N
N

N

HAL

open science

Probing the polarized emission from SMC X-1: The
brightest X-ray pulsar observed by IXPE

Sofia V. Forsblom, Sergey S. Tsygankov, Juri Poutanen, Victor Doroshenko,

Alexander A. Mushtukov, Mason Ng, Swati Ravi, Herman L. Marshall,

Alessandro Di Marco, Fabio La Monaca, et al.

» To cite this version:

Sofia V. Forsblom, Sergey S. Tsygankov, Juri Poutanen, Victor Doroshenko, Alexander A. Mushtukov,
et al.. Probing the polarized emission from SMC X-1: The brightest X-ray pulsar observed by IXPE.

Astronomy & Astrophysics, 2024, 691, 10.1051/0004-6361/202450937 . insu-04836788

HAL Id: insu-04836788
https://insu.hal.science/insu-04836788v1
Submitted on 15 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://insu.hal.science/insu-04836788v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

A&A, 691, A216 (2024)
https://doi.org/10.1051/0004-6361/202450937 Agt ronomy
© The Authors 2024 Astrophysics

Probing the polarized emission from SMC X-1: The brightest X-ray
pulsar observed by IXPE
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ABSTRACT

Recent observations of X-ray pulsars (XRPs) performed by the Imaging X-ray Polarimetry Explorer (IXPE) have made it possible to investigate the
intricate details of these objects in a new way, thanks to the added value of X-ray polarimetry. Here we present the results of the IXPE observations
of SMC X-1, a member of the small group of XRPs displaying super-orbital variability. SMC X-1 was observed by IXPE three separate times
during the high state of its super-orbital period. The observed luminosity in the 2-8 keV energy band of L ~ 2 x 103 erg s™' makes SMC X-1 the
brightest XRP ever observed by IXPE. We detect significant polarization in all three observations, with values of the phase-averaged polarization
degree (PD) and polarization angle (PA) of 3.2+0.8% and 97° +8° for Observation 1, 3.0+0.9% and 90° +8° for Observation 2, and 5.5+ 1.1% and
80° + 6° for Observation 3, for the spectro-polarimetric analysis. The observed PD shows an increase over time with decreasing luminosity, while
the PA decreases in decrements of ~10°. The phase-resolved spectro-polarimetric analysis reveals significant detection of polarization in three out
of seven phase bins, with the PD ranging between ~2% and ~10%, and a corresponding range in the PA from ~70° to ~100°. The pulse-phase
resolved PD displays an apparent anti-correlation with the flux. Using the rotating vector model, we obtain constraints on the pulsar’s geometrical
properties for the individual observations. The position angle of the pulsar displays an evolution over time supporting the idea that we observe
changes related to different super-orbital phases. Scattering in the wind of the precessing accretion disk may be responsible for the behavior of the
polarimetric properties observed during the high-state of SMC X-1’s super-orbital period.
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1. Introduction by the magnetosphere at a distance of the order of 103—10° cm.
The matter follows then the magnetic field lines onto the
NSs surface, where the gravitational potential energy of the
accreted matter is released. Depending on the accretion rate,
either hot spots or extended accretion columns may form at
the magnetic poles. The misalignment between the magnetic
* Corresponding author; sofia.v.forsblom@utu. fi poles and spin axis leads to pulsed X-ray emission, and the
** Deceased. appearance of an X-ray pulsar (XRP; for a recent review, see,

High-mass X-ray binaries (HMXBs) involve a compact object
accreting matter from a massive companion star. For strongly
magnetized neutron stars (NSs), the accretion flow is disrupted
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e.g., Mushtukov et al. 2024). The observed properties and phase
dependence of the pulsed X-ray emission are defined by the
emission region geometry, the pulsar’s orientation with respect
to the observer, and details of radiative transfer in the strong
magnetic field. There are, however, no robust theoretical models
capable of describing those comprehensively. One of the main
issues is the uncertainty in the basic geometry of XRPs. Polari-
metric observations can be used to determine the pulsar geome-
try (e.g., the inclination of the pulsar spin to the line of sight and
the magnetic obliquity) and possibly to distinguish the emission
region geometry.

