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INTRODUCTION

“Limitless undying love which shines
around me like a million suns it calls me on

and on across the universe.”

John Lennon

The local universe is made up mainly of galaxies. The radiation emitted by a galaxy
can be considered, in first approximation, as the sum of the radiation of their stars. How-
ever, for a small percentage of galaxies, called active galaxies, or Active Galactic Nuclei
(AGN for short), this is not true. AGN emit through all the electromagnetic spectrum.
Much of the energy output of AGN has non-stellar origin, with many AGN being strong
emitters of X-rays, radio and ultraviolet radiation, as well as optical radiation. The radi-
ation from an AGN is believed to be a result of accretion of matter onto a supermassive
black hole (108 —10° solar masses) at the center of its host galaxy. The accretion of matter
occurs through an accretion disc in which gravitational energy is partially transformed
into radiation.

The spectral energy distribution (SED) of active galactic nuclei is very broad and ranges
from the radio band up to X-rays and gamma-rays. The SED of an AGN can be decom-
posed into four main components: the primary emission in the optical/UV band; the
infrared continuum; the high-energy continuum; the radio emission, which can be rela-
tively strong (radio-loud AGN) or weak (radio-quiet AGN). In addition to the broad, non-
stellar energy distribution, AGN also exhibit strong emission lines in their spectra.

The primary X-ray emission in AGN is believed to be produced in the so-called corona, a
compact region located close to the supermassive black hole and composed by a plasma
possibly in thermal equilibrium. The accretion disc produces optical/UV seed photons
in a quasi-black body spectral shape; in the corona these photons are up scattered to
the X-ray band due to the inverse Compton effect. Since this effect cools the corona,
there must be some other mechanism that heats the corona, in order to maintain a
high enough temperature. This energy source could be the dissipation of magnetic flux
through reconnection.

The inverse Compton scattering by the hot electrons of the UV seed photons emitted by
the accretion disc produces a X-ray power law spectrum, extending to energies deter-
mined by the coronal electrons temperature, with spectral index that typically t ranges
from 1.5 to 2.0. The power law often shows a cutoff at high energies, around 100-200 keV.

Both the energy of the cutoff and the photon index are related to the temperature and
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the optical depth of the corona. Comptonization models imply that the cutoffs energies
are typically 2-3 times the temperature of the corona.

The present work fits in this complex scenario. It will be based mainly on the study of
the X-ray broad-band spectrum of AGN, to constrain the coronal parameters and start
to look for correlations between these parameters and other physical parameters, such
as the geometry and the position, with the aim of better understanding the complex en-
vironment present in AGNs. In fact the geometry of the disc/corona system is still un-
known, and we also still lack good constraints on the coronal temperature and optical
depth for most sources. The size and the location of the corona is still matter of debate.
There are open questions like: is the corona spherical, or a slab, or it has a more complex
shape? Is it compact, as assumed in the lamp-post geometry, or is it extended? Is the
corona a continuous or a patchy medium made up of several blobs?

To answer the questions raised above we need to study the broad-band X-ray spectrum
and variability of AGN in details, on adequate time-scales in order to model all the spec-
tral components and to investigate the shape of the nuclear continuum. It is very im-
portant to disentangle all the complex spectral features in this energy range, to remove
all the degeneracies between the primary continuum features and other physical observ-
ables in order to constrain the coronal parameters and to have an overview of the physics
and the structure of the hot corona.

In the past, several cutoff energies in nearby Seyfert galaxies have been measured with
hard X-ray satellites, such as BeppoSAX (Dadina 2007, Perola et al. 2002) and INTEGRAL
(Panessa et al. 2011; de Rosa et al. 2012; Molina et al. 2013). These measurements ranged
between 50 and 300 keV but the lack of focusing instruments at high energies resulted
in large uncertainties and degeneracies between the cutoff energies and other physical
observables (in particular the slope of the primary power law and the amount of radi-
ation Compton scattered by circumnuclear matter). NuSTAR (Harrison et al. 2013, see
also Section 3.4) has been an observational breakthrough in X-ray astronomy with its
unprecedented sensitivity at high energies, operating in the 3-79 keV energy range. Si-
multaneous observations with other X-ray observatories operating below 10 keV, such as
XMM-Newton, Suzaku and Swift allowed to measure cutoff energies with great accuracy
in a number of sources.

This work is based both on new observations of NuSTAR, XMM-Newton and Swift X-ray
satellites and on archival data. The detailed analysis of single sources allows to build and
constrain physical models while the analysis of a large sample gives us insights into the
average properties of AGN.

The thesis is structured as follows:

e Chapter 1 describes the basic properties of Active Galactic Nuclei, their physics
and their classification. The structure of AGN, the "Unification Model" and their

Spectral Energy Distribution will be discussed.



Chapter 2 describes the X-ray properties of Active Galactic Nuclei, the physical pro-
cesses that generate this emission and the spectral shape of the X-ray emission. We
start with the description of the different processes which lead to the production
of X-rays in AGN, forming the characteristic spectral shapes, and then we describe
the X-ray spectrum of Active Galactic Nuclei and the structure of the Comptonizing

corona.

In Chapter 3 we briefly discuss current hard X-ray telescopes, showing the devel-
opments in technology and giving an overview of the observatories which are used
in this thesis: XMM-Newton, Swift and NuSTAR.

In Chapter 4 we present the analysis of the NuSTAR and XMM-Newton spectra of
GRS 1734-292, which is a Seyfert 1 galaxy located near the Galactic plane. It shows
one of the lowest high energy cutoff measurements so far by NuSTAR (the results

of this study have been reported in Tortosa et al. 2017).

Chapter 5 reports the analysis of two bright Seyfert 1: MCG +8-11-11 and NGC
6814. They show very similar coronal properties even if they had different proper-
ties overall (black hole masses, luminosity and Eddington ratios). The result of this

study will be reported in Tortosa et al. (2018).

In Chapter 6 we discuss an ongoing project based on the analysis of a small catalog
of AGN we build up choosing the unobscured nearby, non-jetted, Seyfert galaxies
that have been observed by NuSTAR (often in coordination with XMM-Newton,
Suzaku or Swift). We compile the literature values of the coronal parameters of
this sample of AGNs to look for correlations between spectral parameters, such as
the photon index and the cutoff energy, with other physical parameters, e.g. the
black hole mass or the Eddington ratio. The results of this study will be reported in
Tortosa et al. (2017, in prep).

Chapter 7 draws some conclusions on the works that have been presented through-

out this thesis.

Appendix A describes the fitting package XSPEC, the tool we used in this work for
the spectral analysis of XMM-Newton, Swift and NuSTAR spectra.

Appendix B describes the processing procedure applied for the observatories which
are used in this thesis: XMM-Newton, Swift/XRT and NuSTAR.
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ACTIVE GALACTIC NUCLEI

“Whoever looks into himself as into vast
space and carries galaxies in himself, also
knows how irregular all galaxies are; they
lead into the chaos and labyrinth of

existence.”

Friedrich Nietzsche

The name Active Galactic Nuclei (AGN) derives from the observational fact that a
number of galaxies possess a very high concentration of luminosity in their nucleus,
which cannot be directly attributed to stellar activity. The main feature that distinguishes
these objects from inactive (normal or regular) galaxies is the presence of supermassive
accreting black holes (BHs) in their centers.

This chapter aims to provide a brief introduction to the physics of AGN and their
classification.

A more detailed discussion can be found in Peterson 1997 and in Beckmann & Shrader
2013.

1.1. HISTORICAL BACKGROUND

In 1908, astronomers performing optical spectroscopy of nearby galaxies at Lick obser-
vatory noticed that one "spiral nebula" (Messier 77: now more commonly referred to as
NGC 1068) had an atypical spectrum, showing multiple strong emission lines in addi-
tion to the continuum flux and to the absorption lines also seen in other nebulae (Fath,
1909); see Figure 1.1). This was the discovering of the first galaxy hosting an active galac-
tic nucleus (a term which was not coined until decades later). After this first spectrum,

more such emission line galaxies were discovered. In 1943, when already 12 galaxies of
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Figure 1.1: Upper panel: optical spectrum of the nuclear region of NGC 1068 (Fath, 1909). Lower panel:
NGC 1068 as seen by Hubble Space Telescope (HST) with an artistic impression zoom-in on the central
active galactic nucleus. Image credit: NASAESA/JPL-Caltech.

this unusual class of objects had been found, Carl K. Seyfert published his fundamen-
tal paper on emission line galaxies (Seyfert, 1943). In this paper, he described the main
features of the emission lines. He was also the first to recognize that these galaxies form
a special class of objects. He further noted that the emission lines are emitted from a
point-like source at the center of the galaxies and that this point-like source contributes
alarge fraction of the total light emitted by the entire system. From the large width of the
emission lines, he deduced a high velocity dispersion in the emitting medium. His work

has been rewarded by the fact that we now call these objects Seyfert galaxies.

As time went on, many more Seyfert galaxies were identified, and their observational
properties became better constrained. They all exhibited extremely bright nuclear re-
gions, with the bright emission limited to a very compact area (within 100 pc of the galaxy
center). Resolving this bright nuclear emission spectroscopically and temporally, the

Seyferts all showed remarkably strong emission lines, and highly time-variable optical-
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UV continua, respectively.

The advances in radio astronomy in the 1950s revealed a new universe of energetic
phenomena, and inevitably led to the discovery of quasars. These discoveries demanded
the attention of observers and theorists, and AGN have been a subject of intense effort
ever since. Only a year after the recognition of the red-shifts of 3C 273 and 3C 48 in 1963,
the idea of energy production by accretion onto a black hole was advanced. However,
acceptance of this idea came slowly, encouraged by the discovery of black hole X-ray
sources in our Galaxy and, more recently, supermassive black holes in the center of the
Milky Way and other galaxies. Many questions remain as to the formation and fuelling
of the hole, the geometry of the central regions, the detailed emission mechanisms, the
production of jets, and other aspects. The study of AGN will remain a vigorous part of

astronomy for the foreseeable future.

1.2. OBSERVATIONAL PROPERTIES

AGN are associated with the emission of a huge amount of radiation over the whole elec-
tromagnetic spectrum. For instance, their optical-UV luminosity can reach or even ex-
ceed that of the integrated stellar population of the host galaxy (L > 10'°-10''L;). The
enormous power of these objects, emitted from a compact (unresolved) region at the
center of the host galaxy (active galaxy), is believed to be released from material accreting
onto a supermassive black hole (Mpy = 108 —10° M), as no other physical phenomenon
is able to produce such large and long lasting luminosities over such a wide wavelength
range.

The peculiar features usually present in AGN, not necessary at the same time, are:

e It contains a compact nuclear region emitting significantly beyond what is ex-

pected from stellar processes typical of the galaxies;

* It shows nuclear broad band emission, over a wide portion of the electromagnetic

spectrum;

e Its spectrum contains strong emission lines, mainly found in the infra-red and op-
tical/UV part f the spectrum, with line ratios that are typical of excitation by non

stellar radiation field;
e It has an unresolved nucleus with small angular size;
e It shows line and/or continuum variability, especially in the X-rays;
e It has a higher degree of polarization (0.5-2%) with respect to normal galaxies.

The first notably distinct observational characteristic of AGN is the presence of emission
lines with widths upwards of thousands of km s~!. Also, the presence of narrow, non

variable forbidden emission lines is a distinguishing observational feature of some AGN.
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Another observational aspect of AGN is that the continuum spectral distribution is very
distinct from an integrated stellar continuum characteristic of normal galaxies. Obser-

vationally AGN are very blue.

1.2.1. SPECTRAL ENERGY DISTRIBUTION OF AGN
The emission of AGN cover the entire electromagnetic spectrum ranging from radio emis-
sion right up to y-rays.The spectral energy distribution (SED) of AGN is rather complex as
the spectra are due to a combination of various physical processes that take place in dif-
ferent regions around the black hole. The emission produced by each process dominates
at different wavebands. Although the spectra can be very different from object to object,
the main characteristics observed in the SED are common for all AGN, excluding blazars.
The SED of AGN can be decomposed into four main components: the primary emission
in the optical/UV band; the infra-red continuum, due to thermal emission from the dust
heated by the primary UV radiation; the high energy continuum, due to reprocessing of
the primary optical/UV emission from hot gas; the radio emission, due to synchrotron
radiation, which can be relatively strong (radio-loud AGN) or weak (radio-quiet AGN).
Figure 1.2 show a schematic representation of an AGN SED from radio frequencies to
hard X-rays. Below, the main spectral properties of AGN are described, although we note

that not all these properties are observed in all AGN.

RADIO OBSERVATION

Itis found that some (~ 10%) AGN are strong radio sources while other have much weaker
emission at radio wavelengths. The usual definition of radio-loudness is that the radio
(5 GHz) to optical (B-band) flux ratio is 2 10. Early studies suggested a bi-modal distri-
bution: there appear to be few radio-intermediate’ AGN, with most being either strongly
radio-loud or showing very little in the way of radio emission. This bi-modality is, how-
ever, no longer certain; although some surveys do find a definite separation between ra-
dio loud and radio quiet objects (e.g., [vezic et al. 2002), more and more are concluding
that there is a continuous transition between the two types, with the apparent dichotomy
due to selection effects (Cirasuolo et al. 2003; Hewett et al. 2001; White et al. 2000). The
radio spectrum takes the form of a power-law and is thought to be formed through Syn-

chrotron radiation (Jones et al., 1974).

INFRA-RED OBSERVATION

One suggestion for the origin of the IR continuum in AGN is that the IR emission is an ex-
tension of the radio power-law, due to the Synchrotron Self-Compton process. However,
there is growing evidence that the emission is almost all thermal in nature and is likely to
be linked to absorption/emission from dust. There is a bump in each spectrum at wave-
lengths longer than ~ 1y, which would coincide with emission from dust at < 2000 K,
around the expected temperature for grains in the nuclear regions. Also, the IR contin-

uum seems to vary in the same manner as the optical/UV emission, but with a time delay
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Figure 1.2: A schematic representation of an AGN SED, loosely based on the observed SEDs of radio-quiet
quasars (e.g., Elvis et al. (1994)). The black solid curve represents the total SED and the various colored
curves (with an arbitrary offset) represent the individual components (see Section 1.2.1). The SED of an
AGN in the mm-FIR regime is uncertain; however, it is widely believed to have a minimal contribution (to
an overall galaxy SED) compared to star formation, except in the most intrinsically luminous quasars and
powerful radio-loud AGN. The primary emission from the AGN accretion disc peaks in the UV region. Radio-
loud AGN have radio emission that can be several orders of magnitude higher than radio-quiet AGN (shown
with the labeled red).

corresponding to the light travel-time between the central, compact optical/UV-emitting

region and the much more distant dust grains (e.g., Clavel et al. 1989).

OPTICAL AND UV OBSERVATIONS

As already said, AGN were first identified at optical wavelengths, with Edward Fath at the
Lick Observatory noting that NGC 1068 showed strong emission lines in its spectrum, in
1908. It was until 1943 that Carl Seyfert realized there was a distinct group of such objects
with spectra dominated by strong nuclear emission lines. These spectra showed two dif-
ferent types of optical lines, with the permitted emission lines (e.g., the Balmer series of
hydrogen) sometimes appearing to be broader. The narrow lines correspond to both per-
mitted (e.g., hydrogen and helium) and forbidden (e.g., carbon, nitrogen, neon, oxygen)
transitions. When considering the continuum, rather than the lines, the dominant fea-

ture in the optical/UV spectrum is a broad "hump’, known as the Big Blue Bump (BBB).



1. ACTIVE GALACTIC NUCLEI

This is thought to be thermal emission, very likely from the accretion disc surrounding
the black hole (e.g., Shields 1978; Malkan & Sargent 1982). The soft X-ray excess, which
will be discussed later, has been suggested to be the Comptonised tail of this BBB.

X-RAY AND y-RAY OBSERVATIONS

At the higher energy end of the EM spectrum, AGN are also observed in the X-ray and,
only the radio-loud sources up to y-ray, with all being luminous X-ray Sources (Elvis et al.,
1978). The X-rays may come from the inner regions of the accretion disc, or possibly a
hot corona above the accretion disc (Haardt & Maraschi 1991; see Section 2.4), while the
very high-energy y-rays are thought to be produced by inverse-Compton scattering of
photons of the highly energetic electrons within the jet (Zhang & Cheng, 1997). Both X-
ray and -ray spectra are, to a first approximation, power-law-like (i.e., F(v) oc v~%; often
written in terms of I' , where I' = a + 1; T is the photon spectral index, while « is the en-
ergy index), although not necessarily with the same spectral index. At higher energies,

around 40 MeV or so, most sources show a sharp spectral turnover.

1.2.2. AGN TAXONOMY

The complex structure of the AGN is reflected in their spectral/images, with many dif-
ferent emission/absorption processes acting at the same time. From an observational
point of view, the classification of AGN can be rather complex and confusing. Here we

report a simple taxonomy of the main types of AGN (e.g. Peterson 1997):

 Seyfert galaxies: originally classified by Carl Seyfert (Seyfert, 1943). They are com-
posed of AGN with moderate bolometric luminosity (Lp,; ~ 10! —10*! erg s71).
These are radio-quiet object and have high central surface brightness, although the
host galaxy is still clearly detectable; they tend to be spirals, with massive galactic
bulges and the presence of an interstellar medium. Since their original discovery,
the classification has evolved such that they are also spectroscopically identifiable
by the presence of high-ionisation emission lines. Seyfert galaxies are, themselves,
divided into two groups: Seyfert 1s and Seyfert 2s (Syls and Sy2s), as was first real-
ized by Khachikian & Weedman 1974.

— Type-1 Seyfert galaxies: are those with highly ionized, broad permitted lines,
together with narrow forbidden lines. The narrowlines come from low-density,
low-ionization gas, in the so-called Narrow-Line Region (NLR, see Section
1.3.3), and have a full width at half maximum (FWHM) of a few hundred
km s~! (i.e., still broader than those lines observed in non-active galaxies).
Because the density in the NLR is low, transitions are not collisionally de-
excited, and so the radiative transitions (and, hence, the forbidden lines) are
observed. The broad lines have widths Doppler-broadened up to 10* km s~.
The Broad Line Region (BLR, see Section 1.3.3) is located closer in to the black
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hole, shown by both the increased width of the lines, and the higher ionisa-
tion state; since only permitted lines are seen, the BLR is thought to be the

3, compared to ~ 10% — 10cm 3

denser of the two regions, with r, > 10%cm™
for the NLR. There are certain objects, known as Narrow-Line Seyfert 1 galax-
ies, which do show the broad lines (c.f. Type-2 galaxies; see below), but they
are narrower than in the typical broad-line Seyfert 1s. NLS1s are thought to
have high accretion rates and, very probably, small black hole masses; see,

e.g., Bian & Zhao 2003a. This will be discussed below.

— Type-2 Seyfert galaxies: differ from the Type-1 objects by showing only the
narrow lines. They have an [O 111]A5007 to HB ratio of < 3 (Shuder & Osterbrock,
1981); Seyfert 2s also tend to show weaker [Fe 11](or higher ionisation iron)
emission lines than their Seyfert 1 counterparts. The difference between Seyfert
1 and 2 type galaxies, as discussed in Section 1.4, it is likely to be mainly due

to an orientation effect.

* Quasars: or QSOs (Schmidt, 1963) are the most luminous of the AGN family with a
bolometric luminosity Ly,; ~ 10* —10%" erg s~!. Their spectra are similar to those
of Seyferts. However they are usually found at higher red-shift (z> 0.1) and the host
galaxy is hardly, if not at all, resolved. They can have a significant radio emission, in
which case this radiation can be connected with relativistic jets or extended emis-

sion lobes.

* Radio Galaxies: are moderate or bright AGN (Lp,; ~ 10*2 —10% erg s7!) and their
peculiarity is their powerful emission in the radio-mm band. Although radio galax-
ies are considered, in some senses, to be radio-loud Seyferts, they typically oc-
cur in elliptical galaxies, rather than spirals. The radio lobes in these galaxies are
powered by a jet of particles and emit non-thermal, synchrotron radiation (e.g.,
Blandford & Rees 1974). They can be classified as Broad Line radio Galaxies (BLRGs)
or Narrow Line radio Galaxies (NLRGs) depending on the presence of broad or nar-

row emission lines in their optical-UV spectra.

* OVV & Blazars: the Optically Violent Variables (OVV) show the highest variability
among all the AGN, from the radio up to the X-ray bans. Their optical emission is
also strongly polarized. Blazars or BL Lacs (named after the first object in the class,
identified in the direction of the constellation of Lacerta, the lizard) do not have
visible radio lobes and do not show emission/absorption lines. Blazar spectra are

purely power-law continua, with no thermal component.

* LINERs: Low Ionisation Nuclear Emission-Line Region galaxies are the least lu-
minous of the classifications. They were first identified by Heckman 1980 and

are, in fact, very common, possibly existing in nearly half of all spiral galaxies
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(Ho et al., 1994). LINERS show only weak nuclear activity, with most of their emis-
sion coming from starlight. The emission line spectra indicate the existence of a
non-stellar continuum, although this has yet to be observed directly (Netzer 1990).
The observational difference, in the optical region, between LINERS and Seyfert
2-type galaxies lies in the relative strength of certain low-ionisation lines, with
Heckman'’s definitions being that the [O n]AA 3727, 3729 lines are stronger than
the [O 1] 15007 line, O 14 6300/[0 111115007 < 0.33 and [N 11]A 6584/Ha = 0.6.

As afinal note to this section, Starburst galaxies should be mentioned. These are galaxies
in which the star-formation rate is much higher than average. They contain many young
stars and are more energetic than normal galaxies, although not as luminous as AGN.
They show strong IR emission, due to the heating of dust by UV emission from the young
stellar population. Starbursts may be formed through the merger of galaxies. Although
there are not AGN as such, much work has been done on the connection between the

groups.

1.3. THE STRUCTURE OF AGN

1.3.1. THE CENTRAL ENGINE

The AGN are compact, extremely luminous and often most of them are variable at the
shortest observed wavelengths. Thus, a mechanism such as accretion that can provide
highly efficient conversion of potential and kinetic energy to radiation is needed, since

a large mass provides high persistent Eddington luminosities. AGN must be powered by
accretion onto massive black holes at the dynamical center of their host galaxies. The ac-
creting gas surrounding the black hole forms a thin, optically thick disc (Shakura & Sunyaev
1973; Shields 1978; Malkan & Sargent 1982): this material, loosing angular momentum,
tends to fall inward and eventually onto the black hole with a mass accretion rate M =

dM/dt. The total energy released by this accretion is given by:
Lace = nMCZ (1.1)

where c is the speed of light in vacuum and 7 is the efficiency (i.e. mass crossing radius r

per unit time). To power a typical AGN requires an accretion rate:

. L -3 Lyq -1
M= W ~1.8x10 (T)M@yr (1.2)

0% erg s~!. The potential energy

where Ly, is the central source luminosity in unit of 1
of a mass m at distance r from a central source of mass M is U = GMm/r, where G is the
gravitational constant. The rate at which the potential energy of in-falling material can

be converted to radiation is given by:

L~dU_GMdM_GMM

Tdt r dt r

(1.3)
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The efficiency 1 depends on the compactness of the accreting object, namely the ratio

M/R, as:
_GM R

Rc? 2R
where R; is the Schwarzschild radius, which is the event horizon for a non-rotating black
hole. For a black hole with mass 108M, = Mg:

n (1.4)

2GM
Rg= 7 = 3 x 103 Mg cm = 1072 light days (1.5)

In the case of a black hole, the compactness is maximized. R is the radius of the Inner-

most Stable Circular Orbit (ISCO), defined, for a non-spinning black hole, as:

6GM
T1sCO= —3 (1.6)

The efficiency has its maximum values for rotating BHs, i.e. Kerr BHs where r;sco = Rs.
Equation 1.1 states that the luminosity of an AGN primarily depends on its accretion
rate, which in turns primarily depends on the amount of fuel available and on the mass
of the central BH. Assuming a spherical symmetry and a gas of fully ionized hydrogen
accreting onto a black hole of mass Mgy, an upper limit for the luminosity is given by
the Eddington luminosity Lgqq (Eddington, 1925). This luminosity is reached when the

radiation pressure balances he gravitational pull of the black hole:

MgH

=1.3x10%
108M,

41Gemyp
Mgn

Lacc <Lgdd = (1.7)

where my, is the proton mass and o1 ! is the Thomson cross section of the electron.
In reality, the geometry is rather axially than spherically symmetric. Luminosities and
accretion rates higher than the Eddington limit in so-called Super-Eddington accretion
are possible. If the luminosity exceeds the Eddington luminosity the gas is expelled.

The ratio of the observed accretion luminosity to the Eddington luminosity (called
the Eddington ratio: Apqq = Lacc/Ledq) is a useful measure for comparing BH accretion

rates over a wide range of BH masses.

1.3.2. ACCRETION-DISC STRUCTURE

Dynamical arguments suggest that matter orbiting a central massive object (a black hole
in the case of AGN) will settle into a flattened structure. Probably, the gas lost from tidally
disrupted stars dissipate energy through shocks and radiation, but conserves angular
momentum, which leads to the formation of an accretion disc. Within the accretion

disc, magnetic fields and turbulence transport angular momentum outwards and mass

1The Thomson cross section is:

2

8n | & _

or=— =6.65x1072°cm? (1.8)
3 | mec?
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inwards down to the innermost stable circular orbit of the black hole, beyond which the
material plunges into the event horizon of the BH. Assuming that a particle at distance r
from the BH dissipates energy locally, and assuming that the medium is optically thick,

we can approximate the local emission as a black-body. We can estimate the luminosity:

osgT? (1.9)

where ogp is the Stefan-Boltzmann constant and T is the temperature. Solving it for the

temperature and r:
1

GMM \*
T=|—3— (1.10)
4nR>. Osp

disc
A more correct derivation takes into account how the energy is dissipated in the disc

through viscosity (see Par. 1.3.2), which is a consequence of work being done by viscous

{ 3GMM [ (Rm)%l}z
To) = ——= |1-|— (1.11)
8nmogpr3 r

where R;, defines the inner edge of the disc. For r > R;; the equation 1.11 can be sim-

torques. This yields:

plified and put in terms of Rg (which is a lower limit to R;;). Assuming L ~ Lgg4q we obtain

a temperature:

1
T:5><105( )41( 1.12)

108M,,
Most of the luminosity is released in the inner part of the disc and the more massive is
the black hole, the cooler is the disc. Using the Boltzmann constant kp we can put the

previous equation in terms of energy:

M \i
) eV (1.13)

kpT = 40| ———
B (103M®

THE SHAKURA-SUNYAEV DISC

The models of disc accretion faced the basic problem that the orbiting material must lose
angular momentum. The total angular momentum of the system must be conserved,
thus, the angular momentum lost due to matter in-falling has to be offset by angular
momentum gain of matter far from the center (angular momentum "transport" must
occur). In the early 1970s Nikolai Shakura and Rashid Sunyaev proposed a useful ap-
proximate solution to the problem of the angular momentum transport, applicable to
geometrically thin but optically thick accretion discs, with a constant rate of accretion
(Shakura & Sunyaev, 1973). In the Shakura and Sunyaev a-disc model, the rotation is
assumed to be Keplerian and the disc is in a steady state. They proposed turbulence
in the gaseous material of the disc to be the main source of viscosity. In a turbulent
medium, we have v = vyybAurb, Where vy, is the velocity of turbulent cells relative
to the mean gas motion, and A, is the size of the largest turbulent cells, which is es-

timated as QA = h = ¢/Q and vy = ¢s , where Q = (GM)/2r73/2 is the Keplerian
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orbital angular velocity, r is the radial distance from the central object of mass M, c; is
the speed of sound in the medium and # is the half thickness of the disc. Assuming sub-
sonic turbulence (vyyp < ¢5) and assuming Ay, 1, < £, the viscosity (called alpha viscosity

prescription, can be approximated as:
v=acsh (1.14)

The « is a free parameter between zero (no accretion) and approximately one (maximum
rate of accretion). By using the equation of hydrostatic equilibrium, combined with con-
servation of angular momentum and assuming that the disc is thin, the equations of disc

structure may be solved in terms of the a parameter.

Figure 1.3: Spectral energy dis-
tribution for a geometrically
thin optically thick steady-state

accretion disc based on the a-

disc model. The central rela-
tively flat portion of the distri-
bution is characterized by a v!/3

slope.

Log v

The energy flux radiated from surface unit of the disc in unit of time is:
3 GMM R;
0=3 {1_(_”1) } (1.15)

8n 13 r
Due to the mass conservation M is constant. In the case of radiative vertical transport, in

N I—=

an optically thick disc (7 > 1), each element of the disc radiates as a black-body with an
effective temperature: Q = osgT*. From this and the equation1.15 it is possible to find

equation 1.11. At large radii (r > R;,) we have:

(M VH My
T=3.7x10 —| K (1.16)
108M, IM.o/yr) \Rs

The characteristic temperature of the disc is then 10° K, in agreement with the equation

1.12; the relation T(r) o< r™# can be used to find the spectrum of the disc. Using the black-

body assumption the spectral energy distribution is described by the Planck function:

3

N -1
By x v e(‘g;a_T)—l] (1.17)

This results in the form of the spectral energy distribution reported in Figure 1.3. For
AGN, the observable disc emission is primarily in the upper, relatively flat portion of the

distribution. A relativistic version of the a-disc model is given by Novikov & Thorne 1973.



12

1. ACTIVE GALACTIC NUCLEI

1.3.3. NARROW AND BROAD-LINE REGIONS

One of the first distinguished observational properties of AGN is the presence of emission
lines with Doppler widths of the order of 103 to a few 10* km s™! . The most prominent
of these lines are the hydrogen Balmer series lines Ha 16563, HB 14861 and Hy 14340,
the hydrogen Lya A1216. Also common lines of ions Mg 1 12798, [C 1] 11909 and
C 1v 11549. These lines are in many cases much narrower (a few hundred kilometers
per second) forbidden or semi-forbidden emission lines. The narrower widths and the
lack of variability of the latter led to the conclusion that they emanated from a region that
was much larger and kinematically separate from that of the broad lines. This led to their

respective designation as the broad-line region (BLR) and the narrow-line region (NLR).

