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ABSTRACT
We report on the first observation of a radio-quiet Active Galactic Nucleus (AGN) in

polarized X-rays: the Seyfert 1.9 galaxy MCG-05-23-16. This source was pointed at with the
Imaging X-ray Polarimetry Explorer (IXPE) starting on May 14, 2022 for a net observing time
of 486 ks, simultaneously with XMM-Newton (58 ks) and NuSTAR (83 ks). A polarization
degree Π smaller than 4.7% (at the 99% confidence level) is derived in the 2–8 keV energy
range, where emission is dominated by the primary component ascribed to the hot corona.
The broad-band spectrum, inferred from a simultaneous fit to the IXPE, NuSTAR, and XMM-
Newton data, is well reproduced by a power law with photon index Γ = 1.85 ± 0.01 and a
high-energy cutoff 𝐸C = 120 ± 15 keV. A comparison with Monte Carlo simulations shows
that a lamp-post and a conical geometry of the corona are consistent with the observed upper
limit, a slab geometry is allowed only if the inclination angle of the system is less than 50◦.

Key words: galaxies: active - galaxies: Seyfert - galaxies: individual: MCG-05-23-16 -
polarization
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2 IXPE Collaboration

1 INTRODUCTION

It is now widely accepted that the primary X-ray emission of Seyfert
galaxies is produced by multiple up-scattering events of cool pho-
tons by hot electrons: the Comptonization process (Sunyaev &
Titarchuk 1980; Zdziarski et al. 2000). However, the energy supply
of this medium and the conditions leading to a formation of the hot
plasma close to the black hole are debated. The physical picture
of plasma fuelling through the gravitational energy transformation
greatly depends on the geometry and size of the hot medium. In one
scenario, the energy dissipation (and electron heating) is distributed
over a large volume, with characteristic sizes ∼ 10− 100 𝑅g (where
𝑅𝑔 = 𝐺𝑀/𝑐2 is the gravitational radius, 𝐺 is the gravitational con-
stant, 𝑀 is the black hole mass and 𝑐 is the speed of light). Early
studies considered the so-called slab-corona model, where the hot
medium was assumed to be distributed above the cold accretion
disc (Haardt & Maraschi 1991, 1993), and presumably energized
by some disc instability, likely of magnetic origin (Merloni 2003).
On the other hand, in a lamp-post geometry, the primary X-ray emis-
sion is assumed to be coming from a compact source (∼ 1−10 𝑅g),
located on the accretion disc axis (Fabian et al. 2017b) and could
be associated with an aborted jet (Ghisellini et al. 2004).

Spectroscopic analyses have in principle the capability to con-
strain the coronal geometry but, even the best available observations
provided by NuSTAR, while good enough to measure the physical
coronal parameters like the optical depth and the temperature, are
not able to distinguish statistically among different geometries (Tor-
tosa et al. 2018; Middei et al. 2019).

A very promising and powerful tool to assess the coronal ge-
ometry is reverberation mapping of the corona-disc system (Uttley
et al. 2014, and references therein). In fact, the disc response to
the corona illumination depends also on the geometry of the lat-
ter (Wilkins et al. 2016). However, to fully exploit this technique,
observations with the next generation X-ray observatories such as
eXTP and Athena are required (De Rosa et al. 2019; Dovciak et al.
2013), even if very long XMM-𝑁𝑒𝑤𝑡𝑜𝑛 observations can already
deliver some results (Fabian et al. 2017a).

X-ray polarization provides an independent tool to constrain
the coronal geometry. Polarization, in fact, is extremely sensitive
to the geometry of the emitting matter and of the photon field
(Schnittman & Krolik 2010; Beheshtipour et al. 2017; Tamborra
et al. 2018; Zhang et al. 2019). With the aim to constrain its coronal
geometry, the Imaging X-ray Polarimetry Explorer (IXPE: Weis-
skopf et al. 2016) observed the bright Seyfert galaxy MCG-05-23-
16.

