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Abstract

X-ray synchrotron radiation is expected to be highly polarized. Thanks to the Imaging X-ray Polarimetry Explorer
(IXPE), it is now possible to evaluate the degree of X-ray polarization in sources such as supernova remnants
(SNRs). Jointly using IXPE data and high-resolution Chandra observations, we perform a spatially resolved
spectropolarimetric analysis of SNR Cassiopeia A (Cas A). We focus on the 3-6 keV energy band on regions near
the shell dominated by nonthermal synchrotron emission. By combining IXPE’s polarization sensitivity with
Chandra’s higher spatial and spectral resolution, we constrain the local polarization degree (PD) and polarization
angle across the remnant. Our analysis reveals PD values ranging locally from 10% to 26%, showing significant
regional variations that underscore the complex magnetic field morphology of Cas A. The polarization vectors
indicate a predominantly radial magnetic field, consistent with previous studies. Thanks to the improved modeling
of thermal contamination using Chandra data, we retrieve higher PD values compared to earlier IXPE analysis and
more significant detections with respect to the standard IXPEOBSSIM analysis. Finally, we also estimate the
degree of magnetic turbulence n from the measured photon index and PD, under the assumption of an isotropic

fluctuating field across the shell of Cas A.

Unified Astronomy Thesaurus concepts: Supernova remnants (1667); Interstellar medium (847); Spectro-

polarimetry (1973)

1. Introduction

Supernova remnants (SNRs) are the diffuse leftovers of
supernova (SN) explosions, the violent deaths of massive stars
or white dwarfs. Shock fronts in SNRs are considered the most
likely acceleration sites of Galactic cosmic rays (CRs), high-
energy particles that can reach energies up to hundreds of TeV,
through the so-called diffusive shock acceleration (DSA)
mechanism (e.g., L. O. Drury 1983). In the DSA framework, a
significant fraction (~10%) of the kinetic energy from the SN
explosion is transferred to charged particles, which repeatedly
cross the shock front back and forth, gaining energy at each
crossing (E. Amato 2014). Multiwavelength spectral analyses
have reinforced this hypothesis by revealing synchrotron
radiation across the electromagnetic spectrum, from radio to
X-ray frequencies. Radio emission is ascribed to electrons
accelerated up to GeV energies, whereas the X-ray one arises
from TeV electrons (J. Vink 2020). Thanks to X-ray
spectroscopy, it is possible to study the interaction between
SNRs and the surrounding interstellar/circumstellar medium
(ISM/CSM). Indeed, as SNRs expand, they drive powerful
shock waves that heat and compress the CSM/ISM, producing
characteristic X-ray emission that can be broadly categorized
into two types: thermal and nonthermal. The thermal emission,
either due to shocked stellar fragments of the progenitor star
(the ejecta) or to the swept-up ISM/CSM, arises from
electrons and ions that have been heated to a Maxwellian
distribution by the reverse or forward shock, respectively. On
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the other hand, the nonthermal emission is generated by
relativistic electrons that are accelerated at the shock fronts
and gyrate around the magnetic field lines, emitting X-ray
synchrotron radiation (P. Slane et al. 1999; E. Parizot et al.
2006; G. Morlino et al. 2010; J. Vink 2020).

Synchrotron radiation is intrinsically polarized up to the
70%—-75% level (depending on the slope of the electron
spectra; see Equation (3.29) in V. L. Ginzburg & S. I. Syrova-
tskii 1965). However, the presence of magnetic turbulence can
significantly decrease the polarization level of the radiation.
Thus, the analysis of the polarization of radiation from SNRs is
crucial for understanding the structure of the magnetic fields,
including the ones present in the ISM and the CSM, and
the degree of turbulence induced by the SNR expansion and
its interaction with the surrounding medium. Observations
of radio polarization have revealed that magnetic fields in
young SNRs are often radially oriented (J. R. Dickel &
D. K. Milne 1976). In the SN 1006 shell, the magnetic field
distribution has shown a predominantly radial configuration,
with components almost aligned with the Galactic plane
(E. M. Reynoso et al. 2013). The average polarization angle
(PA) measured in the radio band for SN 1006 is approximately
—36.3° + 0.4°. Similarly, Tycho’s SNR is characterized by
radio polarization degrees (PDs) ranging from O at the center
to 7%—-8% at the outer rim (M. R. Kundu & T. Velusamy
1971; J. R. Dickel et al. 1991).

One of the most-studied and brightest SNRs is Cassiopeia A
(Cas A). Cas A is one of the youngest known SNRs in the
Milky Way, being a 343 yr old SN IIb-type remnant at a
distance of 3.4kpc (J. E. Reed et al. 1995; O. Krause et al.
2008), which shows many asymmetries and an overall
clumpiness. It is about 3 pc in radius and its shock front
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expands at a speed of 4000-6000kms ' (S. S. Lawrence
et al. 1995; J. E. Reed et al. 1995; D. Milisavljevicl &
R. A. Fesen 2013; J. Vink et al. 2022a; Y. Sakai et al. 2024).

Cas A shows a radially oriented magnetic field (I. Rosenberg
1970; R. Braun et al. 1987) and exhibits relatively low radio
polarization, around 5% close to the reverse shock and between
8% and 10% in the outer regions (M. C. Anderson et al. 1995).
The predominantly radially oriented magnetic field in Cas A,
combined with the properties of synchrotron emission, predicts
that the intrinsic polarization may differ significantly between
the X-ray and radio bands. While X-ray synchrotron emission is
confined to thin regions downstream of the shock, with a
characteristic width given by ljoss & AV f105, Where Av = %Vsh
is the downstream flow velocity, radio synchrotron emission
originates from a much larger volume, with typical size of the
order of / > 10'® cm, while the narrowness of the synchrotron
filaments is typically ~5 x 10'®cm (E. A. Helder et al. 2012).
In the radio band, the longer path lengths result in significant
depolarization due to variations in the magnetic field orientation
along the line of sight. In contrast, the shorter path lengths
probed by X-ray synchrotron emission minimize the impact of
magnetic field variations, allowing for a higher PD to be
observed. Furthermore, the steep slope of the X-ray synchrotron
spectrum implies that the maximum intrinsic PD Fy,x in the
X-ray band is higher than in the radio (V. L. Ginzburg &
S. L. Syrovatskii 1965; A. M. Bykov et al. 2009).