The typical size of the BLR is 10 — 100 light-days in Seyfert 1 galaxies, and up to a
few light years in bright quasars. The electron density in the BLR is at least 103cm™3, as
judged from the absence of strong, broad forbidden lines, and the typical gas velocity is
3000—10000 km s~! . The typical density of the NLR is 103 ~10%cm ™3, and the gas velocity
300—-1000 km s~! . The NLR must be much larger than the BLR, since no clear variation of
the narrow emission lines is observed in objects undergoing large continuum variations.
The NLR is resolved by ground-based observations in several nearby Seyferts, showing

dimensions of 100 — 300 pc.

The NLR is the largest spatial scale where the ionizing radiation from the central
source dominates over the stellar light; it is the only AGN component which is spatially
resolved in the optical. The general properties of the NLR that should be kept in mind
are that the emission comes from a spatially extended region (~ 10 — 10*pc) and that
the forbidden line emission is isotropic since self-absorption in the narrow line region is
negligible. Low density (72, < 10cm™3), hot (T ~ 10* K) gas in this extended region is ion-
ized by high-energy photons from the inner AGN regions. The geometry of the central
obscuring structure means that the ionized NLR gas can be anisotropically distributed

(in an “ionization cone”, for instance).

1.3.4. THE DUSTY TORUS

The dusty molecular torus surrounding the central engine of AGN is expected to consist
of molecular gas as well as of warm and hot (T ~ 100 — 1500 K) dust. The simplest torus
is made of a smooth matter distribution. More elaborated structures, made of clumps
and inter-clump material, are preferred by observations. The gas at the inner radius of
the torus is ionized by the central source. Deeper in, the torus contains dusty molecu-
lar gas.Its inner radius is set by the dust sublimation temperature (see e.g. Netzer & Laor

1993, Netzer 2015), and its geometry is subject to extensive research. Recently ,the torus

hasbeen proposed to be clumpy (Nenkova et al. (2008); Honig & Kishimoto (2010); Marinucci et al.

(2016)). The origin of the torus could, for example, involve matter coming off the rela-

tively cold, outer regions, of the accretion disc. That matter could form a clumped wind
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structure about the disc perimeter. Alternatively, the matter could accrete from ambient
matter from within the host galaxy. Also, scenarios involving outflowing clouds from the

disc embedded in a hydromagnetically driven disc wind have been proposed.

1.4. UNIFIED MODEL
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Figure 1.4: General structure of AGN according to Unified model. Image credit: E Kraul3 after
Urry & Padovani 1995

Not all the features described above are observed in all AGN. Besides all the observa-
tional diversity, it is now largely accepted that all the radio-quiet AGN classes share the
same intrinsic structure and the different observed characteristics are due to the differ-
ent inclination relative to the obscuring torus (see Section 1.3.4). One of the most im-
portant observational evidence of this obscuring structure was in 1985, when Antonucci
and Miller (Antonucci & Miller, 1985) observed the Seyfert 2 galaxy NGC 1068 in polar-
ized light. The scattered light in the nuclear region revealed broad lines, like those seen
ubiquitously in Seyfert 1 galaxies. This suggests that Type 1 and Type 2 Seyfert galaxies
are intrinsically the same, but the BLR of Seyfert 2 is hidden from view, while the NLR
is visible for both since its large scale. This led to the idea which is known as AGN Uni-
fication (see Antonucci 1993, Urry & Padovani 1995 and Bianchi et al. 2012b for a more

recent review).
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According to this model, all AGN are powered by the accretion onto a central super-
massive black hole (SMBH). The material approaching the SMBH forms an accretion disc
and, through viscous drag, part of the gravitational potential is converted to radiation.
The emission of the disc is a combination of thermal blackbodies, with the peak in the far
UV. The interaction of this soft photons with a plasma of relativistic hot electrons on the
top of the disc, the corona, is supposed to produce the observed X-ray emission (see sec-
tion 2.4). In the circumnuclear environment, there are clouds of gas in Keplerian motion
with respect to the SMBH. In radio-loud AGN (roughly 15-20% of the population), rela-
tivistic jets emerge from the central region along the disc axis, emitting Doppler-boosted
radiation via synchrotron emission and inverse Compton scattering mechanisms. The
inner part of the AGN, up to the BLR, is supposed to be enshrouded in an optically and
geometrically thick (Ny > 10?4cm™2) torus-like structure, composed of molecular clouds
and dust, that is opaque to most of the electromagnetic radiation. Therefore, an observer
looking at AGN edge-on (i. e. on the torus plane) can not see the innermost region of the
AGN, because the view is obstructed by the intercepting material. In this case, only the
narrow emission lines are directly visible. Vice-versa, an observer looking face-on (i.e.
along the axis) has a direct view of the BLR, the NLR and the accretion disc emission (see
Figure 1.4). The Unified Model explains the major differences between type-1 and type-2
AGN with a surprisingly small number of assumptions. Seyfert 2s galaxies have a spectra
which is weaker at low energies (below 1-2 keV) with respect to Seyfert 1s spectra. This
effect is caused by the photoelectric absorption of the soft X-ray photons by the dusty
torus.

Although the Unified Model has allowed to explain much of the complex AGN phe-
nomenology, an increasing set of observations appear to be in conflict with some of the
key predictions of the Unified Model (Bianchi et al. 2012a; Bianchi et al. 2012b), e.g. that

each Seyfert 2 has an obscured Seyfert 1 nucleus (a hidden broad-line region).



X-RAY PROPERTIES OF ACTIVE
GALACTIC NUCLEI

"All truths are easy to understand once
they are discovered; the point is to discover

them."

Galileo Galilei

Electromagnetic radiation between ~ 120 eV (0.014) to ~ 120 keV (10A) is referred
to as X-rays. Similarly to the case of the UV range, X-rays are not able to penetrate the
Earth’s atmosphere, and it is thus necessary to fly detectors at high altitudes. The X-ray
domain has seen an enormous evolution over recent decades, and is currently one of the
key energy ranges to study AGN.

The aim of this chapter is to describe the X-ray properties of Active Galactic Nuclei,
the physical processes that generate this emission and the spectral shape of the X-ray

emission.

2.1. EMISSION MECHANISMS

Much of the electromagnetic radiation produced by AGN is very different from a black
body emission or stellar radiation. This section addresses the various different processes
which lead to the production of X-rays in AGN, forming the characteristic spectral shapes.

A complete discussion of the topic can be found in B. Rybicki & P. Lightman 1979.

2.1.1. BREMSSTRAHLUNG
Bremsstrahlung, or free-free emission, is the radiation due to the emission of a charged

particle in a Coulomb field of other charges. The word "Bremsstrahlung" is a German

15
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word meaning "braking radiation", which refers to the way in which electrons are "braked"
when they hit a metal target. Both before and after the braking, the incident electrons
are free, i.e. not bound to an atom. The resulting radiation spectrum is continuous and
if the energy of the incident charge is high enough, they emit X-rays after they have been
braked.

A full understanding of this process requires a quantum treatment, since photons of
energies comparable to that of the emitting particle can be produced. However, a clas-
sical treatment is justified in some regimes, and the obtained formulas have the correct
functional dependence of most of the physical parameters. Then the quantum correc-
tion could be introduced in the form of Gaunt factors.

Here we calculate the total power and the Bremsstrahlung radiation spectrum in the
case of an electron, charge e~ passing close to an ion of charge Ze* with impact param-
eter b, see Figure 2.1, and velocity v. Since the mass of the ion is much larger than that
of the electron, we can assume just the motion of the latter and the ion at rest. Let us as-
sume also that the motion of the electron is along a line, that corresponds to the assump-
tion that the motion is not violently perturbed by the interaction. The characteristic time
t., called the collision time, i.e. the time during which the electron is in close interaction

with the ion, is:

b
to=2— 2.1)
v
There is also a characteristic frequency:
I
W=t 2.2)
Assuming the acceleration constant during the interaction, and equal to:
¢ (2.3)
a= .
meb?

A charged particle accelerating in a vacuum radiates power, as described by the Larmor

hv

N
(]
+

Figure 2.1: An electron of charge e~ moving past an ion of charge Ze* .

formula, so the formula for total radiated power is given by:

b dE _2¢é*a* 4 Z%° 2.4)
~dt 3 ¢ 3c3mibdv ’
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In the real case we can consider a cloud of ions with number density n, and free electron
with number density n.. Each electron experiences 2wnzvbdb collision with impact

parameter between b and b + db. The total number of collisions is:
Nior =2nn.nzvbdb (2.5)

The total emissivity from a cloud emitting via Bremsstrahlung, in which the electrons

have the same fixed velocity; is:

dE bmas 16 722 32n2%€® nenz . (bmax
UV, V)= ———— =2 NNV —————bdb= In
Jor (@) dvdvdt etz fbmm 3 3mib2v? 3c3m?2 v (bmin)
(2.6)

Where b,y is some value of b beyond which the b <« v/w asymptotic result is inappli-
cable and the contribution to the integral becomes negligible. The value of b, so is of
the order of v/w. The value of b,,;, could be estimated in two way. The first concerns
the possibility to treat the collision process in term of classical orbits. By the Heisenberg

uncertainty principle AxAt 2 7 and taking Ax ~ b and Ap ~ m,v we have:

q _ h

= (2.7)

min. 2xmev
The second way came from the classical physic requirement that Av < v:

47e?
c —
Dinin= g2 (2.8)
c q . . . . . .

When b7 . > b, . a classical description of the scattering process is valid, vice-versa

the classical description cannot strictly be used.

THERMAL BREMSSTRAHLUNG
When the plasma is at equilibrium, the process is called thermal Bremsstrahlung. A set

of particles at thermal equilibrium follow the Maxwell-Boltzmann distribution:

2 mev?
f(v)dv:4n(2ﬂnlze )2 ¢ T p2dy 2.9)
B

Thus the number density of electrons whose velocity is between v and v+ dv is n.(v) =

nef(v)dv. Replacing n.(v) in equation 2.6 and integrating over velocity distribution is

possible to find the thermal Bremsstrahlung emission (for details see B. Rybicki & P. Lightman

1979):

__hv_
Jpr (T,v) = =6.8 x 10_3822nenZT_% e 2T gg(T;v) [ergs s tem™3 Hz_l] (2.10)

dvdvdt
where g7 ¢(T;v) is a velocity averaged Gaunt factor. The thermal Bremsstrahlung spec-
trum is flat up to an exponential cut-off. The cut-off frequency depends on the temper-
ature only, and is conventionally set when the exponential is equal 1/e, i.e. hv ~ kpT,
see Figure 2.2. from the ratio between the energy density of the electrons and the power

density we can estimate the cooling time:

br
tcool

- 11, -172
=2x10""n, Tz [s] (2.11)
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Weut

log(w/wcut)

Figure 2.2: Spectrum produced in the Bremsstrahlung process. The spectrumi s flat up to a cut-off frequency

wcut, and falls off exponentially at higher frequencies.

FREE-FREE ABSORPTION

The spectrum shown in Figure 2.2 is correct as long as the medium producing the radi-
ation is optically thin. In a medium which is optically thin, any internally generated ra-
diation is essentially free to escape from the emitting region without further interaction
with the medium. If the medium is optically thick, radiation generated is only moving a
short distance within the medium (relative to its size) before being absorbed again. The

shape of the spectrum is set by the balance of both emission and absorption processes.

Since we are considering cloud in thermal equilibrium, we can use the Kirchoff’s law

to find out the absorption coefficient:

Jv hv3 1
Sy=-L=By=2——— (2.12)
dv el -1

where B, is the intensity of the black-body emission. From equation 2.12 we obtain the

absorption coefficient:

hv
all ~37x 10322nzneT%v‘3(1—e‘ks_T) [em™!] 2.13)
When hv <« kgT (Rayleigh-Jeans regime), a{,cf x v~2, when hv > kT (Wien regime),

a{jf o v~3. Due to the self-absorption, the Bremsstrahlung spectrum has a cut-off also

atlow energy, see Figure 2.3. The net important effect is that the free-free absorption gets
larger at lower frequencies, while at high photon frequencies the medium is optically
thin.
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2.1.2. SYNCHROTRON RADIATION

When charged particle are forced by magnetic field to follow curved trajectories they emit
electromagnetic radiation in the direction of their motion (Figure 2.4). Lorentz force is
responsible for this kind of radiation. For non relativistic velocities, the radiation is called
cyclotron radiation and the frequency of emission is simply the frequency of gyration
in the magnetic field. For extreme relativistic particles, the radiation is known as syn-
chrotron radiation and the frequency is much more complex. Considering a charge g of

mass m in a magnetic field B:
wR = }fq_n];c (2.14)
The acceleration is perpendicular to the velocity, with magnitude a; = wgv,. The total
emitted power is given by the Larmor formula:
pP= gZ—jy‘laz (2.15)

Since P ox a? x w% o« m™2, for a given velocity, heavier particles are less effective than

lighter, so we can focus only on electron synchrotron emission. For electrons with isotropic

velocities distribution, the emitted radiation is given by the average of the Larmor for-

mula over all angles for a given velocity 8. The result is:
2\ 5 2 apa 4 2.2 -15432,2 p2 -1
P= 3 rocBoy BT = gatcﬁ y°Up=11x10""f°y"B* [ergss™ | (2.16)

where 1y = e?/m,c? is the classical electron radius, o; = 8nr§/3 is the Thomson cross

section and Ujp is the magnetic energy density: Ug = B?/8.

For all y > 1 the factor 2 = 1 —1/y? = 1 can be ignored. Relativistic effects multiply the

average radiation power by a factor y> compared with the non relativistic (y = 1).
Electrons in a plasma emitting synchrotron radiation cool down. The time scale for

this to occur is given by the energy of the electrons divided by the rate at which they are

radiating away their energy. The energy is E = ymc?. Assuming = 1:

syn 3m?c3

= 775x108B %y [s 2.17
cool 40TUBzEmax Y [ ] ( )
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Figure 2.4: Synchrotron radiation diagram. A particle gyrates along the magnetic field lines. Its trajectory

has an helicoidal shape.

Around a super massive black hole, the typical magnetic field is B = 10* [gauss], so the
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cooling time of an electron with y = 103 is ¢
cool
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SPECTRUM OF SYNCHROTRON RADIATION

The spectrum of synchrotron radiation is related to the variation of the electric field as
seen by an observer. The emitted radiation fields appears to be concentrated in a narrow
cone of semi-aperture 1/v, due to the relativistic beaming effect. Thus, the observer will
see a pulse of radiation confined to a time interval which is smaller than the gyration

period. The observed duration of the pulse is roughly:

1
At = o (2.18)
B

Synchrotron radiation is a very spiky series of widely spaced narrow pulses, peaking at a

critical frequency, i..e. the maximum Fourier component of the pulse:
3 3 .
W, = EY wpgsin(0) (2.19a)

3
Ve= Eyst sin(6) (2.19b)

where 0 is the angle between the velocity and the magnetic field. For electrons with
¥ ~ 103 in a magnetic field of B ~ 10~ [gauss], the critical frequencyis v ~ 100 MHz, thus
the synchrotron emission is at radio frequency. However for high velocities, like those
achieved by charged particles in relativistic jets observed in radio-loud AGN (y ~ 107),
the critical synchrotron frequency is in the X-ray band.

It can be shown (see B. Rybicki & P. Lightman 1979) that the power spectrum for the

synchrotron emission is:

Pv)=

3
é e Bs1n(9)F(l) 2.20)

21 mc? Ve
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Figure 2.5: The synchrotron spectrum of a single electron plotted in terms of F(x), with x = v/v,.

where F is a function defined as:
(o0}
F(x) = xf Ks5/3(2)dz 2.21)
X

K5/3(z) is the modified Bessel function on the order of 5/3.

F(l)cx (%)13 (v <<ve) (2.22)

Ve v

2 v
(v—) e v, (v>v,)
c

The F function peaks at v ~ 0.29v; at v > v, the function decays exponentially, while
the low frequency part can be approximated by a power-law of slope 1/3 (see Figure 2.5).
Now we can compute the synchrotron spectrum for a set of relativistic electrons. The
number density of particles with energy between y and y +dy is approximately N(y)dy =
Cy~Pdy. Integrating this quantity times the single particle radiation formula over all y

we obtain the total power radiated per unit volume per unit frequency:
Y2 Y2 v
Pioi(v)=C PW)y Pdy x F (—) Yy~ Pdy (2.23)
71 11 Ve
Changing the variable of integration to x = v/v:
-1y [* p=3
Pios(W)x v 7 f F(x)x  dx (2.24)
X1

The extremes of integrations depend on v < y?. However, if the energy limits are suffi-

ciently wide, we can approximate x; = 0 and x, = oco. In this case we have:

=)

Piot(V)ox v 2 (2.25)
The spectrum is described by a power law P ox v~% with the spectral index:

a=2"" (2.26)
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Typically p=2-3anda =0.5-1.

Synchrotron emission is accompanied by absorption, as for Bremsstrahlung emis-
sion. A photon interacts with a charge in the magnetic field ad it is absorbed. Another
process that can occur is stimulated emission, or negative absorption, in which a particle
is induced to emit more strongly into a direction and at a frequency where photons are

already present. The absorption coefficient is (see B. Rybicki & P. Lightman 1979):

_ (pt+4)

AyxX Vv 2z (2.27)

2.1.3. COMPTON SCATTERING

Figure 2.6: Geometry for scattering of a photon by an electron at rest.

Thomson scattering, or the scattering of a photon by an electron at rest, only strictly
applies to low photon energy, i.e. when hv <« m,c®.In Thomson scattering the incident
photon and scattered photon have the same wavelength or energy, so this scattering is
also called coherent or elastic. If the photon energy is comparable to or greater than
the electron energy, non-classical effects must be taken into account, and the process is
called Compton scattering. A further interesting situation develops when the electron is
moving. In this case, energy can be transferred to the photon, and the process is called
inverse Compton scattering. This last process is an important mechanism in high-energy
astrophysics.

Considering a photon with initial four-momentum 13% i = (hv;)(1,7i;) colliding with
an electron atrest (see Figure 2.6). After the collision the photon will have four-momentum
13% = (hv rloa, 7 1) where 7i; and 7 r are the initial and final directions of the photon.
The initial and final four-momenta of the electron are 139,,- = (mc,0) and 136, r=(Elc,p).
Due to the recoil of the charge, the scattering is no more elastic. From the conservation

of momentum and energy, we obtain the final energy of the photon:

I’lVl'
(1-cosB)

hvp=—7 (2.28)

meC?

1+
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In term of wavelength, this can be written:
Af—ﬂl' =Ac(1—cosB) (2.29)
Where A¢ is the Compton wavelength, defined as:

h
Ac = =0.02426A (2.30)

eC

For A > A¢ (i.e., hv < m,c?) the scattering is close to be elastic. When this condition is
satisfied, we can assume that there is no change in photon energy in the rest frame f the
electron.

When the electrons are no longer considered to be at rest, there can be a transfer of
energy from the electron to the photon. This process is called Inverse Compton. Inverse
Compton scattering can produce substantial fluxes of photons in the optical to X-ray
region. Analysis shows that the mean frequency of the photons after the collision in-
creases by a factor y?, so that high-frequency radio photons in collisions with relativistic
electrons for which yis of order 10® to 10* can be boosted in the UV and X-ray regions.

Let us consider an electron moving with a relativistic velocity f in the observer’s
frame K, and a photon with initial energy E; propagating in a direction which forms an
angle ; with the electron velocity. In the frame comoving with the electron, K’, we have
the Doppler effect:

E;=E;y(1- fBcosy) (2.31)

The final energy of the photon, in the rest frame of the electron, is given by equation 2.28.
If the initial photon energy in K’ is much less than m,c?, we can approximate E} = Ej,

and transforming back in the observer’s frame K:
Ef=y(1+Bcos U’}) (2.32)

The net effect, as said above, is an increasing of the energy of the photon of a factor y2.
There is a practical limit to the amount of boosting possible which can be seen from the
conservation of energy:

hvy=ymec®+hv; (2.33)

Thus, the scattered photon energies are limited to ym,c?.

The power emitted in the case of an isotropic distribution of photons is:
3
Pcomp = 3¢07Y B Uraa 2.34)

where U, 4 is the radiation energy density of the photon field (before scattering). Note
how similar this is to the power due to synchrotron emission. The losses due to syn-
chrotron and Compton process are in the ratio of the magnetic field energy density to
the photon field energy density, and it is independent of y:

PComp _ Urad
PSync Up

(2.35)
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The scattered photons may be produced in the source through synchrotron radiation,
and these are boosted then the resultant photons are called Synchrotron Self Compton.
From equation 2.34 we can compute the total Compton power, per unit volume, for a
medium of relativistic electrons. Let N(y)dy be the number of electrons per unit volume
with y in the range of y and y + dy. Then, for example, the total power for a thermal

plasma of non-relativistic electrons of number density 7, is:

4kgT
Pior = — corneUraa (2.36)
mecC

e
The number in the parentheses is the fractional photon energy gain per scattering. SO, if
the electron temperature is high enough (i.e., 4kgT > E), for each scattering the photon

4kgT
mec?

gain an energy of minus the energy loss due to the electron recoil. We can estimate

the cooling time of the process:

3mec

IC e 7r7-1 -3
=—~16x10°U S ergs cm 2.37

cool 80TUrad rad [ 8 ] ( )

To give a complete description we need to take into account multiple scattering.

THERMAL COMPTONIZATION

The process of multiple scattering of photons by a thermal distribution of electrons is

called thermal Comptonization. Let define the Compton parameter y, to determine whether

a photon will significantly change its energy in traversing a finite medium. The Comp-
. . : A€y 45

ton parameter is the average fractional energy change per scattering (<) times the mean

number of scattering. If y > 1 the Comptonization is important because the Comp-

tonized spectrum has more energy than the spectrum of the seed photons. For a plasma

with optical depth 7, the number of scattering is of the order of 72 + T = max(z;7?). For

non relativistic electrons with E < 4kpT, in thermal equilibrium:

4kpT ,
Yihnr = =5 % max(t;7%) (2.38)
e

If 7 > 1 each photon will scatter ~ 72 times before escape, so the final energy of the

photon will be:
Ef= E;e¥ (2.39)
If Ef = 4kpT the process saturate since the photon stop gain energy.
2
For relativistic electrons, from equation 2.34, we have % = 4%, SO:
4kgT)? )
Yntr = > | x max(t;7%) (2.40)
MmecC
T<1
In the case of small optical depth:
Ae
y="S1 (2.41)
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Figure 2.7: Left panel: multiple Compton scattering when 7 > 1 and y > 1. For the first scattering order,
nearly all the photons are scattered. Therefore the number of photons escaping is the same at each scat-
tering order. When the photon frequency is the order of ® , photons and electrons are in equilibrium and,
even if only a small fraction of photons can escape, they do not change frequency and therefore they form
a Wien bump. Right panel: multiple Compton scattering for 7 < 1. A fraction 7 of the photons of the pre-
vious scattering order undergoes another scattering and amplifying the frequency by a factor A, until the
photon frequency equal the electron temperature . Then further scattering leave the photon frequency
unchanged.

Both plots are adapted from Ghisellini 2013.

We can define the amplification factor:

4kpT)\?
1= (5]
mecC

(2.42)

After k scatterings, the energy of the photon is increased by a factor A¥. The intensity of

emergent radiation has the form of a power-law (see right panel of Figure 2.7):

Fyox v@ (2.43)
i In(7) In(7)
- _ln(;) ~n(y) —Tln(‘r) @44
> 1

In the case of very large optical depth the interaction between photons and matter be-
comes so intense that they go to equilibrium, and they will have the same temperature.
But instead of black-body the spectrum has a Wien shape. This is because photons are

conserved. The Wien spectrum has a slope:

3

F,x vie™ (2.45)

T>1,y>1
In this case it is necessary to solve the Boltzmann equation for Compton scattering to
find the intensity of the emission. It is possible to show (see B. Rybicki & P. Lightman

1979) that the emerging spectrum is a power-law (see left panel of Figure 2.7):

F,ox v %o 3t (2.46)
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where:
3 94
m=——=+4/—— (2.47a)
2 4y
3_ /94
a=——F/—— (2.47b)
2 4y

2.2. THE COMPLEX X-RAY SPECTRUM OF ACTIVE GALACTIC NUCLEI
The study of the X-ray emission from AGN is a fundamental tool to have a direct probe
of their innermost regions. The X-ray emission from AGN extends from the Galactic ab-
sorption cutoff at a few tenths of keV up to a few hundreds of keV. The typical X-ray
continuum can be roughly represented by a power-law with photon index I', defined as
F(E) x E7' in units of ph cm~2 s~! keV~!; the relation with the spectral index a (equa-
tion2.47b)isa=1-T.

The X-ray continuum is ubiquitous in AGN and can be explained by thermal Comp-
tonization of the soft UV radiation (Haardt & Maraschi, 1993). This continuum is repro-
cessed (Matt et al., 1991) by cold neutral circumnuclear medium (e.g. the accretion disc
or the molecular torus) and gives rise to a reflection bump at around 30 keV and a broad
iron, Ka line emission at around 6.4 keV. In addition to the main power-law, observa-
tions show a rise of the spectrum below 1-2 keV (Arnaud et al. 1985; Bianchi et al. 2009).
This feature is called soft excess and its origin is still under debate (Done et al., 2007b).

The main features of AGN X-ray spectra are discussed below and are shown in Figure 2.8.

2.2.1. THE PRIMARY EMISSION

The spectral shape of the X-ray emission from AGN is a a power-law, with a photon index
ranging between 1.5 and 2 (Nandra & Pounds 1994, Bianchi et al. 2009 and Piconcelli et al.
2005). The power-law continuum often shows a high-energy cut-off, presumably due to

the cut-off of in the energy distribution of the electrons responsible for the X-ray emis-

sion and usually located around a few hundreds keV (Perola et al. 2002, Malizia et al.

2014, Fabian et al. 2015, Marinucci et al. 2016, Fabian et al. 2017 and references therein).

These features are directly related to the temperature and optical depth of the plasma of
hot electrons responsible for the power-law emission.

As said before, the primary continuum in AGN is produced by a Comptonization
mechanism; this process is believed to arise from the inner regions of AGN, close to the
central super-massive black hole, in the corona (Section 1.2.1). In this region electrons
multiple inverse-Compton scatter some of the low-energy UV and optical photons from
the disc to X-ray energies (Fabian et al., 1989). The analysis of the primary X-ray con-
tinuum can give information about the parameters of this plasma of electrons, like tem-
perature and optical depth. Geometry of the Comptonizing corona has been considered

in various ways. Haardt & Maraschi (1991) suggested a simple model where a uniform
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Figure 2.8: Main components of typical X-ray spectrum of an unobscured AGN, adapted from
Fabian & Miniutti 2005.

plane-like corona "sandwiches" the accretion disc. However this slab corona can be eas-
ily cooled by Comptonization, and cannot maintain a temperature which is high enough
to explain actually observed X-ray spectra. The geometry of the corona is still uncertain.
Apart from the slab geometry it could be a sphere, or a patchy medium. In Section 2.4

the model of the hot corona are discussed in details.

2.2.2. THE COMPTON REFLECTION AND IRON Ka LINE

The illumination of neutral/ionized materials surrounding the central BH (like the ac-
cretion disc and the molecular torus) by the primary emission, gives rise to a charac-
teristic reflection spectrum which is the result of Compton scattering and photoelec-
tric absorption followed either by Auger de-excitation or by fluorescent line emission
(Guilbert & Rees 1988, Matt et al. 1991). The main features of this reflection component
are a continuum, due to electron scattering which peaks at around 30-40 keV (reflection
hump) and a cut-off at around 4-5 keV due to the the decrease of photoelectric absorp-
tion cross section with respect to electron scattering (Magdziarz & Zdziarski, 1995a). The
ratio between the reflected flux and the direct flux received by an observer is called re-
flection fraction %, and represents the reflection efficiency. Z could be considered as an
estimator of the solid angle subtended by the reflector (% = Q/2x Magdziarz & Zdziarski
1995a). The reflection efficiency is typically a few percent of the direct emission in the 2-
10 keV range because of photoelectric absorption, rising to ~ 30% at the 30 keV peak for a
Compton thick reflector covering a significant fraction of the solid angle (Ghisellini et al.,
1994). The efficiency drops if the reflecting medium is Compton thin (part of the incident
radiation can escape).

The gas in the disc can be ionized due to the illumination from the primary X-ray
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Figure 2.9: Monte Carlo simulations of the reflection spectrum from a neutral geometrically thin disc, with
solar abundance of elements, adapted from Reynolds 1996.

emission. The degree of the ionization of the gas can be described by a quantity called

ionization parameter, defined as:
&= L [ergcm s_l] (2.48)
nr? ’

where L is the illuminating luminosity, » is the gas density and r is the distance of the illu-
minating source from the scattering gas. As ¢ gets higher, the number of electrons bound
in light atoms decreases, and the photo-absorption cross section decreases at lower en-
ergies.

The absorption of photons with energies E < 10 keV can give rise to several fluores-
cence emission lines from the most abundant heavy elements. In particular, we can note
the presence of neutral/ionized Fe K emission in the range of energies 6.4 < E < 7 keV.
Iron has the highest cosmic abundance among the heavy metals and it has the highest
fluorescence yield, so the strongest line is the Fe Ka (see Figure 2.11, Matt et al. 1997,
Fabian et al. 2000). When the X-ray photons irradiate the plasma, one of the two K-shell
(i.e., the principal quantum number n equal to one) electron is ejected from the iron
atom. The resulting excited state decays when an L-shell (n = 2) electron drops into the
K-shell, either releasing an emission line at 6.4 keV (34% probability), or ejecting another
electron (66%probability) (Auger effect) (Fabian et al., 2000).

