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The Super-Massive Black Hole close
environment in Active Galactic Nuclei
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Abstract Active Galactic Nuclei are powered by accretion of matter onto a super-
massive black hole (SMBH) of mass MBH ∼ 105−9M�. The accretion process is
indeed the most efficient mechanism for energy release we currently know of, with
up to ∼ 30− 40 % of the gravitational rest mass energy that can be converted into
radiation. The vast majority of this energy is released at high energy (UV-X-rays)
within the central 100 gravitational radii from the central SMBH. This energy re-
lease occurs through a variety of emission and absorption mechanisms, spanning
the entire electromagnetic spectrum. The UV emission being commonly explained
by the presence of an optically thick accretion flow, while the X-rays generally re-
quire a hotter, optically thinner, plasma, the so-called X-ray corona. If outflows are
present, they can also extract a significant part of the gravitational power. With an
origin in the deep potential well of the SMBH, the study of the high-energy emission
of AGN give a direct insight into the physical properties of the accretion, ejection
and radiative mechanisms occurring in the SMBH close environment. While not ex-
haustive, we discuss in this chapter our present understanding of these mechanisms,
the limitations we are currently facing and the expected advances in the future.
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2.1 Introduction

There are strong evidences that the vast majority of galaxies harbor a supermas-
sive black hole (SMBH) in their center, with a typical mass of MBH ∼ 105−9M�. In
about 10% of these galaxies, a tremendous release of radiative power is observed. It
is confined in the very inner region (size of the order of our solar system) of the host
galaxy, in the vicinity of the SMBH. This region is called an Active Galactic Nu-
cleus (AGN). The AGN emission can be of several orders of magnitude larger than
the luminosity produced by the entire host galaxy. AGN are believed to be powered
by accretion of matter onto the central SMBH. Indeed, the accretion process is by
far the most efficient mechanism for energy release we currently know of, with up
to ∼ 40 % of the gravitational rest mass energy that can be converted into radiation.
While in most of galaxies the SMBH is in a so-called quiescent state, in the case
of AGN the SMBH is fed by a huge amount of matter coming from its close en-
vironment. About >90% of this energy is released within the central 100Rg from
the central SMBH, where Rg is the gravitational radius4. This energy release occurs
through a variety of emission and absorption mechanisms, covering the entire elec-
tromagnetic spectrum. It is generally thought to be dissipated partly in optical/UV
as thermal heating in an optically thick “cold” plasma, the accretion disc, and partly
in X-rays in a hot and optically thin plasma, the so-called hot corona (see Fig. 2.1).
The accretion flow feeds the SMBH, while outflows of various kinds (wind and jets)
may stream matter and energy away, extracting a significant part of the gravitational
power.

In this chapter we discuss our present understanding of the close environment of
SMBH in AGN, focusing on a few particular aspects which are presently debated in
the X-ray astrophysics community. This includes the constraints on the hot corona
properties (geometry, nature) in Sect. 2.2, the important diagnostics coming from
the emission and absorption processes occurring within the central 100Rg and the
inherent complexities of this environment in Sect. 2.3. We also discuss in Sect. 2.4
the so-called Soft X-ray excess whose study has been revivified in the recent years.
Then we present the different aspects of the high-energy variability in X-rays and
Optical/UV in Sect. 2.5 and the information that can be extracted from the multi-
wavelength correlations observed in sample of AGN in Sect. 2.6. We then conclude
on the future prospects expected in these different domains in the coming years in
Sect. 2.7.

While most of the physical processes presented in the following sections are quite
general and apply to the large majority of AGN, we mainly concentrate on nearby

4 Rg =
GMBH

c2

(
' 1.5×1013 MBH

108M�
cm
)

, with G the gravitational constant, c the speed of light,

and M� the solar mass.
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Fig. 2.1: Schematic cross section of the inner regions of AGN. The accretion disc (red) extends
down to a∼ few Rg near to the central BH. The shape and size of the X-ray corona is still unknown,
and is indicated as a spherical or lamppost geometry here (base of the jet?). Its intrinsic power-
law like emission (blue) irradiates the inner accretion flow and is reprocessed as the reflection
spectrum. In some sources, outflows are observed, which are believed to be launched from up to
the inner ∼ 50Rg. In this chapter we focus on R < 100Rg, while winds produced on larger scales
are discussed in Chapter 3.

(primarily Seyfert galaxies) and moderately luminous AGN (i.e. with luminosity in
the range ∼ 10−3−10−1 LEdd

5).

2.2 The compact source of X-rays

X-ray emission makes up a large portion (∼ 5−10 per cent) of the AGN bolometric
luminosity6, with LX ∼ 1040−1044 erg s−1. The observed rapid variability suggests
the X-ray emission region is very compact, of the order of a fraction of a light
hour7. The results from AGN gravitational microlensing measurements of quasars
(e.g. [1, 2, 3]) have revealed insights into the size of the X-ray corona. These at least
tell us that the X-ray emitting regions are within the central ∼ 15 Rg of the central
BH.

Early observations found that the 2− 20 keV band photon flux N(E) as a func-
tion of photon energy E could be modelled with a power-law, N(E) ∝ E−Γ , of

5 The Eddington luminosity corresponds to the luminosity of an astrophysical object (such as a
star) for which the radiation force compensates exactly the gravitational force. The Eddington
luminosity depends only on the mass M of the object: LEdd = 4πGMmp

c
σT

, with mp the proton
mass, G the gravitational constant, c the speed of light and σT the Thomson cross section. LEdd '
1.3×1046 M

108M�
erg s−1.

6 The bolometric luminosity represents the total luminosity emitted by the AGN over all wave-
lengths.
7 If the luminosity of an unresolved source varies significantly in a time scale ∆ t, then the radius
of the source can be no larger than R = c∆ t.
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photon index Γ ∼ 1.9 (e.g., [4, 5]). This power-law continuum was later observed
to have an exponential cut-off at ∼ 100 keV [6] and, in the last ten years, this has
been confirmed thanks to the high-energy capabilities of NuSTAR which has al-
lowed the properties of the hard X-ray emitting corona to be commonly explored up
to ∼ 100 keV in several AGN [7, 8].

The currently favoured model to explain this cut-off power-law shape for the pri-
mary continuum emission is the inverse–Comptonisation of optical/UV disc photons
in an optically thin ‘corona’ of hot (and possibly relativistic) electrons [9]. The elec-
trons are assumed to be in thermal equilibrium and have a Maxwellian distribution
with characteristic temperature kTe ∼ 100 keV (Te ∼ 109 K), which would explain
the presence of the high energy cut-off discussed above, whilst the seed photons
have initial energy E � kTseed ∼ 0.1 keV (Tseed ∼ 105 K). A spherical corona with
a temperature Te, a typical Thomson depth, τT ' 1, and a radius R10 (in units of
10Rg) above a BH of mass m6 (in units of 106 m6 M�) has a very small mass of
Mcor = 10−8 m2

6 R2
10 M�, a thermal energy Eth ≈ 1042 m2

6 R2
10 erg and crossing time

tcross = 50m6 R10 seconds. The luminosity obtained if all the coronal energy is re-
leased on a crossing time Lcross ≈ 2×1040 m6 R10 erg s−1 is much less than the Ed-
dington luminosity LEdd, in that Lcross/LEdd ≈ 10−4 R10. Higher luminosities, as are
typically observed, require that both cooling and heating occur on a faster timescale.

While the release of the gravitational power is undoubtedly the source of the
corona heating, how this heating is transferred to the particles and how particles
reach thermal equilibrium is still not understood. The magnetic field is expected to
play a major role (e.g. [10]) but the details of the process are unknown. We even do
not exactly know the true nature of the hot coronal plasma. It could be dominated by
electron-positron pairs, the pair creation process playing the role of a natural ther-
mostat to keep the plasma to a few hundreds of keV. This is an early idea put forward
in order to provide such equilibrium (e.g. [11] and see discussion in [12]). Here, the
coronal plasma is assumed to be thermal and the temperature at the maximum al-
lowed by electron-positron pair production: heating pushes the temperature upward
until it is balanced by the creation of pairs. In the case where the hot corona is part
of the accretion flow; however, a more standard electron-proton plasma is expected
and the corona temperature results naturally from the radiative equilibrium between
the hot corona and the accretion disc (e.g. [9]).

Different theoretical models have been proposed to explain the physical prop-
erties of this hot corona in the inner AGN regions (see e.g. [13] for a review), be-
tween (as a non exhaustive list) Slim discs [14], Advection Dominated Accretion
Flows (ADAF, [15]), Adiabatic Inflow-Outflow Solutions (ADIOS, [16]), Luminous
Hot Accretion Flows (LHAF, [17], Magnetically Arrested Discs (MAD, [18]) or Jet
Emitting Discs (JED, [19]). This hot flow may be formed in different ways, e.g.,
from disc evaporation [20] or Magneto-Hydro-Dynamic (hereafter MHD) accretion-
ejection processes (e.g. [21, 22]). But up to now, none of these models make a com-
plete consensus and none of them is able to explain all the different high-energy
properties of compact objects.

It has been rapidly realized that it would be difficult anyway to constrain the main
properties of the hot corona like e.g. its temperature, optical depth or the geometry
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the electron temperature decreases (Haardt, Maraschi, &
Ghisellini 1997).

In the present paper, our aim is to test Comptonization
models over high-quality data, deriving further constraints
on the physical parameters and geometry of the source. To
achieve such a goal, the long look at the Seyfert 1 galaxy
NGC 5548 performed by BeppoSAX provides an ideal data
set. Previous studies of the source conducted over several
years using EXOSAT , Ginga, ASCA, RXT E, and, in some
cases, coordinated observations !rst with IUE and later
with the Extreme Ultraviolet Explorer (EUV E) (Walter &
Courvoisier 1990 ; Nandra et al. 1991 ; Chiang et al. 2000)
support the general Comptonization picture, revealing the
presence of several components in the X-ray spectra
(neutral iron line, reÑection hump, soft excess, etc.). No
information on the high-energy end of the Comptonization
component could, however, be obtained from the above
studies. Magdziarz et al. (1998), using average OSSE data
and nonsimultaneaous Ginga observations, suggested a
temperature of 50 keV for the hot corona.

NGC 5548 was observed by BeppoSAX in a single long (8
days) observation, with a net exposure of 314 ks on source.
The high quality of the BeppoSAX data allows a detailed
study of the spectrum over a very wide energy range, from
0.2 to 200 keV, and o†ers the opportunity to study spectral
variability, since a conspicuous Ñare occurred in the middle
of the observation. A detailed analysis of these data has
been presented by Nicastro et al. (2000, hereafter N99). The
di†erences between the latter analysis and our results
concern only the modeling of the continuum and will be
discussed in the course of the paper.

Our main progress here is to adopt and !t directly to the
data a detailed model of the Comptonized spectrum, for
which the commonly adopted representation of a simple
power law with a high-energy cuto† turns out to be a rather
poor approximation. E†ectively, Comptonized spectra
intrinsically show additional features, such as bumps due to
di†erent scattering orders, and an anisotropy ““ break ÏÏ due
to the (plausible) anisotropic nature of the soft photon
input.

The paper is organized as follows. In ° 2 we brieÑy sum-
marize the main characteristics of Comptonization models
and compare results of di†erent approaches and geometries.
The analysis of the BeppoSAX data is presented in ° 3. We
will not be concerned here in detail with the warm absorber
features already discussed in N99. In ° 4 we compare the
BeppoSAX data with nonsimultaneous IUE and OSSE
data. We discuss our results and their physical interpreta-
tions in ° 5. We then conclude in the last section.

2. THE COMPTONIZATION MODEL

Theoretical Comptonized spectra, produced by a mildly
relativistic plasma scattering o† low-frequency radiation,
have been computed for two decades now (Shapiro, Light-
man, & Eardley 1976 ; Sunyaev & Titarchuk 1980 ; Pozdny-
akov, Sobol, & Sunyaev 1976). More recently, it has been
realized that, if the scattering occurs above an accretion
disk, the source of seed photons is anisotropic, introducing
anisotropies and modi!cations of the outgoing spectrum.
Haardt & Maraschi (1991, 1993) and Haardt (1993) derived
the angle-dependent spectra from the disk-corona system
using an iterative scattering method, where the scattering
anisotropy was taken into account only in the !rst scat-
tering order. Other more detailed works have followed,

exploiting nonlinear Monte Carlo techniques (Stern et al.
1995a) or the iterative scattering method (Poutanen &
Svensson 1996, hereafter PS96), allowing the treatment of
systems with di†erent geometries such as slabs, cylinders,
hemispheres, and spheres. All these papers have shown that
anisotropic e†ects are important and indeed can modify
substantially the spectral shape of the Comptonized radi-
ation. The largest e†ect occurs when soft photons are
emitted by a plane (disk) on one side of the corona. In this
case, photons backscattered toward the disk in the !rst
scattering are necessarily produced in ““ head-on collisions ÏÏ
and therefore have an energy gain larger than average,
while photons scattered toward the corona (i.e., in the
forward direction) have an energy gain smaller than
average. As a consequence, the contribution of the !rst scat-
tering order to the outgoing Ñux is signi!cantly reduced.
Clearly, this e†ect becomes important when the energy gain
per scattering is large, that is, when is mildly relativistic,kT

esay keV.kT
e
Z 100

In Figure 1 we compare spectra computed for the same
value of the coronal temperature keV) for di†er-(kT

e
\ 360

ent geometries. For the slab geometry, we show spectra
obtained with the code of Haardt (1994, hereafter H94),
whereas the hemispherical and the spherical ones have been
produced by the code kindly made available by PS96. We
have checked that in the slab case the two codes give identi-
cal results. For the sphere, the soft photons are supposed to
be emitted isotropically at the center of the sphere, whereas
they come from the bottom for the slab and the hemispheri-
cal con!gurations. In each case, the optical depths have
been chosen so as to produce approximately the same spec-
tral index in the X-ray range. We have thus taken q \ 0.09,
0.16, and 0.33 for the slab, hemispherical, and spherical
geometry, respectively. We have also plotted, for compari-
son, a cuto† power-law spectrum setting the e-folding
energy keV as a !rst-order approximationE

c
\ 2kT

e
\ 720

to Comptonization spectral models (for q [ 1).
It is clear from Figure 1 that the spectra are quite di†er-

ent at medium-high energy keV). Below the high-(E Z 10

FIG. 1.ÈComptonized models for di†erent geometries assuming kT
e
\

360 keV and eV. The slab, hemispherical, and spherical geome-kTbb \ 5
tries are plotted in a solid, dashed, and dot-dashed line, respectively. For
the spherical geometry, the soft photons are supposed to be emitted iso-
tropically at the center of the sphere, whereas they come from the bottom
plane for the slab and the hemisphere. The optical depths, chosen so as to
produce approximately the same spectral index for keV, are 0.09,E [ 10
0.16, and 0.33 for the slab, hemispherical, and spherical geometry, respec-
tively. For comparison, we have also overplotted a cuto† power law with

in a dotted line.E
c
\ 2kT

e

Fig. 2.2: Comptonised models for different hot corona geometries assuming an electron temper-
ature kTe = 360 keV and a seed soft photon temperature kTbb = 5 eV. The slab, hemispherical, and
spherical geometries are plotted in a solid, dashed, and dot-dashed line, respectively. The optical
depths, chosen so as to produce approximately the same spectral index for energies < 10 keV, are
0.09, 0.16, and 0.33 for the slab, hemispherical, and spherical geometry, respectively. For compar-
ison, we have also overplotted a cutoff power-law with a cut-off energy Ec = 2kTe with a dotted
line. From [23].

with only X-ray spectroscopy if the energy range used to constrain the X-ray spec-
trum is too small. For example, different couples of temperature and optical depth
values will produce similar Comptonisation spectra from different corona geome-
tries (e.g. [23] and see Fig. 2.2). To break down this spectral degeneracy requires
very broadband coverage in other parts of the high-energy spectrum, from the UV
to the very hard (above 10 keV) X-rays. But X-ray polarimetry should also bring
important constraints in this respect (see Sect. 2.7.1).

2.3 Reprocessing of X-ray radiation in the gaseous environment
close to the SMBH

The presence of substantial amounts of gas along the line of sight toward the lumi-
nous continuum emission source of AGN has been evident since early X-ray obser-
vations of both less luminous and local Seyfert galaxies (e.g., NGC 4151, [24]) and
more luminous and distant QSOs (e.g., MR 2251-178, [25]). In fact, reprocessing
features such as absorption edges and emission and absorption lines are commonly
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observed in the X-ray spectra of AGN, and allow to estimate the physical condi-
tions of the gas responsible, together with the X-ray radiation impinging on it, for
such features (e.g., [26, 27, 28]). For example, variability of the absorption or emis-
sion spectral features (reprocessing features) on relatively short time scales implies
a physical origin close to the source of emission for the gas responsible for its repro-
cessing. In the regions very close to the central SMBH, general relativistic effects
strongly shape the spacetime geometry itself, and observing reprocessing features
created in such regions allows to measure fundamental physical quantities such as
the spin of the SMBH [29, 30, 31].

2.3.1 Basics of X-ray photons interaction with matter

X-ray photons can easily pierce through large column densities of gas NH =∫
n(l)dl = τ/σT , where n(l) is the particle number density along the line of sight, τ

is the optical depth, and σT is the Thomson cross-section. Typical column densities
observed in the X-ray spectra of AGN range from 1021 up to > 1024 cm−2. When
the value NH = 1/σT ∼ 1.5× 1024 cm−2 is reached, then τ = 1 and the Compton-
thick regime is entered: the intrinsic flux of photons is severely attenuated by the
intervening matter even for energies as large as a few keV [32].

During their journey through such large gas column densities, the X-ray photons
can be absorbed, leaving as a spectral signature the characteristic photoelectric cut-
off that moves at higher energies for larger NH , and absorption lines or edges when
bound-bound or bound-free electron transitions are involved (Fig. 2.3, top panel).

X-ray emission is also associated to the reprocessing, in particular fluorescence
emission following K-shell absorption of the most abundant cosmic elements, no-
tably iron (Fe K emission). The Fe K fluorescence emission happens after an X-ray
photon is absorbed by an iron atom of the reprocessing gas, ejecting an electron
from the K-shell (which corresponds to the atomic energy level n = 1), and the sub-
sequent excited atomic state relaxes by fluorescence, i.e., an electron from the upper
L-shell (n = 2) moves to vacancy in the lower K-shell, releasing a photon8 carrying
6.4 keV9. With increasing the ionization state of the iron atom, the energy emitted
by fluorescence increases, to e.g., E ∼ 6.5− 6.6 keV for Fe XIX-XXIV, E ∼ 6.7
keV for Fe XXV, E ∼ 6.97 keV for Fe XXVI (e.g., [33]).

The ionization state of photoionized gas is usually measured in terms of ξ , de-
fined as the ratio of the ionizing photon flux density over the electron number
density, which, for a spherically symmetric distribution of optically thin (τ < 1)
gas at a large distance R from the ionizing photon source, can be expressed as
ξ = Lion/4πnR2 where Lion is commonly the ionizing luminosity between 1 and

8 Alternatively, the excited atomic state can relax by emitting an Auger electron carrying 6.4 keV.
9 There are actually multiple transitions associated to each atomic shell, with increasing energy and
decreasing probability: the n= 2→ 1 transition is called Kα , the n= 3→ 1 transition is called Kβ ,
the n = 4→ 1 transition is called Kγ , ... while the n = 3→ 2 transition is called Lα , the n = 4→ 2
transition is called Lβ , and so on.
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Fig. 2.3: Examples of X-ray absorption spectra for photoionized gas assuming a Γ = 2 power-
law ionizing continuum. Top panel: logξ = 2 and different column densities NH , from 1021 cm−2

(uppermost, lightest line) to 1024 cm−2 (lowest, darkest line). The photoelectric cutoff moves at
higher energies with increasing column density; discrete absorption edges are visible, as well as
many resonance absorption lines. Bottom panel: NH = 5× 1022 cm−2 and increasing ionization
parameter ξ , from bottom to top. The gas becomes more transparent to the X-ray incoming flux
with increasing ionization parameter: above logξ ∼ 3, the broadband photoelectric cutoff is barely
distinguishable from the continuum, and above logξ ∼ 3.5 only absorption lines from the heaviest
and most highly ionized atomic species are contributing to the absorption opacity. All the models
have been calculated with XSTAR [34], which can be dowloaded from: https://heasarc.
gsfc.nasa.gov/xstar/xstar.html.

