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ABSTRACT

Context. We discuss the results of the hot corona parameters of active galactic nuclei (AGN) that have been recently measured with
NuSTAR. The values taken from the literature of a sample of 19 bright Seyfert galaxies are analysed.
Aims. The aim of this work is to look for correlations between coronal parameters, such as the photon index and cut-off energy
(when a phenomenological model is adopted) or the optical depth and temperature (when a Comptonization model is used), and other
parameters of the systems, such as the black hole mass or the Eddington ratio.
Methods. We analysed the coronal parameters of the 19 unobscured, bright Seyfert galaxies that are present in the Swift/BAT 70-month
catalogue and that have been observed by NuSTAR, alone or simultaneously with others X-ray observatories, such as Swift, Suzaku, or
XMM-Newton.
Results. We found an anti-correlation with a significance level >98% between the coronal optical depth and the coronal temperature
of our sample. On the other hand, no correlation between the above parameters and the black hole mass, the accretion rate, and the
intrinsic spectral slope of the sources is found.

Key words. galaxies: active – galaxies: Seyfert – X-rays: galaxies – black hole physics

1. Introduction

The X-ray continuum of active galactic nuclei (AGN) can be
explained by thermal Comptonization of the soft UV radiation,
produced by the inner accretion disc, by a plasma of rela-
tivistic electrons around the supermassive black hole, known
as the corona (Haardt & Maraschi 1993). This continuum is
reprocessed by cold neutral circumnuclear medium (e.g. the
accretion disc or the molecular torus) and gives rise to a reflec-
tion bump at around 30 keV and an iron Kα line emission at
around 6.4 keV (e.g. Matt et al. 1991). The presence of these fea-
tures in the spectrum places constraints on the geometry of the
X-ray emitting region, and tells us that the hot plasma region is
quite compact and likely situated close to the accretion disc.

However, the detailed geometry of the disc-corona system is
still largely unknown, and indeed the size, location, and shape of
the corona are still a matter of debate. It is not yet clear if the
corona is very compact, as assumed in the lamp-post geometry
(Matt et al. 1991; Henri & Petrucci 1997; Petrucci & Henri 1997;
Miniutti & Fabian 2004), or more extended, filling the inner part
of the accretion flow. It is also not yet clear if the coronal plasma
is a continuous or a patchy medium (Petrucci et al. 2013).

To solve the doubts raised above we need to study the broad-
band X-ray spectrum of AGN in detail, to disentangle all the
complex spectral features in this energy range, to remove all
the degeneracies between the primary continuum features and
other physical observables in order to constrain the coronal
parameters, and to have an overview of the physics and the
structure of the hot corona (Marinucci et al. 2016).

The simplest way to obtain a description of Comptonizing
coronae is to measure the cut-off in the hard X-ray spectrum
and the photon power-law index. The spectral cut-off is directly
related to the Comptonizing electron temperature of the corona,

while the power-law index depends on the interplay between
the electron temperature and the optical depth. These measure-
ments have been performed with hard X-ray satellites, such
as BeppoSAX (Dadina 2007; Perola et al. 2002), INTEGRAL
(Panessa et al. 2011; de Rosa et al. 2012; Molina et al. 2013;
Molina et al. 2009a), and Swift (Ricci et al. 2017). The cut-off
values range between 50 and 300 keV. The high-energy cut-
off values were found to correlate with the photon index of the
primary emission. It is not clear, however, if this is a real corre-
lation of an effect due to the degeneracies between parameters in
those background-dominated observations.

The Nuclear Spectroscopic Telescope Array (NuSTAR,
Harrison et al. 2013) is a hard X-ray observatory that was
launched in June 2012. It has two coaligned X-ray optics which
focus X-ray photons onto two independent shielded focal plane
modules, namely FPMA and FPMB. Thanks to its focusing
optics, it has a broad and high-quality spectral coverage from
3 to 79 keV. Given these features, NuSTAR is suitable for
studying the hard X-ray spectra of AGN with high sensitivity,
discriminating between the primary X-ray emission and the scat-
tered or reflected component (i.e. radiation which interacts with
circumnuclear gas and gets absorbed or Compton scattered).
Alone or with simultaneous observations with other X-ray obser-
vatories operating below 10 keV, such as XMM-Newton, Suzaku,
and Swift, it has provided strong constraints on the coronal prop-
erties of many AGN (Brenneman et al. 2014; Baloković et al.
2015; Fabian et al. 2015; Matt et al. 2015; Marinucci et al. 2014a,
2016; Tortosa et al. 2017; Fabian et al. 2017).

To better understand the complex environment of AGN, it
is important to search for correlations between coronal param-
eters and other physical parameters, such as the black hole
mass and the Eddington ratio. In this paper, we present the
analysis of a small catalogue of AGN, built up by choosing the
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unobscured nearby, non-jetted Seyfert galaxies (following the
distinction made by Padovani et al. 2017) that have been observed
by NuSTAR (often in coordination with XMM-Newton, Suzaku,
or Swift). We took the values of the coronal parameters of this
sample of AGN from the literature. The aim of the paper is to
list and discuss these values and look for possible correlations.

