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Using observations of X-ray pulsar Hercules X-1 by the Imaging
X-ray Polarimetry Explorer we report a highly significant (>170)
detection of the polarization signal from an accreting neutron star.
The observed degree of linear polarization of ~10% is far below

theoretical expectations for this object, and stays low throughout

the spin cycle of the pulsar. Both the degree and angle of polarization
exhibit variability with the pulse phase, allowing us to measure the

pulsar spin position angle 57(2) deg and the magnetic obliquity 12(4) deg,
whichis an essential step towards detailed modelling of the intrinsic
emission of X-ray pulsars. Combining our results with the optical
polarimetric data, we find that the spin axis of the neutron star and

the angular momentum of the binary orbit are misaligned by at least

~20 deg, whichis astrong argument in support of the models explaining
the stability of the observed superorbital variability with the precession

of the neutron star.

X-ray pulsars are strongly magnetized neutron stars powered by accre-
tion from a donor star in binary systems. The strong magnetic field
funnels the accreting material to the polar caps of the compact object,
where the energyisreleased producing the observed pulsed emission
as the neutron star rotates. Hercules X-1 (Her X-1) is the second X-ray
pulsar ever discovered’, one of the few persistent accretion-powered
pulsars in the sky and is arguably the most studied object of its type.
Her X-1/HZ Her is an intermediate mass X-ray binary at a distance of
~7 kpc (ref.?) consisting of a persistently accreting neutron star with
the spin period of -1.24 sand aB3, -2.2 solar mass donor star eclipsing
the X-ray source approximately every ~1.7 d as they orbit each otherin
anearly circular orbit*. The neutron star has strong magnetic field of
4.5x102 G, and Her X-1is the first neutron star for which the field was
measured directly through the detection of acyclotron resonance scat-
tering feature in the X-ray spectrum®. Besides the spin and orbital varia-
tions, surprisingly stable ~-35 d superorbital variability is also observed
inthis system’. Flux variability is thought to be related to obscuration of
the compactobject by the precessing warped accretion disk at certain
precession phases, and isaccompanied by regular changesin the pulse
profiles. The latter fact motivated the hypothesis that a precession of
the accretion disk might be clocked by the neutron star precession via
some feedback mechanism®®,

The X-ray radiation from Her X-1 was anticipated to be strongly
polarized with a polarization degree (PD) of up to 60-80% expected
in some models’, so it was chosen as one of the first targets for the
Imaging X-ray Polarimetry Explorer (IXPE), a NASA mission in part-
nership with the Italian space agency (ASI) equipped with detectors
sensitive to linear polarization of X-rays in the nominal 2-8 keV band.
Here we report the results of these observations and the measure-
ment of the linear polarization from an accreting neutron star. We
also discuss how polarimetry can be used to constrain the basic
geometry of the pulsar and test the hypothesis of free precession of
the neutron star in this binary system. Finally, we discuss the chal-
lenges that low observed polarization degree poses for X-ray pulsar
emission models.

The source was observed by IXPE on 2022 February 17-24, at the
beginning of the 35 d precession cycle, the so-called main-on state, as
illustrated in Fig. 1. The observation started while the pulsar was still
obscured by the outer edge of the warped and tilted accretion disk'>"
and continued throughout the first part of the main-on state where the
neutronstar emerges frombehind the accretion disk and becomes vis-
ible directly™. IXPE had, therefore, a direct and clear view of the neutron
star through most of the observation, except for brief periods when
the pulsar was eclipsed by the donor star, and the so-called pre-eclipse
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Fig.1| Overview and evolution of polarization properties of Her X-1over
the period of observation. a, The source (greencircle) and background (area
enclosed by white dashed circles) extraction regions are indicated on top of
abroadband (2-7 keV) image of Her X-1 observed by IXPE (all three detectors
combined, image plotted in International Celestial Reference System (ICRS)
coordinates). b, Evolution of the observed flux from Her X-1 (brown curve), PD
(black triangles, left y axis) and PA (red circles, right y axis) with time and phase
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s of the 35 d super-orbital precesession cycle (numerical values are listed in
Supplementary Table 3). The turn-on time MJD 59628.5 is estimated from the
IXPE data and the superorbital period of 34.85 d is assumed. The reported values
and the uncertainties correspond to the mean values and 16 (68%) confidence
intervals. The vertical blue stripes show eclipses by the companion star (eclipses
and pre-eclipse dips are excluded from the analysis).

dips, whichare associated with obscuration by the outer-disk regions
disturbed by the interaction with the accretion stream from the donor
star” or by the gas stream itself'*. The data taken during the eclipses of
the pulsarand during periods of strong absorption were excluded from
the analysis. This resulted in a total effective exposure time of ~150 ks
suitable for polarimetric and spectropolarimetric analysis based onthe
formalism outlined in ref. ™ and ref. ' and in standard use for all IXPE
observations up to now, whichis described in detail in the Methods.