The Imaging X-ray Polarimetry Explorer (IXPE), resulting
from a collaboration between NASA and the Italian space
agency, is the first telescope able to measure X-ray polariza-
tion (P. Soffitta et al. 2021; M. C. Weisskopf et al. 2022). It
enables X-ray spatially resolved spectropolarimetric analysis
for the first time, achieving an angular resolution of
approximately 30” in the 2-8 keV energy band. One of the
first studies made on extended sources by means of IXPE data
was carried out by J. Vink et al. (2022b), who detected
polarized X-ray emission in the 3—6 keV range from Cas A.
They found an overall PD for synchrotron radiation of about
2.5%, and nearly 5% in the forward shock region, with a
radially oriented magnetic field, in agreement with radio
observations (J. Vink et al. 2022b). Besides Cas A, IXPE
observations revealed that also Tycho’s SNR and the north-
eastern limb of SN 1006 exhibit radially oriented magnetic
fields, with average PD of 9% + 2% over the entire Tycho
remnant (R. Ferrazzoli et al. 2023) and of 22.4% =+ 3.5% for
the limb of SN 1006 (P. Zhou et al. 2023). In contrast, for the
northwestern rims of SNR RX J1713.7-3946 and SNR Vela Jr
(RX J0852.0-4622), a tangential magnetic field orientation in
the acceleration regions was detected, with an average PD of
125% + 33% and PD=164% + 4.5%, respectively
(R. Ferrazzoli et al. 2024; D. A. Prokhorov et al. 2024). The
latter result added a new example of tangential magnetic fields
in young SNRs, challenging the previously observed dichot-
omy between radial magnetic fields in young SNRs and
tangential fields in middle-aged ones.

In this study, we perform a spatially resolved spectro-
polarimetric analysis of the SNR Cas A, focusing on regions
close to the shell, where the nonthermal synchrotron emission
dominates. Given the IXPE limited spectral resolution, which
is insufficient to disentangle detailed spectral features, such as
continuum and emission lines, Chandra data are used to
constrain the parameters of the thermal emission. Therefore,
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we couple the higher Chandra spatial and spectral resolution
with the unique diagnostic potential on X-ray polarization
provided by IXPE, in order to constrain the thermal and
nonthermal emissions at the shock front. Then, we evaluate
both the PD and the PA across the shell of Cas A in each
selected region. Moreover, we also perform a polarization
analysis using the open-source software package
IXPEOBSSIM (L. Baldini et al. 2022). From the derived
PDs, we estimate the degree of magnetic turbulence all around
the Cas A front, within each selected region, to identify the
most turbulent (low polarized) regions. The paper is organized
as follows: in Section 2, we present the analysis methods,
detailing the procedures used for the spectropolarimetric study
and the analysis conducted with the IXPEOBSSIM software
package. In Section 3, we report the results of these analyses,
including both the spectropolarimetric findings and the
outcomes of the IXPEOBSSIM-based analysis. In Section 4,
we discuss the implications of our results and provide the main
conclusions of the study.

2. Data Analysis

In order to extract the polarization properties of the emission
around the entire shell of Cas A, we first make use of the
Chandra high-resolution data to deduce the typical parameters
of both the thermal and nonthermal components of the emitted
radiation. Then, the values obtained serve to constrain the best
fit of the IXPE Stokes parameters spectra.

2.1. Chandra Data

We analyze the deepest single Chandra observation of Cas
A (Obs ID 4638, exposure time 164 ks, PI: Hwang; U. Hwang
et al. 2004). The data are reprocessed with the CIAO v4.16
software using CALDB 4.11.0. We use the chandra_ repro
task to reduce the observation. The image of Cas A, generated
using the fluximage tool, is plotted on the left panel in
Figure 1. It is taken in the 3—-6 keV energy band, in order to
retain mainly the nonthermal contribution of the emission and
to minimize the thermal contamination (J. Vink et al. 2022b).
Thus, we select 23 regions of size 42" x 42" across the whole
shell of the remnant, as shown in the left panel in Figure 1,
where they are indicated by white squares. For each of the
selected regions, we extract the spectra through the specex-
tract tool, available within CIAO. For all the spectra, we
impose that each bin in energy must contain at least 25 counts,
in order to use x2 statistics; then, we subtract from each
observed spectrum the background spectrum obtained from a
nearby region immediately outside of the source. Spectral
analysis is performed with PyXspec 2.1.2, the Python wrapper
of XSPEC 12.13.1 (K. A. Arnaud 1996). One example of the
obtained energy spectra is shown in Figure 2.

2.2. IXPE Data

IXPE has observed Cas A from 2022 January 11 to 29 for a
total time of about 900 ks (Obs ID 01001301).

The initial IXPE data release of the Cas A observations
contains some inaccuracies in the sky coordinates due to
phase-dependent effects. In particular, the boom connecting
the X-ray telescopes to the spacecraft experienced heating
variations during its orbit around Earth, leading to periodic
bending and shifts in the focal point within the detector
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Figure 1. Cas A images of Chandra (left panel), in log scale with a pixel of size 0.98, and IXPE (right panel), in the sqrt scale with a pixel of size 2.6, in the 3—6 keV
energy band. The regions selected for the spectral analysis around the SNR rims are indicated by white squares.
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Figure 2. Left panel: Chandra emission spectrum of region 1. In the top panel, black points represent the observational data with their associated error bars. The solid
red line shows the overall best-fit model, while the dashed blue line represents the thermal vnei component, and the dashed green line indicates the nonthermal
power-law component. In the bottom panel, the residuals for each energy bin are displayed along with their corresponding errors. Right panel: chemical
abundances derived from the best fit of Chandra data for the analyzed regions. The y-axis represents the abundances on a logarithmic scale. The abundances of
regions 21 and 22 are not shown, as they are significantly affected by the Cas A jet.

coordinates. Despite the application of corrections, some of
which are included in the publicly available level two event
list, a residual pointing offset of approximately 2.5 persists.
The event lists used have corrected World Coordinate System
keywords,5 based on a cross correlation with Chandra
observations (J. Vink et al. 2022b).

