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ABSTRACT

In this paper, we set out to construct a set of reference mock galaxy redshift surveys (MGRSs) for the future Chinese Space-
station Survey Telescope (CSST) observation, where subsequent survey selection effects can be added and evaluated. This set of
MGRSs is generated using the dark matter subhaloes extracted from a high-resolution Jiutian N-body simulation of the standard
lambda-cold dark matter cosmogony with €2,, = 0.3111, 2, = 0.6889, and g = 0.8102. The simulation has a box size of
1 h~'Gpc, and consists of 61443 particles with mass resolution 3.723 x 108 2~'Mg,. In order to take into account the effect
of redshift evolution, we first use all 128 snapshots in the Jiutian simulation to generate a light-cone halo/subhalo catalogue.
Next, galaxy luminosities are assigned to the main and subhalo populations using the subhalo abundance matching (SHAM)
method with the DESI (Dark Energy Spectroscopic Instrument) z-band luminosity functions at different redshifts. Multiband
photometries, as well as images, are then assigned to each mock galaxy using a 3D parameter space nearest-neighbour sampling
of the DESI LS (Legacy Imaging Survey) observational galaxies and groups. Finally, the CSST and DESI LS survey geometry
and magnitude limit cuts are applied to generate the required MGRSs. As we have checked, this set of MGRSs can generally
reproduce the observed galaxy luminosity/mass functions within 0.1 dex for galaxies with L > 108 42 Ly (or M, > 1033 h"?M,,)
and within 1o level for galaxies with L < 103 42 Ly (or M, < 1083 h2 Mg). Together with the CSST slitless spectra and
redshifts for our DESI LS seed galaxies that are under construction, we will set out to test various slitless observational selection
effects in subsequent probes.

Key words: methods: statistical — galaxies: haloes — dark matter —large-scale structure of Universe.

1 INTRODUCTION

Galaxies are thought to be formed and located within dark mat-
ter haloes. The distribution of galaxies thus contains important
information about the large-scale structure (LSS) of the matter
* E-mail: guyizhou@sjtu.edu.cn (YG); xyang @sjtu.edu.cn (XY) distribution. Over the past few decades, large galaxy redshift surveys
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have revolutionized our understanding of the cosmos by providing
comprehensive maps of the distribution of galaxies across a large
range of cosmic scales. Pioneering surveys like the Two-Degree
Field Galaxy Redshift Survey (Colless et al. 2001) and the Sloan
Digital Sky Survey (York et al. 2000) have been instrumental in
charting the positions and redshifts of millions of galaxies, enabling
precise measurements of their clustering patterns. These surveys,
complemented by more recent endeavours such as the Dark Energy
Survey (DES; Abbott et al. 2018), the Extended Baryon Oscillation
Spectroscopic Survey (Dawson et al. 2016) and the ongoing Dark
Energy Spectroscopic Instrument (DESI; DESI Collaboration 2016),
have significantly advanced our understanding of cosmic structure
and evolution.

Through the statistical analysis of galaxy clustering in these
surveys on both large and small scales, researchers have been able to
extract crucial cosmological parameters, refine models of dark matter
and dark energy, and unveil the imprint of primordial fluctuations
that shaped the LSS of the universe (e.g. Hawkins et al. 2003;
Yang et al. 2004; Percival et al. 2007; Shi et al. 2018; Alam et al.
2021; Hang et al. 2021; Abbott et al. 2022; Xu et al. 2023a). In
addition to these cosmological probes, the clustering of galaxies,
especially on small scales has also been used to infer the galaxy—
halo connections, which significantly enhanced our understanding
of the galaxy formation processes (e.g. Dressler 1980; Jing, Mo &
Borner 1998; Berlind & Weinberg 2002; Yang, Mo & van den Bosch
2003; Conroy, Wechsler & Kravtsov 2006; Skibba & Sheth 2009;
Leauthaud et al. 2012; Yang et al. 2012; Rodriguez-Puebla et al.
2015; Rodriguez-Torres et al. 2016; Xu et al. 2018, 2023b; Gao et al.
2022; Li et al. 2022; Zacharegkas et al. 2022).

In addition to those ground-based large galaxy redshift surveys,
there are a number of space endeavours that pursue the LSS studies
of galaxies. Among these efforts, the Euclid aiming at observing
galaxies in 1/3 of the sky has recently obtained its very first image
(Laureijs et al. 2011). The Roman telescope aiming at observing
galaxies in a redder wavelength with smaller sky coverage is
supposed to launch in 2027 (Akeson et al. 2019). The Chinese
Space-station Survey Telescope (CSST) is planned to conduct galaxy
observations covering ~ 17 500 deg?, which would provide unprece-
dented data for exploring the Universe (Zhan 2011, 2021; Cao
et al. 2018; Gong et al. 2019). All these endeavours have proposed
both photometric imaging and slitless spectroscopic observations.
However, unlike the ground fibre-fed spectroscopic redshift surveys,
the slitless spectroscopic observations suffer more significantly from
various contamination and incompleteness, especially caused by
the overlapping of spectra along the dispersed directions. These
selection effects will significantly impact the accurate measurement
and interpretation of galaxy clustering.

