
/30

High-Resolu,on X-Ray Spectroscopy of 
Supernova Remnants: From Dispersive 

Spectrometer to Micro-calorimeter

Satoru Katsuda (Saitama University, Japan)
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Theoretical model vs. Data with Suzaku XIS (E/DE ~ 20) 

X-ray CCDs can not resolve fine structures.  
à BeFer resoluGon (E/DE > 100) is a must!

Need for High-Res. X-Ray Spectroscopy

SN explosion physics

Progenitors

SN nucleosynthesis
Chemical evolution of galaxies

Par5cle accelera5on

Collisionless shock physics

Scien&fic mo&va&ons 

Kepler’s SNR
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□ XRISM:
- The 7th Japanese X-ray astronomy satellite
- Successfully launched on Sep. 7th 2023

□ X-ray micro-calorimeter (Resolve):
- DE: ~5 eV (Non-dispersive!)
- SpaGal resoluGon: ~1’
- FoV: 3’x3’ (6x6 array) 
- Dynamic range: 0.2-10 keV 

(NB: 2-10 keV at this moment)

© XRISM

Telescope

Resolve

Micro-calorimeter (Resolve) aboard XRISM

X-ray CCD (Xtend)

Some early results were presented in this conference by B. Williams and P. Plucinsky.

After three Japan-US led missions ASTRO-E1 (2000), Suzaku (2005-2015), Hitomi (2016), 
we finally have an in-orbit X-ray microcalorimeter since 2023!
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Gra8ngs onboard XMM-Newton & Chandra
XMM-Newton’s RGS Chandra’s HETG&LETG

den Herder et al. (2001) Canizares et al. (2005)

SK (2023) Springer Book

Results from high-res. X-ray spec.

In case of Resolve’s gate-
valve closed, the graYngs 
and Resolve are 
complementary in terms of 
the energy coverage.  
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Gra8ngs onboard XMM-Newton & Chandra

Chandra HEG Chandra MEG XMM RGS

d (Å) 2000 4000 15500

a ~90 deg ~90 deg ~1.6 deg

d sin a (Å) 2000 4000 420

Dl (Å for m=1; Dq = PSF) 0.01 0.02 0.03

Dl (Å for m=1; Dq = 1’) 0.58 1.16 0.12

Strong for ”-scale sources Strong for ’-scale sources 

Spectral resolu5on of a gra5ng spectrometer:
Dl ~ d sina Dq / m
d: graGng spacing (Å)
a: angle of incidence 
Dq: spaGal extent of the source or telescope’s angular resoluGon for a point source
m: spectral order
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– Ejecta dynamics
• 3D ejecta/CSM structures

– Collisionless shock physics
• Ti-Te equilibration 
• Cosmic-ray acceleration

– Plasma diagnostics
• New emission processes 
• Thermodynamic parameters

– Composition measurements
• Odd-Z/neutron-rich elements

SNR III2024/6/14 6

Suzaku XIS (E/DE ~ 20)
Model spectrum
à Need for higher resoluYon!

Specific Sciences from High-Res. Spectroscopy
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3D Structures of Young SNRs 

3D hydrodynamic simulation 
(e.g., Orlando et al. 2022)

JWST view (e.g., Milisavljevic et al. 2024)

3D ejecta distributions are the key to understand the progenitor and explosion mechanism.

- Si-rich jets 
à jet-induced explosion
- Fe/Si inversion, Ti-rich ejecta 
à high-entropy ejecta plume
- Ni bubble effects 

Remnant of Type Ia D6 model (Ferrand et al. 2022)
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HETG spectroscopy (Lazendic et al. 2006)

Blue-shifted!

SNR III2024/6/14 8

Doppler velocity: 
-2600±70 km/s 

Cas A with Chandra/HETG 

Lazendic et al. (2006)

Line of sight

Line of sight locations of 21 knots 
measured by Si K lines
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HETG spectroscopy (Bhalerao et al. 2015)

□More ejecta reside in the near side. à Asymmetric explosion?
□ The ejecta distribuYon suggests RRS/RFS ~ 0.5.

