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• Supernovae probably the dominant source of power for Galactic cosmic rays 
• Their remnants provide probably the bulk of cosmic rays 
• But may not be able to reach 1015 eV! 

• ~1 % of cosmic rays are electrons 
• but electrons are best mean to study the acceleration process!

Supernova remnants and cosmic rays212CHAPTER 11. COSMIC-RAY ACCELERATION BY SUPERNOVA REMNANTS: INTRODUCTION AND THEORY

Figure 11.1: The cosmic-ray flux spectrum as measured by various experiments, based
on the compilation of [691], and [72, 69, 75, 3]. The flux points below ⇠ 1014 eV are
based on proton cosmic rays only, and have been multiplied by a factor 3, in order to
match the all-species cosmic-ray spectra at higher energies. Left: The spectrum in flux
units, showing that the spectrum is nearly a power law from 1010 eV to 1019 eV. Right:
The spectrum multiplied by E2.7, which brings out features like the ”Knee” and the
”Ankle”.
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and other accelerated atomic nuclei are also present. These results also suggested that
the particle acceleration probably took place in the supernova remnant rather than dur-
ing the supernova explosion itself.

Since the 1950ies there has been a lot of progress in understanding particle ac-
celeration in supernova remnants. This progress has been caused by the tremendous
advances in multiwavelength, observational capabilities, which now includes detecting
charged particles with energies in excess of 10 TeV with g-ray and X-ray telescopes. In
addition, our theoretical understanding of particle acceleration by supernova remnant
shocks has greatly advanced. This does not mean that we are absolutely certain that
most cosmic rays bombarding Earth are originating from supernova remnants. As will
be explained in this chapter, there are two main requirements for supernova remnants
to be the primary source of Galactic cosmic rays:

1. supernova remnants have to be able to convert 5-20% of the explosion energy to
cosmic-ray energy (i.e. about 1050 erg per supernova remnant), and

2. supernova remnants have to be capable of accelerating protons to energies of at
least 3⇥1015 eV (3 PeV).

Accelerators that accelerate particles beyond 1 PeV are sometimes called PeVa-
trons. So the second requirement is sometimes rephrased as ”Are supernova remnants
cosmic PeVatrons?”.

In this chapter and the next we will explain where these two requirements come
from and what theoretical considerations and observational data tell us about whether
supernova remnants can indeed be the primary sources of Galactic cosmic rays.
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2CHAPTER 1. SUPERNOVA REMNANTS AND COSMIC RAYS: INTRODUCTION AND THEORY

Figure 1.1: The cosmic-ray flux spectrum as measured by various experiments, based
on the compilation of [86], and [16, 15, 18, 3]. The flux points below ⇠ 1014 eV are
based on proton cosmic rays only, and have been multiplied by a factor 3, in order to
match the all-species cosmic-ray spectra at higher energies. Left: The spectrum in flux
units, showing that the spectrum is nearly a power law from 1010 eV to 1019 eV. Right:
The spectrum multiplied by E

2.7, which brings out features like the ”Knee” and the
”Ankle”.

Since the 1950ies there has been a lot of progress in understanding particle ac-
celeration in supernova remnants. This progress has been caused by the tremendous
advances in multiwavelength, observational capabilities, which now includes detecting
charged particles with energies in excess of 10 TeV with g-ray and X-ray telescopes. In
addition, our theoretical understanding of particle acceleration by supernova remnant
shocks has greatly advanced. This does not mean that we are absolutely certain that
most cosmic rays bombarding Earth are originating from supernova remnants. As will
be explained in this chapter, there are two main requirements for supernova remnants
to be the primary source of Galactic cosmic rays:

1. supernova remnants have to be able to convert 5-20% of the explosion energy to
cosmic-ray energy (i.e. about 1050 erg per supernova remnant), and

2. supernova remnants have to be capable of accelerating protons to energies of at
least 3⇥1015 eV (3 PeV).

In this chapter and the next we will explain where these two requirements come
from and what theoretical considerations and observational data tell us about whether
supernova remnants can indeed be the primary sources of Galactic cosmic rays.

1.1.1 The cosmic-ray spectrum

The measured cosmic rays spectrum spans eleven orders of magnitude, from roughly
109 � 1020 eV (Fig. 1.1). For energies around and below 1 GeV the spectrum as ob-
served on Earth is affected by the solar wind, and is, in fact, modulated by the variation
in the solar wind properties, which varies during the 22 year cycle of solar activity.

“knee” ≈ 3x1015eV
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Figure 3. Multiwavelength SED of Cas A. The different lines show the result of fitting the measured energy fluxes using naima and assuming a leptonic or a
hadronic origin of the GeV and TeV emission.

∼1 GeV, Cas A shows a hard spectrum with an index of ∼0.9.
Above a few GeV, the spectrum measured with Fermi-LAT falls
quickly with a photon index of ∼2.37, which is compatible within
errors with the one measured using the MAGIC telescopes.

To investigate the underlying population of particles, we have
used the radiative code and Markov Chain Monte Carlo fitting rou-
tines of naima4 (Zabalza 2015), deriving the present-age particle
distribution. The code uses the parametrization of neutral pion de-
cay by Kafexhiu et al. (2014), the parametrization of synchrotron
radiation by Aharonian, Kelner & Prosekin (2010) and the analyti-
cal approximations to IC up-scattering of black body radiation and
non-thermal bremsstrahlung developed by Khangulyan, Aharonian
& Kelner (2014) and Baring et al. (1999), respectively.

