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Abstract 

Young supernova remnants ( SNRs) provide crucial insights into explosive nucleosynthesis products and their velocity distribution soon after the 
explosion. However, these velocities are influenced by the dynamics of the circumstellar medium ( CSM) , which in young core-collapse SNRs 
originates from the progenitor’s late-phase mass loss. Cassiopeia A ( Cas A) , the youngest known Galactic core-collapse SNR, was studied to 
analyze the spatial distribution of silicon and sulfur radial velocities using two high-spectral-resolution observations from the XRISM/Resolve 
imaging spectrometer. Resolve’s capabilities enabled the detailed characterization of Si XIII , Si XIV , S XV , and S XVI lines, whose line shapes can 
be resolved and modeled using Gaussian radial velocity components. The radial velocities measured generally align with previous CCD-based 
results, confirming that they were not artifacts caused by blended lines or ionization variations. Modeling line profiles with two-component 
Gaussians improved fits in some regions, revealing distinct redshifted ( back side) and blueshifted ( front side) components only in a few specific 
areas. In most regions, however, both components were either both redshifted ( north-west) or both blueshifted ( south-east) , consistent with 
the patchy ejecta shell morphology seen in optically emitting fast-moving knots. The individual line components revealed line broadening ranging 
from σv ≈ 200 to σv ≈ 20 0 0 km s−1 . Components with 10 0 0 � σv � 20 0 0 km s−1 are consistent with previously determined reverse-shock 
velocities, suggesting non-equilibrated or partially equilibrated ion temperatures. Narrow components with small radial velocities found near Cas 
A’s projected center likely originate from shocked CSM plasma. But the low radial velocity and small σv poses a challenge to identify these 
components with either the front side or back side of the SNR, or a blend of both sides. 
Keywords: ISM: individual objects ( Cassiopeia A) — ISM: jets and outflows — ISM: supernova remnants — X-rays: ISM 
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1 Introduction 

The dynamics of supernova remnants ( SNRs) , both those of 
the blast wave and reverse shock, are determined by the explo- 
sion properties and by the density distribution of the circum- 
stellar medium ( CSM) encountered by the blast wave. The spa- 
tial and velocity distributions of fresh nucleosynthesis prod- 
ucts are indicative of the velocities imparted on them by the 
supernova explosion itself, but are also shaped by the reverse 
shock, which heats the ejecta, revealing their presence through 

X-ray radiation. For core-collapse SNRs the interest in the 
dynamics concerns both the role of the last phases of stellar 
mass loss, which shape the CSM, as well as the asymmetries in 

the ejecta velocities imparted by the explosion. Asymmetries 
in ejecta velocities can be caused by the interplay between mat- 
ter infalling on to the proto-neutron stars, and the energetic 
neutrinos emitted by the proto-neutron star in the first few sec- 
onds following core collapse. The explosion may be aided, or 
even dominated, by magnetorotational instabilities generated 

around the rapidly rotating magnetized proto-neutron stars, 
resulting in jet formation ( e.g., Burrows et al. 2007 ; Mösta 
et al. 2015 ) . 

One of the best objects to study both the explosion dynam- 
ics and the structure of the CSM is the youngest known Galac- 
tic core-collapse SNR Cassiopeia A ( Cas A) . Cas A is ∼353 yr 
old ( Thorstensen et al. 2001 ) and located at a distance of 
3.4 kpc ( Reed et al. 1995 ) . Its outer blast wave, marked by 
X-ray synchrotron radiation ( e.g., Vink 2004 ) , is surprisingly 
circular. In contrast, Cas A’s shocked ejecta form a highly ir- 
regular shell, both in the infrared/optical—in the form of nu- 
merous dense ejecta knots ( e.g., Alarie et al. 2014 ; Milisavlje- 
vic et al. 2024 ) —and in X-rays ( Hwang & Laming 2012 ) . The 
X-ray spectra are characterized by bright line emission from 

intermediate-mass elements ( IMEs) , in particular line emission 

from helium-like Si, S, and Ar, as well as Fe L and Fe K line 
emission. The Fe emission can be found throughout the SNR 

shell, but in the SE there are protrusions of iron-rich plasma, 
indicating that some Fe-rich ejecta were ejected with at least 
∼7000 km s−1 ( Hughes et al. 2001 ; Hwang & Laming 2012 ) . 
There is one striking feature seen in both the optical ( e.g., 
Fesen et al. 2006 ) and X-rays ( Vink 2004 ; Hwang et al. 2004 ) 
suggesting some axis of symmetry in the explosion: a bipolar 
structure rich in IMEs, the so-called Cas A “jets.”

Cas A likely exploded after having shed most of its outer 
hydrogen envelope, leaving only 2–4 M� of material to eject 
( Vink et al. 1996 ; Willingale et al. 2003 ; Hwang & Laming 
2012 ) . The progenitor, therefore, consisted of not much more 
than the helium core of what was once a 16–20 M� star 
( Chevalier & Oishi 2003 ) . Indeed, an optical light echo spec- 
trum identifies the supernova as being of Type IIb, i.e., a 
stripped envelope supernova ( Krause et al. 2008 ; Rest et al. 
2011 ) . 

The three-dimensional structure of the optical knots has 
been well studied using optical spectroscopy ( e.g., Reed et al. 
1995 ; Lawrence et al. 1995 ; Alarie et al. 2014 ) . For a long time 
X-ray astronomy lacked the means of high-spectral-resolution 

imaging spectroscopy. Early X-ray evidence for clear asym- 
metry in Doppler shifts from the north-west to the south- 
east was obtained using the Focal Plane Crystal Spectrom- 
eter ( FPCS) on board the Einstein telescope ( Markert et al. 
1983 ) . This Doppler velocity asymmetry was later confirmed 

with better spatial resolution using CCD spectroscopy ( Holt 
et al. 1994 ; Hwang et al. 2001 ; Willingale et al. 2002 ) . X- 

ray CCD detectors have only a modest spectral resolution of 
E/ �E ∼ 20 –50, corresponding to σv ∼ 15000 –6000 km s−1 . 
The measured Doppler velocity asymmetries—from ∼−2000 

to ∼2000 km s−1 —were smaller than the energy resolution 

as measurements relied on centroiding, specifically the bright 
Si xiii He α, S xv He α, and Fe K line complexes ( e.g., Will- 
ingale et al. 2002 ) . These Doppler velocity measurements are, 
therefore, sensitive to changes in the line centroids caused by 
effects other than Doppler shifts. In particular, the He α emis- 
sion consists of three lines, whereas for the Fe K line complex 

not only He-like iron, but also lower charge states contribute. 
Both the Chandra X-ray Observatory and XMM–Newton 

also carry grating spectrometers, but as these are slitless the 
analysis of extended sources is complicated. The Chandra 
High-Resolution Transmitting Gratings ( HETGS) were used 

to measure Doppler shifts of 17 bright silicon-rich knots in 

Cas A, which showed that Doppler velocities ranged from 

∼−2500 to ∼4000 km s−1 ( Lazendic et al. 2006 ) . Most of 
the blueshifted knots appear to be located in the SE, whereas 
most of the redshifted knots appear in the N/NW part of Cas 
A, but with some exceptions, in particular in the N/NW. The 
analysis of Cas A with the HETGS is complex, and in par- 
ticular taking into account the detailed spatial shape of the 
knots gives rise to systematic uncertainties, as exemplified in 

different line shapes measured using the positive and negative 
dispersion directions ( Lazendic et al. 2006 ) . 

With the launch of the X-Ray Imaging and Spectroscopy 
Mission ( XRISM, Tashiro et al. 2024 ) on 2023 September 6, 
a new high-spectral-resolution spectrometer, Resolve ( Ishisaki 
et al. 2022 ) , has become available for high-spectral-resolution 

imaging spectrometry. Resolve has an energy resolution of 
�E ≈ 5 eV and resolving power of E/ �E ≈ 500 at 2.5 keV 

and a field of view of 3. ′ 1 × 3. ′ 1 , divided into 35 pixels ( one 
corner pixel is not filled) . The angular resolution of Resolve 
is modest: 1. ′ 27 half-power diameter ( HPD) . Resolve finally 
allows for measuring not only Doppler shifts of the line emis- 
sion in Cas A, but also the shapes of the lines. 

