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Abstract 

The expansion structure of supernova remnants is important for understanding not only how heavy elements are distributed into space, but also 
how supernovae explode. The ejecta expansion structure of the young core-collapse supernova remnant Cas A is investigated, with Doppler 
parameter mapping of the Fe–K complex by the Resolve microcalorimeter onboard the X-ray Imaging and Spectroscopy Mission ( XRISM) . It is 
found that the Fe ejecta are blueshifted in the south-east and redshifted in the north-west, indicating an incomplete shell structure, similar to 
intermediate-mass elements ( IMEs) such as Si and S. The Fe has a velocity shift of ∼1400 and ∼2160 km s −1 in the north-west and south-east 
regions, respectively, with the error range of a few hundred km s −1 . These values are consistent with those for the IMEs in the north-west region, 
but larger than those for the IMEs in the south-east region, although the large error region prevented us from concluding which component has 
significantly higher velocity. The line broadening is larger in the center with values of ∼20 0 0–30 0 0 km s −1 , and smaller near the edges of the 
remnant. The radial profiles of the Doppler shift and broadening of the IMEs and Fe indicate that the Fe ejecta may expand asymmetrically as 
IME ejecta, although the large error regions do not allow us to confirm this. Moreover, we see little bulk Doppler broadening of the Fe lines in 
the north-eastern jet region whereas the IME lines exhibit significant broadening. No such narrow lines are detected in the north-west region. 
These findings suggest an asymmetric expansion of the ejecta potentially driven by large-scale asymmetries originating from the supernova 
explosion. This interpretation aligns with the large-scale asymmetries predicted by models of neutrino-driven supernova explosions. 
Keywords: shock waves — supernovae: individual ( Cassiopeia A) — ISM: individual objects ( Cassiopeia A) — ISM: jets and outflows — ISM: supernova 
remnants 
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1 Introduction 

Supernovae ( SNs) and their remnants ( SNRs) play crucial 
roles in the chemical evolution of the Universe by providing 
heavy elements to the interstellar medium. Measuring the ex- 
pansion of the explosion ejecta will not only reveal how these 
heavy elements are ejected into interstellar space, but also pro- 
vide insight into the explosion mechanism of the SN explosion 

itself, as it is now believed that multi-dimensional effects are 
essentially important in the core-collapse SN explosion mech- 
anism ( see Maeda 2024 , for a review) . 

Cassiopeia A ( Cas A) is one of the best objects to study 
young core-collapse SNRs. This SNR has a radius of ∼2. ′ 8 , 
which corresponds to 2.8 pc at the distance of 3.4 kpc ( Reed 

et al. 1995 ) . The thermal X-ray emission from Cas A is dom- 
inated by the shocked ejecta. Many attempts have been made 
to study the expansion of this SNR. The forward- and reverse- 
shock expansion measurements have been carried out using 
the proper motion ( Vink et al. 2022 ) in the synchrotron X- 
rays from the shock fronts ( Vink & Laming 2003 ; Bamba 
et al. 2005 ) and the optical flow method in the synchrotron- 
dominant energy band and the Si–K line band ( Sato et al. 
2018 ) . Willingale et al. ( 2002 ) showed that intermediate-mass 
elements ( IMEs, such as Si, S, and Ar) and Fe have different 
spatial distributions as well as Doppler shifts from each other 
( see also Lazendic et al. 2006 ; DeLaney et al. 2010 ; Sato et al. 
2021 ) . Orlando et al. ( 2022 ) performed three-dimensional 
( magneto) hydrodynamic simulations of evolution from the 
SN to its interaction with a massive circumstellar shell. They 
succeeded in reproducing the asymmetric structure of the re- 
verse shock of Cas A, and derived the progenitor information. 
For smaller scales, Wongwathanarat et al. ( 2015 ) also made 
three-dimensional hydrodynamic simulations of the evolution 

of core-collapse SNs, and found that heavy elements can be 
ejected by Rayleigh–Taylor instabilities at the C + O/He and 

He/H composition–shell interfaces after the passage of the SN 

shock. Sakai et al. ( 2024 ) has used a multi-epoch maximum 

likelihood estimation approach to Chandra images of Cas A 

to measure the proper motion of emission components, and 

found that one of the component interacts with circumstellar 
material. 

