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Polarimetry in X-rays

Linear polarization give us information on geometry: the degree depends on the level 
and kind of symmetry of the system, the angle indicates its orientation. 

§ First attempt to measure the X-ray polarization of the Crab 
Nebula back in 1969 with sounding rockets

     – PD<36% (Wolff et al. 1970)

§ First X-ray nebula polarization measurement: 
     PD=15.4%±5.2%, PA=156°±10° (5-20 keV)
     (Novick et al. 1972)

§ New nebula polarization by OSO-8 with:
    PD=15.7%±1.5%, PA=161.1°±2.8° @2.6 keV
     PD=18.3%±4.2%, PA=155.5°±6.6° @5.2 keV
     (Weisskopf et al. 1976)

§ After Pulsar subtraction (Weisskopf et al. 1978):
     PD=19.2%±1.0%, PA=156.4°±1.4° @2.6 keV
     PD=19.5%±2.8%, PA=152.6°±4.0° @5.2 keV



Map of polarized X-ray sources in 2021



IXPE launched on 2021 Dec 9



Imaging X-ray Polarimetry Explorer

Parameter Value
Number of mirror modules 3
Number of shells per mirror 
module 24

Focal length 4 m
Total shell length 600 mm
Range of shell diameters 162–272 mm
Range of shell thicknesses 0.16–0.25 mm

Shell material Electroformed nickel–cobalt 
alloy

Effective area per mirror 
module 

166 cm2 (@ 2.3 keV); 
> 175 cm2 (3–6 keV)

Angular resolution (HPD) ≤ 27 arcsec
Field of view (detector 
limited) 12.9 arcmin square

MMA, showing 24 shells

Three IXPE Mirror Module Assemblies

Detector Unit
(1 of 3)

Mirror Module 
Assembly

(1 of 3)

5.2 m total length
4.0 m focal length



• The detection principle is based upon the photoelectric effect

Detection Principle
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Gas Pixel Detector 

• Include a Filter & Calibration wheel with
– Filters for specific observations (very bright sources, background)
– Calibrations sources (polarized and unpolarized, gain)



POLARIZATION FROM MODULATION HISTOGRAM 
AND CALIBRATED MODULATION FACTOR

§ Polarization degree
• Π = ⁄Modulation 𝜇 𝐸

Actual data for a 
polarized source

40.7%±0.3% modulation

Actual data for an unpolarized 
source

0.6%±0.4% modulation
𝜇 𝐸



SKY MAP OF X-RAY POLARIZED SOURCES IN 202(5?)



Polarization properties of X-ray pulsars

The opacity of the X-mode is drastically reduced 
compared to that of the opacity of the O-mode. 
Consequently, the emergent radiation is 
dominated by the X-mode, which comes from 
the deeper and hotter layers of plasma, and so is 
strongly polarized in the direction of the X-mode.

Low accretion regime 
photon polarization modes

Wang et al., 1988

e∥ − ordinary photons
e⊥ − extraordinary photons

Cross section for two photon modes from  
Bussard et al., 1986

O-mode: the E-field oscillates in the k-B 
plane
X-mode: the E-field oscillates ⊥  to the k-B 
plane 

X-mode E field
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Beam pattern of the emerging radiation is determined 
by the geometry of the emission region. Two main 
configurations of the emission regions can be 
distinguished depending on the local mass accretion 
rate.

The critical luminosity L* separating these two regimes 
of accretion is a function of physical and geometrical 
parameters of the system and for typical XRP is 
estimated to be about 1037 erg/s (Basko & Sunyaev 
1975; Becker et al. 2012; Mushtukov et al. 2015).

Polarization properties of X-ray pulsars



Meszaros et al. 1988 

Pencil beam

Fan beam

Polarization properties of X-ray pulsars



X-ray Pulsars Polarisation I 17

Figure 15. Polarisation parameters as a function of phase and energy for four di�erent models: (a) two-column, zmax = 6.6 km, (b) one-column, zmax = 6.6 km,
(c) two-column, zmax = 1.4 km, (d) one-column, zmax = 1.4 km. The angle between the line of sight and the rotation axis of the neutron star is ↵ = 90� and
the angle between the rotation axis and the magnetic field is � = 80� (see Appendix B). Black solid line: relative intensity I ; red dashed line and left y-axis:
polarisation fraction, green dash-and-dotted line and right y-axis: polarisation degree. From left to right, photon energy at the observer: 1 keV, 10 keV, 20 keV,
30 keV.
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X-ray pulsars observed by IXPE

Cen X-3 (ApJ Letters)
 Her X-1 (Nature Astronomy)
 4U 1626-67  (ApJ)
 Vela X-1 (ApJ Letters) 
 GRO J1008-57 (A&A)
 EXO 2030+375 (A&A)
            X Per (MNRAS)
 GX 301-2 (A&A)
 More Her X-1 (Nature Astronomy)
 LS V +44 17/RX J0440.9+4431 (A&A)
 Swift J0243.6+6124 (submitted)

SMC X-1 (submitted)
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Cen X-3

Spin period Ps=4.8 s
Orbital period Porb=2.09 d
Distance d=6.4+1.0-1.4 kpc

Persistent X-ray pulsar with almost circular orbit (e < 0.0016) around an O6–8 III 
supergiant V779 Cen of mass and radius of 20.5±0.7 M⊙ and 12 R⊙, respectively. 
Ash et al. (1999) determined the inclination of the system to be 70◦.2 ± 2◦.7. 

