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Abstract
The SiTian project, designed to utilize 60 telescopes distributed across multi-
ple sites in China, is a next-generation time-domain survey initiative. As a
pathfinder for the SiTian project, the Mini-SiTian (MST) has been proposed
and implemented to test the SiTian’s brain and data pipeline, and to evaluate
the feasibility of its technology and science cases. Mounted at the Xinglong
Observatory, the MST project comprises three 30 cm telescopes and has been
operated since 2022 November. Each telescope of the MST possesses a large field
of view, covering 2°.29 × 1°.53 FOV, and is equipped with g, r, and i filters,
respectively. Acting as the pioneer of the forthcoming SiTian project, the MST
is dedicated to the discovery of variable stars, transients, and outburst events,
and has already obtained some interesting scientific results. In this paper, we
will summarize the first-two-year operation of the MST project.
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1. Introduction
SiTian (Liu et al. 2021) is a next-generation time-domain survey project. It is
designed to use over 60 telescopes, which are located at several sites in China, to
scan a sky field survey of 10,000 square degrees using three bands in each half-
hour. Based on such high survey efficiency, this project will be able to discover
and identify transient variable sources in real time, triggering follow-up observa-
tions with spectroscopic telescopes or collaborating with space telescopes, such
as the Chinese Einstein probe (Yuan et al. 2022) and SVOM (Atteia et al. 2022).
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The entire SiTian project comprises the SiTian brain, telescope arrays, and the
data storage system. The SiTian brain serves as a platform to coordinate the op-
eration of telescopes, the real-time processing of data, the transmission of data,
and the triggering of alerts for transients. As a precursor to the SiTian project,
the Mini-SiTian project (hereafter MST) has been proposed and implemented
to test the SiTian brain, data pipeline, instrumental technology, and early sci-
ence cases. The MST consists of three 30 cm diameter telescopes (Huang et
al. 2025), which can simulate a single node of the SiTian array. The desired
capabilities of the MST include: (a) the ability to complete observations auto-
matically, (b) the capability to acquire raw data and conduct processing in real
time (less than 5 minutes), (c) the capacity for fast communication with larger
telescopes for follow-up observations, (d) the flexibility to accommodate various
programs with different observational constraints, and (e) the implementation
of fully automated operations through robotic or AI-driven systems.

Additionally, the MST is anticipated to play a significant role in the educa-
tion of observational astronomy by providing numerous opportunities for young
graduate students to develop skills in conducting observations and analyzing
astronomical data.

Research in Astronomy and Astrophysics, 25:044005 (12pp), 2025 April He et
al.

Figure 1 [Figure 1: see original paper]. Overview of the MST telescope array.
The MST has been in operation for two years since 2022 November. In this
paper, we will summarize the pilot operation of the MST project from 2022
November to 2024 June. A brief overview of the MST project will be presented
in Section 2. Section 3 will describe the observing strategies, including target
selection and the preparation of calibration data. Daily observations and some
data results will be described in Sections 4 and 5. Finally, in Section 6, we
will provide a summary of the MST project and discuss the next steps for this
project.

2. The MST Overview
The MST is composed of three 30 cm catadioptric Schmidt telescopes:
Mini-SiTian-01 (hereafter MST1), Mini-SiTian-02 (hereafter MST2), and
Mini-SiTian-03 (hereafter MST3). These telescopes share a similar optical
design with the CSTAR telescope and are referred to as the MEGA-CSTAR
optic system (Han et al. 2025) (see Figure 1). They are manufactured by
Astronomical Instruments Company Limited (AIC) and each is equipped with
an equatorial mount, a 5° diameter field of view (FOV), and a focal ratio of
f/3. The 30 cm catadioptric Schmidt telescope consists of the corrector lens
group 1 and the corrector lens group 2 (see Figure 1 of Han et al. 2025). For a
detailed discussion of the optical design of this telescope, please refer to Han et
al. (2025) in this volume.

