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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 inflowing and outflowing 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 outflows, as they may also have a fundamental role in AGN
feedback processes on the host galaxies, influencing their evolution. The X-ray
band is the most suitable to study AGN innermost regions because it includes the
Fe Kα fluorescence emission line at 6.4 keV, a fundamental proxy of the accretion
flows 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 few 102−3 km s−1 up to ∼ 0.3c; Tombesi et al. 2010)
and ionization states (0 ≲ logξ ≲ 3 erg cm s−1, where ξ = L/nr2 is the ionization
parameter). Depending on their physical properties, winds have been typically
classified either as Warm Absorbers (slow and mildly ionized, Blustin et al. 2005)
or Ultra Fast Outflows (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 different distances from the SMBH.

In this work, we use time-resolved spectral analysis to simultaneously inves-
tigate the accretion flow and the outflows, 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 first few gravitational radii
around the black hole, that could be evened out in averaged spectra.

The analysis consists of two steps. The first one is running a blind search
on the short time-scale spectra extracted in sequence from single pointings. This
means that, upon finding a satisfactory model for the continuum emission (typi-
cally, a power law and some form of cold absorption) and the ubiquitous Fe Kα
emission line, we search for significant deviations from this model in the form of
Gaussian lines, with either positive or negative normalization. The significance
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 specific energy range, we can assume a
common origin for them and thus extrapolate a “global” significance, that includes
not only the information of the significance 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 Kα to reso-
nant absorption lines at the same energy due to clumps in the obscuring medium,
whose presence is detected at > 3σ 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 ∼ 2σ significance level an ultra-fast outflow with
velocity ∼ 0.2c appearing only in the first 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 significant 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 board Athena (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 to Lbol ≈ 1048 erg s−1, with
typical values of Lbol ≈ 1044 − 1046 erg s−1, where the bolometric luminosity Lbol
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 significantly 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 range 106 − 109 M⊙ (e.g. Peterson, 1997).

Accretion onto compact objects is the most efficient mechanism to convert mass
into radiation. The conversion has an efficiency η, so the total available energy
is E = ηMc2. The rate by which this energy is radiated is L = dE/dt = ηṀc2,
where Ṁ = dM/dt is the mass accretion rate. The potential energy U of a mass m
falling from a distance r onto an object of mass M can be converted to radiation
at a rate of:

L = dU

dt
= GM

r

dm

dt
= GMṀ

r
(1.1)

Therefore η ∝ M/r, which is a measure of the compactness of the source: the
smaller the system, the higher the efficiency. For AGN, η ≈ 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 σe = 6.65 × 10−25 cm−2

for the interaction with a photon, is:

Frad = σe
L

4πr2c
(1.2)

while for the gravitational force we have:

Fgrav = GMmp

r2 (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 mass M
expressed in solar masses we have:

LEdd = 4πGcmp

σe

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 of 1046 erg s−1, the central object
should have a mass of ≈ 108M⊙. AGN present variability on different time scales,
and some show significant flux 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.

• 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 different masses: mp/me ≈ 103.
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momentum, so it will form an accretion disk around the black hole. Viscous
forces transfer the angular momentum outward and the flow 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 fields, 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 rate dU/dt = GMṀ/r: half of it heats up the disk
and half is radiated as luminosity L. Using the Stefan-Boltzmann law, the
energy radiated is σT 4 for both sides of the disk, each with an area of πr2.
Therefore we have:

L = GMṀ

2r
= 2πr2σT 4 (1.6)

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

T ∝
(

GMṀ

4πσr3

)1/4

(1.7)

The temperature is in the range of 105 − 106 K, grows towards the center
of the disk and so does the emission frequency: for a blackbody we obtain
νmax ∝ kT/h ∝ r−3/4. The most internal regions around a SMBH of about
108M⊙ can reach frequencies in the extreme UV band (νmax ∼ 1016 Hz).
Integrating over all radii, we see a sum of blackbody spectra at different
temperatures, called Big Blue Bump, in the optical/UV continuum (at wave-
lengths of a few thousands Å).

• Hot Corona
The disk is surrounded by a corona 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), where Rg = GMBH/c2 is the gravitational
radius. Its high temperature (T ∼ 109 K) is most likely due to magnetic
reconnection phenomena.

• 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
effect; widths span from ∆vFWHM ∼ 500 km s−1 to ∆vFWHM ≳ 104 km s−1,
with typical values of ∆vFWHM ∼ 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.

• 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:
200 ≦ ∆vFWHM ≦ 900 km s−1, with average values of ∆vFWHM ∼ 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.

• 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.

• 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
fields 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 γ-ray band. In face-on AGN (where the observer has
potentially a direct view of the nucleus), relativity effects 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 different directions (i.e., along different lines of sight) allows to see different
parts, each with its characteristic emission. Even though the classes of objects
identified as AGN may appear very heterogeneous, most of their differences 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 = 2GMBH/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 affect the view of the internal regions and so the classification
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 Unification 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 effects play a major role in their classification.
Orientation is the main discriminant in the classification 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 difference 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 hydrogen NH 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 Outflows
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 influence 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 outflows 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 (ξ ∼ 100−4 erg cm s−1

), and the column density three orders of magnitude (NH ∼ 1020−23cm−2), velocities
are of the order of 103 km s−1 (Blustin et al., 2005). The most extreme outflows,
the so called Ultra-Fast Outflows (UFOs, Tombesi et al., 2010), are observed in up
to 60% of AGN (Tombesi et al., 2010; Gofford et al., 2013; Igo et al., 2020), show
velocities up to ∼ 0.2 − 0.4 c, high ionization, ξ ∼ 103−6 erg cm s−1, and column
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densities as large as NH ∼ 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 unified in a single, large scale, stratified outflow, observed at different
locations along the line of sight (Tombesi et al., 2013; Serafinelli et al., 2019).

From the velocity of the outflow, 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 outflows (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
ṁ = Ṁ/ṀEdd = L/LEdd. In fact, it is likely the main physical driver of physi-
cal differences in the accretion flow that lead to different observed phenomena in
AGN. ṁ is proportional to the density of the accretion flow, that in turn regulates
the heating and cooling of the matter and through this the emitted radiation and
the physical structure of the flow (Giustini and Proga, 2019). An increasing value
of ṁ 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 classification of AGN does not depend only on geomet-
ric factors, but also on the conditions of the accretion flow 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 outflows quite different from
typical WAs or UFOs, with intermediate characteristics between the two: these
winds have high column densities and moderate ionization states, and are flowing
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 first order as a power law, such as:

F (E) ∝ E−Γ (1.8)

where F(E) is the flux in units of photons cm−2 s−1 keV−1. The photon index Γ
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 specific 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 different colors and linked to the component that produces them,
in the simplified structure pictured below.

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

• The Compton reflection component, characterized by a flattening of the
spectrum for energies above 10 keV, with a peak between 30 and 50 keV (the
Refection Hump) and fluorescence 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 Kα line at ∼6.4 keV, the absorption edge
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at ∼7.1 keV and, possibly, the Kβ line at ∼7.05 keV. The lines are due to
fluorescence and are thought to be directly connected with the reflection
hump. The physical origin is Compton reflection 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).

• A Cut-off on power law at energies around ∼ 100 − 200 keV, that causes a
sudden decrease in the flux. This is ascribed to the thermal Comptonization
which is responsible for the primary power law emission.

• 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 reflection component. Its peculiarity is
that for different sources, if fitted with a thermal model, it shows a notably
constant temperature, despite differences in the central object masses and
in luminosities, suggesting that it is most likely not directly ascribed to
accretion disk emission.

• 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.

• The Warm absorber (introduced above in the outflow 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
different 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 the two-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 (τ > 1) and relatively cold (Td ∼ 105 − 106 K), and above
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it the corona, being optically thin (τ < 1), hot (Tc ∼ 109 K, kTc ∼ 100 keV)
and ionized. From the equipartition of the kinetic energy among the electrons
mev

2
e

2 = 3kT

2 , we have β = v

c
=
√

3kT

mec2 ∼ 0.7, corresponding to a Lorentz factor

γ = 1/
√

1 − β2 ∼ 1.4.
The interaction of these two “phases" leads to a rather complex emission mech-

anism that we summarize in the following three points:

• 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.

• Part of this low-energy radiation (Ephot ≪kTc) interacts via Inverse Comp-
ton with the electron population in the corona and is upscattered towards
higher energies. This represents the most efficient cooling process in the
corona. The resulting spectral profile follows a power law with Γ ∼ 1.9, up
to energies higher than 10 keV. The cut-off is then determined by the elec-
tron temperature: when Ephot ∼kTc the energy transfer is no longer efficient
and the process stops, producing the observed decrease at ∼ 100 − 200 keV.

• 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 fluorescence. This process is referred to
as Compton Reflection. Qualitatively, X-ray photons of energies in the range
∼ 1 − 100 keV impact on the disk and produce a reflection continuum di-
rected towards the observer, added up to the corona’s continuum (the power
law). The reflection 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
reflection continuum and fluorescence 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 configuration 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 Kα 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 effect). 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 Kβ line. The flux ratio between the Fe Kβ and the Fe
Kα 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 Kα 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 fluorescence line observed in AGN is typically 6.4 keV
rest-frame (Mushotzky et al., 1993). This value is consistent with the hypothesis
of reflection 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 Kα and Fe Kβ fluorescence 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 Kα EW spans in the range
50–350 eV, being typically of ∼150 eV.

2The equivalent width gives the line flux in terms of how much continuum flux one has to
integrate in order to get the same flux value. Assuming the continuum intensity fc is constant
over the wavelength range λ1 to λ2 and f(λ) is the total flux (line plus continuum) at wavelength
λ, EW=

∫ λ2
λ1

f(λ)−fc

fc
dλ.
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An emission line is intrinsically narrow and can be broadened by several effects,
for example thermal agitation or collisions. In the Compton reflection 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 effects on the line are
due to orbital motion and Relativity. The combination of these factors can then
induce a strong profile deformation, as described in the following:

• Classic Doppler effect, due to the motion around the black hole, causing an
energy shift. This can be expressed as Eobs = Eem(1 ± β), where Eobs is the
measured energy, Eem is the emission energy, β = |v|/c. This effect, depend-
ing on the relative velocity between the material and the observer, causes a
double-peaked profile, where the receding gas produces the red peak and gas
moving toward the observer produces the blue peak (first 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

r2 , it is possible to find a relation
between the velocity and the distance r from the center of a Keplerian orbit:
β2 = rs/2r, being rs = 2GMBH/c2 the Schwarzschild radius. Using this β in
the Doppler effect equation, we find:

∆E = Eblue − Ered = Eem(1 + β) − Eem(1 − β) = 2Eemβ ∝ (rs/r)1/2 (1.9)

• The rotational velocity of the accretion disk for an annulus with radius
r ≳ rs can be estimated as the velocity of a Keplerian circular orbit: v ∼
(GMBH/r)1/2, so β ∝ (rs/r)1/2. In the inner regions, velocities are higher
and relativistic effects no more negligible. In Special Relativity the Doppler

effect equation can be written as Eobs ≃ Eem

√
1 ± β

1 + β
. The line profile is

deformed by relativistic beaming, which boosts the blue peak and decreases
the red one. The transversal Doppler effect, Eobs ≃ Eem

√
1 − β2, shifts the

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

• When the accreting matter reaches the inner regions (r≤ 10rg), General Rela-
tivity effects become important. Gravitational redshift induces a global shift
to lower energies, which is larger at smaller distances: νobs = ν (1 − rs/r)1/2

(third panel in Fig.1.5).

