
The XRISM first-light observation: velocity structure and thermal
properties of the supernova remnant N 132D
Audard, M.; Awaki, H.; Ballhausen, R.; Bamba, A.; Behar, E.; Boissay-Malaquin, R.; ... ;
Xrism Collaboration

Citation
Audard, M., Awaki, H., Ballhausen, R., Bamba, A., Behar, E., Boissay-Malaquin, R., …
Ohshiro, Y. (2024). The XRISM first-light observation: velocity structure and thermal
properties of the supernova remnant N 132D. Publications Of Astronomical Society Of
Japan, 76(6), 1186-1201. doi:10.1093/pasj/psae080
 
Version: Publisher's Version
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/4179167
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/4179167


Publications of the Astronomical Society of Japan , 2024, 76 (6), 1186–1201 
https://doi.org/10.1093/pasj/psae080
Advance access publication date: 2024 October 10 

The XRISM first-light observation: Velocity structure and 

thermal properties of the supernova remnant N 132D 

XRISM Collaboration, Marc AUDARD ,1 Hisamitsu AWAKI ,2 Ralf BALLHAUSEN ,3 ,4 ,5 Aya BAMBA ,6 

Ehud BEHAR ,7 Rozenn BOISSAY-MALAQUIN ,4 ,5 ,8 Laura BRENNEMAN ,9 Gregory V. BROWN ,10 

Lia CORRALES ,11 Elisa COSTANTINI ,12 Renata CUMBEE ,4 Maria DIAZ-TRIGO ,13 Chris DONE ,14 

Tadayasu DOTANI ,15 Ken EBISAWA ,15 Megan ECKART ,10 Dominique ECKERT ,1 Teruaki ENOTO ,16 

Satoshi EGUCHI ,17 Yuichiro EZOE ,18 Adam FOSTER ,9 Ryuichi FUJIMOTO ,15 Yutaka FUJITA ,18 

Yasushi FUKAZAWA ,19 Kotaro FUKUSHIMA ,15 Akihiro FURUZAWA ,20 Luigi GALLO ,21 Javier A. GARCÍA ,4 ,22 

Liyi GU ,12 Matteo GUAINAZZI ,23 Kouichi HAGINO ,6 Kenji HAMAGUCHI ,4 ,5 ,8 Isamu HATSUKADE ,24 

Katsuhiro HAYASHI ,15 Takayuki HAYASHI ,4 ,5 ,8 Natalie HELL ,10 Edmund HODGES-KLUCK ,4 

Ann HORNSCHEMEIER ,4 Yuto ICHINOHE ,25 Manabu ISHIDA ,15 Kumi ISHIKAWA ,18 Yoshitaka ISHISAKI ,18 

Jelle KAASTRA ,12 ,26 Timothy KALLMAN ,4 Erin KARA ,27 Satoru KATSUDA ,28 Yoshiaki KANEMARU ,15 

Richard KELLEY ,4 Caroline KILBOURNE ,4 , ∗ Shunji KITAMOTO ,29 Shogo KOBAYASHI ,30 

Takayoshi KOHMURA ,31 Aya KUBOTA ,32 Maurice LEUTENEGGER ,4 Michael LOEWENSTEIN ,3 ,4 ,5 , ∗

Yoshitomo MAEDA ,15 Maxim MARKEVITCH ,4 Hironori MATSUMOTO ,33 Kyoko MATSUSHITA ,30 

Dan MCCAMMON ,34 Brian MCNAMARA ,35 François MERNIER ,3 ,4 ,5 Eric D. MILLER ,27 Jon M. MILLER ,11 

Ikuyuki MITSUISHI ,36 Misaki MIZUMOTO ,37 Tsunefumi MIZUNO ,38 Koji MORI ,24 Koji MUKAI ,4 ,5 ,8 

Hiroshi MURAKAMI ,39 Richard MUSHOTZKY ,3 Hiroshi NAKAJIMA ,40 Kazuhiro NAKAZAWA ,36 

Jan-Uwe NESS ,41 Kumiko NOBUKAWA ,42 Masayoshi NOBUKAWA ,43 Hirofumi NODA ,44 

Hirokazu ODAKA ,33 Shoji OGAWA ,15 Anna OGORZALEK ,3 ,4 ,5 Takashi OKAJIMA ,4 Naomi OTA ,45 

Stephane PALTANI ,1 Robert PETRE ,4 Paul PLUCINSKY ,9 Frederick Scott PORTER ,4 , ∗

Katja POTTSCHMIDT ,4 ,5 ,8 Kosuke SATO ,28 Toshiki SATO ,46 Makoto SAWADA ,29 Hiromi SETA ,18 

Megumi SHIDATSU ,2 Aurora SIMIONESCU ,12 Randall SMITH ,9 Hiromasa SUZUKI ,15 , ∗

Andrew SZYMKOWIAK ,47 Hiromitsu TAKAHASHI ,19 Mai TAKEO ,28 Toru TAMAGAWA ,25 

Keisuke TAMURA ,4 ,5 ,8 Takaaki TANAKA ,48 Atsushi TANIMOTO ,49 Makoto TASHIRO ,15 ,28 

Yukikatsu TERADA ,15 ,28 Yuichi TERASHIMA ,2 Yohko TSUBOI ,50 Masahiro TSUJIMOTO ,15 

Hiroshi TSUNEMI ,33 Takeshi G. TSURU ,16 Hiroyuki UCHIDA ,16 Nagomi UCHIDA ,15 Yuusuke UCHIDA ,31 

Hideki UCHIYAMA ,51 Yoshihiro UEDA ,52 Shinichiro UNO ,53 Jacco VINK ,54 , ∗ Shin WATANABE ,15 

Brian J. WILLIAMS ,4 Satoshi YAMADA ,55 Shinya YAMADA ,29 Hiroya YAMAGUCHI ,15 , ∗,§ 

Kazutaka YAMAOKA ,36 Noriko YAMASAKI ,15 Makoto YAMAUCHI ,24 Shigeo YAMAUCHI ,45 

Tahir YAQOOB ,4 ,5 ,8 Tomokage YONEYAMA ,50 Tessei YOSHIDA ,15 Mihoko YUKITA ,4 ,56 Irina ZHURAVLEVA ,57 

Manan AGARWAL ,54 and Yuken OHSHIRO6 ,15 , ∗
1 Department of Astronomy, University of Geneva, Chemin Pegasi, 51, Versoix CH-1290, Switzerland 
2 Department of Physics, Ehime University, 2-5 Bunkyo-cho, Matsuyama, Ehime 790-8577, Japan 
3 Department of Astronomy, University of Maryland, 4296 Stadium Dr., College Park, MD 20742-2421, USA 

4 NASA/Goddard Space Flight Center, Greenbelt, MD 20771, USA 

5 Center for Research and Exploration in Space Science and Technology, NASA/GSFC ( CRESST II) , Greenbelt, MD 20771, USA 

6 Department of Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan 
7 Department of Physics, Technion, Technion City, Haifa 3200003, Israel 
8 Center for Space Science and Technology, University of Maryland, Baltimore County ( UMBC) , 1000 Hilltop Circle, Baltimore, MD 21250, USA 

9 Center for Astrophysics, Harvard-Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA 

10 Lawrence Livermore National Laboratory, 7000 East Ave, Livermore, CA 94550, USA 

11 Department of Astronomy, University of Michigan, 323 West Hall, 1085 S University Ave, Ann Arbor, MI 48109, USA 

Received: 2024 June 28; Accepted: 2024 August 20
© The Author(s) 2024. Published by Oxford University Press on behalf of the Astronomical Society of Japan. This is an Open Access article distributed
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,
and reproduction in any medium, provided the original work is properly cited.

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/76/6/1186/7817719 by Jacob H

eeren user on 07 February 2025

https://doi.org/10.1093/pasj/psae080
https://creativecommons.org/licenses/by/4.0/


Publications of the Astronomical Society of Japan (2024), Vol. 76, No. 6 1187
 CA Leiden, The Netherlands 
any 
f Durham, South Road, Durham DH1 3LE, UK 
Exploration Agency ( JAXA) , 3-1-1 Yoshinodai, Chuo-ku, Sagamihara, 

kyo-ku, Kyoto, Kyoto 606-8502, Japan 
o-ku, Kumamoto, Kumamoto 862-8680, Japan 
a, Hachioji-shi, Tokyo 192-0397, Japan 

hi-Hiroshima, Hiroshima 739-8526, Japan 
utsukake-cho, Toyoake, Aichi 470-1192, Japan 
ie St Halifax, Nova Scotia B3H 3C3, Canada 
hnology, 1216 East California Blvd, Pasadena, CA 91125, USA 

logy Centre ( ESTEC) , 2200 AG, Noordwijk, The Netherlands 
shi, Miyazaki, Miyazaki 889-2192, Japan 

en, The Netherlands 
stitute of Technology, 70 Vassar St, Cambridge, MA 02139, USA 

aitama, Saitama 338-8570, Japan 
a-ku, Tokyo 171-8501, Japan 
u-ku, Tokyo 162-8601, Japan 
mazaki, Noda, Chiba 278-8510, Japan 
hnology, 307 Fukasaku, Minuma-ku, Saitama, Saitama 337-8570, 

neyama, Toyonaka 560-0043, Osaka, Japan 
150 University Ave, Madison, WI 53706, USA 

ersity Avenue West, Waterloo, Ontario N2L 3G1, Canada 
ya, Aichi 464-8602, Japan 
oka, 1-1 Akamabunkyo-machi, Munakata, Fukuoka 811-4192, Japan 
gamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan 
 Wakabayashi-ku, Sendai, Miyagi 984-8588, Japan 
tsuura-higashi, Kanazawa-ku, Yokohama, Kanagawa 236-8501, 

AC) , Camino bajo del Castillo, s/n, Urbanización Villafranca del 

versity, 3-4-1 Kowakae, Higashiosaka, Osaka 577-8502, Japan 
of Education, Takabatake-Cho, Nara, Nara 630-8528, Japan 
i, Miyagi 980-8578, Japan 
 Nara, Nara 630-8506, Japan 
 Tama-ku, Kawasaki, Kanagawa 214-8571, Japan 
8120, New Haven, CT 06520-8120, USA 

