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ABSTRACT

Discovery of pulsations from a number of ultra-luminous X-ray (ULX) sources proved that accretion onto neutron stars can produce luminosities
exceeding the Eddington limit by several orders of magnitude. The conditions necessary to achieve such high luminosities as well as the exact
geometry of the accretion flow in the neutron star vicinity are, however, a matter of debate. The pulse phase-resolved polarization measurements
that became possible with the launch of the Imaging X-ray Polarimetry Explorer (IXPE) can be used to determine the pulsar geometry and its
orientation relative to the orbital plane. They provide an avenue to test different theoretical models of ULX pulsars. In this paper we present the
results of three IXPE observations of the first Galactic ULX pulsar Swift J0243.6+6124 during its 2023 outburst. We find strong variations in the
polarization characteristics with the pulsar phase. The average polarization degree increases from about 5% to 15% as the flux dropped by a factor
of three in the course of the outburst. The polarization angle (PA) as a function of the pulsar phase shows two peaks in the first two observations,
but changes to a characteristic sawtooth pattern in the remaining data set. This is not consistent with a simple rotating vector model. Assuming
the existence of an additional constant polarized component, we were able to fit the three observations with a common rotating vector model
and obtain constraints on the pulsar geometry. In particular, we find the pulsar angular momentum inclination with respect to the line of sight of
ip = 15°-40°, the magnetic obliquity of 8, =60°-80°, and the pulsar spin position angle of y,, * —50°, which significantly differs from the constant
component PA of about 10°. Combining these X-ray measurements with the optical PA, we find evidence for at least a 30° misalignment between
the pulsar angular momentum and the binary orbital axis.

Key words. magnetic fields — polarization — methods: observational — stars: neutron — pulsars: individual: Swift J0243.6+6124 — X-rays: binaries

1. Introduction ray luminosities exceeding the Eddington limit for stellar-mass
black holes (see, e.g., Kaaret et al. 2017; King et al. 2023, for
reviews). A subset of these ULXs has been identified as X-ray
pulsars, systems with highly magnetized neutron stars (NSs)
undergoing accretion from a companion star (Bachetti et al.
* Corresponding author; juri.poutanen@utu. fi 2014; Furst et al. 2016; Israel et al. 2017; Carpano et al. 2018;
** Deceased. Rodriguez Castillo 2020).

Ultra-luminous X-ray sources (ULXs) are non-nuclear objects
found in external galaxies and exhibiting high apparent X-
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The accretion flow in the vicinity of the NS surface is gov-
erned by the magnetic field, which channels the accreting mat-
ter toward the magnetic poles. At low accretion rates, the gas
decelerates at the NS surface forming hotspots that radiate in
the X-ray band (Zel’dovich & Shakura 1969). At high accre-
tion rates, the radiation-dominated shock stops the gas above
the NS surface forming accretion columns (Basko & Sunyaev
1976; Lyubarskii & Syunyaev 1988; Mushtukov et al. 2015).
The ULX pulsars are characterized by luminosities exceed-
ing the Eddington limit by a factor of 10-500. It is possi-
ble to achieve such a high luminosity thanks to a reduction
in the interaction cross section between matter and radiation
in a strong magnetic field (Mushtukov et al. 2015), possibly
dominated by quadrupole component (Tsygankov et al. 2018;
Brice et al. 2021). Alternatively, a strong beaming of radiation
by disk outflows can be responsible for high apparent luminosi-
ties similarly to ULXs hosting black holes (King et al. 2001;
Poutanen et al. 2007). However, the latter scenario meets obsta-
cles in the case of strongly magnetized NSs, because the size of
the magnetosphere exceeds the size of the NS by two orders of
magnitude, reducing the strength of the outflow (Lipunov 1982;
Chashkina et al. 2019). Furthermore, the observed radiation can-
not be strongly beamed because of the large pulsation amplitude
(Mushtukov et al. 2021; Mushtukov & Portegies Zwart 2023),
implying enormous accretion rates 10! gs=!.

Complexities in ULX pulsar studies arise from their con-
siderable distances in external galaxies. Discovery of the first
Galactic ULX pulsar Swift J0243.6+6124 (hereafter J0243) in
2017 opened new exciting possibilities. J0243 was detected
by the Swift/BAT (Cenko etal. 2017) and soon after pulsa-
tions at a period of 9.86s were found with the Swift/XRT
(Kennea et al. 2017). Kong et al. (2022) reported the discov-
ery of a cyclotron line scattering feature at ~130keV, which
implies a strong surface magnetic field of B ~ 1.5 x 103 G.
An optical counterpart, a late Oe-type or early Be-type star,
was identified as USNO-B1.0 1514+0083050 based on posi-
tional coincidence with the Swift/XRT source (Kennea et al.
2017; Bikmaev et al. 2017; Kouroubatzakis et al. 2017). This
star appears in the Gaia Data Release 3 (DR3) catalog (ID:
465628193526364416) at the distance determined via par-
allax of 5.2kpc' (Bailer-Jones etal. 2021). Using this dis-
tance, the peak luminosity in the 2017 outburst was ~2.5 X
10* ergs~! (Doroshenko et al. 2018; Tsygankov et al. 2018;
Wilson-Hodge et al. 2018).

Pulsar radiation was predicted to be strongly polar-
ized (Meszaros et al. 1988). Testing this prediction recently
became possible thanks to the Imaging X-ray Polarimetry
Explorer (IXPE) that allows us to measure X-ray polariza-
tion in the 2-8keV energy band. IXPE discovered pulse-
phase dependent polarization in a number of X-ray pul-
sars (e.g., Doroshenkoetal. 2022, 2023; Tsygankov et al.
2022, 2023; Forsblom et al. 2023, 2024; Malacaria et al. 2023;
Suleimanov et al. 2023; Mushtukov et al. 2023; Heyl et al. 2024,
see Poutanen et al. 2024 for a review). Variations in the polariza-
tion properties with the pulsar phase allowed us to constrain the
pulsar geometry.

During the peak of the outburst, the spectrum of J0243 was
dominated by the Compton reflection component with a strong
iron line associated with the reflection of the primary pulsar radi-
ation from the well formed by the inner edge of the geometri-
cally thick super-Eddington accretion disk (Bykov et al. 2022).

