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Abstract

Through the implementation of China's Lunar Exploration Program (CLEP), a large amount of data has been
acquired. This article will present the latest scientific results based on these data involving the composition, topog-
raphy, space environment, subsurface structure of the Moon, and asteroid exploration and moon-based observa-

tions, etc.
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1. Introduction

Up to now, China has successfully launched Chang'E-1
(CE-1), Chang'E-2 (CE-2) and Chang’E-3 (CE-3) spa
cecraft. The Chang’ E-1 spacecraft is an orbiter, carrying
8 scientific instruments working in the 200-km- high
orbit more than 1 year. As a backup to Chagn E-1,
Chang'’ E-2 orbiter was launched in October 1, 2010 and
successfully entered the working orbit of 100 km above
the lunar surface and obtained the images of topography
with a resolution of 1.3 m of the landing site for
Chang' E-3. And then, Chang’ E-2 spacecraft conducted
an extended mission, especialy with the close flyby of
the 4179 asteroid Toutatis and obtained a 10 m-resolu-
tion image. The Chang’ E-3 spacecraft consists of a lan-
der and a rover (named as Y utu), which was launched
on December 2, 2013, successfully soft-landed and pa-
trolled.

Through the implementation of these missions, many
scientific results have been obtained by analyzing these
data from the CLEP involving the chemical composition,
soil temperature of lunar surface, near-lunar space en-
vironment, shallow structural characteristics and the

geological history of the Imbrium basin, the earth's
plasmasphere in a globa scale meridian view by the
Extreme Ultra-Violet (EUV) camera, and monitoring
variable stars, bright active galactic nuclei by a moon-
based ultraviolet telescope (LUT). These results help us
to understand more about the formation and evolution of
the Moon.

This article mainly introduces the scientific results
published between 2016 and 2017 based on these data,
and the technical results are not included. In addition,
because there are too many contents involved, this arti-
cle cannot cover al, and only a few representative ones
areintroduced.

2. Lunar Science

2.1 Composition and Magmatism

Ferroan anorthosite, magnesian suite, akali suite,
KREEP basat and mare basalt are five primary lunar
rock types. Wang et al.' mapped the thorium distribu-
tion of globa Moon with the data of Chang'E-2
Gamma-Ray Spectrometer (GRS). And a symmetrical
layout aong the two sides of the high-Th annular belt

8T0Z—9T0Z Hoday [euoneN

U2 0e 0SSU@UINX ([leli-g



Administrator
图章

abc
图章


8T0Z-9T0Z Moday |euoneN

XU Lin, et al. Latest Scientific Results of China’s Lunar Exploration Program |<< <_

was found in the Procellarum KREEP Terrane (PKT).
The ring-like high-Th belt may be formed by KREEP
basaltic volcanism rather than by Imbrium impact. Be-
sides, Wang et al.”? also reported a new lithologic dis-
tribution map across the Moon (Figure 1). A new geo-
chemical index termed with the abundance ratios of
various oxides and elements was proposed firstly in the
study. And then, the Moon was classified and mapped
by comparing the oxide abundances derived from
Chang'E-1 Interference Imaging Spectrometer imagery
and from Th contents inferred from Lunar Prospector to
the geochemical indices. In terms of these results, we
can get a new insight into the lithologic distribution on
the Moon. Combination of Chang’E-3 data and other
detector’s information, Zhao et al.r*!. conducted a series
of studies on the topography, geomorphology, composi-
tion and stratigraphy of the Mon Riimker, and proposed
two candidate sites with both the engineering con-
straints and scientific value for Chang’ E-5 mission.

