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Abstract

We measure the luminosity functions (LFs) and stellar mass functions (SMFs) of photometric satellite galaxies
around spectroscopically identified isolated central galaxies (ICGs). The photometric satellites are from the DESI
Legacy Imaging Surveys (DR9), while the spectroscopic ICGs are selected from the DESI Year-1 BGS sample.
We can measure satellite LFs down to r-band absolute magnitudes of M, s, ~ —7, around ICGs as small as
7.1 < log oM. 1cc/M: < 7.8, with the stellar mass of ICGs measured by the DESI FASTSPECFIT pipeline. The
satellite SMF can be measured down to log,,M, sa/ M., ~ 5.5. Interestingly, we discover that the faint/low-mass
end slopes of satellite LFs/SMFs become steeper with the decrease in the stellar masses of host ICGs, with
smaller and nearby host ICGs capable of being used to probe their fainter satellites. The steepest slopes can be
—2.298 £+ 0.656 and —2.888 £ 0.916 for satellite LF and SMF, respectively. Detailed comparisons are performed
between the satellite LFs around ICGs selected from DESI BGS or from the SDSS NYU-VAGC spectroscopic
Main galaxies over 7.1 < log;,M, 1cc/M. < 11.7, showing reasonable agreement, but we show that differences
between DESI and SDSS stellar masses for ICGs play a role to affect the results. We also compare measurements
based on DESI FASTSPECFIT and CIGALE stellar masses used to bin ICGs, with the latter including the modeling
of active galactic nuclei based on Wide-field Infrared Survey Explorer photometry, and we find good agreements
in the measured satellite LFs by using either of the DESI stellar mass catalogs.

Unified Astronomy Thesaurus concepts: Galaxy luminosities (603); Galaxy counts (588); Galaxy groups (597);
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Galaxy evolution (594)

1. Introduction

In the hierarchical cosmic structure formation paradigm of
our Universe, galaxies form within dark matter halos. Smaller
halos form first, which, together with the galaxies they host,
merge to form and contribute to the growth of larger halos/
galaxies. After falling into host halo systems, these smaller
subhalos and galaxies are called subhalos and satellite
galaxies, which orbit around the central dominant galaxy and
would eventually merge with the central galaxy.

The abundance, spatial distribution, and properties of low-
mass satellite galaxies in dense galaxy cluster or group
environments are of great importance for both galaxy
evolution and cosmology studies. First, these low-mass
satellites carry important information about how the galaxy
cluster/group environments affect their star formation and
morphological evolutions. Moreover, the important cosmolo-
gical implication comes from the fact that cold dark matter
(CDM) and warm dark matter (WDM) models predict different
amounts of low-mass substructures (e.g., M. R. Lovell et al.
2012); hence, the abundance of such low-mass objects can be
used to distinguish different dark matter models, though there
still exists the difficulty of how to connect luminous low-mass
satellite galaxies to dark matter substructures.

The low-mass satellite galaxies, however, often do not have
spectroscopic observations due to their faintness, so it is
difficult to directly get their precise distance modulus and
intrinsic rest-frame properties. To circumvent this issue, many
studies have developed the method of counting photometric
satellite galaxies around spectroscopically identified central
galaxies. In such methodologies, the intrinsic properties of
faint photometric companion galaxies can be estimated by
assuming these companions are at the same redshifts of their
spectroscopic bright central galaxies at first, and then
foreground and background companions can be statistically
subtracted off by counting companions around random points
or using cross correlation techniques. Such efforts can be
traced back to as early as S. J. Lorrimer et al. (1994) using
observations from the Palomar photometric plates.

With the developments and progress of later large surveys
such as the Sloan Digital sky Survey (SDSS), the method of
counting photometric satellites around spectroscopically

identified central galaxies has led to many important measure-
ments and conclusions, including pushing the satellite lumin-
osity function (LF) measurement down to fainter magnitudes
and inference of the faint end slopes (e.g., Q. Guo et al. 2011a;
M. Lares et al. 2011; C. Y. Jiang et al. 2012; W. Wang &
S. D. M. White 2012; T.-W. Lan et al. 2016; W. Wang et al.
2021a), satellite color distribution and star-forming quenching
mechanisms (e.g., W. Wang & S. D. M. White 2012), projected
number density profiles (e.g., W. Wang et al. 2011; Q. Guo
et al. 2012; W. Wang et al. 2014b, 2021b; P. Alonso et al.
2023), redshift evolution (e.g., A. M. Nierenberg et al. 2013;
L. Kawinwanichakij et al. 2014), abundance and the connection
to host halo, central galaxy properties, and cosmic environments
(e.g., W. Wang & S. D. M. White 2012; Q. Guo et al. 2015;
J. L. Tinker et al. 2021; W. Wang et al. 2021b; P. Alonso et al.
2023), measurement of the stellar—halo mass relation and global
stellar mass function (e.g., K. Xu & Y. Jing 2022; K. Xu et al.
2022a, 2022b, 2023), comparisons with our Milky Way (MW)
and Local Group (LG) satellite systems (e.g., W. Wang et al.
2021a), angular distribution of satellite galaxies to make
intuitions on whether there is the existence of satellite planes
to violate the standard theory (e.g., M. Cautun et al. 2015), and
SO on.

Many of the studies mentioned so far perform comparisons
with predictions by modern numerical simulations to verify the
theory of cosmic structure formation and galaxy evolutions
(e.g., W. Wang & S. D. M. White 2012; Q. Guo et al. 2013;
W. Wang et al. 2014b; M. Cautun et al. 2015). In general, good
agreements have been reported for comparisons with CDM
semianalytical model predictions or hydrodynamical simula-
tions. However, when splitting either central or satellite
galaxies by color, the associated satellite spatial and property
distributions often show more delicate differences between
simulation predictions and the real observation (e.g., Q. Guo
et al. 2013; W. Wang et al. 2014b; P. Alonso et al. 2023). And
more recently, Q. Gu et al. (2024) pointed out the excess of
corotating satellite pairs in numerical simulation than in SDSS.
As limited by the mass or magnitude range that can be pushed
down so far for satellites, and due to complications brought in
of how to associate observable low-mass satellite galaxies to
low-mass subhalos, no solid and strong constraints have been
so far made to favor or disfavor CDM or WDM models.
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Interests are growing toward searching and studying
companion satellites around central galaxies with mass or
luminosity comparable to or even lower than the Large
Magellanic Cloud (e.g., L. V. Sales et al. 2013; D. M. Roberts
et al. 2021; W. Wang et al. 2021a), including some Local
Volume searches (e.g., J. L. Carlin et al. 2016; S. G. Carlsten
et al. 2020; O. Miiller & H. Jerjen 2020). Low-mass central
galaxies, if spectroscopically identified, can be used to study
their even fainter photometric companion satellites down to the
much lower-mass end, where the satellite statistics are still
complete above the corresponding photometric survey flux
limit, hence pushing the measurement of satellite LFs down to
even fainter magnitude ranges for cosmological inferences.

In a previous study of W. Wang et al. (2021a), we measure
the LF of photometric satellites around spectroscopically
identified central galaxies from SDSS, and the satellite LF is
presented down to V-band absolute magnitude of about —12 to
—10, but —10 is not the faintest limit, as the main purpose of
W. Wang et al. (2021a) is to measure satellite LFs in MW-
mass systems.

After SDSS, the Dark Energy Spectroscopic Instrument
(DESI; M. Levi et al. 2013; DESI Collaboration et al. 2016a,
2016b, 2022; A. D. Myers et al. 2023; E. F. Schlafly et al. 2023;
DESI Collaboration et al. 2024a)*® is one of the ongoing and
foremost multiobject spectrographs for wide-field surveys. The
main science of DESI is to achieve the most precise constraint
on the expansion history of the Universe to date (M. Levi et al.
2013). The early data release (EDR; DESI Collaboration et al.
2024b)49 of DESI has been made, and the first data release
(DR1; DESI Collaboration et al. 2025, in preparation) will be
made very soon this spring, which provide valuable data
products including millions of quasars (E. Chaussidon et al.
2023), emission-line galaxies (A. Raichoor et al. 2023),
luminous red galaxies (R. Zhou et al. 2023), bright galaxies
(BGs; C. Hahn & DESI Team 2022; C. Hahn et al. 2023;
S. Juneau et al. 2025), and MW sources (A. P. Cooper et al.
2023; S. E. Koposov et al. 2024). This has led to key results on
two-point correlation function statistics and galaxy clustering
measurements (DESI Collaboration et al. 2024c, 2024d),
baryon acoustic oscillation (BAO) measurements and studies
from the Lya forest (DESI Collaboration et al. 2025a), and
cosmological constraints from BAO and galaxy clustering
(DESI Collaboration et al. 2024e, 2025b).>°

The Tier-1 bright galaxy sample of the DESI Bright Galaxy
Survey (BGS; C. Hahn & DESI Team 2022; C. Hahn et al.
2023) module goes down to a Galactic extinction-corrected
r-band flux limit of 7gqygcorr < 19.5. It promisingly extends the
spectroscopic observation of low-redshift galaxies by about 2
magnitudes fainter than SDSS spectroscopic Main galaxies,
which is r < 17.7. Hence, at the same distance, DESI would
lead to more lower-mass central galaxies to be spectro-
scopically observed. In this paper, we try to push the satellite
measurements down to the faintest magnitudes or mass around
lower-mass central galaxies, with the central galaxies selected
based on spectroscopically observed DESI bright galaxies and
the photometric satellites from the DESI Legacy imaging
Survey. We demonstrate the performance based on central

48 DESI Collaboration et al. (2022) and DESI Collaboration et al. (2024a) are
DESI Collaboration Key Papers.

49 DESI Collaboration Key Paper.

30 DESI Collaboration et al. (2024c, 2024d, 2024e , 2025a, 2025b) are DESI
Collaboration Key Papers.
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hosts selected from DESI Year-1 BGS, with detailed
comparisons with SDSS. We show that we can, at most, push
down to M, e ~ —7 or log,,M, sa/Ms ~ 5.5 in the measured
satellite LFs, around central hosts as small as 7.1 <
log,\Mi.1c6/M: < 7.8. We also discover the general trend
that the faint or low-mass end slopes of satellite LFs get
steeper with the decrease in the stellar masses of central hosts.

