inward gravitational attraction.1 The module of the radiation
force on a single electron, given the Thomson cross-section� e = 6:65� 10� 25 cm� 2

for the interaction with a photon, is:

Frad = � e
L

4�r 2c
(1.2)

while for the gravitational force we have:

Fgrav =
GMm p

r 2
(1.3)

The Eddington limit is the maximum luminosity for an accreting object above
which the system would interrupt the accretion; for a central object of massM
expressed in solar masses we have:

LEdd =
4�Gcm p

� e
M � 1:26� 1038

 
M
M �

!

ergs� 1 (1.4)

The Eddington limit allows us to calculate the minimum mass to have accretion
with a luminosity of the order of 1044 erg s� 1:

MEdd = 8 � 105 L44 M � (1.5)

Should a typical quasar have a luminosity of1046 erg s� 1, the central object
should have a mass of� 108M � . AGN present variability on di�erent time scales,
and some show signi�cant �ux variations on time scales of days, hours and even
minutes. The variability time scale constrains the size of the regions that produce
such variations, which can be as small as the Solar System. Such a mass contained
in such a limited region indicates that the central object has to be a SMBH.

1.2 AGN Structure

The physical structure of AGN is still not completely determined, but the majority
of models predicts a structure consisting, at least, the following components.

ˆ Accretion Disk
The spherical symmetry for the infall of gas is a simplistic hypothesis and
does not represent properly the reality: the material preserves its angular

1The radiation force on a proton and the gravitational force on an electron are negligible, due
to their di�erent masses: mp=me � 103.
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momentum, so it will form an accretion diskaround the black hole. Viscous
forces transfer the angular momentum outward and the �ow spirals inward,
dissipating part of its gravitational potential energy into kinetic energy and
heat. A complete description of the disk structure is hard to model, since
it depends on many parameters (e.g. magnetic �elds, viscosity, accretion
rate, etc.), but it is possible to describe it as geometrically thin and optically
thick disk (Shakura and Sunyaev, 1973), therefore the emission can be ap-
proximated as blackbody. From the virial theorem, the gravitation potential
energy is released at the ratedU=dt= GM _M=r : half of it heats up the disk
and half is radiated as luminosity L. Using the Stefan-Boltzmann law, the
energy radiated is�T 4 for both sides of the disk, each with an area of�r 2.
Therefore we have:

L =
GM _M

2r
= 2�r 2�T 4 (1.6)

Solving for the temperature at the distance r from the center:

T /

 
GM _M
4��r 3

! 1=4

(1.7)

The temperature is in the range of105 � 106 K, grows towards the center
of the disk and so does the emission frequency: for a blackbody we obtain
� max / kT=h / r� 3=4. The most internal regions around a SMBH of about
108M � can reach frequencies in the extreme UV band (� max � 1016 Hz).
Integrating over all radii, we see a sum of blackbody spectra at di�erent
temperatures, calledBig Blue Bump, in the optical/UV continuum (at wave-
lengths of a few thousandsÅ).

ˆ Hot Corona
The disk is surrounded by acorona of hot, ionized, optically thin gas. The
precise location of the corona is still unknown; it is reasonable to assume the
corona very close to the accretion disk, probably above it. Microlensing and
spectral timing studies locate it within � 10 Rg form the SMBH (Chartas
et al., 2009; Kara et al., 2016), whereRg = GM BH =c2 is the gravitational
radius. Its high temperature (T � 109 K ) is most likely due to magnetic
reconnection phenomena.

ˆ Broad Line Region (BLR)
It is composed by a number of gas clouds located in proximity of the cen-
tral source. The gas reprocesses the optical/UV radiation through permit-
ted emission lines from recombination and de-excitation. Forbidden lines
are not produced because of the high electron density (109� 10 cm� 3). The
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temperature of the BLR is � 104 K. The lines are broadened by Doppler
e�ect; widths span from �v FWHM � 500 km s� 1 to �v FWHM & 104 km s� 1,
with typical values of �v FWHM � 5000 km s� 1. Motions in this region can
be used as a probe of the dynamics in the SMBH gravitational well and to
estimate the mass of the black hole.

ˆ Narrow Line Region (NLR)
It consists of gas clouds at temperatures of 10000 � 25000 K. Densities are
lower (104 cm� 3) than those of the BLR, thus allowing for the production of
forbidden emission lines. The bulk velocities are also lower than in the BLR:
2005 �v FWHM 5 900 km s� 1, with average values of�v FWHM � 400 km s� 1.
This region is spatially resolved in the optical band: it often manifests itself
with an axis-symmetric morphology with two ionization cones centered in
the nuclear source.

ˆ Torus
It is composed mainly by molecular gas and dust. There are still many
uncertainties about the geometry of the torus, in particular whether the
material has a smooth or clumpy distribution, and whether there is actually
a physical separation from the disk (the alternative hypothesis is that the
torus is just the �continuation" of the disk) (Netzer, 2015). Furthermore, the
physical extension of the torus is still matter of debate. The torus absorbs
optical and UV radiation and reprocesses it via thermal emission in the mid-
infrared band, peaking at wavelengths of few tens of micron.

ˆ Jets
Relativistic jets are present in about 10% of AGN. The mechanism respon-
sible for the jets is still uncertain, but is probably related to the magnetic
�elds of the black hole and/or of the disk. Jets originate in the central region
and are expected to be aligned with the symmetry axis of the system. They
are formed of charged particles and emit mostly via synchrotron mechanism,
from the radio to the 
 -ray band. In face-on AGN (where the observer has
potentially a direct view of the nucleus), relativity e�ects boost the bright-
ness of the approaching jet with respect to the receding one.

In Figure 1.1 we can see a representation of the overall AGN structure and its
components, whose indicative sizes are reported in Tab. 1.1.

The AGN is typically represented as an axis-symmetric system, so observing it
from di�erent directions (i.e., along di�erent lines of sight) allows to see di�erent
parts, each with its characteristic emission. Even though the classes of objects
identi�ed as AGN may appear very heterogeneous, most of their di�erences can be
explained as due to changes in just a few of these parameters: orientation (see Fig.
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Component Size

SMBH RS � 0.01 - 10 AU
Accretion disk Rin � 0.01 - 60 AU

Rout � 1 - 1000 AU
Broad line region RBLR � 0.01 - 1 pc

Torus Rtorus � 1 - 10 pc
Narrow line region RNLR � 102 - 104 pc

Jet Rjet � 102 - 103 kpc

Table 1.1: Extents of AGN components. Rs = 2GM BH =c2 represents the
Schwarzschild Radius.

Figure 1.1: Representation of the AGN structure and its components. It is shown
how the line of sight can a�ect the view of the internal regions and so the classi�cation
of the object. Image from Beckmann and Shrader (2013).
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1.1), accretion rate, presence - or absence - of jets and, possibly, the environment
and the host galaxy (Padovani et al., 2017). The so-called Uni�cation Model of
AGN is based on the fact that the AGN engine (i.e., accretion onto a SMBH) is the
same for most AGN, but orientation e�ects play a major role in their classi�cation.
Orientation is the main discriminant in the classi�cation between type 1 AGN and
type 2.

Type 1 objects show broad optical/UV permitted emission lines
(FWHM � 1500� 15000 km s� 1) and narrow forbidden lines
(FWHM � 500� 1000 km s� 1). The broad lines arise from material with density
n � 109 cm� 3. In type 2 objects both permitted and forbidden lines are narrow,
and are produced by gas at lower density,n � 103� 5 cm� 3 (Beckmann and Shrader,
2013). As shown in Fig. 1.1, this di�erence is ascribed to the presence of the
torus in the line of sight. A similar distinction is made in the X-rays, based on
the intrinsic absorption at energies below a few keV, due to matter close to the
SMBH (Beckmann and Shrader, 2013). The absorption is typically measured as a
column density of hydrogenNH in the line of sight. Objects with lower absorption
NH . 1022 cm� 2 are categorized as type 1, and more obscured sources as type 2.