The terminal instruments include a ZWO ASI6200MM Pro CMOS camera, one
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filter, and a stepper motor-driven focuser by the AIC. The size of the ZWO
ASI6200MM Pro CMOS camera is 9576 × 6388 pixels, the pixel size is 3.76 �m,
and the pixel scale is 0�.862 pixel−1, which leads to a camera FOV of 2°.29 ×
1°.53. The quantum efficiency of the camera is higher in the bluer range.

The filters are similar to the SDSS system filters g, r, and i, and are mounted
in MST1, MST2, and MST3, respectively (see Figure 2 [Figure 2: see original
paper]) since 2023 February 7. Before this date, we used G and R-band filters
to replace the g and r-band filters in MST2 and MST3. Figure 2 also shows the
quantum efficiency (hereafter QE) curve of the ZWO ASI6200MM Pro CMOS
camera. All these parameters of instruments are summarized in Table 1 .

The observational control system (hereafter OCS), developed in-house based on
the python environment (Wang et al. 2025), is shown in Figure 3 [Figure 3:
see original paper]. This system integrates the functions of telescope control,
camera control, observing plan control, and image display, and it offers four
operational modes for different situations: automatic mode, semi-automatic
mode, test mode, and focusing mode. The automatic mode is designed for
executing automatic observing plans and can determine whether the next target
is within the observing field; if not, it skips the target. In the semi-automatic
mode, the OCS observes only one selected target per action. The test mode is
used for debugging actions, such as slewing and exposure tests. The focusing
mode is intended for focusing actions with fast readout, outputting only the
central region (1912 × 1272 pixels) of a full image.

3. Observing Strategy
As a pathfinder for the SiTian project, the MST is primarily used to discover
new variables and to follow up on some transient events, such as gravitational
waves (GWs), comets, supernovae, and tidal disruption events (TDEs; Han et
al. 2025) under continuous exposures.

3.1. Calibration Images

Calibration images are also required for daily observation, including biases and
flats. All these images are taken before scientific observations commence. Bias
frames are captured with the telescope and dome fully covered to ensure no light
enters, as the CMOS camera lacks a mechanical shutter. To achieve uniform
illumination for sky flats with a large FOV telescope, a flat plate is placed over
the telescope tube to diffuse the skylight. However, using the flat plate signifi-
cantly reduces the light intensity. To compensate, we take flat-field exposures
before sunset, maintaining ADU values between 15,000 and 50,000 to ensure a
high enough signal-to-noise ratio for the corrections of pixel-to-pixel variations.

In addition to the sky flats, we also take some supersky flats during the new
moon phase. These supersky flats are taken only during clear weather, and the
fields to be observed for them are positioned near the zenith of the sky.
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3.2. General Survey

For general surveys, our strategy involves selecting specific fields and conducting
long-term monitoring to discover new variables and transients. During the first
year of the MST operation, we tested its detection capabilities by selecting three
test sky fields, designated as f01, f02, and f03.

The f01 field (shown in Figure 4 [Figure 4: see original paper]) includes: (1) one
galaxy group, which enhances the possibility of detecting supernovae; (2) several
bright stars, useful for assessing the impact of image ghosts; (3) five known short-
period variable stars, which can be utilized to evaluate the image processing
system’s capability for detecting variability; and (4) over 1000 LAMOST targets
near the Galactic disk plane, suitable for examining variations in FWHM and
pixel scale in the image data, as well as analyzing the performance of stellar
flat-fielding.

The f02 and f03 fields were defined using similar criteria as f01, with their R.A.
values increased by 1 and 3 hr, respectively, compared to f01. All three fields
have been planned to be exposed throughout the entire nights over a period of
one or two months in order to collect sufficient image data.

In the second year of the MST operation, we have selected 87 sky fields for
a TDE and supernova survey. These 87 sky fields are chosen based on three
criteria: (1) the decl. of them is higher than -20°; (2) avoiding the region where
|b|<20° (b is the Galactic latitude) to reduce reddening; (3) selecting fields with
a high star formation rate or a large number of galaxies.

For daily observations, we plan to allocate 2–3 hr to observe one-third of these
fields, which will enable the TDE and supernova survey to cycle every three
days.