1000 Rydberg10 [35]. The presence and the amount of matter between the AGN
photon source of emission and the observer is inferred by the position and depth
of the spectral curvature due to photoelectric absorption, as well of the absorption
edges and the resonant absorption lines from ionized species, from C to Fe (Fig. 2.3,
bottom panel). Kinematic information about the gas responsible for the reprocessing
features is also accessible through X-ray spectroscopy of good enough resolution to
resolve the position of discrete emission or absorption lines. For example, if the ab-
sorption features are observed to be blueshifted with respect to the host galaxy cos-
mological redshift, the gas responsible for such features is inferred to be outflowing
with a relevant velocity component along our line of sight; in the case of a rela-

10 One Rydberg=13.6 eV.

https://heasarc.gsfc.nasa.gov/xstar/xstar.html
https://heasarc.gsfc.nasa.gov/xstar/xstar.html
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tive redshift, the gas is inferred to be inflowing. Synthetic X-ray absorption spectra
contain simulations of the flux transmitted through optically thin column densities
of gas, given an ionizing continuum; one-dimensional computations assuming geo-
metrically thin gaseous slabs are implemented into photoionization codes as XSTAR
[34], CLOUDY [36]. Examples of X-ray spectra of outflowing absorbing gas are
shown in Chapter 3 of this Volume.

2.3.2 X-ray reflection

The effects of reprocessing of the AGN X-ray continuum emission onto cold, op-
tically thick matter (X-ray reflection) have been first considered by [37] and [38].
The effects of photoelectric absorption, electron scattering, Comptonisation are to
distort significantly the reprocessed X-ray spectral shape with respect to the simple
illuminating power-law with Γ ' 1.9 generally observed. The most evident spec-
tral features due to X-ray reflection are a broad excess of emission peaking in the
∼ 30−40 keV range, the so-called Compton hump, and fluorescence emission lines
of the most abundant cosmic metals, especially iron, which follow photoelectric
absorption (e.g., [39, 40, 41]).

Modern simulations consider the effects of varying the ionization state or the
density of the reflecting matter, and allow to test different geometries for the repro-
cessing matter configuration (e.g., [42, 43, 44, 45]; see Fig. 2.4). The possibility to
also take into account different geometries of the X-ray continuum emission is cru-
cial when modelling reprocessing features expected from matter located very close
to the SMBH, where general relativistic effects are very strong [46, 47]. Current
state-of-the-art simulations merge the most extended reflection models, where the
angular dependence of the radiation field is taken into account, with general rela-
tivistic ray tracing of X-ray photons emitted from the surface of the accretion disc
very close to the central SMBH, where strong field gravity effects are of crucial
importance (e.g., RELXILL, [47], see the fourth panel of Fig. 2.4).

In the strong field gravity regime (close to the SMBH, at R < 10Rg), the reflected
spectrum gets blurred by both special relativistic (Doppler broadening) and general
relativistic effects (light bending and gravitational redshift). In particular, the promi-
nent Fe K emission line is expected to be broadened up to FWHM of 10,000s of
km s−1, and to become strongly asymmetric with a sharp “blue wing” and an ex-
tended “red wing” down to E ∼ 4− 5 keV [48, 49, 50, 29]. The strongest gravita-
tional effects are expected close to maximally rotating BHs [51], where the radius
of the innermost stable circular orbit (ISCO) shrinks to RISCO ∼ 1.2Rg compared to
the RISCO = 6Rg case for non-rotating BHs. When X-ray photons are emitted close
to the ISCO around a maximally rotating SMBH, they produce a strongly blurred
reflection spectrum where individual spectral features can be hard to discern, as they
are almost completely smoothed out by general relativistic effects. In these cases,
only the most prominent reprocessing features are expected to be visible against the
intrinsic continuum emission, such as the Compton hump and Fe K and Fe L fluo-



2 The Super-Massive Black Hole close environment in Active Galactic Nuclei 9

log	ξ	=	2
...
...

log	ξ	=	4

log	ξ	=	0.5
log	ξ	=	0

log	ξ	=	4.5

R
el
at
iv
e	
n
or
m
al
iz
at
io
n

1

1000

106

109

Energy	(keV)
1 10

log	ξ	=	2
...
...

log	ξ	=	4

log	ξ	=	0.5
log	ξ	=	0

log	ξ	=	4.5

R
el
at
iv
e	
n
or
m
al
iz
at
io
n

100

200

Energy	(keV)
1 10

log	n	=	15
log	n	=	16
log	n	=	17
log	n	=	18
log	n	=	19

R
el
at
iv
e	
n
or
m
al
iz
at
io
n

100

200

Energy	(keV)
1 10

thick	line:	maximum	spin

thin	line:	zero	spin

rin	=	4	rISCO
rin	=	2	rISCO
rin	=	rISCO

R
el
at
iv
e	
n
or
m
al
iz
at
io
n

0.1

1

Energy	(keV)
1 10

Fig. 2.4: Reflection spectra computed assuming a power-law with Γ = 2 illuminating a disc with
solar abundances, emissivity index = -3 (i.e., the disc emissivity ε(R) ∝ R−3 at the radial distance
R), inclined 30◦with respect to the line of sight. Top left: non-relativistic reflection computed for a
constant density n = 1015 cm−3 and various ionization parameters of the reflecting gas. Top right:
relativistic reflection computed assuming a non-rotating BH and a disc with a fixed outer radius
rout = 400rg and an inner radius 10rISCO, with a constant density n = 1015 cm−3 and various ioni-
sation states of the gas. Bottom left: relativistic reflection computed as above, but with a constant
ionisation state logξ = 2, and various densities of the reflecting gas. Bottom right: relativistic re-
flection computed as above but for two values of the BH spin (zero or maximum) and various disc
inner radii, from bottom to top and darkest to lightest: rin = 1, 2, 4, and 8 times rISCO. For every
case of rin, the non-rotating BH case is plotted with a thin darker line, the maximally-rotating BH
case with a thick lighter line. The four couples of models have been rescaled in normalization for
visual purposes.
All the models have been calculated with XILLVER and RELXILL, which can be dowloaded from:
http://www.sternwarte.uni-erlangen.de/˜dauser/research/relxill/.

rescence emission. It follows that by measuring accurately the spectral parameters
of the broadened reflection features, of which the Fe K line is the easiest to measure
for its prominence, the RISCO can be inferred, and therefore the spin of the SMBH
[52, 53].

http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/


10 William Alston, Margherita Giustini, Pierre-Olivier Petrucci

2.3.3 The fluorescent iron line

The most common reprocessing feature observed in the X-ray spectra of AGN is
the Fe K fluorescence emission line at E ∼ 6.4 keV, with a moderate width and
EW (FWHM∼ 2000 km s−1, EW∼ 30− 200 eV; see e.g. [54, 55, 56]). Such fea-
ture is usually associated to distant reprocessing material, located at R� 1000Rg
(e.g., [57]). However, in many cases a much broader, stronger, and asymmetric Fe
K emission line is observed, indicative, as explained in the previous section, of re-
processing happening very close to the central SMBH (R� 100Rg), where strong
field gravity effects are important [48].

Observations by ASCA presented by [58] showed the first clear example of a very
skewed Fe K emission line in the Seyfert galaxy MCG-6-30-15. The very broad line
was inferred to be due to reprocessing in the very inner parts of the disc by an X-ray
source of emission very compact and very close to the disc [59].

Early results based on ASCA observations of a sample of Seyfert 1 galaxies
showed evidences for relativistically blurred Fe K emission in about 3/4 of the
sources [60]. Subsequent observations of an enlarged sample of Seyfert 1 galaxies
with the more sensitive XMM-Newton satellite revealed the presence of relativisti-
cally broadened Fe K line in about a half of the sample; one third of the sample
presented only narrow Fe K emission, while about one fourth of the sample dis-
played emission with an intermediate width, indicative of reprocessing at small, but
not very small, distances from the SMBH [61].

A systematic study of the XMM-Newton archive performed on about 150 type
1 AGN later confirmed the presence of relativistically broadened Fe K emission in
one third of the sample [62], while a survey of about 50 AGN observed with Suzaku
found the presence of relativistically blurred reflection in a half of the sample [63].

The temporal behaviour of the broadened Fe K line in the Seyfert galaxy MCG-
6-30-15 also gave puzzling results to interpret [64], in particular uncorrelated vari-
ability of the Fe K line and continuum flux emission. The puzzle can be solved
assuming a very low height of the X-ray continuum emission source above the re-
flecting material, which is very close to ISCO around a maximally rotating BH; in
this case, light bending due to the strong SMBH gravitational field explains the ob-
served temporal and spectral properties of the broadened Fe K line in MCG-6-30-15
[65, 66, 67].

In fact, independent of the time-variable nature of the Fe K line, in order to re-
produce the very broad line profiles observed in Seyfert 1 galaxies, the so called
lamp-post configuration needs usually to be invoked. Here the X-ray continuum
source is assumed to be extremely compact, of the order of ISCO, and at a compa-
rable distance from the SMBH (Region ’B’ in the bottom panel of Figure 2.5). The
SMBH is maximally rotating, so that most of the energy is released very close to
it and with a very steep emissivity index k, where the disc emissivity ε(R) ∝ R−k

[68, 69]. The resulting line profile is very smooth and skewed toward the red.
The lamp-post model has been applied successfully to the high signal-to-noise

ratio (S/N) broadband X-ray spectroscopic observations of several AGN, allowing to
infer a very high spin for the majority of the sources studied [70, 31, 71]. Broadband
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Fig. 2.5: Panel A: best-fit model for the 4-20 keV spectrum of PDS 456 observed by XMM-
Newton and NuSTAR, where the Fe K emission and absorption features have been modelled within
an accretion disc wind scenario. The bottom panel shows data/model ratio, while the small in-
set shows the theoretical model applied; adapted from Figure 3 of [74]. Panel B, left: NuSTAR
data/model ratio of a power-law fit for the AGN NGC 1365, showing a strongly asymmetric Fe K
emission line and a strong Compton hump; the small inset shows the simultaneous observation of
the Fe K line with XMM-Newton. Adapted from Figure 1 of [72]. Panel B, right: XMM-Newton
data/model ratio of a power-law fit to the 1.5-3 keV band for the AGN 1H 0707-495, showing
strong Fe L and Fe K emission lines which are strongly skewed and blurred by strong-gravity
effects. Adapted from Figure 1 of [73]. Bottom panel: we have reported the schematic side view
of the inner regions of AGN of Fig. 2.1 with the origin of reprocessing features marked. The
reprocessing features of panel A are produced between a few tens and few thousands Rg. The re-
processing features of panel B are produced within the innermost few gravitational radii from the
central SMBH, R < 10Rg.

XMM-Newton and NuSTAR observations of the Seyfert galaxy NGC 1365 revealed
relativistically blurred features both in the Fe K band and at hard X-rays with a
strong Compton hump peaking around 30-40 keV ([72], Fig. 2.5, left in panel B).
Notably, in the Seyfert galaxy 1H 0707-495 both Fe K and Fe L emission lines were
detected, and a highly-spinning BH was inferred ([73], Fig. 2.5, right in panel B).

2.3.4 Complex X-ray partial covering absorption

The physical interpretation of the broad Fe K emission line is not completely unam-
biguous, as reprocessing features produced close to the SMBH, but not that close
(R ∼ 100s-1000s Rg), can give equivalent spectral results of relativistic reflection
modelling. If the source of X-ray emission has a non-negligible geometrical exten-



12 William Alston, Margherita Giustini, Pierre-Olivier Petrucci

sion (a few 10Rg) and the reprocessing material is not too distant from the con-
tinuum source of emission, then partially covering absorption can occur. Partially
covering X-ray absorption is commonly detected at large distance from the SMBH
(e.g., eclipses by Compton-thick clouds or by Compton-thin obscurers, see Chapter
1 of this Volume), but it might be relevant on scales of tens to hundreds of gravita-
tional radii as well.

The archetypal broad Fe K emission line of MCG-6-30-15 can be reproduced in
complex absorption scenarios, with layers of gas only partially covering the X-ray
continuum emission source [75], albeit with a contrived geometry [76]. Broadband
and deep X-ray observations of MCG-6-30-15 performed with NuSTAR and XMM-
Newton still did not allow to rule out the complex absorption scenario, although the
relativistically blurred reflection is preferred on a statistical ground [77]. While a
maximally rotating BH is almost invariably inferred to be in action in MCG-6-30-
15 from spectral fits performed within a lamp-post model, this scenario is ruled out
by [71] who consider the effects of absorption in the Fe K band before modelling
the relativistic emission line.

X-ray partial covering can also explain the spectral curvature in the Fe K band
in 1H 0707-495 [78, 79, 80], 1H 0419-577 [81], Mrk 335 [82], NGC 4151 [83]; all
these AGN have been successfully modelled also in the blurred reflection scenario,
e.g., by [84, 85, 86, 87]. The physical context is therefore quite complex, and both
relativistic reflection and partially covering absorption might be at play in shaping
the appearance of X-ray spectra of AGN; both components were requested to fit the
X-ray spectra of e.g. NGC 4151 by [88], Mrk 335 by [89], and NGC 1365 by [90].
A way to break the degeneracy between the two scenarios is either using timing
information (e.g., X-ray reverberation, Sect. 2.5.2) or high-resolution spectroscopy
with the next-generation X-ray microcalorimeters (Sect. 2.7.2).

2.3.5 Reprocessing in the wind

Further complexities in the interpretation of X-ray spectra of AGN were realised
to exist after the investigation of the physical effects of outflowing, highly ionised
matter on the incoming X-ray photon flux.

During the past few decades, winds originating from the inner regions close to
the SMBH have been recognised as a fundamental physical ingredient of AGN (see
Chapters 1 and 3, this Volume; and [91] for a recent review). In particular, the work
by [92, 93] presented the first Monte Carlo simulations of X-ray radiative transfer
through a simple biconical accretion disc wind, demonstrating that scattering and
recombination into a wind launched at R ∼ 10s-100s Rg can produce a substantial
excess of emission redward of 6 keV, together with strong absorption lines in the Fe
K band, therefore confusing the simple interpretation of relativistically blurred Fe
K emission.

Figure 2.6 shows five examples of broadband 0.1-200 keV spectra expected in
the disc wind scenario by [93] for five different lines of sight (l.o.s.). In the most
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equatorial view, the l.o.s. goes through the very dense base of the wind and the X-
ray direct emission is completely suppressed. The spectrum is composed uniquely
by the reprocessed component, which is dominated by strong absorption lines and
broad emission features both in the soft and in the hard X-ray band, with red-skewed
Fe L and Fe K emission lines and a strong bump of emission peaking around 30−
40 keV. In general, with decreasing the inclination angle between the polar axis
and the l.o.s., the fraction of both transmitted and reprocessed flux increase, and
less and less wind is intercepted by the l.o.s.; the absorption lines weakens and
the relative importance of the scattered component increases. These trends were
confirmed by [94] who applied their Monte Carlo radiative transfer method to the
output of hydrodynamic simulations of accretion disc winds presented by [95].

Observations of the luminous AGN in PDS 456, which shows a powerful, mul-
tiphase X-ray wind with strong reprocessing features [96], revealed highly-variable
X-ray absorbers on multiple time scales ([97], see panel A of Fig. 2.5). A partially
covering absorber was found to be variable on short time scales, placing it on radial
scales of a couple of hundreds Rg [98]. That is close to the location where accretion
disc winds can be launched, i.e., from a few 10Rg for the fastest winds (υout > 0.3c),
to a few 100Rg for the slower ones (υout < 0.1c). Generally speaking, the closest the
wind launching point to the SMBH is, the fastest the terminal velocity of the wind.
Given the observed wind velocities in AGN, the inner launching radii for accretion
disc winds can be therefore very small. For example, while the average compo-
nents of the wind observed in PDS 456 have a velocity υout ∼ 0.25c and are likely
launched around 30−50Rg, some of the fastest components with υout ∼ 0.45c might
arise from wind components launched as close as ∼ 10Rg from the central SMBH
[97].

2.3.6 Strong-field gravity signatures in X-rays

X-ray observations are a powerful tool to constrain the signatures of space-time
distortions due to strong-field gravity effects. One natural method to measure the
SMBH spin is through X-ray reflection spectroscopy (Section 2.3.2), however, the
physical complexities introduced in Section 2.3.4 and 2.3.5 have implications on
the measurement of the spin of the SMBH. While the application of the lamp-post
model to the X-ray spectra of local Seyfert galaxies almost invariably reports a max-
imally spinning SMBH (e.g., Fig. 6 of [31]), the analysis of Suzaku observations of
“bare” Seyfert, those AGN where the line of sight is free from substantial absorption
(NH < 1022 cm−2), revealed the presence of both partial covering and relativistic re-
flection, where maximally rotating BHs were not favoured by the data but rotating
BHs with intermediate spins of about 0.7 were preferred [99]. A variety of SMBH
spin values was also found by [70], who analysed a sample of Seyfert galaxies se-
lected to have a strong soft X-ray excess (see Section 2.4) and not to be dominated
by absorption. A recent thorough review of the complexities associated to the mea-
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Fig. 2.6: Five examples of broadband 0.1-200 keV spectra expected in the disc wind scenario by
[93] for five different lines of sight, polar to equatorial from top to bottom (θ = cos−1 µ is the angle
of the line of sight relative to the polar axis). The left panels report the 0.1-200 keV spectral com-
ponents, the red line represents the transmitted spectrum, the blue line the scattered/reprocessed
spectrum, and the black line the sum of the two. The right panels report a zoom in the Fe K band
with the rest-frame energies of the Fe XXV/XXVI Kα transitions (∼ 6.7/6.97 keV) marked. Note
the different y-scale in the five panels. Figure 4 from [93].

surement of SMBH spin can be found in [100].

Strong-field gravity effects have also been suggested through the presence of hot
spots above the accretion disc. These hot spots are localized X-ray flares which illu-
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minate the accretion disc. They have been detected in at least four Seyfert galaxies:
NGC 3516, where emission redward of the Fe K emission line, between 5.7 and
6.5 keV, was observed to be modulated and interpreted as flaring emission from the
inner disc at about 10Rg [101]; Mrk 766, where sinusoidal variations of Fe K emis-
sion are consistent with material orbiting at∼ 100Rg from the central SMBH [102];
Ark 120, where flares redward and blueward of the Fe K emission line between 6
and 7 keV have been detected to vary on time scales of a few kiloseconds, placing
the reprocessing material at about 10Rg [103]; and NGC 2992, which hosts tran-
sient emission in the 5−7 keV range which can be modelled with flares in the disc
at ∼ 15− 40Rg from the SMBH [104]. A systematic study of transient emission
and absorption in the Fe K band of a large sample luminous Seyfert galaxies has
been presented by [105], who found evidence for relativistic, variable features to be
around 30%.

The detailed study of the orbital motion of these hot spots could allow to measure
the SMBH spin with future X-ray spectroscopic observations with large collecting
area, which could allow a finely sliced time-resolved spectroscopy with high photon
count statistic to be performed [106].

2.4 The soft X-ray excess

2.4.1 Observational signatures

A large fraction of AGN show the presence of an excess of flux, below 2 keV, in
comparison to the extrapolation of the power-law fit in the 3-10 keV range. This
excess is known as the soft X-ray excess. It was first discovered in the middle of
the 80’s thanks to X-ray satellites with energy range covering the soft X-ray band
(<2 keV) like HEAO or EXOSAT (e.g. [107, 108, 109, 110]). It was observed in
several AGN by all the subsequent X-ray missions (e.g. ROSAT, ASCA, BeppoSAX)
and is now commonly detected by XMM-Newton or Swift (see examples shown in
Fig. 2.7). Actually it seems to be an ubiquitous component in AGN (see e.g. [111]
and references therein) given that, to our knowledge, no study about AGN without
soft X-ray excess have been published so far. Nevertheless, the physical origin of
this component is yet still not understood.

The spectral shape of the soft X-ray excess does not show signatures of obvi-
ous atomic features (neither in emission nor absorption) and is generally well fit
with a blackbody shape. It has been realized that the temperature Tbb of the black-
body was always in the range 0.1-0.2 keV whatever the mass of the central BH or
the luminosity of the AGN (e.g. [114, 115, 113], see Fig. 2.7 bottom). While the
soft X-ray excess is widely believed to be related to the accretion disc, the energy
range in which it is observed is incompatible with the expected temperature (of the



16 William Alston, Margherita Giustini, Pierre-Olivier Petrucci1068 J. Crummy et al.

Figure 1. The soft excesses of all the sources in our sample. The sources were fit as in Table 2, then the blackbody component was removed and the residuals

were plotted. Absorption edges were left in the model to show the form of the soft excess more clearly. The top three sources, in descending order of flux at

0.5 keV, are ARK 564, NGC 4051 and TON S180; note the unusually extended shape of the TON S180 soft excess.

of the model are given in Figs 2 and 13. This model is physically

motivated, and therefore may prove useful in understanding these

sources.