However, the three-dimensional structure of the hot plasma 
has not been studied thoroughly using Doppler measurements. 
This is especially true for Fe, because of the limited spectral 
resolution of previous X-ray missions for extended objects. 
Willingale et al. ( 2002 ) has made a Doppler-shift map of Fe 
with XMM–Newton data and has shown that some Fe knots 
show a very large Doppler shift. This should be tested by a 
new spectrometer with excellent energy resolution, ∼4 eV, be- 
cause the Fe in the ejecta is still ionizing and the profile of 
the Fe–K complex should be complicated due to contribu- 
tions from ions of low-ionization states. Note that, in con- 
trast, the three-dimensional structure has already been stud- 
ied for cold plasma observed with the HST ( e.g., DeLaney 
et al. 2010 ; Milisavljevic & Fesen 2013 ) . Doing this for the 
hot plasma is a necessary complement for connecting features 
observed in the main shell of shocked ejecta with the fea- 
tures observed by the HST ( and, more recently, by the JWST) . 
This will allow us to reconstruct the whole structure of the 
ejecta. 

In this paper, for the first time we derive Doppler parame- 
ters of Fe from the ejecta of Cas A with the excellent energy 

resolution of Resolve ( Ishisaki et al. 2022 ) onboard the X-ray 
Imaging and Spectroscopy Mission ( XRISM; Tashiro 2022 ) . 
We make comparisons with the Doppler parameters of the 
IMEs taken with Resolve, for which the results are reported 

by Vink et al. ( 2025 ) in this special issue. In section 2 , we 
give details of the observation methods and data reduction. 
Section 3 outlines our imaging and spectral analysis results, 
while section 4 offers a discussion of our findings. 

2 Observations and data reduction 

Cas A has been observed with XRISM with two pointings: 
south-east ( ObsID: 000129000, “SE” hereafter) and north- 
west ( ObsID: 000130000, “NW” hereafter) . Because we are 
concentrating on studying the Doppler parameters of Fe–K 

lines, we use the Resolve data only. We reprocessed the data 
with the xapipeline task ( Loewenstein et al. 2020 ; Terada 
et al. 2021 ) using the calibration database version 20240815 

with the standard screening criteria.1 In addition, we applied 

the Resolve rise-time screening in the XRISM quick start 
guide.2 It is known that the aim point shows a small periodic 
excursion from the nominal position depending on the base- 
panel temperature of the spacecraft ( Kanemaru et al. 2024 , 
2025 ) . We checked the impact of this effect by comparing re- 
sults with and without an additional cut on the pointing sta- 
bility and found no significant change. Therefore, we present 
results without applying the pointing stability cut. The resul- 
tant exposure times are 181.3 and 166.6 ks for the SE and 

the NW, respectively. We selected only high-primary events. 
The data analysis was performed with HEASoft version 6.34. 
Throughout this paper, we quote errors at the 90% confidence 
level. 

3 Analysis and results 

In this study, we selected two emission features: lines from 

He-like Si and S as the tracer of the IMEs; and K-shell lines 
from Fe as the tracer of Fe. The IME Doppler parameters are 
studied by Vink et al. ( 2025 ) in this special issue, which we 
adopt for comparison with the Fe results studied in this paper. 