The immense magnetic field of the NS and its impact on
Compton scattering cross-sections are the main reasons for
the polarized X-ray emission from XRPs. The scattering of
photons in highly magnetized plasma is expected to result in
a large degree of polarization (up to 80%) of the emerging
X-ray emission for favorable orientations. It has been shown
(Meszaros et al. 1988) that the linear X-ray polarization is
strongly dependent on the geometry of the emission region
and variable with energy and pulse phase, and phase-resolved
polarimetry can be used to constrain the viewing geometry
and discern different radiation models. IXPE has made it
possible to detect the linear X-ray polarization for several
tens of astrophysical X-ray sources including XRPs: Her X-1
(Doroshenko et al. 2022; Heyl et al. 2024; Zhao et al. 2024),
Cen X-3 (Tsygankov et al. 2022), X Persei (Mushtukov et al.
2023), 4U 1626—67 (Marshalletal. 2022), Vela X-1
(Forsblom et al. 2023), GRO J1008-57 (Tsygankov et al.
2023), EXO 2030+375 (Malacaria et al. 2023), LS V +44 17
(Doroshenko et al. 2023), GX 301-2 (Suleimanov et al. 2023),
and Swift J0243.6+6124 (Poutanen et al. 2024). The geometry
of the emission region depends on the accretion luminosity,
and two main emission region geometries can be distinguished
based on the local mass accretion rate: a hot spot and an
accretion column. The critical luminosity separating these two
accretion regimes is a function of the physical and geometrical
parameters of the system. The XRPs observed by IXPE so far
have all been in the sub-critical regime, making observations
of super-critical XRPs important objects to supplement the
information of the polarization properties of XRPs in general.
Polarimetric observations of the bright XRP SMC X-1 can
help provide information on the super-critical regime and
shed light on the effects of accretion columns on the observed
polarization.

SMC X-1, a well-studied HMXB in the Small Magellanic
Cloud, was initially detected by Price etal. (1971) and later
confirmed as a discrete source by Leongetal. (1971), who
observed significant variability in the intensity and spectrum.
Schreier et al. (1972) verified its binary nature, discovering peri-
odic occultations with a ~3.9d orbital period and measuring
the binary orbit inclination of ~70°. SMC X-1 also exhibits
pulsations with the period of about 0.7s, with varying pulse
characteristics over time (Lucke et al. 1976). SMC X-1, one of
a few super-giant X-ray binaries known for Roche lobe over-
flow accretion, consistently emits near or above its Eddington
luminosity, which is around 1.3 x 10*® ergs™! for an estimated
mass of 1.1 My for the NS in the system (van der Meer et al.
2007). Its apparent luminosity varies between approximately
107 ergs™ in the low state to over 5 x 10’ ergs™" in the
high state, more than three times its Eddington luminosity
(Bonnet-Bidaud & van der Klis 1981). In addition to this persis-
tent emission, SMC X-1 also displays type II X-ray bursts last-
ing tens of seconds (Angelini et al. 1991; Rai et al. 2018). The
near- to super-Eddington luminosity places SMC X-1 between
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Fig. 1. Swift/BAT (15-50keV) and MAXI (4-10 keV) one-day averaged
light curves of SMC X-1 in purple and blue, respectively. Vertical light
blue lines show the eclipses and vertical pink lines display the times of
the observations with IXPE. Error bars have been removed for visual
clarity.

60150

less luminous Be/X-ray binaries (Reig 2011) and brighter ultra-
luminous XRPs (Kaaret et al. 2017).

SMC X-1 is also part of an important, but small, group of
XRPs that display super-orbital variability, believed to be caused
by a warped and precessing accretion disk. The precession of the
disk causes periodic, partial obscuration of the central source,
giving rise to the modulation of the X-ray flux at the precession
period. The super-orbital period of SMC X-1 is not steady, as
noted by Wojdowski et al. (1998). An instability in the warped
accretion disk, changing its geometry as it cycles between sta-
ble modes, is believed to cause so-called “excursions”, during
which the super-orbital period decreases from its average value
of 55 d to ~40 d (Clarkson et al. 2003; Dage et al. 2019; Hu et al.
2013). The precession of the disk in SMC X-1 gives rise to three
distinct super-orbital states: the high-state characterized by max-
imum source flux, the low-state of minimum flux (caused by the
occultation of the NS by the disk), and the intermediate state
marking the transition between the high and low state. SMC X-1
represents a special case where the geometry of the large-scale
accretion flow is interconnected with the emission region of the
XRP in the very vicinity of the NS. X-ray polarimetry allows
probing the emission geometry, and hence, is the perfect tool to
study the coupling between the accretion disk and the NS.

2. Observations and data reduction

IXPE is an observatory launched in December 2021 as a
NASA/ASI mission (Weisskopf et al. 2022), with the goal of
providing imaging polarimetry over the 2-8keV energy range.
IXPE is made up of three grazing incidence telescopes, each
consisting of a mirror module assembly (MMA), which focuses
X-rays onto a focal-plane polarization-sensitive gas pixel detec-
tor unit (DU; Soffitta et al. 2021; Baldini et al. 2021). In addition
to measuring the sky coordinates, time of arrival, and energy of
each detected photon, it also measures the direction of the photo-
electron which allows for polarimetric analysis.

