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ABSTRACT

Context. NGC 1068 is the radio-quiet active galactic nucleus (AGN) which has been the most observed in polarimetry. Yet, its high energy
polarization has never been probed before due to the lack of dedicated polarimeters.
Aims. Using the first X-ray polarimeter sensitive enough to measure the polarization of AGNs, we want to probe the orientation and geometric
arrangement of (sub)parsec-scale matter around the X-ray source.
Methods. We used the Imaging X-ray Polarimetry Explorer (IXPE) satellite to measure, for the first time, the 2-8 keV polarization of NGC 1068.
We pointed IXPE for a net exposure time of 1.15 Ms on the target, in addition to two ∼ 10 ks each Chandra snapshots in order to account for the
potential impact of several ultraluminous X-ray source (ULXs) within IXPE’s field-of-view.
Results. We measured a 2 – 8 keV polarization degree of 12.4% ± 3.6% and an electric vector polarization angle of 101◦ ± 8◦ at 68% confidence
level. If we exclude the spectral region containing the bright Fe K lines and other soft X-ray lines where depolarization occurs, the polarization
fraction rises up to 21.3% ± 6.7% in the 3.5 – 6.0 keV band, with a similar polarization angle. The observed polarization angle is found to be
perpendicular to the parsec scale radio jet. Using a combined Chandra and IXPE analysis plus multi-wavelength constraints, we estimated that the
circumnuclear "torus" may sustain a half-opening angle of 50 – 55◦ (from the vertical axis of the system).
Conclusions. Thanks to IXPE, we have measured the X-ray polarization of NGC 1068 and found comparable results, both in terms of polarization
angle orientation with respect to the radio-jet and torus half-opening angle, to the X-ray polarimetric measurement achieved for the other archetypal
Compton-thick AGN : the Circinus galaxy. Probing the geometric arrangement of parsec-scale matter in extragalactic object is now feasible thanks
to X-ray polarimetry.
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1. Introduction

NGC 1068, also known as Messier 77 (M77), is an optically
bright (V = 11.8 mag in a 4.9′′ aperture, Sandage 1973) type-
2 active galactic nuclei (AGN), located in the nearby Universe (z
= 0.00379). Because of its proximity and brightness, it is among
the AGNs that have been the most studied over the past century.
In particular, it is the source that is at the origin of the Unified
Scheme of AGNs such as established by Antonucci (1993) and
Urry & Padovani (1995). In this zeroth-order model, all AGNs
are similar in morphology, but their apparent observational prop-
erties can differ depending on the inclination of the AGN core

⋆ E-mail: frederic.marin@astro.unistra.fr

with respect to the observer. This is mainly due to the fact that,
along the equatorial plane of the AGN, lies an optically-thick
circumnuclear reservoir of gas and dust that creates a strong ge-
ometric asymmetry in emission and absorption. The model has
evolved since then, encompassing evolution and accretion to ex-
plain several observational differences that orientation cannot
explicate alone (Dopita 1997), but determining the real inclina-
tion and morphology of AGNs remains a challenge.

In the case of NGC 1068, there seems to be a consensus
about its nucleus inclination. Studies based on the modelling of
the spectral energy distribution usually find a (torus) inclination
of the order of 70 – 90◦ (Hönig et al. 2007; Hönig, Prieto, &
Beckert 2008; Lopez-Rodriguez et al. 2018). Observations and
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modeling of the polar outflows kinematics bring more extreme
inclination values, ∼ 85◦, under the assumption of biconical out-
flow models (Das et al. 2006; Fischer et al. 2013; Miyauchi &
Kishimoto 2020). Interestingly, Fig. 8b in Miyauchi & Kishi-
moto (2020) shows the 0.1′′ (∼ 7 pc) scale distribution of the gas
clouds in NGC 1068 that has been essentially confirmed by the
VLTI/MATISSE reconstructed image obtained by Gámez Rosas
et al. (2022), who also estimate that the circumnuclear, optically
thick, dusty region is seen nearly edge-on. Finally, the presence
of water masers coexisting with the central engine in NGC 1068
can be used to trace the structure and velocity field of the torus,
provided that the dusty molecular torus is indeed responsible for
the maser emission (Greenhill et al. 1996). VLA observations
and Effelsberg 100m monitoring allowed to estimate that the
maser disk is rather thin and inclined by 80 – 90◦ (Gallimore
et al. 2001). VLBI observations of the same water maser also al-
lowed to estimate the central black hole mass (∼ 107 M⊙, Green-
hill et al. 1996).

Polarization, being responsive to the morphology of a source,
serves as an independent tool for deducing the orientation of
AGNs. Using three dimensional models of the system, Pack-
ham et al. (1997) and Kishimoto (1999) attempted to repro-
duce their near-infrared and near-ultraviolet polarization maps of
NGC 1068, respectively. Both found that the northern outflowing
region is inclined towards the observer, while the southern wind
is directed away, but could not determine the AGN inclination
nor the torus geometry. The main problem with this approach is
that the ultraviolet, optical and infrared bands are heavily pol-
luted by unpolarized starlight emission from the host, dust ree-
mission by the torus and vigorous starburst activity (Romeo &
Fathi 2016). To get around this problem, it is necessary to go
to higher energies, where there is neither stellar emission nor
re-emission by hot dust. Thanks to the very low contribution
of polluting X-ray sources, and therefore to a rather clean ob-
servational window, X-ray polarimetry offers a powerful probe
to narrow down the uncertainties in determining the AGN in-
clination, together with its torus half-opening angle and density
(Goosmann & Matt 2011; Marin et al. 2018).

It is now possible to measure the X-ray polarization of ex-
tragalactic objects thanks to the Imaging X-ray Polarimetry Ex-
plorer (IXPE), NASA’s first mission to study the polarization of
astronomical X-rays that was launched in December 2021 (Weis-
skopf et al. 2022). IXPE is capable of measuring the linear po-
larization of electromagnetic waves from 2 to 8 keV, and it was
already pointed towards several radio-quiet AGNs : NGC 4151
(Gianolli et al. 2023), MCG-05-23-16 (Marinucci et al. 2022;
Tagliacozzo et al. 2023), IC 4329A (Ingram et al. 2023; Pal et al.
2023) and the Circinus galaxy (Ursini et al. 2023). The later ob-
servation revealed that the neutral reflector in Circinus produces
a polarization degree of 28% ± 7% at 68% confidence level, with
a polarization angle roughly perpendicular to the radio jet. Ac-
cording to Monte Carlo simulations, the half-opening angle of
the torus was determined to be of the order of 50◦ ± 5◦ (Ursini
et al. 2023).