! This is closer than the distance of 6.8 kpc from the Gaia DR2 catalog
(Bailer-Jones et al. 2018) and used in some earlier literature.
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Fig. 1. Light curve of J0243 in the 2-20 and 15-50keV energy bands
obtained with the MAXT and Swift/BAT monitors, respectively. The ver-
tical orange stripes show the times of IXPE observations.

This interpretation was later supported by the detection of the
pulsations in the iron line with the Insight-HXMT (Xiao et al.
2024). The reflection component is also expected to be strongly
polarized (Matt 1993; Poutanen et al. 1996), providing informa-
tion about the reflector geometry and its orientation with respect
to the observer. A strongly polarized X-ray continuum attributed
to reflection was observed by IXPE in other types of compact
X-ray sources: in two Seyfert 2 galaxies (the Circinus galaxy,
Ursini et al. 2023; NGC 1068, Marin et al. 2024) and in the X-
ray binary Cyg X-3 (Veledina et al. 2024). In all these cases the
reflection is likely coming from a torus-like structure blocking
the direct view toward the central X-ray source.

In 2023, J0243 underwent another outburst detected first
with MAXI on 2023 April 8 (Setoguchi et al. 2023). A few days
later the source was localized to be J0243 with the Swift/XRT
(Kennea et al. 2023), and subsequently 9.8s pulsations were
detected with NICER (Ng et al. 2023). The source continued to
brighten, reaching peak flux in early July. The light curves of
J0243 as seen by the MAXI?> (Matsuoka et al. 2009) in the 2—
20keV energy band and Swift/BAT? (Gehrels et al. 2004) in the
15-50keV band during the 2023 outburst are shown in Fig. 1.

In this paper we present the results of IXPE observations of
J0243 together with accompanying optical polarimetric obser-
vations. The details of the observations and their analysis are
given in Sect. 2. Constraints on the pulsar geometry are worked
through in Sect. 3. We discuss the results in Sect. 4. We conclude
with a summary of our findings in Sect. 5.

2. Observations and data reduction
2.1. IXPE observations

The Imaging X-ray Polarimetry Explorer is a NASA mission
in partnership with the Italian Space Agency (see a detailed
description in Weisskopf et al. 2022), launched by a Falcon
9 rocket on 2021 December 9. There are three grazing inci-
dence telescopes on board the observatory. Each telescope com-
prises an X-ray mirror assembly and a polarization-sensitive
detector unit (DU) equipped with a gas-pixel detector (GPD;
Soffitta et al. 2021; Baldini et al. 2021). These instruments pro-

2 http://maxi.riken.jp/
3 https://swift.gsfc.nasa.gov/results/transients/
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Table 1. Orbital parameters of J0243 from the Fermi/GBM data.

Epoch of 90° mean longitude 7./, (JED) 2458116.0970

Orbital period Py (d) 27.698899
Period derivative Pop (dd™h)  0.000000
Projected semimajor axis ay sini (It-s) 115.531
Longitude of periastron w (deg) -74.05
Eccentricity e 0.1029

Table 2. Timing parameters used to fold IXPE data.

Segment Epoch (MET) PE)@ P00 PssH®
1 206636790.164 9.795773(3) -1.67(3)
2 208396144.591 9.79308(1) -1.2(1)
3 209558782.987 9.792140(5) —2.75(6)

Notes. Folding epoch is fixed to first pulse arrival time; uncertainties
are quoted at the 1o~ confidence level. Pulse period. ®’Pulse period
derivative.

vide imaging polarimetry in the 2-8 keV energy band with a time
resolution better than 10 us.

IXPE observed J0243 three times during 2023 July 20—
August 25 (ObsID 02250799), on July 20-22, August 10-11,
and August 23-25, with the total exposures of ~168, 77, and
131ks per telescope, respectively (see Fig. 1). We refer to
these observations as Obs. 1, 2, and 3, respectively. The data
were processed with the IXPEOBSSIM package version 31.0.1
(Baldini et al. 2022) using the CalDB version 20230702:v13.
Source photons were collected in a circular region with a radius
Rg. = 70" centered at the J0243 position. Because of the source
brightness, the background was not subtracted following the
recommendation by Di Marco et al. (2023). We performed the
unweighted analysis (i.e., all events are taken into account inde-
pendently of the quality of track reconstruction; Di Marco et al.
2022) of the IXPE data.

2.2. Timing

The event arrival times were corrected to the Solar Sys-
tem barycenter using the standard barycorr tool from the
FTOOLS* package (Blackburn 1995) and accounting for the
effects of binary motion using the orbital parameters from the
Fermi/GBM? (see Table 1). The spin period (of P = 9.79s) and
the spin period derivative were then determined for each IXPE
observation segment using an epoch-folding search method, and
then refined using phase-connection technique, which allows the
phase of each event within a given segment to be unambigu-
ously defined. The results are presented in Table 2. However, the
gaps between the individual observation segments coupled to the
complex evolution of intrinsic spin frequency and pulse profiles
together with the remaining uncertainties in orbital parameters
preclude the direct connection of phases between the segments.

The absolute phase alignment between the segments was
therefore determined independently. Inspection of the pulse pro-
file shape observed by IXPE (see bottom panel of Fig. 2) reveals
some common features: the minimum around phase zero, sev-

4 http://heasarc.gsfc.nasa.gov/ftools
5 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars.
html
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Fig. 2. Evolution of the pulse profiles during the outburst. Top:
color-coded pulse profiles as observed by Fermi/GBM in units
of relative intensities (see Appendix A.2 in Wilson-Hodge et al.
2018); yellow corresponds to the maxima of the pulse and dark
blue to the minima. The black dashed line shows the evolution
of the pulsed flux in the 12-50keV range during the outburst as
seen by Fermi/GBM (https://gammaray.nsstc.nasa.gov/gbm/
science/pulsars/lightcurves/swiftj0243.html) with the peak
flux being 4.8 x 10~° ergcm™2 57!, The shaded vertical stripes mark the
times of IXPE observations. Bottom: normalized pulse profiles in the
2-8keV band as observed by IXPE in three observations and shown
with the solid orange, dotted green, and dashed blue lines for Obs. 1, 2,
and 3, respectively.
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eral subpeaks within the main peak, and a peak around phase
0.9 appearing late in the outburst. The observed phases of these
features can thus be used to determine absolute phase offset for
each segment such that all peaks and dips (determined through
the fitting of Gaussian functions) appear at the same pulse phase.
The residual scatter can then be used to assess the remaining
uncertainty in the final phase alignment, which we estimate to
be below 1%. The phase alignment can also be checked through
the comparison of the observed IXPE pulse profiles with hard
X-ray pulse profiles observed by Fermi/GBM.

