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Supernova remnant science

• Study explosions & nucleosythesis products” 

• X-rays: all elements Z~8 - 28 

• Type Ia vs core-collapse explosions? 

• Explosion (a)symmetries (3D) 

• Connection with neutron stars/pulsars 

• Study last stellar phases CCSNe: CSM interactions 

• Collissionless shock physics: 

• cosmic-ray acceleration & magnetic fields 
(X-rays: synchrotron radiation) 

• non-equilibration electrons/ions 

• Non-equilibrium ionization
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Figure 3.1: Schematic view of the forward shock/reverse shock system [after 72].

3.3 The reverse shock
As already indicated the fast expanding ejecta will rapidly cool adiabatically. As a
result the pressure P of the ejecta gas drops fast. For an ideal gas we have:fr

PV g =constant (3.4)
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with V the volume, and P⇤ and T⇤ the initial pressure and temperature at a radius R⇤.
The fastest moving, outer-most, ejecta will create a shock wave in the CSM/ISM,

and as a result a hot shell is created, which has a velocity lower than the ejecta that
caused the formation of the shock wave. As a result the freely expanding ejecta inside
the shell will collide with the shell. If this collision occurs at supersonic speed then a
shock wave will form, which (re)heats the adiabatically cooled ejecta [72]. This shock
wave is called the reverse shock (subscript rsh) and to distinguish from the forward
moving blast wave, the latter is often referred to as the forward shock (fsh).

The reverse shock (re)heats the ejecta, and makes that in young supernova remnants
we detect many X-ray lines from hot metal enriched ejecta (chapter ??). A schematic
drawing of a young supernova remnant is shown in Fig. 3.1. It shows that the hot shell
consists of two parts, roughly in pressure equilibrium: the outer most shell region con-
sists of ISM/CSM heated by the forward shock, more toward the center is the reverse
shock heated ejecta, and inside the reverse shock radius is cold freely expanding ejecta.
The boundary between the shock-heated ejecta and CSM/ISM is called the contact dis-
continuity. As the hot ejecta and shock-heated CSM/ISM are likely to have different
densities, Rayleigh-Taylor instabilities are likely to wrinkle this boundary. In addition,
clumpiness of the ejecta and/or CSM/ISM are also likely to blur the distinction between
hot ejecta and CSM/ISM.



X-ray nucleosynthesis studies

• Young core-collapse SNRs: prominent O, Ne, Mg 
• beware: ~0.1Msun of may provide strong Fe-K features 

• alpha-rich freeze out products 

• large diversity 

• Young Type Ia SNRs: prominent Fe/Ni, strong Fe-L complex, also IME 

• expect high Mn/Cr ratio for Chandrasekhar explosions 

• Additional diversity: how much did reverse shock move into ejecta?
3
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190 CHAPTER 9. YOUNG SUPERNOVA REMNANTS

Figure 9.1: CCD (XMM-Newton-MOS) and Reflective Grating Spectrometer (XMM-
Newton-RGS) spectra of an oxygen-rich (1E0102.2-7219) and a Type Ia supernova
remnant (SNR 0519-69.0). It shows the spectroscopic differences between Type Ia and
core-collapse supernova remnant spectra, with the Type Ia supernova remnant being
dominated by Fe-L emission. The also figure illustrates the better spectral resolution
of the RGS instrument over CCD-detectors, even for mildly extended objects; both
supernova remnants have an extent of about 3000. (Figure reproduced from [1174].)

the Fe-L complex is accompanied by Fe-K emission, which, depending on the charge
state, occurs between 6.4 keV (<Fe XVII) and 6.7 keV (He-like iron, or Fe XXV) —
see Sect. 13.5.8.

Since the emission is caused by iron, especially the iron-rich Type Ia supernova
remnants feature the Fe-L bump prominently. But there are exceptions. For example
the spectrum of SN 1006 does not display a prominent Fe-L complex, and it has only
weak Fe-K emission. Even Tycho’s SNR (SN 1572) does not have a very prominent Fe-
L bump, and the line emission is dominated by lines from intermediate mass elements,
and Fe-K. For SN 1006 (and to some extent for Tycho’s SNR) the absence of the Fe-
L bump has two reasons: the reverse shock has not penetrated deeply enough into
the iron-rich ejecta, and the ionisation age is low. Optical absorption spectroscopy of
SN 1006, using a UV emitting star in the background, reveals that the reverse shock is
still (partially?) in a silicon-rich layer [486, 485]. So it seems likely that most iron-rich
ejecta are still in free expansion, and have not been heated by the reverse shock. In
fact, there may be a difference between the backside and the frontside of the remnant.
Moreover, SN 1006 expands in a low density environment, ⇠ 450 pc above the Galactic
plane; as a result the overall density of the plasma is low, and the plasma is very far out
of ionisation equilibrium (Sect. 13.5.7), with an ionisation age of (1 to 5)⇥109 cm�3s.
As a result most of the shocked iron has charged states less than Fe XVII, and does not

B
oo

k
dr

af
t.

V
M

ar
ch

13
,2

02
5—

-n
ot

fo
rd

is
tri

bu
tio

n!

192 CHAPTER 9. YOUNG SUPERNOVA REMNANTS
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Figure 9.3: The iron K-shell line luminosity of young supernova remnants versus
the Fe-K centroid energy, which shows a clear separation between Type ia and core-
collapse supernova remnants. The coloured area’s correspond to the expected values
for different type of Type Ia explosion models, see the original publication for more
details. (Credit: This is an updated figure from [1257], kindly provided by Hiroya
Yamaguchi.)

— the so-called onion-shell structure; see for example [570, 721, 672]. However,
a statistical analysis appears to contradict this [742].

• The Fe-K line emission tends to have a lower centroid energy for Type Ia super-
nova remnants, than for core-collapse supernova remnants [1257]; see Fig. 9.3.

• Dust emission from young core-collapse supernova remnants is in some cases
(Cas A, G292.0+1.8, N132D) associated with the supernova ejecta, whereas for
Type Ia supernova remnants all dust is associated with shocked ambient medium;
see Chapter 7.

