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Chapter 1

Active Galactic Nuclei: observational
properties and basic physics

Contents
1.1 What are AGNs? .. ... ... ..o, 3
(1.2 The central engine of AGNs| . . . . ... ... .......... 6
.21 The accretiondisd . . . . .. .. ... ... . 7
[1.2.2  The Shakura-Sunyaev model] . . . . . ... ... .. ... ... 7
(.23 Otherdiscmodels . .. ... ... ... ... .......... 9
1.3 AGN classification and the unified model . . . . .. ... ... 11
[1.3.1  Optical spectra: the line-emitting regions| . . . . . .. ... .. 11
(1.3.2 The unified modell . . . .. ... ... .o 12
[1.3.3 Radio classificationl . . . . . . . ... ... ... 14

1.1 What are AGNs?

The electromagnetic emission of most galaxies is essentially due to stars. A non-
negligible contribution is usually due to the reprocessing of stellar radiation by the in-
terstellar medium, which is composed of gas and dust. Therefore, a “normal” galaxy,
such as the Milky Way, mostly emits optical/UV and infrared radiation. A small fraction
of the total energy output is emitted in the X-ray band, owing to supernova remnants
and accreting binary systems with a compact object, like a neutron star or a black hole
(e.g., Fabbiano|[1989). H 11 regions are responsible for weak emission lines, mostly in the
optical /UV spectrum.

However, many galaxies have a much broader spectral energy distribution (SED),
ranging from the radio band up to X-rays and gamma-rays. The fraction of these so-
called active galaziesis roughly 10 percent, the precise value depending upon environment
and redshift (e.g., [Brandt & Alexander|[2015). The broad SED of active galaxies, and in
particular their peculiar high-energy emission, is due to a very bright and compact central
region, called Active Galactic Nucleus (AGN). I show in Fig. the average energy
distribution of active galaxies compared with a normal one (for further details, see [Elvis

3
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Figure 1.1 — Comparison of energy distributions between active and normal galaxies, loosely
based on Elvis et al.| (1994).

et al.|1994)). The SED of an AGN can be decomposed into at least four main components,
which I will further discuss in the following: (i) the primary emission in the optical/UV
band; (ii) the infrared continuum, which is due to thermal emission from dust heated by
the primary UV radiation; (iii) the high-energy continuum, which is due to reprocessing of
the primary optical/UV emission by hot gas; (iv) the radio emission, due to synchrotron
radiation, which can be relatively strong (radio-loud AGN) or weak (radio-quiet AGN).

In addition to the broad, non-stellar energy distribution, AGNs also exhibit strong
emission lines in their spectra, which in fact led to the discovery of this class of objects.
In 1943, Carl Seyfert identified a class of spiral galaxies with a bright core and showing
strong, high-ionization emission lines in their optical spectra (Seyfert|1943)). Furthermore,
the line profiles were found to be broader than the lower-ionization emission lines seen
in the spectra of most “normal” galaxies. 1 show in Fig. the optical/UV spectrum
of NGC 5548, one of the AGNs in the original Seyfert sample. These optical properties
became the defining characteristics of what we now call Seyfert galazies, the earliest
identified and most numerous class of AGNs. Today, we refer to Seyfert galaxies with or
without detected broad lines as type I and type 2 Seyferts, respectively (Bassani et al.
1999)). The optical lines of Seyfert 2s, despite the lack of broad components, indicate
a higher ionization than that observed e.g. in H 11 regions (e.g., Veilleux & Osterbrock
1987; |[Ho 2008, see also Fig. |1.3]).



1.1. WHAT ARE AGNS?

Figure 1.2 — Average optical/UV
spectrum of the AGN in NGC 5548,
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Another important feature of AGNs is their strong and fast variability at all wave-
lengths. If a source varies coherently, the emitting region must be causally connected.
Then, the observed variability time-scale translates to an upper limit of the source size
based on light-travel time. AGNs are found to be variable on all observable time-scales,
from decades down to a few hours (e.g., |Ulrich et al||1997). Then, roughly speaking, the
maximum size of the emitting region of an AGN should not exceed a few light days, as
also indicated by microlensing analysis (e.g. Morgan et al.[[2010). But the average lumi-
nosity of an AGN is of the order of 10* — 10%¢ ergs s=*. Therefore, an AGN is able to
produce more power than an entire galaxy within a region that is about the size of our
Solar System.

In summary, the spectrum of an AGN cannot be a superposition of stellar spectra.
It rather requires a completely different emission mechanism. According to the present
understanding, this mechanism is the accretion of matter onto a supermassive black hole.
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1.2 The central engine of AGNs

Accretion of matter onto a compact object can provide a very efficient mass to en-
ergy conversion, which is needed to explain the AGN huge power emitted within a small
region. Let us start with some simple order-of-magnitude estimates (for a more detailed
discussion, see e.g. Frank et al.|2002). The gravitational potential energy released by the
accretion of a mass m onto a body of mass M and radius R, is

_ GMm

AFE
R,

(1.1)

where G is the gravitational constant. If this energy is converted into radiation, for
example by heating, the luminosity output is

 GMM

L
R,

(1.2)

where M is the accretion rate. Clearly, the efficiency of this process depends on the
compactness of the accreting object, namely the ratio M/R,. Let us rewrite eq.
introducing the gravitational radius, Rg = GM/c*:

L= &Mcz = nMc? (1.3)
R,

where 7 represents the efficiency of the conversion of rest-mass energy into radiation.
The maximum efficiency is reached by the most compact objects, such as neutron stars
(R, ~ 10 km) and black holes. Although the definition of R, for a black hole is not
obvious, it is customary to use the radius of the innermost stable circular orbit. This is
the smallest circumference along which free particles may stably orbit around a black hole.
The existence of such a lower limit is a general relativistic effect. The detailed calculations,
involving the determination of the geodesics of the Kerr metric, can be found in all classic
textbooks on general relativity (Misner et al.||1973; |Wald|[1984; Straumann 2004). For our
discussion, it is useful to remind that n ~ 0.06 for a Schwarzschild black hole, and n ~ 0.31
for a maximally rotating black hole (spin parameter a = 0.998; see [Thorne [1974)ff] With
such a high efficiency, an accretion rate of 0.1—1 M, /yr is enough to produce a luminosity
of the order of 10*® — 10%¢ ergs s~!. For this simple estimate to be physically consistent,
however, the luminosity should be less than the Eddington limit, which occurs when the
outward radiation pressure equals the inward gravitational attraction. Mathematically,
L < Lggq must hold, where

Lpqq =~ 1.3 x 10" < ) ergs s ' (1.4)

107 M,

Therefore, the AGN emission can be explained by accretion of matter, with a rate of at
least a significant fraction of a solar mass per year, onto a black hole having a mass of
roughly 10 — 10'° M, i.e. a supermassive black hole.

In the ideal case a = 1, n would reach 0.42.
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1.2.1 The accretion disc

Let us now consider the accretion of matter onto a black hole in a bit more detail. If the
infalling matter has some angular momentum with respect to the black hole, it will prevent
free fall. In order to actually fall onto the black hole, the matter must get rid of most
of its angular momentum. Then, there must be en effective mechanism for transporting
the angular momentum outward. This is what happens in an accretion disc: dissipative
processes (collisions of fluid elements, shocks, viscosity) convert part of the energy of the
bulk orbital motion into heat, which is partly radiated away and lost. Then, the gas
will sink deeper into the gravitational well and lose angular momentum, spiralling down
towards the black hole. However, the total angular momentum cannot change, because
we are assuming gravity to be the only external force. Rather, the angular momentum
is transported outwards by the torques exerted by the viscous forces (for a more detailed
discussion, see [Frank et al.| 2002, Chap. 4).

Before delving into further details, we can qualitatively predict the radiation spectrum
we expect from an accretion disc around a black hole. If we simply assume that the disc
emits as a blackbody, we can estimate its luminosity as

L ~ 2t R*ospT* (1.5)

where R is the disc radius, ogg is the Stefan-Boltzmann constant and 7' is the temperature.
If we also assume that L ~ Lggq and R ~ Rg, namely most of the luminosity is released
in the inner part of the disc, we find a temperature

M —1/4
T ~ 10° K. 1.
5x 10 <108M®> (1.6)

The more massive the black hole, the cooler the accretion disc. Translating into an energy
via the Boltzmann constant kg,

M —-1/4

In other words, the emission of an accretion disc around a supermassive black hole peaks
in the UV band. For a solar-mass black hole, the emission peaks in the X-ray band. This
estimate, despite its crudeness, qualitatively explains the UV bump seen in AGNs and
the X-ray emission of the (much lower-mass) galactic black hole binaries (e.g., Remillard
& McClintock [2006).

1.2.2 The Shakura-Sunyaev model

Let us look more closely at the physical structure and properties of the accretion
disc. If the matter flow is vertically confined close to the orbital plane, the disc can be
considered as geometrically thin, i.e. not far from a two-dimensional flow. The laws
governing the physics of a thin accretion disc around a compact object (not necessarily
a black hole) are, in principle, relatively simple to state. Essentially, the structure of the
disc is determined by the conservation of mass, angular momentum and energy and by the
vertical hydrostatic equilibrium. The thin disc structure was investigated by Shakura and
Sunyaev in a fundamental paper (Shakura & Sunyaev|1973} see also Pringle & Rees|1972)).

7
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A general relativistic version of the model was given in |[Novikov & Thorne| (1973), with
further extensions and corrections in subsequent works (see, e.g., Abramowicz & Fragile
2013, and references therein). The Shakura-Sunyaev model uses a few extra assumptions
that make the set of equations algebraic, and also linear in different radial ranges. In
particular, the disc is assumed to be in steady state and the rotation is assumed to be
Keplerian. Moreover, the kinematic viscosity v is assumed to have a simple form (the
so-called “alpha viscosity prescription”):

v =acsH (1.8)

where ¢, is the sound speed, H is the half thickness of the disc and 0 < o < 1 is a numeric
constant. This equation derives from the hypothesis that turbulence is the main source
of viscosity. Then, v ~ A\v; where ) is the correlation length of turbulence and v, is the
mean turbulent speed. Assuming that v; < ¢,, and that A < H, eq. is found.

A remarkable result of the Shakura-Sunyaev model is the energy flux radiated from a
disc surface unit, i.e. a ring at a radius R, per unit time:

_ 3GMM [1 B (%)1/21 (19

F(R) = 8T R3

where the accretion rate M is constant because of the mass conservation. The radiated
flux, then, does not depend on the viscosity. If the vertical energy transport is radia-
tive, the energy flux through the surface has the same form as that of a stellar “gray”

atmosphere:
4USBT4<R)
F(R) = —%—
() 37(R)

where T,(R) is the central disc temperature and 7(R) is the vertical optical depth. Both
quantities, in general, depend on the radius and their values are found by solving the
Shakura-Sunyaev equations. However, a particular solution can be easily derived by
assuming that the disc is optically thick in the vertical direction. In other words, we just
set 7 > 1 and neglect the radial dependence. Then, each element of the disc radiates
roughly as a blackbody with an effective temperature T'(R), so that

(1.10)

F(R) = osgT*(R). (1.11)

Using eq. and we find

T(R) — {?’GMM [1 _ (%)1/2] }l/ , (1.12)

87TR30'SB

At large radii, where R > R,, we have

T 3.7 x 107 [ —2 . (R)3/4 K (1.13)
o 108M® 1M@/yr RG . .

The characteristic temperature of the disc is therefore 10° K, in rough agreement with
eq. [L.6l Interestingly, eq. does not differ much from a more accurate solution of
the Shakura-Sunyaev equations, at least at large radii (Frank et al.|2002)). In particular,
T(R) < R3/* is valid and can be used to find the spectrum of the disc.

8
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Using the blackbody assumption, the spectrum emitted by an element of the disc is
given by Planck’s law. The spectral radiance is thus

2hv3 1
2 explhv/kgT(R)] — 1’

(1.14)

The monochromatic luminosity emitted by the disc is found by integrating over the radius,
ie.

Rout Arhy3  rRout R
L, = /R B,[T(R)2nRdR = = /R oo —1F (1.15)
where R;, is the inner radius and R, the outer radius. At low energies, hvy < kgT,
the Planck function is approximated by the Rayleigh-Jeans form and L, oc v2. At high
energies, hv > kg7, the integrand assumes the Wien form and the resulting spectrum
is dominated by the decaying exponential term e "/*8T  For intermediate energies, it
can be shown that approximately L, o< v'/3 (e.g., [Frank et al.2002). Finally, the flux
observed at a distance D by an observer whose line of sight is inclined by an angle ¢ with
respect to the disc is F,, = L, cosi/ D?. A schematic view of the spectrum is given in
Fig. [1.4] Clearly, the accretion disc alone is not enough to explain the X-ray emission
of an AGN, because the disc spectrum peaks in the UV /soft X-ray band and then has a
rapid turnover. The hard X-rays must originate from reprocessing of the disc emission
in a hotter region, which is called corona in analogy with the solar one. We will see the
details of X-ray production in Chapter 2.

1.2.3 Other disc models

The Shakura-Sunyaev model is regarded as a standard model for the accretion disc
around a compact object. However, many other models have been proposed, in particular
relaxing the hypothesis of geometrical thinness. For example, at high accretion rates the
temperature and hence the radiation pressure in the disc can become large enough to
“inflate” the disc, which cannot be regarded as thin anymore.

To be more precise, we should analyse the vertical structure of the disc. A hidden
assumption of virtually all disc models is that the mass contained in the disc is small



CHAPTER 1. ACTIVE GALACTIC NUCLEIL: OBSERVATIONAL PROPERTIES AND
BASIC PHYSICS

compared with the mass of the accreting object, thus the self-gravity of the disc can be
neglected. Let us write the hydrostatic equilibrium equation along the vertical z-axis, for
a fluid element in the disc, which “floats” at an angle 6 out of the plane:

dP B GM sin 6

where P is the pressure and p = p(R, z) is the local density. In general, we should consider
P as the sum of the gas pressure and of the radiation pressure. If the former component
dominates, we simply have P = pc? where ¢, is the isothermal sound speed. Moreover,
sinf ~ z/R if the disc is thin. Then, eq. becomes:

dp GM
i~ Pan (A7
The equation has the simple solution
2
o(R,2) = (R, 0) exp (—H) (1.15)

where H = ¢/ R3/GM = ¢5/Qk, Qx being the Keplerian angular velocity. The thin disc
condition can be stated as H < R, which is equivalent to ¢, < vk i.e. the local Keplerian
velocity must be highly supersonic. But the sound speed increases with temperature,
which increases with the accretion rate. This is an indication that, at high accretion
rates, the thin disc approximation is likely to break down.

The main types of accretion disc models beyond Shakura-Sunyaev (Abramowicz &
Fragile 2013) are the so-called slim discs (e.g., |Abramowicz et al.[|1988]), thick discs (or
“polish doughnuts”; see, e.g., [Paczynsky & Wiita [1980)), and radiatively-inefficient accre-
tion flows (RIAFs; Narayan & Y11994,|1995). Slim and thick discs are normally associated
with large accretion rates. They are inefficient radiation emitters, as the accretion time-
scale is shorter than the time that photons need to diffuse and reach the disc surface.
In other words, the photons are trapped in the accretion flow and captured by the black
hole before they can escape. RIAFs have instead very low accretion rates, and a low
radiation efficiency as well. If the accretion rate is low, the surface density of the disc
can become so low that Coulomb interactions are not sufficient to maintain thermal cou-
pling between ions (mostly protons) and electrons. Then, the two types of particles will
have two different temperatures. Protons, being much more massive, carry most of the
gravitational energy, while the radiative energy losses are mostly due to electrons. But
since protons are thermally decoupled from electrons, they are advected into the black
hole transporting much of the gravitational energy with them. In other words, the energy
is mostly dissipated by advection of the hot, virialized protons rather than by radiation
from the cold electrons. RIAFs are thus very hot but inefficient emitters. Indeed, slim or
thick discs are “radiation-trapped” (i.e. they have a long radiative diffusion time), while
RIAFs are intrinsically inefficient (i.e. they have a long cooling time). However, in all
these models, advection is the main cooling mechanism, so they are commonly referred
to as advection-dominated accretion flows (ADAFS).

To summarize, the ADAF /slim or thick discs are “cold” and optically thick, similar
in this respect to thin discs, and can be useful to model high-luminosity, high-accretion
rate objects (e.g., Mineshige et al.|2000). ADAF/RIAFs are “hot” and optically thin,

10
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and adequate to describe low-luminosity, low-accretion rate sources (for a review, see
Yuan & Narayan|2014)). One of the most intriguing applications of RIAFs is perhaps the
explanation of the broad-band emission from the Galactic Center in terms of an “under-
fed” supermassive black hole (Narayan et al.|[1995). Furthermore, RIAFs are invoked to
interpret the emission from low-luminosity AGNs, as we will see in Chapter 5.

Further disc models have been proposed, to take into account ejection as well as
accretion, such as jet emitting discs (JED) in the context of X-ray binaries (Ferreira et al.
2006). This model envisages an outer standard accretion disc down to a transition radius,
and an inner magnetized accretion disc driving an electron-positron jet.

1.3 AGN classification and the unified model

Besides the general properties I outlined so far, AGNs display a wide variety of obser-
vational features at different wavelengths. The AGN taxonomy is rich, including Seyferts
1 and 2, different kinds of radio galaxies, and high-luminosity objects. As we have seen in
sec. [L.1], the first AGNs were identified by Carl Seyfert in 1943 as peculiar nearby spiral
galaxies. Then, in 1963, Maarten Schmidt identified a quasar (quasi-stellar radio source)
for the first time. This was the bright radio source 3C 273, that was associated with a
13th magnitude stellar object thanks to a series of lunar occultation observations (Hazard
et al.|1963). Then, its redshift could be determined from the optical spectrum, resulting
in z = 0.158 (Schmidt||1963). This discovery was a real breakthrough, as the implied co-
moving distance was 2 billion light years, making 3C 273 the most distant object known
at the time, even though this was not immediately and easily accepted (Weedman |1976)).
In the mid-1970s, it was realized that quasars and Seyferts were connected and probably
different manifestations of the same phenomenon (Rowan-Robinson||{1977)). Today, it is
well established that quasars are a high-luminosity version of Seyfert galaxies, where the
nucleus is so bright (L > 10% ergs s™!, up to 10 ergs s™!) that it can outshine the host
galaxy.

Apart from luminosity, the optical and radio properties of AGNs are diverse and give
rise to different empirical classifications, although most of them can be described by a
unified model. I will briefly describe the most important observational differences between
classes of AGNs.

1.3.1 Optical spectra: the line-emitting regions

In sec. [I.I] we have also seen that the optical spectra of Seyferts can be roughly
divided into two classes: type 1, showing both broad and narrow emission lines, and type
2, showing narrow lines only. This classification can be generalized to all AGNs, quasars
included. Type 1 spectra are characterized by broad, permitted (i.e., recombination)
emission lines (hydrogen Lyman and Balmer series, H 11, Mg 11, C 1v and so on). The
large line widths from Doppler broadening, of the order of thousands of km s, imply that
the line-forming regions are moving at high velocities. The narrow lines, both permitted
and forbidden, originate in low-density gas, i.e. low enough that collisional de-excitation
does not occur. Such lines (including e.g. [O 11], [O 111, [N 1], [N 11], [S 11]) have widths
of hundreds of km s

According to the present understanding, there is no fundamental difference between
type 1 and type 2 AGNs, meaning that the central engine is the same. The observational
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differences can be simply explained by assuming the presence of two different line-emitting
regions. The narrow lines are emitted in a “narrow-line region” (NLR), while the broad
lines originate from a “broad-line region” (BLR). Then, in type 1 AGNs we see the emission
from both the BLR and the NLR, while in type 2 AGNs we see the NLR only.

There are also sources showing intermediate properties between type 1 and 2. In
particular, narrow-line Seyfert 1 galaxies (NLS1s; Osterbrock & Pogge [1985) are AGNs
showing broad lines which are actually narrower (500-1500 km s~!) than the typical broad
lines in Seyfert 1s. The reasons for this peculiarity are not fully understood (e.g. Pogge
2011). NLS1s could be Seyfert 1s in their early life (Grupe et al./[1999), with relatively
small black hole masses (Grupe & Mathur| 2004) and very high accretion rates (Grupe
et al./|2010). Then, the smaller black hole mass might imply lower velocities of the matter
in the BLR, thus relatively smaller widths of the broad lines.

Some constraints on the physical parameters of the BLR and NLR can be derived
from emission-line diagnostics (for a detailed discussion, see e.g. Osterbrock|[1989). The
lack of forbidden lines from the BLR implies that they are collisionally de-excited, i.e.
the electron density is higher than the critical densities for collisional de-excitation of the
strong forbidden lines observed from the NLR. For example, the critical density of [O 111]
AN959+5007 is ~ 10® em™3, which is generally accepted as a lower limit of the BLR
electron density. An upper limit to the electron density of the BLR can be derived from
the commonly observed semi-forbidden line C 111] A1909, whose critical density is ~ 10°
cm~3. For the NLR, where forbidden lines are seen, the density should not exceed a few
x10° cm~3. An estimate of the NLR electron temperature can be derived from the ratios
of emission lines with different upper levels, like [O 111] and [S 11] lines. The temperature
value is usually 10,000 — 20,000 K, corresponding to the photoionization equilibrium.

The size and location of BLR and NLR can be deduced from the line variability
and reverberation lags with respect to the continuum (e.g., Peterson et al.|[2004) or via
spectroscopy and photoionization modelling (e.g., Wandel et al.[[1999). In particular, the
reverberation technique has been successfully applied to the BLR in a number of AGNs,
with typical inferred distances of about 10 — 100 light days from the central source (e.g.,
Peterson 2006). The NLR, by contrast, is much less variable, making it unviable to use
reverberation mapping. Indeed, the NLR is found to be at kpc scales with photoionization
techniques, albeit with large uncertainties (e.g., Bennert et al.|2006).

1.3.2 The unified model

Why there is no broad-line emission in type 2 AGNs? Either they have no BLR at all,
or it must be somehow hidden from our sight. Historically, the first strong evidence of the
presence of a BLR in a type 2 AGN has been the discovery of broad optical lines in the
polarized spectrum of the Seyfert 2 NGC 1068 (Antonucci & Miller|[1985). This means
that the BLR emission is obscured by an absorbing medium, and scattered into our line
of sight from material located at larger distances. The reflected spectrum is relatively
weak, but still detectable thanks to its high degree of polarization ( ~ 16%, while the
direct light is essentially unpolarized). Moreover, such a polarization indicates that the
absorber should have more or less a toroidal structure, to prevent scattering in a large
range of angles and polarization to be washed out. The size of such an obscuring torus
should of the order of parsecs, i.e. enough to obscure the BLR, but not the NLR.

According to the standard unified model, type 1 and 2 AGNs are intrinsically the
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Figure 1.5 — Schematic view of an
AGN in the light of the standard
unification model. The difference
between type 1s and 2s is due to the
different orientation (http://www.
isdc.unige.ch/~ricci/Website/

disk Active_Galactic_Nuclei.html).
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) — f Mkn 3 W@L-pr M 1 Figure 1.6 — X-ray spectra of the type 1 quasar
= i t + 1 3C 273 and of the Seyfert 2 Mkn 3, taken with
A WWWM 1 1 BeppoSAX (Bassani et al. [1999). The spectral
' :_Jf i 'l - energy distributions are similar in the hard X-
—F L g 3 rays above 10 keV, but very different at lower en-
10 100 ergies, because of a photoelectric cut-off in Mkn
Energy (keV) 3, which is typical of type 2 AGNs.

same class of objects, and their differences are only due to a different orientation relative
to the obscuring torus (see |Antonucci|(1993| for an early review, and [Bianchi et al.|[2012a
for a more recent one). A type 2 AGN is seen approximately edge-on, so that it appears
hidden by the torus, while a type 1 AGN is seen approximately face-on or at low angles
to the torus axis (see Fig. [1.5)).

The unified model provides also an explanation for the difference observed in the X-
ray spectra of type 1 and type 2 AGNs (see Fig. [1.6). Type 1s usually exhibit an X-ray
continuum that is phenomenologically well described by a power law, as we will see in
more detail in Chapter 2. The X-ray spectra of type 2s are instead much weaker at low
energies, below 1-2 keV. This is easily explained by the presence of the obscuring torus,
which causes photoelectric absorption of soft X-rays, the cut-off energy depending on the
column density of the absorber. For example, column densities below op' ~ 1.5 x 10%*
cm~? (where o is the Thomson cross-section) produce a photoelectric cut-off between 1
and 10 keV, and such sources are said to be Compton-thin. Higher column densities can
absorb the X-ray emission up to tens of keV, and such sources are called Compton-thick.

There are also evidences of the existence of “true” type 2 sources, i.e. completely
lacking a BLR (e.g. Bianchi et al.|2012a,b)). Such sources are found to be low-luminosity
and weakly accreting. This can be explained theoretically, e.g. if the BLR arises from
instabilities in the inner, radiation pressure-dominated region of the disc, that disappears
at low accretion rates (Nicastro 2000) or if it is embedded in a disc wind (Elitzur & Ho
2009).
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Figure 1.7 - Radio image at b
GHz of the radio galaxy Cygnus
A taken by VLA (http://images.
nrao.edu/261; |Carilli & Barthel
1996)).

1.3.3 Radio classification

Roughly 10-20% of AGNs are radio-loud, meaning that they have a ratio of radio-
to-optical flux above 10 (Kellermann et al.[1989). The emission of radio galaxies is
characterized by a powerful and diffuse radio emission, which can be extended up to 100
kpc-scale regions, i.e. even beyond the host galaxy itself. Generally, radio-loud AGNs are
known to exhibit bipolar jets launched from the nucleus, producing radio through gamma-
ray emission that is relativistically beamed along the jet axes. At greater distances, larger-
scale structures, called radio lobes, are sometimes observed. The radio lobes are thought
to be produced by the interaction of the jet with the surrounding medium. One of the best
example is Cygnus A, a very powerful radio source showing two narrow jets terminating
in extended radio lobes (see Fig. [1.7)). The radio continuum emission in radio-loud AGNs
is thought to be synchrotron radiation, i.e. emission from relativistic electrons moving
in a magnetic field (Sect. [2.1.2]). Part of the synchrotron photons will undergo inverse
Compton scattering (Sect. by the electrons (synchrotron self-Compton), reaching
X-ray and gamma-ray energies.

Radio-loud AGNs are classified according to their optical properties and to their radio
morphology (for a review, see |Urry & Padovani|[1995). The type 1s, i.e. the radio-loud
counterpart of Seyfert 1s, are called broad-line radio galaxies (BLRGs) or radio-loud
quasars, depending on the luminosity. Analogously, the radio-loud counterpart of Seyfert
2s are called narrow-line radio galaxies (NLRGs). Following the work of Fanaroff & Riley
(1974), radio galaxies are divided into two morphology and radio power subclasses: the
low-luminosity Fanaroff-Riley (FR) I and the high-luminosity FR II. FR Is are more
compact and their radio luminosity peaks near the nucleus, while FR IIs exhibit well-
separated radio lobes with bright outer edges. When jets are observed, they are more
collimated in FR IIs. Cygnus A, for example, is a classical FR II. Finally, a small number
of radio-loud AGNs have unusual spectral characteristics, most likely related to a small
viewing angle to the line of sight (Urry & Padovani |1995). These are called blazars, and
are characterized by high luminosity and very rapid variability. This class includes the
BL Lacertae (BL Lac) objects, which lack strong optical emission or absorption lines, and
flat-spectrum radio quasars (FSRQs), which show strong and broad optical emission lines.
The basic idea of unified schemes, i.e. that most observational differences are due to a
different orientation, is thus suitable to describe radio-loud as well as radio-quiet AGNs

(see Fig. [L.g).
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Figure 1.8 — Unified scheme for radio-loud and radio-quiet AGNs (adapted from

Shrader|[2012).
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Chapter 2

The X-ray emission of AGNs
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2.1 Radiative processes

In this section, I will review the most important radiative processes that are believed to
take place in AGNs, focusing on the X-ray production. I will thus discuss Bremsstrahlung,
synchrotron emission and inverse Compton scattering. In particular, the latter process is
thought to explain the primary X-ray emission of AGNs and will be discussed in more
detail. A comprehensive introduction on the theory of radiative processes can be found

in the classic textbook by Rybicki & Lightman| (1979)).
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CHAPTER 2. THE X-RAY EMISSION OF AGNs

2.1.1 Bremsstrahlung

Bremsstrahlung (“braking radiation”) is radiation due to the acceleration of a charged
particle by the Coulomb field of another charged particle. It is also called free-free emis-
sion, because the radiating particle is in a free state both before and after the interaction.
If the two interacting charged particles are identical, the emitted radiation is smal]E].
Therefore, electron-electron and ion-ion collisions are generally unimportant in cosmic
plasmas, while electron-ion interactions represent the most relevant case. Given the dif-
ference of mass, the acceleration of electrons is much larger than that of ions, and it thus
produces most of the Bremsstrahlung emission.

A detailed treatment of Bremsstrahlung would require quantum electrodynamics, be-
cause this process can produce photons with energies comparable to that of the emitting
particle. However, an essential understanding can be derived from classical radiation the-
ory. Quantum corrections are usually introduced in the form of Gaunt factors of order
unity (Rybicki & Lightman|(1979)).

The power emitted by an electron deflected by the electric field of an ion can be
qualitatively estimated as follows. Let us consider an electron passing by an ion having
a charge Ze, with velocity v and impact parameter (i.e. minimum approach) b. The
electron will experience an acceleration due to the Coulomb force

Ze?
~ 2.1
meb? (2.1)
and therefore, from the Larmor formula, the emitted power will be
2 2.2 222 6
p—C% 0 ¢ (2.2)

3¢z 3m23bt

The maximum power corresponds to the minimum impact parameter, which cannot be
arbitrarily small because of the uncertainty principle:

h
bmin ~ . 2.3
o (2.3)
Then,
9 72m 2046
p. o 2Zmevie (2.4)
3c3ht
To find the spectrum, we should use the generalized Larmor formula:
2|dJ”
P = 2.5
362 ( )
where d is the dipole vector. Since d=—¢ a, it is easy to go into the frequency space by

taking the Fourier transform and find El(w) Then, the total emitted energy will be

2 8

E= [T Pwa= S [ dmpra= 5 [ et dw)d (2.6)
Y 32 ) T3y TS '

!This is simply due to the conservation of momentum (which implies null acceleration of the electric
dipole moment) and angular momentum (which implies null acceleration of the magnetic dipole moment).
Thus the first non-zero contribution comes from the electric quadrupole moment.
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Therefore, the spectrum is s

== %cf d(w) 2. (2.7)
The interaction occurs within a characteristic time-scale 7 ~ b/v. Therefore, frequencies
w > 1/7 do not contribute to the emission and we expect d(w) = 0 in the high-frequency
limit. Indeed, the detailed calculation shows that the spectrum from a single collision
is approximately flat up to a cut-off at high frequencies (for the details, see Rybicki &
Lightman||1979):

8Z2¢b ,
O
= (2.8)
dw

0 ifb>v/w.

The above result is valid for a single electron colliding with an ion, but it can be
extended to the more relevant case of many electrons travelling in a medium. If n, is
the electron density and v their (fixed) speed, the incident flux of electrons is n.v. The
element of area is 2wbdb around each ion. If n; is the ion density, the emitted power per
unit volume per unit frequency is found to be (Rybicki & Lightman|/1979):

dE(v,w)  16Z%5 mev?
_ n 1 , 2.9
dwdVdt  3c3m2v it T The (2:9)

To derive the above equation, the electrons are assumed to have a fixed velocity,
which is of course a simplified case. In astrophysical plasmas, a more useful applica-
tion is that of thermal Bremsstrahlung, namely when the particle velocity distribution is
Maxwellian: f(v) o< v exp(—muv?/2kgT) where T is the temperature. To find the ther-
mal Bremsstrahlung emission, we thus need to integrate eq. over f(v). The limits of
integration are (v, 00) where mev2, /2 = hv in order to create one photon with energy

hv. Then,
< dE(v,w) , mev?
dE(T,w) /m dwdvde P (_ ZkBT> dv )10
dwdVdt — /oo . (_ mem) N (2.10)
0 2kpgT

19



CHAPTER 2. THE X-RAY EMISSION OF AGNs

and the integral can be solved analytically. The final result is

dE(T,w)

LVt ~6.8x 107822 nyn, T2 e /8T orgg s em ™ Hz . (2.11)
w

where n;, n. are in units of cm™ and T is in Kelvin. The thermal Bremsstrahlung spec-
trum is flat up to an exponential cut-off occurring at hv ~ kgT'. The total emitted power
per unit volume is found by integrating over frequency:

dE(T)

Vi 1.4 %1077 22 nyn. T ? ergs s~ em™. (2.12)

Therefore, the power density scales with n?7T""/? (assuming n; ~ n,). The cooling time
can be evaluated as the ratio between the energy density of the thermal electrons, i.e.
(3/2)n kT, and the power density:

tg =~ 2 x 10" n T2, (2.13)

The above calculations are valid only in the optically thin case, namely when the
emitted photons escape without interacting with the free electrons. However, in the
more general case, we should take into account self-absorption. Since we are dealing
with thermal radiation, i.e. emitted by matter in thermal equilibrium, the absorption
coefficient can be found using the Kirchhoff law (Rybicki & Lightman!|[1979)):

off ~37x10° 22 nyn. T2 731 — e ™/*eT) em L, (2.14)

When hv > kgT (Wien regime), o/ oc v73. When hv < kgT (Rayleigh-Jeans regime),
ol oc 2. Then, the free-free absorption is larger at lower frequencies, and smaller at
higher frequencies. Therefore, the Bremsstrahlung spectrum has not only a high-energy

cut-off, but also a low-energy cut-off due to self-absorption (see Fig. [2.1)).

2.1.2 Synchrotron

When charged particles move in a magnetic field, they are continuously accelerated
by the Lorentz force. For non-relativistic velocities (cyclotron radiation), the frequency
of emission is simply that of gyration, namely wp = ¢B/mc where ¢ is the charge, m is
the mass and B is the magnetic field. In other words, this process results in line emission
(or absorption). The quantization of cyclotron motion gives rise to a Hamiltonian almost
identical to that of the harmonic oscillator. The particle can thus occupy only specific
energy levels (the so-called Landau levels) spaced by hwp. Cyclotron absorption lines in
the X-ray band (tens of keV) have been observed in a number of X-ray pulsars, allowing
to constrain their strong magnetic field (e.g., |Walter et al.|[2015)).

For relativistic velocities (synchrotron radiation), the frequency spectrum is more ex-
tended and complex. First, the frequency of the rotation becomes wg = ¢B/yme, thus it
depends on velocity. The acceleration, which is perpendicular to the velocity vector, has
a magnitude a = wgv, where v, is the velocity projected onto the plane normal to the
magnetic field. The power emitted by the particle spiralling round the magnetic field is
given by the Larmor formula. Since wp o« m™! and P x a? o< w%, we have P oc m™2,
namely the power scales with the inverse square of the mass and electrons will be much
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more effective than protons, at least for a given velocity. We can thus focus on electron
synchrotron emission. The Larmor formula results in:

2
P = gcrgny 31 B? (2.15)

where 1y = €?/m,c? is the classical electron radius. For electrons with an isotropic velocity
distribution, the formula can be easily averaged over all angles, for a given 3. The mean
square transverse velocity will simply be two-thirds of 32. Finally,

4
PZgCO’T’}/262UB (2.16)

where op = 8712 /3 is the Thomson cross section and Up = B?/87 is the magnetic energy
density. Plugging in numbers,

P~11x10""%~*32B?ergs s\ (2.17)

The characteristic time-scale 7 of synchrotron radiation, or the “lifetime” of an electron
with initial energy E = ym,.c?, can be evaluated as 7 ~ E/P. Assuming 3 ~ 1, we find

T~ G ?yrs. (2.18)

For example, an electron with v = 1000 would have a synchrotron lifetime of 8 ks in the
vicinity of the accretion disc of an AGN with B = 10 gauss (e.g. Marti-Vidal et al.[2015).
In the radio lobes of a radio-loud AGNs, instead, the magnetic field is likely of the order
of 1075 gauss (Croston et al.[2005) and the same electron would have a cooling time of
250 million years.

If we now wish to determine the synchrotron spectrum, we shall start from the typical
emitted frequency. We cannot evaluate this typical frequency as the inverse of the typical
lifetime, because of two important effects seen by a distant observers. First, the relativistic
beaming effect implies that the emitted radiation is concentrated in a narrow cone of
semi-aperture 1/v. Then, the photons are emitted towards the observer during a time
At, ~ 2 /ywp i.e. shorter than the rotation period. Additionally, the observer sees an even
shorter pulse, because of Lorentz contraction of the electron’s path: At, = At (1 — ) ~
At./2~*. Then, the typical time is

1

Ywp

At, = (2.19)

It is the inverse of this time that must be taken as the typical synchrotron frequency:

eB
ws = Ywp = 'me " (2.20)

The fact that the pulses of radiation are confined to short time intervals means that the
observed spectrum is spread over a broad frequency range. A more careful treatment
(Rybicki & Lightman||1979) shows that the spectrum peaks at w,., the so-called critical
frequency:

3 . 3y%eB sin «
we = Jwysina = ————

2.21
2mec ( )
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where « is the angle between velocity and magnetic field. Approximately,
Ve = we/2m ~ 4 x 10°~4* BG ! Hz. (2.22)

For v ~ 10 and B ~ 107 gauss, we have v, ~ 100 MHz i.e. synchrotron emission
at radio frequencies. The relativistic jets observed in radio-loud AGNs (see Chapter 1)
are powerful radio synchrotron sources. However, at higher velocities such as v ~ 107,
the critical frequency is in the X-ray band. Perhaps the most famous case of an X-
ray synchrotron source is the Crab Nebula (e.g., |[Biihler & Blandford|2014), but also in
radio-loud AGNs the synchrotron process likely plays an important role (e.g., Landt et al.
2008)).

For a detailed calculation of the spectrum, we should find the electromagnetic field
produced by the electron during its helical motion and transform it into the observer’s
frame. It can be shown that the power spectrum is (Rybicki & Lightman|1979))

B V3e? Bsin o

2TMeC2

P(w) F(x) (2.23)

where © = w/w,, F(x) = x/oo Ks/3(y) dy and K53 is the modified Bessel function of
0

order 5/3, peaking at x ~ 0.29 i.e. w ~ 0.29w..

However, even without taking into account the precise form of F(x), we can draw
some interesting results. First, the whole dependence on the electron energy is contained
in the ratio w/w.. In other words, no factor of v appears in the power spectrum, except
for that contained in w, o< 2. Let us now consider the emission from a set of relativistic
electrons. We can assume their velocity distribution to be a power law, i.e. the number
density of electrons with velocities between v and v + dvy is N(v)dy = Nyy P dy. This
is the kind of distribution observed for galactic cosmic rays, which can be theoretically
explained by the Fermi acceleration mechanism (for a review, see e.g. |Blandford & Eichler
1987)). To find the total power radiated per unit volume per unit frequency, we just need
to integrate P(w) over the distribution:

dE((.U) N Ymax —p Ymax —p
odvd = NgxY P(w)y?dy oc/ F(w/w.)y P dy. (2.24)

min Ymin

Changing the variable to r = w/w, and recalling that w. o 2,

dE(W)  ponye [T (-3)/2

min

where the limits of integration depend on Yy, and Ymax. If these limits are sufficiently
wide, we can approximate x;, = 0 and x,,,x = 00, so that the integral becomes constant.
Then,
dE(w)
dwdVdt
namely the spectrum is described by a power law of the form w™
index « is related to the particle distribution spectrum p:

o w P71/ (2.26)

@ where the spectral

a="— (2.27)
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Log F(v) [arbitrary units]

1 Figure 2.2 — The synchrotron spectrum from
10 ., 12 14 16 18 a partially self-absorbed source (adapted from
Log v [Hz] Ghisellini 2013)).

Therefore, a power law electron distribution produces a power law photon spectrum, and
the two spectral indices are related to each other. Then, by measuring o we have a
measurement of p. Typically, « ~ 0.5 — 1 thus p ~ 2 — 3.

Like for thermal Bremsstrahlung, we should take into account self-absorption. The
difference is that, in the case of synchrotron, we mostly have to deal with a power law (i.e.
non-thermal) particle distribution. Then, the Kirchhoff law is not valid and we have to
use the more fundamental Einstein relations for emission and absorption. The absorption
coefficient is found to be (Rybicki & Lightman|(1979)

o, oc =P T/2, (2.28)

For p = 2, we have o, o v~3. Therefore, self-absorption occurs at low frequencies and

produces a low-frequency cut-off in the spectrum (see Fig. [2.2]).

2.1.3 Inverse Compton scattering

Compton scattering is the inelastic scattering of photons by electrons. This process
conserves the photon number, but it can strongly affect the incident spectrum. When
the energy of the scattering photon is much smaller than the rest-mass energy of the
electron, there is no significant energy transfer and the process is essentially elastic. This
is called Thomson scattering, and it can be described in terms of classical electrodynamics
by approximating the photon as a continuous electromagnetic wave. In the more general
case, the process is not elastic because of the recoil of the electron. Referring to Fig. 2.3]
the initial 4-momenta of the photon and of the electron are respectively

1
k' = =(hv;, hy;,0,0)  plf = (mec,0,0,0). (2.29)
c
The final 4-momentum of the photon is
ki = (hvg, hvgcos 6, hvysin 0, 0) (2.30)

while for the electron we have some p’; which we do not need to write down, as we can
simply use |ps|> = m2c®. The 4-momentum conservation yields

/{# —i—p‘f = kﬁf +p‘; = |pf|2 = |]€z +pi — /{Zf|2. (231)
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incoming photon k%

Figure 2.3 — Sketch of Compton
scattering: a photon with initial 4- &

momentum k! collides with a static /4//5
electron.  After the collision, the %,
photon will have a 4-momentum kﬁf //%,/
and the electron will recoil with a 4- /p;

momentum p‘]ﬁ.