To this end, we used the enhanced products provided by the
GBM team containing Fourier coefficients of the pulse profiles
for a set of time intervals with typical duration of ~3d. These
are expected to change smoothly, and since Fermi data contains
no data gaps, the individual pulse profiles can be aligned through
the cross-correlation of subsequent time intervals. The resulting
pulse profile evolution is presented in the top panel of Fig. 2. We
see that changes similar to those revealed by IXPE also occur
in the GBM data: the secondary peak around phase 0.9 appears
to be present only at lower luminosities and disappears at higher
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Fig. 3. IXPE spectra of J0243 in EFy representation. The red, green,
and blue symbols and lines correspond to Obs. 1, 2, and 3, respectively.
The solid, dashed, and dotted lines show the total model spectrum, the
blackbody, and the power law, respectively. The bottom panel shows the
fit residuals.

luminosities (i.e., our initial alignment using IXPE data alone
proves to be robust).

2.3. Spectral analysis

For the spectral analysis, Stokes / spectra for Obs. 1, 2, and
3 were extracted using the xpbin tool’s PHA1 algorithm in
IXPEOBBSIM, giving a set of three spectra (one for each DU)
per observation. The energy spectra were binned to have at least
30 counts per energy channel. The spectra corresponding to the
individual observations were fitted separately with the XSPEC
package version 12.14.0 (Arnaud 1996) using y? statistics. The
uncertainties are given at the 68.3% confidence level. Consid-
ering the energy resolution and energy range of IXPE, we used
a simplified model consisting of an absorbed power law plus a
blackbody component to fit the J0243 spectra. To account for
the interstellar absorption, a multiplicative component tbabs
with the abundances from Wilms et al. (2000) was applied. A
re-normalization constant const was introduced to account for
possible discrepancies between effective areas of the different
DUs and was fixed at unity for DU1. The full spectral model is
thus

tbabs X (bbody+powerlaw) X const. (D)

The results of the spectral fitting are shown in Fig. 3, and the
best-fit parameters are given in Table 3. We see that the fit qual-
ity is not good, which is caused partially by systematic errors
in the instrument response and partially by the presence of a
weak iron line around 6.5 keV. However, this does not preclude
us from measuring the flux in the IXPE band. For calculations
of the total luminosity we estimated the bolometric correction
factor for our IXPE observations from the NuSTAR spectra at
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similar luminosities during the 2017 outburst (Tsygankov et al.
2018; Bykov et al. 2022). The maximum bolometric luminosity
of the 2023 outburst is 1038 erg s~! a factor of 20 lower than the
peak of the 2017 outburst (see penultimate row of Table 3).

We also studied variations in the spectrum over the pulse
phase. Because the photon statistics do not allow us to use com-
plex models, we fitted the phase-resolved spectra with a simple
powerlaw model and fixed the hydrogen column density Ny in
the thabs model at the best-fit phase-average values of 1.23,
1.01, and 1.56 x 10*2cm~2 for Obs. 1, 2, and 3, respectively.
Variations in the best-fit photon index I" with pulse phase are
shown in Fig. 4b.

2.4. X-ray polarimetric analysis

The polarimetric parameters of J0243 were extracted utiliz-
ing the pcube algorithm (xpbin tool) in the IXPEOBSSIM
package (Baldini et al. 2022), which follows the description of
Kislat et al. (2015). We derived the normalized Stokes param-
eters ¢ = Q/I and u = U/I, and subsequently the polar-
ization degree PD=+/¢*> + u?> and polarization angle PA =
%arctan(u/q). The uncertainties are given at the 68.3% confi-
dence level unless stated otherwise.

The data were divided into 24 separate pulse-phase bins. The
polarization was found to be low in the 2-3 keV band. This moti-
vated us to use for the following analysis only the 3-8 keV data
to reduce the noise. The pulse-phase dependence of the normal-
ized Stokes parameters ¢ and u is displayed in Fig. 4c and d, and
their evolution on the (g, u)-plane is shown in Fig. 5. The PD
(shown in Fig. 4e) grows with time, from less than 8% in Obs. 1
to ~12% in Obs. 2, and reaches a maximum of 24% in Obs. 3.
The PA (Fig. 4f) has a double peak profile in all three observa-
tions. In Obs. 1 and 2 the amplitude of variations is about 100°°,
while in Obs. 3 the data are consistent with two full revolution
by 180° during the spin period. We do not see an obvious corre-
lation between spectral shape and polarimetric properties.

2.5. Optical polarization studies

The IXPE observations were accompanied by optical polari-
metric observations in the R-band with the Robopol polarime-
ter located in the focal plane of the 1.3 m telescope of the Ski-
nakas observatory (Greece). The observations were performed
between 2023 July 28 and August 28 with multiple pointings.
The data are presented in Table 4. We determined the intrinsic
source polarization by subtracting the interstellar polarization
using stars #1 and #2 (see Fig. 6), which are located ~3’'—4’ away
from J0243 at a compatible distance of ~5.7 kpc, as given by the
Gaia EDR3 data (Bailer-Jones et al. 2021).

We also analyzed optical polarimetric measurements of
the source during its previous outburst in 2017 obtained with
the Double-Image Polarimeter (DIPol-2; Piirola et al. 2014) at
the T60 telescope at Haleakala, Hawaii (see Table A.l in
Appendix A). On average, 20 measurements of polarization were
taken each night. We obtained the nightly averaged values using
the 20 clipping method (Kosenkov et al. 2017; Kosenkov 2021).
To estimate the interstellar polarization, we also observed field
star #3 (see Fig. 6), which was reasonably bright and also has a
parallax similar to that of the source.

The resulting normalized Stokes parameters of J0243 and
the field stars are shown in Fig. 7. The intrinsic optical PD lies

® This is in strong disagreement with the recent analysis of Obs. 1 by
Majumder et al. (2024), who used only five phase bins.
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Table 3. Spectral parameters for the best-fit model obtained with XSPEC for Observations 1, 2, and 3.