Some of these features (like compositional differences) can be easily understood based
on our understanding of thermonuclear versus core-collapse supernovae, whereas oth-
ers may provide us with important information regarding the explosion mechanisms or
the effects the progenitor (system) may have had on the remnant’s ambient medium.
Finally, although the above trends are noteworthy, not all of the above points are set in
stone: as we will discuss below, not all Type Ia supernova remnants may be circular or
mirror symmetric.

9.2 Type Ia supernova remnants
The evolution of Type Ia remnants is well illustrated by the nine Type Ia remnants
identified in the Large Magellanic Cloud that are shown in X-rays in Fig. 9.4 (see also
Sect. 3.4). The reason why these are believed to be Type Ia remnants is immediately

Yamaguchi+ 14



Non-equilibrium ionization

• Not(?)-encountered in other optically thin hot plasmas: 

• Ionization state determined by kTe & net (time and electron density) 

• Most SNRs: plasma is underionized (hotter than indicated by ionization) 

• not enough time to reach equilibrium 

• Some mature SNRs: underionized 

• Electrons must have cooled, ionization lagged behind 

• Unclear what caused cooling: adiabatic expansion, heat condution?
4
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13.5. LINE EMISSION, IONISATION AND RECOMBINATION PROCESSES 375

Figure 13.18: The effects of non-equilibration ionization (NEI) illustrated for oxygen.
Both panels look very similar, but the panel on the left shows the oxygen ionisation
fraction as a function of electron temperature for collisional ionization equilibrium
(CIE), whereas the panel on the right shows the ionisation fraction as function of ion-
isation age (net), and for a fixed temperature of kTe= 1 keV, assuming an initial ioni-
sation distribution valid for f kTe= 2 eV. The ionisation fractions were calculated using
the spectral code SPEX 3.05 [601]. In practise supernova remnants have found to have
net values ranging from ⇠ 109 � 1013 cm�3s. Note the broad range in kTe and/or net
over which He-like oxygen is present, which is caused by the resilience of the fully
occupied K-shell.

governing the evolution of the ionisation stages for a given electron temperature are
then

dni,z

dt
= ne {ai,z+1(Te)ni,z+1 +Si,z�1(Te)ni,z�1 � [ai,z(Te)+Si,z(Te)ni,z]} , (13.155)

with az and Sz the recombination and ionisation rate coefficients, respectively — in-
cluding all the different modes discussed above. The first two terms on the right-hand
side show the gains to the ion density ni,z by recombination from a more ionised ion,
and ionisation from a less ionised ion. The term in square brackets shows the decrease
in ion density due to recombination and ionisation to respectively lower and higher
ionisation states. Since there are Z+1 ion states for a given atom, (13.155) is a system
of Z +1 differential equations. As all rates are proportional to the electron density, the
evolution is governed by the combination net rather than t. For this reason net is taken
as a single parameter, which is usually referred to as the ionisation age or ionisation
time scale. Note that ne is not necessarily constant as function of time, as the electron
density may change as the ionisation levels evolves, and because there can be external
reasons for density evolution, such as expansions or compressions of the plasma.

By definition, in the case of collisional ionisation equilibrium (CIE), there is no
net evolution in the density of an ion, dni,z/dt = 0.The differential equation can then
be unique solved for a given electron temperature Te. However, as the rate coefficients
(13.151) and (13.147) indicate, for temperatures around 107 K the rate coefficients have
typical values around 10�13�10�10 cm3s�1. This implies that H-like and He-like ions
recombine/ionise on time scales of t ⇡ 1/(ane) or t ⇡ 1/(Sne) ⇡ 1010 � 1013 s. This
corresponds to several hundred to hundred thousands year for the typical low densities
in supernova remnants of ne ⇠ 1 cm�3. So we do not expect the plasmas of supernova
remnants to be in CIE.

Equation (13.155) can be directly integrated as a function of ionisation age. Most



Collisionless shocks & electron/ion non-equilibrium

• Shock heating: preserving mass/momentum/energy flux accross shock 

• Strong shock: ,   

• Collisionless heating: not by particle-particle collisions, but collective effects  

• Fast collisionless shocks:  (typically ) 

• Subsequently slow Coulomb equilibration kTe  &  kTion 

• Cosmic-ray acceleration may drain more energy: 

ρ2 = 4ρ1 kT =
3
16

μmpV2
s ≈ 30 ( Vs

5000 km/s )
2

keV

kTe = βkTion, β < 1 β ≲ 10 %

kTion = (1 − wcr)
3
16

mionV2
s
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66 CHAPTER 4. SHOCKS AND POST-SHOCK PLASMA PROCESSES

Figure 4.5: The temperature equilibration of different charged particles, as function
of time: electrons (dotted line), protons (dashed) and various ions. The calculation
assumes that each species i has an immediate post-shock temperature given by kTi =
3
16 miV 2

s with Vs = 3000 km s�1. Subsequent equilibration occurs through Coulomb
collisions on a time scale given by net ⇡ 1012 cm�3s. It takes into account the time-
dependent ionisation of the ions. Adiabatic or other losses are not taken into account.

mass ratios can be found in [194] to be

dkTi

dt
= 1.8⇥10�19 ⇥Â

i

(mim j)1/2Z2
i Z2

j ni lnLi j

(mikTi +m jkTj)3/2 (kTj � kTi) eVs�1, (4.43)

with temperatures in units of eV and Zi,Z j the charges of the particles in units of the
elementary charge e. One can recognise in this equation the dependence on charge
given in (4.38) whereas the collision rate dependence of vs µ v3 explains the tempera-
ture dependence of vs µ T�3/2, since T µ v2. The factor lnLi j is called the Coulomb
logarithm, which is roughly similar for electron-proton interactions and for electron-
electron interactions:

lnL = 30.9� ln
h
n1/2

e

⇣ kTe

1 keV

⌘�1i
. (4.44)

For electron-proton equilibration (4.43) implies an equilibration time scale of

tep =
Ti

(dkTi/dt)
⇡ 3.15⇥1011n�1

p

⇣ kT
1keV

⌘3/2⇣ lnL
30.9

⌘�1
s, (4.45)

with T the mean temperature. The equilibration time scale is long as particles with a
very large mass ratio do not exchange much energy in collision. The self equilibration
time of electrons or protons among themselves is smaller than between two particle
species. But since electrons move faster than protons for a given temperature (v =p