After some calculations, we obtain the final energy of the photon as a function of the
initial energy and of the scattering angle:

h;
hvp = —— . (2.32)
1+ 2 (1 —cos)
MeC2
This relation is most easily written in terms of wavelengths:
Ar — X = Ac(1 — cosf) (2.33)
where ¢ is the Compton wavelength:
h
Ao = — ~0.024A. (2.34)

MeC

The photon undergoes an energy loss due to electron recoil, which is negligible only if
A > \g, i.e. hv < mec?. This process, where the photon loses energy, is called Compton
scattering. The cross-section of this process, i.e. the ratio between the scattered power
and the incident flux, is given by the quantum-mechanical Klein-Nishina formula (see,
e.g., Rybicki & Lightman|/1979)). Contrary to the classical Thomson cross-section, the
Klein-Nishina formula depends on the photon energy. For low energies (hv < mec?),
it reduces to the Thomson cross-section, while for high energies the cross-section falls
rapidly (o o< 1/hv).

The above calculations are valid for a static electron. But if the electron is moving
in the observer’s frame, the photon can actually gain energy rather than lose it. In the
latter case, the process is called inverse Compton scattering. To analyse this mechanism,
we have to perform two Lorentz transformations: first from the observer’s frame to the
electron’s frame, where eq. [2.32 holds, and then back to the original frame. Let S be the
observer’s frame, and S’ the electron’s frame. The electron is moving with a relativistic
velocity B in S, and the photon (with initial energy FE;) is propagating in a direction
forming an angle ©; with 8. Transforming to S’ we just have the Doppler effect:

E! = Eiv(1 — Bcos©;). (2.35)
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The photon energy in S’ after the Compton scattering is given by eq. [2.32l We assume
that the initial photon energy in S is much less than m.c?, i.e. vE; < mec? so that we
can approximate eq. [2.37] as

E!

B~ Ef |1 - melcz (1 —cosf)| ~ E.. (2.36)
Finally, transforming back to S:
Ey = Eyy(1 + feos©F). (2.37)

Neglecting for the moment the angle dependencies, we find a simple result: the energies of
the photon before scattering in S, in S’, and after scattering in S are in the approximate
ratios 1 : v : ¥2. The net effect is thus to boost the photon energy by a factor of 2,
which can be very high. When the intermediate photon energy ~F; is comparable with
mec? = 511 keV, the quantum mechanical Klein-Nishina corrections become important,
reducing the probability of scattering. On the other hand, the intermediate photon energy
can be as high as ~ 100 keV, thus resulting in very high final energies. Anyway, from the
conservation of energy, the limit on the energy gain for the photon is ymec?.

Let us now consider the case of an isotropic distribution of photons. Averaging the
above equations over angles, it can be shown (Rybicki & Lightman![1979)) that the total
emitted power is

4
P= 3coT V2 52 Upn (2.38)

where U, is the initial photon energy density. Remarkably, this is the same expression
as the synchrotron power (eq. [2.16]), except for the presence of Uy, instead of the mag-
netic energy density Ug. Indeed, also the synchrotron process can be understood as if a
given energy flux cUp was scattered by the electron (with the Thomson cross section).
Therefore, we have the general result
fie _ U (2.39)
Psync UB
i.e. the losses due to inverse Compton and to synchrotron emission are in the same ratio
as the photon energy density and the magnetic energy density.
To obtain the power emitted by a distribution of electrons, we must integrate eq. [2.3§]
over their energy distribution. For example, the total power from a thermal plasma of
non-relativistic electrons (v ~ 1, ($%) ~ 3kgT/m.c?) of number density n, = dN,/dV is

APt AkpT dN.
= 3 o U (2.40)

In other words, the incident power copU,, is scattered by d/V, electrons to give the power
dP,,. This implies that, for each scattering event, the average fractional energy gain of
the photons is 4kgT/m.c?, minus the energy that is lost because of electron recoil:

AE  4kgT—E
E  m.?

(2.41)

Clearly, the photons gain energy only if the electron temperature is high enough, i.e.
4kgT > E. We can also estimate the cooling time of this process as the ratio of the
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energy density of the electrons, i.e. (3/2)n.kgT’, to d P /dV:

3mec 1.6 x 107 s ergs cm™?

B 8orUpn Upn

to (2.42)

Calculating the spectrum of inverse Compton is conceptually analogous to what we
have seen so far. We can start from a mono-energetic photon distribution, transform
it from the observer’s frame to the electron’s frame, compute the scattering, and then
transform back to the observer’s frame. Then, the total spectrum from a set of photons
scattering off a set of electrons is found by averaging over the actual distributions of
photons and electrons. For example, in the case of a mono-energetic beam of photons
scattering off a non-thermal, power law distribution of relativistic electrons with index p,
the scattered spectrum is a power law with index o = (p — 1)/2, i.e. exactly the same
as for synchrotron (Rybicki & Lightman|1979). However, this approach is only useful
to calculate the spectra in the case of photons undergoing a single scattering. To give a
complete description, we need to take into account multiple scatterings.

First, we define a Compton parameter y, which measures the average energy gain of
photons in crossing a plasma. The Compton parameter is simply the average fractional
energy change per scattering AF/FE, multiplied by the mean number of scatterings. For
a plasma with optical depth 7, the number of scatterings is of the order of 72 + 7 ~
max(7, 7). Then,

Yy = Ak x max(7, 72). (2.43)
E
If y 2 1, the incident photon energy and spectrum will be significantly altered. For
non-relativistic electrons in thermal equilibrium, AE/E is given by eq. [2.41] In the
case E < 4kgT, i.e. when photons gain much energy at the expense of the electrons,
AE/E ~ 4kgT /m.c* and

L= B 72). 9.44
oo = T max(r, ) (2.44)

In a medium of optical depth 7 > 1, each photon will scatter ~ 72 times before escaping.
Then, from the very definition of y, the final energy of the emerging photons will be on
average

E; = E; e, (2.45)

When Ey = 4kgT', the photons stop gaining energy: the process has saturated.
For relativistic electrons with v > 1, we have AE/E = (4/3)7* (e.g. from eq. [2.38).
On average, (%) = ((E/m.c®)?) ~ 12(kgT/m.c?)*. In the end,

4kpT\”
yth,r:< B ) X max(7,7?). (2.46)

MeC?

The process of multiple scattering of a photon by a thermal distribution of electrons
is called thermal Comptonization. 1 now briefly overview different physical regimes of
Comptonization, referring to Rybicki & Lightman! (1979) and [Pozdnyakov et al.| (1983)
for an extensive discussion.
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Log F(x)

Figure 2.4 — Comptonization spectrum for

small optical depth (as a function of =z =

hv/kgT). A power law stems out from the su-

. Azx, A%, A*x, A%x, ASx, A’X, perposition of all the scattering orders (adapted
Log x from |Ghisellini|2013).

Small optical depth: Let A; = AE/FE be the amplification of the photon energy for a
single scattering. If 7 < 1, we have y = A;7. After the first scattering, a fraction 7 of the
photons undergoes an energy increase by a factor A;. After k scatterings, the energy of
7% photons is increased by a factor of A¥, until the average photon energy is comparable
with the temperature and further scatterings cannot increase the photon energy anymore.

It can be shown that the emerging spectrum, i.e. the sum of all the scattering orders (see
Fig. [2.4)), has a power law shape: F, o v~ where

InT InT
“ In A; Iny —Int ( )

When 7 < 1 and A; > 1, namely there are a few scatterings with a high energy gain,
the spectrum will have a bumpy shape instead of being a power law.

Large optical depth: In this case, we must solve the Boltzmann equation for Compton
scattering, i.e. the kinetic equation describing the evolution of the photon density n(w) in
the phase space due to the scattering. For isotropic homogeneous radiation, the equation
can be generically written as (Rybicki 2003)):

:—:ZL =neor (—n+e) (2.48)
where, in the right-hand side, the term —n accounts for extinction and the term e =
e(w, t) accounts for the scattered emission. The appropriate scattering term was found by
Kompaneets| (1957), in the hypotheses that the photon energy is hv < m.c?, and that the
thermal electrons are non-relativistic, kg7 < mec?. For astrophysical applications, we
must take into account the photon input and escape, i.e. we should include a source term
Q(z) and a diffusion term which depends inversely on the mean number of scatterings.

The modified Kompaneets equation is (e.g. [Liedahl [1999):

a’fl o k’BT ig 4 877] 9 B L
Ot. mec®x20x [x <8x tndn )] +Q(x) max (7, 72)° (2.49)
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where x = hv/kgT and t. = (n.orc)t is the time measured in units of the mean time
between scatterings. Q(x) describes the number density of input photons produced per
unit Compton time. The equation can be solved analytically making some simplifying
assumptions. In particular, let us assume n < 1 and Q(x) = 0 at the typical energies of
the Comptonized spectrum, i.e. the source only emits low-energy photons. Moreover, if
we look for a steady-state solution, the time derivative is null. Finally,

y o | 4,([0n 9
A - - =0 2.50
e lx <8x+n>] nx (2.50)
where we introduced the Compton parameter y (eq. 2.44). For x > 1, an approximate

solution is the Wien law: n(x) < e™ = I, < v®¢™" i.e. we have an exponential cut-off at
high energies, above kgT'. When < 1, the term in n can be neglected and the solution

is a power law: n o 2™ with
3 19 4
= ——d4/-+—. 2.51

The emerging spectrum is also a power law: I, oc 37 ie. I, oc v~ where

3 9 4
Y 2.52
a=-3F 11, (2.52)

The negative root is appropriate for y > 1 (saturated Comptonization). In this case

m =0 and a = —3, i.e. we have the low-energy tail of the Wien spectrum. The positive
root is appropriate for y < 1, so that we have a power law with a > 1 up to the high-energy
cut-off.

2.2 The X-ray spectrum of AGNs

The X-ray emission of AGNs extends over three decades of energy, from the Galactic
absorption cut-off at ~ 0.1 keV up to several hundreds of keV. The hard X-ray spectrum
above 2 keV is well described by a power law with spectral index a ~ 1 (eq. [2.52)), i.e.
the monochromatic flux is F, o« v~¢. Equivalently, the photon flux per unit energy is
Fp o« E7Y where I' = 1 + a. The photon index I' is more commonly used in X-ray
astronomy.

The primary, power law-like emission can be modified by different processes, such
as Compton reflection from the accretion disc or more distant material, and absorption
from surrounding gas, both neutral and ionized. In particular, the X-ray spectra of AGNs
commonly show a high-energy bump peaking at ~ 30 keV and an iron K« fluorescence line
at 6.4 keV, which are both interpreted as effects of reprocessing of the primary radiation in
matter close to the black hole (e.g. Lightman & White||1988; Matt et al.[|1991). Moreover,
a smooth rise in the spectrum is often observed below 1-2 keV, above the extrapolated
high-energy power law (e.g. Bianchi et al.|2009a)). The origin of this so-called soft excess
is currently a matter of debate (e.g. |Done et al.2007). The main features of the X-ray
spectrum are shown in Fig. and are discussed in more detail below.

2.2.1 Primary continuum: thermal Comptonization

Observations with different X-ray satellites (such as GINGA, ASCA, XMM-Newton)
show that the photon index of the AGNs spectra commonly ranges between 1.5 and 2,
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Soft Excess

Compton Hump

Figure 2.5 — Model X-ray spectrum
of an unobscured AGN (black line)
with the main components: the pri-
mary power law with a high-energy
cut-off (green), the Compton reflec-
tion hump with iron K« line (blue),
and the soft excess (red). Galac-
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both for Seyferts (e.g., Nandra & Pounds||1994; Bianchi et al.2009a) and for quasars
(e.g., [Piconcelli et al.2005). Radio-loud sources tend to have lower values of T', i.e. a
flatter spectrum (e.g., Grandi et al.|[2006]). Moreover, a high-energy cut-off around ~ 100
keV has been found in several sources, thanks to high-energy data from BeppoSAX (e.g.,
Perola et al|[2002), INTEGRAL (e.g., Malizia et al.|2014), and, more recently, NuSTAR
(see e.g. [Fabian et al| 2015 and Marinucci et al.|2016, and references therein).

As we have seen in Sec. thermal Comptonization of soft photons by hot electrons
produces a power law spectrum with a high-energy cut-off, roughly corresponding to the
temperature of the plasma. This mechanism thus explains the shape of the observed X-ray
spectra of AGNs, if we assume the presence of a hot region where the optical/UV photons
emitted from the accretion disc are Comptonized. As we have seen in Chapter 1, this
region is called corona. A priori, thermal Bremsstrahlung might also be important, but
generally it is much less efficient than Comptonization in high-luminosity compact sources.
This can be seen by comparing the cooling times, as the shortest time corresponds to the
dominant process (e.g. Fabian et al|2015). On the other hand, synchrotron emission
is likely important in radio-loud sources, where strong jets are observed. Their flatter
spectrum is thought to be due to synchrotron self-Compton emission, namely inverse
Compton scattering of the radio-synchrotron photons by the electrons in the jet (e.g.
Ghisellini et al.|[1985; |Reeves & Turner|2000).

The analysis of the X-ray spectrum of AGNs can yield informations on the physical
parameters of the corona, in particular its temperature (T' ~ 10® — 10° K from the cut-off
energy) and optical depth. However, the coronal geometry is uncertain. It could be a slab
“sandwiching” the accretion disc, or a sphere, or a “patchy” medium made of blobs (see
Fig. . In any case, as a crude sketch, we may think of a geometrically thick, small
optical depth corona lying above the geometrically thin, optically thick accretion disc.
Part of the optical/UV photons from the disc are Comptonized in the hot corona and
become X-rays. Since this process 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 (e.g. |Di Matteo
1998). I will review different models of the hot corona in Sect.
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Figure 2.6 — Sketches of different
geometries for the hot Comptoniz-

ing corona of an AGN (adapted from
Reynolds & Nowak 2003).

2.2.2 Compton reflection and iron Ka line

The primary emission can be reflected, namely Compton scattered by surrounding gas.
If the reflecting material is Compton-thick, i.e. it has a column density Ny > 1.5 x 10%*
cm 2, the incident spectrum will undergo a significant reflection. On the other hand, if the
material is Compton-thin, much of the incident radiation will escape without interacting.
The accretion disc itself can be an effective reflector, but also the Compton-thick torus
assumed in the unified model could scatter a significant fraction of the primary X-ray
radiation (e.g.|Ghisellini et al.[[1994).

Let us discuss the possible results of the reprocessing by Compton-thick matter. An
X-ray photon can be either Compton scattered by the electrons, or photoelectrically
absorbed by a neutral atom or ion, if its energy is above the threshold for the relevant
atomic transition. For photoionization, the K-shell (n = 1) has the largest cross-section.
Following K-shell photoionization, the resulting ion can de-excite in two ways, namely
fluorescence and Auger effect. In the first case, an L-shell (n = 2) electron drops into
the K-shell and its energy is radiated as a Ka line photon. In the second case, the same
energy is transferred to another L-shell electron, which is then ejected. The fluorescent
yield (i.e. the probability that de-excitation occurs via fluorescence rather than Auger
effect) is an increasing function of the atomic number. Since iron has the highest cosmic
abundance among the heavier metals (e.g. |[Lodders|2003), the Fe Ka line at 6.4 keV is
usually the strongest (e.g. |[Matt et al.[[1997; Fabian et al. 2000, see also Fig. .

Concerning Compton scattering, the primary X-ray power law illuminating a slab of
Compton-thick matter produces a continuum peaking at ~ 30 keV, with a cut-off at 4-
5 keV due to photoelectric absorption (e.g. Magdziarz & Zdziarski |1995). The reflection
efficiency can be measured by the so-called reflection fraction R, namely the ratio between
the reflected flux and the direct flux that an observer receives. For an isotropic source
above an infinitely extended disc, R = 1 i.e. half of the photons emitted by the source
reach the observer directly, while the other half are reflected from the disc. Then, R
can be considered as a proxy of the solid angle 2 subtended by the reflector, because
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Figure 2.7 — Monte Carlo simulation of X-

=3 Y ray reflection from a neutral semi-infinite slab

~E L -1 (Reynolds[1996)). The dashed line shows the in-

1 2 5 10 20 cident continuum, and the solid line shows the
Energy (keV) reflected spectrum integrated over all angles.

in general R = /27 (Magdziarz & Zdziarski |1995). However, this geometrical relation
could be different for a distant reflector, i.e. other than the disc (e.g. [Malzac & Petrucci
2002). Finally, the reflection efficiency would be less for Compton-thin material, and R
cannot be interpreted as a covering factor in this case (e.g. Murphy & Yaqoob|2009).

Several calculations of X-ray reflection spectra have been performed in the literature,
because this is an important effect to take into account when modelling the spectra of
AGNs. Such calculations include reflection both from cold (i.e. neutral) matter (e.g.
George & Fabian||[1991a; Matt et al.|[1991; Magdziarz & Zdziarski||[1995; Nandra et al.
2007; Murphy & Yaqoob|2009)) and from ionized matter (e.g. Ross & Fabian|1993; [Matt
et al.||[1993; [Zycki et al. [1994; Matt et al.|[1996; Ross & Fabian|2005; (Garcia & Kallman
2010; Garcia et al. 2013, |2014). The simplest and most used geometry is that of a
semi-infinite, plane-parallel slab of constant density, but different configurations have
been explored, such as reflection from a torus (Murphy & Yaqoob 2009) and from a
finite-size disc (Garcia et al.[2014). The main geometrical parameters characterizing the
observed spectrum emerging from a reflector are the inclination angle and the location
and geometry of the primary source (see also Sect. . In the case of a disc, the
inner/outer radii are also important. Moreover, the physical conditions of the gas, such
as the chemical composition and the ionization level, strongly affect the spectrum. The
ionization parameter is usually defined as

4’/TFX
n

§ (2.53)

where F'x is the illuminating X-ray flux and n is the number density of the gas. When
€ <100 ergs s~! cm, the matter is in the “cold” regime, where the metals are neutral or
weakly ionized, and a significant Fe Ka line at 6.4 keV is produced. At higher ionization
levels, Fe Ka lines from Fe xxv and Fe XXV1 (at 6.67 keV and 6.966 keV respectively) can
be observed. However, when & > 10* ergs s™' cm, the material is too ionized to produce
any atomic signature (see Fig. .

The Fe Ka line represents a powerful diagnostics to probe the innermost regions of an
AGN. This line is intrinsically narrow, but the observed energy profile is shaped by both

31



CHAPTER 2. THE X-RAY EMISSION OF AGNs

108

-2 -1
S

10*

Figure 2.8 — Reflected spectra for
three values of the ionization param-
eter &, in units of ergs s™! cm (Ross i
& Fabian| 2005)). Besides the Fe Ka [ - 20

fluorescence line, the lower-ionization SE Ay =1 5
spectrum shows a forest of soft X-ray i ]
emission lines due to radiative recom- ool o T T T T T T T T T T
bination of different ions. E (keV)

EFg (10%° keV cm

1000

100

special relativistic (i.e. Doppler shift) and general relativistic (i.e. gravitational redshift
and light bending) effects. If the line is produced within a few gravitational radii from the
black hole, it can appear dramatically broadened and skewed to low energies, resulting
in a characteristic profile (e.g. Fabian et al.|[1989). The strongest effect is expected for a
maximally rotating black hole, as the inner radius of the disc can extend down to 1.23 Rg
(Laor][1991], see also Fig. 2.9). The first clear observation of such a broadened line has been
in the Seyfert 1 MCG —6-30-15, with ASCA data (Tanaka et al.|1995). Broad line profiles
(full width at half maximum of ~ 5x 10* km s7!) are observed in a number of sources (e.g.
Nandra et al[2007). An alternative model has been proposed, in which the line profile
is shaped by absorption, rather than by relativistic effects (Miller et al.|2008). However,
a correlation between a relativistically broadened Fe Ka line and a Compton reflection
bump has been found in the Seyfert 2 NGC 1365, using broad-band observations with
XMM-Newton and NuSTAR (Risaliti et al.|[2013; Walton et al.|2014]). This observation
supports the relativistic reflection scenario. Finally, if the broad line profile is interpreted
as being due to relativistic effects, it is possible to constrain the inner radius of the disc
and the spin of the black hole. From such spectroscopic analyses, there are indications
that a significant number of supermassive black holes are rapidly spinning (a > 0.9; see
Reynolds|2013] and references therein).

2.2.3 Soft excess

The soft excess is an extra, featureless emission below 1-2 keV, with respect to the
extrapolated power law observed at higher energies (see Fig. . It has been found for
the first time in the Seyfert 1 Mrk 841 with EXOSAT data (Arnaud et al.||1985)), and it is
commonly seen in the X-ray spectrum of AGNs (e.g. Walter & Fink|[1993; Bianchi et al.
2009a). However, its physical origin is still uncertain and debated.

The soft excess is usually well fitted by a blackbody component with a temperature of
0.1-0.2 keV, which is unrelated to the X-ray luminosity or the black hole mass (Gierlinski
& Done [2004; Bianchi et al. 2009a) and too high to be explained as emission from a
standard Shakura-Sunyaev disc. The constancy of the temperature could indicate an
origin from atomic processes. If the disc is ionized, the soft excess could be due to
the reprocessing of the primary continuum, such as recombination continuum and line
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emission following photoionization (e.g. Ross & Fabian [1993)). In particular, given the
smooth and featureless shape of the soft excess, a scenario based on relativistic reflection
can explain this component as the blending of many, relativistically blurred soft X-ray
emission lines (e.g. Crummy et al.|2006; Cerruti et al. 2011} Walton et al.[2013).

A different explanation for the soft excess is thermal Comptonization by a warm,
optically thick medium (see, e.g., Magdziarz et al.|[1998 [Petrucci et al. 2013} Boissay|
et al|2014; Matt et al.|2014), which could be the upper layer of the accretion disc (e.g.
Janiuk et al|22001} |Czerny et al|2003; Roézariska et al[[2015) or even the disc itself
et al|2012)). This scenario would naturally explain the observed correlation of the soft
excess with the optical/UV luminosity (e.g. Walter & Fink |[1993). In particular, this
model has been tested for the Seyfert 1 Mrk 509, using data from a long multiwavelength
campaign (Kaastra et al[2011). In that case, Mehdipour et al.| (2011) found a correlation
between the optical/UV and soft (< 0.5 keV) X-ray flux, but no correlation between
the optical/UV and hard (> 3 keV) X-ray flux. The spectral modelling indicated the
presence of a “warm” corona with temperature kT ~ 1 keV and optical depth 7 ~ 15,
responsible for both the optical/UV emission and the soft X-ray excess (Mehdipour et al.|
2011} [Petrucci et al|2013| see also Fig. 2.11]). I will return to this campaign in Chapter
3.
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Figure 2.11 — Best-fit model of the UV/X-ray spectrum of Mrk 509 (Petrucci et al.|2013).
The data (from HST, FUSE, XMM-Newton, INTEGRAL) are the black crosses. The solid
black line is the best-fit model including absorption. The dashed lines are the different spectral
components: the hot corona emission (in red), the warm corona emission (in blue), the reflection
component (in magenta). The dotted lines are the corresponding components, but absorption-
free.

2.2.4 Absorption

The X-ray emission of AGNs is often modified by absorption, both ionized and neutral,
by complex structures surrounding the central engine.

The warm absorber: High-ionization absorbers (the so-called warm absorbers) pro-
duce significant absorption lines on ~ 50% of type 1 AGN spectra (e.g. |Crenshaw et al.
2003b), both in the UV and in the soft X-ray band. These features are usually blueshifted
with respect to the systemic velocity of the sources, indicating that the warm absorbers
are outflowing with typical velocities of 102-10* km s~!. The absorbing medium can be
modelled by an outflowing shell in photoionization equilibrium (e.g. Kaastra et al.|2000).
Such ionized outflows are commonly found to be multiphase, i.e. they often span a broad
range in velocity and in ionization in a given source (for a review, see Costantini[2010)). In
local Seyferts, the absorption lines are usually narrow (full width at half maximum ~ 102
km s7!, e.g. [Kaastra et al2000). In about 15% of optically selected quasars, broad ab-
sorption lines (width of ~ 10* km s™!) are also observed (Hamann & Sabra [2004; [Knigge
et al.|2008). The appearance of such outflows could be determined by orientation effects
(Elvis| 2000).
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The variability time-scale of absorption lines can, in principle, be used to measure
the distance of the warm absorber from the ionizing source (e.g. |Crenshaw et al.|2003b)).
Searching for such a variability on short time-scales is one of the main motivations for
conducting multiwavelength (UV/X-rays) monitoring campaigns of AGNs (Mrk 509, see
Kaastra et al.2011; NGC 5548, see Kaastra et al.[|2014 and Chapter 4). Constraining the
location of the warm absorbers is crucial to estimate their mass outflow rate and kinetic
luminosity, and to evaluate their potential impact on the host galaxy (e.g. |Crenshaw &
Kraemer|2012).

Besides the UV and soft X-ray absorption features, highly blueshifted iron K-shell
absorption lines around 7 keV have been detected in the X-ray spectra of several AGNs,
indicating absorption from mildly relativistic outflows with velocities up to ~ 0.4c (e.g.
Tombesi et al.|[2010, and references therein). These are the so-called ultra-fast outflows
(UFOs). Warm absorbers and UFOs could be parts of the same, large-scale outflow,
where the UFOs are likely launched from the inner accretion disc and the warm absorbers
at larger distances, such as the outer disc or the torus (Tombesi et al. 2013)).

Cold absorption: Neutral absorption can substantially modify the X-ray spectrum,
especially suppressing the observed soft X-ray flux. As we have seen in Chapter 1, type
2 spectra are strongly affected by photoelectric absorption by dust and gas, which can
be explained by the presence of an obscuring torus at parsec scales. However, there are
observational evidences that such a torus cannot be a simple, homogeneous structure (e.g.
Matt 2002). First, time variability of X-ray absorption, i.e. variability of the absorbing
column density, is ubiquitous among nearby Seyfert 2 galaxies, on time-scales ranging
from a few months to a few years (Risaliti et al.|2002). Variability on shorter time-scales
(days or hours) has been found in a number of sources (e.g. NGC 4388, Elvis et al.|[2004;
NGC 4151, Puccetti et al.|2007; NGC 1365, Risaliti et al.[2009; NGC 7582, Bianchi et al.
2009b). The X-ray appearance of some sources can even switch from Compton-thick to
Compton-thin (e.g. Matt et al.[2003), or vary from an absorbed type 2 spectrum to an
unobscured state (NGC 1365, [Walton et al.|2014). These findings suggest that the torus
has a complex and clumpy structure, such as a set of outflowing clouds launched from the
accretion disc (e.g. Elitzur & Shlosman 2006; Nenkova et al.[[2008)). Moreover, evidence
for fast variability due to cold absorption has been found also in type 1 AGNs, namely
sources that are generally unobscured (e.g. Mrk 766, Risaliti et al. 2011; ESO 323-G77,
Miniutti et al.[2014). Such discrete absorption events, or “eclipses”, are due to clouds of
neutral or mildly ionized gas crossing the line of sight, possibly located in the BLR (see
also Markowitz et al.|2014; Torricelli-Ciamponi et al.[2014)). In extreme cases, unabsorbed
type 1 sources can switch to an obscured state (H0557-385, |Coftey et al. 2014 NGC 5548,
Kaastra et al[2014]). In particular, I will discuss in Chapter 4 the unexpected behaviour
observed during a long campaign on NGC 5548, which is part of this thesis work.

2.3 Variability

AGNs are commonly observed to be variable at all wavelengths. The variations appear
to be aperiodic and of variable amplitude. Such random variability is often referred to as
“noise”, in the sense that it is the result of a stochastic process. In particular, strong and
fast variability is usually observed in the X-rays, both in flux and spectral shape. Such
a variability is a hallmark of AGNs, and of historical importance to rule out alternatives
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to supermassive black holes as their central engine (e.g. |[Elliot & Shapiro||1974). Indeed,
the most rapid variability can be of the order of minutes, implying a very compact source
(for a review, see Mushotzky et al.|[1993). If the variability time-scale is ¢, the size of the
source must be roughly
t M
rSct o s <1O7]\/[@> Rg. (2.54)
Variability is in commonly described in terms of the power spectral density (PSD),
which is the product of the Fourier transform of the light curve and its complex conjugate.
This represents the amount of variability power P as a function of Fourier frequency f
(i.e. the inverse of the time-scale). The PSD of AGNs is usually well parametrized by a
power law: P(f) o f~% with a = 1—2 over time-scales of hours to months (e.g. [Vaughan
et al. 2003, and references therein). This kind of spectrum, where o > 1, is usually called
“red noise”, as opposed to white noise (which has a flat PSD, being uncorrelated in time).
The availability of very long (up to several years) light curves from observatories such
as RXTE have led to the discovery of frequency breaks in the PSD. Indeed, a typical
PSD of an AGN is characterised by a slope a ~ 2 at high frequencies (i.e. short time-
scales), flattening to a slope a ~ 1 at low frequencies (i.e. long time-scales). The break
frequency generally corresponds to a few days time-scale, but it can be up to a few months
(e.g. Edelson & Nandra|1999; Markowitz et al|2003b; [McHardy et al.|2004; Sobolewska
& Papadakis 2009). Such breaks in the PSD are also observed in stellar-mass Galactic
X-ray binaries, but with much smaller time-scales, of fractions of seconds. Indeed, the
PSD break time-scale is found to increase proportionally with the black hole mass, and to
decrease with increasing accretion rate (McHardy et al.|2006). This is considered a strong
support for the scale invariance of accreting black hole systems, leading to the suggestion
that AGNs are a scaled-up version of Galactic black holes (McHardy et al. 2006). The
physical origin of the PSD break time-scale is not fully understood, however it might be
associated with the inverse Compton cooling time (Ishibashi & Courvoisier|[2012). Indeed,

the Compton cooling time #¢ is inversely proportional to the radiation density U, (eq.
2.42)), which, at distance R from the input source, is

L

Upn = 47 R?%c

(2.55)

where L, is the soft luminosity. From eq. we can assume that Ly = nMc2. Then,
expressing the distance R in units of the gravitational radius, we explicit the dependence
on the mass, finding the simple result:

2
which matches the empirical relationship between variability time-scale, black hole mass,
and accretion rate (McHardy et al.[20006).

Another estimator for the variability, especially useful for short data sets, is the so-
called normalized excess variance (e.g. Nandra et al. |[1997; |Vaughan et al.|2003). This
is essentially the variance of the light curve after subtracting the contribution from mea-
surement errors. The square root of this quantity is called the fractional root mean square
variability amplitude (or just fractional variability, Fi.,). The only difference is that Fi,,
is a linear statistic, so it can be expressed in percentage terms. The excess variance is
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found to correlate with the black hole mass and with the accretion rate (e.g. using XMM-
Newton light curves, see |Ponti et al.2012). Therefore, AGNs seem to have universal
variability properties, once rescaled for the black hole mass and accretion rate.

Besides the flux variability, also spectral variability is commonly observed in AGNs.
The photon index is found to correlate with the characteristic frequency in the PSD, when
normalised to the black hole mass (Papadakis et al.[[2009). This implies a link between
the spectral and timing properties of AGNs, which could be driven by the accretion rate.
Moreover, the spectrum is usually found to be softer, i.e. with a lower I', when the flux is
higher (e.g. Sobolewska & Papadakis 2009; Soldi et al.|2014). This softer-when-brighter
behaviour can be explained as an effect of Comptonization, since an increase in the soft
input photon luminosity, due for example to an increasing accretion rate, would result in
a more efficient Compton cooling of the corona. A lower coronal temperature would in
turn produce a softer spectrum. However, at least part of the spectral variability could
be produced by different effects, rather than being just intrinsic. Variable absorption (see
Sect. could produce variations of the observed flux and of the spectral shape, even
if the source is not intrinsically varying. The reflection component (see Sect. can
also produce variations in the observed spectrum, when in combination with a variable
(in flux) primary continuum (e.g. Ponti et al.[2006; Miniutti et al.|2007)).

Finally, another characteristic of the spectral-timing properties of the X-ray variability
is the existence of time lags between different X-ray energy bands. The spectra of AGNs
often show a delay of the hard X-ray variations (above 2 keV) with respect to soft X-
rays (below 1-2 keV), the so-called hard lags (e.g. Papadakis et al.[2001; Vaughan et al.
2003; McHardy et al. 2004). Such hard lags are commonly larger on longer time-scales,
and at higher energies. The hard lags are also seen in X-ray binaries, and are generally
interpreted in terms of propagation of mass accretion rate fluctuations in the disc (e.g.
Kotov et al.[2001; |Arévalo & Uttley|2006]). However, also soft lags have been detected in
a number of sources, meaning that the soft X-ray variations lag behind the hard X-ray
variations. The first detection of a soft lag (between the 0.3-1 and 1-4 keV bands) was
reported in the NLS1 1H 0707-495 (Fabian et al.|2009; [Zoghbi et al.[2010]), and interpreted
as a signature of relativistic reflection (Sect. 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 (~ 100 s), and correlated with the black
hole mass (De Marco et al.|[2013]).

2.4 The “hot” corona

I now focus on the theoretical models that have been proposed to describe the hot,
Comptonizing corona that is thought to be responsible for the X-ray emission in AGNs.
Let us summarize the main observational facts that must be explained: (i) the size of
the X-ray emitting region must be small (~ a few gravitational radii), as indicated by
the fast variability, and also by microlensing studies (e.g. (Chartas et al.|2009; |Morgan
et al. 2012)); (ii) the observed spectrum in the hard X-rays is described by a power law,
with I' = 1.5 — 2 for Seyfert galaxies, and with a high-energy cut-off; (iii) the X-ray
source should be relatively close to the inner disc, at least in sources showing relativistic
reflection features and/or soft lags.
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2.4.1 Thermal Comptonization in plasma clouds

A basic treatment of thermal Comptonization with applications to cosmic X-ray
sources was given in a seminal paper of [Sunyaev & Titarchuk (1980), where the steady-
state Kompaneets equation was solved in the case of a cloud of plasma with different
geometries (spherical, disc, cylinder) illuminated by a soft photon source (homogeneous
or inhomogeneous). This approach was later extended, with the calculation of the angle
distribution and polarization of the Comptonized radiation (Sunyaev & Titarchuk |1985)),
and taking into account relativistic effects (Titarchuk [1994)). The solution describes a
balance between photon injection, thermal Comptonization and photon escape. Treating
photon diffusion in the cloud, the distribution P(t) of the photons over the escape time is
obtained. Then, assuming a given input spectrum Io(v,t = 0), the solution of the Kom-
paneets equation leads to the Comptonized spectrum I(v,t). The stationary spectrum of
the escaping radiation is then

F(v) = /O " I(w, ) P(t) dt. (2.57)

P(t) depends both on the geometry and on the optical depth of the plasma, and the effect
of Comptonization depends on the temperature as well. Therefore, the resulting spectrum
depends on the optical depth and temperature of the plasma, and a large range of power
law spectral indexes can be reproduced by choosing the right parameters. However, the
observation that the spectral shape of AGNs is rather uniform led to the suggestion that
the spectrum is determined by some universal mechanism, such as an interplay between
the accretion disc and the corona (Haardt & Maraschi [1991} see below).

2.4.2 The two-phase model

The inner region of an AGN is essentially composed of two phases, namely a hot,
optically thin, X-ray emitting corona located above a cold, optically thick, UV-emitting
accretion disc. Haardt & Maraschi| (1991}, |1993) developed a model in which these two
phases are coupled: the cold phase (i.e. the disc) provides the soft photon input for Comp-
tonization in the hot phase (i.e. the corona), and part of the hard, Comptonized emission
from the corona contributes to the heating of the cold phase. To a first approximation,
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) developed a more detailed
model of a non-uniform, “patchy” corona consisting of several blobs.

The basic reasoning is as follows. Let Py be the total gravitational power, a fraction f
of which is dissipated in the corona and keeps it “hot”. This heating power is re-emitted
via Comptonization, so we have a Compton luminosity L, = fPs. The remaining gravi-
tational power, i.e. a fraction (1 — f) of Pg, is dissipated in the accretion disc. The total
luminosity emitted by the corona can be written as AL, where L is the soft luminosity
from the disc and A is some amplification factor due to Comptonization. The amplifica-
tion factor can be theoretically calculated by energetic and geometric considerations. The
energetics of the disc/corona system was discussed in detail by Petrucci et al.| (2013)), see
their appendix B. I will summarize their calculations, which will be useful in the following
(see Chapter 7).

First, since Comptonization conserves the number of photons, there is a relation be-
tween the seed soft photon luminosity entering and cooling a corona and the observed
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Comptonized luminosity. Let ng,s be the observed photon rate of the Comptonized spec-
trum. By conservation, ngs is equal to the sum of the seed photons crossing the corona
without being scattered ns o and of the photons which are scattered and emitted “upward”
(i.e. towards the observer) n.,,. If the corona has an optical depth 7, and the total seed
photon rate is ng, we can write

Nso = Ns€ " (2.58)
1
Neup = ins(l —e ) (2.59)

where the factor 1/2 is valid if the Comptonization process is isotropic, i.e. half of the
Comptonized photons are emitted “downward” (back to the disc) and half upward. Then,

1
Nobs = Ts,0 + Neup = 5”/3(1 + 6_7)- (260)

Therefore,
2nobs
neg = .
1+e 7
Then, if 7 < 1, ng >~ ngs (only a few photons are Comptonized) while if 7 >> 1, ng 2~ 2n,ps.
Now, let us consider the power emitted by the corona. The corona total power L, is the
sum of the seed luminosity L, and the heating power Lj:

(2.61)

Liot = Lp + Ls. (2.62)

Now, both L, and Lj; can be decomposed as the sum of upward and downward luminosi-
ties. The upward part of L, namely L,,, is given by the sum of the seed photons which
cross the corona without being scattered, and of the seed photons which are scattered
upward. The downward part of L, namely L, 4, is given by the seed photons which are
scattered downward. Therefore,

Ly, = Lh,u + Lh,d = 2Lh,u (263)
1 1
Ls = Ls7u —|— Ls,d = Lse_T + §L5(1 — e_T) + §L5(1 — e_T) (264)
where the first equation is simply due to the assumed isotropy of the Comptonization

process. The second equation is analogous to eq. and [2.59] The observed luminosity
is given by the sum of the upward luminosities:

Lops = Lgy + L. (2.65)
Now, from eq. 2.63] 2.64] and [2.65] we can derive Lj,:
L = 2Lgps — Lo(1 4 ¢7) (2.66)
and from eq. [2.62] we have
Lot = 2Lops — Lse™ " (2.67)

If 7 <1, Lyt >~ 2Lps — L while if 7> 1, Ly o~ 2Lops.

Finally, we can derive the amplification factor A = L;,;/Ls = (L, + Ls)/Ls. The ra-
diative equilibrium of the source of seed photons (i.e. the disc) implies another expression
for L, where we introduce the intrinsic emission of the disc Ly jn,:

1 1
L, = Ls,intr + Ls,d + Lh,d = Ls,intr =+ iLs(l - 677’) + §Lh (268)
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Dividing by Lg, we have

Ls,intr 1 e’ Lh

1= -
I. 379 Tar
h — Ls intr

= —=1 T—2— 2.69
L. 't L, (2:69)

Then, for the amplification factor we have

Lh — Ls intr
A=1+2 =247 222
+ I +e I

(2.70)

In the limiting case of a passive accretion disc, we have Ly ;,,;, = 0: all the gravitational
power is dissipated in the corona (f = 1). In other words, the disc itself does not
intrinsically emit radiation, but rather reprocesses and re-emits (as soft emission) the
hard radiation from the corona. For an optically thin corona above a passive disc, we find
A = 3, while A = 2 for an optically thick corona.

More generally, let 1 be the fraction of the Compton luminosity emitted towards the
disc (i.e. 71 quantifies the anisotropy of the Compton process; n = 1/2 for isotropic
emission) and let a be the disc albedo, i.e. the disc absorbs a fraction (1 — a) of the hard
radiation. The energy balance between the disc and an optically thin corona results in
the following equation for A (Haardt & Maraschi|1991):

f
1—f1 =1 —a)n]
In the limits a = 0 and f = 1, and assuming n = 1/2 (i.e. isotropic emission), we recover
A=3.

Finally, we know that the Comptonized spectrum has a power law shape:

A=1+

(2.71)

E —
uEy:uag<> . (2.72)
Ey

Assuming that the soft emission is close to a blackbody (which peaks at ~ 3kgT’), the
soft luminosity can be approximated as L, ~ I(Ey)Ey, while the Compton (or heating)
luminosity is

Emax

Lh::/ [(E)dE. (2.73)

Emin
The extremes of integration are E.;, ~ F;, namely the energy of the once-scattered
photons, and Ey,.. ~ 3kgT, where T is the coronal temperature. Moreover, F; = A FE),
where A; is the average gain in a single scattering. In the end, we find an equation for
the heating/cooling ratio, thus another expression for A, now depending on the spectral

shape (Haardt & Maraschi [1991)):
BkpT\'
— (A l1-«
( Eo ) A

The spectral index « is a function of the optical depth and temperature (see Sect. [2.1.3)).
In particular, « = —In7/In A; when 7 < 1 (eq. 2.47)). Haardt & Maraschi (1991)) found
an iterative solution of eq. [2.74 The main result is that « is always between 1.1 and 1.4

A—1~ 1
11—«

(2.74)
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(corresponding to I' between 2.1 and 2.4), when f = 1, for a large range of optical depth
and temperature values. In other words, the optical depth and temperature of the corona
adjust in order to keep a constant heating/cooling ratio, i.e. a constant amplification
factor, which is mostly set by geometry. Independent numerical simulations confirm this
behaviour. In particular, Beloborodov|(1999), applying the Comptonization code of Coppi
(1992)), found empirical relations between the photon index in the 2-10 keV range and
both the Compton parameter y and the amplification factor A:

[~ iy-w (2.75)
A0 (2.76)

The empirical relation is not far from the theoretical prediction of eq. [2.52 These
results show that, even with f = 1, which gives the hardest spectra, the expected photon
index is generally larger than the observed values (i.e. 1.5-2). Moreover, the model of
Haardt & Maraschi (1991) predicts nearly equal UV and X-ray luminosities, although
a different angular distribution of the hard photons with respect to the soft ones can
give rise to larger soft-to-hard ratios (Haardt & Maraschi/[1993). In any case, the model
predicts a tight correlation between the X-ray and UV fluxes.