1.3 Out�ows

Winds arising from the accretion disk are a phenomenon observed quite commonly
in AGN (e.g Laha et al., 2014; Igo et al., 2020). Their study is of key importance,
as they provide a way for the SMBH to in�uence the host galaxy and explain the
observed scaling relations, such as the correlation between the black hole mass and
the mass of the bulge (Häring and Rix, 2004), and between the black hole mass and
the velocity dispersion of the bulge (Kormendy and Ho, 2013). It has been shown
that out�ows possessing mechanical energies� 0:5 � 5% of the bolometric AGN
lumonosity have enough power to imprint the host galaxy (Hopkins and Elvis,
2010). The AGN feedback acts enriching the insterstellar medium, quenching (or
suppressing) the star formation (King and Pounds, 2015).

The physical properties of winds are observed to cover a wide range of val-
ues, and are used to classify them. Warm absorbers are observed in at least 50%
of Seyfert galaxies (Reynolds, 1997; Laha et al., 2014). The ionisation parameter of
the warm absorbing gas spans almost four orders of magnitude (� � 100� 4 erg cm s� 1

), and the column density three orders of magnitude (NH � 1020� 23cm� 2), velocities
are of the order of103 km s� 1 (Blustin et al., 2005). The most extreme out�ows,
the so called Ultra-Fast Out�ows (UFOs, Tombesi et al., 2010), are observed in up
to 60%of AGN (Tombesi et al., 2010; Go�ord et al., 2013; Igo et al., 2020), show
velocities up to � 0:2 � 0:4 c, high ionization, � � 103� 6 erg cm s� 1, and column
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densities as large asNH � 1020� 23cm� 2.

These two types of winds are shown to coexist in multiple sources (Tombesi
et al., 2013). Comparative studies of their physical parameters indicate that they
could be uni�ed in a single, large scale, strati�ed out�ow, observed at di�erent
locations along the line of sight (Tombesi et al., 2013; Sera�nelli et al., 2019).

From the velocity of the out�ow, it is possible to estimate the distance of the
launching region from the SMBH, as the wind velocity has to be higher than the
escape velocity, and so the closer the region the faster the wind (Proga, 2007). The
fastest winds, UFOs, can be ejected from distances as small as few tens gravita-
tional radii. It is still not clear what the launching mechanisms of winds are. Ther-
mal pressure can be the accelerator for the slowest out�ows (100� 1000 km s� 1;
Krolik and Kriss 2001). For more powerful ones, magnetic forces (Fukumura et al.,
2015) or radiation force on spectral lines (line-driven winds; Proga 2007) should
be invoked.

A key parameter to understand the wind acceleration process is the accre-
tion rate, that can be re-scaled for the SMBH mass via the Eddington ratio
_m = _M= _MEdd = L =LEdd . In fact, it is likely the main physical driver of physi-
cal di�erences in the accretion �ow that lead to di�erent observed phenomena in
AGN. _m is proportional to the density of the accretion �ow, that in turn regulates
the heating and cooling of the matter and through this the emitted radiation and
the physical structure of the �ow (Giustini and Proga, 2019). An increasing value
of _m promotes the acceleration of stronger winds, ejected from regions closer to
the SMBH. If the accretion rate has such a key role in the production of winds, it
may be that the canonical classi�cation of AGN does not depend only on geomet-
ric factors, but also on the conditions of the accretion �ow at the moment of the
observation, meaning that we can expect to observe an evolution in some objects
(Giustini and Proga (2019) ad references therein).
An interesting case is that of sources that, after being observed for years as Seyfert
1 galaxies - i. e. unobscured objects - are caught during obscured phases, with
imprints of absorption in the X-rays and in the UV lasting for period as long
as years (for example NGC 5548, Kaastra et al. 2014) or as short as weeks (NGC
3783 Mehdipour et al. 2017; NGC 3227 Mehdipour et al. 2021). Examples of strik-
ing changes in the spectra of these objects are reported in Fig. 1.2. The obscured
state of these sources was determined to be caused by out�ows quite di�erent from
typical WAs or UFOs, with intermediate characteristics between the two: these
winds have high column densities and moderate ionization states, and are �owing
at velocities of few 103 km s� 1, typical of the BLR.
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Figure 1.2: Spectra of NGC 5548 (top panel), NGC 3783 (middle), NGC 3227 (bot-
tom) during their unobscured and obscured phases. Credit: Mehdipour et al. (2015,
2017, 2021).
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1.4 Seyfert 1 X-ray spectrum

The X-ray spectrum of radio-quiet type 1 AGN (i.e. Seyfert 1 galaxies), in the
energy band 0.1�100 keV, can be modeled at a �rst order as a power law, such as:

F (E) / E � � (1.8)

where F(E) is the �ux in units of photons cm� 2 s� 1 keV� 1. The photon index �
assumes typical values of� 1:7 � 1:9 (Mushotzky et al., 1993).

However, a deeper investigation indicates the presence of additional compo-
nents, in excess or absorption with respect to the primary power law. They are
easily detectable in type 1 objects because the X-ray emission from the innermost
region is only mildly absorbed. These components arise from speci�c structures,
whose properties can be derived using X-ray spectral analysis. The typical X-ray
spectrum of these sources is shown in Fig. 1.3.

Figure 1.3: The X-ray spectrum of a Seyfert 1 galaxy, in which all the typical features
are highlighted with di�erent colors and linked to the component that produces them,
in the simpli�ed structure pictured below.

The typical features that we can observe in unobscured type 1 AGN are:

ˆ The Compton re�ection component , characterized by a �attening of the
spectrum for energies above 10 keV, with a peak between 30 and 50 keV (the
Refection Hump) and �uorescence lines between 0.1-8 keV from the most
abundant elements, such as Fe, C, O, Mg, Cr, Ni. The most prominent
features are due to Fe: the Fe K� line at � 6.4 keV, the absorption edge
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at � 7.1 keV and, possibly, the K� line at � 7.05 keV. The lines are due to
�uorescence and are thought to be directly connected with the re�ection
hump. The physical origin is Compton re�ection from an optically thick gas
that should be relatively cold, probably associated with the accretion disk or
the molecular torus, illuminated by the primary source of X radiation (i.e.
the power law).

ˆ A Cut-o� on power law at energies around� 100� 200keV, that causes a
sudden decrease in the �ux. This is ascribed to the thermal Comptonization
which is responsible for the primary power law emission.

ˆ The Soft excess is a strong emission in excess of the power law continuum,
at energies of� 0:1� 2:0 keV. Its origin is still unclear: some models attribute
it to the thermal emission of the inner and hotter part of the accretion disk,
other invoke the presence of either a warm corona (Petrucci et al., 2018)
or an ionized, possibly relativistic re�ection component. Its peculiarity is
that for di�erent sources, if �tted with a thermal model, it shows a notably
constant temperature, despite di�erences in the central object masses and
in luminosities, suggesting that it is most likely not directly ascribed to
accretion disk emission.

ˆ Photoelectric absorption due to neutral material. It can be ascribed to
gas contained in our galaxy, with typical column densities of NH � 1020

cm� 2, as well as to gas contained in the source, with column densities up to
NH � 1022 cm� 2 (in type 1 Seyferts) and up to NH � 1024 cm� 2 (in type 2
Seyferts), likely related to the torus.

ˆ The Warm absorber (introduced above in the out�ow context) is composed
of partially ionized, optically thin material along the line of sight. It causes
the relatively strong absorption features observed in about half of the Seyfert
galaxies in the energy range� 0.1�2.0 keV. Its column density can reach NH &
1023 cm� 2. The precise location and geometry of this gas are not completely
clear, although it is supposed to be formed of distinct components, with
di�erent densities and properties as a function of the distance from the black
hole (Reynolds, 1997).