Results
We started the analysis by looking at the phase-averaged polarization
of the emission from Her X-1, using all photons collected through-
out the observation in the broad 2-7 keV energy band, ignoring the
7-8 keV band due a higher background and remaining calibration
uncertainties. We detected a highly significant and well-constrained
polarization signal, with a polarization degree (PD) of 8.6 + 0.5% and
polarization angle (PA, measured from north to east) of 62°+ 2° (all
uncertainties are quoted at 1o confidence levels unless stated oth-
erwise). The measured PD is significantly lower than the predicted
60-80% for the source’, which raises questions for new theoretical
investigations (as we discuss below). We emphasize that the unexpect-
edly low polarizationis clearly intrinsic to the radiation emerging from
the pulsar, and cannot be explained by the signal being depolarized
onitsway fromthe pulsar to the observer—for example, by scattering
inthe accretion flow or accretion disk atmosphere. Indeed, as already
mentioned, the sourceis expected to be observed directly throughout
most of the observation. Moreover, the PD seems to be minimal at
the peak of the main-on state where the flux is maximal, and thus the
amount of scattering material minimal, as illustrated in Fig. 1. As the
next step, we investigated the dependence of the polarization proper-
ties on photon energy. We found that both the PD and PA seem to be
independent of energy (Fig. 2 and Extended Data Fig. 1), with only an
indication at the 2o confidence level (Methods) for the PD increasing
towards higher energies. We continue, therefore, to discuss only the
energy-averaged polarization properties within the relatively narrow
energy band covered by IXPE.

Pulsar geometry can only be constrained through analysis of the
pulse-phase dependence of the polarization properties, and we did in
fact observe strong and highly significant variationsin the polarization

properties withthe spin phase, asillustrated in Fig. 3. We note that the
PD remains well below expectations for all pulse phases, never exceed-
ing ~15%, which is not dramatically higher than the phase-averaged
value. The phase dependence of the observed PD is relatively com-
plex, whereas the PA shows simpler, roughly sinusoidal dependence.
The observed spin-phase dependence of the PA can be interpreted
within the basic assumptions of X-ray pulsar modelling. In fact, photons
originating from different parts of the emission region are expected
to substantially align with the magnetic field as they propagate in
the highly magnetized plasma surrounding the X-ray pulsar. Vacuum
birefringence causes the polarized radiation inthe magnetosphere to
propagate in the normal, ordinary (O) and extraordinary (X) modes,
which represent oscillations of the electric field parallel and perpen-
dicular to the plane formed by the local magnetic field and the photon
momentum'”'® and propagation in the normal modes continues within
theso-called polarization limiting radius'. This radius is estimated to
be about thirty stellar radii for typical X-ray pulsars?’, and at such dis-
tancesthefieldis expected to be dominated by the dipole component.
The polarization measured at the telescope is expected, therefore, to
beeither parallel or perpendicular to the instantaneous projection of
the magnetic dipole axis of the star onto the plane of the sky. In this
scenario, the variation of the PA with phase is a purely geometrical
effect and therefore is not related to changes in the PD or flux.

On the basis of these considerations, we could constrain the
pulsar geometry by modelling the pulse-phase dependence of the PA
with the rotating vector model (RVM)?. If the position angle (meas-
ured from north to east) of the pulsar angular momentum is y, and
the pulsar radiation is dominated by the ordinary O mode, then the
variations of the X-ray PA with the pulsar phase ¢ can be described
by the expression %

—sin @ sin(¢p — ¢g)

PA — =
tan( Xp) sini, cos@ — cosiy, sin@ cos(¢p — ¢o)’

@

where i, is the inclination of the neutron star angular momentum to
theline of sight (defined in the interval [0°, 180°]), @is the inclination
ofthe magnetic dipole to the spin axis (that is the magnetic obliquity)
and @, is the phase of the light curve when the spot is closest to the
observer (see Fig. 4 for geometry).
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Fig.2|Energy dependence of the polarization of Her X-1. a,b, The
pulse-phase-averaged PD (a) and PA (b) as a function of photon energy estimated
using the formalism of ref. ** are shown by the black circles. The y-axis error

bars correspond to 1oand the x-axis error bars reflect the width of the energy
bins used for binned analysis. The blue line in a shows the estimated minimal
detectable polarization at the 99% confidence level for each bin. The shaded
regions correspond to the 1o confidence interval for the spectropolarimetric
analysis with the POLPOW model. The dashed horizontal lines indicate average
values of the PD (a) and PA (b) over the full energy band.

Using Bayesian inference code BXA?*, we fitted the PA data
from Fig. 3 using RVM with four free parameters (,, 0, i, and ¢,). We
assumed flat priors for all parameters: x, € [-90°, 90°], 6 € [0°, 90°],
i, €[0°,180°]and ¢,/(2m) € [-0.5, 0.5]. The resulting posterior distribu-
tions areshowninFig. 5. The magnetic obliquity and the pulsar position
angle werebothwellconstrained:0=12.1+3.7°and y, = x,.=56.9 +1.6°
(wherethe asterix subscript correspondsto asolution where the elec-
tric vector is parallel to the projection of the rotation axis on the sky).
As only the orientation of the polarization plane could be measured,
the polarimetric data cannot distinguish between oppositely directed
pulsar spins. Therefore, another solution with the oppositely directed
spin exists: x, =X, - £ 180°. If radiation escaping from the pulsar is
polarized perpendicular to the magnetic field direction (thatis, in the
X mode), then the position angle of the pulsar spin can have two pos-
sible values: y, =x,-+90°=146.9° +1.6° or -33.1+ 1.6°, respectively.
Other angles (particularly 6) are not affected by the spin direction or
uncertainty in the intrinsic polarization of radiation escaping from
the surface. We emphasize that the value of fisin excellent agreement
with the indirect estimates obtained from modelling of the observed
pulse profile shape®. This both lends support to our assumption that
the PA atleast approximately follows the RVM model, and lends some
credibility to the aforementioned modelling of the pulse profile shapes.
Itisimportant to highlight thatall previous estimates of the magnetic
colatitude were based on indirect arguments, whereas our measure-
ment is direct. Finally, we measured the position angle of the pulsar’s
rotation axis on the sky.