Haardt et al.| (1994)) further developed the two-phase model by relaxing the assump-
tions on geometry. Indeed, the corona might have a patchy structure, because of the
formation of magnetic loops in which the energy is stored and then dissipated through
reconnection. In this case, only a fraction of the accretion power is released in the hot
phase, which is composed of active blobs. The disc, instead of being passive, can con-
tribute to most of the UV luminosity as in the standard, Shakura-Sunyaev model. Being
non-uniformly illuminated, the disc reprocesses the X-ray radiation in “hot spots” where
the thermalized radiation is re-emitted in the far UV /soft X-ray band. This reprocessed
emission, then, can be identified with the observed soft X-ray excess. This model predicts
a correlation between the hard X-ray Comptonized photons and the soft reprocessed pho-
tons, in particular when the X-ray and UV luminosities are similar (Haardt et al.|[1994,
1997)). The variability of the observed emission can be due to variations of the accretion
rate or to stochastic variations of the number of active blobs.

Such Comptonization models have been successfully tested on Seyfert 1s (e.g. Petrucci
et al.[2000|, 2001)), providing estimates of the temperature (kg7 ~ 100 — 200 keV) and of
the optical depth (7 ~ 0.1) of the hot corona. I will further discuss this point in Chapter
3 and following.

2.4.3 The lamp-post model

The lamp-post geometry is a simplified configuration of the disc-corona system, where
the corona is assumed to be a point-like X-ray source located on the symmetry axis of the
disc (Fig. see also Matt et al|[1991; Martocchia & Matt|[1996} Henri & Petruccil1997}
Petrucci & Henri |1997). This model has been used especially to explore the properties of
the reflection continuum and the iron line (e.g. Martocchia et al.[2000). For example, the
lamp-post scenario can explain self-consistently the properties of the Compton reflection
and of the relativistic iron line in sources such as MCG —6-30-15 (Martocchia et al.|2002).
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Figure 2.12 — The lamp-post geometry: the
primary, point-like X-ray source is located on
the axis of the black hole at height A, illumi-
nating the accretion disc. The observer sees the
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primary radiation and the reflection component,
both distorted by light bending. Figure from
Dovciak et al.| (2011]). Fon accretion disk

As we have seen in Sect. very broad and redshifted Fe Ka lines indicate that
the reflecting material extends down to a few gravitational radii from the black hole (e.g.
Tanaka et al.|1995} [Fabian et al.2009). However, the variability behaviour of fluorescence
lines can be puzzling. Generally, the Fe Ka line (either broad or narrow) and continuum
emission do not appear to correlate with each other (e.g. [Markowitz et al.|2003al). Even
in the well studied MCG —6-30-15, no clear correlation is seen between the relativistic
line and the primary continuum (Fabian et al.2002). This could be at odds with a line
originating in the innermost region of the disc, which should be close to the primary X-ray
source. However, Miniutti & Fabian (2004) found that the primary and reflected fluxes
can either be correlated, anticorrelated or uncorrelated, because of light bending in the
proximity of the black hole. In the lamp-post model of Miniutti & Fabian| (2004)), the
primary X-ray source has a ring-like geometry, because it is assumed to rotate around the
axis, and emits isotropically in its rest frame. The source is located above the accretion
disc at a radial distance of a few gravitational radii from the black hole, and at a variable
height above the equatorial plane. The model includes the relativistic beaming of the
primary emission as well as general relativistic effects. The height is a crucial parameter,
because it determines the strength of light bending. Indeed, if the source moves along the
rotation axis, the observed flux can vary even if the intrinsic luminosity is constant. Light
bending can boost the continuum as seen by the innermost region near the black hole, and
reduce at the same time the flux emitted towards the observer. However, the illumination
of the inner part of the disc will not be greatly affected, because part of the bent X-ray
radiation will be lost over the event horizon. This results in a nearly constant (or weakly
varying) reflection component, while the observed primary emission drops substantially
with decreasing height (Miniutti & Fabian|2004; see also |[Niedzwiecki & Zycki 2008).

The lamp-post geometry is currently used in detailed models for the calculation of
reflection spectra (e.g. Dauser et al.|2013a; Garcia et al.[2014; |NiedZwiecki et al.[2016). The
observed spectrum and variability can thus be interpreted taking into account the effects
of strong gravity near the black hole. In this geometry, the sources showing reflection-
dominated spectra (e.g. 1H 0707-495, Zoghbi et al. 2010; TRAS 13224-3809, |Chiang et al.
2015) seem to require very compact sources, located close to the black hole. In particular,
the most extreme spectrum seen from 1H 0707-495 would require a source lying within
1 gravitational radius of the event horizon of a rapidly spinning black hole (Fabian et al.
2012). However, as pointed out by |Dovciak & Done| (2015] [2016]), the source must also be
large enough to intercept sufficient seed photons to produce the hard X-ray Comptonized
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continuum. According to |Dovéiak & Done (2015, 2016)), the intrinsic X-ray luminosity
of 1H 0707-495 should be very high (Lx ~ 2Lgqq) in the lamp-post scenario, requiring
a source size of at least 10 gravitational radii. This point will be further discussed in
Chapter 8.

2.4.4 Compactness and pair production

I end up this section with a brief overview of the possible role of pair production
in the corona. Electron-positron pair production from photon-photon collisions can be
important in compact and luminous sources, when photons are energetic enough. The
compactness parameter is usually defined as (e.g. (Guilbert et al.||[1983)):

L oT
Rmgc3

where L is the luminosity and R is the radius (assuming a spherical source). This is
a useful quantity to express the optical depth for pair production 7,,. We have 7,, ~
n,o,,R, where n, is the photon density and 0., is the photon-photon pair production
cross section. The photon density is n., ~ Ugaa/E, ~ L/(47R*c-mcc?). The cross-section

0, is a function of the incident photon energies, having a maximum value of ~ 0.207
(e.g. Ghisellini/2013). Finally,

l

(2.77)

[
Y 20n
Therefore, when the compactness parameter is [ 2 60, the optical depth exceeds unity
and a significant fraction of the source luminosity is channelled into pairs.

In the case of thermal Comptonization in a hot corona, we can define a compactness
I, corresponding to the heating power Lj. For the soft photon source, we have a com-
pactness [, corresponding to the soft luminosity Ls. The ratio [/l is determined by the
spectral characteristics (spectral index and temperature; see Sec. and |Ghisellini &
Haardt|[1994). Moreover, the values of [, and I; can be completely determined consider-
ing pair balance, reasoning as follows (Ghisellini & Haardt||1994). If the compactness is
small, an increase in the heating power leads to an increased temperature. But when the
temperature reaches ~ 2m.c? (i.e. ~ 1 MeV), pair production becomes significant, and it
increases the number of particles. Then, the total energy is shared among more particles,
thus the temperature starts decreasing as the heating (and [j,) increases. In other words,
the increased luminosity increases the number of pairs rather than the temperature. At
equilibrium, pair balance is reached, i.e. pair production and destruction occur at the
same rate. For a given compactness, there is a maximum allowed temperature, and for
a given temperature there is a maximum compactness allowing pair equilibrium. Then,
there is a one-to-one relationship between the compactnesses [, and [, and the spectral
characteristics.

Interestingly, in a pair-dominated plasma, an increase in the “cooling” (i.e. the soft
luminosity), for a constant heating, produces an increase in the plasma temperature rather
than a decrease. This is because more cooling implies a decrease of the temperature, thus
a decrease of pair production and less particles sharing the energy. When pair balance
is reached, the final temperature is actually higher (Ghisellini & Haardt||1994; |Ghisellini
2013).

For low values of [, the contribution of pairs is negligible. However, [, can be > 60
and up to a few hundreds in some sources (Done & Fabian||1989; Fabian et al.|2015).

(2.78)
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Indeed, recent results on the temperature and compactness measured in AGNs suggest
that these parameters roughly follow the relation imposed by pair balance (Fabian et al.
2015} see also the analysis of Mrk 509 by |Petrucci et al.[2013). This in turn suggests that
pair production/annihilation might play an important role in determining the physical
parameters of the corona and thus the spectral properties of AGNs.
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thesis
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I will now introduce this thesis work, which is discussed in detail in Part II. First, I
will review a number of open issues related to the physics of AGNs, and in particular to
their high-energy emission. Then, I will outline the goals of this thesis and present the
main body of the dissertation, including both published and ongoing works.

3.1 Some open questions on the physics of AGNs

As we have seen in the previous chapters, according to the present understanding,
AGNs are powered by an accretion disc around a supermassive black hole, which emits
mostly in the optical/UV band (Sect. . The X-ray emission, at least in radio-quiet
Seyferts, is likely due to thermal Comptonization of disc photons by a hot corona located
close to the disc (Sect. . This explains the observed power-law shape of the hard X-
ray spectrum, as well as the presence of a high-energy cut-off, which is seen in a number
of sources (Sect. . The reprocessing of the primary X-ray emission by the disc or
more distant material gives rise to features like a Fe Ka emission line and a Compton
bump peaking at ~ 30 keV (Sect. . The X-ray spectrum of many AGNs shows also
a soft excess, i.e. a smooth rise below 1 keV above the extrapolated high-energy power
law, whose origin is still uncertain (Sect. . Beyond this picture, several fundamental
questions are still open, as I summarize below.
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3.1.1 The geometrical and physical parameters of the hot corona

The observations indicate that the hot, X-ray-emitting corona is compact and most
likely located in the inner part of the accretion flow (e.g. Reis & Miller|2013, see also Sect.
. However, we still lack good constraints on the coronal temperature and optical depth
for most sources. The geometry of the disc/corona system is also unknown, the size and
location of the corona being a matter of debate: is the corona a slab, or a spherical cloud,
or a more complex region? Is it continuous, or is it a patchy medium made out of several
blobs? Is it very small, as assumed in the lamp-post geometry, or extended?

3.1.2 The nature of the soft excess

This component is commonly interpreted as either an effect of relativistically blurred
reflection, or Comptonized emission by a warm, optically thick plasma (Sect. . In
the latter case, such a warm corona would be responsible for both the optical/UV and the
soft X-ray emission. This might have important consequences on our understanding of the
central engine of AGNs. For example, [Magdziarz et al.| (1998) assumed the presence of a
warm corona to explain the UV /soft X-ray spectrum of NGC 5548, suggesting that this
medium is a transition region between the cold outer disk and a hot inner flow. Petrucci
et al.| (2013)), instead, suggested that the warm corona is the upper layer of the accretion
disc in Mrk 509.

3.1.3 The origin of the reflection component

A number of sources show features of relativistically blurred reflection from the very
inner part of the accretion disc, within a few gravitational radii from the black hole (Sect.
. However, these features are not ubiquitous and, in many cases, the reflection
component seems to originate from distant material, such as the outer part of the disc, or
the torus at pc scales. In other sources, the reflection component is weak or even absent.
This might indicate that, in some sources, the standard accretion disc is truncated at
some radius, with the inner region perhaps replaced by a different kind of accretion flow,
such as a Compton-thin RIAF (Sect. [L.2.3). Constraining the reflection component
potentially gives us important informations, but it requires separating its contribution
from the primary X-ray continuum, which is not always straightforward.

3.2 Goals and strategy

To answer to the questions raised above, we need to study the broad-band (UV to hard
X-rays) spectrum and variability of AGNs in detail and on adequate time-scales, in order
to model consistently and simultaneously all the spectral components (e.g. Nandra et al.
1998)). The approach based on multiple, broad-band observations was proven particularly
successful by a multiwavelength campaign on the Seyfert 1 Mrk 509 (Kaastra et al.|2011}
Mehdipour et al.| 2011} [Petrucci et al.[[2013). This 1-month monitoring consisted of ten
observations with XMM-Newton and INTEGRAL, giving the opportunity to analyse the
optical /UV to hard X-ray emission of the source. [Petrucci et al| (2013)) found the hard
X-ray continuum to be well described by a Comptonized spectrum produced by a hot
(KT, ~ 100 keV), optically thin (7 ~ 0.5) corona, likely located in the very inner part
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Figure 3.1 — Geometry of the accre-
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of the accretion flow. Mehdipour et al.| (2011), studying the optical to X-ray variability,
found a correlation between the optical/UV and soft (< 0.5 keV) X-ray flux, but no
correlation between the optical/UV and hard (> 3 keV) X-ray flux. This result suggested
the presence of a second, warm corona, responsible for the soft excess as well as the
optical/UV emission. Indeed, [Petrucci et al| (2013) found the UV /soft X-ray spectrum
to be well fitted by a warm Comptonization component, produced by a corona with a
temperature of ~ 1 keV and an optical depth of ~ 15 (see also Fig. . Moreover,
Petrucci et al. (2013) estimated the amplification ratio A for this warm plasma to be
close to the theoretical prediction for a slab corona lying above a passive disc (i.e. A ~ 2,
Sect. . The temperature of the soft seed photons was found to be different for the
warm and hot coronae, indicating a different radial location. The tentative sketch of this
two-corona model is shown in Fig.

This thesis work is aimed at scrutinizing the high-energy emission of AGNs, through
a detailed spectral analysis of high-quality UV /X-ray data. The approach of this work is
twofold, being based both on new observations from NuSTAR, XMM-Newton and other
X-ray satellites, and on archival data bases. While the detailed study of single sources
allows us to build and constrain self-consistent physical models (as for Mrk 509), the
analysis of large samples gives us insights into the average properties of AGNs. In the
first chapters of Part II (Chapters 4, 5 and 6) I will present the data analysis of three
sources, namely NGC 5548, NGC 7213 and NGC 4593. In the last chapters (Chapters
7 and 8) I will discuss two ongoing projects based on the data analysis and numerical
simulations of a large sample of sources.

3.2.1 NGC 5548, NGC 7213, NGC 4593

The three sources analysed in this thesis are all nearby, X-ray-bright Seyfert 1 galaxies.
However, each of them shows interesting peculiarities.

NGC 5548 (Chapter 4) has been the object of a long, multiwavelength campaign in
2013. Surprisingly, the spectrum of this archetypal Seyfert 1 appeared strongly absorbed
in both the UV and X-rays. This obscuring event was attributed to an accretion disc
wind (Kaastra et al.|2014)). My main contribution to this campaign has been the analysis
of the high-energy data from XMM-Newton, NuSTAR and INTEGRAL, which enabled a
detailed study of the high-energy spectrum (Ursini et al.[2015al).

NGC 7213 (Chapter 5) is a low-luminosity and weakly accreting AGN. I analysed the
first ever NuSTAR observation of this source, carried out in 2014 (Ursini et al. 2015b)).
This peculiar AGN does not show evidence for a Compton-reflected continuum nor for a
high-energy cut-off, suggesting the presence of a very hot corona and a truncated accretion
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disc, perhaps replaced by a RIAF.

NGC 4593 (Chapter 6) was selected to perform a joint XMM-Newton/ NuSTAR moni-
toring on a time-scale of a few days, made in early 2015 (PI: P.-O. Petrucci), to characterize
its spectral and variability behaviour. The source showed a remarkable variability in flux
and spectral shape, indicating significant variations in the geometry and/or physics of the
accretion flow on relatively short time-scales (Ursini et al.|2016ayb)).

3.2.2 The CHEESES sample

The project CHEESES (which stands for Constraining the High-Energy Emission
Sources in the Environment of Supermassive black holes, just like the title of this thesis)
is based on the spectral analysis of a large sample of AGNs with archival XMM-Newton
data (Chapter 7). Although this is a work in progress, I will present and discuss some in-
teresting results, in particular concerning the possibility that the UV /soft X-ray emission
is generally due to a warm corona covering a nearly passive disc.

Finally, I will present numerical simulations with a fully relativistic code (Dov¢iak &
Done|2015| 2016)), with the goal of constraining the size and location of the hot corona in
the lamp-post geometry (Chapter 8). This ongoing work is also based on the CHEESES
sample. The preliminary results point to a compact hot corona which can be quite close
to the event horizon of the central black hole.
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Anatomy of the AGN in NGC 5548

Contents
4.1  The 2013 multiwavelength campaign|. . . . . .. ... ... .. 52
[4.1.1 NGC 5548: an archetypal Seytert 1f. . . . . .. .. .. ... .. 52
[4.1.2  Timeline and overview of the campaign| . . . . . ... ... .. 52
[4.1.3 A fast and long-lived obscuring outflow] . . . . .. .. ... .. 53
[4.2  The high-energy view| . . . . . . . ... ... ... 0000, 56
421 Thedatasetl ... ... ... ... ... ... 0. 56
[4.2.2  The hard X-ray spectrum: a constant reflection component| . . 58
[4.2.3  Modelling the partial covering obscurer| . . . . ... ... ... 60
[4.2.4  The broad-band spectral analysis[ . . . . . .. ... .. ... .. 62
[4.2.5 Principal components analysis| . . . ... ... ... ...... 63
42,6 Conclusionsl . . . . . .. ... ..o 66
AppendiX| . . . . i v it e e e e e e e e e e e e e e e e e e e e e e 68

During 2013, the Seyfert 1 NGC 5548 has been the object of a long, multiwavelength
observational campaign (PI: J. Kaastra, at SRON). The main goal of this program has
been the study of the ionized outflow (the warm absorber: see Sect. [2.2.4).

AGNs show significant amounts of ionized gas outflowing from the central black hole,
producing X-ray and UV absorption. The balance between accretion and ejection could
affect the co-evolution of the supermassive black holes and their host galaxies (see the
review by King & Pounds 2015, and references therein). In order to study the kinematics,
distance and physical conditions of such outflows in detail, high-resolution UV data and
high-quality X-ray spectra are both needed. In general, photoionized gas is characterized
by the ionization parameter & = L/(nr?) where L is the ionizing luminosity, n is the
density and r is the distance to the ionizing source. The distance is clearly an important
parameter, because it may carry information on the launching mechanism (e.g. MHD
winds from the accretion disc, or thermal winds from more distant matter such as the
torus). L and ¢ are directly measured, while the density can be inferred from the UV
absorption troughs (e.g. |Arav et al]2008)) or, for the bulk of the X-ray absorber, from the
variability of £ as a function of L (the delay of the variations being determined by the
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ionization/recombination time-scale, which is inversely proportional to n; e.g. Kaastra
et al.[2012).

In the following, I will present an overview of the campaign on NGC 5548 and of
the most important result, namely the unexpected observation of a fast outflow, different
from the warm absorber and never seen before in this source. In Sect. 4.2/ T will discuss
the specific contribution of this thesis to the campaign.

4.1 The 2013 multiwavelength campaign

4.1.1 NGC 5548: an archetypal Seyfert 1

NGC 5548 is a bright and nearby active galaxy, hosting a supermassive black hole
of 3.2 x 107 solar masses (Pancoast et al.2014) and lying at a redshift of z = 0.017
(de Vaucouleurs et al.[|1991). It was one of the catalogued objects in the seminal work
of [Seyfert| (1943). Being one of the X-ray brightest (2-10 keV flux of 2 — 5 x 107!
ergs s~! cm~?) and most luminous (2-10 keV luminosity of 1 — 3 x 10* ergs s7') Seyfert
1s, it is one of the best studied AGNs. Moreover, NGC 5548 was the first object in
which narrow X-ray absorption lines from warm absorbers were discovered, from Chandra
high-resolution spectra (Kaastra et al. 2000). In past years, the source was observed
by several X-ray observatories, such as ROSAT and CGRO (Magdziarz et al.[|[1998),
BeppoSAX (Petrucci et al.|2000), XMM-Newton (Pounds et al|2003)) and Suzaku (Liu
et al.|2010). The broad-band spectrum was always found to be consistent with that of a
typical, unobscured Seyfert 1.

NGC 5548 was selected to conduct a deep monitoring to investigate the structure of
the outflow, constrain its distance and study the nature of the continuum emission.

4.1.2 Timeline and overview of the campaign

The campaign on NGC 5548 was conducted from May 2013 to February 2014, involv-
ing eight observatories (Mehdipour et al. 2015, see Fig. . The core of the campaign
consisted of a series of 12 observations with XMM-Newton, from June to August 2013,
with two later observations in December 2013 and February 2014. Six XMM-Newton
exposures were taken simultaneously with HST, five with INTEGRAL (the last one in
February was not strictly simultaneous, but close in time), and three with NuSTAR. Dur-
ing the campaign and beyond, there was also a continuous monitoring with Swift. Three
Chandra observations were taken in September 2013, one of them being simultaneous with
NuSTAR. These autumn observations were triggered upon an increase in the X-ray flux
from the Swift monitoring (Mehdipour et al.[2015)).

At the time of writing, nine articles based on the campaign have been published:

Paper 0: Kaastra et al.| (2014)), reporting the main results (summarized in Sec. |4.1.3)).

Paper I: Mehdipour et al. (2015), focused on the broad-band spectrum and containing
the full description of the campaign.

Paper II: Arav et al. (2015), giving a full physical description of the outflows.

Paper III: [Ursini et al| (2015a)), focused on the high-energy view (see Sec. [£.2).
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Summer/autumn 2013 campaign on NGC 5548
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Figure 4.1 — Timeline of the campaign on NGC 5548 (Mehdipour et al.[2015]).

Paper IV: Di Gesu et al.| (2015), discussing the short-term variability of the outflows.
Paper V: Whewell et al. (2015), reporting on the narrow X-ray emission lines.

Paper VI: Ebrero et al.| (2016)), discussing the long-term variability of the warm ab-
sorber.

Paper VII: Mehdipour et al. (2016), reporting on the long Swift monitoring.

Paper VIII: Cappi et al| (2016]), discussing in detail the XMM-Newton observations.

4.1.3 A fast and long-lived obscuring outflow

We will briefly summarize the main results from the campaign, as presented in |Paper
0. The most important result was actually an unexpected event. Indeed, the appearance
of the source was very different from past observations, due to a strong obscuration in the
X-rays, simultaneously with a broad absorption line structure in the UV.

The average X-ray spectrum obtained during summer 2013 is shown in Fig. [4.2]
together with a historical spectrum taken in 2002. The striking difference between the
two spectra below 10 keV is due to heavy absorption, causing a strong decrease of the
soft X-ray flux without greatly affecting the hard band. Moreover, broad and blue-shifted
absorption troughs were visible in the UV spectra, on top of the “classical” and well-
known warm absorber (Kaastra et al.|2000; Crenshaw et al.|[2003a}, [2009). Such troughs
have blueshifts of about —1000 km s~! and as high as —5000 km s~!. In the following, I
will always refer to the new absorbing medium as the “obscurer”, to distinguish it from
the known warm absorber.
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In |[Paper 0, the parameters of the obscurer and of the warm absorber were derived
using an iterative method. The initial spectral energy distribution is assumed to be the
unobscured continuum observed in 2002, modified by the corresponding warm absorber
observed at that epoch. The difference with respect to the observed average spectrum
of 2013 is attributed to obscuration and fitted. Then, the obscured spectrum is used
as the ionizing continuum in the photoionization modelling of the warm absorber. This
process is iterated until convergence. The final outputs of this procedure are the obscurer
parameters, the obscured spectrum illuminating the warm absorber, and the ionization
parameters of the warm absorber.

The obscurer is actually composed of at least two partially covering obscuring com-
ponents, which are found to explain both the X-ray and UV absorbed spectra. The first
obscuring component covers ~ 90% of the X-ray source and has a column density of
~ 1 x 10?2 em~2 and ionization log& ~ —1.2, in units of ergs s™! cm. This component
reproduces all the broad absorption troughs seen in the UV. Moreover, it partially covers
the UV broad emission lines from the BLR, with a covering fraction of 20 — 40%. The
second obscuring component covers ~ 30% of the X-ray source with a column density
of ~ 1 x 10% cm™~2, and is almost neutral. Moreover, the strengths of the broad UV
absorption troughs appear to correlate with the strength of the X-ray obscuration. These
results indicate that UV and X-ray absorption arise in the same photoionized gas (for the
details, see Paper 0)).

The newly observed obscurer strongly affects the classical warm absorber, by reducing
the level of ionization (Paper 0; Paper LI; |Paper VI). Indeed, the UV spectra show narrow
absorption lines at the velocities of the classical warm absorber but originating from less-
ionized gas. This means that the obscurer is located somewhere between the primary
source and the warm absorber, namely within a few pc (e.g. Crenshaw et al. [2009).
Furthermore, the obscurer covers the BLR, which lies a few light days away from the core
(Pancoast et al.|2014). However, it does not cover the NLR, because the narrow emission
lines are mostly unaffected by obscuration (Paper 0; Paper V)). Since the X-ray source and
the BLR are partially covered, the obscurer should be just outside of the BLR, as also
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Figure 4.3 — Sketch of the physical, spatial and temporal properties of the outflows seen in
NGC 5548 (adapted from |Arav et al. 2015). Along the time axis, the UV behaviour of the
primary source at 5 different epochs is shown (UV fluxes are measured at 1350 A rest-frame
and are in units of 107! ergs s™' ¢cm~2 A~1). The warm absorber has 6 distinct ionization
phases (see also Kaastra et al.2014; Ebrero et al. 2016). Different observed ionic species are
represented as differently coloured zones within the absorbers. Dimmer clouds represent epochs
in which components 2-6 did not show new absorption species with respect to 2002.

indicated by the high velocity (a few thousands km s™1) of the gas and by the observed
variability on time-scales of a few days (Paper 0; Paper IV} Paper VIII).

As shown in [Paper VII, the source was unobscured until at least August 2007, from
Swift data. No monitoring was later performed, until February 2012, when the source
was obscured (again from Swift data, even if this was not realized before the campaign).
After this date, the obscurer has been continuously present in our line of sight. Therefore,
the transition to the obscured state occurred between August 2007 and February 2012,
though it is not possible to determine the precise moment. In any case, the obscurer has
been present for at least 4 years.

The geometrical, physical and variability properties of the obscuring outflow (fully
discussed in |Paper 0, Paper IV and Paper VIII)) are consistent with a wind launched from
the accretion disc (e.g. [Proga 2000, 2003)). Concerning the impact on the surrounding
medium, the outflow itself cannot influence significantly the host galaxy. The kinetic
luminosity is only a tiny fraction (~ 1077) of the bolometric luminosity, and even the
total kinetic luminosity of the ionized outflows is around 0.2% of the bolometric luminosity
(Paper VI). This is below the minimum amount (0.5 — 5%) required by current feedback
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models to regulate galaxy evolution (Paper VI)). However, such obscuring winds might play
a role in the launching of more powerful outflows, that could have an effective impact on
the host galaxy (e.g. |Arav||2010)). Indeed, theoretical models of radiation driven winds
require the presence of a “hitchhiking” gas that shields the accelerated gas from much of
the UV /X-ray ionizing radiation, allowing line driving to be more effective (Murray et al.
1995; Proga|2000; Proga & Kallman |2004)).

In conclusion, the main results can be summarized as follows: (i) strong, unexpected
absorption was detected simultaneously in the X- rays and UV, in an otherwise archetypal
Seyfert 1; (ii) the heavy, long-lasting and complex X-ray/UV obscuration indicates the
presence of a long, inhomogeneous stream of matter, which may be identified with the
onset of an accretion disc wind. The results on the outflows seen in NGC 5548 are
summarized in Fig. [£.3

The availability of high-quality data from this campaign made it possible to study the
high-energy spectrum of NGC 5548 in detail, as I discuss in the following.

4.2 The high-energy view

In this section, I will present the spectral analysis of the high-energy data, that I led
during this campaign. Results from this analysis were published in Ursini et al.| (2015a)),
i.e Paper III, which is found in the appendix of the present chapter.

4.2.1 The data set

I report in Table[d.T|the log of the data sets, with their start date and net exposure time
(see also |Ursini et al. 2015a, Table 1). The seven observations from the 2013 campaign
analysed in |Ursini et al.| (2015a) are those which included high-energy data, namely from
NuSTAR and/or INTEGRAL, simultancously with XMM-Newton or Chandra.

The latest XMM-Newton pointing is dated 2014 February 4, and the corresponding
data were analysed jointly with average data obtained from three INTEGRAL exposures
of 2014 January and February, because the corresponding spectra showed no significant
variations. In the end, the full data set included three XMM-Newton+INTEGRAL ob-
servations (no. 1, 3 and 7), two XMM-Newton or Chandra+ NuSTAR observations (no. 5
and 6) and two XMM-Newton+NuSTAR+INTEGRAL observations (no. 2 and 4). The
exposure time was mostly around 40-50 ks (i.e. half-day), and up to 120 ks for Chandra.
To compare the results of the 2013 campaign with the past behaviour of the source, I also
re-analysed archival data from BeppoSAX (Nicastro et al.|[2000) and Suzaku (Liu et al.
2010).

The source did not show significant spectral variations within each observation (see,
e.g., the XMM-Newton light curves in Fig. 1 of Paper VIII). The lack of spectral variability
justifies the use of time-averaged spectra over each observation. On the other hand, the
source is spectrally variable on time-scales of a few days, therefore each observation was
analysed independently (see the light curves reported in |Ursini et al.|2015a), Fig. 1).

I briefly summarize the instruments used and the data reduction (for the details, see
Ursini et al.|2015a, Sec. 2):

XMM-Newton: In Ursini et al| (2015a)), I only used EPIC-pn data, given the lower
effective area of the MOS detectors. The detailed analysis reported in [Paper VIII| was
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Table 4.1 — Obs.

1-7: The high-energy observations of NGC 5548 with XMM-Newton or

Chandra simultaneous with NuSTAR and/or INTEGRAL, from the 2013 campaign (see Table
1 of |Ursini et al.|2015al). Obs. A1-A2: Archival high-energy observations of NGC 5548 analysed

in |Ursini et al.| (2015a).

Observation — Satellites  Start time (UTC) Net exposure
yyyy-mm-dd (ks)
1 XMM-Newton 2013-06-30 38
INTEGRAL 2013-06-29 62
2 XMM-Newton 2013-07-11 37
NuSTAR 2013-07-11 50
INTEGRAL 2013-07-11 50
3 XMM-Newton 2013-07-15 37
INTEGRAL 2013-07-15 50
4 XMM-Newton  2013-07-23 38
NuSTAR 2013-07-23 50
INTEGRAL 2013-07-23 52
5 Chandra 2013-09-10 120
NuSTAR 2013-09-10 50
6 XMM-Newton 2013-12-20 38
NuSTAR 2013-12-20 50
7 XMM-Newton 2014-02-04 38
INTEGRAL 2014-01-17 94
2014-01-22 40
2014-02-09 30
Al BeppoSAX 1997-08-14 314
A2 Suzakut 2007-06-18 227

Notes. () T used the co-added spectrum of seven Suzaku observations, ~ 30 ks each, separated
by one week (Liu et al.|[2010)).

also based on pn data, while the MOS data were used for consistency checks. The data
were processed using the standard XMM-Newton Science Analysis System (SAS), and
the details of data reduction are reported in Paper VIII. The spectra were grouped to
have at least 20 counts per spectral bin. I analysed the spectra in the full pn energy
bandwidth, namely 0.3-10 keV. However, there was a technical issue affecting pn data.
The Fe Ka line measurements presented a variable blueshift of 30-40 eV and a broadening
of 40-50 eV, compared with the MOS and NuSTAR data. These effects are likely due to
the long-term degradation of the charge transfer inefficiency (CTT), as discussed in [Paper
VIII. Therefore, to correct for these shifts, we needed to leave the redshift free to vary
in our models. Moreover, this small offset yielded poor fits near the energy of the gold
M-edge of the telescope mirror (around 2.3 keV), thus we cut out the spectra between
2.0 and 2.5 keV (the same was done in [Paper 0, |Paper IV| and [Paper VIII). Anyway, this
problem has no effect upon the broad-band modelling. In particular, the measurement of
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the Fe Ka line strength is correct.

NuSTAR: The NuSTAR data were reduced with the standard pipeline in the NuSTAR
Data Analysis Software (NUSTARDAS)E]. I analysed jointly the spectra from the two NusS-
TAR X-ray telescopes, i.e. focal plane modules A and B (FPMA and FPMB), without
combining them. The FPMA and FPMB spectra were grouped to have at least 50 counts
per bin.

INTEGRAL: The INTEGRAL data were reduced with the Off-line Scientific Analysis
software (OSA)EI. IBIS/ISGRI spectra have been extracted using the standard spectral
extraction tool IBIS_ SCIENCE__ANALYSIS and combined together to generate the total
ISGRI spectra. The data cover the range between 20 and 400 keV.

Chandra: Chandra observed the source with HRC/LETG on Sep. 10, simultaneously
with NuSTAR. I used the first order LETG spectrum, which was extracted with the
package Chandra Interactive Analysis of Observations (CIAO).

Archival observations: I used a 1997 BeppoSAX observation with LECS, MECS and
PDS (0.2-200 keV; [Nicastro et al.|2000)) and a 2007 Suzaku weekly monitoring consisting
of seven observations, with XIS and HXD (0.2-600 keV; |[Liu et al.[[2010). I re-extracted
these data with the tool XSELECT, following standard procedures (Nicastro et al.|2000;
Liu et al.[2010).

The average spectrum, obtained by co-adding respectively the XMM-Newton/pn, NuS-
TAR and INTEGRAL spectra, is shown in Fig. [£.4l In the following, I summarize the
main steps of the analysis (the details are reported in Sect. 3 of |Ursini et al. [2015a).
Spectral analysis and model fitting was carried out using the package XSPEC (Arnaud
1996)).

4.2.2 The hard X-ray spectrum: a constant reflection compo-
nent

Let us begin with the hard X-ray view, which was useful for building the broad-band
model. As a first step, I focused on the NuSTAR spectra above 10 keV, which show a
curvature at high energies with respect to a simple power law (see Fig. 2 of |Ursini et al.
2015a)). This curvature suggests the addition of a high-energy cut-off in the power law,
but also the presence of a reflection bump.

To constrain the reflection component, I fitted the data above 5 keV. This low-energy
threshold was chosen to limit the effects of the strong absorption in the soft X-ray band.
I focused on the four observations including NuSTAR data (obs. 2, 4, 5 and 6), as they
have the best signal-to-noise ratio in the 20-40 keV range (i.e. where the reflection bump
is expected).

I adopted a simple model consisting of a cut-off power law modified by absorption,
and including a reflection component. I included a fully covering, neutral absorber with

!The NuSTAR data reduction was performed by D. Walton (Caltech).
2The INTEGRAL data reduction was performed by R. Boissay (ISDC).
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Figure 4.4 — The average spectrum of NGC 5548 obtained from the seven observations analysed
in Ursini et al. (2015a) (see Table , plotted with the best-fitting power law above 5 keV.
The data were co-added for each instrument, and rebinned for plotting purposes. The residuals
show the strong absorption but also deviations from a simple power law at high energies.

variable column density. From Paper 0, we know that the obscurer has actually two com-
ponents and is partially covering the source. However, fitting the data above 5 keV, it
is possible to use a simpler model for the absorption, without affecting the results. Con-
cerning the reflection component, I chose a model consistent with the observed properties
of the Fe Ka line. After correcting for the effects of CTI, the Fe Ka line is found to be
neutral (i.e. the energy is consistent with 6.4 keV), narrow (i.e. the intrinsic width is
consistent with zero; the upper limit is 50 V) and consistent with being constant during
the campaign, as discussed in |Paper VIII. These properties indicate that the line-emitting
material is neutral and relatively distant from the primary source. I thus used the PEX-
MON model (Nandra et al. 2007) in XSPEC for the reflection component. This model
combines a neutral Compton reflection, as described by the PEXRAV model (Magdziarz &
Zdziarski|1995)) in XsPEC, with Fe Ko, Fe K3, Ni Ka lines and the Fe Ko Compton shoul-
der, generated self-consistently by Monte-Carlo simulations (George & Fabian/[1991b). In
the end, the XSPEC model is simply (PHABS X CUTOFFPL + PEXMON), where PHABS is the
neutral absorber. The reflection component is thus not modified by absorption. I fixed
the inclination angle of PEXMON to 30 deg, appropriate for a type 1 source (e.g., [Nandra
et al.|[1997). I left free to vary both the primary power law (photon index, cut-off energy
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and normalization) and the incident radiation in PEXMON, whose parameters were not
tied to those of the primary power law. Indeed, the Fe K« line suggests that the reflection
component is constant and due to distant material, so that there could be no direct link
between the primary power law seen by the observer at a given time and the incident
radiation seen by the reflector.

The main result from these fits is that the PEXMON component is consistent with
being constant (see Figs. 3 and 4 of |Ursini et al.[2015a, showing the contour plots of the
photon index, cut-off energy and normalization). Therefore, the distance of the reflecting
material from the primary X-ray source is of at least a few light months, corresponding
to the time separation between the different observations. Given the black hole mass
of NGC 5548, this distance translates to a few x 10% gravitational radii. This is also a
justification for the non-obscuration of the reflection component in our models, because
the obscurer should be closer to the primary source. I used the results of this analysis to
constrain the broad-band model, by fixing the parameters of the reflection component.
In particular, the incident photon index in PEXMON was fixed to the average value of 1.9,
which is consistent with the primary photon index during most of 2012, as reported in
Paper VII based on Swift data.

4.2.3 Modelling the partial covering obscurer

Having obtained constraints on the reflection component, I fitted the broad-band
spectra down to 0.3 keV. First of all, I needed to define a suitable model for the obscurer.
As a first step, I tested the partially covering obscuring components found in [Paper 0.
However, the fits were never good, as I always found strong residuals below 1 keV. This is
partly due to the fact that the results of Paper 0 are based on the average spectrum of the
2013 campaign, while in [Ursini et al.| (2015a) I focused on the single observations. I thus
needed to take into account the absorption variability (which was further investigated
in [Paper IV| and Paper VIII). However, I also found a discrepancy due to the different
instruments used. Indeed, the XMM-Newton data analysed in |Paper 0 were from both the
reflection grating spectrometer (RGS) and EPIC-pn. RGS data were used in the range
0.32-2.2 keV, while EPIC-pn data were used only above 1.24 keV. However, in my analysis
I focused on the broad-band X-ray spectrum and used only the pn data in the range 0.3—
10 keV rather than RGS, which has a better spectral resolution but a smaller effective
area. | then realized that the best-fitting model of [Paper 0| gives a poor fit to the average
pn spectrum, as I show in Fig. . This discrepancy is likely due to cross-calibration
between pn and RGS (Kirsch et al|2004)). This, together with the expected variability,
prompted me to fit the pn data with a different model and leave the obscurer parameters
free to vary, rather than fixing them to those of [Paper 0l

As a first attempt, I tried to fit the broad-band spectra with a model including two
ZXIPCF (Reeves et al.[[2008) components in XSPEC. ZXIPCF is based on the XSTAR pho-
toionization code (Kallman & Bautistal |2001) and describes partial covering absorption
by ionized material. Although the fits were statistically acceptable, the results were quite
different from those of [Paper O In particular, when fitting the average spectrum for a
consistency check, the obscurer component 1 had log& ~ —0.5 instead of logé = —1.2,
and the obscurer component 2 had log& > 0.5 instead of being almost neutral. I thus
made a comparison between zZXIPCF and the obscurer of [Paper 0. The spectral analysis

3Substantial help was provided by L. di Gesu (SRON).
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of |Paper 0| was performed with the package SPEX (Kaastra et al.[1996), using the pho-
toionized absorption model XABS for both the obscurer components. I thus needed to
translate this model into a table that could be used in XSPEY I also tested two different
absorption models, namely the neutral partially covering model PCFABS in XSPEC, and
a table produced with the photoionization code cLOUDY (Ferland et al.[2013)) using the
spectral energy distribution of NGC 5548 In Fig. [4.6] I show the effects of such absorp-
tion models on a power law, using the parameters of the obscurer component 1. There is
a clear discrepancy between zZXIPCF and the table models (XABS and the CLOUDY table),
which are instead in good agreement. The plot also shows that, albeit the PCFABS model
is neutral, with slightly different values of column density and covering fraction it can
reproduce the effects of the ionized table models.

I thus abandoned zXIPCF in favour of the simpler, neutral model PCFABS. This choice
is justified by the use of pn data. Both the obscurer components have a low degree of
ionization, such that, at the pn energy resolution, they cannot be distinguished from
neutral absorbers. I also produced fake pn spectra assuming the XABS model, finding
that a model including PCFABS was able to fit them without problems. In particular, the
obscurer component 1 (Ng = 1.2 x 10?2 cm™2) is hardly distinguishable, using pn data,

4This table for XSPEC was produced by P.-O. Petrucci.
5This CLOUDY table model was provided by S. Bianchi.
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from a PCFABS with a column density of 1.1 x 10*2 cm~2. To summarize, the column

density and covering fraction are somewhat degenerate with the level of ionization at
pn resolution, and PCFABS can reproduce the effects of XABS or the CLOUDY table with
similar parameters. For my analysis, I thus decided to use the simpler and faster model
PCFABS, which is sufficiently accurate for modelling the broad-band spectrum.

4.2.4 The broad-band spectral analysis

I briefly summarize the broad-band spectral analysis reported in Sec. 3.3 of |Ursini
et al| (2015a)). The analysis was divided into two main steps: (i) analysis of each single
observation with a phenomenological model; the energy range was 0.5-79 keV for obs. 5
(Chandra+NuSTAR), 0.3-79 keV for obs. 6 (XMM-Newton+NuSTAR) and from 0.3 up
to 400 keV for the other observations, thanks to the INTEGRAL data; (ii) analysis of
the average X-ray spectrum with a more physical Comptonization model, and comparison
with archival data.

The phenomenological model consisted of the main following components:

o The primary continuum: modelled with a cut-off power law (CUTOFFPL in XSPEC),
with variable photon index, cut-off energy and normalization.

o The obscurer: modelled with two PCFABS with variable column density and covering
fraction.

e The warm absorber: for this component, I used the multiphase model of [Paper 0|
using a table with fixed parameters in XSPEC.

o The soft excess: NGC 5548 is known to exhibit a soft X-ray excess (e.g. Magdziarz
et al.[|1998)). Its presence is not apparent in the 2013 spectra, due to the strong
absorption. However, the analyses of soft X-ray data (both from XMM-Newton and
Swift) reported in |Paper I, Paper VIIj and Paper VIII show that a soft excess is
still found. Moreover, |Paper I| and |Paper VII report a correlation between UV and
soft X-ray flux and an anti-correlation between the X-ray hardness ratio and the
UV flux, supporting a warm Comptonization scenario. However, the obscuration
makes it difficult to constrain realistic Comptonization models for the soft excess. I
thus followed |Paper [ and included in my fits a thermal Comptonization component,
modelled with coMPTT (Titarchuk 1994) in XxSPEC. The parameters were frozen to
the values reported in |[Paper VII.

