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Galactic accelerators. The only place where 
we can study the properties of relativistic 

shocks (as in GRBs and AGNs

Originated by the interaction of the ultra-
relativistic magnetized pulsar wind with the 

expanding SNR  (or with the ISM)

PWNe are hot bubbles  of relativistic 
particles and magnetic field emitting non-

thermal radiation.   
PWN

SNR PULSAR
Allow us to investigate the dynamics of 

relativistic outflows

PWNE
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3C58

G11.2

B1509

Crab

Vela

FINE STRUCTURES - A LAB FOR RELTIVISTICN FLUID DYNAMICS
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Main torus 
Inner ring (wisps structure) 

Knot 
Back side of the inner ring

Each feature traces an emitting region

Knot

Ring

TorusHester et al. 1995

Komissarov & Lyubarky 2004

REPRODUCING OBSERVATIONS
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CRAB SYNCHROTRON SPECTRUM

78 INTERACTION WITH THE ENVIRONMENT

broadband non-thermal spectrum, extending from radio to X-ray and TeV energies, and a high degree of linear
polarization. The Radio spectrum is well fitted by a power-law, and the same holds for the X-ray part, which
however has a much steeped spectrum. ANRV352-AA46-05 ARI 15 July 2008 10:36
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Figure 2
The integrated
spectrum of the Crab
synchrotron nebula,
from Atoyan &
Aharonian (1996),
assembled from
sources cited in that
paper. The electron
energies shown
correspond to peak
synchrotron emission
assuming a magnetic
field of 300 µG. Most
of the emission from
the Crab is emitted
between the optical
and X-ray bands. The
highest energy �-rays
are due to inverse
Compton radiation.

pulsar (∼1.8×1049ergs) still resident within the synchrotron nebula. Averaged over the volume of
the synchrotron nebula, this energy density corresponds to a pressure of ∼7.2 × 10−9 dyne cm−2,
very close to the canonical value assuming equipartition and B ∼ 300 µG (Trimble 1968).

The overall spectrum of the Crab Nebula peaks in the range between 1014–1018 Hz in the
optical through the X-ray part of the spectrum (see Figure 2, from Atoyan & Aharonian 1996).
Assuming a magnetic field of 300 µG, this radiation is associated with emission from electrons with
energies between a few hundred GeV and a few tens of TeV. The very highest energy emission
from the Crab above frequencies of ∼1023 Hz is thought to be due to inverse Compton radiation
(Atoyan & Aharonian 1996). The bump around 1013 Hz in the far infrared part of the spectrum is
the result of thermal emission from dust in the nebula. This dust, which condensed from material
ejected in the explosion, is heated to a temperature of about 80 K (Marsden et al. 1984).

Figure 3 shows a color composite image of the Crab synchrotron nebula. An X-ray image
of the Crab obtained with Chandra is shown in blue. An optical continuum image is shown in
green. Red shows a radio image of the Crab obtained with the VLA. The first thing that is
immediately apparent in these images is the difference in spatial extent of the Crab synchrotron
nebula when viewed at different wavelengths. The nebula is smallest in size when viewed at
high energies, and grows progressively larger when viewed at lower energies. This basic trend is
relatively easy to understand. High-energy particles injected into the nebula at the wind shock
experience both synchrotron burn off and energy loss owing to adiabatic expansion as they move
outward through the nebula. Even so, faint X rays are still seen close to the boundary of the nebula
(Hester et al. 1995; Seward, Tucker & Fesen 2006), indicating that the real situation is more
complex.

The synchrotron nebula shows a wealth of fine-scale structure that can be extraordinarily
dynamic, varying appreciably on timescales of days. The standard nomenclature for these features
comes from Scargle (1969), who identified a number of arcuate features or wisps located along and
generally perpendicular to a line going from the SE to the NW through the pulsar. (By convention,
features in the Crab synchrotron nebula are referred to as wisps, while the term filament is reserved
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Figure 5.1: Left panel: images of the Crab Nebula in different bands. In optical the green filaments are a thermal
lime emission, while the light blue is non-thermal synchrotron. Right panel: spectrum of the Crab Nebula from
Radio to MeV.

These characteristics are common to the class of PWNe: a flat spectral index in the radio band, ⇠ 0 � 0.3 which
steepens in the X-ray to 2.3 � 3.3; a highly linearly polarized flux; an increasing brightness towards the center.

Interestingly the typical X-ray luminosity of the Crab Nebula is about 10% of the spin-down luminosity of the
pulsar, suggesting that it is indeed the pulsar itself to power the continuous emission from these objects.

Several PWNe are known today in different stages of evolution. They have also been found around older pulsars
whose supernova remnants have disappeared, including millisecond radio pulsars. There are also systems where
the pulsar, due to teh kick velocity received at birth, has emerged from the SNR and is interacting direcly with the
ISM, giving rise to cometary shaped nebulae.

5.1.2 PWNe Models

As we saw in Chapter 3 and Sec. 3.8 the pulsar wind is highly relativistic, while the typical expansion speeds of
SNRs, are of the order of a few thousands km s�1. Even if a PSR was to trasfer all of its rotational energy to the

 Low energy break
 High energy break

 MeV cutoff

 Injection break   Synchr. cooling  Acceler. cutoff

The most efficient non-thermal accelerator.

Hester 2008 Hester 2008
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FERMI VS RECONNECTION

N. Bucciantini: PICS Meeting
Montpellier, France, 2013

Pair Plasma

5
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Figure 21. Comparison of downstream particle spectra at time ωpt = 9000 among different geometries of the upstream background magnetic field: (a) for fixed
magnetic obliquity θ = 15◦, magnetic field lying either in the simulation plane (black) or in a plane perpendicular to the simulation plane (red); (b) for fixed magnetic
obliquity θ = 30◦, 2D simulations with either in-plane (black) or out-of-plane (red) magnetic field and a 3D run (green).
(A color version of this figure is available in the online journal.)

Figure 22. Time evolution of downstream particle spectra for different obliquities, across the boundary θcrit ≈ 34◦ between subluminal and superluminal shocks:
θ = 28◦ (violet), 30◦ (red), 31◦ (black), 32◦ (blue), 35◦ (green), and 45◦ (yellow). The subpanels (a)–(c) in the last panel show at time ωpt = 9000 the power-law
slope of the suprathermal tail and the fraction of particles and energy stored in the tail, as a function of the obliquity angle θ . The thin blue line in the bottom right
panel shows the particle spectrum for θ = 32◦ at ωpt = 13,500.
(A color version of this figure is available in the online journal.)

ωpt = 13500 (the thin blue line in the bottom right panel of
Figure 22) corresponds to the onset of efficient SDA. In re-
sponse to the increased acceleration efficiency, the peak of the
low-energy Maxwellian shifts to lower temperatures.

Since the positive feedback required for the onset of efficient
SDA relies on upstream waves triggered by the returning par-
ticles, we expect that in superluminal shocks, where particles
are not able to return upstream along the magnetic field, accel-

 Perpendicular relativistic shock - Superluminal

 Maxwellian at low energies  Evidence for non-thermal tail only for subluminal shock
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ωpt = 13500 (the thin blue line in the bottom right panel of
Figure 22) corresponds to the onset of efficient SDA. In re-
sponse to the increased acceleration efficiency, the peak of the
low-energy Maxwellian shifts to lower temperatures.

Since the positive feedback required for the onset of efficient
SDA relies on upstream waves triggered by the returning par-
ticles, we expect that in superluminal shocks, where particles
are not able to return upstream along the magnetic field, accel-

Spitkovsky 2006

FERMI DSA HIGHLY INEFFICIENT IN PSR WIND SHOCK - 
VERY LOW MAGNETISATION

6

Fig. 3.— Internal structure of the flow at !pt = 3750, for � = 640 c/!p, � = 10, and ↵ = 0.1, zooming in on a region around the shock,
as delimited by the vertical dashed red lines in Fig. 2(a). The hydrodynamic shock is located at x ' 1000 c/!p, and the fast MHD shock
at x ' 2600 c/!p. The following quantities are plotted: (a) 2D plot in the simulation plane of the particle number density, in units of the
upstream value, with contours showing the magnetic field lines; (b) 2D plot of the magnetic energy fraction ✏B ⌘ B2/8⇡�0mnc0c2; (c)
2D plot of the di↵erence ✏B � ✏E , where the electric energy fraction is ✏E ⌘ E2/8⇡�0mnc0c2; (d) 2D plot of the mean kinetic energy per
particle, in units of the bulk energy at injection; (e)-(f) particle energy spectra, at di↵erent locations across the flow, respectively outside
(panel (e)) or inside (panel (f)) of current sheets. The color of each spectrum matches the color of the corresponding arrow at the bottom
of panel (d), showing where the spectrum is computed. The dotted line in panel (e) is a Maxwellian with the same average energy as the
downstream particles; the dashed lines in panels (e) and (f) indicate a power-law distribution with slope p = 1.4.

We point out that the picture described above rep-
resents accurately the long-term behavior of the shock.
In particular, the distance between the fast and the hy-
drodynamic shock (' 1600 c/!p in Figs. 2 and 3) stays
approximately constant in time (see Appendix B). The
hydrodynamic shock moves with �sh ' 1/3, and the fast
MHD shock remains far enough ahead of the main shock
such that to guarantee that reconnection islands will fill
the space between neighboring current sheets, by the
time the flow enters the hydrodynamic shock. For a fixed
reconnection rate, this implies that the distance between

the fast and the hydrodynamic shock will scale linearly
with the stripe wavelength (as will the size of reconnec-
tion islands just ahead of the main shock), a prediction
that we have directly verified in our simulations.
Finally, we refer to Appendix A for a detailed discus-

sion of the di↵erences between our 2D results and the
1D simulations presented by Pétri & Lyubarsky (2007).
As apparent in Fig. 3, the process of island coales-
cence, which is essential for the formation of the hy-
drodynamic shock, can be captured correctly only with
multi-dimensional simulations. Indeed, for the parame-

Sironi & Spitkovsky

RECONNECTION OF THE STRIPED WIND MORE 
VERSATILE 

WORKS WELL FOR HIGH MAGNETIZATION 
REQUIRES VERY HIGH MULTIPLICITY
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POWER OF POLARIMETRY
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POWER OF POLARIMETRY
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Difference in 
Optical vs Radio 

Polarisation
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Not Always Toroidal

NIKA 150GHz

Courtesy Ng

SNR0540, Lundquist 11

PWN -  POLARIZATION

G106.6+29, Kothes et 
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SYNCHROTRON -  POLARIZATION

Synchrotron polarization recipes
Assume an average B0 and Gaussian isotropic fluctuations �Brms. Intensity I grows for
increasing �Brms/B0, while

p
Q2 + U2 and ⇧/⇧max decrease (Bandiera & Petruk 2016):

In simple torus models I is enhanced, especially at the sides (the projected B0 is
small), while

p
Q2 + U2/Imax decreases uniformly (Bucciantini et al. 2017):

where again the PD decreases for increasing �Brms/B0 values.
L. Del Zanna - UniFi RMHD turbulence simulations and synchrotron polarization in PWNe

6 N. Bucciantini, R. Bandiera, B. Olmi

Figure 4. Left panel: CHANDRA X-ray image of the Crab nebula. Intensity normalized to the maximum. Middle panel: our model of the Crab nebula. In

the torus we assume a flow velocity of 0.35c, and σ = 0.7. Intensity normalized to the maximum, with bars corresponding to the polarized direction. Right

panel: residuals obtained by subtracting the model from the data, normalized to the intensity maximum of the data. The solid line represents the zero level.

The dashed lines the ±20% level.

ring was already presented in Schweizer et al. (2013), where it was

shown that it is possible to reproduce it using a typical boost speed

of ∼ 0.6c±0.1c. No strong constraints can be placed on the ratio of

disordered vs ordered field in the inner ring, mostly because of the

low photon counts and due to the presence of bright time-varying

non axisymmetric features. Thus in the toy model we set for the

inner ring σ = 0.3 in order to give a polarized fraction for the ring

alone of ∼ 40% as seen in optical (suggesting that already close to

the termination shock about one third of the magnetic energy is in

the small scale fluctuating part). On the other hand the jet, being a

faint feature, can be reproduced with a fully turbulent field as well

as a fully ordered one. Here we decide to include it (by consider-

ing the case of a fully turbulent field) only to reduce the residuals

on the axis. Our best fit model for the Crab torus requires a typical

boosting speed of the order of " 0.35c±0.05c and a level of fluctu-

ating magnetic field σ " 0.6 − 0.9. With these values we get a total

polarized fraction of ∼ (17 ± 2)% in agreement with observations.

The value of σ can not be raised above unity otherwise the total

polarized fraction becomes smaller than 15%, underestimating the

data.

In Fig. 4 we show our reference image for the Crab nebula,

our best match model, and the residuals between the data and the

model. In Fig. 5 we show the residuals in the fully ordered case

σ = 0, where in order to get brighter sides of the torus we had to

lower the boosting speed to the possible smallest value (0.25−0.3)c.

We cannot lower it further. However looking carefully at the resid-

uals, one can see that even if we are able to get the correct front-to-

back side brightness difference, this model tends to under-predict

the front-to-sides one, on both sides of the torus. To make this dif-

ference clearer, in the bottom panel of Fig. 5 we compare the X-ray

surface brightness of the torus, sampled along the arc shown in the

upper panel of the same figure, to our two models: the one with

a fluctuating small scale field with σ = 0.7 and the one with a

fully ordered field with σ = 0. It is evident that both models give

a reasonable fit in the central (on axis) part of the torus within ±10

arcsec from the peak, where they can hardly be distinguished. How-

ever the wings of the torus beyond ±15 arcsec are slightly undepre-

dicted by the fully ordered case. On top of this the integrated po-

larized fraction for the fully ordered case is estimated to be ∼ 30%.

This is much higher than the measured value of 19% and, given that

the torus is by far the brightest feature in X-ray, it is unlikely that

the low surface brightness diffuse X-ray emission could provide

enough unpolarized radiation to compensate.

As shown in Fig. 4, in the region of the ring and the torus, our

best guess model provides residuals below 15%. Given however

the presence of a non uniform and diffused X-ray nebular emission,

the fact that the torus itself is brighter on one side, the fact that the

ring is not exactly centered on the pulsar, and that there are non

axisymmetric features like the north-west spur, it is obvious that

our axisymmetric model cannot provide an accurate fit. But in its

simplicity it already indicates that the brightness profile of the torus

points toward a possibly large level of turbulence (about half of the

magnetic energy should be in the small scale fluctuating part).

We have repeated a similar analysis for the Vela PWN. To get

a reference image, we have followed a procedure similar to that

already described for the Crab nebula, combining 19 Chandra ACIS

images relative to the period from year 2001 to 2010. Since the

relevant areas in individual images now are not affected by the chip

gap, we have simplified the masking procedure with respect to the

previous case. As shown in Fig. 6, the X-ray nebula is characterized

by two tori and a small jet. Due to the presence of a large and diffuse

X-ray emission, and to the brightness of the pulsar, we have limited

our investigation to the brightness profile of the two tori, without

attempting a global fit of the emission map. In the upper panel of

Fig. 6 we show the regions of the tori where we have extracted

the brightness profiles shown in the bottom panel. We model the

tori, as was done for the Crab nebula, using the gaussian profile

of Eq. 33, with R2/R1 = 5.9 and 5.3 for the outer and inner torus

respectively. The symmetry axis is inclined by 33◦ on the plane of

the sky and 130◦ with respect to the north. A jet (and counter-jet)

was also introduced with radial velocity equal to 0.7c, in order to

reproduce the brightness peak observed on axis in the outer torus.