2E/m), electrons have a higher collision rate and therefore thermalise faster. The
associated self-equilibration time scales are relevant if there is a mixture of two electron



Further complications: pure metal plasmas

• Young massive core collapse/Type Ia: no hydrogen in plasma 

• Reverse shock velocity poorly known 

•  

• As ionization progresses:  

• more electrons -> divide same energy over more particles 
+ ionization losses 

• Coulomb exchanges enhance due to Z2 dependence 

• need to keep track of ionizations

Vrs =
Rrs

t
−

dRrs

dt

6
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XRISM observations of SNRs and what we learned

7

1.4. SNR samples in the PV phase

cc SNRs

unknown SNRs

Kepler Tycho 3C397

W49B

Ia SNRs

N132D Cas A SN1987A

Sgr A East

Borrowed from 

Bamba, Kyoto ‘25

Giuffrida

Agarwal

• Launch: Sept 7, 2023 

• Concentrate on Resolve:  

•  

• Bummer! Gate-valve closed: 

• No X-rays below 2 keV 

• PV phase changed: hard spectra

ΔE ≈ 4.5eV



XRISM First light: LMC N132D

• ~2500 oxygen-rich core collapse SNR  

• “Older cousin Cas A” 

• very energetic ~5x1051 erg (bright gamma-ray source) 

• Optical ejecta 

• X-ray appears CSM rather than ejecta dominated, except Fe-K
8

XRISM coll. ‘24



N132D: Evidence for thermal ion broadening

• Rich Fe-K physics: 

• H-like Doppler shift 900 km/s different from 
He-like 

• Fe-K He𝛂 broadened,  

• Most likely explanation: 

• Strong reverse shock 

• Likely dominated by thermal ion broadening 

• Only possible for pure metal plasma 

• Requires Vrs(ejecta frame)~3700 km/s

σv = 1670 ± 170 km/s

9



Two beautiful spectra of puzzling SNRs: W49B & SGR Aeast

10

L4 Publications of the Astronomical Society of Japan (2025), Vol. 77, No. 1

Fig. 1. ( a) 6.5–6 . 8 keV Xtend image of the Galactic center region with the Resolve fields of view ( FoVs; yellow boxes) , source ( green) , and background ( white) 
regions. Background subtraction and vignetting ( off-axis exposure) correction is not applied. The VLA 4 . 8 GHz contours obtained from the NRAO archive 
⟨ https:// www.vla.nrao.edu/ astro/ archive/ pipeline/ position/ J174535.6-285839/ ⟩ are overlaid in magenta. ( b) 6.5–6 . 8 keV Resolve image of the Sgr A East 
region with the source ( green) and background ( black) regions. 

Fig. 2. X-ray spectrum of the Sgr A East region with XRISM Resolve with the best-fitting spectral models. The blue solid line represents the Sgr A East 
model. The blue dashed lines indicate the Lorentzian models which replace the Fe–He α and Ly α lines in the bvvrnei model ( see text for methodology) . 
The solid and dashed gray lines represent the spectral models of AX J1745.6 −2901 without and with absorption by ionized Fe atoms, respectively. A 
reference spectrum with XRISM Xtend is overplotted in red. The inset shows the CIE plasma model with different electron temperatures ( kTe ) and a 
comparison with the data. 
Ly α lines [see Suzuki et al. ( 2020 ) for the methodology].1 The 
Lorentzian widths ( FWHM) are fixed to the individual natu- 
ral widths. The Gaussian-like broadening ( which is the same 
for all six lines in velocity dispersion) is tied to that of the 
bvvrnei model. All the parameters of the low-temperature 
component are fixed to the values in Ono et al. ( 2019 ) ex- 
cept for the emission measure, the ratio of which relative to 
the high-temperature component is fixed to the value in Ono 
et al. ( 2019 ) . The contribution of the low-temperature com- 
ponent at Fe He α and Ly α is below 5% ( Ono et al. 2019 ) and 
thus its uncertainty does not affect the discussion below. The 
power-law index is fixed to 1.0 ( Ono et al. 2019 ) . The electron 
temperature kTe , recombination timescale τ , emission mea- 
sure, velocity dispersion, and redshift of the high-temperature 
component, and the power-law flux, are treated as free pa- 
rameters. The initial ionization temperature kTinit is fixed to 
10 keV ( Ono et al. 2019 ) because the model itself is insensitive 
to it without the six major lines. The interstellar absorption 
column, which is unimportant in the energy range we use, is 

1 The origin of the power-law component is thought to be either an en- 
semble of point sources or non-thermal emission associated with filaments 
in the remnant ( Koyama et al. 2007 ) , or many faint X-ray reflection nebulae 
( Ono et al. 2019 ) . 

fixed to 1 . 5 × 1023 cm −2 [based on Ono et al. ( 2019 ) , roughly 
consistent with Zhou et al. ( 2021 ) ]. As the input emission pro- 
file to generate ARFs, we use an Fe He α image obtained with 
Chandra. 

The background of our observation is dominated by the 
Galactic center X-ray emission ( GCXE; see Koyama 2018 for 
review) and AX J1745.6 −2901. We determine the spectral 
model for AX J1745.6 −2901 using an Xtend spectrum 
( ObsID: 300044010) extracted from a circle with a 1′ radius 
centered at ( RA, Dec) = ( 266.◦3985, −29.

