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Abstract

Supernova remnants (SNRs) offer the means to study supernovae (SNe) long after the original explosion and can
provide a unique insight into the mechanism that governs these energetic events. In this work, we examine the
morphologies of X-ray emission from different elements found in the youngest known core-collapse SNR in the
Milky Way, Cassiopeia A. The heaviest elements exhibit the highest levels of asymmetry, which we relate to the
burning process that created the elements and their proximity to the center of explosion. Our findings support
recent model predictions that the material closest to the source of explosion will reflect the asymmetries inherent to
the SN mechanism. Additionally, we find that the heaviest elements are moving more directly opposed to the
neutron star (NS) than the lighter elements. This result is consistent with NS kicks arising from ejecta asymmetries.

Unified Astronomy Thesaurus concepts: Supernova remnants (1667); Neutron stars (1108); Spectroscopy (1558);
X-ray telescopes (1825); X-ray observatories (1819); Astronomy data modeling (1859); Core-collapse
supernovae (304)

1. Introduction

In the past decade, 3D simulations of core-collapse super-
novae have improved dramatically. Though the neutrino-driven
mechanism was proposed more than five decades ago (Colgate
& White 1966), it has only begun to produce successful
explosions in models in the last few years (see reviews by
Janka et al. 2016; Müller 2016). Consequently, simulations are
beginning to produce testable predictions of explosion and
compact object properties: the distribution of supernova (SN)
energies (Müller et al. 2017, 2019), SN light-curves (Utrobin
et al. 2017), nucleosynthetic yields (Curtis et al. 2019),
explosion-generated ejecta asymmetries (Wongwathanarat
et al. 2013; Janka et al. 2017; Summa et al. 2018) and neutron
star (NS) kick velocities (Wongwathanarat et al. 2013;
Janka 2017; Gessner & Janka 2018; Müller et al. 2019).

Supernova remnants (SNRs) are a useful sample for
comparison to simulation predictions. The heavy elements
synthesized in the explosions as well as NSs are observable in
young SNRs of ages 104 yr (see reviews by Weisskopf &
Hughes 2006 and Vink 2012). As the ejecta expands into the
interstellar medium (ISM), the reverse shock heats the ejecta to
∼107 K temperatures, producing X-rays that can be detected
with modern X-ray facilities, such as the Chandra X-ray
Observatory. X-ray studies of supernova remnants can reveal
the presence and properties of shocked ejecta (e.g., Hwang
et al. 2008; Lopez et al. 2009a; Luna et al. 2016; Bhalerao et al.
2019). Optical and infrared studies are also a useful means to
probe the three-dimensional structure of ejecta (e.g., Reed et al.
1995; Fesen 2001; Gerardy & Fesen 2001; DeLaney et al.
2010; Milisavljevic & Fesen 2013; Koo et al. 2018).

CassiopeiaA (Cas A hereafter) is a prime target for
comparison to current core-collapse (CC) SNe simulations as
it is the youngest known CC SNR in the Milky Way (≈350 yr
old; Thorstensen et al. 2001). CasA’s X-ray emission is
dominated by the ejecta metals, and its proximity (with a
distance of 3.4 kpc; Fesen et al. 2006) enables investigation of

the distribution of metals on small (sub-parsec) scales. Optical
observations have shown that CasA is an O-rich SNR (e.g.,
Chevalier & Kirshner 1978), and light echoes from the
explosion reveal that CasA was produced by an asymmetric
Type IIb SN with variations in ejecta velocities of
≈4000 km s−1 (Rest et al. 2011). CasA was the target of
Chandraʼs first light image (Hughes et al. 2000), and since
then, Chandra has observed the SNR for ∼3 Ms.
Prominent features of CasA are its distinct, fast-moving

ejecta knots (Fesen et al. 2006; DeLaney et al. 2010;
Milisavljevic & Fesen 2015) which span from the center of
the SNR to beyond the forward shock (Hughes et al. 2000;
Hwang & Laming 2003), thin synchrotron filaments around its
periphery (Gotthelf et al. 2001; Vink & Laming 2003), a NS
(Tananbaum 1999), and bright X-ray emission from inter-
mediate-mass elements (Si, S, Ca, Ar) and heavy elements (Ti
and Fe; Vink et al. 1996). Based on a detailed analysis of the
deep Chandra data, Hwang & Laming (2012) constructed
maps of the elemental abundances, emission measures, and
plasma ionization states across CasA. Recent simulations
(Orlando et al. 2016; Janka et al. 2017; Wongwathanarat et al.
2017) have aimed to reproduce the observed characteristics of
CasA, such as the jet (e.g., Fesen & Milisavljevic 2016), the
heavy element abundances and spatial distribution (e.g.,
Hwang & Laming 2012; Grefenstette et al. 2017), and the
NS kick velocity (e.g., Thorstensen et al. 2001).
In this paper, we use the available Chandra and NuSTAR

