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Abstract

We present the third Data Release (DR3) of the Satellites Around Galactic Analogs (SAGA) Survey, a spec-
troscopic survey characterizing satellite galaxies around Milky Way (MW)-mass galaxies. The SAGA Survey
DR3 includes 378 satellites identified across 101 MW-mass systems in the distance range 25–40.75 Mpc, and an
accompanying redshift catalog of background galaxies (including about 46,000 taken by SAGA) in the SAGA
footprint of 84.7 sq. deg. The number of confirmed satellites per system ranges from zero to 13, in the stellar
mass range 106−10 M⊙. Based on a detailed completeness model, this sample accounts for 94% of the true satel-
lite population down to M⋆ = 107.5 M⊙. We find that the mass of the most massive satellite in SAGA systems
is the strongest predictor of satellite abundance; one-third of the SAGA systems contain LMC-mass satellites,
and they tend to have more satellites than the MW. The SAGA satellite radial distribution is less concentrated
than the MW, and the SAGA quenched fraction below 108.5 M⊙ is lower than the MW, but in both cases, the
MW is within 1σ of SAGA system-to-system scatter. SAGA satellites do not exhibit a clear corotating signal
as has been suggested in the MW/M31 satellite systems. Although the MW differs in many respects from the
typical SAGA system, these differences can be reconciled if the MW is an older, slightly less massive host with
a recently accreted LMC/SMC system.

Keywords: Companion galaxies (290), Dwarf galaxies (416), Galaxy evolution (594), Redshift surveys (1378),
Galaxy spectroscopy (2171)

1. INTRODUCTION

The Satellites Around Galactic Analogs (SAGA) Survey is
a spectroscopic galaxy survey focusing on nearby low-mass
galaxies. Its primary science goal is to characterize the satel-
lite populations, roughly down to the luminosity of the Leo I
galaxy (Mr,o < −12.3), around 100 Milky Way (MW) analogs
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outside the Local Volume (at 25–40.75 Mpc). The SAGA
Survey had two previous data releases. Geha et al. (2017,
Paper I hereafter) introduced the survey and showed initial
results based on 27 satellites around eight MW-like systems.
Mao et al. (2021, Paper II hereafter) included 127 satellites
identified around 36 MW-like systems. In this work, we
present the Data Release 3 (DR3) of the SAGA Survey,
which includes 378 satellites identified around 101 MW-like
systems. In addition, we also publish the full redshift catalog
for galaxies in the SAGA fields in this data release.
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In the past few years, significant progress has been made
in characterizing MW-mass satellite systems beyond the MW
and M 31. Generally, the distance to a system determines
the technique one can use to confirm the satellite galaxies,
the possible depth of the survey, and the number of systems
available (see Figure 1). While the SAGA Survey mainly
focuses on systems at 25–40.75 Mpc, multiple satellite sys-
tems within the Local Volume (< 20 Mpc) have also been
studied in recent years. For example, the Exploration of Lo-
cal VolumE Satellites (ELVES) Survey uses surface bright-
ness fluctuations to characterize 28 satellite systems within
12 Mpc (Carlsten et al. 2022). There are multiple efforts
to characterize individual nearby MW-like satellite systems,
including NGC 4258 (Spencer et al. 2014), M94 (Smercina
et al. 2018), NGC 3175 (Kondapally et al. 2018), NGC 2950
and NGC 3245 (Tanaka et al. 2018). Nearby satellite sys-
tems around galaxies of slightly higher masses have also been
studied, such as the systems around M81 (Chiboucas et al.
2013), M101 (Danieli et al. 2017; Bennet et al. 2019; Carl-
sten et al. 2019), and Centaurus A (Crnojević et al. 2019;
Müller et al. 2019).

Overall, these nearby satellite systems exhibit a wide range
in both the number of satellites and the star-forming proper-
ties of these satellites. Comparing the MW and its bright
satellite population with this statistical sample provides us
with a new tool to study some unique, or even transient, as-
pects of the MW system. For example, we now know that the
MW has experienced specific events such as the recent accre-
tion of the LMC and the SMC (e.g., Kallivayalil et al. 2013)
and a major merger that occurred around z ∼ 2, whose rem-
nant is known as Gaia–Sausage–Enceladus (GSE, Belokurov
et al. 2018; Helmi et al. 2018). These interactions can likely
affect both the satellite abundance and the satellite star for-
mation histories (e.g., Simpson et al. 2018; Hausammann
et al. 2019). The statistical study of nearby satellite systems
provides a means to investigate the interplay between satel-
lite populations and recent accretion and merger events.

The comparison between the MW and similar systems also
provides important context for interpreting the results from
simulations and models. In particular, modern cosmological
hydrodynamical simulations are often benchmarked against
Local Volume observations when implementing sub-grid
galaxy formation physics (e.g., Akins et al. 2021; Samuel
et al. 2020; Font et al. 2022). A larger sample of MW-
mass satellite systems will enable a statistical comparison be-
tween observations and simulations. These recent surveys of
MW-mass satellite systems such as SAGA offer rich datasets
that permit detailed comparisons with hydrodynamic simu-
lations, which are valuable for refining physical models of
small-scale processes like tidal forces, ram pressure strip-
ping, reionization, and star formation feedback mechanisms

(e.g., Wang et al. 2021a; Samuel et al. 2022; Engler et al.
2023; Greene et al. 2023; Karunakaran et al. 2023).

In addition to galaxy formation physics, these satellite sys-
tems will provide critical tests of the Lambda Cold Dark Mat-
ter (ΛCDM) paradigm. Nadler et al. (2019a, 2020, 2021b)
have tested this approach with MW satellites to constrain the
faint end of the galaxy–halo connection and alternative dark
matter models, and Danieli et al. (2023) derived complemen-
tary galaxy–halo connection constraints from Local Volume
satellite populations. While the SAGA Survey only probes
the bright and classical satellite galaxies (M⋆ ∼ 106–109 M⊙),
incorporating SAGA results in this type of analysis and com-
paring with dwarf galaxies in less dense environments (e.g.,
Heesters et al. 2023) will undoubtedly provide more power-
ful constraints by adding data in a regime that has been sparse
to date and by breaking current degeneracies between galaxy
formation and dark matter physics in this regime (e.g., Nadler
et al. 2024).

The main science of the SAGA Survey focuses on satellite
galaxies; nevertheless, we have developed an effective tar-
geting strategy to obtain spectroscopic redshifts for any low-
redshift (z≲ 0.05) galaxies. As SAGA Survey’s survey depth
goes down to r ∼ 20.7, it has collected a significant num-
ber of galaxy redshifts for galaxies that are low-redshift and
low-mass (107 < M⋆/M⊙ < 109). This sample of galaxies
is rare in past surveys, such as the Sloan Digital Sky Survey
(SDSS; r < 17.77; Strauss et al. 2002; Sales et al. 2013) and
Galaxy And Mass Assembly (GAMA; r < 19.8; Baldry et al.
2018), due to their limiting depths. The ongoing Dark En-
ergy Spectroscopic Instrument (DESI; DESI Collaboration
et al. 2016) Survey will fill in this gap, but the SAGA Survey
will likely have higher completeness within the SAGA Sur-
vey footprint for the foreseeable future. These SAGA galaxy
redshifts have already enabled a range of studies to train ma-
chine learning algorithms to select low-redshift or low-mass
galaxy candidates beyond the SAGA Survey footprint (e.g.,
Wu et al. 2022; Darragh-Ford et al. 2023; Thornton et al.
2023).