MCG-05-23-16 is a nearby (𝑧=0.0085 or 36 Mpc, Wegner
et al. 2003) Seyfert 1.9 galaxy with broad emission lines in the
near-infrared (Goodrich et al. 1994). It has been extensively ob-
served in X-rays (Weaver et al. 1997; Balestra et al. 2004; Braito
et al. 2007; Reeves et al. 2007; Perola et al. 2002; Beckmann et al.
2008; Molina et al. 2013), showing a moderate cold absorption
(𝑁𝐻 ∼1022 cm−2). Recently, NuSTAR observations were able to
constrain the high energy cutoff (𝐸C ∼ 100 − 160 keV, variable on
a time scale of ∼100 ks) and therefore the coronal physical param-
eters 𝑘𝑇𝑒 and 𝜏 (Baloković et al. 2015; Zoghbi et al. 2017). X-ray
reverberation features have also been detected with XMM-Newton
in this source (Zoghbi et al. 2013; Kara et al. 2016).

In the optical and near-infrared wavelengths (0.4−2.2𝜇m) the
source exhibits a low continuum linear polarization degree (1−2%)
and a polarized flux density which increases with wavelength, a
possible sign of Compton scattering or a different non-thermal com-
ponent at work (Brindle et al. 1990).

With a 2−10 keV flux of (7−10)×10−11 erg cm−2 s−1 (Mattson
& Weaver 2004), MCG-05-23-16 is one of the brightest Seyfert
galaxies, only moderately variable on both short and long time-
scales, with a relatively simple spectrum (no significant absorption
in the IXPE band) and well measured coronal parameters. It is
therefore the ideal target to search for polarization signatures of the
coronal geometry in radio-quiet AGN. The paper is organized as
follows: in Sect. 2 we discuss the data reduction procedure, while
in Sect. 3 we present the spectro-polarimetric analyses. Our results
are then discussed and summarized in Sect. 4 and 5.

2 OBSERVATIONS AND DATA REDUCTION

IXPE (Weisskopf et al. 2022) observed MCG-05-23-16 starting on
May 14, 2022 with its three Detector Units (DU), for a net exposure
time of 47 ks. The pointing at the source started again on May 21,
for additional 439 ks. Cleaned level 2 event files were produced and
calibrated using standard filtering criteria with the dedicated ftools
tasks and the latest calibration files available in the IXPE calibration
database (CALDB 20211118). 𝐼, 𝑄, 𝑈 Stokes background spectra
were extracted from source-free circular regions with a radius of 100
arcsec. Extraction radii for the 𝐼 Stokes spectra of the source were
computed via an iterative process which leads to the maximization
of the Signal-to-Noise Ratio (SNR) in the 2–8 keV energy band,
similar to the approach described in Piconcelli et al. (2004). We
therefore adopted circular regions centered on the source with radii
of 62 arcsec, 57 arcsec and 62 arcsec for DU1, DU2 and DU3,
respectively. The net exposure times are 485.7 ks and the same
extraction radii were then applied to the 𝑄 and 𝑈 Stokes spectra.
We used a constant energy binning of 0.2 keV for 𝑄, 𝑈 Stokes
spectra and required a SNR higher than 5 in each spectral channel,
in the intensity spectra. 𝐼, 𝑄, 𝑈 Stokes spectra from the three DUs
are always fitted independently in the following, but we will plot
them together using the setp group command in Xspec, for the
sake of visual clarity. Background represents the 2.0%, 1.8% and
2.1% of the total DU1, DU2 and DU3 𝐼 spectra, respectively. The
summed background subtracted light curves show an average count
rate 𝐶2−8 keV=0.525±0.002 cts s−1 with a level of variability of
∼20−30%, in the range 0.33-0.79 cts s−1.

