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Pulsar wind nebulae are formed when outflows of relativistic electrons and positrons
hit the surrounding supernova remnant or interstellar mediumat a shock front. The
Vela pulsar wind nebula is powered by a young pulsar (B0833-45, aged 11,000 years)"
and located inside an extended structure called Vela X, whichis itselfinside the
supernova remnant?. Previous X-ray observations revealed two prominent arcs that

arebisected by ajet and counter jet*>*. Radio maps have shown high linear polarization
of 60% in the outer regions of the nebula’. Here we report an X-ray observation of
theinner part of the nebula, where polarization can exceed 60% at the leading edge—
approachingthe theoretical limit of what can be produced by synchrotron emission.
Weinfer that, in contrast with the case of the supernova remnant, the electronsin the

pulsar wind nebula are accelerated with little or no turbulencein a highly uniform

magnetic field.

Thelmaging X-ray Polarimetry Explorer (IXPE)®” provides an X-ray view
of the highest-energy electrons near their acceleration sites. IXPE isa
NASA-Italian Space Agency (ASI) explorer featuring three co-aligned
X-ray telescopes each with animaging photoelectric polarimeter detec-
tor unit based on agas pixel detector®. IXPE observed the Vela pulsar
wind nebula (PWN) in two periods—(1) 5 April 2022 to 15 April 2022
and (2) 21 April 2022t0 30 April 2022—with a total exposure of 860 ks.
The datawere extracted fromthe publicly available files processed by
the IXPE Science Operations Center and analysed using standard tools
as described in the Supplementary Methods.

Linear polarization is detected at high significance (-310) for the
spatial- and energy-integrated Vela PWN in the 2-8 keV band. The lin-
ear polarization degree (PD) is 44.6 +1.4% with a polarization angle

(PA, also known as electric vector position angle EVPA, defined from
northtoeast) of -50.0 + 0.9°, with 68.3% confidence level uncertainties.
Previously, only the Crab PWN has been studied by X-ray polarization;
the classic1976 and 1978 0SO-8 results'®" have recently been confirmed
by the Polarlight cube-sat'2. However, these observations provided only
anintegrated polarization measurement and the image-averaged PD
was less than half of that found here for Vela.

IXPE’s imaging abilities, with a <30” half-power diameter’, enable a
spatially resolved polarimetric measurement of the PWN (Fig.1). Here,
25independent 30” x 30” square regions were analysed, combining
data from the three detector units. The pulsar and compact arc-jet
structure lie largely within the central region. The pulsar, dominated
by akT=0.13 keV thermal component®, contributes less than10% of the

A list of affiliations appears at the end of the paper.
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Fig.1| The IXPE intensity map ofthe VelaPWNinthe 2-8 keVrange with the
measured X-ray polarization and radio polarization vectors overlaid. The
intensity is the Gaussian-smoothed sum of the three detector units. The black
lines present the X-ray polarizationin the corresponding 30” x 30”image
elements (white grids), their lengthsindicate the PD and the orientation
indicates the projected magnetic field (90° from the EVPA). The thinner silver
lines, drawn with the samelengths, show the 5 GHz polarization directions
derived fromref.%. The grey contours, obtained from Chandra observationsin
thesame 2-8 keVrange, give abetterillustration of the pulsar, compactarc-jet
structure, diffuse emission shell and relatively weak outer jet (only weakly
detected atIXPEresolution). The bar at the bottom left presents the maximum
measured X-ray PD of 63%, and the PDand PAin each of 25 grids are providedin
Extended Data Table 3.

IXPE counts in this region. IXPE has not measured the polarization of
the pulsed source; this may add to or subtract from the nebular polari-
zation but, with the low flux (and low expected PD*), the effect should
be small. The black lines show linear polarization, with the line length
indicating a PD of up to 62.8%. These lines are at 90° to the EVPA and
therefore show the direction of the projected magneticfield, whichis
highly symmetric about the pulsar jet axis.

