UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Thermal and kinematic properties of ejecta in SN1987A revealed by XRISM

XRISM Collaboration; Audard, Marc; Costantini, Elisa; Vink, Jacco

DOI
10.1093/pasj/psaf056

Publication date
2025

Document Version
Final published version

Published in
Publications of the Astronomical Society of Japan

License
CcCBY

Link to publication

Citation for published version (APA):

XRISM Collaboration, Audard, M., Costantini, E., & Vink, J. (2025). Thermal and kinematic
properties of ejecta in SN1987A revealed by XRISM. Publications of the Astronomical Society
of Japan, 77(Supplement 1), S193-S208. https://doi.org/10.1093/pasj/psaf056

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:08 Sep 2026


https://doi.org/10.1093/pasj/psaf056
https://handle.uba.uva.nl/personal/pure/en/publications/thermal-and-kinematic-properties-of-ejecta-in-sn1987a-revealed-by-xrism(f152a95a-72ea-4ca7-93db-e25c1e179048).html
https://doi.org/10.1093/pasj/psaf056

Publications of the Astronomical Society of Japan, 2025, 77(SP1), S193-S208
https://doi.org/10.1093/pasj/psaf056
Advance access publication date: 2025 August 18

OXFORD

Thermal and kinematic properties of ejecta in SN1987A
revealed by XRISM

XRISM CoLLABORATION, Marc AUDARD, ®! Hisamitsu AwAKI,2 Ralf BALLHAUSEN, @345 Aya BAMBA, ©6-*
Ehud BEHAR, ®’ Rozenn BoissAY-MALAQUIN, ©458 Laura BRENNEMAN, ®® Gregory V. BROWN, ©10

Lia CORRALES, ®11 Elisa COSTANTINI, ©12 Renata CUMBEE, 4 Maria DiAz TRIGO, ®13 Chris DONE, ©14
Tadayasu DoTANI,'> Ken EBISAWA, ©15 Megan E. ECKART, ©®10 Dominique ECKERT, ®! Teruaki ENOTO, ©16
Satoshi EGucHI, ®17 Yuichiro EzOE,'8 Adam FOSTER, ©9 Ryuichi FuJimoTo, ©15 Yutaka FuJiTa, ®18
Yasushi FUKAzAwA, ®19 Kotaro FUKUSHIMA, ®15 Akihiro FURUzAWA,20 Luigi C. GALLO, ©21

Javier A. GARciA, ©422 Liyi Gu, ©12 Matteo GUAINAZzI, ©23 Roberta GIUFFRIDA, ©24 Kouichi HAGINO, ©6
Kenji HAMAGUCHI, ©458 Isamu HATSUKADE, 25 Katsuhiro HAYASHI, ©15 Takayuki HAYASHI, ©458
Natalie HELL, ®10 Edmund HobGEs-KLuck, ® Ann HORNSCHEMEIER, ®* Yuto ICHINOHE, ©26 Daiki ISHI,1°
Manabu ISHIDA,'® Kumi ISHIKAWA,'8 Yoshitaka ISHISAKI,'8 Jelle KAASTRA, ©1227 Timothy KALLMAN, ©4
Erin KARA, ©28 Satoru KATSUDA, ©29-* Yoshiaki KANEMARU, ©15 Richard KELLEY, ©4

Ryunosuke KIKUCHI,23 Caroline KILBOURNE, ©* Shunji KiItamoTo, 30 Shogo KoBAYASHI, 31
Takayoshi KOHMURA,32 Aya KuBOTA,33 Maurice A. LEUTENEGGER, ® Michael LOEWENSTEIN, ©345
Yoshitomo MAEDA, ©15 Maxim MARKEVITCH,* Hironori MATSUMOTO,3* Tsukasa IMIATSUSHIMA, 25 *
Kyoko MATSUSHITA, ©31 Dan McCAMMON, ©35 Brian MCNAMARA,36 Francois MERNIER, ©345

Eric D. MILLER, ©28 Jon M. MILLER, ®1! Ikuyuki MiTsuisHI, 3/ Misaki Mizumorto, ©38

Tsunefumi MizuNo, @33 Koji MoRI, ©25-* Koji MukaAl, 458 Hiroshi MURAKAMI,*0

Richard MusHOTzKY, ©3 Hiroshi NAKAJIMA, 41 Kazuhiro NAKAZAWA, @37 Jan-Uwe NESS,*2

Kumiko NoBUKAWA, ©43 Masayoshi NOBUKAWA, ®4 Hirofumi NoDA, ©45 Hirokazu ODAKA,34

Shoji 0Gawa, 15 Anna OGORzALEK, @345 Takashi OKAJIMA, ©®4 Naomi OTA, @46 Stephane PALTANI, ©1
Robert PETRE, ® Paul PLucinsKY, @ Frederick Scott PORTER, ©4 Katja POTTSCHMIDT, ©4,5.8

Kosuke SATO, ®47 Toshiki SAT0,*8 Makoto SAWADA, ®30 Hiromi SETA,'8 Megumi SHIDATSU, ©2

Jiro SHIMODA, ©43 Aurora SIMIONEScU, ©12 Randall K. SmITH, ®® Hiromasa Suzuki, ©25

Andrew SzymKowlIAK, 0 Hiromitsu TAKAHASHI, ©19 Mai TAKEO,! Toru TAMAGAWA, 26

Keisuke TAMURA,*>8 Takaaki TANAKA, ©52 Atsushi TANIMOTO, ©53 Makoto TASHIRO, 15,29

Yukikatsu TERADA, ©1523-* Yuichi TERASHIMA, ©2 Yohko TsuBol, ©5 Masahiro TsuJiMoTO, ©15

Hiroshi TsUNEMI,3* Takeshi Go TSURU, @16 Hiroyuki UCHIDA, ©16 Nagomi UCHIDA, ©15

Yuusuke UcHIDA, ©32 Hideki UCHIYAMA, ©% Shutaro UEDA,% Yoshihiro UEDA, ®%7 Shinichiro UNO,%
Jacco VINK, ©59 Shin WATANABE, ©1° Brian J. WILLIAMS, ©4 Satoshi YAMADA, ©4> Shinya YAMADA, ©30
Hiroya YAMAGUCHI, ©15 Kazutaka YAMAOKA, @37 Noriko YAMASAKI, ©15 Makoto YAMAUCHI, ®25

Shigeo YAMAUCHI,*6 Tahir YAQ00B,*58 Tomokage YONEYAMA, ©54 Tessei YOSHIDA, !5

Mihoko YUKITA, ©460 Irina ZHURAVLEVA, ®61 Marco MICELI, ©6263 and Vincenzo SAPIENZA ©6263

'Department of Astronomy, University of Geneva, Versoix CH-1290, Switzerland

2Department of Physics, Ehime University, 2-5 Bunkyo-cho, Matsuyama, Ehime 790-8577, Japan

3Department of Astronomy, University of Maryland, College Park, MD 20742, USA

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

SCenter for Research and Exploration in Space Science and Technology, NASA / GSFC (CRESST Il), Greenbelt, MD 20771, USA

®Department of Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan

"Department of Physics, Technion, Technion City, Haifa 3200003, Israel

8Center for Space Science and Technology, University of Maryland, Baltimore County (UMBC), 1000 Hilltop Circle, Baltimore, MD 21250, USA

Received: 2025 April 1; Accepted: 2025 May 12

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

9202 Yo.Je|\ 60 UO Josn wepJlaiswy UeA Nalsieniun Aq €81 /£28/£61S/L uaswalddng/, /2 /aomue/[sed/woo dno-olwapeoe//:sdiy woll papeojumoc]