I also included the narrow X-ray emission lines reported in [Paper 0 and the constant
reflection component discussed in Sec. The narrow lines (NL) are covered by the
warm absorber (WA) but not by the obscurer. Therefore, the model in XSPEC is:

WA X [NL + PEXMON + PCFABS X PCFABS X (COMPTT + CUTOFFPL)] (4.1)

The most interesting result is the variability behaviour of the primary continuum. In
Fig. I show the contour plots of the high-energy cut-off versus the photon index. In
most cases, we only have lower limits of about 100 keV on the cut-off energy, while for
obs. 6 we have a measurement of 7071) keV (at 90% confidence level). Also the photon
index undergoes significant variations, from ~ 1.7 in the first five observations (summer
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2013) to ~ 1.5 in the last two (winter 2013). Furthermore, I found good constraints on
the obscuring components (see Figs. 8, 9 and 10 of [Ursini et al. |2015a). The column
densities and covering fractions are in rough agreement with Paper 0, however I found
them to be variable for both components. I will further discuss the variability in Sec.
4.2.9l

The second step of the spectral analysis consisted in fitting the average high-energy
spectrum with a a more physical Comptonization model. I thus replaced the cut-off power
law in the model with the thermal Comptonization model cOMPPS (Poutanen &
Svensson(1996)). The code COMPPS is based on the two-phase model (Sec. and takes
into account the most important radiation processes (Comptonization, Bremsstrahlung,
pair production/annihilation). The main parameters of COMPPS are the temperature
and the Compton parameter y = 47(kgT/mc.c?) of the Comptonizing corona, for a given
geometry and a given input soft spectrum. The optical depth can also be used in COMPPS,
instead of the Compton parameter. However, using the Compton parameter minimizes
the degeneracy, as the optical depth and temperature are generally correlated in the fitting
procedure (e.g. Petrucci et al.| 2001} [2013). I assumed a spherical geometry for the hot
corona, obtaining a Compton parameter y = 0.85f8j(1)g and a temperature of 404_“118 keV.
Then, the derived optical depth is 7 = 2.77%7 The kgT — y contour plot is shown in Fig.
.8 Finally, I compared the results on the average spectrum with the past observations
of NGC 5548 (obs. A1, A2 of Table . I thus fitted the 1997 BeppoSAX spectrum and
the 2007 Suzaku average spectrum using the COMPPS model with spherical geometry. I
find that the temperature and the optical depth are significantly different from those of
2013 (see Fig. [.8). T observe a decrease of the coronal temperature from about 300-400
keV in 1997 down to 40-50 keV in 2013, while the optical depth increased from 0.2-0.3 up
to 2-3.

4.2.5 Principal components analysis

To further investigate variability patterns, I performed a principal component analysis
(PCA,; e.g., Kendall 1980; Francis & Wills||1999)). PCA consists in the decomposition of a
dataset into a set of orthogonal eigenvectors of the correlation matrix. If a small number
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of eigenvectors account for most of the variance, we will have a simpler description of the
original dataset in terms of such variables, called principal components. PCA is often
used in X-ray astronomy, e.g. to investigate the variability of X-ray binaries (e.g. Malzac
et al. 2006) and AGNs (e.g. Blustin et al.|2006; Miller et al. 2007; Petrucci et al./[2013;
Parker et al.[2015).

My procedure was as follows. Since the source is mostly variable in the soft X-ray band,
due to the complex absorption, I focused on XMM-Newton/pn data. I thus performed
a PCA on the twelve XMM-Newton observations of Summer 2013. The spectra were
grouped in 87 energy bins, in the 0.3-10 keV range. We thus have m = 12 spectra taken
at the times 4, t5, ...1,,, grouped into n = 87 energy bins Fy, Es, ...E,. The dataset can be
described as an m x n matrix F, where each element F(¢;, E;) is the energy flux at the
time ¢; in the bin F;. The covariance matrix S is the n x n symmetric matrix given by
1/(n — 1)FTF. PCA consists in the diagonalization of this covariance matrix, obtaining
its eigenvalues and eigenvectors Vj—1 . (E;) where r is the rank of S (up to m = 12 in our
case). Such eigenvectors, completed with additional n — r orthogonal vectors, define an
orthogonal basis that best describes the variance in the data. Indeed, the total variance in
the data is equal to the trace of the covariance matrix or, equivalently, to the sum of all its
eigenvalues. The eigenvector with the highest eigenvalue is the first principal component,
corresponding to the largest variance. The second eigenvector with the second largest
variance is the second principal component, and so forth, up to the r-th eigenvector (the
other n — r basis vectors have zero variance). In the end, the observed spectra F'(t;, E;)
are decomposed using the basis containing the eigenvectors, with a set of coordinates

ag(t;):
P(ti, Bj) = > on(t:) Vi(E)). (4.2)

The eigenvectors define the different variability modes of each PCA component, while the
variable coefficients oy, describe the sample variance. If there are recognizable variability
patterns, the first few principal components should account for most of the variance, and
reveal the shape of the spectral components having the stronger variability.

The results are illustrated in Fig. [£.9] where I plot the first three principal components,
their ratio to the average spectrum, and their respective contribution to the total variance
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Figure 4.9 — The first (left panels), second (centre panels) and third (right panels) principal
components of variability of the XMM-Newton/pn spectra taken during Summer 2013. Upper
panels: spectra of the eigenvectors Vj, with k& = 1 (left), k = 2 (centre) and k = 3 (right)
corresponding to the maximal (in black) and minimal (in blue) coordinate cy(t;) over the j =
12 observations. Middle panels: ratio of the maximum and minimum spectra to the average
spectrum of the source. Bottom panels: contribution of each component to the total variance
as a function of energy.

as a function of energy. The first principal component represents a variability mode
dominated by variations in the flux, and it accounts for most of the variance above 1
keV. This component has a maximum around 1-2 keV, and is in agreement with the
fractional variability Fi,. reported in [Paper VIII. As discussed in [Paper VIII, most of the
observed variability at 1-2 keV can be explained by variations of the column density of
the obscurer component 1 (i.e. that with the larger covering fraction), and of the power
law normalization. Indeed, in |Ursini et al.| (2015al) I found that the obscurer component
1 is the most variable, with Ny varying from 0.5 to 1.5 x 1022 cm™2 (e.g., Fig. 8 of
Ursini et al|[2015al). The second principal component is more difficult to interpret, as it
seems to account for some variance below 0.5 keV, around 1 keV and above 2-3 keV. Part
of this variability pattern might be explained by variations of the obscurer component 2.
However, it may also indicate that PCA is not able to find really independent components
in this case. The third principal component, on the other hand, only accounts for residual
variance below 1 keV, which can be interpreted as being due to variations of the covering
fraction of the obscurer component 1 (see also |[Paper VIII).

Finally, I note that PCA is a linear analysis, i.e. its output is linear with respect to
changes in the signal. Strictly, the output has a physical meaning only if the signal (the
spectrum, in our case) is a superposition of additive components. If there are non-linear
relationships between components, PCA could give unphysical results. In our case, we
want to test the results of PCA against a multiplicative model, where absorption vari-
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ability plays a key role. I note that partial covering means that the model is equivalent
to the sum of two components, one absorbed and one unabsorbed. Therefore, variations
of the covering fraction mimic the effect of two additive components. On the other hand,
the effects of column density variations can be more complex. I thus tested a slightly
different procedure, called multiplicative PCA (MPCA). Essentially, this method consists
in taking the logarithm of the data, performing PCA, and then taking the exponential of
the results. The advantage of taking the logarithm is obvious, as multiplicative relation-
ships are converted into additive ones. However, I observed that MPCA and PCA give
similar results in our case. I also performed the same analyses on a series of simulated
spectra, assuming a simple model consisting of a constant power law modified by variable
absorption. I verified that the principal components found with MPCA are close to those
found with PCA, provided that the variations of the absorbing column density are not
dramatic (i.e. within a factor of 10).

Overall, the results of PCA are in agreement with the detailed timing analysis reported
in [Paper VIII. PCA and the analysis of F,,, provide a model-independent characterization
of variability. This analysis indicates that the strong variability in the soft band can be
interpreted as being due to absorption, and in particular to the obscurer component 1, in
agreement with the results of the spectral analysis.

4.2.6 Conclusions

The results of the high-energy view of the campaign on NGC 5548 are fully discussed
in |Ursini et al. (2015a)). Here, I underline the most interesting conclusions in the context
of the broader goal, namely constraining the high-energy sources in AGNs.

Thanks to the high-quality data from the multiwavelength campaign, I could study
the broad-band (0.3-400 keV) X-ray spectrum of NGC 5548 in detail. A high-energy cut-
off of about 70 keV, attributed to thermal Comptonization, is found in one observation
out of seven, and a lower limit ranging from 50 to 250 keV is found in the other six
observations. The reflection component is consistent with being constant, thus it is likely
produced by material lying a few light months away from the primary source. The average
spectrum is well described by thermal Comptonization component, with a temperature of
about 40 keV and an optical depth of about 2-3. Furthermore, the comparison with past
observations of the source indicates a significant long-term variability (up to a factor of
10 in 15 years) of the physical parameters of the corona.

The variability of the primary photon index and of the high-energy cut-off is a clear
signature of short-term (i.e. over a few days/weeks) variability of the physical and/or
geometrical parameters of the primary X-ray source. According to the two-phase model,
the coronal optical depth and temperature should follow a univocal relationship for a given
heating/cooling ratio (Sec. . Then, if the optical depth changes, the temperature
will adjust to keep the heating/cooling ratio constant. But the heating/cooling ratio can
also vary, responding e.g. to a variation in the disc/corona geometry, like a variation of the
inner disc radius or of the velocity of an outflowing corona (Malzac et al.2001)). Then, the
coronal optical depth and temperature will change in a non-trivial way to be consistent
with the new heating/cooling ratio. Clearly, a phenomenological modelling, albeit needed
for a basic understanding of the spectral properties of the source, does not allow for a
unique interpretation. The strong absorption throughout the campaign makes it difficult
to test detailed Comptonization models, such as in Petrucci et al.| (2013]). However, the
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approach based on multiple, broad-band observations brings crucial informations to build
a self-consistent model, explaining both the physical parameters and their variability over
different time-scales.
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ABSTRACT

We describe the analysis of the seven broad-band X-ray continuum observations of the archetypal Seyfert 1 galaxy NGC 5548
that were obtained with XMM-Newton or Chandra, simultaneously with high-energy (>10 keV) observations with NuSTAR and
INTEGRAL. These data were obtained as part of a multiwavelength campaign undertaken from the summer of 2013 till early 2014.
We find evidence of a high-energy cut-off in at least one observation, which we attribute to thermal Comptonization, and a constant
reflected component that is likely due to neutral material at least a few light months away from the continuum source. We confirm the
presence of strong, partial covering X-ray absorption as the explanation for the sharp decrease in flux through the soft X-ray band.
The obscurers appear to be variable in column density and covering fraction on time scales as short as weeks. A fit of the average
spectrum over the range 0.3—400 keV with a realistic Comptonization model indicates the presence of a hot corona with a temperature
of 40*4% keV and an optical depth of 2.7*97 if a spherical geometry is assumed.
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1. Introduction

The high-energy spectrum of active galactic nuclei (AGNs) is
typically dominated by a primary power law component, which
is generally believed to originate in a hot plasma, the so-called
corona, localized in the inner part of the accretion flow (Reis
& Miller 2013). The presence of a high-energy cut-off around
~100 keV has been observed in several sources (see, e.g.,
Perola et al. 2002; Malizia et al. 2014; Brenneman et al. 2014;
Marinucci et al. 2014; Ballantyne et al. 2014) and is commonly
interpreted as the signature of thermal Comptonization. Namely,
the optical/UV photons from the accretion disk are upscattered
by the hot electrons of the corona up to X-ray energies (see, e.g.,
Haardt & Maraschi 1991; Haardt et al. 1994, 1997). This pri-
mary emission can be modified by different processes, such as
absorption from surrounding gas and Compton reflection from

Article published by EDP Sciences

the disk itself or more distant material. Moreover, the spectra of
many AGNs rise smoothly below 1-2 keV above the extrapo-
lated high-energy power law (see, e.g., Bianchi et al. 2009). The
nature of this so-called soft excess is still under debate (see, e.g.,
Done et al. 2012).

The geometrical and physical properties of the different
structures leading to the different spectral components are still
poorly known. First and foremost, a more complete understand-
ing of the high-energy emission of AGNs requires disentangling
the spectral properties of each component and constraining their
characteristic parameters. For this goal, the availability of mul-
tiple broad-band observations with a high signal-to-noise ratio
is essential. Using the data from a previous long multiwave-
length campaign on Mrk 509 (Kaastra et al. 2011), Petrucci et al.
(2013) made a detailed study of the high-energy spectrum of
that AGN. In that case, the simultaneous data covering the range
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Table 1. Logs of the simultaneous XMM-Newton, NuSTAR, and/or INTEGRAL observations of NGC 5548 during our campaign.

A&A 577, A38 (2015)

Obs. Satellites Obs. Id. Start time (UTC)  Net exp.
yyyy-mm-dd (ks)
1 XMM-Newton 0720110401 2013-06-30 38
INTEGRAL 10700010001 2013-06-29 62
2 XMM-Newton 0720110601 2013-07-11 37
NuSTAR 60002044002/3 2013-07-11 50
INTEGRAL 10700010002 2013-07-11 50
3 XMM-Newton 0720110701 2013-07-15 37
INTEGRAL 10700010003 2013-07-15 50
4 XMM-Newton 0720111101 2013-07-23 38
NuSTAR 60002044005 2013-07-23 50
INTEGRAL 10700010004 2013-07-23 52
5 Chandra 16314 2013-09-10 120
NuSTAR 60002044006 2013-09-10 50
6 XMM-Newton 0720111501 2013-12-20 38
NuSTAR 60002044008 2013-12-20 50
7 XMM-Newton 0720111601 2014-02-04 38
INTEGRAL 11200110001 2014-01-17 94
11200110002 2014-01-22 40
11200110003 2014-02-09 30

from optical/UV to gamma-ray energies made it possible to test
Comptonization models in full detail and provide a physically
motivated picture of the inner regions of the source. The hard
X-ray continuum was well fitted by a Comptonized spectrum
produced by a hot, optically thin corona with kT, ~ 100 keV and
7 ~ 0.5, probably localized in the very inner part of the accretion
flow (Petrucci et al. 2013). Mehdipour et al. (2011), studying the
optical to X-ray variability, found a correlation between the op-
tical/UV and soft (<0.5 keV) X-ray flux, but no correlation be-
tween the optical/UV and hard (>3 keV) X-ray flux. This result
was interpreted as indicating the presence of a second, “warm”
corona with kT, ~ 1 keV and 7 ~ 15, responsible for the soft ex-
cess as well as the optical/UV emission (Mehdipour et al. 2011;
Petrucci et al. 2013).

In the present paper, we discuss results based on a mul-
tiwavelength monitoring program on the AGN NGC 5548, an
X-ray bright Seyfert 1 galaxy, hosting a supermassive black hole
of 3.9 x 107 solar masses (Pancoast et al. 2014) and lying at a
redshift of z = 0.017175 (de Vaucouleurs et al. 1991, as given
in the NASA/IPAC Extragalactic Database). The source histori-
cally presented a flux variability typical of an unobscured AGN
of that black hole mass (Ponti et al. 2012). High spectral resolu-
tion X-ray and UV observations of this source have previously
shown a typical ionized outflow, seen as the “warm absorber”
through narrow lines absorbing the UV and soft X-ray emission
from the core (Crenshaw et al. 2003; Steenbrugge et al. 2005).

The multiwavelength campaign was conducted from May
2013 to February 2014, involving observations with the
XMM-Newton, HST, Swift, NuSTAR, INTEGRAL and Chandra
satellites (Kaastra et al. 2014, hereafter K14). During the cam-
paign, the nucleus was found to be obscured by a long-lasting
and clumpy stream of ionized gas never seen before in this
source. This heavy absorption manifests itself as a 90% decrease
of the soft X-ray continuum emission, associated with deep and
broad UV absorption troughs. The obscuring material has a dis-
tance of only a few light days from the nucleus, and it is outflow-
ing with a velocity up to five times faster than those observed in
the warm absorber (K14). Given its properties, this new obscur-
ing stream likely arises in the accretion disk.
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This work is part of a series of papers focusing on different
aspects of the campaign. Here we concentrate on the broad band
(0.3-400 keV) X-ray emission, focusing on the observations fea-
turing high-energy (>10 keV) data provided by NuSTAR and
INTEGRAL.

The paper is organized as follows. In Sect. 2, we describe
the observations and data reduction. In Sect. 3 we present the
analysis of the hard (>5 keV) X-ray and total (0.3-400 keV)
X-ray spectrum, fitted with both a phenomenological and a re-
alistic Comptonization model. In Sect. 4, we discuss the results
and summarize our conclusions.

2. Observations and data reduction

The multi-satellite campaign was led by XMM-Newton, which
observed NGC 5548 twelve times during 40 days in June and
July 2013, plus once in December and once in February 2014.
For the full description of the program, see K14 and Mehdipour
et al. (2015). During the campaign, NuSTAR (Harrison et al.
2013) and INTEGRAL (Winkler et al. 2003) regularly ob-
served the source simultaneously with XMM-Newton. A simul-
taneous Chandra/NuSTAR observation was also performed in
September 2013. The log of the data sets analysed in this pa-
per is reported in Table 1, with their observation ID, their start
date, and net exposure time. The latest XMM-Newton observa-
tion is dated February 4, and the corresponding spectrum has
been analysed jointly with an average spectrum obtained from
three INTEGRAL exposures obtained in January and February,
which show no significant variations.

In all the XMM-Newton observations, the EPIC instruments
were operating in the Small-Window mode with the thin-filter
applied. For our analysis, we used the EPIC-pn data only. The
data were processed using the XMM-Newton Science Analysis
System (SAS v13). The spectra were grouped such that each
spectral bin contains at least 20 counts. Starting in 2013, a gain
problem with the pn data appeared, causing a shift of about
50 eV near the Fe-K complex (see the detailed discussion in
Cappi et al., in prep.). In the present paper this shift was cor-
rected for by leaving the redshift free to vary in our models.
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Moreover, this small offset yields poor fits near the energy of the
gold M-edge of the telescope mirror, and for this reason the inter-
val between 2.0 and 2.5 keV was omitted from the fit. However,
this problem has no effect upon the broad-band modelling, in
particular the Fe-K line strength is correct, thus allowing for the
reflection component to be correctly modelled.

The NuSTAR data were reduced with the standard
pipeline (NUPIPELINE) in the NuSTAR Data Analysis Software
(NUSTARDAS, v1.3.1; part of the HEASOFT distribution as of
version 6.14), using calibration files from NuSTAR CALDB
v20130710. The raw event files were cleaned with the stan-
dard depth correction, which greatly reduces the internal back-
ground at high energies, and data from the passages of the satel-
lite through the South Atlantic Anomaly were removed. Spectra
and light curves were extracted from the cleaned event files us-
ing the standard tool NUPRODUCTS for each of the two hard
X-ray telescopes aboard NuSTAR, focal plane modules A and B
(FPMA and FPMB); the spectra from these telescopes are anal-
ysed jointly in this work, but are not combined. Finally, the spec-
tra were grouped such that each spectral bin contains at least
50 counts.

INTEGRAL data were reduced with the Off-line Scientific
Analysis software OSA 10.0 (Courvoisier et al. 2003).
IBIS/ISGRI spectra have been extracted using the standard spec-
tral extraction tool ibis_science_analysis and combined to-
gether using the OSA spe_pick tool to generate the total ISGRI
spectrum, as well as the corresponding response and ancillary
files.

The Chandra HRC/LETG spectra (first order) of the
120 ks observation of September 10 were reduced with the
package CIAO v4.6 and reprocessed with the standard tool
chandra_repro.

Finally, we made use of archival BeppoSAX and Suzaku data
to compare the results of the campaign with past X-ray obser-
vations of the source. We focused on a 1997 BeppoSAX long
(~300 ks) observation and on seven Suzaku observations (~30 ks
each) performed in 2007. For a description of the observations
and data reduction procedure we refer to Nicastro et al. (2000)
for BeppoSAX, and Liu et al. (2010) for Suzaku.

In Fig. 1, we show the light curves of all the fourteen
XMM-Newton observations, the four NuSTAR observations and
the five INTEGRAL observations of the campaign. The variabil-
ity shown by the light curves in the low-energy ranges is mainly
due to obscuration, as shown in Sect. 3. We will also show that
the primary emission exhibits intrinsic variations as well, which
explain the variability observed at higher energies. We refer the
reader to Mehdipour et al. (2015) for the full time-line of the
campaign (see their Fig. 1).

3. Spectral analysis

Spectral analysis and model fitting was carried out with the
XSPEC 12.8 package (Arnaud 1996), using the y? minimisation
technique throughout. In this paper, all errors are quoted at the
90% confidence level.

3.1. Spectral curvature above 10 keV

In Fig. 2 we plot for comparison the four NuSTAR/FPMA spec-
tra above 10 keV, simultaneously fitted with a power law with
tied parameters (y%/d.o.f. = 1549/1178). The photon index ob-
tained is I' = 1.58 + 0.02. The plot shows that the spectral vari-
ability in the hard X-rays during the campaign is not dramatic,
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Fig. 1. Light curves in different energy ranges. On the x-axis, we re-
port the last three digits of the Modified Julian Date. On the y-axis,
on both left and right side, we report the count-rate. Black circles:
XMM-Newton (0.3-0.5 keV, 0.5-2 keV, 2-10 keV); magenta nablas:
Chandra (0.5-2 keV, 2-10 keV); red squares: NuSTAR (2040 keV,
40-80 keV); blue triangles: INTEGRAL (20-40 keV, 40-80 keV,
80-300 keV). The vertical dotted lines highlight the seven observa-
tions we analysed in this paper (i.e., those including NuSTAR and/or
INTEGRAL data).

while it is prominent in the soft X-rays (K14; Cappi et al., in
prep.; di Gesu et al., in prep.) where obscuration plays a major
role. After getting a general idea about the power law parame-
ters, we tested the presence of spectral curvature by individually
fitting each of the four NuSTAR spectra above 10 keV, first with
a simple power law and as a second step including an exponen-
tial cut-off. The addition of the cut-off results in an improvement
in all fits (Ax?> < —30), with a probability of chance improvement
less than 1078 according to the F-test. This result motivates the
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Fig. 2. Upper panel: 10-79 keV spectra of the four NuSTAR observa-
tions. Lower panel: residuals when simultaneously fitting with a power
law. For clarity, we used only FPMA data, which are rebinned in the
plot.

use of a cut-off power law in the analysis of the data. However,
as a next step we test whether the spectral curvature is partly due
to a reflection component.

3.2. The reflection component

To test for the presence of a reflection component, we fitted the
data above 5 keV. By choosing 5 keV as a lower energy limit, we
avoid the effects due to the strong absorption in the soft band.
Good statistics are needed, so we only consider the four obser-
vations including NuSTAR data (obs. 2, 4, 5 and 6 of Table 1).
We fitted the XMM-Newton/pn, NuSTAR and
INTEGRAL data simultaneously, leaving the cross-calibration
constants free to vary. The normalization factors with respect
to pn were always between 1 and 1.1. In particular, the spectral
agreement between XMM-Newton and NuSTAR is generally
good in their common 3-10 keV bandpass (Walton et al. 2013,
2014). We used a simple model, consisting of a cut-off power
law modified by absorption, plus reflection. We included a
neutral absorber with covering fraction fixed to 1, while the
column density was free to vary. This is clearly an arbitrary
choice, but the way we model the absorption, with a lower
energy limit of 5 keV, does not affect the results that follow.
Following the analysis done by Cappi et al. (in prep.) and
motivated by their detection of a neutral, narrow and con-
stant Fe Ka line, we used the PEXMON model (Nandra et al.
2007) in XSPEC for the reflection component. PEXMON com-
bines a neutral Compton reflection, as described by the PEXRAV
model (Magdziarz & Zdziarski 1995) in XSPEC, with Fe Ka,
Fe KB, Ni Ko lines and the Fe Ka Compton shoulder, generated
self-consistently by Monte-Carlo simulations (George & Fabian
1991). We fixed the inclination angle of the reflector to 30 deg,
appropriate for a type 1 source (e.g., Nandra et al. 1997) and
consistent with past analyses of the Fe K lines in NGC 5548
(Yaqoob et al. 2001; Liu et al. 2010), but also with the incli-
nation estimated for the broad-line region (Pancoast et al. 2014)
and for the disk-corona system (Petrucci et al. 2000). The photon
index, cut-off energy and normalization of the incident radiation
were free to vary and not tied to those of the primary power law.
This choice is justified a priori by the observed constancy of the
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Fig. 3. PEXMON cut-off energy vs. photon index 90% confidence level
contours for the 4 NuSTAR observations, fitted above 5 keV. The grey
solid lines indicate the values we chose to fix in the later broad-band
analysis (1.9 for the photon index, 300 keV for the cut-off energy).

Fe Ka line, and a posteriori by our constraints on the reflec-
tion component, which is consistent with being constant during
the campaign. In this case, the distance of the reflecting mate-
rial from the X-ray emitting region should be at least a few light
months, i.e. a few x 10* gravitational radii, as we will discuss in
Sect. 4.

The 90% contour plots of cut-off energy and normalization
vs. photon index of PEXMON are plotted in Figs. 3 and 4. The
photon index and cut-off energy of the reflected continuum are
not well constrained, however the contours are mutually consis-
tent. The normalization vs. photon index contours are very sim-
ilar for the four observations, with indication of a slightly larger
normalization for obs. 6; nevertheless they are also marginally
consistent with each other. These results are consistent with the
reflected emission coming from remote material, and thus the
parameters being constant during the campaign. For this rea-
son, we chose to freeze hereafter the parameters of the reflection
component to their weighted average derived from our analy-
sis. We thus fixed the PEXMON photon index to 1.9, cut-off en-
ergy to 300 keV and normalization to 5.5 X 1073 (XSPEC units).
The photon index of 1.9 is relatively high compared to the aver-
age value for NGC 5548, which is ~1.7 (see, e.g., Sobolewska
& Papadakis 2009) but has indeed been observed in the past
(Nandra et al. 1991; Reynolds 1997; Chiang et al. 2000). More
importantly, the Swift monitoring discussed in Mehdipour et al.
(in prep.) shows that the photon index reached 1.8-1.9 during
most of 2012. Finally, from the PEXMON parameters we esti-
mate the average reflection fraction f as 0.3 + 0.1, calculated as
the ratio between the 2040 keV flux illuminating the reflecting
material and the 20-40 keV flux of the primary cut-off power
law'. For a distant reflector, this ratio might not have a clear link
with the covering factor as seen from the X-ray source (Malzac
& Petrucci 2002), but this is discussed in more detail in Sect. 4.

3.3. Broad-band spectral analysis

Having obtained constraints on the parameters of the reflection
component using the data above 5 keV, we now proceed to fit the

' This definition is slightly different from the traditional R = Q/2x,
where Q is the solid angle subtended by the reflector (Magdziarz &
Zdziarski 1995).
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Fig. 4. PEXMON normalization vs. photon index 90% confidence level
contours for the 4 NuSTAR observations, fitted above 5 keV. The grey
solid lines indicate the values we chose to fix in the later broad-band
analysis (1.9 for the photon index, 5.5 x 10> for the normalization).

total X-ray energy range available. We first use a phenomenolog-
ical model, which is described below. Given the different satel-
lites used in the seven observations, the energy range is limited
to 0.5-79 keV for obs. 5 (Chandra/NuSTAR) and 0.3-79 keV
for obs. 6 (XMM-Newton/NuSTAR). For all the other observa-
tions, the energy range is 0.3—400 keV, thanks to the addition of
the INTEGRAL data.

3.3.1. The model components

Following Sects. 3.1 and 3.2, we modelled the continuum with
a cut-off power law and the reflected component with PEXMON,
whose parameters were fixed. We describe in the following the
other spectral components.

Obscuration: the model presented by K14 includes two ion-
ized, partially covering absorbers. Both were found to have a low
degree of ionization, namely logé < —4 and log ¢ ~ —1.2, such
that at the EPIC-pn energy resolution they are almost equivalent
to neutral absorbers. In particular, the absorber with logé = —1.2
was found to have a column density of 1.2x10??> cm~2 (K14) and
such an absorber is indistinguishable, using pn data only, from
a neutral one with a column density of 1.1 x 10?2 cm™~2. Since a
detailed modelling of the obscuration is out of the scope of the
present paper, we modelled the two absorbing components with
PCFABS in XSPEC, which describes partial covering absorption
by a neutral medium. Both the column density and the cover-
ing fraction of the two components were free to vary between
different observations.

The warm absorber: the model by K14 includes six warm
absorber components, with different column densities (Ng ~
10%°-10?! cm™2), ionization parameters (log& ~ 1-3), and out-
flow velocities (v ~ 250-1000 kms™!). We produced a table,
with fixed parameters, from the best-fit model of the warm ab-
sorber derived by K14 and included it in XSPEC. For a compre-
hensive analysis of the UV properties of the warm absorber, see
Arav et al. (2015).

The soft X-ray excess: the physical origin of this component is
still under debate, and it can be modelled with several different

Obs. 2: Broad-band fit, residuals and best-fit model.
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Fig.5. Data and Dbest-fit model for obs. 2 (XMM-

Newton/NuSTAR/INTEGRAL, see Table 1). Upper panel: broad-band
data and folded model. Middle panel: contribution to y?. Lower panel:
best-fit model E2 f(E) with the plot of the various additive components,
namely the cut-off power law, the reflection component, the soft excess
and the narrow lines.

spectral models. The most common interpretations rely on rel-
ativistically blurred reflection (see, e.g., Crummy et al. 2006;
Cerruti et al. 2011; Walton et al. 2012) or Comptonization by
a warm medium (see, e.g., Petrucci et al. 2013; Boissay et al.
2014; Matt et al. 2014). Detailed modelling of the soft X-ray
excess is beyond the scope of this paper, we thus followed
the analysis done by Mehdipour et al. (in prep.) and assumed
a thermal Comptonization component modelled by COMPTT
(Titarchuk 1994) in XSPEC. The parameters of COMPTT were
frozen, for each individual observation, to the values reported by
Mehdipour et al. (in prep.), to which we refer the reader for de-
tails. We note that Mehdipour et al. (in prep.) found a significant
flux variability of the soft excess between different observations,
which we take into account here, but no apparent spectral shape
variability.

Narrow emission lines: a number of emission lines, such as
[O VII] at 0.56 keV and [C V] at 0.3 keV, were detected in the
XMM-Newton RGS spectra, as shown by K14. Again, we pro-
duced a table from the best-fit model and included it in XSPEC.
These lines arguably originate from the Narrow-Line Region,
therefore we do not expect line flux variations during the cam-
paign (Peterson et al. 2013).

3.3.2. Best-fit results

The best-fit parameters are reported in Table 2, while in Fig. 5
we show the data, residuals and best-fit model for obs. 2 (XMM-
Newton/NuSTAR/INTEGRAL). The broad-band fit allows us to
constrain the spectral shape more reliably with respect to the
fit above 5 keV. In Figs. 6 and 7, we show the contour plots
of the high-energy cut-off and normalization versus photon in-
dex, both for the primary continuum. The contours show sig-
nificant variability of the photon index from ~1.5 (obs. 6, 7)
to ~1.7 (obs. 1, 2, 4, 5). It should be noted that the photon
index given in Kaastra et al. (2014), i.e. ' = 1.566 + 0.009,
is a mean value which comes from the analysis of the co-
added XMM-Newton and NuSTAR spectra of summer 2013.
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Table 2. Best-fit parameters of the primary cut-off power law and the two absorbers (1) and (2), fitting the data down to 0.3 keV.

Obs. r E. Fiiey Ny cy NG c x*/d.o.f.
1 170700 5120 0.96+0.09 075+0.03  0797°0%¢ 9+l 029709  538/424
2 1747000 5250 L13*0%  0.85+0.02  0.829700%  92+08 0324002 1587/1393
3 1.6 >50 0702 1.060% 0.81+091 9v 027799 508/420
4 1.68+005 >120 08707  127+006 077+001 855 046+0.03 1346/1329
5 1747000 5180 1.00£0.05 1.8+0.02  0.62+0.03 f f 1113/1094
6 149£005 70" 056005 152 0.68+0.04 8+2 033006 1484/1308
7 149£002 >120 050001  044%9%  0678+0.007 T f 452/420

Notes. In the case of obs. 7, the model included a Gaussian line and an absorption edge (see text). E, is in keV, F| v is in units of 1072 ph/keV cm? s
and Ny is in units of 10?2 cm™2. () The second absorber was not needed in obs. 5 (Chandra plus NuSTAR) and obs. 7. In these two cases, fixing

N to 8.5 resulted in C¥ = 0.
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Fig. 6. Cut-off energy vs. primary photon index 90% confidence level

contours for obs. 1 (black), obs. 2 (red), obs. 3 (green), obs. 4 (blue),
obs. 5 (cyan), obs. 6 (magenta), obs. 7 (orange).
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obs. 5 (cyan), obs. 6 (magenta), obs. 7 (orange).

By including the individual NuSTAR and INTEGRAL high-
energy spectra, we could constrain the photon index for each
observation. Furthermore, the cut-off energy shows significant
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variability as well. We derive a lower limit for the cut-off energy
in all the observations, and a measure of 701"1‘8 keV for obs. 6.
This measure is inconsistent, at 90% confidence level, with the
lower limits determined from the other observations, with the
exception of obs. 3. Finally, we note that the constraints we de-
rived on the cut-off energy are mostly compatible with the av-
erage value estimated in Sect. 3.2 for the reflection component
alone, i.e. 300 ke V.

The broad-band fit helps constrain the obscurer components
as well. In Figs. 8 and 9, we plot the contours of the cover-
ing fraction versus the column density of the two neutral ab-
sorbers, while in Fig. 10 we plot the contours of the two column
densities versus each other. These contours show that absorp-
tion variability is statistically significant for both the low and
high-Ny absorbers. This can be seen, for example, by compar-
ing obs. 2 (red contours) with obs. 4 (blue contours). Since the
time interval between obs. 2 and 4 is ~10 days, we can con-
clude that the variability is significant on this time scale. In
two cases, namely obs. 5 and 7, only one, low-Ny absorber is
needed, and adding the high-Ny component does not improve
the fit. For obs. 5 this can be explained by the lower sensitivity
of Chandra HRC/LETG with respect to XMM-Newton EPIC-pn,
which results in a lower signal-to-noise ratio in the soft band. For
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obs. 7, which is the last one and dated February 4, the absence
of the high-Ny component could simply mean that the source
started changing back to the more usual, unobscured condition.
However, for the model described above, we only obtain a rela-
tively poor fit (y2/d.o.f. = 651/424), with strong, positive resid-
uals around 0.5 keV, and negative residuals around 0.8 keV. We
stress that the models we used for the warm absorber and the
narrow emission lines were obtained from the analysis of pn and
RGS data (K14), while our analysis is based on pn data alone.
We may thus attribute such residuals in obs. 7 to a combination
of the previously mentioned gain problem of the pn data with
cross-calibration issues between the pn and RGS instruments
(Kirsch et al. 2004). We obtained a much better fit (Ay? ~ —200)
by adding a narrow Gaussian line with GAUSS in XSPEC, and an
absorption edge with EDGE, without affecting the parameters of
the primary cut-off power law. The emission line was found at
E =0.54+0.01 keV, with an upper limit on the equivalent width
of 20 eV. The absorption edge was found at £ = 0.80 +0.01 keV
with 7 = 0.28 + 0.06.

Anatomy of the AGN in NGC 5548. I11.

3.4. Test of Comptonization model

The last step of our analysis consists of fitting the average spec-
trum with a more realistic model, where the primary continuum
is produced self-consistently via Comptonization of soft photons
emitted by the disk. A more detailed analysis of the entire cam-
paign with realistic Comptonization models is deferred to a fu-
ture work.

First, we produced an average spectrum merging respec-
tively the XMM-Newton, NuSTAR and INTEGRAL spectra used
in this paper (Table 1) with the MATHPHA tool of HEASOFT.
We then proceeded to fit this average spectrum over the range
0.3-400 keV, at first with the phenomenological model we have
discussed above (Sect. 3.3.1). The resulting fit had y*/d.o.f.
= 3314/2631, with strong, positive residuals around 0.5 keV,
and negative residuals around 0.6 keV (analogously to the al-
ready discussed obs. 7). We thus included two narrow Gaussian
lines, with E = 0.53 + 0.06 keV (in emission, equivalent width
<50 eV) and E = 0.60 + 0.02 keV (in absorption, equivalent
width <20 eV). Again, we note that such residuals are most
likely unphysical and due to cross-calibration between pn and
RGS (Kirsch et al. 2004). However, the addition of these lines,
while improving the fit, does not affect the best-fit parame-
ters of the cut-off power law, namely I' = 1.67 + 0.02 and
E. > 250 keV, with y?/d.o.f. = 3080/2627 and no prominent
residual features. The relatively large y? is most likely an effect
of averaging variable spectra (in particular in the soft band, due
to absorption variability), and of the not perfect cross-calibration
between XMM-Newton and NuSTAR, which especially appears
in the co-added spectrum. We also note that XMM-Newton and
NuSTAR do not cover strictly simultaneous times, since the ex-
posure time of the two satellites is slightly different (see Table 1).

We then replaced the cut-off power law with the
Comptonization model COMPPS (Poutanen & Svensson 1996) in
XSPEC. COMPPS models the thermal Comptonization emission of
a plasma cooled by soft photons with a disk black-body distri-
bution. We chose a spherical geometry (parameter GEOM = —4
in COMPPS) for the hot plasma and a temperature at the inner
disk radius of 10 eV, fitting for the electron temperature k7T,
and Compton parameter y = 47(kT./mcc?). The best-fit param-
eters are reported in Table 3 and the k7. — y contour plot is
shown in Fig. 11 (black contour). From the best-fit temperature
kT, = 40 keV and parameter y = 0.85, we derive an optical
depth 7 = 2.7f?';, where we estimate the errors from the k7, — y
contour. ‘

4. Discussion and conclusions

The broad-band coverage of the XMM-Newton, NuSTAR and
INTEGRAL data allowed us to study the different components
of the high-energy spectrum of NGC 5548 in detail.

First, we have been able to constrain the reflected compo-
nent, which is consistent with being constant on a few months
time scale, while the primary emission exhibits significant vari-
ability on a few days time scale. For example, the flux in the
2-10 keV band exhibits variations up to a factor of two over
about 5 days during the campaign, with an outburst of several
days duration in August-September (Mehdipour et al. 2015, see
their Fig. 2). The lack of variability of the reflection component
indicates that reflection is produced by cold and distant matter,
lying at least a few light months away from the central X-ray
source. This is consistent with the analysis of the Fe Ka line
by Cappi et al. (in prep.) and with the absence of a significant
contribution from relativistic reflection in this source (see, e.g.,
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Table 3. Best-fit parameters of the average data set, using the realistic Comptonization model COMPPS for the continuum.

kT, (keV) y K (x107) Ny

cy NS c? x/d.of.

40+ 0.85*010 6,004 0.99+0.02

0.766 + 0.003

9.6+0.5 036+0.01 3079/2627

Notes. The physical units are the same as in Table 2. The normalization is defined as K = Ry /D)o kpc Where Ry, is the source radius in km and

D) kpe the distance in units of 10 kpc.

. ; .
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2007 Suzaku
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Fig.11. kT. — y 90% confidence level contours for the spectra fitted
with COMPPS, using spherical geometry. Black: average spectrum of the
2013 campaign; red: average spectrum of the seven Suzaku observations
taken in 2007; green: BeppoSAX observation taken in 1997.

Brenneman et al. 2012). The lower limit of the reflector distance
is consistent with this material being in the putative dusty torus,
as the dust sublimation radius is estimated to be ~5 light months
(Crenshaw et al. 2003). Furthermore, our results can be com-
pared with past observations of the source. For this we focus on
the 1997 BeppoSAX observation of NGC 5548 (Nicastro et al.
2000; Petrucci et al. 2000) and the average of seven Suzaku ob-
servations conducted in 2007 (Liu et al. 2010). In both cases,
we re-fitted the archival data above 5 keV following the proce-
dure described in Sect. 3.2. For the reflection component, we
find that the spectral shape is always consistent with our best-
fit parameters, i.e. a photon index of 1.9 and cut-off energy of
300 keV, while the reflected flux shows significant variations of
about 50%. The primary flux (e.g., in the 2—-10 keV band) shows
similar variations, and we obtain a reflection fraction f consis-
tent with that found during the 2013 campaign, i.e. f ~ 0.3,
again calculated as the ratio between the illuminating and pri-
mary flux in the 20-40 keV range (see end of Sect. 3.2). Since
f is consistent with being constant over a few years, the reflect-
ing material should lie within a few light years from the primary
X-ray source. In this case, the reflection fraction is indicative
of the covering fraction of the reflector as seen from the X-ray
source. From the definition of f, it follows that f = Q/(4r — Q).
According to our results, then, the solid angle covered by the re-
flecting material can be estimated as Q =~ 7, consistently with
previous findings (e.g., Nandra & Pounds 1994; Pounds et al.
2003).

Then, we have been able to constrain the primary contin-
uum and the effects of absorption. The primary continuum is
well fitted by a power law with a photon index varying be-
tween ~1.5 and ~1.7, with at least a lower limit on the pres-
ence of a high-energy cut-off (E. > 50 keV), which is usually
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considered a manifestation of Comptonization and is expected to
be linked to the coronal temperature. The approximate relation
between the temperature k7, of an optically thick Comptonizing
corona and the cut-off energy E. is kT. = E./3 (Petrucci et al.
2001). However, it should be noted that the cut-off of realistic
Comptonization models is very different from an exponential
cut-off. Moreover, the estimate of the temperature and of the op-
tical depth also depends on the geometry assumed. In one case
(obs. 6) we have obtained a measure of 70f‘1‘8 keV for the cut-off

energy, which provides an estimate of 23’:;4 keV for the coro-
nal temperature, with the caveats we just mentioned. Moreover,
our results suggest a statistically significant variation of both the
photon index and the cut-off energy. For example, in the case of
obs. 5 we find a lower limit of 180 keV for the cut-off energy.
We can thus estimate the coronal temperature to be >60 keV for
obs. 5 and <37 keV for obs. 6, both at 90% confidence level.
Such a variation may be due to different reasons, like a varia-
tion of the disk-corona geometry. The coronal optical depth and
temperature should follow a univocal relationship for a given
heating/cooling ratio, i.e. the ratio of the power dissipated in
the corona to the intercepted soft luminosity which cools the
electrons via Comptonization (Haardt & Maraschi 1991; Haardt
et al. 1994, 1997). If the coronal optical depth changes, due for
instance to a change in the accretion rate, the temperature will
change accordingly, to keep the heating/cooling ratio constant.
But the heating/cooling ratio can also change, responding to a
variation in the disk-corona geometry, like a variation of the in-
ner disk radius or a velocity variation of a potentially outflow-
ing corona (Malzac et al. 2001). Then, the coronal optical depth
and temperature will change in a non-trivial way to be consistent
with the new heating/cooling ratio. Owing to these complexities,
fitting the data with a phenomenological cut-off power law does
not allow for a unique interpretation. However, our findings mo-
tivate us to apply realistic Comptonization models to constrain
the coronal parameters.

