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High Energy Astrophysics Laborarory

1. Abstract

In the immediate aftermath of the Big Bang, the beginning of our universe, only hydrogen and helium existed. However, nuclear
fusion in the interior of stars and the explosion of supernovae in the universe over 13.8 billion years led to the evolution of a world
brimming with the many different elements we have today. By using scientific satellites or balloons to observe X-rays and gamma-rays
emitted from celestial objects, we are observing the synthesis of the elements at their actual source. Our goal is to comprehensively
elucidate the scenarios for the formation of the elements in the universe, together with our research on sub-atomic physics through the
use of an accelerator.

2. Major Research Subjects
(1) History of nucleosynthesis in the universe
(2) Physics in extreme conditions in the universe
(3) Research and development of innovative radiation detectors
(4) Apply radiation technology for human to live in space

3. Summary of Research Activity

High Energy Astrophysics Laboratory started in April 2010. The goal of our research is to reveal the mechanism of nucleosyn-
thesis and the evolution of elements in the universe, and to observe/discover exotic physical phenomena in extremely strong magnetic
and/or gravitational fields. We have observed supernova remnants, strongly magnetized neutron stars, pulsars, black holes and galaxies
with X-ray astronomical satellites, balloons and ground-based telescopes.

(1) Nucleosynthesis in the universe
(1-1) XRISM

We have contributed to the XRISM (X-ray imaging and spectroscopy mission) mission for the launch in FY2022. XRISM is the
recovery mission of the ASTRO-H/Hitomi satellite, which was launched in February 2016 but lost by an accident one month after the
launch. Hitomi carried four X-ray and gamma-ray detectors covering the 0.3—600 keV energy range. We, in collaboration with JAXA
(Japan Aerospace Exploration Agency), Tokyo Metropolitan University, Kanazawa University, Saitama University, NASA/GSFC etc.,
contributed to the soft X-ray spectrometer (SXS), which achieves unprecedented energy resolution (<7 eV) in the 0.3—-12 keV energy
band with a low temperature micro calorimeter. We hoped to use SXS to discover many previously-unknown elemental lines in the
universe and to measure the abundance of these elements, but this was not possible with Hitomi. The XRISM satellite carries almost
identical X-ray detectors as the Hitomi satellite, and is expected to carry out scientific observations that were not done with the Hitomi
mission.
(1-2) MAXI

From April 2018, High Energy Astrophysics Laboratory hosts MAXI (Monitor of All-sky X-ray Image) onboard International
Space Station (ISS), which was attached on ISS in 2009. MAXI is a RIKEN-lead project collaborating with JAXA and other univer-
sities. Since MAXI scans X-ray all-sky in 90 minutes, many transient objects including neutron star or blackhole binaries are found.
All of the data are going to public soon after they are taken, and almost all of the groups in high-energy phenomena rely on the MAXI
data. Until the end of 2020, we issued 362 alerts as ATEL (Astronomer’s Telegram). To detect counterparts of neutron star merger
events (i.e. gravitational wave events), we have prepared an automatic searching system and keep watching all-sky.

(2) Extremely strong magnetism and gravity
(2-1) IXPE

We have contributed to the NASA’s world-first X-ray polarimeter mission IXPE (Imaging X-ray Polarimeter Explorer). High
Energy Astrophysics Laboratory is responsible for providing the gas electron multipliers (GEMs) to the IXPE mission: the GEM is a
key device of the X-ray polarimeter and produced based on our patent for space use. The IXPE satellite is scheduled to launched in
the second half of 2021. We have already provided the flight qualified GEMs to the project in FY2018, and have contributed to the
detector calibrations in FY2019.