https://doi.org/10.1093/pasj/psaf056
http://orcid.org/0000-0003-4721-034X
http://orcid.org/0000-0002-1118-8470
http://orcid.org/0000-0003-0890-4920
http://orcid.org/0000-0001-9735-4873
http://orcid.org/0000-0003-2704-599X
http://orcid.org/0000-0003-2663-1954
http://orcid.org/0000-0001-6338-9445
http://orcid.org/0000-0002-5466-3817
http://orcid.org/0000-0001-8470-749X
http://orcid.org/0000-0001-9894-295X
http://orcid.org/0000-0001-7796-4279
http://orcid.org/0000-0002-1065-7239
http://orcid.org/0000-0002-5352-7178
http://orcid.org/0000-0003-3894-5889
http://orcid.org/0000-0001-7917-3892
http://orcid.org/0000-0003-1244-3100
http://orcid.org/0000-0003-2814-9336
http://orcid.org/0000-0003-3462-8886
http://orcid.org/0000-0002-2374-7073
http://orcid.org/0000-0003-0058-9719
http://orcid.org/0000-0002-0921-8837
http://orcid.org/0000-0001-8055-7113
http://orcid.org/0009-0006-4968-7108
http://orcid.org/0000-0003-3828-2448
http://orcid.org/0000-0001-9911-7038
http://orcid.org/0000-0002-1094-3147
http://orcid.org/0000-0002-2774-3491
http://orcid.org/0000-0003-4235-5304
http://orcid.org/0000-0001-7515-2779
http://orcid.org/0000-0003-3518-3049
http://orcid.org/0000-0001-6922-6583
http://orcid.org/0000-0001-6665-2499
http://orcid.org/0000-0003-3057-1536
http://orcid.org/0000-0002-2397-206X
http://orcid.org/0000-0001-8667-2681
http://orcid.org/0000-0002-6102-1441
http://orcid.org/0000-0001-5540-2822
http://orcid.org/0000-0002-5779-6906
http://orcid.org/0000-0003-0172-0854
http://orcid.org/0000-0002-1104-7205
http://orcid.org/0000-0002-4541-1044
http://orcid.org/0009-0007-2283-3336
http://orcid.org/0000-0001-9464-4103
http://orcid.org/0000-0001-8948-7983
http://orcid.org/0000-0001-7773-9266
http://orcid.org/0000-0002-3331-7595
http://orcid.org/0000-0002-1661-4029
http://orcid.org/0000-0002-9099-5755
http://orcid.org/0000-0003-2907-0902
http://orcid.org/0000-0001-5170-4567
http://orcid.org/0000-0002-7031-4772
http://orcid.org/0000-0002-3031-2326
http://orcid.org/0000-0003-2869-7682
http://orcid.org/0000-0002-9901-233X
http://orcid.org/0000-0003-2161-0361
http://orcid.org/0000-0001-7263-0296
http://orcid.org/0000-0002-0018-0369
http://orcid.org/0000-0002-8286-8094
http://orcid.org/0000-0002-7962-5446
http://orcid.org/0000-0001-6988-3938
http://orcid.org/0000-0003-2930-350X
http://orcid.org/0000-0002-0726-7862
http://orcid.org/0000-0003-1130-5363
http://orcid.org/0000-0001-6020-517X
http://orcid.org/0000-0002-5701-0811
http://orcid.org/0000-0003-4504-2557
http://orcid.org/0000-0002-6054-3432
http://orcid.org/0000-0002-2784-3652
http://orcid.org/0000-0002-8108-9179
http://orcid.org/0000-0003-3850-2041
http://orcid.org/0000-0003-1415-5823
http://orcid.org/0000-0002-6374-1119
http://orcid.org/0000-0002-4656-6881
http://orcid.org/0000-0001-5774-1633
http://orcid.org/0000-0003-2008-6887
http://orcid.org/0000-0001-8195-6546
http://orcid.org/0000-0003-3383-2279
http://orcid.org/0000-0002-9714-3862
http://orcid.org/0000-0003-4284-4167
http://orcid.org/0000-0002-8152-6172
http://orcid.org/0000-0002-4974-687X
http://orcid.org/0000-0001-6314-5897
http://orcid.org/0000-0002-4383-0368
http://orcid.org/0000-0002-0114-5581
http://orcid.org/0000-0002-5097-1257
http://orcid.org/0000-0002-2359-1857
http://orcid.org/0000-0003-1780-5481
http://orcid.org/0000-0001-9943-0024
http://orcid.org/0000-0002-9184-5556
http://orcid.org/0000-0002-5504-4903
http://orcid.org/0000-0003-1518-2188
http://orcid.org/0000-0002-5641-745X
http://orcid.org/0000-0002-7962-4136
http://orcid.org/0000-0003-4580-4021
http://orcid.org/0000-0001-7821-6715
http://orcid.org/0000-0002-4708-4219
http://orcid.org/0000-0003-0441-7404
http://orcid.org/0000-0003-2063-381X
http://orcid.org/0000-0002-9754-3081
http://orcid.org/0000-0003-4808-893X
http://orcid.org/0000-0002-5092-6085
http://orcid.org/0000-0003-3841-0980
http://orcid.org/0000-0003-4885-5537
http://orcid.org/0000-0003-1100-1423
http://orcid.org/0000-0002-2683-6856
http://orcid.org/0000-0001-6366-3459
http://orcid.org/0000-0001-7630-8085
http://orcid.org/0000-0003-0876-8391
http://orcid.org/0000-0002-6045-136X
https://creativecommons.org/licenses/by/4.0/

S$194 Publications of the Astronomical Society of Japan (2025), Vol. 77, No. SP1

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

0 awrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94550, USA

""Department of Astronomy, University of Michigan, 323 West Hall, Ann Arbor, M1 48109-1107, USA

12SRON Netherlands Institute for Space Research, Niels Bohrweg 4, 2333 CA Leiden, the Netherlands

BESO, Karl-Schwarzschild-Strasse 2, 85748, Garching bei Miinchen, Germany

"Centre for Extragalactic Astronomy, Department of Physics, Durham University, South Road, Durham DH1 3LE, UK

nstitute of Space and Astronautical Science (ISAS), Japan Aerospace Exploration Agency (JAXA), 3-1-1 Yoshinodai, Chuo-ku,
Sagamihara, Kanagawa 252-5210, Japan

6Department of Physics, Kyoto University, Kitashirakawa-Qiwake-cho, Sakyo-ku, Kyoto, Kyoto 606-8502, Japan

"Department of Economics, Kumamoto Gakuen University, 2-5-1 Oe, Chuo-ku, Kumamoto 862-8680, Japan

8Department of Physics, Tokyo Metropolitan University, 1-1 Minami-Osawa, Hachioji-shi, Tokyo 192-0397, Japan

SDepartment of Physics, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan

DDepartment of Physics, Fujita Health University, 1-98 Dengakugakubo, Kutsukake-cho, Toyoake, Aichi 470-1192, Japan

2'Department of Astronomy and Physics, Saint Mary’s University, Nova Scotia B3H 3C3, Canada

2(Cahill Center for Astronomy and Astrophysics, California Institute of Technology, 1200 East California Boulevard, Pasadena, CA 91125, USA

ZEuropean Space Agency (ESA), European Space Research and Technology Centre (ESTEC), 2200 AG, Noordwijk, the Netherlands

2Université Paris-Saclay, Université Paris Cité, CEA, CNRS, AIM, 91191 Gif-sur-Yvette, France

BFaculty of Engineering, University of Miyazaki, 1-1 Gakuen-Kibanadai-Nishi, Miyazaki, Miyazaki 889-2192, Japan

%RIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

7| eiden Observatory, University of Leiden, P.0. Box 9513, NL-2300 RA, Leiden, the Netherlands

ZKavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, MA 02139, USA

BGraduate School of Science and Engineering, Saitama University, 255 Shimo-Okubo, Sakura, Saitama Saitama 338-8570, Japan

0pepartment of Physics, Rikkyo University, 3-34-1 Nishi Ikebukuro, Toshima-ku, Tokyo 171-8501, Japan

$'Faculty of Physics, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan

#2F3culty of Science and Technology, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba 278-8510, Japan

#Department of Electronic Information Systems, Shibaura Institute of Technology, 307 Fukasaku, Minuma-ku, Saitama, Saitama 337-8570,
Japan

%Department of Earth and Space Science, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan

$Department of Physics, University of Wisconsin, 2320 Chamberlin Hall, 1150 University Avenue, Madison, W1 53706, USA

%Department of Physics and Astronomy, University of Waterloo, 200 University Avenue West, Waterloo, Ontario N2L 3G1, Canada

8Department of Physics, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan

#Science Research Education Unit, University of Teacher Education Fukuoka, 1-1 Akamabunkyo-machi, Munakata, Fukuoka 811-4192, Japan

$Hiroshima Astrophysical Science Center, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan

“ODepartment of Data Science, Tohoku Gakuin University, 3-1 Shimizukoji, Wakabayashi-ku, Sendai, Miyagi 984-8588

#College of Science and Engineering, Kanto Gakuin University, 1-50-1 Mutsuura-higashi, Kanazawa-ku, Yokohama, Kanagawa 236-8501,
Japan

“2Eyuropean Space Agency (ESA), European Space Astronomy Centre (ESAC), E-28692 Madrid, Spain

“Department of Science, Faculty of Science and Engineering, KINDAI University, 3-4-1 Kowakae, Higashiosaka, Osaka 577-8502, JAPAN

“Department of Teacher Training and School Education, Nara University of Education, Takabatake-Cho, Nara, Nara 630-8528, Japan

“Astronomical Institute, Tohoku University, 6-3, Aramaki, Aoba-ku, Sendai, Miyagi 980-8578, Japan

%Department of Physics, Nara Women'’s University, Kitauoya-Nishimachi, Nara, Nara 630-8506, Japan

“"Department of Astrophysics and Atmospheric Sciences, Kyoto Sangyo University, Motoyama, Kamigamo, Kita-ku, Kyoto, Kyoto 603-8555,
Japan

%8School of Science and Technology, Meiji University, 1-1-1 Higashi-Mita, Tama-ku, Kawasaki, Kanagawa, 214-8571, Japan

®nstitute for Cosmic Ray Research, The University of Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa, Chiba, 277-8582, Japan

0yale Center for Astronomy and Astrophysics, Yale University, PO Box 208120, New Haven, CT 06520-8120, USA

S'Faculty of Science, University of Toyama, 3190 Gofuku, Toyama-shi, Toyama 930-8555, Japan

52Department of Physics, Konan University, 8-9-1 Okamoto, Kobe, Hyogo 658-8501, Japan

5Graduate School of Science and Engineering, Kagoshima University, 1-21-40 Korimoto, Kagoshima, Kagoshima, 890-8580, Japan

%Department of Physics, Chuo University, 1-13-27 Kasuga, Bunkyo, Tokyo 112-8551, Japan

%Faculty of Education, Shizuoka University, 836 Ohya, Suruga-ku, Shizuoka, Shizuoka 422-8529, Japan

%Kanazawa University, Kakuma-machi, Kanazawa, Ishikawa 920-1192, Japan

’Department of Astronomy, Kyoto University, Kitashirakawa Oiwakecho, Sakyo-ku, Kyoto, Kyoto 606-8502, Japan

58Nihon Fukushi University, Okuda, Mihama-cho, Chita, Aichi 470-3295, Japan

% Anton Pannekoek Institute, University of Amsterdam, Postbus 94249, 1090 GE Amsterdam, the Netherlands

8 Johns Hopkins University, 3400 N Charles St, Baltimore, MD 21218, USA

5"Department of Astronomy and Astrophysics, University of Chicago, 5640 S Ellis Ave, Chicago, IL 60637, USA

82Dipartimento di Fisica e Chimica - Emilio Segré, Universita degli Studi di Palermo, Via Archirafi 36, 1-90123 Palermo, Italy

83NAF-Osservatorio Astronomico di Palermo, Piazza del Parlamento, 1, 90134 Palermo, Italy