◦
0261) . The emission 

is approximated with a simple blackbody spectrum. We first 
ignore the absorption features at Fe He α and Ly α ( Trueba 
et al. 2022 ) , which are time-variable. The uncertainty due 
to this treatment is evaluated later in this section. When we 
apply this model to the Resolve spectra, we only allow the 
normalization to vary within ±50% to account for uncer- 
tainties in the ray-tracing software when generating ARF, 
with the other parameters fixed. Meanwhile, we empirically 
model the spectrum extracted from the FoV of the nearby- 
sky observation ( ObsID: 300045010) to obtain the GCXE 
spectral shape.2 Only the surface brightness is left as a free 

2 Details of the GCXE spectrum itself will be reported in a separate paper. 
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Two beautiful spectra of puzzling SNRs: W49B & SGR Aeast

11

W49B

SGR A east

• Both are mixed-morphology SNRs 

• not much line broadening 

• They have over-ionized plasmas 

• W49B:   

• SGR Ae:  

• Origin of over-ionization not known 

• Explosion origin uncertain: 

• W49B: core collapse, GRB explosion, or Type Ia? (abundances favor 
Type Ia) 

• SGR A-east: Type IaX SNR? (Zhou+ 21)

net = (1 − 6)1011 cm−3s, kTe ≈ 4 → 1.5 keV
net = 7.7 × 1011 cm−3s, kTe ≈ 10(fixed) → 1.7 keV



Bipolarity in W49B

• W49B has a bar along which velocities change 

• Suggests bipolar outflow 

• A jet? -> but if explosion created jet it, shouldn’t still be center? 

• Funnel created by reverse shock interaction? 
12



XRISM/Resolve observations Cassiopeia A

• Youngest known Galactic core-collapse SNR 

• ~350 yr old, d=3.4 kpc, D=5.5 pc 

• stripped SN (~2-4 Msun of ejecta) 

• evolves in dense wind 

• oxygen-rich -> pure metal plasmas 

• X-ray synchrotron emission forward & rev. shock 

• XRISM observations: 

• 182 ks (SE) + 167 ks (NW) 

• Papers: Plucinsky+ ’25, Sato+ ’25, Vink+ ’25, Bamba+ ‘25

13

a…i: 2x2 “super pixels”



Challenge 1: intrinsic complexity

• Cas A’s X-ray spectrum has many different components: 

• pure metal plasma: Si-rich and Fe-rich knots 

• Fe overtaken Si-rich maretial 

• strong synchroton continuum 

• thermal emission from shocked CSM 

• is there, but difficult to disentangle 

• dense CSM: “green monster”  

• Many lines, and lines intrinsically broadened: 

• overlapping lines (e.g. satellite lines) 

• superposition of ionization stages 

• high-resolution is only of partial use  

• (but lineshapes are interesting as well!)

14

JWST

(Millisavljevic ’24)



Challenge 2: Spectral-spatial mixing

• Spectral-spatial mixing a large concern 

• Model: montecarlo Chandra events with Resolve PSF 

• In Cas A regions with very specific compositions: SSM energy dependent 

• Super-pixel fraction from sky-region  <50%! (<30% for physical pixels) 15

Plucinsky, Agarwal, et al. 2025

Publications of the Astronomical Society of Japan (2025), Vol. 77, No. SP1 S175

Fig. 3. XRISM pointing st abilit y during the SE observation of Cas A. The left panel shows the pointing offset after applying the GTI correction. The blue 
( DLT_RA) and orange ( DLT_DEC) lines show the offset in RA and Dec, respectively, and ANG_DIST shows the net angular distance from the nominal 
pointing ( RA_NOM, DEC_NOM) . The green and red dotted lines show the GTI start and stop time, respectively. The two panels on the right show the 
distribution of offset in RA and Dec, and the corresponding CDFs, which are used in a Monte Carlo approach to convolve the photon sky locations to 
account for attitude effects. 

Fig. 4. Sky location of all the photons in the energy range 1.8–7 keV that are detected at the Resolve pixel #0 ( marked with a red border) . The dashed 
green boxes outline the Resolve pixel array for the SE observation. The left panel shows the effects due to the relatively large PSF of XRISM and the 
right panel shows the blending due to the attitude effects alone. The images are smoothed with a Gaussian kernel to represent the small variation over 
different Monte Carlo simulation runs. The white contours are from a Chandra broad-band image. The photon counts are shown with a square root scale. 

Fig. 5. Percentage of photons detected at a Resolve pixel that actually originate from the corresponding sky region. These purity maps are shown for the 
SE observation for each Resolve pixel and 2 × 2 pixel regions. The left two panels show the purit y percent age of photons in the energy range 1.8–3 keV 
and the right two panels are for the energy range 4–7 keV. 
3.2 Spectral analysis 
3.2.1 Integrated spectra from each observation 
Spectra were extracted from all pixels, except for the calibra- 
tion pixel #12 , to create an integrated spectrum for each obser- 
vation ( SE and NW) using the HEASoft tool XSELECT . These 
two spectra are plotted in the left panel of figure 7 , with the 

SE spectrum in blue and the NW spectrum in red. These spec- 
tra are dominated by the bright line complexes of Si, S, Ar, 
Ca, Fe, and Ni, with many weaker lines evident in the spec- 
tra. It is important to note that these spectra are derived from 
a mixture of multiple regions within the remnant, each with 
its own plasma conditions ( temperature, ionization time-scale, 
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S176 Publications of the Astronomical Society of Japan (2025), Vol. 77, No. SP1

Fig. 6. Estimated photon ( in the energy range 1.8–7 keV) cross-cont amination percent age for Resolve 2 × 2 pixel regions. This shows the extent of internal 
SSM for the SE and NW observations by accounting for both PSF and attitude effects. The regions labeled a to i are marked in figure 7 . The color bar is 
in units of percentage. 

Fig. 7. Resolve spectra from the entire array from the SE pointing ( blue) and 
the NW pointing ( red) . The prominent line complexes of Si, S, Ar, Ca, and Fe 
are labeled. The redshift/blueshift between the observations is apparent. 
abundances, etc.) and velocity structure as described in sub- 
subsection 3.1.2 . This mixing of emission from different re- 
gions broadens the lines significantly beyond the resolution of 
the Resolve calorimeter, complicating efforts to measure the 
intrinsic thermal broadening. Even with this large degree of 
mixing and the associated broadening, it is clear that there 
is a systematic energy shift between these two spectra. The 
SE spectra are blueshifted with respect to the NW spectrum. 
This is the same blueshift/redshift pattern from SE to NW in 
the remnant that has been observed in earlier observations of 
Cas A ( Markert et al. 1983 ; Holt et al. 1994 ; Willingale et al. 
2002 ; Lazendic et al. 2006 ) . 