Cyclotron line in Cen X-3 7
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Figure 5. E2 vs Luminosity in the energy band 2.0-10.0 keV (See table
4 for details). The dashed line here represents the average value while the
dotted lines correspond to the maximum CRSF energy variation around the
average value.

work examines the possible variation of the cyclotron line energy of
Cen X-3 over a period of close to 27 years and concludes that there
is no evidence for a time variability of the CRSF nor a luminosity
dependence.
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Pulse phase-resolved polarimetry
X-ray polarimetry of Cen X-3 5

Figure 5. Dependence of the relative flux, normalized
Stokes parameters q 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.

q and u measured in the bright state is shown in Fig. 3.
The corresponding values of PD and polarization an-
gles (PA, measured from north to east) are presented in
Table 1. In the low state the estimated PD is not signif-
icant and below the minimal detectable polarization at
the 99% confidence level (MDP99) value of ⇠ 15 � 20%
in each energy band. In this case we do not present
the corresponding PA as they do not have any physical
meaning in the case of insignificant polarization signal
and, therefore, can be misleading. In the bright state
both PD and PA are well constrained in all considered
energy bands.

When we considered the full IXPE energy range 2–8
keV, we again did not find a significant polarization sig-
nal in the low state of the source with the corresponding
formal value PD of 7±3%. However, in the bright state
polarization of the flux from Cen X-3 with the corre-
sponding values of PD=5.6 ± 0.4% and PA=47.0 ± 2.0
deg was discovered with significance around 15�. The
results for both observations in the q-u plane are shown

Table 2. Spectral parameters for the best-fit model obtained
from xspec for two intensity states of the source; uncertain-
ties are at 68.3% CL.

Parameter Value Units

Low state (January 2022)

NH 0.6+0.6
�0.4 1022 cm�2

constDU2 0.99±0.02

constDU3 0.91±0.01

Phot. index �0.34± 0.03

Fe line E 6.22±0.08 keV

Fe line � 0.4+0.1
�0.2 keV

Fe line norm 1.7±0.3 10�3 ph cm�2 s�1

PD 3.9±2.8 %

PA unconstrained deg

Flux2�8 keV 2.17±0.03 10�10 erg cm�2 s�1

Luminosity2�8 keV 1.1⇥ 1036 erg s�1 at d = 6.4 kpc

�2 (d.o.f.) 1079 (1089)

Bright state (July 2022)

NH 2.85± 0.03 1022 cm�2

constDU2 0.963±0.002

constDU3 0.909±0.002

Phot. index 1.32± 0.01

PD 5.8±0.3 %

PA 49.6±1.5 deg

Flux2�8 keV 38.56±0.06 10�10 erg cm�2 s�1

Luminosity2�8 keV 1.9⇥ 1037 erg s�1 at d = 6.4 kpc

�2 (d.o.f.) 1275 (1109)

in Fig. 4. Because there is a detection of the polariza-
tion signal only in the data collected in July (i.e. bright
state), we present below the results corresponding to
this part of the dataset, if not stated otherwise.

Given the strong angular dependence of the scatter-
ing cross-sections, polarization properties of XRPs are
expected to vary with the pulse phase, therefore at the
next step we performed the phase-resolved polarimetric
analysis using the same pcube algorithm from xpbin.
In particular, using the obtained spin period Pspin�high,
we calculated 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 Figs. 4 and 5. One
can see that the normalized q and u Stokes parameters
are strongly variable over the pulse phase.

3.2. Spectro-polarimetric analysis

To perform the spectro-polarimetric analysis of emis-
sion from Cen X-3, the source and background energy
spectra were extracted for each DU using the PHA1,
PHA1Q, and PHA1U algorithms in the xpbin tool and
modelled simultaneously in xspec. We restricted our

Tsygankov+, 2022, ApJL



Low polarization degree

M. Sasaki et al.: Pulse profiles of EXO 2030+375

20 40 60 80
Θ0

0

50

100

150

δ

Θ1

Θ2

1

Fig. 4. Relation between the observing angle Θ0 and the angles Θ1 (dot-
ted line), Θ2 (dashed line), and δ (range of possible values) for solu-
tion 1.

is not known for most of the neutron stars, in particular not for
EXO 2030+375. Figure 4 shows the dependence of the angles
Θ1, Θ2, and δ on the angle Θ0 between the rotation axis of the
neutron star and the line of sight of the observer. To convert the
phase parameter cos(Φ − Φ1) into the angle θ between the first
magnetic pole and the observer, we have to assume an inclina-
tion angle Θ0 with respect to the rotation axis. Here, we use
Θ0 = 50◦, corresponding to Θ1 = 39◦, Θ2 = 141◦ (see Fig. 4
and Table 1).

4. Discussion

In this section we want to further examine the results of the de-
composition method and present the possible geometry of the
neutron star.