2 T H E S O U R C E S

In this paper, we use publicly available archival XMM–Newton data

on 22 type 1 AGN from the Palomar-Green (PG) sample and a

selection of 12 other Seyfert 1 galaxies with high-quality observa-

tions. Where multiple observations are publicly available, we use

the longest where the PN camera took data. A list of the sources

with their properties and the observation IDs used is given in Ta-

ble 1. Most of these sources are the subject of many papers and have

been observed with several different X-ray instruments; however,

we confine ourselves to XMM–Newton data and perform a standard

analysis across all of them.

3 DATA R E D U C T I O N

We obtained the Observation Data Files (ODFs) from the XMM–

Newton public archive and reduced them in the standard way using

SAS 6.0 to produce event lists. We extracted spectra and light curves

using circular source-centred regions 40 arcsec in size for the pn

and 60 arcsec in size for the MOS, using a smaller extraction re-

gion where appropriate due to chip gaps, etc. We used the standard

valid event patterns of 0–4 (singles and doubles) for pn and 0–12

(singles to quadruples) for the MOS. Background spectra and light

curves were similarly created using regions away from any sources,

possible out-of-time event trails and chip gaps. Where the count rate

of background flares was greater than 5 per cent of the source count

rate, a good time interval file was used to exclude those events, and

even more conservative background filtering was adopted where

possible. We used the SAS tasks RMFGEN and ARFGEN to create the

response matrices.

Figure 2. The relativistically blurred photoionized disc reflection model fit

and residuals to PG 1501+106 (top) and a plot of the model used showing

the illuminating power law and reflection components (bottom). The dashed

line is the reflection component, the dash–dotted line is the power law and

the solid line is the total model. The model is shown over an extended energy

range. The curvature at low energies is due to cold absorption local to our

Galaxy. See Table 3 for fit parameters.
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Fig. 9. Temperature of the black body model, when used to model the soft excess in the objects of CAIXA. It appears completely unrelated to
the X-ray luminosity (left and the BH mass (right). The di!erent symbols refer to the classification of the objects, on the basis of their absolute
magnitude and H! FWHM: NLSY, narrow-line Seyfert 1; BLSY, broad-line Seyfert 1; NCSY, not-classified Seyfert 1 (no H! FWHM measure
available); NLQ, narrow-line quasar; BLQ, broad-line quasar; NCQ, not-classified quasar (no H! FWHM measure available).

Fig. 10. Hard X-ray powerlaw index distribution in CAIXA. Red his-
tograms are narrow-line objects, black histograms are broad line ob-
jects, and white histograms are for objects with no measure in CAIXA
for the H! FWHM. See text for details.

performed a complete and homogeneous spectral analysis of the
X-ray data, whose main results can be summarised as follows:

– The X-ray spectral index. The average 2!10 keV spectral in-
dex for the whole catalogue is 1.73± 0.04 (" = 0.49± 0.02)
and appears significantly steeper in narrow-line objects and
quasars with respect to broad-line objects and Seyfert galax-
ies. The average value for CAIXA and the di!erences be-
tween source populations do not significantly change if a
luminosity-dependent Compton reflection component is in-
cluded in the model.

– The iron lines. The distribution of the neutral iron K# EW
is clustered around 50!120 eV, as expected if arising as re-
processing from cold Compton-thick matter, as the putative
torus. Both Fe !!" and Fe !!"# are commonly detected, but
we do not find di!erent rates of detection of these lines be-
tween narrow- and broad-line objects. The ratio between the
EWs of the two lines is, on average, broadly in agreement
with photoionisation models.

– The soft excess. This component is very common in CAIXA,
in agreement with previous studies. We chose the ratio be-
tween the soft X-ray luminosity (rest-frame 0.5!2 keV) and
the hard X-ray luminosity (rest-frame 2!10 keV) as a model-
independent indicator of the strength of the soft excess. With
respect to this parameter, narrow- and broad-line objects are
significantly di!erent populations. Indeed, it is very interest-
ing to note that no narrow-line object is found with a value
of the luminosity ratio lower than unity.

On the basis of these results, we will investigate the correla-
tions between the X-ray and the multiwavelength properties of
the sources in CAIXA in a companion paper.
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Appendix A: Censored mean

Given the large errors and the presence of upper limits for many
of the parameters derived in CAIXA, most average values cited
in this paper are “censored means”, if not otherwise stated. The
adopted method is very similar to the “censored fits” presented
in Bianchi et al. (2007), based on the linear fits performed by
Guainazzi et al. (2006b), and can be summarised as follows.
Several mean values were performed on a set of Monte-Carlo
simulated data derived from the experimental points according
to the following rules: a) each detection was substituted by a ran-
dom Gaussian distribution, whose mean is the best-fit measure-
ment and whose standard deviation is its statistical uncertainty;
b) each upper limit U was substituted by a random uniform dis-
tribution in the interval [0, U]. The average (with relative uncer-
tainty) of the mean values of each single data set is the “censored
mean” reported in the text, along with the average dispersion.
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Fig. 2.7: Top: Soft X-ray excesses in a sample of AGN (from [112]). The sources
were fit with a power-law for the primary continuum (i.e. to mimic Inverse Comp-
ton emission) and a blackbody for the soft X-ray excess. These are the residuals
when the blackbody component is removed. Bottom: Temperature of the black
body model, when used to model the soft excess, with respect to the BH mass (from
[113]).
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order of a few eV) of a standard accretion disc around a SMBH11. Moreover, the
disc luminosity is expected to be ∝ T 4

bb which is also not observed (e.g. [114, 113]).
These two arguments rule out the soft X-ray excess as the direct signature of the
accretion disc emission. The remarkable constancy of the soft X-ray excess spec-
tral shape across a large number of sources with different BH masses or accretion
rates could suggest that it is not a “true” continuum component and that it is more
related to micro-physics processes (e.g. atomic transitions) occurring at constant en-
ergies. Actually, both approaches, relying on a true continuum component or atomic
processes, appear yet valuable as explained in the next section.

2.4.2 The soft X-ray excess modelling

Several models have been proposed to explain the soft X-ray excess. The more dis-
cussed ones in the last 15-20 years are smeared absorption from partially ionized
material (e.g. [119]), blurred ionized reflection (e.g. [112, 120]), and warm Comp-
tonisation (e.g. [121, 122, 123]).

The two first models rely on the presence of strong jumps in opacity between
∼0.5 and 2 keV caused by e.g. OVII/VIII and by the presence of several absorp-
tion/emission features from partially ionized ions like iron. The absence of emis-
sion/absorption features in the observed soft X-ray excess spectral shape requires
then, in both cases, the presence of large velocity shears to smear out the (other-
wise expected) sharp atomic features. This velocity shears could be produced by
fast winds (for the ”absorption” models) or strong gravity effects close to the BH
(for ”reflection” models) or a combination of the two. Precise modelling of disc
winds absorption, however, have been shown to be unsuccessful in reproducing the
smoothness of the soft X-ray spectral shape, the large number of atomic features
expected across the 0.3-13 keV range being not sufficiently blurred by the too weak
velocity shear of the wind (e.g. [124]).

In blurred ionized reflection, the excess of emission in the soft band is due to a
blend of emission lines present in the reflection spectrum. However, the reflection
needs to be produced in the inner part of the accretion flow, close enough to the
BH, where the relativistic effects are sufficiently strong to smear out these lines
and reproduce the soft X-ray excess spectral shape (see Fig. 2.8). In addition to the
soft X-ray excess, a blurred ionized reflection has the advantage of explaining also
two other important spectral components commonly observed in AGN, i.e., broad
iron lines and the Compton hump around 30 keV as dicussed in Sect. 2.3.2. It has
also been shown that the disc density can have significant effects on the excess of
emission expected in the soft X-ray range by the reflection component (see e.g.
Fig. 2.4). Indeed, the higher the density, the more efficient the free-free absorption

11 The typical temperature of an accretion disc around a SMBH of mass MBH = M8108M� is

approximately Tbb ' 105M−1/4
8 K, e.g. [116].
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Figure 5. The relativistically-blurred ionized disc reflection model plotted in !F! , i.e. showing the flux emitted as a function of energy.
The black crosses are the data points, the blue line is the fit to the data (from Table 3, with the absorption edges for PG 1309+355
(0.74 keV) and ARK 564 (0.68 keV) from Table 4), the green line is the power law component of the fit, the red line is the reflection
component of the fit, and the insert shows the Laor profile (also plotted as !F!) that the two components are blurred with to produce
the model. The figure illustrates the e!ect of ionization parameter (") on the model, the model shown for PG 1309+355 has " = 3, PG
1501+106 has " = 510, PG 1116+215 has " = 1270 and ARK 564 has " = 3120. The lines are clearly more distinct in the reflection
component at lower ionization parameters, and the Compton reflection continuum increases as ionization parameter increases. An iron
line between 6.4 and 6.7 keV is clear in the reflection component for all values of the ionization parameter, but can only be seen in the
source spectra as a slight enhancement to the continuum as it is blurred by the wide Laor lines (see Gallo et al. 2004b for an investigation
of this feature in MRK 0586).

5.4 NGC 4051

The observation of NGC 4051 we analyse is of very high
quality, and shows some features not observable in any
of the other sources. It is clear from Fig. 7 that the disc
reflection model follows the shape of the continuum very
well, but there are several small features which contribute
to the fairly high !2

! of 1.240 for 1040 degrees of freedom.
Some of these features may be calibration problems, such
as around the XMM-Newton instrumental Au M edge at
2.3 keV, and some may be due to small amounts of absorp-
tion or emission. However it is also possible that some of the
approximations made in the disc reflection model are invalid
when analysing observations of this detail, see Section 6.
A more detailed analysis of NGC 4051 and its variabil-
ity using the disc reflection model is in Ponti et al. (in prep.).

5.5 E 1346+266

E 1346+266 is unusual in our sample as it has a high
redshift, z = 0.915. This enables us to investigate the
e!ectiveness of the disc reflection model at source energies

up to 23 keV. The simple model, the disc reflection model
and the version of the disc reflection model with a non-
rotating black hole are all roughly equal in quality of fit to
the source, so whilst the disc reflection model has proved
itself to work at least as well as the simple model in this
energy range it is di"cult to say anything definite about
the source. The disc reflection model essentially works by
fitting the soft excess and any excess iron emission. The soft
excess is less visible in high redshift AGN due to being both
shifted out of the instrument band and strongly absorbed.
The disc reflection model will therefore be most useful in
high redshift sources which have excesses in the continuum
around 6.4 keV due to iron, although it is able to fit sources
where this is not the case.

5.6 PG 1211+143

PG 1211+143 has a feature in the 4 – 8 keV region which
is not predicted by either model, see Fig. 8. The shape
of the residuals to the fits suggest two possibilities, an
absorption edge at !7 keV or a broad Laor iron line. We
investigated the latter possibility by adding a Laor line
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Fig. 2.8: Examples of best fit spectral energy distribution using relativistically-
blurred ionized disc reflection models to reproduce the soft X-ray excess of two
AGN. The black crosses are the data points, the blue line is the fit to the data, the
green line is the power-law component of the fit, the red line is the reflection com-
ponent of the fit, and the insert shows the relativistic line profile (from [117]) used
to blur the two components to produce the blue line model. The y axis has arbitrary
units. From [118].
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Fig. 1. Sketch of the two coronae approach. A hot (kT ⇠ 100 keV) and
optically thin (⌧ ⇠1) corona (in red) is present in the inner parts of the
accretion flow close to the black hole. This produces the hard X-ray
emission through Comptonization of the soft photons coming from the
outer part of the flow. The outer accretion flow is a vertically structured
accretion disk (a zoom is shown in the figure) with cold and optically
thick matter in the deeper layers (in black), characterized by a temper-
ature Tbb and threaded by a vertical radiative flux Fdisk, while the upper
layers (in orange) are composed of a warm (kT ⇠ 1 keV) and optically
thick (⌧cor ⇠10-20) corona possessing a source of internal heating power
Q(⌧). The warm corona is also illuminated from above by an illumina-
tion flux FIllum produced by the hot corona.This sketch is partly inspired
from Różańska et al. (2015).

optically thick plasma covering a nondissipative accretion disk;
that is, all the accretion power would be released in the warm
corona, the underlying disk radiating only the reprocessed
emission produced by the warm corona. Analyses of larger
AGN samples give similar conclusions (e.g., P18). While the
two-coronae approach has been successfully applied to several
AGNs (e.g., Magdziarz et al. 1998; Czerny et al. 2003; Jin et al.
2012; Matt et al. 2014; Mehdipour et al. 2015; Ursini et al.
2016, 2018; Middei et al. 2018; Porquet et al. 2018; Kubota &
Done 2018; Middei et al. 2019), fundamental questions remain
unanswered: Can a warm and optically thick corona exist in the
upper layers of the accretion flow? Can its spectral emission
be dominated by Comptonization and be in agreement with the
observed soft and smooth X-ray spectral shape?

A realistic radiative transfer study of an optically thick
and warm plasma is not simple however. The optical depth
is neither very small nor very large, meaning that radiative
transfer cannot be simply approximated. As mentioned above,
the temperature is also in a range of values where lots of ions
are expected and line emission and/or absorption processes have
to be included. Last but not least, the corona heating power has
to be locally released as suggested by observations. Różańska
et al. (2015, hereafter R15) performed a theoretical study of
the existence of such a warm optically thick corona at the
surface of a standard accretion disk assuming both radiative and
hydrostatic equilibrium. This latter study shows that it is indeed
possible to obtain solutions that have the required temperature.
Specifically the best conditions are obtained when most of the
power of accretion is released into the corona rather than the
disk. Nevertheless, the requirement of hydrostatic equilibrium
with the underlying disk puts an upper limit on the warm corona
optical depth of approximately five. However, R15 also showed

that for larger optical depth, large magnetic-to-gas pressure
is needed (>30) to keep such a thick corona in hydrostatic
equilibrium with negligible free-free emission. The impact of
magnetic pressure on the formation of the warm corona has
recently been studied in the case of accretion disks in X-ray
binaries (XrB) by Gronkiewicz & Różańska (2019). While the
estimates of R15 suggest that a warm corona could indeed exist,
no spectral emission was simulated. Line radiative transfer was
also left out of the computation, preventing a clear answer to
the importance of the emission and/or absorption lines in the
thermal equilibrium and the output spectrum produced by this
optically thick and warm plasma..

The goal of this paper is to simulate energy-dependent spec-
tra of warm coronae in radiative equilibrium thanks to the state-
of-the-art radiative transfer code titan coupled with the Monte-
Carlo code noar (Dumont et al., 2003). We first introduce a few
parameters and recall in Sect. 2 some analytical estimates of ra-
diative transfer equations in the case of a gray optically thick
scattering medium with dissipation. We detail the main charac-
teristics of the titan and noar codes in Sect. 3.1 and present the
results of our simulations in Sect. 3. We discuss these results in
Sect. 4 before presenting our conclusions.

2. Analytical estimates

We recall here the analytical solutions of radiative transfer
equations for the warm corona with additional heating located
above an accretion disk. To ease the analysis, we adopt here a
number of simplifying assumptions with respect to the numer-
ical calculations described in the following section. Here we
assume a gray atmosphere with pure scattering (i.e., we neglect
emission and absorption from bound-free and bound-bound
transitions). We also assume that the atmosphere is optically
thick, and therefore adopt the Eddington approximation in the
whole medium. We assume a constant density nH throughout
the atmosphere and we use ⌧cor to refer to its total Thomson
optical depth. The corona is assumed to be heated with a
uniform rate per unit optical depth and per unit solid angle Q
(erg s�1 cm�2 str�1). For simplicity, we neglect any illumination
from above the corona. The disk is supposed to radiate like
a black body of temperature Tbb and we use B to denote the
frequency integrated black-body radiation intensity, that is,
B(Tbb) = �T 4

bb/⇡. The disk is also characterized by its intrinsic
flux F int

disk produced through internal dissipation (see Fig. 1). The
disk can still radiate (B >0) even if the disk is nondissipative,
that is, F int

disk = 0. In this case, it radiates only by reprocess-
ing the corona flux emitted downward towards the disk. On
the other hand, if the corona intercepts only a small fraction
of the disk emission, B can be very small, and potentially vanish.

We follow the analytical computations of R15, but we
present the equations in a slightly di↵erent way, which is useful
to understand the results of the numerical simulations presented
in the following sections. From now on, the part of the radiative
transfer variables emitted upward with respect to the disk is
denoted with a plus symbol (+) and the part emitted downward
is denoted with a minus symbol (–).

The frequency-integrated radiation transfer equation with an
additional input energy rate per unit optical depth and solid angle
Q, can be written as:

µ
dI
d⌧
= I � J � Q, (1)
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Fig. 5. Best fit temperature and photon index of the warm corona of the di↵erent objects of our sample. Di↵erent colored symbols are used for
each object. They cluster in the left part of the figure, and agree with large (>5) optical depths. For comparison, we have also reported the best
fit photon indexes of the hot corona (black circles on the right). The temperature of the hot corona being fixed to 100 keV in the fits, they are
all aligned vertically. The gray filled circles correspond to the best fit parameters of the hot corona from Fabian et al. (2015). The hot corona
parameters cluster in the bottom right part of the figure where the optical depth is close to unity.

disk appears as a reasonable (from a statistical point of view)
explanation of the soft X-ray excess in AGNs.

About half of our sample, however, are below the contour
Ldisk,intr

Ls

�����
min
=0% with an amplification ratio between 2 and 3.

As discussed in Sect. 2.1, this suggests a patchy warm corona.
In the case of a corona above the accretion disk, we could use Eq.
19 to give some contraints on the corona “patchiness”. Indeed,
we have

g =
2

A � e�⌧ + 2 Ldisk,intr

Ls

. (23)

Assuming a passive disk (and large ⌧ as estimated for the warm
corona), we obtain 2/3 < g < 1 for A between 2 and 3. In terms
of a solid angle sustained by the warm corona, this translates to

4⇡/3 < ⌦wc < 2⇡, i.e., a slightly patchy corona with respect to
the slab.

By comparison, and as commonly observed, the hot corona
parameters agree with large amplification ratios (mainly above
10), the signature of a very photon-starved geometry. Using
again the above expression (still assuming a passive disk but
now with a corona optical depth ⌧ = 1), we indeed find g < 0.2
for A > 10, or ⌦hc < 2⇡/5.

While crude and limited to the two-coronae framework,
these estimates of the warm and hot coronae patchiness support
a disk-coronae geometry where the hot corona is localized in the
inner part of the accretion flow (where the hottest temperatures
are expected to be reached), while the warm corona largely
covers the outer part of an optically thick accretion disk (see,
e.g., Fig. 10 in P13). The “lamp post” geometry, where the hot
corona lies above the black hole and illuminates an accretion
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As discussed in Sect. 2.1, this suggests a patchy warm corona.
In the case of a corona above the accretion disk, we could use Eq.
19 to give some contraints on the corona “patchiness”. Indeed,
we have

g =
2

A � e�⌧ + 2 Ldisk,intr

Ls

. (23)

Assuming a passive disk (and large ⌧ as estimated for the warm
corona), we obtain 2/3 < g < 1 for A between 2 and 3. In terms
of a solid angle sustained by the warm corona, this translates to

4⇡/3 < ⌦wc < 2⇡, i.e., a slightly patchy corona with respect to
the slab.

By comparison, and as commonly observed, the hot corona
parameters agree with large amplification ratios (mainly above
10), the signature of a very photon-starved geometry. Using
again the above expression (still assuming a passive disk but
now with a corona optical depth ⌧ = 1), we indeed find g < 0.2
for A > 10, or ⌦hc < 2⇡/5.

While crude and limited to the two-coronae framework,
these estimates of the warm and hot coronae patchiness support
a disk-coronae geometry where the hot corona is localized in the
inner part of the accretion flow (where the hottest temperatures
are expected to be reached), while the warm corona largely
covers the outer part of an optically thick accretion disk (see,
e.g., Fig. 10 in P13). The “lamp post” geometry, where the hot
corona lies above the black hole and illuminates an accretion
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Fig. 4. Two examples of simulated spectra emitted by the warm corona
for ⌧cor = 20 and two di↵erent values of � : 1.35 (red) and 0.753 (blue).
The best fit values for the photon index and high-energy cut-o↵ when
the spectra are fitted with a high-energy exponential cut-o↵ power law
are indicated in the figure. The simulation corresponding to the red
spectrum is represented by the ”x” in Fig. 3 and is in the parameter
space which agrees with the spectral shape of the soft X-ray excess. On
the contrary, the simulation corresponding to the blue spectrum is repre-
sented by the ”+” in Fig. 3 and has a much steeper spectrum compared
to the usual values of the soft X-ray excess. We also report in black the
corresponding black-body spectrum emitted by the disk at the bottom
of the warm corona.

