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The Chinese Space Station Telescope (CSST) is a cutting-edge two-meter astronomical space telescope currently under construc-
tion. Its primary Survey Camera (SC) is designed to conduct large-area imaging sky surveys using a sophisticated seven-band
photometric system. The resulting data will provide unprecedented data for studying the structure and stellar populations of the
Milky Way. To support the CSST development and scientific projects related to its survey data, we generate the first comprehen-
sive Milky Way stellar mock catalogue for the CSST SC photometric system using the TRILEGAL stellar population synthesis
tool. The catalogue includes approximately 12.6 billion stars, covering a wide range of stellar parameters, photometry, astrom-
etry, and kinematics, with magnitude reaching down to g=27.5 mag in the AB magnitude system. The catalogue represents our
benchmark understanding of the stellar populations in the Milky Way, enabling a direct comparison with the future CSST survey
data. Particularly, it sheds light on faint stars that are hidden from current sky surveys. Our crowding limit analysis based on this
catalogue provides compelling evidence for the extension of the CSST Optical Survey (OS) to cover low Galactic latitude regions.
The strategic extension of the CSST-OS coverage, combined with this comprehensive mock catalogue, will enable transformative
science with the CSST.
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1 Introduction

The Chinese Space Station Telescope (CSST) is a two-
meter astronomical space telescope that will be sent to

*Corresponding authors (Yang Chen, email: cy@ahu.edu.cn; Xiaoting Fu, email:
xiaoting.fu@pmo.ac.cn)

dock with the Chinese Space Station (CSS, also known as

Tiangong). The first core module of the space station (Tianhe;
TH) was launched in April 2021. Approved in 2013, the tele-
scope is expected to launch in the near future and will be
freely orbiting in the same path as the CSS. It is designed to
be serviceable (for human manipulations) while docked with
the CSS [1; 2]. The science goals of CSST include exploring
a range of important questions in cosmology, galaxies, stars,
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and exoplanets. To achieve these goals, it will be equipped
with several astronomical instruments including the Survey
Camera (SC), Terahertz Receiver, Multichannel Imager, In-
tegral Field Spectrograph, and Cool-Planet Imaging Corona-
graph. The SC, in particular, will carry out a seven-year-long
wide-area multi-band imaging and slitless spectroscopic sur-
vey, as well as other key programs and Guest Observer (GO)
programs for an additional two years [2].

The Chinese Space Station Optical Survey (CSS-OS) will
utilize the SC to take images and obtain slitless spectra of
a vast 17,500 deg2 sky area for Galactic latitude b > 15o

[2]. The depth for the imaging survey is expected to reach
∼ 26.3 mag in the g band (5σ for point sources in AB mag-
nitude system). Additionally, a smaller 400 deg2 area will
be surveyed to a depth of ∼ 1 magnitude deeper. This lat-
ter ultra-deep survey will cover well-known fields that have
been previously cataloged by other surveys from X-ray to
sub-millimeter, including COSMOS, XMM-LSS, GOODS-
N, and ECDFS [3; 4; 5; 6].

The CSS-OS ensures a large sky coverage through CSST’s
wide field of view, approximately 1.1◦ × 1.0◦. Additionally,
the telescope offers high quality data due to its exceptional
spatial resolution, characterized by a full width at half maxi-
mum (FWHM) of the point spread function (PSF) at approx-
imately 0.15 ′′, and a pixel scale of 0.074′′ [7]. It provides
high photometric precision, with a standard deviation of ap-
proximately 0.01 mag at g ∼ 20 mag. Though these im-
age quality capabilities are comparable to those of the UVIS
channel of the Hubble Space Telescope’s wide field camera
3 (WFC3) [8], the CSST’s advantage lies in its field of view,
which is over 500 times larger, making it an unprecedented
ideal instrument for efficient sky surveys.

In addition to addressing questions related to dark matter,
dark energy, and other cosmological topics [9; 10; 11; 12],
the survey data collected by CSST will be crucial in under-
standing the structure and stellar population properties of the
Milky Way (MW) and nearby galaxies, thanks to its large
sky coverage and high quality. The MW is a complex and
dynamic system comprising of multiple main components
such as thin and thick disks, bulge and halo, as well as sub-
structures including star clusters, streams and overdensities).
To accurately map the Galaxy and reveal its properties in de-
tail, it is essential to have high-quality imaging surveys with
wide sky coverage. A notable example highlighting the sig-
nificance of such surveys is the discovery of Gaia Enceladus
[13], the structure of the major merger event in the Milky
Way’s history. This discovery was made possible by the
Gaia mission’s full-sky, high-precision observations.

The project “Studying the Stellar Population of Milky Way
and Nearby Galaxies” has been selected as one of the first

scientific preparation initiatives for CSST (CMS-CSST-2021-
A08). The project aims to achieve several key objectives,
including: 1) Investigating the stellar properties of Galactic
stars, Galactic clusters, and stars in nearby galaxies using
mock catalogues; 2) Developing algorithms for determining
stellar parameters and identifying anomalous stars using pho-
tometric and slitless spectra data; 3) Identifying M stars and
brown dwarfs with the use of advanced algorithms; 4) Eval-
uating methods for accurately determining the stellar initial
mass function of low-mass stars and calibrating stellar pa-
rameters based on open cluster member stars; 5) Examining
star clusters in the MW and nearby galaxies; and 6) Con-
ducting research on stellar populations, star clusters, stellar
streams, and stellar dynamics.