observations of CasA to measure the asymmetries of elements
heavier than carbon and compare the results to the simulation
predictions that heavier elements are ejected more asymme-
trically and more directly opposed to NS motion than lighter
elements (Wongwathanarat et al. 2013; Janka 2017; Gessner &
Janka 2018; Müller et al. 2019). Though recent work by
Holland-Ashford et al. (2017) and Katsuda et al. (2018)
showed that NSs are preferentially kicked opposite to the bulk
of ejecta in several young Galactic SNRs, to date, no studies
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have compared the relative symmetries of different elements
within individual SNRs and how those asymmetries relate to
the NS motion.

This paper is structured as follows. In Section 2, we describe
the observations analyzed in this study. In Section 3, we outline
the methods used to measure the X-ray morphology and the
details of the spectral analysis performed. In Section 4, we
present our results. Section 5 summarizes our conclusions and
outlines possible future work.

2. Data and Spectral Analysis

For our analysis, we use 15 archival Chandra X-ray
observations of CasA (see Table 1) from the Advanced
CCD Imaging Spectrometer (ACIS), totaling ∼1.3 Ms of
exposure time, with ∼3×108 counts in the full (0.5–8.0 keV)
band. CasA, with a diameter of ≈6′, fits on the ACIS-S3 chip.
Although more data were available (Cas A has been observed
for a total of ∼3 Ms), we found that spectra had sufficient
signal-to-noise in the 15 longest ACIS observations to fit the
spectra. Inclusion of the shorter ACIS observations dramati-
cally increased the computation time to fit spectra, and thus we
opted to limit our analysis to the observations in Table 1.

To study the distribution of Ti, we used the 4.6 Ms
background-subtracted 65–70 keV image of CasA taken with
NuSTAR (Grefenstette et al. 2014, 2017), which is dominated
by the radioactive decay line of 44Ti at 67.87keV. These data
were taken from 2012 August to 2013 December, using 14
combined FPMA+FPMB images (see Grefenstette et al. 2017
for details of the observations and data reduction). Using the
spatially resolved spectral fits to the 44Ti line and non-thermal
continuum reported in Table2 of Grefenstette et al. (2017), we
estimate that the 44Ti line produces 80%–100% of the flux in
the 65.0–70.0keV band. Thus, the 65–70keV morphology
mostly reflects the distribution of the radioactive Ti in the SNR.

Our goal is to measure the morphologies of metals
synthesized in the explosion. Although narrowband images
can be produced by filtering to the energy ranges that
correspond to prominent X-ray emission lines (see Table 2),
the resulting images would include the continuum emission
(bremsstrahlung and synchrotron) in those bandpasses and not
solely reflect line emission from a specific element. Thus, we

aim to remove the continuum emission by performing a
spatially resolved spectral analysis. Specifically, we divide the
SNR into 2517 regions, model each region’s spectra, and
subtract the continuum emission in each region from the
narrowband images. The resulting continuum-subtracted
images should contain flux only from the emission lines of
the elements in question: O, Mg, Si, S, Ar, Ca, Fe.
Furthermore, we then convert these element-specific flux
images into emission measure maps, dividing flux by the
emissivity calculated using spectrally fit parameters such as
temperature and ionization timescale (see Section 2.5). As we
do not expect the continuum to be a dominant contributor at the
energies of the Ti line, we do not make continuum-subtracted
images or mass maps for our NuSTAR observation. As such, we
also do not convert the Ti image to emission measure maps.

2.1. Narrowband Images

To produce the narrowband images corresponding to
emission lines from each element (see Table 2 for energy
ranges), we used the Chandra Interactive Analysis of
Observations (CIAO) Version 4.7 and FTOOLS (Black-
burn 1995). Specifically, we produced exposure-corrected,
merged Chandra images from the 15 observations using the
CIAO command merge_obs. To remove the NS from the
resulting image, we used the CIAO command wavdetect to
define a region around the source, and then used the command
dmfilth to replace this region with values interpolated from
surrounding regions. We note that narrowband analysis is a
common technique used to measure ejecta distributions (e.g.,
Hwang et al. 2000; Park et al. 2002; Alan et al. 2019).
Narrowband images are often improved by subtracting a
continuum component—created using interpolations from
energy bands dominated by continuum—and producing line-
to-continuum ratio images that reveal regions of enhanced line
emission. In this paper, given the deep observations of CasA
now available, we evaluate the line emission through detailed
spatially resolved spectral analysis.