*Email: terada@mail.saitama-u.ac.jp (YT), mori@astro.miyazaki-u.ac.jp (KM), tsukasa@astro.miyazaki-u.ac.jp (TM), katsuda@mail.saitama-u.ac.jp (SK),

bamba@phys.s.u-tokyo.ac.jp (AB)

Abstract

We present an analysis of high-resolution spectra from the shock-heated plasmas in SN 1987A, based on an observation using the Resolve
instrument onboard the X-Ray Imaging and Spectroscopy Mission (XRISM). The 1.7-10 keV Resolve spectra are accurately represented by a
single-component, plane-parallel shock plasma model, with a temperature of 2.8410:9 keV and an ionization parameter of 2.6475-%8 x 10" s cm 3.
The Resolve spectra are also well reproduced by the 3D magneto-hydrodynamic simulation presented by Orlando et al. (2020, A&A, 636, A22)

suggesting substantial contribution from the ejecta. The metal abundances obtained with Resolve align with the Large Magellanic Cloud value,
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indicating that the X-rays in 2024 originate from “non-metal-rich” shock-heated ejecta and the reverse shock has not reached the inner metal-
rich region of ejecta. Doppler widths of the atomic lines from Si, S, and Fe correspond to velocities of 1500-1700 km s~', where the thermal
broadening effects in this non-metal-rich plasma are negligible. Therefore, the line broadening seen in Resolve spectra is determined by the large
bulk motion of ejecta. For reference, we determined a 90% upper limit on non-thermal emission from a pulsar wind nebula at 4.3 x 10~'% erg
cm~2 57" in the 2-10 keV range, aligning with NuSTAR findings by Greco et al. (2022, ApJ, 931, 132). Additionally, we searched for the 44Sc K
line feature and found a 1o upper limit of 1.0 x 1078 photons cm~2 s~', which translates to an initial **Ti mass of approximately 2 x 10~* M,
consistent with previous X-ray to soft gamma-ray observations (Boggs et al. 2015, Science, 348, 670; Grebenev et al. 2012, Nature, 490, 373,;

Leising 2006, ApJ, 651, 1019).

Keywords: ISM: supernova remnants — plasmas — shock waves — supernovae: individual (SN1987A)

1 Introduction

Supernovae and their remnants release heavy elements and
cosmic rays into space, thus contributing to the diversity of
the universe. X-ray observations are crucial to understand-
ing their kinematics and the degree of enrichment of heavy
elements they contribute. SN 1987A in the Large Magellanic
Cloud (LMC) at a distance of 51.4 kpc is a core-collapse su-
pernova that was observed to explode on 1987 February 23
(West et al. 1987). It is the only supernova that has been moni-
tored by human beings for nearly 40 years as it transitions into
a supernova remnant. The object is evolving in a highly in-
homogeneous circumstellar medium (CSM), which was orig-
inally created by stellar winds from the massive progenitor.
Early optical observations using the Hubble Space Telescope
identified a triple-ring structure, featuring a luminous inner
equatorial ring (ER) and two dim outer rings (Burrows et al.
1995). The CSM s characterized by a dense, clumpy ER
within a more diffuse H1 region (Chevalier & Dwarkadas
1995; Sugerman et al. 2005). The blast wave generated by
the explosion continues to interact with these CSM struc-
tures. As a result, the electrons, protons, and ions in these
regions are expected to be heated by the shock, leading to X-
ray emission under different temperatures depending on the
mass of the species. These species will gradually reach equi-
librium through Coulomb collisions and collective plasma in-
teractions, although non-equilibrium conditions are expected
to last well after the interaction with the shock due to the
slow nature of these processes. The X-rays from hot plasma
in SN 1987A have been monitored by numerous X-ray mis-
sions, including ROSAT, Suzaku, Chandra, XMM-Newton,
NuSTAR, and SRG/eROSITA (e.g., Beuermann et al. 1994;
Hasinger et al. 1996; Burrows et al. 2000; Park et al. 2002,
2004, 2005, 2006, 2011; Zhekov et al. 2005, 2006, 2009,
2010; Dewey et al. 2008; Racusin et al. 2009; Sturm et al.
2009,2010; Maggi et al. 2012; Helder et al. 2013; Frank et al.
2016; Sun et al. 2021, 2025; Ravi et al. 2021, 2024; Maitra
et al. 2022, and references therein), investigating the shock
interactions primarily with the ER but also with the outer en-
velope of ejecta, exposing the progenitor’s evolution history.

The X-ray light curve and spectra have been accurately
replicated through 3D hydrodynamic and magnetohydrody-
namic (MHD) simulations by Orlando et al. (2015, 2019,
2020). Initially, these studies showed that X-ray emission
arose primarily from the shocked H r region. Over time, the
emission has become dominated by the shocked dense ER. The
model depicts a third stage starting approximately 33 years
post-explosion, suggesting that the blast wave is leaving the
ER and the shock-heated emission from the ejecta is rising
(Orlando et al. 2020).

As of 2023 September, X-ray high-resolution spectroscopy
within the Fe-K band has been made feasible by the X-Ray
Imaging and Spectroscopy Mission (XRISM; Tashiro et al.

2024,2025). This mission is managed by the Japan Aerospace
Exploration Agency (JAXA) and NASA, with collaboration
from the European Space Agency (ESA) and other interna-
tional partners. Prior to the performance verification (PV) ob-
servation of XRISM, Sapienza et al. (2024a, 2024b) investi-
gated the plasma diagnostics of SN 1987A, predicting what
XRISM’s high-resolution spectra would look like in 2024,
during the PV phase. They performed this study under open
and closed gate valve (GV) conditions, utilizing the latest out-
puts from the 3D MHD simulation by Orlando et al. (2020).
They anticipated a strong link between the broadened line
emission and newly shocked ejecta.

This paper presents the initial results from the XRISM ob-
servation of SN 1987A during the PV phase. The organization
of the paper is as follows: sections 2 and 3 provide an overview
of the XRISM observation of SN 1987A and outline the data
reduction process, respectively. Sections 4 and 5 focus on the
analysis of the X-ray spectral shape and plasma diagnostics
using atomic lines, respectively. In section 6, we explore the
origin of X-ray emission observed by XRISM, discuss line di-
agnostic results, and cover additional topics.

2 Observatory and the observation

In order to perform plasma diagnostics of SN 1987A in the X-
ray band, we used the X-Ray Imaging and Spectroscopy Mis-
sion (XRISM; Tashiro et al. 2024, 2025) which provides high-
resolution X-ray spectroscopy, especially on the Fe-K band at
around 6 keV, for the first time. XRISM carries an X-ray mi-
crocalorimeter array (known as Resolve; Kelley et al. 2024)
and an X-ray CCD camera (known as Xtend; Mori et al.
2024; Noda et al. 2025) in the focal planes of its two iden-
tical X-ray mirrors. These instruments were designed to per-
form X-ray spectroscopy with an energy resolution of <7 eV
(full width at half maximum; FWHM) in a field of view (FOV)
of 3.05 x 3.05 arcmin? and X-ray imaging over a wide FOV
of 38.5 x 38.5 arcmin? in the 0.3-12 keV and 0.4-13 keV
bands, respectively.

We have performed an X-ray observation of SN 1987A
with Resolve and Xtend onboard XRISM, starting at 18:20:04
on 2024 June 17 until 14:01:04 2024 June 22 UT during the
performance verification and calibration period in the nomi-
nal operations phase. This observation took place 37.3 years
after the observed explosion of SN 1987A. The observation
id of this observation was OBSID = 300021010. The target
position is (RA, Dec)j2000.0 = (837866744, —692268637) with
the roll angle of 31°012931. The Resolve instrument was
operated with no filter, but in the GV closed condition,
which limits the energy band pass of Resolve to 1.7-10 keV.
Xtend was operated in nominal mode with the full window
option.
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3 Data reduction and validation

3.1 Data reduction

The X-ray data acquired via the XRISM satellite were
processed by the standard XRISM pre-pipeline and
pipeline (Loewenstein et al. 2020; Terada et al. 2021;
Hayashi et al. 2024) with the version of TLM2FITS =
“005_001.20Jun2024_Build8.012” and PROCVER =
“03.00.013.009,” respectively. We employed the XRISM
ftools available in the HEAsoft package version 6.34 together
with the CALDB XRISM version 10 for our analyses.

In order to perform detailed plasma diagnostics of hot
plasma within SN 1987A through high-resolution spec-
troscopy, our study concentrates on the Resolve instrument;
future publications will present analyses involving Xtend.
Resolve events were accumulated from the standard cleaned
event file. Using guidance from section 6 of the XRISM
quick start guide version 2.3 dated 2024 September 18,
we applied further screening criteria with RISE_TIME
and DERIV_MAX parameters as follows: ((PI>=600)
&& ((RISE_TIME40.00075%DERIV_MAX) >46) &&
((RISE TIME+0.00075%DERIV MAX)<58)). We used
the Resolve events with the High primary (Hp) grade (Kelley
et al. 2024) in the following analyses. The total exposure for
Resolve was 290.5 ks.

The gain drift of Resolve was tracked using the Mn-K lines
from an *Fe source on the filter wheel onboard the space-
craft, which was intermittently exposed to all the pixels. As a
cross-check, the behavior of the gain of the calibration pixel
#12 is always illuminated by Mn-K lines. After the standard
gain correction, the energy resolutions of the former and latter
events were 4.49 £ 0.02 eV for Hp (variation from 4.2-5.0 eV
by pixel) and 4.50 4 0.01 eV, respectively. The performance of
the energy resolution of Resolve pixels during the SN 1987A
observation exceeds the mission requirement. Therefore, we
used all the pixels except for the calibration pixel #12 for the
following spectral analyses, although the gain trend of pixel
27 is slightly different from that of other pixels. The total
count rate for Hp cleaned events in the 1.7-10 keV band is

5.9 x 1072 counts s~ .