2.2 Lunar Surface Processes and Subsurface
Structure

2.2.1 Space Weathering

By the new FeO map obtained by Chang'E-1 Imaging
Interferometer (IIM), a compositional inhomogeneity
across lunar highland regions was discovered. Also,
mixing of highlands and mare regions was concluded on
account of the compositional differences between those
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two terrains as well as the relationship between maturity
effects and contents of FeO and TiO,!. According to its
remarkable effects on the interpretation of spectra data
measured by the Visible-Near-Infrared Spectrometer
(VNIS), the content of submicroscopic metallic iron
(SMFe) and the 1s/FeO maturity index of the lunar soil
at the location of Chang'E-3 Y utu rover were measured
before and after landing of the spacecraft. It has been
proved that the most surface layer of lunar regolith
which was removed by the rocket has a higher content
of SMFe and is more weathered than that remained be-
hind (Figure 2)®.

2.2.2 Lunar Impact Crater Recognition and Volume

Calculation

Craters are the most distinctive features on the lunar
surface, and extracting craters from images and/or digi-
tal elevation models is one of the fundamental tasks in
related research. Currently, craters are usualy consid-
ered as circlesin planar view. Although this is the case
in most cases, many craters display elliptical or even
irregular shape. Liu et al.[®¥ proposed a dispersal crater
detection agorithm based on a digital elevation model
produced from the Chang’E-2 imagery and LRO laser
atimeter data, in which the impact crater is treated as a
closed basin structure. This algorithm can detect the real
boundaries of an impact crater, and several morpho-
logical characteristics can be calculated based on the
results.
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Fig. 1 Lithology maps of the lunar surface in a cylindrical projection with the pixel size 200 m. Dis-
tribution map of lunar rock suites across the Moon. The base image is LRO LOLA DEM data. The ab-
breviations FAN, AS, MS, MB, and KB in the legend refer to ferroan anorthosite, alkali suite, mag-
nesian suite, mare basalt, and KREEP basalt, respectively”
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Fig. 2 (a) Original and (b) normalized spectra of the optimal modeling results. The SMFe abundance of the
visually undisturbed soil, Site 8, is 0.368 wt% and that of the most-disturbed soil, Site 5, is 0.217 wt%. Those
suggests that the maturity difference between Site 5 and Site 8 is a result of greater SMFe abundance in Site 8"

Among these morphological characteristics, crater
volume has important significance in understanding the
impact cratering process. Wang et al.l”’ devised an up-
dated Black Top Hat (BTH) Transform function to
quantify the volume of lunar impact craters on the
Moon. The novelty of method is the iterative window
sizes and slope factors based on which the volume can
be calculated as the sum of the crater depth multiplied
by the cell area with a higher accuracy. The algorithm
was verified with the Chang’e DEM and LOLA DEM,
achieving an overall relative accuracy of 95%.

2.2.3 Rock Fragmentson the Surfaceand The

Subsurface Structure

Rocks are widely distributed on the surface of the Moon,
and its populations can provide important geological
information related to the timing of critical events such
as volcanism and meteorite bombardment. Using
Navcam stereo images onboard the Yutu rover, Di et
al.'¥ identified and measured 582 rocks larger than 0.05
m in diameter. A simple exponential function exists in
the statistical results of the size-frequency distribution,
which is similar to the situation found in the landing
area of Surveyor 11 (Figure 3).

On the study of lunar regolith, Di et al.¥ proposed an
improved morphological method to determine the lunar
regolith thickness by directly measuring the distance
from the lunar ground surface to the floor (flat-bottomed
and central-mound craters) or bench (concentric craters)
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Fig. 3 Cumulative fractional area covered by rocks versus
rock diameter at the CE-3 site

