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“Twenty years from now you will be more disappointed
by the things you didn’t do than by the ones you did do.

So throw off the bowlines.
Sail away from the safe harbor.

Catch the trade winds in your sails.
Explore. Dream. Discover.”

(H. Jackson Brown Jr.)
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Summary

According to the most widely accepted paradigm, active galactic nuclei (AGN) are
powered by accretion of matter onto supermassive black holes (SMBHs) located in galactic
centers (Lynden-Bell 1969), which is the only viable explanation to their high bolometric
luminosities, ranging from 1041 to 1048 erg s−1 and able to outshine the emission of the
host galaxy.

The AGN emission extends over the whole electromagnetic spectrum from γ-ray to radio
wavelengths. The complexity of the AGN spectral energy distribution (SED) is due to the
different physical processes taking place in regions at various distances from the central
BH, each of which dominates at different wavelengths. Typically four main components are
observed: i) the Big Blue bump, representing the emission in the optical-UV band coming
from the accretion disk; ii) the Compton-hump, due to the interaction of the optical and UV
radiation with the hot corona; iii) the infrared bump, due to the thermal emission of dust
around the nuclear region; iv) the synchrotron radio emission, which may be more or less
significant (leading to the division between radio-quiet and radio-loud AGN, respectively).
Although most of the AGN radiation is emitted in the optical and UV bands, X-rays are
actually the most suitable energy range to study the structure and the physical properties
of AGN because they minimize the host galaxy contribution allowing to directly observe
the nuclear region of these objects.

The origin of the X-ray emission is ascribed to thermal Comptonization processes in
the corona, a hot optically thin region above a cooler accretion disk (Haardt & Maraschi
1991), through which the UV disk photons gain energy by the inverse Compton process.
This mechanism can explain both the observed power-law shape of the primary continuum
and its high-energy cut-off (Rybicki & Lightman 1979).

In the first approximation, the emission of the hot corona can be assumed isotropic;
therefore, any cold, optically-thick matter close to the accreting black hole, such as the
accretion disk, the broad line region (BLR) or the torus, can intercept and reprocess some
fraction of the primary continuum emission, thereby imprinting atomic features into the
observed spectrum. This process of "X-ray reflection" primarily gives rise to the iron
fluorescence line at 6.4 keV and to a broad reflection bump, the so-called Compton hump,
peaking at ∼30 keV (George & Fabian 1991; Matt et al. 1991; Reynolds 1998).

Nowadays, it is well known that most AGN are "obscured" in the X-rays (e.g. Matt
2002a; Bianchi et al. 2012 and references therein; Ramos Almeida & Ricci 2017) and
their observed spectrum depends on the column density NH of the neutral gas intercepted
along the line of sight. In particular, AGN are classified as "Compton-thick" if NH ≥
1.5 × 1024 cm−2, and "Compton-thin" if the column density is smaller but still in excess
with respect to the Galactic absorption (Matt et al. 2003).
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One of the most consolidated properties of AGN is their variability observed across all
the electromagnetic spectrum. In particular, the X-ray flux exhibits variability on time-
scales shorter than any other energy band, indicating that this emission originates from a
small region very close to the SMBH. Moreover, as explained above, a large fraction of AGN
are obscured and part at least of their observed X-ray variability is thought to be due to the
variations of the circumnuclear medium surrounding the central engine (e.g. Risaliti et al.
2002; Yang et al. 2016). According to the most popular AGN unification model (Antonucci
1993; Netzer 2015), this obscuring medium is optically thick, composed of dust and gas
and arranged in an axisymmetric dusty structure with luminosity dependent dimensions
of 0.1-10 pc (i.e. the "torus"). However, although X-ray studies have confirmed, to first
order, the widely accepted unified scheme, the location, geometry and physical state of the
absorbing material are still widely debated (Bianchi et al. 2012).

In particular, the observation of short timescale variations (∼days or even ∼hours) in
the absorption column density in several nearby bright sources, such as NGC 1365 (Risaliti
et al. 2005; Rivers et al. 2015a), NGC 4151 (Puccetti et al. 2007), NGC 4388 (Elvis et al.
2004) and NGC 7582 (Bianchi et al. 2009; Rivers et al. 2015b), implies that the obscuring
medium has a clumpy geometry, consisting of a series of discrete clouds likely at sub-pc
scales. Although the density of this absorbing matter likely increases towards the equatorial
plane (e.g. Nenkova et al. 2008a and 2008b), these variations are at odds with the classical
torus geometry, which invokes a smooth distribution of dust and gas in a uniform toroidal
structure (Pier & Krolik 1992 and 1993; Fritz et al. 2006).

Therefore, despite AGN are the most energetic long-lived objects in the Universe and
are thought to play a fundamental role in galaxy evolution, surprisingly little is known
about the physical processes acting in these objects on parsec and sub-parsec scales. Thus,
a study of the X-ray variability from a spectroscopic point of view, such as the one at
the basis of this thesis work, is of paramount importance to probe the extreme physical
processes acting in the innermost regions of these sources and to better understand the
relationship between the AGN and the host galaxy. Indeed, connecting the active galactic
nucleus with its host galaxy, the circumnuclear matter is not only responsible for feeding
the black hole, but it can also provide crucial information on the feedback that nuclear
activity produces on the galaxy. Looking at the structure and kinematics of the material
surrounding the accreting SMBHs is thus of paramount importance to directly probe the
AGN-host galaxy connection (Ramos Almeida & Ricci 2017).

On the other hand, different information on the nature and geometry of the circumnu-
clear matter in AGN can be obtained from future X-ray polarimetry missions, such as the
Imaging X-ray Polarimeter Explorer (IXPE – Weisskopf et al. 2016a and 2016b), scheduled
to be launched at the end of 2021. Expected to deliver outstanding science, IXPE will
detect linear polarization from several astronomical sources belonging to different classes,
giving new insights on their emission mechanism and geometry. In particular, since the
X-ray emission in Compton-thick AGN is dominated by reflection from the circumnuclear
matter in the 2-8 keV working band of the polarimeters on board this mission, a high
polarization degree, dependent on the inclination and level of symmetry of the matter, is
expected, with the polarization angle related to the symmetry axis. A comparison of such
an axis to those of the spatially resolved inner tori and of the ionization cone will shed
further light on the structure of the circumnuclear matter in heavily obscured AGN.
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This thesis work is structured as follows.

• Chapter 1 consists in an overview on AGN, where their structure, classification and
unification model are discussed.

• Chapter 2 focuses on the X-ray emission of AGN. The various components of their
complex X-ray spectrum are presented in detail. The importance of obscured sources
and the role of the X-ray variability are also discussed.

• Chapter 3 is dedicated to the current X-ray observatories, giving an overview of
the satellites whose data are analyzed in this thesis: NuSTAR, Swift, XMM-Newton,
Suzaku and Chandra.

• Chapter 4 focuses on the X-ray spectral analysis of the Compton thick Seyfert 2
galaxy NGC 1068, based on a NuSTAR monitoring performed in 2017-2018. The de-
tection of one unveiling and one eclipsing event due to Compton-thick matter located
in the innermost part of the torus or even further inward provides further evidence
of the clumpy structure of the circumnuclear matter in this source. Furthermore, the
detection of a new flaring ULX at a distance of about 2 kpc from the nuclear region
of NGC 1068 is also discussed.

• Chapter 5 focuses on the X-ray spectral analysis of the Compton thin Seyfert 2
galaxy NGC 4507, based on a NuSTAR monitoring performed in 2015. Regarding
the physical properties of the circumnuclear matter, the NuSTAR findings are also
compared to the previous configuration observed with Suzaku in 2007.

• Chapter 6 is dedicated to a short introduction on X-ray polarimetry and to the
IXPE mission that will shed light on polarimetry in the X-rays after more than 40
years.

• Chapter 7 focuses on the expected polarimetric X-ray view of the brightest Compton-
thick AGN in the sky, i.e. the Circinus Galaxy. The future planned IXPE observation
is discussed together with the best observational strategy needed to disentangle the
contribution of the AGN to the polarization signal from the one due to contamination
from other X-ray sources within the field of view.

• Chapter 8 is devoted to the conclusions drawn by the analyses discussed throughout
this thesis work.
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The term "Active Galactic Nucleus" (AGN) refers to the existence of highly energetic
phenomena within the central regions of galaxies that cannot be attributed clearly and
directly to stellar processes (Peterson 1997).

From an observational point of view an object can be classified as AGN if it shows at
least one of the following properties (Netzer 1990):

• a compact nuclear region, much brighter than the nucleus of galaxies of the same
morphological classification;

• non-thermal continuum nuclear emission;

• nuclear emission lines indicating excitation by a non-thermal continuum;

• continuum and/or emission lines variability.
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A short introduction on AGN is proposed in §1.1, with a particular attention on both
the accretion mechanism and the overall emission of these sources. Then, §1.2 and §1.3
are devoted to illustrate the several components that constitute an AGN and the different
classes to which these sources can belong, respectively. Finally, the unification scheme is
summarized in §1.4. It is worth to note that, since the whole thesis work is focused on the
analysis of radio-quiet sources, this class of AGN will receive the most attention throughout
the first two chapters.

1.1 Introduction to active galaxies

According to a widely accepted paradigm, AGN are powered by accretion of matter
onto supermassive black holes (SMBHs) located in galactic centers (Lynden-Bell 1969),
which is the only viable explanation to their high bolometric luminosities, ranging from
1041 to 1048 erg s−1 and able to outshine the emission of the host galaxy.

The overall AGN emission extends over several orders of magnitude in frequency, from
radio to γ-rays, giving origin to the so-called "triple hump" (Figure 1.1), since it often peaks
in the UV, but significant luminosity is revealed also in the X-ray and infrared bands.
It is spatially unresolved except in the radio band, where some evidences of collimated
outflows at relativistic speeds are sometimes observed. The complexity of the AGN spectral
energy distribution (SED) is due to the different physical processes taking place in regions
at various distances from the central black hole, each of which dominates at different
wavelengths. Typically, four main components are observed:

• the Big Blue bump, representing the emission in the optical-UV band coming from
the accretion disk (see §1.2.2);

• the infrared bump, due to the thermal emission of dust around the nuclear region
(see §1.2.5);

• the Compton-hump, due to the interaction of the optical and UV radiation with the
hot corona. A detailed analysis of this part of the spectrum is discussed in Chapter
2;

• the radio emission, due to synchrotron mechanism. It may be negligible or contribute
substantially to the overall AGN emission leading to the radio-quiet and radio-loud
dichotomy (see §1.3).

1.2 AGN structure

The typical structure of an AGN is shown in Figure 1.2.
In the following, I will discuss the main components constituting an AGN, namely the

supermassive black hole (§1.2.1), the accretion disk (§1.2.2), the hot corona (§1.2.3), the
broad line region (BLR – §1.2.4), the molecular torus (§1.2.5), the narrow line region (NLR
– §1.2.6), and the relativistic jet (§1.2.7).
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Figure 1.1. Schematic representation of the spectral energy distribution (SED) of an
AGN (Harrison 2014). The solid black line reproduces the overall AGN emission, while
the colored lines represent the main physical components. For comparison purposes, also
the SED of a star-forming galaxy is shown (gray curve).

Figure 1.2. Schematic representation (not in scale) of the typical structure of AGN.
Adapted from Beckmann & Shrader (2012).
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1.2.1 The supermassive black hole

The presence of SMBHs in the center of AGN was firstly predicted by Lynden-Bell
(1969) and later confirmed by several experimental evidences, such as variability measure-
ments, orbital velocities, the M − σ relation or the reverberation mapping technique.

According to the General Relativity theory formulated by Einstein in 1916, a black
hole is completely described by three quantities: the mass M , the charge Q, and the
angular momentum J . In astrophysics, black holes are assumed to be electrically neutral,
so Q = 0 and, thus, they can be described by only two quantities (Maio et al. 2003). The
SMBH masses span from ∼ 106 M� up to 1010 M� (e.g. Marconi et al. 2009), while the
angular momentum is described by the adimensional quantity "spin", which is defined as
a = Jc/GM2

BH , where c is the speed of light, G the gravitational constant, and MBH

the mass of the compact object. The spin can assume any value from |a| = 0 to |a| = 1,
representing the former a non-spinning BH, while the latter describes a maximum rotating
BH, with positive and negative spins indicating a black hole rotating in the same (corotating
BH) or opposite (counter-rotating BH) direction as the accreting material, respectively.

The most general description of astrophysical black holes is given by the Kerr solution
to Einstein’s general relativity (Kerr 1963):

ds2 =−
(

1− 2GMBHr

Σc2

)
c2dt2 − 4GMBHrasin

2θ

Σc2
dtdφ+

Σ

∆
dr2 + Σdθ2+

+

(
r2 + a2 +

2GMBHra
2sin2θ

Σc2

)
sin2θdφ2,

(1.1)

where the functions Σ and ∆ are defined by Σ := r2 +a2cos2θ and ∆ := r2− 2GMBHr
c2

+a2.
In the limit a → 0, Equation 1.1 reduces to the Schwarzschild solution to Einstein’s

general relativity (Schwarzschild 1916), which describes the metric of space-time around a
non-rotating black hole:

ds2 = −
(

1− 2GMBH

rc2

)
c2dt2 +

dr2

1− 2GM
rc2

+ r2(dθ2 + sin2θdφ2). (1.2)

A fundamental characteristic of a black hole is the presence of the event horizon, defined
as the region out of which matter and light cannot escape. In general, the radius of the
event horizon depends on both its mass MBH and angular momentum J , and is given by:

Revt =
GMBH

c2
(1 +

√
1− a2), (1.3)

(see red solid line in Figure 1.3), leading to the Schwarzschild radius RSch = 2GM/c2 for
a not spinning BH and to the gravitational radius RG = GM/c2 for an extreme Kerr (i.e.
|a|=1) BH.

The minimal radius at which stable circular motion is still possible identifies the so-
called innermost stable circular orbit (ISCO). In particular, RISCO = 6RG for a Schwarzschild
BH, while RISCO = RG or RISCO = 9RG, in case of a corotating or counter-rotating Kerr
BH, respectively (Narayan 2005), as shown with the dash-dotted blue lines in Figure 1.3.

Accretion mechanism can release a large amount of energy, depending on the compact-
ness of the accreting object, which is defined as the ratio between its mass and its radius.
Thus, the accretion of matter onto a BH is the most efficient mass-energy conversion process
actually known.
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Figure 1.3. Radius of both the event horizon (red solid line) and the ISCO (blue dash-
dotted line) of a black hole, expressed in unit of gravitational radii, as a function of the
spin parameter a. As concerns RISCO, the upper curve refers to counter-rotating orbits
and the lower curve to corotating orbits (Bambi 2018).

To have a qualitative idea of the amount of energy produced in AGN, the average
efficiency η of the conversion of rest mass energy into radiation is usually assumed to be
∼10% (Fabian 1999), while nuclear burning releases at most 0.7% of the mass-energy,
which is at least a factor 10 lower than AGN accretion. From more detailed calculations,
we actually know that, in case of accretion onto a black hole, the efficiency of the conversion
of rest mass energy into radiation depends solely on the BH spin and is given by:

η = 1− EISCO, (1.4)

where EISCO =
√

1− 2/(3rISCO) is the specific energy of a gas particle in the innermost
stable circular orbit, with rISCO expressed in terms of RG (e.g. Volonteri 2013). Thus,
according to Equation 1.4, the theoretical efficiency of the accretion mechanism in AGN
can assume a wide range of values, from ∼ 4% (for a counter-rotating BH) up to ∼ 42%
(for a corotating BH), with η ∼ 6% for a non-spinning BH (see Figure 1.4 and Table 1.1).

Figure 1.4. Radiative efficiency as a function of the BH spin (Zhang 2013).
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However, it is worth noting that the BH capture cross-section is greater for photons
with angular momentum opposite to that of the BH (i.e negative momentum), with respect
to photons with positive angular momentum. Thus, in case of accretion, the black hole
preferentially swallows negative angular momentum photons emitted by the accretion flow,
limiting the spin to a=0.998 (Thorne 1974). A summary of the main characteristics of a
BH described above is reported in Table 1.1.

Table 1.1. Main characteristics of spinning or not spinning black holes.

not spinning BH fast rotating BH † maximum rotating BH

spin a 0 0.998 1
RISCO

b 6 ∼ 1.236d, ∼ 8.994e 1d, 9e

η c ∼ 0.057 ∼ 0.321d, ∼ 0.038e ∼ 0.423d, ∼ 0.057e

metric Schwarzschild Kerr Kerr

Notes. † It corresponds to the maximum rotating BH in case of accretion. a Adimensional
angular momentum per unit mass, defined by a = Jc/GM2

BH . b Radius of the innermost stable
circular orbit, in units of RG, according to Bardeen et al. (1972). c Radiative efficiency, defined
by Equation 1.4, whose trend is shown in Figure 1.4. d In case of a corotating BH e In case of a
counter-rotating BH.

1.2.2 The accretion disk

Due to the conservation of the angular momentum, matter spiralizing around the SMBH
cannot fall directly into the compact object, giving origin to an accretion disk emitting
thermally because of viscosity.

The simplest configuration is the α-disk model described by Shakura & Sunyaev (1973),
in which matter orbiting around the SMBH with Keplerian motion gives origin to an
optically thick and geometrically thin disk of cold matter (T ∼ 105 − 106 K). Due to
viscosity forces, the angular momentum of the gas is transferred outward, causing the
spiralizing of matter into the center. During this process, the accreting matter looses a
considerable fraction of its gravitational energy which is in turn converted into radiation,
with the efficiency given by Equation 1.4. If the viscosity is mainly due to turbulence
driven by the magneto-rotational instability, the kinematic viscosity coefficient ν∗ follows
the so-called "α prescription":

ν∗ ∼ l0vo, (1.5)

where l0 is the correlation length of turbulence and v0 is the mean turbulent speed. As-
suming that the latter cannot exceed the sound speed (v0 < cS), and that the typical size
of the turbulent elements cannot be greater than the disk thickness (l0 < h), one gets:

ν∗ = αhcS , (1.6)

where α is the efficiency of the angular momentum transport mechanism assumed by
Shakura & Sunyaev to be a constant and providing the solution of the equations of the
disk structure for different radial ranges. The dimensionless coefficient α can assume any
values ranging from 0 to 1, where the lowest value correspond to a scenario in which there
is no accretion, while the highest one reproduces a disk accreting at the maximum rate.

The α-disk model is assumed to be radiatively efficient, since all the heat generated
by viscosity at a given radius is immediately radiated away. In particular, the energy flux
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radiated from a surface unit of the disk with radius r in the unit of time is given by:

Q =
3

8π

GMBHṀ

r3

[
1−

(
Rin
r

)1/2
]

; (1.7)

where Rin is the inner radius of the disk, while Ṁ is the accretion rate. In case of radiative
vertical transport, each element of the optically thick disk (τ >> 1) radiates as a blackbody
with an effective temperature given by

Q = σSBT
4, (1.8)

where σSB is the Stefan-Boltzmann constant. Therefore, simply combining Equations 6.4
and 1.8, one can obtain the surface temperature profile of the disk:

T (r) =

{
3GMBHṀ

8πr3σSB

[
1−

(
Rin
r

)1/2
]}1/4

, (1.9)

which depends only on the product between the black hole mass and the accretion rate,
and not on the kinematic viscosity coefficient.

According to Equation 1.9, the gas within the disk can assume a wide range of temper-
atures, depending of its distance from the SMBH. Therefore, the overall disk emission can
be explained as a sum of blackbody spectra with different temperature (see Figure 1.5),
where the maximum value is set by the inner boundary condition of the accretion disk.
Moreover, peaking at UV wavelenghts, the emission from the accretion disk is thought
to give origin to the Big Blue bump feature in the spectral energy distribution of AGN
(Sanders et al. 1989).

lo
g 
νF

ν 

log ν 

Figure 1.5. Spectral energy distribution of a standard accretion disk. Red, green and
violet solid lines represent the different contributions to the spectrum from different annuli
of the disk, while the total emission is shown in black.

The total energy released by accretion in the unit of time is given by:

Lacc = ηṀc2, (1.10)
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where Ṁ is the accretion rate (inM�/yr), η is the radiative efficiency defined by Equation
1.4, and c is the speed of light.

The maximum luminosity in case of spherical accretion is given by the Eddington
luminosity, which is defined as the value by which the radiation pressure (Frad = LaccσT

4πcr2
)

equals the gravitational attraction force (Fgrav =
GMBHmp

r2
) and depends only on the mass

of the BH:

LEdd =
4πcMBHmp

σT
∼ 1.3× 1038MBH

M�
erg s−1, (1.11)

wheremp is the mass of the proton and σT = 6.65×10−25 cm2 is the Thomson cross-section.
Accretion is a self-regulated process: when the luminosity exceeds the Eddington limit,

the radiation pressure balances the gravitational force and the accretion stops. The ra-
tio between the bolometric luminosity of a disk and the Eddington limit is given by the
Eddington ratio:

λEdd =
Lbol
LEdd

, (1.12)

leading to the distinction between sub-Eddington (λEdd < 1) and super-Eddington accre-
tion (λEdd > 1), which is possible since spherical accretion is only an approximation and
does not represent the physical situation of an accreting object.

1.2.3 The hot corona

The accretion disk solely cannot explain the high X-ray emission of AGN, because even
in case of warm disks their emission is not supposed to exceed few hundreds eV; conversely,
the presence around the accretion disk of an optically thin hot plasma (T ∼ 109 K), the
so-called hot corona, allows to explain the X emission at energies E ∼ 0.1 − 100 keV
observed in the spectra of AGN (see Figure 1.6). It is in fact now universally accepted
that the origin of the primary emission component observed in AGN is due to the inverse
Compton mechanism by which the UV photons coming from the accretion disk acquire
energy following the interaction with the hot electrons of the corona.

Figure 1.6. Schematic view of a spectrum produced by the combination of an optically
thick geometrically thin disk with Tmax = 105 K and an optically thin hot corona with
Tcor = 108 K (Netzer 2006).
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The origin, extension and geometric configuration of the hot corona are not yet well
understood, although microlensing models have estimated a size of the order of a few
gravitational radii (Chartas et al. 2009). Some possible geometries of the corona are shown
in Figure 1.7, while some hypotheses about its origin are shortly discussed as follows.

Figure 1.7. Some possible geometries for an accretion disk and Comptonizing corona
(Reynolds & Nowak 2003). (a) "slab" geometry, where the corona sandwiches the accretion
disk. Being relatively easily Compton cooled, this type of corona cannot easily reach high
temperatures, thus predicting spectra softer than observed; (b) and (c) "sphere+disk"
geometries, in which the corona is not strongly Compton cooled, thus remaining very hot
and producing hard spectra; (d) "patchy corona", known also as "pill box" model (Stern
et al. 1995).

Magnetic flares – A possible explanation for the heating of the electrons required
to Comptonize the soft photons emitted from the accretion disk is related to a magnetic
reconnection mechanism. In particular, the presence of magnetic flares above the accretion
disk can heat the electrons, which then emits the primary X-ray emission by Comptoniza-
tion of the UV photons from the disk, resulting in a reasonably working hypothesis to
model X-ray spectra and variability (Haardt et al. 1994). Moreover, this scenario may be
supported from the possible evidence for hot spots corotating with the disk (Dovčiak et al.
2004a; Iwasawa et al. 2004).

Clumpy disks – The hypothesis of inhomogeneous, clumpy discs able to explain the X-
ray properties of accreting black holes was firstly proposed by Guilbert & Rees (1988) and
then pursed over the years by many authors (Celotti et al. 1992; Collin-Souffrin et al. 1996;
Kuncic et al. 1997; Krolik 1998; Malzac & Celotti 2002; Merloni et al. 2006). This scenario

9



requires the presence of a highly inhomogeneous accretion flow with a two-phase structure
which is able to explain both the primary and the reprocessed emission. In particular, a
hot and optically thin phase is responsible for the primary emission, while a cold optically
thick phase provides the seed photons for the Comptonization, and is responsible for the
reprocessed emission.

Aborted jets – The idea that the primary emission could originate from jets propagat-
ing only for a short distance on the black hole axis (i.e. aborted jets) was firstly introduced
by Henri & Petrucci (1997), and later pursued by Ghisellini et al. (2004), which attributed
the jet failure to a velocity lower than the escape one. When the jet fails, it can collide
with other blobs produced later and still moving outwards. Through these collisions, the
kinetic energy of the blobs can be converted into internal energy, heating the plasma where
Comptonization can occur. It is worth noting that this scenario is not necessarily alter-
native to the most popular "disk-corona" model because, at least in part, both processes
could be responsible of the high energy emission.

1.2.4 The broad line region

The broad line region (BLR) is composed of gas clouds under the gravitational influence
of the SMBH, which extends from 0.01 pc up to 1 pc from the nuclear region. Orbiting
at high velocities around the central black hole, the clouds intercept and reprocess part of
the ionizing radiation produced by the disk through emission lines significantly wider than
those produced by star formation. The widths of AGN broad lines span over two order of
magnitudes ranging from ∆vFWHM ∼500 km s−1 to ∆vFWHM ∼104 km s−1, with typical
values of ∆vFWHM ∼5000 km s−1 (Peterson 1997).

The strongest lines observed in the typical spectra of AGN are those of the hydrogen
Balmer series (Hα, Hβ and Hγ), the hydrogen Lyα, and lines from abundant ions (MgII,
C[III], and CIV), whose main properties are reported in Table 1.2. In addition to them,
there are also several lines which are blended because of their large Doppler widths (see
Table 1.3).

Table 1.2. Typical emission line strenghts in AGN (Peterson 1997).

Line Relative flux † Equivalent width (Å)

Lyα λ1216 + NV λ1240 100 75
CIV λ1549 40 35
C[III] λ1909 20 20
MgII λ2798 20 30
Hγ λ4340 4 30
Hβ λ4861 8 60

Notes. † Normalized flux, assuming Lyα+ NV = 100.

From the observed emission lines, we can estimate the physical properties of the gas.
From one hand, the line intensities give information on the gas temperature, which results
to be of the order of T ∼ 104 K. Such a temperature leads to a velocity dispersion for the
gas of the order of

v ∼
(
kBT

mp

)1/2

, (1.13)
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Table 1.3. Selected blended broad lines in AGN (Peterson 1997).

Feature Contributing lines

Lyβ + OVI λ1035 Lyβ λ1026; OVI λλ1032, 1038

Lyα+ NV Lyα λ1216; NV λλ1239, 1243

SiIV + O[IV] SiIV λλ1394, 1403; O[IV] λ1402

CIV λ1549 CIV λλ1548, 1551

HeII + O[III] HeII λ1640; O[III] λ1663

C[III] + Si[III] AlIII λ1857; Si[III] λ1892; C[III] λ1909

Small blue bump Balmer continuum (λ < 3646 Å); FeII (many lines)
MgII λ2798 MgII λλ2796, 2803

FeII λ4570 + HeII FeII (multiplets 37, 38, and 43); HeII λ4686

Hβ Hβ λ4861; FeII λλ4924, 5018

FeII λλ5190, 5320 FeII (multiplets 42, 48, 49, and 55)

where kB is the Boltzmann constant and mp is the mass of the proton. Therefore, thermal
broadening can only account for velocity dispersions of the order of ∼10 km s−1, well
below the typical widths observed in AGN, which are instead due to bulk motion of the
individual clouds. On the other hand, the presence or the absence of particular emission
lines enable us to obtain some limits to the electron density within the BLR. In particular,
since essentially all forbidden lines are collisionally suppressed, we can set ne ∼ 108 cm−3

as the lower limit to the electron density (Osterbrock & Ferland 2006), while an upper
limit of ∼ 1014 cm−3 is consistent with the critical density for collisional de-excitation of
the broad lines (Ilic et al. 2010).

Moreover, reverberation mapping studies of low redshift AGN have shown that the
inner radius of the BLR scales with the monochromatic continuum luminosity at 5100 Å:

Rin,BLR
lt− days

= (32.9+2.0
−1.9)

[
λLλ(5100Å)

1044 erg s−1

]0.700±0.033

(1.14)

(Kaspi et al. 2000). On the other hand, since the BLR is a dust-free region, its outer limit
Rout,BLR is set by the dust sublimation radius Rd:

Rout,BLR = Rd = 1.3

(
LUV

1046 erg s−1

)0.5( Tgr
1500 K

)−2.8

pc, (1.15)

where LUV is the UV luminosity and Tgr is the temperature below which dust grains
sublimate (Barvainis 1987). Moreover, due to its proximity to the SMBH, the BLR is
expected to be always detected in unobscured sources, while its direct view can be hidden
by the molecular torus in obscured AGN.

1.2.5 The molecular torus

At parsec distances from the SMBH, it is now universally accepted the existence of an
optically thick toroidal structure, composed of molecular gas and dust, which absorbs and
reprocesses the radiation from the accretion disk and from the corona (Jaffe et al. 2004;
Burtscher et al. 2013). The reprocessed radiation is then re-emitted in the mid infrared,
giving rise to an emission peak around 10-30 µm, the so-called Infrared Bump.
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Several theoretical works over the years have proposed various geometries for this ab-
sorbing medium in order to explain the broad infrared spectral energy distribution observed
in AGN. The main configurations were first the uniform one (smooth dust distribution –
Pier & Krolik 1992 and 1993; Fritz et al. 2006) followed by the discrete (clumpy distribu-
tion – Nenkova et al. 2008a and 2008b) and the composite ones (two-phase distribution -
Stalevski et al. 2012), which are shortly summarized as follows. However, although they
give rise to different spectral energy distributions, the differences between them seem to
be mainly due to the assumptions underlying the adopted models (e.g. distribution of the
primary emission, chemical composition of the dust) and not to the different distribution
of the absorbing material (Feltre et al. 2012).

Smooth dust distribution (Pier & Krolik 1992 and 1993; Fritz et al. 2006): this
model requires a simple toroidal structure with a uniform distribution of gas and dust
(see panel (a) in Figure 1.8). The size of the torus is defined by the angular opening
angle θ and by the outer radius Rmax, while the inner radius is defined by the sublimation
temperature of the dust grains under the influence of the strong nuclear radiation field. In
such a configuration, the temperature distribution of the absorbing material depends on
its distance from the BH, with a profile decreasing roughly linearly for increasing distances
from the central source. Moreover, a source is obscured only if the line of sight intercepts
the torus; otherwise the nuclear region can be seen directly. A typical expected feature in
this configuration is a strong silicate 9.7µm absorption if the total optical depth at this
wavelength exceeds unity (Netzer 2015).

Clumpy distribution (Nenkova et al. 2008a and 2008b): this model consists of a
series of discrete clouds, probably with a greater distribution on the equatorial plane (see
panel (b) in Figure 1.8). With respect to the homogeneous model, additional parameters
are required to accurately describe this configuration, such as the column density, the radial
distribution, the filling factor and the density distribution of the individual clumps. In such
a model, the clouds can have different temperatures even if they are at the same distance
from the BH. Moreover, since the illuminated and back sides of individual clumps radiate
at different temperatures, the dark side of a cloud close to the AGN can be as warm as
the bright side of a farther cloud allowing the same dust temperature to occur at different
distances. The probability of intercepting the torus is maximum on the equatorial plane,
but it can assume finite values elsewhere, thus not excluding the possibility to have a direct
view of the nuclear region also for edge-on sources. This model can account for several
observational properties of AGN and appears to be strongly supported by recent X-ray
observations that directly reveal the clumpiness of the absorbing medium (e.g. Risaliti et
al. 2005; Bianchi et al. 2009; Markowitz et al. 2014; Rivers et al. 2015a and 2015b).

Clumpy two-phase distribution (Stalevski et al. 2012): being a combination of
smooth and clumpy models, it could perhaps represent the most realistic configuration
of the torus structure. In this case, there is no empty space between the clumps, being
this volume filled with diluted dusty gas which absorbs part of the incident optical-UV
radiation and part of the locally emitted NIR and MIR radiation (see panel (c) in Figure
1.8). Thus, the two-phase distribution allows to preserve the main features of the pure
clumpy case, taking also into account the additional attenuation by the inter-cloud dust
and gas.
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(a) (b) 

(c) 

Figure 1.8. Different torus configurations: smooth (panel (a) – Fritz et al. 2006), pure
clumpy (panel (b) – 2008b) and two-phase clumpy (panel (c) – Stalevski et al. 2012)
dust distributions. More details about the assumptions on each of them are discussed
throughout the text.
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1.2.6 The narrow line region

Extending from some hundreds of parsecs, the narrow line region (NLR) represents the
outermost region which can be photoionized by the radiation produced in the nuclear zone.
Unlike the BLR, it is composed of clouds made of gas and dust, whose electron density is
low enough (ne ∼ 104 cm−3) to allow the formation of forbidden lines, which are strong gas
coolants and dominate the NLR emission-line spectrum (Groves 2007). A list of the most
prominent emission lines produced in the NLR and observed in Seyfert 2 spectra together
with their typical relative intensities with respect to Hβ, are reported in Table 1.4. Since
this region lies outside the dominating influence of the central black hole, the line velocity
widths are much lower than values observed in the BLR. The typical full width at half
maximum for narrow emission lines lies in the range 200 < ∆vFWHM < 900 km s−1, with
most values falling around 350-400 km s−1.

Table 1.4. Strong narrow emission lines observed in Seyfert 2 spectra (Peterson 1997).

Line Relative flux

Lyα λ1216 55
CIV λ1549 12
[CIII] λ1909 5.5
MgII λ2798 1.8
[NeV] λ3426 1.2
[OII] λ3727 3.2
[NeIII] λ3869 1.4
Hβ λ4861 1.0
[OIII] λ4959 3.6
[OIII] λ5007 11
Hα λ6563 3.1
[NII] λ6583 2.9
[SII] λ6716 1.5

Being located on kpc scales, the NLR can be detected in both obscured and unobscured
AGN; however, since it is well beyond the dust sublimation radius, the spectroscopic anal-
ysis of this region can be complicated by the presence of significant quantities of dust
(Peterson 1997). Moreover, the NLR is the only AGN component which is spatially re-
solved through optical observations, revealing an axisymmetric morphology composed of
two opposite ionization cones centered into the nuclear source (e.g. Pogge 1988; Malkan et
al. 1998).