In addition, events likely to be particles rather than photons
are removed based on their event tracks. Then, we carefully
account for background contributions. They can be classified
into two main types: the diffuse astrophysical X-ray back-
ground and the particle-induced background generated by the
instrument. To further refine the separation between particle-
induced events and photon events, we apply an energy-
dependent background filtering technique following the
method outlined in A. Di Marco et al. (2023).° This approach,

5
6

https:/ /zenodo.org/records /6597504
https://github.com/aledimarco /IXPE-background

which also utilizes event track information, leverages key
differences in track morphology. X-ray tracks, produced by
photoelectrons in the gas-pixel detectors, are compact with
higher charge density, while particle-induced tracks tend to be
more extended, straighter, and less dense. A. Di Marco et al.
(2023) developed three rejection filters based on: (i) track size
(NUM_PIX), (ii) the energy fraction in the main cluster
(EVT_FRA), and (iii) the number of border pixels (NUM_TRK).
By applying energy-independent cuts requiring NUM PIX<
250, EVT_FRA> 0.82, and NUM TRK< 2, we effectively
eliminate the most likely particle-induced events. Despite this,
a nonnegligible background remains, so we select a region free
of sources to perform a further background subtraction.

The squared regions along the bright rims selected in the
Chandra observations are reported on the same location in the
IXPE Cas A image (see the right panel in Figure 1). The IXPE
image of Cas A is taken in the 3—-6 keV energy band, generated
using the xpselect tool provided by IXPEOBSSIM. The
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Table 1
Best-fit Parameters Obtained from the Chandra Spectra
Region ny kT T NOrMy e r NOrMypey, X2 dof
(10%) (kev) (10" s/cm) e (10*3k':‘/"::‘;s
1 1.02+006 3.9355% 0.2410%2 0.81 té:;§§ 277098 420403 466 369
2 113409 1.15+016 0.51 04 1734036 2.80109% 6.2510% 462 331
3 113593 0.84°097 1295042 3294108 2.76+05 7955199 453 338
4 1.02:992 1.769% 0.441002 0.4179% 2714005 4.78*913 367 329
5 0.82+0.06 1.587012 0.775018 2.58+012 2.34+008 1997023 367 324
6 0.9850% 2.447013 0.527+0% 271504 2.72+5% 2997022 402 323
7 143155 3.29t8_2§ 0.4775% 3.377933 >3.5 8.5670 23 418 328
8 1327591 1.047919 3297910 10.60+3:99 <1.30 0.11794! 363 271
9 1557014 1.0879%) 3.037018 10207179 <1.30 0.17504 371 282
10 1.8275% 0.875% >4 9.00793] <1.30 0.1159! 350 268
11 1.8275%2 0.8759% 2.491031 9224073 2601097 0.241922 338 298
12 1595919 0.845008 1.3459% 17.4072% 2.54%0 ;9 4.18:1;? 396 317
13 181799 0.8175% 257931 8.7079% 2,669 5427932 344 319
14 1715002 0.81°00 471540 6.15+0%0 2. 58*332 311402 351 307
15 1.99+902 0.847001 >4 10.10949 2291005 2785913 428 316
16 0.8379% 1347919 1.5270%9 0.3779% 2.2975%¢ 2107913 389 307
17 1.0950%8 1317588 1.6159% 8.115079 137594 0.29+0:03 449 321
18 0.90+3%2 1.36794 1.26%91¢ 202408 280109 3.96102 455 322
19 0.8079%3 1.66%5: %% 1.124939 1.58%% }% 2.997008 248702 465 298
20 0.8370% 142793 1.487034 1.051013 2.9875% 3.0750:08 429 300
23 0.8875% 378701 031753 0.3479% 2.47t8‘83 217791 422 354

Note. The parameters include the hydrogen column density ny, the electron temperature k7, the ionization timescale 7, the normalization factor for the vnei model,
the photon index I, and the normalization factor for the power-1aw model. In regions 4, 5, 6, and 23, due to strong degeneracy between 7 and k7, uncertainties are
estimated by holding one parameter fixed while varying the other. The parameters of regions 21 and 22 are not shown, as they are significantly affected by the Cas A

jet. Uncertainties are at the 90% confidence level.

Stokes parameters I, O, and U spectra for all 23 regions are
extracted using xselect. We group the Stokes / spectra to
contain at least 50 counts per bin, while we apply a constant
0.2keV energy binning to the Stokes Q and U spectra,
following the procedure described in R. Ferrazzoli et al.
(2024).

2.3. Methods

The regions shape and size were chosen by finding the best
balance between three different competing effects: (i) each
region has to be bigger than the IXPE point-spread function to
limit the bleeding of photons from close regions; (ii) the bigger
the regions the better the statistics, a crucial point especially to
robustly constrain the polarization parameters (iii) on the other
hand, bigger regions are more likely to be affected by thermal
contamination from the ejecta or to cause mixing between
different polarization angles, hampering the diagnostic power
on the polarization. We found the best trade-off by selecting
42" x 42" boxes along the bright synchrotron rims. In any
case, as shown in Figure 2, emission lines are still present in
the spectra, indicating thermal contamination from either
ejecta or ISM/CSM. To correctly take this additional thermal
component into account, each Chandra spectrum is fitted using
the model TBabs (vnei+powerlaw), which includes a
thermal, nonequilibrium ionization component (K. J. Borkow-
ski et al. 2001), a power-law component to fit the synchrotron
contribution, and the Galactic absorption model (J. Wilms
et al. 2000). As an example, the spectrum of region 1 fitted by
the above model is displayed in Figure 2, together with the
residuals. We note here that addressing the exact origin of the

detected thermal emission, i.e., ejecta/ISM/CSM, is beyond
the scope of this paper, since we are only interested in
modeling the observed thermal emission to accurately include
its effects in the analysis of the IXPE observations. To achieve
a good spectral fit with the minimum number of free
parameters while ensuring an acceptable x> value relative to
the degrees of freedom (dof), an F-test is performed to
determine which chemical abundance should be fixed and
which should remain free to vary during the fitting process.
The best-fit parameters derived within all 23 regions are
reported in Table 1. In addition, we plot in Figure2 the
chemical abundances along with their error bars. Points
without error bars correspond to abundances fixed to 1. For
regions 4, 5, 6, and 23, where there is significant degeneracy
between T, the ionization timescale, and k7, the electron
temperature, we calculate the parameter uncertainties by fixing
one parameter while varying the other. Notice that regions 21
and 22 are not included in Table 1 and in the plot in Figure 2,
since their abundances are too high, being regions very close to
the Cas A jet. Errors are provided at the 90% confidence level.
Almost all the regions show supersolar abundances, indicating
the presence of shocked ISM/CSM and/or contamination
from the shocked ejecta. This is particularly true for the
northern side regions and the ones on the southeast side.