However, we will also show that satellite counts fainter than
r-band absolute magnitude of M, ~ —10 are mainly
contributed by nearby hosts with redshifts z < 0.01. At such
low redshifts, central galaxies with log,,M, icc/Ms» > 7.1 are
already mostly observed given the flux limit of » < 17.7, and
thus, the fainter flux limit of ryugcorr < 19.5 almost does not
include more central galaxies with log M, cc/Ms > 7.1.
Over smaller stellar mass ranges of 5.7 < log,,M, 1cc/M» <
7.1 and at redshifts z < 0.01, the deeper flux limit can increase
the sample of central galaxies, but the total sample size is still
small. Hence, the improvement in the measured satellite LF
around ICGs selected from DESI Year-1 BGS with
Faustcorr < 19.5 and with 5.7 < log M, 1cc/Ms < 7.1 is
limited, compared with the results based on the shallower
flux limit of r < 17.7.

The layout of this paper is as follows. We introduce DESI
BGS, our selections of isolated central galaxies from DESI
BGS and SDSS spectroscopic Main galaxies, and photometric
satellites in Section 2. The methodologies of satellite counting,
background subtraction, corrections for fiber assignment
incompleteness, and correction for incomplete projected area
due to survey boundaries and masks are introduced in
Section 3. Results are presented in Section 4, including
detailed comparisons between DESI and SDSS. We conclude
in Section 6. The cosmological parameters used in this paper
are based on Planck 2018 cosmology (Planck Collaboration
et al. 2020; combining CMB, lensing, and BAO), with
Qp0 = 0.6889, Q,,0 = 03111, and h = 0.6766.

2. Data
2.1. DESI Bright Galaxy Survey

DESI performs wide-field surveys of galaxies and stars
within our MW (M. Levi et al. 2013; DESI Collaboration
et al. 2016a, 2016b, 2022; E. F. Schlafly et al. 2023). It
features a 3.2 diameter field of view at the prime focus of the
Mayall 4 m telescope at Kitt Peak National Observatory, with
5000 fibers available. The fibers connect to 10 identical three-
arm spectrographs (B, R, and Z arms from the blue to red
ends), which altogether span the rest-frame wavelength range
of 3600-9824 A with an FWHM resolution of ~1.8 A (DESI
Collaboration et al. 2016b; J. H. Silber et al. 2023; T. N. Miller
et al. 2024; C. Poppett et al. 2024).

The DESI observations are divided into dark and bright
time.”" Effective exposure times are ~1000s and ~180's for
dark and bright time targets, respectively (J. Guy et al. 2023).
While dark time observations are mostly assigned to higher-
redshift galaxies, the DESI BGS is performed at the same time
with the DESI Milky Way Survey at bright time, with sources
belonging to BGS assigned higher priorities than MW main
survey targets. BGS mainly probes more nearby galaxies at
redshifts of z < 0.4. The readers can refer to C. Hahn et al.

51 Bright and dark time observations refer to the nights with and without
significant moonlight contamination.
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(2023) for details, and here we only have a brief introduction
about the DESI BGS sample.

DESI BGS is expected to cover an area of ~14,000 square
degrees in four passes of the sky. The observation is divided
into two tiers: (1) Tier-1: the primary BGS sample (BGS
Bright sample) is an approximately flux-limited sample down
to a Galactic extinction-corrected r-band apparent magnitude
of raustcor = 19.5; (2) Tier-2: the BGS faint sample covers
19.5 < Faustcorr < 20.175, and it also includes color-dependent
cuts to the fiber magnitudes as follows:

_[2075 i =W - 124 = 1) +12<0
iber S 1215 if (- W) — 1.2(g — r) + 1.2 > 0,

1)

where grz and W1 are the DESI and Wide-field Infrared
Survey Explorer (WISE) photometry. Throughout this paper,
when we talk about the Galactic extinction-corrected r-band
apparent magnitudes, we denote it using rqusicorr-

The BGS Bright and Faint samples are expected to have
target number densities of 864 targets/deg2 and 1400
targets/ deg?, respectively. The faint sample helps to increase
the overall BGS target density, allowing for small-scale
clustering measurements with a higher signal-to-noise ratio
(S/N). The DESI Tier-1 BGS sample goes ~2 magnitudes
fainter and has a median redshift that is about twice as high as
those of SDSS spectroscopic Main galaxies.”® Using the DESI
BGS sample to construct central galaxies, we are able to
measure the LFs of photometric satellites around smaller
central galaxies.

In the next section, we introduce our selection of the isolated
central galaxies based on DESI BGS.

2.2. Isolated Central Galaxies in DESI

To identify a sample of galaxies that are highly likely to be
the central galaxy of host dark matter halos (purity), we follow
the approach of selecting the brightest galaxies within given
projected and line-of-sight distances, and we call these
galaxies isolated central galaxies (ICGs). In a few previous
studies, we have selected ICGs based on the SDSS Main
galaxy sample (e.g., W. Wang & S. D. M. White 2012;
W. Wang et al. 2014b, 2019; W. Wang et al. 2021a, 2021b;
P. Alonso et al. 2023), and in this paper, we apply a similar
approach to the DESI Year-1 large scale structure BGS sample
(A.J. Ross et al. 2025) after hardware and imaging veto masks
(DESI Collaboration et al. 2024f; A. J. Ross et al. 2025). To
have a clean sample of BGS with robust redshift measure-
ments, we require ZWARN = 0, and sz, which is the X2
values between the best- and next-best-fit redshifts of the
pipeline, to be >40. Our parent BGS sample for selection is
limited to the DESI Tier-1 BGS sample with rgqugeorr < 19.5,
which is a nearly flux-limited sample (C. Hahn et al. 2023).
Note, however, in the densest galaxy cluster or group
environments, the completeness can be sometimes as low as
~20% (e.g., A. Smith et al. 2019; R. Shi et al. 2024).

The stellar masses of DESI BGS are estimated with the DESI
FASTSPECHIT pipeline™ (J. Moustakas et al. 2023; J. Moustakas
et al. 2025, in preparation) assuming a G. Chabrier (2003)
initial mass function, and this would be the default choice of

52 The median redshift of SDSS Main galaxies is about z = 0.1.
33 https:/ /fastspecfit.readthedocs.io /en /latest,/
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DESI based stellar mass for the majority of results in this
paper. Moreover, based on the same initial mass function,
DESI Year-1 data also has the CIGALE stellar mass
measurements with modeling of active galactic nuclei (AGN5s)
through the combination of DESI and WISE photometry
(M. Siudek et al. 2024), which we will use in a later section of
this paper as a comparison to confirm the results.

We adopt the following selection criteria. Galaxies should
be the brightest within the projected virial radius, Ry, of their
host dark matter haloes™* and within 3 times the virial velocity
along the line of sight. To compensate for the incompleteness
of the DESI BGS sample and avoid the situation that when a
true companion is actually brighter but the galaxy mistakenly
passes our selection because this companion does not have
spectroscopic observations, we further discard galaxies that
have a photometric companion satisfying the magnitude
requirement, whose spectroscopic redshift information is not
available but its photometric redshift (photo-z), zyhor» Satisfies
the condition of |Zphot — Zeen,specl < 2.5 max(oyp, 0.05). Here
Zeenspec 1S the spectroscopic redshift of the spectroscopic
central galaxy, and o, is the 1o error of the photo-z. zphe and
o0, are both taken from the DESI Legacy imaging Survey (see
Section 2.4). This criterion follows Q. Guo et al. (2011a).

As tested with a mock galaxy catalog based on the
semianalytical model of Q. Guo et al. (2010), the complete-
ness of ICGs among all true halo central galaxies is ~90%.
The purity is above 82%, which reaches >90% at
log,oM. 1cc/Me > 11.5. The readers are referred to W. Wang
et al. (2019) for additional details. However, the mock galaxy
catalog does not incorporate the effect of incomplete spectro-
scopic redshifts, and the readers may wonder whether the
chosen criterion for photo-z above is appropriate, given the
large relative photo-z uncertainties at low redshifts. To test
this, we have tried to reject the central ICG, as long as it has a
brighter companion galaxy projected within the virial radius,
and does not have spectroscopic redshift measurement. The
number of selected ICGs decreases at most by ~20% in the
most-massive bin, and for most of the other mass bins, the
number of ICGs only decreases by < ~10%, indicating our
results are unlikely affected by the photo-z selection
significantly.