1.2.7 The relativistic jet

In about 10% of AGN, the development of highly collimated jets is observed. Consisting
of plasma moving at relativistic speeds, they extend perpendicularly to the accretion disk
on scales of hundreds of kiloparsec emitting mainly in the radio band through synchrotron
mechanism. The origin of these jets is still debated, but the currently adopted model
requires the presence of a strong magnetic field whose lines of force are twisted together
due to the strong rotation of the accreting material, giving rise to a magnetic tower from
which the relativistic plasma is expelled (Kato et al. 2004). This model requires both the
rotation of the disk as well as the central black hole.
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1.3 AGN taxonomy

Despite the large number of classes and subclasses in which AGN are actually divided,
a simplified classification can be based on only two parameters: the radio-loudness and the
width of the optical emission lines (Urry & Padovani 1995), as shown in Table 1.5.

Table 1.5. Simplified scheme of AGN classification, based on both the radio loudness
parameter and optical emission line properties (adapted from Padovani 1997).

Radio emission Radio loudness
Optical emission lines properties

Type 0 Type 1 Type 2
(unusual) (broad lines) (narrow lines)

Radio-quiet Ro ∼ 0− 1
Sy1 Sy2
QSO QSO

Radio-loud Ro ∼ 10− 1000 Blazars BLRG NLRG
FSRQ/SSRQ

increasing angle with respect to the line of sight –>

Even though all AGN emits at radio wavelenghts, only a small fraction of them (i.e.
∼10%), the so called radio-loud AGN, is expected to have a strong radio emission if com-
pared with the optical one (see Figure 1.9); otherwise AGN are classified as radio-quiet.
The radio loudness parameter Ro is usually used to determine if an AGN is radio-quiet or
radio-loud. It is defined as the ratio between the 5 GHz radio luminosity and the optical
luminosity in the optical B-band at 440 nm:

Ro =
Lν(5GHz)

Lν(B)
. (1.16)

Analyzing data from the Palomar Bright Quasar Survey, Kellermann et al. (1989) were
the first to highlight a bimodal distribution of the radio loudness parameter suggesting
the existence of two classes of AGN: radio-quiet (RQ, Ro ∼ 0.1 − 1) and radio-loud (RL,
Ro ∼ 10 − 1000) sources, with Ro ∼ 10 being the discriminating value (Kellermann et al.
1994).

Figure 1.9. A schematic representation of a typical spectral energy distribution of radio-
quiet (green) and radio-loud (magenta) AGN (Elvis et al. 1994).
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An alternative way to distinguish between radio-quiet and radio-loud AGN is given by
the ratio between the radio luminosity at 5 GHz and the X-ray luminosity in the 2-10 keV
energy band:

RX =
νLν(5GHz)

LX(2− 10 keV )
. (1.17)

This method has the advantage that RX can be measured also for highly absorbed nuclei
(i.e. NH >> 1023 cm−2), which would be totally obscured at optical wavelengths. In this
case the boundary between radio-loud and radio-quiet object corresponds to logRX = −4.5
(Terashima & Wilson 2003).

1.3.1 Radio-quiet AGN

Radio-quiet AGN are characterized by a weak radio emission (if compared to the optical
one), and include three different types of sources:

• radio-quiet quasars (RQ QSOs): characterized by a high brightness of the nucleus
(MB ≤ 23 mag), whose emission dominates that of the host galaxy;

• Seyfert galaxies (Sy): low luminosity objects (MB ≥ −23 mag) in which both the
emission due to the AGN and to the host galaxy can be appreciated;

• Low Ionization Nuclear Emission Regions (LINERs): characterized by optical
spectra similar to those of Seyfert galaxies, but dominated by low ionization emission
lines (Heckman 1980). Their classification as low luminosity AGN is still under
investigation, since the observed lines could be also due to shock processes within the
galaxy.

As concerns Seyfert galaxies, they were firstly divided into two unique categories, de-
pending on the width of the Balmer lines observed in their optical spectra. In particular, the
presence of broad lines identifies Seyfert 1 galaxies, while only narrow lines were observed
in Seyfert 2s (Khachikian & Weedman 1974), as shown in Figure 1.10, where the typical
optical spectra of Seyfert 1 and Seyfert 2 galaxies are drawn. The former have a bright
continuum, wide permitted emission lines (vFWHM ∼ 103−104 km s−1) produced in a high
density medium (BLR – ne ≥ 108 cm−3) and narrow forbidden lines (vFWHM ∼ 102 − 103

km s−1) produced in a low density medium (NLR – ne ∼ 103− 106 cm−3), while the latter
show a weak continuum and only narrow emission lines. It is worth noting that the same
differences occur for objects with higher brightness (type 1 and type 2 QSOs).

Then, some different Seyfert galaxies were discovered, which could not be classified in
neither of the two previous classes. These intermediate types of AGN, which are summa-
rized in Table 1.6, were classified using the Hβ to [OIII]-5007Å optical emission line ratio
(Winkler 1992).

A further subclass is constituted by the so-called Narrow Line Seyfert 1 (NLSy1),
characterized by having allowed optical lines only slightly wider than those forbidden (see
Figure 1.10), strong Fe II emission lines or presence of lines of highly ionized iron and a
[OIII]-Hβ ratio lower than 3 (Osterbrock & Pogge 1985).
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Figure 1.10. Optical spectra in the Hβ region relative to the Sy1 NGC 3516, the NLS1
Mrk 42, and the Sy2 Mrk 1066 (Pogge 2000).

Table 1.6. Main characteristics of the optical spectra of the different Seyfert classes.

Seyfert Hβ to [OIII]-5007Å Emission line features observed in the optical spectrum
type line ratio

1 >5.0 narrow and broad emission lines
1.2 2.0 - 5.0 weaker Hβ component than Seyfert 1
1.5 0.33 - 2.0 comparable strengths of the broad and narrow Hβ components
1.8 <0.33 very weak broad components, but detectable both in Hβ and Hα
1.9 — broad component is detected only in the Hα line
2 — narrow emission lines only
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1.3.2 Radio-loud AGN

Representing ∼ 10% of AGN, radio-loud sources are tipically associated with a colli-
mated relativistic jet or with regions where a jet has collided with the surrounding material
(Fabian 1999). They are characterized by intense radio emission, and include the following
types of objects:

• radio galaxies: divided into broad line (BLRGs) and narrow line (NLRGs) radio
galaxies depending on the width of the Balmer lines observed in their optical spectra.
Moreover, according to their radio brightness at 178 MHz, radio galaxies are also
divided into low power (Fanaroff-Riley type I – FR I) and high power (Fanaroff-Riley
type II – FR II) objects, being L178MHz = 2× 1025 W Hz−1 sr−1 the threshold value
that divides the two classes (Fanaroff & Riley 1974);

• radio-loud quasars (RL QSOs): classified on the basis of the value of the radio
spectral index α into Flat-Spectrum Radio Quasars (FSRQs – α < 0.5) and Steep-
Spectrum Radio Quasars (SSRQs – α > 0.5);

• blazars: highly variable objects that emit highly polarized radiation. They are
divided into BL Lac objects (named after the prototype BL Lacertae) and Optically
Violent Variable quasars (OVVs). The former are characterized by the absence of
strong emission or absorption lines in their spectra, while the latter show a high
variability (> 0.1 mag in optics) on very short scale times (∼days).

1.4 The unification model

Despite the existence of several AGN classes, each with their peculiar characteristics,
the idea that all AGN are powered by the same mechanism, namely the accretion of matter
onto a SMBH, is nowadays commonly accepted. This assumption is at the basis of an AGN
unification model for both radio-loud and radio-quiet AGN able to explain the observational
differences in the various AGN classes as due to the orientation of the object with respect
to the line of sight. Figure 1.11 shows how in this context radio-quiet AGN differ according
to the role played by the obscuring torus (Antonucci 1993), while the subdivision into the
various radio-loud AGN classes depends on the orientation of the jet with respect to the
line of sight (Urry & Padovani 1995).

As concerns radio-quiet AGN, the first important step towards a unification model
was done in the late ’70s, when Rowan-Robinson (1977) proposed a unique scheme for
several AGN classes and attributing the different emission properties observed in type
1 and type 2 AGN as due to the presence of strong dust obscuration in the latter. Few
years later, also Osterbrock (1981) attributed a key role to the dust surrounding the central
engine, explaining in this way the variations in the Balmer widths observed in intermediate
Seyfert galaxies. However, in this context the milestone was the detection of both broad
Balmer (vFWHM ∼ 7500 km s−1) and FeII lines in the optical spectrum of the archetypal
Seyfert 2 galaxy NGC1068, when observed in polarized light (Miller & Antonucci 1983;
Antonucci & Miller 1985 – see Figure 1.12). Having an equivalent widths similar to those
typically observed in Seyfert 1s, Balmer lines were assumed to be produced by reflection
of the radiation emitted in the BLR. At the same time, the presence of FeII was crucial
in establishing the origin of this broad emission in clouds of very high optical depth. The
obvious conclusion to be drawn was that the BLR was also present in Seyfert 2 galaxies,
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Figure 1.11. Typical scheme of both radio-quiet and radio-loud AGN. Green arrows
indicates the line of sight for each subclass. Adapted from Urry & Padovani (1995).

Figure 1.12. Spectropolarimetry of the nucleus of NGC 1068, showing the total flux (top
panel) and the polarized flux (bottom panel) between 3600 Å and 6400 Å (Miller et al.
1991).
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but it was visible only through scattering due to the presence of absorbing matter along the
line of sight preventing its direct view. This obscuring medium is assumed to be optically
thick, composed of dust and gas and arranged in a toroidal axisymmetric structure with
column density large enough to completely obscure the central source in some directions
(Antonucci 1993; Netzer 2015). This was the first observational evidence able to confirm
the idea that all AGN could share the same structure and that the differences found in
their spectra could be explained by inclination effects. In this scheme, type 1 AGN are
observed at low angles with respect to the torus axis, allowing a direct view on the nuclear
region and thus observing both the broad and the narrow features produced in the BLR
and NLR, respectively. Conversely, type 2 AGN are observed at high inclinations, with the
nuclear region completely hidden by absorbing matter in the line of sight. In this latter
case, the BLR cannot be observed due to the torus obscuring wall and the only observable
features come from the NLR.

However, a radio-quiet unification scheme based solely on the inclination angle of the
system and on the presence of an homogeneous donut-shaped absorbing morphology ap-
pears to be an oversimplification (Elvis 2012). Indeed, although X-ray studies have con-
firmed, to first order, the widely accepted unified scheme, the location, geometry and
physical state of the absorbing material are still widely debated (Bianchi et al. 2012). In
particular, the observation of short timescale variations (∼days or even ∼hours) in the
absorption column density in several nearby bright sources, such as NGC 1365 (Risaliti et
al. 2005; Rivers et al. 2015a), NGC 4151 (Puccetti et al. 2007), NGC 4388 (Elvis et al.
2004) and NGC 7582 (Bianchi et al. 2009; Rivers et al. 2015b), implies that the obscuring
medium has a clumpy geometry, consisting of a series of discrete clouds likely at sub-pc
scales. Although the density of this absorbing matter likely increases towards the equa-
torial plane (e.g. Nenkova et al. 2008a and 2008b), these variations are at odds with the
classical torus geometry, which invokes a smooth distribution of dust and gas in a uniform
toroidal structure (Pier & Krolik 1992 and 1993; Fritz et al. 2006).
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2
The X-ray emission of AGN
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Although most of the radiation is emitted in the optical and UV bands, X-rays are
actually a fundamental tool to probe the physical conditions of the innermost regions of
AGN because they minimize the host galaxy contribution allowing to directly observe their
nuclear region. Furthermore, the X-ray emission, which typically extends from the cut-off
energy due to the Galactic absorption at energies E ∼ 0.1 keV up to E ∼ 300 keV, appears
to be ubiquitous in AGN and its contribution can reach a considerable fraction of their
bolometric luminosity (∼ 5− 40%, Ward et al. 1987).

In the following, I will discuss the spectral features of AGN when observed in the X-
rays. It is worth noting that the X-ray non-thermal emission is not considered here because
this component is relevant only for radio-loud AGN (e.g. Celotti 2004), while this thesis
work focuses on radio-quiet sources. The complexity of the typical X-ray spectrum of
AGN (see Figure 2.1) is described in §2.1, where the different observed components such as
the primary emission, the soft-excess, the reprocessed emission and the role of absorption
are discussed. The X-ray view of obscured AGN on which this thesis focuses is instead
discussed in §2.2, while §2.3 is devoted to the analysis of the most common main drivers of
the variability often observed in the X-rays. Finally, §2.4 focuses on the reasons why this
thesis work was conceived.
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2.1 The complex X-ray spectrum of AGN

Figure 2.1. Typical X-ray spectrum of an unobscured AGN (black line) subdivided into
its main components: soft excess (red), primary emission due to Comptonization (green),
reflection continuum and the most relevant narrow line feature (blue), namely the iron Kα
emission line at 6.4 keV (Fabian & Miniutti 2005).

2.1.1 The primary emission

The origin of the X-ray emission in AGN is ascribed to thermal Comptonization pro-
cesses taking place in the hot corona, where the optical-UV photons emitted by the accre-
tion disk are upscattered at X-ray energies by the hot electrons through inverse Compton
scatterings.

The spectral shape of the X-ray emission depends by only the electron temperature and
the optical depth of the medium. In particular, the dimensionless electron temperature
due to the balance between Coulomb heating and Compton cooling rates is given by

Θ =
kTe
mec2

(2.1)

while the medium optical depth is defined as

τ = neσTR (2.2)

where ne is the electron number density, σT is the Thomson cross section, and R is the
typical size of the upscattering region (Ishibashi & Courvoisier 2010).

Titarchuk & Lyubarskij (1995) showed that a power-law spectrum, characterized by the
spectral index α, or the photon index Γ = α+1, is the exact solution of the radiative kinetic
equation, obtaining an analytical solution for the spectral slope, both in the non-relativistic
and relativistic limit. In the general case, the spectral index is given by:

α =
β

ln[1 + (α+3)Θ
1+Θ + 4d

1/α
0 Θ2]

(2.3)
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where the coefficient d0(α) is computed through a transcendental equation, while β is
uniquely determined by the geometry (plane or spherical) and the Thomson optical depth
τ0 of the plasma according to the following relations:

β =
π2

12(τ0 + 2/3)2
(1− e−1.35τ0) + 0.45e−3.7τ0 ln

10

3τ0
for disks (2.4)

β =
π2

3(τ0 + 2/3)2
(1− e−0.7τ0) + e−1.4τ0 ln

4

3τ0
for spheres (2.5)

Equation 2.3 leads to the non relativistic (i.e. Θ << 1) solution:

α =

√
9

4
+
β

Θ
− 3

2
(2.6)

and to the relativistic (i.e. Θ >> 1) solution:

α =
β − ln[d0(α)]

ln(4Θ2)
(2.7)

As the energy of the photons becomes comparable to the thermal energy of the electrons,
the inverse Compton processes no longer take place giving origin to the high energy cut-off
observed in AGN at EC ∼ 3kTe. Thus, as a result of the thermal Comptonization process,
the primary continuum of AGN can be well approximated by a power-law with a high-
energy exponential cut-off (Rybicki & Lightman 1979), whose flux, as a function of the
energy, is given by:

F (E) = AE−Γexp

[
− E
Ec

]
photons cm−2 s−1 keV −1 (2.8)

where A, Γ, and EC are the normalization at 1 keV, the photon index, and the rollover
energy of the cut-off power-law.

Both the photon index and the high-energy cut-off have been measured in several AGN
samples, obtaining typical values of Γ = 1.5− 2.5 (e.g. Nandra & Pounds 1994; Reeves &
Turner 2000; Piconcelli et al. 2005; Page et al. 2005; Bianchi et al. 2009) and Ec = 70−300
keV (e.g. Matt 2001; Perola et al. 2002; Risaliti & Elvis 2004; Tortosa et al. 2018 and
references therein), respectively.

2.1.2 The soft excess

In addition to the main power-law continuum component, the X-ray spectra of AGN
often contain a soft emission (hereafter, soft excess) raising smoothly below 1 keV above
the extrapolated 2-10 keV emission (e.g. Arnaud et al. 1985; Turner & Pounds 1988), as
shown in Figure 2.2.

Although several studies have been made on this topic, nowadays the origin of this soft
excess component is still an open issue. Being fairly featureless, it appears as a continuum
component which was first believed to originate in the inner part of the accretion flow
and thus emitting as a blackbody (Zheng et al. 2001; Czerny et al. 2003). However, the
characteristic energy range in which the soft excess arises is at too high values (E ∼ 0.1−0.2
keV) to be simply the high energy tail of the accretion disc emission.

Trying to solve this issue, a further parametrization of the soft excess based on a
Comptonization model (Magdziarz et al. 1998; Page et al. 2004; Dewangan et al. 2007) was
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Figure 2.2. Residuals observed in 34 Seyfert 1 galaxies, most of them from the Palomar-
Green sample, when modelled with a power-law only. The soft excess component is clearly
evident in most of the sources (Crummy et al. 2006).

hypothesized. This scenario requires the presence of a second colder (kT ∼ 0.2 keV) and
optically thick Comptonization region able to scatter the disk photons at softer energies
with respect to the hotter, optically thin region producing the high energy power-law
emission discussed in §2.1.1. However, also this first attempt of attributing the origin of
the soft excess to the emission of a warm corona has been ruled out, due to the quite similar
temperatures observed in the XMM-Newton survey of PG quasars spanning a range of over
a factor 10 in disc temperature (Gierliński & Done 2004).

The quite constant temperature would seem to point towards an origin in atomic rather
than continuum processes. In particular, the soft excess could be related to the large
increase in opacity in the 0.7-3 keV energy range, due to OVII/OVIII and Fe L shell
absorption (Done et al. 2007). In this case, the rise of the soft emission can be due to
an increase in reflected or transmitted flux below 0.7 keV, due to optically thick matter
located out of the line of sight and seen via reflection (e.g. from an accretion disc) or
optically thin matter within the line of sight seen in absorption (e.g. a wind above the
disc), respectively. However, even though an absorption origin appears more physically
plausible, both scenarios require quite extreme parameters to explain the characteristics of
the soft excess, making its origin still uncertain (Sobolewska & Done 2006).

Recently, the “two-coronae” scenario assuming two Comptonization regions accounting
for the UV-soft X-rays and hard X-rays, respectively, was found to be able of producing
spectra in agreement with the observed soft X-ray excess spectral shape. In particular, a
slightly patchy corona with kT ∼ 0.1− 2 keV and τ ∼ 20 in radiative equilibrium above a
non-dissipative accretion disk resulted to have spectral properties similar to those observed
in the soft X-rays in type 1 AGN (Petrucci et al. 2020 and references therein), suggesting
that warm Comptonization can be considered as a valuable model to explain the origin of
the soft X-ray excess.
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2.1.3 The reprocessed emission

In the first approximation, the emission of the hot corona can be assumed isotropic;
therefore, any cold, optically-thick matter close to the accreting black hole, such as the
accretion disk, the broad line region (BLR) or the torus, can intercept and reprocess some
fraction of the primary continuum emission, thereby imprinting atomic features into the
observed spectrum (see Figure 2.1). This process of "X-ray reflection" primarily gives rise
to a broad reflection bump, the so-called Compton hump, peaking at ∼30 keV (George
& Fabian 1991; Matt et al. 1991; Reynolds 1998) and to the the iron fluorescence line at
approximately 6.4 keV. A further typical feature usually observed in the X-ray spectra of
AGN is the Fe K-shell absorption edge at E=7.112 keV (Bearden & Burr 1967), which is
due to the increase in the absorption cross-section for photons with energies just beyond
the binding energy of the innermost electron shell.

The observed spectral shape of the reflection component is the results of the compe-
tition between two physical processes: photoelectric absorption and Compton scattering.
The cross section of the former decreases significantly with increasing energy becoming
less than the Compton cross-section at energies ≥10 keV, where Compton scattering dom-
inates (Morrison & McCammon 1983) and the reflection component appears, originating
an hardening in the X-ray spectrum (Lightman & White 1988).

From an observational point of view, the shape of the reflected spectrum is also affected
by the ionization state and the chemical composition of the scattering material, as shown
in Figure 2.3. The ionisation parameter can be defined as:

ξ =
Lion
nR2

, (2.9)

where Lion is the ionizing luminosity between 13.6 eV and 13.6 keV, n is the hydrogen
number density of the reflecting material, and R is the distance of the ionized matter from
the SMBH (Tarter et al. 1969).

Figure 2.3. Left panel. Reflected spectra for three values of the ionization parameter,
with ξ = 102 (bottom curve), ξ = 103 (middle curve), and ξ = 104 (top curve), in units
of erg cm s−1. In each case, the incident spectrum has a photon index Γ = 2.0, and iron
has solar abundance (AFe = 1). Right panel. Reflected spectra for three values of the iron
abundance, with AFe = 0.2 (top curve), AFe = 1 (middle curve), and AFe = 5 (bottom
curve) times solar abundance. In each case, the incident spectrum has ξ = 103 erg cm s−1

and Γ = 2.0, with successive spectra offset by factors of 5 for clarity purposes, only (Ross
& Fabian 2005).
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The Compton hump

The main feature of the reflection continuum due to neutral matter consists in a broad
bump peaking at ∼ 30 keV, with two cut-offs at low (E ∼ 4−5 keV) and high energies (E ∼
few tens of keV), being the first due to the photoelectric absorption of the lower energy
incident radiation, while the second is caused by the decrease in the scattering cross section
which allows the higher energy photons to penetrate further into the disk, increasing their
probability to be absorbed.

The reflection efficiency in the 2-10 keV range is a small fraction (typically a few percent)
of the primary emission, but it can reach about 30% at the energy of the Compton hump
in presence of an optically thick reflective material covering a significant fraction of the
solid angle (Ghisellini et al. 1994). It is usually described with the parameter R, which is
given by

R =
Ω

2π
, (2.10)

and represents the solid angle Ω of the cold material visible from the Comptonizing source,
in units of 2π (Magdziarz & Zdziarski 1995). The value of R depends on the inclination
angle at which we observe the system, as clearly shown in Figure 2.4. In particular, the
smaller is the value of the inclination angle, the larger will be the resulting reflection
component.

Figure 2.4. Dependence of the reflection continuum (solid curves) from µ, the cosine
of the viewing angle. From top to bottom, µ = 0.95, 0.45, 0.25, 0.05, respectively. The
dashed curve gives the angle-averaged reflection spectrum, while the dotted line represent a
cut-off power-law with photon index Γ = 1.9 and cut-off energy Ec = 300 keV, reproducing
the primary emission (Magdziarz & Zdziarski 1995).

The iron Kα line

The most prominent feature often associated with the reflection component is the iron
Kα fluorescence line, which is a doublet with energies EKα1 = 6.404 keV and EKα2 = 6.391
keV and a branching ratio of 2:1 (Palmeri et al. 2003). However, as this feature is actually
unresolved with the X-ray instruments on board the current X-ray observatories, it is
usually assumed as a single narrow line at the mean rest-frame energy EKα = 6.4 keV.
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A sketch of the emission mechanism is shown in Figure 2.5. Due to the photoelectric
absorption of an X-ray photon by an iron atom, one of the two electrons inside the shell
K (n=1) is expelled. In turn, the electrons of the nearby orbitals tend to redistribute
themselves to bring the atom back to its ground state. When an electron from an upper
shell fills the vacancy, an X-ray photon is emitted giving rise to a fluorescence line with
energy equal to the energy difference between the two shells. Although the Kα transition
from the L shell (n=2) to the K shell is more likely (∼90%), it may happen that the gap
is filled by an electron coming from the M shell (n=3); in this case we observe the Kβ
transition at energy EKβ = 7.058 keV, with an Fe Kβ to Fe Kα branching ratio of 0.135
(Palmeri et al. 2003; Kallman et al. 2004). It is worth to note that fluorescence can occur
for several elements, but iron has a higher abundance than other metals and is also favored
for what concerns the losses due to the Auger effect.

K 

L 

M 

incident 
radiation 

X-ray 
Kα 

incident 
radiation 

X-ray 
Kβ 

Figure 2.5. Sketch of the emission mechanism of X-ray fluorescence lines. When incident
radiation hits an atom, a photoelectron of the innermost K shell can be expelled. To bring
the atom back to its ground state, the electron of the upper shells redistribute filling the
vacancy. Since the energy of the transition corresponds to the energy difference between
the two shells, if the gap is filled by an electron coming from the L (or M) shell, a Kα (or
Kβ) transition occurs.

The profile of the iron Kα line is intrinsically narrow; however, if this transition is
produced by reflection from the innermost parts of the accretion disk, it can show a broad
profile deformed by relativistic effects, as shown in Figure 2.6 (Fabian et al. 2000). In a
non-relativistic disk, each ring produces a symmetrical double-horned line profile, where
the lowest (redshifted) and highest (blueshifted) energy peaks represent the emission from
the receding and approaching material, respectively (see panel (a) in Figure 2.6). The
relativistic effects that come into play near the nuclear zone enhances the blue peak (see
panel (b) in Figure 2.6), while the effects due to both the transverse Doppler effect and
the gravitational redshift causes a shift of the line at lower energies (see panel (c) in Figure
2.6).

The different profile shown by the line in different physical conditions can therefore be
used to study the dynamics of the innermost regions of AGN. Figure 2.7 illustrates how
it varies according to the emissivity profile and to the inclination of the accretion disk,
in case of both a non-spinning or extreme Kerr BH. In particular, the blue peak of the
line is a strong function of the inclination while the redwards peak mainly depends on the
inner radius of the emitting annulus (Fabian et al. 2000). Thus, their shape can provide
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(a) (b) (c) (d) 

Figure 2.6. Effects of the transverse Doppler shifts, relativistic beaming, and gravitational
redshifting on the profile of a broad line. Panel (a) shows the symmetric double-peaked
from two narrow annuli on a nonrelativistic disk. Panel (b) included the effects of trans-
verse Doppler shifting and relativistic beaming, while panel (c) takes into account also
gravitational redshifting. Finally, panel (d) shows the resulting skewed line profile. Image
adapted from Fabian et al. (2000).

Figure 2.7. Dependence of the relativistic profile of the Kα line on the emissivity profile
(top panel) and on the inclination of the accretion disk for a Schwarschild (bottom left
panel) or an extreme Kerr (bottom right panel) BH (Dovčiak et al. 2004b).
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a robust measurement of both the inclination of the accretion disk and the nature of the
BH, respectively (see Figure 2.8).

a=0 

a=1 

Figure 2.8. Relativistic iron line profiles produced from an accretion disk around a
Schwarzschild black hole (narrower, peaky line) or a extreme Kerr black hole (broader
line). Image adapted from Fabian et al. (2000).

2.1.4 The absorption component

The presence of any kind of material along the line of sight may significantly affect
the X-ray spectra, providing important information on the nature of the circumnuclear
medium in AGN. When crossing our line of sight, both neutral and ionized matter may
give origin to different absorption features which are shortly discussed as follows.

Absorption from neutral matter

The presence of cold and neutral matter along the line of sight introduces a sharp
photoelectric absorption cutoff in the power-law spectrum emitted by the nuclear source,
which depends on the column density NH of the neutral gas intercepted by the observer
(see Figure 2.9). Therefore, by measuring the energy of the photoelectric absorption,
it is possible to accurately determine the column density of the absorbing material. In
particular, AGN are classified as "Compton-thick" if the X-ray obscuring matter has a
column density which is equal to or larger than the inverse of the Thomson cross-section
(σT ∼ 1.5 × 1024 cm−2), and "Compton- thin" if the column density is smaller but still
in excess with respect to the Galactic absorption (Matt et al. 2003). Otherwise, they are
considered as unobscured sources. A more detailed analysis about the observed X-ray
spectra of Compton-thin and Compton-thick AGN is discussed in §2.2.2.

It is worth noting that cold absorption in the X-ray band is due to metals and solar
abundances are usually assumed to infer the equivalent hydrogen column density (i.e. NH).
However, it is well know that most AGN can display super-solar abundances (e.g Hamann
& Ferland 1999; Hamann et al. 2002; Nagao et al. 2006; Baldwin et al. 2003); therefore,
as a consequence, the hydrogen column densities inferred from X-ray spectra can be often
overestimated (Maiolino & Risaliti 2007).
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Figure 2.9. Typical AGN X-ray spectrum composed of a power-law with Γ = 1.9 and a
high-energy cutoff at 300 keV, a Compton reflection hump peaking at ∼30 keV, and photo-
electric absorption. Each number indicates the amount of absorption of the corresponding
spectrum, given as logNH , with NH in units of atoms cm−2. It appears clearly evident
that, for increasing values of the column density, the cut-off due to photoelectric absorption
is observed at higher energies (Treister & Urry 2012).

Absorption from ionized matter

About 50% of AGN spectra are affected by soft X-ray absorption features, the so-called
warm absorbers (WAs - in red in Figure 2.10), which are due to the presence of ionized
material between the source and the observer (Reynolds 1997). The typical parameters
describing these structures are shown in Figure 2.10 (red circles); in particular, their ioniza-
tion parameter is usually in the range of log[ξ/(erg cm s−1)] ∼ 0− 3, while the equivalent
hydrogen column density is of the order of NH ∼ 1020− 1022 cm−2. Moreover, the absorp-
tion features due to the WAs are often blue-shifted, indicating that the gas is outflowing
with velocities of the order of vout ∼ 102 − 103 km s−1.

The detection of absorption lines at energies E ∼ 7− 10 keV are associated with tran-
sitions relative to the iron K shell (Tombesi et al. 2010; Gofford et al. 2013). Observed in
a large number of AGN, they suggested the presence of highly ionized material (log[ξ/(erg
cm s−1)]∼ 3 − 6) moving with mildly relativistic speeds (vout ∼ 104 − 105 km s−1, corre-
sponding to 0.03− 0.33c). These extreme absorbers are usually called Ultra Fast Outflows
(UFOs - blue circles in Figure 2.10) and believed to originate in the innermost region of the
accretion disk, within a hundred gravitational radii from the SMBH. Moreover, UFOs are
thought to significantly affect the evolution of galaxies via AGN feedback, and a positive
correlation between their outflowing velocity and the X-ray luminosity of the AGN has
been observed (e.g. Matzeu et al. 2017; Pinto et al. 2018), as expected in a radiatively
driven wind scenario. Both WAs and UFOs, initially considered to be of different origin,
could therefore represent different parts of a single stratified outflow observed at different
distances from the central SMBH (see Figure 2.11 - Tombesi et al. 2013).
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Figure 2.10. Ionization values (top left panel), equivalent hydrogen column densities (top
right panel) and outflow velocities (bottom panel) as a function of the distance from the
SMBH, in units of Schwardschild radii. Red and blue circles represent warm absorbers
and ultra fast outflows, respectively, while green triangles indicate highly ionized absorbers
with vout < 104 km s−1 (Tombesi et al. 2013).

Figure 2.11. Schematic representation of a stratified accretion disk wind. In this sce-
nario, WAs and UFOs can be identified with the same global outflow observed at different
locations along the line of sight (Tombesi et al. 2013).
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2.2 Obscured AGN

Obscured AGN are composite systems where the nuclear region cannot be directly
observed due to the presence of material between the source and the observer. In a general
framework, obscuration can be defined as any kind of matter absorbing and/or scattering a
large fraction of the primary emission away from the line of sight of the observer. However,
in AGN, the obscuring medium is typically composed of dust and/or gas, with the first
dominating the absorption at UV-IR wavelenghts, while the latter is the most relevant
source of obscuration at X-rays.

The vast majority of the AGN population are obscured: they dominate both the number
density and luminosity density of accretion onto SMBHs (e.g. Ueda et al. 2014; Aird et
al. 2015; Buchner et al. 2015). However, the absence of direct emission from the nuclear
region makes obscured AGN more challenging to identify than unobscured sources for two
key reasons (Hickox & Alexander 2018):

• diminished emission: the AGN emission can be heavily reduced, and in some cases
completely extinguished, by the presence of matter along the line of sight;

• host-galaxy dilution: some physical processes taking place in the host galaxy, such
as star formation, can dilutes or overwhelms the AGN emission, making the active
galaxy indistinguishable from a normal one in some extreme cases.

The impact of these two effects is mainly dependent on the amount of obscuration, on the
ratio between the AGN and the galaxy emission, and on the wavelength at which these
systems are observed.

2.2.1 How to select obscured AGN in the X-ray band?

Obscuration in AGN can occur on a wide range of scales and physical conditions. If
we assume an hydrogen cloud with radius R, its column density is given by NH = nHR,
where nH is the number density. In terms of the mass of the hydrogen atom mH , the total
mass of gas is thus given by Mgas = mHnH

4
3πR

3. As a result, NH ∝ R−2 for a given
mass of gas; thus, the highest column densities will occur on relatively small scales and
only modest amounts of obscuration can be expected over larger scales (Buchner & Bauer
2017).

Since most of the obscuring matter lies under the gravitational influence of the SMBH,
X-rays appears as the most promising energy band to study obscured sources. As concerns
the X-ray band, a typical criterion for identifying an AGN is to search for X-ray luminosity
higher than expected from stellar processes. The usually assumed value is given by LX >
1042 erg s−1, measuring the X-ray luminosity in the 0.5-10 keV energy band. Then, once
AGN have been identified, obscured sources are characterized by several properties, such
as:

• an equivalent hydrogen column density NH > 1022 cm−2;

• a low ratio of observed X-ray luminosity to intrinsic AGN luminosity, with the latter
inferred from infrared or optical data;

• a prominent iron Kα line with equivalent width up to values >1 keV.

