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28RIKEN Cluster for Pioneering Research, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan56

29California Institute of Technology, Pasadena, CA 91125, USA57

30Yamagata University,1-4-12 Kojirakawa-machi, Yamagata-shi 990-8560, Japan58

31Osaka University, 1-1 Yamadaoka, Suita, Osaka 565-0871, Japan59

32Department of Physics, Faculty of Science and Engineering, Chuo University, 1-13-27 Kasuga, Bunkyo-ku, Tokyo60

112-8551, Japan61

33Institute for Astrophysical Research, Boston University, 725 Commonwealth Avenue, Boston, MA 02215, USA62

34Department of Astrophysics, St. Petersburg State University, Universitetsky pr. 28, Petrodvoretz, 198504 St.63

Petersburg, Russia64

35Physics Department and McDonnell Center for the Space Sciences, Washington University in St. Louis, St. Louis,65

2/40



MO 63130, USA66

36Finnish Centre for Astronomy with ESO, 20014 University of Turku, Finland67
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Using observations of X-ray pulsar Her X-1 by the Imaging X-ray Polarimetry Explorer, we

report on a highly significant detection of the polarization signal from an accreting neutron star.

The observed degree of the linear polarization of ∼ 10% is found to be far below theoretical

expectations for this object , and stays low throughout the spin cycle of the pulsar. Both the

polarization degree and the angle exhibit variability with pulse phase, which allowed us to

measure the pulsar spin position angle and magnetic obliquity of the neutron star, which is an

essential step towards detailed modeling 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, which is a strong

argument in support of the models explaining stability of the observed super-orbital variability

with the precession of the neutron star.

91

X-ray pulsars are strongly magnetized neutron stars powered by accretion from a donor star in binary92

systems. The strong magnetic field funnels the accreting material to the polar caps of the compact object93

where the energy is released producing the observed pulsed emission as the neutron star rotates. Her X-194

is the second X-ray pulsar ever discovered1, one of the few persistent accretion powered pulsars in the sky,95

and is arguably the most studied object of its type. Her X-1/HZ Her is an intermediate mass X-ray binary96

at a distance of ∼ 7 kpc2 consisting of a persistently accreting neutron star with the spin period of ∼ 1.24 s97

and a B3, ∼ 2.2 solar mass donor star eclipsing the X-ray source every ∼ 1.7 d as they orbit each other in a98

nearly circular orbit1, 3. The neutron star has strong magnetic field of 4.5×1012 G, and Her X-1 is actually99

the first neutron star where the field was measured directly through the detection of a cyclotron resonance100

scattering feature in the X-ray spectrum4. Besides the spin and orbital variations, also surprisingly stable101

∼ 35 d super-orbital variability is observed in this system5. Flux variability is thought to be related to102

obscuration of the compact object by the precessing warped accretion disk at certain precession phases,103

and is accompanied by regular changes of the pulse profiles. The latter fact motivated a hypothesis that104

a precession of the accretion disk might be clocked by the neutron star precession via some feedback105

mechanism6–8.106

The X-ray radiation from Her X-1 was anticipated to be strongly polarized with up to 60-80%107
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Figure 1. Overview and evolution of polarization properties of Her X-1 over the observation. (A)
Source (green) and background (white) extraction regions on top of a broadband (2–7 keV) image of
Her X-1 observed by IXPE (all three detectors combined). (B) Evolution of the observed flux from Her
X-1 (brown curve), polarization degree (PD, black triangles, left axis) and polarization angle (PA, red
circles, right axis) with time (numerical values are listed in Extended Data Table 3). The turn-on time
MJD 59628.5 is estimated from the IXPE data and the super-orbital period of 34.85 d is assumed (the
corresponding phase is marked at the top axis). The vertical blue stripes show eclipses by the companion
star (eclipses and pre-eclipse dips are excluded from the analysis). The error bars correspond to the 68%
confidence level.

polarization degree (PD) expected in some models9, so it was chosen as one of the first targets for108

the Imaging X-ray Polarimetry Explorer (IXPE), a NASA mission in partnership with the Italian space109

agency (ASI) equipped with detectors sensitive to linear polarization of the X-rays in the nominal 2–8110

keV band. Here we report on the results of these observations and on the first measurement of the linear111

polarization from an accreting neutron star. We also discuss how polarimetry can be used to constrain the112

basic geometry of the pulsar and test the hypothesis of free precession of the neutron star in this binary113

system, as well as the challenges it poses for X-ray pulsar emission models.114

The source was observed by IXPE on 2022 February 17–24, at the beginning of the 35 d precession115

cycle, the so-called “main-on” state, as illustrated in Fig. 1. The observation started while the pulsar was116

still obscured by the outer edge of the warped and tilted accretion disk10, 11 and continued throughout the117

first part of the main-on state where the neutron star emerges from behind the accretion disk and becomes118

visible directly12. IXPE had, therefore, a direct and clear view of the neutron star through most of the119
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observation except for brief periods when the pulsar was eclipsed by the donor star, and the so-called120

“pre-eclipse” dips, associated with obscuration by the outer disk regions disturbed by the interaction with121

the accretion stream from the donor star13 or by the gas stream itself14. The data taken during the eclipses122

of the pulsar and during periods of strong absorption were excluded from the analysis. This resulted in a123

total effective exposure time of ∼ 150 ks suitable for polarimetric and spectro-polarimetric analysis based124

on the formalism outlined by15 and16 and standard for all IXPE observations up to now, which is described125

in detail in Methods.126

Results127

We started the analysis by looking at the phase-averaged polarization of the emission from Her X-1, using128

all photons collected throughout the observation in the broad 2–7 keV energy band, ignoring the 7–8 keV129

band due a higher background and remaining calibration uncertainties. We detect a highly significant and130

well constrained polarization signal, with a polarization degree (PD) of 8.6±0.5% and polarization angle131

(PA, measured from north to east) of 62◦±2◦ (all uncertainties are quoted at 1σ confidence level unless132

stated otherwise). The measured PD is significantly lower than the predicted 60–80% for the source9,133

which opens the way for new theoretical investigations as we discuss below. We emphasize that the134

unexpectedly low polarization is clearly intrinsic to the radiation emerging from the pulsar, and cannot be135

explained with the signal being de-polarized on its way from the pulsar to the observer, e.g., by scattering136

in the accretion flow or accretion disk atmosphere. Indeed, as already mentioned, the source is expected to137

be observed directly throughout most of the observation, and moreover, the PD appears to be minimal at138

the peak of the main-on where the flux is maximal and thus the amount of scattering material minimal139

as illustrated in Fig. 1. As the next step, we investigated the dependence of the polarization properties140

on photon energy. We find that both the PD and PA appear to be energy independent (see Fig. 2), with141

only an indication at ∼ 2σ confidence level (see Methods) for the PD increasing towards higher energies.142