Indeed, polarimetry has the ability to constrain the struc-
ture of the various regions surrounding the continuum source as
well as the orientation of the object with respect to the observer
(Tinbergen 2005). X-ray polarimetry, in particular, can probe the
geometry of the molecular torus with high precision, as shown
in Marin, Goosmann, & Petrucci (2016), Marin (2018) or Pod-
gorný, Marin, & Dovčiak (2024). The reason for this is that the
emitting, scattering and absorbing signatures of the torus can be
clearly identified by X-ray spectroscopy thanks to spectral de-
composition, something that is not easily achievable at longer

wavelengths. Thus, if we measure the polarization of the torus
in X-rays, it becomes possible to have strong geometric and ori-
entation constraints on the overall morphology of this compact
region by comparing the data to simulations, as shown in the
Circinus case (Ursini et al. 2023).

In the hopes to achieve similar results, we hereby report the
first pointing of NGC 1068 by IXPE, together with two Chan-
dra snapshots, to enable a spatially resolved spectro-polarimetric
study. For the remainder of this paper, a ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7 is adopted.
Also, unless specified otherwise, errors are given at 68% con-
fidence level for one parameter of interest and upper limits are
given at 99% confidence level.

2. Observations and data reduction

2.1. IXPE

IXPE observed NGC 1068 (02h42m40.711s, -00d00m47.81s in
J2000.0 equatorial coordinates) from January 3 to January 29,
2024 (ObsID 02008001), for a net exposure time of 1.15 Ms.
Cleaned level 2 event files were firstly treated with the back-
ground rejection procedure described in Di Marco et al. (2023)1.
Then they were produced and calibrated using standard filtering
criteria with the dedicated FTOOLS tasks and the latest calibra-
tion files available in the IXPE calibration data base (CALDB
20230526).

I, Q, and U spectra were extracted according to the weighted
analysis method described in Di Marco et al. (2022) by set-
ting the parameter stokes=neff in XSELECT. The background
spectra were extracted from source-free circular regions with a
radius of 78′′. 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 (similarly to Piconcelli et al. 2004), which
led to radii of 47′′, 52′′ and 47′′ for the Detector Units (DUs) 1,
2 and 3, respectively. The same circular regions (centered on the
source) were used for all three DUs for I, Q and U. This results
in a 2-5.5 keV background of 10.4%, 14.9% and 13.9% for the
total DU1, DU2, and DU3 I spectra. These values rise to 23.7%,
28.4% and 25.7% in the 5.5 – 8 keV band. We used a constant
energy binning of 0.2 keV for Q and U Stokes spectra and re-
quired an SNR higher than 3 in the intensity spectra. The choice
of dividing the full energy band into two bins below and above
5.5 keV is driven by the need to explore the influence of the iron
line complex that dominates the emission above 5.5 keV.

2.2. Chandra

Similarly to the Circinus case (Ursini et al. 2023), there are
several ultraluminous X-ray (ULX) sources around NGC 1068
(Smith & Wilson 2003; Matt et al. 2004; Zaino et al. 2020).
To monitor the flux levels of the off-nuclear point like sources,
two Chandra observations were performed at the beginning and
at the end of the IXPE pointings, on 2024, January 4 (ObsID
29071) and on January 28 (ObsID 29072), with the Advanced
CCD Imaging Spectrometer (ACIS, Garmire et al. 2003). To re-
duce pileup effects, the frame time was set to 0.5 s and custom
CCD subarrays were used. Data were reduced with the Chan-
dra Interactive Analysis of Observations (CIAO, Fruscione et
al. 2006) 4.14 and the Chandra Calibration Data Base 4.11.0,

1 The adopted script is available on
https://github.com/aledimarco/IXPE-background
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Fig. 1. The 2.′× 2.′central region of NGC 1068 is shown in the 0.3-
7.0 keV band (Chandra ObsID 29071). The dashed white circle corre-
sponds to the IXPE DU1 source extraction region. A Gaussian smooth-
ing kernel of 3 × 3 pixels has been applied for the for the sake of visual
clarity.

adopting standard procedures. We generated event files for the
two observations with the CIAO tool chandra−repro and, after
cleaning for background flaring, we got net exposure times of
10.3 ks and 9.3 ks for the first and for the second observation,
respectively.

We used a circular extraction region with a 15′′ radius for
the AGN and background spectra were extracted from source-
free circular regions with a radius of 10′′. Spectra from the two
observations were added and then binned in order to oversample
the instrumental resolution by a factor of 3 and to have no less
than 30 counts in each background-subtracted spectral channel.
This allows the applicability of the χ2 statistic. We ignored chan-
nels between 8 and 10 keV due to pileup, which was calculated
via the CIAO tool pileup−map. We estimated an average pileup
fraction of 7.5% in the central 3 × 3 pixels region, ranging from
5% to 10% (in the central pixel) for both observations.

Spectra from other point-like sources within the field of view
were extracted from circular regions with 2.5′′ radii. In the 2-8
keV band, the brightest ones are: SN 2018ivc (Bostroem et al.
2020; Maeda et al. 2023), CXOU J024241.4-000013, CXOU
J024238.9-000055 and CXOU J024241.0-000125 (Smith &
Wilson 2003). Spectral fit of the other point-like sources showed
2-8 keV fluxes lower than ∼ 2.5 × 10−14 erg cm−2 s−1, which is
approximately 0.5% of the total flux of the AGN. These sources
were not considered in the spectro-polarimetric fit, since their
overall contribution is negligible. Spectra were then binned re-
questing at least 5 counts in each spectral bin and the Cash statis-
tics (Cash 1979) was used for the data analysis.