Mock stellar catalogues are essential tools for these
project. They serve multiple important functions, includ-
ing calibrating the photometric system’s quality, validating
data reduction pipelines, informing survey strategy, and en-
abling preparation-stage research on Milky Way structures,
low-mass stars, initial mass functions, and star clusters. Ad-
ditionally, mock catalogues provide valuable information on
the Milky Way foreground sources, which is crucial for extra-
galactic studies. One notable example of a successful mock
stellar catalogue is the Gaia Universe model [14]. This cata-
logue informed and optimized the observing strategy during
the development stage of the Gaia mission [15] and serves
as a benchmark for real Gaia data analysis. For instance, it
helped to refresh our view of the Milky Way’s formation his-
tory [13] and analyze stellar populations with different prop-
erties [16]. By using mock data as a proxy for future CSST
survey data, the project will be able to conduct studies on
the structure, properties, and dynamics of the Milky Way and
nearby galaxies

To realize the above potential science applications for
CSST, we present a MW stellar mock catalogue for the CSST
SC photometric system. Our simulation tools and strategies
are based on those used in our work for the Large Synop-
tic Survey Telescope (LSST) as described by Dal Tio et al.
(2022) [17], with some modifications to account for the CSST
instrument. While the LSST simulation [17] focused mainly
on the southern sky due to the limitation of ground-based ob-
servations, our MW stellar mock catalogue simulates the full
sky for the space telescope CSST. Another difference con-
cerns the treatment of binaries. The specific science goals of
LSST required Dal Tio et a. (2022) [17] to put some care
into describing the properties of interacting binaries in detail,
whereas we concentrate on simulating photometric binaries
for this release. However, we plan to incorporate more de-
tailed simulations of interacting binaries in future releases.

This work is structured as follows. We introduce the CSST
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SC photometric system in section 2 and describe our method
and the codes we used in section 3. In sections 4 and 5, we
present the results of our simulation for the Galactic compo-
nents and star clusters, respectively. In section 6, we summa-
rize the simulation results.

2 CSST photometric system

The CSST SC employs a set of seven filters covering a wide
wavelength range from 2000 Å to 1.1 µm, which includes
the NUV, u, g, r, i, z, and y bands. Figure 1 displays the
CSST filter transmission curves for each of the filters, indi-
cated by solid curves with their corresponding band names.
Additionally, the figure includes two scaled stellar spectral
energy distributions (SEDs) of two star with different effec-
tive temperature. This set of filters enable sampling of several
key stellar features, including the Balmer break at ∼ 3646 Å,
the D4000 break at ∼ 4000 Å [19], and the Rayleigh-Jeans
slope, as well as the flux peak for most stars. With these
features, the filters are well-suited for deriving stellar param-
eters through multi-band SED fitting, color-magnitude dia-
gram (CMD), and color-color diagrams for a large sample of
stars with a wide range of physical properties.

To contextualize CSST within the landscape of forthcom-
ing wide-field optical space telescopes, it is illustrative to
compare its specifications with those of the Euclid [20] and
Nancy Grace Roman Space Telescope (Roman, formerly
WFIRST) [21]. Table A1 of the appendix presents a compar-
ison among the imaging instruments of the three telescopes.
The CSST has a larger field of view (FoV) and bluer fil-
ters, providing advantages over Euclid and Roman, which
have filters covering longer wavelengths. While Roman has a
smaller FoV and will survey a smaller area, it will reach much
fainter magnitudes. Therefore, the survey data collected by
these telescopes will be complementary, and they will mutu-
ally expand the research possibilities offered by each other.
In addition to these telescopes, it is impossible to ignore the
critical contribution of the Gaia mission [15], which has pro-
duced unprecedented data by repeatedly scanning the sky.
Yet, the Gaia survey does not reach especially faint magni-
tudes as the CSST will do, therefore a synergy between the
two can be expected, for instance in terms of consolidating
astrometric data as proposed by Gai et al. (2022) [22].

3 Method and codes: TRILEGAL

The main tool we use to generate the stellar mock catalogue
is TRILEGAL, a stellar population synthesis code that uses a
star counting approach [23; 24; 25]. TRILEGAL can simu-
late both deep and/or wide-area photometric surveys for any

given photometric systems. This flexibility makes it a power-
ful tool for generating realistic synthetic populations of stars
for a wide range of scientific investigations.
TRILEGAL utilizes a process of interpolating among a set

of stellar evolutionary tracks to generate isochrones. Though
it has been tested primarily with the PARSEC stellar model
database [26], it can also accept other stellar track databases
as input. Through a Monte Carlo approach, it randomly sam-
ples these isochrones based on specified stellar distribution
functions. These functions encompass: 1) the initial mass
function (IMF), which describes the distribution of stellar
masses within a given total mass; 2) the star formation his-
tory (SFH), which indicates the number of stars formed dur-
ing specific time periods; and 3) the age-metallicity relation
(AMR), which defines the metallicity distribution of stars for
a given age. These distribution functions are normalized to a
given total stellar mass.

In the context of MW simulations, the total stellar mass
at a given position is determined using the MW geometric
model, which incorporates specific stellar components such
as the Galactic thin disk, thick disk, halo, and bulge. The
calibration of these stellar components relies on observations
using number counts and luminosity functions (see Sec. 3.1
for details). When simulating star clusters, the total stellar
mass is calibrated based on the target star cluster. Each star
generated randomly from the distribution functions is then
interpolated among the isochrones to calculate its photomet-
ric properties using the embedded YBC code [27]. Variabil-
ities of the stars are determined based on pulsation mod-
els [28; 29], and their kinematics are derived from empir-
ical relations [30; 31; 32]. Regarding photometric proper-
ties, Galactic extinction is computed using the Planck MW
dust map [33]. Finally, TRILEGAL outputs various informa-
tion for each simulated star, including basic stellar physical
parameters (luminosity, effective temperature, gravity, etc.),
photometric data (magnitudes in different filters), kinemat-
ics, and variability periods. In the following sections, we will
provide a comprehensive explanation of the key components
mentioned earlier in TRILEGAL to generate the MW stellar
population.