XMM-Newton started its observation on May 21, 2022 for 83
ks of elapsed time with the EPIC CCD cameras: the pn (Strüder
et al. 2001) and the two MOS (Turner et al. 2001), operated in small
window and medium filter mode. Data from the MOS detectors are
not included in our analysis due to pile-up. The data from the pn
camera show no significant pile-up as indicated by the epatplot
output. The extraction radii and the optimal time cuts for flaring
particle background were computed with SAS 20 (Gabriel et al.
2004) with the same SNR maximization procedure reported above.
The resulting optimal extraction radii for the source and the back-
ground spectra are 40 and 50 arcsec, respectively. The net exposure
time for the pn time-averaged spectrum is 58.1 ks. The 0.5-10 keV
background subtracted light curve show an average count rate
𝐶0.5−10 keV=8.55±0.01 cts s−1.

NuSTAR (Harrison et al. 2013) observed MCG-05-23-16 si-
multaneously to XMM-Newton, with its two coaligned X-ray tele-
scopes with corresponding Focal Plane Module A (FPMA) and B
(FPMB). The total elapsed time is 171.4 ks. The Level 1 data prod-
ucts were processed with the NuSTAR Data Analysis Software (NuS-
TARDAS) package (v. 2.1.2). Cleaned event files (level 2 data prod-
ucts) were produced and calibrated using standard filtering criteria
with the nupipeline task and the latest calibration files available in
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X-ray polarization in MCG-05-23-16 3

Figure 1. Normalized𝑈/𝐼 and𝑄/𝐼 Stokes parameters are shown, calculated
using the full 2–8 keV IXPE band. Uncertainties are reported at the 68% c.l.

the NuSTAR calibration database (CALDB 20220510). Extraction
radii for the source and background spectra were 40 arcsec and 60
arcsec, FPMA spectra were binned in order not to over-sample the
instrumental resolution more than a factor of 2.5 and to have a SNR
greater than 5 in each spectral channel, the same energy binning was
then applied to the FPMB spectra. The net observing times for the
FPMA and the FPMB data sets are 83.4 ks and 83 ks, respectively.
The summed background subtracted FPMA and FPMB light
curves show an average count rate 𝐶3−79 keV=8.27±0.02 cts s−1.
We adopt the cosmological parameters 𝐻0 = 70 km s−1 Mpc−1,
ΩΛ = 0.73 and Ωm = 0.27, i.e. the default ones in Xspec 12.12.1
(Arnaud 1996). Errors correspond to the 90% confidence level for
one interesting parameter (Δ𝜒2 = 2.7), if not stated otherwise.

3 DATA ANALYSIS

3.1 IXPE polarimetric analysis

We start investigating the polarized signal from MCG-05-23-16 by
analyzing its polarization cubes, which are the simplest data struc-
tures holding polarization information. They can be created using
ixpeobssim (version 26.3.3: Baldini et al. 2022). This applies the
Kislat et al. (2015) formalism to a user-defined set of events to com-
pute the Stokes parameters, the Minimum Detectable Polarization
(MDP: Elsner et al. 2012), the polarization degree, the polariza-
tion angle, and the associated uncertainties. In our case, we created
one polarization cube for each DU and then one combining the
three, using the whole 2−8 keV band. Fig. 1 shows the normalized
𝑈/𝐼 and 𝑄/𝐼 Stokes parameters, in which polarization cubes
from the background have been taken into account. We find
𝑈/𝐼 = 2.1± 1.4% and 𝑄/𝐼 = −0.1± 1.4% (using 68% c.l. on one
single parameter). We do not constrain any energy dependence of
the polarization properties.

Parameter Best fitting values

cutoff power law
𝑁H (cm−2) (1.35 ± 0.05) × 1022

Γ 1.85 ± 0.01
𝐸C (keV) 120 ± 15
𝑁 (2.60 ± 0.05) × 10−2

Π (%) 2.2 ± 1.7
Ψ (◦) 50 ± 25

xillver
𝑅 0.30 ± 0.05
𝑁 2.14+0.4

−0.1 × 10−2

Π (%) -
Ψ (◦) -

kerrdisk
𝜃 (◦) 48+12

−8
𝑁 (3.9±+0.8

−0.5) × 10−5

Π (%) -
Ψ (◦) -

𝜒2/dof 1250/1169
F2−10 (erg cm−2 s−1) (7.45 ± 0.05) × 10−11

L2−10 (erg s−1) (1.20 ± 0.02) × 1043

cross-calibrations
constants gain
𝐶pn−DU1 1.09+0.02

−0.01 𝛼DU1 0.953 ± 0.009
𝐶pn−DU2 1.06 ± 0.02 𝛽DU1 0.07 ± 0.03
𝐶pn−DU3 0.97 ± 0.02 𝛼DU2 0.963+0.007