3. Measures of NGC 1068’s X-ray polarization

3.1. IXPE polarization cubes

We estimated the X-ray polarization properties using event-
based Stokes parameter analysis methods, as implemented in
Kislat et al. (2015). The model-independent analysis was per-
formed using the unweighted method employing the PCUBE al-
gorithm in ixpeobssim, as detailed in Baldini et al. (2022). The
polarization degree and angle were derived from normalized q
and u Stokes parameters, calculated as P =

√
(q)2 + (u)2 and Ψ

= 1/2 tan−1(u/q) (measured from North to East), with the back-
ground polarization subtracted. Consequently, we estimated the
time-averaged X-ray polarization properties of the source within
the 2 -– 8 keV range as P = 9% ± 5% and Ψ = 113◦ ± 16◦.
As justified in Sect. 2.1, we divided the nominal energy band
into two bins and measured P = 14% ± 4% and Ψ = 105◦ ± 8◦
(99.7% confidence level) for the energy range 2 – 5.5 keV. The
remaining IXPE band, 5.5 – 8 keV, only shows an upper limit
with P < 20%.

Furthermore, to explore the variability of polarization over
time and energy, we segmented the entire observation into sub-
sets based on time and energy, as described in Kim et al. (2024).
Specifically, we divided the q and u data into identical time
spans, depending on the selected number of bins from 2 to 15
bins (2 bins with 1.15 Ms give 575 ks/bin; 15 bins correspond to
77 ks/bin). In all cases, the probability of the hypothesis that the
data are constant was greater than 28%, implying no significant
evidence of time variability. Energy-resolved analysis was per-
formed in a similar manner. In this case, we divided the 2–8 keV
range into 2, 3, 4, 6, 8, and 12 bins (e.g., 2 bins = 2 -– 5 keV,
5 — 8 keV). The polarization is consistent with being constant
with energy, with a probability greater than 24% in all cases. Ad-
ditional, minor details are shown in the Appendix regarding the
PCUBE analysis.

3.2. IXPE spectropolarimetry

The X-ray spectropolarimetric analysis was carried out with
XSPEC v12.13.1e (Arnaud 1996). The Galactic absorption
along the line of sight amounts to NH,Gal = 2.59 × 1020 cm−2

(HI4PI Collaboration et al. 2016) and is accounted for by using
the tbabs model with the ISM abundances from Wilms, Allen,
& McCray (2000). We fit the I, Q, and U spectra simultaneously
while including a cross-calibration constant (const) between the
three different DUs. For what concerns the sole IXPE data, we
focus on a phenomenological modeling while a more physical
approach is described in the following section. In this case, the
X-ray continuum is modeled as a simple power law (powerlaw)
throughout the whole feasible 2 – 8 keV energy interval.

In order to probe the polarization properties of NGC 1068
we adopted the polconst model, that assumes an energy-
independent polarization and has two free parameters: P and
Ψ. Thus, we first start with a model that can be written as
const × tbabs × polconst × powerlaw in XSPEC. The spectral fit
is clearly unsatisfactory (χ2/dof = 931/476), since we observe
large positive residuals at energies larger than 6 keV, likely ow-
ing to the broad iron line complex. We thus add a Gaussian emis-
sion line (zgauss) to account for this component, and this leads
to a significant fit improvement (χ2/dof = 537/473), implying
∆χ2 = 394 for three degrees of freedom. We fixed the line width
to the value of σ = 500 eV returned by the best-fit, since the
centroid energy cannot be constrained otherwise. Such a broad
emission feature is the result of the blend of several emission
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Fig. 2. Contour plot of the polarization angle vs polarization degree
accounting for the 68%, 90% and 99% confidence levels, computed by
taking into account the IXPE I, Q and U spectra in the 2 – 5.5 keV band
(the energy band with the highest significance in terms of polarization
detection). The orange cross indicates the best-fit values of P andΨ, that
are also reported in the lower left corner. The dashed blue line describes
the direction of the parsec-scale radio jet (Wilson & Ulvestad 1983).
The dashed brown line indicates the orientation of the molecular torus
derived by García-Burillo et al. (2019) with ALMA, see Sect. 4.1.

lines from both neutral and ionized gas (Matt et al. 2004), that
we cannot individually resolve with IXPE. The emission line is
centered at E = 6.58+0.05

−0.04 keV. We find a rather soft X-ray con-
tinuum, with the photon index having a value of Γ = 2.35+0.05

−0.04.
Nonetheless, we still observe some residuals at softer en-

ergies which we try to account for by including an additional
power-law component. This leads to a further improvement of
the spectral fit (χ2/dof = 474/472). Thus, our best-fit phe-
nomenological model consists of:

const × tbabs × polconst × (powerlaw1 + powerlaw2 + zgauss)

The line centroid shifts towards E = 6.67 ± 0.06 keV and the two
power-law photon indices are Γ1 = 0.9±0.4 and Γ2 = 4.3+0.8

−0.6. The
best-fit values of the 2 – 8 keV polarization degree and angle are
P = 12.4% ± 3.6% and Ψ = 100.7◦ ± 8.3◦, respectively.

Finally, we divided the broad energy band into smaller in-
tervals to probe the polarization properties of NGC 1068. The 2
– 5.5 keV band shows the highest significance in terms of po-
larization detection. Fig. 2 shows the contour plot of the polar-
ization angle versus the polarization degree in such interval. At
energies higher than 5.5 keV, there is a clear rise of background
contribution in addition to the emission lines from the iron K
complex that are blended and widened due to the modest IXPE
spectral resolution. The results are listed in Tab. 1 and are gener-
ally in good agreement with the values reported from the PCUBE
model-independent analysis described in the previous section.

3.3. IXPE+Chandra fitting

Thanks to the Chandra data, we are able to take into account
the contribution of the ULXs in the spectral analysis (Bauer
et al. 2015). We co-add the Chandra spectra of extranuclear
point sources that are significantly detected above 2 keV, and
we model this combined ULX emission with a power law hav-
ing a fixed slope of 1. We obtain a 2–8 keV flux of 2.2 × 10−13

erg cm−2 s−1 for the ULX power law. The AGN, on the other
hand, has a 2 – 8 keV flux of 4.3 × 10−12 erg cm−2 s−1.