We first considered the possibility that the gamma-ray emission
was originated by an electron population, described with a power
law with an exponential cut-off function, producing Bremsstrahlung
and IC radiation in the gamma-ray range and synchrotron radiation
at lower energies. The photon fields that contribute to the inverse
Compton component are the ubiquitous 2.7 K cosmic microwave
background (CMB) and the large far-infrared (FIR) field measured
in Cas A, with a value of ∼2 eVcm−3 at 100 keV. Fixing the pho-
ton field to this value, we can obtain the highest possible density
of electrons allowed by the VHE flux. Then we can constrain the
maximum magnetic field for which the synchrotron radiation pro-
duced by the derived population does not exceed the radio and X-ray

4 https://github.com/zblz/naima

measurements5. The multiwavelength SED is shown in Fig. 3, with
the radio emission displayed in purple dots (Lastochkin et al. 1963;
Medd & Ramana 1965; Allen & Barrett 1967; Parker 1968; Braude
et al. 1969; Hales et al. 1995; Planck Collaboration XXVIII 2014),
soft SUZAKU X-rays are marked in red (Maeda et al. 2009) and
hard INTEGRAL X-rays in blue (Wang & Li 2016). In the gamma-
ray regime, the LAT points are shown in cyan and the MAGIC ones
in green. The MAGIC points can be described by an electron popu-
lation with an amplitude at 1 TeV of 2 · 1034 eV−1, a spectral index of
2.4 and cut-off energy at 8 TeV up-scattering the FIR (brown dash-
dot line) and the CMB photons (green dashed line). The comparison
with the low energy part of the SED constrains the magnetic field
to B ! 180 µG. The resulting emission from the leptonic model is
shown in Fig. 3. A relatively low magnetic field and a large photon
field could be fulfilled in a reverse shock evolving in a thin and
clumpy ejecta medium which provides a moderate amplification of
the magnetic field and large photon fields in the clumps that are
observed as optical knots. The same population of electrons would
unavoidably produce Bremsstrahlung radiation below a few GeV
(see green dotted line in Fig. 36). The emission observed with Fermi-
LAT at the lowest energies constrains the density to n ∼ 1 cm−3,

5 This constraint is due to the fact that, as reported in Section 1, several
emission regions, likely associated to different particle populations, were
identified at those wavelengths.
6 Note that the structure in the spectral shape around 2 MeV is due to the
transition between the two asymptotic regimes described in Baring et al.
(1999), used in the naima code.

MNRAS 472, 2956–2962 (2017)
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• electrons → synchrotron (radio to X-rays); inverse Compton (gamma) 
• synchrotron: intrinsically polarized at 70% level 
• orientation perpendicular to magnetic field 

• Protons → pion decay (gamma, and neutrinos)

Nonthermal emission from SNRs

Cassiopeia A 
MAGIC team, 2017
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Diffusive shock acceleration (DSA): B-field turbulence needed!

Mark Pullupa

• Particles interact w. plasma thru magnetic fields 
• Particles gain energy by crossing shock:  

• ΔVplasma  → Lorentz boost of  

• Diffusion: particle can cross shock  

• Acceleration time:   →  

• Higher energy: Vs high, B high and  
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turbulent fields!
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Shock  aligns B-fields

unshocked/ 
upstream

shock

shocked/ 
downstream

B-field

• Strong shock: plasma compressed by factor 4 
•  compressed by 4 
•  uncompressed

B⊥
B∥

B⊥

B∥

• B-field turbulence needed for DSA: 
• self-generated by cosmic rays! 

• Theories consider upstream medium only
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Thermal and nonthermal X-ray from supernova remnants
X-ray synchrotron

• Red/green/purple: thermal line emission from hot plasma → freshly made atoms!! 
• Blue: X-ray synchrotron radiation from 10-100 TeV electrons! 
• Tycho’s SNR & Cas A: nonthermal filaments are ~1017cm (2”) wide

Chandra X-ray Observatory Chandra X-ray Observatory
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• Caused by 10-100 TeV electrons! 
• Lose energy fast (years) → 
• Shows where acceleration ongoing 
• Requires acceleration to be fast 
• Sensitive to conditions near shock front 

• Diffusive shock acc. + losses: 

 

→η~1 needed: fast acceleration/turbulent magnetic fields 

hνcutoff ≈ 1.4η−1 ( Vsh

5000 km/s )
2

keV

What makes X-ray synchrotron interesting?
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Imaging X-ray Polarimetry Explorer (IXPE)

• NASA/ASI small explorer mission (PI: M. Weisskopf): launched Dec. 9 2021 
• US: spacecraft + X-ray mirrors; Italy: detectors 
• 3 telescopes: 25” resolution, 13’ FoV, 
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IXPE observations of supernova remnants

Vink, Prokhorov, Ferrazzoli+ 
(2022)

Ferrazzoli, Slane, 
Prokhorov+ (2023)point of reference for the location of the X-ray synchrotron

emission.
This figure seems to suggest an overall tangential polariza-

tion pattern; however, with this choice of pixel size, only a few
pixels, mostly on the western rim and highlighted with thicker
cyan bars, have a significance above 2σ and none at 3σ.

In order to improve the statistics, rather than binning into
larger pixels at the expense of potential depolarization due to
mixing of signals from regions with different polarization
properties, we exploit the rough spherical symmetry of Tycho
and the fact that the remnant is known from radio observations
to have a large-scale radially symmetric magnetic field. We
thus compared the signals from the regions of interest shown in
Figure 1 to those measured in the case of tangential polarization
(that is, a radial magnetic field). As previously described, this
allows us to sum the Stokes parameters over large regions and
improve the statistics over the pixel-by-pixel search.

We express the significance of the measurement in number
of sigmas, and we test the confidence level (CL) of the
detection against the hypothesis of no polarization given the
observed polarization and its uncertainty, computed using the
cumulative distribution of χ2 with two degrees of freedom. We
consider 3σ as the statistical threshold to claim a probable
detection.

We find that for the whole remnant, the rim region, the west
region identified from the D2

2 map shown in Figure 2, and the
west stripes, there are secure detections at 5.0σ, 6.0σ, 5.5σ, and
3.7σ, respectively, of the tangentially polarized signal. For the
northeast and east knots, there is weak evidence for polarized
emission with σ> 2. The south stripes and the arch do not
show a significant polarization.

