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Abstract. X-ray polarimetry is a powerful tool to probe the geometry of the hot X-ray corona in active galactic
nuclei (AGN). Here, we present our results on the characterization of the X-ray polarization of the radio-quiet
Seyfert-type AGN IC 4329A at a redshift of z = 0.016. This is based on observations carried out by the
Imaging X-ray Polarimeter (IXPE). IXPE observed IC 4329A during 5–15 January 2023, for a total observing
time of 458 ks. From the model-independent analysis, we found a polarization degree (�X ) of 3.7 ± 1.5%
and a polarization position angle (�X ) of 61◦ ± 12◦ in the 2–8 keV energy range (at 68% confidence). This
is also in agreement with the values of �X and �X of 4.7 ± 2.2% and 71◦ ± 14◦, respectively, obtained from
spectro-polarimetric analysis of the I, Q and U Stokes spectra in the 2–8 keV energy band (at 90% confidence).
The value of �X in the 2–8 keV band obtained from the model-independent analysis is lower than the minimum
detectable polarization (MDP) value of 4.5%. However, �X obtained from spectro-polarimetric analysis in the
2–8 keV band is larger than the MDP value. In the 3–5 keV band, we found �X of 6.5 ± 1.8, which is larger
than the MDP value of 5.5%. The observed moderate value of �X obtained from the analysis of the IXPE data
in the 3–5 keV band argues against a spherical lamp-post geometry for the X-ray corona in IC 4329A; however,
considering simulations, the observed polarization measurements tend to favor a conical shape geometry for
the corona. This is the first time measurement of X-ray polarization in IC 4329A. Measurements of the X-ray
polarization in many such radio-quiet AGN will help in constraining the geometry of the X-ray corona in AGN.
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1. Introduction

Active galactic nuclei (AGN), one among the luminous
objects in the Universe, are believed to be powered by
the accretion of matter onto super-massive black holes
(SMBHs; ∼106–1010 M�) situated at the centers of
galaxies (Lynden-Bell 1969; Shakura & Sunyaev 1973;
Rees 1984; Antonucci 1993; Urry & Padovani 1995).
They emit over the entire accessible electromagnetic
spectrum, such as the high energy γ -rays (Hartman
et al. 1999), X-rays (Fabian 2012), ultra-violet (UV)
(Murray et al. 1995), optical (Boroson & Green 1992),
infrared (Sanders & Mirabel 1996) and radio (Condon
et al.1991). The AGN come under two broad categories,
a majority of them emit less or no radio emission and
are called radio-quiet AGN, while a minority of about
10% emit copiously in the radio band and are called

radio-loud AGN (Kellermann et al. 1989). Though X-
rays are emitted by the different classes of AGN, the
detailed physics of the cause of X-ray emission needs
to be more understood and is highly debated. Also, the
relative contribution of the physical processes to the
X-ray emission may differ between the different AGN
classes (Padovani 2017).

In the radio-quiet category of AGN, the observed X-
ray emission is believed to be due to inverse Compton
scattering of optical-UV radiation from the accretion
disk by hot electrons (∼108–9 K) in the corona, a
constituent of AGN (Haardt & Maraschi 1991, 1993;
Haardt et al. 1994). The X-ray corona is believed to be
located close to the accretion disk, with microlensing
studies pointing it to be compact with the size of a few
gravitational radii (rg = GM c−2; Chartas et al. 2016).
X-ray reverberation mapping studies also indicate the
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corona to be compact and of the order of 3–10 rg in
radius (Fabian et al. 2009). In the case of radio-loud
category of AGN with relativistic jets, the X-ray from
the jets will have a major contribution to the observed
X-rays (Padovani 2017), with an insignificant contribu-
tion from the corona (Fedorova et al. 2022).

Recent studies, most notably using observations from
the Nuclear Spectroscopic Telescope Array (NuSTAR,
Harrison et al.2013) were able to characterize the nature
of the corona in AGN, such as its temperature (kTe) and
variation in its temperature (Ursini et al. 2015, 2016;
Keek & Ballantyne 2016; Zoghbi et al. 2017; Kang et al.
2021; Pal et al. 2022a, b; Pal & Stalin 2023). This is
achieved via modeling of their broadband X-ray spectra,
as the shape of the primary X-ray continuum in AGN
is sensitive to the temperature of the coronal plasma, its
optical depth, geometry of the corona and nature of the
seed photons (Haardt & Maraschi 1993; Haardt et al.
1994).