On the other hand, the X-ray polarimetry alone does not allow
us to obtain meaningful constraints on the pulsar inclination; our
measurement is, however, still fully consistent with the independent
estimates of the binary orbit inclination®. Indeed, pulsar inclination
hasarelatively large uncertainty, i, = 95° + 37°, with the posterior prob-
ability distribution extending from 0° all the way up to 180°, that can
be approximated by the function

where i, = 97°is the angle where the distribution peaks. This value
is consistent with literature estimates for the orbital inclination of
iy, = 80-90° (refs. 2077),

Giventhat free precession of the neutronstar hasbeen previously
suggested to explain stability of the 35 d precession cycle® %, it s,
however, still interesting to test whether the spin axis of the pulsar
and orbital angular momentum are aligned. This canbe done despite
the fact thatinclination of the pulsar with respect to the line of sight
is poorly constrained by X-ray polarimetry alone if the orientation
of the orbital plane on the sky is known. Such constraints can be
obtained from the optical polarimetric observations of Her X-1 over
its orbital period” assuming that optical polarization results from
scattering by an optically thin material corotating with the system,
asseen by eRosita®. To do that we started by fitting the phase curves
of the normalized Stokes parameters digitalized from fig. 1in ref.
with the Fourier series

q = qo+qCOSP + q,SinQ + q3CcOS2¢ + g, Sin 2¢,

u

3)

Ug + Uy COS @ + Uy SIN QY + U3 COS 2@ + Uy SiN 2¢,

where @isthe orbital phase. If the polarizationis produced by Thomson
scattering inanoptically thin medium corotating with the system, the
orbital orientation can be obtained from the Fourier coefficients™.
The best-fitting Fourier coefficients and their errors obtained by us
are given in Supplementary Table 4 and are close to those reported
in ref. °. These coefficients can be used to derive i, and the position
angle x,, of the projection of the orbital axis***

. 4 2 2
(1 — COs lorb) _ (Uz +qq)" + (ug — q3) @)

1+ 08 orp (uy + q3)2 +(u3 - q4)2

A+B
tan(2 = —, 5
an( Xorb) C+D ( )
where
_ us—qs — Us+qs

(1-cos imb)2 ’ (1+cos imb)2 ’ (6)

q4—us
(1+cosiorp )2 ’

u3+qs
(1-cosiory )2

These formulae give us i, =100.4 = 4.9° and Yo, = Xorn- = 28.9 £ 5.9°
(OF Xorb = Xorb- — 180° = -151.1° + 5.9°, which is equally acceptable as
only the orientation of the polarization plane can be measured). The
final values for all geometrical parameters of the system, including
constraints from X-ray and optical polarimetry, are summarized in
Table 1. The obtained orbital inclination is larger than 90°, which
might seem to be at odds with independent inclination estimates
quoted above. We note, however, that these estimates are based
on modelling of the donor star radius from optical spectroscopy
and X-ray eclipses, and cannot distinguish between clockwise and
anticlockwise rotation (that is, between inclinations i, < 90° and
180° - i,,;,). In particular, the estimates listed in table 8 of ref. 7 seem
tofavourinclinationsintherange i, = 80-83°0or180° - i ,, = 97-100°
foradistance range of 6.5-7.5 kpc, estimated from Gaia EDR3 data’.
This implies that our estimate is fully consistent with the literature
values, and that the binary is rotating clockwise on the sky. We empha-
sizethatresult can only be obtained from polarimetry—in this case,
inthe optical band.

Using constraints on the 3D orientation of the pulsar and the orbit,

dp sin1'5(90° i ipeald): i < Ipeak we coulq then obtain the misalignment angle S between the pulsar and
FT 14 the orbital angular momenta:
Ip sin""[90° (2ipeak — ip —180°)/(ipeak — 180°)], ip > ipeaks ) ] o
) €OS B = COS i, COS iorpy + SiN i, SiN gy, COS A, (7)
Nature Astronomy | Volume 6 | December 2022 |1433-1443 1435


http://www.nature.com/natureastronomy

Article https://doi.org/10.1038/s41550-022-01799-5
a d
25,000 — =
C1+C2 SN FAY ‘
20,000 c2 60° 45° (NE)
i c1 [ S ] s \
2 15,000 - . ) ] s
3 ) \ J 0150 oul
2 10,000 w} | w» -} pu2 4
= —y AN~y I+ DU3 | B
5,000 + Combined | ‘T
0 T T T T T T T 0.125 | “ 1
0 025 050 075 100 125 150 175 2.00 ye ‘
b g
15%
15 4 0.100 ‘ oy
) ;\? | ‘
& < 2
=~ 10 N
o > 00754 ‘
T 75u
51 C1/(C1 +C2) .
T T T T T T T
0 025 050 075 100 125 150 175  2.00 0.050 Z=
C
801 — RVM
. 0.025 | 10%
[e2]
Q
S 60
g
0 4~ 90° 0° (N) |
40 - T T T T - T T — T
‘ ‘ ‘ ‘ ‘ ‘ ‘ -0.12 -0.10 -0.08 -0.06 -0.04 -0.02 O 0.02
0 025 050 075 100 125 150 175  2.00 QI (%)
Phase

Fig.3|Pulse-phase dependence of the polarization properties of Her X-1.

a, The observed pulse profilein the 2-7 keV energy range (intensity /, in units

of counts per 1/128 phase interval) and its decomposition into single-pole

pulse profiles labelled C1and C2*.b,c, The PD (b) and PA (c) estimated from
the spectropolarimetric fit are shown as a function of pulse phase with black
circles. The purple line in b shows the relative contributions of the main pole
(C1, which dominates the main peak) to the total flux, and the red line in c shows
the best-fitting approximation for the PA with the rotating vector model.d, The

normalized Stokes parameters Q//and U/l are shown for each phase bin with
brown ellipses representing the 1o confidence regions for the Stokes parameters
(numbers indicate sequential bin numberinaand b from left to right). The black
shaded circle shows the Stokes parameters for the pulse-phase-averaged analysis
based on the spectropolarimetric fit. The results for the unbinned analysis"

for individual detector units and the three detectors combined are shown by
coloured error bars. Points correspond to the mean values and the error bars
correspond tolo confidence levels.

