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Magnetars are neutron stars with ultra-strong magnetic fields, which can be observed in x-

rays. Polarization measurements could provide information on their magnetic fields and 

surface properties. We observe polarized x-rays from the magnetar 4U 0142+61 using the 20 

Imaging X-ray Polarimetry Explorer, finding a linear polarization degree of 𝟏𝟑. 𝟓 ± 𝟎. 𝟖% 

averaged over the 𝟐–𝟖 keV band. The polarization changes with energy: the degree is 

𝟏𝟓. 𝟎 ± 𝟏. 𝟎% at 𝟐–𝟒 keV, drops below the instrumental sensitivity around 𝟒–𝟓 keV, and 

rises to 𝟑𝟓. 𝟐 ± 𝟕. 𝟏% at 𝟓. 𝟓–𝟖 keV. The polarization angle also changes by 𝟗𝟎∘ around 𝟒–
𝟓 keV. These results are consistent with a model in which thermal radiation from the 25 

magnetar surface is reprocessed by scattering off charged particles in the magnetosphere. 

 

Isolated neutron stars (NSs) with extremely strong magnetic fields are referred to as magnetars 

(1). There are about 30 confirmed magnetars known (2), many of which are detectable only 

during periods of enhanced activity. Magnetar emission is powered by the magnetic field, 30 

producing bursts of  hard (≈ 10 − 100 keV) x-rays, with luminosity 𝐿 ≈ 1038–1047 erg s−1 and 

duration ≈ 0.1–100 s. Magnetars also exhibit persistent x-ray emission at 𝐿 ≈ 1033–1035  erg 

s−1, which is pulsed at spin frequencies 𝑓 ≈ 0.1–10 Hz with spin-down rates,  𝑓̇ ≈ −(10−16–

10−8) Hz s−1. These properties indicate high magnetic fields 𝐵 ≲ 1015 G, assuming a standard 

spin-down model (3). The 0.5 − 10 keV spectrum of magnetars consists of a blackbody (BB) 35 

component (with 𝑘𝑇 ∼ 0.1–1 keV, where T is the temperature and k is the Boltzmann constant) 

and a power-law (PL) component with photon index Γ ∼ 2–4; the PL dominates above ∼ 4–5 

keV (2, 3). Some sources exhibit a second BB component instead of the PL. Many magnetars are 

detected in x-rays up to ≈ 200 keV, where the spectrum is also dominated by the PL component. 

The magnetic field surrounding magnetars is expected to differ from a pure dipole, with a non-40 

negligible toroidal component which twists the field lines. Because charged particles flow along 
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closed magnetic field lines, as required to sustain the field, the region threaded by the magnetic 

field (the magnetosphere) becomes optically thick to Compton scattering at the cyclotron 

resonance frequency [resonant Compton scattering, RCS, (4)]. The BB spectral component is 

expected to be emitted by (multiple regions on) the cooling surface of the NS, while the PL 

originates from the reprocessing of thermal photons via resonant up-scattering in the 5 

magnetosphere (3). 

Magnetar x-ray persistent emission is expected to be linearly polarized in two orthogonal modes, 

referred to as ordinary (O) and extraordinary (X), with the polarization vector either parallel or 

perpendicular to the plane formed by the photon propagation direction and the (local) magnetic 

field (5). The expected polarization degree of the emitted radiation strongly depends on the 10 

physical state of NS external layers. If radiation comes from the bare, condensed surface, the 

polarization is expected to be ≲ 10%, but a magnetized atmosphere can produce polarization ≲
80% (6–8). The polarization of outgoing photons is then modified by RCS, leading to a 

polarization degree ≲ 30% in the X-mode for the PL component, independent of the initial 

polarization state of the thermal photons (7–9).  15 

Because NSs cannot be spatially resolved by observations, the contributions from regions with 

different magnetic field orientations (and therefore with different emitted polarization 

orientations) are blended together, which reduces the observed polarization (10, 11). However, if 

the magnetic field is strong enough (5), it forces the photon polarization vectors to follow the 

magnetic field direction, resulting in an observed polarization almost unchanged from that at the 20 

emission (10, 11).  

The magnetar 4U 0142+61 (coordinates right ascension 01h 46m 22s.41, declination 61° 45′ 

03″.2, J2000 equinox) has a persistent (lightly variable) x-ray flux of ∼ 6 × 10−11 erg s−1 cm−2 in 

the 2–10 keV range, spin frequency 𝑓 = 0.12 Hz and frequency derivative   �̇� = −2.6 × 10−14 

Hz s−1; implying a spin-down (equatorial) magnetic field of 𝐵 ∼ 1.3 × 1014 G (2, 12). It is 25 

visible at infrared and optical wavelengths (13), but no (pulsed) radio emission has been 

detected. 

We observed 4U 0142+61 with the Imaging X-ray Polarimetry Explorer [IXPE, (14)], between 

2022 January 31 and 2022 February 27, for a total on-source time of 840 ks. IXPE provides 

imaging polarimetry over a nominal energy band of 2–8 keV. The data were extracted and 30 

processed according to standard procedures (15). Pulsations were detected (Figure S3) at 𝑓 =

0.115079336 ± 6 × 10−9 Hz with  𝑓̇ = −(2.1 ± 0.7) × 10−14 Hz s−1 (at MJD 59624.050547, 

where MJD is the modified Julian date); uncertainties are 68.3% confidence. These values are 

consistent with previous measurements, within the uncertainties (12). We performed a spectral 

analysis using the software package XSPEC (16), version 12.12.1. The data are not consistent 35 

with a single-component model, so we considered several two-component models (15). In all 

models we fixed the value of the foreground interstellar column density to 0.57 × 1022 cm−2 

(17); it cannot be constrained by the IXPE data due to insufficient sensitivity below 2 keV. Our 

best-fitting parameters for a BB+PL model (Table S2) are consistent with previous 

measurements (17, 18). 40 

Polarization was measured by extracting the (calibrated) Stokes parameters 𝐼, 𝑄 and 𝑈 from each 

photon, collected by the three independent IXPE detector units (DUs). After subtracting the sky 

background, the contributions of each DU were combined, accounting for the 120∘ offset 

between the DUs. Figure 1 shows the phase-averaged, normalized Stokes parameters (𝑄/𝐼 and 

