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Polarized x-rays from a magnetar

Roberto Taverna'*, Roberto Turolla'?, Fabio Muleri3, Jeremy Heyl*, Silvia Zane?, Luca Baldini®®,
Denis Gonzalez-Caniulef*, Matteo Bachetti’, John Rankin®, llaria Caiazzo®, Niccolo Di Lalla®,

Victor Doroshenko'®, Manel Errando®, Ephraim Gau', Demet Kirmizibayrak®, Henric Krawczynski®,
Michela Negro'>'3**, Mason Ng'°, Nicola Omodei®, Andrea Possenti’, Toru Tamagawa'®'"8,

Keisuke Uchiyama'8, Martin C. Weisskopf'®, lvan Agudo®’, Lucio A. Antonelli?*?2,

Wayne H. Baumgartner'®, Ronaldo Bellazzini®, Stefano Bianchi?, Stephen D. Bongiorno®®,

Raffaella Bonino?*?, Alessandro Brez®, Niccold Bucciantini?®?”28, Fiamma Capitanio®,

Simone Castellano®, Elisabetta Cavazzuti?®, Stefano Ciprini?23°, Enrico Costa®, Alessandra De Rosa®,
Ettore Del Monte®, Laura Di Gesu?®, Alessandro Di Marco®, Inmacolata Donnarumma®®,

Michal Dov iak™, Steven R. Ehlert'®, Teruaki Enoto'®, Yuri Evangelista®, Sergio Fabiani®,

Riccardo Ferrazzoli®, Javier A. Garcia®?, Shuichi Gunji*3, Kiyoshi Hayashida®*t, Wataru Iwakiri®®,
Svetlana G. Jorstad®®~’, Viadimir Karas®, Takao Kitaguchi'®, Jeffery J. Kolodziejczak'®,

Fabio La Monaca®, Luca Latronico??, loannis Liodakis32, Simone Maldera®*, Alberto Manfreda®,
Frédéric Marin®®, Andrea Marinucci?®, Alan P. Marscher®®, Herman L. Marshall*>, Giorgio Matt?3,
Ikuyuki Mitsuishi*®, Tsunefumi Mizuno®, Stephen C.-Y. Ng*?, Stephen L. O'Dell®,

Chiara Oppedisano?*, Alessandro Papitto?, George G. Paviov*3, Abel L. Peirson®, Matteo Perri??2,
Melissa Pesce-Rollins®, Maura Pilia’, Juri Poutanen**4%, Simonetta Puccetti??, Brian D. Ramsey'®,
Ajay Ratheesh®, Roger W. Romani®, Carmelo Sgro®, Patrick Slane*®, Paolo Soffitta®, Gloria Spandre®,
Fabrizio Tavecchio®’, Yuzuru Tawara®?, Allyn F. Tennant*®, Nicholas E. Thomas'®,

Francesco Tombesi*®, Alessio Trois’, Sergey S. Tsygankov***%, Jacco Vink*®, Kinwah Wu?, Fei Xie®°

Magnetars are neutron stars with ultrastrong magnetic fields, which can be observed in x-rays. Polarization
measurements could provide information on their magnetic fields and surface properties. We observed
polarized x-rays from the magnetar 4U 0142+61 using the Imaging X-ray Polarimetry Explorer and found
a linear polarization degree of 13.5 + 0.8% averaged over the 2—- to 8-kilo—electron volt band. The
polarization changes with energy: The degree is 15.0 + 1.0% at 2 to 4 kilo—electron volts, drops below
the instrumental sensitivity ~4 to 5 kilo—electron volts, and rises to 35.2 + 7.1% at 5.5 to 8 kilo—electron
volts. The polarization angle also changes by 90° at ~4 to 5 kilo—electron volts. These results are
consistent with a model in which thermal radiation from the magnetar surface is reprocessed by
scattering off charged particles in the magnetosphere.

