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Preface

he space science program, the deep space exploration program,
T and the manned spaceflight program in China experienced rapid
progress during the 2022—-2024 period.

The two phases of Strategic Priority Program on Space Science in-
itiated by the Chinese Academy of Sciences in 2011 have produced
substantial scientific output, with the Phase | including the Dark Mat-
ter Particle Explorer (DAMPE), Shidian-10 (SJ-10), Quantum Expe-
riments at Space Scale (QUESS) and Hard X-ray Modulation Tele-
scope (HXMT), and Phase Il including Taiji-1 (the first technology
demonstration mission of Taiji Program), the Gravitational wave
high-energy Electromagnetic Counterpart All-sky Monitor (GECAM),
the Advanced space-based Solar Observatory (ASO-S), the Einstein
Probe (EP), and the Solar wind Magnetosphere lonosphere Link Explorer (SMILE).

The Advanced space-based Solar Observatory (ASO-S), China's first comprehensive solar mission
in space, and the Einstein Probe (EP), a mission dedicated to time-domain astronomy to monitor the
SKy in the soft X-ray band, were launched on Oct. 9, 2022 and Jan. 9, 2024 respectively. The Solar
wind Magnetosphere lonosphere Link Explorer (SMILE), an ESA-Chinajoint mission, is scheduled to
be launched by the end of 2025.

SDGSAT-1, the world's first science satellite dedicated to assisting the United Nations 2030 Sus-
tainable Development Agenda, has been operational for over two and a half years, providing valuable
data to facilitate the implementation of the Sustainable Development Goals internationaly. The
Space-based multiband Variable Object Monitor (SVOM), a China-France joint mission mainly de-
signed to study Gamma-Ray Bursts, was launched into an orbit of about 635 km on June 22, 2024.

In the future, new scientific missions will be planned to answer questions in five scientific themes
namely, the Extreme Universe, Space-Time Ripples, the Panoramic View of the Sun and Earth, the
Habitable Planets, and Biological & Physical Science in Space.

For lunar and deep space exploration, the Chang' E-6 lunar exploration mission reentered the at-
mosphere and successfully landed on Earth on June 25, 2024, completing its historic mission to collect
the first ever samples from the far side of the moon.

In the field of manned spaceflight, the Chinese Space Station (CSS) has been fully deployed by the
end of 2022, and the facility has entered into the application and development phase. It has conducted
scientific research projects in various fields, such as space life science and biotechnology, space mate-
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rials science, microgravity fundamental physics, fluid physics, combustion science, space new tech-
nologies, and applications.

For the ground observation, the second phase of the Chinese Meridian Project (CMP) has passed the
technigque acceptance, and is expected to operate as a whole in 2025 after national acceptance of the
second phase. From 2022 to 2023, utilizing the monitoring data collected by the CMP, scientists have
made major breakthroughs in fields of ionosphere, middle and upper atmosphere, and coupling be-
tween layers.

Human beings have been relentlessly leveraging the development of space science to explore the
frontiers of the vast universe and push the boundaries of human knowledge to its limits. International
cooperation is an integral part of Chinese space science endeavors. There are international collabora-
tion elements in al individual space science missions in China. As illustrated in the EP and SMILE
mission, international partners are welcome to take part in Chinese scientific programs.

In this report, the Pls of scientific missions and the leading experts in various fields of space science
in China will present the major programs, the highlights of mission achievements, the status of the
missions to be launched, and the future mission planning.

| wish you can get a general picture of the recent progress in space research in China and also invite
you to use the published data of the Chinese space science missions.

President
Chinese National Committee for COSPAR
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Recent Progress in Space Science and
Applications on Chinese Space Station
In 2022-2024

GU Yidong, GAO Ming, ZHAO Guangheng, WANG Qiang,
LYU Congmin, ZHONG Hongen, LIU Guoning

Key Laboratory of Space Utilization, Technology and Engineering Center for Space Utilization, Chinese
Academy of Sciences, Beijing 100094

Abstract

Chinese Space Station (CSS) has been fully deployed by the end of 2022, and the facility has entered into the ap-
plication and development phase. It has conducted scientific research projects in various fields, such as space life
science and biotechnology, space materials science, microgravity fundamental physics, fluid physics, combustion
science, space new technologies, and applications. In this review, we introduce the progress of CSS devel opment
and provide an overview of the research conducted in Chinese Space Station and the recent scientific findings in
several typical research fields. Such compelling findings mainly concern the rapid solidification of ultra-high tem-
perature alloy melts, dynamics of fluid transport in space, gravity scaling law of boiling heat transfer, vibration
fluidization phenomenon of particulate matter, cold atom interferometer technology under high microgravity and
related equivalence principle testing, the full life cycle of rice under microgravity and so forth. Furthermore, the
planned scientific research and corresponding prospects of Chinese space station in the next few years are pre-
sented.
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have been launched and 5 Shenzhou manned spaceships

1 Construction and Operatlon of (Sz-14, 15, 16, 17, 18), fifteen astronauts have entered

CSS during 2022-2024 the space station, completing four short-term missions
with six people on board, and conducted Tian gong

With the successful launches of the Wen Tian experi- Classes.Y.
ment module in July 2022 and the Meng Tian experi- Chinese Space Station (CSS), known as the National

ment module in October 2022, the three modules confi-
guration of the Chinese Space Station has been com-
pleted in orbit and entered a stage of application and
development lasting more than ten years. In the past two
years, four Tianzhou cargo spaceships (TZ-4, 5, 6, 7)

Space Laboratory, with the most comprehensive support
capabilities, and unique advantages such as human par-
ticipation and spaceship transportation. It has the capa-
bility to conduct large-scale space science research
based on a variety of advanced scientific research and

Received May 25, 2020
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technology experimental facilities?. In order to explore
the frontier of space science, promote space applications,
and develop space technology, CMS has carried out
in-depth discussions and demonstrations, with over
1000 scientists from various fields and more than 200
research institutes participating, and has formulated
forward-looking scientific and application mission plans
for the next ten years®. In 2023, CMS released project
guidelines to the whole society, openly call for science
and application proposals®, which received positive
responses from all sectors of China and provided strong
support for future achievements.

So far, the scientific experiment racks and payloads
are operating well. More than 100 scientific and applied
projects have been carried out, achieving outstanding
progress and results in space life science and biotech-
nology, microgravity fluid and thermophysics, combus-
tion science, space materials, microgravity fundamental
physics, and new space application technologies. Over-
all, the Chinese Space Station has achieved normalized
project collections, experimental materials delivery, in-
orbit scientific experiments, ground anaysis, and pre-
l[iminary application benefits.

2 Recent Scientific Research in
Space

2.1 SpaceMaterials Science

Material scientific researches on Chinese space station
are mainly carried out in containerless material experi-
mental rack and high-temperature material experimental
rack. Some typical progresses have been made, for in-
stance, the rapid solidification of ultra-high temperature
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alloy melts has been investigated, getting precise mea-
surements of supercooled liquid alloys so as to promote
the understanding of large undercooling behavior, soli-
dification process along with crystal growth in space;
effective control of the solidification process and struc-
ture of monotectic alloy was realized, samples with the
multi-layer structure were obtained; the preparation
method of space InAsSh ternary semiconductor crystals
has been studied, presenting the growth of high-quality
InAsSb crystals in space for the first time, which is dif-
ficult to prepare on the ground. The performance of the
transistor made of the crysta material is greatly im-
proved, improving the development of ultra-fast elec-
tronic and optoelectronic devices. Some noteworthy
results are presented in detail asfollows.

2.2.1 Accurate Measurement of Liquid Properties
of Refractory Alloys

The thermophysical properties of supercooled liquid
aloys are crucial to condensed matter physics and soli-
dification theory. Related research in outer space in a
containerless environment has unique advantages be-
cause Electrostatically Levitated (ESL) droplets on the
ground are bound to be affected by gravity, resulting in
a change in droplet shape and buoyancy-driven convec-
tion. Fortunately, this disadvantage can be solved well
in a microgravity environment. As one of the most sig-
nificant materials for aerospace, Nb-Si refractory aloy
has an excellent strength-to-density ratio and high-
temperature performance but still lacks the understand-
ing of the aloy in liquid. Nb-Si has been chosen as the
near-eutectic aloy for the space-based ESL experiments.
The schematic of the ESL furnace on CSS is shown in
Figure 1, which mainly consists of three pairs of high-
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Fig.1 Electrostatic levitation facility and experimental conditions on board the Chinese Space Station.
(a) The schematic of the ESL system. (b) Image of a levitated NbSi alloy droplet®
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v oltage electrodes with a feedback loop, four semicon-
ductor lasers with the tetrahedral configuration, a posi-
tion detection camera, and so forth.

Aiming to determine the thermophysical properties of
liquid Nb-Si refractory alloys over a broad temperature
range along with the atomic structures of high- temper-
ature liquids, the scientists from Northwestern Poly-
technical University in China attempted to develop a
path to get large undercooling of liquid refractory alloys
with high activity, to achieve the fine sphericity of lig-
uid aloys and to find the reliable thermophysical prop-
erties and the characteristics of atomic cluster in the
undercooled Nb-Si alloy melts®. The team successfully
experimented with a series of operations under micro-
gravity via heating, melting, cooling, undercooling, so-
lidification, and the thermal physical properties mea-
suring for the refractory alloys. The experimental sam-
ples were returned to the ground aboard the Shenzhou
manned spacecraft, as shown in Figure 2.

The team found that under this microgravity condi-
tion, the levitated aloy melt will appear perfectly
spherical under the action of surface tension, deviating
from the ideal sphericity by only about 0.5%, showing
extremely high sphericity, see Figure 3(a)

2.1.2 Alloy Surface Nucleation and Structure Control
The researchers successfully achieved ultra-high tem-
peratures of 2338 K and extreme metastable states of
1752 K by heating and melting the refractory aloy in a
containerless rack onboard. They obtained an extreme
metastable alloy melt with an undercooling degree of
437 K, reaching the theoretical limit of 0.2 Te for uni-
form nucleation, see Figure 3(b). The evolution of the
Nb-Si aloy liquid structure was determined with the
Voronoi Polyhedron (VP) method, see Figure 4.

The surface microstructure consists of the primary
solid solution (Nb) and the surrounding (Nb) /NbsSi
eutectic phase, as shown in Figure 5.

This discovery is confirmed to redlize the dual regu-
lation of “macro form and micro-texture’. Under the
microgravity condition, the natural convection disap-
pears, and the weak Marangoni convection effect ap-
pears, which can cause peculiar changes in the flow
field distribution of aloy melt. These abundant micro-
scopic flows contribute to the formation of specific
structures and structures during the process of eutectic
solidification, which becomes a new way to regulate the

surface microstructure®.,

- (b]

Fig.2 Refractory alloy space station experiment samples. (a) The refractory alloy on the ground was carried into the
core module of the Chinese Space Station by Tianzhou-3 cargo spacecraft. (b) Projection of the 2200K ultra-high
temperature alloy melt in the space station experiment. (c) The alloy pellets prepared by solidification on the
space station were returned to the ground laboratory on board the Shenzhou 14 manned spacecraft[sl
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Fig.3 (a) The circular deviation of floating prealloy surface is notably pronounced, but after undergoing heating and
melting, the circular deviation of the floating droplet surface becomes comparatively minimal. (b) The Nb-Si alloy
reaches an ultrahigh temperature of 2338K and experiences deep undercooling of 437 K®!
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Fig.4 Properties and structure of liquid Nb-Si alloy obtained by space station experiment: (a) liquid density,
(b) liquid heat radiance ratio,(c) the predominant Voronoi polyhedral structure in liquid alloys'®
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Fig.5 The spherical and olive alloy samples prepared in the space station experiment were: (a) photos of small subcooled
spherical samples; (b) typical growth microstructure of small undercooling spherical samples; (c)photos of large
undercooling olive samples; (d) large undercooling olive-shaped samples (Nb) lead eutectic growth in microstructure®

The weak Marangoni convection effect appears,
which can cause new changes in the flow field of al-
loy melt. Such microscopic flows play a critical role
in the formation of distinct structures during eutectic
solidification. For example, the application of an
electrostatic field can induce perturbations in the al-
loy melt, resulting in the emergence of surface peri-
odic ripple structures and vortex, presenting a novel
method for controlling surface microstructure!®, see
Figure 6.

2.1.3 "Decoupled" Growth of Eutectic Alloys

A decoupling effect was found induced by the micro-
gravity and containerless states aboard the space station,
which led to the independent dendrite growth of two

o4

eutectic phases within an extremely undercooled liquid
Nb-Si refractory aloy. The confronting fluid flow pat-
tern driven by polar heterogeneous nucleation was
found to stimulate the elongated surface deformation of
dloy droplets at a high dendrite growth velocity. The
direct observation of the solidification process provides
comprehensive insights into dendritic growth velocity,
formation of shrinkage cavity, and other phenomena
under microgravity. In experiments, the alloy spheres
were melted at eutectic temperature and reached a
maximum temperature, multiple smooth eutectic cells
can be distinguished on the surface, indicating the pres-
ence of multiple nucleation sites during solidification*”,
see Figure 7.
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Fig.6 Flow behavior and surface wave formation of space station alloy melt: (a) flow field distribution in alloy
melt under microgravity; (b) schematic diagram of alloy surface wave structure formation®®
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Fig.7 Macroscopic shapes of eutectic Nb-Si alloy droplets solidified with different undercoolings aboard CSS[10].

Rapid solidification kinetics within undercooled Nb-
Si alloy leads to the macroscopic surface deformation of
the solidified droplets and decoupled growth of eutectic
phases under microgravity and containerless states. It is
regarded to be related to the reduction in convection
and the decoupling effect caused by rapid solidifica-
tion kinetics.

These researches advanced our understanding of
large undercooling behavior, solidification process
as well as crystal growth in space. Knowledge serves
to generate new regulatory methods for material prepa-
ration.

2.1.4 Immiscible Alloy Solidified in Space
The solidification process of the alloy with a miscible
gap in the liquid-liquid phase diagram is known as lig-

uid-liquid decomposition, which holds significant po-
tential for the development of high-performance in-situ
particle composites and core/shell structure composites.
Due to the phase segregation effect during ground soli-
dification, it is important to conduct solidification expe-
riments under microgravity conditions. The micro-
structure of most composite materials fails to get the
expected effect due to the influence of the cooling rate
and surface contamination of the crucible. To address
this issue, a research team from the Institute of Meta
Research of the Chinese Academy of Sciences con-
ducted containerless solidification experiments on Chi-
nese space station to achieve fast cooling rates and
avoid contamination™. The Ti-Go-Gd immiscible ball
experienced a cooling, as shown in Figure 8.
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Fig.8 Solidification microstructure formation of Ti-Co-Gd alloy. (a) Electrostatic levitation device.

(b) Cooling curves of samples

The differences between the microstructures of the
two samples which studied respectively on the ground
and space are caused by the gravity-related convec-
tive flow of the melt and the Stokes motion of the
Gd-rich droplets. When solidifying the alloy on the
ground, the Gd-rich droplets sink in the matrix melt
and the natural convection occurs in the matrix melt. It
is the Stokes motion of the Gd-rich droplets together
with the natural convection that promotes the collisions

ug i

[11]

and coagulations between the Gd-rich droplets and leads
to arapid coarsening of the droplets, causing the forma-
tion of a phase-segregated microstructure, as shown in
Figure 9.

In space, the Marangoni migration of droplets to-
gether with the diffusional transfer of solute Gd causes
the formation of the Gd-poor region next to the Gd-rich
phase shell. Enhancing the cooling rate promotes the
formation of awell-dispersed microstructure.

Fig.9

Schematics of the microstructure formation during liquid-liquid decomposition in space and on the ground[ll].
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2.2 Fundamental Physics

The ultracold atomic science rack and the cold atom
interferometer provide opportunities for fundamental
physics research on the space station. The former is a
highly integrated experimental platform based on the
principle of full optical trap evaporation cooling for ul-
tracold atomic physics experiments. It can serve quan-
tum simulation experiments based on optical lattice
modulation of ultracold atoms. It will be expected to
achieve the Bose-Einstein condensate. Thereafter, quan-
tum simulation experiments on singular quantum states
and dynamics will be conducted. The latter is a
dual-species cold rubidium atom interferometer, in-
stalled in the microgravity scientific rack in Chinese
space station to carry out such experiments with high-
precision measurement as the weak equivalence prin-
cipletest and so forth.

221 Testing the Equivalence Principle Based on
the Space Cold Atom Interferometer

Atom interferometers offer a method for testing the
Weak Equivalence Principle (WEP) at the microscopic
level using atoms. Achieving high-precision WEP mea-
surements involves measuring the differential accelera
tion of two atomic clouds with two types of atom inter-
ferometers. The atomic interferometer is an ®Rb-*Rb
dual-type atomic interferometer developed by the Insti-
tute of Precision Measurement Science and Technology
Innovation of the Chinese Academy of Sciences. It
works in the microgravity science laboratory cabinet of
the Chinese Space Station, and its scientific goa is to
conduct in-orbit experiments on atom interferometry
measurements. The use of an atomic interferometer for

(a)
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j— - - Imaging system
3D cooling laser ==+ PBS

s : —
& detection laser

- ==+ Cold atomic cloud

Z
= ===+ Raman laser
v L}
‘ Piczoelectric deflector

X
& Raman reflecting mirror

testing WEP not only enhances the accuracy of the test
but also broadens its scope. Scientists have proposed a
three-dimensional (3D) velocity selection method to
efficiently lower the atomic ensemble temperature. De-
pending on the cooling process, the atomic cloud is al-
lowed to expand freely, and the velocity of the atomic
cloud in or perpendicular to the direction of the Raman
laser is chosen™. The experimental scheme of the ve-
locity selection method is shown in Figure 10.

The physical system contains a vacuum chamber, its
accessories, the supporting structures, the optical com-
ponents, and a magnetic shield, as shown in Figure 11.

To test WEP with high accuracy, the experimental
process includes laser cooling, atom interference, and
fluorescence detection stages. In the laser cooling expe-
riment, images of the cold 85Rb atomic cloud in the
3D-MOT and time-of-flight images of the atomic clouds
after the polarization gradient cooling process are
shown in Figure 12. The number of the atoms was cal-
culated to be more than 2x10°® and the calculated atomic
temperature was about 4 uK in one dimension.

To date, the atomic interference fringes of point
source are realized up to 200 ms, and the on-orbit acce-
leration and rotation measurements are detected through
the interference fringes. At the same time, by measur-
ing the period of the point source interference fringe, the
on-orbit Raman laser mirror angle coefficient calibra-
tion is obtained, and the systematic error evaluation of
the rotation measurement value is carried out. The first
measurement of on-orbit atomic interference rotation in
the world is achieved with an accuracy of 1.71x107°
rad-s™. The instrument is carrying out the in-orbit

(b)
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Fig.10 Scheme of the velocity selection and velocity distribution. a. 3D velocity selection.

b velocity distribution of the atomic cloud before and after velocity selection

[14]



» »»| SPACE SCIENCE ACTIVITIES IN CHINA

¥
AL

AU - ] '
~ .‘-’. LAARTFBR < Tommvamors
= . g =»-

Magnetic shield

Rb source

[7_
Y
X

2D-MOT region

3D-MOT region  Piezoelectric deflector

Fig.11 Space cold atom interferometer payload™

15ms

25ms
.
- 35ms

x  3D-MOT . 45ms
- -

.1I

Fig.12 TOF fluorescence images of the 85Rb atomic
cloud with different falling time!*!

equivalence principle test experiment, and the dual
component synchronous atomic interference of ¥Ru and
®Ru in orbit has been accomplished.

2.2.2 High Precision Gyroscopesin Space
High-precision space gyroscope is of great significance
for complex scientific experiments and deep space na-
vigation. Microgravity in space provides an ideal condi-
tion for the operation of cold atom gyroscopes. The re-
searchers implemented a cold atom gyroscope by using
the atom interferometer whose evaluated rotation mea-
surement is (-115.64 + 1.71)x107 rad-s™ in space, and
acoeleration measurement resolution is 1.03x10°° m-s for
asingle image. This project is the first gyroscope based
on the atom interferometer in space and paves the path
for future rel ated space-based experiments*®.

The gravity of the earth is a mgjor disadvantage that
limits the interference interrogation time and thus the
resolution of the gyroscope. As the preliminary condi-
tions, the cooling, state preparation, and fluorescence
detection processes for the Chinese space station atom
interferometer have been optimized, and the Mach-
Zenden type interferometer for the ®Rb and ®’Rb atoms
has been constructed™, see Figure 13.

The measurement data suggested that the angular
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Fig.13 The principle of the double single diffraction
scheme for Rb atom™

velocity in orbit with an accuracy of 1.71x10° rad-s™
can be obtained. The results are compared with the rota-
tion values measured by the space station platform, and
a good agreement is obtained. At the same time, the
resolution of acceleration measurement is 1.03x10° m-s.

2.3 Microgravity Fluid Physics

The research on fluid physics under micro-gravity on
Chinese space station involves fluid dynamics, multi-
phase flow, and heat transfer, together with soft matter
physics. The experiments of fluid storage and transpor-
tation in spherical and capsule tanks were carried out
onboard. A theoretical model of bubbles in the tank was
established, successfully verifying the fluid manage-
ment performance of the tank, and supporting the de-
velopment of novel plate tanks for spacecraft. Convec-
tion, evaporation, and phase transition heat transfer of
the droplet and liquid layer were studied, finding the
law of complex interface flow with heat and mass
transfer. The glassy transition and rheology of the col-
loidal system were investigated, implying that the
structure evolution of the three-dimensiona colloid

$60G— 3303 Moday uovN .
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system was coherent across scalesin length. The gravity
scaling law of heat transfer and bubble thermodynamic
behavior in pool boiling is being studied, preliminary
results demonstrate that boiling heat transfer perfor-
mance rises instead of decreasing with the shrink of gra-
vity, which seems intuitive and is expected to reveal the
mechanism of gravity action in boiling phenomenon[zol.
It provides direct instruction to fluid therma manage-
ment in multi-gravity environments for space explora-
tion missions. The 3D trajectories of specific magnetic
particles embedded in dense particles under various
gravity conditions were measured precisely with Hall
effect sensors, finding that the movement direction of
particles with different sizes and density can be effec-
tively controlled by the boundary geometry and motion
conditions, and the abnormal ‘Brazil nut’ effect has
been observed. This discovery is expected to improve
the ability of space missions to manipulate particles
under different gravity conditions and is expected to
benefit particle mixing and separation engineering in
pharmaceutical, food, chemical, and other industries.
231 Research on fluid Storage, Transport and
I nterface Behavior in Space

For spacecraft, to ensure the safety of the propellant
management device, the tank that stores the propellant
on the satellite usually has a central column. It is of
great significance for fluid management under micro-
gravity to explore the morphological characteristics of
the bubbles in a tank with a central column and to study
the various factors affecting them. However, the static
shape and motion of bubbles under microgravity condi-
tions have not been studied. The influence of geometry
and liquid contact angle on the annular bubble profileis
not clear. The research group of the Institute of Me-
chanics of the Chinese Academy of science has carried

Velume fraction (cst10)
1.008+00

out a spherical tank model filling experiment on the
Chinese Space Station. The liquid is pumped into the
tank by an air pump.
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Fig.14 Liquid distribution vs time when filling tank*?
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An annular bubble surrounding the central column is
formed inside the tank, see Figure 14. This kind of bub-
ble under microgravity is observed for the first time,
which will have important significance for the on-orbit
liquid management and residua gauging. Annular bub-
bles are also observed in both experimental and numer-
ical results. It can be seen in Figure 15 that the speed of
liquid climbing along the guide vanes is faster than that
in other areas; thus, a concave liquid surface is formed
on the model wall, which isin good agreement with the
experimental results in the CSS1*2,

Different from the phenomena during the filling
process, under this circumstance, the liquid is still
spreading on the central column, forming another kind
of bubble. Figure. 16 shows the results, there is an ob-
vious large annular bubble in the middle of the tank
model, the liquid distribution on the surface of the cen-
tral column is clear to see, and the bulgeisin the middle
region of the central column.

In this experiment, the complete characteristics of the
flow driven by surface tension in the fully managed or

- 8.00e-01
6.00e-01
4.00e-01 | |
2.00e-01
. 0.00e+00 .
(a) (b) (c)

Fig.15 Liquid-gas interfaces when filling TA (a). Liquid distribution in the cross section when the liquid
seal just forms (b), and liquid distribution in the cross section after further filling (c). The red region
represents liquid and the blue region represents the gas™?
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Fig.16 Comparison between experimental

and numerical results™*?

semi-managed structure of the tank fluid were obtained,
and the dynamical evolution roadmap of the bubble
merging in the space large-scale structure was achieved.
Based on the results, the theoretical model of an annular
bubble contour in the tank is found. The law of bub-
ble-shaped deformation and flow were revealed, and the
fluid management performance of the tank in micro-
gravity was confirmed. The liquid drainage rate of the
semi-managed tank model exceeds 99%, which is a
useful exploration for the in-orbit supply of spacecraft.
23.2 Vibration Fluidization Characteristics of
Granular Materialsunder Variable Gravity Conditions
In various industrial processes and natural phenomena,
particle segregation occurs when different shapes or
sizes of particles are subjected to external vibrations or
disturbances. Understanding and controlling this phe-
nomenon is of significant importance in industries such
as pharmaceuticals, where achieving a homogeneous
distribution of componentsin powdersis crucial, as well
as in geological disasters such as earthquakes and
landslides. Besides, granular systems provide valuable
insights into nonequilibrium phenomena and are exten-

Fig.17 The assembly of test bed in centrifuge

«10 -

sively studied in fundamental physics research.

Based on the centrifuge deployed on the Chinese
Space Station, the scientists from the Institute of Phys-
ics, Chinese Academy of Science carried out experi-
mental investigations on vibration fluidization of granular
materials. Nevertheless, granular segregation faces chal-
lenges, particularly in three-dimensional systems. Tradi-
tional high-speed imaging techniques are limited to
two-dimensional systems. In the experiment, a novel 3D
particle tracking technique is utilized, i.e. the Hall-effect
magnetic sensing technique, for high-precision trgjecto-
ry tracking of a single magnetic sphere with varying
densities within a granular bed!® (see Figure 17).

A single large sphere acted as an intruder model sys-
tem. The microscopic measuring of the dynamics of the
intruder within the granular bed is obtained™”, see Fig-
ure 18.

They hunt for the relationship between the equili-
brium position of the intruder and the vibration accele-
ration and density. The experiment reveals that the pri-
mary mechanism driving the upward motion of the in-
truder is the void-filling mechanism, while the effect of
convection may play a limited role according to the ob-
served phenomena since the intruder also exhibits up-
ward motion near the container wall, confirming the
Brazil nut effect, which is regarded as a critical conclu-
sion for the dynamics of granular material.

Another extended experiment was carried out on the
test bench to investigate the three-dimensional convec-
tion mode of fluidized particle materials through vibra-
tion in cube and cylindrical containers, which explains
that convection mainly controls the motion dynamics of
gquasi-static shear particle media in cuboid containers,

Camera |

Camera 2

[16,17]
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Fig.18 3D trgjectory plot illustrating the path followed by the intruder throughout the experiment!*)

while its effect is less pronounced in cylindrical con-
tainers. These findings highlight the importance of ves-
sel geometry in inducing periodic helical oscillatory
motion, which needs to be considered in the engineering
design of systems involving mixed particles.

2.4 SpaceLife Sciences and Biotechnology

Space stations provide suitable opportunities to carry
out astrobiology experiments to explore the possibility
of life beyond the earth and enable us to better under-
stand the limits and requirements of life in different en-
vironments. Based on Chinese Space Station exo- eco-
system space experiment conducted onboard, the mi-
croorganisms will be exposed to space conditions, in-
cluding microgravity, vacuum, UV radiation, and ex-

treme temperatures.

24.1 Astroecology Experiment in Tiangong Space
Station

The researchers set to examine whether methane- pro-
ducing microorganism can survive in the environments
inside and outside the space station at the first stage,
validating methanogenic bacteria’s adaptability to si-
mulated environments (gravity, radiation) can provide
indirect evidence for the process of generating methane
on the planets such as Mars or Enceladus, which will
help us understand whether the detected methane gas on
these worlds may be a biological feature. Extraterrestrial
exposure experiments will be conducted on standard
sample cassettes equipped with UV filters provided on
the external platform of the space station'.
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Fig.19 A schematic view of exo-ecosystem space experiment. (a) Space samples. (b) (c) The units for the
simulated gravity experiments conducted in the Wentian module of Chinese space station. (c) The units for
radiation experiments conducted at the exposure platform in the Mengtian module™®
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24.2 Human Embryonic Stem Cells into Hemato-
poietic Stem/Progenitor Cell

The inaugural in vitro study of human embryonic stem
cell hematopoietic differentiation has been conducted
aboard the Chinese Space Station. Microscopic images
of cells collected and downlinked from orbit revealed
that these human embryonic stem cells were success-
fully induced to differentiate into cobblestone-like He-
matopoietic Progenitor Cells (HPCs). As development
and differentiation progressed, these HPCs proliferated
and formed grape-like clusters of hematopoietic cells.
Subsequent analyses will involve the identification of
the fixed samples returned from orbit, comparative ana-
lyses between space and Earth samples, and multi- om-
ics studies. This mission establishes a foundation for
future studies on early-stage hematopoiesis of stem cells
in space and is anticipated to elucidate the mechanisms
by which microgravity influences the differentiation of
human pluripotent stem cells into early-stage hemato-
poietic cells.

24.3 Effects of Microgravity on Plant Growth and
Development

The long-term cultivation of higher plantsin space plays
a substantial role in investigating the effects of micro-
gravity on plant growth and development, acquiring
valuable insights for developing a self-sustaining Bio-
logical Life-Supporting System (BLSS). In the studies
on board, the researchers from the Center for Excellence
in Molecular Plant Sciences, Chinese Academy of
Science continued to conduct long-term plant research
in space. Based on the so-caled Biological Culture
Module (GBCM), which was ingtalled in the Wentian
experimental Module of the CSS, was constructed to
grow Arabidopsis thaliana and rice (Oryza sativa) plants
afull life cycle in space. Dry seeds of Arabidopsis and
rice were watered and germinated within a duration of
120 days. To this end, both Arabidopsis and rice plants
completed a full life cycle in microgravity on the CSS.
To date, this is the first space experiment achieving
rice's complete life cycle from seed to seed in space.
Some of these seeds have been used in a subsequent
experiment to successfully produce a second generation
after returning to Earth. Germination rates for space-
produced seeds were about 90%, indicating that mature
seeds developed in microgravity were healthy and via-
ble. This result demonstrates the possibility of cultivat-
ing the important food crop rice throughout its entire
life cycle under the spaceflight environment.

e ]2 .

24.4 Microgravity Impairs Bone Formation by
Inducing Gene Misregulation

Microgravity-related bone loss is affecting astronauts
with long-term space travel due to decreased osteoblas-
tic bone formation and increased osteoclastic bone re-
sorption. A team from Zhegjiang University, focuses on
the impact of microgravity on osteogenesis at the cellu-
lar and molecular levels. Transcriptomic, proteomic,
and genome-wide DNA methylation analysis was per-
formed on pre-osteoblasts and osteoblasts derived from
human Mesenchymal Stem Cells (hMSCs) cultured in
space station or on Earth. The results showed that mi-
crogravity impairs osteoblast differentiation and drives
adipogenesis from hMSCs by disrupting disease genes
of “osteoporosis’ and “osteoarthritis’, as well as path-
ways related to glucose metabolism and extracellular
matrix organization. The study also identified several
potential extreme-microenvironment-sensitive molecules
that could be targeted for improving osteogenesis, see

Figure 20.
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245 Space Radiation Biology Research

To study the molecular mechanisms of space radiation
damage and genetic mutations, a systematic biological
analysis is needed for model organisms exposed to
space for long periods. However, because the individual
sample in the long-term space exposure receives differ-
ent high-energy heavy ions, traditiona big data analysis
methods cannot meet the big data analysis needs of
space experiment samples. According to the necessaries.
A scientific group from Dalian Maritime University has
successfully developed Space radiation metrology and
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biological damage assessment technology which over-
comes key technologies such as microchannel structure
design, fluid control, and biological matching. For the
first time in the world, the automatic monitoring model
of animal nematode individua horizontal growth,
movement, tissue fluorescence protein labeling imaging
was redlized in orbit, and the whole-life tracking of
various nematode species individuals was realized in
situ. The results of the in-orbit analysis show that an
animal experimental model of the biological effects of
radiation and microgravity in orbit has been established.
This work provides an experimental model for in-situ
individual lifetime automatic analysis for space medi-
cine and protection research in manned deep space ex-
ploration projects.

2.4.6 Survival Limits in Space of Microorganisms
from Extreme Environments

The study on the tolerance and mechanism of microor-
ganisms to space environments aims to explore the sur-
viva limits and interstellar transmission potential of
microorganisms in space, to provide a basis for research
on the origin of life and exploration of extraterrestrial
life and data support for planetary protection technology
research, and to evaluate the ability of pioneer microor-
ganisms to expand into outer space. The tested/testing
samplesincluded 3 types of lithic microbial samples and
8 lichens collected from cold or arid regions from
Northwestern China, 10 radiation-resistant strains iso-
lated from deserts, glacia moraines, and 2 Bacillus
strains, isolated from the spacecraft AIT environments,
with different protection conditions by different space-
craft materials. The first batch of samples was returned
at the end of October 2023, and the results indicated that
most of the microbial samples could survive the extra-
vehicular environment of the Mengtian module for three
months.

3 Research Planning and Outlooks

To make critical scientific discoveries persistently, and
transfer some of the achievements into applications in
the next few years. It is planned to conduct innovative
research in various fields of space science.

For instance, for bioscience, space breeding of
mammals is going to be realized for the first time in the
world, obtaining important new targets for aging and
pathology, and making breakthroughs in stem cells,
promoting pharmacol ogical research and development.

For the physical science, many highlight studies will
be carried out, for instance, high-quality semiconductor
crystals, rare earth permanent magnet materials, biolog-
ica and nanomaterials, etc. will be prepared in space
and applied to the research and development of infrared
detectors, scintillation crystals or other devices. Studies
on space cold atom physics and their applications will
become more in-depth and extensive, in particular, the
research on quantum simulation and atom interferome-
ter applications, e.g. ultra-cold temperature quantum gas
preparation, exploring quantum decoherence mechan-
isms, topological quantum states studies, and expanding
the in-orbit cold-atom interferometer applications on
Earth science and fundamental physics testing.

The peculiar hydrodynamics under microgravity will
be still of great importance to nonlinear mechanics in-
vestigation and engineering. The dynamics, especialy
for the evolution behavior of particulate matter in tur-
bulence, the special flow of fluid caused by the thermal
capillary phenomenon, and the rheological properties of
non-Newtonian fluids will be deeply explored in the
absence of gravity or low gravity conditions. In addition,
the scientists who are interested in soft matter physics
will have the opportunity to pursue the myths in three-
dimensiona collective behaviors of active matters (such
as artificial active colloids, bacteria, etc.), investigating
colloid and polymer self-assembly behavior and the
other problems of statistical physics far from equili-
brium. Moreover, more studies on fluid phase transition
(e.g. evaporation, condensation, and boiling) and en-
hanced heat transfer mechanisms are planned, which
directly strengthen the efficiency of fluid as well as
thermal management in a large number of engineering
fields, from ground-based applications to deep space
exploration.

The studies of space combustion science will focus
on basic combustion processes in the energy or power
systems, such as ignition, flame propagation, flame sta-
bilization, quenching, etc., committing to solving the
key problems such as efficient and low-carbon combus-
tion or performance improvement.

These interdisciplinary studies conducted on the ex-
perimental platform of Chinese Space Station, are
greatly helpful to humanity’s comprehension of the
open scientific principles, driving the advancement of
cutting-edge technologies, expanding the scope of hu-
man activities in space, and presenting substantial bene-
fits from these endeavors.
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Abstract

China has successfully launched six lunar probes so far. From Chang’E-1 to Chang’E-4, they completed the cir-
cling, landing and roving exploration, of which Chang’E-4 was the first landing on the far side of the Moon in
human history. Chang’ E-5 was launched in December 2020, bringing back 1731 g of lunar soil samples. Through
the detailed analysis of the samples, the scientists understand the history of late lunar volcanism, specifically ex-
tending lunar volcanism by about 800 million to 1 billion years, and proposed possible mechanisms. In addition,
there are many new understandings of space weathering such as meteorite impacts and solar wind radiation on the
moon. China’s first Mars exploration mission "Tianwen-1" was successfully launched in May 2021. Through the
study of scientific data, a number of important scientific achievements have been made in the topography, water
environment and shallow surface structure of Mars. This paper introduces the main scientific achievements of
Chang’E-4, Chang’E-5 and Tianwen-1 in the past two years, excluding technical and engineering contents. Due to
the large number of articles involved, this paper only introduces part of the results.

Key words

Lunar and deep space exploration of China, Chang’E-4, Chang’E-5, Tianwen-1 mission

1 Introduction

This year marks the 20th anniversary of China’s Lunar
Exploration Project, from the launch of the first lunar
exploration satellite Chang’E-1 in 2007 to the launch of

Received June 20, 2024

Chang’E-6 in 2024 and the successful return of lunar
samples, so far six lunar exploration missions have been
successfully launched.

Chang’E-4 performs the first soft landing and explo-
ration on the far side of the Moon, obtaining data on the
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surface morphology, material composition, shallow
structure, and the near-lunar space environment.

Launched in December 2020, Chang’E-5 brought
back 1731 g of lunar soil samples from the moon, which
is the first time humans have obtained samples of young
volcanic regions on the lunar surface. Over the past
three years, the China National Space Administration
has distributed more than 80 grams of lunar samples
seven times to more than 100 scientific teams in China.
At present, more than 100 scientific and technological
papers have been published, which delayed the end of
lunar volcanic activity by about 800 million to 1 billion
years through geological dating of samples, innovative-
ly discovered the formation mechanism of solar wind,
and also discovered the sixth new mineral on the moon
“Chang’E stone” and other scientific achievements.

On April 24, 2020, the China National Space Admin-
istration announced that China's planetary exploration
mission will be named Tianwen, and China’s first Mars
exploration mission will be named "Tianwen-1". Tian-
wan-1 will be launched in July 2020 and land on the
Utopia Plain of Mars at 5° ~ 30° north latitude in May
2021 for landing and roving exploration. As the first
mission of China’s planetary exploration project, Tian-
wen-1 has achieved three goals of orbiting, landing and
touring Mars through a single launch, which is unprec-
edented in the history of Mars exploration in the world.
At present, the goal of China’s first Mars exploration
mission has been successfully accomplished. Through
the study of scientific data, the scientific research team
has achieved a number of scientific achievements in the
topography, water environment, atmosphere and ma-
terial composition, and shallow subsurface structure of
Mars.

2 Chang’E-4 Mission

2.1 Lunar Topography and Geomorphology

The lunar regolith morphology is mainly acquired by
imaging equipment including the Landing CAMera
(LCAM) of Chang’E-4 lander, the ground Terrain
CAMera (TCAM) image and the DEM of the Yutu-2
Panoramic CAMera (PCAM) validate the crater degra-
dation levels from a qualitative and quantitative pers-
pective, etc., which are suitable for acquiring images of
centimeter-scale craters, rocks and ejecta to measure
their shape, size, color, reflectance, roughness etc.!t.

e 16 *

Some of the craters contain high-reflectance materials at
the bottom, suggesting secondary impact events, which
hint at notable differences in the impact frequency be-
tween the lunar farside and nearside®.

2.2 Characteristics and Composition of Lunar
Regolith

Visible and Near-infrared Imaging Spectrometer (VNIS)
is critical in constraining the accurate mineral propor-
tions and composition of the lunar regolith®. Based on
the mineral abundances retrieved from the VNIS data,
the average plagioclase abundance (60.4 vol.%) is
beyond the high-plagioclase end of the mineralogical
range of SPA impact melt differentiation products and
would require an additional contribution from potential
ejectal. VNIS also found iron-rich and magnesium-rich
components, such as Finsen and Leibniz crater sputter-
ing, requiring additional contributions from the lunar
crust®®: Rocks rich in low-Ca pyroxene and deficient
in Mg-olivine have also been found, such as four special
rocks encountered along the way, indicating that they
were crystallized at a high temperature (980°~1300° C)
and a rapid-cooling magmatic system produced by im-

pact melt differentiation or volcanic resurfacing events®™".

These newly discovered compositional features com-
bined with lunar rock minerals provide new insights into
the origins of SPA.

The results show that the particle size of the lunar
regolith at the Chang’E-4 landing site is similar to 15
um on average over depth, which indicates an immature
regolith below the surface® and the viscosity of the
lunar regolith on the far side of the Moon is higher than
that on the near sidel®.

2.3 Sub-surface Structure

The layered structure of the upper 300 m of the lunar
surface in the South Pole-Aitken Basin was discovered
by using the measurements from the Lunar Penetrating
Radar (LPR) onboard the Chang’E-4 rover Yutu-22%,
The high-frequency radar observed a buried lens struc-
ture similar to 27 m below the lunar surface, interpreted
as paleo regolith by previous studies. Below the
depth of 90 m, with thicknesses ranging from 20 m to
larger than 70 mt*2. At least three strata basalt flows
were speculated, while the shallowest stratum is com-
posed of multiple thin lava flows*?. Both the dielectric
properties and the ilmenite content suggest a shallow
sequence of basaltic layers overlaying a low-ilmenite
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ejecta blanket™. The LPR also found a series of buried
impact craterst*. The smaller the impact craters are, the
more likely they are to degenerate. The smaller the im-
pact crater yield is, the closer it is to the removal rate,
the more difficult it is to reach the equilibrium state!".
The maximum penetrating depth of the low-frequency
channel reaches 450 m, revealing multi-episode erup-
tions!*?!,

2.4 Lunar Space Environment

The Moon represents an airless body, where the lunar
surface can directly interact with ambient space par-
ticles, and bring a space weathering effect. Some solar
wind protons can be scattered as Energetic Neutral
Atoms (ENAs) from the surface, which includes rich
information of the solar wind-surface interaction. Some-
times, the interaction can be hindered by a magnetic
anomaly, where a Lunar Mini-Magnetosphere (LMM) is
formed. Due to the lack of in situ measurements on the
lunar surface, people still know little about the ENA
truth as well as the internal structure of LMM on the
surface. The Chang’E-4 (Chang’E-4) mission is the first
mission soft-landed on the lunar far side near strong
magnetic anomalies. Moreover, the Advanced Small
Analyzer for Neutrals (ASAN) instrument onboard the
rover of Chang’E-4 can measure the backscattered
ENAs from the surface. With the ENA data from
Chang’E-4 mission and the solar wind data from AR-
TEMIS spacecraft, Xie et al.® reported a unique mul-
ti-point observation of the LMM, and found that there
was no shock but just a boundary layer near the mag-
netic anomalies and the shock could only appear down-
stream from the magnetic anomalies known as the trail-
ing shock. Zhong et al.*” found that the ENA energy
measured by Chang’E-4 showed a good relation with
the solar wind energy, and the loss rate of ENA energy
favored a higher solar wind energy and a lower solar
zenith angle. Wieser et al.*® presented a semi- empiri-
cal model to describe the energy spectra of the neutral
emitted atoms, and found that the ENAs emitted from
the lunar surface consist of two components: one is re-
flected and neutralized solar wind protons and the other
is particles sputtered ENAs from the lunar regolith.
Apart from low-energy solar wind particles (with an
energy of about 1 keV), there are also some high-energy
space particles (with energies higher than several MeV),
such as Solar Energetic Particles (SEPs) and Galactic
Cosmic Rays (GCRs), which can directly bombard the

lunar surface. The Lunar Lander Neutron and Dosimetry
(LND) Experiment aboard the Chang’E-4 Lander can
measure energetic charged and neutral particles and
monitor the corresponding radiation levels. It is found
that GCRs are the dominating component of charged
particles on the lunar surface during solar quiet times.
Moreover, the interaction of GCRs with the lunar rego-
lith also results in upward-directed albedo protons
which are measured by the LND™®\. Combined with the
Radiation Environment and Dose at the Moon (RED-
Moon) mode, Xu et al.**! have also provided the ratio
of albedo protons to primary protons for measurements
in the energy range of 64.7~76.7 MeV. In addition, Luo
et a0 reported the first measurements of the low-energy
(about 10 to 100 MeV/nuc) cosmic ray spectra on the
lunar surface around the solar minimum 24/25, and
found that the proton, helium, CNO, and heavy-ion
groups, the ratios (ratio errors) of the Chang’E-4 fluxes
to those from the near-earth spacecraft are 1.05 (0.15),
1.30 (0.18), 1.08 (0.16), and 1.24 (0.21), respectively.
Moreover, a notable enhancement of *He/*He ratio was
observed at about 12 MeV/nuc, and the cosmic ray
dawn-dusk symmetry was confirmed®. These results
provide valuable insights into the cosmic rays on the
lunar farside surface and will benefit future lunar ex-
ploration.

3 CHANG’E-5 Mission

Unlike the Apollo and Luna samples, the Chang’E-5
lunar samples were collected at middle to high latitudes
and are the youngest lunar basalts to date (2.030 + 0.004
Ga) and have higher FeO contents, with moderate TiO,
and AlL,Os?? There is evidence that Chang’E-5 lunar
soils are mainly derived from spallation from the Xu
Guanggqi crater to the north-west of the landing site and
have a higher lunar soil maturity, a feature probably due
to the predominance of micrometeoroid impacts
processes?’?®l. The study of the Chang’E-5 lunar sam-
ples by various analytical methods, including the newly
developed Raman spectroscopy analysis, showed that
the average particle size of the Chang’E-5 lunar soils
was about 50 um, with relatively low glass content, and
that the basaltic fragments were mainly composed of
clinopyroxene, plagioclase, olivine and ilmenite, with
obvious textures diversity, including porphyritic, ophit-
ic/ subophitic, poikilitic?2232627293% "1t s noteworthy
that previous petrological analyses of late-stage basalts
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based on remote sensing data have shown abundant oli-
vine, but laboratory spectral analyses of the Chang’E-5
samples revealed iron-rich high-Ca pyroxene rather than
olivine®Y. To present, the detailed chemical composition
distribution of the lunar surface has been constrained®?.

3.1 Impact Glasses

Chang’E-5 glasses come in a wide variety of multitype
and origins. The finding of indigenous ultra- elongated
glass fibers and widely distributed ultra-thin amorphous
layers without np-Fe° indicates the relatively moderate
impact environment in the Chang’E-5 landing site!®.
The composition of the impact glass from the
Chang’E-5 samples suggests a predominantly local ori-
gin, limiting transport distances to less than about 150
km, and U-Pb isotopic dates of the impact glasses indi-
cate that the regional impact glass formed between a
few million and two billion years ago, younger than the
Chang’E-5 basalts®¥. Impact glass enriched in large
KREEP material (>20 vol%) was found in the uniquely
weathered lunar breccia returned by Chang’E 5 mission,
suggesting a possible origin from a mixed region be-
tween the P58/Em4 mare unit and its contiguous eastern
highlands™.

The impact glasses in lunar breccias are enriched in a
large KREEP material (>20 vol.%), suggesting a possi-
ble origin from a mixture of the Lunar Sea Unit and the
Eastern Highlands!®®).

3.2 Space Weathering

Chang’E-5 samples offer valuable insights into the
study of space weathering processes. According to the
research, space weathering in iron-rich basalts leads to a
faster generation rate of np-Fe° and saturated aggrega-
tion to form larger particle sizes™. The discovery of
np-Fe” caused by in situ thermal decomposition in the
amorphous layer rims on the surface of fayalitic olivine
provides new evidence for the mechanism of the forma-
tion of np-Fe’®®. Li et al.*”) found np-Fe® and Fe** in
the amorphous mixture at the bottom of the microcraters
on the surface of olivine, where high temperatures and
pressures during the impact process drove the dispro-
portionation reaction of Fe*, and the contribution of
solar wind injection was very weak™®. Lunar aggluti-
nate glass formed and widely distributed by micromete-
oroid impacts in the Chang’E-5 lunar samples contains a
large amount of np-Fe®and Fe** produced by dispropor-
tionation reactions, and the content of Fe®* increases
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continuously with the continuous micrometeoroid im-
pactst®®.

In addition, a study reported for the first time the
discovery of iron meteorite fragments in the lunar soil
of Chang’E-5, the meteorite fragments are Ni- and
P-rich, S-poor, and are classified as 1ID-group based on
their mineral chemistry and overall composition. As this
meteorite fragment experienced only limited partial
melting followed by rapid cooling, suggesting formation
by a low-velocity impact®®. In addition, the natural na-
nophase new minerals trigonal Ti,O and triclinic Ti,O
were found in micrometeorite impact craters on the sur-
face of Chang’E-5 glass bead, as well as the seventh and
eighth newly discovered minerals in lunar samples. This
discovery not only acquires the response of Ti-oxides
such as ilmenite to the micrometeorite impacts modifi-
cation process and its effects, but also complements the
understanding of the new products of space weathering,
and suggests a new idea that space weathering can alter
the photocatalytic properties of lunar regolith®. None-
theless, the prolonged and persistent impact events re-
sulted in extensive, uneven and complex thermal mod-
ification events in the Chang’E-5 landing site".