𝑈/𝐼) in the 2–8 keV energy range, for the individual DUs and the combined data. The phase-45 
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averaged, energy-integrated values are 𝑄 𝐼⁄ = 0.013 ± 0.008 and 𝑈 𝐼⁄ = 0.120 ± 0.008, 

implying a polarization degree, PD ≡ √𝑄2 + 𝑈2 𝐼⁄ , of 13.5 ± 0.8% and a polarization angle, 

𝑃𝐴 ≡ arctan(𝑈 𝑄⁄ ) /2, of +48.5∘ ± 1.6∘, with positive values being East of (local celestial) 

North; uncertainties are 1𝜎. We derived these values using two different methods, finding 

consistent results (15). We determined that the minimum detectable polarization at 99% 5 

confidence level (MDP99) for our observation is ∼ 2% over the 2–8 keV range, so the 

significance of the non-zero polarization degree is ∼ 17𝜎. 

To investigate whether the PD and PA depend on the photon energy, the data were grouped into 

five energy bins, selected to contain similar numbers of counts in each bin. Figure 2 shows a 

polar plot of the results. We find the PD is 15.0 ± 1.0% at low energies (∼ 2–4 keV), ~10𝜎 10 

above the MDP99 of that bin, which is ∼ 4%. At 4–5 keV the PD is consistent with zero. In the 

highest energy bin (5.5–8 keV), the PD is  35.2 ± 7.1% , where the MDP99 is ∼ 21%. The PA is 

about 50∘ at energies below 4 keV and −40∘ above 5 keV, a swing of 90°. 

We also performed a spectro-polarimetric analysis, by separately convolving the low- and high-

energy spectral components with a constant polarization model (POLCONST in XSPEC). This 15 

confirms the 90∘ swing in polarization angle for all the two-component spectral models we 

considered: BB+BB, BB+PL and BB+Truncated PL (15). For the latter model, the derived PD 

for the two components is within ∼ 1𝜎 of the observed values, with the low energy BB 

component being less polarized than the high-energy PL (15). 

To perform a phase-dependent analysis, we divided the flux into 100 phase bins and used an 20 

unbinned maximum likelihood technique (19) to determine the PD and PA. Figure 3A shows the 

resulting pulse profile, which is double-peaked, as found in previous observations (18). Phase 

variations are evident in both PD and in PA (Fig. 3B–C), with amplitudes of ∼ 10% and ∼ 30∘, 
respectively. At low energies (2–4 keV), we find the main and secondary peaks have higher 

polarization fraction (∼ 15%) than the phase valley between them (∼ 9%). In contrast, the 25 

phase-resolved PA is single peaked. This is consistent with the predictions of pulsar (a different 

type of NS) models [specifically the rotating-vector model (20)], although a strong degeneracy 

prevents us from determining the NS spin and magnetic axes orientations from the PA data (15).  

A phase-resolved spectral analysis of 4U 0142+61 shows no statistically significant dependence 

of the spectrum on rotational phase (15). The blackbody component is compatible with being 30 

constant in phase (Fig. S5), consistent with previous results (21) and previous observations of a 

low pulsed fraction (∼ 5% ) below 3–4 keV (18). 

We considered the IXPE results within a twisted-magnetosphere model (4), accounting for the 

quantum electrodynamical effect of vacuum birefringence (7–9). The observed 

polarization behavior as a function of energy – with a minimum PD and a 90∘ swing of PA at 4–35 

5 keV – indicates that the 2–8 keV x-ray emission from 4U 0142+61 has two distinct 

components, polarized in two different normal modes, which correspond to the two components 

identified in the spectral analysis. In this framework, the low-energy component is produced by 

thermal emission from the surface of the NS, while the high-energy component is produced by 

photons scattered to higher energies in the magnetosphere (Figure 4A). The measured 40 

polarization fraction at high energies (∼ 35% at 5.5–8 keV) is compatible with the theoretical 

prediction of the RCS model (7) and indicates that X-mode photons dominate at high energies; 

conversely, O-mode photons dominate at low energies. 
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Theoretical models for magnetar surface emission of soft x-rays predict either i) a large (≳
50%) polarization degree in the X-mode, if there is a gaseous atmosphere heated from below 

(22); or ii) a small ≲ 10% polarization degree in the O-mode, if there is a condensed 

(solid/liquid) surface (6–8, 23). The IXPE result below 4 keV is not compatible with the 

presence of an atmosphere and only marginally compatible with a condensed surface. The latter 5 

would be more consistent with the data if the PD could be raised in the model, perhaps by 

thermal radiation being emitted from only a limited region, not the entire surface (as was 

assumed in previous calculations). The low pulsed fraction at low energies (18) indicates an 

extended emitting area. Using a numerical code (7), we calculated that radiation from a 

condensed iron surface, emitted from an equatorial belt, produces O-mode photons at low 10 

energies (2–4 keV) with PD ∼ 15%. Reprocessing by RCS then produces an excess of X-mode 

photons at higher energies (5.5–8 keV) with PD ∼ 35%, while the PA changes by 90∘. Our 

calculation does not assume that the reference direction in the plane of the sky (from which the 

PA is computed) coincides with the projection of the NS spin axis. To match the measured and 

predicted (absolute) values, an offset is added to the simulated PA (15). Figure 2 shows the 15 

results of our numerical simulation for a magnetic field strength ∼ 1014 G, as measured for 4U 

0142+61 (18), assuming the emissivity of an iron condensed surface (23), in the fixed-ion 

approximation. A hotter belt close to the magnetic equator appears in NS magneto-thermal 

evolution calculations, in both two and three dimensions (24, 25). 