solated neutron stars (NSs) with extremely | to 100 keV) x-rays, with luminosity L = 10% to
strong magnetic fields are referred to as | 10*” erg s and duration ~ 0.1 to 100 s. Mag-
magnetars (I). There are ~30 confirmed | netars also exhibit persistent x-ray emission at
magnetars known (2), many of which are | L = 10% to 10* erg s, which is pulsed at spin
detectable only during periods of enhanced | frequencies f ~ 0.1 to 10 Hz with spin-down
activity. Magnetar emission is powered by the | rates f~ — (10 '0t010 8)Hzs . These proper-
magnetic field, producing bursts of hard (=10 | ties indicate high magnetic fields B <10°G,

assuming a standard spin-down model (3). The
0.5- to 10-keV spectrum of magnetars con-
sists of a blackbody (BB) component (with
kT ~ 0.1to 1keV, where T'is the temperature and
k is the Boltzmann constant) and a power-law
(PL) component with photon index I' ~ 2 to
4; the PL dominates above ~4 to 5 keV (2, 3).
Some sources exhibit a second BB compo-
nent instead of the PL. Many magnetars are
detected in x-rays up to =200 keV, at which
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-negligible toroidal component that
twists the field lines. Because charged particles
flow along closed magnetic field lines, as re-
quired to sustain the field, the region threaded
by the magnetic field (the magnetosphere) be-
comes optically thick to Compton scattering
at the cyclotron resonance frequency [reso-
nant Compton scattering (RCS)] (4). The BB
spectral component is expected to be emitted
by (multiple regions on) the cooling surface of
the NS, whereas the PL originates from the
reprocessing of thermal photons through reso-
nant up-scattering in the magnetosphere (3).

Magnetar x-ray persistent emission is ex-
pected to be linearly polarized in two ortho-
gonal 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 physical state of the
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, which leads to a
polarization degree <30% in the X mode for the
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PL component, independent of the initial po-
larization state of the thermal photons (7-9).

Because NSs cannot be spatially resolved by
observations, the contributions from regions
with different magnetic field orientations (and
therefore with different emitted polariza-
tion orientations) are blended together, which
reduces the observed polarization (10, 11). How-
ever, if the magnetic field is strong enough
(56), it forces the photon polarization vec-
tors to follow the magnetic field direction,
which results in an observed polarization
almost unchanged from that at the emission
(10, 11).

The magnetar 4U 0142+61 (coordinates right
ascension 01" 46™ 22541, declination 61° 45’
03".2, J2000 equinox) has a persistent (lightly
variable) x-ray flux of ~6 x 10 " erg s ' cm™2in
the 2- to 10-keV range, a spin frequency of
f=0.12 Hz, and a frequency derivative of
f=—2.6 x10"*Hzs'. This implies a spin-
down (equatorial) magnetic field of B ~ 1.3 x
10" G (2, 12). Tt is 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) be-
tween 31 January 2022 and 27 February 2022
for a total on-source time of 840 Kks. IXPE
provides imaging polarimetry over a nominal
energy band of 2 to 8 keV. The data were
extracted and processed according to stan-
dard procedures (15). Pulsations were detected
(fig. $3) at f = 0.115079336 = 6 x 10~° Hz with
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Fig. 1. Normalized, background-subtracted
Stokes parameters Q/I and U/I for x-ray emis-
sion from 4U 0142+61. The values measured from
each of the three IXPE DUs (in the 2- to 8-keV
range) are marked by green, orange, and blue
circles with 1o error bars, and their combinations
obtained using two 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
(MDPgg) for the combined measurement.
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F=—(2140.7) x 10" ¥Hzs ! (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 (I6), version 12.12.1.
The data are not consistent with a single-
component model, so we considered several
two-component models (75). In all models, we
fixed the value of the foreground interstellar
column density to 0.57 x 10%2 cm™2 (17); it can-
not be constrained by the IXPE data because
of insufficient sensitivity below 2 keV. Our
best-fitting parameters for a BB + PL model
(table S2) are consistent with previous mea-
surements (17, 18).

