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Abstract

The � rst X-ray pulsar, Cen X-3, was discovered 50 yr ago. Radiation from such objects is expected to be highly
polarized due to birefringence of plasma and vacuum associated with propagation of photons in the presence of the
strong magnetic� eld. Here we present results of the observations of Cen X-3 performed with the Imaging X-ray
Polarimetry Explorer. The source exhibited signi� cant� ux variability and was observed in two states different by a
factor of � 20 in � ux. In the low-luminosity state, no signi� cant polarization was found in either pulse phase-
averaged(with a 3� upper limit of 12%) or phase-resolved(the 3� upper limits are 20%–30%) data. In the bright
state, the polarization degree of 5.8%± 0.3% and polarization angle of 49°.6± 1°.5 with a signi� cance of about
20� were measured from the spectropolarimetric analysis of the phase-averaged data. The phase-resolved analysis
showed a signi� cant anticorrelation between the� ux and the polarization degree, as well as strong variations of the
polarization angle. The� t with the rotating vector model indicates a position angle of the pulsar spin axis of about
49° and a magnetic obliquity of 17°. The detected relatively low polarization can be explained if the upper layers of
the neutron star surface are overheated by the accreted matter and the conversion of the polarization modes occurs
within the transition region between the upper hot layer and a cooler underlying atmosphere. A fraction of
polarization signal can also be produced by re� ection of radiation from the neutron star surface and the accretion
curtain.

Uni� ed Astronomy Thesaurus concepts:Neutron stars(1108); Magnetic� elds(994); X-ray binary stars(1811);
Accretion(14); Pulsars(1306); Polarimetry(1278)

1. Introduction

Understanding the interaction of astrophysical plasmas with
ultrastrong magnetic and radiation� elds in the vicinity of neu-
tron stars(NSs) is a stumbling block of modern astrophysics that
cannot be addressed in terrestrial labs. One of the immediate
consequences of this interaction is funneling of the accreting
matter toward two small polar regions on the NS surface.
Release of the kinetic energy of matter results in strong emission
peaked in the X-ray energy band and the consequent appearance
of an X-ray pulsar(XRP; see Mushtukov & Tsygankov2022,
for a recent review).

The extreme magnetic� eld at the surface of an NS in� u-
ences many aspects of plasma physics on the level of ele-
mentary processes determining the interaction of radiation and
matter(Harding & Lai 2006). The emerging radiation, there-
fore, allows one to deduce the con� guration of the emission
regions and even detect speci� c effects of quantum electro-
dynamics, shedding light on the physics of the interaction of
radiation and matter under conditions of extremely strong
magnetic� elds.

According to current theoretical models, the emission of
XRPs is expected to be strongly polarized(up to 80%; see, e.g.,
Meszaros et al.1988; Caiazzo & Heyl2021). Many authors
addressed the polarization properties of XRPs(Nagel 1981a,
1981b; Kaminker et al.1982; Meszaros & Nagel1985a, 1985b;

Kii et al. 1986; Kii 1987) with the most recent models covering
low (Mushtukov et al.2021; Sokolova-Lapa et al.2021) and
high (Caiazzo & Heyl2021) mass accretion rates with thin slab
and accretion column geometries, respectively. A relatively low
polarization degree(PD) remains possible at low mass accre-
tion rates due to the inverse temperature pro� le in the atmos-
phere of an accreting NS(Gonzalez-Caniulef et al.2019;
Mushtukov et al.2021). Veri� cation of different model pre-
dictions requires sensitive polarimetric observations.

Until recently, only a couple of attempts had been made to
detect the polarimetric signal from XRPs with different
instruments. A search for X-ray polarization in the XRPs Cen
X-3 and Her X-1 was performed in the OSO-8 polarimeter data
collected in 1975(Silver et al.1979). However, no signi� cant
polarization was detected in either pulse phase-averaged or
phase-resolved data for both sources. Recently, the balloon-
borne hard X-ray polarimeter X-Calibur observed GX 301Š2
in the 15–35 keV energy range, but again, no signi� cant
polarization signal was detected(Abarr et al.2020).

The � rst highly sensitive space X-ray polarimeter, the Ima-
ging X-ray Polarimeter Explorer(IXPE; Weisskopf et al.
2022), was launched on 2021 December 9. The high-quality
data allowed Doroshenko et al.(2022) to discover a signi� cant
polarization signal from Her X-1 in both the phase-averaged
and phase-resolved data with PD varying from� 5% to � 15%
over the rotational phase.

Object Cen X-3 was also observed by IXPE as one of the
� rst science targets. Coherent pulsations from the source with
a period of about 4.87 s were discovered by the� rst X-ray
space observatory, Uhuru(Giacconi et al.1971). The binary
nature of Cen X-3 was established by Schreier et al.(1972),
who detected the occultations of the X-ray source by a
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massive optical companion, aswell as Doppler shifts of the
apparent spin frequency, with an orbital period of
� 2.09 days. Today, it is known that the system consists of an
NS of massMNS = 1.2± 0.2Me in an almost circular orbit
(e< 0.0016, orbital separationa � 19 Re ) around the O6–8
II–III supergiant V779 Cen of massMO = 20.5± 0.7Me and
radiusRO � 12 Re (Krzeminski1974; Ash et al.1999; Rai-
chur & Paul2010). Assuming that the optical component� lls
its Roche lobe and that the system is in synchronous rotation,
Ash et al. (1999) determined the orbital inclination of the
system to beiorb = 70°.2± 2°.7.