Spectra extracted from single pixels or small groups of adja- 
cent pixels have significantly less broadening than the spectra 
extracted from the entire array. A map of the Resolve pix- 
els over-plotted on the Chandra image of Cas A is shown in 
figure 2 . The individual pixels are numbered in this image and 
groups of 2 × 2 super pixels are labeled a–i. To more clearly 
demonstrate the spectral resolving power of the calorimeter, 
we extracted a spectrum from a single pixel, pixel #35 in the 

Fig. 8. Resolve spectra from pixel #35 in the SE pointing. The line com- 
plexes of Si XIII , Si XIV , S XV , S XVI , and Ar XVII are labeled. 
SE pointing that has the highest purity, as shown in figure 5 . 
Figure 8 displays this spectrum showing that the Si xiii and 
S xv He α, He β, He γ , the Si xiv Ly α and Ly β, the S xvi Ly α, 
and the Ar xvii He α lines/line complexes are cleanly resolved. 
There is also an S xvi Ly β line that is blended with the for- 
bidden line of the Ar xvii He α triplet because the energies 
of these lines only differ by ∼2 eV. This spectrum demon- 
strates the power of the Resolve calorimeter to perform high- 
resolution spectroscopy in this energy range even with the 
XRISM Gate Valve closed. The broadening of the lines in the 
spectrum from a single pixel is significantly less than that in 
the spectra from the entire array. This can be seen in figure 8 
as the forbidden and resonance lines of the S xv He α triplet 
are resolved from each other. The three companion papers in 
this issue ( Bamba et al. 2025 ; Suzuki et al. 2025 ; Vink et al. 
2025 ) measure the energy shifts and the broadening of these 
lines/line complexes to characterize the plasma conditions and 
the 3D structure of Cas A, taking advantage of the high spec- 
tral resolution and precise gain calibration of the Resolve 
calorimeter. 

D
ow

nloaded from
 https://academ

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

ent_1/S171/8251346 by guest on 16 O
ctober 2025

“Spatial response matrix”



Challenge 3: spectral analysis: what model(s) to use?
• Multiple NEI to cover temperature range? 

• vpshock model: intrinsic net gradients, but is it the correct one? 

• What to do with multiple ejecta components? full metal plasma or not? 

• What are the effects of clumping? 

• Full mapping: 

• What to do with spectral/spatial mixing?  

• for now larger “super” pixels 

• future: combine with Chandra? 

• Response matrices are very large: calculations are slow! 

• Adding complexity = adding degeneracies + adding CPU time 

• Uncertainties about ARFs to use 

• Approach by Agarwal+ ’25: 

• Using Bayesian approach with SPEX 

• Two full metal plasmas (vpshock: intermediate mass elements + Fe/Ni )+ X-ray synchrotron 

• Assume O,Ne,Mg part of IME group -> but O dominates thermal continuum 

• ignore for now thermal CSM plasma
16



Chlorine & Potassium in Cas A

• Odd-Z element nucleosynthesis poorly understood (underpredicted) 

• Study of P, Cl, K in Cas A: 

• P: not significantly detected 

• Cl, K: detected > 5 sigma 

• Variation accross the SNR 

• Abundances higher than models

17

Sato+ ‘25



Cas A drives updates to XSPEC & SPEX

• Thanks to team members and spectroscopy wizzards Adam Foster & Liyi Gu!

18

*

Fe + Ni

*

n>16 transitions S XV: 
necessary & updated

discrepancy Ni-K 
SPEX vs XSPEC



Methods for mapping radial velocities and line shapes

1.Fit with gaussians, requires well defined lines: Si & S K lines 1.9-2.9 keV  (Vink+ ’25) 

• Fast, less sensitive to atomic code omissions 

• Coupled subselections: He- vs H-like lines 
2.Use full spectral non-equilibrium ionization code on partial spectrum (Bamba+ ’25) 

• Slow, potential degeneracies in kTe/net, but necessary for many lines Fe-K complex 
3.Fit total spectrum with multicomponent non-equilibrium ionization code (Agarwal+ ’26) 

• CPU intensive, requires modeling choices
19
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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 

D
ow

nloaded from
 https://academ

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

ent_1/S154/8157906 by guest on 16 O
ctober 2025

S150 Publications of the Astronomical Society of Japan (2025), Vol. 77, No. SP1

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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Fig. 2. XRISM/Resolve spectra in the 1.8–11.9 keV energy range from the central super-pixel e (2⇥ 2 pixel) for the SE (left) and NW (right) pointing,
with their corresponding fitted spectral model using UltraSPEX. The total model is shown in a solid red line and the model components are shown in
dashed lines with the corresponding 1 sigma uncertainties marked in shaded bands. The orange, blue, yellow and green dashed line corresponds to the
pure-metal IMEs pshock component, pure-metal Fe-group pshock component, the power-law component and the NXB component, respectively. The data
are represented by the black data points and have been rebinned to minimum signal to noise ratio of 5 for display purposes only. The lower panels display
the residuals between the data and the fitted model.

