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Abstract

The Closeby Habitable Exoplanet Survey (CHES) employs space-based
microarcsecond-level high-precision astrometric techniques to conduct a

census of approximately 100 FGK-type stars in the solar neighborhood

(within 10 pc), detecting habitable-zone Earth-like planets or super-Earths;

it will conduct a detailed census of the number, true masses, and three-
dimensional orbital parameters of habitable planets, marking the first
international space mission to detect habitable-zone Earth-like planets in

the nearby solar neighborhood. The CHES payload is a high-image-quality,
low-distortion, high-stability optical telescope with an aperture of 1.2 m, a field

of view of 0.44°$x0.44° andafocallengtho f36m, employingacoaxialthree —
marroranastigmat(T M A)opticalimagingsystem.T oachievethedetectiono f habitable—
zoneFEarth—likeplanets, themeasurementprecisiono ftheC H ESmissionisluas, representingthehighestmeas
achievingasigni ficantbreakthroughinlarge — field — o f —view, high —image —
qualityspacetelescopeoptical systemtechnologywithlowdistortion; breakingthroughthel0™{-
5}$ pixel-level star separation measurement technology; and realizing innova-

tions in high-stability attitude control precision and thermal control precision

for the satellite system. CHES is expected to discover 50 Earth-like planets,

leading a leapfrog development in China’ s space science exploration technology.
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Abstract

The Closeby Habitable Exoplanet Survey (CHES) employs state-of-the-art, high-
precision astrometry and positioning technology at the microarcsecond level in
space. Its primary objective is to conduct a thorough survey of approximately
100 FGK-type stars within the Sun’ s proximity (within 10 parsecs), with the
goal of detecting potentially habitable Earth-like planets or super-Earths. This
pioneering mission involves a detailed census of habitable planets, providing
intricate information on their numbers, true masses, and three-dimensional or-
bits. Notably, CHES marks a historic milestone as the inaugural international
space exploration mission exclusively dedicated to the study of terrestrial plan-
ets within the nearby habitable zone.

CHES'’ s payload features a cutting-edge optical telescope with a 1.2 m aperture,

a field of view measuring 0.44°$x0.44°, anda focallengtho f36m.T hetelescopeutilizesacoaxialthree—
mirrorT M Aopticalimagingsystem.Impressively, C H ESisdesignedwithapositioningmeasurementaccuracy
advancingopticalsystems forlarge fieldo fview, developinghigh—qualityspacetelescopeswithminimaldistortic
5}8 pixel level; and achieving high stability in satellite system attitude control

and thermal control precision. CHES stands on the threshold of groundbreaking

discoveries, with the exciting prospect of revealing 50 Earth-like planets. This

announces a significant leap forward in China’ s space science exploration

technology.

Key words: High-precision astrometry method, Exoplanets, Nearby Habitable
Planets

Introduction

Since the discovery of the first exoplanet in 1995 [1], over 5,500 exoplanets have
been discovered to date [2]. The search for extraterrestrial life and habitable
exoplanets represents one of the frontiers of fundamental astronomical research,
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addressing major scientific questions such as “Is Earth unique?” and “How do
planets become cradles of life?” The “2022-2031 Decadal Survey on Astronomy
and Astrophysics” by the U.S. National Academies lists the search for habitable
planets beyond Earth as one of three major scientific objectives for future ex-
ploration programs [3]. The European Space Science Programme (Voyage 2050,
2035-2050) identifies “nearby habitable planetary systems” as an important sci-
entific goal [4]. The “China Astronomy 2035 Development Strategy” by the
Chinese Academy of Sciences and the National Natural Science Foundation of
China [5,6], the “14th Five-Year Plan Outline and 2035 Long-Range Objectives,”
and the “2021 China’ s Aerospace” white paper [7] all identify habitable planet
detection research as a major national strategic need. Therefore, exoplanet
exploration and research directly address global scientific frontiers, will reveal
the mysteries of cosmic structure and origin, and expand our understanding of
extraterrestrial life and life’ s origins.

Since 2000, multiple international projects have been initiated and implemented
for space-based exoplanet detection, such as the Gaia satellite based on astrom-
etry [8,9], and missions using the transit method including Kepler [10,11], TESS
[12], CHEOPS [13], and JWST [14]. Recent or upcoming missions include the
CSST coronagraph using direct imaging [15], Euclid [16] and ROMAN [17] using
microlensing, and PLATO [18], ARIEL [19], and LUVOIR [20] using the transit
method. These space missions reveal that international exoplanet detection has
evolved from individual discoveries to statistical studies of large planetary sam-
ples, from broad understanding of planetary systems to detailed characterization
of exoplanet properties, and the detection frontier has shifted from searching
for various types of planets to focusing on finding habitable planets (see Figure
1 [Figure 1: see original paper]). However, current space missions have yet to
discover Earth-like planets in the habitable zones of Sun-like stars, presenting
China with an opportunity to proactively seize the technological high ground in
exoplanet exploration.