3.3. GW Follow-up Survey

The GW follow-up survey is based on the O4 project of LIGO.12 We obtain the
information of each GW event published by the alert from the LIGO website
as soon as they are available. If the “significant” of event is marked as “true,”
then we will produce a sky field list, which covers the sky areas observable at
our site on that night for the event. The order of sky field list is determined not
only by the probability provided by the O4 but also by the turnaround time of
telescope to ensure more efficient observation times. The detailed strategy of
GW plan can be seen in Xu et al. (2020) and Ma et al. (2024).

We finally selected the top 200 deg2 sky fields for observation. Since the primary
goal of the GW follow-up survey is to search for optical counterparts of GW
events, we do not prioritize their color. The sky field list is divided into three
distinct observing plans, one for each MST telescope. These plans are then
provided to the daily observing assistants, who upload them to the OCS of the
respective telescopes.
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Given the highest priority of the GW follow-up survey, upon receiving a GW
alert, the daily general observations of the MST will be immediately interrupted
to begin the follow-up survey. However, if the MST is unable to observe due to
poor weather or other circumstances within 24 hr of receiving the alert, we will
cancel the follow-up plan for that alert.

3.4. Others

In addition to conducting general surveys and following up on GW events, the
MST also observes other transients discovered by different surveys, such as
comets, supernovae, and TDEs.

3.4.1. Comets The study of comets is key to understanding the formation
and evolution of matter in the early solar system (Mumma et al. 1993; Irvine
et al. 2000). The cometary spectra at a special phase are very important for
analyzing the composition and the kinematical and spatial structure of comets
(Swings 1948a, 1948b; Whipple 1950; Arpigny 1965; Despois et al. 1986; Mumma
et al. 1986; Schloerb et al. 1986; Weaver et al. 1986; Mumma & Charnley 2011).
Therefore, the photometric monitoring of comets is very useful for capturing
opportunities to observe the spectra of comets during special phases, such as
the phase of maximum brightness of cometary nucleus.

Since the fast moving speed of comets, the tracking ability and imaging quality
of the MST for this kind of sources require to be tested. During the first-two-
year operation of the MST, we have monitored two comets: C/2022 E3 and 12P
in 2023 January and 2023 October, respectively. The MST has observed each
comet for nearly a month, and an image of C/2022 E3 is displayed in Figure 5
[Figure 5: see original paper]. The structures of the cometary tail and cometary
nuclei are clearly presented in this frame. The data of them obtained by the MST
has been successfully utilized for follow-up spectroscopic observations at the
phase of maximum luminosity by monitoring the light variation of the cometary
nuclei.

3.4.2. Supernovae and TDEs We select supernovae and TDE candidates
from the Transient Name Server (TNS) website,13 where new astronomical tran-
sients (ATs) are reported every day. Each AT report represents a potential tran-
sient event, with the majority being supernovae and TDEs. We check new AT
reports daily and select supernovae and TDE candidates for observation based
on three key considerations.

First, we exclude potential transients whose altitude is too low to ensure high
data quality. Considering the geographical location of the MST, targets with
a decl. lower than -20° are excluded, and the targets with altitudes lower than
20° throughout the entire night are also excluded. Second, most of the targets
located far from a galaxy are eliminated to ensure a high possibility to be extra-
galactic supernovae. Last but not least, whether the target is valuable to be
observed will also be considered. Since the early light of supernovae provides
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essential information to constrain its progenitors (Kasen 2010), it is crucial to
capture the light curves of supernovae as early as possible. We primarily focus
on targets with low redshift (mainly focusing on z < 0.02) to ensure that we
observe supernovae while the light curves of them are still on the early stage
of rising. Additionally, if the target was observed by Zwicky Transient Facility
(Bellm et al. 2019), the likelihood of it being a supernova, which was provided
by the ALeRCE stamp classifier (Förster et al. 2021), would also be taken into
account.

Research in Astronomy and Astrophysics, 25:044005 (12pp), 2025 April He et
al.