Component Parameter Unit Obs. 1 Obs. 2 Obs. 3
tbabs Ny 102 cm™ 1.60 + 0.09 1.23 +0.17 0.88 +0.20
bbody kT keV 0.52 £0.02 0.60 = 0.04 0.92 +£0.03
normalization 0.015 +£0.001 0.008 £0.001 0.005 +0.001
powerlaw  Photon index 1.25 +0.02 0.92 + 0.05 0.53+0.12
normalization 1.04 £ 0.04 0.37 £ 0.04 0.08 = 0.03
constant  DU2 1.032 £0.001 1.036 +£0.002 1.026 = 0.002
DU3 1.015+0.001 1.018 £0.002 1.010 + 0.002
Frgkev @ 10~ ergem™2 57! 6.7+1.0 4.1+0.6 1.85+0.25
Ly giey @ 1077 erg s 2.4 1.4 0.6
Lot © 1037 ergs™! 9.1 5.3 2.3
y?/d.o.f. 677.4/437 540.1/437 503.8/437

Notes. Uncertainties are given at the 68.3% (10) confidence level and were obtained using the error command in XSPEC with Ay? = 1 for one
parameter of interest. ’Observed flux in the 2-8 keV range. ¥’ Unabsorbed luminosity for the assumed distance of d = 5.2 kpc. )Total luminosity

in the range 0.5-100 keV assuming a bolometric correction factor of 3.8.

between ~1% and 2.5% and the intrinsic optical PA y, is in the
range 20°-50°, depending on the choice of the field star.

3. Pulsar geometry
3.1. Rv"M

Previous IXPE data on a number of X-ray pulsars
(Doroshenko et al. 2022, 2023; Tsygankov et al. 2022, 2023;
Mushtukov et al. 2023) were well described by the rotating vec-
tor model (RVM; Radhakrishnan & Cooke 1969; Meszaros et al.
1988). In this model, the evolution of the PA with pulsar phase
is related to the projection of the magnetic dipole on the plane
of the sky. If radiation is dominated by the ordinary-mode
(O-mode) photons, the PA y is given by Eq. (30) in Poutanen
(2020):

—sinf, sin(¢p — ¢p)
sin i, cos G — cos iy sin 6, cos(¢p — @)

tan(y - xp) = @

Here y,, is the position angle (measured from north to east) of
the pulsar angular momentum, i, is the inclination of the pulsar
spin with respect to the line of sight, 6, is the magnetic obliquity
(i.e., the angle between the magnetic dipole and the spin axis),
and ¢, is the phase at which the northern magnetic pole passes
in front of the observer (see Fig. 8 for geometry).

If radiation is dominated by the extraordinary mode (X-
mode), the PA is rotated by 90° with respect to the O-mode. The
general relativistic effects are significant only if the NS rotates
at millisecond periods (see Poutanen 2020; Loktev et al. 2020).
The RVM is also theoretically justified, because the polarization
vector of the radiation produced at the magnetic poles rotates
adjusting to the magnetic field geometry until photons reach the
adiabatic radius at a few tens of stellar radii due to the vacuum
birefringence (Heyl et al. 2003), where the magnetic field is pre-
dominantly dipole (see Sect. 4.2).

We fit the RVM to a given set of Stokes parameters (g, u) as
a function of pulsar phase. The PA distribution does not conform
to a normal distribution, and hence we use the probability density
function from Naghizadeh-Khouei & Clarke (1993),

G(y) = 1 {L +me” [1+ erf(n)]} e P2, (3)

Vr N

where po = +/g* + u?/o, is the measured PD in units of the

error, 7 = pgcos[2(y — PA)]/ V2, and erf is the error function.
Here y is the prediction of the RVM given by Eq. (2) for a given
set of parameters and PA = % arctan(u/q). The best fit with the
RVM to the pulse-phase dependent (g, «) is obtained by mini-
mizing the log-likelihood function

logL=-2%" InGlxi), “
ik

with the sum taken over all phase bins & for a given observation
i = 1,2,3 or summing over all of them. The error on a parameter
can be obtained by varying that parameter and fitting all other
parameters until Alog L = 1 is reached. We can also, in princi-
ple, use a y? statistic to evaluate the quality of the fit. This is pos-
sible because for a highly significant detection of polarization,
the PA is distributed almost normally, while the low-significance
data points (when the PA distribution is far from normal) con-
tribute very little to the y>.

First, we fit the RVM to individual observations. The results
are given in Table 5. We find that the best-fit parameters are
vastly different, for example the pulsar inclination for the three
observations is i, = 80°, 60°, and 33°. We note that the corre-
sponding y? values for the best fits are 25.1, 83.3, and 65.7 for
20 degrees of freedom (d.o.f.) for Obs. 1-3, respectively. Thus,
only the fit to Obs. 1 is reasonably good. If, on the other hand,
we force the RVM parameters to be the same, we get the best-fit
parameters of i, = 47°, 6, = 83°, y, = —67°, and ¢, = 0.64
(this RVM is shown in Fig. 4f), but an unacceptable fit with
¥?*/d.o.f. = 276/68. Thus, we find that the RVM does not pro-
vide a good description of the data.

A similar situation occurred with the brightest transient
pulsar observed by IXPE, LS V +44 17/RX J0440.9+4431,
which showed the peak luminosity of 4.3 x 107 ergs™' dur-
ing its giant outburst in 2023 January—February (Salganik et al.
2023). In this object, significant changes in the RVM parameters
were detected (Doroshenko et al. 2023). There, the pulse-phase
resolved Stokes ¢ and u parameters for two epochs of observa-
tions traced similar patterns on the (g, #) plane, but the figures
were shifted relative to each other (see Poutanen et al. 2024). An
additional, phase-independent polarized component was intro-
duced to align the results with the RVM predictions. We now
apply the same idea to the J0243 data.
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Fig. 4. Results from the pulse-phase-resolved analysis of J0243 in the
3-8 keV range, combining data from all DUs. Panel (a): pulse profile.
Panel (b): photon spectral index. Panels (c) and (d): Dependence of the
Stokes g and u parameters. Panels (e) and (f): PD and PA. The data from
Obs. 1, 2, and 3 are shown as orange squares, green triangles, and blue
circles, respectively. The typical error bar corresponding to 1o~ uncer-
tainty is shown in panels (c)—(e). The black solid curve is the best-fit
RVM to the original PA data points (right column of Table 5).