On the other hand, IXPE spectra are fitted with a model
that combines Galactic absorption, an unpolarized (PD is
kept fixed to 0) thermal component, a nonthermal power-law
component with PD and PA kept constant over the 3—-6 keV
energy band; in XSPEC syntax: TBabs (polconstxvnei
+polconst*xpowerlaw).
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Table 2
Comparison between the Models Used to Generate Synthetic Spectra and Those Employed for Fitting Them

Test Model Used for Spectra Synthesis Model Used to Fit the Synthetic Spectra

1 Tbabs(vnei+polconst“‘powerlaw) Tbabs(vnei+polconst“‘powerlaw) v
2 Tbabs(vnei+polconst “powerlaw) Tbabs(polconst ‘powerlaw) X
3 Tbabs(vnei+polconst“‘powerlaw) Tbabs(polconst*vnei+polconst ‘powerlaw) X
4 Tbabs(polconst”vnei+polconst powerlaw) Tbabs(polconst*vnei+polconst ‘powerlaw) v
5 Tbabs(polconst™vnei+polconst powerlaw) Tbabs(polconst“powerlaw) X
6 Tbabs(polconst*vnei+polconst*powerlaw) Tbabs(vnei-+polconst powerlaw) X

Note. Checkmarks indicate that the approach successfully recovers the parameter values used for the spectral synthesis. X's denote models providing parameter

values having significant discrepancies with the input parameters.

Since the absorption can hardly be constrained with the
>2keV photons, the values derived from the Chandra data
analysis are used. For each region, the parameters of the
thermal component are fixed to the best-fit values derived from
the corresponding Chandra data fit.

2.3.1. Validation of the Spectropolarimetric Analysis

This work represents the first spectropolarimetric analysis of
a SNR using IXPE observations that includes a thermal
component in the modeling. The goal is to measure the PD and
PA through a spectropolarimetric analysis while accurately
accounting for the thermal emission. This can be achieved only
by understanding how the PD is influenced by the presence of
a thermal component in the spectral fits and how the coupling
between the polarization (polconst) and the vnei thermal
model affects the results.

Given the novelty of our approach and the uncertainties on
the use of the polarization component in the presence of a
significant thermal emission, we validated our methodology by
generating synthetic IXPE spectra to be used as calibration
sources. This is accomplished using the fakeit tool provided
by the PyXspec software package, which allows us to simulate
spectra derived from a user-defined model. The validation
process is based on verifying that the fitting procedure, carried
out using different possible physical models, applied to the
synthetic spectra, returns the same parameter values given as
input in the simulation. This approach is crucial to verify that
when the thermal emission is not properly modeled when
retrieving the polarization parameters, misleading results can
be obtained; thus, we need to ensure that we can properly
derive the physical characteristics of the plasma from
observational data. For the synthetic spectra, we set up the
following PD and PA values: (30%; 80°), (10%; —50°), (25%;
10°). Table2 summarizes the tests carried out for each
simulated spectrum: the left column lists the models used to
synthesize the spectra, while the right column shows the
models adopted during the fitting procedure to reproduce the
synthetic spectra.

In particular, two different models are tested for this
validation process on simulated data: Tbabs (vnei+pol-
constxpowerlaw) and Tbabs (polconstxvnei+pol-
constxpowerlaw) with PD kept fixed to O for the thermal
component. The “X” in Table2 marks the cases where the
fitting model is unable to reliably retrieve the input PD and PA
values, highlighting key limitations in these configurations.
For tests 2 and 5, the model does not exhibit consistency in
reproducing the input values, such as the I' or the PA value.
This discrepancy indicates that the model with no thermal
component fails to accurately capture the polarization

properties. Test 3 should, in principle, retrieve consistent
results given the intrinsic zero polarization of the thermal
component. However, when fitting spectra synthesized with
the polconst coupled to the thermal component with a
model not including the polconst, strong discrepancies are
again found, despite the PD being set equal to 0. The same
occurs in the opposite scenario, test 6, where the role of the
models used to synthesize and to fit the spectra is inverted.
These results highlight a likely technical issue, either due to
the definition of the polconst component in XSPEC or to
the IXPE instrumental characteristics.

The only cases that robustly retrieve the original values occur
when the fitting function matches the modeling function,
meaning test 1 and test 4. Therefore, we applied the two
models Tbabs (vnei+polconstxpowerlaw) and Tbabs
(polconstkvnei+polconst*powerlaw) to the actual
IXPE observations, and we noticed that the model Tbabs
(vnei+polconstipowerlaw) systematically returns the
same PA, no matter the region considered. This suggests a
limitation in the model’s sensitivity to spatial changes in the
source’s magnetic field. This spectral model was then discarded.
Finally, the second model, Tbabs (polconst*vnei+pol-
constipowerlaw), in which the PD coupled to the vnei
component is fixed to 0, is chosen for the analysis of the IXPE
observations, being able to capture variations in PA across
different parts of the SNR, with PA values consistent with the
orientations observed in J. Vink et al. (2022b) and with the
IXPEOBSSIM unweighted analysis (see Section 2.4). Although
polconst#vnei with PD=0 should be equivalent to vnei,
this is not the case in practice, likely due to a technical issue in
XSPEC. The polconst model is multiplicative and must be
applied to all spectral components in the polarimetric fit. When
both the thermal and nonthermal components are convoluted
with polconst, the fit is correct. Conversely, omitting
polconst from the thermal component leads to an incorrect
polarization estimate, compromising the analysis of the polari-
metric parameters.

