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A B S T R A C T 

We predict the dwarf galaxy detection limits for the upcoming Chinese Space Station Telescope (CSST) surv e y that will co v er 
17 500 deg 

2 of the sky with a wide field of view of 1.1 deg 

2 . The point-source depth reaches 26.3 mag in the g band and 25.9 mag 

in the i band. Constructing mock surv e y data based on the designed photometric bands, we estimate the reco v ery rate of artificial 
dwarf galaxies from mock point-source photometric catalogues. The detection of these artificial dwarf galaxies is strongly 

dependent on their distance, magnitude, and size, in agreement with searches in current surv e ys. We e xpect CSST to enable the 
detection of dwarf galaxies with M V = −3.0 and μ250 = 32.0 mag arcsec −2 (surface brightness limit for a system of half-light 
radius r h = 250 pc ) at 400 kpc , and M V = −4.9 and μ250 = 30.5 mag arcsec −2 around the Andromeda galaxy. Beyond the Local 
Group, the CSST surv e y will achiev e M V = −5.8, and μ250 = 29.7 mag arcsec −2 in the distance range of 1–2 Mpc, opening up 

an e xciting disco v ery space for faint field dwarf galaxies. With its optical bands, wide surv e y footprint, and space resolution, 
CSST will undoubtedly expand our knowledge of low-mass dwarf galaxies to an unprecedented volume. 

Key words: Galaxy: halo – galaxies: dwarf – Local Group. 
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 I N T RO D U C T I O N  

ithin the paradigm of hierarchical structure formation, massive
alaxies grew through the absorption of low-mass systems, most of
hich are dwarf galaxies (Lacey & Cole 1993 ; Vogelsberger et al.
014 ). In the Local Group, some of these building blocks survive
ntil now and become satellites of the Milky Way (MW) and the
ndromeda galaxy (M31). The number of these dwarf galaxies can
rovide tests for cosmological models, as well as constraints on
aryonic physics that go v erns galaxy evolution (Bovill & Ricotti
009 , 2011 ; Phillips et al. 2015 ; Bullock & Boylan-Kolchin 2017 ). 
Significant progress has been made in searching dwarf satellite

alaxies around the MW-M31 pair in recent years (Walsh, Jerjen &
 illman 2007 ; Walsh, W illman & Jerjen 2009 ; Martin et al. 2013 ;

echtol et al. 2015 ; Drlica-Wagner et al. 2015 ; Koposov et al. 2015 ;
aevens et al. 2015a , b ; Simon 2019 ). Up to now, nearly 100 dwarf
alaxies have been detected in the Local Group: 59 in the MW with
 V < −0.8 ± 0.9 and 39 in M31 with M V < −5.9 ± 0.7 thanks to

he large scale digital surv e y including the Sloan Digital Sky Survey
SDSS; Abazajian et al. 2003 ), the Dark Energy Surv e y (DES; Abbott
t al. 2018 ), the Pan-STARRS survey (Chambers et al. 2016 ), or the
 an-Andromeda Archaeological Surv e y (McConnachie et al. 2018 ).
 E-mail: qvhan@pmo.ac.cn (HQ); zhen.yuan@astro.unistra.fr (ZY) 
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In the era of optical and near-infrared wide surv e ys constructed
ith space telescopes (e.g. Roman, Spergel et al. 2015 ; Wallner et al.
017 ), the Chinese Space Station Telescope (CSST) surv e y is planned
o perform both photometric imaging and slitless spectroscopic
bservations and will co v er 17 500 de g 2 in its planned 10 yr of
peration (Zhan 2011 ; Cao et al. 2018 ; Gong et al. 2019 ). The CSST
s a 2-m space telescope and shares the same orbit as the Chinese
pace Station, which will be launched in the next few years. The
ain surv e y camera module has a large field of view (1.1 deg 2 ), a

igh spatial resolution ( ∼0.15 arcmin), and is equipped with a set
f near -ultra violet to near -infrared filters ( NUV and ugrizy ). The
nstrumental design of the CSST makes it an optimal tool to search
or low-mass/f aint dw arf galaxies within the Local Volume. In this
aper, we make the first predictions of the detectability of dwarf
alaxies within 2 Mpc from mock photometric catalogues. 

The paper is structured as follows: In Section 2 , we estimate
he completeness and photometric uncertainties of point-source
etections with CSST . Based on that, we construct a series of mock
atalogues by injecting artificial dwarf galaxies in the modelled
ontamination from MW foreground stars. The dwarf galaxy search
lgorithm is explained in Section 3 . The results from applying this
lgorithm to the mock catalogues are discussed in Section 4 , in which
e compare the detection limits of the CSST surv e y with limits from
 xisting surv e ys and the known Local Group dwarf galaxies. Section
 closes the paper with a summary and discussion. 
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Table 1. Designed Parameters of CSST . 

Surv e y characteristics 

Wide surv e y 15 000 deg 2 ( | b | > 20 ◦) + 2500 deg 2 (15 ◦< | b | < 20 ◦) 
Deep surv e y 400 deg 2 (selected areas) 

Photometric System 

Band NUV u g r i z y 

Wavelength ( λ−90 −λ+ 90 nm) 255–317 322–396 403–545 554–684 695–833 846–1065 937–1065 
Wide imaging (5 σ depth) 25.4 25.4 26.3 26.0 25.9 25.2 24.4 
Deep imaging (5 σ depth) 26.7 26.7 27.5 27.2 27.0 26.4 25.7 

Figure 1. Transmission curves of the seven CSST filters, covering wave- 
lengths from the near ultraviolet, to the near-infrared ( NUV , u , g , r , i , z, and 
y bands). 