We correct the observed polarization for the dilution induced by
the particle background, and the thermal plasma X-ray emission.
The former is achieved by subtracting from the observation the
Stokes parameters of a background present in the fields of
extragalactic sources observed by IXPE. The latter is done by
dividing the observed degree of polarization by the calculated
fraction of the total emission associated with synchrotron radiation
obtained from simulated IXPE maps based on Chandra data. This
allows us to calculate the average intrinsic polarization PDCorr of
the synchrotron emission. The impact of the Galactic X-ray diffuse
emission was evaluated through simulations and determined to be
negligible. For the entire Tycho remnant, the degree of synchrotron
polarization is 9%± 2%. In the rim region, the polarization is
12%± 2%. In the west—region (f)—we calculate the degree of
polarization of the X-ray synchrotron emission to be 23%± 4%. In
the west stripes—region (b)— we derive a 14%± 4% degree of
polarization. For the east, northeast, and south stripes, and the arch
regions, we obtain synchrotron polarization upper limits at the 99%
confidence level of <32%, <36%, <29%, and <35%, respec-
tively. In all regions with a significant detection, the direction of
polarization is compatible with a tangential direction of
polarization.
The results are reported in Table 1 and shown in the form of

a polar plot with confidence contours of the polarization
parameters for each region in Figure 4: a direction of
polarization consistent with 0° is in accordance with a
tangential polarization.

4. Discussion

The IXPE observation of Tycho marks the first localized
detection of X-ray polarization in an SNR, that is, the western

Figure 1. IXPE three-color image of Tycho combined from the three detectors based on the 2–3 keV (red), 3–4 keV (green), and 4–6 keV (blue) bands. Superimposed
are the regions considered in this work: the northeast knot (a), the west stripes (b), the south stripes (c), and the arch (d) are the ones identified by Eriksen et al. (2011).
The regions (e) and (f) are, respectively, the east knot and the west region where strong X-ray polarization is detected. Finally, the region (g) identifies the rim and the
entire SNR.

5

The Astrophysical Journal, 945:52 (14pp), 2023 March 1 Ferrazzoli et al.

Zhou+, in prep. 
(2023)

IXPEIXPE

Cas A Tycho’s SNR

Chandra

SN1006
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• MDP99 for Cas A (42”pixels): ~6—18% (3-6 keV) 
• Typically two pixels at >3σ (  found, but position shifts for different binnings 
• Cas A covered by ~200 resolution elements:  
• ~0.5 spurious signals at 3σ level expected → hints for pol., no solid detections

χ2 > 11.8)

Pixel-by-pixel analysis
 mapχ2

2 PD map
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• No solid detections for pixel analysis: PD low, but how low? 
• Expectations: either a radial magnetic field or tangential (shock compression) 
• Spherical shell: circular symmetry expected! 
• Method: specify local Stokes parameters Q’ and U’

Analysis assuming circular symmetry

Ex’
E y’

E
x ’E

y ’ Outer ring/ 
forward shock

shell/ 
reverse shock

central region

reverse shock 
west
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• For the outer shock region, FS+W and All: detections at the 4–5σ level! 
• The polarization degree is low: 2—3.5% 
• After correction for thermal contamination: 2.4–5% 

• The polarization vectors indicate a tangential direction: radial magnetic field!

Results assuming circular symmetry
4.1σ 4.8σ 4.9σ3.1σ 1.9σ0.6σ

Center Rev. shock RS West Outer ring Outer+West Entire SNR

Re
an

aly
sis

: 5
.7 
σ
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• Radial magnetic fields close to shock front! 
• Similar to radio: reorientation within 1017cm of shock 
• MHD stretching: smaller scales than Inoue+ ’13 (clumpy medium?)  

• Low polarization:   
• magnetic field turbulent modes <1017cm (X-ray filament widths) 
• no turbulent peaks at IXPE resolution ~1018cm (Bykov+ simulations)

Implications
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• IXPE observations: June/July + December 2022 for 990 ks 
• Measured polarization (all, symmetry correction ): 3.5% (measured), 9% (corrected) 
• Invidual region: only West (b) signicant at 5.6σ level (Π=23±4% corrected) 
• Again: radially oriented magnetic field!

IXPE observations of Tycho’s SNR

point of reference for the location of the X-ray synchrotron
emission.

This figure seems to suggest an overall tangential polariza-
tion pattern; however, with this choice of pixel size, only a few
pixels, mostly on the western rim and highlighted with thicker
cyan bars, have a significance above 2σ and none at 3σ.

In order to improve the statistics, rather than binning into
larger pixels at the expense of potential depolarization due to
mixing of signals from regions with different polarization
properties, we exploit the rough spherical symmetry of Tycho
and the fact that the remnant is known from radio observations
to have a large-scale radially symmetric magnetic field. We
thus compared the signals from the regions of interest shown in
Figure 1 to those measured in the case of tangential polarization
(that is, a radial magnetic field). As previously described, this
allows us to sum the Stokes parameters over large regions and
improve the statistics over the pixel-by-pixel search.

We express the significance of the measurement in number
of sigmas, and we test the confidence level (CL) of the
detection against the hypothesis of no polarization given the
observed polarization and its uncertainty, computed using the
cumulative distribution of χ2 with two degrees of freedom. We
consider 3σ as the statistical threshold to claim a probable
detection.

We find that for the whole remnant, the rim region, the west
region identified from the D2

2 map shown in Figure 2, and the
west stripes, there are secure detections at 5.0σ, 6.0σ, 5.5σ, and
3.7σ, respectively, of the tangentially polarized signal. For the
northeast and east knots, there is weak evidence for polarized
emission with σ> 2. The south stripes and the arch do not
show a significant polarization.

We correct the observed polarization for the dilution induced by
the particle background, and the thermal plasma X-ray emission.
The former is achieved by subtracting from the observation the
Stokes parameters of a background present in the fields of
extragalactic sources observed by IXPE. The latter is done by
dividing the observed degree of polarization by the calculated
fraction of the total emission associated with synchrotron radiation
obtained from simulated IXPE maps based on Chandra data. This
allows us to calculate the average intrinsic polarization PDCorr of
the synchrotron emission. The impact of the Galactic X-ray diffuse
emission was evaluated through simulations and determined to be
negligible. For the entire Tycho remnant, the degree of synchrotron
polarization is 9%± 2%. In the rim region, the polarization is
12%± 2%. In the west—region (f)—we calculate the degree of
polarization of the X-ray synchrotron emission to be 23%± 4%. In
the west stripes—region (b)— we derive a 14%± 4% degree of
polarization. For the east, northeast, and south stripes, and the arch
regions, we obtain synchrotron polarization upper limits at the 99%
confidence level of <32%, <36%, <29%, and <35%, respec-
tively. In all regions with a significant detection, the direction of
polarization is compatible with a tangential direction of
polarization.
The results are reported in Table 1 and shown in the form of

a polar plot with confidence contours of the polarization
parameters for each region in Figure 4: a direction of
polarization consistent with 0° is in accordance with a
tangential polarization.