3.1 Geometric models of MW stellar components

The MW model used in the current simulation incorporates
several stellar components, namely the thin disk, thick disk,
halo, and bulge. Each component is characterized by its own
three-dimensional mass density distribution, SFH and AMR.
However, all of these components share the same IMF as de-
fined by Chabrier et al. (2003) [34]. Here we outline the as-
sumptions made for each of these stellar components. These
assumptions and model parameters have been derived from
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Figure 1 CSST filter transmission curves (solid curves with their corresponding band names). For comparison, two scaled stellar SEDs, with solar metallicity
from Castelli & Kurucz [18], are also displayed.

previous calibration efforts [23; 35].

• The thin disk component is characterized by a stellar
mass density that follows an exponential function along the
radial direction on the Galactic plane and a squared hyper-
bolic secant sech function in the vertical direction:

ρthin(Rp,Z) ∝ e−(Rp−R⊙)/hr
Rp

R⊙

1
2hz

(
e−Z/2hz + eZ/2hz

)−2

where

hz = hz,0(1 +
t

5.55 Gyr
)5/3

following Rana & Basu (1992) [36] but with different pa-
rameters, scale height (hz,0 =94.69 pc) and scale radius
(hr =2.91 kpc). R⊙ = 8.7kpc is the solar distance to the
Galactic center. Rp is the radius projected onto the Galactic
plane and is truncated at 25 kpc. Although López-Corredoira
et al. (2018) [37] have argued the disk truncation should be
beyond 25 kpc, we find only minor differences when testing
values of the truncation radius at 25, 30, and 35 kpc. The term
Rp

R⊙
is introduced to moderate the exponential increase towards

the Galactic center. In terms of normalization, the local sur-
face density for the thin disk is defined as the total mass of
thin disk stars ever formed in the Solar Neighbourhood, in-
tegrated vertically over a unit area. It has been calibrated to
55.41 M⊙pc−2 [35]. Additionally, we assume a constant SFR
over the last 11 Gyr and the AMR is adopted from Rocha-
Pinto et al. (2000) [38].
• The thick disk component of the MW model also fol-

lows an exponential function in the radial direction and
a squared sech function in the vertical direction. How-
ever, it has a fixed scale height hz =800 pc, a scale length
hr =2.39 kpc, and a local thick disk surface density as

0.0010 M⊙pc−2 (which represents the vertically integrated to-
tal mass of thick disk stars ever formed in the Solar neigh-
bourhood per unit area). The star formation rate is assumed
to be constant between 11 Gyr and 12 Gyr ago, and zero for
other time periods. The metallicity is fixed at Z = 0.004 with
a spread of σ(logZ) = 0.15.
• The halo component in the MW halo is represented by

an axisymmetric power-law profile:

ρh = ρh,⊙


√

R2
p + (Z/q)2

R⊙


−α

The parameters are set as q = 0.62 and α = 2.75. Here, ρh,⊙

is the total mass of the halo stars ever formed in the Solar
neighbourhood per unit volume and is set to 0.0001 M⊙pc−3.
To ensure a flat central density, a minimum radius of 0.5 kpc

in R=(
√

R2
p + (Z/q)2) is applied. The SFR in the halo is as-

sumed to be constant over the time 12 to 13 Gyr ago and
zero for other time. The AMR adopted is based on Henry &
Worthey (1999) [39].
• The bulge is described by a triaxial system with a trun-

cated power-law as in Binney et al. (1997) [40]:

ρb = ρ0
e−a2/a2

m

(1 + a/a0)1.8 ,

where

a =
(
x2 +

y2

η2 +
z2

ζ2

)1/2

with am =2.5 kpc, a0 =95 pc, η = 0.68 and ζ = 0.31. ρ0 is
the total stellar mass ever formed in the Galactic center per
unit volume and is set to 406 M⊙pc−3. The SFH and AMR
are from Zoccali et al. (2003) [41].
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The calibrated parameters mentioned above can be further
refined and improved using existing data, such as Gaia data
release. Additionally, future large area survey data, including
those from projects like the LSST and CSST will contribute
to the refinement of these parameters and enable more accu-
rate MW modelling.

In addition to modelling the MW components, TRILEGAL
has the capability to simulate optional objects located at fixed
distances, such as the LMC and SMC, and Galactic or extra-
galactic star clusters. In this work, mock catalogues for star
clusters are also generated, while future dedicated projects
will focus on modelling the LMC, the SMC and the An-
dromeda galaxy.

3.2 Milky Way interstellar dust map

The interstellar dust is a non-negligible components of Galac-
tic models, especially for the disks and bulge components.
The MW dust model employed in this simulation is taken
from the two-dimensional E(B − V) map provided by the
Planck collaboration [33]. We adopt E(B−V) = E(B−V)xgal

for E(B− V)xgal < 0.3 mag and E(B− V) = 1.49 × 104 × τ353

otherwise, as recommended by the Planck Collaboration,
where E(B − V)xgal and τ353 are the E(B − V) for extra-
galactic studies and the optical depth at 353 GHz as stored
in the Planck dust map respectively. RV = 3.1 is then used
to convert E(B − V) values to AV (=RV ∗ E(B − V)). The
adopted dust map used in this study provides a full sky cov-
erage and has nside = 2048 (HEALpix pixelization) or a res-
olution corresponding to 5′ per pixel. This map represents
the total extinction along the line of sight and assumes an ex-
ponential distribution of dust as a function of distance from
us. While there are some three-dimensional dust maps in the
literature that offer a more reasonable distribution of the dust
along the line of sight, they are not used in this study due to
their limited sky coverage [42].