The primary channel of mass transfer in the system is Roche-
lobe over� ow, resulting in the formation of an accretion disk
around the NS(Tjemkes et al.1986), although stellar wind
from the companion is also clearly present and may contribute
to accretion. The distance to Cen X-3,�� ��

��d 6.4 1.4
1.0 kpc, was

recently re� ned based on Gaia data(Arnason et al.2021).
The magnetic� eld strength of the NS is known from the

presence of a cyclotron resonant scattering feature in the source
spectrum at an energy around 30 keV� rst discovered with
Ginga(Nagase et al.1992). It was later con� rmed by Beppo-
SAX, RXTE, Suzaku, and NuSTAR(Santangelo et al.1998;
Heindl & Chakrabarty1999; Tomar et al.2021). Moreover, it
was shown that while the line energy does not depend on the
source luminosity(Tomar et al.2021) and time(Ji et al.2019),
its parameters substantially change with the rotational phase
(see, e.g., Burderi et al.2000; Suchy et al.2008), as expected
given the strong angular dependence of the scattering cross
section in the magnetic� eld. While the spectral continuum of
the source is usually� tted with the phenomenological models,
some attempts to propose more physically motivated models
were made in recent years(see, e.g., Farinelli et al.2016; West
et al.2017; Thalhammer et al.2021).

Here we present the results of the analysis of Cen X-3
observations by IXPE performed in two very different intensity
states. First, we describe the observations and data reduction
procedures in Section2. The results are presented in Section3.
We discuss possible sources of the observed polarization and
the geometry of the pulsar in Section4. Finally, we give the
summary in Section5.

2. Data

The IXPE is a NASA mission in partnership with the Ita-
lian Space Agency. It was launched by a Falcon 9 rocket on
2021 December 9. It consists of three grazing incidence
telescopes, each comprising an X-ray mirror assembly and a
polarization-sensitive detector unit(DU) equipped with a
gas-pixel detector(Baldini et al.2021; Sof� tta et al.2021) to
provide imaging polarimetry over a nominal 2–8 keV band
with time resolution of the order of 10� s. A detailed
description of the instrument and its performance is given in
Weisskopf et al.(2022).

The IXPE observed Cen X-3 twice over the periods of 2022
January 29–31 and July 4–7 with a total effective exposure of
; 68 and; 178 ks, respectively. The data have been processed
with the IXPEOBSSIM package(Baldini et al. 2022) version
29.3.154 using CalDB released on 2022 March 14. Before the
scienti� c analysis, the position offset correction and energy
calibration were applied.

Source photons were collected in a circular region with
radius Rsrc of 70� centered on the Cen X-3 position. Back-
ground counts were extracted from an annulus with inner and
outer radii of 2Rsrc and 4Rsrc, respectively. In the 2–8 keV
band, the background comprises about 10% and 0.5% of the
total count rate in the source region in the� rst and second
observations, respectively. The event arrival times were cor-
rected to the solar system barycenter using the standard
barycorr tool from theFTOOLSpackage and accounting for
the effects of binary motion using the orbital parameters from
Raichur & Paul(2010). For the second observation, we found
residual regular variations of the spin frequency over the
observation even after correction, so the mideclipse epoch was
adjusted to improve the orbital solution as described in
Appendix.

The � ux (Stokes parameterI) energy spectra have been
binned to have at least 30 counts per energy channel. The same
energy binning was also applied to the spectra of the Stokes
parametersQ andU. Taking into account the high number of
source counts and low background level, the unweighted
approach has been applied(Di Marco et al.2022). All of the
spectra were� tted with theXSPEC package(Arnaud 1996)
using the instrument response functions of version 12 and a� 2

statistic. The uncertainties are given at the 68.3% con� dence
level unless stated otherwise.

3. Results

The light curve of Cen X-3 obtained with the IXPE
observatory in the 2–8 keV band is shown in Figure1. The
source was observed in 2022 January and July in two states
different by a factor of� 30 in mean off-eclipse count rate. In
the low state, the observed luminosity in the 2–8 keV range
was aboutLX = 1.1× 1036 erg sŠ1, while the bright state
(with a softer spectrum) hadLX = 1.9× 1037 erg sŠ1. During
both observations, a sharp drop by almost 2 orders of mag-
nitude associated with the eclipse of the pulsar by the com-
panion occurred several times. The time intervals affected by
the eclipse ingress and egress were excluded from the fol-
lowing analysis(i.e., only data outside of the eclipse as
marked with the dashed lines in Figure1 were used). To
study the effect of the different mass accretion rates on the
polarization properties, the two observations were analyzed
independently.

In the low and bright states of the source, we were able to
measure the spin period of the pulsar with high accuracy,
PspinŠlow = 4.79672(4) andPspinŠhigh= 4.7957473(8) s, respec
tively. In the bright state, the spin period was found to
decrease during the observation with � � � � � q�� ( )P 1.45 5spin high��

��10 10 s sŠ1. The pulsed fraction, de� ned as � � � �( )F FPF max min
��( )F Fmax min , where Fmax and Fmin are the maximum and

minimum count rates in the pulse pro� le, was found to be sig-
ni� cantly different in the two observations: 18%± 2% in the low
state and 66.5%± 0.6% in the bright state. The resulting pulse
pro� les in four energy bands for different luminosity states are
shown in Figure2.

Polarimetric analysis was performed using two approaches
implemented in theIXPEOBSSIM package:(i) a simpli� ed
approach based on the formalism of Kislat et al.(2015; the
pcube algorithm in the xpbin tool) and (ii ) spectro-
polarimetric analysis usingXSPEC (see Strohmayer2017),
taking into account the background and proper response
functions of the instrument(the PHA1, PHA1Q, and PHA1U54 https:// github.com/ lucabaldini/ ixpeobssim
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algorithms in thexpbin tool). Below, we present the results
obtained from both methods.

3.1. Simpli� ed Polarimetric Analysis

To study the polarimetric properties of Cen X-3, we started with
the standard analysis using the formalism of Kislat et al.(2015).