IXPE observed SMC X-1 in December 2023, during the
high-state of the super-orbital period (during three consecutive
orbital periods, see Fig. 1), for a total exposure of ~320ks.
The light curve in the 2-8keV energy range from the IXPE
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Fig. 2. Light curve of SMC X-1 observed with IXPE in the 2-8keV
energy band. Times of eclipses are shown in the blue shaded regions.
The inset displays a higher time-resolution light curve of the pre-eclipse
dip detected during the third observation.

observations of SMC X-1 is shown in Fig. 2. Three observations
(hereinafter referred to as Obs. 1, 2, and 3) occurred between
December 10-11, 14-16, and 19-20, with total effective expo-
sures of 111, 110, and 97 ks, respectively. Data have been pro-
cessed with the IXPEOBSSIM package version 31.0.1 using the
CalDB released on 2024 February 28. The position offset correc-
tion and energy calibration were applied before the data analysis.
Source photons were extracted from a circular region centered
on the source, with the radius Ry, = 80”. Due to the brightness
of the source, background subtraction was not applied and the
unweighted approach was used (Di Marco et al. 2022, 2023).

Event arrival times were corrected to the barycenter of the
solar system using the barycorr tool from the FTOOLS pack-
age. To account for the effects of binary orbital motion, we
corrected observed event arrival times using the ephemerides
by Raichur & Paul (2010) and Hu et al. (2019) extrapolated to
the IXPE epoch. In particular, the latter is used to estimate the
IXPE epoch for mean longitude of 90°, which is estimated at
MIJD 60287.8042(2) considering reported uncertainties for the
zero epoch, the orbital period, and its derivative. We found, how-
ever, that even after correction, the full set of IXPE observa-
tions containing three orbital cycles could not be described with
a single polynomial timing solution, i.e. some residuals were
observed in pulse arrival times, hence the spin evolution of the
source is more complex. Considering the presence of gaps in
the data, describing that properly is challenging, so we opted to
search for the spin period and its derivative using Z* statistics
in each of the IXPE segments separately. The results were fur-
ther refined using phase-connection, by fitting pulse arrival times
with the following model: t, = ty + nP + 0.5n> PP. The values
for the spin period, its derivative, and the pulse epoch for each
segment are given in Table 1. This approach allows us to obtain
high-quality timing solutions with no phase drifts for each seg-
ment as illustrated in Fig. 3.

Stokes I, Q, and U spectra have been re-binned to have
at least 30 counts per energy channel, with the same energy-
binning applied to all energy spectra. The energy spectra were
fitted simultaneously using the XSPEC package (version 12.14.0)
(Arnaud 1996) using y? statistics and the version 13 instrument
response functions (ixpe:obssim20230702:v13). The reported

uncertainties are at the 68.3% confidence level (107) unless stated
otherwise.

3. Results
3.1. Light curve and pulse profile

SMC X-1 was observed three separate times from 2023 Decem-
ber 10-20, corresponding to the high-state of the super-orbital
period as seen in the light curve (see Fig. 1) obtained by the
Swift/BAT' (Gehrels et al. 2004) monitor and MAXI?. During
the third observation, a pre-eclipse dip can be seen in the IXPE
light curve (see Fig. 2), as previously observed for SMC X-1 dur-
ing similar orbital phases (Moon et al. 2003; Trowbridge et al.
2007; Hu et al. 2013). The spin period and spin period derivative
were measured for each observation separately and the deter-
mined values can be found in Table 1. The resulting pulse pro-
files for the observations of SMC X-1 in the 2-8keV energy
band are shown in Fig. 3, together with the phaseograms which
display the evolution of the pulse profile over the time of each
observation.

3.2. Polarimetric analysis

The initial polarimetric analysis of SMC X-1 was carried out
using the xpbin tool’s pcube algorithm included in the IXPEOB-
SSIM package, which has been implemented according to the
formalism by Kislat et al. (2015). Using the unweighted anal-
ysis, we computed the normalized Stokes ¢ = Q/I and u = U/I
parameters and the PD using the equation PD = +/¢? + u2, and
the PA = % arctan(u/q), with the PA measured from north to east
counterclockwise on the sky.

The phase-averaged PD and PA in the full 2-8keV IXPE
energy range for Obs. 1-3 are given in Table 2 and shown in
Fig. 4. We do not detect polarization during the pre-eclipse dip,
with a phase-averaged PD of 0.4 + 3.8% and an unconstrained
PA. The pre-eclipse data is removed from all subsequent anal-
ysis. The PD and PA shows an apparent trend in their behavior
over time. The PD appears to be increasing with time, while the
PA decreases (in decrements of ~10°).