3.3 Sulfides

Although sulfides are less than 1% in the Chang’E-5
lunar samples, they still show abundant weathering
modification features’®!. Guo et al.[*} discovered sub-
microscopic magnetite particles and np-Fe0 with im-
pact-induced formation by eutectoid reaction for the
first time in Chang’E-5 lunar soil, Magnetite and np-Fe0
particles embedded in oxygen-dissolved iron-sulfide
particles from Chang’E-5 samples, representing large
impact events on the lunar surface!?. Furthermore, di-
genite mineral with characteristics of impact-induced
evaporative deposition was reported for the first time in
a lunar sample?.

3.4 Solar Wind-derived Water

The Chang'E-5 lander performed in situ spectral mea-
surements while collecting samples, and these observa-
tions revealed the presence of water on the lunar sur-
face**). Solar wind-derived water is one of the major
sources of lunar surface water, and recent studies have
reported the presence of high Ilevels of Solar
wind-derived water (OH/H,0) in the surface mineral
layer, with the Chang’E-5 samples containing more than
170 ppm of water, consistent with lunar in situ spec-
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troscopic measurements**“*®\.  Moreover, the impact

glasses from Chang’E-5 lunar soil are the major source
of molecular H,O in the lunar soil, with a content of up
to 15 to 25 ppm. Due to the complexity of their forma-
tion mechanisms, impact glasses can preserve and
record large sources of OH and molecular H,O asso-
ciated with the solar wind and a variety of other sources,
including water derived from solar wind, deposited by
water-bearing meteorites/micrometeorites, and inherited
from lunar indigenous water™®”!. Solar wind-derived wa-
ter is preserved by diffusion into the impact glass beads,
along with the ability to sustain the lunar surface water
cycle. The abundance of solar wind-derived water in the
impact glass beads can be as high as about 2000 ppm,
with an average of about 500 ppml*®!.

3.5 Petrogenesis and Volcanic Activity

The results of a comprehensive multi-method study of
basaltic clasts in the Chang’E-5 lunar samples, includ-
ing quantitative structural analysis, diffusion chronome-
try, clinopyroxene geothermobarometers, and crystalli-
zation simulations, show that the Chang’E-5 basalts
originated in the olivine-bearing pyroxenite mantle
source and that the source region has a pressure of
10~13 kbar and a temperature of about 1350 + 50 °C. It
is similar to the Apollo 12 low-Ti basalts®”. Research
suggests that the Moon is still magmatic at least 2 bil-
lion years ago and the presence of additional and
yet-unrecognized lunar volcanic eruptions[49].

A study of the Chang’E-5 basalts revealed that most
olivine grains have very short cooling timescales.
Thermal modeling suggests that the minimum thickness
of the lava flow bounded by most basalt grains is be-
tween 10~30 m. and the flat topography of the
Chang’E-5 landing site suggests that large-scale mag-
matic eruptions continued into the late lunar period. Al-
though lunar volcanism has generally declined over
time, its late indirect eruptions still exhibit higher than
average eruptive fluxes®®®?. The Moon’s youngest
volcanism was not driven by abundant water in its man-
tle source®, and further research is needed to clarify
the causal mechanisms.

It has been reported that late-stage lunar magma
ocean easily-melted cumulates in the lunar mantle
source region lowered the melting point of the lunar
mantle and triggered young volcanism on the Moon,
with Chang’E-5 source magma having higher calcium
and titanium dioxide contents than the Apollo counter-

partst®2. The rapid cooling crystallization exhibited by
the basalt debris and the smaller volume of vesicles ob-
served in the Chang’E-5 samples indicate that the
Chang’E-5 basalts have a lower degree of degassing
compared to the Apollo basalts, and less volatile sub-
stances escape®™. Two young basaltic lunar meteorites
discovered in the Chang’E-5 lunar samples have similar
source regions and formation mechanisms with
Chang’E-5 basalts, suggesting that lunar volcanism
shifted from KREEP-like dominance to non-KREEP
dominance about 3 billion years ago®*!.

4 Tianwen-1 Mission

4.1 Martian Aeolian Landforms

The Zhurong rover conducted observations of Aeolian
landforms in the southern Utopia Planitia on Mars, re-
vealing the dynamic changes in Martian Transverse
Aeolian Ridges (TARs) and dunes. Studies indicate that
these landforms were initially formed by northern winds
and later re-worked by northeastern winds, showing
significant aeolian reworking and climate changel.
The analysis of Martian dunes suggests that wind direc-
tion changes coincided with the end of the recent “ice
age” (roughly 0.4~2.1 million years ago), leading to the
transformation of barchan dunes into longitudinal dunes,
reflecting a major climatic transition from glacial to
interglacial periods. This wind direction shift and the
corresponding changes in dune morphology provide
crucial evidence of Mars' dynamic climate history™.
The transverse aeolian ridges are also analyzed[57], the
presence of cones indicates a potential mud volcano
origin®®, and the three-dimensional morphological fea-
tures of rocks are analyzed®*®%.

4.2 Ancient and Modern Environments in
Southern Utopia

MultiSpectral Camera (MSCam) onboard the Zhurong
rover with its calibration target used to monitor dust
deposition, providing a new ground observation, show-
ing a low deposition rate in the first 110 sols, indicating
clear weather, followed by an accumulation of dust!®.
Meteorological data show that wind speed and direction
also exhibit significant seasonal characteristics, espe-
cially strong southern winds in the northern spring and
summer mornings, indicating that wind speed is likely a
key factor controlling the dust deposition rate—the
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higher the wind speed, the faster the deposition!®?.

The surface temperature analysis showed that thermal
inertia and dust have the greatest impact on temperature.
Fluctuations in atmospheric pressure and temperature
affect the performance of surface thermal inertia, with
increased dust storm activity thickening the dust cover
and stabilizing surface temperature[ﬁsl, consistent with
the observed daily and seasonal temperature fluctuations
in meteorological data®. Modeling the impact of daily
and seasonal temperature variations on surface temper-
ature suggested that the likelihood of shallow subsur-
face water ice is low!®. This is corroborated by the ra-
dar data from the Mars Rover Penetrating Radar (Ro-
PeR) of the Zhurong rover, which studied the dielectric
properties of the Martian regolith, indicating that the
regolith at the landing site likely consists of volcanic
rocks and possible hydrated minerals or sediments!®®’.

4.3 Water Environment on Mars

The combination of radar and thermal simulation results
suggests that liquid water, sulfate or carbonate brines
are difficult to stabilize above 100m above the shallow
surface. However, since the dielectric constant of sulfate
or carbonate salt ice (2.5~8) is comparable to that of
rocky materials, the presence of salty ice at shallow
depths shows a possibility®®®. The Mars Climate Station
(MCS) can record local wind speeds, temperatures, and
barometric pressures, found that the meteorological
conditions at the landing site were largely controlled by
the seasonal variations on Mars. It was also found that
water here frosts every morning and quickly sublimates
and disappears after sunrise, and a brief period of liquid
water may exist on the surface of the landing site around
the summer solstice each year. The dissolution of salts
in the soil can allow salt water to remain on the surface
for a period of time. All these evidences suggest the
existence of an active water vapor cycle at the
soil-atmosphere interface in the landing site®. At the
same time, using different cameras including the Naviga-
tion and Topography Cameras (NaTeCam), an in-depth
study of the micro-morphological features and material
composition characteristics of the surface of the dunes
in the area, it found that the surface of the dunes shows
crusts, cracks, agglomerations, polygonal ridges, banded
watermarks and other surface features. Through spectral
data analysis, it reveals that the dune’s surface is rich in
water-containing sulfate, opal, water-containing iron
oxide and other substances, it was determined that these
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surface features are associated with frost or snowfall on
the surface of saline dunes during cooling. This finding
fills a gap in ground-based observational evidence for
liquid water at low Martian latitudes, revealing that
modern Martian climates can occur in wetter environ-
ments at low latitudes where surface temperatures are
relatively warm and favorable!®®!,

The main rocks and soils in the landing site are ba-
salts, and their chemical weathering index (CIA) is ex-
tremely low, revealing that the degree of aqueous altera-
tion is low and that they may have been formed mainly
by a mixture of widespread Martian dust and localized
materials rich in calcium and poor in magnesium. The
amorphous minerals found in Blessing may have been
formed by the alteration of volcanic detrital material
under conditions of low temperature, weak acidity, and
low water-rock ratios, and it is estimated that the
amount of water involved in water-rock interactions
may have been low or short-lived®. Based on the
spectroscopic studies, it can be inferred that the pres-
ence of a variety of water-bearing minerals in the land-
ing site, such as polyhydric sulfates, gypsum, and wa-
ter-bearing silicates, suggests that there was once water
activity in the northern lowlands of Mars, which is con-
sistent with speculation of the presence of subsurface
glaciers or permafrost in the region, indicated by geo-
morphic features such as walled impact craters, pancake
impact craters, and concave cones found in the Utopia
Platinum. Based on the identification of sulfate minerals
combined with dating results, it is suggested that
groundwater or even surface water may have existed in
the landing site 3.5 billion years agol™®. The bright- co-
lored rocks of the dunes found in the landing site are
interpreted as locally developed crust layers, which re-
quire large amounts of liquid water to form and cannot
be formed by atmospheric water vapor alone, and ex-
clude the possibility of large-scale water activity on the
surface before. The study deduces that these sulfate-rich
crust layers may have been formed by the intermittent
overflowing of groundwater, or by capillary action of
evaporation and crystallization of salts crystallized min-
erals cemented to Martian soil The crusts were formed
by petrogenesis, followed by erosive loss of the topsoil
overlying the crusts, which ultimately exposed the
crusts. It also found signs of water activity in landing
sites of younger geologic age, suggesting that the Mar-
tian hydrosphere during the Amazonian period may
have been more active than previously thought!™.
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Analysis of the chemical composition and water content
of the rocky crust using the Laser Induced Breakdown
Spectrometer (LIBS) corroborated the hydrogen-rich
signals found in Zhurong’s short-wave infrared, and
further confirmed the presence of groundwater activity
in the Martian Amazonian over the vast area of the
landing site. LIBS analysis of three other types of rela-
tively loose material (dunes, soils and colluvium) found
that the colluvium had similar elemental trends to the
soils and dunes, indicating a similar material origin to
the local soils and dunes, while its water content order-
ing indicated the presence of water-bearing magnesium
salts. By analyzing the correspondence between water
and other metal ions, it is also possible to determine that
in these looser materials, water can be present in two
forms, evaporated salts containing crystalline water (e.g.,
hydrated magnesium sulfate) and adsorbed water mole-
cules’®”. From the point of view of surface morphology,
the possible causes of the polygonal fissures on the
dunes: the exchange of water vapor between the surface
and the atmosphere led to the formation of a hardened
sandy crust layer on the surface, which broke up to form
the polygonal fissures. The chronological characteriza-
tion of the dunes suggests, they may be indicative of
recent water activity and surfaChang’E-atmosphere wa-
ter exchange processes on Mars, thus providing clues to
the study of the water cycle on Mars under the current
cold and arid climatic conditions!?.

4.4 Subsurface Structure and Physical Properties

Li et al.®® using low-frequency radar data from the
Zhurong rover, conducted detailed analyses and imag-
ing to obtain the first high-resolution subsurface strati-
graphy (<80 m) of a 1171m profile in the southern Uto-
pia Planitia, They identified two fining-upward sedi-
mentary sequences beneath a few meters of regolith, at
depths of approximately 10~30 meters and 30~80 me-
ters. These findings suggest multiple episodes of resur-
facing events in southern Utopia Planitia since the late
Hesperian period (3.5~3.2 billion years ago), with po-
tential water-related geological processes persisting into
the mid-to-late Amazonian period (around 1.6 billion
years ago). Further, Zhang et al.l”¥! utilized high-resolu-
tion time-frequency analysis methods to discover alter-
nating high- and low-frequency bands in the radar pro-
file. This indicates significant changes in water activity
and/or thermal conditions from the late Hesperian to
early Amazonian periods, implying intense paleoclimate

variations in the mid-to-low latitudes (about 25°N), po-
tentially related to ancient Martian obliquity shifts.
Chen et al.l""! conducted fine-scale investigations of the
subsurface regolith structure up to 5 meters deep using
high-frequency radar data from Zhurong rover. They did
not find distinct stratification but identified residual im-
pact craters and lenses, revealing the influences of Mars'
thin atmosphere and other surface geological processes,
such as wind erosion, on regolith layer formation and
the degradation rate of small impact craters. In the
southern Utopia region where Zhurong operates, Du
et al.[™ detected extremely weak magnetic fields, with
an average vector field strength of about 10 nT and spa-
tial variation on the scale of hundreds of meters. These
observations provide critical evidence on the cessation
of Mars’ magnetic dynamo: the weak magnetic field
indicates complete demagnetization of the Utopia basin
during its formation, supporting the idea that Mars’ ear-
ly dynamo ceased around 4.0 Ga. The absence of re-
magnetization in the subsequent early Hesperian lava
flows suggests the dynamo might have stopped working
between 3.6 and 3.7 Ga. Guo et al.l"® explored the po-
tential of improving Phobos' gravity field estimates us-
ing Doppler tracking data from Tianwen-1 and Mars
Express flybys. Their study examined different internal
structure models for Phobos, indicating that incorporat-
ing more flyby data, especially under optimal conditions,
could achieve a fifth-degree gravity field estimate.

4.5 Verification of in-situ Payload Performance
of the Orbiter

Zhang et al.l") and Fan et al.l’® utilized effective data
on Tianwen-1’s transfer orbit to Mars to confirm that
MINPA’s performance is reliable and stable. Wang et
al.l’! found that 0.48% of ion observations at Mars
were UV contaminated. A removal algorithm was pro-
posed to reduce contamination while preserving valid
signals, effectively improving data quality. Chi et al.[®”
compared the magnetic field measurements from Tian-
wen-1/MOMAG and MAVEN/MAG during the ICME
and SIR interval and found a generally good consistency
between them.

4.6 The Interplanetary and Near Mars Space
Environment

Fu et al.®™ reported the first MEPA measurements of
the widespread SEP event when Tianwen-1 was in tran-
sit to Mars. Moreover, the decay phases of the time-
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intensity profiles at Mars and Earth clearly show the
reservoir effect. The double-power-law spectrum is
likely generated at the acceleration site, and a small but
finite cross-field diffusion is crucial to understanding
the formation of the SEP reservoir phenomenon. Wang
et al.’®? combined the upstream solar wind observations
measured by MAVEN, ACE) and DSCOVR, success-
fully predicted the upstream solar wind conditions up to
Mars. Zhong et al.®® presented an accurate prediction
for the arrival time and in-situ parameters of Corotating
Interaction Regions (CIRs) when Earth and Mars have
large longitudinal separations. Wang et al.l”? explored
the Differential One-way Ranging (DOR) signals of
Tianwen-1, observed by the China VVLBI Network (CVN),
to study the solar wind. The data catch the impact of the
CME on the DOR signals when a CME passed across
the ray paths of the telescope beams. The analysis indi-
cates that multifrequency DOR signals observed by
VLBI stations have great application in characterizing
the density variations and propagation of the solar wind.

4.7 Impact of the Upstream Solar Wind on the
Martian Space Environment

Cheng et a8y presented direct evidence of solar wind
effects on the bow shock by analyzing Tianwen-1 and
MAVEN data. The results indicate that the bow shock is
rapidly compressed and then expanded during the dy-
namic pressure pulse in the solar wind, and is also os-
cillated during the IMF rotation. The superposition of
variations in multiple solar wind parameters leads to
more intensive bow shock oscillation. Protons in solar
wind exchange electrons through collisions with neutral
particles in the exosphere to produce Hydrogen Ener-
getic Neutral Atoms (H-ENAs). Zhang et al.® devel-
oped an algorithm to invert the solar wind parameters
from the H-ENAs measured in near-Mars space, sug-
gesting the solar wind parameters inversed from H-ENA
observation could be an important supplement to the
dataset supporting studies on the Martian space envi-
ronment.

Using Tianwen-1 and MAVEN, Su et al.® presented
the first observation of significant modifications by a
solar wind stream interaction region to the Martian fo-
reshock waves. After the stream interface hit Mars, an
unusual band of foreshock waves emerged, with a cen-
tral frequency of about 0.4 Hz and a frequency width of
about 0.2 Hz. These waves exhibited highly distorted
waveforms and were approximately elliptically pola-
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rized, propagating highly obliquely to the background
magnetic field. These waves differed greatly from the
commonly known Martian foreshock 30 s waves and 1
Hz waves, but resembled, to some extent, the less fre-
quently occurring terrestrial foreshock 3 s waves. From
observations from the MINPA, Jin et al.®" found the
dominance of the field-aligned distribution type over the
energy range from 188 to 6232 eV. Maps of the occur-
rence rate show the preferential presence of a trapped-
like distribution at the lower altitudes of the surveyed
nightside region. Chi et al.®® presented two multipoint
ICMEs detected by the Tianwen-1 and MAVEN at Mars
and the BepiColombo upstream of Mercury. These
findings highlight the importance of background solar
wind in determining the interplanetary evolution and
global morphology of ICMEs up to Mars distance. Yu
et al.% utilized the simultaneous spacecraft observa-
tions from Tianwen-1/MOMAG in the solar wind and
multiple instruments on board the MAVEN in the Mar-
tian upper atmosphere, to study the response of Mars to
an ICME. During this event. The altitude of the Martian
ionopause location was lowered. The depletion of the
plasma density in the topside Martian ionosphere on the
night side reveals the presence of substantial ion and
electron escape to space. The column abundance of
plasma dramatically decreased, with 34% e~, 61% O,
and 73% O" reduced.

Planetary heavy ions in the ionosphere are picked up
by the solar wind, forming an important Martian ion
escape channel known as a "plume”. Ma et al.’” took
advantage of the joint observations of Tianwen-1 and
MAVEN to study oxygen ion plumes, confirming the
convection electric field acceleration as the energization
mechanism of plume ions (up to >15 keV). Qiao et al.®
delved into a Pick-Up lon (PUI) event captured by the
MINPA, revealing a faster acceleration than expected
by the presence of an electric field region within the
magnetosheath. The peak of the electric field strength is
located at the upper edge or within the Magnetic Pileup
Boundary. Hu et al.®? conducted the Tianwen-1 ra-
dio-occultation experiment on 5 August 2021, retrieved
excess Doppler frequency, bending angle, refractivity,
electron density, neutral mass density, pressure and
temperature profiles, exhibiting the ionosphere M1 (M2)
layer peak, planetary boundary layer, troposphere and a
stratosphere. The inversion system®! developed for
Tianwen-1 radio occultation observations enabled the
derivation of neutral atmospheric density, pressure,

$30G— 6605 +oday puoyvN



$30G 6605 Hoday puoynn

XU Lin, et al: The Latest Scientific Results of China’s Lunar and Deep Space Exploration (2022-2024)

«<<

temperature, and electron density profiles of Mars. Im-
portantly, these inversion results from Tianwen-1 main-
tained consistency with results from the Mars Express
and the Chapman theory.
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Abstract

The DArk Matter Particle Explorer (DAMPE) is a space high-energy particle and y-ray detector whose major
scientific goals are the indirect detection of dark matter particles, the origin of cosmic rays and high-energy y-ray
astronomy. Since its successful launch in December 2015, the DAMPE has been operated smoathly in orbit for
more than 8 years. The direct measurements of the boron-to-carbon and boron-to-oxygen flux ratios, and the pro-
ton+ Helium spectrum up to 316 TeV have been obtained, revealing new spectral features revealed with very high
significances. The search results of y-ray spectral line and fractionally charged particles indicate a good potential of
DAMPE for indirect dark matter detection and new physical discovery in space. The DAMPE measurements are
expected to significantly advance our understanding of the fundamental problemsin astroparticle physics.

Key words
DAMPE, Dark matter, Indirect detection, Cosmic rays

1 Introduction

It has been well established that our Universe is made
up of about 4.9% baryonic matter, 26.8% Dark Matter
(DM), and 68.3% dark energy!™. The physical nature of
DM is one of the most important fundamental questions
of modern physics. Many types of candidate DM mod-
els have been proposed, among which the leading oneis
akind of Weakly Interacting Massive Particles (WIMPs)
beyond the standard model of particle physics, as moti-
vated by the relic abundance of DM and the bottom-up
evolution pattern of the large scale structures of the Un-
iversé®d. Many efforts have been made to search for
the WIMP DM in laboratories, including the direct de-
tection of the WIMP-nucleon scattering by underground
detectors, the indirect detection of the annihilation or
decay products in the cosmic radiation, and the collider

detection of WIMP pairs produced in high- energy par-
ticle colliderd®. After several decades of efforts, no
convincing evidence has been found yet. Particularly,
the direct detection experiments push the WIM P-nucleon
scattering strength to a very low level'®, which has al-
ready severely constrained a series of WIMP models.

In recent years, some interesting anomalies have been
found in Cosmic Ray (CR) and y-ray observations, such
as the positron excess discovered by PAMELAL®, Fer-
mi-LAT?, and AMS-02®, and the associated total
Cosmic Ray Electron plus positron (CRE) excess by
ATICH, Fermi-LAT!, and AMS-02™. The excesses
of positrons and CRESs can be explained by either the
astrophysical sources such as pulsars and the DM anni-
hilation or decay™™. There are still debates on the
astrophysical or DM origin of the positron and/or CRE
excesses, in particular, that the most recent HAWC ob-

* Supported by the National Key Research and Development Program of China (2016Y FA0400200), and the National Natural Science

Foundation of China (U1738205, U1738206)
Received May 15, 2024

$30G 330G H+oday (puoyyvN



$30G 6605 Hoday puoynn

CHANG Jin: Recent Progresses of the DAMPE Mission | << <

servations of two nearby pulsars tend to disfavor the
pulsar interpretation!*®. Higher precision measurements
in a wider energy band are crucia to identifying their
physical origin. Other anomalies include the y-ray
excess in the Galactic center*®, and the potential excess
of CR antiprotons >,

The purpose of the DArk Matter Particle Explorer
(DAMPE) is to search for possible annihilation/decay
relics of DM in CREs, with unprecedentedly high ener-
gy resolution and low background®*#!. DAMPE is also
a general purpose high-energy particle detector for ob-
servations of y-rays and CR nuclei, which can be partic-
ularly helpful in the study of high-energy astrophysical
phenomena and CR physics®). The DAMPE mission
was launched into a 500 km Sun-synchronous orbit on
17 December 2015, with an inclination angle of 97°. It
orbits the Earth every 95 minutes. All the detectors per-
form excellently in space. The dally event rate of
DAMPE is about 5 million. It has recorded in total over
8 billion CR events as of May 2020, most of which are
CR nuclei. There are about 1% CREs and 3x10° y-ray
photons in the DAMPE data.

2 Detector

DAMPE is made of 4 sub-detectors, which are, from top
to bottom, the Plastic Scintillator strip Detector (PSDPY),
the Silicon-Tungsten tracKer-converter (STK®), the
BGO imaging calorimeter®, and the NeUtron Detector
(NUD™™M). A schematic plot of the DAMPE detector is
shown in Figure 11*¥. The total weight of the payload
(satellite) is about 1.5 (1.9) tons, and the power con-
sumption is 300 (500) W. The size of the satellite is
about 1.2 mx1.2 mx1.0 m.

The plastic scintillator
detector (PSD)

The silicon tracker (STK}
The BGO calorimeter (BGO)

The neutron detector (NUD)

Fig.1 Schematic plot of the DAMPE detectors

The PSD is to measure the (absolute) charge of inci-
dent particles up to Z=30 via the ionization effect
(dE/dX). It also serves as an anticoincidence detector for
y-rays. The PSD consists of two layers of orthogonally
placed plastic scintillator bars. For each layer, 41 plastic
scintillator bars are further placed in two sub-layers with
a shift of 0.8 cm between them to reduce the gaps. The
effective area of the PSD is 825 cmx82.5 cm'®. The
weight of the PSD is about 103 kg, and the power is
85W.

The main function of STK is to measure the tragecto-
ry of a particle. The charge of light nuclei (Z<8) can
also be measured by the STK. The STK consists of 12
layers (6 for x direction and 6 for y direction) of silicon
trackers, each with two sub-layers arranged orthogonal -
ly to measure the x and y positions of a track. The STK
is also a g-ray converter by means of three 1 mm thick
tungsten plates inserted in the second, third, and fourth
planes. Each silicon layer is made of 16 ladders, each
formed by 4 silicon micro-strip detectors. Every ladder
is segmented into 768 strips, half of which are readout
strips and the other half are floating strips. In total, there
are 384x16x12=73728 readout channels of the STK.
The effective detection area of STK is 76 cmx76 cm.
The STK has aweight of 154 kg and a power consump-
tion of 82 W.

The BGO caorimeter is the maor instrument of
DAMPE. It has three functions: (i) measuring the ener-
gy deposition of incident particles, (ii) imaging the 3D
profile of the shower development, and providing elec-
tron/hadron discrimination, and (iii) providing the level
0 trigger for the DAMPE data acquisition system. The
BGO calorimeter is made of 308 BGO bars, each isread
out at two ends by PhotoMultiplier Tubes (PMTs). The
BGO crystals are placed orthogonally in 14 layers, with
a total depth of about 32 radiation lengths and about
1.6 nuclear interaction lengths. The length of the BGO
crystal is 60 cm, which is the longest in the world. The
calorimeter has an effective area of 60 cmx60 cm, a total
weight of 1052 kg, and a power consumption of 42 W.

The NUD is at the bottom of the detector. The main
purpose of the NUD is to perform electron/hadron dis-
crimination by means of the fact that neutrons are much
more abundant in hadronic showers than in electromag-
netic ones. Once the neutrons are created, they are
quickly thermalized in the BGO calorimeter, and then
get captured by Boron-doped plastic scintillators. The
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NUD is made of four 30 cmx30 cmx1 cm plastic scin-
tillators with 5% (weight) Boron element. The NUD has
an effective area of 61 cmx61 cm, a mass of 12 kg, and
apower of 0.5W.

Table 1 summarizes the expected detector perfor-
mance of DAMPE, for observations of electrons, g-rays,
and protons®. With good measurements of the charge,
direction, and energy of various types of particles,
DAMPE is expected to play asignificant role in explor-
ing the high-energy Universe.

Table 1 Expected performance of DAMPE

Parameter Value
Energy range (efy) 5GeV to 10 TeV
Energy resolution (efy) 1.5% at 800 GeV
Energy range (p) 50 GeV to 500 TeV
Energy resolution (p) 40% at 800 GeV
Effective area (vertical y) 1100 cm? at 100 GeV
Geometry factor (€) 0.3 m? sr above 30 GeV
Angular resolution (y) 0.1° at 100 GeV
Field of view 10sr

3 On-orbit Performance

Dedicated calibration of each unit of the detector has
been done using the on-orbit data, which enables precise
measurements of the physical quantities of each event!®.
Figure 2 gives the charge measurements by the PSD?*.
The absolute charge resolution is about 0.20e for Z=8
(Oxygen) and 0.30e for Z=26 (Iron). Such a good charge
resolution is the basis of precise spectral measurements
of each species. Using the bright y-ray sources we can
calibrate the angular resolution of the STK, which re-
sultsin about 0.5° for energies higher than 5 GeV.

i i i ) .
] 5 10 15 20 25 30
Charge

Fig.2 Charge spectrum obtained using two
years of on-orbit data
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The very thick BGO calorimeter enables that there is
no significant leakage of electromagnetic showers from
the bottom for energies as high as TeV. There is, how-
ever, afew percent of energy loss due to the dead mate-
rials of the calorimeter. An event-level energy correc-
tion method was developed and verified by MC simula-
tions and the beam test data®”. The beam test data and
the MC simulations show that the energy resolution for
CREs is better than 1.2% for energies above 100 GeV.
DAMPE aso has P- and N-side readouts for each BGO
crystal, which have different gains. These two-side rea
douts give a consistency check of the energy measure-
ment. We find that the energies measured by both sides
agree with each other very well. Figure 3 presents the
ratios of energies measured by the two sides, together
with a Gaussian fit that gives a mean of 1.005+0.005
and a width of 0.016+0.001%". Such a result further
supports the quoted energy resolution of about 1%.

180 - 3
150?:
140::
120{
100%‘_'

8of

Number of Events

60 f

40 - 3

20 -
IS |‘ 4

0 PRI R S S o | me 1| a |
0.85 0.9 0.95 1 1.05 11 1.15

Energy Ratio (P/N)

Fig.3 Ratios of energies reconstructed with
P- and N-side data

Particle identification is one of the most challenging
things for the observations of CREs. The background of
CREs is CR protons (heavier nuclei can be effectively
rejected via the charge measurement in PSD). The flux-
es of CREs are about three orders of magnitude lower
than that of protons. Therefore, a high rejection power
of protons is essentia for reliable measurements of the
CRE fluxes. DAMPE uses the morphology difference
between CRESs and protons in the calorimeter to distin-
guish them®3¥. This is basically due to different de-
velopments of hadronic and electromagnetic showers in
the calorimeter. A simple two-parameter method was
adopted to describe the longitude and latitude develop-
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ments of the showers. They are: (i) an energy-weighted
root-mean-square (RMS) value of hit positions in the
calorimeter (shower spread), and (ii) the deposited
energy fraction of the last BGO layer (F). The left
panel of Fig. 5 shows the distributions of these two pa-
rameters for the flight data with BGO energies between
500 GeV and 1 TeV!®Y. We can see clearly two popula-
tions of events in this plot, with the upper population
being proton candidates and the lower one being CRE
candidates. To better quantify the separation between
these two populations, we further define a shape para-
meter, ¢ = Figx(shower spread/mm)*(8x10°), which
projects these two parameters into one dimension. The
distributions of the ¢ parameter for the flight data and
Monte Carlo (MC) simulations for CREs and protons
are shown in the right panel of Figure 4. We select
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CREs with £<8.5, which gives only about 2% proton

background in this energy range™". For energies below
TeV, the proton background is lower than 3%. The
highest background in the energy range from 25 GeV to
4.6 TeV isestimated to be about 18%"Y.

The NUD provides additiona help of the elec-
tron-proton discrimination, since the neutron yields for
hadronic showers are much higher than those of the
electromagnetic showers. Simulations show that using
the NUD alone the proton background can be sup-
pressed by a factor of about 25 when keeping a CRE
efficiency of 95%, for 1~5 TeV deposited energies™.
Together with the calorimeter, the total suppression
power improves by a factor of about 21*%. The NUD
capability is expected to be more important at higher
energies.
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Fig.4 (a) Shower spread versus the last layer energy fraction for selected events with BGO energies between 500 GeV
and 1 TeV. (b) one-dimensional distributions of the shape parameter ¢, compared with MC simulations
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4 Scientific Results

Figure 5 shows the direct measurements of boron-to-
carbon (B/C) and boron-to-oxygen (B/O) flux ratios in
the energy range from 10 GeV/n to 5.6 TeV/n with
6 years of on-orbit data collected by DAMPE, with high
statistics and well-controlled systematic uncertainties™.
Boron nuclei in cosmic rays are believed to be mainly
produced by the fragmentation of heavier nuclei, such
as carbon and oxygen, via collisions with the interstellar
matter. Therefore, the precise measurements of the B/C
and B/O ratios are very essential probes of the CR
propagation. The energy dependence of both the B/C
and B/O ratios measured by DAMPE can be well fitted
by a broken power-law model rather than a single pow-
er-law model, suggesting the existence in both flux ra-
tios of a spectral hardening at about 100 GeV/n. The
significance of the break is about 5.60 and 6.9¢ for the
GEANT4 simulation, and 4.46¢ and 6.9¢ for the alter-
native FLUKA simulation, for B/C and B/O, respec-
tively. These latest measurements deviate from the pre-
dictions of conventional turbulence theories of the in-
terstellar medium (1SM), which point toward a change
of turbulence properties of the ISM at different scales or
novel propagation effects of CRs, and should be prop-
erly incorporated in the indirect detection of dark matter
via anti-matter particles. Improved measurements of the
B/C, B/O, and other secondary-to- primary ratios in
cosmic rays with higher statistics and lower systematics
by DAMPE and future direct detection experiments
such as HERD™® are expected to eventually uncover the
fundamental problems of the origin and propagation of
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CRs and shed new light on the indirect detection of dark
matter particles.

Figure 6 shows the direct measurement of the CR
proton+Helium (p+He) spectrum from 46 GeV to
316 TeV with 6 years of on-orbit data collected by
DAMPE!. The selection of proton+helium, instead of
individual proton and helium contributions, allows the
collection of additional statistics, thus reaching higher
energies with low background. The DAMPE p+He
spectrum is in agreement with other direct/indirect-det-
ection experiments, within the systematic uncertainties.
The DAMPE measurement thus provides a link between
direct and indirect CR measurements, exhibiting a good
general agreement among very different techniques. The
p+He spectrum in such a wide energy range deviates
from a simple power-law behavior, and shows the pres-
ence of a spectral hardening around about 600 GeV fol-
lowed by a softening at 28.8 £ 4.5 TeV. The softening
features revealed in both the individual proton'*® and
helium!*” spectra measured by DAMPE are further con-
firmed by the p+He spectrum, with an unprecedented
significance of 6.6c. Moreover, The p+He spectrum
shows a novel hint regarding a possible direct detection
of asecond hardening around 150 TeV, for the first time
in space.

Figure 7 shows the results of the Fractionally Charged
Particle (FCP) search based on the on-orbit data of the
DAMPE experiment’®. Unlike underground experi-
ments, which require an FCP energy of the order of
hundreds of GeV, the FCP search with DAMPE starts at
only a few GeV. Based on the analysis using 5 years
ofcomic-ray events recorded by DAMPE, no FCP signal
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Fig.6 P+He spectrum from 46 GeV to 316 TeV measured by DAMPEX! (red fill dots), compared with direct
measurements of p+He made by ATIC-02 8 NUCLEON"® and CREAM™ (left), and indirect
measurements from ARGO-YBJ+WFCTPY, HAWCP? KASCADEP? and EAS-TOP+MACROP (right)
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FCP flux upper limit of DAM PEP (red dots), compared with the other space experiments

is observed (Figure 7 left) and the flux upper limit of
%e FCPisfoundtobe ® <62 x 10 ®cm?2atsta

the 90% CL (Figure 7 right). Our results demonstrate
that DAMPE exhibits higher sensitivity than experi-
ments of similar types by three orders of magnitude that
more stringently restricts the conditions for the exis-
tence of FCP in primary cosmic rays. In the future, with
the accumulation of more on-orbit data, DAMPE is ex-
pected to perform even more sensitive FCP searches.

Thanks to the unprecedented high energy resolution,
DAMPE is well-suitable for searching for monochro-
matic and sharp y-ray structuresin the GeV-TeV. With

(a)
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(b)

[56,57] [58-62]

and underground experiments

the first 5 years of DAMPE data, we carry out the
search for spectral y-ray lines from 10 to 300 GeV®!.
To improve the sensitivity, we develop two types of
dedicated data and adopt the signal-to-noise ratio opti-
mized regions of interest (ROIs) for different DM den-
sity profiles. No line signals or candidates with TS value
= 9 are detected between 10 and 300 GeV in the Ga
laxy. The 95% C.L. constraints on the annihilation cross
section for yy—yy and the decay lifetime for
x — yv, with proper addressing of the systematic un-
certainties, are presented in Figure 8. Most of our
constraints are comparable to the 5.8-year results of
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Fig.8 95% C.L. constraints for different DM density profiles with the DAMPE experiment!®?,

The blue dot-dashed lines show the 5.8-year Fermi-LAT constraint:
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Fermi-LAT thanks to the better energy resolution and
the smaller influence of the systematic uncertainties. For
the decaying DM, the DAMPE lower limits on the de-

cay lifetime are stronger for DM with mass <100 GeV

by a factor of about 2. In view of the fact that the
DAMPE data set is about ten times smaller than that of
Fermi-LAT, our findings demonstrate the potential of
high-energy-resolution observations on dark matter de-
tection.

Figure 9 shows the all-sky y-ray map above 2 GeV
along with the identified point-like sources obtained
using 7.2 years of the DAMPE data®. The luminous
Galactic plane and some bright sources can be clearly
seen. Using the blind search method based on the Li-Ma
formuld®, 248 point sources in total are detected with
TS values larger than 25 and their locations are shown
in Figure 10. By associating the observed sources with
the Fermi-LAT 4FGL-DR3 catalog'®”’, the types of
these sources are determined. The analysis revealsthat a
significant portion of the sources are associated with

+ AGN % Pulsar @ SNR/PWN B Binary

Active Galactic Nuclel (AGNs) and pulsars, indicating
their origin in high-energy astrophysical processes asso-
ciated with these objects.

Figure 10 shows the preliminary spectral measure-
ment of the Galactic Center Excess (GCE) by DAMPE
and the preferred DM parameter space for the annihila
tion channel 3y — bb %, The GCE is searched with
7.2 years of the DAMPE photon data. It is detected with
a TS vaue of 81.3, which corresponds to a significance
of 7.90 with 6 degrees of freedom. The spatia distribution
is fitted with the DM annihilation distribution of the gene-
relized NFW profile po,(r) = /[(r /1s) @+r/1)%7]
and the optimal inner dope isy = 1.16 = 0.10, which is
consistent with that of the Fermi-LAT!®). If the excess is
explained with the DM annihilation into bb, DM par-
ticles with mass m, = 45+11 GeV and cross section

(ov)= (22£0.3)x10%®cm®-s ' is required. The

DM parameter space is also consistent with the Fer-
mi-LATIO™,

Source Type | Number
AGN 175
Pulsar 46
SNR/PWN 10
Binary 6
Unassociated | 11

Total 248

B Unassociated

Fig.9 Significant point sources (TS = 25) detected in 7.2-yr DAMPE data 1 The markers present the types
of the associated sources. The numbers of different source types are listed in the right table
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Fig.10 Preliminary spectral measurement of the Galactic center excess (GCE) by DAMPE (a) and
the preferred DM parameter space for the annihilation channel )()(—>bb_(b)[68]
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5 Summary

DAMPE has been operating smoothly in orbit for more
than eight years. Based on the accumulated high-quality
data recorded by DAMPE, multiple latest scientific re-
sults have been obtained, regarding CR physics, indirect
DM detection and y-ray astronomy. The precise mea-
surements of the B/C and B/O ratios reveal a common
spectral hardening at about 100 GeV/n with very high
significances, which provides important implications in
understanding the CR propagation. The latest measure-
ments of the p+He spectrum up to 316 TeV suggest a
hint of hardening structure at about 150 TeV for the first
time in space. The FCP search provides the strictest re-
striction in space for the existence of FCP in primary
cosmic rays. Benefiting from the unprecedented high
energy resolution of DAMPE, the y-ray line search
achieves even stronger DM constraints for the lower
limits on the decay lifetime below 100 GeV. In the near
future, more scientific progresses from DAMPE are
expected to shed new light on our understandings of
DM and the high-energy Universe.
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Abstract

Since the launch in 2017 June, Insight-HXMT has been in service smoothly in orbit and particularly productive in
2023 and 2024. Among a total number of 238 papers published so far based on Insight-HXMT data, 63 were pub-
lished in 2023, and 32 in the early 2024 (till 2024 April), accounting for 40% of the total. These studies cover a
variety of scientific subjects including the basic properties of black holes and neutron stars, the outburst of accret-
ing black holes and neutron X-ray binaries, thermal nuclear burst probes, isolated pulsars, quasi periodical oscilla-
tions, cyclotron resonant scattering features, fast radio bursts and gamma-ray bursts, etc. This paper introduces the

overall progress with focus on some potential breakthroughs.

Key words
Insight-HXMT, Black hole, Neutron star, Outburst

1 Introduction

The Hard X-ray Modulation Telescope (HXMT) is
China s first Chinese X-ray astronomy satellite and was
launched in June 2017, dubbed as Insight-HXMT in
memory of the Chinese scientist Prof. Zehui He. In-
sight-HXMT has aready demonstrated itself with a
large amount of important discoveries even during the
early mission phase. Only after two months in orbit,
Insight-HXMT joined the global campaign of observing
the historical event of the first neutron star merging
event GW 170817, and reported the strongest constraint
on the flux limit at hard X-rays™. Insight-HXMT ob-
served the outbursts of MAXI J1820+070 roughly nine
months in orhit and of the first galactic Ultra Luminous
Source (ULX) Swift J0243.6+6124 roughly three
months in orbit, and obtained so far the unique data in
high cadence monitoring of the outbursts of the two
important sources. With these data, breakthroughs have

Received June 20, 2024

been made on understanding Quasi Periodic Oscillations
(QPOs), disk and jet properties; compared to the QPOs
detected by other missions prior to Insight-HXMT,
QPOs with the highest energy of about 250 keV was
discovered during the long-lasting Low Hard State
(LHS) of MAX J 1820+070%? and, accordingly, a
twisted jet scenario was first proposed. From the mea-
surement of the evolution of the disk reflection feature,
it was found that the jet moved outward acceleratively
when its size contracts toward the central Black Hole
(BH)™. The first observational evidence of radiation
pressure dominated disk was obtained from the data of
MAXI J0243.6+61241 . The most interesting result was
obtained from Swift J0243.6+6124 five years after the
outburst data were collected: during peak phase of the
outburst, with a spin-phase-resolved analysis the highest
energy of the Cyclotron Resonant Scattering Feature
(CRSF) at 146 keV was detected from Swift J0243.6+
6124 during peak phase of the outburst™, compared to
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the previous record of 80 keV from the data of GRO
J1008-57 during the early Insight-HXMT mission
phasd®. As the time goes on, more important discove-
ries are kept being produced from either the In-
sight-HXMT data archive or the Insight-HXMT obser-
vations on the later activities of some compact objects.
This paper summaries the latest results of the In-
sight-HXMT research progress conducted since 2023.

2 Instrument and Performance

There are three dlat-collimated instruments onboard In-
sight-HXMT (Figure 1). HE consists of 18 Nal/Csl
phoswich modules (main detectors) with a total geome-
trical area of about 5000 cm? in 20~250 keV. The Field
of Views (FoVs) for HE are 1.1°x5.7° (for fifteen mod-
ules), 5.7°x5.7° for two modules, and one blind for
measuring the background. ME takes 1728 Si-PIN pix-
els which cover an energy range of 5~30 keV with a
total geometrical area of 952 cm®. ME has FoV's of
4°x1°, 4°x4° and blind. LE adopts the swept charge
device (SCD) asits detectors, which is sensitive in 1~15
keV with a total geometrical area of 384 cm?. The FoV's
of LE are 6°x1.6°; 6°x4°,60°x3° and blind. For the de-
tails of the three telescopes and the mission, please refer
toLiuetal), Caoetall®, Chenetal ¥ and Zhang et al .

Fig.1 Insight-HXMT payload configuration

Insight-HXMT has been operating well since its
launch in June 2017. During the last more than six years
of operation, the dtitude of Insight-HXMT orbit
dropped by roughly 15 km, and two re-boosts were car-

ried out in March and May 2023, respectively (Figure 2).

All of the 18 HE modules work well and the detector de-
ments dropped by 298 for ME and 7 for LE, accounting for
17% and 8% of the total numbers, respectively.

The Insight-HXMT telescopes were well calibrated
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on ground before launch. There are two calibration fa
cilities built specialy for the Insight-HXMT! 22 13
(Figure 3), one in 15~100 keV built for HE, and one in
0.8~30 keV for ME and LE. For both the mono-energy
X-ray beams are produced from the double crystal mo-
nochromators, with an intrinsic energy dispersion of
roughly 0.1%~1%. The one for HE works in the air un-
der room temperature, while the one for ME/LE is ra-
ther complex since supplementary devices like the va-
cuum chamber and cooling system have to be con-
structed to satisfy the working conditions of ME/LE.
After launch, Insight-HXMT has been being cali-
brated in orbit™. The annual calibration consumes
about 5% exposure via observations of the Crab etc. and
cross calibration campaigns with other contemporary
space X-ray missions for timing and the instrumental
response cdibrations. Specificaly, in 2023 with the
dedicated work for subtle correction of the dead time,
QPO detection significance can be moderately promoted!™.
The background models of Insight-HXMT are essen-
tial for producing reliable scientific results from the ob-
served celestial sources. However, as a collimated tele-
scope with configuration of different field of views, the
background models are completely different from those
adopted previously by the collimated telescopes, e.g.
RXTE. The Insight-HXMT background models are built
via frequently observing the blank sky, and by taking
the advantage of having blind detectors for measuring
the instantaneous particle background. The current
background models are as precise as 2.1%, 1.6%, and
4.6% for HE, ME and LE, respectively, for a typica
exposure’®. In the meanwhile, background models
were also developed for Insight-HXMT by following
the traditional way adopted by the previous RXTE mis-
sion, used as the backup in case of losing the blind

$30G— 6605 +oday puoyvN



$30G 6605 Hoday puoynn

ZHANG Shu, et al

. Insight-HXMT Research Progress Since 2023 | <<

Aperture Crystals
f 1

¥-ray tube

Shield Collimator

Collimator
1

Shield
Rotator i

X-ray beam

|
1

I""hearr'
regulatar

“Rotator

Plp;artﬂ re

¥ movement

_ | ~zmovement

:__mwer‘nert
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detectors™”. The blank sky observations consume
roughly 7% of the annual total exposure budget.

The scientific observations of Insight-HXMT are or-
ganized by the so-called Science Ground Segment
(SGY), a the Ingtitute of High Energy Physics (IHEP)
of the Chinese Academy of Sciences (CA9)M™. In-
sight-HXMT releases the Announcement of Opportuni-
ty (AO) annually to call for the proposals of the scien-
tific observation for each year. It ran into AO 6 in 2023
with a total proposal number of 50. These proposas
were submitted by users spreading over the whole world
and, accordingly, Insght-HXMT long-term and short-term
observational plans are constructed. Insight-HXMT can
carry out a triggered Target of Opportunity (ToO) ob-
servation within five hours.

Data will be subjected to a proprietary period of
one year for regular observations, three months for
pre-approved ToOs, and none for Ad Hoc ToOs. SGS
processes the raw data with the software developed for
Insight-HXMT and produces the standard data products
ready for the inputs of Heasoft, a common software
maintained by NASA Heasarc for timing and spectral

analyses. Please refer to the following links for the In-
sight-HXMT data archive, web page for proposal sub-
mission and Insight-HXMT analysis software: http://
hxmten.ihep.ac.cn/.

3 Scientific Results

The core sciences of Insight-HXMT are: (1) Monitoring
survey for more weak and short transient sources in a
very wide energy band (1~250 keV); (2) High statistics
study of bright sources and long-term high cadence
monitoring of XRB outbursts; (3) All sky monitoring
for GRBs and pulsars in 0.2~3 MeV. Accordingly, the
corresponding observational modes are Galactic plane
survey, pointed observation and GRB mode.

So far a total humber of 238 papers have been pub-
lished based on Insight-HXMT data, including 63 in
2023, and 32 in the early 2024. These studies cover a
variety of scientific subjects, such as the basic proper-
ties of black holes and neutron stars, the outburst of ac-
creting black holes and neutron X-ray binaries, thermal
nuclear burst probes, isolated pulsars, quasi periodical

e 37«



» »»| SPACE SCIENCE ACTIVITIES IN CHINA

oscillations, cyclotron resonant scattering features, fast
radio bursts and gamma-ray bursts, solar flares, terre-
strial gamma-ray flashes, etc., as well as the instrumen-
tal performance.

3.1 Outburst of Black Hole X-ray Binaries

A Black Hole X-ray Binary (BHXRB) consists of a BH
as the compact object and a stellar star as the companion.
The accretion matter overflows through the Roche robe
and forms an accretion disk around the BH. The insta-
bility of the accumulated matter can lead to ionization
of the outer part of the disk and thus causes an outburst:
the matter moves inward via transforming the angular
momentum outward through viscosity that heats the gas
to radiate away part of the gravitational power in X-rays
in the vicinity of the BH. An outburst behaves a variety
of observational features in both the temporal and spec-
tral domains. Usually, the outburst will start with aLHS,
and evolves through a Hard Intermediate State (HIMS),
a Soft Intermediate State (SIMS), a High Soft State
(HSS) and finally returnsto a LHS again but at a lumi-
nosity level lower than the initial LHS, forming the
so-called hysteresis in a typical q shape in the Hard-
ness-Intensity Diagram (HID). Low Frequency Quasi
Periodic Oscillations (LFQPOSs) usualy show up in the
LHS and HIMS (type-C QPO) and SIMS (type-B and
type-A QPO).