The curved and symmetric PA patternseenin Fig. limplies that there
willbe some PA variation across, and decrease in the region-average PD
of, our 25 measurement regions. This is most obvious to the sides and
rear of the PWN, where the arcs seen in the Chandra image are highly
curved and, therefore, the underlying PA varies rapidly, producing sub-
stantial depolarization. As the polarization follows the Chandra X-ray
morphology, we expect slightly higher PD and smaller errorsinregions
inwhichthearcsareless curved, whichenables us to average over larger
areas. Forexample, amorphologically selected region at the front of the
nebulaalongthe symmetry axis providesa PD = 70.0 + 3.6% (Methods
and Extended Data Fig. 5). As a caution, we note that, for an analysis
near the angular resolution limit in regions covering sharp intensity
gradients, an effect due to the reconstruction of the photo-electron
tracksinthe gas pixel detector canartificially alter the local polarization
values. Monte Carlo analysis shows that thisis a $5% effect, with aslight
decrease in PD to the north and increase to the south; our maximally
polarized zones are hardly affected. Regardless, Vela’s high PD and
symmetric pattern imply a highly ordered magnetic field following
the PWN’s toroidal structure.

Thespatially averaged polarization of the VelaPWNis plotted as a func-
tion of energy in Fig. 2. A slight increase in PD with energy is seen. This
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Fig.2|Image-average polarization of the VelaPWN as afunction of energy.
PD (top) and PA (bottom) were derived using ixpeobssim (red) and XSPEC
(blue) independently. The results are from the joint analysis of three detector
unitswith uncertainties calculated ata 68.3% confidence level. PD valuesin all
ofthe energy bins are significantly higher than the minimum detectable
polarization atthe 99% confidence level (MDP,,), shown asagrey histogram.

mightbe expected, as the emission region shrinks with increasing energy,
therefore arising from a smaller range of magnetic field orientations.
Theimage-averaged PA does not show significant energy dependence.

It is widely accepted that PWN arc-jet structures are due to an
anisotropic pulsar wind, which generates toroidal magnetic fields
in the equatorial zone™ . In this picture, the integrated PA should
align with the symmetry axis of the Vela PWN"2, consistent with the
results reported here. The non-thermal radio and X-ray spectra of the
Vela PWN already indicated domination by synchrotron emission.
Thehighlinear X-ray polarization, measured here using IXPE, strength-
ens this conclusion.

The maximum PD of synchrotron radiation from a power law spec-
trum of electrons withindex pin auniform magneticfieldis 1= (p +1)/
(p +7/3) (ref.??); the photon index Iof the emitted radiation is given by
p=2I-1.ForVela,with/=1.3 + 0.04 in the compactjet-arcstructure,
increasing to 1.7 in the outskirts?, the maximum PD is 66-72%. Thus,
the 62.8% seenin Fig. 1 and Extended Data Table 3 (or the 70% in the
regions selected according to the Chandra image in Extended Data
Table 4) is quite close to the maximum permitted value. This implies
amagnetic field that is highly uniform across the measured region,
with little turbulence-induced fluctuations. Moreover, '=1.3 implies
p=1.6, appreciably flatter than the p = 2.3-2.6 of turbulent diffusive
shock acceleration®; another mechanism, such as reconnection®,
should have adominant role in PWN particle energization.

The high uniformity and toroidal magnetic structure that we see with
IXPE evidently extends to larger radii, where the linear polarization of
the 4’ radio lobes indicates amagnetic field with asimilar symmetry axis®
(Fig.1). Interestingly, this magnetic structure is compressed to the north
(evidently by the PWN interaction with the larger supernova remnant)
and has alarger radius of curvature, centred behind the pulsar. With
little radio emission from the X-ray bright torus/jet zone in the centre,
itappearsthat theradio tracks anolder, cooler electron population cen-
tred behind the pulsar and extending to larger radii. Still, the substantial
radio polarization, reaching 60% at both 5 GHz (ref.%) and 1.4 GHz (ref. ),
indicates that the ordered and minimally turbulent fields probed by
IXPE extend into this radio-emitting zone at much larger radii.