2.4. IXPEOBSSIM Unweighted Analysis

As a further sanity check, we also compared the spectro-
polarimetric results with the standard analysis using the open-
source software package IXPEOBSSIM (L. Baldini et al.
2022), utilizing version 12 of the IXPE response functions and
adopting an unweighted analysis approach. The data from
IXPE’s three DUs are combined by processing the individual
level 2 event files, corrected for instrumental background,
through the xpbin tool in IXPEOBSSIM. Using the
PMAPCUBE algorithm within xpbin, we bin the polarization
maps with a pixel size of 42”, for consistency with the spectral
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Table 3
Results from the Spectropolarimetric Analysis and the IXPEOBSSIM Analysis, the Latter after Correction for the Corresponding Synchrotron Fraction (PD.,,,), of
Some Regions Reported in Figure 3

Spectropolarimetric Analysis

IXPEOBSSIM Analysis

Region PD (%) PA (deg) o PD (%) PDeorr (%) PA (deg) o

1 26.067559 —67.2174 3.83 20.567382 2298742 —71.54%712 4.02
3 12915413 —78.6475% 3.08 10.64 1382 12.39444 —~75.9571937 2.79
4 <2231 2.25 <22.45 <25.40 2.36
5 17.324483 5254182 3.50 17.16%432 19.2073:9%¢ 47.65773% 3.80
7 22477884 —35.6875% 3.30 10.147383 11.56743) —36.19*111¢ 2.57
11 <28.35 2.24 <25.23 <29.19 2.10
14 19.2147% —67.14711%8 2.66 <28.05 <30.82 2.28
15 19.21334 —86.607893 3.24 18.57362 20.38+617 —81.197868 3.30
16 17507343 4100794 321 15.59+374 17.03+8% 40721057 271
19 <28.93 2.24 <26.07 <30.79 242
23 16.097339 —69.0375% 3.04 <24.49 <26.87 - 227

Note. The uncertainties reported are at the 1o confidence level. The IXPEOBSSIM analysis is determined assuming 1 dof. For regions where the significance of the
measurement is below 2.570, the upper limit for PD is reported at the 99% confidence level, while the PA is nonconstrained.

extraction regions, focusing on the 3-6keV energy band.
Afterward, using xpselect, we select each region of interest
to derive PD and PA through the PCUBE algorithm within
xpbin, subtracting the background and subsequently correct-
ing for the corresponding synchrotron fraction (see
Appendix B).

3. Results
3.1. Polarization Measurements

The PD and PA values obtained from the analysis are
reported in Table 3 with the corresponding uncertainty (at 1o
confidence level) and the significance of the detection,
estimated for 1 dof, as it is standard practice for IXPE analysis
(R. Ferrazzoli et al. 2023; P. Zhou et al. 2023; R. Ferrazzoli
et al. 2024; D. A. Prokhorov et al. 2024). We also show in
Figure 3 a map of PD and PA for all the regions in which the
detection of X-ray polarization is significant at least at the 2o
(yellow vectors) or 3o (red vectors) levels. Five regions
(specifically regions 8, 9, 10, 21, and 22) are excluded a priori
due to overwhelming thermal contamination observed in the
Chandra spectra. This exclusion leaves 18 regions for our
analysis. For the most significant region (region 1), the post-
trial significance is (99.987%)'® = 99.77%, namely 3.050. PD
varies significantly in different areas of the shell, ranging from
~10% to ~26%, with the highest and most significant values
in the northeast and southeast. Notably, these values are
generally higher than those reported by J. Vink et al. (2022b),
likely due to the different estimation methods of the thermal
contribution. In our case, the thermal contribution was
estimated through the analysis of Chandra spectra, whereas
in J. Vink et al. (2022b), the PD was corrected for thermal
contamination using an estimate of the ratio between thermal
and nonthermal fluxes. In Figure 3, it can also be observed that
the orientation of the polarization vectors is mostly parallel to
the shock front, indicating a radially oriented magnetic field, in
agreement with the radio observations (I. Rosenberg 1970;
R. Braun et al. 1987) and the IXPEOBSSIM analysis by
J. Vink et al. (2022b). This result suggests, as one may expect,
that the contribution from thermal emission has an impact only
on the measured PD and not on the PA. To further verify the

orientation, a spectropolarimetric fit is performed after
extracting the spectra for each region from the aligned data
using the IXPEOBSSIM tool xpstokesalign, assuming
tangential polarization. If the PA is close to 0, the polarization
can be considered parallel to the shock. The obtained PA
values are consistent with those found in the spectropolari-
metric analysis.

3.2. Comparison with IXPEOBSSIM Analysis

In Figure 3, we present a comparison between the spectral
analysis map (left) and the polarization maps obtained through
the IXPEOBSSIM analysis (right). The top-right image
highlights pixels where detections exceed the 3o significance
level, while the bottom-right image shows pixels with
detections above the 20 level. Many regions in the spectral
map on the left find counterparts in the polarization maps on
the right. Among them, regions with detections above 3o,
according to the IXPEOBSSIM analysis, are marked with red
circles, while those above 20 are indicated with yellow circles.
There are some discrepancies in the positioning of regions
between the two maps, which can be entirely attributed to the
pixel centering. An important finding is that our IXPEOBS—
SIM maps show a different number of significant pixels
compared to those reported in Figure3 in J. Vink et al.
(2022b). This discrepancy can be attributed to the updates of
the IXPEOBSSIM. It is worth noticing that the 2 dof analysis
adopted by J. Vink et al. (2022b) has led to a PD for a pixel
size of 42" in the outer regions of ~19%, which is comparable
with our results from the IXPEOBSSIM analysis, after
synchrotron fraction correction.

In Table 3, we report the polarization values for each region
of interest derived through the PCUBE algorithm within
xpbin, correcting for the background, computing PD and PA
from the relevant Stokes parameters, and then correcting again
for the corresponding synchrotron fraction (see Appendix B),
alongside the spectropolarimetric results. The results obtained
from both analyses show a strong overall similarity. However,
some differences emerge in specific cases. For instance, in
regions 7, 14, and 23, the IXPEOBSSIM analysis, despite
accounting for the synchrotron fraction correction, results in a
less significant polarization detection with respect to the
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Figure 3. Left panel: map of PD and PA values produced by the spectropolarimetric analysis in the 3-6 keV energy band, overlaid with vectors indicating X-ray
polarization detections. Red and yellow vectors correspond to regions with significant detections at the 30 and 20 confidence levels, respectively. Right panels:
polarization maps obtained through the IXPEOBSSIM analysis, with the top and bottom images highlighting pixels where detections exceed the 30 and 20
confidence levels, respectively. Regions with detections exceeding the 30 and 20 significance levels in the IXPEOBSSIM that are detected by both the analysis
methods are marked with red and yellow circles, respectively. Notice that the regions shown on the left and right panels do not completely overlap due to the
automatic selection of IXPEOBSSIM. This does not affect the results because of the large IXPE PSF.

spectropolarimetric analysis. The values of PA are remarkably
in agreement between the two types of analysis for all the
regions selected, confirming that the PA is marginally affected
by thermal contamination.