In order to increase the statistics of the polarimetric anal-
ysis, we combined the data from all three observations using
the following steps. First, we created pulse profiles according to
the spin period evolution parameters determined for each obser-
vation separately (see Table 1). The pulse profiles were then
cross-correlated to determine the relative phase-shifts between
the observations, allowing us to correctly connect the phases.
Finally, each event was phase-tagged and the data from the
three observations were added, producing a combined data set
(excluding pre-eclipse data). The phase-averaged PD and PA for
the combined set of observations of SMC X-1 measured in the
entire IXPE energy band of 2-8 keV are 3.8 +0.7% and 89° +6°,
respectively.

Next, we studied the energy dependence of the polarization
properties of SMC X-1 by performing an energy-resolved polari-
metric analysis on the combined data set, dividing the data into
six energy bins. The results are given in Table 3 and shown
in Fig. 5. No significant energy dependence of the polarization
properties is detected. Similarly, we see no energy dependence
of the polarimetric properties during the separate observations.

' https://swift.gsfc.nasa.gov/results/transients/
2 http://maxi.riken.jp/
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Table 1. Timing parameters used for Obs. 1, 2, and 3 of SMC X-1.

Parameter Unit Obs. 1 Obs. 2 Obs. 3

Start MID 60288.4 60292.9 60297.3

End MID 60289.9 60294.3 60298.8
Exposure ks 110.6 110.0 96.8

Epoch MET @ 218971574.938 219358107.288 219744614.375
Spin period ms 696.6750 £ 0.0003  696.6712 £ 0.0003  696.6659 + 0.0004
Spin period derivative 107''s s7! -1.3+04 -29+04 -3.0+10

Notes. The timing solutions refer to the individual observations. “IXPE MET (Mission Elapsed Time, in seconds) is equal to Tyer = (Tyyp —
Trer) X 86400, where T\ = 57754.00080074074. The reported epochs define the zero phases of the pulse profiles in Fig. 3.

Time [MJD

D
[=3
1353
Nel
@
(=}

0.5 0.5

1.0
Phase

1.5 2.0 0.0

Fig. 3. Phase-aligned pulse profiles and phaseograms for SMC X-1 as
(center), and Obs. 3 (right).

1.0 1.5

Phase

seen by IXPE in the 2-8 keV energy band for the Obs. 1 (left), Obs. 2

Table 2. Measurements of the normalized Stokes parameters g and u, PD, and PA for the phase-averaged data of SMC X-1 for different intervals

using the pcube algorithm.

Interval q u PD PA

(%) (%) (%) (deg)
Obs. 1 -24+12 -10+x12 2612 101 £ 13
Obs. 2 -36x12 0212 36+1.2 88 + 10
Obs. 3 (incl. dip) -51x14 18x14 55x14 807
Obs. 3 (excl. dip) -63+15 2115 66=+15 81+6
Obs. 1-3 (incl. dip) -3.6+0.7 02+0.7 3.6=+0.7 88+ 6
Obs. 1-3 (excl. dip) -3.8+0.7 02+0.7 3.8x+0.7 89+6
Pre-eclipse dip 03+38 03+38 0.4+3.8 Unconstrained @

Notes. “Formal value for the PA is 20° + 250°.

Considering the importance of the variations of PD and
PA over the pulsar’s spin phase, next, we performed a phase-
resolved polarimetric analysis of the separate observations by
splitting the data into 12 uniform phase bins and using the pcube
algorithm to determine the polarimetric properties of each bin.
However, due to poor statistics, we do not detect significant
polarization in any phase bin of the separate observations. We
do, however, see an indication of different behavior of the nor-
malized Stokes ¢ and u parameters in the individual observa-
tions, as displayed in Fig. 6. Similarly, we used the same steps to
perform a phase-resolved polarimetric analysis of the combined
data set, which indicated an anti-correlation between the PD and
flux. Therefore, we applied a non-uniform phase-binning to the
combined data set, with the phase bins chosen to cover the max-
ima and minima of the pulse profile. The results in the 2-8 keV
energy range are given in Table 4 and are shown in Fig. 7.
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To fully account for the spectral shape and the energy dis-
persion, we performed a spectro-polarimetric analysis according
to the following steps. Source Stokes I, Q, and U spectra were
extracted using the xpbin tool’s PHA1, PHA1Q, and PHA1U algo-
rithms, which produce a full data set made up of nine spectra,
three for each DU. We fitted all nine spectra simultaneously with
XSPEC.

The spectral continuum of SMC X-1 has been described
by a number of different phenomenological models, however,
it is usually represented by an absorbed power law with a
high-energy cut-off and a soft component, as well as a weak
iron line at about 6.4 keV. Taking into consideration the energy
range and resolution of IXPE, we adopted a simplified model
consisting of an absorbed powerlaw, the polconst polariza-
tion model (energy-independent PA and PD), as well as a
cross-calibration constant accounting for possible discrepancies
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Fig. 4. Phase-averaged normalized Stokes g and u of Observations 1,
2, and 3 (excluding dip) for each separate observation (combining the
DUs) for the entire 2-8 keV energy band. The size of the circles corre-
spond to the uncertainty at 68§% confidence level.