2. The sample

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

Unlike the previous hard X-ray observatories, which are
background dominated for almost all AGN, NuSTAR is the first
focusing hard X-ray telescope on orbit, 100 times more sensitive
in the 10–79 keV band than the previous observatories work-
ing in the same energy band. The focusing capability implies
a very low background, and the observation of bright AGN are
source-dominated. NuSTAR data can, therefore, provide strong
and robust constraints on the high-energy cut-off, allowing us
to study AGN at high energies with high precision and with
unprecedented accuracy. Thanks to NuSTAR observations in
collaboration with other X-ray satellites, such as XMM-Newton
and Swift, in the last few years several cut-off energies have been
measured with very high precision.

We built the catalogue by choosing the unobscured
(NH ≤ 6 × 1022 cm−2) nearby brightest Seyfert galaxies that
are present in the Swift/BAT 70-month catalogue and that have
been observed by NuSTAR alone or simultaneously with other
X-rays observatories, such as Swift, Suzaku, or XMM-Newton.
We selected only unobscured or moderately obscured AGN to
have a clear view of the primary emission component. Other
objects for which the cut-off energy had been left fixed in the
spectral analysis are not included (e.g. 1H0707-495), since
they need a more intensive study of this issue. The list and the
characteristics of all the sources can be found in Table 2 and in
Appendix B.

The final sample comprises 19 objects, 12 with a measure-
ment of the cut-off energy and 7 having only a lower limit.
The distribution of high-energy cut-off measurements from the
sample is shown in Fig. 1.

3. Black hole mass measurements

Some of the selected sources had more than one literature value
for the mass of the central black hole. One of the most reliable
and direct ways to measure the mass of a supermassive black
hole residing in the nucleus of an active galaxy is reverberation
mapping (RM, Blandford & McKee 1982; Peterson 1993). We
decided to use the RM mass values for the sources that have one
(IC4329A, 3C390.3, Ark 564, Ark 120, Mrk 335, Fairall 9, Mrk
766, PG 1211+143, Peterson et al. 2004; NGC 6814, Pancoast

Fig. 1. Distribution of the high-energy cut-off of the sample when both
measures (red) and lower limits (blue) are considered.

Table 1. Correlations factor, ρ, and null hypothesis probability, h0.

X Y ρ h0 Geometry

Γ Ec 0.18 0.47 –
log(Mbh/M�) Ec −0.11 0.61 –

Lbol/LEdd Ec −0.14 0.56 –
τ kTe −0.88 0.004 Slab
τ kTe −0.63 0.02 Sphere

log(Mbh/M�) τ −0.22 0.63 Slab
log(Mbh/M�) τ −0.26 0.46 Sphere

Lbol/LEdd τ 0.49 0.27 Slab
Lbol/LEdd τ 0.38 0.28 Sphere

log(Mbh/M�) kTe 0.20 0.64 Slab
log(Mbh/M�) kTe 0.18 0.47 Sphere

Lbol/LEdd kTe −0.37 0.41 Slab
Lbol/LEdd kTe −0.36 0.32 Sphere

et al. 2014, 2015). For the sources without a RM measurement
we used mass values derived from virial mass methods, such
as the single-epoch (SE) method. These methods start from the
relation between the size and the luminosity of the broad-line
region (R–L relation) to derive the broad-line region size through
a single measure of the optical continuum luminosity; combining
this information with the width of a broad line, it is possible
to build a relation with the black hole mass (Vestergaard 2002;
Vestergaard & Peterson 2006).

One of the most used R–L relations based on Hβ RM
measurements is (Bentz et al. 2009)

log
R

lightdays
= −2.13 + 0.519log

λLλ(5 100 Å)
erg s−1 . (1)

In the case of NGC 5506 the central stellar velocity disper-
sion (≈180 km s−1) (Oliva et al. 1999; Papadakis 2004) and the
width of the [OIII] line (Boroson 2003) give a black hole mass
of ∼108 M�, and we decided to use this value.

We assumed a 20% uncertainty for black hole mass estimates
not inferred from reverberation.

4. Fitting process

The aim of this work is, as said before, to look for correlations
between the spectral parameters, such as the cut-off value and
physical parameters.
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Fig. 2. High-energy cut-off vs the photon index of the sample.

The goodness of the correlation is given by Spearman’s
rank correlation coefficient or Spearman’s ρ. The Spearman
correlation coefficient is defined as the Pearson correlation coef-
ficient between the ranked variables. The sign of the Spearman
correlation indicates the direction of the association between
X (the independent variable) and Y (the dependent variable).
A Spearman correlation close to zero indicates that there is
no tendency for Y to either increase or decrease when X
increases. When X and Y are perfectly monotonically related,
the Spearman correlation coefficient becomes 1.0 (or −1.0 for
anti-correlation).

In the fitting process the “null hypothesis” is also given.
The null hypothesis, denoted by h0, is the probability that sam-
ple observations result purely from chance. A small h0 value
indicates a significant correlation. The fits are made using the
Interactive Data Language (IDL1) programming language. We
fitted the parameters with a simple linear relation in logarithmic
scale:

log(y) = a log(x) + b. (2)

The fits are made with a Monte Carlo method which repeated
the fit procedure by random sampling the values between a
minimum value and a maximum value, which are identified
respectively with the lower and the upper extreme of the errors
of the measure (Bianchi et al. 2009a).