−0.009
𝐶pn−FPMA 1.39 ± 0.01 𝛽DU2 0.04 ± 0.03
𝐶pn−FPMB 1.43 ± 0.01 𝛼DU3 0.951+0.009

−0.007
𝛽DU3 0.07+0.03

−0.04

Table 1. Best fit parameters from the joint fit. Normalization units are in
photons keV−1 cm−2 s−1. 𝑅 is the reflection fraction measured as the ratio
between the Compton reflection and the primary component fluxes between
20 and 40 keV. The 2−10 keV flux is retrieved from the EPIC-pn data.

3.2 XMM-Newton, NuSTAR and IXPE spectro-polarimetric
analysis

We started modelling the simultaneous 2−10 keV XMM-Newton
and 3−79 keV NuSTAR spectra of MCG-05-23-16 with a model
composed of an absorbed cutoff power law (zTBabs × cutoffpl in
Xspec) and a Compton reflection component (xillver: García et al.
2013). The former reproduces the primary continuum of the source
while the latter takes into account reflection off neutral, distant ma-
terial. Galactic absorption is modeled with TBabs, using a column
density 𝑁H = 7.8 × 1020 cm−2 (HI4PI Collaboration et al. 2016)
and multiplicative constants take into account cross-calibration un-
certainties between the FPMA, the FPMB and EPIC pn. The photon
index and cutoff energy of the reflection continuum is linked to the
one of the primary continuum, iron abundance is fixed to the solar
one and the inclination angle to 𝜃 = 30◦. The resulting 𝜒2/dof is
good (785/628) but some residuals appear at ∼6 keV1. This could
be indicative of a second iron K𝛼 component, smeared by rela-
tivistic effects in the inner regions of the accretion disc. Indeed,
when compared with old XMM data, the residuals are perfectly
consistent with the ones presented in Braito et al. (2007). A further
spectral component is therefore included: (kerrdisk: Brenneman

1 The inferred energy of the Fe K𝛼 line in the pn spectrum is not consistent
with 6.4 keV and we therefore added a vashift component in the model.
We retrieve 𝑣 = 2230+510

−550 km s−1. Since this effect is not found in the MOS
spectra we conclude that is likely due to calibration issues in the pn.
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4 IXPE Collaboration

Figure 2. Left panel: The simultaneous EPIC pn and the grouped NuSTAR FPMA and FPMB spectra of MCG-05-23-16 divided by the relative effective area
are shown with residuals. The best fitting model is shown as a solid grey line and the different components as dashed lines. Right panel: IXPE 𝐼 (grey circles), 𝑄
(green circles) and𝑈 (red empty circles) grouped Stokes spectra are shown with residuals, along with the corresponding best fitting models. Note the different
scales on the 𝑦-axes for 𝐼 and 𝑄/𝑈 data.

& Reynolds 2006). The black hole spin is fixed to 𝑎 = 0.998,
the emissivity to 𝜖 (𝑟) = 𝑟−3, the rest-frame energy of the emission
line at 6.4 keV and the inner radius of the disc to 𝑅in = 37 𝑅g (as
reported in the simultaneous XMM+Suzaku analysis: Reeves et al.
2007). We obtain a best fit 𝜒2/dof=683/625 (Fig. 2) and an inclina-
tion angle 𝜃 = 48+12

−8
◦.We note that a more detailed modelling of

the reflection features from the accretion disk is needed to bet-
ter determine the total Compton reflection fraction 𝑅. However,
this is beyond the scope of this work and it will be presented in
a forthcoming paper.