The FeKa line is pretty narrow in itself, but when it originates in an accretion disc,
it becomes broader due to kinematics effects, and its profile (shape) changes due to
Doppler boosting and gravitational redshift. These effects are relevant when the line is
produced in the disc at few gravitational radii. If the line is produced at large disc radii, it
will have a symmetric profile due to the Doppler effect, with two peaks: a "red" one pro-

duced by the emitting material from the receding side of the disc and a "blue" one which
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corresponds to the emitting material from the approaching side of the disc. The broadest
part of the line comes from the innermost regions of the disc, where the rotation velocity
of the emitting material is higher.Close to the central black hole, orbital velocities of the
disc are relativistic and the spectrum becomes affected by special and general relativis-
tic effects causing broadening/smearing of spectral features. These effects result in the
enhancement of the "blue" peak with respect to the "red" one (relativistic beaming). Fig-
ure 2.10 shows these different effects on an intrinsically narrow emission line and their
overall combination. Since the strength of the relativistic effects strongly depends on the
distance from the BH, the reflection spectrum can give an estimate of the innermost disc

radius and an upper limit of the Innermost Stable Circular Orbit (ISCO) radius.

2.2.3. THE SOFT EXCESS

Many AGN show an extra emission below ~ 2 keV, away from the extrapolated 2-10 keV
power-law emission. It is known as soft-excess and was first seen by Arnaud et al. (1985)
in the Seyfert galaxy Mrk 841. It is a common feature in AGN spectra but the precise
origin of this soft excess is still unknown and under debate (Bianchi et al., 2009).

Piro et al. 1997 studied the soft excess with ROSAT and Ginga finding that no model
fitted satisfactorily the 17 objects they analysed, concluding that soft excess phenomenon
is likely to vary from source to source.

The soft excess is a largely featureless component which can be fitted with one or

more black-body components, to model the disc thermal emission. However, tempera-

tures are too high to be simply the high energy tail of the accretion disc emission (Gierliniski & Done,

2004). This temperature has a small spread, regardless of the mass or mass accretion rate
of the central black hole, which requires some fine-tuning (Gierliniski & Done, 2004). If

the accretion disc is strongly ionized, the reflection from the disc surface can enhance
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the emission at low energies. Incorporating ionized disc reflection models, such as those
described by Ballantyne et al. (2001) or Nayakshin et al. (2000), can not only account for
the finite-width ionized iron line, but also adds to the soft emission.

The next most obvious continuum origin for the soft excess is Comptonized disc
emission. The observed rollover at ~ 0.6 keV implies an electron temperature of kT, ~

0.1 -0.2 keV, and the shape of the spectrum implies a large optical depth 7 ~ 20.
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Figure 2.11: The soft excess for six Seyfert 1 galaxies measured by XMM-Newton. The abscissa is the photon
energy in keV while ordinate shows the ratio of the data points to a power-law fitted over the 2-10 keV energy
band. Taken from Pounds & Reeves (2002).

2.2.4. ABSORPTION FEATURES
AGN X-ray spectra may be affected by absorption from the complex structures surround-

ing the central black hole.

WARM ABSORBER
A region between the NRL and the BLR (0.1-10 pc from the center), with intermediate
to large column densities (N ~ 102!723cm™2) and a density larger from 10 to 100 times

than the one in the BLR, is expected to produce strong absorption and emission features
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in the X-ray spectrum, around ~ 0.7 — 0.8 keV. This component is called warm-absorber.
The strongest spectral features related to this component are absorption lines of the
most abundant elements, strong bound-free absorption edges and several emission lines
(Reynolds 1997, Crenshaw & Kraemer 1999). The main (and diagnostically most useful)
manifestation of X-ray warm absorbers is narrow absorption lines (Kaastra et al., 2000),
similar to those seen for many years in the UV. Absorption from layers of photo-ionised
gas in the circumnuclear region of AGN is commonly observed in more than half radio-

quiet object.
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Figure 2.12: Two-phase absorber model plotted against the first-order spectrum of NGC 3783. Absorption
lines predicted are marked in the top (red). Single labels stand for emission lines (blue). The line-free zones
are indicated at the bottom of each panel (green). The continuum level (including edge continuum absorp-
tion) is overplotted for comparison (dotted green line). The spectrum is presented in the rest-frame system
of the absorbing gas. Taken from Krongold et al. (2003)

In Figure 2.12 an example of the complex spectral features imprinted by the warm
absorber in the soft spectrum of the bright Seyfert 1 galaxy NGC 3783 superimposed on

a simple two-phase model fitting most of the absorption features is reported .

The absorption and emission features due to this highly ionized gas are usually blue-
shifted with respect to the systemic velocity of the sources, indicating that the warm ab-
sorbers are outflowing with typical velocities around 10> —103km s~!. There is increasing
evidence of the presence of narrow blue-shifted absorption lines at rest frame energies
greater than 6.4 keV (Braito et al. 2007; Cappi et al. 2009). Highly blue-shifted iron K-
shell absorption lines around 7 keV have been detected in the X-ray spectra of several
AGN indicating absorption from mildly relativistic outflows with velocities up to ~ 0.4c
(see Tombesi et al. (2010) and references therein). These are the so-called Ultra-Fast Out-
flow (UFOs). Warm absorbers and UFOs could be part of the same, large-scale, outflow
(Tombesi et al., 2013).
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COLD ABSORPTION
As we have seen in Chapter 1, spectra of types 2 AGN are strongly affected by photoelec-
tric absorption by cold neutral material along the line of sight (e.g. the obscuring torus).
By measuring the energy of the photoelectric absorption it is possible to estimate the
column density of the absorbing material. If N > 102*cm™2, the gas is thick to Compton
scattering. In Compton thick sources with N > 10°cm™2 the primary X-ray radiation
is totally absorbed at any energies. If Ny does not exceeds ~ 10°cm™2, the radiation is
totally absorbed below 10 keV, but it is still transmitted and observable between 10-100
keV (Matt et al., 1997).

It should be noted that absorption of hard X-rays is due to metals, therefore what
we actually compute is the column of metals. To infer the equivalent column of hydro-
gen, generally solar abundances are assumed. However some AGN display super-solar

abundance; as a consequence hydrogen column densities are overestimated.

2.3. X-RAY VARIABILITY

Rapid and irregular variability of the observed X-ray emission in the line, as well as in
the continuum, in flux and spectral shape, is a common property for most AGN. These
variations can provide information on the physical conditions, the size, and the geome-
try of the X-ray emitting region. X-ray sources are expected to be highly variable due to
their compactness (since net observed variability is governed by the source light-crossing
time, see Mushotzky et al. 1993 for a review). If the variability time-scale is ¢, the size of a

source of mass M should be roughly:

t( M
rgctz—(—) (2.49)
50s | 107M,,

The X-ray emission from AGN shows the highest variability amplitudes on shortest time
scale (less than ~1 day) with respect to other wavebands. This implies that enormous
amount of energy are released in a very short time in flare-like events. A useful way to
characterize variability is in terms of the Power Density Spectrum (PDS), which is the
product of the Fourier transform of the light curve and its complex conjugate and rep-
resents the amount of variability power, B, as a function of Fourier frequency, f. The
PDS for AGN is often parametrized as a power law: P ox f~%, with 1 < a < 2 over time-
scales from hours to month (Vaughan et al., 2003). The total power in the variations
is given by integrating the PDS over all frequencies. Thus, the PDS must turn over at
low frequencies (i.e., a < 1 at low frequencies), to prevent divergence in the total power
(Gonzalez-Martin & Vaughan, 2012). The physical origin of the PSD break time-scale is
not understood, however it could be associated with the inverse Compton cooling time
(Ishibashi & Courvoisier, 2012). Since the break time scale scales with the black hole
mass, it is likely to be linked to some characteristic time scale at a particular radius of

the flow. For example, in black hole binaries the break is generally interpreted in terms
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of the viscous time scale at the outer radius of the hot flow (e.g. Done et al. 2007a).

Another estimator for the variability is the normalized excess variance (Nandra et al.
1997; Vaughan et al. 2003), the variance of the light curve after subtracting the contribu-
tions from measurements errors. The excess variance is found to anti-correlate with the
black hole mass (Ponti et al., 2012).

The flux variability has been studied in details by dedicated X-ray satellites like Rossi
X-ray Timing Explorer (RXTE) which made several important discoveries, including the
confirmation that AGN iron fluorescence line flux variations need not correlate with the
continuum variability (Reynolds, 2000). Observed variations of the FeKa line, both in
shape and intensity, are less than those of the high energetic continuum which is as-
sumed to give rise to the line emission. Also it seems that there is no correspondence
between the continuum variation and the response of the line on time scales from sev-
eral minutes to several days. The line and the continuum variations seem to be uncorre-
lated (Zycki, 2004). But detection of reverberation lags in many AGN demonstrates there
is some fraction of correlated variability (the line and soft band continuum respond lin-
early to continuum variations on short time scales). However, this is difficult to dig out,
and requires refined techniques that can disentangle components varying on different
time scales. This variability could be due to disc instability, reflecting in perturbations
of the disc emissivity, or it could be caused by external effects such as gravitational mi-
crolensing.

Spectral variability is also commonly observed in AGN. The spectral variations ob-

served provide valuable details of the physical conditions of the X-ray reprocessing (Miniutti et al.,

2007) and/or on the physical properties of absorbing material which may exist close to
the central source (see e.g. Miller et al. (2008)). The photon index is found to correlate
with the characteristic frequency in the PSD and this correlation is driven by accretion
rate, for a given black hole mass: objects with a higher accretion rate relative to the Ed-
dington limit should also have a steeper spectrum and a shorter characteristic time scale
when normalised to the BH mass (Papadakis et al., 2009). The spectrum is usually found
to have the so-called softer-when-brighter behaviour, i.e. the spectrum is softer when
the flux is higher (Sobolewska & Papadakis, 2009). The softer-when-brighter behaviour
could be explained in the Comptonization scenario. An increase of the power of the seed
photons illuminating the corona determines a more efficient cooling of the hot electrons,
with a resulting drop in the coronal temperature, which causes the X-ray spectrum to
steepen (Soldi et al., 2014).

Another characteristic of the spectral-timing properties of the X-ray variability is the
presence of the time-lags between the light curves in different energy bands. The ob-
served lags are hard for long time scales X-ray variability, in the sense that variations in
hard photons (above 2 keV) lag those in soft photons (below 1-2 keV) (e.g. Papadakis
(2011); McHardy et al. (2004) and Vaughan et al. (2003)), and time-scale dependent, i.e.

time delay increases towards lower Fourier-frequencies (longer variability time-scales).
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Figure 2.13: Geometries of the central black hole (black), the accretion disc (brown), and Comptoniz-
ing Corona(yellow), proposed to explain the formation of the primary X-ray component. From the top
to the bottom is shown the "sandwich" geometry, two "sphere+disc” geometries and the patchy corona
(Reynolds & Nowak, 2003).

The hard-lags are also seen in X-ray binaries and are interpreted in terms of propagation
of mass accretion rate fluctuations in the disc. Different time-scales are introduced to
the accretion flow at different distances from the compact object, and the propagation
time-scales are comparable to the time-scales of the perturbations (Kotov et al., 2001).
Soft-lags also have been observed in a number of sources, when testing the short time
scale X-ray variability and have been interpreted as a signature of the relativistic reflec-
tion (Fabian et al., 2009). which responds to continuum changes after the light-crossing
time from the source to the reflecting region. The characteristic time-scales of the soft
lags are generally short (in the range from tens to hundreds of seconds), and correlated
with the black hole mass (De Marco et al., 2013).

2.4. THE CORONA

Geometry of the Comptonizing corona generating the power-law-like primary contin-
uum has been considered in various ways. Haardt and Maraschi, 1991 (see above, sec-
tion2.4.1) suggested a simple model, where a uniform plane corona "sandwiches" the
accretion disc (see upper panel of Figure 2.15). The bottom three "photon starved" ge-
ometries in Figure 2.15 are currently possible candidates for the corona in which the pri-
mary continuum is generated. In this section I present the theoretical models that have

been proposed to describe the hot, Comptonizing corona.
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2.4.1. DISC-CORONA MODEL

In the disc-corona scenario (or two phases model) originally proposed by Liang (1979),
and revived by Haardt & Maraschi (1991) and Haardt & Maraschi (1993), the inner region
of an AGN is essentially composed of two phases: a hot, optically thin, X-ray emitting
corona located above a cold, optically thick, UV-emitting accretion disc. In this model
the two phases are coupled: the emission from the disc provides the soft photon input
for the Comptonization and the hard Comptonized photons contributed to the heating
of the thick phase. One possible configuration that satisfies the above condition is a
plane-parallel corona above an accretion disc. In this case the condition y = 1 (see sec-
tion 2.1.3) is achieved only if the entire available gravitational power is released in the hot
corona. In this case the reprocessed thermalized radiation coincides with the UV bump,
and the reprocessed reflected radiation forms the 30 keV Compton hump. To a first ap-
proximation, the geometry of the system can be assumed to be plane-parallel, where the
two phases are two homogeneous and isothermal layers (Haardt et al., 1994). The same
condition can be satisfied if there are several such smaller regions above the disc, rather
than a single smooth corona. In this case the non-uniform, patchy corona consists of
several blobs and only a fraction of the available energy needs to be released in the hot
corona.

Approximating the two-phase as two uniform adjacent slab, the fraction of gravita-
tional power, &, dissipated in the hot layer with optical depth 7, will be f. The power
dissipated within the optically thick phase will be (1 - f)2;. Assuming the main cool-
ing mechanism is the Comptonization(i.e., 7 < 1), the total luminosity radiated in all
directions is ALy;sc, with A an amplification factor due to Comptonization, that could
be calculated with some geometrical and energetic considerations, and L;, is the total
soft luminosity. The luminosity added by Compton processes is Lcomp = (A—1)Lgof;. It

could be broken into the upward component, L, and the downward component, L;c:
LComp =(A-1Lgjsc = Luc + Lac (2.50)

The hard photons directed downward are partially absorbed and partially reflected by
the optically thick layer. The reflected power, L;.f; = aLqc, contributed to the hard com-
ponent of the emitting spectrum, the absorbed power, L, = (1 — a) Ly, contributed to

the radiated luminosity ;..

We get the energy balance for the cold, optically thick layer, i.e. the accretion disc:
(1-NPg+Q-a)Lac = Laisc (2.51)
and the energy balance for the hot, optically thin layer, i.e. the corona:

fyg + Lgisc = ALgjsc (2.52)
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Solving for Lg;,. and A, with the previous definitions, we get:

Ldisc:{l_f[l_(l_“m]}‘@g
A=1+

f (2.53)

1-f[1-(-a)n]
Where 7 is the fraction of Compton luminosity emitted towards the disc, it quantifies the
anisotropy of Compton processes: The outgoing luminosity Ly is then Ly = P

In the limit f =1, all the gravitational power is dissipated in the corona and the disc
itself does not emit radiation, passive disc. In this limit, n is typically 0.5—-0.6 and a ~
0.1-0.2. For an optically thin corona A = 3, for an optically thick corona, A = 2. Assuming
a=0andn=0.5 we found A=3.

Since the Comptonization spectrum has a power-law spectral shape (see Section

2.1.3):
I1(E) = I(Ep) (E) (2.54)
Ey

Assuming the soft photons in a quasi-black body spectral shape (peaking at ~ 3kp T), the

soft luminosity will be:

Laisc o< 1(Eo)Ep (2.55)
and the Compton luminosity:
€max
LComp = f I(EYdE (2.56)
€min

with €, = E1 and €,,4x = 3kpT = EpA;. We find an equation for the heating/cooling

ratio, which is another expression for A (see Haardt & Maraschi 1991):

l1-a
(3kBT) - (Al)l‘“] (2.57)
Ep

1

A-1=——
l-a

The spectral index a is function of the temperature and the optical depth:

Int
a=— 7<1 (2.58)
ll’lAl

For f =1 we found 1.1 < ¢ < 1.4 (2.1 < T < 2.4) for a large range of optical depth and
temperature values. The physical reason is that the corona adjusts its optical depth and
temperature to keep a constant value of the heating/cooling ratio (i.e., amplification fac-
tor, which is set by geometry) to satisfy the energy balance.

Haardt et al. (1994) developed the two phase model also with the assumption that
the corona could have a patchy structure because of the formation of magnetic loops in
which the energy is stored and then dissipated by reconnection. The disc is no more pas-
sive but can contribute to most of the UV luminosity as in the standard Shakura Sunyaev
model (see Section 1.3.2). This model explains also the variability of the observed emis-
sion that could be do to variations of the accretion rate or to stochastic variations of the

number of blobs.
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2.4.2. THE LAMP-POST MODEL

According to this model (Matt et al. (1991); Martocchia & Matt (1996); Henri & Petrucci
(1997); Petrucci & Henri (1997); Martocchia et al. (2000); Miniutti & Fabian (2004)) the il-
lumination of the disc is caused by a point-like source located on the rotation axis of the

BH. This kind of source can be identified, e.g. with the base of a jet. As we have seen in

observer

Tout accretion disc

Figure 2.14: Scheme of the lamp-post geometry: the primary source is located above the black hole, on
its the axis, at height h and illuminates the corotating accretion disc. The observer sees both the primary

radiation and the reflection component distorted by light bending. Taken from Caballero-Garcia et al. (2017)

Section 2.3, the observed iron line and the continuum variations seem to be uncorrelated
(Zycki, 2004). The lamp-post scenario could explain this apparent absence of correlation
between the above variations. The spectral shape of the reflection spectrum is deter-
mined also by the geometry of the illuminating and reflecting region (Martocchia et al.
2000; Martocchia et al. 2002), in addition to other factors such as the physical properties
of the re-processing matter and the properties of the central gravitating body.

The strong gravitational light bending and redshift, due to the vicinity of the primary
source to the black hole, allows strong variations of the flux of the observed continuum
with respect to the reflection component (more than one order of magnitude) as the
height of the primary sources varies (Miniutti & Fabian, 2004).

Recent detailed models for calculation of the reflection spectra use the lamp-post
geometry (see e.g., Garcia et al. 2013; Dauser et al. 2013). In this way, strong-gravity ef-
fects, due the vicinity of the primary X-ray sources to a black hole, are taken into ac-
count. In this scenario, the sources that showed a reflection dominated spectrum re-
quire a more compact corona, located near the black hole (Fabian et al., 2012). However,
to produce the hard X-ray Compton spectrum, the source of the primary X-ray contin-
uum must be large enough to intercept sufficient seeds photons (Dovciak & Done 2015;
Dov¢ciak & Done 2016).

2.4.3. COMPACTNESS AND PAIR PRODUCTION
Let see now the role of the pair production in the hot corona. Electron-positron pair

production from photon-photon collisions can be important in compact and luminous
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sources, when photons are energetic enough.

We have seen, (Section 2.4.2) that sources which are small and highly luminous can
also be "compact” in radiative sense, meaning that interactions involving significant en-
ergy exchange between photons and particles are common in the source. The relevant
parameter is the ratio of the source luminosity to size (L/R, Cavaliere & Morrison 1980).
This is usually given in terms of the dimensionless compactness parameter (Ghisellini,

2013):
L o
/= T

S 2.59
R m,c3 (2.59)

where L is the luminosity, R is the radius of the source (assumed spherical), o7 is the
Thomson cross section and m, is the mass of the electron. If ¢ ~ 1, a particle loses a
significant fraction of its energy crossing the region of the source.

The optical depth for the process in a source of a given luminosity, at high frequency,
depends on the cross section, oy, on the density of the target, n, and on the size for
which the process can occur, R: 7y ~ nyoy_yR. The density of the target is (Ghisellini,
2013):

Lx
ny(IMeV) = ————— 2.60
y(IMeV) A R2cm,c? (2.60)
Therefore 7y, could be written in terms of the compactness parameter ¢:
(IMeV) d (2.61)
Ty ~— .
Y 207

If the compactness is small an increase in the heating power leads to an increase of
the temperature. But when the temperature reaches ~ 2m,c?(i.e., ~ 1MeV), pair pro-
duction becomes significant and the number of particles increases (Ghisellini & Haardt,
1994). Then the temperature start decreasing and the compactness and the heating
power increase. At equilibrium pair production/annihilation occur at the same rate.
If the source is compact (i.e., £ > 1), the photon density is huge. This means that the
cooling time scale for inverse Compton scattering is shorter than the light crossing time
(tcross = R/2¢) and the pair production can play a major role in determining the out-
going spectrum and overall composition of the emitting source. The pair production
acts as an ¢-dependent thermostat. We have seen (Equation 2.60) that the pair density
is proportional to the luminosity and the temperature and inversely proportional to the
source size. Thus, the energy associated with the increased luminosity goes to increase
the number of pairs rather than the temperature. Pair production becomes a runaway
process, outstripping annihilation, soaking up energy and limiting any rise in tempera-
ture (Ghisellini & Haardt, 1994).

As said before, photon-photon collisions create electron-positron pairs when the
temperature exceeds ~ 2m,c? (i.e., ~ IMeV). The condition for pair production is Ty—y >
1. When 7y-, > 1 a significant fraction of the source luminosity is channelled into pair
production, this corresponds to £ 2 60. Since the size of the AGN coronz is ~ 10R, the

condition can be met in AGN.
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Recent measure of temperature and compactness in AGN (Fabian et al. 2015, Fabian et al.

2017) suggests that these parameters follows the relations imposed by pair balance, sug-

gesting that pair production/annihilation play an important role in determining the physics

of the spectral properties of AGN.

THE COMPACTNESS-TEMPERATURE DIAGRAM
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Figure 2.15: Theoretical compactness-temperature diagram, taken from Fabian et al. (2015). The red and

blue curves are the pair runaway lines respectively for a disc-like or a spherical corona.

To understand the various physical properties of a physical finite, thermal plasma it

could be useful to look at the compactness-temperature diagram ® — ¢ (Svensson 1984,

Stern et al. 1995,Fabian et al. 2015) where © is the dimensionless temperature (Ghisellini & Haardt,

1994):

= (2.62)

The dominant radiation process in a plasma will be the one with the shortest cooling

time. We have seen that in the hot corona the most significant processes are the Bremsstrahlung,

the inverse Compton scattering and the pair production. Considering a spherical source
of size R and scattering optical depth 7, which generates a luminosity L; the cooling time

of the inverse Compton effect is (Equation 2.37):

o= TR (2.63)
“"2cl0+D) '
while the Bremsstrahlung cooling time is (see Equation 2.11:
OR
ty = ve (2.64)
Tafsc

where a is the fine-structure constant. Comparing the two cooling times, it is pos-

sible to see that the Comptonization dominates at high compactness (¢ > 3a f®_” 2.
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When 30 < ¢ < 0.0407%2 the dominant effect is the electron-proton coupling while
for .040732 < ¢ < 800732 the electron electron coupling becomes relevant (Fabian,
1994).

As described above, beyond a certain regime the pair production becomes a run-
away process. In the © — ¢ plane this regime is identified by the, so-called, pair runaway
lines. The position of these lines depends on the shape of the source and on the radiation
mechanism. Stern et al. (1995) computed the pair balance curve for a slab corona (red
line in Figure 2.15). Svensson (1984) estimated that the pair balance for an isolated cloud

occurs where ¢ ~ 100%2¢1/€ (blue line in Figure 2.15).



THE X-RAY SATELLITES XMM-Newton,
Swift AND NuSTAR

"We are all in the gutter, but some of us are

looking at the stars."

Oscar Wilde

The aim of this chapter is to briefly discuss current hard X-ray telescopes, showing
the developments in technology and to give an overview of the observatories which are
used in this thesis: XMM-Newton, Swift and NuSTAR.

3.1. HARD X-RAY TELESCOPES

The hard X-ray band is a part of the electromagnetic spectrum which is relatively under-
explored. Since X-rays are absorbed by the Earth’s atmosphere, developments in X-ray
astronomy lagged significantly behind those in optical or radio astronomy. Any observa-
tory hoping to detect cosmic X-rays must be at a very high altitude (above = 99-99.9999%
of the atmosphere, depending on the X-ray photon energy). The other challenge in ob-
taining high-quality data is that X-ray photons are very difficult to focus; they are readily
absorbed by the mirror materials used by UV, optical, and infra-red telescopes (rather
than being reflected).

The first X-ray telescope using Wolter Type I grazing-incidence optics was employed
in a rocket-borne experiment in 1965 to obtain X-ray images of the Sun (Giacconi et al.,
1965). Ever since, the history of X-ray astronomy has been marked by technological
breakthroughs going hand-in-hand with astronomical motivation to make better and
better satellites, which are many orders of magnitude more sensitive than the pioneer-

ing experiments. The most basic elements of an X-ray telescope are the light gathering
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aperture and the detectors. Early X-ray experiments had very little directionality. Solar X-
rays were first discovered by a crude pinhole camera payload onboard a Naval Research
Laboratory rocket, with no means to collimate or focus the incoming radiation.

The next evolutionary step was to add collimators in front of the detectors. Collima-
tors enable basic imaging of the sky in the same way a single dish radio telescope does:
by pointing and imaging one field of view at a time. They are still used primarily for
X-ray timing. Finer imaging is achieved by using coded aperture masks-which uses the
principle of pinhole cameras.

A major breakthrough in soft X-ray astronomy came with the development of focus-
ing optics. Unlike visible light, X-rays do not reflect near normal incidence. The index
of refraction of solids for X-rays is slightly lower than unity. Hence, if X-rays are inci-
dent on a surface at incidence (or graze angles, which decreases with energy) below the
critical angle, they undergo total external reflection. Based on this principle, the Ein-
stein Observatory (HEAO 2; Giacconi et al. 1979) became the first satellite to use focus-
ing X-ray optics. Today, focusing optics are regularly employed in soft X-ray telescopes.
Most notable among them is Chandra, which attains subarcsecond angular resolution
(Weisskopf et al., 2000).

Focusing telescopes concentrate light from the source onto a detector much smaller
than the telescope aperture. Since sources can be extracted from smaller parts of the
detector, the contributions from astrophysical and detector backgrounds are greatly re-
duced relative to a coded aperture mask. Hard X-rays from a point source are focused
into a few square-millimeter spot. As compared to a coded aperture mask where the de-
tector area is about a factor of two larger than the aperture, this reduces the background
in the extraction region by 10* and improves the Signal to Noise Ratio (SNR) by a factor of
100 in background-limited observations. Compared to coded aperture masks, focusing

telescopes are also more sensitive to diffuse sources.

3.2. XMM-Newton

Figure 3.1: Artistic impression of the XMM-Newton spacecraft.

XMM-Newton is an X-ray observatory satellite named in honor of Sir Isaac Newton.

XMM stands for X-ray Multi Mirror. It is a mission developed by the European Space
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Agency (ESA), dedicated to exploring the Universe in the soft-X-ray part of the elec-
tromagnetic spectrum, between 0.2 and 12 keV (XMM Users Handbook, 2010). XMM-
Newton was launched on December 10, 1999. It weighs 4 tons and is 10 m long. It is
placed in a 48-hour elliptical orbit at 40 degrees. Its apogee is about 114000 km from
Earth and its perigee about 7000 km (XMM Users Handbook, 2010).

XMM-Newton carries two distinct types of telescopes, an X-ray telescope, and an op-

tical/UV telescope. Three types of instruments are on-board the satellite:

* The European Photon Imaging Camera (EPIC), for X-ray imaging, X-ray spectroscopy,

and photometry (Striider et al., 2001).

* The Reflection Grating Spectrometer (RGS), for high-resolution X-ray spectroscopy
and spectro-photometry (Den Herder et al., 2001).

* The Optical Monitor (OM), for optical/UV imaging and spectroscopy (Turner et al.,
2001).

The basic characteristics of XMM-Newton are: simultaneous operation of all science in-
struments; high sensitivity; good angular resolution; moderate and high spectral resolu-
tion; simultaneous optical/UV observations; and long continuous target visibility. A de-
tailed description of the XMM-Newton mission can be found in XMM Users Handbook
(2010).

The XMM-Newton observatory has three telescopes for collecting X-ray photons. The
optics of each telescope consist of 58 nested mirror modules. They are designed to op-
erate in the X-ray energy range of 0.1 keV to 12.0 keV, with a focal length of 7.5 m, and
X-ray point-spread function values for the full width at half maximum (FWHM) on the
order of 6 arc seconds and the half energy width (HEW) of about 15 arc seconds. Each
mirror module consists of two parts. The front part has a paraboloid surface and the rear
part a hyperboloid surface. This configuration allows for double reflection of the grazing
X-rays, and therefore, focusing of X-rays. Behind each of the X-ray telescopes, an EPIC
camera is installed, providing extremely sensitive imaging observations. As shown in Fig
3.2, XMM-Newton has much larger effective area than previous detectors working in the

same energy band.

3.2.1. EPIC CAMERAS

The XMM-Newton telescope carries three EPIC cameras of two different types:
* MOS (Metal Oxide Semi-conductor) CCD arrays type;
e fully depleted pn CCDs

Two of the cameras are EPIC MOS CCDs, with the RGS in the light path. The third X-

ray telescope has an unobstructed beam with an EPIC camera at the focus, using pn



44

3. THE X-RAY SATELLITES XMM-Newton, Swift AND NuSTAR

—— XMM
- AXAF |
---- ROSAT \
Asca i

Effective area, A, [em?]

0.1 1.0 100
Energy [keV]

Figure 3.2: Comparison of the mirror effective areas of some X-rays observatories. Taken from
XMM Users Handbook (2010).

CCDs. Each camera has a field of view (FOV) of 30 arc minutes. The cameras allow several
modes of data acquisition, and different cameras may operate in different modes. The
MOS and pn cameras are fundamentally different. They have different geometries and
differ in others properties as well, such as their readout time.

All EPIC CCDs operate in a photon counting mode, producing so-called "event lists".
An event is an X-ray hitting the detector. An eventlist is a table with the event’s attributes,
such as position, time and energy, among others. EPIC cameras are not only sensitive to
X-ray photons but also to infrared, visible and ultra-violet light. The cameras include

blocking filters to reduce the contamination of the X-ray signal by those photons.