3.3. Estimation of the m Factor

The degree of polarization is strictly linked to the presence
of an ordered or disordered magnetic field. It is well known
that DSA requires highly turbulent ambient fields, so it is
interesting to make an attempt to link the PD coming from the
IXPE analysis to the degree of disorder of the magnetic field.
In order to do so, we follow the derivation described in
R. Bandiera & O. Petruk (2016), where they found that, under
the assumption of isotropic magnetic field fluctuations, the PD
is given by (R. Bandiera & O. Petruk 2016, 2024)

B-ys) 3B
s+16+ﬂﬁ2dwii& mJ

7 SR2 . 2\’
s+ 8 20B A+ 4 _ 3B
3 B\ = L =3

PD =

ey

where s = 2I' — 1 is the spectral index, I' is the photon index
obtained from Chandra data analysis, and |F; is the Kummer
confluent hypergeometric function. This is indeed a very
simplified assumption since it does not take any turbulent
cascade into account. Notice also that the assumption of a
downstream isotropic fluctuating field and the observations of

a mainly radial large scale field can be difficult to reconcile;
thus, the following estimation of the ratio between the
disordered over the average magnetic field should be taken
with caution, since the intrinsic anisotropy of the field
downstream, due to the shock compression, can actually
change those values (R. Ferrazzoli et al. 2023; P. Zhou et al.
2023). In the case of highly turbulent fields, namely 6B > > B,
the asymptotic expression for Equation (1) is simplified to
s+ 15+ s 3B

PD = . 2

Once the PD is determined by the IXPE data analysis, we can
calculate the degree of magnetic turbulence, 7, from the full
Equation (1), which quantifies the ratio between the mean
magnetic field and its fluctuating part, namely

B\

= (55) ®
The values of n are provided in Table4 for each analyzed
region in the outer shell of Cas A. Figure 4 shows the 7 factor
and PD for regions with detection >20 and >30. All the
regions show values of 1 < 1, indicating that, despite some
deviations are found across different regions, the downstream

plasma is always characterized by a fluctuating magnetic field
6B much stronger than the mean one B. Our results are
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Figure 4. Map of the degree of magnetic turbulence 7 and of the PD from the spectropolarimetric analysis in the 3—6 keV energy band for all the regions where the
detection of X-ray polarization is significant at least at the 20 confidence level. The corresponding 7 value is displayed in the box for each region. Yellow ellipses and
corresponding labels mark the regions analyzed by E. Greco et al. (2023) (see Section 4.2).

Table 4
Degree of Magnetic Turbulence Values (1) for
the Regions Shown in Figure 4, with Their
Respective Uncertainties

Regions n

1 0277544
3 0117604
4 0.0875%
5 0.184397
7 <0.18
11 0.123%7
14 0.2150:0
15 0.1970%
16 0.1870%
19 0.11539¢
23 015397

consistent with those reported by R. Ferrazzoli et al. (2023) for
Tycho’s SNR, as they also find éB/B > 1. In particular, they
report 7 = 0.09 £ 0.02 at the rim and n = 0.21 &+ 0.08 in the
western region. We stress that n here should not be mistaken
for the Bohm factor, as it is not a metric of the efficiency of the
acceleration but only of the level of disorder of magnetic fields
in the downstream plasma. In conclusion, in Cas A, the
anisotropy induced by the mean field is effectively reduced by
the dominant turbulent fluctuations (D. G. Wentzel 1974).

4. Discussion

This study presents a detailed spectropolarimetric analysis
of the SNR Cas A using IXPE data, combined with Chandra

observations in order to take the thermal contamination in the
emission into account. Accurate estimation of the thermal
contribution allows for better isolation of the polarized
emission, as the thermal component dilutes the intrinsic
polarization of the nonthermal emission. PD values, deter-
mined by properly modeling such contamination, range locally
between 10% and 26%, remarkably higher than the average
ones reported by J. Vink et al. (2022b), but still much lower
than the intrinsic limit of ~75%, indicating a highly complex
magnetic field morphology even when considering small-scale
areas.

4.1. On the Polarization Degree and Angle

The PD reaches its peak in the southeastern and northeastern
regions. The PD inferred locally through the spectral and the
IXPEOBSSIM unweighted analysis is higher than, but
generally compatible with, the one previously reported by
J. Vink et al. (2022b), with values that locally are even similar
to those reported by P. Zhou et al. (2023) for SN 1006. This is
mainly ascribable to three factors: (i) the updates on the
IXPEOBSSIM software and the improved data reduction and
background subtraction techniques; (ii) the inclusion of an
accurate thermal component in the spectral analysis; (iii) the
size of the regions analyzed. In fact, while J. Vink et al.
(2022b) did report an average polarization fraction of ~5%,
which was achieved by considering significantly larger regions
than the boxes here chosen: in the map from J. Vink et al.
(2022b), the PD can be as high as 20% in a couple of pixels.
Averaging across the whole shell, as done by J. Vink et al.
(2022b), may include regions with lower PD. In any case, the
number of significant regions in our analysis is slightly higher,
and, most importantly, the level of PD in each pixel is
systematically higher thanks to the inclusion of a proper
thermal component in the spectropolarimetric analysis.
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Regions 3, 4, and 5, located in the northwestern part of the
SNR, are characterized by a relatively lower PD with respect
to the northeastern and southeastern areas. Interestingly, the
northwestern part of Cas A is where interaction between the
forward shock and a shell of dense CSM occurred ~200 yr
after the SN event, as invoked to explain the inward movement
of the reverse shock in the west (S. Orlando et al. 2022; J. Vink
et al. 2022a). The interaction between the forward shock and
dense shell generates a secondary reverse shock which moves
inward in the observer's rest frame. The motion of this
secondary reverse shock has two effects on the magnetic field:
(1) it is stretched and elongated as the forward shock expands
in the ambient medium resulting in a particularly enhanced
radial magnetic field orientation, particularly visible in region
5; (ii) the shell is expected to present an overall clumpiness
that is enhanced after the interaction with the shock, leading to
the formation of instabilities and turbulence which decrease
the level of polarization. These two effects, mixed, lead to
region 5 as the one with the best-constrained PA and, at the
same time, to an overall lower PD with respect to the
northeastern and southeastern arcs, where no interaction has
occurred.