G292.0+1.8 with Chandra/HETG

E13
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Knot

Filament

X-ray image taken from 
Dubner et al. (2013)

Expansion center

Knot

Filament

Line of sight

6.1 pc 
(1500 km/s×4000yr) 

2.6 pc 
(650 km/s × 4000yr) 

R=8.5 pc
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Puppis A: ONeMg-rich Ejecta

NS

RGS spectroscopy of the ejecta features (SK+2013)
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X-ray image taken from 
Dubner et al. (2013)

Puppis A: Fe-rich Ejecta
Suzaku discovery of Fe K (Mori & Katsuda in prep.)

Yamaguchi et al. (2014)

Low Fe K center energy
=> Low-ionizaGon? Redshi^?

XRISM simulation 
with 250 ks
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Tycho
HETG spectroscopy (Millard et al. 2022)

First clear detecYon of O K lines à relaYvely rich O

RGS spectroscopy (Williams, SK, et al. 2020)

◻ Asymmetric ejecta distribuYon
N-hemisphere: more blueshil ejecta 
S-hemisphere: more redshil ejecta

N

E
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□ Some ejecta knots are expanding freely (see also, Sato & Hughes 2017).
□More ejecta reside in the far side. à Asymmetric explosion?  Need more samples.

Kepler: 3D Ejecta DistribuRon
HETG spectroscopy (Millard et al. 2020)
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Kepler: 3D CSM DistribuRon
RGS spectroscopy (Kasuga, Vink, SK...2021)

The velocity structure of the CSM is roughly 
consistent with a runaway progenitor scenario 
(first proposed by Bandiera 1987).
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Geometry of the CSM Ring in SN 1987A

Blueshil

Redshift

North

Line of sight

Equatorial ring

Ejecta

Longer lLonger l

Chandra LETG spectroscopy 
(Zhekov et al. 2005)

◇m = +1
◻m = -1

The +1 order lines are broader than -1 order lines.
à Hints for North-South/Blue-Red Doppler shils.
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Line profiles can constrain: 
- Inclination angle to be ~50o

- Jets’ opening angle to be
~20o (Fe); ~60o (Si) 

A Remarkable ExtragalacRc Supernovae
HETG spectroscopy (Quirola-Vasquez et al. 2019)

Si ejecta Fe ejecta

SN 1996cr at 3.7 MpcLine profiles expected
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– Ejecta dynamics
• 3D ejecta structures

à Explosion asymmetries & NS kicks

– Collisionless shock physics
• Ti-Te equilibration 
• Cosmic-ray acceleration

– Plasma diagnostics
• Thermodynamic parameters
• Radiative processes 

– Composition measurements
• Odd-Z/neutron-rich elements

SNR III2024/6/14 17

Suzaku XIS (E/DE ~ 20)
Model spectrum
à Need for higher resoluYon!

Specific Sciences from High-Res. Spectroscopy
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No. 1, 2003 VINK ET AL. L33

Fig. 2.—EPIC-CCD spectra of the bright knot in the northwest of SN 1006.
The solid line is the best-fit single NEI model (see Table 1). The top spectrum
is the EPIC-PN (times 5); the bottom spectrum is the combined EPIC-MOS
spectrum.

Fig. 3.—Expected relation between net and electron and ion temperature
based on a shock history model for the SN 1006 blast wave (Truelove &
McKee 1999; Laming 2001).

Fig. 4.—Left: RGS1 spectrum showing O vii and O viii line emission with line emission modeled by broadened Gaussian-shaped lines. Right: O vii triplet.
The solid line indicates the best-fit model with thermal Doppler broadening. The dotted line shows the best-fit model without broadening. The residuals are shown
as a connected line and plus signs, respectively.