All these effects act on the matter producing Fe photons and the dominant
effect 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, rint, to
the end of the disk, rend. By doing so, we obtain the broadened and asymmetric
profile shown in the last panel of Fig. 1.5.
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Figure 1.5: Deformations of the Fe Kα line shape in AGN spectra due to different
effects: in the first 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 final profile obtained summing all the effects 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 affect the re-
sulting line shape: the inclination, the internal and external integration radii, the
emissivity of each annulus, the ionization state, the density profile, 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 1.25 rg. The line profiles (shown in the left panel of Fig. 1.6) are
different in the two cases, since in presence of a Kerr black hole the profile reaches
lower energies. In principle and for a limited number of AGN in the local Universe,
these differences in the observed AGN line profiles 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 profiles 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 6rg and 1.25rg, respectively. The difference in
the width and redshift of the line is principally a result of the difference in the position
of the radius of marginal stability. On the right panel: relativistic iron line profiles for
the case of an accretion disk around a Schwarzschild (non-rotating) black hole. It is
assumed that the region of the disk producing fluorescence extends from 6rg to 30rg.
Three inclination angles for the disk are shown: 10◦, 30◦, and 60◦. The main effect
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 flows with velocities up to 0.1–0.4 c, column densities ≳ 1022 cm−2 and
very large ionization parameters (ξ ∼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. Outflows 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-fit model. Lower panel: best-fit model.
Credit: Tombesi et al. (2010).

1.5 Variability and analysis techniques
AGN display erratic, aperiodic flux 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 R⩽ ∆t
c (casuality), we find 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 flow
(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 Kα lines is particularly interesting,
because from the time evolution of their profile we can recognize directly changes
due to motions or modifications 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 Kα line originated by orbital
motions, analyzing the time scale of the Keplerian orbital period at a distance of
10 rg, where rg = GMBH/c2. It is estimated by Bardeen et al. (1972):

Torb = 310
a +

(
r

rg

)3/2
M7 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 with a = 1 the Kerr metric is used.
M7 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 find Torb ∼ 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 Kα line broadened by
gravitational redshift. Studying its profile, 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 flare 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 Kα 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, the residual
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 Kα 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 find significant 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-board XMM-
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 configuration (Fig.2.2). Each shell consists of a paraboloid and an associated
hyperboloid grazing incidence mirror. This configuration is necessary to reflect
high-energy radiation: on a material with density ρ, photons are reflected if the
incidence angle is lower than a critical angle θcrit ∝ √

ρ/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 includes 50% 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 scientific instruments on-board XMM-Newton (see Table 2.1) are:

• 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 different 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 configuration. The double
reflection, first 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 offer medium-quality spec-
troscopy, with a resolving power E/∆ E ∼ 20-50; around the Fe Kα line (E
≃ 6.4 keV) this corresponds to a spectral resolution of ∼ 150 eV.

• The Reflection Grating Spectrometer (RGS): two identical spectrometers,
which grant an excellent spectral resolution, with E/∆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.

• The Optical Monitor (OM): it produces optical and UV images and spectra
in different filters 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 µm (4.1”) 40 µm (1.1”) 81 µm ∼0.48”

Time resolution b 0.03 ms 1.5 ms 16 ms 0.5 s
Spectral resolution ∼ 80 eV c ∼70 eV 0.04/0.025 Å 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 λ/∆λ.
Data from ESA’s XMM-Newton Users Handbook.

In Fig. 2.3 the effective 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 effective areas of instruments onboard Chandra 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 classified 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 flux 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 is 10−11 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), and Athena/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, fifth 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 of 10 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 flux, 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
affected by flares to be used. We checked for pile up and did not find 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 redshift z = 0.0097 (Theureau et al., 1998),
with a SMBH mass of M = 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-
tified several features: a strong Fe Kα at 6.4 keV, an emission line at ∼7 keV due to
a blend of neutral Fe Kβ 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 flux and a correlated variation of the Fe
Kα with a broad redshifted component on time-scales of ∼27 ks. In December
2016, during a Swift/XRT monitoring program, NGC 3783 showed heavy X-ray
absorption produced by an obscuring outflowing gas (Mehdipour et al., 2017, M17
hereinafter). As a result, new absorption lines from Fe XXV and Fe XXVI ap-
peared in the XMM-Newton spectrum. From their analysis, M17 found for the
outflow 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 a Chandra/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 2016 XMM-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 the XMM-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 identified 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 identifiers 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 find 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 finding significant 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 effects are only visible at lower
energies), and a narrow Gaussian emission line for the neutral Fe Kα 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 through Swift, and in December a
change in the hardness ratio triggered XMM-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 significant result when fitted 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 finding 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 Kα line which is known
to be present and is typically sufficiently strong (EW ∼ 100 − 150 eV) to alter the
4–10 keV continuum fit if not properly taken into account. The baseline model in
XSPEC is pcfabs × (power law + gauss).

3.1.1 Fe Kα line
Following the results of M17, we assume the Fe Kα 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 Kα as obtained from the fits 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 find any evidence for such a shift. We therefore
conclude that the observed variations is most probably due to uncorrected charge
transfer inefficiency (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-
nificant 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 almost 30% variability in contin-
uum flux for the most extreme cases (Fig. 3.1, U2b, U3, O1). This is not expected
when assuming that the narrow Fe Kα 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 flux, 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 modified iron



CHAPTER 3. NGC 3783

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

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 influenced 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 1σ error on the Fe Kα line normalization is of the order of 25−30% (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 Kα 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 flux (M17).

In order to verify whether the assumption of a narrow line (width fixed 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 σ.
We thus decided to keep the width frozen to 10 eV for the following steps of the
analysis.

3.2 Blind search
After fitting 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 Kα, we may expect to detect also features
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Figure 3.4: An example of the significance contours found with the
blind search in a single 5 ks spectrum. An emission line is detected at
∼ 3σ (99%, i.e. ∆χ2 ≤ −11.34, ∆d.o.f. = 3) at ∼ 6.9 keV and an absorption line is de-
tected at ∼ 2σ (95%, i.e. − 7.81 ≥ ∆χ2 > −11.34, ∆d.o.f. = 3) at ∼ 7.9 keV.

(like the Fe Kβ/ionized Fe Kα 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 significance contours corresponding to ∆χ2 of -6.25, -7.81, -11.34
that, for three free parameters, represent a significance of the line of 1.6 (≥ 90%),
2 (≥ 95%), and 3 (≥ 99%) σ, respectively. An example of these contour plots is
shown in Fig. 3.4, where an emission line is detected at ∼ 3σ at E∼6.9 keV and
an absorption line is found at ∼ 2σ 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 influence 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 Kα 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 Kβ/ionized Kα line, corresponding
to the Kβ/ionized Kα 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 difference 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 significance 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 ∆χ2 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 significance 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 fluctuations, 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 different 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 flux, identifying low, medium and high-flux states. For the
2000/2001 datasets, the flux 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 flux 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-fit
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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 significance, i.e. the measured ∆χ2. 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 figures is the nominal
energy of the Fe Kα and is shown purely as a visual reference. The letters A-E indicate
the clusters of lines that globally reach a significance ≳ 3σ, as indicated in Table 3.1 and
described in Sect. 3.3.
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baseline model (using the same continuum model defined 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 first apply and fit the baseline model and record the obtained best fit χ2. Then
a second Gaussian component is added. Since in real data the detected lines ap-
pear to cluster at specific energies, we analyzed the energy bands 4-6 keV, 6-8 keV,
and 8-10 keV separately in simulated spectra. In particular, the fitted 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 finally counted
how many of the 1000 trials show a ∆χ2 higher than the lowest value found in
the actual data. This does automatically translate into a robust estimate of the
significance of each of the detected lines. Results are shown in Table 3.1.

We find that both emission and absorption lines do not reach a high signifi-
cance in the unobscured dataset and that they tend overall to be more significant
during the obscured phase. We also find that the flux state does not seem to have a
direct effect on the significance of the features. If we take into account their occur-
rences and calculate the binomial probability, their significance increases sensibly,
as shown in Tab. 3.1, where the most significant groups of features are identified
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 fluctuations is ≳ 4σ for both source
states (C, E). As for the emission lines, their estimated significance is ≳ 3σ in the
4-6 keV range in all the observations (A, D), and 4σ 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 different 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 first
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
excess to residual maps in the denomination).

In order to visualize the data uniformly, we have to choose first an energy
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Energy ∆χ2 σsingle (1) MC σsingle (2) σgroup (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: Significance of detected variable features: (1) significance of single features
calculated from the ∆χ2 for 3 ∆d.o.f. measured after the addition of a Gaussian line
in emission/absorption; (2) significance of single features from MonteCarlo simulations
(Low/Mid/High refer to the different selected flux levels, defined in Sect. 3.3); (3) global
significance 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 significance > 3σ, 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 sufficient 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 first half of O1 (where
the flux 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 significant 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 fitted in the total energy range. This procedure is fairly different 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 oversimplification of
the modeling/fitting may introduce too strong systematics also in the production
of the maps (see, for example, the differences 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 find 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 with |∆χ| > 1, that correspond
to a lower significance, approximately 68%.

The emission features related to the neutral Fe Kβ/ionized Fe Kα 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 model pcfabs × (power law
+ gauss). The time bin size is 5 ks, while the energy resolution is 0.1 keV. Each pixel
shows the value of ∆χ (i.e. residual/data error, in red for the positive and in blue for
the negative residuals) to give an estimate of the significance, even though the RM are
meant to be used here as a qualitative way to identify patterns, rather than a tool to
estimate the significance of each feature. A Gaussian interpolation is applied to the
pixels to highlight the features and facilitate the identification 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 flux (see Sect. 3.4).The horizontal lines
highlight the energy bands of most significant groups of features, indicated in Fig. 3.5
and in Tab. 3.1.
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Figure 3.7: Residual maps including the narrow Fe Kα component, produced as
described in Sect. 3.4.1. These residuals are produced by fixing the baseline model at
its best fit values for each spectrum and then removing the Gaussian component.

