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The research realized by this generous grant has shed light on multiple aspects of the theory of
stellar evolution of massive stars, supernova explosion mechanisms, particle acceleration and so on
as well as providing constraints on the development of future X-ray space telescopes.

The research program supported by this KAKENHI (C) grant was carried out
successfully and has bore fruit in the form of a series of papers in refereed journals as well as
two graduate students at Kyoto University being granted their Ph.D degrees in the year of 2022 and
2024 respectively. The grant has also been used to help supervise research projects by several
domestic and overseas graduate students who have succeeded to obtain their Ph.D degrees during the
KAKENHI (C) period as well. One could say this funding has contributed to both science of supernovae

and supernova remnants (SNRs) as well as graduate school education for budding astrophysicists and
researchers in tech companies. In terms of research, we have produced a consistent series of
ublished results on topics such as hydro evolution of SNRs in various circumstellar environments,
roadband emission modeling, cosmic ray and neutrino physics, astrophysical plasma and also
development of next generation X-ray telescopes.
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With multiple space and ground-based telescopes being pointed to various kinds of supernova
remnants in the Universe for multi-wavelength observations, unveiling before us the multi-
faceted physics of these fascinating objects, the theoretical and numerical modeling side of their
studies have been hindered by a major shortcoming. While good models had been developed
for supernova remnant evolution, emission interpretation and so on, these models were mostly
based on ad hoc assumptions on simplistic initial conditions to mimic the outcomes of the
original core-collapse supernova explosion. While the physics can be captured accurately
during the supernova remnant phase to a large extent, these insufficient models for the initial
conditions were slowing down the progress by putting a bottleneck on their affinity to reality. The
same situation was prevailing in the supernova modeling community where the inadequacy was
coming from the stellar evolution part before the explosion happens. So to improve the situation,
it comes down to joining these individual efforts together in the three last stages of massive star
evolution into one and coherent computation platform, with each of the component basing on
more realistic outcomes from each other.

2. HEOHM

The research program was initiated on the purpose of trying to link the state-of-the-art numerical
models of stellar evolution, supernova explosion and supernova remnant evolution for massive
stars into a coherent framework, so as to compute the last stages of the lives of these massive
progenitor stars of core-collapse supernovae in a self-consistent fashion. From this platform, we
develop a pipeline which can be given specific types of explosion and circumstellar
environments and produce results which are directly comparable to observation data. So it not
only form a self-feedback mechanism which allow us to fine-tine the physical and astrophysical
parameters and to minimize their degeneracy to search for the best-fit model, it also allows us
to do systematic quantitative studies to compare theoretical models against each other in terms
of their observational outcome, so as to understand better what observables we should be
measuring to contrast and constrain these models, either from data of the currently available
observational facilities, but also from the next-generation instruments like future X-ray space
telescopes.

3. WHED T

Our method includes using numerical simulation codes such as MESA for the stellar evolution part,
SNeC for the supernova explosion part, and our own development of a SNR evolution code in which
physics including hydrodynamics, particle acceleration (nonlinear diffusive shock acceleration),
plasma physics, non-equilibrium ionization and multi-species temperature equilibrations, radiative
cooling and so on are included in a self-consistently and fully time-dependent fashion. We have
developed a pipeline which can effectively link these codes together seamlessly, i.e., what comes out
from the code for the previous evolutionary stage goes into the simulation of the next following
stage. We can then use such a pipeline to predict the progenitor nature of any observed supernova
remnant, how different explosion mechanism and circumstellar environment would impact on the
remnants hundreds and thousands of years after the supernova explosions, etc.

4., WFFEER

The pipeline we developed during the research period supported by this KAKENHI C has led to a
collection of peer-reviewed publications in international journals, which we believe has helped pave
a pioneer path towards a better understanding of massive star evolution, supernova physics and the
rich diversity we have found in the supernova remnants. In particular, unlike the works of many
others in the field, our calculations are not only realistic but also immediately usable for confronting
observations now and in the future.



In addition to papers directly related to this line of research, we have also embarked on other
projects related to astrophysical neutrinos, cosmic ray origins, neutron star mergers, gamma-ray
astronomy and so on which have also led to multiple refereed publications.
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1) Haruo Yasuda, Ph.D 2021 (Kyoto University)
2) Ryosuke Kobashi, Ph.D 2023 (Kyoto University)

(Co-supervision and collaborator)

1) Tomoki Matsuoka, Ph.D 2022 (Kyoto University)
2) Taylor Jacovich, Ph.D 2021 (George Washington University)
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1) Scientific organizing committee, Chandra Science Workshop - Supernova Remnants and
their Progenitors, Harvard- Smithsonian Center for Astrophysics, Aug 2022

2) Chairperson, Collaborative Meeting on Supernova Remnants between Japan and USA,
RIKEN and Kyoto University, Nov 2019

3) Scientific organizing committee, Supernova Remnants Il - An Odyssey in Space after Stellar
Death, Chania, Crete, Greece, June 2019
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