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Abstract

We report on a ~5¢ detection of polarized 3—6 keV X-ray emission from the supernova remnant Cassiopeia A (Cas
A) with the Imaging X-ray Polarimetry Explorer (IXPE). The overall polarization degree of 1.8% 4+ 0.3% is
detected by summing over a large region, assuming circular symmetry for the polarization vectors. The
measurements imply an average polarization degree for the synchrotron component of ~2.5%, and close to 5% for
the X-ray synchrotron-dominated forward shock region. These numbers are based on an assessment of the thermal
and nonthermal radiation contributions, for which we used a detailed spatial-spectral model based on Chandra
X-ray data. A pixel-by-pixel search for polarization provides a few tentative detections from discrete regions at
the ~ 30 confidence level. Given the number of pixels, the significance is insufficient to claim a detection for
individual pixels, but implies considerable turbulence on scales smaller than the angular resolution. Cas A’s X-ray
continuum emission is dominated by synchrotron radiation from regions within <10'” cm of the forward and
reverse shocks. We find that (i) the measured polarization angle corresponds to a radially oriented magnetic field,
similar to what has been inferred from radio observations; (ii) the X-ray polarization degree is lower than in the
radio band (~5%). Since shock compression should impose a tangential magnetic-field structure, the IXPE results
imply that magnetic fields are reoriented within ~10'” cm of the shock. If the magnetic-field alignment is due to
locally enhanced acceleration near quasi-parallel shocks, the preferred X-ray polarization angle suggests a size of
3 x 10"® cm for cells with radial magnetic fields.

Unified Astronomy Thesaurus concepts: Supernova remnants (1667); Polarimetry (1278); X-ray astronomy (1810);
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Shocks (2086)

1. Introduction

Supernova remnants (SNRs) have long been known to be
sources of radio synchrotron radiation (Shklovsky 1954),
emitted by relativistic electrons, which are now recognized to
be accelerated through the diffusive shock acceleration (DSA)
process (e.g., Malkov & Drury 2001). According to DSA
theory, energetic, charged particles move diffusively through
the plasma—due to scattering on magnetic-field fluctuations—
and gain energy by repeatedly crossing the shock front, with
each shock crossing providing a few percent gain in
momentum. The presence of relativistic electrons has been
key for identifying SNR shocks—as opposed to the supernova
explosions themselves— as locations for Galactic cosmic-ray
acceleration. Although the link between cosmic rays and SNRs
has also been confirmed by gamma-ray detections of many
SNRs (e.g., Helder et al. 2012; Funk 2017, for reviews),
important information about the cosmic-ray acceleration
process and shock conditions has been obtained from the
detection and characterization of X-ray synchrotron emission
from young SNRs, starting with the discovery of X-ray
synchrotron radiation from the rims of SN 1006 (Koyama et al.
1995).

The ~10-100TeV electrons responsible for the X-ray
synchrotron radiation have radiative-loss timescales that are
short compared to the SNR ages: Tjoss & 12.5EIZIB:42 yr, with
E\4 the electron energy in units of 100TeV and
B_,=B/10*G. X-ray synchrotron radiation from SNRs,
therefore, indicates that the 10—-100 TeV electrons have been
accelerated recently and on short timescales. According to DSA
theory, reaching such high energies requires highly turbulent
fields—|6B/B| ~ 1—resulting in mean-free-path lengths of the
order of the gyroradius for these electrons.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Synchrotron radiation is intrinsically polarized at the ~70%
level (Ginzburg & Syrovatskii 1965), with the polarization
angle informing us about the local magnetic-field orientation,
and the polarization degree being dependent on the uniformity
of the magnetic-field orientation along the line of sight of
observed regions. Mature SNRs (22000 yr) tend to have
magnetic fields that are tangentially oriented with respect to the
radial direction, whereas young SNRs have radially oriented
magnetic fields (Dickel & Milne 1976). See also the review by
Dubner & Giacani (2015). The polarization degree in the radio
band is also different between young and mature SNRs, with
mature SNRs generally having polarization degrees above
10%, while young SNRs (<2000 yr) generally have polariza-
tion degrees below 10% (Dickel & Jones 1990; Sun et al.
2011). The radial orientation of the magnetic fields in young
SNRs is not well understood from a theoretical point of view,
but see Zirakashvili & Ptuskin (2008), Inoue et al. (2013), and
West et al. (2017) for a number of hypotheses. It is not known
whether the radially oriented field is immediately established at
the shock front. It may well be that the fields closer to the shock
fronts are tangentially oriented (Jun & Norman 1996; Bykov
et al. 2020), since the shock compresses, and thus enhances, the
tangential component of the preshock magnetic field.

An object that has in many ways been central to the
discussion of radio and X-ray synchrotron radiation from SNRs
is the young (~350yr) and bright core-collapse SNR
Cassiopeia A (Cas A), located at a distance of 3.4 kpc (Reed
et al. 1995). Cas A has a radially oriented magnetic field (e.g.,
Rosenberg 1970; Braun et al. 1987), and a polarization degree
in the radio band of only 5% in the bright shell, and 8%—-10%
in the outer regions (e.g., Anderson et al. 1995). The ~5% level
of polarization degree has been established at radio frequencies
from 20 to 100 GHz (Mayer & Hollinger 1968; Flett &
Henderson 1979; Kenney & Dent 1985) and even in the
infrared, at 2.2 yum, for a segment in the northwest of Cas A
(Jones et al. 2003). At these high frequencies Faraday rotation
is negligible—see also Kenney & Dent (1985)—and the only
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factor contributing to the low polarization degree is the
nonuniformity of the magnetic-field directions within a angular
resolution element and integrated along the line of sight.

X-ray polarization measurements are in that respect highly
interesting. First of all, the rapid radiative losses of the
10-100 TeV electrons mean that X-ray synchrotron emission
originates from plasma that is confined to thin regions
downstream of the shock, with a typical width of
loss & AVTess, With Ay = leh. For Cas A the shock velocity is
Vi =~ 5000-6000 km s7! (e.g., Patnaude & Fesen 2009; Vink
et al. 2022). Indeed, the observed widths of the X-ray
synchrotron filaments of 17-2” (I~ 10'7 cm) suggest that the
local, downstream magnetic-field strengths are
B ~250-550 uG (Vink & Laming 2003; Bamba et al. 2005;
Volk et al. 2005; Ballet 2006; Helder et al. 2012). As a result,
X-ray synchrotron emission originates from a much smaller
volume than the radio synchrotron emission, which originates
from the entire shell with lines of sight of /> 10'® cm. The
shorter path lengths probed in X-ray synchrotron radiation
should result in less depolarization caused by variations in
magnetic-field orientations along the line of sight. In addition,
due to the steepness of the X-ray synchrotron spectrum, the
intrinsic, maximum polarization degree could be larger than in
the radio (Ginzburg & Syrovatskii 1965; Bykov et al. 2009).