It is worth to note that obscuration in the X-ray band is a function of the rest-frame
energy, with lower-energy X-ray photons more easily absorbed than higher-energy X-ray
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photons, due to the increase of the optical depth with decreasing energy (Wilms et al.
2000). Moreover, the X-ray emission from other astrophysical sources is typically weak if
compared with the one observed in AGN, making the host galaxy contamination an issue
only for heavily obscured objects. Thus, the combination of the low optical depth and the
high contrast between AGN and other astrophysical sources makes X-ray observations one
of the most reliable and complete methods to select obscured AGN.

2.2.2 Compton-thin vs. Compton-thick AGN

As already discussed in §2.1.4, obscured AGN can be divided into two subclasses,
depending on the equivalent hydrogen column density of the material located along the
line of sight. In particular, ifNH exceeds the value for which the Compton scattering optical
depth becomes equal to unity (i.e. σ−1

T = 1.5×1024 cm−2), AGN are called Compton-thick;
otherwise, they are called Compton-thin. Figure 2.12 shows how the observed spectrum of
obscured AGN changes according to the value assumed by the absorbing column density.

Figure 2.12. Typical spectra of obscured AGN. For increasing values of the column
density, the cut-off due to photoelectric absorbtion is observed at higher energies and the
observed Kα emission line becomes more prominent (Matt et al. 2003).

Due to the distinctive absorption features affecting the X-ray spectra of AGN already
discussed in §2.1.4, X-ray spectroscopy provides one of the most accurate methods of iden-
tifying obscured source and measure their level of absorption, at least up to the Compton-
thin regime, where the nuclear spectrum can be directly observe above a few keV and an
iron Kα fluorescent line with equivalent width up to ∼ 100 eV is produced (see Figure 2.13
– right panel). On the other hand, the increase of the obscuration level up to Compton-
thick values make the absorption features more challenging to detect in heavily obscured
sources. One of the most important signature of Compton-thick absorption is the observa-
tion of a reflection-dominated spectrum below 10 keV, being the primary X-ray radiation
completely absorbed at lower energies by the high column density of the circumnuclear
matter. However, as long as the column density of the gas does not exceed 1025 cm−2, the
primary radiation is still transmitted and observable at higher energies (see Figure 2.12).
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Conversely, if NH > 1025 cm−2, the primary X-ray radiation is totally absorbed at any
energy (Matt et al. 1997). Figure 2.13 shows two further clear signatures of Compton-thick
absorption, namely a strong reflection component at E > 10 keV and a prominent Fe Kα
emission line at 6.4 keV produced by the visible part of the inner wall of the torus and
showing an equivalent width typically >1 keV (e.g. Mushotzky et al. 1993).

Figure 2.13. Left panel. Reflection spectra for different column densities: NH = 2× 1022

cm−2 (dashed line), NH = 2× 1023 cm−2 (dot-dashed line), NH = 2× 1024 cm−2 (dotted
line) and NH = 2× 1025 cm−2 (solid line). Right panels. Equivalent width of the iron Kα
line, measured with respect to the pure reflection component (upper data) or to the total
continuum (lower data). Images are taken from Matt et al. (2003).

Some examples of both Compton-thin and Compton-thick sources are analyzed in the
next chapters.

2.3 Variability in the X-rays

One of the most consolidated properties of AGN is their variability observed across all
the electromagnetic spectrum. In particular, the X-ray flux exhibits variability on time-
scales shorter than any other energy band (Vaughan et al. 2003; McHardy 2013), indicating
that this emission originates from a small region very close to the SMBH. With only a few
exceptions, such as in case of external irradiation or when the emitting region is moving
relativistically towards the observer (e.g. Gaskell & Klimek 2003), no variability can be
observed on timescales shorter than the light crossing time of the source; thus, an upper
limit to the size of the emitting region is given by R ≤ c∆t (Mushotzky et al. 1993).
Moreover, the combination of both the enormous amount of energy released and the very
small size of the emitting regions is at the basis of the current AGN paradigm, which
assumes that these sources are powered by the accretion of matter onto SMBHs.

The X-ray variability observed in several AGN can be due to multiple factors, such as
a change in the intrinsic X-ray luminosity of the source, variations of the amount of the
absorbing gas along the line of sight, or a combination of both. As concerns the intrinsic
variability, it can be induced by any variations in the seed photons for the Comptonizing
medium or might arise from processes which involve the coronal heating mechanism (Nan-
dra 2001). Some possibilities can be related to an intrinsically hot portion of the accretion
flow (e.g. Shapiro et al. 1976; Narayan & Yi 1994), or to magnetic reconnection creating
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hot flaring regions above the accretion disk (e.g. Nayakshin & Melia 1997; Poutanen &
Fabian 1999). Further explanations include unstable accretion disks, in which local dynamo
processes drives angular momentum loss in the form of an outflow (King et al. 2004), or
a flare/spot scenario in which the X-ray emission is generated both in hot magnetic loops
above the accretion disk and in bright spots created under the loops by strong irradiation
(Czerny et al. 2004).

On the other hand, as explained above, a large fraction of AGN are obscured and part
at least of their observed X-ray variability is thought to be due to the variations of the
circumnuclear medium surrounding the central engine (e.g. Risaliti et al. 2002; Yang et al.
2016; Liu et al. 2017). Two different physical reasons can account for such a scenario:

• changes in the ionization state of the absorber, due to variations in the ionizing
radiation;

• variations in the amount of absorbing gas along the line of sight.

If the former possibility could be consistent with an homogeneous absorber whose variabil-
ity should be correlated with a change in the intrinsic flux, the variations observed in the
latter case are at odds with the classical torus geometry and requires a different distribution
of the absorbing matter. In particular, the observation of short timescale variations (∼days
or even ∼hours) in the absorption column density in several nearby bright sources, such
as NGC 1365 (Risaliti et al. 2005; Rivers et al. 2015a), NGC 4151 (Puccetti et al. 2007),
NGC 4388 (Elvis et al. 2004), and NGC 7582 (Bianchi et al. 2009; Rivers et al. 2015b),
has been explained assuming a clumpy geometry for the obscuring medium, consisting of
a series of discrete clouds likely at sub-pc scales. A sketch of such a scenario, in which
the observed X-ray variability is correlated with the typical crossing time of an absorbing
cloud along the line of sight, is shown in Figure 2.14.
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Figure 2.14. Sketch (not in scale) of a physical scenario in which the obscuring medium
is composed of individual spherical clouds orbiting with Keplerian velocities around the
SMBH.

Moreover, from the timescale of the observed X-ray variability, we can infer some infor-
mation about the absorbing clouds, as for example their distance from the nuclear region.
By considering the typical timescale of variation ∆t to be the crossing time of a discrete
cloud across the line of sight, and assuming the obscuring material composed of individual
spherical clouds orbiting with Keplerian velocities around the nuclear region, their distance
R from the SMBH is given by

R =
GMBH

v2
, (2.11)
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where G is the gravitational constant,MBH is the BH mass and v is the transverse velocity
of the obscuring matter, which is related to both the cloud dimension D and the crossing
time ∆t by the relation v = D/∆t, where D is in turn given by the ratio between the
column density and the gas density of the absorbing cloud.

In the next chapters, some examples of AGN that can be described by such a physical
scenario are discussed in detail, and some physical constraints on the circumnuclear matter
within them are inferred by exploiting information obtained analyzing their observed X-ray
variability.

2.4 Why studying the AGN nuclear obscuration in the X-
rays?

Despite AGN are the most energetic long-lived objects in the Universe and are thought
to play a fundamental role in galaxy evolution, surprisingly little is known about the
physical processes acting in these objects on parsec and sub-parsec scales. Thus, the
study of the reprocessed and absorbed X-ray radiation, which is the focus of this thesis
work, can provide some useful information on the structure and physical properties of the
circumnuclear material.

In the X-ray band the nuclear obscuration is produced by multiple absorbers on various
spatial scales (see Figure 2.15), giving rise to several reflection features, the most important
of which are the iron Kα line at 6.4 keV and the Compton hump peaking at about 30 keV,
as we have already discussed in Section §2.1.3.

Figure 2.15. Sketch of the main AGN structures seen along the equatorial and polar
direction. The different colors indicate different compositions or densities (Ramos Almeida
& Ricci 2017).

Both features are almost ubiquitous in AGN, but their origin is still widely debated.
Indeed, even though we know that the the iron Kα line likely arises from material with
NH = 1021 − 1023 cm−2, while the Compton hump originates by the reprocessing of the
X-ray photons in Compton-thick material, something is still unclear, such as:
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• is the origin of the narrow Kα line related to the torus (Nandra & Pounds 1994), to
the BLR (Bianchi et al. 2008), or to an intermediate region between the two (Gandhi
et al. 2015)?

• what fraction of the Compton hump arises from the accretion disk and what from
material associated to the BLR or the torus?

Moreover, in Compton-thick material some of the iron Kα line photons are down scattered,
giving rise to the so called "Compton shoulder". While the shape of this feature carries
important information on the geometry and physical characteristics of the material sur-
rounding the SMBH (Matt 2002b), the spectral resolution of the current facilities has not
yet allowed to study it in detail.

In this context, a study aimed at mapping the circumnuclear matter in obscured AGN
through X-ray spectroscopy, such as the one at the basis of this thesis work, is definitely
useful to improve our current knowledge of the physical properties of the material surround-
ing the SMBH, allowing to probe the extreme physical processes acting in the innermost
regions of these sources. Furthermore, it will also enable us to better understand the rela-
tionship between the AGN and the galaxy in which it resides. Indeed, connecting the active
galactic nucleus with its host galaxy, the circumnuclear matter is not only responsible for
feeding the black hole, but it can also provide crucial information on the feedback that
nuclear activity produces on the galaxy. Looking at the structure and kinematics of the
material surrounding the accreting SMBHs is thus of paramount importance to directly
probe the AGN-host galaxy connection (Ramos Almeida & Ricci 2017).

37



38



3
Current X-ray observatories
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In the following, the current X-ray observatories providing data for this research work
are shortly described. In particular, §3.1, §3.2, §3.3 and §3.4 are devoted to describe the
main characteristics of NuSTAR, Swift, XMM-Newton and Suzaku, whose data were used
to describe the physical properties of the circumnuclear matter in NGC 1068 and NGC
4507 discussed in Chapter 4 and 5, respectively. Finally, §3.5 focuses on the Chandra X-
ray Observatory, which will be useful to track the ULX population activity in the Circinus
Galaxy in order to correct the polarization signal induced by the AGN for the presence of
these contaminating sources (see Chapter 7 for more details).
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3.1 NuSTAR

The Nuclear Spectroscopic Telescope Array (NuSTAR – Harrison et al. 2013) mission,
which is part of the NASA’s Small Explorer (SMEX) program, led for the first time a
focusing high-energy X-ray telescope in orbit. Operating in the 3-79 keV energy range,
this observatory extended the sensitivity of focusing far beyond the ∼10 keV high-energy
cutoff achieved by all previous X-ray satellites.

NuSTAR was launched on June 13, 2012 from the Reagan Test Site on the Kwajalein
Atoll in the South Pacific in a compact, stowed configuration on a Pegasus XL vehicle,
and placed into a 600 km, near-circular, 6◦ inclination orbit. Nine days after launch an
extendible mast was deployed allowing to achieve the 10.14 m instrument focal length.
Both stowed and extended configurations are shown in Figure 3.1, while the satellite per-
formances are listed in Table 3.1.

Figure 3.1. NuSTAR observatory in the stowed (bottom) and deployed (top) configura-
tions (Harrison et al. 2013).

NuSTAR was designed such that one side of the observatory always faces the Sun,
and pointing to a celestial target is achieved by rotating the observatory about the Sun-
Earth vector, allowing to simplify the thermal design. Having no consumables, the satellite
lifetime is only limited by the orbit decay, resulting in a re-entry in about 10 years.

3.1.1 Science instrument

TheNuSTAR science instrument consists of two depth-graded multilayer-coatedWolter-
I conical approximation X-ray optics (Hailey et al. 2010), focusing onto two independent
solid-state focal plane detectors. The two benches that support the optics and the focal
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Table 3.1. NuSTAR performance parameters. Adapted from Harrison et al. (2013).

Parameter Value

Energy range 3-78.4 keV
Energy resolution (FWHM) 400 ev @ 10 keV; 900 eV @ 68 keV
Angular resolution 18 arcsec (FWHM); 58 arcsec (HPD)
Temporal resolution 2 µs
Field of view (FoV) 10 arcmin @ 10 keV ; 6 arcmin @ 68 keV
Sensitivity (6-10 keV) (106 s, 3σ, ∆E/E=0.5) 2× 10−15 erg cm−2 s−1

Sensitivity (10-30 keV) (106 s, 3σ, ∆E/E=0.5) 1× 10−14 erg cm−2 s−1

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

Background in HPD (30-60 keV) 8.4× 10−4 counts s−1

plane systems, respectively, are then separated by a ∼10 m focal length through a deploy-
able composite mast consisting in 57 bays locked into a stiff structure by tensioned steel
cables.

The optics area as a function of the off-axis source position decreases with increasing
photon energy (see Figure 3.2 – left panel). Also the effective FoV (i.e. the furthest off-
axis position that has 50% of the on-axis effective area) decreases with energy, resulting to
be 10 arcminutes at 10 keV and 6 arcminutes at 68 keV.

The optics are coated with depth-graded multilayer structures having two different
material combinations. The inner 89 shells are coated with depth-graded Pt/C multilayers
reflecting efficiently below the Pt K-absorption edge at 78.4 keV, while depth-grade W/Si
multilayers that reflect efficiently below the W K-absorption edge at 69.5 keV are used for
the outer 44 shells (Christensen et al. 2011). The combination of the low graze angle X-ray
optics and the multilayer coatings enables to achieve a significant collecting area out to
78.4 keV, as shown in the right panel of Figure 3.2.

Figure 3.2. Effective collecting area of NuSTAR compared to selected operating focusing
telescopes. We note that NuSTAR provides good overlap with these soft X-ray observato-
ries and extends focusing capability up to 79 keV. (Harrison et al. 2013).

Each telescope has its own focal plane module, named FPMA and FPMB, respectively.
Both of them consist of a two-by-two array of CdZnTe pixel detectors, each with 32×32
pixels 0.6 mm in size providing a 12 arcmin FoV, surrounded by a CsI anti-coincidence
shield. Events resulting in a simultaneous energy deposition in both the anti-coincidence
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shield and the detector are rejected on board by a processor as background.

3.1.2 The NuSTAR background

On orbit, the background in the 3-79 keV energy band mainly depends from the geomag-
netic latitude. This is the reason why the NuSTAR instrumental background dominating
at high energies appears as lower and more stable with respect to other missions with a
higher inclination orbit, which result in a larger range of geomagnetic latitudes and in more
frequent passages within the South Atlantic Anomaly (SAA).

Figure 3.3 shows the typical background spectra for FPMA (in green) and FPMB (in
blue). At energies below 15-20 keV, the background is dominated by diffuse cosmic flux
entering through the aperture stop. Since this component is not uniform across the FoV,
some care is needed in choosing regions for background subtraction at low energies for
faint sources. At higher energies, the instrumental background dominates. This latter
component is spatially uniform across a given detector chip, while varying from detector
to detector. It consists of multiple factors, such as the albedo from Earth’s atmosphere,
fluorescence lines produced within the CsI anti-coincidence shield and lines mainly activated
by interaction between the detectors and particle trapped in the SAA (Wik et al. 2014).
The strongest instrumental lines are due to activation lines in the 22-25 keV energy range
and K-shell fluorescence of Cesium and Iodine residing in the anti-coincidence shield at 28
keV and 31 keV, respectively.

Figure 3.3. Background spectra for focal plane module A (green) and B (blue) from ob-
servations of the Extended Chandra Deep Field South (ECDFS). At energies below 15-20
keV, the background is dominated by leakage through the aperture stop, while at higher
energies atmospheric albedo and activation components dominate. Several prominent emis-
sion lines, due to fluorescence from the anti-coincidence shield or activation processes, can
be seen in the 20-40 keV band. Above these energies, weaker lines are still present, but the
continuum dominates (Harrison et al. 2013).
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3.2 Swift

The Swift mission (Gehrels et al. 2004) is a multiwavelength observatory for gamma-
ray burst (GRB) astronomy, which is part of NASA’s medium explorer (MIDEX) program.
Successfully launched on November 20, 2004 from Cape Canaveral on a Delta 7320 rocket,
it was placed into a low-Earth orbit with a period of ∼90 minutes, an altitude of 600 km
and an inclination of 22◦.

Swift ’s science payload consists of three instruments mounted onto an optical bench
(see Figure 3.4): a wide-field gamma-ray Burst Alert Telescope (BAT – §3.2.1) and two
sensitive, coaligned narrow-field instruments, i.e. the X-ray Telescope (XRT – §3.2.2) and
the Ultraviolet/Optical Telescope (UVOT – §3.2.3).

Figure 3.4. Artistic view of the multiwavelenght Swift observatory.

The primary scientific objectives of the mission are to determine the origin of GRBs
and to pioneer their use as probes of the early universe. In particular, BAT scans the sky
to search for new GRBs rapidly sending positions of arcminute accuracy to the spacecraft
upon discovery, and triggering an autonomous spacecraft slew to observe the burst with
both XRT and UVOT. Through the combination of the three instruments, Swift is thus able
to rapidly determine the GRBs positions with arcsecond accuracy, measuring lightcurves
and redshifts of the bursts and afterglows. In addition to the GRB science, the mission is
performing the most sensitive hard X-ray all-sky survey ever made, and is able to rapidly
respond with sensitive gamma-ray, X-ray, UV, and optical observations to most events on
the sky (e.g. AGN flares, X-ray transients, pulsar glitches).

3.2.1 Burst Alert Telescope

The Burst Alert Telescope (BAT – Barthelmy et al. 2005), whose main characteristics
are listed in Table 3.2, is a highly sensitive coded-mask instrument designed to search
for GRBs over the whole sky. It consists of a coded aperture mask located 1 m above
the detector plane composed of 32768 CdZnTe (CZT) detector elements and front-end
electronics. The combination of the 4 mm square CZT pieces, plus the 5 mm square
mask cells and the 1-m detector-to-mask separation yields an instrumental PSF of 17
arcmin FWHM. A graded-Z fringe shield, composed of 4 layers of Pb, Ta, Sn and Cu, is
located on the side walls between the mask and the detector plane and under the detector
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plane to reduce both the instrumental and the cosmic diffuse background, while a control
system with a thermal radiator is used to keep the detector plane at its nominal operating
temperature of (20±1)◦C.

Table 3.2. Swift-BAT instrument parameters. Adapted from Barthelmy et al. (2005).

Parameter Value

Energy range 15-150 keV
Energy resolution ∼7 keV
Aperture Coded mask
Detecting area 5240 cm2

Detector material CdZnTe
Detector element 256 modules of 128 elements each
Detector element size 4.0×4.0×2.0 mm3

Coded mask cell size 5.0×5.0×1.0 mm3

Field of view (FoV) 1.4 sr (half-coded)
Point spread function (PSF) 17 arcmin
Source position accuracy 1-4 arcmin

According to the two major types of data, the BAT instrument can run in two different
modes: a burst mode producing burst positions, or a scan-survey mode collecting hard
X-ray survey data. Most of the BAT’s time is spent accumulating events in the detector
plane looking for increases in the count rate over a range of time scales as a hint of a burst.
When the trigger algorithm is satisfied, the burst mode starts. Otherwise, the instrument
performs continuous surveys of the hard X-ray sky accumulating detector plane maps (i.e.
an energy spectrum in each detector elements) every 5 minutes with a sensitivity of the
order of ∼ 2× 10−11 erg cm−2 s−1 in the 15-150 keV band.

3.2.2 X-ray Telescope

The X-Ray Telescope (XRT – Burrows et al. 2005) is a sensitive X-ray imaging spec-
trometer designed to measure afterglow positions with accuracy better than 5 arcseconds
within 100 s of a burst alert from the BAT instrument, and to perform long-term mon-
itoring of the events for days or weeks, providing moderate resolution spectroscopy, and
lightcurves with high timing resolution. Its main characteristics are listed in Table 3.3.

XRT consists of a grazing incidence Wolter I telescope with 12 concentric gold-coated
electroformed Ni shells focusing X-rays onto a thermoelectrically cooled e2v CCD-22 detec-
tor, similar to those used by the XMM-Newton EPIC MOS cameras. To prevent thermal
gradients in the mirror module that could distort the PSF, a thermal baffle is mounted
in front of the mirrors providing a warm environment at a temperature T=(18±0.5)◦C. A
further thermal radiator coupled to a thermo-electric cooler (TEC) was mounted on the
anti-solar side of the spacecraft with the aim of cooling the detector at a temperature of
-100◦C on orbit, to ensure low dark current and to reduce sensitivity to radiation damage.
Unfortunately, the TEC failed to activate after lunch and the CCD can be now cooled
only passively to temperatures ranging from about -50◦C to about -70◦C through the Heat
Rejection System (HRS). Operation of the CCD at a suboptimal temperature is expected
to result in a gradual degradation of the XRT spectral resolution and line sensitivity over
the life of the mission. Finally, to block optical light, a thin filter is installed in front of the
CCD, similar to those used on the Chandra/ACIS and XMM-Newton/EPIC instruments.
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Table 3.3. Swift-XRT instrument parameters. Adapted from Burrows et al. (2005).

Parameter Value

Telescope JET-X Wolter 1 (3.5 m focal lenght)
Detector e2v CCD-22, 600 × 600 pixels
Pixel size 40 µm × 40 µm
Pixel scale 2.36 arcsec/pixel
Detector operation photon counting, integrated imaging, and timing
Field of view (FoV) 23.6 × 23.6 arcmin
Point spread function (PSF) 18" HPD @ 1.5 keV ; 22" HPD @ 8.1 keV
Position accuracy 3 arcsec
Time resolution 0.14 ms, 1.8 ms, or 2.5 ms
Energy range 0.2-10 keV
Energy resolution 140 eV @ 5.9 keV (at launch)
Effective area ∼125 cm2 @ 1.5 keV ; ∼20 cm2 @ 8.1 keV
Sensitivity 2×10−14 erg cm−2 s−1 in 104 s

The XRT readout modes are designed to allow spectroscopy for sources up to ∼ 6×10−8

erg cm−2 s−1 in the 0.2-10 keV range, while brighter sources should be affected by pile up
even in the fastest readout mode. On-board software allows fully automated observations,
with the instrument selecting an appropriate observing mode for each object, based on the
measured count rate.

Image mode: depending on the source flux, it uses either 0.1 or 2.5 second exposures
to obtain a rapid position of a new GRB. All the accumulated charge from the target is
read without any X-ray event recognition. For typical GRBs, images are highly affected
by pile up; so no spectroscopic data are produced, but accurate positions and good flux
estimates are provided for source with fluxes between 25 mCrabs and at least 45 Crabs.

Photodiode mode: fast timing mode designed to produce accurate information for
extremely bright sources. Providing a high-speed light curve with time resolution of about
0.14 ms, this mode is useful for incident fluxes up to 60 Crabs. Since the count rates are
integrated over the entire CCD, no spatial information are provided.

Windowed timing mode: it provides a 1.8 ms time resolution for a 200 column
window covering the central 8 arcminutes of the FoV. It is useful for fluxes below 5000
mCrabs, and has minimal pileup below 1000 mCrabs.

Photon-counting mode: it retains full imaging and spectroscopic resolution, but
time resolution is only 2.5 seconds. PC mode uses a "normal" CCD readout sequence, in
which the entire CCD is read out every 2.5 seconds, and processed on-board by subtracting
a bias map and searching for X-ray events in 5 x 5 pixel "neighborhoods" around each local
maximum pixel. It is useful for fluxes below 1 mCrab.

3.2.3 Ultraviolet/Optical Telescope

The Ultraviolet/Optical Telescope (UVOT – Roming et al. 2005) is mounted on the
Swift optical bench with the BAT and the XRT and is co-aligned with the XRT. Its main
characteristics are reported in Table 3.4.

Based on the Optical Monitor instrument onboard XMM-Newton (see §3.3.2), it con-
sists of a modified Ritchey-Chrétien reflector with a 30 cm primary mirror and a 7.2 cm
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Table 3.4. Swift-UVOT instrument parameters. Adapted from Roming et al. (2005).

Parameter Value

Telescope Modified Ritchey-Chrétien (30 cm diameter)
Detector MCP intensified CCD
Detector operation photon counting
Detection element 256 × 256 pixels
Pixel scale 0.5 arcsec
Filters 11
Wavelenght range 170-600 nm
Field of view (FoV) 17 × 17 arcmin2

Point spread function (PSF) 0.9 arcsec FWHM @ 350 nm
Sensitivity B=24 in white light in 1000s

secondary mirror, placed at 45 degrees in the path of the incoming beam to steer light
onto one of the two micro-channel plate intensified CCD detectors (MICs). Each MICs
lies behind an identical 11-position filter wheel, which provides low-resolution UV/optical
grism spectra of sources brighter than 17th magnitude, and broadband photometry in the
V (5440Å), B (4390Å), U (3450Å), UVW1 (2510Å), UVM2 (2170Å), and UVW2 (1880Å)
bands.

UVOT can operate in six different modes, which are summarized as follows.

Slewing: the instrument control unit cleanly shuts down any current observation and
performs several technical checks. When the spacecraft slews to a new target, no observa-
tions are done to preserve detector from damages due to bright sources falling within the
FoV.

Settling: as the spacecraft is within 100 arcmin of the target, the observation starts.
Since the target rapidly moves within the FoV, no images are collected, and the positional
accuracy is only known to a few arcminutes based on BAT’s centroided position.

Finding chart: it is used to localize a GRB. A 100s exposure in the V filter provides
an accuracy of ∼0.3" relative to the background stars in the FoV. The finding chart pro-
vides useful information for both subsequent automated target exposures and ground-based
observatories.

Automated targets: this operating mode consists in two different sequences of expo-
sures for bright or dim GRBs chosen according to the optical profile of the afterglow and
to time since the initial burst.

Preplanned targets: UVOT operates in this mode when no automated targets have
to be observed. A wide range of exposure times (from 10 s to 1000 s) is possible, and pho-
tons can be collected in event and/or image modes. Pre-planned targets include previous
automated targets, targets of opportunity (ToO), and survey target.

Safe pointing targets: predetermined locations on the sky considered as observation-
ally safe for UVOT, which are used when neither automated nor preplanned targets can
be pointed due to observing constraints.
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3.3 XMM-Newton

The space satellite XMM-Newton (Jansen et al. 2001) was launched on December 10,
1999 from the space base of Kourou (French Guiana), and positioned on a highly elliptical
orbit having a period of 48 hours, an inclination of 40 degrees, a perigee of 7000 km and
an apogee of 114000 km. Initially known with the acronym XMM (X-ray Multi-Mirror)
due to its configuration, it was renamed XMM-Newton on February 9, 2000, in honor of
Sir Isaac Newton.

With a weight of 3800 kg, a length of 10.8 meters and a maximum width of over
16 meters with fully deployed photovoltaic panels, XMM-Newton (see Figure 3.5) is the
largest scientific satellite of the European Space Agency (ESA). It is equipped with three
X-ray telescopes and an optical/UV telescope allowing simultaneous observations in the
respective bands of the electromagnetic spectrum. The scientific instruments on board the
satellite, which can operate independently and simultaneously, are:

• European Photon Imaging Camera (EPIC – Strüder et al. 2001; Turner et al. 2001):
three CCD cameras for imaging, moderate resolution spectroscopy, and photometry
in the X-ray band;

• Reflection Grating Spectrometer (RGS – den Herder et al. 2001): two spectrometers
for high resolution X-ray spectroscopy and spectro-photometry;

• Optical Monitor (OM – Mason et al. 2001): a 30-cm optical/UV telescope for imaging
and grism spectroscopy in the optical and UV band.

Figure 3.5. The payload of XMM-Newton. The three X-ray telescopes are visible at
the lower left. At the right end of the assembly, the focal instruments are shown: the
EPIC-MOS cameras with their radiators (black/green "horns"), the radiator of the EPIC-
pn camera (in violet) and those (in light blue) of the RGS receivers (in orange). The black
box at the bottom of the bus is the outgassing device. Credit: ESA/XMM-Newton.
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3.3.1 The X-ray telescopes

The three X-ray telescopes onboard the XMM-Newton observatory are co-aligned with
an accuracy of about 1-2 arcseconds across the full FoV. Each of them consists of 58
mirror shells with a Wolter-I type configuration, which are nested in a coaxial and confocal
configuration providing a large collecting area over a wide energy band (Aschenbach &
Braeuninger 1988). The mirror characteristics are listed in Table 3.5.

Table 3.5. Specifications of the three X-ray telescopes onboard the XMM-Newton obser-
vatory.

Parameter Description

Telescope focal lenght 7500 mm
Number of mirrors per telescope 58
Inner/outer mirror radius 153 mm / 350 mm
Inner/outer mirror thickness 0.47 mm / 1.07 mm
Mirror substrate material nickel
Reflective coating gold

In the focal planes of the X-ray telescopes reside the three EPIC cameras and the two
detectors of the RGS spectrometers. One telescope has a pn camera at the focus, while
the remaining two are each equipped with a MOS camera and an RGS unit, which in turn
consists of a Reflection Grating Assembly (RGA) and an RGS Focal Camera (RFC). The
optical paths of the three X-ray telescopes are shown in Figure 3.6. The pn camera receives
100% of the incident radiation, while the MOS cameras collect only 44% of the incoming
photons. Due to the presence of an RGA grating, part of the incident radiation (40%) is
indeed deflected onto a secondary focus towards the RFC camera. The remaining light
(16%) is instead absorbed by the support structures of the RGAs.

Figure 3.6. Optical paths of the X-ray telescopes equipped with pn (left image) and MOS
(right image) cameras (not to scale). 100% of the incoming light focused by the multi-shell
grazing incidence mirrors is directed onto the pn camera, while only 44% is collected in the
MOS cameras, due to the presence of grating assemblies in their light paths, diffracting
part of the incoming radiation onto their secondary focus. Credit: ESA/XMM-Newton.
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3.3.2 The scientific instruments

The six scientific instruments (pn, MOS1, MOS2, RGS1, RGS2 and OM) are shortly
described in the following, while their main characteristics are listed in Table 3.6.

Table 3.6. Main characteristics of the scientific instruments onboard the XMM-Newton
observatory.

EPIC MOS EPIC pn RGS OM

Bandpass 0.15-12 keV 0.15-12 keV 0.35-2.5 keV 180-600 nm
Orbital target visibility a 5-135 ks 5-135 ks 5-135 ks 5-145 ks
Sensitivity b ∼ 10−14 c ∼ 10−14 c ∼ 8× 10−5 d 20.7 mag e

Field of view 30’ 30’ ∼ 5′ 17’
PSF (FWHM/HEW) 5"/14" 6"/15" — 1.4"-2.0"
Timing resolution f 1.75 ms 0.03 ms 0.6 s 0.5 s
Spectral resolution g ∼ 70 eV ∼ 80 eV 0.04/0.025 Å 180

Notes. a Total time available for science per orbit. b After 10 ks. c In the range 0.15-12.0 keV, in
units of erg s−1 cm−2. d O VII 0.57 keV line flux in photons cm−2 s−1, for an integration time of
10 ks and a background of 10−4 photons cm−2 s−1 keV−1. e 5-σ detection of an A0 star in 1000
s. f In fast data acquisition mode, i.e. timing mode for EPIC, spectroscopy mode for RGS1, and
fast mode for OM. g At 1 keV energy.

The European Photon Imaging Cameras

The three X-ray telescopes onboard XMM-Newton are equipped with an EPIC camera
that offers the possibility to obtain images over a field of view of about 30 arcminutes and in
the 0.15-12 keV energy band with a moderate spectral and angular resolution, as shown in
detail in Table 3.6. Two of them carries an EPIC MOS (Metal Oxide Semi-conductor) CCD
arrays, while the third is equipped with an EPIC pn camera. The two types of cameras
(pn and MOS) are fundamentally different, both for what concerns the configuration of
the CCDs (see Figure 3.7), as well as for their properties, as shortly summarized in the
following.

Figure 3.7. Sketch of the CCD configuration for EPIC pn (left image) and MOS (right
image) cameras.
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• CCD configuration: the chip geometry for both pn and MOS cameras is shown in
Figure 3.7. The pn camera consists of twelve 13.6′ × 4.4′ coplanar back-illuminated
CCDs, while the two MOS cameras are rotated by 90◦ with respect to each other
and each of them carries seven 10.9′ × 10.9′ non-coplanar front-illuminated CCDs.

• Operating science modes: the different science modes that can be used for EPIC
cameras are listed below. It is worth to note that in the case of MOS the outer ring
of 6 CCDs remain in standard imaging mode, while the central MOS CCD can be
operated separately.

– Full Frame mode: all pixels of all CCDs are read out, thus covering the whole
FoV. An Extended Full Frame mode is available for EPIC pn only, where the
frame time is longer with respect to the normal Full Frame mode.

– Partial Window mode: this operating mode may be useful to minimize the
effects of pile-up, when very bright sources are observed. For EPIC pn, only half
area of each of the 12 CCD (Large Window) or only part of the CCD 4 (Small
Window) is used. For MOS cameras, only part of the central CCD is read out,
with Large Window and Small Window mode depending on the extension of the
CCD active area.

– Timing mode: spatial information is acquired in only one dimension in order
to speed up the readout. For pn, the full width of CCD 4 is used, whereas
for the MOS cameras the active area is reduced to about 100 columns around
the aimpoint. An additional mode (Burst Mode) is available for EPIC pn only,
which offers very high time resolution (7 µs), but has a very low duty cycle of
3%.

The optimal operating mode for a given source depends on its characteristics as well
as on the scientific case.

• Readout time: the design of the EPIC pn provides a readout node for each column
of pixels, allowing a much faster readout time with respect to the MOS cameras
(Table 3.7), in which at most two readout nodes are available for each CCD.