This paper presents the overview of the SAGA Survey,
DR3 data products, and a selection of the main science re-
sults. There are two accompanying papers: Geha et al.
(2024; Paper IV hereafter) will discuss in detail the star-
forming properties of the SAGA satellites. Wang et al.
(2024; Paper V hereafter) will present a detailed comparison
with a theoretical prediction from an updated UniverseMa-
chine galaxy–halo connection model (Behroozi et al. 2019).

This paper reviews our survey design in Section 2, includ-
ing host selection, photometric catalog production, and tar-
get selection. We describe the redshift sources in Section 3,
including our own observations and redshifts from the liter-
ature. We present SAGA DR3 in Section 4, which includes
both the satellite sample and an overall redshift catalog. We
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Figure 1. A schematic overview of the SAGA Survey in relation to other surveys of MW-mass satellite systems. Each gray circle represents
a satellite system, and the colored points represent the satellites that are observable with current observational capacity. As the cosmological
distance increases from left to right, the volume and the number of systems increase, but the depth and the number of satellites that can be
surveyed in each system decrease. The SAGA Survey fills in the regime where we can survey hundreds of MW-mass satellite systems and still
obtain a sizable satellite population per system. The distances and sizes shown are not to scale.

then present the main science results in Section 5, including
the stellar mass functions, quenched fraction, radial distribu-
tions, satellite abundance, and co-rotating signals. In Sec-
tion 6, we discuss the MW satellite system in the context of
the SAGA results, considerations for comparing SAGA re-
sults with simulations, and planned follow-up work. Readers
who are familiar with previous SAGA work or want to navi-
gate the main results of this paper quickly can read Section 7,
the summary section, first.

As in Paper I and Paper II, all distance-dependent parame-
ters are calculated assuming H0 = 70 km s−1 Mpc−1 and ΩM =
0.27. Magnitudes and colors are extinction-corrected (de-
noted with a subscript ‘o,’ e.g., ro; using a combination of
Schlegel et al. 1998 and Schlafly & Finkbeiner 2011; see
Section 2.3). Absolute magnitudes are k-corrected to z = 0
using Chilingarian et al. (2010).

2. THE SAGA SURVEY

2.1. Overview of the SAGA Survey Design

The primary goal of the SAGA Survey1 is to character-
ize the satellite galaxy populations around more than 100
Milky Way-mass galaxies down to an absolute magnitude of
Mr,o = −12.3. As of this data release, we have completed

1 sagasurvey.org

the survey for 101 systems. To balance depth and volume,
the SAGA Survey focuses on the regime slightly outside the
Local Volume, selecting systems from 25 to 40.75 Mpc, as
shown in Figure 1. The survey depth in apparent magnitude
is roughly ro < 20.7. The primary galaxies in these systems
are selected by stellar masses and environments, which we
detailed in Section 2.2. We then identify potential satellite
galaxy candidates based on photometric information, using
the photometric catalogs from DESI Legacy Imaging Sur-
veys DR9 (Section 2.3, Section 2.5). We obtain redshifts
for the candidates, including redshifts from existing litera-
ture, but mostly with new observations (Section 3), to con-
firm whether the candidates have comparable redshifts as the
primary galaxies.

2.2. SAGA Host Selection and SAGA Footprint

The selection of the SAGA MW analogs (“hosts”) remains
the same as described in Section 2.1 of Paper II. We briefly
summarize the selection criteria here and refer the readers to
Paper II for detail. Our selection is primarily based on dis-
tance, K-band luminosity, and local environment. The selec-
tion criteria are:

Stellar Mass: − 23 > MK > −24.6; (1a)

Stellar Foreground: |b| ≥ 25◦; (1b)

Stellar Foreground: Hp(<300 kpc)
brightest star > 5; (1c)

https://sagasurvey.org
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Figure 2. Sky distribution of 203 SAGA Milky Way analog systems
as defined in Section 2.2. Orange squares show the 101 systems that
have been surveyed and are presented in this work. Empty circles
show systems that match our host selection (i.e., from the “Grand
List” with criteria 1a through 1g applied) but have not been sur-
veyed.

Environment: K < K(<300 kpc)
brightest gal. − 1.6; (1d)

Environment: Mhalo < 1013M⊙; (1e)

Distance: 25 − 40.75Mpc; and (1f)

Distance: vhelio > 1400kms−1. (1g)

The selection is applied on a nearby galaxy catalog that
we construct from HyperLEDA (Makarov et al. 2014)2, and
referred to as the “Grand List” in Paper II. The Grand List
is complete out to 60 Mpc in distance and down to K =
11.9 (corresponding to MK = −22 at 60 Mpc). The K-band
magnitude and redshift measurements were adopted from
the 2MASS Redshift Survey (2MRS; Huchra et al. 2012).
The distance measurements come from a combination of
the NASA–Sloan Atlas (NSA v1.0.1; Blanton et al. 2011)
and redshift-independent distance measurements compiled
by HyperLEDA. One of the stellar foreground selection cri-
teria (Eq. 1c) uses the Hipparcos-2 catalog (van Leeuwen
2007).

We also include the halo mass (Mhalo) estimates from the
Lim et al. (2017) group catalog. Lim et al. (2017) estimated
these halo masses using a group finder based on Yang et al.
(2005), but with improvements to allow application on four
galaxy redshift surveys. The halo mass estimation is based
on both the sum of the luminosities of member galaxies and
the difference in luminosity between the central and member
galaxies (Lu et al. 2016), and are unbiased with a typical un-
certainty of ∼ 0.2 dex when compared with hydrodynamical
simulations. In the SAGA redshift range (z< 0.015), they es-

2 leda.univ-lyon1.fr

timated their group catalog is complete down to a halo mass
of 1010.8 M⊙, which is sufficient for our use since we focus
on MW-mass systems. We use this halo mass estimate in
Eq. 1e and our analysis.

Figure 2 shows the sky location of the SAGA hosts.
Throughout this work, we use the term SAGA footprint to
refer to the sky area that is between 10 and 300 kpc in pro-
jection to one of the 101 SAGA hosts. The innermost 10 kpc
is excluded because the light from the host galaxy dom-
inates that region, and we did not target any photometric
sources in that region. The outer boundary of 300 kpc was
designed to approximate the virial radius of MW-mass ha-
los (Mhalo ∼ 1012 M⊙), and corresponds to an angular radius
of 25′–41′ at the distances of SAGA systems. Because we
do not have precise measurements of the halo masses of the
SAGA systems, we choose to use a fixed radius of 300 kpc
for all systems. The SAGA footprint has a total sky area of
84.7 sq. deg.

Figure 3 shows the K-band luminosity and stellar mass of
the SAGA hosts from the 2MASS Extended Source Catalog
(Jarrett et al. 2000). The Milky Way’s luminosity (Licquia &
Newman 2015) and stellar mass (Just et al. 2015), and M 31’s
luminosity (Jarrett et al. 2003) and stellar mass (Sick et al.
2015) are also shown for comparison.

All SAGA hosts are less massive than M 31, and most are
less massive than the MW. Among the 101 hosts presented
here, we identify five Local Group–like pairs (exactly two
MW-mass hosts within 1 Mpc of each other), and an addi-
tional eight hosts that have precisely one MW-mass compan-
ion within 1 Mpc with the companion not being one of the
101 SAGA hosts. We indicate these hosts in Figure 3.

The 101 SAGA hosts presented in this work are listed in
Table C.1 (only schema is shown; table contents are available
online in machine-readable format).