Two-phase model The most accepted model to explain the production of the
power law component observed in AGN is thetwo-phase model(Haardt and
Maraschi 1991; Haardt and Maraschi 1993), which provides explanations for the
AGN components already described in Sect. 1.2. This model predicts an emission
region formed by two distinct structures: the accretion disk, geometrically thin
and optically thick ( � > 1) and relatively cold (Td � 105 � 106 K), and above
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it the corona, being optically thin (� < 1), hot (T c � 109 K, kT c � 100 keV)
and ionized. From the equipartition of the kinetic energy among the electrons
mev2

e

2
=

3kT
2

, we have� =
v
c

=

s
3kT
mec2

� 0:7, corresponding to a Lorentz factor


 = 1=
p

1 � � 2 � 1:4.
The interaction of these two �phases" leads to a rather complex emission mech-

anism that we summarize in the following three points:

ˆ The inner regions of the accretion disk produce a black body emission peaking
in the optical/UV for reasonably high black hole masses, as observed in AGN.

ˆ Part of this low-energy radiation (Ephot � kT c) interacts via Inverse Comp-
ton with the electron population in the corona and is upscattered towards
higher energies. This represents the most e�cient cooling process in the
corona. The resulting spectral pro�le follows a power law with� � 1:9, up
to energies higher than 10 keV. The cut-o� is then determined by the elec-
tron temperature: whenEphot � kT c the energy transfer is no longer e�cient
and the process stops, producing the observed decrease at� 100� 200keV.

ˆ Assuming an isotropic emission from the corona, about half of the light is ra-
diated towards the observer and about half towards the disk. The interaction
of high-energy photons with this colder, optically thick material happens via
absorption, Compton scattering and �uorescence. This process is referred to
as Compton Re�ection. Qualitatively, X-ray photons of energies in the range
� 1 � 100 keV impact on the disk and produce a re�ection continuum di-
rected towards the observer, added up to the corona's continuum (the power
law). The re�ection component shows various emission and/or absorption
features, which contain information about the accreting material, as detailed
below.

1.4.1 Emission lines

The incidence of the radiation from the corona on the accretion disk produces a
re�ection continuum and �uorescence lines of the most abundant elements. The
most prominent lines are produced by iron (Fe), but the same arguments detailed
below apply to all elements.

Fe K lines are originated when the absorption of an X-ray photon with an
energy above the threshold of 7.1 keV (iron edge) causes the ejection of one of the
two electrons in the K-shell, ionizing the atom. The electronic con�guration is
in an excited state and the subsequent redistribution can occur in two ways. In
one case, an electron from the L-shell transits in the K-shell, releasing a photon
at energy 6.4 keV that has a 34% probability of exiting the atom; in such a case,
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this photon contributes to the K� line. In the remaining 66% of the cases, the
photon is absorbed internally by another electron, which is, in turn, ejected from
the atom (Auger e�ect). The second possibility is that the electronic transition is
from the M-shell to the K-shell, producing a photon at an energy of 7.05 keV that
we associate with the iron K� line. The �ux ratio between the Fe K� and the Fe
K� is � 1 : 8.

The above considerations are valid when the iron atom is neutral. At higher
ionization states, the energies increase accordingly. In particular, the K� line can
reach 6.97 keV for H-like iron (i.e., only one electron is left) (Kallman et al., 2004)
(Fig.1.4). The energy of the �uorescence line observed in AGN is typically 6.4 keV
rest-frame (Mushotzky et al., 1993). This value is consistent with the hypothesis
of re�ection from cold, neutral material with low velocity, in the disk or in the
molecular torus.

Figure 1.4: Ionization states of the Fe atom vs. energy expressed in eV. The points
show the increase of the energy of the Fe K� and Fe K� �uorescence lines at increasing
ionization levels. Credit: Kallman et al. (2004).

The strength of the line with respect to the continuum is measured by the
equivalent width (EW) 2. In Seyfert 1 galaxies the Fe K� EW spans in the range
50�350 eV, being typically of � 150 eV.

2The equivalent width gives the line �ux in terms of how much continuum �ux one has to
integrate in order to get the same �ux value. Assuming the continuum intensity f c is constant
over the wavelength range� 1 to � 2 and f (� ) is the total �ux (line plus continuum) at wavelength
� , EW=

R� 2

� 1

f ( � ) � f c

f c
d� .
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An emission line is intrinsically narrow and can be broadened by several e�ects,
for example thermal agitation or collisions. In the Compton re�ection model, it is
assumed that the emitting material is the rotating accretion disk, located in the
proximity of the SMBH: in this case, the principal distorting e�ects on the line are
due to orbital motion and Relativity. The combination of these factors can then
induce a strong pro�le deformation, as described in the following:

ˆ Classic Doppler e�ect, due to the motion around the black hole, causing an
energy shift. This can be expressed asEobs = Eem(1 � � ), whereEobs is the
measured energy,Eem is the emission energy,� = jvj=c. This e�ect, depend-
ing on the relative velocity between the material and the observer, causes a
double-peaked pro�le, where the receding gas produces the red peak and gas
moving toward the observer produces the blue peak (�rst panel in Fig.1.5).
An estimate of the broadening can be derived as follows: matching the cen-

tripetal and gravitational forces,
v2

r
=

GMBH

r 2
, it is possible to �nd a relation

between the velocity and the distancer from the center of a Keplerian orbit:
� 2 = r s=2r , being r s = 2GMBH =c2 the Schwarzschild radius. Using this� in
the Doppler e�ect equation, we �nd:

� E = Eblue � Ered = Eem(1 + � ) � Eem(1 � � ) = 2 Eem� / (r s=r)1=2 (1.9)

ˆ The rotational velocity of the accretion disk for an annulus with radius
r & r s can be estimated as the velocity of a Keplerian circular orbit:v �
(GMBH =r)1=2, so � / (r s=r)1=2. In the inner regions, velocities are higher
and relativistic e�ects no more negligible. In Special Relativity the Doppler

e�ect equation can be written asEobs ' Eem

s
1 � �
1 + �

. The line pro�le is

deformed by relativistic beaming, which boosts the blue peak and decreases
the red one. The transversal Doppler e�ect,Eobs ' Eem

p
1 � � 2, shifts the

whole structure at lower energies (second panel in Fig.1.5).

ˆ When the accreting matter reaches the inner regions (r� 10rg), General Rela-
tivity e�ects become important. Gravitational redshift induces a global shift
to lower energies, which is larger at smaller distances:� obs = � (1 � r s=r)1=2

(third panel in Fig.1.5).

All these e�ects act on the matter producing Fe photons and the dominant
e�ect is determined by the distance from the SMBH. The overall shape of the
emitted Fe lines is obtained by integrating from the the internal radius,r int , to
the end of the disk,rend. By doing so, we obtain the broadened and asymmetric
pro�le shown in the last panel of Fig. 1.5.
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Figure 1.5: Deformations of the Fe K� line shape in AGN spectra due to di�erent
e�ects: in the �rst panel Doppler shifting due to the rotation; in the second panel, the
beaming of the blue-shifted peak and the decrease of the red-shifted one due to special
relativity; in the third panel the global shift at lower energies due to general relativity;
in the fourth panel the �nal pro�le obtained summing all the e�ects and integrating on
the radius of the disk region where the line is emitted. Credit: Fabian et al. (2000).
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Many parameters of the disk and the disk-observer system can a�ect the re-
sulting line shape: the inclination, the internal and external integration radii, the
emissivity of each annulus, the ionization state, the density pro�le, etc. Grossly
speaking, however, the extent of the red peak depends on the distance of the in-
nermost part of the disk from the SMBH. In case of a non-rotating black hole,
the spacetime metric is described by the Schwarzchild metric and the innermost
stable orbit is at 6 rg, while for a rotating one in a Kerr metric, the inner radius
is located at 1.25rg. The line pro�les (shown in the left panel of Fig. 1.6) are
di�erent in the two cases, since in presence of a Kerr black hole the pro�le reaches
lower energies. In principle and for a limited number of AGN in the local Universe,
these di�erences in the observed AGN line pro�les can be used to infer the spin of
the SMBH when compared to models.

The extent of the blue peak is mainly due to the inclination: the line stretches
blue-ward when the angle increases, as seen in the right panel of Fig. 1.6.