58-8501, Japan 
1-40 Korimoto, Kagoshima, Kagoshima 890-0065, Japan 
 112-8551, Japan 
a, Shizuoka 422-8529, Japan 
Sakyo-ku, Kyoto, Kyoto 606-8502, Japan 
, Japan 
1090 GE Amsterdam, The Netherlands 
aitama 351-0198, Japan 
SA 

 S Ellis Ave, Chicago, IL 60637, USA 

sion ( XRISM) first-light observation of the supernova remnant ( SNR) 
 obtained the first high-resolution spectrum in the 1.6–10 keV band, 
he Si and S lines are relatively narrow, with a broadening represented 
e He α lines are substantially broadened with σv ∼ 1670 km s −1 . This 
 due to the high ion temperature and the kinematic Doppler effect due 
ominantly from the supernova ejecta, we estimate the reverse shock 
e −10 0 0 � Vrs ( km s −1 ) � 3300 ( in the observer frame) . We also find 
stantially larger than the radial velocity of the local interstellar medium 

 spectroscopy is capable of providing constraints on the evolutionary 

: ISM 

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/76/6/1186/7817719 by Jacob H

eeren user on 07 February 2025
12 SRON Netherlands Institute for Space Research, Niels Bohrweg 4, 2333
13 ESO, Karl-Schwarzschild-Strasse 2, 85748, Garching bei München, Germ
14 Centre for Extragalactic Astronomy, Department of Physics, University o
15 Institute of Space and Astronautical Science ( ISAS) , Japan Aerospace 
Kanagawa 252-5210, Japan 

16 Department of Physics, Kyoto University, Kitashirakawa Oiwakecho, Sa
17 Department of Economics, Kumamoto Gakuen University, 2-5-1 Oe, Chu
18 Department of Physics, Tokyo Metropolitan University, 1-1 Minami-Osaw
19 Department of Physics, Hiroshima University, 1-3-1 Kagamiyama, Higas
20 Department of Physics, Fujita Health University, 1-98 Dengakugakubo, K
21 Department of Astronomy and Physics, Saint Mary’s University, 923 Rob
22 Cahill Center for Astronomy and Astrophysics, California Institute of Tec
23 European Space Agency ( ESA) , European Space Research and Techno
24 Faculty of Engineering, University of Miyazaki, 1-1 Gakuen-kibanadai-ni
25 RIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan 
26 Leiden Observatory, University of Leiden, PO Box 9513, NL-2300 RA, Leid
27 Kavli Institute for Astrophysics and Space Research, Massachusetts In
28 Department of Physics, Saitama University, 255 Shimo-Okubo, Sakura, S
29 Department of Physics, Rikkyo University, 3-34-1 Nishi Ikebukuro, Toshim
30 Faculty of Physics, Tokyo University of Science, 1-3 Kagurazaka, Shinjuk
31 Faculty of Science and Technology, Tokyo University of Science, 2641 Ya
32 Department of Electronic Information Systems, Shibaura Institute of Tec
Japan 

33 Department of Earth and Space Science, Osaka University, 1-1 Machika
34 Department of Physics, University of Wisconsin, 2320 Chamberlin Hall, 1
35 Department of Physics and Astronomy, University of Waterloo, 200 Univ
36 Department of Physics, Nagoya University, Furo-cho, Chikusa-ku, Nago
37 Science Research Education Unit, University of Teacher Education Fuku
38 Hiroshima Astrophysical Science Center, Hiroshima University, 1-3-1 Ka
39 Department of Data Science, Tohoku Gakuin University, 3-1 Shimizukoji,
40 College of Science and Engineering, Kanto Gakuin University, 1-50-1 Mu
Japan 

41 European Space Agency ( ESA) , European Space Astronomy Centre ( ES
Castillo, Villanueva de la Cañada, E-28692 Madrid, Spain 

42 Department of Science, Faculty of Science and Engineering, Kindai Uni
43 Department of Teacher Training and School Education, Nara University 
44 Astronomical Institute, Tohoku University, 6-3 Aramaki, Aoba-ku, Senda
45 Department of Physics, Nara Women’s University, Kitauoya-nishimachi,
46 School of Science and Technology, Meiji University, 1-1-1 Higashi-Mita,
47 Yale Center for Astronomy and Astrophysics, Yale University, PO Box 20
48 Department of Physics, Konan University, 8-9-1 Okamoto, Kobe, Hyogo 6
49 Graduate School of Science and Engineering, Kagoshima University, 1-2
50 Department of Physics, Chuo University, 1-13-27 Kasuga, Bunkyo, Tokyo
51 Faculty of Education, Shizuoka University, 836 Ohya, Suruga-ku, Shizuok
52 Department of Astronomy, Kyoto University, Kitashirakawa Oiwakecho, 
53 Nihon Fukushi University, 26-2 Higashihaemi-cho, Handa, Aichi 422-8529
54 Anton Pannekoek Institute, the University of Amsterdam, Postbus 94249
55 RIKEN Cluster for Pioneering Research, 2-1 Hirosawa, Wako, Saitama, S
56 Johns Hopkins University, 3400 N Charles Street, Baltimore, MD 21218, U
57 Department of Astronomy and Astrophysics, University of Chicago, 5640
∗Corresponding authors. 
§ E-mail: yamaguchi@astro.isas.jaxa.jp

Abstract 

We present an initial analysis of the X-Ray Imaging and Spectroscopy Mis
N 132D in the Large Magellanic Cloud. The Resolve microcalorimeter has
which contains K-shell emission lines of Si, S, Ar, Ca, and Fe. We find that t
by a Gaussian-like velocity dispersion of σv ∼ 450 km s −1 . However, the F
broadening can be explained by a combination of the thermal Doppler effect
to the SNR expansion. Assuming that the Fe He α emission originates pred
velocity at the time when the bulk of the Fe ejecta were shock heated to b
that Fe Ly α emission is redshifted with a bulk velocity of ∼ 890 km s −1 , sub
surrounding N 132D. These results demonstrate that high-resolution X-ray
stage, geometry, and velocity distribution of SNRs. 
Keywords: ISM: individual objects ( N 132D) —ISM: supernova remnants —X-rays
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1 Introduction 

Supernova remnants ( SNRs) play a key role in the process of 
feedback within galaxies. They inject large amounts of kinetic 
energy into the interstellar medium ( ISM) , driving shock 
waves of thousands of kilometers per second, which heat 
interstellar gas and dust. Their ejecta enrich the ISM with 
freshly synthesized heavy elements, contributing to the chem- 
ical evolution of galaxies. Observations of SNRs provide key 
information about these processes, through their elemental 
abundances, morphology, velocity distribution, and thermal 
properties of the shock-heated materials, providing insight 
into the pre-explosion evolution and explosion mechanism of 
their progenitors. 

The SNR N 132D, located in the bar of the Large Magel- 
lanic Cloud ( LMC) , is one of the most studied objects of its 
class at virtually every wavelength, for example, radio ( Dickel 
& Milne 1995 ; Sano et al. 2020 ) , infrared ( Williams et al. 
2006 ; Rho et al. 2023 ) , and gamma-ray ( Acero et al. 2016 ; 
Ackermann et al. 2016 ; H.E.S.S. Collaboration 2021 ) . Its pe- 
riphery has an elliptical shape of ∼110′′ × 80 ′′ along the major 
and minor axes, respectively, which corresponds to ∼27 pc ×
∼19 pc at the distance to the LMC of 50 kpc ( Pietrzyński et al. 
2013 ) . N 132D is thought to be in a transitional phase from 

young to middle-aged ( e.g., Bamba et al. 2018 ) . Therefore, 
both swept-up ISM and ejecta contribute to its electromag- 
netic spectrum. 

First identified as an SNR in the radio band ( Westerlund 
& Mathewson 1966 ) , N 132D was categorized as an 
“oxygen-rich” SNR by optical observations ( e.g., Danziger & 

Dennefeld 1976 ; Lasker 1978 , 1980 ; Dopita & Tuohy 1984 ; 
Sutherland & Dopita 1995 ; Morse et al. 1995 ) . Observations 
with the Hubble Space Telescope ( HST) revealed strong emis- 
sion of the C/Ne-burning products ( i.e., O, Ne, Mg) with lit- 
tle emission of the O-burning products ( i.e., Si, S) , leading to 
an interpretation of a Type Ib supernova origin ( Blair et al. 
2000 ) . A survey of the optical emitting ejecta in the [O iii ] 
band revealed that the O-rich ejecta form a toroidal struc- 
ture with a diameter of ∼9 pc, inclined at an angle of 28 ◦

to the line of sight ( Law et al. 2020 ) , consistent with ear- 
lier work of Vogt and Dopita ( 2011 ) . Assuming homologous 
expansion from the center of the O-rich ejecta, Law et al. 
( 2020 ) derived an average expansion velocity of 1745 km s −1 . 
It is worth noting that a toroidal structure of fast-moving 
ejecta is found in other core-collapse SNRs, such as Cas A 

( e.g., Milisavljevic & Fesen 2013 ) , suggesting that the explo- 
sion of their progenitors was similarly asymmetric. More re- 
cently, the proper motion of the ballistic O-rich ejecta has 
been measured using multiple epochs of HST data, implying 
an age of 2770 ± 500 yr ( Banovetz et al. 2023 ) , consistent 
with the age derived from the kinematic reconstruction of Law 

et al. ( 2020 ) . 
The first X-ray detection of N 132D was made using the 

Einstein Observatory ( Long & Helfand 1979 ; Mathewson 
et al. 1983 ) , where the luminosity in the 0.5–3.0 keV band 
was reported to be ∼4 × 1037 erg s −1 . Hughes ( 1987 ) inves- 
tigated its morphology in detail, and suggested that the SNR 

had evolved within a cavity in the ISM, likely formed by the 
pre-explosion stellar wind activity of the progenitor. Using 
ASCA, Hughes et al. ( 1998 ) found that the elemental abun- 
dances measured for the entire SNR are consistent with the 
mean LMC values ( Russell & Dopita 1992 ) , suggesting that 
the X-ray emission is dominated by the swept-up ISM. Later 
observations using XMM–Newton ( Behar et al. 2001 ) and 

Chandra ( Borkowski et al. 2007 ) revealed a complex object 
with ejecta emission mostly coming from the central portion 
of the remnant, where the X-ray emitting O-rich ejecta have 
a similar large-scale distribution as the optical emitting ejecta. 
Furthermore, these observations revealed that the Fe K emis- 
sion, first detected by BeppoSAX ( Favata et al. 1997 ) , exhibits 
a centrally concentrated morphology, suggesting an ejecta ori- 
gin. A more recent study by Sharda et al. ( 2020 ) , who used the 
Chandra data, revealed that the Fe K emission is distributed 
throughout the interior of the southern half of the remnant. 
Suzaku and NuSTAR revealed the presence of Fe Ly α emis- 
sion in addition to the Fe He α emission ( Bamba et al. 2018 ) , 
indicating that the Fe ejecta are hot ( kTe � 5 keV) and highly 
ionized. 