2

2

T
(  

s  

p  

z  

u  

o  

s  

f  

a
w
5  

2  

1

u
b  

e  

m
c  

f
2  

m  

p
(
s  

a  

a  

s  

m  

c  

N  

f  

s
w  

i

t  

o
i  

t
d  

o  

m  

W

δ

 

c  

(  

a  

a  

m  

m

2

W
p
i  

f  

e  

c
(  

g  

a

2

T  

u  

(  

b  

m  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/1/876/7157132 by C
N

R
S user on 10 July 2023
 M O C K  DATA  

.1 The CSST imaging sur v ey 

he CSST wide imaging surv e y has a sk y co v erage of 17 500 deg 2 

42.4 per cent of the whole sky), and 400 deg 2 of this area will be
elected for the deep surv e y (see details in Table 1 ). The designed
hotometric system has seven broad-band filters, NUV , u , g , r , i ,
, and y , that co v er the full 255–1065 nm range, from the near-
ltraviolet ( NUV ) to the near-infrared ( y ). The transmission curves
f the filters are shown in Fig. 1 and listed in Table 1 . For the wide
urv e y, the surv e y depth is reached with two 150-second exposures
or the u , g , r , i , and z bands, and four such exposures for the NUV
nd y bands. The final products will correspond to stacked images 
hose photometric catalogues will, ultimately, reach the following 
 σ point-source limiting magnitudes: 25.4 ( NUV ), 25.4 ( u ), 26.3 ( g ),
6.0 ( r ), 25.9 ( i ), 25.2 ( z), and 24.4 ( y ) in the AB system (see Table
 ; e.g. Cao et al. 2018 ). 
In this work, we estimate the completeness and photometric 

ncertainties of point-source detections as a function of magnitude 
ased on the designed parameters of the CSST (Zhan 2011 ; Cao
t al. 2018 ). First, we use the CSST Image Simulator to produce
ock optical images of stars for a single 150-second exposure. The 

atalogue consists of stars brighter than G = 21 from Gaia DR2 and
ainter MW stars simulated using the GALAXIA model (Sharma et al. 
011 ), a fast code for creating a synthetic surv e y of the MW (see
ore details in Section 2.2.1 ). We then perform source detection and

hotometric measurements on the mock images using SEXTRACTOR 

Bertin & Arnouts 1996 ). The completeness functions of point 
ources are shown in the left-hand panel of Fig. 2 , with the results for
 single-exposure shown as dashed lines for the g and i bands (blue
nd red, respectiv ely). F or the nominal double-e xposures depth, we
hift those models by 0.38 mag (solid lines). In the single-exposure
ode, the detection limits (defined as the magnitudes at which the

ompleteness drops to 70 per cent) are g lim 

= 26.0 and i lim 

= 25.5.
ote that we assume star and galaxy can be separated 100 per cent

or point-source detections to the surv e y depth. The estimates of the
uccessful rate of star galaxy separation using different models as 
ell as its impact on the dwarf galaxy detection will be investigated

n future work. 
The photometric uncertainties in each band are estimated from 

he same images. We first measure the magnitude of a detected
bject by processing mock images with SEXTRACTOR , then compare 
t with the true magnitude from the input catalogue that is given to
he CSST Image Simulator. The uncertainty is described using the 
ifference between the measured and the input values as a function
f magnitude (see right-hand panel of Fig. 2 ). In the single-exposure
ode, uncertainties reach ∼0.2 mag around g = 25.5 and i = 24.7.
e model the measured uncertainties with the following model: 

( M) = a + exp ( b M − c ) , (1) 

with δ( M ) the uncertainty, M the magnitude, and ( a , b , c ) the
oefficients we fit for. Based on the measured uncertainties, we find
 a , b , c ) = (0.015, 0.736, 20.423) and (0.026, 0.827, 22.144) for the g
nd i bands, respectively. The resulting fits are shown in Fig. 2 . These
re for a single CSST image so, to account for the double-exposure
ode that will be used for these two bands, we simply shift those
odels by 0.38 mag. 

.2 Mock catalogue 

ith the completeness and photometric uncertainty functions of 
oint-source detection in hand, we now construct mock catalogues 
n the CSST bands by injecting artificial dwarf galaxies in the
oreground MW model. In this work, we aim to explore the detection
fficiency of dwarf galaxies with CSST from a series of mock
atalogues by varying five key parameters: the absolute magnitude 
 M V ), distance ( D ), and the half-light radius ( r h ) of an artificial dwarf
alaxy, the MW foreground parametrized by the Galactic latitude b ,
nd the surv e y depth with single and double exposures. 