In this study, we will calculate the LF for satellites projected
within the halo virial radius of ICGs. To ensure consistencies
with our previous studies (W. Wang et al. 2019; W. Wang
et al. 2021a, 2021b; P. Alonso et al. 2023), here we choose the
same R,o9 for all ICGs in the same bin of stellar mass.
Historically, this R,go for each stellar mass bin was calculated
based on ICGs selected from the mock galaxy catalog of
Q. Guo et al. (2011b), and we maintain the choice in this
paper. Note, however, the Ry here is different from the R,
we adopted above when selecting ICGs (which vary for each
individual galaxy) and was calculated from the abundance
matching formula of Q. Guo et al. (2010). So hereafter, we
choose to denote this R, (within which we calculate satellite
number counts) explicitly as R0 mock-

54 R0 is defined to be the radius within which the average matter density is
200 times the mean critical density of the Universe. The virial radius and
velocity here are derived through the abundance matching formula between
stellar mass and halo mass (Q. Guo et al. 2010) for each individual galaxy. In
addition, based on mock catalogs, it was demonstrated that the choice of three
times virial velocity along the line of sight is a safe criterion that identifies all
true companion galaxies.


https://fastspecfit.readthedocs.io/en/latest/
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Table 1
Average Halo Virial Radii (R00,mock) for Our ICGs Grouped by Stellar Mass,
which Are Estimated Using ICGs Selected from a Mock Galaxy Catalog of
Q. Guo et al. (2011b)

logM, 1c/M.,  Raoomock  NicG.DEsI Nicg spss Nice,pEst
M, corr (resel

(kpc) +rebin) (r<17.7)
11.4-11.7 758.65 112585 19375 29968
11.1-11.4 459.08 468736 54718 92448
10.8-11.1 288.16 892661 85557 130368
10.5-10.8 214.80 955531 82512 109634
10.2-10.5 173.18 723499 60217 69635
9.9-10.2 142.85 488155 36340 41541
9.2-99 114.64 586346 41229 46936
8.5-9.2 82.68 180217 13582 15168
7.8-8.5 61.42 41515 3219 3394
7.1-7.8 61.42 7305 593 768
6.4-7.1 61.42 1383 102 211
5.7-6.4 61.42 228 11 48

Note. In each stellar mass bin, the numbers of ICGs selected under different
conditions are provided. The third column shows the total number of ICGs
selected from Tier-1 BGS of DESI Year-1 data (Nicg pgsy), With flux limit of
TFdusteorr < 19.5. Here, rausicorr 18 Galactic extinction corrected. The numbers are
calculated using 1/pops as weights to account for fiber incompleteness in DESI
(see Section 3.2). The fourth column gives the numbers of SDSS ICGs in these
stellar mass bins, after median stellar mass corrections to match the stellar
mass of DESI (see Figure 1) and with fiber incompleteness corrections (see
Section 3.2). The last column is similar to the third column, but we further
includes a flux cut of r < 17.7 to DESI ICGs, with the other selections
identical to the third column, to have a more fair comparison with SDSS.

The values of Ry00mock 10 these different bins’” are provided
in Table 1. For the three least-massive bins, we simply fix their
values of Rygp mock to the bin of 7.8 < log (M, icc/Ms < 8.5,
as the decrease in host halo mass is very slow with the
decrease in stellar mass at the low-mass end (e.g., Q. Guo
et al. 2010; W. Wang et al. 2021b). Moreover, in a previous
study of W. Wang et al. (2021a), we pointed out that the
existence of fake sources due to mistakenly deblended parts of
the central galaxy, especially some star-forming regions along
the spiral arms of late-type galaxies, can contaminate the
measured satellite LF. We avoid such deblending mistakes by
applying inner radius cuts in projection, and the choice is
>30kpc for logM,icc/M, > 102 and >10 kpc for
logloM*,ICG/MiC < 10.2.

Table 1 also provides the total number of ICGs in each bin
under different conditions. The third column shows the total
number of ICGs selected from Tier-1 BGS in DESI Year-1
observation with rauscorr < 19.5 (Nicg pest). For DESI, the
ICG numbers are a weighted sum of 1/pgys, to account for
fiber incompleteness in DESI BGS. The readers are referred to
Section 3.2 to review how 1/pops is defined. We will discuss
the other columns later in this work.

2.3. Isolated Central Galaxies in SDSS

In this paper we will perform detailed comparisons of
satellite LF measurements around ICGs selected from both
DESI BGS and from SDSS spectroscopic Main galaxies, and

55 The bins are defined in log stellar mass following W. Wang &
S. D. M. White (2012), with the sizes tuned to ensure a sufficient number
of ICGs in bins in both the most- and least-massive ends.
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in this subsection, we introduce how ICGs are selected
from SDSS.

The parent sample used for selection is the NYU Value
Added Galaxy Catalogue (NYU-VAGC; M. R. Blanton et al.
2005b), which is based on the spectroscopic Main galaxy
sample from the seventh data release of SDSS (DR7;
K. N. Abazajian et al. 2009). The sample is flux limited down
to an apparent magnitude of ~17.7 in the SDSS r band, with
most of the objects below redshift z = 0.25. Stellar masses in
NYU-VAGC were estimated from the K-corrected galaxy
colors by fitting the stellar population synthesis model
(M. R. Blanton & S. Roweis 2007) assuming a G. Chabrier
(2003) initial mass function.

In the previous study of W. Wang et al. (2021a), we selected
ICGs from SDSS, with almost the same isolation criteria
adopted in this paper, except for the compensating selection
criteria adopted to photometric companions when their spectro-
scopic redshift measurements are not available due to fiber
collisions. For such cases, W. Wang et al. (2021a) adopted the
photo-z probability distribution from C. E. Cunha et al. (2009)
for ICG selections, whereas the selection criteria we adopted
above do not require a full photo-z probatility distribution, but
instead rely on the lo error, Ops of photo-z measurements
(IZphot — Zeen,specl < 2.5 max(o,, 0.05); see Section 2.2).

Thus to ensure fair comparisons between SDSS and DESI,
we now force the compensating selection to be exactly the
same between DESI and SDSS. Instead of using the SDSS
photo-z catalogs, we adopt the same photo-z catalog from the
DESI Legacy Survey (see Section 2.4), as when we select
ICGs from DESI BGS. We select ICGs from SDSS spectro-
scopic Main galaxies using exactly the same criteria as in
Section 2.2.

2.4. Photometric Satellites

Our satellite galaxies are counted using those photometric
companions around ICGs selected in the previous subsection.
The photometric companions are from the DESI Legacy
imaging Survey, which image the sky in three optical bands
(g, r, and z), comprising 14,000 deg” of sky area, bounded by
—18deg < decl. < 84deg in celestial coordinates and
|b| > 18deg in Galactic coordinates (A. Dey et al. 2019).
The surveys are composed of three imaging projects, the
Beijing-Arizona Sky Survey (H. Zou et al. 2017), the Mayall z-
band Legacy Survey, and the Dark Energy Camera Legacy
Survey. The survey footprints are observed at least once, while
most fields are observed twice or more times. In fact, the depth
varies over the sky.

Data used in this study are downloaded from the ninth data
release (DR9) of the DESI Legacy surveys (Schlegel et al.
2025, in preparation). All data from the Legacy Surveys are
first processed through the NOAO Community Pipelines
(A. Dey et al. 2019). The photometric source product is
constructed by TRACTOR.’®TRACTOR (D. Lang et al. 2016)
generates an inference-based model of the sky that best fits the
real data. The sources are detected using the sky subtracted and
point-spread function (PSF) convolved stacked images with a
threshold of 60. For each detected source, TRACTOR models
its pipeline-reduced images from different exposures and in
multiple bands simultaneously. This is achieved by fitting
parametric profiles including a delta function (for point

36 hitps: / /github.com /dstndstn /tractor


https://github.com/dstndstn/tractor
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sources), a de Vaucouleurs law, an exponential model or de
Vaucouleurs plus exponential to each image simultaneously.
The model is assumed to be the same for all images and is
convolved with the corresponding PSF in different exposures
and bands before fitting to each image. TRACTOR also outputs
the quantity that can be used to distinguish extended sources
(galaxies) from point sources (stars).

Starting from the DESI Legacy Survey database sweep files,
we remove all sources with TYPE classified as “PSF,” and
require BITMASK not containing any of the following:
BRIGHT, SATUR_G (saturated), SATUR_R, ALLMASK_G,”’
and ALLMASK_R. In W. Wang et al. (2021a), we discussed
that the average number counts of sources keep rising to
r ~ 23. However, given the variation of the depth over the sky,
we only use the regions with depth deeper than 23 in r. This is
achieved by at first selecting bricks with at least three
exposures in both the g and r bands, and we also require the
r-band GALdepth of the bricks to be deeper than 23. We only
include galaxies within these selected bricks. Finally, when
using the Legacy survey photometric sources to calculate
companion LFs, we further make the flux limit 0.5 magnitude
brighter, i.e., we adopt a flux cut of » < 22.5 to define a safe
flux-limited photometric sample throughout our analysis in this
study.

3. Methodology
3.1. Satellite Counting and Background Subtraction

Our method of counting photometric satellites around
spectroscopically identified ICGs and computing the intrinsic
luminosities of satellites follows W. Wang & S. D. M. White
(2012). For each ICG in a given stellar mass bin, we, at first,
count all of its photometric companions down to the flux limit
of r = 225 and projected within the halo virial radius,
R>00.mock (see Table 1). The physical scale is calculated based
on the spectroscopic redshift and angular diameter distance of
the ICG. However, without redshift information and accurate
distance measurements for photometric companions, the
companion counts can only be counted as a function of
apparent magnitude and observed-frame color, and the total
counts not only include true satellites, but also contamination
by fore/background sources. We will discuss the subtraction
of foreground and background sources shortly.