1996) of SN 1006 and with observations of high Mach number
shocks in other supernova remnants such as Tycho (Ghavamian
et al. 2001) and SN 1987A (Michael et al. 2002).
The spectra are dominated by line emission from O vii; the

other line complexes are, however, not from helium-like stages
of Ne, Mg, and Si, as identified by Long et al. (2003), but from
lower ionization stages. For instance, the EPIC spectra show
consistently that the Mg line centroid is keV,1.33! 0.01
whereas the Mg xi line centroid is 1.35 keV. The Si line centroid
is keV, which differs significantly from the Si xiii1.80! 0.01
centroid of 1.85 keV. Instead, these centroids indicate ionization
stages around Mg ix and Si ix. The Ne centroid, as determined
from the RGS2 spectrum, indicates keV, con-0.900! 0.004
sistent with Ne vii. These centroids provide clear evidence for
extreme NEI conditions for the northwestern knot and corrob-
orate the measured net value.
The RGS1 spectrum (Fig. 4) shows that the emission around

0.66 keV is dominated by O vii Heb emission (O viii Lya :
O vii Heb ! 1 : 1.6). Ne is detected in the RGS2 spectrum,
but Mg and Si are too weak for the RGS instruments. No

evidence for Fe xvii line emission is seen at 15.01, 16.78, 17.0,
or 17.10 Å, presumably because Fe has not yet reached the
Fe xvii charge state.
In order to measure the ion temperature through the thermal

Doppler broadening, we fitted the RGS1 spectrum in the range
21.0–22.3 Å, dominated by oxygen line emission, with six ab-
sorbed Gaussians and a bremsstrahlung continuum with kT pe

keV fixed to the continuum outside the fitted range (1.5 N pH
cm!2; Dubner et al. 2002). The six Gaussian com-206.8# 10

ponents had centroids fixed at the energies of the bright O v,
O vi, and O vii lines. The ratios of those lines were fixed ac-
cording to calculationswith the FlexibleAtomicCode (Gu 2002),
for keV and a grid of net-values betweenkT p 1.5 log n t pe e

and 9.4. The line broadening was taken to be proportional9.0
to the line energies. Spectral fitting was done with the spectral
fitting package XSPEC (Arnaud 1996). This allowed us to use
the C-statistic, which is the maximum likelihood statistic appro-
priate for Poisson noise (Cash 1979).
The best fits corresponded to with a maximumlog n t p 9.18e

likelihood statistic of for 104 data bins, with a possibleC p 93.6
range of . This is somewhat lower but ar-log n t p 9.04–9.30e

DoFed line: emission model w/o thermal broadening 
Solid line: emission model w/ thermal broadening 

s (O VII) = 3.4 ± 0.5 eV
kTO =  530 ± 150 keV
kTe = 1.5 keV
To >> Te !
(Vink et al. 2003; see also 
Broersen et al. 2013)

O Hea

forbiddenresonance

SNR III2024/6/14 18

SN 1006: Temperature Nonequilibra@on (TO >> Te)
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The (reverse) shock speed is estimated to be 3500 km/s.

SNR III2024/6/14 19

Tycho: Temperature Nonequilibra@on (Ti >> Te)

Williams, SK+ (2020)Global fit with the data requires line broadening of ~5 eV at 1 keV.
If the broadening is totally thermal Doppler effects: 
kTO ~ 400 keV & kTFe ~ 1.4 MeV
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SN 1987A: Temperature Nonequilibra@on (Ti >> Te)
HETG spectroscopy (Miceli et al. 2019)

Comparison with a hydrodynamic model 
revealed thermal broadening.

The ion temperatures are in good agreement 
with the mass-proporYonal temperature.
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– Ejecta dynamics
• 3D ejecta structures

– Collisionless shock physics
• Ti-Te equilibration 
• Cosmic-ray acceleration

– Plasma diagnostics
• Thermodynamic parameters
• New radiative processes 

– Composition measurements
• Odd-Z/neutron-rich elements

SNR III2024/6/14 21

Suzaku XIS (E/DE ~ 20)
Model spectrum
à Need for higher resoluYon!