.2.1 Milky Way foreground 

he mock MW foreground catalogue is generated by GALAXIA . It
ses a Galactic model that is initially based on the Besan c ¸on model
Robin et al. 2003 ), as well as realistic substructure of the stellar halo
ased on N-body simulations (Bullock & Johnston 2005 ). The MW
odel used in this work includes a metal-rich thick disc correction
ith [Fe/H] from −0.78 to −0.16 according to Sharma et al. ( 2019 ).
MNRAS 523, 876–886 (2023) 
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M

Figure 2. Left: Completeness model for point-source detections as a function of g (blue) and i (red) magnitude estimates for the CSST . The dashed and solid 
lines represent the single- and double-exposure modes, respectively. Right: Expected photometric uncertainties in the two bands for the one-exposure model 
(crosses) and fitted model (dashed lines). The two-exposure uncertainty model (full lines) corresponds to a shift of these models by 0.38 mag to account for the 
increased exposure time. 
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Since the MW foreground is more crowded close to the Galactic
isc, we generate three different MW fields that aim to represent
he varying contaminating conditions in the CSST surv e y. Labelled
L’, ‘M’, and ‘H’, they represent large sky areas centred on location
t low ( b = 25 ◦), median ( b = 45 ◦), and high ( b = 70 ◦) Galactic
atitudes (see details in Table. 2 ). 

.2.2 Artificial dwarf galaxy 

ost of the known dwarf galaxies in the Local Group are old and very
etal-poor because of their ancient and relatively short star formation

istories. In this work, we generate a group of artificial dwarf
alaxies that host a single stellar population randomly drawn from
he age range 8–13 Gyr. Taking into account the mass–metallicity
elationship observed from the satellite dwarf galaxies (e.g. Kirby
009 ), we set a range of metallicities −1.7 < [Fe/H] < −1.5 for
warf galaxies with M V � −7 (stellar mass � 2 × 10 5 M �), and −2.2
 [Fe/H] < −1.7 for dwarf galaxies with M V � −7 (stellar mass
 2 × 10 5 M �). With the age and metallicity of a dwarf galaxy chosen,

he stellar parameters and luminosity function of this population
re generated by the P ado va and Trieste Stellar Evolution Code
PARSEC) library (Bressan et al. 2012 ). 1 We then use GALEVNBD to
enerate CSST photometric bands based on these stellar parameters
y convolving theoretical spectra with the response function of each
lter (Pang et al. 2016 ). 
The artificial dwarf galaxies are assumed to follow a typical

rojected radial density profile (Doli v a-Dolinsky et al. 2022 ), char-
cterized by the half-light radius r h of the system. The probability
ensity function of stars as a function of the on-sky radius, P ( r ), is
efined as 

 ( r ) = 

1 . 68 2 r 

2 πr 2 h 

exp 

(
−1 . 68 

r 

r h 

)
. (2) 

e further flatten this distribution so it has ellipticity e = 1 −( b / a ),
ith a and b the major and minor axis scale lengths, respectively. 
The process to generate an artificial dwarf galaxy is visualized in

ig. 3 for M V = −4.5, [Fe/H] = −2.2, age = 10 Gyr, D = 255 kpc ,
t high Galactic latitude ( b = 43 ◦), and for the double-exposure
ode. Panels (a) to (e) show how the colour–magnitude diagram
NRAS 523, 876–886 (2023) 

 ht tp://st ev.oapd.inaf.it/cgi-bin/cmd 

a  

C  

d  
CMD) of the system in constructed and panels (f) and (g) show its
n-sky projection. Stars are first drawn from the galaxy’s isochrone
nd corresponding luminosity function of chosen age, metallicity,
nd distance until the absolute magnitude of the system reaches
he target M V (a). The CMD is then convolved by the photometric
ncertainties (b) and the completeness model of CSST is applied
c). In (d), we combine the dwarf galaxy stars (blue) and the MW
oreground stars (grey, see also panel e) within 2 r h at ( l , b ) = (67.6 ◦,
3 ◦). The spatial distribution of the dwarf galaxy stars are shown in
anel (f) in coordinates of the plane tangent to the sky, and as they
ould appear in the data in panel (g). 
Following this procedure, we construct a large series of mock

warf galaxies in the range of −10.0 < M V < + 2.0 with steps of
.5 log ( r h / pc ), and 3 pc < r h < 3 kpc with steps of 0.25 log ( r h / pc ).
istances are set within the range 32 < D < 2048 kpc (see details in
able 2 ) and the ellipticity of the dwarf galaxy is randomly sampled
etween 0.3 < e < 0.7. 

Mock catalogues are generated for the six different combinations
f the three MW fields (L, M, H) and the two surv e y depths (single
nd double e xposures). F or each combination of these parameters, we
enerated 10 140 mock dwarf galaxies with three varying parameters
 M V , D , and r h ), and ingested them in the MW contamination
atalogue in 20 different batches of ∼500 galaxies each to a v oid an
 v erlap between the galaxies. In total, we simulate 60 840 artificial
alaxies. 