Mock galaxy redshift surveys (MGRSs) thus play a pivotal role in
understanding and interpreting observed galaxy clustering patterns,
with the existence of selection effects and observational errors. These
synthetic surveys, constructed from large N-body simulations, mimic
the distribution of galaxies in the universe based on theoretical
models and input cosmological parameters. By adding various kinds
of selection effects into the MGRSs, we will be able to assess on what
level the clustering patterns are affected by observations and on what
level can we recover the true input values both in cosmology and
galaxy formation framework (e.g. Yang et al. 2004; Guo, Zehavi &
Zheng 2012; Ross et al. 2012; Etherington & Thomas 2015; Malavasi
et al. 2016; Smith et al. 2019; Mohammad et al. 2020; Miao et al.
2023). In addition to these, by comparing the statistical properties of
mock surveys to future real observational data, one can validate the
accuracy of their analysis techniques, test the reliability of various
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statistical measurements, and make more accurate model constraints
(e.g.Rossetal. 2017; Wang et al. 2020; Yu et al. 2022). Via emulator,
such kind of efforts have also been applied to the pre-researches
for the Roman mission in recent works (e.g. Zhai et al. 2019,
2021a,b).

In this work, we set out to construct a set of large MGRSs that can
be obtained by an ideal spectroscopic survey, with redshift 0 < z < 1
and a magnitude limit m, < 21. This work serves as the benchmark
for subsequent studies of various CSST observation selection effects.
Here, we first make use of the large Jiutian N-body simulation suite by
constructing the light-cone catalogues of halo/subhalo for our study.
Then, a z-band galaxy luminosity is assigned to each subhalo using
the subhalo abundance matching method (SHAM) to reproduce the
observed luminosity functions (LFs) based on DESI One-per cent
survey (DESI 1 percent).! Each galaxy in the light-cone catalogues
will be matched to the closest galaxy in the DESI observation in
the 3D parameter space of redshift, luminosity, and dark halo mass
from the group catalogue. The application of 3-D parameter space
samplings enables the provision of other photometric properties be-
sides luminosity assigned by SHAM and allows the use of multiband
images. After implementing the survey geometry and magnitude
limit cuts for CSST observation, as well as the foreground mask,
the reference MGRSs and their group catalogues are constructed.
Finally, we present some measurements of the MGRS with the set
of spectroscopic redshifts, including the LFs, stellar mass functions
(SMFs), and conditional luminosity functions (CLFs) for galaxies,
to demonstrate the consistency and difference between the MGRSs
and DESI observations.

The layout of the paper is organized as follows. In Section 2,
the Jiutian simulation and DESI observation data are described. In
Section 3, we briefly describe the methodology of building light-
cone and populating galaxies. In Section 4, the survey geometry and
magnitude cuts are applied. Section 5 provides some tests on the
mock catalogue, compared with the measurements from the DESI
galaxy catalogue. Our conclusion and future outlook are summarized
in Section 6.

2 THE SIMULATION AND OBSERVATION DATA

Our CSST MGRS pipeline has a number of options that one can
choose from, including different simulation input halo and subhalo
catalogues, different (band) observational data to be reproduced, etc.
(Yang et al. in preparation). Here, we focus on our fiducial choices
in the pipeline.

2.1 Jiutian simulations

The fiducial simulation we use to construct our mock catalogue is
one high-resolution N-body simulation from the Jiutian simulation
suite. The Jiutian suite is a series of N-body simulations designed
to meet the science requirement for the CSST optical surveys (Zhan
2011; Cao et al. 2018). It consists of four subsets of simulations:
main runs targeting the concordance cosmology, extension runs
with various non-standard cosmologies, emulator runs covering a
wide cosmological parameter space, and constrained runs aiming
to reproduce the actual observed LSS. The main runs contain three
high-resolution dark-matter-only simulations run under the Planck-
2018 cosmology (Planck Collaboration VI2020), with €23, =0.3111,
Q2,5 = 0.6889, @2, = 0.0490, 03 = 0.8102, and n, = 0.9665. These

Uhttps://data.desi.lbl.gov/doc/glossary/#sv3
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simulations are run with 61443 particles each, in three different
periodic boxes of 0.3, 1, and 2 A~!'Gpc per side, respectively. The
simulation used in this work is the 1 4~'Gpc run, with a particle
mass of m, = 3.723 x 108 h~'Mg, run with the GADGET-3 code
(Springel, Yoshida & White 2001; Springel 2005). The simulation
starts at an initial redshift of z = 127 and outputs 128 snapshots to
z=0.

Dark matter haloes are identified with the friends-of-friends (FOF)
algorithm (Davis et al. 1985) with a linking length of 0.2 times the
mean interparticle separation. These haloes are further processed
with the new implementation of the Hierarchical Bound-Tracing
code (HBT + ; Han et al. 2012, 2018)? to identify subhaloes and their
evolution histories. HBT + is a time-domain subhalo finder and tree
builder that works by tracking the evolution of each halo throughout
the simulation. It identifies the descendant of a halo at every snapshot
as either an individual halo or a subhalo. The minimum number
of particles in subhalo is set to 20. The corresponding minimum
halo mass is estimated to be approximately 7.5 x 10° 4~'My. When
a subhalo is no longer resolved, it keeps track of its most-bound
particle. As a result, it produces high-quality subhalo catalogues that
are free from many common pitfalls associated with halo-finding (e.g.
Muldrew, Pearce & Power 2011; Srisawat et al. 2013; Behroozi et al.
2015). Additionally, it provides a robust and physically consistent
merger tree.

In literature, there have been quite a number of different halo and
subhalo properties being used to generate galaxies with different
properties (Reddick et al. 2013, and reference herein). Here, we
focus on two sets of data that are typically used in recent years:
the subhalo mass and the maximum circular velocity of the subhalo.
It is expected that galaxy properties should be strongly correlated
with their mass before the infall (or strip) occurs. For the subhaloes
which are supposed to be associated with satellite galaxies, we use
the peak mass over its entire history determined by the HBT + code
for our studies (Han et al. 2018). The reason is that, in comparison
to the mass of surviving subhaloes, satellite galaxies overall suffer
less from the disruption effect than the subhaloes.