Table 1
Chandra ACIS Observations

ObsID Date Roll Exposure
Angle (deg) (ks)

1952 2002 Feb 6 323.4 50
4634 2004 Apr 28 59.22 148
4635 2004 May 1 59.22 138
4636 2004 Apr 20 49.77 150
4637 2004 Apr 22 49.77 170
4638 2004 Apr 14 40.33 170
4639 2004 Apr 25 49.77 80
5196 2004 Feb 08 325.5 50
5319 2004 Apr 18 49.77 40
5320 2004 May 5 65.14 54
10936 2010 Oct 31 236.5 31
14229 2012 May 15 75.44 50
14480 2013 May 20 75.14 50
14481 2014 May 12 75.14 50
14482 2015 Apr 30 67.13 50

Table 2
Metals and X-Ray Lines

Element Line Bandpass Burning NS Anglec NS Angled

(keV)a Processb (degrees) (degrees)

O VII 0.55–0.75 He 146 146
Mg XI 1.25–1.45 C 141 105
Si XIII 1.70–2.1 O, xO 140 128
S XV 2.25–2.95 O, xO 148 127
Ar XVII 3.00–3.25 O, xO 172 133
Ca XIX 3.80–4.00 O, xO 174 141
Fe XXV 6.35–6.90 xSi 165 168
Ti decaye 65–70 xSi 160 N/A

Notes.
a Bandpasses were selected by visual inspection of lines in multiple of our
spectra.
b The primary burning process that creates each element. An “x” in front of an
element signifies explosive burning of that element.
c Angle between the NS direction of motion and each element’s center-of-
emission.
d Angle between the NS direction of motion and each element’s center-of-
mass.
e 44Ti radioactively decays into 44Sc, which then further decays into 44Ca, to
produce the 67.87 keV line (Chen et al. 2011).

2

The Astrophysical Journal, 889:144 (9pp), 2020 February 1 Holland-Ashford, Lopez, & Auchettl



2.2. Spectral Grid

For our spatially resolved spectral analysis, we first split the
remnant into small boxes, of sizes 5″×5″, 10″×10″, or
20″×20″ (see Figure 1). The smallest boxes were used for
regions inside the SNR’s contact discontinuity, within 130″ of
the SNR’s center (Gotthelf et al. 2001; Bleeker et al. 2001),
where signal was sufficient to model the spectra robustly. The
10″×10″ boxes spanned between the contact discontinuity
and the forward shock (at ∼160″), and the 20″×20″ boxes
were employed at larger radii. For the regions around the
northeast jet, we aligned the boxes manually to match its
profile. This method ensured that each box, except for the most
outer regions, contained >10,000 counts. Typical values of
signal-to-noise were ∼200, reaching up to ∼700 for the
5″×5″ boxes with the strongest signal and down to ∼60 in
the most faint 20″×20″ boxes. Our regions had reduced chi-
squared values of 1.5–2. In addition, our minimum box size of
5″×5″ is much larger than the Chandra ACIS PSF of 0.5″,
ensuring that each box contains distinct signal. We note that for
an off-axis angle of 5′, (the diameter of Cas A) the PSF of
Chandra is still 5″, our minimum region size.6 Thus, the
differences in roll angle between the various images should not
affect the spectral analysis.

Following this procedure, we extracted spectra from 2517
regions from all 15 Chandra observations (see Table 1),
binning to 20 counts per bin and subtracting the background
obtained from a region outside of the SNR. We note that in
certain locations, the data has sufficient counts to perform
spectral analysis in regions of 2 5×2 5 or smaller. However,
upon examination, we found that no significant changes in
best-fit parameters occurred between the spectra from the
2 5×2 5 versus the 5″×5″ regions. Thus, to keep the
analysis manageable, we chose to adopt 5″×5″ regions as the
smallest box size. We investigated these boxes with the highest
signal (200,000 counts, signal-to-noise ratio400) to check
that the fits were formally acceptable, and found that the fits
were good with typical reduced chi-squared values of ∼1.6.

2.3. Spectral Fitting

We simultaneously fit the 15 spectra from each region using
XSPEC Version 12.9.0 (Arnaud 1996) with AtomDB7 3.0.7
(Smith et al. 2001; Foster et al. 2012). In a first pass through the
data, we modeled every spectrum as an absorbed (phabs)
thermal, non-equilibrium ionization (NEI) plasma (vpshock)
plus a power-law component (with the photon-index fixed to
2.5 to model the synchrotron emission). We let the ionization
timescale of the vpshock component vary up to 1012 cm−3s,
which would reflect a plasma in collisional ionization
equilibrium (Smith & Hughes 2010). Past work has demon-
strated that the plasma in CasA is in a NEI state (Markert et al.
1983; Hwang & Laming 2012; Rutherford et al. 2013),
consistent with our best-fit ionization timescales. As oxygen
is the primary source of the thermal continuum (Chevalier &
Kirshner 1978; Vink et al. 1996; Laming & Hwang 2003;
Hwang & Laming 2003, 2012), we adopted an oxygen
abundance of 1 relative to solar and allowed the heavier
elements (Mg, Si, S, Ar, Ca, Fe, Ni) to vary freely, assuming
solar abundances from Anders & Grevesse (1989).
We fit the spectra, initially allowing only the column density