3.2.2. EPIC BACKGROUND

The EPIC cameras are affected by different sources of background. The background
effect in the detectors can be divided into three categories (see XIMM Users Handbook
2010):

* the cosmic X-ray background;
e the particle X-ray background;
* the instrumental background.

The cosmic X-ray background consists of photons from astrophysical sources and is
dominated by thermal emission at lower energies (< 1 keV) and a power law at higher
energies (primarily from unresolved cosmological sources). This background varies over
the sky at lower energies. Solar wind charge exchange can also contribute to the cos-
mic X-ray background. The particle X-ray background consists of soft proton flares from
the Sun, with spectral variations from flare to flare, and internal (cosmic-ray induced)

background, created directly by particles penetrating the CCDs, and indirectly by the
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fluorescence of satellite material to which the detectors are exposed. The instrumental
background consists of electronic noise, it is a detector noise component, such as bright

pixels and readout noise.

3.3. Swift GAMMA RAY BURST EXPLORER

Figure 3.3: Artistic impression of the Swift spacecraft.

Swift is a NASA Midex (medium-class Explorer) mission. It was launched on Novem-
ber 20, 2004.The Swift Gamma Ray Burst Explorer is a three-telescope space observa-
tory for studying gamma-ray bursts (GRBs) and monitoring the afterglow in X-ray, and
UV/Visible light at the location of a burst. To maximise its scientific potential it has rapid-
response capabilities and is equipped with three telescopes that cover the y-ray, X-ray

and UV/optical energy range:
* Burst Alert Telescope (BAT, Barthelmy et al. 2005).
» X-ray Telescope (XRT, Burrows et al. 2005).
e Ultraviolet/Optical Telescope (UVOT, Roming et al. 2005).

Swift is engineered to rapidly slew to a burst as soon as a GRB is detected by the BAT, and
can place the GRB in the field of view (FOV) of the XRT and UVOT within 100 s.

3.3.1. Swift/BAT

The BAT is designed to cover the prompt emission from GRBs over the whole sky. With
a large field of view (1.4 sr) and a quick slew time, it can detect the position of GRBs in
the sky with an accuracy of 1 —4’ in 15 seconds. The BAT works in the energy band from
15 keV to 150 keV and it uses a coded-aperture mask composed of ~ 54000 lead tiles,
of dimensions 5 x 5 x 1 mm, which is mounted on a 5 cm thick composite honeycomb
panel and placed 1 meter above the detector plane. The 12 x 0.6 m sensitive area of the
BAT detector plane is formed by 32768 pieces of 4 x 4 x 2 mm CdZnTe (CZT). Groups of
128 detector elements are collected into 8 x 16 arrays, each one of which is connected
to 128-channel readout Application Specific Integrated Circuits (ASICs). The detector

modules, which contain each two such arrays, are further grouped in blocks of eight. The
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hierarchical structure, together with the coded-aperture technique, allows the possibility
of losing individual pixels, individual detector modules and even whole blocks without

losing the ability to detect GRBs and determine positions.

3.3.2. Swift/XRT

The Swift/XRT is composed of a grazing incidence Wolter Type I X-ray telescope with 12
nested mirrors, which are made to focus on single MOS charge-coupled device (CCD),
similar to those on the XMM-Newton EPIC MOS cameras(see Section 3.2). It has an ef-
fective area of 110 cm?, 23.6' x 23.6' field of view, 18" resolution and a 0.2 — 10 keV energy
range. The X-ray telescope can acquire fluxes, perform spectral analysis and produce
light curves of GRBs and their afterglow, covering a dynamic range that spans over seven

orders of magnitude.

3.3.3. Swift/UVOT

The UVOT is a 30 cm modified Ritchey-Chrétien reflector with two microchannel plate
intensified CCD detectors that are modelled on the Optical Monitor on-board XMM-
Newton (see Section 3.2). They are photon counting devices that are capable of detect-
ing very low signal levels, unaffected by CCD read-out noise and cosmic ray events. The
UVOT contains three optical and three ultra-violet (UV) lenticular filters that cover the
wavelength range 1600 A — 6000 A, a white band filter that has a good response ranging
from 1600 A — 8000 A, and a blocked filter. The instrument also has a visible grism and a
UV grism, which provide low-resolution spectra (A/dA ~ 75) in the 2800 A — 5200 A and
1600 A — 2900 A energy range, respectively, for sources that are brighter than 17 mag for
the optical and 15 mag for the UV.

3.4. NuSTAR: THE NUCLEAR SPECTROSCOPIC TELESCOPE ARRAY

Figure 3.4: Diagram of the observatory in the deployed configuration (Harrison et al., 2013) .

The Nuclear Spectroscopic Telescope ARray (NuSTAR) is a NASA Small Explorer mis-
sion carrying the first focusing hard X-ray telescope (3-80 keV ) to orbit. NuSTAR was
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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.

NuSTAR has an order of magnitude better angular resolution, and it is two orders of

magnitude more sensitive than any existing hard X-ray instrument operating in the same
energy band (see Table 3.1, Figure 3.5).

NuSTAR consists of two co-aligned hard X-ray telescopes which are pointed at celes-

tial targets by a three-axis-stabilized spacecraft. The NuSTAR telescope consists of three
main parts:

* the optics, or mirrors, which focus the light;
* the detectors, which record the image;

* an extendible mast, which holds the optics and detectors at the required 10 meters

separation distance once in orbit.
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Figure 3.5: NuSTAR effective area in comparison with operating focusing telescopes (from Harrison et al.
2013). NuSTAR utilizes a low graze angle design with depth-graded multilayer coatings to extend the sen-

sitivity to 80 keV. The sharp cutoff at 80 keV is caused by a K-shell absorption edge in platinum used in the
coatings.

3.4.1. OprTICS

NuSTAR has two optics units aligned to look at the same location in the sky. The two
sets of images are added together on the ground to see fainter objects. NuSTAR employs
low grazing angle focusing optics which are conical approximations to the Wolter-I de-
sign (Hailey et al., 2010). Each of the two optics modules on board the spacecraft has
133 concentric, confocal shells with a focal length of 10.15 m. The optics have an an-

gular resolution of ~ 12" (FWHM), and a field of view of ~ 10’. The reflectivity of optics
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Table 3.1: Some currently operating X-ray telescopes compared to NuSTAR

Telescope Detector  Energyrange Energy resolution Optics type Effective area Angular resolution Field of view Launch Ref
(keV) (keV)? (cm?) (FWHM)

Chandra ACIS CCD 0.1-10 0.13 Focusing 235 1" 17 1999 1
XMM-Newton EPIC PN CCD 0.2-12 0.13 Focusing 851 ~6" 30’ 1999 1
Integral IBIS/ISGRI CdTe 15-1000 9% (100 keV) Coded Aperture ~2600 12’ 19°P 2002 2
Swift BAT CdZnTe* 15-150 7 Coded Aperture 5240 17 14 sr¢ 2002 3
Sukaku XIS CCD 0.2-12 0.12 Focusing 1000 <1.5" 19’ 2005 1
Sukaku HXD PIN diodes 10-60 3 Collimators 40 4 34’ 2005 4
NuSTAR CdZnTe* 6-80 1 Focusing 920 10" 13’ 2012 5

Notes. References: 1. https://heasarc.nasa.gov/docs/heasarc/missions/comparison.html ; 2.

Takahashi et al. 2007; 5. Harrison et al. 2010.
* Cadmium Zinc Telluride (CdZnTe) detectors.

“Energy resolution at 6 keV for soft X-ray instruments and 60 keV for hard X-ray instruments.

bpartially coded FOV. Fully coded field is 9°.
¢ Half coded field. 1.4 sr = 4600 sq. deg.

Ubertini et al. 2003; 3.

Barthelmy et al. 2005; 4.


https://heasarc.nasa.gov/docs/heasarc/missions/comparison.html
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shells starts decreasing with increasing angle of incidence of photons. This effect is more

pronounced at higher energies and the field of view drops to 6’ at 60 keV.

3.4.2. DETECTORS

To register the image focused by the optics, NuSTARrequires high-energy X-ray detectors
capable of measuring the position and energy of the incoming X-rays. in this case, the
detectors are called focal-plane detectors because they reside where light from the tele-
scope is focused. Each telescope has a corresponding Focal Plane Module (FPM) con-
sisting of four 32x32 pixel Cadmium Zinc Telluride (CdZnTe) detectors surrounded by a
Cesium Iodide (Csl) anti-coincidence shield. These detectors have energy resolution of

~1% and high quantum efficiency over the entire NuSTAR energy range.

3.4.3. THE MAST

Bridging the mirrors and the detectors is a mast, a little over 10 meters long. Because
hard X-rays graze off the mirrors at nearly parallel angles, hard X-ray telescopes require
long focal lengths (the distance between the optics and the detectors, or focal plane).
The mast is of low weight, compact and provides a stiff and stable structure connecting

the precisely aligned benches.






BROADBAND X-RAY SPECTRAL
ANALYSIS OF THE SEYFERT 1 GALAXY
GRS 1734-292

“The cosmos is within us. We are made of
star-stuff. We are a way for the universe to
know itself.”

Carl Sagan

In this chapter I will discuss the broadband X-ray spectrum of GRS 1734-292 ob-
tained from non-simultaneous XMM-Newton and NuSTAR observations, performed in
2009 and 2014, respectively.

4.1. INTRODUCTION

As we said in previous chapter (see Sect. 2.2), the primary X-ray emission in Active Galac-
tic Nuclei (AGN) is believed to be produced in a compact hot region, located close to the
supermassive black hole, and composed of a plasma of hot electrons: the corona (see
Sect. 2.4).

Pre- NuSTAR (Nuclear Spectroscopic Telescope Array: Harrison et al. 2010) measure-
ments of cutoff energies ranged between 50 and 300 keV (e.g. Dadina 2007, Perola et al.
2002, Malizia et al. 2014). NuSTAR’s high sensitivity in hard X-rays, allowing for the first
time source-dominated observations of Seyfert galaxies above 10 keV, has recently led to
high-energy cutoff measurements from 100 keV to more than 350 keV for several nearby
Seyfert galaxies (see: Brenneman et al. 2014; Marinucci et al. 2014a; Ballantyne et al. 2014,
Matt et al. 2015), plus a number of significant lower limits (Fabian et al. (2015)).

The nearby (z = 0.0214, corresponding to a distance of 87 Mpc) Seyfert Galaxy GRS
1734-292 is a good candidate for such measurements. With an X-ray luminosity ap-
proaching ~ 10* erg s™! in the 0.5-4.5 keV energy band (Marti et al. (1998)), it is one
of the most luminous AGNs within 100 Mpc (Piccinotti et al. 1982; Sazonov et al. 2004).
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4.2. THE BRIGHT SEYFERT 1 GALAXY: GRS 1734-292

GRS 1734-292 was originally discovered by the ART-P telescope aboard the GRANAT satel-
lite (Pavlinsky et al., 1992) and is located only 1.8° from the Galactic Centre. The spec-
trum between 4 — 20 keV was well described by a power-law with a photon index I" ~ 2
and a total hydrogen column density in excess of 1022 cm™2. These characteristics, with
the inferred X-ray luminosity ~ 1036erg s~! assuming the Galactic Center distance, were
consistent with the source being a Galactic X-ray binary. Marti et al. (1998) revealed that
the optical spectrum of GRS 1734-292 is dominated by strong and very broad emission
from blended H and [N m]lines, but also other emission lines, such as O 1, [O 11]and [S 1],
all at a redshift of 0.0214. Moreover, the radio, infra-red and optical counterparts of GRS
1734-292 are all consistent with a Seyfert 1 galaxy. In particular, the radio counterpart is
a double-sided synchrotron jet of 5 arcsec extent. At the distance of 87 Mpc, this corre-
sponds to a size of 2 kpc. With a radio luminosity of L;,q = 7 x 103%erg s~! in the 0.1 - 100
GHz band and an X-ray luminosity Ly =~ 1 x 10** erg s™! in the 0.5 — 4.5 keV band, GRS
1734-292 is a radio-quiet AGN (Laor & Behar, 2008).

The hard X-ray spectrum of GRS 1734-292 was measured for the first time with the
IBIS telescope onboard the INTEGRAL observatory (Sazonov et al., 2004). Afterwards it
was also analyzed by Molina et al. (2013). The composite X-ray (2 —200 keV) spectrum
with the ASCA/GIS observation at 2 — 10 keV (Sakano et al., 2002) is typical of Seyfert
galaxies, well described by a power-law of I' ~ 1.8 modified by Compton reflection at
10—-100 keV and an exponential cutoff at E; > 100 — 200 keV.

GRS 1734-292 was detected also in 70 months of observations by the BAT hard X-ray
detector (Barthelmy et al., 2005) on the Swift gamma-ray burst observatory (Gehrels et al.,
2004). The spectral analysis (Baumgartner et al., 2001) showed a power law with a pho-
ton index I' ~ 2.18 + 0.07 and a luminosity of L~ 1 -2 x 10** erg s~! in the 14 — 195 keV
band.

Guainazzi et al. (2011) analyzed the XMM-Newton observation in their GREDOS (Gen-
eral Relativity Effects Detected in Obscured Sources) sample and found that the spec-
trum is well described by a power-law with a rather flat spectral index I' = 1.4170.0!

-0.02°
0?2cm™2. From the spec-

They found a hydrogen column density of Ny =1.41+0.02 x 1
tral analysis of the simultaneous XMM-Newton and INTEGRAL/IBIS-Swift/BAT obser-
vations, Malizia et al. (2014) found a primary continuum with a power-law index I" =
1.55f8:ég and a cutoff energy E, = 58f§4 keV.

This work focuses on investigating the broad band X-ray spectrum of GRS 1734-
292 and in particular the physical properties of the corona. In Sect.4.3 we discuss the
XMM-Newton and NuSTAR observations and data reduction. In Sect.4.4 we present a re-
analysis of the 2009 XMM-Newton observation together with a new NuSTAR observation
of GRS 1734-292. We discuss our results and summarize our conclusions in Sect.4.6. In
Section 4.5, a measure of the width of the broad Ha 16563 component, to infer the black

hole mass via an updated virial-based, single-epoch relation, is presented.



4.3. OBSERVATIONS & DATA REDUCTION

[Te}

< [ FPMA+FPMB 3-10keV | ‘+ ‘ + ]
[3) [+ ]
g <[t Tt 4t + +

T ]

B0 T et e T
5 ar JF + 4 + + 31 Figure 4.1: Top panel: NuSTAR
8 T { FPMA+B light curve in the 3-10

oy ey v 1y 4 keVenergy band; middle panel:
. N FPMA+FPMB 10-80 kev J( 7 NuSTAR FPMA+B light curve in
@ [ + + +1 the 10-80 keV energy band; bot-
3 o —ftf «\:\“ LI e ++++ ++++ e + ++ 1 tom panel: ratio between 3-
5 | + { 10 keV and 10-80 keV NuSTAR
8 { light curves, the red solid and

o ——t—t—t—f—+—+—+—+——F—+—+—+—+—F—+——+ dashed lines indicate the mean
. L and standard deviation, respec-
2 -
é N *Jr;*‘i*% j1"*;;*1&;#”%%#"1{ ””” s $’+”JFJQ‘ tively.
? N + + ]
[32)

0 I R L L

- 10 2x10* 3x10¢ 4x10°

Time (s)

4.3. OBSERVATIONS & DATA REDUCTION
GRS 1734-292 was observed by NuSTAR with its two coaligned X-ray telescopes Focal
Plane Modules A and B (FPMA and FPMB, respectively) on 2014 September 16, for a total
elapsed time of 43 ks.

GRS 1734-292 was also observed with XMM-Newton on 2009 February 26 with the

EPIC CCD cameras, for a total exposure time of 18 ks.

4.3.1. NuSTAR

The Level 1 data products were processed with the NuSTAR Data Analysis Software (NuS-
TARDAS) package (v. 1.3.0). Cleaned event files (level 2 data products) were produced
and calibrated using standard filtering criteria with the NUPIPELINE task and the latest
calibration files available in the NuSTAR calibration database (CALDB 20150316). The

Figure 4.2: X-ray images from the NuSTAR FPMA (left panel) and FPMB (right panel).

extraction radii of the circular region for source and background spectra were 1.5 arcmin
each; there is no other bright X-ray source within 1.5 arcmin from GRS 1734 and no other
sources were present in the background region (see Figure 4.2). The net exposure times

after this process were 20.3 ks for both FPMA and B. The two spectra were binned in or-
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der to over-sample the instrumental resolution by at least a factor of 2.5 and to have a
Signal-to-Noise Ratio (SNR) greater than 3 in each spectral channel. Since no spectral
variation (less than 10%) is found in the ratio between the 3 — 10 and 10 — 80 keV count
rates (see Figure 4.1) we decided to use time-averaged spectra.

Since GRS 1734-292 lies very low on the galactic plane, the NuSTAR observation is
moderately affected by stray light, due to sources off the field of view. This effect is more
significant in the FPMB detector: a 50 £ 2% increase in the background count rate is ob-
served below 7 keV, with respect to the FPMA. We tried to extract the background spectra
from different regions and no differences are found. Since the point source fall within
the stray light region in both the detectors and the background is hence properly sub-
tracted, this effect is not relevant to our data analysis. As a last check, we verified that no
spectral difference arises between the two NuSTAR background subtracted spectra: they

perfectly agree within cross-calibration uncertainties.

4.3.2. XMM-Newton

EPIC MOS 1 EPIC MOS 2

R=40"

O

Figure 4.3: X-ray images from the XMM-Newton EPIC pn camera (top panel) and the two EPIC MOS cameras
(bottom panel).

The XMM-Newton EPIC CCD cameras are comprised of the pn detector (Striider et al.
(2001)) and the two MOS units (Turner et al., 2001). During the observation of the source,
the camera was operated in large window and thin filter mode, for a total elapsed time of
18 ks. The extraction radii and the optimal time cuts for flaring particle background were
computed with SAS 15 (Gabriel et al., 2004) via an iterative process which maximizes the
SNR, similar to the approach described in Piconcelli et al. (2004). The resulting optimal
extraction radius was 40 arcsec and the background spectra were extracted from source-
free circular regions with radii of ~ 50 arcsec for both the EPIC and the two MOS (see
Figure 4.3). EPIC spectra had a net exposure time of 13 ks, the MOS spectra had both a
net exposure time of 15 ks. EPIC and MOS spectra were binned in order to over-sample
the instrumental resolution by at least a factor of three and to have no less than 30 counts

in each background-subtracted spectral channel. Data from the MOS detectors are not
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included in our analysis unless stated otherwise due to the lower statistics of the spectra.

4.4. SPECTRAL ANALYSIS

The spectral analysis has been performed with the XxSPEC 12.9.0 software package (Arnaud,
1996). The errors correspond to the 90% confidence level for one interesting parameter
(Ay? = 2.7), if not stated otherwise. The cosmological parameters Hy = 70 km s~! Mpc™?,
Qp =0.73 and Qy, = 0.27 are adopted.

4.4.1. RE-ANALYSIS OF THE XMM-Newton DATA
We started our data analysis by fitting the 0.5 — 10 keV XMM-Newton spectrum with a
model ' composed of a power law absorbed by the Galactic column density Ny = 7.57 x
102! cm™2, as derived from HI maps (Kalberla et al., 2005), and an additional intrinsic
absorber at the redshift of the source, found to have a column density of 0.84+0.03 x 10?2
m™2. This yielded a poor fit with y? = 242 for 163 degrees of freedom (d.o.f.). The data
reveal a slight excess at energies < 1 keV; we assumed that the soft excess is produced by
a collisional plasma (with solar abundances) and we tried to reproduce it with a thermal
model (MEKAL),?) absorbed by the Galactic column density. The )(2 is 209 for 161 d.o.f.
for a thermal plasma temperature of kT = 0.14*022 keV and a 0.5-2 keV luminosity of
~2.7+0.7x10% erg s ~1. Some residuals are however evident around 6 — 7.5 keV (see

Figure 4.4).
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Figure 4.4: Data and residuals for the XMM-Newton spectrum when no Gaussian lines are included in the
model.

Therefore we added a narrow Gaussian line” at 6.4 keV, corresponding to the neutral

iron Ka emission line, which is a typical feature in Seyfert galaxies (Nandra & Pounds,

1XsPEC model: TBabs * zwabs * powerlaw
2xspEC model: TBabs * (mekal + zwabs * powerlaw)
3xsPEC model: TBabs * (mekal + zwabs * (zgauss + powerlaw))
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1994). We found the centroid value of the line to be 6.36 + 0.07 keV and the fit slightly
improved: y? = 202 for 159 d.o.f., with a null hypothesis probability of 4.7 x 102 accord-
ing to the F-test. The iron Ka emission line shows a flux of 1.4 0.8 x 10~ ph cm™2 s~}
and an equivalent width of 20 + 13 eV. We then added an absorption Gaussian line*, sug-
gested by the presence of negative residuals around 6.7 keV. We found a centroid value
for this line of 6.69 +0.05 keV; the y? is 187 for 157 d.o.f., with a null hypothesis probabil-
ity of 1.5 x 1073 according to the F-test °. The flux and the line equivalent width of this
absorption line were 2.1 +0.8 x 10~ ph cm™ s~! and 31 + 12 eV, respectively. The cen-
troid energy of this absorption line is consistent with the energy expected for the K-shell
transition of FeXXV ions produced by Compton-thin material. We tried to fit this com-
ponent with a warm-absorber (WA) model®, using an ad-hoc table produced with the
photo-ionization code CLOUDY €13.03 (most recently described by Ferland et al. (2013)).
We found a ionization parameter of ¢; = 1778.31“% erg cm s~! and a column density
Ny =5.01+3.2x 10?2 cm™2. The y? is 186 for 157 d.o.f.. Further residuals around 7.2 keV
suggested to add another Gaussian absorption line’. The inclusion of this component
leads to a y?/d.o.f.= 178/155 = 1.14 (F-test null hypothesis probability 2.2 x 1072). The
fit gives a centroid energy of 7.19*0-07 keV, with a flux of 1.3 £0.8 x 107> ph cm ™2 s™! and
a line equivalent width (EW) of 28 + 14 eV. An absorption line with this centroid energy
is possibly a blue-shifted line associated with the transition of FeXXVI ions (rest frame
energy: 6.966 keV) produced by a material with a velocity of 9500 km s~! =~ 0.03c. This is
the lower limit of the range of velocities for Ultra-Fast Outflows (Tombesi et al., 2013). To
verify the presence of this line we fitted the pn and the MOS spectra simultaneously with
the same model. We tied all of the MOS parameters to the pn values. The normalizations
of the two Gaussian lines and the normalization of the power-law of the MOS spectra are
tied together but are free to vary. The y? of the fit is 461 for 427 degrees of freedom. The
fit with the MOS data confirms the presence of the absorption line due to FeXXV Ka ions
produced by a warm absorber, but not that at 7.2 keV. In fact, the upper limit to the flux
of the latter line is 3.16 x 107® ph cm™2 s™! at 90% confidence level. In the following fits,

therefore, this line will not be included.

We found that the photon index of the primary X-ray continuum is I' = 1.47 + 0.03.
This® is our best fit and we will use it as the baseline model when adding the NuSTAR
data.

4.4.2. ADDING NuSTAR DATA.

We started the analysis of the 3 — 80 keV NuSTAR (FPMA and FPMB) spectra fitting the
data together with the XMM-Newton best fit found previously. We left all the parame-

4xspEC model: TBabs*(mekal + zwabs*(zgauss + zgauss + powerlaw))

5In principle, the F-test is not a reliable test for the significance of emission or absorption lines, but it can
be used if their normalizations are allowed to be negative and positive (Protassov et al., 2002).

6xspEc model: TBabs * (mekal + mtable{cloudy.fits} * zwabs * (zgauss + powerlaw))
7xspEC model: TBabs * (mekal + mtable{cloudy.fits} * zwabs * (zgauss + zgauss + powerlaw))
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Figure 4.5: Data, fit model (top panel) and residuals (bottom panel) for XMM-Newton (black) and NuSTAR
FPMA (red) and FPMB (in blue) spectra when the parameters are all tied to the best fitting parameters from
the XMM-Newton spectral fit.

ters, apart from the normalizations of the various components, tied to the XMM-Newton
best fitting parameters. The XMM-Newton and the NuSTAR FPMA calibration constants
are fixed to 1.0 (given the non-simultaneity of the two observations, any mismatch be-
tween the two instruments cannot be separated from intrinsic variations) while we left
the NuSTAR FPMB cross-calibration constant free to vary. The value found for the con-
stant is 1.004. The y? for this fit is 830 for 544 d.o.f.. The spectral slope shows a different
trend for the power-law from the two observations (see Figure 4.5) so we left the two
photon indices, which are related to two different observations, free to vary. We kept tied
the emission and absorption line centroid energies to the values found by XMM-Newton
due to the lower spectral resolution of NuSTAR. We found that the NuSTAR photon in-
dex is steeper than the XMM-Newton one (I' = 1.65 + 0.05). The observed mismatch be-
tween the two photon indices is larger than the instrumental mismatch. The fit leads to
a y?/d.o.f.= 662/543 = 1.22. Re-analyzing Swift /BAT observation from the Swift BAT 70-
Month Hard X-ray Survey (NASA’s Archive of Data on Energetic Phenomena®), we found
a photon index I' = 2.18 + 0.07 consistent with Baumgartner et al. (2001). Adding a high
energy cutoff, however, we found a flatter photon index I' = 1.8 £ 0.3 and an high en-
ergy cutoff value of E. = 110*30° keV. The average Swift/BAT flux is higher than the NuS-
TAR one, which in turn is higher than XMM-Newton’s one. The source therefore show
the softer-when-brighter behaviour (2, Sobolewska & Papadakis 2009) which is typical
for Seyfert Galaxies.

Back to NuSTAR data, looking at the residuals above ~ 40 keV (see Figure 4.6) the pres-

ence of a high-energy cutoff is suggested, so we replaced the power law component with

8https://swift.gsfc.nasa.gov/results/bs70mon/
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Figure 4.6: Data, fit model (top panel) and residuals (bottom panel) for XMM-Newton (black) and NuSTAR
FPMA (red) and FPMB (blue) spectra when the power law in the model is not corrected by a high energy
cutoff. The photon indices of XMM and NuSTAR are left free to vary.

a power law corrected by a high energy exponential rolloff (CUTOFFPL model in XSPEC)”.
The fit improved significantly (y?/d.o.f.= 556/541 = 1.1); we found for the NuSTAR spec-
tra T = 1.58 + 0.04 with the cutoff energy E. = 60:1)7 keVandT = 1.40f8:88 for the XMM-
Newton spectrum with a lower limit for the cutoff energy at 90 keV.
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Figure 4.7: Best fitting phenomenological model including the soft excess component, two narrow Gaussian
lines, the WA and a cutoff power law reflected from neutral material (PEXRAV model), all absorbed by the
Galactic column density and an intrinsic absorber.

We then included a cold reflection component in both the data sets, using the PEXRAV
model (Magdziarz & Zdziarski, 1995b) in XSPEC, to test for the presence of a Compton

reflection continuum. We fixed all element abundances to solar values and fixed the

9xspEC model: constant * TBabs * (mekal + mtable{cloudy.fits} * zwabs * (zgauss + cutoffpl))
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Figure 4.8: Data and best fit model extrapolated from XMM-Newton (black) and NuSTAR FPMA (red) and
FPMB (blue) spectra when model in Figure 4.7 is used; see text for more details. Residuals are shown in
lower panel

inclination angle to the default value (cosi = 0.45, i ~ 60°). Because in the previous fit
we found only a lower limit to the high-energy cutoff in the XMM-Newton spectrum, for
the sake of simplicity we fixed it to 1 MeV. The model used in the fit is shown in Figure
4.7. Data and residuals are shown in Figure 4.8, while the best fitting parameters are
shown in Table 4.1. The photon index and high energy cutoff are now I' = 1.65 + 0.05
and E. = 53fé1 keV. The reflection fraction R is 0.48 £ 0.22. In the left panel of Figure 4.9
the contour plot of the cutoff energy versus the photon index of the power law for the
NuSTAR observation is shown, while in the right panel we show the contour plot of the

high energy cutoff versus the reflection fraction.

The fit shows a weaker iron line with respect to what we expected from the Compton
hump. Replacing the PEXRAV model with a self-consistent model that includes the Fe Ka
line, such as the PEXMON model'? (Nandra et al., 2007), with the relative iron abundance

left free to vary, a value of 0.6 + 0.3 is found for this parameter (y2=585 for 542 d.o.f.)

In order to test for the presence of a relativistic component, we fitted the data with
the RELXILL model'! (Garcia et al., 2014). Since the black hole spin parameter was not
constrained, we assumed a = 0.998. We fixed the reflection fraction parameter to the best
fit values found with the previous best fit model (see Table 4.1). Including the relativistic
effects provides no improvement in the fit, implying that no relativistic component is

required by the data.

10xspEC model: constant * TBabs * (mekal + mtable{cloudy.fits} * zwabs * pexmon)
HyxspEC model: constant * TBabs * (mekal + mtable{cloudy.fits} * zwabs * relxill)
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Table 4.1: Best fitting parameters for the phenomenological model including PEXRAV and two Gaussian lines
(line 1 at 6.4 keV and line 2 at 6.68 keV, obtained from the XMM-Newton spectrum). Errors are at 90% confi-

dence levels. The y2 / d.o.f. value is 580/540 = 1.07.