High-resolution X-ray spectroscopy of this SNR has been 
limited to the soft X-ray band ( < 2 keV) . Using the crystal spec- 
trometer on board the Einstein Observatory, Hwang et al. 
( 1993 ) measured the intensities of the forbidden and reso- 
nance lines of Ne ix , which were partially resolved in its spec- 
trum. The Reflection Grating Spectrometer ( RGS) on board 
XMM–Newton resolved soft X-ray lines from K-shell ions 
of C, N, O, Ne, Mg, and Si, as well as L-shell ions of S, Ar, 
Ca, and Fe ( Behar et al. 2001 ; Suzuki et al. 2020 ) . In 2016, 
the Hitomi ( ASTRO-H) mission observed N 132D, using an 
X-ray microcalorimeter that could resolve the K-shell lines in 
the 2–10 keV band. However, it detected only 17 photons in 
the Fe K band, due to the extremely short exposure ( ∼3.7 ks) 
caused by attitude control loss during the observation ( Hitomi 
Collaboration 2018 ) . 

In this paper, we report on the first high-resolution spec- 
troscopy of N 132D with high photon statistics in energies 
above 2 keV, enabled by the “first-light” observation 1 of the 
X-ray Imaging and Spectroscopy Mission ( XRISM) ( Tashiro 
et al. 2020 ) . This paper focuses on the velocity structure and 
thermal properties of the hot plasma that can be constrained 
by analyzing the well-resolved, strong thermal emission lines 
detected in the spectrum of the entire SNR. The results pro- 
vide insights into the geometry and dynamical evolution of the 
SNR, which in turn constrain the nature of the progenitor and 
its environment. Other investigations, including a search for 
weak emission features and spatially resolved spectroscopy, 
are left for future work. 

This paper is organized as follows. In section 2 , we describe 
the details of the observations and data reduction. In section 3 , 
we present data analysis. The implication of the results are dis- 
cussed in section 4 . Finally, we conclude this study in section 5 . 
Given that this is one of the first papers on the scientific out- 
comes of the XRISM, we provide detailed descriptions about 
the gain calibration and background model construction in 
the appendices. The errors quoted in the text and tables, and 
the error bars given in the figures represent the 1 σ confidence 
level, unless otherwise stated. 

2 Observation and data reduction 

The XRISM was launched aboard the H-IIA Launch Vehi- 
cle No. 47 on 2023 September 7 from JAXA’s Tanegashima 
Space Center. The spacecraft was placed into an approxi- 
mately circular orbit with an inclination of ∼31◦ and altitude 
of ∼575 km. The XRISM scientific payload is comprised of 
two co-aligned instruments, Resolve ( Ishisaki et al. 2022 ) and 

1 〈 https://global.jaxa.jp/press/2024/01/20240105-1_e.html 〉 . 
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Xtend ( Mori et al. 2022 ) , located at the focal plane of two 
X-ray Mirror Assemblies ( XMAs) with the same design. The 
former is an X-ray microcalorimeter, enabling non-dispersive 
high-resolution spectroscopy in the X-ray band. The latter is 
a traditional X-ray CCD detector, with a wide field of view of 
38′ × 38′ . In this paper, we focus on spectroscopy of the Re- 
solve data and use the Xtend data for imaging analysis only. 

The observations of N 132D were conducted twice in early 
December 2023 during its commissioning phase: the first 
starting at 22:01 UT on December 3 until 00:01 UT on 
2023 December 7, and the second starting at 09:53 UT 

on December 9 until 03:46 UT on December 11. The 
nominal aim point for both observations was ( RA, Dec) 
= ( 81. ◦25849 , −69. ◦64122 ) . The radial velocity component 
( toward N 132D) of the Earth’s orbital motion with respect to 
the Sun was about −2 . 7 km s −1 at the time of the observations. 

The data were reduced utilizing the pre-release Build 7 
XRISM software and calibration database ( CALDB) libraries, 
representing updates of their Hitomi predecessors.2 The data 
were reprocessed and screened by the automated XRISM pro- 
cessing pipeline version 03.00.011.008 that started on 2024 
April 16. 

2.1 Resolve 

The Resolve observations of N 132D were made through a 
∼250 μm thick beryllium window ( Midooka et al. 2020 ) in 
the closed aperture door, limiting the bandpass to energies 
above ∼1.6 keV. 

The Resolve detector gain and energy assignment re- 
quire correction of the time-dependent gain on-orbit ( see ap- 
pendix 1 for details) . A set of 55 Fe radioactive sources on 
the filter wheel is periodically rotated into the aperture of 
the instrument to measure the gain. For the observations of 
N 132D, the fiducial gain measurements were taken every or- 
bit for ∼30 min during Earth’s occultation, yielding 500–600 
counts in the Mn K α line complex. In total, 72 fiducial gain 
measurements were conducted. Photon energy is assigned to 
each event using the fiducial gain curves based on the ground 
calibration and the standard non-linear energy-scale interpo- 
lation method ( Porter et al. 2016 ) . As a result, we achieved an 
energy resolution of 4.43 eV ( FWHM) and an energy-scale er- 
ror of 0.04 eV for the N 132D observation, confirmed with the 
fit to the Mn K α spectrum from the 55 Fe radioactive sources 
( see appendix 1 ) . On-orbit measurements using Cr and Cu 
fluorescent sources and Si instrumental lines give array com- 
posite systematic uncertainties in the energy-scale of < 0.2 eV 

in the 5.4–8.0 keV band and at most 1.3 eV at the low-energy 
end around 1.75 keV. 

Event-based screening is applied based on that adopted for 
Hitomi data, with an updated energy upper limit to the pulse- 
shape validity ( SLOPE_DIFFER) cut ( PI > 22000, 0.5 eV 

channels) , and including the post-pipeline RISE_TIME and 
frame event coincidence screening ( Kilbourne et al. 2018 ) . 
GTI-filtering is applied to exclude periods of the Earth’s 
eclipse and sunlit Earth’s limb, SAA passages, and times within 
4300 s from the beginning of a recycling of the 50 mK cooler. 
The resulting combined effective exposure left after the event 
screening is 194 ks. We use only Grade ( ITYPE) 0 ( high- 
resolution primary) events for the subsequent analysis. 

A redistribution matrix file ( RMF) was generated by the 
r slmkrmf task using the cleaned event file and CALDB based 

2 〈 https://heasarc.gsfc.nasa.gov/docs/hitomi/analysis/〉 . 

on ground measurements.3 The following line-spread function 
components are considered: the Gaussian core, exponential 
tail to low energy, escape peaks, and Si fluorescence. An aux- 
iliary response file ( ARF) was generated by the x aarfgen task 
assuming a point-like source at the aim point as an input. We 
also generated another ARF using a Chandra image in the 0.5–
5.0 keV band as an input sky image. These are consistent to 
better than 4% across the spectral fitting bandpass. In fact, 
we confirm no significant difference in results of the follow- 
ing analysis. 

2.2 Xtend 

The Xtend instrument was operating in the full-window mode 
during the first observation and in the 1 / 8-window mode in 
the second observation, partly for calibration purposes. After 
the standard event screening, we obtained effective exposures 
of 123 ks and 71 ks for the first and second observations, 
respectively. At the time of the observations of N 132D, one 
of the charge-injection rows overlapped with the aim point 
when the instrument was operating in the full-window mode 
( figure 1 a) .4 Therefore, we use only the second observation 
data for imaging analysis. Figure 1 b shows a three-color im- 
age of N 132D obtained from the second observation: red, 
green, and blue correspond to 0.3–0.5 keV, 0.5–1.75 keV, and 
1.75–10 keV, respectively. 

3 Analysis 

Figure 2 shows the Resolve spectrum in the 1.6–10 keV band 
extracted from the entire field of view of 3′ × 3′ or 35 pix- 
els. The K-shell emission lines of Si, S, Ar, Ca, and Fe are de- 
tected with high significance. The presence of the Fe Ly α emis- 
sion, first suggested in the Suzaku study ( Bamba et al. 2018 ) , 
is also confirmed. A remarkable difference is found between 
the He-like emission lines of the intermediate mass elements 
( IMEs) and Fe. The former are relatively narrow so the forbid- 
den and resonance lines are well resolved, whereas the latter 
is significantly broadened. This is not an instrumental effect, 
as the spectral resolution ( measured in eV) is approximately 
constant across the 1.6–10 keV band. It is therefore indicative 
that the IME and Fe emission originate from different plasma 
components. 

In the following subsections, we first look at two 
narrow-band spectra containing the K-shell emission of S 
( subsection 3.1 ) and Fe ( subsection 3.2 ) separately to investi- 
gate the broadening and shift of these line complexes. We then 
analyze the full-band spectrum with physically realistic mod- 
els of collisionally ionized plasma ( subsection 3.3 ) . We apply 
the optimal binning method of Kaastra and Bleeker ( 2016 ) 
to the spectrum using the ftgrouppha task in FTOOLS.5 

A spectrum of non X-ray background ( NXB) is constructed 
using the method described in appendix 2 and taken into 
account in the following analysis. The spectral fitting is 

3 Following completion of our analysis, we became aware of the presence 
of non-source low-resolution secondary ( Ls) events in the cleaned event file 
that was used to generate the RMF. This issue results in an underestimate 
of the effective area. To correct it, we scaled the normalizations in the spec- 
tral fits by the appropriate factor ( the non-Ls fraction) . The other spectral 
parameters are unaffected by this issue. 