2.3. DESI Imaging DR9 Photometry

After SAGA Paper II, we fully updated our photometric
catalog to the DESI Legacy Imaging Surveys (Dey et al.
2019) Data Release 9 (DR9), released in January 2021. All
SAGA systems are within the footprint of DESI Imaging
DR9. This is a major upgrade compared to our first data re-
lease, which used only SDSS DR12, and to our second data
release, which used a combination of SDSS DR14, Dark En-
ergy Survey (DES Abbott et al. 2018) DR1, and DESI Imag-
ing DR6/7. In particular, DESI Imaging DR9 includes DE-
Cam data from other surveys, such as the DES. DESI Imag-
ing DR9 has a single-frame median 5σ point-source detec-
tion limit in r-band of r ∼ 23.3 (slightly different for the two
sub surveys, DECaLS and BASS, Dey et al. 2019); this depth
is comparable to DES and is about half magnitude deeper
than SDSS.

http://leda.univ-lyon1.fr
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Figure 3. Distribution of the K-band absolute magnitudes (x-axis,
Jarrett et al. 2000), stellar masses (y-axis), and g − r colors (color
of the markers) of 101 SAGA host galaxies. The circle and square
markers indicate regular and Local Group-like hosts, respectively
(here "Local Group-like" means having exactly one MW-mass com-
panion within 1 Mpc). Square markers that are connected by a thin
dotted line are Local Group-like pairs. The black star and trian-
gle show the luminosities and stellar masses of the Milky Way and
M 31, respectively.

Similar to the procedure followed in Paper II, for each
SAGA host, we obtain the DESI Imaging catalog within
a 1◦ radius from the “sweep” files to ensure the virial
radius (300 kpc) is always covered. We use FLUX and
MW_TRANSMISSION to calculate de-reddened magnitudes,
where MW_TRANSMISSION is calculated using the coefficients
in Schlafly & Finkbeiner (2011) and the map from Schlegel
et al. (1998).3 We only ingest objects with ro < 23, go < 22.5,
or zo < 22.5 (any one condition).

DESI Legacy Imaging Surveys include three different sur-
veys: the DECam Legacy Survey (DECaLS), the Beijing-
Arizona Sky Survey (BASS), and the Mayall z-band Legacy
Survey (MzLS). The flux calibration for each survey is done
independently (with AB natural systems). Hence, there is
a slight but noticeable magnitude offset between DECaLS
and BASS/MzLS, which we corrected with the following for-
mula:

rDECaLS = −0.0382(g − r)BASS/MzLS + 0.0108 + rBASS/MzLS.

(2)

With this correction, the magnitudes used in SAGA DR3 all
correspond to DECaLS filters, which differ slightly from the
SDSS filters as used in Paper I and Paper II.

We mostly use the TYPE flag to separate stars and
galaxies: all objects whose TYPE ̸= PSF are consid-

3 www.legacysurvey.org/dr9/catalogs/#galactic-extinction-coefficients

ered galaxies. However, we do correct this flag for
some bright stars that are mislabeled as galaxies and
some faint galaxies that are mislabeled as stars. This
correction procedure is implemented in the function
objects.build3.update_star_galaxy_flag in our code
base.4. It involves checking the flux signal-to-noise value and
specific photometric flags (FITBITS, FRACFLUX).

While the DESI Imaging DR9 catalog is fairly clean, there
still exist some shredded objects. For shredded objects that
are part of a large, typically spiral, galaxy, we use the better-
measured galaxy radii from the Siena Galaxy Atlas 2020
(SGA; Moustakas et al. 2023) catalog to remove objects that
are well within the light of a large galaxy. For shredded ob-
jects from a faint source, we use a friends-of-friends algo-
rithm5 to find close faint sources that potentially come from
a single galaxy. We visually inspect those cases, and refit the
photometry with GALFIT (Peng et al. 2002).

Besides shredded objects, there are also spurious objects
in the catalog. The most common situations include Galac-
tic cirri and faint stars or quasars mistaken as large galax-
ies when the sky background is not correctly subtracted. We
remove these spurious objects with both catalog properties
(mainly the flux signal-to-noise values the FRACFLUX flags;
see the function objects.build3.set_remove_flag in our
code base4). We also remove spurious objects via visual in-
spection. On average, we remove about 25 spurious objects
per sq. deg., which is about 0.86% of all galaxy sources down
to ro = 20.7.

In summary, our photometric catalog is based on the DESI
Imaging DR9 catalog but with corrections for shredded, spu-
rious, and misclassified objects. We ingest the photometric
information including grz and WISE (W1, ..., W4) bands and
morphology including half-light semi-major axis (SHAPE_R)
and ellipticity parameters (SHAPE_E1, SHAPE_E2).

Because low-redshift, low-mass galaxies tend to also have
lower surface brightness, we compare our photometric cat-
alog with the SMUDGes catalog (Zaritsky et al. 2023) to
ensure that low-surface-brightness galaxies (LSBGs) and
ultra-diffuse galaxies (UDGs) are not systematically missing
from our photometric catalog. We found 82 objects in the
SMUDGes catalog that are also in the SAGA footprint. Note
that the SAGA footprint is a subset of the SMUDGes foot-
print, but only low-surface-brightness objects are included in
the SMUDGes catalog. Among the 82 SMUDGes objects,
only one (0912528+351112) is not present in the SAGA pho-
tometric catalog (which is based on DESI Imaging DR9 cat-
alog); however, this missing object has a magnitude (ro =
20.82) that is fainter than SAGA’s survey depth (ro < 20.7).

4 github.com/sagasurvey/saga/blob/master/SAGA/objects/build3.py
5 github.com/yymao/FoFCatalogMatching

https://www.legacysurvey.org/dr9/catalogs/#galactic-extinction-coefficients
https://github.com/sagasurvey/saga/blob/master/SAGA/objects/build3.py
https://github.com/yymao/FoFCatalogMatching
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All other SMUDGes objects are present in the SAGA photo-
metric catalog, and 14 of these are confirmed SAGA satellite
galaxies (see definition in Section 4.3).

While we believe the SAGA photometric catalog is not
missing LSBGs or UDGs given our intended survey depth
(ro < 20.7), the fitted flux for very low surface brightness ob-
jects could still be underestimated. When comparing with
the SMUDGes catalog, we found only 10 of the low-surface-
brightness objects that are brighter than our survey depth in
the SMUDGes catalog but fainter in the SAGA catalog (and
the original DESI Imaging DR9 catalog).

2.4. GALEX photometry

We also ingest photometry from Galaxy Evolution Ex-
plorer (GALEX; Martin et al. 2005) and match these sources
to the DESI Imaging DR9 catalog. The match is done by sky
coordinate (the closest source within 3” or within the optical
radii). To assess upper limits and improve photometric fits,
we refit the GALEX photometry for all satellites and galaxies
with z < 0.2 and M⋆ < 1010 M⊙. See Section 2.3 of Paper IV
for details.

2.5. Target Selection

In Paper II, we improved our target selection strategy by
adapting a two-part approach. We devote about half of our
spectroscopic resources to obtain redshifts for almost all
galaxy targets in the primary targeting region in the pho-
tometric space. Based on the data we obtained in Paper II,
the primary targeting region contains nearly all the satellite
galaxies in the SAGA systems. We use the other half of our
spectroscopic resources to target galaxies outside the primary
targeting region. The primary targeting region was defined in
Paper II as the following:

µro,eff +σµ − 0.7(ro − 14) > 18.5, (3a)

(g − r)o −σgr + 0.06(ro − 14) < 0.9, (3b)

where µro,eff is the effective surface brightness (defined in

Equation 4), σµ is the error on µro,eff, and σgr ≡
√
σ2

g +σ2
r

is the error on the (g − r)o color.
Since Paper II, we have continued this approach. For the

101 systems presented in this work, the median redshift rate
(fraction of galaxy targets with confirmed redshifts) in the
primary targeting region is 92%. The host system with the
lowest redshift rate in the primary targeting region still has a
redshift rate of 81%.