Since the X-rays are released at the inner most region
of the accretion disk where the strong gravitational field
takes effect, the outbursts of BHXRBs are regarded as
one of the ideal labsto test the General Relativity (GR).
Testing the fundamental theories of GR under the ex-
tremes of gravity is the key objective of the future mis-
sion eXTP (enhanced X-ray Timing and Polarimetry
Mission) beyond Insight-HXMT. As we know, BHXRB
outburst evolution is generally believed as the changing
balance between thermal emission from the disk and the
non-thermal emission from either the hot corona or
moderately relativistic jet. Obviously, to better under-
stand such labs, one has to perform sufficient high ca-
dence observations of the outbursts and investigate in
much more details at least the basic properties of each
of the key elements (disk, corona, jet, and magnetic
field etc.) and the roles they play in governing the out-
burst evolution.

MAXI J1820+070 underwent a huge outburst in 2018.
In the late decay phase of this outburst, You et al.*®
found the most direct evidence for the existence of the
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so-called magnetic arrested disk (MAD), a phenomena
theoretically predicted long time ago. The joint In-
sight-HXMT, radio and optical observations show the
unprecedented long-term time lags of the latter with
respect to the X-rays. This reveals for the first time the
observational evidence of magnetic transportation with-
in the accretion flow, and as well the whole process of
forming aMAD (Figure 4).
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Fig.4 MAD discovered during the decay phase
of MAXI J1820+030"®

The spectral and temporal properties of the black
hole X-ray transient binary MAXI J1820+070 during
the 2018 outburst are studied systematically with In-
sight-HXMT observations. The outburst of MAXI
J1820+070 can be divided into three intervals. For the
two intervals of the outburst, we find that low-energy
(below 140 keV) photons lag high-energy (140~170 keV)
ones, while in the decay of the outburst, high-energy
photons lag low-energy photons, both with a time-scale
of the order of days. Based on these results, the canoni-
cal hysteresis effect of the “q” shape in the HID can be
reformed into a roughly linear shape by considering the
lag corrections between different energy bands (Figure
5). Timing analysis shows that the high-frequency break
of hard X-rays, derived from the power-density spec-
trum of the first interval of the outburst, is in generd
higher and more variable than that of soft X-rays. The
spectral fitting shows that the coverage fraction of the
hard X-rays drops sharply at the beginning of the

$30G— 6605 +oday puoyvN



$30G 6605 Hoday puoynn

ZHANG Shu, et al: Insight-HXMT Research Progress Since 2023

«<<

o
I8
H

3
2
+
f
»
#
A

.'I,-‘
g
T
3 o
E107° O
g
0.0 0.2 0.4 0.6 0.8 1.0
Hardness(Fi/Figta)
10-T e
o
'S M{r _—
Ir- Jr 5 ——
= g
g =
7 10-8
w
g
109

H'\rdnmq{F].fF, wtal)

Fig.5 HID modification by accounting for the lag
corrections between different energy bands for the
outburst of MAXI J1820+070M

outburst to about 0.5, and then increases dlightly. The
coverage fraction drops to roughly zero once the source
steps into the soft state and increases gradually to unity
when the source returns to the low-hard state. These
provide a possible overall scenario for the outburst evo-
lution of MAXI J1820+070 revealed by Insight-
HXM T,

Further investigations on the 2018 outburst of MAXI
J1820+070 bring us more interesting results. By intro-
ducing a scenario that the inner part of the disk provides
variability of the soft seed photons, which feed into the
outer part of the hot corona and results in the soft
comptonization, and the inner part of the hot corona
provides the hard Comptonization with the local seed
photons, the energy spectrum, power spectrum and the
time lag spectrum are jointly fitted®. As shown in Fig-
ure 6, the joint fit cannot reproduce the data at energies

above 50 keV, suggesting the necessity of introducing
an additional component, e.g., a jet to account for the
emission at the high energy part. A complicated corona
structure is also indicated in Wang et al.” in their
study of the correlation between noise rms and flux:
they found that along with the decay during the initial
LHS, apart from a slab one, a vertical corona emerged
and continuously expanded.

The black hole candidate system SLX 1746-331 was
back to business in 2023, after a long silence of roughly
13 years. An outburst was observed thoroughly by In-
sight-HXMT and NICER. The outburst is characterized
by spectral dominance of the soft state, where the joint
Insight-HXMT and NICER spectral analysis shows the
temperature dependence of the disk flux follows ab-
outT* and thus suggests that the inner disk reached to
the Inner Most Stable Orbit (ISCO) during amost the
entire outburst’®® > (Figure 7). No low hard state and
intermediate states may mean the disk evaporation is
very low during the entire outburst. The 2023 outburst
of SLX 1746-331 differs from those of normal black
hole transient X-ray binaries in their evolution patterns
in HID: instead of a low-hard state toward a soft state,
SLX 1746-331 stayed around the ISCO during the
whole outburst. Although such an outburst phenomenon
isrelatively rare, we notice that so far asimilar case was
also observed in the outburst of another black hole
X-ray binary sysem MAXI J0637-430%%Y. peng et al.?
compared SLX 1746-331 with MAXI J0637-430, and
suggested that such peculiar outburst could be related to
the special configuration of the binary system. Unlike
MAXI J0637-430, which had a peak luminosity of
about 0.08 Lggg and a soft-to-hard transition at about
0.007 Lggg, SLX 1746-331 remains in the soft state, with
no state transition observed even at a luminosity <500
times lower than the peak luminosity of the outburst.
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Fig.7 A standard accretion disk exists during the
whole outburst of SLX 1746-331%%

Swift J1727.8-1613 is a black hole X-ray binary
newly discovered in 2023. The joint Insight-HXMT,
NICER and NuSTAR observations during LHS reveal
an additional hard component apart from the normally
observed hard component with reflection in the spec-
trum, indicating a distinguished outburst of Swift
J1727.8-1613. A hybrid jet/corona configuration is
adopted to account for the spectral fitting with different
model trial*® (Figure 8).

The latest results from Insight-HXMT observations
of the outbursts from MAXI J1348-630 in 2019, GRS
1915+105 in 20172021, MAXI J1535-571 in 2017, 4U
1543-47 in 2021 aso bring us interesting findings.
Anaysis of the joint NUSTAR and Insight-HXMT ob-
servations of the reflare 4 months later than the major
outburst of MAXI J1348-630 in 2019 shows the
disk-corona behavior at low Eddington luminosity: it
seems that there exists a critical luminosity to govern
the balance between heating up the corona and forming

adiation area

corona

a disk which needs efficient transfer of the angular mo-
mentum outward via viscosity!®. Yu et al. performed a
spectral-timing study of the inner flow geometry in
MAXI J1535-571 during an outburst observed with In-
sight-HXMT and NICER in 2017?”. The reverberation
mapping shows that the soft lag evolves to about zero at
a specific frequency, which might denote the connection
point between the inner disk and the corona. Thus, the
evolution of such frequency can serve as a new viewer
on if theinner disk is truncated during the outburst. The
outburst of 4U 1543-47 in 2021 serves as a nice exam-
ple for investigation of the accretion disk at luminosity
around Eddington level. The analyses carried out by
Zhao et al.'®® based on the joint Insight-HXMT and
NUSTAR observations result in a self-irradiation inner
disk, highly consistent with the theoretical prediction of
having a dlim disk under a high accretion rate. The same
outburst was also studied by Jin et al.'* but with focus
on the decay phase based on only the Insight-HXMT
high cadence observations. It turns out that the source
can experience a state transition to LHS at luminosity
around Eddington limit and the aforementioned
self-disk-illumination feature disappeared after the state
transition, thus proofs the possibility for existence of a
LHS at an accretion rate of as high as around Eddington
limit. The exploration of the timing and spectral proper-
ties of GRS 1915+105 based on X-ray observations of
NICER and Insight-HXMT during the long outburst
from 2017 to 2021 revealed new class of variability in
the rising stage of the outburst that differs from the pre-
viously reported patterns of light curves, which helps to
understand the class transition mechanism in GRS
1915+1058%%,

3.2 Black Hole Mass and Spin
As a peculiar theoretical singularity BH can be probed

vz
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Fig.8 A hybrid jet/corona scenario introduced to the outburst evolution of Swift J1727.8-1613%
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with only two observables of mass and spin. The inter-
ests in the measurements of BH spin and mass are not
only about understanding BH, but aso relevant to the
evolution of the stars in their processes of collapsing
into BHs and probably as well the formation and evolu-
tion of the X-ray binary systems. The Gravitationa
Wave (GW) experiments measure the BH masses via
observing the GW from the compact merger events, and
put forward a new puzzle regarding to the BH mass dis-
tribution (Figure 9): it seems that there exists a mass gap
of 2.5~5 solar mass where only two GW-detected BHs
and one XRB system GRO J0422+32 are currently in,
which is not consistent with the theoretical expectations
of either having alot or none™Y. To solve this problem,
Gao et al.®¥ proposed a scenario that, with specific
system configuration, a neutron star hosted in a Pulsat-
ing Ultra-Luminous X-ray (PULX) source can grow up
in mass via accreting the material from the companion
in a super-Eddington manner and finaly turns into BH
with relatively small mass. Such a theory is supported
by the Insight-HXMT discovery of the highest CRSF
line at 146 keV!™ which in turn proves that the PULX
should really have an accretion rate beyond Eddington
limit. Here we find that one more BH candidate may fall
into this mass gap: the outburst from SLX 1746-331 was
observed by Indght-HXMT to keep in disk-dominated
state covering a luminosity range roughly 500 times
lower than the maximum, wider than the canonical
0.001~0.3 Eddington ratio and thus results in a reasona
ble assumption for the peak flux of the outburst around
0.3% Eddington ratio. From fitting the reflection com-
ponent with the joint Insight-HXMT and NuSTAR ob-
servations, the BH spin is first measured as 0.85+0.03
and an inclination angle can be constrained as 53°+0.5°.

With adistance of 10.81 + 3.52 kpc measured by Yan et al.

with an outburst samples®, the BH mass is estimated
as 5.5 + 3.6Mofor SLX 1746-331% which, albeit with
relatively large error bar inherited from the larger un-
certainty in distance, is consistent with 5.2 + 4.5Mg
obtained from the empirical correlation between the
disk peak temperature and BH mass established from a
sample BH outburst?®? (Figure 10). We notice that SLX
1746-331 shares similar characters with MAXI J0637-
430 in aspects that their outbursts are short of the clear
spectral states prior to HSS and dominated by disk
emissions at rather low accretion rates®?. Interestingly,
the BH mass was measured as 5.1 + 1.6 Mg for MAXI

J0637-430, and thus makes MAXI J0637-430 another
candidate with a small BH mass falling into the BH
mass gap. The peculiar outburst behaviors of SLX
1746-331 and MAXI J0637-430 require the systems
have rather small accretion disks, which is in line with
the small BH mass held by these systems and as well so
far the shortest orbital period of 2.2. hours reported in
MAXI J0637-430"°. We speculate that both sources
may congtitute low mass BHsin the BH ZOO (Figure 11).

Masses in the Stellar Graveyard

Fig.9 The mass gap puzzle
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Since 2023 more BH spins have been measured by
Insight-HXMT with the canonical methods of disentan-
gling disk reflection component in energy spectrum or
fitting the continuum dominated by the standard disk
emission, under assumption that the inner disk stays
around the ISCO. MAXI J1348-630 was discovered by
the MAXI/GSC instrument during the outburst in 2019,
and the follow-up observations from Insight-HXMT
covered the spectral states from LHS to HSS. Song et al
analyzed the Insight-HXMT data with the reflection

0.04

models and found that a moderate spin of 0.82°;

can be derived in al the spectral states covered by In-
sight-HMXT observations. Wu et al.*” instead took the
continuum-fitting method to estimate the BH spin with
the Insight-HXMT HSS data, and reported a BH spin of

0.42'35 | significantly lower than that derived by the
disk-reflection method. Interestingly, BH spin was re-
ported as 0.78'%% with NUSTAR data® and 0.80+0.02

with NICER datd™® , by adopting the methods of ref-
lection and continuum fitting, respectively. Although
the source of the discrepancies for measurements of the
BH spin with different methods remains unclear, it is
probably due to the different ways the spin estimation is
made: based on the GR effect on the broadened iron line
or purely the ISCO radius. Obviously, the latter is high-
ly dependent on the precisions of the input parameters
of BH mass, system distance and disk inclination angle,
which may cause the differences in BH spin estimation
with NICER or Insight-HXMT observations. 4U
1543-47 is another example that previous spin mea-
surements are largely inconsistent with each other. 4U
1543-47 underwent a huge outburst in 2021, reaching a
peak intensity of about 9 Crab. By taking the In-
sight-HXMT observations with the source luminosity
staying within f about 0.28~0.31 Lgy4, and the state-
of-art parameters of BH mass, distance and inclination
angle, Chen et al.[*” reported a BH spin of 0.46 + 0.12.
Since most part of the outburst exceeded the thin-disk
luminosity limit, Yorgancioglu et al.*! picked up the
Insight-HXMT and NICER observations dominated by
the disk thermal emission with a low/stable disk inner
radius, which end up with a dataset covering luminosity
up to about 1 Lggg. They instead tried for the first time a

slim disk model to account for the continuum disk
emission and derived an overall BH spin of 0.65703;,

roughly consistent with that reported by Chen et al.[?.
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3.3 Quasi Periodic Oscillation

QPOs remain a puzzle since its discovery in the last
century, although the previous RXTE telescope has ac-
cumulated great amount detections for QPOs of differ-
ent types. The LFQPOSs, subdivided into type-C, type-B
and type-A, mainly reside in the initial different spectral
states of the BH outbursts on their ways entering into
the HSS. The current popular models on the LFQPOs
are either the pure geometry effect, caused by the relati-
vistic Lense-Thirring (LT) procession of the inner disk,
corona or jet due to the frame dragging effect for a BH
system where the BH spin is not aigned with the disk!*?,
or the intrinsic properties of the accretion flow. The lat-
ter concerns the instability of the accretion rate and in-
cludes trapped corrugation modes*¥, the accretion-
ejection instability model'*!, and the two-component
advection flow model!®, etc. However, none of them
can fully account for all the properties discovered so far
for the LFQPOs. Obvioudly, a breakthrough requires
further observational clues in at least the following as-
pects. (1) QPO phase-resolved spectrum; (2) the QPO
properties beyond the energy limit of RXTE around
30 keV; (3) QPO phaseresolved polarization, and
probably as well others that cannot be foreseen at the
moment.

Recovering the QPO waveform is a tough task and
thus carrying out QPO phase-resolved spectral analysis
is extremely difficult, due to that QPO in definition is a
phenomenon of a rather broad peak component showing
up in the power spectrum, which means that it covers a
series of frequencies. The early effort of recovering the
QPO waveform and the QPO phase-resolved analysis
was performed by Ingram & van der Klis*® using the
statistical phase difference of QPO between the funda-
mental and harmonic components. This Fourier method,
as will be discussed later, depends on the existence of
an obvious harmonic component and handle the QPO
phases in a statistically averaged way. An empirically
chosen peak and trough of QPO in a specific light curve
during the hard state of the bright outburst from MAXI
J1820+030 revea ed that the spectral difference between
the peak and trough phases®”. The wavelet technique
was also tried on the LHS of the MAXI J1820+030
outburst, and found that the QPOs have an averaged
lifetime of around 5 oscillation cycles® (Figure12).

As a non-traditional temporal anaysis technique,
Hilbert-Huang Transform (HHT)“? is a powerful tool
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for analyzing phenomena with nonstationary periodicity
and has been successfully applied in astronomical re-
search. HHT enables us to not only trace the variation in
frequency in the QPO but also to process phase-resolved
analyses even though the periodicity is unstable. HHT
consists of two main components: mode decomposition
and Hilbert Spectral Analysis (HSA). The mode de-
composition aims to decompose a time series into sev-
era Intrinsic Mode Functions (IMFs), while the HSA
allows obtaining both the frequency and phase functions
of the desired IMFs, such as the QPO component. Shui
et al.*” replaced the original Empirical Mode Decom-
position (EMD) proposed by Huang et al.l*?, which
directly operates in the temporal space and adaptively
decomposes the input signal into several IMFs, with a
novel Variationa Mode Decomposition (VMD) that
surpasses traditional decomposition approaches such as
EMDPY. By employing the HHT method, Shui et al ™
extracted the intrinsic QPO variability, and obtained the
corresponding instantaneous amplitude, phase, and fre-
guency functions for each data point. With well-defined
phases, the QPO waveforms and phase-resolved spectra
are constructed. By comparing the phase-folded wave-
form with that obtained from the Fourier method
adopted in Ingram & van der Klis*, they found that

phase folded on the phase of the QPO fundamental fre-
guency leads to a dight reduction in the contribution of
the harmonic component (Figure 13). This suggests that
the phase difference between QPO harmonics exhibits
time variability. Phase resolved spectra analysis reveas
strong concurrent modulations of the spectral index and
flux across the bright hard state (Figure 14). The mod-
ulation of the spectral index could potentially be ex-
plained by both the corona and jet precession models,
with the latter requiring efficient acceleration within the
jet. Furthermore, significant modulations in the reflec-
tion fraction are detected exclusively during the later
stages of the bright hard state. These findings provide
support for the geometric origin of LFQPOs and offer
valuable insights into the evolution of the accretion
geometry during the outburst in MAXI J1820+070.

QPO signals at energies above 30 keV are one of the
major discoveries from BHXRB outbursts observed by
Insight-HXMT. For MAXI J1820+070 the large detec-
tion area of Csl onboard Insight-HXMT allows for the
QPO detection up to energies around 250 keV with a
traditional FFT analysistool®. As demonstrated in Shui
et al.®3, with a HHT technique QPO waveform can be
reconstructed at even high energies. An example to
demonstrate such power is the recovery of the QPO
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waveform for MAXI J1535-571 with HHT at energies
above 170 keV (Figure 15), significantly higher than
100 keV reported for the same Insight-HXMT data but
with a traditional Fourier method®¥. Although QPO in
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polarimetry view goes beyond the scope of this paper
since it is probed by IXPE but not Insight-HXMT, re-
cent IXPE/NICER investigation on the phase-resolved
QPO polarization from the outburst of Swift
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J1727.8-1613, with HHT technique developed by Shui
et al.’% revealed polarization degree lower than the
predication of LT procession model®”.
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Fig.15 HHT phase-folded QPO waveforms of MAXI
J1535-571 from Insight-HXMT/HE light curves®®

The other QPO research progresses from Insight-
HXMT since 2023 are listed as follows. A thorough
timing analysis was carried out by Yu et al.*® based on
the Insight-HXMT observations of the outburst from
Swift J1727.8-1613. Apart from the canonical type-C
QPOs they found the peaked noise oscillation which
correlates with the LFQPO in a manner of Psa-
tis-Belloni-van der Klis (PBK) relationship®™®. This
finding helps to diagnostic the QPO origin in the con-
text of investigating the instability in a rather broad fre-
guency range. They aso took the HHT technique to
investigate the QPO time lags in the outburst of MAXI
J1820+070 and got results consistent with Ma et al. who
estimated the QPO time lag by subtracting off the un-
derlined noise contribution in the cross spectrum®®",
Ma et al. supplemented their previous QPO report based
purely on the Insight-HXMT observations of the MAXI
J1820+070 outburst by enclosing as well the contempo-

rary NICER observations at soft X-rays, and found that
a twisted jet scenario still holds™. Timing analysis of
the new black hole candidate MAXI J1803-298 with
Insight-HXMT and NICER reveaed type-C and type-B
QPOS™. While the rms and time lag behaviors of
type-C QPO can be understood in LT precession model,
those for type-B are rather peculiar which may be ex-
plained with a dual-corona model. The fast transitions
of X-ray variability in the black hole transient GX
3394 was compared with MAXI J1820+070 and
MAXI J1348-630 by Yang et al.[®”. They found transi-
tions between band-limited noise-dominated PDS and
type-B QPOs, accompanied with rapid appearance or
disappearance. A detailed comparison between the fast
trangitions in GX 339-4 with those seen in MAXI
J1820+070 and MAXI J1348-630 was conducted. They
argued that there may exist possible change of the geo-
metry of the inner accretion flow and/or jet during the
transitions. QPOs in GX 339-4 during the 2021 outburst
observed with Insight-HXMT were also studied by Jin
et al.®™. They reported the first findings of the type-C
QPOs and their rms/time-lag properties during state
transitions from LHS to HIMS. The bicoherence can be
used to measure the phase coupling at different Fourier
frequencies. With this technique, Ding et al.®? pre-
sented the timing analysis of the nonlinear variability in
two BHXRBs MAXI J1820 +070 and MAXI J1535-571.
They found the different patterns, e.g., “cross’ and
“hypotenuse”, for LFQPOs in different outburst states
can be shared to some extent with the type-C and type-B
QPOs. Thus, they suggested that different types of
QPOs may originate from similar underlying mechan-
isms and the nonlinear variability may be a promising
approach to disentangle different QPO models which
assume different interactions between the broadband
noise and QPO components.

While the QPOs are relatively rare in outburst of the
accretion NSXRB systems, unlike those showing up in
BHXRBs which suffer from degeneracy in models of
geometric and accretion instability, it is generally the
consensus that QPOs in accretion pulsar NSXRBs can
inherit the information of the accretion instability in the
inner region of the accretion disk. Progresses made in
this aspect come from Li et al. in their studies on the
outbursts from two accreting pulsar systems RX
J0440.9+4431 and MAXI J1816-195%% A strong 2.5
Hz periodic oscillation was detected from the newly
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discovered accretion millisecond pulsar MAXI
J1816-195, which is likely attributed to an unstable co-
rond®. The timing analysis on the Be/X-ray binary
pulsar RX J0440.9+4431 using observations from
NICER and Insight-HXMT during the 2022-2023 out-
burst resulted in discover of QPOs at 0.2~0.5 Hz, cha-
racterized with the accompanied short flares. Again,
they argued that the origin of QPOs is related to the in-
stabilities within the accretion flow®”.

3.4 Outburst of Neutron Star X-ray Binaries

The X-ray outbursts caused by matter accreted to the
NSs can be classified into two categories. high mass and
low mass XRBs. In high mass XRBs the accretion mat-
ters are channeled by their strong magnetic field lines
onto the magnetic poles of NSs, forming the so-called
Accretion-Powered Pulsars (APP). In low mass XRBs,
typically observed as Atoll and Z sources, the accretion
matters are accreted on the entire surfaces of NSs, be-
having persistent emission for Z sources, and outbursts
resembling BHXRB but with only the Island (hard) and
banana (soft) states for Atoll sources. Because of such
similarity, the type-I burst of the thermal nuclear burn-
ing on the surface of a NS provides a nice probe into the
accretion environment surrounding the NS during the
outbursts, and the research progresses will be introduced
in the following section of “burst probe’. Thus, here we
mainly focus on the outbursts observed by In-
sight-HXMT in APP systems.

One major interest regarding to the outbursts from
APP systems is the region around the co-rotation radius,
where the angular velocity of accretion matter con-
trolled by the magnetic field of the NS becomes com-
parable to that of Keplerian velocity maintained by the
gravitational force of the NS. The angular velocity of
the former depends on the NS spin and hence is inde-
pendent of the magnetic radius which can be com-
pressed by the accretion matter. At radius beyond the
co-rotation one the accretion will in principle be stopped
via the propeller effect, and otherwise an outburst
usualy shows up via releasing the gravitational power
at the magnetic poles, along with the inner part of a
truncated disk located aways around the co-rotation
radius. Therefore, the instability inherited around this
particular region will leave footprint in its temporal be-
haviors for emissions observed around the magnetic
poles. For example, the early Insight-HXMT reported a
transition from gas to radiation dominated disk emis-
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sions form the firgt Galactic ULX Swift J0243.6+6124
mainly based on the detection of two breaks in the pow-
er spectrum. The QPO features, as introduced in the last
section, detected by Insight-HXMT in the outbursts
from the accreting millisecond pulsar MAXI J1816-195
and Be APP system RXJ0440.9+4431 strengthen again
that the intrinsic temporal features as observed around
the magnetic poles are highly relevant to the instability
for the accretion flow residing outside of the NS mag-
netosphere/®4,

The other major interest regarding to the outbursts
from APP systems is the region around the magnetic
poles, where the gravitational power is released and ra-
diates away mainly in X-rays. The general consensus on
the physical process in this region is that, the accretion
matter channeled to the top of the NS surface can form a
shock due to either the local radiation pressure at high
luminosity or the gas pressure at low accretion rate. In
the former case, the accretion matter heated by the
shock will sink toward the NS surface and forms an ac-
cretion column, where the emission is released manly
from the lateral side of the column in a so-called
fan-mode. The hot materials will be cooled via inverse
Compton scatterings off the seed photons from either
outside of the column or the internal synchrotron emis-
sions on their way settling on the NS surface. In case of
low accretion rate, a pencil mode is foreseen, where the
shocked materials will heat directly the NS magnetic
poles and radiate away along the magnetic file lines.
However, a great amount of the detailsis still in debate.
For example, in which region of the column do the hard
X-rays come from? |Is the height of column comparable
to its base where a hot spot is expected to exist? How
does the emission region evolve from fan to pencil
mode? What will happen in case of the co-existence of
both dipole and multipole magnetic fields? Are the
emissions from PUL X systems beamed or intrinsic? To
answer these questions, one needs thorough observa
tional information in both the energy and time domains.
To this end one of the key parameters is the critical lu-
minosities under which the transitions between different
modes occur. Previous results obtained by Kong et al [®!
with Insight-HXMT observations of the outburst from
the PULX Swift J0243.6+6124 present the first com-
plete sample to describe how the spectral parameters
evolve within a wide scope of luminosity. The critical
luminosity responsible for the mode transition to
fan-mode turns out consistent with a strong magnetic
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field discovered by the detected CRSF with a centroid
energy as high as 146 keV!®.

The latest results from Insight-HXMT about this
ULX come from the investigation of the pulsed iron lind®.
The phase-resolved spectral results show, for the first
time, the pulsed characteristics of the broad iron line in
aPULX Swift J0243.6+6124. The variation in the width
and intensity of this iron line has a phase offset of about
0.25 from the pulse phase. They suggest that the uneven
irradiation of the thick inner disk by the accretion col-
umn produces the modulated variation of the broad iron
line. In addition, the non-pulsed narrow lineis suggested to
come from the outer disk region (Figure 16)1°%. 1A
0535+262 is another example with the high cadence
observations of Insight-HXMT during a huge outburst
in 2020. The latest results about this outburst come from
the investigation of the beam pattern by Hu et al./*? and a
deep search in gamma-ray with Fermi gamma-ray ob-
servatory by Hou et al.'®¥. with a decomposition tech-
nique, the pulse profile of 1A 0535+262 during a giant
outburst observed by Insight-HXMT in 2020 can be
described with a geometry consisting of a distorted di-
pole magnetic field®). 1A 0535+262 has been moni-
tored by Fermi for over than 13 years and the deep
search in gammarrays resulted in no significant detec-
tion during its previous outbursts®®. This is not of
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surprise since the neutron star in this system has a spin
much slower than that held in the accretion millisecond
pulsar and the gamma-rays beyond 511 keV, if any,
would be absorbed locally in a compact emission region
of the accretion column.

Other studies carried out since 2023 are listed in what
follows. The Centaurus X-3 orbital ephemerides was
improved using Insight-HXMT, RXTE, Swift/BAT and
NUSTAR observations®. A hard tail was detected from
Sco X-1 with Insight-HXMT observations”, which
requires a non-thermal component in addition to a nor-
mal corona. 4U 1700-37 is an eclipsing high-mass
X-ray binary holding a compact object of 2.44 + 0.27
solar mass. Although a NS or BH nature of this compact
object is not clear, the studies carried out by Xiao et
al.!™ pased on Insight-HXMT observations found short
flares with stable spectral hardness, which resembles to
the superfast giant X-ray transients (SgXBs) observed
with flares produced by the clumpy stellar wind of the
companion. Furthermore, hint for detection of CRSFs
also point to the NS nature of this compact object!™.
Broadband X-ray timing and spectral characteristics of
the accretion-powered millisecond X-ray pulsar MAXI
J1816-195 were analyzed by Li et al. with a report of
the stable X-ray pulsations above about 95 keV detected
in a combination of Insight-HXMT HE observations™.

(g)

Fig.16 Geometric sketch of the broad iron line emission region on the accretion disk of two specific phase
intervals from the observer’s perspective. The accretion disk is divided equally into regions A, B, C, and

D toroidally, with the region A being on the side closest to the line of sight of the observer

[66]
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Asan atoll source, 4U 1730-22 underwent two outbursts
in 2021 and 2022 after 49 years of silence. The joint
Insight-HXMT and NICER observations showed a tran-
sition to LHS during the decay phase which, if a pro-
peller effect is at work, can be used to estimate the
magnetic field of the NS as (1.8~2.2) x 10° Gl

4 Cyclotron Resonant Scattering
Features

Strong magnetic field can quantize the movement of the
hot electrons confined in the emission region around the
magnetic poles into the Landau levels, and hence
CRSFs can show up in the observed energy spectrum at
the specific energies needed for the electron to stay at
different quantum status. The centroid energy of CRSF
Eqyc is correlated to the magnetic field in form of Egyc =
11.6 x By, keV, where By, is the magnetic field strength
in units of 10" G, providing the only manner to esti-
mate directly the magnetic fields of NSs. A NS’'s mag-
netic field is highly relevant to many issues regarding to
understanding the accretion process of a NS XRB sys-
tem which is governed jointly by accretion rate and the
NS's magnetic field. For example, the discovery of the
highest CRSF centroid energy of 146 keV has already
proved that the PULX should have the super-Eddington
luminosity intrinsicaly instead of beamed™®. Since the
CRSFs are generaly thought to be produced at the site
where the hard X-rays are produced, evolution of the
CRSF Egyc against luminosity serves as a probe to in-
vestigate how the emission region could evolve between
different emission modes, and discriminate the different
models at work. For example, the Egy-luminosity cor-
relation will change from positive to negative once the
luminosity increases across the critical one. Thus, mea-
surement of such a critical luminosity may discriminate
the popular models at work currently!™. However, as
shown in Mushtukov et al.I"¥, the sporadic observation-
a results for Egc-luminosity correlation are far from
sufficient for fulfilling this task. A possible break-
through may come from Insight-HXMT observation of
the outburst from 1A0535+262, where a clear change in
Ecyc-luminosity correlation at acritical luminosity seems
to be consistent with model prediction of Becker et al.[”™.
Recently, by taking a pulse-to-pulse method, Shui et al.™
obtained more detailed results which refined the fine

.48 -

structures of the Eg-luminosity correlation from
1A0535+262. As shown in Figure 17, three critical lu-
minosities (denoted as L1, L2 and L3) are found in the
Egyc-luminosity diagram, which subdivides the entire
Eqyc-luminosity evolution into four regions: the correla-
tion changes from negative to positive at L1 (from re-
gions | to I1), remains flat after L2 (region I1l) and fi-
nally turns into negative across L3 (region V). Apart
from the positive and negative correlations as predicted
by the current models at high luminosities, the new
components of region Il located between L2 and L3,
and region | at below L1 definitely put new/strong con-
straints on the current popular models. Specifically, the
flat region 111 may suggest a smooth transition between
modes dominated by radiation and Coulomb pressures
in deceleration process of the infalling material after the
shock. Moreover, if region | below L1 could be respon-
sible to the gas shock dominated mode, where a pencil
beam is expected, the continuous evolution of Eg, can
put for the first time a very strong constraint on the
evolution manner of the emission site. For example,
Figure 17 requires that, if the CRSF in region | is pro-
duced from the accretion mound on the surface of the
NS, the column in fan-mode in region IV should have a
size comparable to the mound since al the regions
(I~1V) share the similar variation range of Ecyc.

Other CRSF research progresses since 2023 are
summarized in what follows. From two observations of
the NSXRB system Cen X-3 performed by In-
sight-HXMT during 2017 and 2018, Yang et al. re-
ported for the first time both fundamental and harmonic
lines, located at 27 KeV and 48 keV in the energy spec-
trum, respectivelyl’”. However, during the Insight-
HXMT observations of this source in 2022, only the
fundamenta line of 29 keV was detected with a weak
correlation against the luminosity!”®. These may denote
some episodes that the source has experienced different
evolutional behaviors. For the Be XRB system XTE
J1946 +274, Ashwin Devarg et al. analyzed the Astro-
Sat and Insight-HXMT observations during the rising
and peak phases of the 2018 outburst, respectively.
They confirmed for the first time the previously debated
reports on the existence of CRSF around 40~50 keV (Fig-
ure 18), and clarified its dependences on the luminosity
and pulse phasd™. These discoveries contribute the
complementary patches which help to build a complete
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Fig.17 Luminosity dependence of cyclotron line centroid
energy with the linear energy drift of E'¢yc = 0.047 keV.d™
taken into account. The red dashed line represents the best
fitting result with the broken power-law model which has
three break luminosities (L1, L2, and L3). These three ver-
tical dashed lines and shaded areas are the best fitting
break luminosities and corresponding uncertainties, respec-
tively. These transitional luminosities suggest the division of
the E¢yc—Lx relation into four zones (regions I, Il, Ill, and 1V)
with different types of the Ec,c—Lx correlation’”®
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Fig.18 Unfolded spectrum of the HXMT 2018 observation
with the best fit of NPEX model is shown on the left panel.
The right panel shows the residues!™

scenario for understanding the Egyc-luminosity correlation.
4.1 Type-I Burst Probe

The spectral state transitions are amost the unique
processes for understanding the basic elements of the
BHXRB systems: disk, corona and jet, etc. Particularly,
the nature of the corona still remains a puzzle since in
definition it is a radiation-inefficient hot flow which is
in principle hard to be observed directly unless with
seed photons lighting it up. However, the intrinsic prop-
erties of the corona cannot be readily recovered from an

outburst since the state transitions and the recovery of
the corona in the initial and delayed LHSs are governed
by the viscos time scales of the disk accretion which
may not be intrinsic to the corona itself. Type-l burst is
the explosive thermal nuclear burning on the surface of
NS and can serve as a probe to corona due to its well
known properties of location, luminosity, spectrum and
duration. It provides an intense shower of the soft
X-rays which can be reminiscent to the effect of the
accretion rate changes of the disk and hence the possible
influences on the evolution of the corona and probably
aswell thejet. In fact, such aburst probe was adopted to
investigate the accretion environment and a series of
burst-induced effects were discovered: during type-l
burst, the accretion rate can be enhanced®”; the corona
can be cooled and recovered with a few tens of seconds®;
jet can be produced by the type-1 burst!®.

Prior to the launch of Insight-HXMT, the persistent
emission from the corona was observed to have shortage
during type-1 burst via stacking tens of burst samples
due to the relative small detection area of the previous
hard X-ray missions, e.g., RTXE (see the series of re-
ports from Chen et al.'®¥ and Ji et al.®¥, etc.). Obvious-
ly, Insight-HXMT demonstrated its power and advan-
tage to this end, initially via detecting a burst-induced
corona cooling event from a single normal type-l burst
in the early Insight-HXMT phasé®. Recently more
studies were carried out on the burst influences on the
corona and jet by observing the spectrum of the persis-
tent emission at hard X-rays, as are introduced in what
follows.

Wang et al. found that the newly discovered millise-
cond pulsar MAXI J1816-195 shows a rare likely
clocked-burst behavior it its outburst observed by In-
Sight-HXMT in 20221%), Chen et al. investigated the
energy spectrum of the hard X-ray deficit during these
bursts, and reported that the energy spectrum for Deficit
Fraction (DF) of the hard X-rays becomes more or less
saturated at higher energies®” (Figure 19). DF was ob-
tained in other systems observed by Insight-HXMT: in
4U 1608-52 the hard X-ray shortage remains around
50% of the persistent emission at energies above 50 keV!®
(Figure 20), while in 4U 1636-536 it shows a positive
correlation between DF and energy'® (Figure 21). We
speculate that these results may be relevant to how a
hybrid corona/jet population contributes the persistent
emission at hard X-rays, where the jet is relatively
harder to be cooled down by the burst shower than the

« 49 .



» »»| SPACE SCIENCE ACTIVITIES IN CHINA

corona. The outburst of MAXI J1816-195 presents the
accretion-produced pulsation originated around the
magnetic pole of the NS harbored in this system and,
during the clocked-burst events, Ji et al. found that the
strength and profile of the pulsations remained un-
changed, which means that the accretion matters chan-
neled onto the magnetic poles are not influenced by the
explosive burning on the NS surfacé®. They therefore
suggested that the interaction with burst photons can be
used as a direct diagnostic to distinguish contributions
from the hot plasma near polar caps and the corona
around the accretion disk, which are highly degenerate
in their spectral shapes. Yan et al. conducted an analysis
of 45 bursts observed from 4U 1636-53 and they
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Fig.19 Deficit fraction versus energy during the bursts
detected by HE in MAXI J1816-195%")
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Fig.20 Deficit fraction versus energy during the bursts
detected by HE in 4U 1608-52[¢!
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Fig.21 Deficit fraction versus energy during the bursts
detected by HE in 4U 1636-536
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observed an inverse correlation between the maximum
increase of the persistent emission flux during the
non-PRE bursts®™. By analyzing the profiles of the
Photospheric Radius Expansion (PRE) events during the
outbursts of 4U 1730-22, Lu et al. proposed the pure
helium as the fuel and updated the source distance®?.

4.2 Galactic Plane Scanning Survey

Galactic plane survey is one of the core sciences of In-
sight-HXMT. Roughly 20%~30% of the Insight- expo-
sure was spent on the Galactic plane survey in order to
investigate the variability of the X-ray sources. A Ga-
lactic region enclosed with 0° < | < 360°, — 10° < b <
10° is subdivided into small patches on which the sur-
vey is carried in a scanning mode. The schematic dia-
gram of the scanning method of a small sky area is
shown in Figure 22. The source information can be ex-
tracted from the scanned data with either fitting the tri-
angle response of the telescope as adopted in Wang et al [,
or a modified direct demodulation method which can
handle the variable source via setting in the detector
response matrix with an additional column dedicated to
the target sourcd®?. The preliminary results from the
Insight-HXMT Galactic plane survey were reported by
Sai et al.®, and Wang et al.*¥ presented the long- term
monitoring results of Insight-HXMT in the first 4 years
of its Galactic plane scanning survey (GPSS). It is
shown that, the 4-year limit sensitivities at main energy
bands can reach 8.2 x 10 ? erg-s *-cm? (2~6 keV), 4.21 x
10 ™ erg-s .cm? (7~40 keV), and 2.78 x 10 ™ erg-s em®
(25 ~100 keV). More than 1300 sources have been mo-
nitored in a wide band (1~100 keV), of which 223
sources have a signal-to-noise ratio greater than 5. By
combining the GPSS data of Insight-HXMT and MAXI,
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Fig.22 Schematic diagram of the scanning
method of a small sky area®”
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long-term light curves established are used to study the
flux variabilities at different energy bands for 223 bright
sources. The first Insight-HXMT catalogue of X-ray
sources of different types was released and the detailed
investigations with parameters, e.g., the hardness ratio
and variability etc., show distinguished differences be-
tween different source types, in line with the specific
intrinsic properties known for each of the individual
source typest®®.

4.3 Isolated Pulsars

Isolated pulsars are mainly used for in-orbit timing cali-
brations and Insight-HXMT spent over 4 Mg on Crab
observations. The long-term evolution of Crab as moni-
tored by Insight-HXMT demonstrated a correlation in
the form of L, o= L"g between the pulsed flux Ly and the
spin down flux L°., where o is constant across the In-
sight-HXMT energy band. The hard X-ray flux evolu-
tion shows that the performance of HE, such as effective
area, keeps stabld®. As an exploration of the non-thermal
emission, a sample of MeV pulsars observed by differ-
ent high energy telescopes including Insight-HXMT
were studied with findings of a harder spectrum and a
higher radiation efficiency in 0.3~10 keV energy bands
compared to the Fermi pulsars. Such a difference may
be attributed to either the different viewing angle of the
spin axis or the different inclination angle of the mag-
netic axis™. Isolated pulsars can also be observational
targets for navigation; a review and an updated research
were given by Wang et al [,

4.4 Fast Radio Bursts

A Fast Radio Burst (FRB) was first reported in 2007**™
with characteristics of bright millisecond radio pulses,
random arrival direction and time, some repeating and
even periodic, but remained a puzzle with counterpart or
radiation at any other wavelengths not known until 28
April 2020, when an identification the counterpart of the
FRB 200428 with a magnetar SGR J1935+2145 was
reported by Insight-HXMT™3. A series of studies were
carried out since 2023 based on the Insight-HXMT ob-
servation on this unique FRB-SGR association event
and the bursts from SGR J1935+2145 monitored by
Insight-HXMT and GECAM etc.

Refined information was reconstructed by Ge et al.
from Insight-HXMT observations of the flares from
FRB200428, with improved temporal and spectral ana-
lyses. Accordingly, the measurements for the properties

of the accompanied X-ray bursts were updated™®. In
Cai et al.¥!, 75 X-ray bursts produced by magnetar SGR
J1935+2154 during an active period in 2020 were pub-
lished. The cumulative distributions of the parameters of
this burst sample can be interpreted by a self-organizing
criticality theory, supporting a possible magnetic re-
connection scenario in magnetars'®. with the same
sample, the phase distribution of the bursts is found to
correlate with the type of the burst spectrum™@. To ac-
count for the light curves and spectra measured by In-
sight-HXMT in association with the FRB 200428, Xie
et al. proposed a model that the FRB-associated X-ray
bursts originate from QED magnetic reconnections'%”.
As shown in Figure 23, individual magnetic islands will
be created in the magnetosphere due to magnetic re-
connections, where the QED will take effects on the
particle acceleration and cooling. With such a scenario,
adjustments of the QED parameters can recover the
light curves and energy spectra as observed by In-
sight-HXMT (Figure 24). About five months later, radio
pulses from SGR 1915+105 were detected by FAST,

Fig.23 Schematic of the proposed origin model for the
FRB 200428-associated X-ray burst™**®
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Fig.24 Insight-HXMT X-ray light curves and energy spec-
trum fitted by the model configured in a QED scenario**!
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with profiles anti-aligned with the X-rays. The observed
difference in phase distributions of the radio and X-rays
suggest fixed emission region for radio but random for
X-rays %8,

SGR J1935+21 was active in 2020-2022, and hun-
dreds of bursts were detected by Insight-HXMT, GE-
CAM Fermi/GBM. With this burst sample, Xiao et al.
carried out a series of studies. They found that the
Minimum Variation Timescae (MVT) of the X-ray
bursts associated with FRB 200428 is significantly
longer than that of most bursts and implies its specia
radiation mechanism™®. No obvious QPO exists for the
sample but for some individual bursts a feature of 40 Hz
is hinted to resemble the X-ray burst associated with
FRB 200428™°. About 61 percent bursts from SGR
J1935+2154 have spectral lags that are linearly depen-
dent on the photon energy™Y. The differential and cu-
mulative distributions for the parameters of MVT and
spectral lag follow a power law shape. The distributions
of fluctuations in both parameters follow the Tsdlis
g-Gaussian distributions™*? and the q values are con-
sistent for different scale intervals, thus indicating a
scale-invariant nature for both parametersi™*?.

45 Gamma-Ray Bursts

Gamma-Ray Bursts (GRBs) are among the core
sciences of Insight-HXMT and there are norma mode
and GRB mode for GRB observations. For the latter, the
high electric voltage of PMTs will be lowered so that
the band passes for both Nal and Csl detectors can be

A . )
= rotation axial

envelope

8 a collapsed core

an axial weak jet

Zgé .

The first pulse
. 3
2 (precursor)

promoted to higher energies and the corresponding
FoVs can be enlarged to more than half of the whole
sky unblocked by the earth. Particularly, Csl detectors
can cover energies from 200 keV up to severa MeV
with a rather large detection area. The first Insight-
HXMT GRB catalogue was released™ . The capability
of Insight-HXMT GRB detection is about 80 events per
year. The brightest GRB 221009A was detected and the
joint GECAM and Insight-HXMT observations present
almost unique data covering the main peak phases by
the unsaturated detections of GECAM and the precur-
sor/afterglow jointly by Insight-HXMT.

The unconventional precursor of GRB 221009A de-
tected by Insight-HXMT may provide a peculiar case
study for GRB precursor phenomena. A two-stage col-
lapsar scenario is proposed by Song et al.™™® as the
most likely origin for GRB 221009A: the jet for the
precursor is produced during the initial core-collapse
phase, and should be weak enough not to disrupt the star
when it breaks out of the envelope (relevant to the gap
after the precursor), so that the fallback accretion
process could continue to form the main GRB phase
(Figure 25). Zheng et al. analyzed the energy spectrum
of the early afterglow observed by Insight-HXMT,
GECAM and Fermi/GBM. They found that the spec-
trum of the early afterglow in 20 keV~20 MeV can be
well described by a cutoff power law with an extra
power law that dominates the low- and high-energy
bands, respectively. The spectral index changed at time
around the jet break™®. The optical afterglow of GRB

a compact star
and with accretion
disk

r ‘_\‘.
"

The main burst

P

Fig.25 A scenario for the “two-stage” model of precursors for GRB221009A™!
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221009A was investigated by Kann et al. together with
the contemporary Insight-HXMT and Swift-XRT data.
The results they derived suggest that the observed after-
glow is produced by synchrotron radiation at the forward
external shock during the deceleration of a top-hat rela
tivistic jet by a uniform medium, with a tension between
the observed temporal and spectral evolution!™",

Together with the Insight-HXMT GRB catal ogue, the
GRB catalogues built so far from different detectors
make it feasible for comprehensively investigating the
GRB properties by studying their fine structures. Cami-
sasca et al. took the catalogues produced from In-
sight-HXMT and Swift/BAT, and used the peak detec-
tion agorithm mepsa to identify the shortest pulse
within a GRB light curve. They confirmed that short
GRBs have significantly shorter MV Ts than long GRBS,
which is important because it provides a new clue con-
cerning the progenitor’s naturé™*®. With two more ca-
talogues from CGRO/BATSE and BeppoSAX/GRBM,
Guidorzi et al. analyzed the stochastic process by ex-
tracting and modelling for the first time the distribution
of the number of peaks within a GRB profile, and
grouped the long duration GRBs into two classes: peak
poor and peak rich, which account for 80% and 20% of
the total GRB sample, respectively. They associated the
class of peak-rich GRBs with the presence of sub-second
variability and suggested two different regimes for the
inner engines to release energy*'?.

5 Summary and Outlook

The rich scientific results of Insight-HXMT since 2023,
as highlighted in this paper, show the scientific capabil-
ity and power of Insight-HXMT. Among these results,
one notices that the potential breakthroughs were ac-
complished with either the multi-wavelength campaigns
or the development of new analysis techniques. Actually,
these may serve as the main interests in future to better
use Insight-HXMT, which is open to the international
community for observations and data archives. The
mission currently is still operating quite well and will be
available to the world-wide community for years to
come. Please visit hxmt.org for further information
about Insight-HXMT and downloading data.
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Abstract

Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM) is a constellation with
four instruments (launch date): GECAM-A/B (December 10, 2020), GECAM-C (July 27, 2022) and GECAM-D
(March 13, 2024), which are dedicated to monitoring gamma-ray transients in all-sky. The primary science objec-
tives of GECAM include Gamma-Ray Bursts (GRBs), Soft Gamma-ray Repeaters (SGRs), high energy counter-
parts of Gravitation Wave (GW) and Fast Radio Burst (FRB), Solar Flares (SFLs), as well as Terrestrial Gam-
ma-ray Flashes (TGFs) and Terrestrial Electron Beams (TEBs). A series of observations and research have been
made since the launch of GECAM-A/B. GECAM observations provide new insights into these high-energy tran-
sients, demonstrating the unique role of GECAM in the “multi-wavelength, multi-messenger” era.

Key words

GECAM, Gravitational wave electromagnetic counterpart, High energy transients

1 Introduction

Gamma-ray transients are phenomena with a sudden
increase in gamma-ray flux from celestial objects in the
distant universe. Since the first observation of a Gam-
ma-Ray Burst (GRB) in 1967, various gamma-ray tran-
sient sources have been discovered. Especially in recent
years, the operation of advanced gamma-ray instru-
ments has enabled rapid progress in the study of gam-
ma-ray transients and related phenomena. A milestone
event is the observation of the Gravitational Wave (GW)
produced by the merger of binary neutron stars
(GW170817) and the GW-associated Gamma-Ray Burst
(GWGRB), GRB 170817A, heralding a new era in
“multi-messenger, multi-wavelength” time-domain as-
tronomy™?. The pursuit of the GWGRB is the primary
motivation of GECAM mission.

Received June 20, 2024

GECAM is originally a constellation of two small
X-ray and gamma-ray all-sky space telescopes funded
and built by the Chinese Academy of Sciences. These
two microsatellites, denoted as GECAM-A and GE-
CAM-B, were launched on December 10, 2022 (Beijing
Time). GECAM-C is the 3rd GECAM monitor on board
the SATech-01 satellite launched on July 27, 2022.
GECAM-D is the 4th instrument in GECAM series
which was launched on March 13, 2024 on board the
DRO-A satellite. Currently, GECAM has established
the capability of monitoring the full sky all the time in a
wide energy range (i.e. 6 keV to 5 MeV).