The spectral index is fixed at α = 0.3 (Kargaltsev & Pavlov 2004).

The brightness difference between the front side (on axis) of the tori

and the back side, constrains the radial flow speed to be higher than

0.35c. In the bottom panel of Fig. 6 the brightness profile of the

tori is compared to a fully ordered case σ = 0 with radial velocity

0.35c and to a case withσ = 1 and radial velocity ≈ 0.5c. Again it is

evident that the two models begin to differ substantially beyond 10

arcsec from the axis. For the inner torus the difference between the

two cases is small. This happens because the sides of the inner torus

are superimposed, along the line of sight, to back part of the outer

Bucciantini 2017

Synchrotron polarization recipes
Assume an average B0 and Gaussian isotropic fluctuations �Brms. Intensity I grows for
increasing �Brms/B0, while

p
Q2 + U2 and ⇧/⇧max decrease (Bandiera & Petruk 2016):

In simple torus models I is enhanced, especially at the sides (the projected B0 is
small), while

p
Q2 + U2/Imax decreases uniformly (Bucciantini et al. 2017):

where again the PD decreases for increasing �Brms/B0 values.
L. Del Zanna - UniFi RMHD turbulence simulations and synchrotron polarization in PWNe

Bandiera Petruck 2016 Crab
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IXPE - BROAD VIEW

1. Constrain the radiation processes and detailed properties of different types of cosmic x-ray sources 
2. Investigate general relativistic and quantum effects in extreme environments 
3. Constrain the geometry and the emission mechanism(s) of active galactic nuclei (AGN) and of microquasars 
4. Establish the geometry and strength of the magnetic field in magnetars 
5. Constrain the geometry and origin of the x-radiation from radio pulsars 
6. Learn how particles are accelerated in Pulsar Wind Nebulae and in (shell-type) Supernova Remnants (SNR) 

IXPE scientists are formulating a two-year observing program with specific scientific objectives to address these goals. 
Besides information related to polarization direction, the IXPE instrument records arrival time, location, and pulse-
invariant energy of each detected photon. Hence, for the brighter sources, IXPE can measure not only the integrated x-ray 
polarization at high statistical significance, but also the spectral dependence, phase dependence (for pulsed sources), or 
map (for extended sources) of the x-ray polarization. 

2.2. Mission description 

Figure 1 synopsizes the architecture and technical capabilities of the IXPE mission, which the remainder of this paper will 
sketch in somewhat more detail. A comprehensive report on the IXPE mission will appear elsewhere.  

Following a 1-month commissioning phase, the baseline IXPE mission will conduct science operations for 2 years. During 
this period, all scientific data from the IXPE observing program will be publicly released through NASA’s High-Energy 
Astrophysics Science Archive Research Center (HEASARC) at GSFC. Pending NASA approval, IXPE will continue 
beyond the first 25 months, initiating a guest observer (GO) program to be administered by the HEASARC. 

IXPE’s orbit will be nominally equatorial and circular, at a 540-km altitude (minimum). ASI will contribute use of its 
Malindi (Kenya) ground station (3° S latitude) as the primary contact for communications (command and telemetry) with 
the IXPE flight system (§3)—termed the “Observatory”.  

 
Figure 1. Mission description and technical capabilities.  

The spacecraft bus (§3.2) supplies the functionality to operate the satellite. This includes features to support operation of 
the flight system as an astronomical observatory: 3-axis stabilized pointing (non-propellent), star trackers, GPS receivers 
for time and position, etc. 

Mission name Imaging X-ray Polarimetry Explorer (IXPE)
Mission category NASA Astrophysics Small Explorer (SMEX)

Operational phase 2021 launch, 2 years following 1 month commissioning, extension possible

Orbital parameters Circular at 540–620 km altitude, equatorial; one ground station near equator

Spacecraft features 3-axis stabilized pointing (non-propellant), GPS time and position

Science payload 3 x-ray telescopes, 4.0-m focal length (deployed), co-aligned to star tracker

Telescope optics (×3) 24 monolithic (P+S surfaces) Wolter-1 electroformed shells, coaxially nested

Telescope detector (×3) Polarization-sensitive gas pixel detector (GPD) to image photo-electron track

Polarization sensitivity Minimum Detectible Polarization (99% confidence) MDP99 < 5.5%, 0.5-mCrab, 10 days

Spurious modulation < 0.3% systematic error in modulation amplitude for unpolarized source

Angular resolution < 30-arcsec half-power diameter (HPD)

Field of view (FOV) ≈ 10-arcmin diameter overlapping FOV of 3 detectors’ polarization-sensitive areas

Energy band, resolution 2–8 keV, ≈ 20% @ 5.9 keV

Timing accuracy ≈ 20 μs, using GPS pulse-per-second signal and on-board clocks

X-ray calibration Telescopes (optics & detector separately, combined) on-ground; detectors on-orbit
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Operational phase 2021 launch, 2 years following 1 month commissioning, extension possible

Orbital parameters Circular at 540–620 km altitude, equatorial; one ground station near equator

Spacecraft features 3-axis stabilized pointing (non-propellant), GPS time and position

Science payload 3 x-ray telescopes, 4.0-m focal length (deployed), co-aligned to star tracker

Telescope optics (×3) 24 monolithic (P+S surfaces) Wolter-1 electroformed shells, coaxially nested

Telescope detector (×3) Polarization-sensitive gas pixel detector (GPD) to image photo-electron track

Polarization sensitivity Minimum Detectible Polarization (99% confidence) MDP99 < 5.5%, 0.5-mCrab, 10 days

Spurious modulation < 0.3% systematic error in modulation amplitude for unpolarized source

Angular resolution < 30-arcsec half-power diameter (HPD)

Field of view (FOV) ≈ 10-arcmin diameter overlapping FOV of 3 detectors’ polarization-sensitive areas

Energy band, resolution 2–8 keV, ≈ 20% @ 5.9 keV

Timing accuracy ≈ 20 μs, using GPS pulse-per-second signal and on-board clocks

X-ray calibration Telescopes (optics & detector separately, combined) on-ground; detectors on-orbit
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Figure 4: Polarised Structure of the Crab nebula. Left panel: Total intensity map of the Crab 
PWN+PSR complex in the [2-8] keV energy band, overlaid with the reconstructed polarisation 
direction (magnetic field). Right panel: map of the polarised fraction (PD/100) cut above 5σ 
confidence level. The gray dashed line is the nebular axis inferred from X-ray intensity maps 15 
(30). Overlayed are the Sky directions for ease of reference. 
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Fig. 6. Smoothed (a) Stokes I map (in units of counts) and (b) PD map of the simulated Crab PWN convolved with the IXPE response in 2–8 keV, both 
in J20 0 0.0 equatorial coordinates. Like !gure 1 c, only the pixels with a signi!cance of more than 3 σ and MDP99 < 100 % or those with MDP99 < 20 % 
are shown in the PD map. The PSR position and the spine of the X-ray torus and its axes (Ng & Romani 2004 ) are indicated for reference. The 
reconstructed magnetic-!eld directions are overlaid in cyan segments in the PD map. 

These pioneering works are based on the integrated 
PD and hence are subject to uncertainty. We therefore 
carried out a new model calculation, convolved with the 
IXPE responses (effective area, energy resolution, spatial 
resolution, and modulation response), and directly com- 
pared the result with the IXPE observation to evaluate the 
magnetic-!eld turbulence. In this work, we do not adopt 
2D and 3D MHD simulations in the model because recently 
reported results with 2D and 3D MHD simulations of the 
PWN (e.g., Del Zanna et al. 2006 ; Porth et al. 2014 ) did 
yield broadly symmetric magnetic-!eld structures, in dis- 
agreement with the observation, although they successfully 
reproduced more detailed structures such as jets, wisps, and 
a knot. Instead, we develop a phenomenological model with 
aid of the (1D) KC model in the manner described below. 
We aim to reproduce the overall trend of the observed prop- 
erties of the X-ray torus where non-axisymmetry of the PD 
is less prominent than outside and evaluate the magnetic- 
!eld turbulence therein. 
(1) The Stokes parameters in the "ow frame and the 

observer frame are calculated in the manner described 
in Nakamura and Shibata (2007 ).

(2) The PWN is modeled with a simple equatorial wedge 
[see !gure 1 of Shibata et al. (2003 )], parametrized with 
the inner radius rs , outer radius rn , and semi-opening 
angle θ0 . Speci!cally, we assume the following values: 
• rs = 0.1 pc to match the observed inner ring,
• rn = 0.6 pc to reproduce the size of the X-ray torus,
• θ0 is ±10◦ to match the observed X-ray structure, 
which is not spherically symmetric but torus-like,

• "ow velocity v = 0.2 c to reproduce the observed 
north–south asymmetry of the X-ray torus, and 

• wedge position and inclination angles of 126.◦3 
and 63.◦0, respectively, taken from Ng and Romani 
(2004 ).

(3) The magnetic !eld is assumed to consist of a toroidal 
component and a turbulent (isotropic) one in the "ow 
frame with b = 0.6 according to Nakamura and Shibata 
(2007 ) and Bucciantini et al. (2017 ).

(4) The radial pro!le of the magnetic-!eld distribution is 
assumed to follow the KC model prediction under an 
assumption of a canonical value of σ = 0.003. As in 
Nakamura and Shibata (2007 ), the pulsar wind lumi- 
nosity and wind Lorentz factor are assumed to be 5 ×
1038 erg s−1 and 3 × 106 , respectively.

(5) The electron distribution within the PWN wedge is 
assumed to be uniform with a power-law index of 
3, giving the index 2 for the synchrotron emission 
that approximates the observed spectrum in soft X- 
rays (e.g., Toor & Seward 1974 ; Mori et al. 2004 ). 
We calculate the observed synchrotron emission, taking 
into account the "ow velocity and the magnetic !eld 
described above.
Figure 6 shows the obtained count and PD maps con- 

volved with the IXPE response. The PD map shows depo- 
larization at the edges along the torus major axis, and 
the reconstructed magnetic-!eld direction is perpendic- 
ular to the projected torus axis. Figure 7 summarizes the 
comparisons of the count and PD distributions between 
the data and model. Here, since the PSF size of IXPE is 
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Figure 4: Polarised Structure of the Crab nebula. Left panel: Total intensity map of the Crab 
PWN+PSR complex in the [2-8] keV energy band, overlaid with the reconstructed polarisation 
direction (magnetic field). Right panel: map of the polarised fraction (PD/100) cut above 5σ 
confidence level. The gray dashed line is the nebular axis inferred from X-ray intensity maps 15 
(30). Overlayed are the Sky directions for ease of reference. 
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Figure 4: Polarised Structure of the Crab nebula. Left panel: Total intensity map of the Crab 
PWN+PSR complex in the [2-8] keV energy band, overlaid with the reconstructed polarisation 
direction (magnetic field). Right panel: map of the polarised fraction (PD/100) cut above 5σ 
confidence level. The gray dashed line is the nebular axis inferred from X-ray intensity maps 15 
(30). Overlayed are the Sky directions for ease of reference. 
  

Large level of asymmetry 
Clear evidence for a depolarised central 

region



Bucciantini - Pescara 2024 - MG17 16

15% PF in the core of 
P1

IXPE - X-RAY POLARIMETRY - CRAB PSR

5- sigma detection in 
the core of P1

Bucciantini et al 2023

Only models with 
emission coming 
from the current 
sheet in the wind 

survive



Bucciantini - Pescara 2024 - MG17 16

15% PF in the core of 
P1

IXPE - X-RAY POLARIMETRY - CRAB PSR

5- sigma detection in 
the core of P1

Bucciantini et al 2023

Only models with 
emission coming 
from the current 
sheet in the wind 

survive



Bucciantini - Pescara 2024 - MG17 17

8 Wong et al.

Region number
1 2 3

P
o

l. 
fr

a
ct

io
n

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

North

East

South

West

Region number
1 2 3

P
o

l. 
a

n
g

le
 (

d
e

g
)

115

120

125

130

135

140

145

150

155

160

165

North

East

South

West

Region number
1 2 3

P
h

o
to

n
 in

d
e

x

2.1

2.15

2.2

2.25

2.3

2.35

2.4

North

East

South

West

Figure 4. Spectropolarimetric fits for di↵erent regions of
the Crab Nebula. Error bars are small, comparable to the
marker size, and not presented. Region 2E has been shifted
horizontally in middle and bottom panels for clarity. Polar-
ization degree and angle diverge between north/south and
east/west regions, as expected from a toroidal magnetic field.
Photon index increases with radius, as might be anticipated
due to synchrotron burno↵. It is also asymmetric relative
to the torus symmetry axis, with the hardest emission in
the West with the lowest polarization degree and the softest
emission in the South with the highest polarization degree.