We continue, therefore, discussing only the energy-averaged polarization properties within the relatively143

narrow energy band covered by IXPE.144

Pulsar geometry can only be constrained through analysis of the pulse-phase dependence of the polar-145

ization properties and we do indeed observe strong and highly significant variations of the polarization146
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Figure 2. Energy dependence of the polarization in Her X-1. (A) Pulse-phase averaged PD and (B)
PA as a function of photon energy estimated using the formalism of ref.15 are shown with the black
circles. The y-axis error bars correspond to 1σ , while the x-axis error bars reflect the width of the energy
bins used for binned analysis. The blue line shows the estimated minimal detectable polarization at the
99% confidence level for each bin. The shaded regions corresponds to 1σ confidence interval for
spectro-polarimetric analysis with the polpow model. The dashed horizontal lines indicate average
values of the PD and PA over the full energy band.
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properties with the spin phase, as illustrated in Fig. 3. We note that the PD remains well below expectations147

for all pulse phases, never exceeding ∼ 15%, i.e. not dramatically higher than the phase-averaged value.148

The phase dependence of the observed PD is rather complex whereas PA shows simpler, roughly sinusoidal149

dependence. The observed spin-phase dependence of the PA can be interpreted within the basic assump-150

tions of X-ray pulsar modeling. In fact, photons coming from different parts of the emission region are151

expected to substantially align with the magnetic field as they propagate in the highly-magnetized plasma152

surrounding the X-ray pulsar. Vacuum birefringence causes the polarized radiation in the magnetosphere153

to propagate in the normal, ordinary (O) and extraordinary (X), modes which represent oscillations of the154

electric field parallel and perpendicular to the plane formed by the local magnetic field and the photon155

momentum17, 18, and propagation in the normal modes continues within the so-called polarization limiting156

radius19. This radius is estimated to be about thirty stellar radii for typical X-ray pulsars20, and at such157

distances, the field is expected to be dominated by the dipole component. The polarization measured at158

the telescope is expected, therefore, to be either parallel or perpendicular to the instantaneous projection159

of the magnetic dipole axis of the star onto the plane of the sky. In this scenario the variation of the PA160

with phase is a purely geometrical effect and therefore it is not related at all to changes of the PD or flux.161

Based on these considerations, we can constrain the pulsar geometry by modeling the pulse-phase162

dependence of the PA with the rotating vector model (RVM)22. Assuming that the PA coincides with163

the position angle of the projection of the magnetic dipole in the sky (i.e. polarized in the O-mode) and164

making no assumptions on pulsar inclination, we find good constraints on the magnetic obliquity (i.e.165

co-latitude of the magnetic pole), θ = 12.◦5±5.◦7, and the position angle (also measured from north to166

east, see Fig. 4) of the pulsar’s angular momentum on the sky, χp = 56.◦9±1.◦6 (or oppositely directed167

χp =−123.◦1±1.◦6 because only the orientation of the polarization plane can be measured, see Methods).168

If radiation escaping from the surface is polarized perpendicular to the magnetic field (i.e. in the X-mode),169

then the pulsar spin position angle is 146.◦9±1.◦6 or −33.◦1±1.◦6.170

We emphasize that the value for θ is in excellent agreement with the indirect estimates obtained from171

the modeling of the observed pulse profile shape21. This both lends support to our assumption that the PA172

at least approximately follows the RVM model and lends some credibility to the aforementioned modeling173

of the pulse profile shapes. It is important to emphasize that all previous estimates of the magnetic174
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Figure 3. Pulse-phase dependence of the polarization properties in Her X-1. (A) Observed pulse
profile in the 2–7 keV energy range (counts per 1/128 phase interval) and its decomposition into
single-pole pulse profiles labeled as C1 and C221. (B) PD and (C) PA estimated from the
spectro-polarimetric fit are shown as a function of pulse phase with black circles. The violet line in panel
(B) shows relative contributions of the main pole (C1 component, which dominates the main peak) to the
total flux, and the red line in panel (C) shows the best-fit approximation for the PA with the rotating vector
model. (D) Normalized Stokes parameters Q/I and U/I are shown for each phase bin with brown ellipses
representing 1σ confidence regions for Stokes parameters (numbers indicate bin number in panels A and
B from left to right). The black circle shows the Stokes parameters for the pulse-phase averaged analysis
based on the spectro-polarimetric fit. The results for the unbinned analysis15 for individual detector units
and combining the three detectors are shown with colored error bars. The error bars correspond to the
68% confidence level.
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co-latitude were based on indirect arguments whereas our measurement is direct, and the position angle of175

the pulsar’s rotation axis on the sky is measured for the first time. On the other hand, X-ray polarimetry176

alone does not allow us to obtain meaningful constraints on the pulsar inclination (see Methods),177

although our measurement is still fully consistent with the independent estimates of the binary orbit178

inclination23.179

Considering that free precession of the neutron star has been previously suggested to explain stability180

of the 35 d precession cycle6–8, 24, it is, however, still interesting to test whether spin axis of the pulsar and181

orbital angular momentum are aligned. This can be done despite the fact that inclination of the pulsar with182

respect to the line of sight is poorly constrained by X-ray polarimetry alone if orientation of the orbital183

plane on the sky is known. Such constraints can be obtained from the optical polarimetric observations184

of Her X-1 over its orbital period25 and assuming that optical polarization results from scattering by185

an optically thin material corotating with the system as seen by eRosita26. Under this assumption,186

we estimate the position angle of the orbital angular momentum, χorb = 28.◦9±5.◦9 as described in the187

Methods. This differs from the position angle of the pulsar spin by ∼30◦ (or ∼150◦) for the case of188

O-mode polarization and by ∼120◦ or ∼60◦ for the X-mode (see Methods). This indicates that the spin189

axis of the neutron star during the observation is inclined with respect to the orbital spin by at least 20◦190

and possibly by as much as ∼160◦ (Extended Data Figure 4). We note that low angular momentum of the191

neutron star implies that accretion torques are expected to align its spin with the orbital angular momentum192

on a relatively short timescale27, 28, so naively one could expect spin of the pulsar and orbital angular193

momentum to be aligned. This is, however, apparently not the case.194

Discussion195

Meaningful interpretation of the observed variations of the PD with pulse phase is only if the spectra, the196

pulse profiles and, now, the observed polarization properties of X-ray pulsars are consistently explained.197