Parameter XMM-Newton NuSTAR
Ny (10%?cm™) 0.88+0.05 0.88**
r 1.4779-0% 1.65+0.05
E (keV) 1000* 53+3!
R <0.6 0.48 +0.22
Fr_10 (107 ergem™2s71) 5.12+042 6.6270-02
Ly 10 (108 ergs™) 5.23+0.03 6.67 £0.04
Fio_go (10712 ergcm™2 s71) - 1.25+0.01
L1o_go (10** ergs™!) - 1.29+0.05
F1(107° ph/cm?/s) 1.37+0.84 3.93+1.91
EW; (eV) 20+13 50 +31
F>(107° ph/cm?/s) —2.06+0.77 0.75+1.86
EW, (eV) -31+12 —28EW, <0
* fixed parameter.
** tied parameter.
g . g 3Sh 1
8 L ] @
<t
240““5‘0““6‘0““7‘0“ 040““5‘0““6‘0““7‘0‘
High Energy Cutoff (keV) High Energy Cutoff (keV)

Figure 4.9: E.-T" contour plot (left panel) and E.-R contour plot (right panel) for the NuSTAR observation.
The solid black, red and green curves refer to the 68, 90 and 99% confidence levels, respectively. The X
represents the best fit value of the parameters.

4.4.3. COMPTONIZATION FEATURES

Finally, assuming that the primary emission is due to Comptonization of thermal disc
photons in a hot corona, we estimated the coronal parameters using an analytical Comp-
tonization model. The temperature is expected to be related to the cutoff energy by
E.=2-3x kT, (Petrucci et al. 2000, Petrucci et al. 2001), so, for such a low value of the
cutoff energy (53fé1 keV), we expect a low value for the coronal temperature, and a high
value for the optical depth to account for the flat spectrum. We fitted the NuSTAR spectra
with the cOMPTT model (Titarchuk, 1994), adding the reflection component computed
by PEXRAV with two Gaussian lines'(the iron Kaemission line and the absorption line
due to FeXXV Ka ions). Because of the low NuSTAR spectral resolution we fixed the cen-
troid energies of the lines to the values found in the best fit of the XMM-Newton data.

In this model the seed photon spectrum is a Wien law; we fixed the temperature to the

12xspEC model: constant * TBabs * zwabs * (COMPTT + zgauss + zgauss + pexrav)
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Figure 4.10: Coronal temperature vs optical depth contour plot in the case of slab geometry (left panel)
and spherical geometry (right panel) for the NuSTAR observation when the COMPTT model is used to fit the
data. The solid black, red and green curves refer to the 68, 90 and 99% confidence levels respectively. The X
represents the best fit value of the parameters.

maximum temperature of the accretion disc, which in this case, for Shakura & Sunyaev
(1973) disc is 4 eV, given the black hole mass of ~ 3 x 108 solar masses (see Sec. 4.5). In
the case of a slab geometry of the corona, we found a coronal temperature kT, = 12.13:2
keV and an optical depth 7 = 2.870. The fit is good, with a y? of 411 for 383 d.o.f.. For
the case of a spherical geometry, we found a statistically equivalent fit. The value of the
coronal temperature is about the same, while the optical depth is higher by almost a fac-
tor of two: T = 6.3*03. The difference is primarily due to the different meaning of this
parameter in the two geometries: the optical depth for a slab geometry is the average of
optical depth values along the different directions, so it is lower than the effective value,
while that for a sphere is the radial one (see Titarchuk 1994 for a more detailed descrip-
tion). The contour plots of the coronal temperature versus the optical depth obtained
with the two different geometries are shown in Figure 4.10.

We did not try to fit the Comptonization with the COMPPS model because the optical
depth values obtained with the COMPTT model are too high and they do not fall within the
region of parameter space where the numerical COMPPS method produces reasonable

results (see Poutanen & Svensson 1996a for more details).

4.5. THE BLACK HOLE MASS ESTIMATE
The spectroscopic observation of the optical counterpart of GRS 1734-292 was carried
out with the EFOSC2 instrument mounted on the 3.6m ESO-NTT telescope at La Silla,
on 2010-07-08 (program ID:085.D-0441(C), PI: Jonker), using GRISM 13 and a 1” slit. The
pointing is 500 s long and we used IRAF (version 2.16) and MIDAS (release 15SEPpl1.0) for
data reduction and calibration, using standard procedures.

The aim of our analysis was to measure the width of the broad HeA6563 component,
to infer the black hole mass via a virial-based, single-epoch relation (La Franca et al. 2015
and Ricci et al. 2017). In Fig. 4.11 and 4.12 the 4700-7500 A and 6500-7500 A spectra of

GRS 1734-292, respectively, are shown: several emission lines of H, O, N and S elements
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Figure 4.11: ESO-NTT optical spectrum of the source, in the 4700-7500 A range. Emission lines from several
elements such as H, O, N and S are clearly detected.

can be clearly seen. Throughout our analysis we assumed that F([N 11] 16583)/F([N 11]
A6548)=3, as required by the ratio of the respective Einstein coefficients. Spectra are fit-
ted with XSPEC, via y?> minimization, by modelling the continuum as a power law con-
volved with a SPLINE function, and each line component as a Gaussian. The width of the
narrow lines was fixed to the instrumental one, inferred from fitting the He-Ar calibration
lines. We assumed a redshift z=0.0214 (Marti et al., 1998) and all reported wavelenghts in
Table 4.2 are rest-frame The inferred fluxes for the Ha (broad component) and Hf emis-
sion lines lead to an observed Ha/HfB> 12.6. Assuming an average Balmer-line intensity
relative to HHS of 2.86 (case B recombination) we calculate a Galactic extinction in the
V band of Ay > 4.6 mag. Adopting the standard Galactic gas-to-dust ratio, the optical
reddening may be rewritten using the relation Ay = 5.27N1%,2 mag, where the absorbing

0?2 cm™ (see e.g. Maiolino et al. 2001, and ref-

column density is expressed in units of 1
erences therein). The lower limit obtained with the optical data analysis is in agreement

with the absorbing column density measured from the X-ray spectrum.

We measured a FWHM=4940 + 50 km s~! for the broad component of the Ha line.
This value and the 2-10 keV luminosity measured with XMM- Newton, which is the clos-
est observation in time (Lx = 5.23 + 0.03 x 10*3 erg s~1, allow us to use the updated cali-
brations of the virial black hole mass estimators (Ricci et al., 2017). The inferred mass is

log(Mypn/ M) = 8.5, with an intrinsic spread of the relation of ~ 0.5 dex.
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Table 4.2: Optical emission lines in the ESO-NTT spectrum of GRS 1734-292.

Line A Flux FWHM
1 @) S 4
Hp 486133 <15 -
[Om]  4958.92 0.13+0.08 -
[Om]  5006.85 0.38+0.08 -
[O1]  6300.32 0.10+0.08 -
[N 6548.06 0.30+0.03 -
Ha Nr. 6562.79 3.02tg-§’§ -
HaBr. 6562.79 19.03*026 4940450
[N 6583.39 0.90+0.09 -
Her  6678.11 0.3+0.1 -
[Su] 671642 0.20+0.07 -
[Su]  6730.78  0.15+0.05 -

Notes. Col. (1) Identification. (2) Laboratory wavelength (A) (air: Bowen 1960).

(3)FWHM in km s~! units. Dashes indicate a fixed FWHM=18 A. Col (4) Fluxes in 10™1°

erg cm~2 s~ ! units.

GRS 1734-292 - EFOSC2

2x10716 3x10716 4x1076
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T T T T T T T T T T T
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Figure 4.12: ESO-NTT optical spectrum of the source, in the 6500-7500 Arange.
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4.6. DISCUSSION AND CONCLUSIONS
We have presented an analysis of non-simultaneous XMM-Newton and NuSTAR obser-
vations of the Seyfert 1 galaxy GRS 1734-292. The spectral slope of the primary power law
is different between the two observations, being very flat in the XMM-Newton observa-
tion (I' ~1.47, consistent with the values found by Guainazzi et al. (2011)) while it is more
typical of a Seyfert galaxy in the NuSTAR observation (I' ~1.65), when the source was a
factor of ~ 1.3 brighter.

The 2 — 10 keV absorption-corrected luminosity from the XMM-Newton observation
is Ly_1orey = 5.23+0.03 x 103 erg s™!. Using the 2 — 10 keV bolometric correction of

Marconi et al. (2004), we estimate the bolometric luminosity to be Ly = 1.45 x 10%

erg
s~!. From the bolometric luminosity, with the black hole mass as in Section 4.5, we esti-
mate the Ly / Lggq ratio to be 0.033.

The presence of an iron Ka emission line at 6.4 keV, albeit weak, is confirmed. We
found also one absorption line, with a centroid energy at around 6.69 keV, which is con-
sistent with the energy expected for the K-shell transition of FeXXV ions. The cutoff en-

ergy is 53f§1 keV, fully consistent with that found by Malizia et al. (2014). This is the low-

est value found so far by NuSTARin a Seyfert galaxy together with Mrk 335 (Keek & Ballantyne,

2016); comparable or even lower values are found in stellar-mass accreting black holes
(Miller et al. 2013; Miller et al. 2015). We estimated the coronal parameters by fitting the
NuSTAR data with the coMPTT Comptonization model, finding a coronal temperature of
kT, =12.1*18; keVand an optical depth 7 = 2.87)-% assuming a slab geometry or a similar
temperature and 7 = 6.38f8"4 assuming a spherical geometry. Of course, we are implicitly

5
assuming a simple picture in which the corona is a single temperature zone, which may
not be the case if the heating is localized, as e.g. in the case of magnetic reconnection.

We used these values to put GRS 1734-292 in the compactness-temperature (O - £)
diagram (Fabian et al. (2015), and Sec. 2.4.3). We obtain ©, = 0.023f8:88‘21. To compute
the compactness parameter, following Fabian et al. (2015) we adopted the luminosity of
the power-law component extrapolated to the 0.1—-200 keV band; since no measurement
exists for the radius, we assume a value of 10 gravitational radii Rg. We found ¢ =13.3 +
0.3(Ry0) ! were Ry is the ratio between the radius and 10Rg.

As obvious, given the low coronal temperature, GRS 1734-292 is located far away
from the region of pair production in the 0, - ¢ plane (see Fig 2.15), and is also located
well below the e™ — e™ coupling line (i.e. the line below which the electron-electron cou-
pling time scale is shorter than the Compton cooling time scale). This should ensure that
the electron population is thermalized. It is instead located close to the e™ — p coupling
line, below which the electron-proton coupling time scale is shorter than the Compton
cooling time scale. It is interesting to note that no sources among those analyzed by
Fabian et al. (2015) lie definitely below the e™ — p line, while a number of them lie around
or just above (see Fig. 4 in their paper). This line therefore seems to set a physical bound-

ary, which may be understood, at least qualitatively. If the electron population cools by



4.6. DISCUSSION AND CONCLUSIONS

65

Compton scattering and its temperature decreases until the electron-proton coupling
becomes important, the transfer of energy from protons to electrons becomes effec-
tive. This is not a completely self-consistent picture, as the electron-proton coupling
line was calculated assuming that the electron and proton temperatures (normalized to
their mass), ®, and 0y, are the same (Fabian, 1994), which is unlikely when Compton
cooling dominates. Moreover, the dependence of the coupling time on ©, is small as
soon as the two temperatures are decoupled and the proton temperature is the largest.
Time-dependent, detailed calculations with realistic heating and energy redistribution
mechanisms are required to assess how effective this feedback may be.

Only a few AGN in the Fabian et al. (2015) compilation have temperatures as low as
that of GRS 1734-292, and none among those observed by NuSTAR. We note that the ac-
cretion rate of GRS 1734-292 is only a few percent of the Eddington limit, so the effective-
ness of the cooling mechanism cannot be related to a particularly strong radiation field.
It may, however, be at least partly related to the high value of the optical depth 7. A seed
photon coming from the disc, in fact, will undergo more than one scattering before leav-
ing the corona, thereby reducing the electron temperature. Indeed, models predict an
anti correlation between coronal temperature and optical depth (see e.g. Petrucci et al.
2001 for a calculation based on the two-phase model of Haardt & Maraschi (1993): note
that values not too different from ours are predicted). The reason for the unusually large
value of the optical depth is unclear (but see Keek & Ballantyne (2016) for evidence of an
increase of the optical depth with decreasing Eddington ratio in Mrk 335), and difficult
to assess given our poor knowledge of the processes which originate the corona and of
the mechanisms which transfer the energy there. But with the increasing amount of high
quality spectra from NuSTAR, progressively populating this parameter space, it is at least

possible to start seriously pondering these questions.






NuSTAR SPECTRAL ANALYSIS OF MCG
+8-11-11 AND NGC 6814

"Look up at the stars and not down at your
feet. Try to make sense of what you see,
and wonder about what makes the
universe exist. Be curious."

Stephen Hawking

In this chapter I will present the NuSTAR observations of MGC +8-11-11 (100 ks) and
of NGC 6814 (150 ks), taken almost simultaneously with short Swift observations (20 ks
each). The main goal of these observations was to investigate the Comptonization mech-
anisms acting in the innermost regions of AGN which are believed to be responsible for
the UV/X-ray emission. The spectroscopic analysis of the NuSTAR spectra of these two
sources revealed that although they had different properties overall (black hole masses,
luminosity and Eddington ratios) they had very similar coronal properties.

In Sect.5.2 the observations and data reduction are presented. In Sect.5.3 we report
on the spectral analysis of the two sources. The results are discussed and summarized in
Sect.5.4.

5.1. INTRODUCTION

The primary X-ray emission of Active Galactic Nuclei (AGN), according to the standard
paradigm, is due to thermal Comptonization of the soft disc photons in a hot, optically
thin plasma (the so-called corona) located above the accretion disc (see Sect. 2.4). The
spectral shape of this component is, in the first approximation, a power law with a cutoff
at high energy (see Sect. 2.2.1). The primary emission is reprocessed by circumnuclear
material giving rise to a complex spectral shape, that we already described in previous
chapters (e.g. Sect.s 2.2.2, 2.2.3).

With the superior sensitivity of NuSTAR (Nuclear Spectroscopic Telescope Array: Harrison et al.

2013) above 10 keV it is possible to separate the primary and reflected continua and mea-
sure the coronal parameters, breaking the degeneracy occurring when the high energy

cutoff can not be measured. Indeed, a number of high-energy cutoff measurements in

67



68

5. NuSTAR SPECTRAL ANALYSIS OF MCG +8-11-11 AND NGC 6814

local Seyfert galaxies, on a wide range of Eddington ratios, have been already obtained
(Fabian et al. 2015, 2017, Marinucci et al. 2016 and references therein), to investigate the
Comptonization mechanisms acting in the innermost regions of AGN and which are be-
lieved to be responsible for the X-ray emission. However more and more precise mea-
surements are needed in order to put these studies on a more firm statistical ground and
constrain the coronal parameters. NGC 6814 and MCG +8-11-11 are two bright radio

quiet unobscured Seyfert 1 galaxies; they are ideal sources for this goal.

MCG +8-11-11 (z = 0.0204) is a very X-ray bright AGN with a black hole mass of
logMTB: =7.1940.02 (Bian & Zhao, 2003b) (Winter et al., 2010) and X-ray fluxes. mea-
sured by INTEGRAL, of Foy_1gokev = 8.46 x 107! erg cm ™2 s™! and Fo_ ey = 5.62 x 10711
erg cm~2 s~ (Malizia et al., 2012). The 2—10 keV absorption-corrected luminosity of the
source is 6.45+ 0.04 x 10%3erg s~ (Bianchi et al.,, 2010). ASCA (Grandi et al., 1998) and
BeppoSAX (Perola et al., 2000) showed that the spectrum is well fitted by a model com-
posed by a power law, a warm absorber, a Compton reflection component and an FeKa
line. The best fit of the ASCA and OSSE data was an absorbed power law with spectral
indexI' = 1.73 £ 0.06 and an exponential cutoff at ~250 keV, plus a reflection component
and a cold iron line. Also BeppoSAX data showed the presence of a cutoff at high en-
ergy (~ 170 keV). The XMM-Newton spectrum (Matt et al., 2006) revealed the lack of a
soft excess, a large reflection component and a narrow iron line with a low equivalent
width (EW) and no relativistic features. Bianchi et al. (2010) found in the Suzaku obser-
vation a relativistic Fe Ka line, plus a narrow component with no associated reflection

continuum.

NGC 6814 (z = 0.0052, Molina et al. 2009) is a Seyfert 1 Galaxy with black hole mass
of log MTB@” = 6.99f8:g§ (Pancoast et al., 2014, 2015) known to show X-ray variability by at
least a factor of 10 over time scales of years (Mukai et al., 2003). It is part of the reverber-
ation mapping campaign "the LAMP project" (Lick AGN Monitoring Project Bentz et al.
2009). The hard and soft X-ray flux of this source is Fog_19gkev = 5.66 x 107! ergcm™2 571
and Fy_jgrev = 0.17 x 107! erg cm™2 s™! (Malizia et al., 2012).The INTEGRAL spectrum
(Malizia et al., 2014) showed that the source has a quite flat spectrum (I' = 1.68 + 0.02)
with an exponential cutoff at E. = 19Ofég5 keV. From the XMM-Newton observation it is
possible to see the presence of a narrow FeKa line (Ricci et al., 2014) with EW:SZHE eV.
The Suzaku observation shows significant variability, a primary continuum with a pho-
ton index of 1.53 + 0.02 and no evidence of soft excess. It shows also the emission of the
Fe Ka and Fe XXVI lines with centroid energy and EW respectively Egexy = 6.40 +0.03
keV, EWpekq = 170730 €V and Epexxvi = 6.94+0.07 keV, EWpexxv = 90730 eV (Walton et al.,

4 4
2013).
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Figure 5.1: X-ray images from the NuSTAR FPMA (left panel) and FPMB (right panel) of MCG +8-11-11.

Figure 5.2: X-ray images from the NuSTAR FPMA (left panel) and FPMB (right panel) of NGC 6814.

5.2. OBSERVATIONS & DATA REDUCTION
5.2.1. NUSTAR

MCG +8-11-11 and NGC 6814 were observed by NuSTAR with its two coaligned X-ray
telescopes (Focal Plane Modules A and B) respectively on 2016, August 19, and on 2016,
July, 04. No other sources apart from the targets are apparent in the images.The NuS-
TAR data were reduced with the NuSTAR Data Analysis Software (NuSTARDAS) package
(v. 1.6.0). Cleaned event files (level 2 data products) were produced and calibrated using
standard filtering criteria with the NUPIPELINE task using the last calibration files avail-
able from the NuSTAR calibration database (CALDB 20170120). The extraction radii of
the circular region were 0.5 arcmin for source and 1.5 arcmin for background spectra;
there are no other bright X-ray sources within 1.5 arcmin from MGC 8-11-11 and NGC
6814 and no other sources were present in the background region (see Figures 5.1 and
5.2). Net exposure time, after this process, is 98 ks for MGC 8-11-11 and 148 ks for NGC
6814 for both FPMA and B. The spectra were binned in order to over-sample the instru-
mental resolution by at least a factor of 2.5 and to have a Signal-to-Noise Ratio (SNR)

greater than 5 for both sources in each spectral channel.
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Figure 5.3: The NuSTAR FPMA+B light curves in the 3-10 keV (top panels), and in the 10-80 keV energy band
(middle panels) are shown, for MCG +8-11-11. The ratio between 3-10 keV and 10-80 keV NuSTAR light
curves is shown in the bottom panels for bottom sources; the red solid and dashed lines indicate the mean
and standard deviation, respectively.
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Figure 5.4: The NuSTAR FPMA+B light curves in the 3-10 keV (top panels), and in the 10-80 keV energy band
(middle panels) are shown, for NGC 6814. The ratio between 3-10 keV and 10-80 keV NuSTAR light curves
is shown in the bottom panels for bottom sources; the red solid and dashed lines indicate the mean and
standard deviation, respectively.

5.2.2. SWIFT-XRT

MCG +8-11-11 and NGC 6814 were observed by Swift UVOT+XRT almost simultaneously
with NuSTAR for a total exposure time of 20 ks each. Swift XRT spectra were extracted
using the XSELECT (v2.4c) command line interface to the FTOOLS (Blackburn, 1995).

If there is pile-up the measured rate of the source is high (above about 0.6 counts s~
in the Photon-Counting Mode). The easiest way to avoid problems related to pile-up is
to extract spectra using an annular region, thus eliminating the counts in the bright core,
where pile-up will occur (see Appendix B, Section B.2).

The Swift XRT spectra resulted to have an high pile-up degree. We tested different
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annular extraction regions for the source, gradually increasing the inner radius. Even
with large inner extraction radii the pile-up was not removed and, moreover, the signal-
to-noise ratio became very low. We therefore decided not to use the Swift XRT data for

the spectroscopic analysis.

5.3. DATA ANALYSIS

The spectral analysis has been performed with the XSPEC 12.9.0 software package (Arnaud,
1996). Throughout the paper, errors correspond to 90% confidence level for one interest-
ing parameter (Ay? = 2.7), if not stated otherwise. The cosmological parameters Hy = 70
kms™! Mpc_l, Qp =0.73 and Q, = 0.27, are adopted.

Both sources show variability in their light curves (especially NCG 6814, well known
to be a variable source: Mukai et al. 2003, Walton et al. 2013). The variability of NGC
6814 was consistent with the softer-when-brighter behaviour and with the fact that its
black hole mass is 1/10 times the black hole mass of MCG +8-11-11 but since no strong
spectral variations were found in the ratio between the 10 —80 and 3 —-10 keV count rates
(see Figures 5.3 and 5.4) we decided to use time-averaged spectra for both sources.

We performed our data analysis by fitting the 3—80 keV NuSTAR spectra with different
models, each of them including Galactic absorption with column densities Ny = 1.84 x
102! cm™2 for MCG +8-11-11 and Ny = 9.11 x 10%° cm~2 for NGC 6814, as derived from
HI maps (Kalberla et al., 2005). We tested the presence of additional intrinsic absorbers
at the redshift of the sources, which in both cases resulted to be negligible in the NuSTAR
band. The NuSTAR FPMA calibration constants are fixed to 1.0 while we left the NuSTAR
FPMB cross-calibration constants free to vary. The values found for the constant for MGC
+8-11-11 and NGC 6814 are respectively 1.034+0.009 and 0.988 + 0.008. These values are

consistent with the expectation (Madsen et al., 2015).

5.3.1. X-RAY/OPTICAL RATIO

We used Swift data to compute the optical to X-ray spectral index (ax), defined as:

B log [Lakev/Lasoo]
2.607

Qox =

(5.1)

The ax index is the slope of a hypothetical power law between 2500A and 2 keV rest-
frame frequencies. The optical to X-ray ratio provides information about the balance be-

tween the accretion disc and the corona. The ay is found to be strongly anti-correlated

with the ultraviolet luminosity density per unit frequency (see Lusso et al. 2010, Vagnetti et al.

2013 and references therein). The observed aox — Lysq04 correlation implies that AGN re-
distribute their energy in the UV and X-ray bands depending on the overall luminosity;
more optical luminous AGN emit less X-ray per unit UV luminosity than less luminous
AGNSs (Strateva et al., 2005).

The Swift/UVOT observations were analysed taking advantage of the on-line tool
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multi-mission archive at the Asi Science Data Center (ASDC) website'. Using this tool
we performed an on-line interactive analysis for all the available observations for the
sources MCG+8-11-11 and NGC 6814, 3 and 4 respectively. This on-line tool runs the
standard UVOT pipeline and generates a sky map of the observation in the selected avail-
able filter. When the source is detected it is possible to select it and run the UVOT aper-
ture photometry. Using this tool it is possible to compute the monochromatic flux in the
selected filter. For all the observations we extract a circular region for the source with a
radius of 5 arcsec and a properly selected annular region for the background. We obtain
monochromatic and extinction-corrected fluxes for MCG+8-11-11 at 3465A (U), 2246A
(UVM2), 1928A (UVW?2) and for NGC 6814 for the same filters and UVW1 (2600A). Flux at
2500A was then computed interpolating the monochromatic flux measures for both the

0726 erg cm™2 57! Hz ™! and Fygqps = 4.36 x 10726

sources. We obtained Fy5404 = 3.98 x 1
erg cm~2 s~! Hz ™! respectively for MCG +8-11-11 and NGC 6814.

The 2 keV fluxes are extrapolated from the NuSTAR data. We found Foyey = 5.25 +
0.05x 10728 ergcm™2 s7! Hz ™! for MCG +8-11-11 and Fayey = 3.4240.05x 1072 erg cm ™2
s~ Hz™! for NGC 6814.

With these values we computed the aq using the equation (5.1) obtaining 1.11 for
MCG +8-11-11 and 1.36 for NGC 6814.

We use the values of L,5,,4, obtained from the previous values of the fluxes, to com-

pute the X-ray/optical ratio with the relation found by Lusso et al. (2010):
Qox (Lysgopn) = (0.154 +0.0010) log Lysoos — (3.176 +0.233) (5.2)

to check that the analysed sources follow the trend of the sources analysed by Lusso et al.
(2010). We found aox = 1.23+0.32 and agx = 1.51 +0.25 respectively for MCG +8-11-
11 and NGC 6814. These values are consistent, with the values of ayx we found before.

Moreover the sources follow also the trend of the Lx—Lyy of Lusso & Risaliti (2017).

5.3.2. MCG +8-11-11

We started the spectral analysis by fitting the 3 — 80 keV NuSTAR spectrum with a phe-
nomenological baseline model composed of a power law with an exponential cutoff for
the primary continuum (CUTOFFPL), a Gaussian line to reproduce the narrow Fe Ka emis-
sion line at 6.4 keV, and a cold reflection component (PEXRAV. Magdziarz & Zdziarski
1995b). We fixed all element abundances to Solar values and the inclination angle to
cosi=0.86, i (~ 30°). Since we know from the literature the presence of an emission line
from H-like Fe Ka (Bianchi et al., 2010), we added another narrow Gaussian line, with
the centroid energy fixed to 6.966 keV. We found a y? = 467 for 427 degrees of freedom
(d.o.f.).The residuals around the narrow Fe Ka line suggest the presence of a broad line
component. We therefore added a broad Gaussian line (hereafter model Al) to the pre-

vious model. The fit slightly improved, y?/d.o.f. = 446/424. We found a resolved Fe Ka

Ihttp:/ /www.asdc.asi.it
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Table 5.1: Fit parameters for the emission features of MCG +8-11-11. Errors are at 90% confidence levels.

Parameter FeKa NL FeKa BL FeXXVI
E (keV) 6.4070-02 6.21f§;%§ 6.966*
okeV) 0.0* 03173  0.0*
EW (eV) 40+15 90+7 28J_r§

Flux (10~° ph/cm?/s) 256725 57809 1.4+0.3

* fixed parameter.

line with o = 0.31J_r8:§(5) keV and the centroid energy at 6.21f8:;gke\/. The fitting parameters
for the three lines are shown in Table 5.1. We found a 3-80 keV flux of 1.45 + 0.03 x 107 1°
erg cm 2 s~ Regarding the continuum, we found a power law index of 1.77 +0.02 and a
cutoff energy of 260f§80 keV. The reflection fraction R was 0.15 + 0.06 (Table 5.2, model
Al).

The following step of the analysis was to replace the PEXRAV model plus the broad
line with the RELXILL model (Garcia et al., 2014), in order to test for the presence of a

relativistic component (hereafter model B1). The inclination angle was fixed to a value
Si

ergcms—!

from neutral material. Leaving the iron abundance free to vary we found a value of iron

of 30° and we fixed the ionization parameter to log( ) = 0.0 to test reflection

abundance of Ag. = 3. 13:1, areflection fraction R= 0.24J_r8:(1)§ and a lower limit on the spin
of the central black hole of a > 0.6. The y?/d.o.f. for this fit was 452/425. Other fitting
parameters are shown in Table 5.2.

Leaving the ionization parameter free to vary the fit did not improve, the y?/d.o.f.

remained the same, and we found an upper limit value for the ionization parameter of

log (L) <0.05.

ergcms~!
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Figure 5.5: Data and best fit model of MCG +8-11-11 extrapolated from NuSTAR FPMA (black) and FPMB
(red) spectra when model C1 (Figure 5.6) was used.
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We then substituted the Gaussian narrow line in the B1 model with the XILLVER model
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Theoretical Model MCG +8-11-11
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Figure 5.6: Best fitting model (black); the blue line is the RELXILL component, the red line represent the
primary continuum, the green line represent the Fe XXVI emission line and the magenta line is the XILLVER
component. See text for more details.

(Garcia & Kallman 2010; Garcia et al. 2013) (hereafter model C1, see right panel of Fig-
ure 5.5), to test if the reprocessed spectrum could originate in distant material, like a
Compton-thick torus. The photon indices and the cutoff energy of the XILLVER and RELX-
ILL models were tied together. The reflection fraction of XILLVER was free to vary. The fit
gave a y?/d.o.f.= 457/425. We found a value for the high energy cutoff of 175*110 keV (see
Table 5.2). With this model the observed reflection component appeared to be mostly
associated with the accretion disc and with the broad part of the Fe Ka. The narrow part
of the Fe Ka line had an emission which was relatively strong compared to the Comp-
ton hump, and the reflection fraction of the XILLVER component was found to be quite
low: R = 0.25 +0.12. This may be due to emission from a material with high iron abun-
dance, and indeed we found an iron overabundance in the XILLVER model of Age > 8.5.

The other fit parameters are reported in Table 5.2. Contour plots are shown in Figure 5.9.

If we tried to keep tied the iron abundances between the XILLVER and the RELXILL
model we found a value of 3.2 + 0.7 but the fit worsened significantly with a resulting
y?/d.of.=514/425.

Finally, we tested if the large ratio between the line flux and the Compton hump may
be due to reflection from a distant material with Ny < 10**cm™2 using the MYTORUS
model (Murphy & Yaqoob, 2009). This is a more physical model with respect to the phe-
nomenological model C1, that we used to have a measure of the cutoff. We used the
MYTorus model to fit the cold reflection and the Fe Ka and Fe Kf emission lines (and
the associated Compton shoulders) adding the MYTorUS Compton-scattered contin-
uum and fluorescent line tables to the RELXILL component (hereafter model D1). In the
fit, we kept tied the photon indices of the MYTORUS table to the RELXILL one. The iron

abundance for the RELXILL model was fixed to the values of the model C1, while for MY-
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Table 5.2: Fitting parameters for MCG +8-11-11 for the models Al, B1, C1, D1. Errors are at 90% confidence
levels. In the range of 3-0 keV we found a flux 0f 1.45+0.03 x 10710 erg cm ™2 s~! and an absorption corrected
luminosity of 1.37 +0.05 x 10%** ergs~1.