3.2 Energy response and spectral model

In the following spectral analyses, we used XSPEC version
12.14.1 in HEAsoft package version 6.34. We used the extra-
large sized response function with an electron-loss contin-
uum component generated by the ftool rslmkrmf and a point
source arf file generated by the ftool xaarfgen at the position
of SN1987A for all pixels. The Resolve spectrum has been
binned in an optimal manner following the method outlined
by Kaastra and Bleeker (2016). The spectral fitting in this ar-
ticle was conducted utilizing C-statistics (C-stat; Cash 1979).

We applied the models wabsxphabs*zashift in XSPEC, mul-
tiplying to (and convolving) the trial models in the following
analyses. This approach accounted for the Galactic absorption
of 6.0 x 102 atoms cm 2 (in wabs) using the photoelectric
cross-section from Morrison and McCammon (1983), incor-
porated the photo absorption in LMC with the column density
of 2.2 x 102! atoms cm™? (in phabs) using the LMC abun-
dance taken from Russell and Dopita (1992) [and Schenck
et al. (2016) for Si], and adjusted the photon energies for the
recession velocity of SN 1987A at 286.7 km s~! (Chan & Lin-
genfelter 1987; Meaburn et al. 1995, in zashift). We also ap-
plied the LMC abundance by Russell and Dopita (1992) in
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Fig. 1. NXB spectra are depicted as thin gray crosses, while the model is
represented by a thick black line, with Resolve. The contamination of LMC
emission on Resolve estimated by the Xtend background region is shown
in thin green.

the plasma models for SN 1987A, such as apec (Smith et al.
2001), pshock model families, etc. We fixed all the parame-
ters of wabsxphabs*zashift here in the following analyses. We
used the AtomDB version 3.1.2 for apec family models.

3.3 Background spectra

The non X-ray background (NXB) spectrum was generated
by the ftool rslnxbgen with the provisional version 1 of the
NXB database,' employing the same selection criteria as for
the cleaned events described in subsection 3.1. The NXB spec-
tral model, which is also provided by the XRISM collabora-
tion in this provisional version, reproduced the NXB spec-
trum for this observation as shown in figure 1. The C-stat was
16347.28 for 21992 degrees of freedom (d.o.f.) and the scale
factor relative to the nominal NXB model was 0.96 & 0.02,
where the uncertainty signifies a 90% confidence level.

In order to estimate the contamination from the LMC emis-
sion around SN 1987A in Resolve spectra, we analyzed the
Xtend data. The background Xtend spectrum was derived
from a 200” x 200” source-free region in the Xtend image.
The Xtend NXB spectrum was produced using the ftool xtd-
nxbgen, employing version 1 of the NXB database. The back-
ground Xtend spectrum showed enhancement over the NXB
spectrum in the soft energy range below 2 keV and was accu-
rately modeled using the two-temperature optically-thin ther-
mal plasma model (i.e., vapec in XSPEC; Smith et al. 2001),
achieving a C-stat of 191.28 with 190 d.o.f., utilizing a flat
arf for the background area. This emission model indicates
that the contamination from the soft background emission
in Resolve’s spectrum is approximately 2 x 10~* counts s~ !,
constituting 0.3% of the source signal. This value is negligible
as indicated in figure 1, and therefore, for the following anal-
yses, only the NXB spectrum was applied as a background for
the Resolve spectra.

During the observation of SN 1987A with XRISM, nine
M-class solar flares were reported which might enhance the

I XRISM Science Data Center, 2025, “XRISM Non-X-ray Background
Database and Tools” (https://heasarc.gsfc.nasa.gov/docs/xrism/analysis/
nxb/index.html).
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Fig. 2. Fe-K line spectra are displayed using red crosses. The best-fitting models, a power law with Gaussian (left) and the bvpshock model (right), are
shown by thick blue lines. The thin gray and the upper black lines indicate the NXB model and the combined result of the model and the NXB model.
Spectral analyses for both models are conducted within an identical energy range of 5-10 keV.

background spectra.? In the Xtend data, we identified hard
X-ray emission above 2 keV from a source-free image region,
showing a 0.8 counts s~! rate in the 2-10 keV range over 12
min intervals around 13:00 on each of 2024 June 18 and 19
UT. The possible contamination affecting the Resolve spectra
is only 1 count in the 2-10 keV band, which is less than 0.01%
of the SN 1987A signals. As such, we ignored solar flare con-
tamination on the Resolve spectra in subsequent analyses.

4 Analyses of the spectral shape with XRISM

As demonstrated in section 3, the X-ray spectra of SN 1987A
were successfully acquired using XRISM Resolve. The ob-
jective of this section is to formulate the emission model of
the high-resolution X-ray spectra obtained by XRISM and
to derive plasma properties. This section is structured as fol-
lows. First, we analyze the spectral features near the Fe-K line
band with Resolve (subsection 4.1). Subsequently, an investi-
gation of Resolve’s spectra in lower energy bands is presented
(subsection 4.2). Finally, a full spectral model with Resolve is
established (subsection 4.3).

4.1 Fe-K line profile with Resolve

In this section, we investigate the Resolve spectrum within the
hard X-ray range of 5-10 keV. As illustrated in figure 2, Fe-
K lines are clearly detected, as already reported by XMM-
Newton since 2009 (Sturm et al. 2010; Maggi et al. 2012),
NuSTAR since 2012 (Alp et al. 2021), and Chandra since
2018 (Ravi et al. 2024). The X-ray spectrum is well described
by a simple power law + Gaussian model yielding a C-stat
of 1221.11 over 1132 d.o.f., as shown in the left-hand panel
of figure 2. The NXB model for Resolve, established in sub-
section 3.3, was fixed during the fitting. We obtained a power
law photon index of 3.41 +0.15, and a line center energy at
6.644f8i8(1)é keV with a width of 58.2f2:g eV. The line equiv-
alent width was 3231’28 eV, which corresponds to a line flux

2 National Institute of Information and Communications Technology
(NICT), 20235, “Space Weather Forecast, Daily report” (https://swc.nict.go.
jp/en/report/view.html).

of 7.357099 x 1071 erg em™2 s7! or 6.927034 x 107° pho-

tons cm~2 s~!. The intensity of the Fe K line generally aligns
with the long-term trend described by Sun et al. (2021), Ravi
et al. (2024), and Sun et al. (2025). A comprehensive analy-
sis of the temporal evolution of the plasmas using Xtend and
Resolve data will be provided in a future publication.
Subsequently, we employed a more realistic plasma model,
specifically a plane-parallel shock model (Borkowski et al.
2001; implemented as the bvpshock model in XSPEC). This
model represents X-ray emission from a hot plasma heated by
a plane-parallel shock with a constant post-shock tempera-
ture and with a linear distribution in the ionization parameter
7 across the emission measure. In the fitting, the lower limit
of the ionization parameter was fixed at 0 and the upper limit
7, was set to be free. As described in subsection 3.3, the photo
absorption models by Galactic and LMC gas and the Doppler
shift by the intrinsic motion of the object are multiplied with
fixed values to the plasma model, and we used the abundance
table for the LMC by Russell and Dopita (1992). Note that
the following results for the redshift parameter (z) in the
bupshock model represent the redshift after accounting for
intrinsic motion subtracted by the zashift model. The NXB
model for Resolve is also frozen during this fitting. The
abundance values for elements lighter than Fe are set to those
for the 2019 November values in table 4 of Sun et al. (2021),
but converted to the LMC equivalent values in our model.
Here, the Ni abundance is tied to the Fe abundance in the
fitting. The X-ray spectrum is well described by the bup-
shock model, as shown in the “pshock_high(Sun+21)”

column of table 1, with kT =3.17'03! keV and

Ty = (2.201“8:22) x 10" s cm™3. The Fe line complex is

broadened by a Doppler velocity of (16‘11“5‘:?) x 102 km

s~1, corresponding to a width of 32'21?682 eV at 6 keV,

and Doppler shifted by z=(—14.97f,) x 107*, which

corresponds to a velocity of (—4.5%22) x 102 km s~! rel-
ative to the intrinsic motion of SN 1987A. When utilizing
alternative abundances for lighter elements from Sturm
et al. (2010) or those referenced in Ravi et al. (2024),
the results remain in agreement within the statistical
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Table 1. Best-fitting parameters for the X-ray spectrum of SN1987A with XRISM Resolve in 5-10 keV.

Model* pshock_high(Sun+21)* pshock_high(Sturm+10)* pshock_high(Ravi+24)$
kT (keV) 3.17+931L 3.17+931L 3.17%930
He 1.00 fix 1.00 fix 1.94 fix$
C 1.00 fix 1.00 fix 0.29 fix$
N 5.78 fixt 7.62 fix! 4.51 fix$
e} 0.28 fix' 0.28 fix! 0.31 fix$
Ne 0.73 fixt 0.72 fixt 0.71 fix$
Mg 0.35 fix' 0.25 fix! 0.34 fix$
Si 1.35 fixt 0.97 fix* 1.17 fix$
S 1.52 fixt 1.11 fixt 1.05 fix$
Ar 1.00 fix 1.00 fix 1.00 fix
Ca 1.00 fix 1.00 fix 1.00 fix
Fe 0.77+022 0.77+022 0.95+0%
Ni Tied to Fe Tied to Fe Tied to Fe
7! (101 s cm™3) 22097 221872 2.22+076
Doppler shift z# (10~) —14.9t75, —14.9t77, —-14.7477,
Broadening v** (10> km s~ ") 161149 162149 16.1+39
C-stat 1211.84 1211.84 1211.34
d.of. 1131 1131 1131

*The Galactic and LMC absorption column densities were set at 6.0 x 102° and 2.2 x 10?! atoms cm~2 fixed, respectively, and the redshift determined by
the recession velocity was fixed at 286.7 km s~! (see subsection 3.2). Abundances are relative to the LMC values given by Russell and Dopita (1992). The
fitting energy range is 5.0-10 keV band. NXB normalization is fixed to be 0.96. The errors are 90% confidence level.