Figure 1.6: On the left panel: comparison of relativistic iron line pro�les from an
accretion disk around a Schwarzschild black hole (narrower, peaky line) and a near-
extremal Kerr black hole (broader line). The line emission is assumed to extend down to
the radius of marginal stability which is 6r g and 1.25rg, respectively. The di�erence in
the width and redshift of the line is principally a result of the di�erence in the position
of the radius of marginal stability. On the right panel: relativistic iron line pro�les for
the case of an accretion disk around a Schwarzschild (non-rotating) black hole. It is
assumed that the region of the disk producing �uorescence extends from 6rg to 30rg.
Three inclination angles for the disk are shown: 10� , 30� , and 60� . The main e�ect
of increasing the inclination is to broaden the line by increasing its high-energy extent.
Credit: Fabian et al. (2000).
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1.4.2 Absorption

Winds are observed in the X-ray as absorption features. Warm absorbers pro-
duce a plethora of narrow lines. They can be resolved only in observations made
with high spectral resolution instruments (i.e., gratings or microcalorimeters) and
are seen altogether as a curvature in the spectrum in imaging exposures. Several
Seyfert 1 and RQ AGN show evidence for discrete absorption features in the range
� 4 � 10 keV. They are interpreted as Doppler shifted resonant absorption lines
due to highly ionized (H-like, He-like) iron (Cappi, 2006).

In the energy range 4�6 keV these lines are red-shifted and are most likely due
to infalling �ows with velocities up to 0.1�0.4 c, column densities& 1022 cm� 2 and
very large ionization parameters (� � 1000 erg s� 1 cm) (Dadina et al., 2005). An
example is shown in Fig.1.7.

Figure 1.7: BeppoSAX unfolded spectrum of Mrk 509 showing an absorption structure
(indicated by the arrow) redward of the Fe K emission line visible at� 6.2 keV. The energy
at 6.9 keV, corresponding to H-like Fe, is marked by a vertical line. Credit: Dadina et al.
(2005), Cappi (2006).

Absorption Fe features blue-shifted at energies above 7 keV are due to gas
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moving outwards. Out�ows are quite common in AGN and have been studied
since a long time, as detailed in Sect. 1.3. An example of absorption due to a UFO
is shown in Fig. 1.8.

Figure 1.8: XMM-Newton EPIC pn spectrum of PG 1211+143 in the 4�10 keV band,
in which a UFO with v � 0.15 c has been detected. Upper panel: background-subtracted
source spectrum with superimposed the best-�t model. Lower panel: best-�t model.
Credit: Tombesi et al. (2010).

1.5 Variability and analysis techniques

AGN display erratic, aperiodic �ux variability over a wide range of timescales (from
years to minutes; Padovani et al. 2017). The main property of AGN variability is
its �red noise" character, namely the occurrence of larger amplitude variations on
longer timescales.

Much faster variability is observed in the X-ray band than in any other. In
Fig. 1.9 an example of the X-ray light curve of the Seyfert 1 galaxy NGC 3227 is
shown.
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Figure 1.9: Light-curve of NGC 3227 (Obs ID 0782520401) in the energy band 0.3�10.0
keV, with the corresponding background; every time bin has 200s-length. A variation of
a factor � 4 can be observed in the count rate, on time-scales shorter than� 50 ks.

The minimum timescale of variability measured in a given waveband allows us
to infer an upper limit for the size of the emitting region. By imposing R6 � t
c (casuality), we �nd the most rapidly varying regions (tvar � few 10 ks) to have
sizes smaller than� 1015 cm� 10� 3 pc (Mushotzky et al., 1993). This short
variability is thought to originate in the innermost regions of the accretion �ow
(corona and inner disk). Moreover, it is responsible for driving (at least part of)
the variability from the outer accretion disk, observed at longer wavelengths (UV
and optical) and over longer periods. Observing diverse timescales for variability
in distinct parts of the spectrum can help us to distinguish separate processes in
act and understand where they are possibly originated.

In this regard, the variability of the Fe K� lines is particularly interesting,
because from the time evolution of their pro�le we can recognize directly changes
due to motions or modi�cations of the emitting material in the very central regions.
For example, by investigating on the geometry and dynamics at small distances
from the black hole we can test variations in the Fe K� line originated by orbital
motions, analyzing the time scale of the Keplerian orbital period at a distance of
10 rg, whererg = GMBH =c2. It is estimated by Bardeen et al. (1972):

Torb = 310

2

4a +

 
r
rg

! 3=2
3

5 M 7 s (1.10)
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where a is the black hole spin: a = 0 corresponds to a non-rotating black
hole, with the surrounding spacetime being described by the Schwarzschild metric,
whereas for a maximum rotating black hole witha = 1 the Kerr metric is used.
M 7 is the SMBH mass expressed in units of 107 M � . The masses of the black holes
in AGN typically span in an interval of 106 � 109 M � . For a medium value of
� 107 M � , we �nd T orb � 10 ks.

A practical way to analyze the temporal evolution of this emission feature is
the Excess Maps technique, introduced in Iwasawa et al. (2004) and later used in
Turner et al. (2006), Tombesi et al. (2007) and De Marco et al. (2009). This time-
resolved spectral analysis is based on the representation of excess residuals against
a spectral continuum in the time-energy domain. This method allowed Iwasawa
et al. (2004) to spot sinusoidal variations of the excess in band 5.7�6.2 keV with
a period of� 25 ks for the Seyfert 1 galaxy NGC 3516, shown in Fig. 1.10. These
results were interpreted as Doppler modulations of a Fe K� line broadened by
gravitational redshift. Studying its pro�le, it was possible to place constraints on
the emitting region, limiting it to the range of 7�16 rg, thus allowing an estimate
of the black mass of(1 � 5) � 107 M � .

Figure 1.10: Left panel: excess map obtained from a XMM-Newton observation of
NGC 3516, in which there are recurrent red-ward features. Right panel: a simulated
excess map replicating the emission of a �are rotating above the disk: this represents
a possible explanation for the data. The y-axis represents the energy, and the x-axis
the time. The colour shows the intensity of the residuals against a smooth continuum.
Credit: Iwasawa et al. (2004).

Using the same method, Turner et al. (2006) found in Mrk 766 a modulation in
the Fe K� emission with period of� 165 ks, interpreted as due to orbiting material
at distance . 100 rg from the black hole, as shown in Fig. 1.11.

In this work we present an �updated" version of the excess maps, theresidual
maps. We consider simultaneously positive and negative residuals, with the aim
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Figure 1.11: Smoothed excess map obtained by a XMM-Newton observation of Mrk
766. The blue line follows the periodic energy-shift of the Fe K� peak. Credit: Turner
et al. (2006).

of following the variations of both emission and absorption lines.
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In this work we are interested in analyzing objects that underwent an obscu-
ration event. In particular, we want to study them via time-resolved spectral
analysis. In fact, it is possible that phenomena happening in the region closest
to the SMBH may produce emission/absorption features that would appear only
for a limited amount of time or show a variability that would be evened out in
long exposures, as they are expected to be transient (Giustini and Proga, 2019).
By using time-resolved spectral analysis on short times, we aim at detecting such
features and characterizing their variations, then to make a comparison between
the obscured and unobscured state of the sources.

To sample short-time scales means to probe regions close to the SMBH, but it
requires a high photon statistics: we have to reach a compromise between sampling
short time-scales and acquiring a number of photons per time bin that allows us
to �nd signi�cant results in the spectral analysis. We need objects that have been
observed both in the obscured and unobscured state by the instrument with the
highest collecting area in the Fe K band, which is the EPIC pn on-boardXMM-
Newton.

2.1 XMM-Newton

XMM-Newton (X-ray Multi-Mirror Mission) is the ESA cornerstone X-ray obser-
vatory, launched in December 1999. On-board there are three X-ray telescopes,
each composed of 58 gold-coated shells, nested in a co-axial and co-focal Wolter
I con�guration (Fig.2.2). Each shell consists of a paraboloid and an associated
hyperboloid grazing incidence mirror. This con�guration is necessary to re�ect
high-energy radiation: on a material with density� , photons are re�ected if the
incidence angle is lower than a critical angle� crit /

p
�=E . The focusing optics

grant a good angular resolution: the Point Spread Function (PSF, the distribu-
tion on the focal plane of a point-like source) has a Full Width at Half Maximum
(FWHM) of � 6� at the center of the Field of View, and Half Energy Width
(HEW, the PSF diameter that includes50%ot the total energy of the source) of
� 15�, since the PSF has not a Gaussian shape (see Fig. 2.1).