The observed low degree of polarization in Her X-1 came as a surprise and is inconsistent with predictions,198

and therefore, can not be interpreted in framework of existing models. One could think, however, of199

several potential scenarios explaining observed low PD. For instance, radiative transfer in the magnetized200

plasma within the emission region with specific temperature structure of the neutron star atmosphere can201
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the angle between Ω̂p and Ω̂orb. The magnetic obliquity θ is the angle between magnetic dipole and
the rotational axis.
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be responsible for observed low PD (see Methods). Propagation of the initially polarized X-rays through202

the magnetosphere can also result in de-polarization due to QED effects29. In either scenario, averaging203

over wider pulse phase intervals or over energy can be expected to reduce the observed PD. Finally, we204

likely observe emission from both poles of the neutron star combined at least at some pulse phases21. Each205

of the poles could have different polarization properties since both are observed from different angles at a206

given pulse phase, and, therefore, mixing the two can reduce the observed PD (Extended Data Figure 5C).207

Indeed, modeling of the evolution of the complex observed pulse profile shape over the 35-d cycle8
208

suggests multiple emission regions likely related to non-dipolar structure of magnetic field close209

to the neutron star surface8, 30. We note that there is indeed certain connection between the observed210

variations and estimated relative contribution of the pole dominating the main peak of the pulse21, as211

illustrated in Fig. 3B. This might suggest that mixing of the emission from different poles might be at least212

partly responsible for the observed low PD, and it also suggests that the decomposition of the observed213

pulse profile to single pole components obtained by21 is probably not far from reality. The PD remains,214

however, low even during the peak where emission is dominated by a single pole. The contribution215

of the two poles is thus not the only reason for the observed low PD, and probably a combination of216

several mechanisms is at work. In general, it is clear that a full interpretation of the observed polarization217

properties of Her X-1 (and other X-ray pulsars) and a full assessment on the scenarios outlined above,218

requires a deeper understanding of the accretion physics and the emission mechanisms in these objects.219

This includes the pulse shape, the broad-band energy spectrum and its variations with spin and precession220

phase, the periodic and secular variations in its cyclotron absorption feature and, of course, polarization221

properties. Up to now there is no theoretical model explaining all these observables, and particularly222

polarization. The observed low PD, therefore, already puts strong constraints on the possible emission223

mechanisms at play in accretion-powered pulsars, and constitutes a valuable input for theoretical modeling224

of emission from accreting magnetized neutron stars.225

The polarimetric observations reported in this work also provide previously unavailable information226

on the geometry of the source, in particular, basic information on orientation of the pulsar geometry227

including magnetic co-latitude and orientation with respect to observer and to the orbit of the binary228

system. In particular, we find evidence of a misalignment between the spin axis of the pulsar and the229
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orbital angular momentum. The reason for the observed misalignment is unclear, but it could be associated,230

for instance, with extra torques imposed on the neutron star by the warped accretion disk or free precession231

of the neutron star8. In particular in the latter case, the interaction of the inner disk regions with232

magnetosphere of a precessing neutron star can greatly diminish or stop altogether secular spin-233

orbital alignment8. We note that expected alignment was one of the key arguments27 against free234

precession model, and IXPE results invalidate it. It is clear that for a precessing neutron star235

one can anticipate evolution of the pulsar spin position angle with the phase of the 35 d cycle. Current236

observations only cover a small fraction of it, but a hint of variability is indeed observed as illustrated237

in Fig. 1. Deeper observations covering a larger fraction of the cycle would be, however, required to238

characterize this variability quantitatively and unambiguously prove the hypothesis of the neutron star239

precession in this system. Furthermore, new high-precision optical polarimetric observations covering240

different phases of the super-orbital cycle would be useful to confirm the orbital orientation. Nevertheless,241

the obtained constraints on misalignment of the pulsar spin with the orbital angular momentum242

already represent a strong argument supporting the hypothesis of neutron star precession in the243

system. This information can only be obtained by means of polarimetric observations now accessible also244

in the X-ray band. Our results illustrate the power of X-ray polarimetry for studies of accreting neutron245

stars, and open a new perspective on these long-known, yet still mysterious objects.246
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Methods422

Analysis of IXPE data423

IXPE includes three co-aligned X-ray telescopes, each comprising an X-ray mirror assembly (NASA-424

furnished), and linear polarization-sensitive pixelated Gas Pixel Detectors (GPDs, ASI-furnished) to425

provide imaging polarimetry over a nominal 2–8 keV band. A complete description of the hardware and426

its performance is given in31–33. The GPDs are, in essence, pixelated proportional counters, which allow427

to recover the direction for each primary photo-electron ejected upon the interaction of an incident photon428

with the detector medium. This direction and the track length carry information about the direction of429

electromagnetic field oscillation associated with each individual photon, and thus could be used to recover430

polarization properties (i.e. the Stokes parameters) for an astrophysical source through analysis of the431

distribution of track directions for all photons from the source. The amplitude of variation of the track432

angles for a 100% polarized source is described by the energy-dependent modulation factor. The values433

and the energy dependence of the modulation factor were calibrated both on ground and continuously434

monitored in space, and they are taken into account when modeling the polarization as described below.435

IXPE data telemetered to the ground stations in Malindi (primary) and in Singapore (secondary)436

are transmitted to the Mission Operations Center (MOC) at the Laboratory for Atmospheric and Space437

Physics (University of Colorado) and then to the Science Operations Center (SOC) at the NASA Marshall438

Space Flight Center. Using the software developed jointly by the NASA and the ASI, the SOC processes439

science and relevant engineering and ancillary data, to produce the data products that are archived at the440

High-Energy Astrophysics Science Archive Research Center (HEASARC) at the NASA Goddard Space441

Flight Center, for use by the international astrophysics community. IXPE data are distributed in a lower442

level format (L1), where relevant information about event tracks are reported, and also in a higher level443

format (L2), where several corrections have been applied and only the main properties of the reconstructed444

events are reported. In particular, in the L2 the photon energy is obtained after corrections for temperature445

and gain effects. Further corrections for the gain effects are applied using the data from the on-board446

calibration sources acquired during the observation. The imaging information in L2 is obtained from the447