Table 3. Measurements of the normalized Stokes parameters g and u,
PD, and PA in different energy bins using the pcube algorithm.
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0
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Fig. 5. Energy dependence of the PD and PA for the combined data set
(excluding dip), obtained with the pcube algorithm.

Table 4. Normalized ¢ and u Stokes parameters and PD and PA in dif-
ferent phase bins obtained from the pcube algorithm (combined data
set; dip excluded).

Phase q u PD PA
(%) (%) (%) (deg)
0.000-0.100 —=7.7+2.8 -5.1+2.8 92+28 107+9
0.100-0.245 -2.7+19 1.7+19 32+19 74+18
0.245-0.370 -29+19 16+19 33+19 76=+17
0.370-0.550 -43+19 43+19 6.1+£19 679
0.550-0.745 -33+15 -07+1.5 34+15 9612
0.745-0.890 -22+1.8 —-0.8+1.8 2.3+1.8 100+ 22
0.890-1.000 -7.4+25 -3.0+2.5 8.0+25 1019

Energy q u PD PA
(keV) (%) (%) (%) (deg)
2-3 -34+10 -13+1.0 37+x1.0 101=+8
34 -35+09 1.0+£09 3.6+09 82+7
4-5 -23+12 01+12 23+12 89+15
5-6 -40+16 02+x16 40+x16 8912
6-7 -85+22 1.1+£22 86+22 867
7-8 -2.6+39 25+39 3.6+39 68+31
2-8 -38+07 02+0.7 38+07 89+6

between the different DUs, where the value for DU1 was fixed
at unity. The inclusion of an iron line yields its normalization
consistent with zero, hence, we do not include this component in
the final model. This is fully consistent with the energy-resolved
polarimetric analysis, where we would expect de-polarization in
the 6-7 keV energy range as the result of a contribution from the
unpolarized fluorescent iron emission feature, while the opposite
is observed (see Table 3 and Fig. 5). The final spectral model,

tbabs X polconst X powerlaw X const,

was applied to both the phase-averaged and phase-resolved
data. The spectral analysis was performed over the full 2-8 keV
energy range of IXPE. The steppar command in XSPEC was used
to create the confidence contours for the phase-averaged polar-
ization measurements of Obs. 1, 2 and 3, and the resulting con-
tour plots at 68.3%, 95.45%, and 99.73% confidence levels are
shown in Fig. 8. Table 5 lists the spectral parameters for the
best-fit models from the results of the phase-averaged spectro-
polarimetric analysis for Obs. 1, 2, and 3. We find significant
detection of polarization corresponding to 3.30, 3.00, and 4.70
for Obs. 1, 2, and 3, respectively, determined for two degrees of
freedom.

To examine the possibility of any energy-dependence of the
polarization properties during the individual observations, the

Notes. The uncertainties are given at the 68.3% (107) confidence level.

polconst polarization model was replaced with the pollin
model (linear energy dependence of the PD and PA) and the
polpow model (power law energy dependence of the PD and
PA). Neither model resulted in a significant improvement of the
fit.

Considering the similar values of the spectral parameters
between all three observations, a joint spectro-polarimetric fit
was performed at the next step by fitting the spectra of all three
observations simultaneously (with a total of 27 spectra, nine
per observation). The power-law normalization was allowed to
vary between the observations. The results of the phase-averaged
spectro-polarimetric analysis of the combined set of spectra can
be found in Table 5. Similarly to the analysis of the separate
observations, the energy-dependence of the polarization proper-
ties for the joint fit was tested by replacing the polconst polar-
ization model with the pol1lin model and polpow model. How-
ever, neither model significantly improved the fit.

Next, a phase-resolved spectro-polarimetric analysis was
performed by separating the data into seven non-uniform phase-
bins. This was achieved by extracting Stokes I, O, and U spec-
tra individually for each phase bin, using the PHA1, PHA1Q, and
PHA1U algorithms of the xpbin tool.

The phase-resolved I, Q, and U spectra were fitted with
the same model as used for the phase-averaged analysis, and
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Fig. 6. Phase dependence of the flux and normalized Stokes parame-
ters. Panel a: pulse profiles during three observations. The normalized
Stokes parameters g and u are shown in panels b and c, respectively. The
polarimetric analysis was done using pcube for three DUs combined in
the full 2-8 keV energy band and uniform phase-binning. Observations
1,2, and 3 are shown in blue, purple, and pink, respectively.

the cross-calibration constants for DU2 and DU3 were set to
the values of the phase-averaged analysis (see Table 5). The
steppar command in XSPEC was used to create the confidence
contours for the phase-resolved polarization measurements, and
the resulting contour plots at 68.3%, 95.45%, and 99.73% con-
fidence levels are shown in Fig. 9. The results of the phase-
resolved spectro-polarimetric analysis of the combined data set
are summarized in Table 6. We find significant detection of
polarization in three out of seven phase bins, and marginal detec-
tions in the remaining bins.