4.1. Spectral parameters

We started by looking for a correlation between the photon index
Γ and the high-energy cut-off with the relation of Eq. (2). As
can be seen in Fig. 2, no statistically significant correlation is
found between this parameters, in contrast with what was found
by previous satellites (e.g. Perola et al. 2002; Ricci et al. 2017).
This, together with the absence of a correlation between the high
energy cutoff and the black hole mass and Eddington ratio of
the sources in our sample (see Figs. 3 and 4), is reassuring, sug-
gesting that with NuSTAR, and using a relatively large sample
of well-exposed sources with good measurements, the intrin-
sic degeneracy between these two parameters is significantly
reduced.

The following step was to search for a linear correlation
between the high-energy cut-off and either the mass of the
central black hole or the Eddington ratio.

1 www.harrisgeospatial.com/SoftwareTechnology/IDL.aspx

Fig. 3. High-energy cut-off vs the black hole mass of the sample.

Fig. 4. High-energy cut-off vs Eddington ratio of the sample.

The Eddington ratio Lbol/LEdd is computed using the
2–10 keV absorption-corrected luminosity of the source to esti-
mate the bolometric luminosity using the 2–10 keV bolometric
correction of Marconi et al. (2004). Error bars on the Edding-
ton ratio are derived from uncertainties on the black hole mass
and 2–10 keV luminosity measurements. All values are listed in
Table 2. The Spearman’s ρ values (Table 1) show that there is no
significant correlation between the checked parameters.

4.2. Physical parameters

We consider the physical parameters that characterize the AGN
coronae: the coronal temperature kTe and the optical depth.
The distribution of these two values in our sample is shown in
Fig. 5. It should be noted that for some of the sources the optical
depth parameter is not directly measured since the model used
(NTHCOMP inXSPEC) does not have the optical depth as a free
parameter. In these cases, the optical depth has been estimated
using the relation from Beloborodov (1999),

Γ ≈
9
4
y−2/9, (3)

where Γ is the photon index of the spectrum between 2 and
10 keV. The dependence on the optical depth is in the relativistic
y-parameter,

y = 4
(
Θe + 4Θ2

e

)
τ(τ + 1), (4)

A37, page 4 of 9

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201732382&pdf_id=0
www.harrisgeospatial.com/SoftwareTechnology/IDL.aspx
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201732382&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201732382&pdf_id=0


A. Tortosa et al.: A NuSTAR census of coronal parameters in Seyfert galaxies

Fig. 5. Left panel: distribution of the coronal temperature values for the sources of the sample that have coronal temperature measurements.
Right panel: distribution of the optical depth values for the sources in the sample that have direct or extrapolated measurements of this parameter.
Both slab and sphere geometry of the corona are considered.

where Θe is the electron temperature normalized to the electron
rest energy:

Θe =
kTe

mec2 . (5)

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

In Appendix A, the results obtained with NTHCOMP are com-
pared with those obtained with COMPTT for a few selected
sources.

4.3. Optical depth versus coronal temperature

The optical depth and coronal temperature appear to be
extremely anti-correlated. The Spearman correlation factor for
this fit is ρ = −0.88 (−0.63) and the null hypothesis probabil-
ity h0 = 0.004 (0.03) for the slab (spherical) geometry; see also
Fig. 6.

Using Eq. (2) we found, in the case of a slab geometry, the
following intercept and slope values for the fit:

a = −0.7 ± 0.1; b = 1.6 ± 0.06. (6)

The parameters of the linear regression in the case of the
spherical geometry are

a = −0.7 ± 0.2; b = 1.8 ± 0.1. (7)

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

We also searched for correlations between the above
parameters (coronal optical depth and coronal temperature) and
the central black hole of the AGN, and the Eddington ratio in
slab and in spherical coronal geometries. We do not find statis-
tically significant correlation in any of the analysed cases (see
Table 1).

5. Discussion

We found two relevant results from this analysis. The first is
the lack of correlation between the high-energy cut-off and the
spectral photon index of the primary power law (see Fig. 2).
Perola et al. in 2002 found a correlation between the high-energy

Fig. 6. Fit (red line) and error on the fitting relation (red shaded region)
of the optical depth vs the electron coronal temperature in the case of
a disc-shaped corona (top panel) and spherical corona (bottom panel).
The fit is made using Eq. (2).

cut-off and the photon index of the primary power law with a cor-
relation coefficient equal to 0.88, with Ec increasing with Γ. The
same correlation is found in the Swift/BAT sample, where Ricci
et al. (2017) found that, when fitting the simulated Swift/BAT
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spectra with a simple power-law model, the Swift/BAT photon
index increases when the cut-off decreases (see Fig. 19 in their
work).

Given that the two parameters are correlated in the fit pro-
cedure, this correlation may be an artefact due to a systematic
error on one of the two parameters. Instead, we found no sig-
nificant correlation between Γ and Ec. The lack of correlation
between these parameters confirms what found by Molina et al.
(2009a) in the INTEGRAL complete sample of type 1 AGN.
This result means that there are no large systematics in the
NuSTAR measurements.