At present, we can say little about the X-ray polarization from the
pulsar itself. Much deeper observations (and probably at a higher
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spatial resolution) will be required toisolate this component and com-
pare with the optical phase average polarization of PD = 8.1+ 0.6% at
PA =146.3 +2.4° (ref. ¥). Like the Crab pulsar, Vela’s average optical
PA lies close to the projected torus axis. If, like the Crab pulsar, the
phase-average X-ray PD is well below that of the optical emission, cor-
rections to our nebular estimates will be very small.

We found a notable high X-ray polarization in the Vela PWN, reach-
inganimage- and energy-averaged PD of about 45%. The non-thermal
PWN spectrum s bright in the IXPE energy band; the Vela pulsar itself
emits mostly soft thermal X-rays that are too faint and weakly polar-
ized for detection at present. Our IXPE image sufficiently resolves the
PWN to show that the polarization structure is symmetric about the
projected pulsar spin (and proper motion) axis; this symmetry extends
inradio polarization studies to even larger angles. The varying PA across
the nebulaimplies that the truelocal polarizationis even greater and,
indeed, we found PD values of >60% for some regions. This is close to
the maximum PD allowed for synchrotron emission with the observed
X-ray spectrum, implying that the magnetic field is highly uniform
across the emission region. As electrons emitting synchrotron X-rays
coolveryrapidly, the IXPE X-rays are emitted close to the acceleration
zone. In turn this argues against turbulence-driven diffusive shock
acceleration and suggests that other processes, such asreconnection,
should energize the PWN particles in the termination shock. Further
IXPE studies of Vela and other bright PWNe should connect the X-ray
polarization pattern with the details of the compact structures, further
probing the physics of relativistic shock acceleration.
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Methods

IXPE data analysis

Thisworkis based on the polarimetric observations of the Vela pulsar
and nebula obtained with the IXPE—aNASA missionin partnership with
the ASlas described previously®’ and the references therein. The IXPE
Observatoryincludes three identical X-ray telescopes, each comprising
an X-ray mirror assembly and alinear-polarization-sensitive detector,
and performsimaging polarimetry over anominal 2-8 keV energy band.
IXPE dataare telemetered to ground stations in Malindi (primary) and
in Singapore (secondary), and are transmitted to the NASA Marshall
SpaceFlight Center Science Operations Center (SOC) through the Mis-
sion Operations Center at the Laboratory for Atmospheric and Space
Physics, University of Colorado. Data are processed at the SOC, where
raw data and relevant engineering/ancillary data are used to produce
photon event lists. For each observation, the data are archived at the
High Energy Astrophysics Science Archive Research Center (HEASARC),
atthe NASA Goddard Space Flight Center for use by the international
astrophysics community.

IXPE data are provided in two levels/formats: event_I1and event_I2.
Thefirstlevel consists of unfiltered events; event_I2files are produced
from event_l1after further calibration/correction procedures. In par-
ticular, event_I2 dataare cleaned of in-flight calibration dataand occul-
tation/SAA passages, then energy calibration/equalization of the three
detector units (DUs) is applied and Stokes parameters are estimated as
described previously?. After this the spurious modulation is removed®
andthe photonsare referenced to sky coordinates, removing dithering
pattern and boom motion effects.

The Vela pulsar and PWN were observed with the IXPE from
5April2022at19:51:40.687 UTCto 15 April 2022 at18:08:18.343 UTC,
and again from 21 April 2022 at 12:22:11.549 UTC to 30 April 2022 at
10:34:51.991 UTC, with net exposures 860 ks, 854 ks and 868 ks,
respectively for the three DUs. After retrieving event_I2 files from
the HEASARC, we performed three corrections: (1) energy correction
(based on the onboard calibration data); (2) bad time interval filtering
(toremovethesolar flare events; Extended Data Fig.1); (3) barycentre
correction (to convert the photon arrival time into the solar system
barycentre; done using the standard HEASoft (v.6.30.1) barycorr,
with the following options: refframe=ICRS, ephem=JPLEPH.421).
We found that the IXPE Vela observations were slightly affected by
anincreased particle flux during some portions of the orbit that are
associated with high solar activity. Bad time intervals are identified as
periods with count rates 3o higher than average, assuming a Gaussian
distribution. Events during such bad intervals were excluded from
further data analysis.