Concerning absorption, we needed to add two different par-
tially covering components (only one in two cases out of seven).
The obscurer component 1 has Ny ~ 1x10%2 cm™ and Cg ~ 0.8,
while the obscurer component 2 has Ny ~ 9 x 10?> cm™2 and
Cr ~ 0.3, consistently with the estimates of K14. Both show
significant variability on a time-scale of a few days, indicating
that the obscuring material varies along the line of sight. This
relatively heavy obscuration was unexpected, since NGC 5548
is historically thought to be an archetypal unobscured Seyfert 1.
The discussion reported in K14 ascribes this obscuration to a fast
and massive outflow which may be interpreted as a disk wind.

Finally, we have made a first step towards a more physi-
cal description of the primary emission by replacing the sim-
ple cut-off power law with a thermal Comptonization model to
fit the average spectrum. According to our analysis, the X-ray
emitting corona has a mean temperature of 401“118 keV and an

optical depth of 2.7’:?;, assuming a spherical geometry, during

this campaign. We compared this result with past observations
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of NGC 5548 by re-fitting the 1997 BeppoSAX spectrum and
the 2007 Suzaku average spectrum. We used the COMPPS model
with spherical geometry (GEOM = —4) like we did in Sect. 3.4.
The kT, — y contours are shown in Fig. 11. We find that the
temperature and the optical depth are not consistent, at 90%
confidence level, between the different observations. According
to this test, the average values of the coronal temperature and
optical depth show a significant long-term variability, namely
over 10-15 years, with a clear decrease of the coronal temper-
ature from about 300—400 keV in 1997 down to 40-50 keV in
2013. The optical depth, on the other hand, increases from about
0.2-0.3 up to 2-3. Although the values quoted are specific to the
assumed spherical geometry for the corona, the changes in tem-
perature and optical depth are significant if one were to assume
a different geometry for the corona. The corresponding variation
of the Compton parameter y suggests a variation, of uncertain
origin, of the coronal heating/cooling ratio between these dif-
ferent observations. The coronal parameters may be variable on
shorter time scales as well, as suggested by the detected varia-
tions of the cut-off energy.

Comparing with the 1997 BeppoSAX observation and the
2007 Suzaku observations, the 2013 campaign provided us a
broader energy range which, together with the high signal-
to-noise ratio spectra, allows for much better constraints on
the coronal parameters (as shown by the contours in Fig. 11).
However, for the optimal study of Comptonization, UV spec-
tra may give a significant contribution. For example, Petrucci
et al. (2013) have been able to fit the UV and soft X-ray spectra
of Mrk 509 with a Comptonization component interpreted as a
“warm” corona above the disk. If this scenario is also valid for
NGC 5548, we expect a correlation between the UV and soft
X-ray emission. This correlation can only be detected after the
variability of the obscurer is properly removed. The analysis of
the UV and soft X-ray emission by Mehdipour et al. (in prep.)
indeed suggests that such a correlation is present, and that it may
be intrinsically similar to that of Mrk 509. This point, and a thor-
ough test of realistic Comptonization models, will be the subject
of a forthcoming paper.
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Chapter 5

The low-luminosity AGN in NGC
7213
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The Seyfert galaxy NGC 7213 belongs to the class of low-luminosity AGNs (LLAGNS).
NuSTAR observed this source in 2014, as part of the program on bright, nearby AGNs
(PI: F. Harrison, at Caltech). I was in charge of this data analysis as a member of the
NuSTAR Science Team. I note that NuSTAR, launched in June 2012, is the first telescope
with focusing optics operating in hard X-rays, from 3 up to 79 keV (Harrison et al.[2013).
Being 100 times more sensitive in the 10-79 keV band than older observatories, it yields
high signal-to-noise ratio spectra that allow us to study the high-energy emission of AGNs
in great detail.

5.1 NGC 7213: a low-luminosity, weakly variable,
reflection-free AGN

LLAGNSs are essentially faint AGNs, i.e. their bolometric luminosity is less than 10%
ergs s~1. These objects thus show a weak nuclear activity compared with more luminous
AGNs. However, their central engine is thought to be powered by the same process,
namely accretion onto a supermassive black hole (for a review, see|Ho(2008)). Interestingly,
the mass accretion rate of LLAGNSs is generally found to be smaller than luminous AGNs.
In terms of the Eddington ratio, LLAGNs usually have L/Lgqq < 1072, while luminous
AGNs have L/Lgqq ~ 0.1 — 1 (e.g. |[Panessa et al.|[2006; Kollmeier et al.[[2006)). Another
characteristic of LLAGNs is their lack of a strong UV bump, which might be explained
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by the presence of a RIAF (see Sect. instead of a standard Shakura-Sunyaev disc
(e.g. Ho/[2009; Yu et al.[2011]).

NGC 7213 is a nearby (z = 0.006, [Pereira-Santaella et al. 2010) LLAGN with a
bolometric luminosity of 1.7 x 10% ergs s™! (Emmanoulopoulos et al.|2012), hosting a
supermassive black hole with a mass of ~ 10®M, (Woo & Urry| 2002). Its Eddington
ratio is thus 1.4 x 1073, The optical spectrum shows broad emission lines similar to that
of normal Seyfert 1s, i.e. with a full width at half maximum (FWHM) of a few thousand
km/s (Phillips [1979), but the UV bump is weak or absent (Wu et al.|1983} [Starling et al.
2005)).

The X-ray spectrum of NGC 7213 is peculiar, as past observations with XMM-Newton,
BeppoSAX and Suzaku show that it lacks a Compton hump (Bianchi et al.|2003; [Lobban
et al. [2010) although an iron K complex is clearly detected between 6.4 and 7 keV. In
particular Bianchi et al.| (2008), from the analysis of Chandra data, found three narrow
Ka emission lines at 6.4, 6.7 and 6.966 keV, from neutral Fe, Fe XXv and Fe XXVI
respectively. If there is no Compton hump, the Fe K lines cannot originate from Compton-
thick material, such as the accretion disc or the torus. Indeed, Bianchi et al. (2008)
argued in favour of an origin in the BLR, because the FWHM of the neutral Fe Ko line is
consistent with that of the Ha line (~ 2600 km/s). Concerning the high-energy spectrum,
past studies gave ambiguous results, as Bianchi et al.| (2003) reported a high-energy cut-off
at 95772 keV from XMM-Newton and BeppoSAX data, while Lobban et al.| (2010) found
only a lower limit of 350 keV from Suzaku and Swift data.

The X-ray variability time-scale of NGC 7213 is of several days or weeks, from RXTFE
data (Emmanoulopoulos et al.[2012). Moreover, Emmanoulopoulos et al.| (2012) reported
an anticorrelation between the X-ray photon index and the X-ray luminosity, namely a
harder-when-brighter behaviour which is just the opposite of what is commonly found in
luminous Seyferts (see Sect. [2.3).

5.2 X-ray spectroscopy of NGC 7213 with NuSTAR

NuSTAR observed NGC 7213 on 2014 October 5, with a net exposure of 109 ks. The
spectral analysis of NuSTAR data is fully discussed in [Ursini et al. (2015b), reported in
the appendix of this chapter. Before summarizing the main results, I discuss technical
issues of the NuSTAR data that I needed to resolve, and that are not fully explained in

the papeIEI.

5.2.1 Data reduction

We reduced the data following a standard procedurd’} We used the standard pipeline
in the NUSTARDAS software, using the latest calibration files available at that time. We
extracted the spectra from the cleaned event files of the two detectors FPMA and FPMB
using the standard tool NUPRODUCTS. The source data were extracted from circular re-
gions (radius 75 arcsec; see Fig. , and background was extracted from a blank area
on the same chip (initially, with a radius of 1 arcmin; see Fig. , green circles). Then,

!Substantial help was provided by A. Marinucci (Roma Tre), and by F. Fuerst and D. Walton (Cal-
tech), from the NuSTAR Science Team.
2T worked on the data reduction with A. Marinucci.
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Figure 5.1 — NuSTAR event images
from the observation of NGC 7213.
The black circles enclose the source
region. The green (no. 1) and white
(no. 2) circles represent two different
background regions used for the data
reduction, the white circles being the
final choice.

we tested the consistency between the two spectra from FPMA and FPMB. We thus fit-
ted both the 3-80 keV spectra with a simple cut-off power law, without tying the model
parameters. The results were only marginally consistent with each other: the photon
indexes measured for FPMA and FPMB were 1.867003 and 1.78 +0.05 respectively, while
the cut-off energies were > 140 keV and 10073 keV. Apparently, then, the FPMB spec-
trum showed a well constrained high-energy cut-off, whereas from the FPMA spectrum
we only obtained a lower limit. We also analysed jointly the two spectra, namely using a
model with tied parameters and only allowing for a free cross-calibration constant. In this
case, we obtained a photon index of 1.834:0.03 and a cut-off energy of 1707 §° keV. Given
the not complete (even if statistically acceptable) agreement between FPMA and FPMB,
the results of our preliminary spectral analysis could hardly be considered satisfactory.
In particular, the measurement of the high-energy cut-off could be flawed.

Then, we extracted the spectra again, aiming at minimizing the discrepancy between
FPMA and FPMB. We found that a different choice of the background region affected the
spectral parameters of FPMB. Using a background somewhat smaller and closer to the
source (radius 75 arcsec; see Fig. white circles), we found that the two spectra were in
better agreement. Indeed, the photon index of FPMB was 1.85 £ 0.05, with a lower limit
on the cut-off energy of 150 keV. We thus decided to use this FPMB spectrum, which
was more compatible with FPMA (i.e. the spectral parameters are in better agreement).
There are two main reasons that led us to consider the FPMA results to be more reliable.
First, the source in FPMB partially falls on a chip gap (see also Fig. , top panels),
implying a slight loss in the signal-to-noise ratio. Second, the source in FPMA is closer
to the optical axis, where the effective area is highest (Fig. bottom panels).

5.2.2 Spectral analysis

The NuSTAR light curves of NGC 7213 (see Fig. 1 of [Ursini et al.[|2015b) show that
there is not significant variability during the observation, since the total variation in the
light curve is below 2 percent (as shown by a fit with a straight line). Therefore, I analysed
the time-averaged spectrum.

I note that Swift generally performs a snapshot of 1-2 ks simultaneous with NuSTAR
observations. In the case of NGC 7213, there was a 2 ks exposure with Swift/XRT (0.3-10
keV) but not with the UVOT monitor in the optical/UV band. The spectra are shown
in Fig. [5.3] My final choice was to avoid using the XRT spectrum, because it was
inconsistent with NuSTAR. I found that, allowing for a free cross-calibration between the
detectors, the normalization factor for XRT with respect to NuSTAR/FPMA and FPMB
was around 0.6. Moreover, the XRT data add no useful information at low energies, since
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Figure 5.2 — NuSTAR sky images
for FPMA (left panels) and FPMB
(right panels). The top panels show
the position of the source on the
detectors. The bottom panels also
show the position of the optical axis.
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they show no signatures either of a soft excess or of absorption.

A simple model including a cut-off power law and three narrow Gaussian lines for the
Fe K complex provides a good fit to the data (see Table 1 of [Ursini et al.[[2015b). My
main findings, discussed in the following, are: (i) a lower limit on the high-energy cut-off
of 140 keV, (ii) the lack of a strong reflection component, and (iii) the indication of a very
high coronal temperature.

To check for the presence of a reflection component, I used two different models. First,
I included neutral Compton reflection with the PEXRAV model in XSPEC. However, the
reflection fraction is consistent with zero, with an upper limit of 0.13 (see Fig. 4 of
Ursini et al. 2015b). Then, I used MYTORUS (Murphy & Yaqoob|[2009) in XSPEC. This
model includes Compton reflection and iron fluorescent lines from a gas torus with an
opening angle of 60 deg, where the column density is a free parameter (whereas it is
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c (A) [ XMM e Suzaku @ Chandra ® NuSTAR @] | Figure 5.4 — The neutral Fe Ka line
g 150 | 1 parameters versus the 3-10 keV pri-
z mary flux, for NuSTAR and four
< 125 2‘:#::::"’"""’"’"""""""""""”‘ archival observations. Panel (A):
§_ el _ Fe Ka equivalent width in eV. Panel
¢ 100 - T T 1 (B): Fe Ka line flux in units of 1077
EGCJ e *,Iz:h#::\: photons cm~2 s~!.  Error bars de-
w note the 1-o uncertainty. The blue
40 [ (B) I I I 7 solid lines represent the mean value
for each parameter, while the blue
=3 35 r 7 dashed lines correspond to the stan-
% 30F 4 dard deviation. The black dashed
s - lines represent linear fits to the data.
3 25 - . . .
4 The anticorrelation between equiva-
X e — + —————— 5= lent width and primary flux is not
15 :if:i:i:ii?ﬁ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,- significant: the Spearman’s rank cor-
! ! ! relation coefficient is —0.4 with a p
0.9 1.2 1.5 1.8 value of 0.42. See also Fig. 6 of
F(3-10 keV) Ursini et al| (2015b)).

infinite in models like PEXRAV). T used the standard MYTORUS configuration (“coupled”
reprocessor; see, e.g., Yaqoob| [2012), i.e. the normalizations of the scattered and line
components were tied to the normalization of the primary power law. This corresponds
to a covering fraction of 0.5. The column densities of the scattered and line components
were linked and free to vary. This common column density Ny is the main parameter
determining the spectral shape of MYTORUS: a large column density means a significant
Compton hump, while a column density below 10?* cm~2 can give significant emission
lines but a weak hump. Indeed, I found Ny = 5.0720 x 10% cm 2.

Then, I tested a Comptonization model for the continuum. I replaced the phenomeno-
logical power law with the COMPPS model in XSPEC. Setting a spherical geometry, I found
a temperature of 295772 keV and a Compton parameter y = 0.527035 (the contour plots
are shown in Fig. 5 of [Ursini et al.|2015b), with an optical depth 7 = 0.2%57. Analo-
gous results are found setting a slab geometry, although the Compton parameter and the
optical depth are a factor of 2 smaller (due to the different definition of 7, which is the

vertical optical depth for a slab and the radial one for a sphere).

Finally, to try to further constrain the origin of the Fe Ka lines, I analysed their time
evolution using archival data from XMM-Newton (two observations in 2001 and 2009),
Suzaku (one observation in 2006) and Chandra (one observation in 2007f No clear
behaviour is observed: the flux of the neutral Fe Ko line shows a significant variation
only during the Chandra/HEG observation of 2007, while the equivalent width shows a
hint of an anticorrelation with the primary continuum (see Fig. , and Fig. 6 of |Ursini
et al.|2015b)).

3The fits of the archival spectra in the 3-10 keV band were performed by A. Tortosa, using the baseline
model of Ursini et al.| (2015b)).
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5.3 Conclusions

The analysis of the high-quality NuSTAR spectrum of the LLAGN NGC 7213 yields
interesting results.

First, I confirm the presence of a Fe K complex not related to a Compton hump. This
makes NGC 7213 one of the few AGNs not showing Compton reflection from circumnuclear
material, despite the strong Fe K emission (together with NGC 2110, see Marinucci et al.
2015). According to the spectral analysis, the line-emitting material has a column density
of a few x10%* cm™2, which is consistent with an origin in the BLR (Bianchi et al.|[2008)).
However, it is still possible that the lines originate from more distant, dust-rich material,
because the presence of dust can reduce the backscattering opacity and hence the reflected
continuum (Gohil & Ballantyne|2015]).

I find only a lower limit on the presence of a high-energy exponential cut-off. Consistent
with this, by fitting the data with a physical Comptonization model, 1 find indications
that the coronal temperature is high (> 40 keV, with a best-fitting value around 300 keV).
This is not unexpected, given the low luminosity and the lack of a strong UV bump in this
source. Indeed, if the X-ray emission is due to thermal Comptonization, a high coronal
temperature is expected when the soft photon input radiation is weak, because inverse
Compton scattering is inefficient in cooling the corona. Moreover, in |Ursini et al.| (2015b))
I estimate the accretion rate to be ~ 0.1 per cent of the Eddington limit, i.e. close to
the value of 0.14 per cent reported by Emmanoulopoulos et al.| (2012). This accretion
rate is lower than the typical value for luminous AGNs, and is in agreement with the
theoretical predictions of the RIAF models (Narayan et al.|1998; [Ho|[2009). Therefore, we
may suggest that the source accretes via a RIAF, at least in the inner region (e.g. below
100 Rg). The lack of a strong Compton hump nicely agrees with this scenario, because
RIAFs are optically thin (see Sect. .

Alternatively, the corona could be outflowing rather than being static (Beloborodov
1999; Malzac et al.[2001} [Merloni & Fabian|2002)). The lack of a UV bump would then
be explained if the corona is energetically dominant over the standard accretion disc, and
the lack of reflection would be due to the beaming effect. For example, the corona could
form the base of a radio jet. Indeed, although NGC 7213 is not a radio-loud object, its
radio and X-ray emissions are weakly correlated with each other (Bell et al.[2011)).

In the Comptonization framework, we may expect that high coronal temperatures
generally correspond to low accretion rates in AGNs. So far, two other weakly accret-
ing AGNs have been observed by NuSTAR, namely NGC 5506 (Matt et al. |2015) and
NGC 2110 (Marinucci et al.|2015), both having an estimated Eddington ratio of a few
percent. Interestingly, [Matt et al. (2015) and Marinucci et al.| (2015]) found lower limits
on the high-energy cut-off of ~ 500 keV for NGC 5506 and 210 keV for NGC 2110, re-
spectively. These results are promising and motivate further studies on a greater number
of sources.
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1 INTRODUCTION

ABSTRACT

We present an analysis of the 3-79 keV NuSTAR spectrum of the low-luminosity active
galactic nucleus NGC 7213. In agreement with past observations, we find a lower limit to the
high-energy cut-off of E. > 140 keV, no evidence for a Compton-reflected continuum and
the presence of an iron K o complex, possibly produced in the broad-line region. From the
application of the MmyTtorus model, we find that the line-emitting material is consistent with
the absence of a significant Compton reflection if arising from a Compton-thin torus of gas
with a column density of 5 Of%g x 107 cm™2. We report variability of the equivalent width
of the iron lines on the time-scale of years using archival observations from XMM-Newton,
Chandra and Suzaku. This analysis suggests a possible contribution from dusty gas. A fit witha
Comptonization model indicates the presence of a hot corona with a temperature k7. > 40 keV
and an optical depth 7 < 1, assuming a spherical geometry.

Key words: galaxies: active— galaxies: individual: NGC 7213 —galaxies: Seyfert—X-rays:
galaxies.

signature of this process is the presence of a high-energy cut-off
in the X-ray emission, which has been observed in a number of

The central engine of low-luminosity active galactic nuclei
(LLAGN:S) is thought to be powered by accretion of surrounding
matter on to a supermassive black hole, similar to more powerful
AGNs, like Seyfert galaxies and quasars (see Ho 2008, for a re-
view). The X-ray spectrum of AGNSs is generally dominated by a
primary power-law component, which is thought to be produced by
Comptonization of optical/UV photons emitted by the underlying
accretion disc in a hot plasma, the so-called corona (see e.g. Haardt
& Maraschi 1991; Haardt, Maraschi & Ghisellini 1994, 1997). A

* E-mail: francesco.ursini @obs.ujf-grenoble.fr

sources (see e.g. Perola et al. 2002; Malizia et al. 2014; Brenneman
etal. 2014; Ballantyne et al. 2014; Marinucci et al. 2014; Balokovié
et al. 2015; Ursini et al. 2015).

The distinctive characteristic of LLAGN:S is their intrinsic faint-
ness (Lyo < 10* erg s™!). Moreover, the mass accretion rate
of LLAGNSs is generally small; in terms of the Eddington ratio,
most of them have L/Lggyq < 1072 while luminous AGNs have
L/Lggq ~ 0.01-1 (see e.g. Panessa et al. 2006; Kollmeier et al.
2006). Whether LLAGNSs are simply a scaled-down version of
classical AGNs is a matter of debate. A standard geometrically
thin, optically thick accretion disc (Shakura & Sunyaev 1973)
may power LLAGNs (Maoz 2007), as is commonly assumed for

© 2015 The Authors
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luminous AGNs. However, radiative-inefficient accretion flows
(RIAFs; see e.g. Narayan & Yi 1994) have been proposed to ex-
plain some observational properties, in particular their lack of a UV
bump (see e.g. Ho 2009; Yu, Yuan & Ho 2011). Furthermore, in lu-
minous AGNs the hard X-ray photon index and the Eddington ratio
are positively correlated (see e.g. Sobolewska & Papadakis 2009),
while an anticorrelation is found in LLAGNs (Gu & Cao 2009).
This result is consistent with the X-ray emission of LLAGNs orig-
inating from Comptonization in RIAFs, and it suggests a similarity
between LLAGNSs and black hole X-ray binaries (BHXRBSs) in the
low/hard state, where the accretion rate is low (Wu & Gu 2008). The
low accretion rate might not only affect the structure of the inner
accretion flow, but also that of the putative obscuring torus. The
torus is predicted to disappear in low-luminosity sources by models
depicting it as a clumpy wind, arising from the outer accretion disc
(see e.g. Elitzur & Shlosman 2006, and references therein), or as
a collection of many self-gravitating, dusty molecular clouds (see
e.g. Honig & Beckert 2007).

NGC 7213 isanearby (z =0.005 839, as given in the NASA/IPAC
Extragalactic Database; distance 25.80 Mpc; Pereira-Santaella et al.
2010) LLAGN with Ly = 1.7 x 10* erg s~' (Emmanoulopoulos
et al. 2012) that hosts a supermassive black hole of ~10% solar
masses (estimated from the stellar velocity dispersion, see Woo &
Utrry 2002), yielding an Eddington ratio of 1.4 x 1073, It has been
historically classified as a Seyfert 1 because its optical spectrum
shows broad emission lines, i.e. with a full width at half-maximum
(FWHM) of a few thousand km s~! (Phillips 1979). However, it
has also been classified as a low-ionization nuclear emission re-
gion galaxy (LINER) because of the low excitation observed in the
narrow-line spectrum (Filippenko & Halpern 1984). Low-ionization
lines were also detected in the soft X-ray band (Starling et al.
2005). Wu, Boggess & Gull (1983) measured a UV flux higher than
the extrapolated optical flux, thus indicating a possible UV bump,
but it is still weaker than in most Seyfert galaxies. More recently,
Starling et al. (2005) found no evidence for an optical/UV bump
using XMM-Newton/OM data.

The X-ray spectrum of NGC 7213 shows peculiarities as well.
The Compton reflection component is found to be weak or absent
with XMM-Newton, BeppoSAX and Suzaku observations (see e.g.
Bianchi et al. 2003; Lobban et al. 2010), in contrast to what is com-
monly observed in Seyfert 1 galaxies. This may suggest that the
accretion disc is truncated in the inner region, perhaps replaced by
a Compton-thin RIAF (Lobban et al. 2010). An iron line complex
is clearly detected between 6.4 and 7 keV, consisting of three nar-
row K o emission lines respectively from neutral Fe, Fe xxv and
Fe xxv1 (see e.g. the analysis of Chandra data by Bianchi et al.
2008). Given the lack of an observed Compton reflection hump,
such lines cannot originate from Compton-thick material, like the
accretion disc or a parsec-scale torus. Bianchi et al. (2008) found
the FWHM of the neutral Fe K « line to be consistent with that
of the H « line (~2600 km s~"), thus suggesting a common origin
in the broad-line region (BLR). Another possibility is reprocessed
emission from dusty gas, which can produce strong, neutral Fe K «
emission with a weak associated continuum (Gohil & Ballantyne
2015). Emmanoulopoulos et al. (2012) found an anticorrelation
between the X-ray photon index and the X-ray luminosity that, to-
gether with the low accretion rate of the source, indicates a spectral
behaviour similar to that of BHXRBs in the hard state. Finally,
Bianchi et al. (2003) reported a high-energy cut-oft of 95ﬂ§ keV
using XMM-Newton+BeppoSAX data, while Lobban et al. (2010)
found a lower limit of 350 keV using Suzaku/XIS+PIN and
Swift/BAT data.

The NuSTAR X-ray spectrum of NGC 7213 3267
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Figure 1. The NuSTAR/FPMA and FPMB 3-79 keV light curve. Bins of
1000 s are used.

In this paper, we report on a NuSTAR observation of NGC 7213
performed in 2014 October. The primary focus of this work is mod-
elling the broad-band X-ray spectrum of the source and constraining
the origin of the X-ray emission. In Section 2, we describe the ob-
servations and data reduction. In Section 3, we present the analysis
of the 3-79 keV spectrum, fitted with both a phenomenological and
a realistic Comptonization model, and we study the time evolu-
tion of the iron line complex by analysing archival XMM-Newton,
Chandra and Suzaku data. In Section 4, we discuss the results and
summarize our conclusions.

2 OBSERVATIONS AND DATA REDUCTION

NuSTAR (Harrison et al. 2013) observed NGC 7213 starting
on 2014 October 5, with a net exposure of 109 ks (Obs. Id.
60001031002). The NuSTAR data were reduced with the stan-
dard pipeline (NUPIPELINE) in the NuSTAR Data Analysis Software
(NUSTARDAS, V1.3.1; part of the HEAsOFT distribution as of version
6.14), using calibration files from NuSTAR caLps v20141107. Spec-
tra and light curves were extracted from the cleaned event files us-
ing the standard tool NupropUCTS for each of the two hard X-ray
telescopes aboard NuSTAR, which have corresponding focal plane
modules A and B (FPMA and FPMB). The spectra from FPMA
and FPMB are analysed jointly, but are not combined, allowing for
a free cross-calibration constant. The source data were extracted
from circular regions (radius 75 arcsec), and background was ex-
tracted from a blank area close to the source. Finally, the spectra
were binned to have a signal-to-noise ratio greater than 3 in each
spectral channel, and not to oversample the instrumental resolution
by a factor greater than 2.5.

In Fig. 1, we show the NuSTAR/FPMA and FPMB light curves
obtained in the 3-79 keV energy range. The total variation in the
light curve is of the order of a few per cent. Therefore, in the fol-
lowing we analyse the time-averaged spectrum of the source.

3 SPECTRAL ANALYSIS

Spectral analysis and model fitting was carried out with the xspec
12.8 package (Arnaud 1996), using the x* minimization technique
throughout. In this work, the errors are quoted at the 90 per cent
confidence level, if not stated otherwise.

MNRAS 452, 3266-3272 (2015)
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Table 1. Best-fitting parameters of the baseline
model including a primary cut-off power law
and three Gaussian lines (line 1 at 6.4 keV, line
2 at 6.7 keV, line 3 at 6.966 keV).

r 1.84 +0.03
E. (keV) >140

F3 jokev (1007 ergem=2 571 1.3+ 0.1
EW, (eV) 98130

Fi (10_5 ph cm 2 s_l) ]‘7f8:3
EW, (eV) 29124

F, (1075 phem=2s71) 0.5793
EW; (eV) 42 +£20

F3 (107 phecm™2s71) 0.6+0.3
x2ld.of. 375/366

3.1 The NuSTAR spectrum

As a first step, we define a phenomenological model, which we
describe below. We fit the NuSTAR data in the 3-79 keV range,
allowing for a free cross-calibration constant between the modules
FPMA and FPMB. The two modules are in good agreement, with a
cross-calibration factor K, = 0.99 &£ 0.01 fixing the constant for
the FPMA data to unity.

We modelled the continuum with a cut-off power law, modi-
fied by neutral absorption (pHABS model in xspec) from Galactic
hydrogen with column density Ny = 2.04 x 10 cm~? (Dickey
& Lockman 1990). This simple model yields a poor fit (reduced
x2 = 556/369), with positive residuals between 6 and 7 keV, which
can be attributed to the known Fe complex between 6.4 and 7 keV
(Bianchi et al. 2003, 2008). Bianchi et al. (2008) found three emis-
sion lines in the Chandra/HEG spectrum, at 6.4, 6.7 and 6.966 keV.
These lines are interpreted as emission from neutral Fe, Fe xxv
and Fe xxv1, respectively. Chandra/HEG data provide much higher
energy resolution near the Fe complex compared with NuSTAR. We
thus followed the analysis of Bianchi et al. (2008) and tested for
the presence of three narrow Gaussian lines fixing their energies
at 6.4, 6.7 and 6.966 keV, leaving the normalizations free to vary.
The inclusion of a narrow Gaussian line at 6.4 keV yields a signifi-
cantly improved fit (reduced x> = 417/368). Adding a second line
at 6.7 keV further improves the fit (reduced x2 = 388/367), with
a probability of chance improvement less than 4 x 10~ according
to the F-test. The inclusion of a third line at 6.966 keV yields a
good fit (reduced x? = 375/367), without prominent residuals and
a probability of chance improvement less than 5 x 10~* according
to the F-test.

We report the results of this fit in Table 1, and in Fig. 2 we show
the contour plots of the cut-off energy versus photon index. In Fig. 3,
we show the data, residuals and best-fitting model. To further test
the presence of a high-energy cut-off, we included the 70-month
average Swift/BAT spectrum (Baumgartner et al. 2013); however,
the results are essentially unchanged.

We tested for the presence of a reflection continuum by includ-
ing the PExrAV model in xspec, which describes neutral Compton
reflection of infinite column density in a slab geometry (Magdziarz
& Zdziarski 1995). This model is adequate for reflection off a stan-
dard accretion disc, given the high column densities expected for
these structures (see e.g. Svensson & Zdziarski 1994). We fixed
the inclination angle of the reflector to 30 deg, appropriate for a
type 1 source (e.g. Nandra et al. 1997). The photon index and
cut-off energy of the incident spectrum were tied to those of the
primary power law. However, no improvement is found, with only

MNRAS 452, 3266-3272 (2015)

88

500

Cut-off energy (keV)
300 400
T T

200
T

00

1 n 1

1.78 1.8

1

1 1
1.82 1.84
Photon index

Figure 2. Primary continuum cut-off energy versus photon index contours.
Solid green, red and black lines correspond to 99, 90 and 68 per cent confi-
dence levels, respectively.
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x2. Lower panel: best-fitting model E2f(E) with the plot of the additive
components, namely the cut-off power law and the three Fe K « lines.

an upper limit to the reflection fraction R of 0.13, at 90 per cent
confidence level. In Fig. 4, we show the contour plots of R versus
photon index. This is consistent with the iron lines originating from
Compton-thin material (Ny = 10-10?* cm~2), which does not pro-
duce a prominent Compton reflection hump (Bianchi et al. 2003).
To test this result further, we replaced the pEXRAV component and
the neutral Fe K « line with the myTorUs model, which includes
Compton reflection and iron fluorescent lines from a gas torus with
an opening angle of 60 deg (Murphy & Yaqoob 2009). The incli-
nation angle of the torus was fixed at 30 deg. The column densities
of the scattered and line components were linked and free to vary.
The normalizations of the scattered and line components were tied
to the normalization of the primary power law, i.e. the standard
MYTORUS configuration (‘coupled’ reprocessor; see e.g. Yaqoob
2012). The assumed geometry corresponds to a covering fraction
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Figure 4. pexrav reflection fraction versus photon index contours. Solid
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Figure 5. compps Compton parameter versus temperature contours. Solid
green, red and black lines correspond to 99, 90 and 68 per cent confidence
levels, respectively.

of 0.5. We obtain a good fit (reduced x> = 373/363) and we find
a column density of S.Offg x 10?2 cm~2. This result is consistent
with the estimate of ~3 x 10> cm~2 for the Fe K « line-emitting
material reported in Bianchi et al. (2008).

We next replaced the cut-off power law with the Comptonization
model compps (Poutanen & Svensson 1996) in xspEc. compps models
the thermal Comptonization emission of a hot plasma cooled by
soft photons with a disc blackbody distribution. We set a spherical
geometry (parameter GEoM = —4 in compps) for the hot plasma and a
temperature at the inner disc radius of 10 eV, fitting for the electron
temperature kT, and Compton parameter y = 4t (kT,/m.c?). The
model yields a good fit (reduced x> = 375/366) with best-fitting
parameters kT, = 295320 keVand y = 0.52f8;?3, which imply an
optical depth 7 = 0.2f8:f. In Fig. 5, we show the kT.—y contour
plots.

3.2 Time evolution of the Fe K « line

To try to understand the origin of the Fe K « lines, we compared
our results with past observations of NGC 7213 by re-analysing the
archival XMM-Newton (2001, 2009), Chandra (2007) and Suzaku
(2006) data. We fitted the 3—-10 keV data sets with the baseline

The NuSTAR X-ray spectrum of NGC 7213
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Figure 6. Time evolution of Fe K « line parameters and 3—10 keV primary
flux and photon index. Panel (A): Fe K « equivalent width in eV units.
Panel (B): Fe K « line flux in units of 1077 photons em~2 s~!. Panel
(C): continuum 3-10 keV flux in units of 107! erg cm~2 57!, Panel (D):
3-10 keV photon index. Error bars denote the 1o uncertainty. The blue solid
lines represent the mean value for each parameter, while the blue dashed
lines correspond to the standard deviation.

model described in Section 3.1, i.e. including a cut-off power law
and three narrow Gaussian lines. The best-fitting parameters are
consistent with those reported in Bianchi et al. (2003, 2008) and
Lobban et al. (2010).

In Fig. 6, we show the time evolution of the neutral Fe K «
line EW and flux, and of the 3-10 keV continuum flux and photon
index. The continuum flux variations reach up to a factor of 2,
while the line flux varies at the 1o confidence level only during the
Chandra/HEG observation of 2007. The line EW, on the other hand,
exhibits significant variations up to a factor of 1.7. The data show a
hint of an anticorrelation between the continuum flux and the line
EW, though we cannot formally establish a significant relation. The
Spearman rank correlation coefficient is —0.4, but the test returns
a P value of 0.42, implying that the null hypothesis is not rejected.
Similar results hold for the Fe xxv and Fe xxvi lines, albeit with
larger uncertainties on their parameters.

4 DISCUSSION AND CONCLUSIONS

We reported results based on a NuSTAR observation of the
LLAGN/LINER NGC 7213. We derived constraints on the param-
eters describing the high-energy (3—79 keV) spectrum, and studied
variability over a few year time-scale comparing our results with
archival observations of the source.

We have been able to constrain the reflection component, find-
ing no evidence for a significant Compton reflection continuum.
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This is consistent with previous results (e.g. Bianchi et al. 2003;
Lobban et al. 2010; Emmanoulopoulos et al. 2013). We note that
the constraints on the reflection component are derived assuming
a static X-ray source (Magdziarz & Zdziarski 1995; Murphy &
Yaqoob 2009), but it may actually be outflowing (Beloborodov
1999; Malzac, Beloborodov & Poutanen 2001). An outflowing, en-
ergetically dominant corona can be generated by a geometrically
thin, optically thick accretion disc at low accretion rates (Merloni
& Fabian 2002). This scenario is consistent with the lack of a
significant optical/UV bump from the disc, if the power output is
dominated by the corona. Furthermore, an outflowing X-ray corona
could account for the absence of a disc reflection component, since
the primary emission would be beamed away from the disc. This
has been suggested especially for radio-loud sources having rela-
tivistic jets, where the X-ray corona might be the base of the jet
itself (see e.g. Lohfink et al. 2013; Walton et al. 2013; Ballantyne
et al. 2014; Fabian et al. 2014). Although NGC 7213 is a radio-
intermediate source with no clear evidence for a strong jet (Blank,
Harnett & Jones 2005; Bell et al. 2011), its radio emission is found
to be weakly correlated with the X-ray emission (Bell et al. 2011).
Therefore, the outflowing corona scenario cannot be ruled out in
this source.

We confirm the presence of an iron complex between 6.4 and
7keV (Bianchi et al. 2003), consisting of three narrow K @ emission
lines from neutral Fe, Fe xxv and Fe xxv1. The lack of a Compton
reflection hump above 10 keV indicates that these lines cannot
originate from Compton-thick material. Using the myTorus self-
consistent model, we find that the neutral Fe K o line may be
produced by material with a covering fraction of 0.5 and a column
density of 5.07%9 x 10 cm™2. This result is consistent with the
iron line complex being produced in the BLR (Bianchi et al. 2008).
Assuming that the line widths represent a Keplerian velocity, it
is possible to estimate the distance of the BLR using the virial
theorem, i.e. Rpc ~ 4.5 x 10° f~' My (AVim S—I)72, where R, is
the distance in units of parsecs, fis a coefficient that accounts for the
unknown geometry and orientation (Peterson et al. 2004), Mj is the
black hole mass in units of 108 solar masses and A Vim 5! is the line
width in units of km s~!. Bianchi et al. (2008) report an FWHM of
240071290 km s~ for the neutral Fe K « line using the Chandra/HEG
data, and 264074;° km s~! for the H « line using ESO-NTT optical
data. Setting f = 4.3 (Grier et al. 2013), the virial theorem yields a
BLR distance of ~0.02 pc. Alternatively, reprocessing may occur
in dusty gas, since the presence of dust may enhance the neutral
Fe K o EW (Gohil & Ballantyne 2015). This effect is due to a
suppression of the reflected continuum, caused by the reduction of
backscattering opacity in dusty gas (Draine 2003). This hypothesis
is supported by the presence of strong silicate emission features in
the mid-IR spectrum of NGC 7213 (Honig et al. 2010; Ruschel-
Dutra et al. 2014). The dust sublimation radius is estimated to be
~0.03 pc from the optical luminosity (Honig et al. 2010). Therefore,
if the line originates from dusty gas, the line-emitting region should
be more distant than the BLR, as suggested by the constancy of
the line flux on a few year time-scale (see below). We also note
that the lack of any cold reflection from Compton-thick material
is consistent with the models of clumpy tori, which are predicted
to disappear in low-luminosity sources (Elitzur & Shlosman 2006;
Honig & Beckert 2007).

‘We analysed the neutral Fe K « line time evolution over ~15 years
by re-fitting archival XMM-Newton, Suzaku and Chandra data of
the source. According to our estimate, the BLR distance is ~0.02 pc,
or ~20 light days (see also Kaspi et al. 2005; Balmaverde & Capetti
2014). The observed X-ray variability time-scale of NGC 7213 is of
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several days or weeks (Emmanoulopoulos et al. 2012), in agreement
with the lack of variability during the ~100 ks NuSTAR observation.
We would thus expect the Fe K « line flux to vary in response to
the continuum variations, albeit with a time delay due to the light-
travel time. However, we only detect a marginal variability of the
line flux during the Chandra observation of 2007. Therefore, a
contribution from more distant material cannot be ruled out. The
Astro-H satellite, providing an unprecedented combination of high
spectral resolution and effective area at 67 keV, will likely enable
us to solve the ambiguous origin of the Fe K « line. For example,
the line might be the superposition of two components, namely a
broad component from the BLR and a narrow one produced further
away, which Astro-H should be able to disentangle (Reynolds et al.
2014).

The primary continuum is well fitted by a power law with a
photon index I' = 1.84 £ 0.03, and an extrapolated 2—-10 keV
flux Fo10 = (1.6 & 0.1) x 107" erg cm™2 s~!. The 3-10 keV
continuum flux and photon index that we found for the archival ob-
servations do not show a clear trend (see Fig. 6). The extrapolated
2-10keV luminosity is Ly 1o = (1.2 £0.1) x 10*? ergs~!. Using the
2-10 keV bolometric correction of Marconi et al. (2004), we esti-
mate the bolometric luminosity to be Ly, = (1.3 & 0.1) x 10% erg
s~!. For a black hole mass of 108 M), the Eddington luminosity
is 1.2 x 10* erg s~!. These estimates yield an accretion rate of
~0.1 per cent of the Eddington limit, in rough agreement with the
value of 0.14 per cent by Emmanoulopoulos et al. (2012) based
on the broad-band spectral energy distribution. An Eddington ratio
~1073 is lower than what is typically found for luminous AGNs,
namely ~0.01 — 1, and it lies within the theoretically predicted
RIAF regime (Narayan, Mahadevan & Quataert 1998; Ho 2009).

We can only place a lower limit on the presence of a high-
energy cut-off, E. > 140 keV, consistent with the lower limit of
350 keV found by Lobban et al. (2010) using Suzaku+Swift/BAT
data, and marginally consistent with the value of 95773 keV found
by Bianchi et al. (2003) using XMM—Newton+BeppoSAX data. Re-
placing the cut-off power law with a Comptonization model and
assuming a spherical geometry, we estimate the coronal tempera-
ture to be >40 keV (KT, = 295713 keV) and we measure an optical
depth 7 = 0.21’8}. The lack of an upper limit on the high-energy
cut-off does not conflict with the upper limit on the coronal tem-
perature, because a cut-off power law is known to be a rough ap-
proximation of Comptonization models (see e.g. Stern et al. 1995).
First, the high-energy turnover of a Comptonization spectrum is
much sharper than an exponential cut-off (see e.g. Zdziarski et al.
2003). Moreover, a Comptonization spectrum is actually a super-
position of several orders of Compton scattering spectra. When
the optical depth is small, the different scattering orders are sepa-
rated in energy, thus resulting in a bumpy spectral shape (see e.g.
Poutanen & Svensson 1996). But the optical depth and temperature
are inversely related for a given heating/cooling ratio, i.e. the ratio of
the power dissipated in the corona to the intercepted soft luminosity
(Stern et al. 1995; Haardt et al. 1997). This can produce an upper
limit on the coronal temperature even if no exponential cut-off is
required (see e.g. Petrucci et al. 2013).