As we demonstrated in Paper II (see the left panel of Figure
3 of Paper II), our primary targeting region selects an almost
complete sample for galaxies within z < 0.015. The typical
redshift for galaxies in the primary targeting region is around
z = 0.1. The redshifts we have obtained since Paper II con-
tinue to confirm the effectiveness of this strategy. Neverthe-
less, we also continue to obtain redshifts outside the primary

targeting region, especially in the region close to the bound-
aries of the primary targeting region. As shown in Darragh-
Ford et al. (2023), low-redshift galaxies (z < 0.05) tend to be
found near these boundaries.

In summary, this target selection strategy allows us to reach
a high redshift rate in the primary targeting region, where
almost all z < 0.015 galaxies reside. At the same time, we
sample the rest of the photometric space, and these redshifts
allow us to build a model to estimate how likely a galaxy is
to be a satellite given its photometric properties. We describe
this model in Section B.1, and we use it to correct for our
survey incompleteness (here, by incompleteness we refer to
the redshift rate less than 100%).

3. SPECTROSCOPIC DATA

Including our previous data releases, the SAGA team has
obtained in total 45,699 galaxy redshifts (Section 3.1 and
3.2) in the SAGA footprint. Combined with 30,010 galaxy
redshifts from the literature (Section 3.3), we have compiled
a catalog of 75,709 galaxy redshifts in the SAGA footprint.
We describe the association of spectroscopic and photometric
objects in Section 3.4.

3.1. Multifiber Spectra: AAT and MMT

Building on our work in Paper I and Paper II, we obtained
data from both the MMT/Hectospec and AAT/2dF multifiber
spectrographs. In both cases, data reduction and redshift in-
spection are identical to that described in Paper II.

MMT/Hectospec provides 300 fibers over a 1◦ diameter
field-of-view (Fabricant et al. 2005). Each fiber has a diam-
eter of 1.5′′. We used Hectospec with the 270 lines mm−1

grating, resulting in wavelength coverage of 3650–9200 Å
and spectral resolution of 1.2 Å pixel−1 (R ∼ 1000). Typical
redshift errors are 60 km s−1. SAGA DR3 contains 19,795
unique galaxy redshifts obtained with MMT/Hectospec be-
tween 2013 and May 2022.

AAT/2dF deploys 400 fibers over a 2◦ diameter field
(Lewis et al. 2002). Each fiber has a diameter of 2.1′′. We
used the 580V and 385R gratings in the blue and red arms, re-
spectively, both providing a resolution of R = 1300 (between
1 and 1.6 Å pixel−1) over a maximum wavelength range of
3700–8700 Å. Typical redshift errors are 60 km s−1. SAGA
DR3 contains 26,499 unique galaxy redshifts obtained with
AAT/2dF between 2014 and Jan 2023.

3.2. Single-slit Spectra: Palomar, Keck, and SALT

Single-slit spectroscopy is used to measure redshifts for
galaxies that were missed in the multifiber work due to fiber
collisions, low signal-to-noise, or other issues. Our primary
single-slit facility is the 200-inch Hale Telescope at Palo-
mar Observatory and the Double Spectrograph (DBSP; Oke
& Gunn 1982). We used the 316/7500 red channel grating
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and 600/4000 blue channel grating, resulting in wavelength
coverage of 3800–9500 Å and spectral resolution of 1.1 and
1.5 Å pixel−1, respectively, for the blue and red sides. The
data were reduced using PypeIt (Prochaska et al. 2020);
redshifts were measured using a modified version of marz
(Hinton et al. 2016). SAGA DR3 contains 458 unique red-
shifts obtained with Palomar/DBSP between 2019 and Sept
2022.

We obtained 28 redshifts using the Deep Extragalactic
Imaging Multi-Object Spectrograph (DEIMOS; Faber et al.
2003) on the Keck-II 10-meter telescope. Data were obtained
between 2016 and 2022 with the 1200G grating with wave-
length coverage 6500–8900 Å and 0.33 Å pixel−1. An addi-
tional 12 redshifts were obtained between 2020–2021 with
the Southern African Large Telescope (SALT)’s RSS spec-
trograph using the 900 l/mm grating (Buckley et al. 2006;
Burgh et al. 2003).

3.3. External Spectroscopic and HI Data Sets

We include spectroscopic data in the regions of our hosts
from a variety of publicly available surveys. While these
surveys do not specifically target the very low-redshift (z <
0.015) galaxies that the SAGA Survey focuses on, they help
reduce the number of targets that require redshifts for our
survey.

We list these surveys in decreasing order of the number
of redshifts in the SAGA footprint: SDSS (DR16; Ahumada
et al. 2020), DESI (EDR1; DESI Collaboration et al. 2023),
GAMA (DR3; Baldry et al. 2018), the Prism Multi-object
Survey (PRIMUS DR1; Coil et al. 2011; Cool et al. 2013),
NSA (v1.0.1; Blanton et al. 2011), the VIMOS Public Extra-
galactic Redshift Survey (VIPERS PDR2; Scodeggio et al.
2018), the WiggleZ Dark Energy Survey (Drinkwater et al.
2018), the 2dF Galaxy Redshift Survey (2dFGRS; Colless
et al. 2001), the HectoMAP Redshift Survey (DR2; Sohn
et al. 2023), the HETDEX Source Catalog (Mentuch Cooper
et al. 2023), the 6dF Galaxy Survey (6dFGS; Jones et al.
2004, 2009), the Hectospec Cluster Survey, (HeCS; Rines
et al. 2013), the Australian Dark Energy Survey (OzDES,
Data Release 2; Lidman et al. 2020), the 2-degree Field Lens-
ing Survey (2dFLenS; Blake et al. 2016), and the Las Cam-
panas Redshift Survey (LCRS; Shectman et al. 1996).

Across the full SAGA footprint around 101 hosts, SDSS
contributed about 13,000 galaxy redshifts. DESI, GAMA,
PRIMUS, and NSA each contributes around 3,500–5,000
galaxy redshifts. The remaining surveys listed above each
contribute hundreds to 1,500 galaxy redshifts, and around
6,000 in total. We only ingested literature redshifts with high
confidence; however, in some rare cases, a literature redshift
can be inaccurate. When a literature redshift indicates a satel-
lite galaxy (about 40% of the SAGA satellites have literature
redshifts), we retarget the galaxy to verify the literature ve-

locity measurement and to ensure homogeneity, but we do
not count this case as a SAGA discovery.

We also ingested HI data for galaxies that are covered by
the Arecibo Legacy Fast ALFA Survey (ALFALFA; Haynes
et al. 2018) and the FAST all sky HI Survey (FASHI; Zhang
et al. 2024). Due to the large beam size (3′) of HI mea-
surement, we use the photometric counterpart information
available in these catalog to assist the match. When the
photometric counterpart information is not available or has
a low confidence, we adopt the HI measurements if a nearby
source in the SAGA catalog has a consistent redshift. We
also matched our catalog to the HI Parkes All-Sky Survey
(HIPASS; Meyer et al. 2004); however, due to an even larger
beam size (15′), we only search around confirmed satellites
and included HIPASS data for two of the SAGA satellites.

3.4. Combining Spectroscopic and Photometric Data Sets

As the photometric catalog has been updated a few times
during the course of the SAGA Survey, we combine the spec-
troscopic and photometric measurements by matching the
sky coordinates. For each spectroscopic measurement, we
search the photometric catalog within a 20′′ radius. Given
the SAGA Survey depth, the photometric sources are not
too crowded and in most cases only one unique match
exists. When multiple photometric sources are possible
matches, we identify the best match based on the luminosi-
ties and sizes of those photometric objects. The specific or-
der by which a photometric source is selected as the best
match to a spectroscopic measurement is described in the
list objects.build3.SPEC_MATCHING_ORDER in the SAGA
code base4.