Thefield of view of each detectoris12.9” x 12.9’ (with the three detec-
tors mounted atangles 0f120° to each other)’, while the X-ray emission
of Vela PWN covers a much smaller region®. We identified source and
background regions using the SAOImageDS9 software*. The source
region is a circle of radius 1’ centred on the pulsar. The background
region is an annulus with inner radius of 2’ and an outer radius of 4.7/
(Extended DataFig. 2).

The polarization data consist of Stokes parameters (/, Q, U) for each
photonin the event_12 files. For details on the Stokes parameters as
defined in IXPE data see ref. > Data analysis was performed using dif-
ferent techniques and by different groups within the IXPE collabora-
tion to cross-check the results. We first analysed the data using the
IXPE internal software ixpeobssim®, customized for IXPE data analysis
and simulations. ixpeobssim includes tools developed to determine
the source polarization properties through an analysis independent
of the spectral models, according to the unbinned method described
previously?. A second reduction was performed with XSPEC, using
HEASoft (v.6.30.1), which includes models for spectropolarimetric
analysis®. With the binned spectra of the Stokes parameters, XSPEC
performs standard forward-fitting and derives model-dependent polar-

ization parameters. The adopted IXPE response functions are from the
HEASARC IXPE CALDB 14 March 2022 release.

The spectral analysis shows that background events are not negligi-
ble at high energies, with rates becoming comparable (Extended Data
Fig. 3). To determine the source polarization while avoiding dilution
effects at high energies, the background component was subtracted
inall of the analyses. The 2-8 keV band-averaged, aperture-averaged
(1’ radius) PD and PA measurements are summarized in Extended Data
Table 1. The results are consistent between the three DUs and the two
different analysis methods.

Spectropolarimetric analysis was performed using XSPEC** tojointly
fit the three DUs in atwo-step procedure. In the first step, the /energy
distribution is fitted with a spectral model. In the second step the
spectral modelis fixed, while U and Q are fit. Thus, this method does
aforward folding fit to the binned spectra of the Stokes parameters/,
Qand Ujointly after fixing the spectral model.

The Vela PWN binned / spectra from the three DUs were fitted with
the model FACTOR x TBABS x POWERLAW, where TBABS takes into
account theinterstellar absorption. Here we fixed the column density™
toN,;=0.03 x 102 cm2—arelative normalization factor for DU2 and DU3
accounts for uncertainties in their absolute effective area. The best-fit
curves and the spectra of the Vela PWN for the three DUs are shown
in Extended Data Fig. 3. At present, uncertainties in the effective area
energy dependence are substantial, due to theincomplete knowledge
oftelescope alignment and related vignetting. Accordingly, we focus
onthepolarizationinformation. The spectral model parameters do not
affect the polarization results, which are affected only by the energy
assigned to individual photons. The individual photon energy esti-
mateistied to frequentin-flight calibration, performed by anonboard
calibration source during the Earth occultation. As the effective area
variation becomes better understood, we expect the spectral model
fitting toimprove.

Withthe spectral model, binned/, Qand Uspectraarefitted to obtain
the polarimetricinformation, using the polarization model POLCONST
of XSPEC. Thefitted/, Q, Uspectrainthe 2-8 keV energy band are shown
inExtended DataFig. 3. The PAand PD obtained arein good agreement
with those obtained by the model-independent analysis performed
using ixpeobssim, as reported in Extended Data Table 1.

The same procedure was used to investigate the polarization in six
energy bins fitting with XSPEC model FACTOR x TBABS x POWER-
LAW x POLCONST ineach energy interval, freezing the /spectral model
parametersto the values previously obtained fromthe 2-8 keV analysis.
The PD and PA in each energy bin are reported in Fig. 2 and Extended
Data Tablel. Theixpeobssim analysis s fully in agreement with that of
XSPEC. PD and PA values obtained with XSPEC are represented ina2D
polar plot—with contours enclosing the 68.3% confidence levels—in
Extended DataFig. 4.Similarly, Q//and U/IStokes parameters obtained
with XSPEC and ixpeobssim are shown in Extended Data Fig. 6.