We also consider alternative models to explain the IXPE data. Within the RCS paradigm, low-20 

energy O-mode photons could be produced by a gaseous layer with an inverted temperature 

profile, with a downward flow of energy, as might be produced by external particle 

bombardment (26). In this case, O-mode photons would escape from a deeper (and so hotter) 

region than in a passively cooling atmosphere, and would dominate the outgoing flux.  

In an alternative scenario, the low-energy emission could be interpreted as polarized in the X-25 

mode and the high energy emission, above 4–5 keV, in the O-mode. Low-energy, X-mode 

dominated emission with a low polarization degree (∼ 15%) could originate from an extended 

region of a condensed iron surface seen few degrees away from the magnetic axis. Radiation 

from a thin atmosphere or corona, in the presence of thermal photons undergoing Compton 

scattering (8) could produce the observed polarization at low energies. However, this scenario 30 

does not explain how O-mode photons would dominate the emission in the 5–8 keV band. 

Saturated Compton scattering in a thin atmosphere or corona (8) or emission from an electron-

positron plasma (27) could potentially produce O-mode dominated radiation (Figure 4B), but 

these models predict a much higher PD than is observed. Emission from a small region of the 

surface that is covered by an externally illuminated gaseous layer but hot enough to dominate the 35 

high-energy band, would also produce substantial polarization in the O-mode. No detailed 

modeling of these scenarios is available. 

Identifying the mode in which the observed x-ray photons are predominantly polarized would 

determine the orientation of the magnetar spin axis projected onto the plane of the sky. The 

phase-averaged PA is 0∘ (or 90∘) for radiation mostly polarized in the O-mode (or X-mode), 40 

taking the reference direction in the plane of the sky to be along the spin axis projection (10). If 

O-mode photons dominate at low energies where PA∼ 50∘, as in the RCS model, the projection 

of the spin axis would be ∼ 50∘ East of North. Conversely, if low-energy photons are polarized 

in the X-mode the spin axis projection would be ∼ 40∘ West of North. In the latter case, the spin 

projection would be consistent with the direction of the magnetar proper motion, 60∘ ± 12∘ West 45 

of North (28) (Figure 2), while in the former case the two would be almost orthogonal. It is 
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unclear which is more appropriate for magnetars. Observations of pulsars (including the Crab 

Pulsar and Vela Pulsar) show alignment of the spin axis with the proper motion (29). On the 

other hand, binary star evolution theory predicts that NSs should be accelerated perpendicular to 

their spin axis during their formation process (30). We are unable to distinguish between these 

possibilities.  5 

We have detected (linearly) polarized x-ray emission from the magnetar 4U 0142+61. The 

polarization properties vary with x-ray energy, including a 90∘ swing of the polarization angle. 

These observations can be explained by a model of emission from the bare condensed surface of 

the NS, reprocessed by RCS in a twisted magnetosphere. Alternative explanations are also 

possible.  10 
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Fig. 1. Normalized, background-subtracted Stokes parameters 𝑸/𝑰 and 𝑼/𝑰 for x-ray 
emission from 4U 0142+61.  
The values measured from each of the three IXPE DUs (in the 2–8 keV range) are marked by 

green, orange and blue circles with 1𝜎 error bars, while their combinations obtained using two 5 

approaches (15) are shown by the black cross and the gray square, respectively. The background 

circles indicate PD and the radial lines indicate PA, measured East from North. The purple 

shaded area shows the detection limit (MDP99) for the combined measurement. 
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Fig. 2. Polar plot showing the energy dependence of the measured PD and PA.  

Crosses indicate the measured values, in labelled energy bins, and contours enclose the 68.3% 

confidence level regions obtained with XSPEC (15). Stars indicate the corresponding PD and PA 

calculated using the condensed-surface RCS model. The arc bounded by the two dashed lines 5 

shows the change in polarization angle from the lowest (2–3 keV, black dashed line) to the 

highest (5.5–8 keV, red dashed line) energy bins. The black arrow and gray shaded area indicate 

the proper motion direction of the source and its associated uncertainty (28). 
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Fig 3. Phase-dependent x-ray flux and polarization properties.  

(A) Energy-integrated (2–8 keV) IXPE counts as a function of spin phase. Error bars are at 1𝜎 

confidence level.  (B) Polarization degree as a function of spin phase. Error bars indicate 5 

Δ log 𝐿 = 1 , where 𝐿 is the unbinned likelihood (19). (C) Same as panel B, but for the 

polarization angle. The orange curve shows the best-fitting rotating vector model (15).  
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Fig 4. Schematic illustration of the proposed theoretical scenarios.  

(A) Thermal radiation emitted by an equatorial belt on the condensed surface of the magnetar (or 

an atmosphere with an inverted temperature gradient), then reprocessed by RCS in the 

magnetosphere. (B) Radiation from the whole surface reprocessed by (unsaturated) thermal 5 

Compton scattering in a near-surface atmospheric layer, then additional (saturated) Compton 

scattering in an extended corona. The dark orange areas on the NS surface indicate the emitting 

regions. Black lines with arrows indicate the (dipole) magnetic field lines. The gray rectangles 

along the photon trajectories highlight the polarization plane and the oscillating electric field.  
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Materials and Methods 

Observations and data processing 

The IXPE observatory includes three identical x-ray telescopes, each comprising an x-ray 

mirror assembly and a polarization-sensitive pixelated detector (31, 32), for measuring the 

energy, arrival direction, arrival time and linear polarization of the detected x-ray signal. We 5 

analyzed the data using software developed by the IXPE collaboration and collected in the 

IXPEOBSSIM suite (33) and independently with XSPEC (16), using the instrument response 

functions provided in the IXPE calibration Database [CALDB, (34)].  