These conditions are thus less favorable to producing spectra
that could reach the soft X-ray band and produce a significant
soft X-ray excess.

The dependence of the spectral shape and temperature of the
warm corona on the ionization parameter ⇠0 is quite di↵erent.
The spectral shape and temperature are almost independent of
⇠0 unless this latter becomes larger than a few 104 erg s�1 cm.
While for such values of ⇠0, the warm corona is dominated
by Compton cooling, the spectral shape (photon index and
temperature) varies with ⇠0 and the lower the � the larger the
variation. In fact, increasing ⇠0 increases the heating of the
corona which is not compensated by a similar increase of the
cooling given the small fraction of the illumination flux that
reaches the disk (because of the large corona optical depth) and
is reprocessed there. At constant �, this implies an increase of
the warm corona temperature and a hardening of the spectra.
This is interesting because it shows that even for small �, the
warm corona can produce spectra in agreement with the soft
X-ray excess spectral properties if the illumination is strong
enough.

Since the spectral shape and temperature of the warm corona
vary in a similar way for opposite variations of the illumination
and the density, an increase of the illumination could attenuate
any e↵ects seen in the spectral shape caused by an increase in
density. To verify this hypothesis, Fig. 6 shows a map of the

spectral photon index in the ⇠0-nH plane. Simulations with large
density (> 1014cm�3) can indeed produce spectra with the cor-
rect spectral photon index (i.e., in the range [2.2-3.2]) for a large
ionization parameter of the illumination (⇠0 larger than a few 104

erg s�1 cm). In this region of the parameter space, the spectral
photon index is also relatively dependent on ⇠0.

3.3. Emission and/or absorption lines

As mentioned above, in the region of the parameter space which
agrees with the observational constraint of the soft X-ray excess
(dark area in Fig. 3-left), Comptonization is the dominant cool-
ing process. This is of course directly related to the assumed ex-
tra heating Q which keeps the corona temperature high enough
and strongly weakens the cooling due to free-free or line emis-
sion. This also means that the presence of emission and/or ab-
sorption features in the output spectrum is expected to be small.
Figure 7 shows the ionization fraction of iron and oxygen for
⌧cor = 20 and � = 0.753 and 1.35. A large fraction of iron is
fully ionized at the corona surface (⇠ 30% for �=0.753 and > 70
% for �=1.35). Therefore, ionized iron lines are potentially ex-
pected, but only around 7 keV and certainly not in the soft X-
rays. Correspondingly, oxygen is always fully ionized very deep
inside the corona (up to ⌧=5 for �=0.753 but in the entire corona
for �=1.35). There is no chance for line emission to get out of the
corona without being completely smeared by Comptonization
e↵ects. This confirms that no lines are expected from this ele-
ment and we have checked that this is the case for all the other
elements, especially those producing lines below 2 keV (e.g., sil-
icon, magnesium). In conclusion, the spectra presented in Fig. 4
do not show any strong emission and/or absorption features in
the energy range where soft X-ray excess is observed.

4. Discussion

4.1. Brief summary

Here we used the state-of-the-art radiative transfer code titan
coupled with the Monte Carlo code noar to simulate the phys-
ical and radiative properties of optically thick and dissipative
coronae for di↵erent sets of optical depth, density, and internal
heating power. We also assumed illumination from above by
X-rays, characterized by the ionization parameter ⇠0, and from
below by an optically thick accretion disk radiating as a black
body with a temperature of Tbb. The simulations included all the
relevant cooling and heating processes. The vertical temperature
profile of the corona was computed assuming radiative equilib-
rium and the total emitting spectrum (continuum and emitting
and/or absorbing features) was produced.

We show that, in a large part of the parameter space,
Compton scattering is the dominant cooling process which
balances the internal heating power of the corona. Moreover,
there is a region of the parameter space where warm (kT in 0.1-2
keV) and optically thick (⌧ ⇠ 20) coronae produce spectra in
agreement with the observed soft X-ray excess spectral shape.
No strong emission and/or absorption features are observed.
This region of the parameter space is also consistent with a
slightly patchy corona (covering factor between 0.9 and 1) in
radiative equilibrium above a non-dissipative accretion disk, all
the power being released in the warm corona. These results are
in very good agreement with the physical constraints obtained
from the fit of the soft X-ray excess with warm Comptonization
model (e.g., P13, P18) and with the theoretical estimates made
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Fig. 4. Two examples of simulated spectra emitted by the warm corona
for ⌧cor = 20 and two di↵erent values of � : 1.35 (red) and 0.753 (blue).
The best fit values for the photon index and high-energy cut-o↵ when
the spectra are fitted with a high-energy exponential cut-o↵ power law
are indicated in the figure. The simulation corresponding to the red
spectrum is represented by the ”x” in Fig. 3 and is in the parameter
space which agrees with the spectral shape of the soft X-ray excess. On
the contrary, the simulation corresponding to the blue spectrum is repre-
sented by the ”+” in Fig. 3 and has a much steeper spectrum compared
to the usual values of the soft X-ray excess. We also report in black the
corresponding black-body spectrum emitted by the disk at the bottom
of the warm corona.

These conditions are thus less favorable to producing spectra
that could reach the soft X-ray band and produce a significant
soft X-ray excess.

The dependence of the spectral shape and temperature of the
warm corona on the ionization parameter ⇠0 is quite di↵erent.
The spectral shape and temperature are almost independent of
⇠0 unless this latter becomes larger than a few 104 erg s�1 cm.
While for such values of ⇠0, the warm corona is dominated
by Compton cooling, the spectral shape (photon index and
temperature) varies with ⇠0 and the lower the � the larger the
variation. In fact, increasing ⇠0 increases the heating of the
corona which is not compensated by a similar increase of the
cooling given the small fraction of the illumination flux that
reaches the disk (because of the large corona optical depth) and
is reprocessed there. At constant �, this implies an increase of
the warm corona temperature and a hardening of the spectra.
This is interesting because it shows that even for small �, the
warm corona can produce spectra in agreement with the soft
X-ray excess spectral properties if the illumination is strong
enough.

Since the spectral shape and temperature of the warm corona
vary in a similar way for opposite variations of the illumination
and the density, an increase of the illumination could attenuate
any e↵ects seen in the spectral shape caused by an increase in
density. To verify this hypothesis, Fig. 6 shows a map of the

spectral photon index in the ⇠0-nH plane. Simulations with large
density (> 1014cm�3) can indeed produce spectra with the cor-
rect spectral photon index (i.e., in the range [2.2-3.2]) for a large
ionization parameter of the illumination (⇠0 larger than a few 104

erg s�1 cm). In this region of the parameter space, the spectral
photon index is also relatively dependent on ⇠0.

3.3. Emission and/or absorption lines

As mentioned above, in the region of the parameter space which
agrees with the observational constraint of the soft X-ray excess
(dark area in Fig. 3-left), Comptonization is the dominant cool-
ing process. This is of course directly related to the assumed ex-
tra heating Q which keeps the corona temperature high enough
and strongly weakens the cooling due to free-free or line emis-
sion. This also means that the presence of emission and/or ab-
sorption features in the output spectrum is expected to be small.
Figure 7 shows the ionization fraction of iron and oxygen for
⌧cor = 20 and � = 0.753 and 1.35. A large fraction of iron is
fully ionized at the corona surface (⇠ 30% for �=0.753 and > 70
% for �=1.35). Therefore, ionized iron lines are potentially ex-
pected, but only around 7 keV and certainly not in the soft X-
rays. Correspondingly, oxygen is always fully ionized very deep
inside the corona (up to ⌧=5 for �=0.753 but in the entire corona
for �=1.35). There is no chance for line emission to get out of the
corona without being completely smeared by Comptonization
e↵ects. This confirms that no lines are expected from this ele-
ment and we have checked that this is the case for all the other
elements, especially those producing lines below 2 keV (e.g., sil-
icon, magnesium). In conclusion, the spectra presented in Fig. 4
do not show any strong emission and/or absorption features in
the energy range where soft X-ray excess is observed.

4. Discussion

4.1. Brief summary

Here we used the state-of-the-art radiative transfer code titan
coupled with the Monte Carlo code noar to simulate the phys-
ical and radiative properties of optically thick and dissipative
coronae for di↵erent sets of optical depth, density, and internal
heating power. We also assumed illumination from above by
X-rays, characterized by the ionization parameter ⇠0, and from
below by an optically thick accretion disk radiating as a black
body with a temperature of Tbb. The simulations included all the
relevant cooling and heating processes. The vertical temperature
profile of the corona was computed assuming radiative equilib-
rium and the total emitting spectrum (continuum and emitting
and/or absorbing features) was produced.

We show that, in a large part of the parameter space,
Compton scattering is the dominant cooling process which
balances the internal heating power of the corona. Moreover,
there is a region of the parameter space where warm (kT in 0.1-2
keV) and optically thick (⌧ ⇠ 20) coronae produce spectra in
agreement with the observed soft X-ray excess spectral shape.
No strong emission and/or absorption features are observed.
This region of the parameter space is also consistent with a
slightly patchy corona (covering factor between 0.9 and 1) in
radiative equilibrium above a non-dissipative accretion disk, all
the power being released in the warm corona. These results are
in very good agreement with the physical constraints obtained
from the fit of the soft X-ray excess with warm Comptonization
model (e.g., P13, P18) and with the theoretical estimates made
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Fig. 4. Two examples of simulated spectra emitted by the warm corona
for ⌧cor = 20 and two di↵erent values of � : 1.35 (red) and 0.753 (blue).
The best fit values for the photon index and high-energy cut-o↵ when
the spectra are fitted with a high-energy exponential cut-o↵ power law
are indicated in the figure. The simulation corresponding to the red
spectrum is represented by the ”x” in Fig. 3 and is in the parameter
space which agrees with the spectral shape of the soft X-ray excess. On
the contrary, the simulation corresponding to the blue spectrum is repre-
sented by the ”+” in Fig. 3 and has a much steeper spectrum compared
to the usual values of the soft X-ray excess. We also report in black the
corresponding black-body spectrum emitted by the disk at the bottom
of the warm corona.

These conditions are thus less favorable to producing spectra
that could reach the soft X-ray band and produce a significant
soft X-ray excess.

The dependence of the spectral shape and temperature of the
warm corona on the ionization parameter ⇠0 is quite di↵erent.
The spectral shape and temperature are almost independent of
⇠0 unless this latter becomes larger than a few 104 erg s�1 cm.
While for such values of ⇠0, the warm corona is dominated
by Compton cooling, the spectral shape (photon index and
temperature) varies with ⇠0 and the lower the � the larger the
variation. In fact, increasing ⇠0 increases the heating of the
corona which is not compensated by a similar increase of the
cooling given the small fraction of the illumination flux that
reaches the disk (because of the large corona optical depth) and
is reprocessed there. At constant �, this implies an increase of
the warm corona temperature and a hardening of the spectra.
This is interesting because it shows that even for small �, the
warm corona can produce spectra in agreement with the soft
X-ray excess spectral properties if the illumination is strong
enough.

Since the spectral shape and temperature of the warm corona
vary in a similar way for opposite variations of the illumination
and the density, an increase of the illumination could attenuate
any e↵ects seen in the spectral shape caused by an increase in
density. To verify this hypothesis, Fig. 6 shows a map of the

spectral photon index in the ⇠0-nH plane. Simulations with large
density (> 1014cm�3) can indeed produce spectra with the cor-
rect spectral photon index (i.e., in the range [2.2-3.2]) for a large
ionization parameter of the illumination (⇠0 larger than a few 104

erg s�1 cm). In this region of the parameter space, the spectral
photon index is also relatively dependent on ⇠0.

3.3. Emission and/or absorption lines

As mentioned above, in the region of the parameter space which
agrees with the observational constraint of the soft X-ray excess
(dark area in Fig. 3-left), Comptonization is the dominant cool-
ing process. This is of course directly related to the assumed ex-
tra heating Q which keeps the corona temperature high enough
and strongly weakens the cooling due to free-free or line emis-
sion. This also means that the presence of emission and/or ab-
sorption features in the output spectrum is expected to be small.
Figure 7 shows the ionization fraction of iron and oxygen for
⌧cor = 20 and � = 0.753 and 1.35. A large fraction of iron is
fully ionized at the corona surface (⇠ 30% for �=0.753 and > 70
% for �=1.35). Therefore, ionized iron lines are potentially ex-
pected, but only around 7 keV and certainly not in the soft X-
rays. Correspondingly, oxygen is always fully ionized very deep
inside the corona (up to ⌧=5 for �=0.753 but in the entire corona
for �=1.35). There is no chance for line emission to get out of the
corona without being completely smeared by Comptonization
e↵ects. This confirms that no lines are expected from this ele-
ment and we have checked that this is the case for all the other
elements, especially those producing lines below 2 keV (e.g., sil-
icon, magnesium). In conclusion, the spectra presented in Fig. 4
do not show any strong emission and/or absorption features in
the energy range where soft X-ray excess is observed.

4. Discussion

4.1. Brief summary

Here we used the state-of-the-art radiative transfer code titan
coupled with the Monte Carlo code noar to simulate the phys-
ical and radiative properties of optically thick and dissipative
coronae for di↵erent sets of optical depth, density, and internal
heating power. We also assumed illumination from above by
X-rays, characterized by the ionization parameter ⇠0, and from
below by an optically thick accretion disk radiating as a black
body with a temperature of Tbb. The simulations included all the
relevant cooling and heating processes. The vertical temperature
profile of the corona was computed assuming radiative equilib-
rium and the total emitting spectrum (continuum and emitting
and/or absorbing features) was produced.

We show that, in a large part of the parameter space,
Compton scattering is the dominant cooling process which
balances the internal heating power of the corona. Moreover,
there is a region of the parameter space where warm (kT in 0.1-2
keV) and optically thick (⌧ ⇠ 20) coronae produce spectra in
agreement with the observed soft X-ray excess spectral shape.
No strong emission and/or absorption features are observed.
This region of the parameter space is also consistent with a
slightly patchy corona (covering factor between 0.9 and 1) in
radiative equilibrium above a non-dissipative accretion disk, all
the power being released in the warm corona. These results are
in very good agreement with the physical constraints obtained
from the fit of the soft X-ray excess with warm Comptonization
model (e.g., P13, P18) and with the theoretical estimates made

7

P.-O. Petrucci et al.: Radiation spectra of warm and optically thick coronae in AGNs

Fig. 4. Two examples of simulated spectra emitted by the warm corona
for ⌧cor = 20 and two di↵erent values of � : 1.35 (red) and 0.753 (blue).
The best fit values for the photon index and high-energy cut-o↵ when
the spectra are fitted with a high-energy exponential cut-o↵ power law
are indicated in the figure. The simulation corresponding to the red
spectrum is represented by the ”x” in Fig. 3 and is in the parameter
space which agrees with the spectral shape of the soft X-ray excess. On
the contrary, the simulation corresponding to the blue spectrum is repre-
sented by the ”+” in Fig. 3 and has a much steeper spectrum compared
to the usual values of the soft X-ray excess. We also report in black the
corresponding black-body spectrum emitted by the disk at the bottom
of the warm corona.

These conditions are thus less favorable to producing spectra
that could reach the soft X-ray band and produce a significant
soft X-ray excess.

The dependence of the spectral shape and temperature of the
warm corona on the ionization parameter ⇠0 is quite di↵erent.
The spectral shape and temperature are almost independent of
⇠0 unless this latter becomes larger than a few 104 erg s�1 cm.
While for such values of ⇠0, the warm corona is dominated
by Compton cooling, the spectral shape (photon index and
temperature) varies with ⇠0 and the lower the � the larger the
variation. In fact, increasing ⇠0 increases the heating of the
corona which is not compensated by a similar increase of the
cooling given the small fraction of the illumination flux that
reaches the disk (because of the large corona optical depth) and
is reprocessed there. At constant �, this implies an increase of
the warm corona temperature and a hardening of the spectra.
This is interesting because it shows that even for small �, the
warm corona can produce spectra in agreement with the soft
X-ray excess spectral properties if the illumination is strong
enough.

Since the spectral shape and temperature of the warm corona
vary in a similar way for opposite variations of the illumination
and the density, an increase of the illumination could attenuate
any e↵ects seen in the spectral shape caused by an increase in
density. To verify this hypothesis, Fig. 6 shows a map of the

spectral photon index in the ⇠0-nH plane. Simulations with large
density (> 1014cm�3) can indeed produce spectra with the cor-
rect spectral photon index (i.e., in the range [2.2-3.2]) for a large
ionization parameter of the illumination (⇠0 larger than a few 104

erg s�1 cm). In this region of the parameter space, the spectral
photon index is also relatively dependent on ⇠0.

3.3. Emission and/or absorption lines

As mentioned above, in the region of the parameter space which
agrees with the observational constraint of the soft X-ray excess
(dark area in Fig. 3-left), Comptonization is the dominant cool-
ing process. This is of course directly related to the assumed ex-
tra heating Q which keeps the corona temperature high enough
and strongly weakens the cooling due to free-free or line emis-
sion. This also means that the presence of emission and/or ab-
sorption features in the output spectrum is expected to be small.
Figure 7 shows the ionization fraction of iron and oxygen for
⌧cor = 20 and � = 0.753 and 1.35. A large fraction of iron is
fully ionized at the corona surface (⇠ 30% for �=0.753 and > 70
% for �=1.35). Therefore, ionized iron lines are potentially ex-
pected, but only around 7 keV and certainly not in the soft X-
rays. Correspondingly, oxygen is always fully ionized very deep
inside the corona (up to ⌧=5 for �=0.753 but in the entire corona
for �=1.35). There is no chance for line emission to get out of the
corona without being completely smeared by Comptonization
e↵ects. This confirms that no lines are expected from this ele-
ment and we have checked that this is the case for all the other
elements, especially those producing lines below 2 keV (e.g., sil-
icon, magnesium). In conclusion, the spectra presented in Fig. 4
do not show any strong emission and/or absorption features in
the energy range where soft X-ray excess is observed.

4. Discussion

4.1. Brief summary

Here we used the state-of-the-art radiative transfer code titan
coupled with the Monte Carlo code noar to simulate the phys-
ical and radiative properties of optically thick and dissipative
coronae for di↵erent sets of optical depth, density, and internal
heating power. We also assumed illumination from above by
X-rays, characterized by the ionization parameter ⇠0, and from
below by an optically thick accretion disk radiating as a black
body with a temperature of Tbb. The simulations included all the
relevant cooling and heating processes. The vertical temperature
profile of the corona was computed assuming radiative equilib-
rium and the total emitting spectrum (continuum and emitting
and/or absorbing features) was produced.

We show that, in a large part of the parameter space,
Compton scattering is the dominant cooling process which
balances the internal heating power of the corona. Moreover,
there is a region of the parameter space where warm (kT in 0.1-2
keV) and optically thick (⌧ ⇠ 20) coronae produce spectra in
agreement with the observed soft X-ray excess spectral shape.
No strong emission and/or absorption features are observed.
This region of the parameter space is also consistent with a
slightly patchy corona (covering factor between 0.9 and 1) in
radiative equilibrium above a non-dissipative accretion disk, all
the power being released in the warm corona. These results are
in very good agreement with the physical constraints obtained
from the fit of the soft X-ray excess with warm Comptonization
model (e.g., P13, P18) and with the theoretical estimates made
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Fig. 1. Sketch of the two coronae approach. A hot (kT ⇠ 100 keV) and
optically thin (⌧ ⇠1) corona (in red) is present in the inner parts of the
accretion flow close to the black hole. This produces the hard X-ray
emission through Comptonization of the soft photons coming from the
outer part of the flow. The outer accretion flow is a vertically structured
accretion disk (a zoom is shown in the figure) with cold and optically
thick matter in the deeper layers (in black), characterized by a temper-
ature Tbb and threaded by a vertical radiative flux Fdisk, while the upper
layers (in orange) are composed of a warm (kT ⇠ 1 keV) and optically
thick (⌧cor ⇠10-20) corona possessing a source of internal heating power
Q(⌧). The warm corona is also illuminated from above by an illumina-
tion flux FIllum produced by the hot corona.This sketch is partly inspired
from Różańska et al. (2015).

optically thick plasma covering a nondissipative accretion disk;
that is, all the accretion power would be released in the warm
corona, the underlying disk radiating only the reprocessed
emission produced by the warm corona. Analyses of larger
AGN samples give similar conclusions (e.g., P18). While the
two-coronae approach has been successfully applied to several
AGNs (e.g., Magdziarz et al. 1998; Czerny et al. 2003; Jin et al.
2012; Matt et al. 2014; Mehdipour et al. 2015; Ursini et al.
2016, 2018; Middei et al. 2018; Porquet et al. 2018; Kubota &
Done 2018; Middei et al. 2019), fundamental questions remain
unanswered: Can a warm and optically thick corona exist in the
upper layers of the accretion flow? Can its spectral emission
be dominated by Comptonization and be in agreement with the
observed soft and smooth X-ray spectral shape?