First, we binned the data collected in different intensity states into
four energy bins averaging over the spin phase. The resulting
phase-averaged energy dependence of the normalized Stokes
parametersq= Q/ I and u= U/ I measured in the bright state is
shown in Figure3. The corresponding values of PD and polar-
ization angle(PA; measured from north to east) are presented in

Figure 1. Background-corrected light curves of Cen X-3 in the 2–8 keV energy bands summed over three modules of IXPE. Vertical dashed lines de� ne good time
intervals applied for the polarimetric analysis(see text for details). Times of eclipses of XRP by the optical companion are marked with vertical shaded regions.
Observations performed in 2022 January and July are shown in the left and right panels, respectively.

Figure 2.Pulse pro� le of Cen X-3 in different energy bands as seen by IXPE in the low(orange) and bright(blue) states. Data from the three telescopes were combined.
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Table1. In the low state, the estimated PD is not signi� cant and
below the minimum detectable polarization at the 99% con� dence
level (MDP99) of � 15%–20% in each energy band. In this case,
we do not present the corresponding PA, as it has no physical
meaning when the polarization signal is not signi� cantly detected.
In the bright state, both PD and PA are well constrained in all
considered energy bands.

By considering the full IXPE energy range, 2–8 keV, we
again did not� nd a signi� cant polarization signal in the
low state with a corresponding formal value of PD= 7%±
3%. However, in the bright state, polarization was sig-
ni� cantly detected at the 15� level with PD= 5.6%± 0.4%
and PA= 47°.0± 2°.0. The results for both observations in
the q–u plane are shown in Figure4. Because there is a
detection of the polarization signal only in the data collected
in July (i.e., the bright state), we present below the results
corresponding to this part of the data set, if not stated
otherwise.

Given the strong angular dependence of the scattering cross
sections, the polarization properties of XRPs are expected to
vary with the pulse phase. Therefore, as the next step, we
performed the phase-resolved polarimetric analysis using the
same pcube algorithm. In particular, usingPspinŠhigh, we

calculated the pulse phase for each event and binned the data
into 12 phase bins in the 2–8 keV energy band. The results of
this analysis are shown in Figures4 and5. One can see that the
normalizedq and u Stokes parameters are strongly variable
over the pulse phase.

Figure 3. Dependence of the phase-averaged normalized Stokes parametersq andu on energy in the bright state of Cen X-3. Solid, dashed, and dashed–dotted lines
correspond to the 1� , 2� , and 3� con� dence levels, respectively. Data from the three telescope units were summed together.

Table 1
Measurements of the PD, PA, and MDP99 in Different States of Cen X-3 as a

Function of Energy

Energy PD PA MDP99

(keV) (%) (deg) (%)

Low State(2022 January)

2–3 6 L 18
3–4 4 L 15
4–6 9 L 12
6–8 12 L 18

Bright State(2022 July)

2–3 6.8± 0.6 53.4± 2.5 1.8
3–4 5.5± 0.5 47.6± 2.7 1.6
4–6 5.5± 0.6 48.0± 3.0 1.7
6–8 5.2± 1.2 31.7± 6.4 3.5
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3.2. Spectropolarimetric Analysis

To perform the spectropolarimetric analysis, the source and
background energy spectra were extracted for each DU using
the PHA1, PHA1Q, andPHA1Ualgorithms in thexpbin tool
and� tted simultaneously inXSPEC. We restricted our spectral
analysis to the 2–7 keV energy band, ignoring photons at
higher energies due to remaining calibration uncertainties. The
energy spectrum of Cen X-3 is known to have a complicated
structure consisting of several components(see, e.g., Sanjurjo-
Ferrin et al.2021). However, the limited energy range of IXPE
and relatively low counting statistics allow us to use a much
simpler model consisting of a power law modi� ed by the
interstellar absorption(tbabs in XSPEC with abundances
adopted from Wilms et al.2000) and an iron emission line in
the form of a Gaussian. Due to the limited energy resolution of
the instrument(FWHM � 15% at 6 keV), the complex of iron
lines was� tted with a single broad component. The power-law
component of the model was combined with a constant
polarization model(energy-independent PD and PA), pol-
const in XSPEC. To account for possible discrepancies in the
calibration of independent DUs, a renormalization constant
const , different for each DU, was introduced as well; the
constant was� xed to unity for DU1, taken as a reference. The

� nal form of the model inXSPEC is const × tbabs ×
(polconst × powerlaw+gau ).

First, we applied this model to the phase-averaged data.
Likewise, in the energy-binned analysis from thepcube algo-
rithm, we investigated the properties of Cen X-3 in two intensity
states independently. The parameters of the best-� t model are
presented in Table2. Similar to the simpli� ed polarimetric
analysis, spectropolarimetric analysis did not reveal signi� cant
polarization in the low state with the 3� upper limit of 12% and
showed highly signi� cant polarization in the bright state.

In the bright state, the spectral shape was found to be slightly
different from that in the low one with the iron line
� ux compatible with zero. Therefore, for the data set obtained
in 2022 July, the best-� t model was simpli� ed to const ×
tbabs × powerlaw × polconst . The quality of the
obtained� t can be seen from Figure6, where the energy
spectra forI, Q, andU are shown along with the residuals. The
polarization measurement con� dence contours, produced using
the steppar command inXSPEC, are presented in Figure7.
As can be seen from the plot, the spectropolarimetric analysis
con� rms the discovery of a nonzero polarization signal in the
bright state of Cen X-3 already found in our previous analysis.