T Abundances are set to the values for 2019 November in table 4 of Sun et al. (2021); N = 5.78, O = 0.28, Ne = 0.73, Mg = 0.35 of LMC abundance.

tAbundances given in Sturm et al. (2010) with XMM-Newton, relative to LMC value.

$ Abundances used in Ravi et al. (2024), relative to LMC value; He by Mattila et al. (2010), C by Fransson, Lundqvist, and Chevalier (1996), and O by Zhekov

et al. (2009).
IUpper limit on ionization timescale (7) in units of 10'' s cm™3.

#Doppler shift 2 in units of 107*. The intrinsic velocity of SN 1987A is subtracted.

*Doppler broadening velocity in units of 10 km s~'.

demonstrated in the
“pshock_high(Ravi+24)”

uncertainties, as
“pshock_high(Sturm+10)” and
columns presented in table 1.
Slight indications of Fe xxvi1 lines (located at 6.952 keV and
6.973 keV in the rest frame) appear in the residuals shown
in the lower panel of figure 2. By adding a model with two
Gaussian functions where the line center separation and the
intensity ratio were fixed at their theoretical values (21 eV
and x1.98, respectively) on the pshock model above, the fit
slightly improved with a C-stat of 1209.13 for 1128 d.o.f.,
although it is not statistically significant (for reference, the
F-statistic value is 0.8 with a probability of 0.4). The 90%
upper limit for the equivalent width of the sum of the two
lines was determined as <17.0 eV. The line center energies are
6.967%009% keV and 6.988 keV with the same error, indicating

a Doppler shift of z = —22.0M14, x 10~ or 6.673 x 102

km s~'. The upper limit for the line width is <70.3 eV, corre-
sponding to a Doppler broadening velocity of <3.03 x 103
km s~!. Both the Doppler broadening and shift align with
those of the bupshock plasma outlined in table 1.

4.2 Resolve spectral feature in the lower energy
bands

As seen in subsection 4.1, the Resolve spectrum in the 5.0-10
keV band is well reproduced by the pshock model family. We
next examined the spectral shape in the lower energy bands:
the 3.0-5.0 keV and the 1.7-3.0 keV bands. We applied the
same plasma model bvpshock as in subsection 4.1 convolved
by wabsxphabsxzashift model with fixed values in subsection
3.2.. In the fitting, the NXB model for Resolve was frozen
with the constant factor of 0.96 (subsection 3.3). The results

for the 3.0-5.0 keV and the 1.7-3.0 keV bands are shown in
figure 3 and in the “pshock_mid” and “pshock_low” models
in table 2. The abundances of elements whose line energies
are out of the fit energy range were fixed at the value of 2019
November in table 4 of Sun et al. (2021), as we did in sub-
section 4.1. As a result, we found that all three narrow-band
spectra are well represented by a single bvpshock model. The
kT and 7, obtained from “pshock_mid” and “pshock_low”
models are consistent with those by the “pshock_high” model
in subsection 4.1 within the statistical errors. This conclusion
does not change within the statistical errors even when apply-
ing alternative abundance values from Sturm et al. (2010) or
those used in Ravi et al. (2024).

4.3 Resolve spectrum in the 1.7-10 keV band

Given that the Resolve spectra within the energy ranges
of 1.7-3 keV, 3-5 keV, and 5-10 keV are well repre-
sented by the bvpshock model, as detailed in subsections
4.1 and 4.2, we applied the same plasma model (i.e.,
wabsxphabsxzashiftxbvpshock in XSPEC) to the entire Re-
solve spectra across the 1.7-10 keV range. The resultant
spectra are well represented using this model, as illustrated
in figure 4 and table 2. It is noteworthy that the statisti-
cal uncertainties in the Resolve NXB spectrum do not af-
fect this outcome, as highlighted by the “pshock_wide” and
“pshock_wide2” models in table 2, corresponding to the NXB
free and fixed fits, respectively. For these fits, the abundance
values of elements lighter than Fe were taken from table 5
of Sun et al. (2021); the results remain consistent even when
alternative abundances from Sun et al. (2021) or Ravi et al.
(2024) are used, as shown in table 3.
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Table 2. Best-fitting parameters for the X-ray spectrum of SN1987A with XRISM Resolve.

Model* pshock_mid pshock_low pshock_wide pshock_wide2 pshock_gsmooth
Energy band (keV) 3.0-5.0 1.7-3.0 1.7-10.0 1.7-10.0 1.7-10.0

T keV) 285701 L9678 285708, 284708, 283538,
Si 1.35 fix? 0.687024 1.23+029 1.21+0% 1.167038

s 119731 0.82701 124702 123702 121782
Ar 0.95+033 1.00 fix 0.82+022 0.82+022 0.82+021

Ca 1.05+04¢ 1.00 fix 103404 1034041 1.06+040

Fe 0.55 fix' 0.55 fixf 0.7210-13 0.7210-13 0.7415-14

Ni Tied to Fe Tied to Fe Tied to Fe Tied to Fe Tied to Fe
7,f (10" s cm™3) 415539 3.68+6¢ 2637030 2627038 266704
Doppler shift 25 (10~%) —8.041588 1.1377 44 -3.30765%7 —3.461572 -1.391322
Broadening v/ (10% km s~!) 9.8+41 109739 14.5%32 14.4732 17.0+41#
Index o** — — — — 1.27f8€(7)
NXB norm. 0.96 fix 0.96 fix 0.96 fix 0.99 +0.03 0.99+003
C-stat 554.28 367.79 2182.91 2181.19+12467.96™t 2178.23+12467.8211
d.o.f. 558 372 2074 20744165971t 2073+165971F

*The Galactic and LMC absorption column densities were set at 6.0 x 10%* and 2.2 x 10*! atoms cm~? fixed, respectively, and the redshift determined by
the recession velocity was fixed at 286.7 km s™! (see subsection 3.2). Abundances are relative to the LMC values given by Russell and Dopita (1992).

Abundances are set to the values in table 4, 2019 November in Sun et al. (2021); N = 5.78, O = 0.28, Ne = 0.73, Mg = 0.35 of LMC abundance. The

errors are 90% confidence level.
fAbundances of 2019 November in table 4 of Sun et al. (2021).
{Upper limit on ionization timescale (z,) in units of 10" s cm=3.

SDoppler shift z in units of 10~*. The intrinsic velocity of SN 1987A is subtracted.

IDoppler broadening velocity in units of 10> km s~1.
#Doppler broadening velocity at 6.0 keV.

**Power of energy for Doppler broadening variation.

Tt The initial and secondary values denote the source and NXB data, respectively.
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Fig. 3. X-ray spectra of SN1987A with Resolve in the 3-5 keV and 1.7-3 keV bands are shown in red crosses in the upper panels. The best-fitting models
of “pshock_mid” and “pshock_low" in table 2 are also shown by thick-lower blue straight lines in the upper panels, and the NXB model and the sum of
the best-fitting model and NXB model are shown in gray and upper black straight lines, respectively. The lower panels represents the delta x2.

In order to verify the consistency of the plasma parame-
ters across the “pshock_low,” “pshock_mid,” “pshock_high,”
and “pshock_wide” models in tables 1, 2, and 3, we have
plotted the confidence contours of kT, z, and velocity against
7, in figure 5. The results demonstrate statistical consistency
among these models within the 99% confidence level, in-
dicating that the single plasma component is dominant in
the Resolve spectrum, although the spectrum of the low-
est energy band typically favors a lower kT value than oth-

ers with less significance (figure 5, top). The Doppler shift z
(figure 5, middle) is statistically consistent across all four re-
sults, exhibiting a clear positive correlation with 7, in both
the high and wide-band fittings, a behavior characteristic
of non-equilibrium coronal plasma. The absolute value of z
from the intrinsic velocity is consistent with 0 km s~ within
errors.

Examining the 90% confidence level contours in figure 5
(bottom), larger Doppler broadening on atomic lines may be
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Fig. 4. (Top) X-ray spectra of SN1987A and the non-X-ray background with
XRISM Resolve are shown by red and gray crosses, respectively. The
thick blue line illustrates the best-fitting model for “pshock_wide2"” as
detailed in table 2. The thin gray and upper black lines indicate the best-
fitting models for the NXB alone and the combined model of the NXB and
"pshock_wide2,"” respectively. The lower line with the label 'PWN' repre-
sents the pulsar wind nebula model suggested by Greco et al. (2022) (see
the text in subsection 6.4 later). (Bottom) Residuals for the SN 1987A data
and the NXB spectra are displayed in thick red and thin gray, respectively.

Table 3. Same as table 2 but with different abundance parameters.

required for the Fe-K (highest) energy band, compared with
those in other bands. The bvpshock model utilized in the pre-
vious analysis assumes a Doppler broadening energy power
a =1 (i.e., constant velocity over all the atomic lines), ex-
pressed by AE o E* for the broadening width AE at line en-
ergy E. Therefore, in order to study the energy dependence of
Doppler broadening, we applied the gsmooth*xvpshock model
in XSPEC, and obtained the power of energy of @ = 1 .25Jj8§%,
which is smaller than the previous X-ray results (¢ ~ 2) by
Sun et al. (2021). This result remains consistent even when
applying the elemental abundances lighter than Fe from Sun
et al. (2021) or Ravi et al. (2024), as shown in table 3. This

trend will be explored further in section 5.