Fig. 4| Geometry of the system from the observer’s perspective. The grey
planeis the plane of the sky, labelled with north and east axes, perpendicular to
theline of sight towards the observer 6. The angles between the line of sight and
the vectors of the pulsar spin Opand the orbital angular momentum Q,,,are the
inclinations i, and i,. The corresponding position angles x, and x,,, are the
azimuthal angles of the spin vectors projected onto the sky, measured from
north to east. The misalignment angle S is defined as the angle between f)p and
Qo The magnetic obliquity 8is the angle between magnetic dipole and the
rotational axis.

where 4 = x, — X, is the difference between the position angles of the
pulsar spinvector and the orbital angular momentum (the geometry
isillustrated in Fig. 4). The parameters we use are given in Table 1.
Assuming normal distributions for x, and x,,, with the corresponding

loerrorsobtained above, anormal distribution for i ., from the optical
polarimetry and the posterior distribution for i, given by equation (2),
we performed Monte Carlo simulations to obtain a probability distribu-
tion for B, whichis shownin Extended DataFig. 2 and listed in Supple-
mentary Table 5. For radiationin the Omode (wheny, =x,.=56.9 +1.6°
and taking x,., = 28.9 + 5.9°), we obtained the smallest misalignment
S with the distribution peaking at ~30° and a lower limit ~20° at the
90% confidence level (Extended Data Fig. 2a). If x, = x,, . + 180° (or
Xorb = Xorn- £ 180°), the misalignment is much larger, with S peaking at
145° (Extended DataFig. 2b). For the X-mode polarization, y, = x,,- + 90°,
S peaks at ~115° or ~65° (Extended Data Fig. 2c,d). These results are
essentially unaffected by the exact form of the distribution of i, and
imply that the spin axis of the neutron star during the observation is
inclined with respect to the orbital spin by at least 20°, and possibly
by as much as ~160° (Extended Data Fig. 2). We note that low angular
momentum of the neutron star implies that accretion torques are
expected to align its spin with the orbital angular momentumon a
relatively short timescale®**, so naively one could expect spin of the
pulsar and orbital angular momentum to be aligned. This is, however,
apparently not the case.

Discussion

Meaningful interpretation of the observed variation of the PD with
pulse phaseis only possibleifthe spectra, the pulse profiles and, now,
the observed polarization properties of X-ray pulsars are consistently
explained. The observed low degree of polarizationin Her X-1came as
asurpriseandisinconsistent with predictions, and therefore cannot be
interpreted in the framework of existing models. One could imagine,
however, several potential scenarios to explain the observed low PD.
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For instance, radiative transfer in the magnetized plasma within the
emission region with the specific temperature structure of the neu-
tron star atmosphere could be responsible for the observed low PD
(Methods). Propagation of the initially polarized X-rays through the
magnetosphere could also result in depolarization due to quantum
electrodynamical effects®. In either scenario, averaging over wider
pulse phase intervals or over energy could be expected to reduce the
observed PD. Finally, we probably observe emission from both poles
of the neutron star combined in least at some pulse phases®. Each
of the poles could have different polarization properties as both are
observed from different angles at any given pulse phase, and mixing
the two could therefore reduce the observed PD (Supplementary Fig.
2c).Indeed, modelling of the evolution of the complex observed pulse
profile shape over the 35 d cycle® suggests multiple emission regions
thatare probably related to the non-dipolar structure of the magnetic
field close to the surface of the neutron star®*°. We note that there is
anapparent connection between the observed variations and the esti-
mated relative contribution of the pole dominating the main peak of
the pulse®, asillustrated in Fig. 3b. This might suggest that mixing of
the emission from different poles might be at least partly responsible
for the observed low PD, and it also suggests that the decomposition

of the observed pulse profile to single pole components obtained by
ref. > is probably not far from reality. However, the PD remains low
even during the peak where emission is dominated by a single pole.
The contribution of the two poles is thus not the only reason for the
observed low PD, and it is likely that a combination of several mecha-
nisms is at work. In general, it is clear that a full interpretation of the
observed polarization properties of Her X-1 (and other X-ray pulsars),
andafullassessmentonthe scenarios outlined above, requires a deeper
understanding of the accretion physics and the emission mechanisms
inthese objects. Thisincludes the pulse shape, the broadband energy
spectrum and its variations with spin and precession phase, the periodic
andsecular variationsinits cyclotron absorption feature and, of course,
the polarization properties. So far no theoretical model has explained
allthese observables, particularly polarization. The observed low PD,
therefore, already puts strong constraints on the possible emission
mechanisms at play in accretion-powered pulsars, and constitutes a
valuableinput for theoretical modelling of the emission from accreting
magnetized neutron stars.