IXPE raw data consist of images of photoelectron tracks generated by X-ray photons 

absorbed in a gas cell. After downlinking to Earth, these were equalized by the gain of each 10 

detector pixel and then analyzed to calculate the absorption point of the photon, its energy and 

the direction of emission of the photoelectron, which is statistically related to the polarization of 

the absorbed photons (31, 32). All these quantities, stored in Level 1 files, were processed to 

apply calibrations and to project the photon incident direction and polarization angle onto the 

plane of the sky, to produce Level 2 files. Our analysis started from Level 2 data. We combine 15 

two 4U 0142+61 observations: the first started on 2022 January 31 at 07:37:07 Universal Time 

Coordinated (UTC) and ended on 2022 February 14 at 23:44:12 UTC, the second started on 2022 

February 25 at 04:38:09 UTC and ended on 2022 February 27 at 18:46:09 UTC. The average net 

exposure time for the three telescopes was 835,719 seconds. We selected the source in the 

instrument field of view and identified a region for background subtraction using the 20 

SAOIMAGEDS9 software (35). The source counts were extracted from a circular region with 

radius 46′′ and the background from a concentric annulus with inner and outer radius of 106′′ 

and 293′′, respectively. The selected regions for each of the three IXPE DUs are shown in 

Figure S1A-C. Figure S1D shows the background for DU1 (representative of all the others); the 

background is uniform across the field of view. We then converted photon arrival times to the 25 

Solar System barycenter with the BARYCORR FTOOL included in HEASOFT 6.30.1 (16), using 

the object coordinates in the Flexible Image Transport System (FITS) files, the Jet Propulsion 

Laboratory (JPL) Development Ephemeris [DE421, see (36)] and the International Celestial 

Reference System (ICRS) reference frame.  

Figure S2 shows the light curves of the source and of the background. Both were almost 30 

constant during the IXPE observation; therefore, we decided to join the two observations and 

analyze them as a single dataset. 

Timing analysis 

We searched around the known rotation frequency of 4U 0142+61, 𝑓 = 0.115092 Hz (12), 

and in a range of frequency derivatives using a 𝑍𝑛
2-search technique [see (37)]. We used the 35 

quasi-fast folding algorithm included in the HENDRICS software v.7.0 (38, 39), which is based 

on stingray 1.0 (40). We ran HENZSEARCH, initially using 16 bins for the pre-folding and 

accounting for one harmonic (i.e. 𝑛 = 1, sinusoidal pulsations). Once we determined an initial 

solution around 0.115079 Hz, we found that the pulse profile was better described by at least 5 

harmonics using the H-test (41). Hence, we re-ran the 𝑍𝑛
2-search, this time using 𝑛 = 5 and 64 40 
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bins for pre-folding. Using the 90% confidence limits on the power (42, 43) [as adapted (44) and 

implemented in HENDRICS using STINGRAY.STATS], we determined the 68.3% confidence limit 

on the frequency 𝑓 = 0.115079332 ± 8 × 10−9  Hz and on the frequency derivative  𝑓̇ =
−(2.1 ± 7) × 10−14 Hz s−1. The corresponding contour plot of the statistical variable 𝑍𝑛

2 

[defined in (37)] as a function of 𝑓 and  �̇� is reported in Figure S3. We further refined the results 5 

in the following way: using HENPHASEOGRAM, we split the observation into 32 intervals and 

calculated the times of arrival (TOAs) of the pulsations for each 10 intervals with the FFTFIT 

algorithm (45); then, we used the PINT software (46) to fit these TOAs with a spin-down model, 

obtaining final values of 𝑓 = 0.115079336 ± 6 × 10−9 Hz and  𝑓̇ = −(2.1 ± 0.7) × 10−14 Hz 

s−1.    10 

Spectral analysis 

Spectral analysis was carried out with the python interface to the x-ray spectral-fitting 

package XSPEC, version 12.12.1 (16). Interstellar absorption was taken into account by using the 

XSPEC model tbabs with standard abundances (47). Due to the limited energy resolution and 

energy range of the IXPE data, we tested only three simple models: 15 

1. tbabs×(bbody+powerlaw), which has previously been applied to 4U 0142+61 (18), 

2. tbabs×(bbody+bbody), which has also been applied to magnetars [see e.g. (3)] 

3. tbabs×(bbody+trcpow), where trcpow is a truncated power-law, that is, a power-law 

which drops to zero below an energy threshold, 𝐸trc. We introduce this model to mimic a 

physical picture in which the power law is produced at the expenses of low energy photons, 20 

like in the RCS scenario, and so it does not extend below a few keVs.  

We found that the absorption component is unconstrained, due to the lack of IXPE sensitivity 

below 2 keV. Therefore, we fixed the interstellar, hydrogen column density 𝑛H to the value 

found by a previous analysis (17), 𝑛H = 0.57 × 1022 cm−2. This value is lower but compatible 

with a previous measurement (48), 𝑛H = 0.64 × 1022 cm−2 and a broadband analysis (21) which 25 

found values in the range ∼ 0.5–1.3 × 1022 cm−2, depending on the assumed spectral model. 

The models were fitted to the spectra from all three IXPE telescopes simultaneously, 

allowing for an energy-independent cross-normalization factor for the second and third detectors 

to account for the uncertainties in their absolute effective area calibration. The results of the 

background-subtracted spectral fitting in the energy interval 2–8 keV are reported in Table S1 30 

and shown in Figure S4. The 𝜒2 of the bbody+powerlaw and the bbody+bbody models are 

511.5 and 496.0, respectively, for 441 degrees of freedom. The best fitting parameters obtained 

for the bbody+powerlaw model are close to those derived in previous observations (18), 

although the temperature and the photon index are not formally consistent at 1𝜎 level. This is at 

least partially related to the different value adopted for 𝑛H. The unabsorbed flux for DU1 (which 35 

is taken as a reference) is ∼ 6.5 × 10−11 erg s−1 cm−2 in the 2–10 keV energy range. Cross-

normalization factors w’s are within 15%, which is common for x-ray missions (49), especially 

in their early phases.  
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The bbody+trcpow model has residuals at low energy that can mostly be removed by 

making the column density a free parameter. We instead keep it fixed, and use this spectral 

model only for the joint spectro-polarimetric analysis, discussed below.  

We performed a phase-resolved spectral analysis, grouping the data in six phase bins; 

because there are insufficient counts at high energies, we considered only the 2–7 keV range. 5 

The obtained spectra are shown in Figure S5A, where the selected phases are also reported. The 

best fitting parameters for the w×tbabs×(bbody+powerlaw) model are shown in Figure 

S5B. No statistically significant spectral changes with phase were detected. 