The polarization maps presented in Figure 3 suggest that in
many regions, the polarization vectors are aligned with the
shock front, implying a predominantly radial magnetic field.
This pattern is in agreement with the previous IXPE study
by J. Vink et al. (2022b). This is at odds with what one
would expect when considering the shock-compression effects
on the magnetic field, leading to an orientation mainly
tangential. However, A. M. Bykov et al. (2024), by means
of magnetohydrodynamic simulations, where the effect of
the electric current induced by accelerated protons was also
included, interpreted the emergence of a radial magnetic field
(i.e., a tangential polarization of the emission) as an effect of
anisotropy of magnetic turbulence far downstream of the
shock: just behind the shock the transverse magnetic field
dominates due to the shock compression. Thus, a distribution
of multi-TeV electrons confined within that region would give
rise to longitudinally polarized X-ray emission. On the other
hand, the radial component of the magnetic field, amplified via
a small-scale turbulent dynamo mechanism, starts being
dominant far downstream, producing the transverse-polarized
synchrotron emission seen in X-ray observations.

The only regions that show nonradial magnetic fields are
regions 7 and 11, in the west. This is the area of Cas A where
the counter-jet lies and where the reverse shock is producing
bright nonthermal emission. Though a more detailed modeling
would be needed to properly take the interplay between
different factors into account, it is not surprising that such a
complex environment leads to the formation of a structure
radically different from the other areas of the SNR.

J. Vink et al. (2022b) reported an average PD for the
forward shock region of ~5%, comparable to, and in some
regions even lower than, the average radio PD. This result is
surprising, since X-ray synchrotron emission originates from
thinner regions downstream of the shock, minimizing
depolarization caused by magnetic field variations, while
radio emission arises from larger volumes with significant
depolarization along the line of sight. Additionally, the steep
X-ray spectrum implies a higher intrinsic PD than in the radio
band. Here, we find several regions with X-ray PD higher than
not only the previous IXPE analysis but also the radio band
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(I. Rosenberg 1970; R. Braun et al. 1987). The inclusion of an
accurate modeling of the thermal emission is therefore crucial
to properly reconcile the two bands. The spectropolarimetric
and IXPEOBSSIM methods are generally consistent, except
for the significance of the measurement with the unweighted
analysis of IXPEOBSSIM, which is lower than that obtained
with the spectropolarimetric analysis. However, slight differ-
ences are observed in some areas, such as regions 7, 14, and
23, where the IXPEOBSSIM approach yields marginally
lower PD values and reduced significance compared to the
spectropolarimetric results.

4.2. Polarization and Jitter Radiation

In Figure4, we show a map of the degree of magnetic
turbulence 7, i.e., the inverse of the ratio between the mean
magnetic field and its fluctuating part, with values ranging
between 0.08 and 0.27. On one hand, this highlights a variation
in the level of magnetic turbulence but on the other hand, 7 is
anyway below 1, indicating a fluctuating magnetic field
dominant over the mean one (6B > > B).

It is not obvious to discriminate between the turbulent
magnetic field 6B and the mean magnetic field B when the
fluctuations can be even greater than the actual absolute value
of B. A possibility is that during its motion along the magnetic
field lines, the trajectories of the electrons are distorted by the
turbulent magnetic field before they complete a gyro-orbit.
This scenario, in which turbulence on the small scales affects
the emission process of the synchrotron radiation, was recently
investigated by E. Greco et al. (2023) who adopted the
jitter radiation model developed by I. N. Toptygin &
G. D. Fleishman (1987) and S. R. Kelner et al. (2013) and
applied it to Cas A. Jitter radiation is the extension of
synchrotron radiation when the magnetic field in which the
electron is embedded is not uniform (see E. Greco et al. 2023
and reference therein for additional detail).” Being originated
by the turbulent magnetic field, it is intrinsically unpolarized
and its spectrum of emission is characterized by a break:
photons below the break obey the standard synchrotron
radiation, and are expected to be polarized, whereas photons
above the break are originated by the turbulent magnetic field.
Therefore, we expect that regions with higher break energy
have an overall higher polarization, since the amount of
photons emitted in the synchrotron regime is larger with
respect to a case with lower break energy. E. Greco et al.
(2023) analyzed six regions across the shell: Figure 4 shows
the crossmatch between them and the boxes used in this
analysis. Remarkably, all the regions characterized by energy
break higher than 5 keV have at least one match with one of
the 30 detections. Moreover, region SW, which was
completely dominated by the jitter regime, is the only one
showing no significant detection. The only exception is raised
by the W region, which does not show a high polarization
signal. However, the W region of E. Greco et al. (2023) has no
real counterpart in the spectropolarimetric analysis, since it is
associated with the synchrotron emission from the reverse
shock. The reverse shock may be much more irregular than the
forward shock, which could cause the PAs to become
scrambled, leading to a lower PD. Overall, the jitter radiation

7 According to S. R. Kelner et al. (2013), for SNRs, it is needed that the

minimum scale of the turbulence is A << 170 km, for jitter radiation to be at
work. This is a scale much larger than the dissipative ones: for example,
Landau damping acts on scales smaller than 1 km.
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scenario and the spectropolarimetric results presented in this
paper align fairly well, reflecting the crucial importance of
magnetic turbulence in the emission process of synchrotron
radiation.