The polarimetric observations reported here also provide previ-
ously unavailable information on the geometry of the source, par-
ticularly basic information on the orientation of the pulsar geometry
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Table 1| Orbital and pulsar geometrical parameters of
Her X-1

Xp,' 9 ip XOrb,' iorb
deg deg deg deg deg
56.9+1.6 121+37 Eq.(2) 28.9+5.9 100.4+4.9

including the magnetic colatitude and orientation with respect to
observer and to the orbit of the binary system. In particular, we find
evidence of a misalignment between the spin axis of the pulsar and
the orbital angular momentum. The reason for the observed misalign-
ment is unclear, but it could be associated, for instance, with extra
torques imposed on the neutron star by the warped accretion disk
or free precession of the neutron star®. In the latter case in particular
the interaction of the inner disk regions with the magnetosphere of
a precessing neutron star can greatly diminish (or completely stop)
secular spin-orbital alignment®, We note that expected alignment was
one of the key arguments™® against a free precession model, and IXPE
results invalidate it. It is clear that for a precessing neutron star one
can anticipate evolution of the magnetic obliquity @ with the phase
ofthe 35 d cycle® resulting in variation of the amplitude of the PA vari-
ations with the spin phase. Current observations only cover a small
fraction of the 35 d cycle and do not allow us to test this hypothesis.
Deeper observations covering a larger fraction of the cycle would be
required to characterize this variability quantitatively and unambigu-
ously prove the hypothesis of neutron star precession in this system.
Furthermore, new high-precision optical polarimetric observations
covering different phases of the superorbital cycle would be useful to
confirmthe orbital orientation. Nevertheless, the obtained constraints
onmisalignment of the pulsar spin with the orbital angular momentum
represent strong support for the hypothesis of neutron star preces-
sioninthe system. This information can only be obtained by means of
polarimetric observations now also accessible in the X-ray band. Our
results illustrate the power of X-ray polarimetry for studies of accret-
ing neutron stars, and offer a new perspective on these long-known,
yet still mysterious, objects.

Methods

Analysis of IXPE data

IXPE includes three co-aligned X-ray telescopes, each com-
prising an X-ray mirror assembly (provided by NASA) and
linear-polarization-sensitive pixelated gas pixel detectors (provided
by the ASI) to provide imaging polarimetry over a nominal 2-8 keV
band. Complete descriptions of the hardware and its performance
aregiveninrefs. > The gas pixel detectors are, in essence, pixelated
proportional counters, which allow ustorecover the direction for each
primary photoelectron ejected following the interaction of anincident
photonwith the detector medium. Thisdirection and the track length
carry information about the direction of electromagnetic field oscil-
lation associated with each individual photon, and thus can be used
torecover polarization properties (thatis, the Stokes parameters) for
an astrophysical source through analysis of the distribution of track
directions for all photons from the source. The amplitude of variation
of the track angles for a 100% polarized source is described by the
energy-dependent modulation factor. The values and energy depend-
ence of the modulation factor were calibrated both onthe ground and
continuously monitored in space, and they were taken into account
when modelling the polarization as described below.

IXPE datatelemetered to the ground stations in Malindi (primary)
and Singapore (secondary) are transmitted to the Mission Operations
Centeratthe Laboratory for Atmospheric and Space Physics (University
of Colorado) and then to the Science Operations Center at the NASA
Marshall Space Flight Center. Using software developed jointly by
NASA and the ASI, the Science Operations Center processes science and

relevant engineering and ancillary data to produce the data products
that are archived at the High-Energy Astrophysics Science Archive
Research Center (HEASARC) at the NASA Goddard Space Flight Center
for use by the international astrophysics community. IXPE data are
distributed inalower-level format (L1), in which relevantinformation
abouteventtracks are reported, and alsoin a higher-level format (L2),
inwhich several corrections have been applied and only the main prop-
erties ofthereconstructed events are reported. In particular, inthe L2
formatthe photonenergyis obtained after corrections for temperature
and gain effects. Further corrections for the gain effects are applied
using the data from the onboard calibration sources acquired during
the observation. The imaginginformationinL2is obtained fromtheL1
dataafter correcting for dithering of the spacecraft pointing and orbital
thermally induced motion of the boom that separates the optics from
thedetectors. The L2 datawere then screened and processed using the
HEASOFT version 6.30 software and current calibration files available
from https://heasarc.gsfc.nasa.gov.

Thedatareduction consists of the following main steps. The track
images are first processed to separate the signal from electronic noise
and then a custom algorithm is applied to derive the characteristics
of the event (that is, the direction of the photoelectron emission, the
energy, the arrivaltime and the direction of theincoming photon). The
subsequent steps calibrate both the energy and the response to polari-
zation, and filter events flagged as not suitable for further analysis and
time intervals in which the source was occulted by the Earth or there
were pointinginaccuracies, and so on.

Afterinitial processing, various selection criteriamay be imposed
for detected photons. These caninclude the energy (tostudy the energy
dependence of the polarization properties), the arrival time, the pulse
or orbital phase, or the position on the detector (to study the spatial
dependence of the polarization properties in extended sources or
to discriminate between source and background photons for point
sources). On the selected event ensemble, the last step is to normal-
ize the measured response to polarization by the modulation factor.

Analysis of polarization is carried out with two different
approaches. The first, based on the unbinned formalism presented
inref. *°, is implemented in the IXPE collaboration software suite
IXPEOBSSIM version 28.4.0 (ref. *'). The other method relies on the
procedure presented in ref. ®, and is based on the generation of the
Stokes spectra, which are then fitted with standard spectral-fitting
software, such as XSPEC** (here version 12.12.1is used). The proper
instrument response functions are provided by the IXPE team as a
part of the IXPE calibration database released on 14 March 2022 and
available at HEASARC archive (https://heasarc.gsfc.nasa.gov). All
values reported below are based on the spectropolarimetric fits of
the Stokes spectra unless otherwise stated. The uncertainties were
estimated using a Markov chain Monte Carlo method for respective
parameter from spectropolarimetric fits.