In the upper panels of Fig. 1, we show the host halo mass functions
(MFs, left panel), peak MF of main halo (middle panel), and peak
MF of subbhalo (right panel) for the Jiutian simulation at different
redshifts as specified in the left panel. The velocity dispersion
functions of host halo (left), the maximum circular velocity functions
(middle) of main halo and subhalo (right) are given in the bottom
panels of Fig. 1. For comparison, we also plot in panel (a) using
dashed lines the analytical halo MFs predicted by Sheth & Tormen
(1999). Overall, the host halo MFs agree with these theoretical
predictions quite well in all redshift ranges. The peak MF of the
main halo is calculated using the most massive subhalo at a given
host halo.

2.2 DESI observational data

For our fiducial observational data, we make use of the currently
largest photometric redshift survey, DESI Legacy Imaging Surveys
Data Release 9 (LS DR9Y), and DESI 1 percent survey to guide
the MGRS construction. The DESI LS DR9 provides the imaging
in g/r/z bands with 50 depth of 24.7/23.9/23.0 (Dey et al. 2019,
and references therein). It consists of three independent optical
surveys: the Beijing-Arizona Sky Survey (BASS), the Mayall z-band
Legacy Survey (MzLS), and the DECam Legacy Survey (DECaLS).

Zhttps://github.com/Kambrian/HBTplus
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It is worth mentioning that although the raw data of LS were
obtained from different sets of photometric systems (BASS/MzLS
and DECals), the data provided by LS DR9 were reprocessed using
the same pipeline and calibrated to be consistent with each other
(see Dey et al. 2019, for details). The data release also include near-
infrared data from the 6-yr imaging of WISE (Wide-field Infrared
Survey Explorer), with 5o depth of 20.7 and 20.0 in the 3.4 and 4.6
pm WISE bands (W1 and W2, see Wright et al. 2010). DESI 1 per cent
survey is the spectroscopic survey, which is part of the DESI Early
Data Release (DESI Collaboration 2023). DESI 1 per cent survey
contains 20 non-overlapping subfields, also referred to as ‘rosettes’,
covering ~ 175 deg? in total. Each subfield was observed at least
12 times to ensure a fibre assignment completeness of at least 95
per cent.

The galaxy catalogue of m, <21 and 0.0 < z < 1.0 is cut out from
the observational data of LS DR9. The redshift of each galaxy is
taken from the random-forest-algorithm-based photometric redshift
estimation from Zhou et al. (2021), with a typical redshift error of
o,/(1 4+ z) ~ 0.02. To ensure the redshift information is as accurate
as possible, a small fraction of the redshifts have been replaced by
the spectroscopic redshifts taken from other surveys. The galaxy
catalogue has removed the area within galactic latitude |b| < 25°
to avoid the regions of higher stellar density. In addition, galaxies
with the point spread function morphologies and close to the sources
of contamination (bright star, large galaxy, and globular cluster) are
also removed (see more detail in Yang et al. 2021).

The extended halo-based group finder developed by Yang et al.
(2005a) is applied to the galaxy catalogue from imaging Surveys
(Yang et al. 2021). Every galaxy is assigned to a unique group and is
identified as central or satellite. The group catalogue was originally
constructed using the DESI Legacy Survey Data Release 8. In this
work, we have updated it to LS DR9 with additional ~ 3 per cent
spectroscopic redshifts incorporated. The group catalogue totally
contains ~100 million groups with ~120 million galaxy members
having five-band photometries (g, r, z, W1, W2), with a sky coverage
of ~18 200 deg?. In terms of photometry, LS DR9 does not incorpo-
rate many new observations. Instead, the main improvement is the
reduction techniques and procedures.

The galaxy LFs we utilize to construct the MGRSs are very close to
the LFs obtained in the recent study by Wang et al. (2023), which are
mainly based on the DESI BGS-BRIGHT galaxies (Hahn et al. 2023).
In that work, the measurements of LFs are divided into three redshift
intervals (Az = 0.2) up to z = 0.6, and the K-corrections (Blanton &
Roweis 2007) are applied to shift the redshifts to 0.1, 0.3, and 0.5,
respectively. Compared with the measurements in Wang et al. (2023),
the primary difference in our measurements up to z = 1.0 is that we
adopt an average K-correction band-shifted to the redshift of z = 0.5.
The analytic function of the average K-correction of z-band we adopt
is taken from Yang etal. (2021), which can be described by: K23(z) =
0.73z%> — 0.54z — 0.33. Similarly, the average K-correction of the
r-band is given by the formula: K%3(z) = 2.01z% — 0.36z — 0.74.
According to Willmer (2018), the Sun’s absolute magnitudes are
4.61 in the r and and 4.5 in the z band.