Polarization analysis 

Polarization analysis was carried out with two different methods. The first uses the tools 10 

available in IXPEOBSSIM (33). This model-independent polarization analysis is based on an un-

binned procedure described elsewhere (50). While a weighted analysis can provide an increase in 

sensitivity (51, 52), no appropriate software was available. We therefore used the simpler 

unweighted procedure. Stokes parameters were calculated event-by-event from the photoelectron 

track emission angle and calibrated for the known spurious modulation of the instrument (53). 15 

Because the Stokes parameters are additive (50), those for each energy band were obtained by 

simply summing the parameters of all the events in the energy range of interest. Background 

removal was performed by subtracting its contribution from the Stokes parameter fluxes of the 

source. 

The second approach used the XSPEC spectral fitting package following published 20 

methodology (54). Event-by-event Stokes parameters, already calibrated for the spurious 

modulation (50), were binned in energy to produce three independent spectra for 𝐼, 𝑄, and 𝑈; the 

latter were then fitted jointly with the XSPEC procedure of forward folding. The polarization 

instrumental response is accounted for by the modulation response function, taken from the 

IXPE CALDB. The background was removed in each energy bin by subtracting from the source 25 

Stokes spectra the corresponding background spectra, after rescaling the number of background 

counts to the area of the source extraction region. Polarization in each bin was calculated by 

assuming the tbabs×(bbody+powerlaw) model with parameters fixed to those obtained by 

the spectral analysis above, then convolved with the constant polarization model polconst 

provided by XSPEC. Only the polarization degree and angle are left as free parameters; the 30 

polarization in different energy bands is obtained by restricting the Stokes spectra to the energy 

channel of interest. 

For both analyses, the subtraction of the spurious modulation and of the background has a 

minor impact on the source signal. We compare the (unnormalized) Stokes spectra of the three 

components in Figure S6.  Spurious modulation is apparent only at lower energies, where the 35 

source polarization is much larger and detected with high significance. The background becomes 

non-negligible at higher energies, but it is largely unpolarized, so its Stokes parameters are 

negligible with respect to those of the source. 

The results of the separate analysis of the three IXPE detectors, for both the IXPEOBSSIM and 

XSPEC methods, are reported in Table S2 in each energy band. In Table S2 we report the 1𝜎 40 

(68.3% confidence level) statistical uncertainty on both PD and PA calculated following 
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published methods (50), under the assumptions that Stokes parameters are normally distributed 

and correlated, and that PD and PA are independent. When the measured PD is lower than the 

MDP99 (55), we list only the latter as an upper limit; for PA, instead, we report the best-fitting 

value and extend the uncertainty interval over the entire range, PA − 90∘–PA + 90∘. 

Uncertainties for the XSPEC analysis are derived with the error command of XSPEC for each 5 

parameter of interest.  

The polarization degree and angle are not truly independent (especially for low-significance 

measurements). For this reason, we also determined the 68.3% confidence level for the joint 

measurement of the polarization degree and angle (shown in Figure 2). In the IXPEOBSSIM 

analysis, this is derived with standard functions (55–57) from the measured quantities. This 10 

approach assumes that the Stokes parameters are normally distributed and uncorrelated, which is 

a good approximation for the polarization degree exhibited by 4U 0142+61 and for the IXPE 

modulation factor in the 2–8 keV energy range. For the XSPEC analysis, we used the steppar 

command to determine the contour regions, assuming two parameters of interest. Figure S7 

shows the normalized Stokes parameters measured in the five energy bands considered in our 15 

analysis. 

We also performed a joint spectro-polarimetric analysis with XSPEC, fitting the Stokes 

spectra 𝐼, 𝑄 and 𝑈 simultaneously with models which account for the energy dependence both in 

the spectral and polarization properties. We started from the three models discussed above for 

the spectral analysis, then associated each additive component with a different polarization, 20 

assumed to be constant with energy. The interstellar column density and cross-calibration of the 

three detectors were fixed at the same values as the spectral analysis (Table S1), while all the 

other parameters were free parameters. The results of this analysis are shown in Figures S7–S9 

and parameters are reported in Table S3.  

We find that the spectral parameters agree with those found in the spectral analysis above, 25 

within the statistical uncertainties. This indicates that the adopted spectral decomposition is 

consistent with the polarization analysis, so likely reflects a different physical origin for the two 

components, each characterized by its own spectral and polarization properties. The polarization 

degree of the two components is strongly model dependent; for example, the low-energy 

blackbody has a polarization of ∼ 60% when the model also contains a power-law, but ∼ 17% 30 

when the second component is a truncated power law. This is because the two models imply a 

different contribution of the high-energy component at low energies and therefore their 

polarization must adjust so that their sum matches the observed polarization. The results obtained 

with the tbabs×(bbody+trcpow) model are less affected by this issue and therefore we 

prefer them over the other models. Nonetheless, in all cases we observe a swing of the 35 

polarization angle by 90∘ between the two components, which is therefore a robust feature. 

Variation of PA with phase and the rotating vector model 

The phase-dependent analysis above showed that the polarization angle as a function of the 

rotational phase is consistent with the rotating vector model [RVM; (20, 58)]. RVM provides a 

simple method to compute the polarization angle of radiation coming from a small (point-like) 40 

region located at (or close to) the magnetic pole of a neutron star. If the neutron star magnetic 

field is a dipole (so 𝐵 at the emitting point is along the magnetic axis), the angle between the 
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projection of the field in the plane of the sky and a reference direction, taken as the projection in 

the same plane as the spin axis, is given by (58): 

tan 𝛼 =
sin 𝜉 sin 𝛾

cos 𝜒 sin 𝜉 cos 𝛾 − sin 𝜒 cos 𝜉
                                                                                                (S1) 

where 𝜒 and 𝜉 are the inclinations of the observer’s line-of-sight and the star dipole axis with 

respect to the spin axis, and 𝛾 is the rotational phase. The angle 𝛼 coincides with the polarization 5 

angle PA. 