Figure 2 [Figure 2: see original paper] illustrates the roadmap for habitable
planet detection. In terms of detection methods, the trend moves from transit
method to astrometry to direct imaging. From the perspective of detection tar-
gets, transit-based projects (e.g., Kepler, TESS, PLATO) focus on discovering
habitable zone planets around red dwarfs, nearby red dwarfs, and Sun-like stars,
respectively. Astrometry (CHES [21]) enables the discovery and characteriza-
tion of habitable zone planets around nearby Sun-like stars, which can then be
followed up with direct imaging (Habitable World Observatory, Miyin mission,
ground-based E-ELT) for detailed atmospheric characterization of these planets.
China’ s proposed Closeby Habitable Exoplanet Survey (CHES [22]) adopts an
original technical approach, using high-precision space astrometry to conduct
in-depth detection of habitable planets around nearby Sun-like stars. Mission
details are summarized in Table 1 [21]. Compared with the transit method,
CHES offers unique advantages for detecting habitable zone Earth-like planets
(see Figure 3 [Figure 3: see original paper]).
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The Kepler and TESS missions first monitored extremely large stellar samples
(107-10%) for photometric variability, only detecting exoplanet candidates whose
orbital planes align with the observer’ s line of sight. Earth-like planet transits
require extremely high photometric precision (60-80 ppm, with PLATO achiev-
ing better than 34 ppm) and ultimately rely on follow-up confirmation with
high-precision radial velocity instruments on ground-based extremely large tele-
scopes. In contrast, CHES employs high-precision astrometry, which is less
affected by stellar activity, has minimal constraints on orbital configuration,
and can obtain three-dimensional orbital information and true masses of plan-
ets. The probability of discovering habitable planets is high, with expectations
of finding Earth 2.0 for the first time, including over 50 habitable zone Earth-
like planets and super-Earths. Around 2030, China plans to launch additional
habitable planet space missions including the ET program [23], Miyin mission
[24], and Tianlin mission [25]. The ET program will use transit and microlens-
ing methods for large-scale surveys of Earth-like planets in the Milky Way. The
Miyin mission plans to launch a spatially distributed synthetic aperture array
telescope to discover and confirm exoplanets and characterize their habitability
through interferometric direct imaging. The Tianlin mission plans to launch a
6 m-class UV /optical /IR space telescope, primarily using coronagraphic direct
imaging to discover and characterize rocky planets in nearby stellar habitable
zones and search for potential biosignatures.

Why does CHES choose to detect nearby Sun-like stars? Currently, planets
discovered within 32 light-years of the Solar System account for only 2% of all
exoplanets, with only 16 being rocky planets in the habitable zone, all orbiting
cooler M-dwarfs (see Figure 4 [Figure 4: see original paper]). These M-dwarfs
typically have surface temperatures below 3,500 K, far lower than the Sun’s 5,780
K, and their space environments are extremely harsh with strong flares that are
detrimental to life survival. Therefore, finding “Earth 2.0” remains an unsolved
mystery in astronomy. Theoretical inferences suggest that the probability of
planets with radii 0.5-1.5 Earth radii existing in the conservative habitable zone
around G and K main-sequence stars (Sun-like stars) in the Kepler sample is
greater than 0.37 [29]. However, perplexingly, about 90% of Sun-like stars within
32 light-years have no detected planets. CHES’ s original detection method is
expected to fill this gap in nearby planet detection, making the discovery of true
“Earth 2.0” seemingly within reach.

Why does CHES choose to detect habitable zone planets? The habitable zone
refers to the region around a star where conditions are suitable for life, meaning
planets within this zone can maintain stable liquid water on their surfaces [26],
while stellar radiation and activity are not so intense as to destroy planetary
atmospheres. In the Solar System, Earth’ s orbit lies between Venus and Mars,
precisely within the Sun’s “habitable zone.” To date, astronomers have discovered
69 habitable zone planets (see Figure 4), such as Proxima Centauri b [27] and
TRAPPIST-1 e, f, g [28]. These habitable zone Earth-like planets are considered
“new continents” in the universe and primary targets for humanity’ s search
for biosignatures. They hold promise as ideal second homes for humanity (
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“Barth 2.0” ) because they may be comparable to Earth in mass and surface
characteristics, potentially possessing suitable atmospheres and liquid water to
sustain life stably.

How will CHES assess the habitability of terrestrial planets? Planetary atmo-
spheric studies are crucial probes for revealing and characterizing habitability.
In recent years, the CHES team has conducted systematic observational research
on exoplanet atmospheres using ground-based telescopes [30-35]. With JWST"s
launch, exoplanet atmospheric research has entered a new era. Through JWST,
astronomers have successfully detected numerous molecules and atoms including
water, carbon monoxide, carbon dioxide, sodium, and potassium in gas giant
atmospheres with exceptional precision [36-40], first revealed photochemical
processes through sulfur dioxide in hot Jupiter and warm Neptune atmospheres
[41,42], first identified cloud types in exoplanet atmospheres [43], and first dis-
covered methane-dominated atmospheres with potential biosignature spectral
signals in a habitable zone sub-Neptune [44]. However, major breakthroughs
in characterizing small planets, especially Earth-like planets, have not yet been
achieved. For instance, the TRAPPIST-1 system, considered the most promis-
ing for transit spectroscopy observations, faces challenges: M-dwarf stellar ac-
tivity greatly limits indirect detection methods like transit transmission spec-
troscopy [45], while thermal emission and phase curve measurements indicate
that the two innermost Earth-like planets lack atmospheres [46,47]. Therefore,
whether Earth 2.0 in M-dwarf habitable zones can maintain habitability faces
enormous challenges. CHES will discover numerous nearby Sun-like star hab-
itable zone Earth-like planets ideally suited for high-contrast direct imaging
spectroscopy, pre-screening core observation targets for detailed atmospheric
habitability characterization.