A realistic radiative transfer study of an optically thick
and warm plasma is not simple however. The optical depth
is neither very small nor very large, meaning that radiative
transfer cannot be simply approximated. As mentioned above,
the temperature is also in a range of values where lots of ions
are expected and line emission and/or absorption processes have
to be included. Last but not least, the corona heating power has
to be locally released as suggested by observations. Różańska
et al. (2015, hereafter R15) performed a theoretical study of
the existence of such a warm optically thick corona at the
surface of a standard accretion disk assuming both radiative and
hydrostatic equilibrium. This latter study shows that it is indeed
possible to obtain solutions that have the required temperature.
Specifically the best conditions are obtained when most of the
power of accretion is released into the corona rather than the
disk. Nevertheless, the requirement of hydrostatic equilibrium
with the underlying disk puts an upper limit on the warm corona
optical depth of approximately five. However, R15 also showed

that for larger optical depth, large magnetic-to-gas pressure
is needed (>30) to keep such a thick corona in hydrostatic
equilibrium with negligible free-free emission. The impact of
magnetic pressure on the formation of the warm corona has
recently been studied in the case of accretion disks in X-ray
binaries (XrB) by Gronkiewicz & Różańska (2019). While the
estimates of R15 suggest that a warm corona could indeed exist,
no spectral emission was simulated. Line radiative transfer was
also left out of the computation, preventing a clear answer to
the importance of the emission and/or absorption lines in the
thermal equilibrium and the output spectrum produced by this
optically thick and warm plasma..

The goal of this paper is to simulate energy-dependent spec-
tra of warm coronae in radiative equilibrium thanks to the state-
of-the-art radiative transfer code titan coupled with the Monte-
Carlo code noar (Dumont et al., 2003). We first introduce a few
parameters and recall in Sect. 2 some analytical estimates of ra-
diative transfer equations in the case of a gray optically thick
scattering medium with dissipation. We detail the main charac-
teristics of the titan and noar codes in Sect. 3.1 and present the
results of our simulations in Sect. 3. We discuss these results in
Sect. 4 before presenting our conclusions.

2. Analytical estimates

We recall here the analytical solutions of radiative transfer
equations for the warm corona with additional heating located
above an accretion disk. To ease the analysis, we adopt here a
number of simplifying assumptions with respect to the numer-
ical calculations described in the following section. Here we
assume a gray atmosphere with pure scattering (i.e., we neglect
emission and absorption from bound-free and bound-bound
transitions). We also assume that the atmosphere is optically
thick, and therefore adopt the Eddington approximation in the
whole medium. We assume a constant density nH throughout
the atmosphere and we use ⌧cor to refer to its total Thomson
optical depth. The corona is assumed to be heated with a
uniform rate per unit optical depth and per unit solid angle Q
(erg s�1 cm�2 str�1). For simplicity, we neglect any illumination
from above the corona. The disk is supposed to radiate like
a black body of temperature Tbb and we use B to denote the
frequency integrated black-body radiation intensity, that is,
B(Tbb) = �T 4

bb/⇡. The disk is also characterized by its intrinsic
flux F int

disk produced through internal dissipation (see Fig. 1). The
disk can still radiate (B >0) even if the disk is nondissipative,
that is, F int

disk = 0. In this case, it radiates only by reprocess-
ing the corona flux emitted downward towards the disk. On
the other hand, if the corona intercepts only a small fraction
of the disk emission, B can be very small, and potentially vanish.

We follow the analytical computations of R15, but we
present the equations in a slightly di↵erent way, which is useful
to understand the results of the numerical simulations presented
in the following sections. From now on, the part of the radiative
transfer variables emitted upward with respect to the disk is
denoted with a plus symbol (+) and the part emitted downward
is denoted with a minus symbol (–).

The frequency-integrated radiation transfer equation with an
additional input energy rate per unit optical depth and solid angle
Q, can be written as:

µ
dI
d⌧
= I � J � Q, (1)
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Assuming a passive disk (and large ⌧ as estimated for the warm
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Fig. 2.9: Top: Sketch of the two-coronae model. The hot (kThot ∼ 100 keV) and
optically thin (τhot ∼1) corona present in the inner parts of the accretion flow, close
to the BH, is in red. The outer accretion flow is a vertically structured accretion disc
(a zoom is shown in the figure) with cold and optically thick matter in the deeper
layers (in black), characterized by a temperature TDisc and threaded by a vertical
radiative flux FDisc, while the upper layers (in orange) are composed of a warm
(kTwarm ∼1 keV) and optically thick (τwarm ∼ 10-20) corona possessing a source of
internal heating power Q(τ). The warm corona is also illuminated from above by
an illumination flux FIllum produced by the hot corona. From [125]. Bottom left:
Two examples of simulated spectra emitted by the warm corona for a corona optical
depth of 20 and two different values of the internal heating (see [125] for more
details). Bottom right: Best fit temperature and photon index of the warm corona
in a sample of AGN, from [123]. Different colored symbols are used for each object.
They cluster in the left part of the figure, and agree with large (>5) optical depths
(curved red lines). For comparison, the best fit photon indices of the hot corona (gray
circles) from [7] cluster in the bottom right part of the figure, where the optical depth
is close to unity.
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processes which results in an increase of the temperature at the disc surface and then
an increase of the reflected emission below 2 keV (e.g. [126, 120]).

An alternative scenario for the origin of the soft excess emission is the Warm
Comptonisation model that assumes the presence of a warm (∼ 1 keV) and optically
thick (τ �1) corona (different from the hot corona producing the hard X-rays), in
the inner accretion flow, comptonizing the disc photons up to the soft X-ray range
(e.g. [127, 122, 128]). This model is also called the two-coronae model due to the
presence of both warm and hot coronae to explain the UV/soft X-ray to hard X-ray
emission (see e.g. [129, 130, 131]). The reproduction of the observed soft X-ray
spectral shape requires temperatures and optical depth of the warm plasma to be
in the ranges [0.1-1] keV and [10-30], respectively. More detailed radiative transfer
analyses (e.g. [132]) show that the temperature of a few tenths of keV should be
maintained in the entire warm corona, up to optical depth of a few tens, in order to
have an emission dominated by Comptonisation and with a spectral shape in good
agreement with observations.

Noticeably, the efficient Comptonisation inside the warm corona prevents the
production of strong emission/absorption lines (e.g. [125, 133]) in agreement with
observations. These results question, however, the origin of this warm corona. It has
been proposed that the warm corona could be the inner part of the optically thick
accretion flow, connecting the accretion disc to the hot inner corona (e.g. [122]), or
the upper layers of the accretion disc (e.g. [128], see Fig. 2.9). The similar temper-
ature and optical depth observed in sample of AGN (e.g. [134, 123]) require, how-
ever, some types of thermostat that would provide the same warm corona properties
whatever the AGN BH masses and disc accretion rates. Actually, this would imply
some local (magnetic?) heating deposit across the entire warm corona up to large
optical depth (� 1, see [135, 125, 133]). This heating cannot be simply provided
by the external illumination from the hot corona, since the corresponding heating
deposit would occur only at the surface of the disc up to optical depths of a few.

2.5 X-ray and Optical/UV variability

2.5.1 Aperiodic variability

Active galaxies display aperiodic variability in all wavebands and on all timescales
probed so far (e.g. [136]). Strong UV and X-ray variability is common to AGN on
a wide range of timescales with the most rapid variations seen in X-rays (e.g. [137],
[138, 139]). The observed light curve, or time series, from an accreting source fol-
lows a stochastic (random) noise process. Each recorded light curve from an individ-
ual source is one realization of the same underlying stochastic process (e.g. [140];
for an overview of analysis methods used on AGN light curves see e.g. Chapter 7 of
[141]). Understanding this stochastic process provides additional and complemen-
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tary insights to spectral and spatial information.

Over the last 30 years, the RXTE and XMM-Newton satellites have dramatically
improved our understanding of the X-ray variability from accreting systems. It too
became clear that the variability process in AGN have much in common with X-ray
Binaries (XRBs), scaled by mass and ṁEdd (see e.g. [142]). This means that under-
standing the variability process in one class of objects can aid our understanding
in the other. BH-XRBs have a higher flux and higher count rates, making observa-
tions typically less affected by photon counting noise. However, more photons per
characteristic timescale are typically received from nearby AGN. This allows us to
probe the variability at even faster characteristic timescales in AGN: timescales as-
sociated with the closest radii to the central SMBH.

XRBs are observed to transition through ‘states’ on timescales of weeks to
years. States are characterised by their spectral hardness, 0.2− 10 keV X-ray flux
as well as observed variability properties (see [145] and [146] for a review). The
most commonly observed states are the low/hard (LH), high/soft (HS) and the very
high/intermediate (VHS), which represent different changing ṁEdd as the system
evolves through an outburst. The variability properties also change between the dif-
ferent states, and may offer a cleaner way of determining the state of the accreting
BH (see e.g. [142]). If state transitions occur in AGN, the timescale will be much
longer, of the order of∼thousands of years for MBH ∼ 106M�. A statistical analysis
is therefore required to understand AGN states.

A variety of methods for characterising the variability are available to an observer in
both the time and Fourier domain. One Fourier method routinely applied to XRBs
and AGN is the power spectral density (PSD) of the light curve (see e.g. [147].
This provides information about the variability amplitude as a function of Fourier
frequency, which is 1/timescale. An example of AGN and BH-XRB PSD are shown
in Fig. 2.10, where the similarities in PSD shape between the two classes of objects
can be seen. The PSDs in most AGN show a high frequency bend, which is similar
to what is observed in the soft state of XRBs. The variability is that of broadband
noise with the PSD shape well described by a bending power-law, P( f ) ∝ f−α with
α ∼ 2 at frequencies above the break νB, and α ∼ 1 below νB (e.g. [148]). The high
frequency slope is commonly referred to as the “red noise” slope of the PSD, where
the variability amplitude decreases with increasing Fourier frequency. The resulting
light curve of such a PSD shape closely resembles a random walk.

The PSD is not always well described by a simple power-law or bending power-
law model, with some objects displaying a ‘clumpy’ or peaked structure (e.g. Ark
564; [149] and IRAS 13224-3809 [139]). In these two sources, the PSD was well
described by multiple broad Lorentzian profiles. These observations, together with
the hardening of the PSD with energy at high frequencies, supports the idea of two
variability processes, with one dominating at high and the other at low frequencies.
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Fig. 2.10: Top: Power spectral density of accreting BH systems, spanning 10
decades in frequency (from [143]). Cyg X-1 is a stellar mass BH-XRB with
MBH ∼ 10M� and NGC 4051 is a Seyfert 1 with a MBH ∼ 2×106M�. Bottom: Op-
tical and X-ray PSD for the Seyfert 1 galaxy NGC 3783 [144]. At high frequencies,
the X-ray variability power dominates, whereas at lower frequencies more power is
seen in the optical.

An important diagnostic of the underlying variability process is the linear rms-
flux relation (e.g. [150, 151]). Here, a linear relationship is observed between the
root-mean-square (rms) amplitude and the mean X-ray flux over a given time light
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curve interval. This linear relation appears to hold for all variability timescales mea-
sured; the timescale being probed can be changed by changing the length or bin
width of the light curve, equivalent to integrating under different regions of the PSD
(see e.g. [147] for more details).

This relation implies the model describing the underlying noise process is non-
linear, for example an exponentiation of an underlying Gaussian distribution of vari-
ations, and predicts a log-normal distribution of fluxes. The linear rms-flux relation
and non-linear behaviour means the model must be multiplicative (rather than ad-
ditive) and couple on all time scales [151, 152, 153], and rules out certain types of
model for the origin of the variability.

The leading model for the observed X-ray variability in AGN (like that in XRBs)
is based on the inward propagation of random accretion rate fluctuations coupled at
each radius in an accretion disc (e.g. [154, 155, 156, 157, 158, 159, 160]). In this
model, the local mass accretion rate through the inner regions of the disc modulates
the X-ray emission. This multiplicative model reproduces many of the currently
known spectral variability patterns in AGN and XRBs [158], e.g. the linear rms-flux
relation; the change in PSD shape with energy due to the radial dependence on emis-
sivity; PSD break frequency dependence on energy; and observed energy dependent
time lags.

2.5.2 X-ray reverberation mapping

One of the most significant recent discoveries in accretion physics, is the detec-
tion of high-frequency X-ray reverberation echoes in nearby NLS1s [164]. These
are observed as very short (10− 100 s) time delays between the primary X-ray
emission (typically 1.0− 4.0 keV) and the soft-excess-dominated band (typically
0.3− 1.0 keV). The reverberation signal is detected at high Fourier frequencies
(short timescales), typically 10−4−10−3 Hz. This short timescale implies these sig-
nals originate at very short radii - (∼< 15 Rg) - in the strongly distorted spacetime
around accreting SMBHs [165, 166]. This is a region around the SMBH which can-
not yet be directly spatially resolved in AGN by any telescope (the Event Horizon
Telescope will only image the closest ∼ 2 very-low accretion rate objects).

A coherent picture is emerging where this reverberation signal is produced when
the intrinsic coronal X-ray emission is reprocessed in the inner accretion disc: the
timing signature of the reflection spectrum, e.g. [167, 161]) - see Fig. 2.11). This
signal encodes all the geometry, gravitational light bending and relativistic effects,
providing a direct timing-based measure of mass and spin, as well as details of the
accretion flow. This information can be retrieved from the observed time lags us-
ing “transfer functions”. These model the response of the disc to a flash of X-rays
coming from the corona - allowing us to decode the physical size scale of the accre-
tion geometry and location of the emission processes (Fig. 2.12). The advantage is
that reverberation provides information in absolute physical units, unlike the energy
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Fig. 2.11: Observed time delays in the active galaxy Ark 564, from [161]. The top panel shows
the time lag as a function of Fourier frequency between a hard and soft X-ray band. A positive
lag value means the hard band variations follow that of the soft band, and vice versa. The bottom
panels show the energy-dependent time lags taken from two broad frequency ranges. The left panel
shows the low-frequency hard (intrinsic) lags (blue) and right panel shows the high-frequency soft
lags (red), also refereed to as the reverberation signal.

spectrum which provides estimates in the scale units of Rg: with X-ray reverbera-
tion, when we measure the geometry we measure both the mass and spin. These
results also suggest that reflection emission is part of the soft X-ray excess observed
in AGN (see Sect. 2.4). These signals are also present in the lower mass cousins,
BH-XRBs e.g. [168] This provides further evidence that these features are asso-
ciated with inner disc-reflection, rather than more distant absorption processes, as
suggested by e.g. [169].
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Fig. 2.12: a. The energy dependent response of the Fe Kα in the accretion disc to an impulse
of radiation from the corona [162]. The path length between these components as well as the
location of the inner disc sets the reverberation timescale. GR effects mean the line response shifts
to different energies as the flash of coronal emission evolves over the disc. b. The Fourier transform
of the disc response gives the “transfer function” which is modelled to the Fourier dependent time
lags. Shown are two models with different corona height above the disc in two observations of the
NLS1, IRAS 13224–3809. The larger source height (blue) and hence larger path length has the first
zero crossing at lower Fourier frequency ([163]).

2.5.3 Quasi-periodic oscillations

One of the most important results in the study of stellar mass BHs was the discov-
ery of high-frequency quasi-periodic oscillations (HFQPOs) in Galactic BH X-ray
binaries, with MBH ∼ 5− 10 M�. The observed Fourier frequencies are typically
νqpo ∼> 100−450 Hz and are accompanied by a harmonic component in a 3:2 or 2:1
ratio (see e.g. [170, 171, 172]). They are observed when BH-XRBs are in Very-high
or Intermediate states, characterised by very-high accretion rates. HFQPOs are the
fastest coherent variability signatures observed from BH-XRBs, with frequencies
at the Keplerian frequency of the innermost stable circular orbit (ISCO). HFQPOs
therefore carry information on the strongly curved spacetime close to the BH, pro-
viding constraints on the two fundamental properties of BHs; mass and spin, as well
as being important probes of the accretion process.

If general relativity (GR) dominates the accretion process, a scale-invariance im-
plies that HFQPOs should also be present in AGN, with the frequencies scaled as
1/MBH. With MBH ∼> 106−8M�, we expect νQPO ∼> 1× 10−4 − 5× 10−3 Hz (i.e.
timescales of ∼> 200− 10000 s), well within the range of current instruments, such
as XMM-Newton. Despite having lower count rates than XRBs, the mass ratio means
that AGN have higher counts per characteristic timescale, allowing us to study the
HFQPO mechanism on a period-by-period basis, with a full suite of both Fourier-
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Fig. 2.13: RE J1034+396 was the first active galaxy to display a significant quasi-periodic oscil-
lation (QPO) in the X-ray PSD [173]. The top panel shows the coherent peak in variability power
at 2×10−4 Hz (∼ 1 hr). The significance of peaks in power are sensitive to the choice in underlying
continuum model. Our lack of knowledge about the true PSD continuum means multiple model
shapes should be tested. The lower panels show the ratio of the data to model. Figure taken from
[174, 175].

and time-domain analysis methods. This is something which can not be done in
XRBs with current instruments.

QPOs are notoriously difficult to detect in AGN due to the confusing presence of
an underlying broadband (stochastic) noise process. Early claims of QPO detections
were later disfavoured, such as due to confusion with super-orbital period of an off-
nuclear ultra-luminous X-ray source. Other claims were disfavoured for incorrectly
modelling the broadband noise continuum when performing significance tests.

A ∼ 1 hr periodicity in the Seyfert 1 galaxy RE J1034+396 was the first robust
detection of a QPO in an AGN [173]. More recently, [175] showed that the QPO
is still present at the same temporal frequency in 5 XMM-Newton observations, and
the feature was re-detected in [176]. Features have been reported in several sources,
however RE J1034+396 is the only confirmed QPO in an AGN (e.g. [177]). Despite
this importance, the exact mechanism responsible for producing HFQPOs remains
unclear, with varying scenarios for the origin of the oscillation presented in the
literature (e.g. [178, 179, 180, 181]).

In the optical band, ground-based monitoring of AGN over the last decade has
lead to several claims of periodic light curves (e.g. [182, 183, 184]). However, given
the low number of period cycles in these data, it is difficult to distinguish these from
the typical red noise variability behaviour of AGN (see [185] for a discussion on
these results).
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2.5.4 Quasi-periodic eruptions

X-ray quasi-periodic eruptions (QPEs) are a new cosmic phenomenon associated
to non-stationary mass accretion onto SMBHs. Discovered at the end of 2018 in
the galaxy GSN 069 [186], X-ray QPEs are high-amplitude flares of emission of
L0.3−2keV ∼ 1042−43 erg s−1 over a much stable (quiescent, or plateau) flux level;
they last hours or fractions of hours, and recur on time scales of hours. The QPE
pattern of variability is completely different from the stochastic variability usually
observed in AGN (Figure 2.14). As of October 2021, X-ray QPEs have been ob-
served multiple times in four galaxies: GSN 069 [186], RX J1301.9+2747 [187],
eRO-QPE1 and eRO-QPE2 [188]. These last two sources have been discovered dur-
ing the first 1.5 years of the X-ray all-sky survey by the satellite eROSITA, and more
QPEs are expected to be discovered during the completion of the eight-years-long
survey [188]. One and a half QPE-like flares had been also identified in archival
XMM-Newton data of the star-forming/AGN galaxy J0249, which however by Au-
gust 2021 had no QPE-like activity anymore [189]. All the QPE-hosting galaxies
show signs of optical nuclear activity in excess of starlight [190].

Spectroscopically, QPEs correspond to oscillations between a colder quiescent
phase with a thermal-like spectrum of kT ∼ 50−70 eV and a warmer eruptive phase
with kT ∼ 100−150 eV. No correlated variability has been detected in the optical or
UV bands during X-ray QPEs, making them phenomena restricted to the soft X-ray
band and therefore related to the inner accretion flow around the SMBH, being it a
disc or another geometry. The QPE amplitude is energy-dependent and peaks in the
0.6−1.0 keV band. Most of the X-ray emission of QPEs fades away at E > 1 keV,
and the typical hard X-ray power-law emission associated with the X-ray corona
is absent or negligible in the QPE-hosting AGN[186, 187, 188]. The QPE-hosting
galaxies have low stellar mass and low SMBH mass, of the order of 105−6 M� [190].
Their nuclear activity seems to be strongly connected to tidal disruption events, thus
making QPEs a probe of mass accretion in young SMBH-galaxy systems in real
time.

