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ABSTRACT

We predict the dwarf galaxy detection limits for the upcoming Chinese Space Station Telescope (CSST) survey that will cover
17500 deg? of the sky with a wide field of view of 1.1 deg?. The point-source depth reaches 26.3 mag in the g band and 25.9 mag
in the i band. Constructing mock survey data based on the designed photometric bands, we estimate the recovery 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 surveys. We expect CSST to enable the
detection of dwarf galaxies with My = —3.0 and py50 = 32.0 mag arcsec 2 (surface brightness limit for a system of half-light
radius 7, = 250 pc) at 400 kpc, and My = —4.9 and 11,50 = 30.5 mag arcsec 2 around the Andromeda galaxy. Beyond the Local
Group, the CSST survey will achieve My = —5.8, and j1250 = 29.7 mag arcsec ™ in the distance range of 1-2 Mpc, opening up
an exciting discovery space for faint field dwarf galaxies. With its optical bands, wide survey 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.

1 INTRODUCTION

Within the paradigm of hierarchical structure formation, massive
galaxies grew through the absorption of low-mass systems, most of
which are dwarf galaxies (Lacey & Cole 1993; Vogelsberger et al.
2014). In the Local Group, some of these building blocks survive
until now and become satellites of the Milky Way (MW) and the
Andromeda galaxy (M31). The number of these dwarf galaxies can
provide tests for cosmological models, as well as constraints on
baryonic physics that governs galaxy evolution (Bovill & Ricotti
2009, 2011; Phillips et al. 2015; Bullock & Boylan-Kolchin 2017).
Significant progress has been made in searching dwarf satellite
galaxies around the MW-M31 pair in recent years (Walsh, Jerjen &
Willman 2007; Walsh, Willman & Jerjen 2009; Martin et al. 2013;
Bechtol et al. 2015; Drlica-Wagner et al. 2015; Koposov et al. 2015;
Laevens et al. 2015a,b; Simon 2019). Up to now, nearly 100 dwarf
galaxies have been detected in the Local Group: 59 in the MW with
My < —0.8 £ 0.9 and 39 in M31 with My < —5.9 4 0.7 thanks to
the large scale digital survey including the Sloan Digital Sky Survey
(SDSS; Abazajian et al. 2003), the Dark Energy Survey (DES; Abbott
et al. 2018), the Pan-STARRS survey (Chambers et al. 2016), or the
Pan-Andromeda Archaeological Survey (McConnachie et al. 2018).

* E-mail: qvhan@pmo.ac.cn (HQ); zhen.yuan @astro.unistra.fr (ZY)

In the era of optical and near-infrared wide surveys constructed
with space telescopes (e.g. Roman, Spergel et al. 2015; Wallner et al.
2017), the Chinese Space Station Telescope (CSST) survey is planned
to perform both photometric imaging and slitless spectroscopic
observations and will cover 17500 deg® in its planned 10yr of
operation (Zhan 2011; Cao et al. 2018; Gong et al. 2019). The CSST
is a 2-m space telescope and shares the same orbit as the Chinese
Space Station, which will be launched in the next few years. The
main survey camera module has a large field of view (1.1 deg?), a
high spatial resolution (~0.15 arcmin), and is equipped with a set
of near-ultraviolet to near-infrared filters (NVUV and ugrizy). The
instrumental design of the CSST makes it an optimal tool to search
for low-mass/faint dwarf galaxies within the Local Volume. In this
paper, we make the first predictions of the detectability of dwarf
galaxies within 2 Mpc from mock photometric catalogues.

The paper is structured as follows: In Section 2, we estimate
the completeness and photometric uncertainties of point-source
detections with CSST. Based on that, we construct a series of mock
catalogues by injecting artificial dwarf galaxies in the modelled
contamination from MW foreground stars. The dwarf galaxy search
algorithm is explained in Section 3. The results from applying this
algorithm to the mock catalogues are discussed in Section 4, in which
we compare the detection limits of the CSST survey with limits from
existing surveys and the known Local Group dwarf galaxies. Section
5 closes the paper with a summary and discussion.
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Table 1. Designed Parameters of CSST.

Dwarf galaxy detection with CSST 877

Survey characteristics

Wide survey
Deep survey

15000 deg? (|b]>20°) 4 2500 deg? (15°<|b|<20°)

400 deg2 (selected areas)