Polarization was measured by extracting the
(calibrated) Stokes parameters I, Q, and U
from each photon, which were collected by the
three independent IXPE detector units (DUs).
After subtracting the sky background, the con-
tributions of each DU were combined to ac-
count for the 120° offset between the DUs.
Figure 1 shows the phase-averaged, normal-
ized Stokes parameters (Q/I and U/I) in the
2- to 8-keV energy range for the individual DUs
and the combined data. The phase-averaged,
energy-integrated values are Q/I = 0.013 =
0.008 and U/I = 0.120 + 0.008, which implies a
polarization degree PD=1/Q? + U?/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; uncertain-
ties are 10. We derived these values using two
different methods and found consistent re-
sults (I5). We determined that the minimum

3.0-4.0 keV

90 deg rotation

detectable polarization at 99% confidence level
(MDPy,) for our observation is ~2% over the
2- to 8-keV range, so the significance of the
nonzero polarization degree is ~17c.

To investigate whether the PD and PA de-
pend on the photon energy, the data were
grouped into five energy bins, which were se-
lected to contain similar numbers of counts in
each bin. Figure 2 shows a polar plot of the
results. We find that the PD is 15.0 + 1.0% at
low energies (~2 to 4 keV), ~10c above the
MDPy, of that bin, which is ~4%. At 4 to 5 keV,
the PD is consistent with zero. In the highest-
energy bin (5.5 to 8 keV), the PD is 35.2 + 7.1%,
where the MDPy, is ~21%. The PA is ~50° at
energies below 4 keV and —40° above 5 keV, a
swing of 90°.

We also performed a spectropolarimetric
analysis by separately convolving the low-
and high-energy spectral components with a
constant polarization model (PoLcoNsT in XSPEC).
This confirms the 90° swing in polarization angle
for all the two-component spectral models we
considered: BB + BB, BB + PL, and BB + trun-
cated PL (15). For the latter model, the derived
PD for the two components is within ~1c of the
observed values, with the low-energy BB com-
ponent 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 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 obser-
vations (I8). Phase variations are evident in
both PD and in PA (Fig. 3, B and C), with

5.5-8.0 keV

4.8-5.5 keV

-90° W

10 20 30 40 50

Polarization degree [%]

Fig. 2. Polar plot showing the energy dependence of the measured PD and PA. Crosses indicate the
measured values in labeled 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 shows the change in polarization angle from the lowest (2 to
3 keV, black dashed line) to the highest (5.5 to 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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amplitudes of ~10% and ~30° respectively.
At low energies (2 to 4 keV), we find the main
and secondary peaks have higher polarization
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Fig. 3. Phase-dependent x-ray flux and polariza-
tion properties. (A) Energy-integrated (2 to 8 keV)
IXPE counts as a function of spin phase. Error bars are
at 1o confidence level. (B) Polarization degree as a
function of spin phase. Error bars indicate AlogL = 1,
where L is the unbinned likelihood (19). (C) Same as
(B), but for the polarization angle. The orange curve
shows the best-fitting rotating vector model (15).

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

fraction (~15%) than the phase valley between
them (~9%). By contrast, the 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 mag-
netic axes orientations from the PA data (15).

A phase-resolved spectral analysis of 4U
0142+61 shows no statistically significant de-
pendence of the spectrum on rotational phase
(15). The BB component is compatible with
being constant in phase (fig. S5), which is con-
sistent with previous results (21) and previous
observations of a low pulsed fraction (~5%)
below 3 to 4 keV (I8).

We considered the IXPE results within a
twisted-magnetosphere model (4), account-
ing for the quantum electrodynamical effect
of vacuum birefringence (7-9). The ob-
served polarization behavior as a function
of energy—with a minimum PD and a 90°
swing of PA at 4 to 5 keV—indicates that the
2- to 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, whereas the high-
energy component is produced by photons
scattered to higher energies in the magneto-
sphere (Fig. 4A). The measured polarization
fraction at high energies (~35% at 5.5 to 8 keV)
is compatible with the theoretical prediction of
the RCS model (7) and indicates that X-mode
photons dominate at high energies; converse-
ly, O-mode photons dominate at low energies.