2 Data and reduction 

Cas A was observed by XRISM on from 2023 December 11–
17, with one pointing targeting the south-east region ( “SE”, 
ObsID 000129000, ∼181 ks) and one targeting the north- 
west region ( “NW”, ObsID 000130000, ∼166 ks) . The field 

of view ( FoV) of Resolve for both observations is shown in 

figure 1 overlaid on a Chandra X-ray image. It shows the lay- 
out of the two 35 pixel arrays covering part of Cas A. The 
data were reduced and calibrated with the HEASoft 6.34 soft- 
ware package and XRISM CalDB 9 ( Version 20240815) . For 
a proper analysis it is important to extract spectra per indi- 
vidual pixel, which was done using only the high-resolution 

primary ( HP) event grades, ensuring the highest spectral res- 
olution. For these observations the energy gain was tracked 

in high fiducial calibration mode, also allowing for accurate 
gain calibration of the erratically behaving pixel 27. The over- 
all gain accuracy is of the order of 0.01 eV. 

Each pixel has an angular extent of 30 × 30, which over- 
samples the X-ray telescope’s point spread function ( PSF) . So 

it should be kept in mind that there are considerable angu- 
lar correlations in a study based on individual pixels. See 
Plucinsky et al. ( 2025 ) for a quantitative evaluation of angu- 
lar correlations for these Cas A observations, and other sys- 
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Fig. 1. XRISM/Resolve pixel numbering projected on to a three-color Chan- 
dra image of Cas A, using the 2004 observations ( Hwang et al. 2004 ) . 
Red: 1.28–1.4 keV; green: 1.75–1.95 keV; blue: 4–6 keV. Apart from the pixel 
numbers we also show 2 × 2 pixel binnings, labeled per observation from 

a to i . 

tematic effects for these observations. For that reason, and for 
computational reasons as discussed below, we also introduced 

“superpixels” of 60 × 60, which we labeled a to i , also shown 

in figure 1 . 
Note that the PSF effects are position dependent, because 

for intrinsically bright regions next to a fainter region a larger 
fraction of the photons detected in a pixel will come from the 
corresponding sky region itself. The reverse is true for faint sky 
regions bordering brighter sky regions. For the SE pointing, 
the fraction of photons coming intrinsically from that region 

of the sky corresponding to a superpixel ranges from ∼9% 

( pixel g) to ∼48% ( pixel e) . For the NW pointing, this range 
is 16% ( pixel c) to ∼53% ( pixel i) . 

As will be appreciated, the PSF effects are especially severe 
near the edges of Cas A, i.e., the SE corner and NW corner of 
Cas A. More details are provided in Plucinsky et al. ( 2025 ) . 

2.1 Automated fits with single Gaussian line 

components 

With a spectral resolution of ∼5 eV, Resolve can resolve indi- 
vidual lines, provided that the Doppler broadening is not too 

large, and the lines are not too narrowly packed. The Resolve 
spectra of Cas A indeed resolve most individual lines between 

1.8 and 5 keV, dominated by He-like and H-like emission from 

silicon, sulfur, argon, and calcium. However, the Fe K com- 
plex consists of various charge states, and cannot be studied 

using individual lines. For that reason in this paper we con- 
centrate on the Si and S emission between 2 and 3 keV. A 

separate Doppler study of the the Fe K complex is reported in 

Bamba et al. ( 2025 ) , employing a full non-equilibrium ioniza- 
tion plasma model. In the present study we rely on measuring 
simultaneously all Si and S lines using Gaussian line models, 
with a power-law spectrum to heuristically model the underly- 
ing continuum. The spectral fitting was done with automated 

scripts generating models for the xspec v12.12 ( Arnaud 1996 ) 
software package, employing the Poissonian maximum likeli- 

hood method, or C-statistic ( Cash 1979 ) as a goodness of fit 
measure. Altogether the model consisted of 19 Gaussian com- 
ponents, modeled using the zgauss model in xspec. Note that 
the He α triplet emission of Si and S is not or barely resolved, 
but as its broadening and radial velocity information is cou- 
pled to the resolved He β, γ lines, we did retain the He triplet 
in our spectral fits. 

The most prominent components for modeling the lines are 
the following: Si Ly α ( 2.005 keV) , Si He β ( 2.183 keV) , Si He γ
( 2.293 keV) , Si He δ ( 2.346 keV) , Si Ly β ( 2.377 keV) , the S 
He α triplet ( 2.461, 2.448, 2.430 keV) , Si Ly γ ( 2.506 keV) , 
S Ly α ( 2.622 keV) , and S He β ( 2.884 keV) . The Ly α lines and 

the intercombination lines of He α do in fact consist of two 

narrowly separated components, which we ignored here, as 
even without line broadening Resolve is not able to separate 
them ( e.g., Gunasekera et al. 2025 ) . We also added two Gaus- 
sian components that likely correspond to He β satellite lines, 
from double excited Li-like ions at 2.134 keV ( Si; see, e.g., 
Phillips et al. 2006 ) and 2.829 keV ( S) . These line transitions 
likely result from inner shell ionization of Be-like ions or from 

dielectronic recombination of He-like ions. We found that the 
prominence of these line features varies considerably from re- 
gion to region. 

During the exploration of the spectra, evidence was found 

that H-like and He-like lines have systematically different 
Doppler shifts. This most likely due to velocity differences in 

plasma shocked at different times, causing Doppler shift vari- 
ations depending on ionization age, as reported in Suzuki et al. 
( 2025 ) . For that reason, the redshift ( z ) and line broadening 
( σ ) parameters of all He-like lines were coupled together and 

similarly those for all H-like lines. 
In figure 2 two examples of automated fits are shown. In 

general, the spectra are well fitted with C-statistic values rang- 
ing from 1271 to 2581 for 1980 degrees of freedom. Figure 3 

shows maps of the measured radial velocities ( vrad , top) and 

line broadening ( σv , middle) for the He-like ( left) and H-like 
ions ( right) . For overlapping SE/NW pixels, the averages are 
shown. The bottom panel shows the C-statistic values. In gen- 
eral, the C-statistic values scale with the statistical quality of 
the spectra, with a particularly low value for the lower-left cor- 
ner pixel in the SE, which is mostly based on events coming 
from photons scattered by the PSF. We iterate here our earlier 
statement that the spectra from the SE corner of the SE point- 
ing and the NW corner of the NW pointing are dominated by 
photons scattered by the PSF from the bright shell. 

The velocity maps confirm the earlier results obtained with 

the Einstein FPCS and CCD detectors ( Markert et al. 1983 ; 
Holt et al. 1994 ; Willingale et al. 2002 ) : the SE region shows 
plasma that is blueshifted, whereas the NW region is over- 
all redshifted. Despite a much better spectral resolution, the 
radial velocities do not show any new surprises, but we are 
now much more confident that the results are not influenced 

by systematic uncertainties caused by the fact that we resolve 
individual lines rather than relying on centroiding of line fea- 
tures consisting of multiple lines. 

The new capability is that we can measure the individual 
line broadening ( σv ) , which could be caused by velocity vari- 
ations along the line of sight, enhanced by angular blending 
due to the PSF, or can be due to thermal Doppler broadening; 
see subsection 3.2 for further discussion. We find a σv range of 
∼1150 to ∼2630 km s−1 for both the H-like and He-like lines. 
The highest σv is found in the central region, where indeed we 
expect the largest broadening due to line-of-sight effects. To- 
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Fig. 2. Two examples of the spectral fits obtained with the automated spectral fitting method. The individual spectral components are indicated with 
dotted lines. Left: SE region pixel 35. Right: NW region pixel 32. Line identifications are given. 

ward the edges, the intrinsic line broadening, i.e., thermal line 
broadening, should be more dominant. In that light it is in- 
teresting that toward the edge of the FoV in the SE pointing 
we still measure σv ≈ 1700 km s−1 at the base of the NE jet 
( pixels 11 and 9) . 

Figure 4 shows the histograms of the measured Doppler ve- 
locities and broadenings. The histogram of the radial velocities 
shows that for the SE region the range of velocities is much 

more limited, −1678 to 79 km s−1 , or �v ≈ 1750 km s−1 , 
than for the NW region, −303 to 2604 km s−1 , or �v ≈
2900 km s−1 . We indeed find a clear distinction in radial ve- 
locities for the He-like and H-like lines. But in the SE region 

the H-like lines show the highest absolute radial velocities, 
whereas for the NW region the He-like lines show the highest 
absolute radial velocities. 

For comparison we also show the Doppler measurements 
based on modeling the Fe K emission from Cas A with Resolve 
( solid lines, Bamba et al. 2025 ) . Compared to Si, S, the Fe 
K lines show a much wider range in vrad and σv . This was 
also reported by Willingale et al. ( 2002 ) . This likely hints that 
there are more iron protrusions in Cas A than just in the SE 

corner, where the protrusions are more conspicuous as they 
are projected beyond the Si-rich main shell. 