CHES will launch a 1.2 m-class high-precision astrometric space telescope to
achieve microarcsecond-level star separation measurement precision, surveying
approximately 100 Sun-like stars within 10 pc of the Solar System to find nearby
habitable zone Earth-like planets or super-Earths, and comprehensively census
nearby planetary numbers, true masses, and three-dimensional orbital informa-
tion (see Table 2 ). Furthermore, CHES’ s high-precision astrometric method
can precisely determine stellar distances (see Figure 5 [Figure 5: see original pa-
per]), enabling better study of stellar properties including size, mass, luminosity,
and the Hubble constant, which directly impact key scientific questions in fields
such as galaxy structure, cosmic expansion, and dark matter distribution [21].

This paper focuses on introducing CHES’ s scientific objectives, payload config-
uration, overall mission design, key technologies, and latest progress.

1 Science Objectives

CHES’ s core scientific objectives encompass the search for nearby habitable
zone terrestrial planets (Core Science Objective 1) and a comprehensive census
of planetary systems in the Solar System’ s vicinity (Core Science Objective 2).
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Extended objectives include cosmology, dark matter, and black hole research.
By achieving these scientific objectives, CHES will answer key questions such
as: What habitable zone terrestrial planetary systems exist around nearby stars?
What are the orbital characteristics of terrestrial planets? What are the general
patterns of their formation, evolution, and habitability? And what are the
internal structures and distribution characteristics of planets?

1.1 Core Science Objective 1: Search for Habitable Zone Terrestrial
Planets

1.1.1 Habitable Zone Terrestrial Planets As of January 2024, human-
ity has discovered 69 exoplanet candidates in the habitable zone, most located
around M-dwarfs and detected primarily through transit photometry and radial
velocity methods. However, the transit method only measures planetary size,
not mass, while radial velocity only measures minimum mass (all substantially
larger than Earth), preventing confirmation of whether these are truly habitable
zone terrestrial planets. Kepler’ s habitable zone planet candidates are gener-
ally distant (1,000-3,000 light-years) with large distance measurement errors,
making verification and further screening difficult through other observational
methods. Most habitable zone planets orbit M-dwarfs, whose strong UV ra-
diation and uncertain atmospheric stability make habitability debatable. Due
to observational limitations, some candidates lack critical information such as
mass and size, leaving their status as terrestrial planets uncertain. Objectively
speaking, no true “other Earth” has been discovered to date.

Habitable planet detection demands extreme precision. Ground-based instru-
ments, even with active optics, struggle to break the 0.1 as precision limit
due to atmospheric turbulence. Therefore, space telescopes represent the ideal
choice for high-precision astronomical observations. Among current methods,
radial velocity is severely affected by stellar activity, making effective detection
of habitable planets around Sun-like stars difficult and preventing measurement
of true masses. The transit method requires planetary orbital planes to align
with the observer’ s line of sight, resulting in low detection probability. Direct
imaging, given current capabilities, more easily discovers more massive, more
distant planets. Microlensing can obtain information about distant individual
planets but cannot probe exoplanets in the Solar System’ s vicinity. Currently,
no international space project possesses the capability to detect habitable zone
terrestrial planets around nearby Sun-like stars. CHES’ s high-precision relative
astrometry method can observe habitable planets around Sun-like stars and ob-
tain their true masses and three-dimensional orbital information, giving CHES
unique advantages for detecting habitable zone planets and characterizing their
properties.

1.1.2 Detection of Terrestrial Planets Around Nearby Stars CHES
will search for habitable zone terrestrial planets around approximately 100 F, G,
and K-type stars within 10 pc of the Solar System, discovering nearby habitable
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zone terrestrial planets. Compared with other international exoplanet detection
programs, CHES will focus on high-precision detection of terrestrial planets
within the habitable zone. Primary scientific objectives include determining
whether habitable zone planets exist around nearby stars and understanding
their distribution and occurrence rates (see Figure 4). By searching for habitable
zone planets in the Solar System’ s vicinity, CHES will answer questions about
their distribution around us—one of the most pressing questions for both the
scientific community and the public, particularly regarding terrestrial planets
within habitable zones.