 SEARCH  A L G O R I T H M  

he dwarf galaxy search algorithm used in this w ork w as described
n Walsh et al. ( 2009 ) and has been widely adopted, for instance
o explore the data from the SDSS (Walsh et al. 2007 ; Koposov
t al. 2008 ), the DES (Bechtol et al. 2015 ; Drlica-Wagner et al.
015 ; Koposov et al. 2015 ), Pan-STARRS (Laevens et al. 2015a , b ),
yper Suprime-Cam Subaru Strategic Program (Homma et al. 2018 ),

nd the Wide component of the DECam Local Volume Exploration
urv e y (Mau et al. 2020 ). Following the approach of Koposov et al.
 2008 ), Walsh et al. ( 2009 ), Bechtol et al. ( 2015 ), and Homma
t al. ( 2019 ), our version of the algorithm works as follows: For
 given distance choice, we start by selecting stars that fall within a
MD selection box constructed from isochrones that represent the
ominant stellar populations observed in dwarf galaxies. Specifically,

art/stad1352_f2.eps
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Table 2. Chosen parameter ranges for the artificial dwarf galaxies and detection thresholds. 

Artificial dwarf galaxy 

Parameter Minimal Maximal Step (log scale) 

MV −10.0 2.0 0.5 
r h (pc) 3.16 3162 0.25 
D (kpc) 32 2048 1 

Detection threshold of each field 

Field l ( ◦) b ( ◦) Depth σ ′ = 2 σ ′ = 4 σ ′ = 8 

L (low) 35 −85 15 −35 
S/N thr 

single exposure, double exposure 6.2, 6.6 5.5, 5.3 5.2, 5.0 

M (median) 40 −100 30 −60 single exposure, double exposure 6.5, 6.1 5.6, 5.0 4.7, 5.0 

H (high) 10 −160 60 −80 single exposure, double exposure 6.3, 6.3 5.3, 5.2 5.7, 5.4 

Figure 3. Process of generating an artificial dwarf galaxy in the CMD (a)–(e) and on the sky panels (panels f and g). Panel (a): a sample of 10 434 stars drawn 
from the isochrone of a single stellar population ( M V = −4.5, [Fe/H] = −2.2, age = 10 Gyr). Panel (b): same as (a) after taking into account the photometric 
uncertainties. Panel (c): same (b) after folding in the completeness model. Panel (d): the final CMD of the artificial dwarf galaxy within 2 r h , combined with 
MW fore ground stars o v er the same re gion (gre y). The latter are plotted separately in panel (e) for comparison. The green and red lines represent the isochrones 
used to define the CMD selection box use by the search algorithm. Panel (f): the 2D spatial distribution in the Cartesian coordinates of stars from a dwarf galaxy 
with r h = 100 pc at the distance of 255 kpc . The ellipsis correspond to 1 and 2 r h (solid and dashed lines, respectiv ely). P anel (g): the stars from (f) after their 
ingestion in the median latitude MW field. 
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e choose two single populations with age = 8 Gyr, [Fe/H] = −2.2
nd age = 13 Gyr, [Fe/H] = −1.5, shown as the green and red lines
n Fig. 3 , panels (d) and (e). The two isochrones are shifted left
blue) and right (red) by 0.05 mag along the g –i colour axis to form
he contours, which are further widened by taking into account the 
hotometric uncertainties. Stars located within the selection box are 
L
sed to build binned density maps on the sky, I ( i ), using HEALPIX

G ́orski et al. 2005 ). These density maps of stars on the sky are then
onvolved with a Gaussian kernel g ( i , σ ) of dispersion σ to produce
moothed maps 

 ( i, σ ) = I ( i) ⊗ g( i, σ ) . (3) 
MNRAS 523, 876–886 (2023) 
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An efficient way to optimize the search for dwarf galaxies is to
erform this convolution with a kernel of the size σ 2 of the signal
ne is looking for, and subtract from it a map convolved by a much
arger kernel, σ 1 . The latter map will account for a smoothly varying
ontamination and optimize the resulting signal to noise (S/N). The
esulting signal map is therefore 

L ( i ) σ1 ,σ2 = L ( i , σ2 ) − L ( i, σ1 ) . (4) 

F ollowing Koposo v et al. ( 2008 ), we use three sets of ( σ 1 , σ 2 )
ernels: (28, 2 arcmin), (28, 4 arcmin), and (56, 8 arcmin). The three
ifferent σ 2 correspond to the angular sizes of a dwarf galaxy with
 h = 100 pc at different distances (i.e. 40 kpc , 100 kpc , and 200 kpc ).
e tailor the background kernel σ 1 such that it is at least seven times

arger than σ 2 to optimize the computing time. For the same reason,
e bin the starting map I using 0.5 arcmin pixels when σ 2 = 2 or
 arcmin and we use 2.0 arcmin pixels when using the larger kernels.
To e v aluate the significance of local o v erdensities, we define the

tandard deviation s ( i ) at the i -th pixel in the differential density map
 L ( i ) as 

 ( i ) 2 = 〈| �L ( j ) σ1 ,σ2 | 2 〉 r 1 ,r 2 − |〈 �L ( j ) σ1 ,σ2 〉 r 1 ,r 2 | 2 , (5) 

with 〈 . 〉 r 1 ,r 2 the av erage o v er pix els within a ring around the i -th
ixel between r 1 = 0.5 ◦ and r 2 = 1 ◦. The standard deviation s ( i ) of
he differential density map evaluates the Poisson noise for the i -th
ixel, and thus the significance of the overdensity is defined as 

 /N ( i ) = �L ( i ) /s ( i ) . (6) 

To systematically search for the stellar o v erdensities resulting
rom dwarf galaxies with a variety of physical scales and distances,
e follow the procedure described abo v e for different distance

ssumptions by shifting the CMD selection box with distance moduli
etween 18.0 (40 kpc ) and 26.5 (2 Mpc ), with steps of 0.5 mag. After
onvolving these maps with three different kernel sets, we obtain
8 × 3 = 54 S/N maps. 
These different maps have different noise properties. To evaluate

hese S / N maps on the same scale, we stack the 18 maps with the
ame sets of kernels but at different distances by simply taking their
verage, and obtain three ‘master S / N map’. This step is also applied
o the empty fields when determining the detection threshold in
ection 4.1 . We then rescale each master map to generate the final
aster maps, S / N r , by subtracting the mean pixel value of each map,

 S / N 〉 , and normalizing with their standard deviation, σ S / N , i.e. 