However, as already stated above, the electron energies of
10-100 TeV necessary for X-ray synchrotron radiation require
DSA in the presence of very turbulent magnetic fields
immediately upstream of the shock fronts. Although shock
compression enhances the tangential components of the magnetic
field, a high level of magnetic-field turbulence may persist in the
downstream region, perhaps even isotropizing the magnetic field
due to nonlinear interactions of the fluctuations downstream of
the shock (Bykov et al. 2020). But it is also possible that the
turbulence rapidly decays within the region producing the X-ray
synchrotron radiation (Pohl et al. 2005). Whatever the mech-
anism that created the large scale radially oriented magnetic field
inferred from radio emission is, this mechanism may already start
to realign magnetic fields in a radial direction immediately
downstream of the shocks (Jun & Norman 1996; Inoue et al.
2013). Note that an interesting feature of the X-ray synchrotron
emission from Cas A is that it does not only arise from the
forward shock, but also from the reverse shock region, in
particular in the western part of the SNR (Helder & Vink 2008;
Uchiyama & Aharonian 2008; Grefenstette et al. 2015), where
the reverse shock appears to be moving toward the center instead
of outward (Sato et al. 2018; Vink et al. 2022).

With the recent launch of the Imaging X-ray Polarimetry
Explorer (IXPE; Weisskopf et al. 2022), we can finally measure
and map polarization with spatial resolution of a few tens of
arcseconds. Cas A was the first science target of IXPE, and we
report here the first detection of X-ray polarization from a shell-
type SNR, albeit with a surprisingly low polarization degree of
<4%. Although IXPE cannot resolve the X-ray synchrotron
filaments, the fact that X-ray synchrotron radiation originates
from within ~10'7 cm downstream of the shock (i.e., in the
radial direction), allows us to probe the magnetic-field
orientation and isotropy to within this distance of the shocks.

In Section 2, we describe the measurements and analysis
approach and the resulting polarization measurements. In
Section 3, we discuss the implications of our results in the
context of models for producing polarized emission from
energetic particles in SNRs. Our conclusions are presented in
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Section 4. Details on the definition and treatment of the Stokes
parameters, and on treatment of the unpolarized thermal
emission in Cas A are given in the Appendices.

2. Observations, Data Analysis, and Results

IXPE is a NASA/ASI* small explorer mission that was
launched on 2021 December 9. The polarization sensitive
X-ray detectors are gas-pixel detectors (GPDs) filled with
dimethyl ether (Costa et al. 2001; Baldini et al. 2021), which
are placed at the focus of three Wolter-1 mirror module
assemblies giving telescopes with angular resolutions of 24",
29", and 30” (half-power diameters) and each with a field of
view of 12/9 square (see Soffitta et al. 2021; Weisskopf et al.
2022). An X-ray photon interacting with the gas in the GPD
results in the ejection of a photoelectron in the direction ¢,
which is distributed as cos*@, where 6 is the polarization
direction of the electromagnetic wave. The photoelectron
ionizes the gas and produces secondary electrons, which form
a charge cloud. These electrons, after drifting and multi-
plication, are then detected and recorded by a finely pixelated
detector plane. A moments analysis of the charge-cloud shape
is used to reconstruct the initial photoelectron’s direction, ¢
(see Bellazzini et al. 2003, for details).

The IXPE detectors are sensitive for polarization in the X-ray
range from 2 to 8 keV, with a mirror effective area of 590 cm?” at
4.5 keV for the three telescopes combined, reduced to a combined
26.cm? after accounting for detector quantum efficiency. The
polarization sensitivity improves with energy, having a modula-
tion factor of p~ 15% at 2keV to u=50%-60% at 8 keV. The
modulation factor is the amplitude of the modulation due to
polarization for a 100% polarized source in the absence of
background. An ideal polarization detector will have = 100%.
The detection of polarization also depends on the number of
detected photons, which in turn depends on the source spectrum,
the detector efficiency, and the telescope effective area; for IXPE,
the optimum energy for detecting polarization is roughly ~3 keV.
Cas A’s 2-8 keV spectrum is dominated by K-shell line emission
from Si, S, Ar, Ca, and Fe, and continuum emission that is in
many regions dominated by synchrotron radiation (e.g., Helder &
Vink 2008; see also Appendix B). The 4-6keV band has only
weak line emission, but while using IXPE simulations based on
imaging spectroscopy with the Chandra X-ray Observatory
(Chandra for short; Appendix B), we found that a priori the
3-6keV band offered a better sensitivity for detecting polariza-
tion, despite the presence of Ar-K and Ca-K line emission.

Cas A was the first science target of IXPE, after first
observing the calibration source SMC X-1 during the 1 month
commissioning phase. IXPE observed Cas A from 2022
January 11 to January 29 for a total time around 900 ks. We
analyzed the data with the software package ixpeobssim
(Baldini et al. 2022), which is used both for extraction of
Stokes maps and spectra, as well as for Monte Carlo
simulations. The analysis was based on processed high-level
event list (Ievel two) in FITS format (see Rankin et al. 2022),
which, apart from the usual columns for time, energy channel,
and sky and detector coordinates, also contains columns with
gy = 2c0s2¢, and u, = 2sin2¢,, with ¢, the reconstructed
photoelectron direction of event number k. This definition is
different from Kislat et al. (2015) as the factor 2 is here part of
the definition of ¢, and u;. Note that the values for g; and u;