The second important result is the presence of a strong anti-
correlation between the optical depth and the coronal tempera-
ture, both in the slab and in the spherical geometry. The interpre-
tation of this anti-correlation is not trivial. Of course the values
of the parameters are model dependent. We checked the kTe and
τ values in the spherical geometry of the corona for some of the
sources of the sample, in particular GRS 1734-292, NGC 5506,
and MCG-05-23-16 which have very different values of tem-
perature and optical depth, by reanalysing the NuSTAR obser-
vations. The coronal temperature and the optical depth of the
three sources listed above were all obtained with the COMPTT
model (Titarchuk 1994). Instead we used the NTHCOMP model
(Zdziarski et al. 1996; Życki et al. 1999), see Appendix A.
We found different values for the two parameters of the three
sources, but they still follow the anti-correlation (see Fig. 7).

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

The τ-kTe anti-correlation cannot be easily reconciled with
a fixed disc-corona configuration in radiative balance. Indeed,
such a configuration corresponds to a fixed cooling/heating ratio
for the corona. In this case the corona temperature and optical
depth have only to adjust themselves in order to ensure the con-
stancy of this ratio, but there is no reason for kTe and/or τ to
change. In other words, if the disc-corona configuration of all
the Seyfert galaxies is the same and is also in radiative balance,
we would expect kTe and/or τ to cluster around the same values
for all the objects in our sample.

The observed correlation indicates that one (or both) of
these hypotheses is wrong. The invalidation of the former (same
disc-corona configuration) implies a geometrical variation of the
accretion flow. The correlation could arise from the variations in
the transition radius Rtr separating the inner corona and the outer
disc or from the variation in the height H of the corona above
the disc, as in the lamppost configuration. A lower Rtr/H would
imply greater cooling from the disc and then a lower tempera-
ture (assuming the heating is the same). In this case the observed
anti-correlation would indicate that objects like NGC 5506 have
a higher Rtr/H than objects like GRS 1734-292.

The invalidation of the radiative balance hypothesis could
instead be the result of a variation in the fraction of thermal
emission due to viscous dissipation (hereafter intrinsic emission)
with respect to the total disc emission, which also includes repro-
cessing of the coronal radiation. Indeed, for a fixed disc-corona
geometry, the radiative balance will change if this proportion
varies. If it increases, the cooling of the corona will increase
and the temperature will decrease. In this case the observed
anti-correlation would indicate that the disc intrinsic emission in
objects like NGC 5506 contribute less to the total disc emission
than do objects like GRS 1734-292.

We note that for a pair-dominated corona, the opposite
behaviour is expected since an increase in the cooling (which

Fig. 7. Optical depth vs electron coronal temperature in the case of a
spherical corona for GRS 1734-292, NGC 5506, and MCG-05-23-16
(blue circles) and the values obtained with our reanalysis (green trian-
gle); see Appendix A. We superimposed the fit (red line) and the error
on the fitting relation (red shaded region) obtained with all the literature
values for all the sources, as in the lower panel of Fig. 6.

is inversely proportional to the coronal optical depth, Haardt &
Maraschi 1991) would correspond to an increase in the corona
temperature and not to a decrease (Ghisellini & Haardt 1994). As
a consequence, to explain the observed kTe-τ anti-correlation,
objects with high corona temperatures would have a smaller
Rtr/H or a larger contribution of the disc intrinsic emission than
objects with low temperature.

6. Conclusions

We have presented and discussed recent high-energy cut-off
measurements in a sample of 19 bright Seyfert galaxies observed
by NuSTAR in collaboration with other X-ray observatories oper-
ating below 10 keV, such as XMM-Newton, Suzaku, and Swift.
The goal of the work was to look for correlation between spectral
and physical parameters in order to better understand the physics
and the structure of AGN coronae.

This kind of analysis had already been done before the com-
ing of NuSTAR using cut-off energy measurements performed
by hard X-ray satellites like BeppoSAX (Perola et al. 2002) and
INTEGRAL (Malizia et al. 2014). Unlike NuSTAR, these instru-
ments are non-focusing, and are therefore background dominated
for AGN observations.

We searched for correlations between the high-energy cut-
off and the photon index of the primary power law, the mass of
the central black hole, and the Eddington ratio (Lbol/LEdd). We
did not find any statistically significant correlation between these
parameters.