 /N r ( i ) = 

S /N ( i ) − 〈 S/N〉 
σS/N 

. (7) 

Each pixel in these three master maps, corresponding to the three
hoices of kernels, now expressed the significance of a detection and
e search for pixels with high S / N r in each of the three master maps

s candidate detections of dwarf galaxies. 

 AP P LIC ATION  TO  T H E  M O C K  DATA  

.1 Detection threshold 

he application of the search algorithm described abo v e to the
ock catalogues results in three master maps, one for each set of

ernels. We now need to decide on what constitutes a detection
n those maps. It means determining the detection threshold abo v e
hich we consider a detection reliable and significantly abo v e noise
uctuations. This detection threshold, S/N thr , is calculated from the
stimate of the Poisson fluctuations of maps generated from the mock
NRAS 523, 876–886 (2023) 
W foreground alone (i.e. without the ingestion of any artificial
warf galaxies), S / N MW 

. 
We first generate 2000 MW sky patches of 15 deg 2 for the six

ombinations of Galactic latitudes (L, M, H) and exposure time
single- and double-exposure modes). We apply the same search
lgorithm from Section 3 to these empty fields for each distance
oduli. For each patch, we first obtain 18 S / N maps of MW

oreground and then S / N MW,r after stacking them. Fig. 4 shows
he distributions of the maximum values of these rescaled maps,
 / N MW,max of 2000 patches in each combination, with the black
ertical line denoting their mean value, 〈 S/N MW,max 〉 . The stacking
rocess averages the noises at different distances that reduces the
ffect from outliers and eventually leads to more successful detection
ate. Since we did not add any artificial dwarf galaxy in these mocks,
e use them to determine the threshold value of a detection, S / N thr ,

uch that the number of false positives is below 1/500, ensure that
ost of the detections correspond to meaningful objects without

eing o v erly conserv ati ve. Theoretically, this corresponds to setting
 / N thr = 1.25 〈 S / N MW,max 〉 . For the 18 000 S / N MW 

we simulate,
his corresponds to an expected 32 false detections and a low
ontamination rate of less than 0.17 per cent. We are, therefore,
onfident that the chosen detection threshold does not bias our results
nd does not lead to detection limits that are too aggressive. 

To verify our method, we applied the search algorithm to the
ublic DES catalogues in a sky area of ∼14 ◦ × 13 ◦ containing four
ewly disco v ered dwarf galaxies (Tucana III, Tucana V, Phoenix 2,
nd Tucana 2; Drlica-Wagner et al. 2015 ; Koposov et al. 2015 ), out
f which Phoenix 2 ( M V = −2.8 ± 0.2 at 83 kpc) is close to the
etection limit of DES at its distance. Following the above steps, all
our galaxies have derived S/N above the detection thresholds of a
 field listed in Table 2 . 

.2 Results 

he resulting dwarf galaxy detection fractions for field M is shown in
ig. 5 . The different panels represent separate distance bins spanning

he range from 32 kpc to 2 Mpc . The pixel size in the [ M V , log 10 ( r h )]
lane is (0.5, 0.25), and each pixel contains 10 galaxies. The grey
evels represent the detection fraction in each pixel, with white
nd black pixels denoting 0 per cent and 100 per cent detection
robabilities, respectiv ely. F ollowing previous work (e.g. Koposov
t al. 2008 ; Doli v a-Dolinsky et al. 2022 ), we aim to fit an analytic
odel to these detection fractions to bypass the noise that is generated

rom testing only 10 dwarf galaxies per pixel. The transition region
etween full reco v ery and no reco v ery shows a ‘knee’ feature: at
aint magnitudes, the transition region is vertical for small half-light
adii, before correlating with the radii at brighter magnitudes. We
nderstand this behaviour as follows. A minimum number of stars
s required for a system to produce a detection for a given choice
f detection threshold, irrespective of the size of this system. This
ffect produces the vertical part of the transition region with a fixed
 V limit for the lo wer v alues of log ( r h ). The sloped part of the

ransition region is more directly related to the surface brightness
f the system and the reco v ery fraction in this region is therefore a
unction of both size and luminosity. These two different parts of the
ransition region also have different widths between the no and full
etection modes. 
We adopt an analytical model to characterize the reco v ery fractions

s a function of M V and log 10 ( r h ), similarly to what was done
y Koposov et al. ( 2008 ), Drlica-Wagner et al. ( 2020 ), or Doli v a-
olinsky et al. ( 2022 ). We parameterize the transition region with
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Figure 4. Distribution of S/N MW,max from 2000 S/N MW 

maps with the set of ( σ 1 = 28 arcmin, σ 2 = 2 arcmin) in the L, M, and H fields. The black and red 
lines denote the mean and median values of S/N MW,max , respectively and the orange band represents the standard deviation of the distribution. The green line 
marks the position of S/N thr . 

