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Information on celestial (extra-solar) sources are 
mostly provided by electromagnetic radiation.

They can be obtained by studying the spatial, 
spectral, timing and polarization properties of the 
observed radiation. 

In particular, the polarization properties give us 
information on geometry (in a broad sense: 
geometry of the emitting matter but also of 
magnetic and gravitational fields, of space-time, 
etc.). The polarization degree depends on the level 
and type of symmetry of the system, the 
polarization angle indicates its orientation.

Our knowledge of the emission from a celestial 
source in any energy band is therefore incomplete 
without polarimetry.

INTRODUCTION: X-ray Polarimetry

O mode

X mode
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EVPA parallel or 
perpendicular to 

magnetic field lines 
depending on the 
dominant mode EVPA = electric vector position angle

X-ray polarimetry
Polarization is a (pseudo) vector → measures geometry (of the emitting 
matter, the radiation field, the magnetic field, the space-time, …)

However, polarimetric information were basically 
missing in the X-ray band before IXPE!



THE CRAB NEBULA

Only one positive measurement (Crab Nebula: 19%) in the X-ray band, dating back to the 70s (OSO-8)

No X-ray polarimeters onboard X-ray satellites after OSO-8, due to lack of sensitive enough detectors

Radio (VLA) Infrared (Keck) Optical (Palomar) X-rays (Chandra)

Radio polarisation IR polarisation Optical polarisation X-ray polarisation

P=19% integrated over the 
entire nebula (Weisskopf et 
al. 1978)

X-rays probe freshly accelerated electrons and their acceleration site 



The lack, for many decades, of significant 
technical improvements implied that no 
polarimeters were put on board of X-ray 
satellites. 

The situation has changed dramatically 
with the advent of polarimeters based on 
the photoelectric effect.  

Such detectors, on the focal plane of a X-
ray telescope, may provide meaningful 
measurements for hundreds of (bright) 
sources (remember that polarimetry is a 
photon hungry technique...). 

Pisa – INFN, IASF Rome (INAF)
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The distribution of the photoelectron initial directions 
determines the degree of polarization and the position angle

Polarization Detection Principle
The detection principle is based 
on the photoelectric effect





The Imaging X-ray Polarimetry Explorer (IXPE), selected in the NASA SMEX 
launched on 9 Dec 2021

IXPE can perform spectrally-, spatially- and time-resolved polarimetry of many 
cosmic sources. A breakthrough in astrophysics and fundamental physics 

Equatorial Orbit 600 km altitude



IXPE mission description

• A NASA + ASI mission within the NASA’s Small Explorer Program (SMEX)
• Launch December 9, 2021 on a Falcon 9 from KSC
*   600-km circular orbit at a nominal 0° inclination
*    2-year baseline mission, optional extension with GO program
*    Point and stare (with dither) at pre-selected targets
*    Malindi ground station - primary (Singapore - secondary)
*    Mission Operations Center (MOC) at the University of Colorado, Laboratory for 

Atmospheric and Space Physics (LASP)
*    Sciences Operations Center (SOC) at MSFC
*    Data archiving at NASA's HEASARC

*    During the first 3 months of the mission, including one month of orbital checkout, all IXPE data shall be 
made publicly available at the HEASARC within 30 days of the end of an observation, which is defined as 
when data for 90% of the scheduled observation time are received by the MOC.

*    After the first 3 months of the mission, data shall be made available to the HEASARC within 1 week of the 
end of an observation, which is defined as when data for 90% of the scheduled observation time are 
received by the MOC.



Principal Investigator: M. C. Weisskopf (MSFC)
Co-Investigators: Luca Baldini, Wayne Baumgartner, Stephen D. Bongiorno, Ronaldo 
Bellazzini, Enrico Costa, Jeffery Kolodziejczak, Luca Latronico, Herman Marshall, 
Giorgio Matt, Fabio Muleri, Stephen L. O’Dell, Brian D. Ramsey, Roger W. Romani, 
Paolo Soffitta, Allyn Tennant