Following Wang et al. (2023), 19 rosettes out of 20 in the
DESI 1 percent Survey are used to calculate LFs. The excluded
one is centred in the Coma Cluster, which could potentially in-
troduce bias into the LFs. As the total number of overlapping
tiles decreases in these regions, the outer region of rypfiea >
1.45 deg of each subfield is also cut out, where rgpgeiq 1S defined

3https://data.desi.Ibl.gov/doc/releases/edr/#coverage-area
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Figure 1. Upper panels: the MFs of host halo and the peak MFs of both main halo and subhalo; the dashed lines are the halo MFs predicted using the Sheth &
Tormen (1999) model for the Planck-2018 cosmology at different redshifts. Bottom panels: the velocity dispersion functions and the maximum circular velocity

functions, similar to the upper panels.

as the radius from the centre of each rosette. As a result, the
magnitude-limited sample with m,; < 19 (or m, < 19.5) has
more than 95.0 per cent spectroscopic completeness. Henceforth, this
sample will be denoted as ‘DESI 1 percent’. When calculating
LFs, each galaxy is assigned a weight to take into account the
Malmquist bias using the standard V., approach. The redshift
incompleteness is corrected by the application of the magnitude-
and sector-dependent upweighting. In our case, the redshifts of
most galaxies are spectroscopic redshifts, which are considered to
be reliable. Though a very small portion of galaxies only have
photometric redshifts, they are given through photometric data
from the full five bands (g, r, z, W1, W2). These galaxies with
photometric redshifts only are not used for LF measurements, but
are used in the group finding. Within each sector defined by HEALPIX
(Gorski et al. 2005), the ratio of the total number of galaxies to
the number of galaxies with reliable redshifts as a function of
apparent magnitude is calculated for upweighting. Due to the high
completeness of DESI 1 per cent, the incompleteness correction has
a minimal impact on the results. The galaxy LFs of DESI 1 per cent
in a few redshift bins are used to assign the luminosity of galaxies
via the SHAM technique (see Section 3.2 for more details) in this
work.

As an illustration, in Fig. 2, we show the total, central and satellite
LFs of DESI 1 per cent colour-coded by three redshift bins, 0.0 < z
< 0.33,0.33 < 7 < 0.67, and 0.67 < z < 1.0, respectively. Here, we
do not see much evolution in the LFs as a function of redshift.

MNRAS 529, 4015-4027 (2024)

3 POPULATE SUBHALOES WITH GALAXIES

In this section, we describe the details of the algorithms for populat-
ing subhaloes with mock galaxies containing different observational
properties.

3.1 Constructing subhalo light-cone catalogues

To properly take into account the structure evolution effect in our
MGRS, itis necessary for us to consider subhalo evolution at different
redshifts. In our pipelines, we have two input subhalo options: (1)
subhalo catalogues outputed at different snapshots/redshifts; and (2)
the constructed subhalo light-cone catalogue.

In option (1), we only use subhaloes at different snapshots, the
related light-cones are built in the following steps. First, an observer
is placed at a reference location in the origin box, and the boxes are
replicated periodically to fill out the entire space (Blaizot et al. 2005).
The shell-like subhalo light-cone catalogue is directly assembled
from the snapshots, with each shell being spliced together in a
sequential manner (e.g. Wang et al. 2022a). The properties of the
subhalo in the related snapshot are then used to produce a light-
cone catalogue of subhalo. In this case, we do not perform any
interpolation of galaxy positions or other properties. Here, we have
used the halo IDs to avoid repeated haloes (galaxies) at the interfaces
of the joining snapshots in shells (e.g. Smith et al. 2022).

In option (2), we can use the subhalo light-cone catalogue that
has been constructed. The interpolated subhalo light-cone catalogue
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can be pre-built. For example, the trace of each subhalo can be
reconstructed according to the position and velocity at different
snapshots (e.g. Merson et al. 2013). The specific time at which
the subhalo will be observed can be pinpointed by solving a light-
cone equation. The subhalo properties at this specific time are then
calculated. In this way, the properties of the subhalo evolve smoothly
over time and are more closely aligned with their actual values,
regardless of their spatial location.

In this work, the subhalo light-cone catalogue is constructed using
option (1). The Jiutian simulation was evolved from z = 127 to 0
with 128 snapshots. To make spherical shells, we use 46 snapshots
from no. 127 (z = 0) to no. 82 (z = 1.03). Meanwhile, the mock
catalogue, which utilizes the cubic interpolated subhalo light-cone
catalogue mentioned above, will be presented soon under option (2).

3.2 Subhalo abundance matching

To construct our mock galaxy catalogues, there are different options
in our pipeline, for example, using a CLF/CSMF modelling, the
SHAM technique, and the extended SHAM, etc. (Yang et al. in
preparation). Here, we use the standard SHAM method to assign
galaxy properties in their respective subhaloes.

SHAM is an empirical methodology employed to establish a con-
nection between the properties of galaxies and their corresponding
haloes (Kravtsov et al. 2004; Vale & Ostriker 2004; Conroy et al.
2006; Yang et al. 2012; Wechsler & Tinker 2018). This is achieved by
postulating a correlation between galaxy and halo properties, with an
inherent degree of scatter. Utilizing this approach, the number density
and LF (or alternatively, the SMF) of a specific galaxy sample can
be accurately reproduced.

In this paper, we use the z-band cumulative galaxy LFs measured
from DESI 1 per cent and the cumulative subhalo MFs measured from
the peak mass of all the subhaloes, including central and satellite ones

to link galaxies with dark matter subhaloes. Here, we use 6 redshift
bins to calculate the cumulative LFs, and then use interpolation to
obtain the cumulative LF at the subhalo redshift for our abundance
matching. Note that because of the magnitude cut, the LFs at the
faint end especially at higher redshifts are truncated. To properly
account for those missing fainter galaxies, we have extrapolated the
LFs in higher redshift bins using the ones measured in the successive
lower redshift bins. To reduce the cosmic variance, we use all the
subhaloes in the closest snapshot to calculate the cumulative subhalo
MFs. A tentative z-band luminosity is assigned to each galaxy after
the subhalo mass versus luminosity abundance matching. In order to
take into account the scatter in the luminosity—subhalo mass relation,
a scatter in the z-band luminosity, ojg,) = 0.15 dex (e.g. Yang, Mo
& van den Bosch 2008), is added to each galaxy.