1.1.3 Planetary Habitability Researchers have conducted occurrence rate
studies of planets around different stellar types, analyzing Kepler Q1-Q17 data
to estimate the probability of planets with radii 0.5-1.25 R existing in habit-
able zones. They found occurrence rates of 0.66 + 0.14, 1.03 4+ 0.10, and 0.75
+ 0.11 around F, G, and K-type stars, respectively [52]. Based on this, CHES
expects to detect approximately 50 habitable planets. Additionally, CHES-
detected nearby habitable zone terrestrial planets are exceptionally well-suited
for follow-up high-contrast direct imaging observations [20,53-57]. Character-
izing planetary atmospheric properties through reflected or thermal emission
spectra can answer critical questions about habitability and potential biosigna-
ture spectral features [58]. Using the HD 219134 planetary system at 6.5 pc
as an example (see Figure 6 [Figure 6: see original paper]), assuming an Earth
twin exists in its habitable zone, a 6 m-class space telescope performing direct
imaging spectroscopy could detect water vapor with ~130 signal-to-noise ratio
and oxygen with ~4¢ signal-to-noise ratio in 100 hours of total exposure, given a
coronagraph working angle suppression ratio of 1071? and total telescope trans-
mittance of 15%. Volume mixing ratio measurements for water and oxygen
would achieve ~0.2 dex precision. Figure 7 [Figure 7: see original paper| shows
this simulation applied to all CHES target stars. If Earth twins exist in their
habitable zones, 100 hours of exposure would enable >3c detection of water
vapor in 91% of nearby stars and oxygen in 25% of cases. Thus, CHES’ s search
for habitable planets will significantly enhance the efficiency of subsequent di-
rect imaging spectroscopy missions (e.g., Miyin mission), allowing them to skip
the search phase and focus precious observing resources on detailed atmospheric
characterization and biosignature detection.

1.2 Core Science Objective 2: Census of Nearby Planetary Systems

1.2.1 Census of Nearby Planets Planetary formation theory suggests that
planetary systems are ubiquitous around stars, with mass distributions similar
to the Solar System’s planets. However, most discovered exoplanets are substan-
tially more massive than Earth, primarily due to observational selection effects:
the transit method more easily discovers larger planets, while radial velocity
more easily discovers more massive planets. Kepler data reveal a significant dis-
tribution gap in planetary radii between 1.5-2.0 R and poor completeness below
1.14 R [59-63], potentially indicating undiscovered patterns. CHES’ s high-
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precision detection capability can not only discover habitable planets around
nearby stars but also conduct comprehensive surveys of nearby planetary sys-
tems, providing more complete and systematic understanding of exoplanetary
orbital characteristics, formation, and evolution history, ultimately addressing
whether the Solar System is typical or unique.

1.2.2 True Masses, 3D Orbits, and Formation/Evolution Beyond or-
bital characteristics, planetary internal structure is crucial for habitability. As
previously mentioned, habitability typically requires solid or liquid surfaces ca-
pable of maintaining liquid water, appropriate temperature ranges, and surface
atmospheres. Obtaining true masses and three-dimensional orbital parameters
provides critical information for accurately constraining planetary habitability
from formation and evolution perspectives. Analysis of currently observed ex-
oplanet mass-radius relationships reveals considerable uncertainties in atmo-
spheric content ratios. Classical planet formation theory, such as core accretion
analysis, shows that atmospheric content and internal structure directly affect
evolutionary stages and whether planets undergo gas accretion—processes inti-
mately related to planet formation and evolution. Therefore, CHES’s acquisition
of true planetary masses will powerfully support constraining planetary compo-
sition, inferring formation/evolutionary histories, and refining current planet
formation theory.

Three-dimensional orbital information for multi-planet systems directly relates
to their origin and evolution. The numerous exoplanet discoveries have revo-
lutionized understanding of planetary system evolution, revealing complex and
diverse characteristics. Multi-planet system 3D structures not only help under-
stand system origins and evolution but provide statistical insights into migra-
tion processes that significantly affect long-term habitability [50,65,66]. CHES’
s precise mass and 3D orbital information for planets in nearby multi-planet sys-
tems will provide invaluable observational evidence, greatly expanding human
cognition and theoretical understanding of planetary systems. Given strong
dependence on initial conditions, current planet formation theory cannot yet
accurately predict formation physical images [50,67-73]. CHES observations of
nearby multi-planet systems, covering not only habitable zone terrestrial plan-
ets but also super-Earths, warm Neptunes, and Jupiter-like planets, will provide
powerful constraints on information needed to distinguish different formation
theories (e.g., original nebula surface density)—a unique contribution compared
with other missions.

1.2.3 Diversity of Planetary Systems Extensive observations reveal that
exoplanetary systems exhibit dramatically different characteristics from the
Solar System (e.g., discoveries of hot Jupiters and diamond planets) [74-82].
Known exoplanets can be classified into multiple types based on orbital proper-
ties and mass distributions, including hot Jupiters, warm Jupiters, cold Jupiters,
warm Neptunes, and super-Earths [11,28,83,84] (see Figure 1). However, hab-
itable zone exoplanets remain relatively rare, comprising only ~1% of the total
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(69 planets), mostly super-Earths and Jupiter-like planets, with only 29 rocky
habitable zone planets (see Figure 4). CHES will focus on finding rocky planets
in habitable zones around nearby Sun-like stars, opening new possibilities for
exoplanet exploration.