SAT currently comprises > 100 scientists from 12 countries

IXPE  Team



 3x Telescopes 
• 3x Mirror Units (MUs) + 3x Detector 

Units (Dus)
• A Detectors Service Unit (DSU) with 

built-in redundancy
• 4 m focal length, deployable boom and 

X-ray shield

 Performance
• Polarization sensitivity: MDP99%<5.5% in 

1 day for flux of 10-10 ergs/cm2/sec
• Energy range: 2-8 keV
• Limit polarization: 0.5% (degree), 1 

degree (angle)
• Angular resolution: better than 30 

arcsec, field of view larger than 9 arcmin
• UTC synchronization: better than 250 μs
• Energy resolution: better than 25%



IXPE deployed  



Science Advisory Team (chaired by Giorgio Matt and Roger Romani) 
Coordinates science activities required for planning, analyzing, 

interpreting, and reporting IXPE observations 

Organized into seven Topical Working Groups:



>60 sources observed 



TOOs



IXPE observations of PWN (Crab, Vela) confirmed they are 
highly polarized (very high in certain regions, close to the 
synchrotron limit) (Bucciantini et al. 2022, Xei et al. 2022).

Crab result consistent with OS0-8, when integrated over the 
entire nebula. However, polarization map shows a complex 
pattern, not surprisingly given the Chandra image

Pulsar Wind Nebulae



The Vela PWN
Average polarization of 45%, larger than 60% is 
some, small regions  close to the Synchrotron 
limit!

High polarization suggests B less turbulent than 
expected. 

Polarization consistent with radio, but X-rays 
sample regions closer to the site of acceleration.
                                           
(Xie et al. 2022)



PWN: MSH 15-52 (Cosmic Hand) 

Highly significant polarization in arcs and at the 
end the jet,with PD>70% (Romani et al. 2023)

Smaller polarization at the base of the jet, 
indicating a more complex magnetic field.



SNR much less polarized than PWN (not surprisingly, as 
emission is mostly thermal). 

Analysis done in pixels and assuming circular symmetry.

Corrected for thermal emission, PD are quoted for synchrotron 
component.

Both Cas A (Vink et al. 2022) and Tycho (Ferrazzoli et al. 2023) 
show radial magnetic fields near the shock. 

Cas A has PD = (4.5±1.0)% near forward shock. 

Tycho has PD = (12±2)% in rim. Tycho has factor 2 variations, 
(23±4)% in the west.

Compatible with turbulent, radial magnetic field near the 
shock.

SuperNova Remnants

Ferrazzoli et al. 2023



SNR: Cas A
Polarization in the non-
thermal emission is low
  Turbulent magnetic field 



SNR: Tycho
Qualitatively similar results for Tycho (i.e. radial 
magnetic field), but with larger polarization degrees, up 
to 23±4 % in the west region (Ferrazzoli et al. 2023)

  Less turbulent magnetic 
field (or a larger maximum
 turbulence scale)



 Anomalous X-ray Pulsars and Soft-gamma ray 
repeaters
• 𝐵𝐵𝑠𝑠𝑠𝑠 ≈ 1014 − 1015 G
• 𝐿𝐿𝑋𝑋,persist ≈ 1033 − 1035 erg s−1 (typically >  𝐸̇𝐸rot)
• Bursting activity (short bursts – intermediate/giant 

flares)
• Two components (thermal and PL or two thermals) 

spectra

• Powered by their own magnetic energy

Magnetars

Taverna et al. 2022



Two modes, with very different opacities

Ordinary mode: E field parallel to the k-B plane
Extraordinary mode: E field perpendicular 
                                      to the k-B plane

The X-mode from deeper, hotter layers

Magnetars

O-mode: the E-field oscillates in the k-B plane
X-mode: the E-field oscillates ⊥  to the k-B 
plane 
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4U0142+61 shows PA swing of 90° 
(top) (Taverna et al. 2022). Two 
different modes dominate in the two 
components (Thermal + Resonant 
Compton Scattering). Low 
polarization indicates a condensed 
surface.

1RXS J170849.0-400910 has 
constant PA (Zane et al. 2023). The 
same mode is dominating in the 
two spectral components (both 
thermal).  Pulse-phase-resolved 
data indicate condensed surface, 
plus a hotter cup covered by a 
gaseous atmosphere.