Theoretical models for magnetar surface
emission of soft x-rays predict either (i) a
large (250%) polarization degree in the X
mode if there is a gaseous atmosphere heated
from below (22) or (ii) a small <10% polariza-
tion degree in the O mode if there is a con-
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densed (solid or 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 sur-
face. The latter 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 sur-
face (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 radia-
tion from a condensed iron surface, emitted
from an equatorial belt, produces O-mode
photons at low energies (2 to 4 keV) with PD
~15%. Reprocessing by RCS then produces
an excess of X-mode photons at higher en-
ergies (5.5 to 8 keV) with PD ~35%, whereas
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 com-
puted) coincides with the projection of the NS
spin axis. To match the measured and pre-
dicted (absolute) values, an offset is added to
the simulated PA (15). Figure 2 shows the re-
sults of our numerical simulation for a mag-
netic field strength ~10™* G, as measured for
4U 0142+61 (I8), assuming the emissivity of an
iron condensed surface (23), in the fixed-ion
approximation. A hotter belt close to the mag-
netic equator appears in NS magnetothermal
evolution calculations in both two and three
dimensions (24, 25).

We also consider alternative models to ex-
plain the IXPE data. Within the RCS para-
digm, low-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,
0O-mode photons would escape from a deeper
(and so hotter) region than in a passively cool-
ing atmosphere and would dominate the
outgoing flux.

s
O-mode N

/ photons
Comptonization

/ \

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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In an alternative scenario, the low-energy
emission could be interpreted as polarized in
the X mode and the high-energy emission,
above 4 to 5 keV, in the O mode. Low-energy,
X mode-dominated emission with a low po-
larization degree (~15%) could originate from
an extended region of a condensed iron sur-
face seen few degrees away from the magnetic
axis. Radiation from a thin atmosphere or
corona in the presence of thermal photons
that are undergoing Compton scattering (8)
could produce the observed polarization at
low energies. However, this scenario does not
explain how O-mode photons would dominate
the emission in the 5- to 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 (Fig. 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 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 mag-
netar 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), taking the reference direction in the
plane of the sky to be along the spin axis
projection (Z0). If O-mode photons dominate
at low energies at which 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 pro-
jection would be consistent with the direction
of the magnetar proper motion, 60° + 12° west
of north (Fig. 2) (28), whereas in the former
case, the two would be almost orthogonal. It is
unclear which is more appropriate for mag-
netars. Observations of pulsars (including the
Crab Pulsar and Vela Pulsar) show alignment
of the spin axis with the proper motion (29).
However, binary star evolution theory predicts
that NSs should be accelerated perpendicular
to their spin axis during their formation pro-

Taverna et al., Science 378, 646-650 (2022)

cess (30). We are unable to distinguish between
these possibilities.

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 con-
densed surface of the NS that is reprocessed by
RCS in a twisted magnetosphere. Alternative
explanations are also possible.
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Polarization constrains magnetar emission

Magnetars are young neutron stars with high magnetic fields that are usually observed at x-ray wavelengths. The
emission mechanism and geometry of the emitting region have been unclear. Taverna et al. measured the x-ray
polarization of the magnetar 4U 0142+61. The polarization degree and angle change as a function of x-ray energy,
indicating two different emission regions. The authors preferred a model in which most of the x-rays are emitted by an
equatorial band on the surface of the neutron star, with some of the photons then being scattered to higher energies by
collisions with electrons in the surrounding magnetic field. —KTS
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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 (32, 33), for measuring the
energy, arrival direction, arrival time and linear polarization of the detected x-ray signal. We
analyzed the data using software developed by the IXPE collaboration and collected in the
IXPEOBSSIM suite (34) and independently with XspPec (16), using the instrument response
functions provided in the IXPE calibration Database [CALDB, (35)].

