of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 540, 1635-1667 (2025)
Advance Access publication 2025 May 13

https://doi.org/10.1093/mnras/staf782

PAC in DESL. I. Galaxy stellar mass function into the 10° M, frontier

Kun Xu “,">¥* Y. P. Jing,? S. Cole,? C. S. Frenk,”> S. Bose *',> W. Elbers ;> W. Wang *,*

Yirong Wang *’,* S. Moore,? J. Aguilar,’ S. Ahlen,® D. Bianchi,”® D. Brooks,’ T. Claybaugh,’

A. de la Macorra,'” Arjun Dey,'! J. E. Forero-Romero,'>!"® E. Gaztafiaga,'*'>!°® S. Gontcho A. Gontcho,’
G. Gutierrez,!” K. Honscheid,'®'” M. Ishak,?” T. Kisner,’ S. E. Koposov,?""*> M. Landriau,’

L. Le Guillou,” R. Miquel,**? J. Moustakas,?® C. Poppett,>?’ F. Prada,?® I. Pérez-Rafols,”® G. Rossi,*
E. Sanchez,*! D. Sprayberry,'! G. Tarlé,’> B. A. Weaver!!' and H. Zou**

Affiliations are listed at the end of the paper

Accepted 2025 May 9. Received 2025 May 8; in original form 2025 March 3

ABSTRACT

The Photometric objects Around Cosmic webs (PAC) method integrates cosmological photometric and spectroscopic surveys,
offering valuable insights into galaxy formation. PAC measures the excess surface density of photometric objects, i,w,, with
specific physical properties around spectroscopic tracers. In this study, we improve the PAC method to make it more rigorous
and eliminate the need for redshift bins. We apply the enhanced PAC method to the DESI Y1 BGS Bright spectroscopic sample
and the deep Dark Energy Camera Legacy Survey (DECaLS) photometric sample, obtaining 7w, measurements across the
complete stellar mass range, from 10> to 10'!'> M, for blue galaxies, and from 1093 to 10! M, for red galaxies. We combine
fiowp, with w, measurements from the BGS sample, which is not necessarily complete in stellar mass. Assuming that galaxy
bias is primarily determined by stellar mass and colour, we derive the galaxy stellar mass functions (GSMFs) down to 1033 Mg,
for blue galaxies and 10%* M, for red galaxies, while also setting lower limits for smaller masses. The blue and red GSMFs

are well described by single and double Schechter functions, respectively, with low-mass end slopes of ap,e = —1.54f8:8§ and
Ored = —2.50f8j8§, resulting in the dominance of red galaxies below 1076 M. Stage-IV cosmological photometric surveys,

capable of reaching 2-3 mag deeper than DECaLS, present an opportunity to explore the entire galaxy population in the local
universe with PAC. This advancement allows us to address critical questions regarding the nature of dark matter, the physics of

reionization, and the formation of dwarf galaxies.

Key words: methods: data analysis — galaxies: abundances — galaxies: dwarf.

1 INTRODUCTION

Over the past two decades, both cosmological spectroscopic surveys
(York et al. 2000; Colless et al. 2001; Jones et al. 2004; Le Fevre
et al. 2005; Driver et al. 2011; Newman et al. 2013; Garilli et al.
2014) and photometric surveys (York et al. 2000; The Dark Energy
Survey Collaboration 2005; Heymans et al. 2012; de Jong et al.
2015; Aihara et al. 2018a; Dey et al. 2019) have significantly
contributed to shaping our understanding of galaxy formation and
cosmology. These two types of surveys possess unique advantages
and disadvantages. Spectroscopic surveys can offer precise redshift
measurements for studying 3D galaxy clustering and assessing
galaxy properties. However, they still focus on bright and selected
tracers, leading to complex selection effects. Photometric surveys are
significantly deeper and more complete than spectroscopic surveys,
and the gap is expected to widen further in the future. Photometric
surveys can also provide spatially resolved galaxy properties such
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as morphology and shape. None the less, obtaining precise redshift
measurements from photometric surveys remains a challenging task
(Newman & Gruen 2022). Moreover, due to their distinct character-
istics, spectroscopic and photometric surveys are often aligned with
different scientific objectives. For instance, photometric surveys are
typically driven by weak lensing measurements (Kaiser & Squires
1993; Bartelmann & Schneider 2001), whereas spectroscopic surveys
are primarily pursued to study baryon acoustic oscillations (Seo &
Eisenstein 2003) and redshift space distortions (RSD; Kaiser 1987).

If we can integrate these two types of surveys and make full use of
their respective strengths, we can generate a wealth of information
to advance our understanding of galaxy formation and cosmology.
To fully leverage the deep photometric surveys, as both photometric
and spectroscopic objects trace the comic web, it is theoretically
possible to statistically assign redshifts by cross-correlating them
with spectroscopic tracers, eliminating the use of photometric red-
shift (photo-z). However, in practice, a well-thoughtout design is
essential to achieve this goal. Various existing approaches, such as
the clustering-z method in weak lensing (Newman 2008; Ménard
et al. 2013), have made attempts in this direction, but they still rely
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on certain assumptions, such as those related to galaxy bias (Schmidt
et al. 2013; Rahman et al. 2015).

To achieve this, building upon the work of Wang et al. (2011),
we introduced the Photometric objects Around Cosmic webs (PAC)
method in Xu, Zheng & Jing (2022a, hereafter Paper I). The
PAC method estimates the excess surface density, ii;w,, of pho-
tometric objects with specific physical properties, such as stellar
mass, luminosity, rest-frame colour, and star formation rate, around
spectroscopic tracers. Utilizing Stage-III cosmological spectroscopic
and photometric surveys such as the Sloan Digital Sky Survey (SDSS,
York et al. 2000; Dawson et al. 2013), the Hyper Suprime-Cam
Subaru Strategic Program (HSC-SSP, Aihara et al. 2018a), and the
Dark Energy Camera Legacy Survey (DECaLS, Dey et al. 2019),
we have conducted a series of investigations using the PAC method.
These studies have yielded innovative measurements and results in
various aspects of galaxy formation, including precise measurements
of the galaxy stellar mass function (GSMF; Xu, Jing & Gao 2022b,
hereafter Paper III) and the stellar mass—halo mass relation (SHMR;
Xu et al. 2023a, hereafter Paper IV) down to stellar mass 10%° M,
as well as their evolution up to redshift 0.7. Additionally, we have
investigated galaxy assembly bias (Xu & Jing 2022), environmental
quenching (Zheng et al. 2024, 2025), and the quasar—halo connection
(Gui et al. 2024). In Paper IV, we also developed accurate galaxy—
halo connections for the SDSS spectroscopic CMASS and LOWZ
samples, which have been applied to study the intrinsic alignment of
massive galaxies (Xu, Jing & Gao 2023b) and gravitational lensing
magnification around them (Xu et al. 2024). Furthermore, many other
studies utilized a concept similar to the PAC method, with a focus
on studying the distribution of satellite galaxies (Hansen et al. 2009;
Guo et al. 2011, 2012; Jiang, Jing & Li 2012; Wang & White 2012;
Wang et al. 2014a, 2021, 2025; Lan, Ménard & Mo 2016; Tinker
et al. 2021). These studies underscore the well-established status
of the PAC method and have already contributed to enhancing our
understanding of galaxy formation.

We are now entering the Stage-IV era, with various next-
generation cosmological spectroscopic and photometric surveys
either commencing or planning to release their data in the next few
years, including the Dark Energy Spectroscopic Instrument (DESI;
DESI Collaboration 2016a), the Subaru Prime Focus Spectrograph
(Takada et al. 2014), the Legacy Survey of Space and Time (LSST;
Ivezi¢ et al. 2019), Euclid (Laureijs et al. 2011), the Chinese Space
Station Optical Survey (CSS-OS; Gong et al. 2019), and surveys
conducted with the Nancy Grace Roman Space Telescope (Roman;
Spergel et al. 2015). DESI aims to provide more than 40 million
spectroscopic tracers up to z ~ 3.5, which is approximately 40 times
greater than the number available in SDSS. LSST, Euclid, CSS-0OS,
and Roman will provide large area multiband galaxy images ranging
from near-ultraviolet to near-infrared to unparalleled depth, reaching
approximately » ~ 27 or even deeper, which is 2 — 3 mag deeper
than DECaLS we utilized in previous studies. The Stage-IV surveys
present promising opportunities for us to employ the PAC method
in exploring fainter sources and earlier cosmic epochs and obtaining
more precise measurements. These innovative measurements can
contribute to addressing fundamental questions regarding the nature
of dark matter and dark energy, the epoch of reionization, structure
formation in the universe, and the formation of galaxies.

In this paper, as the first application of the PAC method in
the Stage-IV era, we focus on measuring the local GSMF down
to much lower mass limits than previously achieved. The GSMF
is a crucial measurement for understanding galaxy evolution. The
amplitude and shape of the GSMF encode vital information about
galaxy star formation and quenching mechanisms. Consequently, it
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has been utilized to infer and constrain galaxy formation models in
numerous studies ranging from simple empirical models to numerical
simulations (Peng et al. 2010; Behroozi, Wechsler & Conroy 2013;
Henriques et al. 2015; Schaye et al. 2015, 2023; Pillepich et al. 2018;
Davé et al. 2019). In previous works, large flux-limited spectroscopic
surveys, particularly the Two Degree Field Galaxy Spectroscopic
Survey (2dF-GRS; Colless et al. 2001), SDSS, and Galaxy and Mass
Assembly (GAMA; Driver et al. 2011), are commonly employed to
investigate the local GSMF (Cole et al. 2001; Baldry, Glazebrook &
Driver 2008; Li & White 2009; Driver et al. 2022). However, due
to depth limitations, accurate and reliable measurements of the local
GSMF from spectroscopic surveys remain constrained to relatively
high masses. At lower masses, measurements are typically refined
to the local volume, which lies within or around the Local Void
(LV, Tully et al. 2008; Peebles & Nusser 2010; McConnachie 2012;
Karachentsev & Makarova 2019; Bohringer, Chon & Collins 2020),
often leading to underestimation of the GSMF. Using the ELUCID
simulation (Wang et al. 2014b, 2016b), which was run based on
the reconstructed initial density field of the nearby universe, Chen
et al. (2019) quantified the underestimation of the GSMF by galaxy
surveys with various magnitude limits. They identified significant
underestimation at the low-mass end in current surveys, starting at
stellar mass 1089 — 10%° M. Therefore, measuring the low-mass
end of the GSMF using spectroscopic surveys alone remains highly
challenging.

To reach lower stellar masses, we employ the PAC method in
combination with deeper photometric surveys, rather than relying
solely on spectroscopic data, as have been achieved in Paper III
Notably, comparing to the stellar mass limits of 1082 Mg, reached
in Paper III, we enhance various aspects of the previous PAC
method and take a significant step into the 100 M, frontier with the
DESI Y1 Bright Galaxy Survey (BGS) Bright sample and DECalLS
photometric sample. This advance is facilitated by leveraging numer-
ous low-redshift tracers available in BGS, enabling accurate 7w,
measurements at lower redshifts. Furthermore, we derive the GSMF
for blue and red galaxy samples separately, offering deeper insights
into the galaxy population. Our results mark significant progress in
the measurement of the local GSMF and have the potential to impact
our understanding of dark matter and reionization. Specifically, the
number density of galaxies with stellar masses around 10%° Mg
becomes sensitive to dark matter particle mass (Colin, Avila-Reese &
Valenzuela 2000; Bode, Ostriker & Turok 2001; Viel et al. 2005;
Lovell et al. 2012; Maccio et al. 2013; Horiuchi et al. 2016; Bose et al.
2017) and to the epoch and physics of reionization (Efstathiou 1992;
Loeb & Barkana 2001; Okamoto, Gao & Theuns 2008; Benitez-
Llambay et al. 2017; Bose, Deason & Frenk 2018). Additionally, our
findings can also contribute to advancing the understanding of dwarf
galaxy formation.