Figure 5. Detection fraction map as a function of luminosity and size in different distance bins for M field, where the black pixels indicate 100 per cent detection 
fraction, and the white ones indicate 0 per cent. The red curve corresponds to the modelled 50 per cent reco v ery fraction and the error bars represent σM 

and σ r 

as the widths of the transition regions. 
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he following equation, 

 V = 

{
M V , lim 

r h < r 0 
β( log 10 ( r 0 ) − log 10 ( r h )) + M V , lim 

r h > r 0 , 
(8) 

ith M V , lim 

the value of M V for the vertical part of the model, r 0 the
alf-light radius of the knee, and β the slope of the sloped part of the
odel. 
To model the width of the transition region, we further introduce 
 ( x) = erfc ( x/ 

√ 

2 ) / 2 and define the model reco v ery fraction as 

 ( M V , log 10 ( r h )) = F 

(
�M V 

σM 

)
F 

(
� log 10 ( r h )) 

σr 

)
. (9) 
A

ere, � M V is the distance along the M V axis from the transition
odel of equation ( 8 ) for log 10 ( r h ) < log 10 ( r 0 ) and � log 10 ( r h ) is the

istance along the log( r h ) axis for log 10 ( r h ) > log 10 ( r 0 ). σ M 

and σ r 

epresent the width of the transition regions for these two parts of the
eco v ery fraction space, respectively. 

With these definitions, the model has five parameters, ( M V , lim 

,
og 10 ( r 0 ), β, σ M 

, and σ r ), which we fit for in all the reco v ery fraction
paces that we have calculated by minimizing residuals between 
he model and the data in the 5-dimensional space. The red solid
ines in each panel of Fig. 5 show the line of 50 per cent reco v ery
raction for the best fits and the error bars ( σ M 

and σ r ) represent the
nterval between 16 per cent and 84 per cent detection fractions. The
arameters for best-fitting model are listed in Table A1 –A3 in the
ppendix. 
MNRAS 523, 876–886 (2023) 
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Fig. 6 summarizes the reco v ery fraction models in the size-
uminosity and surface brightness–luminosity planes, for field M
n different distance bins, and for the single- (dashed lines) and
ouble-exposure models (full lines). The horizontal and vertical error
ars denote the width of the transition region between full and no
etection, i.e. σ M 

and σ r from equation ( 9 ). We note that, as pointed
ut by Doli v a-Dolinsky et al. ( 2022 ), that the detection limits do
ot follow lines of constant surface brightness, even for brighter
uminosity than the knee (right-hand panel), and should warn us
gainst using simple surface-brightness cuts to summarize dwarf
alaxy detection limits. It is likely the consequence of the complex
earch algorithm and is a common feature of such procedures (e.g.
rlica-Wagner et al. 2020 ). 
We obtain similar results for the other two MW fields, L and H see

igs A1 , A2 , and Fig. 7 presents a summary of the detection limits as
 function of distance for the three MW fields and the two exposure
onfigurations. In the top row of panels, M V , lim 

corresponds to the
ertical part of the models presented in Figs 5 and 6 . In the bottom
ow of panels, μ250 , lim 

is the value of the detection limit model at
 fixed radius 2 log 10 ( r h ) = 250 pc . In all panels, the lighter/darker
oloured curve represents the detection limit for the single/double-
xposure mode. The shaded bands denote the width of the transition
egion that was represented by error bars in Fig. 6 . As expected,
hanging integration times from 150 to 300 s yields a small but
lear impro v ement to the detection limits, shifting them to ∼0.5 mag
ainter. There is also a small impact of the MW contamination, with
 V , lim 

moving to slightly fainter magnitudes as the Galactic latitude
ncreases. Similarly, μ250 , lim 

only marginally changes with latitude.
he artificial dwarf galaxies generated in this study are old and metal-
oor. Although we expect to find more dwarf galaxies with recent
tar formation in the field of the Local Group, they are easier to
e identified from their young blue stellar populations. Therefore,
e quantify the detectability of the CSST using only the old dwarf
alaxies. 

Fig. 8 compares the predicted CSST detection limits with the
roperties of known Local Group satellites, including the lowest
urface brightness systems that were only recently disco v ered in the
eepest current surv e y, the Hyper Suprime-Cam Subaru Strategic
rogram (HSC-SSP). These three satellites, Virgo I, Cetus III, and
o ̈otes IV (Miyazaki et al. 2012 ; Homma et al. 2016 , 2018 ) located
t D = 91 kpc , 251 kpc , and 209 kpc and with M V = −0.3, −2.4,
nd −4.5 are the typical kind of the systems that the CSST surv e y
hould be able to unco v er easily. These satellites are about 2 mag
ainter than the faintest dwarf galaxies disco v ered in the previous
eneration of surv e ys (SDSS, DES, and P an-STARRS). Ev en in the
ase of M31, whose satellite dwarf galaxies were mainly disco v ered
n the data from the PAndAS surv e y that is deeper than these other
urv e ys, CSST should be able to unco v er new systems that are fainter
han the currently known ones, further populating the faint end of