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
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 (32, 33). 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
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
SAOIMAGEDS9 software (36). 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
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 (37)] 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
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 Z2-search technique [see (38)]. We used the
quasi-fast folding algorithm included in the HENDRICS software v.7.0 (39, 40), which is based
on stingray 1.0 (41). We ran HENZzSEARCH, 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 (42). Hence, we re-ran the Z2-search, this time using n = 5 and 64
bins for pre-folding. Using the 90% confidence limits on the power (43, 44) [as adapted (45) and
implemented in HENDRICS using STINGRAY.STATS], we determined the 68.3% confidence limit
on the frequency f = 0.115079332 + 8 x 10~° Hz and on the frequency derivative f =
—(2.14+7) x 107 Hz s™!. The corresponding contour plot of the statistical variable Z2




[defined in (38)] as a function of f and £ is reported in Figure S3. We further refined the results
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 (46); then, we used the PINT software (47) to fit these TOAs with a spin-down model,
obtaining final values of f = 0.115079336 + 6 x 107° Hzand f = —(2.1 + 0.7) x 10~ Hz
s

Spectral analysis

Spectral analysis was carried out with the python interface to the x-ray spectral-fitting
package XspPEc, version 12.12.1 (16). Interstellar absorption was taken into account by using the
Xspec model tbabs with standard abundances (48). Due to the limited energy resolution and
energy range of the IXPE data, we tested only three simple models:

1. tbabsx (bbody+powerlaw), which has previously been applied to 4U 0142+61 (18),
2. tbabsx (bbody+bbody), which has also been applied to magnetars [see e.g. (3)]

3. tbabsx (bbody+trcpow), Where t rcpow is a truncated power-law, that is, a power-law
which drops to zero below an energy threshold, E... We introduce this model to mimic a
physical picture in which the power law is produced at the expenses of low energy photons,
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 ny to the value
found by a previous analysis (17), ny = 0.57 x 10%2 cm™2. This value is lower but compatible
with a previous measurement (49), ny = 0.64 x 1022 cm™2 and a broadband analysis (21) which
found values in the range ~ 0.5-1.3 x 10?2 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
and shown in Figure S4. The x? 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 1o level. This is at
least partially related to the different value adopted for ny. The unabsorbed flux for DU1 (which
is taken as a reference) is ~ 6.5 x 107 erg s™! cm™2 in the 2—-10 keV energy range. Cross-
normalization factors w’s are within 15%, which is common for x-ray missions (50), especially
in their early phases.

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.
The obtained spectra are shown in Figure S5A, where the selected phases are also reported. The
best fitting parameters for the wxtbabsx (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
available in IxpeoBssiM (34). This model-independent polarization analysis is based on an un-
binned procedure described elsewhere (51). While a weighted analysis can provide an increase in
sensitivity (52, 53), 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 (54).
Because the Stokes parameters are additive (51), 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
methodology (55). Event-by-event Stokes parameters, already calibrated for the spurious
modulation (51), 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
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 tbabsx (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
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
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
XspPeC methods, are reported in Table S2 in each energy band. In Table S2 we report the 1o
(68.3% confidence level) statistical uncertainty on both PD and PA calculated following
published methods (51), 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
MDPgs (56), 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
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 (56-58) from the measured quantities. This
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
analysis.

We also performed a joint spectro-polarimetric analysis with XspPec, 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,
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,
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%
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 tbabsx (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
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, 59)]. RVM provides a
simple method to compute the polarization angle of radiation coming from a small (point-like)
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
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 (59):

siné siny

tana = - - (S1)
cos y siné cosy — sin y cos &




where y and ¢ are the inclinations of the observer’s line-0f-sight and the star dipole axis with
respect to the spin axis, and y is the rotational phase. The angle « coincides with the polarization
angle PA.