Table 3.7. Temporal resolution of the EPIC pn and MOS cameras in different operating
modes.

Science mode EPIC pn EPIC MOS

Full Frame mode 73.4 ms 2.6 s
Extended Full Frame mode 199.1 ms —
Large Window Mode 47.7 ms 0.9 s
Small Window Mode 5.7 ms 0.3 s
Timing mode 0.03 ms 1.75 ms
Burst mode 7 µs —

Due to its high temporal resolution, the pn camera is also optimized for photometric
studies of highly variable sources.
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The Reflection Grating Spectrometers

Prior to reach the MOS cameras, about half of the X-ray radiation reflected by the
mirrors is deflected onto a secondary focus by the Reflection Grating Spectrometers (RGSs
– den Herder et al. 2001). Each RGS consists of an RGA composed of 182 identical gratings
diffracting the incoming light towards nine back-illuminated MOS CCDs, which detect the
dispersed spectra in single photon counting mode. The RGS design is optimized for the
detection of the K-shell transitions of carbon, nitrogen, oxygen, neon, magnesium, and
silicon, as well as the L shell transitions of iron. CCDs are nominally cooled to -80◦C to
reduce the dark current. By lowering the temperature to -120◦C, also the increase in their
charge transfer inefficiency due to radiation damage can be reduced.

The position of the X-ray on the detector gives the wavelength of the incoming radiation
through the dispersion equation:

mλ = d(cosβ − cosα), (3.1)

where m = −1,−2, ... is the spectral order, d is the groove spacing, while α and β are the
angles of the incident and dispersed light, respectively, both measured from the grating
plane (see Figure 3.8).

Figure 3.8. RGS diffraction geometry: the X-ray radiation strikes the gratings at an
angle of incidence α with respect to the plane of the grating, and emerges at an angle β
related to the radiation wavelenght by Equation 3.1 (den Herder et al. 2001).

The RGSs can be used in three different operating modes:

• Spectroscopy: the nine CCDs are read out sequentially in frame transfer mode,
resulting in an accumulation time of about 5.7 s;

• High time resolution: only one CCD is read out, providing the shortest accumu-
lation time (∼15 ms);

• Diagnostic: data are transferred to the ground without any on-board data process-
ing. This operating mode is used for dark current and system noise level verification.
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The Optical Monitor

Providing coverage between 170 nm and 650 nm of the central 17 arcmin square region
of the X-ray field of view, the Optical/UV Monitor Telescope (OM – Mason et al. 2001)
allows to simultaneously observe XMM-Newton targets in the X-ray and ultraviolet/optical
bands.

The OM is equipped with a 30-cm diameter Ritchey Chrétien telescope, whose light
path is shown in Figure 3.9. The incoming radiation collected by the primary mirror
is reflected onto a hyperboloid secondary mirror, which in turn reflects the light onto a
rotatable 45◦ flat mirror located behind the primary. X-rays are then directed onto one
of the two redundant detector chains that are both composed of a 11-aperture filter wheel
and a microchannelplate-intensified CCD detector.

Figure 3.9. Schematic view of the OM telescope module showing the light path from the
primary mirror to the detectors (Mason et al. 2001).

The filter wheel is composed of:

• a blanked filter used as a shutter to prevent light from reaching the detector;

• six optical (V, U, B) and UV (UVW1, UVW2, UVW3) filters covering wavelenghts
between 180 nm and 580 nm;

• a white filter, which transmits light over the full range of the detector to give maxi-
mum sensitivity to point sources;

• two grisms for low-resolution spectroscopy, one optimised for the UV (grism 1) and
the other for the optical range (grism 2);

• a magnifier, which provide high spatial resolution of the central portion of the FoV
in the 380-650 nm band.

The OM can operate in two different modes depending on whether spatial coverage
(image mode) or timing information (fast mode) are required.
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3.4 Suzaku

Suzaku (Mitsuda et al. 2007), formerly known as Astro-E2, was born as recovery mission
for Astro-E, which did not achieve orbit during launch in February 2000 due to the failure
of the first stage motor. Launched by Japan Aerospace Exploration Agency (JAXA) with
the M-V launch vehicle from JAXA’s Uchinoura Space Center (USC) on 2005 July 10, it
was placed into a near circular orbit at 570 km altitude with an inclination angle of 31◦.

A schematic view of the satellite is shown in Figure 3.10. The scientific payload was
initially composed of three distinct co-aligned scientific instruments: an X-ray Imaging
Spectrometer (XIS – see §3.4.1), a hard X-ray detector (HXD – see §3.4.2) and an X-ray
micro-calorimeter (XRS – see §3.4.3), which failed shortly after launch.

Figure 3.10. Schematic view of the Suzaku satellite in orbit (Mitsuda et al. 2007). The
X-ray telescope (XRT-S) for the X-ray spectrometer (XRS), and the four X-ray telescopes
(XRT-Is) for the X-ray CCD camera (XIS) are clearly visible on the top.

3.4.1 The X-ray Imaging Spectrometer

The X-ray Imaging Spectrometer (XIS – Koyama et al. 2007) is composed of four X-ray
sensitive imaging CCD cameras located in the focal plane of a dedicated X-ray telescope
(XRT-I – Serlemitsos et al. 2007). XRT-Is are grazing-incidence Wolter I telescopes with
175 tightly nested, thin-foil conical mirror shells, providing a moderate imaging capability
in the 0.2-12 keV energy range. As concerns the CCD cameras, three of them (XIS0, XIS2,
and XIS3) are front illuminated (FI), while the other (XIS1) is back-illuminated (BI).
A three-stage thermo-electric cooler (TEC) is used to cool the CCDs to their nominal
operating temperature of -90◦C, while a radiation shielding prevents damages when the
spacecraft passes through the South Atlantic Anomaly (SAA). The main characteristics
of both XRT-I and XIS are listed in Table 3.8, while the effective area of the XRT+XIS
system is shown in Figure 3.11.

Nowadays, only two of the XIS-FI are still operating, while XIS2 suffered a catastrophic
damage on 2006 November 9, presumably due to a collision by a micro-meteorite.
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Table 3.8. Main characteristics of the XRT-I+XIS system onboard the Suzaku observa-
tory. Adapted from Koyama et al. (2007).

Parameter Value

Field of view 18′ × 18′

Energy range 0.2-12 keV
Detector MOS-type CCD, 1024×1024 pixels
Pixel size 24µm×24µm
Energy resolution ∼130 eV (FWHM) @5.9 keV

On-axis effective area ∼330 cm2 (FI), ∼370 cm2 (BI) @ 1.5 keV
∼160 cm2 (FI), ∼110 cm2 (BI) @ 8 keV

Figure 3.11. Effective area of the XRT-I+XIS system, for both the FI (XIS0, XIS2, and
XIS3) and BI (XIS1) CCDs (Mitsuda et al. 2007).
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3.4.2 The hard X-ray detector

The hard X-ray detector (HXD – Takahashi et al. 2007) is a non-imaging, collimated
hard X-ray scintillating instrument sensitive in the 10-600 keV energy range, whose main
characteristics are listed in Table 3.9. HXD is composed of a sensor part (HXD-S), an
analog (HXD-AE) and a digital electronics system (HXD-DE). Taking advantage from
both a "well-type active shield" and a "compound-eye configuration" (i.e. each unit is
also an active shield for adjacent units), HXD allows to minimize the background level,
achieving a higher sensitivity than any previous instrument above 10 keV.

Table 3.9. Main characteristics of the HXD system onboard the Suzaku observatory
(Takahashi et al. 2007).

Parameter Value

Field of view 34× 34 arcmin2 (E.100 keV); 4.5× 4.5 deg2 (E&100 keV)
Energy range 10-600 keV (total band); 10-70 keV (PIN); 40-600 keV (GSO)
Energy resolution (FWHM) ∼3 keV (PIN); 7.6/

√
EMeV %

Effective area ∼160 cm2 @ 20 keV; ∼250 cm2 @ 100 keV
Time resolution 61 µs or 31 µs

HXD-S is a compound-eye detector instrument composed of 16 main detectors arranged
as a 4×4 array surrounded by 20 BGO anti-coincidence shield counters. Each detector unit
consists of a combination of GSO/BGO well-type phoswich counter and four PIN silicon
diodes located in front of the GSO scintillator, whose effective area is shown in Figure 3.12.
The PIN diodes are mainly sensitive below 60 keV, while the GSO/BGO scintillators are
sensitive above 30 keV. All the units work independently at an operating temperature of
-20◦C, which reduce the leakage current at few nA. As well as for background shielding, the
outer BGO anti-coincidence scintillators can also be used as a Wide-band All-sky Monitor
(WAM) to detect bright X-ray transients, γ-ray bursts, and solar flares.

Figure 3.12. Total effective areas of the PIN and GSO constituting each HXD detector
unit, as a function of the energy. (Mitsuda et al. 2007).
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3.4.3 The X-ray spectrometer

Suzaku’s X-ray Spectrometer (XRS – Kelley et al. 2007) was supposed to be the first
X-ray microcalorimeter to fly onboard an orbiting observatory. Its design was composed of
30 active pixels in a 6×6 geometry, with the four corner pixels plus two further ones that
are inactive (see Figure 3.13). Each pixel size is 625 µm × 625 µm, covering a sky area of
roughly 2.9×2.9 arcmin2. The typical gap size between the pixels is 16 µm, resulting in a
filling factor of about 95%.

Figure 3.13. The XRS microcalorimeter array, showing the layout of the pixels as pro-
jected onto the sky. The unlabeled pixel is inactive. Credit: NASA/GSFC.

A silicon PIN anti-coincidence detector beneath the microcalorimeter array was ex-
pected to detect the background particles in order to reject their associated events for later
data analysis.

The detector assembly, also known as Front End Assembly (FEA) should have been
kept at a temperature of 65 mK to operate at the maximum performance, providing an
unprecedented energy resolution of 7 eV (FWHM) over the 0.3-12 keV energy band. To this
aim, XRS was contained in an insulated dewar cooled to 65 mK by an helium tank filled
with 25 litter liquid helium at about 1.5 K surrounded by a neon tank filled with 100 litter
solid neon at a temperature of about 17 K. The FEA was placed inside the helium tank,
which was thermally connected to the Adiabatic Demagnetization Refrigerator (ADR),
cooling the system down to 65 mK. Unfortunately, XRS prematurely lost all its liquid
helium cryogen one month after launch and is no longer operative.
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3.5 Chandra

The Advanced X-Ray Astrophysics Facility (AXAF ), renamed the Chandra X-ray Ob-
servatory (CXO – Weisskopf et al. 2000) in honor of Subrahmanyan Chandrasekhar is
the X-ray component of NASA’s Great Observatory Program, which includes the infrared
Spitzer Space Telescope (SST ) officially decommissioned on January 30, 2020, the Hubble
Space Telescope (HST ) for observations in the optical band, and the no longer operational
Compton Gamma-Ray Observatory (CGRO).

Launched on 1999, July 23 by the Space Shuttle Columbia, Chandra was placed in an
highly elliptical orbit with a period of ∼ 64 hours, which is stable for decades and yields a
high observing efficiency. Both the fraction of the sky occulted by the Earth and the time
of high background due to the passage of the satellite into Earth’s radiation belt are small
over the most orbital period; thus, more than 70% of the time is useful and uninterrupted
observations lasting more than 2 days are possible.

The different components constituting the CXO are shown in Figure 3.14. Apart from
the spacecraft module, which provides the support structure and the environment necessary
for the telescope and the science instruments to work, Chandra is composed of two main
parts: the telescope system, and the Integrated Science Instrument Module (ISIM). The
former is composed of the High Resolution Mirror Assembly, two transmission gratings
and a 10-meter-long Optical Bench Assembly (OBA), while the latter houses the High-
Resolution Camera (HRC) and the Advanced CCD Imaging Spectrometer (ACIS).

Figure 3.14. The CXO flight system, which include the spacecraft, the X-ray telescope
and the science instruments onboard Chandra, is shown. Credit: NASA/CXC.

Chandra was designed to provide significant advances over previous X-ray observatories
with regards to spatial and spectral resolution. With its combination of large mirror area,
accurate alignment and efficient X-ray detectors, Chandra has eight-times greater resolution
and is 20 to 50 times more sensitive than any previous X-ray telescope.
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3.5.1 The telescope system

The whole telescope system is composed of three main parts: the X-ray optics, two
Objective Transmission Gratings (OTGs) that can be inserted into the X-ray path, and
a 10-m-long optical bench. A reflective multi-layer insulation allows to keep a constant
temperature of 21◦C on orbit to preserve the HRMA from damages. By maintaining a
precise temperature, the mirrors within the telescope are indeed not subjected to expansion
and contraction, thus ensuring greater accuracy in observations.

The High Resolution Mirror Assembly

The principal element of the telescope system is the High Resolution Mirror Assembly
(HRMA – van Speybroeck et al. 1997), which is separated from the ISIM by a 10-meter-
long composite structure, known as Optical Bench Assembly (OBA). The HRMA consists
of 4 pairs of concentric thin-walled, grazing-incidence Wolter Type-I mirrors. The front
mirror of each pair is a paraboloid, while the back one is a hyperboloid (see Figure 3.15).
All of them are coated with iridium on a binding layer of chromium to enhance reflectivity
at X-ray wavelengths. The main characteristics of the HRMA are listed in Table 3.10.

Figure 3.15. Design and functioning of the High Resolution Mirror Assembly (HRMA)
onboard Chandra. Credit: NASA/CXC.

Table 3.10. Main characteristics of the HRMA onboard the Chandra X-ray Observatory.

Characteristics Description

Optics Wolter Type-I
Mirror coating Iridium
Mirror Lenghts 84 cm
Total Lenght 276 cm
Focal lenght 10.070± 0.003 m
PSF FWHM (with detector) <0.5 arcsec

Effective area
800 cm2 @ 0.25 keV
400 cm2 @ 5.0 keV
100 cm2 @ 8.0 keV

Field of view 30 arcmin diameter
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Low energy and high-energy transmission gratings

Aft of the HRMA are two OTGs dedicated to high resolution spectroscopy: the Low-
Energy Transmission Grating (LETG – Brinkman et al. 1987) and the High-Energy Trans-
mission Grating (HETG – Canizares et al. 2005), which can be inserted behind the mirrors
through a positioning mechanism. Either OTG holds hundreds of gold transmission grat-
ings able to intercept and diffract the X-rays reflected from the mirrors, changing their
direction by amounts that depend sensitively on the X-ray energy. The diffracted X-ray
radiation is then detected by one of the two focal-plane science instruments (HRC or ACIS
– described in §3.5.2), which provide a precise determination of its energy (see Figure 3.16).

Figure 3.16. Sketch of the operating mechanism of LETGS/HETGS. Each spectrometer
is activated by swinging an assembly into position behind the mirrors. The X-rays reflected
from the mirrors are diffracted by the gratings and detected by HRC or ACIS. Credit:
NASA/CXC.

In operation with the High Resolution Mirror Assembly (HRMA) and a focal-plane
imager (HRC-S or ACIS-S – §3.5.2), these science instruments are referred to as the Low-
Energy Transmission Grating Spectrometer (LETGS) and High-Energy Transmission Grat-
ing Spectrometer (HETGS), whose main characteristics are listed in Table 3.11.

Table 3.11. Main characteristics of the LEGTS and HETGS onboard Chandra.

Characteristics LETGS HETGS
MEG HEG

Grating material Gold Gold Gold
Thickness 2.5 µm 3600 Å 5100 Å
Width 68 µm 2080 Å 1200 Å

Energy range 0.07-10 keV † 0.4-10 keV
0.2-10 keV ‡ 0.4-5.0 keV 0.8-10 keV

Resolution (∆λ, FWHM) 0.05 Å 0.023 0.012
Resolving power (λ/∆λ) ≥1000 (50-160 Å) 970-80 1070-65

∼ 20× λ (3-50 Å) 660 @ 15 Å 1000 @ 12.4 Å

Effective area
1-25 cm−2 † 7 cm−2 @ 0.5 keV

59 cm−2 @ 1.0 keV ?

1-100 cm−2 ‡ 200 cm−2 @ 1.5 keV ?

28 cm−2 @ 6.5 keV

Notes. †with HRC-S. ‡with ACIS-S. ?MEG+HEG first orders, with ACIS-S.
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3.5.2 The Integrated Science Instrument Module

The Integrated Science Instrument Module (ISIM) houses the two focal-plane science
instruments onboard Chandra, i.e. the High-Resolution Camera and the Advanced CCD
Imaging Spectrometer, which are shortly described as follows.

High resolution camera

The High Resolution Camera (HRC – Murray et al. 1997) is a microchannel plate
(MCP) instrument comprised of two detectors, one optimized for wide-field imaging (HRC-
I) and the other (HRC-S) serving as read-out for the Low Energy Transmission Grating
(LETG). With two Micro-Channel Plates (MCPs), consisting of a 10 cm2 cluster of 69
million tiny lead-oxide (PbO2) glass tubes that are about 10 µm in diameter and 1.2 mm
long, the HRC is designed to accurately records the position, number, and energy of X-rays.
The tubes have a special coating that causes the release of electrons when they are struck
by X-rays, while the camera is shielded from UV and optical radiation. Accelerated at high
voltage down the tubes, each electron triggers the release of other electrons, that strike a
grid of wires at the end of the tubes. By detecting the electronic signal, the position of
the original X-ray is determined with high precision, thus producing a detailed map of the
X-ray source with an unprecedented resolution of 0.5 arcseconds (Figure 3.17).

Figure 3.17. Schematic of the HRC microchannel plate detector. Credit: NASA/CXC.

The HRC-I provides the largest field-of-view (∼ 30 × 30 arcmin2) of any detector
onboard Chandra, and its response extends to energies below the sensitivity of ACIS, even
though the spectral resolution is lower. The HRC-S is instead optimized to be used with
the LETG in the so-called Low Energy Transmission Grating Spectrometer (LETGS). Also
the time resolution of the HRC detectors (τ=16 µs) is the best on the CXO, but it can
only be exploited in certain operation mode.
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Advanced CCD imaging spectrometer

The Advanced CCD Imaging Spectrometer (ACIS – Garmire et al. 2003) offers the
capability to simultaneously acquire high-resolution images and moderate resolution spec-
tra. It is composed of 10 planar, 1024×1024 pixel CCDs arranged in two different arrays
and providing position and energy information. Each CCD have an "active" or imaging
section, which is directly exposed to the incident radiation, and a shielded "frame store"
region, where the charge is transferred to identify the position and amplitude of any events
(see Figure 3.18).

Figure 3.18. ACIS schematic layout overhead view to illustrate the location of the imaging
(ACIS-I) and spectroscopic (ACIS-S) arrays of CCD ships. Chips S1 and S3 are back-
illuminated chips; all of the other chips are front-illuminated. Credit: NASA/CXC.

The imaging array (ACIS-I) is composed of four front-illuminated CCDs arranged in a
2×2 configuration, which is optimized for spectrally resolved, high-resolution imaging over
a 16.9 × 16.9 arcminute field-of-view. The spectroscopic array is instead composed of 6
CCDs (4 FI and 2 BI) in a 1×6 configuration, which is used either for imaging or for a
grating spectrum read-out. When used in conjunction with the HETG in the so-called High
Energy Transmission Grating Spectrometer (HETGS), ACIS-S provides high-resolution
spectroscopy with a resolving power (E/∆E) up to 1000 over the 0.4-8 keV energy band.
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4
A deep NuSTAR view of the buried AGN in

NGC 1068
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This chapter focuses on the physical properties of the absorbing circumnuclear medium
in NGC 1068 obtained through the analysis of the latest NuSTAR monitoring campaign
performed between July 2017 and February 2018 (Zaino et al. 2020).

In §4.1 a short overview on NGC 1068 is discussed. §4.2 is devoted to the introduction
of the model discussed in Bauer et al. (2015) and used as a baseline model in the following
analysis. The X-ray observations and the data reduction are discussed in §4.3, with §4.3.1
and §4.3.2 devoted to NuSTAR and Swift-XRT data, respectively. The X-ray spectral
analysis is discussed in §4.4, with §4.4.1, §4.4.2 and §4.4.3 focused on the detection of a new
Ultra-Luminous X-ray source (ULX), the broadband spectral analysis and the calibration
issues affecting the iron Kα line energy range, respectively. Finally, in §4.5 the results of
the NuSTAR analysis are discussed and compared to the previous X-ray results, while §4.6
is devoted to the future possibilities offered by the new X-ray observatories that will be
launched in the next years.
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4.1 Introduction

NGC 1068 (DL = 14.4 Mpc; Tully 1988) is one of the best known Seyfert 2 galaxies
partly because the unification model was first proposed to explain the presence of broad
optical lines in its polarized light (Antonucci & Miller 1985). According to its classification,
the nucleus of NGC 1068 is heavily obscured by dust. Near- and mid-infrared observations
spatially resolved the dust structures within this galaxy, revealing a torus consistent with
a two-component dust distribution. In particular, VLTI /VINCI observations for the first
time favored a multi-component model for the torus intensity distribution. Taking into
account also K-band speckle interferometry, these data showed that a part of the flux orig-
inates from scales clearly smaller than ∼0.4 pc, arising from substructures of the dusty
torus or from the central accretion flow viewed through moderate extinction, and another
part of the flux from larger scales of the order of ∼3 pc (Wittkowski et al. 2004, and refer-
ences therein). MIDI observations confirmed this scenario; in particular, Jaffe et al. (2004)
modelled the observed spectra using two components with different size and temperature,
each of which is a two-dimensional Gaussian aligned with the axis parallel to the radio
jet. They considered a central hot component (T>800 K) marginally resolved along the
source axis and surrounded by a warm dust component (T∼320 K) in a structure 2.1 parsec
thick and 3.4 parsec in diameter. More recent MIDI observations allowed resolution of the
nuclear mid-infrared emission from NGC 1068 in unprecedented detail, with a maximum
resolution of 7 mas (i.e. ∼0.5 pc at the distance of NGC 1068). In particular, Raban et al.
(2009) found that the mid-infrared emission can be represented by two components, each
with an elliptical Gaussian brightness distribution: a compact hot component (T∼800 K),
1.35 parsec long and 0.45 parsec thick in FWHM (i.e. the inner funnel of the obscuring
torus), tilted by ∼45◦ with respect to the radio jet and with similar size and orientation
to the observed water maser distribution (Gallimore et al. 2004), and a 3×4 pc warm
component (T∼300 K) marking the colder and extended part of the torus-like structure.

Recent ALMA observations have been able to resolve the molecular torus in NGC 1068
over spatial scales of D=10-30 pc, demonstrating that there is radial density stratification
as well as hints of counter-rotation and a high velocity outflow (Imanishi et al. 2018;
García-Burillo et al. 2019; Impellizzeri et al. 2019). The observed physical parameters
are significantly different depending on which line transition used to image the torus,
highlighting its many faces. In particular, the CO(2-1), CO(3-2) and HCO+(4-3) maps
provided a full-size of the torus DCO(2−1) = 28 ± 0.6 pc, DCO(3−2) = 26 ± 0.6 pc and
DHCO+(4−3) = 11± 0.6 pc, respectively (García-Burillo et al. 2019).

From an X-ray point of view, the multi-epoch X-ray spectra of NGC 1068 were analysed
by Bauer et al. (2015) using different observatories, including a NuSTAR pointing in 2012,
and spanning a time period of ∼16 years. The authors modeled the broadband emission
of the source with a combination of a completely obscured transmitted power law (Γ =
2.10+0.06

−0.07), scattering by both warm and cold reflectors, radiative recombination continuum
and line emission, and off-nuclear point-source emission, being the latter due to the ULX
population within the NGC 1068 field of view. In particular, the reflected emission is due
to a multi-component reflector with three distinct column densities, in which the higher
NH component (NH,1 ∼ 1025 cm−2) provides the bulk of the flux of the Compton hump,
the lower NH component (NH,2 = (1.4 ± 0.1) × 1023 cm−2) contributes primarily to the
iron line emission and reproduces the curvature of the continuum around 10 keV, and a
third reflector on more extended scales (>140 pc) provides almost 30% of the neutral iron
Kα line flux (see §4.2 and Bauer et al. 2015 for further details).
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NGC 1068 was observed again in 2014 and in 2015 with a joint XMM-Newton and
NuSTAR monitoring campaign during which a transient excess above 20 keV was observed
and ascribed to a Compton-thick unveiling event in which material with NH ≥ 2.5× 1024

cm−2 moved temporarily out of our line of sight (see Figure 4.1), allowing the intrinsic
radiation to pierce through the circumnuclear medium (Marinucci et al. 2016). Unveiling the nucleus of NGC 1068 L97

Figure 3. Contour plots between the column density along the line of sight
and the intrinsic 2–10 keV luminosity. Grey, red and blue lines represent
contours for 2012, 2014and 2015 data sets, respectively. Boldest to thinnest
contours indicate 99 per cent, 90 per cent and 68 per cent confidence levels.
Vertical orange and purple stripes indicate the 2–10 keV intrinsic luminosi-
ties inferred from the mid-IR and [O III] observed luminosities with their
relative dispersions from Gandhi et al. (2009) and Lamastra et al. (2009).

throughout the whole 4–79 keV energy band (Fig. 2, bottom
panels). Best-fitting values for the column density along the line of
sight and for the nuclear component normalization are NH, 1 = (6.7
± 1.0) × 1024 cm−2 and Anucl = 0.9+1.0

−0.5 ph cm−2 s−1 keV−1 at
1 keV, respectively. This normalization leads to an unabsorbed
2–10 keV luminosity LX = 7+7

−4 × 1043 erg s−1, which is consistent
with the value presented in Bauer et al. (2015), within the error bars
(Fig. 3). The intrinsic luminosity presented in Bauer et al. (2015)
is LX = 2.2 × 1043 erg s−1 and indeed, the authors state that it is a
factor of ∼1.6 lower than the one derived from the mid-IR to X-ray
relation in Gandhi et al. (2009) (which is the orange vertical stripe in
Fig. 3). However, we note that at high column densities, the derived
intrinsic luminosity is highly dependent on the (unknown) geome-
try of the absorber (e.g. Matt, Pompilio & La Franca 1999). The fit
does not improve if we leave the normalization and column density
of the 2015 spectra free to vary, indicating that there is no difference
between the 2012 and 2015 data sets. Residuals around 25–30 keV
in both 2014 August and 2015 February observations (Fig. 2, middle
and bottom panels) may be ascribed to residual instrumental fea-
tures in the NuSTAR ARFs (see figs 7 and 8; Madsen et al. 2015). If
we include the instrumental background emission lines between 22
and 35 keV, no significant variations in the best-fitting parameters
are found. This effect represents ∼2 per cent of the total 20–80 keV
flux in the 2014 August observation and ∼7 per cent of the observed
flux excess, in the 20–80 keV energy band. Fig. 3 shows the contour
plots between the column density along the line of sight (the one di-
rectly obscuring the primary continuum) and the intrinsic 2–10 keV
nuclear luminosity extrapolated from the de-absorbed best fit from
the primary continuum for the three NuSTAR data sets (colours as
in Fig. 2). The inferred X-ray luminosity LX ∼ 1043–1044 erg s−1

is almost four orders of magnitude greater than usually observed in
ULXs (Swartz et al. 2004; Walton et al. 2011): the lack of variations
below 10 keV and the sharp cutoff in ULX spectra above 20 keV
(Bachetti et al. 2013; Walton et al. 2013, 2014, 2015) lead us to
conclude that this transient excess cannot be attributed to the ULX
in the NGC 1068 FOV.

We then considered the possibility that the high-energy excess in
the 2014 August observation might be due to a rise in the reflected
emission only, due to matter with NH ∼ 1025 cm−2. The only way
to have a variation in the Compton hump without an associated
variation in the iron line is for the reflector to be almost completely
self-obscured. Indeed, fits show that the inclination angle of the
reflector would have to be larger than 87◦, assuming a toroidal
configuration. We therefore conclude that this interpretation, while
not impossible, is unlikely.

4 D ISCUSSION

We interpret the high-energy excess detected in the 2014 August
NuSTAR spectra as the first unveiling event ever observed in NGC
1068, in which there is a drop in the column density along our line
of sight. If we take into account the mid-IR and [O III] luminosities
as proxies of the intrinsic nuclear luminosity, we have additional
pieces of information to add to the contour plots shown in Fig. 3.
The vertical orange lines represent the intrinsic 2–10 keV lumi-
nosity inferred from the mid-IR luminosity (Gandhi et al. 2009).
Purple lines indicate the intrinsic 2–10 keV luminosity calculated
from the extinction-corrected [O III] luminosity (Marinucci et al.
2012b) using the [O III]–X-ray relation from Lamastra et al. (2009).
Contour plots show that the intrinsic X-ray luminosity for the three
observations is consistent with those inferred using other proxies,
and all the spectral difference can be attributed to a change in the
absorbing column density, from NH > 8.5 × 1024 cm−2 in the 2012
observation to NH, 1 = (5.9 ± 0.4) × 1024 cm−2 in 2014 (Fig. 3,
using 90 per cent confidence level for two interesting parameters).

Assuming the bolometric correction from Marconi et al. (2004),
we infer Lbol = 2.1+3.2

−1.4 × 1045 erg s−1, in agreement with Hönig,
Prieto & Beckert (2008). The black hole mass of NGC 1068 is esti-
mated to be ≃ 1 × 107 M⊙ (Greenhill et al. 1996; Lodato & Bertin
2003). For consistency with the mid-IR and [O III] luminosities
(Fig. 3), we take the lower value Lbol = 7 × 1044 erg s−1, leading
to an accretion rate ηedd ∼ 0.55, confirming the highly accreting
nature of the source.

Absorption variability is common when observations performed
months to years apart are compared (Risaliti, Elvis & Nicastro
2002), and has been found on time-scales of hours to days in sev-
eral sources. However, even in the so-called changing-look AGN
(sources that switched from the Compton-thick to the Compton-thin
state and vice versa) an eclipsing/unveiling event affecting only the
spectrum above 10 kev has never been observed: we emphasize
that this is the first time that a Compton-thick unveiling event of
this kind has been reported. We note that this is different from the
intrinsic variability recently reported for the Compton-thick AGN
NGC 4945 (Puccetti et al. 2014). Our finding is supporting a clumpy
structure of the obscuring material along the line of sight (Nenkova
et al. 2008).

In this scenario, we do not have a single, monolithic obscuring
wall, but the total column density along the line of sight is the
sum of the contributions from a discrete number of clouds. The
NuSTAR sensitivity above 10 keV allowed us to infer only a lower
limit on the column density variation ("NH ≃ 2.5 × 1024 cm−2)
but greater changes could have occurred (top-left corner of Fig. 3:
the parameter space with NH > 8.5 × 1024 cm−2) but were not
measurable with our data. Further monitoring of NGC 1068 could
provide constraints on the number of clouds and their distance from
the illuminating source.

MNRASL 456, L94–L98 (2016)Downloaded from https://academic.oup.com/mnrasl/article-abstract/456/1/L94/2589659/NuSTAR-catches-the-unveiling-nucleus-of-NGC-1068
by INAF Brera Milano (Osservatorio Astronomico di Brera) user
on 20 October 2017

Figure 4.1. Confidence contours between the column density along the line of sight and
the intrinsic 2-10 keV luminosity for 2012 (in grey), 2014 (in red) and 2015(in blue) data
sets (Marinucci et al. 2016). Boldest to thinnest contours indicate 99 per cent, 90 per cent
and 68 per cent confidence levels. Vertical orange and purple stripes indicate the 2-10 keV
intrinsic luminosities inferred from the mid-IR (Gandhi et al. 2009) and [OIII] (Lamastra
et al. 2009) observed luminosities.

VISIR and MIDI observations performed before and immediately after the X-ray vari-
ations showed constant behavior in the infrared emission of the nuclear region of NGC
1068, confirming the hypothesis that the observed change in the X-ray regime was not
due to an intrinsic change in the luminosity of the central accretion disk, but to escaping
emission through the patchy torus clouds (López-Gonzaga et al. 2017). However, due to
the large separation of the NuSTAR observations (∼6 months), only an upper limit of ∼2
pc could be given on the location of such a variable absorber, which is consistent both with
the BLR and the torus. In the latter case, the change in the absorbing column density
along the line of sight required to explain the X-ray variability of the AGN in NGC 1068
could be associated with the small-scale structure of the molecular torus imaged by ALMA
(García-Burillo et al. 2019).

4.2 The baseline model

In 2015, Bauer et al. (2015) characterized the multi-epoch X-ray spectra of NGC 1068
analyzing high-quality observations performed from 1996 until 2012 by different X-ray ob-
servatories. In particular, NuSTAR and XMM-Newton data were used to study in detail
the total emission of the source, while the higher spectral and angular resolution of Chan-
dra (HETG and ACIS, respectively) enabled the authors to remove potential host-galaxy
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contamination, spatially separating the nuclear spectrum from diffuse and off-nuclear point-
source emission at least below 8 keV. Swift, Suzaku and BeppoSAX observations were used
for points of comparison.

The broadband emission of NGC 1068 was modeled with a combination of a heavily
Compton-thick transmitted power law, scattering by both warm and cold reflectors, ra-
diative recombination continuum (RRC) and line emission, and off-nuclear point-source
emission (see Figure 4.2 for the fractional contributions of the different spectral compo-
nents). No angular dependence of the nuclear emission spectral shape is assumed (i.e.
all scattering component have the same photon index), nor is relativistic reflection from
the accretion disk considered, due to the inclination of the source and the dominance of
scattering and absorption from cold distant material.

Figure 4.2. Fractional contributions from individual components of the baseline model.
For clarity, all the Gaussian lines within the model were excluded when calculating frac-
tional contributions, as their presence dramatically shifted the continuum contributions
over small portions of the spectrum. Changes in the dominance of different continuum
components as a function of energy are clearly visible (Bauer et al. 2015).