We have attempted to quantify the significance of the PD(E) trend
in Fig. 2. Although a x* test found that a constant PD is acceptable at
the 57%level, arun-test analysis accepted this hypothesis at only 7.7%
and a Kolmogorov-Smirnov test at only 3.6%. By contrast, a linear
PD(E) model gives an acceptable y* probability at the 98% level, the
run-test statistic is allowed at 41% and a Kolmogorov-Smirnov test
accepted the hypothesis at the 98% level. Thus, a linear model with
slope 1.8 X102+ 0.9 x 102 keV?, while not demanded by the data, is
preferred over asimple constant PD model at the 2o confidence level.

Spatially resolved analysis

Spatially resolved analysis was performed using ixpeobssim. We divided
thefield of view into 30” square bins, guided by the mirror PSF. Polariza-
tion analysis was performed for each bin, without background subtrac-
tion. Removing the background counts would give asmall increase in
the PD without affecting the PA. The statisticsin the outer bins are poor,
sowe presentonly theresultsin5 x 5grids centred on the pulsar (Fig.1).
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The tabulated results of the normalized Q, Uand their significance are
provided in Extended Data Table 2, and the corresponding PD and PA
are presented in Extended Data Table 3.

We also analysed the polarization parametersin five larger regions,
aligned tothe PWN symmetry axis, labelled L, R, F, Band Cin Extended
DataFig.5. Here we used ixpeobssim and subtracted a scaled off-source
background. The results, tabulated in Extended Data Table 4, show
a PD degree increasing along the symmetry axis from around 30%
(Bregion) up to about 70% (F region). As with the finer square grid,
L and R side regions show PA symmetrically spread about PA for the
symmetry axis region C.

The effect of the pulsar on the PWN polarization

The X-rays of the 89 ms Velapulsar are largely thermal and make a neg-
ligible contribution to the 2-8 keV PWN flux as a whole. Thus, they
cannot notably affect our image-averaged PD and PA. However, from
high-resolution Chandra images, we see that the pulsar contributes
around 10% of the 2-8 keV flux in the central square region of Fig. 1
and it might therefore affect its polarization. To bound such effects,
we measured the spectrum of the Vela pulsar using the Chandra obser-
vation obsid 218, processed through the standard pipeline using the
CIAO (v.4.13) package and CALDB (v.4.9.5). If the pulsar contributes an
unpolarized background, the corrected nebula-only PD rises to 55%.
By contrast, if the pulsar emission is 100% polarized parallel (perpen-
dicular) to the PA measured for the central square region, then the
pulsar-subtracted polarization falls (rises) to 39% (66%). These val-
ues are from DUl measurements only as, with the smallest half-power
width, the pulsar will be most severe for this DU. In practice, the pul-
sar polarization is quite low in the optical band (PD = 8.1+ 0.6% at
PA =146.3 + 0.6°)” and, by analogy with the Crab, will be even lower
inthe X-rays, so the true effect should be close to the unpolarized case,
boosting the inferred PWN central PD. We apply this correctionto the
central bin in Fig. 1. Follow-up IXPE studies may more tightly bound
the polarization of the pulsed emission.

Data availability

IXPE data are available through the NASA’s HEASARC data archive
(https://heasarc.gsfc.nasa.gov). Other derived data supporting the
findings of this study are available from the corresponding author on
request. Source data are provided with this paper.