49 Agenzia Spaziale Italiana.
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also contain a small correction, based on the method outlined
by Rankin et al. (2022), which is necessary to remove the
effects of a small modulation measured for an unpolarized
source, as found and calibrated on ground. The stability of
these corrections have been assessed on ground. For in-flight
data the stability of these corrections has not yet been assessed,
but in the 3 to 6 keV band these effects are minor. We can
therefore state that the results of our analysis are not affected by
spurious modulation effects. For the present analysis, the
values of ¢; and u; are based on the moment analysis of the
charge clouds. In a future data release the determination of ¢
may be improved, once machine-learning algorithms, currently
under development (Peirson & Romani 2021), are employed.
During the early observations a number of calibration issues
emerged and several corrections were applied. First of all, we
filtered out likely particle background events using the electron
tracks, as described by Xie et al. (2021) (see also A. Di Marco
et al. in preparation). The fraction of the particle background
removed was ~30%, while less than 1% of the source was
rejected. We found, however, the impact of the particle
background on the polarization signal of Cas A to be negligible.
Second, the reconstructed energies of the IXPE detected events
in the level-two data are known to have detector-dependent and
time-dependent deviations, due to various effects, including
charge built up in the detectors. Throughout the whole
observation the three detectors were calibrated during Earth
occultations, by using onboard calibration sources, producing
line emission at 1.7 keV (Si Ka) and 5.9 keV (5 SFe decaying into
53Mn; Ferrazzoli et al. 2020). Given the linearity of the response,
the two energies allow for measuring both the slope and bias of
the calibration. We reconstructed the time dependency of the
channel-to-energy conversion. Third, the boom connecting the
X-ray telescopes with the spacecraft was affected by phase-
dependent heating during its orbit around Earth. As a result the
boom experienced time modulated bending, resulting in the focal
point changing in detector coordinates. Corrections to these
phase-dependent effects, some of which were also applied to the
publicly released level-two event list, still left an overall pointing
reconstruction offset of the order of 25 . In order to remove the
offset we employed a spatial correlation code developed for
measuring the expansion of Cas A (Vink et al. 2022), and used it
to register the pointing solution of each detector unit to the 2019
(Observation ID (ObsID) 19606) observation of Cas A with
Chandra, for which we smoothed the Chandra image with
o = 10"4. For this we used the 4-6 keV continuum band, as the
morphology of Cas A in this band is relatively independent of
the energy response of the detectors. This resulted in a pointing
solution with an accuracy of about 1”-2”. Finally, during the
orbit, the pointing is affected by a switch between the two
different star trackers, one placed near the mirror module
assemblies and viewing forward, and one placed on the
spacecraft and looking in opposite direction. Currently this
results in small periods of time with offsets in the pointing
solutions. For the present analysis we filtered these short
intervals out, leaving 819 ks of effective exposure time.

2.1. Spatial Exploration of Polarization Signals

Maps of the Stokes parameters I, Q, and U are made with
sums of u; and g, and a correction to account for the energy-
dependent modulation factor. See Appendix A for details. All
maps shown are based on the summed maps of the three
detector units. For the present analysis we did not use weights
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as we found that weighting with the modulation factor
Wy X pf (Vink & Zhou 2018) resulted only in minor to no
improvements in the statistical significance.

In Figure 1 we show the Stokes I three-band color map of Cas
A with a pixel size of 1074, and the 3-6 keV map of the minimal
detectable polarization at 99% confidence level (MDP99, see
Appendix A) for a pixel size of 42”. The MDP99 map shows that
polarization on these pixel scales can be detected at the ~5%
polarization degree level in the interior regions, and up to 15% in
the fainter outer regions. All maps also show the 4-6 keV contour
lines based on Chandra observations, which serve as a point of
reference for all derived polarization maps. Figure 1 includes a
hardness ratio map based on the 4-6 keV and 3.4-3.6 keV maps
as observed by Chandra. The 3.4-3.6 keV band is also relatively
devoid of line emission so this hardness ratio map shows which
regions emit hard, and which regions emit soft X-ray continuum
(see Figure 6 in Helder & Vink 2008). The hard X-ray continuum
likely corresponds to synchrotron radiation, whereas the
softer continuum is dominated by thermal bremsstrahlung given
that the typical electron temperatures within Cas A
are 0.5<7T.<4.5 keV (Hwang & Laming 2012, see also
Appendix B).The hardness map illustrates in what regions
X-ray synchrotron radiation is likely dominating the continuum
emission: in the outer regions, and in some parts of the interior
region—mostly the center, but with a prominent spot in the
western interior region of Cas A. See also Appendix B. Although
the energy resolution of IXPE is limited—with AE ~ 0.5 keV at
2 keV and scaling inversely as the square root of the energy—one
can still appreciate in the Stokes I map (Figure 1, left) that the
western part and outer regions have harder spectra (showing up
bluish). The spectral capabilities can also be assessed from the
detector one spectrum shown in Figure 2 for three extraction
regions. The Si-K and S-K line emission do not show up as
broadened lines as is the case with CCD spectra, but rather lead
to noticeable inflections around 3 keV (Si-K and S-K) and around
6keV (caused by Fe-K emission). For the current paper we
concentrated fully on the spatial analysis.

Analyzing the full Q and U maps we did not find any regions
for which we can report a significant detection of a polarization
signal. We did find regions with polarization signals above the
30 pretrial confidence level. However, given that the statistics
depend on the pixel size used, and also on the fact that Cas A is
covered by about ~200 angular resolution regions ", we cannot
confidently say that our analysis of the Q and U maps provide
significant detections. For example, for 200 pixels the expected
number of false-positive detections at the 3o level (99.73%
confidence) is 0.5 pixel. The posttrial probability for a spurious
detection at the pretrial 30 level is 42% (=1 — (99.73%)*%).

Nevertheless, the ~ 3.5¢ signals do deserve to be mentioned,
first because future, improved data analysis or additional data
may be able to confirm these signals as solid detections, and
second because these polarization “hotspots” illustrate the low
level of X-ray polarization degree of Cas A on small scales.

In Figure 3 we show two maps of polarization significance
(using a X%-map) and the polarization degree for pixel sizes of
42" and 84”. For the polarization degree map we only show the
pixels with detection confidence above 99.73% confidence
level. The most significant signal has X% = 15.9, corresponding
to a 3.570 confidence level. The hotspots correspond to
polarization degrees ranging from 3.4% (inner region, using

50 Cas A has a diameter of 5.5/, which can be covered by ~174 pixels of 25"
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Figure 1. Left: IXPE three color Stokes / image with square-root brightness scaling, based on the 2-3 keV, 3—4 keV, and 4-6 keV bands, combined from the three
detectors. The pixel size is 10”4, oversampling the IXPE angular resolution by a factor ~2, and the images have been smoothed with a Gaussian kernel with
o = 10"4. Center: hardness ratio map based on Chandra X-ray data (ObsID 19606) using the 4.0-6.0 keV map divided by the 3.4-3.6 keV map, both dominated by
continuum emission. The harder ratios (Z3) likely correspond to synchrotron dominated continuum emission. Fluctuations due to differential absorption across the
SNR are at the 9% level. Right: the MDP99 levels for the 3-6 keV band for the IXPE observations of Cas A. Here the map is binned to a pixel size of 42”. In all panels
we show the contours based on a recent 4-6 keV Chandra map using square-root brightness scaling (ObsID 19606).
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Figure 2. X-ray spectra of Cas A as detected by detector unit one of IXPE for
three different extraction regions. The spectrum oversamples the spectral
resolution, which is AE ~ 0.5 at 2 keV—see Appendix B for sample spectra
of Cas A at a higher spectral resolution as obtained with the Chandra ACIS-S
detector.