Photometric System

Band NUV u g r i z y
Wavelength (A_gg—A 90 nm) 255-317 322-396 403-545 554-684 695-833 846-1065 937-1065
Wide imaging (5o depth) 25.4 25.4 26.3 26.0 25.9 25.2 24.4
Deep imaging (50 depth) 26.7 26.7 27.5 27.2 27.0 26.4 25.7
0.8 — and red, respectively). For the nominal double-exposures depth, we
07 4 - i . shift those models by 0.38 mag (solid lines). In the single-exposure
g |_\ g mode, the detection limits (defined as the magnitudes at which the
P 801 — I’ completeness drops to 70 per cent) are gy, = 26.0 and iy, = 25.5.
2 051 z 3 Note that we assume star and galaxy can be separated 100 per cent
g 0.4 —y for point-source detections to the survey depth. The estimates of the
@ u successful rate of star galaxy separation using different models as
;E i well as its impact on the dwarf galaxy detection will be investigated
0.2 - N y in future work.
| The photometric uncertainties in each band are estimated from
) the same images. We first measure the magnitude of a detected
0.0 - T w r v w object by processing mock images with SEXTRACTOR, then compare
200 400 600 800 1000 1200

A(nm)

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 MOCK DATA

2.1 The CSST imaging survey

The CSST wide imaging survey has a sky coverage of 17 500 deg?
(42.4 percent of the whole sky), and 400 deg? of this area will be
selected for the deep survey (see details in Table 1). The designed
photometric system has seven broad-band filters, NUV, u, g, r, i,
z, and y, that cover the full 255-1065 nm range, from the near-
ultraviolet (NUV) to the near-infrared (y). The transmission curves
of the filters are shown in Fig. 1 and listed in Table 1. For the wide
survey, the survey depth is reached with two 150-second exposures
for the u, g, r, i, and z bands, and four such exposures for the NUV
and y bands. The final products will correspond to stacked images
whose photometric catalogues will, ultimately, reach the following
5o point-source limiting magnitudes: 25.4 (NUV), 25.4 (u), 26.3 (g),
26.0 (r), 25.9 (i), 25.2 (2), and 24.4 (y) in the AB system (see Table
1; e.g. Cao et al. 2018).

In this work, we estimate the completeness and photometric
uncertainties of point-source detections as a function of magnitude
based on the designed parameters of the CSST (Zhan 2011; Cao
et al. 2018). First, we use the CSST Image Simulator to produce
mock optical images of stars for a single 150-second exposure. The
catalogue consists of stars brighter than G = 21 from Gaia DR2 and
fainter MW stars simulated using the GALAXIA model (Sharma et al.
2011), a fast code for creating a synthetic survey of the MW (see
more details in Section 2.2.1). We then perform source detection and
photometric measurements on the mock images using SEXTRACTOR
(Bertin & Arnouts 1996). The completeness functions of point
sources are shown in the left-hand panel of Fig. 2, with the results for
a single-exposure shown as dashed lines for the g and i bands (blue

it with the true magnitude from the input catalogue that is given to
the CSST Image Simulator. The uncertainty is described using the
difference between the measured and the input values as a function
of magnitude (see right-hand panel of Fig. 2). In the single-exposure
mode, uncertainties reach ~0.2 mag around g = 25.5 and i = 24.7.
‘We model the measured uncertainties with the following model:

8(M) = a + exp(bM — ¢), (1

with 6(M) the uncertainty, M the magnitude, and (a, b, c) the
coefficients 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
and i bands, respectively. The resulting fits are shown in Fig. 2. These
are for a single CSST image so, to account for the double-exposure
mode that will be used for these two bands, we simply shift those
models by 0.38 mag.

2.2 Mock catalogue

With the completeness and photometric uncertainty functions of
point-source detection in hand, we now construct mock catalogues
in the CSST bands by injecting artificial dwarf galaxies in the
foreground MW model. In this work, we aim to explore the detection
efficiency of dwarf galaxies with CSST from a series of mock
catalogues by varying five key parameters: the absolute magnitude
(My), distance (D), and the half-light radius (r;,) of an artificial dwarf
galaxy, the MW foreground parametrized by the Galactic latitude b,
and the survey depth with single and double exposures.

2.2.1 Milky Way foreground

The mock MW foreground catalogue is generated by GALAXIA. It
uses a Galactic model that is initially based on the Besangcon model
(Robin et al. 2003), as well as realistic substructure of the stellar halo
based on N-body simulations (Bullock & Johnston 2005). The MW
model used in this work includes a metal-rich thick disc correction
with [Fe/H] from —0.78 to —0.16 according to Sharma et al. (2019).

MNRAS 523, 876-886 (2023)
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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.

Since the MW foreground is more crowded close to the Galactic
disc, we generate three different MW fields that aim to represent
the varying contaminating conditions in the CSST survey. Labelled
‘L’, ‘M’, and ‘H’, they represent large sky areas centred on location
at low (b = 25°), median (b = 45°), and high (b = 70°) Galactic
latitudes (see details in Table. 2).