We introduce the DESI and DECaLS data in Section 2. Section 3
provides a detailed description of the PAC method, including various
improvements made to enhance it. The measurements and the
resulting GSMF are presented in Section 4. In Section 5, we provide a
concise summary. We adopt the cosmology with ,, = 0.268, Q4 =
0.732, and Hy = 71 kms~' Mpc~! throughout the paper (Hinshaw
et al. 2013).

2 DATA

In this section, we briefly introduce the DESI Y1 BGS spectroscopic
samples and DECaLS photometric sample.
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2.1 DESI Y1 BGS

DESI is a prominent Stage-IV dark energy survey with the goal of
obtaining spectra for approximately 40 million extragalactic objects
over a five-year period (Levi et al. 2013; DESI Collaboration 2016a,
b, 2022, 2024a, b). Covering more than 14 000 deg?, the survey is
conducted using a multi-object fibre-fed spectrograph mounted on
the prime focus panel of the 4-m Mayall Telescope at Kitt Peak
National Observatory (DESI Collaboration 2022). The spectrometer
operates in the wavelength range of 3600 — 9800 A and can allocate
fibres to 5000 objects during a visit (DESI Collaboration 2016b;
Silber et al. 2023; Miller et al. 2024; Poppett et al. 2024). Additional
pipelines supporting the DESI experiment are detailed in Guy et al.
(2023), Myers et al. (2023), Schlafly et al. (2023), Bailey et al.
(in preparation), and Raichoor et al. (in preparation). The parent
catalogue used for DESI target selections is constructed from Data
Release 9 of the DESI Legacy Imaging Surveys (Zou et al. 2017; Dey
et al. 2019). The photometric data contains three optical bands grz
from the DECaLS (Dey et al. 2019), the Dark Energy Survey (DES;
The Dark Energy Survey Collaboration 2005), the Beijing—Arizona
Sky Survey (Zou et al. 2017), and the Mayall z-band Legacy Survey.

As part of its core observations, DESI is conducting the BGS
(Hahn et al. 2023). BGS spans 14 000 deg? footprint and includes
low-redshift galaxies with z < 0.6 that can be observed during bright
time, when the night sky is approximately 2.5 x brighter than nominal
dark conditions. BGS provides two galaxy samples: the BGS Bright
sample, an r < 19.5 magnitude-limited sample of approximately 10
million galaxies, and the BGS Faint sample, a fainter 19.5 <r <
20.175 sample of approximately 5 million galaxies selected based
on surface brightness and colour. The selection and completeness of
the BGS samples are detailed in Hahn et al. (2023).

We use the DESI Y1 BGS Bright sample in this study, covering
5300 and 2173 deg” in the Northern and Southern Galactic caps
(NGC and SGC), with an average completeness of 0.656. Our
analysis focuses on the BGS Bright sample overlapped with the
DECaLS footprint, restricted to Dec. < 32°, leading to a reduced
total area of 5349 deg?. Each BGS source is assigned a weight

Wiot = Weomp Wefail » (1)

where weomp corrects for fibre-assignment incompleteness, and w;g)
adjusts for changes in the relative redshift success rates (Ross et al.
2025).

In Fig. 1, we present the redshift and stellar mass distributions
of the BGS Bright sample within the DECaLS region. We compute
their physical properties by applying the spectral energy distribution
(SED) fitting code CIGALE (Boquien et al. 2019), utilizing the grz-
band fluxes from DECaLS and redshifts from DESI spectra. The
calculations are based on the stellar population synthesis models
by Bruzual & Charlot (2003), which employ a Chabrier (2003)
initial mass function and a star formation history characterized by
a delayed exponential function ¢(t) ~ texp (—t/t). We consider
three metallicities, specifically Z/Zs = 0.4, 1, and 2.5, where Zo
represents the metallicity of the Sun. Additionally, we incorporate
the Calzetti et al. (2000) extinction law to account for dust reddening,
within the range of 0 < E(B — V) < 0.5.

Since we aim to study the blue and red populations separately,
Fig. 2 presents the rest-frame g —r colour versus stellar mass
distributions, weighted by 1/Vp,,x, where Vi, corresponds to Zmax,
the maximum redshift at which a galaxy can still meet our sample
selection criteria. The V,x values are taken from Wang et al.
(2024). We apply the colour cut g — r = 0.04log,,(M./Mg) + 0.2
to separate the blue and red populations. This cut is chosen to closely
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Figure 1. Distributions of redshift and stellar mass for the DESI Y1 BGS
Bright sample that overlaps with the DECaLS footprint.
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Figure 2. V. c-weighted rest-frame g — r colour versus stellar mass dis-
tribution for BGS with z < 0.2. The distribution is further normalized
within each stellar mass bin for clearer visualization. The line g —r =
0.04logo(Ms/Mg) + 0.2 is used to separate the blue and red populations.

match the one used in Zheng et al. (2024), where they studied
environmental quenching using PAC and SDSS data. Their colour
cut, based on u — r, could not be directly used because DECalLS
does not include u-band measurements. Instead, we used g — r and
determined the cut based on the relationship between the u and g
bands from SDSS data.

To calculate the correlation functions, we use a random catalogue
provided by DESI (Ross et al. 2025), which matches the footprint
and redshift distribution of the BGS sample used in our analysis.

2.2 DECaLS
‘We utilize the photometric catalogue from DECaLS in Data Release

9 of the DESI Legacy Imaging Surveys (Dey et al. 2019). This
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catalogue covers approximately 9000 deg” in the NGC and SGC
with Dec. < 32°. Observations were conducted in the g, r, and z
bands, with median 50 point source depths of 24.9, 24.2, and 23.3,
respectively. DECaLS also includes data from DES, which covers an
additional 5000 deg? in the SGC.

Image processing was performed using Tractor (Lang, Hogg &
Mykytyn 2016) to extract sources. These sources are modelled using
parametric profiles convolved with specific point spread functions
(PSFs), including a delta function for point sources, an exponential
profile, a de Vaucouleurs profile, and a Sérsic profile. The best-fitting
model magnitudes are used as the default photometry, with correction
for Galactic extinction (Schlegel, Finkbeiner & Davis 1998).

We restrict our analysis to the footprint that has been observed at
least once in all three bands. We also apply bright star masks and bad
pixel masks using the MASKBITS' provided by the Legacy Survey.
Additional masks are applied to match the final DESI footprint using
the in_desi flag, resulting in a final coverage of 10324 deg?. We
exclude all the sources with PSF morphology to reject stars, and
adopt a conservative magnitude cut » < 23.5 to save computation
time. This results in a DECaLS photometric sample of 0.56 billion
sources. While we calculate the physical properties for the entire
sample to prepare for future studies, our current focus in this study
is exclusively on the DESI Y1 BGS Bright sample. Therefore, the
footprint is further restricted to 5349 deg” during the measurement
of the excess surface density 71wy,

To calculate the correlation functions, we use a random catalogue
provided by DESI Legacy Imaging Surveys, which matches the
footprint of the DECaLS sample used in our analysis.

3 IMPROVING THE PAC METHOD

In this section, we introduce improvements in the PAC method, in-
cluding improvements to the calculation of physical properties, a new
correlation function estimator, colour cuts to exclude background
sources, and a new method to determine at what stellar mass limits
DECaLS is complete. We also validate the approximations used in
the calculation.

3.1 Overview of the previous PAC method

Suppose we aim to investigate two distinct populations of galaxies:
one, denoted as pop;, is drawn from a spectroscopic catalogue,
while the other, referred to as pop,, is sourced from a photometric
catalogue. These populations are characterized within a relatively
narrow-redshift range. In our prior work Paper I, we introduced a
method called PAC, which enables the accurate measurement of the
excess surface density, 7i,w,(rp), of objects with selected physical
properties from pop, around objects from pop, . It is based on

ﬁ2wp(rp) ~ %wllw(g) ) (2)
i
where 71, and , represent the mean number density and mean angular
surface density of pop,, respectively. The parameter r; denotes the
comoving distance to pop; and wy(r,) and w, (6) are, respectively,
the projected cross-correlation function and the weighted angular
cross-correlation function (ACCF) between pop, and pop,, where
rp, = rysinf. Using PAC, we can statistically determine the rest-
frame physical properties of pop, without requiring redshift infor-
mation for this population; this enables us to make full use of the

Thttps://www.legacysurvey.org/dr9/bitmasks/

MNRAS 540, 1635-1667 (2025)

deep photometric surveys. The key steps involved in the previous
PAC method are outlined below:

(i) Divide pop, into narrower redshift bins to limit the range of r,
in each bin.

(i1) Under the false assumption that all galaxies in pop, share
the same redshift as the mean redshift of a particular redshift bin,
calculate the physical properties of pop, using techniques such as
SED fitting. In this way, for each redshift bin in pop,, a catalogue of
physical properties for pop, is created.

(iii) Within each redshift bin, select pop, objects with specific
physical properties and compute 71, wp(7p) using equation (2). The
foreground and background objects with incorrect physical proper-
ties are uncorrelated with pop,; and so do not contribute to the ACCF.
Thus, the measured ACCF depends only on the objects at the same
redshift as pop, and these have the correct physical properties.

(iv) Combine the results from different redshift bins by averaging
with appropriate weights.

For more details, see Paper 1.

With this method, 7i,w), is calculated in each redshift bin and then
combined, potentially introducing two sources of error. First, the
properties of pop, are all computed using the mean redshift of the bin,
while they are correlated with pop, objects spanning the full width
of the redshift bin. This can lead to inaccuracies in the properties due
to differences in luminosity distances and the rest-frame wavelength
covered by the photometric bands. Moreover, the measured w; (60)
is multiplied by the same S,/r? factor, even though it should vary
for each source in pop,. Although, as demonstrated in Paper I, these
approximations are found to be acceptable at high redshift, they
become less accurate at lower redshifts (z < 0.1) due to the much
more significant fractional variation in r;. Hence, we now present
an improved PAC method that operates without the need for redshift
bins.

‘We improve various aspects of the PAC method. To obtain accurate
physical properties for pop,, we present a method to infer the physical
properties for the entire photometric sample across the entire redshift
range in Section 3.2. To eliminate the need for redshift bins and
account for the variation in S,/ rlz, we introduce a new estimator for
the PAC method in Section 3.3. In Section 3.4, we employ colour cuts
to exclude foreground and background galaxies from the photometric
sample, enhancing the accuracy of our measurements. We use a
new method in Section 3.5 to determine the stellar mass limits
achievable with DECaLS, allowing us to fully exploit the available
data. In Section 3.6, we assess the accuracy of the improved PAC
method.

3.2 Properties of photometric objects across the entire redshift
range

To solve the first source of error, it is necessary to determine the
properties of each source in pop, at all assumed redshifts. This can
be achieved by defining a set of reference redshifts, determining the
physical properties of each object assuming it is at each reference
redshift and then interpolating these properties to any required
intermediate redshift. Given the 0.56 billion sources, it is crucial to
minimize the number of reference redshifts. To assess the accuracy
of the interpolation and establish the required reference redshifts, we
randomly select 1 per cent of the sources from the entire DECaLS
sample. We compute their physical properties using the SED code
CIGALE and the same template described in Section 2.1 for each
reference redshift.
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Figure 3. Mean errors and 1o scatter in interpolated stellar mass A log;q M
at 241 redshifts interpolated from the values at 44 reference redshifts within
the range of 0.001 < z < 1. For these reference redshifts, 31 of them are
chosen with an equal interval of Alogy(1 4 z) = 0.01, while the other 13
indicated by dotted lines are included to account for the rapid changes in
stellar mass with a given redshift due to specific structures in the galaxy
spectrum.