The physical interpretation of QPEs is still open, and multiple scenarios, all esti-
mated to take place in the inner regions around the SMBH (from a few 100Rg down
to a few Rg), have been proposed, including instabilities of the inner accretion flow
(see e.g., [191, 192]), gravitational lensing of SMBH binaries (e.g., [193]), and or-
bital scenarios where one or more compact objects of stellar-mass size are orbiting
one SMBH (e.g., [194, 195, 196, 197, 198]).

The last scenario corresponds to extreme mass ratio inspirals (EMRIs), where the
evolution of the system is accompanied by strong emission of gravitational waves.
This would make QPEs a precursor of the signal in GW detected in the next decade
by space-based GW observatories such as Tianqin and LISA (see e.g. [198]). Im-
portantly, in the EMRI scenario, the orbits of the stellar-mass compact object(s) and
the trajectories of the X-ray photons emitted during QPEs are strongly influenced by
the metric of the spacetime close to the SMBH, which depends on the SMBH spin.
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Fig. 2.14: Two examples of X-ray QPEs observed so far. X-ray light curves from the XMM-
Newton EPIC-pn instrument extracted in the 0.2− 2 keV band are displayed binned to 300 s.
Strong, sharp, and regular X-ray flares recurring every few hours are present in both sources. Left
panel: X-ray QPEs observed in GSN 069 in January 2019 (adapted from [186]). Right panel:
X-ray QPEs observed in eRO-QPE2 in August 2020 (adapted from [188]).

It follows that, by accurately measure the time of arrival of X-ray QPEs, the spin
of the SMBH could be constrained, in a manner completely independent of spectral
modelling (e.g., [196]).

2.5.5 Optical/UV variability

Optical variability in quasars has been known for several decades (e.g. 3C 273;
[199]). Many Seyfert galaxies show both UV and optical variability, with an rms
amplitude of 1-10%. On faster timescales, a weaker variability amplitude than that
of the X-rays is observed (see bottom panel of Fig. 2.10). However, the origin of the
optical and UV variability is still unclear: is it caused by the inward propagation of
fluctuations in the disc? via reprocessing emission from some other band? Or both?

The location of the optical/UV emitting region depends on the details of the ac-
cretion flow, and these in turn depend on the BH mass and accretion rate, but is
typically ∼ 10− 1000 Rg. The causal connections between these processes can be
investigated by studying the time variations in the luminosity across different wave-
bands (see also Sect. 2.6 for the observed UV-X-ray correlation in sample of AGN).
If the emission mechanisms are coupled, the optical/UV and X-ray variations should
be correlated, in which case the direction and magnitude of time delays should re-
veal the causal relationship. Two favoured coupling mechanisms are:

1. Compton up-scattering of optical/UV photons — produced in the disc — to X-
ray energies in the corona [9]. Here, any variations in the seed photons being
upscattered will directly translate into variations in the X-ray emission.

2. Thermal reprocessing in the disc of X-ray photons produced in the corona [200].
Reprocessing in a cold disc is observed in X-ray reflection features of AGN spec-
tra (e.g. [201, 202]). The wavelength the reprocessed photons emerge at and their
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contribution to the energy radiated by the disc can be tested in multi-wavelength
variability studies. Of course, X-rays will irradiate a significant portion of the
disc, but we are only interested in the region — or annulus — of the disc that
reprocesses the X-rays photons to UV and optical energies. A standard ’Shakura
& Sunyaev’ accretion disc [203] with temperature profile T ∝ R−3/4 will give
rise to wavelength-dependent lags, τ , following τ ∝ λ 4/3, e.g. [204]. Optical/UV
continuum light curves have long been known to be well-correlated, and to have
short interband lags of a few days, at most.

The interaction timescale for these two processes is approximately the light crossing
time between the two emitting regions, and will be in the region of minutes to days
for BH masses MBH ∼ 106−108M�.

Studies of correlations between variations in different wavebands are a poten-
tially powerful tool for investigating the connections between different emission
mechanisms (see [205] for a short review). [206] performed the first simultaneous
optical/X-ray study, searching for correlated emission in the NLS1 galaxy NGC
4051 over two days. The X-ray flux varied by a factor of two over this period, whilst
the optical variations were∼< 1%. This demonstrated that optical and X-ray emission
was produced by separate processes. X-ray/optical correlations on long timescales
have been seen in radio-quiet AGN (e.g. [207, 208, 209, 210]). Together with the
optical-optical lags (e.g. [204]), they imply that a combination of accretion fluctua-
tions and reprocessing produces much of the optical variability.

More recently, high-cadence observations with multiple snapshots per day, com-
bining Swift and ground-based observations, have made significant improvements to
the continuum lag measurements [211, 212, 213, 214], see [215] for a review. These
deep multi-instrument campaigns have found results common across several AGN:
i) that the lags approximately follow the τ ∝ λ 4/3 relationship; ii) the normalization
of this relation is larger than expected from standard accretion disc theory; iii) the
lags in the U band are systematically longer, of order a factor of 2 than expected
based on an extrapolation of the above relation fit to other optical and UV bands
(e.g. [212] but see [216]).

Using HST spectroscopic monitoring of NGC 4593, [214] resolved the contin-
uum lags, showing a clear discontinuity at the Balmer jump. These results can be
explained if there is an additional continuum emission component to the lags which
do not come from the disc, but from the broad line region (BLR; e.g. [217, 218]).
This diffuse continuum from the BLR emits across the full UV/optical bands, and
can affect the lags in all wavelengths. The time lags from the BLR components also
increases with increasing wavelength, except for the discontinuities at the Balmer
and Paschen jumps. This makes it difficult to cleanly separate the BLR lags from
the disc lags [217]; however, the different size scales of the two components means
these two lagging components should in principle be separable by studying the sig-
nals on different timescales: with disc reverberation taking place on timescales of a
few days and BLR continuum reverberation taking place on timescales of weeks or
longer. This is currently an active area of research, which will provide insight into
the inner accretion flow (e.g. [216, 219]).
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Fig. 2.15: Evolution of the αox with luminosity: at low luminosity, the so-called
changing-look quasars before (blue squares) and after (dark blue circles) fading; at
high luminosity, the correlation observed in the sample of bright quasars used in the
top plot is reported as a red line. These observations are compared with observations
of X-ray binary transitions from a high/soft state (light red circles) to a low/hard
state (light blue circles). The similarity in the spectral behavior of AGN and X-ray
binaries suggests that the geometries of BH accretion flows behave in a similar way
with the bolometric luminosity. See [220] for more details.

2.6 Accretion properties in AGN populations: the disc-corona
coupling

As explained in Sect. 2.2, the X-ray emission is expected to come from a small
region close to the BH, the so-called hot corona, while the UV emission is produced
by the inner part of the accretion disc, also in the vicinity of the BH (see Fig. 2.1).
It is generally believed that the X-rays are produced by Comptonisation of the UV
photons by the hot electrons of the corona. Both emission, in UV and X-rays, are
then expected to be linked one with each other and, indeed, correlation on timescale
ranging from minutes to days, depending on the BH mass, are observed (see Sect.
2.5.5). The understanding of the mutual behaviour between X-rays and UV should
give then important information on the corona-disc structure.

While UV vs X-ray correlations are observed from object to object and inform us
about the intrinsic behavior of each AGN, interesting correlations are also present
when looking to samples of AGN. Both types of correlations are complementary,
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the predicted !OX from X-ray binaries should assume this same
MBH distribution. The predictions generated by Sobolewska et al.
(2011b) in Figure 3 speci!cally assume the narrow lognormalMBH
distribution from the XMM-COSMOS broad-line AGN at

-2L L 10bol Edd
2, which have mean á ñ =Mlog 8.4BH and

standard deviation of s = 0.3Mlog BH (for MBH in units of Me).
Furthermore, thisMBH distribution is nearly identical to that of our
changing-look quasars (see Table 1), which have
á ñ =Mlog 8.3BH and s = 0.2Mlog BH . Thus, our comparison of
a sample of AGN (including changing-look quasars) to predictions
from X-ray binaries uses consistent and well-matched MBH
distributions and can robustly probe the change in AGN SEDs
as a function of Lbol/LEdd. This excellent match in MBH
distribution between the XMM-COSMOS broad-line AGN and
our changing-look quasars is the reason we speci!cally use XMM-
COSMOS AGN, instead of similar results from previous
investigations of the relation between !OX and Lbol/LEdd in
luminous quasars. We note that differences in MBH between
different AGN will change their !OX values, causing data points to
spread vertically in Figure 3. Since the predictions for AGN
accretion state transitions from X-ray binary outbursts by
Sobolewska et al. (2011b) assume a distribution in the MBH of
AGN, this results in the vertical “striping” pattern in their
predictions, as seen in Figure 3.

Our observations reveal that the correlation between !OX
and Lbol/LEdd in AGN is remarkably similar to that predicted
from X-ray binary outbursts. Speci!cally, Figure 3 shows that
both AGN and X-ray binaries display a V-shaped inversion in
their spectral evolution at a critical Eddington ratio of
Lbol/LEdd!!!10"2. Since both !OX in AGN and ! in X-ray
binaries probe the geometry of their disk–corona systems, their
similar evolution as a function of Eddington ratio suggests that
the structure of the accretion "ows in AGN and X-ray binaries
are analogous throughout the accretion state transitions. In
Section 5.2, we use this result to apply theoretical models of
X-ray binary accretion "ows in different accretion states to
explain AGN phenomenology.

5.2. Implications for the AGN/X-Ray Binary Analogy

Our results suggest that the geometry and overall structure of
AGN accretion "ows are scaled-up versions of those in X-ray
binaries, which enables us to use models of X-ray binary

accretion states to interpret AGN phenomenology. Figure 4
illustrates the application of one such X-ray binary model to
describe the evolving geometry of AGN accretion "ows during
state transitions, based on truncated accretion disks (for a
review of these and related models, see Done et al. 2007). The
AGN at Eddington ratios in the range 10"1 ! Lbol/LEdd!!!1
have thin accretion disks with strong thermal UV emission that
results in soft !OX; these objects represent the AGN equivalent
of the high/soft state in X-ray binaries. As the Eddington ratio
decreases toward Lbol/LEdd!!!10"2, the thin disk becomes
progressively truncated as the inner region evaporates into a
radiatively inef!cient accretion "ow, leading to a decrease in
UV luminosity and a hardening of !OX; this represents the
AGN transition to a low/hard state. Below Lbol/LEdd ! 10"2,
the hot inner portion of the disk that produces the optically
thick thermal UV emission is absent, and some other (e.g.,
cyclo-synchrotron or jet synchrotron) emission increasingly
dominates the UV emission, causing !OX to soften again.
These AGN are at lower Eddington ratios in the low/hard state
but above the Lbol/LEdd!!!10"5 regime typically associated
with the quiescent accretion state in X-ray binaries. In
Section 5.3, we also discuss an alternative model of X-ray
binary accretion state transitions in which the thin disk is not
truncated but rather displays changes in apparent temperature.
An important implication of the analogous nature of black

hole accretion "ows is that comparative studies can provide
new insights into AGN from X-ray binaries, and vice versa. For
example, observations of the spectral softening below
Lbol/LEdd ! 10"2 in the low/hard state of X-ray binaries have
already suggested that their soft X-ray emission cannot be
dominated by optically thick thermal emission from a truncated
thin disk (Sobolewska et al. 2011a), which can only produce
spectral hardening. Instead, a new emission component must
dominate the soft X-rays in this regime, such as cyclo-
synchrotron emission from an advection-dominated accretion
"ow (Narayan & Yi 1995; Wardzi!ski & Zdziarski 2000;
Veledina et al. 2011) or jet synchrotron emission (Zdziarski
et al. 2003; Markoff & Nowak 2004; Markoff et al. 2005). Our
!nding of an analogous softening of !OX in AGN thus suggests
that the faint UV/optical continuum in AGN below Lbol/LEdd
! 10"2 may also be dominated by this cyclo-synchrotron or jet
emission. Conversely, inconsistencies in the AGN/X-ray

Figure 4. Possible model for the geometry of AGN accretion "ows in different accretion states. The analogous geometries of black hole accretion "ows enable us to
use popular models of X-ray binary accretion states to interpret AGN phenomenology. The panels illustrate the application of one such X-ray binary model based on
truncated disks to describe the accretion "ow in fading AGN over ranges of Eddington ratio that correspond to those labeled in Figure 3. (Right panel) At high
Eddington ratios (Lbol/LEdd " 10"1) in the high/soft state, the soft !OX is due to bright UV emission from a thin accretion disk. (Middle panel) As the Eddington ratio
drops (10"2 ! Lbol/LEdd ! 10"1), the inner regions of the thin disk become progressively truncated, and the AGN enters the low/hard state. The truncation of the
inner disk causes the UV luminosity to fade, and thus !OX hardens. (Left panel) At low Eddington ratios (Lbol/LEdd ! 10"2), the !OX softens again due to the
emergence of UV emission from either an advection-dominated accretion "ow or a jet. An alternative model without disk truncation is presented in Section 5.3.
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Emergent UV emission 
from corona or jet

soft αox soft αoxhard αox

Fig. 2.16: Possible evolution of the geometry of AGN accretion flows to explain the
change of the αox−LUV correlation at high and low Eddington ratio (see Fig. 2.15).
At high Eddington ratios (right panel; Lbol/LEdd ≥ 0.1), the high values of αox are
due to the bright UV emission from a thin accretion disc present down to the ISCO.
As the Eddington ratio (middle panel) drops (0.01 ≤ Lbol/LEdd ≤ 0.1), the inner
regions of the thin disc become progressively truncated. The truncation of the inner
disc causes the UV luminosity to fade, and thus αox hardens (i.e. decreases). At low
Eddington ratios (Lbol/LEdd ≤ 0.01, left panel), the αox softens/increases again due
to the emergence of UV emission from the hot inner accretion flow or the jet. From
[220].

since the latter put constraints on the global behavior of the accretion process in
AGN as a group rather than separated individuals.

Due to the absorption from our own Galaxy, mainly due to the neutral hydro-
gen, we have no access to extragalactic photons with energy between ∼10 eV
and a few hundreds of eV. The continuum between the Optical/UV and X-rays
is then often parameterized by a simple power-law whose spectral index αox =
− log(L2keV/L

2500Å
)/ log(ν2keV/ν

2500Å
)12, also called the optical-to-X-ray spectral

index, is computed using the rest-frame luminosities L2keV and L
2500Å

at 2 keV and
2500 Å respectively. The value of αox gives then an idea of the importance of the
UV emission with respect to the X-ray emission.

A non-linear correlation is known since decades, when looking to sample of
AGN, between αox and the logarithm of L

2500Å
, i.e. αox = A logL

2500Å
+ B with

A=0.1− 0.2. A similar correlation is also observed with the logarithm of the
bolometric luminosity in Eddington units, the so called Eddington ratio λEdd =
Lbol/LEdd (see Fig. 2.15), e.g. [222, 223, 224]). Another non-linear correlation is
also observed between the X-ray and UV luminosities, L2keV ∝ Lp

2500Å
with p∼0.6-

0.8 (e.g. [225, 226, 227]). These different non-linear correlations becomes even
tighter when effects like intrinsic UV/X-ray variability is taken into account (e.g.
[228, 229]). They all bring the same information and tell us the way the UV-X-
ray SED of AGN evolves with the disc luminosity and the global luminosity of the
system. They suggest that the X-ray corona is relatively less luminous for high-
luminosity accretion disc compared to low-luminosity cases (see, e.g., [230, 231]

12 We follow the definition by [221]. With this definition the observed αox is generally positive.
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for different possible scenarii). In other words, the more luminous the AGN, the
more dominant the emission of the accretion disc with respect to the hot corona.
These non-linear correlations are observed up to high redshift (e.g. [232, 233, 234]
and see Chap. 4, this Volume).

The slopes of these correlations may, however, depends on the luminosity of the
sources. For instance, for bright sources (i.e. λEdd > 1%), a positive correlation be-
tween αox and L

2500Å
or λEdd is generally observed (e.g. [225, 235, 236]) up to

high redshifts (e.g. [237, 238]). At lower luminosity (λEdd < 1%), however, there
are hints of an anti-correlation (see bottom of Fig. 2.15, [220]). This could indicate
a change of the radiative properties of the emitting source and/or the geometry of
the disc-corona system between high and low luminosity states (see e.g. [239]). For
instance, for bright AGN, the accretion disc may extend close to the BH, letting very
few power to the X-ray corona. On the contrary, low-luminosity AGN may have a
truncated disc which radiates less in UV, while the bright X-ray corona occupied a
large part of the inner regions close to the BH (see e.g. Fig. 2.16).

dynamical (e.g., Gültekin et al. 2009b), gas dynamical (e.g.,
Walsh et al. 2010), or megamaser techniques (e.g., Kuo et al.
2011). Because reverberation mapping techniques (Blandford
& McKee 1982) mostly rely on normalizing the mass estimates
to the primary measurements and thus are not independent, we
do not include them. Requiring that mass measurements be
independent is essential for using the fundamental plane as a
mass estimator.

Our sample of AGNs begins with the compilation of
primary, direct dynamical mass measurements in Kormendy
& Ho (2013). We supplement their compilation with upper
limits compiled by Gültekin et al. (2009c). We also adopt the
distances determined by Kormendy & Ho (2013), unless they
are unavailable, in which case we use the value determined
by Gültekin et al. (2009c). We note that NGC 1399 has two
stellar dynamical mass measurements (Houghton et al. 2006;
Gebhardt et al. 2007) that are independently reliable but
inconsistent with each other. Gültekin et al. (2009c) and
Kormendy & Ho (2013) took both results into consideration,
but given the larger number of tests done by the code used in
the Gebhardt et al. (2007) result, we use only their mass value.
All AGN sources are listed by host galaxy name in Table 5,
including black hole masses (M) along with the references for
the measurement.

2.1.2. Radio Data

The ideal radio data for this project requires good spatial
resolution to isolate the nuclear core !ux with good point-
source sensitivity to reach as deep as possible to avoid having
only an upper limit. This effectively requires sensitive radio
interferometry, ideally with NSF’s Karl G. Jansky Very Large

Array (VLA), which has a resolution of about 0 4 at 5 GHz,
corresponding to 40 pc at a distance of 20Mpc. Whenever
possible, we have used VLA data either from the modern epoch
or from earlier epochs, but we have also used data from other
radio interferometers and even single-dish data for a few
sources. We use the 5 GHz band as the frequency of reference
to be compatible with other fundamental plane studies, but we
do not require that the observations be taken at this frequency.
We do not make such a requirement because (i) the radio
spectra near 5 GHz are almost always power-law spectra that
can be relatively easily translated to 5 GHz, (ii) at higher
frequencies the spatial resolution is superior, allowing better
isolation of nuclear core !ux from contaminants, and (iii)
limiting ourselves to 5 GHz would severely limit the amount of
archival and literature data at our disposal. We discuss how we
translate to 5 GHz in further detail in Section 3.1.3. The data in
this paper come from (i) our previous analysis of archival data
(Gültekin et al. 2009a), (ii) results published in the literature,
(iii) our analysis of previously unpublished data obtained for
this project (Appendix A), and (iv) our analysis of archival data
(Appendix B).

2.1.3. X-Ray Data

The ideal X-ray data for our project requires good spatial
resolution to isolate the nuclear !ux as best as possible and
good sensitivity to reach to low Eddington fractions. This
effectively requires moderate to long exposures with the
Chandra X-ray Observatory (Chandra), which has a 90%
encircled energy radius of about 0 8 at 1.5 keV. Therefore, we
only use Chandra observations of our selected AGN. As with
other fundamental plane studies, we use the 2–10 keV !ux

Figure 6. Edge-on view of the fundamental plane with mass as dependent variable. Here we plot all data realized N times to show the correlated uncertainties. Colors
are as in Figure 2, and symbols indicate whether the source is an AGN (red circles), a Seyfert AGN (red circle with cross), an XRB in a low/hard state (blue squares),
or an XRB in an intermediate or high/soft state (blue triangles). Each source is sampled from its measurement uncertainties as is done in the "tting procedure and is
plotted with a partially transparent symbol plus a dark outline symbol on top at the nominal values. We plot the best-"t relation as a dark gray line with a light gray
shaded region to indicate the 1! region of the Gaussian intrinsic scatter, which has magnitude of 1 dex. This "gure summarizes the results of the "ts as well as
indicates the "delity with which one can use the fundamental plane to estimate black hole mass.
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Fig. 2.17: The fundamental plane of BH accretion, an empirical correlation of the
mass of a BH (M), its radio continuum luminosity (LR), and its X-ray luminosity
(LX ), from [240]. Red points are for AGN and blue for XRBs, the shade is given by
the value of log(LX/LEdd). The best-fit relation is plotted with a dark gray line with
a light gray shaded region to indicate the 1σ region of the Gaussian intrinsic scatter.