Figure 5. This image of comet C/2022 E3 clearly shows both the comet’s tail
and core, highlighting the excellent tracking ability and imaging quality of the
MST.

3.4.3. Stellar Flares Stellar flares are energetic events caused by the re-
connection of stellar magnetic fields, and they are very useful for studying the
solar-stellar connections. Among many bands observations of this phenomenon,
optic flares typically have high energy and sometimes this energy is even higher
than 1034 erg for the superflares in solar-type stars (Maehara et al. 2012; Yang
et al. 2017).

In the Kepler and TESS fields, thousands of flaring stars have been identified.
We carry out a long-term monitoring of the flaring stars, which are located in
Kepler and TESS fields, and hope to help constrain the solar and stellar dynamo
theories.

4. Observing Operation
Two of the three MST telescopes, MST2 and MST3, were mounted in the fall of
2022. They have been in operation from 2022 November to 2024 June. Then,
they had a shutdown in July and Autumn because of the rainy season. The
MST1 is scheduled to begin operation from 2024 September. During the first-
two-year operation, we have observed 92 general survey fields, one field of active
stars potentially with stellar flares, and followed up 37 transients from TNS, 33
GWs alerts from LIGO, and two comets, as depicted in Figure 6 [Figure 6:
see original paper]. In this section, we will present the pilot operation of the
first-two-year, which includes general plan and dynamic plan.

4.1. General Plan

The general plan of the MST includes long-time observation of special fields.
The object lists for each science topic are submitted by the principal investigator
and compiled by the operation administrator. Subsequently, based on the daily
charting curve for each object and the horizon limit of 16°, a daily observing
plan will be produced by the operation administrator and sent to the daily
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observational assistants. Daily observation begins at -12° of sunset and ends
at -12° of sunrise. During the first-two-year operation, we have observed 93
fields, including f01, f02, and f03 for 73 days, UH01 and UH02 for 5 months,
one Kepler field for 4 months, and 87 TDEs and supernova searching fields for
10 months.

4.2. Dynamic Plan

For transient events, we implement a dynamic daily plan that prioritizes tasks
based on their urgency. GWs are assigned the highest priority, followed by
supernovae and TDEs, which are ranked below GWs but above general surveys
due to their relatively longer transient durations. If the dynamic observing
proposals are submitted during the daytime, we adjust the daily plan to ensure
the exposure of high-priority sources. However, if the proposals are submitted
at night, which are mostly GWs, we interrupt the on-going exposure to start
the observation of GW events and resume the general plan when we have free
time again. We have followed up 37 transients from TNS and two comets for
several days, and also have tested following-up GWs survey for 33 GW alerts
from LIGO O4.

5. Observing Performance
From 2022 November to 2024 June, the MST has been in operation for 552
days, during which we have collected observational data on 344 of those days.
In total, we accumulated 2516 hr of observational data, as shown in Figure 7
[Figure 7: see original paper]. Using the Maxim DL software, we calculated the
full width at half maximum (FWHM) values for the frames captured each night,
which predominantly fall within the range of 2�, as shown in Figure 8 [Figure
8: see original paper]. Additionally, Figure 8 also presents statistical results for
the worst FWHM values recorded each night, which are mostly between 3� and
4�.

5.1. Camera Tests

We have conducted a series of tests to assess the performance of the CMOS
camera, including the bias stability, abnormal response pixels, dark current,
and linearity. The dark current is roughly proportional to the exposure time, �2
× 10−3 e− pixel−1 s−1 at Temperature = 0°C, which is almost negligible. For
testing the linearity of the CMOS, we took a series of flat images with exposure
times ranging from 0.01 to 8.1 s using a stable light source, which led to an ADU
value ranging from �600 to saturation. When the ADU value exceeds 10,000,
the accuracy of pixel values is within 0.3%, which indicates good linearity. A
detailed discussion about camera tests can be seen in Zhang et al. (2025). We
have also presented statistics on the bias values, read noise, and gain of the
cameras over the first-two-year operation, as shown in Figure 9 [Figure 9: see
original paper]. The results indicate that the bias values are mostly distributed
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around 501, the read noise is approximately 1.06 e−, and the gain is around 0.26
e−/ADU, demonstrating the stable performance of the cameras.

