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Some of the goals

• Determining mass and radius of accreting 
millisecond pulsars which would constrain the 
equation of state of cold dense matter. 

• Learning about accretion physics in strong 
magnetic field.
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The IXPE Team

160 scientists from 12 countries



IXPE’s former PI

Dr. Martin Weisskopf, former principal 
investigator for the Imaging X-ray 
Polarimetry Explorer mission and chief 
scientist for X-ray astronomy at NASA's 
Marshall Space Flight Center in Huntsville, 
Alabama.

Martin Weisskopf and colleagues from Columbia 
University in 1971 pose with the Aerobee-350 
sounding rocket they used to detect X-ray 
polarization from a celestial object – the Crab 
Nebula – for the first time. Left to right are Robert 
Novick, Gabriel Epstein, Weisskopf, Richard Wolff, 
and Richard Linke.



• 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



Targets observed by IXPE in first 6 months

1. Accreting X-ray pulsars 
Her X-1 (Nature Astronomy)
Cen X-3 (ApJ Letters)
4U 1626-67  (ApJ)
Vela X-1 (ApJ) 

2. Magnetar(s)
4U 0142+61 (Science)

3. Accreting non-magnetic neutron stars
GS 1826−238 (ApJ)
Cyg X-2 (MNRAS)

4. Pulsars/Pulsar Wind Nebulae 
Crab (Nature Astronomy)
Vela (Nature) 

5. Supernova remnant(s) 
Cas A (ApJ)

6. Stellar-mass black holes 
Cyg X-1 (Science)

7. Active galaxies 
MCG−5-23-16 (MNRAS)
Cen A (ApJ)
Mrk 501 (Nature) 
Mrk 421 (ApJ)
3C 454.3  
3C 273  
1ES 1959+6520  
3C 279

8. Sgr A* complex 



EoS vs neutron star M-R

Lattimer 2012



Neutron star M-R measurements

• How to measure M? 
Radio pulsars & X-ray binaries 

§How to measure R? 
X-ray bursts
Gravitational wave signal 
Accreting ms pulsars
Rotation-powered ms pulsars (Salmi’s talk)



X-ray bursts from 4U 1702-34 

Direct fits to the X-ray burst 
spectra with the NS 
atmosphere models.

11.8<R1.4 <12.4 km 
(pure helium)

Nättilä et al. 2017



Accreting ms pulsars 



Accreting ms pulsars 

Salmi et al. 2018
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Information about M and R is 
encoded in the pulse profile.



X-ray polarization in AMPs

§ Radiation coming from hot spots is polarization due to electron 
scattering

§ Polarization provides geometrical information. Apply rotating vector 
model (RVM) of Radhakrishnan & Cooke (1969) or its relativistic 
versions (Viironen & Poutanen 2004, Poutanen 2020, Loktev et al. 
2020).
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§ Radiation coming from hot spots is polarization due to electron 
scattering

§ Polarization provides geometrical information. Apply rotating vector 
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X-ray polarization in AMPs



§ Radiation coming from hot spots is polarization due to electron 
scattering

§ Polarization provides geometrical information. Apply rotating vector 
model (RVM) of Radhakrishnan & Cooke (1969) or its relativistic 
versions (Viironen & Poutanen 2004, Poutanen 2020, Loktev et al. 
2020).

X-ray polarization in AMPs



§ Combining data coming from X-ray bursts, pulse 
profiles and X-ray polarization, we can get improved M-
R constraints. 

§ IXPE has not yet observed any AMPs. 

EoS from AMPs
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X-ray pulsars

• Determining geometry of the emitting
region (hotspot vs column) and
emission pattern (fan vs pencil beam)
at different luminosity levels

• Revealing evidence for non-dipolar
fields

• Test free-precession model for Her X-1

Meszaros et al. 1988

© Alexander Mushtukov



Opacity in highly magnetized plasma: 

k⊥≈ (E/EB)2 k∥ E<EB = 11.6 (B12) keV  
(electron cyclotron energy)

where k⊥and (k∥) are the opacities in the 
Extraordinary (Ordinary) modes, when the
wave electron field is perpendicular 
(parallel) to the plane defined by the line of 
propagation and the external magnetic field

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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Mushtukov et al. 2016



• Observed beginning of the so-called “main on” or “high on” state (Feb 20-25)
• Total effective exposure (after removing low-flux/eclipse periods) ~150 ks
• Over 900k source photons detected, sufficient for sensitive polarimetry!
• Averaged, time-resolved, energy-resolved, and pulse-phase resolved analysis

IXPE observations of Her X-1 - what we actually 
see?