4. Discussion
4.1. Determination of pulsar geometry

The rotating vector model (RVM; Radhakrishnan & Cooke
1969; Meszaros et al. 1988) can be used to constrain the pulsar
geometry. The geometrical properties of several XRPs observed
by IXPE have already been obtained (Doroshenko et al. 2022;
Tsygankov et al. 2022; Mushtukov et al. 2023; Marshall et al.
2022;  Tsygankovetal. 2023; Malacariaetal. 2023;
Doroshenko et al. 2023; Suleimanov et al. 2023; Heyl et al.
2024; Zhao et al. 2024). If the radiation is assumed to be
dominated by ordinary mode (O-mode) photons, the PA is given
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Fig. 7. Results from the pulse-phase-resolved analysis of SMC X-1 in
the 2-8 keV range combining data from all DUs and using non-uniform
phase-binning. Panel a: pulse profile. Panels b and c: dependence of the
Stokes g and u parameters obtained from the pcube algorithm on the
pulse phase. Panels d and e: PD and PA obtained with pcube and from
the phase-resolved spectro-polarimetric analysis using XSPEC (shown
by the red and blue symbols, respectively). The orange curve in panel e
shows the best-fit RVM to the combined data set.

by Equation (30) from Poutanen (2020):

—sin 6 sin(¢ — ¢o)
sini, cos 6 — cos i, sin f cos(¢ — é0)’

tan(PA — yp) = (1)
where Y, is the position angle (measured from north to east) of
the pulsar angular momentum, i, is the inclination of the pulsar
spin to the line of sight, 6 comprises the angle between the mag-
netic dipole and the spin axis, and ¢, equals the phase when the
northern magnetic pole passes in front of the observer.

If the radiation escapes predominantly in the extraordi-
nary mode (X-mode), the position angle of the pulsar angular
momentum is y, + 90°. The PA does not depend on the PD
of the radiation escaping from the surface of the NS in the
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Fig. 8. Polarization vectors of SMC X-1 from the results of the phase-averaged spectro-polarimetric analysis of Obs. 1 (left), Obs. 2 (center), and
Obs. 3 (right). Contours at 68.3%, 95.45%, and 99.73% confidence levels calculated for two degrees of freedom are shown in blue, purple, and

red, respectively.

Table 5. Spectral parameters for the best-fit model obtained from the phase-averaged spectro-polarimetric analysis with XSPEC for observations 1,

2, and 3.
Component Parameter Unit Obs. 1 Obs. 2 Obs. 3 Obs. 1-3
tbhabs Ny 10%2 cm™ 0.23 £0.07 0.31 £0.07 0.43 £ 0.09 0.31 £ 0.05
powerlaw  Photon index 1.00 + 0.02 1.02 £ 0.02 1.02 £ 0.02 1.01 £ 0.01
polconst PD % 32+0.8 3.0+£09 55+1.1 35+05
PA deg 97 +8 90+8 80+6 89 +4
constant  constpys 1.019 +£0.005 1.021 £0.005 1.026 +0.006 1.021 + 0.003
constpys 1.002 £ 0.005 1.000 = 0.005 1.023 +£0.006 1.001 + 0.003
Flux,_giey @  107%ergs™'ecm™  5.10 £ 0.07 4.92 +0.07 4.65 +0.07 -
Lyg kev(b) 1038 erg s 2.3 2.2 2.1 -
x* (d.of) 1332.1 (1259) 1240.0 (1262) 1256.9 (1214) 3845.3 (3747)

Notes. The 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. ®’Luminosity is computed using the distance of d ~ 61 kpc (the measured distance to

the SMC is d = 60.6 + 1.0 + 2.8 kpc; Hilditch et al. 2005).

no-relativistic RVM. The polarization plane actually rotates as
the radiation travels through the NS magnetosphere, up to the
adiabatic radius. At such a distance, the dipole magnetic field
component will dominate, and under these conditions, the RVM
is applicable. Only when the NS is rotating rapidly will gen-
eral relativistic effects have an effect on the polarization plane
(Poutanen 2020).

We can fit the RVM to the measured Stokes ¢ and u
parameters, which are normally distributed, as a function of
the pulsar phase. Because the PA is not normally distributed,
we used the probability density function of the PA, y, from
Naghizadeh-Khouei & Clarke (1993):

1 1 2 2
= —{ — U ’[70/2
G) V= { +ne” [1+ erf(n)]} e . 2)

V=

Here, po = +/¢* + u?/op is the measured PD in units of the

error, n = po cos[2(y — yo)l/ V2, v = % arctan(u/q) is the cen-
tral PA obtained from the Stokes parameters, and erf is the error
function.