We perform SED fitting to the 1per cent subsample at 241
redshifts equally spaced in Alog;(1 + z) within the redshift range
of 0.001 < z < 1. As demonstrated in Fig. 3, our results indicate
that employing 31 reference redshifts with spacing A log,,(1 + z) =
0.01, in combination with an extra 13 redshifts linked to specific
features in galaxy spectra, enables accurate interpolation of the stellar
masses for all sources throughout the entire redshift range. The need
for the 13 extra redshifts can be illustrated by considering the case of
z ~ 0.13 where the D4000 feature begins to enter the g band. Here,
many galaxies that at a lower assumed redshift would be classified as
red are suddenly classified as blue. This results in the inferred stellar
mass varying rapidly with redshift, necessitating the inclusion of
additional reference redshifts to maintain the same level of accuracy
at these specific redshifts. Using these 44 reference redshifts, we
perform the interpolation under the assumption that log,,(M..) varies
linearly with log;,(Dy), where Dy denotes the luminosity distance.
This approach achieves an accuracy of A log,, M, < 0.02, validated
by comparing interpolated M, values with those directly calculated
on a finer grid, as shown in Fig. 3.

Subsequently, we perform SED fitting for the entire DECaLS
sample at the 44 reference redshifts. While it is possible to obtain the
properties at the redshift of each pop, source, such an approach
is unrealistic and unnecessary. Instead, we opt for interpolating
and saving the stellar masses at 634 redshifts within the range of
0.001 < z < 1. The mean change in stellar mass between adjacent
redshifts in this interpolated data set is smaller than Alog,, M, =
0.01, which provides a level of accuracy that is sufficient for our
analysis. For example, if 2 adjacent reference redshifts among the
44 identified above show a mean Alog,, M, = 0.1, we insert 9
additional redshifts in between, ensuring a consistent spacing of
Alog,, M, values through interpolation. For each pop, source,
we utilize the physical properties of pop, at the nearest available
redshift.

Although the above approach is illustrated using stellar mass as
an example, it can be applied to any other physical properties under
investigation. We have tested the precision of the interpolation for
rest-frame g- and r-band luminosities and found similar accuracy.
Consequently, we expect that the precision for the rest-frame g — r
colour is also sufficient for our analysis.

DESI Y] GSMF 1639

3.3 A new estimator for the PAC method

To address the second source of error and enable flexible data
combinations without the necessity of redshift bins, we introduce
a new estimator for the PAC method.

In the previous PAC method, for each redshift bin, we first compute
12w using the Landy—Szalay estimator (Landy & Szalay 1993) with
two corresponding random samples

D1D;(8) — D1 Ry(0) — R1D2(0) + R Ry(0)
R R>(0) '

where DD, DR, and RR are the data—data, data—random, and
random-random pair counts. The angle 6 varies for different pairs
of Dy and R; and is defined as 6 = arcsin (r,/r1). Subsequently,
flawp(r,) is obtained using equation (2) by multiplying it with $,/r7,
which is calculated using the mean redshift of each bin.

Instead, we now incorporate S, and 7 as weights of pop, and pop,
sources. First, we calculate S, for galaxies with varying properties at
the saved redshifts. For instance, if we want to calculate 7i, w;, for pop,
within N stellar mass bins at z < 0.2 across 478 saved redshifts. This
results in a total of 478 x N S, measurements. Then, we compute
r? for each source and random point of pop, . The weighted pairs are
defined as:

wp,w(0) = 3)

Dy wDayw = Dy5,Dy /1Y,

DiwRaw = RyS2Dy /rE,

Ry wDyy = ngle/Vlz,

RiwRyw = RySR /r
where §, is chosen as the value corresponding to pop, with the
relevant properties of interest at the nearest redshift of each pop,
source or random point. Furthermore, the above formula does not
include the weights from the spectroscopic catalogues as outlined in
Section 2.1. These can be incorporated by simply multiplying them
with Dy y, Ry w, and R;. Finally, we introduce the new estimator
DI,WDZ,W - Dl,wRZ,w - RI,WDZ,W + Rl,wRZ,W

RiR>

flzwp(" p) = s 4)
where the pairs are counted in the bin around 6 = arcsin (r,/ry).
With this estimator, we can flexibly combine the measurements for
pop, as long as the evolution of 7wy, is sufficiently small to allow
for statistical combination.

3.4 Excluding foreground and background galaxies with colour
cuts

Deep magnitude-limited photometric samples typically encompass
sources spanning a broad range of redshifts, with only a small fraction
of them being correlated with pop,. Therefore, we implement con-
servative colour cuts to exclude as many foreground and background
galaxies as possible, while retaining all galaxies within the redshift
ranges of interest. This strategy helps minimize noise and enhances
the precision of our measurements.

As an example, in this paper, we focus on the redshift range of
interest at z < 0.2. In Fig. 4, we plot the DESI Y1 BGS galaxies
in two narrower redshift bins z < 0.1 and 0.1 < z < 0.2 on the g —
r versus r — z colour—colour diagram. According to their colour
distribution, we derived colour cuts for these two redshift ranges.
Forz < 0.1,

{—0.2<g—r<1.2,

r—z< H(g—r)—l—%.

(6))
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0<z<0.1

0.1<z<0.2 104

L 103

L 102

L 101

100

2.0

Figure 4. The observed g — r versus r — z colour diagrams for DESI BGS for two redshift bins. The solid lines represent the colour cuts used to exclude

background galaxies in DECaLS for PAC measurements at each redshift bin.

For0.1 <z <0.2,
O<g—-r<15,
r—z<1.1,

8 3
r—z<q@—r++-

The g — r colour-cut range we used is sufficiently wide compared
to the colour distribution of BGS in Fig. 2, ensuring that all low-
redshift sources are retained. These colour cuts result in a reduction of
more than half the galaxies in DECaLS. Additionally, it is important
to note that S, should also be calculated using the sample after
applying the colour cut, rather than the entire sample. This approach
can be extended to higher redshifts with an appropriate reference
sample, which will be explored in future studies.

3.5 Determining stellar mass limits

While it is evident that DECaLS can extend to fainter magnitude
and lower mass limits, determining these values is essential for fully
exploiting the data set. However, this task is not straightforward as
we are reaching unexplored territory, with limited knowledge about
these faint galaxies. In our previous studies (Paper III, Paper IV),
we first determined the r- or z-band galaxy depths of DECaLS.
Then, we created apparent magnitude versus stellar mass diagrams
using GAMA DR4 data (Driver et al. 2022) with Vj,.x correction
for galaxies at z < 0.2 and using DES deep field data (Hartley et al.
2022) with photo-z for galaxies at 0.2 < z < 0.7. Subsequently, we
determined the stellar mass for which DECaLS achieves 95 per cent
completeness at each redshift with the galaxy depths we obtained.
These results are sensitive to the determination of galaxy depths, as
well as to corrections for incompleteness, cosmic variance in GAMA,
and photo-z errors in DES. Additionally, both GAMA and DESI
struggle to measure enough galaxies with M, < 1089 M, making
this method impractical for the lower mass end.

To address this issue, we present a straightforward method based
only on DECaLS itself to establish the stellar mass limit in the
PAC method. We show an example for z = 0.025 in Fig. 5. We
select sources from the deepest regions where the r-band 100 PSF
depth exceeds 23.8 and compare the angular surface density of
galaxies as a function of stellar mass, assuming all galaxies are
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Figure 5. Comparing the angular surface density of galaxies as a function
of stellar mass, calculated at an assumed redshift of z = 0.025, between the
entire DECaLS sample and for deep regions with an r-band 100 PSF depth
greater than 23.8. The stellar mass limit is defined as the stellar mass at which
the angular surface density of DECaLS decreases to 95 per cent of the deeper
sample, which in this case occurs at 10”2 Mg, for z = 0.025.

at z = 0.025, between these deep regions and the entire DECalLS
sample. According to the cosmological principle, the angular surface
density of DECaLS should be identical to that of the deeper regions
for the complete mass range and should begin to drop once it reaches
the stellar mass limit. We define the stellar mass at which the angular
surface density of DECaLS decreases to 95 per cent of that in the
deeper sample as the stellar mass limit. As an example, we present
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Figure 6. Top: stellar mass limits obtained using the method demonstrated
in Fig. 5 outto z < 0.2. Separate limits are shown for the complete population
and for red and blue subsets. These are compared to the limits for the complete
population previously used in Paper III that combined DECaLS and GAMA.
Bottom: the effective volume as a function of stellar mass, calculated as
the volume between a lower limit of z = 0.01 and the redshift to which the
sample is complete. The area is set to 5349 deg?, corresponding to the overlap
between the DECaLS and DESI Y1 BGS footprints.

the results for the entire population at z = 0.025 in Fig. 5, where we
find that the stellar mass limit in DECaLS$ is 107> M.

We repeat the process at various redshifts for z < 0.2 for the entire,
blue, and red populations. We present the results in the top panel of
Fig. 6 and also plot the results for the entire population from Paper
IIT based on GAMA data for comparison. The results are discrete
because we measure the angular surface density in stellar mass bins
with an interval of Alog,,(M./Mg) = 0.2. The stellar mass limits
are nearly identical for the red and entire populations but are lower
for blue galaxies. This is because red galaxies have higher mass-
to-light ratios than blue ones, making them fainter at fixed stellar
masses. As a result, the stellar mass limits for the entire population
are primarily determined by the red galaxies. Compared to Paper III,
we find that the stellar mass limits derived from GAMA are overly
optimistic. This may suggest that GAMA does not fully sample the
entire colour space of low-mass galaxies, potentially missing red
ones. In the bottom panel, we further display the effective volume
calculated using the maximum complete redshift, as well as with a
redshift cut-off of z > 0.01, for various stellar masses. Our results
indicate the potential to investigate galaxies with stellar masses of
10° M, within a sufficiently large volume using the PAC method
with BGS and DECaLS.

3.6 Testing the approximation in the PAC method for z < 0.1

When utilizing low-redshift data, it becomes necessary to re-
evaluate the approximation in equation (2). Wang et al. (2011) have

DESI Y] GSMF 1641

demonstrated an accuracy of 3 per cent even at r, = 30 ="' Mpc for
various r-band absolute magnitude bins at z = 0.07. We intend to
expand the analysis to lower redshifts, encompass a broader range of
galaxy populations, and incorporate additional sources of error that
were not considered in Wang et al. (2011).

The first error arises from the different definitions of wp(rp) and
w12(0) that was comprehensively addressed in Wang et al. (2011).
Assuming we have a pop, sample at a specific redshift, by definition,
we have

Jo° Qita(r)r3€(rip)dr,
QS,

where €2 is the total sky coverage, r, denotes the comoving distance
to pop,, & is the cross-correlation between pop, and pop, and

wp(0) = ; ©)

ria = A/} + 73 —2riracos 6. (7

If we consider volume-limited samples with constant mean densities

as in this paper, we have 7i,(r,) = 71, and

w1(0) = ’;—z / P2E(rn)dr, . ®)
0

While, for wy,(r,), we have
wy(rp) = / §(riz)dra, ©
0

where r, = rsin@ is used to obtain the best match. We can define
the ratio between w;,(6) and wy(r,) as

iy [y r3&(rin)dra

== -—_— 5 10
Ntrue Sz fooo §(r12)dr2 ( )
while the approximated ratio according to equation (2) is

)
nar 1
=—=. (11)
Napprox S2

Therefore, we can test the accuracy of this approximation by
calculating An/Ngue = [Mirue — Napprox |/ Mirwe- It is evident that if r
is significantly larger than the correlation length, we have

/ ry&(rin)dry ~ r} / E(ri2)drs (12)
0 0

and An/nye = 0, since r22 changes much more slowly than &(ry,).