Finally, we searched for correlations between the physical
parameters which characterize the hot coronae of AGN, i.e. the
temperature and the optical depth, and the mass of the cen-
tral black hole and the Eddington ratio. No significant statistical
correlation is found between these parameters. Instead, a signif-
icant anti-correlation is found between the optical depth and the
coronal temperature fit. We find a Spearman correlation coef-
ficient ρ = −0.88 in the case of a slab geometry of the corona
and −0.63 in the case of a spherical corona. The null hypothesis
probability, ρ, is equal to 0.004 in the case of slab geometry and
0.02 for the sphere geometry.
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The observed anti-correlation suggests a disc-corona con-
figuration in radiative balance, but requires differences, from
source to source, in either the disc-corona configuration or in
the intrinsic disc emission.
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Życki, P. T., Done, C., & Smith, D. A. 1999, MNRAS, 309, 561

A37, page 7 of 9

http://linker.aanda.org/10.1051/0004-6361/201732382/1
http://linker.aanda.org/10.1051/0004-6361/201732382/1
http://linker.aanda.org/10.1051/0004-6361/201732382/2
http://linker.aanda.org/10.1051/0004-6361/201732382/3
http://linker.aanda.org/10.1051/0004-6361/201732382/4
http://linker.aanda.org/10.1051/0004-6361/201732382/4
http://linker.aanda.org/10.1051/0004-6361/201732382/5
http://linker.aanda.org/10.1051/0004-6361/201732382/6
http://linker.aanda.org/10.1051/0004-6361/201732382/7
http://linker.aanda.org/10.1051/0004-6361/201732382/8
http://linker.aanda.org/10.1051/0004-6361/201732382/8
http://linker.aanda.org/10.1051/0004-6361/201732382/9
http://linker.aanda.org/10.1051/0004-6361/201732382/10
http://linker.aanda.org/10.1051/0004-6361/201732382/11
http://linker.aanda.org/10.1051/0004-6361/201732382/12
http://linker.aanda.org/10.1051/0004-6361/201732382/13
http://linker.aanda.org/10.1051/0004-6361/201732382/13
http://linker.aanda.org/10.1051/0004-6361/201732382/14
http://linker.aanda.org/10.1051/0004-6361/201732382/15
http://linker.aanda.org/10.1051/0004-6361/201732382/15
http://linker.aanda.org/10.1051/0004-6361/201732382/16
http://linker.aanda.org/10.1051/0004-6361/201732382/16
http://linker.aanda.org/10.1051/0004-6361/201732382/17
http://linker.aanda.org/10.1051/0004-6361/201732382/18
http://linker.aanda.org/10.1051/0004-6361/201732382/19
http://linker.aanda.org/10.1051/0004-6361/201732382/20
http://linker.aanda.org/10.1051/0004-6361/201732382/21
http://linker.aanda.org/10.1051/0004-6361/201732382/21
http://linker.aanda.org/10.1051/0004-6361/201732382/22
http://linker.aanda.org/10.1051/0004-6361/201732382/23
http://linker.aanda.org/10.1051/0004-6361/201732382/24
http://linker.aanda.org/10.1051/0004-6361/201732382/25
http://linker.aanda.org/10.1051/0004-6361/201732382/26
http://linker.aanda.org/10.1051/0004-6361/201732382/27
http://linker.aanda.org/10.1051/0004-6361/201732382/28
http://linker.aanda.org/10.1051/0004-6361/201732382/29
http://linker.aanda.org/10.1051/0004-6361/201732382/30
http://linker.aanda.org/10.1051/0004-6361/201732382/31
http://linker.aanda.org/10.1051/0004-6361/201732382/31
http://linker.aanda.org/10.1051/0004-6361/201732382/32
http://linker.aanda.org/10.1051/0004-6361/201732382/33
http://linker.aanda.org/10.1051/0004-6361/201732382/34
http://linker.aanda.org/10.1051/0004-6361/201732382/35
http://linker.aanda.org/10.1051/0004-6361/201732382/36
http://linker.aanda.org/10.1051/0004-6361/201732382/37
http://linker.aanda.org/10.1051/0004-6361/201732382/38
http://linker.aanda.org/10.1051/0004-6361/201732382/39
http://linker.aanda.org/10.1051/0004-6361/201732382/40
http://linker.aanda.org/10.1051/0004-6361/201732382/41
http://linker.aanda.org/10.1051/0004-6361/201732382/42
http://linker.aanda.org/10.1051/0004-6361/201732382/43
http://linker.aanda.org/10.1051/0004-6361/201732382/44
http://linker.aanda.org/10.1051/0004-6361/201732382/45
http://linker.aanda.org/10.1051/0004-6361/201732382/46
http://linker.aanda.org/10.1051/0004-6361/201732382/47
http://linker.aanda.org/10.1051/0004-6361/201732382/48
http://linker.aanda.org/10.1051/0004-6361/201732382/49
http://linker.aanda.org/10.1051/0004-6361/201732382/50
http://linker.aanda.org/10.1051/0004-6361/201732382/51
http://linker.aanda.org/10.1051/0004-6361/201732382/52
http://linker.aanda.org/10.1051/0004-6361/201732382/53
http://linker.aanda.org/10.1051/0004-6361/201732382/54
http://linker.aanda.org/10.1051/0004-6361/201732382/54
http://linker.aanda.org/10.1051/0004-6361/201732382/55
http://linker.aanda.org/10.1051/0004-6361/201732382/56
http://linker.aanda.org/10.1051/0004-6361/201732382/57
http://linker.aanda.org/10.1051/0004-6361/201732382/58
http://linker.aanda.org/10.1051/0004-6361/201732382/59
http://linker.aanda.org/10.1051/0004-6361/201732382/60
http://linker.aanda.org/10.1051/0004-6361/201732382/61
http://linker.aanda.org/10.1051/0004-6361/201732382/62
http://linker.aanda.org/10.1051/0004-6361/201732382/63
http://linker.aanda.org/10.1051/0004-6361/201732382/64
http://linker.aanda.org/10.1051/0004-6361/201732382/64
http://linker.aanda.org/10.1051/0004-6361/201732382/65
http://linker.aanda.org/10.1051/0004-6361/201732382/66
http://linker.aanda.org/10.1051/0004-6361/201732382/67
http://linker.aanda.org/10.1051/0004-6361/201732382/68
http://linker.aanda.org/10.1051/0004-6361/201732382/69
http://linker.aanda.org/10.1051/0004-6361/201732382/70
http://linker.aanda.org/10.1051/0004-6361/201732382/71
http://linker.aanda.org/10.1051/0004-6361/201732382/72
http://linker.aanda.org/10.1051/0004-6361/201732382/73
http://linker.aanda.org/10.1051/0004-6361/201732382/74
http://linker.aanda.org/10.1051/0004-6361/201732382/75
http://linker.aanda.org/10.1051/0004-6361/201732382/76
http://linker.aanda.org/10.1051/0004-6361/201732382/77
http://linker.aanda.org/10.1051/0004-6361/201732382/78
http://linker.aanda.org/10.1051/0004-6361/201732382/79
http://linker.aanda.org/10.1051/0004-6361/201732382/80
http://linker.aanda.org/10.1051/0004-6361/201732382/81
http://linker.aanda.org/10.1051/0004-6361/201732382/81
http://linker.aanda.org/10.1051/0004-6361/201732382/82
http://linker.aanda.org/10.1051/0004-6361/201732382/83
http://linker.aanda.org/10.1051/0004-6361/201732382/84
http://linker.aanda.org/10.1051/0004-6361/201732382/85
http://linker.aanda.org/10.1051/0004-6361/201732382/86
http://linker.aanda.org/10.1051/0004-6361/201732382/86
http://linker.aanda.org/10.1051/0004-6361/201732382/87
http://linker.aanda.org/10.1051/0004-6361/201732382/88
http://linker.aanda.org/10.1051/0004-6361/201732382/89
http://linker.aanda.org/10.1051/0004-6361/201732382/89
http://linker.aanda.org/10.1051/0004-6361/201732382/90
http://linker.aanda.org/10.1051/0004-6361/201732382/91
http://linker.aanda.org/10.1051/0004-6361/201732382/92
http://linker.aanda.org/10.1051/0004-6361/201732382/93
http://linker.aanda.org/10.1051/0004-6361/201732382/94