The 2–8 keV continuum is well described by two compo-
nents: a warm reflector, mostly contributing below 4 keV, and
a cold reflector, dominating above 5 keV (see also Matt et al.
2004). In both cases, the reflected continuum is expected to be
significantly polarized, while the associated emission lines are
expected to be unpolarized. We fit jointly the Chandra and IXPE
I, Q, U Stokes spectra with a phenomenological model consist-
ing of: a power law to describe the warm reflector continuum,
a pexrav (Magdziarz & Zdziarski 1995) component for the cold
reflector continuum, and six Gaussian emission lines2. The pho-
ton indices of the warm and cold reflection components are not
well constrained by the Chandra + IXPE fit, therefore we adopt
values consistent with those reported by Matt et al. (2004), Mar-
inucci et al. (2016) and Zaino et al. (2020). We fix the photon
index of pexrav at 2, and that of the warm reflector at 33. In
pexrav, the high-energy cut-off is not included, being fixed at
the maximum value of 106 keV because the fit is not sensitive
to this parameter. The reflection fraction is fixed at −1, which
yields the reflection component alone in pexrav.

To fit the IXPE spectra, we also include the power law de-
scribing the ULX emission as derived from Chandra, fixing both
the photon index and the flux. Finally, we multiply the differ-
ent components by the polconstmodel. We assume the emission
lines and the ULXs to be unpolarized4. The xspec model is as
follows:

c_cal × tbabs×[polconst(0) × (
∑
zgauss(i) lines

+ powerlaw) ULXs

+ polconst(w) × powerlaw warm refl.

+ polconst(c) × pexrav] cold refl.

where c_cal is the cross-calibration constant. We fix the polar-
ization degree of polconst(0) at zero, which must be set in xspec
to describe an unpolarized component. The polarization angle of
polconst(0) is also formally set at zero, even though this param-
eter has no meaning when the polarization degree is zero.5 The
data and best-fitting model are shown in Figs. 3 and 4.
2 We use pexrav plus emission lines instead of models which self-
consistently include both the continuum and the lines because the polar-
ization of the reflected continuum and of the emission lines is expected
to be different, see also Ursini et al. (2023).
3 The soft spectrum is steeper than the primary continuum because it is
dominated by recombination and resonant lines (Guainazzi & Bianchi
2007), mostly unresolved in our case. However, we checked that we
obtain consistent polarimetric results if we fix the photon index of the
warm reflector at 2, or if we leave it free to vary.
4 ULXs are likely polarized, with P depending on their true nature,
orientation and geometry (Veledina et al. 2023). However, the ULXs
around NGC 1068 contribute so weakly to the total flux that assuming
no polarization is a reasonable hypothesis.
5 If we leave polconst(0) free to vary, we only obtain loose constraints,
with a 1-sigma upper limit to the polarization degree of 30%. We also
tried to assess the contribution to the observed polarization by the emis-
sion lines and ULXs separately, via the multiplication of polconst with
the zgauss and powerlaw components. In this case, we obtain a 1-sigma
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Energy (keV) F (erg cm−2 s−1) P (%) Ψ (◦)
2.0 – 8.0 4.32 × 10−12 12.4 ± 3.6 100.7 ± 8.3
2.0 – 3.5 1.03 × 10−12 9.8 ± 4.9 104.2 ± 14.9
3.5 – 6.0 1.21 × 10−12 21.3 ± 6.7 102.2 ± 9.2
6.0 – 8.0 2.08 × 10−12 < 38.5 –
2.0 – 5.5 1.97 × 10−12 14.6 ± 3.9 101.1 ± 7.6
5.5 – 8.0 2.35 × 10−12 < 26.8 –

Table 1. Chandra fluxes F and xspec measured polarization degree
P and angle Ψ for various energy bands (obtained from the IXPE fit
alone). Errors are given at 68% confidence level for one parameter of
interest. Upper limits are given at 99% confidence level.

We find significant degeneracy among the polarization pa-
rameters of the warm and cold reflectors. The contour plot (not
shown here) between the polarization degrees of the two compo-
nents indicates that even at 1-sigma, Pcold is barely above zero
and Pwarm has only an upper limit of 28%. To reduce such de-
generacy, we need to make some assumptions. We thus fix the
polarization parameters of the warm component using the far-
UV polarimetric measurements by Antonucci, Hurt, & Miller
(1994), see also Sect. 4.3. Those authors have shown that, within
the first arcseconds, electron scattering in the winds is mainly re-
sponsible for the far-UV polarization. If electron scattering pre-
vails in the wind, its scattering-induced polarization should be
similar from the optical to the X-rays, so we postulate at first
order that the X-ray counterpart could be similar. We thus fix
the polarization degree and angle of the warm reflector at 16%
and 97◦, respectively. With this assumption, we obtain a good
fit with χ2/dof = 534/527 : the cold reflector has a polariza-
tion degree of 20% ± 10% (non-zero at merely two sigma) and
a polarization angle of 102◦ ± 15◦. The best-fitting paramters
are reported in Table 2. Finally, we note that the warm reflection
component is expected to be still significantly contaminated by
unresolved emission lines, in which case the polarization degree
could be much lower than our initial assumption. In the extreme
hypothesis of null polarization of the warm reflector, we obtain
a statistically equivalent fit, and a polarization degree of the cold
reflector of 36% ± 10% with a polarization angle similar to that
obtained in the first case.

4. Analysis

4.1. The geometrical distribution of scatterers

The observed X-ray polarization angle can be compared to the
position angle PA of the parsec-scale radio-jet seen in NGC 1068
to determine whether scattering occurs along the equatorial
plane (Ψ - PA ≈ 0◦) or in the polar direction (Ψ - PA ≈ 90◦).
The resolved parsec-scale jet on the 4.9 GHz map of Wilson &
Ulvestad (1983) sustains a PA ∼ 34◦, but the jet does not follow
a straight trajectory from the supposed position of the supermas-
sive black hole (S1 component) to the terminal lobes. It is, in
fact, deflected to the north east (see Gallimore, Baum, & O’Dea
2004). The central, sub-arcsecond jet structure was resolved by
VLBA + phased-VLA 1.4 GHz observations and the inner PA of
the jet (going from component S1 to C) is at about 12◦ (see Fig. 2
in Gallimore, Baum, & O’Dea 2004 and also the very precise
cartography of the radio emission in NGC 1068 by Mutie et al.
2024). The subtraction gives us 101◦ - 12◦ = 89◦. We thus con-
clude that the observed X-ray polarization angle of NGC 1068

upper limit of 60% to the polarization of the ULXs component and of
40% to the polarization of the lines.
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Fig. 3. Top panel: Chandra/ACIS and IXPE I spectra with best-fitting
model and residuals. Bottom panel: IXPE Q and U Stokes spectra with
best-fitting model and residuals.