There is also an optical/UV telescope, used to observe counterparts of the
X-ray sources.

2.1.1 The on-board instruments

The three main scienti�c instruments on-board XMM-Newton (see Table 2.1) are:

ˆ The European Photon Imaging Camera (EPIC): three CCD cameras,pn,
MOS 1 and MOS 2, each on the focal plane of one of the three X-ray tele-
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Figure 2.1: The pn fractional encircled energy as a function of the spectral extraction
radius at di�erent energies. This plot shows what is the fraction of photons contained
in a given extraction radius for a point-like source at a given energy. The curves are
calculated integrating the PSF. Credit: ESA's XMM- Newton Users Handbook.

Figure 2.2: Light path in the XMM- Newton telescope with EPIC pn camera in its
primary focus. The grazing incidence optics are in Wolter I con�guration. The double
re�ection, �rst on a paraboloid and then a hyperboloid surface, optimizes the collection
of high-energy photons. Credit: ESA's XMM-Newton Users Handbook.
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scopes. The EPIC CCDs produce images and o�er medium-quality spec-
troscopy, with a resolving power E/� E � 20-50; around the Fe K� line (E
' 6.4 keV) this corresponds to a spectral resolution of� 150 eV.

ˆ The Re�ection Grating Spectrometer (RGS): two identical spectrometers,
which grant an excellent spectral resolution, withE=� E � 200� 800, for
energies from� 0.3 keV up to 2.5 keV. They are mounted on the same
telescopes of the MOS: the incident light is split by a grating (RGA): � 40%
of the photons are diverted towards the RGS and� 44% reach the MOS
directly, while a small fraction is lost.

ˆ The Optical Monitor (OM): it produces optical and UV images and spectra
in di�erent �lters between 170 nm and 650 nm.

Instrument EPIC pn EPIC MOS RGS OM

Bandwidth 0.15 - 15 keV 0.15 - 12 keV 0.35 - 2.5 keV 180 - 600 nm
Sensitivity a � 10� 14 � 10� 14 � 8 � 10� 5 20.7
Field of view 30' 30' � 5' 17'

FWHM 6� 5� 5� 1.4�-1.9�
HEW 15� 14� 14� -
Pixel 150 � m (4.1�) 40 � m (1.1�) 81 � m � 0.48�

Time resolution b 0.03 ms 1.5 ms 16 ms 0.5 s
Spectral resolution � 80 eV c � 70 eV 0.04/0.025Å d 350 e

Table 2.1: Technical characteristics of the detectors on XMM-Newton.
(a) Expressed in erg s� 1 cm� 2 for pn, MOS and RGS.
(b) In timing mode for EPIC, high time-resolution model for RGS and fast mode for
OM (the fastest data acquiring modality for each detector).
(c) At 1 keV, it becomes 150 eV at 6.4 keV for both EPIC cameras.
(d) 3.2 eV at 1 keV.
(e) Resolving power expressed as�= � � .
Data from ESA's XMM- Newton Users Handbook.

In Fig. 2.3 the e�ective areas of the three EPIC instruments are shown, com-
pared to the two ACIS (Advanced CCD Imaging Spectrometer) onboard NASA's
Chandra X-ray Observatory: we note that XMM-Newton sensitivity is consider-
ably higher at all energies. In particular, the pn camera has the highest response,
reaching a maximum of� 1270 cm2 at E ' 1.5 keV and about 700-800 cm2 in
the Fe K energy band (E� 6-7 keV). The EPIC MOS cannot achieve such a high
sensitivity, not even if MOS 1 and 2 are added together: this is to be ascribed to
the partition of the light with the RGS spectrometers.
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Figure 2.3: Comparison of the e�ective areas of instruments onboardChandra and
XMM- Newton. The pn instrument onboard XMM- Newton is the most suitable for the
kind of investigation described in this thesis, since it guarantees the collection of a large
number of counts up to high energies, including the iron line spectral interval.

2.2 Sample selection

We selected sources classi�ed as Seyfert 1 galaxies in the SIMBAD astronomical
database (Wenger et al., 2000) and matched this sample with the 4XMM-DR11
catalogue (Webb et al., 2020). We imposed a lower limit for the �ux of the pn ex-
posures in the Fe K band, that corresponds to band 5 (4.5-12 keV) in the catalogue.
The threshold we set is10� 11 erg cm� 2 s� 1. Among the sources that resulted from
this cut, we hand-picked those that have an obscuration event already reported
in literature, to the best of our knowledge. This selection process lead us to four
objects: NGC 3783, NGC 3227, NGC 5548, NGC 985 (also known as Mrk 1048).
Thus the number of sources is not large enough to allow us to draw strong and
general conclusions, and we expect that the results will be most probably driven
by the single cases. We think, however, that such study is important to pave the
way for the opportunities that will be opened by the new instrumentation such as
the incoming Xrism/ Resolve(XRISM Science Team, 2020), andAthena/ X-IFU
(Barret et al., 2018), that will be launched in the next decade.

The observations available at that time of NGC 3783, NGC 5548 and NGC 3227
have been studied with the time-resolved spectral analysis technique of the Excess
Maps (see Sect. 1.5) by De Marco et al. (2009) and, in particular, NGC 3783 have
been thoroughly analyzed with the same method by Tombesi et al. (2007). Part
of our analysis consists in visualizing the evolution in time and energy of discrete
emission and absorption features via Residual Maps, that are an update of Excess
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Source MBH Torb 10 Rg Min rate � t Sampling 10 Rg Light path
107 M� ks cts s� 1 ks Rg

NGC 3783 3 (1) 29.4 1.21 5 0.17 34
NGC 3227 0.5 (2) 4.9 1.04* 5 1.02 204
NGC 5548 4.8 (2) 47.0 0.74 7 0.15 30
NGC 985 20 (3) 196.1 0.37 13.5 0.07 14

Table 2.2: In this table we report the black hole masses of the sources in our sample
as found in literature ((1) Peterson et al. 2004, (2) Bentz and Katz 2015, (3) Vasudevan
et al. 2009), second column, and the corresponding orbital period at a distance of 10
Rg calculated using equation 1.10, third column. The minimum count rate value for
the 4.5-12 keV energy band is from the 4XMM-DR11 catalogue (Webb et al., 2020),
fourth column, and we use this value to determine the time bin size�t we are going to
use in our time-resolved analysis in order to have a minimum of 5000 photons in each
sliced spectrum, �fth column. Lastly we show what fraction of the Torb 10Rg is sampled
in each extracted spectrum, sixth column, and the light path covered in our bin size,
seventh column.

Maps: for this reason, we decided to start our work with NGC 3783, in order to
have a direct comparison with literature and test the validity of our approach. In
Chapter 3 we will present our method, using NGC 3783 as a test case.

To determine the physical scales we can probe, we calculate with Eq.1.10 the
Keplerian orbital period at the nominal distance of10 Rg for each of the sources.
We chose this distance as it is where the most powerful winds are supposed to
be launched from the accretion disk (Giustini and Proga, 2019). Then we check
for the minimum count rate in band 5 for the pn, reported in the catalogue, and
calculate the size of the time bins we need to reach a decent photon statistics in each
extracted spectrum in order to have meaningful results. We set this threshold at
5000 photons for spectrum. By comparing these two time-intervals we determine
how much of the orbit we can sample in our time bins. Moreover, we measure
the time bins in terms of light travel time in order of gravitational radii, so to
understand the physical scales on which we observe variability. The results are
shown in Tab. 2.2.