of indicative small fresh craters. To accurately study the
subsurface structure of the lunar surface, Lunar Pene-
trating Radar (LPR) was equipped on the Yutu rover.
With the data acquired during CE-3 mission, Li et al.l*%
analyzed the lunar regolith layer structure with the lunar
regolith quantitative random model. Feng et al.™ takes
account of heterogeneity of the regolith and derives re-
golith’s permittivity distribution laterally and vertically
to determine the thickness and structure of the lunar
regolith. Their results indicate that this area is covered
by relatively young, poorly layered deposits. Dong
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et al.'® combined the data from penetrating radar and
Panoramic Camera to calculate the lunar surface re-
golith parameters in CE-3 landing area including its
permittivity, density, weathered rate, conductivity and
FeO+TiO, content. They found that the regolith growth
rate is much faster than previous estimation, and the
regolith parameters are not uniform even in such a small
study area. Lai et al.™ analyzed the LPR data of 500
MHz frequency and speculated a model of three-layered
shallow structure with the top layer being weathered
layer of gjecta blanket, the second layer being the gjecta
blanket of the nearby impact crater, and the third layer
being regarded as a mixture of stones and soil. Yuan et
al.™ built a three-dimensional geological model of the
lunar subsurface structure with the high-frequency lunar
penetrating radar data. They found more than five sig-
nificant reflection horizons are evident in the LPR pro-
file, which were interpreted as different period lava flow
sequences deposited on the lunar surface.

2.2.4 Global Microwave M apping

Chang' E microwave radiometer data is a unigue source
to study the lunar brightness temperatures and thermal
emission behavior for the local lunar surface. Hu et
al.™ calibrated the Chang’ E-2 Microwave RadioMeter
(MRM) by the analysis and simulation of brightness
temperature (TB) data and by the relative comparison
among the TB and rock abundance and topography data.
To improve the retrieval accuracy, they proposed two
possible calibration sources™®. Hu et al.™” calibrated
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the data again, and compared the lunar TBs as measured
by the Microwave RadioMeters (MRM) onboard Cha
ng'E (CE-1/2) with the historical data at the Apollo 15
and 17 landing sites (Figure 4). Also using the MRM
data, the accurate and high-resolution lunar TB model
was obtained by Cai and Lan™. The TB data aso
showed that the mafic lunar mare endured higher ther-
mal regime than that of feldspathic highland in a lunar
cyclé®™. A team from Jilin University also recalibrated
the data, and used it for regional microwave thermal
emission features of regional mare areas, like Mare
Orientale and Tycho Crater®. The team also studied
the Influence of (FeO+TiO,) abundance on the micro-
wave thermal emissions of [unar regolith. Comparisons
between FTA and the CELMS data along Lat. 0° indi-
cate that FTA strongly influences the MTE of the lunar
regolith, even though the comparison along Long. 0°
indicates that FTA is not the decisive factor®.

3. Asteroid Exploration

Based on the high spatia resolution images obtained by
Chang'’ E-2 spacecraft, two new topographic characteris-
tics are revealed, one is a connection region with a par-
ticular spectral value locating at the corner of the large
lobe, and the other is an object seeming like a fixed star
at the background of the images’®. Also, a new Touta
tis radar 3D topography model with the constrain of
Chang’ E-2 optical images was obtained by Zhao et al.[*!
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Fig. 4 Modified observational TB variations against lunar local time. (i) Apollo15 (ii) Apollo 17. The curves represent the
simulated TBs based on the retrieved parameters from in-situ experiments[”]
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4. Moon-based Observations by
Chang’E-3

4.1 Moon-based EUV Observations

An Extreme UltraViolet (EUV) telescope called EUV
Camera (EUVC) was installed on the lunar lander of
Chang'E-3. It can take instantaneous images of the
Earth’s plasmasphere through 30.4 nm EUV wavelength
band. The dense cold plasmas in the plasmasphere are
confined by the geomagnetic field, in which the He'
ions can scatter the 30.4 nm photons from the sunlight.
The EUVC captures these scattered 30.4 nm photons via
its imaging detector and yields images of the plasmas-
phere. Owing to the Moon-based viewpoint, EUVC can
take global and side view (meridian view) of the plas-
masphere. Because the distance between the Earth and
the Moon is about 60 Earth radii (Re), the Field Of View
(FOV) of the EUVC images can be aslarge as 15x15 R,,
which well encloses the outer boundary (called plasma-
pause) of the plasmasphere 242