We derive the intrinsic luminosities and rest-frame colors
using the following method. For each companion, we employ
the empirical K correction of E. Westra et al. (2010) to
estimate its rest-frame color using the observed color and also
assuming that the companion is at the same redshift as the
ICG. The distance modulus is also calculated from the redshift
of the ICG, in combination with the K correction, to infer the
intrinsic luminosity or absolute magnitude. This is a reason-
able approximation, because physically associated satellite
galaxies are expected to share very similar redshifts as
the ICG.

In this paper, we mainly present measurements of satellite
LFs, but we will also show our measurements of satellite
SMFs. To obtain the stellar mass of satellites, W. Wang &
S. D. M. White (2012) derived a relation between the r-band

57 ALLMASK_X denotes a source that touches a pixel with problems in an
entire set of overlapping X-band images. Explicitly, such pixels include
BADPIX, SATUR (saturated), INTERP (interpolated), CR (hit by cosmic
rays), or EDGE (edge pixels).
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stellar mass-to-light ratio and the g — r galaxy color
from SDSS spectroscopic Main galaxies. In this paper, we
update the relation using DESI Year-1 BGS as M, /L, =
2.0012x%'(g — r) —0.3133. Here, the upper index of 0.1
means all galaxies are K-corrected to z = 0.1. Note that for all
r-band absolute magnitudes presented in this paper, the K
correction is always done to z = 0.1, but we do not show the
upper index of 0.1 to make the symbols short and easy to read.

To ensure the completeness of satellite number counts in
different luminosity bins, for each ICG, we convert the
photometric flux limit (r < 22.5; see Section 2.4) to a
K-corrected absolute magnitude, M, jin, using the redshift of
the ICG and a color chosen to be on the red envelope of the
intrinsic color distribution for galaxies at that redshift. Here,
M, 1im can also be converted to a limit in stellar mass, My jim,
based on the same color on the red envelope. Then for a given
luminosity or stellar mass bin, ICGs are allowed to contribute
to the final averaged companion counts only if M, n (or
My im) 1s fainter (smaller) than the fainter (smaller) bin
boundary. As a result, the number of actual ICGs contributing
to different luminosity or stellar-mass bins for satellites can
vary. The fainter or smaller the bin, the fewer number of ICGs
can contribute to the satellite counts, and their redshifts are
lower. In the end, the total companion counts are divided by
the total number of ICGs, which actually contribute to the
satellite counts in each bin. This provides the complete and
average companion LF or SMF per ICG.

To subtract fore/background contamination, we use a
sample of random points, which are assigned the same redshift
and stellar mass distributions as true central primaries, but
their coordinates have been randomized within the survey
footprint. The averaged companion counts per random point
are calculated in exactly the same way as around real ICGs
above, and then be subtracted off from the averaged counts
around real primaries, to obtain the background-subtracted
averaged satellite counts per host ICG.

A red-end cut of *(g — r) < 0.065log,,M./M. + 0.35 is
applied to the photometric companions to reduce the number
of background sources that are too red to be at the same
redshift of the ICG, and hence increase the S/N. The color cut
is drawn from the color distribution of SDSS spectroscopic
Main galaxies in W. Wang & S. D. M. White (2012). Again,
we emphasize that the upper index of 0.1 means all galaxies
are K-corrected to z = 0.1, and for all r-band absolute
magnitudes in this paper, the K correction is always done
to z = 0.1.

3.2. Correction for Fiber Incompleteness

Though the DESI Tier-1 BGS sample is a nearly flux-
limited sample, its completeness fraction in fact varies
significantly with the density of the local environment. In
dense galaxy cluster or group environments, the worse
completeness fraction can be as low as ~20% (e.g., A. Smith
et al. 2019; D. Bianchi et al. 2025; R. Shi et al. 2024). In order
to account for the incompleteness of the BGS sample due to
fiber assignments, we weight each ICG by the inverse of pps
(the PROB_OBS column) from the DESI Year-1 large scale
structure catalog (A. J. Ross et al. 2025). The final averaged
satellite LF per host ICG is in fact the weighted average, with
1/pobs as weights. Here, pops is defined as pobs = Nagsign/ 129,
with Nyien being the number of DESI mock fiber assignment
realizations in which the target is assigned. The readers are
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referred to J. Lasker et al. (2025) for additional details. There
are a total of 128 mock DESI fiber assignment simulations
generated with different initial random seeds, and this is why
the value in the denominator is 129=128+-1. Adopting such a
weighting strategy will increase the contribution by satellite
counts around ICGs with lower fiber assignment completeness
fractions.

For SDSS spectroscopic Main galaxies, we use the fiber
collision corrected files provided by the NYU-VAGC
website’® to account for possible effects due to fiber assign-
ment incompleteness. The collision correction is done simply
by assigning the galaxy that does not have a spectroscopic
redshift observation due to fiber collisions with the redshift of
the nearest object in angular separation.

3.3. Correcting Incomplete Projected Area

Due to the survey boundary and photometric masks, satellite
counts in a projected circular region around each ICG may be
masked or outside the survey footprint. We should estimate the
completeness of the projected area around primaries. This is
achieved by using the DESI Legacy survey photometric
random samples provided in the database. We apply exactly
the same selection and masks to random points. The
completeness of the projected area is estimated as

fc‘:omplete
number of actual random points

area x (surface density of random points)’

@)

Our actual companion counts around both real and random
primaries are divided by fiompiere fOr incompleteness
corrections.

4. Results

4.1. Redshift Distribution, Limiting Magnitude, and
Expectations

Before presenting the satellite LF and SMF measurements,
we first compare ICGs selected from SDSS spectroscopic
Main galaxies and from DESI Tier-1 BGS sample in the Year-
1 observation, and use the comparison to discuss the expected
improvements in measured satellite LFs and SMFs, around the
deeper DESI BGS sample.

First, Figure 1 shows a comparison between the SDSS and
DESI FASTSPECFIT stellar mass measurements, for a sub-
sample of DESI BGS matched to SDSS. In general, the black
dots go through the red solid diagonal line. The bottom panel
of Figure 1 shows the scatter in SDSS stellar mass at fixed
DESI stellar mass. The scatters are mostly ~0.2dex. The
magenta solid and green dashed curves mark the mean and
median of log SDSS stellar mass, at fixed stellar mass in DESI.
As we can see, the mean and median values indicate lower
SDSS stellar masses at the most-massive end and higher SDSS
stellar masses at lower masses, as compared with DESI
FASTSPECFIT stellar masses. Though here we compare DESI
FASTSPECFIT and SDSS stellar masses, similar signs and
amounts of median deviations are found, if we compare SDSS
stellar masses to DESI CIGALE stellar masses.

58 http: //sdss.physics.nyu.edu/vage/
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Figure 1. Top panel: DESI FASTSPECFIT stellar masses vs. SDSS NYU-
VAGC stellar masses. Black dots show a sample of DESI Year-1 BGS
matched to SDSS. The red solid line marks y = x to guide the eye, while the
magenta solid and green dashed curves mark the mean and median SDSS

stellar mass at fixed DESI stellar mass. Bottom panel: the scatter in log SDSS
stellar mass, as a function of DESI FASTSPECFIT stellar mass.

We do not know exactly which stellar mass is closer to the
ground truth, but we take the median bias and correct for the
bias of SDSS stellar mass, to force them to agree with DESI
FASTSPECFIT stellar mass on average.’” This is for fair
comparisons between DESI and SDSS. After the correction,
SDSS ICGs are binned into 12 different stellar mass bins, with
their redshift distributions shown by the red hatched
histograms in different panels of Figure 2. Here, the redshift
distributions are all plotted after fiber incompleteness correc-
tions. In the fourth column of Table 1, we provide the number
for ICGs selected from SDSS Main galaxies after this stellar
mass correction. Due to some modification in selection criteria
(see Section 2.3) and the stellar mass correction, the numbers
differ from those of W. Wang et al. (2021a).

The redshift distributions for ICGs selected from the DESI
Tier-1 BGS sample in the Year-1 observation are shown by the
green plain histograms in Figure 2. Here, to plot the
histograms, we adopt 1/p.,s as weights (see Section 3.2).
With a deeper flux limit of rgugcorr < 19.5, the green plain
histograms of DESI Year-1 BGS (Tier-1) can extend to much
higher redshifts. In particular, when the numbers of SDSS
ICGs (red hatched histograms) already start to drop with the
increase in redshifts, showing significant incompleteness, the
numbers of DESI ICGs still keep rising with the increase in
redshifts, which start to drop at much higher redshifts.

3 Our selection of ICGs depend on stellar mass to infer the virial radius (see
Section 2). We have tried to either reselect or not reselect SDSS ICGs after the
median stellar mass correction, and find with the reselection, the total numbers
of SDSS ICGs become slightly smaller, but the redshift distributions and
measured satellite LFs/SMFs are very similar.
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Figure 2. Redshift distribution for ICGs selected from DESI Year-1 data (green plain histogram) with rgusecorr < 19.5 (extinction corrected according to DESI
criteria) and SDSS spectroscopic Main galaxies (red hatched histogram) with » < 17.7 (no extinction correction according to SDSS NYU-VAGC documents), in 12
stellar mass bins, as indicated by the text in each panel (log,,M, icG/Ms). Here, SDSS ICGs have been corrected for the median bias of stellar mass from DESI (see
Figure 1). Black histograms are based on a subset of DESI BGS but with flux cut of » < 17.7 (no extinction correction), which is the flux limit for SDSS Main
galaxies. Here, the green and black plain histograms are all plotted with 1/p,ps as weights, to account for fiber incompleteness in DESI (see Section 3.2). Red hatched

histograms are based on the fiber collision corrected catalog from NYU-VAGC.