3.4.1 Fe Kα line residuals

The RM shown in Fig. 3.6 provide information about all possible lines in the 4–
10 keV band except for the narrow component of the Fe Kα, as it is fitted in
each spectrum, so the residuals are null by default. Even though its variations
in energy, EW, and width are already shown in Fig. 3.2 and Fig. 3.3, it would
still be interesting to see them along with the other features, to highlight possible
relations. Hence we produced a new set of RM, where we fitted the baseline model
described in Sect. 3.1, froze all the parameters of the absorber and of the power
law at their best values, then removed the line component, and finally plotted the
∆χ. These RM are shown in Fig. 3.7. The strong emission feature at ∼6.4 keV is
always present, but the darker and lighter spots seem to indicate some variability.
Given the results obtained from the fits of our baseline model (Sect. 3.1), the
observed variations in the RM can be ascribed to a combination of the variations
of EW and width of the Fe Kα emission line (Fig. 3.2, bottom panel; Fig. 3.3).
Indeed, the energy binning is different between the spectra and the maps (with a
nominal ratio of ∼ 1/5), therefore also the width can influence the value of the ∆χ
in the maps. This is evident when considering the four Fe K peaks in the RM of
O2, which coincide with the increase of line width as seen in Fig. 3.3. The possible
origin of this behaviour will be discussed in Sect. 3.6.2.
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Figure 3.8: Excess maps of observation U1-3. Credit: Tombesi et al. (2007).

3.5 Residual maps and Excess maps
Our residual maps have been produced in a slightly different fashion that those
described by Tombesi et al. (2007). Aside from the major step of employing all
of the residuals, positive and negative, and not only the positive ones, we used a
different fitting procedure.

To study the emission features, Tombesi et al. (2007) modelled the continuum
as a power law plus a cold absorption component fixed to be equal to the value
measured in analysing the average spectrum. Then they fitted the continuum
considering the 4–5 keV and 7–9 keV band to avoid the Fe Kα line. Their original
maps are shown in Fig. 3.8. In order to make a direct comparison, we produced
a set of residual maps following their procedure. They are shown in the top row
of Fig. 3.8. Since we were actually interested in following the variations of the
absorptions features, produced indeed by the absorber, we produced another set
of RM with the same fitting band and model, this time leaving the column density
free to vary in each spectrum. They are displayed in the bottom panel of Fig. 3.9.

While these two sets of maps do not show significant divergences between each
other, as indeed predicted by Tombesi et al. (2007), the difference among them
and those we presented in Fig. 3.7 is quite evident. The absorption features we
found at ∼6.6–6.9 keV are only marginally present in the RM in Fig. 3.9. Instead,
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Figure 3.9: RM produced using a power law plus total covering cold absorption fitted
only in the 4–5 keV and 7–10 keV energy bands, following the indications of Tombesi
et al. (2007). The value of the column density of the absorber is fixed to the value
measured in average spectra in top panel maps and free to vary in the bottom panel
ones.
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the excess at energies below the Fe Kα line appear to be far more intense and, in
particular, in U3 we find the strong feature discussed by Tombesi et al. (2007). It
is to be noted that the normalisation (colour) of the residual maps is the same for
all sets.

The first difference between the production of the maps shown in Fig. 3.7 and
those in Fig. 3.9 is the energy band used to fit the model. The use of the complete
4–10 keV range, without excluding the Fe Kα band, allows for a better anchorage
of the continuum, and this could be at the base of the divergence of the sets
of maps. Then we analysed the continuum parameters: in the top left panel of
Fig. 3.10 we plotted the best fit parameters for the absorber column density and
the power law photon index. To quantify the relation among them, we calculated
the Pearson Correlation Coefficient ρ for the two epochs, and obtained ρU = 0.78
and ρO = 0.88, both corresponding to a correlation probability higher than 5σ.
This degeneracy between these two parameters disappears when using the partial
covering baseline model, described in Sect. 3.1. Its best fit parameters are plotted
in the top right panel of Fig. 3.10, and the correlation probability calculated for
these data drops at 21% for the unobscured epoch (ρU = −0.04) and 17% for
the obscured one (ρO = 0.04). On the one hand, it is worth considering that
we are in any case dealing, by construction, with limited statistics. That means
that also our approach is prone to introduce some systematics, as seen in the
bottom panels of Fig. 3.10. This is somehow inevitable given the experimental
condition that we are using. On the other hand, we already knew that our baseline
model provides a limited description of the complex absorption that is known to
occur in NGC 3783 (M17; Mao et al. 2019). Far from our scopes, we are not
investigating here in detail the characteristics of the various ionized absorbers
that have been previously reported in literature; we want to stress here is that
at least part of excesses recorded between 5–6 keV are possibly explained by the
simplified absorption scheme used in producing RM. A significant step forward in
time-resolved spectral studies will be possible with X-ray telescopes with larger
effective area, which would allow us to probe short timescales (i.e., by using short
time slices) without losing energy resolution. Specifically, the X-IFU on-board
Athena (Nandra et al., 2013; Barret et al., 2018) in the foreseeable future will
provide a major advance in the research field described in this work.

3.6 Results and discussion
Through our analysis, we searched for and identified absorption and emission fea-
tures in the interval 4–10 keV that are variable on short time scales in NGC 3783.
We investigated how these features change between the two states of the source.
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Figure 3.10: Top left panel: column density of the total covering cold absorption vs
power law photon index, fitted only in the 4–5 keV and 7–10 keV energy bands. The
correlation among the values is assessed at ≫ 5σ for both the unobscured and obscured
epoch. Top right panel: column density of the partial covering cold absorption vs power
law photon index, fitted in the 4–10 keV energy range. The degeneracy between the two
parameters is not present in this case, with a correlation probability ≲ 20%. Bottom
left panel: covering fraction of the partial covering absorber vs power law photon index.
Bottom right panel: covering fraction vs column density of the absorber. Data relative
to unobscured and obscured epoch are reported in yellow and green, respectively.
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Features in emission: As displayed in the top left panel of Fig. 3.5 (B), about
15% of the spectra during the unobscured epochs (2000/2001) show the presence
of emission features with a significance ≥ 90% around 7 keV. This corresponds to
a global statistical significance of the detections of ∼ 4σ (Table 3.1). Conversely,
during the obscured epochs the number of detections and their significance drops:
we observe only one feature, detected at a significance of < 3σ. This cluster
of emission lines in the unobscured epoch can be identified as either the neutral
Fe Kβ line or an additional ionized Fe component found at ∼6.9–7 keV. This
identification is supported by the ratio between the residuals at ∼7 keV and those
at ∼6.4 keV, that is about a factor 3 larger than what we would expect in the case
of a pure Fe Kβ (∼ 1/9; Molendi et al. 2003). The additional contribution to the
emission features at ∼7 keV may come from the same ionized medium producing
the absorption features. The same conclusion is given in R04. This excess is far less
visible, if not absent, in the obscured dataset, as we would expect from the results
of M17, who suggested that a juxtaposition with a Fe XXVI Lyα absorption line
cancels out the emission feature.

The other notable cluster of emission features (though individually less signif-
icant) is seen in the obscured observations at 5-6 keV (A, Fig. 3.5, bottom-left
panel), is clearly visible in the corresponding RM (see Fig. 3.6). This is detected
to be more variable/sporadic in the 2000/2001 dataset (D). The nature of these
features will be discussed in Sect. 3.6.1. The U3 data were previously analyzed
using the excess map technique by Tombesi et al. (2007) with a different fitting
procedure (described below). They report variability and modulation of a puta-
tive red and relativistically broadened wing of the Fe K line. In their scenario,
the modulation was possibly due to the formation of spiraling arms within the
accretion flow. It is worth noting, however, that the presence of this broad feature
is not strongly supported by the analysis of the time averaged spectrum (R04).
The recurrent, red-shifted feature reported in Tombesi et al. (2007) appears less
prominent in our RM. This is probably due to the difference in the assumed base-
line model (we assume a partial covering model for the continuum, rather than a
totally covering one). Moreover, when fitting the continuum, we include a nar-
row Fe Kα line in the model, rather than excluding the energy range where it
contributes the most.

Features in absorption: The most recurrent features measured in almost
∼ 25% of all the spectra are seen in absorption, between 6.7–6.9 keV (C and
E in Fig. 3.5 ). This absorption component is clearly visible also in the RM
(see Fig. 3.6). This is in agreement with results of R04 and M17. We also
confirm that the feature’s energy shifted by ∼200 eV, from ∼6.7 to ∼6.9 keV,
between the unobscured and obscured datasets (see Fig.3.5). Taking into account
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the calibration problems highlighted in Sect. 3.1.1, the net energy shift of the
absorption line is more likely of ∼150 eV. The absorption line at 6.7 keV is observed
throughout all the unobscured observations, which span a period of about one year.
Nonetheless, R04 reported a change in the EW between U2 and U3. However, it is
worth noting that their analysis is most probably more sensitive to slight variations
of the average values, while our analysis is more focused on searching variability on
shorter time scales. Interestingly, we confirm the absence of UFOs in this source
(Tombesi et al., 2010). The results of the blind search in the energy band 8-10 keV
are, in fact, consistent with what expected for pure casual events (see Table 3.1).

3.6.1 Possible Fe Kα broadening during O1 and O2
To explain the origin of the group of emission features detected at ≥ 4σ in the
obscured epoch in the 5-6 keV energy range (bottom-left panel of Fig.3.5) and
clearly visible in the corresponding RM (last two panels of Fig.3.6), we propose
two different scenarios.
The first one ascribes it to the presence of the absorber. It may be an effect of
the oversimplification of the fitted continuum model, meaning that ignoring the
absorption lines and absorption edges due to the presence of an ionized absorber
alters the whole continuum, occasionally resulting in excess emission redward of
the Fe Kα line. Another possibility in the same scenario is that the bump is
produced by variations in the partial covering fraction happening on times shorter
then our time resolution (Iso et al., 2016). This scenario is furthermore supported
by the fact that in the unobscured epoch, where the absorber has a lower column
density and is less ionized (R04) the features are detected at a lower significance
and at lower energies (top left panel of Fig. 3.5).
The other scenario is that these features are real, and associated with a relativistic
wing of the neutral Fe Kα line. To explore this option, we tested a relativistic
model on the emission line detected at 6 keV in the 12th 5ks spectrum O1,
which we use as a test because of its significant broadening of σ = 260+130

−120 eV
(Fig. 3.3). We added a laor component (Laor, 1991) to our baseline model,
that already accounts for the narrow Fe Kα. The outer radius and emissivity
index are unconstrained, so they are fixed to their default values of 400Rg and
3, respectively. The excess is well reproduced (∆χ2 = 18.3 for 3 ∆d.o.f.) by a
signal emitted from Rin = 99 ± 52 Rg. At such distance, the Keplerian velocity is
∼ 30000 km/s, corresponding to a FWHM of ∼ 0.64 keV for the neutral Fe Kα
line at 6.4 keV. Thus, we do not expect to see much significant emission associated
with it below ∼ 6 keV, were we indeed detect the majority of emission lines (group
D, bottom-left panel Fig. 3.5). If those features were real, they could be emitted
from the base of the obscuring wind, as it could be expected following the models
in Dehghanian et al. (2020).
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Figure 3.11: Tentative fitting of a sinusoid to the variations of the normalization of
the Fe Kα.