Code availability

The High Energy Astrophysics Science Archive Research Center
(HEASARC) developed the HEASOFT (HEASARC Software). We used
the HEASOFT v.6.30.1 package for the spectropolarimetric IXPE data
analysis, whichis available online (https://heasarc.gsfc.nasa.gov/docs/

software/heasoft/). The proper instrument response functions are
provided by the IXPE Team as a part of the IXPE calibration database
released on 14 March 2022 are and available in the HEASARC Calibra-
tion Database (https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/
caldb_supported_missions.html). The software developed by IXPE
collaborationis available publicly online (https://ixpeobssim.readthe-
docs.io/en/latest/?badge=latest). Information supporting the findings
of this study is available from the corresponding author on request.
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Extended DataFig.1|Light curve ofthe VelaPWN observed by IXPE DU1 before and after datafiltering (top and bottom panels, respectively). Filtering the
high count-rate excursions from the event_|2 file removes approximately 1.47% of the exposure time.



Article

3 12 27 49 76 110 149 195 247 3 12 27 49 76 110 149 195 247

Extended DataFig.2 | Total nebulasource (white 1’ radius circle) and background (blue annulus, inner radius 2’, outer radius 4.7’) regions shownon
images from DU1 (left) to DU3 (right). Intensity is on alogarithmic scale to bring out the faint background.
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Extended DataFig. 3 |Spectral jointfitting for the Stokes parametersinthe  background count/spectrum forthethree DUsisshowninblack.Fitresiduals
2-8 keVenergyband for the three DUs using model TBABS*POWERLAW* areshownatthe bottom.
POLCONST with previously fit spectral parameters fixed. The average
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Extended DataFig. 4 |Polar plot showing the polarization degree (PD) and polarization angle (PA) fit with data from the three DUs, for different energy
bands. Ellipses show the 68.3% confidence level errors obtained with XSPEC.
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Extended DataFig.5|Analternative spatial partition ofthe PWN with Ccentreregionrespectively, correspondingto the analysis tabulatedin
regions aligned with the PWN symmetry axis onimage observed by Extended Data Table 4. Theinner circle hasaradius of 15” and the outer

Chandra. L, R, F, Blabel theleft, right, front, back regions with respect to the circleradiusis45”.
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XSPECindependently. The results are from the joint analysis of three DUs.



Extended Data Table 1| Polarization degree and angle in six different energy bands and in the full IXPE 2-8 keV band

2-3keV 3-4keV 4-5keV 5-6keV 6-TkeV T7T-8keV ‘ 2—-8 keV

(%
(%

PD (%)! 42.3+1.8 43.841.9 452427 46.443.8 50.14£5.7 56.14£9.7 ‘ 44.6+1.4
PD (%)X 43.441.9 454420 46.042.9 47.444.1 46.9£5.7 50.249.2 ‘ 44.9+1.1

PA (°)7  —49.941.2 —50.0+1.2 —49.3+1.7 —49.7+24 —51.743.3 —54.7+5.0 | —50.0+0.9
PA (°)X  —49.941.2 —50.0+1.3 —49.4+1.8 —50.042.5 —51.243.5 —51.145.4| —50.0+0.7

Polarization degree and polarization angle measured using ixpeobssim and XSPEC in six energy bands and 2-8 keV using three DUs. Uncertainties on the polarization degree and angle are
calculated for a 68.3% confidence level, assuming that they are independent. The values from the two different methods are compatible within the uncertainties.

'Values are obtained with ixpeobssim.

*Values are obtained with XSPEC.
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Extended Data Table 2 | The normalized Stokes parameters and the detection significance within the bins of Fig.1