4.1. Disentangling the emission components

For solution 1, there is no overlap between the two beam pat-
terns obtained from the single-pole pulse profiles as shown in
Sect. 3.3. It means that only a part of the emission is seen from
each pole during the revolution of the neutron star. By putting the
two visible parts together, we obtain the total beam pattern of the
emission around one magnetic pole. In doing so, we make the
assumption that the two magnetic poles have the same emission
pattern. The plus solution (Fig. 3, upper panel) can be described
as a composition of a forward directed emission (towards 0◦)
that is more pronounced at higher energies and an extended, rel-
atively soft emission (∼80◦–180◦). The harder, forward-directed
emission indicates a pencil beam. The relative flux of the softer
emission component is higher in the data from the observation
performed near the maximum compared to the one during the de-
cay and can be interpreted as a fan beam, in agreement with the
largely accepted picture that an optically thick accretion column
is formed during the giant outburst (White et al. 1983, and ref-
erences therein). The minus solution has a soft emission at θ <∼
60◦ and a harder emission at θ >∼ 120◦ that increases for larger
θ. As newest calculations by Kraus et al. (2010) have shown,
reprocessing of photons in the upper accretion stream creates a
significant emission component that dominates the beam pattern
at higher energies and can be observed while the pole, hence
the accretion column, is on the other side of the neutron star
(“anti-pencil”). In addition, the emission from a halo that is
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Fig. 5. Decomposed single-pole pulse profiles of the data taken near
the maximum of the giant outburst for the lowest energy band (same
as the upper left diagram of the upper [solution 1] panels in Fig. 2)
with proposed emission components derived from the beam patterns
of the minus solution (Fig. 3, lower panel). We suggest that the emis-
sion from the first pole consists of emission from the halo (diagonally
striped component) and from the accretion column (vertically striped).
The dominant emission from the second pole seems to have its origin
in the scattered photons in the upper accretion stream, which is visible
while the second pole is behind the horizon of the neutron star due to
gravitational light bending, while there is also a contribution from the
accretion column (vertically striped). In this solution, the first pole gets
closer to the line of sight than the second.

formed by scattered photons at the bottom of the accretion col-
umn dominates the beam pattern at lower energies and at lower
θ and is stronger in the data near the maximum of the giant out-
burst.

Figure 5 shows how the emission from the two poles con-
tributes to the pulse profiles for the decompositions of the low
energy band data taken at the maximum of the giant outburst
in the case of the minus solution. Let us assume that the first
magnetic pole with the polar angle Θ1 gets closer to the line of
sight than the second magnetic pole, i.e., Θ0 −Θ1 ≤ Θ2 −Θ0. At
phase 0.0, both poles are right behind the horizon of the neutron
star: the first pole is going to reappear, the second pole is turn-
ing farther away from the observer. At phase ∼0.1 the first pole
becomes visible, and from then on the emission from the halo
of the first pole makes the largest contribution until the pole dis-
appears behind the horizon at ∼0.6. When the first pole, which
is closer to the observer’s line of sight, is right at the horizon of
the neutron star and its accretion column is seen from the side,
a minimum is likely to be observed in the pulse profile (see also
Sect. 4.4). At the major maximum at phase 0.15–0.25, the sec-
ond magnetic pole is behind the horizon of the neutron star and
the scattered and gravitationally bent photons from the upper ac-
cretion stream cause the pronounced increase in flux. The second
pole that is rotating on a circle farther away from the line of sight
than the first pole comes back to the front side at about phase
0.45 and is closest to the observer at about phase 0.7. However,
since the line of sight is closer in latitude to the first pole than to
the second pole, the observer never gets as close to the surface
normal of the second pole as to that of the first pole. The main
emission seen from the second pole while it is on this side of the
horizon comes directly from the accretion column.

Parmar et al. (1989a) have modeled the luminosity depen-
dent pulse profiles from the first observed giant outburst in 1985
by assuming a fan beam and a pencil beam component for the
two magnetic poles based on a model by Wang & Welter (1981).
They obtain a fit for all ten pulse profiles for different luminosi-
ties ranging from 0.1–10.0 × 1037 erg s−1 with some residuals
and find that the fan beam mainly produces the major peak at
phase 0.2, whereas the peak at phase 0.95 can be ascribed to a
pencil beam. The way they have chosen phase 0.0 is different

Page 5 of 9
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Geometry of the system

Rotating vector model
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Figure 2. Examples of the RVM. (a) Normalized flux, (b) PD, and (c) PA as functions of pulsar phase
for the pairs of parameters (ip, qp)=(60�, 30�) are shown with black solid lines, (30�, 70�) with red
dotted lines, and (70�, 85�) with blue dashed lines. (d) Evolution of normalized Stokes parameters
(q, u) for the same three sets of pairs. The numbers mark the pulsar phase. We used here the following
parameters: the NS mass M = 1.4M� and radius of 12 km, a = 1, b = 0.5, Pmax = 30%, and cp = 0.

rotation of the XRP, ip < 90�, the PA grows with phase, while for ip > 90�, the PA decreases 104

in the phase. The source leaves a pretzel-like trace in the (q, u) plane with both loops 105

going around the origin. The third considered case (blue dashed lines), (ip, qp)=(70�, 85�), 106

corresponds to a nearly orthogonal rotator with the observer at a high inclination. We see 107

2-peak pulses corresponding to the two hotspots coming close to the line of sight with a 108

strong variations of the PD reaching maxima at minima fluxes at phases 0.25 and 0.75. The 109

PA still shows a sawtooth appearance, but with a strongly varying derivative dPA/df. 110

The trajectory at the (q, u) plane has a rather complicated moth-like shape with two close 111

approaches to the origin at phases 0 and 0.5. A non-zero pulsar spin position angle cp 112

results in a corresponding shift of the PA and rotation of the trajectories in the (q, u) plane 113

by the angle 2cp. 114

3. X-ray pulsars with IXPE 115

During the first two years of operations in orbit, IXPE performed more than a dozen 116

observations of 11 XRPs, with several of them observed in different states (see Table 1). The 117

results are presented in a series of papers [23–34]. As discussed previously, the high PD 118

from magnetized NS is expected due to the large difference in cross sections between the 119

two polarization modes at energies below the cyclotron resonance. As can be seen from 120

the table, the working energy range of IXPE (2–8 keV) is significantly below the cyclotron 121

energy for all XRPs in our sample, fulfilling the conditions for a high PD. 122

Observations of XRPs with IXPE started with the first two sources of this class discov- 123

ered at the dawn of X-ray astronomy, Cen X-3 and Her X-1. Both sources have a nearly 124

critical luminosity of around 1037 erg s�1. First and the most striking discovery made for 125

both sources is a rather low PD, much below all theoretical predictions. Particularly, for 126