5. Conclusions

The main findings of the combined Chandra and IXPE data
analysis of the outer shell of Cas A can be summarized as follows:

1. J. Vink et al. (2022b) only reported average PDs, giving a
maximum PD of 5%. Here we show that the PD can locally
go as high as 25% in regions close to the forward shock,
while the PA consistently aligns with a radial magnetic field.
Regions 7 and 11, close to the counter-jet regions, are the
only ones that show tangential magnetic field, possibly
because of the local complex dynamics and configuration
related to the counter-jet, and future dedicated modeling
could help in understanding these features.

2. The northeastern and southeastern regions of the shell
exhibit the highest polarization values. The regions with
the highest significance are region 1, in the bright
nonthermal arc in the northeast (3.83¢), and region 5 in
the northwest, close to the region of interaction between
a dense CSM shell and the forward shock (3.500). In
such a region, indeed, the value of PD is low, probably
because such an interaction can give rise to turbulent
magnetic fields.

3. While being overall in agreement with the IXPEOBS-
SIM analysis, the spectropolarimetric approach turned
out to be able to capture a higher number of regions with
significant X-ray polarization, thanks to the proper
modeling of the underlying thermal emission. On the
other hand, the results on the PA are perfectly in
agreement between the two methods, indicating that the
presence of the thermal component only affects the PD
but not its orientation.

4. The degree of magnetic turbulence 7, which estimates
the ratio between the mean magnetic field and its
fluctuations, has provided insights into the level of
magnetic turbulence in the outer shell of Cas A. Its
values, varying between 0.08 and 0.27, indicate a very
high level of turbulence across the remnant. Our findings
align with those of R. Ferrazzoli et al. (2023) for Tycho’s
SNR, as their results also indicate 17 < 1. In this work, we
have used the assumption of isotropic magnetic field
fluctuations (R. Bandiera & O. Petruk 2016). It would
probably be interesting to estimate n by assuming other
turbulent field configurations.
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Appendix A
2 dof Analysis

To assess whether there is evidence for X-ray polarization,
we can use the x% test (e.g., J. Vink et al. 2022b). If the x>
value is above a certain value (e.g., 9.2 for 99% confidence),
we can reject the null-hypothesis that there is no polarization.
However, for interpretation of the measurements we are
interested in the PD versus PA, which are two nonorthogonal
quantities derived from the orthogonal quantities Q and U. The
confidence regions for PD and PA can be visualized in a two-
dimensional plot with a characteristic droplet-like shape
(J. Vink et al. 2022b; R. Ferrazzoli et al. 2023; P. Zhou
et al. 2023; R. Ferrazzoli et al. 2024; D. A. Prokhorov et al.
2024). If a confidence contour of a certain confidence level
(CL) just touches the origin of the polar plot, the data are
consistent with the detection of polarization at this specific CL.

Such droplet-like contours are displayed in Figure 5 (for the
spectropolarimetric analysis) and Figure 6 (for the IXPEOBS—
SIM analysis). They illustrate CLs of 68.27%, 90%, 99%,
99.73%, 99.97%, and 99.99%. The best-fit values for PD and
PA are marked with a black dot. Since the exploration of the
parameter space involves two variables (PD and PA), the CLs
are evaluated using a x” distribution with 2 dof. This leads to a
lower CL for a fixed Ax?* compared to the single-parameter
case. For example, a CL of 99.90% corresponds to
Ax;=10.83 for 1 dof and Ayj=13.82 for 2 dof.
Conversely, a fixed Ax*> = 11.83 corresponds to a CL of
99.942% in the 1 dof case but drops to 99.73% in the 2 dof
scenario.

As a result, fewer regions reach the threshold for significant
polarization detection when adopting the 2 dof approach. In
particular, regions 4, 11, and 19 fall below the 20 threshold
and are therefore excluded from the polarization map shown in
Figure 7. Nevertheless, many regions still exhibit detections
above the 20 threshold, confirming the robustness of the
results. Moreover, the analogous analysis performed by
J. Vink et al. (2022b) using IXPEOBSSIM also identified
fewer regions with significance above 20, with the position of
the detected regions on the shell being consistent with those
shown in Figure 7.

In Figure 7, we also show the PD and PA map obtained from
the spectral fitting (left panel) and the map of x~ values for the
polarization signal (right panel), considering the 2 dof approach.
The latter is set up from PMAPCUBE files generated using xpbin,
within the 3—-6keV band, and smoothed via a Welch filter with a
kernel size of 11 pixels (D. A. Prokhorov et al. 2024). This
approach makes the results not depend on the size of the pixel. The
map of x* values reveals numerous hotspots corresponding to the
regions analyzed by spectral analysis. The analysis includes a total
of 1109 pixels, resulting in an effective number of trials equal to
9.16. The peak value x> = 23.776, which corresponds to a
significance level of 99.99931%, is within our region 1. The post-
trial significance is 99.9937%.
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Overall, the 2 dof analysis aligns fairly well with the
standard one with only a few regions falling below the 2o
threshold and does not significantly affect the results of our
analysis.

Appendix B
Estimation of the Synchrotron Fraction

Following the method outlined by R. Ferrazzoli et al.
(2023), we simulate two 5 Ms long IXPE observations using
the xpobssim Monte Carlo simulation tool from IXPEOBS -
SIM: one accounting for the total emission and the other for
the nonthermal emission only. The spectral model is based on
E. A. Helder & J. Vink (2008), and we use two Cas A images
to derive the remnant’s morphology in the energy bands
1.5-3.0keV and 4.0-6.0 keV. Given the absence of emission
lines in the 4.0-6.0 keV band, we associate this range with the
nonthermal emission, while the 1.5-3.0 keV band is attributed
to the thermal component. Using the ratio between the
simulated nonthermal and total intensities in the 3.0-6.0 keV
band, we estimate the synchrotron fraction for each region of
interest, selected from the simulated data with xpselect,
reported in Table 5. We then divide the background-subtracted
polarization, obtained using the PCUBE algorithm in xpbin,
by the estimated synchrotron fraction in each region to
calculate the corrected polarization degree, PD ;.

Table 5
Fraction of the Emission, Expressed in (%), Due
to Nonthermal Component in the 3-6 keV
Energy Band for Regions Showing X-ray
Polarization at Least at the 20 Confidence Level

Regions Synchrotron Fraction
(%)
1 89.48
3 85.90
4 88.38
5 89.39
7 87.69
11 86.47
14 91.01
15 91.13
16 91.52
19 84.65
23 90.42
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