We also choose a subset of ICGs from DESI BGS with the
same flux limit as SDSS, i.e., r < 17.7, which is shown as the
black plain histogram. With the same flux limit, the SDSS and
DESI histograms are more similar.®® Note our corrections to
the SDSS stellar mass (Figure 1) have redistributed SDSS
ICGs in a few intermediate-mass bins to the most- and least-
massive ends, bringing in much better agreement between the
DESI and SDSS ICG redshift distributions under the same flux
limit of r < 17.7. Without the median stellar correction, the
black plain and red hatched histograms show more significant
differences in the few most- and least-massive panels.

However, in the two least-massive panels, the black plain
histogram of DESI is still higher than the red hatched
histogram of SDSS after the median stellar mass correction
and with the same flux limit. This is at least partially related to
the accuracy in our median stellar mass correction, as the
number of low-mass galaxies adopted to deduce the median
bias is very limited in the two least-massive panels. The
median correction shown in Figure 1 is very noisy at the low-
mass end. Moreover, the red hatched histograms for SDSS in
the three most-massive panels of Figure 2 are still narrower

%0 The total footprints of the SDSS Spectroscopic Main galaxy from NYU-
VAGC and of DESI Year-1 BGS are 7818 deg2 (M. R. Blanton et al. 2005b)
and 7473 deg® (DESI Collaboration et al. 2024f). Assuming the same number
density, we expect the SDSS and DESI ICG histograms to be close in
amplitudes.

than the black plain histograms for DESI. This can be due to
the remaining scatter between the DESI and SDSS stellar
masses, which is impossible to be easily corrected.

With Figure 2 and Table 1 showing the redshift distribution
and number of ICGs in different stellar mass bins, now we
move on to talk about the completeness of satellite counts, and
what is the expected improvement of measuring satellite LFs
around ICGs selected from DESI BGS, compared with SDSS.
Figure 3 shows the limiting absolute magnitude, M, jin, above
which the photometric satellite counts are complete above the
flux limit of our photometric sample, and as a function of
redshift. Here, M, ;i is estimated with an r-band flux limit of
r = 22.5, and readers are referred to Section 3 for details about
how we calculate M, ji,. With the decrease in redshifts, M, jin,
gets fainter and fainter. This means that satellite LFs at fainter
magnitudes are only contributed to by more nearby ICGs,
because satellites around more distant ICGs become incom-
plete. In particular, if we want to push fainter than
M, o« = —10 for satellite LF measurement, only ICGs with
redshifts lower than z = 0.01 can contribute complete satellite
counts.

Despite the fact that DESI bright galaxies can extend to
much higher redshifts with a deeper flux limit of
Faustcorr < 19.5 in Figure 2, as compared with SDSS Main
galaxies with r < 17.7, stellar mass bins more massive than
log,oM. icc/Mo = 7.8 in Figure 2 show similar number
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Figure 3. The limiting r-band absolute magnitudes (M, ;n) at different
redshifts, which are brighter than those for the satellite counts around ICGs at
the corresponding redshift. They are still complete above the flux limit of
r = 22.5 chosen for photometric sources from the DESI Legacy imaging
Survey.

distributions of DESI bright galaxies and SDSS Main galaxies
at z < 0.01. This is because for galaxies more massive than
log,\M..1cc/M- = 7.8, they are already well observed at
z < 0.01 with the shallower flux limit of » < 17.7. Only in
the two least-massive bins of 6.4 < log, M. 1cc/M: < 7.1 and
5.7 < log oM 1cc/My < 6.4 can there be more galaxies from
DESI BGS with a deeper flux limit of rgugcorr < 19.5 than the
flux limit of » < 17.7 and at z ~ 0.01. For the bin of
7.1 < log\M. 1cc/Ms < 7.8, the green plain histogram is
slightly higher than the black histograms at z ~ 0.01 in
Figure 2, but the difference is very small. Thus, if we want to
push fainter than M, s, = —10 with ICGs selected from DESI
Tier-1 BGS sample in the Year-1 observation, and achieve
better measurements based on the flux limit of 7 ,ccor < 19.5
than r < 17.7, from which ICGs are selected, only the
measurements around ICGs in the two least-massive stellar
mass bins may be helpful.

4.2. Comparison between Satellite Luminosity Functions
around ICGs from DESI and SDSS

We first compare the satellite LF measurements, around
ICGs selected from SDSS spectroscopic Main galaxies and
from DESI Year-1 BGS. This not only helps to validate the
robustness of our method, but also provides valuable
information about the differences and similarities between
the two independent spectroscopic galaxy surveys with large
and comparable footprints. Note the photometric galaxies used
for satellite counts are always from the DESI Legacy imaging
Survey (DR9). So, only the spectroscopic ICG sample differs
between SDSS and DESI.

The satellite LFs around ICGs in 12 different stellar mass
bins of ICGs are shown in Figure 4. First of all, we would like
to note that around more massive ICGs, their satellite LF stops
at brighter magnitudes than those around smaller ICGs. This is
because fainter satellites are complete at lower redshifts given
the photometric flux limit (see Figure 3), i.e., only nearby
ICGs can contribute fainter satellite counts. At the more
nearby Universe, the cosmic volume is small. The number
density of the most-massive galaxies in our Universe is much
lower, and thus there are very limited numbers of massive
ICGs that can contribute satellite counts in the local Universe,
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making the measurements stop at brighter magnitudes for
satellites. On the other hand, smaller ICGs are more abundant,
so their satellite LFs can be measured down to fainter
magnitudes. This is mainly a selection effect given the survey
flux limit.

The black dots with error bars in each panel of Figure 4
show the measurement around ICGs from DESI Year-1 BGS,
but with a flux limit of » < 17.7 to be consistent with the SDSS
flux limit. The magenta squares with error bars show the
measurements around ICGs from SDSS. Here, the stellar
masses of SDSS ICGs have been corrected for the median bias
from DESI. We have used the new stellar mass for SDSS ICG
selection and then bin SDSS ICGs into different panels.

There is no clear signal around ICGs smaller than 10"'M.., as
the numbers of ICGs there are quite low. For the other panels,
the black dots and magenta squares are mostly consistent with
each other. In the two most-massive panels with
log,\M..1c/Ms > 11.1, however, the magenta squares are
higher than black dots at fainter magnitudes. The difference is
not large, but is significant compared with the small error bars
there. The same discrepancy also exists at the faint end in the
third, fourth, and fifth most-massive panels covering
10.2 < log oM, 1cc/M: < 11.1, though less prominent.

The discrepancy between DESI and SDSS in the few most-
massive panels may be due to the scatter in the stellar mass
measurements. Despite the fact that we have corrected the
median discrepancy in stellar mass between DESI and SDSS,
the scatter remains. To demonstrate this, we match ICGs
selected from DESI BGS to ICGs selected from SDSS Main
galaxies, and we only use the matched sample to calculate the
satellite LFs. Based on the matched sample, we repeat our
calculations by using the stellar mass either from DESI or from
SDSS, to bin ICGs into different stellar mass bins. The results
are shown in the four most-massive panels as green and blue
curves, for DESI and SDSS stellar masses, respectively. Here,
the SDSS stellar masses are median corrected to DESI stellar
masses. It can clearly be seen that the green curves (DESI
stellar mass) are close to the magenta squares, which are based
on the full sample of ICGs in DESI. On the other hand, the
blue curves (SDSS stellar mass) are close to the black dots,
which are based on the full sample of ICGs in SDSS. Since we
only use the matched sample of ICGs, the only difference
comes from the stellar mass, based on which ICGs are binned
into different panels. This shows that the discrepancy between
the satellite LFs around ICGs selected from DESI and SDSS in
the few most-massive panels is likely due to the difference in
stellar mass.

We only show the blue and green curves based on the DESI-
SDSS cross-matched sample of ICGs in the four most-massive
panels of Figure 4, but not in the other panels, as the agreement
between DESI and SDSS in most of the other panels is mostly
good. We do not see prominent differences when different
stellar masses are used based on the matched sample in other
less-massive panels. The effect due to the difference between
DESI and SDSS stellar masses seems to mainly be revealed in
the two most-massive panels. This is likely because the change
in host halo mass and satellite abundance with the change in
stellar mass is most rapid at the massive end (e.g., Q. Guo
et al. 2010; W. Wang et al. 2021b), so making the satellite LF
measurements more sensitive to the difference in stellar mass.
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Figure 4. Cumulative satellite LFs around ICGs in a few different stellar mass bins (the text in each panel gives the log, M, 1cgM,, stellar mass range for ICGs). For
ICGs selected from DESI BGS, we apply median corrections to the DESI stellar mass (Figure 1), to bring the DESI stellar mass to be consistent with SDSS on
average. In addition, we apply a flux cut of r < 17.7 to ICGs from DESI. Black dots and magenta squares with error bars are based on DESI and SDSS ICGs. Error
bars are calculated from the 1o scatter among 100 bootstrapped subsamples of the ICGs. Green and magenta curves in the few most-massive panels are based on a
matched subsample between DESI and SDSS ICGs, but using DESI and SDSS stellar masses, respectively. The cumulative LF sometimes decreases at some point.
This is due to statistical fluctuations. After the background subtraction, sometimes the differential LF can have negative measurements.