4 This issue was fixed in 2024 March, so the charge-injection row is no 
longer overlapping with the aim point. 

5 Throughout the paper, the spectra presented in the figures are further 
rebinned for plotting purposes only. The fitting is performed on the spectrum 

after the optimal binning. 
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2 arcmin

(a)

30 arcsec

(b)

Fig. 1. ( a) Xtend image of N 132D obtained with the full-window mode observation conducted from December 3 to 7, where the color corresponds to 
intensity. The “gaps” are due to charge injection rows. ( b) Xtend image obtained with the 1 / 8-window mode observation conducted from December 9 
to 11. Red, green, and blue correspond to 0.3–0.5, 0.5–1.75, and 1.75–10 keV, respectively. 
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Fig. 2. ( a) Resolve spectrum of the SNR N 132D in the 1.6–10 keV band. The red line represents the best-fitting Model B spectrum ( whose parameters are 
given in table 3 ) . The NXB contribution is also taken into account; the narrow features at 7.5 and 9.7 keV are Ni K α and Au L α lines in the NXB, respectively. 
( b) Same as panel ( a) but magnified in the 1.7–2.7-keV band. 

performed based on the C-statistic ( Cash 1979 ) , using the 
XSPEC software version 12.14.0 ( Arnaud 1996 ) . 

3.1 Sulfur K band 

Figure 3 shows the spectrum around the He-like S emission. 
There are no spectral features due to the NXB in this band. 
To measure the centroid energy and width of the observed 
emission lines, we fit the spectrum with Gaussian functions 
and a bremsstrahlung continuum. The results are given in 
table 1 , where the rest-frame energies of the identified lines are 

also listed. We find that both the forbidden ( f ) and resonance 
( r ) lines of S xv , whose centroid energies are constrained more 
stringently than the others, are slightly ( ∼2 eV) redshifted with 
respect to their rest-frame energies. If this shift is purely due to 
the bulk motion of the plasma, the corresponding velocity is 
v ∼ 250 km s −1 . Given the systematic uncertainty in the gain 
calibration in this energy band ( up to 1.3 eV; appendix 1 ) , this 
value is fully consistent with the heliocentric radial velocity of 
the interstellar gas surrounding N 132D, 275 ±4 km s −1 ( Vogt 
& Dopita 2011 ) . The 1 σ width is ∼4 eV for these lines, cor- 
responding to a velocity dispersion of σv ∼ 500 km s −1 . 
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Table 1. Emission lines detected in the S K band ( 2.3–2.6 keV) . 

Transition Erest 
* ( eV) E ( eV) σE ( eV) Norm ( 10−5 ) 

Si xiii He δ 2345.7 2337.4 +4 . 0 
−3 . 2 Linked to S He α r 0.73 +0 . 46 

−0 . 25 

Si xiv Ly β 2376.4 † 2376.3 +0 . 6 
−1 . 8 3.8 +1 . 3 

−0 . 8 1.75 +0 . 43 
−0 . 28 

Si xiii n = 9→ 1 ( ?) ‡ 2409.2 2405.1 +2 . 4 
−1 . 4 3.7 +1 . 5 

−1 . 9 0.84 +0 . 37 
−0 . 21 

S xv He α ( f ) 2430.3 2428.8 +0 . 5 
−0 . 4 4.0 +0 . 4 

−0 . 5 5.33 +0 . 52 
−0 . 37 

S xv He α ( i ) 2447.7 † 2445.9 +0 . 6 
−1 . 2 4.3 +0 . 2 

−0 . 5 3.12 ± 0.40 

S xv He α ( r ) 2460.6 2458.2 ± 0.3 4.0 +0 . 2 
−0 . 3 10.3 +0 . 4 

−0 . 7 

Si xiii Ly γ 2506.3 † 2501.7 +2 . 2 
−2 . 1 Linked to S He α r 0.44 +0 . 26 

−0 . 18 

* Theoretical rest-frame energies. 
† Centroid of two lines. 
‡ Details of this emission feature are discussed in a separate paper ( XRISM Collaboration in preparation) . 
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Fig. 3. Resolve spectrum in the 2.3–2.6 keV band, where the S XV 
emission is prominent. Red and green are Gaussian functions and the 
bremsstrahlung continuum component of an ad hoc model, respectively. 
The NXB contribution is taken into account but is below the displayed flux 
level. 

Interestingly, we detect an unusual emission feature at 
2405 eV at a ∼4 σ confidence level. If real, the most plausi- 
ble origin would be high- n transitions of Si xiii ( n ∼ 9→ 1 ) , 
suggesting that charge exchange interactions are taking place. 
This interpretation is not unrealistic, given the presence of the 
dense molecular clouds at the periphery of N 132D ( Williams 
et al. 2006 ; Sano et al. 2020 ) . A more quantitative analysis of 
the possible charge exchange emission will be presented in a 
future paper ( XRISM Collaboration in preparation) . 

3.2 Iron K band 

Figure 4 shows the spectrum in the Fe K band. The broad- 
ened emission at ∼6.7 keV predominantly originates from 

the n = 2→ 1 transitions of He-like Fe, but could also have 
contributions from multiple features produced by lower- 
ionization states of Fe. The narrower emission feature detected 
at ∼6.95 keV is a mixture of two emission lines, Fe xxvi Ly α1 

and Ly α2 . In addition, we find a broad feature around 7.9 keV, 
possibly a mixture of Fe xxv n = 3→ 1 ( He β) emission and 
Ni xxvii n = 2→ 1 ( He α) emission. We note that the contri- 
butions of the NXB, indicated by the blue line in figure 4 , are 
not negligible in this energy band. The narrow lines found at 
7.5 and 8.0 keV are due to fluorescence of neutral Ni and Cu, 
respectively, well reproduced by our NXB model. 
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Fig. 4. Resolve spectrum in the Fe K band. Red and green are the Gaussian 
functions and bremsstrahlung continuum components of an ad hoc model, 
respectively. Blue indicates the NXB spectrum. 

Table 2. Emission-line complexes in the Fe K band ( 6–9 keV) . 

E ( eV) σE ( eV) Norm ( 10−6 ) 

Fe He α, etc. 6654 ± 3 51 ± 3 17.3 +0 . 9 
−0 . 6 

Fe Ly α 6945 +9 
−6 21 +5 

−5 0.97 +0 . 30 
−0 . 22 

Fe He β + Ni He α 7850 +31 
−21 89 +26 

−19 2.2 +0 . 5 
−0 . 4 

Similar to the previous subsection, we fit the spectrum 

with a phenomenological model consisting of Gaussian func- 
tions and a bremsstrahlung continuum, obtaining the results 
given in table 2 . The line parameters are consistent with 
the previous measurement by Bamba et al. ( 2018 ) . We also 
note that the Fe He α centroid is constrained more strin- 
gently than ( but consistent with) the Suzaku measurement 
( 6656 ± 9 eV; Yamaguchi et al. 2014b ) , and significantly more 
tightly than the XMM–Newton measurement ( 6685+15 

−14 eV; 
Maggi et al. 2016 ) . We then replace the 6.95 keV Gaussian 
with two zgauss components ( whose spectral parameters are 
the source-frame line energy, redshift, width, and flux) to be 
able to constrain the bulk velocity shift and broadening of a 
single emission line. We fix the line energies to the theoreti- 
cal rest-frame energies of the Ly α1 and Ly α2 lines ( 6973 and 
6952 eV, respectively) and the Ly α1 / Ly α2 flux ratio to 2 ( i.e., 
statistical weight ratio between the excited states) , leaving the 
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Table 3. Best-fitting parameters of the spectral fit in the 1.6–10 keV band. 

Parameters Model A Model B 

Low- Te component Low- Te component 

kTe ( keV) 0.79 ± 0.03 0.81 +0 . 05 
−0 . 04 

kTinit ( keV) 0.01 ( fixed) 0.01 ( fixed) 

τ ( 1012 cm 

−3 s) > 0.46 0.83 +1 . 19 
−0 . 31 

z ( 10−4 ) 7.4 +0 . 8 
−0 . 7 7.7 ± 0.8 

σv ( km s −1 ) 462 ± 24 452 ± 24 

Normalization ( 10−2 ) 7.8 ± 0.1 7.1 ± 0.7 

High- Te ( RP) component High- Te component Very-high- Te component 

kTe ( keV) 2.0 ± 0.1 1.8 ± 0.1 10 ( fixed) 

kTinit ( keV) 30 ( fixed) 0.01 ( fixed) 0.01 ( fixed) 

τ ( 1012 cm 

−3 s) 1.0 ± 0.1 > 0.8 10 ( fixed) 

z ( 10−3 ) 1.14 +0 . 40 
−0 . 31 0.84 +0 . 32 

−0 . 39 2.98 ( fixed) 

σv ( km s −1 ) 1700 +150 
−140 1670 +160 

−170 750 ( fixed) 

Normalization ( 10−3 ) 9.7 ± 1.5 9.7 ± 1.5 0.29 +0 . 06 
−0 . 07 

Abundances Abundances * 

Si ( solar) 0.98 +0 . 08 
−0 . 07 1.0 ± 0.1 

S ( solar) 0.72 ± 0.05 0.70 ± 0.04 

Ar ( solar) 0.85 ± 0.08 0.79 ± 0.08 

Ca ( solar) 0.88 +0 . 13 
−0 . 12 0.82 ± 0.12 

Fe, Ni ( solar) 0.88 ± 0.08 1.2 ± 0.1 

C-stat / d.o.f. 2435.5 / 2233 2430.2 / 2232 

* The abundances are linked between the different temperature components. 

redshift and line width as free parameters. This analysis gives 
a redshift z = 2 . 98+1 . 02 

−1 . 05 × 10−3 and width σE = 17 . 4+8 . 6 
−11 . 9 eV, 

corresponding to a bulk velocity of v = 894+306 
−315 km s −1 and 

velocity broadening of σv = 749+370 
−512 km s −1 . The bulk veloc- 

ity is substantially larger than that obtained from the S K band 
spectrum ( and thus larger than the radial velocity of the LMC 

ISM) . 