4. Discussion

The IXPE observation of Tycho marks the first localized
detection of X-ray polarization in an SNR, that is, the western

Figure 1. IXPE three-color image of Tycho combined from the three detectors based on the 2–3 keV (red), 3–4 keV (green), and 4–6 keV (blue) bands. Superimposed
are the regions considered in this work: the northeast knot (a), the west stripes (b), the south stripes (c), and the arch (d) are the ones identified by Eriksen et al. (2011).
The regions (e) and (f) are, respectively, the east knot and the west region where strong X-ray polarization is detected. Finally, the region (g) identifies the rim and the
entire SNR.
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region. IXPE observations of Cas A did significantly detect
X-ray polarization, but only after summing over large annular
regions (Vink et al. 2022b). Overall, we found a predominately
radial magnetic field, as was also observed in the radio band.
As this was also the conclusion of the IXPE observation of the
core-collapse SNR Cas A (Vink et al. 2022b), the evidence that
the processes responsible for the radial magnetic field observed
in the radio band are already at work on the sub-parsec scales at
which the X-rays are emitted (�1017 cm) is reinforced.
However, in Tycho we found that the degree of X-ray
polarization is higher than what was observed in Cas A, and
even higher than its radio polarization (7%–8%). The degree of
polarization of Tycho’s rim, which includes the outer shock, is
12%± 2%, while in the western region, the degree of
polarization rises to values larger than 20%.

A number of effects in X-rays can lead to the observation of a
degree of X-ray synchrotron radiation polarization higher than that
observed in the radio band. First of all, X-ray synchrotron comes
from teraelectronvolt-energy electrons, which, due to their very
short lifetimes (=100 yr old), sample magnetic fields that are
confined close to the sites where the electrons have been
accelerated (�1017 cm, to be compared with the ∼1018 cm of
the radio synchrotron emitted by approximately gigaelectronvolt
electrons). Hence, because X-ray synchrotron-emitting regions
occupy less volume than the radio synchrotron-emitting ones,
depolarization due to different magnetic-field orientations along the
line of sight is less likely in the X-ray band than in the radio band.

Moreover, the maximum degree of polarization depends on
the photon index Γ of the synchrotron emission, with a steeper
index resulting in a higher maximum polarization fraction Π
(Ginzburg & Syrovatskii 1965)

1 �
(

( �
. 1max 2

3

( )

The X-ray synchrotron emission is associated with photon
energies near the spectral cutoff; hence, its index is usually
steeper than at longer wavelengths. Indeed, in the radio band
young SNRs typically have Γ; 1.6, while in the X-ray Γ; 3,
corresponding to PD 82%max � (Vink & Zhou 2018).
Finally, X-ray synchrotron emission does not sample the

entire magnetic field, but may preferentially come from high
magnetic-field regions, where the cutoff energies are pushed
into the X-ray band (Vink & Zhou 2018). This effect further
reduces the X-ray synchrotron emission volume, enhancing the
degree of polarization—depending, however, on the spatial
scale of the magnetic-field turbulence (see Bykov et al. 2009).
The IXPE observation of Cas A revealed a degree of

polarization lower than, or at most equal to, the radio value. For
Cas A, the authors invoked nearly isotropic magnetic-field
turbulence or the mixing of a tangential magnetic field close to
the shock with a radial one further downstream (Vink et al.
2022b). In the case of Tycho, a substantially larger polarization
is measured than for Cas A. This either suggests a less turbulent
magnetic field in Tycho than in Cas A, but it may also reflect a
longer maximum scale of turbulence in Tycho than in Cas A.
For the simulations in Bykov et al. (2020), the maximum
wavelength scale for Tycho was ∼1018 cm, corresponding to
32″ at the distance of Tycho, comparable to the IXPE angular
resolution. It was argued in Vink et al. (2022b) that for Cas A
the maximum wavelength scale is substantially smaller than the
IXPE resolution. For the turbulence of the upstream magnetic
field, resonant magnetic-field turbulence generating Alfvén
waves comparable in size to the gyroradius of the accelerated
particles—i.e., Mmax ≈ rg= E/eB = q E6.5 10 10 eV15

max
13( )

(B/5 μG)−1 cm—or nonresonant Bell instabilities (Bell 2004),
are usually invoked. Equation (21) in Bell (2004) provides an
estimate for the maximum size of the nonresonant mode, which

Figure 2. Map of D2
2—see Appendix A in Vink et al. (2022b)—values for the polarization signal in the 3–6 keV energy band smoothed with a Gaussian kernel. A D2

2

value of ∼35 corresponds to a probability of a random fluctuation from an unpolarized source equal to ∼10−8. Superimposed in green are the Chandra 4–6 keV
contours.

6

The Astrophysical Journal, 945:52 (14pp), 2023 March 1 Ferrazzoli et al.

Smoothed X2

scales as

M x q

q
N

� �

q

� �3 10

cm, 2

V n

B E

max
16

4000 km s

3

0.2 cm

1

5 G 2 10 eV

s
1

0
3

0 max
13( )

( )
( )

( )
( )

with Vs the shock velocity, n0 the pre-shock density, B0 the pre-
amplified magnetic-field strength, and Emax the cosmic-ray
cutoff energy. Cas A has �E 5max TeV (Ahnen et al. 2017),
and a higher shock velocity (≈5500 km s−1) and a higher
density (2 cm−3) with respect to Tycho (Williams et al.
2013, 2017; Archambault et al. 2017). For Cas A we estimate,
based on this equation, M q4 10max

151 cm, as its shock
velocity and pre-shock densities are higher than Tycho’s.
Although for Tycho the maximum Bell’s instability wavelength
is longer than for Cas A, in both cases the wavelengths are
substantially smaller than can be resolved by the IXPE
resolution of ~1018 cm. So the higher polarization in Tycho
compared to Cas A is not related to differences in turbulence
modes created by Bell’s instability. Moreover, the Bell
instability operates on the unshocked plasma, and it is not
clear what the implications are for the magnetic-field properties
downstream of the shock. Clearly, the radial magnetic field
reported here and for Cas A is perpendicular to what one
expects after shock compression of a fully isotropic upstream
magnetic field.