84" pixels) to 19% (outer, forward shock region, using 42"
pixels). These values are just above the MDP99 level. In the
future, with an improved analysis chain, we may be able to
lower the MDP99 level and increase sensitivity to regions with
lower degrees of polarization.

2.2. Analysis Based on an Assumed Circular Magnetic-field
Topology

The pixel-by-pixel polarization measurement yielded tenta-
tive detections of polarization with polarization degrees of 4%—
15% at the 30—40 confidence level, too low to claim a solid
detection. Binning into larger pixel sizes improves the
polarization statistics, but at the expense of potential depolar-
ization due to the mixing of regions with different polarization
angles. However, given the roughly spherical symmetry of Cas
A itself, as well as the long-known radial symmetry of the
magnetic-field orientation as inferred from radio observations,
one can improve the statistics by summing over large regions
by assuming a circular symmetry to the polarization direction.

Although the radio polarization measurements suggest an
a priori radial magnetic-field orientation, shock compression of
a highly turbulent magnetic field instead would lead to an
enhancement of the tangential component (e.g., Jun &
Norman 1996; Bykov et al. 2020). Note that the polarization
direction for synchrotron radiation is perpendicular to the
magnetic-field orientation: a tangential polarization signal
corresponds to a radial magnetic field, and vice versa.

Assuming a circular symmetry for the polarization direction,
we recalculated the ¢, and u; values for each event, by
calculating a new zero for the direction of the photoelectron (¢)
based on the sky coordinate, and its position angle with respect
to the center of Cas A, for which we used the explosion center
determined by Thorstensen et al. (2001). This procedure results
in new values g, and u/, which can be summed over large
regions to provide an overall signal corresponding to the radial
and tangential Stokes parameters Q' and Stokes U’.

In Figure 4 we show the chosen annuli for which we
obtained Q' and U’. They cover the central region, the reverse
shock regions (overlapping with the bright shell), and the outer
region, which contains the synchrotron filaments associated
with the forward shock. Since the western reverse shock region
shows evidence for strong X-ray synchrotron emission (e.g.,
see Helder & Vink 2008; Grefenstette et al. 2015, and also the
bluish part in the multiband Stokes I image in Figure 1), we
also isolate just the western part of the reverse shock region.

The resulting polarization measurements are listed in
Table 1. Apart from the polarization degree we list under
“PD Corrected”, the inferred polarization degree is of the
synchrotron component only. The correction factors are based
on a full modeling of the expected IXPE data by folding the
Chandra best-fit spectral models through the IXPE spectral and
spatial response functions using ixpeobsim. The Chandra
best-fit spectral models and their implications for the
nonthermal flux fraction are detailed in Appendix B. We stress
here that the corrected PD is model-dependent as it is based on
spectral fitting results. Nevertheless, the finding reported in the
Appendix that up to 99% of the continuum flux is synchrotron
radiation is supported by NuSTAR observations showing that
an extrapolation of the hard X-ray (synchrotron) spectrum
extrapolated to the 4-6keV band accounts for a dominant
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Figure 3. Left: maps of X% (or S;;, see Appendix A) values for the polarization signal for the 3—6 keV band. Right: the corresponding polarization degree maps. Only
pixels with pretrial confidence levels above 20 (X% > 6.28) are shown. For pixels with X% > 11.8 (corresponding to 30 confidence level) the polarization angles are
indicated with blue arrows. The errors on these angles are ~8°. Top row: maps with pixel sizes binned to 42”. Peaks in the X% map are X% = 15.9, 13.6 corresponding
to polarization degrees of 19% and 14.5%. Bottom row: same plot, but with a larger pixel size of 84”. Peaks in the X% map are X% = 14.4, 12.3 corresponding to

polarization degrees of 12.4% and 3.4%.

fraction of the continuum flux (see Figure 5 in Grefenstette
et al. 2015).

In Appendix C we show the breakdown of the polarization
signals for the “All” and “FS4+RSW” regions in the 3—4 keV
and 4-6keV bands, which shows that even for the nearly
lineless 4-6keV band the measured polarization degree is
indeed low, although measured at a lower significance.

The errors listed should be used with caution, since
polarization degree and polarization angle are not independent
statistical quantities, both being derived from a combination of
Q' and U’'. A better representation of the measurements is
obtained by graphically representing the Stokes Q' and U’
parameters in a polar diagram, with confidence contours. These
are plotted in Figure 5, which shows that for the “forward shock
region” and the “forward shock + western region” the lo
confidence contour is outside the MDP99 region (in pink). For
the “forward shock region” the polarization detection signifi-
cance is over 4o pretrial, corresponding to a roughly 3o posttrial
confidence level, while for the “forward shock + west region”

and all data combined the detection is close to a 5o pretrial
confidence level, corresponding to a better than 4o posttrial
confidence level. Pretrial refers here to the confidence level for
polarization detection for a given region, whereas posttrial
corrects for the fact that we are attempting to measure
polarization for three independent regions. Note that the
underlying statistics are not Gaussian, so the quoted o values
are for ease of interpretation, whereas the diagrams show the full
confidence areas in the polarization-degree versus polarization-
angle plane. For the most significant detections we find that the
polarization angle is consistent with a tangential polarization
pattern, corresponding to a radial magnetic-field orientation.

3. Discussion

The IXPE observations of Cas A reveal that the polarization
level is low at the spatial resolution of IXPE (~30"), with a
tangentially oriented polarization component with a polarization
degree of ~1.5% to ~3.5%, corresponding to ~2.5% to ~5%
for the synchrotron component only. The polarization signal is
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Figure 4. IXPE map, similar to Figure 1, with superimposed regions that were
used to test for an overall radial or tangential polarization vector orientation.
See Table 1.
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associated with the X-ray synchrotron bright features in Cas A:
the outside region associated with the forward shock, and the
western part of the reverse shock region (see Vink &
Laming 2003; Helder & Vink 2008; Uchiyama & Aharo-
nian 2008; Grefenstette et al. 2015, for maps of the
X-ray synchrotron radiation). The detection of the weak
polarization signal requires the assumption of circular symmetry,
but even without this assumption the polarization degree cannot
be much larger than 4% for the interior (reverse shock) of Cas A,
and 15% at the outer boundary, as indicated by the MDP99
levels, and the tentative indications of polarization for individual
regions with angular extents of ~42"-84”. High degrees of
polarization may be present for unresolved regions and they
need to have more or less random polarization directions.