We show in Fig. 2 the z-band galaxy LFs measured from our
MGRS for all, central, and satellite galaxies using shallow regions in
three redshift bins, 0.0 < z < 0.33, 0.33 < z < 0.67, and 0.67
< z < 1.0, respectively. Here, central and satellite galaxies are
those associated with main haloes and subhaloes. Our MGRS can
generally reproduce the observed galaxy LFs within 0.1 dex for
galaxies with LS'S > 108 h~%Lg and within 1o level for galaxies
with L3 < 10® h=?Lg,. The nearly perfect agreement between the
LFs for all galaxies in observation and MGRS is rather expected
because of the nature of SHAM. However, the LFs for central and
satellite galaxies are not guaranteed. Compared to the LFs for central
and satellite galaxies obtained from the DESI 1 per cent, decomposed
by the halo-based group finder, we see they show overall good
agreements. Only at the faint end with luminosity L. < 10° h—2L,
the satellite galaxies tend to exhibit some discrepancies. This discrep-
ancy can be induced by different galaxy—halo connections between
the MGRSs and DESI observations, or the contamination when group
finding. The overall agreement indicates that the peak mass of all the
subhaloes is indeed a fair tracer for the galaxy properties of the
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bright galaxies. The agreement indicates that central and satellite
galaxies follow almost the same luminosity—peak mass relation for
bright galaxies, which is expected if the central luminosity—peak
mass relation evolves weakly over redshift (e.g. Wang & Jing 2010).
Regarding the fainter galaxies, their properties might be affected by
the more complex physics related to the fact of being satellites. We
will come back to this point in a subsequent study with a modified
SHAM model (Xu et al. in preparation).

3.3 Assigning galaxy properties using 3D parameter space
samplings

As the main purpose of this work is to provide a reference MGRS
with sufficient information that can be used to test the selection
effects of CSST slitless spectroscopic observations, we use galaxies
in the DESI LS observations as our seed catalogue which contain
various kinds of properties including the multiband photometries,
stellar masses, star formation rates (SFRs), the shapes and images,
and part of spectra if available, etc.

Recent studies have shown that galaxy properties, for example,
colours and quenching fractions are mainly correlated with the
intrinsic properties, for example, SFRs, stellar mass, luminosities,
and external environments, for example, the halo mass of galaxies
(e.g. Baldry et al. 2006; Peng et al. 2010; Wang et al. 2018; Katsianis
et al. 2023), and will evolve with redshift. In order to make a direct
link between the mock galaxies and the observed galaxies, we match
them in a 3D parameter space using the following three essential
parameters. The first parameter is redshift, which is necessary due to
the evolving galaxy properties as cosmic time. The second parameter
is z-band luminosity, which is chosen because luminosity (or stellar
mass) is found to be strongly correlated with other galaxy properties,
providing a link with intrinsic physics. The third parameter is halo
mass, used as a tracer of the external environment. Here, the halo
mass in the LS DRO is obtained by Yang et al. (2021) using an
adaptive halo-based group finder. It is shown that both central and
satellite galaxies exhibit similar correlations of quenching efficiency
with halo and stellar mass (Wang et al. 2018). This suggests that
they have undergone similar quenching processes within their host
halo. Therefore, we do not make a distinction between central and
satellite galaxies when assigning galaxy properties. We employ the
nearest neighbor matching between the galaxies in the MGRS and
LS DR9 in the 3D parameter space, z|log L,|log M;. To properly
sample the 3D parameter space, for luminosity and halo mass, we
use their log values divided by a factor of 4 to make the match.
Note that even without this rescaling, the results are not significantly
impacted. In this way, every mock galaxy is matched with one galaxy
in the observations so that we can assign the properties of observed
galaxies to the mock galaxies.

Going beyond the derived galaxy properties, the images of LS
DRO can be also assigned to the mock galaxies. To illustrate this,
we construct the mimic images of the haloes in the mock catalogue
following the two main steps described below.

(1) Build source image library: the first step is to generate a source
image library. Based on the celestial coordinates of each galaxy in
the LS DR9, we download the image cutout from the LS data server,
where the pixel size is 0.262 arcsec. Using the PHOTUTILS package
(Bradley et al. 2023), we separate the pixels of each cutout into three
distinct sets: the primary object, other sources, and the background.
We store the primary object linked with the related galaxy to build
the source image library. The background image around each galaxy
is also kept in the library.
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(ii) Make the mock image: next, according to the mock galaxy
catalogue, we start from galaxies with the highest to lowest redshift
to insert object images. For a given sky region, we construct the blank
image with the World Coordinate System (Calabretta & Greisen
2002), where the pixel size is the same as the image cutouts. For
each mock galaxy, we pick the object image of the matched LS DR9
galaxy from the image library. Note that since our mock galaxy has
very similar redshift and luminosity as the LS source galaxy, we do
not need to make additional adjustments. We insert the source galaxy
image according to the celestial coordinate of the mock galaxy. After
all the galaxy images are inserted, the remaining pixels, which are
not been assigned values yet, are considered to be dominated by
noise. These pixels are filled with values sampled from the set of
background pixels near the source galaxy.

Here, we do not include the images of stars, which if necessary
will be added for specific purposes. Fig. 3 shows the mimic images
around haloes of different masses at different redshifts, with member
galaxies marked by small red circles. As a comparison, the observed
images of the DESI LS groups/clusters extracted from the DR9 group
catalogue are also given. The foreground and the background of the
observed images seem more complex. Itis due to the cut of magnitude
and redshift in the mock catalogue. The mimic LS-like image suc-
cessfully reproduces the diverse galaxy distribution and multiband
morphology within various dark matter haloes. Such kind of realistic
images are instrumental in the more comprehensive modelling of
slitless spectroscopic observations, involving overlapping spectra.
This will enable us to provide substantial constraints on the selection
effects of slitless spectroscopic redshift surveys.