The RVM can be fitted to the pulse-phase dependent (g, u)
obtained from pcube using the affine invariant Markov chain
Monte Carlo (MCMC) ensemble sampler EMCEE package of
PYTHON (Foreman-Mackey et al. 2013) and applying the likeli-
hood function L = IT;G(;) with the product taken over all phase
bins. The RVM was fitted to both the separate observations and
the combined set of observations. The best-fit RVM parameters
are given in Table 7. The covariance plot for the parameters is
shown in Fig. 10. The RVM provides an overall good fit to the
combined data set and the separate observations.

We see in Fig. 10 that the position angle of the pulsar y,
shows changes over the course of the observations, decreas-
ing in roughly 10° decrements. Similarly, the PD also exhibits
changes between the individual observations, increasing over
time and with decreasing luminosities. The observations of
SMC X-1 were carried out during the high-state, correspond-
ing to different super-orbital phases. The super-orbital variabil-
ity is generally associated with the precession of the accretion
disk, causing periodical obscuration of the central source. Scat-
tering in the wind of the disk may introduce a polarized com-
ponent which could lead to variations in the PA pulse phase
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Table 6. Spectro-polarimetric parameters in different pulse-phase bins for the combined data set obtained with XSPEC.

Phase Ny Photon index PD PA Y*/d.of.
(102 cm™2) (%) (deg)

0.000-0.100 0.31 1.05+0.02 103+20 104+6 2038/2058
0.100-0.245 0.25+0.13 0.96+0.03 26+14 T78+17 2679/2621
0.245-0.370 0.83+0.12 1.10+0.03 20+1.4  78+£22 2699/2657
0.370-0.550 0.31 1.11 £ 0.01 52+14 79+8 2623/2658
0.550-0.745 0.56 +£0.09  1.06 +0.02 25+1.1 84 +12 3032/3047
0.745-0.890 0.38 +0.11 1.04 + 0.03 23+13 88+17 2743/2759
0.890-1.000 0.31 1.08 +0.01 7.0+1.8 1018 2230/2247

Notes. For the first, fourth, and last phase bin, the value of Ny was fixed to the value of the phase-averaged spectro-polarimetric analysis for the
combined data set. The uncertainties computed using the error command are given at the 68.3% (10-) confidence level (Ay? = 1 for one parameter

of interest).
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Fig. 9. Polarization vectors of SMC X-1 from the results of the phase-resolved spectro-polarimetric analysis of the combined data set. Contours at
68.3%, 95.45%, and 99.73% confidence levels calculated for two degrees of freedom are shown in blue, purple, and red, respectively.

dependence depending on the super-orbital phase. Similar con-
clusions have been drawn for other XRPs observed with IXPE
that also display variations in the pulse phase dependence of the
PA (Doroshenko et al. 2023; Zhao et al. 2024; Poutanen et al.
2024).

4.2. Anti-correlation of luminosity and PD

SMC X-1is the brightest XRP observed by IXPE so far. The super-
critical luminosity indicates the presence of an accretion column
(Basko & Sunyaev 1976), which is expected to result in high PDs
(Caiazzo & Heyl 2021). However, the PD for SMC X-1 is rela-
tively low, consistent with other XRPs observed by IXPE.

The lower degree of linear polarization at higher appar-
ent luminosities in SMC X-1 can be related to the geometry
of the emitting region in the super-critical regime of accre-
tion and/or the contribution of the magnetospheric accretion

A216, page 8 of 11

flow. The appearance of an accretion column at luminosities
>10%7 erg s~! results in the illumination of the NS surface, and
the contribution of reflected X-rays (see, e.g., Poutanen et al.
2013; Postnov et al. 2015) to the apparent photon energy flux
and the polarization. In this case, the PD can be reduced due to
the possibility of different contributions of X- and O-modes to
the total energy flux.

At luminosities >103 erg s~! the accretion flow between
the inner disk radius and the NS surface can be optically thick
for Compton scattering, and therefore scatters a fraction of X-
ray photons (Mushtukov et al. 2017, 2019; Brice et al. 2023).
Figure 11 illustrates the expected distribution of the optical
thickness over the magnetospheric surface of the NS in SMC X-1
calculated following the model of Mushtukov et al. (2024). The
major process responsible for the opacity of the magnetospheric
accretion flow at E > 1keV is Compton scattering. Because
of the magnetic dipole inclination with respect to the rotational
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Fig. 10. Corner plot of the posterior distribution for parameters of the RVM model fitted directly to the (g, u) values using the likelihood function
given by Eq. (2). The two-dimensional contours correspond to 68.3%, 95.45% and 99.73% confidence levels and are shown for the combined data
set. The histograms show the normalized one-dimensional distributions for a given parameter derived from the posterior samples and are displayed

for the individual observations and the combined data set.

axis of the NS, the accretion flow covers only a fraction of the
magnetospheric surface. The optical thickness is expected to be
larger (up to 7 ~ 10) in regions located close to the plane of the
accretion disk and close to the NS surface, because of the rela-
tively high local surface density of the flow. The minimal optical
thickness in the regions of the magnetosphere covered by the
accretion flow is 7, ~ 0.7.