We then included IXPE 𝐼 Stokes spectra to the XMM and NuS-
TAR fit. We followed the formalism discussed in Strohmayer (2017)
and used the weighted analysis method presented in Di Marco
et al. (2022) (parameter stokes=Neff in xselect). We obtain a
𝜒2/dof=1378/1000 due to presence of large residuals at the low and
high energies in the IXPE 𝐼 spectra. This has already been observed
in other bright sources and can be likely explained in terms of cal-
ibration issues (Taverna et al. 2022; Krawczynski et al. 2022). We
therefore modified the response files gains in the 𝐼 spectra (using
gain fit command) and obtained a 𝜒2/dof=1055/994. We then in-
cluded the 𝑄 and𝑈 Stokes spectra and linked their gain parameters
to the ones of the 𝐼 spectra. Cross-calibration constants are included
and the three spectral components of the model are convolved with
the polarization model polconst. Two parameters can be then be
inferred for each spectral component: the polarization degree Π and
angle Ψ, both constant functions of the energy. The polarization
degree and angle associated to the nuclear continuum are left free
to vary while the ones associated to the other spectral components
are fixed to Π = 0% and Ψ = 0◦. We will state a posteriori that
the fit is insensitive to these values. We retrieve the photon index
Γ = 1.85± 0.01 and the cutoff energy 𝐸C = 120± 15 keV, in agree-
ment with previously reported values (Baloković et al. 2015; Zoghbi
et al. 2017). The best spectro-polarimetric joint fit provides, at
the 99% c.l. (for one single parameter of interest, Δ𝜒2 = 6.63)
only an upper limit on the polarization degree Π = 4.7%. It is
worth noting that the MDP and the upper limit for the polar-
ization degree are not directly comparable. The value in Ursini
et al. (2022) is the MDP of the measurement, which is the max-
imum polarization expected to be measured for an unpolarized
source at the 99% confidence level. In other words, the MDP is

the level at which one can accept or reject the hypothesis that
the observed signal can be generated by an unpolarized source.
Instead, the upper limit quoted above is the upper bound of
the interval in which the measured polarization degree varies
at the 99% confidence level. The difference with respect to the
MDP=2% value presented in Ursini et al. (2022) is mainly due
to the lower flux of the source, to the vignetting effects at the
time of the IXPE pointing and to the inclusion of the energy
dependence of the instrument sensitivity. The contour plots of
the best fitting polarization degree Π and angle Ψ are shown in
Fig. 3. If the cutoff power law is substituted by the Comptonization
model compps (Poutanen & Svensson 1996) an electron tempera-
ture 𝑘𝑇𝑒=25±2 keV and optical depth 𝜏 = 1.27± 0.08 are retrieved,
assuming a slab geometry (𝜒2/dof=1248/1169).

On theoretical grounds, the Compton reflection continuum is
expected to be moderately polarized but the iron K𝛼 fluorescence
emission line arising from the same scattering material is not (as
shown in Goosmann & Matt 2011; Marin 2018). We also note that
scattering from distant AGN components do not significantly im-
pact the measured polarization due to their low contribution in this
energy band (Marin et al. 2018). However, we also tried to leave
the polarization degree of the xillver and kerrdisk components
free to vary in the fit. No statistically significant improvement is
found (𝜒2/dof=1250/1169) and the fit is insensitive to these two
parameters.

4 DISCUSSION

Several radio-loud AGN have been observed in the first IXPE
months of operations and a highly significant polarized signal has
been measured in two blazars so far, due to synchrotron emission
in the jet. On the other hand, polarized X-rays produced in radio
quiet sources are thought to be produced by the inverse Compton
mechanism, occurring within tens of gravitational radii from the
central black hole. Different geometries of the scattering medium,
depending on the degree of asymmetry, will result in a different
degree of polarization.