In terms of the stellar mass of galaxies, there is one interesting
feature in our MGRS. As we are using the maximum mass of the
subhaloes during their evolution pass to assign galaxy luminosities,
there are some rare cases ~2000 galaxies (comprising approximately
130 million entries) whose stellar mass is larger than the survived
subhalo mass. These objects thus show up as dark matter deficient
galaxies. However, it should be noted that this prediction assumes
the stellar mass is not stripped after infall according to the abundance
matching model, which may not be true for severely stripped
subhaloes.

4 THE CONSTRUCTION OF MGRS AND THE
GROUP CATALOGUE

In this section, we construct the MGRSs with realistic survey
geometries as well as group catalogues for the CSST and DESI
LS observations.

4.1 The footprints of CSST and DESI LS

The CSST optical survey* plans to produce an unprecedented joint
wide survey of ~17 500 sq deg for both the photometric and slitless
spectroscopic surveys. There are seven bands (NUV, u, g, r, i, z, and
y) in the photometric imaging survey, and three wide bands (GU, GV,
and GI) in the slitless spectroscopic survey (Gong et al. 2019; Zhan
2021). The footprints of CSST wide surveys are bounded by |8]| >
23.43° in ecliptic coordinates and |b| > 15° in Galactic coordinates.

We use the HEALPIX tool (Gorski et al. 2005; Zonca et al. 2019) to
map the footprint of the MGRS. It can divide the spherical surface
into subdivisions which each subdivision covers the same surface

“http://www.nao.cas.cn/csst/
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Figure 3. The comparison between the mimic images of halo in the mock catalogue (upper) and the observed images of DESI clusters (bottom). The halo
masses are 10'2, 10'3, 10'*, and 10" h~'"Mg, from left to right. We have circled the member galaxies with circles except for the panels (d) and (h) due to the

too much overlap.

area as every other subdivision. We set the parameter nside = 256,
which corresponds to 5.246 x 10~2deg? per subdivision. The DESI
LS DRO footprint is defined as the summary of the subdivisions which
includes any object in the galaxy catalogue, as detailed in Section 2.2.
This DESI LS DR9 footprint covers approximately 18350 deg? of
the sky. It is also important to note that regions near the galactic
plane with high stellar density, specifically where |b| < 25°, have
been excluded from the footprint.

In addition to these survey geometry cuts, we also apply the
foreground mask to our MGRSs. The foreground sources include
globular clusters, planetary nebulae, nearby large galaxies, and Gaia
stars with G < 16. The detailed parameters of masking geometry are
provided by the external catalogues of LS DR9 used for masking.’
For foreground large galaxies, a mask with elliptical geometry
is applied. Overall, an area of 938 sq deg is masked within the
footprints. About 5 per cent of galaxies in the MGRS will be removed
by applying the foreground mask.

Fig. 4 gives a brief summary of the geometry of the DESI LS
and CSST surveys. Besides what was mentioned above, we did not
apply any other effects, especially the redshift completeness, etc.
Those effects will be incorporated in the subsequent studies, while
this sample serves as the benchmark for future test studies.

4.2 Magnitude and redshift cut

The vast majority of our mock galaxy properties are sampled from
the DESI LS DR9Y observation, with a magnitude limit cut m, < 21.0,
and a redshift cut z < 1.0. We also apply the same magnitude and
redshift cuts to ensure completeness, although the z-band imaging

Shttps://www.legacysurvey.org/dr9/external/##external- catalogs-used- for-
masking

of CSST (or DESI LS) is at least 2 mag deeper. The sensitivity
of reddest band GI is 23.2 mag for point sources in the CSST wide
survey (Zhan 2021). The GI band is essential for the determination of
redshift, especially at z < 1. Within this redshift range, the majority of
emission lines for redshift determination is covered by the GI band of
620 — 1000 nm (e.g. [S 11 6730], [N 11 6585], [Ha 6563], [O 111 4959,
5007], and [O11 3726, 3728]). Nevertheless, if the CSST slitless
observation turns out to be able to detect fainter galaxies, we can
extend this work using those observational data obtained by Hyper
Suprime-Cam (Aihara et al. 2018) and Prime Focus Spectrograph
(Takada et al. 2014; Greene et al. 2022).

In this work, we provide four sets of redshifts for our recent studies,
which are specified as follows.

(1) zcos, the cosmological redshifts calculated according to the real
space distribution of galaxies.

(ii) Zspec, the redshifts of galaxies calculated taking into account
the peculiar velocities and a typical redshift error 35 km s~! in the
current spectroscopic redshift surveys.

(iii) zcsst, the redshifts of galaxies calculated by adding a pho-
tometric redshift error with o, = 0.003(1 + Zgpec), mimicking the
CSST slitless spectroscopic redshift error. We will update these once
our CSST slitless spectra and redshift emulators are ready (Wen et al.
2024).

(iv) Zphoto» the photometric redshifts of galaxies calculated by
adding a photometric redshift error with o, = (0.01 + 0.015z4,c)(1
+ Zgpec), mimicking the DESI DR9 photometric redshift error.