However, there is another source of error that has not been
considered in Wang et al. (2011). Suppose we are interested in
obtaining measurements for pop, within a specific stellar mass bin
[Mimin, Mmax] and the stellar masses of pop, are calculated at the
redshift of pop, as described in Section 3.2. When we compute
the angular correlation, pop, is correlated with some galaxies with
M, > My atr, > rpand M, < My, atr, < r because the masses
of correlated galaxies are either underestimated or overestimated
due to the inaccurate redshift assumed. This effect can impact the
measurements because both 71, and £(r;,) depend on stellar mass,
which is also negligible when r; is significantly larger than the
correlation length. To investigate this effect, we re-write the w,(6)
we measured as

1 ) Mmax r22L r22L 5
wp(0) = S‘i/ / d M*rT' & rlz,M*rT’ rydM,dr; ,
2 Jo min LL LL
(13)

where r; 1. and r; . are the luminosity distances to pop; and pop, and
 is the stellar mass function. The above equation is derived under
the assumption that the stellar mass of pop, scales solely with the
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square of the luminosity distances within the correlation length, and
that pop, is complete in stellar mass, allowing 71, to be replaced by
the stellar mass function ®. Hence, the ratio can be reformulated as

Mmax 2 r2
I f @ <M* ,Tz*t) 3 (hz, M*V%) r2dM.,dr,
Ntrue = =
" Sy Jy7 &(rin)drs

To estimate the accuracy of the approximation An /. for various
redshifts and stellar mass bins, we employ the precise SHMR from
Paper IV and the CosmicGrowth N-body simulation (Jing 2019)
with a subhalo catalogue constructed using HBT+ (Han et al. 2012,
2016). The CosmicGrowth simulation has a mass resolution of 5 x
108 h~! My, and a box size of 600 2~' Mpc, which is appropriate for
studying the distribution of galaxies with M, > 103 My according
to Paper IV. We derive &(r, M,) and ®(M,) using the SHMR and
simulation data, and then estimate A#n/ny,e across different redshifts
and for varying stellar masses of pop, and pop,. Fig. 7 presents
the results at 2 characteristic scales, r, = 1.25 and 12.5h'Mpc,
across 5 redshifts z = 0.01, 0.025, 0.075, and 0.1, and within 18
stellar mass bins for pop, and pop,, spanning the range from 108°
to 10" My. We find that A5/ is smaller for smaller scales,
lower pop, mass, and higher redshift, with its dependence on the
mass of pop, being nearly negligible. There are indications that
AN/ begins to increase when Mo, < 10°° M. This behaviour
is attributed to the fact that within these mass bins, pop, starts to
correlate with some galaxies having Mpop, < 10%° Mg, whose host
haloes or subhaloes are unresolved by the simulation. In general, we
can maintain an accuracy of better than 3 per cent for almost all the
stellar mass bins at z = 0.05 within a scale of up to 12.5 2~ "Mpc. It
is worth noting that the measurements become less accurate in the
most massive pop, bins at lower redshifts. However, these redshifts
are primarily intended for the study of low-mass galaxies and have
fewer massive galaxies. The PAC method remains highly accurate for
Myop, < 10°° Mg, even at z = 0.01, and we anticipate that this level
of accuracy extends to lower mass galaxies. Although the test above
was conducted for the entire sample, we expect that the conclusion
also holds for the red and blue subsamples. This demonstrates the
potential of the PAC method for exploring the unknown region of
faint galaxies.

(14)

4 FIRST APPLICATION WITH DESI Y1 BGS

In this section, we present the first application of the improved PAC
method using the DESI Y1 BGS and DECaLS samples. We derive
fi,w, for blue and red pop, galaxies down to stellar masses of 10%2
and 10%3 M, respectively. Following the approach of Paper III, we
obtain measurements of the GSMFs for blue and red galaxies at these
mass thresholds by combining 77, w, with w;, from the BGS data set.
We then combine these to obtain the total GSMF.

4.1 Methodology for measuring GSMF

Paper III proposed a method to directly derive the galaxy GSMF by
combining 7w, from the PAC method with w, from spectroscopic
surveys, which may not be complete in stellar mass. In this approach,
to match pop, from the photometric sample, the corresponding pop5
is selected from the spectroscopic sample within the same stellar
mass bin and cross-correlated with pop, to obtain w,. The GSMF is
then estimated by comparing /7, w, with w, within each stellar mass
bin. This method is straightforward and relies on the key assumption
that galaxy bias is primarily determined by stellar mass, such that
pop} and pop, have similar biases, even if popj is highly incomplete.
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In this paper, we use a similar approach with several improvements
and extensions.

Although wy, is primarily determined by stellar mass, residual
scatter has been observed in numerous studies, which has been shown
to depend on secondary properties such as colour and morphology
(Li et al. 2006; Wang, Li & Jing 2016a; Gao et al. 2022; Xu &
Jing 2022). For example, massive red central galaxies are found in
more massive haloes compared to massive blue ones, resulting in
stronger clustering (Wang et al. 2016a; Xu & Jing 2022). Moreover,
red galaxies have a higher satellite fraction than blue galaxies (Gao
et al. 2022). These red satellites reside in more massive haloes, which
enhances the clustering of red galaxies at small scales (1-halo term)
and slightly increases it at large scales (2-halo term). Consequently,
at a fixed stellar mass, red galaxies exhibit higher clustering than
blue galaxies, with the difference becoming more pronounced on
smaller scales (Li et al. 2006). Therefore, the method used in Paper
III may overestimate the GSMF, as red galaxies, with their higher
mass-to-light ratios, are often among the first to be excluded when
the sample becomes incomplete. This bias skews the sample toward
a higher fraction of blue galaxies, leading to lower observed wy,.

To mitigate this bias, we further divide pop, into red and blue
samples within each stellar mass bin. Next, we select pop5 to match
both stellar mass and colour in order to estimate the corresponding
wp. The GSMFs for blue and red galaxies are then derived separately.
Finally, the total GSMF is obtained by combining these two compo-
nents. This approach can be considered a more refined treatment of
galaxy bias, accounting for the fact that galaxy bias depends on both
stellar mass and colour, rather than just stellar mass. In principle,
this method could be extended by incorporating additional galaxy
properties or subdividing the sample into finer colour bins instead of
justblue and red. However, we find that the current approach provides
satisfactory results, and thus, we do not pursue further refinements.

Additionally, we also divide pop, into different stellar mass bins
following Paper III. For a given pop, sample, the value of 77, from
each pop, sample should be consistent, as the method is independent
of the properties of pop,. Therefore, comparing results from pop,
across different stellar mass bins serves as a robust test of our method.
Additionally, refining pop, into smaller stellar mass bins makes the
fi,wp, and w;, measurements easier to interpret.

4.2 Measurements of i1, w,

Let A = fi,w, for a more concise representation. We assume that
A is calculated in Ny sky regions, such as DECaLS NGC and
DECaLS SGC in this work. Each sky region is further divided into
Ny subregions for error estimation using jack-knife resampling.
We calculate 4; ; according to equation (4) in the ith sky region and
Jjth jack-knife subsample. To combine measurements from different
sky regions, we weight them by the respective region areas wy; as
follows:
A= Tt as)
Zi;I ws,i

Subsequently, we estimate the mean values and the covariance

matrices of the mean values using Ny, subsamples:

L Xm A
A= 7Nm s (16)
N- _ l Nsub
Caa = Nb—h D (A = ACONA; D) = AGD)y, ()

j=1

where a and b denotes the ath and bth radial bins.
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Figure 7. The accuracy An/nque of the PAC method for various pop; and pop, stellar mass bins and different redshifts at two typical scales, r, = 1.25 and

12.5h~"Mpc.

We measure 7i;w, for pop, from DECalLS over a wide stel-
lar mass range of [10%3Mg, 10""°My] for red galaxies and
[1053 Mg, 10" My] for blue galaxies, using a bin width of
Alog,y(M,/Mg) = 0.2, cross-correlated with pop; from DESI BGS
in 11 stellar mass bins within [10%3 Mg, 10> M] and with a bin
width of Alog,,(M,/Mg) = 0.5. The calculation is done across the
redshift ranges where pop, is complete, according to the results in

Fig. 6. The completeness of stellar mass for pop, is not considered,
as the results are independent of the properties of pop,, as mentioned
in Section 4.1. Our analysis covers spatial scales ranging from
0.01 2~"Mpc to 25 h~!'Mpc, showcasing an additional advantage of
the PAC method as it remains unaffected by fibre incompleteness,
which is a main challenge for small scale measurements in spectro-
scopic surveys.
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4.3 Measurements of wy,

The cross-correlation functions &(r,, w) are estimated using the
Landy-Szalay estimator (Landy & Szalay 1993) within the corre-
sponding r, bins and 40 7 bins, ranging from 0 to 40 2~'Mpc in
equal linear intervals, computed with Corrfunc (Sinha & Garrison
2020). The projected correlation functions wy, are then calculated as:
wp(rp) = 2/0 &(rp, m)dm (18)
where we set 7 = 40 h~'Mpc. We also tested 7. = 80 2~ 'Mpc
and found only a slight impact on the final GSMF results, well within
the statistical error. The covariance matrices are estimated through
jack-knife resampling, employing the same subregions as those used
for fiywp,.

For 71wy, in each pop, and pop, mass bin, we select pop; from
BGS and cross-correlate it with pop, to obtain the corresponding
wp. We find that we can measure w;, for pop; down to 10%3 Mg
for blue galaxies and 103! My for red galaxies. At lower masses,
however, there are too few galaxies in BGS to derive w,. However,
as discussed in Section 4.4, we have 7i,w, measurements down to
1033 My, for blue galaxies and 103 M, for red galaxies. To utilize
the 1w, measurements and extend GSMF estimates to lower masses,
we develop methods to estimate w;, at these lower masses.

For blue galaxies, we present the measurements of w, for popj
across stellar mass bins ranging from 10%% to 10" M, in Fig. 8.
Each panel shows the results for one of the 11 pop, stellar mass
bins. To illustrate the scale at which w, may be impacted by fibre
incompleteness, we include a dotted line at 0.05° for z = 0.2.
As shown in Fig. 1, low-mass galaxies may be found at lower
redshifts, allowing for w, measurements at smaller r,. The angle
0.05° is selected as the patrol diameter of the fibre positioners
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extends up to ~ 0.0495°. This choice is validated by tests in Smith
et al. (2019). We find that blue galaxies have nearly identical w,
values at M, < 10'° M. This can be explained by the fact that
blue galaxies are predominantly central galaxies (Gao et al. 2022,
2023). Their correlation functions are largely driven by halo-halo
correlation, with subhalo contributions being minimal. It is well
established that halo bias remains nearly constant for low-mass
haloes (M}, < 10'2°A~'My) (Jing 1998; Tinker et al. 2010), which
could explain why low-mass blue galaxies show nearly the same
correlation functions. To extend the GSMF for blue galaxies to
M, < 103 My, for these mass bins, we measure the wp, from all
the blue pop} with M, < 10°° Mg, and assume that it is the w;, of
pop,. To validate this approximation, we also apply it to pop, with
1053 Mg < M, < 10°! Mg and compare the resulting GSMF with
the fiducial results.