is perpendicular to the radio structure axis6, implying that the

6 We note that the higher resolution VLBA images in Gallimore,
Baum, & O’Dea (2004) show a torus structure for S1 (see their Figs. 3c
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Fig. 4. Best-fitting total model (black solid line) for the Chandra+IXPE
data. The plot shows the different components, i.e. cold reflection (black
dotted line), warm reflection (blue dashed line), ULXs (red dotted line).
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Parameter Value
Lines (zgauss)

E1 (keV) 1.96 ± 0.02
N1 5.6 ± 0.8 × 10−5

E2 (keV) 2.42 ± 0.07
N2 3.5 ± 0.3 × 10−5

E3 (keV) 3.09+0.02
−0.04

N3 0.55+0.19
−0.17 × 10−5

E4 (keV) 6.41+0.01
−0.02

σ4 (eV) 76 ± 12
N4 7.4+0.5

−0.6 × 10−5

E5 (keV) 6.7(f)
N5 2.3 ± 0.4 × 10−5

E6 (keV) 6.966(f)
N6 1.1 ± 0.5 × 10−5

ULXs (powerlaw)
Γ 1(f)
N 2.3 × 10−5(f)

Cold reflector (pexrav)
Γ 2(f)
N (1.97 ± 0.08) × 10−2

P.D. (%) 20 ± 10
P.A. (deg) 102 ± 15

Warm reflector (powerlaw)
Γ 3(f)
N 2.36+0.06

−0.12 × 10−3

P.D. (%) 16(f)
P.A. (deg) 97(f)

Cross-calibration constants
CDU1−ACIS 0.68 ± 0.01
CDU2−ACIS 0.64 ± 0.01
CDU3−ACIS 0.60 ± 0.01

Observed flux
F2−8keV (4.32 ± 0.15) × 10−12

χ2/d.o.f. 534/527

Table 2. Best-fitting parameters (68 per cent confidence level for one
parameter of interest) of the joint Chandra and IXPE fit. Normalizations
are in units of photons keV−1 cm−2 s−1, while the flux is in unit of erg
cm−2 s−1. (f) denotes a fixed parameter. The energies of the two lines E5
and E6 are fixed at the values of the Fe XXV and Fe XXVI Kα lines.
The width of all lines is fixed at zero, with the only exception of the
neutral Fe Kα line.

observed X-ray polarization arises from scattering onto material
that is preferentially situated well above the equatorial plane.

Two components of the AGN can be responsible for this:
the outflows or the torus. Our measurements reported in Tab. 1
show that Ψ is similar in the 2 – 3.5 keV band (where the warm
component dominates the X-ray spectrum, see Sect. 3.3) and in
the 3.5 – 6 KeV band, where the cold component takes prece-
dence. Both components are thus likely sharing the polariza-
tion position angle. While producing perpendicular polarization
in a polar wind is trivial (Goosmann & Gaskell 2007), obtain-
ing a similar polarization angle from an equatorial torus implies
that scattering must occur inside the funnel and/or on the upper-
most (outer) edges of this Compton-thick region. Such finding
is strongly supported by the Atacama Large Millimeter Array
(ALMA) observation of an extended patch of linear polarization

and 4c), with PA 104.5◦ – 108.1◦, again a very good match to the X-ray
polarization angle we measured.

arising from a spatially resolved elongated nuclear disk of dust
of ∼ 50 – 60 pc in diameter and oriented along an averaged PA
of ∼ 113◦ (García-Burillo et al. 2019).

The Chandra map at 0.5" resolution of the X-ray emission
in NGC 1068 presented by Ogle et al. (2003) also supports our
conclusion that the X-ray polarization we measured with IXPE
mainly originates from the torus. The authors have shown (see
their Figs. 3 and 4) that the peak of the 6 – 8 keV (Fe K) emis-
sion is coincident with the nucleus, as expected if produced in
the inner wall of the molecular torus. Surrounding the X-ray
peak in the nuclear region, 3 – 6 keV extended emission is de-
tected, which is attributed to X-rays that have scattered on the
outer edge of the torus. The emission from the warm reflector
(the ionization cones) is seen in their Chandra 1.3 – 3 keV map
and is dominated by emission from highly ionized Mg, Si, and S.
The warm component is also appearing in their 3 – 6 keV emis-
sion map but it is mostly scattered continuum. Using xspec to
measure the associated X-ray polarization in those three energy
bands (see Tab. 1) gives only an upper limit to the 6 – 8 keV
emission, resulting from the combination of higher background
levels and strong, little-to-no polarized emission from the iron
K complex. In the 3.5 – 6 keV band, where scattering off the
torus is prevalent, P rises up to ∼ 21%. In the softest X-ray band
(2 – 3.5 keV), the observed polarization degree is much lower
(∼ 10%), mostly due to the forest of narrow emission lines that
depolarise the signal. Many of those lines are significantly en-
hanced by photo-excitation, so they might be polarized, albeit at
a lower level from the hard continuum.

4.2. Estimating the AGN inclination and torus geometry

Even if nothing definitive can be said about the intrinsic polar-
ization degree and angle originating from the torus, we can try
to evaluate the geometry of this region thanks to Monte Carlo ra-
diative transfer simulation of optically thick tori. We used the ra-
diative transfer Monte Carlo code stokes (Goosmann & Gaskell
2007; Marin et al. 2012; Marin, Goosmann, & Gaskell 2015;
Marin 2018; Rojas Lobos et al. 2018) to simulate a central,
isotropical, continuum source with a power law index Γ ∼ 2.04
(Matt et al. 2004,Pounds & Vaughan 2006 and Sect. 3.3). The
source emits a 2% parallel polarized primary continuum, since it
has been shown in NGC 4151 that the X-ray continuum is paral-
lelly polarized by a few percents (Gianolli et al. 2023). Around
the central source, we modeled a uniform-density torus using a
circular cross-section. The inner wall of the torus is set at a fixed
distance of rin = 0.25 pc (Lopez-Rodriguez et al. 2018; Vermot et
al. 2021) and the radius a of the torus is set by the region’s half-
opening angle Θ such as a = rin cos Θ/(1-cos Θ). The neutral
hydrogen density NH is set to 1025 atom cm−2 along the equato-
rial plane (Matt et al. 2004). The half-opening angle of the torus
and the system inclination i are free parameters, both measured
from the vertical symmetry axis of the system. Type-2 AGNs are
thus found for i > Θ. Such models have been examined in details
in Podgorný, Marin, & Dovčiak (2023) and we refer the reader
to this publication for in-depth details.