3.6.2 Fe Kα modulation in O2
In the residual maps of the latest observation (O2; Fig. 3.7) there are four quite
evident peaks in the principal Fe Kα line component. It is to be noted that their
presence does not show a correlation with the 4 − 10 keV light curve (last panel in
Fig. 3.1), so the line is not simply following an intrinsic continuum variation. The
normalization of the narrow Fe Kα line, as obtained from time-resolved spectral
fitting of O2, is plotted in Fig. 3.11. This is tentatively fit with a sinusoidal
function. The fit yields χ2 = 5.3 for 9 dof (11 data-points and 2 free parameters,
period and normalization). This corresponds to a significance of 90%, thus not
supporting the detection of a modulation. However, it is worth noting that even
if a modulation is indeed present, the small number of sampled variability cycles
(∼4) would significantly reduce the significance of the signal.

The sinusoidal fit yields a best-fit value of 13 ± 8 ks for the putative period.
This would correspond to a Keplerian orbit at ∼6 Rg. At such small distances
we would expect prominent relativistic effects on the Fe Kα line, which are not
observed. Therefore, we conclude that the observed variations are most likely not
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Figure 3.12: Residual map of O2 where we set a higher threshold in terms of ∆χ to
qualitatively highlight the possible link between the peaks of the Fe Kα emission line
(in red) and the most intense absorption dips (in blue).

associated with a modulation of the Fe Kα.
Interestingly, the intensity of the narrow Fe Kα line seems to decrease si-

multaneously with the appearance of the absorption features at 6.7-6.9 keV, as
highlighted in Fig. 3.12. This suggests a relation between the two. In M17 the
absorption features are ascribed to a highly ionized (log ξ ∼= 3.8) clumpy medium
outflowing at few thousand of km s−1 in the broad line region. This high-ionization
component is likely associated and spatially coexistent with the obscurer produc-
ing the eclipsing event, which has a lower ionization parameter of log ξ ∼= 1.8. A
gas with this value of ξ could actually produce resonant absorption lines at ener-
gies consistent with the Fe Kα for ionized species from Fe x up to Fe xx (Kallman
et al., 2004). In this case, the dips observed in the emission line would correspond
to a partial absorption at that energy. This explanation is similar to that reported
in M17 for the disappearance of the Fe Kβ emission line; the main difference is
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that in the case of the Fe Kα line the emission feature is not completely suppressed
because of its intrinsically higher normalization. In this scenario we can use the
duration of the dips (and the absorption features at higher energy) to constrain
the size of the clumps of the obscurer. If each clump has a large opacity, we can
assume an "on/off" effect due to their passage through the line of sight. Using the
distance and velocity values found in M17 for the obscurer, ∼ 7−10 light days from
the X-ray source (few 103 Rg), with an orbital velocity of ∼ 3500 − 4200 km s−1,
and considering the duration of the dips to be from 5ks to 10 ks, we can estimate
the clumps extent to be in the range ∼ 1.7 − 4.2 × 1013cm.

While the peaks in O2 are the most evident, Fig. 3.7 shows that the intensity
of the neutral Fe Kα emission line varies also in other observations. For O1 we
can assume that the lower ionization component is the same as in O2 (M17), and
since the Fe Kα line dips have the same duration of 5-10 ks we obtain the same
results on the clumps sizes.

In the unobscured epoch, R04 reports the presence of three different absorb-
ing components at different ionization levels. Among them, the medium with
NH ∼= 4.4 × 1022 cm−2 and logξ ∼= 3 can possibly absorb part of the neutral Fe Kα
emission line. The entity of this absorption is actually consistent with the varia-
tions we measure in the normalization of the line (a few percents of its value), it
is to be noted tough that this quantity is also of the same order of magnitude of
the error of the parameter. However if we hypothesize the variations to be real,
we measure dips with a duration between 5 ks and 20 ks. With a distance of
∼ 2 × 1017cm (R04), assuming a keplerian orbit we find the size of the clouds in
the range 0.7 − 2.8 × 1011cm. The dimensions of the clouds in both epochs are
consistent with those found in the BLR of NGC 1365 by Risaliti et al. (2009).
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NGC 3227 is a Seyfert 1.5 galaxy at redshift z=0.00386 (de Vaucouleurs et al.,
1991). This source has been showing evidence for variability in the X-rays since
the first observations with HEAO1 (Tennant and Mushotzky, 1983), and again
when observed with EXOSAT (Turner and Pounds, 1989) and ASCA (Ptak et al.,
1994). It was subject to a sustained monitoring with RXTE from January 1999
to December 2004 (Uttley and McHardy, 2005). During this campaign the source
underwent two distinct eclipsing events: the first one, in 2000-2001, lasted ∼80
days (Lamer et al., 2003), and the second one, in 2002, lasted ∼ 2 − 7 days
(Markowitz et al., 2014). The hardness ratio measured during the entire RXTE
monitoring is shown in Fig. 4.1, adapted from Markowitz et al. 2014. The yellow
shadows highlights the two eclipsing events.

Figure 4.1: Hardness ratio measured during the RXTE monitoring of NGC 3227,
lasting from January 1999 to December 2004. The areas shaded in yellow highlight the
two eclipsing events in 2000-2001 (Lamer et al., 2003) and in 2002 (Markowitz et al.,
2014). Credit: Markowitz et al. 2014.

In 2016 NGC 3227 was the target of a joint campaign of XMM-Newton and
NuSTAR, that observed the source simultaneously six times during a period of
one month. In that period, NGC 3227 showed yet another eclipsing event that
lasted approximately one day, and was attributed to a partially covering, ionized
cloud outflowing from the inner BRL at few ∼ 102 km s−1 (Turner et al., 2018).
Spectral-timing studies of the same observations found a strong variability, which
could be most likely ascribed to changes in the primary X-ray source, and a typi-
cal softer-when-brighter behaviour (Lobban et al., 2020). A monitoring program,
started in 2015 with Swift, detected an intense spectral hardening lasting a few
weeks from November 2019 and triggered two XMM-Newton observations that re-
vealed the source to be in a heavily obscured phase (Mehdipour et al., 2021).

We analyzed all the observations of NGC 3227 available in the XMM-Newton
archive, for a total of 10; the OBS ID of each pointing and the corresponding
denomination are reported in Table 4.1. Among them, five show the source in
an unobscured state (and are indicated with an “U") and 3 in an obscured one
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Obs ID Start date Label
0101040301 2000-11-28 18:15:41 O1
0400270101 2006-12-03 01:53:31 O/U1
0782520201 2016-11-09 12:51:03 U1a,U1b
0782520301 2016-11-25 10:25:35 U2
0782520401 2016-11-29 13:10:38 U3
0782520501 2016-12-01 09:58:49 U4
0782520601 2016-12-05 09:42:23 U5
0782520701 2016-12-09 09:24:49 O/U2
0844341301 2019-11-15 09:15:10 O2
0844341401 2019-12-05 22:10:30 O3

Table 4.1: OBS ID of all the observations of NGC 3227 analyzed in this work and
relative denominations used.

(“O"), while two caught it exactly in a “changing" phase, with the beginning of
the observation obscured and the end unobscured (and are indicated with “O/U").
During data reduction, U1 resulted to be split in two parts, separated by ∼ 15 ks.
The light curves are displayed in Fig. 4.2, and the spectra in Fig. 4.3 As evident, O1
and O3 show the source in an extremely low state, with a flux ∼3 times lower than
in the rest of the observations. In order to avoid losing the higher time resolution
we would be able to achieve in the majority of the observations, we decided to
extract and analyze spectra of different duration: 13.5 ks for O1 and O3, and 5 ks
for the rest. These lengths were chosen to guarantee a minimum of 5000 photon in
each spectrum, considering the minimum count rate in the band 5 (4.5–12 keV) of
the 4XMM-DR11 catalogue, 0.368 ± 0.004 ct s−1 and 1.042 ± 0.006 ct s−1 for the
two flux regimes, respectively. Given the black hole mass of 0.5 × 107 M⊙ (Bentz
and Katz, 2015), the period of a Keplerian orbit at 10 Rg is 4.9 ks, ∼ 10 Rg being
the distance where the most powerful winds are supposed to be launched from
Proga (2007). The observational limitation in flux allows us to reach this distance
from the SMBH but not to oversample it.

All the spectra are binned using the task ftgrouppha with grouping option “op-
timal" (Kaastra and Bleeker, 2016), the fitting and the blind search are performed
using C-statistics (Cash, 1979).

4.1 Fe Kα line
To fit the spectra, we use the same baseline model tested for NGC 3783 and
described in Sect. 3.1. It consists of a power law, a partially covering neutral
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Figure 4.2: Light curves of all the observations of NGC 3227 between 4-10 keV, with
time bins of 5 ks.
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Figure 4.3: Average spectra of all the analyzed observations of NGC 3227. For O/U1
and O/U2, we split the obscured and unobscured parts and show them separately.
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Figure 4.4: Rest-frame energy of the narrow Gaussian emission component accounting
for the Fe Kα. The horizontal line represents the average value withing each observations.
Errors are reported at 1σ.

absorber and a narrow (σ = 10 eV) Gaussian emission line to account for the
narrow Fe Kα component that is present in the spectrum, as reported in literature
(e.g. Lobban et al., 2020). In Fig. 4.4, 4.5, and 4.6, we show the best-fit values of
the energy, normalization, and EW of the Fe Kα. Starting from the energy, we see
that the average values of each observations (displayed as the horizontal line in
Fig. 4.4) are consistent, within the uncertainties, with values spanning from ∼ 6.38
to ∼ 6.43 keV and 1σ errors of the order of ∼ 10 eV on each data-point. As for the
short time-scales, we register a few variations on times as short as the time bins (5
ks and 13.5 ks for O1 and O3), for example in O/U1, U1b, U3, and O3. In Fig. 4.5,
we display the normalization of the line. Lobban et al. (2020) indicated variations
of the order of 20%, ascribed to the variations of the underlying continuum. We
confirm these results, not finding episodes of major variability. The same trends
visible in the normalization are also present in the EW except for O1 and O3: in
these two observations, the equivalent width is a factor ∼ 3 higher than in the
other pointings, in accordance with the decrease by the same order of the flux
visible in Fig. 4.2: this indicates an intrinsic stability of the Fe Kα line, placing its
origin in a reflector distant from the primary X-ray source, that at these times is
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Figure 4.5: Normalization of the Fe Kα line. Errors are reported at 1σ.

absorbed by the obscurer, as reported in Lamer et al. (2003) and Mehdipour et al.
(2021).

4.2 Blind search and simulations
To search for transient, discrete features, we run a blind search on all the spectra
and follow the same procedure described in Sect. 3.2: we add a Gaussian line
to the baseline model and, using the steppar command on Xspec, we find the
combinations of normalization and energy that improve the fit by 11.34, 7.81,
6.25 ∆ C, corresponding to a 99%, 95%, 90% significance for 3 ∆ d.o.f. (energy,
width, normalization of the line). We have a total of 130 spectra of 5 ks, among
them 90 correspond to the unobscured state and 40 to the obscured one. As
for the observation that caught the change of state, we followed the indications
of Wang et al. (2022) and considered for O/U1 the first 20 ks obscured and the
rest unobscured (so 4 and 16 spectra, respectively), and for O/U2 the first 60
ks obscured and the rest unobscured (12 and 4 spectra, respectively). We also
have 6 spectra of 13.5 ks, extracted from observations O1 and O3 that caught the
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Figure 4.6: Equivalent width of the Fe Kα line, with 1σ errors. The drops by a factor
∼ 3 in O1 and O3 are due not to an intrinsic variability of the line but to the decrease
in flux of the same order, visible in Fig. 4.2.
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Figure 4.7: Energy distribution of the emission and absorption features detected via
the blind search.

source in an exceptionally low state of flux, as displayed in Fig. 4.2. The energy
distribution of the lines detected in the 5 ks spectra are reported in Fig. 4.7. We
chose to consider separately the low-flux observations because the time scales, and
therefore the analyzed corresponding regions around the SMBH, are different. We
detected no features in the 4 spectra extracted from O3, and two features are found
in the first spectrum extracted from O1: they are reported in Fig. 4.8.