5.2. Astrometry Tests

We also evaluated the astrometry accuracy of the MST data using Gaia DR3 by
calculating the two-axis astrometric residuals for the observational data from the
first-two-year operation. As shown in Figure 10 [Figure 10: see original paper],
the position difference between the MST and Gaia DR3 remains consistent,
predominantly within the range of 70–80 mas (Xiao et al. 2025).

5.3. Photometry Tests

To assess the performance of the CMOS camera, we have conducted a series
of tests, including the bias stability. Figure 11 [Figure 11: see original paper]
presents the photometry of the MST, which shows the 5𝜎 magnitude limit for
the images during the operation. According to the histogram in this figure, the
magnitude limits can generally reach 19.37 mag in the g-band and 18.66 mag
in the r-band under optimal observational conditions. We have also compared
the photometry results between the MST and TESS, finding consistency with
TESS’s results. Further details can be found in Xiao et al. (2025).

6. Summary and Future Plans
6.1. Summary

From 2022 November 11 to 2024 June 30, we have monitored 93 fields and also
have done the follow-up of 37 transients from TNS, 2 comets, and 33 GWs alerts
from LIGO. Our in-house OCS system has successfully been used during the first-
two-year operation. The success of the operation has depended on the efforts
and dedication of our science, technology, and observation teams. In addition
to the scientific goals, the MST also plays an important role in education by
enabling students to develop skills in observation and data processing. Detailed
discussions on the CMOS testing, the data processing and pipeline, and other
science results will be presented in other published papers of this volume (Gu et
al. 2025; Li et al. 2025; Liu et al. 2025; Shi et al. 2025; Xiao et al. 2025; Zhang
et al. 2025).

6.2. Future Plans

The MST will continue to update the OCS system and refine observing plans
to ensure thorough preparation for the future SiTian project, effectively serving
as its pathfinder. Presented below are some planned tests for the MST over the
next one to two years.

6.2.1. Supernova and TDE Survey Since one of the main science goals of
the SiTian project is to find transient events, rather than only follow up these
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transients with other telescopes such as ZTF, we should utilize the advantages of
the SiTian project, which has rapid survey speed given its large FOV, to capture
supernovae and TDEs as early as possible. We will select some sky fields with
higher event rates of supernovae or TDEs for daily long-term monitoring to test
the best strategy to find these types of sources (Wang et al. 2025).

6.2.2. Real-time Data Processing In order to capture transients as soon
as possible, we need to obtain the results given by imaging subtraction between
real-time image and pre-observed image templates. Therefore, rapid calibration
and subtraction data processing are essential immediately after a new exposure
finishes. We are developing a real-time data processing pipeline that is capable
of generating preliminary results within 5 minutes of completing an exposure
and presenting the outcomes as an image. When the results reveal unknown
variable sources, the pipeline will automatically trigger alerts for these transients
(Gu et al. 2025).

6.2.3. Auto Focusing A rapid survey relies on stable observational qual-
ity and should not be disrupted and waste time capturing additional focusing
images during operation. To address this issue, we plan to employ AI to es-
tablish a direct correlation between the point-spread function (PSF) of a frame
and the focuser position. Using this mechanism, the focuser position can be
adjusted automatically based on the previous exposure image, eliminating the
need for multiple focusing images typically required by traditional auto-focusing
methods.

6.2.4. Dynamic Exposure Sequence Currently, we still manually schedule
the dynamic plan. In the future, we aim to automatically and dynamically
adjust the exposure sequence based on the target’s altitude over time after
prioritization, and plan to integrate this module into the OCS system.

6.2.5. MST with AI Since AI technology becomes more and more conve-
nient and useful nowadays, we plan to integrate all the modules with AI and
robotic systems based on a large database of scientific knowledge to reduce the
reliance on human resources and make the operation significantly more efficient.
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