In addition, if one object has multiple spectroscopic
measurements with consistent redshifts, we opt to use
the redshift value from the most confident measure-
ment (usually based on the quality flag) and, when the
quality flag is the same, from the measurement made
with the telescope with a larger aperture. This pro-
cedure is described in the function objects.build2.

match_spectra_to_base_and_merge_duplicates in
the SAGA code base6.

4. SAGA DATA RELEASE 3

4.1. SAGA Redshift Catalog

We present 75,709 galaxy redshifts around 101 SAGA host
galaxies. Figure 4 shows the redshift distribution of this
catalog, with redshift sources and magnitude highlighted.
Overall, the 45,699 SAGA redshifts (purple histogram) peak
around z = 0.2. Most SAGA-obtained redshifts are for faint
galaxies 19 < ro < 20.75. Conversely, almost all redshifts

6 github.com/sagasurvey/saga/blob/master/SAGA/objects/build2.py

https://github.com/sagasurvey/saga/blob/master/SAGA/objects/build2.py
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Figure 4. Top: A stacked histogram of confirmed redshifts of
galaxies in the SAGA footprint (defined in Section 2.2). The olive
and pink colors in the stacked histogram show the number of spec-
tra collected by the SAGA team and from the literature, respectively.
The inset shows the same data, but zoomed in on the z < 0.04 re-
gion. Bottom: The percentage of galaxy redshifts first obtained by
the SAGA Survey, in bins of redshift (x-axis) and r-band magnitude
(y-axis), represented by the color of the cell (darker olive indicates
more SAGA-obtained redshifts, darker pink indicates more litera-
ture redshifts). The size of each cell represents the total number of
redshifts in the corresponding bin.

for dim, low-redshift galaxies (19 < ro < 20.75 and z < 0.2)
were obtained by SAGA. The redshift catalog is provided in a
machine-readable format, with its schema listed in Table C.2.

4.2. Derived Properties

In addition to the photometric properties available from
Legacy Surveys, we also include the following derived prop-
erties in our galaxy redshift catalog.

1. Radius and surface brightness: For most galaxies, the
circularized half-light radius is derived directly from
the axis ratio and semi-major axis from the Legacy
Surveys catalog measured in r-band. However, for
galaxies available in the Siena Galaxy Atlas, we use

D26/3 as the half-light radius (one-third of the isopho-
tal radius at 26 mag arcsec−2). We also use GALFIT
to re-fit the photometry for a handful of galaxies that
clearly have a bad photometric fit in the original cata-
log by visual inspection. We then calculated the effec-
tive surface brightness with the following formula:

µro,eff = ro + 2.5log
(
2πR2

ro,eff

)
. (4)

2. Stellar mass: As in Paper II, we estimate stellar mass
using the Bell et al. (2003) relation, but calibrated the
relation to recent estimates from Zibetti et al. (2009)
and Taylor et al. (2011). We also assume a Kroupa
(2001) initial mass function and an absolute solar r-
band magnitude of 4.65 (Willmer 2018). The resulting
stellar mass conversion is:

log[M⋆/M⊙] = 1.254 + 1.098(g − r)o − 0.4Mr,o, (5)

where Mr,o is the absolute magnitude k-corrected to
z = 0 using Chilingarian et al. (2010). We expect a sys-
tematic error of 0.2 dex on the estimated stellar mass,
which is larger than the random errors due to propagat-
ing errors in photometry and distance.

For SAGA satellite galaxies (Section 4.3), we also measure
the following quantities.

1. Star Formation Rate (SFR): we calculate the star for-
mation rate based on the both Hα equivalent width
(EWHα

) and NUV flux. See Section 2.4 of Paper IV
for details.

2. “Quenched” flag: we label a galaxy as quenched if it
has no significant Hα emission ((EWHα

− σEWHα
) <

2Å) and if it has a specific SFR (sSFR) in NUV be-
low −11M⊙ yr−1. See Section 3.1 of Paper IV for more
detail.

3. Line flux measurements: we provide the fluxes and un-
certainties of selected emission lines for SAGA satel-
lites. See Section 2.2 of Paper IV and Section 3.1 of
Kado-Fong et al. (2024) for more detail.

4.3. SAGA Satellites

As in Paper II, we define a “satellite” as a galaxy that satis-
fies the following criteria: (i) fainter than the host galaxy, (ii)
within 300 kpc in projection to the host galaxy, and (iii) has
a heliocentric velocity that is within 275 km s−1 of the host
galaxy. From the SAGA redshift catalog around 101 hosts,
we identified 378 satellites in total, with 229 whose redshifts
were first obtained by the SAGA Survey. Galaxies that do
not meet these criteria are considered to be “background”
galaxies (a handful of these galaxies are actually foreground
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Figure 5. Top: Heliocentric-corrected velocities (cz) and projected
distances of galaxies in the proximity of SAGA host galaxies. The
velocity and distance plotted for each galaxy are calculated with
respect to their individual hosts. The gray errorbars in the upper
left corner show the typical velocity errors. We define “satellites”
(green squares) as galaxies that lie in the SAGA footprint (within
300 kpc in projection) and within ±275kms−1 of their host galaxies;
these criteria are indicated by dotted lines. Galaxies in the SAGA
footprint but do not meet the velocity criterion are considered to
be “background” galaxies (purple triangles). In this plot, we also
show galaxies that are beyond 300 kpc in projection (i.e., outside the
SAGA footprint, yellow circles). The red solid lines show the cir-
cular velocity of a NFW profile with Mvir = 2×1012M⊙ and c = 10.
Note that our satellite definition does not guarantee the “satellites”
are gravitationally bound to the host. The survey did not attempt to
obtain any redshifts within 10 kpc of the host galaxy (indicated as
the gray vertical band on the left). Bottom: The velocity dispersion
of objects within the satellite velocity selection window, in bins of
projected distance.

galaxies; however, we will use the term background galaxies
to refer to any non satellites).

Figure 5 demonstrates this definition, with the satellite
galaxies being in the middle left part of the plot. It is impor-
tant to note that this observationally motivated satellite defi-
nition is not an attempt to strictly select objects that lie within
the three-dimensional physical virial radius of their dark mat-
ter host halo, nor to strictly select objects that are gravitation-
ally bound to the host. With only light-of-sight velocities and
sky positions available, we chose a definition that is straight-
forward to implement in both observational and simulation
data.

With simulations, we can estimate the fraction of inter-
lopers (galaxies that sit outside the three-dimensional radius
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Figure 6. Distribution of stellar masses (x-axis; shown as
log[M⋆/M⊙]) and spectroscopic redshifts (y-axis) of galaxies in the
SAGA footprint and within z < 0.05. The “satellites” (as defined
in Section 4.3) are shown in green and all other galaxies (“back-
ground”) are shown in purple. The main panel shows the joint dis-
tribution with contours indicating density and points indicating in-
dividual galaxies in low-density regions. The two side panels show
the stacked histograms of stellar masses (top panel) and redshifts
(right panel).

in the light-of-sight direction) and potential fly-by galaxies
(galaxies that are with the three-dimensional radius but have
a speed greater than the escape velocity; Sinha & Holley-
Bockelmann 2012; An et al. 2019). Based on gravity-only
simulations, the SAGA satellite definition gives an average
interloper fraction of 30% for MW-mass halos. This fraction
varies with projected distance, and drops to 15% for galax-
ies within 150 kpc in projection, as demonstrated in Paper II.
Note that the radius considered here is always fixed to be
300 kpc, even though the individual SAGA systems could
have a different virial radii, which are not measurable ob-
servationally.