For the direction of the polarization, we find a clear
indication of a tangential morphology, pointing toward the
same radial magnetic-field orientation that is observed in the
radio band for young SNRs. The origin of this radial magnetic
field is still not well understood. West et al. (2017) proposed a
selection effect due to the location where relativistic electrons
pile up downstream of the shock. They argue that the spatial

distribution of radio synchrotron-emitting electrons, accelerated
at quasi-parallel shocks, can result in an apparent radial
magnetic-field orientation, even if the overall field is actually
disordered. Another possibility, discussed, e.g., by Inoue et al.
(2013), is that the radial magnetic field can be established by a
Rayleigh–Taylor or Richtmyer–Meshkov instability at, or near,
the CD that produces filamentation. Within the anisotropic
turbulence model of Bykov et al. (2020), when the magnetic
field near the shock is predominantly radial, this pattern will
produce polarization that is predominantly tangential to the
SNR shock, with the degree of polarization of the order of a
few tens percent, depending on the turbulence power spectrum
index value.
Using the degree of polarization derived from this observa-

tion, we can put constraints on the magnetic-field amplification
δB/B using the model of Bandiera & Petruk (2016). Unlike
Bykov et al. (2020), where the generation of magnetic
turbulence is done with a full 3D numerical simulation,
Bandiera & Petruk provide analytical formulae for the
polarized fraction, generalizing the classical treatment of the
synchrotron emission to the case of an ordered magnetic field
plus a small-scale unresolved, isotropic, random Gaussian
component, and also treat the case of shock compression of a
fully random upstream field. They utilize a mean-field approach
where the effect of magnetic turbulence is parametrized by the
amount of total magnetic energy in the turbulent cascade. Their
formalism, originally applied to the radio polarization of
supernova shells, assumes a power-law energy distribution for
the emitting electrons. This is not strictly correct for the X-rays,
due to the presence of a cutoff. However, the dependence on
the slope of the energy distribution is marginal (a minor
increase in the degree of polarization is expected), over a very
large range, so that at first order we can apply their model. For
the rim, where we estimate a power-law index of the
synchrotron emission of 2.82± 0.02, from the derived degree

Figure 3. Polarization map in the 3–6 keV energy band with a 60″ pixel size. Only the pixels with significance higher than 1σ are shown. The blue bars represent the
direction of the polarization (that is, the direction of the electric vector polarization angle) and their length is proportional to the degree of polarization. The thicker
cyan bars mark the pixels with significance higher than 2σ. The orientation of the magnetic field is perpendicular to the direction of the polarization. Superimposed in
green are the 4–6 keV Chandra contours.
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Facilities: IXPE, Chandra.
Software: ixpeobssim (Baldini et al. 2022), CIAO (Fruscione

et al. 2006), XSPEC (Arnaud 1996).

Appendix A
Assessment of the Background Contribution Across Tycho

The region outside the SNR is too small and close to the
detector edges for use to obtain a statistically significant and
reliable background to subtract from the data because of

detector-border effects due to incomplete photoelectron track
collection at the edges of the sensitive area.
We estimated the combined particle and extragalactic

background contribution by accumulating ∼2 Ms worth of
publicly available IXPE observations of high Galactic latitude
blazars and other extragalactic point sources. From the
observations listed in Table 2 marked as background observa-
tions, we extracted annular regions centered on the point
sources with an inner radius of 2′ and an outer radius of 5′. We

Figure 4. Polar plots for the Tycho regions of interest considered in this work. Each diagram depicts the measured degree of polarization and direction with respect to
a circular symmetry and the geometrical center of the remnant, as confidence contours for the regions listed in Table 1. The confidence levels given are color coded in
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• X-ray polarization for Cas A is low and difficult to detect 
• Requires circular symmetry assumption to detect at ~5σ level! 
• polarizations is 2–4.5%  
• Polarization pertains to regions with 1017cm of shock 

• Polarization degree is equal or smaller than in the radio band 
• Polarization vectors suggest radial magnetic field 
• At odds with shockfront compression!

Summary
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Backup slides
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• Gas Pixel Detector: photo-electron (pe) angle  
• pe creates secondary electron cloud: shape used to determine Φ 

• Φ determined from shape of secondary electron clouds

ϕ ∝ cos2 ψ

Measuring X-ray polarization with IXPE 
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Table 5: Measured Half-Power Diameter at 2.3 keV and 4.5 keV for MMA1, 2, and 3. 
 

MMA1 MMA2 MMA3 

Energy (keV) 2.3 4.5 2.3 4.5 2.3 4.5 

HPD (arcsec) 19 19.9 25 26 27.6 28 

 

7.2. The Detector Units 
The heart of the IXPE payload is the DUs. Located at the focus of each MMA, these provide position determination, 
energy determination, timing information and, most importantly, polarization sensitivity. Inside each DU is a Gas Pixel 
Detector (GPD) which images the photoelectron tracks produced by X rays absorbed in the special fill gas (Dimethyl 
Ether - DME). The initial emission direction of the photoelectron determines the polarization of the source, while the 
initial interaction point and the total charge in the track provide the location and energy of the absorbed X ray, 
respectively. 

Figure 9 shows a schematic of the GPD. An X ray enters through a beryllium window and interacts in the DME fill gas. 
The resulting photoelectron produces a trail of ionization in the gas, and this photoelectron “track” drifts through a GEM 
to provide charge gain, and then onto a pixel anode readout. Table 6 gives the relevant DU parameters. 