A&A 614, A37 (2018)

Appendix A: Reanalysis of NGC 5506, GRS
1734-292, and MCG-05-23-16

NGC 5506, GRS 1734-292, and MCG-05-23-16 have the most
extreme values of coronal temperature in the sample. These
values were obtained from the literature using the COMPTT
Comptonization model (Titarchuk 1994). We checked the kTe
and τ values in spherical geometry of the corona for the above
sources by reanalysing the NuSTAR observations using the NTH-
COMP model (Zdziarski et al. 1996; Życki et al. 1999).

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

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

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

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

In their analysis of NGC 5506, Matt et al. (2015)
found an X-ray spectrum composed of an absorbed power
law (with Γ ∼ 1.9) with an exponential high-energy cut-off
(Ec = 720+130

−190 keV), plus a moderately ionized reflection compo-
nent and ionized iron lines. They estimated the coronal parame-
ters using the COMPTT Comptonization model (Titarchuk 1994)
and the COMPPS model (Poutanen & Svensson 1996), and found-
in the spherical geometry of the corona-a coronal temperature
of 440+230

−250 keV (∼270 keV) and an optical depth of 0.09 (0.14),
respectively.

Tortosa et al. (2017) found, for the NuSTAR spectra of GRS
1734-292, a spectral shape of an absorbed power law with pho-
ton index of 1.65 and a very low exponential cut-off, 53+11

−8 keV.
They found a reflection fraction of 0.48 ± 0.22 and no evidence
of relativistic features. Using the COMPTT model and assum-
ing a spherical geometry for the Comptonizing corona, they
fond a coronal temperature of 12.1+1.8

−1.3 keV and an optical depth
τ = 6.38+0.4

−0.5.
The analysis of the NuSTAR spectrum of MCG-05-23-16,

performed by Baloković et al. (2015), showed a primary power
law with an exponential high-energy cut-off at 116+6

−5 keV, a
photon index of 1.85 ± 0.01, and the iron line with both nar-
row and broad components, the last due to relativistic effects.
The COMPTT Comptonization model in the case of a spheri-
cal corona gives a coronal temperature kTe = 25 ± 2 keV and a
coronal optical depth τ = 3.5 ± 0.2.

We used models similar to those of Matt et al. (2015),
Tortosa et al. (2017), and Baloković et al. (2015) to fit the NGC
5506, GRS 1734-292, and MCG-05-23-16 data, but we used
the RELXILLCP and XILLVER-COMP models (García & Kallman
2010; García et al. 2014; Dauser et al. 2014) for the relativistic

Table A.1. List of some parameters obtained from the reanalysis of
NGC 5506, GRS 1734-292, and MCG-05-23-16.