3.2. Two-component polarization model

Similarly to Doroshenko et al. (2023), we assume that there are
two polarized components in the J0243 data. The first is associ-
ated with the pulsar and is described by the RVM. The second
component is independent of the pulsar phase. We express the
absolute Stokes parameters for each observation as a sum of the
variable and constant components:

1(¢) = I + I(9),
Q@) = Oc + Pp(®)Ip(#) cos[2x(#)], &)
U(¢) = Uc + Py($)I(9) sin[2x(9)].
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error bar corresponding to 1o uncertainty is shown in each panel. The
phase bins are numbered. The scale in each panel is different.

Here we consider the observed Stokes parameters I, Q, and U to
be scaled to the average flux value with indices denoting the con-
stant (c¢) and pulsed (p) components. The PD of the variable com-
ponent is Py and its PA y is given by Eq. (2). The scaled Stokes
parameters of the constant component (Q., U.) are related to the
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Fig. 6. Finding chart and the R-band polarization of J0243 (in the cen-
ter) and three nearby field stars, which are situated at a similar distance
according to Gaia parallaxes. The blue bars show the observed polar-
ization of the source and field stars, while the red bar corresponds to the
intrinsic polarization of the source from the Robopol observations, tak-
ing star #2 as an estimate of the interstellar contribution (see Table 4).
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Fig. 7. Observed normalized Stokes parameters of the R-band optical
polarization of J0243 and the three nearby field stars shown in Fig. 6.

PD, P, and the flux, I., as
Q. = Pl COS(Z/\/C)7 U. = P, Sil‘l(z/\/c),

with its PA being y. = § arctan(U./Q.).

We assume that the pulsar geometry (i.e., RVM parame-
ters) does not change between the observations and the observed
changes in the polarization properties are related to the pres-
ence of an additional unpulsed polarized component. In order to
describe the data from all three observations, in addition to the
four RVM parameters, we introduce six additional free parame-
ters Qc; and U.;, i = 1,2,3, which describe properties of this
constant component. For a given set of Q.; and U,;, we can
construct the differences Q, = Q@) — Qc, U, = U(¢) - U,,
which are fit by the RVM using maximum likelihood function

(6)

Fig. 8. Geometry of the pulsar and main parameters of the RVM. The
pulsar angular momentum €2, makes an angle i, with respect to the
observer direction 0. The angle 6, is the magnetic obliquity, i.e., the
angle between magnetic dipole and the rotation axis. The pulsar phase
¢ is the azimuthal angle of vector B in the plane (x,y) perpendicular to
Q, and ¢ = ¢, when B, Q,, and o are coplanar. The pulsar position
angle y, is the angle measured counterclockwise between the direction
to the north (N) and the projection of £, on the plane of the sky (NE).

with the probabilities given by Eq. (3). The best-fit RVM param-
eters as well as the Stokes parameters of the constant component
are given in the top part of Table 6. The quality of the fit is much
better than with the RVM model alone. The Akaike information
criterion (AIC; Akaike 1974) decreases by A AIC = 21.5, imply-
ing that the pure RVM model is exp(A AIC/2) = 4.7 x 10* less
probable that the two-component model.

The obtained Stokes parameters of the constant component
correspond to the polarized fluxes (in units of the average flux)

of Peilej = O, + U?, in the range ~1-4%. Once the best-fit

parameters of the constant component are determined, we can
obtain the value of the PA for the variable component using
Eq. (5):

1
x(®) = 3 arctan @)

U(¢) - Uc}
0@) - Q.|

We found that the PA values of the constant component y.;
for the three observations are the same within the errors. This
motivated us to perform another fit with the fixed y. for all
three observations (which reduced the number of free parame-
ters by 2). We refitted the data by varying, in addition to the
four RVM parameters, three polarized fluxes P.;l.; and the PA
Xc- The best-fit parameters are presented in the bottom part of
Table 6. We see that the quality of the fit is not getting much
worse, with A AIC = 2.3, which means that the model is three
times less probable. The PA of the varying component associated
with the pulsar as obtained using Eq. (7) are plotted in Fig. 9
together with the best-fit RVM. In order to obtain the covari-
ance plot for these model parameters we used the affine invariant
Markov chain Monte Carlo ensemble sampler EMCEE package of
PYTHON (Foreman-Mackey et al. 2013). The resulting posterior
distributions are shown in Fig. 10.
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Table 4. Optical polarization of J0243 as observed with Robopol in
2023 in R-band.

Observed polarization of J0243

HID q (%) u (%)

2460153.5530 -297+0.08 -2.41+0.08
2460154.5744 -3.00+0.08 -2.47+0.10
2460155.5594 =277 +0.08 -2.34+0.08
2460156.5468 -3.04+0.07 -2.53+0.08
2460157.5855 -3.06+0.08 -2.58+0.09
2460162.5357 -3.00+£0.08 -2.70+0.10
2460181.5359 -298+0.08 -2.50=+0.10
2460182.6066 -2.72+0.08 -2.61+0.08
2460184.5981 -2.82+0.07 -2.58+0.10
Average observed -2.93+0.03 -2.52+0.03

Interstellar polarization
Star #1 -4.61 +£0.19 —-4.07+0.13
Star #2 -237+0.12 -422+0.14
Intrinsic polarization
[S=star #1 1.68 +0.19 1.55 +0.13
[S=star #2 -0.56 £0.12 1.70 £ 0.14
PD (%) PA (deg)
IS=star #1 2.29 +0.16 21+2
[S=star #2 1.79 £ 0.13 54+2

Notes. Normalized Stokes parameters g and u are presented for the
observed optical polarization of the source, the interstellar (IS) polariza-
tion, and the intrinsic polarization obtained by subtracting the IS polar-
ization from the observed values. The PD and PA y, of the intrinsic
optical polarization are computed from the intrinsic g and u. Uncertain-
ties are 1o

4. Discussion

4.1. System geometry and origin of constant polarized
component

Our fits demonstrated that polarization cannot be described with
a simple RVM. The main reason is that while the PA makes two
full turns (by 180°) during one pulsar period during Obs. 3, it
shows a double sine wave during Obs. 1 and 2. This behavior
contradicts the RVM. Furthermore, the quality of the fit is rather
bad and the best-fit pulsar geometrical parameters vary strongly
between observations (see Table 5).