For red galaxies, we present their w, measurements across several
stellar mass bins ranging from 1084 to 10!%® M, in Fig. 9. In contrast
to blue galaxies, we observe a clear dependence of w;, on stellar mass,
with a steeper slope at lower masses. This could be attributed to the
fact that a significant fraction of low-mass red galaxies are satellites,
and their fraction, host halo mass, and radial distribution may vary
with stellar mass. As shown in Fig. 9, lower mass red galaxies appear
to have a higher satellite fraction, which contributes to the steeper
wy slope. Despite this stellar mass dependence, we find that w,
values for different stellar mass bins are similar at r, ~ 10 h~'Mpc.
This consistency is expected. At 8 »~'Mpc, wyp is dominated by the
two-halo term, meaning its amplitude is primarily determined by the
mean host halo bias of the red galaxies. Halo bias changes slightly
for M, < 1024~ '"Mg (0.6-0.8) and even up to M < 10*h~'Mg
(~ 1.0; Jing 1998; Tinker et al. 2010). As long as most low-mass
galaxies reside in haloes with My, < 10°h~'"Mg, w, at 8 h~'Mpc
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for better visualization.

should remain relatively constant across different stellar masses.
This holds true for two reasons: (1) if they are centrals, they must
be hosted by low-mass haloes. (2) For satellites, the number density
of haloes with M}, > 10"*42~'Mg, decreases exponentially, so most
satellites are expected to reside in relatively lower mass host haloes.
To estimate w),, for red galaxies with M, < 1081 Mg, we assume that
their w;, at 8 1 ~'Mpc is consistent with the w, of all red pop} galaxies
with M, < 10'%8 M. Additionally, we assume that the correlation
function follows a power-law form, & = (r/r¢)~7, which implies that
wy also follows a power law:

- 7 —1
wy(ry) = 1y (%‘;) r (§> r (%) /r (g) , (19)

where I represents the Gamma function. The assumption of a power-
law form for wy, is validated by the i;w, measurements for these
stellar mass bins. With these assumptions, there is effectively only
one degree of freedom left for wy,. To derive the GSMF for lower
mass bins, we simultaneously fit 7iw), in each stellar mass bin and
w,, at 8 h~'Mpc from all the red pop§ galaxies with M, < 10'%¥ Mg,
using equation (19). This allows us to constrain both 71, and y. To
better illustrate the impact of these assumptions, Fig. 10 presents w,
at 8 h~!Mpc for pop$ across different stellar mass bins. We observe
a slight increase in w, starting from 10°° M, toward lower masses,
followed by a decrease at 108* M. The assumption holds reasonably
well for pop; with M, < 1033 Mg, but shows larger deviations for
pop; with higher masses and for pop, at 10%¢ and 1038 M. To
validate this method, we apply it to stellar mass bins up to 1013 M
and compare the results in mass bins where w, can be directly
obtained from BGS.

Additionally, in a companion paper, we plan to derive the GSMF
for the entire sample by modelling their 7,w, using the subhalo

abundance matching method within numerical simulations, as devel-
oped in Paper IV. This approach will further validate our results, as
it does not rely on assumptions about w,, and is solely based on the
npw, measurements.

4.4 Obtaining 7i,

With these measurements, we can calculate 7i, by simply dividing
fi;wp by wy. However, similar to Paper I1I, instead of employing error
propagation, we estimate 7i, in each subregion and then combine
them to get the final results:

nz,_i(rp) = Aj (rp)/wp,j(rp) , (20)
Nsub
na(rp) =Y na j(rp)/ Naww » @1
j=1
Nap — 1 o a a b b
CMM=47%3—§;mva—nxg»muvg—nxg».am
e

To estimate 7i,, we define the x2 as

2 — T ~—1 —
X- = — i) C,,z (ny —iip), (23)
where C;zl is the inverse of C,,, and T denotes matrix transposition.
Moreover, as mentioned in Section 4.1. For each stellar mass bin,

popz have 11 7i,w, measurements from pop; in different stellar mass
bins. They are combined to get the final constraints:

11
XF=_x (24)

m

.

where x? is the x2 for the mth stellar mass bin of pop;. We use
the Markov chain Monte Carlo sampler EMCEE (Foreman-Mackey
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Figure 10. Comparison of w), at 8 h~"Mpc for red pop$ across various stellar mass bins. Each panel corresponds to one of the 11 pop; stellar mass bins. The

solid lines with shaded regions represent the results from the wy, of all pop} with M, < 10'8 M. For comparison, the projected matter correlations w

mm

b at

redshifts O (dashed lines) and 0.1 (dotted lines) calculated using CAMB (Lewis, Challinor & Lasenby 2000) are also shown.

et al. 2013) to perform maximum-likelihood analyses of {i,} for
each stellar mass bin of pop;.

For blue galaxies at lower masses using w,, from pop3 with M, <
109 M, the procedure follows similarly to the steps outlined above.
However, for red galaxies where i1, w;, needs to be fitted, we redefine
the x? as follows:

XZ — (APAC _ AmOd)TC;ll(.APAC _ Amod)
+(w§"s(rp = 81~ 'Mpc) — w™(r, = 8h~'Mpc))?
oy, (rp = 8h~"Mpc) '

(25)

Results from different stellar mass bins of pop; are then combined to
compute the total sz». In this process, we define a distinct parameter
y for each pop; stellar mass bin, while only one {75} is shared among
them.

To avoid scales where wy, is influenced by fibre incompleteness,
for each stellar mass bin, we identify two redshifts, zjim,1 and zZjim 2,
within which BGS contains 95 per cent of the pop; and pop} galaxies
according to Fig. 1. The minimum value for r;, is then set at the
scale corresponding to an angular separation of 0.05° at max(Zjim.1,
Ziim,2)- We present the fits in Appendix A by comparing iy w, /5™
with w,, where 715°* represents the best-fitting value of 7i,. Results
for blue galaxies with corresponding w, measurements are shown
in Figs Al and A2. Blue galaxies with fixed w, derived from
M, < 10°°M,, are presented in Figs A3 and A4. For red galaxies
with corresponding w, measurements, results are shown in Figs
A5 and A6, while red galaxies with modelled w, are displayed
in Figs A7 and AS8. The fits are overall good for all stellar mass
bins.
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4.5 Lower limits for smaller stellar masses

Although we can only obtain 71, for blue and red galaxies at M, >
10°3 and > 10°3 M, respectively, due to the depth of DECaLS, we
are still able to acquire incomplete 7i,w, measurements for stellar
masses below these limits and place constraints on the lower limits
of i1, for these masses.

To achieve this, we first apply an r-band magnitude cut of 23.0
to the DECaLS data, a limit reached by over 90 percent of the
regions in DECaLS (see Paper III). This ensures a uniform sample
for calculating 7i;w, in the incomplete stellar mass bins. We then
compute /i, w, for blue and red galaxies down to 10*7 and 10°° Mo,
respectively, by cross-correlating DECaLS with the DESI BGS
sample within the redshift range z < 0.02. Our analysis shows that
we successfully obtain 77w, measurements for these stellar mass
bins. To determine the lower limits of 72, for these bins, we apply fixed
wyp and wy, fitting methods for blue and red galaxies, respectively. The
fits for blue and red galaxies are shown in Figs A9 and A10.

4.6 The GSMF and potential systematics

After obtaining 71, for different stellar mass bins, we derive the
GSMFs across a wide range of stellar masses for blue, red, and the
whole samples. The GSMFs are shown in Fig. 11 with also the tabular
form presented in Table B1.

Comparing the results for blue galaxies using corresponding w,
measurements (blue dots) with those using a fixed w;, derived from
M, < 10> Mg, (blue squares), we find good agreement in the over-
lapping stellar mass range 10%4Mg < M, < 10°° My, validating
our method for extending the blue GSMF. At M, < 103°M,, we
find that the fixed w,, results are more stable. The reason might be
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Figure 11. GSMFs for blue, red, and the entire samples before masking regions within 2R, of massive galaxies. Red and blue dots with error bars represent
the fiducial results by combining 7w}, and wy, for red and blue galaxies, respectively. Blue squares indicate the results where wy, is derived from all blue pop}
galaxies with M, > 10°°M, while red squares correspond to results where wp comes from model fitting. Blue and red arrows denote the lower limits due to
incomplete samples, and black dots and arrows represent the GSMF and lower limits for the whole galaxy sample.

that, although w, measurements for blue galaxies at M, < 1039 M,
can be measured, they are based on a small number of galaxies in
a limited local volume. Therefore, we adopt the fixed wy, results as
the GSMF for blue galaxies in this mass range. For red galaxies,
we find good agreement between the results using corresponding
wp measurements (red dots) and those from fitting wp in the
overlapping stellar mass range 1082Mg < M, < 103 M (red
squares), validating our method for extending the red GSME. For
M, < 10%* My, we adopt the results from fitting w,, for red galaxies.
As aresult, leveraging the deep DECaLS data, we measure the GSMF
down to 10°2 My, for blue galaxies and 10°* M, for red galaxies,
while setting lower limits down to 10>% and 107° M, respectively.

While it is exciting to obtain measurements down to 10°4 M, and
lower limits of 10*® My, for blue galaxies, caution is warranted, as
extended objects in DECaLS are not guaranteed to be galaxies. For
example, star-forming regions and spiral arms may be deblended
into separate pieces. It is challenge to differentiate between mul-
tiple overlapping galaxies and a single structured galaxy (Beard,
MacGillivray & Thanisch 1990; Dawson et al. 2016; Aihara et al.
2018b). If the density of fragmented sources is significant, it could
lead to an overestimation of the GSMF at the low-mass end, partic-
ularly for blue galaxies. To quantify and correct for these spurious
sources, we mask regions in DECaLS within 2R, of massive BGS
galaxies and subsequently recalculate i, w,, where R, is the effective
radius of the galaxy. Since 2R, encompasses most of the galaxy’s
light, this masking should effectively eliminate fake structures
while minimizing impact on genuine neighbouring galaxies. We test
three different mass thresholds: M;“"‘Sk = 10'99, 10°0, and 1089 Mg.
Regions around BGS galaxies with M, > M™ are masked in
DECaLS. Using M™% = 103 M, results in the masking of regions

around most BGS galaxies. We recalculate ii,w, only for pop, with
M, < M™% as the host galaxies are expected to be significantly
more massive than any deblended substructures.

In Fig. 12, we compare the 7i,w, measurements for blue galaxies
before and after masking regions around massive BGS galaxies. For
each stellar mass bin of pop,, we select one pop; mass bin and show
the results from the lowest M™%, We observe that /i, w, consistently
decreases after masking, suggesting that substructures within blue
galaxies are indeed being fragmented into independent objects. The
changes in 7i,w, are minor for M, > 10390 Mg, but become more
pronounced at lower masses. To quantify the fraction of fragmented
galaxies, Fiy,, in the sample, we compute the ratio of rw, after
masking to before masking, following the same method used to
obtain 7i; in Section 4.4. However, since DESI Y1 observes only a
fraction fiom = 0.656 of BGS within the Y1 footprint, we mask only
Jfeom Of the substructures in DECaLS. This partial masking is then
corrected to determine the true Fipg:

(ﬁ 2Wp )after

26
(ﬁ2wp)before ( )

Ffrag: |:1_ :|/fcom-
The Fi,e for blue and red galaxies across various stellar mass bins
and using different M™* thresholds is shown in Fig. 13. We observe
that a lower M;“'“‘Sk leads to a higher Fi,,, which is expected since
more galaxies are masked. Red galaxies generally have a lower Fyy,,
than blue galaxies, peaking at only 2 — 3 per cent in the highest
cases and remaining below 1 per cent in most instances. This is likely
because most red galaxies are regular elliptical galaxies with fewer
substructures, while blue galaxies typically exhibit spiral arms and
clumpy star formation regions. Although blue galaxies show a higher
Firag, it remains under 5 per cent for M, > 10°° M, suggesting that
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Figure 12. Comparison of 7i; w, measurements before (blue) and after (orange) masking regions around massive BGS galaxies for each blue pop stellar mass bin.
Results from one selected pop; stellar mass bin are shown for each pop; stellar mass bin. The masking thresholds are set as follows: M3k = 1080 M, for pop,

with M, < 1030 Mg and MMk = 10%9 M, for pop, with 1089 Mg < M, < 1090 Mg, and MP*¥ = 10199 M, for pop, with 10°0 Mg < M, < 10100 M.
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Figure 14. GSMFs for blue, red, and the entire samples, after masking regions within 2R, of massive galaxies, are presented. The best fits for each GSMF,

using Schechter functions, are also shown.

Table 1. The best-fitting parameters and their corresponding 1o uncertainties for the Schechter function fits to the GSMFs.

