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Abstract: The nuclear X-ray emission in radio-quiet Active Galactic Nuclei (AGN) is commonly
believed to be due to inverse Compton scattering of soft UV photons in a hot corona. The radiation
is expected to be polarized, the polarization degree depending mainly on the geometry and optical
depth of the corona. Nuclear Spectroscopic Telescope Array (NuSTAR) observations are providing for
the first time high quality measurements of the coronal physical parameters—temperature and optical
depth. We hereby review the NuSTAR results on the coronal physical parameters (temperature and
optical depth) and discuss their implications for future X-ray polarimetric studies.
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1. Introduction

Active Galactic Nuclei (AGN) represent the perfect astrophysical laboratory to study accretion
processes. The great luminosities observed in these objects are due to the efficient conversion of
gravitational energy into radiation in an accretion disk surrounding the central supermassive black hole
(SMBH). The common paradigm for the geometry of the innermost regions around the central black
hole postulates also the presence of a hot corona (the so called two phase model [1,2]). In this scenario,
the UV radiation from the accretion disk (emitted as a multi-temperature black body spectrum) is
Compton scattered by the hot electrons in the corona, up to X-ray wavelengths. In general, the primary
emission of Seyfert galaxies sources can be well approximated as a cutoff power law with a photon
index Γ = 1.7–2.0 and a high energy rollover at Ec = 50–300 keV [3] which strongly depend on the
physical properties of the scattering corona, i.e., the optical depth τ and the electron temperature
kTe [4]. Nonetheless, the reprocessing of the nuclear radiation of the AGN from the circumnuclear
environment makes the measurement of the slope of the continuum and of the cutoff energy degenerate
with other physical parameters, like the amount of radiation reflected by circumnuclear matter,
which produces a Compton hump at∼30 keV [5,6]. A broad spectral coverage, from 0.5 up to∼100 keV
is therefore fundamental to discriminate between the different components of an X-ray spectrum, and to
measure the parameters of the intrinsic nuclear emission. In this context, the Nuclear Spectroscopic
Telescope Array (NuSTAR). has played a very important role, with its operating band up to 79 keV and
an unprecedented sensitivity above 10 keV.

In the past, several works have shown that in the hot corona, assumed to be a slab above the
disk, the high-energy cutoff is 2–3 times the electron temperature [7,8]. However, in the past few
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years, many theoretical efforts have been spent on proposing different geometries (patchy coronae,
outflowing coronae [9,10]) and on investigating the general relativistic effects occurring in a lamp-post
geometry (in which the X-ray source is assumed to be very compact and along the black hole
axis [11,12]). Despite the growing number of models and codes for Comptonization available to
the scientific community, no significant discrimination between geometrical models has been possible
so far based solely on spectroscopy, even in the brightest, unobscured sources with very accurate high
energy cutoff measurements: IC 4329A (Ec = 186 ± 14 keV [13]), MCG-5-23-16 (Ec = 116+6

−5 keV [14]),
SWIFT J2127.4+5654 (Ec = 108+11

−10 keV [15]), 3C 382 (Ec = 214+147
−63 keV [16]). Thanks to the recently

approved IXPE satellite (expected to be launched in early 2021 [17,18]), X-ray polarimetry will be the
new pair of eyes that will allow us to prefer one coronal geometry to another, at least in the brightest,
unobscured AGN.

In the following, we will review the present status of the hot coronal measurements in local
AGN, discuss some applications of a new model for Comptonization in astrophysics (MoCA [19]),
and present future perspectives in the framework of X-ray polarimetry.

2. Recent Results

The high energy spectral curvature of AGN has been largely investigated since the launch of
X-ray satellites operating above 10 keV, despite large degeneracy between the slope of the primary
continuum, the cutoff energy and the amount of Compton scattered radiation by the circumnuclear
material, mainly due to the fact that BeppoSAX, Suzaku, INTEGRAL and Swift cannot focus hard X-ray
photons and they are therefore strongly background-dominated. BeppoSAX was the first satellite
which had been used for this kind of studies [8,20] showing a relation between the photon index of
the primary power law and the high energy curvature [21], likely due to the limited sensitivity of
the instrument at high energies. With the advent of INTEGRAL many other works described the
high energy behavior of type 1 and type 2 AGN, in particular when XMM-Newton, Suzaku or Chandra
were used to cover the energy band below 10 keV [22–25]. Some of these works showed that there is
a degeneracy between the cutoff energy and the Compton reflection fraction (commonly indicated
as R) [25] while average values of Γ = 1.76+0.22

−0.24, Ec = 106+186
−61 keV, R = 1.5+1.5

−1.0 are retrieved when only
Type 1 AGN are taken into account [22]. A recent work with Swift-BAT on 838 AGN confirmed these
results, with cutoff energies in the range 50–300 keV for the whole non-blazar AGN sample [26].