5 Atomic line diagnostics using Resolve
spectrum

In order to measure the Doppler shift and broadening of
atomic lines in the Resolve spectrum, we performed narrow
band fitting around the line center energies using the bupshock
model, whose kT and 7, were frozen at “pshock_wide2”
model values in table 2. Although the correlation between z
and 7, seen in subsection 4.2 may affect the measurement of z,
we fixed 7, here because it is consistent among three band fits
in section 4. We tested all the atomic lines indicated in labels

Model* pshock_wide pshock_wide2 pshock_gsmooth  pshock_wide pshock_wide2 pshock_gsmooth
kT (keV) 2861099 2851099 2.8310:0¢ 2851009 2.8410:99 2.8210:09
He 1.00 fix 1.00 fix 1.00 fix 1.94 fixt 1.94 fixt 1.94 fixt
C 1.00 fix 1.00 fix 1.00 fix 0.29 fixt 0.29 fixt 0.29 fixt
N 7.62 fixt 7.62 fixt 7.62 fixt 4.51 fixt 4.51 fixt 4.51 fixt
(e) 0.28 fix" 0.28 fix" 0.28 fixf 0.31 fix! 0.31 fix! 0.31 fix!
Ne 0.72 fixt 0.72 fixt 0.72 fixt 0.71 fix! 0.71 fix! 0.71 fixt
Mg 0.25 fixt 0.25 fixt 0.25 fixt 0.34 fixt 0.34 fixt 0.34 fixt
Si 12372 121953 11673 15373 151953 0.88793)
0.22 0.22 0.16 0.2 0.2 0.
S 1.24%925 1.23%925 1.21791¢ 1.547927 1.53%927 0.9210-13
Ar 0.8210-22 0.8210-22 0.8270-21 1.027938 1.027938 0.62101¢
Ca 103703 103703 107403 128703 127293 0.8170%
Fe 0.72%0:11 0.72+01 0.76+0 00 0.89%013 0.901019 0.57+005
Ni Tied to Fe Tied to Fe Tied to Fe Tied to Fe Tied to Fe Tied to Fe
WS (10 sen) 26470 262703 265708 262703 265705 264703
Doppler shift z! (107#) —3.347571 —3.511678 -3.3317% —3.507522 —3.627603 —-3.3477%
Broadening v* 14.6132 14.5132 18.7132% 14.5732 14.4132 17.073:0+
(10> km s~1)
Index ot — — 1.357039 — — 1.26703)
NXB norm. 0.96 fix 0.99 +0.03 0.99 +0.02 0.96 fix 0.99 +0.03 0.99+0:1
C-stat 2183.04  2181.30+12467.96% 2178.75+12467.82% 218231  2180.574+12467.97% 2181.10+12467.80%
d.o.f 2074 20744165974 2073416597 2074 2074416597 20734165974

*The Galactic and LMC absorption column densities were set at 6.0 x 10** and 2.2 x 10?' atoms cm~? fixed, respectively, and the redshift determined by the
recession velocity was fixed at 286.7 km s™! (see subsection 3.2). Abundances are relative to the LMC values given by Russell and Dopita (1992). Fitting

energy range is 1.5-10 keV band. The errors are 90% confidence level.

T Abundances given in Sturm et al. (2010) with XMM-Newton, relative to LMC value.
fAbundances used in Ravi et al. (2024), relative to LMC value; He by Mattila et al. (2010), C by Fransson, Lundqvist, and Chevalier (1996) and O by Zhekov

et al. (2009).
$Upper limit on ionization timescale (z,) in units of 10" s cm™3.,

IDoppler shift z in units of 10~*. The intrinsic velocity of SN 1987A is subtracted.

#Doppler broadening velocity in units of 10> km s~?.
**Doppler broadening at 6.0 keV.

TtPower of energy for Doppler broadening variation.

#The initial and secondary values denote the source and NXB data, respectively.
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Fig. 5. In the top, middle, and bottom panels, the confidence contours
at 68% (10), 90%, and 99% levels between t, and kT, z, and Doppler
velocity, respectively. In each panel, “pshock_wide,” “pshock_high,”
“pshock_mid,” and “pshock_low" from table 2 are displayed. The best-
fitting parameters are indicated by plus signs. These plots are derived from
fitting the spectra with parameters other than kT, z, and velocity held con-
stant.

with boxes in figure 2 (right) and figure 3. Among them, we
obtained statistically significant parameters for six lines from
Si, S, Ar, and Fe, which are shown in labels with strait boxes
in these figures.

Figure 6 and table 4 provide a summary of the line fitting
analyses. The Doppler shift z exhibits significant errors that
align with the intrinsic velocity, as previously seen in subsec-
tion 4.3. The line widths for six lines fall within a Doppler
velocity range of 800-1700 km s~!,

6 Discussion

6.1 Origin of plasma emission with Resolve

Previous X-ray observations consistently require a multi-
temperature plasma to characterize the X-ray spectrum of
SN 1987A (e.g., Beuermann et al. 1994; Hasinger et al. 1996;
Burrows et al. 2000; Park et al. 2002, 2004, 2005, 2006,
2011; Zhekov et al. 2005, 2006, 2009, 2010; Dewey et al.
2008; Racusin et al. 2009; Sturm et al. 2009, 2010; Maggi
et al. 2012; Helder et al. 2013; Frank et al. 2016; Sun et al.
2021; Ravi et al. 2021, 2024; Maitra et al. 2022, and ref-
erences therein). There is an indication of contamination in
the Resolve spectrum by a cooler component, hinted at in the
low energy band but not in the higher two bands, as sug-
gested in figure 5 (top). However, the spectral characteris-
tics across the three bands (subsections 4.1 and 4.2) are con-
sistent with each other at the 99% confidence level. There-
fore, we conclude that the Resolve spectrum in the 1.5-10
keV range is well described by the single component us-
ing a plane-parallel shock plasma model pshock family (i.e.,
vpshock or bupshock models in XSPEC), characterized by

a temperature of 2.841“8:83 keV and an ionization parame-

ter of 2.641’8:‘5‘2 x 10" s em™3, as detailed in subsection 4.3.
This temperature measured by Resolve at 37.3 years post-
explosion aligns closely with the trend from Chandra mon-
itoring observations (see figure 3 in Ravi et al. 2024).

We consider our results to be indicative of a dominant con-
tribution of shocked ejecta to the observed X-ray emission,
as explained below. Figure 7 shows the distribution of the
plasma emission measure (EM) as a function of kT and the
ionization parameter 7 predicted by dedicated state-of-the-
art 3D MHD simulations of SN 1987A (Orlando et al. 2020;
Sapienza et al. 2024a), where we superimpose our best-fitting
values. Both kT and t, derived from the Resolve spectral anal-
ysis are consistent with the values predicted by the simulation
for the ejecta component. We warn the reader that the EM
distribution presented in figure 7 shows the plasma condi-
tions at the source, i.e. without taking into account the effects
of the interstellar absorption and the instrumental response.
The interstellar absorption around the blast wave is suggested
in the soft X-ray observations (Sun et al. 2021, 2025; Ravi
et al. 2024), as well as by optical evolutions (Fransson et al.
2015; Larsson et al. 2019), and a declining infrared light
curve (Arendt et al. 2016). Since both interstellar absorption
and the effects of closed GV (section 2) suppress mainly the
soft X-ray emission, the observed Resolve spectrum will be
more biased toward the hard X-ray emitting portion of the
EM distribution. Indeed, we notice that the best-fitting val-
ues resulting from the Resolve spectral analysis are slightly
higher than those predicted for the ejecta, as expected, while
they are clearly not consistent with those of the H1r region
and the Ring, whose density is taken into account in the 3D
MHD simulations assuming to be located within a CSM struc-
ture characterized by a uniform density of 50 cm~3 (Orlando
et al. 2020; Sapienza et al. 2024a). The large line broaden-
ing that we measure also indicates that ejecta play an impor-
tant role in shaping the line profile, as we discuss in detail in
subsection 6.3.

To better understand the respective contributions of the
components to the X-ray spectrum, we synthesize the XRISM-
Resolve spectrum of SN 1987A from the MHD simulation
presented in Orlando et al. (2020). To this end, we follow
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Fig. 6. X-ray spectra around the Sixil, Sixiv, Sxv, Sxvi, Arxvil, and Fe xxv lines, from top left to bottom right, respectively. The best-fitting models using
the bvpshock model with the parameters in table 4 are shown in lowerblue straight lines, and its sum with the NXB model is shown in thin gray line. The

bottom panels represent the x? from the best-fitting models.

the methodology described in Sapienza et al. (2024a), includ-
ing the effects of the closed GV condition (Sapienza et al.
2024b). Figure 8 shows the comparison between the observed
(black crosses) and synthetic (dashed straight curve) XRISM-
Resolve spectra of SN 1987A, where the contributions of cir-
cumstellar matter (CSM; H 11 plus ring) and ejecta are shown
in thin dashed and thick dotted lines, respectively. The syn-
thetic spectrum agrees remarkably well with the data and self-
consistently reproduces all the main spectral features without
the need for performing ad hoc fitting. This agreement also
suggests a strong contribution by the shocked ejecta to the

observed X-ray emission. An upcoming paper will provide a
detailed summary comparing XRISM spectra with MHD sim-
ulations.

6.2 Non metal-rich ejecta emission

As outlined in subsection 6.1, the plasma characteristics de-
rived using XRISM (see tables 2 and 3) along with the 3D
MHD simulations by Orlando et al. (2020) indicate a non-
negligible contribution from shock-heated ejecta to the Re-
solve spectra. Typically, we expect metal-rich emission from
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Table 4. Best-fitting parameters for the X-ray lines in Resolve spectra.