Cen X-3 the PD was found to be only 5.8 ± 0.3% in the phase-averaged data [25]. Here it 127

worth mentioning that due to rotation of the NS one might expect a reduction of the PD in 128

the phase-averaged signal. Therefore, for all IXPE papers on XRPs a lot of attention was 129

given to the accurate timing solution required for the proper phase-resolved polarimetric 130

analysis. 131



§ QED effects – Rotating Vector Model

Photon propagation in the magnetosphere

Poutanen 2020

• Strong magnetic fields polarize
the virtual 𝑒!-𝑒" pairs around
the star

• The photon 𝐸-field is forced to 
adiabatically follow the star magnetic
field along the photon trajectory

• Photon polarization vectors decouple from 
the 𝐵-field at large distances (adiabatic
radius;  where the magnetic field is ≈
a dipole)



§ QED vacuum polarization effects
• The limit within which polarization modes are preserved depends on the 

star magnetic field strength and photon energy

Photon propagation in the magnetosphere

Taverna et al. (2015)
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– PD is still determined by surface emission
properties

– PA is independent of the 𝐵-field topology
at the surface but reflects the magnetic
dipole geometry. We expect PA to follow 
rotating vector model (RVM) 
(Radhakrishnan & Cooke 1969)



Rotating vector model -> geometry

X-ray polarimetry of Cen X-3 9

about twenty 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 field
configuration to be dipolar. Under these assumptions,
the rotating-vector model (RVM) of Radhakrishnan &
Cooke (1969) holds to a good approximation. Because
the observed direction of the polarization is generated
far from the stellar surface, the evolution of the po-
larization in phase does not have to coincide with the
evolution of the flux.

In the RVM, the PA can be described by the following
expression (Poutanen 2020; Doroshenko et al. 2022)

tan(PA � �p) =
� sin ✓ sin(�� �0)

sin ip cos ✓ � cos ip sin ✓ cos(�� �0)
.

(1)
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 direction to an observer), ✓ is the magnetic
obliquity (i.e. the angle between the magnetic dipole
and the spin axis), �0 is the phase when the emission
region is closest to the observer, and � is the pulse phase.

We fit the RVM to the pulse phase dependence of
the PA obtained from the spectro-polarimetric analy-
sis. The available data do not allow to constrain ip and,
therefore, we fixed it to the orbital inclination of 70.�2
(Ash et al. 1999). This resulted in very good constraints
on the co-latitude of the magnetic pole, ✓ = 16.�4± 1.�3,
and the position angle of the pulsar spin, �p = 49.�2±1.�1
(see Fig. 9 and 10). It is important to mention that be-
cause only the orientation of the polarization plane can
be measured, the pulsar spin can be oppositely directed
at �p = 209.�2 ± 1.�1.

Because it is not know whether the orbit is clock-
or anticlockwise, we have also considered inclination
of ip = 109.�8. The best-fit ✓ = 18.�6 ± 1.�4 and
�p = 47.�7 ± 1.�0 do not di↵er much from the results
obtained for ip = 70.�2, because for close to edge-on in-
clinations and small amplitude of PA (implying small ✓)
the contribution of the cosine term in the denominator
of Eq. (1) is small. Therefore, the impact of changing ip
to 180� � ip is small.

The obtained results were verified using the unbinned
polarimetric analysis when the RVM is fitted to the
measured photo-electron azimuthal angle 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 Fig. 9.

The obtained geometrical parameters of the pulsar
and phase behaviour of its polarimetric properties fit
surprisingly well into the results of the pulse profile de-
composition into two single-pole components performed
by Kraus et al. (1996). The authors demonstrated

that the pulse profile of Cen X-3 is compatible with a
slightly displaced from the antipodal positions (by ap-
proximately 10�) dipole geometry with the co-latitude
of the main component of ✓ = 18�. As can be seen from
Fig. 10, this value is well compatible with our polarimet-
ric analysis. Another fact pointing to the possible cor-
rectness of the profile decomposition presented by Kraus
et al. (1996) is the correlation of the PD with the relative
contribution of one of the poles (C2) to the total flux (see
Fig. 9). Indeed, one can see that the PD reach minimal
values at phases where the main peak (C1) is dominat-
ing. This can be understood if this component appears
due to 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 pencil
beam diagram naturally appears, one would expect an
anti-correlation between the pulsed flux and PD. In this
case the second component of the profile (C2) may cor-
respond to the antipodal hotspot 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 dif-
ferent angles. Indeed, Doroshenko et al. (2022) showed
that emission emerging from the heated atmosphere can
be dominated by X- or O-mode depending on the zenith
angle. Being polarized perpendicular to each other a
complex interplay of the two modes throughout the ro-
tation cycle would lead to a significant decrease of the
PD.

4.2. Atmospheric properties

XRPs were among the most promising targets for X-
ray polarimeters. High degree of polarization from these
objects was expected due to the strong dependence of
the primary processes of radiation and matter inter-
action such a Compton scattering (e.g., Daugherty &
Harding 1986), free-free and cyclotron absorption and
emission (e.g., Suleimanov et al. 2010) on the polariza-
tion, energy and direction of X-ray photons. Birefrin-
gence typical for a strongly magnetized plasma allows
us to consider the radiative transfer in terms of two
normal polarization modes – the so-called ordinary “O”
and extraordinary “X” (Gnedin & Pavlov 1974). Two
modes are oriented di↵erently with respect to the plane
composed by the magnetic field direction and photons
momentum: the electric vector of O-mode photons os-
cillates within the plane, while the oscillations of elec-
tric vector of X-mode photons are perpendicular to the
plane. Below the cyclotron energy, the opacities of two
polarization modes are very di↵erent with that of the X-
mode being significantly reduced in comparison to the
O-mode (Lai & Ho 2003).