The combination of a weak or absent reflected continuum, a
weak UV bump and a low accretion rate suggest that the standard
optically thick, geometrically thin accretion disc is truncated in
the inner region of the source (Starling et al. 2005; Lobban et al.
2010). A possible explanation is that the nucleus accretes via a
RIAF, with the inner edge of any standard disc restricted to large
distances, ~10% gravitational radii (see e.g. Quataert et al. 1999).
This is a natural suggestion for an LLAGN, since RIAFs are only
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expected in sub-Eddington systems and the low radiative efficiency
would explain the observed low luminosity. The X-ray emission
from an RIAF is likely dominated by thermal Comptonization, in
agreement with observations of X-ray binaries in the hard state (see
e.g. Narayan 2005, and references therein). The soft seed photons
can be synchrotron photons produced in the hot accretion flow itself
(synchrotron self-Compton), or thermal photons from the outer thin
disc (see e.g. Yuan & Zdziarski 2004; Nemmen, Storchi-Bergmann
& Eracleous 2014). As we noted above, the X-ray variability time-
scale of NGC 7213 is of the order of days/weeks (Emmanoulopoulos
et al. 2012). Therefore, the Comptonization process is consistent
with taking place in an extended region with k7, > 40 keV and
7 < 1, possibly illuminated by the outer thin disc. The relatively
small optical depth is a further indication that the corona should
be extended and subtend a large solid angle as seen from the disc,
in order to scatter a sufficient number of soft photons to produce a
substantial X-ray continuum.

Finally, our results can be compared with those on other weakly
accreting AGNs observed so far by NuSTAR, namely NGC 5506 (es-
timated Eddington ratio as low as 0.7 x 1072; see Matt et al. 2015)"
and NGC 2110 (estimated Eddington ratio of 0.25-3.7 x 1072; see
Marinucci et al. 2015). Matt et al. (2015) found a lower limit on the
high-energy cut-off of ~500 keV for NGC 5506, while Marinucci
etal. (2015) inferred E. > 210 keV for NGC 2110. In these objects,
then, a weak disc emission may be accompanied by a relatively high
coronal temperature, in agreement with our present work on NGC
7213. The number of observed sources with good measurements
of the high-energy cut-off is too small to establish any statistical
correlation with other parameters. However, if the X-ray emission
is due to a Comptonizing corona, a high coronal temperature is ex-
pected when the disc radiation is weak, because inverse Compton
scattering is inefficient in cooling the corona. Further studies on a
greater number of sources will be required to confirm this scenario
by constraining the physical parameters of the disc/corona system.
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Chapter 6

The high-energy monitoring of NGC
4593
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In this chapter, I will discuss a joint XMM-Newton+ NuSTAR monitoring program,
performed in early 2015, on the Seyfert 1 NGC 4593. Our group presented an XMM-
Newton proposal (PI: P.-O. PetrucciED, approved in XMM-Newton AO13, designed to
study the broad-band spectrum of this source (from the UV up to hard X-rays) and in
particular the variability on a few days time-scale. After a brief introduction on the
monitoring program, [ will present the timing properties and the main results of the X-
ray spectral analysis. This campaign shows that studying the variability of Seyfert 1s on
different time-scales gives us important insights into the high-energy emission of AGNs.

6.1 A joint monitoring with XMM-Newton and NuS-
TAR

NGC 4593 (z = 0.009, [Strauss et al.|1992)) is an X-ray bright Seyfert 1, hosting a super-
massive black hole of (9.8 +2.1) x 10° solar masses (Denney et al.[|2006)). Previous obser-
vations of this source with BeppoSAX (Guainazzi et al.|1999), XMM-Newton (Reynolds
et al./|2004; Brenneman et al.[[2007) and Suzaku (Markowitz & Reeves |2009) have shown a
strong reflection hump above 10 keV and an iron line complex at 6-7 keV, a significant soft
X-ray excess below 2 keV and a lower limit on the high-energy cut-off of 150 keV. These

lco-Is: F. Ursini, S. Bianchi, M. Cappi, G. Ponti, A. De Rosa, B. De Marco, J. Malzac.
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Table 6.1 — The logs of the joint XMM-Newton and NuSTAR observations of NGC 4593.

Obs.  Satellites  Start time (UTC) Net exp.
yyyy-mm-dd (ks)

1 XMM-Newton 2014-12-29 16
NuSTAR 22
2  XMM-Newton 2014-12-31 17
NuSTAR 22
3 XMM-Newton 2015-01-02 17
NuSTAR 21
4  XMM-Newton 2015-01-04 15
NuSTAR 23
5 XMM-Newton 2015-01-06 21
NuSTAR 21

properties make NGC 4593 an interesting source to perform broad-band spectroscopy
and variability analysis. Our monitoring consisted of five simultaneous observations with
XMM-Newton and NuSTAR (from 2014, Dec. 29 to 2015, Jan. 6), each exposure being
separated by 2 days and lasting about 20 ks. The log of the data sets is reported in
Table [6.1] The spacing between the different observations was chosen according to the
UV two-folding time-scale of 2-3 days observed with IUE (Santos-Lleo et al.[1995). This
has been the first joint XMM-Newton+ NuSTAR program explicitly aimed at studying the
high-energy emission of an AGN through its variability on time-scales of days down to a
few ks. The primary goals of the monitoring were constraining the physical and variability
properties of the hot corona, and investigating the nature of the soft X-ray excess and of
the reflection component.

The analysis of the data was divided into two main steps. First, I performed a simple
timing analysis, to have a general idea of the behaviour of the source during the monitor-
ing. As I show in the following, the source was found to be remarkably variable, both in
flux and spectral shape, on the time-scales of the campaign (Ursini et al.[|2016a)). A more
detailed timing analysis is in progress (De Marco et al., in prep.). Then, I performed a
detailed X-ray spectral analysis (Ursini et al.2016b)), which is also discussed in the follow-
ing. A follow-up spectral analysis, focused on testing physical Comptonization models,
will be the subject of a future work (Ursini et al., in prep.).

6.2 Timing properties

The preliminary timing analysis was presented in |Ursini et al.| (2016al, proceedings of
the 2015 XMM-Newton Science Workshop). I will now summarize the main variability
properties of NGC 4593 as observed during the campaign. I show in Fig. the XMM-
Newton and NuSTAR light curves of NGC 4593 (see also Fig. 1 of [Ursini et al. [2016a
and Fig. 1 of [Ursini et al|2016b). The source exhibits a strong flux variability, up to
a factor of 2 in count rate, on time-scales as short as a few ks. The hardness ratio light
curves also show a significant spectral variability, particularly in the soft band below 10
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NGC 4593 XMM/pn and NuSTAR light curves and hardness ratios

18.0 ‘ [ XMM/pn 0.5-10 keV - | N
% 15.0 - P’ :n'” S
E o120 N o LV AN
g 90} * 1
6.0 | N — - | ]
2 045 | # f\XMM/an —10 keV/O 52keV -] ]
©
5 0.40 - M M{W W + 1
qC, 0.35 ** #} |
g 0.30 #+ %*/M %ﬁ W b
I | | !
”s ‘ 'NuSTAR 3-50 keV —~ | ‘ ‘
(] . r ﬁ |
g 20 | Ktﬁ&r \?“3# ”#ﬁ [} *+ **:* .
5 ; ' + iy +w‘ % \,
3 :2 7 +‘*‘, ;’#" eSS #4«‘,«.‘*;*,,*
2 A T NuSTAR 10-50 keV/3-10keV - ]
S 06 ! + h
@ + J A ++*H o +
L R CER N R
B * + } AT i r
£ 02F ‘ ‘ ‘ ]
0 1x10° 2x10° 3x10°
Time (s)

Figure 6.1 — Count rate light curves of NGC 4593. Top panel: XMM-Newton/pn count rate
in the 0.3-10 keV range. Second panel: XMM-Newton/pn hardness ratio 2-10 keV/0.5-2 keV.
Third panel: NuSTAR count rate in the 3-50 keV range (co-added FPMA and FPMB data).
Bottom panel: NuSTAR hardness ratio 10-50 keV/3-10 keV. Time bins of 1 ks are used.

keV. We observe a clear softer-when-brighter behaviour, as a higher flux corresponds to
a lower hardness ratio (see also Fig. . Above 10 keV, on the other hand, the spectral
variability is less pronounced. The most prominent flux and spectral variations occur
during the first observation. For this reason, I decided to split obs. 1 into two ~ 10
ks long bits to perform the spectral analysis (Ursini et al.| 2016b)). I show the different
XMM-Newton/pn and NuSTAR spectra in Fig. [6.3] fitted with a simple power law for
comparison. Besides the strong variability in the soft band, the spectra show the presence
of a significant and variable soft excess below 1 keV, as well as an iron emission complex
at 6-7 keV. The soft excess seems to be correlated to the primary emission, being stronger
during the high-flux states (see also Fig. .

NGC 4593 was observed also by the optical monitor (OM) onboard XMM-Newton,
using the optical filter U and the UV filters UVW1 and UVW2. The latter filter operates
at the shortest wavelengths (2120 + 500 A), and had also slightly longer exposures (7-10
ks per observation) compared with U and UVW1 (5 ks each). I show in Fig. the
UVW2 count rate during the five exposures, plotted against the 0.3-0.5 keV count rate
(time-averaged during the corresponding time intervals). Interestingly, there is a linear
relationship between the UV and soft X-ray flux. The Pearson’s correlation coefficient is
p = 0.95, with a p-value of 0.01.
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NGC 4593 hardness-intensity
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NGC 4593 soft-medium flux
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6.3 X-ray spectral analysis

The detailed X-ray spectral analysis was presented in |Ursini et al.| (2016b)), reported in
the appendix to this chapter. This work was aimed at obtaining a good phenomenological
description of the spectral and variability properties of the source. This is a necessary
prelude before testing physical Comptonization models. The main steps of this analysis
were: (i) the analysis of XMM-Newton/RGS data, to study the soft X-ray features (narrow
emission lines and ionized absorption); (ii) a study of the properties of the iron K complex
between 6 and 7 keV; (iii) broad-band fits to the pn and NuSTAR data in the available
energy range (0.3-80 keV). I will now summarize these main steps, referring to [Ursini
et al.| (2016b)) for a detailed discussion.

6.3.1 The XMM-Newton/RGS data

I exploited the high spectral resolution of the RGS with the main goal of constraining
the warm absorber (e.g. [Ebrero et al.[2013). I fitted the spectra from the two detectors,
RGS1 and RGS2, co-adding the data from different time intervals, to obtain a better
signal-to-noise ratio. Indeed, past studies showed that the warm absorber is located at
least a few pc away from the primary source, so we did not expect strong variability on
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RGS spectra and best—fit model

Figure 6.6 — Upper panel: the RGS
spectra in the 15-32 A range, with
the best-fitting model. Lower panel:
the ratio of the spectra to the model.
(Fig. 3 of [Ursini et al.[2016b) Wavelength (&)

Data/model ratio

0.6

a few days time-scale (Ebrero et al.[2013)). As a first step, I fitted the data in the 0.3-2
keV range with a simple model including a power law and the warm absorber, modelled
with a cLOUDY table as for NGC 5548 (see Chapter 4). I actually found the presence
of two different absorption components, with different ionization parameters (log & ~ 2.2
and 0.4) and column densities (Ng ~ 7 x 10*! and 8 x 10?° cm~2, respectively). Moreover,
significant residuals indicated the presence of at least four emission lines in the spectra. I
identified such features as two Ko lines from O viI (intercombination and forbidden) and
two Ka lines from N vI (resonance and forbidden). I thus included four narrow Gaussian
lines at those energies, finding a good fit with no strong residuals left. The properties of
the emission lines are summarized in Table 2 of Ursini et al.| (2016b). Then, I replaced
the Gaussian lines with a more physical model, namely the emission spectrum from a
photoionized plasma. This component was modelled with a CLOUDY tableEL yielding a
statistically equivalent fit. The properties of the warm absorber and of the photoionized
plasma are reported in Table 3 of \Ursini et al.| (2016b)).

6.3.2 The iron K complex: narrow and broad Fe Ko lines

To investigate the properties of the Fe K complex at 6-7 keV, I fitted the XMM-
Newton/pn spectra in the 3-10 keV band, with a model consisting of a power law plus a
number of Gaussian lines. To find a good fit, I needed to include three Gaussian lines,
i.e. a narrow line and a broad line at 6.4 keV, and a further narrow line at ~ 7 keV (see
Table 4 of |Ursini et al.|2016b]). The two neutral Fe Ka lines at 6.4 keV have an intrinsic
width of 0 and ~ 300 eV, respectively. The narrow component is consistent with having a
constant flux, despite the strong variations of the primary X-ray flux (see Fig. 4 of |Ursini
et al.|2016b). The flux of the broad component is instead found to be variable (see Fig.
5 of [Ursini et al.|2016b)). The different intrinsic width and variability behaviour indicate
a different origin of these two lines. The narrow Fe Ka line-emitting material is likely
located at least a few light days away from the primary X-ray source, given the lack of
variability. The broad Fe Ka component should instead originate from within a few tens
of gravitational radii, from the intrinsic width. Concerning the third line at around 7

2This table, like the warm absorber table, was produced by S. Bianchi.
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keV, it may be identified as either a Ko line from Fe XXV1 at 6.966 keV, or a neutral Fe
Kp line at 7.056 keV. The latter interpretation is supported by the ratio of the flux of
this line to that of the neutral, narrow Fe Ka line, which is roughly consistent with the
predicted ratio of fluorescence yields for K5 /Ka (~ 0.13, e.g. Kaastra & Mewe |1993).

6.3.3 The broad-band fits

After studying the properties of the warm absorber and of the iron K complex, I
proceeded to fit the broad-band XMM-Newton/pn and NuSTAR spectra in the available
energy range (0.3-79 keV). I used a phenomenological model, consisting of the following
components:

o The primary continuum: modelled with a cut-off power law (CUTOFFPL in XSPEC);
the photon index, cut-off energy and normalization were all free to vary between
the different observations.

e The reflection component: since I found evidence for both a narrow and a broad
Fe Ka line at 6.4 keV, I included two distinct reflection components, modelled with
XILLVER (Garcia & Kallman 2010; Garcia et al.|[2013)) and RELXILL (Garcia et al.
2014), respectively. Both models self-consistently incorporate fluorescence lines and
the Compton reflection hump, and in RELXILL such components are relativistically
blurred. Therefore, RELXILL is suited for describing the reflection component associ-
ated with the broad Fe Ka line. The XILLVER component was consistent with being
constant, like the narrow component of the Fe Ko line. Concerning the RELXILL
component, I assumed it to originate relatively close to the primary source, thus I
tied the photon index of the illuminating continuum to the primary power law, leav-
ing free to vary the normalization between the different observations. Concerning
the ionization parameter, I found log¢ = 0 for XILLVER and log& = 3 for RELX-
ILL. The inner radius of RELXILL was found to be 40 + 15 R, consistent with the
intrinsic width of the broad Fe Ka line.

o The warm absorber: modelled with the CLOUDY tables (see Sect. [6.3.1). The pa-
rameters were free, to account for cross-calibration uncertainties between pn and
RGS (Kirsch et al.|2004, see also Chapter 4), but tied between the different obser-
vations.

o The soft emission lines: modelled with a CLOUDY table fixed to the RGS best-fitting
values (see Sect. , as it was poorly constrained by pn data. This component
also adds a minor contribution to the hard X-ray band, because it produces self-
consistently a weak iron line and reflection hump.

o The soft X-ray excess: including only the components described above, I found
strong, positive residuals below 1 keV. Ionized reflection, then, does not explain
the soft excess in NGC 4593, and Comptonization in a warm corona is a more
likely scenario. However, in |Ursini et al. (2016b)) I tested a simple phenomenological
model. I first included a soft cut-off power law, expecting a relatively steep photon
index (around 2.5-3; see also Chapter 7) and a cut-off energy below 1 keV, roughly
corresponding to the temperature of the putative warm Comptonizing medium.
This model, albeit yielding statistically acceptable fits, gave best-fitting parameters
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difficult to justify on physical grounds. First, I found only a lower limit, of the
order of a few keV, on the cut-off energy of the soft power law (while its photon
index was 2.8-3.2), with a best-fitting value pegged at hard limit (10° keV). This
would indicate a relatively high temperature of the warm corona, and a “soft” excess
extending to energies much above 1 keV. Moreover, the primary power law was very
flat, having a photon index as low as 1.3. These are likely artefacts of an imperfect
modelling of the soft excess. Then, I replaced the soft power law with the model
DISKBB (Mitsuda et al.|[1984; Makishima et al|1986), which describes the emission
from a multicolour disc-blackbody. This model, even if phenomenological, yielded
statistically good fits and more plausible best-fitting parameters than the soft power
law (see also Fig. and Fig. [6.8) where I show the best-fitting model including
respectively DISKBB and the soft power law). In particular, the primary photon
index was found to be between 1.6 and 1.85 (see Fig. [6.9). Such a difference
coming from the modelling of the soft excess was unexpected. However, this could
be understood if the soft excess represented the tail of a Comptonized spectrum,
as its turnover is sharper than an exponential cut-off (e.g. |Zdziarski et al.|2003).
Then, it might be better reproduced (phenomenologically) by the turnover of a disc
blackbody spectrum (see Fig. . This effect is likely less important for the hard
power law, because of the lower statistics.

The final model in XSPEC is:
WA X WAz X (SOFT LINES + CUTOFFPL + DISKBB + RELXILL + XILLVER) (6.1)

The primary photon index I' undergoes significant variations during the campaign, up to
AT ~ 0.2. Moreover, the high-energy cut-off is also found to be variable, from 9075 to
> 700 keV. I show the contour plots of these parameters in Fig. (see also Table 5
of [Ursini et al.2016b)). Interestingly, both the photon index and cut-off energy vary on
time-scales of a few days (e.g. comparing obs. 3 and 4) but also on shorter time-scales,
of a few ks (comparing the two time intervals of obs. 1).

Another interesting result is the linear relationship between the soft excess and the
primary continuum, as shown in Fig. [6.11] In particular, the flux of the soft excess (i.e.
that of the DISKBB component alone) in the 0.3-2 keV band is correlated with the flux of
the primary power law in the 3-10 keV band, with a Pearson’s coefficient p = 0.98 and a
p-value of 8 x 1074,

6.4 Conclusions

The results obtained on NGC 4593 show that such observational campaigns, based on
probing the source variability on different time-scales, are very useful to investigate the
high-energy emission of AGNs in detail.

First, the combined capabilities of XMM-Newton and NuSTAR enabled a detailed
study of the reflection component, which was disentangled from the primary continuum.
Moreover, the primary photon index and cut-off energy were well constrained and found
to be variable on the time-scales of the campaign, i.e. from a few days down to a few
ks. Such variations are most probably indicative of physical variations of the hot corona,
as discussed in [Ursini et al. (2016b)). For example, from the variability of the cut-off
energy we expect huge variations of the coronal temperature (from a few tens up to a few
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XMM/pn and NuSTAR data with best—{fitting model
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Figure 6.7 — Broad-band X-ray data and best-fitting model of NGC 4593. Upper panel: XMM-
Newton/pn and NuSTAR data and folded model. Middle panel: contribution to x2. Lower
panel: best-fitting model E2f(E), with the plot of the reflection components XILLVER (dotted
line) and RELXILL (dashed lines), the cLOUDY model for the soft X-ray emission lines with
associated reflected continuum (solid line), and the DISKBB component for the soft excess below

1 keV (dotted lines). (Fig. 7 of [Ursini et al.[2016b)
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Best—fitting model including a soft power law
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Figure 6.8 — Best-fitting model of NGC 4593, when including a cut-off power law to model
the soft excess. See Fig. for comparison (the scales of the x and y-axes are the same). The
“soft” power law (solid lines) extends to much higher energies than the DISKBB component, thus
failing to correctly reproduce the soft excess and yielding implausible parameters for the primary
continuum (dotted lines, as in Fig. , and in particular photon indexes as low as 1.3. Also
the RELXILL component (dashed lines, as in Fig. exhibits an oddly variable behaviour.
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hundreds of keV) during a few days. This behaviour needs to be confirmed by an analysis
with physical Comptonization models (Ursini et al., in prep.).

Concerning the soft X-ray excess, this component is not explained by ionized reflection
in NGC 4593. The existence of a correlation between the UV and soft X-ray fluxes
supports a warm Comptonization scenario. Moreover, the correlation between the soft
excess and the primary continuum indicates a link between the regions producing such
components. It should be noted that, even if the soft excess is due to a warm Comptonizing
corona, the relation with the hot corona is not obvious. For example, the two coronae
might be illuminated by the same source of seed photons (i.e. the disc), but in this
case they should be located relatively close to each other. Another possibility is that
the warm corona itself acts as a seed photon source for the hot corona. In any case, the
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promising results of the campaign on NGC 4593 prompt us to carry out further analyses
to characterize the spectral (Ursini et al., in prep.) and timing (De Marco et al., in prep.)
properties of the source.

103



CHAPTER 6. THE HIGH-ENERGY MONITORING OF NGC 4593

Appendix

High-energy monitoring of NGC 4593
with XMM-Newton and NuSTAR.

X-ray spectral analysis

F. Ursinil28 P-O. Petrucci®2, G. Matt? S. Bianchi#®, M. Cappi, B. De Marcd®, A. De
Rosal, J. Malzad®, A. Marinuce#, G. Ponti#, and A. Tortosa?

1
2
3

Univ. Grenoble Alpes, IPAG, F-38000 Grenoble, France.

CNRS, IPAG, F-38000 Grenoble, France.

Dipartimento di Matematica e Fisica, Universita degli Studi Roma Tre, via della Vasca
Navale 84, 00146 Roma, Italy.

INAF-TASF Bologna, Via Gobetti 101, 1-40129 Bologna, Italy.

Max-Planck-Institut fiir extraterrestrische Physik, Giessenbachstrasse, D-85748 Garch-
ing, Germany.

INAF /Istituto di Astrofisica e Planetologia Spaziali, via Fosso del Cavaliere, 00133
Roma, Italy.

Université de Toulouse, UPS-OMP, IRAP, Toulouse, France.

CNRS, IRAP, 9 Av. colonel Roche, BP44346, F-31028 Toulouse cedex 4, France.

Accepted for publication in Monthly Notices of the Royal Astronomical Society. First
published online on August 12, 2016; doi: 10.1093/mnras/stw2022.

104



Appendix

MNRAS Advance Access published August 12, 2016

High-energy monitoring of NGC 4593 1

High-energy monitoring of NGC 4593 with XMM-Newton
and NuSTAR. X-ray spectral analysis

F. Ursini,»?3* P.-O. Petrucci,? G. Matt,? S. Bianchi,®> M. Cappi,*
B. De Marco,”> A. De Rosa,’ J. Malzac,”® A. Marinucci,® G. Ponti® and A. Tortosa®

Univ. Grenoble Alpes, IPAG, F-38000 Grenoble, France.
CNRS, IPAG, F-38000 Grenoble, France.

INAF-IASF Bologna, Via Gobetti 101, I-40129 Bologna, Italy.

Université de Toulouse, UPS-OMP, IRAP, Toulouse, France.

o B N

Released Xxxx Xxxxx XX

ABSTRACT
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We present results from a joint XMM-Newton/ NuSTAR monitoring of the Seyfert 1 NGC 4593,
consisting of 5 x 20 ks simultaneous observations spaced by two days, performed in January 2015.
The source is variable, both in flux and spectral shape, on time-scales down to a few ks and with a
clear softer-when-brighter behaviour. In agreement with past observations, we find the presence of
a warm absorber well described by a two-phase ionized outflow. The source exhibits a cold, narrow
and constant Fe K « line at 6.4 keV, and a broad component is also detected. The broad-band (0.3—
79 keV) spectrum is well described by a primary power law with I' ~ 1.6 — 1.8 and an exponential
cut-off varying from 901“;8 keV to > 700 keV, two distinct reflection components, and a variable
soft excess correlated with the primary power law. This campaign shows that probing the variability
of Seyfert 1 galaxies on different time-scales is of prime importance to investigate the high-energy

emission of AGNs.

Key words: galaxies: active — galaxies: Seyfert — X-rays: galaxies — X-rays: indi-

viduals (NGC 4593)

1 INTRODUCTION

Active galactic nuclei (AGNs) are thought to be powered by
an accretion disc around a supermassive black hole, mostly
emitting in the optical/UV band. According to the stan-
dard paradigm, the X-ray emission is due to thermal Comp-
tonization of the soft disc photons in a hot region, the so-
called corona (Haardt & Maraschi 1991; Haardt et al. 1994,
1997). This process explains the power-law shape of the ob-
served X-ray spectrum of AGNs. A feature of thermal Comp-
tonization is a high-energy cut-off, which has been observed
around ~ 100 keV in several sources thanks to past ob-
servations with CGRO/OSSE (Zdziarski et al. 2000), Bep-
poSAX Perola et al. (2002), and more recently Swift/BAT
(Baumgartner et al. 2013) and INTEGRAL (Malizia et al.
2014; Lubinski et al. 2016). From the application of Comp-
tonization models, such high-energy data allow to con-
strain the plasma temperature, which is commonly found
to range from 50 to 100 keV (e.g., Zdziarski et al. 2000;

* e-mail: francesco.ursini@univ-grenoble-alpes.fr

Lubiriski et al. 2016). Furthermore, the cut-off energy is now
well constrained in an increasing number of sources thanks
to the unprecedented sensitivity of NuSTAR up to ~ 80
keV (e.g., Brenneman et al. 2014; Marinucci et al. 2014;
Balokovi¢ et al. 2015; Ursini et al. 2015; Ballantyne et al.
2014; Matt et al. 2015). The primary X-ray emission can
be modified by different processes, such as absorption from
neutral or ionized gas (the so-called warm absorber), and
Compton reflection from the disc (e.g., George & Fabian
1991; Matt et al. 1991) or from more distant material, like
the molecular torus at pc scales (e.g., Matt et al. 2003). A
smooth rise below 1-2 keV above the extrapolated high-
energy power law is commonly observed in the spectra of
AGNs (see, e.g., Bianchi et al. 2009). The origin of this so-
called soft excess is uncertain (see, e.g., Done et al. 2012).
Tonized reflection is able to explain the soft excess in
some sources (e.g., Crummy et al. 2006; Ponti et al. 2006;
Walton et al. 2013), while Comptonization in a “warm” re-
gion is favoured in other cases (e.g., Mehdipour et al. 2011;
Boissay et al. 2014).

The current knowledge of the geometrical and physi-
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cal properties of the X-ray corona is far from being com-
plete, as in most sources we still lack good constraints on
the coronal temperature, optical depth and geometry. The
approach based on multiple, broad-band observations with
a high signal-to-noise ratio is a powerful tool to study the
high-energy emission in Seyfert galaxies. Strong and fast X-
ray variability, both in flux and spectral shape, is a hall-
mark of AGNs, and of historical importance to rule out al-
ternatives to supermassive black holes as their central en-
gine (e.g., Elliot & Shapiro 1974). The analysis of X-ray
variability allows disentangling the different spectral com-
ponents and constraining their characteristic parameters, as
shown by recent campaigns on Mrk 509 (Kaastra et al. 2011,
Petrucci et al. 2013) and NGC 5548 (Kaastra et al. 2014;
Ursini et al. 2015).

In this paper, we discuss results based on a joint XMM-
Newton and NuSTAR monitoring program on NGC 4593
(z = 0.009, Strauss et al. 1992), an X-ray bright Seyfert 1
galaxy hosting a supermassive black hole of (9.842.1) x 10°
solar masses (from reverberation mapping; see Denney et al.
2006). This is the first monitoring carried out by XMM-
Newton and NuSTAR specifically designed to study the
high-energy emission of an AGN through the analysis of
its variability on time-scales of days. We reported pre-
liminary results from a phenomenological timing analysis
in Ursini et al. (2016). Here we focus on the broad-band
(0.3-80 keV) X-ray spectral analysis. Past observations of
NGC 4593 with BeppoSAX (Guainazzi et al. 1999), XMM-
Newton (Reynolds et al. 2004; Brenneman et al. 2007) and
Suzaku (Markowitz & Reeves 2009) have shown a strong re-
flection bump above 10 keV and the presence of two nar-
row Fe K a emission lines at 6.4 and around 7 keV. A
soft excess below 2 keV has been reported, both in the
2002 XMM-Newton data (Brenneman et al. 2007) and in
the 2007 Suzaku data, with a drop in the 0.4-2 keV flux
by a factor > 20 in the latter (Markowitz & Reeves 2009).
Guainazzi et al. (1999) found a lower limit on the high-
energy cut-off of 150 keV from BeppoSAX data.

This paper is organized as follows. In Sect. 2, we de-
scribe the observations and data reduction. In Sect. 3 we
present the analysis of the XMM-Newton and NuSTAR spec-
tra. In Sect. 4, we discuss the results and summarize our
conclusions.

2 OBSERVATIONS AND DATA REDUCTION

XMM-Newton  (Jansen et al.  2001) and NuSTAR
(Harrison et al. 2013) simultaneously observed NGC 4593
five times, spaced by two days, between 29 December 2014
and 6 January 2015. Each pointing had an exposure of ~ 20
ks. We report in Table 1 the log of the data sets.
XMM-Newton observed the source using the EPIC cam-
eras (Striider et al. 2001; Turner et al. 2001) and the Reflec-
tion Grating Spectrometer (RGS; den Herder et al. 2001).
The EPIC instruments were operating in the Small Win-
dow mode, with the medium filter applied. Because of the
significantly lower effective area of the MOS detectors, we
only report the results obtained from pn data. The data
were processed using the XMM-Newton Science Analysis
System (sAs v14). Source extraction radii and screening
for high-background intervals were determined through an

Table 1. The logs of the joint XMM-Newton and NuSTAR ob-
servations of NGC 4593.

Obs. Satellites Obs. Id. Start time (UTC)  Net exp.

yyyy-mm-dd (ks)

1 XMM-Newton 0740920201 2014-12-29 16
NuSTAR 60001149002 22

2 XMM-Newton 0740920301 2014-12-31 17
NuSTAR 60001149004 22

3 XMM-Newton 0740920401 2015-01-02 17
NuSTAR 60001149006 21

4 XMM-Newton 0740920501 2015-01-04 15
NuSTAR 60001149008 23

5 XMM-Newton 0740920601 2015-01-06 21
NuSTAR 60001149010 21

iterative process that maximizes the signal-to-noise ratio
(Piconcelli et al. 2004). The background was extracted from
circular regions with a radius of 50 arcsec, while the source
extraction radii were in the range 20-40 arcsec. The EPIC-
pn spectra were grouped such that each spectral bin con-
tains at least 30 counts, and not to oversample the spectral
resolution by a factor greater than 3. The RGS data were
extracted using the standard SAS task rgsproc.

The NuSTAR data were reduced using the standard
pipeline (NUPIPELINE) in the NuSTAR Data Analysis Soft-
ware (NUSTARDAS, v1.3.1; part of the HEASOFT distribution
as of version 6.14), using calibration files from NuSTAR
CALDB v20150316. Spectra and light curves were extracted
using the standard tool NUPRODUCTS for each of the two
hard X-ray detectors aboard NuSTAR, which sit inside the
corresponding focal plane modules A and B (FPMA and
FPMB). The source data were extracted from circular re-
gions with a radius of 75 arcsec, and background was ex-
tracted from a blank area with the same radius, close to the
source. The spectra were binned to have a signal-to-noise
ratio greater than 5 in each spectral channel, and not to
oversample the instrumental resolution by a factor greater
than 2.5. The spectra from FPMA and FPMB were analysed
jointly but not combined.

In Fig. 1 we show the light curves in different energy
ranges of the five XMM-Newton and NuSTAR observations.
The light curves exhibit a strong flux variability, up to a
factor of ~ 2, on time-scales as short as a few ks. In Fig. 1
we also show the XMM-Newton/pn (2-10 keV)/(0.5-2 keV)
hardness ratio light curve and the NuSTAR (10-50 keV)/(3~
10 keV) hardness ratio light curve. These light curves show
a significant spectral variability, particularly in the softer
band, with a less prominent variability in the harder band.
From these plots, it can be seen that a higher flux is asso-
ciated with a lower hardness ratio, i.e. we observe a “softer
when brighter” behaviour (see also Ursini et al. 2016). Dur-
ing the first observation, both flux and spectral variability
are particularly strong. To investigate the nature of these
variations, we analysed the spectra of each observation sep-
arately, splitting only the first observation into two ~ 10 ks
long bits (see Fig. 1). We did not split the time intervals for
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XMM/pn and NuSTAR/FPMA+FPMB light curves and hardness ratios
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Figure 1. The light curves of the five joint XMM-Newton and NuSTAR observations of NGC 4593. Time bins of 1 ks are used. Top panel:
the XMM-Newton/pn count-rate light curve in the 0.5-2 keV band. Second panel: the XMM-Newton/pn count-rate light curve in the
2-10 keV band. Third panel: the XMM-Newton/pn hardness ratio (2-10/0.5-2 keV) light curve. Fourth panel: the NuSTAR count-rate
light curve in the 3-10 keV band (FPMA and FPMB data are co-added). Fifth panel: the NuSTAR count-rate light curve in the 10-50
keV band. Bottom panel: the NuSTAR hardness ratio (10-50/3-10 keV) light curve. The vertical dashed lines separate the time intervals
used for the spectral analysis.

the extraction of the spectra further, because in the other
observations the spectral variability is less pronounced. This
choice leaves us with a total of six spectra from our cam-

paign, which we analyse in the following.

3 SPECTRAL ANALYSIS

Spectral analysis and model fitting was carried out with the
XSPEC 12.8 package (Arnaud 1996). RGS spectra were not
binned and were analysed using the C-statistic (Cash 1979),
to take advantage of the high spectral resolution of the grat-
ings. Broad-band (0.3-80 keV) fits were instead performed
on the binned EPIC-pn and NuSTAR spectra, using the x?2
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XMM/pn and NuSTAR/FPMA data fitted with a power law
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Figure 2. Upper panel: the six XMM-Newton/pn and NuS-
TAR spectra of NGC 4593. Lower panel: the ratio of the six
spectra to a single power law. Only NuSTAR/FPMA data are
shown for clarity.

minimisation technique. All errors are quoted at the 90%
confidence level (AC = 2.71 or Ax? = 2.71) for one inter-
esting parameter.

In Fig. 2 we plot the six XMM-Newton/pn and NuS-
TAR/FPMA spectra, simultaneously fitted with a power
law with tied parameters for comparison. The plot in Fig.
2 shows that the spectral variability is especially strong in
the soft band, i.e. below 10 keV. Furthermore, the ratio
of the spectra to the power law below 1 keV suggests the
presence of a soft excess which is stronger in the high flux
states. The prominent feature at 6-7 keV can be attributed
to the Fe K « emission line at 6.4 keV (Reynolds et al. 2004;
Brenneman et al. 2007; Markowitz & Reeves 2009), as we
will discuss in the following.

To fully exploit the data set, we always fitted all the
XMM-Newton/pn and NuSTAR/FPMA and FPMB data si-
multaneously, allowing for free cross-calibration constants.
The FPMA and FPMB modules are in good agreement
with pn, with cross-calibration factors of 1.02 £ 0.01 and
1.05 £ 0.01 respectively, fixing the constant for the pn data
to unity. All spectral fits include neutral absorption (PHABS
model in XSPEC) from Galactic hydrogen with column den-
sity Ng = 1.89 x 10?2 cm™2 (Kalberla et al. 2005). We as-
sumed the element abundances of Lodders (2003).

3.1 The RGS spectra

NGC 4593 is known to host a warm absorber from
previous observations with  Chandra and XMM-
Newton (McKernan et al. 2003; Steenbrugge et al. 2003,
Brenneman et al. 2007; Ebrero et al. 2013). The location of
this ionized absorber is at least a few pc from the central
source (Ebrero et al. 2013), therefore we do not expect it
to significantly vary on a few days time-scale. We thus
co-added the RGS data from the different epochs, for
each detector, to obtain a better signal-to-noise ratio. We
fitted the RGS1 and RGS2 co-added spectra in the 0.3-2
keV band. We used a simple model including a power law

RGS spectra and best—fit model
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Figure 3. Upper panel: the XMM-Newton/RGS spectra (15-32

A) with the best-fitting model. Data are rebinned for displaying
purposes only. Lower panel: the ratio of the spectra to the model.

and the warm absorber. To find a good fit, we needed to
include two ionized absorbers, both modelled using the
spectral synthesis code cLouDy (Ferland et al. 2013). We
built a cLOUDY table model with an allowed range for the
ionization parameter logé of 0.1-4.9 (in units of ergs s™!
cm), while the allowed range for the column density
is 10'°-10%* cm™2. These ranges are suitable for both
absorption components. Starting with a fit including only
one absorption component, we find C/dof = 6131/5388.
Adding a second component, we find C/dof = 5941/5384
(AC/Adof = —190/ — 4) and positive residuals around
22 and 29 A, that may be attributed to the K «a triplets
of the He-like ions O vii and N vI. To constrain the
parameters of such emission lines, we performed two local
fits at the corresponding wavelengths, on intervals ~ 100
channels wide. Due to the small bandwidth, the underlying
continuum is not sensitive to variations of the photon index.
We thus fixed it at 2, leaving free the normalization of the
power law. With such fits, we detect four significant (at
90% confidence level) emission lines. We identify the lines as
the intercombination (1s*'Sy — 1s2p®Ps,1) and forbidden
(182 1So — 1823351) components of the O v K « triplet,
and the resonance (152 1Sy — 152p1P1) and forbidden
components of the N vi K « triplet (see Table 2). We first
modelled these lines using four Gaussian components. After
including the lines in the fit over the whole energy range, we
find C/dof = 5869/5376 (i.e. AC/Adof = —72/—8). Then,
we replaced the Gaussian lines with the emission spectrum
from a photoionized plasma, modelled with a CLOUDY table
having the ionization parameter, the column density and
the normalization as free parameters. We find a nearly
equivalent fit, C/dof = 5866/5379 (AC/Adof = —3/+3)
and no prominent residuals that can be attributed to strong
atomic transitions (see Fig. 3). The best-fitting parameters
of the warm absorbers and of the emitter are reported in
Table 3.
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Table 2. The emission lines detected in RGS spectra. Ap and Narrow Fe Ko line flux and EW versus primary flux

E7 are the theoretical wavelength and energy of the lines (rest- )
frame), as reported in the ATOMDB database (Foster et al. 2012). 3.0x10°5
o is the intrinsic line width and v is the velocity shift with respect 5 + 41
to the systemic velocity of NGC 4593; these two parameters were E 2.4x1075 .
fixed between lines of the same multiplet. The flux is in units of E 4
10~5 photons cm~2 s~ 1. 18x107°
o (B)
line id. Ar (A)  BEr (keV) o (eV) v (kms!) flux 150 1
||
O i (f)  22.091 0561 07194 _4s0+110 62720 B 1 \l p=-082,p=0.0%5
° : ] L
Ovu (i) 21.795 0.569 - - 2.371% ¥ 100 ‘ H%K
N =
—
Nvi(r) 28.738 0.431 <1 3607750  4.0733 b o
. 50
Nwvi(f)  29.528 0.420 . - 4.61%7
® —21 12x107 15x107! 1.8x10™! 2.1x107!!
F(3-10keV)

Table 3. Best-fitting parameters of the warm absorbers (wWal,
WA2) and photoionized emission (EM), for the RGS spectra. For
all these models, £ is the ionization parameter, o, is the turbulent
velocity, Ny is the column density and v is the velocity shift
with respect to the systemic velocity of NGC 4593; Ngy is the
normalization of the photoionized emission table.

log w1 (ergs s™1 cm) 2.22 4+ 0.01

log o wa1 (km s™1) 1.72 4+ 0.07
log Nig,wa1 (em™?) 21.8375-07
vwal (km S_l) —870 + 60

log Ewaz (ergs s~1 cm) 0.43 + 0.08

log o, wa2 (km s™1) unconstr.
log N ,wa2 (cm™2) 20.90 + 0.02
vywaz (km s™1) —300 = 200

log €py (ergs s™1 cm) 0.56 = 0.03

log oy su (km s_l) unconstr.
log Ny v (cm™2) >21.4
ven (km s™1) —1720 £ 60
Ny (Xloils) 6+£1

3.2 The Fe K « line

We next investigated the properties of the Fe K « line at
6.4 keV. We focused on XMM-Newton/pn data, given their
better energy resolution compared with NuSTAR in that
energy band. We fitted the six pn spectra between 3 and
10 keV, to avoid the spectral complexities in the soft X-
ray band. The model included a power law plus a Gaussian
line at 6.4 keV. Due to a known calibration problem in pn
data, the energy of the Gaussian line is blueshifted by ~ 50
eV with respect to the theoretical value of 6.4 keV (for a
detailed discussion, see Cappi et al. 2016). The shifts vary
between different observations and are present using either
single plus double or single-only events, despite the use of the
latest correction files for charge transfer inefficiency (CTI)
and procedure as described in Smith et al. (2014, XMM-CCF-
REL-323"). This is likely an effect of the long-term degrada-

1 http://xmm?2.esac.esa.int
/docs/documents/CAL-SRN-0323-1-1.ps.gz

Figure 4. Parameters of the narrow Fe K « line at 6.4 keV,
plotted against the primary flux in the 3-10 keV band. Panel (A):
the line flux in units of photons cm~2 s~!. Panel (B): the line
equivalent width (EW) in units of eV. Error bars denote the 1-o
uncertainty. The blue solid lines represent the mean value for each
parameter, while the blue dashed lines represent the standard
deviation (i.e. the root mean square of the deviations from the
mean). The red line represents a linear fit to the data.

tion of the EPIC/pn CTI. To correct for such uncertainty,
we fixed the Gaussian line energy at 6.4 keV, implying pro-
duction by “cold” iron, i.e. less ionized than Fe Xi1, while
leaving the redshift free to vary in pn data. We find an ac-
ceptable fit (x?/dof = 648/571) assuming an intrinsically
narrow line, i.e. its intrinsic width o is fixed at zero. If o
is left free, we find a slightly better fit (x?/dof = 643/570,
i.e. Ax?/Adof = —5/—1), with o = 50 4 30 eV and a prob-
ability of chance improvement (calculated with the F-test)
around 0.04.