The primary science objectives of GECAM are vari-
ous types of gamma-ray transients, including GWGRBSs,
GRBs, SGRs and high-energy counterparts of Fast Ra-
dio Bursts (FRBs). Moreover, SFLs, TGFs and TEBs
are also important targets of GECAM.
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GECAM data and analysis software have been re-
leased at: http://gecam.ihep.ac.cn/grbDataAnalysisSoft
ware. jhtml.

2 GRB

GRB is the most violent stellar explosive phenomenon
in the universe which can last from a few milliseconds
to hours. Long GRBs, whose duration is over 2 seconds,
originate from the collapse of massive stars, while short
GRBs, lasting less than 2 seconds, are believed to result
from the merger of binary neutron stars or a neutron star
and a black hole. GRBs from the compact merger are
likely associated with GW signal.

2.1 "BOAT"—GRB 221009A

GRB 221009A, as the brightest gamma-ray Burst Of All
Time (BOAT), was detected by many instruments in
multi-wavelength. Most space gamma-ray telescopes
suffered severe data saturation and instrumental effects
during the main emission of GRB 221009A. Remarka-
bly, GECAM-C provided the best measurement of this
burst with accurate and high-resolution data without any
instrumental effects®!.

Based on the joint analysis of GECAM-C and In-
sight/HXMT, a comprehensive and precise measure-
ment of the BOAT GRB was achieved, including pre-
cursor, main burst, flare and the early afterglow. Espe-
cially GECAM-C provided the most precise observa-
tions of the extremely bright main burst®!. The observa-
tions of GECAM-C and InsightHXMT revealed that
GRB 221009A has a record-breaking isotropic equiva-

lent energy Eis, up to 10° erg. In addition, a break in the
flux light curve of the early afterglow was also discov-
ered and is considered to be a jet break. Based on the
time of this break, Ejs, and redshift of this GRB, the jet
opening angle of the GRB 221009A was found to be
only about 0.73 degrees!”.

Zheng et al. conducted a detailed joint analysis of the
early afterglow of GRB 221009A from 660 to 1860
seconds after the trigger with the data from Insight/HXMT,
GECAM-C, and Fermi/GBM. They found that the early
afterglow spectrum of GRB221009A has two compo-
nents—a cutoff power- law with an additional power-

law, forming a V shape. Additionally, by fitting the flux
light curves in different energy bands, the break time is
well consistent from keV to TeV, i.e. achromatic break
feature, further confirming that it is a jet break. Interes-
tingly, the analysis indicates that the slopes of the flux
light curves before and after the break vary with energy,
and tend to be consistent as the energy decreases. These
observational results provide strong evidence that the jet
of GRB 221009A is structured with an extremely nar-
row and bright core.

By taking the advantage of the unsaturated data of
GECAM-C, Zhang et al. performed a comprehensive
spectral analysis of GRB 221009A jointly with GE-
CAM-C and Fermi/GBM data and found a series of
emission lines up to about 37 MeV with a nearly con-
stant ratio of the line width and line central energy in
multiple time intervals including the brightest part of
this burst’®. Remarkably, they discovered that the cen-
tral energy and the energy flux of emission lines follow
a power-law decay with time, with power-law indices of
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Fig.1 Left: The light curves of GRB 221009AM. Right: The spectra of the early afterglow of GRB 221009A"
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-1 and -2, respectively. They suggest that the observed
emission line could be explained as the blue-shifted of
electron positron pair annihilation 511 keV line in the
jet, thus the bulk Lorentz factor of the jet could be
measured directly from the emission line for the first
time during the prompt emission. They also reported a
low significant absorption line in the GECAM data in
this GRB. These discoveries of the spectral line features
provide new insights into the physics of GRB and rela-
tivistic jets.

To investigate the time-resolved spectra of GRB
221009A, Yang et al. fit the GECAM-C and Fer-
mi/GBM data with a synchrotron radiation model, assum-
ing an expanding emission region with relativistic speed
and a global magnetic field decaying with radiust”. The
results indicate that the spectra of this burst are consis-
tent with a synchrotron origin from relativistic electrons
accelerated at a large emission radius. The lack of ther-
mal emission in the prompt emission spectra supports a
Poynting flux-dominated jet composition.

2.2 The Second Brightest GRB—GRB 230307A

GRB 230307A is another important GRB, not only be-
cause it has the second-highest brightnesslg], but also
because it is a long-duration burst with merger origin.
As an atypical long-short burst, GRB 230307A, along
with GRB 211211A, represents a new type of type |
GRB which could be associated with a GW event. The
extremely high brightness also caused data saturation in
other instruments, however, thanks to the dedicated de-
sign, both GECAM-B and GECAM-C accurately and
completely recorded this profound burst without data
problems, resulting in a series of important and inter-
esting discoveries.

Sun et al. conducted a comprehensive analysis of the
broad-band prompt emission of GRB 230307A based on
the data from GECAM and LEIAP®. They show that,
despite of its apparently long duration, the properties of
prompt emission and host galaxy suggest this GRB has
a compact star merger origin, which is consistent with
its association with a kilonova. Another interesting
phenomenon was discovered in this peculiar GRB: as
the gamma-ray radiation disappears, an extended X-ray
radiation component appears, indicating the emergence
of a magnetar central engine. Additionally, an achro-
matic temporal break in the hard x-ray light curves of
GECAM during the prompt emission phase is identified,
which is considered as an edge effect of the jet. This is

the first time that such an effect is seen in the prompt
emission phase and could be used to constrain the geo-
metry of the jet.

In another study of this burst, Yi et al. noticed that
the complex multi-peak structure in the light curve of
GRB 230307A can be well-fitted by a Fast Rise Expo-
nential Decay (FRED) function, and the spectrum shows
a regular time evolution™. By fitting the light curves in
different energy bands with FRED function, a clear
spectral lag of the full FRED shape is found, while the
spectral lag of the narrow pulses is negligible. Addi-
tionally, it was also discovered that the overall light
curve exhibits self-similarity. These behaviors are dif-
ficult to be explained by the internal shock model,
lending strong support to the ICMART model.

3 SGR

SGRs are repeated, intense bursts in the X-ray and soft
gamma-ray bands from a special type of neutron stars
with extremely strong magnetic fields (i.e. magnetar).
Among those SGRs monitored by GECAM, SGR
J1935+2154 is peculiar and well-known for its prolific
bursts (also called X-Ray Burst, XRB) and for the first
identification as the source of an FRB (i.e. FRB
200428). Importantly, GECAM also detected an XRB
on Oct. 14, 2022 from SGR J1935+2154 which is asso-
ciated with a radio burst™, confirming the association
between XRB and FRB.

Xie et al. collected an updated burst sample from
SGR J1935+2154, including all bursts reported by Fer-
mi/GBM and GECAM till 2022 January and the tar-
geted-search bursts in the Fermi/GBM data from 2008
August to 2014 December™. They found that the bursts
of SGR J1935+2154 exhibit a periodicity of about 126
days. Moreover, they suggest that this periodicity may be
interpreted as the precession of the magnetar.

By using the Li-CCF, a novel cross-correlation func-
tion method, Xiao et al. conducted a spectral lag analy-
sis of the burst sample from SGR J1935+2154 detected
by several instruments including GECAM, and found
that there is a linear relationship between the time lag
and photon energy (the higher-energy photons arrive
earlier)™. They also found that the distribution of the
slopes of the linear relationship can be fitted with three
Gaussians. This research shows that spectral lag analy-
sis could serve as an important tool for understanding
the radiation mechanism of SGRs.
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The Minimum Variation Timescale (MVT) is an im-
portant probe for the physical mechanisms of SGR.
Xiao et al. noticed that the peak of the MVT of SGR
J1935+2154 is about 2 ms, based on data from GECAM,
Fermi/GBM and Insight-HXMT™. This time scale
corresponds to the emission region of about 600 km,
which is comparable to the scale of the magnetosphere
of a pulsar, lending supports to the magnetosphere ori-
gin of a magnetar burst. Just like spectral lag, the energy
dependence of MVT of SGR is also different from that
of GRB. These findings are very helpful to distinguish
whether a burst originates from a magnetar or GRB.

Quasi-Periodic Oscillations (QPOs) have been re-
ported in some magnetars. Xiao et al. employed a Pow-
er Density Spectrum (PDS) method to search for the
QPOs in hundreds of XRBs from SGR J1935+2154 ob-
served by GECAM, Insight-HXMT and Fermi/GBM
from 2014 July to 2022 January™. Although no defini-
tive QPO signal (significance >35) was detected in in-
dividual bursts or in the averaged periodogram of bursts
grouped by duration, several bursts were identified as
exhibiting features at about 40 Hz, which could be ex-
plained as the proximity intervals between adjacent
pulses of XRB. This study also found that the distribu-
tion of the slopes of the PDS of this XRB sample peaks
at about 2.5, which is consistent with other magnetars
but higher than the commonly observed 5/3 in GRB.

In another study, Xiao et al. combined the above re-
search results and found that the differential and cumu-
lative distributions of MVT and spectral lag of SGR
J1935+2154 follow the power-law model and the fluc-
tuations in both parameters follow the Tsallis g-Gaussian
distributions, with consistent q value across different scale
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Fig.2 The light curves and the evolution of the Blackbody temperature (KT) with time of two bursts from SGR J1935+2154

intervals™®. These results suggest that both the MVT
and spectral lag are scale-invariant, providing new para-
meters for studying the Self-Organized Criticality (SOC)
systems.

4 SFL and TGF

Thanks to its large field of view, GECAM can provide a
nearly continuous monitoring of the Sun in hard X-ray
and soft gamma-ray band. Besides, the usage of Charged
Particle Detectors (CPD) makes GECAM has the ability
to distinguish charged particles and high-energy photons,
which is vital to observing the TGFs and TEBs from the
Earth.

41 SFL

As a high-energy monitor for the Sun, GECAM features
a very high temporal resolution (0.1 microseconds) and
wide energy band (about 6 keV to 5 MeV). In addition,
GECAM itself has the capability of localization to de-
termine whether a burst comes from the Sun.

By investigating the high-time resolution data from
GECAM of the M9.6 solar flare event on 2022 April 21
at 01:52 UTC, Zhao et al. discovered significant paired
QPP with a short period in the precursor phase in hard
X-ray band, which is very rare in the precursor phase™®.
The joint analysis of GECAM data and microwave data
from NoRP and RSTN indicates that the precursor and
impulsive phases of this eruption were generated by
non-thermal electrons. Combining the image data of the
Sun, the authors found that the observed properties of
paired QPP are in good agreement with the scenario of
the current loop coalescence model.
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[12].

trigger time of burst is 2021-09-12T00:34:37.414 UTC for panel (a) and 2022-01-15T17:21:59.297 UTC for panel (b)
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42 TGF

To measure and distinguish the TGFs and TEBs, dedi-
cated designs have been implemented to GECAM, in-
cluding the usage of both the Gamma-Ray Detector
(GRD) and Charged Particle Detector (CPD) with high
temporal resolution and short dead time.

Zhao et al. conducted a systematic search in the
GECAM-B data from December 2020 to September
2022, and found 147 bright TGFs, 2 typical TEB events,
and 2 special TEB-like events, corresponding to a dis-
covery rate of about 200 TGFs per year for GECAM-B.
The statistical properties such as the lightning- associa-
tion ratio, duration, and hardness ratio were systemati-
cally investigated™. They found that there are some
unique and interesting events, such as the double-peaked
TGFs characterized by two about 100 us pulses with
very similar temporal and spectral structures, and the
quadruple-peaked TEB-like events, which pose chal-
lenges in the understanding of such phenomena.

5 Summary

To monitor the gamma-ray transients especially the
GWGRBs, GECAM was originally designed to be
composed of two microsatellites to cover the full sky,
i.e. GECAM-A and GECAM-B, which were launched
on December 10, 2020. Now GECAM has grown to be
a constellation of four instruments on different space-
crafts. Thanks to the dedicated design in the detector
and electronics, GECAM showed its unique role in
measuring the bright bursts with very high time resolu-
tion in a wide energy band. Indeed, GECAM has suc-
cessfully and accurately measured the two brightest
GRBs (GRB 221009A and GRB 230307A) without data
saturation and other instrumental effects, resulting in
fruitful achievements in understanding these two amaz-
ing events and GRB physics. Importantly, GECAM de-
tected many SGR bursts including those associated with
radio bursts from SGR J1935+2154. GECAM also made

great contributions to the observation and study of SFL,
TGF and TEB. Looking into the future, GECAM is ex-
pected to play an important role in the "multi- wave-
length, multi-messenger" astronomy era.
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Abstract

Taiji-2 project is the second step of Taiji program, which is to verify the required technology for Taiji-3 mission.
The feasibility study of Taiji-2 is successfully finished, and some of the main progress isintroduced here.

Key words

Gravitational wave, Taiji program, Taiji-2 project

Taiji is a Chinese space-borne Gravitational Wave
(GW) detection program led by Chinese Academy of
Scienced™*® and planned to be launched in 2030s. Tai-
ji-1 satellite mission is the first step of Taiji program
which was launched in 2019 . The second step is to
launch the Taiji pathfinder (also called Taiji-2) no later
than 2030. The final step is to launch Taiji (also called
Taiji-3), which is similar to the LISA constellation (see
Figure 1). The purpose of Taiji-2 project is to verify
thoroughly the required technology for Taiji-3 and may
also produce limited scientific outcomes.

Taiji-2 isinitially proposed to build a pair of satellite
to test the whole key technology. These two satellites
will be deployed in the heliocentric orbit, same as Tai-
ji-3. The architecture of the platform and the design of
the payload of Taiji-2 satellite will be made to be the
same to Taiji-3 satellite for inheritance. On the other
hand, if there could be a second party that can contri-
bute another satellite, Taiji-2 would have the potential
to form a 3-satellite-constellation as a mini Taiji-3. In
that case, Taiji-2 could possess the capability to detect
some supermassive black hole mergers, athough it is

Received June 20, 2024

designed to have a relaxed requirement of sensitivity.

The feasibility study of Taiji-2 was begun on 2020
and it was successfully completed on 2022. Taiji-2 now
is ready to be approved for engineering phase. Some
results of this feasibility study were gradually being
published.

Fig.1 Taiji-3 constellation. Taiji-3 consists of 3 identical
satellites which form a gigantic equilateral triangle. Each
of the satellite takes an Earth-like heliocentric orbit. The
constellation will be leading or trailing earth for about
18 degrees. Taiji-3 has the ability to detect the GW
from intermediate or supermassive black hole mergers
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Fig.2 Taiji-2 satellites. The payload configuration of Taiji-2 satellite is designed to be the same as Taiji-3 in
order to expand to 3-satellite constellation when there’s second party to contribute additional satellite.

One of the significant progress of Taiji-2 feasibility
study is parameter estimation of GW sources for
space-borne gravitational wave detection missions such
as LISAP Taijil*?¥ and Tiangin'®. The team of Taiji
data analysis has for the first time demonstrate the ap-
plication of machine learning techniques, specificaly
the normalizing flows, in parameter estimation of mas-
sive black hole binary events”). Compare to traditional
techniques, this method has remarkable speed that could
be several orders faster (see Table 1). Notably, this ap-
proach remains resilient against challenges such as
confusion noise and the intricacies of varying reference
times, underscoring its reliability and potential for
broader applications.

Table 1 Comparison of computational time
required by different posterior sampling approaches
to generate their respective samples

Sampling Numbers of Run Time per
method samples time/s samplels

Nest sampling 11215 3000 0.26750
Normalization flow 10000 2.7 0.00027

The second progress is Taiji-2 payload integration
scheme and its verification. During the feasibility study
project, the team of Taiji-2 payload research had built
and tested the prototype of laser interferometer, in-
ter-satellite laser acquisition sub-system, inertial sensor,
stable structure of satellite platform, micro-thruster and
drag-free control unit (some of the prototypes were
shown in Figure 3). One of the most challenging tasksis
to evaluate the performance of inertial sensor due to its
extreme sensitivity and complex disturbances on ground.
To tackle this problem, a novel design of torsion bal-
ance with differential wave front sensing (DWS for
short, see Figure 3b) was proposed® which can measure
the test mass's acceleration to 3x10°m-s2.-Hz 2. Be-
sides, an integration scheme for Taiji-2 payload was
aso studied (see Figure 3c). In order to test the integrate
payload, a test bed was built and put into use in 20239
It consists of two vacuum tanks that can fully test the
inter-satellite interferometric ranging for Taiji-2 laser
interferometer (see Figure 3d) with displacement and
laser pointing jitter measurement ability to 100 pm-Hz 2
and 100 nrad-Hz Y2 respectively.

()

Fig. 3 (a) Taiji-2 payload prototypes. (b) The torsion balance with DWS technique. (c) The payload
integration scheme. (d) The test bed for Taiji-2 inter-satellite laser interferometric ranging
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Abstract

SDGSAT-1, the world's first science satellite dedicated to assisting the United Nations 2030 Sustainable Develop-
ment Agenda, has been operational for over two and a half years. It provides valuable data to aid in implementing
the Sustainable Development Goals internationally. Through its Open Science Program, the satellite has main-
tained consistent operations and delivered free data to scientific and technological users from 88 countries. This
program has produced a wealth of scientific output, with 72 papers, including 28 on data processing methods and
44 on applications for monitoring progress toward SDGs related to sustainable cities, clean energy, life underwater,
climate action, and clean water and sanitation. SDGSAT-1 is equipped with three key instruments: a multispectral
imager, a thermal infrared spectrometer, and a glimmer imager, which have enabled ground-breaking research in a
variety of domains such as water quality analysis, identification of industrial heat sources, assessment of environ-
mental disaster impacts, and detection of forest fires. The precise measurements and ongoing monitoring made
possible by this invaluable data significantly advance our understanding of various environmental phenomena.
They are essential for making well-informed decisions on a local and global scale. Beyond its application to aca-
demic research, SDGSAT-1 promotes global cooperation and strengthens developing countries' capacity to ac-
complish their sustainable development goals. As the satellite continues to gather and distribute data, it plays a
pivotal role in developing strategies for environmental protection, disaster management and relief, and resource
allocation. These initiatives highlight the satellite's vital role in fostering international collaboration and technical
innovation to advance scientific knowledge and promote a sustainable future.

Key words
SDGSAT-1, Earth observation, Remote sensing, SDGs

1 Introduction

In 2015, the United Nations (UN) established an ambi-
tious development roadmap for global society, the 2030
Agenda for Sustainable Development, which contains
17 Sustainable Development Goals (SDGs). To achieve

Received June 20, 2024

them by 2030, this framework includes a wide range of
broad goals and related targets that promote peace,
prosperity, and sustainability for both people and the
planet. Lack of data on SDG indicators still remains an
important limitation, as only 138 of the 168 SDG indi-
cators have sufficient data for their assessment. It is es-
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timated that approximately 85% of the monitored indi-
cators do not meet their defined schedules or show dete-
rioration™. Without sufficient data, it has been difficult
to understand the full scope of sustainability challenges,
and all stakeholders, from governments to NGOs, strug-
gle to make informed decisions and effective policies
for the SDGs. For example, the lack of precise data on
emissions and environmental changes makes it difficult
to gauge the real impact of sustainability initiatives on
climate action. Access to accurate, real-time data is
therefore important to bridging the data gap and empo-
wering stakeholders to make substantial efforts toward
the SDGs.

Over the past several decades, Earth observation (EO)
technology has improved the coverage and quality of
reliable, structured data, offering critical data beyond
the reach of standard ground monitoring methods. Par-
ticularly, continuous monitoring of Earth’s surface
through various satellite observation systems over sev-
eral decades has proven to be very useful in tracking
changes over time and provides continuous temporal
data, critical for tracking long-term trends in climate
change, urban development, deforestation, and other
key indicators required by the SDGs®. The develop-
ment of Earth observation satellite platforms is a specia-
lized domain. However, research and development ef-
forts aimed at improving spatial, radiometric, and temporal
resolutions of these platforms offer cost-effective solu-
tions to global data challenges. These advancements
enhance capabilities and opportunities for adding value
to datasets through multi-source data integration, pro-
viding novel ways to study and understand complex
global issues, and facilitating more targeted and realistic
sustainability plans®.

The United Nations General Assembly approved the
2030 Agenda for Space, recognizing the importance of
space technology and emphasizing its strategic impor-
tance for sustainable development. The Space2030
agenda explicitly emphasizes the importance of EO
technology as a critical tool for monitoring and assess-
ing worldwide environmental and development changes!”.
It encourages countries worldwide to invest in and use
these modern tools to fulfill their sustainability goals.
China took decisive actions to address data and imple-
mentation challenges for SDGs and in November 2021
launched the first science satellite dedicated to serving

* 66

the 2030 Agenda and SDGs: Sustainable Development
Science Satellite 1 (SDGSAT-1). China also set up the
International Research Center of Big Data for Sustaina-
ble Development Goals (CBAS) in September 2021,
following its announcement by President Xi Jinping
during the 75th Session of The United Nations General
Assembly. Building upon these achievements, China
also expressed a strong commitment to facilitate global
efforts toward developing a constellation of SDG satel-
lites in collaboration with partners. This was highlighted
as one of the deliverables of the multilateral High-level
Dialogue on Global Development (2022): “Launching a
Sustainable Development Satellite Constellation Plan,
developing and sharing data and information for Sus-
tainable Development Goal monitoring”

Operating SDGSAT-1, CBAS has been at the fore-
front of utilizing space-based tools to advance global
efforts in deploying modern technology for sustainable
development. CBAS has demonstrated successful use
cases of SDGSAT-1 to monitor SDGs. Equipped with
advanced sensing technology, SDGSAT-1 is tailored to
monitor the interaction between human activity and
Earth's environment!? and has been used to analyze en-
vironmental change, urban expansion, agricultural
productivity, and other SDG-related issues. CBAS,
through its SDGSAT-1 programs and research efforts,
has expanded the availability of high-quality data and
made significant contributions to support global efforts
to accomplish the SDGs by providing stakeholders with
the knowledge to make informed decisions and properly
monitor their impact.

2 SDGSAT-1 Mission Overview

SDGSAT-1 has maintained a stable operation status
since its launch, providing a steady stream of data daily.
With a sun-synchronous orbit at an altitude of 505 km
and an inclination angle of 97.5°, the revisit period of
SDGSAT-1 is approximately 11 days. The swath width
of the imagery acquired by all three sensors is 300 km.
The spatial resolution for the Thermal Infrared Spec-
trometer (TIS) is 30 m, while the MSI provides a spatial
resolution of 10 m. GLI has three RGB bands at a spa-
tial resolution of 40 m and one high-resolution pan-
chromatic band at a spatial resolution of 10 m. The pri-
mary technical parameters of all three SDGSAT-1 sen-
sors are in Table 1. For a more detailed description of
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Table 1 Technical parameters of three instruments onboard SDGSAT-1

Instrument Parameter

Specification and unit

Swath width
Spatial resolution

Multispectral imager

Bands and central wavelengths

Swath width
Spatial resolution

Thermal infrared spectrometer

Bands and central wavelengths

Swath width
Spatial resolution

Glimmer imager

Bands and central wavelengths

300 km
10m
Band 1 (deep blue): 400.63 nm

Band 2 (deep blue): 438.47 nm
Band 3 (blue): 495.10 nm

Band 4 (green): 553.23 nm

Band 5 (red): 656.75 nm

Band 6 (red edge): 776.12 nm
Band 7 (near-infrared): 854.02 nm

300 km
30m

Band 1: 9.35 um
Band 2: 10.73 um
Band 3: 11.72 um

300 km
Panchromatic: 10 m, RGB: 40 m

Blue band: 478.87 nm

Green band: 561.20 nm

Red band: 734.25 nm
Panchromatic band: 680.72 nm

the satellite platform and subsystems, refer to the cor-
responding chapters by Guo et al.®®! in previous Space
Science Activities in China National Reports.

The data quality of all three data types has been rou-
tinely evaluated and improved after the successful
launch of SDGSAT-1 on November 5, 2021. Relying on
the accurate imaging of the Earth's surface, MSI has
been used for various SDG applications. MSI absolute
calibration coefficients for converting Digital Number
(DN) data to apparent radiance were derived by a field
radiometric calibration experiment conducted at the
Dunhuang calibration site. They were cross-validated
against Sentinel-2A Multispectral Instrument and Landsat
8 Operational Land Imager datal”. The SDGSAT-1 Da-
ta Users Handbook® clearly states the procedures, pa-
rameters, and other considerations required to further
transform the radiance to apparent reflectance.

Thermal infrared data sourced from SDGSAT-1 can
accurately depict the thermal environments of ground
cover and is crucial for deriving Land Surface Temper-
ature (LST) and Land Surface Emissivity (LSE). The
radiometric calibration conditions of TIS have been
systematically evaluated' and measures have been de-
veloped to improve the TIS data quality, including
on-orbit image quality evaluation®, an enhanced image
stitching method that mitigates geometric distortion
present in the wide-swath TIS image™™". Researchers
have also developed an upgraded image restoration me-
thod improving its efficiency and standing out among

other state-of-the-art methods!™?. The LSE retrieved
from TIS data was empirically proven to have a quality
consistent with LSEs retrieved from Landsat 8 and
MODIS data™. Considering the well-established ap-
plications of thermal infrared data provided by Landsat
8 and MODIS, high-resolution SDGSAT-1 thermal
infrared data has the potential to advance the research
on regional energy balance, urban heat islands, retrieval
of evapotranspiration, and land surface materials analysis.

Researchers have also thoroughly structured the cali-
bration of DN values of GLI data into radiance, leading
to a good correlation between GLI data and the Day-
Night Band (DNB) data of the Visible Infrared Imaging
Radiometer Suite (VIIRS)™!. GLI data provides an im-
portant source of observations for nighttime human ac-
tivity. Furthermore, de-noising and de-striping algo-
rithms were proposed to address the high background
noise and stripes in the GLI data™™". Additionally,
selecting an appropriate pan-sharpening method for GLI
data has also been in development™®!.

3 Advancing SDG Applications
through the SDGSAT-1 Open
Science Program

3.1 SDGSAT-1 Open Science Program

In September 2022, CBAS launched the SDGSAT-1
Open Science Program (www.sdgsat.ac.cn), offering
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free access to SDGSAT-1 data to support global
progress toward the SDGs. The program fosters multi-
disciplinary SDG research and addresses data gaps that
hinder the implementation of the SDGs. As of April
2024, the program has accumulated 1,500 data users
across 88 countries, resulting in over 16,000 image
downloads. In addition to accessing archived data of
past missions, users can submit observation plans cor-
responding to specific mission needs, with the
SDGSAT-1 operation team adjusting the satellite opera-
tion accordingly.

As shown in Figure 1, the SDGSAT program has
produced numerous publications in various areas of
sustainable development, which aligns with the satel-
lite’s broad impact on academic research. As of the end
of April 2024, there are 72 articles related to SDGSAT-1,
including 28 articles on data processing and 44 on SDG
monitoring and evaluation applications. More than half
of the articles were published in “Remote Sensing”,
“Remote Sensing of Environment”, and “International
Journal of Digital Earth”. Among the data processing
articles, over 50% focus on data preprocessing tech-

Publication by Journal / Conference

she
iccas

water |

Cryosphere [

Appl Enrgy [

Sd. Total Emviron. [

Egvat, | Remote sens. pace . [l
bl

pus— |

BigEathDots [

The nnovation [

Lusi o

nool 5. |

Sustain. Cites and Soc. [}

Research Areas in Publications Related to
Satellite Techniques

Quality Evaluation
Review 4%
3%

Registration and
Correction
29%

(c)
Fig. 1

« B8

niques, registration, and correction techniques, followed
by data calibration and validation, as well as quality
enhancement. In the SDG monitoring and evaluation
articles, research on SDG 11 receives the most attention.
It covers the broadest range of objectives, followed by
studies on SDG 7 and SDG 14, with SDG 13 and SDG
6 closely following. In terms of payload usage in pub-
lished articles, the GLI sensor receives the most atten-
tion, accounting for 57%, which underscores its poten-
tial for sustainable cities (SDG 11), clean energy (SDG
7), and underwater life (SDG 14). Next is the thermal
infrared sensor, primarily showcasing its ability to fine-
ly characterize heat sources.

3.2 Emerging SDG Applications

As of April 2024, research projects utilizing SDGSAT-1
imagery are gaining increasing influence in the study of
SDGs, particularly within the research communities
focused on SDG 6 (Clean water and sanitation), SDG 9
(Industry, innovation, and infrastructure), SDG 11
(Sustainable cities and communities), and SDG 13
(Climate action).

h Areas in Publications Related to SDG Evaluation

(d)

Sensor Types in Publications

Combined
a%

Statistics of public articles
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3.2.1 SDG 6 Clean water and sanitation

SDGSAT-1 MSI and TIS data have proven valuable
proxies for water quality analysis, supporting the im-
plementation of SDG target 6.1 (Safe and affordable
drinking water). Figure 2 depicts the red tide near the
coast of Huizhong City from a study on red tide index
using SDGSAT-1 MSI data conducted by Wang et
al.'%1. Additionally, MSI-based studies on water quality
parameters such as Suspended Sediment Concentration
(SSC)®! Optical Water Type (OWT)?Y, and sus-
pended matter concentration (Cn)??, along with
TIS-based sea surface temperature retrieval[zsl, have
introduced methods for water quality analysis using
SDGSAT-1 data.

3.2.2 SDG 9 Industry, Innovation, and
Infrastructure

To address the significant environmental challenges
posed by industrial activities, SDG target 9.4 (Upgrade
all industries and infrastructures for sustainability) ap-
peals to the monitoring of industrial processes and
emissions. However, in situ surveillance of factories
may encounter challenges such as high costs of mate-
rials and human resources and inconclusive or false re-
sults due to deliberate evasion of inspection. SDGSAT-1
offers an effective alternative for capturing distinctive
industrial thermal signals using its TIS. Figure 3 shows
a cluster of factories in Tangshan City, China, which
have high thermal signals compared with the landmass
and the sea surface. In a study locating industrial heat
sources in the Beijing—Tianjin—Hebei Region, high- res-
olution TIS data helps identify industrial heat sources
with low heat emissions and small spatial coverage!®”.
Furthermore, the sensitivity of TIS data to heat anoma-
lies has facilitated its application in detecting thermal dis-
charge from nuclear power stations'.

3.2.3 SDG 11 Sustainable Cities and
Communities

With more than half of the global population residing in
cities and the concentration of socioeconomic activities
in urban centers, it is crucial to trace human activity
within these areas accurately. Disasters, air and light
pollution, and climate changes can have disproportio-
nately large impacts on the urban population, unders-
coring the importance of SDG target 11.5, “Reduce the
adverse effects of natural disasters”.

Fig. 2 SDGSAT-1 MSI true RGB image
(band combination: 5-4-3) of the red tide observed
off the coast of Huizhou City, Guangdong Province,
China, captured on Mar. 11, 2022

ns00N

Legend

s ™
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Fig. 3 SDGSAT-1 TIS Band 2 nighttime imagery
showing coastal factories in Tangshan City, Hebei Province,
China, on Jan. 10, 2024. Heat sources within the factory
perimeters are visible in the imagery. Water bodies around
factories also have an elevated temperature relative to their
surrounding environments

Damage to power grids and buildings caused by
earthquakes, flooding, and other natural disasters can be
assessed by comparing pre-disaster and post-disaster
glimmer images. Previous generations of nighttime light
sensors, such as the VIIRS with a spatial resolution of
500 m, cannot capture nighttime light dynamics at a fine
scale. In contrast, SDGSAT-1 GLI has a maximum res-
olution of 10 m, the highest among contemporary freely
available data sources, enabling it to capture the status
of nighttime light at a neighborhood level. The ability of
SDGSAT-1 glimmer data to assess the destruction of
disasters has been proven in damage assessment re-
search and reports of the 2023 Turkey-Syria earth-
quake!®? the 2023 Libya flooding®”, the 2023 Sudan
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Fig. 4 The comparison between SDGSAT-1 GLI imagery of Antakya, Hatay Province, Turkey, before and
after the 2023 Turkey-Syria earthquakes. (a) RGB (band combination: 1-2-3) nighttime GLI imagery captured
on Feb. 12, 2023, after the earthquake, (b) RGB (band combination: 1-2-3) nighttime GLI imagery captured on Aug.
22, 2022, before the earthquake, depicting bright nighttime light from roads and urban areas with precise details

conflicts®®!, and the 2023 Gansu earthquake®. For
example, Figure 4 shows that Antakya, Turkey, expe-
rienced a significant light loss after the 2023 Tur-
key-Syria earthquakes that occurred on Feb. 6, 2023.

The RGB band configuration of the GLI facilitates
in-depth analysis of the distribution of different artificial
light sources and Correlated Color Temperature (CCK).
Thus, extensive applications of SDGSAT-1 for light
pollution and light source studies*3*! have been con-
ducted, and a light pollution map of the Iberian Penin-
sula, Canary Islands, Balearic Islands, and Madeira has
been published through cooperation between the Com-
plutense University of Madrid and CBASE.

3.2.4 SDG 13 Climate Action

The accumulation of greenhouse gases has warmed and
altered Earth's climate significantly over the course of a
century. As temperature and climate become increa-
singly unpredictable, the disasters associated with cli-
mate change, such as wildfires and flooding, become
more frequent and severeP>*®. Building a comprehen-
sive mechanism to record the severity of climate-related
disasters, climate change phenomena, and their impacts
on population can contribute to SDG targets 13.1
(Strengthen resilience and adaptive capacity to cli-
mate-related disasters) and 13.2 (Integrate climate

<70 -

change measures into policy and planning).

Sea ice dynamics in the polar regions are closely as-
sociated with global warming in a positive feedback
loop®®”). SDGSAT-1 wide-swath high-resolution TIS
data has the capability to detect previously hard-to-trace
small ice leads in polar regions, contributing additional
insights for monitoring sea ice changes[sg]. In Figure 5,
the considerable temperature difference between ice
sheets and seawater makes gaps and fractures between
sea ice obvious.

Fig. 5 SDGSAT-1TIS Band 2 imagery of the sea ice
distribution near the Antarctic Peninsula.
Imaging date: Feb. 16, 2023

$30G— 6605 +oday puoyvN



$30G 6605 Hoday puoynn

GUO Huadong, et al: SDGSAT-1: Capabilities for Monitoring and Evaluating SDG Indicators | << <

3 ! i
Oh) Mighttime TIS imagery coptured sn Marcs 18, 2024

Fig. 6 SDGSAT-1 three-sensor synergetic observation of the 2024 Ganzi forest fire. (a) MSI pseudo-RGB
image (band combination: 5-6-3) captured on Mar. 19, 2024, of burned areas near Yajiang County, Ganzi Prefecture,
Sichuan Province, China. (b) TIS Band 2 nighttime imagery of the same area was captured on Mar 16, 2024. (c) GLI

nighttime imagery (band combination: 1-2-3) captured on Mar. 16, 2024, of the same location.

CBAS has conducted an experimental study applying
synergetic observation of three SDGSAT-1 sensors to
observe the spread of a forest fire. Figure 6 illustrates
the observation of the 2024 Ganzi forest fire using all
three sensors. In the daytime MSI imagery (Figure 6a),

burned areas differ from their surrounding environments.

The nighttime observation of the regions around Ya-
jiang County on March 16, 2024 (Figure 6b), shows that
TIS data is sensitive to high temperatures. GLI images
(Figure 6¢) captured synchronously with the TIS data
were clearly able to delineate fire locations for observ-
ing nighttime forest fires.

4 Conclusion

SDGSAT-1 has played a pioneering role in addressing
the data gaps that have impeded advancements in the

United Nations Sustainable Development Goals (SDGs).

Being the first scientific satellite to facilitate progress
toward the 2030 Agenda, SDGSAT-1 has showcased
the significant capabilities of Earth observation tech-
nology in tracking and assessing efforts toward sustain-
able development across various sectors. The Open
Science Program of SDGSAT-1 has cultivated a
worldwide network of researchers who are actively
employing its data to create new techniques and solu-
tions for different SDG targets and indicators. This
initiative has produced numerous scientific papers de-
monstrating the satellite’s adaptability in analyzing
water quality, identifying industrial heat sources, eva-
luating disasters, examining light pollution, and moni-
toring climate change.

The ability to successfully integrate space technology

with sustainable development goals is demonstrated by
SDGSAT-1's ongoing success. The information ac-
quired from this mission is essential for developing pol-
icies and plans that address disaster risk reduction, en-
vironmental preservation, and socioeconomic inequality.
Moreover, the data and methods developed are critical
in supporting international innovation and collaboration,
strengthening international efforts to accomplish the
SDGs. The ability to improve and broaden these strate-
gies as we use the data supplied by SDGSAT-1 will
enable more focused and efficient actions, thereby rein-
forcing satellite technology's position as a key compo-
nent in the worldwide effort to achieve sustainability.
SDGSAT-1's legacy will be used to demonstrate the
advancements in satellite and Earth observation tech-
nology and provide guidance for other missions that will
deepen our knowledge and improve our ability to man-
age Earth's resources. Developing space-based observa-
tional capabilities provides countries worldwide with
the essential instruments needed to manage sustainable
development challenges in a dynamic world.

Acknowledgments

The authors wish to thank the CASEarth Small Satellite
research teams of the CASEarth project and SDGSAT-1
Engineering Project teams for their continuous efforts
and contributions.

References

[1] United Nations. Sustainable Development Goals Progress Chart
2023[R]. New York: United Nations, 2023

e 71



» »»| SPACE SCIENCE ACTIVITIES IN CHINA

[2]

31

[4]
[5]

(6]
[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

GUO H, DOU C, CHEN H, LIU J, FU B, LI X, et al. SDGSAT-1:
The world’s first scientific satellite for sustainable development
goals[J]. Science Bulletin. 2023, 68(1): 34-8

ESA. Earth observation for SDG: Compendium of Earth Observa-
tion contributions to the SDG targets and Indicators[R]. Frascati:
ESA Centre for Earth Observation, 2021

United Nations. The “Space2030” Agenda: space as a driver of
sustainable development[R]. New York: United Nations, 2021
GUO H, CHEN H, CHEN L, FU B. Progress on CASEarth Satellite
Development[J]. Chinese Journal of Space Science. 2020, 40(5):
120-30

GUO H, DOU C, CHEN H, FU B. Progress of SDGSAT-1 Mis-
sion[J]. Chinese Journal of Space Science. 2022, 42(4): 44-8

CUI Z, MA C, ZHANG H,HU Y, YAN L, DOU C, et al. Vicarious
Radiometric Calibration of the Multispectral Imager Onboard
SDGSAT-1 over the Dunhuang Calibration Site, China[J]. Remote
Sensing. 2023, 15(10): 2578

CBAS. SDGSAT-1 Data Users Handbook[OL]. Beijing: CBAS,
[cited 2024 April 26]. Available from: https://www.sdgsat.ac.cn/
userGuide/document

HU Y, LI XM, DOU C, JIA G, HU Z, XU A, et al. Absolute radi-
ometric calibration evaluation of the thermal infrared spectrometer
onboard SDGSAT-1[J]. International Journal of Digital Earth.
2023, 16(2): 4492-511

Ql L, LI'L, NI X, ZHOU X, CHEN F. On-Orbit Spatial Quality
Evaluation of SDGSAT-1 Thermal Infrared Spectrometer[J]. |IEEE
Geoscience and Remote Sensing Letters. 2022, 19: 1-5

YANG L, LI X, JIANG L, ZENG F, PAN W, CHEN F. Resolu-
tion-Normalizing Image Stitching for Long-Linear-Array and
Wide-Swath Whiskbroom Payloads[J]. IEEE Geoscience and Re-
mote Sensing Letters. 2022, 19: 1-5

QI'L,ZHANG R, HU Z, LI L, WANG Q, NI X, et al. Fast Thermal
Infrared Image Restoration Method Based on On-Orbit Invariant
Modulation Transfer Function[J]. IEEE Transactions on Geos-
cience and Remote Sensing. 2024, 62: 5001015

ZHONG X, ZHAO L, REN P, WANG J, LI Y, ZHANG X, et al.
Land surface emissivity retrieval from SDGSAT-1: comparison of
LSE products with different spatial resolutions[J]. International
Journal of Digital Earth. 2024, 17(1): 2297940

YAN L, HU Y, DOU C, LI X M. Radiometric Calibration of
SDGSAT-1 Nighttime Light Payload[J]. IEEE Transactions on
Geoscience and Remote Sensing. 2024, 62: 1-15

LIU S, WANG C, CHEN Z, LI W, ZHANG L, WU B, et al. Effi-
cacy of the SDGSAT-1 glimmer imagery in measuring sustainable
development goal indicators 7.1. 1, 11.5. 2, and target 7.3. Remote
Sensing of Environment[J]. 2024, 305: 114079

WANG N, HU Y, LI XM, LAN Y, KANG C, YAN L, et al. En-
hancing SDGSAT-1 night light images using a panchromatic guid-
ance denoising algorithm[J]. International Journal of Applied Earth
Observation and Geoinformation. 2024, 128: 103748

ZHANG D, CHENG B, SHI L, GAO J, LONG T, CHEN B, et al.
A Destriping Algorithm for SDGSAT-1 Nighttime Light Images

Based on Anomaly Detection and Spectral Similarity Restoration[J].

Remote Sensing. 2022, 14(21): 5544

LI H, JING L, DOU C, DING H. A Comprehensive Assessment of
the Pansharpening of the Nighttime Light Imagery of the Glimmer
Imager of the Sustainable Development Science Satellite 1[J]. Re-
mote Sensing. 2024, 16(2): 245

WU J, YE H, LIU Y, SHI J, WANG F, CHEN C, et al. The Evalu-
ation of MII/SDGSAT-1 in Red Tide Detection Along the Guang-
dong Middle Coast[J]. IEEE Geoscience and Remote Sensing Let-
ters. 2023, 21: 1500305

HOU Y, XING Q, ZHENG X, SHENG D, WANG F. Monitoring
Suspended Sediment Concentration in the Yellow River Estuary
and Its Vicinity Waters on the Basis of SDGSAT-1 Multispectral
Imager[J]. Water. 2023, 15(19): 3522

SANG R, WANG Y, ZHANG F, WANG S, LI J. A novel water

« 72

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

optical types framework for Chinese inland waters with the appli-
cation of multitype satellite sensor[J]. International Journal of Dig-
ital Earth. 2024, 17(1): 2327834

HU X, LI J, SUN Y, BAO Y, SUN Y, CHEN X, et al. Retrieval of
Total Suspended Matter Concentration Based on the lIterative
Analysis of Multiple Equations: A Case Study of a Lake Taihu Im-
age from the First Sustainable Development Goals Science Satel-
lite’s Multispectral Imager for Inshore[J]. Remote Sensing. 2024,
16(8): 1385

HUANG W, JIAO J, ZHAO L, HU Z, PENG X, YANG L, et al.
Thermal Discharge Temperature Retrieval and Monitoring of NPPs
Based on SDGSAT-1 Images[J]. Remote Sensing. 2023, 15(9): 2298
WANG D, XIE Y, MA C, ZHAO Y, YAN D, CHEN H, et al.
Identification of Industrial Heat Source Production Areas Based on
SDGSAT-1 Thermal Infrared Imager[J]. Applied Sciences. 2024,
14(6): 2450

LEVIN N. Using Night Lights from Space to Assess Areas Im-
pacted by the 2023 Turkey Earthquake[J]. Remote Sensing. 2023,
15(8): 2120

YU B, CHEN F, WANG N, WANG L, GUO H. Assessing changes
in nighttime lighting in the aftermath of the Turkey-Syria earth-
quake using SDGSAT-1 satellite data[J]. The Innovation. 2023,
4(3): 100419

CBAS, UNOSAT. Night-Time Light Loss Assessment in Derna &
Al Bayda (Libya) using Nighttime Light Imagery[OL]. Geneva:
UNOSAT, [cited 2024 April 26]. Available from: https://unosat.
org/products/3678

UNOSAT. Power Outage Assessment in Sudan using Night-time
Light Imagery[OL]. Geneva: UNOSAT, [cited 2024 April 26].
Auvailable from: https://unosat.org/products/3625

CBAS, IRDR. Analysis of Gansu Jishishan earthquake based on
nighttime light[OL]. Geneva: UNDRR, [cited 2024 April 26].
Available from: https://www.preventionweb.net/publication/analy-
sis-gansu-jishishan-earthquake-based-nighttime-light

JIA' M, ZENG H, CHEN Z, WANG Z, REN C, MAO D, et al.
Nighttime light in China’s coastal zone: The type classification ap-
proach using SDGSAT-1 Glimmer Imager[J]. Remote Sensing of
Environment. 2024, 305:114104

GUO B, HU D, ZHENG Q. Potentiality of SDGSAT-1 glimmer
imagery to investigate the spatial variability in nighttime lights[J].
International Journal of Applied Earth Observation and Geoinfor-
mation. 2023, 119: 103313

LIN Z, JJIAOW, LIU H, LONG T, LIU Y, WEI S, et al. Modelling
the public perception of urban public space lighting based on
sdgsat-1 glimmer imagery: A case study in Beijing, China[J]. Sus-
tainable Cities and Society. 2023,88:104272

LIU S, ZHOU Y, WANG F, WANG S, WANG Z, WANG Y, et al.
Lighting characteristics of public space in urban functional areas
based on SDGSAT-1 glimmer imagery: A case study in Beijing,
China[J]. Remote Sensing of Environment. 2024,306:114137
Complutense University of Madrid, CBAS. High-resolution cali-
brated light pollution map of the Iberian Peninsula[OL]. Madrid:
Complutense University of Madrid, [cited 2024 April 26]. Available
from: https://pmisson.users.earthengine.app/view/sdgsat-1-p- iberica
SENANDE-RIVERA M, INSUA-COSTA D, Miguez-Macho G.
Spatial and temporal expansion of global wildland fire activity in
response to climate change[J]. Nature Communications. 2022,
13(1): 1208

TABARI H. Climate change impact on flood and extreme precipi-
tation increases with water availability[J]. Scientific reports. 2020,
10(1): 13768

WUNDERLING N, WILLEIT M, DONGES J F, Winkelmann R.
Global warming due to loss of large ice masses and Arctic summer
sea ice[J]. Nature Communications. 2020, 11(1): 5177.

QIU Y, LI XM, GUO H. Spaceborne thermal infrared observations
of Arctic sea ice leads at 30 m resolution[J]. The Cryosphere. 2023,
17: 2829-49

$30G— 6605 +oday puoyvN



SPACE SCIENCE ACTIVITIES IN CHINA

GAN Weiqun. Progress Report on ASO-S: 2022—-2024. Chinese Journal of Space Science, 2024, 44(4)

Progress Report on ASO-S: 2022—-2024*

GAN Weiqun

Key Laboratory of Dark Matter and Space Astronomy, Purple Mountain Observatory, Chinese Academy of

Sciences, Nanjing 210023

Abstract

The Advanced Space-based Solar Observatory (ASO-S) marked China’s first comprehensive solar mission in
space. Drawing upon the previous reports covering 2018-2020 and 2020-2022, we present here an update on the
ASO-S made from 2022 to 2024. In August 2022, ASO-S completed its Phase D study and was successfully
launched on October 9, 2022. The commissioning phase was carried out and concluded within the first nine
months following the launch. The data and associated analysis software have been opened to the community and
the research on the early ASO-S data has been well developed. We anticipate also the achievements in data re-

search pertaining to ASO-S in the near future.
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1 Introduction

As a part of the CNCOSPAR national report series, this
is the third report dedicated to detailing the advance-
ments of the ASO-S project. Our first report™ provided
an overview of ASO-S's history, the Phase-B study, and
aspects of the Phase-C study. In our second report?, we
elaborated on the later stages of the Phase-C study and
portions of the Phase-D study. This report continues to
document briefly the progress of ASO-S from 2022 to
2024, encompassing the conclusion of Phase-D, the launch,
commissioning, and early observational research linked to
ASO-S. For more detailed descriptions of the ASO-S,
readers are encouraged to refer to references [3]~[7].

2 Late Phase-D Study

The official Phase-D study ran from September 2021 to

August 2022. The last report[Z] outlined the progress of
Phase D until March 2022. As per the plan, after the
delivery of each of well-established subsystems, in May
2022 the integration of the entire system commenced
smoothly. Subsequently, the final tests encompassing
the environment, performance, communication, and so
on were successfully conducted. By the end of August
2022, the mission successfully concluded its Phase-D
study and was packaged, and ready for transportation to
the launch site in Jiuguan, Gansu province. Shortly after,
in early September 2022, ASO-S was safely flown to
Jiuguan.