3.3 Full-band spectrum 

We now analyze the Resolve spectrum in 1.6–10 keV, the en- 
ergy band with a significant signal from the source. The analy- 
sis in the previous subsections has revealed that different bulk 
velocities are required to explain the energy shift observed in 
the S He α and Fe Ly α emission lines. Therefore, we start the 
spectral modeling with two components of a bvrnei model 
in XSPEC, which reproduces velocity-broadened emission 
from an optically-thin thermal plasma in non-equilibrium ion- 
ization ( NEI) , either ionizing or recombining. The free param- 
eters are the electron temperature ( kTe ) , ionization timescale 
( τ = ne t, where ne and t are the electron density and time 
elapsed after the abrupt change of temperature, respectively) , 
redshift ( z ) , velocity dispersion ( σv ) , normalization, and the 
abundances of Si, S, Ar, Ca, and Fe. The abundance of each el- 
ement is tied between the two components, whereas the other 
parameters ( i.e., kTe , τ , z , σv ) are left independent between the 
two. The Ni abundance is linked to the Fe abundance, and the 
initial plasma temperature ( kTinit ) is fixed to 0.01 keV ( which 
is equivalent to the assumption that the plasma is ionizing) 

for both components. The foreground absorption is not taken 
into account in our analysis, because its effect is negligible in 
this energy band due to the low column density to this SNR 

( NH 

� 1021 cm 

−2 ) ( Dickey & Lockman 1990 ; Suzuki et al. 
2020 ) . This model yields the best-fitting spectrum given in 
figures 5 a and 5 b. Although the overall spectrum is well re- 
produced by this model ( C-stat / d.o.f. = 2446 . 4 / 2233 ) , it fails 
to reproduce the observed flux of the Fe Ly α emission. We 
find that the inferred electron temperatures, kTe ∼ 0 . 83 keV 

and ∼2.3 keV ( for the low- Te and high- Te components, 
respectively) , are too low to produce a sufficient fraction of 
H-like Fe ions, if the plasma is ionizing or in equilibrium. 

We thus modify the kTinit value of one of the bvrnei 
components to 30 keV for introducing a recombining plasma 
( hereafter Model A) , similar to the approach taken by Bamba 
et al. ( 2018 ) . The best-fitting model spectrum and parameters 
are given in figures 5 c and 5 d and the “Model A” column of 
table 3 . We find that the flux of both Fe He α complex and 
Ly α emission are successfully reproduced by the high- Te com- 
ponent. However, the velocity dispersion of this component 
( σv = 1700+150 

−140 km s −1 ) , which is mainly determined from the 
width of the Fe He α complex, is significantly larger than that 
obtained from the Gaussian modeling of the Fe Ly α emission 
( σv = 749+370 

−512 km s −1 ) . In fact, the model does not reproduce 
well the profile of the Ly α line ( figure 5 d) . 

This result leads us to another hypothesis: that different 
plasma components contribute to the Fe K band spectrum, 
so that the He α line complex is dominated by a plasma 
with larger line broadening and the Ly α emission by another 
plasma with moderate broadening. To confirm this possibility, 

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/76/6/1186/7817719 by Jacob H

eeren user on 07 February 2025



Publications of the Astronomical Society of Japan (2024), Vol. 76, No. 6 1193

10−3

0.01

0.1

10−3

0.01

0.1

1052
−5

0

5

Energy (keV)

C
ou

nt
s 

s−
1  

ke
V

−
1

χ

10−3

0.01

0.1

−5

0

5

C
ou

nt
s 

s−
1  

ke
V

−
1

χ

10−3

0.01

0.1

−5

0

5

C
ou

nt
s 

s−
1  

ke
V

−
1

χ

6 7 8 9
Energy (keV)

−5

0

5

C
ou

nt
s 

s−
1  

ke
V

−
1

χ

10−3

0.01

0.1

−5

0

5
C

ou
nt

s 
s−

1  
ke

V
−

1
χ

10−3

0.01

0.1

−5

0

5

C
ou

nt
s 

s−
1  

ke
V

−
1

χ

1052
Energy (keV)

6 7 8 9
Energy (keV)

1052
Energy (keV)

6 7 8 9
Energy (keV)

(a) (b)

(c) (d)

(e) (f)

Model A Model A

Model B Model B

Fig. 5. ( a) Resolve spectrum in the 1.6–10 keV band, fitted with the two-component ionizing plasma model ( red) . The contributions of the low- Te and high- Te 
components are indicated as magenta and green, respectively. Gray indicates the NXB spectrum. ( b) Magnified spectrum in the Fe K band, showing that 
the Fe Ly α mission is not reproduced by the model. ( c) and ( d) Same as panels ( a) and ( b) , respectively, but fitted with Model A. ( e) and ( f) Same as panels 
( a) and ( b) , respectively, but fitted with Model B. The very-high- Te component is now added, which is indicated as blue. 

we introduce a third bvrnei component ( hereafter very- 
high- Te component) , assuming that all three components are 
ionizing plasma ( hereafter Model B) . For the very-high- Te 

component, the redshift and velocity dispersion are fixed to 
the values constrained by the zgauss modeling for the Ly α
emission ( i.e., z = 2 . 98 × 10−3 and σv = 750 km s −1 ) . Because 
the electron temperature and ionization age of this component 
are not well constrained with this complex model, we fix these 
parameters to kTe = 10 keV and τ = 1 × 1013 cm 

−3 s, and ex- 
pect that the majority of H-like Fe ions are associated with this 
component. The best-fitting model spectrum and parameters 
are given in figures 5 e and 5 f and the “Model B” column of 
table 3 . This model yields a slightly better fit than Model A, 

especially around the Fe Ly α emission. We confirm that the 
line broadening ( σv ) is significantly larger in the high- Te com- 
ponent ( that reproduces the Fe He α complex) than in the very- 
high- Te component ( that reproduces the Fe Ly α emission) . The 
redshift values are also different between the two components. 

In our spectral analysis, the elemental abundances have 
been tied among the two or three plasma components, as 
our models are incapable of constraining them independently 
( i.e., if the abundances of each component are fitted inde- 
pendently, constrained error ranges of several parameters be- 
come extremely large) . The abundances of Si and S are deter- 
mined mainly by the low- Te component ( the magenta curve in 
figure 5 ) . Therefore, the actual abundances of Si and S are 
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Fig. 6. Top: Raw photon count images of the Resolve images in ( a) 2.4–2.5 keV, ( b) 6.5–6.8 keV, and ( c) 6.92–6.97 keV, corresponding to the S He α, Fe He α, 
and Fe Ly α emissions, respectively. The overplotted contours are the Xtend image in the 0.5–1.75 keV band. Bottom: Smoothed photon count image of 
the Xtend images in ( d) 2.3–2.6 keV, ( e) 6.5–6.8 keV, and ( f) 6.85–7.05 keV, respectively. 

highly uncertain for the other components. Similarly, the Fe 
abundance is well constrained only for the high- Te component 
( the green curve in figure 5 ) . Also notable is that the pre- 
dicted continuum level of the very-high- Te component ( the 
blue curve in figure 5 ) is negligibly low compared to the ob- 
served continuum level in the whole energy band. Because of 
this, the observed spectrum can be successfully modeled even if 
the Fe abundance of this component is set to an extremely high 
value ( e.g., > 10000 solar) . This implies that the very-high- Te 

component could be pure metal, such as in a deep layer of the 
supernova ejecta. 

3.4 Narrow-band image 

The result based on Model B in the previous subsection im- 
plies that the Fe He α and Ly α emissions originate from dif- 
ferent plasma components. If this hypothesis is true, different 
spatial distributions of these emissions should be expected. 
We thus generate narrow-band images of the Fe He α and Ly α
emissions as well as the S He α emission to search for mor- 
phological differences. The results are shown in figure 6 ; the 
top and bottom panels are the Resolve and Xtend images, re- 
spectively. The distribution of the Fe Ly α emission is localized 
near the SNR center, whereas the Fe He α emission is more 
widely distributed. This difference is seen by both instruments, 
although the low statistics in the emission lines makes it dif- 
ficult to determine their true morphology. The morphological 
difference between the S and Fe emission is also confirmed, 
consistent with previous studies ( Behar et al. 2001 ; Borkowski 
et al. 2007 ; Sharda et al. 2020 ) . 

Table 4. Summary of the measured bulk velocity and velocity dispersion. 

Si and S He α* Fe He α* Fe Ly α* 

vbulk ( km s −1 ) 227 ± 24 249 +96 
−117 891 +306 

−315 

σv ( km s −1 ) 452 ± 24 1670 +160 
−170 749 +370 

−512 

* Reproduced by the low- Te , high- Te , and very-high- Te components, respec- 
tively. For the Fe Ly α emission, the given uncertainties are determined from 

the zgauss modeling described in subsection 3.2 . 

4 Discussion 

We have performed line-resolved spectroscopy of the ther- 
mal emission from N 132D, using the XRISM first-light data. 
The Resolve spectrum in the 1.6–10 keV band can be mod- 
eled by two or three components of NEI plasmas with dif- 
ferent electron temperatures. The K-shell emission lines of Si 
and S are characterized by an ionizing plasma with the elec- 
tron temperature of ∼0.8 keV. The spectrum in the Fe K band 
( 6–9 keV) is reproduced by either a one-component recom- 
bining plasma ( Model A) or two-component ionizing plasmas 
( Model B) with higher temperature. Although the goodness 
of the fit is comparable between the two models, the different 
spatial distributions between the Fe He α and Ly α emission, 
revealed by our imaging analysis ( figure 6 ) , favors Model B as 
the more likely scenario. The energy shift and broadening of 
the thermal emission lines have been investigated to constrain 
the velocity structure of each component. Table 4 summa- 
rizes the results based on Model B, where vbulk is the heliocen- 
tric radial velocities corrected to the solar system barycentric 
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standard of rest. We discuss the interpretation in the following 
subsections. 

4.1 Radial velocity 

We have shown that all the detected emission lines from the 
IMEs ( Si and S) and Fe are redshifted with respect to their 
rest frame energies. The bulk velocity measured from the IME 

lines and Fe He α complex are consistent with the radial veloc- 
ity of the interstellar gas surrounding N 132D, 275 ±4 km s −1 

( Vogt & Dopita 2011 ) . On the other hand, the Fe Ly α emis- 
sion indicates a larger velocity of ∼900 km s −1 . Notably, the 
Hitomi SXS study of this SNR indicated a similarly high bulk 
velocity of ∼1080 km s −1 ( Hitomi Collaboration 2018 ) , but 
this estimate was obtained using only 17 photons detected in 
the Fe He α band ( not in the Ly α band) . Our measurement of 
the Fe He α bulk velocity, 249 +96 

−117 km s −1 , is lower than the 
mean value of the Hitomi measurement, but still within its 
90% confidence interval of 330–1780 km s −1 . 