If radiation comes from an extended region, the situation is more complicated. Because the 

direction of 𝐵 changes substantially on the surface, 𝛼 is different at the different emission points. 

The PA is then (10): 

tan(2PA) =
Σ𝑖

𝑁X sin(2𝛼𝑖) − Σ𝑖
𝑁O sin(2𝛼𝑖)

Σ𝑖
𝑁O cos(2𝛼𝑖) − Σ𝑖

𝑁X cos(2𝛼𝑖)
                                                                                       (S2) 10 

where the two summations are over the total number of X (𝑁X) or O (𝑁O) mode photons, the 

index 𝑖 runs over the number of photons and  

tan 𝛼𝑖 = −
𝐵𝑦,𝑖

𝐵𝑥,𝑖
                                                                                                                                         (S3) 

where 𝐵𝑦,𝑖, 𝐵𝑥,𝑖 are the (Cartesian) components of the (local) magnetic field in the plane of the 

sky. If all the 𝛼𝑖 are equal to the same value, 𝛼, this leads to PA = 𝛼. Although this is not 15 

generally true for emission coming from the surface, it becomes so if the polarization direction is 

determined by the properties on a sphere of radius much larger than the neutron star radius. At 

great distances from the neutron star, the dipolar field direction changes little from point to point, 

so tan 𝛼𝑖 is approximately the same for all photons. The common value 𝛼 is then given by 

equation S1. The Cartesian components of the field perpendicular to the line-of-sight are related 20 

to those referred to the dipole axis by: 

𝐵𝑥 = 𝐵𝑝𝑝𝑥 + 𝐵𝑞𝑞𝑥 + 𝐵𝑡𝑡𝑥 

𝐵𝑦 = 𝐵𝑝𝑝𝑦 + 𝐵𝑞𝑞𝑦 + 𝐵𝑡𝑡𝑦                                                                                                                       (S4) 

where the subscripts 𝑝, 𝑞 and 𝑡 indicate the axes unit vectors, with 𝑡 along the dipole axis. By 

relating 𝐵𝑝, 𝐵𝑞 and 𝐵𝑡 to the polar components of the dipole field and summing over the entire 25 

surface, only the 𝑡 contribution survives in equations S4, with 𝑡𝑦 and 𝑡𝑥 given by the numerator 

and denominator of equation S1 (10).  

We expect vacuum birefringence to force the photon polarization vectors to align with the 

magnetic field up to the polarization-limiting radius (𝑟𝑝𝑙), which is typically ∼ 100 stellar radii 

for a magnetar (7, 11). This would cause the observed polarization degree to be close to that at 30 

the original emission. However, following the change in direction of the polarization vectors, the 

polarization angle would change continuously until photons arrive at 𝑟𝑝𝑙, where the polarization 

vectors stop changing. For 4U 0142+61, this is consistent with the observed phase-dependent 

behavior of PD and PA, with the former resembling the double-peaked profile of the flux, while 
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the latter is consistent with the RVM. Given the large degeneracy of the parameters in equation 

(S1), it was not possible to obtain a precise value for the angles 𝜒 and 𝜉 from the fit.  

 

Numerical modeling  

Results of the numerical simulation shown in Figure 2 were obtained with the code 5 

described in (7).  Thermal photons are emitted by the condensed surface layers of the NS, 

assuming a Fe composition and in the fixed-ion approximation for the dielectric tensor of the 

solid [(23); this means that ions in the lattice do not move in response to an incident 

electromagnetic wave]. The energy, direction and polarization state of each photon is then 

upgraded as it undergoes repeated scatterings onto electrons flowing in the magnetosphere until 10 

it reaches the observer. Quantum electrodynamical effects are accounted for by integrating the 

wave equation along the photon path as discussed in (7, 9). The Stokes parameters of individual 

photons are finally collected as function of energy and direction. Spectra are obtained by 

summing together the contribution of the part in view of the NS and averaging over the rotational 

phase. Simulations have been performed for a large range of inclination angles 𝜒 and 𝜉, as well 15 

as for different values of the magnetospheric twist angle Δ𝜙, the velocity 𝛽 (in units of the speed 

of light) that characterizes the charge motion along the closed field lines and the surface 

temperature 𝑘𝑇𝑠 [see (7) for more details]. The results shown in Figure 2 refer to the simulation 

which provided the closest match with the IXPE data, corresponding to Δ𝜙 = 0.1 rad, 𝛽 = 0.5, 

𝑘𝑇𝑠 = 0.5 keV and 𝜒 = 40∘, 𝜉 = 30∘. In the present case a total of ∼ 107 photons were 20 

launched. We set the NS magnetic field strength to 4 × 1014 G at the pole so to match the 

strength at the equator inferred from the timing analysis of IXPE data. The emitting zone was 

limited to an axisymmetric region about the magnetic equator, with opening angle Θ = 36∘.  

Comparing the measured and the simulated polarization angle  

Our numerical simulations within the RCS scenario produce the Stokes parameters of the 25 

source, from which the polarization degree and angle are derived. Care must be taken when 

comparing the results for the polarization angle with observations. In our calculations PA is 

counted from the projection of the NS spin axis in the plane of the sky, since in this way PA is 0∘ 

(90∘) for O (X) mode photons [see (10)]. However, the direction from which PA is measured by 

the instrument does not necessarily coincide with the spin axis projection. In the general case in 30 

which the spin axis projection makes an angle 𝜓 with the instrument reference direction, the 

polarization angle of O-mode photons turns out to be 𝜓 or 90∘ + 𝜓 in the case of X-mode 

photons. The angle 𝜓 is a free parameter of the model and can be adjusted to match observations. 

This is the reasoning at the basis of argument we put forward about the association between the 

spin axis direction and the polarization angle. 35 
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Fig. S1. Source and background regions selected with SAOIMAGEDS9. 