model. The latter also helps reduce the dimensionality of the fitting391

parameter space. We use the same command to also ignore all the392

ions whose emission lines are not detected in the XRISM/Resolve393

passband with the gate valve closed. The “ions ignore" com-394

mand improves the model computation time as opposed to only395

setting the element abundances to zero.396

To further speed up the calculations, we apply a multiplicative397

Gaussian component to the pshock model to account for total line398

broadening (i.e., both thermal and kinematic Doppler broadening),399

instead of using the intrinsic SPEX thermal Doppler broadening,400

which accounted for nearly 50% of the model computation costs.401

Although using the intrinsic SPEX thermal broadening is more ac-402

curate as the broadening depends on the element mass, this ef-403

fect is negligible (<1% effect on broadening values), since a sepa-404

rate broadening is applied to the IMEs and IGEs components in405

our model—which are both confined to relatively small energy406

bands—and since the broadening in Cas A is dominated by the407

velocity broadening (order of 1000 km s�1). These optimizations408

brought down the average model computation time by a factor of409

15 (from ⇠ 20 sec to ⇠ 1.4 sec using the Apple M2 Max proces-410

sor).411

Using this SPEX setup, we performed spectral fits with the412

Reactive Nested Sampler using a step sampler in UltraNest with413

400 live points and a log-evidence accuracy of 0.5. Each spec-414

tral fit evaluated ⇠ 900,000 models and took on average ⇠ 8 days415

and used ⇠ 25 GB of memory when parallelized over 16 cores on416

a computing cluster with AMD EPYC 7401 processor. The pri-417

ors (parameter ranges) used and the median values of the posterior418

distribution for all the 17 free parameters are listed in Table ??.419

5 Results and Discussion420

The fitted model consisting of two pure-metal NEI (pshock) com-421

ponents, plus a powerlaw continuum, reproduces the overall spec-422

trum of all super-pixels remarkably well. Figure 2 shows two ex-423

ample model fits along with the constituent components for the424

central super-pixels of the SE and NW pointing. In the fitted spec-425

trum of SE pixel e, we see some residuals for line profiles of Si426

Ly↵ (⇠2.0 keV), S He↵ (⇠2.4 keV), S Ly↵ (⇠2.6 keV), and Ca427

He↵ (⇠3.9 keV) which is indicative of a need for a more complex 428

Doppler-velocity model for the IMEs than a single pshock com- 429

ponent as shown in Vink et al. (2025) and Suzuki et al. (2025) for 430

Resolve spectra. Such a model is beyond the scope of this work 431

due to computational constraints of the Bayesian framework, and 432

we hope to incorporate this in a follow-up study. 433

We also see smaller residuals near energies 2.2 keV, 2.8 keV, 434

and 3.5 keV, which can be explained by the presence of rare ele- 435

ments (P, Cl, K) that were not included in our current model but 436

are detected in the XRISM data (Plucinsky et al. 2025, , XRISM 437

Collaboration, in prep.). The fitted spectrum of the NW pixel e 438

does not show any sharp peaks in the residuals. The spectrum for 439

all other super-pixels with the fitted models and residuals are given 440

in Figures 11 and 12 in the Appendix. A map of the C-statistic 441

over degrees of freedom (cstat/dof) is also given in the Appendix 442

(Figure 17) which shows the overall good quality of spectral fits. 443

The fitted model parameters for each super-pixel are represented 444

as a montage of maps in Figures 3, 4, 7, 5 and 9. These model 445

parameter values are the median values of the parameter posterior 446

distribution obtained from the fits using UltraSPEX. 447

5.1 Elemental abundance ratios 448

Our spectral model has the abundances of Si and Fe fixed to 449

100,000 times their solar values (as per Lodders et al. 2009) to 450

model pure-metal plasmas. Thus, the model fits only constrain 451

the element abundance ratios – with respect to Si for the IMEs 452

component and with respect to Fe for the Fe-group component – 453

instead of the absolute element abundances. We report the fitted 454

abundance ratio with respect to their solar abundance ratio; for ex- 455

ample, the S to Si ratio is (S/Si)/(S/Si)�. The abundance ratio 456

maps for IMEs (S/Si, Ar/Si, and Ca/Si) and Ni/Fe are shown in 457

Figure 3 and Figure 4, respectively. The map of O⇤/Si is given in 458

the Appendix (Figure 18) which shows that the abundance ratio is 459

well constrained with most regions within ±0.5 times solar ratio, 460

despite the absence of O spectral lines in the fitted energy range. 461

As described in Sect. 3, O⇤ models the combined thermal contin- 462

uum emission from all elements lighter than Si (particularly O, Ne, 463

Mg, He, H), which are not included in our spectral model fit, so the 464

abundance ratio O⇤/Si is not representative of the true abundance 465

1 2 3
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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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Radial velocities

• Two-sided: SE  blueshifted (frontside) and NW redshifted (backside) 

• Known since 1980s, but mostly from line centroids 

• Fe has broader distribution (faster) than Si/S: overtaken Si/S in three dimensions! 

• Fe:  : Si/S: |Vrad | ≲ 4000 km/s |Vrad | ≲ 2600 km/s
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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 ⟩ . 

D
ow

nloaded from
 https://academ

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

ent_1/S154/8157906 by guest on 16 O
ctober 2025

Si/S Fe-K



Line broadening

• Unique to XRISM Resolve 

• Causes: 1. variations in bulk motions along LoS; 2. ion thermal broadening 

• General: , but some narrow Fe-K lines in some pixels 

• For Si/S: thermal broadening  

• Reverse shock: 

σv ≈ 1000 − 2500 km/s
σv ≲ 1000 km/s

Vrs =
4

3
σv,th ≲ 2300 km/s

21
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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. 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 ⟩ . 

D
ow

nloaded from
 https://academ

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

ent_1/S154/8157906 by guest on 16 O
ctober 2025

S166 Publications of the Astronomical Society of Japan (2025), Vol. 77, No. SP1

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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SE/NW dichotomy due to uneven mix frontside backside?

• Fit 2 gaussians: 

• Only for “clean” lines (H-like, Heβ) 

• Full sampling, Bayesian approach 
→UltraSPEX 

• 2 gaussians only if it improves the fit 

• Surprise: 

• Both components on same side! 

• Exception: pixel a NW (He)

22

Relatively blue-shifted component Relatively red-shifted component
He-like Si/S He-like Si/S

H-like Si/S H-like Si/S



Great variety of line shapes

23

Si Heβ



Results of full modeling with UltraSPEX 
                                                         Agarwal+ ’26: see talk!

• Confirmation of velocity/broadening structures 

• Nonthermal component: >50% of continuum is synchrotron! 
• Anti-correlation of kTe vs net: 

• disagrees with kT equilibration process (electrons heat as function of net)! 

• kTe to low for reverse shock velocity 

• best explanation: emission dominated by clumps-→ boost net, lowers Vs ∝ ρ
24
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Fig. 7. Top row: left to right are the maps of fitted model parameters – ionisation timescale (net), electron temperature (kTe), and emission measure
(normalisation), respectively, for the IMEs component modeled as pure-metal plasma. The average one sigma error is indicated on the bottom right of
each subplot. Bottom row: Same as the top row plots but for Fe-group component.