Pulse-phase-averaged analysis. As a first step, we investigated the
time-averaged polarization from the pulsar. The Stokes parameters
were obtained from the L1 data using the unbinned approach of ref. *°
and the spurious modulation was removed following the approach
of ref. *’. The Stokes parameters in the L2 data were distributed with
weights obtained following the procedure from ref. **, which can be
used to performaweighted analysisimproving the sensitivity for faint
sources. Considering the low background level and the high number
of source counts in the case of Her X-1, we did not use the weighted
approachfor thefinal results reported. However, we did performboth
weighted and unweighted analyses and found compatible results.
Thesource and background photons were extracted fromcircular
(radius of 1.6’) and annular (with inner and outer radii of 2.5’ and 5/,
respectively) regions centred on the source. The extraction radiiwere
chosentoselect the source with a proper margin; the background was
later removed by subtracting its Stokes parameters, rescaled for the
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appropriate extraction area, from those of the source. The average
values of the Stokes parameters, and corresponding PD and polariza-
tion angle PA, were then estimated in a single 2-7 keV energy band
and in four sub-bins covering the same energy range. Note that we
conservatively ignored energies in the 7-8 keV energy range to avoid
potential systematic effects associated with the remaining energy scale
uncertainties (which canbe expected to have largest effect around the
energies where effective area drops abruptly; that is, around 8 keV)
and uncertainties in the alignment of the optical axis at this stage
of the mission, which affected the vignetting correction (which is
againstrongest at the highest energies). We emphasize, however, that
these effects mostly affected spectral analysis (that is, the best-fitting
parameters of the spectral model) and the polarimetric results were
not affected.

Inaddition to the binned analysis, we also conducted spectropo-
larimetric modelling of the same dataset. In particular, the Stokes
spectra were extracted for each detector unit and modelled simul-
taneously using absorbed NTHCOMP model® for intensity spectra
in combination with either the POLCONST or POLPOW polarimetric
models. The NTHCOMP model describes a Comptonized spectrum
from seed blackbody photons of a characteristic temperature Ty, comp
(defining the low energy rollover) by electrons with temperature
T, comp (defining the high energy rollover). Instead of the Thomson
optical depth, this model is parameterized by the power law index
I omp, because the Comptonized spectrum for non-relativistic electron
temperaturesis well described by a power law between the photon seed
energies and the cutoff energy related to the electron temperature.
This model is often used to describe the spectra of X-ray pulsars. The
model normalizationat1keV, A, and cross-normalization constants
defining relative normalization of IXPE detector units two and three
relative to the first unit, Cpy, and Cpy;, Were also considered as
free parameters.

We emphasize that NTHCOMP is a purely phenomenological
model and physical interpretation of the best-fitting values is not
trivial, asthemodelis not actually designed to describe the spectra of
X-ray pulsars. The spectrum of Her X-1 is known to be more complex
than that given by this model (for example, there is a blackbody-like
component with k7= 0.1-0.3 keV and a cyclotron absorption line),
but within the IXPE band the spectrum is well described by this sim-
plified model. In fact, the phase-averaged spectrum can even be
approximated with a single power law, but this does not apply to all
phase bins, hence our choice of the next simplest model. We verified,
however, that the choice of the intensity continuum model did not
affect any of the polarimetric measurements (as is also justified by
the agreement between the binned analysis and the results of the
spectropolarimetric analysis.

It is worth noting that at the time of the Her X-1 observation, the
IXPE telescope axes were slightly offset with respect to the pointing
direction, and that there were uncertaintiesinmodelling of the boom
motion during the observation. This caused an additional vignetting
with animpact onthe effective area calibration, and then on the spec-
tralanalysis. However, this had noimpact onthe measured dependence
ofthe polarization on energy because the polarization was estimated
after normalization of the Stokes parameters U and Q to the source
flux, which cancels out the systematics related to the effective area.
This was also confirmed by the analysis presented in Fig. 1, Extended
Data Fig. 1and Supplementary Table 1. We highlight here the good
agreementbetween theindividual detectors and the twoindependent
modelling approaches.

The polarization properties seemto be only weakly dependent on
energy, althoughthereisanindicationof increaseinthe PD withenergy.
Although there seems to be a systematic increase in the PD towards
higher energies, and the value of the Pearson correlation coefficient
between the PD and energy of -0.86 suggests a moderate degree of
correlation, the values in individual bins (except the first one) are

consistent with the average value, asillustrated in Fig. 2. An alternative
approach to assess the significance of such an energy dependence is
to compare theresults of the spectropolarimetric fits for models when
polarizationisassumed constantto those whereitisenergy-dependent,
which are summarized in Supplementary Table 1. The model where
constant polarization was assumed yielded slightly worse fit statistics,
but a lower Bayesian information criterion score*®, which makes it
statistically preferred. A similar conclusion can be drawn on the basis
of the estimated significance of the deviation of the power law index,
characterizing the PD dependence on energy PD(E) « E~'*, from zero,
whichis estimated at/,, =-0.46 + 0.20. It deviates from zeroata con-
fidencelevel of only ~98%; that s, at ~20. The power law index character-
izingthe dependence of the PAis estimated as [, = 0.04 + 0.10, which
is consistent with zero. We conclude, therefore, that thereis no strong
dependence of the polarization properties on energy, although there
is anindication that the PD might actually increase with energy.