Among the observations of NGC 3227, two have a particularly low �ux, namely
OBS ID 0101040301 and 0844341401, with count rates less than half than in the
others. We chose to use larger time bins (13.5 ks) only for these two pointings, in
order to maintain a short time resolution for the majority of the observations.
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2.3 Data reduction

Table 2.3 reports all of the observations used in our analysis.
All datasetes were reduced using the same procedure. Source photons were

collected from a circular region of 40 arcsec, that correspond to� 90% of the
encircled energy at on-axis position (Snowden et al., 2004). The background re-
gions were selected to be on the same CCD, but far enough from the source to
prevent contamination. We selected good time intervals by checking the lightcurve
at energies above 10 keV and excluded time of high background; for this reason,
we excluded an entire observation of NGC 985 (OBS ID 0743830601), too badly
a�ected by �ares to be used. We checked for pile up and did not �nd it for any
observation.
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Obs ID Count rate 4:5� 12 keV Exposure
(ct s� 1) (s)

NGC 3783
0112210101 2.257� 0.009 25468
0112210201 1.806� 0.005 81538
0112210501 2.353� 0.005 86125
0780860901 1.215� 0.005 47058
0780861001 1.463� 0.009 19356

NGC 3227
0101040301 0.453� 0.005 29642
0400270101 1.439� 0.004 89256
0782520201 1.386� 0.006 46012
0782520301 1.042� 0.006 27046
0782520401 1.257� 0.006 38491
0782520501 1.496� 0.007 37201
0782520601 1.638� 0.005 57358
0782520701 1.570� 0.006 41807
0844341301 1.339� 0.005 58738
0844341401 0.368� 0.004 26356

NGC 5548
0109960101 1.307� 0.009 15821
0089960301 1.596� 0.006 41272
0089960401 1.982� 0.011 17824
0720110301 0.745� 0.005 33927
0720110301 1.440� 0.007 36200
0720110501 1.090� 0.005 37559
0720110601 1.560� 0.007 36609
0720110701 1.362� 0.006 35923
0720110801 1.372� 0.006 36678
0720110901 1.205� 0.006 36711
0720111001 1.298� 0.006 36834
0720111101 1.478� 0.007 32485
0720111201 1.465� 0.007 37106
0720111301 1.325� 0.006 34919
0720111401 1.217� 0.006 35857
0720111501 1.147� 0.007 25434
0720111601 1.173� 0.006 28703
0771000101 1.008� 0.008 15223
0771000201 1.087� 0.007 22334

NGC 985
0690870501 0.373� 0.003 61256
0743830501 0.475� 0.003 70412
0743830601 0.615� 0.003 63426

Table 2.3: All observations analyzed in this work. All values are taken from 4XMM-
DR11 catalogue (Webb et al., 2020).
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NGC 3783 is a Seyfert 1 galaxy at redshiftz = 0:0097(Theureau et al., 1998),
with a SMBH mass ofM = 3 :0 � 0:5 � 107 M � , as estimated via reverberation
mapping studies in optical and UV bands (Peterson et al., 2004). Analyzing the
XMM-Newton observation taken in 2001 (Reeves et al., 2004, hereafter R04) iden-
ti�ed several features: a strong Fe K� at 6.4 keV, an emission line at� 7 keV due to
a blend of neutral Fe K� and H-like Fe, and absorption at� 6.6 keV due to highly
ionized Fe, plus an absorption edge at� 7.1 keV. In the same dataset, Tombesi
et al. (2007) found a modulation of the �ux and a correlated variation of the Fe
K� with a broad redshifted component on time-scales of� 27 ks. In December
2016, during aSwift/XRT monitoring program, NGC 3783 showed heavy X-ray
absorption produced by an obscuring out�owing gas (Mehdipour et al., 2017, M17
hereinafter). As a result, new absorption lines from Fe XXV and Fe XXVI ap-
peared in theXMM-Newton spectrum. From their analysis, M17 found for the
out�ow a column density of a few 1023 cm� 2 and a velocity of few 1000 km s� 1,
and interpreted it as a clumpy, inhomogeneous medium consistent with clouds at
the base of a radiatively-driven disk wind located in the outer broad line region
of the AGN. A similar but less intense obscuration event was revealed by Kaastra
et al. (2018) in aChandra/HETG observation taken in August 2016, with a col-
umn density of one order of magnitude lower than the one derived in December
2016. Using all the X-ray observations of NGC 3783, from 1993 (ASCA) to 2016
(Chandra), it was clear that the source displayed an absorption column density
larger than 1022 cm� 2 in roughly 50% of the observing time. De Marco et al. (2020,
hereafter DM20) constrained the short time scales (from about one hour to ten
hours) variability properties of the obscurer in the 2016XMM-Newton dataset.
Their spectral-timing analysis showed that the observed fast variations in the soft
X-rays were consistent with changes in the ionization parameter. This study al-
lowed inferring a recombination time of. 1.5 ks, corresponding to a lower limit
on the electron density of ne � 7:1 � 107 cm� 3. This value is consistent with M17
results and places the obscurer at a distance between 7 and 10 light days.
There are seven observations of NGC 3783 in theXMM-Newton Science Archive,
but two of them (OBS ID 0112210401 and OBS ID 0112210601) were excluded
from our analysis because of their short duration (� 4 ks). The remaining obser-
vations we analyzed are listed in Table 2.3. Following M17 and DM20 we identify
two epochs, corresponding to the state of the source: observations from 2000 and
2001 caught the source in an unobscured state, and are hereafter identi�ed as U1,
U2 and U3, while during the observations taken in 2016 the source was in an
obscured state, so they are named as O1 and O2.

As detailed in Sect.2.2, the set the size of the time bins for this source at 5
ks, obtaining a total of 88 spectra, 56 for the unobscured dataset and 32 for the
obscured one.
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Figure 3.1: Background-subtracted light curve of NGC 3783 (red points) with the
corresponding background (pink points), extracted in the 4-10 keV band. The time bins
are 5ks. The identi�ers of each observation (U1-3, O1-2) refer to the state of the source
(Unobscured, Obscured), as pointed in Sect. 3

As already reported, the mass of the SMBH NGC 3783, as estimated by Pe-
terson et al. (2004) via reverberation mapping, is 3� 107 M � . In the non-spinning
case,a = 0, we �nd that that 5 ks corresponds to the orbital period at � 3 Rg.
Therefore, using this time-scale we can over-sample periodicities or variations oc-
curring at larger radii, meaning that we may probe and map regions just outside
of the event horizon. In terms of light travel time, 5 ks correspond to a few tens
(� 35) Rg.

3.1 Baseline model

The blind search for features basically consists in �nding signi�cant deviations
from a baseline model, so the choice of it is particularly important.

We limit the energy band of the analysis between 4 and 10 keV, and this allows
us to use a simple model, including only a power law, an absorption component
(intrinsic to the source, as the Galactic absorption e�ects are only visible at lower
energies), and a narrow Gaussian emission line for the neutral Fe K� line, that is
always present in Seyfert 1 galaxies.

NGC 3783 has shown a combination of cold and mildly ionized absorbers
throughout the years (R04, Yaqoob et al. 2005, M17, Mao et al. 2019). In 2016 the
source was under a monitoring campaign made throughSwift, and in December a
change in the hardness ratio triggeredXMM-Newton observations, that revealed
an increase on the column density and the presence of a low-ionization component
(M17). Trying to model such a complex combination of media would not give
any signi�cant result when �tted on spectra with exposures as short as 5 ks, so
it is necessary to simplify. Moreover, we are not trying to thoroughly analyze the
variations of the whole system, but only trying to isolate discrete features. With
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this in mind, we have to choose a model that, even if not physically accurate,
can reproduce the shape of the continuum. On the one hand, the simplest possi-
ble absorption (cold and totally covering) introduce some systematics (as detailed
in Sect.3.5); on the other hand, a more complex model including ionized matter
would reproduce the discrete features we aim at �nding and studying individually,
therefore it cannot be used. We choose to use a partial covering cold absorption
absorber, that should mimic well enough the continuum shape and also intrin-
sically contains the possibility of a totally covering medium. We also include a
narrow emission line in the model, to account for the Fe K� line which is known
to be present and is typically su�ciently strong (EW � 100� 150eV) to alter the
4�10 keV continuum �t if not properly taken into account. The baseline model in
XSPEC is pcfabs � (power law + gauss).