NH, temperature kT, ionization timescale, and normalization to
vary. Subsequently, we thawed the elemental abundances and
refit. Finally, to account for the Doppler shifts of the expanding
ejecta, we allowed the redshift to vary and refit once more. This
procedure was chosen after performing tests on spectra of
different signal-to-noise levels and spectral shapes, and we
found that it was the most successful at producing accurate
spectral fits that did not get stuck in χ2 local minima. After
these steps, if a region’s fit yielded a high reduced chi-squared
(4) or if the model did not account sufficiently for the Fe K
line, we added a second vpshock component with a greater
plasma temperature. For this second component, we found that
allowing the temperature and Fe abundance to vary (with all the
other abundances set to solar) was sufficient to reproduce the
spectra and reflects the Fe-rich ejecta identified by Hwang &
Laming (2012) and Katsuda et al. (2018).

Figure 1. Left: the full-band image of CasA with an overlay of the regions analyzed. Right: a sample fit spectra with a strong Fe-K feature, taken from the bright,
eastern region of CasA. In this specific example, a two-component model was used as the single-component model did not capture the Fe line.

6 http://cxc.harvard.edu/proposer/POG/ 7 atomdb.org
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In Figure 1 we plot an example of the best-fit, two vpshock +
power-law model used to reproduce the emission from a region
on the eastern side of the SNR. We note that Hwang & Laming
(2012) also found that a model with two thermal components
(vpshock+NEI) was needed to accurately fit the Fe K lines in
many regions. They adopted a single ionization timescale (of
8×1011 cm−3 s) and temperature (1.95 keV) to match the
values of the most enriched Fe ejecta spectra from Hwang &
Laming (2003), while we allowed these parameters to vary. We
get similar results to those of Hwang & Laming (2003), and in
Section 4.3, we present a more detailed comparison between
our results.

We recognize that single- or two-component models are
likely simplified approximations of the true state of the SNR
plasma. In reality, each region may have signal from plasma of
varied thermodynamic conditions (e.g., multiple temperatures,
ionization timescales, abundances). However, we found that
the single- or two-component models yielded reasonable χ2

fits, so for simplicity, we opted not to include additional
components.

2.4. Continuum-subtracted Images

To produce continuum-subtracted images, we modeled just
the thermal+non-thermal continuum in each region as well. To
model the thermal continuum emission, we used the AtomDB
NoLine8 model (apecnoline), using the same NH, kT, normal-
ization, and redshift values calculated for the vpshock+power-
law model. To model the non-thermal component, we simply
used another power-law with the same normalization and
photon-index as calculated for the vpshock+power-law model.
Added together, these models reflected the total thermal+non-
thermal continuum in each region. We then derived the fraction
of emission arising from the corresponding element’s emission
line, Felem, given by

( )= -F 1
continuum flux

total flux
1elem

where the continuum flux (from the apecnoline+power-law fit)
and total flux (from the vpshock+power-law fit) are measured
within the associated element’s bandpass (see Table 2). Prior to
producing the continuum-subtracted images, we smoothed the
derived Felem by taking the average of all adjacent regions. This
gave us seven fits files, one for each element (O, Mg, Si, S, Ar,
Ca, Fe), with pixel values equal to the smoothed percentage of
emission from the given element (Felem). We then multiplied
the narrowband images by these fits files to get the continuum-
subtracted images shown in Figure 2.

We note that in addition to the ejecta, the emission has
contributions from shocked interstellar and circumstellar
material (ISM, CSM). For example, Hwang & Laming
(2012) found CSM-dominated regions in CasA along the
outer rim of CasA, with some in the southwest interior as well.
As the periphery of the SNR contributes less flux than the inner
regions, it is likely that the emission measure maps (and thus
the derived power ratios) are not affected significantly by this
CSM contribution.

2.5. Element Emission Measure Maps

The final step in our analysis was to convert our continuum-
subtracted flux images of each element into emission measure
maps:

( )
( )ò= µ


n n dV

T
Emission Measure

Flux
2

e
e ion emit

line

where ò(Te) is the emissivity of a line at a given temperature, ne
is electron number density, nion is ion number density, and Vemit

is the emitting volume of the region. The emission measure
maps of each element were created by dividing the continuum-
subtracted flux images by the emissivity map of each element at
the spectrally fit temperature and ionization timescale.9

We use the emission measure as a proxy for mass, which
holds true under the assumption that the electron number
density is constant throughout the remnant.