Specific Sciences from High-Res. Spectroscopy
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Anomalously High O VII Hea f/r Ratios

Cygnus Loop

N132D

J0453

G296.1-0.5

N49

Suzuki+2020

SK+2012

(Uchida+2019)

Amano+2020

Tanaka+2022

Koshiba+2022

RGS spectra revealed that O VII Hea f/r raGos are higher than expected in some SNRs.   

2024/6/14 SNR III
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• Reducing “r” line
– Resonance scattering (self absorption)
– Absorption by foreground ionized ISM

• Enhancing “f” line
– Charge exchange 
– Recombination (recombination-dominated plasmas)
– Inner-shell ionization (low-T and/or low-nt plasmas)
– Proton excitation (resonance line is absent)

2024/6/14 SNR III 23

Possible Causes of Anomalous f/r Ra8os 
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Recent InteresRng Finding from N132D

H-like Si Ka (n~8)

He-like Si Ka (n~8)

XRISM collaboraYon to be submiued to PASJ
Presented by Brian Williams
(See also, XRISM first light press release: hYps://www.jaxa.jp/press/2024/01/20240105-1_j.html)

He-like C high-n K lines
+ S L complex 

High-T (0.2 keV) comp.
Low-T (0.1 keV) comp.

RGS1 1st order from the north rim

SK et al. in prep.

Resolve spectrum from the enYre remnant

Strong high-n transi/on lines may be a signature of CX X-rays. 
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– Ejecta dynamics
• 3D ejecta structures

– Collisionless shock physics
• Ti-Te equilibra5on 
• Cosmic-ray accelera5on

– Plasma diagnos&cs
• Thermodynamic parameters
• New radia5ve processes 

– Composi&on measurements
• Odd-Z/neutron-rich elements
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Suzaku XIS (E/DE ~ 20)
Model spectrum
à Need for higher resolution!

Specific Sciences from High-Res. Spectroscopy
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CNO Abundances of the CSM in SNRs

Table from
SK (2023)

The N/O abundance ratio in 
the stellar wind is more 
enhanced with increasing 
MZAMS, as dM/dt increases 
with MZAMS.

=> N/O can constrain MZAMS.

RGS spectroscopy of a CSM knot in RX J1713 (Tateishi, SK+ 2021).
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More Recent Progresses in CNO Studies
RGS spectroscopy (Narita et al. 2023)

See also Posters S3-23 & S3-2 by Narita et al. and Anazawa et al.

N/O = 3.8±0.1 solar

In this case, a low-mass (10-12 M◉), relaYvely slow 
rotaYon (<100 km/s) progenitor is preferred.  
CNO abundance is essenYal to determine the 
progenitor mass, rotaYon, and evoluYon, and 
overshoot parameters (e.g., Uchida & Narita 2023).

RCW 103
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□ XRISM:
- The 7th Japanese X-ray astronomy satellite
- Successfully launched on Sep. 7th 2023

□ SNRs (to be) observed in the 
Performance Verification phase:
N132D*, Cas A*, Tycho, Sgr-A East, Kepler, 
W49B, 3C397, SN 1987A, SN 2024iss, 
Cygnus Loop (cal), E0102 (cal)

*Talks by Brian Williams and Paul Plucinsky

© XRISM

Telescope

Resolve

Micro-calorimeter (Resolve) aboard XRISM

X-ray CCD (Xtend)

XRISM will deliver many exciting results shortly!
However, the energy coverage is currently limited to 2-10 keV.  Therefore, gratings 
aboard XMM and Chandra are still very important to fully explore X-ray emission.
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Chapter 13 of the 
Springer Book “High-
resoluYon X-ray 
spectroscopy”

arXiv:2302.13775

https://ui.adsabs.harvard.edu/link_gateway/2023arXiv230213775K/arxiv:2302.13775
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• High-resolu@on X-ray spectroscopy is a long-
an@cipated discovery space especially for 
diffuse sources like SNRs.

• CuUng-edge researches have been explored 
by gra@ng spectrometers onboard XMM-
Newton and Chandra.

• The Japan-US X-ray astronomy satellite, XRISM 
(2023-), is now vigorously developing this 
research field.
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Summary