To test the hypothesis of a possible dependence of the
polarization properties of Cen X-3 on energy, we replaced the

Figure 4. Variations of the phase-resolved normalized Stokes parametersq andu with pulsar phase in the 2–8 keV energy band averaged over all DUs(gray circles
and arrows) measured in the bright state of Cen X-3. Each circle corresponds to a speci� c pulse phase, numbered following the binning shown in Figure5. The circle
size represents the uncertainty value. The phase-averaged values for the bright and low states are shown in red and blue, respectively.
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polconst component of the best-� t model withpollin and
polpow , which correspond to a linear and a power-law
dependence of PD and PA on energy, respectively. Application
of the modi� ed model to the phase-averaged data resulted in
only a marginal improvement of the� t quality(� � 2 � 6.5 for 2
d.o.f.) with a corresponding F-test probability of 0.065.

To study the energy spectrum and the polarization as a
function of the spin phase, the data in the bright state have been
split into 10 phase bins chosen to guarantee signi� cant mea-
surement of the polarization signal. Following the approach
previously applied to the phase-averaged spectra, the energy
spectra for each phase bin have been� tted with the model
const × tbabs × powerlaw × polconst with the cross-
calibration constants� xed at values derived from the phase-
averaged analysis, i.e., constDU2 = 0.96 and constDU3 = 0.91.
The � t results are summarized in Table3, and the corresp-
onding con� dence contours for PD and PA are presented in
Figure 8. The variability of the polarization properties of
Cen X-3 with the pulse phase is presented in Figure9 and is
fully compatible with the results obtained from thepcube
analysis.

In the data collected during the eclipses in July, no sig-
ni� cant polarization was measured. The corresponding 3�
upper limit on the PD in the phase-averaged spectrum was
obtained with the same best-� t model at the level of 28%.

4. Discussion

The XRPs are among the most promising targets for X-ray
polarimeters. A high degree of polarization from these objects
was expected due to the strong dependence of the primary
processes of radiation and matter interaction, such as Compton
scattering(e.g., Daugherty & Harding1986), free–free and
cyclotron absorption and emission(e.g., Suleimanov et al.
2010) on the polarization, energy, and direction of X-ray
photons. Birefringence typical for a strongly magnetized
plasma allows us to treat the radiative transfer in terms of two
normal polarization modes: the so-called ordinary“O” and
extraordinary“X” (Gnedin & Pavlov1974). The two modes are
oriented differently with respect to the plane composed by the
magnetic� eld direction and photon momentum; the electric
vector of O-mode photons oscillates within the plane, while the
oscillations of the electric vector of X-mode photons are
perpendicular to the plane. Below the cyclotron energy, the
opacities of the two polarization modes are very different from
that of the X-mode, being signi� cantly reduced in comparison
to the O-mode(Lai & Ho 2003; Harding & Lai 2006).

Therefore, the existing models predict a PD from XRPs of up
to 80% (see references in Section1). However, a very com-
plicated interplay of different physical processes and a complex
geometrical structure of the accretion� ow around XRPs may
strongly affect their observed polarization properties. Below,
we discuss several possible mechanisms(see Figure10)
potentially able to explain a relatively low PD and its evolution
with pulse phase in Cen X-3, namely,(i) intrinsic polarization
from the hot spot,(ii ) re� ection of the emission from the NS
surface,(iii ) re� ection from the accretion curtain,(iv) re� ection
from the accretion disk,(v) scattering by the stellar wind, and
(vi) re� ection by the optical companion. In addition, we use our
observational results to determine the geometrical parameters
of the pulsar.

Figure 5. Dependence of the normalized� ux, normalized Stokes parametersq
and u on the pulse phase in the 2–8 keV energy band in the bright state of
Cen X-3 estimated using the formalism of Kislat et al.(2015). Data from the
three IXPE telescopes are combined.

Table 2
Spectral Parameters for the Best-� t Model Obtained fromXSPECfor Two

Intensity States of the Source; Uncertainties Are at 68.3% CL

Parameter Value Units

Low State(2022 January)
NH ��

��0.6 0.4
0.6 1022 cmŠ2

constDU2 0.99± 0.02
constDU3 0.91± 0.01
Photon index Š0.34± 0.03
Fe lineE 6.22± 0.08 keV
Fe line� ��

��0.4 0.2
0.1 keV

Fe line norm 1.7± 0.3 10Š3 ph cmŠ2 sŠ1

PD 3.9± 2.8 %
PA Unconstrained deg
Flux (2–8 keV) 2.17± 0.03 10Š10 erg cmŠ2 sŠ1

Luminosity (2–8 keV) 1.1× 1036 erg sŠ1 at d = 6.4 kpc
� 2 (d.o.f.) 1079(1089)

Bright State(2022 July)
NH 2.80± 0.03 1022 cmŠ2

constDU2 0.963± 0.002
constDU3 0.920± 0.002
Photon index 1.32± 0.01
PD 5.8± 0.3 %
PA 49.6± 1.5 deg
Flux (2–8 keV) 38.56± 0.06 10Š10 erg cmŠ2 sŠ1

Luminosity (2–8 keV) 1.9× 1037 erg sŠ1 at d = 6.4 kpc
� 2 (d.o.f.) 1275(1109)
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Figure 6. Energy distributions of the Stokes parametersI, Q, andU for the bright state of Cen X-3 superimposed to the best-� t model(top panels). The residuals
between data and model normalized for the errors are shown in the bottom panels. The different colors represent the three IXPE detectors: DU1 in blue, DU2 in
orange, and DU3 in green.

Figure 7. Polarization vector of Cen X-3 based on the spectral� tting of the pulse phase-averaged data collected in the bright state. The PD and PA con� dence level
contours at 1� , 2� , and 3� are presented in polar coordinates in red, green, and blue, respectively. The PA is measured from north to east as seen by the observer.