The corona could be either a spherical structure above
the black hole (spherical lamp-post; Fabian et al. 2017)
or a slab-like structure sandwiching the accretion disk
(Haardt & Maraschi 1993) or a conical structure (Ursini
et al.2021). From the physical model fits to the observed
high energy spectra of AGN, the kTe reported in the lit-
erature assumes the corona to have either a spherical
or a slab geometry (Rani & Stalin 2018). Also, from
the multi-epoch spectral analysis available in the liter-
ature, several models of the corona, including changes
in the structure of the corona, are proposed to explain
the observed changes in kTe (Pal et al. 2022a; Pal &
Stalin 2023). However, from spectral analysis of AGN,
it is not easy to distinguish between different coronal
geometries (Tortosa et al. 2018; Middei et al. 2019).
Irrespective of several studies in the literature attempt-
ing to characterize the corona in AGN, we still need to
gain knowledge on (i) origin of the corona, (ii) cause of
its high temperature and (iii) its geometry.

X-ray polarimetric observations can yield the needed
measurement to constrain the geometry of the X-ray-
emitting corona in AGN (Matt et al. 1989, 1993). This
is because polarization depends on geometry of the
emitting region and the external photon field (Tam-
borra et al. 2018; Zhang et al. 2019). The launch of
the Imaging X-ray Polarimetry Explorer (IXPE; Weis-
skopf et al. 2022) on 9 December 2021, sensitive in 2–8
keV band has enabled the studies of X-ray polariza-
tion from AGN. As of now, IXPE has observed four
radio-quiet AGN, namely MCG-05-23-16, the Circi-
nus galaxy, NGC 4151 and IC 4329A. Of these, for
MCG-05-23-16, Marinucci et al. (2022), reported a
polarization degree �X < 4.7%. In the case of the

Circinus Galaxy, Ursini et al. (2023), reported a high
value of �X = 28%, which is thought to be due to
reflection from the torus. For NGC 4151, Gianolli et al.
(2023), found values of �X and �X of 4.9 ± 1.1% and
86◦ ± 7◦, respectively, arguing for a slab geometry of
the corona. Here, we reported the results of polarization
on the fourth radio-quiet AGN, IC 4329A.

IC 4329A with a black hole mass of 6.8+1.2
−1.1 × 107

M� (Bentz et al. 2023) is one of the brightest Seyfert
1.2 galaxies (Véron-Cetty & Véron 2010) in X-rays at
a redshift z = 0.016 (Willmer et al. 1991) with an
X-ray spectrum having many absorbing systems (Steen-
brugge et al. 2005). It is an ideal object to study the
intrinsic continuum and reflection from any material
surrounding the source. It has been studied extensively
for its X-ray spectral and timing properties (Dewangan
et al. 2021). Observations of IC 4329A in millimeter
were explained as due to synchrotron emission in the
hot corona (Inoue & Doi 2018). From Comptonization
model fits to the NuSTAR observations on IC 4329A,
Lubiński et al. (2016), reported a kTe of 40+7

−5 keV
using the COMPPS model, assuming a spherical geom-
etry of the corona. Alternatively, Petrucci et al. (2001),
using the Comptonization model and a slab geome-
try of the corona, found a value of kTe = 170+10

−5
keV from the analysis of the BeppoSAX data. Tor-
tosa et al. (2018) reported kTe = 37 ± 7 keV from
fitting compTT to the source spectrum for slab geom-
etry. Kang & Wang (2022) estimated kTe = 71+37

−15
keV using relxillCP model. Kamraj et al. (2022) also
found kTe = 82+16

−7 keV from xillverCP fit to the source
spectrum. We analysed the NuSTAR spectrum taken in
2012. Fitting the spectrum using xillverCP, we obtained
best-fit values of � and kTe of 1.83+0.003

−0.003 and 64+15
−12

keV, respectively (Pal et al. 2023, under preparation).
From a joint fit of XMM-Newton EPIC PN and NuS-
TAR spectra observed simultaneously on 12 August
2021, we found �=1.88+0.01

−0.01 and kTe>135 keV. The
best-fit model with data and the residues are given in
Figure 1. All the spectral fits produced good fit statistics
with χ2/dof ∼ 1.0, irrespective of the coronal geome-
try assumed in the used models. Thus, from the analysis
of AGN X-ray continuum, it is not possible to constrain
the geometry of the corona, while X-ray polarimetric
observations could provide the needed constraint on the
coronal geometry. Here, we presented our results on
the analysis of the first X-ray polarimetric observations
carried out on this source by IXPE. The observations
and data reduction are described in Section 2, the
analysis is described in Section 3, and the results are
discussed in Section 4, followed by the summary in
Section 5.
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Figure 1. XMM-Newton EPIC PN, NuSTAR FPMA and
FPMB spectra fitted jointly in 3–78 keV energy band using
the model const×TBabs×zTBabs×(xillverCP). The obser-
vations were taken simultaneously on 12 August 2021.