2.6. Titanium Data

In addition to the Chandra images, we also analyzed the
4.6Ms NuSTAR 44Ti (65–70 keV) image of CasA, as
presented in Grefenstette et al. (2014, 2017). We did not
perform spatially resolved continuum subtraction on this
narrowband image; as noted in Section 2, we estimate that
80%–100% of the flux in this band is from the radioactive
decay line based on fits to the non-thermal continuum
presented in Grefenstette et al. (2015).

3. Methods

We use the power-ratio method (PRM), a multipole
expansion technique, to analyze the distribution of elements
in CasA. This method was employed previously to character-
ize the X-ray morphology of galaxy clusters (Buote &
Tsai 1995, 1996; Jeltema et al. 2005) and was adapted by
Lopez et al. (2009b) for use on SNRs (e.g., Lopez et al.
2009a, 2011; Peters et al. 2013; Holland-Ashford et al. 2017;
Lopez & Fesen 2018; Stafford et al. 2019). Using the PRM, we
calculate the powers Pm of the expansion, which are derived by
integrating the magnitude of the m-th term over a circle of
radius R. Then we divide the powers Pm by the zeroeth order
term P0 to normalize with respect to flux. For a more detailed/
mathematical description of this method and its application to
SNRs, see Lopez et al. (2009b).
For flux and emission measure maps, we adopt the center-of-

emission of each element’s image (a proxy for the center-of-
mass) as the origin of the multipole expansion for that element
(marked as filled blue circles in Figure 2). In this case, the
dipole power-ratio P1/P0 approaches zero, whereas the higher-
order moments give details about successively smaller-scale
asymmetries. P2/P0 is the quadrupole power-ratio and
quantifies the ellipticity/elongation of an extended source.
P3/P0 is the octupole power-ratio and is a measure of mirror
asymmetry.
We performed this analysis on all three of our image sets—

narrowband, continuum-subtracted, and emission measure
maps—to investigate how closely the narrowband and
continuum-subtracted results matched those of the emission
measure maps. For the narrowband images, uncertainties in the
power-ratios are estimated via the Monte Carlo process

8 http://www.atomdb.org/noline.php

9 The nei emissivity values for each ion at a given temperature were taken
from the latest nei emissivity ATOMDB table, “apec_v3.0.9_nei_line.fits.”
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described in Lopez et al. (2009b). The program AdaptiveBin
(Sanders & Fabian 2016) is used to bin the SNR into sections
of equal total photon counts. Then, the counts in each bin are
replaced by a number taken randomly from a Poisson
distribution, with the mean equaling the original number of
counts.

For the continuum-subtracted Chandra images (Figure 2),
uncertainties in the power-ratios are estimated via a different
Monte Carlo process. Each element’s fractional contribution to
the observed flux Felem (values of 0 to 1) has an associated
error. This error is greater for weaker emission lines since the
fractional contribution of noise is more. We performed a linear
extrapolation (python’s spline) on the median of binned errors
taken from Felem values from 1000 random boxes to create a
function that, given a value of Felem, would output the typical
error on that measurement. Similar to the above Monte Carlo
method, we then replaced each region’s flux fraction with a
number taken randomly from a truncated normal distribution,
with the mean equaling the original fractional value and the
error estimated from the described linear extrapolation.

For the emission measure maps, an additional source of error
is the uncertainties in the emissivity. To determine the
magnitude of these uncertainties, we produced mock emissivity
maps by selecting temperatures and ionization timescales for
each region from a truncated normal distribution based on the
errors associated with those parameters in the region’s spectral
fit. Finally, we divided the mock continuum-subtracted images
(see above) by the mock emissivity maps.
For analysis using each of the three methods, the process was

repeated 100 times to create 100 mock images of each element.
We then measured the power-ratios of the 100 images and took
the mean of those values as the derived power-ratios plotted in
Figure 3. We adopt the sixteenth-highest and -lowest values as
the confidence limits, chosen to match the 1σ range of a
Gaussian distribution.

4. Results

Figure 3 shows the quadrupole power-ratio P2/P0 versus the
octupole power-ratio P3/P0 for each element using the

Figure 2. Continuum-subtracted images (1st and 3rd rows) and emission measure maps (2nd and 4th rows) of elements in CasA. For the continuum-subtracted
images, the green star is the explosion site (Thorstensen et al. 2001), the white “X” is the full-band (0.5–8.0 keV) center-of-emission, and the blue circle is the center-
of-emission for the element displayed. For the emission measure maps, the green star is the explosion site and the blue circle is the center of the emission measure, a
proxy for the center-of-mass. The white scale bar at the bottom-left of each image is 2′ in length. See Grefenstette et al. (2017) for the narrowband Ti image we used.
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narrowband images, continuum-subtracted images, and emis-
sion measure maps. We find a consistent correlation in all of
our analyses: the distribution of heavier elements is generally
more elliptical and more mirror asymmetric than that of lighter
elements. In the following section, we discuss each set of
images’ assumptions, strengths, and weaknesses.