Table 3
Spectral Parameters for the Phase-resolved Spectropolarimetric Analysis in the Bright State of Cen X-3

Phase NH Photon Index PD PA � 2/ d.o.f.
(1022 cmŠ2) (%) (deg)

0.00–0.20 2.9± 0.1 1.49± 0.02 3.1± 0.9 45.8± 8.3 1070/ 1111
0.20–0.26 2.5± 0.2 1.49± 0.06 15.1± 2.4 69.8± 4.6 995/ 987
0.26–0.32 2.3± 0.2 1.34± 0.05 14.7± 2.2 60.9± 4.4 1033/ 999
0.32–0.42 2.8± 0.1 1.41± 0.02 6.8± 1.1 61.0± 4.5 1147/ 1111
0.42–0.51 2.8± 0.1 1.26± 0.02 5.1± 0.8 59.2± 4.7 1073/ 1111
0.51–0.59 2.9± 0.1 1.19± 0.02 5.1± 0.8 52.3± 4.7 1079/ 1111
0.59–0.67 3.3± 0.1 1.36± 0.02 7.2± 0.9 58.4± 3.6 1185/ 1111
0.67–0.75 3.4± 0.1 1.48± 0.02 11.3± 1.0 50.0± 2.6 1124/ 1111
0.75–0.85 3.1± 0.1 1.49± 0.03 11.2± 1.1 32.6± 2.8 1173/ 1111
0.85–1.00 3.1± 0.1 1.50± 0.02 4.3± 0.9 13.9± 6.0 1203/ 1111
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4.1. Polarization Mechanisms

4.1.1. Intrinsic Hot-spot Polarization and the Atmospheric Properties

The early theoretical predictions mentioned above are put
into question by the relatively low PD of only 5%–15% dis-
covered from Cen X-3 in the IXPE data. However, most of the
mentioned models do not take into account the speci� c temp-
erature structure of the NS atmosphere, where the upper layers
are heated up by the accretion process. The polarization com-
position of the intrinsic emission can be strongly affected by

the structure of the NS atmosphere. The latter is determined by
the physics of plasma braking in the upper layers of the
atmosphere(by the typical length of plasma braking in part-
icular) and can be dependent on the mass accretion rate. The
resulting polarization pattern along the pulse pro� le strongly
depends on the con� guration of the emission regions and,
correspondingly, the dominating beam pattern(pencil or fan).
Note that the geometry of the emission region experiences
variations near the critical luminosity value(Basko & Sunyaev
1975; Mushtukov et al.2015), which is expected to be

Figure 8. Polarization vectors of Cen X-3 based on the spectral� tting of the pulse phase-resolved data in the bright state as a function of the phase. In each plot, the
PD and PA con� dence level contours at 1� , 2� , and 3� (in red, green, and blue, respectively) are shown in polar coordinates for 10 different phase intervals.
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� 1037erg sŠ1 for Cen X-3, i.e., close to the luminosity of the
bright state(see Table2). Therefore, one can expect some
combination of pencil and fan beam patterns in Cen X-3 in the
bright state.

The relatively low PD from Cen X-3 is aligned with the
recent detection of a small PD in another XRP, Her X-1
(Doroshenko et al.2022). It appears that the low PD is typical
for the subcritical XRPs, where accretion� ow is stopped in the
NS atmosphere(Basko & Sunyaev1975; Becker et al.2012;
Mushtukov et al.2015). This result is consistent with a model
of accreting NSs where the upper atmospheric layers within the
hot spots are overheated by the accretion� ow (Mushtukov
et al.2021). The critical ingredient of the model is a position of
the region where the contributions of plasma and vacuum to the
dielectric tensor of the magnetized medium become equal,
which happens at the mass density�S �_ � � � �B E10 g cmV

4
12
2

keV
2 3,

where B12= B/ 1012 G is the local magnetic� eld strength

(Pavlov & Shibanov1979; Lai & Ho 2002). The normal modes
change their ellipticity passing that region and experience
conversion from one to another. It was shown by Doroshenko
et al. (2022) that the PD of X-ray radiation leaving the
atmosphere of an NS can be low in the case when the con-
version region is located at the border of the overheated upper
layer and the underlying cooler atmosphere. A PD of the order
of 10% is achieved when the thickness of the heated layer is
about 3 g cmŠ2, which corresponds to the optical depth of
about unity, where the contribution to the cooling by free–free
emission and Compton scattering is comparable. Therefore,
this mechanism is able to solely explain the observed low PD
value in Cen X-3. However, additional physical mechanisms,
discussed below, may affect the polarization properties.

4.1.2. Re� ection from the NS Surface

A fraction of the radiation produced by the hot spots can be
scattered within the accretion channel by the free-falling gas.
The proximity of the Cen X-3 luminosity in the bright state to
the critical one should result in a substantial fraction of the hot
spot emission being intercepted by the accreting matter.
Because of its mildly relativistic velocity, the scattered radia-
tion is beamed toward the NS surface(Lyubarskii & Syunyaev
1988). The X-ray radiation intercepted by the atmosphere of an
NS is reprocessed and re� ected(Poutanen et al.2013; Postnov
et al.2015; Kyla� s et al.2021). Re� ected radiation is expected
to be strongly polarized along the surface with the PD reaching
� 45% in the case of a nonmagnetic atmosphere(Sobolev1963;
Gnedin & Sunyaev1974; Matt 1993; Poutanen et al.1996). For
a strongly magnetized NS atmosphere, the differential cross
section is largest for scattering of an O-mode photon with
conservation of the polarization state(i.e., into an O-mode). It
results in the dominant polarization parallel to the magnetic
� eld (Mushtukov et al.2022). Note, however, that this picture
is simpli� ed because the free–free magnetic absorption in the
NS atmosphere in� uences the spectra of re� ected radiation in
the energy range below 10 keV. The X-ray absorption makes
the re� ected radiation harder(Postnov et al.2015; Kyla� s et al.
2021) and also heats the atmosphere’s upper layers. Heated
upper layers can contribute to the X-ray spectra and polariza-
tion in the considered energy range. Thus, X-ray spectra and
polarization analyses require the self-consistent calculation of
X-ray re� ection from the atmosphere and account for the
atmospheric temperature structure in� uenced by external illu-
mination. We suggest, however, that re� ection from the surface
can contribute signi� cantly to the observed polarimetric signal.