Figure 5. Analysis of the Crab Nebula jet polarization.
Jet was divided into the yellow (tip), white (body), and
cyan (base) regions. Green and blue dashed boxes repre-
sent the flanking regions used for background subtraction.
In the body and tip of the jet, polarization degree is labeled
and magnetic field direction (perpendicular to the polariza-
tion angle) is indicated by the dashed arrows. No conclusive
measurements in the base of the jet were made. CXO ObsID
23539 displayed in the background to visualize location of
the regions along the jet.

three iterations were required to reach convergence and472

that the Stokes q and u parameters changed more sub-473

stantially (within about ±0.03) for the nebula; for the474

pulsar, most (95%) of the bins changed by within ±0.01.475

As described in Wong et al. (2023), simultaneous fit-476

ting is a binned analysis method. For our analysis, we477

used 20 variable-width phase bins, tailored to be nar-478

rower in the pulses to probe the rapid sweep of the pul-479

sar polarization at these phases, and a 13⇥ 13 1500 grid480

of spatial pixels. See Table 3 for exact phase bin se-481

lection in the main and inter-pulses. Since the leakage482

correction algorithm requires fine (max 500) spatial bins483

to resolve the PSF structure, we calculated the leakage484

with 500 pixels and regrouped them into 1500 pixels before485

subtracting it from the binned data.486

For energy binning, we used a single 2 � 8 keV bin487

because finer energy binning significantly increases the488

number of low-count (< 10 counts) bins. Our fitting489

approach solves for the polarization parameters using490

least-squares regression, and thus, assumes Gaussian-491

distributed data. For N events with the  -distribution492

function described in Kislat et al. (2015), Stokes Q and493

U are essentially Gaussian by N = 10. With the afore-494

Studying Crab X-ray Polarization Using Deeper IXPE Observations 9

Figure 6. Comparison of X-ray and optical (S lowikowska et al. 2009) PD and PA polarization measurements of the Crab
Pulsar. Only MP (�P1 = 0.9� 1.1) and IP (�P2 = 1.3� 1.5) are displayed. Red points are > 5� significance, blue > 3�, and
green > 1.9�. One turquoise < 1.9� bin in the IP included for continuity. PD and PA versus phase are shown in left and middle
columns. Normalized light curves for X-ray (orange) and optical (black) are included for reference. Polar representations are
shown in the rightmost column, where X-ray measurements with 1� contours and phase numbering (starting from 1) are plotted
against optical values colored from red to blue to show progression through the pulse. Positive ⇠ 40� X-ray PA sweep can be
clearly seen through the MP. See Section 4.2 for detailed discussion.

mentioned phase and spatial binning and three equally-495

spaced energy bins within 2 � 8 keV, 52% of data bins496

would have fewer than 10 counts, about half from the497

6 � 8 keV energy bin. Without energy binning, 14% of498

the bins exceed 10 counts. To use energy bins while min-499

imizing low-count bins, we could use fewer phase bins or500

larger pixels, but this would degrade resolution of the501

rapid changes in polarization from the pulsar emission502

and/or over-smooth the PSF structure, which separates503

the pulsar from the nebula flux. The nebula is indeed504

softer with a photon index of ⇠ 2 (Willingale et al. 2001;505

Mori et al. 2004) compared to ⇠ 1.4 � 1.7 (Weisskopf506

et al. 2011) for the pulsar, so an energy-dependent anal-507

ysis could make a slight improvement in separating the508

pulsed and the nebular signals. However, this would509

require substantial additional exposure or a full-Poisson510

statistics likelihood analysis (which would be much more511

computationally expensive than our least squares solu-512

tion), and so we have elected to retain the best spatial513

and temporal resolution in a single energy bin.514

In summary, we have utilized the simultaneous fit-515

ting technique to separate the nebula and the pul-516

sar polarization parameters. This technique requires517

Stokes I models, which we generated by taking the neb-518

ula spectral map and the pulsar phase-varying spec-519

trum obtained from CXO observations and passing them520

through the IXPE instrument response. The model and521

the data were binned into 20 variable-width phase bins522

and 13⇥13 1500 pixels and an energy range of 2�8 keV.523

Leakage removal was performed in conjunction with the524

simultaneous fitting in an iterative process using the525

leakagelib code. The fit statistic of our final iteration526

was �2
red = 1.23 with �2 = 124066.0 and DOF = 100708.527

The �2
red > 1 may possibly be due to remaining mis-528

matches between the observation and our flux model.529

Our model can be further refined with improved cali-530

bration of the instrument response functions, correction531
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IXPE - X-RAY POLARIMETRY - VELA
Extended Data Table 3 | The Polarization degree and angle within the bins of Fig. 1

Polarization degree and polarization angle measured using ixpeobssim. Uncertainties on the polarization degree and angle are calculated for a 68.3% confidence level, assuming that they are 
independent. 
a The row number where 0 presents the centre bin containing the pulsar. 
b The column number where 0 presents the centre bin containing the pulsar. 
c The polarization degree (%) with 68.3% confidence level error. 
d The polarization angel (°) with 68.3% confidence level error.

Fei et al 2023

Very high PF suggest no turbulence in 
the PWNe

Unlikely reconnection to play a major 
role in accelerating particles Old sytems should be more turbulent.
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4. Discussions

We detect a high PD in the outskirt region of the Vela PWN.
For the most polarized region, at a confidence level of 90%
(95%), the PD is larger than ∼60% (∼55%) after background
subtraction. The maximum PD allowed by the synchrotron

mechanism for a power-law photon spectrum, with a photon
index of Γ, is given by Π= 3Γ/(3Γ+ 2) (Rybicki & Light-
man 2004). For the diffuse emission, with a spectral index of
1.3∼ 1.4 (i.e., Γ is 0.3∼ 0.4; Kargaltsev & Pavlov 2004;
Kargaltsev et al. 2008), the maximum PD is 66%∼ 67%. Thus
the observed PD of the outer diffuse emission is close to the

Figure 2. (Top) The PD map of the Vela PWN in the 2–5 keV energy range with a pixel size of 45″ overlaid with the Chandra contour. Pixels with X-ray
PD > MDP99 have polarization vectors on top. The length of the black (white) lines indicates the PD measure in X-ray (radio), and orientation indicates the projected
magnetic field. (Bottom) The polarization protractor plot for pixels with the polarization vector overlaid on the top panel, covering the same region, with radius and
polar angle indicating the PD and PA, respectively.
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We detect a high PD in the outskirt region of the Vela PWN.
For the most polarized region, at a confidence level of 90%
(95%), the PD is larger than ∼60% (∼55%) after background
subtraction. The maximum PD allowed by the synchrotron

mechanism for a power-law photon spectrum, with a photon
index of Γ, is given by Π= 3Γ/(3Γ+ 2) (Rybicki & Light-
man 2004). For the diffuse emission, with a spectral index of
1.3∼ 1.4 (i.e., Γ is 0.3∼ 0.4; Kargaltsev & Pavlov 2004;
Kargaltsev et al. 2008), the maximum PD is 66%∼ 67%. Thus
the observed PD of the outer diffuse emission is close to the

Figure 2. (Top) The PD map of the Vela PWN in the 2–5 keV energy range with a pixel size of 45″ overlaid with the Chandra contour. Pixels with X-ray
PD > MDP99 have polarization vectors on top. The length of the black (white) lines indicates the PD measure in X-ray (radio), and orientation indicates the projected
magnetic field. (Bottom) The polarization protractor plot for pixels with the polarization vector overlaid on the top panel, covering the same region, with radius and
polar angle indicating the PD and PA, respectively.
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4. Discussions

We detect a high PD in the outskirt region of the Vela PWN.
For the most polarized region, at a confidence level of 90%
(95%), the PD is larger than ∼60% (∼55%) after background
subtraction. The maximum PD allowed by the synchrotron

mechanism for a power-law photon spectrum, with a photon
index of Γ, is given by Π= 3Γ/(3Γ+ 2) (Rybicki & Light-
man 2004). For the diffuse emission, with a spectral index of
1.3∼ 1.4 (i.e., Γ is 0.3∼ 0.4; Kargaltsev & Pavlov 2004;
Kargaltsev et al. 2008), the maximum PD is 66%∼ 67%. Thus
the observed PD of the outer diffuse emission is close to the

Figure 2. (Top) The PD map of the Vela PWN in the 2–5 keV energy range with a pixel size of 45″ overlaid with the Chandra contour. Pixels with X-ray
PD > MDP99 have polarization vectors on top. The length of the black (white) lines indicates the PD measure in X-ray (radio), and orientation indicates the projected
magnetic field. (Bottom) The polarization protractor plot for pixels with the polarization vector overlaid on the top panel, covering the same region, with radius and
polar angle indicating the PD and PA, respectively.

4

The Astrophysical Journal Letters, 959:L2 (7pp), 2023 December 10 Liu et al.

IXPE - VELA - RADIO VS X-RAY



Bucciantini - Pescara 2024 - MG17 23

IXPE - X-RAY POLARIMETRY - MSH 15-52

Center (HEASARC), 2014) was used to perform barycenter
corrections using the DE421 JPL ephemeris. ixpeobssim
V30.2.2 (Baldini et al. 2022) was used to do energy calibration,
detector WCS correction, bad aspect ratio corrections, and all
further analysis, including phase folding at the pulsar
ephemeris.

Background events were cleaned from the data following the
procedure of Di Marco et al. (2023). The residual instrumental
background was modeled from 1.5 Ms of cleaned IXPE source-
free exposure in the fields of several high-latitude sources (MGC-
5-23-16, 1ES 0299+200, PG 1553, PSR B0540−69, and IC
4329A). MSH 15−52 lies close to the Galactic ridge, so some
contribution from background X-rays is expected as well.
However, it covers most of the IXPE field of view, so we
cannot extract a local background spectrum directly from IXPE.
Instead, we use CXO observations to compute the background
flux, passed through the IXPE instrument response, south of the
thumb, finding a count rate ∼1.1× the instrumental background,
and so we increase the background spectrum surface brightness
by this factor. This unpolarized background surface brightness
(8.9× 10−8counts arcsec−2 s−1 det−1, 2–5.5 keV; 1.07× 10−7

counts arcsec−2 s−1 det−1, 2–8 keV) is scaled and subtracted
from the flux of each aperture.

Since DeLaney et al. (2006) have noted temporal variations
in the fine structure of the PWN, especially in knots near the
pulsar but also in the jet feature, we collected a contempora-
neous 28 ks CXO observation of the PWN (ObsIDs 23540,
27448) to have a current high-resolution image for comparison.

Figure 1 gives an overview of the IXPE polarization
measurements superimposed on an energy-coded image from
archival CXO exposures (ObsIDs 0754, 3833, 5534, 5535, 6116,
6117—204 ks live time total). Here we show the projected
magnetic field direction (orthogonal to the electric vector position
angle (EVPA)) measured on a 30″ grid, comparable to the
resolution of the IXPE point-spread function (PSF). Complex
polarization features extend throughout the nebula.
We can use the deep archival data to define nebula regions of

interest (Figure 2 and Table 2). This allows us to discuss the
polarization properties of extended regions too faint for high
signal-to-noise ratio mapping. The 2022 CXO image does show
small departures from the archival morphology; most are changes
in the shock structure near the pulsar, within the central IXPE
resolution element, although there are also small changes in the
jet ¢ ¢–1 2 from the pulsar. None affect the locations of our
extended regions. In the region near the pulsar, CXO maps show
an inner arc, not resolved by IXPE (Figure 3). Strong, high-
significance polarization follows the outer arc, as also seen in the
6 cm radio maps. The arc magnetic field structure extends, with
field lines parallel to the jet, in left and right “arc extensions.” It is
more faintly visible in the sheath regions flanking the X-ray-
bright jet. The field also clearly follows the curve of the thumb
region. All of these features are also discernible in the radio. In
addition, we measure fields paralleling the “finger” structures—in
the radio, these are lost to bright emission from shock in the SNR
shell. The shell interaction produces the low-energy X-ray
emission appearing in red and yellow to the north in Figure 1.
This thermal emission, near the edge of the IXPE field of view, is
unpolarized.
The general pattern of polarization in Figure 1 is as expected,

with the magnetic field lines following the filamentary nebula
structure. The highest fractional polarizations, in the outer arc,
thumb, and end of the jet, reach PD∼ 70% (after background
subtraction). By integrating over the regions of Figure 2, we

Figure 2. Morphological regions of interest on the IXPE combined DU1-3
2–8 keV image. The Hand’s “wrist” includes the bright jet and flanking
filament structures, divided here into several regions.

Figure 1. Overview of the MSH 15−52 complex, the “Cosmic Hand.” The
background energy-coded CXO image (0.5–1.2 keV = red, 1.2–2 keV =
green, 2–7 keV = blue) shows low-energy (red/yellow) emission from thermal
gas in G320.4−1.2 and harder nonthermal emission from the PWN.
Superposed are IXPE 2–8 keV PCUBE-derived bars showing the polarization
degree (PD, bar length in the legend is for PD = 1) and projected magnetic
field direction on a 30″ grid. Yellow bars show >5σ polarization detections,
thick white bars >3σ, and thin white bars >2σ. In general, the magnetic field
appears to follow the thumb, fingers, and other linear structures (see Figure 2
for region labels). Particularly strong polarization is associated with the arc,
especially to the northeast of the pulsar and with the far southeast end of the jet.
We have used a flux cut to trim anomalous vectors near the field-of-view edge.
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4. Discussion

The background-subtracted, leakage-corrected polarization
map (Figure 1) has several >5σ polarization regions. The most
significant (left arc extension) pixel has a background-
subtracted PD= 0.72± 0.08. A few low-count pixels near
the nebula edge have higher PD, the most extreme being in the
left arc extension, with PD= 0.87± 0.14. Thus, all pixels are
consistent with PD< 0.75 at the 1σ level. Other highly
polarized pixels are at the jet end (PD= 0.65± 0.12), the
thumb base (PD= 0.66± 0.11), and the index finger
(PD= 0.73± 0.20). The jet as a region is highly polarized
toward its end with PD= 0.83± 0.16 at its far (J3) end, if one
subtracts the adjacent sheath emission as a background. Thus,
as also seen in the Vela PWN (Xie et al. 2022), polarization
approaches PD= ΓX/(ΓX+ 2/3), the maximum allowed for
synchrotron polarization at the observed X-ray photon index
ΓX in a uniform magnetic field. For example, in the J3-Sh3
region, the maximum allowed value is PD= 0.72; the observed
polarization is 0.7σ above this value, consistent with a
statistical fluctuation.

In the inner region, simultaneous fitting lets us map fields
closer to the pulsar (Figure 4). Here again the strongest
polarization follows the outer arc and the left arc extension,
with a peak value of PD= 0.64± 0.14. There is also a
PD= 0.54± 0.19 polarized pixel of modest 2.8σ significance
located on the ridge of the inner arc. This should be a pure
nebula measurement, as it comes from the nebula portion of the
simultaneous fit, generated with the contemporaneous CXO-
defined structure, and has also been corrected for polarization
leakage. However, at only 15″ from the pulsar PSF peak, some
concern about systematic effects persists. At both scales,
polarization at the base of the jet is low.

Table 2 lists the average polarization degree and angle in the
larger regions defined in Figure 2. We can estimate the regions’
magnetic field strength under the assumption of equipartition.
For an optically thin region filled with relativistic electrons and

magnetic field emitting synchrotron radiation the equipartition
field is
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J−20(E1, E2)= 4πfX(E1, E2)d2/V is the observed emissivity (in
10−20 erg s−1 cm−3, between E1 keV and E2 keV), σB=wB/we

is the magnetization parameter, f is the filling factor, and Em

and EM are the minimum and maximum energies, in keV, of the
synchrotron spectrum with photon index Γ. We assume that the
structures are cylindrical, with diameter set to the observed
region width. We list the derived equipartition fields in Table 1
for σ= f= 1, Em= 0.01 keV, and EM= 10 keV.
MSH 15−52 is complex, but a few trends can be extracted

from Table 1. First, the fingers region is notably softer than the
bulk of the PWN. This may, in part, be due to contamination by
the soft thermal emission to the north. However, the “thumb”
with Γ= 1.92 is free of the thermal emission but still somewhat
softer than the outer arc. The hardest feature is, of course, the
“jet” as seen in the color image (Figure 1). This suggests that
this feature contains the freshest electron population and that
the outer features have suffered some synchrotron burn-off.
Indeed, the jet may represent a site of e± reacceleration, and the
low polarization at its base may be, in part, due to magnetic
turbulence and dissipation there. The spectral trends are
broadly consistent with those found by An et al. (2014). These
authors, using NuSTAR, infer a nebula-averaged spectral break
at ∼6 keV. Thus, the average CXO spectral indices shown here
should not resolve a full ΔΓ= 0.5 cooling break.
Our equipartition field estimates are, of course, subject to the

uncertain 3D geometry and f fill factor. There does seem to be
a trend of higher fields to the north, which may be associated
with compression from interaction with G320.4−1.2. We also
note that the equipartition field strength appears to decrease
along the jet, although the field becomes more uniform, as
shown by the PD increase as one moves away from the pulsar.
The field orientations for the morphological regions support

the pattern in Figure 1, with the arc and thumb fields well
aligned with the curved ridges. The mean “jet” field is oriented
∼25°–35° from the surrounding “sheath” regions. If we
imagine that these are 3D structures, with the sheath
surrounding the jet, we can subtract the mean sheath flux, to
find that the offset angle increases to ∼40°–50° and the residual
polarization is quite high at PD= 62%± 8%. The jet field is
not fully transverse to the jet axis, but the significant orthogonal
component might implicate a helical structure. We subdivided
the jet into three regions, finding a strongly increasing
polarization as one moves downstream. The B orientations do
not show a smooth trend, even after subtracting flanking sheath
fluxes. The brightest mid-jet region, however, has the largest
angle to the local jet axis at ≈50°.
Pulsar polarization can also be related to the PWN geometry.