CHES’ s unprecedented comprehensive and precise detection of planetary sys-
tems will yield discoveries and breakthroughs in planetary system and planetary
science understanding.

1.3 Extended Science Objectives: Cosmology, Dark Matter, and Black
Holes

Based on high-precision astrometry, CHES enables detection of X-ray binaries
and black hole candidates, reveals Milky Way dark matter distribution, and
helps understand black hole formation. Through cosmology, dark matter, and
black hole research, CHES will address frontier questions about galaxy structure,
cosmic expansion, and dark matter distribution. Precise masses of compact
objects represent an important scientific question, and high-precision astrometry
can more accurately characterize masses. Figure 8 [Figure 8: see original paper]
compares CHES and Gaia mass measurements for compact objects (red and blue
error bars represent Gaia and CHES uncertainties, respectively; vertical lines
show Chandrasekhar/Oppenheimer limits). CHES can more accurately obtain
compact object masses, determining whether they are white dwarfs, neutron
stars, or black holes.

2 Payload Configuration

CHES’ s payload is a high-imaging-quality, high-stability, low-distortion opti-
cal telescope using a coaxial three-mirror TMA optical imaging system, com-
prising the optical subsystem, focal plane subsystem, and on-orbit calibration
subsystem. The telescope envelope measures 4.5 m x 2.6 m x 1.4 m, weighs
approximately 765 kg, has a 1.2 m aperture, 0.44°$x$0.44° field of view, and
36 m focal length. The telescope operates in the 500-900 nm band, achieving
near-diffraction-limited imaging across the full field of view. Figure 9 [Figure
9: see original paper| shows the optical system design [21], while Figures 10
[Figure 10: see original paper] and 11 [Figure 11: see original paper] show the
structural design and 1/6-scale prototype [21].

Vacuum testing of the 1/6-scale prototype demonstrated full-field wavefront
error better than A/20. Table 3 [21] details the payload optical telescope system
technical requirements.

CHES employs heterodyne laser interferometry for on-orbit focal plane cali-
bration, achieving micro-pixel-level star separation measurement precision of
approximately 1075 pixel (see Figure 12 [Figure 12: see original paper]).
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2.1 Optical Subsystem

To meet requirements for large aperture, large field of view, high imaging quality,
and extremely low distortion, CHES adopts a coaxial three-mirror TMA optical
structure with three-fold mirror light path design. The telescope system includes
primary mirror assembly, secondary mirror assembly, primary-secondary mirror
truss, plane mirror assemblies (M4, M5, M6), detector assembly, focal plane cal-
ibration assembly, and support structure. The focal plane calibration assembly
is located near plane mirror M6, generating calibration beams via lasers.

During ground processing, alignment, and testing, gravity offloading mecha-
nisms are used for optical mirrors, structures, and detectors to minimize gravity-
induced differences between ground and space environments. After launch, ini-
tial focusing uses the secondary mirror to reduce launch and orbit transfer im-
pacts on the optical system, ensuring initial optical residuals remain within
tolerance. Following this focusing, all optical elements maintain stable rela-
tive positions, and the telescope enters observation mode. During observations,
differences in optical and structural materials, temperature variations, and ex-
ternal vibrations may cause changes in telescope interior orientation elements,
leading to optical system stability errors. Two primary technical approaches
address these factors: payload thermal control technology to manage thermal
deformation, and on-orbit calibration technology to measure and correct errors.

2.2 Focal Plane Subsystem

The focal plane will use sSCMOS detectors with 6.5 m pixel size. The focal
plane detection subsystem comprises focal plane structure and electronic con-
trol systems. The focal plane structure is assembled through mosaic of multiple
sCMOS detectors, while the electronic control system includes image sensor ar-
ray electronics and control box electronics connected via cables. Data exchange
between the telescope and satellite platform is primarily handled by the control
box. With 36 m focal length and 0.44° field of view, the focal plane geometric
size is approximately 276 mm X 276 mm. To meet this large format require-
ment, a MOSAIC-based image sensor mosaic scheme is proposed. Assuming
single sSCMOS chip pixel size of 6.5 m and 4000$x$4000 pixels, single chip size
is about 32 mm x 32 mm (including package), requiring 9$x$9=81 sCMOS
chips for full focal plane coverage.

2.3 On-orbit Calibration Subsystem

The on-orbit calibration subsystem includes a laser heterodyne interferometric
calibration module for high-precision calibration of CMOS detector non-uniform
response. Combined with a star centroid separation measurement algorithm
based on real point spread functions (PSF), this achieves micro-pixel-level star
separation measurement precision on the telescope focal plane, meeting CHES’s 1
as target-reference star angular separation measurement requirement. Addition-
ally, the on-orbit calibration subsystem utilizes microarcsecond-level inter-star
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angular measurement technology and distortion gradient inversion algorithms
for high-precision on-orbit calibration of telescope optical distortion, correct-
ing distortion distribution changes caused by satellite attitude adjustments or
environmental temperature variations to ensure measurement precision.