NuSTAR [27], launched in June 2012, is the first telescope focusing X-rays above 10 keV up to
79 keV. It has led to a number of results about the high energy emission of AGN. Recent papers [3,28]
have collected and discussed the high energy cutoff measurements in the first years of NuSTAR,
for about twenty unobscured nearby Seyfert galaxies (with a column density along the line of sight
NH < 6× 1022 cm−2). The model used to fit the X-ray spectra of the sample is generally composed
of a primary continuum (a cutoff power law) and Compton reflection from distant material and
from the accretion disk. The reprocessed emission is generally modeled using XILLVER and RELXILL

components [29,30]: while the former can be used to retrieve information about the Iron abundance,
inclination angle and ionization state of the reflecting matter far from the nucleus, the latter includes
relativistic effects due to reflection coming from the innermost regions of the accretion disk, in proximity
of the central black hole. The range of photon indices and cutoffs previously found with BeppoSAX,
INTEGRAL and Swift-BAT has been confirmed (Γ = 1.7–2.0, Ec = 50–300 keV) but the degeneracy
between the two observables has been finally broken (Figure 2 in [3]). The lowest values for the
high energy turnover are the ones found in Ark 564 (Ec = 42 ± 3 keV [31]) and GRS 1734-292
(Ec = 53 ± 10 keV [32]), and the highest in NGC 5506 (Ec = 720+130

−190 keV [33]). When more physical
Comptonization models such as COMPTT, COMPPS, NTHCOMP [34–37] are taken into account (and the
primary cutoff power law hence removed) values for the optical depth and electron temperature of
the hot corona can be inferred with very good statistical accuracy. COMPTT is an analytic model that
describes the Comptonization spectrum of seed optical/UV photons scattering off purely thermal
electrons in the corona, while in COMPPS exact numerical solutions of the radiative transfer equation
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are taken into account, as well as Compton reflection from neutral material. At last, NTHCOMP

allows to retrieve a photon index Γ of the Comptonized spectrum for a given pair of temperatures
for the corona (kTe) and for the accretion disk (kTbb). These models assume a geometry in which
the corona is extended above the accretion disk and distributed as a slab or a sphere (Figure 1,
panels (a) and (b), respectively). In a slab configuration the range of optical depth values is τ = 0.01–2.5,
with a kTe = 10–300 keV and these parameters do not correlate with physical quantities of the system
such as the black hole mass, the luminosity or the accretion rate [3], as previously discussed in the past
using INTEGRAL [22].

(a) (b)

Figure 1. (a) Slab geometry for a hot corona distributed above an accretion disk surrounding the central
black hole; (b) Spherical geometry for a hot corona.

Taking into account both slab and spherical geometries the only statistically significant correlation
is between the optical depth and the electron temperature, following the relations presented in [3]:

SLAB : log(kTe) = (−0.7± 0.1) log(τ) + (1.60± 0.06) (1)

SPHERE : log(kTe) = (−0.7± 0.2) log(τ) + (1.8± 0.1). (2)

A fixed disk-corona geometry in radiative balance cannot be invoked to explain the observed
τ–kTe anti-correlation in a classical two-phase scenario, in which the bulk of energy is dissipated in the
corona and the disk is mostly passive [1,2]. Different geometries for the accretion flow and a variation
of the coronal heating/cooling ratio are therefore needed to explain the τ–kTe distribution in the whole
sample [3,38]. Different works on the same sources have also shown that under the assumption that the
corona is compact, only extended for a few gravitational radii, two interesting parameters such as the
compactness parameter (l ∝ L/R [39,40]) and the adimensional electron temperature (Θ = kTe/mec2)
can be introduced. The majority of the objects lie very close to the forbidden region of electron-positron
pair production in the Θ–l diagram, indicating that pair production and annihilation act as a sort of
thermostat for AGN coronae [41]. The boundary curve depends from the geometry of the plasma but
also from its composition. In presence of non-thermal particles the hybrid, Compton scattering plasma
shows a wider range of allowed temperatures [42].