While it was believed that this conclusion applied only for radio-quiet (RQ)
AGN, whose disc-corona emission is not “polluted” by the emission from the jet, a
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similar non-linear correlation, with a similar slope, has been observed also in radio-
loud (RL) AGN (e.g. [241]). This results suggests a common coronal origin for the
X-ray emission of both types of objects (only a small proportion of radio-loud AGN,
the so-called flat-spectrum radio quasars, could be dominated by a distinct jet com-
ponent in the X-rays, see e.g. [241]. See also Chap. 1 this Volume).

It is true, however, that the X-ray luminosities of RL AGN are systemati-
cally larger than RQ AGN, and the difference increases with the radio loudness
R = L5GHz/L

4400Å
(where L5GHz and L

4400Å
are the monochromatic luminosities at

rest-frame 5 GHz and 4400 Å, respectively [242]). Since the radio emission is gen-
erally interpreted as a jet signature, these results suggest also a link between the jet
and the corona emission processes. This is also supported by the non-linear corre-
lation observed between the radio luminosity LR and the X-ray luminosity LX in
compact objects, either in X-ray binaries (e.g. [243, 244]) or in AGN (the so-called
fundamental plane of BH activity, see Fig. 2.17 e.g. [245]). Overall, the observed
relations between LUV , LX and LR, while not fully understood, are clear evidence
for a connection between the jets and the disc/corona structures.

2.7 Future prospects

The observational context in a near and far future in X-ray astrophysics is quite
promising. The first X-ray polarisation mission (IXPE), since the first X-ray polar-
isation detection of the Crab nebula in the 70’s (e.g. [246]), was launched in Dec.
2021 [247] and should provide very important constraints on the close environment
of compact objects (see Sect. 2.7.1). Other X-ray polarimetry missions, e.g. eXTP
(enhanced X-ray Timing and Polarimetry [248]), planned to be launched in 2027,
or XL-Calibur, a balloon experiment planned to be launched in 2023 [249], should
be available in the next years.

The X-ray spectroscopy domain will be soon revolutionized by the availability of
X-ray microcalorimeter observations on both the XRISM and Athena missions (see
Sect. 2.7.2). These observations will provide a uniform spectral resolution of only a
few eV over a broad energy range (typically 0.2−12 keV), and will represent a ma-
jor step in our understanding of the matter properties around compact objects, as the
very few observations of Hitomi were able to demonstrate during the short life of the
mission [250, 251]. In 2023, XRISM (the X-ray Imaging and Spectroscopy Mission)
will be launched, and its soft X-ray spectrometer with microcalorimeter technology
will improve the spectral resolution by more than a factor of 10 with respect to the
present best X-ray spectrometers. Last but not least, Athena (the Advanced Tele-
scope for High ENergy Astrophysics), selected by ESA within the Cosmic Vision
Program, will be the next cornerstone mission of the X-ray astronomy domain for
the following decade [252] and should be launched in the 30’s, providing a further
substantial improvement over the XRISM performances.
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2.7.1 X-ray polarimetry

Close to the BH, which are the regions of interest for this chapter, the disc-corona
structure is the major source of the polarisation signal. As said previously, the hot
coronal X-ray emission (which is the dominant one in the 2-10 keV energy range)
is likely due to Comptonisation of the disc photons in the hot corona, and it is
therefore expected to be polarised (e.g. [253, 254]). The polarisation degree and
angle actually depend on several physical parameters of the disc-corona system, like
the temperature and optical depth of the hot corona, the spin of the BH, the scale
height of the corona, these effects being strongly energy dependent (e.g. [255]).

Other sources of polarisation, in addition to Comptonisation, are also expected,
especially from reflection of the X-ray emission on the matter surrounding the
SMBH. For instance, part of the coronal X-ray emission is expected to be inter-
cepted and reflected by the accretion disc itself, giving rise to the Compton Reflec-
tion component discussed in Sect. 2.3. This component, which becomes relevant
above 5 keV, is also expected to be polarised, the polarisation degree depending
mainly on the inclination angle of the disc (e.g. [256]). Moreover, due to the curved
space-time around BHs, the polarisation direction of the X-rays emitted close to the
event horizon rotates in a way that depends on the location of the emitting point
with respect to the BH and the spin of the BH (e.g. [257]). The X-ray polarisation
observations to come could then help to put constraints also on the BH spin.

Compared to galactic BH systems, however, polarisation measurement are ex-
pected to be quite challenging in AGN mainly due to their lower X-ray flux which
is, for nearby Seyfert galaxies and quasars, at least an order of magnitude smaller
than the brightest galactic BHs. This weakness can be partly compensated by the
lower temperature of the AGN accretion disc. Indeed, more scattering events are
then required to inverse Compton scatter these seed photons to X-ray energies >2
keV, naturally increasing the degree of polarisation of the X-ray signal. Moreover,
a cooler disc also means larger absorption opacities. The range of available scat-
tering angles for X-ray photons to escape the disc-corona systems is then more
restricted. Together, these features, which are particular to SMBH environment of
AGN, should lead to a stronger ability to discriminate between different disc-corona
geometries and properties (e.g. [255, 258, 259, 260]). This is crucial since, as ex-
plained in Sect. 2.2, constraints on the geometry are not easily obtained from spec-
tral or timing results given the degeneracy of the models generally used.

This is exemplified in Fig. 2.18 which compares the expected X-ray polarisa-
tion degree and angle for different disc-corona geometries. Although the different
geometries can produce similar X-ray spectral shape (but with different coronal tem-
perature and/or optical depth, see Fig. 2.2), the stronger their asymmetry the larger
the X-ray polarisation signal. A slab-like geometry will then have a stronger polari-
sation signal compared to a sphere-like one, as shown in the right plots of Fig. 2.18.
Consequently, by measuring the polarisation degree in a sample of AGN with differ-
ent inclination angles, we should be able to constrain the most favorable geometry
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results only for � = 1.8, kTe = 50 keV and for three di�erent val-
ues of the inclination, namely 25, 50 and 75 deg, respectively. In
all cases, the slab corona produces the largest polarization degrees.

3.2 Polarization angle

The polarization angle is also a crucial observable parameter. For
the slab, it is always close to 180 deg, while it is mostly scattered
around 90 deg for the spherical and conical geometries (Fig. 4).
In these two latter cases, when the polarization degree is very
low, the scatter in polarization angle can be quite large. This
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Figure 4. Polarization angle (in degrees) for the slab, spherical, and conical geometry, versus the cosine of the inclination angle. Line and color coding
are the same as Fig. 2.

torus at larger distances. This produces a reflection component,
ubiquitously observed in the X-ray spectrum of Seyferts, consisting
of a fluorescence iron line and a Compton hump peaking at 20-30
keV (e.g. George & Fabian 1991; Matt et al. 1991). Theoretical
models predict a degree of polarization of the reflected component
as high as ⇠ 30% (Matt et al. 1989; Dov�iak et al. 2004; Marin
et al. 2018a). However, the actual contribution to the total polariza-
tion degree depends on the relative strength of reflection compared
with the primary emission, which is expected to be low in the

energy range typical of photoelectric polarimeters. Given the val-
ues measured in Compton-thin AGNs (e.g. Zappacosta et al. 2018;
Panagiotou & Walter 2019), the contribution of the Compton reflec-
tion component to the total 2–8 keV flux is 5-10%. This means that
the contribution to the polarization degree in this band should be no
more than 3%, at least for Compton-thin AGNs (see also Marin et al.
2018b). Finally, the net observed polarization critically depends on
the relative orientation of the polarization pseudovectors, meaning
that the polarization degree increases if the components are parallel
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torus at larger distances. This produces a reflection component,
ubiquitously observed in the X-ray spectrum of Seyferts, consisting
of a fluorescence iron line and a Compton hump peaking at 20-30
keV (e.g. George & Fabian 1991; Matt et al. 1991). Theoretical
models predict a degree of polarization of the reflected component
as high as ⇠ 30% (Matt et al. 1989; Dov�iak et al. 2004; Marin
et al. 2018a). However, the actual contribution to the total polariza-
tion degree depends on the relative strength of reflection compared
with the primary emission, which is expected to be low in the

energy range typical of photoelectric polarimeters. Given the val-
ues measured in Compton-thin AGNs (e.g. Zappacosta et al. 2018;
Panagiotou & Walter 2019), the contribution of the Compton reflec-
tion component to the total 2–8 keV flux is 5-10%. This means that
the contribution to the polarization degree in this band should be no
more than 3%, at least for Compton-thin AGNs (see also Marin et al.
2018b). Finally, the net observed polarization critically depends on
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Figure 3. Polarization degree versus energy, for three di�erent geometries in the case � = 1.8, kTe = 50 keV. Each plot correspond to a di�erent value of the
inclination (from left to right: 25, 50 and 75 deg).

indicates a large uncertainty in the polarization angle when the
observed radiation is almost unpolarized.

In Fig. 5, we plot the polarization angle as a function of the
energy, for three di�erent geometries, like in Fig. 3. We note that
the di�erence in polarization angle between the slab and the spher-
ical/conical corona is not strongly dependent on the energy, nor on
the inclination.

4 DISCUSSION AND CONCLUSIONS

The geometrical shape of the X-ray corona of AGNs cannot be con-
strained via spectroscopy. Thanks to future missions like IXPE, X-
ray polarimetry will open a new observational window, adding two
observable parameters: the polarization degree and the polarization
angle. We performed simulations with the relativistic Monte-Carlo
Comptonization code ����, showing that the polarimetric signal
expected from AGN coronae is significantly di�erent depending on
the coronal geometry. We focused on the case of MCG-5-23-16,
a very promising candidate for upcoming IXPE observations.
Our main results are summarized in Table 3 (see also Appendix
A).

A slab corona yields relatively large polarization degrees, up to
12% depending on the inclination. A spherical corona mostly yields
very low polarization degrees, below 1%; we obtain values of 2-3%
only for the most extended (radius of 10 RG) and distant (height of
30 RG above the disc) case, as shown in Fig. 2. The reason could be
that a more extended/distant lamppost corona is more illuminated
from the bottom, meaning that the seed photon distribution is less
isotropic. However, even in this case, the polarization degree is less
than in the slab configuration. A conical corona, on the other hand,
yields polarization degrees (for a given inclination) mostly between
the slab and spherical cases. For a given set of physical parameters,
the polarization degree also depends on the size of the corona (see
also Beheshtipour et al. 2017; Tamborra et al. 2018) which in turn
depends on the black hole spin (Dov�iak & Done 2016; Ursini et al.
2020). This is more clearly shown in the Appendix A.

According to these results, distinguishing between the di�er-

Table 3. Summary of the results (polarization degree and angle) for the
three coronal geometries.

pol. degree pol. angle
slab high (up to 12%) ⇠ 180 deg
sphere low (1–3%) ⇠ 90 deg
cone intermediate (up to 7%) ⇠ 90 deg

ent geometries is well within the capabilities of IXPE (see also
Marinucci et al. 2019). In general, the sensitivity of a polarimeter
is quantified by the minimum detectable polarization (MDP). The
MDP at 99% confidence level is (e.g. Weisskopf et al. 2010):

MDP99 =
4.29
M S

r
S + B

T
(1)

where M is the modulation factor, S is the source count rate, B is the
background count rate and T is the observation length. For IXPE,
the MDP99 is 2% for an observation of 500 ks of an AGN with a
2–10 keV flux of 1 ⇥ 10�10 erg cm�2 s�1 such as MCG-5-23-16.
We can also estimate the uncertainty on the measurement of the
polarization degree, following Kislat et al. (2015):

�p '
r

2
SM2 . (2)

The same IXPE observation as above would yield an uncertainty of
about 0.7%.

In combination with the polarization degree, the polarization
angle may allow us to break the degeneracy between di�erent ge-
ometries with high significance, if the orientation of the system is
known or at least can be assumed from independent measurements.
Indeed, in most cases there is a di�erence of 90 degrees among the
slab and the spherical or conical coronae. In the latter two cases,
the polarization angle is not well constrained when the polarization
degree is very low. This happens especially for high values of the
coronal optical depth (see also Tamborra et al. 2018). However,
even in this case, the slab geometry can be ruled out.

It is important to remark that the primary X-ray emission from
the corona can be reprocessed by the accretion disc or the dusty
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energy, for three di�erent geometries, like in Fig. 3. We note that
the di�erence in polarization angle between the slab and the spher-
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ray polarimetry will open a new observational window, adding two
observable parameters: the polarization degree and the polarization
angle. We performed simulations with the relativistic Monte-Carlo
Comptonization code ����, showing that the polarimetric signal
expected from AGN coronae is significantly di�erent depending on
the coronal geometry. We focused on the case of MCG-5-23-16,
a very promising candidate for upcoming IXPE observations.
Our main results are summarized in Table 3 (see also Appendix
A).

A slab corona yields relatively large polarization degrees, up to
12% depending on the inclination. A spherical corona mostly yields
very low polarization degrees, below 1%; we obtain values of 2-3%
only for the most extended (radius of 10 RG) and distant (height of
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that a more extended/distant lamppost corona is more illuminated
from the bottom, meaning that the seed photon distribution is less
isotropic. However, even in this case, the polarization degree is less
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where M is the modulation factor, S is the source count rate, B is the
background count rate and T is the observation length. For IXPE,
the MDP99 is 2% for an observation of 500 ks of an AGN with a
2–10 keV flux of 1 ⇥ 10�10 erg cm�2 s�1 such as MCG-5-23-16.
We can also estimate the uncertainty on the measurement of the
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about 0.7%.

In combination with the polarization degree, the polarization
angle may allow us to break the degeneracy between di�erent ge-
ometries with high significance, if the orientation of the system is
known or at least can be assumed from independent measurements.
Indeed, in most cases there is a di�erence of 90 degrees among the
slab and the spherical or conical coronae. In the latter two cases,
the polarization angle is not well constrained when the polarization
degree is very low. This happens especially for high values of the
coronal optical depth (see also Tamborra et al. 2018). However,
even in this case, the slab geometry can be ruled out.

It is important to remark that the primary X-ray emission from
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Figure 5. Polarization angle versus energy, for the same geometries as in Fig. 3.

and decreases if they are orthogonal. Despite these complexities,
broad-band spectroscopy allows us to properly disentangle the re-
flection component from the primary continuum, as in the case of
MCG-5-23-16 (Zoghbi et al. 2017). This will in turn allow us to
assess the di�erent contributions to the polarization spectrum with
empirical fits. This approach is beyond the scope of this paper,
however the simulations discussed here will be a key ingredient to
robustly model the X-ray polarimetric signal of AGNs.

We note that measuring the physical parameters of the corona
is of prime importance to restrict the parameter space and properly
compare theoretical predictions with observations. A bright source
like MCG-5-23-16, which is seen at an intermediate inclination and
has a quite standard X-ray photon index, is optimal to constrain the
polarization signal and, in so doing, the coronal geometry. This will
in turn constrain the physical origin of the corona, which is still an
open problem.
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and decreases if they are orthogonal. Despite these complexities,
broad-band spectroscopy allows us to properly disentangle the re-
flection component from the primary continuum, as in the case of
MCG-5-23-16 (Zoghbi et al. 2017). This will in turn allow us to
assess the di�erent contributions to the polarization spectrum with
empirical fits. This approach is beyond the scope of this paper,
however the simulations discussed here will be a key ingredient to
robustly model the X-ray polarimetric signal of AGNs.

We note that measuring the physical parameters of the corona
is of prime importance to restrict the parameter space and properly
compare theoretical predictions with observations. A bright source
like MCG-5-23-16, which is seen at an intermediate inclination and
has a quite standard X-ray photon index, is optimal to constrain the
polarization signal and, in so doing, the coronal geometry. This will
in turn constrain the physical origin of the corona, which is still an
open problem.
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results only for � = 1.8, kTe = 50 keV and for three di�erent val-
ues of the inclination, namely 25, 50 and 75 deg, respectively. In
all cases, the slab corona produces the largest polarization degrees.

3.2 Polarization angle

The polarization angle is also a crucial observable parameter. For
the slab, it is always close to 180 deg, while it is mostly scattered
around 90 deg for the spherical and conical geometries (Fig. 4).
In these two latter cases, when the polarization degree is very
low, the scatter in polarization angle can be quite large. This
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to polarimetry, carrying three X-ray telescopes with polarization-
sensitive imaging detectors (the gas-pixel detectors, Costa et al.
2001) operative in the 2–8 keV band (Weisskopf et al. 2016). IXPE
is expected to perform meaningful measurements of the X-ray po-
larization of di�erent types of sources, including AGNs (Weisskopf
et al. 2016; Marin & Weisskopf 2017). An X-ray polarimetry array
will also be a key element of the enhanced X-ray Timing and Po-
larimetry mission (eXTP, Zhang et al. 2016), which is planned for
launch in 2027.

In this work, we present numerical simulations of the X-ray
polarimetric signal expected from the corona of radio-quiet type 1
AGNs, using the general relativistic Monte Carlo radiative trans-
fer code ���� (Zhang et al. 2019; Zhang et al., submitted). An
analogous approach has been followed by Beheshtipour et al.
(2017), who simulated the broad-band X-ray polarization sig-
nal of Seyfert 1 galaxies, for two corona geometries (wedge and
spherical shell) and three di�erent corona sizes. Our aim is to de-
termine whether di�erent coronal geometries can be distinguished
with the polarimetric analysis of the primary X-ray emission, with
an emphasis on upcoming IXPE observations. The paper is struc-
tured as follows. We discuss the application of the ���� code and
the numerical setup in Sect. 2. We present the results in Sect. 3 and
summarize our conclusions in Sect. 4.

2 SETUP

���� calculates the energy and polarization spectra of Comp-
tonized radiation from a corona illuminated by a standard accretion
disc (Novikov & Thorne 1973). Here we briefly summarize the pro-
cedure implemented in ����, referring to Zhang et al. (2019) for a
detailed description. First, optical-UV seed photons are generated
according to the disc emissivity, with initial polarization given by
the calculation of Chandrasekhar (1960) for a semi-infinite planar
atmosphere. Then, the photons are ray-traced along null geodesics in
Kerr spacetime, propagating the polarization vector. Photons reach-
ing the corona are Compton scattered assuming the Klein-Nishina
cross section. The Stokes parameters of the scattered photons are
computed in the electron rest frame (Connors et al. 1980) and then
transformed in the observer (Boyer-Lindquist) frame. The propa-
gation terminates when the photons either enter the event horizon,
hit the disc or arrive at infinity. Counting the latter photons, the
energy and polarization spectrum is constructed. Since scattering
produces linearly polarized photons, the code computes the Stokes
parameters Q and U, while V is set at zero.

The main input parameters of ���� are: the black hole mass
and spin; the accretion rate; the physical (optical depth and temper-
ature) and geometrical parameters of the corona. In our simulations,
we set a black hole mass of 2 ⇥ 107 solar masses and an Edding-
ton ratio of 0.1. These parameters are chosen to be consistent with
MCG-5-23-16, an AGN optically classified as a Seyfert 1.9 (Veron
et al. 1980) with broad emission lines in the infrared (Véron-Cetty
& Véron 2010; Onori et al. 2017a), likely viewed at an inclination of
⇠ 50 deg (e.g. Zoghbi et al. 2017). This source is an excellent target
for IXPE, being X-ray bright and Compton-thin (BalokoviÊ et al.
2015; Zoghbi et al. 2017). Its black hole mass is estimated from
the X-ray variability (Ponti et al. 2012) and is consistent with the
virial mass estimated from the infrared lines (Onori et al. 2017b).
The Eddington ratio is set to 0.1 in agreement with the observed
luminosity (Zoghbi et al. 2017). Concerning the black hole spin a,
we make simulations assuming the two possible values a = 0 and
0.998.

Figure 1. Di�erent coronal geometries. The X-ray emission from the corona
(in light blue) is produced by inverse Compton scattering of the optical–UV
radiation from the disc (in orange).