3 Mission Design
3.1 Performance Requirements

3.1.1 Astrometric Precision Requirements When a planet orbits a star,
the star’ s astrometric signal due to gravitational perturbation is proportional
to the planet-to-star mass ratio and the planet’ s orbital radius, and inversely
proportional to the distance from Earth. To detect habitable zone Earth-like
planets at 10 pc (approximately 32.6 light-years), detection precision must reach
0.3 as. Determining 12 parameters for a planet and its host star (7 planetary
and 5 stellar parameters) requires at least 12 observation sets over 5 years.
In practice, each observation set consists of multiple exposures over 2 hours.
Increasing observation sets improves signal-to-noise ratio or allows relaxed pre-
cision requirements. To detect habitable zone Earth-like planets at 10 pc with
200 observation sets, single-set measurement precision must be better than 1
as.

With CHES single-set precision of 1 as, detailed analysis of major error sources
is required, including target star astrometric error, reference star astrometric
error, telescope measurement error, detector calibration error, and other poten-
tial errors. Considering astrometric solution precision and current engineering
capabilities, error allocations are: target star astrometric error 0.35 as, refer-
ence star astrometric error 0.58 as. Payload error sources include telescope
wavefront error, post-calibration distortion residual, and detector calibration er-
ror. Simulation analysis shows that to meet these allocations, requirements are:
telescope wavefront error < A/12; maximum field-relative distortion residual <
0.36 as, detector calibration residual < 0.74 as, and other errors < 0.24 as
[21,85,86].

3.1.2 Aperture Requirements Telescope aperture depends on two factors.
First, limiting detection magnitude: based on target and reference star selection,
the faintest reference stars are about 13th magnitude, with CHES detector expo-
sure time of 20 ms. With 6.5 m pixel size and F-number of 30 to meet Nyquist
sampling requirements for micro-pixel star separation algorithms, a 1.2 m aper-
ture enables detection of 13th magnitude stars, satisfying limiting magnitude
requirements. Second, photon noise impact on star separation measurement: for
13th magnitude stars with 1.2 m aperture and 2 hour exposure, approximately
1.6$x107{9}$ photons are collected. With 8 reference stars observed simulta-
neously for 2 hours, photon noise-induced error is about 1 as []. Through over
200 observations accumulated over 5 years, CHES can measure 0.3 as signals,
meeting mission precision requirements.
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Comprehensively balancing domestic mirror fabrication capabilities, cost,
weight, and photon noise factors, a 1.2 m aperture is recommended for CHES.

3.1.3 Focal Length Requirements With 1.2 m aperture and F-number of
30, telescope focal length should be 36 m. At the shortest wavelength of 500
nm, PSF full width at half maximum (FWHM) is about 0.1 . With 36 m focal
length, FWHM corresponds to 15 m on the sCMOS detector. With 6.5 m pixel
size, this satisfies the Nyquist sampling theorem.

3.1.4 Field of View Requirements CHES achieves high-precision position-
ing by measuring relative positions between target and reference stars. At least
6-8 reference stars must enter the field of view. Statistical analysis of candidate
targets shows that a field of view >0.44°$x$0.44° ensures all target stars have
at least 6-8 reference stars, meeting positioning requirements.

3.1.5 Inter-Star Separation Measurement Precision Requirements
With 6.5 m pixel size and 36 m focal length, one pixel corresponds to 0.037
angular displacement. To achieve 1 as star separation precision, relative
centroid positioning precision must reach 2.7$x107{-5}$ pixel.

3.2 Detection Principle

CHES employs space-based high-precision relative astrometry to accurately mea-
sure microarcsecond-level star separation variations between target stars and 6-
8 standard reference stars. These minute variations allow calculation of stellar
displacement due to planetary gravitational perturbations, enabling detection
of habitable zone terrestrial planets with true masses around nearby stars (see
Figure 13 [Figure 13: see original paper]). Figure 14 [Figure 14: see original pa-
per| shows astrometric orbit retrieval simulations for terrestrial planets around
Alpha Centauri A. Alpha Centauri A, located in the constellation Centaurus,
forms a triple system with Alpha Centauri B and Proxima at 1.34 pc from
Earth—our Solar System’ s nearest neighbor and a CHES target star. As a G2V
star with mass ~1.06 M and apparent magnitude 0.01, no planets have been
detected around it. Assuming a 1 M planet at 1 AU (Alpha Centauri Ab),
the astrometric signal would be 2.1 as. If CHES observes it 30 times over 5
years with 1 as precision, fitting the generated time-series astrometric data can
recover the planet’ s orbital parameters.

3.3 Simulation Platform

Leveraging expertise in planetary dynamics and extensive experience process-
ing light curve data [75,82,87-89], the CHES team developed Nii, a Bayesian
planetary orbit parameter retrieval code implementing APT-MCMC algorithms
for orbit retrieval from CHES simulated relative astrometry data using multiple
reference stars [90]. For single and double planet systems, this algorithm effec-
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tively converges posterior probability distributions when combined with radial
velocity data, accurately retrieving planetary orbital parameters and masses.