L1 after correcting for dithering of the spacecraft pointing and orbital thermally-induced motion of the448
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boom that separates the optics from the detectors. The L2 data were then screened and processed using449

the current version of the HEASOFT software and calibration files.450

The data reduction consists of the following main steps. The track images are first processed to separate451

the signal from electronic noise and then a custom algorithm is applied to derive the characteristics of the452

event, that are, the direction of the photoelectron emission, the energy, the arrival time and the direction of453

the incoming photon. The subsequent steps are to calibrate both the energy and the response to polarization,454

and to filter bad events and time intervals in which the source was occulted by the Earth or there were455

pointing inaccuracies, etc.456

After initial processing, various selection criteria may be imposed for detected photons. Those can457

include the energy (to study energy dependence of the polarization properties), the arrival time, the pulse458

or the orbital phase, or position on the detector (to study spatial dependence of the polarization properties459

in extended sources or to discriminate between source and background photons for point sources). On460

the selected event ensemble, the last step is to normalize the measured response to polarization by the461

modulation factor.462

Analysis of polarization is carried out with two different approaches. The first one, based on the un-463

binned formalism presented in34, is implemented in the IXPE collaboration software suite IXPEBOSSIM35.464

The other method relies on the procedure presented in16, and it is based on the generation of the Stokes465

spectra, which are then fitted with standard spectral-fitting software, like XSPEC36. The proper instrument466

response functions are provided by the IXPE Team as a part of the IXPE calibration database released467

on 2022 March 14 and available in the HEASARC Calibration Database1. All values reported below468

are based on the spectro-polarimetric fits of the Stokes spectra unless stated otherwise. The uncertain-469

ties are estimated using a Markov chain Monte Carlo (mcmc) method for respective parameter from470

spectro-polarimetric fits.471

Pulse-phase averaged analysis. As a first step, we investigated the time-averaged polarization from472

the pulsar. The Stokes parameters are obtained from the L1 data using the unbinned approach of34 and473

the spurious modulation is removed following the approach of37. The Stokes parameters in the L2 data474

are distributed with weights obtained following the procedure from38, which can be used to perform a475

1https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb_supported_missions.html
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weighted analysis improving the sensitivity for faint sources. Considering the low background level and476

the high number of source counts in the case of Her X-1, we do not use the weighted approach for the final477

results reported. We performed, however, both weighted and unweighted analyses and found compatible478

results.479

The source and background photons were extracted from a circular (radius of 1.′6) and annular (with480

inner and outer radii of 2.′5 and 5′, respectively) regions centered at the source. The extraction radii were481

chosen to select the source with a proper margin; the background was later removed by subtracting its482

Stokes parameters, re-scaled for the appropriate extraction area, from those of the source. The average483

values of the Stokes parameters, and corresponding polarization degree (PD) and polarization angle (PA),484

were then estimated in a single 2–7 keV energy band and in four sub-bins covering the same energy485

range. Note that we conservatively ignored energies in 7–8 keV energy range to avoid potential systematic486

effects associated with the remaining energy scale uncertainties (which can be expected to have largest487

effect around the energies where effective area drops abruptly, i.e. around 8 keV) and uncertainties in488

the alignment of the optical axis at this stage of the mission, which affects vignetting correction (which489

is again strongest at highest energies). We emphasize, however, that these effects mostly affect spectral490

analysis (i.e. the best-fit parameters of the spectral model), and the polarimetric results are not affected.491

In addition to the binned analysis, we have also conducted spectro-polarimetric modeling of the same492

data-set. In particular, the Stokes spectra were extracted for each detector unit and modeled simultaneously493

using absorbed NTHCOMP model39 for intensity spectra in combination with either POLCONST or POLPOW494

polarimetric models. The NTHCOMP model describes a Comptonized spectrum from seed photons of a495

characteristic temperature Tbb,comp (defining the low energy rollover) by electrons with temperature Te,comp496

(defining the high energy rollover). Instead of the Thomson optical depth this model is parametrized by the497

power-law index Γcomp, because the Comptonization spectrum for non-relativistic electron temperatures is498

well described by a power law between the photon seed energies and the cutoff energy related to the electron499

temperature. This model is often used to describe the spectra of X-ray pulsars. The model normalization500

at 1 keV, Acomp, and cross-normalization constants defining relative normalization of IXPE detector units501

two and three relative to the first one, CDU2 and CDU3, were also considered as free parameters.502

We emphasize that NTHCOMP is a purely phenomenological model and physical interpretation of503
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the best-fit values is not trivial as the model is actually not designed to describe the spectra of X-ray504

pulsars. The spectrum of Her X-1 is known to be more complex than given by this model (e.g. there is a505

blackbody-like component with kT ∼ 0.1−0.3 keV and a cyclotron absorption line), but within the IXPE506

band the spectrum is well described by this simplified model. In fact, the phase-averaged spectrum can507

even be approximated with a single power law, but this does not apply to all phase bins, hence our choice508

of the next simplest model. We verified, however, that the choice of the intensity continuum model does509

not significantly affect any of the polarimetric measurements (as is also justified by the agreement between510

the binned analysis and the spectro-polarimetric analysis results).511

It is worth noting that at the time of the Her X-1 observation, the IXPE telescope axes were slightly512

offset with respect to the pointing direction, and that there were uncertainties in modeling of the boom513

motion during the observation. This caused an additional vignetting with an impact on the effective area514

calibration and then on the spectral analysis. However, this has no impact on the measured dependence515

of the polarization on energy because the polarization is estimated after normalization of the Stokes516

parameters U and Q to the source flux, which cancels out the systematics related to the effective area. This517

is also confirmed by the analysis presented in Fig.1 and Extended Data Figure 1 and Extended Data Table518

1, where the results for both individual and combined detectors data are reported. We emphasize a good519

agreement between the individual detectors and the two independent modeling approaches.520

The polarization properties appear to be only weakly dependent on energy, although there is an521

indication of increase of the PD with energy. Indeed, although there appears to be a systematic increase of522

the PD towards higher energies, and the value of Pearson correlation coefficient between PD and energy523

of ∼ 0.86 suggests moderate degree of correlation, the values in individual bins, except the first one, are524

consistent with the average value, as illustrated in Fig. 2. An alternative approach to assess the significance525

for such energy dependence is to compare the results of the spectro-polarimetric fits for models when526

polarization is assumed constant to those where it is energy-dependent, which are summarized in Extended527