If radiation comes from an extended region, the situation is more complicated. Because the
direction of B changes substantially on the surface, a is different at the different emission points.
The PA is then (10):

Z?’X sin(2a;) — Z?’O sin(2a;)
Zf’o cos(2a;) — Z?’X cos(2a;)
where the two summations are over the total number of X (Nx) or O (Ng) mode photons, the

index i runs over the number of photons and

B, ;
it
S3
B (S3)

X,
where B,, ;, B,; are the (Cartesian) components of the (local) magnetic field in the plane of the
sky. If all the a; are equal to the same value, «, this leads to PA = «. Although this is not
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,
S0 tan «; is approximately the same for all photons. The common value « is then given by
equation S1. The Cartesian components of the field perpendicular to the line-of-sight are related
to those referred to the dipole axis by:
By = Bppx + Byqx + Bty
B, = B,py + Byqy + B:t,, (S4)
where the subscripts p, g and t indicate the axes unit vectors, with t along the dipole axis. By
relating B,, B, and B, to the polar components of the dipole field and summing over the entire
surface, only the ¢ contribution survives in equations S4, with t,, and t, 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 (r,;), which is typically ~ 100 stellar radii
for a magnetar (7, 11). This would cause the observed polarization degree to be close to that at
the original emission. However, following the change in direction of the polarization vectors, the
polarization angle would change continuously until photons arrive at r,,;, 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
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 y and ¢ from the fit.

tan(2PA) =

(52)

tana; = —

Numerical modeling

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



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 y and &, as well
as for different values of the magnetospheric twist angle A¢, the velocity B (in units of the speed
of light) that characterizes the charge motion along the closed field lines and the surface
temperature kT [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 A¢p = 0.1 rad, 8 = 0.5,
kT, = 0.5 keV and y = 40°, & = 30°. In the present case a total of ~ 107 photons were
launched. We set the NS magnetic field strength to 4 x 101* 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 ® = 36°.

Comparing the measured and the simulated polarization angle

Our numerical simulations within the RCS scenario produce the Stokes parameters of the
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
which the spin axis projection makes an angle 1 with the instrument reference direction, the
polarization angle of O-mode photons turns out to be y or 90° + v in the case of X-mode
photons. The angle v 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.
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Fig. S1. Source and background regions selected with SAOIMAGEDS9.
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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
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 1o.
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Fig. S3. f- f diagram for the IXPE observations of 4U 0142+61.

(A) the values of the Z? statistical variable for n = 5 [see (38)] plotted as a function of f and f.
Dashed white lines indicate the best f and f 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
and C) constant- f and constant-f cuts of panel A corresponding to the best (solid black lines)
and the next four (solid gray lines) f and f candidates.
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Fig. S4. Spectral fitting of the total IXPE counts.

Data (cyan, orange and green points with error bars, at 1o level) for DU1, DU2 and DU3. (A to
C) best fit model tbabsx (bbody+powerlaw), thabsx (bbody+bbody) and

tbabsx (bbody+trcpow) (cyan, orange and green solid lines for DU1, DU2 and DU3). The
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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(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
(kTgg) and normalization (normgg), power-law photon index (I') and normalization (normpy))
obtained by fitting the spectrum in each phase bin with the wxtbabsx (bbody+powerlaw)

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

each bin.
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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 1o level) and the background (orange solid line). Insets in panels B and C are zooms.
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.
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Fig. S8. Same as Figure S4, but for the spectro-polarimetric model
tbabsx (bbodyxpolconst+powerlawxpolconst).

Best fitting parameters are reported in Table S3.
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Best fitting parameters are reported in Table S3.
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Best fitting parameters are reported in Table S3.



Table S1. Results of fitting the spectral models to the IXPE data.

The values of ny and of the constant factor wpus are fixed parameters. kTgg indicates the
temperature of the blackbody component for the models wxtbabsx (bbody+powerlaw) and
wxtbabsx (bbody+trcpow), While kTgg, and kTgg, are the temperature of the first and second
blackbody components, respectively, for the model wxtbabsx (bbody+bbody) . The blackbody
normalization fitting parameters normgg, normgg, and normgg, are defined as L/D? where the
source luminosity L and distance D are in units of 103 erg s™' and 10 kpc, respectively. The
power-law normalization fitting parameter normpy, is in units of counts keV-* cm? s at 1 keV.
E\.. 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 wxtbabsx (bbody+powerlaw)
and wxtbabsx (bbody+bbody) models, and 440 with the wxtbabsx (bbody+trcpow) model.