Examining the CXO-measured fine structure in the inner
nebula, we see a general symmetry axis at ψ= 140° ± 5°.
PWN features are best described by tangential views of
structure in the MHD flow, as described by Komissarov &
Lyubarsky (2003), but the geometrical inferences from a torus–

Figure 4. 2–5.5 keV polarization bars (orthogonal to the EVPA), as determined
from simultaneous fitting inside the magenta region (cyan bars >4σ
significance, green bars >3σ, white bars >2σ; the labels at upper right show
the bar length for PD = 1). Here we employ a 15″ grid to better resolve the
pulsar from inner nebula structures. Background is the full-band CXO image.
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IXPE - X-RAY POLARIMETRY - MSH 15-52

Center (HEASARC), 2014) was used to perform barycenter
corrections using the DE421 JPL ephemeris. ixpeobssim
V30.2.2 (Baldini et al. 2022) was used to do energy calibration,
detector WCS correction, bad aspect ratio corrections, and all
further analysis, including phase folding at the pulsar
ephemeris.

Background events were cleaned from the data following the
procedure of Di Marco et al. (2023). The residual instrumental
background was modeled from 1.5 Ms of cleaned IXPE source-
free exposure in the fields of several high-latitude sources (MGC-
5-23-16, 1ES 0299+200, PG 1553, PSR B0540−69, and IC
4329A). MSH 15−52 lies close to the Galactic ridge, so some
contribution from background X-rays is expected as well.
However, it covers most of the IXPE field of view, so we
cannot extract a local background spectrum directly from IXPE.
Instead, we use CXO observations to compute the background
flux, passed through the IXPE instrument response, south of the
thumb, finding a count rate ∼1.1× the instrumental background,
and so we increase the background spectrum surface brightness
by this factor. This unpolarized background surface brightness
(8.9× 10−8counts arcsec−2 s−1 det−1, 2–5.5 keV; 1.07× 10−7

counts arcsec−2 s−1 det−1, 2–8 keV) is scaled and subtracted
from the flux of each aperture.

Since DeLaney et al. (2006) have noted temporal variations
in the fine structure of the PWN, especially in knots near the
pulsar but also in the jet feature, we collected a contempora-
neous 28 ks CXO observation of the PWN (ObsIDs 23540,
27448) to have a current high-resolution image for comparison.

Figure 1 gives an overview of the IXPE polarization
measurements superimposed on an energy-coded image from
archival CXO exposures (ObsIDs 0754, 3833, 5534, 5535, 6116,
6117—204 ks live time total). Here we show the projected
magnetic field direction (orthogonal to the electric vector position
angle (EVPA)) measured on a 30″ grid, comparable to the
resolution of the IXPE point-spread function (PSF). Complex
polarization features extend throughout the nebula.
We can use the deep archival data to define nebula regions of

interest (Figure 2 and Table 2). This allows us to discuss the
polarization properties of extended regions too faint for high
signal-to-noise ratio mapping. The 2022 CXO image does show
small departures from the archival morphology; most are changes
in the shock structure near the pulsar, within the central IXPE
resolution element, although there are also small changes in the
jet ¢ ¢–1 2 from the pulsar. None affect the locations of our
extended regions. In the region near the pulsar, CXO maps show
an inner arc, not resolved by IXPE (Figure 3). Strong, high-
significance polarization follows the outer arc, as also seen in the
6 cm radio maps. The arc magnetic field structure extends, with
field lines parallel to the jet, in left and right “arc extensions.” It is
more faintly visible in the sheath regions flanking the X-ray-
bright jet. The field also clearly follows the curve of the thumb
region. All of these features are also discernible in the radio. In
addition, we measure fields paralleling the “finger” structures—in
the radio, these are lost to bright emission from shock in the SNR
shell. The shell interaction produces the low-energy X-ray
emission appearing in red and yellow to the north in Figure 1.
This thermal emission, near the edge of the IXPE field of view, is
unpolarized.
The general pattern of polarization in Figure 1 is as expected,

with the magnetic field lines following the filamentary nebula
structure. The highest fractional polarizations, in the outer arc,
thumb, and end of the jet, reach PD∼ 70% (after background
subtraction). By integrating over the regions of Figure 2, we

Figure 2. Morphological regions of interest on the IXPE combined DU1-3
2–8 keV image. The Hand’s “wrist” includes the bright jet and flanking
filament structures, divided here into several regions.

Figure 1. Overview of the MSH 15−52 complex, the “Cosmic Hand.” The
background energy-coded CXO image (0.5–1.2 keV = red, 1.2–2 keV =
green, 2–7 keV = blue) shows low-energy (red/yellow) emission from thermal
gas in G320.4−1.2 and harder nonthermal emission from the PWN.
Superposed are IXPE 2–8 keV PCUBE-derived bars showing the polarization
degree (PD, bar length in the legend is for PD = 1) and projected magnetic
field direction on a 30″ grid. Yellow bars show >5σ polarization detections,
thick white bars >3σ, and thin white bars >2σ. In general, the magnetic field
appears to follow the thumb, fingers, and other linear structures (see Figure 2
for region labels). Particularly strong polarization is associated with the arc,
especially to the northeast of the pulsar and with the far southeast end of the jet.
We have used a flux cut to trim anomalous vectors near the field-of-view edge.
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4. Discussion

The background-subtracted, leakage-corrected polarization
map (Figure 1) has several >5σ polarization regions. The most
significant (left arc extension) pixel has a background-
subtracted PD= 0.72± 0.08. A few low-count pixels near
the nebula edge have higher PD, the most extreme being in the
left arc extension, with PD= 0.87± 0.14. Thus, all pixels are
consistent with PD< 0.75 at the 1σ level. Other highly
polarized pixels are at the jet end (PD= 0.65± 0.12), the
thumb base (PD= 0.66± 0.11), and the index finger
(PD= 0.73± 0.20). The jet as a region is highly polarized
toward its end with PD= 0.83± 0.16 at its far (J3) end, if one
subtracts the adjacent sheath emission as a background. Thus,
as also seen in the Vela PWN (Xie et al. 2022), polarization
approaches PD= ΓX/(ΓX+ 2/3), the maximum allowed for
synchrotron polarization at the observed X-ray photon index
ΓX in a uniform magnetic field. For example, in the J3-Sh3
region, the maximum allowed value is PD= 0.72; the observed
polarization is 0.7σ above this value, consistent with a
statistical fluctuation.

In the inner region, simultaneous fitting lets us map fields
closer to the pulsar (Figure 4). Here again the strongest
polarization follows the outer arc and the left arc extension,
with a peak value of PD= 0.64± 0.14. There is also a
PD= 0.54± 0.19 polarized pixel of modest 2.8σ significance
located on the ridge of the inner arc. This should be a pure
nebula measurement, as it comes from the nebula portion of the
simultaneous fit, generated with the contemporaneous CXO-
defined structure, and has also been corrected for polarization
leakage. However, at only 15″ from the pulsar PSF peak, some
concern about systematic effects persists. At both scales,
polarization at the base of the jet is low.

Table 2 lists the average polarization degree and angle in the
larger regions defined in Figure 2. We can estimate the regions’
magnetic field strength under the assumption of equipartition.
For an optically thin region filled with relativistic electrons and

magnetic field emitting synchrotron radiation the equipartition
field is
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J−20(E1, E2)= 4πfX(E1, E2)d2/V is the observed emissivity (in
10−20 erg s−1 cm−3, between E1 keV and E2 keV), σB=wB/we

is the magnetization parameter, f is the filling factor, and Em

and EM are the minimum and maximum energies, in keV, of the
synchrotron spectrum with photon index Γ. We assume that the
structures are cylindrical, with diameter set to the observed
region width. We list the derived equipartition fields in Table 1
for σ= f= 1, Em= 0.01 keV, and EM= 10 keV.
MSH 15−52 is complex, but a few trends can be extracted

from Table 1. First, the fingers region is notably softer than the
bulk of the PWN. This may, in part, be due to contamination by
the soft thermal emission to the north. However, the “thumb”
with Γ= 1.92 is free of the thermal emission but still somewhat
softer than the outer arc. The hardest feature is, of course, the
“jet” as seen in the color image (Figure 1). This suggests that
this feature contains the freshest electron population and that
the outer features have suffered some synchrotron burn-off.
Indeed, the jet may represent a site of e± reacceleration, and the
low polarization at its base may be, in part, due to magnetic
turbulence and dissipation there. The spectral trends are
broadly consistent with those found by An et al. (2014). These
authors, using NuSTAR, infer a nebula-averaged spectral break
at ∼6 keV. Thus, the average CXO spectral indices shown here
should not resolve a full ΔΓ= 0.5 cooling break.
Our equipartition field estimates are, of course, subject to the

uncertain 3D geometry and f fill factor. There does seem to be
a trend of higher fields to the north, which may be associated
with compression from interaction with G320.4−1.2. We also
note that the equipartition field strength appears to decrease
along the jet, although the field becomes more uniform, as
shown by the PD increase as one moves away from the pulsar.
The field orientations for the morphological regions support

the pattern in Figure 1, with the arc and thumb fields well
aligned with the curved ridges. The mean “jet” field is oriented
∼25°–35° from the surrounding “sheath” regions. If we
imagine that these are 3D structures, with the sheath
surrounding the jet, we can subtract the mean sheath flux, to
find that the offset angle increases to ∼40°–50° and the residual
polarization is quite high at PD= 62%± 8%. The jet field is
not fully transverse to the jet axis, but the significant orthogonal
component might implicate a helical structure. We subdivided
the jet into three regions, finding a strongly increasing
polarization as one moves downstream. The B orientations do
not show a smooth trend, even after subtracting flanking sheath
fluxes. The brightest mid-jet region, however, has the largest
angle to the local jet axis at ≈50°.
Pulsar polarization can also be related to the PWN geometry.

Examining the CXO-measured fine structure in the inner
nebula, we see a general symmetry axis at ψ= 140° ± 5°.
PWN features are best described by tangential views of
structure in the MHD flow, as described by Komissarov &
Lyubarsky (2003), but the geometrical inferences from a torus–

Figure 4. 2–5.5 keV polarization bars (orthogonal to the EVPA), as determined
from simultaneous fitting inside the magenta region (cyan bars >4σ
significance, green bars >3σ, white bars >2σ; the labels at upper right show
the bar length for PD = 1). Here we employ a 15″ grid to better resolve the
pulsar from inner nebula structures. Background is the full-band CXO image.
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jet picture with cylindrical symmetry are robust. As for the
Crab, there is a subluminous zone surrounding the pulsar, first
described for MSH 15−52 by Yatsu et al. (2009), which marks

the equatorial flow prior to the termination shock (marked in
Figure 3 by an ellipse). For the Crab this zone is bracketed by
the inner ring and wisps. The Crab wisps are brighter to the
northwest, and if interpreted as due to Doppler boosting in
mildly relativistic post-shock flow (Ng & Romani 2008), this
determines the 3D orientation of the spin axis. For MSH 15−52

the zone has no bright edge and the Doppler boosting is not
obvious. So while the ellipticity of the zone constrains the spin
axis inclination to the Earth line of sight, both i= 60° ± 2° with
the southeast axis out of the plane of the sky (since the “jet” to
the southeast would then approach us, we call this the “jet”
solution) and i= 120° ± 2° with that axis into the plane of the
sky (the “C-jet” solution) are viable. One might interpret the
blob of polar emission to the northwest in Figure 3 as a Doppler
boosted “jet.” However, it is diffuse and is more likely outflow
analogous to the dome of PWN emission northwest of the
Crab, rather than a collimated relativistic jet flow.
We can compare this geometry with that inferred from radio

pulsar polarization measurements. Figure 5 shows Parkes
1.4 GHz EVPA values, referenced to infinite frequency for a
rotation measure of RM= 216.0 rad m−2 (Johnston & Weisberg
2006), where phase bins with linear polarization detected with
>2.5σ significance are plotted. Traditionally one fits the EVPA
data ψ(f) to the rotating vector model (RVM; Radhakrishnan
& Cooke 1969), which can be generalized to include the effect
of Doppler boosting of the rotating emission point at height
h= r/RLC as (e.g., Poutanen 2020)

y y
q f f q q f f

q f f q q f f

-

=
- + + -

- - - -

( )
( ) [ ( )]

( ) ( )
h i i

i i h

tan
sin sin sin sin cos cos cos

cos sin cos sin cos cos sin
,

0

0 0

0 0

where h≈ 0 for the low-altitude radio emission. Here i is the
inclination of the spin axis to the line of sight, θ is the angle
between the magnetic and spin axes, and the magnetic axis
passes closest to the line of sight at f= f0 with impact

Table 1
CXO Spectral Measurements and IXPE PCUBE Polarizations for the Regions of Figure 2

Region Flux ΓX BEq Q U Q, U err PD ψ Sig
(0.5–8 keV) (μG) (deg)

Fingers 26.98 2.35 ± 0.01 21 −0.119 0.114 0.022 0.165 ± 0.022 68.0 ± 3.8 7.5
Index 5.64 2.22 ± 0.01 24 −0.216 0.065 0.044 0.225 ± 0.044 81.7 ± 5.6 5.1
Middle 6.65 2.34 ± 0.01 29 −0.055 0.183 0.043 0.191 ± 0.043 53.3 ± 6.5 4.4
Ring 4.95 2.26 ± 0.02 22 −0.177 0.121 0.050 0.214 ± 0.050 72.8 ± 6.7 4.3
Thumbb 6.15 1.92 ± 0.01 16 0.313 −0.085 0.038 0.324 ± 0.038 −7.6 ± 3.4 8.4
Outer arcb 6.38 1.87 ± 0.01 27 0.348 −0.020 0.026 0.348 ± 0.026 −1.7 ± 2.1 13.5
ArcExt L 4.10 1.93 ± 0.01 22 0.084 0.412 0.043 0.421 ± 0.043 39.2 ± 2.9 9.7
ArcExt R 9.12 1.84 ± 0.01 16 −0.109 0.075 0.027 0.133 ± 0.027 72.7 ± 5.9 4.9
Jet 15.81 1.69 ± 0.01 18 0.238 0.089 0.021 0.254 ± 0.021 10.2 ± 2.3 12.2
Sheath L 3.47 1.77 ± 0.02 16 −0.001 0.142 0.034 0.142 ± 0.034 45.2 ± 6.9 4.2
Sheath R 9.68 1.80 ± 0.01 20 0.092 0.256 0.025 0.272 ± 0.025 35.1 ± 2.6 11.0
Jet-sheatha 0.602 −0.146 0.075 0.620 ± 0.075 −6.8 ± 3.4 8.3
J1 4.58 1.64 ± 0.01 25 0.012 0.173 0.037 0.173 ± 0.037 43.1 ± 6.1 4.7
J2 6.54 1.74 ± 0.01 19 0.276 0.034 0.035 0.278 ± 0.035 3.5 ± 3.6 8.0
J3 4.59 1.67 ± 0.01 16 0.466 0.053 0.041 0.469 ± 0.041 3.2 ± 2.5 11.5
J1-Sh1a 0.281 0.123 0.109 0.307 ± 0.109 11.8 ± 10.1 2.8
J2-Sh2a 0.526 −0.293 0.090 0.602 ± 0.090 −14.6 ± 4.3 6.7
J3-Sh3a 0.819 −0.145 0.159 0.831 ± 0.159 −5.0 ± 5.3 5.2

Notes. ΓX—photon index; 0.3–8 keV unabsorbed fluxes in 10−12 erg cm−2 s−1 (spectral fits include a common PhAbs model NH = 8.96 ± 0.04 × 1021 cm−2

absorption); equiparttition fields are for σ = f = 1. PD—polarization fraction; ψ—EVPA.
a Average of flanking background subtracted for jet and jet subregions.
b (Outer arc, thumb) polarization measured along an arc; ψ = 0° represents a B field oriented along the arc.