The low polarization degree and the tangential polarization
pattern are compatible to what has been measured in the
radio band (e.g., Rosenberg 1970; Braun et al. 1987; Anderson
et al. 1995). Nevertheless, these X-ray polarization results still
come as a surprise. First of all, in X-rays the synchrotron
spectrum has steepened, leading to higher intrinsic polarization
degrees (Ginzburg & Syrovatskij 1967; Bykov et al. 2009).
Second, X-ray synchrotron radiation in Cas A originates from a
narrow region of <10'’cm immediately downstream of the
shocks, which reduces depolarization caused by the line-of-sight
crossing regions with different polarization angles. And third, at
the shock front the perpendicular (tangential) component of the
magnetic field is compressed, so close to the shock front a radial
instead of a tangential polarization angle is expected.

Apart from line-of-sight effects, a low polarization degree
may indicate a turbulent magnetic field, in particular for
angular scales smaller than the IXPE angular resolution. The
level of magnetic-field turbulence near the shock regions in
Cas A is expected to be high, as a high level of turbulence
is required for accelerating electrons to >10 TeV—the
energy needed for producing X-ray synchrotron radiation.
However, efficient DSA assumes a high magnetic-field
turbulence in the unshocked plasma, whereas the shock
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compression should enhance the tangential component of the
magnetic field.

The origin of the magnetic-field turbulence necessary for DSA
is often attributed to the interactions of cosmic rays in the
precursor with the preshock plasma. These interactions are
divided into resonant and nonresonant cosmic-ray interactions
(see Marcowith et al. 2016, for a review). For the resonant
interactions the energetic charged particles interact and amplify
Alfvén waves with wavelengths comparable to the gyroradii of
the cosmic-ray particles. A prime example of a nonresonant
interaction is the Bell streaming instability (Bell 2004). It is
caused by the response of the plasma to the electric current driven
into the plasma by the cosmic rays. Apart from cosmic-ray
induced magnetic-field turbulence, which is expected to affect the
preshock magnetic turbulence, the shock itself may also induce
postshock turbulence. For example, recent MHD simulations by
Hu et al. (2022) show substantial postshock magnetic-field
turbulence, which may be contributing to the low polarization
degree in the X-ray synchrotron filaments. Moreover, collision-
less shocks in the heliosphere are known to be rippled, rather
than smooth (see for example Gedalin & Ganushkina 2022, and
references therein). If these ripples are also present for the higher
Mach number collisionless shocks in Cas A, they may also affect
its postshock magnetic-field turbulence.

Simulations of X-ray polarization signals to be expected for
young SNRs by IXPE by Bykov et al. (2020) predicted
polarization degrees of 30%-70%, assuming an anisotropic
magnetic field, i.e., with a preferred orientation due to shock
compression, and with a turbulence spectrum cutting off at
10'® cm, which is compatible with the IXPE angular resolution.
For isotropic magnetic fields the polarization degree predicted
by Bykov et al. (2020) is similar to the values reported
here: ~ 5%—15%. Based on these models the magnetic-field
turbulence near the shock may be close to isotropic, perhaps
due to nonlinear interactions of the fluctuations downstream
from the shock, as hypothesized by Bykov et al. (2020). In
addition, it may also indicate that the magnetic-field turbulence
wavelength cutoff is well below the cutoff of 10'® cm assumed
for the simulations by Bykov et al. (2020).

Indeed, the theoretical expectations for the maximum
turbulence wavelength suggest values well below 10'® cm. For
the resonant instability one needs to consider the gyroradius of
the particles, which is 7, =3 x 10E,BZ} cm. Even if
protons are accelerated up to 10'> eV—for which there is no
evidence for the case of Cas A (Ahnen et al. 2017)—we expect
that the turbulence cuts off at length scales of < 10'® cm, much
smaller than the IXPE pixel size, and also smaller than the
thickness of the X-ray synchrotron emitting region of ~10'” cm.

For the longest length scales caused by the nonresonant
Bell instability we refer to Equation (21) in Bell (2004).
This equation predicts for Vg, = 5500 km s ! a maximum
length scale for magnetic-field turbulence of Ig. &~ 8 x
10"°E x.14(Bo /3 11G) cm; By refers to the preamplified parallel
magnetic-field component, and E,x 14 to the maximum energy
of the cosmic rays in units of 10'* eV. This shows that even for
Epax = 10 eV the maximum turbulence scale for the Bell
instability is less than 10" cm— too small for IXPE to detect
peaks in the polarization signal caused by the largest scale
turbulence modes.

An alternative reason for the low degree of polarization may
be that the synchrotron emission is coming from a mix of
plasma with the expected tangential oriented magnetic field
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Figure 5. Polar diagrams depicting the measured polarization degree and angle with respect to circular symmetry as confidence contours for the six regions listed in
Table 1. The radial coordinate indicates the polarization degree in percent. The pink region corresponds to the MDP99 level. Values around 90° correspond to an
overall tangentially oriented polarization averaged over the region, while around 0° indicates on average a radially oriented polarization.

Table 1
Polarization Measurements in Annuli and Western Region after Imposing Circular Symmetry for Stokes U and Q"
Runin” Rinax MDP99 Pol. Degree PD Corrected® Angle? Significance
(arcsec) (arcsec) (%) (%) (%) ©)
Central region 0 65 2.4 <3.1 <3.7 N/A 0.90
Reverse shock (RS) 65 140 1.3 1.6 £0.4 22+0.6 7724176 3.1
RS West (RSW)* 65 140 2.6 <3.9 <5.1 N/A 1.9¢0
Forward shock (FS) 140 216 2.3 3.5+£0.7 45+1.0 89.8 £ 6.1 4.10
FS + RSW' 216 216 1.7 3.0+£0.6 3.8+0.7 872+54 4.80
All 0 216 1.0 1.8+0.3 25+0.5 85.7+£52 490

Notes.

 See main text for an explanation. Listed errors correspond to 1o (68% confidence) ranges.

® The central coordinate used was R.A. 000 = 23"23™27.8%, decl. jo000 = 58°48/49”4, which is the explosion center determined by Thorstensen et al. (2001).
¢ The inferred polarization degree for the synchrotron component only; see Appendix B.

4 An angle of 90° corresponds to a tangential polarization vector associated with a radial magnetic-field orientation.

€ This region is a subset of the “reverse shock” region.

T This combines the reverse shock west and forward shock region.

immediately downstream of the shock, and a more radially polarization measurements by Gotthelf et al. (2001)'1611(1. some
oriented magnetic field further downstream of the shock, but support to this hypothesis, as they report a swing in the
still within 10'7 ¢cm of the shock. polarization angle near the forward shock. However, the radio

Although a radial magnetic-field orientation throughout polarization measurements were based on an azimuthal
the SNR has been inferred from radio observations, its integration over 55°, resulting in an effective spatial resolution
origin has never been fully understood. There are two main that is larger than the widths of the X-ray filaments.