‘We then looked for the presence of a broad line compo-
nent at 6.4 keV. We added a second Gaussian line at 6.4 keV,
leaving free the intrinsic width of both lines. The fit improves
significantly (x?/dof = 608/563, i.e. Ax?/Adof = —35/—7).
The narrow line component has now an intrinsic width con-
sistent with zero, therefore we fixed it at o = 0. The broad
component has o = 450f%0 eV. We report in Fig. 4 and 5
the flux and equivalent width of both the narrow and broad
components, plotted against the primary flux in the 3-10
keV band. The strong variability of the primary flux is not
accompanied by a corresponding variability of the narrow
line flux, which is consistent with being constant. As a con-
sequence, the equivalent width is anticorrelated with the pri-
mary flux. The Pearson’s coefficient is —0.82, with a p value
of 4.5 x 1072, The broad line flux, instead, shows hints of
variability (a fit with a constant gives a reduced chi-square
of 1.44), while the equivalent width is consistent with being
constant (a fit with a constant gives a reduced chi-square
of 0.67; the Pearson’s coefficient is —0.55, with a p value of
0.25). However, by including only two Gaussian lines at 6.4
keV, we find positive residuals around 7 keV which could be
a potential signature of line emission from ionized iron, such
as the K « line of Fe XXVI at 6.966 keV (rest-frame), or of
the K 8 line of neutral iron at 7.056 keV. Brenneman et al.
(2007) found evidence for a narrow, hydrogen-like Fe K «
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Broad Fe Ka line flux and EW versus primary flux
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Figure 5. Parameters of the broad Fe K « line at 6.4 keV, plotted
against the primary flux in the 3-10 keV band. Panel (A): the line
flux in units of photons cm~2 s~1. Panel (B): the line equivalent
width (EW) in units of eV. Error bars denote the 1-¢ uncertainty.
The blue solid lines represent the mean value for each parameter,
while the blue dashed lines represent the standard deviation.

emission line in this source by using XMM-Newton/pn data.
Markowitz & Reeves (2009) found only an upper limit on
the presence of this line by using Suzaku data, but instead
found a significant neutral Fe K (3 line. To test for the
presence of such components, we included a third, narrow
Gaussian line. We kept the line flux tied between different
observations. Fixing the line energy at 6.966 keV, we find
x?/dof = 596/573 (Ax?/Adof = —20/—1), and no improve-
ment by adding another Gaussian line at 7.056 keV. The fit
is only slightly worse if we fix the energy of the third line at
7.056 keV instead of 6.966 keV (Ax* = +2). We measure a
flux of (6 & 2) x 107® photons cm™2 s™' for this line, and
an equivalent width ranging from 254 10 eV to 40 +20 eV.
The ratio of the flux to that of the narrow Fe K « line is
0.2540.14, roughly consistent with the predicted ratio of flu-
orescence yields for K /K a (~ 0.13, see Kaastra & Mewe
1993; Molendi et al. 2003). Finally, we note that the intrin-
sic width of the broad component at 6.4 keV is now found
to be o = 300712 eV, while all the other parameters of the
narrow and broad components are not significantly altered
by the addition of the third line. We also tried to thaw the
energy of the broad component, to test if it could be due
to ionized material. However, the fit is not significantly im-
proved, and the line energy is found to be £ = 6.44 + 0.11
keV.

Overall, these results are consistent with the cold, nar-
row Fe K « line being produced by reflection off relatively
distant material, lying at least a few light days away from
the nucleus. A statistically significant broad component is
detected, showing hints of variability, albeit with no clear
trend with respect to the primary flux. The results on the
iron lines are summarized in Table 4. Finally, we had a
first look at the presence of reflection components associ-
ated with the iron lines, using the energy range from 3 keV
up to 79 keV. We fitted the XMM-Newton/pn and NuSTAR
data with a simple power law plus three Gaussian emission
lines, i.e. the narrow lines at 6.4 keV and 6.966 keV and the

Data above 3 keV fitted with a power law and 3 Gaussians
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Figure 6. Upper panel: the pn and NuSTAR spectra above 3
keV fitted with a model including a simple power law and three
Gaussian lines. Lower panel: the ratio of the spectra to the model,
showing an excess around 30 keV. The data were binned for plot-
ting purposes.

broad component at 6.4 keV, finding x?/dof = 2084,/1923.
The residuals indicate the presence of a moderate Compton
hump peaking at around 30 keV (see Fig. 6).

3.3 The broad-band fit

After getting a clue to the origin of the iron line and to
the presence of a reflection component, we fitted the pn and
NuSTAR data in the whole X-ray energy range (0.3-79 keV).
We modelled the primary continuum with a cut-off power
law. The other components are described below. In XSPEC
notation, the model reads: PHABS*WA1*WA2*(SOFT LINES
-+ CUTOFFPL + DISKBB + RELXILL + XILLVER), where WA1,
WA2 and SOFT LINES denote the CLOUDY tables described
in Sec. 3.1.

The reflection component: In Sect. 3.2, we found the
presence of both a narrow and a broad Fe K « line com-
ponents together with a Compton hump. We thus modelled
the reflection component with XILLVER (Garcia & Kallman
2010; Garcia et al. 2013) and RELXILL (Garcia et al. 2014)
in XSPEC. Both models self-consistently incorporate fluores-
cence lines and the Compton reflection hump, and in RELX-
ILL such components are relativistically blurred. We used the
XILLVER-A-EC4 version, which takes into account the angu-
lar dependence of the emitted radiation and includes a pri-
mary power law with an exponential cut-off up to 1 MeV?,
and the RELXILL version 0.4c>. Since the inclination angle of
both reflectors was poorly constrained, we fixed it to 50 deg,
consistently with past studies on this source (Nandra et al.
1997; Guainazzi et al. 1999). We assumed for XILLVER and
RELXILL the same iron abundance Ape, which was a free

2 nttp://hea-www.cfa.harvard.edu/" javier/xillver/
3 http://www.sternwarte.uni-erlangen.de
/ dauser/research/relxill/index.html
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Table 4. The properties of the iron K emission lines (see text and
Figs. 4, 5 for the details). E is the energy of the lines (rest-frame),
o is the intrinsic line width and EW is the equivalent width. The
flux is in units of 10~° photons cm™2 s~ 1. Parameters in italics
were frozen.

E (keV) o (eV)  average flux average EW (eV)
6.4 (narrow) 0 2.42 106
6.4 (broad) 300713 2.36 102

7.056 0 0.6 30

parameter of the fit, but tied between the different observa-
tions.

In RELXILL, the normalization was left free to vary be-
tween the different observations. The input photon index
and cut-off energy were tied to that of the primary power
law, as this reflection component was assumed to originate
relatively close to the primary source. A priori, also the
ionization could change among the observations, respond-
ing to the different ionizing flux from the primary source.
However, the ionization parameter was always found to be
consistent with a common value of log& ~ 3, therefore we
tied this parameter between the different observations. Sim-
ilarly, the inner radius of the disc was a free parameter of the
fit, but tied between the different observations since it was
consistent with being constant. Since the emissivity index
was poorly constrained, we fixed it at 3 (the classical case,
see e.g. Wilkins & Fabian 2012). We found no improvement
by assuming a broken power law for the emissivity profile.
Moreover, since the black hole spin parameter a was poorly
constrained, we assumed a = 0.998.

The XILLVER component was consistent with being con-
stant, being associated with the narrow, constant component
of the Fe K « line. The normalization was a free parameter
of the fit, but tied between the different observations. Since
the input photon index and cut-off energy of XILLVER were
poorly constrained, we fixed them to the average values of
the photon indexes and of the cut-off energies of the primary
power law found in each observation. We fixed the ionization
parameter at the minimum value in XILLVER, log ¢ = 0, with
no improvement by leaving it free.

We also tested the possibility that the iron line and the
reflection hump are not directly correlated. We thus included
an additional narrow Gaussian line at 6.4 keV, not related
to the reflection components. Such a line could originate
from Compton-thin gas, which does not produce a significant
Compton hump (e.g., Bianchi et al. 2008). However, the fit is
only marginally improved, and the parameters of the reflec-
tion components are not significantly altered. Therefore, for
the sake of simplicity, we included only XILLVER and RELXILL
in our model.

The warm absorber and soft lines: Following Sect.
3.1, we included two ionized absorbers and the soft X-ray
emission lines found with RGS, modelled with cLoubpy. To
account for cross-calibration uncertainties between pn and
RGS, especially below 0.5 keV, the parameters of the ab-
sorbers were left free, but kept constant between the differ-
ent observations. We found no significant improvement by
leaving the warm absorber free to vary between the differ-
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ent observations. The CLOUDY table for the emission lines
was fixed to the RGS best-fitting values, as it was poorly
constrained by pn data. This reflected spectrum also adds a
weak contribution in the hard X-ray band, because it pro-
duces self-consistently an iron line and a reflection hump
(see Fig. 7).

We also tested a partial covering scenario for the warm
absorbers. However, we find that if the covering fraction of
both components is allowed to vary, it is consistent with 1.

The soft excess: Ionized reflection alone does not ex-
plain all the observed soft excess in this source, because
including only the reflection components leaves strong,
positive residuals below 1 keV. We modelled the soft
excess phenomenologically with a multicolour disc black-
body component, through the DISKBB model in XSPEC
(Mitsuda et al. 1984; Makishima et al. 1986). The normal-
ization was left free to vary between different observations,
while the inner disc temperature was found to be consistent
with a common value of around 110 eV, thus it was tied
between the different observations.

In Fig. 7 we show the data, residuals and best-fitting
model, while all the best-fitting parameters are reported
in Table 5. According to our results, the unblurred reflec-
tion component (XILLVER) is consistent with being con-
stant and due to neutral matter. The reflection strength
Rsxuwver, calculated as the ratio between the 20-40 keV
flux of the XILLVER component and the 20-40 keV pri-
mary flux, ranges between ~ 0.35 and ~ 0.6. This ratio
is slightly different from the traditional reflection fraction
Ry = Q/2m, where © is the solid angle subtended by the
reflector (Magdziarz & Zdziarski 1995). We discuss this fur-
ther in Sect. 4. The blurred component (RELXILL) is due to
an ionized disc with £ ~ 1000 ergs s cm, and with an inner
radius Rin ~ 40 Rc. The reflection strength R rerxie, i.€.
the ratio between the 20-40 keV flux of RELXILL and that
of the 2040 keV primary flux, ranges between ~ 0.15 and
~ 0.25. Analogous results are found calculating the ratio be-
tween fluxes in a broader energy range, such as 0.1-100 keV
(e.g., Wilkins et al. 2015). With this choice, we find similar
values for R reixue, while for R xuwwver we find 0.15-0.35.
However, using the 2040 keV range is likely more appro-
priate, as the reflection spectrum in that band is dominated
by Compton scattering, only weakly depending on the iron
abundance or the ionization state (Dauser et al. 2016). We
also estimated the equivalent width of the broad iron line as-
sociated with RELXILL, finding values consistent with those
measured in Sec. 3.2, namely 100-150 eV.

Concerning the primary continuum, we find significant
variations of the photon index (up to AT' ~ 0.2) and of the
high-energy cut-off. The contour plots of the cut-off energy
versus photon index are shown in Fig. 8. To check the sig-
nificance of the cut-off energy variability, we repeated the
fit keeping the cut-off energy FE. tied between the different
observations. We find E. = 4201139 keV, however the fit is
significantly worse (Ax?/Adof = +48/+5 with a p value of
3 x 1078 from an F-test). We also performed a fit to the
co-added pn and NuSTAR spectra (see Table 5), finding a
photon index of 1.84 +0.01 and a cut-off energy > 640 keV.
More importantly, the parameters are consistent with those
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that were kept constant in the simultaneous fit of the single
observations.

A multicolour disc black-body with an inner tempera-
ture of ~ 110 eV is found to describe well the soft excess
seen on top of the primary power law and of the ionized
reflection component. We note that, if the primary power
law is due to Comptonization, it should have a low-energy
roll-over dependent on the temperature of the seed photons,
which could enhance the soft excess. However, if the seed
photons are in the optical/UV band, the effect is negligible
when fitting the data above 0.3 keV (see also the discussion
in Sect. 4). We also found a significant correlation between
the soft excess flux and the primary emission. We show in
Fig. 9 the 3-10 keV flux of the primary power law, the 10-50
keV flux and the photon index, plotted against the DISKBB
flux in the 0.3-2 keV band. The correlation between the
DISKBB flux and the soft primary flux has a Pearson’s coef-
ficient of 0.98 and a p value of 8 x 10, For the hard band,
the Pearson’s coefficient is 0.95, with a p value of 3.3 x 1073,
For the photon index, the Pearson’s coefficient is 0.97, with
a p value of 1.8 x 1073, A detailed modelling of the soft ex-
cess is beyond the scope of this paper, and it is deferred to
a following paper.

4 DISCUSSION AND CONCLUSIONS

We reported results based on a joint XMM-Newton and NuS-
TAR monitoring of NGC 4593, aimed at studying the broad-
band variability of this AGN in detail.

The source shows a remarkable variability, both in flux
and in spectral shape, on time-scales of a few days and
down to a few ks. While flux variability is significant at all
energies, the spectral variability is mostly observed below
10 keV. Moreover, the spectrum is softer when the source
is brighter, as generally found in luminous Seyfert galax-
ies (e.g., Markowitz et al. 2003; Sobolewska & Papadakis
2009; Soldi et al. 2014). If the X-ray emission is produced
by Comptonization, the relation between observed flux and
photon index can be understood as an effect of that pro-
cess. The spectral shape primarily depends on the optical
depth and temperature of the Comptonizing corona, albeit
in a non-trivial way (e.g., Sunyaev & Titarchuk 1980). The
photon index can be also related to the Compton amplifica-
tion ratio, i.e. the ratio between the total corona luminosity
and the soft luminosity that enters and cools the corona.
A higher amplification ratio corresponds to a harder spec-
trum (e.g., Haardt & Maraschi 1993). In the limiting case
of a “passive” disc, which is not intrinsically radiative but
rather reprocesses the coronal emission, the amplification
ratio is fixed by geometry alone (e.g., Haardt & Maraschi
1991; Stern et al. 1995). Then, in steady states (i.e. the sys-
tem is in radiative equilibrium), the coronal optical depth
and temperature adjust to keep the amplification ratio con-
stant. But the amplification ratio can change following ge-
ometry variations of the accretion flow. For example, the
inner radius of the disc may be different from the innermost
stable circular orbit (as suggested by the fit with the rela-
tivistic reflection) and change in time?, causing a decrease of
the soft luminosity supplied by the disc. This, in turn, may

4 We do not detect significant variations of the inner radius of the

increase the amplification ratio, leading to a harder spec-
trum. This kind of behaviour is especially apparent during
obs. 1, where a significant flux drop (a factor of ~ 2 in the
0.5-2 keV count rate) is accompanied by a significant hard-
ening of the spectrum (AT ~ 0.15).

However, we also find a significantly variable high-
energy cut-off (see Fig. 8). In particular, the lowest cut-off is
seen during obs. 2, where E. = 9013) keV. This corresponds
to the hardest spectrum, with I' ~ 1.6. For the softest spec-
tra, like obs. 1-I and obs. 5, we only find a lower limit on
E. of several hundreds of keV. Since the cut-off energy is
generally related to the coronal temperature (Fc ~ 2-3kT,
e.g. Petrucci et al. 2001), our results might suggest that this
temperature undergoes huge variations (from a few tens up
to a few hundreds of keV) during a few days. However, it
should be noted that the turnover of a Comptonized spec-
trum is much sharper than a simple exponential cut-off (e.g.,
Zdziarski et al. 2003). Then, fitting the data with a cut-off
power law provides only a phenomenological description that
does not allow for an unambiguous physical interpretation
(e.g., Petrucci et al. 2001).

We confirm the presence of a warm absorber affecting
the soft X-ray spectrum. Ebrero et al. (2013), using a 160
ks Chandra data set, found evidence for a multi-phase ion-
ized outflow with four distinct degrees of ionization, namely
log& = 1.0,1.7,2.4 and 3.0. The low-ionization components
were found to have lower velocities (300-400 km s~') than
the high-ionization components (up to ~ 1000 km s~ ). Ac-
cording to our results, a two-phase ionized outflow provides
an adequate characterization of this gas, both for RGS and
pn spectra. These two components have different degrees of
ionization, namely logé& ~ 2.2-2.5 and 0.1-0.4, and differ-
ent column densities, Ny ~ (2-7) x 102" and (0.8-1.2) x 102
cm ™2, with uncertainties due to the different estimates based
on pn and RGS data. The two components are also kinemat-
ically distinct, with the high-ionization component outflow-
ing faster (v ~ —900 km s™') than the low-ionization one
(v ~ —300 km s~ '). We can derive a rough upper limit on
the distance of such components in the following way (see
also Ebrero et al. 2013). By definition, £ = Lion/nRQ, where
Lion is the ionizing luminosity in the 1-1000 Ryd range, n is
the hydrogen gas density and R the distance. If we assume
that the gas is concentrated within a layer with thickness
Ar < R, we can write R < Lion/Nu€, where Ny = nAr.
The average ionizing luminosity that we obtain from our
best-fitting model is ~ 1 x 10*® ergs s™!. Then, from the
measurements of Ng and £ we get an upper limit on R. For
the high-ionization component we estimate R < 3 pc, while
for the low-ionization component R < 1.5 kpc. The outflows
are thus consistent with originating at different distances
from the nucleus, as found by Ebrero et al. (2013), with the
high-ionization and high-velocity component possibly being
launched closer to the central source.

We find evidence for a cold, narrow Fe K « line which
is consistent with being constant during the monitoring. A
broad component is also detected, and is consistent with
originating at a few tens of gravitational radii from the black

RELXILL reflection component. However, given the uncertainty, we
cannot exclude variations by up to a factor of 2 (from ~ 25 to
~ 50 Rg).
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XMM/pn and NuSTAR data with best—fitting model
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Figure 7. Broad-band X-ray data and best-fitting model (see Table 5). Upper panel: XMM-Newton/pn and NuSTAR data and folded
model. Middle panel: contribution to x2. Lower panel: best-fitting model E2f(E), with the plot of the reflection components XILLVER
(dotted line) and RELXILL (dashed lines), the cCLOUDY model for the soft emission lines with associated reflected continuum (solid line),
and the DISKBB component for the soft excess (dotted lines). The data were rebinned for plotting purposes.

hole. The Fe K « line is accompanied by a moderate Comp-
ton hump (the total reflection strength is approximately 0.5—
0.8). All these features are well modelled by including two
different reflection components, both requiring an iron over-
abundance of 2-3. One component (XILLVER) is responsible
for the narrow core of the Fe K « line, and is consistent with
arising from a slab of neutral, Compton-thick material. This

component is also consistent with being constant, despite the
observed strong variability of the primary continuum. The
variability of the primary emission can be diluted in a dis-
tant reflector, if the light-crossing time across the reflecting
region is more than the variability time-scale of the primary
continuum. In this case, the reflector responds to a time-
averaged illumination from the primary source. Therefore,
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Figure 8. Contour plots of the primary continuum cut-off energy
versus photon index for each observation (see also table 5). Green,
red and black lines correspond to 99%, 90% and 68% confidence
levels, respectively.
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Figure 9. Three parameters of the primary power law plotted
against the flux of the soft excess (calculated as the 0.3—2 keV flux
of the DISKBB component, see Sect. 3.3). Upper panel: primary flux
in the 3-10 keV range. Middle panel: primary flux in the 10-50
keV range. Lower panel: primary photon index. All fluxes are in
units of ergs s~! cm~2. The blue solid lines represent the mean
value for each parameter, while the blue dashed lines represent
the standard deviation. The red lines represent linear fits to the
data.

the reflecting material should lie at least a few light days
away from the primary source, and it can be interpreted as
the outer part of the accretion disc. The reflection strength
Rs xiver, Namely the ratio between the reflected and the pri-
mary flux in the 20-40 keV band, is in the range 0.35-0.6.
According to Dauser et al. (2016), the reflection strength is

likely an underestimate of the reflection fraction Ry, defined
as the ratio between the primary intensity illuminating the
disc and the intensity reaching the observer. The difference is
that R, depends on the inclination of the reflector, while R
does not. For an isotropic source, Ry = Q/2m, where Q is the
solid angle covered by the reflector as seen from the primary
source. Dauser et al. (2016) report Rs =~ 0.7 when Ry is set
to 1 in XILLVER, for an inclination angle of 50 deg. There-
fore, in our case, we estimate Ry xuver to be in the range
0.5-0.85. This would correspond to a solid angle between
and 1.77. However, there are a few caveats. First, if the re-
flecting material is more distant (e.g. a torus at pc scales),
the reflection fraction might not be closely related to the
viewing angle (e.g., Malzac & Petrucci 2002). Furthermore,
the X-ray emitting corona could be outflowing or inflowing
rather than being static (Beloborodov 1999; Malzac et al.
2001). In this case, the reflection fraction would depend also
on the velocity of the corona, because the relativistic beam-
ing would result in an anisotropic illumination (Malzac et al.
2001).

The second reflection component (RELXILL) is responsi-
ble for the broad Fe K « line, and is consistent with orig-
inating from the inner part of the accretion disc, down to
~ 40 Rg. Given the black hole mass of ~ 1 x 107 solar
masses, a distance of 40 Rg corresponds to a light-travel
time of ~ 2 ks. Indeed, this reflection component appears to
respond to the variability of the primary continuum (see Ta-
ble 5 and Fig. 5 from the phenomenological fit of the broad
Fe K « line with a Gaussian component). A more detailed
discussion is deferred to a forthcoming paper, where a tim-
ing analysis will be performed (De Marco et al., in prep.).
The reflection strength R grewxie is ~ 0.2, and the effects
of light bending in RELXILL may complicate the geometrical
interpretation (Dauser et al. 2016). However, given the rela-
tively large inner disc radius, we do not expect a strong mod-
ification of the reflection fraction (e.g., Dauser et al. 2014).
Using the same relations as for XILLVER, we find a cover-
ing angle ) ~ 7. Finally, our results suggest that a slightly
larger R rerxns corresponds to the low-flux states, i.e. to a
flatter I, whereas a correlation between the photon index
and the reflection fraction is usually found in AGNs (e.g.
Zdziarski et al. 1999; Malzac & Petrucci 2002). According
to Zdziarski et al. (1999), a correlation can be explained if
the reflecting medium is also the source of seed soft pho-
tons that get Comptonized in the hot corona. In our case,
the lack of such a correlation and the presence of a strong
soft excess suggest that the source of soft photons and the
reflecting medium are not one and the same.

The soft X-ray excess is phenomenologically well de-
scribed by a variable multicolour disc black-body. Physically,
the soft excess could be produced by a warm corona up-
scattering the optical/UV photons from the accretion disc
(see, e.g., Magdziarz et al. 1998; Petrucci et al. 2013). This
warm corona could be the upper layer of the disc (e.g.,
Rézanska et al. 2015). The observed correlation between the
flux of the soft excess and that of the primary power law
(Fig. 9) could indicate that these two components arise from
the Comptonization of the same seed photons. Then, the ob-
served correlation between the soft excess and the primary
photon index can be seen as a simple consequence of the flux
correlation and of the softer-when-brighter behaviour of the
primary continuum. However, the actual scenario could be

114



Appendix

more complex. Assuming that the soft excess is produced
by a warm corona, part of this emission (depending on ge-
ometry) could be in turn upscattered in the hot corona and
contribute to its Compton cooling. In this case, a larger flux
from the warm corona would imply a more efficient cool-
ing of the hot corona, thus a softer X-ray emission. These
results motivate a further, detailed investigation using real-
istic Comptonization models, which will be the subject of a
forthcoming paper.
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Table 5. Best-fitting parameters of the broad-band (0.3-80 keV) phenomenological model described in Sect. 3.3: WA1*WA2*(SOFT
LINES + CUTOFFPL + DISKBB + RELXILL + XILLVER). In the second column we report the fit parameters that were kept constant, i.e.
they were constrained by all observations. In the third to eighth column, we report the fit parameters that were free to vary for each
observation. In the last column, we report the best-fitting parameters for the summed spectra. Parameters in italics were frozen due to

poor constraints.

all obs. obs. 1-I obs. 1-II obs. 2 obs. 3 obs. 4 obs. 5 summed
log &wa1 2.71 £0.05 2.70+0-09
log oy, wa1 > 2.2 2.5
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log &rprxitL 300t8?é 293t8(1)51§
Rin (Rg) 40 4+ 15 401}53
N (x107°) 31£07  25+£05 24+03 26+£03 4670 4.210-2 3.310-7
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The ongoing project CHEESES (Constraining the High-Energy Emission Sources in
the Environment of Supermassive Black Holes) is aimed at performing a systematic and
detailed spectral analysis of the good quality data of a large sample of AGNs with phys-
ical Comptonization models. In this chapter I will describe this project, which is a
French/Italian collaboration funded by a PICS (Projet International de Coopération Sci-
entifique) CNRS/INAF (co-Pls: P.-O. Petrucci, A. De Rosa) from 2013 to 20167} focusing
on the specific contribution of this thesis.

7.1 Goals and sample selection

The scientific goal of the project is deriving informations on the geometrical, dynamical
and energetic properties of the accretion flow that powers AGNs, and on the radiative
processes responsible for their high-energy emission.

As T have discussed in the previous chapters, constraining the high-energy emission of
AGNSs requires disentangling the different components that contribute to the spectrum.
For this goal, the availability of multiple observations on adequate timescales is of great
importance. For example, the relation between optical/UV and X-ray emission carries
information on the physical link existing between the accretion disc and the corona.
More generally, the different spectral parameters (such as the X-ray spectral index, the
luminosities in different energy bands and so forth) and their correlations bring useful
informations on the physical properties of the sources. In the previous chapters, I have
presented observational campaigns on single objects, which allow us to perform detailed

!The consortium includes A. De Rosa (INAF/IAPS), M. Cappi (INAF/IASF), G. Matt, S. Bianchi
(Roma Tre), P.-O. Petrucci, G. Henri (IPAG) and J. Malzac (IRAP).
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spectral analyses thanks to the high-quality data. The CHEESES project is based on a
complementary approach, as it focuses on a large sample of sources with archival data.

In recent years, a number of multiwavelength analyses have been performed on large
samples of AGNs, especially to study their broad-band spectral energy distribution (e.g.
Vasudevan & Fabian| 2009, |Jin et al.2012c, and references therein), their X-ray to op-
tical /UV properties (e.g. Lusso et al. 2010} [Jin et al. 2012a, and references therein),
and the correlations between different spectral and physical parameters (e.g. Jin et al.
2012b)). However, these past analyses were not aimed at testing physically motivated
Comptonization models. On the other hand, the CHEESES project is mainly focused on
testing realistic physical models and studying the variability properties of the sources.

To study the link between the cold phase (UV-emitting) and the hot phase (X-ray-
emitting) of the accretion flow, the CHEESES sample must include bright sources with
simultaneous data in the optical/UV and X-ray bands. The capabilities of XMM-Newton
are optimal for this task, as it provides both high-quality X-ray spectra with the EPIC-pn
camera, and optical/UV data with the optical monitor (OM). The sample was thus built
starting from the sources observed by XMM-Newton, with public data as of April 16, 2014,
cross-correlated with the AGNs and quasars catalogue of |Véron-Cetty & Véron, (2010)).
The sources were further selected using the criteria of the CAIXA catalogue (Bianchi et al.
2009a)), i.e. the sources are radio-quiet and unobscured (Ng < 2 x 10*? cm™2). In addition
to this, they have more than one exposure with pn. Finally, the observations for each
source were selected to have at least one OM filter out of six, cross-correlating the initial
sample with the XMM-Newton/OM serendipitous UV source survey catalogue (OMSUSS
v2.1, [Page et al. 2012)E]. We report the sample in Table The sample includes 70
sources with a total number of 251 observations.

7.2 Data analysis: physical modelling of the SED

One of the primary goals of the project is to perform a spectral analysis with a physical
Comptonization model. Given the large number of observations, a careful source-by-
source analysis would require an extremely long time. We thus considered the possibility
of fitting the spectra through an automatic process using XSPEC, which has been my main
contribution to the project. I fitted the pn data in the 0.3-10 keV rangd?], simultaneously
with the available OM filters. In the following, I describe the strategy and the preliminary
results.

7.2.1 Model and strategy: an automatic fitting procedure

We aimed at fitting each spectrum with a realistic thermal Comptonization model
for the continuum emission. In particular, I tested a model including two Comptonized
components, in a similar fashion as Petrucci et al.| (2013): one component accounts for
the UV bump and the soft X-ray excess, and models emission from a warm (kT ~ a
few hundreds of eV) and optically thick (7 ~ 10) corona, while the second component
accounts for the hard X-ray emission. I also included a reflection component (with XIL-
LVER, |Garcia & Kallman 2010) and absorption, as explained below. Moreover, since we

2The selection of the sample was carried out by A. De Rosa.
3The data reduction was performed by S. Bianchi, see Bianchi et al.|(2009a)) for the details.
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Table 7.1 — The CHEESES sample. For each source, I report the number of XMM-Newton/pn
exposures (2nd column) and the number of exposures with the six OM filters (3rd to 8th column).

UVW1UVM2 UVW2

1
7

Source pn

1AXGJ044749-0629 2
1H0419-577 8
1HO0707-495 14
9MASXJ09195126-0735413 1
AKN564
ES0113-G010
ES0141-G055
ES0198-G24
FAIRALL1146
FAIRALLS51
FAIRALL9
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HB890405-123
HE1029-1401
IRAS13349+2438
IRAS17020+4544
IRAS20051-1117
IRASF12397+3333
IRASF21325-6237
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Figure 7.1 — The table model for .
the small blue bump imported in ;fﬂlmbﬂ
XSPEC, plus the galaxy template (in P | ‘ ‘ ‘
. 2000 5000
green). See also Fig. Wavelength (A)

use optical/UV data, we must take into account two main components that can give a
significant contribution in the optical /UV. One is the host galaxy, especially in the optical
band (while its UV emission is normally negligible). The second main component is the
BLR, which is responsible for the so-called small blue bump around 3000 A. I refer the
reader to Fig. (from [Mehdipour et al.|2015) for a clear view of these contributions
in the case of NGC 5548. For the galaxy contribution, I assumed the same template
spectrum as the one used by Mehdipour et al. (2015) for NGC 5548, because the precise
spectral shape does not matter when using only six broad-band filters.

I developed a script to automatically fit all the spectra, using XSPEC, with the model
sketched above. This model takes into account the main spectral components that are
generally seen in AGNs, yet it is relatively simple and suited for a large sample. I describe
the components in more detail below.

The small blue bump: For this component, I needed to build a model suitable for
XSPEC. I neglected the contribution from narrow emission lines, given the low resolution of
the OM filters. I did not use the OM grisms because I was mainly interested in fitting the
continuum. The small blue bump is due to the superposition of two components: blended
Fe 11 emission lines and Balmer continuum. The Fe 11 in the BLR produces thousands
of emission lines, resulting in a complex spectrum between 2000 and 4000 A (Netzer &
Wills||1983; Wills et al.|[1985)). The Balmer continuum is due to H recombination, and
its flux can be expressed as F2¢ = FBEexp[—h(v — vgg)/ksT], where FPE is the flux
at the Balmer edge (Apg = 3646 A) and T is the electron temperature (Grandi/|1982). I
used the model calculated by [Wills et al.| (1985) for the Fe 11 emissionﬁ and the formula of
Grandi (1982) for the Balmer continuum to produce a spectral model for XSPEC. A similar
procedure was implemented by Mehdipour et al. (2015) for the NGC 5548 campaign, using
the SPEX package (instead of XSPEC) and optimizing the model to exploit the resolution
of the grisms. In our case, including this component is important mainly for the UVW1
filter, whose bandpass (2080-3740 A) covers the wavelength range where the small blue
bump can be significant. I show the small blue bump model and the galaxy template in

Fig. [7.1]

4The model for Fe 11 was kindly provided by G. A. Kriss (STScI).
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The X-ray continuum: In the model, the X-ray continuum is the sum of two ther-
mal Comptonization components, one warm and one hot, both modelled with NTHCOMP
(Zdziarski et al.[1996; [Zycki et al[[1999). The main parameters of NTHCOMP are the elec-
tron temperature, the seed photon temperature, and the photon index of the asymptotic
power law. The distribution of the seed photons can be a blackbody or a multicolour disc
blackbody (Mitsuda et al.[[1984} |Makishima et al.|[1986]). I chose the latter distribution,
leaving the inner disc temperature free to vary and assuming it to be the same for the two
NTHCOMP components (but see the discussion in Sect. . I also left the asymptotic
photon index of both NTHCOMP components free to vary, expecting I'y, >~ 2.5 — 3 for the
warm component (e.g. Petrucci et al.|[2013) and T'y, ~ 1.5 — 2 for the hot component.
The electron temperature of the warm NTHCOMP was also free to vary, while I fixed the
electron temperature of the hot component to 100 keV, because of the lack of high-energy
data that would have been able to constrain the high-energy cut-off.

The reflection component: [ used XILLVER for the reflection component, leaving only
the normalization as a free parameter. Indeed, the main feature of XILLVER in the 0.3—
10 keV band is the Fe Ka line, plus some contribution to the continuum above 8 keV.
Therefore, the spectral shape of the illuminating radiation of XILLVER is not crucial. I
thus fixed the photon index of XILLVER to the arbitrary value of 1.9 and assumed an
iron abundance of 1 and an ionization parameter log& = 0. However, linking the photon
index of XILLVER to that of the primary continuum does not alter much the results. For
each source, the redshift is taken from the NASA/IPAC Extragalactic Database (NED)
or from the SIMBAD database operated at CDS, Strasbourg.

Absorption: [ included the Galactic neutral hydrogen column density, appropriate for
the sky coordinates of the source, from Kalberla et al.| (2005). I also included the redden-
ing, calculated from the Galactic extinction following (Giiver & Ozel (2009). For several
sources, I found a bad fit below 1-2 keV, with strong residuals likely due to ionized absorp-
tion. Therefore, I included a warm absorber modelled with a CLOUDY table (see Chapters
4 and 6), leaving free the column density and the ionization parameter.

For each source, I included the optical/UV corrections (i.e. the galaxy and/or the small
blue bump) depending on the OM filters available and on the redshift. For example, I
included the galaxy template only in the presence of optical (especially V and B) filters.
I note that the number of observations per source is variable between 1 and 16, and the
time intervals between the different observations of the same source are very disparate
among the sample. Then, for simplicity, I allowed all the free parameters of the model to
vary between different observations of the same source.

7.2.2 Results

The preliminary results of the spectral analysis of the CHEESES sample are various
and encouraging. A number of sources are well fitted by the model, with reasonable
parameters. I show four examples of statistically good fits in Fig. [7.3] for Fairall 9 and
Mrk 279, and in Fig. for Mrk 1018 and PG 1114+4-445.

In some cases, I find statistically bad fits, likely due to complex spectra that require
a more detailed analysis. In particular, some sources show strong residuals below 1-2
keV, most likely due to an imperfect modelling of the warm absorber (e.g., more than
one ionized absorber is probably needed to obtain a good fit). For example, the analysis
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yields bad fits for sources like MCG —6-30-15, Mrk 335 and NGC 4051, all known to
host complex, multiphase warm absorbers (e.g. Turner et al.|2003; |Grupe et al.|2008;
Krongold et al. [2007), or Mrk 766, which is also affected by partially covering, neutral
obscuration (Risaliti et al.|2011). Also complex NLS1s, such as 1H 0707-495 (e.g. Fabian
et al.[|2012, see also Chapter 8), are poorly fitted. I show in Fig. two examples of
unacceptable fits, for Mrk 335 and Mrk 766. However, in these two cases, the fits yield
reasonable parameters of the continuum. For other sources, instead, the statistically bad
fits also yield unphysical parameters, such as a flat photon index for the warm corona (T,
is sometimes pegged at 2, which is the lower limit I set in the model) and/or a very low
temperature of the warm corona (close to the lower limit of 50 eV).

In any case, from the best-fitting parameters we can estimate several key param-
eters of the warm and hot coronae. From the photon index and electron tempera-
ture, we can estimate the optical depth, e.g. using eq. : I' ~ (9/4)y~%° where
y = 4max(7, 72)(kgT/mec?) is the Compton parameter. From the fit, we also obtain the
model luminosity of both NTHCOMP components, corresponding to the luminosity of the
warm and hot coronae. Then, we can calculate the amplification factor (see Sect. ,
namely the ratio between the coronal luminosity L, and the input soft luminosity L,
which is related to the geometry.

In particular, it is interesting to estimate the amplification factor Ay = Lot w/ Lsw for
the warm corona. Indeed, we can test the hypothesis of a plane-parallel corona in thermal
equilibrium above a passive disc, in which case we expect an amplification factor A, close

to 2, since the corona is optically thick (Petrucci et al.[2013| see also Sect. [2.4.2)). Indeed,
from eq. we have

Ltot,w Ls,intr
Ay Low 2 (1 Lew ) : (7.1)
I also recall that, for an optically thick corona, the total luminosity is immediately derived
from the observed one: Liotw = 2Lobsw (see eq. [2.67).

From the spectral fits, finding Lopsw and thus Loy is straightforward. However,
estimating L, is not immediate and requires further analysis. For this goal, I use the
model DISKBB of XSPEC, consistently with the input photon distribution that I set in
NTHCOMP. First, I calculate the observed photon flux ng,s of the best-fitting warm
NTHCOMP component. Then, I assume that the intrinsic soft photon flux is ngy = 2ngps,
appropriate for an optically thick corona which fully covers the disc (see eq. . Then,
I set in DISKBB a photon rate ng and a temperature equal to that of the inner disc
temperature in NTHCOMP. [ then calculate the DISKBB model luminosity and, in so
doing, I estimate Ly .

If Litw = 2Lgyw (ie. Ay = 2), the model is self-consistent: all the optical/UV
emission and the soft X-ray excess can be produced by a warm corona covering the
(passive) accretion disc. If Liotw < 2Lsyw, we have an indication that the accretion disc
has some intrinsic emission contributing to Ls,, rather than being passive (see eq. |7.1]).
Finally, if Liotw > 2Ls, we have an indication that the observed optical/UV luminosity
is not totally due to the warm corona, for example because the corona does not entirely
cover the disc. In this case, we should see part of the disc emission that does not cross
the corona, and include this emission in the spectral model. I also point out that the
estimate of L, is not self-consistent in this case.

To summarize: the case A,, = 2 is consistent with a plane-parallel geometry, where
the warm, optically thick corona fully covers a passive disc. The case A,, < 2 is also con-
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sistent with the plane-parallel geometry, but the seed luminosity is larger than expected
(i.e. the disc is not passive). When A, is substantially above 2, the corona might be
patchy instead of fully covering, and a further optical/UV emission component should be
included. Finally, I note that eq. can be rewritten as

Ls,intr A

=1-_-x 7.2
Lew 5 (7.2)

(=

where ( is the intrinsic luminosity ratio (provided that A, < 2).

In general, most of the fits for the different sources show that (i) the optical depth is
large for the warm corona, i.e. 7 ~ 10 — 50; (ii) for the hot corona, the optical depth is
between 1 and 2; (iii) the temperature of the warm corona is mostly between 100 and 500
eV, with some indications of variability between the different observations of the same
source; (iv) Ay is generally close to 2, and down to 1.4 in some cases; (v) a number of fits
are not statistically good in terms of chi-square, mostly because of residuals in the soft
X-ray band that can be attributed to complex ionized absorption, however the best-fitting
parameters and variability behaviour are generally reasonable.

I plot in Fig. the values of the photon index and of the electron temperature found
for the warm corona, together with contours of constant amplification factor and optical
depthﬂ I exclude the statistically worse fits, i.e. those with x2/dof > 1.5. Interestingly,
the results on the warm corona seem to agree well with a little or no intrinsic emission
from the accretion disc, as I mostly find ¢ < 0.3, i.e. less than 30% of the soft emission is
intrinsic.

7.3 Discussion and perspectives

The CHEESES project is aimed at studying the spectral and variability properties
of a large sample of AGNs in the optical/UV and X-rays. As a first step, I performed

5T computed these contours using the NTHCOMP model in XSPEC. I defined a grid of 100 x 100 pairs
of photon indexes and temperatures, and calculated for each of them A, (with the procedure described
in the text) and 7 (inverting eq. [2.75). I fixed the inner disc temperature of NTHCOMP to 3 €V, however
this parameter does not affect much the results.
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a spectral analysis on a sample of AGNs with good quality data from XMM-Newton,
simultaneously fitting the spectra in the optical/UV band and in the 0.3-10 keV range.
I tested a two-corona Comptonization model (Petrucci et al. [2013), where the UV and
part of the soft X-ray emission (the soft excess) is due to a warm, optically thick corona
and the hard X-ray emission is due to a hot, optically thin corona. The results show that
this approach is viable and can give us new insights on the physical processes at play in
AGNs. In particular, the results of the spectral analysis yield informations on the physical
and geometrical parameters of the disc/corona system, such as the coronal optical depth,
temperature, and amplification factor.

A number of improvements and extensions are suggested by my preliminary analysis.
As I noted above, complex absorption affects several sources, so that the inclusion of only
one warm absorber is not always sufficient. In these cases, to obtain statistically good
fits, we likely need to add several ionized absorption components. Another possibility
is to exclude the objects showing evidences of a warm absorber (this was the choice of,
e.g., Jin et al.|2012¢). However, this would exclude many sources and it is probably not
necessary.

In some cases, the results of the analysis imply that the model must be corrected, in
particular when the amplification factor of the warm corona is significantly greater than
2. In this case, warm Comptonization in a plane-parallel corona does not explain the ob-
served data, and an additional UV emission component should be included. Interestingly,
when the amplification factor is about 2, the results are consistent with all the heating
taking place in the warm corona lying above a passive disc. A passive disc, i.e. that
just reprocesses coronal emission, would question the validity of the standard, Shakura-
Sunyaev model. Comparing the results of the spectral fits with theoretical calculations is
another interesting facet of this analysis. In particular, from the calculations of Rézanska
et al.| (2015), the values of the coronal optical depth and temperature that are commonly
found in the CHEESES sample seem to be consistent with an energetically dominant,
magnetic pressure-supported warm corona. My preliminary results indeed suggest that
most sources are consistent with having a warm corona on top of a nearly passive disc,
encouraging us to conduct further investigations (Petrucci et al., in prep.).

The flux and spectral variability of the sources can also give important informations.
For example, the existence (or lack) of a correlation between the UV and X-ray flux in
different energy bands is useful to constrain the relation between the UV and X-ray-
emitting regions. In particular, a model-independent correlation between the UV and
soft X-ray emission would support the warm corona scenario (e.g. Mehdipour et al.[2011}
Petrucci et al. 2013). I also note that I left all the parameters free to vary between
different observations of the same source. However, it is possible to tie the parameters
which are consistent with being constant to find better constraints. If, on the other hand,
the physical parameters of the coronae are found to be significantly variable, we can infer
constraints on their size and location from the variability time-scale.