 

Figure 9: Schematic of the Gas Pixel Detector (GPD) 
 

Table 6: Parameters of an IXPE Detector Unit (DU) 

Parameter Value 
Sensitive area 15 mm × 15 mm (13 x 13 arcmin)  
ASIC Readout Pitch 50 µm 

Fill gas and asymptotic pressure DME @ ~ 640 mbar 
Detector window 50-µm-thick beryllium 
Absorption and drift region depth 10 mm 
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Figure 11: Example of the image of a photoelectron induced track from a 5.9 keV photon. 10 The color scale represents 
the charge content of each pixel after subtracting a noise floor. The blue line and point represent the principal axis and 
the barycenter of the track, while the green line and point represent the best estimate of the photoelectron direction and 

photon absorption point using the moment analysis. 
 

7.2.1. DU Calibration 

Once constructed and environmentally tested, the DUs and the DSU were ready for X-ray calibration (DUs integrated 
with the DSU are referred to as the Instrument 11.) Each DU, including both the flight and spare units, went through a 
comprehensive calibration to characterize the response to both polarized and unpolarized radiation and to measure the 
spectral, spatial and, timing performance. The DUs were also integrated to the DSU and illuminated with X-ray sources 
to test the operation of the Instrument in the flight configuration. These activities required equipment to generate X-rays 
with known polarization and position angle. Calibration of the Instrument relied on custom calibration 
sources specifically designed and built in Italy for this purpose.  

Calibration of flight units started with DU1 on September 6th, 2019, continued with DU2 and ended with DU3 on 
February 3rd, 2020.  Including the flight-spare unit, 530 measurements were performed over a total of 4052.3 hours and 
involved 2.250 billion counts. 

7.2.1.1. Instrument Calibration Equipment (ICE) and Assembly Integration and Verification Test 
Calibration Equipment (ACE) 

There are two Instrument calibration stations, the ICE and ACE. The two stations are shown in Figure 12 and are 
discussed in detail in the paper by Muleri, et al. 12. X-ray sources can be mounted on both test stations. 
However, the ICE offers a full-fledged set of manual and motorized stages to align and move the source 
beam in a controlled way, even during a measurement, whereas the ACE was equipped only with a subset 
of available sources. Nevertheless, these sources provided the capability to perform tests with ACE and, 
contemporaneously, with ICE. The most time-consuming calibrations are the calibration of the response 
to unpolarized radiation because of statistical considerations.  

Weisskopf+ ‘22
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Imaging X-ray Polarimetry Explorer (IXPE)
 
 

 
 

5 
 

 
Figure 1: The IXPE Observatory highlighting the key scientific payload elements. A second star tracker (not visible) is 

on the back of pointing along the -Z axis. The DSU is a computer that provides the interface between the detector 
electronics and the S/C computer.  

 

 
Figure 2: Photograph of the IXPE Observatory in the stowed position on a vibration table during Observatory 

environmental testing. Photo courtesy of Ball Aerospace. 

• Three X-ray mirror modules/detector units (30” resolution), 12.9’ FoV 
• Gas-pixel detectors
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• Science operations started 1 month after launch! 
• Science team determined targets, but data immediately public! 
• Science goals: 
• Determine corona geometry X-ray binaries/AGN (inverse Compton) 
• X-ray echo SGR A* outburst gal. center (inverse Compton) 
• Polarization signals blazars: constrains acceleration mechanism (synchrotron) 
• Magnetars: geometry magnetic field/emission mechanism (radiation transport) 
• Magnetic-field topology in supernova remnants and pulsar wind nebulae (synchrotron) 

• First science observation: SNR Casssiopeia A

IXPE science
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• For ideal detector estimator for Q and U: 

•  

• factor 2: needed as response   (not ) 
• GPD detector: errors in measuring Φ → degradation of polarization signal 
• Degradation captured by “modulation curve”: response to 100% polarized source 
• IXPE optimum: ~3 keV (large μ, reasonable eff. area)

Q = ∑
i

qi = ∑
i

2 cos(2ϕi), U = ∑
i

qi = ∑
i

2 sin(2ϕi)

∝ cos2 ψ ∝ cos ψ

Modulation curve and efficiency
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2.70 116.28 +/- 0.09 

6.40 123.5 +/- 0.4 

 

7.2.2.5. Modulation Factor 

The modulation amplitude is the fractional variation in the number of detected events versus position angle. The 
“modulation factor” is the modulation amplitude for 100% linearly polarized radiation. The calibration of the modulation 
factor is described in detail in the paper by Di Marco et al. 16. The modulation factor was measured at different energies 
and angles to estimate the accuracy of the polarization angle and to check that spurious modulation (see section 7.2.2.6) 
is properly subtracted. An important outcome of these measurements is that the modulation factor of the flight detectors 
is uniform over the detector sensitive surface and is not dependent on the position angle. 
 
Calibration data have been analyzed subtracting spurious modulation Stokes parameters using the methods described in 
Rankin et al., 13 and using the weighting approach described in Di Marco et al.17 From these data, and accounting for the 
secular change in pressure (see section 7.2.2.8), it is possible to estimate the modulation factor as a function of energy as 
shown in Figure 14 for the time of launch set to 9 December 2021. 

 
Figure 14: Modulation factor as function of energy for the IXPE DUs estimated at time of IXPE launch. Values are 

derived from ground calibration data after correcting for spurious modulation and applying weighting. 
 

7.2.2.6. Spurious modulation 

The response of an ideal polarimeter to unpolarized radiation would show no variation of the position angle as the device 
is rotated about the line of sight. However, the IXPE focal plane detectors show, especially at low energy, a low 
amplitude, nearly-cos2 variation of the position angle for unpolarized X-rays in detector coordinates.  Although the root 
causes of such spurious modulation have been thoroughly investigated 10, the effect is hard to model and therefore was 
fully calibrated. The response of each DU, including the flight spare, was measured at six energies over the entire field 
of view, and with higher statistics in its center where the brightest sources will be observed. 
 