2.2 Decomposing line shapes into two Gaussian 

components 

The Doppler measurements reported in subsection 2.1 reveal 
with much more confidence and reliability the SE/NW asym- 
metry in the X-ray Doppler velocities of Cas A, as well as pro- 
viding measurements of the line broadening. With X-ray line 
centroiding measurements one could still wonder if variations 
in the He α line triplet ratios, or mixes of blueshifts and red- 
shifts, left the impression of an overall blueshift/redshfift in 

Cas A, rather than a real kinematic difference. However, fits 
with a single Gaussian component could still leave room for 
blends of truly redshifted and truly blueshifted components, 
corresponding for the SE to emission from the near side of the 
shell and a less prominent redshifted component from the far 
side of the shell, and vice versa for the NW. 

In order to investigate this, we analyzed in more spectral 
detail the Si and S Ly α and He β lines, as these are single lines 
( as fine structure lines are not resolved at XRISM resolution, 
Gunasekera et al. 2025 ) rather than complexes ( like He α) . 
In order to measure whether the single lines can be decom- 
posed into relatively blueshifted and redshifted components, 
we used two Gaussian components per line, again assuming 
similar Doppler velocity and broadening parameters for the 
He-like and H-like emission. 

These two-component Gaussian models should be regarded 

as a tool to approximate radial velocity gradients and/or two 

or more distinct radial velocity components. As detailed in- 
frared and optical radial velocity maps show ( e.g., DeLaney 
et al. 2010 ; Milisavljevic & Fesen 2013 ; Alarie et al. 2014 ) , 
the three-dimensional distribution of ejecta knots is complex, 
which is likely to be also true for the more tenuous X-ray emit- 
ting ejecta. A priori one would expect for each pixel to see 
both a redshifted and a blueshifted component from the far 
side and the near side of the shell. 

We heuristically model the continuum using a power-law 

spectrum along with two Gaussians to capture Si and S He β
satellite lines, which can be present toward the low-energy tail 
of the He β lines. 

We found that an automated fitting procedure using simi- 
lar scripts as used in subsection 2.1 does not lead to reliable 
results with two Gaussians. Instead we turned to the Bayesian 

X-ray Analysis scheme ( BXA v4.1.1, Buchner et al. 2014 ) with 

the Ultranest ( v4.3.2) parameter sampling scheme ( Buchner 
2021 ) for reliable results. As BXA samples the entire parame- 
ter space, the procedure is slow, given that the high-resolution 

Resolve spectra require very large response files ( ∼0.8 GB) . 
Moreover, for spectra from individual Resolve pixels, some re- 
gions of the remnant lack sufficient photon counts to reliably 
decompose the lines into two Gaussians. In order to overcome 
these problems, we applied BXA to the 2 × 9 “superpixels”a –i 
for each pointing, and we used the SPEX v3.08.01 spectral 
fitting package ( Kaastra et al. 1996 ) with a spectral file for- 
mat, allowing us to optimize the spectral binning ( Kaastra & 

Bleeker 2016 ) and reducing the size of the spectral response 
files. For more details on Bayesian-based spectral fitting us- 
ing SPEX we refer to M. Agarwal et al. ( in preparation) . The 
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Fig. 3. Maps of the results of fitting the spectra in the 2–3 keV line with Gaussian lines, separating out the Doppler parameters for the He-like and H-like 
lines of silicon and sulfur. Top panel: Radial velocity maps of He-like Si + S ( left) and H-like Si + S ( right) . Middle panel: Doppler broadening ( σv ) maps of 
He-like Si + S ( left) and H-like Si + S ( right) . Bottom panel: C-statistic map. The number of degrees of freedom is 1980. The units for the color bars of the 
top four panels are km s−1 . The contours show the outline of Cas A as derived from the Chandra observation from 2019 ( ObsID 19606) , using the Si XIII 

emission from 1.75–1.97 keV. 
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Fig. 4. Left: Histogram of the radial velocity distributions for He-like lines and H-like lines of silicon and sulfur. Right: The same, but for the Doppler 
broadening, σv . In order to better separate the results from the SE and NW pointings, both are hatched differently. For comparison, the radial velocity and 
σv distributions based on fitting the Fe K line complex are also shown with blue ( SE) and red lines ( NW) . See Bamba et al. ( 2025 ) for details. 

larger region size also reduces the amount of spatial mixing 
caused by the broad XRISM PSF ( Plucinsky et al. 2025 ) . 

The procedure was to first fit a single Gaussian compo- 
nent with BXA and then use the measured redshift z0 and 

the corresponding error σz0 to divide the line into two Gaus- 
sian components, constraining them such that one is a rela- 
tively blueshifted component and the other is a relatively red- 
shifted component. This is achieved by setting a uniform prior 
on redshift in the ranges z0 − 10−2 –z0 + 2 σz0 and z0 − 2 σz0 –
z0 + 10−2 for the relatively blueshifted and redshifted com- 
ponents respectively. As the redshift of these Gaussian com- 
ponents is defined relatively, it is possible that a component 
labeled relatively “blueshifted” has a positive velocity ( i.e., 
redshifted) and vice versa. The broadening for both compo- 
nents has a uniform prior in between 100 and 4000 km s−1 , 
allowing us to explore scenarios like a blend of a narrow and a 
broad Gaussian as best-fitting models. The normalizations of 
all components were left free. This also allowed for very low 

normalizations, which essentially meant that the single Gaus- 
sian component case was included as a possible outcome. Due 
to the sampling of the parameter space, one can estimate the 
errors on the parameters using the posterior parameter distri- 
butions. 

The results of the BXA sampling were further curated man- 
ually, in that we selected the single Gaussian model in case the 
improvements in statistical goodness of fits indicated no sig- 
nificant improvement ( �C ≤ 32 , i.e., a 2 σ improvement) , or in 

case a line normalization was very low compared to the dom- 
inant component ( ratio of normalization less than 0.2) . In one 
case, SE pixel c , the two-component fit was significantly better, 
but inspection of the fit revealed that the redshifted compo- 
nent of He β lines was in fact fitting the Si and S He β satellite 
lines. This is because the He β satellite lines are relatively bright 
for this pixel, perhaps because of a low-ionization component. 
We therefore did not include this component in our selection. 

Another case worth mentioning is NW pixel b , for which 

the Si and S He β lines are best fitted with two components, 
with one component mostly fitting the Si emission, and the 
other component mostly fitting the S emission. So, here the Si 
line emission is captured by the relatively blueshifted compo- 
nent and the S line by the redshifted component. We included 

the two components in our selection. 

In figure 5 we provide two Bayesian model fits with the 
uncertainty bands for each component representing a 95.4% 

posterior distribution range.1 On the left is a fit for which two 

Gaussian components per line provide a significantly better fit 
than a single Gaussian component, and we give another one 
for which a double Gaussian component does not provide a 
significant improvement. Figure 6 provides an overview of all 
18 BXA fits. In order to facilitate a better comparison of the 
line shapes of the four lines for a given superpixel, we present 
an alternative version of the line profiles as a function of radial 
velocity in the appendix; see figure 15 therein. 

Figures 7 and 8 show the resulting maps of the radial ve- 
locities and line broadening, σv , for all line components. Note 
that non-significant components are not shown, and are dis- 
played as white pixels. The radial velocity maps show that the 
dichotomy between the SE ( mostly blueshifted) and the NW 

( mostly redshifted) in fact exists for both the zr and zb compo- 
nents. For example, for the He-like lines, in the SE region, all 
significant fits show that both the redshifted and blueshifted 

components of the lines are blueshifted. For the NW region, 
we see something similar: both the redshifted and blueshifted 

components are overall redshifted. An exception here is NW 

pixel a , for which the blueshifted component indeed has a ve- 
locity of 1150 km s−1 toward us. However, this is only true 
for the He-like lines. Contrary to expectations, in general the 
two-component Gaussian components appear to trace plasma 
components that are either both at the near side ( SE pointing) 
or both at the far side ( NW) of the SNR. 

As is to be expected, the line broadening parameters are re- 
duced with respect to the single Gaussian case, ranging now 

from σv ≈ 300 km s−1 ( Ly α blueshifted component, NW pixel 
h) to σv ≈ 2200 km s−1 ( Ly α redshifted component, NW pixel 
d) . Overviews of the radial velocity and broadening distribu- 
tions are given in the histograms in figure 9 . 