3.1.1 Fe K � line

Following the results of M17, we assume the Fe K� to be narrow, with a frozen
width of 10 eV. The other line parameters (energy and normalization) are left free
to vary.

In Fig. 3.2 we show the energy, normalization, and equivalent width (EW)
of the narrow Fe K� as obtained from the �ts of each time-resolved spectrum,
and their average values in individual observations. We do not report major vari-
ability in none of the line parameters, except for a shift in the centroid energy
(� 50 eV) between unobscured and obscured datasets. We checked if a similar
change is detected also in the MOS data using the average spectra for each of the
six observations but we did not �nd any evidence for such a shift. We therefore
conclude that the observed variations is most probably due to uncorrected charge
transfer ine�ciency (CTI) evolution that translates into a poor gain calibration, as
described in Ponti et al. (2013), Mehdipour et al. (2015), and Zoghbi et al. (2019).
In addition, the energy of the narrow Fe K line displays some short episodes of sig-
ni�cant variation (see U3, O1 and O2 in the upper panels of Fig. 3.2) on time-scales
of tens of ks.

The EW of the line appears to be constant within each single pointing, as
shown in the lowest row of Fig. 3.2, despite the almost30%variability in contin-
uum �ux for the most extreme cases (Fig. 3.1, U2b, U3, O1). This is not expected
when assuming that the narrow Fe K� emission line is produced far from the origin
of the primary X-rays. In this case, we would expect a decoupling between the
normalization of the line and the continuum �ux, thus variations in the EW which
is their ratio, due to the time-delays introduced by the distance of the reprocessor.
The easiest way to explain this is to associate this emission component with a
feature produced in the vicinity (i.e. fast responding) of the SMBH. Under this
assumption, one would expect it to be related to a relativistically modi�ed iron



CHAPTER 3. NGC 3783

Figure 3.2: Rest-frame energy (top panel), normalization (middle panel), and EW
(bottom panel) of the narrow Fe K� line included in the baseline model; errors are
reported at 1� .
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Figure 3.3: Width of the Fe K � line. The magenta dotted line marks the frozen 10
eV width used in the baseline model. All errors are reported at1� .

emission line. On the one hand, if this were the case, we would expect some vari-
ability in line shape on short time-scales, as predicted for example in light-bending
scenarios (Miniutti and Fabian, 2004). On the other hand, D20 demonstrated that
the variability of the source is strongly in�uenced by changes in the absorber char-
acteristics also at small time-scales (� 1500s). This is in agreement with the
apparent steadiness of the EW of the emission feature. Overall, we stress here
that the 1� error on the Fe K� line normalization is of the order of25� 30%(mid-
dle row of Fig. 3.2). This impacts on our capability to deeply investigate the iron
line intensity variability on these time-scales. We cannot claim strong evidences
for variation but, at the same time, we cannot exclude them if they are of the
order of � 10%.
On larger time-scales, from 2001 to 2016 observations, we may appreciate an in-
crease in the average value of Fe K� EW of the order of 70 eV. Assuming that
the energy of the line remains the same between the two sets of observation, this
increase in EW is consistent with the rise of the absorber column density and
decrease in �ux (M17).

In order to verify whether the assumption of a narrow line (width �xed at 10
eV) was correct, we left its width free to vary. The average values we obtained
for its width is of � 30 eV for the unobscured state and� 70 eV for the obscured
state (Fig. 3.3). The width was, however, always consistent with 0 to within 2� .
We thus decided to keep the width frozen to 10 eV for the following steps of the
analysis.

3.2 Blind search

After �tting the baseline model described in Sect. 3.1, we carry out a blind search
for additional emission/absorption features. Since the only discrete component
present in the baseline model is the Fe K� , we may expect to detect also features
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Figure 3.4: An example of the signi�cance contours found with the
blind search in a single 5 ks spectrum. An emission line is detected at
� 3� (99%; i:e: � � 2 � � 11:34; �d :o:f : = 3) at � 6:9 keV and an absorption line is de-
tected at � 2� (95%; i:e: � 7:81 � � � 2 > � 11:34; �d :o:f : = 3) at � 7:9 keV.

(like the Fe K� /ionized Fe K� blend and the absorption lines described in R04 and
M17) that appear in the average spectrum. Our purpose is to verify whether they
are present at all times or do show some variations that get evened out, and are
therefore unnoticed, in the average spectra. We apply a procedure similar to that
adopted in Tombesi et al. (2010): a second Gaussian component is added to the
model, allowing for both positive and negative values of the normalization, and
with width in the range 0.01�0.5 keV. Then the steppar command is launched
simultaneously on the line energy parameter (which can vary from 4 to 10 keV,
with increments of 5 eV) and the normalization parameter (from -6.5 to +6.5
� 10� 5 photons/s/cm� 2, with increments of 6:5 � 10� 7 photons/s/cm� 2). We
then plot the signi�cance contours corresponding to� � 2 of -6.25, -7.81, -11.34
that, for three free parameters, represent a signi�cance of the line of 1.6(� 90%),
2 (� 95%), and 3 (� 99%) � , respectively. An example of these contour plots is
shown in Fig. 3.4, where an emission line is detected at� 3� at E� 6.9 keV and
an absorption line is found at� 2� at � 7.9 keV.
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This procedure is repeated for all the 5ks-long, time-resolved spectra. Since
the obscured/unobscured state of the X-ray source may in�uence the number and
type (i.e. emission vs absorption) of lines, we analyzed separately the features
detected in the two states. In Fig. 3.5 the distributions of the detected emission
and absorption features as a function of their observed-frame energy are reported;
each bin is 0.2 keV wide. The vertical dotted line represents the nominal energy
of the Fe K� emission and is shown only as a visual reference, since in the current
analysis this feature is already included in the model as a narrow emission line
(see Sect. 3.1.1). The occurrences of the features are normalized to the number of
analyzed spectra, 56 for the unobscured case and 32 for the obscured case. Inter-
estingly, the energy of the detected emission and absorption lines seems to cluster
around certain values. Starting with the emission lines, in the unobscured data we
recognize a small peak in the distribution (corresponding to a total of 8 detections
in time-resolved spectra) at the energy of the K� /ionized K � line, corresponding
to the K� /ionized K � blend. In the obscured state (Fig. 3.5, bottom-left), most
of the detected lines are clustered between� 5:6 keV and � 6.4 keV.
For the absorption features, most of the detections cluster between� 6.4 keV and
� 7 keV. While no major di�erence is observed in the distribution of clustered fea-
tures in unobscured and obscured observations, there seems to be a slight shift
towards higher energies in the obscured datasets.

3.3 Simulations

To assess the statistical signi�cance of the individual lines, we followed the indi-
cations reported by Protassov et al. (2002) and Vaughan and Uttley (2008). In
particular, after a preliminary assessment by evaluating the� � 2 for the 3 � d.o.f.
of the detected line (energy, normalization, width), we used Monte Carlo tech-
niques to compute the number of times a line at a given energy and signi�cance is
found by chance in simulated, featureless spectra. In doing so, we took advantage
of what we found in real data: in fact, the detected features we are looking for in
the simulations do not appear to be random �uctuations, that could be positive or
negative, but lines clustered in determined regions of the spectrum, bound to be
strictly positive or negative. We thus tested separately emission and absorption
lines.
To probe the di�erent source states, we analyzed separately the unobscured and
obscured epochs, because of their intrinsic diversity, and for each epoch we made
a selection in X-ray �ux, identifying low, medium and high-�ux states. For the
2000/2001 datasets, the �ux ranges are 2.50� 3.09, 3.09� 3.68, 3.68� 4.27 � 10� 11