Sample logo(M./Mg) log;o(¢p1/Mpc™3) a log;o(¢p2/Mpc™3) o log;o(¢p3/Mpc™3) o3
+0.04 +0.05 +0.02
Blue 10.4570:04 —3.14102 —1.54759
Red 10742605 -2515003 ~0.6215:03 —6.27503% ~2.50008
0.02 0.03 0.06 0.29 0.08 0.29 0.70
All 10.841003 —2.597003 —0.94+)08 —4.11755 —1.85T 08 —6.8173, —2.5670 6

most objects are still actual galaxies. However, for M, < 100 Mg,
we find a significant rise in Fi,g, reaching 40 per cent, with a peak
at 10+ M. This likely indicates that many star-forming regions fall
within the stellar mass range of 10*° to 10> M,

It is important to note that we may underestimate F,, due to
insufficient masking. As shown in Fig. 6, we can still obtain 7,w,
measurements for pop, galaxies around 107" M, at redshifts beyond
z = 0.05. However, the BGS sample becomes significantly incom-
plete for galaxies with 1080 M, at these redshifts. This suggests that
some structures measured by PAC may not be fully masked due to
the limitations of BGS coverage. Although the deblending issue may
be less significant at higher redshifts as the substructures become
unresolved, the exact impact is difficult to quantify. Additionally,
blue galaxies smaller than 10%° M, could still contain substructures
down to 10*° Mg, which cannot be adequately studied with BGS.
While we observe relatively small changes in Fy,, when reducing
M™% from 10%° to 108° Mg, compared to the more substantial
changes between 10'* and 10%° M, the contamination from even
smaller galaxies remains unquantified. Improved data or methods
will be necessary to address the remaining issues effectively. With
the constraints on Fi,g, we can adjust for the contribution of spurious
sources in the GSMF. For each stellar mass bin of pop,, we apply
the Fi,e value derived from the lowest Mfk““k to correct the GSMF
accordingly.

The corrected GSMFs are presented in Fig. 14. We find that the
blue, red, and overall GSMFs can be described by single, double,
and triple Schechter functions, respectively:

M\ dM,
¢blue(M*)dM* = eiM*/M(.(ﬁl (E) M, s (27)
M\ M N\ "] dM,
Prea(M)AM, = e~ /M0 {dn < MC) + ¢ (ﬁ) } w
(28)
M* o] M* o)
¢a11(M*)dM* = eiM*/MF [¢1 <M[) +¢2 <Mc)
M.\ dM,
+¢3 (M) ] TR (29)

Here, ¢(M,)dM, represents the number density of galaxies with
masses between M, and M, + dM,. The number density ® that we
typically measure is expressed in equal logarithmic intervals, which
relates to ¢ as follows:

d(M,) = In(10)M,.p(M,). (30)

The constraints of the parameters are shown in Table 1.

From Fig. 14, we observe that red galaxies dominate the high-mass
end at M, > 10'%° Mg, while blue galaxies become increasingly
prominent at lower masses, overtaking red galaxies at around
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Figure 15. Comparison to previous GSMFs measured in the nearby universe. The GSMF of the full sample (black dots) is compared to results from Paper III,
obtained using the old PAC method applied to SDSS data (blue diamonds) at z < 0.2, GAMA DR4 results (orange stars; Driver et al. 2022) at z < 0.1, and
the DESI BGS Bright sample analysed with the Vipax method (green dots) at z < 0.2 (Moore, in preparation). Systematic errors in stellar mass for the GAMA
results have been corrected using the relationship shown in Fig. 16. Additionally, DESI BGS results after correcting for the LV bias are shown (purple dots).
This correction is based on Chen et al. (2019), leveraging the ELUCID simulation (Wang et al. 2014b, 2016b), which uses the reconstructed initial density field
of the nearby universe. The GSMF from (Driver et al. 2022) for Local Group galaxies (brown triangles; McConnachie 2012) is also reproduced using the same

stellar mass calibration as applied to GAMA.

10°% M. However, the density of red galaxies rises sharply below
1036 M, once again dominating at M, < 107® M. This increasing
trend persists down to the stellar mass limit of 10°* Mg for red
galaxies. If this trend holds beyond our observational limits, dwarf
galaxies would predominantly be red. Peng et al. (2010) provided
a physical explanation for the red GSMF, where galaxies with
M, > M, are primarily influenced by ‘mass quenching’ in central
galaxies, and those with M, < M, are driven by ‘environmental
quenching’ in satellite galaxies. However, while their model pre-
dicted a slight upturn in the red GSMF around 10°° My, it is not
nearly as steep as what we observe. This discrepancy suggests that
the quenching mechanism for red dwarf galaxies might differ from
our current understanding. Investigating this further is an interesting
and important problem for future studies.

4.7 Comparison with previous nearby GSMFs

In Fig. 15, we compare the GSMF of the entire sample with the results
from Paper III (blue diamonds), which used the old PAC method on
SDSS main sample (Abazajian et al. 2009). The results in Paper 111
were obtained by controlling only for stellar mass when selecting
pop5 to derive wy, as described in Section 4.1. We observe that their
GSMF is higher than ours for M, < 10'%6Mg. This discrepancy,
as explained in Section 4.1, arises because the SDSS main sample
used in Paper I1I is incomplete for stellar masses below 10'%¢ Mg,
resulting in a higher fraction of blue galaxies and consequently lower
wp. This highlights the importance of controlling for both stellar mass
and colour, as developed in this study.

MNRAS 540, 1635-1667 (2025)

We also compare our results with those from GAMA DR4 at
z < 0.1 (Driver et al. 2022). To ensure a meaningful comparison,
it is crucial to account for systematic errors in stellar mass, as
we utilize different SED templates and photometry compared to
GAMA. Therefore, we match GAMA galaxies used in (Driver et al.
2022) to DECaLS and recompute their stellar masses using our SED
template and DECaLS photometry. A comparison between the two
stellar mass estimates is shown in the left panel of Fig. 16. We
find that our stellar mass calculations are slightly lower than those
from GAMA, with the difference increasing toward lower stellar
masses. This trend follows a power law: log,o(MTCALE /1010 M) =
1.0721og,o(MSAMA /101 M) — 0.237. The increasing discrepancy
at the low-mass end is expected, as most SED templates are calibrated
at high masses. Recently, de los Reyes et al. (2024) highlighted that
stellar mass estimates for low-mass galaxies are sensitive to the
assumed star formation history in the template, which can lead to
differences of up to 0.4 dex. Despite this stellar mass discrepancy, we
can still make a reasonable comparison after calibrating the GAMA
stellar mass using the relation in Fig. 16. We adjust the GSMF from
Driver et al. (2022) accordingly and present the comparison with
our results in Fig. 15. Additionally, since many studies utilize the
Driver et al. (2022) stellar mass function, we also present our GSMFs
calibrated to the Driver et al. (2022) stellar mass in Appendix B,
allowing for easier comparison with other studies.

We find that our results are in good agreement with Driver et al.
(2022) for stellar masses in the range 10°° Mg < M, < 10" M.
However, we observe slight discrepancies for M, > 10'Y M and an
increasing divergence below 10°° M. Both discrepancies are likely
attributed to cosmic variance. At the high-mass end, the limited
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Figure 16. Left: comparing the stellar mass MSAMA obtained from GAMA DR4 (Driver et al. 2022) with those derived using our CIGALE SED template
(described in Section 2.1) based on DECaLS grz bands photometry (MfIGALE). The relationship between the two can be effectively characterized by a power
law: log,o(MSTGALE /1010M ) = 1.0721og,((MSAMA /1019M) — 0.237 (solid line). Right: comparing the stellar mass MSAMA obtained from COSMOS2020
(Weaver et al. 2023) with those derived using our CIGALE SED template based on HSC grz bands photometry at 0.2 < z, < 0.8. Dots with error bars
represent the mean relation with the 1o scatter. The relationship between the two can be effectively characterized by a power law: log;o(MEICALE /1010M ) =

0.948 log (M EOSMOS /1010M ) — 0.012.

survey area of GAMA, which covers only about 250 deg?, results in
a scarcity of massive galaxies at z < 0.1 available for calculating the
GSMEF, leading to significant uncertainties. In contrast, as shown as
green dots in Fig. 15, when we compare our GSMF with that from the
much larger DESI Y1 BGS Bright sample at z < 0.2 using the same
SED template and Vi,,x method (Moore, in preparation), we find
strong consistency up to 10'8 M. This indicates that the discrep-
ancies with GAMA for massive galaxies might be primarily due to
its small sample size. Another possible factor could be differences in
scatter in the estimated stellar masses, which could affect the GSMF
at the steep, high-mass end. At the low-mass end, the depth of GAMA
is only rgips ~ 19.65, which is much shallower than DECaLS with
r ~ 23.0. As a result, most low-mass galaxies in GAMA are found
in the local volume surrounding the Milky Way. It is well known that
the Milky Way resides in an LV (Tully et al. 2008; Peebles & Nusser
2010; Bohringer et al. 2020). Consequently, using the local volume
to study the GSMF is likely to yield underestimated results. This
discrepancy at M, < 10°% M, is also found when comparing to the
BGS Vpnax results, which has the depth of » = 19.5. Moreover, Driver
et al. (2022) found that the GSMF from GAMA is broadly consistent
with those from the local volume (Karachentsev & Makarova 2019)
and the Local Group (McConnachie 2012) in the stellar mass range
108°Mg < M, < 10'“°M. We reproduce their measurements in
the Local Group in Fig. 15 (brown triangles), applying the same
stellar mass calibration in Fig. 16 used for GAMA, under the
assumption that Driver et al. (2022) made a consistent comparison.
To quantify the bias from the LV, Chen et al. (2019) provide a
comprehensive correction approach using the ELUCID simulation
(Wang et al. 2014b, 2016b). This simulation was conducted using
the reconstructed initial density field of the nearby universe within
a box size of 500 2~ 'Mpc. They observed a rapid decrease in halo
and galaxy densities toward lower redshifts, beginning from z =
0.03. They derived the correction for the SDSS GSMF (r < 17.6) by

comparing the GSMF from the simulated SDSS region to those across
the entire simulation box. Additionally, they examined corrections
for samples with r-band magnitude limits ranging from 16 to 20.
Recently, Wang et al. (2024) found that the corrected low-mass end of
the SDSS GSMF aligns well with results from their deeper r = 19.5
sample, which combines DESI Y1 BGS and DESI Legacy Imaging
Surveys samples. This indicates that the cosmic variance correction
from Chen et al. (2019) is highly effective. Additionally, Wang et al.
(2024) applied the correction for r = 19.5 from Chen et al. (2019)
to their GSMEF, resulting in a much steeper increase at lower masses.
We adopt the correction f, from Wang et al. (2024) and apply it to
the BGS V. results. The LV bias corrected BGS V,,,.,x GSMF is also
shown in Fig. 15. We find that it now aligns well with our GSMF
down to 107° M. We note that the correction from Chen et al. (2019)
was performed within the SDSS footprint, which does not exactly
match the DESI Y1 BGS sample. Additionally, as the GSMF from
GAMA shows good agreement with the BGS V., results, despite
covering different sky regions, this suggests that the bias related to the
LV may depend primarily on redshift rather than specific sky areas.
This factor was not fully explored by Chen et al. (2019) and warrants
further investigation. Moreover, Chen et al. (2019) did not provide
corrections of the LV bias for lower masses due to the resolution
limits of the ELUCID simulation. Thus, whether the discrepancies
observed at lower masses can be fully attributed to cosmic variance
requires further investigation.

We acknowledge that GAMA has applied an LSS correction using
the DFTOOLS method described in Obreschkow et al. (2018). How-
ever, this approach is based on a simplified assumption. Specifically,
it uses more massive galaxies — which are observable over a larger
volume — to estimate density variance. It then assumes that this
variance applies equally to low-mass galaxies, adjusting their number
densities accordingly. This assumption overlooks key complexities. It
relies on the notion of linear galaxy bias, where galaxy overdensity

MNRAS 540, 1635-1667 (2025)

920z Arenuer gz uo sesn | L SO/ABIBUT Jo 1deq Aq 26962 18/SE9L/Z/01S/RI0IHE/SEIUW/WOD dNO"ILISPEDE//:SANY WOI) PAPEOJUMOQ



1652 K. Xuetal.

is assumed to respond linearly to the matter overdensity. This is
only valid when comparing galaxy samples in very large volumes
with little mass variation 6, < 1. The local volume is not large
enough and involves numerous non-linear processes. For instance,
fig. 9 of Chen et al. (2019) shows, using a constrained simulation,
the halo and galaxy number density change below z < 0.03 differs
significantly across mass bins. We would expect an even more
complex behaviour when considering how galaxy colour responds
to environmental density. Furthermore, the DFTOOLS LSS correction
requires normalization to determine the absolute correction factor. In
GAMA’s case, this was done by fixing the total stellar mass within
the survey volume at z < 0.08 (Driver et al. 2022). However, since the
region at z < 0.03 is underdense, this approach likely underestimates
the true correction.