Data Table 1. As evident from the table, the model where constant polarization is assumed yields slightly528

worse fit statistics, but a lower Bayesian information criterion (BIC) score40, which makes it statistically529

preferred. Similar conclusion can be drawn based on the estimated significance of the deviation of the530

power-law index, characterizing the PD dependence on energy PD(E) ∝ E−ΓPD , from zero, which is531
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Extended Data Figure 1. Observed Stokes spectra of Her X-1. The top row shows spectra of the
three Stokes parameters I, Q, and U , while the bottom row shows the residuals to the best-fit model
(nthcomp for intensity and polconst for Q and U). The results for the three detector units are
color-coded, the black points in the first panel show the estimated background level for each detector.

estimated at ΓPD =−0.46±0.20. It deviates from zero at the confidence level of only ∼ 98%, i.e. at ∼ 2σ .532

The power-law index characterizing the dependence of the PA is estimated as ΓPA = 0.04±0.10, which533

is consistent with zero. We conclude, therefore, that there is no strong dependence of the polarization534

properties on energy, although there is an indication that the PD might actually increase with energy.535

Pulse-phase and time-resolved analysis. In order to investigate the polarization properties as a536

function of the spin phase, we obtained a timing solution for the pulsar. As a first step, the arrival times537

of all events were corrected to the Solar system barycenter reference frame using the barycorr task, and538

then were corrected for effects of motion within binary system using ephemerides by41. After that, a539

Lomb-Scargle42, 43 periodogram was constructed to estimate the approximate value of the spin period540

and to obtain a template pulse profile which was used to estimate the residual phase delays and the pulse541

arrival times for observation segments by cross-correlation with the template (we considered continuous542

segments separated by at least 1 ks gaps as independent). The obtained pulse arrival times tn were then543

used to obtain the final estimate of the spin period pspin = 1.2377093(2) s using the phase connection544
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Extended Data Table 1. Average X-ray polarization of Her X-1. Pulse-phase averaged
spectro-polarimetric fit results. The Stokes parameters spectra are modeled with nthcomp (I), and either
constant polarization (polconst) model or model where a power-law type dependence is allowed for
the PD and PA (polpow) for Q and U spectra. The uncertainties are reported at the 1σ confidence level
based on mcmc chains obtained as described in the text.

Parameter polpow polconst

PD1keV (%) 4.7+1.5
−1.2 8.6±0.5

ΓPD −0.46±0.20
PA1keV, deg 64+10

−9 60.2+1.8
−1.7

ΓPA 0.04±0.10
kTe,comp, keV 6.6+2.5

−1.4 7.4+3.5
−2.0

kTbb,comp, keV 0.349+0.015
−0.018 0.345+0.017

−0.024
Γcomp 1.28+0.035

−0.05 1.26+0.05
−0.06

Acomp 0.0984+0.0033
−0.0027 0.0990+0.004

−0.0028
CDU2 0.9767±0.0026 0.9766+0.0026

−0.0025
CDU3 0.8923+0.0024

−0.0025 0.8922±0.0024
χ2/d.o.f./BIC 593.4/539/656.5 598.2/541/648.7

technique. In particular, we found that the observed arrival times were fully consistent with a constant545

period, i.e. tn = t0 +n× pspin as illustrated in Extended Data Figure 2. It is important to emphasize that no546

appreciable evolution of the pulse profile shape occurs during the observation as illustrated in Extended547

Data Figure 2 and expected on the basis of previous observations of the source at a similar phase of the548

precession cycle44. This allows us to use all the available data and achieve a sufficient sensitivity also549

in the individual phase bins. The observed pulsed fraction in the 2–7 keV band, defined through the550

maximum and minimum fluxes as f = (Fmax −Fmin)/(Fmax +Fmin), is ∼ 55%.551

Based on the available counting statistics and known instrument sensitivity, seven phase bins were552

then defined as shown in Fig. 3. The Stokes spectra (I/Q/U), and binned polarization cubes, were then553

extracted individually for each of the phase bins using IXPEOBSSIM package35. The background was554

assumed to be constant for all bins (which is justified since minor variations of the background rate during555

the observations are averaged out when folded with the spin period of the source). We used, therefore,556

Stokes spectra extracted for the entire observation as a background estimate in the phase-resolved analysis557

(after accounting for difference in the exposure). The extracted spectra were then modeled with the same558

model as the pulse-phase averaged spectra to derive the PD and PA using the polconst model. The final559

26/40



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

5

10

15

ki
lo

co
un

t/b
in

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Phase

0

100

200

300

400

500

600

Ti
m

e,
ks

fr
om

M
JD

59
62

7.
6

Extended Data Figure 2. Variation of the pulse profile of Her X-1 over the observation. Top panel
shows the observed pulse profile averaged over entire observation (128 phase bins). The horizontal line
indicates average count-rate. The bottom panel shows the phaseogram, i.e. color-coded pulse profiles of
individual observational segments folded with the same period, for the final timing solution obtained as
discussed in the text. The phaseogram illustrates the lack of appreciable phase shifts (i.e. accuracy of the
timing solution) and stability of the pulse profile shape during the observation.
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Extended Data Table 2. Pulse-phase resolved X-ray polarization of Her X-1. Pulse-phase resolved
spectro-polarimetric fit results for the nthcomp continuum flux and constant polarization polconst
models. Uncertainties are reported at 1σ confidence level based on mcmc chains obtained as described in
the text.

Phase PD, % PA, deg Γcomp Acomp/10−2 χ2/d.o.f.
0.00–0.14 12.4±1.9 46±4 1.259±0.007 4.56±0.05 560.8/543
0.14–0.29 9.0±1.7 50±5 1.263±0.006 5.88±0.06 580.6/543
0.29–0.43 14.0±1.8 47±4 1.329±0.008 5.96±0.07 552.7/543
0.43–0.57 15.5±1.7 56±3 1.268±0.006 5.83±0.06 563.0/543
0.57–0.71 7.1±1.0 78±4 1.272±0.004 16.06±0.10 600.6/543
0.71–0.86 10.7±1.1 71±3 1.344±0.004 17.44±0.11 617.2/543
0.86–1.00 5.5±1.2 48±6 1.286±0.004 11.99±0.08 676.5/543

values and uncertainties were estimated based on mcmc chains produced using the chain command in560

XSPEC and are reported in Extended Data Table 2. We verified the consistency of the spectro-polarimetric561

and binned analysis results for all bins and found no significant differences in the phase dependence of the562

PD and PA, therefore only the results of the spectro-polarimetric analysis are reported.563

The same procedure has been used to investigate the time dependence of the polarization properties564

over the observation. The full dataset was split into seven intervals separated by large gaps defined either565

by the instrumental good time intervals or by the eclipses of the source. For each interval, the Stokes566

spectra (I/Q/U) were extracted and jointly modeled using nthcomp and polconst models to estimate567

the PD and PA values. The value of the power-law index in nthcomp model was considered as a free568

parameter to accommodate possible minor changes in the spectral shape over the observation. The final569

values and uncertainties were estimated based on mcmc chains produced using chain command in XSPEC570

and are reported in Extended Data Table 3. Again, we verified consistency of the spectro-polarimetric and571

the binned analysis results for all bins and found no significant differences in the phase dependence of the572

PD and PA, therefore again only results of the spectro-polarimetric analysis are reported.573
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Extended Data Table 3. Evolution of X-ray polarization of Her X-1. Time-resolved spin-phase
averaged spectro-polarimetric fit results for nthcomp continuum flux and constant polarization
polconst models. Uncertainties are reported at the 1σ confidence level based on the mcmc chains
obtained as described in the text.