The large redshift observed in the Fe Ly α emission implies 
that this emission originates from the Fe-rich ejecta with a 
highly asymmetric velocity distribution. The ejecta scenario is 
also supported from the high electron temperature that can 
be achieved by a high-velocity shock. The morphology of the 
Fe Ly α emission is centrally concentrated ( figure 6 ) , suggesting 
that this hot Fe ejecta component is present only at the far 
side of the SNR. Theoretically, an ionization time-scale of τ � 

1012 cm 

−3 s is required to produce a sufficient fraction of H- 
like Fe in an ionizing plasma. Therefore, from the estimated 
SNR age of 2770 yr ( Banovetz et al. 2023 ) , the electron density 
of this component is estimated to be ne = τ/tage � 11 cm 

−3 . 
Such a high density implies that the Fe ejecta form a compact 
knot. In fact, the normalization of the very-high- Te component 
given in table 3 corresponds to the emitting volume of ∼7 
× 10 55 (ne / 11 cm 

−3 )−2 cm 

3 , less than 0.1% of the total SNR 

volume ( ∼ 1059 cm 

3 ) . 
A highly asymmetric distribution of Fe ejecta has been ob- 

served in other core-collapse SNRs, such as Cas A ( DeLaney 
et al. 2010 ; Hwang & Laming 2012 ) and G350.1 −0.3 
( Borkowski et al. 2020 ; Tsuchioka et al. 2021 ) . Recent 
NuSTAR observations of Cas A and SN 1987A also revealed 
that the velocity distribution of radioactive 44 Ti, produced in 
the same nuclear processes that produce 56 Ni ( parent nucleus 
of Fe) , is asymmetric toward one side ( Grefenstette et al. 2014 ; 
Boggs et al. 2015 ) , similar to what we observe in N 132D. Such 
asymmetry could have been produced by a supernova explo- 
sion involving asymmetric effects, such as a standing accretion 
shock instability ( Blondin et al. 2003 ; Janka et al. 2016 ) , or an 
asymmetric interaction between the SNR ejecta and ambient 
medium. For N 132D, the latter scenario is not unlikely, as the 
SNR is known to be interacting with dense molecular clouds 
( Sano et al. 2020 ) . 

4.2 Origin of the line broadening 

One remarkable finding from our high-resolution spec- 
troscopy is that the Fe He α lines are substantially broad- 
ened, whereas the K-shell emission lines from Si and S are 
only slightly broadened ( table 4 ) . There are two plausible 
causes for the line broadening: ( 1) thermal Doppler broad- 
ening due to high ion temperature or ( 2) a variation of bulk 
motion along the line of sight. Here we simply assume σv = √ 

σ 2 
th + σ 2 

kin , where σth and σkin indicate the broadening due to 

( 1) and ( 2) , respectively. Both depend on the shock velocity 
or, more precisely, the upstream bulk velocity in the shock- 
rest frame, vu ,sh . In collisionless shocks, which are generally 
formed in SNRs, temperature equilibration among different 
species is not necessarily achieved at the immediate down- 
stream region. In the most extreme case, the relation between 
the shock velocity and downstream temperature, derived from 

the Rankine–Hugoniot equations, hold independently among 
different species i as 

kTi = 3 
16 

mi v2 u ,sh , (1) 

where Ti and mi are the temperature and mass, respectively 
( e.g., Vink et al. 2015 ) . Although the process called “colli- 
sionless electron heating” slightly modifies the temperatures 
from those predicted by equation ( 1 ) ( e.g., Ghavamian et al. 
2007 ; Yamaguchi et al. 2014a ) , the effect is not essential in the 
situations we discuss below. The different species then slowly 
equilibrate to a common temperature via Coulomb collisions 
in further downstream regions, the time-scale of which is dis- 
cussed later. The thermal Doppler broadening is given as 

σth =
√ 

kTi 
mi 

. (2) 

Therefore, σth = (
√ 

3 / 4) · vu ,sh is expected when equation ( 1 ) 
is strictly achieved. On the other hand, the downstream bulk 
velocity in the shock-rest frame is expected as vd ,sh = (1 / 4) ·
vu ,sh , assuming a compression ratio of 4. Therefore, the veloc- 
ity in the observer frame is calculated as 

vd ,obs = Vs + vd ,sh = Vs + 1 
4 
vu ,sh , (3) 

where Vs is the shock velocity in the observer frame. The line 
profile depends on the velocity distribution and is not always 
Gaussian-like. As described in appendix 3 , we can approxi- 
mate as σkin ≈ | vd ,obs | / 2 , when the distributions of the plasma 
density and velocity are spherically symmetric ( e.g., expand- 
ing shell or sphere) . 

The previous Chandra study revealed that the K-shell emis- 
sion from Si and S forms the outermost shell ( e.g., Borkowski 
et al. 2007 ; Sharda et al. 2020 ) , suggesting that the emis- 
sion predominantly originates from the ISM shocked by the 
SNR blast wave ( although the abundances slightly larger than 
the mean LMC values of Dopita et al. ( 2019 ) may imply a 
small contribution of ejecta to the emission) . Figure 7 shows 
the thermal equilibration processes due to the Coulomb col- 
lisions in the post-shock plasma, where various shock veloc- 
ities ( which determine the initial temperatures) and the ISM 

abundances measured by Suzuki et al. ( 2020 ) are assumed. 
The temporal evolution of kTp , kTS , and kTFe are given as 
a function of τ . It is clearly indicated that the ion tempera- 
tures are equilibrated with the proton temperature at the time- 
scale constrained for the low- Te component [i.e., τ = ( 0.5–2) 
×1012 cm 

−3 s; table 3 ]. Therefore, the thermal Doppler broad- 
ening of the S He α lines in the ISM component is calculated 
to be 

σth =
√ 

kTS 

mS 
≈

√ 

kTp 

mS 
=

√ 

3 
16 

mp 

mS 
·Vbw 

, (4) 
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Fig. 7. Thermal equilibration process among different species via Coulomb 
collisions in post-shock plasma initially shocked by the blast wave prop- 
agating into the ISM. Black, red, and blue indicate temperatures of pro- 
tons, sulfur, and iron, respectively. From bottom ( thick curves) to top ( thin 
curves) , the upstream bulk velocities ( i.e., blast wave velocity in the ob- 
server frame) of 500, 1500, and 3000 km s −1 are assumed. The elemental 
abundances measured by Suzuki et al. ( 2020 ) are assumed. The yellow 

region indicates the range of τ constrained for the low- Te component. 

where Vbw 

( = −vu ,sh ) is the blast wave velocity. The line broad- 
ening due to the bulk expansion is also obtained as 

σkin ∼ | vd ,obs | / 2 =
(
Vbw 

− 1 
4 
Vbw 

)
· 1 
2 

= 3 
8 
Vbw 

, (5) 

which is much larger than σth . Therefore, we obtain 

σv =
√ 

σ 2 
th + σ 2 

kin ≈ (3 / 8) ·Vbw 

≈ 450km s−1 , and thus Vbw 

≈
1200km s−1 . 

Using the proper motion detected with Chandra, Plucinsky 
et al. ( 2024 ) has measured the blast wave velocity at the bright 
southern rim to be 1709 ± 386 km s −1 , the mean of which 
is 1.4 times higher than our measurement. We note that this 
method directly measures the current shock velocity, whereas 
the Doppler broadening reflects the shock velocity in the past. 
It is therefore surprising that a larger velocity is obtained from 

the former. This discrepancy can be explained if the shocked 
ISM forms a toroidal or ellipsoidal structure with a somewhat 
low inclination angle as illustrated in figure 8 , rather than a 
spherically symmetric shell. This interpretation is supported 
by the fact that the line broadening is well characterized by a 
Gaussian profile, because a shell-like geometry with a spher- 
ically symmetric velocity distribution leads to a top-flat line 
profile ( see appendix 3 ) . 

As mentioned in section 1 , optical observations of N 132D 

revealed a toroidal geometry of the O-rich ejecta ( Lasker 
1980 ; Vogt & Dopita 2011 ) with an inclination angle of ∼ 28◦

( Law et al. 2020 ) . The radius of this torus is ∼4.5 pc, smaller 
than the projected forward shock radius of ∼10 pc. Vogt and 
Dopita ( 2011 ) suggested that the X-ray emitting ISM shell also 
forms a toroidal structure and that the tori of the ISM and 
optical emitting ejecta are aligned and thus physically asso- 
ciated with each other. If the three-dimensional geometry of 
the SNR is indeed torus-like, the progenitor of N 132D must 
have exploded within a dense CSM with a disk-like geome- 
try. Such CSM distribution is expected if the progenitor is in 
a binary system, because the pre-explosion stellar wind forms 
a dense CSM disk on the equatorial plane ( e.g., Smith 2017 ) . 

1700 kms-1

(proper motion)

y g

1200 kms-1

(Doppler shift)

Observer

1700 kms-1

y g
X-ray emitting torus

Fig. 8. Top view of the interpreted geometry and velocity structure of the 
shocked ISM. The blueshifted and redshifted regions are shown in blue 
and red, respectively. The primary plane of the torus is indicated by the 
dotted line, but its inclination angle is arbitrary, as it is not constrained in 
this work. 

A similar scenario is suggested for SN 1987A ( e.g., Podsiad- 
lowski 2017 ) , where a dense CSM ring is observed in various 
wavelengths ( e.g., Ravi et al. 2024 and references therein) . 

The plasma component responsible for the Fe He α emission 
has a higher electron temperature and larger line broadening 
than that responsible for the S He α emission ( table 3 ) . If the 
Fe He α emission originates from the swept-up ISM, this com- 
ponent should have been shock-heated when the blast wave 
velocity was much higher than it is today. Similar to the previ- 
ous estimate, we derive Vbw 

≈ 4450km s−1 in this case, not 
unreasonable as a shock velocity in the early evolutionary 
stage of an SNR. 