Fig. 8. The distribution of the fitted net and kTe for the IMEs (orange
markers) and IGEs (blue markers). The superpixels in the SE and NW are
marked with solid and open circles, respectively. The low opacity points
are the regions where the kTe parameter of IGEs component is biased
towards higher values due to high synchrotron emission (as detailed in
Section 5.3.1). The thermal equilibration of shock ejecta is traced using
the numerical models by Ohshiro et al. (2024) for pure Fe ejecta (blue
dashed line) and pure Si ejecta (orange dashed line). The evolution tracks
are shown for the expected reverse shock velocity — 1800 km s�1(thick
line) — and half of that — 900 km s�1(thin line).

identified this anti-correlation for Kepler SNR, using a single NEI 695

component fitted to Chandra data. Both studies attributed the anti- 696

correlation to astrophysical differences, with various regions of 697

the "banana-shaped" distribution corresponding to plasma shocked 698

under different conditions. Godinaud et al. (2025) suggested dif- 699

ferent regions of the SNR occupied a different location in the net- 700

kTe plot (see their Figure 11). Similarly, Sun & Chen (2019) 701

proposed that their net-kTe distribution shows two branches, one 702

corresponding to newly shock-heated CSM and another for cooler 703

ejecta material. In contrast, Li et al. (2015) studied SN 1006 using 704

XMM-Newton and observed a similar trend, but argued that the 705

apparent anti-correlation arises primarily from parameter degener- 706

acy rather than intrinsic plasma properties. 707

For Cas A, parameter mapping performed by Hwang & Laming 708

(2012) using a single pshock model (without a power-law compo- 709

nent) did not reveal such an anti-correlation. Instead, they reported 710

a gradual narrowing of the distribution of net values with increas- 711

ing kTe (see their Figure 2). Hwang & Laming (2012) included an 712

Fe-component in some regions, however, the net parameter was 713

fixed to 8⇥1011 cm�3s, which was generally higher than the fit- 714

ted net for the IMEs component, this is contrary to our findings. 715

Lazendic et al. (2006) also produced the distribution of net vs kTe 716

using the Chandra HETGS data of Si lines in 17 small isolated 717

regions. They measured kTe of ⇠1 keV and net of a few 1011 718

cm�3s for most regions and reported no significant variation over 719

the remnant. Although they do not claim any correlation between 720

net vs kTe, referring to their Figure B10, we find a slight negative 721

slope. They do, however, suggest that the red-shifted regions were 722

shocked more recently and with lower ne. 723

The persistence of the anti-correlation in our study with well- 724

constrained parameters, by using high-resolution spectroscopy 725

with XRISM and Bayesian inference methods that diminish the 726

effects of degeneracies, indicates that the effect cannot be fully 727

explained by fitting uncertainties alone. Rather, it points to under- 728

lying physical differences across the remnant. The fact that the 729
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Fig. 9. Left: Map of fitted power-law index (�). Darker color indicates a softer/steeper spectrum. The average one sigma error is ±0.04. Center: The
energy flux map of the fitted power-law component in the 4 to 6 keV energy band. Right: Map of nonthermal-only (power-law) flux to the total flux ratio in
the 4–6 keV band. The flux fractions maps for each component in the entire fitted energy range of 1.8–11.9 keV are presented in the Appendix (Figure 20)