Magnetars 

24



 Galactic Center molecular clouds (MC) are known 
X-ray sources

• Are MCs reflecting X-rays from Sgr A* ? 
(supermassive black hole in the GC)

• Sagittarius B2 (Sgr B2) is a giant molecular cloud 
of gas and dust that is located about 120 parsecs 
(390 ly) from the center of the Milky Way.
– X-radiation would be highly polarized 

perpendicular to plane of reflection and 
indicates  the direction back to Sgr A*

– Sgr A* X-ray luminosity was 106 larger ≈ 300 
years ago

WAS THE GC ACTIVE A FEW CENTURIES AGO?



2.7σ result. Polarization angle 
consistent with Sgr A* as the origin 
of the illuminating radiation
(Marin et al. 2023)
.

From the polarization degree, two 
solutions for the age of the burst: 
~30  or ~200 years ago. Second 
solution much more probable.

WAS THE GC ACTIVE A FEW CENTURIES AGO?



GRB 221009A

IXPE did not plan to follow-up on GRBs, because of the relatively 
slow reaction time (2-3 days).

However, GRB 221009A (the ‘BOAT’ GRB – Brightest Of All Times) 
was so exceptional in terms of brightness, that it has been 
decided to observe it. 

                  
    P<13.8% (99% c.l.)   
      (Negro et al. 2023)

Dust rings also observed  
polarization of the prompt emission (<55%)
 

Swift/XRT image

Time evolution of dust rings as seen by IXPE



TWG 1: (Pulsar Wind Nebulae): The magnetic field is very ordered even at a large 
distance from the pulsar. 

TWG 2: (Supernova Remnants): The magnetic field is radially directed even in vicinity of 
the shock. 

TWG 3: (Accreting Black Holes): The corona in hard X-ray sandwiches the accretion disk 
and the lamp-post is excluded. 

TWG 4: (Accreting Neutron Stars): The rotating vector model works in X-rays. The 
degree of polarization is 5-6 times smaller with respect to models predictions. 

TWG 5: (Magnetars): Different magnetars showed unexpectedly very different behavior 
on the polarization degree and angle. 

TWG 6: (Radio-Quiet AGN & SgrA clouds): Corona is sandwiching the disk. Lamp-post is 
excluded. Reflection confirms obscuring torus in Compton-thick AGNs. Molecular 
clouds points to Sgr A* as origin of their reflected emission. 

TWG 7: (Blazars and Radio Galaxies): Energy stratified shock acceleration is confirmed. 
In X-ray fast rotation of the polarization vector with time is present in Synchrotron 
dominated blazars. 

SOME IXPE RESULTS:



Conclusions
IXPE is really opening a new observing window! 

As expected, significant polarization is rather common in X-ray sources

Not surprisingly, most of the detections are related to strong Magnetic Fields 
(PWN, SNR, Magnetars, X-ray Pulsars, Blazars)

But scattering polarization is also often detected! (e.g. coronal emission in X-ray 
binaries, reflection in obscured AGN, Sgr A*, …)

In many cases, results (even upper limits) are discriminating between competing 
models, or challenging popular ones

Results and proposed interpretations are published in so called ``discovery 
papers`` but in the next years we expect a ``flood`` of theoretical work and 
alternative interpretations: IXPE data are paradigm-shifting in many cases!    



Where we are now:

Guest Observers Program

The IXPE baseline program endend at the end of January 2024.

The next NASA senior review for mission extension is foreseen in 2025.

NASA asked us to submit a Mission Extension Request to extend the mission till 
September 2025 (a “bridge” extension). This request was approved in June 2023.

A General Observer Program has been then issued (deadline for Cycle 1 proposal 
was October 18, 2023; start of the GO Program: February 1, 2024). 
Now we are awaiting for  Cycle 2 (expected deadline Aug 2024, start of the 
programme Feb 2025)



WHY POLARIMETRY IN  THE CLASSICAL X-RAY ENERGY BAND



OTHER MISSIONS :XPoSat
Launch 1 Jan 2024

First light from CAS A 
(SNR), 11 Jan 2024

POLIX validation with CRAB 
observations , 13 Feb 2024 



An X-ray polarimeter similar to IXPE on-board the Chinese-led mission eXTP 
eXTP

eXTP (enhanced X-ray Timing and Polarimetry Mission). Proposed to CAS; selected in 
2011 as one of 8 “background missions”. P.I: Shuang-Nan Zhang (Tsinghua Univ.). An 
international consortium (China + many european countries). Launch: 2028+