For the observed luminosity in SMC X-1 (~2 x 10*8 ergs!)
and a NS rotation axis aligned with the disk axis, the magne-
tospheric flow scatters up to 40% of X-ray photons depending
on the beam pattern of X-ray emission of the NS surface. For an
inclined rotator, the contribution of photons scattered in the mag-
netosphere to the total flux depends on the observer’s viewing
angle, but remains close to 40% on average. Because the magne-
tospheric radius Ry, is expected to be larger than the adiabatic
radius R,q (Gonzdlez Caniulef et al. 2016; Taverna & Turolla
2024)

B 2/5 E 1/5 RNS 6/5
10126) (1kev) (106cm) e,

3)

the scattering of X-ray photons at the magnetospheric surface
can result in depolarization. The higher the luminosity and opti-
cal thickness of the flow, the lower the PD.

The appearance of an optically thick flow that covers only
a fraction of the NS magnetosphere in SMC X-1 is aligned with
the presence of a pulsating soft blackbody component at energies
<2keV reported in this object (see, e.g., Paul et al. 2002). Note,
however, that the soft excess in SMC X-1 can also be explained
by the reflection of X-ray photons off the accretion disk twisted
close to the inner radius (see Hickox & Vrtilek 2005). If this is
indeed the case, both the PD and the PA can be affected by X-ray
reflection from such a disk.

Ry >Ry =~ 1.2%x 107(
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Table 7. Best-fit RVM parameters for the separate observations of
SMC X-1, as well as the combined data set.

Parameter Obs. 1 Obs. 2 Obs. 3 Obs. 1-3

ip (deg) 98f2§ 100j(5) 88J_rjg 9ljﬁ

0 (deg) 23’:}3 14f§ 61 13fg
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Fig. 11. Map of the optical thickness 7 (due to the Compton scatter-
ing) distribution over the magnetosphere of SMC X-1 calculated using
the model of Mushtukov et al. (2024) as viewed from the NS center in
Aitoff projection with the z-axis aligned along the magnetic dipole. The
color represents the distribution of the optical thickness. The gray belt
is the region where the accretion disk touches NS magnetosphere and
where 7 is infinite. The magnetosphere is covered only partially because
of the assumed 15° inclination of magnetic dipole with respect to the
disk axis. The flow is transparent at azimuthal angle around 0° in the
northern hemisphere and at the angle 180° in the southern hemisphere,
because there is no accretion along these field lines. The NS spin axis is
assumed to be aligned with the disk rotation axis. We used the following
parameters: L = 2 x 10 ergs™' and R, = 5 x 107 cm.

5. Summary

SMC X-1 was observed by IXPE three separate times around 2023
December 10-20, during the high-state of the super-orbital period
at luminosities of L ~ 2 x 10*® erg s~!. The results of the polari-
metric analysis of SMC X-1 can be summarized as follows:

1. A significant polarization was detected during all three
observations (spectro-polarimetric analysis), with values of
the phase-averaged PD and PA corresponding to 3.2 + 0.8%
and 97° + 8° for Observation 1, 3.0 + 0.9% and 90° + 8° for
Observation 2, and 5.5 + 1.1% and 80° + 6° for Observation
3. There is an indication of a trend in the behavior of the PD
and PA over time.

2. There is no evidence for any energy-dependent nature of
the polarization properties found in the polarimetric analysis
using pcube algorithm or in the spectro-polarimetric analy-
sis. This holds for the phase-averaged analysis, as well as for
the phase-resolved analysis.

3. The phase-resolved spectro-polarimetric analysis found sig-
nificant detection of polarization in three out of seven phase
bins, with the PD ranging between ~2% and ~10%, and a
corresponding range in the PA of ~70° to ~100°. The PD
displays an anti-correlation with the flux amplitude.

4. The phase-resolved polarimetric analysis of the individual
observations suggests a difference in the behavior of the nor-
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malized Stokes ¢ and u that indicate a change in polarization
properties over time. Using the RVM to model the PA pulse
phase dependence, we determine the pulsar geometry for the
separate observations. The position angle of the pulsar rota-
tion axis displays an evolution with super-orbital phase sup-
porting the idea of a NS and/or accretion disk precession in
this source.
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