Following Doroshenko et al. (2023), in addition to the direct
pulsar radiation described by the RVM, we assumed that there
is a pulse-phase-independent polarized component. The data are
much better described by this two-component model with a con-
stant set of RVM parameters. The PA of the constant component
in the three observations was found to lie between —20° and 14°,
consistent with being the same within the errors. Fixing this PA
at the same value gave the best-fit value of y. = 8° + 7°. We
found that the polarized flux (in units of the average flux) of
the constant component P,/ is between 1.5% and 3%. Because
the contribution of this component to the total flux is unknown,
the value of P, is not well determined. The lower limit on P,
comes from the fact that the flux of the constant component can-
not exceed the flux minimum of around 60% of the average flux
(see Fig. 2). This results in P, 2 3.5-5% depending on the obser-
vation, with the value growing inversely proportional to .. A
lower limit on /. comes from the condition P, < 100%, which
translates to I, > 1.5-3%. If we assume more realistically that
P. < 30% (see below), then I. = 5-10%.
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The constant component can be associated with scattering in
the equatorial accretion disk wind (Doroshenko et al. 2023). If
the wind half-opening angle is 30°, it occupies half of the sky
as seen from the central source. Thus, for the Thomson opti-
cal depth through the wind of 0.2, about 10% of pulsar radia-
tion is scattered by the wind. The PD of the scattered compo-
nent depends on the disk inclination as ~ sin? ia/(3 — cos?ig)
(Sunyaev & Titarchuk 1985; Nitindala et al., in prep.). For ig >
60°, the PD is close to 30% and the polarized flux in that case has
to be around 3% of the average flux consistent with the data. At
lower i4, a larger contribution of this component to the average
flux is required.

The PA of the constant X-ray component is ~10° (or —170°).
If its polarization is produced in the accretion disk wind, it is
natural to assume that the PA is related to the position angle of
the accretion disk axis. On the other hand, polarization in the
optical band is likely produced by scattering of the Be-star radi-
ation off the decretion disk (which occupies a much larger solid
angle than the accretion disk around a NS), and therefore pro-
vides the orientation of that disk. Because of the uncertainty in
the value of the IS polarization, the intrinsic optical PA y, is in
the range between 20° and 50° (see Tables 4 and A.1). The low-
est value of y, (corresponding to the closest star #1 as a proxy
for IS polarization) is within 20~ of y., while the highest PA is
clearly inconsistent with that. Thus, there is an indication that
the accretion and decretion disks are somewhat misaligned.

From the two-component model fit, we constrained the pul-
sar inclination at 7, =~ 15°-40° and the magnetic obliquity
to 6, ~ 60°-80°. The pulsar rotation axis position angle is
Xp = —50° = 10°, which is clearly inconsistent with the PA of
the constant component y.. If pulsar radiation escapes in the X-
mode, then y, ~ 40° (or —140°), which is still far from y.. Under
the assumption that y. gives the orientation of the accretion disk
(and the binary orbit), the difference [y, — x| is related to the
misalignment angle between the pulsar spin axis and the orbital
axis, which is then about 30°-50°.

‘We note that evidence for a misalignment was also found in
other pulsars. For example, in LS V +44 17 (Doroshenko et al.
2023) we found y, = y. ~ 60°=70°, and both were inconsistent
with y, ~ —10° implying a misalignment of ~75° if the pulsar
emits predominantly in the O-mode or at least 15° for emission
in the X-mode. In Her X-1 (Doroshenko et al. 2022; Heyl et al.
2024), the misalignment is at least 25°, but can be ~65° or even
higher.

Finally, we note that the quality of the fit with the two-
component model is still not statistically acceptable, likely indi-
cating that the actual physical situation is even more complex.
The polarization properties of the additional component may
vary with the pulsar phase somehow, but not with the amplitude
comparable to that of the pulsar itself. For example, scattering
in the wind can be phase-dependent because of the azimuthal
asymmetry of the pulsar radiation.

4.2. Polarization—flux anti-correlation

Our fits demonstrate that most of the polarized flux is produced
by the pulsating component. Furthermore, the observed polar-
ization has a clear trend of increasing PD with decreasing flux.
We wondered what the most probable reason for such a behavior
could be.

At low luminosities when most of the radiation is produced
in two small hotspots at the NS surface close to the magnetic
poles, the PD is determined by the structure of the atmosphere
and the energy dissipation profile (Doroshenko et al. 2022). The
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Table 5. Best-fit RVM parameters for the three IXPE observations.

Parameter Obs. 1 Obs. 2 Obs. 3 Obs. 1-3
ip (deg) 80+3 60+5 33f§ 47’:3

0, (deg) 87 +2 88 +3 75’:2 83+2
Xp (deg) =70+ 4 877 -66 +7 -67+4
¢/ (2r) 0.70+0.01 0.60+0.03 0.65+0.02 0.64+0.01
AIC @ 93.0
Y?/d.o.f. 25.1/20 83.3/20 65.7/20 276/68

Notes. Uncertainties on parameters correspond to Alog L = 1 for the log-likelihood function (4) and are equivalent to 1o~. ” Akaike information

criterion AIC =2K + log L (Akaike 1974), with K being the number of model parameters.
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Fig. 9. Pulse-phase dependence of the PA of the variable (pulsar) com-
ponents after subtracting the best-fit constant polarized component from
the observed Stokes parameters. The orange squares, green triangles,
and blue circles with error bars correspond to Obs. 1, 2, and 3, respec-
tively. The black line is the best-fit RVM from the two-component
model (see lower part of Table 6) to all three data sets.

PD is conserved when photons propagate through the magne-
tosphere and the polarization vector adjusts to the orientation
of the magnetic field until the adiabatic radius is reached (e.g.,
Heyl & Shaviv 2002; Taverna et al. 2015). The adiabatic radius
as a function of photon energy E is (Heyl & Caiazzo 2018;
Taverna & Turolla 2024)

E \!/3 2/5
Rag ~3 X 107 (—) (313R2) /

1keV o

®)
where B3 is the surface magnetic field strength in units of 10'3 G,
and Rg is the NS radius in units of 10°cm. For the surface
magnetic field of Bj3 = 1 (Kongetal. 2022) and Rg =~ 1.2
(e.g., Nattild et al. 2017; Miller et al. 2020; Annala et al. 2022),
it exceeds the NS radius for photons in the IXPE range by more
than an order of magnitude. At this distance, the magnetic field is
mostly dipole resulting in the PA that follows the RVM, as indeed
observed in a number of X-ray pulsars (Doroshenko et al. 2022;
Malacaria et al. 2023; Tsygankov et al. 2023; Suleimanov et al.
2023; Mushtukov et al. 2023; Heyl et al. 2024).