Model: Al B1 Cl D1

T 1.77£0.02 1.77£0.03 1.77%0.04 1.83+0.03
E. (keV) 2607 35° 2247190 175130 > 250
RPEXRAV 0.15+0.06 - - -
RRELXILL - 0.24*042  0.25+0.12  0.23+0.08
RXILIVER - - 0.17+0.04 -

a - >0.6 >0.5 <0.72
AEELX‘LL - 3.177% <25 2.5*
Axfuver ; : >8.5 -

NgYT(lofB cm™?) - - - 5.0+3.0
A 1.05 1.06 1.07 1.05

* fixed parameter.
Abundances are in Solar Units.

TORUS it is not a variable parameter being the Solar value. In the standard "coupled"
configuration the inclination angle for the torus was fixed to 8 = 30°. We obtained a
x?/d.o.f.= 445/435. The best-fit parameters are given in Table 5.2. We found a column
density of Niy = 5.0+3.0x 1023cm ™2, and only a lower limit to the cutoff energy of E. > 250
keV. It must be remarked that the model is not fully self-consistent in this respect because
in MYToRUs the illuminating continuum must be a straight power law, with a sharp ter-
minal energy of ~ 500 keV. However, the lower limit of the cutoff energy is consistent with
the values found with the previous models. Moreover, the reflection from distant, Comp-
ton thin material is in agreement with what we found in model C1, where the relativistic
reflection dominates the spectral shape above 10 keV, with respect to the non-relativistic
one.

Finally, we tried to see if the two components, modelled by XILLVER and RELXILL,
are not two different physical components (one arising from the accretion disk and one
from a distant material: a Compton-thin gas or a gas with a super-solar abundance of
iron) but two different reflection components arising from different parts of the same re-
gion, in this case the accretion disk which is in different configuration. We modeled the
spectrum with two relativistic components (two RELXILL models). Keeping all the param-
eters tied between the two model, except for the normalization, the resulting chi-square
of the fit is y?/d.o.f.= 486/426 = 1.13 . We found a lower limit on the iron abundance
of Age > 5.88 and there are also clear residuals around 6.4 keV which indicate the pres-
ence of the narrow component of the Fe Ka line. Adding this component and allowing
to vary the iron abundance parameter, the reflection fraction parameter, and the black
hole spin parameter, we found a fit which is statistically equivalent to our best fit model,
with a chi-square of y?/d.o.f.= 452/424 = 1.07. We found one RELXILL component with
an upper limit on the iron abundance of Ag, < 1.48 an upper limit on the spin parameter

of a < 0.48 and areflection fraction R=0.16 +0.05. The second relxill component showed
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a lower limit on the iron abundance of Age > 6.35, a spin value of a = 0.07 +£0.01 and
a reflection fraction R< 0.07. This suggested us that the latter is not a relativistic com-
ponent and it could not be produced by a Compton thick material since it had a very
low associated reflection component and high iron abundance, similarly to the XILLVER
component of our best fit (model C1). This scenario is consistent with what Bianchi et al.
(2010) and Mantovani et al. (2016) found for this source.

Fluxes and centroid energies of the broad and narrow Fe Ka lines and of the Fe XXVI
line resulted to be the same, within the errors, among the various models previously
described.

CORONAL PARAMETERS
Assuming that the primary emission is due to Comptonization of thermal disc photons
in a hot corona, we estimated the coronal parameters substituting the cut-off power

law with a Comptonization model. We modelled the relativistic reflection and the non-

relativistic reflection using respectively RELXILLCP and XILLVER-COMP models (Garcia & Kallman

2010; Garcia et al. 2014 and Dauser et al. 2014). These models use the NTHCOMP model
(Zdziarski et al. 1996 and Zycki et al. 1999) for the incident continuum. In RELXILLCP and
XILLVER-COMP models, the maximum temperature of disc blackbody photons (which
serve as seeds for Comptonization) is 0.1 keV, and it is not allowed to vary. The fit gave
a y?/d.o.f.= 465/426 = 1.09. We found a photon index value of 1.84f8:8§; we found also
a lower limit for the iron abundance of the non-relativistic reflection component: Ag, >
8.01 Solar Unit, and an upper limit for the iron abundance of the relativistic reflection
component: Ar, < 0.5 Solar Unit, in agreement with the values reported in Table 5.2.
We found a coronal temperature of GOfé(l)O keV, roughly in agreement with the expected

relationE, = 2 — 3xkT, (Petrucci et al. 2000, 2001).

5.3.3. NGC 6814

The fitting procedure for NGC 6814 was very similar to that adopted for MCG +8-11-11.
We started the analysis by fitting the 3 — 80 keV NuSTAR spectrum with the phenomeno-
logical baseline model, previously described in subsection 5.3.2 and composed by a cut-
off power law, a PEXRAV plus a narrow Gaussian line around 6.4 keV. Also in this case
we fixed all element abundances to Solar values and the inclination angle to cosi = 0.86
(i ~30°). Since Walton et al. (2013) found the presence of an emission line from H-like
Fe Ka with an EW of 90:}8 eV, we added also a narrow Gaussian line with the centroid
energy fixed to 6.966 keV. However, only an upper limit to the EW of < 15 eV was found,
which was more than four times lower than the value found by Walton et al. (2013). We
found also an upper limit for the line flux of < 2.1 x 10~® ph/cm?. This was probably due
to the fact that the line was diluted by a continuum which was about four times higher
than that found by Walton et al. (2013) (see below). We therefore did not include this line
in this and in the following fits. We found a y?/d.o.f.= 398/348. The residuals around the

narrow Fe Ka line suggested the presence of a broad line. Adding a broad Gaussian line
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Table 5.3: Fitting parameters for NGC 6814 using the models A2, B2, C2, D2, as described in the text. Errors
are at 90% confidence levels. In the range of 3-0 keV we found a flux of 1.04 +0.04 x 10710 erg cm™2 s~ and
an absorption corrected luminosity of 6.21 +0.12 x 10%2 ergs™1.

Model: A2 A2 C2 D2

r 1.7240.02 1.74+£0.02 1.71700%  1.80+0.02
E. (keV) 2601220 210*8) 155t0§§ > 260
RPEXRAY 0.15+0.07 - - -
RRELXILL - 026+0.1 0277010 0.267) 7
RYILLVER - - 0.17+0.03 -

a - >0.2 >0.03 >0.4
Aggt - <14 1.8798 1.8*
affuver . . >7.00 .

NMYT(10%cm™2) - - - 3.5739
X 1.08 1.06 1.08 1.06

* fixed parameter.
Abundances are in Solar Units.

at the PEXRAV plus the narrow Fe Ka line model (model A2) around 6.4 keV we found a
resolved Fe Ka line with ¢ = 0.59f8:§{ keV, EW of 102 + 15 eV and flux of 4.2 + 1.4 x 107°
ph/cm?/s. The centroid energy of the Fe Ka line was found to be at 6.437-53 keV. The
line had an EW of 70 + 7 eV, consistent with what Walton et al. (2013) found. The flux of
the line was 2.7+ 0.7 x 10~ ph/cm?/s. The chi square for the fit with the model A2 was
x?/d.o.f.= 373/345. The high energy cutoff was ZGOfé(Z)OkeV and the reflection fraction
R=0.15+0.07. The 3—80 keV flux was 1.04+0.04 x 1071° erg cm™~2 s~ 1. Other parameters

are reported in Table 5.3.
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Figure 5.7: Data and best fit model of NGC 6814 extrapolated from NuSTAR FPMA (black) and FPMB (red)
spectra when model C2 (see Figure 5.8) is used.

The following step in the analysis was to replace the PEXRAV model plus the broad line
with the RELXILL model, as for the previous source but without the Fe XXVI line (hereafter

model B2) in order to test for the presence of a relativistic component. The inclination
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Theoretical Model NGC 6814
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Figure 5.8: Best fitting model (black); the blue line is the RELXILL component, the red line represent the
primary continuum and the magenta line is the XILLVER component. See text for more details.

Si
ergcms—!
Leaving the iron abundance free to vary we found a value of Ap, < 1.4 in Solar Units, a

angle was fixed to 30° and the ionization parameter was fixed to log( ) =0.0.
reflection fraction R= 0.26 £ 0.1 and a lower limit on the spin of the central black hole
of a > 0.2. The y? values in this case was y?/d.o.f.= 366/343. Leaving the ionization
parameter free to vary the fit did not improve, the y? remained the same, and we found

i : ) <0.34. Other fitting

an upper limit value for the ionization parameter of log ( —
ergcms

parameters are shown in Table 5.3.

We then replaced the Gaussian narrow line in the model B2 with the XILLVER model
(hereafter model C2; see Figure 5.8), to test if the reprocessed spectrum could originate
in a distant material, as it was done for the other source in the previous section. The pho-
ton indices the cutoff energy of the XILLVER and RELXILL models are tied together. The
reflection fraction of XILLVER was free to vary. The fit gave a y?/d.o.f.= 375/346. We found
a value for the high energy cutoff of 155f37)g keV (see Table 5.3). The other fit parameters
are reported in Table 5.3. Contour plots are shown in Figure 5.9. Also for NGC 6814, as
for MCG +8-11-11, we found an iron overabundance in the XILLVER model, Ag. > 7.0 due
to an emission of the narrow part of the Fe Ka line which was relatively strong compared
to the Compton hump. If we tried to keep tied the iron abundances between the XIL-
LVER and the RELXILL model we found a lower limit value of Ag, > 4. and the fit worsened
significantly with a resulting y?/d.o.f.= 379/347.

Similarly to the case of MCG +8-11-11, we tested the alternative model in which XiL-
LVER was replaced by reflection from distant material with Ny < 10**cm™2 that could
reproduce the narrow part of the fluorescence emission line from the iron K-shell with
a small Compton hump. We used the MYTORUS model as described in subsection 5.3.2
(hereafter model D2). We obtained a y?/d.o.f.= 368/347. The best fit parameters are

given in Table 5.3. We found a column density of Ny = 3.53:8 x 102cm™2. Again, we
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found only a lower limit to the cutoff energy, E. > 260 keV, which was consistent with the
values found with the previous models.

Yamauchi et al. (1992) found an iron overabundance in the Ginga spectrum of the
source. They justified the fact with the presence of a partially ionized state that may give
an "apparent" overabundance because the partially ionized gas is transparent for the soft
X-rays but absorbs X-rays above the Fe K-edge energy. In our fit, we considered neutral
reflection material, so the super-solar value for the iron abundance could not be an effect
of the ionization. Even in this case, we tested if the two reflection components could
arise from two different parts of the accretion disk if it is in a different configuration. We
modeled the spectrum with two RELXILL models. First, we kept all the parameters tied
tighter between the two model, except for the normalization, the resulting chi-square
of the fit is y?/d.o.f.= 409/347 = 1.17. We found a lower limit on the iron abundance of
Are > 5.88 and there are also clear residuals around 6.4 keV which indicate the presence
of the narrow component of the Fe Ka line. Adding this component and allowing to
vary the iron abundance parameter, the reflection fraction parameter, and the black hole
spin parameter, we found a fit with a chi-square of y?/d.o.f.= 373/343 = 1.09. We found
one RELXILL component with an upper limit on the iron abundance of Ap, < 2.09 an
upper limit on the spin parameter of a < 0.48and a reflection fraction R= 0.27 £ 0.12.
The second relxill component showed a lower limit on the iron abundance of Ag. > 6.35,
an upper limit on the spin value a < 0.15 and a lower limit on the reflection fraction
R<0.12. Also NGC 6814 shows one of the RELXILL component which is not a relativistic
component and it could not be produced by a Compton thick material since it had a very
low associated reflection component and high iron abundance, similarly to the XILLVER
component of our best fit (model C2).

Fluxes of the broad and narrow Fe Ka lines and of the Fe XXVI line were the same,

within the errors, among the various models previously described.

CORONAL PARAMETERS
The final step was to use Comptonization models to estimate the coronal parameters as
in section 5.3.2. We used RELXILLCP and XILLVER-COMP to model both the relativistic and

non-relativistic reflection spectrum, see Section 5.3.2. The fit gave a y?/d.o.f.= 387/347 =

100
17

keV, again in agreement with the E; = 2 — 3xkT, relation (Petrucci et al. 2000, 2001). We

1.11. We found a photon index value of 1.79 +£0.03 and a coronal temperature of 45*

found also a lower limit for the iron abundance of the non-relativistic reflection compo-
nent: Ar, > 7.89 Solar Unit, and an upper limit for the iron abundance of the relativistic
reflection component: Ar, < 0.73 Solar Unit, in agreement with the values reported in
Table 5.3.

5.4. DISCUSSION AND CONCLUSIONS
We have presented the analysis of the NuSTAR observations of the Seyfert 1 galaxies NGC
6814 and MCG +8-11-11.
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Figure 5.9: E.-T" contour plot (left panel) and E.-R contour plot (right panel)for MCG +8-11-11 (top panel)
and NGC 6814 (lower panel). The solid black, blue and orange curves refer to the 68, 90 and 99% confidence
levels respectively. The X represents the best fit value of the parameters.

The 2 — 10 keV absorption-corrected luminosities from the NuSTAR observations of
the two sources are L,_19 = 2.04 x 10*? erg s™! for NGC 6814 and L,_19 = 5.13 x 10*3 erg
s~! for MCG +8-11-11. Using the 2—10 keV bolometric correction of Marconi et al. (2004),
we estimated the bolometric luminosity to be Ly, = 0.24 x 10*erg s™! (NGC 6814) and
Lol = 14.2 x 10**erg s~ (MCG +8-11-11). From these bolometric luminosity, with the
black hole masses of log Aj{f: = 7.19+£0.02 (Bian & Zhao, 2003b) (MCG +8-11-11) and

log M2 = 6.99+932 (Pancoast et al,, 2014, 2015) (NGC 6814), we estimated the Edding-

ton ratio to be 2.46 x 1073 for NGC 6814 and 7.54 x 10~! for MGC +8-11-11.

Thanks to the NuSTAR sensitivity at high energies, it was possible to measure the

Table 5.4: Coronal parameters for MCG +8-11-11 and NGC 6814 when the self-consistent model XILLVER-
COMP + RELXILLCP is used to fit the data. The optical depths are extrapolated from Beloborodov (1999).
Errors are at 90% confidence levels.

Parameter MCG +8-11-11 NGC6814
kT, (keV) 60730 45190
T 1.8+0.2 25+0.2
r 1.847003 1.79+0.03
AL (Solar Units) <0.5 <0.73
AELLLVER(Solar Units) >8.01 >7.89
L 1.09 111

d.o.f
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high energy cutoff value for both sources; we found 175*11% keV and 15570 respectively

for MCG +8-11-11 and NGC 6814. We found also a disk reflection component and we
constrained the reflection fraction finding 0.25 + 12 for MCG +8-11-11 and of 0.27%319
for NGC 6814.

Both sources showed a slightly broadened relativistic Fe Ka line plus a narrow com-
ponent. The reflection component was modest, and mostly associated with the broad
line component. The low reflection fraction found in MCG +8-11-11 was consistent with
the value found by Mantovani et al. (2016). Past observations of NGC 6814 did not show
broad line ( Bentz et al. 2009, Malizia et al. 2014, Ricci et al. 2014) . The Compton hump
associated with the narrow line was very small, similarly to what found in another Seyfert
galaxy, NGC 7213 ().

We found in our analysis a slightly broadened relativistic Fe Ka line plus a narrow
component. The former is modelled by the relativistic model RELXILL while the latter
by the non-relativistic model XILLVER. The iron abundance measured with the RELXILL
model is considerably lower with respect to the super-Solar abundance measured with
the XILLVER model. Since there was no Compton reflection hump associated with the
narrow component of the iron Ke line, it could not be produced by a Compton-thick
material, like the accretion disc or the Compton-thick torus, thus almost all the reflec-
tion should be associated with the accretion disk.

The interaction of X-rays with a material with super-Solar abundance of iron, gives rise
to a reflection component with small Compton hump associated with the narrow iron
Ka emission line. This is because the iron atoms interact with the X-rays, causing photo-
electric absorption and the spectrum shows an iron Ka line with a drop at ~ 7 keV, due to
the photoelectric absorption edge. The depth of the edge increases with the iron abun-
dance and saturates around Ag, ~ 10 (Matt et al., 1997). The curvature of the continuum
above ~ 10 becomes weaker, resulting in a very small Compton reflection.

A reflection component with small Compton hump associated with the narrow iron Ka
emission line could be produced also by the interaction of X-rays with a Compton thin
material. To confirm this scenario we fitted the cold reflection component with the MY-
Torus model and we found a values of Ny < 102*cm™2. This could implies that there
would be no evidence of the classical Compton-thick torus in these sources, as already
suggested by Bianchi et al. (2010) for MCG +8-11-11.

Ultimately we tested also if the two different reflection components should be part
of the emission by the same material, such as an accretion disk which is in different con-
figuration. But this attempt has further strengthened the scenario described above.

Regarding the relativistic component, for both sources we derived only lower or up-
per limits to the spin of the black hole of the two sources, depending on the adopted
model. The relativistic line was fairly broad, so there are degeneracies in the parame-
ters of the models which prevent us from determining a good measurement of the spin.

We conclude that this parameter is basically unconstrained, not surprisingly given the
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relative weakness of the relativistic reflection.

We estimated the coronal parameters by fitting the NuSTAR data with a model which
takes into account both the relativistic and non-relativistic reflection when illuminated
by a thermally Comptonized continuum. We found a coronal temperature of 60:1)(1)0 keV
for MCG +8-11-11 and 453?0 keV for NGC 6814. It is interesting to note that the coronal
temperature of the two sources are very similar despite an order of magnitude difference
in mass and Eddington ratio.

We estimated the optical depth using the relation from Beloborodov (1999):

9
[~ =y 29 5.3
4y (5.3)

where I is the photon index of the spectrum between 2 and 10 keV. The dependence from

the optical depth is in the relativistic y-parameter:
y=4(0,+40%)T(T+1) (5.4)

where O, is the electron temperature normalized to the electron rest energy:
0, = k—T"z (5.5)
mecC
We found 7 =1.79 £ 0.2 for MCG +8-11-11 and 7 = 2.5 + 0.2 for NGC 6814.

We used the values of the coronal temperature reported in Table 5.4 to put MCG
+8-11-11 and NGC 6814 in the compactness-temperature (0, - ¢) diagram (Fabian et al.
2015, and references therein). Here ©, is the electron temperature normalized to the
electron rest energy, defined above in equation 6.5, and ¢ is the dimensionless compact-

ness parameter (Fabian et al., 2015):
L o
0= T

=— 5.6
R m,c3 5.6)

where L is the luminosity and R is the radius of the corona (assumed spherical). To
compute the compactness parameter, following Fabian et al. (2015) we adopted the lu-
minosity of the power-law component extrapolated to the 0.1 — 200 keV band; since no
measurement exists for the corona radius, we assume a value of 10 gravitational radii
Re. For MCG +8-11-11 we found ¢ = 27 + 12(R;9) ™! and ©, = 0.11*315; for NGC 6814
¢=145+4.5R;) ' and ©, = 0.08f8:(1)5 . Here R is the ratio between the corona radius
and 10Rg.

With these values of ©, and ¢ both sources are positioned under the Svensson pair
runaway line for a spherical geometry (Svensson, 1984), above the e~ — e” coupling line,
like most of the sources among those analysed by Fabian et al. (2017). The pair runaway
line in the ©, - ¢ diagram is a curve which determine a forbidden region in which the
pair production exceeds the annihilation. The detailed shape of this line depends on
the source of soft photons and on the radiation mechanism. Above the e™ — e” coupling
line the e™ — e~ coupling time scale is longer than the Compton cooling time scale. The
location of these sources within the ©, - ¢ plane fits well in the scenario in which the

AGN spectral shape is controlled by pair production and annihilation.



A NuSTAR CENSUS OF CORONAL
PARAMETERS IN SEYFERT GALAXIES

"To raise new questions, new possibilities,
to regard old problems from a new angle,
requires creative imagination and marks
real advance in science."

Albert Einstein

In this chapter we present and discuss the results on the hot corona parameters of Ac-
tive Galactic Nuclei that have been recently measured with NuSTAR. The literature values
of a sample of nineteen bright Seyfert galaxies are analysed.

The aim of this work is to look for correlations between spectral and coronal parameters,
such as the photon index and the cutoff energy, with other physical parameters, e.g. the
black hole mass or the Eddington ratio.

We analysed the literature coronal parameters of nineteen unobscured nearby bright
Seyfert galaxies that are present in the Swift-BAT 70 months catalogue and that have
been observed simultaneously by NuSTAR and others X-rays observatories such as Swift,
Suzaku or XMM-Newton.

We found an anti-correlation with a significance level > 98% between the coronal optical
depth and the coronal temperature of our sample. Moreover, our analysis excludes the

existence of any further correlation between the other spectral and physical parameters.

6.1. SAMPLE SELECTION AND GOALS

We have seen in previous chapters (Chapter 1 and 2) that the primary X-ray emission
is characterized by a power-law spectral shape extending to energies determined by the
electrons temperature. The power-law often shows a cutoff at high energies. Both the
energy of the cutoff and the photon index are related to the temperature and the optical
depth of the corona. Comptonization models imply that the cutoff energies are 2-3 times
the temperature of the corona (Petrucci et al. 2000, 2001).. To investigate the shape of the
spectrum is important to take into account the reprocessed emission of circumnuclear

environment in this energy range, such as reflection from accretion disc and distant ma-
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terial. Typical X-ray features of the cold circumnuclear material include intense iron K

alphaline at 6.4 keV and the associated Compton reflection peaking at 30 keV.

Before the coming of NuSTAR, several cutoff energies have been measured in nearby

Seyfert galaxies by X-ray satellites like Beppo-SAX(Perola et al., 2002) and INTEGRAL(Malizia et al.,

2014). The measurements ranged between 50 to 300 keV but the lack of focusing instru-
ments at high energies resulted in large uncertainties and degeneracies between cutoff
and other physical observables (in particular the slope of the primary power-law and the

amount of the radiation Compton scattered by circumnuclear material, see Figure 6.1).

High—energy Cut-Off vs. Photon Index — Type 1
500 600[ T T T

so0E : 4
400 - £

400 1 4

Equ (keV)

100 -

K 1.8 2.0 2.2 2.4
r Photon Index

Figure 6.1: The plot of the cutoff energy vs the photon index from Beppo-SAX observations (left panel,

Perola et al. (2002)) and from INTEGRAL observations (right panel, Malizia et al. (2014) ). Both sample ap-
pears to confirm the existence of correlation with the cutoff energy increasing with T'.

Unlike the previous hard X-ray observatories, which are background dominated for
almost all AGN, NuSTAR (Harrison et al., 2010) is the first focusing hard X-ray telescope
on orbit, 100 times more sensitive in the 10-79 keV band compared to previous obser-
vatories working in the same energy band. The focusing capability implies a very low
background, and the observation of bright AGN, are source-dominated. NuSTAR data
can therefore provide strong and robust constraints on the high energy cutoff, allow-
ing to study ANG at high energies with high precision and with unprecedented accu-
racy. Thanks to NuSTAR observations in collaborations with other X-ray satellites such
as XMM-Newton and Swift, in the last few years several cutoff energies have been mea-

sured with very high precision.

We build a small catalogue to look for correlations between coronal temperature and
other physical parameters, choosing the unobscured (Ng < 5 x 10°2cm™2) nearby, most
bright, non-jetted (following the distinction made by Padovani et al. 2017), Seyfert galax-
ies that are present in the Swift-BAT 70 months catalogue and that have been observed

simultaneously by NuSTAR

First we took data from the literature; the next step of the analysis, (which is not
reported in this thesis) will be to built a model based on Monte Carlo simulations and

to analyse all the sources with this model.
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Figure 6.2: The histogram of the distribution of the high-energy cutoff of the sample when both measures
(red) and lower limits (blue) are considered.

6.1.1. THE SAMPLE

The primary X-ray emission is characterized by a power-law spectral shape extending to
energies determined by the electron temperature. The power-law often shows a cutoff
at high energies. Both the energy of the cutoff and the photon index are related to the
temperature and the optical depth of the corona. Comptonization models imply that
the cutoff energies are 2-3 times the temperature of the corona ((Petrucci et al., 2000,
2001)). To investigate the shape of the spectrum it is important to take into account the
reprocessed emission of the circumnuclear environment in this energy range, such as
reflection from accretion disc and distant material. Typical X-ray features of the cold
circumnuclear material include intense iron K alpha line at 6.4 keV and the associated

Compton reflection peaking at 30 keV.

Unlike the previous hard X-ray observatories, which are background dominated for
almost all AGN, NuSTAR is the first focusing hard X-ray telescope on orbit, 100 times
more sensitive in the 10-79 keV band compared to previous observatories working in
the same energy band. The focusing capability implies a very low background, and the
observation of bright AGN, are source-dominated. NuSTAR data can, therefore, provide
strong and robust constraints on the high-energy cutoff, allowing to study AGN at high
energies with high precision and with unprecedented accuracy. Thanks to NuSTAR ob-
servations in collaborations with other X-ray satellites such as XMM-Newton and Swift,

in the last few years several cutoff energies have been measured with very high precision.

We built the catalogue by choosing the unobscured (N < 6x10%2cm™2) nearby bright-
est Seyfert galaxies that are present in the Swift-BAT 70 months catalogue and that have
been observed simultenously by NuSTAR and other X-rays observatories, such as Swift,

Suzaku or XMM-Newton. We selected only unobscured, or moderately obscured AGN to
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have a clear view of the primary emission component. Other objects for which the cut-
off energy had been left fixed in the spectral analysis are not included (1H0707-495 for
instance), since they need a more intensive study on this issue.The list and the charac-
teristics of all the sources can be found in Table 6.1.

The final sample comprises nineteen objects, twelve of which having a precise mea-
surement of the cutoff energy and seven having only a lower limit. The distribution of
high-energy cutoff measurements from the sample is shown in Figure 6.2. Some sources
show clear evidence of both cold and relativistic reflection and others in which only dis-

tant neutral reflection contributes to the Compton hump at high energies.

6.1.2. LIST OF THE SOURCES
* NGC5506 is a bright, nearby(z = 0.006181) Compton-thin (Wang et al., 1999), narrow-
line Seyfert 1 galaxy (Nagar et al., 2002). Its spectrum is well described by a power-
lawwith I' = 1.9+.03 with an high energy exponential cutoff at 720* {33 keV (Matt et al.,
2015). NGC 5506 has a galactic absorption with a column density of 3.8 x 102’ cm ™2
(Kalberla et al., 2005). The observed 2-10 keV flux corrected for absorption is 6.2 x
107! ergcm™2s ~! corresponding to a luminosity of 5.26 x 102 erg s~ (Matt et al.,

2015).

* MCG -05-23-16 is a nearby (z = 0.0085, 36Mpc)Seyfert 1.9 galaxy (Veron et al. 1980;
Wegner et al. 2003). This source has a complex structure of the fluorescent line
emission, including both broad and narrow components produced by the disc
and the torus reflection, respectively (Balokovic et al., 2015). It has an absorp-
tion with column density of 2.5 x 1022cm™2. The photon index of the primary
power-law results to be 2.00 +0.01. It shows also an high energy cutoff at 1 16fgkeV
(Balokovic et al., 2015)

° SWIFT J2127.4+5654 (z = 0.0144) is a narrow-line Seyfert 1. It was observed by
NuSTAR and XMM-Newton in an observational campaign performed in November
2012. This source is affected only by the the Galactic column density absorption
(7.65 x 102! cm™2, Kalberla et al. 2005). The primary emission of this source has a
power-law spectral shape with a photon index of 2.08 £ 0.01 and a cutoff energy
E.= 1083(1) (Marinucci et al., 2014a).

* IC4329A is a nearby bright Seyfert galaxy (z = 0.0161 Willmer et al. 1991; Galac-
tic Ny = 4.61 x 10%° cm™2, Kalberla et al. 2005). It has been observed by NuSTAR
quasi-continuously from 2012 August 12-16. The photon index of the primary
power-law of IC4329A is 1.73 £ 0.01. The spectrum shows a cutoff at 184 + 14 keV

(Brenneman et al., 2014).

* 3C 390.3 (z = 0.056) is a radio-loud Seyfert 1 galaxy with a weak reflection and a
flat photon index. The timing properties of 3C390.3 do not differ from those of
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radio-quiet Seyferts (Gliozzi et al., 2009) and that there is no noticeable contribu-
tion from the jet to the X-ray emission (Sambruna et al., 2009). It has a Galactic
column density of 4 x 10°°cm™2 (Kalberla et al., 2005), a photon index of the pri-
mary power-law of 1.70 £ 0.01 and a cutoff at energy of 116f§4 keV (Lohfink et al.,
2015).

3C 382 (z =0.057870) is a broad-line radio galaxy but its X-ray continuum is domi-

nated by the Comptonizing corona similarly to radio-quiet Seyfert galaxies (Ballantyne et al.,

2014). Tt has a Galactic absorption with a column density of Ny = 6.98 x 10>°cm ™2
(Kalberla et al., 2005) and a weak, highly ionized warm absorber with Ny = 1.4 x
10°!cm™2 and logé = .5, it has also a T’ = 1.68f8:8§ and a high energy cutoff at
214J_ré§7 keV (Ballantyne et al., 2014).