2.2.2 Artificial dwarf galaxy

Most of the known dwarf galaxies in the Local Group are old and very
metal-poor because of their ancient and relatively short star formation
histories. In this work, we generate a group of artificial dwarf
galaxies that host a single stellar population randomly drawn from
the age range 8-13 Gyr. Taking into account the mass—metallicity
relationship observed from the satellite dwarf galaxies (e.g. Kirby
2009), we set a range of metallicities —1.7 < [Fe/H] < —1.5 for
dwarf galaxies with My < —7 (stellar mass >2 x 10° M), and —2.2
< [Fe/H] < —1.7 for dwarf galaxies with My 2> —7 (stellar mass
<2 x 10° M). With the age and metallicity of a dwarf galaxy chosen,
the stellar parameters and luminosity function of this population
are generated by the Padova and Trieste Stellar Evolution Code
(PARSEC) library (Bressan et al. 2012).! We then use GALEVNBD to
generate CSST photometric bands based on these stellar parameters
by convolving theoretical spectra with the response function of each
filter (Pang et al. 2016).

The artificial dwarf galaxies are assumed to follow a typical
projected radial density profile (Doliva-Dolinsky et al. 2022), char-
acterized by the half-light radius r, of the system. The probability
density function of stars as a function of the on-sky radius, P(r), is
defined as

1.68%r r
P(r) = ——5exp (—1.68—) . 2)
2mry T
We further flatten this distribution so it has ellipticity e = 1—(b/a),
with a and b the major and minor axis scale lengths, respectively.
The process to generate an artificial dwarf galaxy is visualized in
Fig. 3 for My = —4.5, [Fe/H] = —2.2, age = 10 Gyr, D = 255 kpc,
at high Galactic latitude (b = 43°), and for the double-exposure
mode. Panels (a) to (e) show how the colour—magnitude diagram

Thttp://stev.oapd.inaf.it/cgi-bin/cmd
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(CMD) of the system in constructed and panels (f) and (g) show its
on-sky projection. Stars are first drawn from the galaxy’s isochrone
and corresponding luminosity function of chosen age, metallicity,
and distance until the absolute magnitude of the system reaches
the target My (a). The CMD is then convolved by the photometric
uncertainties (b) and the completeness model of CSST is applied
(c). In (d), we combine the dwarf galaxy stars (blue) and the MW
foreground stars (grey, see also panel e) within 2r, at (I, b) = (67.6°,
43°). The spatial distribution of the dwarf galaxy stars are shown in
panel (f) in coordinates of the plane tangent to the sky, and as they
would appear in the data in panel (g).

Following this procedure, we construct a large series of mock
dwarf galaxies in the range of —10.0 < My < +2.0 with steps of
0.5 log (ry/pc), and 3 pc < ry < 3 kpe with steps of 0.25 log (rw/pc).
Distances are set within the range 32 < D < 2048 kpc (see details in
Table 2) and the ellipticity of the dwarf galaxy is randomly sampled
between 0.3 < e < 0.7.

Mock catalogues are generated for the six different combinations
of the three MW fields (L, M, H) and the two survey depths (single
and double exposures). For each combination of these parameters, we
generated 10 140 mock dwarf galaxies with three varying parameters
(My, D, and r,), and ingested them in the MW contamination
catalogue in 20 different batches of ~500 galaxies each to avoid an
overlap between the galaxies. In total, we simulate 60 840 artificial
galaxies.

3 SEARCH ALGORITHM

The dwarf galaxy search algorithm used in this work was described
in Walsh et al. (2009) and has been widely adopted, for instance
to explore the data from the SDSS (Walsh et al. 2007; Koposov
et al. 2008), the DES (Bechtol et al. 2015; Drlica-Wagner et al.
2015; Koposov et al. 2015), Pan-STARRS (Laevens et al. 2015a,b),
Hyper Suprime-Cam Subaru Strategic Program (Homma et al. 2018),
and the Wide component of the DECam Local Volume Exploration
Survey (Mau et al. 2020). Following the approach of Koposov et al.
(2008), Walsh et al. (2009), Bechtol et al. (2015), and Homma
et al. (2019), our version of the algorithm works as follows: For
a given distance choice, we start by selecting stars that fall within a
CMD selection box constructed from isochrones that represent the
dominant stellar populations observed in dwarf galaxies. Specifically,
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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
h (pc) 3.16 3162 0.25
D (kpc) 32 2048 1
Detection threshold of each field
Field 1(°) b (°) Depth o'=2 o'=4 o' =8
L (low) 35-85 15-35 single exposure, double exposure 6.2,6.6 55,53 52,50
M (median) 40—100 30—-60 S/Nuor single exposure, double exposure 6.5,6.1 5.6,5.0 47,5.0
H (high) 10—160  60—80 single exposure, double exposure 6.3,6.3 53,52 57,54
CMD (Isochrone) +uncertainties +completeness +contamination
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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 10434 stars drawn
from the isochrone of a single stellar population (My = —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 2ry,, combined with
MW foreground stars over the same region (grey). 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, = 100 pc at the distance of 255 kpc. The ellipsis correspond to 1 and 2r, (solid and dashed lines, respectively). Panel (g): the stars from (f) after their
ingestion in the median latitude MW field.