We compared the Planck mean extinction map with the
Schlegel one [43], and found a high level of agreement be-
tween the two maps, with differences typically within 1 per-
cent for the majority of regions (see appendix A.2). Larger
differences were observed in dust-shrouded regions and in the
direction of external galaxies, such as the Magellanic clouds
and the Andromeda galaxy. In these specific areas, the Planck
dust map predicts lower levels of extinction compared to the
Schlegel map. Taking into account both resolution and sky
coverage, we have chosen to adopt the Planck map as our
preferred option.

3.3 PARSEC stellar evolutionary tracks

To simulate the MW stellar population, stellar models are
required as an input. The stellar model we currently use
in TRILEGAL is PARSEC V1.2s. It is based on the solar-
scaled evolutionary tracks presented in Bressan et al. (2012)
[26], and with important updates to low mass stars [44], very
massive stars [45; 46] and TP-AGB stars [47; 48; 49]. For
modelling non-solar-scaled stellar populations especially at
low metallicities, we use α-enhanced stellar models from
Fu et al. (2018) [50]. These α-enhanced models are cur-
rently only applied for old metal-poor star clusters. It is an
approximation to apply the non-α-enhanced stellar models
to the Galactic field stars in the Galactic bulge, thick disk,
and halo, where α-enhanced stellar populations are found
[51; 52; 53; 54]. We have started the PARSEC 2.0 project
to include α-enhancement together with rotation for a wide
range of stellar mass and metallicity [55]. We will include
this full set of PARSEC 2.0 stellar models in TRILEGAL once
it is available.

3.4 YBC bolometric correction database

Given the theoretical isochrones, we need to convert the phys-
ical quantities into observable ones, that is to say the magni-
tudes or spectral energy distributions. This is done by look-
ing for the bolometric correction (BC) models corresponding
to stars of different physical parameters (effective tempera-
ture, gravity, metallicity, etc.). In this simulation, we use the
YBC code embedded in TRILEGAL and the corresponding
database, which provides BC models for a broad range of
stellar parameters. In short, YBC combines different at-
mosphere models in a unified BC database and applies them
to stars with diverse parameters. These BC models for the
CSST SC photometric system are also provided on the YBC
online database1). The extinction of the interstellar medium
is also handled by YBC code with the consideration of the
effect brought by the star-by-star spectral variation.

3.5 Sky pixelization with HEALpix

TRILEGAL is a single-threaded program, which simulates the
stars within the cone volume for a given pointing on the sky.
Therefore, to simulate the full sky, we need to split the sky
into small pieces, and initiate single TRILEGAL simulations
for each of them in parallel. For this purpose, we pixelize the
full sky with the help of the widely used HEALpix realiza-
tion [56]. Every small simulation for the corresponding sky
pixel represents a conic section along the line of sight through
the MW. With its central coordinate and area of a given pixel,
the extinction is read from the extinction map, and TRILEGAL

1) https://sec.center/ybc/

https://sec.center/ybc/
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computes its stellar content. The pixel resolution should be
high enough so that the field variation of the properties of the
stellar populations can be modelled accurately. However, a
too high resolution requires a very high amount of compu-
tational time and storage, and the pixel may contain too few
stars, leading to large stochastic errors. Therefore, an optimal
pixelization scheme would be to divide the sky with variable
pixel resolutions, which is enabled with the HEALpix pack-
age. With HEALpix, the sky is divided hierarchically into
12∗n2

side (nside = 20, 21, 22, ..., 2n, ...) equal area pixels (though
not of the same shape), and each pixel is designated with a
unique index (npix). For a given nside, the sky coordinate of
the pixel center for each npix is determined. Therefore, the
desired pixelization scheme is enabled with the combination
of several different nsides.

In this work, we consider variable pixel resolutions of
nside = 64, 128, 256, 512, 1024 and 2048. The largest value,
nside = 2048, is adopted because it is the highest resolution
of the Planck dust map we use (see section 3.2). Starting
with nside = 64, we calculate the variations of the extinction
and mass column density, which are based on the quantities
at the next higher nside considered. If the standard deviation
(σext) of E(B− V), the relative error (σext/E(B− V)), and the
standard deviation of the surface mass density (σρ) are larger
than the thresholds (0.3, 0.1 and 0.1 for σext/E(B − V), σext

and σρ respectively), we increase the resolution until these
thresholds are reached but no finer than nside = 2048. In the
end, we have 596,601 pixels with the resolution nside ranging
from 64 to 2048. Each pixel is labelled with a unique com-
bination of nside and npix. This step is done with the Python
healpy package [57].

4 Simulation results for Galactic components

In this section, we present our simulation results for the
Galactic components.

4.1 The mock catalogue

The mock catalogue contains 596,601 individual fits format
files (gz-compressed) corresponding to each of the sky pix-
els. The total size of the mock catalogue data is about 1.5
Terabytes. It can be requested for express delivery for the
whole catalogue, or internet transfer if only a small portion
is in need. Figure 2 gives an overview of the simulated stars
in the form of the stellar number density map in the g band.
It contains a total number of about 12.6 billion stars down to
the magnitude of g = 27.5 mag. Although according to the
current CSS-OS planning, it will reach g ∼ 26.3 mag for the
17,500 deg2 and g ∼ 27.5 mag for another 400 deg2, we take

the limit g = 27.5 mag to give room for adding photometric
errors and for exploring possible changes to the survey strat-
egy. From this figure, we also see the non-smooth features
caused by the variation in the dust map, since the intrinsic
stellar components are modelled by some smooth analytical
formulae as described in section 3.1. We will discuss the dust
effects of using different dust maps on the stellar number den-
sity distribution in a more detailed study.