MCG-05-23-16 is the first radio quiet AGN observed by IXPE
and the nuclear power law component, ascribed to the hot corona,
contributes to the 94±3% of the 2–8 keV flux. We found that the best
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Figure 3. Top-panel: contour plot of the polarization degree Π and angle
Ψ associated to the primary power law component. Purple, pink and orange
shaded regions indicate 68%, 90% and 99% confidence levels for two pa-
rameters of interest, respectively. Bottom-panel: Monte Carlo simulations
performed with the Comptonization code monk. The input coronal param-
eters 𝑘𝑇𝑒 , 𝜏 correspond to the spectral shape reported in Tab. 1 and the
polarization angle is reported with respect to the accretion disc plane.

spectro-polarimetric fit of the simultaneous IXPE-NuSTAR-XMM
data provides only, at the 99% c.l., an upper limit Π = 4.7%. Three
different geometries for the hot corona in this AGN have been re-
cently explored in Ursini et al. (2022), with the Comptonization
code monk (Zhang et al. 2019). Fig. 3 shows the results with input
coronal temperatures 𝑘𝑇𝑒=25 keV and different Thomson optical
depths 𝜏, which correspond to the spectral shape of the continuum
reported in Tab. 1. The three coronal geometries are: a slab sand-
witching the accretion disc, a spherical lamp-post on the symmetry
axis, and a truncated cone in outflow to describe the base of a failed
jet. The geometrical parameters for the simulations shown in Fig. 3
are as follows. The slab corona fully covers a truncated disc with an
inner radius of 30 𝑅𝑔. The spherical lamp-post has a radius of 10
𝑅𝑔 and a height above the disc of 30 𝑅𝑔. As for the truncated cone,
the distance between the lower base and the disc and the vertical
thickness are both of 20 𝑅𝑔, while the semi-aperture is 30◦, and the
outflow velocity is 0.3𝑐. Among these geometries, the slab corona
is the only one that gives a polarization vector perpendicular to the
disc plane, the other two predicting it to be parallel to the accretion
disc. We note that the polarization angle for the three geometries
does not significantly vary for different input 𝑘𝑇𝑒 and 𝜏 values, while
the absolute value of the polarization degree can change. However,
this does not impact much on the relative differences between the
three geometries.

VLA observations at 8.4 GHz of the source showed a possible
elongation at the position angle PA≃ 169◦ east of north (Mundell
et al. 2009) while Hubble Space Telescope WFPC2 images revealed
[O iii] emission in PA≃ 40◦ (Ferruit et al. 2000). The 90% c.l.

contour plot shows that the polarization angle is roughly aligned
with the [O iii] emitting region, which likely traces the Narrow Line
Region (NLR) in this object. Assuming that the accretion disc is
perpendicular to the NLR, a slab corona geometry would produce
such a polarization angle, similar to what observed in the X-ray
binary Cyg X-1 (Krawczynski et al. 2022). Of course, given the
low significance of this result, it must be taken as no more than
suggestive, needing more data for a confirmation. Highly inclined
slab geometries (with 𝜃 ≳ 50◦) can be ruled out and our estimate
of 𝜃 = 48+12

−8
◦, from the broad iron K𝛼 profile, does not provide

further constraints on the hot coronal geometry.

5 CONCLUSIONS

The launch of IXPE, on December 9, 2021, opened a new observing
window on the study of supermassive black holes and MCG-05-23-
16 is the perfect candidate to investigate the hot corona close to
the supermassive black hole. Simultaneously observed with IXPE,
XMM-Newton and NuSTAR in May 2022, the source showed a low
level of neutral absorption along the line of sight (𝑁H = 1.35±0.05×
1022 cm−2), a modest level of Compton reflection (𝑅 = 0.30±0.05)
and broad relativistic iron K𝛼 emission line. This translates into a
power-law continuum which largely dominates the total flux in the
2−8 keV IXPE band (𝐹pow/𝐹tot = 94±3%) and when it is convolved
with a constant polarization model we obtain a 99% c.l. upper limit
to the polarization fraction of 4.7%. This result is consistent with
a spherical ("lamp-post") and a conical geometry of the corona,
while for a slab corona (with 𝑘𝑇𝑒=25 keV and 𝜏 = 1.35) it implies
an inclination angle less than 50◦.
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