we choose two single populations with age = 8 Gyr, [Fe/H] = —2.2
and age = 13 Gyr, [Fe/H] = —1.5, shown as the green and red lines
in 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
the contours, which are further widened by taking into account the
photometric uncertainties. Stars located within the selection box are

used to build binned density maps on the sky, I(i), using HEALPIX
(Gorski et al. 2005). These density maps of stars on the sky are then
convolved with a Gaussian kernel g(i, o) of dispersion o to produce
smoothed maps

Li,0)=13i)® g(, o). (3)

MNRAS 523, 876-886 (2023)
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An efficient way to optimize the search for dwarf galaxies is to
perform this convolution with a kernel of the size o, of the signal
one is looking for, and subtract from it a map convolved by a much
larger kernel, o ;. The latter map will account for a smoothly varying
contamination and optimize the resulting signal to noise (S/N). The
resulting signal map is therefore

AL()g,0, = L(i, 02) — L(i, o). “

Following Koposov et al. (2008), we use three sets of (o, 07)
kernels: (28, 2 arcmin), (28, 4 arcmin), and (56, 8 arcmin). The three
different o, correspond to the angular sizes of a dwarf galaxy with
rn = 100 pc at different distances (i.e. 40 kpc, 100 kpc, and 200 kpc).
We tailor the background kernel o ; such that it is at least seven times
larger than o, to optimize the computing time. For the same reason,
we bin the starting map 7 using 0.5 arcmin pixels when o, = 2 or
4 arcmin and we use 2.0 arcmin pixels when using the larger kernels.

To evaluate the significance of local overdensities, we define the
standard deviation s(i) at the i-th pixel in the differential density map
AL(iD) as

s(@)? = (IAL(oy.o0| Dy — HAL(oy.on) o | o)

with (.),, ,, the average over pixels within a ring around the i-th
pixel between r; = 0.5° and r, = 1°. The standard deviation s(i) of
the differential density map evaluates the Poisson noise for the i-th
pixel, and thus the significance of the overdensity is defined as

S/N(@) = ALG)/s(i). (6)

To systematically search for the stellar overdensities resulting
from dwarf galaxies with a variety of physical scales and distances,
we follow the procedure described above for different distance
assumptions by shifting the CMD selection box with distance moduli
between 18.0 (40 kpc) and 26.5 (2 Mpc), with steps of 0.5 mag. After
convolving these maps with three different kernel sets, we obtain
18 x 3 =54 S/N maps.

These different maps have different noise properties. To evaluate
these S/N maps on the same scale, we stack the 18 maps with the
same sets of kernels but at different distances by simply taking their
average, and obtain three ‘master S/N map’. This step is also applied
to the empty fields when determining the detection threshold in
Section 4.1. We then rescale each master map to generate the final
master maps, S/N;, by subtracting the mean pixel value of each map,
(S/N), and normalizing with their standard deviation, o gy, i.e.
S/N.(i) = w (7

Os/N

Each pixel in these three master maps, corresponding to the three
choices of kernels, now expressed the significance of a detection and
we search for pixels with high S/N, in each of the three master maps
as candidate detections of dwarf galaxies.

4 APPLICATION TO THE MOCK DATA

4.1 Detection threshold

The application of the search algorithm described above to the
mock catalogues results in three master maps, one for each set of
kernels. We now need to decide on what constitutes a detection
in those maps. It means determining the detection threshold above
which we consider a detection reliable and significantly above noise
fluctuations. This detection threshold, S/Ny,,, is calculated from the
estimate of the Poisson fluctuations of maps generated from the mock

MNRAS 523, 876886 (2023)

MW foreground alone (i.e. without the ingestion of any artificial
dwarf galaxies), S/Nmw.

We first generate 2000 MW sky patches of 15deg? for the six
combinations of Galactic latitudes (L, M, H) and exposure time
(single- and double-exposure modes). We apply the same search
algorithm from Section 3 to these empty fields for each distance
moduli. For each patch, we first obtain 18 S/N maps of MW
foreground and then S/Nuw, after stacking them. Fig. 4 shows
the distributions of the maximum values of these rescaled maps,
S/Nmwmax of 2000 patches in each combination, with the black
vertical line denoting their mean value, (S/N ymwmax). The stacking
process averages the noises at different distances that reduces the
effect from outliers and eventually leads to more successful detection
rate. Since we did not add any artificial dwarf galaxy in these mocks,
we use them to determine the threshold value of a detection, S/Ny,,
such that the number of false positives is below 1/500, ensure that
most of the detections correspond to meaningful objects without
being overly conservative. Theoretically, this corresponds to setting
S/Npe = 125( S/NMW,max>- For the 18000 S/Nyw we simulate,
this corresponds to an expected 32 false detections and a low
contamination rate of less than 0.17 percent. We are, therefore,
confident that the chosen detection threshold does not bias our results
and does not lead to detection limits that are too aggressive.