As noted before, care must be taken not to overinterpret the 
maps near the edges, where most of the detected photons orig- 
inate from outside the corresponding sky region due the broad 

PSF of XRISM. One may suspect that the relatively large ra- 
dial velocity for the “red” component in pixel c in NW is due 
to PSF scattering. However, for this pixel the two immedi- 

1 We will provide all data and figures in a repository on 〈 https://zenodo 
.org 〉 under 〈 https://doi.org/10.5281/zenodo.14734013 〉 . 
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Fig. 5. Two examples of Bayesian spectral fitting of four bright Si and S lines with double Gaussians. From left to right: Si Ly α, Si He β, S Ly α, and S 
He β. In addition, weaker He β satellite lines of Si and S were added, necessary to fit the shoulder to the He β lines. The orange lines show the individual 
components, with the thickness indicating the uncertainties in the individual line component. Left: Spectrum of NW 2 × 2 pixel a . For this spectrum fitting 
double Gaussians—instead of a single Gaussian—for each line substantially improved the fit, with �C = 102 for eight additional degrees of freedom. 
Right: Spectrum SE 2 × 2 pixel g . The improvement was marginal with �C = 26 for eight additional degrees of freedom. 

Fig. 6. Line profiles of Si Ly α, Si He β, S Ly α, and S He β as fitted using two Gaussians. The fits are for the binned 2 × 2 pixels ( a, . . . , i) . See figure 5 for a 
detailed look at two examples. 

ately neighboring it—b and f , accounting for ∼50% of the 
photons—display lower radial velocities. For pixel e an even 

higher radial velocity of the “red” component is measured, 
but the contamination from this region to pixel c is relatively 
small, ∼10%. Although pixel c covers the edge of the shell, 
there may still be some line-of-sight motion in this region, if 

the plasma motion is directed away from us with an angle of 
∼20◦; this would result in radial velocities of ∼1500 km s−1 , 
if the space velocity is ∼4500 km s−1 . 

Near the center of the SNR—pixel c of the SE pointing and 

pixel g of the NW pointing—the results should be interpreted 

with caution: this region has a much lower brightness than 

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/77/Supplem

ent_1/S154/8157906 by U
niversiteit van Am

sterdam
 user on 09 M

arch 2026



Publications of the Astronomical Society of Japan (2025), Vol. 77, No. SP1 S161

Fig. 7. Radial velocity ( vrad ) maps at 2 × 2 pixel resolution of the two Gaussian components for the He β ( top) and Ly α ( bottom) lines of Si and S. On the left 
are the relatively blueshifted components; on the right, the relatively redshifted components. vrad is only displayed for those components that significantly 
contribute; see the text. The color bars are identical to those of the vrad maps in figure 3 , and the values correspond to km s−1 . 

the shell, and in fact for these pixels a large fraction of the 
detected photons originate from the sky region corresponding 
to pixel b of the SE pointing. 

3 Discussion 

The XRISM observations discussed here only cover the SE and 

NW parts of Cas A, about 60% of the SNR, but they include 
almost all the brightest, ejecta-dominated parts of the shell; 
see figure 1 . The SE/NW observations are also well adjusted 

to the blueshift/redshift dichotomy in X-ray line emission, first 
noted by Markert et al. ( 1983 ) . 

Surprisingly, the XRISM/Resolve spectra show that in most 
regions the Si/S line emission does not consist of a combina- 
tion of redshifted and blueshifted spectral components with 

one component dominating. What we report here is that if the 
line shapes are best described by two components, rather than 

one broadened radial velocity component, these components 
are either both redshifted ( NW) or both blueshifted ( SE) , with 

the only exception being pixel a in the NW. The Resolve spec- 
tra, therefore, indicate that the emission from the NW origi- 

nates almost entirely from the back side of the SNR, whereas 
the SE part originates almost entirely from the front side of 
the SNR. 

These findings are consistent with radio Faraday rotation 

measurements, which show that the rotation measure is larger 
in the NW than in the SE, indicating that the radio emis- 
sion from the NW traverses more plasma before reaching us 
( Kenney & Dent 1985 ) . Past X-ray Doppler measurements, 
however, did not address the relative fractions of front-/back- 
side emission for these regions. With the XRISM/Resolve spec- 
tra we have been able to quantify the relative front/back asym- 
metry on spatial scales of ∼1. 

In this paper, we focus on the radial velocities based 

on H-like and He-like silicon and sulfur lines in the 2–
3 keV range, which we modeled using Gaussian line pro- 
files ( subsection 2.1 ) . This approach works well with the 
XRISM/Resolve spectra in the 2–3 keV band as the domi- 
nant lines are relatively isolated, despite the intrinsic Doppler 
broadening of the lines. However, this is no longer true for the 
Fe K complex, where the range of charge states is broad, giv- 
ing rise to closely packed lines, worsened by Cas A’s intrinsic 
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Fig. 8. Top four panels: Doppler broadening ( σv ) maps at 2 × 2 pixel resolution of the two Gaussian components for the He β lines ( top) and Ly α ( central 
panels) lines of Si and S. On the left are the relatively blueshifted components; on the right, the relatively redshifted components. σv is only displayed for 
those components that significantly contribute; see the text. The color bars are identical to those of the σv maps in figure 3 , and the values correspond to 
km s−1 . Bottom row, left: Maps of �C-statistic, the statistical improvement obtained by fitting with two Gaussian line components compared to a single 
Gaussian component. Bottom row, right: Improvement in terms of confidence level in σ . 
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Fig. 9. Histograms of the radial velocities ( left panels) and velocity broadeninng ( right panels) for fits with two Gaussian components. Top panels: For 
He-like ions. Bottom panels: For H-like ions. The color coding is similar to figure 4 with light blue indicating the SE region and orange indicating the NW 

region. The lowest-velocity component ( labeled rc) is indicated by upward hatching and the highest-velocity component ( bc) by downward hatching. For 
comparison, the Fe K vrad distributions ( scaled) are also shown ( Bamba et al. 2025 ) , which are based on fitting an NEI model, using a single velocity 
component. 

Doppler broadening. In Bamba et al. ( 2025 ) the radial veloci- 
ties are therefore fitted using a plane-parallel, non-equilibrium 

ionization ( NEI) shock model. Using Gaussian line compo- 
nents for the Si and S lines, as compared to NEI modeling, has 
the added advantage that line groups like He-like and H-like 
lines can be treated completely independently. We took ad- 
vantage of XRISM/Resolve’s ability to isolate individual lines 
by further modeling lines as being composed of two indepen- 
dent Gaussian components ( subsection 2.2 ) . See Suzuki et al. 
( 2025 ) for a different approach to fitting the Doppler shifts 
for the He-like and H-like Si and S lines using NEI modeling. 

In previous studies using CCD spectra ( Holt et al. 1994 ; 
Hwang et al. 2001 ; Willingale et al. 2002 ) , Doppler shifts 
were measured using line centroiding of unresolved line com- 
plexes. This makes CCD spectroscopy vulnerable to energy 
shifts caused by ionization differences or other effects that are 
not related to Doppler shifts. Moreover, CCD spectroscopy 
does not allow one to judge whether a line-complex centroid 

shift is caused by bulk velocities, or by having two Doppler 
shift components mixed with different contributions. In con- 
trast to X-ray CCD spectroscopy, the XRISM/Resolve instru- 
ment allows individual line shapes to be resolved. We explored 

this ability by fitting isolated lines using two Gaussian line 

components ( subsection 2.2 ) . Perhaps surprisingly, the Re- 
solve spectra reveal that the SE/NW line energy dichotomy 
revealed by CCD spectroscopy turns out to be almost solely 
attributable to Doppler shifts. Even more surprising is that, 
even when attempting to fit the lines with two Gaussian com- 
ponents, we find that often both components are redshifted 

( NW) or blueshifted ( SE) , but with one significant exception, 
NW pixel a ; see figure 7 . 