As for potential fly-by galaxies, Figure 5 highlights the
fact that a small fraction (∼4%) of SAGA satellites may be
unbound, indicated by purple squares (satellites) sitting out-
side the red solid bands, which represent the circular velocity
of an NFW profile with Mvir = 2× 1012M⊙ and c = 10 (red
solid lines) plus the typical spectroscopic velocity error of
60 km s−1 in our measurement. The fraction of unbound ob-
jects observed is consistent with the gravity-only simulations
when we use the SAGA satellite definition to select the halos
in the simulations.
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Figure 5 also shows the velocity dispersion measured from
all SAGA satellites. Satellites are binned in projected dis-
tances. For each bin, we fit a single Gaussian distribu-
tion, with its mean and variance being the free parameters,
convolved with a constant velocity measurement error of
60 km s−1. Because we use all satellites to measure the veloc-
ity dispersion profile, it represents the stacked profile where
systems with more satellites are weighted more. The velocity
dispersion declines with projected radius to the virial radius,
suggesting we are measuring a true dynamical mass. The in-
crease beyond 300 kpc is likely due to increased contribution
from interlopers. We are not able to measure the velocity
dispersion for individual systems due to the small number of
satellites in each system.

The 378 SAGA satellites with confirmed redshifts are
listed in Table C.3 (only schema is shown; table contents are
available online in machine-readable format).

4.4. SAGA Background Sample

The SAGA DR3 redshift catalog (Table C.2) includes all
background galaxies (defined in Section 4.3) that are within
the SAGA footprint and have confirmed redshift measure-
ments. The redshift measurements include both SAGA and
literature redshifts, and about 60% of the galaxies have red-
shifts first obtained by SAGA. In the low-redshift (z < 0.05),
low-mass (M⋆ < 109 M⊙) regime, 85% of the redshifts were
first obtained by SAGA. Figure 6 shows the distribution of
the background galaxies in this low-redshift low-mass regime
compared to the SAGA satellites.

Note that while these background galaxies are not satellites
of one of the 101 SAGA systems, we do not know whether
they are satellite galaxies of another system that is not part of
the SAGA host sample. As such, we chose the term “back-
ground galaxies” rather than “non-satellites” or “field galax-
ies.”

This sample of low-redshift and low-mass background
galaxies, although not the main focus of the SAGA Sur-
vey, has enabled a range of studies including optimizing ma-
chine learning algorithms to select low-mass galaxies (Wu
et al. 2022; Darragh-Ford et al. 2023), calibrating photomet-
ric sources for low-mass galaxy weak lensing measurements
(Thornton et al. 2023), and measuring the mass loading fac-
tor in low-mass galaxies (Kado-Fong et al. 2024).

4.5. Likely Satellite Candidates and Incompleteness
Correction

As part of SAGA DR3, we also provide a list of likely
satellite candidates in Table C.4, purely based on their photo-
metric properties. We have targeted most of these candidates
but were not able to obtain high enough signal-to-noise mea-
surements to derive reliable redshifts, typically due to their
low surface brightness. An example of a likely satellite can-
didate is a gas-rich satellite with detected HI line emission in

the UGC 903 system (Jones et al. 2023). This galaxy was not
presented in SAGA DR2 and is considered a likely satellite
candidate in SAGA DR3.

These likely satellite candidates contribute to our survey
incompleteness; however, we do not expect all the candidates
to be satellites. To fully quantify the total number of SAGA
satellites for which we have not obtained redshifts, we apply
an incompleteness correction by assigning a weight to each
photometric object, with the weight representing the proba-
bility of being a SAGA satellite. This probability is produced
by a model that fits the rate of satellite occurrence as a func-
tion of photometric properties, similar to the approach used
in Paper II.7 As an example, the satellite in UGC 903 men-
tioned above has a probability of being a SAGA satellite of
75% based on this model. For details of this model, please
refer to Section B.1.

Typically, galaxies with fainter surface brightness are more
likely to be very low-redshift, and hence tend to have higher
probabilities of being SAGA satellites. However, our sur-
vey incompleteness does not correspond to a specific surface
brightness limit (e.g., as suggested by Font et al. 2022). Our
survey is highly complete down to M⋆ = 107.5M⊙. Below
M⋆ = 107.5M⊙, the sheer amount of galaxy targets contributes
to our survey incompleteness, in addition to the very low sur-
face brightness objects. As such, besides listing candidates
with a probability of being a SAGA satellite above 25% in
Table C.4, we also provide the aggregated survey incomplete-
ness correction as a function of stellar masses in Table C.5.

Because we do not have redshifts for any unconfirmed
satellite candidates, their stellar masses and quenched labels
are estimated from photometric information only. The stel-
lar mass is estimated the same way as for confirmed satellites
(Eq. 5) with the assumption that the candidate would be at the
same distance as its host galaxy if it were indeed a satellite.

The quenched labels for unconfirmed candidates are deter-
mined by the following color–magnitude relation.

(g − r)o = −0.041247Mr,o − 0.089068. (6)

Unconfirmed candidates with a (g − r)o color redder than this
relation are labeled as quenched. This relation was converted
from the relation used by the ELVES Survey to classify their
early- and late-type galaxies in Carlsten et al. (2022). The
original relation in Carlsten et al. (2022) uses (g − i) color,
and we convert it to DECaLS/SAGA photometric filters as
all SAGA photometry is based on DECaLS (see Section 2.3).

5. RESULTS

5.1. Science Samples of SAGA Satellites

7 Compared to Paper II, the model is updated so that it produces more realis-
tic probabilities below M⋆ = 107.5M⊙.
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Figure 7. Images of 378 satellites, sorted by Mr,o within each of the 101 complete systems that have satellites. Four of the 101 systems have
the same level of survey completeness but do not have any confirmed satellites. The images of host galaxies are not included. The colors of the
frames are assigned by the number of satellites. Images are taken from DESI Imaging DR9 (Dey et al. 2019). The width and height of each
image correspond to 40′′.
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Table 1. SAGA Science Samples

Gold Silver Participation

Stellar Mass ≥ 107.5 M⊙ 106.75–107.5 M⊙ < 106.75 M⊙

Completeness High High for s.f. sats Low
Confirmed satellites 243 117 18

Potential satellites 16.7 226 · · ·

We define three “science samples” of SAGA satellites for
all analyses presented in the series of SAGA papers using
SAGA DR3. While the SAGA Survey is a magnitude-limited
survey, quenched and star-forming galaxies typically have
different stellar masses at a fixed magnitude. Hence, the three
science samples are defined in stellar mass bins. The three
bins roughly correspond to samples with (1) high complete-
ness in both quenched and star-forming galaxies, (2) high
completeness in star-forming galaxies only, and (3) lack of
high completeness. The specific definitions are as follows.

1. The Gold sample comprises satellites with a stellar
mass greater than 107.5 M⊙ and has the highest sur-
vey completeness. In this sample, our survey reaches a
high completeness for both quenched and star-forming
satellite galaxies. Based on our incompleteness correc-
tion model (Section 4.5 and Section B.1), the number
of confirmed satellites in the Gold sample accounts for
94% of the true population. As such the Gold sample
can be analyzed even without incompleteness correc-
tion. There is little difference in the incompleteness
correction for the Gold sample between Paper II and
this work, and we miss few, if any, low surface bright-
ness galaxies in this mass range. Even though the Gold
sample only probes the more massive end of the satel-
lite mass function, the large number of SAGA systems
still makes this sample a statistically powerful tool.