We show two rows of an example fits file in table A2 of the
appendix and the meaning of the columns are described in ap-
pendix A.3. In summary, we provide detailed information on
stellar physical parameters, photometry, astrometry and kine-
matics for each of the simulated stars. We caution that the
binary stars in this simulation are non-interacting binaries.
The results with the code including the interacting binaries,
developed in Dal Tio et al. (2021) [58], will be presented in
the next releases.

4.2 Mock catalogue distribution through the Virtual Ob-
servatory

The full set of the raw catalogue can be accessed and retrieved
from the Chinese Virtual Observatory data center2). How-
ever, due to resource limitations and constraints within the
VO framework, the current online version of the mock cata-
logue is presented at a uniform pixel resolution of nside = 128.
This resolution is deemed sufficient for the majority of appli-
cations that use this catalogue.

4.3 Magnitudes and colors of the mock catalogue

In this section, we present illustrative cases of the synthetic
CMD and color-color diagrams from the mock catalogue.
These plots are widely used for stellar population diagnos-
tics including stellar metallicity determination [e.g. 59] and
young star identification [e.g. 60]. We have selected three
typical positions on the sky to demonstrate the use of these
plots: the North Galactic Pole (NGP), the Baade’s window
and the anti-Galactic center direction (b = 10◦ and l = 180◦).

Figure 3 displays the CMD for stars in the three selected
sky directions. The upper panels shows CMDs with g − r
versus g, while the lower ones are with NUV − g versus g,
color-coded by metallicity. The morphology of these dia-
grams differs due to the variation in the stellar populations
across the three fields. To demonstrate the observation cov-
erage of CSST, we mark the CSST-OS magnitude limit in all
panels of Figure 3. The lower panels clearly demonstrate that
the NUV band, regardless of the observation window, is use-
ful only for identifying relatively hot and bright stars.

2) https://nadc.china-vo.org/data/data/csst-trilegal/f

https://nadc.china-vo.org/data/data/csst-trilegal/f
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Figure 2 Stellar surface number density (per square degrees) in the CSST g band (¡ 27.5 mag). The resolution is with HEALpix nside = 2048.

Figure 3 g vs. g − r (upper panels) and g vs. NUV − g (lower panels) for all stars within 2◦ of the North Galactic Pole (NGP, left panels), Baade window
(middle panel) and the anti-Galactic center direction (right panel). The black line in each panel indicates the magnitude limit of CSST-OS. Stars are color-coded
by metallicity.
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To illustrate the stellar contribution within the three se-
lected fields, Figure 4 represents the distribution function of
g band magnitudes for different galactic components.

In figure 5, we show the g− i versus (u−g)−0.665∗ (g− i)
daigram for the same locations as in figure 3, which shows
well the dependence on metallicity. The coefficient of 0.665
is computed by taking the color excess ratio Eu−g/Eg−i (with
Au = 1.553, Ag = 1.197 and Ai = 0.662). As also shown in
Chiti et al. (2021) [61]. This plot can be useful to select and
identify stars with different metallicities.

In figure 6, we presnet the g band absolute magnitude ver-
sus the effective temperature for the three aforementioned lo-
cations. This figure reveals that very cool white dwarfs can
be only observable in the Solar Neighbourhood (see the left
and right panel). Very low mass stars can be detected within
a distance of less than 10 kpc. For distance beyond ∼ 50 kpc,
one can still use subgiants and brighter stars for relevant stud-
ies. Therefore, while the faint magnitude limit by CSST-OS
will enable us to unlock the hidden nature that contributed
by faint stars, particularly those at the outskirt of the Galaxy
and the low mass end of stellar populations. Our mock data
catalogue serves as a benchmark model for comparison with
future real data.

4.4 Kinematics

The CSST-OS will provide proper motion measurement to
the accuracy of better than 1 mas/yr. Combined with existing
radial velocity measurement from Gaia [62], it will depict
the kinematic structure of the MW. Therefore, we provide
the kinematic information for each star. First, we model the
velocities of the stars with respect to the Galactic center. De-
pending on the Galactic components, the stellar velocities are
modelled with different velocity ellipsoids. For the thin disk
stars, we take the velocity dispersion–age relation derived by
Holmberg et al. (2009) [32]. For the thick disk and halo
stars, the velocity dispersion relation is from Chiba & Beers
(2000) [30]. For the bulge stars, we take the velocity disper-
sion values from Robin et al. (2003) [31]. These velocity
ellipsoids are considered to rotate with respect to the local
standard of rest (L.S.R., 220 km/s), using values from Robin
et al. (2003) [31] with small adjustments. The velocity in the

Galactocentric reference frame
(Vx

Vy
Vz

)
is then transformed to the

heliocentric reference frame velocity
(

U
V
W

)
with:


U

V

W

 =

Vx

Vy

Vz

 −

Vx,⊙

Vy,⊙

Vz,⊙

 , (1)

where [Vx,⊙,Vy,⊙,Vz,⊙] = [-10,5.25,7.17] km/s according to
Dehnen & Binney (1998) [63]. Although the derived ve-
locity dispersion distribution may not obey the Jeans equa-
tion which is required for collisionless dynamic systems, they
should give a decent comparison with the observations since
they are derived from empirical relations.