Time interval, MJD PD,% PA, deg Γcomp Acomp χ2/dof
59628.53–59628.84 14.2±2.4 66±5 1.113±0.003 0.0313±0.0004 606.3/543
59629.07–59629.39 11.9±1.8 66±4 1.249±0.006 0.0716±0.0008 529.6/543
59629.86–59630.47 7.0±1.2 61±5 1.281±0.004 0.0982±0.0007 525.9/543
59630.45–59631.06 6.9±1.0 60±4 1.282±0.004 0.1101±0.0007 607.2/543
59631.49–59631.66 7.7±2.0 54±7 1.288±0.007 0.1187±0.0013 577.5/543
59633.19–59633.82 9.8±1.1 59±3 1.351±0.005 0.1169±0.0008 588.1/543
59633.75–59634.33 9.3±1.2 58±4 1.337±0.005 0.1066±0.0007 571.8/543

Geometry574

X-ray polarimetry. Linearly polarized radiation observed from a spot at a neutron star can be described575

in the main polarization basis related to the projection of the angular momentum onto the plane of the sky:576

êm
1 =

Ω̂p − cos ip ô
sin ip

= (−cos ip,0,sin ip), (1)

êm
2 =

ô× Ω̂p

sin ip
= (0,−1,0), (2)

where Ω̂p = (0,0,1) denotes the unit vector along the pulsar angular momentum, ô = (sin ip,0,cos ip)577

gives direction to the observer, and ip is the inclination of the neutron star angular momentum to the line578

of sight (defined in the interval [0◦,180◦]): cos ip = ô · Ω̂p (see Fig. 4).579

If magnetic dipole vector is inclined to the spin axis by the angle θ (the magnetic obliquity), then it

changes with the pulsar phase φ as d̂ = (sinθ cosφ ,sinθ sinφ ,cosθ). The angle ψ between the dipole

and the line of sight is given by

cosψ ≡ ô · d̂ = cos ip cosθ + sin ip sinθ cosφ . (3)

If the pulsar radiation is dominated by the ordinary O-mode, the polarization vector lies in the plane

formed by the vector of the dipole d̂ and the direction to the observer ô. The corresponding polarization
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basis that describes radiation escaping from the neutron star surface is

ês
1 =

d̂− cosψ ô
sinψ

, ês
2 =

ô× d̂
sinψ

. (4)

The PA χ0 measured from the projection of the spin axis onto the plane of the sky in the counter-clockwise580

direction is given by:581

cos χ0 = êm
1 · ês

1 = êm
2 · ês

2 =
sin ip cosθ − cos ip sinθ cosφ

sinψ
, (5)

sin χ0 = êm
2 · ês

1 =−êm
1 · ês

2 =−sinθ sinφ

sinψ
. (6)

We thus get the expression for the PA as in the rotating vector model (RVM)22, 45

tan χ0 =
−sinθ sinφ

sin ip cosθ − cos ip sinθ cosφ
. (7)

If the position angle (measured from north to east) of the pulsar angular momentum is χp, then PA=χp+χ0.

Thus variations of the X-ray PA with the pulsar phase φ can be fitted with the expression

tan(PA−χp) =
−sinθ sin(φ −φ0)

sin ip cosθ − cos ip sinθ cos(φ −φ0)
, (8)

where φ0 is the phase of the light curve when the spot is closest to the observer.582

Using Bayesian inference code BXA46, we fit the PA data from Extended Data Table 2 with that model

with four free parameters (χp, θ , ip, and φ0). We assume flat priors for all parameters: χp ∈ [−90◦,90◦],

θ ∈ [0◦,90◦], ip ∈ [0◦,180◦], and φ0/(2π) ∈ [−0.5,0.5]. The resulting posterior distributions are shown in

Extended Data Figure 3. The magnetic obliquity and the pulsar position angle are both well constrained

θ = 12.◦1±3.◦7 and χp = χp,∗ = 56.◦9±1.◦6, while the pulsar inclination has a rather large uncertainty,

ip = 95◦±37◦, with the posterior probability distribution extending from 0◦ all the way up to 180◦, that
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can be fitted by the function

d p
dip

∝

 sin1.5(90◦ ip/ipeak), ip ≤ ipeak

sin1.4[90◦ (2ipeak − ip −180◦)/(ipeak −180◦)], ip > ipeak,
(9)

where ipeak = 97◦ is the angle where the distribution peaks. Because polarization cannot distinguish583

between oppositely directed pulsar spins, there is another solution χp = χp,∗±180◦. If radiation escaping584

from the pulsar is polarized perpendicular to the magnetic field direction (i.e. in the X-mode), then585

the position angle of the pulsar spin can have two possible values: χp = χp,∗± 90◦ = 146.◦9± 1.◦6 or586

−33.◦1±1.◦6. Other angles are not affected by the spin direction.587

Optical polarimetry. Optical polarization of Her X-1 shows variations with the orbital phase25. We fitted

the phase curves of the normalized Stokes parameters digitalized from their Fig. 1 with the Fourier series

q = q0 +q1 cosϕ +q2 sinϕ +q3 cos2ϕ +q4 sin2ϕ,

u = u0 +u1 cosϕ +u2 sinϕ +u3 cos2ϕ +u4 sin2ϕ,
(10)

where ϕ is the orbital phase. If the polarization is produced by Thomson scattering in an optically thin

medium co-rotating with the system, the orbital orientation can be obtained from the Fourier coefficients47.