Source Γ kTe (keV) τ χ2/d.o.f.

NGC 5506 1.73+0.09
−0.03 400 ± 200 0.21 1.1

GRS 1734-292 1.81 ± 0.04 16 ± 3 3.9 1.02
MCG-05-23-16 1.93 ± 0.01 41 ± 5 1.73 1.05

or standard reflection, respectively, with the irradiation of the
accretion by a power law with a NTHCOMP (Zdziarski et al. 1996;
Życki et al. 1999) Comptonization continuum.

The values obtained with the reanalysis are showed in
Table A.1. The coronal optical depth values are extrapolated
using the relation from Beloborodov (1999).

The values we found in our reanalysis are different from the
literature values, especially the photon index Γ (and so the opti-
cal depth). However, the error bars on the coronal temperature
are almost the same.

Even if the values we found are different from those in the
literature, the τ-kTe pairs follow the relation found previously
with the literature values (see Fig. 7).

Appendix B: List of the sources

– NGC 5506 is a bright, nearby (z = 0.006181) Compton-
thin (Wang et al. 1999), narrow-line Seyfert 1 galaxy
(Nagar et al. 2002). Its spectrum is well described by a
power law with Γ = 1.9 ± .03 with a high-energy exponen-
tial cut-off at 720+130

−190 keV (Matt et al. 2015). NGC 5506 has a
galactic absorption with a column density of 3.8× 1020 cm−2

(Kalberla et al. 2005). The observed 2–10 keV flux corrected
for absorption is 6.2 × 10−11 erg cm−2 s −1 corresponding to
a luminosity of 5.26 × 1042 ergs s−1 (Matt et al. 2015).

– MCG-05-23-16 is a nearby (z = 0.0085, 36Mpc) Seyfert
1.9 galaxy (Veron et al. 1980; Wegner et al. 2003). This
source has a complex structure of the fluorescent line emis-
sion, including both broad and narrow components produced
by the disc and the torus reflection, respectively (Baloković
et al. 2015). It has an absorption with column density of
2.5× 1022 cm−2. The photon index of the primary power law
is found to be 2.00±0.01. It also shows a high-energy cut-off
at 116+6

−5 keV (Baloković et al. 2015).
– SWIFT J2127.4+5654 (z = 0.0144) is a narrow-line

Seyfert 1 galaxy. It was observed by NuSTAR and XMM-
Newton in an observational campaign performed in Novem-
ber 2012. This source is affected only by the Galactic column
density absorption (7.65 × 1021 cm−2, Kalberla et al. 2005).
The primary emission of this source has a power-law spec-
tral shape with a photon index of 2.08 ± 0.01 and a cut-off
energy Ec = 108+11

−10 (Marinucci et al. 2014a).
– IC4329A is a nearby bright Seyfert galaxy (z = 0.0161,

Willmer et al. 1991; Galactic NH = 4.61 × 1020 cm−2,
Kalberla et al. 2005). It has been observed by NuSTAR
almost continuously from 2012 August 12-16. The photon
index of the primary power law of IC4329A is 1.73 ± 0.01.
The spectrum shows a cut-off at 184 ± 14 keV (Brenneman
et al. 2014).

– 3C 390.3 (z = 0.056) is a radio-loud Seyfert 1 galaxy
with a weak reflection and a flat photon index. The timing
properties of 3C390.3 do not differ from those of radio-quiet
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Seyferts (Gliozzi et al. 2009), and there is no noticeable con-
tribution from the jet to the X-ray emission (Sambruna et al.
2009). It has a Galactic column density of 4 × 1020 cm−2

(Kalberla et al. 2005), a photon index of the primary power
law of 1.70 ± 0.01, and a cut-off at energy of 116+24

−8 keV
(Lohfink et al. 2015).

– 3C 382 (z = 0.057870) is a broad-line radio galaxy, but its
X-ray continuum is dominated by the Comptonizing corona
similarly to radio-quiet Seyfert galaxies (Ballantyne et al.
2014). It has a Galactic absorption with a column density
of NH = 6.98 × 1020 cm−2 (Kalberla et al. 2005) and a weak,
highly ionized warm absorber with NH ≈ 1.4 × 1021 cm−2

and log ξ = .5; it also has a Γ = 1.68+0.03
−0.02 and a high-energy

cut-off at 214+147
−63 keV (Ballantyne et al. 2014).

– GRS 1734-292 (z = 0.0214, corresponding to a distance
of 87 Mpc) is a Seyfert galaxy originally discovered
by the ART-P telescope on board the GRANAT satellite
(Pavlinsky et al. 1992). It has a total hydrogen column den-
sity in excess of 1022 cm−2. The 2–10 keV flux for this source
is F2−10 = 5.12+0.15

−0.08 × 10−11 erg cm−2 s−1. GRS 1734-292
has the spectral slope of the primary power law typical of
a Seyfert galaxy in the NuSTAR observation (Γ ∼1.65), with
one of the lowest high-energy cut-offs (53+11

−8 keV) measured
so far by NuSTAR (Tortosa et al. 2017).