Tsygankov+, 2022, ApJL



IXPE observations of Her X-1

• Spin period:                1.24 s
• Orbital period:             1.7 d
• Super-orbital period:   35 d 

Doroshenko+, 2022, NatAst



Time dependence of X-ray polarization

• Variability of both PD/PA with time (not very significant) 
• More observations during the short-on are needed to check 

if average PA or amplitude of its variations change. 



Second observation of Her X-1
IXPE Observations

5 Her X-1 11 April 2023

Heyl+, NatAst, 2024.



Second observation of Her X-1Phase-Resolved Polarization

7 Her X-1 11 April 2023

Heyl+, NatAst, 2024.



Second observation of Her X-1

The Picture

11 Her X-1 11 April 2023

RVM Model Parameters

Table: Best-fitting RVM Parameters. The final column gives the median precession phase
for the observation. The observations for the first main-on were from 2022 February 17 to 24,
and the early portion corresponds to the first four days of this segment. The short-on was
observed from 2023 January 18 to 21, and the second main-on was from 2023 February 3 to 8.

Mean PD ip ✓ �p �0 Prec. Phase
(%) (deg) (deg) (deg) (%) (%)

First Main-On 9.5± 0.5 58+28

�22
14.5+3.0

�4.0 55.4± 1.6 19.0+2.7
�2.2 8.8

Early 8.6± 0.6 64+25

�22
16.3+3.5

�4.1 57.9± 2.1 19.0+2.6
�2.4 7.3

Late 9.3± 0.7 85+35

�37
15.9+3.6

�4.0 52.2± 2.7 21.7+4.5
�5.0 16.2

Short-On 17.8± 1.4 90+30

�30
3.7+2.6

�1.9 41.9± 2.2 85.1+18

�19
68.7

Second Main-On 9.1± 0.5 56+24

�20
16.0+3.1

�4.3 46.8± 1.5 19.8+2.3
�2.0 15.9

10 Her X-1 11 April 2023

Heyl+, NatAst, 2024.



IXPE observations of Vela X-1 

Persistent X-ray pulsar accreting from a wind. Pulsations with period Ps=283 s  was 
discovered  in 1975 by Rappaport & McClintock et al. using SAS-3. 

Eclipses every 9 days by OSO-7 (Ulmer et al. 1972). Orbital period Porb=8.964 d. 
Eclipse of 1.7 d duration. 

Distance d=2 kpc.

Forsblom+, 2023, ApJL



IXPE observations of Vela X-1 

• Clear energy-dependence of 

polarization properties in the 

phase-averaged polarimetric 

analysis: 

1. The energy-resolved 

analysis shows the PD above 

5 keV reaching 6%–10% 

2. ∼90° swing in the PA 

between low and high 

energies 

Forsblom+, 2023, ApJL



IXPE observations of
LS V +44 17/RX J0440.9+4431

59940 59960 59980 60000 60020

Time, MJD

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

L
x
(1

03
7
er

g
s°

1
)

transition

NICER 1-10 keV

BAT

IXPE1

IXPE2

0.16 0.17 0.18 0.19 0.20 0.21

NICER hardness, 7-10 keV/4-7 keV

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

L
x
(1

03
7
er

g
s°

1
)

59940 59960 59980 60000 60020

Time, MJD

0.0

0.2

0.4

0.6

0.8

1.0

P
h
as

e

0.0 0.2 0.4 0.6 0.8 1.0

Phase

10

20

30

40

50

IX
P

E
2-

8
ke

V
co

u
nt

ra
te

(c
p
s)

Active for the first time since  2010-11, onset of a Giant (Type II) outburst in Jan 2023

Doroshenko+, 2023, A&A



IXPE observations of
LS V +44 17/RX J0440.9+4431

Doroshenko+, 2023, A&A



IXPE observations of
LS V +44 17/RX J0440.9+4431
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There appears to be a constant shift in Q/U space between the two observations, 
i.e. additional constant polarised component? Re-define the model…



IXPE observations of
LS V +44 17/RX J0440.9+4431

Doroshenko+, 2023, A&A



IXPE observations of
LS V +44 17/RX J0440.9+4431

•Three questions:
• what is it?
• can it give 10-40% of observed flux?
• 30% polarisation?

•Unpulsed = relatively far away from NS: scattering in disk/disk wind?
• PD up to ~33% due to comptonization in accretion disk 

atmosphere (Sunyaev&Titarchuk 1985) or outflows
• ~20% polarization observed in Cyg X-3/Circinus (scattering)

• There’s evidence for presence of strong disk outflows in BeXRBs 
from radio and X-ray data (Jaisawal et al. 2019; Doroshenko et al 
2020, van den Eijnden et al. 2019, 2022; Chatzis et al. 2022; van 
den Eijnden et al. 2022) with up to 20% flux in 
reflected/scattered component (although at higher Lx).