Further systematic studies investigated target star activity effects on high-
precision astrometry. Results show that astrometric errors due to stellar
activity cause photocenter jitter below 1 as for over 90% of stars. Stellar
activity impacts on habitable planet detection are minimal for most targets,
satisfying error allocation constraints for target star astrometric precision.
Additionally, simulations show that CHES can detect habitable zone terrestrial
planets around ~95% of Sun-like stars [93].

Assuming a Solar System analog (Sun, Earth, and Jupiter) at 10 pc, CHES con-
ducting 200 observations over 5 years can retrieve Earth’ s orbital period and
mass within 10% of true values even with strong Jupiter interference, demon-
strating CHES’ s capability to detect terrestrial planets in multi-planet systems.
If mission duration exceeds 5 years, detection capabilities for long-period cold
Jupiters will further improve.

The CHES team rewrote the International Astronomical Union’ s SOFA
(Standards of Fundamental Astronomy Service) software, creating PyMsOfa—
a Python package consistent with TAU resolutions. Integrated into the CHES
simulation platform, it enables field-of-view simulations for target and reference
stars (see Figure 5) and generates astrometric data for retrieval.

3.4 Satellite Platform

The CHES satellite consists of platform and payload, divided into service mod-
ule, propulsion module, and payload module (see Figure 16 [Figure 16: see
original paper] [21]). The platform comprises structure, thermal control, power,
TT&C, attitude/orbit control, and data management subsystems, providing
power, communications, and thermal environment for the payload. The payload
is a high-imaging-quality, high-stability, low-distortion optical telescope includ-
ing optics, focal plane, temperature controller, frequency-stabilized laser, and
data processing system. Addressing key technical challenges, CHES achieves
high-stability attitude control and high-precision thermal control. System-level
feasibility analysis provides a solid foundation for subsequent CHES project
development. Table 4 [21] details satellite technical specifications.

CHES uses three-axis stabilized attitude control with inertial pointing and ma-
neuvering capabilities. Twelve nN-level cold gas micro-thrusters provide high-
stability attitude control during observations, twelve 20 mN cold gas thrusters
handle orbit insertion and momentum unloading, reaction wheels perform atti-
tude maneuvers and routine control, and two 40 mN Hall thrusters maintain
orbit. Power uses solar arrays and Li-ion batteries: fixed solar panels on the -x
and 4y faces with total area $ 11.8m {2}$ provide 1,493 W end-of-life power,
with 120 Ah batteries meeting requirements. X-band integrated TT&C and
data transmission with phased-array antenna provides 20 Mbit/s data rate and
1 Thit solid-state storage.
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Thermal design uses active and passive control tailored to payload requirements
and the special thermal environment at Sun-Earth L2. The satellite operates in
L2 Halo orbit for 5 years. The launch vehicle injects the satellite into a parking
orbit (200 km x 35,958 km) at 28.5° inclination, then orbital maneuvers place
it into the transfer orbit. After ~117 days, small maneuvers insert it into the
mission orbit (see Figure 17 [Figure 17: see original paper] [21]).

To ensure effective data reception, data transmission rates are designed with mul-
tiple levels: 20, 10, 5 Mbit /s and 800 kbit/s. Adding 10, 5 Mbit/s and 800 kbit /s
levels enables compatibility with 25 m Urumgi, 18 m Qingdao/Kashgar, and 12
m Chinese Academy of Sciences remote sensing antennas, reducing ground sta-
tion requirements and improving data reception stability and reliability.

4 Key Technologies

Three key technologies are critical: micropixel star separation measurement,
low-distortion large-field telescope optical system, and high-stability attitude
control with high-precision thermal control.

4.1 Micropixel Star Separation Measurement Technology

This technology is key for detecting nearby habitable zone terrestrial planets
using space astrometry. Based on external laser interferometry for detector
pixel characterization calibration, it achieves ~107° pixel-level star separation
measurement precision.

High-frequency-stability lasers produce coherent light via heterodyne methods.
Fiber output creates interference fringes; different baseline directions produce
different fringe orientations, enabling pixel characterization retrieval from
fringes for star image separation measurement. Fiber-coupled LED white
light sources reflected by spherical mirrors simulate star images for micropixel
separation measurement experiments. CMOS cameras collect fringe and star
image data for detector calibration and separation calculations.

The experimental apparatus comprises six subsystems: high-stability differential
frequency laser interferometry, pseudo-star source simulation, image acquisition
and analysis, precision vibration isolation support, vacuum test chamber, and
stray light suppression. System design is shown in Figure 18 [Figure 18: see
original paper| and technical flow in Figure 19 [Figure 19: see original paper].

The micropixel star separation measurement apparatus is China’ s first such
system, providing technical assurance for nearby habitable planet detection and
other space missions. Innovations include high-stability multi-modal dynamic
interference fringe generation and global pixel characterization calibration of
large-area scientific CMOS sensors via fast Fourier transform-based iterative
optimization phase retrieval algorithms.
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4.2 Low-Distortion Large-Field Telescope Optical System Technology

Since CHES uses narrow-angle astrometry measuring relative position changes
between target and reference stars, optical system stability is paramount. Differ-
ences in optical and structural materials, temperature variations, and external
vibrations cause changes in telescope interior orientation elements, creating sta-
bility errors. The telescope employs on-orbit distortion calibration technology to
measure and calibrate stability, with requirements for temperature and pointing
stability implemented through satellite platform key technology development.
This technology includes mirror grinding, low-stress mounting, structural stabil-
ity design, lightweighting, assembly, and testing.