Table 1. Log of IXPE observation.

Exposure time
OBSID Date (s)

01003601 2023-01-05 457715

2. Observations and data reduction

IXPE (Weisskopf et al. 2022) observed IC 4329A dur-
ing 5–15 January 2023, with its three detector units
(DUs) for a net exposure of about 458 ks. The IXPE
observation log is given in Table 1. The calibrated data
were produced by the standard IXPE pipeline provided
by the Science Operation Center (SOC).1 We used the
cleaned and calibrated level 2 data for the scientific
analysis.

The publicly available level 2 data were analysed
using IXPEOBSSIM software v30.0.0 (Baldini et al.
2022). A count map in sky coordinates was generated
using the CMAP algorithm within the xpbin task. We
adopted a circular region with a radius of 70′′ for the
source extraction from the three DUs, and a source-
free region with a radius of 100′′ was chosen for the
background extraction for each DU. We then used the
xpselect task to generate the filtered source and
background regions. For the spectro-polarimetric analy-
sis, the I, Q and U source and background spectra were
generated using the PHA1, PHA1Q and PHA1U algo-
rithm using xpbin task within IXPEOBSSIM for the
three DUs. We used a minimum of 30 counts per bin

1https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/
IXPE-SOC-DOC-009-UserGuide-Software.pdf.

Table 2. Polarization parameters in different energy bands.
The errors are quoted at 68% confidence

Energy band �X ± δ�X MDP �X ± δ�X

(keV) (%) (%) (◦)

2–8 3.7 ± 1.5 4.5 61 ± 12
2–3 3.6 ± 1.8 5.5 66 ± 14
3–5 6.5 ± 1.8 5.5 74 ± 8
5–8 5.4 ± 3.5 10.73 21 ± 19

Figure 2. Normalized U/I and Q/I Stokes parameters in
the total 2–8 keV band of IXPE. The plotted errors are the
68% uncertainties, and the concentric circles correspond to
different values of polarization degree.

to bin the I spectra, where a constant energy binning of
0.2 keV was used for Q and U spectra.

3. Analysis

3.1 Polarimetry

The polarimetric signal from IC 4329A was analysed
using the PCUBE algorithm in the xpbin task. The
three polarization cubes for the three DUs were gener-
ated to extract information like the Stokes parameters
(I, Q, U); the minimum detectable polarization (MDP);
polarization degree (�X ); polarization angle (�X ) and
their associated errors. We first generated the three
polarization cubes corresponding to three DUs in the
entire 2–8 keV energy band. The combined polariza-
tion parameters from the three DUs in the 2–8 keV
band are given in Table 2. We found �X = 3.7±1.5%,
MDP = 4.5% and �X = 61◦ ± 12◦. The normalized
U/I and Q/I Stokes parameters obtained from the three
polarization cubes corresponding to the three DUs and
the combined cube are shown in Figure 2.

https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/IXPE-SOC-DOC-009-UserGuide-Software.pdf
https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/IXPE-SOC-DOC-009-UserGuide-Software.pdf
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Figure 3. The 68%, 90% and 99% confidence contours between �X and �X in the 2–8 keV (left panel) band and in three
different energy bands (right panel).

To check for the energy dependence of the polar-
ization parameters, we also derived the polarization
parameters in three energy bins of 2–3, 3–5 and 5–8
keV using the PCUBE algorithm. The derived parame-
ters are given in Table 2. The polarization contours for
the total energy range of 2–8 keV and for the differ-
ent energy ranges are given in Figure 3. From Table 2
and Figure 3, it is evident that �X and �X are consis-
tent within errors in the energy range of 2–3, 3–5 and
2–8 keV, while there is a tendency for a decrease in �X
in the 5–8 keV band. However, the error is so large to
arrive at any firm conclusion on the �X change at the
higher energy band.