3.1 Line profiles 

Figures 1 a and 1 b show two examples of a single-pixel spec- 
trum in the IME and Fe–K bands, respectively ( pixel 35 

in the SE observation; see Plucinsky et al. 2025 ) ; see also 

figure 4 , which appears later. One can see broadened lines in 

both bands, but the detailed line structures are different from 

each other. The IME lines show basically a symmetric struc- 
ture, whereas the Fe line is asymmetrical with a tail extending 
to lower energies. The likely cause of this asymmetry is that 
Fe is further out of the ionization equilibrium than the IMEs 
and has a broad range of ionization states, resulting in many 
Fe lines from charge states lower than the He-like state, con- 
tributing to the Fe–K complex. The range of charge states is 
too broad to be modeled with a single non-equilibrium ioniza- 
tion model ( such as nei in Xspec) . In particular, a single nei 
model fails to reproduce the low-energy tail of Fe with low 

1 〈 https://heasarc.gsfc.nasa.gov/docs/xrism/analysis/abc_guide/XRISM 

_Data_Analysis.html 〉 . 
2 〈 https://heasarc.gsfc.nasa.gov/docs/xrism/analysis/quickstart/index.h 

tml 〉 . 
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Fig. 1. ( a) IME and ( b) Fe–K band spectra of pixel 35 near the center of the Resolve detector array in the SE observation. 

ionization states. Instead the plasma must be characterized 

by a broad range of ionization ages, which we found is well 
approximated by the plane-parallel shock model ( pshock in 

Xspec; Borkowski et al. 2001 ) . 

3.2 Fittings 

The spectral fitting to derive the Doppler parameters of Fe 
was performed based on the C-statistic ( Cash 1979 ; Kaas- 
tra 2017 ) , using the Xspec software, version 12.14.1 ( Arnaud 

1996 ) with the AtomDB version 3.0.9 ( Foster et al. 2012 ) . 
The spectra were binned with the optimal binning method 

( Kaastra & Bleeker 2016 ) using the task ftgrouppha . We 
used 6.2–7 keV band spectra for the fitting. The response ma- 
trix of each pixel was created using the rslmkrmf task. We 
used the auxiliary response file for an on-axis point source 
provided by the XRISM team, because we fit the spectra in 

a narrow band and we are not concerned with the absolute 
flux. For the fitting model, the vpshock model was applied 

with the free parameters of electron temperature, ionization 

timescale, Fe abundance, normalization, and the redshift in the 
vpshock model. We represented Doppler broadening with a 
multiplicative model gsmooth . This model performs a spec- 
tral broadening by redistributing photon flux in each energy 
bin defined by the energy grid in the redistribution matrix file 
( 0.5 eV step for Resolve) . Therefore, it is not optimal for ap- 
plying to sharp spectral features comparable to the energy step 

size as it could produce artefacts in the broadened spectrum. 
However, our choice is good because the broadening in the 
Fe–K band is 40–60 eV as in figure 1 b, much larger than the 
energy step size. There can be a significant contamination of 
synchrotron X-rays especially in the Fe–K band ( Helder & 

Vink 2008 ) . We thus made another set of the fitting in the 
Fe–K band, with a smoothed vpshock model plus a power- 
law component representing the X-ray synchrotron radiation 

component. The photon index of the power-law component 
was fixed to be 3.2 ( Helder & Vink 2008 ) . The only additional 
free parameter was the normalization of the power-law com- 
ponent. The best-fitting parameters for the Doppler effect with 

or without the power-law component do not change signifi- 
cantly within the range of their errors; thus, we just adopted 

the model with the power-law component. 

The fitting returned reasonable C-statistic values for all 
the pixels without large systematic residuals, and reasonable 
temperatures and ionization timescales ( ne t) were obtained, 
although the error ranges are large. The best-fitting redshift 
and line broadening scatter from −9 × 10−3 to +1 . 3 × 10−2 

and 7.5 to 67 eV, respectively. This is larger than the calibra- 
tion uncertainty of the gain of Resolve ( ∼±1 eV below 9 keV; 
Eckart et al. 2024 ; Porter et al. 2024 ) and that of the en- 
ergy resolution ( less than 0.3 eV below 10 keV 

3 .) , implying 
that XRISM/Resolve successfully showed that Cas A shows 
spatially dependent redshift and Doppler broadening. Note 
that the recent update on AtomDB ( from version 3.0.9 to 

version 3.1.0) does not affect our results significantly. With 

the remaining thermal parameters, we performed the consis- 
tency check with previous Chandra results ( Hwang & Laming 
2012 ) . We found that the derived ne t map is consistent with 

the map derived by Chandra ( Hwang & Laming 2012 ) . This 
shows that we successfully derived spatially resolved Doppler 
parameters with thermal models even with narrow energy 
band fitting. A more detailed description of this comparison 

is summarized in the appendix. 