Figure 5. Top: IXPE phase bin PA estimates (green; q and u values available
as data behind figure). The blue circled bin at pulse center is individually
significant (3.7σ); cyan circled points are at 2σ–3σ. The radio PAs (red) can be
fit (excluding the circled point) with the normal mode (magenta) and
orthogonal mode (red) i ∼ 60° models. For the i ∼ 120° model only the
orthogonal mode solution is tenable. Note that the i ∼ 60° models better
accommodate the late radio point and the X-ray data. A somewhat better match
can be found for the orthogonal mode model when the X-ray emission is at
higher altitude, with modest altitude h (dashed curve). Bottom: IXPE pulsar
light curve (blue), Parkes 1.4 GHz light curve (red).
(The data used to create this figure are available.)
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jet picture with cylindrical symmetry are robust. As for the
Crab, there is a subluminous zone surrounding the pulsar, first
described for MSH 15−52 by Yatsu et al. (2009), which marks

the equatorial flow prior to the termination shock (marked in
Figure 3 by an ellipse). For the Crab this zone is bracketed by
the inner ring and wisps. The Crab wisps are brighter to the
northwest, and if interpreted as due to Doppler boosting in
mildly relativistic post-shock flow (Ng & Romani 2008), this
determines the 3D orientation of the spin axis. For MSH 15−52

the zone has no bright edge and the Doppler boosting is not
obvious. So while the ellipticity of the zone constrains the spin
axis inclination to the Earth line of sight, both i= 60° ± 2° with
the southeast axis out of the plane of the sky (since the “jet” to
the southeast would then approach us, we call this the “jet”
solution) and i= 120° ± 2° with that axis into the plane of the
sky (the “C-jet” solution) are viable. One might interpret the
blob of polar emission to the northwest in Figure 3 as a Doppler
boosted “jet.” However, it is diffuse and is more likely outflow
analogous to the dome of PWN emission northwest of the
Crab, rather than a collimated relativistic jet flow.
We can compare this geometry with that inferred from radio

pulsar polarization measurements. Figure 5 shows Parkes
1.4 GHz EVPA values, referenced to infinite frequency for a
rotation measure of RM= 216.0 rad m−2 (Johnston & Weisberg
2006), where phase bins with linear polarization detected with
>2.5σ significance are plotted. Traditionally one fits the EVPA
data ψ(f) to the rotating vector model (RVM; Radhakrishnan
& Cooke 1969), which can be generalized to include the effect
of Doppler boosting of the rotating emission point at height
h= r/RLC as (e.g., Poutanen 2020)
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where h≈ 0 for the low-altitude radio emission. Here i is the
inclination of the spin axis to the line of sight, θ is the angle
between the magnetic and spin axes, and the magnetic axis
passes closest to the line of sight at f= f0 with impact

Table 1
CXO Spectral Measurements and IXPE PCUBE Polarizations for the Regions of Figure 2

Region Flux ΓX BEq Q U Q, U err PD ψ Sig
(0.5–8 keV) (μG) (deg)

Fingers 26.98 2.35 ± 0.01 21 −0.119 0.114 0.022 0.165 ± 0.022 68.0 ± 3.8 7.5
Index 5.64 2.22 ± 0.01 24 −0.216 0.065 0.044 0.225 ± 0.044 81.7 ± 5.6 5.1
Middle 6.65 2.34 ± 0.01 29 −0.055 0.183 0.043 0.191 ± 0.043 53.3 ± 6.5 4.4
Ring 4.95 2.26 ± 0.02 22 −0.177 0.121 0.050 0.214 ± 0.050 72.8 ± 6.7 4.3
Thumbb 6.15 1.92 ± 0.01 16 0.313 −0.085 0.038 0.324 ± 0.038 −7.6 ± 3.4 8.4
Outer arcb 6.38 1.87 ± 0.01 27 0.348 −0.020 0.026 0.348 ± 0.026 −1.7 ± 2.1 13.5
ArcExt L 4.10 1.93 ± 0.01 22 0.084 0.412 0.043 0.421 ± 0.043 39.2 ± 2.9 9.7
ArcExt R 9.12 1.84 ± 0.01 16 −0.109 0.075 0.027 0.133 ± 0.027 72.7 ± 5.9 4.9
Jet 15.81 1.69 ± 0.01 18 0.238 0.089 0.021 0.254 ± 0.021 10.2 ± 2.3 12.2
Sheath L 3.47 1.77 ± 0.02 16 −0.001 0.142 0.034 0.142 ± 0.034 45.2 ± 6.9 4.2
Sheath R 9.68 1.80 ± 0.01 20 0.092 0.256 0.025 0.272 ± 0.025 35.1 ± 2.6 11.0
Jet-sheatha 0.602 −0.146 0.075 0.620 ± 0.075 −6.8 ± 3.4 8.3
J1 4.58 1.64 ± 0.01 25 0.012 0.173 0.037 0.173 ± 0.037 43.1 ± 6.1 4.7
J2 6.54 1.74 ± 0.01 19 0.276 0.034 0.035 0.278 ± 0.035 3.5 ± 3.6 8.0
J3 4.59 1.67 ± 0.01 16 0.466 0.053 0.041 0.469 ± 0.041 3.2 ± 2.5 11.5
J1-Sh1a 0.281 0.123 0.109 0.307 ± 0.109 11.8 ± 10.1 2.8
J2-Sh2a 0.526 −0.293 0.090 0.602 ± 0.090 −14.6 ± 4.3 6.7
J3-Sh3a 0.819 −0.145 0.159 0.831 ± 0.159 −5.0 ± 5.3 5.2

Notes. ΓX—photon index; 0.3–8 keV unabsorbed fluxes in 10−12 erg cm−2 s−1 (spectral fits include a common PhAbs model NH = 8.96 ± 0.04 × 1021 cm−2

absorption); equiparttition fields are for σ = f = 1. PD—polarization fraction; ψ—EVPA.
a Average of flanking background subtracted for jet and jet subregions.
b (Outer arc, thumb) polarization measured along an arc; ψ = 0° represents a B field oriented along the arc.

Figure 5. Top: IXPE phase bin PA estimates (green; q and u values available
as data behind figure). The blue circled bin at pulse center is individually
significant (3.7σ); cyan circled points are at 2σ–3σ. The radio PAs (red) can be
fit (excluding the circled point) with the normal mode (magenta) and
orthogonal mode (red) i ∼ 60° models. For the i ∼ 120° model only the
orthogonal mode solution is tenable. Note that the i ∼ 60° models better
accommodate the late radio point and the X-ray data. A somewhat better match
can be found for the orthogonal mode model when the X-ray emission is at
higher altitude, with modest altitude h (dashed curve). Bottom: IXPE pulsar
light curve (blue), Parkes 1.4 GHz light curve (red).
(The data used to create this figure are available.)
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Center (HEASARC), 2014) was used to perform barycenter
corrections using the DE421 JPL ephemeris. ixpeobssim
V30.2.2 (Baldini et al. 2022) was used to do energy calibration,
detector WCS correction, bad aspect ratio corrections, and all
further analysis, including phase folding at the pulsar
ephemeris.

Background events were cleaned from the data following the
procedure of Di Marco et al. (2023). The residual instrumental
background was modeled from 1.5 Ms of cleaned IXPE source-
free exposure in the fields of several high-latitude sources (MGC-
5-23-16, 1ES 0299+200, PG 1553, PSR B0540−69, and IC
4329A). MSH 15−52 lies close to the Galactic ridge, so some
contribution from background X-rays is expected as well.
However, it covers most of the IXPE field of view, so we
cannot extract a local background spectrum directly from IXPE.
Instead, we use CXO observations to compute the background
flux, passed through the IXPE instrument response, south of the
thumb, finding a count rate ∼1.1× the instrumental background,
and so we increase the background spectrum surface brightness
by this factor. This unpolarized background surface brightness
(8.9× 10−8counts arcsec−2 s−1 det−1, 2–5.5 keV; 1.07× 10−7

counts arcsec−2 s−1 det−1, 2–8 keV) is scaled and subtracted
from the flux of each aperture.

Since DeLaney et al. (2006) have noted temporal variations
in the fine structure of the PWN, especially in knots near the
pulsar but also in the jet feature, we collected a contempora-
neous 28 ks CXO observation of the PWN (ObsIDs 23540,
27448) to have a current high-resolution image for comparison.

Figure 1 gives an overview of the IXPE polarization
measurements superimposed on an energy-coded image from
archival CXO exposures (ObsIDs 0754, 3833, 5534, 5535, 6116,
6117—204 ks live time total). Here we show the projected
magnetic field direction (orthogonal to the electric vector position
angle (EVPA)) measured on a 30″ grid, comparable to the
resolution of the IXPE point-spread function (PSF). Complex
polarization features extend throughout the nebula.
We can use the deep archival data to define nebula regions of

interest (Figure 2 and Table 2). This allows us to discuss the
polarization properties of extended regions too faint for high
signal-to-noise ratio mapping. The 2022 CXO image does show
small departures from the archival morphology; most are changes
in the shock structure near the pulsar, within the central IXPE
resolution element, although there are also small changes in the
jet ¢ ¢–1 2 from the pulsar. None affect the locations of our
extended regions. In the region near the pulsar, CXO maps show
an inner arc, not resolved by IXPE (Figure 3). Strong, high-
significance polarization follows the outer arc, as also seen in the
6 cm radio maps. The arc magnetic field structure extends, with
field lines parallel to the jet, in left and right “arc extensions.” It is
more faintly visible in the sheath regions flanking the X-ray-
bright jet. The field also clearly follows the curve of the thumb
region. All of these features are also discernible in the radio. In
addition, we measure fields paralleling the “finger” structures—in
the radio, these are lost to bright emission from shock in the SNR
shell. The shell interaction produces the low-energy X-ray
emission appearing in red and yellow to the north in Figure 1.
This thermal emission, near the edge of the IXPE field of view, is
unpolarized.
The general pattern of polarization in Figure 1 is as expected,

with the magnetic field lines following the filamentary nebula
structure. The highest fractional polarizations, in the outer arc,
thumb, and end of the jet, reach PD∼ 70% (after background
subtraction). By integrating over the regions of Figure 2, we

Figure 2. Morphological regions of interest on the IXPE combined DU1-3
2–8 keV image. The Hand’s “wrist” includes the bright jet and flanking
filament structures, divided here into several regions.

Figure 1. Overview of the MSH 15−52 complex, the “Cosmic Hand.” The
background energy-coded CXO image (0.5–1.2 keV = red, 1.2–2 keV =
green, 2–7 keV = blue) shows low-energy (red/yellow) emission from thermal
gas in G320.4−1.2 and harder nonthermal emission from the PWN.
Superposed are IXPE 2–8 keV PCUBE-derived bars showing the polarization
degree (PD, bar length in the legend is for PD = 1) and projected magnetic
field direction on a 30″ grid. Yellow bars show >5σ polarization detections,
thick white bars >3σ, and thin white bars >2σ. In general, the magnetic field
appears to follow the thumb, fingers, and other linear structures (see Figure 2
for region labels). Particularly strong polarization is associated with the arc,
especially to the northeast of the pulsar and with the far southeast end of the jet.
We have used a flux cut to trim anomalous vectors near the field-of-view edge.
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to the PWN and PSR components in each of the several spatial
and phase data bins. In this case, the 4–6 keV data were binned
into 10 0.1-width phase windows and a 9× 9 grid of 10″ pixels
centered on the pulsar. The spatial binning helps separate the
PSF-like PSR emission from the slightly broadened distribution
from the PWN component. A simultaneous fit extracts the
PWN and PSR contributions.

To generate the energy-resolved nebula model, we passed an
archival Chandra ACIS observation (ObsID 119) through
IXPEOBSSIM V30.1 to account for the IXPE instrument
response. Since we will add in a PSF-broadened phase-
resolved pulsar component, we avoid double counting by
removing the PSR point source from the image, excising a
r∼ 1 2 region around the pulsar and replacing it with a sample
of events from two regions, each r∼ 0 9 on either side of the
excised region, using the average count rate.

The PSR B0540-69 light curve model was constructed from
IXPE itself, by taking 2–8 keV photons within a 100″ radius
aperture, subtracting a background estimated from the 0.1–0.3
phase window, and binning into 50 equal-spaced phase bins.
These counts were converted to specific flux (s−1 cm−2 keV−1)
using the pulsed photon index measured by Kaaret et al. (2001)
Γ= 1.83, assumed to be constant with phase. This power-law
flux model along with the ephemeris described above was
passed through IXPEOBSSIM to build the phase-resolved pulsar
count model. A modest scaling was applied to both PSR and
PWN components to match the total observed IXPE flux. We
then made a least-squares fit to obtain the best-fit polarization
parameters.
Figures 6 and 7 and Table 4 display the pulsar polarization fit.

We detect polarization at f = 0.5–0.6 with PD= 68.1%± 20.2%
and f = 0.8–0.9 with PD= 62.4%± 20.1%. These two phase
bins are located at the boundaries of the broad peak, bracketing
two 2σ significance bins at lower (∼45%) PD. One of these is at
2.99σ significance with PD= 49.5%± 16.6%. This polarization

Figure 4. Normalized Stokes parameters Q/I and U/I for different DU from
phase-averaged analysis as measured with the PCUBE algorithm in IXPEOBS-
SIM and XSPEC.