As an illustration, we show in Fig. 5 the projected distribution
of a small selection of galaxies with the thickness of A§ = 0.25°.
Shown in the upper, middle, and lower panels are galaxies in the
MGRS with zgc, in the MGRS with zcsst, and in the DESI DR9
with photometric redshifts, respectively.
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Figure 4. The sky coverages of CSST optical survey and DESI LS DR9. It is shown as the Mollweide projection in celestial coordinates, with the solid/dashed

line representing the galactic/ecliptic plane.
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DESILS DR9
0.8

Figure 5. A slice of galaxy distributions in our MGRS using spectroscopic
(top) and CSST slitless spectroscopic (middle) redshifts, compared with those
in the DESI LS DR9 with photometric redshifts (bottom).

4.3 Finding galaxy groups

Dark matter haloes are the building blocks of our Universe. Their
number density (halo MF) and space distribution (bias) hold im-
portant information about the cosmology (e.g. Wang et al. 2022b).
Their positions can be used to stack weak-lensing signals and provide
better scaling relations (e.g. Sun et al. 2022; Zheng et al. 2023). They
also provide the main environment that regulates the formation and
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evolution of galaxies (e.g. Wang et al. 2018). A halo-based group
finder can directly map the distribution of dark matter haloes from a
volume or flux-limited galaxy observations (e.g. Yang et al. 2007).

In addition, as pointed out in Yang et al. (2021), for a photometric
redshift survey, the rich groups with members larger than 10 can
significantly reduce the redshift error of the system. As the future
CSST slitless spectroscopic redshift survey still has quite large
redshift uncertainties, galaxy groups will provide a supplementary
way to increase the redshift accuracy for cosmological studies. The
feasibility of such kind of probes will be carried out in subsequent
studies.

Here, we adopt the same extended halo-based group finder
developed in Yang et al. (2021) to our MGRSs. The group positions,
mass, total luminosity, as well as galaxy memberships are provided
for all the galaxies in the MGRSs. In this study, we mainly focused
on the group catalogues constructed using the spectroscopic redshifts
Zspec- Other versions of groups will be studied as well.

5 SOME BASIC PROPERTIES OF THE MGRS

Since there will be subsequent studies focusing on observational
selection effects on various clustering properties, here we only pro-
vide some basic properties of our MGRS with the set of spectroscopic
redshift in the North Galactic Cap of DESI LS footprint. We compare
the statistics of LFs, MFs, and CLFs between the MGRS and the
DESI 1 per cent observations. The DESI observational measurements
are performed in Wang et al. (2023). Readers can refer to that paper
for more details.

5.1 r-band luminosity functions

The galaxy LF is one of the most fundamental statistics that
quantitatively describes the abundance of galaxies with different
luminosity (e.g. Blanton et al. 2003). It is important to note that, by
definition, the z-band galaxy LFs of our MGRS should align well with
those obtained from DESI 1 per cent data (refer to Fig. 2). However,
the r-band LFs may deviate due to two potential reasons. First, in our
assignment of galaxy properties, we have incorporated all the DESI
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Figure 6. Top: the r-band LFs in three redshift bins of MGRS and DESI 1 percent. The error bars are estimated from the bootstrap method with 100 times
resampling. Bottom: the difference in LFs between the mock catalogue and the DESI 1 per cent observation. The solid lines (A = 0) and dashed lines (A =

+0.1) serve as reference lines.

LS DR photometric galaxies with a magnitude of m, < 21.0. The
vast majority of these galaxies do not have spectroscopic redshifts.
Secondly, the colour (or other band magnitudes) may not necessarily
be accurately predicted in our 3D parameter space matching process.

Fig. 6 shows the comparison of the galaxy r-band LFs between the
MGRS and the DESI 1 per cent observation. The r-band luminosities
of galaxies in MGRS are obtained though the matched DESI
galaxy’s r-band luminosity after K-correction (see Section 3.3). Our
MGRS can reproduce the observed galaxy LFs within 0.1 dex for
galaxies with L% > 108 h=2L, and within 1o level for galaxies
with L% < 108 h~2L,. By comparing our measurements with those
obtained from the DESI 1 percent by Wang et al. (2023), we see a
nice agreement between them. The overall nice agreement indicates
that the r-band (as well as other bands) luminosities of galaxies can
be fairly well assigned through the 3D parameter space matching
method.

5.2 Stellar mass functions

The stellar mass is a crucial property that characterizes the formation
and evolution of galaxies. It is one of the most straightforward
parameters that semi-analytic model or hydrodynamical simulation
can predict, and was among the first set of parameters used for model
tuning (Katsianis, Yang & Zheng 2021; Xie et al. 2023). In our
DESI LS DR9 galaxy seed catalogue, the stellar mass of a galaxy is
determined using the KCORRECT software (Blanton & Roweis 2007).
Owing to the procedure that incorporates stellar evolution synthesis
based on the Bruzual-Charlot models (Bruzual & Charlot 2003), this
code is capable of providing a preliminary estimation of stellar mass
(Blanton & Roweis 2007).

Fig. 7 shows a comparison of galaxy MFs between the MGRS and
DESI 1 per cent observations. By comparing our measurements of
the MGRS with those of DESI, we find excellent agreement of MFs
for M, > 1035 h”2M, except in the highest redshift bin where the

statistic of DESI 1 per cent data is poor. Towards the low-mass end,
only some minor differences between MGRS predictions and DESI
observations appear.