We present in Fig. 5 the results of the simulations for a wide
variety of Θ and i angles. The polarization is integrated between
3.5 and 6 keV to avoid as much contamination as possible from
the fluorescent and recombination lines (see Fig. 4). Superim-
posing the estimated neutral reflector X-ray polarization (20%
± 10%) to the models allows us to put strong constraints on the
geometrical configuration of the system. Excluding a) all torus
half-opening angles smaller than that of the ionized polar winds
seen in NGC 1068, that sustain a half-opening angle of 40◦ as
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Fig. 5. stokes simulations of a circularly-shaped torus with various half-
opening angles Θ seen at several observer inclinations i. The color-
coded polarization degree is integrated from 3.5 to 6.0 keV to avoid
contribution from intense emission lines. A positive polarization degree
indicates that the photon electric field vector is parallel to the axis of
symmetry of the system. Thus, negative polarization stands for perpen-
dicularly polarized photons. Each colored dot represents a (Θ,i) simula-
tion. If the polarization degree and angle of a dot is consistent with the
X-ray polarization of the torus as measured by IXPE, the dot is shown
in black.

traced by [O III] emission (Macchetto et al. 1994), b) all results
for i < Θ and c) all non-perpendicular polarization angles (an as-
sumption compatible with IXPE data), we find that the range of
permitted AGN inclinations is 42◦ – 87◦ and the range of torus
half-opening angles is 40◦ – 57.5◦ (as illustrated by the black
dots on Fig. 5). Further observation with better statistics could
narrow down the parameter space but, if we rely on the range
of inclinations i estimated from the literature (70◦ – 90◦, see
Sect. 1), the permitted range of Θ becomes 45◦ – 57.5◦, with
a much higher probability to be in the range 50◦ – 55◦. Inter-
estingly, this is comparable to the range of Θ found in the case
of the Circinus galaxy (45◦ - 55◦), the only other type-2 AGN
probed by IXPE (Ursini et al. 2023).

For the sake of completeness, we also tested the line dom-
inated warm reflector scenario (P = 0%), that would lead to a
neutral reflector polarization of 36% ± 10% (see Sect. 3.3). By
doing so, the torus half-opening angle estimated from Monte
Carlo radiative transfer simulations becomes 40◦ – 50◦, with a
much higher statistical probability to be between 45◦ and 50◦.
This is also comparable to the range of Θ found in the case of
the Circinus galaxy.

4.3. Comparison with optical data

The broadband polarization of NGC 1068 has been thoroughly
examined from the ultraviolet to the infrared band (see Marin
2018 and reference therein for a review). Yet, due to strong
starlight dilution by the host, the true (intrinsic) polarization lev-
els of the AGN is difficult to estimate. It is possible to correct the
UV-optical polarization for dilution by subtracting out the stel-
lar component(s) from the total flux, but it is an uneasy process.
The addition of the X-ray polarization measurement achieved by
IXPE brings another piece to the puzzle, since it is essentially
free from diluting sources (albeit the almost negligible ULX sig-
nal). A comparison between X and optical data can thus lead to
better constraints on the global geometry of the AGN.

To do so, 0.35 – 1.1 µm linear spectropolarimetry was ob-
tained on December 1 – 6th, 2023, with the FOcal Reducer/low

dispersion Spectrograph 2 (FORS2) instrument mounted on the
Very Large Telescope (VLT), quasi-simultaneously to the IXPE
observation. The observation, under program ID 112.26WL.001,
will be analyzed and published later on (Marin et al., in prep.),
but the reduced optical data confirm that the linear polarization
from NGC 1068 remained stable since the last decades, espe-
cially in the continuum. The polarization degree rises from ∼
1.5% in the red up to ∼ 12% in the blue band. The polarization
position angle is almost constant with wavelength, slowly rotat-
ing from ∼ 100◦ in the red to ∼ 90◦ in the blue. The rise of P
continues in the ultraviolet band up to 16% at a position angle of
97◦ shortward of 2700 Å (Code et al. 1993; Antonucci, Hurt, &
Miller 1994). The polarization degree then plateau, as the host
starlight contribution becomes negligible, indicating that elec-
tron scattering dominates in the winds.

The matching of the polarization angle between the near-
infrared, optical, ultraviolet and X-rays clearly indicates that the
polarization results, in all cases, from scattering by material well
above the equatorial plane. But they are not due to the same
AGN component. X-ray spectropolarimetry tends to favor light
reflection off atoms and molecules from the cold component (the
torus), while optical imaging and spectropolarimetry advocates
for electron (or dust) scattering inside the polar outflows (An-
tonucci & Miller 1985; Antonucci, Hurt, & Miller 1994). In the
spectral region where emission from the ionized winds domi-
nates the X-ray signal (2 – 3.5 keV, see Fig. 4), we measured P
= 9.8% ± 4.9% at 104.2◦ ± 14.9◦. Although diluted by the emis-
sion lines, the polarized X-ray continuum probably comes from
the optically thin region that scatters the optical and ultraviolet
photons (Antonucci & Miller 1985).

As things currently stand and with the statistics offered by
our observation, we note that the optical/ultraviolet and X-ray
measurements are different in P (but not in Ψ), so we caution us-
ing ultraviolet polarization measurements of Seyfert-2 galaxies
as a basic proxy to predict the polarization level of a source in
the X-rays.