Target Fexxv Arxvi/S xvi SxvI Sxv Sixiv SixIin
Energy band (keV) 6.0-7.4 3.00-3.25 2.50-2.74 2.40-2.52 1.94-2.08 1.80-1.91
Abundances fixed*

Doppler Shift 25 (10-4) ~14.1*9 —6.8%5] 434409 7.8+100 0.5+204 —4.14212
Broadening v/ (10% km s~) 16.5%5¢ 8.0127 21.4403 109134 154178 1221104
C-stat 333.10 53.55 63.99 37.74 34.99 32.23
d.o.f 344 68 64 30 40 28
Abundances freef

2 (104 13970 6611 7.54508 780403 2233 L7
Velocity! (102 km s~1) 17.2%40 7.5%23 22,9147 10.8132 11.1%¢¢ 10.61157
Abundance 0.76%013 o.szfgﬁ? 1.37505 1.22%047 0.607038 1.0013-%3
Abundance — 0.75f8:%f — — — —
C-stat 332.68 52.65 63.87 37.74 29.19 32.10
d.o.f 343 66 63 29 39 27

*The condition for the fitting is shown in bold font. The Galactic and LMC absorption column densities were set at 6.0 x 102° and 2.2 x 102! atoms cm™

2

fixed, respectively, and the redshift determined by the recession velocity was fixed at 286.7 km s~! (see subsection 3.2). All abundance parameters are frozen

at “pshock_wide2” model in table 2.

TThe condition for the fitting is shown in bold font. Abundance parameter for the interest nuclei is set to free, but others are frozen at “pshock_wide2” model

_in table 2.

*Abundance for S for the “Arxvii/Sxvr” fitting.
Sz is the Doppler shift in units of 107*.

IDoppler broadening velocity in units of 10> km s~!.

Log EM[cm™]

KT, [keV]

1010 1011 1012 1013

tau [s cm™]

Fig. 7. Distribution of EM for X-ray emitting plasma originating from ejecta,
H11; the ring is shown as a function of kT and , copied from figure 1 in
Sapienza et al. (2024a). The observational result from Resolve, referred to
as “pshock_wide2" in table 2, is also illustrated.

hot ejecta in supernova remnants. However, the plasma abun-
dances measured with Resolve align with those of the LMC, as
detailed in the same tables 2 and 3. This finding implies that
the X-ray emissions originate from “non-metal-rich” shock-
heated ejecta.

As predicted by Sapienza et al. (2024a) using 3D MHD sim-
ulations (Orlando et al. 2020), and as already pointed out by
Ravi et al. (2024) and Sun et al. (2025), the outer envelope
(or mantle) of the ejecta, expected to reflect the LMC’s chem-

| H ik
Il T A |

- 10° i ; i n“ ,w ”‘ m “1:‘ | f
s } Mi (e AT i il |
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Fig. 8. Background-subtracted Resolve spectrum with the synthetic spec-
tral models for ejecta and CSM for the year 2024, estimated using the
MHD simulation from Orlando et al. (2020), are displayed in crosses, thick
dotted and thin dashed lines, respectively. The thin green line represents
the sum of ejecta and CSM models.

ical composition, contributes to the X-ray emission in 2024.
Therefore, Resolve spectra clearly confirmed that the reverse
shock has not reached the inner part of the metal-rich ejecta
yet. Continuous future X-ray monitoring of high-resolution
spectra of SN 1987A will facilitate the transition of plasma
emission from non-metal-rich to metal-rich ejecta (Orlando
et al. 2025). Considering that the progenitor of SN 1987A is
not a stripped-envelope SN where metal-rich ejecta expand
unimpeded like in Cassiopeia A, we expect SN 1987A to have
an extensive H-rich envelope of ejecta, thus resulting in a year-
scale time span in the transition from non-metal-rich emission.

6.3 Line Doppler broadening and shift

Figure 9 summarizes the Doppler widths of the atomic lines
and the shift inferred from line fitting in section 5, overlayed
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on the results of the full-band fitting in subsection 4.3. The
plots are shown as a function of the energy of atomic lines. In
the top panel of the figure, the result of Doppler broadening
predicted by the “pshock_wide2” model assumes the energy
power @ = 1 (i.e., constant velocity among lines), as described
in subsection 4.3, and the plot by “pshock_gsmooth” reflects
the best-fitting value of & = 1.2570:32.

In this section, we assume that the contribution from the
“non-metal-rich” shocked ejecta dominates the Resolve spec-
trum, as concluded in subsections 6.1 and 6.2. The Doppler
widths of the atomic lines, as indicated in tables 2 and 3,
ranged between 1500 and 1800 km s~'. Since the ejecta abun-
dance aligns with the LMC value (subsection 6.2), the elec-
tron and ion temperatures are expected to have reached equi-
librium at t ~ 10'%-"" cm™3 s, even for Fe, whereas higher
abundances at 10° solar require waiting until 7 ~ 10'3 due
to the significant mass difference with protons. Consequently,
the Doppler broadening of 1500-1800 km s~! observed by
Resolve considerably exceeds the thermal broadening width
at approximately kT ~ 2.8 keV. Furthermore, as Sun et al.
(2021) noted, the energy power o > 1 implies that heavier
atomic lines exhibit higher velocities, although the significance
is low statistically. These facts support the notion that the

Doppler broadening of the lines seen in the Resolve spectra
is due to the kinematic expansion structure of SN 1987A. In
addition, the thermal broadening measured by Miceli et al.
(2019) during the CSM dominant phase would correspond
to less than 450 km s~!, which is well below the broadening
measured in our spectral analysis during the current ejecta-
emitting phase. This confirms again that the line broadening
is determined by the large bulk motion of the X-ray emit-
ting plasma. Moreover, the energy dependency found with
XRISM (a = 1.25f8:§%) approaches to unity (i.e., constant ve-
locity over the atomic lines) from that reported by Sun et al.
(2021) during the CSM dominant phase (@ ~ 2), indicating
that the contribution from kinematic Doppler broadening in
the ejecta to the line widths is increasing at the time of the
XRISM observation.

According to the morphological analyses of the evolving
ER images in the soft X-rays (Frank et al. 2016; Ravi et al.
2024; Sun et al. 2025), 9 GHz radio (Ng et al. 2013; Cendes
et al. 2018), and mid-infrared (MIR; Matsuura et al. 2022)
bands, the physical expansion velocities are initially at 3000-
4000 km s~! before ~7000 d after the explosion, and re-
acceleration happens prior to reaching the ER; however, only
the velocities in the soft X-ray band had decreased to about
2000 km s~! until recently. The Doppler widths seen in the
Resolve spectra at 1500-1800 km s~! align approximately
with these recent values, suggesting that the emission from ma-
terials with lower velocities than the CSM located beyond the
ER should be dominant in the Resolve spectra. The small di-
versity of the velocities across different wavelengths originates
from distinct radiation mechanisms that investigate various
material states. For example, recent evolution of near-infrared
(NIR) images is rather slower (at approximately 690 km s~!;
Kangas et al. 2023) than those in other wavelengths because
NIR/optical images represent stable hot-spots on ER. Simi-
larly, synchrotron radiation in the radio band originates from
behind the shock, while thermal X-ray emissions explore high
EM regions. Notably, the forward shock has left the ER and
is now traveling through a low-density medium with a high
velocity, but the thermal X-rays are insensitive to such regions
because they probe dense CSM like the ER and dense clumps.
Consequently, atomic lines from the CSM are expected to ap-
pear narrow in the X-ray spectra. In contrast, the X-ray emit-
ting ejecta are heated by the reverse shock generated via the
impact with the ER, which has an anisotropic velocity struc-
ture (e.g., a bi-polar flow seen in the JWST NIR image by Lars-
son et al. 2023), and the lines from the ejecta are expected to
be broad in X-rays, as observed with Resolve.

As seen in figure 8 and discussed in subsection 6.1, the
3D MHD simulations of SN 1987A (Orlando et al. 2020;
Sapienza et al. 2024a) reproduce our Resolve spectrum well.
To gain a deeper understanding of the physical origin of the
observed line broadening, figure 10 shows different close-up
views of the observed and synthetic spectra focused on specific
emission lines. As anticipated in Sapienza et al. (2024a), we
observe, on average, a predominance of the CSM contribution
only at the center of the emission lines, with a striking contri-
bution of the ejecta at the wings, even though the 3D MHD
simulations encompassed contributions from the entire CSM,
incorporating not only the ER but also the dense clumps, the
uniform ring component, and the H 11 region. Modeling the
line widths suggests that the observed line profiles can be ex-
plained with a weighted average of Doppler broadening be-
tween the CSM and ejecta, where the broad ejecta component
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Fig. 10. Same as figure 8, but close-up around Sixill, Sixiv, Sxv, Sxvi, Arxvil, and Fe xxv lines. Black, blue, red, and green lines represent the background-
subtracted Resolve spectrum, ejecta model, CSM model, and sum of ejecta and CSM models. For the Fe xxv line, blue, red, and green dashed lines
represent the models of ejecta, CSM, and their sum, respectively, scaled by 60% and 20% for ejecta and CSM, respectively.

is dominant. For this reason, the velocities we retrieve from
our spectral analysis are slightly smaller than those predicted
for the ejecta by the MHD model (which are of the order of
3000 km s~ !). Nevertheless, the line widths we measure are
definitely much larger than those expected for the CSM. We
conclude that the enhanced line widths observed by XRISM-
Resolve provide the first clear evidence of X-ray emission from
shocked ejecta in SN 1987A.

The close-up view of the Fe line in figure 10 provides some
interesting hints; we notice that the model under-reproduces
both the line flux and its width. This is indicative of both (i)
a larger contribution from the Fe-rich plasma with respect to
that predicted by the model and (ii) a larger velocity of the Fe-
rich material as an additional contribution. In particular, we
notice that the differences between the synthetic and actual
line profiles are enhanced in the low-energy wing of the line.