3 Launch and Commissioning
Phase

After approximately one month of regular preparation
and testing at the launch site, the ASO-S was success-

* Supported by the Strategic Priority Research Program of the Chinese Academy of Sciences (XDB0560000, XDA15320000), the Na-
tional Key R&D Program of China (2022YFF0503002), and the National Natural Science Foundation of China (12233012, 12333010,

11921003)
Received May 6, 2024
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fully launched at 07:43 Beijing time on October 9, 2022.
Following the launch, the ASO-S was given a Chinese
nickname, “Kuafu-1”, named after a character in a
well-known Chinese mythological story who pursued
the Sun in an attempt to capture it. On November 23,
2022, the national media reported the first hard X-ray
images of solar flares captured by HXI. Then, on De-
cember 13, 2022, all the initial images obtained by
FMG, HXI, and LST were collectively displayed in the
national media. Gan et al.["! described the final status of
the mission just before the launch as well as the first
light images obtained by ASO-S.

The commissioning lasted over 9 months, longer than
anticipated. The performance of the platform and HXI
exhibited an excellent correlation with the designed and
expected outcomes. For the FMG and LST, although
they fulfilled almost all requirements, the FMG exhi-
bited a dark region in its full-disc image and a loss of
functionality in one of the liquid crystal components; on
the other hand, the LST displayed a light leakage in the
SCI and had a spatial resolution lower than expected for
both the SDI and WST. Addressing these issues and
determining their root causes took considerable time.

By the end of July 2023, when the commissioning
was officially completed, the final status of all three
payloads was as follows: the FMG provided routinely
longitudinal magnetic field data for the local region,
with accuracy comparable to or even exceeding that of
the HMI; the HXI offers currently unique solar hard
X-ray images from Earth's perspective, ranking among
the top in the world in image quality; the LST, for the
first time, captured routinely Lyman-alpha images of the
entire disc, extending to 2.5 solar radius.

The details related to the commissioning for the FMG,
HXI, and LST can be found in the papers by Bai et al.[,
Su et al.”!, and Chen, et al.'”!, respectively. The latest
status for Science Operation and Data Analysis Center
(SODC) of ASO-S was presented by Huang et al.™*.

4 Research Organisation and Early
Results

The scientific organization is a crucial component of the
ASO-S project. Alongside the work surrounding SDOC
and the release of the first ASO-S images to the public,
on April 11~12, 2023, an international tutorial on
ASO-S data was conducted online. Over 400 partici-
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pants from 25 countries attended this meeting. During
the event, Dr. Weiqun Gan, the Principal Investigator of
the mission, presented the status of all three payloads in
orbit and addressed relevant scientific issues such as
data release and limitations, data policy, the ASO-S
Guest Investigator Program (AGIP), and the ASO-S
special issue on Solar Physics. Additionally, three payl-
oad data scientists, Drs. Yang Su, Li Feng, and Suo Liu
(representing Jiangtao Su), demonstrated the data and
software for HXI, LST, and FMG, respectively. A
half-day practice session with a Q&A segment com-
pleted the tutorial in a closed loop. Since April 1, 2023,
the entire data set from HXI, the local longitudinal
magnetic field data from FMG, and the data of SDI and
WST from LST have been freely accessible to the re-
search community.

To encourage users to utilize ASO-S data, enhance
scientific output, and foster closer international colla-
boration, the ASO-S team has launched the ASO-S
Guest Investigator Program (AGIP) to the global solar
community via the homepage at http://aso-s.pmo.ac.cn/
english/science/asos_gip.jsp. Additionally, the first an-
nouncement was issued in international community me-
dia in April 2023. As of April 2024, approximately 11
proposals have been received, with 8 being approved.
Successful applicants have visited or will visit, the Solar
Data Operation Center (SDOC) at Purple Mountain
Observatory since October 2023 for several months to
conduct independent or collaborative research based on
or related to ASO-S data. The program's effectiveness
has been evaluated and has proven to be positive. The
AGIP is expected to remain available at least until the
end of 2025.

To foster analysis of ASO-S data among researchers,
a joint science assembly between ASO-S and CHASE
was successfully held in October 2023. Over 200 do-
mestic participants attended the event, and approx-
imately 100 oral presentations were made, covering
topics related to ASO-S, CHASE, or both. Some of
these talks were later submitted to a special issue on
Solar Physics, entitled “ASO-S Mission: Inflight Per-
formance and its Early Results”, which opened in Feb-
ruary 2023. By the deadline of March 15, 2024, a total
of 31 papers had been submitted to the special issue. As
of April 30, 2024, about 10 papers have been published
or accepted, while the remaining are still under review.
Additionally, over other ten papers related to ASO-S
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data have been submitted to other journals, which are
either published or under review. Among these early
results, beyond calibration and orbital testing, we can
see some noteworthy findings, like the work on the
WLFs observed by the WST of LST?™, together with
the hard X-ray observations by the HXI. This work,
marked by the editor’s choice, revealed that WLFs are
not as rare as previously thought, with about 25% of
solar flares exhibiting enhanced continuum emission at
360 nm. Another significant study focuses on hard
X-ray imaging of slipping reconnection and Qua-
si-Periodic Pulsations (QPP) in a solar flare™!, which
sheds light on a new QPP mechanism that is associated
with energetic electrons accelerated by quasi-periodic
energy release from slipping reconnection process with
periodic magnetic flux input. Gan and Huang[“] com-
prehensively summarized all of the early achievements
of ASO-S.

In order to better organize research based on ASO-S
data, several national research projects have been
granted funding, as highlighted in this report. These
grants include funding from the Strategic Priority Re-
search Program of the Chinese Academy of Sciences,
the National Key R&D Program of China, and the Na-
tional Natural Science Foundation of China. Although
these research grants do not exclusively support work
related to ASO-S, they indeed provide significant sup-
port for research involving ASO-S observations.

5 Conclusions

As China’s first comprehensive solar-dedicated space-
craft, ASO-S is currently operating smoothly in orbit.
Approximately 500GB of primary data is processed
daily at SDOC and transformed into high-level data,
enabling users to download events of interest from the
mission’s homepage. Although the data from the SCI of
LST have not yet been opened to the community, both
the ultraviolet (Lyman-alpha) and visible light wave-
band observations sometimes capture excellent observa-
tions of CMEs. However, personalized processing is
required, which hinders the public release of this data.
For the FMG, the vector magnetic field can be obtained

by rotating the platform, which can be performed in the
user mode. The close cooperation with the science team
members is obviously beneficial for making full use of
the data from ASO-S. We sincerely hope that more and
more colleagues will become interested in the ASO-S
mission and utilize its data, ensuring that the scientific
objectives of ASO-S are fully realized.
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Updates on the Einstein Probe Mission
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Abstract

The Einstein Probe (EP) is a mission dedicated to time-domain astronomy to monitor the sky in the soft X-ray
band, led by the Chinese Academy of Sciences with participation from ESA, MPE Germany and CNES France.
There are two payloads on board EP, the Wide Field X-ray Telescope (WXT) and the Follow-up X-ray Telescope
(FXT). WXT makes use of micro-pore lobster-eye X-ray focusing optics, which can achieve a focusing imaging
field-of-view of about 3850 square degrees to discover transient sources. FXT is of the Wolter-I type X-ray optics,
which can observe the discovered transient in detail. EP is also capable of fast transient alerts triggering and down-
linking, aiming at multi-wavelength follow-up observations by the worldwide community. EP will enable syste-
matic survey and characterization of high-energy transients at unprecedented sensitivity, spatial resolution, grasp,
and monitoring cadence. EP was launched on January 9, 2024, and the first light results were released at the end of

Apr. 2024.

Key words

X-ray all-sky monitor, Time-domain astronomy, High-energy astrophysics, X-ray transients, Lobster-eye MPO

1 Mission Overview

The Einstein Probe (EP) is a dedicated time-domain
high-energy astrophysics mission of the Chinese
Academy of Sciences (CAS). Its primary goals are to
discover high-energy transients and monitor variable
objects. The main payload of EP, the so-called Wide
Field X-ray Telescope (WXT), has a very large instan-
taneous field-of-view (about 3850 square degrees) with
moderate spatial resolution (FWHM <5 arcmin),
achieved by novel lobster-eye optics. Compared to pre-
vious all-sky monitors in operation, WXT offers unpre-
cedentedly high sensitivity due to focusing imaging ca-
pability all over the FOV. The other payload, the
so-called Follow-up X-ray Telescope (FXT), is a con-
ventional Wolter-1 X-ray telescope with a larger effec-
tive area (>600 cm®* @ 1 keV) to perform follow-up

characterization and precise localization of new-
ly-discovered transients. Public transient alerts will be
issued rapidly to the worldwide community for multi-
wavelength follow-up observations.

The primary science objectives are as follows. (1)
Discover and characterize cosmic X-ray transients, par-
ticularly faint, distant and rare X-ray transients, in large
numbers. (2) Discover and characterize X-ray outbursts
from otherwise normally dormant black holes. (3)
Search for X-ray sources associated with gravitation-
al-wave events and precisely locate them. The mission
will address some of the key questions in astrophysics
and cosmology, and details of the physics that operates
in extreme conditions of strong gravity.

Launched on January 9, 2024, EP orbits at a height of
approximately 590 km with an inclination angle of
about 29 degrees. In the normal survey mode, three
fields are observed on the night side of the sky, with each

* More information about the EP project can be found at https://ep.bao.ac.cn/ep/.
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Fig.1 Layout and key performances of the Einstein Probe spacecraft and scientific payloads, which include 12 modules of
WXT aligned to cover about 1/12 sky and 2 coaligned modules of FXT (Satellite rendering image credit: IAMCAS)

pointing for roughly 20 min, over the duration of a sin-
gle 97-minute orbit (the survey strategy may change due
to optimization). Over three orbits almost the entire night
sky will be sampled, with visit cadences ranging from
several to a few tens per day, depending on the location
in the sky. EP is currently in commissioning phase until
July 2024, with a nominal lifetime of 3 years (5 years as
a goal). Figure 1 provides detailed information about the
basic facts and performances of the EP satellite.

2 Review of EP Mission Activities
in Phase D

2.1 Satellite Platform

The EP satellite system was developed by the Innova-
tion Academy for Microsatellites of CAS (IAMCAS).
EP passed the Mission Critical Design Review (MCDR)
on March 25 (Figure 2), 2022. This milestone marked
the beginning of phase D.

In the next two months, the EP satellite platform con-
firmed its requirements and completed the detailed de-
sign of software components. In November 2022,
IAMCAS received the key units of the satellite platform,
including the Satellite Management Unit (SMU), Payl-
oad Data Processing Unit (PDPU), power supply grid,
GNSS, momentum wheels, and attitude control units.
Standalone function tests of these units started in Octo-
ber 2022. By January 2023, all platform software com-
ponents had been tested and verified.

Fig.2 EP MCDR meeting on March 25, 2022

In March, all subsystems of the satellite platform,
along with control units for two payloads (WXT and
FXT), were wired together in a test room for flight si-
mulations and testing. All functions performed properly.

By June 2023, all units as well as the payloads were
integrated onto the satellite platform (Figure 3), after
which extensive end-to-end simulated flight tests were
performed. A lot of efforts were spent to verify the ob-
servation managements onboard and resolve any soft-
ware issues. Minor issues of software were identified
and promptly addressed, but no major issues were
found.

From July 21 to August 8, 2023, the satellite was un-
dergoing thermal vacuum tests (Figure 4). The thermal
control system of the satellite was demonstrated to be
capable of maintaining the onboard instruments within
the working temperature range in different external heat
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Fig.4 EP satellite flight model under thermal-balancing
tests in Shanghai

flux environments, indicating a correct and reasonable
energy balance design. During thermal tests, all the foc-
al plane sensors, including CMOS arrays of WXT and
PN-CCDs of FXT, were powered on, which was the
only chance to verify their performances under working
conditions after satellite integration before launch. All
the sensors performed as expected.

In September 2023, the EP satellite successfully
passed the mechanical tests. The responses to vibrations
for different units, including the WXT and FXT payl-
oads, were verified to meet specifications. The acoustic
testing results confirmed that the satellite can generate a
suitable random mechanical environment for all units
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onboard.

Then, the deployment and illumination tests of the
solar panels were performed and passed. The magnetic
tests include the measurement of the magnetic moment
of the satellites in both static and energized states were
carried out, and finally the magnetic compensation of
the satellite was performed. The satellite's residual
magnetic moment was successfully reduced to meet the
specified range. Finally, in September, the ElectroMag-
netic Compatibility (EMC) test results confirmed excel-
lent radio frequency compatibility and electromagnetic
compatibility among the subsystems and units.

Fig.5 Deployment and illumination tests of the solar panels

After passing major tests and addressing minor issues,
the product quality assurance reviews for EP were car-
ried out in October 2023, and then all the units onboard
completed the stand-alone software soldering. The ac-
ceptance review for the satellite delivery by CAS was
held at NSSC on November 29, 2023, and the satellite
successfully passed the delivery acceptance review, ful-
ly meeting the launch conditions. On November 27,
2023, the EP satellite was delivered to the launch site.

After arriving at the launch site, the EP satellite was
assembled and subjected to a series of pre-launch tests.
Following these tests, the satellite was deemed ready for
launch.

During the building of EP satellites, great efforts
were spent on the contamination control, due to the soft
X-ray which the payloads worked at was quite sensitive
to contamination. To prevent particle contamination, all
key components, such as the focal plane cameras and
the optics assemblies, were handled and stored in a
clean room (better than ISO Class 6). The environments
were strictly controlled and monitored. A moveable
Class 6 clean room was constructed for the satellite,
even at the launch site (Figure 6). All components and
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Fig. 6 EP satellite was being assembled within the
specially-built EP clean chamber at the launch
center in December 2023

materials were carefully selected and degassed in a va-
cuum to prevent molecular contamination. During
transportation, clean air or nitrogen was used to fill the
containers of the payload and the components to ensure
they remained clean. Monitoring data before the launch
showed that the satellite met the requirements of the
contamination control, and no performance degradation
has been observed so far in operation.

2.2 Developments of WXT

The WXT payload was jointly developed by the
Shanghai Institute of Technical Physics (SITP) of CAS
and National Astronomical Observatories (NAOC) of
CAS, with key components provided by North Night
Vision Technology (NVN).

In February 2022, the design reviews of WXT Flight
Model (FM) were performed at SITP Shanghai. The
construction of WXT FM was kicked off. WXT payload
has 12 modules labeled as WXT-FM1~12, each of
which has an optics assembly label as OA-FM1~12 and
a focal plane camera with a sensor array of 4 CMOSs.

In February 2022, the first batch of MPO devices for
flight was delivered to NAOC from NVN. The first op-
tics assembly, labeled OA-FM1, began construction in
February 2022 and was delivered to SITP in May 2022
for further integration (Figure 7). The mounting facility
at NAOC had the capacity to produce two optics assem-
blies simultaneously, each requiring about 70 days for
MPO device mounting, optics assembly X-ray tests,
mechanic vibration tests, and beamline calibrations.
That means about each month since May 2022, one op-
tics assembly could be delivered to SITP. By August
2022, all 13 batches of the MPO devices for flight had
been tested and delivered to NAOC. Totally NAOC

built 13 optics assemblies, 12 of which were launched
with WXT and 1 was stored in NAOC as a flight spare
(OA-FM11). The last optics assembly, labeled
OA-FM13, was delivered to SITP in March 2023.

The electron diverters, one component of the optics
assembly that deflect electrons to reach the CMOS sen-
sors, were designed and fabricated by the Institute of
Electrical Engineering (IEE) of CAS. In March 2023, all
13 including 1 flight spare divertors were delivered to
NAOC.

Fig.7 The first WXT Mirror Assembly for flight labeled
as OA-FM1 built at NAOC

The CMOS sensors were delivered to SITP in
batches for acceptance tests and then calibrated for gain,
quantum efficiency as well as bias map at NAOC. Cali-
brations for each sensor took almost one week. All 48
CMOS sensors, along with 6 extra sensors for flight
spares, were received, calibrated, and ultimately deli-
vered back to SITP in October 2022.

SITP was responsible for fabricating the main struc-
ture and front electronics for WXT. Once SITP received
all components of a WXT module, integration of that
module started. The first flight module of WXT, labeled
as WXT-FM1 (Figure 8), was completed in May 2022
after passing the vibration tests, and the last module was
completed in April 2023. Thermal balancing tests of the
modules were performed three times, with 4 modules
tested each time in December 2022, February 2023 and
April 2023. All modules were delivered to IAMCAS in
June 2023, and integrated into the satellite platform on
June 24, 2023.

The calibration campaigns of WXT were performed
on CMOS sensors, optics assemblies as well as mod-
ules.
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Fig.8 The first complete module (WXT-FM1) of the WXT
Flight Model (developed at SITP)

At NAOC there was a small multi-target beamline
facility with two CMOS sensors exposed to X-ray pho-
tons simultaneously. One CMOS was used as the refer-
ence sensor and was mounted on the facility throughout
the entire calibration campaigns of CMOS sensors. The
other one was the flight sensor, which tested for gain,
relative quantum efficiency (QE) relative to the refer-

ence sensor, and uniformity across the entrance window.

After all the flight sensors were tested on that facility,
the reference sensors underwent absolute QE calibration
at Leicester University. The test data shows that the QE
of all the flight sensors at different energies were nearly
identical and matched the theoretical values predicted
by the structure of the sensors.

11 MPO Optics Assemblies (MPO-OAs) except
OA-FM5 for flight were calibrated after the assembly
vibration test at NAOC’s X-ray Imaging Beamline fa-
cility (XIB). The X-ray tube was about 13.5 m away
from the test chamber and had a Ti target with an elec-
tron spot diameter of about 1 mm. A calibration module
with a similar mechanical configuration to the flight
module was mounted on positioning hexapods to pre-
cisely control the module pointing inside the facility.
The calibration module was equipped with a focal plane
camera with 2*2 CMOS sensors, and a quick release
adjustable supporting structure that allowed to mount of
an MPO-OA and to adjust of the distance between the
MPO-OA and the camera based on focal length. After
mounting, 484 pointings inside the FOV were per-
formed by hexapods for each MPO-OA. At each point,
the focused X-ray photons by MPO-OA were measured
by CMOS sensors such as energy and flux. Then the
MPO-OA was removed from the beamline, and the
X-ray beam was measured again as a reference. An
SDD detector was applied all the time to monitor the

«80 -

flux variation. By comparing the flux measured by the
CMOS sensor with and without MPO-OAs, the re-
sponse of the optics could be calculated. For each
MPO-OA, it took almost 14 days for calibration.

Based on the collaboration between ESA and CAS,
OA-FM5 was sent directly to the Panter Facility at MPE
Germany for calibration in August 2022. The Panter
facility had performed a sophisticated calibration plan
on OA-FM5, which concluded on Nov. 30, 2022. After
NAOC received OA-FM5, it was calibrated again at
XIB with the same plan as the other assemblies.

The calibration data from CMOS sensors and
MPO-OAs were used to compile a calibration database
for each module. 3 modules were also sent to a
100-meter facility at IHEP for end-to-end calibrations.
WXT-FM1 with OA-FM1 was calibrated at IHEP in
August 2022, WXT-FM5 with OA-FM5 in May 2023,
and WXT-FM11 with OA-FM13 in May 2023.

OA-FM5 was calibrated at Panter, NAOC and IHEP
after being integrated into WXT-FMS5. All calibration
data obtained from these campaigns of OA-FM5 were
consistent with each other, demonstrating the effective-
ness and reliability of the WXT ground calibration pro-
cedures.

2.3 Pathfinder of WXT

To verify the reliability of the MPO optics as well as
CMOS sensors, one of the WXT qualification modules,
labeled as WXT-QM4, was sent into space with satellite
SY-01 as the pathfinder of WXT, named LEIA (Figure
9). The SY-01 satellite was an experimental mission
designed to verify and test new space technologies, with
a sun-synchronous orbit at 500 km. SY-01 was launched
on July 27, 2022, with a nominal lifetime of approx-
imately 2 years.

Fig.9 Leia (WXT-QM4) on SY-01 satellite
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Fig.10 Animage of the central sky zone of the Milky Way
obtained by the lobster-eye telescope in August 2022

LEIA observed the Crab nebula and CAS A SNR
then performed the all-sky survey as pathfinding proce-
dures, which would also be performed for EP-WXT.
The EPSC/NAOC successfully processed and handled
the observation data from LEIA immediately after the
instruments were powered on. When LEIA pointed to
the galaxy center (Figure 10), all bright X-ray sources
with cruciform-like spots were clearly identified, mark-
ing the first wide field-of-view X-ray observations by a
Lobster-eye focusing telescope in orbit. LEIA also dis-
covered several new X-ray transients, which led to pro-
posals and approvals for Target-of-Opportunity (ToO)
observations by Swift/XRT.

There are two main issues noticed by WXT team
when operating LEIA. Firstly, the onboard processing
and triggering unit could frequently be mis-triggered by
energetically charged particles, which would cause sig-
nals at a bunch of pixels in a single frame. If these pix-
els were clustered together within a small region, the
trigger algorithm would treat it as a very fast ‘transient’.
The other issue was related to thermal control of the
front-end electronics, where two loop heat pipes were
applied to conduct heat to the main structure. Unfortu-
nately, both loop heat pipes failed. LEIA could only
powered on for 15 min per orbit to keep the proper
temperature of the electronics. The WXT team opti-
mized the algorithm for LEIA and EP and replaced all
24-loop heat pipes with ordinary ones on WXT FM.

Despite these challenges, LEIA has successfully
identified tens of transients and remains in operation.

2.4 Developments of FXT

The FXT payload was developed at the Institute for
High Energy Physics (IHEP), CAS, and includes two
nearly identical telescope units. Each unit comprises of

Fig.11 Thermo-optical test of the FXT STM

an optics assembly, a thermal baffle, an electron deflec-
tor, a contamination shield, a filter wheel, a pnCCD
camera, a cooling system and a front-end electronics box.

One mirror assembly was produced by ESA
(FXTOA-A), while the other was contributed by MPE
Germany, which is the flight spare model of the eRO-
SITA mission (FXTOA-B). Both focal plane sensors
were contributed by MPE too.

In March 2022, all key components were delivered to
IHEP, and the design reviews of several FXT subsys-
tems (load motion mechanism controller single machine,
structural subsystem, thermal control subsystem, optical
subsystem) flight models were completed. The ther-
mo-optical experiment of the FXTOA-A STM (Figure
11) started at the IHEP 100m X-ray facility on April 24.
The thermal control test and the thermo-optical experi-
ment of FXTOA-B were conducted at the same facility
from May 24 to 26. The test results showed that there
were no significant changes in the PSF for temperatures
between 18°C and 22°C, indicating the good thermal
stability of the optics assemblies.

In July 2023, the tests of FXTOA-A and FXTOA-B
were completed with pnCCD camera flight model re-
spectively at the IHEP 100 m X-ray facility. All the test
results were consistent with those measured at the Pan-
ter facility MPE before delivery to IHEP (Figure 12,
Figure 13).

Unfortunately, the main supporting structure con-
necting the mirror assembly and focal plane camera was
accidentally contaminated during machining. Manufac-
turing a new supporting structure caused several months
of delay to the overall schedule of the FXT FM delivery
of and the satellite’s AIT.
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Fig.12 FXTOA-B (eROSITA FS) at IHEP 100 m X-ray facility

In December 2022, IHEP received all components for
both FXT units. In January 2023, the FXT-A unit (with
mirror assembly FXTOA-A and pnCCD FM1) was as-
sembled and calibrated at the IHEP 100m X-ray facility.
The function, performance test and calibration of FXT-A
started at IHEP 100m X-ray facility on January 9 and
concluded on February 15. The function, performance
test and calibration of FXT-B (with FXTOA-B mirror
assembly and pnCCD FM2) started at IHEP 100m
X-ray facility on February 22 and concluded in March.

On April 8, the integration of all mirror assemblies,
focal plane cameras, and the main structure of the FXT
was completed at IHEP. End-to-end tests were per-
formed to verify the functionality and performance of
the FXT subsystem in April. The satellite's PDPU,
which hosted the online data process software compo-
nents, also participated in these tests to verify the online
source detection function. On May 21, the FXT com-
pleted AIT (Figure 15) and was delivered to IAMCAS
on May 26. The FXT was then integrated into the satel-
lite on June 5, 2023.
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2.5 Activities of EP Science Center

In July 2022, the EP Science Center (EPSC) deployed
and adapted the core components of the WXT
processing pipeline to support the operation of LEIA.
After LEIA powered on, the LEIA pipeline processed
the first batch of data and generated the first scientific
products successfully. The WXT data processing pipe-
line was subsequently verified. The EPSC has been op-
erating LEIA ever since, which has facilitated optimiz-
ing and debugging the WXT data processing pipeline,
the CALDB, as well as transient handling and identifi-
cation tools through practical experience gained. On
November 7, 2022, a bright X-ray transient, LXT
221107A - the first by LEIA, was detected. Several
Swift/XRT and NICER ToO observations were pro-
posed and approved, with two ATel alerts posted by
EPSC. This transient was later identified as a giant
X-ray flare from a known variable star. The scientific
users of EPSC analyzed the data products using tools
developed for WXT.

In October 2022, the EPSC started to build the whole
software system with core components compiled and
tested. The ground calibration data for both payloads
was analyzed using the first compiled CalDBs version.

After one year of coding and testing, EPSC syste-
matically tested its interfaces, functions, performance,
and processes of the EPSC based on the actual flow of
scientific operations with simulation data. The functions,
performance and reliability of the hardware and soft-
ware of each sub-system met the requirements. The
working flow of each process was confirmed to be able
to be executed normally. The test results indicate that
the EPSC is generally capable of completing the daily

20220708-133957
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Fig.13 Left: first-light X-ray image obtained with the FXTOA-A, at the Al-K line energy. Middle: The X-ray image with the
FXTOA-A, 80mm extra-focal at the Al-K energy. Right: The X-ray image 60mm intra-focal at the Al-K energy
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scientific operation. The ground segments passed the
acceptance review and were ready for EP operation.

FXT vs MPE vignetting
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Fig.14 Measured vignetting of the FXTOA-A, at IHEP
(crosses) at various energies and comparison with the MPE
results (dots and curves)

Fig. 15 Overall integration of the FXT telescopes

On April 19, 2023, the kick-off meeting of the Eins-
tein Probe Science Topical Panels (STP) was held on-

line. Over 130 researchers from China (including Hong
Kong and Taiwan) and six European countries attended
the conference, with STP formally approved members.
EP Satellite First General Meeting STPs held in Beijing
Xiangshan Hotel from June 6 to 7, 2023. In August
2023, EPSC issued the invitation to STP members to
propose the targets of performance verification (PV)
observations, which were applied to demonstrate to the
community the satellite's performance and scientific
capabilities. In October, the observation plan for the PV
phase was approved.

3 Commissioning Phase

In two days after launch, the basic satellite functions
were confirmed, and the satellite platform was in good
condition. The satellite could achieve energy balance
with solar panels as well as the batteries worked as ex-
pected. The attitude control stability and maneuvering
speed met scientific requirements. The transmission of
links between satellite and ground channels was stable,
the thermal environments could support the operation of
the payloads.

The WXT in-orbit calibration was initiated on Janu-
ary 19. As of the end of May, WXT successfully com-
pleted the first round of calibrations of all 12 modules.
The performances were consistent with ground calibra-
tions. Angular resolutions of these modules were tested
and attained (3.3~4.4 arcmin), meeting the performance
requirement (<5 arcmin@1keV) and validating the effi-
cacy of WXT’s calibration database. Up to the end of
May 2024, WXT has detected 2,548 known sources, 7
burst sources, 20 X-ray transient sources, and more than
180 stellar flares. The onboard transient triggering was
verified by the discovery of the EP240315a.

FXT has initiated in-orbit performance testing and

Launched

1.9 1.11 1.19 2.21
4
= Satellite status setting «  WXT first light WXT transient

completed
« Payloads self-cleaning start

+  WHXT Calibrations start

trigger tests

4.5~end of June 322 3.5 2.29 2.22
‘ :ﬁT C;Iibration Performance  *+ FXT Calibration start + FXT Self-cleaning completed  + FXT cap unfolded
ase; Verification + 10 WXT modules with « All payloads in normal «  FXT first light

* Remaining 2WXT  ppoce
modules
calibrated

* Automatics
follow-up tested

positioning calibrated

operation

Fig.16 Timeline of in orbit tests and calibrations
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calibration since March 5th. From March 5 to 19, FXT
conducted various in-orbit observations on targets such
as M87, NGC2516, Omega Cen, 3C 273, Crab, Puppis
A, and Puppis A East Knot for calibration purposes, and
data analysis is currently ongoing. Beginning on April
5th, FXT continued in-orbit calibration and continued
observing a variety of targets such as 1RXS
J170849.0-400910, 1RXS J185635.1-375433, PSR
B1937+21, 3C 273, and the Moon accordingly. FXT
will advance its calibration activities with primary cali-
bration sources such as Sco X-1, the Moon, and RX
J1856, as well as joint calibration with HXMT. The ca-
libration work is expected to be completed before July
10th.

Between March 24 and April 5, WXT and FXT con-
ducted PV observations jointly. Even in the calibration
observations, FXT was also conducted to ToO observa-
tions by EPSC, such as EP240222a, EP240315a, and
EP240414a, resulting in significant gains. The onboard
triggering and automatic follow-up observation were
tested in June 2024. On June 2, a transient source was
detected by the WXT triggering unit onboard, which
triggered automated follow-up observation with FXT
approximately 2 minutes after the WXT detection, with
an exposure time of approximately 3000 seconds, vali-
dating the function of FXT automated follow-up. The
FXT data suggested that the WXT transient was a stellar
flare. The preliminary performances estimated by cali-
bration observations are shown in Figure 1.

Since February 6, EPSC has been conducting daily
in-orbit operations from the operation rooms at NAOC
and IHEP and providing support for in-orbit calibration
work and PV observations. On March 21, EPSC re-
leased FXTDAS and CalDB (v1.05) for PV data analy-
sis. On April 5, the second phase of calibration observa-
tions began with updates to CalDB. From April, EPSC
started to support ToO-MM observations during LIGO
O4b. EPSC provided support for EP Cycle 1 scientific
proposal submission, collecting 115 proposals, includ-
ing teams from ESA, MPE, and CNES. Of these, 68
proposals have been evaluated. Additionally, support
was provided for PV proposals, in-orbit calibration
proposals, and ToO proposals.

4 First Light

At the end of April, the EP consortium formally re-
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leased EP’s first light images acquired in orbit.

The very first target of WXT was the Cassiopeia A
(Cas A) supernova remnant (SNR) around 11,000
light-years away. Figure 17 was obtained with an expo-
sure time of 21564 sec with Obld 13600000042, and the
cruciform shape spot with the color cyan in the center is
Cas A. The SNR CTB 109 can be also seen in this im-
age (red). The red color represents X-ray photons with
energy 450 to 1000 eV, green represents 1000 to 2000
eV and blue represents 2000 to 5000 eV. Figure 17 also
indicated that the X-ray photons emitted by Cas A have
higher energy than that of STB 109.

Fig.17 Very first observation of WXT pointed to Cas-
siopeia A, with SNR CTB 109

Figure 18 shows the observation of WXT pointed to
the center of the Milky Way Galaxy with an exposure
time of about 40 ksec with Obld as 13600005157. The
X-ray sources are drawn with color purple, which is
stacked with a Digitized Sky Surveys image provided
by the European Southern Observatory. Almost all the
bright X-ray sources can be clearly identified with cru-
ciform shape spots by Lobster-eye optics (purple). And
the blue cloud-like structures are the foreground emis-
sion of hot gas surrounding the galaxy. Figure 18 clearly
demonstrates that WXT has the largest focusing
Field-Of-View (FOV) and covers almost 1/10 of the
whole sky. A newly discovered transients labeled as
Swift J151857.0-572147 as reported in GCN Circular
35853 can be clearly observed in this observation.

The EP240219a is one of the earliest transients dis-
covered by WXT on February 19, 2024, and the first
reported transient on Astronomer's Telegram ((#16463),
as shown in Figure 19. EP240219a was a Gamma-Ray
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Burst (GRB) candidate, which suddenly appeared,
lasted about 100 seconds and then vanished from
WXT’s view. The bright source in the center of the im-
age is the most famous X-ray source Crab nebula, which
is the positioning calibration source of WXT.

Fig.18 Observation of WXT pointed to the center of the
Milky Way Galaxy with an exposure time of about 40 ksec.
The X-ray sources are drawn with the color purple, which is

stacked with a Digitized Sky Surveys image provided by

European Southern Observatory (ESO).
(DSS image credit: ESO)

Fig.19 Transient EP240219a with Crab nebular
in the center

Crab is a famous supernova remnant, whose precur-
sor star exploded in 1054 and was observed and rec-
orded in detail by Chinese astronomers during the Song
Dynasty. FXT observed pulsars and peripheral pulsar
wind nebula using Partial-Window Mode as shown in
Figure 20, obtained pulsar pulse profiles using Timing
Mode, and fitted the accurate period and phase.

M87 is a bright giant elliptical galaxy in the Virgo
galaxy cluster. Unlike optical images, FXT observed a
large amount of dispersed hot gas within M87 in the
X-ray energy range. There are two arm structures in the

central region, which are formed by the jets generated
by the central massive black hole, which carry out the
cold gas originally located in the central region. At the
same time, a cold front with sharp changes of surface
brightness was observed clearly around M87 (Figure 21).

Fig.20 Crab SNR taken by FXT in
Partial-Window Mode

Fig.21 MB87, a bright giant elliptical galaxy in the Virgo
galaxy cluster, observed with FXT

5 Conclusions

After a successful launch, the EP is now in operation for
calibrations. The performance of the satellite has met all
the requirements for scientific observations. After the
commissioning phase is over, the EP will be handed
over to the EP science team in July 2024 to begin no-
minal science operations. Overall, these events represent
a significant milestone in the mission and a major step
forward in our ability to conduct impactful scientific
research.
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Progress on SVOM Satellite Development

WEI Jianyan

National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101

Abstract

SVOM (Space-based multiband Variable Object Monitor) is a Chinese-French space mission mainly designed to
study gamma-Ray Bursts. The satellite carries four instruments to detect and localize the prompt GRB emission
and measure the evolution of the afterglow in the visible band and in soft X-rays, and a VHF communication sys-
tem enabling the fast transmission of SVOM alerts to the ground. The ground segment includes an array of
wide-angle cameras and two follow-up telescopes. It was launched into an orbit of about 635km on 22 June 2024,

with three years of nominal operations and an extension of two years.

Key words

Chinese-French space mission, SVOM Satellite, Gamma-Ray Bursts

SVOM (Space-based multiband Variable Object Monitor)
is a mission dedicated to study Gamma-Ray Bursts
(GRBs)™, approved jointly by both Chinese and French
space agencies. The satellite has an orbit with an alti-
tude of 635km and an inclination of 29°. The system
Final Acceptance Review (FAR) was carried out by CNSA
and CNES in January 2024. It was launched at Xichang
Satellite Launch Center by Long March 2C on 22 June 2024.

GRBs are extremely luminous transient sources ap-
pearing when a newborn stellar mass black hole or
magnetar emits an ultra-relativistic jet towards the Earth.
Consequently, the study of GRBs not only has the po-
tential to expand or revolutionize our understanding of
key astrophysical issues on the mechanisms driving
stellar explosions and the radiation processes of relati-
vistic jets. In the next years GRBs will also undoubtedly
shed new light on the evolution of the young universe,
particularly on the history of star formation, the metal
enrichment of galaxies, and the reionization of the in-
tergalactic medium®. GRB 170817A, a normal short
GRB detected by Fermi-GBM, was the first confirmed
counterpart of gravitational-wave transients, which

Received June 20, 2024

made GRBs even hotter topict®!.

The scientific objectives of SVOM put a special em-
phasis on two categories of GRBs: very distant GRBs at
z > 5 which constitute exceptional cosmological probes,
and faint/soft nearby GRBs which allow probing the
nature of the progenitors and the physics at work in the
explosion. These goals have a major impact on the de-
sign of the mission: the on-board hard X-ray imager is
sensitive down to 4 keV and computes online image and
rate triggers, and the follow-up telescopes on the ground
are sensitive in the NIR.

In order to take advantage of the astrophysical poten-
tial of GRBs, SVOM is designed to (i) permit the detec-
tion of all known types of GRBs; (ii) provide fast, relia-
ble GRB positions; (iii) measure the spectral shape of
the GRB prompt emission from visible to MeV; (iv)
measure the temporal properties of the GRB prompt
emission from visible to MeV; (v) identify quickly the
afterglows of detected GRBs at both X-ray and visible
bands, including the ones that are highly redshifted (z >
5); (vi) measure the spectral shape of the early and late
GRB afterglow from visible to X-rays; (vii) measure the
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temporal evolution of the early and late GRB afterglow
from visible to X-rays.

SVOM mission is designed to consist of a set of
scientific instruments to implement the synergy between
space and ground observations. The space-based instru-
ments include: (i) ECLAIRs, a wide field-of-view hard
X-ray imager and spectrometer; (ii) GRM, a wide
field-of-view soft gamma-ray spectrometer; (iii) MXT, a
narrow field-of-view low-energy X-ray telescope; (iv)
VT, a narrow field-of-view visible/near infrared (NIR)
telescope. An artist view of the SVOM satellite is
showed in Figure 1. And the ground-based instruments
include: (i) GFTs, two follow-up telescopes (one of
which featuring efficient NIR capabilities); (ii)) GWAC,
an array of wide field-of-view cameras in visible band.
A network of about 45 VHF receiving stations, and a
Beidou short-message system as supplement, are de-
signed for real-time downlink communication.

SVOM is a unique multi-wavelength observatory with

rapid slew capability and quick command up-link capability.

Therefore, SVOM will also be a powerful target-of-
opportunity observatory for the whole astronomy community
beyond the specific objectives linked to GRBs. For example,
the SVOM mission has been conceived to promptly
point to the celestial fields where sources have been
detected by wide field of view astronomical devices
such as the upgraded generation of gravitational wave

detectors (LIGO, VIRGO, GEO and KAGRA) and
high-energy neutrino detectors (IceCube, KM3NeT).

Fig.1 Artistic view of the SVOM satellite
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Abstract

The SMILE (Solar wind Magnetosphere lonosphere Link Explorer) mission is a joint space science mission be-
tween the Chinese Academy of Sciences (CAS) and the European Space Agency (ESA), aiming to understand the
interaction of the solar wind with the Earth’s magnetosphere in a global manner. As of May 2024, the SMILE mis-
sion is in phase-D with an expected launch date of September 2025. This report summarizes developments in the

mission during the past two years.
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1 Introduction

The SMILE™ mission is the first all-around ESA-CAS
joint mission in the framework of the Chinese Academy
of Sciences (CAS) Strategic Priority Program on Space
Science. The mission aims to deepen our understanding
of the interaction of the solar wind with the Earth’s
magnetosphere. The primary scientific objectives of
SMILE are to answer three main questions: (i) What are
the fundamental modes of the dayside solar wind/ mag-
netosphere interaction? (ii) What defines the substorm
cycles? (iii) How do CME-driven storms arise and what
is their relationship to substorms?

To answer these questions, SMILE hosts a payload
that comprises four scientific instruments: Magnetome-

Received June 20, 2024

ter (MAG), Light lon Analyzer (LIA), Soft X-ray Im-
ager (SXI) and Ultraviolet Imager (UVI). SXI will
spectrally image the Earth’s magnetopause, magneto-
sheath and magnetospheric cusps. UVI will capture im-
ages of the aurora borealis, LIA will measure the in-situ
distribution function of the ions, and MAG will measure
the in-situ vector magnetic field.

SMILE is a single spacecraft mission consisting of
two main parts:

(1) A 3-axis stabilized Platform (PF), consisting of a
Service Module (SVM) and a Propulsion Module (PM)
that provides the spacecraft resources, will raise the or-
bit from the Launcher insertion orbit to the Highly EI-
liptical Orbit (HEO). It also hosts the two LIA sensors
to enable them to synthesize a full-sky field of view.
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(2) The Payload Module (PLM) hosts the other three
instruments, SXI, UVI and MAG, the equipment and
instrument control unit, and the X-band science data
downlink subsystem. Figure 1 shows the SMILE satel-
lite structure.

The joint Mission Preliminary Design Review (M-PDR)
was completed successfully in January 2020 in the
Netherlands. This was the third critical joint review of
the SMILE mission, marking the kick-off of Phase-C
activities. After two and a half years of phase C includ-
ing the development and testing of structural and ther-
mal models, electrical models, avionics tests and com-
plete platform qualification, the fourth critical joint re-
view, the Mission Critical Design Review (M-CDR),
was successfully completed in Shanghai in June 2023
(see Figure 2), marking the kick-off of Phase-D activi-
ties. Since then, the mission has been developing the
Flight Models (FMs).

X-band

MAG-BOOM

Sunsensor A

Supsensor D

Zs
¥s S-band C
s S-band D

Pitching thrust -X

PM electrical unit

Pitching thrust -

Sunsensor E

Fig.1 SMILE satellite structure

In the previous progress report® in 2022, the respec-
tive responsibilities of CAS and ESA, as well as the
Phase-B study and the early Phase-C study were intro-
duced in detail. In this report, the progress in the last two
years, i.e. late Phase-C and Phase-D stages is elaborated.

2 Advances in Scientific Research

2.1 A New Mechanism for Driving Planetary
Magnetosphere Convection

Plasma convection induced by the interaction between
planetary magnetic fields and the impinging solar wind
is a fundamental and prominent feature of planetary
magnetosphere dynamics. A global-scale pattern of
magnetospheric convection in Earth’s magnetosphere,
known as the Dungey cycle®™, provides a basic under-
standing of solar-wind-magnetosphere coupling and has
been used to explain day-to-day convection processes.
In the Dungey cycle, reconnection between the IMF and
the magnetosphere drives the convection of open mag-
netic field lines through the polar cap and magnetotail
lobes, whereas nightside reconnection closes this open
flux and drives the convection of closed field lines
through the magnetosphere and back to the dayside. The
dynamics of magnetosphere convection are crucial in
the occurrence of geomagnetic storms and substorms.
Differing from the Dungey cycle, Dai et al™ provide direct
evidence supporting a scenario whereby reconnection
on the dayside enhances the Region 1 and Region 2
current systems, resulting in enhanced convection with-
in the closed magnetosphere towards the dayside as well
as the expected convection of open field-lines towards
the nightside. This new finding was published in Nature

Fig.2 SMILE M-CDR group photo in Shanghai
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Communications with the title of “Global-scale magne-
tosphere convection driven by dayside magnetic recon-
nection”, and was featured on the homepage and cover
of the Nature Communications official website. This
important finding provides valuable insights into the
mechanisms driving planetary magnetosphere convec-
tion, which may be tested by the observation of the up-
coming SMILE mission.

2.2 Modelling Working Group

The SMILE Modelling Working Group (MWG) pro-
vides modeling supports for the SMILE mission, such
as Magneto-Hydro-Dynamical (MHD) model compari-
son, validation of the SXI requirements and goals,
boundary tracing from simulated SXI data, and the de-
velopment of techniques to reconstruct the 3D magne-
topause from X-ray images. The main progress of
MWG has been published recently in the journal Earth
and Planetary Physics (EPP) as a special issue . This
special issue, comprised of 22 articles, covers the fol-
lowing seven topics: ( 1) instrument descriptions of the
Soft X-ray Imager (SXI), (ii) numerical modeling of
the X-ray signals, (iii) data processing of the X-ray im-
ages, (iv) boundary tracing methods from the simulated
images, (v ) physical phenomena and a mission concept
related to the scientific goals of SMILE-SXI, (vi) stu-
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dies of the aurora, and (vil) ground-based support for
SMILE.

Guo J et al.and Yang ZW et al.[”? performed hybrid
simulations to reproduce refined structures in the mag-
netosheath, such as waves and High-Speed Jets (HSJs).
According to simulation results, although local X-ray
emissivity in the magnetosheath can have large ampli-
tude fluctuations (up to 160%), the accuracy of magne-
topause boundary detection is not significantly affected
while analyzing line-of-sight integration of X-ray emis-
sivity. Deformation of the magnetopause caused by
HSJs can reach about 1 RE in spatial scale and can last
for minutes as illustrated in Figure 3. Their results sug-
gest that the impact of HSJ’s may be visible to SMILE.

Jorgensen et al.”! studied the reconstruction method
of the subsolar magnetopause from multiple Soft X-ray
images to be observed by different missions in space at
the same time. It is concluded that real-time CT recon-
struction of the subsolar magnetopause position can be
achieved with images observed by two hypothetical sa-
tellites from different viewing geometries.

Careful removal of background X-ray noise is imper-
ative in order to derive the magnetopause position ac-
curately. Zhang et al. B yse two methods to remove the
X-ray background superposed on the magnetosheath
signal in XMM-Newton data. It demonstrates that both

1094
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Fig.3 Deformation of the magnetopause caused by high-speed jets as revealed by the X-ray emissivity

(upper panel) and X-ray images (lower panel

«90 -

7
)[]




$30G 6605 Hoday puoynn

WANG Chi, et al: Recent Progress of the Solar Wind Magnetosphere lonosphere Link Explorer (SMILE)... |<<<

methods are robust and reliable. Wang et al. ™ devel-
oped an image restoration algorithm based on deep
learning to remove background noises and highlight the
magnetosheath signals. They demonstrated that the im-
age restoration algorithm significantly improves the
accuracy of the magnetopause position derived from
noisy X-ray images.

Combining global detection from SMILE with ob-
servations from other missions and observatories could
be important to understanding the solar wind-magnet-
osphere-ionosphere coupling system. Zhang et al. ™
provide analyses of the joint detection capability of
SMILE and the European Incoherent Scatter Sciences
Association’s (EISCAT)-3D radar. Opportunities for
joint studies using SMILE and EISCAT-3D data are
presented.

3 Mission Update

3.1 Platform

The PF structure is a stacked structure, including the
PM structure comprised of a large Carbon Fiber Rein-
forced Polymer (CFRP) primary structure and four pro-
pellant tanks, and the cubical-shaped SVM structure
featuring several honeycomb panels and CFRP frames.
There are two solar arrays mounted on the SVM +Y and
-Y lateral panels as shown in Figure 4, which are in-
stalled and deployed by two solar array mechanisms.
The assembly of SVM and PM flight models has now
been completed.

3.2 Payload Module

The PLM, hosting the SXI, UVI, MAG, the equipment
and instrument control unit and the X-band science data
downlink transmitter, has successfully passed CDR in
May 2023. Currently, the PLM is on track for integration
of the instruments. After receiving the FM of SXI,

Fig.4 The Assembly of the SVM with PM

MAG and LIA as well as QM of UVI, the PLM will
complete the last steps of its Assembly, Integration and
Tests (AIT) phase.

3.3 Instruments

331 SXi

SXI1 will use novel soft X-ray imaging technology to
obtain global images of the large-scale structures of the
magnetosheath for the first time. This is critical to un-
derstand the key features of magnetospheric global dy-
namics. SXI consists of a main telescope, an SXI elec-
tronics box and the front-end electronics. The telescope
uses a Lobster-eye technique based on micropore optics
to focus the X-rays onto the two very large CCD arrays
located on the focal plane. The focal plane is protected
from potential radiation damage by a shutter mechanism.
Figure 5 shows the SXI Telescope Proto-Flight Model
(PFM) during a vibration Test conducted at Rutherford
Appleton Laboratory (RAL) Space. SXI is now going
through its PFM Qualification and Acceptance Review
(QAR) and will be delivered to Airbus shortly thereafter.

Fig.5 SXI Telescope PFM during Vibration Test Conducted
at RAL Space (credit to S. Sembay, Leicester U., UK)

332 UVI

UVI will capture global images of the aurora borealis
with high spatial resolution. UVI consists of two key
sub-assemblies: the optical module (UVI Camera, UVI-C),
which is the heart of the instrument; and the electrical
control unit (UVI-E). Following programmatic difficul-
ties in 2021, the responsibilities for the development of
this instrument, originally led by the Canadian Space
Agency, were taken on by CAS with contributions from
ESA. This caused a delay in the development of UVI,
however, CAS and ESA are doing their utmost to mi-
nimize the schedule impact. The UVI-C Qualification
Model (QM) has completed delivery acceptance testing,
and QM Pre-Shipment Review (PSR) will follow. The
FM of UVI will be tested at acceptance levels, cali-
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brated, and delivered to ESA by September 2024.

333 MAG

The MAG instrument will measure the in-situ magnetic
field using a digital fluxgate magnetometer system con-
sisting of two individual tri-axial fluxgate sensor heads
mounted on a 3-meter-long deployable boom. In March
2024, MAG FM passed the QAR and PSR organized by
CAS and ESA. It has now been delivered to Airbus,
which is the first instrument of SMILE that has been
delivered to ESA.

3.34 LIA

Two identical LIA sensors are designed on the basis of a
top-cap electrostatic analyzer for large dynamic flux
range, wide Field of View (FOV) and high-resolution
ion measurement. Since each LIA has 2z FOV, a large
47 FOV for the ion measurement can be achieved overall
by the two LIAs. The FMs of LIA have been calibrated
at the National Space Science Center (NSSC) and fur-
ther calibration will take place at the Mullard Space
Science Laboratory (MSSL) in August 2024. LIA has
now completed its QAR.