Though the values of �X in the 2–3, 5–8 and 2–8
keV bands are close to or lower than the MDP values,
at 3–5 keV, we found a �X of 6.5 ± 1.8%, which is
larger than the MDP value of 5.5%. We thus conclude
to have detected significant X-ray polarization in IC
4329A, and this is the first report of the detection of the
X-ray polarization signal in IC 4329A.

3.2 Spectro-polarimetry

We carried out the spectro-polarimetric analysis of the
IXPE I, Q, U spectra in the 2–8 keV energy band. For the
spectral fitting, we used an absorbed powerlaw, mod-
ified by a multiplicative constant polarization model
polconstant in XSPEC V12.13.0c (Arnaud 1996). This
model assumes a constant polarization degree and angle
over the specific energy band. In XPSEC, the model
takes the following form:

constant × TBabs × zTBabs × (polconst × po). (1)

Here, the ‘const’ represents the inter-calibration con-
stant for each detector, which varies between 0.95 and

1.00. TBabs was used to model the Milky Way Galac-
tic hydrogen column density, which was taken from
Willingale et al. (2013). To model the host galaxy
column density, we used zTBabs and let the column
density (NH ) vary during the fit. This model fits the I,
Q and U spectra (from the three detectors) well with
a reduced chi-square (�χ2) = 1083/1064. The best
fit I, Q and U spectra with the residues are given in
Figure 4. The spectro-polarimetric fit produced a �X
of 4.7 ± 2.2% (larger than the MDP value of 4.5%)
and �X of 71◦ ± 14◦ associated with the primary emis-
sion when modeled with a power law of photon index
(�) of 1.95 ± 0.05. In Figure 3, the contours between
�X and �X in 68%, 90% and 99%, are plotted along
with the contours obtained from the polarimetric anal-
ysis. All the model parameters for each of the detectors
were tied during the fit. The errors were calculated at
the 90% confidence (χ2 = 2.71 criterion). The best-fit
parameters are given in Table 3.

We also analysed Markov Chain Monte Carlo
(MCMC) using the XSPEC EMCEE code.2 We used
the Goodman–Weare algorithm by specifying 20 walk-
ers with 1,00,000 iterations and an initial chain burn of
8000 to calculate the probability distribution function of
the model parameters and their associated uncertainties.
The mean of the Probability distributions of the model
parameters with the associated errors from the MCMC
analysis are also reported in Table 3.

4. Discussion

The measured polarized X-ray emission in the radio-
quiet category of AGN is believed to be due to the

2https://github.com/jeremysanders/xspecemcee.

https://github.com/jeremysanders/xspecemcee
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Figure 4. Left panel: IXPE I Stokes best-fit spectra with residuals. Right panel: Q and U Stokes best-fit spectra with
residuals.

Table 3. Results of spectro-polarimetric analysis.

XSPEC MCMC
Parameters analysis analysis

NH (×1022 cm−2) 0.70+0.12
−0.12 0.70+0.12

−0.11

�X (%) 4.7+2.2
−2.2 4.6+2.0

−2.4

�X (◦) 71+14
−14 70+14

−15

� 1.95+0.05
−0.05 1.95+0.05

−0.05

N 0.023+0.002
−0.002 0.023+0.002

−0.002

inverse Compton scattering of UV/optical accretion
disk photons by hot electrons in the corona. Therefore,
the measured degree of X-ray polarization depends on
the geometry of the corona. We examined the polarimet-
ric properties of the Seyfert 1 galaxy IC 4329A using the
IXPE data through a model-independent and spectro-
polarimetric analysis. Using the model-independent
approach in the 2–8 keV, we found a polarization angle
of 61◦ ± 12◦ and a polarization degree of 3.7 ± 1.5%,
which are slightly lower than the MDP value of 4.5%
(at 68% confidence level). From spectro-polarimetric
analysis, we found values of �X and �X of 4.7±2.2%
(larger than the MDP value of 4.5%) and 71◦ ± 14◦,
respectively. Recently, Ursini et al. (2021) simulated
polarization signals expected from AGN corona for
three different geometries, namely, slab (inner radius
∼ 10 rg), spherical lamp-post (radius ∼ 10 rg and height
∼ 30 rg above the accretion disk) and the truncated cone
geometry for an outflowing corona (a failed jet with an
outflowing velocity of 0.3 c and initial radius of 20–30
rg). We claimed that the polarization degree goes up to
12% for a slab coronal geometry. For the symmetrical
nature of a spherical lamp-post corona, the polariza-
tion signal received from such sources is expected to