IXPE observations of Her X-1 - timing

No issues with timing 
(after fixing barycorr), 
spin evolution 
consistent with constant 
period 1.2377093(2)s 
via phase-connection 
(ephemerides by 
Staubert et al 2009)

Pulse profile as expected



IXPE observations of Her X-1 - spectro-polarimetry

• Baseline for analysis:  unweighted spectro-polarimetry
• Phase-averaged polarization degree of 8.6(5)% and polarization  angle of 60(2)°;    

>17σ detection. 
• Only weak energy dependence (PA constant, PD increases with energy, ~2-3σ 

significance)



Polarization of Her X-1 - why the polarization is so low?

For instance, Caiazzo, Heyl 2021 assumed  emission emerging 
from accretion column. However, at the given luminosity the
column may not have yet started to grow. 

=P
D



Polarization of Her X-1 - why the polarization is so low?

§ How to produce O-mode photons (and a modest PD)
• Emission from a magnetized atmosphere with inverted

temperature gradient. 
• Temperature inversion can be produced by particle

bombardment.



Polarization of Her X-1 - why the polarization is so low?

=P
D

— with mode conversion
- - no mode conversion

A toy model of heated atmosphere by Valery Suleimanov.

𝜏~1

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.



•Complex PD dependence on pulse phase, but low PD (5.5-15%) 
throughout the pulse 

•Sine-like PA phase-dependence (with the available statistics)

IXPE observations of Her X-1 - phase dependence



§ Polarization in strong 𝑩-fields (vacuum birefringence)
• For 𝐵 ∼ 𝐵! = 4.4×10"# G photons propagate in vacuo linearly polarized

in two normal modes

Theoretical interpretation
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§ QED vacuum polarization effects

Theoretical interpretation

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



§ QED vacuum polarization effects

Theoretical interpretation

This modifies the 𝜀 and 𝜇 tensors of the 
vacuum, forcing the photon 𝐸-field to 
adiabatically follow the star magnetic
field along the photon trajectory



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

star magnetic field strength and photon energy

Theoretical interpretation

Taverna et al. (2015)
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§ QED effects – Rotating Vector Model
• Photon polarization vectors decouple from the 𝐵-field at large distances

(where the magnetic field is≈ a dipole):
– PD is still determined by surface emission properties
– PA is independent of the 𝐵-field topology at the surface

Theoretical interpretation



PA phase dependence, QED and RVM

• Since PA is expected to be aligned with the magnetic dipole, we
expect PA to follow rotating vector model (RVM) 
(Radhakrishnan & Cooke 1969)

• PA is less sensitive to the details of the radiative transfer close 
to the surface

Poutanen 2020



or 16(2) for i=88 

PA phase dependence, QED and RVM

Inclination is not constrained by 
IXPE itself (even if best fit is close 
to independent measurements of 
orbital inclination).



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 those periodic. Evidence for NS precession?



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. 
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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

Pulse phase-resolved polarimetry
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The PD correlates with the relative contribution of one of the 
poles (C2) to the total flux. The PD reach minimal values at 
phases where the main peak (C1) is dominating. 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 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 correspond to the 
antipodal hotspot seen at a large angle. 



Rotating vector model
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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).



Conclusion

IXPE has opened a new window to the Universe. 

Observations of X-ray polarization are already revolutionizing our 
understanding of neutron stars. 

IXPE allows to measure geometry of emission region.

AMPs – yet to be observed 

Low 10% (expected>50%) polarization in accreting X-ray pulsars 
Her X-1 and Cen X-3. Likely related to inverse temperature gradient 
in the emitting region. 