4.5 Stellar crowding analysis

Observations of fields with high stellar surface density re-
quire a careful consideration of the crowding limit, regardless
of the accuracy of photometry or spectroscopy. In dense re-
gions, e.g. galaxy central regions or the core of star clusters,
light from multiple stars in the same field of view overlaps
and blends together, making it difficult to separate and accu-
rately measure the brightness of individual stars. This effect
is even more pronounced for fainter stars, as they are more
numerous than the brighter ones. Indeed, the completeness
of large photometric surveys such as Gaia is effectively lim-
ited by crowding rather than by the actual spatial resolution of
the telescope [64]. For the sake of the observation accuracy
and completeness, it is crucial to have a rigorous knowledge
about the initial brightness and density of all sources in the
field.

The crowding and its corresponding photometric errors de-
pend not only on the stellar density but also on the magnitude
distribution of the stars [64; 65]. Generally, evaluating the
photometric error brought by crowding can be done with sim-
ulations, where artificial stars are distributed across the CCD
and the photometric errors are computed by comparing the ar-
tificial input magnitudes to the output ones as determined by
the photometric data reduction pipeline. By varying the stel-
lar density, the effect of crowding to the photometric error is
then evaluated. However, we adopt the approach of Olsen et
al. (2003) [65] that is based on an analytical model and is sub-
stantially less demanding in terms of time and computational
resources. This model allows us to estimate the photometric
error due to crowding for a given star with specified telescope
resolution and stellar luminosity function. With the computed
photometric errors, we can then obtain the so-called “crowd-
ing limit”. This parameter is the magnitude limit at which a
threshold photometric error σth is reached. The stellar lumi-
nosity function, i.e. the magnitude distribution of the stars,
then influences the crowding limit results.

Different Galactic components show quite different magni-
tude distributions, as shown in figure 4. Thus we use the ap-
parent magnitude to describe the crowding limit. This choice
also makes the simulation more directly connected to obser-
vations.

To calculate the crowding limit for CSST, the instrument
PSF needs to be considered as well as the initial star num-
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Figure 4 The apparent g band magnitude distribution function for the three locations shown in figures 3.

Figure 5 Metallicity-sensitive color-color plot for the three locations shown in figures 3.

Figure 6 g − µ0 vs. (Teff ) for the three above locations, color coded with [M/H]. The horizontal lines indicates the limit of g = 26.3 mag for stars at different
distances.
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ber density and luminosity function. We present the stel-
lar crowding analysis following the method of Olsen et al.
(2003) [65]. First, we compute the luminosity functions for
each pixel. At each magnitude bin of the luminosity function,
we integrate the flux of all stars within fainter magnitude bins
and within a circled area with a diameter of the PSF FWHM.
Then this flux is taken as the photometric error for this magni-
tude. Once this error equals σth, the magnitude is taken as the
crowding limit. In this way, we construct the crowding limit
map as shown in figure 7, where the CSST g, u and z bands
are shown as examples. For a given stellar density, a bet-
ter PSF FWHM will result in a better photometric accuracy
for fainter stars. The PSF FWHM adopted here, ∼ 0.15 ′′,
is the FWHM of the CSST PSF expected to be achieved [2].
With this PSF, a photometric error σmax = 0.01 mag can be
reached for most of the sky with g > 24 mag except for the
bulge and low latitude regions. If σmax = 0.05 mag is taken as
the acceptable photometric error, g = 24 mag can be achieved
even for the bulge except for a few heavily attenuated regions.
Therefore, we can conclude that it would be very valuable to
include the low latitude regions in the CSST-OS survey. This
is impossible to achieve for ground based telescopes because
of their larger PSF FWHM and limited inclination. This is
also impossible for HST because of its small FOV. CSST
thus plays a unique role to help us understand the structure
and origin of these crowded regions.

We also note that the crowding issue becomes more se-
vere towards longer wavelengths (i.e., from the u band to the
z band) though the settings of σth and PSF FWHM are the
same. This mainly reflects the change of magnitude distri-
bution of the stars as a function of wavelength. Considering
worse PSF toward longer wavelength, the real crowding limit
is brighter in the redder bands.

In summary, based on our crowding limit analysis, we
demonstrate that the unique capabilities of CSST indeed al-
low a very deep and wide MW disk survey, even to fields near
the Galactic plane. It could be a good reference for consider-
ation to the CSST survey strategy design.

4.6 Spectral interpolation routine for the mock cata-
logue

Besides the imager, the CSST SC is also equipped with a slit-
less spectrograph in GU (255–420 nm), GV (400–650 nm),
and GI (620–1000 nm). To facilitate the research concern-
ing this device, we provide an interpolation routine which
works on the mock catalogue presented in the current work.
By reading the stellar physical parameters from the mock
catalogue, it generates the corresponding model spectra for

each star. Currently, it works with the PHOENIX3) [66] and
CK044) [18] atmosphere models, which is sufficient for the
CSST spectrograph calibration work at the current stage,
while other atmosphere models can be provided upon request.

5 Simulations of galactic star clusters

Star clusters provide ideal opportunities to study the evolu-
tion of simple stellar populations due to the minimal distance
variance among their member stars. They also serve as ex-
cellent targets for testing the photometric quality of observa-
tions, particularly in crowded fields. In this section, we exam-
ine several simulated clusters with varying ages and metallic-
ities to demonstrate the capabilities of the CSST mock cata-
logue.

In figure 8, we show six simulated star clusters placed at
1 kpc away. The clusters have different ages and metallicities,
specifically, we consider three age values: 0.12 Gyr, 1 Gyr
and 4.5 Gyr, combined with two metallicities: Solar value
and [M/H] = −0.4 dex. All clusters are simulated with an
initial stellar mass of 5 × 105 solar mass. The simulations
take into account a photometric binary fraction of 0.3 and use
the IMF from Chabrier et al. (2003) [34]. No spread in age
or metallicty is considered.