Pulse-phase and time-resolved analysis. To investigate the polariza-
tion properties as a function of the spin phase, we obtained a timing
solution for the pulsar. As a first step, the arrival times of all events
were corrected to the Solar System barycentre reference frame using
thebarycorrtask, and then corrected for the effects of motion within
a binary system using ephemerides by ref. . A Lomb-Scargle*®*’
periodogram was then constructed to estimate the approximate value
of the spin period and to obtain a template pulse profile, which
was used to estimate the residual phase delays and the pulse arrival
times for observation segments by cross-correlation with the template
(we considered continuous segments separated by gaps of at least 1 ks
as independent). The obtained pulse arrival times ¢, were then used
to obtain the final estimate of the spin period p,,;,, =1.2377093(2) s
using the phase connection technique. We found that the observed
arrival times were fully consistent with a constant period; that is,
t,=t,+nxpg,,asillustrated in Supplementary Fig. 1. It is important
to emphasize that no appreciable evolution of the pulse profile shape
occurred during the observation, as illustrated in Supplementary
Fig.1and expected onthebasis of previous observations of the source
at a similar phase of the precession cycle®. This allowed us to use
all of the available data and achieve a sufficient sensitivity in the
individual phase bins. The observed pulsed fraction in the 2-7 keV
band, defined through the maximum and minimum fluxes as
f= (Fmax = Fmin)/(Fmax + Fmin) is ~55%.

Onthebasis of the available counting statistics and known instru-
ment sensitivity, seven phase bins were then defined (as showninFig. 3).
The Stokes spectra (//Q/U), and binned polarization cubes, were then
extracted individually for each of the phase bins using IXPEOBSSIM*.,
Thebackground was assumed to be constant for all bins (whichisjusti-
fied as minor variations of the background rate during the observations
were averaged out when folded with the spin period of the source). We
therefore used Stokes spectra extracted for the entire observation as
abackground estimate in the phase-resolved analysis (after account-
ing for differences in the exposure). The extracted spectra were then
modelled with the same model as the pulse-phase-averaged spectra
to derive the PD and PA using the polconst model. The final values
and uncertainties were estimated on the basis of Markov chain Monte
Carlo chains produced using the chain command in XSPEC and are
reported in Supplementary Table 2. We verified the consistency of
the spectropolarimetric and binned analysis results for all bins and
found nostatistically significant differencesin the phase dependence
ofthePD and PA, therefore only the results of the spectropolarimetric
analysis are reported.

The same procedure was used to investigate the time dependence
of the polarization properties over the observation. The full dataset
wassplitinto sevenintervals separated by large gaps defined either by
the instrumental good time intervals or by the eclipses of the source.
Foreachinterval, the Stokes spectra (//Q/U) were extracted and jointly

Nature Astronomy | Volume 6 | December 2022 |1433-1443

1439


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-022-01799-5

modelled using NTHCOMP and POLCONST models to estimate the
PD and PA values. The value of the power law index in the NTHCOMP
model was considered as a free parameter to accommodate possible
minor changes in the spectral shape over the observation. The final
values and uncertainties were estimated on the basis of Markov chain
Monte Carlo chains produced using the chain command in XSPEC and
arereported in Supplementary Table 3. Again, we verified the consist-
ency of the spectropolarimetric and the binned analysis results for all
bins and found no significant differences in the phase dependence of
the PD and PA, therefore again only results of the spectropolarimetric
analysis are reported.

Modelling polarization from a heated neutron star
atmosphere

Polarization from a strongly magnetized accreting neutron star is
largely defined by the structure of the emission region, which is not
known. Earlier estimates for Her X-1° were based on the accretion col-
umn model*, which seems to be consistent with the observed broad-
band spectrum. The observed polarization, however, is substantially
lower (-5-15%) than the predicted polarization (60-80%), requiring
modifications to the models. There are several mechanisms that may
depolarize radiation as it leaves the accretion column and travels
through the magnetosphere. For instance, the depolarization can be
caused by radiation from the accretion column passing through the
so-called vacuum resonance, where the contributions of plasma and
magnetized vacuum to the dielectric tensor cancel each other outand
fast transformation of the normal modes of radiation occurs'*%. If the
place where the final scattering of radiation takes place (that is, the
photosphere) also lies in this region, we expect substantial Faraday
depolarization, reducing the PD without changing the spectral energy
distribution or the pulse profile. Furthermore, as the radiation travels
from the column through the magnetosphere, it will generally pass
through aregion where the direction of propagationis nearly parallel
to the magnetic field lines. Depending on the geometry of the emis-
sion region and the photon energy, this can also result in substantial
depolarization®.

On the other hand, itis unclear whether an accretion columnis
present at all in Her X-1. Although the observed luminosity is close
to the critical value®, the source demonstrates a positive corre-
lation of the cyclotron line energy with luminosity>’. This implies
that the accreting pulsar is in a sub-critical state where the energy
of the infalling matter is dissipated at the neutron star surface but
not in a radiation-dominated shock above it. In such a situation,
fastions of the accretion flow heat the neutron star atmosphere,
and the thermal photons emerging from this heated atmosphere
backscatter on the infalling electrons of the accretion flow with a
corresponding energy gain (bulk Comptonization), and these back-
scattered photonsalso heat the upper atmosphere. If the local mass
accretion rate is close to the critical value, almost all the emergent
photons will be backscattered and, as a result, radiation escapes
primarily along the tangential direction to the neutron star surface,
forming a ‘fan’-like angular distribution of the escaping radiation
that helps to explain the observed high pulsed fraction. Anaccurate
self-consistent numerical model describing the processes above is
yetto be developed. Here we consider atoy model of the overheated
magnetized model atmosphere to demonstrate how the observed
low polarization can be produced. Such models have been used for
interpretation of accreting neutron stars®*", although itisimportant
to emphasize that the broadband spectrum of Her X-1is not well
described by any of these models alone.