31’s dwarf galaxy system. 
For a more quantitative comparison, the detection limits of M V , lim 

nd μ250 , lim 

are summarized in Table 3 , with the assumption of
ouble exposures in the M field, at different distances. In particular,
f we compare those with the DES and Pan-STARRS detection
imits Drlica-Wagner et al. ( 2020 ), we find that, at the distance
f 400 kpc , the detection limits of these surv e ys that led to the
isco v ery of numerous satellites are M V , lim 

= −4 . 5 (DES; equiv-
NRAS 523, 876–886 (2023) 

 As mentioned abo v e, the detection limits do not correspond to constant 
urface brightness limits, hence the need to assume the size of a fairly typical 
ocal Group dwarf galaxy. 

c
2  

o  

t  

a  
lent to ∼6 × 10 3 M �) and −6.5 (PS1), while the CSST surv e y
hould yield M V , lim 

= −3 . 0 (equi v alent to ∼1.6 × 10 3 M �). At
his distance, the surface brightness limits reach μ250 , lim 

= 29 . 9
ag arcsec −2 (DES) and 28.1 mag arcsec −2 (PS1), compared to
250 , lim 

= 32 . 0 mag arcsec −2 for CSST . In the case of the M31
atellites, we use our results for field L and 512–1024 kpc results
M31 is located at b = −21.6 ◦ and D ∼ 780 kpc ) for compari-
on with the detailed study of Doli v a-Dolinsky et al. ( 2022 ) for
AndAS. They find μ250 , lim 

≥ 30 . 0 mag arcsec −2 in regions without
uch contamination from M31’s stellar halo substructure, while

ur analysis yields a slight impro v ement with μ250 , lim 

≥ 30 . 5 mag
rcsec −2 . 

Compared to other space-based telescope programs, e.g. Euclid
as similar surv e y depths, 26.2 for the visible band and 24.5 for
ear-infrared bands (Euclid Collaboration 2022 ). Roman is designed
o reach almost 27 for infrared bands (Akeson et al. 2019 ). The filter
ystem design CSST has the narrowest bandwidth as well as the
luest wav elength co v erage. Compared the ground-based telescope
rogram, the Le gac y Surv e y of Space and Time (LSST) has the
xpected full depth of g ∼ 27.4 after 10 yr of surv e y (Iv ezi ́c et al.
019 ). The CSST is less deep (g ∼ 26.3) but has a better angular
esolution, which is critical to separate stars and galaxies from faint
ources. From all of the abo v e, the designed CSST features are
ompetitive to search for old and metal-poor star populations from
warf galaxies. It will open the realm of efficient searches for dwarf
alaxies beyond the Local Group and should, for instance, enable the
isco v ery of very faint dwarf galaxies in the field. In the most distant
in (1–2 Mpc ) explored in this work, we predict that the detection
imits are M V , lim 

= −5 . 8 and μ250 , lim 

= 29.7 mag arcsec −2 for the
SST . 

 SUMMARY  

n this work, we determine the detection limits of finding dwarf
alaxies within 2 Mpc with the upcoming wide photometric surv e y
hat will be observed by the CSST . We estimate the completeness of
oint-source detections and uncertainties in each photometric band
nd use these to construct mock catalogues in the CSST bands of
rtificial dwarf galaxies ingested in modelled MW foreground. From
he application of a well-established search algorithm, we calculate
he reco v ery fraction of dwarf galaxies in the ( M V , r h ) space at
ifferent distances ranging from 32 kpc to 2 Mpc. We show that
he CSST is able to push the frontier of dwarf galaxy searches and
etect fainter objects than currently known around the MW-M31
air or, beyond, in the field. The surface brightness of most of the
nown MW satellites is brighter than 32.0 mag arcsec −2 , whereas
he CSST surv e y will open the realm of fainter systems, down to

250 , lim 

∼ 33.0 mag arcsec −2 within ∼ 200 kpc . Around M31, the
etection limit can be slightly impro v ed from 30.0 mag arcsec −2 

estimated for the PAndAS surv e y; Doli v a-Dolinsky et al. 2022 )
o ∼30.5 mag arcsec −2 . In a future project, we will use the detection
imits determined here to further predict the luminosity function we
an hope to measure within the CSST volume by modelling observed
atellite populations (Koposov et al. 2008 ; Drlica-Wagner et al. 2020 )
rom cosmological simulations (e.g. NIHAO; Wang et al. 2015 ). 

As we mo v e further away from the Local Group, the CSST survey
an still reach the detection limits of M V , lim 

= −6.0, μ250 , lim 

∼
9 . 5 mag arcsec −2 at the distance of 2 Mpc . It will provide us with the
pportunity to disco v er man y field dwarf galaxies e xpected be yond
he sphere of influence of the Local Group. The planned surv e y has
 wide co v erage of 17 500 deg 2 (42.4 per cent of the whole sky) that
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Figure 6. Comparisons of detection limit as a function of M V and r h in different distance bins for a M field. Same as Fig. 5 , the lines represent the 50 per cent 
detection fraction, the error bars ( σM 

and σ r ) represent difference between 16 per cent and 84 per cent detection fractions. The dashed and solid lines represent 
the results with single and double exposures, respectively. 