5.3 Conditional luminosity functions

The CLF ¢(L|M},) which describes the probability of finding galaxies
with luminosity L in a halo with mass M, is an essential model
to link galaxies with dark matter haloes (e.g. Yang et al. 2003;
van den Bosch, Yang & Mo 2003). It can be used to better
interpret the clustering of galaxies and hence the constraining of
cosmological parameters (e.g. Cacciato et al. 2013; van den Bosch
et al. 2013), can be used to evaluate galaxy formation models, and
provides clues about the evolution track of galaxies (e.g. Yang et al.
2012; Wechsler & Tinker 2018). Apart from the model constraints
using the luminosity (stellar mass) functions as well as clustering
measurements of galaxies, there have been a number of successful
direct measurements from galaxy groups (e.g. Yang et al. 2005b,
2008, 2009).

The red circles with error bars shown in Fig. 8 are the z-band
CLFs measured from our group catalogue constructed from the
MGRS, labelled as ‘MGRS group’. Results shown in different panels
represent groups within different halo mass ranges, and shown in
different rows are for groups within different redshift ranges, as
indicated. For reference, we also plot the ‘true’ CLFs of the MGRS
using blue circles with error bars, labelled as ‘MGRS halo’, where
haloes and subhaloes in the Jiutian N-body simulation, as well as their
associated galaxies, are used to make the measurements. Overall,
the two sets of CLFs agree with each other very well except for
some minor discrepancies. For the central galaxies, the scatter of the
CLF measured from groups is slightly underestimated at the lowest
halo mass bin, because we are using the ranking of total z-band
luminosity to estimate the halo mass. The good agreement between
them, especially the overall amplitude and shape, thus ensures
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Figure 9. Same as Fig. 8, but for the r-band CLF using the magnitude sample with m, < 19.5. Lines, colours, and symbols are the same as those in Fig. 8.

us that the CLFs measured from the group catalogue constructed
by Yang et al. (2021) can be used to constrain galaxy formation
processes.

As a comparison, we also show in Fig. 8 using green circles
the CLFs measured from the DESI 1 per cent observations for the
galaxies. Due to the insufficient sample size in DESI 1 per cent,
which has relatively small sky coverage, we do not provide the results
of 1 percentat(.67 < z < 1.0. Although our fiducial SHAM MGRSs
are not tuned to recover the subtle galaxy—halo connections, it can be
seen that the CLFs in DESI 1 per cent have a good agreement with
the MGRS results. Our MGRSs only have an overproduce (~ 0.2
dex) the CLF for satellite galaxies for the massive halo, a fact that
can guide us to obtain a better galaxy—halo connection modelling.

Apart from the assigned z-band luminosity, we also investigate the
situation for the r-band luminosity of galaxies which is obtained by
using a 3D parameter space matching with the DESI DR9 galaxies.
Fig. 9 shows the comparison of the r-band CLFs with the DESI BGS
magnitude cut » < 19.5. The results of the r-band CLFs are very
similar to those of z band as shown in Fig. 8, again showing nice
agreement between the measured and true CLFs. These comparisons
demonstrate that the r-band CLFs can also be well recovered,
even the galaxy groups are obtained using the z-band luminosity
of galaxies. The overall similar - and z-band performances of
the MGRS also indicate that the 3D parameter (z|logL,|log M)
nearest-neighbour matching has a good performance in determining
the galaxy properties. The discrepancy between MGRS and DESI
1 percent is roughly similar to the z band and slightly larger in
the most massive bin. In general, the discrepancy indicates that
the standard SHAM we are using may overpredict the satellite

population, which might suffer from somewhat more disruption
effects. We will carry out a subsequent study on the CLF modelling
based on the DESI BGS year 1 data set, which shall provide a better
galaxy—halo connection modelling than the standard SHAM we are
currently using.

6 CONCLUSIONS

In this study, by employing the light-cone catalogue of halo/subhalo
constructed from one of the state-of-the-art large Jiutian N-body
simulations, we present a set of MGRSs with redshift 0 < z < 1
and a magnitude limit of m, < 21 for CSST slitless spectroscopic
redshift survey evaluations. The main advantages of our MGRSs are
summarized as follows.

(1) The HBT + code that we utilized is capable of tracking the
evolution of all the subhaloes, even if they are disrupted. As a result,
our subhalo catalogue suffers less from the impact of simulation
resolution.

(i) We measured the z-band LFs of galaxies at different redshifts
directly from the latest DESI 1 per cent data release, which has very
high spectroscopic completeness. These measurements were then
utilized to model our mock galaxies.

(iii) We implemented a three-parameter (z|log L, |log M,) space
sampling method based on the DESI LS DRO. This methodology
allows us to assign additional properties to galaxies, thereby ensuring
maximum consistency with the observations.

(iv) Apart from galaxy properties, we utilize multiband images
for each galaxy. This approach allows us to generate more realistic
observational images.
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(v) In addition to the galaxy catalogues, we have also assembled
group catalogues. These hold significant potential for future studies
related to cosmology and galaxy formation.

(vi) By comparing our MGRS with DESI 1 per cent observational
data, in terms of LFs, SMFs, and CLFs we demonstrate that our
fiducial MGRSs based on the standard SHAM already work fairly
well.

(vii) We have prepared the survey geometry for the CSST and
LS DRY observations using HEALPIX, along with the associated
random galaxy catalogue. The foreground masks are also taken into
consideration. These are now ready for use in subsequent probes.

Currently, within our MGRSs, we have provided four sets of
redshifts (Zcos» Zspees ZCssT> and Zphoto) With Gaussian errors. The more
realist selection effects induced by the slitless spectra, especially
morphology self-blending and galaxy—galaxy interblending, would
be further added using an Emulator developed for CSST Slitless
Spectroscopic Redshift Survey (Wen et al. 2024). Based on that set
of redshifts, subsequent evaluations will be conducted to understand
how the selection effects can affect our probe of cosmology and
galaxy formation.
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