Figure 5. Polarization properties of the PSR B0540-69 and its nebula in
4–6 keV energy band. Normalized Stokes parameters for the background-
subtracted nebula emission (phase bin f = 0–0.35, in blue) and for the nebula-
subtracted pulse emission (f = 0.5–0.9, in red). The errors are for 1σ standard
deviation.

Figure 3. Spectral joint fit for the phase-averaged I, Q, and U Stokes fluxes in the 2–8 keV energy band using three IXPE detectors and the const∗tbabs∗polpow
model. Fit values are tabulated in Table 2. The average background I spectrum is reported in black.
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Figure 4. Broad-band optical spectra for the selected areas shown in Fig. 3.
In the top panel we show the ‘blob’ spectrum in red for 2007 and black for
1999. For the 2007 ‘blob’ spectrum we have applied a 0.4-arcsec shift for
the aperture, corresponding to a 0.04c motion of the ‘blob’, as suggested
by De Luca et al. (2007). For the spectral fit of this spectrum, we have
omitted the F336W data (see text). The sensitivity of the F336W to where
the aperture is placed is shown in the plot. Data in other bands are less
sensitive (see Section 3.6). For the ‘antiblob’ we did not apply any shift in
aperture position between 1999 and 2007.

and perhaps close to the ‘antiblob’ position, could point to shock
activity (present or past) in those regions.

We can also see two maxima in polarized flux well above 3σ on
the same side as the ‘blob’, but at ∼2.3 and ∼2.8 arcsec away from
the pulsar. For the one at ∼2.3 arcsec, the position angle swings
away from being parallel to the symmetry axis to being perpendicu-
lar, and at ∼2.8 arcsec the electric vector is parallel to that between
the pulsar and the ‘blob’. Note that the polarized flux is almost as
bright in those regions as it is at the ‘blob’ position. We see a weak,
but similar trend, also on the opposite side of the pulsar, outside the
‘antiblob’ position.

3.4 X-ray counterpart of the ‘blob’

To investigate how the X-ray emission correlates with the optical
and polarization data, we carefully aligned the optical and X-ray
images as described in Section 2.4, and extracted intensity profiles
along major and minor PWN symmetry axes. We chose 0.8 ×
10 arcsec2 slit size to cover the ‘blob’ in the best way, taking into
account the resolution of different instruments.

Figs 8 and 9 show an optical image in F547M taken in 1999
October and an X-ray image in HRC-I taken in 2000 June, with
their respective profiles. The position of the ‘blob’ is marked by
vertical dotted line at the bottom panel in Fig. 8 (see also the left-
hand panel of Fig. 11 for the 2006 Chandra/ACIS data). The spatial

Figure 5. Continuum intensity (Stokes I) image at 602 nm of the PWN
centred on PSR B0540−69.3 with overlaid linear polarization vectors. The
size of the vector is degree of polarization in per cents, while orientation of a
vector is the position angle of linear polarization. A horizontal tick mark to
the lower right shows 10 per cent degree of polarization. The major axis of
the nebula, used for Fig. 7, is marked by a solid line going from north-east
to south-west, cutting across the pulsar and the ‘blob’ seen here in yellow.
The x and y axes show distances north and west of the pulsar in arcseconds.

Figure 6. Polarized flux (Stokes
√

Q2 + U2) as a function of optical bright-
ness (Stokes I) over the whole PWN in 2007. Note the weak correlation
between polarized flux and intensity. The ‘blob’ area is the region with the
highest intensity and smallest error bar in polarized flux.

profile clearly shows a maximum of flux from that area. As can
be seen in the bottom panel in Fig. 9 the same optical coordinates
correspond to a maximum of flux from the ‘blob’ area also in X-rays.
This clearly shows that the enhanced X-ray and optical radiation
come from the same area.

We have performed the same investigation for the second epoch
for which we have near-coincident optical and X-ray data, i.e. for
2005/2006. The optical emission shows a change in morphology of
the ‘blob’ as discussed later in the paper, while the X-ray emission

C© 2011 The Authors, MNRAS 413, 611–627
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/413/1/611/1065109 by gforti user on 03 June 2024

annular region with inner and outer radii of 180″ and 280″,
respectively, both centered on the pulsar, as shown in Figure 2.
The background region was chosen to avoid the edge of the
instrument field of view (see Di Marco et al. 2023). This
analysis is performed both with the model-independent PCUBE
algorithm in IXPEOBSSIM software (Baldini et al. 2022) and
with XSPEC (v.12.13.0c) spectro-polarimetric forward fitting
(Arnaud 1996). No significant polarization is detected in the
full 2–8 keV IXPE band. With the PCUBE analysis, we have
the normalized Stokes parameters Q/I=− 0.018± 0.017 and
U/I= 0.015± 0.017 combining the three DUs, giving an
upper limit of 5.3% for MDP99.

Spectro-polarimetric analysis is performed using XSPEC to
jointly fit the three DUs in a two-step procedure. In the first
step, the I energy distribution is fitted with a spectral model. In
the second step, the spectral model is fixed, while U and Q are
fitted. This method thus does a joint forward-folded fit of the
Stokes fluxes to the binned I, Q, U spectra with the fixed
spectral model. We applied a constant energy binning of
200 eV for the I, Q, and U data.

The PSR B0540-69 PWN binned I spectra from the three
DUs were fitted with the model CONST∗TBABS∗POWERLAW,
where const accounts for uncertainties in the absolute
effective area of the three DUs and tbabs takes into account
the interstellar absorption. Here, we fixed the column density to
NH= 4.6× 1021 cm−2 as measured by Chandra (Kaaret et al.
2001). The best-fit I spectra and models for the three DUs are
shown in the left panel of Figure 3; best-fit values are reported
in Table 2. These spectral fit values are in agreement with those
of Kaaret et al. (2001). Fixing spectral parameters from I and
fitting with polconst of XSPEC provides the 2–8 keV Q and U
spectra (Figure 3, right panels). These 2–8 keV band-averaged,
aperture-averaged (100″ radius) PD and angle measurements are
summarized in Figure 4. The results are consistent between the
three DUs and the two different analysis methods.

4.2. Phase-resolved Analysis

4.2.1. Off-pulse

We can use phase-resolved analysis to decompose the PWN
X-ray emission from that of the pulsar. For this analysis, the
source and background regions are the same as for the phase-
averaged treatment. We define the phase range f= 0–0.35 as
the off-pulse (Figure 5). From prior IXPE Crab analysis, we

have seen that the wide point-spread function (PSF) wings
place some photons in the background aperture. Therefore we
take the nebula background from the same 0–0.35 phase
window to minimize pulsar contamination. We do not detect a
significant off-pulse (PWN) polarization in the full 2–8 keV
IXPE range, with Q/I=− 0.049± 0.025, U/I= 0.020±
0.025, and a PD below the MDP99 of 7.6%.
Then we performed an energy-dependent analysis by dividing

the data into three energy ranges: 2–4, 4–6, and 6–8 keV. Results
of the normalized Stokes parameters Q/I and U/I are listed in
Table 3. In the 4–6 keV range, the PD 24.5%± 5.3% at
PA= (78.1± 6.2)° is detected at 4.6σ significance. The angle is
consistent with the (79± 5)° optical PA (Chanan &
Helfand 1990).

4.2.2. On-pulse

In a first analysis of the pulse phase polarization, we
collected photons from phase range f = 0.5–0.9 in a simple
60″ aperture. For background, including nebula emission, we
used photons from phase 0–0.35 (Figure 5). While no
polarization is detected in the full 2–8 keV range, we do find
a 3.8σ detection in the 4–6 keV band, with results of the
normalized Stokes parameters listed in Table 3. In the 4–6 keV
band, the Q/I and U/I before background subtraction are
0.070± 0.037 and 0.074± 0.037, and after background
subtraction they are 0.488± 0.131 and 0.108± 0.129, resulting
in a PD= (50.0± 13.1)% and PA= (6.2± 7.4)°. Since the
PWN is softer than the PSR and since residual particle
background increasingly dominates at high energy, detection in
an intermediate energy band is not unexpected.
Pulsar radio polarization often follows a rotating vector

model (RVM) sweep, which could reduce the average PD in
the broad on-pulse window. We attempted an RVM fit, but this
did not significantly enhance the PD signal.
As a second analysis, we employed “simultaneous” fitting as

described in Wong et al. (2023). This method uses external,
Chandra-derived models for the spatial and spectral flux of the
PWN and the phase-dependent PSR emission to assign weights

Figure 2. Total nebula source (white 100″ radius circle) and background (cyan
annulus, inner radius 180″, outer radius 280″) regions shown on images from
DU1. Intensity is on a logarithmic scale to bring out the faint background.

Table 2
Main Results of the Phase-averaged Spectro-polarimetric Analysis

CONSTANT∗TBABS∗POWERLAW

Model Parameter Value
TBABS NH (1022 cm−2) 0.46 (frozen)

POWERLAW Γ -
+2.081 0.016

0.014

NORM (photon keV−1 cm−2 s−1) -
+0.01594 0.00027

0.00024

Cross normalization factors
CDU1 1.0 (frozen)
CDU2 -

+0.953 0.002
0.002

CDU3 -
+0.871 0.001

0.002

χ2/dof = 449.5/439 = 1.06

POLCONST∗CONSTANT∗TBABS∗POWERLAW

POLCONST PD (%) -
+3.3 1.3

1.3

PA (°) -
+68 11

11

χ2/dof = 248.6/259 = 0.96

Note. Uncertainties are at 68% CL.

4

The Astrophysical Journal, 962:92 (9pp), 2024 February 10 Xie et al.

Optical PWN PD ~ 
6% (max 30%) 

PSR PD ~ 6-16%

X-ray PWN PD ~25% 
in agreement wrt 

Optical

X-ray PSR PD~50% 
seems anti-aligned 

wrt nebular axis

Lundquiost et al 2016



Bucciantini - Pescara 2024 - MG17 25

IXPE - X-RAY POLARIMETRY - SNR B0540
Fei et al 2023

to the PWN and PSR components in each of the several spatial
and phase data bins. In this case, the 4–6 keV data were binned
into 10 0.1-width phase windows and a 9× 9 grid of 10″ pixels
centered on the pulsar. The spatial binning helps separate the
PSF-like PSR emission from the slightly broadened distribution
from the PWN component. A simultaneous fit extracts the
PWN and PSR contributions.

To generate the energy-resolved nebula model, we passed an
archival Chandra ACIS observation (ObsID 119) through
IXPEOBSSIM V30.1 to account for the IXPE instrument
response. Since we will add in a PSF-broadened phase-
resolved pulsar component, we avoid double counting by
removing the PSR point source from the image, excising a
r∼ 1 2 region around the pulsar and replacing it with a sample
of events from two regions, each r∼ 0 9 on either side of the
excised region, using the average count rate.

The PSR B0540-69 light curve model was constructed from
IXPE itself, by taking 2–8 keV photons within a 100″ radius
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phase window, and binning into 50 equal-spaced phase bins.
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Figure 3. Spectral joint fit for the phase-averaged I, Q, and U Stokes fluxes in the 2–8 keV energy band using three IXPE detectors and the const∗tbabs∗polpow
model. Fit values are tabulated in Table 2. The average background I spectrum is reported in black.
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to the PWN and PSR components in each of the several spatial
and phase data bins. In this case, the 4–6 keV data were binned
into 10 0.1-width phase windows and a 9× 9 grid of 10″ pixels
centered on the pulsar. The spatial binning helps separate the
PSF-like PSR emission from the slightly broadened distribution
from the PWN component. A simultaneous fit extracts the
PWN and PSR contributions.
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PWN components to match the total observed IXPE flux. We
then made a least-squares fit to obtain the best-fit polarization
parameters.
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model. Fit values are tabulated in Table 2. The average background I spectrum is reported in black.
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pattern has an interesting correspondence with the bifurcation of
the peak, which de Plaa et al. (2003) describe as a superposition of
two Gaussian components with a separation of ∼0.2 for energies
2–20 keV. If these components are overlapping cones of emission
with differing position angles, this could explain our PD results—
mixing could cause the PD dip in the center of the broad peak.
With significant measurements in only two phase bins, we cannot
yet identify a definitive sweep. Additional exposure could measure
the intervening bins, allowing useful model constraints.

For the nebula, we did not find significant detection in any
individual spatial pixel. However, we do find a significant
polarization of the integrated nebula component, with PD=
20.6%± 2.7% and PA= (82.8± 3.7)°. This is consistent with
the values found using the 60″ aperture and has a higher
significance of 7.6σ, in part because all phases can contribute to
the nebula flux estimates.

5. Discussion and Conclusion

PSR B0540-69 is the fourth PWN observed by IXPE, after
the Crab (Bucciantini et al. 2023), Vela (Xie et al. 2022), and
MSH 15-52 (Romani et al. 2023). All three PWNe are highly
polarized, with local PD reaching >50%. PSR B0540-69’s
PWN is unresolved by IXPE, with a net phase-average
polarization for the complex (PWN and PSR) below 5.3% in
2–8 keV band. To separate the PWN and PSR components, we
performed a phase-resolved analysis using two techniques. A

simple on-off analysis allows us to get a statistically significant
polarization detection from both the PWN and PSR in an
optimized energy range 4–6 keV.
For the PWN (f = 0–0.35, Figure 5), we measured

PD= 24.5%± 5.3% and PA= (78.1± 6.2)°, detected at the
4.6σ confidence level. This PD is slightly higher than that of
the Crab nebula. This may be due to PSR B0540-69’s nearly
edge-on PWN view (spin axis inclined ζ∼ 93° to the line of
sight versus ζ∼ 63° for the Crab). For such ζ, a toroidal field
projected to the sky has nearly constant position angle,
reducing the de-polarization both due to line of sight
integration, and spatial averaging over the PWN, with respect
to the Crab. Indeed, local PD in the Crab PWN is found to be as
high as 42%, and locally higher values in the PSR B0540-69
PWN are reported by Lundqvist et al. (2011) in spatially
resolved optical polarimetry. The measured PA of the PWN is
consistent with the optical (Chanan & Helfand 1990) and radio
(Dickel et al. 2002) values. By fitting the Chandra X-ray PWN
morphology, Ng & Romani (2008) reported a PSR B0540-69
spin-axis position angle of 144°.1. Surprisingly, the off-pulse
PA is at large angle to this axis; one expects it to align well
with the PWN symmetry axis, as for Crab and Vela. However,
previous results on Crab and Vela, have shown that the most

Table 3
Normalized Stokes Parameters of the Measured Polarization of the Off-pulse Window (100″ Aperture, f = 0–0.35) and the On-pulse Window (60″ Aperture,

f = 0.5–0.9) for Different Energy Ranges

2–4 keV 4–6 keV 6–8 keV 2–8 keV

Off-pulse

Q/I −0.032 ± 0.028 −0.224 ± 0.053 0.191 ± 0.163 −0.049 ± 0.025
U/I 0.015 ± 0.028 0.099 ± 0.053 −0.245 ± 0.163 0.020 ± 0.025

On-pulse

Q/I 0.018 ± 0.072 0.488 ± 0.131 −0.157 ± 0.329 0.112 ± 0.076
U/I 0.076 ± 0.072 0.108 ± 0.129 0.707 ± 0.338 0.148 ± 0.076

Figure 6. Phase-resolved polarization of PSR B0540-69 in the 4–6 keV energy
band. >3σ significance bins are solid and >2σ bins are dashed. Errors are 1σ
standard deviations. The gray light curve is displayed for reference. PD (%) and
PA (°) are listed above the significant bins. Note that PD and PA for bins less
than 3σ have significant covariance, not included in the error bars.