With only XMM-Newton data, we cannot investigate the properties of the hot corona
in full detail, because of the lack of high-energy data. However, a sample including data
from Suzaku, Swift, INTEGRAL and NuSTAR will make it possible to constrain the
temperature and optical depth of the hot corona. The high-energy data will also allow
us to study the reflection component constraining the Compton hump. For example,
some sources are characterized by strong reflection, giving rise to relativistic features (see
Sect. and relativistically blurred, ionized reflection could explain the soft excess
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(Sect. . A positive correlation between the reflection strength and the soft excess is
expected in the ionized reflection scenario (Vasudevan et al.|[2014). However, Boissay et al.
(2016) found no correlation between reflection and soft excess, from the analysis of XMM-
Newton and Swift/BAT data of about 100 sources. Rather, Boissay et al.| (2016) suggested
that the strength of the soft excess correlates with both the primary photon index of the
hot corona and the Eddington ratio of the source. Such correlations can be explained by
warm Comptonization: a stronger soft excess might imply a more efficient cooling of the
hot corona and hence a steeper spectrum, while the relation with the Eddington ratio
may suggest a direct link between the accretion disc and the warm corona.

The relation between the warm and hot corona is another interesting point that is
worth examining. For example, I assumed a common temperature of the input soft
photons for the warm and hot coronae (generally found to be of a few eV from the fits).
However, this could not be the case if the two coronae are located at different radial
distances from the black hole (Petrucci et al. 2013, see also Chapter 3). In the case of
Mrk 509, |Petrucci et al.| (2013) found a soft photon temperature of ~ 100 eV for the
hot corona, and of ~ 3 eV for the warm corona. These different temperatures indicate
a spatial separation of the two coronae, the hot corona being closer to the black hole
(within 10-20 Rg, |[Petrucci et al[2013). In any case, UV data are pivotal to constrain the
low-energy cut-off corresponding to the soft photon temperature, thus constraining the
location of the coronae. The inclusion of HST or FUSE data could thus prove useful to
perform more detailed spectral analyses.

In conclusion, the preliminary results of the spectral analysis of the CHEESES sample
are promising. In a number of cases, the warm/hot Comptonization model that I tested
provides a good description of the data, and allows us to derive constraints on the physics
and geometry of the accretion flow. Perhaps the most intriguing result is that the UV /soft
X-ray emission of a large fraction of sources is well described by a disc/warm corona
system, where most of the power is released in the warm corona rather than in the
disc. From these results, I am also able to indicate corrections to the model and suggest
extensions of the sample and of the spectral and variability analysis. Part of this work
will be included in a forthcoming paper (Petrucci et al., in prep.).
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Figure 7.3 — Two results of the spectral fitting, for Fairall 9 (x?/dof = 249/238) and Mrk 279
(x?/dof = 250/244). Upper panel: The XMM-Newton/OM and pn data with folded model (see
Sec. . Middle panel: Data-to-model ratio. Lower panel: Best-fitting model E?f(E), with
the hot NTHCOMP (blue dotted line), the warm NTHCOMP (red dashed line) and XILLVER (green
solid line).
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Figure 7.4 — Two results of the spectral fitting, for Mrk 1018 (x2/dof = 216/222) and
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Chapter 8

Numerical simulations
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In this final chapter, I will present numerical simulations using a relativistic ray-tracing
code, developed by M. Dov¢iak (Astronomical Institute, Academy of Sciences of the Czech
Republic) and C. Done (Durham University). The code calculates the minimum size that
a hot corona should have in order to Comptonize enough UV photons to explain the
observed X-ray flux. My work has been aimed at testing this code on a large sample of
sources, as I will explain in the following.

8.1 The D&D code: constraining the coronal geom-
etry with ray-tracing

The code discussed in this chapter is presented in detail in |Dovcéiak & Done (2015,
hereafter DD15) and Dovciak & Done| (2016). The main issue addressed by the code of
Dovciak & Done| (hereafter D&D code) is the consistency between the lamp-post geome-
try, which assumes a point-like corona (see Sect. , and the constraints on the coronal
geometry derived from Comptonization. As we have seen in Sect. 2.4.3] the X-ray spec-
tral and variability properties of some sources seem to be well described by a lamp-post
scenario, namely by a compact hot corona lying very close (within a few gravitational
radii) to the accretion disc. This configuration seems to be particularly appropriate for
sources showing extreme, reflection-dominated X-ray spectra. However, the hot corona
cannot be arbitrarily compact: it must intercept a number of seed photons sufficient to
explain the observed X-ray flux, as Comptonization conserves the number of photons.
Many lamp-post models assume a point-like corona, which is clearly an approximation.
In a few cases, extended geometries were considered, mainly to determine the impact on
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the reflection spectrum (e.g. [Fukumura & Kazanas|2007; Wilkins & Fabian|2012; |Dauser
et al.|2013b; Wilkins et al.2014). The D&D code is aimed at setting a lower limit on the
radius of a spherical hot corona, located on the symmetry axis of the disc, and assuming
that its X-ray emission is due to Comptonization of seed photons from the disc itself.
This imposes a constraint on the location of the corona as well, because the height of the
corona above the event horizon must be larger than the minimum coronal radius. The
D&D code takes into account all general relativistic effects, such as the energy shifts of
the disc radiation as seen by the corona, light bending and aberration.

DD15| tested the geometry of the NLS1 1H 0707-495, whose most extreme spectrum
seems to be consistent with a lamp-post corona located within 1 gravitational radius
of the event horizon (Fabian et al.|[2012, see Sect. . Moreover, |Wilkins et al.
(2014) suggested that the flux and spectral variability of the source is consistent with an
expansion of the corona in high-flux states and a contraction to a more confined region
in low-flux states. As noted by [DD15|, the crucial parameter determining the minimum
source size is the ratio between the photons required for Comptonization and the available
seed disc photons, which in terms of luminosities translates to Lx/Lgisc. Concerning
the X-ray spectral shape, the D&D code assumes a fixed electron temperature of 100
keV, so the main parameter is the photon index I". For example, DD15 found that
for Lx/Lgisc = 0.03 (typically observed in NLSIs, Jin et al|2012c|), the coronal radius
(thus its height) must be more than 10 R for the steepest spectra (I' = 3; see Fig.
8.1)). In general, steeper spectra require more seed photons to produce a given X-ray
luminosity, and also intercept a smaller fraction of photons because of the lower optical
depth. Moreover, the intrinsic X-ray luminosity Lx can be much larger than the observed
X-ray luminosity Lx ons because of the relativistic effects. If we assume the corona to be
within 1 R of the event horizon, most of the X-ray photons are actually swallowed by the
black hole because of light bending. To reproduce the observed spectrum of 1H 0707-495
with such an extreme geometry, the intrinsic X-ray luminosity should be very high, i.e.
at least 1.9Lgqq. According to DD15| this is not impossible, especially because 1H 0707-
495 might have a very high accretion rate (up to 200 in Eddington units: Done & Jin
2016, see also Chapter 7). However, in this case, the corona should have a radius much
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larger than 1 R to intercept enough seed photons and produce the required luminosity,
making it impossible to fit within 1 Rg (see Fig. [8.2)). Moreover, if the accretion rate of
1H 0707 495 is indeed very high, the hypothesis of a standard thin disc assumed by the
lamp-post models is likely to break down (Done & Jin| 2016, see also the discussion in
Sect. .

The D&D code was used by DD15 to test the lamp-post geometry in the case of
1H 0707-495, but it can be applied to any source with a known Lx/Lgis. and spectral
shape. I thus undertook a program based on the use of the D&D code to constrain the
geometry of the hot corona, in the lamp-post scenario, on a large sample of sources. This
ongoing program consists in testing the D&D code on the CHEESES sample (see Chapter
7). The XMM-Newton data allow us to constrain the X-ray luminosity and spectral shape,
as well as the the seed photon luminosity from the optical/UV data. The D&D code was
adapted by M. Dovciak for the application to several sources.

8.2 The D&D code and CHEESES

I now summarize the main input parameters of the D&D code, which I set using
the results from the CHEESES sample analysis, as presented in Chapter 7. The black
hole mass (taken from the literaturdl) is used in the code to calculate the Eddington
luminosity. The hard X-ray photon index I' is the best-fitting photon index of the hot
NTHCOMP component (see Sect. . Albeit the results of the CHEESES project
are preliminary, we consider the measurements of the hard X-ray photon index accurate
enough for testing the D&D code. An important parameter is the X-ray luminosity, which
I computed in the 2-10 keV range, again from the CHEESES best-fitting model. The total
X-ray luminosity is calculated by the code, to match the observed 2-10 keV luminosity
and photon index. The code assumes the NTHCOMP model for the Comptonized emission
from the hot corona, setting an arbitrary temperature of 100 keV (i.e. the same as the

!The compilation of black hole masses was done by S. Bianchi (see Bianchi et al.|2009a)).
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hot NTHCOMP component in the CHEESES model). Then, we need to compute the
UV luminosity. The D&D code assumes that the corona is illuminated by an accretion
disc with a Novikov-Thorne temperature profile (the relativistic extension of the Shakura-
Sunyaev model, Novikov & Thorne|1973) through the model KYNBB (Dovciak et al.[2004).
The disc blackbody-like emission is thus determined by the (known) black hole mass and
the accretion rate or the luminosity. From the best-fitting CHEESES model, I computed
the UV luminosity in the 5-7 eV range (roughly covering the bandpass of the UVM2
and UVW2 filters of the XMM-Newton/OM). Incidentally, we may note that the model
assumed by the D&D code is different from the CHEESES model: in the latter, the
optical/UV emission is produced by a warm Comptonizing corona, whereas in the D&D
code it is due to a Novikov-Thorne disc. However, we only make use of the luminosity
estimated from the CHEESES model in a small energy range, which is not strongly model-
dependent. I will return to this point in Sect. 8.4, We also need to assume a black hole
spin, which determines the inner disc radius (by hypothesis equal to the innermost stable
circular orbit), and a disc inclination (which does not strongly affect the results: see
DD15). The code then computes the accretion rate needed to reproduce the observed 5-7
eV luminosity using the KYNBB model. The disc emission is now completely determined,
and from its integration the code calculates the bolometric luminosity.

To summarize, the main input parameters of the D&D code are the X-ray and UV
luminosities and the X-ray spectral shape. Then, in the hypothesis of a lamp-post corona
Comptonizing the blackbody-like disc emission, the code finds the minimum needed coro-
nal size, taking into account all relativistic effects. The D&D code, in the version I used,
calculates the minimum coronal radius for different coronal heights (2.5, 5, 10 and 30 R¢),
spin parameters of the black hole (¢ = 0 and 0.998), and disc inclinations (i = 5, 30 and
60 deg), assuming the inner disc radius equal to the innermost stable circular orbit.

8.3 Preliminary results

From the results of the D&D code, we can compare the coronal radius and the height
of the corona above the event horizon. The coronal radius must be less than the height,
for the lamp-post geometry to be consistent with Comptonization. However, we must
check that the physical parameters calculated by the code are consistent with the assumed
model. In particular, the Eddington ratio €égqq = Lpo1/ Lraq of the source should not exceed
1. Indeed, sources showing super-Eddington luminosities are thought to be powered by
advection-dominated slim discs, rather than by standard thin discs (e.g. Mineshige et al.
2000; [Abramowicz & Fragile| 2013} [Du et al.|2014} Castello-Mor et al.|2016| see also Sect.
[[.2.3). Then, super-Eddington sources are probably not well described by a Novikov-
Thorne disc, as assumed in the D&D code. On the other hand, Eddington ratios much
lower than 1 might suggest the presence of ADAF/RIAFs (see Sect. and Chapter
5). Therefore, the calculations are self-consistent only when egqq < 1.

8.3.1 The Eddington ratio

I plot in Fig. €gaq versus the black hole mass, in the case a = 0.998 and ¢ = 30
deg. For 20 sources out of 70, I find unexpectedly high Eddington ratios, up to 100-
200. 1H 0707-495 (red points in Fig. is the most peculiar source, as in all the 14
observations of the CHEESES sample I find €gqq spanning from 90 up to 400. These
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values, albeit very large, are in rough agreement with the results of a more detailed
analysis on 1H 0707-495 by |Done & Jin| (2016): they estimated an Eddington ratio up
to ~ 200, fitting the observed optical /UV spectrum with the disc model of |Done et al.
(2013)). However, Done & Jin (2016) also found that this model greatly over-predicts
the soft X-ray emission and the observed bolometric luminosity, so there must be some
further form of energy loss besides radiation. For example, some of the power can be
advected rather than radiated away, or it could be channelled into a disc wind, or both.
Only assuming a low spin (¢ = 0) and high mass (10"My), Done & Jin| (2016) were
able to find a sub-Eddington accretion rate for 1H 0707-495. However, these assumptions
are at odds with the high spin (@ = 0.998) and low mass (2 x 10°M) required by the
spectral-timing models based on relativistic reflection in the lamp-post geometry (Fabian
et al.|2012). These constraints on mass and spin might be inconsistent, if the disc is not
thin. However, Done & Jin (2016]) pointed out that the black hole mass should indeed be
low, from simple X-ray variability arguments. Then, the source requires super-Eddington
accretion rates. Some kind of ADAF should replace the standard disc in the inner region,
and clumpy turbulent winds can be present, strongly altering the view of the central
region (also depending on the inclination). |Done & Jin (2016) suggested that these could
be features of the most complex NLS1s. Interestingly, the CHEESES sources showing the
largest Eddington ratios are NLS1s (such as Ark 564, €ggqa = 50 — 150) or narrow-line
quasars (such as PG 15434489, egqq = 40 — 270). These results are preliminary, and no
errors on the Eddington ratio have been estimated. However, we may expect relatively
small errors on the 5-7 €V luminosity. The Eddington luminosity, on the other hand,
depends on the black hole mass, which is not always measured with good precision. In
particular, if the mass is underestimated, €gqq is overestimated by the same factor. Even
more importantly, a higher mass would also imply a different shape of the disc emission,
and a lower bolometric luminosity. As shown by Done & Jinl (2016), for a given black hole
spin and disc inclination, a black hole mass of 107 M, would imply a mass accretion rate
around 20 times smaller than a mass of 2 x 10¢ M. Indeed, a number of studies suggest
that the black hole mass of some NLSIs could be larger than previously estimated (e.g.
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Calderone et al.|2013; [Baldi et al.[2016)).

The inner disc radius also plays an important role in the calculation of the bolometric
luminosity. In my first run of the D&D code, this radius was fixed at the innermost
stable circular orbit, i.e. Ry, = 1.24 Rg for a = 0.998 and R;, = 6 Rg for a = 0.
The outer radius was fixed at 1000 Rg. In general, if the inner disc radius is larger, the
bolometric luminosity is smaller (for a given mass). Indeed, the Eddington ratio for spin
a = 0 is smaller of a factor of 2-3 than for the maximal spin a = 0.998 (see Fig. .
Then, I performed further calculations with the D&D code, setting an inner disc radius
Ry, = 100 R¢. In this case, the Eddington ratio is reduced roughly by a factor of 10 with
respect to Ry, = 1.24 R, as shown in Fig.
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8.3.2 The coronal radius/height ratio

I show in Fig. [B.6] the ratio of the coronal radius, as calculated by the D&D code, to
the height above the horizon, assuming maximal black hole spin, a disc inclination of 30
deg and an inner disc radius equal to the innermost stable circular orbit. When the code
gives an Eddington ratio above 1, the results might be inconsistent, as I discussed above.
Another caveat is that very small Eddington ratios, e.g. below 0.01, might indicate the
presence of a RIAF. The radius/height ratio is mostly below 1, indicating that the corona
can intercept enough seed photons to produce the observed Comptonized luminosity. In
a number of cases, the corona cannot fit within the smallest height of 2.5 Rs. On the
other hand, the corona can always fit within the largest height, i.e. 30 Rg. 1 show in Fig.
a similar plot of the radius/height ratio, assuming a = 0. In this case, the inner disc
radius is 6 R and (as I noted above) the Eddington ratio is 2-3 times smaller than in the
case a = 0.998, while the required coronal size is ~ 10 times larger. Indeed, in the case
a = 0 the corona cannot fit within 2.5 R above the horizon, and even within 5 Rg in
most sources; the only height which is always permitted is 30 Rq. Finally, I show in Fig.
the radius/height ratio assuming an inner disc radius of 100 Rg. In this case, it is
almost impossible for the corona to fit within 30 R¢, therefore a larger height is required.

8.4 Discussion

The lamp-post geometry is often used to describe the hard X-ray emission of AGNs,
especially for sources showing reflection-dominated spectra with a strong spectral vari-
ability. [DD15| focused on the extreme case of 1H 0707-495, which requires a hot corona
located less than 1 gravitational radius above the event horizon (e.g. Fabian et al.[2012).
However, DD15| found that there is no viable lamp-post geometry for a Comptonizing
corona in 1H 0707-495, meaning that the source must be somewhat extended. Moreover,
the black hole mass and spin required by the lamp-post models indicate that the accretion
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Figure 8.7 — Same as Fig. but
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rate of 1H 0707-495 is highly super-Eddington (Done & Jinl[2016] see also Fig. [8.3). Then,
it is unlikely that the reflecting disc remains flat, so the reflector geometry as well as the
coronal size and shape should be carefully considered to use self-consistently a lamp-post

model.

I applied the D&D code to the CHEESES sample, with the goal of constraining the
geometry of a “lamp-post Comptonizing corona” in a large number of sources.
preliminary results indicate that, at least for the sub-Eddington sources, the lamp-post
Comptonizing corona is generally a viable scenario. However, such a corona can only exist
beyond a certain height above the event horizon, depending on the black hole spin and on
the inner disc radius. If the disc is extended down to the innermost stable circular orbit of
a maximally spinning black hole (a = 0.998, R;, = 1.24 R, event horizon ry = 1.06 Rg),
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the corona can be located close to the black hole (down to H = 2.5 R¢), having a tiny
radius (i.e. less than H —ry = 1.44 R¢) - albeit not for all sources, see Fig. . Anyway,
in most cases the corona can be at a height as small as H = 5 R¢, having a radius less
than H — rg = 3.94 Rg. If the disc is extended down to the innermost stable circular
orbit of a non-spinning black hole (a =0, rg = 2 R¢), it becomes difficult for the corona
to fit within a height of 5 Rg (see Fig. . However, generally the corona can be at a
height as small as H = 10 Rg, having a radius less than H —ry = 8 Rg.

On the other hand, assuming a relatively small inner disc radius yields a very large
Eddington ratio (up to ~ 400) in a number of sources, especially narrow-line Seyferts and
quasars (Fig. . This is not implausible, and in particular the results on 1H 0707-495
are in rough agreement with those of Done & Jin| (2016). However, if the accretion rate
is really super-Eddington, the D&D code might give inconsistent results, as it assumes
a flat Novikov-Thorne disc. One way to recover a smaller Eddington ratio would be to
assume a larger inner disc radius, e.g. of 100 R (Fig. . In this case, the corona would
need to be located at H > 30 Rs (Fig. and it could hardly be considered compact.
Constraining the inner disc radius is not straightforward, but it could be done with the
spectral fits. For example, if a Fe Ka line is present, and it is produced by reflection off
the disc, the intrinsic width can be linked to the inner disc radius (see, e.g., the analysis
on NGC 4593 in Chapter 6). Then, fitting the CHEESES sample with a model including
a relativistically broadened reflection component, we could derive useful constraints on
the inner disc radius.

Another source of uncertainty is the temperature of the hot corona, which is assumed
to be of 100 keV. Constraining this temperature from the CHEESES spectral fits is not
feasible, because of the lack of high-energy data. A different temperature would slightly
change the results. For example, a smaller temperature would imply a somewhat lower
X-ray luminosity, so that the minimum needed coronal radius would likely be reduced.
The inclusion of high-energy data, in particular from NuSTAR, would thus be useful to
further refine the estimates of the coronal size.

In any case, the preliminary results from the D&D code nicely complement the spectral
fits of the CHEESES sample that I discussed in Chapter 7. Generally, the optical /UV
to soft X-ray emission seem to be well described by a warm corona lying above a passive
disc, while the hard X-ray emission can be due to a lamp-post Comptonizing corona. To
further explore this scenario, the D&D code would need to be extended to include the
emission from the warm corona, besides the standard Novikov-Thorne disc. Moreover,
taking into account the effects of Comptonization would most probably reduce the effective
temperature of the disc and the estimated Eddington ratio (e.g. Czerny & Elvis||1987)).
However, taking the current results of the D&D code as a first approximation, the two-
corona model seems to adequately describe most of the sources in our sample. While the
warm corona can be thought of as the upper layer of the accretion disc, the hot corona is
consistent with being compact and located relatively close to the black hole (e.g. within
10 gravitational radii). This is an intriguing possibility to build a self-consistent model
for the high-energy emission of AGNs.
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Chapter 9

Conclusions and perspectives
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Several questions on the physics of AGNs still lack conclusive answers: what is the
nature and origin of the high-energy emission, and what are the geometrical and physical
properties of the accretion flow? In this thesis, I have studied the high-energy emission
processes in AGNs from an observational point of view. I have carried out detailed spectral
analyses of high-quality UV /X-ray data of single sources, which is needed for testing and
validating physically motivated models. I have also worked on a larger sample of sources,
performing both a spectral analysis and numerical simulations. I will now summarize the
main results obtained in this thesis and discuss the future perspectives.

9.1 Main results from this thesis work

9.1.1 A scanner darkly into NGC 5548

The most striking result of the long, multiwavelength campaign on NGC 5548 is clearly
the unexpected obscuration simultaneously observed in the UV and X-rays, and likely due
to a wind launched from the accretion disc. However, the high-energy view gave some in-
teresting results as well. First, it was possible to disentangle the reflection component from
the primary continuum. The fact that the reflection component is consistent with being
constant indicates that the reflecting material is located a few light months away from the
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primary X-ray source. The primary X-ray emission shows instead a significant variability
over a few days/weeks, indicating short-term variations of the coronal optical depth and
temperature. According to the two-phase model, there is a univocal relationship between
the optical depth and the temperature, for a given amplification factor (or, equivalently,
for a given heating/cooling ratio), the latter being essentially fixed by geometry. Then,
for a given geometry of the disc/corona system, the physical parameters of the corona
can vary following a given relationship. However, the geometry can also change (e.g. the
inner radius of the disc might vary), leading to a variation of the amplification factor
and thus to non-trivial variations of the coronal optical depth and temperature. In any
case, the mean temperature derived from the X-ray spectral analysis is kg7 = 40719 keV,
while the mean optical depth is 7 = 2.7"7 (assuming a spherical corona). Comparing
with past observations of NGC 5548, both the optical depth and temperature are found
to vary significantly over ~ 10 years (reaching 7 ~ 0.2 — 0.3 and kg7 ~ 300 — 400 keV).
The corresponding variability of the Compton parameter y seems to suggest a long-term
variability of the amplification factor, thus of the geometry of the system.

Unfortunately, the strong obscuration complicates the analysis, in particular concern-
ing the UV and soft X-ray spectrum, making it difficult to test a warm Comptonization
scenario for the soft excess. However, the high-energy view allows us to constrain the
properties of the obscurer, independently supporting the main findings of the campaign.
In particular, the obscurer is well described by two components with different column
density and covering fraction. Moreover, both the spectral and timing analysis indicate
that most of the strong variability seen in the soft band is specifically due to one of the
two obscuring components.

9.1.2 The hot corona of NGC 7213

This source is a low-luminosity, weakly accreting (~ 0.1% of the Eddington limit)
source with a peculiar X-ray spectrum, lacking a significant Compton reflection compo-
nent. The 3-79 keV NuSTAR spectrum is well explained by Comptonization taking place
in a relatively hot (kg7 > 40 keV) and optically thin (7 < 1) corona. The apparent
lack of a significant optical/UV bump, from past observations, indicates that the power
output is dominated by the hot corona. Two main scenarios can explain the properties of
this source. First, the corona could be outflowing, rather than being static. The absence
of a disc reflection component would then be due to the beaming of the primary X-ray
emission, strongly reducing the flux received by the disc. Second, the accretion disc could
be truncated, and possibly replaced by an ADAF /RIAF, in agreement with the low esti-
mated accretion rate. The low radiative efficiency would then explain the low luminosity.
Of course, these two possibilities are not mutually exclusive. Moreover, the X-ray vari-
ability of NGC 7213 is relatively slow, being of the order of days/weeks (according to past
observations). The hot corona, then, is expected to be relatively extended. The small
estimated optical depth is a further indication that the corona should subtend a large
solid angle as seen from the disc, to intercept a sufficient number of seed soft photons.

These might be general properties of low-luminosity AGNs. If the X-ray emission is due
to a Comptonizing corona, a weak emission from the disc would imply an inefficient cooling
of the corona from inverse Compton scattering. Therefore, weakly accreting sources might
indeed be characterized by a relatively high temperature of the hot corona.
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9.1.3 The variability of NGC 4593

NGC 4593 shows a strong and fast variability, both in flux and spectral shape, over
time-scales as short as a few ks. From the spectral analysis, we can clearly separate
the reflection component and the soft excess from the primary continuum. Interestingly,
the reflection component is found to be the superposition of a distant component and a
component originating from the inner region of the accretion flow. The spectral variability
of the primary continuum is remarkable (in particular, the high-energy cut-off varies
between ~ 100 keV and more than 700 keV), indicating significant short-term variability
of the physical parameters of the hot corona. The soft excess is likely another key piece
of the puzzle. On the one hand, this component is not explained by blurred, ionized
reflection. A warm Comptonization scenario is thus favoured, also given the observed
correlation between the UV and soft X-ray emission. On the other hand, the soft excess is
significantly correlated with the primary continuum. Then, there should be a physical link
between the warm corona producing the UV /soft X-rays and the hot corona producing the
hard X-rays. For example, these two regions could simply be illuminated by the same seed
photons. However, there is another intriguing possibility. If the warm corona is coupled
to a passive disc, most of the seed photons entering the hot corona would be emitted by
the warm corona itself. The hard X-ray emission, in this scenario, would be due to a
“double Comptonization” taking place first in the warm corona and then in the hot one.
Moreover, if the warm corona covers a large part of the disc, the reflection component
would partly be due to the warm corona. Since the warm plasma at temperatures of
0.1 — 1 keV should be highly ionized, reflection off the warm corona could resemble that
off a highly photoionized disc (see also [Boissay et al.|[2016]).

9.1.4 The CHEESES sample: a warm corona above a passive
disc?

The optical/UV to soft X-ray emission of the sources in the CHEESES sample is
consistent with a Comptonized spectrum from a warm, optically thick corona covering
a nearly passive disc. The luminosity of the soft phase (i.e. the disc) is thus consistent
with being due to reprocessing of the emission from the warm corona, with an intrinsic
contribution from the disc of less than 30%. In some cases, the results suggest a geometry
where the warm corona does not fully cover the disc.

The structure and heating mechanism of such a warm corona, as well as their depen-
dence on fundamental parameters like the accretion rate and black hole mass, are still
unclear and a matter of active research (e.g. Rézanska et al[2015). However, the results
from the CHEESES spectral analysis will provide important constraints and help building
up detailed theoretical models.

9.1.5 The D&D code: size and location of the hot lamp-post
corona

From the fully relativistic calculations of the D&D code, the hot corona producing the
hard X-ray emission is mostly consistent with being compact and located within a few
gravitational radii of the black hole event horizon. However, there are limitations on the
minimal size of such a lamp-post Comptonizing corona, depending (i) on the observed
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optical/UV and X-ray luminosities, and (ii) on the assumed size of the UV-emitting
region (in particular on the inner disc radius). The results are promising, even though the
D&D code assumes illumination from a standard accretion disc, instead of a warm corona
as suggested by the spectral analysis. In the future, we will likely need to include the
illumination from the warm corona, to obtain a coherent description. Moreover, in this
case, the hot corona will intercept the soft X-ray photons emitted by the warm corona,
besides the optical/UV ones. This might reduce the minimum size required for the hot
corona to explain the observed hard X-ray luminosity.

9.2 What do we learn?

First of all, I underline that an approach based on multiple, broad-band observations
on adequate time-scales is extremely useful to investigate the high-energy processes in
AGNs, allowing us to disentangle the different spectral components notably through their
variability, and to test physically motivated models. Broad-band monitoring campaigns,
such as those on NGC 5548 and NGC 4593, give the opportunity to take a step forward
in the understanding of the central engine of AGNs. The monitoring of NGC 4593 offers
perhaps the clearest indications, as we are able (i) to disentangle the reflection component
and the soft excess from the primary continuum, (ii) to rule out the ionized reflection sce-
nario for the soft excess thanks to the high-energy data, and (iii) to study the correlations
between the different spectral components. As I argued above, an accurate analysis of
single sources is needed to devise a detailed and self-consistent physical scenario. On
the other hand, to study the average properties of the high-energy emission of AGNs, we
should focus on large samples.

Overall, the results of this thesis support the idea that, at least in high-luminosity,
broad-line Seyfert galaxies, the high-energy emission is explained by a two-corona model.
The warm (kg7 ~ 0.1—1 keV), optically thick (7 ~ 10) Comptonizing corona is consistent
with a slab covering (fully or partially) a nearly passive accretion disc. The hot Comp-
tonizing corona is mostly consistent with being compact, and also strongly and rapidly
variable, over time-scales ranging from years down to a few ks (like in NGC 5548 and
NGC 4593). In low-luminosity objects (such as NGC 7213), we have a tentative evidence
that the hot corona tends to have a higher temperature and to be more extended. The
differences between high-luminosity and low-luminosity objects may suggest that the ac-
cretion rate, and ultimately the nature of the inner accretion flow, plays a major role in
determining the physical and geometrical characteristics of the hot corona.

9.3 Future perspectives

Clearly, further work will be needed to increase and deepen our knowledge on AGNs,
the most luminous and long-lived objects in the Universe. The two-corona scenario is a
promising model, deserving further detailed analyses, both from the observational and
theoretical point of view. In particular, the formation process, heating mechanism and
structure of the warm and hot coronae are not yet fully understood, nor is their interplay
with the accretion disc and among themselves. Also the dependence on fundamental
parameters of the system, like the accretion rate and the black hole mass, is still mostly a
matter of speculation. In the near future, broad-band observational campaigns on different
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classes of AGNs (high and low-luminosity, high and low-black hole mass, broad-line and
narrow-line Seyferts) will improve our understanding of the nature of their central engine.

Besides such wide-ranging perspectives, there are a number of direct extensions of this
thesis work that follow this path. First, the results on NGC 4593 strongly support a follow-
up analysis focused on realistic Comptonization models. We will have the opportunity to
test the two-corona model with an unprecedented, high-quality data set. Further work is
also needed on the spectral analysis and numerical simulations of the CHEESES sample,
first of all to obtain good fits to the data. We will also be able to study the variability
properties of the sources in the sample, and to test the possible correlations between the
different physical parameters.

Finally, I discuss below a new observing campaign, somehow analogous to that on
NGC 4593, but on a source belonging to a different class: that of radio-loud AGNs.

9.3.1 The NuSTAR/XMM-Newton/ VLBA monitoring of the
broad-line radio galaxy 3C 382

Our understanding of the central engine of AGNs mostly derives from radio-quiet
sources, like all the objects discussed in this thesis. This is partly due to the lower
number density of radio-loud AGNs, which are roughly 10-20% of the total, meaning
that there are fewer bright objects (see Sect. . Moreover, the emission of radio-
loud sources is often quite complex, because of the broad-band jet component producing
radio through gamma-ray radiation. As a result, the dichotomy between radio-quiet and
radio-loud AGNs is still debated. A physical connection is likely to exist between the
accretion flow and the jet activity in AGNs, as indicated by the existence of the so-
called fundamental plane of black hole activity (Merloni et al.|2003)), namely a correlation
between the radio luminosity, the X-ray luminosity and the black hole mass. However,
the underlying mechanism is a matter of speculation. For example, it is possible that the
X-ray corona is actually the base of the radio jet (e.g. Markoff et al. 2005, and see also
the conclusions on NGC 7213 in Chapter 5).

Broad-line radio galaxies (BLRGs, Sect. are considered to be the radio-loud
counterparts of Seyfert 1s. They are thus ideal targets to perform detailed spectral studies
of their high-energy emission, for two main reasons. First, the jet of BLRGs does not
dominate the spectral emission by pointing directly towards the observer (like, e.g., in
blazars). Second, they are generally not obscured in X-rays, just like Seyfert 1 galaxies.
Past studies on BLRGs, such as 3C 120 (Chatterjee et al.2009; |Lohfink et al.[2013) and
3C 111 (Chatterjee et al.2011]), have revealed a relationship between events in the radio
jet and the X-ray emission. In particular, the ejection of bright, superluminal knots in the
radio jet are preceded by significant dips in the X-ray light curve, indicating a physical
connection between the accretion disc and the jet, similar to black hole X-ray binaries
(Marscher et al.[2002).

During the NuSTAR AO2 (2015), I have been PI of an accepted proposal on the BLRG
3C 382. Our groupﬂ was awarded a joint NuSTAR/XMM-Newton monitoring, consisting
of 5x20 ks simultaneous observations spaced by 12 days. The observations are currently
planned to be carried out from 2016, Aug. 29 to 2016, Oct. 16. The simultaneous
coverage from the UV to hard X-rays will allow us to study the high-energy spectrum

1Co-Is: D. Ballantyne, S. Bianchi, M. Cappi, M. Dadina, B. De Marco, A. De Rosa, M. Giroletti, P.
Grandi, J. Malzac, A. Marinucci, G. Matt, P.-O. Petrucci, G. Ponti, E. Torresi, A. Tortosa.

143



CHAPTER 9. CONCLUSIONS AND PERSPECTIVES

and variability of a BLRG with unprecedented accuracy and test physically motivated
Comptonization models, not differently from NGC 4593. Then, I have been PI of an
accompanying VLBA proposal, to obtain simultaneous radio coverage. We were awarded
five VLBA observations, coordinated with the X-ray campaign, to follow in detail flux and
morphological variations of the radio jet at sub-parsec scales. This will allow us to explore
the relation between the radio emission from the jet and the UV /X-ray emission from the
disc/corona system with high sensitivity. This campaign will be the first monitoring of a
BLRG with both VLBA and the combination of NuSTAR and XMM-Newton. The high-
quality radio and X-ray data will give us a unique opportunity to probe the connection
between the accretion flow and the jet of a radio-loud AGN.
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Résumé

Des trous noirs supermassifs de plusieurs centaines de millions de masses solaires rési-
dent au centre de la plupart des galaxies massives. Dans 90% des cas, ces trous noirs sont
dans état quiescent, trés peu lumineux. Cependant, dans les 10% restant, des processus
extrémement violents sont observés, avec la libération d’énorme quantités d’énergie no-
tamment en UV, X et gamma. On observe aussi parfois des jets puissants de matiere
pouvant s’étendre sur plusieurs centaines de kpc. Le coeur de ces galaxies sont appelés
Noyaux Actifs de Galaxie (NAG). Ce sont parmi les objets les plus lumineux de 'univers.
L’accrétion de la matiére environnante sur le trou noir supermassif central est unanime-
ment reconnue comme la source d’énergie la plus plausible pour expliquer la puissance
phénoménale observée. L’énergie gravitationelle serait ainsi en partie libérée dans un
disque d’accrétion, sous forme de rayonnement thermique piquant dans l'optique/UV,
et en partie rayonnée en X/gamma par une couronne de plasma chaud présente dans
I’environnement proche du trou noir.

De nombreux phénomenes sont néanmoins encore tres mal connus et beaucoup de ques-
tions n’ont toujours pas de réponses satisfaisantes: quelles sont la dynamique et la struc-
ture des flots d’accrétion et d’éjection dans les NAG? Quels sont les processus radiatifs pro-
duisant le rayonnement UV /X7 Quelle est I'origine des différentes composantes spectrales
présentes dans ces domaines d’énergie? Cette these a pour objectif d’apporter de nouvelles
contraintes observationnelles pour meux répondre a ces questions. Son originalité réside
dans le développement et 1'utilisation de modeles réalistes de Comptonisation thermique
permettant d'une part de mieux contraindre les propriétés physiques et géométriques des
régions d’émission UV /X et d’autre part de mieux comprendre l'origine des différentes
composantes spectrales observées. Nous nous sommes notamment intéressés, au cours de
cette these, a I'exces d’émission X-mou (<2 keV), présent dans un grand nombre de NAG,
et dont l'origine est toujours inconnue.

Ces travaux s’articulent autour de deux axes principaux. Le premier est ’étude spec-
trale détaillée de longues campagnes d’observation multi-longueur d’ondes de trois galaxies
de Seyfert (NGC 5548, NGC 7213 et NGC 4593). La qualité des données ont ainsi permis
de révéler les parametres physiques (notamment la température et la profondeur optique)
et géométriques de la couronne thermique a l'origine du continuum X. Le second axe
porte sur 'analyse de données d’archives (en provenance du satellite XMM-Newton) d'un
échantillon important de galaxies de Seyfert. Cela a permis d’apporter des contraintes
plus générales sur les processus d’émission haute énergie observés dans ces objets. Ces
deux approches ont notamment montré que ’exces d’émission X-mou pouvait provenir des
couches supérieures chaudes du disque d’accrétion, suggérant un chauffage plus efficace
en surface plutot que dans les régions internes.
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Abstract

Supermassive black holes of several hundred million solar masses lie at the centre
of most massive galaxies. In 90% of cases, these black holes are in quiescent, very low
luminous states. Nevertheless, in the remaining 10%, extremely violent processes are seen,
with the liberation of huge amounts of energy especially in the UV, X-ray and gamma-ray
bands. We also sometimes observe powerful jets, extending up to several hundred kpc
scales. The cores of these galaxies are called Active Galactic Nuclei (AGNs). These are
among the most luminous objects in the Universe. The accretion of surrounding matter
onto the central supermassive black hole is generally considered as the most likely energy
source to explain the extraordinary observed luminosity. The gravitational energy would
be partly liberated into an accretion disc as thermal radiation peaking in the optical/UV
band, and partly radiated in the X-ray/gamma-ray band by a corona of hot plasma lying
in the environment close to the black hole.

However, several phenomena are still poorly understood and a number of questions
lack satisfactory answers: what are the dynamics and the structure of the accretion and
ejection flows in AGNs? What are the radiative processes producing the UV /X-ray ra-
diation? What is the origin of the different spectral components present in those energy
bands? The goal of this thesis is to derive new observational constraints to better answer
to these questions. Its originality resides in the development and application of realistic
models of thermal Comptonization, allowing us to better constrain the physical and geo-
metrical properties of the UV and X-ray-emitting regions, and to better understand the
origin of the different observed spectral components. In particular, we studied the excess
of the soft (<2 keV) X-ray emission, seen in a great number of AGNs, and whose origin
is still unknown.

This work is structured along two main branches. One is the detailed spectral anal-
ysis of long, multiwavelength observational campaigns on three Seyfert galaxies (NGC
5548, NGC 7213 and NGC 4593). The quality of the data permitted to reveal the ge-
ometrical and physical parameters (in particular the temperature and optical depth) of
the thermal corona producing the X-ray continuum. The second branch is based on the
analysis of archival data (from the XMM-newton satellite) of a large sample of Seyfert
galaxies. This allowed us to derive more general constraints on the high-energy emis-
sion processes observed in these objects. These two approaches have shown, in par-
ticular, that the soft X-ray emission excess may arise in the warm upper layers of the
accretion disc, suggesting a more effective heating of the surface rather than the inner
regions.

158



	I Introduction
	Active Galactic Nuclei: observational properties and basic physics
	What are AGNs?
	The central engine of AGNs
	The accretion disc
	The Shakura-Sunyaev model
	Other disc models

	AGN classification and the unified model
	Optical spectra: the line-emitting regions
	The unified model
	Radio classification


	The X-ray emission of AGNs
	Radiative processes
	Bremsstrahlung
	Synchrotron
	Inverse Compton scattering

	The X-ray spectrum of AGNs
	Primary continuum: thermal Comptonization
	Compton reflection and iron Kbold0mu mumu bottom line
	Soft excess
	Absorption

	Variability
	The ``hot'' corona
	Thermal Comptonization in plasma clouds
	The two-phase model
	The lamp-post model
	Compactness and pair production


	Motivation and overview of this thesis
	Some open questions on the physics of AGNs
	The geometrical and physical parameters of the hot corona
	The nature of the soft excess
	The origin of the reflection component

	Goals and strategy
	NGC 5548, NGC 7213, NGC 4593
	The CHEESES sample



	II Constraining the high-energy emission sources in AGNs
	Anatomy of the AGN in NGC 5548
	The 2013 multiwavelength campaign
	NGC 5548: an archetypal Seyfert 1
	Timeline and overview of the campaign
	A fast and long-lived obscuring outflow

	The high-energy view
	The data set
	The hard X-ray spectrum: a constant reflection component
	Modelling the partial covering obscurer
	The broad-band spectral analysis
	Principal components analysis
	Conclusions

	Appendix

	The low-luminosity AGN in NGC 7213
	NGC 7213: a low-luminosity, weakly variable, reflection-free AGN
	X-ray spectroscopy of NGC 7213 with NuSTAR
	Data reduction
	Spectral analysis

	Conclusions
	Appendix

	The high-energy monitoring of NGC 4593
	A joint monitoring with XMM-Newton and NuSTAR
	Timing properties
	X-ray spectral analysis
	The XMM-Newton/RGS data
	The iron K complex: narrow and broad Fe K lines
	The broad-band fits

	Conclusions
	Appendix

	The CHEESES project
	Goals and sample selection
	Data analysis: physical modelling of the SED
	Model and strategy: an automatic fitting procedure
	Results

	Discussion and perspectives

	Numerical simulations
	The D&D code: constraining the coronal geometry with ray-tracing
	The D&D code and CHEESES
	Preliminary results
	The Eddington ratio
	The coronal radius/height ratio

	Discussion

	Conclusions and perspectives
	Main results from this thesis work
	A scanner darkly into NGC 5548
	The hot corona of NGC 7213
	The variability of NGC 4593
	The CHEESES sample: a warm corona above a passive disc?
	The D&D code: size and location of the hot lamp-post corona

	What do we learn?
	Future perspectives
	The NuSTAR/XMM-Newton/VLBA monitoring of the broad-line radio galaxy 3C 382


	Bibliography
	Résumé
	Abstract