Regarding hypothesis (ii), West et al. (2017) investigated what
the impact is if DSA preferentially occurs wherever the shock
has a quasi-parallel magnetic-field orientation (i.e., a significant
component parallel to the shock velocity vector), motivated by
the likely magnetic-field orientation in SN 1006 (Rothenflug
et al. 2004). As the plasma is advected downstream and keeps
roughly its magnetic-field orientation, the synchrotron radiation
becomes biased toward radial magnetic fields. The likely reason
for efficient electron acceleration at quasi-parallel shocks
probably concerns the initial injection of low energy electrons
into the acceleration process. If the observational selection bias
still pertains to X-ray synchrotron radiation, the implication is
that the responsible 210 TeV electrons should not have diffused
too far away from the original regions with preferentially radial

hypotheses: (i) there are MHD processes stretching the magnetic
fields, and (ii) the radial magnetic field is the result of a selection
effect, related to efficient acceleration wherever the magnetic-
field orientation at the shock happens to be quasi-parallel.

As for hypothesis (i), it was long suspected that the radially
oriented magnetic fields are caused by filamentation due
hydrodynamical instabilities, such as Rayleigh—-Taylor instabil-
ities at the contact discontinuity between shocked ejecta and
shocked circumstellar plasma (Gull 1973). MHD simulations
confirm the formation of a radially oriented magnetic field near
the contact discontinuity, but the regions near the forward shock
are predicted to have a tangential magnetic field (Jun &
Norman 1996). Inoue et al. (2013) performed MHD simulations

of the shock front in the presence of a clumpy medium, resulting magnetic fields. This would imply that the shock regions with
in Richtmeyer-Meshkov instabilities, which reorient the overall quasi-parallel magnetic fields are associated with a characteristic
magnetic-field orientation from a tangential to a radial direction turbulence wavelength, )\, which must be comparable in size to
within a distance of ~ 7 x 1017 cm from the shock. This length the diffusion length scale (ldiff)- For ldiff < )‘B one expects a
scale is almost an order of magnitude larger than the width of strong polarization signature, whereas for Iy >>> \g the selection
the X-ray synchrotron filaments, but the MHD length scale is effect hypothesis by West et al. (2017) should not pertain to
dependent on environmental conditions, such as the size X-ray synchrotron radiation. The relevant diffusion length scale
and density contrasts of the clumps. Very Large Array radio is that for the tangential diffusion component, which should be
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Laitr ~ DTioss = 3 % 10'9'/2(B/250 uG)~'/2 cm, with the
diffusion coefficient given by D = %ncE / (eB), where n> 1 is
the ratio between the mean-free path of the particles and their
gyroradius (see Section 1 for the other definitions). The length
scale of 3 x 10" cm corresponds to 0”6, which is comparable to
the Chandra point-spread function. Since the X-ray synchrotron
filaments as seen by Chandra appear to be smooth, hypothesis
(>i1) reguires the diffusion length scale to be smaller than
3 x 10" cm, requiring ~ 1 and B > 250 xG.

So although the IXPE observations do not favor one
hypothesis for the radial magnetic-field orientation over the
other, the measured polarization signal puts constraints on
relevant length scales. For the hypothesis that an MHD process
leads to intrinsically radial magnetic-field alignments—rather
than through a perceived radial magnetic field (West et al.
2017)—the IXPE results require that the reorientation happens
within 10'7cm downstream of the shock. In contrast, the
hypothesis that the radial magnetic-field orientation is caused
by a selection effect sets constraints on the wavelength of the
magnetic-field turbulence of Az <3 x 10'° cm.

4. Conclusions

We reported here on the very first detection of X-ray
polarization from a shell-type SNR—the young and bright core-
collapse SNR Cas A, which was the first science target of the
NASA IXPE mission. We employed two different methods to
measure the polarization signals: a pixel-by-pixel analysis, and a
more sensitive analysis that assumes a circular symmetry for the
polarization vectors, and then summing over large regions.

The pixel-by-pixel analysis provides tentative hints of
polarization in the 3-6keV band at the 30 to 40 pretrial
confidence level, with associated polarization degrees ranging
from 3% to 19%, just above the local minimum detectable
polarization degree at 99% confidence (MDP99). Taking into
account posttrial factors these detections are not significant.
The analysis assuming circular symmetry for the polarization
angles provides solid detections (close to 50) for annular
regions encompassing the forward shock region, and a region
covering the entire SNR. The corresponding polarization
degrees are lower than the polarization generally reported in
the radio: 1.8%—-3.5% in X-rays versus ~5% in the radio band
(e.g., see Rosenberg 1970, for radio polarization measurements
with a resolution comparable to IXPE). Even after correction
for the contribution of thermal X-ray emission in the 3—6 keV
band, this suggests an X-ray synchrotron polarization degree of
~2%—-5%, which is similar, or slightly lower than in the radio
band. Like in the radio band, the polarization vectors suggest
an overall radial magnetic-field orientation.

Since the X-ray synchrotron radiation is confined to regions
within <10'"cm, the IXPE results imply that the radial
magnetic-field structure is already present close to the shock,
which puts constraints on the physical processes that leads to
the radial magnetic-field structures measured in young SNRs.

The measured low polarization degree is consistent with a
nearly isotropic magnetic-field turbulence as simulated by
Bykov et al. (2020), but it could also be caused by a mixture of
tangential magnetic-field alignment close to the shock front,
and a radially aligned magnetic-field structure further down-
stream of the shock.

The Imaging X-ray Polarimetry Explorer (IXPE) is a joint
US and Italian mission. The US contribution is supported by
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the National Aeronautics and Space Administration (NASA)
and led and managed by its Marshall Space Flight Center
(MSFC), with industry partner Ball Aerospace (contract
NNMI15AA18C). The Italian contribution is supported by the
Italian Space Agency (Agenzia Spaziale Italiana, ASI) through
contract ASI-OHBI-2017-12-1.0, agreements ASI-INAF-2017-
12-HO and ASI-INFN-2017.13-HO, and its Space Science Data
Center (SSDC), and by the Istituto Nazionale di Astrofisica
(INAF) and the Istituto Nazionale di Fisica Nucleare (INFN) in
Italy. This research used data products provided by the IXPE
Team (MSFC, SSDC, INAF, and INFN) and distributed with
additional software tools by the High-Energy Astrophysics
Science Archive Research Center (HEASARC), at NASA
Goddard Space Flight Center (GSFC). J.V. and D.P. are
supported by funding from the European Union’s Horizon
2020 research and innovation program under grant agreement
No. 101004131 (SHARP). The research at Boston University
was supported in part by National Science Foundation grant
AST-2108622. We thank Dawoon Kim for kindly providing us
with his script for making polar plots of polarization degree and
angle.
Software: ixpeobsim (Baldini et al. 2022).