wxtbabsx (bbodytpowerlaw)

ny kTBB normegpg r normpy, WDU1 WDU2 WDU3 )(2
1022 cm ™2 keV x 1073 x 1071 x 1071 x 1071
0.57 0.471+309% 1.08%30% 3.691392 1.19+398 1.0 9.637393 8557393 5115
wxtbabsx (bbody+bbody)
ny kTggp, normgg; kTgg,  hormgg, WDUL WDU2 WDU3 x?
102%? cm ™2 keV x 1073 keV x 1073 x 1071 x 1071
0.57 0.39973:39% 1.961331 0.81%3%2 0.40%352 1.0 9.63%393 8.551333 496.0
wxtbabsx (bbody+trcpow)
nyg kTgg normgg r normpy, Eirc Wpu1 WDU2 WDU3 x?
1022 cm 2 keV x 1073 keV x 107t keV x 1071 x 1071
0.57 0.447+3391 2.07%391 2.69139% 0.28%397 3.340%5:3958 1.0  9.63%353 8551097 586.2




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 [(51), 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 MDPgg, we show the latter as
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 XspeEc combined polarization degree by its

uncertainty.

2-3keV  3-4keV  4-475keV  4.7555keV  558keV  2-8keV
PD - DU1 [%] 13.271¢ 151722 <149 < 25.8 <44.5 |11.2%}3
PD - DU2 [%] 15.0%}¢ 12.5%22 < 15.5 < 26.5 46.57133 | 12.5%}%
PD - DU3 [%] 15.9*17 12,7724  <16.3 <29.1 529437 | 12.0%}3
Ez]- IXPEOBSSIM | 14.5793 13.4%13 <9.0 <15.6 40.8783 | 11.8%)3
PD - XspEC [%] 15.8%19 14.3%1% <9.0 <15.6 35.2%71 | 13.5%3%
PD - XsPEC S/N 15.80¢ 10.20 - - 5.00 16.90
PA - DU1 [deg] 46.013% 48.1%3%2 —15.111951 —33.211232 _47.4713%* | 45.9734
PA - DU2 [deg] 52.1%31 53.9731 47.274%8, -—71.4%18* 43,6733 |53.1131
PA - DU3 [deg] 42.4*3% 56.6*%% 33.97381, —69.8113%% —42.2733 | 45.3%33
FdAeg—]IXPEOBSSIM 46.9713 52.4%28 36.7%332, -—54.27142 —43.9%¢2 | 48.3%13
PA - XsPEC [deg] 46718 52.8738 41.27188, -—64.4713%* -39.2%27 |48.5%]¢




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

The interstellar column density ny and the constant factors wpui, wou2 and wpuz 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
of interest. The number of degrees of freedom is 1333 in the fit with the
Wthabsx(bbodyXpolconst+powerlaWXpolconst)andWthabSXbbodyXpolconst
+bbodyxpolconst) models, and 1332 with the wxtbabsxbbodyxpolconst
+trchWXpolconst)lﬂ0deL

wxtbabsx (bbodyxpolconst+powerlawxpolconst)

kTgg normgg PDgg PAgp r normepr, PDpy, PAp,, x2
keV x 1073 deg x 1071 deg
0.473%39%% 1.06%553 0.59135¢  48.0*%22 3.72%0:0% 1.23%5:38 0.39%397 —42.3%%3 1337.8

wxtbabsx (bbodyxpolconst+bbodyxpolconst)

kTgg1 normepgq PDgg, PAgg, kTgg, normeg; PDgg, PAgg, x?
keV x 1073 deg x 1073 deg
0.40173393 1.96331 0.23%335 47.3*31 0.82159% 0.38%0:52 0.06%393 —50.871%¢ 1360.4

wxtbabsx (bbodyxpolconst+trcpowxpolconst)

kTgg1 normegy PDgg; PAgg, r normey, Eirc PDpp, PApy, X
keV x 1073 deg x 1071 keV deg

2

0.448130%% 2.07155% 0.16813308 48.211% 2.67159% 0.2715:9% 3.38%397 0.23139% —43.972% 14256
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