3.3 Doppler maps 

Figure 2 shows the Doppler shift and Doppler broadening 
maps of the He-like IMEs and Fe–K. Note that we adopt the 
results of the He-like IMEs by Vink et al. ( 2025 ) , which were 
derived from Resolve spectra of He-like Si and S. Here, we 
converted the redshift and broadening to the velocity with the 
assumption that the Fe–K line has a centroid of 6.6 keV. Note 
that the statistical error is large and the values are scattered 

on the edge of the SNR. 
Figures 2 a and 2 c show the Doppler shift of He-like IMEs 

and Fe, respectively. Both maps are similar, showing blueshift 
in the SE region and redshift in the NW region. This implies 
that the explosion was not isotropic. The maximum velocity 
shift is ∼4000 km s −1 for both elements. 

Figures 2 b and 2 d are Doppler broadening maps of IMEs 
and Fe, respectively. We can see that both maps are similar 
again, showing that the central part has a wider velocity dis- 
persion than the peripheral part, implying spherical expan- 

3 Available at 〈 https://heasarc.gsfc.nasa.gov/docs/xrism/calib/xrism_cal 
dbdocs.html 〉 . 
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Fig. 2. Maps of ( a) Doppler shift of the He-like IMEs, ( b) Doppler broadening of the He-like IMEs, ( c) Doppler shift of Fe–K, ( d) Doppler broadening of Fe–K, 
( e) Doppler shift difference of IMEs and Fe, and ( f) Doppler broadening difference of IMEs and Fe. Contours show the Chandra whole-band image. The 
unit of color scale is in km s −1 for all panels. A black plus symbol in panel ( a) represents the expansion center from Thorstensen, Fesen, and van den Bergh 
( 2001 ) . 

sion structure. The maximum Doppler velocity broadening is 
∼3000 km s −1 for both elements, which is smaller than that 
of the velocity shifts. This implies that the Doppler shift is the 
major kinetic motion of these ejecta. 

The bottom two panels of figure 2 show the differences be- 
tween IMEs and Fe on Doppler shift and Doppler broaden- 
ing, respectively, to emphasize the differences between these 
two elements. In figure 2 e, red and blue mean more blueshift 
and more redshift in Fe, respectively, and in figure 2 f they 

mean more broadened and less broadened in Fe, respectively. 
Figure 2 e is very noisy with the error range of a few hundred 

km s −1 , which is due to the low statistics of the Fe–K map. The 
absolute values of the shift look larger in Fe, but the large error 
regions of the Fe fitting prevent us from confirming this. This is 
discussed in subsection 4.1 . Figure 2 f shows that the northern 

part has larger velocity dispersion in IMEs than Fe, although 

it is noisy with an error range of a few hundred km s −1 . This 
could indicate that the IME expansion in this region is faster 
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Fig. 3. Radial profiles of ( a) Doppler shift of the He-like IMEs, ( b) Doppler broadening of the He-like IMEs, ( c) Doppler shift of Fe–K, and ( d) Doppler 
broadening of Fe–K. The data for the IMEs are taken from Vink et al. ( 2025 ) . Black and red lines in panels ( a) and ( c) show the average values of Doppler 
velocity. 

than Fe, or there may be more velocity components contribut- 
ing to the IME velocity dispersion. 

4 Discussion 

We have measured the position dependence of the Doppler 
shift and the broadening of Fe, and compared them with those 
of the IMEs, as shown in figure 2 . Here we discuss the expan- 
sion structure of Cas A with our measurements. 