4.1.3. Re� ection from the Accretion Curtain

The potential effect of the matter� ow from the accretion
disk toward the NS surface, the so-called accretion curtain, on
the pulse pro� le formation and polarization properties was
recognized a long time ago(Basko & Sunyaev1976; Siuniaev
1976). Similar to the mechanism discussed above for the NS
surface, the emission re� ected from a curtain is expected to be
highly polarized. Moreover, the magnetic� eld at a large dis-
tance from the NS does not play a signi� cant role, and non-
magnetic Thomson scattering operates. In the bright state of
Cen X-3(L � 3 × 1037erg sŠ1), the colatitude of the polar cap
edge is expected to be� pol � 4°. The optical thickness of the
accretion� ow due to Thomson scattering across the� eld lines
is � 5 at the NS surface and decreases rapidly with the distance

Figure 9. Top: dependence of the normalized� ux in the 2–8 keV energy band
(blue points) on the pulse phase in the bright state of Cen X-3. The contribution
from two single-pole components, C1 and C2, derived by Kraus et al.(1996)
are shown with green and red dashed lines(see Section4.3). Middle:
dependence of the PD on phase from the spectropolarimetric analysis(blue
points). The red dashed line represents the relative contributions of one of the
poles(C2) to the total� ux. Bottom: dependence of the PA on the pulse phase.
The orange line corresponds to the best-� t rotating vector model(RVM; see
Section4.2).
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and corresponding colatitude. Calculating the dynamics of
accretion� ow along dipole magnetic� eld lines under the
in� uence of gravitational and centrifugal forces(Mushtukov
et al. 2017), we get an approximate dependence of the� ow
optical thickness on the colatitude in the bright state of Cen X-
3: � U � R � R�x ( )5T pol

2. This approximation is valid for� � 20°. For
� � 8°, the Thomson optical thickness of the� ow is above
unity; thus, the X-ray radiation leaving hot spots within this
small angle to the magnetic dipole can be signi� cantly mod-
i� ed by scattering in the accretion channel. Assuming the
intensity of X-ray radiation to be independent of the direction at
the NS surface, we get that� 2% of the total luminosity can be
intercepted and reprocessed by the accretion curtain above the
NS surface. As a result, we expect that scattering of the X-ray
radiation by material covering the Alfvén surface can produce
polarization within a couple of percent, which is not enough to
explain the whole observed signal.

4.1.4. Re� ection from the Accretion Disk

In addition to the accretion curtain, re� ection may occur
from the accretion disk. For a mass ratioq = MNS/ MO � 0.059
and an orbit sizea = 19 Re , the size of the Roche lobe around
the NS is about (Paczynski 1971) RRL � 0.462q1/ 3a �
2.4× 1011 cm. The accretion disk size, limited by the tidal

forces, is then about half of that(Blondin 2000), i.e., � 4 lt-s.
This is large enough to nearly smear out variations of the� ux
re� ected from the(� ared) disk with the 4.8 s pulsar spin phase.
The fraction of X-ray photons intercepted by the disk depends
mostly on its opening angle and is estimated to be about 0.2
(Verbunt1999). The X-ray photons impinging on the accretion
disk at a nearly tangential direction and re� ected to the
observer at an inclination of� 70° are polarized at a level of
� 30% nearly independent of energy(see Figure 5 in Poutanen
et al.1996). Accounting for the fraction of intercepted photons
of 0.2 and a strong dependence of the re� ection albedo on
energy(which is about 10% at 5 keV), we get PD� 1% in the
IXPE range (rather constant with the spin phase). Thus,
re� ection from the disk cannot contribute signi� cantly to the
observed polarization.

4.1.5. Scattering by the Wind

As was demonstrated in several studies, the NS in Cen X-3 is
embedded in a dense inhomogeneous stellar wind(Sanjurjo-
Ferrin et al.2021). Let us roughly estimate the in� uence of
stellar wind on pulsar’s X-ray polarization. If the mass-loss rate
due to the stellar wind isMw�� , the wind is spherically symmetric
and has a constant velocityvw, and the mass density of the
wind at a separationa is �S �Q�� ( )M a v4w w

2
w�� . Then the column

Figure 10. Schematic view of the system with the polarization mechanisms considered in this work. Different roman numerals correspond to(i) the intrinsic
polarization from the hot spot,(ii ) re� ection from the NS surface,(iii ) re� ection from the accretion curtain,(iv) re� ection from the accretion disk,(v) scattering by the
stellar wind, and(vi) re� ection by the optical companion.
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mass density of the wind material can be estimated as
�¨ � S � S� 4 � _ � �

�d
( )r a r ad

a 0
2

0 . Taking a � 19 Re , � x � qM 5w��
� � � �M10 yr7 1

�: (Hainich et al.2019; Sanjurjo-Ferrin et al.2021),
andvw � 1000 km sŠ1, we get the wind mass density at the NS
orbit � 0 � 1.4× 10Š14g cmŠ3 and the typical column mass
density � � 0.02 g cmŠ2 corresponding to� T < 0.01. Thus,
because of the small optical thickness for scattering and a more
or less spherical geometry of the wind around the NS, the
stellar wind is not a likely source of the observed polarization.