3.4 Ground Segment

The Ground Segment (GS) of the SMILE mission is
jointly established by CAS and ESA. The GS architecture
is illustrated in Figure 9 to demonstrate the respective
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responsibilities and ground-to-space links. The ground
segment responsibilities and operation principles for
CAS are Science Operations (joint responsibility), Mis-
sion Operations, Telemetry, S-band Tracking and
Command (TT&C) ground stations, X-band payload
data communication station (Sanya as backup). The
ground segment responsibilities and operation principles
for ESA are Science Operations (joint responsibility),
S-band TT&C ground stations (as support to Mission
Operations), X-band payload data communication sta-
tion(s) (DLR station as baseline).

3.4.1 Systems Advances

Since both CAS and ESA GS are used to support mul-
tiple satellite missions, the common infrastructure has
been already established before SMILE mission. Be-
sides the newly-built Science Application System (SAS),
other parts of SMILE GS will be customized from the
existing infrastructure, facilities and tools to meet the
mission-specific requirements.

The joint GS CDR was completed in June 2022. Since
then, efforts have been made in software development.
Currently, most software solutions are in the status of
coding or updating. The newly-built system SAS also
has completed the hardware construction and entered
software coding.

3.4.2 GS Activities
GS validation and verification activities define the in-

terface activities between systems.

In Phase C, the interface compatibility tests included:
S/C-CCC (Chinese Control Centre) S-Band compatibil-
ity test, S/C-ESOC (European Space Operations Center)
X-Band compatibility test and S/C-GSS (Ground Sup-
port System) TC (Telecommand) test. In Phase D, up to
now, the completed interface compatibility tests include
S/C- GSS X-Band compatibility test, S/C-CCC S-Band
RF compatibility test and S/C-ESOC X-Band RF com-
patibility test.

Other tests between systems, including GSS/SAS-ESOC
interface compatibility test, CCC-GSS interface compa-
tibility test, CCC-ESOC interface compatibility, GSS-ESOC
interface compatibility test, S/C-GSS TC test, are sche-
duled to take place in 2024. After that, the System Op-
eration Validation Test (SOVT) will be conducted dur-
ing the Spacecraft AIT phase.

3.5 Launch Vehicle

SMILE will be launched by a Vega-C rocket provided
by ArianeSpace. The fit check with the satellite and the
Launch vehicle adapter has been conducted at the be-
ginning of 2023 in ESTEC as shown in Figure 10. The
mechanical interface with the satellite has been con-
firmed. In April 2023, ESA signed a launch agreement
with ArianeSpace, with a launch window now expected
between September 2025 and September 2026.

Fig.10 Vega-C fit check with satellite in 2023 in ESTEC (Credit to ESA)
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Conclusions

Based on the status of the instruments, PLM and PF
CDRs, the joint Mission CDR was completed success-
fully in June 2023 in Shanghai, which is the fourth joint
review of the SMILE mission, marking the kick-off of
Phase D activities. Currently, the SMILE mission is
going through Phase-D, the final Flight Model (FM)
assembly and testing phase. FMs of MAG, LIA, SXI
and QM of UVI have been completed and will be inte-
grated on the PLM. The FM of PF is under Assembly,
Integration and Tests (AIT) and will be shipped to ESA
for integration with the PLM in September 2024. The
schedule remains challenging, but all work progresses
smoothly. It is expected that the SMILE mission will be
launched in the last quarter of 2025.
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Abstract

Since 2011, the Chinese Academy of Sciences (CAS) has implemented the Strategic Priority Program on Space
Science (SPP). A series of scientific satellites have been developed and launched, such as Dark Matter Particle
Explorer (DAMPE), Quantum Experiments at Space Scale (QUESS), Advanced Space-based Solar Observatory
(ASO-S), Einstein Probe (EP), and significant scientific outcomes have been achieved. In order to plan the future
space science missions in China, CAS has organized the Chinese space science community to conduct medium and
long-term development strategy studies, and summarized the major scientific frontiers of space science as “One
Black, Two Dark, Three Origins and Five Characterizations”. Five main scientific themes have been identified for
China's future breakthroughs, including the Extreme Universe, Space-Time Ripples, the Panoramic View of the
Sun and Earth, the Habitable Planets, and Biological & Physical Science in Space. Space science satellite missions

to be implemented before 2030 are proposed accordingly.

Key words

Space science, Space missions, Space exploration

1 Introduction

In recent years, China's space science has entered the
fast lane of innovation and development. With the im-
plementation of a batch of space science missions, a
series of original scientific results have been achieved.
Chang’E-4 realized the world's first soft landing and
roving on the far side of the moon, Chang’E-5 returned
China's first sample from an extraterrestrial body, and
Tianwen-1 left the imprint of a Chinese spacecraft on
Mars for the first time. China Space Station has com-
pleted its in-orbit assembly and entered a new era of
application and development, with the deployment of
scientific experiment cabinets and extravehicular expo-
sure platforms, as well as the Chinese Survey Space

Received June 20, 2024

Telescope (CSST).

Since 2011, SPP, led by CAS, has been successfully
implemented. The scientific achievements of the mis-
sions in the program, such as DAMPE, QUESS, Shi-
Jian-10 (SJ-10) and Hard X-ray Modulation Telescope
(HXMT), Taiji-1, the Gravitational wave high-energy
Electromagnetic Counterpart All-sky Monitor (GE-
CAM), ASO-S, EP, etc., have significantly improved
our understanding of the Universe. The DAMPE spec-
tral measurement of cosmic ray proton and Helium
nuclei hints a hardening structure at about 150 TeV in
space™. HXMT’s observations of a black hole x-ray
binary indicate formation of a magnetically captured
disk™. Observations with ASO-S at 360nm waveband
show that about 25% of flares have enhanced emission
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in the Balmer continuum, indicating white-light flares
are not rare. This greatly benefits our understanding of
energy deposit and transfer processes of the solar and
stellar flares®!. During the commissioning phase, EP has
detected a number of transient sources, stellar flares,
and a high-redshift (z=4.859) gamma-ray burst*.

In recent years, China has exhibited breakthroughs in
space science, However, the number of space science
satellites in China is relatively small, and significant
scientific achievements with great impact are few. In
general, the development of China’s space science is
still in its early stage. To foster the high-quality devel-
opment of space science, the Chinese space science
community has conducted strategic research, resulting
in a series of outcomes that lay a foundation for plan-
ning future missions.

2 China's Space Science Devel-
opment Strategy

In recent years, the United States has released new ver-
sions of “Decadal Survey” in different areas of space
science, such as the Pathways to Discovery in Astron-
omy and Astrophysics for the 2020s (Astro2020), Ori-
gins, Worlds, and Life: A Decadal Strategy for Planeta-
ry Science and Astrobiology 2023-2032, THRIVING IN
SPACE: Ensuring the Future of Biological and Physical
Sciences Research: A Decadal Survey for 2023-2032,
etc. The European Space Agency (ESA) has released
VOYAGE 2050: Long-Term Planning of the ESA
Science Programme. Since 2022, CAS has organized
scientists across the country to conduct a new round of
study on the medium and long-term development plan-
ning for space science activities in China. It has sorted
out the major scientific frontiers in space science and,
and identified five major scientific themes for China to
make breakthroughs in the future.

2.1 Major Space Science Frontiers

The major scientific frontiers in areas of space astrono-
my, heliophysics, lunar and planetary science, Earth
science, microgravity physics and space life sciences
can be summarized as “One Black, Two Dark, Three
Origins and Five Characterizations”.

2.1.1 One Black

The aim of “One Black” is to explore dense celestial
bodies, as represented by black holes, and the physical
laws under extreme conditions in the universe.

« 06 «

By means of multi-messenger, such as electromag-
netic waves, gravitational waves, neutrinos, cosmic rays,
etc., the aim is to reveal the internal structure of dense
celestial bodies, the laws of matter movement in strong
gravitational fields, and the nature of gravity and space
& time.

2.1.2 Two Dark

“Two Dark” refers to dark matter and dark energy, the
natures of which are poorly understood. The universe is
filled with gamma rays and cosmic rays with very high
energy, which may originate from dark matter particle
annihilation or decay. Direct detection in space has sig-
nificant advantages for gamma rays in the sub-TeV
range and cosmic rays in the PeV range, which might
prove the existence of dark matter particles indirectly.

Various hypotheses about dark energy are imperfect
and fail to explain observations. There is an urgent need
to detect and understand dark energy through photome-
tric and spectroscopic surveys, utilizing a variety of
means such as supernovae, baryon acoustic oscillations,
gravitational lensing, and redshift spatial distortions of
galaxies.

2.1.3 Three Origins

With approximately 13.8 billion years of evolutionary
history since the Big Bang, the universe is still facing
unanswered questions, such as how the universe began
and how the early universe expanded.

The original matter of the solar system and its distri-
bution on the protoplanetary disk determine the compo-
sition and evolutionary history of various types of pla-
nets. However, the intense impacts during the Late
Heavy Bombardment made it difficult to preserve early
information.

Life on Earth is the only confirmed existence of life
by far, and the search for the most favorable environ-
ment for the emergence of life in Earth’s early years and
the earliest records of life in the solar system will shed
some light on the question of “where did we come
from”. The pursuit of extraterrestrial life, the unraveling
of the origins and evolution of life, and comprehending
of biodiversity will address the fundamental question of
the origin of life.

2.1.4 Five Characterizations

“Five Characterizations” explores the characteristics
and working laws of the near-Earth system, Earth-Moon
system, the solar system, and the extra-solar system, as
well as the laws governing matter movement and life
activity in the space environment.
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The radiation and energy balance of the Earth system,
the water cycle, the carbon cycle, the coupling of the
Earth’s layers, and the interaction between human activ-
ities and the natural environment are all intricately
linked to global climate change, which directly impacts
the sustainable development of humankind. There is an
urgent need to address the complexities of the Earth
system and understand the key processes within it.

The origin and evolution of the Earth-Moon system,
the layers and structure of the Moon and terrestrial pla-
nets and their modification processes, as well as the
surface topographical features, the causes and distribu-
tion of resources, and the Sun-Earth-Moon space envi-
ronment are important frontiers.

Solar eruptions have an important impact on the
Earth’s space environment and the solar system. The
magnetic fields and hydrospheres of solar system pla-
nets vary greatly, and there is an urgent need for further
understanding of the internal composition, physical
properties and structural characteristics of layers of the
terrestrial planets, the giant planetary systems, the ex-
oplanets, and the comets in the outer solar system.

Interstellar space beyond the heliopause is a “no
man’s land” rarely visited by human spacecraft. Space
observations confirm the ubiquity of exoplanets, chal-
lenging the universality of our solar system. The dis-
covery of potentially habitable worlds is desirable and
promises to provide crucial evidence to answer the
question “Are we alone in the universe?” Exoplanets
also hold great scientific opportunities.

Conditions in space are characterized by variable
gravity, strong radiation, weak magnetic fields etc.,
which are fundamentally different from those on the
Earth, providing ideal laboratories to reveal the laws of
matter and life activities, and to carry out space intelli-
gent manufacturing, innovative energy and the terrestri-
al application of space medical science.

2.2 China’s Main Scientific Themes

Facing the frontiers of space science and addressing the
major needs of the country, we must also take China’s
reality into account, such as the disciplinary advantages,
human resources, and the maturity level of the engi-
neering and technology. Accordingly, China's space
science will focus on five scientific themes, namely,
“Extreme Universe”, “Space-Time Ripples”, “the Pa-
noramic View of the Sun and the Earth”, “Habitable
Planets”, and “Biological & Physical Science in Space”.

The theme “Extreme Universe” explores the origin
and evolution of the universe, and reveals the physical
laws of the universe under extreme conditions. The
main scientific questions to be addressed include the
nature of dark matter particles, the sources of
high-energy radiation in the universe, the nature of dark
energy, the physical mechanisms of dynamic cosmic
detections and transient sources, the dark age of the un-
iverse, and the history of reionization.

The theme “Space-Time Ripples” detects low and
medium -frequency gravitational waves and primordial
gravitational waves in order to reveal the nature of grav-
ity and space-time. The scientific questions to be ad-
dressed include the formation of supermassive black
holes and their co-evolution with host galaxies, as well
as the testing of early cosmological models.

The theme “the Panoramic View of the Sun and
the Earth” explores the Sun, Earth and the heliosphere,
and reveals the physical processes and laws governing
the complex system of the Sun-Earth and the Sun-Solar
system connections. The main scientific questions to be
addressed include the structure and coupling processes
of the solid Earth's inner layers, the characteristics of the
solar magnetic field and the mechanism of the origin of
the solar magnetic cycle, and the processes and mechan-
isms of solar wind and interstellar medium interaction.

The theme “Habitable planets” explores the habi-
tability of solar system planets and exoplanets, and
searches for extraterrestrial life. The main scientific
guestions to be addressed include the mechanism of
interaction between human activities and the natural
environment, the composition of the Moon’s deep mat-
ter and its layer structure, the origin and evolution of
asteroids and comets, the evolution of habitable envi-
ronments and potential life signals on Mars, and the
habitability and life signatures of exoplanets.

The theme “Biological & Physical Science in
Space” reveals the laws of matter movement and life
activities under space conditions, and deepens the
knowledge of fundamental physics such as quantum
mechanics and general relativity. The scientific ques-
tions to be solved mainly include fire safety in manned
spaceflight, preparation of high-performance materials
and the behavior of materials in extreme space envi-
ronments, quantum effects in the gravitational field,
basic medical problems of medium- and long-term
spaceflight and residence, and research on special bio-
technology in space.
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3 Proposals for China’s near
Future Space Science Missions

Based on the China's development strategy study for
space science, a series of new space science satellite
missions have been proposed for the near future, which
will focus on major scientific issues in the category of
"origins”, such as the origins of the universe, the origins
of space weather, the origins of life, etc. It is proposed
that by 2030, in-orbit scientific exploration is expected
to yield major discoveries and original results in the
following directions, such as the dark age of the un-
iverse, the solar magnetic activity cycle and high-speed
solar wind, Earth-like exoplanet, the physical laws of
the universe under extreme conditions, and the nature of
gravity and space-time.

Discovering the Sky at the Longest wavelength
(DSL)®!. With 1 mother satellite and 9 daughter satel-
lites operating in a 300 km circular lunar orbit, DSL
takes advantage of the highly clean electromagnetic en-
vironment on the far side of the Moon to conduct ul-
tra-long-wave radio astronomy observations, which will
provide key observational evidence to open a new win-
dow to image the dark age of the universe with MHz
radio waves.

Solar Polar Orbit Observatory (SPO)®!. With the
implementation of the solar polar orbit observation sys-
tem above the ecliptic plane, SPO aims to achieve the
first-ever frontal imaging of the solar polar region, so as
to make crucial breakthroughs in research on the origin
of solar magnetic activity cycles and the origin of
high-speed solar wind.

The Earth 2.0 (ET)™. A space observatory at the
Earth-Sun L2 point conducts a long-term, large-scale
survey of exoplanets, to explore habitable Earth-like
planets outside our solar system, and target candidates
for extraterrestrial life search.

Enhanced X-ray Timing and Polarimetry (eXTP).
The mission will conduct research on the detection of
dense celestial bodies, such as black holes and neutron
stars, with high time resolution, high energy resolution
and high-precision polarization, so as to explore the
physical laws and principles under the extreme condi-
tions in the universe, including extreme gravity, mag-
netism, and density.

Taiji-2®. A three-satellite constellation in a
60-million-kilometer heliocentric orbit, constituting a
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3-million-kilometer ultra-long baseline space-based
gravitational wave observation system, detects milli-
hertz (0.1mHz~1.0Hz) gravitational waves in space.

In addition, with the successful implementation of the
Chang’E-6 lunar sample-return mission, the future mis-
sions are also being developed, such as the Chang’E-7
Lunar Polar Regions Exploration, Tianwen-2 near-Earth
asteroid sample return and main-belt comet exploration
mission, the International Lunar Research Station
(ILRS), and the China Space Station for Space Science
and Applications.

4 International Cooperation

The peaceful use of outer space is a matter of concern
for the well-being of all humankind. Since space explo-
ration entails high investment and risk, a country cannot
and should not be alone in its own endeavors. In the 21°
century, international cooperation in space science has
received increasing attention, and almost all flagship
space science missions incorporate elements of interna-
tional cooperation, which not only reduces a country's
space investment and risks, but also multiplies scientific
outputs, facilitates the country's scientific and technolo-
gical diplomacy, and has become an important part of
international foreign policy.

Missions such as the Solar wind Magnetosphere lo-
nosphere Link Explorer (SMILE) and the Einstein
Probe (EP) involve in-depth international cooperation.
Missions such as the planned DSL, ET, and eXTP will
also involve specific international cooperation in scien-
tific research. Chang’E-4, Chang’E-5, and Chang’E-6
missions of the Lunar and Planetary Exploration Project
have carried onboard international payloads from other
countries, and have produced influential scientific re-
sults. The China Space Station has also invited other
countries to participate in international cooperation, and
projects from Switzerland, Germany, ltaly, and other
countries have been selected.

In the future, China will actively initiate, propose and
participate in international cooperation projects. Thro-
ugh mutual cooperation across missions, joint observa-
tions and scientific experiments, joint payload devel-
opment, testing and calibration, or flying piggyback
payloads on each other’s platform, open access of scien-
tific data, and joint scientific teams, China will engage
in multi-level international cooperation to fully leverage
the platforms such as China Space Station and ILRS, to
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make significant contributions to answer fundamental
scientific questions.

5 Summary

Space science in China is advancing from the initial
stage into a new era of accelerated development. The
release of the first national medium and long-term plan
for space science is imminent, and a series of new space
science satellite missions are about to be approved for
implementation. China will cont inue to promote intern-
ational scientific and technological cooperation to ex-
plore the vastness of the universe, and contribute more
Chinese wisdom and solutions to the peaceful use of
outer space.
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Abstract

The Chinese Meridian Project (CMP) is a major national science and technology infrastructure constructed in two
steps. The first phase of the CMP has been operating for more than a solar cycle. From 2022 to 2023, utilizing the
monitoring data collected by the CMP, scientists made major breakthroughs in fields of ionosphere, middle and
upper atmosphere, and coupling between layers. The construction of the second phase of the CMP is nearly fi-
nished, and the project is expected to operate as a whole in 2025 after national acceptance of the second phase. The
whole project was built in an architecture of so-called “One Chain, Three Networks and Four Focuses”. It is prom-
ising to make a three-dimensional observation of the whole solar-terrestrial space. The science community is look-
ing forward to the great contribution of the CMP to space weather and space physics research.

Key words

Chinese Meridian Project (CMP), Space physics, Magnetosphere, lonosphere, Middle and upper atmosphere

1 Introduction to the Chinese
Meridian Project

Monitoring solar-terrestrial space and conducting re-
lated comprehensive research is crucial for humanity in
the modern space age. In addition to satellite observa-
tion, ground-based detection is also an important and
irreplaceable observation method. Ground-based space
environmental monitoring has a long history, com-
mencing with experiments such as geomagnetic surveys
and auroral observations from ancient times. Due to its
significant “5C” advantages (continuous, convenient,
controllable, credible, and cost-effective), ground-based
monitoring has been widely adopted nowadays. Pre-
sently, ground-based monitoring is developing toward a

Received June 20, 2024

networking trend, with research groups worldwide es-
tablishing numerous ground monitoring networks, such
as SuperDARN, MAGDAS, and INTERMAGNET.

To monitor the huge span of the solar-terrestrial
space with regions of quite different physical characte-
ristics, including the solar atmosphere, interplanetary
space, magnetosphere, ionosphere, and middle and up-
per atmosphere, a highly comprehensive capability is
desired. The Chinese scientists proposed to construct the
Chinese Meridian Project (CMP). The overall scientific
goals of the CMP can be summarized as follows. (1)
Tracing the propagation and evolution of space weather
events from the solar atmosphere to near-Earth space
and their impact on the space environment. (2) Reveal-
ing regional characteristics of the space environment
over different regions, and relationship between regions.

$30G 330G H+oday (puoyyvN



$30G 6605 Hoday puoynn

WANG Chi, et al: Construction and Research Progress of the Chinese Meridian Project in 2022-2023 | << <

(3) Studying the coupling mechanism between different
spatial layers and physical processes.

Construction of the CMP was divided into two stages,
namely Phase | and Phase Il. The CMP phase | was
completed from 2008 to 2012 and entered the opera-
tional phase after 2012!, and has accumulated data for
more than a solar cycle. Significant research progress
has been made utilizing the dataset!?. The second phase,
CMP phase I, with construction beginning at the end of
2019, is now waiting for final national acceptance. After
the completion of CMP phase II, CMP can achieve a
detection altitude range from near-Earth space to the
solar atmosphere and has a rather full coverage of the
territories of China’s mainland and polar regions, pro-
viding a stereoscopic monitoring capability for the en-
tire solar-terrestrial space.

This report aims to introduce the latest progress made
between 2022 and 2023. Section 2 introduces the con-
struction status of the CMP Phase Il and outlines the
facilities finally established. Section 3 will mainly in-
troduce the research progress made using the facilities
and data of the CMP Phase I, followed by some conclu-
sions and future development prospects.

2 Construction Progresses of the
CMP Phase Il

2022-2023 is a critical two-year period for construction
of the CMP Phase Il. All the heavy works, such as la-
boratory experiments, on-site installation and debugging,
were carried out during this period. After the construc-
tion was completed, each instrument was tested against
design indicators under the witness of an expert group.
On June 3, 2024, the project passed technique accep-
tance organized by Chinese Academy of Sciences and
was put into overall trial operation. National acceptance
is expected to be held by the end of 2024.

Each instrument started trial operation after comple-
tion of construction, so preliminary observation results
have been accumulated, and related research is currently
underway. Some preliminary open sharing and ex-
change activities are also carried out, such as the Su-
perDARN Beijing seminar held in June 2024.

According to the design, the CMP constructed three
systems namely Space Environment Monitoring System,
Data and Communication System and Scientific Appli-
cation System. In the following paragraphs, a brief in-

troduction of the constructed systems will be presented.
For more detailed information, please refer to the “Chi-
nese Meridian Project Special Collection”®! published
on the Journal of Space Weather or visit the website
(http://www.meridianproject.ac.cn).

2.1 Space Environment Monitoring System

Space Environment Monitoring System is composed of
nearly 300 instruments in 31 comprehensive stations
that are strategically located approximately along lon-
gitude 120°E, longitude 100°E, latitude 30°N, and lati-
tude 40°N, effectively covering the Chinese Mainland
and the polar regions. To achieve comprehensive and
three-dimensional detection of the entire solar-terrestrial
space, the CMP adopted a well-designed architecture
namely “One Chain, Three Networks, and Four Focus-
es” (Figure 1). The so-called “One Chain” is formed by
optical, radio, Interplanetary Scintillation (IPS), and
cosmic ray instruments, covering the entire space chain
from the solar surface to interplanetary space, and fur-
ther to the geospace. The “Three Networks” conduct
grid-like monitoring for the ionosphere, middle and up-
per atmosphere, and geomagnetic field over the territory

., - -
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Fig.1 Schematic diagram of the CMP's space environment
monitoring system (from Wang et al., 2024[3])
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of China. Additionally, four key areas with special re-
gional characteristics or serving as key nodes for the
propagation of space weather disturbances have been
identified, and large-scale instruments or powerful mon-
itoring facilities have been established there to do more
detailed observations. These key regions include the
high-latitude polar regions, the mid-latitude regions in
northern China, the low-Ilatitude region at Hainan, and
the Tibet Plateau region.

2.1.1 One Chain

The sun serves as the primary source of disturbances in
the solar terrestrial space environment. Monitoring the
solar atmosphere and interplanetary space is crucial for
understanding the mechanisms of solar eruptions and
the transmission laws of matter and energy, as well as
improving space weather forecasting performance. One
Chain, the solar interplanetary monitoring chain, was
established to monitor from the solar surface to
near-Earth space.

To account for significant differences existing in the
frequency of electromagnetic radiation across various
regions, the chain employs various detection methods,
including optics, radio, InterPlanetary Scintillation (IPS),
and cosmic rays. This comprehensive approach forms a
full chain with tracking and monitoring capability for
solar eruption activities from the solar surface to
near-Earth space. The main monitoring instruments in-
clude Solar Magnetism and Activity Telescope, Solar
Full-disk Multi-layer Magnetograph, Solar Disk Chro-
mosphere Telescope, Spectral Imaging Corona Graph,
Spectrometers and radio heliographs in multiple fre-
quency bands (e.g., Figure 2), IPS telescope (Figure 3),
Moun telescope and neutron counter.

Fig.2 Circular Array Solar Radio Telescope
(150MHz-450MHz)
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Fig.3 IPS Telescope Array (the main station)

2.1.2 Three Networks

A comprehensive network of instruments was deployed
to monitor the near-Earth space environment. These
instruments are approximately located along the meri-
dians (120°E and 100°E) and latitude lines (30°N and
40°N). This layout enables thorough monitoring of the
rich longitude and latitude variations and regional cha-
racteristics of the near-Earth space environment over
China.

The Geomagnetic Monitoring Network deployed
more than 100 geomagnetic (and electrical) instruments
to detect long-term changes, rapid changes, and fluctua-
tions in the geomagnetic field and near-surface electric
fields. Instruments include fluxgate magnetometers,
fluxgate theodolites and the Overhauser magnetometers,
magnetic field wave monitors, geoelectric field detec-
tors, and so on.

The Middle and Upper Atmosphere Monitoring
Network comprises various radio radars in Figure 4
(meteor radars, Mesosphere-Stratosphere-Troposphere
radars), airglow monitoring instruments (airglow im-
agers, airglow interferometers), and LiDARs. These in
struments collectively measure atmosphere density,

Fig.4 One of the MST radars (QinZhou Station)
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wind, temperature, as well as ionospheric irregularities.
The network can measure various parameters from an
altitude of 0.3 km up to more than 110 km with a hori-
zontal spacing of hundreds kilometers.

2.1.3 Four Focuses

In the four key regions, i.e., the high-latitude polar re-
gion, a mid-Ilatitude region in northern China, the low-
latitude region at Hainan Island, and the Tibet Plateau
region, powerful monitoring facilities or large-scale in-
struments have been deployed there.

For the high-latitude polar region, the CMP utilizes
existing scientific stations established by China in the
polar regions or takes advantage of international coop-
eration, to deploy instruments monitoring the ionos-
phere, middle and upper atmosphere, auroras, and geo-
magnetic field waves. Stations include Zhongshan Sta-
tion (76.4° E, 69.4° S) and Great Wall Station (59.0° E,
62.2° S) in Antarctica, and Longyearbyen Station (16.0°
E, 78.2° N) in the Arctic.

For the mid-latitude region in northern China, a
high-frequency radar array was built at three observa-
tion stations located in the northern region of China:
Longjing (129.4° E, 42.8° N), Siziwang (111.6° E,
41.8° N), and Hejing (83.7° E, 42.9° N) (Figure 5).
Each station is equipped with two high-frequency Ra-
dars, one facing northeast and the other facing north-
west. The combination of the two radars forms a
fan-shaped scanning region with an angle of approx-
imately 158°. As a result, the combination of the detec-
tion region of the three stations is about 10000 km in the
east-west direction and over 3500 km in the north-south
direction. This huge coverage literally links domestic
monitoring with polar region monitoring.

For the low-latitude region at Hainan Island, multiple
large-scale radio wave and optical monitoring instru-
ments were established to detect the fine spatial structure

Fig.5 Mid-latitude high-frequency Radar (HeJing Station)

of the middle and upper atmosphere, ionosphere, and
inner magnetosphere, spanning altitudes from 80 kilo-
meters to thousands of kilometers. Among the instru-
ments, Very High Frequency (VHF) radars in Danzhou,
Hainan, and Shuangjiang, Yunnan, detect the distribu-
tion and movement of ionospheric irregularities. A low
latitude high- frequency Radar built in DongFang, Hai-
nan, explores the horizontal characteristics of magnetic
field lines in the low latitude region by detecting ionos-
pheric irregularities in the east and west directions. A
parabolic mechanically steering incoherent scattering
radar (ISR) was constructed in Qujing, Yunnan, during
the first phase of the CMP, and a phased array incohe-
rent scattering radar system (SYISR) was built in the
second phase, with transmitters and receivers located in
Sanya (Figure 6), Danzhou, and Wenchang, Hainan Isl-
and. An Array Type Large-Aperture LiDAR (Figure 7)
built in Danzhou integrated multiple optical telescopes

P A

Fig.6 Multi-static incoherent scattering
radar (the main station)

Fig.7 Array-type large aperture lidar
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to detect metastable helium density in the altitude range
of 200~1000 km and atmospheric density, temperature,
and sodium atom density within an altitude range of
about 30~105 km.

For the Tibet Plateau region, the Yangbajing Station
(90.5°E, 30.1°N, 4290 m) was established to accom-
modate a multitude of instruments consisting of an MST
radar, an Atmosphere Wind Temperature Lidar, and a
Millimeter-Wave and Infrared Imager. These instru-
ments monitor atmospheric temperature, wind field,
density, metal layer, and other parameters in an altitude
range from the surface up to the lower thermosphere.

2.2 Data and Communication System and Scien-
tific Application System

The data and communication system includes the data
network transmission subsystem, data processing and
management subsystem, and data service subsystem,
with core functions of data collection, processing, sto-
rage, and user services. To ensure security, the system
has established a VPN network that connects all moni-
toring instruments to the data center. Most monitoring
data can be transmitted to the data center and made pub-
licly available within 15 minutes.

The Scientific Application System was constructed to
efficiently manage monitoring instruments of the Space
Environment Monitoring System, and promote scientific
research using monitoring data. The system includes the
Scientific Operation Subsystem, Research Support
Subsystem, Forecast Support Subsystem, and Applica-
tion Demonstration Subsystem.

Both the Data and Communication System and the
Scientific Application System are built in the CMP In-
formation and Operation Control Center Building in
HuaiRou, Beijing (shown in Figure 8).
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3 Research Progresses

3.1 Overview

For CMP Phase-1l, although its construction has not
been fully completed, preliminary observations have
been obtained and published in journals. For example,
Hou et al.™ reported a type-I1 radio burst observed by
the Rongcheng solar radio spectrometer, and Yue et al®
presented an ionospheric pre-sunrise uplift event cap-
tured by the Sanya incoherent scatter radar. During the
construction of CMP Phase-Il, a series of equipment
introduction articles and research papers were published,
such as on Interplanetary scintillation observation and
space weather modeling'®, active phased array!”, and
Data Acquisition, Correction and Retrieval®. In partic-
ular, a special introduction collection on conventional
instruments was published in the Chinese journal Re-
view of Geophysics and Planetary Physics. Some intro-
duction articles of large-scale monitoring equipment
have been submitted to the special collection of Space
Weather.

From 2022 to 2023, most research works were con-
ducted using monitoring data from CMP Phase-I. These
research works mainly involve near-Earth space regions,
i.e. middle and upper atmosphere, ionosphere. For the
sake of brevity, we will only introduce some of the
highlights of our research works below.

3.2 Middle and Upper Atmosphere

The nonlinear interaction between waves in the atmos-
phere is an important topic for studying the physical
mechanisms of the generation, evolution, and propaga-
tion of atmospheric waves. He et al.”! reported a Ross-
by wave second harmonic generation event in meteor

Fig.8 (a) The Information and Operation Control Center Building, (b) The Operation Control
Center hall, and (c) The Data and Computing Center Facility (from Wang et al., 20247
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radar wind observations. Bicoherence and biphase ana-
lyses demonstrate that the 16-day signature in wind data
is a Rosshy wave normal mode, and its second harmonic
generation gives rise to an 8-day signature. For the first
time, the study confirmed the theoretically anticipated
Rossby wave nonlinearity.

The global middle and upper atmospheric wind field
is a very important dynamic parameter that is difficult to
be measured. Its characteristics of variation have always
been an important scientific issue in the study of the
middle and upper atmosphere. Using meteor radar ob-
servations and satellite TIMED/SABER temperatures,
Liu et al.'”! derived a global balance wind dataset from
2002 to 2019 and studied the relationships between
global zonal wind and several impactors. It was shown
that the responses of zonal winds to QBO are approx-
imately hemispheric symmetry and change from posi-
tive to negative with increasing height, and the res-
ponses of zonal winds to Fio7; and ENSO are more
prominent in the southern stratospheric polar jet region
as compared to the northern counterpart. Using meteor
radar measurements and the reanalysis data from 2011
to 2020, Gong et al.™ for the first time investigated the
characteristics of intraseasonal oscillations (1SOs) in the
MLT region over Mohe (53.5°N, 122.3°E). They found
a strong Intraseasonal Oscillation (ISO) with a period of
40~60 days in the mesosphere and lower thermosphere,
and suggested that it is likely associated with the equa-
torial Madden-Julian Oscillations in the troposphere and
strong El Nifio and the positive Indian Ocean Dipole
indices may also contribute.

Metal layers are important components of the at-
mosphere and good tracers for studying the dynamics
and photochemistry in the mesosphere and lower ther-
mosphere. In addition to metal Na, the Lidar at the Bei-
jing station has been upgraded to detect other metal
components in the mesopause and lower thermosphere
region. Jiao et al.t? reported a Ca” layer event up to a
height of 300km, captured by the new Lidar. The ther-
mosphere-ionosphere Ca’ layer was likely formed by
uplifting ions from sporadic Ca" at about 110 km, which
was demonstrated by spread F occurred concurrently
and strong sporadic E layers occurred before. Efforts were
also made to improve metal layer models. Yu et al.!
compared the WACCM-Na model against lidar obser-
vations and suggested that vertical transportation is un-
derestimated in the model.

3.3 lonosphere

The nighttime enhancement of electron density is a fre-
guent phenomenon, but lacks a satisfactory and consis-
tent explanation. Liu et al.**! made case studies show-
ing that the northern hemisphere GEO-TEC enhances in
a limited latitudinal and longitudinal coverage usually
with a hemispheric asymmetry at low latitudes. They
suggested field-aligned transport and electric fields be-
ing possible regulator to the limited spatial scale of
post-midnight enhancements in the low latitude ionos-
phere. The study also showed discrepancies between
TEC and N,F, as indicators for electron concentration.

lonospheric plasma bubbles are a type of ionospheric
irregularities that often occur in low latitude regions,
referred to as Equatorial Plasma Bubbles (EPB) as well.
Relative studies can help to understand ionospheric dy-
namics. Exploring measurements from an all-sky air-
glow imager and a Very High Frequency (VHF) radar
and eight digisondes, Sun et al."*® reported the evolu-
tion process of an EPB event that was supposed to be
controlled by multiple factors. The EPB was seeded by
gravity waves, and evolved into topside ionosphere via
gradient drift instability and T-R instability. This equa-
torward wind-induced E x B gradient drift instability
continuously forced topside depletions to extend pole-
ward, resulting in 3.2 m irregularities around midnight.

lonosphere modeling is not only crucial for predic-
tion, but also helps to understand physical mechanisms.
Yu et al."* constructed an Es layer (sporadic E layer)
climatological model based on S4max data extracted
from COSMIC satellite occultation measurements. This
model can provide climatology of Es layer intensity as a
function of altitude, latitude, longitude, universal time,
and day of year.

3.4 Coupling between Layers

Some research was conducted on the coupling between
solar wind, magnetosphere and ionosphere, using detec-
tion data of CMP. Liu et al.*”) found that the polar re-
gion ionosphere can be promptly affected by interpla-
netary shocks. Their study shows that the lonosonde at
Zhongshan station detected enhanced E region ioniza-
tion and vertical plasma motion, and it is thought to be
the result of sudden impulse (SI)-driven E-field
drift-convergence and particle precipitation caused by
an interplanetary shock. It was assumed the shock-trig-
gered Sl altered the dusk-to-dawn electric field that
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drives a brief downward plasma motion at the dayside
polar ionosphere.

lonospheric response to storms was studied. Arslan
et al.'® presented the longitudinal dependence of io-
nospheric responses during two intense geomagnetic
storms of May and September 2017. Two ionospheric
enhancements were observed in TEC measurements
during the storm of May 2017, both can be attributed to
Prompt Penetration Electric Field (PPEF) while with the
maximum TEC enhancements located in different re-
gions. Negative storm time ionospheric responses were
observed on 30 May, allegedly caused by a change of
the thermospheric composition as O/N, depletion.

Lithosphere-atmosphere-ionosphere coupling plays a
crucial role in the dynamics of the whole near-Earth
space. Volcanos and typhoons are two major sources of
upward propagating disturbances. Multiple studies have
been conducted about the 2022 Tonga volcano eruption.
Zhang et al.™ showed enhanced ionospheric irregulari-
ties with highly variable velocities after the Tonga vol-
canic eruption, with the maximum amplitude of the
line-of-sight velocity of the ionospheric oscillation ap-
proaching 150 m/s in the E layer. The study also
showed magnetic field conjugation-related disturbances
occurred much earlier than the arrival of surface air
pressure waves. For typhoon-induced disturbance, Li
et al.® presented an event in which a typhoon directly
generated gravity waves in the mesopause region while
the thermosphere was affected by the secondary waves
generated by the dissipation processes in the mesopause
region.

Stratosphere Sudden Warming (SSW) has been an
important topic for studying coupling between different
atmosphere layers and between the neutral atmosphere
and ionosphere. From 2022 to 2023, many works using
the CMP data were published on this topic. For example,
Ma et al.? reported significant tide-like harmonics in
the residuals of Total Electron Content (TEC) during
SSWs. Their study shows that significant tide-like har-
monics presented in the residuals of TEC were detected
by five receivers at different latitudes during the 2018
SSW. After the SSW onset, the third harmonic en-
hanced and the fourth harmonic weakened for all re-
ceivers, while the second harmonic exhibited a response
depending on latitude. Comparing TEC signals against
mesospheric winds observed by four meteor radars
showed good agreement, demonstrating the crucial role
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played by neutral winds in the formation of tide-like
harmonics in the ionosphere.

4 Conclusion and Prospect

In this report, we reviewed the construction progress of
CMP Phase Il, including a brief introduction of estab-
lished systems and instruments. The research progresses
in the past two years using the monitoring data of the
CMP Phase-I are also introduced. Recently, the second
phase of the CMP has nearly finished construction and
is expected to undergo national acceptance by the end of
this year. The first phase of the project has been operat-
ing for more than a solar cycle. Utilizing the monitoring
data, comprehensive research has made significant
progress with topics varying from ionosphere, middle
and upper atmosphere, and coupling between layers. On
national acceptance of the second phase, the two phases
of Chinese Meridian Project will operate as a whole to
realize the scientific objectives of the project. It is very
promising that the CMP will continue contributing to
innovation in the field of space science at an even much
higher level.
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Abstract

Fengyun meteorological satellites have undergone a series of significant developments over the past 50 years. Two
generations, four types, and 21 Fengyun satellites have been developed and launched, with 9 currently operational
in orbit. The data obtained from Fengyun satellites is employed in a multitude of applications, including weather
forecasting, meteorological disaster prevention and reduction, climate change, global environmental monitoring,
and space weather. These data products and services are made available to the global community, resulting in
tangible social and economic benefits. In 2023, two Fengyun meteorological satellites were successfully launched.
This report presents an overview of the two recently launched Fengyun satellites and currently in orbit Fengyun
satellites, including an evaluation of their remote sensing instruments since 2022. Additionally, it addresses the
subject of Fengyun satellite data archiving, data services, application services, international cooperation, and sup-
porting activities. Furthermore, the development prospectives have been outlined.

Key words

Fengyun meteorological satellites, Data services and application, International cooperation and support

1 Introduction

In April 2023, China marked a notable milestone for the
successful launch of its first precipitation measurement
satellite, the Fengyun-3G (FY-3G) meteorological satel-
lite. Four months later, Fengyun-3F (FY-3F), a new
member of the “mid-morning orbit” satellite series, was
successfully launched. These accomplishments have
positioned China as the sole nation in the world to op-
erate civil meteorological satellites in four near-earth

Received June 20, 2024

orbits: early-morning, mid-morning, afternoon, and in-
clined.

Currently, 9 Fengyun satellites are operationa in
space. Of these, five are in polar orbit, while the re-
maining four are in geostationary orbit!*?. Figure 1 illu-
strates the current Fengyun satellite that is operational in
orbit. The FY-3G officially began operational services
on 1st May 2024, while the FY-3F is anticipated to
complete its commissioning by the end of June 2024,
thereby enabling operation in July 2024.
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Fig.1 Operational Fengyun Satellites in Space

This report presents an update on the status of current
polar orbiting, or Low Earth Observation (LEO), and
Geostationary (GEO) meteorological satellites in Chap-
ter 2 and Chapter 3. Chapter 4 introduces the data ser-
vice, including the release of a user-friendly platform
for FY satellite data utilization in 2023. As the Fengyun
satellite system continues to evolve and develop, Chap-
ter 5 discusses the growing international user commu-
nity and highlights progress in internationa regional
cooperation, with a particular focus on the Emergency
Support Mechanism of Fengyun Satellite (FY_ESM)
and its application in the Belt and Road countries. In
Chapter 6, the future planning of the Fengyun satellites
is presented.

2 Update on the Fengyun Satellite
Program

21 FY-3G

FY-3G, the 6th flight of the FY-3 series, was launched
on April 16, 2023. It is the third precipitation measure-
ment satellite in the world, which is capable of proactive
measurement. FY-3G is the first precipitation measure-
ment satellite of Fengyun-3 batch 03, operating in an
orbit inclined 50°. This marks the inaugural instance in
China of a satellite-borne active-passive microwave
joint measurement of a precipitation system, wherein
measurement of three-dimensional structureis realized.
The FY-3G is equipped with four operationa instru-
ments, namely, a Ku/Ka-band dual-frequency Precipita-
tion Measurement Radar (PMR), a micro-wave radia-
tion imager (MWRI-RM), a medium-resolution spectral
imager for rainfall mission (MERSI-RM), as well as a
GNSS radio Occultation Sounder (GNOS). The primary

payload of the satellite, a precipitation measurement
radar, represents a significant technological advance-
ment, as it is the first of its kind independently devel-
oped in China®.

Table 1 Instruments on FY-3G
No. Instruments Statues
1 Precipitation Measurement Radar (PMR) new
2 Micro-Wave Radiation imager (MWRI-RM) _
improved
3 MERSI-RM
4 GNOSHI inherited

The primary objective of FY-3G is to detect precipi-
tation in mid to low latitudes across the globe, while
optimizing the detection capabilities of payloads. The
products encompasse four categories. cloud radiation,
land and sea surface, atmospheric parameters, and space
weather, with 24 main parameters covering precipita-
tion/snowfall within the range of 50 degrees north and
south latitude. These products meet the main needs of
the World Meteorological Organization Integrated
Global Observing System (WIGOS). In response to the
incorporation of active radar detection capabilities in
FY-3G, anovel category of remote sensing products has
been devised, comprising of three-dimensional raindrop
spectral parameter profiles, three-dimensional phase
states, and three-dimensional precipitation rate profiles.
These are designed to detect the fine internal structure
of precipitation.

22 FY-3F

FY -3F was launched on 3 August 2023. The FY -3F will
replace the FY-3C, which has been in orbit for an ex-
tended period, and will continue to carry out optical and
microwave imaging observations of the Earth's atmos-
phere system as well as vertical detection in the
sun-synchronous morning orbit. On the basis of ensur-
ing globa meteorological imaging and atmospheric ver-
tical detection services, it has strengthened the compre-
hensive observation capabilities of the Earth system,
improved the detection capabilities of atmospheric
components such as ozone and sulfur dioxide in the
stratosphere and troposphere, as well as the energy bal-
ance of Earth radiation. FY-3F, aong with FY-3D,
FY-3E, and FY-3G in orbit, collectively congtitute a
low-orbit meteorological satellite observation network.
It has further enhanced China's capabilities and levelsin
global numerical weather forecasting, globa climate
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change response, ecological environment monitoring,
and comprehensive disaster prevention and metigation.

The designed operational lifespan of the FY-3F is 8
years. It is equipped with 10 remote sensing instruments,
including MERSI (medium resolution spectral imager),
HIRAS (hyper-spectral infrared atmospheric sounder),
MWTS (Micro-Wave Temperature Sounder), MWHS
(Micro-Wave Humidity Sounder), GNOS (GNSS Oc-
cultation Sounder), OMS-L (Ozone Monitoring Suite
—Limb), OMS-N (Ozone Monitoring Suite —Nadir),
ERM (Earth Radiation Measurement), and SIM (Solar
Irradiance Monitor). FY-3F incorporates several new
instruments, including the OMS-L and OMS-N. The
MERSI, MWRI, and ERM have been improved, while
the remaining 5 instruments are inherited.

Two new ultraviolet to visible hyper-spectral instru-
ments, OMS-L and OMS-N, employ a combination of
l[imb and nadir hyper-spectral detection to enhance the
detection capabilities of atmospheric components,
greenhouse gases, and aerosols. The performances of
certain instruments have undergone a notable enhance-
ment. The enhancement of the detection channels of
MWRI and ERM, the improvement of the calibration
device of MERSI, and the significant improvement of
the signal-to-noise ratio have collectively led to an
augmented detection capability for global atmospheric
temperature, atmosphere system radiation budget, and
weak ocean signalsin the reflection band.

The products of FY-3F include 6 categories and 48
types, including images, cloud radiation, land and sea
surface, atmospheric parameters, atmospheric composi-
tion, and space weather. These products address the

Table 2 Instruments on FY-3F . .
. primary requirements of the WIGOS.
No. Instruments Statues
1 Ozone Monitoring Suite —Limb (OMS-L) 3 Status of Current Fengyun Satellites
new
2 Ozone Monitoring Suite -Nadir (OMS-N)
3 MERSLII 3.1 Status of Current LEO
4 MWRI-I| improved At present, the operational Fengyun LEO satellites in
5 ERM-II orbit include FY-3C, FY-3D, FY-3E, and FY-3G, which
6 HIRASI| were operational on 1 May 2024. In addition, FY-3F is
. MWTSI] currently undergoing commissioning and is scheduled to
o commence operational service in July 2024. FY-3 LEO
8 MWHS-1I inherited . .
meteorological satellites have successfully conducted
9 GNOSI observations in four distinct orbital regimes. early
10 SIM-lI morning, morning, afternoon, and inclined orbits.
Table 3 Current Fengyun LEO satellites (as of 1 June 2024)
Orbit type Satellites , : : . :
. ) Equatorial crossing Equatorial crossing Main
(Local time of descending  currently - : . Launch date Status .
node/ascending node) in orbit time (designed) time (present) instruments
. . VIRR(O); MERSI(S); IRAS(S);
Morning orbit : . .
: _ i _ _ Partially MWRI(S); MWTSI(S); MWHS
E%gg ﬂ:%igg tR/ FY-3C 10:00LT 07:39LT 23Sept. 2013 (o ctional 11(0): TOU(O): SIM(S): ERM(O).
: : GNOS(O); SEM(S)
. MERSI-I(0); HIRAS(O); MWTS-
Afternoon orbit ) . 1
(12:00LT-17:00LT)/  FY-3D 14:00LT 13:45LT 15 Nov. 2017 Operational oy CIRIsAIRO RMRIGO)
(00-00 LT—05:00 LT) GAS(T); GNOS(0); WAI(O);
: , IPM(Q); SEM(O)
MERSI-LL(O); HIRASI1(O);
MWTS-11(0); MWHS-1(O);
Early-morning orbit FY-3E 5:30LT 5:30LT 5Jul.2021  Operationa GNOS-1(O); WindRAD(O);
SSIM(0); SIM-II(O); X-EUVI(O);
Tri-IPM(Q); SEM(O)
Drifting FY-3G 16 Apr. 2023 Operational SeeTable 1
Morning orbit FY-3F 10:00LT 3Aug. 2023 Commissioning See Table 2

Note: (O) indicates that the instrument is in a state of operational readiness, whereas, (S) denotes that the instrument is currently in a state of shut-

down.
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Information regarding the instruments carried on
FY-3E/GIF is as follows!".

MERSI-LL, comprises atotal of 7 channels, includ-
ing 1 low-light channel and 6 thermal infrared channels.
Two infrared split window channels (10.8 and 12.0 mi-
crons) have a spatial resolution of 250 m, while the re-
maining channels have a spatial resolution of 1000 m.

HIRAS-II, an infrared sounding instrument with na-
dir spatia resolution of 16 km and a cross-track scan-
ning model. It is primarily used for numerical weather
prediction and atmospheric composition detection.

MWTS-I11, the number of channels in the original
50~60GHz frequency band have been increased from 13
to 17. A 23.8 GHz water vapor column total measure-
ment channel, a 31.4 GHz window channel, 53.246 +
0.08 GHz and 53.948 + 0.081 GHz channels for tro-
pospheric temperature detection at 4km and 6km have
been included.

MWHS-I1 (Micro-Wave Humidity Sounder), flying
on FY-3E/F, 4-frequency/15-channel MW radiometer
for nearly- all-weather humidity sounding, with a specid
resolution of 15 km and swath of 2700 km.