To verify our method, we applied the search algorithm to the
public DES catalogues in a sky area of ~14° x 13° containing four
newly discovered dwarf galaxies (Tucana III, Tucana V, Phoenix 2,
and Tucana 2; Drlica-Wagner et al. 2015; Koposov et al. 2015), out
of which Phoenix 2 (My = —2.8 &+ 0.2 at 83kpc) is close to the
detection limit of DES at its distance. Following the above steps, all
four galaxies have derived S/N above the detection thresholds of a
M field listed in Table 2.

4.2 Results

The resulting dwarf galaxy detection fractions for field M is shown in
Fig. 5. The different panels represent separate distance bins spanning
the range from 32 kpc to 2 Mpc. The pixel size in the [My, log;o(ry)]
plane is (0.5, 0.25), and each pixel contains 10 galaxies. The grey
levels represent the detection fraction in each pixel, with white
and black pixels denoting O percent and 100 percent detection
probabilities, respectively. Following previous work (e.g. Koposov
et al. 2008; Doliva-Dolinsky et al. 2022), we aim to fit an analytic
model to these detection fractions to bypass the noise that is generated
from testing only 10 dwarf galaxies per pixel. The transition region
between full recovery and no recovery shows a ‘knee’ feature: at
faint magnitudes, the transition region is vertical for small half-light
radii, before correlating with the radii at brighter magnitudes. We
understand this behaviour as follows. A minimum number of stars
is required for a system to produce a detection for a given choice
of detection threshold, irrespective of the size of this system. This
effect produces the vertical part of the transition region with a fixed
My limit for the lower values of log (r,). The sloped part of the
transition region is more directly related to the surface brightness
of the system and the recovery fraction in this region is therefore a
function of both size and luminosity. These two different parts of the
transition region also have different widths between the no and full
detection modes.

We adopt an analytical model to characterize the recovery fractions
as a function of My and logo(ry), similarly to what was done
by Koposov et al. (2008), Drlica-Wagner et al. (2020), or Doliva-
Dolinsky et al. (2022). We parameterize the transition region with
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the following equation,

My jim
My = -
v {/3(10%10(1’0)

'h <rg
rh > 1o,

— logyo(r) + My sim ®)

with My jm the value of My for the vertical part of the model, r, the
half-light radius of the knee, and S the slope of the sloped part of the
model.

To model the width of the transition region, we further introduce
F(x) = erfe(x/ V2) /2 and define the model recovery fraction as

F(My . logg(r) = F (AJMV) v (Alogm(rh») | o
M

Oy

Here, AMy is the distance along the My axis from the transition
model of equation (8) for log;o(r,) < logio(rp) and Alogyo(ry) is the
distance along the log(ry,) axis for log () > logio(rp). om and o,
represent the width of the transition regions for these two parts of the
recovery fraction space, respectively.

With these definitions, the model has five parameters, (My jim,
logy0(ro), B, oM, and o), which we fit for in all the recovery fraction
spaces that we have calculated by minimizing residuals between
the model and the data in the 5-dimensional space. The red solid
lines in each panel of Fig. 5 show the line of 50 per cent recovery
fraction for the best fits and the error bars (o and o) represent the
interval between 16 per cent and 84 per cent detection fractions. The
parameters for best-fitting model are listed in Table A1-A3 in the
Appendix.

MNRAS 523, 876-886 (2023)

€20z AInr 01 uo Jesn SYND Aq 2€1.2G 1 2/928/1/€2G/dI01HE/SBIUW/WOD dNO"OlWSped.//:sd)y WOy papeojumoq


art/stad1352_f4.eps
art/stad1352_f5.eps

882 H.Quetal.

Fig. 6 summarizes the recovery fraction models in the size-
luminosity and surface brightness—luminosity planes, for field M
in different distance bins, and for the single- (dashed lines) and
double-exposure models (full lines). The horizontal and vertical error
bars denote the width of the transition region between full and no
detection, i.e. oy and o, from equation (9). We note that, as pointed
out by Doliva-Dolinsky et al. (2022), that the detection limits do
not follow lines of constant surface brightness, even for brighter
luminosity than the knee (right-hand panel), and should warn us
against using simple surface-brightness cuts to summarize dwarf
galaxy detection limits. It is likely the consequence of the complex
search algorithm and is a common feature of such procedures (e.g.
Drlica-Wagner et al. 2020).