At a luminosity close to 10% ergs™!, a number of additional
effects come into play. First, the emission region is not point-
like anymore, but radiation is produced in an accretion col-
umn, which stands above the NS surface. Locally, the polar-
ization direction correlates with the magnetic field direction.
However, the PD of the whole column radiation can be smaller

Table 6. Best-fit parameters of the two-component model.

Parameter Obs. 1 Obs. 2 Obs. 3
ip (deg) 40%9,
6, (deg) 80*¢
Xp (deg) —45+18
¢p/(2m) O.70t8:8§
Q¢ (%) 1.3+04 3.411):2 1.9f%jg
U, (%) 07+04 -06+09 -1.6=+1.7
Xc (deg) 14 +8 -5+8 -20+21
P.I. (%) 14+04 34+09 25+1.8
AIC @ 71.5
Y?/d.o.f. 150/62

Same PA for constant component
ip (deg) 29+
6, (deg) 7643
Xp (deg) -49*1%
¢p/(2r) 0.68 +0.03
X (deg) 8+7
P.I. (%) 1.5+04 3.1+0.7 1.5+1.0
AIC @ 73.8
Y*d.of. 156/64

Notes. Uncertainties on parameters correspond to Alog L = 1 for the
log-likelihood function (4) and are equivalent to 1o-. ” Akaike informa-
tion criterion AIC = 2K +log L (Akaike 1974), with K being the number
of model parameters.

that the local values, because of the different energy dissipation
profile, varying depth of the vacuum resonance (Gnedin et al.
1978), and resulting mode conversions (Pavlov & Shibanov
1979; Lai & Ho 2003; Doroshenko et al. 2022; Lai 2023). Sec-
ond, a substantial part of the column radiation illuminates the NS
surface and is reflected from that (Lyubarskii & Syunyaev 1988;
Poutanen et al. 2013). Because of the different relative contribu-
tions of the O- and X-modes in the reflected radiation, the total
PD is reduced. Finally, the accretion flow is expected to be opti-
cally thick (Mushtukov et al. 2017, 2019) within the NS magne-
tospheric radius

Ry =34 x 108A B M " m™ "R ~22%x10%cm,  (9)

where A is coefficient typically taken to be ~0.5 for the case of
disk accretion (Chashkina et al. 2019), M5 is the mass accre-
tion rate in units of 108 gs™!, and m ~ 1.5 is the mass of a
NS in solar masses. Under this condition, a substantial fraction
of X-ray photons emitted close the NS surface is reprocessed
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Fig. 10. Corner plot of the posterior distribution for parameters of the RVM plus a constant model with one free PA given by Egs. (5) fitted directly
to the (g, u) values using likelihood function (3). Here PF;, i = 1, 2, and 3 is the polarized flux P.I. of the constant component (measured in units
of the average flux) during Obs. 1, 2, and 3, respectively, and y. is its polarization angle. The two-dimensional contours correspond to 68.3%,
95.45%, and 99.73% confidence levels. The histograms show the normalized one-dimensional distributions for a given parameter derived from the

posterior samples.

by the optically thick envelope created around the NS magneto-
spheric cavities. Because the size of the magnetosphere exceeds
the adiabatic radius, the final polarization of X-ray photons is
defined by scattering off the envelope. The PD and PA depend
more on the scattering geometry than on the projection of the
NS magnetic dipole on the sky. Integrating the Stokes parame-
ters over the envelope significantly reduces the total PD. Thus,
in this model the observed anticorrelation of the PD and flux is a
result of variable optical thickness of the envelope: the higher the
mass accretion rate and the flux, the larger the optical thickness
of envelope, and thus the larger the fraction of photons expe-
riencing reprocessing by the envelope outside the NS adiabatic
radius that reduces the PD.
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5. Summary

Swift J0243.6+6124 was observed by IXPE in 2023 July—
August three times during its outburst. The main results of our
study of its polarimetric properties can be summarized as fol-
lows:

1. Using updated pulsar ephemeris from Fermi/GBM we were
able to phase connect the pulse arrival times for the whole
duration of the outburst.

2. The phase-resolved polarimetric analysis revealed a signif-
icant detection of X-ray polarization with the PD reaching
~6%, 10%, and 20% during the three observations separated
by a month when the flux dropped by a factor of three.
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3. We showed that evolution of the PA with pulsar phase in
Obs. 1 and 2 having a double sine wave structure is incon-
sistent with the RVM. This brought us to the conclusion
that the likely reason for this discrepancy is the presence
of the phase-independent polarized component produced,
for example by scattering in the accretion disk wind, as
was proposed for another bright X-ray pulsar LS V +44 17
(Doroshenko et al. 2023; Poutanen et al. 2024).

4. Assuming the same RVM parameters for the three observa-
tions, we fitted the data with the two-component model and
obtained the PA of the constant component y. between —20°
and 15°. Assuming that the PA for all observations is the
same, we find y. = 8° + 7°. Also assuming that the constant
component contributes 10% of the average flux, we find that
the PD of that component varies between 15% and 30%. We
estimated the inclination of the NS rotation axis to the line
of sight of i, = 15°—40°, the magnetic obliquity of 6, = 60°—
80°, and the pulsar position angle of y;, ~ —50°.

5. Using optical polarimetric observations of the source and
nearby field stars, we determined that the intrinsic PA y, lies
between 20° and 50°, depending on the choice of field star to
estimate the contribution of the interstellar component. The
lowest value of y,, is consistent with y. within 20", while the
higher PA are clearly inconsistent with that value. Associat-
ing optical polarization with scattering in the decretion disk,
the data indicate a possible misalignment between accretion
and decretion disks axes.

6. A deviation of y. from the pulsar position angle y, implies
a 230° misalignment between pulsar rotation axis and the
orbital (accretion disk) axis.
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Appendix A: Optical polarimetric observations during 2017 outburst

Table A.1 presents the results of the optical polarimetric measurements of J0243 during its 2017 outburst obtained with DIPol-2
(Piirola et al. 2014) at the T60 telescope at Haleakala, Hawaii. Polarization of the field star #3 (see Fig. 6) was determined using
observations in February 2024 at the same telescope.

Table A.1. Optical polarization of J0243 as observed with DIPol-2 in three filters B, V, and R in 2017.