To construct a robust model for the nuclear X-ray spectrum of NGC 1068, both the
point-like nuclear emission and the diffuse emission and point source contamination from
the host galaxy must be taken into account. The extended emission can be effectively
constrained below 8 keV by Chandra imaging, leaving considerable degeneracy at higher
energies. Since the aim is to provide the best constraints on the properties of the re-
flectors, data below 2 keV are not considered, and all the spectral components that are
well-constrained through a separate fit of the nuclear and host galaxy contribution (i.e.
extranuclear point sources, RRC and line emission) are fixed during the combined fit (see
Bauer et al. 2015 for the adopted values of each spectral component).

The AGN intrinsic continuum is well-described by a highly absorbed (NH = 1025 cm−2)
power-law with a photon index Γ = 2.10+0.06

−0.07 and an energy cut-off Ec = 128+115
−44 keV,

while a multi-component reflector with three distinct column densities (NH,1 ∼ 1025 cm−2,
NH,2 = (1.4 ± 0.1) × 1023 cm−2, NH,3 = (5.0+4.2

−1.9) × 1024 cm−2) reproduces the complex
structure of the circumnuclear matter (i.e. Model M2d in Bauer et al. 2015 – see Figure
4.3). The spectral features attributed to the NH,1 and NH,2 components arise from the
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central region, within 2 arcsec from the nucleus, while NH,3 corresponds to regions outside
the central 2 arcsec. In particular, the higher NH component provides the bulk of the flux
to the Compton hump, while the lower NH component contributes primarily to the iron
line emission and reproduces the curvature of the continuum around 10 keV, effectively
decoupling the two key features of Compton reflection. The inclination angles of the two
nuclear scatterers with respect to the line of sight are 90◦ and 0◦, respectively, in order to
reproduce a clumpy torus distribution with the edge-on scatterer accounting for the photons
reprocessed by the obscuring material lying between the AGN and the observer, while the
face-on scatterer mimics the reprocessed emission coming from back-side reflection. These
latter photons have a smaller chance of being absorbed before reaching the observer, making
the MYTORUS 0◦ component relevant in a patchy torus scenario (Yaqoob et al. 2015; Zhao
et al. 2019). On the other hand, the third reflector on more extended scales (>140 pc)
with an inclination of 0◦ provides almost 30% of the neutral iron Kα line flux and could
represent material within the ionization cones.
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Figure 4.3. Theoretical best-fit model of NGC 1068 adopted by Bauer et al. 2015 (solid
black line). Emission lines (orange dotted lines in the 6-9 keV energy range), nuclear
(dashed red and dot-dashed magenta lines) and more distant (blue dotted line) reflectors
represent the reflection components arising from different column densities, while the nu-
clear intrinsic emission is completely absorbed by heavily Compton-thick matter (Zaino et
al. 2020).

4.3 Observations and data reduction

NGC 1068 was observed by NuSTAR (Harrison et al. 2013) with its two co-aligned X-ray
telescopes, with corresponding Focal Plane Modules A (FPMA) and B (FPMB), during
a monitoring campaign composed of four observations of about 50 ks each, performed
between July 2017 and February 2018 (see Table 4.1).
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Table 4.1. NuSTAR observation log for NGC 1068 (Zaino et al. 2020).

obsID Date Detector Net exposure Net count rate b [counts s−1]
time a [ks] 3-5.5 keV 20-79 keV

OBS1 60302003002 2017-07-31 FPMA 50.0 0.0246±0.0007 0.0289±0.0009
FPMB 49.8 0.0240±0.0007 0.0262±0.0008

OBS2 60302003004 2017-08-27 FPMA 52.5 0.0253±0.0007 0.0332±0.0009
FPMB 52.4 0.0256±0.0007 0.0309±0.0009

OBS3 60302003006 2017-11-06 FPMA 49.7 0.0254±0.0007 0.0301±0.0009
FPMB 49.5 0.0236±0.0007 0.0281±0.0008

OBS4 60302003008 2018-02-05 FPMA 54.6 0.0313±0.0008 0.0276±0.0008
FPMB 54.5 0.0299±0.0008 0.0261±0.0008

Notes. a Net exposure time, after screening was applied on the data. b Net source count rate after
screening and background subtraction, as observed in the 3-5.5 keV and 20-79 keV energy ranges.

4.3.1 NuSTAR data

The Level 1 data products were processed using the NuSTAR Data Analysis Software
(NuSTARDAS) package (version 1.8.0). Event files (Level 2 data products) were extracted
using the nupipeline task, adopting standard filtering criteria and the latest calibration
files available in the NuSTAR calibration database (CALDB 20180126). The source spectra
were extracted from circular regions of radius 50 arcsec, corresponding to an encircled
energy fraction (EEF) of about 70%, from both FPMA and FPMB. The same radius was
used to extract background spectra, selecting a region on the same chip, uncontaminated
by source photons or background sources. The net exposure times and the total count
rates after this process are reported in Table 5.1 for each spectrum and for both FPMA
and FPMB.

Finally, the two NuSTAR spectra from each observation were binned in order not to
oversample the instrumental energy resolution by a factor larger than 4 and to have a
signal-to-noise ratio (SNR) greater than 7 in each background-subtracted spectral channel.
This ensures the applicability of the χ2 statistic to evaluate the quality of spectral fitting,
avoiding a dramatic oversampling due to the high flux of the source. The same energy bins
were used for both FPMA and FPMB.

4.3.2 Swift data

In our work we also analyzed two Swift-XRT archival observations performed simul-
taneously with NuSTAR in November 2017 and February 2018 and a ToO observation
requested in June 2018 (see Table 4.2).

Table 4.2. Swift-XRT observation log for NGC 1068 (Zaino et al. 2020).

obsID Start time Exposure time
[ks]

0088104005 2017-11-06 08:40:57 2.0 (1)
0088104006 2018-02-05 05:27:57 2.1 (2)
0088104007 2018-06-15 16:13:48 1.6 (3)

Notes. (1) Simultaneous to OBS3. (2) Simultaneous to OBS4. (3) ToO observation.
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To analyze the XRT observation taken in February 2018, we extracted a source spec-
trum from a circular region with a 20 arcsec radius centered on the ULX (see §4.4.1 for
further details), ensuring that the nuclear emission of NGC 1068 is excluded. A background
spectrum was also extracted from a source-free circular region with a 60 arcsec radius. We
used identical extraction regions for the other two XRT spectra (November 2017 and June
2018), generating spectra with XSELECT, effective area files with XRTMKARF, and using the
redistribution matrix file swxpc0to12s6−20130101v014.rmf. Finally, all the XRT spectra
were rebinned in order to have at least 15 counts per energy bin.

4.4 X-ray spectral analysis

The X-ray spectral analysis of NGC 1068 was performed using XSPEC 12.10.1 (Arnaud
1996) and the χ2 statistic, apart from the ULX analysis (see §4.4.1), where the C-statistic
(Cash 1976) was used. The photoelectric cross sections for all absorption components
are those from Verner et al. (1996), while the element abundance pattern is from Wilms
et al. (2000) and the metal abundance is fixed to solar. Unless stated otherwise, errors
correspond to the 90 per cent confidence level for one interesting parameter (∆χ2=2.706).
The four NuSTAR monitoring spectra are shown in Figure 4.4.
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Figure 4.4. NuSTAR monitoring spectra taken in July 2017 (black squares), August 2017
(red circles), November 2017 (green triangles) and February 2018 (blue stars). FPMA and
FPMB data of each observation are grouped together for clarity purposes only (Zaino et
al. 2020).

4.4.1 A new ULX detection in NGC 1068?

NGC 1068 is not only one of the best known Seyfert 2 galaxies in the local universe,
but also a powerful starburst galaxy with a star-formation rate Ṁ > 36 M� yr

−1 (i.e. at
least a factor of 7 greater than the SFR in our Galaxy). In particular, infrared observations
indicate that the star formation in this galaxy is primarily distributed within the central
∼3 kpc in two very extended complexes, one located to the north and the other to the
southwest of the nucleus (Telesco & Decher 1988).
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Focusing on the soft X-ray band below 5.5 keV, we can observe an excellent agreement
of the data taken in July, August and November 2017 (see black, red and green symbols
in Figure 4.4, respectively). However, an unexpected increase of the flux by 25 ± 2% was
observed in February 2018 with respect to the previous observations (see blue circles in
Figure 4.4 and the count-rates in Table 5.1). On the other hand, the NuSTAR images
taken in February 2018 in the 3-5.5 keV energy band suggest the presence of a transient
object at a distance of ∼30 arcsec from the nuclear region (see Figure 4.5). The analysis
of the simultaneous Swift-XRT image confirms this hypothesis (see Figure 4.6), allowing
us to ascribe the 3-5.5 keV excess observed in February 2018 to the appearance of a flaring
source at a distance of ∼2 kpc from the nucleus of NGC 1068 (at the distance of NGC
1068 1"=72 pc – Bland-Hawthorn et al. 1997).

To identify this flaring source, we overlaid the five point-like sources previously detected
with Chandra (Smith & Wilson 2003), within 20 arcsec of its position, on the Swift-XRT
3-5.5 keV image (see Figure 4.6). Among these point-like objects, the brightest one (with
more than 50 counts in the Chandra band and with a SNR>7) is CXOU J024244.0-000035,
with a reported 0.4-8 keV luminosity L0.4−8 = 6.8× 1038 erg s−1, corresponding to a 2-10
keV luminosity L2−10 = 4.8× 1038 erg s−1, which is almost two orders of magnitude lower
than the one observed during our monitoring. No known X-ray sources appear to lie closer
than d ' 8 arcsec from the ULX centroid in the Swift-XRT image, neither the supernova
exploded in NGC 1068 in November 2018 (Bostroem et al. 2019) matches the location
of the ULX; therefore, we conclude that there is no robust identification with previously
detected sources.

To obtain NuSTAR FPMA and FPMB spectra of the ULX, we computed difference
spectra between the ones extracted from the February 2018 and November 2017 observa-
tions, already described in Section 4.3.1. Then, we rebinned the two spectra in order to
have a SNR greater than 2σ in each spectral channel. With this requirement, no detected
spectral bins are present above 16 keV and 12 keV for FPMA and FPMB, respectively.

We used the C-statistic to simultaneously fit the XRT, FPMA and FPMB spectra
obtained in February 2018. An absorbed cut-off power-law provides an acceptable descrip-
tion of the data, with a fixed value for the Galactic column density (NGal

H = 3 × 1020

cm−2 – Kalberla et al. 2005), a photon index Γ = 1.5 ± 0.4, a cut-off energy Ec ≥ 5
keV and a normalization N = (2.6+0.7

−0.6) × 10−4 ph cm−2 s−1 keV−1. We retrieved a
C/dof = 43.3/45 and our best fit is shown in Figure 4.7. The observed flux in the 2-
10 keV band is F2−10 = (9.4 ± 1.0) × 10−13 erg cm−2 s−1, corresponding to an intrinsic
luminosity L2−10 = (3.0± 0.4)× 1040 erg s−1 at the distance of NGC 1068.

Since the source was not detected before (neither in this monitoring, nor in the previous
X-ray observations), we requested and obtained a 1.5 ks ToO observation with Swift-XRT
on June 15, 2018 (NGC 1068 was not observable before this date due to Sun occultation) to
confirm the presence of this new source. Unfortunately, the transient source was no longer
visible in the Swift-XRT image in the 3-5.5 keV band, and the spectrum extracted from a
circular region of 20 arcsec centered on the position of the ULX, as observed in February
2018, showed a dramatic drop of the count-rate in the 2-10 keV band (i.e. about one order
of magnitude, from 0.010 ± 0.002 counts/s in February 2018 to 0.0013 ± 0.0009 counts/s
in June 2018). This prevented further detailed study of this transient source, allowing us
to determine only a variability timescale less than ∼ 3 months. However, we note that
transient ULXs are already known (e.g. Middleton et al. 2012, 2013; Pintore et al. 2018),
and that even high luminosity ULXs can vary on very short timescales, such as ULX1 in
NGC 5907 (Walton et al. 2015).
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FPMA   2017-07-31 2017-08-27 

2017-11-06 2018-02-05 

FPMB   2017-07-31 2017-08-27 

2017-11-06 2018-02-05 

Figure 4.5. NuSTAR FPMA (top panels) and FPMB (bottom panels) images of the
central 5’×5’ regions in the 3-5.5 keV band smoothed with a 3 pixels radius Gaussian filter
(Zaino et al. 2020). The circular region with a radius of 50 arcsec used for extracting the
source spectra is shown in OBS4 (green solid circle), while the 20 arcsec circular region used
to extracted the Swift-XRT spectrum is overplotted in all panels (white dotted circles).
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Figure 4.6. Swift-XRT image of the central 3’×3’ region, obtained in February 2018, in
the 3-5.5 keV band (Zaino et al. 2020). The dashed white circular region with a radius of 20
arcsec used for extracting the ULX spectrum is shown. We over-imposed the five different
point-like sources previously detected with Chandra and located within a 20 arcsec radius
region from the ULX, from Smith & Wilson (2003). The ULX is not detected in November
2017 nor in June 2018.
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Figure 4.7. Top panel. XRT (magenta diamonds), FPMA (blue filled stars) and FPMB
(cyan empty stars) ULX spectra taken in February 2018. Bottom panel. Data/model
ratio with respect to a model (solid green line) composed of an absorbed power-law with a
photon index Γ = 1.5± 0.4 and a cut-off energy Ec ≥ 5 keV (Zaino et al. 2020).
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4.4.2 The broadband analysis

Considering the whole NuSTAR band (3-79 keV), we find that the iron line emission
does not vary significantly during the whole monitoring (see Figure 4.4); however, the
count-rate above 20 keV clearly varies by up to ∼20% between the observations (see Table
4.1). This behavior is similar to that observed three years previously; in particular, NGC
1068 was caught in a higher flux state in August 2014 and 2017 and in a lower one in
February 2015 and 2018, as reported in Table 4.3. Additionally, we find excellent overlap
of the spectral shapes in the high and low states during the two NuSTAR campaigns (see
Figure 4.8). Both these findings suggest that we are observing eclipsing/unveiling events
affecting only the spectrum above 10 keV, as found in Marinucci et al. (2016). The benefit
of the current NuSTAR monitoring campaign is that we have two additional observations
in July and November 2017 (see Table 4.1) that enable us to more accurately probe the
variability of NGC 1068.

Table 4.3. Comparison between the higher and the lower flux states of NGC 1068 during
2014-2015 and 2017-2018 NuSTAR monitoring (Zaino et al. 2020).

High state Low state
Date Count rate (1) Date Count rate (1)

FPMA
Aug 2014 0.032± 0.001 Feb 2015 0.026± 0.001
Aug 2017 0.033± 0.001 Feb 2018 0.028± 0.001

FPMB
Aug 2014 0.031± 0.001 Feb 2015 0.023± 0.001
Aug 2017 0.031± 0.001 Feb 2018 0.026± 0.001

Notes. (1) Net count rate in the 20-79 keV band, expressed in counts/s.

To model our data set, we adopted the best-fit model discussed in Bauer et al. 2015
(see §4.2 for a detailed description of the model), with an additional cut-off power-law
component to account for the ULX contribution in OBS4 (Model A in Table 4.4), whose
spectral analysis is described in §4.4.1. Due to the fact that ULXs break to very steep
spectra above ∼10 keV (e.g. Stobbart et al. 2006, Gladstone et al. 2009, Pintore et al.
2017, Walton et al. 2018), we expect that this new source should have a negligible effect
on the high-energy data from the nucleus. In our configuration, the reflected emission
is reproduced by three distinct reflectors (θ1 = 90◦, NH,1 ≥ 9.7 × 1024 cm−2; θ2 = 0◦,
NH,2 = (1.4 ± 0.1) × 1023 cm−2; θ3 = 0◦, NH,3 = (5.0+4.2

−1.9) × 1024 cm−2) modeled with
MYTORUS tables in a decoupled configuration (Yaqoob 2012), where the normalizations for
the different angles vary independently, while the continuum and line components of a
given angle are fixed, corresponding to a patchy torus distribution. Applying this model
to our data set, the fit was not good (χ2

r = 1.63), mainly due to significant residuals at ∼6
keV (see panel (a) in Figure 4.9).

Taking advantage of previous NuSTAR observations, some of which were performed
simultaneously with XMM-Newton, we argue that the significant residuals observed in
Model A have no astrophysical origin, but are spurious calibration features (see §4.4.3 for a
detailed analysis). We modeled this component out of the residuals adopting an additional
emission line (i.e. a gauss component in XSPEC), whose parameters are reported in Table
4.4 (Model B), obtaining a significant improvement of the fit (χ2

r = 1.18 – see panel (b) in
Figure 4.9). We stress that this further component does not affect our conclusions.

73



Table 4.4. Summary of the six models discussed in the text and differences with respect
to the Bauer model summarized in §4.2 (Zaino et al. 2020).

Model A: Bauer model + ULX contribution in OBS4
(χ2/dof = 1186/730)

ΓULX Ec [keV] normULX [ph cm−2 s−1 keV−1]
1.5± 0.4 ≥5 (2.6+0.7

−0.6)× 10−4

Model B: Model A + gauss component at ∼6 keV
(χ2/dof = 840/714)

Egauss (FPMA/FPMB) normgauss (FPMA/FPMB)
[keV] [ph cm−2 s−1 keV−1]

OBS1 6.1± 0.1 / 6.1± 0.1 1.7± 0.5 / 2.5± 0.5

OBS2 6.1± 0.1 / 6.1± 0.1 1.3± 0.5 / 2.3± 0.5

OBS3 6.0± 0.1 / 6.1± 0.1 2.1± 0.5 / 2.2± 0.5

OBS4 5.9± 0.1 / 5.9± 0.1 1.7± 0.4 / 1.9± 0.5

Model C: Model B with reflectors parameters free to vary, but fixed between the observations
(χ2/dof = 784/724)

Γ NH,1 NH,2 NH,3 norm1 norm2 norm3

[1024 cm−2] [ph cm−2 s−1 keV−1]
2.10± 0.01 10† 0.13± 0.01 ≥ 4.3 (3.0± 0.2)× 10−1 (4.3+0.3

−0.4)× 10−2 (0.9± 0.3)× 10−2

Model D: Model C with only NH along the l.o.s. and intrinsic flux free to vary
(χ2/dof = 784/730)

Nl.o.s.
H [1024 cm−2] normintr [ph cm−2 s−1 keV−1]

OBS1 ≥ 7.3 5.0+2.1
−4.6

OBS2 6.3+1.2
−1.0 0.9+1.6

−0.5

OBS3 4.6+1.4
−1.2 0.12+0.28

−0.08

OBS4 2.4 † ≤ 1.2

Model E: Model D with the same intrinsic luminosity during the monitoring
(χ2/dof = 793/733)

Nl.o.s.
H [1024 cm−2] normintr [ph cm−2 s−1 keV−1]

OBS1 7.4+1.1
−1.0

0.5+0.5
−0.2

OBS2 5.6+0.9
−0.8

OBS3 6.2+1.0
−0.8

OBS4 ≥ 7.8

Model F: Model D with the same absorbing column density during the monitoring
(χ2/dof = 793/733)

Nl.o.s.
H [1024 cm−2] normintr [ph cm−2 s−1 keV−1]

OBS1

5.9+1.0
−0.8

0.15+0.25
−0.10

OBS2 0.7+0.8
−0.4

OBS3 0.38+0.47
−0.20

OBS4 ≤ 0.14

Notes. Model A. ΓULX, Ec, normULX: photon index, cut-off energy and normalization of the cut-off
power-law accounting for the contribution of the ULX discussed in Section 4.4.1. Model B. Egauss and
normgauss: energy and normalization of the phenomenological line due to calibration issues modeled in
XSPEC with σ = 0 and discussed in Section 4.4.3. Model C. Γ: photon index of the primary continuum;
NH,1, NH,2, NH,3 and norm1, norm2, norm3: column densities and normalizations of the three reflectors,
respectively. Model D,E,F. Nl.o.s.

H : absorbing column density along the line of sight; normintr:
normalization of the intrinsic power law. χ2/dof: ratio between χ2 and the degrees of freedom of the
model. † Unconstrained value. Errors correspond to the 90 per cent confidence level for one interesting
parameter. In all models, ULX parameters are fixed to their best-fit values, while the column density
along the line of sight and the intrinsic luminosity of the source are left free to vary (for clarity purposes,
these values are not reported here for Model A,B,C). All the other parameters not shown in this table are
fixed to the best-fit values reported in Bauer et al. (2015).
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Figure 4.8. NuSTAR observations of NGC 1068 during the last two NuSTAR monitoring
campaigns. Left panel. Comparison between OBSID 60002033002 (August 2014; grey
asterisks) and OBS2 (August 2017; red circles), catching the source in a high flux state.
Right panel. Comparison between OBSID 60002033004 (February 2015; orange diamonds)
and OBS4 (February 2018; blue stars), observing the source in a low flux state. In both
panels, the green solid line represents the modelling of the opposite flux state, and FPMA
and FPMB data of each observation are grouped together for clarity purposes only (Zaino
et al. 2020). The disagreement between blue data and the high flux model below 5.5 keV
is due to the appearence of the ULX in February 2018. We refer to the text for further
details.

Moreover, to better compare our findings to those obtained from the previous NuSTAR
analyses, we decided to leave the column densities and normalizations of the reflection
parameters free to vary (Model C - χ2

r = 1.08 – see panel (c) in Figure 4.9). This allowed
us to check the good agreement between our values and those observed by Bauer et al.
(2015) for the 2012 epoch and Marinucci et al. (2016) for the 2014-2015 epochs, as reported
in Table 4.5. Since the highest column density reflector located within 2 arcsec of the
nuclear region and providing the bulk of the flux of the Compton hump (i.e. NH,1) was
not constrained, we fixed its value to the best-fit one (i.e. 1025 cm−2).

Then, due to the complexity of the model used to reproduce our data set (see §4.2 for
a detailed description), we decided to follow the same approach used by Marinucci et al.
(2016) in analyzing the 2014-2015 NuSTAR campaign. Therefore, we fixed the column
densities and the normalizations of the three reflectors to the best-fit values previously
found, leaving only the flux of the primary component and the column density along the
line of sight free to vary (Model D). We obtained an improvement of the fit (χ2

r = 1.07 – see
panel (d) in Figure 4.9), pointing out a variation in NH between the observations. However,
the column density along the line of sight in OBS4 is unconstrained and a significant spread
in the intrinsic emission of the AGN is clearly visible during the monitoring (see Figure
4.10 and Model D in Table 4.4), although the large errors make the normalizations of the
four observations consistent with each other.

For this reason, we tied together the normalizations of the intrinsic power-law during
the whole monitoring, leaving only the column density along the line of sight free to vary
(Model E - see Figure 4.11). Despite the χ2

r being unchanged with respect to Model D,
this modelling allowed us to avoid the degeneracy between variations in the absorbing
column density and the intrinsic emission of the source resulting in better constraints on
the column density in all the observations (see Model E in Table 4.4) and reproducing
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Figure 4.9. From top to bottom. Residuals with respect to Model A, B, C and D (solid
magenta line in the four panels) plotted in terms of sigmas (Zaino et al. 2020). OBS1,
OBS2, OBS3 and OBS4 are shown in black and grey squares, red and orange circles, green
and dark green triangles and blue and light blue stars, while filled and empty symbols
represent FPMA and FPMB data, respectively.

Table 4.5. Comparison between the reflectors parameters obtained in this work and in
the previous ones (Zaino et al. 2020), when modeled through MYTORUS tables (Murphy &
Yaqoob 2009).

Bauer (2015) Marinucci (2016) This work (Model C)

Γ (1) 2.10+0.06
−0.07 2.10± 0.01

NH,1
(2) ≥ 9.7 10†

norm1
(3) (3.0± 0.5)× 10−1 all the parameters are fixed (3.0± 0.2)× 10−1

NH,2
(2) 0.14± 0.01 to the best-fit values 0.13± 0.01

norm2
(3) (3.6+0.3

−0.2)× 10−2 found in Bauer (2015) (4.3+0.3
−0.4)× 10−2

NH,3
(2) 5.0+4.2

−1.9 ≥ 4.3

norm3
(3) (1.0± 0.2)× 10−2 (0.9± 0.3)× 10−2

Notes. (1) Photon index. (2) Column density of the reflector, in units of 1024 cm−2. (3)

Normalization of the reflected emission, in units of ph cm−2 s−1 keV−1. †Fixed value.
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Figure 4.10. Confidence contours between the obscuring column density along the line
of sight and the normalization of the primary power-law component for OBS1 (top left),
OBS2 (top right), OBS3 (bottom left – a zoom is shown within the black box), and OBS4
(bottom right), when Model D is assumed (Zaino et al. 2020). A variation in NH is clearly
visible between the observations, even if the absorbing column density is unconstrained in
OBS4, while the normalizations are consistent with each other despite a large spread in
their values. Red, green and blue contours indicate 68 per cent, 90 per cent and 99 per
cent confidence levels, while the magenta cross indicates the best-fit values.
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well the behavior already shown in Figure 4.8. Using this parametrization, we obtained an
intrinsic unabsorbed 2-10 keV luminosity L2−10 = (3.5+3.6

−1.8)× 1043 erg s−1 at the distance
of NGC 1068, in agreement with Bauer et al. (2015) and Marinucci et al. (2016), and fully
consistent with the one inferred using the mid-IR (Gandhi et al. 2009) and [OIII] (Lamastra
et al. 2009) observed luminosities.
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Figure 4.11. NuSTAR monitoring spectra (top panel) and residuals plotted in terms of
sigmas (bottom panel) with respect to the best-fit model (Model E). Both the color code
and the symbols are the same as in Figure 4.9 (Zaino et al. 2020).

On the other hand, the degeneracy between NH and the intrinsic emission of the source
could be also avoided assuming a uniform absorbing column density with an intrinsic
variability in the accretion rate. Testing this scenario (Model F in Table 4.4), we obtained
a fit equivalent to the previous one from a statistical point of view (χ2

r = 1.08), with
an absorbing column density along the line of sight NH = (5.9+1.0

−0.8) × 1024 cm−2, fully
consistent with the values obtained in Model D only for two observations (OBS2 and
OBS3). Furthermore, a variation between the normalizations of the intrinsic power-law in
OBS3 and OBS4 is clearly visible. This corresponds to a change in the X-ray luminosity
in the 2-10 keV band ∆L2−10 = (1.8+3.3

−1.4) × 1043 erg s−1, suggesting a decrease in the
normalized accretion rate of the source (i.e. Lbol/LEdd) from 0.47 to 0.12 in a 3-month
timescale.

However, due to the fact that the X-ray luminosity we obtain in the low-flux state of
NGC 1068 (which characterises most of the observations) using Model F (i.e. L2−10 ≤ 9.8×
1042 erg s−1) is much less than the one expected from other wavelengths, while the constant
LX - multiple NH scenario provides an X-ray luminosity fully consistent with the one
inferred using the mid-IR and [OIII] observed luminosities, we adopted Model E as our
best-fit model.
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4.4.3 Calibration issues

As reported in §4.4.2, when modelling the NuSTAR X-ray spectra of NGC 1068, we
obtained significant residuals at ∼6 keV (see panel (a) in Figure 4.9). Comparing our
monitoring observations with older data obtained during the previous NuSTAR monitoring
campaign in 2014-2015, we find lack of temporal dependence of the iron line profile (see
Figure 4.12). Assuming that the slight variations of the blue data are due to the appearence
of the ULX in February 2018 (see Section 4.4.1), the line profiles are sufficiently similar to
each other to conclude that their variance is purely statistical. We note that no issues were
reported in Marinucci et al. (2016) because they only considered NuSTAR data above 8
keV, using simultaneous XMM-Newton data at lower energies.
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Figure 4.12. FPMA (left panel) and FPMB (right panel) spectra of NGC 1068 in the
5-8 keV range, normalizing to one the intensity of the highest channel (Zaino et al. 2020).
Black squares, red circles, green triangles, blue stars, cyan asterisks and magenta diamonds
represent OBS1, OBS2, OBS3, OBS4, August 2014 and February 2015 observations, re-
spectively. For clarity purposes, all the observations have the same energy bins.

Fitting the residuals at ∼6 keV with a further emission line (i.e. a gauss component
in XSPEC) with respect to Model A, we obtain energies and normalization values fully
consistent with each other, both in FPMA and FPMB (see Table 4.6). We note that
for the data reduction of the older NuSTAR observations we used the same procedure
explained in §4.3.1, binning the data using OBS2 as a template (i.e. the August 2014 and
February 2015 spectra have the same energy bins of the August 2017 one).

Table 4.6. Comparison of the 6 keV line component between old and new NuSTAR
observations (Zaino et al. 2020).

FPMA† FPMB†

Aug 2014 1.8± 0.5 1.8± 0.5

Feb 2015 2.0± 0.4 2.0± 0.5

OBS1 (Jul 2017) 1.7± 0.5 2.3± 0.5

OBS2 (Aug 2017) 1.3± 0.5 2.4± 0.5

OBS3 (Nov 2017) 2.0± 0.5 2.1± 0.5

OBS4 (Feb 2018) 2.1± 0.5 2.1± 0.5

Note. † Normalization of the spurious line component, in units of 10−5 ph cm−2 s−1 keV−1,
fitting the data with Model E.
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As a further step, we take advantage of the simultaneous XMM-Newton and NuSTAR
observations performed in August 2014 (OBSID 0740060401 and 60302003004, respec-
tively), to evaluate the possible presence of a line at ∼6 keV in data with higher spectral
resolution. The XMM-Newton data were reduced using the latest CCF and the pn spec-
trum was extracted from a circular region with a 40 arcsec radius centered on the source,
and binned in order to oversample the instrumental resolution by at least a factor of 3 and
to have no less than 30 counts in each background-subtracted spectral channel. We note
that the extraction region for the source spectrum is smaller than those used to extract
the NuSTAR spectra, but no sources of emission were present beyond 40" within the EPIC
images. Fitting both XMM-Newton and NuSTAR observations with a phenomenological
model (i.e. zpow+pexrav+several zgauss components in XSPEC), we obtain the best fit
in Figure 4.13. XMM-Newton data are well reproduced by the model, while significant
residuals at ∼6 keV are clearly visible in NuSTAR spectra (see red and green spectral bins
in panel (a)). To reproduce these residuals, an additional gauss component is needed. It
is worth noting that the upper limit to the flux of an emission line at that energy in the
XMM-Newton spectrum is much lower and inconsistent with the measurement in NuSTAR
(see Table 4.7).
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Figure 4.13. Upper panel. XMM-Newton/pn (black squares) and NuSTAR/FPMA (red
circles) and FPMB (green diamonds) spectra of NGC 1068 performed simultaneously in
August 2014, showing the 4-10 keV energy range. Lower panels. Residuals plotted in terms
of sigmas with respect to the phenomenological model (panel (a)) and fitting the NuSTAR
spectra with an additional emission line (panel (b)). We refer to the text for further details
(Zaino et al. 2020).
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Table 4.7. Energy and normalization of the 6 keV line component in the simultaneous
XMM-Newton and NuSTAR observations performed in August 2014. Both spectra are
fitted with a phenomenological model (Zaino et al. 2020).

E (keV) norm (ph cm−2 s−1 keV−1)
XMM-Newton 6.0† ≤ 1.9× 10−6

NuSTAR/FPMA 6.0± 0.1 (1.4± 0.5)× 10−5

NuSTAR/FPMB 6.1± 0.1 (2.5± 0.6)× 10−5

Note. † Fixed value.

All the previous findings suggest that the significant residuals observed in Model A have
no astrophysical origin, but are probably due to calibration issues; therefore, to account
for them, we added a spurious emission line (modeled in XSPEC with a gauss component
with σ = 0) in our best-fit model (Model E), leaving both its energy and flux free to vary
between both the observations and the two NuSTAR focal planes.

An analogous feature is also observed in ESO 138-G1 (Zappacosta et al. in prep.),
which is another Compton-thick AGN with a very large equivalent width of the Fe Kα line
(e.g. Collinge & Brandt 2000, Piconcelli et al. 2011, De Cicco et al. 2015).

4.5 Discussion

Supposing that the intrinsic luminosity of the source did not vary during the whole
monitoring, we attribute the spectral differences observed above 20 keV to X-ray emission
piercing through a patchy dusty region. We observe the same column density variability on
6-month timescales already found by Marinucci et al. (2016) during the previous NuSTAR
monitoring campaign (see red and blue data points with respect to grey and orange ones
in Figure 4.14), suggesting the presence of a variable absorber on parsec-scale distance.
However, the observational strategy of our monitoring campaign allowed us to probe shorter
timescales with the aim of better constraining the location of the circumnuclear absorbing
matter in NGC 1068.

According to our best-fit model, the values of the column density along the line of sight
with their 1-sigma errors are NH = (7.4± 0.6)× 1024 cm−2, NH = (5.6± 0.5)× 1024 cm−2,
NH = (6.2±0.5)×1024 cm−2 and NH ≥ 8.6×1024 cm−2 (corresponding to NH ≥ 7.8×1024

cm−2 at the 90 per cent confidence level, as reported in Table 4.4) for OBS1, OBS2,
OBS3 and OBS4, respectively (see Figure 4.14). Thus, assuming the same intrinsic X-ray
luminosity during the whole monitoring, we could clearly identify one unveiling and one
eclipsing event: the first between July and August 2017 and the second between November
2017 and February 2018 with timescales lower than 27 days and 91 days, respectively.
These events were ascribed to Compton-thick material with NH = (1.8± 0.8)× 1024 cm−2

and NH ≥ (2.4 ± 0.5) × 1024 cm−2, respectively, which moved temporarily across our
line of sight, allowing or preventing the intrinsic nuclear radiation to pierce through the
circumnuclear absorbing medium.