Simultaneous spectroscopic, timing and polarimetric observations 

A flagship astronomy mission to explore fundamental physics 
problems, and to serve as a powerful high energy observatory

Wide energy range: 0.5-30 keV
Large eff. Area： ~4 m²@6keV
High spectr. res. <180eV@6keV
High throughput: max Flux 15 Crab 



Payload Parameter Specification

SFA

Energy range 0.5-10 keV
Effective area >7000 cm2 @1 keV, >5000 cm2 @6 keV
Energy resolution <180 eV FWHM @6 keV
FoV/HPD 12 arcmin / 1 arcmin
Focal plane detector Pixelated SDD (19 pixels)

LAD

Energy range 2-30 keV (extended: 30-80 keV for out-
FoV)

Effective area 34000 cm2

Energy resolution <240 eV FWHM @6 keV
FoV 1° (FWHM)
Detector Large area SDD (640 units, 40 Modules)

PFA

Energy range 2-10 keV
Effective area >900 cm2 @2 keV (including QE)
Energy resolution 1.2 keV FWHM @6 keV
FoV/HPD 12 arcmin / 20 arcsec
Focal plane detector GPD (4 units)

WFM

Energy range 2-50 keV
Energy resolution 300 eV FWHM @6keV
FoV >4 sr (at 20% of peak response)
Angular resolution <5 arcmin
Localization accuracy <1 arcmin
Detector Large area SDD



eXTP Scientific Payload   Performance in context

 LAD:        6x RXTE/PCA, 35x XMM-Newton + hard-X response

 SFA:         8x XMM-Newton and 0.3-2x Athena/WFI . 

Limiting sensitivity ∼10-14-10-15 erg cm-2 s-1

 PFA:         5xIXPE. Sensitivity: 1% MDP in 50ks for a 100 mCrab source

 WFM:       largest FoV ever, first time with 300 eV resolution. 3 mCrab in 50ks



ASTROGAM  

ESA VOYAGE 2050 



ASTROGAM  
• Broad energy coverage (100 keV to 3 GeV), 
     with one to two orders of magnitude improvement 
     in continuum sensitivity in the range 
    0.1–100 MeV compared to previous instruments;

• Unprecedented performance for γ-ray lines, 
      e.g. a sensitivity for the 847 keV line from Type Ia SNe     

70 times better than INTEGRAL/SPI (5 times COSI) 
probing a 10 times larger volume;

• Large field of view (>2.5 sr), ideal to detect transient 
sources, i.e. about 300 GRBs per year,including about 
70 short GRBs per year

• Pioneering polarimetric capability for both steady 
and transient sources;

• Improved angular resolution 
• Sub minute alert capability for GRBs and other 

transients.



INTEGRAL/IBIS − GRB 140206A (z = 2.74)
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Π > 48% (68% c. l.)

ASTROGAM

• Study objects emitting jets (GRBs, blazars, 
X-ray binaries) or with strong B-field 
(pulsars, magnetars) 

• Physics of ultra-relativistic jets and 
emission mechanism (determine the 
radiation process, constrain the magnetic 
geometry in the jet and the width … 
competing models predict different levels of 
linear polarisation at energies above 1 MeV)

• Shed new light on the process of pair 
cascades in pulsar magnetospheres

Example: the simulated signal modulation in the 100–500 keV 
range for a GRB similar to GRB 140206A (at redshift z = 
2.739) detected with INTEGRAL (Gotz et al). Only a lower limit 
to the polarisation fraction of 48% (at the 68% confidence 
level) could be derived from the INTEGRAL data, together with 
a polarisation angle of 80◦ ± 15◦
For such a burst ASTROGAM will be able to very accurately 
measure the polarisation fraction (reconstructed PF= 79.1% ± 
4.4%) and polarisation angle (reconstructed PA= 89.1◦ ± 1.6◦).

ASTROGAM : Power of Polarization  



PHEMTO

ESA VOYAGE 2050 



DESIDERATA FOR A FOLLOW-UP MISSION

ESA VOYAGE 2050 
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