To assess the significance of the single detected features, we ran MonteCarlo
(MC) simulations. We considered three flux regimes for both the states of the
source, selected by dividing in three equal parts the entire flux range observed.
For the unobscured state, the band limits are 1.42–1.97, 1.97–2.53, 2.53–3.08
×10−11 erg s−1 cm−2; for the obscured state, they are 1.58–2.01, 2.01–2.43, 2.43–
2.86 ×10−11 erg s−1 cm−2. For each flux band, we found the average best-fit model
and carried out 1000 simulations. Then we counted how many features were found
with a significance > 90%, meaning with ∆C > 6.25, both in emission and in ab-
sorption, for each energy band. The results from the MC simulations are reported
in Table 4.2.

Interestingly, for the unobscured spectra we register a significant difference
between the results from the simulations for the low-flux regime, that mostly
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Energy MC σsingle σgroup

Low Mid High

keV % % % %

Unobscured
Emission

4-6 70 92 88 -
6-8 70 92 91 -
8-10 70 90 92 -

Absorption
4-6 92 92 87 -
6-8 67 92 81 -
8-10 69 87 92 -

Obscured
Emission

4-6 89 92 56 -
6-8 92 93 92 ≥ 99.7
8-10 89 90 90 -

Absorption
4-6 94 92 79 -
6-8 - - - -
8-10 91 91 94 ≥ 95

Table 4.2: Results of the MC simulations on the significance of the detections at
different energy ranges, in different flux regimes. The significance for single detections is
higher than the threshold of 90% only for emission features at E=6–8 keV, and absorption
features at E> 8 keV, both in the obscured state of the source. For these two cases, we
calculated the global significance of the groups of detections with the binomial probability
distribution.
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Figure 4.8: Significance contours of the features detected via blind search in the first
spectrum of O1.

reach a significance of ≳ 1σ, and for the middle and high regime, where the
significance is stable at ∼ 90%, therefore consistent with what directly expected
from the blind search. As for the obscured spectra, we find two cases in which
the detections have a significance ≥ 90% in all flux regimes: the emission lines at
6–8 keV, and the absorption lines at 8–10 keV. The occurrences of these features
are 10 in emission with a MC significance larger than 92%, and 7 in absorption
with MC significance larger than 91%, considering a total of 40 spectra in the
obscured state. We estimate the probability that their repetitions are not casual
by using the binomial distribution. Given the total number of trials (40 spectra),
the ”minimum" significance (92 for the emission lines and 91 for the absorption
ones), and the number of successes (i.e. of detections, 10 emission lines and 7
absorption lines) we find a global significance of ∼ 3σ and ∼ 2σ respectively.

4.3 Residual maps
We produced the residual maps for all observation analyzed for NGC 3227, shown
in Fig. 4.9, by using the same procedure described in Sect. 3.4.1: once we find
the best-fit of the baseline model, we remove the Gauss component accounting for
the Fe Kα and plot the residuals normalized by the error without re-fitting, then
we put together the residuals of all the spectra within a single observation in the
time-energy plane. We use 0.1 keV as energy resolution uniformly throughout the
whole map. The time resolution is 5 ks for all plots, except for O1 and O3.

Observing the maps, the most evident feature is, as expected, the Fe Kα line.
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In the maps it is possible to visualize altogether the energy and the intensity of the
line, that are reported separately in Fig. 4.4 and Fig.4.5. We stress here that the
maps provide a magnification of the variations, and that they do not provide any
form of uncertainties of the displayed values. The residual maps clearly report the
variations in energy of the line, for example the shift at lower energy at the end
of O/U1 and in the middle of O/U2 and O2. The changes in normalization are
shown in the maps as redder points (peaks) or lighter ones (dips). The iron line is
presented here as rather uneven: this is particularly evident, for example, towards
the end of U3, and in U5, O/U2 and O2. As detailed above in Sect. 4.1 and
displayed in Fig. 4.5, some of these variations are indeed significant, for example
the ∼ 10 ks dip in the middle of O2. Among all the features detected with the
blind search, the only ones which have been confirmed with a significance > 90%
using the MC simulations are in the obscured state and are the emission lines at
6-08 keV and the absorption lines at 8–10 keV. We remind here that the first 20
ks (4 spectra) of O/U1 and the first 60 ks (12 spectra) of O/U2 are categorized
as obscured (Wang et al., 2022). These features are recognizable in the maps. It
is particularly interesting to discuss the origin of the absorption features at high
energies. We can interpret them as an effect of the presence of UFOs (Tombesi
et al., 2010), therefore Fe resonant absorption lines produced by highly ionized
material; considering the energy of the detections (∼ 8.2 − 9.8 keV), we find an
outflowing velocity > 0.2c. We note here that O1 and O/U1 are part of the sample
analyzed by Tombesi et al. (2010); while we confirm the absence of UFOs in O1,
we have some hints of detection of lines at ∼ 9.0 keV and at ∼ 9.2 keV in the first
and third spectra extracted from O/U1: it is possible that, because of the transient
nature of these lines, they were evened out in the analysis of the whole spectrum,
and therefore not detected in their work. In particular, we tested if the “strip"
of possible absorption lines visible in the residual map of the first/obscured 20 ks
of O/U1 are indeed indicating the presence of a highly ionized feature. Fig. 4.10
show the spectra fitted with the baseline model and, in addition, a narrow (10 eV)
absorption line, for which the best fit values are 9.17+0.04

−0.03 keV for the energy and
−7 ± 2 × 10−6 cts s−1 cm−2 for the normalization, with error at 90%. The EW
of this line is 0.06 keV and its presence improves the fit by 8.9 for 2 ∆ d.o.f. We
did not try the same exercise on the O/U2 observations, since the residuals map
of this pointing does not show any possible pattern of systematic behaviour of the
possible features.
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Figure 4.9: Residual maps of the observation of NGC 3227 analyzed. Time bins are 5
ks for all observations except for O1 and O3, where it is 13.5 ks. In the first four spectra
O/U1 it is possible to recognize the hint of UFO detection at ∼ 9.2 keV, detected at 2σ
that disappears in the rest of the observation as the obscuration event ends and is not
detectable when only the average spectrum is analyzed.
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Figure 4.10: Spectrum extracted from the first 20 ks of observation O/U1, during the
obscured phase. At ∼ 9.2 keV the absorption line produced by the UFO is visible in the
model, the significance is 2σ.



Chapter 5

NGC 5548

77



CHAPTER 5. NGC 5548

NGC 5548 (z=0.017175, de Vaucouleurs et al. 1991) was part of the original
sample of twelve extra-galactic nebulae with high-excitation emission lines in the
central area compiled by Seyfert (1943). It was the first source in which the narrow
absorption lines produced by the warm absorbers in the X-rays were discovered,
using the high-energy resolution of the spectrometers on-board Chandra (Kaastra
et al., 2000). A reverberation mapping campaign in 2008 brought an accurate
description of the BLR (Pancoast et al., 2014), shaped as a narrow, thick disk
with inclination angle σ = 38.8+12.1

−11.4 deg and a mean radius r=3.31+0.66
−0.61 light days.

Until recent years, it was considered an archetypal Seyfert 1 galaxy (Bianchi et al.,
2009).

In 2013-2014, it was the target of a multi-wavelength observational campaign
that collected over 2.4 Ms of X-ray and 800 ks of optical/UV observation time
among different observatories (XMM-Newton, Swift, NuSTAR, INTEGRAL, Chan-
dra, HST COS, Wise Observatory, and Observatorio Cerro Amazones). At this
time, the source was caught in an obscured state, blocking 90% of the soft X-ray
emission and simultaneously producing deep, broad absorption features in the UV
(Kaastra et al., 2014). The obscuration is ascribed to a clumpy, weakly ionized
gas located at 2–7 light days from the center of the system, partially covering the
primary X-ray source and the BLR, outflowing with velocities up to 5000 km s−1.
A cartoon representing the position of the obscurer is displayed in Fig. 5.1 Archival
data from Swift show that the obscuration event started somewhere between Au-
gust 2007 and February 2012.

We analyzed all the available observations present in the XMM-Newton archive,
19 in total; their OBS ID and the denominations used here are reported in Table
5.1. Their lightcurve are shown in Fig. 5.2 and the spectra in Fig. 5.3. Among
them, three caught the source in the unobscured state (U1-3) and sixteen in the
obscured state (O1-16). The minimum count rate in the band 4.5–12 keV reported
in the 4XMM-DR11 catalogue for this source is 0.745 ± 0.005, therefore in order
to have at least 5000 photons in each spectrum, we selected 7 ks as the size of the
time bins for the time-resolved spectral analysis: this gives us 17 spectra in the
unobscured state and 108 in the obscured one. Considering a mass of 4.8 × 107 M⊙
for the SMBH (Bentz and Katz, 2015), the orbital period at 10 Rg is 47 ks, thus
we are able to oversample it and each of our time bins represents a fraction of
0.15 of it. All the spectra are binned using the task ftgrouppha with grouping
option “optimal" (Kaastra and Bleeker, 2016), the fitting and the blind search are
performed using C-statistics (Cash, 1979).
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Figure 5.1: Cartoon of the central region of NGC 5548 (not to scale). The obscurer
consists of a mixture of ionized gas with embedded colder, denser parts and is close to
the inner UV BLR. Credit: Kaastra et al. 2014.
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Obs ID Start date Label
0109960101 2000-12-24 22:12:11 U1
0089960301 2001-07-09 15:45:59 U2
0089960401 2001-07-12 07:34:56 U3
0720110301 2013-06-22 04:10:29 O1
0720110401 2013-06-29 23:50:30 O2
0720110501 2013-07-07 23:28:42 O3
0720110601 2013-07-11 23:11:43 O4
0720110701 2013-07-15 22:56:29 O5
0720110801 2013-07-19 22:40:42 O6
0720110901 2013-07-21 22:32:18 O7
0720111001 2013-07-23 22:24:17 O8
0720111101 2013-07-25 22:15:00 O9
0720111201 2013-07-27 22:06:35 O10
0720111301 2013-07-29 21:58:06 O11
0720111401 2013-07-31 21:49:48 O12
0720111501 2013-12-20 14:01:39 O13
0720111601 2014-02-04 09:33:43 O14
0771000101 2016-01-14 05:52:27 O15
0771000201 2016-01-16 06:36:31 O16

Table 5.1: OBS ID of all the observations of NGC 5548 analyzed in this work and
relative denominations used.
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Figure 5.2: Light curves of all observations of NGC 5548 in the 4–10 keV energy
range, time bins are 7 ks.
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Figure 5.3: Average spectra of all the analyzed NGC 5548 observations.
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5.1 Fe Kα line
The baseline model used to fit all 125 spectra of NGC 5548 is the same as described
in Sect. 3.1, i.e., a partially covering neutral absorber, a power law and a narrow
(10 eV) Gaussian line to represent the Fe Kα. The trend of the line parameters
in time are presented in Fig. 5.4, Fig. 5.5, and Fig. 5.6. In Fig. 5.4 we show the
rest-frame energy of the Fe Kα, reported with 1σ errors. While the average value
remains consistent with the ∼ 6.4 keV expected for a line produced by neutral
matter across all of the observations (over a time span of almost 16 years), we
detect some isolated variations over times as short as our time bins, 7 ks.