GNOS-II, receives signas from GPS and China
Beidou satellites, with the capacity to observe over 1000
occultation events per day.

WindRad, is the first active microwave remote
sensing instrument of the Fengyun series satellites. It is
a dual-frequency, dual-polarization radar. It adopts a
fan-beam conical scanning system with an observation
width of over 1200km and a minimum detectable wind
speed of 3 m/s. It adopts C and Ku dual bands, which
are operated concurrently. Each band includes two pola
rization measurement methods, namely horizontal and
vertical.

SSIM, measures the solar spectral irradiance through
the ultraviolet, visible and infrared channels. This a-
lows to obtain the solar spectral irradiance characteris-
tics and capture the influence of solar activity on the
spectral irradiance.

SIM-I1, is a high-precision absolute radiometer with
an automated Sun-tracking function that has been inde-
pendently developed by China. Spectral range is 0.2~
20 um.

X-EUVI, is the first solar X-ray-extreme ultraviolet
dual-band imager in the world, and the first domestic
space solar telescope. It has two bands: X ray (0.6~8 nm)
and EUV (19.5 nm)

Tri-IPM, UV spectrometry of the ionosphere per-

formed under 3 different viewing angles.

SEM, monitors high energy proton, high energy
electron, medium energy proton, medium energy elec-
tron, heavy ions, and geomagnetic field.

PMR, is a dual-frequency, single-polarization one-
dimensiona phased array radar. It provides a three-di-
mensional structure of precipitation. The information
such as precipitation intensity and precipitation type
will be retrieved.

MWRI-RM, 17 frequencies, 26 channels, in the
range 10.65 to 183GHz. Conical: 53° zenith angle,
Swath width 800 km.

MERSI-RM, is an 8-channel VIS/IR radiometer,
comprising 5 solar reflection band channels and 3 ther-
mal infrared channels, all with spatial resolution of 500
meters.

MERSI-I11, flying on FY-3F, is a 25-channel radi-
ometer (19 in VISINIR/SWIR + 6 TIR from 3.7.0~12.5
um) designed for the measurement of ocean color and
vegetation indices. The specia resolution is 250 m for 4
VIS/NIR channels and 2 TIR channels, 1 km for other
channels. Scan swath is 2800 km.

OMS-L, a new instrument used for detecting trace
gases such as ozone on FY-3F, with a spectrum cover-
ing a continuous range of 290~500 nm and a total of
1000 channels.

OMS-N, is a new instrument on the FY-3F that is
capable of providing provide high spectral resolution of
Earth’s reflected radiation in the ultraviolet to visible
wavelength range. The instrument spectrum covers
three bands: 250~300 nm, 300~320 nm, and 310~497
nm, with a spectral resolution of 0.5~1 nm and spatia
resolution of 7 km x 7 km. It is capable of detecting the
total amount of ozone, SO,, NO,, and vertical distribu-
tion information of ozone.

ERM-II, flying on FY-3F, comprises 3 broad-band
channel radiometer for earth reflected solar flux and
earth emitted thermal flux over total (0.2~100um), long
(5.0~50pm) waveband and short (0.2-5.0pm) waveband.

3.2 Status of Current GEO

The operationa Fengyun GEO satellites in orbit in-
clude FY-2G, FY-2H, FY-4A and FY-4B"®. FY-2F was
decommissioned on 1 April 2022.

Information regarding the instruments on FY-2G/H is
asfollows.

VISSR (Visible and Infrared Spin Scan Radiometer):
The improved version for FY-G/H, has five VIS/IR
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Table 4 Current Fengyun GEO satellites
in orbit (as of 1 April 2024)

Satellites  Location Launch date Status Instruments
FY-2G ~ 995°E  31Dec. 2014 Operational VISSR
FY-2H 79°E 5Jun. 2018  Operational SEM

AGRI
. Degraded GIIRS

FY-4A 86.5°E 11 Dec. 2016 operational LMI
SEP

AGRI
FY-4B 105°E 3Jun. 2021  Operational G(I3I|_I|'\’IS
SEP

channels (0.55~0.75 um, 3.5~4.0 pum, 6.3~7.6 um,
10.3~11.3 pm, and 11.5~12.5 um). The spatial resolu-
tion of VIS and IR channelsis 1.25 km and 5.0 km, re-
spectively. Theimage cycleis 30 min.

SEM (Space Environment Monitor): A space particle
monitor and an X-ray monitor are mounted on FY-2 to
detect the space environment in the proximity of the
satellite, the solar activities, and relevant space pheno-
mena. The SEM data is transmitted via telemetry to the
ground system.

FY-4B has shifted its position from 133°E to 105°E,
assuming the role of the FY-4A in providing operational

observation services since March 5, 2024. FY-4A has
undergone a shift from 104.7°E to 86.5°E for degrading
operation. There are 4 instruments on the FY-4B. The
principal observation capabilities are similar to those of
FY-4A, exhibiting notable enhancements in performance.

AGRI, in comparison with FY-4A, 1 new water va
por channel is added, 4 channel band settings are opti-
mized, and the resolution of short wave and medium
wave isimproved to 2 kmf®.

GIIRS, the spatial resolution of the infrared channel
has been enhanced from 16 km to 12 km. The resolution of
thevisible channel has been increased from 2 kmto 1 km.

GHI (Geostationary High-speed Imager), a recently
deployed instrument on FY-4B, is the first long-line
array in geosynchronous orbit with the capability of
uninterrupted, one-minute imaging and observation in a
2000kmx=2000km area with a resolution of 250 m. The
visible and near-infrared spatial resolutions have been
doubled in comparison to those of the ABI.

SEP, is a suite that contains a Magnetometer for 3D
magnetic field intensity, an Energetic Particle Detector
detecting high-energy electron storms and proton events,
and Space Weather Effect Detectors for the impact of

Table 5 Detailed characteristics of AGRI on FY-4B

Central wavelength/um Spectral interval/um

SNR or NEAT @ specified input IFOV at s.s.p./ km

1 0.47 0.45~0.49 =90 @ 100% abedo 1
2 0.65 0.55~0.75 =150 @ 100% albedo 0.5
3 0.825 0.75~0.90 =200 @ 100% albedo or =3 @ 1% albedo 1
4 1.378 1.371~1.386 =120 @ 100% albedo or =2 @ 1% albedo 2
5 161 1.58~1.64 =200 @ 100% abedo or =3 @ 1% albedo 2
6 225 2.10~2.35 =200 @ 100% abedo or =2 @ 1% albedo 2
7 3.75 (high) 3.50~4.00 < 07K @315K 2
8 3.75 (low) 3.50~4.00 02K @300K or 20K @ 240K 4
9 6.25 5.80~6.70 02K @300K or0.9K @ 240K 4
10 6.95 6.75~7.15 0.25K @300K or0.9K @ 240K 4
11 7.92 7.24~7.60 025K @300K or0.9K @ 240K 4
12 8.55 8.30~8.80 02K @300K or 04K @ 240K 4
13 10.80 10.30~11.30 02K @300K or0.4K @ 240K 4
14 12.00 11.50~12.50 02K @300K or 04K @ 240K 4
15 13.30 13.00~13.60 05K @300Kor0.9K @ 240K 4
Table 6 Detailed characteristics of FY-4B GIIRS
Spectral range/um Spectral range/cm™ Spectral resolution/cm™ NEAR or SNR
14.7~8.85 680~1130 0.625 05mwW-mZs*.cm
6.06~4.44 1650~2250 0.625 0.1 mW-m?sr*.cm
0.55~0.90 N/A N/A 200 @ 100% albedo
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Table 7 Detailed characteristics of FY-4B GHI

Central wavelength/um Spectral interval SNR or NEAT @ specified input IFOV at s.s.p./ km

0.675 0.45~0.9 > 300 @ 100 % albedo 0.25
0.470 0.445~0.495 > 300 @ 100 % abedo 0.5
0.545 0.52~0.57 > 300 @ 100 % albedo 0.5
0.645 0.62~0.67 > 300 @ 100 % albedo 0.5
1.378 1.371~1.386 > 300 @ 100 % albedo 0.5
161 1.58~1.64 > 300 @ 100 % albedo 0.5

114 10.3~12.5 0.2K @ 300K 20

space weather on spacecraft.

4 Data service and Application

4.1 Data Archiving

National Satellite Meteorological Center (NSMC) Data
Center enriches meteorological satellite data in various
ways. As of June 2024, the amount of satellite data arc-
hived has reached nearly 44 PB, covering 55 satellitesin
12 series both domestically and internationally, with
over 1500 types of data products. The evolution of sa
tellite data archiving from 1988 to 2024 is shown in
Figure 2.

4.2 Data Service

NSMC Data Center has built an integrated meteorologica
satellite data service system that integrates space and
terrestrial realms through the adoption of a unified de-
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sign, progressive development, and batch expansion
phylosophy for multiple batches of Fengyun meteoro-
logical satellite programs. Services have been devel oped
to provide space-based data through satellite direct re-
ceiving stations and China Meteorological Administra-
tion's data broadcast system (CMACast). Through
ground network data services such as the World Meteo-
rological Organization Information System, Fengyun
Satellite Data Service Network, and satellite data re-
source pool, access, exchange, management, and service
of domestic and international satellite data have been
achieved. The complete Fengyun meteorological satel-
lite dataset, both real-time and historical data, will be
accessible on the NSMC satellite data service website in
English (http://data.nsmc.org.cn).

By the end of May 2024, the NSMC satellite data
service website had registered in excess of 164000 users.
The volume of data downloaded by users of Fengyun

e Data Volume LTB)
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Fig.2 Cumulative annual archive data volume in NSMC
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satellite data users has increased rapidly year on year,
with atotal cumulative service data of 39 PB since 2005,
of which more than 13 PB was served in 2023 aone. In
addition, NSMC actively explores the application of
new technologies, including research on artificial intel-
ligence applications and construction of a rapid service
system for hot events.

4.3 Fengyun Earth

In 2022, a lightweight design and real-time satellite ap-
plication service platform, designated “Fengyun Earth”,
was developed to enhance the pivotal role of Fengyun
meteorological satellites in core meteorological opera
tions and promote the integration of satellite data across
national, provincial, municipal, and county-level plat-
forms'"),

To meet the needs of forecasters, the Fengyun Earth
utilizes big data, cloud computing, and artificial intelli-
gence in order to efficiently manage a vast array of he-
terogeneous data sources and perform online real-time
computations, providing users with arange of visualized
remote sensing application products via a B/S architec-
ture, including satellite cloud images, elements and
events, severe weather, climate anaysis, and model va-
lidation. The Fengyun Earth encompasses distinct 30
types with a total of 204 products under 5 categories,
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enabling rapid production of high-integrity, time-sensi-
tive integrated products. The platform is based on a
cloud-edge lightweight service model and is capable of
supporting simultaneous access by tens of thousands of
users. Furthermore, it is able to deliver satellite products
directly to forecasters' desktops. The application of Al
to product algorithms (e.g., satellite precipitation esti-
mation, convection initiation) results in enhanced quan-
tification of products. It employs integrated intelligent ob-
servation and control technology, coupled with rea-
time scheduling and micro-services, to rapidly process
and distribute multi-scale Fengyun satellite meteoro-
logical products. The times for accessing cloud image
services are controlled within minutes. Furthermore, the
integrated application of multi-source satellite inversion
parameters enables detailed three-dimensional monitoring
of critical weather systems.

Fengyun Earth was pilot-tested in May 2022, with the
nationwide launch occurring in June of the same year.
Fengyun Earth has provided a range of tiered servicesto
professionas, industry users, and the general public,
supporting a number of significant events, including the
Universade and Asian Games, critical weather
processes like Typhoon Doksuri, and rural revitalization
initiatives. To date, the platform has received in excess
of three billion hits.

Fig.3 Interface of Fengyun Earth
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Fig.4 Fengyun Earth for 19th Asian Games

In order to provide support to international users en- reby enhancing user convenience and practicality. It
gaged in satellite remote sensing applications and to offers five categories of quantified, multi-scale products
enhance their capabilities, NSMC developed an interna- including cloud images, elements, disaster events, cli-
tional version of Fengyun Earth. This version enables mate, and model validation. These products are tailored
the timely acquisition of meteorological satellite and to different business scenarios and customized to focus
numerical forecast data, the rapid production of quanti- on specific meteorological elements, observational aress,
fied products and the provision of international services.  and time frames for international users. The internation-
It employs advanced Al technologies for the automated a version of Fengyun Earth was officially launched on
analysis, mining, and modelling of massive meteoro- 13 November 2023. As of the end of May 2024, it had
logical satellite data., enabling the intelligent identifica been accessed by 47 countries with a total of 22000
tion of severe weather and extreme climate events, the-  visits.
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Fig.5 Interface of Fengyun Earth (International Version)
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5 International Co-operation and
Supporting

5.1 International Services

Fengyun meteorological satellites play a crucial role in
the World Meteorological Organization's Space Pro-
gramme. NSMC maintains close cooperation with
WMO, CGMS, CEOS, GEO, APSCO, and other inter-
national organizations, aswell as satellite operators such
as EUMETSAT and NOAA, on matters pertaining to
instrument development, remote sensing applications,
data exchange, and applications. Furthermore, it plays
an active role in international governance, providing
support for the United Nations Sustainable Develop-
ment Goals and the UN Early Warnings for All Initia-
tive. It continues to facilitate bilateral cooperation, with
CMA and EUMETSAT renewing their cooperation
agreement on the application, exchange, and distribution
of meteorological satellite datain 2024, to promote data
sharing, ground segment operations, and remote sensing
application services.

Till 2023, 34 countries registered with the FY_ESM.
In that year, Fengyun satellite responded to 31 interna-
tional emergency service requests, including 23 that
were initiated under the CHARTER mechanism and 8
that were initiated through the FY_ESM. It provided
global meteorological disaster emergency services to
countries in Asia, Africa, South America, and Oceania
for disasters such as earthquakes, tropical cyclones,
floods, fires, and maritime search and rescue operations.

The integrated global data-sharing system of Fen-
gyun satellites is being continuously improved. The
Fengyun satellite data is disseminated internationally
via a multitude of channels, including direct reception
stations, CMACast, dedicated lines, the Fengyun Data
Sharing Network, public clouds, FTP, and human ser-
vices. As of June 2024, the data service website covers
132 countries and regions, including 96 along the "Belt
and Road" Initiative, and the data services have in-
creased by about 210TB since 2018.

Since its designation as a Global Space Weather
Center of the International Civil Aviation Organization
(ICAO) in 2021, the NSMC has established a
full-process operational specification for ICAO space
weather services and a robust application platform for
ICAO space weather services. Additionally, it has con-
ducted seven 14-day, 24-hour rotations’®.
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The International Fengyun Meteorological Satellite
Users Conference was successfully held in Xiamen,
Fujian Province, on November 13-14, 2023. Participants
from the WMO, the Food and Agriculture Organization,
and more than 30 countries, including China, Yemen,
Jordan, Thailand, Indonesia, the Madives, and Tanzania,
discussed the applications of Fengyun meteorological
satellites in meteorological disaster mitigation and early
warning. The conference comprised a training session,
two roundtable meetings, and three sub-meetings, and
four international service items were announced.

In 2023, a survey was conducted among 44 countries
to ascertain the requirements and usage of Fengyun sa-
tellites. The survey was conducted both on-site and on-
line, and the results indicated an overal internationa
user satisfaction rate of 80%.

5.2 Belt and Road Services

Fengyun satellites provide services to global users, with
a particular focus on those along the “Belt and Road”.
The map below shows the globa distribution of Fen-
gyun users.

RESREERS2R132/0ERME

Fengyun meteorological satellite serve 132 countries and regions

Fig.6 Map of Fengyun users in the world

CMA has implemented a series of action plans with
the objective of enhancing capability of countries along
the “Belt and Road” to receive data from Fengyun me-
teorological satellites.

The construction or upgrading of Direct Broadcasting
systems (DB), CMACast, cloud services, and other sim-
ilar initiatives enables countries in the region to receive
real-time Fengyun satellite data. By 2024, over 30
countries in the "Belt and Road" region have established
a variety of satellite data receiving systems, including
15 CMACast stations, 8 FY-2 stations, 2 FY -3 stations,
and 2 FY-4 dations. Furthermore, over 30 countries
have also downloaded Fengyun data via the NSMC's
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FTP server. Additionally, the FY-3 preprocessing soft-
ware package has been made available for free down-
load and installation in 30 countries.

Moreover, user capabilities in "Belt and Road" coun-
tries have been enhanced through new tools developed
by the NSMC. Three application tools are provided to
assist users in processing Fengyun satellite data. The
international version of Fengyun Earth is designed to
provide core meteorological services, integrating mul-
ti-source satellite data to offer timely, intelligent, de-
tailed, and customizable remote sensing services. The
Satellite Weather Application Platform 2.0 (SWAP 2.0)
istailored for weather analysis and forecasting, utilizing
GEO Fengyun satellites. It is available in both web-based
and standalone versions, displaying full-disk and re-
gional images from FY-2H, FY-4A, and FY-4B, with
support for multiple languages. The Satellite Monitoring
and Remote Sensing Toolkit (SMART 2.0) harnesses
data from FY -3, GAOFEN, NOAA, and other medium-
and high-resolution Earth observation satellites. It fo-
cuses on monitoring environmental and biological
changes across land surfaces, oceans, water bodies, and
ice surfaces.

Additionally, ongoing endeavours are being made to
facilitate scientific exchanges and enhance user training
among "Belt and Road" countries. Initiatives include the
organization of international users conferences, the
delivery of training courses, and the facilitation of
scientific exchanges. At the 2023 International Fengyun
Meteorological Satellite Users Conference, technica
training sessions were conducted on the application of
Fengyun satellite data.

6 Future Plan

In the future, Fengyun-3H and Fengyun-3 fourth batch
of satellites in LEO orbit, along with Fengyun-4C and
Fengyun-4 third batch of satellitesin GEO orbit, will be
launched. The operational status of the second-genera-
tion Fengyun meteorological satellites will be main-
tained, with the objective of ensuring continuous and
stable in-orbit operation of the Fengyun satellites. The
third-generation Fengyun meteorological satellites, in-

cluding the Fengyun-5 series and Fengyun-6, have also
been planned and are currently undergoing requirement
demonstrations’®.

7 Summary

From 2022 to 2024, two Fengyun satellites were launched:
FY-3G and FY-3F. Currently, 9 Fengyun satellites are
in orbit. Fengyun LEO satellites have achieved network
observation in four orbits, while Fengyun GEO satellites
have formed an operational pattern of “network obser-
vation and in-orbit backup”, providing data and product
services to the world. They have been incorporated into
the WMO global operational meteorological satellite
seguence, becoming a pivotal force in the global earth
observation network. Their deployment has led to sig-
nificant economic, social, and international benefits.
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Abstract

This paper presents the networking observation capabilities of Chinese ocean satellites and their diverse applica-
tions in ocean disaster prevention, ecological monitoring, and resource development. Since the inaugural launch in
2002, China has achieved substantial advancements in ocean satellite technology, forming an observation system
composed of the HY-1, HY-2, and HY-3 series satellites. These satellites are integral to global ocean environmen-
tal monitoring due to their high resolution, extensive coverage, and frequent observations. Looking forward, China
aims to further enhance and expand its ocean satellite capabilities through ongoing projects to support global envi-

ronmental protection and sustainable development.
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1 Introduction

China’s extensive coastline and vast jurisdictional wa-
ters make the ocean crucial for its economy and ecolog-
ical protection. Ocean satellites play an indispensable
role in continuous, real-time, and large-scale monitoring
of the ocean environment, contributing to scientific re-
search, resource development, environmental protection,
and disaster prevention.

Since the launch of China's first ocean satellite in
2002, there have been notable advancements, evolving
from single satellite observations to coordinated net-
worked observations™. As of now, China has success-
fully launched 13 ocean satellites, including the HY-1,
HY-2, HY-3 series, and the China-France Oceanogra-
phy Satellite (CFOSAT). Currently, 10 satellites are
operational, forming a comprehensive ocean satellite
observation system (see Table 1).

Received June 20, 2024

The launch of the new-generation ocean color satel-
lite (HY-1E) in 2023 enhanced global monitoring capa-
bilities for ocean color and Sea Surface Temperature
(SST). The networking of HY-1E with HY-1C/D has
formed a constellation for ocean color satellites. Simi-
larly, HY-2D, launched in May 2021, forms a dynamic
ocean environment satellite constellation with HY-2B/C
and CFOSAT. The 1m C-SAR 02, launched in April
2022, forms an ocean surveillance satellite constellation
with 1m C-SAR 01 and GF-3.

Networking observation by ocean satellites enables
higher spatial and temporal resolution and coverage,
providing precise and timely ocean environmental mon-
itoring data. This improves the accuracy and timeliness
of ocean disaster warnings, reduces the impact on
coastal regions, supports rational ocean resource devel-
opment, and provides robust support for global ocean
environmental protection and sustainable development.
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Table 1 Launch Details of Chinese Ocean Satellites

Satellite Series Launch Date Operational Status
HY-1A May 2002 Ceased March 2004
HY-1B April 2007 Ceased February 2016
HY-1C Ocean Color Satellite September 2018 Operational
HY-1D June 2020 Operational
HY-1E November 2023 Testing
HY-2A August 2011 Ceased February 2024
HY-2B October 2018 Operational
HY-2C Ocean Dynamic Satellite September 2020 Operational
HY-2D May 2021 Operational
CFOSAT October 2018 Operational
GF-3 August 2016 Operational
1m C-SAR 01 Ocean Surveillance Satellite November 2021 Operational
1m C-SAR 02 April 2022 Operational

2 Networking Observation Capabil-
ities of Chinese Ocean Satellites

2.1 HY-1 Series Satellites and Their Networking
Observation Capabilities

The HY-1 series are Chinese independently developed
ocean color satellites, primarily used for monitoring
SST, optical characteristics of seawater, chlorophyll
concentration, and suspended sediments. These satel-
lites provide valuable data for ocean resource manage-
ment and scientific research.

On May 15, 2002, China successfully launched its
first ocean satellite, HY-1A, equipped with a Chinese
Ocean Color Temperature Scanner (COCTS) and a
Coastal Zone Imager (CZI). On April 11, 2007, the
HY-1B was launched, inheriting the main functions of
HY-1A while further improving observation capabilities
and accuracy. The HY-1C was successfully launched on
September 7, 2018. Compared to its predecessors, it
added ultraviolet observation bands and an onboard ca-
libration system, expanded the CZI’s coverage width,
and improved spatial resolution. On June 11, 2020, the
HY-1D was launched, achieving networked observa-
tions with the HY-1C in the morning and afternoon,
significantly enhancing global coverage capability and
data acquisition frequency for ocean color monitoring.

In 2023, HY-1E was successfully launched, further
enhancing its observation performance!®. The spatial
resolution of the COCTS has been improved from

1.1 km to 500 m. The CZI's spatial resolution has been
increased from 50 m to 20 m, and it has acquired the
ability to detect panchromatic information of land cover
with a spatial resolution of 5 m. Additionally, HY-1E
includes a Programmable Medium-Resolution Imaging
Spectrometer (PMRIS) with 100 m resolution.

The three-satellite network of the HY-1 series has
established a more comprehensive ocean color satellite
constellation, providing higher resolution and more fre-
guent data (as detailed in Table 2). It can obtain me-
dium-resolution images of 50 m or 100 m once per day,
playing an important role in monitoring disasters such
as sea ice, green tides, red tides, oil spills, and floods.

2.2 HY-2 Series Satellites and Their Networking
Observation Capabilities

The HY-2 series satellites integrate active and passive
microwave sensors to monitor ocean dynamic environ-
ment parameters in all weather conditions and at all
times. These satellites primarily monitor elements such
as Sea Surface Height (SSH), Sea Surface Wind (SSW),
and SST, providing high-precision data support for
ocean scientific research, resource management, and
disaster warning.

On August 16, 2011, China successfully launched its
first ocean dynamic environment monitoring satellite,
HY-2A. This satellite was equipped with various remote
sensors, including Radar Altimeter (RA), SCATterometer
(SCAT), Scanning Microwave Radiometer (SMR), and
Calibration Microwave Radiometer (CMR). On October
25, 2018, HY-2B was launched, inheriting the main
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Table 2 Observation Capabilities of HY-1C/D/EP

Networking Cov-

Satellite Payload Spatial Resolution Band Number Swath Width Monitoring Capability erage Capability
czI 50 m (20 m+5m) 4(8+1) 950 km (60 km, Up 10 Coastal zones, sea ice, red tide, Ulva
1000 km side imaging) = prolifera, suspended sediments, coral
(Multi-spectral i | 19/ reefs, coastal wetlands, invasive Once daily
(PMRIS)  100m/Hyperspectral l(_|Mu tl—spectrzli i (950 km) species, mangroves, pollutants, large
HY-1C/D, 200m) yperspectral 94) water bodies, vegetation, etc.
HY-1E Chlorophyll  concentration,  sus-
pended sediments, dissolved organic Ocean color 3
COCTS 1 km (500 m) 10 (18) 2900 km (3000km) matter, SST, polar sea ice, large wa- times/day, SST

ter bodies, vegetation, soil moisture, 6 times/day
etc.

Note: The information in parentheses represents the HY-1E remote sensors.

functions of HY-2A while improving data quality and
adding Data Collection System (DCS) and Automatic
Identification System (AIS) payloads. In September
2020, HY-2C was launched, followed by HY-2D in
May 2021. These satellites carried RA, SCAT, CMR,
DCS, and AIS. Currently, the HY-2B/C/D satellites are
conducting networked observations, forming a satellite
constellation for monitoring the dynamic ocean envi-
ronment. As detailed in Table 3, these three satellites
equipped with SCATSs can achieve 85% global ocean
coverage every six hours.

Additionally, CFOSAT, launched in October 2018,
carries SCAT and the Surface Waves Investigation and
Monitoring instrument (SWIM). It achieved the first
global continuous, large-scale, synchronous observation
of wave direction spectra and SSW'!. Working in con-
junction with the HY-2 series satellites, CFOSAT en-
hances the capability to obtain data on the dynamic
ocean environment.

Currently, the SSW and SSH products of the HY-2
series satellites have reached internationally advanced
levels. According to evaluations by the China Meteoro-
logical Administration (CMA), this data significantly
contributes to its global medium-range numerical weather
prediction system.

In 2023, the National Satellite Ocean Application
Service (NSOAS) released three types of fusion prod-

ucts based on the HY-2 series satellites: a global 1/4°
resolution and regional 1/8° resolution SSH fusion
product, a global 25 km resolution six-hourly SSW fu-
sion product, and a 5 km resolution daily SST fusion
product. These products will better serve climate change
monitoring, ocean dynamics research, disaster warning,
and ocean engineering support.

2.3 HY-3 Series Satellites and Their Networking
Observation Capabilities

The HY-3 series satellites are independently developed
ocean surveillance satellites, currently including GF-3
and the 1m C-SAR 01/02. These satellites are equipped
with C-band multi-polarization Synthetic Aperture Ra-
dars (SAR), offering high-resolution, wide-coverage,
multi-polarization, and multi-mode ocean and land ob-
servations. They provide high-resolution information on
ocean dynamic environment parameters, natural disas-
ters, maritime emergency events, land use, surface water
monitoring, etc.

On August 10, 2016, the GF-3 was successfully
launched, becoming China’s first C-band multi- polari-
zation SAR with a resolution of 1 m. It features 12 im-
aging modes, including two ocean observation modes
(ocean mode and global observation mode), and is ca-
pable of acquiring single polarization, dual-polarization,
and full polarization data.

Table 3 Observation Capabilities of HY-2B/C/D"!

Satellite Payload Spatial Resolution Working Frequency = Swath Width Monitoring Capability Networking Coverage Capability
RA 7 km 13585, 5.25GHz 7 km SSH, S|g_n|f|9ant wave height, About 14-day mesoscale
and gravity field, etc. coverage
SST, sea surface water vapor - 0
HY-2 SMR (HY-2B 2590 km 6.925, 10.7, 18.7, 1600 km content, liquid water, and rain Daily coverage of over 80% of
B/C/D only) 23.8,37.0 GHz . . open ocean
intensity, etc.
SCAT 25 km 13.256 GHz 1700km  SSW, etc. Global 85% coverage every six

hours
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Table 4 Observation Capabilities of GF-3, 1 m C-SAR 01/02

Networking Cover-

Satellite Payload Spatial Resolution Band Number Swath Width Monitoring Capability age Capability
. Global maritime targets, ocean structures,
GF-3,1m C-band, full polari- detailed ocean dynamic environment pa-
C-SAR 01/02 SAR  1~500m zation, 12 imaging 10~500 km rameters, maritime emergency events, Daily

modes

land use, surface water, etc.

In November 2021, the 1 m C-SAR 01 was success-
fully launched, followed by the 1 m C-SAR 02 in April
2022. These satellites are successors to GF-3, inheriting
its mature technology with several improvementst®.
These enhancements include the addition of AIS to im-
prove maritime vessel monitoring and the conversion of
three traditional scanning imaging modes to TOPSAR
mode. Additionally, they are equipped with onboard
real-time processors, enabling real-time imaging
processing, water body extraction, and oil spill detection
functionalities.

The network of three satellites significantly enhances
the spatio-temporal resolution and coverage of ocean
monitoring, reducing the average revisit period to less
than one day.

3 Applications of Chinese Ocean
Satellites

3.1 Ocean Forecasting and Disaster Prevention

3.1.1 Typhoon Monitoring

SCAT and SAR are effective tools for SST monitoring,
providing data on typhoon wind speed, direction, radius,
center position, and intensity. These tools assist in
tracking typhoon movement using multi-satellite obser-
vations. Figure 1 shows the observation of Typhoon
Ewiniar by the HY-2B on May 30, 2024.

3.1.2 Sea Ice Monitoring

From late November to the end of March, sea ice in the
Bohai Sea and northern Yellow Sea can severely impact
maritime transport and offshore operations. By utilizing
HY-1C/D/E for daily coverage and SAR during cloudy
periods, the spatial distribution, area, boundary, and
thickness of sea ice can be extracted. This provides crit-
ical information for sea ice forecasting and maritime
disaster prevention. Figure 2 shows the HY-1D CZI
image of the Bohai Sea area on January 22, 2024.

3.1.3 Sea Surface Height Monitoring

Currently, there are 10 satellites in orbit worldwide
equipped with Radar Altimeters (RA), including
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Fig.1 Observation of Typhoon Ewiniar by HY-2 B

China’s HY-2B/C/D. These satellites can measure Sea
Surface Height (SSH), significant wave height, and oth-
er related information. Additionally, by combining SSH
with geoid data and using gravity inversion techniques,
the ocean gravity field can be obtained. Through the
modeling of gravity and topography, this allows further
inference of seafloor topography. Figure 3 shows the
regional 1/8° resolution sea level anomalies fusion
product, primarily based on data from the HY-2 series
satellites, released by NSOAS.

3.2 Ocean Ecological Monitoring

3.2.1 Monitoring of Ocean Ecological Disasters
Ulva prolifera green tides, Sargassum, and red tides
pose significant threats to the ecological environment,
economic development, and public health of coastal
countries, necessitating effective monitoring and man-
agement measures.

The HY-1 series satellites are primarily used for
ocean environmental monitoring and ocean resource
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The Bohai Sea Ice Satellite Image
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Fig.2 HY-1D CZl image of the sea ice in the Bohai Sea

investigation. Equipped with CZI and PMRIS with res-
olutions of 50 m and 100 m, these satellites can effec-
tively identify and monitor large algae and abnormal
ocean color distributions. By utilizing the coordinated
monitoring capabilities of HY-1 and SAR, the dynamic
changes of Ulva prolifera green tide and Sargassum can
be promptly detected and tracked, providing robust
technical support for ocean environmental protection and
the management of ocean ecological disasters. Figure 4
and Figure 5 show the HY-1E CZI image of the Ulva
prolifera green tide in the Yellow Sea on June 24, 2024,
and the HY-1C CZI image of the red tide in the East
China Sea on August 16, 2023, respectively.

Oil spill incidents not only pose serious threats to the
ocean’s ecological environment but also significantly
impact fisheries, tourism, and the livelihoods of coastal
residents. By comprehensively utilizing GF-3 and
HY-1C/D, enhanced monitoring of affected areas can be
conducted to obtain information on oil spills from off-
shore oil platforms and shipsm. This provides crucial
information support for safe production, ocean envi-
ronmental assessment, and disaster response. Figure 6
shows the monitoring image of the oil spill incident in

- 122 -

the Yellow Sea in China in 2023.

3.2.2 Monitoring of Ocean Ecological Elements

The COCTS on the HY-1 series satellites has a swath
width greater than 2,900 km and a spatial resolution of
up to 500 meters. It can cover the globe three times dai-
ly, enabling the acquisition of global ocean chlorophyll
concentration and total suspended matter concentration.

Regional Sea Level Anomaly
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Fig.3 The regional 1/8° resolution sea level
anomalies fusion product
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Payload: Coastal Zone Imager

Fig.4 HY-1E CZI image of Ulva Prolifera green
tide in the Yellow Sea
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Fig.5 HY-1C CZl image of red tide in the East China Sea

This capability helps in assessing the health of the glob-
al ocean ecological environment. Figure 7 shows the
monitoring product of chlorophyll-a concentration from
HY-1C COCTS in the South China Sea.

3.3 Ocean Resource Development and Management

3.3.1 Offshore Wind Energy Monitoring

Offshore wind energy is an important source of clean
energy. However, traditional monitoring methods struggle
to achieve wide-area monitoring of the sea surface. The
HY-2 series satellites can conduct wide-area SSW ob-
servations, but offshore wind farms are mainly distri-
buted in nearshore areas within 50 m of water depth,
where SCAT cannot effectively acquire data. SAR has
the capability to observe high-resolution SSW. Using

Payload: Coastal Zone Imager ——

Fig.6 HY-1C CZl image of oil spill in the Yellow Sea
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Fig.7 Chlorophyll-a concentration from HY-1C COCTS

high-resolution data from GF-3 and 1 m C-SAR 01/02,
it is possible to perform wind vector inversion for off-
shore wind farms and evaluate wind resources. This
provides operational services for wind power companies
in the construction and operation of offshore wind farms.
Figure 8 shows the wind energy assessment results of
the Bohai Sea area in China using data from multiple
SAR satellites.

3.3.2 Coastal Wetland Land Classification

Based on full-polarization SAR incoherent polarization
decomposition technology, different types of land cover
can be finely distinguished by analyzing the polarization
information of radar echoes. By analyzing the remote
sensing characteristics of coastal wetlands, a remote
sensing information sample database and an information
extraction index for coastal wetlands are established.
Additionally, an information extraction model for
coastal wetlands is constructed, enabling the extraction
of coastal wetland information. Figure 9 illustrates the
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Fig.8 Wind energy average power density distribution
assessment at 100 m height in the Zhuanghe sea
area of the Bohai Sea, China

Fig.9 Wetland classification in the Yellow River Delta
based on SAR polarization decomposition data

classification of wetlands in the Yellow River Delta,
derived from SAR polarization decomposition data.
Furthermore, this technology has vast potential in the
management of ocean and coastal natural resources. By
enabling precise classification and monitoring of changes
in land cover, it offers crucial information for oversee-
ing offshore aquaculture areas, planning coastal land use,
protecting ecosystems, and issuing disaster warnings.

3.4 Polar Monitoring

Using passive microwave brightness temperature data
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from the HY-2B, it is possible to generate daily sea ice
concentration products, providing large-scale sea ice
distribution information for the Arctic and Antarctic
regions. These products are crucial for climate change
monitoring and numerical model forecasting, and they
also offer valuable reference information for navigation
routes through ice zones, ensuring the safety of scientif-
ic expeditions and other vessels. Figure 10 displays the
Antarctic sea ice concentration product derived from the
HY-2B SMR.

In addition to large-scale sea ice concentration prod-
ucts, integrating multi-source remote sensing imagery
from HY-1 series satellites, SAR, and other sources can
provide detailed information on sea ice changes, land
snow cover, glaciers, and ice shelf distribution, thereby
enhancing polar monitoring.

3.5 Terrestrial Applications

3.5.1 Flood Monitoring
From July to August 2023, under the influence of Ty-
phoon Doksuri, the Beijing-Tianjin-Hebei region and
several areas in northeastern China experienced conti-
nuous heavy rainfall, resulting in widespread flooding.
Utilizing the advantages of GF-3 and 1 m C-SAR,
which are unaffected by clouds and rain, emergency
observations of the flood-affected areas were conducted.
By comparing pre- and post-disaster images, accurate
information was provided for assessing the extent and
severity of the damage. Figure 11 shows the GF-3 SAR
image of the Songhua River basin on August 11, 2023.
Additionally, the high-frequency observations from
HY-1C/D/E can monitor the occurrence and develop-
ment of urban flooding, providing data support for ur-
ban flood prevention and drainage efforts.
3.5.2 Large Water Body Monitoring
Since July 2022, the middle and lower reaches of the
Yangtze River have experienced prolonged high tem-
peratures and low rainfall. This has led to increased
evaporation and a continuous decline in the water sur-
face area of bodies of water such as Poyang Lake and
Dongting Lake due to multiple factors. Utilizing the
advantages of HY-1C/D with their wide scanning swath,
short revisit periods, and high-frequency observations,
dynamic monitoring of the water bodies in these regions
has been conducted. Figure 12 shows a comparison of
the water surface area of Poyang Lake between August
22, 2022, and August 31, 2021, captured by the HY-1C
CZI.
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Sea Iee Concentration in Antarctica

Fig.10 Antarctic sea ice concentration
product of HY-2B

Fig.12 Comparison of the water surface area of Poyang Lake between August 22, 2022, and August 31, 2021

4 Summary

Currently, China has established an initial networked
observation capability with the HY-1, HY-2, and HY-3
series satellites. These satellites play a significant role in
ocean disaster prevention, ecological monitoring, and
resource monitoring. Additionally, due to their wide
coverage, high revisit frequency, and high quantitative
accuracy, these ocean satellites also make valuable con-
tributions to terrestrial and emergency monitoring.

The new satellites currently under development in-
clude the Ocean Salinity Satellite, HY-2E/F, and the Sea
Wind and Wave Detection Satellite, with the Ocean Sa-
linity Satellite scheduled for launch in 2024. Building
on the long-term, continuous, and stable observation
capabilities of the ocean color, ocean dynamics, and
ocean surveillance and monitoring satellites, China will
further expand observation elements, improve observa-

tion quality, develop high-orbit ocean satellites, and strive
to achieve comprehensive detection of both surface and
subsurface ocean information.
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Abstract

Currently, China has 32 Earth observation satellites in orbit. The satellites can provide various data such as optical,
multispectral, infrared, and radar. The spatial resolution of China Earth observation satellites ranging from low to
medium to high. The satellites possess the capability to observe across multiple spectral bands, under all weather
conditions, and at all times. The data of China Earth observation satellites has been widely used in fields such as
natural resource detection, environmental monitoring and protection, disaster prevention and reduction, urban
planning and mapping, agricultural and forestry surveys, land survey and geological prospecting, and ocean fore-
casting, achieving huge social benefits. This article introduces the recent progress of Earth observation satellites in
China since 2022, especially the satellite operation, data archiving, data distribution and data coverage.
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China Earth Observation Satellites, Satellite operation, Data archiving, Data distribution, Data coverage

1 Satellite Introduction

Earth observation satellites play a pivotal role in natural
resource detection, environmental monitoring and pro-
tection, disaster prevention and reduction, urban plan-
ning and mapping, agricultural and forestry surveys,
land survey and geological prospecting, and ocean fo-
recasting. Their data and information are essential for a
nation’s economic development, social progress, and
national security. Currently, there are 32 Earth observa-
tion satellites in orbit. Since 2022, China has launched 9
Earth observation satellites. The status of new China
Earth observation satellites is shown in the Tablel.

11 LT-1Aand LT-1B
On 26 January 2022, the LT-1A satellite soared into

Received June 20, 2024

space with a triumphant launch from the Jiuquan Satel-
lite Launch Center. Following closely, on 27 February
2022, at the same time, the LT-1B satellite was flaw-
lessly propelled into orbit by the Long March 4C carrier
rocket, also originating from the Jiuquan Satellite Launch
Center. The Land Exploration Satellite 1 project is an
important component of the national medium- to long-
term civilian space infrastructure development plan
(2015-2025), and it is also the first scientific research
satellite project approved by the plan. LT-1A and
LT-1B satellites are developed by Shanghai Academy
of Spaceflight Technology. The satellite has a design
life of 8 years and has six imaging modes.

LT-1A and LT-1B operate on a sun-synchronous or-
bit at an altitude of 607 kilometers, equipped with ad-
vanced L-band multi-polarization multi-channel SAR
payloads with a total antenna area exceeding 33 square
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Tablel List of new Earth observation satellites in China

Table 2 Imaging mode of LT-1A and LT-1B

number Satellite name Code Launch time Iilfjef/iegar;s
1 L-SAR 01A LT-1A Jan. 26, 2022 8
2 L-SAR 01B LT-1B Feb. 27, 2022 8
3 Gaofen-3 03 GF-3C Apr. 7,2022 8

Atmospheric environment

4 monitoring satellite DQ-1 AP A, A £
5 ponmontoringsaceliie OV Aug.4.2022 8
6 5m S-SAR 01 HJ-2E Oct. 13, 2022 8
7 Gaofen-5 01A GF-501A Dec. 9, 2022 8
8 5m S-SAR 02 HJ-2F Aug. 9, 2023 8

Land Exploration Satel- ]

lite 4-01 Z-1 Aug. 13, 2023 8

meters, making them the largest-aperture SAR satellites
currently in orbit in China. These satellites possess var-
ious imaging modes, with a maximum resolution of 3
meters and a maximum observation swath width of up
to 400 kilometers. The L-band SAR payload, characte-
rized by its long wavelength and strong ability to pene-
trate vegetation, can provide long-wave synthetic aper-
ture radar data with extensive coverage, high measure-
ment point density, and high repeat observation fre-
guency, enabling early identification of disaster risks in
areas with complex conditions and difficult ground
access.

LT-1A and LT-1B satellites will operate in close
proximity or as a network, utilizing differential defor-
mation measurement and interferometric altimetry tech-
niques to monitor ground deformation and conduct to-
pographic mapping in specified regions. Featuring
all-weather, all-time, multi-mode, and multi-polarization
capabilities, they can be applied in geology, land use,
Earthquake, disaster reduction, surveying and mapping,
forestry, effectively enhancing China’s capacity for in-
dependent satellite detection and prevention of geologi-
cal disasters. The imaging mode of LT-1A and LT-1B is
shown in Table 2.

1.2 GF-3C

The GF-3C satellite was successfully launched on 7
April 2022, from the Jiuguan Satellite Launch Center.
Developed by the China Academy of Space Technology,
which is part of the China Aerospace Science and
Technology Corporation, it is designed to operate for
eight years in orbit and features a suite of 12 conven-
tional imaging modes.

. . . Imaging
ST =)y REEDII width Polarization mode
number mode (m)
(km)
. Optional single polari-
1 Strip mode 1 3 50 Zation
- Optional single polari-
2 Strip mode 2 12 100 .
3 Strip mode 3 3 50 thlonal dual polariza-
tion
4 Strip mode 4 6 30 Total polarization
5  Stripmode5  20~30  150~250 OPtional single polari-
zation
6 Scan mode 30 400 Optional single polari-

zation

GF-3C satellite, one of the two operational satellites
outlined in the national medium- to long-term civilian
space infrastructure development plan (2015-2025),
operates in a Sun-synchronous return orbit at an altitude
of 755 kilometers. Its primary payload is a C-band syn-
thetic aperture radar. This satellite fully inherits the
technical solutions of the GF-3 satellite, a key scientific
and technological project within the High-Resolution
Earth Observation System. Once launched, it will inte-
grate with the existing the GF-3 satellite to create a
network, forming a constellation of land and sea radar
satellites capable of 1-meter resolution and daily revisits.
Additionally, it features enhancements such as a ship
automatic identification signal receiving system and
on-board real-time processing, enhancing capabilities
for maritime vessel observation and monitoring of ma-
rine emergencies and the natural environment. With the
formation of a three-satellite network, it will enhance
capabilities for longer-term observation, greater clarity,
faster imaging, and improved functionality, addressing a
range of needs including maritime rights defense, disas-
ter prevention and mitigation, environmental monitoring,
disaster relief, territorial control, environmental protec-
tion, water conservancy, agriculture, and meteorology.
This transition from demonstration to operational use of
synthetic aperture radar satellite data will support Chi-
na’s strategy to become a leading maritime power. The
imaging mode of GF-3C is shown in Table 3.

13 DQ-1

The atmospheric environment monitoring satellite,
known as the DQ-1 satellite, was successfully launched
on 16 April 2022, from the Taiyuan Satellite Launch
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Table 3 The imaging mode of GF-3C

Resolution/m

Imaging width/km
Total number

Number Imaging mode®

Polarization mode

Nominal %T:;T;L:.tgﬁl dﬁi:sctggii] Nominal Range  Of views!"
1 Bunching®?! 1 1.0~15 09~25 10x10 10x10 1 Optional single polarization
2 Hyperfine stripe 3 3 2580 30 30 1 Optional single polarization
3 Fine strip 1 5 5 50 50 1 Optional dual polarization
4 Fine stripe 2 10 10 8~12 100 95~110 2 Optional dual polarization
5 Standard strip 25 25 15~30 130 95~150 6 Optional dual polarization
6 Narrow range topsar 50 50~60 30~60 300 300 6 Optional dual polarization
7 Wide range topsar 100 100 50~110 500 500 8 Optional dual polarization
8 Fully polarized strip 1 8 8 30 20~35 1 Total polarization
9 Fully polarized strip 2 25 25 15~30 40 35~50 6 Total polarization
10 Wave imaging mode!®! 8 8 20x20 20x20 1 Total polarization
11 Global topsar model 500 500 350~700 650 650 12 Optional dual polarization
;,  Extend Low incidentangle 25 25 15~30 130 120~150 6 Optional dual polarization
incident angle Hjgh incidentangle 25 25 20~30 80 70~90 6 Optional dual polarization
Note 1 Ground distance
Note 2 The tirr_le interval between two consecutive observations is about 10 s, and the imaging range in azimuth and range is 10 km
respectively
Note 3 The in'terval between two consecutive observations is about 100 km, which can be adjusted. The imaging range in azimuth and
range is 20 km respectively
Note 4 Total viewing number is azimuth viewing number x distance viewing number
Note 5 With GMTI and high resolution and wide range test mode

Center. This satellite serves as a cornerstone of scientif-
ic research within the national medium- to long-term
civilian space infrastructure development plan
(2015-2025). Developed by the Shanghai Aerospace
Technology Research Institute, which is a subsidiary of
the China Aerospace Science and Technology Corpora-
tion, the DQ-1 operates in a Sun-synchronous orbit and
boasts a comprehensive array of payloads. These in-
clude atmospheric detection lidar, a high-precision po-
larization scanner, a multi-angle polarization imager, an
ultraviolet hyperspectral atmospheric composition de-
tector, and a wide-range imaging spectrometer.

Notably, this atmospheric environmental monitoring
satellite is not just a research satellite in the nation’s
medium to long-term development plan for civil space
infrastructure; it is also a world pioneer, being the first
satellite capable of detecting carbon dioxide laser.
Equipped with five advanced remote sensing instru-
ments, it promises to significantly enhance global capa-
bilities in carbon monitoring and atmospheric pollution
detection. Once operational in orbit, it will usher in a
leapfrogging improvement in quantitative remote sens-
ing services across various fields, including the ecolog-
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ical environment, meteorology, and agriculture. This
advancement will aid China in achieving national strat-
egies such as carbon neutrality and carbon peaking,
promoting ecological civilization construction, and
bolstering the development of a strong aerospace nation.
Additionally, during the “14th Five-Year Plan” period,
China aims to launch a high-precision greenhouse gas
comprehensive detection satellite to complement and
enhance the network observation capabilities of the at-
mospheric environment monitoring satellite.