5. Conclusions

We have measured the 2 – 8 keV polarization of the archety-
pal Seyfert-2 AGN NGC 1068 with IXPE. We found a linear
polarization degree of 12.4% ± 3.6% at 100.7◦ ± 8.3◦ (68% con-
fidence level). The polarization is perpendicular to the position
angle of the parsec-scale radio structure, similarly to what is ob-
served for all Seyfert-2s in the optical band. A combined Chan-
dra and IXPE analysis indicated a significant degeneracy among
the polarization parameters of the warm and cold reflectors but,
from multi-wavelength constraints, we estimated that the cold
reflector has a polarization degree of 20% ± 10% and polariza-
tion angle of 102◦ ± 15◦. By taking the result at the face value,
numerical simulations allowed us to derive a probable torus half-
opening angle of 50 – 55◦ (from the vertical axis of the sys-
tem). This morphological constraint is quite similar to the torus
half-opening angle derived for the Circinus galaxy thanks to X-
ray polarimetry, the only other type-2 AGN probed by IXPE so
far. By doing so, X-ray polarimetry has shown its powerful and
unique capabilities of constraining the geometrical arrangement
of matter around supermassive black holes.

Acknowledgments. The Imaging X-ray Polarimetry Ex-
plorer (IXPE) is a joint US and Italian mission. The US con-
tribution is supported by the National Aeronautics and Space
Administration (NASA) and led and managed by its Mar-
shall Space Flight Center (MSFC), with industry partner Ball

Article number, page 7 of 11



A&A proofs: manuscript no. aanda

Aerospace (contract NNM15AA18C). The Italian contribution
is supported by the Italian Space Agency (Agenzia Spaziale
Italiana, ASI) through contract ASI-OHBI-2022-13-I.0, agree-
ments ASI-INAF-2022-19-HH.0 and ASI-INFN-2017.13-H0,
and its Space Science Data Center (SSDC) with agreements
ASI-INAF-2022-14-HH.0 and ASI-INFN 2021-43-HH.0, and
by the Istituto Nazionale di Astrofisica (INAF) and the Isti-
tuto Nazionale di Fisica Nucleare (INFN) in Italy. This re-
search used data products provided by the IXPE Team (MSFC,
SSDC, INAF, and INFN) and distributed with additional soft-
ware tools by the High-Energy Astrophysics Science Archive
Research Center (HEASARC), at NASA Goddard Space Flight
Center (GSFC). F.M. thanks Robert Antonnucci, Makoto Kishi-
moto, Patrick Ogle and Ari Laor for their valuable com-
ments on the manuscript. A.D.M., E.Co., R.F., S.F., F.L.M.,
F. Mu. P.So. are partially supported by MAECI with grant
CN24GR08 “GRBAXP: Guangxi-Rome Bilateral Agreement
for X-ray Polarimetry in Astrophysics”. F.T. and M.L. acknowl-
edge funding from the European Union - Next Generation EU,
PRIN/MUR 2022 (2022K9N5B4). M.D., J.P., and V.K. thank
GACR project 21-06825X for the support and institutional sup-
port from RVO:67985815. I.L. was supported by the NASA
Postdoctoral Program at the Marshall Space Flight Center, ad-
ministered by Oak Ridge Associated Universities under contract
with NASA. The work of RTa and RTu is partially supported
by grant PRIN-2022LWPEXW of the Italian MUR. The French
contribution (F.M., T.B., V.E.G., P.-O.P.) is partly supported by
the French Space Agency (Centre National d’Etude Spatiale,
CNES) and by the High Energy National Programme (PNHE) of
the Centre National de la Recherche Scientifique (CNRS). The
authors thank the anonymous referee for her/his helpful com-
ments that improved the quality of the manuscript.

References
Antonucci R. R. J., Miller J. S., 1985, ApJ, 297, 621. doi:10.1086/163559
Antonucci R., Hurt T., Miller J., 1994, ApJ, 430, 210. doi:10.1086/174395
Antonucci R., 1993, ARA&A, 31, 473. doi:10.1146/annurev.aa.31.090193.002353
Arnaud K. A., 1996, ASPC, 101, 17
Baldini L., Bucciantini N., Lalla N. D., Ehlert S., Manfreda A., Negro M.,

Omodei N., et al., 2022, ascl.soft. ascl:2210.020
Bauer, F. E., Arévalo, P., Walton, D. J., et al. 2015, ApJ, 812, 116.

doi:10.1088/0004-637X/812/2/116
Bostroem K. A., et al., 2020, ApJ, 895, 31B
Cash, W. 1979, ApJ, 228, 939. doi:10.1088/0004-637X/812/2/116
Code A. D., Meade M. R., Anderson C. M., Nordsieck K. H., Clayton

G. C., Whitney B. A., Magalhaes A. M., et al., 1993, ApJL, 403, L63.
doi:10.1086/186722

Das V., Crenshaw D. M., Kraemer S. B., Deo R. P., 2006, AJ, 132, 620.
doi:10.1086/504899

Di Marco A., Costa E., Muleri F., Soffitta P., Fabiani S., La Monaca F., Rankin
J., et al., 2022, AJ, 163, 170. doi:10.3847/1538-3881/ac51c9

Di Marco A., Soffitta P., Costa E., Ferrazzoli R., La Monaca F., Rankin J.,
Ratheesh A., et al., 2023, AJ, 165, 143. doi:10.3847/1538-3881/acba0f

Dopita M. A., 1997, PASA, 14, 230. doi:10.1071/AS97230
Fischer T. C., Crenshaw D. M., Kraemer S. B., Schmitt H. R., 2013, ApJS, 209,

1. doi:10.1088/0067-0049/209/1/1
Fruscione A., et al., 2006, in Silva D. R., E. D. R., eds, SPIE Conf. Ser. Vol.