• LS V +4417 is viewed ~edge-on, polarization due to scattering is 
expected to be high (i.e. fraction of scattered emission may remain 
low)



Geometries of different XRPs

Her X-1 Cen X-3 X Persei

EXO 2030+375GRO J1008-57GX 301-2

V. F. Suleimanov et al.: X-ray polarimetry of GX 301�2

Fig. 6. Results from the pulse-phase-resolved analysis of GX 301�2
in the 2–8 keV range, combining data from all DUs. Panel (a): Pulse
profile. Panels (b) and (c): the dependence of the Stokes q and u param-
eters, respectively, on the pulse phase, obtained from the pcube algo-
rithm. Panels (d) and (e): the PD and PA, respectively, obtained from
the phase-resolved spectro-polarimetric analysis using xspec. The or-
ange curve in panel (e) shows the best-fit rotating vector model with
ip = 135�, ✓ = 43�, �p = 135�, and �0/(2⇡) = �0.2 to the q, u
data directly and is shown on the PA panel for illustration only (see
Sect. 4.1).

models, however, neither one gave an improvement of the fit,

therefore we find no evidence for an energy-dependent po-

larization.

The same model used for the phase-averaged spectro-
polarimetric analysis, was used to fit the phase-resolved spec-
tra, however, the cross-calibration constants for DU2 and DU3
were fixed to the best-fit values obtained for the phase-averaged
analysis (see Table 2). Due to low statistics in the phase-resolved
spectra, the energy and width of the Gaussian component were
fixed at the best-fit values from Table 2. The steppar command
in xspec was used to obtain the constraints on polarization pa-
rameters. The resulting PD and PA are shown in Fig. 6d,e and
given in Table 1. The two di↵erent approaches using pcube and
xspec give compatible results. The 2D contour plots at 68.3%,

95.45% and 99.73% confidence levels for the PD and PA pair
are presented in Fig. 7.

4. Discussion

4.1. Pulsar geometry

The rotating-vector model (RVM, Radhakrishnan & Cooke

1969; Poutanen 2020) can be used to constrain the pulsar

geometry. In this model the PA is given by

tan(PA��p)=
� sin ✓ sin(� � �0)

sin ip cos ✓�cos ip sin ✓ cos(���0)
, (1)

where �p is the position angle (measured from north to east) of
the pulsar angular momentum, ip is the inclination of the pulsar
spin to the line of sight, ✓ is the angle between the magnetic
dipole and the spin axis, and �0 is the phase when the northern
magnetic pole passes in front of the observer.

In spite of the fact that the observed PAs are not well

determined in many phase bins, we can use measurements

of the Stokes q and u parameters (which are normally dis-

tributed) in all phase bins to get constraints on RVM param-

eters. For any (q, u) and their error �p, the probability den-

sity function of the PA,  , can be computed as (Naghizadeh-

Khouei & Clarke 1993):

G( ) =
1p
⇡

(
1p
⇡
+ ⌘e⌘

2 ⇥
1 + erf(⌘)

⇤
)

e�p2
0/2. (2)

Here p0 =
p

q2 + u2/�p is the ‘measured’ PD in units of the

error, ⌘ = p0 cos[2( �  0)]/
p

2,  0 =
1
2 arctan(u/q) is the

central PA obtained from the Stokes parameters, and erf is

the error function.

We fit the RVM to the pulse-phase dependence of the
(q, u) obtained from pcube using the a�ne invariant Markov
chain Monte Carlo ensemble sampler emcee package of python
(Foreman-Mackey et al. 2013) and applying the likelihood

function L =
P

i ln G( i) with the sum taken over all phase-

bins. The covariance plot for the RVM parameters is shown
Fig. 8. We note that fitting the PA values obtained from xspec
with the RVM assuming Gaussian errors and �2

gives nearly

identical results.

We see that the inclination and the magnetic obliquity are
rather well determined: ip = 135� ± 17� and ✓ = 43� ± 12�. On
the other hand, other parameters allow multiple solutions. The
reason for that is simple: most of the detections of polarization

are marginal only. The posterior distribution of �p has three
broad peaks at 25�, 80�, and the strongest one at 135�. These
peaks correspond to the peaks in �0/(2⇡) at 0.4, 0.0, and �0.2,
respectively.

As a test of our RVM fit to the phase-binned data, we
now apply an alternative unbinned photon-by-photon analysis
(González-Caniulef et al. 2023). maybe add a few words explain-
ing what this is; at least it would be good to explain how one gets
PD and PA in many bins shown in Fig.10 We run MCMC simula-
tions to get the estimates on the RVM parameters. The results are
shown in Fig. 9. The best-fit ip = 129� ± 16� and ✓ = 47� ± 12�
are in perfect agreement with the RVM fit to the phase-binned
data. The position angle of the pulsar spin and the zero phase
�0, are also not well determined. Here too, the posterior distribu-
tions show multiple peaks and strong correlation between these
parameters. We see three peaks in �p and �0 at positions close to
those of the phase-binned RVM fits. One of the possible RVM
solutions applied to the unbinned data with the corresponding
PD (in the magnetic pole frame) and PA is shown in Fig. 10.

Article number, page 5 of 10



Geometries of different XRPs

Her X-1 

Cen X-3 
X Persei

EXO 2030+375

GRO J1008-57

A&A proofs: manuscript no. output

Fig. 7. Polarization vectors of GX 301�2 from the results of the phase-resolved spectro-polarimetric analysis. Contours at 68.3, 95.45 and 99.73%
confidence levels, are shown in blue, purple, and red, respectively.

Fig. 8. Corner plot of the posterior distribution for parameters of the RVM model fitted directly to the (q, u) values using likelihood function (2).
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.

Article number, page 6 of 11
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What happens at 
low luminosity state?
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Mushtukov+, 2021,MNRAS, 503

- Sub-critical regime of accretion.

- Plasma braking in the atmosphere of a NS.

- Overheated upper layer.

- Resonant scattering above NS surface.