The narrowband images (Figure 3, left) are produced by
bandpass cuts corresponding to lines from a single element. As
a result, in addition to the line emission, they contain
contamination from thermal and non-thermal continuum. Thus,
it is necessary to remove the contribution of the continuum to
accurately measure asymmetries in line emission.

The continuum-subtracted images (Figure 3, center) better
reflect the spatial distribution of the line emission. Comparing
the continuum-subtracted image results to those from the
narrowband images, we find similar trends. The heavier
elements (e.g., Fe) are more asymmetric than the lighter
elements (e.g., O). For the continuum-subtracted images, the
mixed O burning products (Si, S, Ar, and Ca) also follow this
trend between them, whereas they are scattered together in the
narrowband plot. Thus, subtraction of the continuum was
important to assess the relative asymmetry between these
elements from the same burning process (see Section 4.1 for
more details on the burning processes).

The narrowband and continuum-subtracted images reflect
the spatial distribution of emission and not necessarily of mass.
Figure 3 (right) plots the power ratios of the elemental emission
measure maps (used as a proxy for mass; described in
Section 2.5) for comparison to the image analyses. We find
that oxygen is still the most circular and mirror symmetric, and
iron is the most mirror asymmetric. However, the magnitude of
the elements’ power ratios have decreased compared to those
from the image analyses. The error bars on the emission
measure map power-ratios are substantially greater than those
from the image analyses because the former incorporates
several uncertainties from the spectral fitting (e.g., from the
temperature and ionization state of the plasma). Thus, it is
unclear whether disparities between the imaging and emission
measure map analyses arise from the emission measure not
being a perfect proxy for mass or from the additional
assumptions necessary to compute the emission measures.

4.1. Elemental Distributions

In Figure 3, we group the elements by the burning processes
that produced them. Oxygen and magnesium are mostly formed
prior to the explosion, through hydrostatic core burning of

helium and carbon, respectively (Woosley et al. 2002; Curtis
et al. 2019). At the onset of the explosion, these elements are
mixed together in an outer convective shell. During the
explosion, the innermost section of the oxygen–magnesium–

neon shell experiences explosive burning that produces the
higher-mass elements (Woosley et al. 2002; Curtis et al. 2019).
The remaining O and Mg—located far away from the

explosive forces—should exhibit the most symmetric post-
explosion distributions compared to the heavier elements. In all
of our plots, we find that the O in CasA has significantly lower
levels of asymmetry than intermediate-mass and heavy
elements. By comparison, the location of Mg is inconsistent;
in the continuum-subtracted image analysis, it is closer to the
power ratios of the intermediate-mass elements, whereas in the
emission measure map analysis, its P2/P0 is above even that of
Fe. We attribute this discrepancy to the presence of non-
thermal emission coincident with the regions of highest Mg
abundance and the fact that it is difficult to model the X-ray
continuum in the soft X-ray bands as there are many emission
lines in close proximity. We find that Fe exhibits the highest
levels of ellipticity and mirror asymmetry, running the power-
ratio method on both the continuum-subtracted images and the
emission measure maps. Our results are broadly consistent with
the relative element asymmetries from 3D SN simulations
(Wongwathanarat et al. 2013; Janka 2017; Müller et al. 2019),
where O is the most symmetrically distributed, and heavier
elements (particularly Fe) are the most asymmetric.
Titanium, an element also formed primarily through

explosive silicon burning (Woosley et al. 2002; Curtis et al.
2019), is predicted to have similar levels of asymmetry as Fe in
neutrino-driven explosions (Wongwathanarat et al. 2017). To
test this hypothesis, we measured the power-ratios of the 44Ti in
the narrowband NuSTAR image and plot the results in Figure 3.
While the mirror asymmetry of the Ti is comparable to that of
Fe, the ellipticity of the Ti is extremely low. The Ti emission is
from radioactive decay, whereas the other elements’ line
emission is from collisional de-excitation following heating by
the reverse shock. As the reverse shock has not fully
propagated to the interior of CasA (Gotthelf et al. 2001;
DeLaney et al. 2010), the ejecta in the SNR center is not hot
enough to produce X-ray emission, and thus the elements’
symmetry measured from the soft X-ray lines may not reflect
the true distribution of those metals.
To better compare the Ti distribution to that of the reverse

shock-heated metals, we re-ran the symmetry analysis on a Ti
image where the detected emission interior to the revere shock

Figure 3. The quadrupole power-ratios P2/P0 vs. the octupole power-ratios P3/P0 using the narrowband images (left), continuum-subtracted images (middle), and the
emission measure maps (right). The elements are color-coded by the main burning process that creates them. The 44Ti data points on both panels are from analysis on
the narrowband Ti image. The “Reverse Shock-Heated” Ti data point represents the analysis of the image where all Ti flux interior the reverse shock has been set to
zero, to better compare the radioactive Ti emission with the emission from the other reverse shock-heated elements (see Section 4).
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was set to zero. We find that the resulting elliptical asymmetry
of Ti increases by a factor of two, whereas the mirror
asymmetry decreases by ∼30%, suggesting that the Ti
distribution is more consistent with the other elements. We
note that ≈40% of the detected Ti in CasA is interior to the
reverse shock (Grefenstette et al. 2017), so we caution that this
approach ignores a large fraction of the Ti.