be lower than the slab. For such geometries, a very low
polarization degree (∼1–3%) is expected (Poutanen &
Svensson 1996; Tamborra et al. 2018). For the conical
corona, the expected polarization could be between the
slab and spherical ones. From their simulation using
the MONK (Zhang et al. 2019) code, Ursini et al. (2021)
also reported that the polarization angle is close to 180◦
for slab geometry, while for the spherical and conical
geometries, it is scattered around 90◦. Our measured
value of �X = 6.5±1.8% in the 3–5 keV bands, larger
than the MDP value of 5.5%, rules out spherical lamp–
post geometry for the corona. However, compared with
the simulations of Ursini et al. (2021), our measured
values argue for a conical geometry for the corona in IC
4329A. Recently, from simulations, to explain the high
�X observed in the black hole X-ray binary Cygnus
X-1, Poutanen et al. (2023) have shown that a static
slab corona can produce �X of 4% only at inclina-
tions exceeding 60◦. However, an outflowing corona
with a high terminal velocity (β0 > 0.6) can produce
�X of around 4% at the line of sight disk inclination
<30◦. From the spectroscopic analysis of Fe-line in IC
4329A, McKernan & Yaqoob (2004) reported a disk
inclination angle of 24◦+9

−1 for IC 4329A. Thus, com-
paring our observed polarization parameters with that
expected from simulations (Ursini et al. 2021; Pouta-
nen et al. 2023), we concluded that in IC 4329A, a
corona with conical geometry is preferred over a static
slab corona. Recently, Ingram et al. (2023) presented
the spectro-polarimetric analysis of IC 4329A using
observations from XMM-Newton, NuSTAR and IXPE
data. The observations from XMM-Netwon and NuS-
TAR were taken during the IXPE observation period.
We concluded that though their estimated values of �X
and �X tentatively favor an outflowing coronal geom-
etry, however, at the 3σ level, the coronal geometry is
unconstrained from our observations.
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5. Conclusions

We analysed the first X-ray polarimetric observations
of IC 4329A by IXPE. The observation for 458 ks was
taken during 5–15 January 2023. The findings of the
polarimetric study are as follows:

1. From a model-independent analysis, we found a
value of �X = 3.7 ± 1.5% and �X = 61◦ ± 12◦ in
the 2–8 keV band. This value of �X is slightly lower
than the MDP value of 4.5%.

2. From the spectro-polarimetric analysis of model fits
to the spectra, we found values of �X and �X of
4.7 ± 2.2% and 71◦ ± 14◦, respectively, in the 2–
8 keV band. Thus, the polarimetric measurements
obtained from both model-independent and spectro-
polarimetric analyses agree with each other. Also,
the value of �X obtained from the model fit to the
spectrum is larger than the MDP value of 4.5%.

3. We derived the polarization parameters in different
energy bands to check for energy-dependent polar-
ization. While �X is found to be similar within error
bars in all the energy bands, the derived values of �X
are found to agree within errors in the 2–3, 3–5 and
2–8 keV bands. There is a tendency for lower values
of �X in the higher energy range of 5–8 keV. How-
ever, the error bar is too large in this energy range.
Our observations do not find evidence of changes in
polarization between energy bands.

4. In the 3–5 keV band, from model-independent anal-
ysis, we found a �X of 6.5 ± 1.8%, which is larger
than the MDP value of 5.5%. Also, from spectro-
polarimetric analysis in the 2–8 keV band, we found
a �X of 4.7 ± 2.2%, which is larger than the MDP
at that energy band. We, therefore, conclude to have
detected X-ray polarization in IC 4329A.

5. Our observations, when compared with Monte-Carlo
simulations in the literature (Ursini et al. 2021), rule
out a spherical lamphy-post geometry for the corona
in IC 4329A, instead tend to favor a corona with a
conical geometry in IC 4329A.

With the results reported in this work, the number
of Seyfert type AGN with measured X-ray polar-
ization measurements from IXPE observations have
increased to four. X-ray polarimetric observations of
more Seyfert-type AGN are needed to put better con-
straints on the geometry of the X-ray corona in AGN.
Also, repeated observations of the same source by IXPE
would enable one to constrain for variations in the
geometry of the corona, as has been hinted at from spec-
tral modeling of the X-ray spectra of AGN (Keek &
Ballantyne 2016; Kang et al. 2021; Pal et al. 2022a, b).
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