If the GSMF from BGS in the local volume and our PAC method
for the cosmic average in Fig. 15 are both accurate, the dominance
of blue galaxies in the local volume and red galaxies in the cosmic
average at M, < 107° My, may suggest a significant dependence of
low-mass galaxy colour on the environment. In other words, the
discrepancy between the local volume and the cosmic average may
primarily be due to the absence of low-mass red galaxies in the local
volume. This is supported by our finding that the GSMF for blue
galaxies in the cosmic average in Fig. 14 closely resembles the total
GSMF from BGS in the local volume in Fig. 15. We plan to further
investigate this using constrained simulations with a semi-analytical
model in the future.

The comparison of our results with GAMA and BGS highlights
the significant advantages of the PAC method in obtaining robust
measurements of the GSMF, particularly at lower masses.

4.8 Comparison with COSMOS GSMFs at higher redshifts

Since the LV correction from Chen et al. (2019) is highly model-
dependent, we further validate our results by comparing our GSMF
at z < 0.2 with measurements from COSMOS-Web (Shuntov et al.
2025) at photometric redshifts 0.2 < z, < 0.5 and 0.5 < z, < 0.8.
COSMOS-Web (Casey et al. 2023) combines deep ground- and
space-based photometric data across 33 bands in the Cosmic Evo-
Iution Survey (COSMOS, Scoville et al. 2007), including recent
observations from JWST (Gardner et al. 2006), and provides photo-
metric redshifts and physical properties for galaxies over an area of
approximately 0.431 deg? (Shuntov et al. 2025). This region currently
offers the only reliable constraints on the GSMF at M, < 10 Mg
beyond the local universe. To ensure a fair comparison, we calibrate
the COSMOS-Web stellar masses to our scale. As the COSMOS-
Web catalogue has not yet been published, we instead use the
COSMOS2020 catalogue (Weaver et al. 2022), given the consistency
of the COSMOS data reduction pipelines. We select all galaxies
in COSMOS2020 with photometric redshifts 0.2 < z, < 0.8 and
compute their stellar masses using our CIGALE SED templates
(Section 2.1), based solely on HSC grz photometry for optimal
consistency. These results are then compared to the COSMO0OS2020
stellar masses derived with LEPHARE, as shown in the right panel
of Fig. 16. We find that our stellar masses are quite consistent
with those from COSMOS2020, and their relation can be described
by log,o(MECALE /1010 M) = 0.948 log,,(MEOSMOS /1010 M) —
0.012. The comparison of GSMFs is presented in Fig. 17. We find that
our GSMF agrees well with the COSMOS-Web measurements down
to 1076 M, at the two higher redshifts, within the uncertainties. This
further indicate a potential higher number density of dwarf galaxies
than reported in the local volume. Shuntov et al. (2025) did not
provide separate GSMFs for blue and red galaxies, but the sharp
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rise in the red GSMF at M, < 1033 M, is evident (o, ~ —2) in the
COSMOS2020 results (Weaver et al. 2023) for z < 0.8. We plan
to explore this further once the full COSMOS-Web catalogues are
released.

In Fig. 17, we also reproduce the GSMF from G10-COSMOS by
Wright et al. (2017, see also Driver et al. 2018; Wright, Driver &
Robotham 2018), based on a combination of spectroscopic and
photometric redshifts at z, < 0.1 (green triangles). The stellar masses
are calibrated using the relation for GAMA, under the assumption
that Wright et al. (2017) applied a consistent methodology to G10-
COSMOS as was used for GAMA, as detailed in Driver et al.
(2018). The results from G10-COSMOS appear to lie between those
from GAMA and COSMOS-Web/our work. However, caution is
warranted when using photometric redshifts at such low redshifts.

In the bottom panel of Fig. 17, we also show the galaxy stellar
mass density (GSMD) in each stellar mass bin. Our results suggest
that the upturn in the GSMF leads to a relatively constant or slightly
increasing GSMD at M, < 1089 M, in contrast to previous findings
where the GSMD continues to decline toward lower stellar masses.

5 CONCLUSIONS AND PROSPECTS

In this paper, we improve the PAC method originally developed in
Paper I by introducing several enhancements to make it more rigorous
and to eliminate the need for redshift bins.

As a first application, we use the DECaLS photometric sample
and the BGS Bright spectroscopic sample from DESI Y1 to measure
fi,w, across various stellar mass bins, ranging from 10°- to 10" M,
for blue galaxies and 103 to 10''° M, for red galaxies, all of
which are complete in stellar mass. Additionally, we measure several
incomplete bins down to 10*” M, for blue galaxies and 107> Mg
for red galaxies. Following Paper III with some extensions, we
combine these i1, wy, results with the corresponding w, measurements
from the BGS sample, which may not be fully complete in stellar
mass. Assuming that galaxy bias is primarily determined by stellar
mass and colour, we then calculate 71, for these mass bins. This
approach enables us to derive the GSMF down to 10°3 M, for blue
galaxies and 1093 Mg, for red galaxies, with lower limits extending
down to 1037 and 10°° M, respectively. We also examine the
influence of fragmented sources in the DECaL.S samples on our
GSMF measurements, which could be misidentified features like
fragmented spiral arms or star-forming regions. The impact on red
galaxies is negligible. However, for blue galaxies, the fake fraction
Firag is notably higher at M, < 10%° Mg, though it remains below
Spercent for M, > 1050 Mg. For M, < 1050 Mg, Fie becomes
significant, reaching 40 percent at 10*° M. These fake sources
have been corrected for in our GSMFE.

We find that the GSMFs for blue, red, and the entire galaxy
populations can be well described by single, double, and triple
Schechter functions. The power-law indices at the low-mass ends
are —1.5470:92 for blue galaxies and —2.5070-0% for red galaxies,
resulting in an index ranging between —1.85 and —2.56 for the
entire GSMFE. The slope of our GSMF at the low-mass end is
significantly steeper than that of GAMA (Driver et al. 2022) and
BGS Bright, whose index is closer to that of our blue GSMF. This
discrepancy is reconciled after applying the correction for the local
volume, as provided by Chen et al. (2019), to the BGS V,,,x GSMFE.
Additionally, the steep rise in the GSMF at lower masses has not
been successfully reproduced by current galaxy formation models,
suggesting an incomplete understanding of the physics governing
galaxy formation.
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Figure 17. Top: comparison with GSMFs from the COSMOS field at higher redshifts. The GSMF of the full sample (black dots) is compared with results from
COSMOS-Web (Shuntov et al. 2025) at 0.2 < z, < 0.5 (blue dots) and 0.5 < z, < 0.8 (pink dots). Stellar masses from COSMOS-Web have been calibrated to
match our scale using the right panel of Fig. 16. GSMFs from G10-COSMOS (Wright et al. 2017) at z,, < 1 are also shown (green triangles) with stellar mass
calibrated with the relation for GAMA. Bottom: stellar mass density within each stellar mass interval.

Our measurements of the GSMF, extending to the 10%° M, range,
hold the potential to provide valuable constraints on various aspects,
including the nature of dark matter (Colin et al. 2000; Bode et al.
2001; Viel et al. 2005; Lovell et al. 2012; Maccio et al. 2013; Horiuchi
et al. 2016; Bose et al. 2017), the epoch of reionization (Efstathiou
1992; Loeb & Barkana 2001; Okamoto et al. 2008; Benitez-Llambay
et al. 2017; Bose et al. 2018), and the physics of galaxy formation.
For instance, warm dark matter models predict a cut-off at high &
in the power spectrum, leading to the suppression of both the halo
and stellar mass functions at low masses (Bose et al. 2017). The
steep rise we observe in our GSMF at the low-mass end may place
strong constraints on the mass of dark matter particles. Furthermore,
upcoming cosmological photometric surveys, such as LSST, Euclid,
CSS-0S, and Roman, are expected to probe depths 2-3 mag fainter
than DECaLS. By applying the PAC method, we have the potential
to thoroughly explore the full range of the galaxy population in the
local universe and address these fundamental questions.

In addition to its relevance for dwarf galaxy studies in the
local universe, the PAC method offers many other applications. By
leveraging the diverse spectroscopic samples from DESI, including
BGS, luminous red galaxy (LRG), emission line galaxy (ELG), and
quasar (QSO), which together map the universe up to z ~ 2, we can
consistently investigate the evolution of various galaxy properties.
Moreover, we can establish highly accurate galaxy—halo connec-
tions for spectroscopic tracers, thanks to the extensive information
available on their spatial distribution in relation to different types of
galaxies, as developed in Paper IV. This enables precise modelling
of small-scale measurements based on these tracers, such as galaxy—
galaxy lensing and RSDs (Li et al. 2012; Yuan et al. 2022; Zhai et al.
2023; Xu et al. 2024), leading to stringent constraints on the structure
formation of the universe.

With this paper, we begin applying the PAC method to Stage-IV
cosmological surveys, aiming to obtain new measurements that we
hope will significantly advance our understanding of the Universe.
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APPENDIX A: MEASUREMENTS AND
FITTINGS

In this section, we present the fits used to determine 71, by comparing
fiaw, /5 with w,, where 15 represents the best-fitting value of
5. Results for blue galaxies with corresponding w, measurements
are shown in Figs A1 and A2. For blue galaxies with w;, derived from
M, < 10°°M,, the results are presented in Figs A3 and A4. Red
galaxy results with corresponding w, measurements are shown in
Figs A5 and A6, while red galaxies with modelled w, are displayed in
Figs A7 and A8. The fits used to establish lower limits for incomplete
stellar mass bins are presented in Figs A9 and A10. Overall, the fits
are satisfactory across all stellar mass bins.