The same happens with the line normalization, as displayed in Fig. 5.5: the
average values span from ∼ 4 × 10−5 to ∼ 6 × 10−5 and are overall consistent in
time considering we register 1σ errors up to the order of ∼ 20%; however, some
episodes of variations seem to be present. Considering the energy of this feature,
we see that, on average, the line is always consistent at 90% with the average
value (see Fig. 5.4). Nonetheless, in O6 and O9 the energy centroid changes with
time/spectral slice in an ordered way. The line energy best fit value monotonically
moves from 6.48 keV toward the lower value of 6.35 keV and than it increases back
to 6.4 keV. Interestingly, the light curve shows a specular behaviour with an almost
monotonic increase during the same period in which the line energy displays hints
of shifts towards lower energies and a decrease when the line is moving back toward
higher energies. During O9, the best fit of the centroid of the line shows a pattern
very similar to what observed in O6, but in this observation the source flux has
the same behaviour of the line energy. We measured the Spearman coefficient
ρs for the energy of the lines in these two observation, to assess if the trends we
see has some statistical value. We find that, considering all the data-points, the
coefficient is ρs = −0.74, with a significance of ∼ 96% for O6, and ρs = −0.21, with
a significance of ∼ 35% for O9. If in both observations we exclude the last value
(i.e, that from the plot appearing to be significantly higher), we find evidence for a
significant correlation in both cases: for O6, ρs = −0.96, with a ∼ 4σ significance,
and similarly for O9, ρs = −0.94 at ∼ 3σ.

During the other observations we may observe sometimes hints of what is ob-
served in O6 and O9. In O3 and O15 there are hints of variability in the line EW
(not observed in O6 and O9) that is following the source flux but, on average,
nothing that has the systematic pattern seen in O6 and O9.

5.2 Blind search and simulations
After finding the best fit model for each of the 125 spectra, we run the blind search
following the same procedure described in Sect. 3.2. The energy distributions of
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Figure 5.4: Rest-frame energy of the narrow Fe Kα emission line.
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Figure 5.5: Normalization of the narrow Fe Kα line.
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Figure 5.6: Equivalent width of the narrow Fe Kα line.
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Figure 5.7: Energy distributions of the features detected via the blind search. The
size of the energy bins is 0.2 keV and the height of the histograms bars are normalized by
the total number of spectra in the two distinct states of the source, 17 for the unobscured
(top panels) and 198 for the obscured (bottom panels).

all the detected features are reported in Fig. 5.7, the bin size is 0.2 keV and the
height of the bars are normalized by the number of spectra taken into account.
Once again we considered separately the unobscured and obscured state, in order
to find out whether the presence of the obscurer is linked to the appearance (or
disappearance) of discrete features. For this source a comparison is not immediate,
as the numbers of spectra in the two phases are significantly different (17 vs 108):
the frequency of the detections is always quite low, reaching a maximum of 6% in
both cases, and for the unobscured one, in particular, we are dealing with single
detections.

To assess the significance of the detections ,we used MonteCarlo simulations.
For both states, we simulated spectra in three different flux regimes (low, medium,
and high) found dividing the flux range during the observations in three equal
bands. The band limits for the unobscured observations are 3.5 − 4.1, 4.1 − 4.7,
4.7 − 5.3 × 10−11 erg s−1 cm−2, and for the obscured ones are 1.9 − 2.7, 2.7 − 3.6,
3.6 − 4.4 × 10−11 erg s−1 cm−2. For each of these bands, we calculated the aver-

age best-fit model, simulated it 1000 times and then counted in how many cases
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Energy
Low Mid High

keV % % %

Unobscured
Emission

4-6 77 88 59
6-8 89 64 64
8-10 86 68 63

Absorption
4-6 80 85 80
6-8 82 71 64
8-10 84 84 60

Obscured
Emission

4-6 85 90 90
6-8 91 93 87
8-10 90 88 89

Absorption
4-6 89 87 86
6-8 83 86 94
8-10 91 86 88

Table 5.2: Result of the MC simulations on the significance of the detected features.
In none of the case the threshold of 90% is reached.

a feature with a ∆C > 6.25 is detected for each energy band. We remind that
∆C > 6.25 is the value set to find the 90% significance contours used in the
blind search, considering 3 free parameters (energy, width and normalization of
the Gaussian line). The results of the simulations are reported in Table 5.2. In
almost all cases, the significance is ≤ 90%, and in some is largely reduced, assess-
ing the significance of the detections at a value smaller than 1σ for all emission
lines and the absorption lines at energies >6 keV in the unobscured state. The
significance of the features never reached the 90% threshold in any of the studied
cases.



CHAPTER 5. NGC 5548

5.3 Residual maps
The residual maps of all the observations of NGC 5548 analyzed in this work
are displayed in Fig. 5.8. They were produced following the procedure described
in Sect. 3.4.1. As expected from the the blind search, we do not recognize any
specific “cluster" of features: positive and negative residuals appear to be quite
evenly distributed and do not reach high values of |∆χ|, except for two peaks in the
Fe Kα in O3 and O13 that are also present in Fig. 5.5. We are not able to recognize
any interesting pattern in these maps or any correlation or anti-correlation.
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Figure 5.8: Residual maps of NGC 5548. Time bins are 7 ks.
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NGC 985

NGC 985, also known as Mrk 1048, is a Seyfert 1 galaxy at redshift z=0.0427
(Fisher et al., 1995). The galaxy presents a ring-like structure, suggesting that is
going through a merger (de Vaucouleurs and de Vaucouleurs, 1975). Observations
with ROSAT suggested the presence of a warm absorber in the X-rays (Brandt
et al., 1994), later confirmed by ASCA (Nicastro et al., 1999), and then observed
with grating spectra by Chandra (Krongold et al., 2005) and XMM-Newton (Kro-
ngold et al., 2009). In 2013, a Swift monitoring caught the source in a low-flux
state, which triggered two XMM-Newton observations: the drop in flux was as-
cribed by Parker et al. (2014) to a partially covering cold obscurer, identified as
cloud in the BLR at a radius of a few 1018 cm. In 2015, the source was observed
again by XMM-Newton: this time, it appeared to be coming out of the eclipsing
event, with the column density of the obscurer diminished by about one order of
magnitude, from ∼ 1022 to ∼ 1021 cm−2 (Ebrero et al., 2016).

Among the observations available in the XMM-Newton archive, we excluded
two: OBS ID 743830601, because of how badly it is affected by flares, and OBS
ID 0690870101, because of its short exposure (21 ks). Among the observations we
analyzed, one shows the source in an obscured state (and is therefore indicated as
O) and two in an unobscured one (U1, U2). Their light curves are shown in Fig. 6.1
and the spectra in Fig. 6.2. The minimum count rate in the 4.5–12 keV band
reported in the 4XMM-DR11 catalogue is 0.373 ± 0.003 ct s−1, thus, to ensure the
minimum number of counts of 5000 per spectrum, we set the time resolution as
13.5 ks. The mass of the SMBH of this source is 2 × 108 M⊙ (Vasudevan et al.,
2009); this allows us to get really close to the center of the system with the time-
scale we have chosen. Not only we oversample by a factor 100 the orbital period
at 10Rg (∼ 196 ks), but we can get as close as the ISCO even in the case of a
maximally rotating BH (tISCO ∼ 15 ks).
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Obs ID Start date Label
0690870501 2013-08-10 21:00:25 O
0743830501 2015-01-13 09:35:34 U1
0743830601 2015-01-25 08:30:56 U2

Table 6.1: OBS ID of the observations of NGC 985 analyzed in this work and relative
denominations used.

Figure 6.1: Light curves of the analyzed NGC 985 observations. Time bins are 13.5
ks.
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Figure 6.2: Average spectra of the analyzed observations of NGC 985.
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Figure 6.3: Rest-frame energy of the Fe Kα line.

6.1 Fe Kα line
To model the 24 spectra extracted from the three observations, we use the model
described in Sect. 3.1, consisting in a power law, a narrow Gaussian emission line
to account for the Fe Kα and a partially covering cold absorber. Observing the
energy of the line in Fig. 6.3, we detect some minor variations on short time scales,
with the rest-frame value spanning from ∼ 6.2 keV to ∼ 6.45 keV within the same
observations. The average value remains consistent. As for the normalization,
shown in Fig. 6.4, we see a slight decrease in the average value among O and
U1-U2, but the values remain consistent considering the uncertainties. The EW,
displayed in Fig. 6.5, follows the same trends of the normalization on short time
scales. A variation from ∼ 100 eV to ∼ 50 eV is observed between the obscured
and unobscured state, consistent with the rising of the flux. This places the origin
of the line far from the primary X-ray source.

6.2 Blind search and simulations
We ran a blind search on the 24 spectra of NGC 985, once again using the proce-
dure detailed in Sect. 3.2, i.e., adding a Gauss component with all the parameters
free to vary and selecting the combinations of normalization and energy that im-
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Figure 6.4: Normalization of the Fe Kα line.

Figure 6.5: EW of the Fe Kα line. Errors are at 1σ.
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Figure 6.6: Energy distribution of the detections in the obscured and unobscured
phases of NGC 985. Energy bins are 0.2 keV.

prove the fit by 90%, 95% and 99%. The results of this procedure are shown in
the histograms in Fig. 6.6, where we plot the distribution in energy of the de-
tected features. To assess the significance of the detections, we use MonteCarlo
simulations. For the unobscured state we consider three different regimes for the
flux, 1.08 − 1.30, 1.30 − 1.51, 1.51 − 1.73 × 10−11 erg cm−2 s−1; for each regime,
we calculate the average model and simulate it 1000 times. Conversely, for the ob-
scured state, since it consists of a singular observation with flux variations < 10%,
we did not make such distinction and simulated the average of all best-fit models
of the 7 extracted spectra. The results of the simulations are reported in Table 6.2:
the only case where we reach a 90% significance in for the emission line detected
at 8.8 keV in the obscured state. The presence of such features have already been
observed and attributed to a Cu instrumental feature (Parker et al., 2014; Ebrero
et al., 2016). It is interesting to see that, while they are found to be not statistically
significant from the results of the MC simulations, the hints of absorption lines
detected in both states of the source between 6.7 and 6.9 keV would be consistent
with being produced by the high ionization (logξ ∼ 2.8) component described by
Ebrero et al. (2016).
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Unobscured
Energy MC σsingle

Low Mid High

keV % % %

Emission
4-6 86 84 88
6-8 92 90 87
8-10 88 90 90

Absorption
4-6 87 88 88
6-8 85 89 87
8-10 89 88 82

Obscured
Energy MC σsingle

keV %

Emission
4-6 85
8-10 90

Absorption
6-8 84

Table 6.2: Results of the MC simulations on the significance of the detection. The
only case where the significance reaches the threshold of 90% if for emission lines at
E> 8 keV in the obscured state of the source, with a single detection. The origin of this
feature is most likely instrumental (Parker et al., 2014).
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Figure 6.7: Residual maps of NGC 985.