2. The Silver sample comprises satellites with a stellar
mass between 106.75–107.5 M⊙. This sample has high
completeness for star-forming galaxies, but we expect
a significant fraction of quenched satellites in this stel-
lar mass range do not have confirmed redshifts from
our survey. However, we have obtained enough red-
shifts in this sample to calibrate our incompleteness
correction model to produce a reasonable estimate of
the true number of satellites in this mass range. Ac-
cording to the model prediction, the number of con-
firmed satellites in the Silver sample accounts for about
only one-third of the estimated true population, but the
majority of the missing satellites are expected to be
quenched satellites in this mass range. When com-
pared with Paper II, the incompleteness correction to

the Silver sample reported in this work is significantly
higher, because the larger data sets allow us to calibrate
the incompleteness correction model better. Hence,
some quantitative numbers about the Silver sample
may differ from those in Paper II, but our main scien-
tific findings remain consistent, as we will discuss in
later sections.

3. The Participation sample comprises satellites with a
stellar mass below 106.75 M⊙. In this sample, our sur-
vey is highly incomplete due to the survey magnitude
limit (ro < 20.7). However, the existence of these low-
mass satellite galaxies is still of great scientific interest.
The Participation sample will be included only in anal-
yses where the lack of completeness would not impact
the interpretation. While our incompleteness correc-
tion model can still produce a prediction for the num-
ber of potential satellites in the Participation sample,
this number may not be accurate because quenched
satellites with a mass below 106.75 M⊙ may have lumi-
nosities fainter than the designed survey depth where
we have not attempted to obtain any data. As such, we
do not have confidence in the model prediction for the
Participation sample.

5.2. Satellite Stellar Mass Functions

5.2.1. Individual SAGA stellar mass functions

We first show the cumulative satellite stellar mass func-
tion (SMF) for each of the 101 SAGA systems in Figure 8.
While it can be difficult to discern individual SMFs in this
figure, the main purpose of this figure is to demonstrate the
system-to-system spread of the SMFs. The inset of this figure
also allows us to quickly see the distribution of the number
of satellites for the Gold and Gold+Silver sample. Note that
the SMFs and the number of satellites shown here already in-
clude the incompleteness correction described in Section 4.5
and Section B.1. Four of the 101 systems have the same level
of survey completeness but do not have any confirmed satel-
lites; their incompleteness corrected SMFs are shown in this
figure as well.

The colors of the curves in Figure 8 are assigned based on
the number of confirmed satellites in the Gold+Silver sam-
ple for each host. The color gradient across the curves can
be observed at different mass limits, demonstrating that the
high- and low-mass ends of cumulative SMFs are highly cor-
related. This correlation can also be seen from the inset Fig-
ure 8, where the color gradient of the points exists in a similar
fashion in both panels. The correlation between the high- and
low-mass ends of the SMF is consistent with the expectation
from gravity-only simulations, as subhalo mass functions are
self-similar (e.g., Mao et al. 2015; Nadler et al. 2023).

We include a figure showing the satellite luminosity func-
tion as Figure A.2 in Appendix A.
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Figure 8. Cumulative satellite stellar mass function (SMF) of in-
dividual SAGA systems. Each colored curve represents one SAGA
system and the color is assigned based on the number of satellites
per system (same color as in Figure 7). With 101 systems presented
in one figure, the main purpose of this figure is to demonstrate the
spread of the satellite SMF among these systems. The incomplete-
ness correction is included in these SMFs (corresponding to the
fractional vertical jumps). The gold dotted and silver dot-dashed
vertical lines show the corresponding stellar mass limit of the Gold
and Silver samples. The inset shows the distribution of the number
of satellites per system for the Gold sample (lower inset) and the
Gold+Silver sample (upper inset). The colored points in the inset
indicate the satellite numbers for individual systems; hence, they
correspond to the locations where the colored curves cross the ver-
tical lines in the main panel. The black stars in the inset show the
numbers of satellites for MW and M 31 (MW has fewer satellites in
both panels).

5.2.2. Comparison with MW and M31 SMFs

The satellite SMF of MW and M 31 are also shown in Fig-
ure 8, and they are both well within the system-to-system
spread of the SAGA SMFs. In particular, the existence of
an LMC-mass satellite is not uncommon; about one-third
(34/101) of the SAGA systems have at least one confirmed
satellite with a stellar mass above 109 M⊙. In the inset, one
can see that the number of satellites in M 31 is on the high end
of the SAGA systems, which is expected given M 31’s higher
mass compared to SAGA hosts (Figure 3). On the other hand,
the number of satellites in the MW is just slightly below the
median number of the SAGA systems. Considering that the
majority of SAGA systems are less massive than the MW, its
satellite number seems lower than one would expect.

Note that in the main panel, the low-mass end of the MW
SMF is closer to SAGA SMFs that are colored in blue, while
the high-mass end of the MW SMF is closer to SAGA SMFs

that are colored in yellow. In other words, the number of
satellites in the MW (to the SAGA mass limit) is lower than
one would expect given the existence of a massive satel-
lite (LMC). This observation suggests that the MW satellites
do not follow the strong correlation between the number of
satellites and the most massive satellite mass seen in SAGA
and likely implies that the MW may have an atypical forma-
tion history compared to the SAGA hosts.

5.2.3. Average SAGA stellar mass functions

The left panel of Figure 9 shows the average satellite SMF
in the differential form for all satellites and also for the
quenched and star-forming satellites, respectively. The defi-
nition of quenched satellites is described in Section 4.2. The
total satellite SMF can be well described by a power law, ex-
cept for the most massive end. We also observe that most
satellites in the Gold Sample (down to M⋆ ∼ 107.5 M⊙) are
star-forming. The quenched satellite SMF exceeds the star-
forming SMF below M⋆ ∼ 107.5 M⊙. These SMF data points
are also provided in Table C.5.

Note the survey incompleteness has been corrected in all
the satellite SMFs shown in solid curves, while the faint
dashed curves show the SMFs calculated with confirmed
satellites only. The difference between the corrected and
confirmed SMFs represents the estimated population of satel-
lites that we do not have redshifts based on the incomplete-
ness correction model (Section B.1). We can see that our
survey is very complete in the Gold Sample, and the star-
forming sample is very complete in the Silver Sample as well
(106.75 M⊙ < M⋆ < 107.5 M⊙).

In Figure 10, we show how the satellites that may have
been missed distribute in the effective surface brightness–
stellar mass space. The small dots in Figure 10 represent
the population that contributes to the difference between
the corrected and confirmed SMFs in the left panel of Fig-
ure 9. Most missed satellites are in the Silver Sample and are
quenched (based on their color). Note that our incomplete-
ness model predicts a population of missed satellites with
very low surface brightness in the Silver Sample.

5.2.4. Comparison with ELVES SMFs

The right panel of Figure 9 shows a comparison with the
ELVES sample (Carlsten et al. 2022) and an SMF with a
constant slope (here we follow the convention used in the
Schechter function, with α = −1 being flat). The ELVES SMF
and completeness-corrected SAGA SMFs match each other
fairly well, and the faint-end slope of both SMFs are consis-
tent with α = −1.43, the best-fit value of the MW satellite’s
luminosity function (Nadler et al. 2020). This faint-end slope
is slightly shallower than, though consistent within 2σ of, the
faint-end slope of the global SMF obtained by the GAMA
Survey (Wright et al. 2017; Karademir et al. 2022). We note
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Figure 9. Left: The average satellite stellar mass function (SMF) of 101 SAGA systems, shown in the differential form (d ⟨Nsat⟩/d logM⋆).
The darker solid curves show the SMF when survey incompleteness is taken into account, while the fainter dashed curves show only confirmed
satellites. The curves with black triangles, blue circles, and red squares show all satellites, only star-forming satellites, and only quenched
satellites, respectively. The gold dotted and silver dot-dashed vertical lines show the corresponding stellar mass limits of the Gold and Silver
samples. These SMF data points are provided in Table C.5. Right: Same as the left panel, but comparing the SAGA satellite SMF with the
ELVES Survey (orange crosses) and a constant slope of −0.43 (typically quoted as α = −1.43; green dotted line). Note that the SAGA total
SMF (solid black line) has been corrected for incompleteness, while the ELVES SMF shown here has not. The error bars near the right border
of both panels show the Poisson error on the SAGA SMF.
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confirmed SAGA satellites; the large blue circles and large red
squares show star-forming and quenched satellites, respectively.
The small dots show a random realization of satellites that we may
have missed in the Gold and Silver samples, according to our in-
completeness model; the color of the small dots indicates whether
the missed satellites are star forming (blue) or quenched (red). The
gold and silver vertical lines show the corresponding stellar mass
limit of the Gold and Silver samples.

that the incompleteness correction applied to the SMF (de-
scribed in Section B.1) is not tuned to the ELVES SMF, and
we did not apply any incompleteness correction to ELVES
SMF. On the high-mass end, the SAGA SMF is higher than

the ELVES SMF; however, the small number of satellites in
this range likely dominates the effect.