MNRAS 540, 1635-1667 (2025)

920z Arenuer gz uo sesn | L SO/ABIBUT Jo 1deq Aq 26962 18/SE9L/Z/01S/RI0IHE/SEIUW/WOD dNO"ILISPEDE//:SANY WOI) PAPEOJUMOQ


http://dx.doi.org/10.1051/0004-6361/201322790
http://dx.doi.org/10.3847/1538-4357/ab391e
http://dx.doi.org/10.3847/1538-4357/ad3b96
http://dx.doi.org/10.1111/j.1365-2966.2011.19270.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21882.x
http://dx.doi.org/10.3847/1538-3881/acb212
http://dx.doi.org/10.3847/1538-3881/accff8
http://dx.doi.org/10.1093/mnras/stv2900
http://dx.doi.org/10.1111/j.1365-2966.2012.22111.x
http://dx.doi.org/10.1088/0004-637X/699/2/1333
http://dx.doi.org/10.1093/mnras/stab3055
http://dx.doi.org/10.1093/mnras/stv705
http://dx.doi.org/10.1111/j.1365-2966.2012.21952.x
http://dx.doi.org/10.1088/0067-0049/208/2/19
http://dx.doi.org/10.1093/mnras/stv2922
http://dx.doi.org/10.3847/1538-4357/ab042c
http://dx.doi.org/10.1088/0004-637X/760/1/16
http://dx.doi.org/10.1086/311530
http://dx.doi.org/10.1007/s11433-018-9286-x
http://dx.doi.org/10.1111/j.1365-2966.2004.08353.x
http://dx.doi.org/10.1093/mnras/227.1.1
http://dx.doi.org/10.1086/172297
http://dx.doi.org/10.1007/s10511-019-09582-7
http://dx.doi.org/10.1093/mnras/stw898
http://dx.doi.org/10.1086/172900
http://arxiv.org/abs/1110.3193
http://dx.doi.org/10.1051/0004-6361:20041960
http://arxiv.org/abs/1308.0847
http://dx.doi.org/10.1086/309179
http://dx.doi.org/10.1111/j.1365-2966.2009.15268.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10066.x
http://dx.doi.org/10.1088/0004-637X/758/1/50
http://dx.doi.org/10.1146/annurev.astro.39.1.19
http://dx.doi.org/10.1111/j.1365-2966.2011.20200.x
http://dx.doi.org/10.1093/mnras/sts078
http://dx.doi.org/10.1088/0004-6256/144/1/4
http://arxiv.org/abs/1303.4722
http://dx.doi.org/10.3847/1538-3881/ad45fe
http://dx.doi.org/10.3847/1538-3881/aca5f9
http://dx.doi.org/10.1086/589982
http://dx.doi.org/10.1146/annurev-astro-032122-014611
http://dx.doi.org/10.1088/0067-0049/208/1/5
http://dx.doi.org/10.1093/mnras/stx3155
http://dx.doi.org/10.1111/j.1365-2966.2008.13830.x
http://dx.doi.org/10.1038/nature09101
http://dx.doi.org/10.1088/0004-637X/721/1/193
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.3847/1538-3881/ad76a4
http://dx.doi.org/10.1093/mnras/stu2636
http://dx.doi.org/10.1088/1475-7516/2025/01/125
http://dx.doi.org/10.1093/mnras/stu2058
http://dx.doi.org/10.1093/mnras/stad2419
http://dx.doi.org/10.3847/1538-3881/ad0832
http://dx.doi.org/10.1086/305772
http://dx.doi.org/10.1093/mnras/stt410
http://dx.doi.org/10.1086/516580
http://dx.doi.org/10.1086/379122
http://dx.doi.org/10.1051/0004-6361/202452570
http://dx.doi.org/10.3847/1538-3881/ac9ab1
http://dx.doi.org/10.1093/mnras/stz3157
http://dx.doi.org/10.1093/mnras/stz059
http://arxiv.org/abs/1503.03757
http://dx.doi.org/10.1093/pasj/pst019
http://arxiv.org/abs/astro-ph/0510346
http://dx.doi.org/10.1088/0004-637X/724/2/878
http://dx.doi.org/10.1093/mnras/stab1576
http://dx.doi.org/10.1086/527428
http://dx.doi.org/10.1103/PhysRevD.71.063534
http://dx.doi.org/10.1111/j.1365-2966.2012.21256.x
http://dx.doi.org/10.1088/0004-637X/734/2/88
http://dx.doi.org/10.1093/mnras/stu988
http://dx.doi.org/10.1088/0004-637X/794/1/94
http://dx.doi.org/10.3847/0004-637X/819/1/58
http://dx.doi.org/10.3847/0004-637X/831/2/164
http://dx.doi.org/10.3847/1538-4357/ac0e38
http://dx.doi.org/10.3847/1538-4357/ad5294
http://arxiv.org/abs/2503.03317
http://dx.doi.org/10.3847/1538-4365/ac3078
http://dx.doi.org/10.1051/0004-6361/202245581
http://dx.doi.org/10.1093/mnras/stx1149
http://dx.doi.org/10.1093/mnras/sty2136
http://dx.doi.org/10.3847/1538-4357/ac4707
http://dx.doi.org/10.3847/1538-4357/ac38a2
http://dx.doi.org/10.3847/1538-4357/ac8f47
http://dx.doi.org/10.3847/1538-4357/acb13e
http://dx.doi.org/10.3847/1538-4357/ace62b
http://dx.doi.org/10.3847/1538-4357/ad6156
http://dx.doi.org/10.1086/301513
http://dx.doi.org/10.1093/mnras/stac1830
http://dx.doi.org/10.3847/1538-4357/acc65b
http://dx.doi.org/10.3847/1538-4357/ad47f7
http://dx.doi.org/10.3847/1538-4357/adc39a
http://dx.doi.org/10.1088/1538-3873/aa65ba

1656 K. Xuetal.

pop;:1072°M, pop;:1082°M,
pop2:1054M,

pop1:109%M, pop1:10102°M, pop1:10112°M,

el
HeH
ool
e
kol
tol—e-

[ man gl
ol

pop2:1058M,

sziliiiig

]

pop2:107°M,

Foinl
L

¥
iiliiiii

el
—

e
1ol

pop,:1072M,

pop2:1082Mg

!:I!I

pop2:1084M,

ili:!
i3

i

pop2:108-°M,

!i!'!!!;
x

i

pop2:1088M,

!Ig

Helf
L
L
L}
Hel
L]
(o gl
=i
L}
L

EE
!111
10° I
102 1071 10° 101072 1071 10° 101072 1071 10° 101072 107! 100 101072 107! 100 10t
rp (h~*Mpc) rp (h~*Mpc) rp (h~*Mpc) rp (h~*Mpc) rp (h~*Mpc)

Figure A1l. Comparison of A/ ﬁlz’e“ (blue) with w;, (orange) for blue galaxies. Each row presents the results for one pop, stellar mass bin, and each column
corresponds to one pop; stellar mass bin. For clarity, only 5 out of the 11 pop; bins are shown. Shaded regions indicate areas where wy, is affected by fibre
incompleteness. The continuation of this figure is provided in Fig. A2.
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Figure A2. The continuation of Fig. Al.
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Figure A3. Similar to Fig. Al for blue galaxies, but here wy, is derived from all blue pop$ galaxies with M, < 10°0 M. The continuation of this figure is
provided in Fig. A4.
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Figure A4. The continuation of Fig. A3.
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Figure A5. Comparison of A/ ﬁlz""“ (blue) with wy, (orange) for red galaxies. Each row presents the results for one pop; stellar mass bin, and each column
corresponds to one pop; stellar mass bin. Similar to the blue galaxy case, only 5 out of the 11 pop; bins are shown, but we select different mass bins than those
used for blue galaxies. Shaded regions indicate areas where wy, is affected by fibre incompleteness. The continuation of this figure is provided in Fig. A6.
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Figure A7. Similar to Fig. A5 for red galaxies, but here w, represents the best-fitting model, assuming a power law with a constraint at 8 h~! Mpc from all red
pop}, galaxies with M, < 10'0-8 M. The continuation of this figure is provided in Fig. A8.
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Figure A9. Similar to Fig. A3 for blue galaxies with fixed wy,, but for incomplete stellar mass bins ranging from 1038 to 1052 M.
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Figure A10. Similar to Fig. A10 for red galaxies with wy, from model fitting, but for incomplete stellar mass bins ranging from 1059 to 10%2 Mg

APPENDIX B: THE GSMF IN TABULAR FORM
AND CALIBRATION TO GAMA STELLAR MASS

In this section, we show the tabular form of the GSMFs presented in
Fig. 14in Table B1. Additionally, we also show the GSMFs calibrated
to GAMA stellar mass function in Table B1.
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1666 K. Xu et al.

Table B1. Tabular form of the GSMF loglO(CD/Mpc*3dex’l) for each stellar mass bin log;((M./Mg) as presented in Fig. 14. Results calibrated to the
GAMA stellar mass are also included.

logo (M) log(Pbiue) logo(Prea) logo(Pan) logo(MIAMA)  log o (PEaMA) log (PIaM™) log(PGA)
38 ~1.3661097% 444 —1.46510085

4.0 —1.092+0:078 4.62 —1.171+0:083

42 ~0.9960048 481 ~1.068%:08)

4.4 —1.14879033 5.00 —1.231+0:0%6

46 —1.135+0040 5.18 ~1218%053

48 ~1.005+0:02 5.37 —1.078+0.066

5.0 —0.7721 3304 5.55 —0.82875112

5.2 —0.584+0:1% 5.74 —0.62610138

5.4 0.095912) 5.93 0.102+3:1%

5.6 —0.101709% 1355003 007470987 6.11 —0.108%01%  —1.4531008  —0.079100%
5.8 —0.1927008 —0.348109% 0.015%972 6.30 —0.20679972 —0.37379963 0.01670:077
6.0 —0.197+0:0%¢ 0.18770%4 0.328+0:030 6.49 —0.211+0:060 0.20179%8 0.35210:054
6.2 —0.32870:053 0.32810:032 0.40810:031 6.67 —0.352700%8 0.35270034 0.43870:036
6.4 —0.4947 307 0.54310.9%¢ 0.58310.9% 6.86 —0.52915:072 0.5820:9% 0.62510:974
6.6 —0.77110:0%8 0.1267993%9 0.16970:04 7.05 —0.827100%0 0.1357992 0.181790%3
6.8 —0.791+0:027 0.282+0:024 0.32070021 7.23 —0.84810029 0.30379026 0.34310022
7.0 —0.9381002 (541003 _ 15001 7.42 —1006%053  —0273X0580  —0.194705%
7.2 —0.98610:019 —0.52110072 —0.38910:058 7.61 —1.05810:0% —0.55910077 —0.41710:082
7.4 ~1.090%9014 —0.797%9197 —0.6241008 7.79 ~1.169+5913 —0.85579113 —0.66970 036
7.6 —1.2047001) —1.269750% —0.93210:02 7.98 —1.29179012 —~1.36070:034 —1.000%0:0%
7.8 13167301 —1.33679023 —1.02373014 8.17 —1.41119012 —1.432+0027 —1.097+0:013
8.0 —1.449%001¢ ~1.5917301¢ -1.216%0013 8.35 —1.55470018 —1.706%004 —1.3047301
8.2 —1.59710013 —~1.926100% —1.42910:022 8.54 —1.7137901¢ —2.0657007 —1.532100%
8.4 —1.716+0010 —2.221730%8 —1.598+0:010 8.73 —1.84073011 —2.381 1002 —1.71410019
8.6 —1.775F0:008 —2.5577 504 —1.70910:009 8.91 ~1.90379:0% —2.742710:0%¢ —1.83370:008
8.8 —1.88710008 -2.6381003¢ —1.8161 0000 9.10 —2.024790% —2.8297000% —1.948%0007
9.0 —2.014F0:005 —2.62110:0% —1.920+0:006 9.28 —2.159+0:006 —2.81110010 —2.059+0:007
9.2 —2.137F0:007 267510007 —2.0277 9507 9.47 —2.291+0:007 —2.86910-008 —2.17473%07
9.4 —2.24110005 27037355 —2.113799%08 9.66 —2.403+0:006 —2.899 10010 ~2.266730%
9.6 —2.38210-007 26321000 ~2.18710:005 9.84 —2.55470007 —2.823700% ~2.346 1000
9.8 —2.52910004 —2.557+9.905 —2.24273004 10.03 —2.712+99% —2.74210003 —2.40470000
10.0 —2.67219004 —2.475%0007 —2.260199% 10.22 —2.8661990° —2.655+9:007 —2.42375003
10.2 ~2.8681000¢ 243210008 229610003 10.40 —3.0757900¢ —2.6087 000 ~2.462710:003
10.4 —3.137+0.008 —2.44470.004 —2.36470.003 10.59 —3.364+0:008 —2.621+004 —2.5351000
10.6 —3.50310014 50010003 _p 450+0.003 10.78 -3756%001  —2681008  —2.6371000
10.8 —3.96810034 —-2.63210003 261210003 10.96 425670033 —2.82210004 —2.80110003
11.0 453110088 ~2.86779003 —2.86010:003 11.15 —4.859700%) —3.07470:004 —3.06710:003
1.2 —5.924103713 —3.208 10004 —3.221+0:006 11.34 —6.352+0400 —3.46210:-005 —3.454 10006
114 —6.50919-482 379110008 377910012 11.52 —6.9800000 406570000 —4.05270012
11.6 —4.532+0.023 —4.532+0.023 11.71 —4.860+0:02 —4.860100%¢
11.8 —5.738709%4 —5.738709%4 11.90 —6.1537519% —6.1537319%
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