The Stokes parameters of the spurious modulation are shown as a function of energy in Figure 15. In the plot, the 
contribution from the three IXPE DUs are appropriately summed accounting for the fact that they are clocked at 120° 
with respect to each other. Spurious modulation has also been shown to be constant with temperature and counting rate 
by tests conducted with a number of prototype GPDs. The spurious modulation will be removed, event-by-event, during 
data processing 11. 
 

Weisskopf+ ‘22
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Fig. 2. Conceptual design of the GPD (adapted from [3]). The volume of the gas cell
is divided into two parts: the (upper) absorption gap, between the drift plane (which
is also the entrance window) and the GEM top, and the (lower) transfer gap, between
the GEM bottom and the readout anode plane (the readout ASIC).

Table 1
Summary table of the basic characteristics of the Gas Pixel Detectors for
the IXPE mission.
Parameter Value

Thickness of the absorption gap 10 mm
Thickness of the transfer gap 0.7 mm
Thickness of the Be window 50 �m (+50 nm Al)
Active area 15 ù 15 mm2

Readout pitch 50 �m

Gas Volume 60 ù 60 ù 10 mm3

Gas mixture Pure DME
Filling pressure 800 mbar
Typical Vdrift *2800 V
Typical Vtop *870 V
Typical Vbottom *400 V
VASIC Ì0 V
Operating temperature +15 ˝C to +30 ˝C

candidate atomic element that can be considered in the 2–8 keV energy
band.

Noting that this effectively leaves out all the noble gases custom-
arily exploited in traditional proportional counters, we choose pure
dimethyl-ether (DME, (CH

3
)
2
O, see Table 2) as a good compromise

between the various design considerations. DME has a long history of
application in gas detectors for high-energy physics, and its quenching
properties are desirable in our application, as they limit the risk of
accidental discharges in the detector. In addition, DME features one of
the lowest transverse diffusion coefficients, which is also desirable, as in
practice the track blurring due to diffusion is one of the limiting factors
to our ability to reconstruct the photoelectron emission direction.

2.2. Geometrical detector layout

The thickness of the absorption gap is the single, most important
geometrical parameter determining the polarimetric performance of
the GPD. Although a thicker gap provides a relatively higher quantum
efficiency, the corresponding increase of drift length for the primary
ionization causes a decrease of the modulation factor due to the trans-
verse diffusion of the track. The effect is somewhat exacerbated when
the absorption efficiency approaches unity, as in the optically-thick
regime photons tend to convert primarily in the uppermost layer of the
absorbing medium, further increasing the average drift length.

The optimization of the geometry of the gas cell is tightly coupled
to the choice of the gas pressure, and Fig. 3 shows the quality factor
F
Q
in Eq. (1), calculated at 3 keV, in the absorption thickness-pressure

Fig. 3. Relative scaling of the quality factor F
Q
in Eq. (1) at 3 keV as a function

of the DME pressure and the thickness of the absorption gap. The maximum value is
conventionally set to 1.

Fig. 4. GPD quantum efficiency as a function of energy. The calculation assumes 1 cm
of DME at 800 mbar and 20 ˝C, and includes the effect of the 50 nm Al deposition on
the inner face of the Be window, as well as that of the contaminants in the window
itself (mainly BeO and Fe, the Be purity being 99.0%).

Table 2
Summary table of the relevant properties of dimethyl-ether
(DME), see, e.g., [11] and [12].
Parameter Value

Chemical composition (CH
3
)
2
O

Density @ 1 atm, 0 degrees C 2.115 mg cm*3

Average energy per electron/ion pair 28 eV
Fano factor Ì0.30
Minimum transverse diffusion 68 �m cm*

1

2

plane2. Although we emphasize that our sweet spot is fairly shallow,
10 mm of pure DME at 800 mbar provide a nearly optimal sensitivity
in a configuration that is well matched to basic detector components:
with an average photoelectron track length ranging from about 100 �m

at 2 keV to slightly over 1 mm at 8 keV, the 50 �m pitch of the readout
ASIC and of the GEM allows a meaningful reconstruction of the track

2 The actual broadband sensitivity depends on the effective area of the
X-ray optics and the source spectrum, but, being 3 keV close to the energy of
peak sensitivity, this is a sensible proxy, providing a good illustration of the
expected performance across the phase space of interest.
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Table 4: IXPE MMA effective areas as measured at 2.3 and 4.5 keV during calibration at the MSFC SLTF. The areas 
have been corrected to infinite source distance as discussed in the text. 

 2.3 keV 4.5 keV 
MMA1   168 cm2 195 cm2 

MMA2 167 cm2 195 cm2 
MMA3 167 cm2 200 cm2 

 

 

 
Figure 8: Effective area (measured and best-fit model) for a point source at infinity as a function of energy for the three 
flight MMAs.  

 

7.1.2.2. Half Power Diameter  

The Half-Power Diameter (HPD) of each MMA was measured using a CCD camera at the focus of the optic, with 
filtered X-ray sources producing lines at nominally 2.3 keV (Mo-L) and 4.5 keV (Ti-K) along with some (filtered) 
continuum emission. The detector region used for this measurement was chosen to be the same as that used for the 
effective area, i.e. a circle of diameter 8 mm, which is approximately 16 times the MMA HPD. Flat fields, taken 
immediately before and after the measurements, were used to subtract offsets and noise contributions in individual 
pixels. The diameter containing half the flux within the measurement region was then determined and converted to an 
angle using the measured image distance (~ 4.17m) for the 100-m object distance at the SLTF. Results are tabulated in 
Table 5. 