Considering a scenario in which the obscuring material is composed of individual spher-
ical clouds orbiting with Keplerian velocities at a distance R from the SMBH, the distance
of the cloud responsible for the unveiling/eclipsing event is given by

R =
GMBH(∆t)2n2

N2
H

, (4.1)
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Figure 4.14. Values of the obscuring column density along the line of sight for the four
2017-2018 NuSTAR monitoring observations (black square, red circle, green triangle and
blue star), when Model E is adopted. Old 2014-2015 measurements (grey asterisk and
orange diamond) reproducing the same intrinsic luminosity are extrapolated from Figure
3 in Marinucci et al. (2016) and shown here for comparison. Errors correspond to the 68
per cent confidence level for one interesting parameter. Brown stripes and violet bricks
indicate a period of 5 and 28 months, respectively, not covered by observations (Zaino et
al. 2020).

where G is the gravitational constant, MBH is the BH mass, ∆t is the timescale of the
column density variation, and n and NH are the gas density and the column density of the
cloud, respectively. Assuming a black hole mass MBH = 107 M�, as derived from water
maser measurements (Greenhill et al. 1996), and a typical value for the gas density within
the broad line region, such as n = 1010 cm−3 (Wang et al. 2012), we estimate a size for the
obscuring cloud of D ∼ 150 Rg and find that the absorbers responsible for the unveiling
and eclipsing event are located at a distance R ≤ (0.07 ± 0.05) pc and R ≤ (0.46 ± 0.14)
pc, respectively.

According to Kaspi et al. (2005), the radius of the BLR is given by

RBLR
10 lt− days

= 0.86×
(

L2−10 keV

1043 erg s−1

)0.544

, (4.2)

leading to RBLR =
(
0.014+0.015

−0.007

)
pc, using our spectral fitting parameters. Moreover, using

the bolometric correction from Marconi et al. (2004), we inferred a bolometric luminosity
Lbol = (0.8+1.2

−0.6)×1045 erg s−1, in agreement with other studies (e.g. Pier et al. 1994; Woo &
Urry 2002; Hönig et al. 2008) and leading to a dust sublimation radius Rd = (0.36+0.27

−0.14) pc,
if an average dust grain size of 0.05 µm with a temperature T = 1500 K is considered
(Barvainis 1987). Assuming the torus inner walls to be at the dust sublimation radius, this
value is consistent with the dimension of the dusty torus observed in infrared. Therefore,
considering the gas density reported above, the obscuring clouds are constrained to be
located in the innermost and hottest part of the dusty torus, or even further inside (i.e. in
the BLR).

Finally, the inferred bolometric luminosity leads to a normalized accretion rate λ =
Lbol
LEdd

= 0.63+0.95
−0.48, which confirms the highly accreting nature of the source. Therefore,
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we cannot definitively rule out the hypothesis that at least part of the observed X-ray
variability of the AGN in NGC 1068 is due to a change in the intrinsic luminosity of the
central accretion disk. But, also in this latter case (i.e. Model D), a variation in NH is
expected, even though the column density in OBS4 is unconstrained. On the other hand, if
we attributed the observed X-ray variability as due only to a change in the intrinsic AGN
luminosity (i.e. Model F), we obtain a scenario equivalent to that suggested by our best-
fit model from a statistical point of view. However, according to Shemmer et al. (2008),
the normalized accretion rate resulting in OBS4 would correspond to a power-law slope
Γ = 1.82± 0.01, well below that observed in our analysis (i.e. Γ = 2.1). Furthermore, the
uniform NH - multiple LX scenario predicts a column density well below the average value
of 1025 cm−2 usually observed in NGC 1068 (e.g. Bauer et al. 2015), while our assumption
of a constant intrinsic luminosity of the AGN on timescales of months is supported by mid-
IR and optical data. Thus, our findings firmly rule out the scenario of a single, monolithic
obscuring wall, and instead support the presence of a clumpy torus surrounding the nuclear
region of NGC 1068.

4.6 What’s next?

We have presented a spectral analysis of the latest NuSTAR monitoring campaign of the
Compton-thick Seyfert 2 galaxy NGC 1068 composed of four∼50 ks observations performed
between July 2017 and February 2018 and probing timescales from 1 to 6 months. Our
findings are summarized as follows.

• We detected one unveiling and one eclipsing event with timescales lower than 27
and 91 days, respectively, ascribed to Compton-thick material with NH = (1.8 ±
0.8) × 1024 cm−2 and NH ≥ (2.4 ± 0.5) × 1024 cm−2 moving across our line of
sight, allowing or preventing the intrinsic nuclear radiation from piercing through the
circumnuclear matter. We can apparently locate the absorbing gas clouds to arise
from the innermost part of the torus or closer, thus providing both tighter constraints
on their location with respect to the previous NuSTAR monitoring campaign, and
further evidence of the clumpy structure of the circumnuclear matter in this source.

• We reported a Swift-XRT detection of a transient X-ray source in February 2018,
which is plausibly a strongly variable ULX located at ∼2 kpc from the nucleus of
NGC 1068, with a peak X-ray intrinsic luminosity of (3.0± 0.4)× 1040 erg s−1 in the
2-10 keV band.

Since its launch in June 2012, NuSTAR has observed NGC 1068 several times, sampling
timescales ranging from ∼1 month to ∼5 years; further observations also performed simul-
taneously with future X-ray observatories, like XRISM, will be certainly helpful in refining
and better constraining the scenario we discussed in §4.5. Furthermore, a leap in this field
is expected to be achieved with the launch of the next future High-Energy X-ray Probe
(HEX-P – Madsen et al. 2019) taking advantage of the complementary capability with the
simultaneous ATHENA mission (Nandra et al. 2013; Barcons et al. 2017), providing the
former a high-energy sensitivity with an improvement by a factor of 40 over NuSTAR in
the 10-80 keV band, and the latter a high resolution spectroscopy below 10 keV. On the
other hand, different information on the nature and geometry of the circumnuclear matter
in NGC 1068 can be obtained from future X-ray polarimetry missions, such as the Imaging
X-ray Polarimeter Explorer (IXPE - Weisskopf et al. 2016a and 2016b, scheduled to be
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launched at the end of 2021) and the enhanced X-ray Timing and Polarimetry mission
(eXTP – Zhang et al. 2019, planned to be launched in 2027). In fact, in the 2-8 keV
working band of the polarimeters on board these missions, the X-ray emission is domi-
nated by reflection from the circumnuclear matter. A high polarization degree, dependent
on the inclination and level of symmetry of the matter, is expected, with the polarization
angle related to the symmetry axis. A comparison of such an axis to those of the spatially
resolved inner tori and of the ionization cone will shed further light on the structure of the
circumunuclear matter in NGC 1068.

Finally, as concerns the serendipitous discovery of the ULX discussed in §4.4.1, a search
for its potential optical-ultraviolet counterpart has been planned for the next future using
Swift-UVOT data. Indeed, multiwavelength studies can represent a key role to investigate
the nature and the environment of these sources (e.g. Roberts et al. 2008). In particular,
some constraints on the mass of the compact object or information about the accretion
flow can be obtained from the radial velocity curve of the companion star (Kaaret et al.
2017). Moreover, several observations of point like counterparts with blue colors have
already shown that some ULXs are associated with young star clusters or star forming
regions (e.g. Liu et al. 2004; Soria et al. 2005; Avdan et al. 2016). However, even though
the observed blue colors are consistent with emission from an irradiated accretion disk, it is
worth noting that such a color may be partly due to contamination by reprocessed X-rays
from both the accretion disc or the stellar surface (e.g. Madhusudhan et al. 2008; Patruno
& Zampieri 2010; Vinokurov et al. 2018).
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This chapter focuses on the analysis of aNuSTAR monitoring campaign of the Compton-
thin Seyfert 2 galaxy NGC 4507. Composed of five 1-month spaced observations performed
between May and September 2015, the campaign was aimed at solving any possible am-
biguity on the variability of the intrinsic emission and amount of absorption within this
source (Zaino et al. submitted). A short overview on NGC 4507 is discussed in §5.1,
while §5.2 is devoted to the X-ray observations and the data reduction, with a particular
attention to the NuSTAR spacecraft science data reduction used for the last observation
(§5.2.1). The X-ray spectral analysis is described in §5.3, with §5.3.1 and §5.3.2 focused on
the fits obtained modelling the circumnuclear matter with pexrav (Magdziarz & Zdziarski
1995) and MYTorus (Murphy & Yaqoob 2009) models, respectively. Finally, the results of
the NuSTAR analysis are discussed in §5.4.1 and compared to the previous X-ray findings
in §5.4.2, while §5.5 is devoted to a short summary and to any further future observations.

5.1 Past X-ray observations of NGC 4507

NGC 4507 is a nearby (z=0.0118) barred spiral galaxy, classified as SBab(rs) I (Sandage
& Brucato 1979), and one of the X-ray brightest Seyfert 2 galaxies with an observed flux
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F2−10 keV ∼ 2.1×10−11 erg cm−2 s−1, corresponding to an absorption-corrected luminosity
L2−10 keV ∼ 3.7× 1043 erg s−1 in the 2-10 keV energy range (Comastri et al. 1998).

In the last 25 years, this source has been studied by all the main X-ray observatories.
Evidence of multiple regions absorbing and reprocessing the primary emission has been
observed within NGC 4507 and the variability in the X-ray band has been ascribed to
either a variation in the intrinsic emission or to changes in the amount of absorption. A
short overview of the main results obtained through X-ray observations is summarized as
follows.

In 1994, ASCA observed NGC 4507 in a Compton-thin regime (NH ∼ 3× 1023 cm−2)
detecting an iron Kα line at energy E = 6.36 ± 0.03 keV consistent with transmission
through cold distant matter, a strong soft excess and a further emission line at ∼0.9 keV
identified as the Ne IX recombination line (Turner et al. 1997; Comastri et al. 1998).

Between December 1997 and January 1999, the source was then observed three times by
BeppoSAX, showing a decreasing in the X-ray flux by a factor of about 2 (from 1.84×10−11

erg cm−2 s−1 to 0.87× 10−11 erg cm−2 s−1) over a 6-month timescale, which was ascribed
to a change in the intrinsic emission of the source. No variations are indeed observed in
the slope of the primary continuum nor in the amount of intrinsic absorption. At the same
time, the Compton hump and the iron Kα line showed no significant variations despite the
drop in the intrinsic emission, confirming that reprocessing features in NGC 4507 arised
from distant matter at D ≥ 0.15 pc (Lanzi et al. 2001; Risaliti 2002; Dadina 2007).

Two campaigns performed in 1996 and 2003 with RXTE observed the source in an
intermediate flux state with respect to those observed by BeppoSAX. The values of the
photon index and the column density were not different by more than ∼0.2 and a factor
of 1.5, respectively, between the two satellites; however, the reflection fraction observed by
RXTE was significantly lower. The reason of the discrepancy in the amount of reflection
between RXTE and BeppoSAX data is not obvious; one possibility is that the high value
of the reflection component measured by BeppoSAX could indicate a response to a higher
past illuminating flux.

In 2001, NGC 4507 was observed by XMM-Newton and Chandra with two observations
spaced by about two months, during which the flux of the source increased by a factor of 2,
under the hypothesis of a constant absorbing column density (NH ∼ 4× 1023 cm−2). For
the first time, the iron Kα Compton shoulder was detected and the observed shoulder-to-
core ratio suggested that the bulk of the line originated in Compton-thick matter far away
from the black hole. Thus, two different cold circumnuclear regions (i.e a Compton-thick
reflector and a Compton-thin absorber) were required to explain the spectrum of the source
at hard X-rays. Furthermore, at least two photoionized regions were needed to explain the
large range of ionization states of the several emission lines detected in the soft X-rays
(Matt et al. 2004).

In 2007, Suzaku caught the source in a highly absorbed state (NH ∼ 9 × 1023 cm−2).
A comparison with the previous XMM-Newton observations showed a variation both in
the absorbing column density and in the intrinsic emission of the source. However, the
spectral shape of NGC 4507 as observed by XMM-Newton cannot be reproduced without
a significant change in the absorbing column density; thus, the main driver of the observed
X-ray variability has been ascribed to a change in the obscuration level along the line of
sight (Braito et al. 2013).

Finally, in 2010, XMM-Newton and Chandra performed a monitoring campaign of
NGC 4507 composed of six observations and spanning a time period of about six months.
A strong absorption variability on timescales of 1.5 - 4 months was detected (|∆NH | =
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2.5 × 1023 cm−2 at a 3σ confidence level – see Figure 5.1), suggesting the circumnuclear
material to be composed of gas clouds on parsec-scale distance (Marinucci et al. 2013a).

Figure 5.1. Γ-NH contour plots for the 5 combined XMM-Newton pointings and for the
Chandra observation. The black crosses indicate the best-fit values, while solid black, red
and green lines correspond to 1σ, 2σ and 3σ confidence levels, respectively (Marinucci et
al. 2013a).

5.2 NuSTAR observations and data reduction

NGC 4507 was observed by NuSTAR (Harrison et al. 2013) with its two co-aligned X-ray
telescopes, with corresponding Focal Plane Modules A (FPMA) and B (FPMB), during a
monitoring campaign composed of five observations of about 30 ks each, performed between
May and September 2015 (see Table 5.1).

Table 5.1. NuSTAR observation log for NGC 4507 (Zaino et al. submitted).

obsID Start time Stop time Total ontimea

[ks]

OBS1 60102051002 2015-05-03 20:16:07 2015-05-04 12:01:07 32.3
OBS2 60102051004 2015-06-10 19:16:07 2015-06-11 14:21:07 37.1
OBS3 60102051006 2015-07-15 08:01:08 2015-07-16 01:11:08 34.6
OBS4 60102051008 2015-08-22 09:56:08 2015-08-23 01:51:08 33.2
OBS5 60102051009 2015-09-22 09:06:08 2015-09-23 04:06:08 —

Notes. a Total NuSTAR time on source, corresponding to the total Good Time Interval (GTI) for each
obsID in Science mode. It is worth noting that the ontime differs from the exposure time, since the latter
is corrected for the instrument livetime.

The Level 1 data products were processed using the NuSTAR Data Analysis Software
(NuSTARDAS) package (version 1.8.0). Event files (Level 2 data products) were extracted
using the nupipeline task, adopting standard filtering criteria and the latest calibration
files available in the NuSTAR calibration database (CALDB 20190627). During the last
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observation (obsID=60102051009, hereafter OBS5), the star tracker on the optics bench
that supplies absolute pointing data did not achieve a valid attitude solution; thus, we
reduced the mode 06 files where the astrometry is calculated from the star trackers located
on the spacecraft bus. A detailed discussion about this procedure is discussed in §5.2.1.
We note that even if this method is not suitable for imaging studies, it provides spectra
consistent with those obtained using standard science modes.

Each source spectrum was extracted from a circular region of radius 60 arcsec, cor-
responding to an encircled energy fraction (EEF) of about 75%, from both FPMA and
FPMB, while the background data were extracted selecting two circular regions on the
same chip, uncontaminated by source photons or background sources, with a radius of 60
arcsec each. Finally, the spectra were binned in order to have at least 100 counts in each
background-subtracted spectral channel, and not to oversample the instrumental energy
resolution by a factor larger than 3 (Kaastra & Bleeker 2016 and references therein). Net
exposure times and the total count rates are reported in Table 5.2 for each observation and
for both FPMA and FPMB, while spectra are shown in Figure 5.2.

Table 5.2. Net exposure time and net count rate of the NuSTAR monitoring of NGC
4507 (Zaino et al. submitted).

Detector Net exposure Net count rate b [counts s−1]
time a [ks] 3-10 keV 10-40 keV 40-79 keV

OBS1 FPMA 30.1 0.226±0.003 0.347±0.003 0.018±0.001
FPMB 30.1 0.214±0.003 0.320±0.003 0.018±0.001

OBS2 FPMA 34.5 0.245±0.003 0.351±0.003 0.016±0.001
FPMB 34.4 0.231±0.003 0.328±0.003 0.015±0.001

OBS3 FPMA 31.4 0.217±0.003 0.353±0.003 0.019±0.001
FPMB 31.4 0.212±0.003 0.324±0.003 0.017±0.001

OBS4 FPMA 30.9 0.226±0.003 0.328±0.003 0.017±0.001
FPMB 30.9 0.223±0.003 0.329±0.003 0.016±0.001

OBS5 FPMA 37.5 0.292±0.003 0.399±0.003 0.018±0.001
FPMB 36.2 0.296±0.003 0.394±0.003 0.019±0.001

Notes. a Net exposure time, after screening was applied on the data. b Net source count rate
after screening and background subtraction, as observed in the 3-10 keV, 10-40 keV and 40-79
keV energy ranges.

5.2.1 The NuSTAR spacecraft science data reduction

NuSTAR spectral analyses are usually performed starting from the standard “science”
data (known as mode 01), where the absolute pointing is determined using the on-board star
tracker located on the X-ray optics bench (Camera Head Unit 4 – CHU4), which provides
an aspect reconstruction accuracy of ±8 arcseconds. However, if blinded by either Earth-
occultation or the presence of a bright target, CHU4 should not be available. In these
cases, the spacecraft science mode (hereafter mode 06), where the source sky coordinates
are derived using data from the three star trackers located on the spacecraft bus (CHU1,
CHU2 and CHU3), can be used. This method causes a degradation in the accuracy to
about ±2 arcminutes, which is mainly due to thermal flexing of the spacecraft bus star
cameras, and results in multiple centroids in the reconstruction of the sky image of the
source.

The three star trackers on the spacecraft bus (i.e. CHU1, CHU2, and CHU3) can be
integrated in seven CHU combinations. Each of them is characterized by different offsets,
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Figure 5.2. NuSTAR monitoring spectra of NGC 4507. OBS1, OBS2, OBS3, OBS4, and
OBS 5 are shown in black and grey squares, red and orange circles, green and dark green
triangles, blue and light blue stars, and magenta diamonds and violet crosses for FPMA
and FPMB data, respectively. Data are rebinned for clarity purposes only (Zaino et al.
submitted).

depending on several variables, such as the Solar aspect angle. This is the reason why mode
06 is not suitable for imaging studies. However, taking care of the optimal extraction region
for each CHU combination, the spacecraft science mode can provide useful spectra when
mode 1 is not available. Indeed, since all responses are calculated in the optics frame, whose
relation to the detector plane is accurately tracked by a laser system, mode 06 spectra show
no significant differences with respect to the standard science mode, as clearly shown in
Figure 12 in Walton et al. (2016).

As concerns our NuSTAR monitoring, OBS5 is the only pointing for which the star
tracker on the optics bench did not achieve a valid attitude solution. The spacecraft science
data for this observation showed two centroids, which are about 45 arcseconds apart (see
Figure 5.3).

To obtain the cleaned event files for both FPMA and FPMB, we made use of the
NuSTARDAS software module nusplitsc, which decomposes the total mode 06 event file into
distinct event files corresponding to a maximum of seven combinations of CHU1, CHU2
and CHU3. In our case, we obtained five event files (CHU2, CHU3, CHU12, CHU13, and
CHU23). We then used the nuproducts software module to extract the energy spectra
from the CHU# event files generated by nusplitsc. Since each CHU combination has a
specific aspect reconstruction, we chose five different source extraction region files centered
on the source as it appears in the corresponding decomposed mode 06 sky image. Finally, as
recommended from the NuSTAR software analysis guide, we used addspec to combine the
source and background PHA files as well as the RMFs and ARFs of each CHU combination.
FPMA and FPMB spectra of NGC 4507, as obtained through this procedure, are shown
in Figure 5.4.
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45" 

Figure 5.3. Sky image extracted from the full FPMA spacecraft science (mode 06) OBS5
event file, smoothed with a 2 pixels radius Gaussian filter. Due to the switch between
different CHU combinations, two centroids at about 45 arcseconds apart are clearly evident
(Zaino et al. submitted).
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Figure 5.4. FPMA (black diamonds) and FPMB (red crosses) spectra of NGC 4507,
as obtained after the NuSTAR spacecraft science (mode 06) data reduction (Zaino et al.
submitted).
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5.3 X-ray spectral analysis

The X-ray spectral analysis of NGC 4507 was performed using XSPEC 12.10.1 (Arnaud
1996) and the χ2 statistic. We assumed the photoelectric cross sections for all absorption
components from Verner et al. (1996), while the element abundance pattern is from Wilms
et al. (2000) and the metal abundance is fixed to solar. Unless stated otherwise, errors
correspond to the 90 per cent confidence level for one interesting parameter (∆χ2=2.706).

5.3.1 Phenomenological approach

Following Matt et al. (2004), we fitted the NuSTAR 3-79 keV spectra with a model
composed of an absorbed power-law plus Compton reflection continuum, a soft unabsorbed
component and a Gaussian reproducing the iron Kα emission line at ∼6.4 keV (Model P1).
The reflection component is modeled with pexrav (Magdziarz & Zdziarski 1995), which
accounts for a distant neutral reflector geometrically approximated as a slab, fixing the
inclination angle to 30◦ (Matt et al. 2004; Braito et al. 2013). The fit was good (see Figure
5.5 – χ2

r = 1.06) and, as concerns the iron line emission, we obtained values fully consistent
between the observations, even though the rest-frame energies were lower than expected
(see Model P1 in Table 5.3).
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Figure 5.5. Spectra (top) and residuals (bottom) with respect to Model P1 (dash-dotted
cyan line), plotted in terms of sigmas. OBS1, OBS2, OBS3, OBS4, and OBS 5 are shown in
black squares, red circles, green triangles, blue stars, and magenta diamonds, respectively.
Since residuals are similar in both NuSTAR focal planes, for clarity purposes only rebinned
FPMA data are shown (Zaino et al. submitted).

As we already know, the iron Kα fluorescence line consists of a narrow core at about 6.4
keV and several Compton shoulders, due to the line photons emerging unscattered and after
one or more scatterings, respectively (e.g. Matt 2002b). Since Chandra gratings observed
the iron Kα line at the expected rest-frame energy within this source (E = 6.403+0.021

−0.028 keV
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Table 5.3. Summary of the pexrav models discussed in the text (Zaino et al. submitted).

Model P1: soft+primary+reflection+iron Kα line
(χ2/dof = 1305.6/1228)

Γ norm NH |R| EKα normKα

[ph cm−2 s−1 keV−1] [1023 cm−2] [keV] [ph cm−2 s−1 keV−1]
OBS1 1.68± 0.04 (1.4± 0.2)× 10−2 7.67± 0.35 0.15+0.13

−0.12 6.35± 0.03 (4.8± 0.7)× 10−5

OBS2 1.71+0.04
−0.03 (1.5± 0.2)× 10−2 7.02± 0.30 0.23+0.13

−0.11 6.33± 0.03 (4.7± 0.7)× 10−5

OBS3 1.71± 0.04 (1.5± 0.2)× 10−2 7.96± 0.36 0.21+0.14
−0.12 6.33± 0.03 (4.5+0.7

−0.6)× 10−5

OBS4 1.61± 0.04 (1.1± 0.1)× 10−2 6.77+0.34
−0.33 0.16+0.13

−0.11 6.34± 0.03 (4.4+0.6
−0.7)× 10−5

OBS5 1.81± 0.03 (2.1± 0.2)× 10−2 6.70± 0.26 0.32+0.12
−0.11 6.32+0.03

−0.04 (3.8+0.6
−0.7)× 10−5

Model P2: Model P1 + iron Kα Compton shoulder
(χ2/dof = 1306.4/1228)

Γ norm NH |R| EKα normKα

[ph cm−2 s−1 keV−1] [1023 cm−2] [keV] [ph cm−2 s−1 keV−1]
During the whole monitoring, no significant changes appear in any parameters with respect to Model P1

Model P3: Model P2 with gain
(χ2/dof = 1296.5/1228)

Γ norm NH |R| EKα normKα

[ph cm−2 s−1 keV−1] [1023 cm−2] [keV] [ph cm−2 s−1 keV−1]
OBS1 1.69± 0.04 (1.5± 0.2)× 10−2 7.71± 0.35 0.16± 0.12 6.40± 0.03 (3.8± 0.6)× 10−5

OBS2 1.72± 0.04 (1.6± 0.2)× 10−2 7.10± 0.30 0.23± 0.12 6.40± 0.03 (3.7± 0.6)× 10−5

OBS3 1.72± 0.04 (1.5± 0.2)× 10−2 8.03± 0.36 0.21± 0.12 6.40± 0.03 (3.5± 0.5)× 10−5

OBS4 1.63± 0.04 (1.2± 0.2)× 10−2 6.86± 0.33 0.16± 0.12 6.40± 0.03 (3.4± 0.6)× 10−5

OBS5 1.82± 0.03 (2.3± 0.2)× 10−2 6.90± 0.25 0.29± 0.11 6.40± 0.03 (2.9± 0.6)× 10−5

Model P4: Model P3 + nickel Kα line emission
(χ2/dof = 1255.1/1226)

Γ norm NH |R| EKα normKα

[ph cm−2 s−1 keV−1] [1023 cm−2] [keV] [ph cm−2 s−1 keV−1]
OBS1 1.71± 0.04 (1.6± 0.2)× 10−2 7.92± 0.35 0.15± 0.12 6.40± 0.03 (3.9± 0.6)× 10−5

OBS2 1.73± 0.04 (1.6± 0.2)× 10−2 7.28± 0.30 0.22± 0.11 6.40± 0.03 (3.8± 0.6)× 10−5

OBS3 1.73± 0.04 (1.6± 0.2)× 10−2 8.26± 0.36 0.20± 0.12 6.40± 0.03 (3.7± 0.5)× 10−5

OBS4 1.64± 0.04 (1.2± 0.2)× 10−2 7.05± 0.33 0.16± 0.11 6.40± 0.03 (3.5± 0.5)× 10−5

OBS5 1.83± 0.03 (2.4+0.2
−0.3)× 10−2 7.05± 0.26 0.29± 0.11 6.40± 0.03 (2.9± 0.5)× 10−5

Notes. Γ, norm: photon index and normalization of the intrinsic power-law; NH: absorbing column density along
the line of sight; |R|: solid angle Ω of the cold material visible from the Comptonizing source, in units of 2π; EKα

and normKα: rest-frame energy and normalization of the iron Kα line; χ2/dof: ratio between χ2 and the degrees
of freedom of the model. In model P2, the energy of the Compton shoulder is fixed at 6.32 keV, while its flux is
fixed to be the 20% of the iron Kα line flux. In models P3 and P4, the energy and the flux of the Compton
shoulder are fixed to be 0.08 keV lower than the line core energy, and the 20% of the iron Kα line flux,
respectively. In model P3 and P4, the offset values were fixed to be g1=-41 eV, g2=-50 eV, g3=-53 eV, g4=-47 eV
and g5=-65 eV, for OBS1, OBS2, OBS3, OBS4 and OBS5, respectively. In model P4, the centroid energy and the
normalization of the Ni Kα line are E = 7.5± 0.1 keV and norm = (0.7± 0.2)× 10−5 ph cm−2 s−1 keV−1,
respectively. In all models, the ratio between the soft and the intrinsic component is lower than 5%. Errors
correspond to the 90 per cent confidence level for one interesting parameter.
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– Matt et al. 2004), we supposed that the shift of the line observed in Model P1 (see Table
5.3) should be due to the presence of this feature not yet modelled. Therefore, we decided
to add the first-order Compton shoulder (CS) to each observation, fixing its energy at
E = 6.32 keV, as observed by Chandra, and its flux to be the 20% of the iron Kα line
flux. However, this further component provide no significant variation in the description
of our data. From a statistical point of view, the fit is equally good as the first one (Model
P2 – χ2

r = 1.06), and also the other parameters show no significant changes. Only some
residuals are visible in the 6.5-8 keV energy range (see Figure 5.6 – top panel).
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Figure 5.6. From top to bottom. Residuals in the 5-10 keV energy range with respect
to Model P2, P3 and P4 (dash-dotted cyan line in all panels), plotted in terms of sigmas
(Zaino et al. submitted). Both the color code and the symbols are the same as in Figure
5.5.

Even considering the redwards CS, the Fe Kα line appears redshifted during the whole
monitoring. To take into account this discrepancy, hereafter, we added to each observation
the shift needed to make consistent the line energies observed by NuSTAR with those
observed with Chandra. This will also allow us to describe the circumnuclear matter with
a more geometrically motivated configuration such as MYTorus, in which the iron Kα line
energy is tabulated at 6.4 keV (see §5.3.2 for a detailed analysis). With respect to the
previous model, we fixed the energy of the CS to be 0.08 keV lower than the line core
energy (corresponding to the expected energy lost after one scattering), and we made use
of the gain command in XSPEC, which shifts both the energies on which the response matrix
and the ARF are defined (Model P3). In particular, the new energy Ef is calculated by
Ef = Ei/s− g, where Ei is the input energy, while s and g are the response slope and the
offset in units of keV, respectively. Thus, according to Model P2, the offset values were
fixed to be g1=-41 eV, g2=-50 eV, g3=-53 eV, g4=-47 eV and g5=-65 eV, for OBS1, OBS2,
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OBS3, OBS4 and OBS5, respectively. No significant changes appears in the goodness of
the fit (χ2

r = 1.04), nor in the observed parameters, except for the iron line which is now
detected at its rest-frame energy in all the observations (see Model P3 in Table 5.3). This
model results also to better reproduce the 6-7 keV energy range (see Figure 5.6 – middle
panel).

Some positive residuals around ∼7.5 keV were still present; thus, we added a zgauss
component to our previous model in order to mimic an emission feature (Model P4). The
fit improved (∆χ2 = 41 for 2 additional parameters – see bottom panel in Figure 5.6),
and the emission line is significant at the 99.9% confidence level, according to the F-test.
The centroid energy is E = 7.5 ± 0.1 keV, consistent with the nickel Kα transition, while
the normalization is norm = (0.7± 0.2)× 10−5 ph cm−2 s−1 keV−1. We note that such a
feature was already observed in this source (Braito et al. 2013).

5.3.2 A more geometrically motivated approach

Hereafter, we decided to use a more geometrically motivated torus model, such as
MYTorus (Murphy & Yaqoob 2009), to self-consistenly describe the complex circumnuclear
material within NGC 4507. In this model, the obscuring material is uniformly arranged in a
toroidal structure around the central SMBH with an half-opening angle fixed to 60◦, which
corresponds to a covering factor fc = 0.5 (i.e. the solid angle subtended by the torus at the
X-ray source is ∆Ω = 2π). To reproduce this geometry, MYTorus is essentially composed
of three tables. The first one is a multiplicative component applied to the power law
modelling the intrinsic continuum, which accounts for both the photoelectric absorption
and the Compton scattering attenuation and provides the neutral hydrogen equatorial
column density (N eq

H ). The two additional tables account for the reprocessed photons and
reproduce both the scattered continuum (i.e. photons reaching the observer after have been
scattered one or more times by the circumnuclear matter) and the iron fluorescent lines
(i.e. Fe Kα and Fe Kβ). The MYTorus model can be used in two different configurations:
coupled and decoupled (Yaqoob 2012). The former assumes a uniform toroidal structure,
while the latter takes into account the potential clumpiness of the circumnuclear matter.

Modelling a uniform toroidal structure

As a first step, we consider the MYTorus model in its standard coupled configuration
(Yaqoob 2012), in which the torus inclination angle θobs (i.e. the angle between the axis
of the torus and the line-of-sight) is left free to vary, but set to be the same for all three
MYTorus components. Moreover, θobs is related to the column density N l.o.s.

H intercepted
along the line of sight by:

N l.o.s.
H = N eq

H

[
1−

(
1

fc

)2

cos2θobs

] 1
2

, (5.1)

where N eq
H is the equatorial column density which is not expected to vary in case of a uni-

form toroidal structure. Furthermore, the normalizations of both the scattered continuum
and the iron lines are set to be equal to the intrinsic one, being the latter free to vary
between the observations. Therefore, in case of a variable intrinsic continuum, we assume
that the X-ray reprocessor is compact enough for the Compton-scattered flux to respond to
the intrinsic continuum on timescales much less than the integration time for the spectrum
(Yaqoob 2012). With these assumptions, we obtained an acceptable fit from a statistical
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point of view (χ2
r = 1.12), whose parameters are shown in Table 5.4 (Model T1). In par-

ticular, θobs = (82 ± 3)◦, suggesting an edge-on view of the torus and corresponding to a
column density intercepted along the line of sight N l.o.s.

H ∼ 7.0× 1023 cm−2.

Table 5.4. Summary of the coupled MYTorus models discussed in the text (Zaino et al.
submitted).

Model T1: coupled MYTorus configuration
(χ2/dof = 1397.5/1250)

Γ Neq
H normintr = normsc

[1023 cm−2] [ph cm−2 s−1 keV−1]
OBS1 1.64 ± 0.03

7.57+0.24
−0.29

(1.8+0.2
−0.1) × 10−2

OBS2 1.71 ± 0.02 (2.4 ± 0.2) × 10−2

OBS3 1.63+0.02
−0.03 (1.7+0.2

−0.1) × 10−2

OBS4 1.65+0.03
−0.02 (1.9 ± 0.2) × 10−2

OBS5 1.81 ± 0.02 (3.5+0.3
−0.2) × 10−2

Model T2: Model T1 with Fe XXVI Lyα absorption line
(χ2/dof = 1362.5/1248)

Γ Neq
H normintr = normsc

[1023 cm−2] [ph cm−2 s−1 keV−1]
During the whole monitoring, no significant changes appear in any parameters with respect to Model T1

Notes. Γ: photon index of the intrinsic power-law; Neq
H : neutral hydrogen equatorial column density;

normintr, normsc: normalization of the intrinsic power-law and of the scattered continuum, respectively;
χ2/dof: ratio between χ2 and the degrees of freedom of the model. The offset values were fixed to be
g1=-41 eV, g2=-50 eV, g3=-53 eV, g4=-47 eV and g5=-65 eV for OBS1, OBS2, OBS3, OBS4 and OBS5,
respectively. All models include the Ni Kα emission line, whose energy and normalization are
E = 7.5 ± 0.1 keV and norm = (0.7 ± 0.2) × 10−5 ph cm−2 s−1 keV−1, respectively. In model T2, the
centroid energy and the normalization of the Fe XXVI Lyα absorption line are E = 6.94 ± 0.06 keV and
norm = −(0.9+0.2

−0.3) × 10−5 ph cm−2 s−1 keV−1, respectively. Errors correspond to the 90 per cent
confidence level for one interesting parameter.