3.1 Radial velocities 

The Si and S X-ray line emission from Cas A is dominated 

by shocked ejecta. In order to interpret the three-dimensional 
distribution of the X-ray emitting ejecta—two space dimen- 
sions plus radial velocity—it is important to keep in mind the 
3D distribution of the optically emitting ejecta, consisting of 
so-called fast-moving knots ( FMKs) , which have been mea- 
sured in more spatial detail than the X-ray emitting ejecta. 
Note that the FMKs flare up when entering the reverse shock, 
which drives a radiative shock through their interiors, after 
which they are bright for ∼25 yr ( Fesen et al. 2011 ) . The 
FMKs largely keep their original velocities after entering the 
reverse shock, unlike the diffuse X-ray emitting ejecta. As a re- 
sult optically bright FMKs show up near the current location 
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of the reverse shock, and their velocities are approximately 
their original free expansion velocities, i.e., vfmks ≈ Rrs /t, with 

Rrs the reverse shock radius and t ≈ 350 yr the age of Cas A. 
The asymmetries in the velocities and locations of the ejecta 

revealed both in X-rays and optical are governed by ( i) asym- 
metries in the distribution of the ejecta as imparted by the su- 
pernova explosion, and ( ii) asymmetries in the reverse-shock 

radius, Rrs . The radius of the reverse shock is determined by 
several factors, including the velocity and density distribu- 
tion of the ejecta, but also the density structure of the CSM 

( e.g., Chevalier 1982 ; Truelove & McKee 1999 ; Micelotta 
et al. 2016 ; Orlando et al. 2022 ) . The velocity distribution 

of the FMKs in the northern part of Cas A shows that the 
reverse shock is at a larger radius at the back side, with 

vfmks ≈ −5600 km s−1 , than at the front side of the SNR, with 

vfmks ≈ 4000 km s−1 ( Reed et al. 1995 ; Milisavljevic & Fesen 

2013 ; Alarie et al. 2014 ) . 
For a spherically symmetric ejecta distribution, the smaller 

the reverse-shock radius, the more ejecta have been heated 

by the shock. If the ejecta distribution was indeed spheri- 
cally symmetric, one would, therefore, expect that the smaller 
reverse-shock radius at the front side would have resulted 

in more hot ejecta and, hence, the X-ray emission would be 
dominated by the front side of the SNR; i.e., one would ex- 
pect the X-ray ejecta to be mostly blueshifted. The fact that 
the X-ray emission from NW is largely redshifted, despite a 
larger reverse-shock radius at the back side, indicates that 
the asymmetries in the ejecta distribution in the NW part 
can only be explained by asymmetries in the ejecta distribu- 
tion ( option i, mentioned above) as imparted by the super- 
nova explosion, and not by the location of the reverse shock 

( option ii) . 
In the NW the 3D optical emission from FMKs ( Lawrence 

et al. 1995 ; Milisavljevic & Fesen 2013 ; Alarie et al. 2014 ) 
does show both redshifted and blueshifted components ( e.g., 
figure 6c in Milisavljevic & Fesen 2013 ) . Indeed, for the two- 
Gaussian-component line models presented in subsection 2.2 

the NW is the only region where we find evidence for a truly 
blueshifted component, but only in one region, NW pixel a , 
with a radial velocity of ∼−1150 km s−1 ( figure 7 ) . This gives 
the impression that in the NW a blueshifted X-ray component 
is present, but is less prominent than the optical emission from 

the blueshifted FMKs. The blueshifted component in the NW 

reported here for pixel a is consistent with blueshifted X-ray 
knots in that general region reported by Lazendic et al. ( 2006 ) 
based on Chandra grating measurements, with velocities of 
∼−1500 and −1700 km s−1 . 

Note that in the optical and X-rays the northern part of 
the shell has changed quite dramatically over the last ∼70 yr. 
For example, in figure 1 in Patnaude and Fesen ( 2014 ) one 
can see that the lower part of the northern shell seems to have 
developed since ∼1977. This suggests that the FMKs in this 
location, which are indeed on the front side ( Milisavljevic & 

Fesen 2013 ) , have only recently started entering the reverse- 
shock ejecta. This affects the relative importance of the front- 
side emission in X-rays more than in the optical. Since the 
FMKs are typically bright for ∼25 yr, equal weight is given 

to the front-side and back-side FMKs. However, the X-ray 
emission is determined by the total accumulated ejecta that 
have been heated by the reverse shock, due to the very long 
cooling time of the plasma. For example, if relatively dense 
ejecta reached the back side starting ∼100 yr ago, and the 
front side ∼40 yr ago, the back side would dominate the emis- 

sion. But since these timescales are longer than the emission 

timescales of FMKs, the front/back asymmetry is less strong 
in the optical . 

Although the 3D distribution of FMKs may be intrinsically 
different from the diffuse X-ray emitting ejecta, the Doppler 
shifts of both types of ejecta show a lack of emission from the 
back side of the SNR in the SE: the XRISM/Resolve spectra 
confirm earlier results ( Markert et al. 1983 ; Holt et al. 1994 ; 
Willingale et al. 2002 ; Hwang et al. 2002 ) that the SE emis- 
sion is overall blueshifted. Moreover, modeling the line emis- 
sion with two Gaussian components did not reveal any sig- 
nificant evidence for a truly redshifted component in the SE. 
This matches the 3D reconstructions of the FMKs as presented 

in Lawrence et al. ( 1995 ) , Milisavljevic and Fesen ( 2013 ) , and 

Alarie, Bilodeau, and Drissen ( 2014 ) , which show no evidence 
for redshifted FMKs in the SE of the SNR ( e.g., figure 6c in 

Milisavljevic & Fesen 2013 ) . 
Comparing the optical Doppler measurements to the X- 

ray Doppler data reported here reveals that the optical knots 
probe a much broader range in radial velocities. This can 

be attributed mainly to the different dynamics of the opti- 
cally emitting FMKs. Since these are dense knots, they have 
hardly been decelerated by the reverse shock. Hence, the op- 
tical knot velocities are close to the free expansion velocity of 
the ejecta. The X-ray emitting ejecta, on the other hand, are 
ejecta shocked by the reverse shock, which heats the plasma, 
but also slows it down to a velocity of �v = 1 

4 Vrs with re- 
spect to the reverse-shock velocity, Vrs , in the unshocked-ejecta 
frame. The prefactor comes from 

1 
χ

= 1 
r , with χ = 4 the com- 

pression ratio for a strong shock heating a monatomic gas. 
The reverse-shock velocity in the unshocked-ejecta frame is 
the relative velocity between the reverse-shock displacement 
velocity d Rrs /d t ( observer’s frame) and the free expansion 

velocity of the unshocked ejecta, i.e., 

Vrs = Rrs 

t 
− dRrs 

dt 
. ( 1) 

The shocked-ejecta plasma velocity in the frame of the ob- 
server is then 

vej = dRrs 

dt 
+ �vej = 3 

4 

dRrs 

dt 
+ 1 

4 

Rrs 

t 
= 1 

4 

( 3 m + 1) 
Rrs 

t 
, ( 2) 

where we have defined the expansion parameter m by 
d Rrs /d t = mRrs /t, and used �vej = 1 

4 Vrs , with Vs given by 
equation ( 1 ) . 

According to SNR evolutionary models for Cas A, 
d Rrs /d t ∼ 1000 –2000 km s−1 ( Micelotta et al. 2016 ; Orlando 

et al. 2022 ) . However, X-ray expansion measurements reveal 
that there is likely a large variation in d Rrs /d t. In particular, in 

the western part the reverse shock is moving toward the cen- 
ter, down to velocities of d Rrs /d t ≈ −2000 km s−1 ( Helder & 

Vink 2008 ; Sato et al. 2018 ; Vink et al. 2022 ) , probably in 

response to high-pressure build-up when the forward shock 

started interacting with a dense CSM structure ( Orlando et al. 
2022 ) . The reverse-shock radius in Cas A is 1 . 9 ± 0 . 2 pc ( Arias 
et al. 2018 ) , so that Rrs /t ≈ 5300 ± 550 km s−1 , in agree- 
ment with the range of velocities for the optical knots. How- 
ever, with −0 . 38 � m � 0 . 7 , we can expect ejecta plasma ve- 
locities of −185 ≤ vej � 4500 km s−1 , but with a typical ve- 
locity of 2450 km s−1 , assuming d Rrs /d t = 1500 km s−1 and 

Rrs /t = 5300 km s−1 . 
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Fig. 10. Radial velocities of all line components as a function of pro- 
jected angular distance with respect to the explosion center determined 
by Thorstensen, Fesen, and van den Bergh ( 2001 ) . The horizontal error bars 
have a size of 38, which is about half the angular resolution of the XRISM 

telescopes. H-like line components have the same color coding as He-like 
lines, but are printed transparently. The data points with angular distance 
> 155 are mostly dominated by emission scattered by the telescope. The 
dashed line indicates the expected radial velocities for plasma heated by 
the forward shock. The dotted line indicates the expected radial velocities 
of reverse-shock heated plasma. 