4.1 Radial profiles of expansion 

In this subsection, we discuss the overall expansion structure 
of plasma emitting He-like IMEs and Fe–K lines from the ra- 
dial profiles of Doppler parameters. Here, we treat the po- 
sition ( RA, Dec.) = ( 23h 23m 27. s 77 , 58◦48′ 49. ′′ 4 ) as the ex- 
pansion center from Thorstensen, Fesen, and van den Bergh 

( 2001 ) ( see figure 2 a) . Figure 3 shows the radial profiles of the 
Doppler parameters. 

Figures 3 a and 3 c show the Doppler shift of He-like IMEs 
and Fe and radial distance, respectively. It is clearly seen 

that the NW region shows redshift and the SE region shows 
blueshift, which represents asymmetric expansion. Such a 
structure can be realized if the ejecta show bipolar-like ex- 

pansion, or the ejecta form an incomplete shell. In the case of 
bipolar expansion, the absolute value of the redshift should 

be larger in the regions distant from the center of the SNR, 
but we do not see such a tendency. We thus conclude that the 
ejecta form an incomplete shell structure in both the IMEs 
and Fe. We also find that the absolute value of Doppler shift 
of the IMEs is larger in the NW region, which is not clearly 
seen in Fe. In order to check this, we derived the average val- 
ues of Doppler shift in regions more than 50′′ distant from the 
expansion center. The average absolute values of the Doppler 
shift velocity of the IMEs are ∼950 and ∼1300 km s −1 in the 
SE and the NW, respectively, with the error range of a few tens 
of km s −1 , whereas those for Fe are ∼2100 and ∼1400 km s −1 

in the SE and the NW, respectively, with the error range of 
a few hundred km s −1 . Because of the large uncertainties, we 
cannot address the difference in the asymmetry between Fe 
and the IMEs. 

Figures 3 b and 3 d show the Doppler broadening versus 
radial distance of IMEs and Fe. The broadening is larger at 
the small radial distance ( center) region in both elements, im- 
plying the expansion of the ejecta. These results also sup- 
port our conclusion that the Doppler shift trend in figures 3 a 
and 3 c is not due to bipolar expansion but to an incomplete 
shell. The broadening of the IMEs is larger in the NW re- 
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Fig. 4. ( a) Doppler broadening of Fe vs. the redshift. Black and red data represent the data from the SE and NW regions, respectively. The numbers in the 
figure are pixel numbers. ( b) All-band Chandra image in the logarithmic scale ( black and white) with Resolve field of view. Magenta boxes represent the 
pixels with blueshifted and narrow Fe lines. 

gion than in the SE region ( Vink et al. 2025 ) , which implies 
an asymmetric expansion. This is also suggested by the ab- 
solute values of the Doppler shifts of the IMEs. The absolute 
values of the Doppler shifts of Fe also indicate asymmetric 
expansion, although the large statistical errors do not allow 

us to conclude which element shows more asymmetry. The 
expansion velocities are 2000–3000 km s −1 , which are well 
below the average forward shock velocity ( 5800 km s −1 ; Vink 

et al. 2022 ) , and align quite well with those expected at the 
age of Cas A for the remnant of a neutrino-driven SN ex- 
plosion ( see the middle panels in figure 6 of Orlando et al. 
2021 ) . 

Willingale et al. ( 2002 ) claimed that there are some regions 
with higher positive ( redward) velocity shifts of Fe compared 

with those of the IMEs, with values larger than ∼2000 km s −1 . 
Hughes et al. ( 2000 ) revealed that the Fe ejecta in the SE re- 
gion are in a more outer region than IMEs ( see also Hwang & 

Laming 2012 ; Sato et al. 2021 ) . In our analysis, the absolute 
values of velocity shifts are larger than 2000 km s −1 in sev- 
eral pixels, although the relatively large errors do not allow 

us to definitively conclude that Fe has a higher velocity than 

the IMEs in these regions. Nevertheless, this analysis suggests 
that Fe indeed exhibits higher velocities than IMEs in the SE 

region and possibly in part of the NW region, although the 
uncertainties prevent us from drawing a definitive conclusion. 
This finding provides further evidence of the large-scale asym- 
metries resulting from the SN explosion. 