4.3. Satellite Luminosity Function Based on DESI Year-1 Data

So far we have performed detailed comparisons between the
satellite LF measurements, around ICGs selected from DESI
and SDSS. The satellite LFs are mostly consistent. Starting in
this subsection, we present satellite LF measurements based on
ICGs selected from DESI BGS only. And instead of adopting a
flux cut of r < 17.7, as in the previous subsection to compare
with SDSS, now all ICGs above the DESI Tier-1 BGS flux
limit are used (rgusicorr < 19.5).

Black dots with error bars in Figure 5 show the measured
satellite LFs in 12 different stellar mass bins of ICGs, with the
stellar mass measurements based on FASTSPECFIT, which has
the same choice for measurements based on ICGs from DESI
BGS in all previous plots. The log, M. 1cc/M: stellar mass
range is indicated by the text in each panel. We will discuss the
green triangles slightly later. The measurement can be
achieved around ICGs with log, M, cg/M. > 7.1, reaching
M, i ~ —7 at the faint end of satellite LF.

In Figures 2 and 3 above, we have also discussed
that only in the two least-massive stellar mass bins
(64 < logl()M*,ICG/M~‘, <71 and 5.7 < lOglOM*chg/M(.; < 64)
are there somewhat more ICGs with rgugcor < 19.5 than
those with r < 17.7 at z < ~ 0.01 in Figure 2. Thus, the deeper
flux limit of DESI Tier-1 BGS may further help to improve the
measurement there compared with the shallower flux limit of
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r < 17.7. However, there is still no prominent improvement in
the two least-massive bins now with ICGs selected from DESI
Tier-1 BGS sample in the Year-1 observation. We provide, in
the second and third columns of Table 2, the numbers of ICGs
in the three least-massive stellar mass bins of ICGs, with flux
limits of rgusecorr < 19.5 and < 17.7. With a deeper flux limit
of rgustcorr < 19.5 than r < 17.7, the numbers of ICGs in the
two least-massive bins indeed increase, but the total number is
still limited (284 and 91 at 6.4 < log,,M. cc/M> < 7.1 and
5.7 < log oM. 1cc/ M < 6.4, respectively).

Moreover, the number of satellite galaxies of such low-mass
ICGs is low, whereas for these very nearby low-mass ICGs,
their fainter photometric companions are more significantly
contaminated by background sources. ® We have checked
that for the bin of 7.1 < log,M, 1cc/Ms < 7.8, the signal is
only about 3%—-5% of the background level. For the two least-
massive bins of 6.4 < log M, icc/Ms < 7.1 and 5.7 <
log,o M. 1cc/Me < 6.4, the background level is expected to
be significantly even larger than the signal. As a result, with
limited number of ICGs, it is hard for us to extract the signals,
given such a large background level in the two lowest mass
bins of ICGs.

! Fainter apparent magnitudes or flux limits would result in the inclusion of
significantly fainter background sources (see Section 3 for details).
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Figure 5. Cumulative satellite LFs around ICGs in 12 different stellar mass bins. Each panel refers to a given stellar mass bin of ICGs, with the text in each panel
giving the log, M, 1cc/M, stellar mass range for ICGs. We adopt either DESI Year-1 FASTSPECFIT (black dots) or CIGALE (green triangles) stellar mass
measurements to bin ICGs into different stellar mass bins. This plot is based on photometric companion counts around ICGs selected from DESI Year-1 BGS with an
extinction-corrected r-band flux limit of rquscorr < 19.5. Error bars are calculated from the 1o scatter among 100 bootstrapped subsamples of the ICGs.

The black dots in the third least-massive panels
(7.1 < log oM, 1cc/M. < 7.8) look similar in Figure 4
(r < 17.7) and the current Figure 5 (rgusicorr < 19.5), despite
the difference in flux limits. This is not surprising, as we have
already discussed in Figure 3 that to push fainter than
M, i = —10, the satellite counts are complete only around
ICGs with redshifts z < 0.01. And for the bin of
7.1 < log oM, 1cc/M~ < 7.8, the redshift distributions of
ICGs with two different flux limits of r < 17.7 and
Faustcorr < 19.5 are similar at z < 0.01.

All of the DESI results presented so far are based on
FASTSPECFIT stellar mass to select ICGs and bin ICGs into
different stellar mass bins. We also try a different stellar mass
measurement in DESI for comparison, the CIGALE stellar mass
catalog (M. Siudek et al. 2024). CIGALE takes into account the
modeling of AGNs through the combination of DESI and
WISE photometry. We show in Figure 6 a comparison
between FASTSPECFIT and CIGALE stellar mass. As we can
see, the scattered points go well through the red solid diagonal
line, with a slightly larger number of points falling below the
line, indicating reasonable agreement between the two
different stellar mass measurements in DESI. The bottom
panel shows a scatter of about 0.2 dex at most places. The
scatter increases at the most- and least-massive ends, which is
mainly because the data points are more scattered below the
diagonal line. The green solid curve in the top plot marks the
median of CIGALE stellar mass at fixed FASTSPECFIT stellar
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mass, which is almost unbiased. We code the points in gray
scale by the FLAGINFRARED column from the CIGALE
catalog, which is the WISE photometry quality, defined as the
number of WISE W1-4 bands that have S/N > 3. As is clearly
shown, the deviation of CIGALE stellar mass from FASTSPEC-
FIT stellar mass demonstrates prominent dependence on
FLAGINFRARED. This is consistent with Figure C2 of
M. Siudek et al. (2024). Because one of the main differences of
CIGALE from FASTSPECFIT is the modeling of AGNs and the
inclusion of WISE photometry, it is not surprising to see such
a correlation between the stellar mass difference and
FLAGINFRARED. When there is better WISE photometry
(four WISE bands), most of the points fall below the diagonal
line (i.e., the CIGALE stellar masses are more underestimated
due to the inclusion of more WISE bands).

Green triangles with error bars in Figure 5 show the satellite
LF measurements around ICGs binned according to their
CIGALE stellar mass. Here, we choose not to do any
corrections to either FASTSPECFIT or CIGALE stellar masses,
as we cannot tell which one is closer to the ground truth.
Encouragingly, there are very good agreements between the
black and green symbols or curves, indicating robustness in
our satellite LF measurements, despite the uncertainties in the
stellar mass measurements.

For the bins over 5.7 < log,,M, icc/M < 7.8, the numbers
of ICGs binned according to CIGALE stellar masses are similar
(see the fourth and fifth columns of Table 2). We still have no
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Table 2
Number of ICGs Selected from DESI Tier-1 BGS Sample in the Year-1 Observation and in the Three Least-massive Stellar Mass Bins
log My 1c6/M, Nica,pesi(Faustcorr < 19.5) Nicg,pesi(r < 17.7) Nice.pesi(Taustcorr < 19.5) N pesi(r < 17.7)
FASTSPECFIT FASTSPECFIT CIGALE CIGALE
7.1-7.8 385 329 422 334
6.4-7.1 284 116 287 101
5.7-6.4 91 23 89 14

Note. We fix the redshift range to be z < 0.01 for all columns. The second and third columns are based on FASTSPECFIT stellar masses, with two different flux limits
(Faustcorr < 19.5 and r < 17.7), while the fourth and fifth columns are based on CIGALE stellar masses, with two different flux limits. No weights are applied to these
numbers.

B fits demonstrated by the dashed curves. The double Schecter
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In Equation (4) above, M, ¢ is the characteristic magnitude.
®,.; and D, , are the normalizations for the two components,
and « and 3 are the faint end slopes of the two components.

When we adopt the single Schecter function for fitting, the
corresponding functional form is equivalent to simply force
®, » to zero. Explicitly, we adopt single Schecter function for
the two most-massive panels (11.4 < log (M, 1cc/M» < 11.7

o
o~
A

o
o
L

o
]

0(log10Mx, spss/M o)

7 8 9 10 1 12 and 11.1 < log M, 1cc/My < 11.4), and the two panels

|Og10IVI*, pesi/M o of 7.8 < log]()M*,ICG/M&) <. 8.5 .and 7.1 < logl()M*,ICG/M(-E <

Figure 6. Top panel: a comparison between DESI cIGALE (y-axis) and 7.'8’ For the two most-massive blnS,' we have tested that usmg
FASTSPECFIT (x-axis) stellar mass measurements. The red solid line marks single or double Schecter functions does not result in
y = x to guide the eye. The green dashed curve marks the median of CIGALE significant differences at all, with the secondary components
stellar mass at fixed FASTSPECFIT stellar mass. The scatter points are based on being significantly lower in amplitude. For the other two less-

a 1/100 random subsample, and are coded by in gray scale by the

FLAGINFRARED column of the CIGALE stellar mass catalog, which massive panels, there are far fewer data points, so 1t 1s

indicates the number of WISE W1-4 bands with S/N > 3 (see the color bar impossible to constrain all six free parameters. At the faint
on top). Bottom panel: the scatter in log CIGALE stellar mass, as a function of end, the behavior is well described by a single power law. The
DESI FASTSPECFIT stellar mass. inclusion of a second component does not improve the fit. In
the other panels, double Schecter functions are adopted, with
robust measurements in the two least-massive panels with the second fainter component demonstrated by the red dashed
CIGALE. Notably, our criteria adopted to select ICGs (see curves in corresponding panels of Figure 7. The best-fit model
Section 2) depend on stellar mass to infer the virial radius and parameters are provided in Table 3.
velocity, and thus, the change in stellar mass not only affects In addition to using Schecter functions, we notice that the
how we bin ICGs into different stellar masses, but also affect number of data points for the few least-massive panels is
the selection of ICGs. However, we have tested them by solely comparable to the number of free paremeters in the Schecter
using ICGs selected above with FASTSPECFIT stellar mass, and function. Thus, in order to ensure the robustness in our
binned them according to CIGALE stellar mass. There is no estimates of the faint end slopes, we also try to fit the data
prominent change in our measurements. points in the panels of 7.8 < log M, cc/M- < 8.5 and

7.1 < log, My 1cc/Ms < 7.8 using a single power-law func-
tional form of log,, ®(M,) = —0.4(8 — 1)M, + C. The best

#.4. The Faint End Slopes of Satellite LF fits are shown by the magenta dashed curves, which are almost

According to Figure 5, it seems there is a trend for the faint identical to the faint end slopes by the best-fit Schecter
slopes of satellite LFs to become steeper with a decrease in the functions. The best-fit parameters are C = 547 £+ 1.20
stellar mass range of host ICGs. To more qualitatively evaluate and 3 = —2.189 £ 0.306 for 7.8 < log,, My 1c6/Ms < 8.5,
the trend, we perform single or double Schecter function fits to and C = 544 + 212 and [ = -2.307 + 0.577
the differential satellite LFs shown in Figure 7, with the best for 7.1 < log;\M. 1cc/M. < 71.8.