The EUVC can take one image of the plasmasphere
every 10 minutes. The pixel size of the EUVC imagesis
150x150 (0.1 R/pixe). The continuously observed time
series images of EUVC form movies of the plasmas-
phere, which display dynamic evolutions of the plas-
masphere as responses to the geomagnetic activities and
substorms. The working period of the EUVC on the
Moon is from December 2013 to June 2014. The accu-
mulated observing time of EUVC is about 230 hours, in
which EUV C obtained 388 scientific images in total. A
sample image of the plasmasphere observed by EUVC
isshown in Figure 5. Most of the images were taken just
before the sunset on the Moon to minimize the con-
tamination of the direct sunlight to the plasmasphere

images 2% .
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Fig. 5 A sample image of
the plasmasphere observed
by EUVCP®

Since the images taken by EUVC are global and side
view of the plasmasphere, the plasmapause positions
can be derived from the EUV C images directly. Mean-
while, the plasmapause locations can aso be determined
from the in-situ data of the satéllites running at the
near-Earth orbits. The comparison between the plasma-
pause position values derived from the EUVC images
and in-situ measurements shows excellent agreement,
which demonstrated the reliability of the EUVC images
as well as the advantages of Moon-based observation
for plasmasphere/®.

The configuration of the plasmasphere may change
dramatically during substorms. On 20 April 2014, the
magnetosphere of the Earth was impacted by a Coronal
Mass Ejection (CME) and several substorms were re-
corded by the ground geomagnetic stations. The simul-
taneous time series images of the plasmasphere during
the substorms were observed by EUVC, which revealed
dynamic variations of the plasmasphere as the responses
to the substorms. The analysis of these time series
EUVC images shows that a substorm causes a local in-
flation of the plasmasphere (in contrast to erosions as-
sociated with geomagnetic storms) on the nightside of
the Earth and leads to a bulge at the nightside of the
plasmasphere, which in turn corotates with the Earth
and appears at the dayside of the plasmasphere. In the
observing period of EUVC (20-22 April 2014), three
bulges were recorded by the EUVC images, which cor-
respond to the three substorms shown in the AE-index
data of the ground geomagnetic stations'®®.

4.2 M oon-base astronomical observations

The Lunar-based Ultraviolet Telescope (LUT) is the
first robotic astronomical telescope deployed on the
moon surface sent by the Chang’ E-3 mission. It is very
useful to monitor close binaries continuously and unin-
terruptedly because of the slow rotation of the Maoon.
Complete light curves of binary stars in the UV-band
could be obtained at the same time. In the time interval
from 2014 to 2015, several close binaries (e.g., V548
Cyg, V921 Her, Al Dra, TW Dra) were observed since
they are ided targets to investigate some astrophysica
problems®3? Their UV light curves were analyzed
comprehensively by researchers at the group of Binaries
& Variable starsin Y unnan Observatories.

It is shown that three binary systems, V548 Cyg, Al
Dra and TW Dra are semi-detached binary systems®
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while V921 Her is a marginal contact binary®”. The
three binaries stay at an interesting evolutionary stage
where the secondary stars fill the critical Roche lobe
transferring mass to the primary stars. These properties
are in agreement with the continuously increasing in
their orbital periods®” . All of the four targets are ac-
companied by tertiary or even more component sta-
rd?"%% For example, a large quantity of third light in
V548 Cyg was detected by two different ways, i.e. the
light curve analysis®” and O-C diagram investigation. It
is proposed that the presence of the additional compo-
nents may have played an important role for the origin
and evolution of the central close binaries by removing
angular momentum during the early dynamical interac-
tion and late evolution. The existent additional com-
panions orbiting these typical semi-detached or mar-
ginal-contact binaries make them very interesting tar-
gets to study in the future (Figure 6).
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Fig. 6 Light curve of V548 Cygni observed on 2014 May
13-14 with LUT (open circles). The solid line refers to the
theoretical light curve with the third light, while dashed line
refers to the theoretical light curve without the third light
but with the same photometric parameters
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