The best-fit Fourier coefficients and their errors obtained by us are given in ref. Extended Data Table 4

and are close to those reported in25. These coefficients can be used to derive the inclination iorb of the

binary orbit and the position angle χorb of the projection of the orbital axis23, 48:

(
1− cos iorb

1+ cos iorb

)4

=
(u3 +q4)

2 +(u4 −q3)
2

(u4 +q3)2 +(u3 −q4)2 , (11)

tan(2χorb) =
A+B
C+D

, (12)
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dependence. The contours correspond to two-dimensional 1, 2, and 3σ levels.
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Extended Data Table 4. Optical polarization of Her X-1. Fourier coefficients and their errors
obtained by re-fitting the optical polarimetric data from ref.25 with Eq. (10).

Stokes q0/u0 q1/u1 q2/u2 q3/u3 q4/ u4 χ2/dof
q 0.015±0.012 0.005±0.012 0.002±0.020 −0.080±0.018 −0.034±0.018 17.0/11
u 0.102±0.016 0.006±0.016 0.035±0.026 −0.118±0.024 0.040±0.023 12.7/11

where

A =
u4 −q3

(1− cos iorb)2 , B =
u4 +q3

(1+ cos iorb)2 ,

C =
q4 −u3

(1+ cos iorb)2 , D =
u3 +q4

(1− cos iorb)2 .
(13)

These formulae give us iorb = 100.◦4± 4.◦9 and χorb = χorb,∗ = 28.◦9± 5.◦9 (or χorb = χorb,∗− 180◦ =588

−151.◦1± 5.◦9 which is equally acceptable since only the orientation of the polarization plane can be589

measured). The obtained orbital inclination is larger than 90◦, which might appear to be at odds with the590

literature estimates for orbital inclination iorb ∼ 80◦−90◦49, 50. We note, however, that these estimates591

are based on modeling of the donor star radius from optical spectroscopy and X-ray eclipses, and cannot592

distinguish between clockwise and counter-clockwise rotation (i.e. between inclinations iorb < 90◦ and593

180◦− iorb). In particular, the estimates listed in Table 8 of ref.50 seem to favor inclinations in the range594

iorb ∼ 80◦−83◦ or 180◦− iorb ∼ 97◦−100◦ for the distance range of 6.5–7.5 kpc, estimated from Gaia595

EDR3 data2. This implies that our estimate is fully consistent with the literature values, and that the binary596

is rotating clockwise on the sky. We emphasize that this is a new result which can only be obtained from597

polarimetry, in this case, in the optical band.598

Misalignment between pulsar and orbital spins. Using constraints on the 3D orientation of the pulsar

and the orbit, we now can obtain the misalignment angle β between the pulsar and the orbital angular

momenta:

cosβ = cos ip cos iorb + sin ip sin iorb cos∆, (14)

where ∆ = χp −χorb is the difference between the position angles of the pulsar spin vector and the orbital599

angular momentum (the geometry is illustrated in Fig. 4). The parameters we use are given in Extended600
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Extended Data Table 5. Orbital and pulsar geometrical parameters of Her X-1.

χp,∗ θ ip χorb,∗ iorb
deg deg deg deg deg

56.9±1.6 12.1±3.7 Eq. (9) 28.9±5.9 100.4±4.9

Extended Data Table 6. Misalignment angle. Misalignment angle β between the pulsar and orbital
spins is computed for the four possible cases identified by letters A–D of the pulsar spin orientation. Here
we assume χorb = χorb,∗. The errors correspond to the 68% confidence level. The probability distributions
for the cases A–D are shown in Extended Data Figure 4. If the orbital spin position angle differs by 180◦

from χorb,∗, the resulting constraints on β are the same if χp is also rotated by 180◦.

O-mode polarization X-mode polarization
Case A B C D
χp (deg) χp,∗ = 56.9±1.6 χp,∗±180◦ χp,∗+90◦ χp,∗−90◦

β (deg) 33+18
−9 147+9

−20 115+8
−10 63+10

−7

Data Table 5. Assuming normal distributions for χp and χorb with the corresponding 1σ errors obtained601

above, a normal distribution for iorb from the optical polarimetry, and the posterior distribution for ip given602

by Equation (9), we make Monte-Carlo simulations to obtain a probability distribution for β , which is603

shown in Extended Data Figure 4 (see also Extended Data Table 6). For radiation in the O-mode (when604

χp = χp,∗ = 56.◦9± 1.◦6 and taking χorb = 28.◦9± 5.◦9), we get the smallest misalignment β with the605

distribution peaking at ∼30◦ and the lower limit being ∼20◦ at the 90% confidence level (see Extended606

Data Figure 4A). If χp = χp,∗±180◦ (or χorb = χorb,∗±180◦), the misalignment is much larger, with β607

peaking at 145◦ (Extended Data Figure 4B). For the X-mode polarization, χp = χp,∗±90◦, β peaks at608

∼115◦ or ∼65◦ (Extended Data Figure 4C,D). These results are practically unaffected by the exact form609

of the distribution of ip.610

Modeling polarization from heated neutron star atmosphere611

Polarization from a strongly magnetized accreting neutron star is largely defined by the emission region612

structure which is not known. Earlier estimates for Her X-19 were based on the accretion column model51
613

which seems to be consistent with the observed broadband spectrum. The observed polarization, however,614

is significantly lower (∼5–15%) than the predicted one (60–80%), requiring modifications to the models.615

There are several mechanisms that may depolarize radiation as it leaves the accretion column and travels616

through the magnetosphere. For instance, the depolarization can be caused by passing of radiation from617
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Extended Data Figure 4. 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 (i.e. between
16th and 84th percentiles of the posterior probability distribution). Four panels correspond to four
different cases for the choice of χp: (A) χp = χp,∗ = 56.◦9±1.◦6; (B) χp = χp,∗+180◦; (C)
χp = χp,∗+90◦; (D) χp = χp,∗−90◦. Here we take χorb = χorb,∗ = 28.◦9±5.◦9.
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the accretion column through the so-called vacuum resonance, where the contributions of plasma and618

magnetized vacuum to the dielectric tensor cancel each other and fast transformation of the normal modes619

of radiation occurs17, 18. If the place where the final scattering of radiation takes place (i.e. the photosphere)620

also lies in this region, we expect substantial Faraday depolarization reducing the PD without changing621

the spectral energy distribution or the pulse profile. Furthermore, as the radiation travels from the column622

through the magnetosphere, generally it will pass through a region where the direction of propagation623

is nearly parallel to the magnetic field lines. Depending on the geometry of the emission region and the624

photon energy this can also result in substantial depolarization29.625

On the other hand, it is unclear whether an accretion column is present at all in Her X-1. Although626

the observed luminosity is close to the critical value52, the source demonstrates a positive correlation of627