Note that the half-power diameter of the point spread 

function ( PSF) of the X-ray Mirror Assembly ( XMA) on- 
board XRISM is larger than the Resolve pixel size ( Boissay- 
Malaquin et al. 2022 ; Hayashi et al. 2022 ; Tamura et al. 
2022 ) , and we have to consider contamination of photons 
from nearby pixels when we analyze single-pixel spectra 
( Plucinsky et al. 2025 ) . This effect may dilute the spatial struc- 
ture of the Doppler parameters on scales smaller than or com- 
parable to the PSF size. The impact will be greater if the radia- 
tion of the pixel of interest is smaller than that of the surround- 
ing pixels. However, it should not have a significant effect on 

structures that are larger than the PSF size, such as the radial 
profiles that we have derived. 
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Fig. 5. Fe–K shell line feature with the pixels 11, 16, 27, and 30 in the SE observation, which shows small line broadening. The solid and dotted 
lines in each panel represent the sum and individual components in the fitting. The lower plot in each panel shows the residuals from the best-fitting 
model. 

4.2 Regions with narrow Fe lines 

In this subsection, we discuss the smaller-scale asymmetry 
of the Fe Doppler parameters. Figure 4 a shows redshift vs. 
Doppler broadening of the Fe line. In the case of uniform 

expansion of a uniform sphere, the redshift should be 0 in 

the entire SNR if the emission is integrated along the line 
of sight, and its deviation implies divergence from isotropy. 
We can see that the spectra from several pixels show very 
blueshifted and narrow Fe lines. This implies that the Fe ejecta 
in these regions are really moving towards the observer with 

small dispersion. Among them, we selected four examples with 

Doppler broadening below 850 km s −1 and Doppler shift be- 
low −2300 km s −1 , pixels 11, 16, 27, and 30, as highlighted 

in figure 4 b. Figure 5 presents the spectra in the 6.2–7 keV 

band from these pixels. There is suggestive substructure on 

the top of the Fe line bump. This may be due to the reduced 

line blending in this region. Figure 4 b shows the position of 
these pixels. All the pixels with narrow Fe lines are on the edge 
of the eastern half of the remnant. 

Such narrow and blueshifted lines on the edge of the eastern 

half of the remnant show that the Fe ejecta in this region are 
moving towards us. However, we have no narrow line region 

in the NW region, suggesting that there are no ejecta mov- 
ing away from us. These results imply that the ejecta form an 

incomplete shell. The blueshifted Fe ejecta in the east of the 

remnant were previously suggested by Willingale et al. ( 2002 ) , 
and we have confirmed the scenario that the Fe ejecta in this 
area are blueshifted with low dispersion. 

Pixel 11, which is on the root of the north-eastern jet, is 
especially interesting in the context of the jet motion. This re- 
gion has narrow Fe lines, whereas the He-like IME shows a 
broad feature ( see figure 2 b) . In this region, O-rich ejecta de- 
tected by the HST and S-rich ejecta also show high-velocity 
proper motion ( Fesen et al. 2006a , 2006b ) . Their velocity 
is ∼6000–14000 km s −1 , which is much faster than that of 
the Fe ejecta we measured. Thus, the Fe ejecta in this re- 
gion have a different motion from that of the S-rich ejecta 
and debris forming the jet, or the jet does not contain Fe-rich 

ejecta. These results suggest that Fe-rich ejecta do not pene- 
trate the progenitor’s outer layers of lighter elements in this jet 
direction. 