Figure 7. PSR B0540-69 phase-resolved polarization measurements from the
simultaneous fit for phase bins with PD > 2.5σ detections. Contours show the
68% CL.
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Figure 4. Broad-band optical spectra for the selected areas shown in Fig. 3.
In the top panel we show the ‘blob’ spectrum in red for 2007 and black for
1999. For the 2007 ‘blob’ spectrum we have applied a 0.4-arcsec shift for
the aperture, corresponding to a 0.04c motion of the ‘blob’, as suggested
by De Luca et al. (2007). For the spectral fit of this spectrum, we have
omitted the F336W data (see text). The sensitivity of the F336W to where
the aperture is placed is shown in the plot. Data in other bands are less
sensitive (see Section 3.6). For the ‘antiblob’ we did not apply any shift in
aperture position between 1999 and 2007.

and perhaps close to the ‘antiblob’ position, could point to shock
activity (present or past) in those regions.

We can also see two maxima in polarized flux well above 3σ on
the same side as the ‘blob’, but at ∼2.3 and ∼2.8 arcsec away from
the pulsar. For the one at ∼2.3 arcsec, the position angle swings
away from being parallel to the symmetry axis to being perpendicu-
lar, and at ∼2.8 arcsec the electric vector is parallel to that between
the pulsar and the ‘blob’. Note that the polarized flux is almost as
bright in those regions as it is at the ‘blob’ position. We see a weak,
but similar trend, also on the opposite side of the pulsar, outside the
‘antiblob’ position.

3.4 X-ray counterpart of the ‘blob’

To investigate how the X-ray emission correlates with the optical
and polarization data, we carefully aligned the optical and X-ray
images as described in Section 2.4, and extracted intensity profiles
along major and minor PWN symmetry axes. We chose 0.8 ×
10 arcsec2 slit size to cover the ‘blob’ in the best way, taking into
account the resolution of different instruments.

Figs 8 and 9 show an optical image in F547M taken in 1999
October and an X-ray image in HRC-I taken in 2000 June, with
their respective profiles. The position of the ‘blob’ is marked by
vertical dotted line at the bottom panel in Fig. 8 (see also the left-
hand panel of Fig. 11 for the 2006 Chandra/ACIS data). The spatial

Figure 5. Continuum intensity (Stokes I) image at 602 nm of the PWN
centred on PSR B0540−69.3 with overlaid linear polarization vectors. The
size of the vector is degree of polarization in per cents, while orientation of a
vector is the position angle of linear polarization. A horizontal tick mark to
the lower right shows 10 per cent degree of polarization. The major axis of
the nebula, used for Fig. 7, is marked by a solid line going from north-east
to south-west, cutting across the pulsar and the ‘blob’ seen here in yellow.
The x and y axes show distances north and west of the pulsar in arcseconds.

Figure 6. Polarized flux (Stokes
√

Q2 + U2) as a function of optical bright-
ness (Stokes I) over the whole PWN in 2007. Note the weak correlation
between polarized flux and intensity. The ‘blob’ area is the region with the
highest intensity and smallest error bar in polarized flux.

profile clearly shows a maximum of flux from that area. As can
be seen in the bottom panel in Fig. 9 the same optical coordinates
correspond to a maximum of flux from the ‘blob’ area also in X-rays.
This clearly shows that the enhanced X-ray and optical radiation
come from the same area.

We have performed the same investigation for the second epoch
for which we have near-coincident optical and X-ray data, i.e. for
2005/2006. The optical emission shows a change in morphology of
the ‘blob’ as discussed later in the paper, while the X-ray emission
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annular region with inner and outer radii of 180″ and 280″,
respectively, both centered on the pulsar, as shown in Figure 2.
The background region was chosen to avoid the edge of the
instrument field of view (see Di Marco et al. 2023). This
analysis is performed both with the model-independent PCUBE
algorithm in IXPEOBSSIM software (Baldini et al. 2022) and
with XSPEC (v.12.13.0c) spectro-polarimetric forward fitting
(Arnaud 1996). No significant polarization is detected in the
full 2–8 keV IXPE band. With the PCUBE analysis, we have
the normalized Stokes parameters Q/I=− 0.018± 0.017 and
U/I= 0.015± 0.017 combining the three DUs, giving an
upper limit of 5.3% for MDP99.

Spectro-polarimetric analysis is performed using XSPEC to
jointly fit the three DUs in a two-step procedure. In the first
step, the I energy distribution is fitted with a spectral model. In
the second step, the spectral model is fixed, while U and Q are
fitted. This method thus does a joint forward-folded fit of the
Stokes fluxes to the binned I, Q, U spectra with the fixed
spectral model. We applied a constant energy binning of
200 eV for the I, Q, and U data.

The PSR B0540-69 PWN binned I spectra from the three
DUs were fitted with the model CONST∗TBABS∗POWERLAW,
where const accounts for uncertainties in the absolute
effective area of the three DUs and tbabs takes into account
the interstellar absorption. Here, we fixed the column density to
NH= 4.6× 1021 cm−2 as measured by Chandra (Kaaret et al.
2001). The best-fit I spectra and models for the three DUs are
shown in the left panel of Figure 3; best-fit values are reported
in Table 2. These spectral fit values are in agreement with those
of Kaaret et al. (2001). Fixing spectral parameters from I and
fitting with polconst of XSPEC provides the 2–8 keV Q and U
spectra (Figure 3, right panels). These 2–8 keV band-averaged,
aperture-averaged (100″ radius) PD and angle measurements are
summarized in Figure 4. The results are consistent between the
three DUs and the two different analysis methods.

4.2. Phase-resolved Analysis

4.2.1. Off-pulse

We can use phase-resolved analysis to decompose the PWN
X-ray emission from that of the pulsar. For this analysis, the
source and background regions are the same as for the phase-
averaged treatment. We define the phase range f= 0–0.35 as
the off-pulse (Figure 5). From prior IXPE Crab analysis, we

have seen that the wide point-spread function (PSF) wings
place some photons in the background aperture. Therefore we
take the nebula background from the same 0–0.35 phase
window to minimize pulsar contamination. We do not detect a
significant off-pulse (PWN) polarization in the full 2–8 keV
IXPE range, with Q/I=− 0.049± 0.025, U/I= 0.020±
0.025, and a PD below the MDP99 of 7.6%.
Then we performed an energy-dependent analysis by dividing

the data into three energy ranges: 2–4, 4–6, and 6–8 keV. Results
of the normalized Stokes parameters Q/I and U/I are listed in
Table 3. In the 4–6 keV range, the PD 24.5%± 5.3% at
PA= (78.1± 6.2)° is detected at 4.6σ significance. The angle is
consistent with the (79± 5)° optical PA (Chanan &
Helfand 1990).

4.2.2. On-pulse

In a first analysis of the pulse phase polarization, we
collected photons from phase range f = 0.5–0.9 in a simple
60″ aperture. For background, including nebula emission, we
used photons from phase 0–0.35 (Figure 5). While no
polarization is detected in the full 2–8 keV range, we do find
a 3.8σ detection in the 4–6 keV band, with results of the
normalized Stokes parameters listed in Table 3. In the 4–6 keV
band, the Q/I and U/I before background subtraction are
0.070± 0.037 and 0.074± 0.037, and after background
subtraction they are 0.488± 0.131 and 0.108± 0.129, resulting
in a PD= (50.0± 13.1)% and PA= (6.2± 7.4)°. Since the
PWN is softer than the PSR and since residual particle
background increasingly dominates at high energy, detection in
an intermediate energy band is not unexpected.
Pulsar radio polarization often follows a rotating vector

model (RVM) sweep, which could reduce the average PD in
the broad on-pulse window. We attempted an RVM fit, but this
did not significantly enhance the PD signal.
As a second analysis, we employed “simultaneous” fitting as

described in Wong et al. (2023). This method uses external,
Chandra-derived models for the spatial and spectral flux of the
PWN and the phase-dependent PSR emission to assign weights

Figure 2. Total nebula source (white 100″ radius circle) and background (cyan
annulus, inner radius 180″, outer radius 280″) regions shown on images from
DU1. Intensity is on a logarithmic scale to bring out the faint background.

Table 2
Main Results of the Phase-averaged Spectro-polarimetric Analysis

CONSTANT∗TBABS∗POWERLAW

Model Parameter Value
TBABS NH (1022 cm−2) 0.46 (frozen)

POWERLAW Γ -
+2.081 0.016

0.014

NORM (photon keV−1 cm−2 s−1) -
+0.01594 0.00027

0.00024

Cross normalization factors
CDU1 1.0 (frozen)
CDU2 -

+0.953 0.002
0.002

CDU3 -
+0.871 0.001

0.002

χ2/dof = 449.5/439 = 1.06

POLCONST∗CONSTANT∗TBABS∗POWERLAW

POLCONST PD (%) -
+3.3 1.3

1.3

PA (°) -
+68 11

11

χ2/dof = 248.6/259 = 0.96

Note. Uncertainties are at 68% CL.
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Optical PWN PD ~ 
6% (max 30%) 

PSR PD ~ 6-16%

X-ray PWN PD ~25% 
in agreement wrt 

Optical

X-ray PSR PD~50% 
seems anti-aligned 

wrt nebular axis
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Fig. 1. A combination of radio (MeerKAT; 1.3 GHz, red) and X-ray (Chandra; 2.3-8 keV, Log scale, smoothed with f = 0.500 Gaussian, green)
images of the G0.13-0.11 region in Galactic coordinates. The cyan lines show the constraints on the Polarization Angle (PA) of the G0.13-0.11
emission derived from the IXPE data (best-fitting value ±1f error, i.e. 21 ± 9 degrees). The prominent red vertical threads on the left side of the
image belong to the NTFs of the Radio Arc. G0.13-0.11 is the green feature to the east of a sequence of fainter NTFs near the center of the image.
G0.13-0.11 consists of (i) a compact core (the bright green dot at the center of the figure), presumably the pulsar itself and its PWN, (ii) a pair of
bright "wings", and (iii) a more diffuse (possibly structured) X-ray glow to the left of the "wings" (at higher Galactic longitude). The polarization
direction is approximately perpendicular to the X-ray "wings" and the nearest NTFs. Coupled with the large polarization degree, this proves that
X-rays are produced by synchrotron emission of ⇠ TeV electrons.
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Fig. 2. 3-6 keV IXPE (left panel) and Chandra (right panel) X-ray images. Two elliptical regions were used for spectra extraction. The white ellipse
covers the G0.13-0.11 area. Given the uncertainties with the IXPE astrometry, a relatively large region was selected guided by the IXPE image. The
bigger cyan region was used as a background region for spectral analysis. The Chandra image is in logarithmic scale to show more clearly bright
point sources and faint diffuse emission. For the IXPE image, a linear scale is used.

He-like iron. The former line is due to the reflection of X-rays
by the neutral/molecular medium (e.g. Vainshtein & Sunyaev
1980; Koyama et al. 1996), while the latter is a combination of
numerous accreting stellar mass objects that produce "thermal"
spectra (e.g. Revnivtsev et al. 2009). This means that there is
no well-defined and "optimal" choice of the background region.

Since in this study, we are interested in the non-thermal compo-
nent, the background region was selected to have a comparable
mix of the reflection and thermal spectra. No fine-tuning was
done when selecting the background region although we have
verified that other reasonable choices do not significantly affect
our final results. To mitigate the uncertainties associated with the
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Fig. 3. Regions used for spectral extraction from the Chandra data. The
black ellipse called "IXPE" is the same as the source region in Fig. 2.
The other three regions ("SRC", "Wings-n" and "Wings-e") cover the
compact source and the brighter parts of the X-ray bow. The "SRC"
and "Wings-n" regions do not overlap. Larger regions ("Wings-e" and
"IXPE") include all the Chandra counts inside them, i.e., the "IXPE"
region includes the counts from "SRC", "Wings-n", and almost the entire
"Wings-e" counts. The purple circle labelled as "IP" shows the extraction
region for the Intermediate Polar CXOUGC J174622.7–285218.

contributions of the reflection component above 6 keV and strong
lines below 3 keV coupled with strong low-energy photoelectric
absorption, we restrict the analysis of IXPE data to the 3-6 keV
band. The higher energy resolution of Chandra permits the spec-
tral analysis in a broader band, illustrating strong suppression of
X-ray flux below 2-3 keV due to photo-electric absorption with
a typical column density #H ⇠ 8 1022 cm�2 (see Table 1).

Simple absorbed power-law model fits to the spectra are
shown with solid lines. Clearly, strong emission lines (e.g., of
strongly ionized Si or S) are present in the Chandra spectrum of
the "IXPE" region even after subtracting the spectrum extracted
from the background region. Somewhat weaker lines are still
seen in the "Wings-e" spectrum, while the "Wings-n" and "SRC"
spectra seem to be reasonably well described by the power law
model.

The parameters of the model are given in Table 1. The central
bright source, presumably the pulsar itself and possibly a com-
pact part of its PWN, has the hardest spectrum � ⇠ 1.35, while
the Wings-n and Wings-e regions have significantly softer spectra
� ⇠ 2.2 � 2.4. Broadly, these spectral parameters are consistent
with those obtained by Yusef-Zadeh et al. (2002) and Wang et al.
(2002), given the difference in the choice of extraction regions
and possible variability of the diffuse (reflected) emission. The
"IXPE" region is clearly contaminated by thermal emission be-
low 3-4 keV. However, already at ⇠ 5 keV, the fluxes from the
"Wings-e" and "IXPE" regions are comparable. The "Wings-
e" spectrum itself contains a non-negligible fraction of thermal
emission. To set a lower limit on the degree of polarization, we
conservatively assume that the total intensity (i.e. Stokes � (⇢)) of
the non-thermal component is described by the "Wings-e" spec-

Fig. 4. Background subtracted Chandra spectra in the vicinity of G0.13-
0.11. The colors correspond to the regions shown in Fig. 3 and are
identified in this figure. The solid lines show the best-fitting absorbed
power-law model fits to these spectra. While a pure power law can
reasonably well describe the compact source spectrum (blue), other
regions clearly contain a non-negligible contribution of thermal emission
that gives rise to emission lines at low energies. The spectrum of the
intermediate polar CXOUGC J174622.7–285218 is shown in purple.

trum (the red lines in Fig. 4). We, therefore, model the IXPE’s
&(⇢) and* (⇢) spectra, assuming that � (⇢) is known. With this
approach, there are only two free parameters: the degree of po-
larization % and the polarization direction q. When fitting &(⇢)
and* (⇢) spectra, these parameters enter as pre-factors % cos 2q
and % sin 2q in front of the Chandra � (⇢) model convolved with
the IXPE response to polarized emission. Fig. 5 shows the �,&,
and * spectra obtained by IXPE, along with Chandra’s "Wings-
e" model convolved with the IXPE response. The IXPE response
was averaged over three IXPE modules.