Baldini+ ‘21
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• Requires >10 TeV electrons:   

• Electrons cool fast:  

→Acceleration needs to be fast 
→Electrons “out of contact with shock” will not emit X-rays 
→Narrow X-ray filaments 

• Combination of acceleration and cooling : 

•   

• X-ray synchrotron: requires  and 

hν ≈ 19 ( B
100 μG ) ( E

100 TeV )
2

keV

τcool ≈ 12.5 ( B
100 μG )

−2

( E
100 teV )

−1

yr

(τacc ≈ τcool)

hνcutoff ≈ 1.4η−1 ( Vsh

5000 km/s )
2

keV

η ≈ 1 Vsh ≳ 3000 km/s

X-ray synchrotron radiation
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Synchrotron radiation

src: wikipedia

intrinsically ~70% polarized
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• Synchrotron radiation:  
•  

• Mature SNRs (≳2500 yr): tangentially oriented fields 
• Makes sense: shock compresses tangential B-field components only 

• Young SNRs (≲2500 yr): radially oriented B-fields and low Π (Cas A: ~5%) 
• Poorly understood

hν ≈ 0.5E2
GeV(B/100 μG) GHz

Radio synchrotron polarization from SNRs

Dubner&Giacani (2015) 
(Magnetic-field vectors)

Astron Astrophys Rev (2015) 23:3 Page 17 of 48 3

Fig. 4 Radio polarization bars in B-field direction as obtained with the Effelsberg 100-m telescope. Left
SNR Cas A at 32 GHz; right SNR CTB1 at 10.55 GHz (courtesy of W. Reich)

authors proposed that the observed RM pattern is the imprint of an azimuthal magnetic
field in the stellar wind of the progenitor star. The expansion of the remnant into such
a wind can account for the bilateral morphology of G296.5+10.0 as observed in the
radio and X-ray bands.

Even if the radio observations of SNRs are carried out at optimum conditions to
minimize the effects mentioned above, the observed degree of polarization in SNRs
is still considerably lower than the maximum possible theoretical value. This is an
indication that the magnetic fields are primarily disordered. In general, the polarization
degree has been found to be between 10 and 15 % (see references in Reynolds and
Gilmore 1993), with higher values between 35 and 60 % in some few exceptional cases,
as for example in some regions in the Vela SNR (Milne 1980), DA 530 (Landecker
et al. 1999), G107.5−1.5 (Kothes 2003), and SN1006 (Reynoso et al. 2013).

At large spatial scale, it has been proposed that the intrinsic orientation of the
magnetic field in SNRs, as inferred from the radio observations, shows a typical
pattern depending on their age. The earliest observations of the young SNR Cas A
showed a convincingly radial magnetic field with respect to the shock front (Mayer
and Hollinger 1968), while in the case of the old Vela SNR, the radio polarization map
showed a near tangential direction in the brighter emission (Milne 1968). Later on,
polarization measurements carried out by Milne (1987) over 27 SNRs confirmed that
in young remnants the alignment of the magnetic field is predominantly in the radial
direction, whereas the dominant orientation of the field in older remnants is parallel
to the shock front or tangled. Subsequent observations have supported this picture
(Landecker et al. 1999; Fürst and Reich 2004; Wood et al. 2008). In Fig. 4, we show
the intrinsic magnetic field distribution in the SNR Cas A (left) and in CTB1 (right),
illustrating two extreme cases of magnetic field distribution, predominantly radial and
tangential, respectively.

123

Cas A CTB 1
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• Observations: January 11-29, 2022 (~900 ks) 
• Initially some calibration/SW issues: 
• bending boom on orbital phase  
• corrected in released event list 
• remaining spurious offsets (removed by team) 

• 2.5’ remaining WCS error (corrected for by team) 
• uncertainties about correctness u and q columns 
• PI/energy reconstruction imperfect (charge builtup) and det. unit dependent 

• Effective exposure: 819 ks

The IXPE observations of Cas A
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• Tycho’s contain puzzling semi-regular synchrotron structures: Tycho’s stripes 
(Eriksen et al. 2011) 

• Suggests coherent magnetic field → high polarization expected 
• IXPE result (region g): no secure detection (3.7σ), with (Π=14±4% corrected)

Tycho stripes
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12.2. X-RAY SYNCHROTRON RADIATION 305

Figure 12.15: The eastern part of Tycho’s SNR (c.f. Fig. 12.9), as observed by Chan-
dra in the 4-6 keV band. It shows the peculiar horizantal features known as “Tycho’s
stripes” [371].

ble of accelerating up to these energies. Filling in the age of the remnant (⇠ 440 yr),
a shock velocity of 5000 km s�1 and the upstream magnetic field of ⇠ 50 µG into
(11.37) gives Emax ⇡ 2⇥ 1014 eV for h = 1. Another issue is that for fast accelera-
tion one needs a turbulent, isotropic magnetic field h ⇡ 1. But then it is not clear why
the magnetic-field pattern that emerges appears to be so regular. Finally, it is surpris-
ing that the structures appear more or less face-on, whereas most X-ray synchrotron
filaments appear strongly limb-brightened. That said, two models relate the stripes
indeed to anisotropic plasma waves present in the upstream medium, which are later
overtaken by the shock. The structures are according to one model are predetermined
by structures present in the ambient magnetic field [227]. According to another model
the structures correspond to circularly polarised Alfvén waves generated by cosmic-
ray streaming upstream of the shock [698]. These models can potentially be tested by
measuring the magnetic-field orientation of the stripes with the future X-ray imaging
polarisation telescope IXPE [1214] — see also [227, 298, 1188].

Finally, some words on an issue that is not entirely about X-ray synchrotron emis-
sion, but about something that connects X-ray emission properties to cosmic-ray ac-
celeration in a supernova remnant. X-ray emission from Tycho’s SNR has played a
prominent role in the debate about the maximum shock compression ratio. As ex-
plained in Sect. 11.3 (see Fig. 11.7), a prediction of non-linear cosmic-ray acceleration
is that the shock compression ratio can be much larger than the factor c = 4 for strong
Mach number shocks. If that is the case, then the shock-heated shell will be thinner
than according to standard hydrodynamical models [300]. For Tycho’s SNR this seems
indeed to be the case: the ejecta contact discontinuity (Sect. 5.3) appears to be closer
to the forward shock than predicted by standard models. This was first pointed out in
[1201], and can be seen in Fig. 12.9 (right) the ejecta fingers (greenish) almost touch
the X-ray synchrotron filaments (purplish). A caveat is the role of Rayleigh-Taylor
instabilities (Sect. 5.9) in bringing “fingers” of ejecta close to the forward shock. Nu-

Chandra