We obtain similar results for the other two MW fields, L and H see
Figs A1, A2, and Fig. 7 presents a summary of the detection limits as
a function of distance for the three MW fields and the two exposure
configurations. In the top row of panels, My i, corresponds to the
vertical part of the models presented in Figs 5 and 6. In the bottom
row of panels, 250 1im 1S the value of the detection limit model at
a fixed radius? log,,(r,) = 250 pc. In all panels, the lighter/darker
coloured curve represents the detection limit for the single/double-
exposure mode. The shaded bands denote the width of the transition
region that was represented by error bars in Fig. 6. As expected,
changing integration times from 150 to 300s yields a small but
clear improvement to the detection limits, shifting them to ~0.5 mag
fainter. There is also a small impact of the MW contamination, with
My 1im moving to slightly fainter magnitudes as the Galactic latitude
increases. Similarly, 1250 1im Only marginally changes with latitude.
The artificial dwarf galaxies generated in this study are old and metal-
poor. Although we expect to find more dwarf galaxies with recent
star formation in the field of the Local Group, they are easier to
be identified from their young blue stellar populations. Therefore,
we quantify the detectability of the CSST using only the old dwarf
galaxies.

Fig. 8 compares the predicted CSST detection limits with the
properties of known Local Group satellites, including the lowest
surface brightness systems that were only recently discovered in the
deepest current survey, the Hyper Suprime-Cam Subaru Strategic
Program (HSC-SSP). These three satellites, Virgo I, Cetus III, and
Bodtes IV (Miyazaki et al. 2012; Homma et al. 2016, 2018) located
at D = 91kpc, 251 kpe, and 209 kpc and with My, = —0.3, —2.4,
and —4.5 are the typical kind of the systems that the CSST survey
should be able to uncover easily. These satellites are about 2 mag
fainter than the faintest dwarf galaxies discovered in the previous
generation of surveys (SDSS, DES, and Pan-STARRS). Even in the
case of M31, whose satellite dwarf galaxies were mainly discovered
in the data from the PAndAS survey that is deeper than these other
surveys, CSST should be able to uncover new systems that are fainter
than the currently known ones, further populating the faint end of
M31’s dwarf galaxy system.

For a more quantitative comparison, the detection limits of My jim
and fos501im are summarized in Table 3, with the assumption of
double exposures in the M field, at different distances. In particular,
if we compare those with the DES and Pan-STARRS detection
limits Drlica-Wagner et al. (2020), we find that, at the distance
of 400 kpc, the detection limits of these surveys that led to the
discovery of numerous satellites are My ji,, = —4.5 (DES; equiv-

2As mentioned above, the detection limits do not correspond to constant
surface brightness limits, hence the need to assume the size of a fairly typical
Local Group dwarf galaxy.

MNRAS 523, 876886 (2023)

alent to ~6 x 103Mgy) and —6.5 (PS1), while the CSST survey
should yield My jim, = —3.0 (equivalent to ~1.6 x 103 Mgy). At
this distance, the surface brightness limits reach )50 im = 29.9
mag arcsec > (DES) and 28.1 magarcsec™> (PS1), compared to
MU2s01im = 32.0magarcsec™? for CSST. In the case of the M31
satellites, we use our results for field L and 512-1024 kpc results
(M31 is located at b = —21.6° and D ~ 780kpc) for compari-
son with the detailed study of Doliva-Dolinsky et al. (2022) for
PAndAS. They find 250.1im > 30.0 mag arcsec™? in regions without
much contamination from M31’s stellar halo substructure, while
our analysis yields a slight improvement with (750 jim > 30.5 mag
arcsec™2.

Compared to other space-based telescope programs, e.g. Euclid
has similar survey depths, 26.2 for the visible band and 24.5 for
near-infrared bands (Euclid Collaboration 2022). Roman is designed
to reach almost 27 for infrared bands (Akeson et al. 2019). The filter
system design CSST has the narrowest bandwidth as well as the
bluest wavelength coverage. Compared the ground-based telescope
program, the Legacy Survey of Space and Time (LSST) has the
expected full depth of g ~ 27.4 after 10 yr of survey (Ivezi¢ et al.
2019). The CSST is less deep (g ~ 26.3) but has a better angular
resolution, which is critical to separate stars and galaxies from faint
sources. From all of the above, the designed CSST features are
competitive to search for old and metal-poor star populations from
dwarf galaxies. It will open the realm of efficient searches for dwarf
galaxies beyond the Local Group and should, for instance, enable the
discovery of very faint dwarf galaxies in the field. In the most distant
bin (1-2 Mpc) explored in this work, we predict that the detection
limits are My jim = —5.8 and 50 1im = 29.7 mag arcsec2 for the
CSST.