By using the IXPE satellite, we aim to proof the strong magnetism of Magnetars, which are one of the species of neutron stars
which have ultra-strong magnetic field B > 10'! T. In such ultra-strong magnetic field, higher-order diagrams, O(eB/m?), O(eB/m?*)?
etc., never ignored in the QED perturbation theory. As the results, we observe newly-emerging phenomenon such as vacuum polariza-
tion, vacuum birefringence, etc. If such exotic phenomena are detected, we sure that Magnetars have really ultra-strong magnetic field.
In FY2020, we performed a simulation of scientific observations of Magnetars, which are neutron stars with ultra-strong magnetic
fields.

(2-2) Astrophysical data analysis

In parallel with the mission development/operations, we are studying gamma-ray binary systems, which are one of the most
important astrophysical targets in the MeV gamma-ray band. To reveal a long-standing question of the physical mechanism of efficient
particle acceleration in these systems, we focused on the characteristic object LS 5039 and performed the timing analysis in the X-ray
band. It resulted in hints of pulsation signals with an about 9-sec period. Though further confirmations are needed considering the
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signal detection level, this result suggests that it harbors a strongly magnetized neutron star (magnetar). We proposed a new possibility
that the particle acceleration could be related to the strong magnetic field of the magnetar, and have published a paper.

(3) Innovative breakthrough in astrophysics with a small satellite

We are developing technology and acquiring know-how to make space observation, which requires a lot of money, possible with
small satellites at low cost. NASA and other space agencies around the world have realized the importance of this opportunities and
have started space observation activities using small satellites. NinjaSat is a micro-satellite mission (6U CubeSat; 30 x 20 x 10 cm?)
led by RIKEN in collaboration with universities. NinjaSat will be deployed from the ISS in 2022. Although several science missions
have recently been conducted using micro-satellites, NinjaSat is the world’s first general purpose CubeSat mission to observe X-ray
sources. NinjaSat carries two Xe-filled gas detectors with 2-degree-wide collimators and performs spectroscopy between 2-50 keV
and timing obervation with a timing resolution of about 120 us. Since the effective area is not large (~40 cm? at 6 keV), the target
of the NinjaSat is a long-term monitoring of bright X-ray sources which are discovered by MAXI etc. In general, bright objects are
difficult to observe and a continuous observations for long period is impossible with large satellite missions. The aim of NinjaSat is
to perform observations that are difficult to perform on larger missions. For example, NinjaSat observes the time variability of binary
neutron stars and binary black holes in conjunction with the ground-based optical, radio and gravitational telescopes. We developed
and tested an engineering model of the X-ray detectors in 2020.

(4) Future X-ray and gamma-ray detectors

In collaboration with NASA Goddard Space Flight Center, we have developed and tested a hard X-ray polarimeter with a Time
Projection Chamber technique. This TPC polarimeter is one of candidates of the future satellite XPP (X-ray polarimeter Probe
mission) planned with an international consortium.

As an successor of the MAXI mission, we are also verifying the principle of a new concept, multiplexing lobster-eye (MuLE)
optics, to monitor the entire sky with a wide field-of-view for detecting and immediate reporting transient objects such as a neutron
star merger. We puslished a peper on the conceptual design of MuLE, and proved the concept by a simple experiment in 2020.

To explore the MeV gamma-ray sky in the Universe, we are proceeding with the GRAMS project. It utilizes a large-scale liquid
argon time projection chamber as a gamma-ray imager and aims to improve the sensitivity in the MeV band, by more than an order of
magnitude than before. In a large-scale detector, MeV gamma rays are easily Compton-scattered multiple times and they sometimes
escape from the detector before they deposit all energies. Thus, one of the key techniques for the above goal is to establish an algorithm
that can reconstruct the incoming gamma-ray energy and direction from such a complex scattering event. We have proposed a new
event reconstruction algorithm based on the maximum likelihood, by formulating physical processes in MeV gamma-ray telescopes.
It is one of the first algorithms that can also estimate the escape gamma-ray energy. We have confirmed that it works successfully for
the multiple scattering events using Geant4 simulations, and have demonstrated a proof of concept of the GRAMS project.
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