Low polarization degree



PD
 = — with mode conversion

- - no mode conversion

§ Normally 𝑇 decreases going outwards

§ X-mode photon photosphere is deeper than the O-mode ⇒
X-mode dominates flux

§ Particle bombardment produces inverted 𝑇 gradient, O-mode photons escape at a 
larger temperature, and may dominate the outgoing flux

§ Polarization depends on the thickness of the heated layer.

Doroshenko+, 2022

Low polarization degree



Conclusions

IXPE has opened a new window to the Universe. Observations of X-ray 
polarization are already revolutionizing our understanding of highly 
magnetized neutron stars. In the first two years of the observatory's 
operation, we:

© Alexander Mushtukov

• Demonstrated that the degree of polarization is 
lower than expected even in bright pulsars.
• For the majority of XRPs, we measured the 
geometry; for all of them, the inclinations of the 
orbit and the pulsar are in agreement; magnetic 
inclinations have a wide distribution.
• Discovered a non-pulsating polarized emission 
component in a pair of bright pulsars.
• Detected that in Vela X-1, the polarization angle 
changes by 90 degrees at energies around 3 keV.
• Observed both correlation and anticorrelation 
of flux in the profile and degree of polarization.
• Confirmed the precession of the neutron star in 
Her X-1.



Non-magnetized NSs

Tominaga et al. (2023) modeled Cir X-1 as an accretion disk
covered by a partially covering medium and interpreted the
different phases of the orbit as changes in these two
components. Their observations cover the dip for much longer
than the IXPE polarimetric ones, where there is no significant

polarimetric information for this phase; if we had observed the
dip for longer with IXPE, we might have expected a high PD
due to obscuration, as observed in black hole systems (Ursini
et al. 2023b; Veledina et al. 2023). It is interesting to note how
their model is very good at predicting observational features

Figure 5. Study of polarization binned in HR. (Top) HR trend with time (2000 s time binning); the colored bands identify the chosen binning for HR. (Middle) Polar
plot of polarization, computed using the model-independent pcube algorithm from the IXPEOBSSSIM software (Baldini et al. 2022), for events in different intervals of
HR reported in the top panel in the energy band 2–8 keV, where the shaded region indicates the direction of the jet (see discussion), and the black lines indicate this
direction and its orthogonal direction. Contours are reported at 68%, 95%, and 99% CLs. (Bottom) Polarization in different energy bands. Contours are reported at a
90% CL.
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Circinus X-1

Bobrikova et al.: First detection of polarized emission from GX 13+1

Table 1. Observations of GX 13+1 presented in the paper.

Observatory Date ObsID Instrument Duration (s)
IXPE 17–19.10.2023 02006801 DU1 98204

DU2 98299
DU3 98299

XMM–Newton 16.10.2023 0932390601 EPIC/PN 11336

as introduced in Di Marco et al. (2022). For the spectral analy-
sis, the data were binned to have at least 30 counts in each energy
bin. For the spectro-polarimetric analysis, we applied a constant
energy binning of 80 eV for the three Stokes parameters.

2.2. XMM–Newton

XMM–Newton observed GX 13+1 on 2023 October 16 (see
Table 1). This observation could not be scheduled simultane-
ously with IXPE because the visibility window for GX 13+1
with XMM–Newton closed on October 16. As GX 13+1 is very
bright, EPIC/PN was operated in timing mode. The thick filter
was used to reduce the count rate, which was, on average, about
690 cnt s�1 during the observation. The EPIC/MOS instruments
were not used, and their telemetry was allocated to EPIC/PN.
Yet, despite this e↵ort, PN never-the-less su↵ered from telemetry
gaps as the science bu↵er was full throughout the observation.
For this reason, the data are not suitable for timing analysis but
are still useful for measuring the spectral shape and the known
wind lines in the 6–9 keV range (Díaz Trigo et al. 2012).

The data were reduced using xmm–sas v.21 with the latest
calibration files as of October 2023. The clean event files were
generated from the ODF files with the epchain tool. They were
filtered further using the #XMMEA_EP and PATTERN==0
flags in the 0.3–12 keV range. No soft proton flares were seen
in the light curves above 10 keV, giving us a total e↵ective expo-
sure of '10 ks. For extracting the source spectrum, we selected
events from a 9-pixel wide box around the RAWX column with
the highest count rate. We also extracted a background spectrum
from the RAWX columns 3–5, but – as expected for such a bright
target – these columns were still dominated by the source itself,
and thus, we did not subtract the background at all. The ancillary
response file and the redistribution matrix were generated using
the arfgen and rmfgen tools, respectively. Finally, we grouped
the data to have at least 20 counts per channel and added 1% sys-
tematic errors in quadrature to each channel using the grppha
tool.

3. Data analysis

3.1. Model-independent polarimetric analysis

The light curve of GX 13+1 is shown in Fig. 1f. The source
showed some variations, with the count rate dropping almost by
a factor of two in the wide dip, but some more rapid dips are
noticeable. The hardness ratio (Fig. 1e) changes with time only
by a small margin; the biggest increase slightly after MJD 60236
coincides with the wide dip in the light curve and is of ⇡ 10%.

The first thing to note is the significant variability of the
Stokes parameters. This variability is reflected in the changes in
PD and PA in Fig. 1c,d. While the PA slowly increases through-
out the observation, the PD changes significantly and without an
obvious pattern.