GRS 1734-292 (z = 0.0214, corresponding to a distance of 87 Mpc) is a Seyfert
Galaxy originally discovered by the ART-P telescope aboard the GRANAT satellite
(Pavlinsky et al., 1992). It has a total hydrogen column density in excess of 10?2
cm 2. The 2-10 keV flux for this source is F,_19 = 5.12*31> x 107! erg em™2 s71.
GRS 1734-292 has the spectral slope of the primary power-law typical of a Seyfert
galaxy in the NuSTAR observation (I' ~1.65), with one of the lowest high energy

cutoff (53fé1 keV) measured so far by NuSTAR (Tortosa et al., 2017).

NGC 6814 (z = 0.0052, Molina et al. 2009) is a Seyfert 1 Galaxy known to show X-
ray variability by at least a factor of 10 over time scales of years (Mukai et al., 2003).
The 2 — 10 keV absorption-corrected luminosities from the NuSTAR observation
is Ly_19 = 2.04 x 10%? erg s~!. It has a primary power-law with a photon index of

1.71*3:9% and an exponential cutoff at 135" 1) keV (Tortosa et al., 2018).

MCG 8-11-11 (z = 0.0204) is a very X-ray bright AGN. The 2 — 10 keV absorption-
corrected luminosities from the NuSTAR observation is Ly_;9 = 5.13 x 10%3 erg s7L.
It has a primary power-law with a photon index of 1.77 + 0.04 and an exponential
cutoffat 1757110 keV (Tortosa et al., 2018).

Ark 564 (z = 0.02468) is a narrow line Seyfert 1 galaxy. It has a steep X-ray spec-
trum, strong soft excess, and rapid variability. It is also extremely bright in the
soft X-ray band (Fy3_1gkev = 1.4 x 10710 erg cm™2s ! (Kara et al., 2017). Ark 564
has a photon index of 2.27 £ 0.08 and a very low cutoff energy value: E, = 42 + 3
(Kara et al., 2017).

PG 1247+267 is one of the most luminous known quasars at z ~ 2 and is a strongly
super-Eddington accreting supermassive black hole (SMBH) candidate. It was ob-
served by NuSTAR in December 2014 for a total of 94 ks. From this observation it
results that Pg 1247+267 has a primary power-law with a cutoff energy at 89:1;24

keV and photon index of 2.35f8:82 (Lanzuisi et al., 2016).
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Ark 120 (z = 0.033) is a 'bare’ Seyfert 1 galaxy, a system in which ionized, display-
ing neither intrinsic reddening in its IR continuum nor evidence for absorption
in UV and X-rays absorption is absent (Matt et al. 2014, Porquet et al. 2017). The
spectrum of the source has a measure of the high energy cutoff value of 183f2§
keV Porquet et al. (2017). The photon index of the primary power-law is 1.87 +0.02
(Porquet et al., 2017).

NGC 7213 (z = 0.005839) is a low-luminosity active galactic nucleus that hosts a
supermassive black hole of ~ 108 solar masses. It has also been classified as a low-
ionization nuclear emission region galaxy (LINER) because of the low excitation
observed in the narrow-line spectrum (Filippenko & Halpern, 1984). The photon
index of the primary power-law of the spectrum of NGC 7213 is 1.84 + 0.03. The
sources does not have a cutoff measurements but shows only a lower limits on the

cutoff energy of E, > 140keV (Ursini et al., 2015).

MCG 6-30-15 (z = 0.008), is a Seyfert 1 galaxy with an extreme X-rays variability
and a very broad Fe ka line emission, with an iron abundance significantly higher
than solar (Fabian et al., 2002). Its primary power-law show a photon index of
2.06 +£0.01 and a lower limit on the high enery cutoff which results to be > 110
keV (Marinucci et al., 2014b).

NGC 2110 (z = 0.008) is a bright Seyfert 2 galaxy. it shows a prominent Fe ka line
with a variable intrinsic emission and shows a cutoff energy E. > 210 keV, with
no detectable contribution from Compton reflection (Marinucci et al., 2015). The
source has several layers of absorbing material with column densities in the range
2-6x10%cm™2 (Rivers et al., 2014).

Mrk 335 (z = 0.0257) is a arrow-line Seyfert 1 galaxy that show narrower broad
emission-line components than typical Type 1 AGN (Grier et al., 2012). It has been
observed by NuSTARin June and July 2013. The Galactic absorption for this source

is of 3.56 x 102> cm ™2 (Kalberla et al., 2005). Its primary power-law spectrum shows

+0.02

a photon index of 2.147 ;7%

and a cutoff energy E. > 174 (Parker et al., 2014).

Fairall 9 (z = 0.047016) is a Seyfert 1 galaxy. It has been observed by NuSTAR
in May, 2014 and does not show any significant absorption other than Galactic
(Lohfink et al., 2016). The photon index of its primary power-law is 1.96f8:8§, which
shows a cutoff E; > 242 (Lohfink et al., 2016).

Mrk 766 (z = 0.012929) is a narrow line Seyfert 1 galaxy which shows spectral vari-

ability in the X-rays (Risaliti et al., 2011). Its X-ray spectrum is well fitted by a

.02

; ; +0
power-law with photon index 2.227 - /2

of > 441keV (Buisson et al., 2017).

and an exponential cutoff with a lower limit
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* PG 1211+143 (z = 0.080900) is a bright radio-quiet quasar which belongs to the
class of Narrow Line Seyfert 1 galaxies and presents an archetypical case for the
ultra-fast outflows. The amount of Galactic neutral absorption along the line of
sight is 2.7 x 10%® cm™2 (Kalberla et al., 2005). The photon index of the primary
power-law of the spectrum of this source is 2.51 + 0.2 with a lower limit on the

exponential cutoff of > 124 keV (Zoghbi et al., 2015).

6.1.3. BLACK HOLE MASS MEASUREMENTS

Some of the selected sources had more than one literature value for the mass of the cen-
tral black hole. One of the most reliable and direct way to measure the mass of a super
massive black hole residing in the nucleus of an active galaxy is reverberation mapping
(RM, Blandford & McKee 1982; Peterson 1993). We decided to use the RM mass values,
for the sources that have one (IC4329A, 3C390.3, Ark 564, Ark 120, Mrk 335, Fairall 9,
Mrk 766, PG 1211+143 Peterson et al. 2004; NGC 6814 Pancoast et al. 2014, 2015). For
the sources without a RM measurement we used mass values coming from virial mass
method, such as single-epoch method (SE). This method starts from the relation be-
tween the size and the luminosity of the broad line region (R-L relation), to derive the
brad line region size through a single measure of the optical continuum luminosity and,
combining this information with the width of a broad line,it is possible to build a relation
for the black hole mass estimate (Vestergaard, 2002; Vestergaard & Peterson, 2006). One

of the most used R-L relations based on HG RM measurements is (Bentz et al., 2009):

AL (5100A
— ~2.13+0.51910g 2201008

R
log———— 6.1
08 lightdays ergs™! (6.1

In the case of NGC 5506 the central stellar velocity dispersion (= 180km s~ (Oliva et al.
1999, Papadakis 2004) and the width of the [OIII] line (Boroson, 2003) give a black hole
mass ~ 108M, and we decided to use this value.

We assumed a 20% uncertainty for black hole mass estimates not inferred from re-

verberation.

6.2. THE FITTING PROCESS
The aim of this work is, as said before, to look for the correlation between the spectral
parameters, such as the cutoff value and physical parameters.

The goodness of the correlation is given by the Spearman’s rank correlation coeffi-
cient or Spearman’s p.The Spearman correlation coefficient is defined as the Pearson
correlation coefficient between the ranked variables. The sign of the Spearman corre-
lation indicates the direction of the association between X (the independent variable)
and Y (the dependent variable). A Spearman correlation of zero indicates that there is no
tendency for Y to either increase or decrease when X increases. When X and Y are per-

fectly monotonically related, the Spearman correlation coefficient becomes 1.0 (or —1.0
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Table 6.1: Spectral parameters, masses, luminosity and accretion rates of the sources of the selected sample. Accretion rates are computed using the Ly in the 2-10 keV energy band
using the bolometric correction of Marconi et al. (2004). Luminosity is in unit of 10** erg s™!. Flux is in unit of 107!! erg cm™

lower values of the high energy cutoff.

2

s 1. The bottom part of the table is for objects with

Source Ref. r E, logMpn/Me) Ref.  Lpoi/Lead  Lo—10kev Fo_10kev kT, T geom. model
[keV] erg st erg cm2s ! [keV]

NGC 5506 1 1.91+0.03 720730 8.0£0.2 (A)  0.006 0.053 6.2 4407230 0.02%02  slab  comPTT

4403%8 0.091“8:31 sphere  COMPTT

MCG -05-23-16 2 1.85+0.01 1705 7.7£0.2 (B)  0.058 0.18 10.4 30+2 12401  slab  compTT

25+2  3.5+0.02 sphere COMPTT

SWIFT J2127.4 3-4  208+001 180" 7.2+0.2 0 0.136 0.14 2.9 70*30 0.5753 slab  comPTT

503? 1.4J_r(1):g sphere  COMPTT

IC4329A 5-6 1.73+0.01 185+15 8.08+03 (N)  0.125 0.56 12.0 37+7  13+0.1 slab  compTT

33+6 3.4+0.5 sphere COMPTT

3C390.3 1.70£0.01 120+£20  8.4+0.4 (H) 0241 1.81 4.03 40+£20 3373  sphere COMPTT

3C382 1.68+0.03 215730 9.2+0.5 (D)  0.072 2.34 2.9 330+£30 0.2+£0.02 slab  comPTT

GRS 1734-292 1.65+0.05 5310 8.5+0.1 L)  0.036 0.056 2.9 12+41 29402 slab  comPTT

12*37  63+0.3 sphere COMPTT

NGC 6814 10 1.71£0.04 135'7 7.0+0.1 (©)  0.003 0.021 0.2 45*100  257+05 sphere NTHCOMP

MCG +8-11-11 10 1.77+£0.04 1757 1° 7.2+0.2 (B)  0.754 0.51 5.6 6071  1.9"+£04 sphere NTHCOMP

Ark 564 11 2.27+£0.08 42+3 6.8+0.5 (H) 1313 0.39 - 1542  2.7'+£0.2 sphere NTHCOMP

PG 1247+267 12-13  235+0.09 90733° 89+02 (M)  0.024 0.79 0.05 46*% 147103 sphere NTHCOMP
Ark 120 14-15  1.87+0.02 180730 8.2+0.1 (H)  0.085 0.92 2.3 - - - -

NGC 7213 16 1.84+0.03  >140 8.0+0.2 G  0.001 0.012 1.3 230773, 0.2+£0.1 sphere CcOMPPS
MCG6-30-15  17-18  2.06+£0.01  >110 6.4+0.1 (E)  0.238 0.056 5.5 - - - -

NGC 2110 19 1.65+0.03  >210 8.3+0.2 K)  0.016 0.35 12.5 190+£130 0.2+0.1  slab  compTT
Mrk 335 21-22  2.14+0.03 >174 7.2+0.1 (H)  0.284 0.18 1.9 - - - -
Fairall 9 20 1.95+0.02  >242 8.1+0.7 (H)  0.054 0.60 2.9 - - - -
Mrk 766 17-23-24 2.22+0.03  >441 6.3+0.1 ) 1.254 0.046 1.4 - - - -
PG 1211+143 26 251£02  >124 8.2+0.2 (H)  0.047 0.35 1.0 - - - -

Notes. References: 1. Matt et al. (2015), 2. Balokovic et al. (2015), 3.Marinucci et al. (2014a), 4.Malizia et al. (2008), 5. Bianchi et al. (2009), 6. Brenneman et al. (2014), 7. Lohfink et al.
(2015), 8. Ballantyne et al. (2014), 9. Tortosa et al. (2017), 10. Tortosa et al. (2018), 11. Kara et al. (2017), 12. Lanzuisi et al. (2016), 13. Trevese et al. (2014), 14. Matt et al. (2014), 15.
Porquet et al. (2017), 16. Ursini et al. (2015), 17. Marinucci et al. (2014b), 18. Emmanoulopoulos et al. (2014), 19. Marinucci et al. (2015), 20. Lohfinket al. (2016), 21. Parker et al.

(2014), 22. Bianchi et al. (2001), 23. Buisson et al. (2017), 24. Risaliti et al. (2011), 25. Zoghbi et al. (2015), 26. Lawson & Turner (1997).

Mass References:A. Papadakis (2004), B. Onori et al. (2017), C. Pancoast et al. (2014, 2015),D. Winter et al. (2009), E.Bian & Zhao (2003b), E Zhang & Wang (2006), G. Woo & Urry (2002),

H. Peterson et al. (2004), 1. Bentz et al. (2010), JHalpern (2006), K. Moran et al. (2007), L. Tortosa et al. (2017), M. Trevese et al. (2014), N de La Calle Pérez et al. (2010).

T Estimated parameter;
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Table 6.2: Correlations factor, p and Null hypothesis probability, hg.

X Y P hy geometry
T E. 0.18 0.47 -
logMpn/Ms) E. -0.11  0.61 -
Liol/Ldd E. -0.14 0.56 -
T T, -0.88 0.004 slab
T kT, -0.63 0.02 sphere
logMpn/Me) T -0.22 0.63 slab
logMpn/Me) T  -0.26 0.46 sphere
Libol/LEdd T 049 027 slab
Lbol/Lgdd T 0.38 0.28 sphere
logMph/Me) kT, 0.20 0.64 slab
logMph/Me) kT, 0.18 047 sphere
Lbol/Ledd kT, -0.37 0.41 slab
Lbo1/LEdd kT, -0.36 0.32 sphere
1000 T T T T
E 100} J+ -
s

10

16 18

2.0

r

2.6

Figure 6.3: Plot of the high-energy cutoff vs the photon index of the sample.

for anti-correlation). In the fitting process also the "null hypothesis" is given. The null
hypothesis, denoted by hy, is the probability that sample observations result purely from
chance. A small hj value indicates a significant correlation. The fits are made using the

Interactive Data Language (IDL ') programming language. We fitted the parameters with

a simple linear relation in logarithmic scale:

The fits are made with a Monte Carlo method which repeated the fit procedure random
sampling the values between a minimum value and a maximum value, which are identi-

fied respectively with the lower and the upper extreme of the errors of the measure, (2).

1

log(y) = alog(x)+b

www.harrisgeospatial.com/SoftwareTechnology/IDL.aspx
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Figure 6.4: Plot of the high energy cutoff vs the black hole mass of the sample

6.2.1. SPECTRAL PARAMETERS

We started by looking for a correlation between the photon index I' and the high-energy
cutoff with the relation of Equation 6.2. As it can be seen in Figure 6.3, no statistically sig-
nificant correlation is found between this parameters, in contrast with what was found
by previous satellites ( e.g., Perola et al. 2002; 2). This is reassuring, suggesting that with
NuSTAR with NuSTAR, and using a relatively large sample of well exposed sources with
good measurements, the intrinsic degeneracy between these two parameters is signifi-
cantly reduced.

The following step was to search for a linear correlation between the mass of the cen-
tral black hole and the high energy cutoff and between the Eddington ratio and the value
of the cutoff energy. All the values are reported in Table 6.1. The Spearman’s p values,
reported in Table 6.2, show that there is no significant correlation between the checked

parameters.

6.2.2. PHYSICAL PARAMETERS

We consider the physical parameters that characterize the AGN coronae: the coronal
temperature kT, and the optical depth. The distribution of these two values in our sam-
ple is shown in Figure 6.6. It should be noted for some of the sources the optical depth
parameter is not directly measured, since the model used (NTHCOMP in XSPEC) does not
have the optical depth as free parameter. In these cases, the optical depth has been esti-

mated using the relation from Beloborodov (1999):

9
[~ =y 29 6.3
4y (6.3)
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Figure 6.5: Plot of the high energy cutoff vs Eddington ratio of the sample
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Figure 6.6: Left panel: the histogram of the distribution of the coronal temperature values for the sources of
the sample that have coronal temperature measurements. Right panel: the histogram of the distribution of
the optical depth values for the sources of the sample that have a direct or extrapolated measurements of
this parameter. Both slab and sphere geometry of the corona are considered.
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where I is the photon index of the spectrum between 2 and 10 keV. The dependence from

the optical depth is in the relativistic y-parameter:
y=4(0,+40%)T(T+1) (6.4)

where O, is the electron temperature normalized to the electron rest energy:

kT,
O,=—5 (6.5)
mecC

We performed the fit for the two cases of slab and spherical geometry of the corona.

OPTICAL DEPTH VS CORONAL TEMPERATURE
The optical depth and coronal temperature appear to be extremely anti-correlated, the
Spearman correlation factor for this fit is p = —0.88/—-0.63 and the null hypothesis prob-
ability iy = 0.004/0.03, for the slab and spherical geometry respectively, see also Figure
6.7.

Using the equation 6.2 we found, in the case of a slab geometry, the following inter-

cept and slope values for the fit:
a=-0.7+£0.1;b=1.6+0.06 (6.6)
The parameters of the linear regression in the case of the spherical geometry are:
a=-0.7+0.2;b=1.8+0.1 6.7)

This is a very interesting result, but the physical interpretation is not straightforward. We
will discuss this correlation in the following section.

We also searched for correlations between the above parameters (coronal optical
depth and coronal temperature) and the central black hole of the AGN, and the Edding-
ton Ratio in both coronal geometries, slab and spherical. We do not found statistically
significant correlation any of the analysed cases (see Table 6.2). It must be remarked that,
in the case of the Eddington ratio vs the coronal temperature we found a trend which is
similar to the modest anti-correlation between the Eddington ratio and the cutoff en-
ergy. This result is not surprising, giving the relation between the cutoff energy and the
coronal temperature (Petrucci et al. 2000, 2001), but, as above, the anti-correlation is not

statistically significant.

6.3. RE-ANALYSIS OF NGC 5506, GRS 1734-292 AND MCG -05-
23-16

NGC 5506, GRS 1734-292 and MCG -05-23-16 have the most extreme values of coronal
temperature of the sample. These values are obtained in literature using the COMPTT
comptonization model (Titarchuk, 1994). We check the kT, and 7 values in spherical
geometry of the corona for the above sources by re-analysing the NuSTAR observations

using the NTHCOMP model (Zdziarski et al. 1996 and Zycki et al. 1999).
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Figure 6.7: Fit and dispersion of the optical depth vs the electron coronal temperature in the case of a disc
shape corona (top panel) and spherical corona (bottom panel).

NGC 5506 was observed with NuSTAR (OBSID 60061323) on 2014 April 1. The ob-
servation was coordinated with the Swift observatory (OBSID 00080413001), which ob-
served the source, on 2012 April 2.In the re-analysis of NGC 5506, we fitted also the si-
multaneous Swift/XRT data, but we did not re-extract the Swift/XRT spectra.

GRS 1734-292 was observed by NuSTAR on 2014 September 16 (OBSID 60061279002),
for a total elapsed time of 43 ks.

MCG -05-23-16 was observed on 2012 July 11-12 (OBSID 10002019), and on 2013
June 3-7 (OBSID 60001046). The first observation was conducted as a part of the NuS-
TAR calibration campaign. The second observation was a science observation carried
out simultaneously with a long Suzaku observation. In our re-analysis we used only the
NuSTAR science observation.

First we reduced again the old NuSTAR observations with the NuSTAR Data Anal-
ysis Software (NuSTARDAS) package (v. 1.6.0). Cleaned event files (level 2 data prod-
ucts) were produced and calibrated using standard filtering criteria with the NUPIPELINE
task using the last new calibration files available from the NuSTAR calibration database
(CALDB 20170120). The extraction radii of the circular region were 0.5 arcmin both for
source and for background spectra, for all the sourced.

In their analysis of NGC 5506 Matt et al. (2015) found an X-ray spectrum composed
by an absorbed power law (with I" ~ 1.9) with an exponential high-energy cutoff (E. =

7207130 keV), plus a moderately ionized reflection component, and ionized iron lines.

They estimated the coronal parameters using the COMPTT comptonization model (Titarchuk,

1994), and the coMPPS model (Poutanen & Svensson, 1996b), founding, in the spherical
geometry of the corona a coronal temperature of 440328 keV (~ 270 keV) and an optical
depth of 0.09 (0.14) respectively.

Tortosa et al. (2017) found, for the NuSTAR spectra of GRS 1734-292, a spectral shape
of an absorbed power-law with photon index of 1.65 and a very low exponential cutoff,
53fé1ke\/. They found a reflection fraction of 0.48 +0.22 and no evidence of relativistic

features. Using the COMPTT model and assuming a spherical geometry for the Comp-
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Table 6.3: List of some parameters obtained from the re-analysis of NGC 5506, GRS 1734-292 and MCG
-05-23-16.

Source T kT, (keV) T )(2/ d.o.f.
NGC 5506 1.73700%  400+£200 0.21 1.1
GRS1734-292 1.81+£0.04 16+3 39 102
MCG -05-23-16  1.93+0.01  41+5 173  1.05

tonizing corona, they fond a coronal temperature of 12.13:? keV and an optical depth

7=6.38702.

The analysis of the NuSTAR spectrum of MCG -05-23-16, made up by citetbalokovic15,
showed a primary power-law with an exponential high energy cutoff at 1 16fgke\f, a pho-
ton index of 1.85 + 0.01 and the iron line with both narrow and broad component, the
last one due to relativistic effects. COMPTT Comptonization model in the case of a spher-
ical corona gives a coronal temperature kT, = 25 + 2 keV and a coronal optical depth
7=3.5+0.2.

We used models similar to the ones of Matt et al. (2015), Tortosa et al. (2017) and
Balokovic et al. (2015) to fit the NGC 5506, GRS 1734-292 and MCG -05-23-16 data, but
we used theRELXILLCP and XILLVER-COMP models (Garcia & Kallman 2010; Garcia et al.
2014 and Dauser et al. 2014) to model the relativistic or standard (respectively) reflection
with the irradiation of the accretion by a power law with a NTHCOMP (Zdziarski et al. 1996
and Zycki et al. 1999) Comptonization continuum.

The values obtained with the re-analysis are showed in Table 6.3. The coronal optical
depth values are extrapolated using the relation from Beloborodov (1999). The values
we found in our re-analysis are different from the literature values, especially the photon
index I" (and so the optical depth). However the error bars on the coronal temperature
almost are still the same.

Even if the values we found are different from the literature ones, the 7-kT, pairs

follow the relation found previously with the literature values (see Figure 6.8).

6.4. DISCUSSION
We found two relevant results from this analysis. The first one is the lack of correlation
between the high-energy cutoff and the spectral photon index of the primary power law
(see Figure 6.3). Perola et al. in 2002 found a correlation between the high-energy cut-
off and the photon index of the primary power law with a correlation coefficient equal to
0.88, with E. increasing on average with I". The same correlation is found in the Swift-BAT
sample, in which ? found that fitting with a power-law model simulated Swift/BAT spec-
tra varying the values of the high-energy cutoff, when the high energy cutoff decreases,
the Swift/BAT photon index increase (see Figure 19 in their work).

Given that the two parameters are correlated in the fit procedure, this correlation
may be an artifact due to any systematic error on one of the two parameters. Instead, we

found no significant correlation between I and E... The lack of correlation between these
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parameters means that there are no large systematics in the NuSTAR measurements.

The second important result is the presence of a strong anticorrelation between the
optical depth and the coronal temperature of the sample either in slab or spherical ge-
ometries.The interpretation of this anticorrelation is not trivial. Of course the values of
the parameters are model dependent. We check the kT, and 7 values in spherical geome-
try of the corona for some of the sources of the sample, in particular GRS 1734-292, NGC
5506 and MCG -05-23-16, which have the most extreme values of temperature and op-
tical depth, by re-analysing the NuSTAR observations. The coronal temperature and the
optical depth of the three sources listed above are obtained in literature with the COMPTT
model (Titarchuk, 1994). Instead we used the NTHCOMP model (Zdziarski et al. 1996 and
Zycki et al. 1999), see Section 6.3. We found different values for the two parameters of
the three sources but even if the values are different, the 7-kT, pairs follow the relation
found with the literature values (see Figure 6.8). Although the values are different for
the same source because they are obtained with different models, they still follow the
anti-correlation.

Moreover, we note that the models used for the analysis of the different sources in
the literature are not the same. This excludes the fact that the correlation could be an
artefact due to the use of the same model for the analysis.

The 7-kT, anti-correlation cannot be reconciled with a fixed disc-corona configu-
ration in radiative balance. Indeed, such a configuration corresponds to a fixed cool-
ing/heating ratio for the corona. In this case the corona temperature and optical depth
have only to adjust themselves in order to ensure the constancy of this ratio. But there is
no reason for kT, and/or 7 to change. In other words, if 1) the disc-corona configuration
of all the Seyfert galaxies is the same and 2) is in radiative balance, we would expect kT,
and/or 7 to cluster around the same values for all the objects of our sample.

The observed correlation indicate that one (or both) of these hypotheses is wrong.
The invalidation of the former (same disc-corona configuration) implies a geometrical
variation of the accretion flow. It could be the variations of the transition radius Ry, sep-
arating the inner corona and the outer disk or the variation of the height H of the corona
above the disk, like in the lampost configuration. A smaller R;,/H would imply a larger
cooling from the disk and then a smaller temperature (assuming the heatingis the same).
In this case the observed anti-correlation would indicate that objects like NGC 5506 have
alarger R;,/H than objects like GRS 1734-292.

The invalidation of the radiative balance hypothesis, instead, could be due to, e.g.,
a variation of the intrinsic disk emission. Indeed, for a fixed disk-corona geometry, the
radiative balance will change if the disk intrinsic emission varies, the larger the disk in-
trinsic emission, the larger the corona cooling and the smaller the temperature. In this
case the observed anti-correlation would indicate that objects like NGC 5506 have lower
disk intrinsic emission than objects like GRS 1734-292.

Note that for a pair-dominated corona, opposite behaviours are expected since an
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Figure 6.8: Fit and dispersion of the optical depth vs the electron coronal temperature in the case of a spher-
ical corona, as in lower panel of Figure 6.7, with the superimposition of the literature values of optical depth
and coronal temperature for GRS 1734-292, NGC 5506 and MCG -05-23-16 (blue circle) and the values ob-
tained with our re-analysis (green triangle), see Section 6.3.

increase of the cooling (which is inversely proportional to the coronal optical depth,
Haardt & Maraschi 1991) would correspond to an increase of the corona temperature
and not a decrease (Ghisellini & Haardt, 1994). In consequence, to explain the observed
kT, — 7 anti-correlation, objects with large corona temperatures would have a smaller

R, (H) or a larger disk intrinsic emission than objects with low temperature.

6.5. CONCLUSIONS

We have presented and discussed the recent high-energy cutoff measurements in a sam-
ple of nineteen bright Seyfert galaxies observed by NuSTAR in collaboration with other
X-ray observatories operating below 10 keV, such as XMM-Newton, Suzaku and Swift.
The goal of the work is to look for correlation between spectral and physical parameters,
to better understand the physics and the structure of AGN coronae.

This kind of analysis has been already done before the coming of NuSTAR using cut-
off energy measurements made up by hard X-ray satellites like Beppo-SAX(Perola et al.,
2002) and INTEGRAL (Malizia et al., 2014). Unlike NuSTAR, these instruments are non-
focusing, and therefore background dominated for AGN observation.

We searched for correlations between the high-energy cutoff and the photon index
of the primary power-law, the mass of the central black hole and the Eddington ratio,
i.e. Lpoi/Lgqq- We did not found any statistically significant correlation between there
parameters. Sources with lower limits on the cutoff energy show very high coronal tem-
perature, when Comptonization models are applied. Some of the objects show a very
hot corona and a low accretion rate, indicating that in these sources a possible Comp-
ton cooling inefficiency may play a role. Anyway, the existence of a linear correlation

between these parameters is not jet confirmed with high significance. We can not rule
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out the presence of a more complex relationship between these parameters, but to find
it more data are needed.

Finally, we search for the correlation between the physical parameters which charac-
terize the hot coronae of AGN: the temperature the optical depth of the plasma of rela-
tivistic electrons which compose the corona with the mass of the central black hole and
the Eddington ratio. No significant statistical correlation is found between these param-
eters except for the case of the optical depth versus the coronal temperature fit, for which
we underline the presence of a strong anti-correlation. We found an anti-correlation with
a Spearman correlation coefficient p = —0.88 in the case of a slab geometry of the corona
and —0.63 in the case of a spherical corona. The significance level for p deviating from
zero is equal to 0.004 in the case of slab geometry and 0.02 for the sphere geometry. The
observed anti-correlation suggests a disk-corona configuration in radiative equilibrium,
but requires differences, from source to source, in either the disk-corona configuration

or in the intrinsic disk emission.

6.6. FUTURE PERSPECTIVE

To increase our knowledge of the AGN corona further work is clearly needed. This is
why we are planning to make a comparison between our results and theoretical models.
This analysis will be done in collaboration with the Academy of Sciences of the Czech
Republic where a new Monte Carlo code for Comptonization, called MoCa, is being de-
veloped. The aim of the project is to derive the physical parameters of the corona by
systematically comparing the observed spectra with the simulated ones. With respect to
the semi-analytical Comptonization models currently available, the Monte Carlo code
has the advantage not to be limited to relatively small optical depths, as the observations

seem to indicate a large spread of values for this parameter.






CONCLUDING REMARKS

"Everything is theoretically impossible,
until it is done.”

Robert A. Heinlein

In this section, we summarize the works that have been presented throughout this
thesis.