The broadening on the edge of the remnant contains ther- 
mal broadening. Assuming that the broadening discussed here, 
600–800 km s −1 , is purely due to thermal broadening, the Fe 
temperature is estimated to be 250–510 keV. This is a possi- 
ble upper limit of the Fe temperature in this region, as there 
should be some contamination of the kinetic Doppler effect. 
With the further assumption that the Fe ejecta are ideal gas, 
the reverse shock velocity that heated the ejecta is derived to be 
1690–2550 km s −1 from the Rankine–Hugoniot relation. The 
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reverse shock velocity can be very low or very high, depending 
on the relative velocity of the reverse shock with reference to 

the unshocked ejecta ( Vink et al. 2022 ) . Other possibilities for 
the low velocities are that the particle acceleration is efficient, 
which leads to the deviation from the ideal gas assumption, or 
the partial equilibration discussed in the N 132D case ( XRISM 

collaboration 2024 ) . Further analysis is needed in future 
studies. 

Note that there should be spatial-spectral mixing due to the 
PSF, which is mentioned in Plucinsky et al. ( 2025 ) . Spatial- 
spectral mixing cannot artificially narrow line emission in a 
complex three-dimensional structure such as Cas A—it can 

only broaden the lines. Therefore, if narrow lines are ob- 
served, the adjacent regions must have similarly narrow lines 
and/or the effects of spatial-spectral mixing must be small. 
Note also that the line energy shift and the broadening width 

couple with the ionization timescale. See the appendix for 
details. 

4.3 On the explosion mechanism of Cas A 

The expansion structure of Fe and IMEs contains important 
information on the explosion mechanism of Cas A. Over- 
all, the north-western part shows a redshift and the south- 
eastern part a blueshift for both IMEs and Fe, indicating 
an incomplete shell structure. IME ejecta expand faster in 

the north-western region, whereas the Fe ejecta do not show 

such a trend significantly. For the smaller scale, the jet re- 
gion in the north-east shows broad IME lines and narrow 

Fe lines, indicating that the jet does not contain Fe. In this 
subsection, we discuss a possible scenario to explain our 
observations. 

Incomplete shocked shell structures rich in IMEs and Fe- 
group elements can naturally arise from a neutrino-driven SN 

explosion. Orlando et al. ( 2021 ) presented three-dimensional 
magnetohydrodynamic simulations describing the evolution 

of a neutrino-driven SN, from the explosion to the fully de- 
veloped remnant at the age of Cas A. The simulations be- 
gin with initial conditions provided by a neutrino-driven SN 

model characterized by three extended Ni-rich plumes, ori- 
ented in directions consistent with the Fe-rich regions ob- 
served in Cas A ( Wongwathanarat et al. 2017 ) . These large- 
scale asymmetries in the Ni distribution form self-consistently 
within the first seconds after core collapse, driven by convec- 
tive overturn due to neutrino heating and the standing accre- 
tion shock instability ( Wongwathanarat et al. 2015 , 2017 ) The 
nickel in these plumes decays into Co and subsequently into 

Fe during the first year following the shock breakout. Such an 

asymmetry in neutrino-driven SNe are also shown in calcula- 
tions by Burrows et al. ( 2024 ) and Vartanyan et al. ( 2025 ) , for 
example. 

According to the model by Orlando et al. ( 2021 ) , at ap- 
proximately 30 yr post-explosion, the Fe-rich plumes begin 

interacting with the reverse shock, initiating the formation of 
the Fe-rich regions observed in Cas A. For this reason, the 
Fe-rich regions can be considered a direct signature of the 
explosion dynamics. By the age of ∼200 yr, the remnant en- 
counters an asymmetric, dense circumstellar shell, further am- 
plifying asymmetries in the SNR’s structure ( Orlando et al. 
2022 ) . These models suggest that the Fe-rich regions observed 

in Cas A today correspond to the shocked heads of the origi- 
nal Ni-rich plumes, which were formed as a direct result of the 

neutrino-driven SN explosion. According to the model, these 
regions form incomplete shocked shell structures rich in IMEs 
and Fe-group elements: one redshifted in the NW hemisphere 
and the other blueshifted in the SE hemisphere, as revealed 

by XRISM/Resolve in Cas A. These incomplete shells may 
therefore correspond to those driving the observed asymme- 
try in the velocities of IMEs and Fe detected by XRISM across 
the SE and NW regions of the remnant, further supporting a 
neutrino-driven mechanism for the SN explosion. 