We add photometric error to the simulation with an ap-
proach similar to that in Wehner et al. (2008) [67]. We model
the photometric uncertainties with:

σm = 0.01 + 0.2em−mlim (2)

and the completeness with the Pritchet function [68]:

f =
1 − α(m − mlim)

2
√

1 + α2 ∗ (m − mlim)2
, (3)

where m is the magnitude of a given star in a given
band. According to the CSST white paper, we adopt
mlim = [25.4, 25.4, 26.3, 26.0, 25.9, 25.2, 24.4]. For α,
we take the values from Wehner et al. (2008), α =
[0.8, 0.8, 0.8, 1.4, 1.4, 1.4, 1.4], to give some qualitative indi-
cations. For example, by taking g =26.3 and 20 mag, they
give σm =0.21 and 0.01, respectively.

3) https://phoenix.ens-lyon.fr/Grids/BT-Settl/AGSS2009/SPECTRA/
4) https://wwwuser.oats.inaf.it/castelli/grids.html

https://phoenix.ens-lyon.fr/Grids/BT-Settl/AGSS2009/SPECTRA/
https://wwwuser.oats.inaf.it/castelli/grids.html
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Figure 7 Upper panels: crowding limit in the g band at PSF FWHM 0.15′′, with photometric errors of σ = 0.01 (left panel) and σ = 0.05 (right panel).
Lower panels: crowding limit in the u (left panel) and z (right panel) bands at PSF FWHM of 0.15′′ and photometric error of σ = 0.01.

Figure 8 CMD for simulated star clusters with Solar abundance (up-
per panel) and low-metallicity ([M/H] = −0.4, lower panel) and ages of
0.12 Gyr, 1 Gyr and 4.5 Gyr respectively. The stars are placed 1 kpc away.

The star cluster mock catalogue serve as a valuable re-
source, empowering researchers to plan and conduct star
cluster related studies with CSST. Figure 8 demonstrates
CSST’s potential to provide high quality data reaching as
faint as g ∼ 24 mag for star clusters at a distance of 1 kpc.
This capability allows for the detection of the white dwarf
cooling sequence in nearby clusters. Additionally, the place-
ment of simulated star clusters at various distances within

our Galaxy can aid researchers in studies such as identifying
cluster members, deriving cluster parameters (e.g. differen-
tial reddening analysis), and potentially discovering new star
clusters using real CSST data.

6 Summary

In this study, we present a comprehensive mock stellar cat-
alogue of the Milky Way using the TRILEGAL stellar popu-
lation synthesis tool. The catalogue is specifically designed
for the CSST SC photometric system and encompasses the
main stellar components of the Galaxy, including the thin
disk, thick disk, halo, and bulge. It consists of approxi-
mately 12.6 billion stars, reaching magnitudes as faint as
27.5 mag. For each star in the catalogue, we provide a wide
range of information, including stellar physical parameters
(the effective temperature, surface gravity, luminosity, age
and surface metallicity), photometric information , astrom-
etry (true distance modulus, right ascension and declination),
as well as kinematics (Galactic spatial velocity, radial veloc-
ity and proper motion). The generated mock stellar catalogue
is available for retrieval from the VO database.

In addition to the main stellar catalogue, we offer an inter-
polation routine that generates spectral energy distributions
based on the provided catalogue. This feature is particularly
valuable for researchers involved in slitless spectroscopic sur-
veys.

We also provide catalogues specifically dedicated to star
clusters, encompassing a range of ages and metallicities.
These catalogues serve as valuable resources for studies of
stellar cluster evolution and crowded-field stellar photometry.

The creation of this catalogue represents a milestone for
the CSST, as it is the first of its kind specifically tailored for
the mission. Its availability will contribute to the develop-
ment of CSST by providing a more realistic input for sur-
vey strategy planning, photometric system calibration, and
validation of the data reduction pipeline The catalogue holds
immense potential to advance a wide range of research stud-
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ies relevant to the CSST. It can serve as a valuable resource
for investigations in stellar physics, Milky Way structure, and
extragalactic studies. Researchers can utilize the catalogue to
train algorithms for the selection of different types of stars,
explore the dependence of stellar properties on parameters
such as metallicity and age, and analyze variations across dif-
ferent regions of the Galaxy.

By conducting crowding limit analysis, we propose ex-
tending the CSST-OS survey to encompass low Galactic lati-
tude regions. This extension would enable the exploitation of
CSST’s unique capabilities in regions where stellar crowding
presents challenges. Such an expansion would unlock new
opportunities for scientific exploration and maximize the sci-
entific output of the CSST mission.

This catalogue serves as a representation of our current un-
derstanding of the main stellar populations in the MW. How-
ever, we anticipate that a more updated and refined picture of
the MW will emerge once CSST completes its Optical Sur-
vey, benefiting from its exceptional survey depth. The CSST
will unveil the bulk of faint stars that have remained hidden
from previous optical sky surveys. This will allow for a di-
rect comparison between the observed data and the informa-
tion provided in our catalogue. Such a comparison has the
potential to shed light on our knowledge of low-mass stars
and distant stars within the Milky Way. It will also facili-
tate the identification and analysis of sub-structures present
within our Galaxy.
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Appendix
A.1 Comparison of future wide-field optical space telescopes

Table A1 Comparison of the CSST SC with the imaging instruments of the Euclid and Roman telescopes.
CSST/SC Euclid/VIS/NISP Roman/WFI

Orbit low earth orbit L2 L2

Field of View (deg2) 1.10 0.55 0.281

PSF FWHM (′′) 0.15 0.16 0.127

Primary mirror diameter (m) 2 1.2 2.4

Wavelength range (nm) 255-1000 550–2000 480-2000

Wide survey area (deg2) and depth (mag) 17,500, ∼ 26 15,000, ∼ 27 in VIS, ∼ 24 in NISP 170, ∼ 26.9

Deep survey area (deg2) and depth (mag) 400, ∼ 27 40, ∼2 mag. deeper than the wide survey 40, ∼ 29

Planned launch time ∼2024 July 2023 Oct. 2025

Ref. [2; 7] [20] [21; 69]

A.2 Milky Way extinction map comparison

In Figure A1 we present the Planck mean extinction map as well as the difference compared to the Schlegel one [43] (with
nside = 512, which is the highest resolution available for the Schlegel one).