In this simplified picture, the key process that is responsible for
low polarizationisamode conversion at the vacuum resonance. For a
given photon energy and magnetic field strength, the vacuum reso-
nance occursat a plasmadensity'® of py ~ 10-4(B/IOIZG)ZE§ev gcm—3 At
that density, the contribution of the virtual electron-positron pairsto

the dielectric tensor becomes equal to the plasma contribution, and
the O and X modes of radiation can convert to each other. Here we
consider theradiationtransferin magnetized plasmainthe approxima-
tion of these two modes, instead of the full description in terms of
Stokes parameters. We found that the modes become close to each
otheratagiven photonenergyinthe emergent spectrumifthe vacuum
resonance is located in the transition atmospheric layer with astrong
temperature gradient from the upper overheated layer of a tempera-
ture afewtens of kiloelectronvolts to the lower layer of the atmosphere
where the temperatureis about 1-2 keV.

We illustrate this statement with a toy model of the transition
region between two atmospheric parts (Supplementary Fig. 2a). We
assumed asurface magnetic field strength B =4 x 102 G, temperature
of the overheated layers T,,=3.1x10°K, and temperature of the bot-
tom cold atmosphere T, =1.5 x 107 K. We considered three different
transition depths of m,, = 0.3, 3 and 30 g cm™ The corresponding
gas pressure was determined by the product of the column density
of plasma m and the surface gravity g, P,,, =gm, computed using the
neutron star mass M = 1.4 solar masses and radius R =12 km. For the
temperature structure, we adopted the dependence

_ Tup - 7-Iow
~ expl6(m/my, — 1] +1

T(m) + Tiow- ®

Wessolved the radiation transfer equation for the two modes using
the magnetic opacities and the mode conversion as described inref. >,
withno external radiation flux asthe upper boundary conditionand the
Planck function for theintensity as the lower boundary condition®. The
polarization fraction of the emergent fluxin the observed energy band
withand without mode conversion is shown in Supplementary Fig. 2b.
The model with the transition depth m,, =3 g cm™demonstrated alow
polarization, whichis explained by the mode conversion at the transi-
tion region with the strong temperature gradient (Supplementary
Fig.3). We note that models with either thinner or thicker overheated
layers yielded a higher polarization degree (thatis, alarger fraction of
total flux is in one of the modes); however, the dominant modes were
differentinthese cases (Supplementary Fig.2b). If the thickness of the
upper layer waslow, m,, = 0.3 g cm™, the vacuum resonance occurred
inthecold, inner part of the atmosphere with strong mode conversion.
Asaresult, the O mode dominated. On the other hand, the mode con-
version was inefficient if the vacuum resonance occurred within the
overheated layer withm,, =30 g cm™, so the X mode dominated. Note
thatadepth of the transition layer of m,,, = 3 g cmseems to be natural
asitcorrespondstothe optical depth of around unity, where free-free
cooling becomes inefficient while Compton cooling becomes impor-
tant. Theradiation escaping the atmosphere canbe dominated by the
O or X modes, depending on the exact value of m,, and the detailed
temperature structure. The polarization mode can also depend on
the angle between the surface normal and the direction of photon
propagation. At energies a factor of 10 below the electron cyclotron
energy, the vacuum polarization dominates at the outer overheated
layer. As a result, both modes are nearly linearly polarized at zenith
angles larger than -6° and therefore over a broad angle range the PD
canbe computed as the ratio of the difference in the intensities of the
two modes to their sum®®. As anillustration, we show in Supplementary
Fig. 2c the PD as observed at different zenith angles for m,, =3 gcm™.
We see thatat very small and very large inclinations the PD is negative
(thatis, the Xmode dominates), whereas atintermediate angles the PD
is positive (thatis, the O mode dominates). Thisindicates that mixing of
radiation observed from different emissionregions (that s, seen at dif-
ferent zenith angles) can lead to depolarization. We cannot confidently
state that the suggested processis responsible for the low polarization
of the observed radiation from Her X-1, but it could be important for
afinal accurate model and for interpretation of the low polarization
signal from other X-ray sources, such as magnetars.
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Data availability

IXPE data and analysis tools are publicly available from the HEASARC
dataarchive (https://heasarc.gsfc.nasa.gov). Optical polarimetry data
used in the paper are published inref. %.
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Extended Data Fig.1| Observed Stokes spectra of Her X-1. The top row shows spectra of the three Stokes parameters /, Q, and U, while the bottom row shows the
residuals to the best-fitting model NTHCOMP for intensity and polconst for Q and U). The results for the three detector units are colour-coded, the black points in the
first panel show the estimated background level for each detector.
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Extended DataFig. 2| Probability distribution function for the misalignment
angle. The distribution normalized to the peak value is shown for the misalignment
angle between the pulsar and the orbital angular momenta. The red hatched

region corresponds to the 68% confidence interval (that is between 16th and

84th percentiles of the posterior probability distribution). Four panels correspond
to four different cases for the choice of x,,: (A)x, = X, - = 56.9°£1.6°; (B)x, = X, +180°;
(©OXp =X +90% (D)X, = X,,- ~90°.Here we take Yo, = Xors, = 28.9°%5.9°.
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