3. From X-Ray Spectroscopy to Polarimetry

In none of the objects observed with NuSTAR, simultaneously to XMM, Chandra, Suzaku, Swift,
and included in the catalogs mentioned above [3,28,41,42], X-ray spectroscopy has led to a clear
discrimination between different coronal geometries. On the other hand, Compton scattering, as any
scattering mechanism, will produce a polarization signal which is strongly sensitive to the geometry
of the scattering material. The IXPE and eXTP satellites [17,18,43] will be therefore crucial to the
study of the coronae in the brightest, unobscured AGN. The Imaging X-ray Polarimetry Explorer
(IXPE) has been selected by NASA as a SMall EXplorer Mission (SMEX) for a launch in early 2021.
With a polarization sensitivity of 1.8% MDP (Minimum Detectable Polarization) in 300 ks, for a source
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with a flux F = 2× 10−10 erg cm−2 s−1 and an angular resolution better than 30 arcsec, it will be
the first X-ray imaging polarimeter on orbit. On the other hand, the enhanced X-ray Timing and
Polarimetry mission (eXTP) has been proposed to the Chinese Academy of Sciences and selected in
2011 as one of 8 background missions. Its operating energy band is 2–10 keV and its sensitivity will be
a factor 5 better in observing time than IXPE, with a comparable angular resolution. In this context,
a Comptonization code which includes both general and special relativity effects as well as polarization
has been recently released (MoCA, a Monte Carlo code for Comptonization in Astrophysics [19,44]).
Compared to different codes in the literature, the energy-dependent Klein-Nishina cross section
is taken into account [45] and different, multiple geometries are implemented [46]. We show in
Figure 2 (left panel) the 2–400 keV spectrum simulated for a slab corona with kTe = 100 keV, τ = 1.0,
covering the whole disk from 6 to 500 gravitational radii, with general relativistic effects switched
off, for computational time purposes. The black hole mass and the accretion rate of the source are
Mbh = 1.5× 108 Msun and 10% of the Eddington luminosity, respectively. The data are then fitted in
red with a cutoff power law and clear residuals are present above ∼50 keV, indicating a large deviation
from MoCA simulations, highlighting the importance of using proper Comptonization models instead
of a purely phenomenological cutoff power law.
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Figure 2. (a) The X-ray spectrum simulated for a slab corona with kTe = 100 keV, τ = 1.0 with Monte
Carlo code for Comptonization in Astrophysics (MoCA) (in black), fitted with a power law model
(in red) is shown. Residuals are reported in the bottom panel; (b) The polarization degree is plotted
against the cosine of the inclination angle for two different geometries (see text for details).

One of the brightest objects in the NuSTAR sample of unobscured sources is IC 4329A,
with a 2–10 keV flux F ' 1 × 10−10 erg cm−2 s−1 [3,41,42]. A detailed fit to the simultaneous
Suzaku–NuSTAR spectra with COMPTT showed that a slab coronal geometry (with parameters
kTe = 61 ± 1 keV, τ = 0.68 ± 0.02) and a spherical one (kTe = 50+6

−3 keV, τ = 2.34+0.16
−0.21) are statistically

equivalent to reproduce the data set [13]. In Figure 2 (b panel) we show the expected polarization
degree for the two physical scenarios simulated with MoCA, using 5×108 input photons initially
unpolarized. The polarization degree, integrated between 2 and 8 keV (i.e., the IXPE operating energy
band), is plotted against the cosine of the inclination angle. The polarization is always vertical, i.e.,
with the polarization vector parallel to the projection on the plan of the sky of the disk axis. When the
system is observed face-on (µ = 1) it is perfectly symmetric and the polarization degree approaches
zero. When it is edge-on the polarization degree increases up to 15% for the slab and 5% for the sphere,
being the latter a much more symmetrical geometry than the slab and therefore producing a much
weaker polarization signal. These simulations show that for a source like IC 4329A, with an inclination
angle of 60 degrees for its accretion disk [13], the coronal geometry can be clearly inferred. For this
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source, a Minimum Detectable Polarization (MDP) of 2% with IXPE can be obtained with an exposure
time of approximately 450 ks.

4. Conclusions

We have reviewed the current status of the coronal parameters measurements in local AGN,
after the launch of NuSTAR, highlighting commonalities and differences with previous analyses
performed with background-dominated satellites. Unfortunately, X-ray spectroscopy has led to a clear
discrimination between different coronal geometries in none of the objects observed. Thanks to the
IXPE and eXTP satellites (expected to be launched in early 2021 and 2025), X-ray polarimetry will be the
new pair of eyes that will allow us to prefer one coronal geometry to another. Taking advantage of the
MoCA Comptonization code, we performed simulations in two coronal geometries, retrieving different
polarization degrees (up to 15% for the slab and 5% for the sphere). In the very near future, we will
therefore be able to distinguish between different coronal geometries responsible for the X-ray nuclear
continuum, at least in the brightest, unobscured AGN.
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