cases, the extrapolated models even exceed the observed contin-852

uum in the 4–6 keV range (Fig. 5 of Grefenstette et al. 2015). As853

discussed in the previous section, the high synchrotron emission854

provides a natural explanation for why the Fe-group plasma com-855

ponent fits are biased towards minimizing the thermal continuum856

levels, yielding higher electron temperatures and lower normaliza-857

tions in plasma models.858

Our results confirm that synchrotron radiation is a dominant859

contributor to continuum emission across Cas A, with power-law860

fractions exceeding at least ⇠50% in the 4–6 keV band. Therefore,861

any spectral modeling of Cas A should explicitly include a non-862

thermal power-law component, particularly when analysing re-863

gions comparable to or larger than the XRISM PSF.864

5.5 Radiative Recombination Continuum (RRC)865

RRC is produced when a free electron recombines with an ion,866

emitting a photon with energy equal to the sum of the kinetic en-867

ergy of the electron and the binding energy of the bound state into868

which it falls. This process yields an emission with a sharp edge at869

the energy corresponding to the binding energy of the ion’s recom-870

bined state, followed by an exponential drop at higher energies that871

is proportional to the electron temperature. In an X-ray spectrum872

within the 0.3 to 12 keV range, the RRC features from K-shell and873

L-shell recombinations of several IMEs and IGEs are expected.874

RRC emission has only been detected in mixed-morphology SNRs875

with recombining (overionized) plasma such as W49B (Ozawa876

et al. 2009; XRISM Collaboration 2025) and IC443 (Yamaguchi877

et al. 2009). Greco et al. (2020) suggested that RRC features878

should also be observed in pure-metal ejecta plasma. They pro-879

posed, based on simulated high-resolution X-ray spectra, a Fe-rich880

clump in the southeast of Cas A as a promising region for detecting881

RRC features of Fe L. Since we model the Cas A spectra as emis-882

sion from pure-metal ejecta, we carefully inspect all the spectra for883

RRC charateristics, especially the SE pixel e which has the least884

non-thermal continuum and is close to the region recommended885

by Greco et al. (2020).886

The Fe XXVI (recombining into Fe XXV) and Fe XXVII (re-887

combining into Fe XXVI) ions have an RRC edge at ⇠8.83 keV888

and ⇠9.28 keV from K-shell recombination, respectively, and at889

⇠2.13 keV and ⇠2.30 keV from L-shell recombination, respec-890

tively. From the best fits, we do not find excess residuals near891

the Fe K-shell edges, and the L-shell edges are contaminated by892

prominent Si lines. This absence can be explained by the low ion893

concentrations of Fe XXVI and Fe XXVII from the fitted plasma894

properties. For the lower ionization states of Fe, there is no K-895

shell edge, since the K-shell is already filled up and the L-shell896

edges are below 2 keV where the XRISM/Resolve effective area is 897

severely affected by the Gate Valve closed. 898

For the IMEs, all the L-shell edges are below the XRISM band- 899

pass. Additionally, from the spectra and the fitted plasma parame- 900

ters, we find a low concentration of H-like ions of Ar and Ca, and 901

fully ionized ions of all IMEs, thus their corresponding RRC fea- 902

tures will also be weak. This leaves only the K-shell edges of Si 903

XIV and S XVI at ⇠2.44 keV and ⇠3.22 keV, respectively. The 904

edge energy of Si XIV is close to the forbidden (z) line of S He↵. 905

Our model fits show an excess residual around this forbidden line 906

(see Fig. 2); however, to explain it with an RRC edge requires the 907

electron temperature of recombination electrons to be less than 5 908

eV. Furthermore, since we also see an excess for S Ly↵, a more 909

likely explanation is given by multiple plasma components as per- 910

formed by Plucinsky et al. (2025) and Suzuki et al. (2025). For 911

the S XVI edge, an excess near 3.2 keV was clearly identified dur- 912

ing the early analysis of XRISM data and was suspected to be a 913

potential sign of RRC or charge exchange. However, with the lat- 914

est atomic databases (SPEX 3.08.02), it is explained by emission 915

from high n transitions of the Rydberg series of Ar, and no further 916

residuals are observed Plucinsky et al. (2025). 917

We do not detect any RRC features in Cas A in the regions cov- 918

ered by XRISM so far. Beyond contamination by other lines as 919

mentioned above, this can be further due to high velocity broad- 920

ening and high non-thermal contribution, both of which will blend 921

the RRC edges with the continuum emission. However, the most 922

promising RRC signature according to Greco et al. (2020), was de- 923

tection of L-shell lines which could be revealed with the XRISM 924

gate valve open and with longer exposure time. 925

6 Conclusions 926

We map the spatial distributions of various physical properties of 927

the thermal and nonthermal X-ray emission across various regions 928

of Cas A observed with XRISM so far. Mapping the plasma pa- 929

rameters helps to study the impact of the asymmetric explosion on 930

the distribution and characteristics of the plasma. 931

The novel Bayesian based spectral fitting tool with the extensive 932

atomic database of SPEX will facilitate the analysis of the features 933

detected in high-resolution X-ray spectra. 934

This provides a robust automated spectral fitting method which 935

can be scaled to numerous spectra allowing for a detailed spatially 936

resolved exploration of the plasma properties, their corresponding 937

uncertainties and understand potential parameter correlations and 938

degeneracies. 939

• the net–kT anti-correlation which has been observed for differ- 940
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Fig. 5. Top row: The fitted redshift maps for the IMEs (top left) and IGEs (top center) pshock components are shown. The map of difference in velocites
(IGEs–IMEs) between the two is shown in the top right plot. Bottom row: The maps of fitted velocity dispersion measurements for the IMEs, IGEs and their
difference (IGEs–IMEs) are presented left to right. All values are reported in units of km s�1and the average 1 sigma errors are marked at the bottom right
of each plots.

Fig. 6. Top panel: Scatter plot of difference in Fe-group Doppler velocity
and IMEs Doppler velocity versus the projected angular distance. Bottom
panel: Scatter plot of difference in Fe-group Doppler broadening and IMEs
Doppler broadening versus the projected angular distance. The dotted line
marks the line of no difference between the Fe-group and IMEs. The error
bars on the angular distance have a size of 38", which is about half the
angular resolution of XRISM.

angular distance from the explosion center. The higher velocity 539

measured for the Fe-group suggests that there could be more re- 540

gions where Fe ejecta have protruded past the IMEs, similar to Fe 541

knots in the SE regions of Cas A (Hughes et al. 2000). 542

We measure Doppler broadening for the IMEs and Fe-group 543

components as presented in the bottom row of Figure 5. The 544

broadening for the Fe-group is measured to be as high as ⇠ 3700 545

km s�1, compared to a maximum broadening of ⇠ 2200 km s�1for 546

the IMEs component. Despite these high Doppler broadening val- 547

ues in the central regions, we do not find hints of double peaked 548

line profiles (indicating the two sides of the ejecta shell) in the fit- 549

ted residuals, as also reported by Vink et al. (2025) using more de- 550

tailed line profile fitting. Similarly to Doppler velocity, the differ- 551

ences in Doppler broadenings between IMEs and IGEs are higher 552

near the center. The lower panel of Figure 6 shows that the Fe- 553

group is generally broader than the IMEs, except for a few regions 554

(marked in blue in the bottom right plot of Figure 5) where it is 555

consistent with the same Doppler broadening. 556

These differences in the kinematic properties of IMEs and Fe- 557

group are suggested by BA25 but were not conclusive due to the 558

high uncertainties in their analysis at per Resolve pixel level com- 559

pared to our Bayesian fits at a 2⇥2 pixel resolution. Additionally, 560

we fit a single broadband physical mode as opposed to BA25 561

where they compare two independent narrow-band fits to the Fe-K 562

complex (fit with a pshock model) and the He-like Si/S lines (fit 563

with Gaussians). 564

BA25 reported blueshifted, narrow Fe-K lines with Doppler 565

broadening below 850 km s�1in pixels near the eastern periph- 566

ery of the remnant. In our analysis, we also find relatively re- 567

duced broadening for the Fe component in the southeastern pixels. 568

However, the lowest value we measure is 1300 km s�1for the SE 569

pixel g, suggesting that the narrow features identified by BA25 570

likely correspond to small-scale structures not captured at our spa- 571

tial resolution. 572

For the IMEs detailed line-profile fitting revealed a the presence 573



Conclusions

• Supernova remnants provide rich,  interesting but complex astrophysics 

• nucleosynthesis 

• dynamics 

• non-equilibrium physics 

• XRISM provides the first hints at what can be achieved with hi-res X-ray spectroscopy 

• new elements, rich velocity structures, thermal line broadening 

• XRISM also shows the challenges 

• intrinsic complexity associated with variety of radiation components 

• problems of spectral-spatial mixing 

• large matrices, long computation times

25