5 SUMMARY

In this work, we determine the detection limits of finding dwarf
galaxies within 2 Mpc with the upcoming wide photometric survey
that will be observed by the CSST. We estimate the completeness of
point-source detections and uncertainties in each photometric band
and use these to construct mock catalogues in the CSST bands of
artificial dwarf galaxies ingested in modelled MW foreground. From
the application of a well-established search algorithm, we calculate
the recovery fraction of dwarf galaxies in the (My, r,) space at
different distances ranging from 32kpc to 2Mpc. We show that
the CSST is able to push the frontier of dwarf galaxy searches and
detect fainter objects than currently known around the MW-M31
pair or, beyond, in the field. The surface brightness of most of the
known MW satellites is brighter than 32.0 mag arcsec™2, whereas
the CSST survey will open the realm of fainter systems, down to
Maso.1im ~ 33.0 mag arcsec™? within ~ 200 kpc. Around M31, the
detection limit can be slightly improved from 30.0 mag arcsec 2
(estimated for the PAndAS survey; Doliva-Dolinsky et al. 2022)
to ~30.5 mag arcsec™2. In a future project, we will use the detection
limits determined here to further predict the luminosity function we
can hope to measure within the CSST volume by modelling observed
satellite populations (Koposov et al. 2008; Drlica-Wagner et al. 2020)
from cosmological simulations (e.g. NIHAO; Wang et al. 2015).

As we move further away from the Local Group, the CSST survey
can still reach the detection limits of My jim = —6.0, K2s501im ~
29.5 mag arcsec ™ at the distance of 2 Mpc. It will provide us with the
opportunity to discover many field dwarf galaxies expected beyond
the sphere of influence of the Local Group. The planned survey has
a wide coverage of 17 500 deg? (42.4 per cent of the whole sky) that
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covers part of the northern sky, including M31, and overlaps with the
LSST in the South. From this joint effort in dwarf galaxy searches,
we will, for the first time, have a sample of low-mass dwarf galaxies
beyond the MW-M31 pair that can be directly compared to zoom-in
dwarf galaxy simulations (e.g. EDGE; Rey et al. 2019).
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Table 3. Detection limits for field M and the double-exposure

mode.

D (kpc) My Jim 14250,lim (mag arcsec™2)
32-64 1.0 33.2

64-128 0.3 335

128-256 —1.0 33.1

256-512 —3.0 32.1
512-1024 —49 30.6
1024-2048 —538 29.7

REFERENCES

Abazajian K. et al., 2003, AJ, 126, 2081

Abbott T. M. C. et al., 2018, ApJS, 239, 18

Akeson R. et al., 2019, preprint (arXiv:1902.05569)

Bechtol K. et al., 2015, ApJ, 807, 50

Bertin E., Arnouts S., 1996, A&AS, 117, 393

Bovill M. S., Ricotti M., 2009, ApJ, 693, 1859

Bovill M. S., Ricotti M., 2011, ApJ, 741, 17

Bressan A., Marigo P., Girardi L., Salasnich B., Dal Cero C., Rubele S., Nanni
A., 2012, MNRAS, 427, 127

Bullock J. S., Boylan-Kolchin M., 2017, ARA&A, 55, 343

Bullock J. S., Johnston K. V., 2005, ApJ, 635, 931

Cao Y. etal., 2018, MNRAS, 480, 2178

Chambers K. C. et al., 2016, preprint (arXiv:1612.05560)

Doliva-Dolinsky A. et al., 2022, ApJ, 933, 12

Drlica-Wagner A. et al., 2015, ApJ, 813, 109

Drlica-Wagner A. et al., 2020, ApJ, 893, 47

Euclid Collaboration, 2022, A&A, 662, A112

Gong Y. et al., 2019, ApJ, 883, 203

Goérski K. M., Hivon E., Banday A. J., Wandelt B. D., Hansen F. K., Reinecke
M., Bartelmann M., 2005, ApJ, 622, 759

Homma D. et al., 2016, ApJ, 832, 21

Homma D. et al., 2018, PASJ, 70, S18

Homma D. et al., 2019, PASJ, 71, 94

MNRAS 523, 876886 (2023)

Ivezi¢ Z. et al., 2019, ApJ, 873, 111

Kirby E. N., 2009, PhD thesis, Univ. California

Koposov S. et al., 2008, ApJ, 686, 279

Koposov S. E., Belokurov V., Torrealba G., Evans N. W., 2015, ApJ, 805,
130

Lacey C., Cole S., 1993, MNRAS, 262, 627

Laevens B. P. M. et al., 2015a, ApJ, 802, L18

Laevens B. P. M. et al., 2015b, ApJ, 813, 44

Martin N. F. et al., 2013, ApJ, 772, 15

McConnachie A. W. et al., 2018, ApJ, 868, 55

Mau S. et al., 2020, ApJ, 890, 136

Miyazaki S. et al., 2012, in McLean I. S., Ramsay S. K., Takami H., eds,
SPIE Conf. Ser. Vol. 8446, Ground-based and Airborne Instrumentation
for Astronomy IV. SPIE, Bellingham, p. 9

Pang X.-Y., Olczak C., Guo D.-F,, Spurzem R., KotullaR., 2016, Res. Astron.
Astrophys., 16, 37