Di�erent coronal geometries can be assumed in ���� (Zhang
et al. 2019). Here we focus on three alternative configurations,
namely the slab, the spherical lamppost, and the truncated cone, as
we describe in the next sections (Fig. 1). Concerning the physical
parameters of the corona, BalokoviÊ et al. (2015) reported measure-
ments of the coronal optical depth ⌧ and temperature kTe based on
NuSTAR data of MCG-5-23-16. Zoghbi et al. (2017) also reported
photon indices of 1.8–1.9 from the analysis of Suzaku and NuSTAR
data of MCG-5-23-16 spanning 10 years. The NuSTAR spectra ex-
hibit a well constrained high-energy cut-o� between 100 and 200
keV (BalokoviÊ et al. 2015; Zoghbi et al. 2017). However, to obtain
more general results and explore the relation between the polari-
metric properties and the spectral shape, we proceed as follows. We
assume three possible values of the photon index � of the primary
power law in the 2–8 keV band, namely 1.6, 1.8, and 2. Then, for
each value of �, we set three pairs ⌧, kTe consistent with it. In other
words, we set ⌧, kTe such that the Comptonization spectrum pro-
duced by ���� is (a posteriori) consistent with a power law having
the chosen photon index.

2.1 Slab

The slab corona is assumed to fully cover the disc, that can either
be extended down to the innermost stable circular orbit (ISCO)
or truncated at an arbitrary radius. In general, the ISCO depends
on the black hole spin (e.g. Misner et al. 1973). We assume three
possible values of the inner disc radius Rin (see also Table 1): (i)
a = 0.998, Rin = ISCO ⌘ 1.24 in units of gravitational radii (RG=
GM/c2); (ii) a = 0, Rin = ISCO ⌘ 6 RG; (iii) a = 0, Rin = 30 RG
(truncated case). The vertical thickness of the slab corona is also
a parameter of ����, and we set it to 1 RG in all cases (see also
Zhang et al. 2019). However, the results are not strongly dependent
on this parameter. The physical parameters are summarized in Table
2: we set kTe = 25, 50 or 100 keV and an optical depth ⌧ consistent
with the assumed photon index. In ����, the optical depth in slab
geometry is defined as ⌧ = ne�Th where h is the half-thickness of
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to polarimetry, carrying three X-ray telescopes with polarization-
sensitive imaging detectors (the gas-pixel detectors, Costa et al.
2001) operative in the 2–8 keV band (Weisskopf et al. 2016). IXPE
is expected to perform meaningful measurements of the X-ray po-
larization of di�erent types of sources, including AGNs (Weisskopf
et al. 2016; Marin & Weisskopf 2017). An X-ray polarimetry array
will also be a key element of the enhanced X-ray Timing and Po-
larimetry mission (eXTP, Zhang et al. 2016), which is planned for
launch in 2027.

In this work, we present numerical simulations of the X-ray
polarimetric signal expected from the corona of radio-quiet type 1
AGNs, using the general relativistic Monte Carlo radiative trans-
fer code ���� (Zhang et al. 2019; Zhang et al., submitted). An
analogous approach has been followed by Beheshtipour et al.
(2017), who simulated the broad-band X-ray polarization sig-
nal of Seyfert 1 galaxies, for two corona geometries (wedge and
spherical shell) and three di�erent corona sizes. Our aim is to de-
termine whether di�erent coronal geometries can be distinguished
with the polarimetric analysis of the primary X-ray emission, with
an emphasis on upcoming IXPE observations. The paper is struc-
tured as follows. We discuss the application of the ���� code and
the numerical setup in Sect. 2. We present the results in Sect. 3 and
summarize our conclusions in Sect. 4.

2 SETUP

���� calculates the energy and polarization spectra of Comp-
tonized radiation from a corona illuminated by a standard accretion
disc (Novikov & Thorne 1973). Here we briefly summarize the pro-
cedure implemented in ����, referring to Zhang et al. (2019) for a
detailed description. First, optical-UV seed photons are generated
according to the disc emissivity, with initial polarization given by
the calculation of Chandrasekhar (1960) for a semi-infinite planar
atmosphere. Then, the photons are ray-traced along null geodesics in
Kerr spacetime, propagating the polarization vector. Photons reach-
ing the corona are Compton scattered assuming the Klein-Nishina
cross section. The Stokes parameters of the scattered photons are
computed in the electron rest frame (Connors et al. 1980) and then
transformed in the observer (Boyer-Lindquist) frame. The propa-
gation terminates when the photons either enter the event horizon,
hit the disc or arrive at infinity. Counting the latter photons, the
energy and polarization spectrum is constructed. Since scattering
produces linearly polarized photons, the code computes the Stokes
parameters Q and U, while V is set at zero.

The main input parameters of ���� are: the black hole mass
and spin; the accretion rate; the physical (optical depth and temper-
ature) and geometrical parameters of the corona. In our simulations,
we set a black hole mass of 2 ⇥ 107 solar masses and an Edding-
ton ratio of 0.1. These parameters are chosen to be consistent with
MCG-5-23-16, an AGN optically classified as a Seyfert 1.9 (Veron
et al. 1980) with broad emission lines in the infrared (Véron-Cetty
& Véron 2010; Onori et al. 2017a), likely viewed at an inclination of
⇠ 50 deg (e.g. Zoghbi et al. 2017). This source is an excellent target
for IXPE, being X-ray bright and Compton-thin (BalokoviÊ et al.
2015; Zoghbi et al. 2017). Its black hole mass is estimated from
the X-ray variability (Ponti et al. 2012) and is consistent with the
virial mass estimated from the infrared lines (Onori et al. 2017b).
The Eddington ratio is set to 0.1 in agreement with the observed
luminosity (Zoghbi et al. 2017). Concerning the black hole spin a,
we make simulations assuming the two possible values a = 0 and
0.998.

Figure 1. Di�erent coronal geometries. The X-ray emission from the corona
(in light blue) is produced by inverse Compton scattering of the optical–UV
radiation from the disc (in orange).

Di�erent coronal geometries can be assumed in ���� (Zhang
et al. 2019). Here we focus on three alternative configurations,
namely the slab, the spherical lamppost, and the truncated cone, as
we describe in the next sections (Fig. 1). Concerning the physical
parameters of the corona, BalokoviÊ et al. (2015) reported measure-
ments of the coronal optical depth ⌧ and temperature kTe based on
NuSTAR data of MCG-5-23-16. Zoghbi et al. (2017) also reported
photon indices of 1.8–1.9 from the analysis of Suzaku and NuSTAR
data of MCG-5-23-16 spanning 10 years. The NuSTAR spectra ex-
hibit a well constrained high-energy cut-o� between 100 and 200
keV (BalokoviÊ et al. 2015; Zoghbi et al. 2017). However, to obtain
more general results and explore the relation between the polari-
metric properties and the spectral shape, we proceed as follows. We
assume three possible values of the photon index � of the primary
power law in the 2–8 keV band, namely 1.6, 1.8, and 2. Then, for
each value of �, we set three pairs ⌧, kTe consistent with it. In other
words, we set ⌧, kTe such that the Comptonization spectrum pro-
duced by ���� is (a posteriori) consistent with a power law having
the chosen photon index.

2.1 Slab

The slab corona is assumed to fully cover the disc, that can either
be extended down to the innermost stable circular orbit (ISCO)
or truncated at an arbitrary radius. In general, the ISCO depends
on the black hole spin (e.g. Misner et al. 1973). We assume three
possible values of the inner disc radius Rin (see also Table 1): (i)
a = 0.998, Rin = ISCO ⌘ 1.24 in units of gravitational radii (RG=
GM/c2); (ii) a = 0, Rin = ISCO ⌘ 6 RG; (iii) a = 0, Rin = 30 RG
(truncated case). The vertical thickness of the slab corona is also
a parameter of ����, and we set it to 1 RG in all cases (see also
Zhang et al. 2019). However, the results are not strongly dependent
on this parameter. The physical parameters are summarized in Table
2: we set kTe = 25, 50 or 100 keV and an optical depth ⌧ consistent
with the assumed photon index. In ����, the optical depth in slab
geometry is defined as ⌧ = ne�Th where h is the half-thickness of
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to polarimetry, carrying three X-ray telescopes with polarization-
sensitive imaging detectors (the gas-pixel detectors, Costa et al.
2001) operative in the 2–8 keV band (Weisskopf et al. 2016). IXPE
is expected to perform meaningful measurements of the X-ray po-
larization of di�erent types of sources, including AGNs (Weisskopf
et al. 2016; Marin & Weisskopf 2017). An X-ray polarimetry array
will also be a key element of the enhanced X-ray Timing and Po-
larimetry mission (eXTP, Zhang et al. 2016), which is planned for
launch in 2027.

In this work, we present numerical simulations of the X-ray
polarimetric signal expected from the corona of radio-quiet type 1
AGNs, using the general relativistic Monte Carlo radiative trans-
fer code ���� (Zhang et al. 2019; Zhang et al., submitted). An
analogous approach has been followed by Beheshtipour et al.
(2017), who simulated the broad-band X-ray polarization sig-
nal of Seyfert 1 galaxies, for two corona geometries (wedge and
spherical shell) and three di�erent corona sizes. Our aim is to de-
termine whether di�erent coronal geometries can be distinguished
with the polarimetric analysis of the primary X-ray emission, with
an emphasis on upcoming IXPE observations. The paper is struc-
tured as follows. We discuss the application of the ���� code and
the numerical setup in Sect. 2. We present the results in Sect. 3 and
summarize our conclusions in Sect. 4.

2 SETUP

���� calculates the energy and polarization spectra of Comp-
tonized radiation from a corona illuminated by a standard accretion
disc (Novikov & Thorne 1973). Here we briefly summarize the pro-
cedure implemented in ����, referring to Zhang et al. (2019) for a
detailed description. First, optical-UV seed photons are generated
according to the disc emissivity, with initial polarization given by
the calculation of Chandrasekhar (1960) for a semi-infinite planar
atmosphere. Then, the photons are ray-traced along null geodesics in
Kerr spacetime, propagating the polarization vector. Photons reach-
ing the corona are Compton scattered assuming the Klein-Nishina
cross section. The Stokes parameters of the scattered photons are
computed in the electron rest frame (Connors et al. 1980) and then
transformed in the observer (Boyer-Lindquist) frame. The propa-
gation terminates when the photons either enter the event horizon,
hit the disc or arrive at infinity. Counting the latter photons, the
energy and polarization spectrum is constructed. Since scattering
produces linearly polarized photons, the code computes the Stokes
parameters Q and U, while V is set at zero.

The main input parameters of ���� are: the black hole mass
and spin; the accretion rate; the physical (optical depth and temper-
ature) and geometrical parameters of the corona. In our simulations,
we set a black hole mass of 2 ⇥ 107 solar masses and an Edding-
ton ratio of 0.1. These parameters are chosen to be consistent with
MCG-5-23-16, an AGN optically classified as a Seyfert 1.9 (Veron
et al. 1980) with broad emission lines in the infrared (Véron-Cetty
& Véron 2010; Onori et al. 2017a), likely viewed at an inclination of
⇠ 50 deg (e.g. Zoghbi et al. 2017). This source is an excellent target
for IXPE, being X-ray bright and Compton-thin (BalokoviÊ et al.
2015; Zoghbi et al. 2017). Its black hole mass is estimated from
the X-ray variability (Ponti et al. 2012) and is consistent with the
virial mass estimated from the infrared lines (Onori et al. 2017b).
The Eddington ratio is set to 0.1 in agreement with the observed
luminosity (Zoghbi et al. 2017). Concerning the black hole spin a,
we make simulations assuming the two possible values a = 0 and
0.998.

Figure 1. Di�erent coronal geometries. The X-ray emission from the corona
(in light blue) is produced by inverse Compton scattering of the optical–UV
radiation from the disc (in orange).

Di�erent coronal geometries can be assumed in ���� (Zhang
et al. 2019). Here we focus on three alternative configurations,
namely the slab, the spherical lamppost, and the truncated cone, as
we describe in the next sections (Fig. 1). Concerning the physical
parameters of the corona, BalokoviÊ et al. (2015) reported measure-
ments of the coronal optical depth ⌧ and temperature kTe based on
NuSTAR data of MCG-5-23-16. Zoghbi et al. (2017) also reported
photon indices of 1.8–1.9 from the analysis of Suzaku and NuSTAR
data of MCG-5-23-16 spanning 10 years. The NuSTAR spectra ex-
hibit a well constrained high-energy cut-o� between 100 and 200
keV (BalokoviÊ et al. 2015; Zoghbi et al. 2017). However, to obtain
more general results and explore the relation between the polari-
metric properties and the spectral shape, we proceed as follows. We
assume three possible values of the photon index � of the primary
power law in the 2–8 keV band, namely 1.6, 1.8, and 2. Then, for
each value of �, we set three pairs ⌧, kTe consistent with it. In other
words, we set ⌧, kTe such that the Comptonization spectrum pro-
duced by ���� is (a posteriori) consistent with a power law having
the chosen photon index.

2.1 Slab

The slab corona is assumed to fully cover the disc, that can either
be extended down to the innermost stable circular orbit (ISCO)
or truncated at an arbitrary radius. In general, the ISCO depends
on the black hole spin (e.g. Misner et al. 1973). We assume three
possible values of the inner disc radius Rin (see also Table 1): (i)
a = 0.998, Rin = ISCO ⌘ 1.24 in units of gravitational radii (RG=
GM/c2); (ii) a = 0, Rin = ISCO ⌘ 6 RG; (iii) a = 0, Rin = 30 RG
(truncated case). The vertical thickness of the slab corona is also
a parameter of ����, and we set it to 1 RG in all cases (see also
Zhang et al. 2019). However, the results are not strongly dependent
on this parameter. The physical parameters are summarized in Table
2: we set kTe = 25, 50 or 100 keV and an optical depth ⌧ consistent
with the assumed photon index. In ����, the optical depth in slab
geometry is defined as ⌧ = ne�Th where h is the half-thickness of
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Fig. 2.18: Top: Different disc-corona geometries. The X-ray emission from the
corona (in light blue) is produced by inverse Compton scattering of the optical-UV
radiation from the disc (in orange). Bottom: Comparison between the (2-8 keV)
polarisation degrees (upper plots) and the polarisation angle (lower plots) for the
slab, spherical, and conical geometry, versus the cosine of the inclination angle of
the observer (left) or the energy (right). In these simulations the X-ray emission is
characterized by a photon index of 1.8 and a coronal temperatures of 50 keV. The
shaded area corresponds to the inclination interval 40-60 deg, while the gray dotted
line shows the minimum polarisation detectable by IXPE in a 500 ks exposure of
the AGN MCG-5-23-16 [261, 262]. The polarisation degree is always larger for the
slab. An MDP of ∼2% should be sufficient to discriminate the different geometries
from each other. From [263].
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and discriminate between different scenarios. Reversely, for objects for which we
can have independent estimates of the disc inclination (e.g., Fe line fitting), the am-
plitude of polarisation in the 1-10 keV band can be used to determine the disc-corona
structure. A few bright AGN should be observed during the IXPE mission and a
Minimum Detectable Polarisation (MDP13) of 2% should be sufficient to discrim-
inate between these geometries. This would require, however, exposures of several
hundreds of thousands of seconds, depending on the AGN luminosities. In a more
distant future, eXTP should go a step further allowing to measure polarimetry signal
in the weakest AGN, thanks to the larger effective area, and by enabling simultane-
ous spectral-timing studies of cosmic sources in the energy range from 0.5-30 keV.

Other reflecting regions at larger scales (i.e. > 1000Rg) are present in the envi-
ronment of radio-quiet AGN and are expected to produce a polarimetric signal, like
the so-called dusty “torus” envisaged in Unification models (e.g. [264]) or the polar
outflowing winds and warm absorber region (e.g. [265]). All in all, polarimetric ob-
servations are thus expected to be of precious help to constrain the global geometry
of these different components as well as their basic properties (column density, in-
clination, etc...) among different AGN types (e.g. [266, 267]).

2.7.2 X-ray microcalorimeters: XRISM, Athena

Our view of the inner regions of AGN will be sharpened by the advent of X-ray spec-
trometers with microcalorimeter technology, such as Resolve onboard XRISM [268]
and X-IFU onboard Athena [269]. These spectrometers will provide non-dispersive,
high-resolution X-ray spectra with a uniform resolution over a wide energy band.
Importantly, they will open a window on the Fe K band of AGN observed at high
resolution with high photon counting statistic. This will allow to break the degen-
eracy between reflection-dominated and absorption-dominated models for the inner
regions of AGN (Sect. 2.3).

A demonstration of the expected breakthroughs provided by microcalorimeter
observations is shown in Fig. 2.19 for the case study of the bright Seyfert galaxy
MCG-6-30-15. In the left panel, the Fe K spectral region of MCG-6-30-15 ob-
served by the CCD-resolution EPIC-pn instrument onboard XMM-Newton is shown
in black, the same region observed by the high-resolution HETG onboard Chandra
is shown in green, and the expected Resolve observation is simulated in red. In the
central panel, the Fe K spectral region of MCG-6-3-15 observed by XMM-Newton
is shown in black as ratio between the data and a simple power-law model; the two
smaller lower panels show spectral residuals in the case of a fit to a relativistic re-
flection model (in blue) and to a distant reflection with outflows model (in red):
the two models are statistically indistinguishable with the currently available data.

13 The MDP is the degree of polarisation detected at the 99% confidence level independent of the
position angle.



2 The Super-Massive Black Hole close environment in Active Galactic Nuclei 37

The right panel of Fig. 2.19 shows two 300 ks-long XRISM spectral simulations of
MCG-6-30-15 for the two physical scenarios above: the high-resolution of the Re-
solve microcalorimeter will definitely permit to disentangle the contribution from
distant reflection from the relativistic one, and to clearly detect the signatures of
outflowing gas, if present, as a series of blueshifted absorption lines.

While the moderate effective area of XRISM will allow a detailed study of the Fe
K region of only the brightest AGN, many more sources will be observable at high-
resolution with the X-IFU microcalorimeter onboard Athena. This will have com-
parable or better spectral resolution than Resolve and a much larger effective area,
thus bringing the detailed knowledge of the reprocessing features around SMBHs
in both weak and distant AGN.

Fig. 2.19: Left panel: comparison of the spectral view of the Fe K band of the
Seyfert galaxy MGC-6-30-15 observed for 300 ks by XMM-Newton, Chandra, and
XRISM. Central panel: the Fe K line profile observed by XMM-Newton (black) can
be equivalently well fitted with a relativistic reflection model (blue) and with distant
reflection plus outflows (red). Right panel: spectral simulation with XRISM/Resolve
with marked differences between the reflection-dominated scenario (in blue) and the
wind-dominated scenario (in red). From [268].

The large effective area of the instruments onboard Athena will be crucial also
for timing studies of AGN. The power of X-ray reverberation measurements is that
they are able to map the emitting regions close to compact objects in terms of the
absolute physical scale, rather than in terms of Rg achievable with spectral fitting
alone. The scales that can be mapped are sub-micro to nano-arcseconds in angular
size on the sky - smaller than can ever be accessed with any X-ray imaging technol-
ogy, for decades into the future. Large detected count rates are key, especially for
XRBs where we have seen that signal-to-noise scales linearly with count rate. Thus
the most important requirement to access these scales is a large effective area instru-
ment, capable of measuring large count rates, combined with good energy resolution
(CCD-quality or better) to probe the variable relativistically-smeared reflection.

Significant breakthroughs which exploit the full potential of X-ray reverberation
will require a step up to square metres of collecting area, which will be attained
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by the end of the 2020s. The Athena mission [252] will increase collecting area
compared to XMM-Newton by more than an order of magnitude at soft X-rays, and
by a factor of 3-4 at Fe K energies, enabling significantly improved X-ray spectral-
timing and reverberation measurements for both AGN, as well as XRBs.

The sensitivity of Athena to faint sources, especially in the soft band, will allow
the reverberation signal to be discovered in many more fainter objects, so reaching
to a much wider luminosity range of sources than is accessible today and opening
up the study of the innermost regions of a wide variety of AGN classes.
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210. E. Breedt, P. Arévalo, I.M. McHardy, P. Uttley, S.G. Sergeev, T. Minezaki, Y. Yoshii, C.M.
Gaskell, E.M. Cackett, K. Horne, S. Koshida, MNRAS394, 427 (2009). DOI 10.1111/j.
1365-2966.2008.14302.x

211. R. Edelson, J.M. Gelbord, K. Horne, I.M. McHardy, B.M. Peterson, P. Arévalo, A.A.
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0004-6361/201732023
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(2022). DOI 10.1093/mnras/stab3745

264. R. Antonucci, ARA&A31, 473 (1993). DOI 10.1146/annurev.aa.31.090193.002353



50 William Alston, Margherita Giustini, Pierre-Olivier Petrucci

265. J.P. Halpern, ApJ281, 90 (1984). DOI 10.1086/162077
266. R.W. Goosmann, G. Matt, MNRAS415(4), 3119 (2011). DOI 10.1111/j.1365-2966.2011.

18923.x
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