12



THE ASTROPHYSICAL JOURNAL, 986:218 (18pp), 2025 June 20

102

§ i 11.4-11.7 11.1-11.4 10.8-11.1
g 10t 4 L
2 ,c’r! -
< ‘, =37
= 7 "‘—
§ 100 {¢ ’,c "’gT
-
= ¥ -
f",V\

101 y A bl

1034
§ 102/ 10.5-10.8 10.2-10.5 9.9-10.2
k)
‘g’ 10t 4 I I
§ 10° 4 1"
g 1014 ‘/
z ree=’ P

10-2 4 ‘r ,// / l/, S

102 ‘ ‘ T
s ol 8.5-9.2 7.8-8.5
2
2 1] yf X
3 py
= 1074 //
2 4 /

107 | f"(\ / [

A . s !

102 4 T
3 7
E 104 7.1-7.8 4 6.4-7.1 5.7-6.4 o LF
_8 == = combined Schecter
3 100 4 —=-~ first Schecter
§ ,; -=-=- second Schecter

1071 4 / —-—- power law

T T T At T
-22 -20 -18 -16 -14 -12 -10
M

-8

T T T T T T T T
-6-22 -20 -18 -16 -14 -12 -10 -8

M,

T T T T T T T
-6-22 -20 -18 -16 -14 -12 -10

M,

T
-8

-6

Wang et al.

Figure 7. Black dots with error bars are differential satellite LFs around ICGs selected from DESI Tier-1 BGS sample in the Year-1 observation. The text in each
panel gives the log, (M, 1cGM., stellar mass range for ICGs. We adopt single or double Schecter functions to fit the measured satellite LFs in each panel. When only a
single Schecter function is used, the best fit is shown by the blue dashed curve. When we adopt double Schecter function, the first and second components are shown
by the blue and red dashed curves, with the green curve showing the total best-fit model by combining the two components. The magenta dashed lines in the two
least-massive panels of 7.8 < log,\M. 1cc/Ms < 8.5 and 7.1 < log,\M. 1cc/M. < 7.8 are single power-law fits, which are almost identical to the faint end slopes of
the single Schecter functions.

Table 3
Best-fit Double Schecter Function Parameters to Satellite LFs around ICGs in 10 Stellar Mass Bins

logM. 1cc/Me Mo Pyt o Py 2 g
11.4-11.7 —21.48+0.15 3.171+0.530 —1.254+0.058

11.1-11.4 —21.414+0.08 1.0734+0.093 —1.186+0.033
10.8-11.1 —20.51+0.16 0.669+0.078 —0.381+0.299 0.15440.113 —1.448+0.160
10.5-10.8 —19.65+0.03 0.525+0.030 0.000+£0.020 0.04440.015 —1.637+0.113
10.2-10.5 —19.25+0.06 0.264+0.024 0.000+0.049 0.0134+0.011 —1.630+0.288
9.9-10.2 —18.854+0.08 0.230+0.029 0.000+0.123 0.04440.015 —1.645+0.123
9.2-9.9 —18.02+0.12 0.162+0.027 0.000+£0.312 0.0224+0.014 —1.681+0.242
8.5-9.2 —16.32+0.32 0.096+0.036 0.000+1.878 0.009+0.008 —2.270+0.207
7.8-8.5 —15.09+8.94 0.068+1.183 —2.182+0.323
7.1-7.8 —15.01+5.70 0.004+0.027 —2.298+0.656

We further show in Figure 8 the faint end slopes of satellite
LFs versus the middle point of the log stellar mass ranges for
ICGs. The faint end slopes are taken as [ from the slope of the
second component if a double Schecter function is adopted for
fitting, while they are taken as a when a single Schecter
function is adopted. For the two least-massive points, we also
show the faint end slopes of the best-fit single power-law
function as red squares. The best fits achieved by using
Schecter functions or by using single power-law functions give
almost identical faint end slopes, with the Schecter function
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fitting giving slightly larger error bars. Interestingly, we clearly
see the trend that the faint end slopes of the satellite LFs
become steeper with a decrease in the stellar mass of
host ICGs.

4.5. Satellite Stellar Mass Function and the Low-mass End
Slope

In this last subsection, we present our measurements of the
SMFs of satellite galaxies. The readers are referred to
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Figure 8. The best-fit faint end slope of satellite LFs vs. the middle point
(log,,M, 1c6/M.) for the stellar mass bin of ICGs. Black dots with error bars
are the best-fit slopes () from single or double Schecter functions. Two red
squares show best fits assuming single power-law functional form
of log,, ®(M,) = —0.4(3 — DM, + C.

Section 3 for details on how we estimate the stellar masses of
satellite galaxies.

Figure 9 is similar to Figure 7, but the black dots with error bars
show the differential SMFs of satellites. We can measure the SMF
of satellites down to log, M. sui/M, ~ 5.5 around ICGs with
7.8 < lOgIOM*,ICG/MQ <85and 7.1 < logmM*,ICG/MLC < 17.8.

We again perform single or double Schecter function fitting
to the measurements, based on Equation (5) below:

®(log;y M.)dlog,, M, = In10
% [CI)* , lo(loglo M, —log,, M. 0)(a+1)
+d., 100og o Mi—log,y M. 0)(5+1 |
X exp [ _ 1 O(IOgIO M*710g10 M*«U)]

dlog, M.. ®))

Similar to Figure 7, a single Schecter function is adopted
for the two most-massive bins and bins of 7.8 <
logloM*,ICG/Mi~) < 85and 7.1 < logloM*,ICG/MC < 7.8. We
provide the best-fitting parameters in Table 4. We also try to fit
the data points in panels of 7.8 < log,, My 1cc/M» < 8.5 and
7.1 < logy, My 1cc/M < 7.8 using a single power-law func-
tional form of log,, ®(log,, Myx) = (8 — D)log,,Myx + C. The
best fits are shown by the magenta dashed curves in the
corresponding panels, which again give almost identical faint
end slopes as those by the best-fit Schecter functions. The best-
fit parameters are C = 9.21 £ 2.75 and § = —2.370 £ 0.451
for 7.8 < logy My 1cc/M: < 8.5, and C = 12.03 £ 4.37 and
B = —2.934 £ 0.765 for 7.1 < log,, Mx 1cc/M» < 71.8.

We plot the low-mass-end slopes versus the middle point of
the log stellar mass of host ICGs in Figure 10, and we still see
the trend that the faint end slopes of satellite SMFs become
steeper with a decrease in the stellar mass of host ICGs.

5. Discussion

As we mention at the beginning of Section 4.2, due to the
selection effect given the photometric flux limit of counting
satellites (see Section 2.4), we can measure satellite LF/SMF
down to fainter/smaller ranges only around smaller ICGs.
Thus, the fact that the best-fit faint end or low-mass end slopes
of satellite LF or SMF get steeper with a decrease in the stellar
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mass of host ICGs, is also telling us that there is an upturn for
fainter/smaller satellite counts.

Whether there is an upturn in the measured galaxy LF/SMF,
and whether the upturn is in agreement with ACDM predictions,
have both long been under debate (e.g., M. R. Blanton et al.
2005a; J. Loveday et al. 2012), with some studies in the past
claiming the existence of an upturn or change in slope for the
LF of field galaxies or galaxies in dense cluster environments
(e.g., S. P. Driver et al. 1994; R. de Propris et al. 1995;
P. Popesso et al. 2005a, 2005b; W. A. Barkhouse et al. 2007;
L. P. Jenkins et al. 2007; M. L. Milne et al. 2007; E. Bafiados
etal. 2010; G. A. Wegner 2011; I. Agulli et al. 2014; A. Moretti
etal. 2015; T.-W. Lan et al. 2016), and some studies disagreeing
on this (e.g., K. Rines & M. J. Geller 2008; D. Harsono & R. De
Propris 2009). Hot debates also rely on observations in our MW
and the Local Group (e.g., A. Klypin et al. 1999; B. Moore
et al. 1999), showing that the observed number of low-mass
satellites is much smaller than the predicted number of low-
mass subhalos in ACDM, though at present, an increasing
number of low-mass satellites has been detected around our
MW, which significantly weakens the tension.