To address small optical distortion changes from attitude adjustments or tem-
perature variations, a distortion gradient-based on-orbit calibration method re-
constructs distortion distribution (see Figure 20 [Figure 20: see original paper]).
This method doesn’ t use reference star positions from existing catalogs but ex-
ploits the fact that reference and target stars remain essentially fixed (angular
displacement <0.1 as) during single observations (~2 hours). By comparing im-
age motion between central and edge fields using telescope pointing instability,
distortion gradients at star positions are obtained, then used to reconstruct full-
field distortion distribution, enabling high-precision measurement of telescope
optical distortion [95].

Notably, structural stability design, lightweighting, and low-stress control corre-
late strongly with telescope aperture. Larger aperture and architecture demand
higher structural stability than scaled models. Simulation analysis shows scaled
model stability requirements (e.g., temperature, vibration) scale proportionally,
allowing experimental parameters to be scaled accordingly for validation. The
research team has extensive experience in low-stress mounting and surface de-
formation control for large telescope mirrors, having successfully developed mul-
tiple meter-class ground- and space-based telescopes with excellent in-orbit per-
formance, enabling direct technology inheritance for the full-aperture telescope.

4.3 High-Stability Attitude Control and High-Precision Thermal Con-
trol

4.3.1 High-Stability Attitude Control Payload observation requirements
demand pointing precision better than 0.07 and stability of 0.0036 /0.02 s,
imposing stringent attitude control requirements. High-stability attitude con-
trol technology development includes high-precision guide star sensor attitude
determination and high-precision thruster attitude stabilization. The system
comprises guide star sensors, high-precision fiber optic gyros, puN-level atti-
tude control thrusters, high-precision attitude determination software, and high-
precision micro-thrust phase plane control technology (see Figure 21 [Figure 21:
see original paper]).

Building on nN-level thruster development and high-stability control algorithms
for Taiji satellite, simulations show that based on CHES telescope measurement
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precision, final stability control precision exceeds 3$x107{-5}$ (°) -s~!, with
0.0022 drift over 20 ms and 0.0108 drift over 100 s at 10 Hz control frequency.
Technology development completed algorithm development and simulation ver-
ification meeting requirements. A ground FGS image simulator was developed
for high-precision attitude control hardware-in-the-loop testing, achieving tech-
nology readiness level 5.

4.3.2 High-Precision Thermal Control CHES’ s star separation measure-
ment algorithm requires optical imaging quality across the full field better than
A/12. In space, primary error sources affecting imaging quality are thermal
and vibrational. Temperature fluctuations cause optical and structural mate-
rial expansion/contraction, leading to mirror deformation and relative position
changes that degrade imaging quality. The payload optical system tempera-
ture must be maintained within A$+$0.045°C during each 2-hour observation
(where A ranges 15-25°C), requiring specialized thermal control design with 45
mK stability.

High-precision thermal control characteristics include: extremely high stability
requirements, large aperture entrance heat loss compensation, and interference
from high-power detectors. The 100 W focal plane heat dissipation from mosaic
CMOS detectors, mounted on the telescope main structure, creates significant
thermal control challenges.

The thermal control approach leverages the Sun-Earth L2 orbit (1.5$x107{6}$
km from Earth), where only solar heat flux is significant, with negligible Earth
infrared and albedo effects. The telescope uses anti-Sun pointing, with sun-
shades and satellite platform blocking most solar radiation to provide a stable
thermal environment (see Figure 22 [Figure 22: see original paper]). Telescope
optical system temperature simulations show 15-21°C range. Detailed thermal
control design and simulation analysis verified feasibility, meeting requirements.
Technology readiness levels for sunshield, high-precision temperature measure-
ment, control algorithms, and high-stability thermal control subsystems have
reached level 5 or higher.

Conclusion

Supported by the Chinese Academy of Sciences Strategic Priority Program on
Space Science (Phase II) background model project, CHES has achieved sig-
nificant results: refined scientific objectives; breakthroughs in low-distortion,
large-field, high-quality space telescope optical systems; 10~ pixel-level star
separation measurement; and high-stability attitude control and thermal con-
trol solutions. These key technologies have reached readiness level 5, providing
important support for subsequent CHES project approval.

CHES is expected to achieve the first discovery of habitable zone terrestrial
planets around nearby Sun-like stars—a major breakthrough from zero to one—
and discover ~50 Earth-like planets or super-Earths while precisely characteriz-
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ing masses of compact objects like black holes. As China’ s first high-precision
astrometry space science mission, CHES will improve international astrometric
precision by an order of magnitude, greatly enhancing China’s influence in funda-
mental astronomy and planetary science, and promoting leapfrog development
in space science exploration technology.
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