The four elements clumped near the center of the power-ratio
plot—Si, S, Ar, Ca—are all formed by a mix of hydrostatic and
explosive oxygen burning (Woosley et al. 2002; Curtis et al.
2019). The combination of these two processes, which should
result in low and high levels of asymmetry respectively, is
likely why the elements have intermediate values of the power-
ratios in Figure 3. These metals likely have similar degrees of
asymmetry as each other because they are formed through the
same burning processes.

4.2. Comparison of NS Kicks to Ejecta Distributions

We also investigate how the element asymmetries compare
to the NS kick direction (see Figure 4). Based on the angle
between the centers-of-emission for each element and the NS
position with respect to the explosion site, the heavier elements
(Ar, Ca, Ti, and Fe) are more directly opposed to the NS
direction of motion than the lighter elements (O, Mg, Si, and S;
see Table 2). These results are consistent with recent work by
Holland-Ashford et al. (2017) and Katsuda et al. (2018), which
showed that NSs are preferentially moving in a direction
opposed to the bulk of ejecta in several young SNRs, as
expected if the NS kick arises from conservation of momentum
with the ejecta (Wongwathanarat et al. 2013; Bruenn et al.
2016; Müller 2016; Janka 2017).

Recent SN simulations have shown that the “gravitational
tug-boat mechanism” (Wongwathanarat et al. 2013;
Janka 2017) can account for the observed NS velocities of
hundreds of kms−1 (Lyne & Lorimer 1994; Arzoumanian et al.
2002; Hobbs et al. 2005; Faucher-Giguère & Kaspi 2006). In
these models, hydrodynamical instabilities in the SN lead to

asymmetric mass ejection, accelerating the NS in a direction
opposed to the bulk of ejecta by the gravitational forces of the
close, slower moving ejecta “clumps” (Scheck et al. 2006;
Wongwathanarat et al. 2013; Janka 2017). Simulations by
Wongwathanarat et al. (2013) revealed that such gravitational
forces from anisotropic ejecta can generate NS recoil velocities
of >700 km s−1, and 2D models by Scheck et al. (2006) have
achieved NS velocities exceeding 1000 km−1. In this scenario,
heavier elements (e.g., Ar, Ca, Ti, Fe) are expelled in a
direction opposite to the NS kick, while the lower-mass
elements (e.g., O, Mg, Si, S) show a weaker correlation
(Wongwathanarat et al. 2013; Janka 2017). Our results support
these predictions, as we find the highest mass elements (Ar, Ca,
Ti, Fe) are moving more directly opposed to the NS motion
than the intermediate-mass elements.

4.3. Comparison to Other Studies

Our results are similar to the results of the Hwang & Laming
(2012) study on element distributions in CasA, with a couple
key differences. Consistent with Hwang & Laming (2012), we
find a general N-NE bulk motion of O, Si, S, and Ar, with O
having the most extreme total velocity. For these elements, our
continuum-subtracted images and emission measure maps
match those reported in Hwang & Laming (2012). However,
our maps and bulk motions for Mg and Fe do not match with
their results. Hwang & Laming (2012) report a N-NE velocity
for Mg, whereas we find that Mg has a N-NE velocity more
similar to that of Si and S (using the continuum-subtracted line
emission) or that of Ar (using the emission measure maps).
Furthermore, we find the bulk Fe is nearly directly north of the
explosion site in both the continuum-subtracted images and
emission measure maps, making an angle of ∼165° with
respect to the NS direction of motion. By contrast, Hwang &
Laming (2012) find that the bulk Fe (from either explosive
silicon burning or from α-rich freezeout) is moving at an angle
perpendicular to the NS’s motion. Consequently, the results of
Hwang & Laming (2012) for Mg and Fe are inconsistent with

Figure 4. Zoomed in images of CasA. The left image includes marks of the centers-of-emission for each element (green X), the full band (0.5–8.0 keV; white X), the
explosion site (red circle), and the current location of the neutron star (cyan circle). The vector from the explosion site to the NS indicates the NS’s direction of motion.
The vector from the explosion site to full-band center-of-emission indicates the direction of motion of the bulk of ejecta emission, a ∼155° angle from the NS
direction. The right image includes marks of the emission measure centroid (a proxy for center-of-mass) for each element and the 1σ error bars (green circles), as well
as the explosion site and current NS location.
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the predictions associated with the gravitational tug-boat
mechanism.