-2b -1° 0° 10 2b
0.33+0.17 0.20+0.13 0.07+0.11 —0.09+£0.13  —0.14+0.15 | Q/I¢
2¢ | —0.18+0.18 —0.18+0.13 —0.61+£0.11 —0.36+0.13 —0.45+0.14 | U/I14
1.3 1.2 5.0 2.0 2.6 Sig®
0.324+0.10 0.344+0.05 0.05+0.04 —0.10£0.07 —0.21£0.13 | Q/I¢
1° 0.07+0.10 —0.3440.05 —0.5340.04 —0.564+0.07 —0.424+0.13 | U/1¢
2.5 9.7 12.9 7.6 3.1 Sige
0.10+0.09 0.13+0.04 —0.094£0.02 —0.194£0.04 —0.08+0.11 | Q/I¢
0% | —0.03+£0.09 —0.32+0.04 —0.48+0.02 —0.60+£0.04 —0.434+0.11 | U/I14
- 8.8 19.7 15.6 3.3 Sig®
—0.01£0.12 —0.20£0.07 —0.304£0.04 —0.444+0.05 —0.1840.12 | Q/I¢
-1¢ | —0.204+0.12 —0.1940.07 —0.5340.04 —0.37+0.05 —0.40+0.12 | U/I¢
0.8 3.2 9.6 10.5 3.0 Sig®
—0.07+0.15  0.044+0.13 —0.354+0.09 —0.424+0.11 —0.134+0.13 | Q/I°
-2% | —0.334+0.15 —0.01+0.13  0.054+0.09 —0.0940.12 —0.1140.13 | U/1¢
1.4 = 3.1 3.2 0.1 Sige

2 The row number where O presents the centre bin containing the pulsar.

b The column number where O presents the centre bin containing the pulsar.

¢ The Q/I Stokes parameters with 68.3% confidence level error.
9The U /I Stokes parameters with 68.3% confidence level error.

° The significance (o) for the non-polarized hypothesis test, based on the standard normal distribution. The corresponding P value means the probability that a polarized signal is generated by
a non-polarized source. Specifically, a significance of 20 means that the probability that the emission is polarized reaches 95%. Conventionally, the minimum detectable polarization at 99%

confidence level (MDPg) corresponds to a significance of 2.33c.
“No significant polarization detection.



Extended Data Table 3 | The Polarization degree and angle within the bins of Fig.1

_26 _lb Ob ].b 2b
5 37+18 27413 61412 37+13 47415 PD°¢
—14+14 —214+14  —41.74+5.3 —52+10  —53.84+8.9 | PAd
- 33+10 48.5+5.0 53.5+4.1 56.84+7.1 47+13 PD°¢
6.3+49.0 —22.44+3.0 —42.242.2 —50.24+3.6 —58.2+7.7 | PA¢
0a 10.3+8.8  34.44+3.9 49.042.5 62.84-4.0 44411 PDc¢
—7.4+424 —34.3+43.3 —50.3+1.5 —53.94+1.9 —50.5+7.4 | PA¢
Lo 21412 27.54+7.2 38.54+4.0 57.1+5.4 44412 PDc¢
—47+17 —68.3+7.5 —70.0+3.0 —69.84+2.7 —57.3+7.9 | PA¢
ga | 34EI5 45135 34.949.5 43412 17+14 PD°®
—51+13 —6.0+85 86.1+7.8  —84.2+7.6  —70+23 PA¢

Polarization degree and polarization angle measured using ixpeobssim. Uncertainties on the polarization degree and angle are calculated for a 68.3% confidence level, assuming that they are
independent.

2 The row number where O presents the centre bin containing the pulsar.

b The column number where O presents the centre bin containing the pulsar.

° The polarization degree (%) with 68.3% confidence level error.

9The polarization angel (°) with 68.3% confidence level error.
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Extended Data Table 4 | The polarization degree and angle in the five regions shown in Extended Data Fig. 5

Center Front Right Left Back
[C] [F] [R] [L] [B]

PD (%)5 49.64+2.5  70.043.6  56.043.1  42.0+3.0  33.3+3.6
PD (%)S+B  48.8425 654436  53.14+3.1  39.9+3.0  31.1+3.7

PA (°)S —50.2+1.5 —48.8+1.5 —64.9+1.6 —30.1+2.1 —59.443.1
PA (°)S+B  _50.3+1.5 —48.8+1.6 —64.9+1.7 —30.2422 —59.4+3.4

Polarization degree and polarization angle in C, F, R, L, and B regions measured using ixpeobssim with and without background subtraction. Background regions are the same as shown in
Extended Data Fig. 2. Uncertainties on the polarization degree and angle are calculated for a 68.3% confidence level, assuming that they are independent.

S Values are obtained with background subtraction.

$*6 Values are obtained without background subtraction.
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