6.3 Residual maps
We produced the residual maps of the three analyzed observations of NGC 985
following the steps detailed in Sect. 3.4.1. They are displayed in Fig. 6.7. As
expected from the results of the blind search, we do not find any significant feature
and/or pattern. Observing the red part of the Fe Kα line residuals, we observe
the same trends seen in Fig. 6.4: the peak in O and the dip in the middle of U1
here appear particularly evident.
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Conclusions

In this work, we have analyzed via time-resolved spectral analysis four bright bright
Seyfert galaxies that underwent obscuration events observed by XMM-Newton:
NGC 3783, NGC 3227, NGC 5548 and NGC 985.

The aim of our analysis consists in searching for possible emission and/or ab-
sorption lines in short-duration spectra extracted from the entire observations, in
order to explore regions as close as the SMBH as the statistics allow for, and pos-
sibly catch transient phenomena occurring in the innermost regions (a few Rg)
around the black hole, that could be evened out in averaged spectra.

We started our analysis from NGC 3783 and used it as a test-case, as in the past
it had been already studied with an approach similar to ours; we used this source
to have a direct comparison with literature and test our methodology. On this
source we tested a baseline model and verified that, for the scope of our analysis,
the best modelization consists in a power law and a narrow Gaussian emission line
associated with the Fe Kα, absorbed by a partially covering neutral medium. The
choice of this absorber is guided by the necessity of reproducing as much correctly
as possible the curvature of the spectrum, without adding any absorption line, as
it would happen if we tried to use a more “physical" ionized absorber. In fact,
a “smooth" model in necessary for the subsequent step of our analysis, i.e., the
blind search for features. This procedure is carried out by adding to the model a
line and then finding the combinations of its parameters that significantly improve
the fit by scanning the whole parameters space, for each spectrum. In this way,
we detect all the lines with a minimum significance of 90%, that corresponds to
6.25 ∆C (we adopted the Cash statistics) for 3 degrees of freedom of difference.
After this, the significance of the detections is assessed by an extensive set of
MonteCarlo simulations, that take into account the variations in flux registered
among the spectra and the energy of the detected lines. A study of the energy
distributions of the detections give indications about which features could possibly
share a common origin; hence assuming that “clusters" of detections at certain
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energy represent the re-occurrences of the same features, we measured a global
significance for them by adopting the binomial distribution.

Once the significance of transient/variable features is assessed, we use the resid-
ual maps to actually trace the variations in time and energy. The residual maps
are produced by taking all the residuals from the baseline model and visualizing
them in the time and energy plane. They represent a renewed version of the excess
maps, that have been extensively used in the past years to study the variations of
emission lines (e.g. Iwasawa et al., 2004; De Marco et al., 2009). The major update
we introduced is to display simultaneously positive and negative deviations from
the model, thus allowing us to search for possible correlations in the behaviour
of emission and absorption lines. In NGC 3783, the residual maps enabled us to
ascribe variations in the normalization of the Fe Kα to resonant absorption lines
at the same energy due to clumps in the obscuring medium, whose presence is
detected at > 3σ significance according to the blind search, and to determine the
dimensions of the clumps.

The same procedure – blind search on each time-resolved spectrum and pro-
duction of residual maps – is applied to the other sources of the sample. In NGC
3227 we detected at the ∼ 2σ significance level an ultra-fast outflow, with velocity
∼ 0.2c, appearing only in the first part of an observation at the end of a tempo-
rary obscuration event. This feature was not detected in the past, when only the
averaged spectrum of the whole pointing was analyzed, thus possibly diluting its
sign. In NGC 5548 and NGC 985 we did not detect any significant feature, either
in the obscured or unobscured phases of these sources.

7.1 General properties of the sample
In the previous chapters, we have investigated the presence of discrete features
in emission and/or absorption in the individual sources. A natural step forward
would be to investigate whether some possible signal is present if we consider
the objects altogether to be representative of a more general behaviour typical of
Seyfert galaxies. As such, the study of the average results could be assumed to be
representative of the class of objects.

We may think at different approaches to this kind of study. One of the most
commonly used method consists the averaging of the spectra of the different
sources/observations. This “stacking" technique is often used to investigate the
spectral properties of faint sources in surveys. It relies on the assumption that, at
the real core, every AGN, in X-rays, is well described by the same intrinsic model.
The adoption of this technique in this context is hampered by the clear differ-
ences that we observe in both time-averaged and time-resolved spectra presented
above. We know that this is true not only for the different sources but also for the
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individual objects even within the same pointing.
Nonetheless, in order to understand whether what we observed is a general

property of AGN, we can simply consider all the sliced spectra analyzed here as if
all of them were obtained from a single source.

This assumption is somehow corroborated by the results that we obtain by
averaging the obtained values of the continuum. Table 7.1 reports the average
values for the spectral photon index and Fe Kα emission line. The average value
of the spectral photon index obtained for the 373 spectra investigated here is
Γ = 1.8 ± 0.2, perfectly in agreement with what obtained in studies of samples
of AGN (e.g. Dadina, 2008). For comparison, the CAIXA sample assembled by
Bianchi et al. 2009 is a set of the brightest 156 radio-quiet AGN observed by
XMM-Newton; using a baseline model that includes only basic cold absorption,
they obtained for the photon index a value of 1.73±0.49.
Considering only the flux in the 4–10 keV energy band, we do not observe a
clear “softer when brighter" behaviour(as typically observed in AGN) between the
measured photon index and the flux, as shown in Fig. 7.2.
We find the same accordance also on the properties of the Fe Kα emission line,
which is found to be at E= 6.40 ± 0.04 keV, i.e. exactly at the expected energy
for a component emitted from cold material. This strongly suggests that at least
the bulk of this feature is produced from matter quite distant from the central
SMBH. Further evidence for this is provided by the EW increase in states of low
flux, e.g. in both the obscured observations of NGC 3783 (lower row of Fig. 3.2), in
observations O1 and O3 of NGC 3227 (Fig. 4.6), and in observation O of NGC 985
(Fig. 6.5). Because of the definition of the equivalent width, its anti-correlation
with the primary X-ray source flux indicates that the line itself is steady and does
not respond immediately to continuum flux variations.

Obviously, the same kind of test does not hold for the absorbing column den-
sity: in fact, the sources were selected because they are known to show occultation
events, so we expect a somewhat erratic value for the NH value and for the cov-
ering fraction. Moreover, the limited band adopted to perform the analysis is
hampering a robust measurement of this parameter. The average value obtained,
NH ∼ 24 × 1022 cm−2, is somehow in between what measured as average values for
type I and type II objects, but the uncertainties are large (Table 7.1).

All these findings somehow support the idea that the AGN studied here are in-
trinsically powered by the same mechanisms and, thus, that we may use the entire
sample of 373 spectra extracted for the four sources analyzed here to possibly ob-
tain more general results, also on the occurrence of transient absorption/emission
features. The basic idea is that the simple counting of the detections among all the
slices could give us some insights on the real significance of the recorded transient
features. In doing so, we must be aware that we may be introducing a series of
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Figure 7.1: Distributions of the photon index Γ (upper panel) and column density of
the absorber NH (lower panel) from the best-fit models of the 373 spectrum analyzed in
total. The dotted vertical lines represent the average values.
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Γ 1.8 ± 0.2
NH 24 ± 22 1022 cm−2

Covering Fraction 0.7 ± 0.3
Fe Kα energy 6.40 ± 0.04 keV

Table 7.1: Average values of the baseline model parameters considering the best fit of
all 373 sliced spectra analyzed in this work.

Figure 7.2: Photon index Γ vs 4–10 keV flux for the 373 spectra of the four Seyfert
galaxies analyzed in this work. The stars represent the mean value of Γ and flux for
each source, with the standard deviation of the measured Γ as error.
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Obscured Unobscured
Spectra 193 180

Energy band Occurrences
keV

Emission
4-6 7 11
6-8 13 13
8-10 2 -

Absorption
4-6 3 -
6-8 12 -
8-10 9 -

Table 7.2: Occurrences of the detections of features with a significance ≥ 90% among
all objects.

issues, as described below. As discussed for the individual sources, the duration
of the time slices had to be tailored on both the available statistics and the sizes
of the regions around SMBH to be tested. This problem was faced, for example,
in NGC 3227, where we needed to change the time resolution among observations
to collect enough photons for a meaningful analysis at the cost of probing regions
further from the SMBH. Here, the same issues is also present, coupled with the
fact that the sources have different SMBH masses and thus we are testing different
regions (see Table 2.2 in Chapter 2.2).

Most importantly, however, we observe that transient features are observed
only in two objects if we apply a filter on their statistical significance, i.e., if we
only take into account the detections at ≥ 90%. Table 7.2 reports the total number
of detections obtained for our small sample of objects.

The emission and absorption lines presented here are related only to two
sources, NGC 3783 and NGC 3227, as NGC 985 and NGC 5548 turned out to
not have any significant detections. This leads to a global decrease of the detec-
tion significance, when all the sliced spectra are considered together. In this case,
in fact, we obtain that the number of detections is always below the 10% of the
number of spectra considered in this analysis.

It is clear from the numbers presented here that the sum of the results ob-
tained from the individual sources indicate that the detection of UFOs may not
be considered as a “general" feature, i.e., UFOs are not always present in X-ray
spectra of Seyfert galaxies. The only possible UFO, according to our results, has
been marginally (∼2σ) detected in NGC 3227. We would like to point out that
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Source L2−10keV Lbol λEdd

erg s−1 erg s−1

NGC 3783 1043 1.6-2.5 1044 0.037-0.059
NGC 3227 1.6 1042 1.6-3.2 1043 0.020-0.039
NGC 5548 2 1043 2.5-3.2 1044 0.021-0.027
NGC 985 5 1043 1.6 1045 0.058/0.051

Table 7.3: Values from Vasudevan et al. 2010.

the four sources in our small sample are characterized by low Eddington ratio (a
few per cent), and NGC 3227 is, along with NGC 5548, the source with the lowest
value of λEdd ∼ 0.02 − 0.04, as shown in Table 7.3 (Vasudevan et al., 2010).

Besides, NGC 3783 is the only source that shows a clear component in outflow
from dense, ionized material; in this work we have confirmed the result found from
the analysis of the time-averaged spectra by Reeves et al. (2004). This source is
characterized by a λEdd comparable with that of NGC 985, that shows no hints of
powerful outflows in the energy bands analyzed here.