4.1.6. Scattering from the Optical Companion

The optical companion, on the other hand, occupies a rather
large part of the sky, �Q� 8 � � � x/ ( ) ( )R a4 0.11

4 O
2 , as seen from

the pulsar. Thus, a substantial fraction of the X-ray light
emitted by the pulsar can be re� ected from the donor star,
depending on the emission pattern of the pulsar. This radiation
is polarized(Basko et al.1974; Gnedin & Sunyaev1974).
However, most of this radiation escapes at energies above
10 keV because at lower energies, photons will more likely be
absorbed photoelectrically. At high energies, in a pure scat-
tering case, polarization of the scattered light reaches about
33% (e.g., Buenzli & Schmid2009) when the donor star is in
quadrature, producing about PD� 3% of the total light. At
lower energies, absorption in the stellar atmosphere will
dominate, and re� ected photons are scattered only once. This
increases the PD of the scattered component but reduces the
fraction of scattered photons. Thus, the re� ection from the
donor star can produce a weak polarization signal at the highest
end of the IXPE range at a level of PD� 1% varying with the
orbital phase. Because of an� 16–44 lt-s separation between
the stellar surface and the 4.8 s pulsar, re� ection from the star
obviously cannot produce spin-dependent polarization.

4.2. Geometry of the System

Because Cen X-3 is an XRP, it is natural to expect the
orientation of the polarization to change with the rotational
phase. Although the magnetic� eld near the star and accretion
disk is probably complicated, in between, it is expected to be
approximately dipolar. In fact, this assumption is the basis to
understand the physics of the interaction of the magnetic� eld
and the accretion disk that channels material onto the polar
region of the surface of the NS, resulting in the pulsed emission
(e.g., Ghosh & Lamb1979). Gnedin et al.(1978) argued that
vacuum birefringence causes the radiation to propagate in the
magnetosphere in two normal modes. This propagation in the
normal modes can continue until the polarization-limiting
radius(Budden1952; Heyl & Shaviv 2002; Heyl & Caiazzo
2018), which is about 20 stellar radii(300 km), much larger
than the star and also much smaller than the inner edge of the
accretion disk; that is where we expect the� eld con� guration to
be dipolar. Thus, the� nal polarization of radiation measured at
the telescope is parallel or perpendicular to projection of the
instantaneous magnetic axis of the star onto the plane of the
sky. Under these assumptions, the RVM of Radhakrishnan &
Cooke (1969) holds to a good approximation(see also
González-Caniulef et al.2022). Because the observed direction
of the polarization is generated far from the stellar surface, the
evolution of the polarization in phase does not have to coincide
with the evolution of the� ux.

In the RVM, if radiation escapes in the O-mode, the PA can
be described by the following expression(Poutanen2020;

Doroshenko et al.2022):

�D
� R � G � G

� R � R � G � G
� � � �

� � � �

� � � �
( )

( )

( )
( )

i i
tan PA

sin sin

sin cos cos sin cos
. 1p

0

p p 0

Here� p is the position angle of the pulsar spin,ip is the pulsar
inclination (i.e., the angle between the pulsar spin vector and
the line of sight), � is the magnetic obliquity(i.e., the angle
between the magnetic dipole and the spin axes), f 0 is the phase
when the emission region is closest to the observer, andf is the
pulse phase.

We � t the RVM to the pulse phase dependence of the PA
obtained from the spectropolarimetric analysis using the af� ne
invariant Markov Chain Monte Carlo ensemble samplerEMCEE
package ofPYTHON (Foreman-Mackey et al.2013). The
available data do not allow us to constrainip; therefore, we
� xed it to the orbital inclination,ip = iorb= 70°.2 (Ash et al.
1999). This resulted in accurate estimates of the colatitude of
the magnetic pole,� = 16°.4± 1°.3, and the position angle of
the pulsar spin,� p = � p,O= 49°.2± 1°.1 (see Figures9 and11).
It is important to mention that because only the orientation of
the polarization plane can be measured, the pulsar spin can be
oppositely directed at� p = � p,O+ 180° = 209°.2± 1°.1. If
radiation escapes in the X-mode, then the pulsar spin is
oriented at� p = � p,X = � p,O± 90°. The uncertainties in the
direction of the spin and the intrinsic polarization mode have
no effect on the best-� t � .

Because it is not known whether the orbit is clockwise or
counterclockwise, we have also considered an inclination of
ip = 180° Š iorb= 109°.8. The best-� t parameters� = 18°.6±
1°.4 and � p = 47°.7± 1°.0 do not differ much from those
obtained forip = iorb because the contribution of the cosine
term in the denominator of Equation(1) is small for close to
edge-on inclinations and a small amplitude of PA(implying
small � ). Therefore, the impact of changingip = iorb to ip =
180° Š iorb is small.

The results were veri� ed using the unbinned polarimetric
analysis when the RVM is� tted to the measured Stokes
parameters corrected for spurious modulation on a photon-by-
photon basis as outlined in González-Caniulef et al.(2022) and
Marshall(2021). The obtained PD and PA are nearly identical
to those shown in Figure9.

4.3. Beam Function

The determined geometrical parameters of the pulsar and the
phase behavior of its polarimetric properties agree surprisingly
well with the pulse pro� le decomposition into two single-pole
components performed by Kraus et al.(1996). These authors
demonstrated that the pulse pro� le of Cen X-3 is compatible
with a dipole geometry slightly displaced from the antipodal
positions(by approximately 10°) with a colatitude of the main
component of� = 18°. As can be seen from Figure11, this
value is well compatible with our polarimetric analysis.
Another fact pointing to the possible correctness of the pro� le
decomposition presented by Kraus et al.(1996) is the corre-
lation of the PD with the relative contribution of one of the
poles(C2) to the total� ux (see Figure9). Indeed, one can see
that the PD reaches a minimum at phases where the main peak
(C1) is dominating. This can be understood if this component
appears due to the pencil beam emission diagram. Indeed, it
was shown by Meszaros et al.(1988) that in the case of sub-
critical accretion(Mushtukov et al.2015), when the pencil
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beam diagram naturally appears, one would expect an antic-
orrelation between the pulsed� ux and PD. In this case, the
second component of the pro� le (C2) may correspond to the
antipodal hot spot seen at a large angle. This picture may at
least partly explain the relatively low PD by mixing of emission
from two poles seen at different angles. Indeed, Doroshenko
et al. (2022) showed that emission emerging from a heated
atmosphere can be dominated by the X- or O-mode, depending
on the zenith angle. Being polarized perpendicular to each
other, a complex interplay of the two modes throughout the
rotation cycle would lead to a signi� cant decrease of the PD.
Physically, this fan-beamed component may originate from the
emission re� ected from either the NS surface or an accretion
curtain as discussed above.