6270, Observatory Operations: Strategies, Processes, and Systems.
Gámez Rosas V., Isbell J. W., Jaffe W., Petrov R. G., Leftley J. H., Hofmann K.-

H., Millour F., et al., 2022, Natur, 602, 403. doi:10.1038/s41586-021-04311-7
Gallimore J. F., Henkel C., Baum S. A., Glass I. S., Claussen M. J., Prieto M. A.,

Von Kap-herr A., 2001, ApJ, 556, 694. doi:10.1086/321616
Gallimore J. F., Baum S. A., O’Dea C. P., 2004, ApJ, 613, 794.

doi:10.1086/423167
García-Burillo S., Combes F., Ramos Almeida C., Usero A., Alonso-Herrero

A., Hunt L. K., Rouan D., et al., 2019, A&A, 632, A61. doi:10.1051/0004-
6361/201936606

Garmire G. P., Bautz M. W., Ford P. G., Nousek J. A., Ricker G. R., 2003, in
Truemper J. E., D. T. H., eds, SPIE Conf. Ser. Vol. 4851, X-Ray and Gamma-
Ray Telescopes and Instruments for Astronomy. pp 28–44

Gianolli V. E., Kim D. E., Bianchi S., Agís-González B., Madejski G., Marin F.,
Marinucci A., et al., 2023, MNRAS, 523, 4468. doi:10.1093/mnras/stad1697

Goosmann R. W., Gaskell C. M., 2007, A&A, 465, 129. doi:10.1051/0004-
6361:20053555

Goosmann R. W., Matt G., 2011, MNRAS, 415, 3119. doi:10.1111/j.1365-
2966.2011.18923.x

Greenhill L. J., Gwinn C. R., Antonucci R., Barvainis R., 1996, ApJL, 472, L21.
doi:10.1086/310346

Guainazzi M., Bianchi S., 2007, MNRAS, 374, 1290. doi:10.1111/j.1365-
2966.2006.11229.x

Hönig S. F., Beckert T., Ohnaka K., Weigelt G., 2007, ASPC, 373, 487.
doi:10.48550/arXiv.astro-ph/0611946

Hönig S. F., Prieto M. A., Beckert T., 2008, A&A, 485, 33. doi:10.1051/0004-
6361:200809606

HI4PI Collaboration, Ben Bekhti N., Flöer L., Keller R., Kerp J., Lenz D., Winkel
B., et al., 2016, A&A, 594, A116. doi:10.1051/0004-6361/201629178

Ingram A., Ewing M., Marinucci A., Tagliacozzo D., Rosario D. J., Veledina A.,
Kim D. E., et al., 2023, MNRAS, 525, 5437. doi:10.1093/mnras/stad2625

Kim D. E., Di Gesu L., Liodakis I., Marscher A. P., Jorstad S. G., Middei R., Mar-
shall H. L., et al., 2024, A&A, 681, A12. doi:10.1051/0004-6361/202347408

Kishimoto M., 1999, ApJ, 518, 676. doi:10.1086/307290
Kislat F., Clark B., Beilicke M., Krawczynski H., 2015, APh, 68, 45.

doi:10.1016/j.astropartphys.2015.02.007
Lopez-Rodriguez E., Fuller L., Alonso-Herrero A., Efstathiou A., Ichikawa K.,

Levenson N. A., Packham C., et al., 2018, ApJ, 859, 99. doi:10.3847/1538-
4357/aabd7b

Macchetto F., Capetti A., Sparks W. B., Axon D. J., Boksenberg A., 1994, ApJL,
435, L15. doi:10.1086/187583

Maeda K., et al., 2023, ApJ, 942, 17M
Magdziarz P., Zdziarski A. A., 1995, MNRAS, 273, 837.

doi:10.1093/mnras/273.3.837
Marin F., Goosmann R. W., Gaskell C. M., Porquet D., Dovčiak M., 2012, A&A,
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Appendix A: Summary of PCUBE analysis

In order not to confuse the reader with both the PCUBE and
XSPEC results in the main body of the article, we summa-
rize here our findings using a PCUBE analysis. We computed
the significance of detection for a variety of energy bins, cal-
culated in the same way presented in Sect. 3.1, considering
two degrees of freedom and following the official IXPE statisti-
cal guide (https://heasarc.gsfc.nasa.gov/docs/ixpe/
analysis/IXPE_Stats-Advice.pdf). We also detail the vari-
ability observed in both time and energy domains for three sep-
arate bins. Our results can be found in Tab. A.

As shown in the table, the most solid detections are found in
the 2 – 5.5 and 2 – 6 keV bands, before the onset of fluorescent
emission from the iron K complex and its associated dilution.
The values measured in those energy bands are above the min-
imum detectable polarization, that is the degree of polarization
corresponding to the amplitude of modulation that has only a
1% probability of being detected by chance (Weisskopf, Elsner,
& O’Dell 2010).

Regarding the variability tests, mentioned in Sect. 3.1, we
show in Fig. A.1 the null hypothesis tests of polarization vari-
ability over time (top) and energy (bottom). The lowest proba-
bility for the time binning case is 27.63%, and for the energy
binning case is 23.80%. In all cases, the polarization appears
consistent with being constant in time and energy.

Fig. A.1. The null hypothesis probability of the chi-square test for the
constant model on the normalized Q (red) and U (blue) Stokes param-
eters for different time (top panel) and energy (bottom panel) binning
cases. The left and right vertical axes in each panel show the percentage
of the probability values on a logarithmic and linear scale, respectively.
The green and orange shaded areas indicate the 1% threshold level. The
black dashed and dotted lines in the middle of each panel represent the
1% and 3σ (99.73%) probability levels, respectively.
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Energy (keV) Detection Significance (%) P (%) Ψ (◦)
2.0 – 3.5 90.6 10.6 ± 4.9 111.2 ± 13.2
3.5 – 6.0 98.3 20.0 ± 7.0 94.8 ± 10.0
6.0 – 8.0 90.6 13.6 ± 12.5 156.5 ± 26.3
2.0 – 5.5 99.7 14.1 ± 4.1 105.1 ± 8.4
5.5 – 8.0 26.1 8.7 ± 11.1 156.9 ± 36.8
2.0 – 4.0 96.2 11.4 ± 4.5 107.1 ± 11.2
4.0 – 6.0 93.9 19.9 ± 8.4 95.8 ± 12.1
2.0 – 6.0 99.5 13.5 ± 4.2 102.5 ± 8.9
2.0 – 8.0 82.1 9.5 ± 5.1 112.9 ± 15.5

Table A.1. Results from our PCUBE analysis. The first column is the energy binning (in keV), the second column the detection significance, the
third column is the polarization degree (with one-dimensional errors) and the fourth column is the polarization angle.
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