Indeed, the X-ray Doppler velocities seem to encompass 
that range. For the spectral fits with single Gaussians we see 
that the radial velocities in the SE encompass a smaller range 
of | vrad | � 2000 km s−1 than for NW, | vrad | � 3000 km s−1 

( figure 4 ) . For the spectral fits with two Gaussian components 
the range for the SE is somewhat larger, | vrad | � 2500 km s−1 , 
but still less than for the NW part, | vrad | � 3500 km s−1 ; see 
figure 9 . The different maximum Doppler velocities in the SE 

and NW probably reflect the front–back asymmetry of the op- 
tical knots, with the back side ( redshifted components) having 
a larger reverse-shock radius. 

Apart from this asymmetry in maximum velocities, most 
components with the highest | vrad | have radial velocities con- 
sistent with the broad range of expected ejecta plasma ve- 
locities indicated by equation ( 2 ) . We illustrate this in fig- 
ure 10 , which shows the radial velocities obtained from the 
double Gaussian fits as a function of projected radius. The 
dotted and dashed lines show expectations for two choices of 
maximum radius, with rmax = 100 ( 1.67 pc) corresponding to 

the minimum value of reverse-shock radius, and rmax = 155 

( 2.6 pc) corresponding to the forward-shock radius. The com- 
ponents with the highest | vrad | are shown in blue ( SE) and 

red ( NW) , and fall in general within the expected range of 
radial velocities indicated by the dashed and dotted lines. Ex- 
ceptions are the red points within 50 of the center. For the 
SE pointing most of the less extreme radial velocity compo- 
nents ( faint green points) are within the expected boundaries. 
However, there are many low radial velocity components as- 
sociated with the lower radial velocities of the NW pointing 
( faint orange points) that are not within the expected bound- 

aries. So there are a number of components that are not eas- 
ily associated with the plasma velocities expected for reverse- 
shock heated ejecta, or forward-shock heated plasma. These 
components are associated with line emission from the central 
region, and also stand out in their σv properties, as discussed 

below. 
We have to be cautious not to overinterpret these points, 

but there are a few possibilities for how the radial velocities 
toward the projected center could indeed be that low. First, 
as already mentioned, a reverse shock that moves toward the 
center ( m = −0 . 38 ) can even impart ( small) negative velocities 
to the shocked ejecta. Secondly, it is possible that toward the 
center we do indeed encounter both the front and back sides of 
the SNR shell with roughly equal emission rates, and the two 

components cancel each other out. This does not seem very 
likely as this would lead to a very broad line, which would be 
appropriately captured by a very negative and positive radial 
velocity in our fits with two Gaussian components. This is not 
at all what is measured; see subsection 3.2 . 

Finally, we also have to consider the possibility that some 
line emission originates from shocked CSM. For the forward 

shock the plasma velocity is simply given by vcsm 

= 3 
4 Vfs ≈

4500 km s−1 , for Vfs ≈ 6000 km s−1 ( Vink et al. 2022 ) . The 
range of line-of-sight velocities for the forward shock are de- 
picted by the dashed line in figure 10 . Recently Vink et al. 
( 2024 ) reported based on Chandra data that most of the in- 
terior emission originates from shocked CSM. In particular, 
the JWST-discovered structure dubbed the “green monster”
( Milisavljevic et al. 2024 ; De Looze et al. 2024 ) is a CSM 

structure, with a relatively low blueshift, suggesting a dense 
CSM structure that may have slowed down the forward-shock 

velocity. However, the “green monster” appears to have radial 
velocities of ∼−2300 km s−1 , which is slow, but still much 

faster than the low-velocity components at small angular dis- 
tances seen in figure 10 . 

3.2 Line broadening 

The Cas A spectra show severe intrinsic line broadening of 
typically σv ∼ 1500 km s−1 , corresponding to �E = 12 . 5 eV 

at 2.5 keV. This is to be compared to the Resolve resolution 

of �E ≈ 5 eV. 
The origin of this line broadening is a combination of 

Doppler broadening due to line-of-sight velocity distributions 
( macro movements) , and thermal velocity broadening of the 
ions ( micro movements) . We attempted to quantify the line- 
of-sight motions by fitting the lines with two Gaussian com- 
ponents, assuming that the line-of-sight motions can be de- 
composed into two large velocity components. However, in 

most cases these two components cannot be attributed to the 
front side and back side of the SNR. Irrespective of the exact 
geometry, Doppler broadening due to line-of-sight motions is 
expected to be the largest in the central region, where vrad = 

v cos θ is maximized, with θ the inclination angle. As figure 3 

shows, the line broadening indeed peaks in the central regions. 
But as figure 11 ( top left) shows, σv does not peak at the very 
center < 50, but near 70. It does show that for large projected 

radii σv lowers to σv ≈ 1200 –1600 km s−1 . Since for large an- 
gular radii line-of-sight motions are minimal, one could ten- 
tatively associate σv ≈ 1200 km s−1 with thermal broadening. 
Figure 11 also shows that for some central regions the H-like 
emission is surprisingly low, σv ≈ 1200 km s−1 . These low σv 
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Fig. 11. Top row: Scatter plots of σv versus projected angular distance ( left) and σv versus the measured Doppler velocity for single Gaussian component fits 
( see subsection 2.1 ) . Bottom row: Same as the top row, but for line spectral fitting using two Gaussian components. H-like lines are shown in transparent 
colors. 

measurements correspond to the equally surprising low vrad 
near the center, discussed in subsection 3.1 . 

The radial velocity measurements indicate that the ejecta 
shell of Cas A consists of a patchy shell, with mostly the back 

side of the shell emitting X-rays in the NW region; for X-ray 
emission from the SE region only the front side appears to be 
responsible. Since vrad shows a peak for the central regions 
in such a system, and because the central region should also 

contain the largest gradients in vrad , we expect a positive cor- 
relation between σv and | vrad | . Figure 11 ( top right) shows that 
this is roughly the case for the NW region. However, for the SE 

region there is a rough anti-correlation between σv and | vrad | . 
One could understand this if the shell is thinner for the high 

radial velocity components. But it is not a priori clear why the 
NW and SE show different behavior. 

The different behavior between the SE and NW disap- 
pears if one plots σv versus vrad for all the significant indi- 
vidual velocity components measured assuming two Gaussian 

components ( figure 11 , bottom right) . We see that then both 

the SE and NW have an anti-correlation between σv and vrad , 
but with the exception of several data points with | vrad | � 

1000 km s−1 and σv � 1000 km s−1 . These points again corre- 
spond to the low radial velocity components discussed before. 
Apart from these points, the fact that the SE and NW points 
show up more symmetrically adds to the plausibility of the 
two-component Gaussian fits. 

Figure 11 ( bottom left) shows that the maximum σv as a 
function of projected radius exhibits the expected trend that 
σv declines with radius, but still at any radius we also find 

components with low σv ( � 750 km s−1 ) , even as low as σv ≈
300 km s−1 . But the lowest radial velocity components appear 
more centrally located. 

Before discussing the low- σv components toward the cen- 
ter, we first put the line broadening in the context of the ex- 
pected thermal line broadening. Thermal Doppler broadening 
at the level of the σv reported here is only expected if the shock 

heats all particle species independently. It is now well estab- 
lished that for collisionless shocks of young SNRs the electron 

and ion temperatures are indeed not equilibrated at the shock 

( e.g., Ghavamian et al. 2013 ; Vink et al. 2015 ) . See also the re- 
cent XRISM results for SNR N 132D ( XRISM Collaboration 

2024 ) . In the most extreme case each species i will be heated 

by a high-Mach-number shock to 

kTi = 3 

16 

mi V2 
s , ( 3) 

with mi the mass of the particles. For a fully temperature- 
equilibrated plasma all species have kTi = 3 

16 μmp V2 
s , with 

μmp the average particle mass; μ ≈ 0 . 6 for solar abundance 
plasmas. 
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Fig. 12. Two plots that show the level of temperature equilibration for electrons, protons, helium, oxygen, silicon, and iron ions as a function of ne t for 
a shock velocity of 20 0 0 km s−1 . Left: The case of a solar met allicit y plasma. Right: The case for a proton-, helium-deficient plasma, as expected for the 
ejecta plasma in Cas A. For illustrative purposes the O, S, and Fe abundances have been set to 104 times solar abundances. 