5. Summary

The results of our study can be summarized as follows.

1. X-ray pulsar Cen X-3 was observed by IXPE twice over
the periods of 2022 January 29–31 and July 4–7 in the
low and bright states, respectively, when the off-eclipse
source� ux was different by a factor of� 20.

2. Both the energy-binned and spectropolarimetric analyses
of the phase-averaged data in the 2–8 keV band revealed
a signi� cant polarization of the source in the bright state
with a PD of 5.8%± 0.3% and PA of 49°.6± 1°.5. In the
low-luminosity state, no signi� cant polarization was
found.

3. In the phase-resolved data collected in the bright state, a
signi� cant anticorrelation between the� ux and the PD, as
well as a strong variation of the PA, were discovered.
One of the single-pole components from the pulse pro� le
decomposition by Kraus et al.(1996) was found to
dominate the polarization signal over the pulse phase.

4. We obtained a solution for the geometrical parameters of
the pulsar by applying a rotating vector model. The� t
resulted in a position angle of the pulsar spin of about 49°
(or 209°) if radiation escapes from the surface in the
O-mode or 139° (or Š41°) in the case of X-mode emis-
sion. In all cases, the magnetic obliquity was found to be
rather low,� 16°.

5. The relatively low polarization detected from Cen X-3
can be explained in the framework of the NS atmosphere
model with the upper layers overheated by the accreted

Figure 11.Corner plot of posterior distribution for the RVM parameters for the pulsar inclination angleip � xed at the orbital inclination value of 70°.2. The contours
correspond to two-dimensional 1� , 2� , and 3� con� dence levels. The histograms show normalized one-dimensional distribution for a given parameter derived from
the posterior samples. The mean value and 1� con� dence interval for the derived parameters are presented above the corresponding histogram.
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matter. Another possible reason is mixing of emission
from two magnetic poles seen at different angles.

6. A fraction of the detected polarization signal may come
from the re� ection of radiation scattered in the accretion
channel from the NS surface. Also, re� ection by the
accretion curtain may contribute to the observed
polarization.
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Appendix
Timing Analysis and Orbital Parameters

A coherent pulsar timing solution is required in order to
conduct phase-resolved polarimetric analysis, and the fact that
IXPE observations cover a signi� cant fraction of the orbital
cycle (particularly the second observation) implies that cor-
rection for motion of the pulsar in the binary system is essential
to obtain such a solution. Object Cen X-3 is one of the best-
studied accreting pulsars, and the orbital parameters of the

system are known, with the most recent estimate published by
Raichur & Paul(2010). We found, however, that extrapolating
these ephemerides based on the RXTE observations of the
source in 1997 to the current date results in residual regular
variations of the observed spin frequency and pulse arrival
times even after correction, which is mostly related to accu-
mulated error in the estimated mideclipse(T90) time. We
emphasize that our goal here is not to obtain updated orbital
ephemerides but to merely phase IXPE data, and more
sophisticated analysis of the orbit will be published elsewhere.
Nevertheless, in order to improve the orbital solution, we
conducted a pulsar timing analysis following an approach lar-
gely similar to that by Raichur & Paul(2010) as described
below.

After correcting the observed event times to the solar system
barycenter, we divided the observation into a set of intervals
corresponding to good time intervals of the observation(mostly
de� ned by SAA passages) and determined the pulsation fre-
quency in each of those intervals. We then roughly estimated
the T90 value based on the resulting sinusoidal modulation of
the observed spin frequency, which was used as a starting point
for the subsequent analysis. In particular, we corrected the light
curve using ephemerides by Raichur & Paul(2010) with
adjustedT90. After that, we searched for pulsations and folded
the corrected light curve with the source spin period in order to
obtain a high-quality pulse pro� le template. This template was
then used to determine pulse times of arrival in the uncorrected
light curve by direct� tting of the template pulse pro� le to the
local pulse pro� les estimated for a set of time intervals con-
taining at least 150 pulses(� 12 minutes, where each interval
was folded using the frequency estimated based on the initial
ephemerides described above).

The obtained pulse arrival times were then modeled
assuming a circular orbit in the same way as done by Raichur &
Paul(2010) but only consideringT90, spin frequency, and spin
frequency derivative as free parameters. As already discussed
by Raichur & Paul(2010), timing noise likely associated with
pulse pro� le variations implies that it is not possible to obtain
fully regular residuals with this approach. We incorporated an
additional systematic error of 0.0178 s in order to achieve a
statistically acceptable� t with reduced�D �_ 1red

2 , which is
necessary to estimate uncertainties for model parameters. As a
result, we� nd T90= 59,764.68380(4) MJD, Pspin= 4.7957473
(8) s, and � � � � � q ��( )P 1.45 5 10spin

10�� s sŠ1 (epoch corresponds
to the� rst pulse arrival time, i.e., MJD 59,764.27039373). The
best-� t residuals for the ephemerides by Raichur & Paul(2010)
and those obtained in this work are presented in Figure12.
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Figure 12.Top: pulse time arrival delays with respect to constant period. Bottom: residuals for the best-� t models assuming ephemerides by Raichur & Paul(2010) in
orange and the� nal timing solution obtained in this work for the second IXPE observation in blue.
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