Only weak residuals are visible in the 6.5-7.0 keV energy range (see Figure 5.7 – top
panel), which are suggestive of a possible absorption structure. Thus, we added a gaussian
component with negative normalization to mimic an absorption feature at the redshift of
the source (Model T2). The improvement of the fit (∆χ2 = 35 for 2 additional parameters)
results only in a better modellization of the 6.5-7 keV energy range (see Figure 5.7 – bottom
panel), being the main relevant parameters describing the source, such as the spectral
slope, the equatorial column density and the normalization of the primary component, not
significantly affected by this further component. The absorption line is significant at the
99.9% confidence level, according to the F-test. The centroid energy and the normalization
of the absorption line are E = 6.94 ± 0.06 keV and norm = −(0.9+0.2

−0.3) × 10−5 ph cm−2

s−1 keV−1, respectively, consistent with the Fe XXVI Lyα transition, while the relative
confidence contours are shown in Figure 5.8. As concerns this feature, it is worth to note
that absorption lines due both to Fe XXV and Fe XXVI were already observed in this
source with both Chandra and XMM-Newton data (Matt et al. 2004; Bianchi et al. 2005).

Modelling a patchy torus distribution

Even though the MYTorusmodel in its coupled configuration provided a good description
of the source from a statistical point of view, the column density variability already observed
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whole monitoring, the two parameters were tied between the observations. Red, green and
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magenta cross indicates the best-fit value (Zaino et al. submitted).
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in NGC 4507 (Braito et al. 2013; Marinucci et al. 2013a) points towards a physical scenario
in which the circumnuclear matter in general and the dusty torus in particular is clumpy.
For this reason, we decided to model the circumnuclear matter with MYTorus in a decoupled
configuration (Yaqoob 2012), in which the column density of the intrinsic and scattered
components were no longer tied. In particular, we could separately model the column
density along the line of sight N l.o.s.

H and the global average column density of the torus
NH,sc due to the photons scattered from all directions into the observer line of sight. To
reproduce this configuration, we fixed the viewing angle of the absorber to 90◦, while
the viewing angles of the reprocessed components (both the scattered continuum and the
iron lines) were fixed to 0◦. The photon index, the absorbing column density and the
normalization of the primary continuum were left free to vary between the observations.
Also the global average column density of the torus and the normalization of the scattered
component were left free to vary, but assumed to be the same during the whole monitoring,
since we expected no variations on such small timescales. Moreover, the normalization of
the iron lines component were tied to the scattered continuum one.

Applying a decoupled MYTorus configuration to our data set, the fit improved (∆χ2 = 83
for 5 additional parameters – Model T3), suggesting the presence of a Compton-thick
reflector (NH,sc = (2.5+0.5

−0.4) × 1024 cm−2), while the absorbing matter along the line of
sight is Compton-thin with values quite consistent with the ones observed when a MYTorus
coupled configuration is assumed. The Fe XXVI Lyα absorption line was still present,
showing no variation with respect to Model T2. Significant changes in the absorbing column
density along the line of sight were observed during the whole monitoring (see Model T3
in Table 5.5). Also the normalization of the primary continuum in OBS5 appears to be
higher with respect to the other observation; however this discrepancy could also be due
to the fact that this value is clearly degenerate with Γ.

To avoid the degeneracy between variations in the absorbing column density and the
intrinsic emission of the source, since Γ in OBS5 appears to be consistent within the errors
with the other observations, we decided to assume the same spectral slope during the
whole monitoring (Model T4). We obtained Γ = 1.82+0.04

−0.03, which is fully consistent with
the values previously found in all the observations. The fit was quite equivalent to Model
T3 from a statistical point of view (χ2

r = 1.05). Both the reflector parameters and the
intrinsic power-law normalization showed no significant changes during the monitoring,
while some variations in the column density of the absorbing matter were still evident (see
Model T4 in Table 5.5).

As the normalization of the primary continuum did not appear to significantly vary,
we decided to assume the same intrinsic luminosity during the whole monitoring (Model
T5). This assumption was also supported by the countrates observed in the 40-79 keV
range (see Table 5.1). These values are indeed fully consistent in all the observations, thus
suggesting no change in the intrinsic emission of the source. Under the above conditions, we
obtained a good fit from a statistical point of view (χ2

r = 1.06), whose residuals are shown
in Figure 5.9. Considering this scenario, the variability observed in the X-ray spectra
of NGC 4507 can thus be ascribed to a change in the column density of the absorbing
circumnuclear matter intercepting our line of sight. In particular, we obtained N l.o.s.

H =
(7.77±0.13)×1023 cm−2, N l.o.s.

H = (7.30±0.12)×1023 cm−2, N l.o.s.
H = (7.98±0.13)×1023

cm−2, N l.o.s.
H = (7.69±0.12)×1023 cm−2, and N l.o.s.

H = (6.50±0.11)×1023 cm−2 for OBS1,
OBS2, OBS3, OBS4, and OBS5, respectively.
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Table 5.5. Summary of the decoupled MYTorus models discussed in the text (Zaino et al.
submitted).

Model T3: decoupled MYTorus configuration
(χ2/dof = 1279.9/1243)

Γ Nl.o.s.
H normintr NH,sc normsc

[1023 cm−2] [ph cm−2 s−1 keV−1] [1024 cm−2] [ph cm−2 s−1 keV−1]
OBS1 1.78+0.04

−0.03 7.57 ± 0.22 (3.0 ± 0.4) × 10−2

2.5+0.5
−0.4 (1.4 ± 0.2) × 10−2

OBS2 1.79+0.04
−0.03 7.11 ± 0.19 (3.1 ± 0.4) × 10−2

OBS3 1.79+0.04
−0.03 7.83 ± 0.22 (3.1 ± 0.4) × 10−2

OBS4 1.78 ± 0.04 7.20 ± 0.21 (2.7 ± 0.4) × 10−2

OBS5 1.85 ± 0.03 6.97 ± 0.17 (4.4 ± 0.5) × 10−2

Model T4: Model T3 with the same photon index
(χ2/dof = 1309.5/1247)

Γ Nl.o.s.
H normintr NH,sc normsc

[1023 cm−2] [ph cm−2 s−1 keV−1] [1024 cm−2] [ph cm−2 s−1 keV−1]
OBS1

1.82+0.04
−0.03

7.74+0.18
−0.17 (3.4+0.4

−0.3) × 10−2

2.7+0.7
−0.4 (1.5 ± 0.2) × 10−2

OBS2 7.20+0.15
−0.14 (3.3+0.4

−0.2) × 10−2

OBS3 7.95+0.18
−0.17 (3.4+0.4

−0.3) × 10−2

OBS4 7.46 ± 0.17 (3.2+0.4
−0.2) × 10−2

OBS5 6.68 ± 0.13 (3.6+0.4
−0.3) × 10−2

Model T5: Model T4 with the same intrinsic luminosity
(χ2/dof = 1330.8/1254)

Γ Nl.o.s.
H normintr NH,sc normsc

[1023 cm−2] [ph cm−2 s−1 keV−1] [1024 cm−2] [ph cm−2 s−1 keV−1]
OBS1

1.81 ± 0.03

7.77 ± 0.13

(3.3 ± 0.3) × 10−2 2.5 ± 0.4 (1.5 ± 0.2) × 10−2
OBS2 7.30 ± 0.12

OBS3 7.98 ± 0.13

OBS4 7.69 ± 0.12

OBS5 6.50 ± 0.11

Model T6: Model T3 with the same absorbing column density
(χ2/dof = 1316.3/1247)

Γ Nl.o.s.
H normintr NH,sc normsc

[1023 cm−2] [ph cm−2 s−1 keV−1] [1024 cm−2] [ph cm−2 s−1 keV−1]
OBS1 1.77+0.03

−0.04

7.24 ± 0.10

(2.6 ± 0.3) × 10−2

2.7 ± 0.5 (1.4 ± 0.2) × 10−2
OBS2 1.81 ± 0.03 (3.3 ± 0.3) × 10−2

OBS3 1.75+0.04
−0.03 (2.5 ± 0.3) × 10−2

OBS4 1.78 ± 0.03 (2.8 ± 0.3) × 10−2

OBS5 1.91 ± 0.03 (5.0 ± 0.4) × 10−2

Notes. Γ: photon index of the intrinsic power-law; Nl.o.s.
H , NH,sc: neutral hydrogen line of sight and torus

average column density, respectively; normintr, normsc: normalization of the intrinsic power-law and of
the scattered continuum, respectively; χ2/dof: ratio between χ2 and the degrees of freedom of the model.
The offset values were fixed to be g1=-41 eV, g2=-50 eV, g3=-53 eV, g4=-47 eV and g5=-65 eV for OBS1,
OBS2, OBS3, OBS4 and OBS5, respectively. All models include the Ni Kα emission line and the Fe
XXVI Lyα absorption line. The centroid energy and normalization of the former are E = 7.5 ± 0.1 keV
and norm = (0.7 ± 0.2) × 10−5 ph cm−2 s−1 keV−1, while for the latter we have E = 6.94 ± 0.06 keV and
norm = −(0.9+0.2

−0.3) × 10−5 ph cm−2 s−1 keV−1, respectively. Errors correspond to the 90 per cent
confidence level for one interesting parameter.
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Figure 5.9. NuSTAR FPMA spectra (top panel) and residuals with respect to our best-
fit model (Model T5 – dash-dotted cyan line) for both FPMA (middle panel) and FPMB
(bottom panel) plotted in term of sigmas (Zaino et al. submitted). Both the color code
and the symbols are the same as in Figure 5.2.
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To test any possibility, we considered also a scenario in which the absorbing column
density along the line of sight showed no changes, while the spectral slopes and the intrinsic
luminosities were left free to vary during the monitoring (Model T6). The fit was acceptable
from a statistical point of view (χ2

r=1.06) and only weak variations are observed in the
first 4 months of our monitoring, while significant changes in both the spectral slope and
the intrinsic normalization are observed in OBS5 (see Model T6 in Table 5.5). It is worth
noting that at least part of these variations could be due to the degeneracy affecting these
two parameters. However, modelling the X-ray spectra allowing only the photon index or
the normalization to be free to vary, resulted in a significant worsening of the fit in both
cases (∆χ2 = 366.2 and ∆χ2 = 152.2 for 4 additional parameters, respectively), suggesting
that neither the photon index nor the normalization can alone account for the observed
variability below 40 keV. Moreover, according to Model T6, the photon index in the last
pointing is not only significantly higher with respect to the other observations, but also
only marginally consistent with the value observed in Model T3, where no assumption was
taken and all the parameters were left free to vary. Finally, an increase of the primary
continuum by a factor of ∼1.8, as observed in the last month of our monitoring, does not
appear to be consistent with the stable countrates observed above 40 keV, where only the
primary continuum is expected to be observed. Thus, the more natural explanation for the
X-ray variability observed during our monitoring appears to be a variation in the absorbing
column density. For this reason, we considered Model T5 as the most plausible scenario
for NGC 4507, as observed during our 2015 NuSTAR monitoring.

5.4 Discussion

The X-ray spectral analysis of the latest NuSTAR monitoring of NGC 4507 allowed us
to obtain new insights on the circumnuclear matter of this AGN, which are discussed in
detail in §5.4.1. In particular, our data are well described by a physical scenario implying
the presence of two circumnuclear cold regions, a Compton-thick emitter and a Compton-
thin absorber. In general, such a configuration is not surprising in AGN, being already
observed in other obscured sources, such as NGC 5506 (Matt et al. 2001; Bianchi et al.
2003) and NGC 1194 (Turner et al. 2020). However, NGC 4507 has not always shown such
characteristics. On one hand, a similar circumnuclear matter is fully consistent with the
one observed in 2001 from both XMM-Newton and Chandra, where the bulk of the iron Kα
line is produced by Compton-thick matter, while the absorption occurred in a Compton-
thin region with a low covering factor (Matt et al. 2004). On the other hand, our physical
configuration appears to be at odds with the analysis of a Suzaku observation performed
in 2007 in which only Compton-thin matter is required to describe the source (Braito et
al. 2013). For further details, we refer to §5.4.2, in which we tested the consistency of our
NuSTAR scenario with old Suzaku data.

5.4.1 The 2015 NuSTAR scenario

Our NuSTAR analysis allowed us to observe column density variations on timescales
not yet probed for this source (i.e. from 1 to 4 months). In all pointings, NGC 4507 was
caught in a high absorbed state, similar to what observed in 2007 by Suzaku (Braito et al.
2013). Assuming the same luminosity of the accretion disk during the whole monitoring
(i.e. Model T5), we can attribute the variability observed in the X-ray spectra of NGC 4507
to gas clouds with different column densities moving temporarily across our line of sight.
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In particular, we observed changes in the absorbing column density of the circumnuclear
matter up to ∆N l.o.s.

H = (1.2 ± 0.2) × 1023 cm−2 on timescales ∆t lower than 31 days
(see Table 5.6). The intrinsic de-absorbed X-ray luminosity in the 2-10 keV range inferred
from our fits is L2−10 = (3.5 ± 0.3) × 1043 erg s−1, as already observed by Comastri
et al. (1998). Using the bolometric correction from Marconi et al. (2004), we obtained
a bolometric luminosity Lbol = (0.8 ± 0.1) × 1045 erg s−1, which leads to a normalized
Eddington ratio λ = Lbol

LEdd
= 0.15± 0.02. For such a value of λ, the expected spectral slope

is given by Γ = 1.84 ± 0.04, following the highly significant statistical relation between
the X-ray spectral index Γ and the Eddington ratio λ of AGN found by Brightman et al.
(2013). This value is fully consistent with the observed photon index in Model T5 (i.e.
1.81± 0.03), providing a good consistency test for our findings.

Table 5.6. Temporal distances ∆t and column density variation along the line of sight
∆N l.o.s.

H observed between each observation, assuming Model T5 (Zaino et al. submitted).

∆t ∆N l.o.s
H

(106 s) (1023 cm−2)

OBS1-OBS2 ∼ 3.3 0.5± 0.2

OBS2-OBS3 ∼ 3.0 0.7± 0.2

OBS3-OBS4 ∼ 3.3 0.3± 0.2

OBS4-OBS5 ∼ 2.7 1.2± 0.2

According to Kaspi et al. (2005), the radius of the BLR is given by

RBLR
10 lt− days

= 0.86×
(

L2−10 keV

1043 erg s−1

)0.544

, (5.2)

leading to RBLR ∼ 0.01 pc, using our spectral fitting parameters. We considered the
obscuring material to be composed of individual spherical clouds orbiting with Keplerian
velocities around the nuclear region. Their distance R from the SMBH is given by

R =
GMBH

v2
, (5.3)

where G is the gravitational constant,MBH is the BH mass and v is the transverse velocity
of the obscuring matter. The latter is simply the ratio between the cloud dimension
D = NH/n and the crossing time ∆t, where NH and n are the column density and the
gas density of the cloud, respectively. Then, assuming a black hole mass MBH ∼ 4.5× 107

M�, as derived from the MBH − σ relation (Tremaine et al. 2002), the velocity at which a
given obscuring cloud crosses our line of sight is given by:

v '
[
(GMBH)2 ξ NH

L ∆t

] 1
5

' 1000 km s−1, (5.4)

where ξ = L/nR2 . 1, as expected for neutral matter, and L is the 1-1000 Ryd ionizing
luminosity (Tarter et al. 1969). Such a velocity implies a size D ∼ 45RG and a density
n ∼ 4 × 108 cm−3 for the absorbing cloud. Moreover, according to Equation 5.3, the
distance of the obscuring cloud results to be R & 5 × 1017 cm from the SMBH. Thus, in
our physical scenario the absorbing cloud is located at least at the outer BLR / inner torus
boundary, or even a little further out.
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5.4.2 Is the NuSTAR configuration consistent with old Suzaku data?

NGC 4507 was observed by Suzaku in December 2007 revealing the presence of Compton-
thin matter surrounding the nuclear region with two distinct column densities, N l.o.s.

H =
(9.38+0.25

−0.24) × 1023 cm−2 and NH,sc = (2.56+0.20
−0.17) × 1023 cm−2 along and out of the line

of sight, respectively. The photon index was Γ = 1.68 ± 0.03, while the normalization of
both the primary and reflected component was normintr = normsc = (1.91+0.16

−0.25) × 10−2

ph cm−2 s−1 (Braito et al. 2013).
In the following, we wanted to test if our NuSTAR scenario, in which the circumnu-

clear matter is composed of both a Compton-thin absorber and a Compton-thick emitter,
can be supported by Suzaku data. To test this further configuration, we assumed the
same decoupled MYTorus configuration explained in §5.3.2, with the only exception of the
normalizations of the scattered components which are not only tied together, but also to
the value of the intrinsic continuum, as observed by Braito et al. (2013). Furthermore,
we limited our analysis to the energy range above 4 keV, to avoid the complexity of the
soft-X-ray component, whose description is well beyond our goal. We obtained a good
description of the Suzaku data, retrieving a χ2/dof = 278.9/253 (see Figure 5.10). The
intrinsic continuum is well reproduced by a spectral slope Γ = 1.68 ± 0.05 and a normal-
ization normintr = (1.2± 0.2)× 10−2 ph cm−2 s−1, while the circumnuclear matter is well
described by a Compton-thin absorber (N l.o.s.

H = (8.0± 0.2)× 1023 cm−2) and an average
global column density NH,sc = (1.6 ± 0.3) × 1024 cm−2, whose confidence contours are
shown in Figure 5.11. The flux and the intrinsic de-absorbed X-ray luminosity in the 2-10
keV range inferred from our fit are F ∼ 6.5× 10−12 erg cm−2 s−1 and L2−10 ∼ 1.6× 1043

erg s−1, respectively. Thus, the NuSTAR configuration described in §5.4.1 seems to be well
supported by Suzaku data.
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Figure 5.10. Suzaku XIS-FI (black squares), XIS1 (red circles) and HXD-PIN (green
stars) spectra (top panel) and data-to-model ratio (bottom panel), modelling data with a
MYTorus decoupled configuration (solid cyan line) reproducing a Compton-thin absorber
and a Compton-thick reflector (Zaino et al. submitted).

102



0.01 0.012 0.014 0.016

1
1

.5
2

N
H
 (

1
0

2
4
 c

m
−

2
)

norm (ph cm−2 s−1 keV−1)

+

intrinsic emission

0.01 0.012 0.014 0.016

1
1

.5
2

N
H
 (

1
0

2
4
 c

m
−

2
)

norm (ph cm−2 s−1 keV−1)

+

scattered emission
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It is worth noting that the discrepancy in the physical properties of the circumnuclear
matter out of the line of sight between our physical scenario and the one observed by Braito
et al. (2013) would be explained by two main effects, which do not allow us to exclude any
scenario. On one hand, NuSTAR provides no coverage of the soft-X-ray band below 3 keV,
in contrast to Suzaku which probes a broader X-ray energy band (from 0.6 to 70 keV),
although the Suzaku higher energy data are background-dominated. On the other hand,
the gap between XIS and HXD in the 10-14 keV energy range may prevent a good spectral
modelling of the reflection component. Indeed, it is around that energy range where the
transmitted and reflected components intercept. For these reasons, further simultaneous
observations covering both the soft and hard X-rays appear as mandatory to obtain a
conclusive evidence of the physical properties of the circumnuclear reflector in NGC 4507.

5.5 Conclusions

We have presented a spectral analysis of the latest NuSTAR monitoring campaign
of the Compton-thin Seyfert 2 galaxy NGC 4507 composed of five ∼30 ks observations
performed between May and September 2015. This campaign sampled timescales from
one to four months with the aim of solving any possible ambiguity on the variability of
the intrinsic emission and amount of absorption within the source. Our findings on the
physical properties of both the absorber and the reflector can be summarized as follows.

• The most plausible explanation for the X-ray variability observed in the X-ray spec-
tra of NGC 4507 is a change in the obscuration level along the line of sight up to
∆N l.o.s.

H = (1.2 ± 0.2) × 1023 cm−2 in a 1-month timescale. These variations can
be ascribed to absorbing gas clouds located at least at the outer BLR / inner torus
boundary, or even a little further out, thus providing further evidence of the clumpy
structure of the circumnuclear torus around NGC 4507.
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• The physical scenario describing the circumnuclear matter surrounding the nuclear
region of NGC 4507 is quite complex with reflection arising from gas with a Compton-
thick global average column density and transmission of the continuum through vari-
able Compton-thin matter. Even though already observed in other AGN, this de-
scription is at odds with the configuration drawn by analyzing older Suzaku data,
which required only Compton-thin material to describe NGC 4507. Nonetheless, the
NuSTAR scenario seems to well reproduce the Suzaku spectrum, at least above 4 keV.
Even if Suzaku provides a more wider spectrum covering also the soft X-ray band, it
is worth remarking that the data above 10 keV are background-dominated. Moreover,
its lack of coverage in the 10-14 keV energy range where the reflection component
begin to arise may prevent a robust spectral modelling of the reflector. For these
reasons, future simultaneous observations with facilities covering both the soft and
the hard X-rays may help in obtaining an in-depth view of the physical properties
of the whole circumnuclear material within NGC 4507, checking our scenario for the
Compton-thick reflector.
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6
A short overview of polarimetry in the

X-rays
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Since the beginning of X-ray astronomy, X-ray polarimetry has been considered as a
privileged tool for probing the physics and the geometry of astrophysical compact sources
(e.g. Mészáros et al. 1988 and references therein). Unfortunately, the lack of polarimeters
on-board space missions in the last 40 years has so far prevented X-ray polarimetry from
evolving in parallel with X-ray imaging and spectroscopy.

The launch of the Imaging X-ray Polarimetry Explorer (IXPE – Weisskopf et al. 2016a
and 2016b) mission, scheduled at the end of 2021, will re-open the polarimetry window
in the X-ray energy band, allowing to add two fundamental parameters, such as the po-
larization degree and the polarization angle, to the direction, time and energy of incident
photons. In particular, this incoming new era of X-ray polarimetry will give us the oppor-
tunity to explore the AGN scattering regions in a unique way, shedding further light on the
geometry of the circumunuclear matter in heavily obscured sources, where the complete
obscuration of the nuclear radiation, at least up to 10 keV (see §2.2.2), permits a clear view
of the reprocessed features, which otherwise should be heavily diluted, often down to invis-
ibility. In particular, clear measurements of several parameters, such as the half-opening
angle of the torus, the inclination angle with respect to the line of sight and the column
density, can be retrieved thanks to X-ray polarimetry (Goosmann & Matt 2011).
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This chapter is designed to give some useful information about the scenario I have just
drawn. In particular, §6.1 is devoted to introduce the Stokes parameters, through which we
can completely describe the state of polarization of an electromagnetic wave. The physical
process at the basis of a photoelectric polarimeter is discussed in §6.2, while its working
mechanism is described in §6.3. Then, §6.4 focuses on the only few X-ray polarization
measurements obtained so far, while §6.5 is devoted to introduce the next future IXPE
mission.

6.1 The Stokes parameters

Without loss of generality, an electromagnetic wave can be expressed as the sum of two
components which are linearly polarized in two orthogonal directions. In particular, the
electric field ~E can be described by its orthogonal components, ~Ex and ~Ey:

~E = ~Ex(t) + ~Ey(t) = x̂Exe
−(iωt−δ) + ŷEye

−iωt, (6.1)

where x̂ and ŷ identify a frame of reference in the plane orthogonal to the direction of
propagation and δ takes into account the phase difference between the two components
(see Figure 6.1).

Figure 6.1. The superposition of the two orthogonal components ~Ex (in green) and ~Ey
(in blue) with a phase difference δ gives the electric field ~E along the z-axis.

The evolution with time of the electric field in the plane xy can be obtained taking the
real parts of ~Ex(t) and ~Ex(t): Ex = Ex cos (ωt− δ)

Ey = Ey cos (ωt)
, (6.2)

which trace an ellipse in the xy plane, i.e. the so-called polarization ellipse (see Figure
6.2).
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Figure 6.2. Polarization ellipse with orientation angle Ψ and angle of ellipticity β.

The state of polarization of an electromagnetic wave can be described by means of
Stokes parameters, which completely describe the behavior of the electric field in the plane
orthogonal to the direction of propagation. Having been introduced by George Gabriel
Stokes in 1852, the four Stokes parameters can be defined by time averages of the electric
field strength along the two orthogonal directions x and y:

I = 〈E2
x + E2

y〉, (6.3)

Q = 〈E2
x − E2

y〉 = E2
0 cos 2β cos 2Ψ, (6.4)

U = 〈2ExEy cos δ〉 = E2
0 cos 2β sin 2Ψ, (6.5)

V = 〈2ExEy sin δ〉 = E2
0 sin 2β, (6.6)

where the the angle of ellipticity β and the polarization angle Ψ are defined in Figure 6.2
and E2

0 = 〈E2
x + E2

y〉. In particular, both β and Ψ can be described as a function of the
Stokes parameter through the following relations:

tan 2Ψ =
U

Q
, (6.7)

and
sin 2β =

V

I
. (6.8)

The Stokes parameters are useful because they relate to the physical properties of
radiation: I represents the intensity of the wave, Q and U depend on the linear polarization
properties, measuring the orientation of the polarization ellipse with respect to the x-axis,
while V depends on the circular polarization properties. In particular, Q equals I (−I) for
a 100% linearly polarized wave with an E-field vector along the x-axis (y-axis), U equals I
(−I) for a 100% linearly polarized wave with an E-field vector along the diagonal between
the x-axis and the y-axis (the negative x-axis and the y-axis), and V equals I (−I) for
100% circularly right handed (left handed) polarized light, as shown in Figure 6.3 (Kislat
et al. 2015).
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Figure 6.3. Polarization for different values of the Stokes parameters. (a) Q>0, U=0,
V=0; (b) Q<0, U=0, V=0; (c) U>0, Q= 0, V=0; (d) U<0, Q=0, V=0; (e) V>0, Q=0,
U=0; (f) V<0, Q=0, U=0.

The Stokes parameters are additive; therefore, for a partially polarized electromagnetic
wave, we have: 

I
Q
U
V

 =


√
Q2 + U2 + V 2

Q
U
V

+


I −

√
Q2 + U2 + V 2

0
0
0

 , (6.9)

with the first and the latter term of the sum representing a polarized and an unpolarized
wave, respectively. Thus, for a completely polarized radiation, the polarization ellipse is
characterized by only three quantities, being the I Stokes parameter given by

I =
√
Q2 + U2 + V 2, (6.10)

while for unpolarized waves I 6= 0, Q = U = V = 0, and for partially polarized waves
I >

√
Q2 + U2 + V 2.

In this context, the degree of polarization is defined as the ratio between the intensity
of the polarized components and the total wave:

P =
Ipol
Itot

=

√
Q2 + U2 + V 2

I
, (6.11)

while the polarization angle is given by

Ψ =
1

2
tan−1

(
U

Q

)
. (6.12)

Since current X-ray polarimeters are able to detect only linear polarization (V=0),
Equation 6.11 reduces to

P =

√
Q2 + U2

I
. (6.13)
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6.2 The ideal physical process for X-ray polarimetry

The photoelectric effect is a promising basis for sensitive X-ray polarimeters. It is the
dominant X-ray interaction mechanism below a few tens of keV in almost all materials (see
Figure 6.4) and is highly sensitive to polarization.
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Figure 6.4. The relative importance of the three major types of interaction between
radiation and matter. The lines show the values of Z and energy for which the two
neighboring effects are just equal (adapted from Evans 1955).

When a photon is absorbed via photoelectric effect by an atom, a photoelectron is
emitted with a kinetic energy Ek = Eγ−Eb, where Eγ and Eb are the energy of the absorbed
photon and the binding energy of the photoelectron in its original shell, respectively. The
direction of emission depends on the differential cross-section given by

dσph
dΩ
∝ sin2 θ cos2 ϕ

(1− β cos θ)4
(6.14)

(Heitler 1954), where ϕ is the photoelectron azimuthal angle relative to the photon elec-
tric field vector, θ is the photoelectron emission angle relative to the photon momentum
vector, and β is the photoelectron speed as a fraction of the speed of light (see Figure 6.5).
Therefore, since for low energy photons (up to tens of keV) the photoelectron is preferen-
tially emitted parallel to the photon electric field, i.e. the distribution peaks at ϕ = 0◦,
it is possible to determine the linear polarization of the incident photon by measuring the
initial direction of the photoelectron. Moreover, being null the probability of ejecting a
photoelectron perpendicular to the electric field vector, the photoelectric effect is an ideal
polarization analyzer (Kaaret 2014).

6.3 The working mechanism of a photoelectric polarimeter

According to Equation 6.14, the angular distribution of the photoelectron emission
is given by the product of independent functions of θ and ϕ; thus, we can measure the
direction of the X-ray polarization from a 2-D photoelectron track projected onto a plane
perpendicular to the direction of the incident X-ray radiation (Kitaguchi et al. 2018).
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Figure 6.5. Angular distribution of the photoelectron emitted by interaction of a linearly
polarized photon with an atom. Bothe the azimuthal angle ϕ relative to the photon electric
field vector and the emission angle θ relative to the photon momentum vector are shown.
The path of the photoelectron from its ejection to the stopping point is referred to as
the "photoelectron track", while the concentrated energy loss near the end of the track is
known as the "Bragg peak" (Kaaret 2014).

6.3.1 How to reconstruct the photoelectron track

Once the photoelectron is emitted, it interacts with the surrounding matter, leaving a
trail of electron-ion pairs marking its path from the initial ejection to the final stopping
point, which is known as the "photoelectron track". This ionization pattern is not straight
because of the low mass of the electron, as shown in Figure 6.6. Thus, since the useful
information needed for polarimetry is mostly stored in the initial part of the track, a
correct reconstruction of the impact point of the photoelectron is crucial to determine the
polarization of the incoming radiation (Li et al. 2017; Moriakov et al. 2020).

x [mm] 

Figure 6.6. Example of an ionisation track collected by a photoelectric polarimeter: the
color is darker for increasing value of charge deposition. The green dot represents the
impact point of the incoming X-ray radiation, while the green line shows the direction of
the photoelectron (Moriakov et al. 2020).
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Since the photoelectron looses energy along the path at a rate that is inversely pro-
portional to its instantaneous energy, the energy loss is lowest near the initial part of the
track and highest at the end. This asymmetry in energy loss can be used to distinguish
the photoelectric interaction point from the Bragg peak, which corresponds to the concen-
trated energy loss near the end of the track. Then, once the start of the track is identified,
a fit of the track profile is needed to reconstruct the initial direction of the photoelectron
(Kaaret 2014).

6.3.2 How to measure X-ray polarization

X-ray polarimeters convert the polarization of the absorbed photons in a cos2 modula-
tion of their response. The functioning of a photoelectric polarimeter is shown in Figure
6.7. After the photoabsorption, the electron is emitted preferentially in the direction of
the electric vector of the absorbed photon. The response of X-ray polarimeters is a modu-
lation curve, which is the histogram of the azimuthal distribution of the events interacting
with the detector (see Figure 6.8). The polarization angle is related to the phase ϕ0 of
the modulation curve, while the degree of polarization is proportional to the modulation
amplitude. The constant of proportionality is given by the modulation factor µ, which is
defined as the amplitude of the azimuthal modulation measured by the instrument for a
100% polarized beam.

Figure 6.7. A schematic view of the functioning of a photoelectric polarimeter.

The classical approach used to derive a measure of the polarization from data is to fit
the modulation curve with the function

M(ϕ) = A+B cos2(ϕ− ϕ0), (6.15)

where ϕ0 corresponds to the polarization angle Ψ0 in case of a photoelectric polarimeter.
The amplitude modulation is given by

M =
Mmax −Mmin

Mmax +Mmin
=

B

B + 2A
, (6.16)
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Figure 6.8. Response of the X-ray polarimeter in case of polarized (left) or unpolarized
(right) radiation.

and the degree of polarization is given by rescaling M by the modulation factor µ:

P =
M

µ
=

1

µ

B

B + 2A
. (6.17)

In this classical approach, the polarization degree and angle are treated as independent
parameters; however, since they are correlated with each other, the use of Stokes parameters
appears to be a more convenient way to analyze the polarization measured in the X-rays.

Stokes parameters can be derived from data in two different (yet equivalent) approaches:

• fitting the modulation curve with a function depending explicitly on Stokes parame-
ters:

M(ϕ) = I[1 +Q cos 2ϕ+ U sin 2ϕ], (6.18)

(Strohmayer & Kallman 2013), which is similar to the classical method described
above;

• through a photon-by-photon estimate (Kislat et al. 2015), which is the approach used
by IXPE.

In both cases, the degree of polarization is given by

P =
2

µ

√
Q2 + U2

I
, (6.19)

where the factor 2/µ results from the fact that the observed Stokes parameters are both
influenced by the modulation factor of the instrument, and derived from the emission angle
distribution of photoelectrons. Since the latter follows a sinusoidal distribution with a 180◦

period, the derived Stokes parameters are indeed reduced by a factor of 2 with respect to
the true Stokes parameters of the incident photons.

6.4 Past X-ray polarization measurements

Despite the scientific potential of X-ray polarimetry, to date only few measurements
were made, mainly focused on the Crab Nebula.
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Novick et al. (1972) detected for the first time a linear polarization from the Crab
nebula at a statistical confidence of 99.7 %, taking advantage from two polarimeters on-
board a sounding rocket based on Thomson scattering at 90◦ and Bragg diffraction at
45◦. The modulation signal detected at twice the rotation frequency on the rocket (see
Figure 6.9) is the hint of a linear X-ray polarization. Under the assumption that the
polarization is independent of the energy, these results lead to a degree of polarization
P = (18.2±6.1)% at a position angle of (155±10)◦. If combined with a previous experiment
detecting only an upper limit for the polarization of the Crab Nebula (P<27% – Wolff et
al. 1969), the total polarization of the Crab Nebula results to be P = (15.4 ± 5.2)% at a
position angle of (156±10)◦, being in excellent agreement with the optical polarization and
providing conclusive evidence that the X-ray emission from the Crab Nebula is produced
by a synchrotron mechanism.