Post-shock equilibration through Coulomb collisions pro- 
ceeds at timescales given by ne t ≈ 1010 –1013 cm 

−3 s, as illus- 
trated in figure 12 . As the equilibration depends on the mass 
ratios of the species and the charge of the particles, full equi- 
libration of electrons and ions tends to be longer for metal- 
dominated plasmas ( figure 12 , right) . Moreover, for metal- 
dominated plasmas the final equilibrated temperature will 
be larger due to the larger average mass μmp . The thermal 
Doppler line broadening is given by mi σ

2 
v,i = kTi . Combining 

this with equation ( 3 ) gives for the fully non-equilibrated case 

σv,i =
√ 

3 

4 

Vs ≈ 0 . 43 Vs . ( 4) 

We can, therefore, directly infer from thermal broadening the 
shock velocity, which for the reverse shock is given by equa- 
tion ( 1 ) . 

The question now is what fraction of the measured σv 

is associated with thermal line broadening. As discussed 

above, at the outer radius of the SNR one expects the 
thermal broadening to dominate over bulk radial veloc- 
ity broadening. Since some of the line-of-sight broadening 
was taken out by allowing for two velocity components, 
we resort to the two Gaussian component fits. Figure 11 

( bottom left) shows that at large projected radii we find σv ≈
1000 km s−1 , although with one component measuring as high 

as σv ≈ 2000 km s−1 and two components measuring as low 

as σv ≈ 500 km s−1 . 
Taking σv ≈ 1000 km s−1 , which also provides a lower 

limit to σv for single-component fits, translates into Vrs ≈
2300 km s−1 . For a free expansion velocity of Rrs /t ≈
5300 km s−1 , this implies a reverse-shock displacement ve- 
locity of d Rrs /d t ≈ 3000 km s−1 ; see equation ( 1 ) . This is 
relatively large, since we expected d Rrs /d t ≈ 1500 km s−1 , 
which would give σv ≈ 1600 km s−1 . Reverse-shock displace- 
ments with zero velocity would result in σv ≈ 2300 km s−1 , 
which is still consistent with at least one measured σv at large 
radius. 

So it is possible that the range of σv at large radii re- 
flects a range in reverse-shock velocities in the regions cov- 
ered by the XRISM/Resolve field of view. Moreover, the rel- 
atively low typical value of σv ≈ 1000 km s−1 corresponds to 

kTi ≈ 280 keV for Si. But the Si/S ion temperature may al- 
ready have partially equilibrated with the other ions, most 
notably oxygen, given that the ionization age in Cas A is typ- 
ically ne t ≈ 1011 cm 

−3 s ( e.g., Hwang & Laming 2012 ) ; see 
figure 12 . So the derived Vrs for a given thermal σv is likely an 

upper limit, and the σv at large radii are consistent with the 
range of reverse-shock velocities expected, if one takes into 

account partial post-shock equilibration. 
This still leaves the small values of σv � 500 km s−1 to dis- 

cuss. If these are due to thermal broadening, they correspond 

to Vs � 1200 km s−1 , which is smaller than one would expect 
from models of the reverse-shock evolution of Cas A. They 
are also lower than can be accounted for by partial equilibra- 
tion in a metal-dominated plasma. More likely is it that they 
correspond to partially equilibrated plasma of the CSM, for 
which the equilibration of all ion species with protons and he- 
lium occurs for ne t � 5 × 1010 cm 

−3 s ( figure 12 , left) for Vs ≈
2000 km s−1 . So most likely these narrow components are 
associated with Si/S line emission originating from shocked 

CSM. There are, however, a few problems with that. First, the 
forward-shock velocity in Cas A is ≈6000 km s−1 , which re- 
sults in a hotter plasma temperature, and longer ion equili- 
bration times of ne t ≈ 5 × 1011 cm 

−3 s. But in particular the 
narrow components near the center of the SNR are problem- 
atic, as they have a small radial velocity of vrad � 500 km s−1 . 
Their central locations do suggest that these components in- 
deed originate from the CSM ( Vink et al. 2024 ) . However, 
in the center we expect either a very broad, or double-peaked, 
line profile, which we do not observe, or we expect a very blue- 
or redshifted component. Instead, we observe that, for some 
NW pixels, the line shape is described by a broad component 
along with a narrow component with a relatively small radial 
velocity. They show up as orange points with σv � 750 km s−1 

and | vrad | � 750 km s−1 in figure 11 ( lower right) . The corre- 
sponding pixels are f , h , and i . As an example, we depict pixel 
h in figure 13 . Inspecting the line profile visually shows that 
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Fig. 13. Fitting results of NW pixel h with two Gaussian components. This 
pixel covers part of the center of Cas A. It shows that there is a narrow 

component ( σv ≈ 300 km s−1 ) with a small redshift corresponding to vrad ≈
500 km s−1 , which results in unusual, “spiky”, line profiles for all four lines. 

the result is very solid, as all four lines show the same spiky 
profile. 

In figure 14 , we show a cartoon illustrating the ejecta and 

CSM morphology of Cas A inspired by the X-ray and optical 
Doppler mapping. It shows a situation in which the central 
regions are dominated by shocked CSM, but it should result 
in a combination of highly redshifted and highly blueshifted 

plasma. It is not clear what could be the location of low ra- 
dial velocity plasma. A possible explanation could be that it 
originates from very dense material, which is overrun by the 
shock, which then rapidly slows down. But this should give 
rise to either bright clumps or regions, with shocks rapidly 
evolving into radiative shocks. There is no X-ray or optical 
evidence for such a component. 

The Doppler velocities and broadening confirm the notion 

that the ejecta shell is patchy. It is tempting to consider the 
SE/NW velocity dichotomy as evidence of a bipolar explo- 
sion, but the detailed Resolve line fits, as well as the 3D dis- 
tribution of FMKs, rather indicate an irregular shell of ejecta. 
The current XRISM pointing does not cover the locations that 
are likely connected with a bipolar explosion component: the 
“jets.” We do note, however, that some of the highest line 
broadening off-center is found at the base of the NE jet ( SE 

pixel 11, or a) for the H-like ions. We speculate that this may 
be related to a very hot ion temperature, caused by having 
been shocked with a very high shock velocity, associated with 

the passage of the NE jet. 
In conclusion, although the XRISM/Resolve radial velocity 

measurements confirmed the overall SE/NW blueshift/redshift 
dichotomy, the detailed line fits show an unexpected feature 
that for now defies an easy explanation. 

4 Conclusions 

With the launch of XRISM, the era of high-spectral-resolution 

imaging X-ray spectroscopy has finally arrived. This allows 
us to make accurate radial velocity maps of extended X-ray 
sources. We have reported here a radial velocity study of the 
young core-collapse SNR Cas A, using the Si and S lines in 

the 2–3 keV range. With the high spectral resolution of the 
Resolve instrument of �E ≈ 5 eV, individual He-like and H- 
like lines can be fitted, and their line shapes can be modeled. 

Fig. 14. Cartoon of a “sideways” look at Cas A. The reverse shock ( dotted 
line) is displaced with respect to the explosion center ( yellow star) , ac- 
counting for the higher ejecta velocity at the back side of the shell. The 
line emission comes mostly from the shocked ejecta ( magenta) , but also 
from the shocked CSM ( light green) . Shocked CSM dominates the X-ray 
emission toward the center of the SNR. 

Although the radial velocity maps that we have re- 
ported here agree in general with the overall redshifted and 

blueshifted structure determined through CCD X-ray spec- 
troscopy, the high-resolution spectra from XRISM have re- 
vealed many more details in these complicated spectra. The 
spectral analysis results in many interesting and puzzling find- 
ings: 

� With CCD spectra one cannot make a distinction be- 
tween a mix of blueshifted and redshifted spectra. De- 
tailed line models of the Resolve spectra show that only 
in a few cases does the line of sight encounter a combi- 
nation of blueshifted and redshifted plasmas, and only 
in the NW region. 

� Decomposing the line shapes in two components in most 
cases results in two components that are both redshifted, 
or both blueshifted. 

� The radial velocity distribution reinforces the idea from 

optical imaging spectroscopy that the ejecta shell is very 
patchy, with no back-side component present in the SE, 
and only a small front-side component present in the 
NW. 

� The intrinsic line broadening suggests an average ther- 
mal line broadening of σv ≈ 1000 km s−1 , but with some 
variation consistent with different reverse-shock veloci- 
ties, and partial equilibration. 

� There are puzzling velocity components projected to- 
ward the center of Cas A with a very low line broaden- 
ing σv � 500 km s−1 and small radial velocity of | vrad | � 

500 km s−1 . These components are likely associated with 

shocked CSM, but the low radial velocities in combina- 
tion with a location projected toward the center of Cas 
A cannot be easily interpreted. 