erg s� 1 cm� 2, while for the 2016 dataset the three �ux intervals are 1.42� 1.80,
1.80� 2.19, 2.19� 2.57� 10� 11 erg s� 1 cm� 2, respectively. We determined a best-�t
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Figure 3.5: The distribution in energy (observed frame) of the features detected via
blind search. The energy bins are 0.2 keV wide. The top panels show the results of the
unobscured dataset (U1, U2a, U2b, U3), while the bottom panels refer to the obscured
datasets (O1, O2). On the left panels, detections of emission lines are reported (red),
while the right panels report detections of absorption lines (blue): in both cases, the
darker the color the higher the signi�cance, i.e. the measured� � 2. The percentage
on the y axes is the ratio between the number of detections in each bin and the total
number of spectra for the two sets of observations (56 in total for the unobscured, and
32 in total for the obscured). The dotted line reported in all four �gures is the nominal
energy of the Fe K� and is shown purely as a visual reference. The letters A-E indicate
the clusters of lines that globally reach a signi�cance& 3� , as indicated in Table 3.1 and
described in Sect. 3.3.
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baseline model (using the same continuum model de�ned in Sect. 3.1) for each of
these groups of spectra (six in total), and used it to simulate 1000 spectra for each
group. Simulated spectra are grouped at 1/5 of the instrument energy resolution.
We �rst apply and �t the baseline model and record the obtained best �t � 2. Then
a second Gaussian component is added. Since in real data the detected lines ap-
pear to cluster at speci�c energies, we analyzed the energy bands 4-6 keV, 6-8 keV,
and 8-10 keV separately in simulated spectra. In particular, the �tted line energy
is forced to vary within each of these intervals, and its width is free to vary in
the range 0.01�0.5 keV. Emission and absorption features are searched separately.
To adopt a conservative approach, for each cluster of features we �nally counted
how many of the 1000 trials show a� � 2 higher than the lowest value found in
the actual data. This does automatically translate into a robust estimate of the
signi�cance of each of the detected lines. Results are shown in Table 3.1.

We �nd that both emission and absorption lines do not reach a high signi�-
cance in the unobscured dataset and that they tend overall to be more signi�cant
during the obscured phase. We also �nd that the �ux state does not seem to have a
direct e�ect on the signi�cance of the features. If we take into account their occur-
rences and calculate the binomial probability, their signi�cance increases sensibly,
as shown in Tab. 3.1, where the most signi�cant groups of features are identi�ed
with the A-E letters in the last column. The global probability that the absorption
lines detected in the 6-8 keV range are not �uctuations is& 4� for both source
states (C, E). As for the emission lines, their estimated signi�cance is& 3� in the
4-6 keV range in all the observations (A, D), and 4� in the 6-8 keV band during
the unobscured state (B).

The transient/variable nature of the detected features is naturally inferred from
the fact that they are detected only in a fraction of our time-resolved spectra.

3.4 Residual Maps

The blind search can accurately detect features in each time bin and provides
information about their possible repeated appearances at di�erent times during
the entire observations. It is not immediate, though, to understand the evolution
in time of such features just from the blind search results: an easy way to trace
it is to represent these features in a time-energy plane. This approach was �rst
introduced by Iwasawa et al. (2004) and later used in several studies (e.g. Turner
et al. 2006; Tombesi et al. 2007; De Marco et al. 2009; Nardini et al. 2016; Marinucci
et al. 2020). Since we have studied the presence of emission and absorption features
simultaneously, we decided to visualize them altogether (hence the passage from
excessto residual maps in the denomination).

In order to visualize the data uniformly, we have to choose �rst an energy
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Energy � � 2 � single (1) MC � single (2) � group (3)

Low Mid High

keV % % % % %

Unobscured
Emission

4-6 91 94 92 92 99.3 A
6-8 91 94 93 93 >99.9 B
8-10 91 92 90 91 91.0

Absorption
4-6 92 90 91 88 87.0
6-8 91 90 88 89 99.9 C
8-10 90 87 83 80 91.0

Obscured
Emission

4-6 95 97 96 96 >99.9 D
6-8 96 99 99 98 99.0
8-10 94 96 96 95 65.0

Absorption
4-6 97 97 96 97 93.0
6-8 92 91 93 92 >99.9 E
8-10 96 96 95 95 74.0

Table 3.1: Signi�cance of detected variable features: (1) signi�cance of single features
calculated from the � � 2 for 3 � d.o.f. measured after the addition of a Gaussian line
in emission/absorption; (2) signi�cance of single features from MonteCarlo simulations
(Low/Mid/High refer to the di�erent selected �ux levels, de�ned in Sect. 3.3); (3) global
signi�cance of detected features (i.e. calculated from a binomial distribution, and as-
suming the total number of spectra in each state as the number of trials, the number of
detections obtained via the blind search as the number of successes, and the mean value
from MC simulations as the success probability for each trial). The letters A-E refer to
the groups of features with a signi�cance> 3� , as indicated in Sect 3.3 and displayed in
Fig. 3.5. Their nature is discussed in Sect. 3.6.
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resolution for the maps. To have su�cient statistics, we impose a minimum of 20
photons in each�t � �E pixel. Having already selected� t=5 ks (see Sect. 2.2),
we can adopt� E = 100 eV, which is approximately equal to the EPIC pn energy
resolution at high energies and allows us to to collect >20 photons per time-energy
pixel at all times, except for energies higher than 9 keV in the �rst half of O1 (where
the �ux is at its minimum, as shown in Fig. 3.1). However, with the blind search
we already found that we are not able to detect signi�cant features in this range
for the obscured dataset, therefore we decided to limit our analysis to the data
below 9 keV for the RM analysis.

Fig. 3.6 shows the RM produced applying the baseline model described in
Sect. 3.1 �tted in the total energy range. This procedure is fairly di�erent from
what is usually done in excess maps (e.g. Iwasawa et al., 2004; De Marco et al.,
2009), where the continuum is typically modeled using only narrow energy bands
of the spectrum where no major discrete features are expected to be observed (see
Sect. 3.5). As for the blind search, however, we found that the oversimpli�cation of
the modeling/�tting may introduce too strong systematics also in the production
of the maps (see, for example, the di�erences between the maps shown in Fig. 3.6
and in Fig. 3.9).

From a visual inspection of the RM, it is possible to see that the features
detected in Sect.3.2 (and listed with A-E letters in Table 3.1) are present also in the
maps, and evidently exhibit intensity variability on short time-scales probed by the
RM. Nevertheless, we do not �nd any clear/obvious macro pattern of variability.

The most evident features in the RM are, of course, those that are most con-
spicuous in the histograms in Fig. 3.5. The recurrent absorption feature detected
via the blind search is clearly recognizable as a blue stripe at� 6.5 keV in the
unobscured datasets (C), with a varying intensity on short (� 10 ks) time-scales.
This absorption line gets wider and shifted in energy up to� 6.7-6.9 keV in the
obscured dataset (E). It is interesting to see that, in the RM, this feature seems
to appear far more often than in the histograms, where it reaches a maximum fre-
quency of� 25%: this is because in the blind search we set the detection threshold
at 90%, whereas the maps show all the residuals withj� � j > 1, that correspond
to a lower signi�cance, approximately 68%.

The emission features related to the neutral Fe K� /ionized Fe K� are visible
in the 2000/2001 observations as an irregular sequence of shallow red spots around
� 7 keV (B). The recurrent emission features in the lower energy band (4�6 keV)
also appear shallow and irregularly distributed in the unobscured dataset (A),
while in the obscured one they are mostly clustered above 5 keV (D), as especially
clear in O1. These results will be discussed in Sect. 3.6.
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Figure 3.6: Residual maps produced with the baseline modelpcfabs � (power law
+ gauss). The time bin size is 5 ks, while the energy resolution is 0.1 keV. Each pixel
shows the value of� � (i.e. residual/data error, in red for the positive and in blue for
the negative residuals) to give an estimate of the signi�cance, even though the RM are
meant to be used here as a qualitative way to identify patterns, rather than a tool to
estimate the signi�cance of each feature. A Gaussian interpolation is applied to the
pixels to highlight the features and facilitate the identi�cation of possible patterns. The
area at E > 9 keV of both O1 and O2 are purposely left blank as the threshold of 20
photons per pixel is not met because of the low �ux (see Sect. 3.4).The horizontal lines
highlight the energy bands of most signi�cant groups of features, indicated in Fig. 3.5
and in Tab. 3.1.
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