Appendix A
Calculation of the Q and U Maps

The polarization of radiation as measured by IXPE is
calculated based on the reconstructed ejection angle of the
photoelectron, ¢, associated with event k. Maps of the Stokes
parameters /, O, and U can then be obtained using (weighted)
sums of g, = 2cos2¢, and u; = 2sin2¢,, which can also
include the correction for the energy- or event-dependent
modulation factor pu:

_ Wk,i.j
1 iy
Lij =Wy ’
Hi
Wi,i.jdk,ij
-1 Sk,
Qij= VViJ dp >
i
_ Whi,i jUk,i,j
1 Uk,
Uij=Wi; 2k — L (Al)

k
with W;;=>_wy;; the sum of the weights. This definition of

L —

Stokes [ is chosen so that the polarization fraction can be

expressed as II;; = Qi?j + Ulzj / I;;. Note that the division by
Ly ensures that the detector response to polarization, which is
energy dependent, is taken into account.

The weights w, can be based on the quality of the
reconstruction of ¢, (Marshall 2021; Di Marco et al. 2022),
or on the energy—de%)endent modulation factor (Vink &
Zhou 2018), wy = p,~, or simply ignored, i.e., wy=1. The
variances in the Stokes parameters are

2

Wi.ij
2 9
k

Var(l)) = W;*%,

)
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k
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The polarization detection significance can be obtained by
the methods described in, e.g., Kislat et al. (2015) and Vink &



THE ASTROPHYSICAL JOURNAL, 938:40 (14pp), 2022 October 10

Zhou (2018), but we note here that in the absence of
polarization the expectation values for the Stokes parameters
are E[Q]=0 and E[U] =0, and that cos2¢ and sin2¢ are
orthogonal functions. As a result the statistical quantity

0
Var(Q; )

has a x” distribution with two degrees of freedom. One can
make a map of S;;, which we call a X2 map, that shows how
consistent the observed polarization signal is with the null
hypothesis (i.e., no polarization signal) in pixel (i, j). A large
value of §;; / X; I indicates, therefore, the presence of a
polarization signal for pixel i, j with a confidence corresp-
onding to X%- A 30 signal corresponds to X% = 11.8, 40 to
X3 = 19.3, and 50 to x; = 28.7.

In the absence of an intrinsic polarization signal the
expectation values for the variances are E[Var(Q;;)] =
E[Var(Uy))] = 2W, 2 wdi; /ud),  since  E[(* + ¢*)] = 4.
Assuming that Var(Q;; ~ Var(U;;), we can express the
polarization degree as

2
Ui

Si,j
Var(U )

(A3)

0% + U3 _

S;jVar(Q; ) ' (Ad)

By noting that S, is x5 distributed and that the 99% confidence

range corresponds to X% = 9.21 we see that the minimal
detectable polarization (MPDgy) degree is

921 x 2WAS, (Wi, /12
MDPy — \/ Jo O 1)

WS Wi/ m)?

___ 425 (AS)

S i)

equivalent to the expression derived by Kislat et al. (2015). The
extraction of Stokes parameters over larger regions, after a
local rotation of ¢g; and u;, follows the same procedure as
outlined here, except that the final outcome should not have a
pixel index (i,j), but a region label.

Note that summing together S;; over various pixels, by for
example rebinning (Sy; = 32, ;5;;), results in yet another X
distribution, but now with more degrees of freedom. For
example, rebinning S;; by 2 X 2 pixels, results in x§ distribution.
Essentially this is an incoherent addition of the signal, so less
sensitive than rebinning Q;;, U;; (i.e., coherent summing), but it
has the advantage that it is not sensitive to rotations of the
polarization vector within the binned pixels region.

Appendix B
Assessing the Nonthermal Contribution across Cas A

The radio emission from Cas A is almost exclusively caused
by synchrotron radiation, but the emission in the 0.5-10 keV
consists of a mixture of thermal radiation (line emission,
bremsstrahlung, free-bound, and two-photon emission) and
synchrotron radiation.

At the resolution of the Chandra X-ray observatory, the
synchrotron emission stands morphologically apart (Hughes et al.
2000; Vink & Laming 2003; Hwang et al. 2004), being confined
to narrow filaments, which may nevertheless also determine the
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continuum in projection toward the rest of the SNR. The thermal
emission from Cas A is dominated by emission from shocked
ejecta (Laming & Hwang 2003). In order to prepare for the IXPE
observations of Cas A, but also to estimate the contribution of the
synchrotron radiation to each IXPE pixel as a function of energy,
we modeled the emission from Cas A based on fitting Chandra
X-ray spectra from the whole of Cas A, divided in tiles of 20” by
20”. We used for the modeling the xspec package version 12.12
(Armaud 1996), and concentrated on a single, 164 ks Chandra
observation (ObsID 4638; Hwang et al. 2004).

The best-fit models per individual tiles were then folded
through the spatial and spectral response functions of IXPE
using the ixpeobsim instrumental response functions. For
IXPE simulations we imposed a polarization degree and
orientation on the X-ray synchrotron component. Before the
launch of IXPE we used these simulations to test and optimize
the analysis tools used for the results presented in this paper,
but at the final stage, after indeed obtaining detections, we also
used the simulations to translate the measured polarization
degree into a polarization degree for just the synchrotron
component. The prelaunch simulations indicated that the
3-6keV band provided a more sensitive band for detecting
polarization than the 4-6keV (nearly) line-free band, as the
broader band considerably improves the statistics.

The model consists of three thermal, nonequilibrium
ionization, components, each with their own electron temper-
ature per region, for which we used the vnei model (Borkowski
et al. 2001), a power-law component to fit the synchrotron
contribution, and the Galactic absorption model, thabs (Wilms
et al. 2000, which was also used for the abundances). The
power-law slope was constrained to be I' =2.8-3.4, i.e., within
AT'=0.3 of the average spectral index for the synchrotron
component of I' = 3.1 measured by Helder & Vink (2008). The
three vnei components represented the metal-dominated ejecta,
with the components representing oxygen-, silicon-, and iron-
rich plasma. The abundances of oxygen, silicon, and iron
elements were set to 10,000 times the solar value in order to
simulate almost pure metal plasmas, which also enhances the
contributions of free-bound and two-photon continuum (Greco
et al. 2020). The oxygen-rich plasma was also responsible for
the neon- and magnesium-line emission, and the silicon-rich
plasma for the intermediate mass elements, but with the
abundances of these elements as free parameters. Additional
free parameters were the temperatures, constrained to
0.44keV (4.5keV for Fe); ionization ages (n.t, constrained
between 2 x 10° and 8 x 10"" cm™?s); the Galactic absorption
column (Ny); the normalizations of the emission components;
Doppler shifts for the silicon- and iron-rich components.