The project has been discussed in Chapter 4 - 6 and can be summarized as follows:

1. Chapter 4 discusses the broadband X-ray spectrum of GRS 1734-292 obtained from
non-simultaneous XMM-Newton and NuSTAR observations, performed in 2009
and 2014, respectively. From the analysis carried out in this chapter it emerges that
the spectral slope of the primary power law is different between the two observa-
tions, being very flat in the XMM-Newton observation (I' ~1.47) while it is more
typical of a Seyfert galaxy in the NuSTAR observation (I' ~1.65), when the source
was a factor of ~ 1.3 brighter. The analysis shows a cutoff energy for the source
of 53fé1 keV. This is the lowest value found so far by NuSTAR in a Seyfert galaxy
together with Mrk 335 (Keek & Ballantyne, 2016); comparable or even lower val-
ues are found in stellar-mass accreting black holes (Miller et al. 2013; Miller et al.
2015). In the analysis we estimated the coronal parameters by fitting the NuSTAR
data with Comptonization model, finding a coronal temperature of kT, = 12.13:28
keV and an optical depth 7 = 2.8J_r8:§ assuming a slab geometry, or a similar tem-
perature and 7 = 6.38J_r8:§ assuming a spherical geometry. Given the low coronal
temperature, GRS 1734-292 is located far away from the region of pair produc-
tion in the ©, - ¢ plane, and is also located well below the e™ — e coupling line
(i.e. the line below which the electron-electron coupling time scale is shorter than
the Compton cooling time scale). This should ensure that the electron popula-
tion is thermalized. It is instead located close to the e™ — p coupling line, below
which the electron-proton coupling time scale is shorter than the Compton cool-
ing time scale. It is interesting to note that no sources among those analysed by

Fabian et al. (2015) lie definitely below the e~ — p line, while a number of them lie
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around or just above (see Fig. 4 in their paper). This line, therefore, seems to set
a physical boundary, which may be understood, at least qualitatively. If the elec-
tron population cools by Compton scattering and its temperature decreases until
the electron-proton coupling becomes important, the transfer of energy from pro-
tons to electrons becomes effective. This is not a completely self-consistent pic-
ture, as the electron-proton coupling line was calculated assuming that the elec-
tron and proton temperatures (normalized to their mass), ©, and ©,, are the same
(Fabian, 1994), which is unlikely when Compton cooling dominates. Moreover,
the dependence of the coupling time on O, is small as soon as the two tempera-
tures are decoupled and the proton temperature is the largest. Time-dependent,
detailed calculations with realistic heating and energy redistribution mechanisms
are required to assess how effective this feedback may be. Only a few AGN in the
Fabian et al. (2015) compilation have temperatures as low as that of GRS 1734-292,
and none among those observed by NuSTAR. We note that the accretion rate of
GRS 1734-292 is only a few percent of the Eddington limit, so the effectiveness of
the cooling mechanism cannot be related to a particularly strong radiation field.
It may, however, be at least partly related to the high value of the optical depth
7. A seed photon coming from the disc, in fact, will undergo more than one scat-
tering before leaving the corona, thereby reducing the electron temperature. In-
deed, models predict an anti-correlation between coronal temperature and optical
depth (see e.g. Petrucci et al. 2001 for a calculation based on the two-phase model
of Haardt & Maraschi (1993): note that values not too different from ours are pre-
dicted). The reason for the unusually large value of the optical depth is unclear
(but see Keek & Ballantyne (2016) for evidence of an increase of the optical depth
with decreasing Eddington ratio in Mrk 335), and difficult to assess given our poor
knowledge of the processes which originate the corona and of the mechanisms
which transfer the energy there. But with the increasing amount of high-quality
spectra from NuSTAR, progressively populating this parameter space, it is at least

possible to start seriously pondering these questions.

. Chapter 5 discusses the NuSTAR observations of MGC +8-11-11 (100 ks) and of

NGC 6814 (150 ks). Thanks to the NuSTAR sensitivity at high energies, it was pos-
sible to measure the high-energy cutoff value for both sources; in the work, we
found 175*11° keV and 155*%0 respectively for MCG +8-11-11 and NGC 6814. We
found also a disc reflection component and we constrained the reflection fraction
founding 0.25 + 12 for MCG +8-11-11 and of 0.27f8:}2 for NGC 6814. Both sources
showed a slightly broadened relativistic Fe Ka line plus a narrow component. The
reflection component was modest and mostly associated with the broad line com-
ponent. The low reflection fraction found in MCG +8-11-11 was consistent with

the value found by Mantovani et al. (2016). During the analysis, we estimated the
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coronal parameters by fitting the NuSTAR data with a model which takes into ac-
count both the relativistic and non-relativistic reflection when illuminated by a
thermally Comptonized continuum. We found a coronal temperature of 60*3}°
keV for MCG +8-11-11 and 45390 keV for NGC 6814. It is interesting to note that
the coronal temperature of the two sources is very similar despite an order of mag-
nitude difference in mass and Eddington ratio. We put MCG +8-11-11 and NGC
6814 in the compactness-temperature (0, - ¢) diagram (Fabian et al. 2015). Both
sources are positioned under the Svensson pair runaway line for a spherical ge-
ometry (Svensson, 1984), above the e~ — e” coupling line, like most of the sources
among those analysed by Fabian et al. (2017). The pair runaway line in the ©, -
¢ diagram is a curve which determines a forbidden region in which the pair pro-
duction exceeds the annihilation. The detailed shape of this line depends on the
source of soft photons and on the radiation mechanism. Above the e” —e™ coupling
line the e™ — e~ coupling time scale is longer than the Compton cooling time scale.
The location of these sources within the ©, - ¢ plane fits well in the scenario in

which the AGN spectral shape is controlled by pair production and annihilation.

. In Chapter 6 we discussed the ongoing project whose aim is the analysis of a sam-
ple of AGN to derive the physical parameters of the corona and look for correla-
tions between coronal temperature and other physical parameters. The funda-
mental parameters describing coronal spectrum of an AGN are the rollover energy
and the slope of the primary power-law, so in this work we presented and discussed
the recent high-energy cutoff measurements in a sample of nineteen bright Seyfert
galaxies observed by NuSTAR in collaboration with other X-ray observatories op-
erating below 10 keV, such as XMM-Newton, Suzaku and Swift. We found no signif-
icant correlation between the high-energy cutoff and the spectral photon index of
the primary power law. The lack of correlation between these parameters means
that there are no systematics in the measure of these parameters. We analysed also
the presence of a correlation between the high-energy cutoff and the mass of the
central black hole and the Eddington ratio, i.e. Lpy;Lpq4. Sources with lower limits
on the cutoff energy show very high coronal temperature, when Comptonization
models are applied. Some of the objects show a very hot corona and a low accre-
tion rate, indicating that in these sources a possible Compton cooling inefficiency
may play a role.Anyway, the existence of a linear correlation between these pa-
rameters is not confirmed. We can not rule out the presence of a more complex
relationship between these parameters, but to find it more data would be needed.
Finally, we underline the presence of a strong anti-correlation between the phys-
ical parameters which characterize the hot coronae of AGN: the temperature the
optical depth of the plasma of relativistic electrons which compose the corona. We

found an anti-correlation with a Spearman correlation coefficient p = —1.0 in the
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case of a slab geometry of the corona and —0.79 in the case of spherical corona.
The significance level for p deviating from zero is comfortably lower and equal to

0.0 in the case of slab geometry and 0.0019 for the sphere geometry.

All the above results were obtained in order to constrain the coronal parameters and to
have an overview of the physics and the structure of the hot corona of AGN. To increase
our knowledge of the AGN corona further work is clearly needed. This is why we are plan-
ning to make a comparison between our results and theoretical models. This analysis
will be done in collaboration with the Academy of Sciences of the Czech Republic where
a new Monte Carlo code for Comptonization, called MoCa, is being developed. The aim
of the project is to derive the physical parameters of the corona by systematically com-
paring the observed spectra with the simulated ones. With respect to the semi-analytical
Comptonization models currently available, the Monte Carlo code has the advantage
not to be limited to relatively small optical depths, as the observations seem to indicate

a large spread of values for this parameter.



XSPEC: AN X-RAY FITTING PACKAGE

In this work I used the XSPEC version: 12.9.0 for the analysis of XMM-Newton, Swift
and NuSTAR spectra.

XSPEC (Arnaud, 1996) is a command-driven, interactive, X-ray spectral-fitting pro-
gram, designed to be completely detector-independent so that it can be used for any
spectrometer. XSPEC has been used to analyze data from HEAO-1 A2, Einstein Observa-
tory, EXOSAT, Ginga, ROSAT, BBXRT, ASCA, CGRO, IUE, RXTE, Chandra, XMM-Newton,
Integral/SPI, Swift, Suzaku and NuSTAR.

XSPEC is distributed and maintained under the aegis of the GSFC High Energy As-
trophysics Science Archival Research Center (HEASARC).It can be downloaded as part of
HEAsoftfromhttp://heasarc.gsfc.nasa.gov/docs/software/lheasoft/download.html.

The first version of XSPEC was written in 1983 at the Institute of Astronomy, Cam-
bridge, under VAX/VMS by Rick Shafer. It was written to perform spectral analysis of data
from the ESA EXOSAT X-ray observatory, which was launched that year.

In XSPEC12, spectra can be fitted with more than one distinct model simultaneously,
on condition that at each separate model components can be assigned distinct response

functions, such as with coded aperture masks.

A.1. THE BASICS OF SPECTRAL FITTING

Although we use a spectrometer to try to find out the spectrum of a source, what the
spectrometer obtains is not the actual spectrum, but rather photon counts (C) within
specific instruments channels, (). This observed spectrum is related to the spectrum of

the source, f(E), in this way:
C(I)=f f(E)R(I,E)AE (A.1)
0

where R(I, E) is the instrumental response and it is proportional to the probability that
an incoming photon of energy E will be detected in the channel I. Ideally, then, we would
like to determine the actual spectrum of a source, f(E), by inverting this equation, thus
deriving f(E) for a given set of C(I). Regrettably, this is not possible in general, as such

inversion tend to be non-unique and unstable to small changes in C(I).
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Table A.1: Constants for calculating confidence regions, taken from Avni (1976).

Confidence Ay?
1 2 3
0.68 1.00 2.30 3.50
0.90 271 461 .25
0.99 6.63 9.21 11.30

The usual alternative is to try to choose a model spectrum, f(E), that can be de-
scribed in terms of few parameters, i.e., f(E, pl, p2,..), and match, or fit it to the data
obtained by the spectrometer. For each f(E), a predicted count spectrum, C(p(I)), is
calculated and compared to the observed data, C({). Than a fit statistic is computed
from the comparison, which enables one to judge whether the model spectrum fits the
data obtained by the spectrometer.

The model parameters then are varied to find the parameter values that give the
most desirable fit statistic. These values are referred to as the best-fit parameters. The
model spectrum, f;,(E),made up of the best-fit parameters is considered to be the best-
fit model.

The most common fit statistic in use for determining the best-fit model is ¥, defined

as follows:
(C)-CpD)?

ey ———— A2
Ul me -2

where o ([) is the error for channel I, if C(I) are counts then o () is usually estimated by
VCD.

Once a best-fit model is obtained, we have to investigate the level of confidence that
the observed C(I) is, being produced by the best-fit model f;,(E). The y? statistic provides
a well-known-goodness-fit criterion for a given number of degrees of freedom (v, which
is calculated as the number of channels minus the number of model parameters) and for
a given confidence level. If y> exceeds a critical value (tabulated in many statistics text)
one can conclude that f;(E) is not an adequate model for C(I). As a general rule, one
wants the reduced y? (defined as: y?/v) to be approximately equal to one (y? ~ v).

For a given best-fit parameter, p1, we determine the range of values within which one
can be confident the true value of the parameter lies. We have to define the confidence-
interval for the parameter.

The confidence interval for a given parameter is computed by varying the parame-
ter value until the y? increase by a particular amount above the minimum, or best-fit
value. The amount that the )(2 is allowed to increase (also referred to as the critical A )(2)
depends on the confidence level one requires, and on the number of parameters whose

confidence space is being calculated. (See Table A.1).

A.2. THE XSPEC IMPLEMENTATION
To summarize the preceding section, the main components of spectral fitting are as fol-

lows:
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* a set of one or more observed spectra D(I) with background measurements B(I)

where available;
* the corresponding instrumental response R(I, E);

* aset of model spectra M (E).
These components are used as follows:

* aparametrized model is created assumed to represents the actual spectrum of the

source;
* values to the model parameters are introduced;

* based on the parameters values given, one predicts the counts spectrum that would

be detected by the spectrometer in a given channel for such a model;

* then, one compares the predicted spectrum to the spectrum actually obtained by

the instrument;

* the values of the parameters of the model are manipulated until one finds the best

fit between the theoretical model and the observed data.

To obtain each observed spectrum, C(I), XSPEC uses two files: the data (spectrum) file,
containing D(I), and the background file, containing B(I). The data file tells XSPEC how
many total photon counts were detected by the instrument in a given channel. XSPEC
then uses the background file to derive the set of background-subtracted spectra C(I) in
units of counts per second. The background-subtracted count rate is given by, for each

spectrum:
D(I) bpa B(I)

apntD  bpuy apnis
where D(I) and B(I) are the counts in the data and background files; ¢p and ¢ are the

c)=

(A.3)

exposure times in the data and background files; bp(;y and bp(j), ap() and ap(yy are the
background and area scaling values from the spectrum and background respectively,
which together refer the background flux to the same area as the observation as neces-
sary. When this is done, XSPEC has an observed spectrum to which the model spectrum
can be fit.

Before XSPEC can take a set of parameter values and predict the spectrum that would
be detected by a given instrument, the specific characteristics of the instrument must be
given. This information is known as the detector response. Recall that for each spectrum
the response R(I, E) is proportional to the probability that an incoming photon of en-
ergy E will be detected in channel I. As such, the response is a continuous function of E.
This continuous function is converted to a discrete function by the creator of a response
matrix who defines the energy ranges E; such that:

2} RU,E)dE

Rl ) = == — A
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XSPEC reads both the energy ranges, Ej, and the response matrix Rp(/,/]) from a re-
sponse file in a compressed format that only stores non-zero elements. XSPEC also in-
cludes an option to use an auxiliary response file, which contains an array Ap(J) that is

multiplied into Rp(I, ) as follows:
Rp(I,]) — Rp(I,)) x Ap(J) (A.5)

This array is designed to represent the efficiency of the detector with the response file
representing a normalized Redistribution Matrix Function, or RME Conventionally, the
response is in units of cm?.
The model spectrum, M (E), is calculated within XSPEC using the energy ranges de-
fined by the response file:
Mp()) = K M(E)dE (A.6)
E-J-1
and is in units of photons/cm?/s. XSPEC allows the construction of composite models
consisting of additive components representing X-ray sources (e.g., power-laws, black-
bodies, and so forth), multiplicative components, which modify additive components
by an energy-dependent factor (e.g., photoelectric absorption, edges, ...). Convolution
and mixing models can then perform sophisticated operations on the result. Models are

defined in algebraic notation.

A.3. FITS AND CONFIDENCE INTERVALS

Once data have been read in and a model defined, XSPEC uses a fitting algorithm to
find the best-fit values of the model parameter. The default is a modified Levenberg-
Marquardt algorithm (based on CURFIT from Bevington 1969). The algorithm used is
local rather than global, so it is possible for the fitting process to get stuck in a local min-
imum and not find the global best-fit. The process also goes much faster (and is more
likely to find the true minimum) if the initial model parameters are set to sensible values.

The Levenberg-Marquardt algorithm relies on XSPEC calculating the 2nd derivatives
of the fit statistic with respect to the model parameters. By default these are calculated
analytically, with the assumption that the 2nd derivatives of the model itself may be ig-
nored.

At the end of a fit, XSPEC will write out the best-fit parameter values, along with
estimated confidence intervals. These confidence intervals are one sigma and are calcu-
lated from the second derivatives of the fit statistic with respect to the model parameters
at the best-fit. These confidence intervals are not reliable and should be used for in-
dicative purposes only. XSPEC has a separate command (error or uncertain) to derive
confidence intervals for one interesting parameter, which it does by fixing the parameter
of interest at a particular value and fitting for all the other parameters. New values of the
parameter of interest are chosen until the appropriate delta-statistic value is obtained.
XSPEC uses a bracketing algorithm followed by an iterative cubic interpolation to find

the parameter value at each end of the confidence interval.
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To compute confidence regions for several parameters at a time, XSPEC can run a
grid on these parameters. XSPEC also will display a contour plot of the confidence re-
gions of any two parameters.

XSPEC is designed to support multiple input data formats. Support for the earlier
SF and Einstein FITS formats are removed. Support for ASCII data is planned, which will
allow XSPEC to analyze spectra from other wavelength regions (optical, radio) transpar-

ently to the user.






DATA PROCESSING

Here I describe the processing procedure applied for the observatories which are used
in this thesis: XMM-Newton, Swift/XRT and NuSTAR. The spectral analysis of the spec-
tral products obtained in the way described in this Appendix is performed with XSPEC
version 12.9.0, described in Appendix A.

B.1. XMM-Newton DATA REDUCTION

The XMM-Newton scientific data is organized in the Observation Data Files (ODF) and
Slew Data Files (SDF), most of these files have a FITS format. The ODF/SDF files contain
uncalibrated files. To perform scientific analysis of XMM-Newton data, specific XMM-
Newton data reduction and analysis software are available.

The reduction of XMM-Newton spectra was performed by means of the Science Anal-
ysis System (SAS') software package.

SAS is a collection of tasks, scripts, and libraries, specifically designed to reduce and
analyze data collected by the XMM-Newton observatory. SAS is necessary to extract stan-
dard and/or customized science products, such as spectra, images, light curves. The
version of SAS applied in this study is the SAS v.15.0.0.

The XMM-Newton data have been processed using the tasks emchain and epchain
(for MOS and PN respectively) in order to obtain calibrated and concatenated event list.

XMM-Newton can also focus charged particles on the detection plane. Before the
launch of the instrument, the capability of X-ray telescopes to focus electrons was al-
ready known, therefore they were equipped with magnetic diverters in order to deflect
such electrons outside of the detection plane. In addition, the first observations of XMM-
Newton revealed that the instrument is also able to focus soft protons, with E < 300 keV.
These protons, of likely solar origin (e.g., Carter & Read 2007), lose energy for each inter-
action with the mirrors and are able to contaminate the higher energies (E 2 10 keV) of
the detected spectrum, since they are almost undistinguishable from the actual X-rays,
making it impossible to reject them a priori.

While the EPIC instruments are well protected by the magnetic diverters when the

Ihttps://www.cosmos.esa.int/web/xmm-newton/sas

111


https://www.cosmos.esa.int/web/xmm-newton/sas

112

B. DATA PROCESSING

satellite crosses the radiation belt, in which the soft protons are obviously more common,
this effect is also observed above the radiation belt limit, where the instruments are fully
operative. The effect is seen as a sudden increase, known as soft proton flare (SPF), of
the background level, that can prevail over the regular background by several orders of
magnitude. Moreover, SPFs are unpredictable and the duration ranges from hundreds of
seconds up to hours (De Luca & Molendi, 2004).

Since these background flares have a catastrophic effect on the detected X-ray spec-
trum of all three EPIC cameras aboard XMM-Newton, it is imperative to remove these
events during the data reduction process.

This is done by using the command evselect which examine the count-rate of such
events, by selecting all those single-pixel events (i.e., PATTERN==0) in the energy range
that is sensitive to soft proton flares.

Lightcurves are generated running the command lcurve. The SPFs are then re-
moved from the data with a manual inspection of the light curve, getting rid of all data
in the time bins where the count rate exceeds the appropriate values counts/s; this value
is estimated in such a way that the average count rate is all contained within that value.
The selection is done by running the command tabgtigen that creates a Good Time In-
terval (GTI) event list for nonflaring events. A filtered event list is then created with the
command evselect. With the adequate options, the command evselect generates an
image of the X-ray observation, once the event list is appropriately cleaned of soft proton
flaring events. The resulting image can be read by several software, e.g. ds9°.

The next step is the selection of the appropriate area in which the source data is likely
located, and the selection of the background area. Now we are able to extract a source
and background spectrum from the image, by using again the command evselect.

At this point, we need to generate the Redistribution Matrix File (RMF). The convolu-
tion from energy space into detector space involves a spreading of the observed counts
by the detector resolution, which is expressed by a matrix multiplication. While for grat-
ings instruments, such as the two RGS cameras of XMM-Newton, this matrix is almost
diagonal, it is not the case of CCD cameras, such as the three EPIC cameras. Therefore
we must generate an RMF by using the command rmfgen.

Another fundamental tool to analyze the spectrum of a source is the Auxiliary Re-
sponse File (ARF), that contains the combined areas of the telescope, filter and detector,
the so-called effective area, and the quantum efficiency (QE) as a function of energy av-
eraged over time. While the effective area is measured in cm?, and the QE is measured
in counts/photons, these two quantities are multiplied to create the ARE which is then

measured in cm?

counts/photon. The ARF is generated with the command arfgen.
When the input spectrum is multiplied by the ARE the result will be the distribution

of counts as would be seen by a detector with ideal resolution in energy. Then, the RMF

2http://ds9.si.edu/site/Home.html
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is needed, in order to produce the final spectrum. All these files can be compressed
into a single file, easily readable by spectrum analysis program XSPEC (Arnaud, 1996),
using the SAS tool specgroup, by which we can specify the number of photons for each
bin with the mincounts option. If the number of counts is very high, we take the risk
to oversample the instrument resolution, which is to be avoided, since we cannot have
bins that are closer in energy than the energy resolution of the instrument. A minimum
energy width of each bin can be forced by introducing the parameter oversample.

The output spectrum file takes into account the ARE the RME and the background
file, and it is readable by spectral analysis program XSPEC. The spectrum has also been
grouped using the FTOOLS command grppha to a minimum of 30 counts per bin, to

facilitate the use of the y? minimization technique using XSPEC.

B.2. Swift/XRT DATA REDUCTION

Swift/XRT data are processed with the xrtpipeline tool along with HEASARC remote
CALDB and standard filters. It produces the cleaned event-file and image. Image are
extracted using XSELECT. XSELECT is a command line interface to the extractor and
can be used to extract images, light-curves and spectra (among other things) from the
event lists. Images are extracted within the full energy range of the XRT: about 0.2 - 10
keV. However, the data can be filtered to produce images over any energy band within
this range, using the command filter pha_ cutoff, where the range must be given
in terms of channels. For the XRT, 1 channel =10 eV.

Source and background regions should be defined within ds9; circular regions can be
used. If xrtpipeline was run with cleanup=no, the region produced (a 20 pixel radius
circle) can be used if the source is not piled-up.

The task read event is used to read the event file which will be filtered with the
fitered regioncommand. Theextract spectrumisusedto extractthe filtered spec-
trum.

Exposure maps are used to correct for the loss of flux caused by some of the CCD
pixels not being used to collect data. The Swift software allows the user to correct for
the loss of flux which occurs when the source is positioned over a hot column. When
running xrtpipeline, the command createexpomap=yes will produce an exposure
map for each full event list.

Although the RMFs are obtained from the CALDB as ready-made files, ARFs need to
be created for every extracted spectrum. To do this, the task called xrtmkarf is used.
Generally, an exposure map should be used, corresponding to the same time interval as
the spectrum. When an exposure map is included, the PSF correction must be active (i.e.
yes as the input to the second xrtmkarf prompt); this ensures the ARF is corrected for
hot columns, bad pixels and any loss of counts caused by using an annular extraction
region (if the source is piled-up). If -1 is given at the prompts for the source coordinates,

the position of the source is extracted from the header of the spectrum (and will, thus,
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correctly be the center of the extraction region used).

The spectrum, the background spectrum, the ancillary response function and the
redistribution matrix files need to be linked together with the grppha task of FTOOLS.

PiLE-UP

If the measured count rate is high (above about 0.6 count s-1 in photon counting mode
is a rough guide), then the easiest way to avoid problems related to pile-up is to extract
spectra using an annulus, thus eliminating the counts in the bright core, where pile-up
will occur. To estimate the level of pile-up (i.e., how much of the core needs to be ex-
cluded), one needs to determine where the observed Point Spread Function (PSF) devi-
ates from the known, un-piled-up PSE In the absence of pile-up, the Swift PSF can be

modeled by a King function:

2 -p
PSF(r) = 1+(—) ] (B.1)

I'e

where, for Swift, r. ~ 5.8 and g ~ 1.55 (Moretti et al., 2005).

A quick and simple method to estimate the size of the annulus required can be per-
formed within XIMAGE running the psf command after extracting an image for the time
period of interest. At this point, one should click first in the center of the object to be
analysed, and then again at the outer edge of the object. This will bring up an interac-
tive plot window, showing two plots: the encircled energy fraction and the PSE The PSF
profile can be fitted with the King function, as described above, but out in the wings,
where pile-up will definitely not be an issue (see Figure B.1). Noticing all the data will
then show where the points begin to lie beneath the extrapolation of the King function;

this is the approximate radius which should be excluded to avoid the pile-up. Although

PSF (ot/sq aremin/s)
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radius {arcsec)

Figure B.1: An example of PSF profile (cyano) fitted with the King function (black).In this example, data
within about 7 arcsec (1 XRT pixel = 2.36 arcsec) should be excluded when extracting spectra and light-
curves.

the ARFs generated using xrtmkarf will correct the flux of the spectrum for the loss of
counts caused by using an annulus, the correction for the actual count rate (and, hence,

light-curve points) needs to be determined separately.
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B.3. NuSTAR DATA REDUCTION

The starting point for the NuSTAR processing data is the level 1 data: telemetry data
from the space satellite processed into the FITS format. To produce cleaned, calibrated
event list files and standard high-level scientific products starting from level 1 FITS for-
matted telemetry data is used the NUSTARDAS command nupipeline® on the FPMA
and FPMB NuSTAR Event Files. It runs in sequence the tasks for NuSTAR data process-
ing. The nupipeline data processing is organized in three distinct stages for calibration,

data screening and extraction of high-level scientific products:

e Data Calibration: processing of FITS formatted telemetry to produce calibrated

event files.

* Data Screening: filtering of calibrated event files, by applying cleaning criteria
on specified attitude/orbital/instrument parameters and event properties, to pro-

duce cleaned event files. Exposure maps are also generated.

* Products Extraction: extraction of high-level scientific products (light-curves, spec-

tra, images, ARF and RMF files) from cleaned event files.

This task is broken down into two main sub-stages: (1) data calibration; and (2) data
screening. Summarised below are the processing steps for the calibration stage, which

make use of instrument calibration data from the calibration database (CALDB).

* Data from the on board laser metrology system are used to process information
tracking temporal changes in the relative alignment of the optics and the focal

plane detectors.

 Attitude datais processed, using information from the star trackers (the star tracker

on the optics bench provides a pointing accuracy of +8").

* Known bad pixels and detected hot pixels are flagged, to be excluded at the screen-

ing stage.

* The events in the level 1 data each have a 3 x 3 nine-pixel signal pattern (the cen-
ter of which is the pixel with the largest registered pulse height). For each event,
pulse height amplitude (PHA; i.e., the charge in electronic units) information is
processed, and a "grade" is assigned which characterizes the morphology of the
3 x 3 signal pattern (from grade 0 to grade 32). Grades 27 — 32 are excluded at the
screening stage (these particular four and five pixel patterns are less likely to be

caused by real X-ray events).

* A gain correction (or energy correction) is performed for each event to convert

from PHA to pulse invariant units (PL; i.e., the charge in physical energy units). The

Shttps://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
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conversion is dependent on the pixel, the grade, and the detector temperature. PI

is related to photon energy (E; in units of keV) by the following:
E-16

0,04

pPI

(B.2)

* An "interaction depth" threshold is applied to flag internal background and cosmic
ray events (to be excluded at the screening stage). E < 60 keV events from focused

astrophysical sources have shallow interaction depths.

* The physical coordinates of each event are converted to sky coordinates (Harp et
al. 2010 details the pointing reconstruction procedure). First focal plane bench
frame coordinates (DET1X, DET1Y) are assigned probabilistically based on the grade
and the detector pixel coordinates (RAWX, RAWY). Next the DET1X coordinates are
converted to optics bench frame coordinates (DET2X, DET2Y) based on the mast
aspect solution (from the laser metrology information; see above). The DET1 and
DET2 coordinate systems use integer coordinates with effective pixel sizes which
are finer by a factor of five than the raw detector pixels (meaning an effective pixel
size of 12.3"/5 = 2.46" in the focal plane). Finally, the DET2 coordinates are con-

verted to celestial sky coordinates (X, Y) using attitude information (see above).

The above results in a calibrated event list, to which the screening stage is then applied.
This involves excluding "bad" time intervals, including: when the Earth is in the FoV;
when the telescope boresight is pointed < 3° from the Earth’s limb; when the observa-
tory is passing through the South Atlantic Anomaly (SAA); when the attitude reconstruc-
tion is not from the optics bench star tracker, or its quality is low; when at least one of
the mast-tracking laser spots is outside its associated position sensing detector grid; or
when there is instrument dead time, due to the event-processing time of the focal plane
module electronics or due to an anti-coincidence shield veto. Additionally, bad events
are excluded: those associated with bad or hot pixels; those with grades = 27; those with
large interaction depths; and those with PI values outside of the standard range. The
above results in a cleaned and calibrated, level 2, event list.

Once individual NuSTAR sources have been identified in the imaging data, spectra
can be extracted from the level 2 event file. To achieve this, source and background ex-
traction regions are defined and the NUSTARDAS task nuproducts is run to extract a
source spectrum, a background spectrum, an ancillary response function (ARF) and a
redistribution matrix file (RMF). Source and background light curves are also produced.

TThe RMF file accounts for the discrete nature of the PI channels, describing how
photons of a given energy will be redistributed into PI channels. The ARF file describes
the spectral response (i.e., the effective area) as a function of photon energy (as a result
of the optics, the detector efficiency, and additional factors). nuproducts produces the
ARF by taking a CALDB AREF file and correcting for the effects of vignetting, the natural

dither, and the detector gaps relevant for the given observation and source FoV position.
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The overall response is the product of the ARF and RME which is used to translate
between unfolded and folded spectra (i.e., the spectra before and after the effects of
the telescope/instrumental response, respectively) when doing spectral modeling. For
a given NuSTAR source, the spectra is extract for each available observation, with sep-
arate extractions for FPMA and FPMB, then, if more than one, the spectra needed to
be are coadd across all observations (separately for FPMA and FPMB) using the task
addascaspec.

The spectroscopic data are then fitted with physically motivated models using XSPEC

to constrain the observed and intrinsic spectral properties of sources.
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