The satellite primarily serves as a tool for regional
ambient air quality and ecological environment moni-
toring, offering crucial domestic data to further bolster
China’s comprehensive atmospheric environment mon-
itoring, global climate change research, crop yield esti-
mation, agricultural disaster monitoring, and other criti-
cal application capabilities. By doing so, it aims to ad-
vance remote sensing applications in China’s ecological
environment, meteorology, agriculture, and rural areas,
thereby significantly enhancing the comprehensive uti-
lization efficiency of satellite resources and promoting
environmental protection efforts. The payloads of DQ-1
are shown in Table 4.
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Table 4 The payloads of DQ-1

Atmospheric lidar

Detection center wavelength/nm 532, 1064, 1572
20 (double pulse)

Laser pulse width/ns 15

Repetition frequency/Hz

Main telescope aperture/m 1

High precision scanning polarimeter

380, 410, 443, 490, 670, 865,
1380, 1610, 2250; Each
channel has polarization

detection capability

Spatial resolution/km Better than 10
Width/km >1800
Better than 0.5%

Center wavelength/nm

Polarization measurement accuracy

Directional polarization camera

433~453, 480~500 (P)
555~575, 660~680 (P)
758~768, 745~785
845~885 (P), 900~920

Spectral range/nm

spatial resolution/km Better than 3.5
Width/km > 1800
Polarization measurement accuracy Better than 2%

Ultraviolet hyperspectral atmospheric composition detector

240~315, 315~403, 403~550,
550~710

Width/km > 2300
Better than 0.3~0.5

Better than 24 (rail crossing
direction) x 13 (along rail
direction)

Spectral range/nm

Spectral resolution/nm

Spatial resolution/km

Wide imaging spectrometer

0.415, 0.443, 0.47, 0.49,
0.555, 0.659, 0.681, 0.753,
0.8 (Panchromatic channel),

0.865, 0.936, 0.94, 1.375,
1.64, 2.13, 3.8 (High gain),
3.8 (Low gain), 7.325, 8.55,

10.8,12.0

75 (Panchromatic channel),
150 (True color channel),
300 (Long wave infrared

split window), Other chan-

nels: 600

Width/km > 2300

Spectral range/um

spatial resolution/m

1.4 CM-1

The Carbon Monitoring Satellite for Terrestrial Ecosys-
tems (CM-1 Satellite) was successfully launched at
11:08 on 4 August 2022, from the Taiyuan Satellite
Launch Center. As the world’s first satellite to combine
active and passive observation for forest carbon sink moni-
toring, its successful launch signifies China's entry into
the era of remote sensing-based carbon sink monitoring.

The Carbon Monitoring Satellite for Terrestrial Eco-

systems was developed by the China Academy of Space
Technology, a subsidiary of the China Aerospace
Science and Technology Corporation. It is equipped with
four satellite payloads: a multi-beam lidar, a multi-angle
multispectral camera, a hyperspectral detector, and a
multi-angle polarization imager. By utilizing a remote
sensing system that integrates point-to-surface and ac-
tive-passive sensing, and employing comprehensive
remote sensing techniques including “laser, multispec-
tral, multi-angle, hyperspectral, and polarization”, it
captures multi-factor remote sensing information of
forest carbon sinks, enhancing the accuracy of carbon
sink inversion and significantly elevating China’s quan-
titative capabilities in land remote sensing.

The satellite employs a combined active-passive
measurement approach to detect the vegetation biomass
of terrestrial ecosystems, addressing issues such as ter-
restrial ecosystem carbon monitoring, terrestrial ecology
and resource survey monitoring, and monitoring and
evaluation of major national ecological projects. It
serves the national goal of achieving “carbon peak and
carbon neutrality”, providing operational support and
research services for forestry, grassland, ecological en-
vironment, surveying and mapping, meteorology, agri-
culture, and emergency disaster relief. The payloads of
CM-1 are shown in Table 5.

1.5 HJI-2E and HJ-2F

The HJ-2E and HJ-2F satellites, part of the Environ-
mental Disaster Reduction Il series, were triumphantly
launched on 13 October 2022, and 9 August 2023, re-
spectively, from the Taiyuan Satellite Launch Center.
Developed by the Fifth Academy of China Aerospace
Science and Technology Corporation, these satellites
are designed to have an operational lifespan of 8 years
and offer four distinct conventional imaging modes.

As outlined in the national medium- to long-term ci-
vilian space infrastructure development plan (2015—
2025), the HJ-2E and HJ-2F satellites operate in a
sun-synchronous orbit at an altitude of 499 kilometers.
Their primary payload is an S-band synthetic aperture
radar. Once in orbit, these twin satellites will form a
network, marking the initial establishment of a constel-
lation of satellites for emergency management and eco-
logical environment monitoring, along with a compre-
hensive space-ground operational application system.
This constellation will provide essential support for
emergency management and ecological environment

* 129 -



» »»| SPACE SCIENCE ACTIVITIES IN CHINA

operations, primarily aiming to localize SAR satellite
remote sensing data for these purposes. Additionally,
the satellites will serve industries such as natural re-

sources, water conservancy, agriculture, forestry, grass-
lands, and Earthquake monitoring. The imaging mode
of HJ-2E and HJ-2F is shown in Table 6.

Table 5 Payloads of CM-1

Multibeam lidar

Laser beam
Laser wavelength/nm

Laser altimeter range/km

Aerosol polarization detection/nm

Ranging accuracy (static)/m

Vertical sampling interval for aerosol detection/m

Vegetation detection 5 beam, aerosol detection 1 beam

1064/532
506 + 20

Horizontal and vertical polarization (532)

<03
<30

Multi angle multi spectral camera

Angle

Spectral segment/nm

0° camera

B1 band: 450~520
B2 band: 520~590
B3 band: 630~690
B4 band: 770~890

+ 19° camera

B1 band: 450~520
B2 band: 520~590
B3 band: 630~690
B4 band: 770~890
P-band: 500~760

+ 41° camera

B1 band: 450~520
B2 band: 520~590
B3 band: 630~690
B4 band: 770~890
B5 band: 690~730

Ground pixel resolution

(vertical rail direction)/m Better than 2

Better than 4/8 (panchromat-
ic/multispectral)

Better than 6/12 (red
edge/multispectral)

Static MTF >0.2 P-band > 0.18; Others > 0.2 B5 band > 0.15; Others > 0.2
Width/km >20
Quantization bits/bit 12
Hyperspectral detector
Spectral segment 670~780nm, > 366 channels
spectral resolution/nm <0.3
Ground pixel resolution/km <2
Width/km >30
Quantization bits/bit 14
Multi angle polarization imager
There were 8 spectral bands: 433~453, 480~500 (P), 555~575,
Working spectrum segment/nm 660~680 (P), 758~768, 745~785, 845~885 (P), 900~920; 490, 670
and 865 spectral bands have polarization measurement capability
Polarization analysis Linear polarization, three polarization directions 0°, 60°, 120°
Multi angle observation Along the rail > 9 angles
Sub satellite point spatial resolution/km <35
Width/km >800
Table 6 Imaging mode of HJ-2E and HJ-2E
serlal _ Resolution/m Imaging width/km Visual number o
number Imaging mode I Azimuthal Distance I range AxEL Polarization mode
direction direction
1 Unipolar stripe 5 5 3.7-5 35 35~41 1x1 Selectable single polarization
2 Dual polarization strip 5 5 3.7-5 35 35~41 1x1 Optional dual polarization
3 Monopolar scanning 25 20-25 16.5~24.5 95 95~109 1x3@ 1x4 Selectable single polarization
4 Ec‘;f]'n?ﬁéariza“"” 25 20-25 165-245 95 95-109  1x391x4  Optional dual polarization
Note 1 A x E stands for azimuthal visibility x distance visibility
Note 2 View number 1 x 3 is only used at the farthest wave position
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16 GF-501A

The GF-5 01A satellite was successfully launched from
the Taiyuan Satellite Launch Center on 9 December
2022. As a successor to the Gaofen-5 satellite, GF-5
01A boasts three payloads: the Advanced Hyperspectral
Imager for the Visible and Shortwave Infrared (AHSI),
the Wideband Thermal Infrared Imager (WTI), and the
Environmental Monitoring Instrument for Atmospheric
Trace Gases (EMI). GF-5 01A possesses the world's fore-
most comprehensive capabilities in wide-band long-wave
infrared detection with medium-to-high spatial resolu-
tion, offering unparalleled visible short-wave hyper-
spectral imaging and unprecedented spatial resolution
for detecting atmospheric trace gases. Remarkably, it
will mark the first time in orbit that a satellite performs
three-axis maneuvering for lunar calibration.

The networking of GF-5 01A with GF-5 02 will sig-
nificantly enhance China's hyperspectral observation
capabilities in the atmospheric, aquatic, and terrestrial
domains. This will cater to the urgent need for compre-
hensive environmental monitoring, providing domestic
hyperspectral data support for critical environmental opera-
tions such as atmospheric and water environmental moni-
toring. The payloads of GF-5 01A are shown in Table 7.

Table 7 Payloads of GF-5 01A

Visible short wave infrared hyperspectral camera (AHSI)

Spectral range 0.4~2.5 um, 330 channels in total
Spatial resolution/m 30+£0.1

Width/km 60+1

spectral resolution/nm VNIR: <5; SWIR: <10

Quantization Bits/bit 12

Wide range thermal infrared imager (WTI)

B1:8.01+0.08 ~8.39 £ 0.12;
B2:8.42+0.12 ~8.83 £ 0.12;
B3:10.3+0.15~11.3 £ 0.08;
B4:11.5+0.08 ~12.5 + 0.16;

Sub satellite ground pixel resolution/m <100 (star point) @705 km
Width/km > 1500
Quantization Bits/bit 12

Spectral segment/um

Atmospheric trace gas differential absorption spectrometer (EMI)

240~290, 290~380;
390~530, 550~710;

0.3~0.6
<6x10*

114 (rail crossing direction)

Better than 24 (perpendicular to
the track) x 13 (along the track)

Quantization bits/bit 14

Spectral range/nm

Spectral resolution/nm
Stray light
Total field of view/(°)

Spatial resolution/km

1.7 JZ-1

The JZ-1 satellite was successfully launched on 13 Au-
gust 2023, from Xichang Satellite Launch Center. De-
veloped by China Academy of Space Technology, a sub-
sidiary of the China Aerospace Science and Technology
Corporation, the satellite's ground system construction
and operation are managed by the China Centre for Re-
sources Satellite Data and Application and the Aero-
space Information Innovation Research Institute, Chi-
nese Academy of Sciences. With an on-orbit design life
of 8 years, the satellite boasts four conventional imaging
modes.

The JZ-1 is a remote sensing research satellite out-
lined in the national medium- to long-term civilian
space infrastructure development plan (2015-2025).
Operating in a near 36000-kilometer inclined geosyn-
chronous orbit, satellites in this orbit resemble drawing
an “8” in the sky, allowing for relatively consistent ob-
servation of vast areas with short revisit periods and
wide imaging coverage.

As the world's first geosynchronous orbit SAR (Syn-
thetic Aperture Radar) satellite, the JZ-1 is equipped
with an L-band SAR as its primary payload. Upon suc-
cessful launch, it will enable China to achieve
all-weather, day-and-night, high-frequency revisit
(hourly), and wide-coverage observation capabilities,
covering both domestic and neighboring regions with
20-meter resolution. This significant achievement fills a
gap in China’s high-orbit SAR field, primarily satisfy-
ing the needs of disaster prevention and mitigation ap-
plications while also catering to the requirements of
industries such as land resources, water conservancy,
meteorology, oceanography, forestry, and agriculture.
The satellite is currently undergoing in orbit testing.

2 Satellite Operation

In daily situations, the imaging is arranged comprehen-
sively based on user demands and satellite constraints.
As of 31 May 2024, the GF-3C satellite has imaged a
total of 8755 circles, the LT-1A satellite has imaged a
total of 7076 circles, the LT-1B satellite has imaged a
total of 6742 circles, the HJ-2E satellite has imaged a
total of 4644 circles, the GF-5 01A satellite has imaged
a total of 3595 circles in infrared and 2655 circles in
hyperspectral. The satellite operation and control situa-
tion is detailed in Table 8.
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Table 8 Statistics of satellite operation (cumulative, as of
31 May 2024)

Table 14 Statistical results of GF-5A satellite data archiving
(as of 31 May 2024)

. Number of Imaging Track adjustment/
Satellite - . .
imaging turns time/h times
GF-3C 8755 1090.22 21
LT-1A 7076 587.04 119
LT-1B 6742 562.37 127
HJ-2E 4644 373.44 6
GF-501a
(infrared) 3595 1218.76 7
GF-501a 2655 203.95 7
(hyperspectral)

3 Data Archiving

In general, data acquired by the satellites will be
processed into Levels 0 and 1 for storage. As of 31 May
2024, the archiving of each satellite is shown in the ta-
ble below.

Table 9 Statistical results of LT-1A satellite data archiving
(as of 31 May 2024)

Satellite Sensor Level 0 Level 1
19335 scenes/ 190213 scenes/
LT-1A - SAR 292.69 TB 317.63TB

Table 10 Statistical results of LT-1B satellite data archiving
(as of 31 May 2024)

Satellite Sensor Level 0 Level 1
18120 scenes/ 182057 scenes/
LT-18 SAR 271.76 TB 295.48 TB

Table 11 Statistical results of GF-3C satellite data archiving
(as of 31 May 2024)

Satellite Sensor Level 0 Level 1
24109 scenes/ 288748 scenes/
GF-3C SAR 260.44TB 649.24 TB

Table 12  Statistical results of HJ-2E satellite data archiving
(as of 31 May 2024)

Satellite Sensor Level 0 Level 1
13017 scenes/ 205890 scenes/
Hi-2E SAR 140.78 TB 321.23TB

Table 13 Statistical results of HJ-2F satellite data archiving
(as of 31 May 2024)

Satellite Sensor Level 0 Level 1
4864 scenes/ 71121 scenes/
H-2F SAR 5246 TB 109.49 TB

+132 -

Satellite  Sensor Level 0 Level 1
ACPC 6314 scenes/35.17 GB 6255 scenes/130.94 GB
GF-5A  AHSI 85679 scenes/236.43 TB 84887 scenes/127.17 TB
EMI 8205 scenes/84.39 TB 8185 scenes/19.93 TB
Total 100198 scenes/320.85 TB 99327 scenes/147.22 TB

4 Data Distribution

The data of China Earth observation satellites are dis-
tributed to the research institutions, governments, com-
mercial companies and individuals. By the end of May
2024, the distribution of each satellite is shown in the
table below.

Table 15 Statistics of satellite data distribution (as of 31
May 2024)

Satellite (payload) Distribution/scenes

LT-1A 197369
LT-1B 188308
GF-3C 247913
DQ-1 (WSI) 485734
Cm-1 (DMC) 657968
HJ-2E 354273
GF-5A 288289
HJ-2F 95319
total 2515173

5 Data Coverage

Since its launch, the satellite has demonstrated excellent
global coverage capabilities. By the end of May 2024,
the Level 1 data of LT-1A satellite had achieved an ef-
fective global coverage spanning 100.67 million square
kilometers, while the LT-1B satellite covered 96.94 mil-
lion square kilometers. The level-1 data of GF-3C satel-
lite excelled, achieving an impressive 202.37 million
square kilometers of effective global coverage. Similar-
ly, the Level 1 data of DMC sensor on the CM-1 satel-
lite delivered 55.61 million square kilometers of effec-
tive global coverage. The HJ-2E satellite covered 68.46
million square kilometers, and the HJ-2F satellite
achieved 40.98 million square kilometers of effective
global coverage. Lastly, the AHSI sensor on the GF-5
01A satellite achieved a remarkable 64.86 mil
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Global coverage of effective data of LT-1A satellite

Fig. 1 Global coverage of effective data of
LT-1A satellite (as of 31 May 2024)

Global coverage of effective data of LT-1B satellite

e

Fig. 2 Global coverage of effective data of
LT-1B satellite (as of 31 May 2024)

Global coverage of effective data of GF-3C satellite

Fig. 3 Global coverage of effective data of
GF-3C satellite (as of 31 May 2024)

Global coverage of effective data of CM-1(DMC) satellite

r'r 1l

Fig. 4 Global coverage of effective data of
CM-1(DMC) satellite (as of 31 May 2024)

Global coverage of effective data of HJ-2E satellite

Fig. 5 Global coverage of effective data of
HJ-2E satellite (as of 31 May 2024)

Global coverage of effective data of HJ-2F satellite

Fig. 6 Global coverage of effective data of
HJ-2F satellite (as of 31 May 2024)

Global coverage of effective data of GF-5 01A (AHSI) satellite

‘* \

— —
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W

Fig. 7 Global coverage of effective data of
GF-501A (AHSI) satellite (as of 31 May 2024)

lion square kilometers of effective global coverage. The
respective satellite coverage maps are presented below
for reference.

6 Conclusion

After more than 20 years of development, Earth obser-
vation satellites possess the capability to observe across
multiple spectral bands, under all weather conditions,
and at all times. The increasing number of civilian Earth
observation satellites and diverse payload types have
promoted the development of remote sensing technolo-
gy applications. At the same time, the improvement of
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remote sensing technology application level has put for-
ward higher requirements for satellite payload indicators
and image quality, promoting the development of civi-
lian Earth observation satellites and ground processing
systems.

By 2030, the number of Earth observation satellites
in China will reach 40, and the payload and orbit types
will become more diverse, further improving the high
spatial, high temporal, high spectral, and high radiation
resolution. Earth observation satellites will provide rich,
stable, and sustainable scientific data for various fields
of national economy and people’s livelihood, promote
the further improvement of remote sensing technology
application level, and create greater social and economic
benefits.
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Abstract

In 2024, the Chinese Meridian Project (CMP) completed its construction, deploying 282 instruments across 31
stations. This achievement not only provides a robust foundation but also serves as a reference template for the
International Meridian Circle Program (IMCP). The IMCP aims to integrate and establish a comprehensive net-
work of ground-based monitoring stations designed to track the propagation of space weather events from the Sun
to Earth. Additionally, it monitors various disturbances generated within the Earth system that impact geospace.
Over the past two years, significant progress has been made on the IMCP. In particular, the second phase of con-
struction for the China-Brazil Joint Laboratory for Space Weather has been completed, and the North Pole and
Southeast Asia networks are under active construction. The 2024 IMCP joint observation campaign was success-
fully conducted. To facilitate these developments, the scientific program committee of IMCP was established,
following the success of 2023 IMCP workshop and the space weather school, which was co-hosted with the
Asia-Pacific Space Cooperation Organization (APSCO) and sponsored by SCOSTEP. Preparations are now un-
derway for the 2024 workshop in collaboration with the National Institute for Space Research (INPE) in Brazil.

Key words

Chinese Meridian Project (CMP), International Meridian Circle Program (IMCP), China-Brazil Joint Laboratory
for Space Weather, North Pole and Southeast Asia networks

1 Introduction ing network. Equipped with more than 1000 instruments,

the IMCP aims to study Earth as a connected system
The International Meridian Circle Program is proposed ~ €ncompassing space, atmosphere, and surface. Its godl
to bring together over ten countries along the 120°E and 1S 10 understand how solar wind disturbances affect our
60°W meridians to create an integrated global monitor- ~ Mother planet and how disturbances originating from
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the Earth’s surface and atmosphere might also impact
our space environment. This international effort ad-
dresses critical questions, such as how solar energy and
matter outputs interact with Earth’s magnetic field and
atmosphere, and how space weather isin turn, impacted
by global change and environmental hazards. The IMCP
leverages a wide range of international collaborations to
address these global scientific challenges through real-
time monitoring, data sharing, and joint research activities.

Over the past two years, significant progress has been
made on the IMCP. The Chinese Meridian Project com-
pleted its construction, the second phase of the China
Brazil Joint Laboratory for Space Weather (CBJLSW)
was successfully concluded, and ongoing advancements
are being made in the North Pole and Southeast Asia
networks. The 2024 IMCP joint observation campaign
was successfully conducted, making a significant mi-
lestone. The IMCP scientific committee was established,
a successful workshop was held in 2023, and an IMCP
space weather school was co-hosted with the APSCO.
Preparations are currently underway for a 2024 work-
shop in collaboration with the INPE in Brazil.

2 Chinese Meridian Project

Congtruction of the second phase of the Chinese Meri-
dian Project began in 2019 and successfully passed the
engineering acceptance evauation in June 2024. This
expanded network has created a robust ground-based
monitoring system that spans across China and the Earth

polar regions. It comprises arange of conventional instru-
ments such as optical, radio, and geomagnetic equip-
ment, as well as severa large and advanced devices in-
cluding a radio heliograph, an interplanetary scintilla-
tion telescope, a Mesosphere-Stratosphere- Troposphere
(MST) radar, a mid-latitude high- frequency radar, a
new generation tristatic incoherent scatter radar with
electronic beam steering, alow- latitude high-frequency
radar, an array-type large-aperture helium lidar, and a
large-aperture metal-layer lidar.

Once fully operational, the CMP will provide data
from its diverse array of instruments to a wide spectrum
of user communities. Thiswill enhance our ability to mon-
itor and understand the complex interactions between
solar activities and terrestrial processes, contributing to
the global scientific effort to mitigate the effects of
space weather and understand Earth's dynamic system.

3 China-Brazil Joint Laboratory for
Space Weather

The China-Brazil Joint Laboratory for Space Weather is
set to complete its second phase of construction by the
end of 2024. Sixteen sets of space environment moni-
toring equipment have been deployed across South
Americas low-latitude region, including geomagnetic,
radio, and optical instruments. Headquartered in Brazil,
CBJLSW aimsto expand its network to encompass Peru
and Chile.

Fig.1 Monitoring network of the CBJLSW
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Fig.2 North polar ionospheric monitoring network

As amodel project for the IMCP, the construction of
the CBJLSW has systematically explored and continues
to refine collaborative efforts in areas such as responsi-
bility allocation, investment, personnel exchange and
training, and data/result sharing. This focus maximizes
return on investment and fosters sustainable develop-
ment, ultimately establishing an efficient framework for
joint observation and collaborative research.

4 North Polar lonospheric
Monitoring Network

Funded by a key international cooperation grant from
the National Natural Science Foundation (NSFC), a
collaborative effort is underway to establish the North
Polar lonospheric Monitoring Network. This joint
project brings together researchers from the University
of New Brunswick (Canada), the University of Oslo
(Norway), NSSC and Shandong University of China.

The first phase involves to install GNSS TEC and
Scintillation receivers and al-sky airglow imagers at
three observation stations. Resolute Bay, Pond Inlet,
and lgaluit. This will facilitate comprehensive monitor-
ing of the ionosphere in the North Polar region. Upon
completion, real-time data sharing will be established
with the Canadian High Arctic lonospheric Network
(CHAIN) and Norway monitoring network.

5 lonospheric ISR Network in
Northern Europe

China Research Ingtitute of Radiowave Propagation
(CRIRP) formally joined the European Incoherent Scat-
tering Scientific Association (EISCAT) since 2006 ap-
proved by Ministry of Science and Technology of China
(MOST). CRIRP has broadly contributed to the scien-
tific production of EISCAT by performing a large
number of experiments, observation,data analysis and
model research activities on ionospheric irregularities,
ionaspheric radio propagation, space plasma and ionos-
pheric incoherent scatter measurement methods. At
present, the next generation European Incoherent Scat-
ter radar system (EISCAT 3D) is being tested and will
be put into operation in the end of 2024. EISCAT 3D
consists of one core site in Skibotn, Norway and two
reception sites in Kaiseniemi, Finland and Karesuvanto,
Sweden.The key capabilities of EISCAT 3D include
volumetric imaging, aperture synthesis imaging, multis-
tatic imaging, and continuous monitoring, making it the
leading radar equipment for the study of geospace envi-
ronment. EISCAT thinks highly of the IMCP and signed
the memorandum of understanding with CRIRP about
the cooperation between IMCP and EISCAT 3D in
2018.

6 Southeast Asia Region
Monitoring Network

Significant progress has been made on the southern ex-
tension of the East Asia/Southeast Asia lonospheric Ir-
regularity and Scintillation Observation Network (10-
NISE) and the China-Southeast Asia Upper Atmosphere
Double-Layer Airglow Observation Network.

Agreements have been signed with the National As-
tronomical Research Institute of Thailand (NARIT), the
Vientiane Meteorology and Hydrology Department in
Laos, and Telkom University in Indonesia. In collabora-
tion with these partners, new instruments have been
deployed at stations in Songkhla and Chiang Mai (Thai-
land), Pontianak, West Sumatra, and Bandung (Indone-
sia), Vientiane, Pakse, and Attapeu (Laos). These in-
struments include all-sky airglow imagers, GNSS-TEC
and scintillation monitors, PDI agile digital ionosondes,
and wideband vector magnetometers.
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7 IMCP Joint Observation
Campaign

Leveraging capabilities from the CMP, the international
Incoherent Scatter Radar network, CBJLSW, and other
ground-based networks, we organize one to two IMCP
Joint Observation Campaigns each year.

During the strong magnetic storm between November
to December 2023, a call for joint observations was is-
sued on 30 November, recognizing the potential impact.
Observation participants responded swiftly, enabling the
collection of highly valuable, synchronized multi-ele-
ment observational data throughout the storm.

Ground-based facilities participating in these obser-
vations employed diverse detection methods, including
radio waves, optical sensors and geomagnetic field
measurements. This comprehensive approach, drawing
on data from over 80 key stations, yielded arich dataset
encompassing the ionosphere and the middle-to-upper
atmosphere. This data will be instrumental in providing
researchers with a detailed picture of the space envi-
ronment during such magnetic storm events. Scientific
analysis of this campaign has resulted in presentations

and publications.

8 IMCP Headquarters and Activities

Marking a significant milestone, the IMCP Headquar-
ters Building was officially inaugurated and opened for
the IMCP community in September 2023. This new fa-
cility now houses key organizations, including the Chi-
nese office of the CBJLSW, the Sino-Russian Space
Weather Joint Center, and the Regional Warning Center
(China).

In 2023, IMCP successfully hosted its annual work-
shop from 14 to 17 September and co-hosted, with
APSCO, a space weather school from 17 to 21 Septem-
ber. The workshop attrached the participation of 106
international scientific experts, and 41 students from 14
countries attended courses taught by 25 esteemed lec-
turers from five countries. In May 2024, the Super-
DARN/IMCP school was successfully held at the Sizi-
wang Observatory of Space Weather. These educationd
and training activities further demonstrate IMCP's
commitment to knowledge sharing and capacity build-
ing within the space weather community.

2023 IMCP International Workshop/Yanqi Youth Forum

Sepl.14-22 Beijing China
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Fig.5 2024 SuperDARN and IMCP onsite group photo
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In 23-27 September 2024, a new annual IMCP
workshop will be organized under the theme “Monitor-
ing Geospace Disturbances from the Ground: Scientific
Challenges, Observational Networks, and International
Collaboration”. It will be held in S&o Paulo State, Brazil
(https://workshop2024.imcp.ac.cn/), hosted by NSSC
together with INPE, and sponsored by SCOSTEP, NSFC
and other organizations.

9 Future Directions of IMCP

Space weather is a globa phenomenon that requires
international cooperation and participation. We have
already collaborated with scientists from multiple coun-
tries to establish the IMCP framework. Moving forward,
in addition to constructing and enhancing the 120°E—
60°W Meridian circle, we aso plan to expand the IMCP
network along the 30°E-150°W Meridian circle in co-
operation with the International Space Weather Initia-
tive (ISWI). We envision a future where thousands of
IMCP instruments observing together will form athree-
dimensional information grid spanning five continents,
providing real-time information about near Earth's space
environment and contributing to safeguarding our planet
against natural and anthropogenic hazards. We may also
benefit from space weather monitoring systems com-
monly developed to shield our society.
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International Space Science
Institute - Beijing (ISSI-BJ)

DONG Xiaolong

National Space Science Center, Chinese Academy of Sciences, Beijing 100190

1 Introduction

The International Space Science Institute in Beijing
(ISSI-BJ) was jointly established by the National Space
Science Center (NSSC) and the International Space
Science Institute (1SSI) with the support of the Interna
tional Cooperation Bureau and the Space Science Stra-

tegic Project of the Chinese Academy of Science (CAS).

ISSI-BJ is a close cooperation partner of ISSI in Bern,
Switzerland. Both institutes share the same Science
Committee, the same study tools, and other information
of mutual relevance and interest, however, both have
independent operational methods and funding sources.

In the year 2022, despite the ongoing global pan-
demic, ISSI-BJ continued to advance under the leadship
of the executive director, Professor Wing-Huen Ip, by
organizing a multitude of online activities to sustain
momentum and prepare research activities for the
post-pandemic era. The institute conducted four series
of online seminars, which enhanced its visibility in the
international space science community.

The year 2023 marks a significant milestone for IS
SI-BJ, as it commemorated the institute’s 10th anniver-
sary. This anniversary was of particular significance as
it coincided with the resurgence of in-person exchanges
and international collaborations following the global
pandemic of COVID-19. Following 3-year of primarily
virtual interactions, 1SSI-BJ welcomed the opportunity

Received June 20, 2024

to reconvene with the scientific community in person,
reinvigorating its commitment to fostering global part-
nerships and scientific discourses.

2 International Teams

Since 2014, 1SSI-BJ and 1SSI have issued annua joint
cals for International Teams in Space and Earth
Sciences each year in January. This initiative is de-
signed to encourage proposals for study projects from
internationally collaborating teams of scientists from
different institutions. The Call is open to scientists of
any nationality actively involved in different fields of
space and earth science: astrophysics and cosmology,
solar and heliospheric physics, solar-terrestrial sciences,
planetary science, fundamental physics and astrobiology
in space, and earth sciences using space data.

In a similar vein to previous years, 1SSI-BJ, in con-
junction with 1SS, issued calls for internationa teams
in space and earth sciences during the 2022-2023 period.
Following a review by the Science Committee, eight
ISSI/ISSI-BJ International Teams and one ISSI-BJ only
International Team were approved for implementation
in the following two years. These teams, comprising
scientists from a range of institutions and different
countries, addressed a diverse array of space science
disciplines (Table 1).

As the Covid-19 pandemic abated, international tra-
vel to and from China resumed, 1SSI-BJ in-person
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Table 1

International Teams and Their Leaders

International Team Subjects

Leader(s)

1 Magnetohydrostatic Modeling of the Solar Atmosphere with New Datasets

2  Solar eruptions: preparing for the next generation multi-waveband coronagraphs

3 Strong Gravitational Lensing Studies with CSS-OS and EUCLID
Using Energetic Electron and lon Observations to Investigate Solar

Wind Structures and Infer Solar Wind Magnetic Field Configurations

5  Understanding Electron-Scale Magnetic Structures in Space Plasmas

6  Magnetohydrodynamic Wavetrains as A Tool for Probing the Solar Corona

Xiaoshuai Zhu (NSSC, CAS, China)

Alessandro Bemporad (INAF-Turin Astrophysical Observa-
tory, Italy)

Ran Li (NAOC, CAS, China)

Gang Li (University of Alabama in Huntsville, USA) &
Linghua Wang (Peking Univ. China)

Elena Grigorenko (Space Research Institute of Russian
Academy of Sciences) & Huishan Fu (Beihang Univ. China)

Bo Li (Shandong Univ. China)

events resumed in 2023, and international teams that
had been approved but could not be held during the
pandemic period were rescheduled and met in sequence.
By the end of 2023, 6 teams had met in ISSI-BJ for
one-week-long meetings, and as a result of their re-
search, they have published 17 papers in peer-reviewed
journals.

3 Forums

Forums are informal and free debates on open questions
of scientific nature, science strategy matters among 20
to 30 high-level invited participants. Forums may lead
to formal recommendations or decisions depending
upon the topics or issues addressed during the activity.
At ISSI-BJ, forums are also organized to discuss the
science, technology, and international cooperation of
future space science missions. The outcomes are white
papers for future missions. The outputs of 1SSI-BJ fo-
rums are published in the ISSI-BJ s TAIKONG maga-
zine series, which reports on the contents of the Forums
and reflects in a neutral way the Forum discussions and
advice from al the participants. Forums organized by
ISSI-BJ provided a platform for high-level discussions
on critical scientific and policy matters. There are 1 fo-
rum conducted in 2023:

* Detecting Missing Baryons in the Universe
This forum discusses the problems of missing ba-
ryons on scales of galaxies and large-scale struc-
tures and makes plans for X-ray missions that are
dedicated to solving these problems.

4 Workshops

The workshops are study projects on specific scientific
themes, selected in consultation with the Science Com-
mittee. The typical duration of a workshop is one week.

The organization of workshops is the responsibility of a
group of conveners, who define the theme, set up the
program, and list the group of participants. Participation
is by invitation only. The number of participantsin any
given workshop is typically limited to 45 researchers,
with a few young scientists included. The outcomes of
the activity are disseminated in the form of
peer-reviewed articles in the Space Science Reviews
journal and in the Space Science Series of the Interna-
tional Space Science Ingtitute (1SSI)/Beijing Institute of
Space Astronomy (BJ) (SSSI).

Due to the global pandemic, the workshops rec-
ommended by the Scientific Committee (SC) and sup-
posed to be held during the 2022-2023 period were sus-
pended and did not resume until 2024.

5 Outreach Activities

* Online Seminars: The seminarsincluded the "On
Things to Come" series, which featured talks on
space missions; "1001 Space Nights," which pro-
vided science education led by female scientists;
"Topica Review," which included leading re-
searchers from Chinese and French universities,
and the "Space Science Bazaar,” which focused
on young scientists from the SSI-BJ International
Teams Program presenting their research. In the
year 2022, 1SSI-BJ held 12 On Things to Come
webinars, 11 1001 Space Nights events, 9 Space
Science Bazaar events, and 9 Topica Reviews.
Since mid-2023, 1SSI-BJ has resumed in-person
activities, which has resulted in a reduction in on-
line seminars. The sole remaining online series is
"Infinite Horizon" which succeeds the "On Things
to Come" series online seminars.

* Space Science School: In collaboration with the
Asia-Pacific Space Cooperation Organization
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(APSCO), 1SSI-BJ held a biennial Space Science
School on the topics of space sciences and space
science missions. The school offered comprehen-
sive training for international students. The stu-
dents are provided with the requisite scientific
background to enable them to produce a report. In
2023, the third joint space science school was held
a the Geo-informatics and Space Technology
Development Agency (GISTDA) in Si Racha,
Chon Buri Province, Thailand. The focus of the
school was on future collaboration in lunar or
planetary sciences. A total of 25 Students from
Bangladesh, China, Iran, Mongolia, Peru, Thail-
and, Turkey, Thailand and Germany attended this
Space Science School.

The 3% China-ESA Mars Advanced School
This event marked the first in-person activity
since the pandemic. It took place in Huairou, Bei-
jing in May 2023, jointly organized by 1SSI-BJ
and the European Space Agency (ESA), with the
National Space Science Center, Chinese Academy
of Sciences (NSSC, CAS) acting as a co-sponsor.
The Mars School was inspired by the scientific
investigations conducted by an ever-growing fleet
of missions and provided a comprehensive over-
view of Martian science, from itsinterior and sur-
face to its atmosphere and interactions with space.
The lectures encompassed a theoretical back-
ground and modeling, observation techniques and
datasets, as well as the search for the past or
present life. A total of 63 Chinese students and 17
European students from institutes and universities,
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including individuals from Italy, Portuga, the
Czech Republic, Switzerland, the United King-
dom, Poland, Spain, Germany and Hungary at-
tended this Advanced School.

1SSI-BJ 10™ Anniversary Symposium: Space
Science in the Next Decade This event was held
as part of the celebrations marking the 10th anni-
versary of I1SSI-BJ. This symposium brought to-
gether 6 I1SSI-BJs disciplinary scientists, and
young leaders of the international team from 5
different countries to discuss the focus and im-
portance of ISSI-BJ in the next decade. The pres-
entations and discussions covered a range of top-
ics, including solar physics, astrophysics, plane-
tary science and 1SSI-BJ s development strategy.
Thisevent was held in July 2023 in Beijing, China.

6 Publications

Taikong Magazine: The Taikong magazine se-
ries reports on the content of the forums organized
at 1SSI-BJ, reflecting the discussions and advice
from all participants in a neutral manner. Several
issues have been published covering various top-
ics discussed during the forums. In 2023, the 12th
issue of Taikong magazine, entitled "Detecting
Missing Baryonsin the Universe," was published.
Space Sciences Series of 1SSl (SSSI): The SSS|
published a topical volume first in Space Science
Reviews and subsequently as part of the SSSI
book series, focusing on significant findings and
discussions from |1SSI-BJ workshops.
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Progress of Radiation Belt Exploration
by a Constellation of Small Satellites

TGCSS/SGRB, COSPAR

WU Ji, YANG Xiaochao, DAI Lei, DENG Li

National Space Science Center, Chinese Academy of Sciences, Beijing 100190

1. Introduction

In 2017, the Committee On SPAce Research (COSPAR)
convened a diverse panel comprising researchers, man-
agers, and policy makers to explore the potential appli-
cations of small satellites in advancing technology,
scientific research, and space-based activities. The re-
sulting two-year COSPAR study provided a compre-
hensive scientific roadmap aimed at offering specific
direction on the utilization of small spacecraft.

“COSPAR should facilitate a process whereby inter-
national teams can come together to define science
goals and rules for a modular, international small satel-
lite constellation. The role of COSPAR is one of an
honest broker, coordinating not funding. The results of
an international effort to build small satellite constella-
tions would be valuable for all participants and would
be more valuable than the individual parts. COSPAR is
in a position to help foster this international collabora-
tion, creating a precedent for setting up community
science in a very open way. ”

To operationalize the recommendations outlined in
the COSPAR Strategic Action Plan and the Scientific
Roadmap on Small Satellites for Space Science, COS-
PAR established the Task Group on establishing a Con-
stellation of Small Satellites (TGCSS) in late 2019, with
Prof. Daniel Baker from Colorado University serving as
chair. TGCSS highlights the importance of addressing

Received June 20, 2024

various program components, including ionosphere/
thermosphere studies, radiation belt exploration, solar
energetic particle events, atmospheric remote sensing,
and operational considerations such as ground station
infrastructure, radio licensing, space access, and data
management.

To address the specific challenges related to radiation
belt measurements, TGCSS established a dedicated
sub-group called the Sub-Group on Radiation Belt
(SGRB), chaired by Prof. WU Ji from National Space
Science Center (NSSC), Chinese Academy of Sciences
(CAS), a TGCSS member. SGRB's primary focus is on
implementing a Small/CubeSats constellation mission
dedicated to radiation belt exploration. In pursuit of this
mission, a proposal for a program named COnstellation
of Radiation BEIt Survey (CORBES) was presented by
NSSC CAS during a TGCSS meeting in July 2021.
Subsequently, SGRB has worded on demonstrating
scientific objectives of CORBES, identifying potential
international participants to this mission and organizing
the related technical design.

2 CORBES mission

2.1 The Concept of CORBES

The CORBES mission aims to conduct an ultra-fast
survey of the Earth’s radiation belt using a constellation
of multi-Small/CubeSats. The orbit of CORBES is de-
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signed to closely align with the equatorial plane, with an
apogee altitude of approximately 7 Earth radii, similar
to that of Geostationary Transfer Orbits (GTO) (refer to
Figure 1). By utilizing this multi-satellite constellation,
the mission aims to differentiate between temporal and
spatial variations in the radiation belts, thus significantly
advancing our understanding of Earth’s radiation belt
dynamics. Each Small/CubeSat is expected to have a
minimum operational lifetime of one year to manage
costs effectively [Wu et al., 2022].

Fig.1 A constellation of multi-CubeSats to probe
energetic particles of the radiation belt

CORBES is an international multilateral mission with
potential participants from Asia, Europe, and America.
Each entity is expected to contribute one or more satel-
lites to form the constellation, equipped with baseline
instruments to achieve CORBES’s primary science
goals, or provide related ground support system. A da-
ta-sharing policy will ensure open access to observa-
tions within the COSPAR mission, benefiting both con-
tributors and the broader research community.

2.2 CORBES’s Scientific Objectives

The CORBES mission aims to elucidate the physical
mechanisms governing Earth’s outer radiation belt dy-
namics, addressing key unresolved questions. Through a
CubeSat constellation, CORBES will measure energetic
electron flux, geomagnetic field variations, and plasma
waves with unprecedented temporal and spatial resolu-
tion. This will enable detailed investigation of the outer
radiation belt, potentially uncovering fundamental physi-
cal processes underlying its rapid dynamics. Below are
primary targeted physical processes for quantitative or
quasi-quantitative investigation (not exhaustive).

(1) Energy diffusion occurs due to local resonant in-
teractions between electrons and Very Low Frequency
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(VLF) waves, including whistler-mode waves generated
by unstable plasma distributions during storms [e.g,
Thorne et al., 2013; Yang et al., 2017].

(2) Pitch angle scattering arises from local resonant
interactions between electrons and magnetospheric plas-
ma waves, including whistler hiss and electromagnetic
ion cyclotron (EMIC) waves [e.g, Capannolo et al.,
2019].

(3) Radial transport driven by the drift resonance
between electrons and Ultra-Low-Frequency (ULF)
magnetospheric waves [e.g, Dai et al., 2013, 2015a;
Yang et al., 2014], alongside radial transport induced by
sudden, intense electric fields resulting from large-scale
magnetic field reconfiguration, including shock-induced
injection, substorm depolarization injection [e.g, Dai et
al., 2014,2015b; Xiong et al., 2022, 2024], and storm
convection [e.g, Dai et al., 2024].

(4) Electron escape from the magnetosphere into the
solar wind occurs via magnetopause shadowing and the
combined effects of magnetopause shadowing and out-
ward radial transport [e.g, Turner et al., 2010].

Analyzing these primary physical processes in detail
will yield quantitative insights into electron transport,
acceleration, and losses, elucidating their respective
contributions to outer radiation belt dynamics. This
comprehensive understanding will refine our knowledge
of outer radiation behavior and improve prediction
models for more accurate forecasts.

2.3 CORBES’s Technical Design

The COnstellation of Radiation BEIt Survey program
(CORBES) is meant to launch small satellites into a
highly elliptic orbit for multi-point exploration of the
Earth’s radiation belts. Its scientific purpose is to pro-
duce unprecedented high-time-resolution dynamics ob-
servations within the regions of Earth’s outer radiation
belts.

The CORBES program initiative contains satellites
outfitted with three types of payloads: the Magnetome-
ter (MAG), the Search Coil Wave Detector (SCWD),
and the High Energy Electron Detector (HEED) [Wu et
al., 2024].

In order to cover the outer radiation belts for the
measurements, a highly eccentric and inclined orbit is
suggested. The orbit apogee must permit adequate
magnetic field exploration. An example of a standard
science orbit is this: 280 km at the perigee, 7 Re at the
apogee, and approximately 11 degrees of inclination.
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For such an orbit, the orbit period is then roughly 13.5
hours. The outer radiation band (3 R to 7 R;) can be
traveled through in around 10.5 hours. It is anticipated
that every satellite will function in the same orbit, spin-
ning at a speed of around eight revolutions per minute
on a spin-stabilized axis that faces the sun. The mass of
each satellite shouldn't be more than 30 kg. The pro-
gram's lifespan cannot be shorter than a year.

For telecommand, either S-band or X-band will be
utilized, while X-band is assigned for data downlink.
The satellites are scheduled for launch by one or two
rockets, with the fitted upper stage delivering them into
the target orbit, and the connected dispenser releasing
them individually according to the specified separation
sequence.

Assembly Integration and Testing (AIT), radiation
shielding, and cross-calibration are important compo-
nents of the program. Cross-calibration of the payloads
is optional before to launch. To calibrate the technical
standards, the payloads will undergo testing in an iden-
tical setting. Cross-calibration in orbit after launch is
required to preserve data consistency and comparability.
With regard to HEED specifically, this entails choosing
electrons in the same energy range during the magne-
tospheric quiet phase (Kp<3) and contrasting the out-
comes of various HEED observations made under iden-
tical L, B conditions. When MAG and SCWD compare
observations made during a chosen calm period, a simi-
lar methodology is used.

There are currently three small satellite contributions:
the HIT satellite at the Harbin Institute of Technology
(HIT), the IMACAS satellites at the Innovation Acade-
my of Microsatellites (IMAC), and the Foresail satel-
lites at the Finnish Centre of Excellence in Research of
Sustainable Space (FORESAIL). IMAC is going to pro-
vide two satellites.

FGM has three contributions: MAG in the National
Space Science Center, FGM at Beihang University
(BHU), and FGM at the Space Research Institute Graz
(IWF). The NSSC will contribute two sets of FGM.
SCWD has two contributions: SCWD in the National

Space Science Center and SCWD at Beihang University.

The NSSC will contribute two sets of SCWD. HEED
has four contributions: HEED at the National Space
Science Center, HEED at Beihang University (BHU),
HEED at the University of Turku (UTU), and HEED at
the Paul Scherrer Institute. The NSSC will contribute
two sets of HEED.

3 SGRB Science Activities on
CORBES

Since its establishment, SGRB held more than forty
on-line meetings to outline the profile of the CORBES
mission, identify potential participants, discuss the
science objectives, the instrument requirements and the
technical design.

Dozens of reports from institutes, university, space
agencies and commercial space companies, which are
from China, America, Russia, Swiss, Finland, Japan,
Brazil and Egypt, have been invited to be presented in
the SGRB meetings. The potential participants contri-
buting for the science payloads, CubeSats, deployer,
launch and ground support system have been prelimina-
rily identified. The CORBES scientist team has been set
up. The CORBES’s scientific objectives was discussed
and defined, the scientific requirements of the payloads
was preliminarily demonstrated, as well as the
CORBES'’s technical design was organized.

Based on the discussion in the SGRB on-line meeting,
NSSC wrote up three baseline technical documents of
CORBES mission. Technical Document 1: Mission De-
scription, which generally describes CORBES mission
and presents an initial system design. Technical Docu-
ment 2: Baseline Science Payloads and Reference De-
sign Requirements, which describes three baseline
science payloads of CORBES and the fundamental de-
sign requirements. Technical Document 3: Fundamental
requirements of Small/CubeSat satellite platform, which
describes fundamental requirements of Small/CubeSat
platform for CORBES.

At the suggestion of SGRB chair, prof. WU Ji, to
COSPAR headquarters, a TGCSS business meeting was
arranged during the 5th COSPAR Symposium in Sin-
gapore. At this business meeting, the progress of the
CORBES mission was presented. Two oral reports de-
scribing the CORBES mission, “Constellation of radia-
tion belts survey (CORBES): a COSAR small satellite

constellation survey program for Earth’s radiation belt”
and “System design for the constellation of radiation
belt survey program”, were presented at the 5th Sympo-
sium of COSPAR.

Two papers about the technical design and the scien-
tific objectives of CORBES, “Multi-Satellite Survey
Scheme for Addressing Open Questions on the Earth’s
Outer Radiation Belt Dynamics” and “CORBES: radiation
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belt survey with international small satellite constellation”,
have been submitted to Advances in Space Research.

4 COSPAR HQs Coordinate
Activities on CORBES

In November 2023, the COSPAR headquarters sent out
a Call for Letters of Intent to several institutes, universi-
ties, and commercial space companies to accurately
identify potential participants for the CORBES mission.
Positive responses were received from some them.

To foster international cooperation for the CORBES
mission, the COSPAR Secretariat facilitated two meet-
ings between NASA and itself to discuss NASA’s po-
tential contribution to CORBES. The outcome of these
meetings was generally positive. During these sessions,
NASA representatives indicated that while they couldn't
engage in bilateral space missions with China, they
were open to participating in multilateral mission. They
expressed enthusiasm for the CORBES program con-
cept and their willingness to participate, on the condi-
tion that teams from at least one other country were in-
volved. However, they highlighted a current challenge:
the absence of budget allocation for such a program this
year. Notably, GTOSat from LASP at the University of
Colorado emerged as a feasible contribution from NASA,
given that its construction has already been completed.

The COSPAR headquarters is currently in the process
of establishing the COSPAR Small Satellite Constella-
tion Project Office (SSC-PO), which will oversee the
management of COSPAR small satellite science mis-
sions. SSC-PO will be tasked with managing the
CORBES mission on behalf of COSPAR and coordi-
nating related international cooperation efforts. The se-
lection process for the SSC-PO manager is underway,
with potential candidates being identified.

In April 2024, COSPAR headquarters sent a progress
letter to all identified potential participants from various
countries involved in CORBES. The purpose of this
letter was to confirm the ongoing status of the mission
and to initiate the mission kick-off process. Chinese
institutions, universities, and commercial space compa-
nies involved in the mission have received this letter.

5 Summary

Following the COSPAR Scientific Roadmap on Small
Satellites for Space Science, SGRB of TGCSS proposed
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the CORBES mission to address the Earth’s radiation
belt scientific survey program and has been propelling
this mission over the past two years.

Over the past two years, SGRB has hosted more than
forty online meetings to outline the CORBES mission
profile, identify potential participants, establish the
CORBES scientist team, and organize the mission's
technical design. The CORBES scientist team discussed
and defined the CORBES’s scientific objectives and

demonstrated the scientific requirements of the payloads.

The general science goal for CORBES is to investigate
two groups of physical processes related to the radiation
belts: wave-particle interactions and radial transport.
Two papers about the technical design and the scientific
objectives of CORBES have been submitted to Ad-
vances in Space Research.

In propelling CORBES, COSPAR has played a key
role in coordinating and managing the mission, as well
as acting as a mediator between participating govern-
ments, universities, and research institutions.

The data set from CORBES will be shared among the
contributors to the constellation and the broader re-
search community. This data will be invaluable for
comprehensively understanding the dynamics of mag-
netospheric energetic populations and developing a
more standard model of the Earth’s radiation belts. Ad-
ditionally, from an application perspective, the ultra-fast
survey of the radiation belt will serve as a crucial tool
for monitoring Earth's space weather.
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