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YOUNG PULSAR WIND NEBULAE

Magnetization > 1 available if 3D

[Olmi et al. 2015]
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kinking jets

[Olmi et al. 2016 + Olmi et al in prep.]
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RECENT RESULTS

3D RMHD Simulations of 
Magnetic Field Structure 

in PWN (Olmi)

3D RMHD Simulations of 
Relativist Turbulence  

(Del Zanna)

Numerical Studies of Pulsar Wind Nebulae in The Light of IXPE

Analytic & Semi-Analytic prescription for 
sub-scale pol-deg  in turbulence 

(Bandiera)

Summary of work done for the modelling of Emission in  PWNe including unresolved Turbulence
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Preliminary modelling of IXPE data - Polarisation Leackage

IXPE
Imaging X-ray Polarimetry Explorer

Context

Verbatim and plots from Allyn’s slides and email

B Radial polarization signature first noted by Allyn

B Basic data-taking setup:

B GPD 29 calibration data, 2.7 keV X-rays, unpolarized

B Phenomenology, from I, Q and U maps

B Radial polarization signature in the outer regions of the image

B Intensity is low, polarization is high

B Radial symmetry averages things out for point sources, but potentially

not for extended sources

Niccolo’ Di Lalla (Stanford University) November 19, 2019 Page 1/11

IXPE
Imaging X-ray Polarimetry Explorer

Context

Verbatim and plots from Allyn’s slides and email

B Radial polarization signature first noted by Allyn

B Basic data-taking setup:

B GPD 29 calibration data, 2.7 keV X-rays, unpolarized

B Phenomenology, from I, Q and U maps

B Radial polarization signature in the outer regions of the image

B Intensity is low, polarization is high

B Radial symmetry averages things out for point sources, but potentially

not for extended sources

Niccolo’ Di Lalla (Stanford University) November 19, 2019 Page 1/11

Study and modelling of the 
polarisation leakage effect.


Development of the leakage theory.

Development of semi-analytical 
tools to compute it in extended 

sources.

Application to the Polarisation 

Measures in the Crab

Leakage computed with GEANT4 Montecarlo Leakage computed with 
analytical theory

Crab Nebula
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ABSTRACT

X-ray polarimetry based on gas pixel detectors (GPDs) has reached a high level of maturity thanks to the Imaging X-ray Polarime-
ter Explorer (IXPE) providing the first-ever spatially resolved polarimetric measurements. However, as this a new technique, a few
unexpected effects have emerged in the course of in-flight operations. In particular, it was almost immediately found that, the unpolar-
ized calibration sources on-board were showing radially polarized halos. The origin of these features was recognized in a correlation
between the error in reconstructing the absorption point of the X-ray photon and the direction of its electric field vector. Here, we
present and discuss this effect in detail, showing that it is possible to provide a simple and robust mathematical formalism to handle it.
We further show its role and relevance for the recent IXPE measures as well as for the use of GPD-based techniques in general. We
also illustrate how to model it in the context of studying extended sources.
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1. Introduction

Since the launch of the first X-ray satellites in the 1960s (Kalemci 2018), X-ray astronomy has provided a unique window to inves-
tigate high-energy astrophysical environments, such as pulsars (Walter & Ferrigno 2017), magnetars (Mereghetti et al. 2015), pulsar
wind nebulae (Kargaltsev & Pavlov 2008), supernova remnants (Vink 2012), black holes (Singh 2013; Bachetti 2016), clusters
(Sarazin 1986), and accretion disks (Inoue 2022). The X-ray emission in many of those systems is typically a mixture of thermal and
non-thermal components, with the latter essentially due to synchrotron radiation from accelerated particles (pairs) in the strong local
magnetic field. Pulsar wind nebulae and supernova remnants are resolved sources that exhibit such emission. One of the key features
of synchrotron emission is its high level of polarization (Bucciantini 2018). Polarization might also arise in thermal environments
due to plasma propagation effect and in strongly magnetized systems, such as magnetars, due to quantum electrodynamics (Turolla
et al. 2015).

Unfortunately, while X-ray imaging and spectral instruments have been operating for a long time, this is not the case for polarime-
try. Until very recently, the only X-ray source where X-ray polarimetric measurements have been firmly established was the Crab
Nebula (Weisskopf et al. 1978). With the recent launch of the Imaging X-ray Polarimeter Explorer (IXPE, Weisskopf et al. 2022), this
gap has finally been filled, offering us a unique opportunity to obtain space-resolved polarimetric observations of several extended
Galactic sources, along with some extra-Galactic objects as well.

The polarization sensitive gas pixel detectors (GPDs) on board IXPE (and previously used by PolarLight, Feng et al. 2019) exploit
the properties of the photoelectric effect (Costa et al. 2001): the photon, focused by a mirror system and collimated onto the sensitive
detector area, converts into a low-Z gas of pure dimethyl ether and emits a photoelectron (PE) that produces an ionization track. This
process is quite sensitive to photon polarization given that the initial direction of emitted PE is preferentially in the direction of the
photon electric field (polarization vector, EVPA) and has large cross-sections in the low energy range of [2–10] keV, where many of
the most interesting astrophysical X-ray sources shine.
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Fig. 6: Smoothed (a) Stokes I map (in unit of counts) and (b) PD map of the simulated Crab

PWN convolved with the IXPE response in 2–8 keV, both in J2000.0 equatorial coordinate.

Like figure 1(c), only the pixels with a significance of more than 3� and MDP99 < 100% or those

with MDP99 < 20% are shown in the PD map. The PSR position, spine of the X-ray torus

and its axes (Ng & Romani 2004) are indicated for reference. The reconstructed magnetic field

directions are overlaid in cyan segments in the PD map.

the count rate profile of the Chandra data along the line 30” away from the torus major axis,

where the contribution from the jet is small, and found that it is uniform within ±15% in

the regions 30” toward the northeast from the projected torus axis. Hence, we consider that

the o↵-source region we defined is adequate to evaluate the polarization properties of the jet.

We also tested two other o↵-source regions, 21.009 and 30.007 away from the source region, to

evaluate the systematic uncertainty. The size of each region is 5⇥ 5 pixels. We calculate the

background-subtracted Stokes I, Q, and U and derive the PD and PA. Table 1 tabulates the

derived values of PD and PA. We also attempted a similar analysis to evaluate the potential

polarization in the southern jet, but found the source-to-background count-ratio to be small

(1.15), yielding a result with a meaninglessly large 1� error of the PD to be �40%.

To summarize, we found that the northern jet should have a PD ⇠30% and PA ⇠120�,

with a detection significance of⇠2�, in order to justify the lower polarization along the projected

torus axis. In comparison, the northern high-PD area gives PD⇠45% and PA⇠160�. Therefore,

although the systematic and statistical errors are large, the estimated PA of the jet is roughly

parallel to the observed direction of the jet, i.e., the magnetic field direction is perpendicular

to it, as expected in the situation where the magnetic field is compressed by the jet. This
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Simulated IXPE 
polarisation map 

Work done for the modelling of IXPE response for extended sources &  PWNe 
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