The above assumptions yield the following best-fitting values:
PD =57 ± 18% and angle PA =21 ± 9 degrees. Setting PD = 0
increases the value of j2 by 10.37, which for 2 degrees of freedom
implies a probability ⇠ 5.3 ⇥ 10�3 of a random fluctuation. The
corresponding confidence contours are shown in Fig. 6. The high
value of the PD is a strong argument in favor of the synchrotron
origin of the X-ray emission. The constraints on the polarization
angle are shown in Fig.1. Within uncertainties, the polarization
plane is perpendicular to the bright X-ray structure and, also, to
the direction of radio filaments co-spatial with the extended X-
ray source. This suggests that both the radio and X-ray emissions
are due to the synchrotron radiation of relativistic electrons in the
same magnetic structures.

We note here, that when calculating the degree of polar-
ization, we conservatively assumed that essentially all non-
thermal flux coming from the "IXPE" region is polarized (i.e.
model "Wings-e"). If instead, only the emission coming from the
"Wings-n" region or from the PWN itself is polarized, then the
degree of polarization will only be higher. For instance, substi-
tuting the Chandra-based "Wings-e" model with the "Wings-n"
model for � (⇢), yields PD=160 ± 60%. A high degree of polar-

Article number, page 4 of 8

Churazov et al 2024



Bucciantini - Pescara 2024 - MG17 26

IXPE - X-RAY POLARIMETRY - G 0.13-0.11
A&A proofs� manuscript no. output

Fig. 6. Confidence regions for the polarization degree (PD) and polar-
ization angle (PA, equatorial coordinate system) derived from the IXPE
data, assuming that the polarized emission corresponds to the "Wings-
e" spectral model. The blue line shows the contours of the j2 statistic
after subtraction of the minimum value j2

min reached at PD⇡0.57 and
PA⇡ 21� (marked with a blue cross). The contours show�j2 =2.3, 4.61,
6.17, and 9.21 levels, corresponding to 68.3%(1f), 90%, 95.4% (2f),
and 99% confidence levels, respectively. The red dashed line illustrates
the expected PA in the case, when the electric field vector is parallel to
the Galactic plane, and two circles mark the maximum polarization for
synchrotron emission for � = 1.4 and 2.4 (as labeled next to them). The
outmost contour extends to PD values larger than 1. This is a plausible
outcome of our procedure when the &(⇢) and* (⇢) data are taken from
IXPE, while � (⇢) is based on the Chandra data extracted from a smaller
region which is supposed to be polarised and might not coincide with
true polarized � (⇢) seen by IXPE.

where � = (?+1)/2 is the photon index of the observed spectrum
(for � between 1.4 and 2.2, the maximum degree of polarization
is between 68 and 78%). By using the formulation for depolar-
ization of synchrotron emission in a turbulent magnetic field by
Bandiera & Petruk (2016) we estimated a ratio of turbulent ver-
sus ordered magnetic field energy to be likely smaller than ⇠ 1.5.
However, the observed PD= 57 ± 18% is consistent (within un-
certainties) even with a perfectly ordered field (see Fig. 6). Notice
that a high level of polarization can be achieved even in a fully
turbulent regime if the turbulence is anisotropic (typically at a
level 2-to-4), given that polarization is sensitive to the alignment
of the magnetic field with a certain direction and is insensitive
to field reversals (Bandiera & Petruk 2016). This preferred di-
rection should be maintained across the IXPE spectral extraction
region. Indeed current models of X-ray emission in bright jet-
like features associated with PSRs advocate amplification of the
magnetic field via some form of streaming instability, to justify
magnetic field values that are typically inferred to be an order
of magnitude higher than the surrounding ISM (Bandiera 2008).
This might not be needed in the GC environment, where the
ambient magnetic field can be high.

The X-ray emission of G0.13-0.11 is co-spatial with a Fermi
source 4FGL J1746.4-2852 (Abdollahi et al. 2020) at GeV ener-
gies and a TeV-source HESS J1746–285 (H. E. S. S. Collaboration
et al. 2018). The standard leptonic model for broadband radio-
TeV objects usually relies on two processes: the synchrotron and
Inverse Compton (IC) emissions. We defer an in-depth discus-
sion for a forthcoming publication but note that the following set
of fiducial parameters might explain some of the main charac-
teristics of the G0.13-0.11 broad-band spectrum: ⌫ ⇠ 100 `G
relevant for the radio–X-ray regime (synchrotron emission) and a
combination of the CMB plus local ⇠eV radiation field with the
energy density of the order of 100 eV cm�3 (e.g. Popescu et al.

2017; Niederwanger et al. 2019) for the photons in the GeV-TeV
range produced via Inverse Compton scatterings. Such a value
of the magnetic field strength agrees with the equipartition argu-
ments (e.g. Beck & Krause 2005) based on the measured X-ray
flux and the broad-band photon index � = 2, although allowing
the index to vary between 1.6 and 2.4 changes ⌫ between ⇠ 20
and ⇠ 800 `G, respectively (see, e.g. Morris 2006, for discussion
of various arguments in favor of weaker and stronger fields). The
adopted value of ⌫ ⇠ 100 `G implies that the field energy density
is of the same order as the energy density of the radiation and,
therefore, the lifetime of leptons emitting at a given frequency
is close to the maximum. In this case, X-rays are produced by
the leptons with W ⇠ 3 ⇥ 107 which have a lifetime consistent
with the size of G0.13-0.11, provided that they can propagate
with a sizable fraction (⇠ 0.2) of the speed of light. For photons
with TeV energies, produced by IC scattering of⇠eV photons, the
cross-section is already subject to the Klein-Nishina suppression,
while for the CMB photons, the scattering is still in the Thomson
regime where the cross-section is maximal.

In connection with the fast propagation of relativistic elec-
trons along a filament with a rather strong magnetic field, we
note an interesting possible similarity with galaxy clusters, where
extended structures in the radio bands are observed both in the
cores and outskirts (e.g. Brienza et al. 2021; Rudnick et al. 2022).
These structures often have very similar spectral properties (e.g.
Rajpurohit et al. 2020). This suggests that relativistic electrons
can propagate along the filament with velocities significantly
larger than the sound or Alfven speeds in the bulk of the ther-
mal intracluster medium (Churazov et al. 2023). The filaments
in both classes of objects might be threads of a strong magnetic
field embedded in the medium with a weaker magnetic field. This
does not exclude possible amplification of the magnetic field by
streaming particles from the PSR.

Apart from the polarized synchrotron X-ray emission of
G0.13-0.11, there are many more radio and (fainter) X-ray threads
in the same region that are visible in Chandra data. Presumably,
they are polarized too and, therefore, can contribute to the over-
all polarization signal from the Galactic Center region. It is also
possible that even fainter threads are present that are too weak
to be detected individually. Since the direction of polarization
might be set by the ambient magnetic field, this background po-
larization signal will also be polarized along the Galactic Plane
(at least in the areas where "vertical" NTFs are present).

Yet another source of polarized emission is the Compton-
scattered emission of the Sgr A* flare(s) that happened some
hundreds of years ago. This scenario, motivated by the observed
hard X-ray continuum and fluorescent lines of neutral iron from
dense molecular clouds, was put forward in the 90s (Sunyaev
et al. 1993; Markevitch et al. 1993; Koyama et al. 1996). If the
continuum emission is scattered light from Sgr A*, it has to be
polarized (Churazov et al. 2002) perpendicular to the direction
towards Sgr A*. A weak polarized emission from the area within
a few arcminutes from G0.13-0.11 was indeed detected in the
first IXPE observations of the GC region (Marin et al. 2023). The
emission from G0.13-0.11 itself was excluded in that analysis to
avoid potential contamination. Now we see that there was a good
reason to do so. Somewhat ironically, the polarization angles
from X-ray threads and reflection are approximately orthogonal
to each other and, therefore, can attenuate the net polarization
signal if combined. The presence of many faint polarized threads
is, therefore, a complication (an interesting one!) for the analysis
of IXPE data from the GC. The limited astrometric accuracy of
IXPE does not allow for a clean spatial separation of these two
components, but a combination of IXPE data with the high spatial
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Fig. 1. A combination of radio (MeerKAT; 1.3 GHz, red) and X-ray (Chandra; 2.3-8 keV, Log scale, smoothed with f = 0.500 Gaussian, green)
images of the G0.13-0.11 region in Galactic coordinates. The cyan lines show the constraints on the Polarization Angle (PA) of the G0.13-0.11
emission derived from the IXPE data (best-fitting value ±1f error, i.e. 21 ± 9 degrees). The prominent red vertical threads on the left side of the
image belong to the NTFs of the Radio Arc. G0.13-0.11 is the green feature to the east of a sequence of fainter NTFs near the center of the image.
G0.13-0.11 consists of (i) a compact core (the bright green dot at the center of the figure), presumably the pulsar itself and its PWN, (ii) a pair of
bright "wings", and (iii) a more diffuse (possibly structured) X-ray glow to the left of the "wings" (at higher Galactic longitude). The polarization
direction is approximately perpendicular to the X-ray "wings" and the nearest NTFs. Coupled with the large polarization degree, this proves that
X-rays are produced by synchrotron emission of ⇠ TeV electrons.
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Fig. 2. 3-6 keV IXPE (left panel) and Chandra (right panel) X-ray images. Two elliptical regions were used for spectra extraction. The white ellipse
covers the G0.13-0.11 area. Given the uncertainties with the IXPE astrometry, a relatively large region was selected guided by the IXPE image. The
bigger cyan region was used as a background region for spectral analysis. The Chandra image is in logarithmic scale to show more clearly bright
point sources and faint diffuse emission. For the IXPE image, a linear scale is used.

He-like iron. The former line is due to the reflection of X-rays
by the neutral/molecular medium (e.g. Vainshtein & Sunyaev
1980; Koyama et al. 1996), while the latter is a combination of
numerous accreting stellar mass objects that produce "thermal"
spectra (e.g. Revnivtsev et al. 2009). This means that there is
no well-defined and "optimal" choice of the background region.

Since in this study, we are interested in the non-thermal compo-
nent, the background region was selected to have a comparable
mix of the reflection and thermal spectra. No fine-tuning was
done when selecting the background region although we have
verified that other reasonable choices do not significantly affect
our final results. To mitigate the uncertainties associated with the
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Fig. 3. Regions used for spectral extraction from the Chandra data. The
black ellipse called "IXPE" is the same as the source region in Fig. 2.
The other three regions ("SRC", "Wings-n" and "Wings-e") cover the
compact source and the brighter parts of the X-ray bow. The "SRC"
and "Wings-n" regions do not overlap. Larger regions ("Wings-e" and
"IXPE") include all the Chandra counts inside them, i.e., the "IXPE"
region includes the counts from "SRC", "Wings-n", and almost the entire
"Wings-e" counts. The purple circle labelled as "IP" shows the extraction
region for the Intermediate Polar CXOUGC J174622.7–285218.

contributions of the reflection component above 6 keV and strong
lines below 3 keV coupled with strong low-energy photoelectric
absorption, we restrict the analysis of IXPE data to the 3-6 keV
band. The higher energy resolution of Chandra permits the spec-
tral analysis in a broader band, illustrating strong suppression of
X-ray flux below 2-3 keV due to photo-electric absorption with
a typical column density #H ⇠ 8 1022 cm�2 (see Table 1).

Simple absorbed power-law model fits to the spectra are
shown with solid lines. Clearly, strong emission lines (e.g., of
strongly ionized Si or S) are present in the Chandra spectrum of
the "IXPE" region even after subtracting the spectrum extracted
from the background region. Somewhat weaker lines are still
seen in the "Wings-e" spectrum, while the "Wings-n" and "SRC"
spectra seem to be reasonably well described by the power law
model.

The parameters of the model are given in Table 1. The central
bright source, presumably the pulsar itself and possibly a com-
pact part of its PWN, has the hardest spectrum � ⇠ 1.35, while
the Wings-n and Wings-e regions have significantly softer spectra
� ⇠ 2.2 � 2.4. Broadly, these spectral parameters are consistent
with those obtained by Yusef-Zadeh et al. (2002) and Wang et al.
(2002), given the difference in the choice of extraction regions
and possible variability of the diffuse (reflected) emission. The
"IXPE" region is clearly contaminated by thermal emission be-
low 3-4 keV. However, already at ⇠ 5 keV, the fluxes from the
"Wings-e" and "IXPE" regions are comparable. The "Wings-
e" spectrum itself contains a non-negligible fraction of thermal
emission. To set a lower limit on the degree of polarization, we
conservatively assume that the total intensity (i.e. Stokes � (⇢)) of
the non-thermal component is described by the "Wings-e" spec-

Fig. 4. Background subtracted Chandra spectra in the vicinity of G0.13-
0.11. The colors correspond to the regions shown in Fig. 3 and are
identified in this figure. The solid lines show the best-fitting absorbed
power-law model fits to these spectra. While a pure power law can
reasonably well describe the compact source spectrum (blue), other
regions clearly contain a non-negligible contribution of thermal emission
that gives rise to emission lines at low energies. The spectrum of the
intermediate polar CXOUGC J174622.7–285218 is shown in purple.

trum (the red lines in Fig. 4). We, therefore, model the IXPE’s
&(⇢) and* (⇢) spectra, assuming that � (⇢) is known. With this
approach, there are only two free parameters: the degree of po-
larization % and the polarization direction q. When fitting &(⇢)
and* (⇢) spectra, these parameters enter as pre-factors % cos 2q
and % sin 2q in front of the Chandra � (⇢) model convolved with
the IXPE response to polarized emission. Fig. 5 shows the �,&,
and * spectra obtained by IXPE, along with Chandra’s "Wings-
e" model convolved with the IXPE response. The IXPE response
was averaged over three IXPE modules.

The above assumptions yield the following best-fitting values:
PD =57 ± 18% and angle PA =21 ± 9 degrees. Setting PD = 0
increases the value of j2 by 10.37, which for 2 degrees of freedom
implies a probability ⇠ 5.3 ⇥ 10�3 of a random fluctuation. The
corresponding confidence contours are shown in Fig. 6. The high
value of the PD is a strong argument in favor of the synchrotron
origin of the X-ray emission. The constraints on the polarization
angle are shown in Fig.1. Within uncertainties, the polarization
plane is perpendicular to the bright X-ray structure and, also, to
the direction of radio filaments co-spatial with the extended X-
ray source. This suggests that both the radio and X-ray emissions
are due to the synchrotron radiation of relativistic electrons in the
same magnetic structures.

We note here, that when calculating the degree of polar-
ization, we conservatively assumed that essentially all non-
thermal flux coming from the "IXPE" region is polarized (i.e.
model "Wings-e"). If instead, only the emission coming from the
"Wings-n" region or from the PWN itself is polarized, then the
degree of polarization will only be higher. For instance, substi-
tuting the Chandra-based "Wings-e" model with the "Wings-n"
model for � (⇢), yields PD=160 ± 60%. A high degree of polar-
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