the cyclotron line energy with luminosity53, which implies that the accreting pulsar is in a sub-critical628

state, when the energy of the infalling matter is dissipated at the neutron star surface but not in a radiation-629

dominated shock above it. In such a situation, fast ions of the accretion flow heat the neutron star630

atmosphere, and the thermal photons emerging from this heated atmosphere back-scatter on the in-falling631

electrons of the accretion flow with a corresponding energy gain (bulk Comptonization), and these back-632

scattered photons additionally heat the upper atmosphere. If the local mass accretion rate is close to the633

critical one, almost all the emergent photons will be back-scattered, and, as a result, radiation escapes634

primarily along the tangential direction to the neutron star surface, forming a “fan”-like angular distribution635

of the escaping radiation helping to explain the observed high pulsed fraction. An accurate self-consistent636

numerical model describing the processes above is yet to be developed. Here we consider a toy model637

of the overheated magnetized model atmosphere to demonstrate how the observed low polarization can638

be produced. Such models have been used for interpretation of accreting neutron stars54–57 although it is639

important to emphasize that the broadband spectrum of Her X-1 is clearly not described by any of these640

models alone.641

In this simplified picture, the key process that is responsible for low polarization is a mode conversion642

at the vacuum resonance. For a given photon energy and magnetic field strength, the vacuum resonance643

occurs at a plasma density18 of ρV ≈ 10−4(B/1012 G)2E2
keV g cm−3 . At that density, the contribution of644

the virtual electron-positron pairs to the dielectric tensor becomes equal to the plasma contribution, and645
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the ordinary (O) and extraordinary (X) modes of radiation can convert to each other. Here we consider646

the radiation transfer in magnetized plasma in the approximation of these two modes instead of the full647

description in terms of Stokes parameters. We found that the modes become close to each other at a given648

photon energy in the emergent spectrum if the vacuum resonance is located in the transition atmospheric649

layer with a strong temperature gradient from the upper overheated layer of a temperature a few tens of650

keVs to the lower layer of the atmosphere where the temperature is about 1–2 keV.651

We illustrate this statement with a toy model of the transition region between two atmospheric parts

(see Extended Data Figure 5A). We assume the surface magnetic field strength B = 4× 1012 G, the

temperature of the overheated layers Tup = 3.1×108 K, and the temperature of the bottom cold atmosphere

Tlow = 1.5× 107 K. We consider three different transition depths of mup = 0.3, 3, and 30 g cm−2. The

corresponding gas pressure is determined by the product of the column density of plasma m and the surface

gravity g, Pgas = gm, computed using the neutron star mass M = 1.4M⊙ and radius R = 12 km. For the

temperature structure we adopt the dependence

T (m) =
Tup −Tlow

exp[6(m/mup −1)]+1
+Tlow. (15)

We solved the radiation transfer equation for the two modes using the magnetic opacities and the652

mode conversion as described in58, with no external radiation flux as the upper boundary condition and653

the Planck function for the intensity as the lower boundary condition59. The polarization fraction of the654

emergent flux in the observed energy band with and without mode conversion is shown in Extended655

Data Figure 5B. The model with the transition depth mup = 3 g cm−2 demonstrates a low polarization,656

which is explained by the mode conversion at the transition region with the strong temperature gradient,657

see Extended Data Figure 6. We note that models with either thinner or thicker overheated layers yield658

a higher polarization degree (i.e. a larger fraction of total flux is in one of the modes); however, the659

dominant modes are different in these cases (Extended Data Figure 5B). If the thickness of the upper660

layer is low, mup= 0.3 g cm−2, the vacuum resonance occurs in the cold inner part of the atmosphere with661

strong mode conversion. As a result, the O-mode dominates. On the other hand, the mode conversion662

is inefficient if the vacuum resonance occurs within the overheated layer with mup= 30 g cm−2, so the663
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Extended Data Figure 5. Structure of the heated layer and the emergent polarization. (A)
Temperature dependencies on column density (solid curves, left axis) and the corresponding density
dependencies (dashed curves, right axis) for three different mass column densities of the heated layer
mup = 0.3,3, and 30 g cm−2 are shown with blue, black and red colors. (B) PD of the emergent
angle-integrated flux as a function of the photon energy in the IXPE energy band for the three models with
the mode conversion taken into account (solid curves) and without the mode conversion (dashed curves).
(C) PD of the emergent radiation intensity as a function of the photon energy for the model
mup = 3 g cm−2 with the mode conversion taken into account. Colored lines correspond to the zenith
angles of 10◦ (red dotted), 30◦ (blue dashed), 60◦ (green dot-dashed), and 81◦ (pink triple-dot-dashed),
while the black solid line corresponds to the PD of the flux.
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Extended Data Figure 6. Flux emergent from the heated layer in two polarization modes.
Distributions of the fluxes in two polarization modes, X and O, as a function of the column density at
photon energy of 5.1 keV are shown with blue and red curves for the three models with mup = 0.3,3, and
30 g cm−2 in panels (A), (B), and (C), respectively. Models with and without mode conversion at the
vacuum resonance are shown with the solid and dashed curves, respectively. The corresponding
temperature distributions are shown with the black curves (right axes).
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X-mode dominates. Note that the depth of the transition layer of mup ≈ 3 g cm−2 appears to be natural664

as it corresponds to the optical depth of around unity, where the free-free cooling becomes inefficient665

while the Compton cooling becomes important. The radiation escaping the atmosphere can be dominated666

by the O- or X-mode, depending on the exact value of mup and the detailed temperature structure. The667

polarization mode can also depend on the angle between the surface normal and the direction of photon668

propagation. At energies a factor of 10 below the electron cyclotron energy, the vacuum polarization669

dominates at the outer overheated layer. As a result, both modes are nearly linearly polarized at zenith670

angles larger than ∼ 6◦ and therefore in a broad angle range the PD can be computed as the ratio of the671

difference in the intensities of the two modes to their sum60. As an illustration, we show in Extended Data672

Figure 5C the PD as observed at different zenith angles for mup = 3 g cm−2. We see that at very small and673

very large inclination the PD is negative (i.e. the X-mode dominates), while at intermediate angles the PD674

is positive (i.e. the O-mode dominates). This indicates that mixing of radiation observed from different675

emission regions (i.e. at different angles) can lead to depolarization. We cannot confidently state that the676

suggested process is responsible for the low polarization of the observed radiation from Her X-1, but it677

can be potentially important for the final accurate model and for the interpretation of the low polarization678

signal from other X-ray sources, e.g., magnetars.679
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