Figure 7. Detection limit of M V , lim 

as a function of distance for the two surv e y modes in the MW three fields. Top panels: results for the single- (light colour) 
and double-exposure mode (dark colour) in the L (panel a), M (panel b), and H (panel c) fields. The solid curve and the transparent band represent the mean 
trend and corresponding width ( σM 

). Bottom panels: similar to the top panels but for the surface brightness limits of a galaxy with r h = 250, μ250 , lim 

. The 
second exposure yields detection limits that can be up to ∼0.5 mag arcsec −2 fainter. 
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o v ers part of the northern sky, including M31, and o v erlaps with the
SST in the South. From this joint effort in dwarf galaxy searches,
e will, for the first time, have a sample of low-mass dwarf galaxies
eyond the MW-M31 pair that can be directly compared to zoom-in 
warf galaxy simulations (e.g. EDGE; Rey et al. 2019 ). 
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M

Figure 8. Comparison of the detection limit of CSST with known Local Group satellite dwarf galaxies. Panel (a): The solid curves show the detection limits 
of M V , lim 

as a function of distance in L (dark red) and M fields (dark blue) and the double-exposure mode, as pre vious sho wn in Fig. 6 . The star and triangle 
symbols represent the satellites in the MW and M31, respectively, and are colour-coded according to the surv e y in which they were discovered. Panel (b): Same 
as (a) but for the surface brightness limits, μ250 , lim 

as a function of distance. In both panels, the three newly disco v ered dwarf galaxies from HSC-SSP are 
coloured in green with error bars. Bo ̈otes IV is located closest to the surface brightness detection limit in (b), but is the most luminous system of these three 
denoted in (a) as it is also the largest. 

Table 3. Detection limits for field M and the double-exposure 
mode. 

D (kpc) M V , lim 

μ250 , lim 

(mag arcsec −2 ) 

32–64 1 .0 33.2 
64–128 0 .3 33.5 
128–256 − 1 .0 33.1 
256–512 − 3 .0 32.1 
512–1024 − 4 .9 30.6 
1024–2048 − 5 .8 29.7 
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Table A1. Model parameters of detectivity distribution in L field. 

D (kpc) M V , lim 

log 10 ( r 0 ) β σM 

σ r 

Single exposure 

32–64 0 .61 1.45 0.27 1.06 0.21 
64–128 0 .84 1.42 0.28 2.5 0.22 
128–256 − 1 .63 2.03 0.28 1.12 0.18 
256–512 − 3 .7 2.34 0.32 1.13 0.33 
512–1024 − 5 .23 2.53 0.39 0.53 0.29 
1024–2048 − 6 .42 2.72 0.46 1.39 0.59 

Double exposure 

32–64 0 .74 1.58 0.26 0.95 0.27 
64–128 0 .28 1.70 0.28 0.84 0.24 
128–256 − 1 .27 2.05 0.29 1.02 0.23 
256–512 − 3 .19 2.26 0.36 1.18 0.32 
512–1024 − 4 .91 2.47 0.45 0.78 0.20 
1024–2048 − 5 .91 2.82 0.41 0.69 0.21 

Table A2. Model parameters of detectivity distribution in M field. 

D (kpc) M V , lim 

log 10 ( r 0 ) β σM 

σ r 

Single exposure 

32–64 0 .77 1.47 0.27 0.75 0.18 
64–128 − 0 .08 1.88 0.25 1.21 0.23 
128–256 − 1 .75 2.13 0.29 1.35 0.21 
256–512 − 3 .70 2.43 0.34 0.92 0.19 
512–1024 − 5 .19 2.35 0.52 0.69 0.27 
1024–2048 − 6 .42 2.95 0.41 1.03 0.36 

Double exposure 

32–64 1 .03 1.47 0.27 0.43 0.19 
64–128 0 .31 1.81 0.25 0.96 0.18 
128–256 − 0 .99 1.99 0.29 1.25 0.27 
256–512 − 2 .97 2.33 0.32 1.10 0.24 
512–1024 − 4 .87 2.61 0.38 0.86 0.25 
1024–2048 − 5 .81 2.81 0.48 0.60 0.19 

Table A3. Model parameters of detectivity distribution in H field. 

D (kpc) M V , lim 

log 10 ( r 0 ) β σM 

σ r 

Single exposure 

32–64 1 .14 1.48 0.26 0.61 0.31 
64–128 0 .30 1.71 0.28 0.80 0.26 
128–256 − 1 .23 2.01 0.31 1.23 0.22 
256–512 − 3 .31 2.15 0.39 1.32 0.30 
512–1024 − 5 .04 2.59 0.41 0.68 0.34 
1024–2048 − 6 .11 2.78 0.44 0.92 0.43 

Double exposure 

32–64 1 .26 1.52 0.25 0.52 0.24 
64–128 0 .50 1.83 0.26 0.61 0.20 
128–256 − 1 .00 2.15 0.27 1.15 0.19 
256–512 − 2 .75 2.30 0.33 1.19 0.25 
512–1024 − 4 .58 2.57 0.38 0.87 0.14 
1024–2048 − 5 .57 2.84 0.41 0.68 0.27 
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Figure A1. Same as Fig. 6 but for MW field L. 

Figure A2. Same as Fig. 6 but for MW field H. 
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