(A to C) the selected source (solid blue circle) and background (dashed orange circles) regions, 

for DU1 to DU3 shown on a logarithmic scale. (D) The background for DU1, which is 

representative of all the DUs, shown on a linear scale. 5 
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Fig. S2. Light curve of the source and of the background during the two IXPE observations 

of 4U 0142+61. 

Both the source (blue) and the background (orange) were almost constant, so we analyzed the 

two observations as a single dataset. The background rate is rescaled in such a way the extraction 5 

area of the background region is the same as that of the source and was multiplied by a factor of 

100 for display. Values are averaged over the three DUs and errors are at 1𝜎. 
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Fig. S3. 𝒇- �̇� diagram for the IXPE observations of 4U 0142+61. 

(A) the values of the 𝑍𝑛
2 statistical variable for 𝑛 = 5 [see (37)] plotted as a function of 𝑓 and  𝑓̇. 

Dashed white lines indicate the best 𝑓 and  𝑓̇ values found in the analysis, while solid blue lines 

indicate the contours of 90 % confidence of the maximum power (see the text for details). (B 5 

and C) constant- 𝑓̇ and constant-𝑓 cuts of panel A corresponding to the best (solid black lines) 

and the next four (solid gray lines) 𝑓 and  𝑓̇ candidates.  
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Fig. S4. Spectral fitting of the total IXPE counts. 

Data (cyan, orange and green points with error bars, at 1𝜎 level) for DU1, DU2 and DU3. (A to 

C) best fit model  tbabs×(bbody+powerlaw), tbabs×(bbody+bbody) and 

tbabs×(bbody+trcpow)(cyan, orange and green solid lines for DU1, DU2 and DU3). The 5 

two additive components of each model (gray dashed and dotted lines) and the average 

background counts (black solid line) are also shown. (D to F) corresponding normalized 

residuals. 
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Fig. S5. Phase-resolved spectral analysis of 4U 0142+61.  

(A) spectra obtained by folding the data at the measured spin period and grouping them in six, 

equally-spaced phase intervals. (B to E): phase-dependent behavior of the blackbody temperature 

(𝑘𝑇BB) and normalization (normBB), power-law photon index (Γ) and normalization (normPL) 5 

obtained by fitting the spectrum in each phase bin with the w×tbabs×(bbody+powerlaw) 

model (cf. Figure S4A). Errors are given at 1𝜎 confidence level. Phases refer to the center of 

each bin. 

  



 

30 

 

 

Fig. S6 Comparison of the Stokes spectra of the source with those of the spurious 

modulation and background.  

(A to C) spectra of the Stokes parameters 𝐼, 𝑄 and 𝑈 for the source (cyan points with error bars, 

at 1𝜎 level) and the background (orange solid line). Insets in panels B and C are zooms. 5 

Spurious modulation (green solid line) is reported in panels B and C and is determined by 

summing the contributions of the three detectors, accounting for their relative orientation with 

respect to the sky. Source spectra are spurious modulation and background subtracted. The 𝐼 

spectrum of the spurious modulation coincides with that of the source. 

  10 



 

31 

 

 

Fig. S7. Energy-dependent normalized Stokes parameters.  

(A to E) Black squares (gray crosses) with 1𝜎 error bars indicate the combined 𝑄/𝐼 and 𝑈/𝐼 

derived with IXPEOBSSIM (XSPEC) in the same energy bins as in Fig. 2. Insets in panels A to C 

are zooms. Lines and purple shading are as in Figure 1. Data were background-subtracted. 5 
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Fig. S8. Same as Figure S4, but for the spectro-polarimetric model 

tbabs×(bbody×polconst+powerlaw×polconst).  

Best fitting parameters are reported in Table S3. 5 
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Fig. S9. Same as Figure S8, but for spectro-polarimetric model 

tbabs×(bbody×polconst+bbody×polconst).  

Best fitting parameters are reported in Table S3. 5 
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Fig. S10. Same as Figure S8, but for the spectro-polarimetric model 

tbabs×(bbody×polconst+trcpow×polconst).  

Best fitting parameters are reported in Table S3.  
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Table S1. Results of fitting the spectral models to the IXPE data. 

The values of 𝑛𝐻 and of the constant factor wDU1 are fixed parameters. 𝑘𝑇BB indicates the 

temperature of the blackbody component for the models w×tbabs×(bbody+powerlaw) and 

w×tbabs×(bbody+trcpow), while 𝑘𝑇BB1 and 𝑘𝑇BB2 are the temperature of the first and second 

blackbody components, respectively, for the model w×tbabs×(bbody+bbody). The blackbody 5 

normalization fitting parameters normBB, normBB1 and normBB2 are defined as 𝐿/𝐷2 where the 

source luminosity 𝐿 and distance 𝐷 are in units of 1039 erg s−1 and 10 kpc, respectively. The 

power-law normalization fitting parameter normPL is in units of counts keV-1 cm-2 s-1 at 1 keV. 

𝐸trc indicates the truncated power-law energy threshold. Uncertainties are at 68.3% confidence 

level. The number of degrees of freedom is 441 in the fit with the w×tbabs×(bbody+powerlaw) 10 

and w×tbabs×(bbody+bbody) models, and 440 with the w×tbabs×(bbody+trcpow) model. 

 

 
w×tbabs×(bbody+powerlaw) 

𝑛H 𝑘𝑇BB normBB Γ normPL  wDU1 wDU2 wDU3 𝜒2 

1022 cm−2 keV × 10−3  × 10−1   × 10−1 × 10−1  
          

0.57 0.471−0.004
+0.004 1.08−0.03

+0.04 3.69−0.05
+0.05 1.19−0.08

+0.08  1.0 9.63−0.03
+0.03 8.55−0.03

+0.03 511.5 
          

          

w×tbabs×(bbody+bbody) 

𝑛H 𝑘𝑇BB1 normBB1 𝑘𝑇BB2 normBB2  wDU1 wDU2 wDU3 𝜒2 

1022 cm−2 keV × 10−3 keV × 10−3   × 10−1 × 10−1  
          

0.57 0.399−0.004
+0.004 1.96−0.01

+0.01 0.81−0.02
+0.02 0.40−0.02

+0.02  1.0 9.63−0.03
+0.03 8.55−0.03

+0.03 496.0 
          

          

w×tbabs×(bbody+trcpow) 

𝑛H 𝑘𝑇BB normBB Γ normPL 𝐸trc wDU1 wDU2 wDU3 𝜒2 

1022 cm−2 keV × 10−3 keV × 10−1 keV  × 10−1 × 10−1  
          

0.57 0.447−0.001
+0.001 2.07−0.01

+0.01 2.69−0.04
+0.06 0.28−0.02

+0.01 3.340−0.002
+0.058 1.0 9.63−0.03

+0.03 8.55−0.02
+0.02 586.2 
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Table S2. Measured polarization degree and angle at different energies. 