We attribute our differing results from Hwang & Laming
(2012) to the models used to produce the emission measure
maps and to the spectral models we employed. The maps of
Hwang & Laming (2012) are best-fit abundances relative to
solar, with which they used densities and volumes from their
model to estimate mass, whereas we calculated the fluxes and
divided by emissivities to calculate emission measure as a
proxy for mass. Each method introduces its own errors into the
mass calculation. Furthermore, we included a non-thermal
component in our spectral models, whereas Hwang & Laming
(2012) did not. While most regions of CasA are dominated by
thermal emission, others have significant non-thermal con-
tributions to the flux (Helder & Vink 2008; Uchiyama &
Aharonian 2008). Specifically, we find significant non-thermal
emission in the western rim of CasA in our maps, matching the
non-thermal maps produced by Grefenstette et al. (2015) using
VLA and NuSTAR images. As this emission is coincident with
regions of significantly enhanced abundances of Mg and Fe, it
is possible that the maps of Hwang & Laming (2012) are
affected by this lack of a non-thermal component in their
spectral models.

Katsuda et al. (2018) also performed detailed spectral
analysis of CasA, fitting each region by a linear combination
of various spectral components: IME-rich ejecta, Fe-rich ejecta,
O-rich ejecta, CSM component, and a power-law component.
Their IME-rich and O-rich ejecta maps match our results and
those of Hwang & Laming (2012), but their Fe-rich ejecta map
does not show the Fe enhancement to the west seen in our
maps. In addition, compared to Katsuda et al. (2018), we find
more power-law flux along the SNR rim and in the west. Our
non-thermal results are consistent with the detection of hard
(>15 keV) X-rays in these locations with NuSTAR Grefenstette
et al. (2015).

Recently, Picquenot et al. (2019) analyzed the Chandra
observations of CasA to test their adaption of the general
morphological component analysis (GMCA) method for use on
X-ray data. The algorithm was developed initially to extract
images of the cosmic microwave background (Bobin et al.
2015, 2016), and Picquenot et al. (2019) extended it to X-ray
images, which have two spatial dimensions and energy
measurements of each photon. Applying GMCA to CasA,
Picquenot et al. (2019) were able to disentangle the redshifted
and blueshifted components of each element in the X-ray
spectrum (see their Figure10). Their resulting maps look
similar to our images and emission measure maps of CasA,
particularly the redshifted distributions. In a future paper (A.
Picquenot et al. 2020, in preparation), they perform a detailed
analysis of CasA and explore the implications regarding the
three-dimensional structure of ejecta.

5. Conclusion

We have investigated the asymmetries of several elements in
CasA using X-ray images. We showed that the heaviest
elements (Ti, Fe) have more asymmetric morphologies than
lighter elements (Mg, Si, S, Ar, Ca), with O the most
symmetrically distributed of the elements considered. These
results are consistent with predictions from recent, high-fidelity
3D simulations of SN explosions (Wongwathanarat et al. 2013;
Janka 2017). We show that, although the general trend of a
linear correlation between elliptical and mirror asymmetry is

found using both the continuum-subtracted and the narrowband
images, analysis using continuum-subtracted images is neces-
sary to distinguish the relative asymmetries of elements formed
by the same burning process. We find consistent results
between analysis on the continuum-subtracted images and
emission measure maps created from diving observed flux by
emissivity. However, the error bars on the emission measure
maps are too uncertain to disentangle the relative levels of
asymmetries between elements created via the same burning
process.
Though the Ti is as or even more mirror asymmetric as Fe,

its observed ellipticity is quite low and does not follow the
trends found with the other elements. We attribute this
difference to the fact that the hard X-rays from Ti are produced
via radioactive decay, whereas the emission from the other
elements requires reverse shock-heating. The radioactive Ti is
more centrally concentrated than the other elements, since the
reverse shock has not propagated to the SNR interior yet.
Furthermore, we show that the NS kick is most directly

opposed to the distribution of the bulk of the heaviest elements,
consistent with NS kicks arising from the gravitational tug-boat
mechanism (Wongwathanarat et al. 2013; Janka 2017).
In the future, application of this analysis to other CC SNRs

would be beneficial. A systematic study of element asymme-
tries in many CC SNRs would reveal the element asymmetries
and show the effects that explosion properties (e.g., ejecta
mass, explosion energy) have on the metal distributions. This
analysis can also be performed on Type Ia SNRs (e.g., Tycho,
Kepler, or G1.9+0.3) to explore chemical mixing and
predictions from different ignition (see e.g., Badenes et al.
2006) and progenitor scenarios (e.g., single- versus double-
degenerate).
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