B 1%
HID q (%) u (%) q (%) u (%) q (%) u (%)
Observed polarization
2458032.0946 -298£0.11 -2.40+0.11 —2.80 £ 0.06 -2.25 £0.06 -2.92 £ 0.06 -2.32+£0.06
2458033.0532 -3.23+£0.08 -2.22+0.08 -3.02+0.08 -2.18 £0.08 -2.98 £0.03 -2.29+£0.03
2458034.0270 -2.99+£0.08 -231+0.08 -3.06+0.05 -2.25+0.05 -2.96 £0.03 -2.19+£0.03
2458037.0155 -3.07+£0.07 -2.13+£0.07 -2.97=+0.05 -2.31+£0.05 -2.92+£0.03 -2.27+0.03
2458038.0295 -296+£0.05 -220+£0.05 -3.09+0.04 -2.22 £0.04 -2.98 £0.03 -2.25+0.03
2458043.9848 -291+0.08 -2.03+0.08 -2.88+0.12 -2.28 +£0.12 -2.87+0.04 -2.17 +0.04
2458044.9984 -2.69+£0.04 -195+0.04 -295+0.04 -2.12 £0.04 -2.84+£0.03 -2.30+£0.03
2458045.9972 -294+£0.05 -232+0.05 -3.02+0.05 -2.18 £0.05 -2.88 £0.03 -2.20+£0.03
2458048.0195 -3.10+0.06 -2.13+0.06 -3.19+0.04 -2.08 +0.04 -2.95+0.03 -2.17 +0.03
2458053.9188 -3.03+£0.05 -246+0.05 -3.08+0.04 -2.22£0.04 —2.86 £ 0.02 -2.37£0.02
2458054.9985 -293+£0.04 -241+£0.04 -3.09+0.03 -2.17+£0.03 -2.94 £ 0.02 -2.16 £0.02
2458056.0199 -3.02+0.03 -226+003 -3.03+0.03 -2.20+0.03 -2.93+0.02 -2.24 +0.02
2458057.0056 -297+0.04 -230+0.04 -3.02+0.04 -2.20 £ 0.04 -2.99 £0.03 -2.24£0.03
2458058.0394 -3.14+£0.08 -2.12+£0.08 -2.95+0.07 -2.33£0.07 -2.87+£0.03 -2.31+£0.03
2458060.9934 -3.01+0.05 -2.18+0.05 -2.94+0.04 -2.26 +0.04 -2.89 +0.02 -2.29 +0.02
2458062.9920 -3.02+£0.06 -2.17+0.06 -2.98+0.04 -2.14 £0.04 -2.92 £0.02 -2.27 £0.02
2458063.9987 -3.09+£0.05 -228+0.05 -3.03+0.04 -2.22 £0.04 -2.97 £ 0.02 -2.29 +0.02
2458064.9702 -294+0.03 -241+003 -3.05+0.03 -2.24 +0.03 -2.95+0.02 -2.34 +0.02
2458065.9628 -292+£0.06 -2.19+0.06 -3.02+0.04 -2.14 £0.04 -2.96 £ 0.02 -2.30 £ 0.02
2458067.9801 -2.73+£0.03 -228+0.03 -295+0.04 -2.30 £ 0.04 -2.84 £ 0.02 -2.34 +0.02
2458070.9535 -3.14+0.04 -235+004 -3.05+0.03 -2.26 +0.03 -2.93+0.02 -2.26 +0.02
2458071.9512 -2.99+£0.04 -229+0.04 -3.03+0.04 -2.37£0.04 -2.89 £ 0.02 -2.33 £0.02
2458074.9499 -3.06+£0.05 -223+0.06 -3.02+0.04 -2.21 £0.04 -2.91 £0.02 -2.35+0.02
2458075.9985 -3.17+0.05 -230+005 -297+0.04 -2.29+0.04 -2.89 +0.02 -2.41+0.02
2458077.8976 -3.05+£0.05 -2.10+£0.05 -2.96+0.06 —2.39 £ 0.06 -2.82+£0.03 -2.32+£0.03
2458078.9242 -3.00£0.05 -231+£0.05 -294+0.03 -2.32+£0.03 -2.84 £ 0.02 -2.32+£0.02
2458079.8771 -3.00+0.04 -221+004 -297+0.03 -2.26 +0.03 -2.86 +0.02 -2.41+0.02
2458081.9241 -3.01£0.06 -2.25+0.06 -3.01=+0.05 -2.22+£0.05 -2.88 £0.02 -2.36 £0.02
2458091.9003 -3.07+£0.07 -2.16+0.07 -3.00+0.05 -2.15+£0.05 -2.93+£0.03 -2.27+£0.03
2458093.8934 -3.04+0.07 -2.03+£0.07 -3.08+0.05 -2.20+0.05 -2.87+0.03 -2.31+0.03
2458094.9295 -3.11+£0.06 -2.13+£0.06 -3.06+0.06 -2.23 £0.06 -2.90 £ 0.02 -2.31+£0.02
2458096.8955 -3.05+£0.05 -226+0.05 -3.04+0.05 -2.22+£0.05 -3.00 £ 0.02 -2.26 £0.02
2458097.8895 -3.08+0.05 -222+005 -3.04+0.04 -2.21+0.04 -3.02 £ 0.02 -2.28 +0.02
2458101.8661 -3.08£0.05 -2.13+£0.05 -291+0.04 -2.31+£0.04 -2.87 £0.02 -2.38£0.02
2458112.8621 -285+0.04 -221+004 -3.03+0.05 -2.27+0.05 -2.91+0.02 -2.29+£0.02
Average observed -2.99 +£0.01 -2.25+0.01 -3.012+0.007 -2.234+0.007 -2.908+0.004 -2.302+0.004
Interstellar polarization
Star #3 -3.67+040 -3.82+040 -2.79+0.30 -3.31 £0.30 -2.81£0.20 -3.11 £0.20
Intrinsic polarization
0.68 +0.40 1.57+040 -0.22+£0.30 1.1+0.3 -0.1+0.2 0.8+0.2
PD (%) PA (deg) PD (%) PA (deg) PD (%) PA (deg)
1.7£04 33+7 1.1+£0.3 51+8 0.8+0.2 49 +7

Notes. Normalized Stokes parameters ¢ and u are presented for the observed optical polarization of the source, the interstellar (IS) polarization,
and the intrinsic polarization obtained by subtracting the IS polarization from the observed values. The PD and PA y, of the intrinsic optical
polarization are computed from the intrinsic ¢ and u. Uncertainties are 1o
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