Polarization degree and angle measured with the three IXPE DUs separately and combined using 

the model-independent analysis [(50), as implemented in IXPEOBSSIM] and XSPEC. Uncertainties 

are 68.3% confidence level, assuming that the polarization degree and angle are independent. 

When the measured value of the polarization degree is lower than MDP99, we show the latter as 5 

an upper limit and assume that the polarization angle can vary over its entire range. Signal-to-

noise ratio (S/N) is calculated by dividing the XSPEC combined polarization degree by its 

uncertainty. 

 

 2-3 keV 3-4 keV 4-4.75 keV 4.75-5.5 keV 5.5-8 keV 2-8 keV 

PD - DU1 [%] 13.2−1.6
+1.6 15.1−2.2

+2.2 < 14.9 < 25.8 < 44.5 11.2−1.3
+1.3 

PD - DU2 [%] 15.0−1.6
+1.6 12.5−2.2

+2.2 < 15.5 < 26.5 46.5−15.3
+15.3 12.5−1.4

+1.4 

PD - DU3 [%] 15.9−1.7
+1.7 12.7−2.4

+2.4 < 16.3 < 29.1 52.9−16.7
+16.7 12.0−1.5

+1.5 

PD - IXPEOBSSIM [%] 14.5−0.9
+0.9 13.4−1.3

+1.3 < 9.0 < 15.6 40.8−8.9
+8.9 11.8−0.8

+0.8 

PD - XSPEC [%] 15.8−1.0
+1.0 14.3−1.4

+1.4 < 9.0 < 15.6 35.2−7.1
+7.1 13.5−0.8

+0.8 

PD - XSPEC S/N 15.8𝜎 10.2𝜎 − − 5.0𝜎 16.9𝜎 

PA - DU1 [deg] 46.0−3.4
+3.4 48.1−4.2

+4.2 −15.1−74.9
+105.1 −33.2−56.8

+123.2 −47.4−42.6
+137.4 45.9−3.4

+3.4 

PA - DU2 [deg] 52.1−3.1
+3.1 53.9−5.1

+5.1 47.2−137.2
+42.8  −71.4−18.6

+161.4 −43.6−9.3
+9.3 53.1−3.1

+3.1 

PA - DU3 [deg] 42.4−3.0
+3.0 56.6−5.4

+5.4 33.9−123.9
+56.1  −69.8−20.2

+159.8 −42.2−8.9
+8.9 45.3−3.5

+3.5 

PA - IXPEOBSSIM [deg] 46.9−1.9
+1.9 52.4−2.8

+2.8 36.7−126.7
+53.3  −54.2−35.8

+144.2 −43.9−6.2
+6.2 48.3−1.9

+1.9 

PA - XSPEC [deg] 46−1.8
+1.8 52.8−2.8

+2.8 41.2−131.2
+48.8  −64.4−25.6

+154.4 −39.2−5.7
+5.7 48.5−1.6

+1.6 

  10 
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Table S3. Results of fitting the spectro-polarimetric model to the IXPE data.  

The interstellar column density 𝑛H and the constant factors wDU1, wDU2 and wDU3 were fixed to the 

values reported in the spectral analysis (table S1). All the other parameters are the same as in 

Table S1, with the exception of the polarization degree (PD) and angle (PA) of the constant 

polarization model. Uncertainties are at 68.3% confidence level marginalized over the parameter 5 

of interest.  The number of degrees of freedom is 1333 in the fit with the 

w×tbabs×(bbody×polconst+powerlaw×polconst) and w×tbabs×bbody×polconst 

+bbody×polconst) models, and 1332 with the w×tbabs×bbody×polconst 

+trcpow×polconst) model. 

 10 

w×tbabs×(bbody×polconst+powerlaw×polconst) 

𝑘𝑇BB normBB PDBB PABB Γ normPL  PDPL PAPL 𝜒2 

keV × 10−3  deg  × 10−1   deg  
          

0.473−0.004
+0.004 1.06−0.03

+0.03 0.59−0.06
+0.06 48.0−2.5

+2.5 3.72−0.05
+0.04 1.23−0.08

+0.08  0.39−0.06
+0.07 −42.3−4.3

+4.3 1337.8 
          

          

w×tbabs×(bbody×polconst+bbody×polconst) 

𝑘𝑇BB1 normBB1 PDBB1 PABB1 𝑘𝑇BB2 normBB2  PDBB1 PABB2 𝜒2 

keV × 10−3  deg  × 10−3   deg  
          

0.401−0.004
+0.003 1.96−0.01

+0.01 0.23−0.02
+0.02 47.3−2.1

+2.1 0.82−0.02
+0.02 0.38−0.02

+0.02  0.06−0.03
+0.03 −50.8−15.9

+16.4 1360.4 
          

          

w×tbabs×(bbody×polconst+trcpow×polconst) 

𝑘𝑇BB1 normBB1 PDBB1 PABB1 Γ normPL 𝐸trc PDPL PAPL 𝜒2 

keV × 10−3  deg  × 10−1 keV  deg  
          

0.448−0.002
+0.001 2.07−0.01

+0.05 0.168−0.008
+0.008 48.2−1.4

+1.4 2.67−0.07
+0.04 0.27−0.02

+0.02 3.38−0.02
+0.07 0.23−0.04

+0.04 −43.9−5.4
+5.4 1425.6 
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