Figure A1 Planck mean extinction map (upper panel) [33] and the fractional difference of the Schlegel map [43] compared to the Planck map (lower panel).
Both are displayed with nside = 512.

A.3 Mock catalogue description

In table A2, we present the sample section of an example fits file. The meaning of the columns are:

Gc Galactic components: “1” for the thin disk,“2” for the thick disk, “3” for the halo, “4” for the bulge, and for “5” optional
objects located at fixed distance (in case of star clusters or external galaxies).

logAge logarithm of the age in years.

M H initial metal abundance, [M/H].

m ini initial stellar mass in unit of M⊙.

mu0 true distance modulus µ0 in unit of magnitude.

Av extinction in the V band, the Cardelli et al. (1989) [70] extinction curve with RV = 3.1 is used in this simulation.

mratio mass ratio of binaries, 0.0 for single stars, value between 0.0 and 1.0 for primaries.

Mass the current stellar mass in unit of M⊙.
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logL logarithmic luminosity in solar unit, log(L/L⊙).

logTe logarithmic effective temperature, log(Teff/K).

logg log of surface gravity in cm/s2.

label evolutionary stage. 0 for pre-main sequence (PMS), 1 for main sequence (MS), 2 for subgiant branch (SGB), 3 for red
giant branch (RGB), 4 for the initial red part of core helium burning (CHeB) phase, 5 for the blueward loop of CHeB
phase, 6 for the redward loop of CHeB phase, 7 for early-AGB, 8 for TP-AGB, 9 for post-AGB and white dwarf (WD)
phase.

McoreTP core mass in M⊙ (valid only for TP-AGB and successive evolutionary stages).

C O C/O, surface carbon and oxygen abundance ratio (in number).

period0, period1 expected LPV fundamental mode and first overtone periods in days.

pmode expected dominant period (between the two above).

Mloss mass loss rate in M⊙/yr.

tau1m optical depth of circumstellar dust at 1µm.

X, Y, Xc, Xn, Xo surface mass fractions of hydrogen, helium, carbon, nitrogen, and oxygen.

Cexcess carbon excess, defined as log10(nC − nO) − log10(nH) + 12, with nC, nO, and nH being the surface number fractions of
carbon, oxygen, and hydrogen, respectively.

Z surface mass fraction of metals.

mbolmag bolometric magnitude.

NUVmag, umag, gmag, rmag, imag, zmag, ymag apparent magnitudes in CSST photometric bands, in AB magnitude sys-
tem.

usmag, gsmag, rsmag, ismag, zsmag apparent magnitudes in SDSS photometric bands, in AB magnitude system.

gp1mag, rp1mag, ip1mag, zp1mag, yp1mag, wp1mag apparent magnitudes in Pan-STARRS1 photometric bands, in AB
magnitude system.

velU, velV, velW three-dimensional heliocentric velocities (U, V, W ) in km/s.

Vrad radial velocity in km/s.

PMracosd, PMdec proper motions µα cos δ and µδ, in mas/yr.

gall, galb Galactic longitude and latitude in degrees.

ra, dec equatorial right ascension and declination in degrees.

We caution that the binary stars in this simulation are non-interacting binaries. The results with the code including the interacting
binaries, developed in Dal Tio et al. (2021) [58], will be presented in the next releases.
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Table A2 Example of the mock catalogue.

Gc logAge M H m ini mu0 Av mratio Mass logL logTe logg label McoreTP C O

1 8.21 0.42 1.89 14.90 0.083 0.0 1.89 1.05 3.90 4.22 1 0.0 0.54

1 8.25 0.42 1.57 15.20 0.078 0.0 1.57 0.70 3.84 4.25 1 0.0 0.54

period0 period1 pmode Mloss tau1m X Y Xc Xn Xo Cexcess Z mbolmag

0 0 -1 -1.00E-31 0 0.65 0.31 0.0063 0.0017 0.016 -1 0.035 17.04

0 0 -1 -6.69E-14 0 0.65 0.31 0.0063 0.0017 0.016 -1 0.036 18.21

NUVmag umag gmag rmag imag zmag ymag usmag gsmag rsmag ismag zsmag gp1mag rp1mag

19.00 18.03 17.06 17.07 17.20 17.31 17.32 18.21 17.06 17.07 17.18 17.31 17.05 17.07

20.55 19.42 18.37 18.17 18.18 18.24 18.24 19.53 18.39 18.17 18.17 18.23 18.35 18.17

ip1mag zp1mag yp1mag wp1mag velU velV velW Vrad PMracos PMdec gall galb ra dec

17.19 17.30 17.32 17.10 -19.68 -62.68 8.53 19.88 0.69 -1.27 204.89 -0.21 98.98 7.06

18.17 18.23 18.24 18.22 -59.55 -47.37 -18.51 -22.72 0.17 -1.40 204.82 -0.12 99.04 7.16
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