5 Conclusion 

We have investigated the ejecta expansion structure of the 
young core-collapse SNR Cas A, with the Doppler parameter 
mapping of Fe–K line using the excellent energy resolution of 
XRISM/Resolve. We find that the Fe ejecta expand asymmet- 
rically, with blueshift in the SE region and redshift in the NW 

region, similar to the IMEs. The line broadening is larger in 

the center with the value of ∼2000–3000 km s −1 , and smaller 
on the edge of the remnant. We found highly blueshifted and 

narrow Fe–K lines in the SE region, although the significance 
is not great, whereas no such narrow line was found in the 
NW region. These features in larger and smaller scales may 
indicate an incomplete shell structure. These findings are con- 
sistent with the asymmetries predicted by models of neutrino- 
driven SN explosions ( Wongwathanarat et al. 2017 ; Orlando 

et al. 2021 ) . 
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Appendix. Fitting consistency check with the 

ionization timescale map 

For the consistency check and examining the dependency of 
our main results from our fittings, we made the ionization 

time scale ( ne t) map as shown in figure 6 . Note that the ne t
discussed here is the one derived with the spectral model 
pshock , and therefore the maximum value in the plasma. 
We compare it with the ne t map made by the wide-band fit- 
ting with Chandra ( Hwang & Laming 2012 ) . Our map ap- 
proximately follows the trend of figure 1 in Hwang and Lam- 
ing ( 2012 ) ; the ne t is smaller in the center and larger in the 
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Fig. 6. Map of the ionization timescale, ne t , of the Fe component. The 
color scale is in the linear scale in units of cm 

−3 s. The white contour 
shows the outer boundary of the remnant from the Chandra whole-band 
image. 

outer regions, which is consistent with the expectation that 
the Fe ejecta are heated by the reverse shock. The south- 
eastern regions have the largest ne t on the order of a few 

×1011 cm 

−3 s, which is also consistent with the result that 
the IME have higher expansion velocity in NW ( Vink et al. 
2025 ) , implying that the density in the SE region is higher. This 
is also well consistent with the previous results ( Hwang & 

Laming 2012 ) . 
However, our best-fitting parameters have large error re- 

gions and sometimes dependences on other parameters. Fig- 
ure 7 shows the confidence contour plots between ne t and the 
velocity shift of pixel 0, 11, 23 of the SE observation—see Plu- 
cinsky et al. ( 2025 ) for reference to the number of pixels, or 
figure 4 . The top panel, pixel 0, which is the typical region with 

high ne t, shows that the ne t and the velocity shift do not corre- 
late with each other. In such regions, the maximum ionization 

state of Fe reaches He-like and the charge-state distribution of 
the Fe ejecta modeled by the plane-parallel shock has a broad 

range of ionization states. Because of this, the broadened line 
profile becomes highly asymmetric. As a result, the ne t and the 
velocity shift are almost uncorrelated. The middle and bot- 
tom panels show the cases with lower ne t. In this case, the 
two parameters show some correlation. In our results, 68%–
90% error regions are rather well determined, but we have 
very large 99% error range. Although we also tried fitting in- 
cluding H-like Fe band, no crucial difference was found. Fit- 
ting in a larger energy band will be the subject of a future 
paper. 

Fig. 7. Confidence contour maps between the ionization timescale, ne t , 
in units of s/cm−3 , and the velocity shift ( in dimensionless redshift) for 
pixel 0 ( top) , pixel 11 ( middle) , and pixel 23 ( bottom) of the SE observa- 
tion. The red, green, and blue contours represent 68%, 90%, and 99%, 
respectively. 
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