These two results suggest that the Eddington ratio is probably not a discrim-
inant factor for the characteristics of the outflows in the four objects. Something
else, likely geometrical and/or AGN duty cycle effects, may be determining what
we are observing.

The selection of the four sources in this sample were based primarily on the
detection of occultation events. These has been found to be strongly related with
the detection of outflows in optical/UV (e.g. Kaastra et al., 2014), with velocities
of the order of a few 103 km s−1. In X-rays, the occultation is clearly imprinting
the low-energy cut-off due to absorption, as evident from the spectra shown in
Fig. 4.3, 5.3 and 6.2. Yet the detection of discrete outflowing components is not
straightforwardly following it and/or does not appear to be a “general" property.
On the one hand, we find that all the absorption lines detected at more than 90%
confidence level occur during the obscured phases (Table 7.2); on the other hand,
we have only one – statistically speaking – strong feature, i.e. the one detected in
NGC 3783.

7.2 Comparison among the individual sources
The fact that we are finding significant detections of features only in one of the four
sources analyzed is most probably only marginally influenced by the difference in
statistics among the different sources, since we are dealing with datasets that are
essentially comparable from this point of view. The analyzed datasets, in fact, have
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been sliced so as to have approximately the same minimum number of counts. Our
time-resolved analysis has been able to strongly confirm the outflow found in the
time-averaged spectra of NGC 3783 but has been unable to find clear evidences for
winds in the other sources, except for – as previoulsy reported – a ∼ 2σ indication
of outflow in NGC 3227. The uniformity in terms of counts per spectra of our
sample suggests that our non-detections are not only possibly ascribed (at least in
part) to a scarcity of photons, but to an intrinsic lack of strong features.

We are left to assume that what we observed must be due to one or a combi-
nation of the following effects.

• These occultation events could produce transient and weak discrete features
in the X-ray spectra of Seyfert galaxies, but they are below the detection
threshold tested here. In this scenario, NGC 3783 is representing a par-
ticular case with lines sufficiently strong to be detected. In particular, the
column density of the medium is what mainly influences the intensity of the
absorption line; this could imply that in the sources where we did not detect
features the eventual outflow should have a column density lower than the
value of ∼ 1023 cm−2 measured in NGC 3783.

• The differences observed here are due to intrinsic differences among the
sources, seemingly not related to the Eddington ratio. This means that
the variety of physical conditions observed in the winds, that manifest them-
selves through multi-component outflows, are not strictly related to the ac-
cretion rate. Therefore, these sources can have similar accretion but different
ejection.

• Since the occultation clearly has the highest impact in the soft energy band,
these phases are mostly characterized by cold, outflowing gas that is not
expected to produce features in the 4–10 keV band, where only highly ionized
matter is expected to show transitions. In this case, the presence of a more
ionized component is not strictly related with the obscurer, so even if all
the sources underwent a similar obscuration event, the presence of the wind
producing the discrete absorption features would be unrelated to it.

The study of the average spectra of the sources in this sample contain at least
part of the possible explanation. NGC 3783 exhibits the larger and most ionized
absorber (logξ ∼ 3, NH ∼ 1022 cm−2 for the unobscured state, Reeves et al. 2004;
logξ ∼ 3.7, NH ∼ 1023 cm−2 for the obscured state, Mehdipour et al. 2017) a com-
bination of characteristics that certainly facilitates the detections of the features
due to the outflowing component in the 4–10 keV band considered here, as they
are found to produce more intense lines. In this respect, it is interesting to no-
tice an increase in value on both the ionization parameter and the column density
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during the obscuration event: in NGC 3227, the ionized matter which is present
in the unobscured epoch gets de-ionized by the shadowing effect of the obscurer
(Mehdipour et al., 2021), while in NGC 3783 the opposite occurs. This could lead
us to think that in NGC 3783 the most extreme component is located internally
with respect to the obscurer, and that the same launching mechanism that acceler-
ates the less ionized obscurer is responsible for the raise from the disk of an inner,
hotter component that gets summed up with, or replaces, a pre-existing wind. It
would be interesting to verify whether, at the end of the obscuration event that
lasted few weeks, the high-ionization component of the outflow returned to its
pre-obscured condition and if it is still present at all: this, in fact, would help us
to differentiate somehow the origin of the outflows in this source.

In the other sources, the average properties of the absorbing material are less
extreme than in NGC 3783, both in the obscured and unobscured phases. In
NGC 3227, Wang et al. (2022) found 4 distinct WA components at different ion-
ization states, logξ ∼ 3, 2.7, 1.8 and − 1.8, respectively, with column densities of
the order of ∼ 1021 cm−2 for the unobscured and partially obscured observations.
As stated above, Mehdipour et al. (2021) founds them de-ionized in the obscured
state, with the new ionization parameters being logξ ∼ 2.4, 2.1, 1.2 and − 2.4
and, in addition, the new obscurer has a column density of the order of ∼ 1022 cm−2

and logξ = 1. In NGC 5548, Cappi et al. (2016) reported two absorption compo-
nents in both states. The unobscured states comprise a first component with
logξ ∼ 1 and NH ∼ 1021 cm−2 and a second component with logξ ∼ 2.7 and
NH ∼ 1022 cm−2. For the obscured state, instead, they measured logξ ≤ 0.7 with
NH ∼ 1022 cm−2, and the obscurer is in the form of a colder component with
logξ = −1 and NH ∼ 1023 cm−2. Finally, in NGC 985 Ebrero et al. (2016) found
multiple ionized components with logξ spanning from ∼ 1.8 to ∼ 2.8 and NH
from ∼ 1022 cm−2 to ∼ 1021 cm−2, respectively, quite steady despite the change
of column density in the obscurer between the two states. In the condition of
these sources, the detection of absorption features is harder than in NGC 3783: in
fact, the depth of the lines is determined in the first place by the column density
of the medium and then, at the second order, by the ionization parameter, that
influences mostly the energy of the feature. We could argue that, similarly to the
discussion related to NGC 3783, the material observed in all the other sources
could produce some absorption at energies comparable with that of the Fe Kα
considering its ionization state and that at least part of the small variations of the
emission line could be the effect of a variable absorption superimposed on a steady
emission line. Currently, it is not possible to disentangle these effects: in fact, the
EW of the resonant absorption features would be comparable to the uncertainties
that we register for the EW of the emission line. A higher column density would
produce deeper lines and therefore significant detections.
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7.3 Future perspectives
In the next years, we expect to face significant improvements in the energy res-
olution that we will be able to achieve and in the collecting area, thanks to the
launch of XRISM (XRISM Science Team, 2020) and ATHENA (Nandra et al.,
2013). These telescopes have been designed with the purposes to investigate the
matter in extreme conditions. In particular, the science themes for which ATHENA
was selected is the study of the "hot and energetic universe". Among the multiple
topics that will be investigated, the physics of AGN-driven winds is one of the
most important for both missions.

XRISM (X-Ray Imaging and Spectroscopy Mission) is expected to be launched
in the Japanese fiscal year 2022. Its spectrometer, Resolve, will have an effective
area smaller than that of the EPIC-pn, but thanks to the micro-calorimeter detec-
tor, the energy resolution will be ≤ 7 eV at 6 keV, to be compared with the ∼ 100
eV of XMM-Newton at the same energy.

ATHENA (Advanced Telescope for High ENergy Astrophysics), set to be launched
in 2034, will also have an X-ray spectrometer based on micro-calorimeters: the X-
IFU (X-ray Integral Field Unit, Barret et al. 2018). This instrument will have an
energetic resolution ≤ 3 eV at energies up to 7 keV and a highly improved effective
area, ∼ 3 − 6 times larger than XRISM at 7 keV and up to 45 times larger at 1
keV, and overall 6-15 times large than that of the XMM-Newton EPIC-pn.

It is worth considering, however, that a comparison with the EPIC-pn is only
marginally correct if we want to have a first insight on the real capabilities that will
be opened by the new instruments in doing time-resolved analysis as performed
in this thesis work. The energy resolution of X-IFU and Resolve, in fact, are
more similar to those of the grating spectrometers on board Chandra and XMM-
Newton, thus a fairer comparison would be with the collecting areas of the latter
instruments (HETG and RGS, respectively), as shown in Fig. 7.3.

An example of the capabilities of the X-IFU is shown in Fig. 7.4, taken from
an upcoming paper by Fukumura et al. (in prep.) The upper panel shows (green
color) the theoretical model of a bright AGN (F2−10 keV = 2 × 10−11 erg s−1 cm−2),
with the power law absorbed by four different components, the Galactic absorption
and three distinct WA and, in addition, an UFO with a velocity of 0.01 c, launched
by magneto hydro-dynamics (MHD) mechanisms, whose model is convolved with
those of the absorbers. In the lower panel, the black points represent the simulated
X-IFU spectrum with an exposure of 10 ks. All the components of the model
here are clearly resolved, whereas a spectrum extracted from an XMM-Newton
observation would only report broad troughs.

In Fig. 7.5 (also from Fukumura et al., in prep.), we show a direct comparison
of a simulated 100 ks spectra taken with Resolve (upper three panels) and of 10
ks taken with X-IFU (lower three panels), both plotted with the model described



CHAPTER 7. CONCLUSIONS

Figure 7.3: Comparison among the effective areas of present and future instruments
with high energy resolution. Credit: Smith and Arcus Collaboration 2018.
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Figure 7.4: In the upper panel: theoretical model for the spectrum of an AGN with
absorption features produced by three distinct WA components and an UFO, launched
by magneto hydro-dynamics mechanisms. In the lower panel, the same model and the
simulated spectra from a 10 ks exposure taken with the X-IFU are shown. Credit:
Fukumura et al., in prep.
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Figure 7.5: Zoom on three energy ranges of the model of the spectrum of an AGN with
absorption features produced by three distinct WA components and an UFO, launched
by magneto hydro-dynamics mechanisms, represented with a 100 ks simulated spectrum
of XRISM/Resolve in the upper three panels, and with a 10 ks simulated spectrum of
Athena/X-IFU in the lower three panels. Credit: Fukumura et al., in prep.
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above, but this time with the MHD component being removed (in red). From the
observation of the spectra and the residuals, it is clear that, despite the 10 times
shorter exposure, the X-IFU is less noisy and allows for more significant detection
of the features, as the absorption lines are extremely clear in all the energy bands
shown in Fig. 7.5. Moreover, the X-IFU will allow us to resolve in more detail the
shape of the lines and, therefore, distinguish the physical process that produced
them. The simulation used here represents an AGN with a flux of the same order
of the source analyzed in this thesis work, and its duration is comparable with
the time resolution we used for the time-resolved spectral analysis. Having all
these conditions in mind, we think that the X-IFU should be considered the real
instrument of the future for time-resolved deep spectral investigation of AGN,
since it will allow us to collect enough photons on short time scales to produce
good-quality spectra. By this instrument, it will be possible to achieve more
statistically sound results on objects as bright as those analyzed in this work, but
also to perform time-resolved analysis on weaker objects, in order to derive more
general properties of AGN.
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