If there exists an upturn at the faint end of galaxy LFs, this
would bring better agreement with ACDM predictions. On the
other hand, and to address the issue of fewer low-mass satellites
observed in our MW than CDM theory, some studies invoke the
WDM model, which predicts far fewer surviving small
substructures (e.g., M. R. Lovell et al. 2014), or they try to
explain through baryonic physics under the CDM framework
(e.g., J. S. Bullock et al. 2000; A. J. Benson et al. 2002b). These
include photoionization process during reionization and super-
nova feedback, which inhibits the star formation in small haloes,
(e.g., J. S. Bullock et al. 2000; A. J. Benson et al. 2002a, 2002b;
R. S. Somerville 2002), predicting that a significant number of
small subhalos do not host a galaxy. Our measurements of the
faint end and low-mass end slopes thus offer valuable
information to be compared with the theory, and help to
address critical questions about the nature of dark matter, the
reionization process, and also the formation of dwarf galaxies.

In the following, we further discuss two more recent studies
on galaxy LF and SMF, which are also based on DESI Year-1
data and have pointed out the existence of low-mass end
upturns.

Based on a similar method of cross correlating Year-1 DESI
bright galaxies and DESI Legacy Survey photometric galaxies,
a recent study by K. Xu et al. (2025) has managed to measure
the global SMFs of galaxies down to very small masses, which
is 10°2 for blue galaxies and 102 for red galaxies. The mass
range that can be achieved by K. Xu et al. (2025) is comparable
to ours. The main differences between the science between the
current study and K. Xu et al. (2025) are that: (1) K. Xu et al.
(2025) calculated the global SMF, instead of for satellites, and
(2) to obtain a requisite signal, we do not divide our galaxies by
color.

Interestingly, K. Xu et al. (2025) found low-mass-end slopes
of —1.54 and —2.5 in their measurements for blue and red
galaxies, respectively. There is a strong steepening in the low-
mass-end slope for red galaxies smaller than 10%°M.... For our
satellite SMFs, the steepest slope is —2.888 - 0.916, which is
consistent with the slope for red galaxies of K. Xu et al. (2025)
within the error bars.

The steepening of the faint end slopes of galaxy conditional
luminosity functions (CLFs), conditional stellar mass
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Figure 9. Black dots with error bars are differential satellite SMFs around ICGs selected from the DESI Tier-1 BGS sample in the Year-1 observation. The text in
each panel gives the log,,M, 1ccM stellar mass range for ICGs. We adopt single or double Schecter functions to fit the measured satellite LFs in each panel. When
only a single Schecter function is used, the best fit is shown by the blue dashed curve. When we adopt double Schecter function, the first and second components are
shown by the blue and red dashed curves, respectively, with the green curve showing the total best-fit model by combining the two components. The magenta dashed
lines in the two least-massive panels of 7.8 < log,,M, 1cG/M < 8.5 and 7.1 < log,,M. 1cG/M. < 7.8 are single power-law fits, which give an almost identical faint

end slope as that of the single Schecter function.

Table 4
Best-fit Double Schecter Function Parameters to Satellite SMFs around ICGs in 10 Stellar Mass Bins

log My 1cc/M;, log,, Mx o Dt a Qi B
11.4-11.7 10.54 + 0.04 4.133 £ 0.587 —1.130 £ 0.070

11.1-11.4 10.54 + 0.02 1.129 £+ 0.076 —1.119 £ 0.032
10.8-11.1 10.14 £+ 0.04 0.574 £+ 0.061 —0.092 +0.234 0.153 £ 0.063 —1.457 £0.112
10.5-10.8 9.92 +0.01 0.343 £+ 0.021 —0.000 £+ 0.020 0.032 £ 0.010 —1.710 £ 0.104
10.2-10.5 9.74 + 0.04 0.132 £ 0.023 —0.000 + 0.153 0.025 + 0.014 —1.507 + 0.222
9.9-10.2 9.50 + 0.06 0.108 £+ 0.026 —0.000 £+ 0.248 0.034 £ 0.013 —1.702 + 0.140
9.2-9.9 9.03 +0.16 0.048 £ 0.041 —0.000 £+ 1.923 0.041 + 0.026 —1.497 £ 0.317
8.5-9.2 8.05 + 1.07 0.147 £0.193 —0.383 £ 1.191 0.027 £ 0.306 —2.351 + 1.028
7.8-8.5 7.20 + 1.57 0.147 £ 1.421 —2.253 +0.617

7.1-7.8 740 +2.17 0.003 +0.135 —2.888 £ 0.916

functions (CSMFS),62 and global LFs and SMFs has also been
identified in a recent study of Y. Wang et al. (2024). Y. Wang
et al. (2024) adopted galaxy group catalogs constructed from
DESI Year-1 and SV observations (X. Yang et al. 2021) for
their measurements. Upturns in the CLF or CSMF, with slopes
of about 3 ~ —1.85, and upturns in the global LF or SMF, with
slopes of about 3 ~ —1.93, are reported for stellar masses

2 The CLF or CSMF describes the average number of galaxies as a function
of galaxy luminosity or stellar mass in the dark matter halo of a given mass.
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smaller than ~10°h >M_. or luminosities fainter than
~10°h L.

The faint end or low-mass-end slopes of satellite LFs, as we
have discussed above, are mainly contributed by counts around
more nearby ICGs (see Section 4.1 and Figure 3). However, it
is known that the more local Universe is an under-dense region
compared with the more distant Universe, called the Local
Void (e.g., R. B. Tully 1988; P. J. E. Peebles & A. Nusser
2010; L. Xie et al. 2014; Y. Chen et al. 2019; W. Wang et al.
2021a). Based on the constrained ELUCID simulation that
resembles the real Universe (H. Wang et al. 2014a, 2016;
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Figure 10. Similar to Figure 8, but showing the low-mass-end slopes of satellite
SMFs. Black dots with error bars are the best-fit slopes () from single or double

Schecter functions. The two red squares show best fits assuming single power-
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X. Yang et al. 2018; R. Li et al. 2022; X. Luo et al. 2024), it
has been shown by Y. Chen et al. (2019) that the global SMF
of galaxies measured at z < ~ 0.03 can have significantly
underestimated low-mass end slopes. The measured slopes of
the global LF and SMF by Y. Wang et al. (2024), as mentioned
above, have in fact been corrected for the bias of the Local
Volume from the more distant Universe.

We did not include such a correction in our analysis,
because the correction by Y. Chen et al. (2019) stops at
z < ~ 0.125, which is affected by the resolution limit of the
ELUCID simulation. However, Y. Wang et al. (2024) still
incorporated this correction down to smaller mass ranges with
extrapolations. Moreover, the corrections by Y. Chen et al.
(2019) are for global SMFs, and it is unclear whether similar
amounts of corrections are supposed to be made to satellite
LFs and SMFs. Thus, it is hard to judge whether such
corrections have to be included for our measurements. So, we
leave our results without such corrections.

6. Conclusions

In this study, we select ICGs from the DESI Year-1 BGS
sample. We limit our selections to the Tier-1 BGS sample,
which is nearly volume limited above the flux limit of
Faustcorr < 19.5 after Galactic extinction correction. Photo-
metric companions from the DESI Legacy imaging Survey
with a flux limit of r < 22.5 are then counted around the
selected ICGs in different stellar mass bins, following the
method of W. Wang & S. D. M. White (2012) to get LF and
SMF of satellite galaxies and subtract background source
contaminations.

We first perform detailed comparisons with photometric
satellite counts around ICGs selected from SDSS spectroscopic
Main galaxies. For SDSS, the photometric companions are still
from the DESI Legacy imaging Survey with the same flux limit
of r < 22.5. We achieve reasonable agreement between SDSS
and DESI for ICGs with 7.1 < log,,M, 1cc/M» < 11.7. For the
most-massive bins with log, M, 1cg/M. > 11.1, there are some
disagreements between SDSS and DESI at fainter magnitudes
of satellites, and the discrepancy is likely due to the difference
in SDSS and DESI stellar mass measurements.

16

Wang et al.

With ICGs selected from DESI BGS, we can measure their
satellite LFs around ICGs spanning a wide range in stellar mass
of 7.1 < log M, 1cc/M» < 11.7. To push down to satellite
LFs fainter than r-band absolute magnitudes of M, ~ —10,
only nearby galaxy systems with redshifts lower than z =0.01
can provide complete satellite counts above the photometric flux
limit. Additionally, we can push down to M, g, ~ —7 around
ICGs in the stellar mass range of 7.1 < log,,M, 1cc/Ms < 7.8.
The DESI FASTSPECFIT and CIGALE stellar masses lead to
consistent results over the full stellar mass range of ICGs
probed.

We also measure the SMFs of satellite galaxies, and we can
push down to about 105'5M@ in the measured mass funct-
ions around ICGs in the stellar mass range of 7.1 <
IOgIOM*ch/M@ < 17.8.

We adopt single or double Schecter functions to fit the
measured satellite LFs or SMFs around ICGs spanning
different stellar mass ranges. Interestingly, we have discovered
that the faint end or low-mass-end slopes of the measured
satellite LFs or SMFs clearly decrease with a decrease in
stellar masses of the host ICGs, with smaller and nearby host
ICGs being capable of being used to probe fainter satellites.
The steepest slopes can be —2298 + 0.656 and
—2.888 £0.916 for satellite LF and SMF, respectively. The
slopes are all shallower than —2 for satellites around ICGs
more massive than 10°M....
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