Figure 6.9. Flight data from the lithium and crystal polarimeters versus the position
angle θ modulo 180◦. The solid lines are the best fits to a function periodic at twice the
rotation frequency of the rocket (Novick et al. 1972).

Few years later, Weisskopf et al. (1978) reported the results of the first measurement of
the X-ray polarization of the Crab Nebula independent of the pulsed component. Exploting
the characteristics of the Bragg polarimeter on board the OSO-8 satellite launched in 1978,
which is the only dedicated satellite-borne X-ray polarimeter having flown so far, a nebular
polarization of P = (19.2±1.0)% at a position angle of (156.4±1.4)◦ and P = (19.5±2.8)%
at a position angle of (152.6± 4.0)◦ was observed at 2.6 keV and 5.2 keV, respectively (see
Figure 6.10).

Recently, Dean et al. (2008) measured the polarization of the emission from the Crab
nebula at higher energies (E = 0.1− 1.0 MeV) with the SPI instrument on-board the IN-
TEGRAL satellite. Analyzing more than three years of data (consisting of 600 observations
of the Crab Nebula), a linear polarization P = (46±10)% has been measured at a position
angle (123± 11)◦, closely aligned with the jet seen in the X-rays (see Figure 6.11), and in
agreement with optical polarization measurement (Kanbach et al. 2005).
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Figure 6.10. The polarization vectors for the Crab Nebula at (a) 2.6 keV and (b) 5.2
keV. Surrounding the vectors in order of increasing size are the 67% and 99% confidence
contours. The radial scale is the polarization in percent (Weisskopf et al. 1978).

Figure 6.11. The γ-ray polarization vector measured by INTEGRAL/SPI, whose limits
are shown by the shading, is superimposed to a composite X-ray (in blue) and optical (in
red) image of the Crab Nebula (Dean et al. 2008).
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The discovery of the polarized emission of the Crab nebula has been the only firm
result achieved by X-ray polarimetry so far in the classical X-ray band. No evidence for a
polarized signal in the emission of the Crab pulsar was observed at the 3σ confidence level
(Silver et al. 1978), while only low time-averaged polarizations for both Sco X-1 (Long
et al. 1979) and Cygnus X-1 (Long et al. 1980), and upper limits for ten strong sources
belonging to different classes (Hughes et al. 1984) were provided by later analyses of the
OSO-8 data.

6.5 The Imaging X-ray Polarimetry Explorer mission

The Imaging X-ray Polarimetry Explorer (IXPE – Weisskopf et al. 2016a and 2016b)
has been selected to be part of NASA’s small explorer (SMEX) program in January 2017,
and is now in the Project Phase D, which comprises system assembly, integration and test,
and launch.

Expected to be launched at the end of 2021 from Kennedy Space Center (KSC) on the
SpaceX Falcon 9 in a stowed configuration, IXPE will be placed into a circular low Earth
orbit (LEO) at an altitude of 570 km and an inclination of 0 degrees. Once in orbit, a
4-meter extensible boom will be fully deployed matching the required separation between
the mirrors and the focal plane detectors (see Figure 6.12).

Figure 6.12. From left-to-right. The IXPE observatory stowed for launch, partially de-
ployed for initialization of spacecraft operations, and fully deployed for science observations
(O’Dell et al. 2019).

The IXPE mission is an international collaboration (see Figure 6.13) led by NASA
Marshall Space Flight Center (MSFC) and including the Italian Space Agency (ASI) and
Ball Aerospace as major international partners. In particular, MSFC provides the X-ray
mirror module assemblies (MMAs – §6.5.1), while the Italian Space Agency (ASI) provides
the unique polarization-sensitive detector units (DUs – §6.5.2) built by the Italian Institute
Nuclear Physics (INFN) in collaboration with the Italian Institute of Astrophysics (INAF),
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and the detectors service unit (DSU), as well as the primary ground station, located in
Malindi (Kenya). Ball Aerospace is responsible for the spacecraft, payload mechanical
elements and flight metrology along with payload, spacecraft and system I&T followed by
launch and operations, while the mission operations center (MOC) is located at CU/LASP.

Figure 6.13. The international partnership and the specific role of each institute involved
in the IXPE mission.

The IXPE observatory consists of a spacecraft and two payload modules separated
by a deployable boom (see Figure 6.14) and composed of three identical X-ray telescopes,
each comprising a grazing-incidence MMA and a polarization-sensitive gas pixel X-ray DU.
Completely dedicated to the measurement of the linear polarization in the X-ray band in
the 2-8 keV energy range, it will also provide a moderate spectral and angular resolution,
and an excellent timing accuracy (see Table 6.1).

Figure 6.14. An IXPE telescope system view, showing key payload and spacecraft com-
ponents (Deninger et al. 2020).
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Table 6.1. IXPE performance parameters.

Parameter Value

Launch vehicle Falcon 9
Orbit LEO 570 km with 0.1 deg inclination
Sky coverage per orbit 30%
Ground stations primary: Malindi; secondary: Singapore
Operational phase 2 years + possible extension
Energy band 2-8 keV
Polarization sensitivity (MDP) <5.5% for 1× 10−11 erg cm−2 s−1 (10 days observation)
Spurious modulation <0.3%
Field of view (FoV) 10 arcmin diameter overlapping for 3 telescopes
Spectral resolution ∼20% @ 5.9 keV
Timing accuracy 20 µs with GPS

The baseline IXPE mission will last 2 years, following a 1-month commissioning phase.
All scientific data will be publicly available through NASA’s High-Energy Astrophysics
Science Archive Research Center (HEASARC) at GSFC. If approved, IXPE will continue
beyond 25 months, initiating a HEASARC-administered general observer (GO) program.

6.5.1 The X-ray mirror module assemblies

The IXPE observatory features three identical X-ray mirror module assemblies (MMAs
– Ramsey et al. 2019) containing 24 nested nickel-cobalt shells, each of which includes the
primary and secondary grazing-incidence mirror surfaces to achieve a 4001-mm focal length.
MMAs are shown in Figure 6.15, while their main characteristics of MMAs are listed in
Table 6.2.

Figure 6.15. IXPE X-ray optics, comprising three identical MMAs mounted into the
mirror module support structure (MMSS), along with other payload elements. A cut-away
view of an MMA is shown on the right (O’Dell et al. 2019).
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Table 6.2. Configuration and performance specification of the IXPE mirror module
assemblies (adapted from Ramsey et al. 2019).

Parameter Value

Mirror modules 3
Number of shells per mirror module 24
Focal lenght 4.001 m
Total shell lenght 600 mm
Inner/outer shell diameter 162 mm / 272 mm
Inner/outer shell thickness 178 µm / 254 µm
Shell material Nickel cobalt alloy
X-ray optical coating None (bare Ni-Co)
Effective area per mirror module 183 cm2 @ 2.3 keV; >210 cm2 @ 3-6 keV
Angular resolution ≤25 arcsec HPD
Detector limited FoV 12.9 arcmin square

Produced by MSFC, the MMAs are based on the replica from mandrels technique, and
equipped with thermal shields provided by the Nagoya University and heaters supplied
by Ball Aerospace useful to control their temperature once in orbit. The most important
breakthrough of this technology is the possibility to construct very thin shells, allowing to
achieve a large collecting area also in a small mission like IXPE (see Figure 6.16).

Figure 6.16. Expected pre-detector effective area of the three MMA optics, including
attenuation by the thermal shields (Ramsey et al. 2019).

6.5.2 The X-ray instrument

The X-ray instrument onboard IXPE is composed of three identical polarization-
sensitive Detector Units (DUs), whose main characteristics are listed in Table 6.3, and
a single Detectors Service Unit (DSU), through which the DUs interface with the space-
craft (see Figure 6.17).
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Table 6.3. Performance specification of the IXPE detector units.

Parameter Value

Sensitive area 15 mm × 15 mm
Fill gas and composition Dimethyl ether (DME) @ 1 atm
Detector window 50-µm thick beryllium
Spatial resolution (FWHM) ≤123 µm (6.4 arcsec) @ 2 keV
Energy resolution (FWHM) 0.54 kev @ 2 keV

Figure 6.17. X-ray instrument onboard the IXPE observatory, composed on three DUs
aligned with the MMAs and a DSU (left image). On the right, the main DU components,
i.e. Stray X-ray Collimator, Filter and Calibration Wheel, Detector Housing, Gas Pixel
Detector, and Back-End Electronics, are shown (O’Dell et al. 2019).
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The Gas Pixel Detector (GPD) hosted inside each DU has been developed in Italy
by INFN in collaboration with INAF. The working principle is shown in Figure 6.18 (left
image). When a photon is absorbed in the gas cell, a photoelectron is emitted in the
direction of the electric field and propagates in the gas producing electron-ion pairs by
ionization along the path. These charges are then multiplied in an electric field generated
by a Gas Electron Multiplier (GEM) and then collected on the top layer of a dedicated
ASIC. The response of the instrument is the track of the photoelectron path (right image
in Figure 6.18), whose reconstruction is useful to derive its emission direction, which is
related to the polarization of the absorbed photon. In particular, when the photons are
linearly polarized, the distribution of the photoelectrons is not uniform, but shows a cos2

modulation where the maximum corresponds to the angle of polarization.

Figure 6.18. A schematic representation of the working principle of the Gas Pixel Detector
is shown on the left, while a ionization track resulting from absorption of a 5.9 keV X-ray
photons, as amplified by the GEM and imaged onto the GPD’s pixelated anode is shown
on the right (O’Dell et al. 2019).

Each DU is also equipped with a filter calibration wheel, hosting a few filters and four
calibration sources. The filters are expected to be used only in case of extremely bright
sources to prevent any damage on the detectors, while the calibration sources will be used
routinely during IXPE observations. In particular, three of them are not polarized and
will be useful for calibration and for checking response on polarized radiation, while the
last one is able to produce polarized X-rays at 3.0 keV and 5.9 keV.
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7
The polarimetric X-ray view of the Circinus

Galaxy
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Due to their large scattering-induced polarization, Compton-thick AGN are obvious
candidates for X-ray polarization measurements. Since the Circinus Galaxy is the brightest
Compton-thick AGN in the sky in the 2-8 keV band, as shown in Table 7.1, it has been
included in the first year IXPE observing plan.

Table 7.1. Brightest Compton-thick AGN in the 2-8 keV IXPE band.

Target F2−8keV (erg cm−2 s−1)

Circinus Galaxy 1.1× 10−11

Mrk 3 5.0× 10−12

NGC 1068 4.2× 10−12

NGC 7582 1.7× 10−12

In this context, this chapter focuses on the expected polarimetric X-ray view of the
Circinus Galaxy. In particular, §7.1 is devoted to shortly summarize what we already
know about the spectroscopic X-ray view of this source, while §7.2 focuses on the main
spectral components observed in its X-ray spectrum. Then, the expected polarization
degree due to each spectral component and the relative IXPE simulations are discussed in
§7.3. Finally, §7.4 and §7.5 are devoted to discuss the best observational strategy needed
to disentangle the contribution of the AGN to the polarization signal from the one due to
contamination from other X-ray sources within the field of view.
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7.1 The spectroscopic X-ray view of the Circinus Galaxy

The Circinus Galaxy (hereafter Circinus) is a Sb-Sd spiral galaxy located at low Galactic
latitude (b=-3.8◦) in a region of relatively low Galactic extinction (Av ∼ 1.5 – Freeman et
al. 1977). Several evidences of intense extranuclear activity, such as a luminous watermaser
(Gardner & Whiteoak 1982) and IR nucleus (Moorwood & Glass 1984), two starburst
rings at ∼2 and ∼10 arcsec from the nucleus (Wilson et al. 2000 and references therein),
an overall complex extended radio structure (Elmouttie et al. 1998; Curran et al. 2008),
and a spectacular [OIII] ionization cone (Marconi et al. 1994), suggest the presence of an
obscured active nucleus. Moreover, being a nearby (D = 4.2 ± 0.8 Mpc, Freeman et al.
1977) X-ray bright Seyfert 2 galaxy, it has been largely observed by all the main X-ray
observatories in the last 25 years.

Circinus was observed for the first time in the X-rays in 1994 during the ROSAT All Sky
Survey (RASS – Brinkmann et al. 1994), which measured a corrected for absorption X-ray
flux F ∼ 1.3× 10−11 erg cm−2 s−1 in the 0.1-2.4 keV energy band. The first pointed X-ray
observation was made by ASCA one year later showing a spectrum dominated by a pure
Compton reflection component with a very flat continuum (Γ < 1), a prominent iron Kα
emission line (EW ∼ 2 keV) and several other fluorescence lines from lighter elements, such
as Ne, Mg, Si, and S (Matt et al. 1996). The Compton-thick nature of the source suggested
by ASCA data was confirmed few years later by BeppoSAX, which observed the source for
the first time above 10 keV. The emerging of the primary continuum at hard X-rays has
indeed been ascribed to the presence of a screen of absorbing matter with NH ∼ 4× 1024

cm−2 through which the nuclear region is observed Guainazzi et al. 1999; Matt et al.
1999). The properties of the nuclear emission has been investigated also with better angular
resolution X-ray satellites such as Chandra (Sambruna et al. 2001a and 2001b; Marinucci
et al. 2013b, Kawamuro et al. 2019) and XMM-Newton (Molendi et al. 2003; Massaro et
al. 2006), suggesting that the soft X-rays are due to nuclear emission reprocessed from
both photoionized and photoexcited plasma. Finally, NuSTAR observations performed in
2013 observed a nuclear spectrum consistent with Compton-scattering by an optically-thick
torus with NH > 6× 1024 cm−2 (Arévalo et al. 2014).

7.2 Modelling the X-ray spectrum of the Circinus Galaxy

For my analysis, I took advantage of the spectrum of Circinus observed by XMM-
Newton in 2001 (obsID=0111240101), discussed in Massaro et al. (2006). The spectral
continuum is well reproduced by a combination of two models: a power-law accounting
for the soft X-ray emission, and a pure Compton reflection component describing the
high energy part of the spectrum which is modelled in XSPEC with pexrav (Magdziarz &
Zdziarski 1995), assuming solar abundances for all the elements. Several emission lines are
then added to the continuum model, as required by the inspection of residuals (see Table
2 in Massaro et al. 2006 for a complete list). Therefore, the baseline model can be roughly
expressed by the following general formula:

F (E) = e−σph(E) NH [AE−Γ +R(Γ) +
∑
i

Gi(E)], (7.1)

where σph(E) is the photoelectric cross-section with abundances as in Wilms et al. (2000),
and NH is the cold absorption along the line of sight, which includes absorption from our
own Galaxy plus possible contributions from the Circinus galaxy itself. A is the normal-
ization of the power-law with slope Γ accounting for the reflection of the nuclear radiation
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from ionized matter, R(Γ) is the pure reflection continuum arising from cold matter within
the torus, and Gi(E) are the Gaussian profiles used to reproduce the emission lines. The
photon index and the high energy cut-off of the power-law are fixed to be Γ = 1.56 and
Ec = 56 keV, as in Matt et al. (1999) and Bianchi et al. (2001), and the best-fit is shown
in Figure 7.1. Assuming such a model (see Figure 7.2), the total flux of Circinus in the
2-8 keV IXPE energy band is ∼ 1.1× 10−11 erg cm−2 s−1, being divided into each spectral
components as follows.

• warm reflection continuum: F2−8keV = 4.5× 10−12 erg cm−2 s−1;

• cold reflection continuum: F2−8keV = 4.9× 10−12 erg cm−2 s−1;

• emission lines: F2−8keV = 1.1× 10−12 erg cm−2 s−1.
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Figure 7.1. XMM-Newton EPIC-pn spectrum of the Circinus Galaxy (top panel) and
residuals with respect the baseline model discussed throughout the text.
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Figure 7.2. 1-10 keV baseline model reproducing the X-ray spectrum of the Circinus
Galaxy (red solid line), which is composed of a warm reflection continuum coming from
the ionization cones (in orange), a cold reflection continuum arising from the torus (in
blue), and several emission lines (in green), due to both warm and cold matter.
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7.3 IXPE simulations of the nuclear region of the Circinus
Galaxy

Assuming a geometry in which the ionization cone is perpendicular to the torus’ plane,
the contribution of each component to the total expected polarization degree is calculated
as follows.

The polarization of the cold reflection continuum is obtained through simulations per-
formed with the Monte Carlo code STOKES (Marin 2018), assuming a central isotropic and
unpolarized point source surrounded by a torus with a flared geometry, having an inner
radius Rin = 0.01 pc, and an outer radius Rout = 5 pc. Different half-opening angles of the
torus and inclination angles with respect to the torus axis have been considered. According
to several literature works, two inclination angles are considered, i.e. i = 65◦ from radio
(Freeman et al. 1977) and ALMA data (Zschaechner et al. 2016; Izumi et al. 2018) and
i = 75◦ from VLT MIDI observations (Tristram et al. 2014) and SED analysis (Wada et
al. 2016). Since our line of sight have to intercept the torus, we considered two different
half-opening angles of the torus, i.e. θ = 30◦ or θ = 40◦, as measured from the equatorial
plane.

When such a configuration is assumed, the expected polarization degree due to the cold
reflection component is shown in Figure 7.3 for each combination of θ and i. The mean
value of the cold polarization is of the order of 10% and 35%, when the half opening angle
of the torus is 30◦ or 40◦, respectively, while no significant dependence on the inclination
is expected at a given θ. For this reason, only the case in which i = 75◦ will be considered
for the IXPE simulations described in the following.
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Figure 7.3. Expected polarization degree due to the cold reflection continuum for the
Circinus Galaxy. Four cases are shown, combining the different values of both the inclina-
tion of the line of sight and the half-opening angle of the torus. No significant differences
appear for different inclination at a given θ.
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Concerning the warm reflection due to the ionization cone, its polarization Pw is given
by

Pw = Pw(γ, i) =
sin2 i

2α+ sin2 i
, (7.2)

(Brown & McLean 1977), where, assuming optically thin matter and a conical geometry
with half-opening angle θc (see Figure 7.4):

α = 1+γ
1−3γ

γ = 1−µ3c
3(1−µc)

µc = cos θc

. (7.3)
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r 

Figure 7.4. Sketch of the conical geometry assumed for the warm reflection component.
The distribution of optically thin matter is assumed to be constant within the ionization
cone and null elsewhere.

With our geometry, and assuming θc = π/2−θ, i.e. that the ionization cone is funneled
by the torus, the polarization of the warm reflector is expected to be of the order of 28%
or 41% for θ = 30◦ or θ = 40◦ respectively, while the emission lines are considered as
unpolarized. The polarization is found to be perpendicular to the torus axis (Ψ = 0◦) for
all the spectral components.

The expected polarization degree for each component in the two different configurations
is summarized in Table 7.2, while the total polarization is shown in Figure 7.5 for both
cases.

Several simulations has been performed in order to estimate the exposure time needed
to obtain an MDP=5%, good enough given the expected values. Figure 7.6 clearly shows
that our goal can be reached through an 800 ks IXPE observation. It is worth noting
that the significant decrease of the polarization at high energies is mainly due to the
unpolarized flux of the iron Kα line. The blue dots are the simulated data for a given
configuration, while the orange dotted line reproduces the expected polarization for the
opposite configuration. Plotting data in this way allows to clearly check that a measure
of the X-ray polarization could lead to a direct measure of the half-opening angle of the
torus.
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Table 7.2. Expected polarization degree induced from the Compton-thick AGN within
the Circinus Galaxy for cold, warm and line component, when an inclination angle of 75◦

is assumed.

Torus half-opening angle
θ = 30◦ θ = 40◦

Cold polarization 10% 35%
Warm polarization 28% 41%
Line polarization 0% 0%

Figure 7.5. Total expected polarization degree for θ = 30◦ (left panel) and θ = 40◦

(right panel), when an inclination angle of 75◦ and the baseline model discussed in §7.2 are
assumed.

i=75°; data: θ=40°, model: θ=30° i=75°; data: θ=30°, model: θ=40° 

Figure 7.6. 800 ks IXPE simulation for the Circinus Galaxy. The polarization degree is
shown as a function of the energy. Simulated data (in blue) are plotted together with the
expected polarization for the opposite configuration.
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7.4 The observational strategy

In order to obtain the best observational strategy for the IXPE pointing of Circinus,
it is mandatory to take into account any possible source of contamination. Since the
central region of the Circinus Galaxy is heavily populated by ULXs (Bauer et al. 2001;
Smith & Wilson 2001) that cannot be spatially resolved by IXPE, it is fundamental to
simultaneously monitor their flux level, in order to disentangle the contribution of the
ULXs within the field of view from the one of the AGN to the total polarization signal
measured by IXPE.

Among the 15 sources detected within a 1 arcmin aperture radius of the nucleus (Bauer
et al. 2001), the brightest ones are CXOU J141312.3-652013 (hereafter CG X-1) and CXOU
J141310.0-652044 (hereafter CG X-2), at angular distances of 15" north-east and 25" south
from the AGN (see Figure 7.7). In particular, CG X-1 is an eclipsing X-ray binary system
with a Wolf-Rayet donor star, a period P ∼ 7.2 hr and a 2-8 keV flux which varies from a
few percent to ∼ 45% of the one of the AGN on timescales of weeks (Esposito et al. 2015;
Qiu et al. 2019). On the other hand, CG X-2 is a young supernova remnant candidate (SN
1996cr – Bauer et al. 2008) with a stable flux of a few percent with respect to the nuclear
one.

Figure 7.7. Archival Chandra ACIS-S (ObsID 365) image of the central region of the
Circinus Galaxy in the 0.3-8 keV energy band, with the two brightest ULXs marked. North
is up and east to the left. Some smoothing has been applied for the sake of visual clarity.

Spectra of both the AGN and the two ULXs were obtained from an ACIS-S observation
performed on March 14, 2000 (ObsID 365), with a net exposure time of ∼5 ks. In this
pointing CG X-1 was observed at its brightest flux level. The spectra were extracted using
circular regions with 2" radii, while a 5" radius was used for the background. As concerns
the AGN, the spectrum was modelled as described in §7.2, resulting in a 2-8 keV flux
FAGN = (1.0± 0.1)× 10−11 erg cm−2 s−1. On the other hand, the spectra of CG X-1 and
CG X-2, are both modelled with an absorbed power-law, whose parameter are shown in
Table 7.3. Using such a model, the observed flux are F1,h = (4.5± 0.5)× 10−12 erg cm−2

s−1 and F2 = (1.1 ± 0.4) × 10−12 erg cm−2 s−1 for CG X-1 in its highest flux state and
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CG X-2, respectively (see Figure 7.8). Thus, when CG X-1 is at its brightest level, the
combined fluxes of the two ULXs represent ∼ 50% of the flux of the AGN.

Table 7.3. Best-fit values obtained through a 10 ks Chandra simulation.

Target Γ NH F2−8keV
(1022 cm−2) (10−12 erg cm−2 s−1)

CG X-1 1.45± 0.15 1.0± 0.2 4.5± 0.5

CG X-2 1.5± 0.4 0.9± 0.4 1.1± 0.4

Figure 7.8. 10 ks simulated data for the AGN (in black) and for both CG X-1 (in red)
and CG X-2 (in green). The pink region denotes the range of spectral variability for CG
X-1. At its high and low flux levels, CG X-1 has a relative 2-8 keV flux of ∼ 45%and ∼ 7%
compared to the AGN, respectively.

A low flux state of CG X-1 is reported in Arévalo et al. (2014) and modelled with
an absorbed power-law with spectral index Γ = 1.80 ± 0.04 and column density NH =
(1.03± 0.03)× 1022 cm−2, resulting in a 2-8 keV flux F1,l ∼ 7× 10−13 erg cm−2 s−1.

Since we aim at measuring the 2-8 keV flux of CG X-1 in the low flux state (i.e.
F1,l) with an uncertainty lower than 20%, we performed several ACIS-S simulations of the
spectra of the three sources. Testing different exposure times and using the most updated
RMFs/ARFs, due to the recent degradation of the ACIS-S detector at energies below 2
keV, we obtained that a 10 ks Chandra observation is needed to reach our goal.

The results from the fits of the simulated data with the baseline model are reported
in Figure 7.8. The red and green solid lines show the best fit models over-imposed to the
simulated data of the ULXs, whilst the pink region denotes the range of spectral and flux
variability for CG X-1. Uncertainties of 15% and 6% are retrieved on the 2-8 keV flux in
the faint and bright states of CG X-1, respectively. An uncertainty of 10% is then obtained
on the 2-8 keV flux of CGX-2.
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Since CG X-1 varies on timescales of weeks, an ACIS-S snapshot at the beginning and
another one at the end of the IXPE pointing (which is about 20 days long) appears to be
the best observational strategy in order to

• spatially resolve the two brightest ULXs within the field of view;

• monitor any possible flux or spectral variability of CG X-1;

• study the contamination of the two sources to the polarization measurement induced
from the Compton-thick AGN, as discussed in the next section.

7.5 Which is the contribution of the contaminating sources
to the total polarization signal?

As discussed in §7.4, the most important contaminating sources during the future IXPE
observation of the Circinus Galaxy are the ULXs CG X-1 and CG X-2, located at a distance
of ∼285 pc and ∼375 pc from the AGN, respectively. In particular, CG X-1 has a variable
flux, which is ∼ 7% and ∼ 45% of the AGN flux in the 2-8 keV IXPE band, when observed
in its brightest and faintest state, respectively. On the other hand, CG X-2 has a more
stable flux of a few percent with respect to the nuclear one. Thus, accounting for the large
range of variability of CG X-1 (see Figure 7.8), two different contamination levels have
been considered for the ULXs, i.e. 10% and 50% of the AGN flux in the 2-8 keV IXPE
band, in order to estimate the ULX contamination level to the total polarization signal
measured during the future IXPE observation.

Considering a half-opening angle of the torus θ = 40◦, an inclination angle i = 75◦

with respect to our line of sight, and assuming the emission from the ULXs as unpolarized,
the expected polarization signals obtained through a 800 ks IXPE observation are shown
in Figure 7.9. In case of a null contribution from the ULXs to the 2-8 keV flux, the
polarization degree is P=5-43%. The larger value is due to the warm reflection component
from the ionization cone at soft energies, while the low polarization observed at high
energies is mainly due to the unpolarized flux of the iron Kα fluorescence emission line at
6.4 keV. On the other hand, the highest polarization degree decreases to 38% and 27%, in
case of a 10% or 50% contamination level from the ULXs. These simulated data clearly
show that the coordination with Chandra is fundamental to correct the total polarization
signal measured by IXPE for the contribution of the ULXs within the field of view. In
this context, a Chandra proposal aimed at tracking the ULX population activity in the
Circinus Galaxy during the IXPE observation has been already approved.

Thus, the observational strategy discussed in §7.4, which includes two Chandra obser-
vations to be performed at the beginning and at the end of the IXPE observation, appears
as the best way to obtain a good estimate of the polarization induced by the AGN within
the Circinus Galaxy. Otherwise, since we cannot spatially resolve the three sources (i.e.
the AGN and the two ULXs) with the IXPE pointing only, we would run the risk of over-
estimating the polarization of the only Compton-thick source that will be observed during
the first year IXPE observing plan.
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Figure 7.9. IXPE simulations and models for different contamination levels. The ex-
pected polarization degree in case of a null contribution from the ULXs is shown in black,
while a 10% and a 50% ULX contamination is indicated in red and blue, respectively.
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8
Conclusions and future perspectives

Contents
8.1 Obscured AGN through X-ray spectroscopy . . . . . . . . . . . 131
8.2 Obscured AGN via X-ray polarimetry . . . . . . . . . . . . . . . 133

In this last chapter, I shortly summarize the main results obtained during my thesis
work, which was aimed at mapping the circumnuclear matter in obscured AGN. To achieve
this aim, both spectroscopic data from several current X-ray observatories and simulations
of future X-ray polarimetric measurements have been analyzed and discussed in detail in
Chapter 4, 5, and 7.

8.1 Obscured AGN through X-ray spectroscopy

As concerns X-ray spectroscopy, I focused my attention on two bright sources: the
Compton-thick AGN in NGC 1068 and the Compton-thin Seyfert 2 galaxy NGC 4507.

For my research project, the AGN within NGC 1068 appeared as a very interesting
source because in 2014 experienced an unveiling event, in which Compton-thick material
moved temporarily out from our line of sight, allowing for the first time the nuclear ra-
diation to pierce through the circumnuclear medium. However, the 6-month separation
between the observations prevented us to put tigther constraints on the location of the
circumnuclear absorbing clouds (Marinucci et al. 2016). This is the reason why a further
NuSTAR monitoring was performed in 2017-2018 sampling shorter timescales from 1 to 6
months.

The main results of the spectral analysis of this campaign, which revealed variability
both in the soft X-rays below 5.5 keV and in the hard X-ray band above 20 keV, are
summarized as follows.

� The soft X-ray variability has been ascribed to a transient X-ray source detected by
Swift-XRT, which is plausibly a strongly variable ULX. Located at ∼2 kpc from the nucleus
of NGC 1068, it reached a peak X-ray intrinsic luminosity L2−10keV = (3.0 ± 0.4) × 1040
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erg s−1 in the 2-10 keV band. No robust identification with previously detected sources has
been observed, and only an upper limit of ∼3 months can be given on its X-ray variability
timescale.

� The hard X-ray variability has been ascribed to one unveiling and one eclipsing event
with timescales lower than 27 and 91 days, respectively, due to Compton-thick matter
moving across our line of sight. Assuming the circumnuclear material to be composed
of individual spherical clouds orbiting with Keplerian velocities at a distance R from the
SMBH, we can locate the absorbing gas clouds in the innermost part of the torus or closer
(i.e. in the BLR), providing both tighter constraints on their location with respect to the
previous NuSTAR monitoring campaign, and further evidence of the clumpy structure of
the circumnuclear matter NGC 1068.

It is worth remarking that this analysis has been published by the Monthly Notices of
the Royal Astronomical Society (MNRAS) in March 2020 (Zaino et al. 2020). Moreover,
the results discussed in detail in Chapter 4 and summarized above have been presented at
several national and international conferences, and a preliminary version of them has been
discussed by seminar at the Strasbourg Observatory in January 2019.

The second source on which I focused my attention during my research work is NGC
4507. During past observations, this bright Seyfert 2 galaxy showed variability in the X-
ray band and evidence of multiple regions that absorb and reprocess the primary emission
of the AGN. In order to solve any possible ambiguity on the variability of the intrinsic
emission and amount of absorption within this source, a NuSTAR monitoring campiagn
was performed in 2015.

The analysis of these data revealed a hard X-ray variability below 40 keV, while stable
countrates were observed above this energy during the whole monitoring. This suggests
that no variations are expected to be observed in the primary continuum and that the
most plausible explanation for the variability observed in the X-ray spectra is a change in
the obscuration level along the line of sight (Zaino et al. submitted). The main results
obtained on the physical properties of the circumnuclear matter, which are discussed in
detail in Chapter 5, can be summarized as follows.

� The main driver of the X-ray variability is ascribed to Compton-thin absorbing gas
clouds crossing our line of sight in a 1-month timescale and located between the outer BLR
and the inner torus boundary or even a little further out.

� A quite complex physical scenario describes the circumnuclear matter surrounding
the nuclear region of NGC 4507 with reflection arising from gas with a Compton-thick global
average column density and transmission of the continuum through variable Compton-thin
matter. Even if such a configuration is not surprisingly in AGN (e.g. Matt 2001; Bianchi et
al. 2003; Turner et al. 2020), for NGC 4507 it appears at odds with the only Compton-thin
material observed by Suzaku eight year before (Braito et al. 2013). This discrepancy could
be due to the Suzaku lack of coverage in the 10-14 keV energy range, which may prevent a
robust spectral modelling of the reflector; however, future simultaneous observations with
facilities covering both the soft and the hard X-rays are expected to obtain a conclusive
evidence about the physical properties of the reflector within this source.
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8.2 Obscured AGN via X-ray polarimetry

As Science Participant of the IXPE team in the Topical Working Group on radio-
quiet AGN, I was involved in the scientific investigation, including modeling, simulation,
planning, analysis and interpretation of the future IXPE scientific observations. In this
context, I performed several simulations on the brightest Compton-thick AGN with the
aim of

1. selecting the best candidate to observe with IXPE in order to obtain information
about the geometry of the circumnuclear material in highly obscured AGN;

2. studying the best observational strategy providing a good estimate of the polarization
induced by the AGN, corrected for the presence of any contaminating source.

Mainly due to its highest brightness in the 2-8 keV working band of the polarimeters
on board this observatory, the Circinus Galaxy resulted to be the best Compton-thick
candidate to include in the first year IXPE observing plan. Several simulations have clearly
shown that a useful MDP=5% can be obtained through an 800 ks IXPE observation, also
taking into account the presence of contaminating source within the field of view (Zaino
et al. in preparation). It is indeed well known that the central region of the Circinus
Galaxy is heavily populated by ULXs (Bauer et al. 2001; Smith & Wilson 2001) that
might potentially contaminate the measurement of the polarization signal from the AGN.

Since the IXPE Point Spread Function prevent us to spatially resolve these sources, a
coordination with Chandra is mandatory to correct the total polarization signal measured
by IXPE for the contribution of the ULXs within the field of view. Moreover, due to the
variability on timescale of weeks already shown by one of these ULXs, the observational
strategy for the Circinus Galaxy will require two Chandra snapshots, one at the beginning
and another one at the end of the IXPE pointing (which is about 20 days long). In this
context, it is worth to note that a Chandra proposal based on the simulations described
in detail in Chapter 7 and aimed at tracking the ULX population activity in the Circinus
Galaxy during the IXPE observation has been already approved.
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