– NGC 6814 (z = 0.0052, Molina et al. 2009a) is a Seyfert
1 Galaxy known to show X-ray variability by at least a
factor of 10 over timescales of years (Mukai et al. 2003).
The 2–10 keV absorption-corrected luminosities from the
NuSTAR observation is L2−10 = 2.04 × 1042 erg s−1. It has
a primary power law with a photon index of 1.71+0.04

−0.03 and an
exponential cut-off at 135+70

−35 keV (Tortosa et al. 2018).
– MCG 8-11-11 (z = 0.0204) is a very X-ray bright AGN.

The 2–10 keV absorption-corrected luminosities from the
NuSTAR observation is L2−10 = 5.13 × 1043 erg s−1. It has
a primary power law with a photon index of 1.77 ± 0.04 and
an exponential cut-off at 175+110

−50 keV (Tortosa et al. 2018).
– Ark 564 (z = 0.02468) is a narrow line Seyfert 1 galaxy.

It has a steep X-ray spectrum, strong soft excess, and rapid
variability. It is also extremely bright in the soft X-ray band
(F0.3−10keV = 1.4× 10−10 erg cm−2s −1 (Kara et al. 2017). Ark
564 has a photon index of 2.27 ± 0.08 and a very low cut-off
energy value: Ec = 42 ± 3 (Kara et al. 2017).

– PG 1247+267 is one of the most luminous known quasars
at z ∼ 2 and is a strongly super-Eddington accreting super-
massive black hole (SMBH) candidate. It was observed by
NuSTAR in December 2014 for a total of 94 ks. From this
observation it was found that Pg 1247+267 has a primary
power law with a cut-off energy at 89+134

−34 keV and photon
index of 2.35+0.09

−0.08 (Lanzuisi et al. 2016).
– Ark 120 (z = 0.033) is a “bare” Seyfert 1 galaxy, a system in

which ionized, displaying neither intrinsic reddening in its
IR continuum nor evidence for absorption in UV and X-rays

absorption is absent (Matt et al. 2014; Porquet et al. 2018).
The spectrum of the source has a high-energy cut-off value
of 183+83

−43 keV Porquet et al. (2018). The photon index of the
primary power law is 1.87 ± 0.02 (Porquet et al. 2018).

– NGC 7213 (z = 0.005839) is a low-luminosity AGN that
hosts a supermassive black hole of ∼108 solar masses. It
has also been classified as a low-ionization nuclear emis-
sion region galaxy (LINER) because of the low excitation
observed in the narrow-line spectrum (Filippenko & Halpern
1984). The photon index of the primary power law of the
spectrum of NGC 7213 is 1.84 ± 0.03. The source does not
have a cut-off measurement, but shows only a lower limit of
the cut-off energy of Ec > 140 keV (Ursini et al. 2015).

– MCG 6-30-15 (z = 0.008), is a Seyfert 1 galaxy with an
extreme X-ray variability and a very broad Fe kα line emis-
sion, with an iron abundance significantly higher than solar
(Fabian et al. 2002). Its primary power law shows a photon
index of 2.06 ± 0.01 and a lower limit on the high energy
cut-off that is > 110 keV (Marinucci et al. 2014b).

– NGC 2110 (z = 0.008) is a bright Seyfert 2 galaxy. It shows a
prominent Fe kα line with a variable intrinsic emission and
shows a cut-off energy Ec > 210 keV with no detectable con-
tribution from Compton reflection (Marinucci et al. 2015).
The source has several layers of absorbing material with col-
umn densities in the range 2–6 ×1022 cm−2 (Rivers et al.
2014).

– Mrk 335 (z = 0.0257) is a narrow-line Seyfert 1 galaxy that
shows narrower broad emission-line components than a typ-
ical Type 1 AGN (Grier et al. 2012). It was observed by
NuSTAR in June and July 2013. The Galactic absorption for
this source is 3.56 × 102 cm−2 (Kalberla et al. 2005). Its pri-
mary power-law spectrum shows a photon index of 2.14+0.02

−0.04
and a cut-off energy Ec > 174 (Parker et al. 2014).

– Fairall 9 (z = 0.047016) is a Seyfert 1 galaxy. It was
observed by NuSTAR in May 2014 and does not show
any significant absorption other than Galactic (Lohfink
et al. 2016). The photon index of its primary power law is
1.96+0.01

−0.02, which shows a cut-off Ec > 242 (Lohfink et al.
2016).

– Mrk 766 (z = 0.012929) is a narrow line Seyfert 1 galaxy
which shows spectral variability in the X-rays (Risaliti et al.
2011). Its X-ray spectrum is well fitted by a power law with
photon index 2.22+0.02

−0.03 and an exponential cut-off with a
lower limit of > 441 keV (Buisson et al. 2017).

– PG 1211+143 (z = 0.080900) is a bright radio-quiet quasar
which belongs to the class of narrow-line Seyfert 1 galaxies
and presents an archetypical case for the ultra-fast outflows.
The amount of Galactic neutral absorption along the line of
sight is 2.7 × 1020 cm−2 (Kalberla et al. 2005). The pho-
ton index of the primary power law of the spectrum of this
source is 2.51 ± 0.2 with a lower limit on the exponential
cut-off of >124 keV (Zoghbi et al. 2015).
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