An alternative, more likely possibility is that the SN ejecta 
contributes significantly to the Fe He α emission, as suggested 
by some previous work ( e.g., Sharda et al. 2020 ) . In shocked 
ejecta, especially when consisting purely of heavy elements, 
the expected thermal evolution properties are distinct from 

the shocked ISM. This is because there are few or no pro- 
tons or helium nuclei to first equilibrate with, and thus the 
heavy elements equilibrate with free electrons released from 

the heavy element atoms themselves. This is quantitatively 
shown in figure 9 , where the temporal evolution of kTFe 

in a pure-Fe plasma is calculated for two cases with differ- 
ent assumptions for the initial conditions: ( a) no collision- 
less electron heating taking place at the reverse shock, or ( b) 
kTe /kTFe = 0 . 1 is achieved immediately behind the reverse 
shock due to the efficient collisionless electron heating. Un- 
like the LMC abundance case ( figure 7 ) , the Fe ions remain at 
their initial temperature until τ ∼ 1012 cm 

−3 s, if the shock ve- 
locity is high enough ( � 3000 km s −1 ) . This conclusion is not 
affected by the efficiency of the collisionless electron heating. 
Therefore, the thermal Doppler broadening is non-negligible 
in this case. 

In general, the reverse shock in an SNR initially moves 
outward, and then reverses direction moving inward after a 
few hundred to a thousand years, depending on the ambient 
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Fig. 9. Thermal equilibration between Fe temperature ( blue) and electron 
temperature ( green) via Coulomb collisions in shocked ejecta with pure-Fe 
composition. From bottom ( thick curves) to top ( thin curves) , the upstream 

bulk velocities of 10 0 0, 30 0 0, and 50 0 0 km s −1 are assumed. Panels ( a) 
and ( b) assume the initial temperature ratio ( k Te /k TFe ) of me /mFe ( i.e., no 
collisionless electron heating at the reverse shock) and 0.1 ( i.e., efficient 
collisionless electron heating) , respectively. More details about the calcu- 
lations are described in Ohshiro et al. ( in preparation) . The yellow region 
indicates the range of τ constrained for the high- Te component. 

density structure and other properties ( e.g., Truelove & 

McKee 1999 ) . The upstream fluid velocity in the shock-rest 
frame, which determines the heating properties, is expressed 
as 

vu ,sh =
Rrs 

t 
−Vrs , (6) 

where Rrs is the reverse shock radius ( and thus Rrs /t is the free 
expansion velocity of the outermost unshocked ejecta) and 
Vrs (= dRrs /dt ) is the reverse shock velocity in the observer 
frame ( e.g., Vink et al. 2022 ) . As equations ( 1 ) and ( 3 ) hold in 
the shock-rest frame, 

kTFe = 3 
16 

mFe 

(
Rrs 

t 
−Vrs 

)2 

(7) 

and 

vej , obs =
1 
4 
Rrs 

t 
+ 3 

4 
Vrs (8) 

are obtained, where vej , obs is the bulk velocity of the shocked 
ejecta in the observer frame. Assuming that the current Fe 

Fig. 10. Relation between the reverse shock velocity in the observer 
frame ( Vrs ) and the upstream bulk velocity in the shock-rest frame ( vu , sh = 

Rrs /t −Vrs ) that satisfies σv =
√ 

σ 2 
th + σ 2 

kin = 1670 km s −1 ( black curve) . The 
observed line width is indicated as the green region with its statistical un- 
cert aint y. The red and blue curves indicate the contributions of σth and σkin , 
respectively, for given Vrs . The dotted curves correspond to the upper and 
lower limits of the observed line width. 

temperature is still comparable to the immediate post-shock 
temperature ( i.e., equation 7 ) , we obtain the thermal Doppler 
broadening to be 

σth =
√ 

3 
4 

(
Rrs 

t 
−Vrs 

)
. (9) 

From equations ( 8 ) and ( 9 ) and an assumption of σkin ∼
| vej , obs | / 2 , the total broadening is obtained as 

σv =
√ 

13 
64 

(
Rrs 

t 

)2 

− 18 
64 

Rrs 

t 
Vrs + 21 

64 
V2 
rs . (10) 

Figure 10 shows the relation between Vrs and vu ,sh , with 
which σv = 1670+160 

−170 km s −1 is expected [derived using equa- 
tions ( 6 ) and ( 10 ) ]. The contributions of the thermal Doppler 
broadening ( red) and the broadening due to the SNR expan- 
sion ( blue) are also indicated. As expected, the former con- 
tribution is more significant when vu ,sh is higher, which is 
expected for an inward moving reverse shock. We find that 
the observed broadening can be explained when −1000 � 

Vrs (km s −1 ) � 3300 , indicating that the Fe-rich ejecta in this 
SNR were shock-heated when the reverse shock was around 
the turnaround radius. This result is reasonable because it 
is theoretically expected that the reverse shock remains at a 
standstill for thousands of years in a middle-aged SNR ( e.g., 
Micelotta et al. 2016 ) . If the reverse shock velocity is exactly 
0 km s −1 in the observer frame, vu ,sh = Rrs /t ≈ 3700 km s −1 is 
expected. With this upstream velocity, Fe temperature is ex- 
pected to remain � 1 MeV up to τ ∼ 1012 cm 

−3 s ( figure 9 ) . 
Therefore, a significant fraction of the observed line broad- 
ening can naturally be attributed to the thermal Doppler 
broadening. 

Although our analysis has successfully provided an esti- 
mate for the evolutionary stage of the reverse shock and the 
thermal properties of the shocked ejecta, it should be em- 
phasized that our analytical model given above is oversim- 
plified. For instance, the geometry of the shocked ejecta must 
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be more complex than we assume, and thus the approxima- 
tion of the Gaussian-like line profile is likely too simplistic. 
It is also possible that Fe ions in the shocked ejecta are mod- 
erately equilibrated with electrons, and thus the actual ther- 
mal Doppler broadening could be slightly smaller. In fact, the 
Fe Ly α emission shows a narrower width than the Fe He α
complex ( table 4 ) , which can be explained if the plasma re- 
sponsible for the Fe Ly α emission is more equilibrated so that 
the ion temperature becomes lower. We should also note that, 
if other heavy elements ( e.g., Si and S) are also involved in 
the thermal evolution of the ejecta, the Fe temperature drops 
more quickly than is predicted in figure 9 due to the Coulomb 
interactions among the heavy elements. If the initial Fe tem- 
perature is substantially higher than the current temperature, 
the required upstream velocity becomes higher than our esti- 
mates in figure 10 . To constrain the physical quantities more 
precisely, detailed calculations based on hydrodynamical sim- 
ulations need to be employed. 

5 Conclusions 

We have presented analysis of the XRISM first-light observa- 
tion data of N 132D, the X-ray brightest SNR in the LMC. 
The excellent performance of the X-ray microcalorimeter Re- 
solve has enabled us to perform high-resolution spectroscopy 
of this SNR in the 1.6–10 keV band, for the first time. Our 
analysis has revealed that the K-shell emission lines of Si 
and S, whose origin is thought to be the swept-up ISM, are 
mildly broadened with σv ∼ 450 km s −1 . Under an assump- 
tion of a nearly symmetrically expanding ISM shell, the ra- 
dial component of the blast wave velocity is estimated to be 
∼1200 km s −1 , lower than the recent proper motion measure- 
ment with Chandra. On the other hand, the Fe H α complex 
emission is substantially broadened with σv ∼ 1670 km s −1 . 
If this emission originates from the ejecta, the observed line 
width can be explained through a combination of the thermal 
Doppler broadening due to the high ion temperature in the 
non-equilibrium plasma and kinematic Doppler effect due to 
the expansion of the shocked ejecta. We have also provided 
an estimate for the evolutionary stage of the SNR, putting 
a constraint on the reverse shock velocity ( in the observer 
frame) to be −1000 � Vrs (km s −1 ) � 3300 , the value at the 
time when the bulk of the Fe ejecta were shock-heated. If 
Vrs ≈ 0 km s −1 , which is reasonably expected from the the- 
oretical point of view, the current Fe temperature is estimated 
to be �1MeV . The redshift observed in the Si, S, and Fe He α
lines is equivalent to the radial velocity of the ISM surround- 
ing N 132D ( ∼250 km s −1 ) , whereas that observed in Fe Ly α
indicates a substantially larger radial velocity of 890 km s −1 , 
about 600 km s −1 greater than the radial velocity of the local 
ISM in the LMC. Also, our imaging analysis revealed that the 
Fe Ly α emission is concentrated around the SNR center. These 
results suggest that the Fe Ly α emission originates from hot Fe 
ejecta that are present only at the far side of the SNR, distinct 
from the component responsible for the Fe He α emission. 

This work represents the first paper to be published by 
the XRISM Collaboration. The results presented here are 
uniquely obtained using the spectral power of the Resolve 
combined with the imaging of Xtend, offering only a modest 
glimpse of the power of this observatory that will revolution- 
ize our understanding of the Universe. 
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Appendix 1 Resolve gain calibration 

The Resolve detector gain and energy assignment requires 
correction of the time-dependent gain on-orbit. The Resolve 
calorimeter detectors are thermal detectors and thus they 
have both a bolometric and a transient response. The bolo- 
metric response reflects the thermal radiation environment 
within the Resolve instrument and affects the gain of the 
transient response to X-rays. In addition, the detector gain 
is affected by the detector heat sink temperature, which is 
regulated to better than 1 μK on orbit, and the temperature 
of the amplifier and control electronics that are affected by 
spacecraft orientation. To compensate for these effects, the 
Resolve detector gain is tracked as a function of time using 
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Fig. 11. Resolve spectrum of Mn K α X-rays from 

55 Fe radioactive sources 
on the filter wheel. The spectrum is a composite of the pixels in the main ar- 
ray and measured during fiducial intervals once per orbit during Earth’s oc- 
cultation. A fit using the standard Gaussian instrumental function yields an 
energy resolution of 4.43 eV ( FWHM) , and an energy-scale error of 0.04 eV 
after energy-scale reconstruction. 

on-board calibration sources. The time-dependent energy 
scale is then reconstructed as a function of time by interpolat- 
ing a family of temperature-dependent gain curves measured 
during ground calibration ( Porter et al. 2016 ) . To measure the 
gain, a set of 55 Fe radioactive sources on the filter wheel is 
periodically rotated into the aperture of the instrument. The 
Mn K α X-rays from the radioactive sources are fit using an 
empirically measured core line-shape ( Hoelzer et al. 1997 ) for 
each fiducial interval. For N 132D, fiducial gain measurements 
were taken every orbit for ≈30 minutes during Earth’s oc- 
cultation, yielding 500–600 counts in the Mn K α line com- 
plex and giving a statistical uncertainty in the energy scale of 
between 0.15 and 0.2 eV at 5.9 keV for each fiducial inter- 
val. N 132D was observed early in the commissioning phase 
for the XRISM, before the final time-dependent methodol- 
ogy was adopted. In later observations, the time-dependent 
fiducial gain measurements were optimized as far fewer fidu- 
cial measurements were needed to track the detector gain. 
The N 132D observations discussed here included 72 fidu- 
cial gain measurements, far in excess of what is needed to 
track the gain with equivalent precision. Later observations 
of equivalent length would have included only 15 fiducial 
measurements. 