The HID presented in Fig. 2 illustrates a lack of state vari-
ability within the more than two days of IXPE observation. From

Fig. 1. Normalized Stokes q (a) and u (b) parameters, PA (c), PD (d),
hardness ratio (e), and the count rate (f) as functions of time as ob-
served by IXPE (all three detectors combined in the energy range 2–8
keV). The light curve is binned in ⇠200 s; the blue dashed vertical lines
separate the observation into five equal, 10.5 h long, time bins (Bin 1–
5). The region highlighted in yellow corresponds to the “dip” part of
the observation, according to the data separation into three parts by the
light curve (between MJD�60230=6.05 and 6.30). Uncertainties are re-
ported at 68% CL.

the MAXI (Matsuoka et al. 2009) data, we discovered that the
source was in the so-called lower left banana (LLB) state, a soft
state common for the atoll sources. In the two days of observa-

Article number, page 3 of 12
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Non-magnetized NSs

Tominaga et al. (2023) modeled Cir X-1 as an accretion disk
covered by a partially covering medium and interpreted the
different phases of the orbit as changes in these two
components. Their observations cover the dip for much longer
than the IXPE polarimetric ones, where there is no significant

polarimetric information for this phase; if we had observed the
dip for longer with IXPE, we might have expected a high PD
due to obscuration, as observed in black hole systems (Ursini
et al. 2023b; Veledina et al. 2023). It is interesting to note how
their model is very good at predicting observational features

Figure 5. Study of polarization binned in HR. (Top) HR trend with time (2000 s time binning); the colored bands identify the chosen binning for HR. (Middle) Polar
plot of polarization, computed using the model-independent pcube algorithm from the IXPEOBSSSIM software (Baldini et al. 2022), for events in different intervals of
HR reported in the top panel in the energy band 2–8 keV, where the shaded region indicates the direction of the jet (see discussion), and the black lines indicate this
direction and its orthogonal direction. Contours are reported at 68%, 95%, and 99% CLs. (Bottom) Polarization in different energy bands. Contours are reported at a
90% CL.
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Fig. 7. Time dependence of the normalized Stokes parameters q and
u obtained by the pcube algorithm using the data separation into five
equal time bins. Uncertainties are reported at 68% CL.

Fig. 8. Linear fit of the PA obtained for time Bins 1–5 in Fig.1f. The plot
illustrates the rotation of the polarization plane with time. Uncertainties
are reported at 68% CL.

Thus, we modeled the spectrum of the XMM–Newton
observation in the 2–10 keV range. As we tradition-
ally expect two continuum components to be present in
the spectrum of a WMNS with some additional reflec-
tion and absorption features, we performed a fit with a
tbabs*(diskbb+bbodyrad+gaussian) model modified by
five gaussian absorption lines, gabs, and two interstellar dust
absorption edges, edge. The results are shown in Table 3 and in
Fig. 9. To resolve the absorption features in the 6–9 keV energy
range properly, we chose to fix the parameters of the gaussian
corresponding to the broad emission line.

The resulting fit illustrates that the spectrum of GX 13+1 is
dominated by the disk. The harder component is modeled with
the blackbody (as suggested in Schnerr et al. 2003; Díaz Trigo
et al. 2012; Revnivtsev et al. 2013) and dominates at energies
higher than 7 keV. We also see the presence of four strong ab-
sorption lines at 6.90, 7.18, 8.10, and 8.48 keV. These lines are
the Fe XXV, Fe XXVI, Ni XXVII, and Ni XXVIII lines, and
they are well-known in the source (see, e.g., Tomaru et al. 2020);
three more of the known lines are not resolved in our fit. If com-
pared with the previous results, the energies of the lines we ob-
tain are higher than in Díaz Trigo et al. (2012) by several percent,
while for the two lines present in the Saavedra et al. (2023), the
energy values are almost the same. We also note the anomalously

Fig. 9. Spectral energy distribution of GX 13+1 in EFE representation.
The blue crosses show the data from XMM–Newton. The di↵erent spec-
tral model components are reported in black lines for diskbb (short-
dashed), bbodyrad (long-dashed), and gaussian (dotted). The total
model is shown with a solid black line. The bottom panel shows the
residuals between the data and the best fit. Data are rebinned only for
plotting purposes.

Table 3. Best-fit parameters of GX 13+1 spectrum from XMM–Newton
data.

Parameter Value
tbabs NH (1022 cm�2) 5.94+0.06

�0.07
diskbb kT (keV) 1.39+0.12

�0.06
norm 130+20

�30
bbodyrad kT (keV) 2.0+0.3

�0.1
norm 20.08 ± 0.03
Rbb (km) 3.13 ± 0.02

gaussian E (keV) 6.6 (frozen)
� (keV) 0.8 (frozen)
norm 0.0048+0.0009

�0.0007
gabs E (keV) 8.476+0.005

�0.009
� (keV) 0.05 (frozen)
depth (keV) 0.067 ± 0.004

gabs E (keV) 4.29 (frozen)
� (keV) 0.05 (frozen)
depth (keV) 1e-6 (frozen)

gabs E (keV) 8.10 ± 0.01
� (keV) 0.05 (frozen)
depth (keV) 0.040 ± 0.003

gabs E (keV) 7.180+0.006
�0.004

� (keV) 0.05 (frozen)
depth (keV) 0.040 ± 0.001

gabs E (keV) 6.90 ± 0.01
� (keV) 0.050 (frozen)
depth (keV) 0.0150+0.0017

�0.0013
edge E (keV) 8.83 (frozen)

⌧ 0.20 ± 0.01
edge E (keV) 9.28 (frozen)

⌧ 0.08 ± 0.01
�2/d.o.f. 1504/1483

Notes. The errors are at 68% CL. Rbb is calculated from the normaliza-
tion of the bbodyrad component, assuming the distance to the source
of 7 kpc.
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Possible interpretation: the presence of a constant component of 
polarization, strong wind scattering, or different polarization of the 
two main spectral components with individually peculiar behavior. 
The rotation of the PA suggests a 30o–40o misalignment of the 
neutron star spin from the orbital axis. 