New dedicated MHD simulations are expected to address this
issue (Orlando et al. 2025).A detailed comparison between the
MHD model and the actual observation is beyond the scope of
this article and will be addressed in a forthcoming publication
(V. Sapienza et al. in preparation), but we speculate that this
may be indicative of redshifted Fe-rich ejecta in Larsson et al.
(2023).

6.4 Search for emission from a pulsar wind nebula
The emission of the pulsar wind nebula (PWN) in the
SN 1987A system is suggested and detailed by Greco et al.
(2021, 2022). We investigated the potential presence of emis-
sion from a possible PWN using the Resolve spectrum. To
model the PWN emission described by Greco et al. (2022), the
vphabsxpowerlaw model was added to the best-fitting model
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for the thermal emission. In this model, the column density for
vphabs was set to 1023 atoms cm 2, the abundances of absorb-
ing elements were aligned with those of the “pshock_wide2”
model from table 2, and the photon index for powerlaw was
fixed at 2.8. As illustrated by the orange line in figure 4,
any PWN emission is approximately an order of magnitude
weaker than the signal in the Resolve energy band. Although
a neutral Fe-K absorption edge at around 7.1 keV could be
anticipated in the high-resolution spectrum with Resolve, no
notable feature was detected.

To assess the upper limit of the PWN emission using Re-
solve, we performed a spectral fitting in the 1.5-10 keV range.
The photon index and abundance pattern in the PWN model
were fixed, while the parameters kT, 7, 2, and Doppler ve-
locity of the bvpshock model were freely varied. As a result,
we estimate that the 90% upper limit flux of the PWN compo-
nentis 1.0 x 1073 ergcm™2 s~ ! in the 10 to 20 keV band and
4.3 x 1071 erg cm™2 s~ in the 2 to 10 keV band. Assuming
a distance d = 51.4 kpc, the values correspond to upper limit
luminosities of 3.2 x 103* ergs™' and 1.4 x 10% erg s~ in the
respective bands, aligned with the luminosity values reported
by Greco et al. (2022).

6.5 Search for #4Sc K line

In the context of nucleosynthesis research on stellar evolu-
tion leading up to core-collapse supernovae (SNe), **Ti is
produced at the mass cut region, located at the interface be-
tween the innermost ejecta and the prospective compact ob-
ject (Timmes et al. 1996; see also Diehl & Timmes 1998), and
is an alpha-rich freeze-out product, which happens when the
density drops rapidly and not all *He particles are used to
build up completely to *°Ni. Hence, observational measure-
ments on the initial mass of **Ti (denoted as Ma44) are crucial
for understanding the core-collapse explosion process and the
accompanying nucleosynthesis. The *4Ti nuclei undergo decay
into **Sc and **Ca as

. (EC +
aay (G aag P aac, (1)

where EC and B+ represent the electron capture and B+ de-
cays, respectively. This decay process produces a number of
nuclear decay lines from excited **Sc at 67.87 keV (Wsg =
93.0% of decays) and 78.32 keV (96.4% of decays) with a
characteristic decay time of t44 = 85.0 yr, and from excited
4Ca at 1157 keV (99.9% of decay) (Diehl & Timmes 1998;
Ahmad et al. 2006) with a decay time of 5.4 h. The lat-
ter time scale is much faster than t44, and thus the **Ti de-
cay determines the overall time scale. The 8% decay (99.3%)
also results in a subsequent electron—positron annihilation
producing 511 keV radiation, and it leaves a K-shell elec-
tron hole in the **Sc atom, which results in a fluorescence
line at 4.09 keV (Ws. = 17.4% of decays). The nuclear decay
lines associated with the decay of #*Sc have only solidly been
measured in two SNRs, Cassiopeia A using CGRO/Comptel
(Iyudin et al. 1994), BeppoSAX (Vink et al. 2001), INTE-
GRAL (Renaud et al. 2006), and NuStar (Grefenstette et al.
2014), and SN1987A by INTEGRAL (Grebenev et al. 2012),
and NuStar (Boggs et al. 2015). Here, we focus on the ac-
companying *Sc fluorescent line at 4.09 keV and search
for potential line features in high-resolution spectra using
Resolve.

Within the Resolve spectrum, no prominent line feature is
noted at 4.09 keV. To determine the upper limit of the line
intensity, we fitted the spectrum between 3.5 and 4.5 keV us-
ing a power-law model combined with a Gaussian function. It
should be noted that Resolve data were accumulated from all
pixels except for calibration pixel #12 (subsection 3.1), and
we did not perform this search constraining to image center
pixels due to the moderate point-spread function of the mirror.
The line center remained fixed at 4.09 keV and was adjusted
by a Doppler shift of —1000 km s~', consistent with the find-
ings of Boggs et al. (2015) using NuSTAR, under the assump-
tion that the bulk of **Ti and **Sc exists still in the un-shocked
ejecta and is not highly ionized. Note that this Doppler shift
value is the sum of intrinsic velocity of SN 1987A and the
recession velocity of SN 1987A at 286.7 km s~! (Chan &
Lingenfelter 1987; Meaburn et al. 1995). We also tried the
case with the recession velocity only, but the following result
does not change. It should be noted that **Ti in Cassiopeia A
is predicted to be shock-ionized (Boggs et al. 2015), however,
the scenario for SN 1987A is expected to differ, as indicated
by the differing Doppler shifts: 4*Ti exhibits a blueshift (Boggs
et al. 2015), while the shock-heated plasma represents differ-
ent shifts as seen in subsection 6.3. As a result, stricter upper
limits of Gaussian normalizations were derived for narrower
models, so we calculated the upper limits for each Doppler
broadening velocity. Figure 11 illustrates the fitting results on
Gaussian normalizations at 1, 2, and 30 levels.

The intensity of the 67.87 keV line of **Ti, as mea-
sured by NuSTAR (Boggs et al. 2015), is Fr; = (3.4 £0.7) x
10~¢ photons cm ™2 s~1, observed at fausTar = 26.5 yr after
explosion. This value can be transformed into the line flux of
#Sc¢ for the epoch txrism = 37.3 yr with XRISM via the rela-
tion

Wse [—(tXRISM - tNuSTAR)i|
K. = ex Fri
7 Wes P t44
~(0.58 +0.12) x 10~° photons cm™2 57!, (2)

This line intensity and the **Ti broadening by NuSTAR (Boggs
et al. 2015) are also plotted in figure 11. Thus, the upper limit
of the #* Sc line measured with Resolve is in agreement with
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the NuSTAR observation of **Ti within the confidence level of
1.00. The 10, 20, and 30 upper limits for the intensity of the
#4Sc line, matched with the NuSTAR Doppler broadening for
4Ti, were 1.0, 1.3, and 1.5 x 107¢ photons cm ™2 s, respec-
tively. Consequently, the 1o upper limit on M44 with XRISM
is

d : IXRISM
My =47 | ———— Admt
A (51.4 kpc) FscAdmptas exp < ta4 )

<2.6x107* My, (3)

where 7, and Mg are the proton mass and the solar mass,
respectively. Considering that the PWN emission is highly ab-
sorbed (Greco et al. 2022), as discussed in subsection 6.4, the
#4Sc K emission could be affected by dusty ejecta. If we apply
the same photo absorption vphabs in subsection 6.4, the flux
of the #*Sc K emission is expected to become 0.67 times the
original, and the upper limit of My4 becomes 1.7 x 10~* M.
In this context, Compton scattering causes negligible absorp-
tion for the gas with 10** atoms cm™2, resulting in approx-
imately a 2% decrease with an energy line shift of less than
60 eV. Therefore, the XRISM-derived upper limit for the yield
of #Ti is consistent with previous observations using NuStar
(Boggs et al. 2015), INTEGRAL (Grebenev et al. 2012), and
Chandra (Leising 2006), and theoretical expectations using
the simulations in Orlando et al. (2020) and Ono et al.
(2020).

7 Conclusion

We performed observations of SN 1987A using XRISM, with
a total exposure of 290.5 ks in 2024 June, and succeeded in
acquiring high-resolution spectra from shock-heated plasmas
in SN 1987A utilizing the onboard Resolve instrument. The
spectra, ranging from 1.7 to 10 keV, are accurately described
by a single-component, plane-parallel shock plasma model
with a kT = 2.841“8:8; keV and 7 = 2.64f8:i§ x 10 s cm™3.
Additionally, the 3D MHD simulation presented by Orlando
et al. (2020) replicates the spectrum well, indicating that the
X-ray emissions detected by XRISM Resolve are primarily
contributed by shocked ejecta. A prominent Fe-K emission

line is noted at 6.644‘:8:85; keV, featuring a line width of

58.2f2:g eV and a flux of 7.35:1):22 x 1071* erg cm™2 57!, in
agreement with previous X-ray studies (Sun et al. 2021, 2025;
Ravi et al. 2024). The spectrum from Resolve also shows
atomic lines of Si, S, and Ar. The Doppler widths of these lines
as well as the Fe line correspond to the velocities between
1500 and 1700 km s~', which exceed the thermal broaden-
ing expected from non-metal-rich shock-heated ejecta. This
fact indicates that the Doppler broadening observed in the
Resolve spectra arises from the kineticmns presented in ex-
pansion structure of SN 1987A.

Beyond the plasma diagnostics above, we investigated signs
of a neutron star in SN 1987A. A 90% upper limit was es-
tablished for non-thermal emissions from a PWN at 4.3 x
1073 ergcm™2 57! in the 2-10 keV energy range, aligning
with NuSTAR’s results (Greco et al. 2022). In addition, our
search for the #*Sc K line yielded a 1o upper limit of 1.0 x
1076 photons cm 2 s~!, which corresponds to an original *4Ti
mass of around 2 x 10~* M, consistent with previous X-ray
and soft gamma-ray studies (Boggs et al. 2015; Grebenev et al.
2012; Leising 2006).
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