In order to assess the energy-scale reconstruction and the 
detector energy resolution during the observation, we perform 

several additional checks using high-resolution primary ( Hp) 
grade events. The first is to fit the fiducial Mn K α complex 
per pixel and as an array composite after energy-scale re- 
construction. Figure 11 shows the array composite Mn K α

complex, the underlying natural line shape ( Hoelzer et al. 
1997 ) , and a fit using a Gaussian instrumental function. The 
fit gives an energy resolution of 4.43 eV ( FWHM) and an 
energy-scale error of 0.04 eV, both of which are within 0.1 eV 

of the standard on-orbit performance. Additionally, we use 
a calibration pixel to verify the performance of the instru- 
ment during the main observation outside the fiducial gain 
measurements. Resolve includes a standard pixel, identical to 
the main array, but just outside the field of view. The cali- 
bration pixel is continuously illuminated with a pencil beam 

Fig. 12. Resolve calibration pixel spectrum of Mn K α X-rays from a pencil 
beam 

55 Fe radioactive source that continuously illuminates the calibration 
pixel. Two data sets are shown, one during the same fiducial intervals used 
to track the gain of the main array, and the other just during the observa- 
tion, not including the fiducial intervals. In both cases, the energy-scale 
reconstruction is the same as that used for the main array and the com- 
parison demonstrates the efficacy of the energy-scale reconstruction for 
this observation. For the two data sets, fits using a Gaussian instrumental 
function yield energy resolutions of 4.42 and 4.39 eV ( FWHM) and energy- 
scale errors of 0.04 and 0.11 eV at 6 keV. 

55 Fe radioactive source, allowing the detector gain and energy 
resolution to be continuously tracked. Using the calibration 
pixel, we compare the energy-scale reconstruction and energy 
resolution during the same fiducial intervals as the main ar- 
ray and also just during the observation but using the same 
energy-scale reconstruction method as the main array. These 
two data sets are shown in figure 12 . Fits using the stan- 
dard Gaussian instrumental function yield an energy res- 
olution of 4.42 eV ( FWHM) and an energy-scale error of 
0.04 eV during the fiducial intervals, and a resolution of 
4.39 eV ( FWHM) and an energy-scale error of 0.11 eV dur- 
ing the N 132D observations. On-orbit measurements us- 
ing Cr and Cu fluorescent sources and an Si instrumen- 
tal line give array composite systematic uncertainties in the 
energy-scale of < 0.2 eV in the 5.4–8.0 keV band and at 
most 1.3 eV at the low-energy edge of the band at 1.75 keV. 
On-orbit energy-scale measurements and analysis are ongo- 
ing and we expect that these uncertainties will be reduced 
in the future with a goal of < 0.1 eV across the Resolve 
bandpass. 

Appendix 2 Resolve non-X-ray background 

We developed a model for the Resolve instrumental back- 
ground ( or non-X-ray background, NXB) based on ∼ seven 
months of data accumulated during periods of Earth’s eclipse, 
supplemented by the Hitomi SXS NXB ( Kilbourne et al. 2018 ) 
and “blank-sky” data. Starting with the Resolve eclipse data, 
we applied standard screening, identical to that applied to the 
on-source data, and produced a spectrum composed by aggre- 
gating data from periods of different cut-off rigidity according 
to the weighting found in the N 132D observations. The NXB 

level is <10−3 s −1 keV 

−1 for the entire array over the energy 
range of interest. 

We developed a model for the NXB continuum from this 
early Resolve NXB data set, but we did not fit the instrumental 
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Fig. 13. ( a) Profiles of a single emission line at 2.45 keV, expected for the expanding shell model with vout = 450 km s −1 ( red) , 800 km s −1 ( blue) , and 
1275 km s −1 ( green) , compared with a velocity-broadened Gaussian with σv = 450 km s −1 ( black) . ( b) The relation between σv and vout for the expanding 
shell model ( see text for details) . ( c) Profiles of a single emission line at 6.65 keV, expected for the expanding uniform sphere model with vout = 10 0 0 km s −1 

( red) , 20 0 0 km s −1 ( blue) , and 30 0 0 km s −1 ( green) , compared with a velocity-broadened Gaussian with σv = 10 0 0 km s −1 ( black) . ( d) Same as panel ( b) , 
but for the uniform sphere model. The spectra in panels ( a) and ( c) are convolved with the Resolve RMF and ARF. 

lines due to distortions and shifts introduced by the initial 
per-pixel energy scales of the many eclipse segments. Instead, 
we turned to the Hitomi SXS NXB, determined the strengths 
of the detected instrument lines, and compared these to the 
line strengths in 226 ks of Resolve blank-sky data with better 
aligned pixel energy scales than the preliminary Resolve NXB 

data set. 
The amplitude of the Au L α1 line is consistent between the 

two data sets, but the Mn K α line is significantly weaker in 
the Resolve data, as expected from ground data. This fea- 
ture is the result of scattered X-rays from the collimated 55 Fe 
source pointed at the dedicated calibration pixel, the design 
of which was modified for Resolve. We determined that the 
Mn K α line in the Resolve blank-sky data is consistent with 
that determined in a high-statistics ground measurement, ad- 
justed for the half-life of 55 Fe. The statistics of the other lines 
were not adequate to inform the model, so we used the SXS 
line strengths for all the instrumental lines except Mn K α. 
We approximated the following 12 lines by Gaussians: Al K α, 
Au M α1 , Mn K α1 , Mn K α2 , Ni K α1 , Ni K α2 , Cu K α1 , Cu K α2 , 
Au L α1 , Au L α2 , Au L β1 , and Au L β2 . Although better line 
profiles are known for most of these lines, the statistics of the 
observation do not warrant a more accurate specification in 
the model. We separately specified the K α doublets to capture 

the widths of these profiles, and fixed their normalizations 
at 2 : 1 . When applying the NXB model to the data of 
N 132D, we adjusted the normalizations of the Mn K α, 
Ni K α, and Au L α1 lines, so that their intensities match the 
observation. 

Appendix 3. Line profile for symmetrically 

expanding shell and sphere 

In our spectral analysis, a Gaussian velocity broadening 
( implemented in the bvrnei model in XSPEC) is assumed to 
fit the broadened emission lines. However, broadening due to 
the SNR expansion depends on the radial velocity distribution 
of the shocked plasma, which is not necessarily Gaussian-like. 
Here we investigate line profiles expected for the symmetri- 
cally expanding shell and sphere, and compare them with the 
Gaussian profiles. 

First, we consider a spherically symmetric shell with a thick- 
ness of Rout / 12 , where Rout is the outermost radius ( and 
thus the inner radius is 11 Rout / 12 ) , typically expected for the 
swept-up ISM of SNRs in the Sedov phase. The expansion ve- 
locity at the radius r is assumed to be v = vout · (r/Rout ) , where 
vout is the velocity at the radius Rout . We also assume uniform 

plasma density within the shell. Figure 13 a shows the expected 
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profiles of a single emission line at 2.45 keV ( corresponding to 
the S He α emission) for vout = 450 km s −1 ( red) , 800 km s −1 

( blue) , and 1275 km s −1 ( green) , compared with a velocity- 
broadened Gaussian with σv = 450 km s −1 ( black) . The spec- 
tra are convolved with the Resolve RMF and ARF generated 
in section 2 . We find that a similar line width is expected 
in the expanding shell model with vout = 800 km s −1 and in 
the Gaussian with σv = 450 km s −1 . We then generate mock 
Resolve spectra for various vout values ranging from 100 to 
2000 km s −1 and fit them with a Gaussian model. Figure 13 b 
shows the relation between the best-fitting σv values and in- 
put vout , approximated by a linear function of σv ≈ 0 . 55 vout . 
Note that the expanding shell model predicts a characteristic 
top-flat profile. For this reason, a Gaussian function is not a 
good approximation, especially when the outermost expan- 
sion velocity is high. 

Next we consider a uniform density sphere. Again, the ex- 
pansion velocity is assumed to be proportional to the radius, 
v = vout · (r/Rout ) . Figure 13 c shows the expected profiles of a 
single emission line at 6.65 keV ( corresponding to the Fe He α
emission) for vout = 1000 km s −1 ( red) , 2000 km s −1 ( blue) , 
and 3000 km s −1 ( green) , compared with a velocity-broadened 
Gaussian with σv = 1000 km s −1 ( black) . Among the three, 
the second profile gives the best approximation to the Gaus- 
sian. Figure 13 d shows the relation between σv and vout for 
the uniform sphere model, derived similarly to figure 13 b. We 
find that the relation is approximated by a linear function of 
σv ≈ 0 . 45 vout . 

We make similar investigations for a spherically symmet- 
ric shell with different thickness of Rout / 12 < lshell < Rout , 
and find that the relation of σv ≈ α · vout is obtained with 
0 . 45 � α � 0 . 55 . We also find that there is no substantial 
dependence on the photon energy in this relation. Consider- 
ing the complexity in actual velocity distribution, we simply 
assume σkin ≈ 0 . 5 vout in subsection 4.2 . 
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