Phillips J. I., Wheeler C., Cooper M. C., Boylan-Kolchin M., Bullock J. S.,
Tollerud E., 2015, MNRAS, 447, 698

Rey M. P, Pontzen A., Agertz O., Orkney M. D. A., Read J. L., Saintonge A.,
Pedersen C., 2019, AplJ, 886, L3

Robin A. C., Reylé C., Derriere S., Picaud S., 2003, A&A, 409, 523

Sharma S., Bland-Hawthorn J., Johnston K. V., Binney J., 2011, ApJ, 730, 3

Sharma S. et al., 2019, MNRAS, 490, 5335

Simon J. D., 2019, ARA&A, 57, 375

Spergel D. et al., 2015, preprint (arXiv:1503.03757)

Vogelsberger M. et al., 2014, MNRAS, 444, 1518

Wallner O., Ergenzinger K., Tuttle S., Vaillon L., Johann U., 2017, in SPIE
Conf. Ser. Vol. 10565, EUCLID Mission Design. SPIE, Bellinghaum, p.
122

Walsh S. M., Jerjen H., Willman B., 2007, ApJ, 662, L83

Walsh S. M., Willman B., Jerjen H., 2009, AJ, 137, 450

Wang L., Dutton A. A., Stinson G. S., Maccio A. V., Penzo C., Kang X.,
Keller B. W., Wadsley J., 2015, MNRAS, 454, 83

Zhan H., 2011, Sci. Sin. Physica, Mechanica and Astronomica, 41, 1441

APPENDIX A: MODEL PARAMETERS

€20z AINF 01 uo Jasn SUND Aq Z€ 1261 2/928/1/£ZG/2101ME/SBIUW/WOD dNO"DlWSpEedE//:Sd)Y W4 papeojumoq


art/stad1352_f8.eps
http://dx.doi.org/10.1086/378165
http://dx.doi.org/10.3847/1538-4365/aae9f0
http://arxiv.org/abs/1902.05569
http://dx.doi.org/10.1088/0004-637X/807/1/50
http://dx.doi.org/10.1051/aas:1996164
http://dx.doi.org/10.1088/0004-637X/693/2/1859
http://dx.doi.org/10.1088/0004-637X/741/1/17
http://dx.doi.org/10.1111/j.1365-2966.2012.21948.x
http://dx.doi.org/10.1146/annurev-astro-091916-055313
http://dx.doi.org/10.1086/497422
http://dx.doi.org/10.1093/mnras/sty1980
http://arxiv.org/abs/1612.05560
http://dx.doi.org/10.3847/1538-4357/ac6fd5
http://dx.doi.org/10.1088/0004-637X/813/2/109
http://dx.doi.org/10.3847/1538-4357/ab7eb9
http://dx.doi.org/10.1051/0004-6361/202141938
http://dx.doi.org/10.3847/1538-4357/ab391e
http://dx.doi.org/10.1086/427976
http://dx.doi.org/10.3847/0004-637X/832/1/21
http://dx.doi.org/10.1093/pasj/psx050
http://dx.doi.org/10.1093/pasj/psz076
http://dx.doi.org/10.3847/1538-4357/ab042c
http://dx.doi.org/10.1086/589911
http://dx.doi.org/10.1088/0004-637X/805/2/130
http://dx.doi.org/10.1093/mnras/262.3.627
http://dx.doi.org/10.1088/2041-8205/802/2/L18
http://dx.doi.org/10.1088/0004-637X/813/1/44
http://dx.doi.org/10.1088/0004-637X/772/1/15
http://dx.doi.org/10.3847/1538-4357/aae8e7
http://dx.doi.org/10.3847/1538-4357/ab6c67
http://dx.doi.org/10.1088/1674-4527/16/3/037
http://dx.doi.org/10.1093/mnras/stu2192
http://dx.doi.org/10.3847/2041-8213/ab53dd
http://dx.doi.org/10.1051/0004-6361:20031117
http://dx.doi.org/10.1088/0004-637X/730/1/3
http://dx.doi.org/10.1093/mnras/stz2861
http://dx.doi.org/10.1146/annurev-astro-091918-104453
http://arxiv.org/abs/1503.03757
http://dx.doi.org/10.1093/mnras/stu1536
http://dx.doi.org/10.1086/519684
http://dx.doi.org/10.1088/0004-6256/137/1/450
http://dx.doi.org/10.1093/mnras/stv1937
http://dx.doi.org/10.1360/132011-961

Dwarf galaxy detection with CSST 885

Table A1. Model parameters of detectivity distribution in L field.

D (kpe) My Jim logio(ro) B oM or

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 —5.23 253 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 —491 2.47 0.45 0.78 0.20
1024-2048 —5091 2.82 0.41 0.69 0.21

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

D (kpe) My jim  logio(ro) B oM ot

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) My 1im logio(ro) B oM o

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