The analysis presented here shows the power of high- 
resolution imaging spectroscopy, and for Cas A reveals the 
importance of modeling both the ejecta and the CSM com- 
ponents. For a better understanding of Cas A it is also im- 
portant to cover the rest of Cas A with Resolve. In particu- 
lar, not observed yet is the SW region, which covers a region 
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Fig. 15. Alternative figure to figure 6 , with the line shapes are shown as a function of radial velocity rather than photon energy. Each column represents 
a “superpixel”, and shows the S He β, Si He β, S Ly α, and Si Ly α lines, respectively, scaled for display purposes. Note that the He β profiles are distorted 
due to the presence of Li-like satellite lines. 

where the forward shock encounters an arc of dense CSM ma- 
terial, which may also provide some insights into the puzzling 
CSM component projected toward the center. In the west- 
ern region the reverse shock is moving inward, resulting in 

a strong reverse-shock velocity. Finally, in the NE region the 
jet is a prominent feature. Complete coverage will, therefore, 
provide more insights into the origin of the different velocity 

components revealed in the SE and NW pointings reported 

here. 
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Appendix. Supplemental figure 

We show here figure 15 , which is an alternative to fig- 
ure 6 , but showing the line profile as a function of radial 
velocity. 

References 

Alarie , A., Bilodeau, A., & Drissen, L. 2014, MNRAS, 441, 2996 
Arias , M., et al. 2018, A&A, 612, A110 
Arnaud , K. A. 1996, in ASP Conf. Ser., 101, XSPEC: The First Ten Years, 

ed. G. H. Jacoby & J. Barnes ( San Francisco: ASP) , 17 
Bamba , A., et al. 2025, PASJ, 77, S144 
Buchner , J. 2021, J. Open Source Software, 6, 3001 
Buchner , J., et al. 2014, A&A, 564, A125 
Burrows , A., Livne, E., Dessart, L., Ott, C. D., & Murphy, J. 2007, ApJ, 

655, 416 
Cash , W. 1979, ApJ, 228, 939 
Chevalier , R. A. 1982, ApJ, 258, 790 
Chevalier , R. A., & Oishi, J. 2003, ApJ, 593, L23 
De Looze , I., et al. 2024, ApJ, 976, L4 
DeLaney , T., et al. 2010, ApJ, 725, 2038 
Fesen , R. A., et al. 2006, ApJ, 645, 283 
Fesen , R. A., Zastrow, J. A., Hammell, M. C., Shull, J. M., & Silvia, D. W. 

2011, ApJ, 736, 109 
Ghavamian , P., Schwartz, S. J., Mitchell, J., Masters, A., & Laming, J. M. 

2013, Space Sci. Rev., 178, 633 
Gunasekera , C. M., van Hoof, P. A. M., Tsujimoto, M., & Ferland, G. J. 

2025, A&A, 694, L13 
Helder , E. A., & Vink, J. 2008, ApJ, 686, 1094 
Holt , S. S., Gotthelf, E. V., Tsunemi, H., & Negoro, H. 1994, PASJ, 46, 

L151 
Hughes , J. P., Slane, P. O., Burrows, D. N., Garmire, G., Nousek, J. A., 

Olbert, C. M., & Keohane, J. W. 2001, ApJ, 559, L153 

Hwang , U., et al. 2004, ApJ, 615, L117 
Hwang , U., Decourchelle, A., Holt, S. S., & Petre, R. 2002, ApJ, 581, 

1101 
Hwang , U., & Laming, J. M. 2012, ApJ, 746, 130 
Hwang , U., Szymkowiak, A. E., Petre, R., & Holt, S. S. 2001, ApJ, 560, 

L175 
Ishisaki , Y., et al. 2022, Proc. SPIE, 12181, 121811S 
Kaastra , J. S., & Bleeker, J. A. M. 2016, A&A, 587, A151 
Kaastra , J. S., Mewe, R., & Nieuwenhuijzen, H. 1996, in Proc. 11th Coll. 

UV and X-ray Spectroscopy of Astrophysical and Laboratory Plas- 
mas, ed. K. Yamashita & T. Watanabe ( Tokyo: Universal Academy 
Press) , 411 

Kenney , J. D., & Dent, W. A. 1985, ApJ, 298, 644 
Krause , O., Birkmann, S. M., Usuda, T., Hattori, T., Goto, M., 

Rieke, G. H., & Misselt, K. A. 2008, Science, 320, 1195 
Lawrence , S. S., MacAlpine, G. M., Uomoto, A., Woodgate, B. E., Brown, 

L. W., Oliversen, R. J., Lowenthal, J. D., & Liu, C. 1995, AJ, 109, 
2635 

Lazendic , J. S., Dewey, D., Schulz, N. S., & Canizares, C. R. 2006, ApJ, 
651, 250 

Markert , T. H., Canizares, C. R., Clark, G. W., & Winkler, P. F. 1983, 
ApJ, 268, 134 

Micelotta , E. R., Dwek, E., & Slavin, J. D. 2016, A&A, 590, A65 
Milisavljevic , D., & Fesen, R. A. 2013, ApJ, 772, 134 
Milisavljevic , D., et al. 2024, ApJ, 965, L27 
Mösta , P., Ott, C. D., Radice, D., Roberts, L. F., Schnetter, E., & 

Haas, R. 2015, Nature, 528, 376 
Orlando , S., et al. 2022, A&A, 666, A2 
Patnaude , D. J., & Fesen, R. A. 2014, ApJ, 789, 138 
Phillips , K. J. H., Dubau, J., Sylwester, J., Sylwester, B., Culhane, J. L., 

Doschek, G. A., & Lang, J. 2006, Advances Space Res., 38, 1543 
Plucinsky , P., et al. 2025, PASJ, 77, S171 
Reed , J. E., Hester, J. J., Fabian, A. C., & Winkler, P. F. 1995, ApJ, 440, 

706 
Rest , A., et al. 2011, ApJ, 732, 3 
Sato , T., Katsuda, S., Morii, M., Bamba, A., Hughes, J. P., Maeda, Y., 

Ishida, M., & Fraschetti, F. 2018, ApJ, 853, 46 
Suzuki , S., et al. 2025, PASJ, 77, S131 
Tashiro , M., et al. 2024, in Proc. SPIE, 13093, Space Telescopes 

and Instrumentation 2024: Ultraviolet to Gamma Ray, ed. 
J.-W. A. den Herder ( Bellingham, WA: SPIE) , 130931G 

Thorstensen , J. R., Fesen, R. A., & van den Bergh, S. 2001, AJ, 122, 
297 

Truelove , J. K., & McKee, C. F. 1999, ApJS, 120, 299 
Vink , J. 2004, New Astron. Rev., 48, 61 
Vink , J., Agarwal, M., Slane, P., De Looze, I., Milisavljevic, D., 

Patnaude, D., & Temim, T. 2024, ApJ, 964, L11 
Vink , J., Broersen, S., Bykov, A., & Gabici, S. 2015, A&A, 579, A13 
Vink , J., Kaastra, J. S., & Bleeker, J. A. M. 1996, A&A, 307, L41 
Vink , J., Patnaude, D. J., & Castro, D. 2022, ApJ, 929, 57 
Willingale , R., Bleeker, J. A. M., van der Heyden, K. J., & Kaastra, J. S. 

2003, A&A, 398, 1021 
Willingale , R., Bleeker, J. A. M., van der Heyden, K. J., Kaastra, J. S., & 

Vink, J. 2002, A&A, 381, 1039 
XRISM Collaboration 2024, PASJ, 76, 1186 

Received: 2025 February 26; Accepted: 2025 May 7 
© The Author( s) 2025. Published by Oxford University Press on behalf of the Astronomical Society of Japan. This is an Open Access article distributed 
under the terms of the Creative Commons Attribution License ( https://creativecommons.org/licenses/by/4.0/) , which permits unrestricted reuse, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/77/Supplem

ent_1/S154/8157906 by U
niversiteit van Am

sterdam
 user on 09 M

arch 2026

https://doi.org/10.5281/zenodo.14734013
https://creativecommons.org/licenses/by/4.0/

	
umberline {1}Introduction
	
umberline {2}Data and reduction
	
umberline {2.1}Automated fits with single Gaussian line components
	
umberline {2.2}Decomposing line shapes into two Gaussian components

	
umberline {3}Discussion
	
umberline {3.1}Radial velocities
	
umberline {3.2}Line broadening

	
umberline {4}Conclusions
	Funding
	Data availability
	Acknowledgments
	Appendix. Supplemental figure
	References