Maps with the best-fit parameters of these models are shown
in Figure 6.°" We do not claim that these are the best possible
models for the emission of Cas A, as they are based on an
automated procedure, sometimes manually assisted for parti-
cularly bad fits. But the final models fit the Chandra spectra
generally well. This can be judged from the example spectral
fits in Figure 7, one of which includes the worst fit in terms of
the C-statistic. Despite the poor statistic, the overall spectral
features are captured by the model. In general we find that the
centroid of the Fe-K line emission is not well fitted. This
centroid is determined by the plasma temperature, ionization

51 An archive of the complete data and model files (xcm files) can be found on
Zenodo: 10.5281/zenodo.6597504, which also includes all data products used
for this paper.
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Figure 6. Examples of the maps of relevant parameters created from the output automated fitting of Chandra X-ray observations (ObsID 4638). We used these maps,
and similar ones, to generate simulated IXPE event lists for assessing polarization degrees of the synchrotron components as a function of position and energy band.
The top row shows the 7 = n,t values in units of cm s for the oxyzgen—rich, silicon-rich (i.e., rich in intermediate mass elements), and iron-rich plasma components,
respectively. The second row shows the absorption map (Ny in cm™ ), the C-statistic values of the best fits, and the fraction of synchrotron radiation with respect to the
overall flux in the 3—4 keV, 4-6 keV, and the combined 3-6 keV bands.

age, and Doppler shift. However, the ionization age and further optimizing the fitting results. This in particular is true
temperature also determine the iron L-shell emission between for the electron temperature of the Fe-rich component, for
0.8 and 1.4keV, and cannot be arbitrarily varied. So a likely which T.=4.5 keV for large parts of the SNR. The best-fit
cause of the centroid mismatch is that the Fe-LL and Fe-K values for the power-law index are in most cases ['=3.2,
emission may arise from various plasma components, suggest- which is the starting value. This most likely reflects the
ing that one plasma component for Fe-rich ejecta is not insensitivity of the fit to the power-law index under the
sufficient. The maps show also that the electron temperature of constrained condition that I" lies within the range 2.8-3.4. The
some components tend to get stuck at the predefined upper Galactic absorption map and the ionization age of the Si-rich
boundaries, at which point the fitting algorithm has difficulties component compare well with the ones provided in Hwang &
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Figure 7. Four example spectra and best-fit models based on the automated fitting scripts. The colors correspond to those of the crossed squares in the C-statistic map
in Figure 6. The black line corresponds to the worst C-statistic. The fits are generally satisfactory, but the iron line centroids appear off in the top three spectra.

Laming (2012). However, we note that Hwang & Laming
(2012) did not include a full fitting of the nonthermal
component in their analysis.

The values from the synchrotron continuum fraction were
used to correct the observed polarization degree to the
corresponding value for the synchrotron component. A perhaps
surprising byproduct of the Chandra spectral mapping is that
we find the fits indicate that the contribution of the synchrotron
radiation to the overall continuum emission is surprisingly
high, ranging from 38% to nearly 100%. Helder & Vink (2008)
already showed that this might be the case based on the
extrapolation of the hard X-ray continuum measured by
BeppoSAX-PDS to the 4-6keV band (their Figure 5), but
estimated a more conservative 54% overall contribution.
Nevertheless, the map of the synchrotron continuum fraction in
Figure 6 matches well morphologically with Figure 6 (right) in
Helder & Vink (2008) and the NuSTAR 10-15keV map in
Figure 6 (right) in Grefenstette et al. (2015). For completeness
we show in the bottom panels of Figure 6 the nonthermal flux
fraction in the 3—4 keV band (a mixture of line and continuum
radiation), the 4-6keV band (dominated by continuum
radiation), and the combined band 3-6 keV band. The latter
is the band chosen for the IXPE polarization measurements,
based on prelaunch simulations. Although the 3%-4% keV
band contains Ar-K and Ca-K line contributions, as can be seen
in Figure 7, even in this band the nonthermal continuum
fraction is large (>90%) in the X-ray synchrotron dominated
regions, and still 25%—-50% in the bright shell.

With ixpeobsim we simulated IXPE event lists for Cas A
based on the grid of models for the Chandra spectra. These
IXPE simulations showed that the 3-6keV band is a good
compromise between having a broad enough X-ray band to
optimize statistics, and not too much degradation of the
polarization signal due to the presence of Ar-K and Ca-K lines,
but avoiding the very bright Si-K and S-K lines. Some Si-K
and S-K line emission may be leaking into the 3—6 keV band
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Figure 8. The nonthermal flux fraction in the 3-6 keV band inferred for IXPE,
based on data simulated with ixpeobsim. The simulation used the Chandra
spectral models as input parameters, using a full spectral and spatial response
modeling—see the last panel of Figure 6.

due to the low spectral resolution of IXPE. The nonthermal flux
fraction in the 3-6keV inferred for IXPE is displayed in
Figure 8, which includes all instrumental effects.

Appendix C
Polarization Signal as a Function of Chosen Energy Band

The main text concentrates on the IXPE polarization signal
analysis in the 3-6keV band. In Table 2 we show for all
regions combined and the FS+ RSW region the breakdown in
polarization signal for the 3—4 keV and 4-6 keV band, as well
as the inferred correction factor needed to obtain the
polarization signal of the synchrotron component only, as
based on the models in Appendix B. All values refer to
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Table 2
Polarization Signal as a Function of Selected Energy Band
Band  MPD99  syn. corr.”  Pol. Degree Angle Significance
(keV) (%) (%) )
All regions combined

34 1.1 1.5 1.2+04 85.1 £8.8 2.60
4-6 1.8 1.2 29+0.6 86.1 £ 6.1 410
3-6 1.0 1.4 1.8 +0.3 85.7+53 490

FS+RWS
34 1.9 14 1.8+ 0.6 78.0 + 10.3 220
4-6 3.0 1.2 50+ 1.0 92.1+5.6 4.60
3-6 1.7 1.3 3.0+ 0.6 872+£54 480
Note.

a Synchrotron correction fraction, i.e., the ratio of the inferred total flux over
the nonthermal flux as based on the Chandra model fits.

measurements based on the Stokes Q' and U’ parameters, for
which the definition of the polarization angle changes as a
function of pixel position, assuming a circular symmetry with
respect to the center of the SNR—see Section 2.2 for details.

Note that for the continuum-dominated, 4-6 keV band the
polarization detection significance is 4.1o for all regions
combined and 4.60 for the FS+RWS region. Although at a
lower significance, the measurements in the continuum-
dominated band supports the overall low polarization degree
reported in the main text.
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