Note that the ELVES data shown here only include 14
ELVES systems. In order to make the ELVES and SAGA
samples comparable, we address the difference in host selec-
tion criteria between the two surveys. We apply the SAGA
environment (Eqs. 1d and 1e) and stellar mass (Eq. 1a) cuts
to produce the SMF in the right panel (orange line). We opt
to apply only these basic SAGA host cuts to the ELVES sam-
ple for the sake of not reducing the ELVES sample size too
drastically. If all SAGA host cuts are applied to the ELVES
sample, the resulting SMF is only marginally different.

5.3. Satellite Quenched Fraction

Shown in Figure 11 is the satellite quenched fraction, de-
fined as the ratio of the quenched and total satellite popula-
tions. We show the averaged quenched fraction as a function
of satellite stellar mass. The definition of quenched satellites
corresponds to a specific star formation rate below 10−11 yr−1,
estimated from a combination of NUV detection and Hα

measurement. The specific definition of quenched satellites
can be found in Section 4.2, with more detailed explanation
in Section 3.1 of Paper IV.

As Figure 9 demonstrates, we expect that a subset of low-
mass quenched satellites exist in these systems for which we
do not have a confirmed redshift. Since we have a good esti-
mate of the expected number of these unconfirmed satellites,
we include them in the calculation of the quenched fraction.
For unconfirmed satellites, the quenched definition is based
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Figure 11. Satellite quenched fraction as a function of stellar mass
for SAGA satellites (green points with error bars), MW and M 31
satellites (orange crosses and shaded region; Wetzel et al. 2015),
and isolated SDSS field galaxies (purple shaded region; Geha et al.
2012). See Section 5.3 for quenching definition. We also show the
quenched fraction with only confirmed SAGA satellites (i.e., no in-
completeness correction) as empty squares. The green error bars
show binomial (Poisson) error on the fraction values. The solid
green curves indicate the [16%,84%] system-to-system scatter of
the SAGA quenched fractions. The gold and silver vertical lines
show the corresponding stellar mass limit of the Gold and Silver
samples. The SAGA quenched fraction data points are also pro-
vided in Table C.6.

on their color and absolute magnitude, as described in Eq. 6.
Note that the incompleteness corrected and uncorrected re-
sults are very similar in the Gold sample (right of the verti-
cal gold dashed line), and deviate from each other at lower
masses.

The satellite quenched fraction in the 101 SAGA systems
is marginally higher than, but statistically consistent with,
what we reported in our Stage II results (Paper II). When
compared with the satellite quenched fraction in the Local
Group, SAGA systems’ average satellite quenched fraction
is lower for stellar mass below M⋆ = 109 M⊙. This difference
between SAGA systems and Local Group is unlikely due to
observational incompleteness for three reasons:

1. First, if the SAGA Gold sample had an overall satel-
lite quenched fraction of 70% like the Local Group, it
would imply there were more than 200 quenched satel-
lites with M⋆ > 107.5 M⊙ that were not identified by
our survey. This is extremely unlikely given our com-
pleteness estimates, and would significantly alter the
stellar mass function if it were true.

2. Second, we have confidence in the survey incomplete-
ness correction (Section B.1) that has been included in
the quenched fraction shown. In particular, Figure 10
shows that the population of potentially missed satel-

lites, including many low surface brightness ones, are
accounted for by the incompleteness correction model,
hence included in the quenched fraction calculation.

3. Third, regardless of the quenched fraction, the exis-
tence of star-forming satellites below M⋆ = 107 M⊙ in
SAGA systems differs from the Local Group satellite
population.

The most likely explanation for the difference in satellite
quenched fraction is system-to-system scatter. The satel-
lite quenched fraction shown in Figure 11 is averaged over
all SAGA satellites and the error bars show only the Pois-
son errors. However, the quenched fraction of individual
SAGA systems has significantly larger variation from system
to system. Considering the system-to-system scatter, the Lo-
cal Group’s quenched fraction is only about 1σ higher than
that of the SAGA systems. The system-to-system scatter in
SAGA does not have a strong dependence on whether the
system is in a Local Group-like pair; we will show this ex-
plicitly in Paper IV.

Note that the system-to-system scatter in the quenched
fraction at different stellar masses is not highly correlated
between mass bins(unlike the case in SMF). On the higher-
mass end (M⋆ = 109 M⊙), the SAGA systems actually have a
slightly higher quenched fraction when compared to that of
the Local Group. This difference is not statistically signifi-
cant with respect to the system-to-system scatter; however, it
is interesting to note that the steeper change in the satellite
quenched fraction around M⋆ = 108.5 M⊙ in the Local Group,
suggesting the Local Group satellites with M⋆ < 108.5 M⊙
may have been accreted earlier compared to SAGA satellites.

We also compare the SAGA quenched fraction with the
ELVES Survey, and find them consistent when the differ-
ence in host selection and quenched definition are taken into
account; we leave the analysis to Paper IV. We also further
investigate the quenched fraction’s dependence on projected
radius and which host system properties correlate with their
satellite quenched fraction in Paper IV.

5.4. Satellite Properties

Figure 12 presents relationships between various observa-
tional properties for confirmed SAGA satellites, split into
star-forming and quenched populations. Some Local Group
satellites that meet the SAGA criteria (i.e., have Mr,o < −12.3
within 300 kpc of the Milky Way or M 31) are also shown
for comparison. For Local Group satellites, stellar masses
are from the Local Volume database compiled by A. Pace8,
except for the LMC/SMC (van der Marel et al. 2009). Pro-
jected distances to host are obtained from the catalog of Mc-
Connachie (2012). Physical effective radii Rr,eff are from the

8 github.com/apace7/local_volume_database

https://github.com/apace7/local_volume_database


16 MAO ET AL.

6 7 8 9 10
log [M /M ]

0.2

0.0

0.2

0.4

0.6

0.8

(g
r)

o [
m

ag
]

SAGA s.f.
SAGA quenched

6 7 8 9 10
log [M /M ]

10 1

100

101

R r
,e

ff 
[k

pc
]

MW
M31

6 7 8 9 10
log [M /M ]

0

50

100

150

200

250

300

Pr
oj

ec
ted

 d
ist

an
ce

 [k
pc

]

Figure 12. The color–mass (left), size–mass (middle), and projected distance–mass (right) relations of confirmed SAGA satellites. The blue
circles and red squares show star-forming and quenched satellites, respectively. Pink and purple stars indicate the satellites of the Milky Way
and M 31, respectively. Here the color shown is (g − r)o, size is the physical effective radius in kpc, distance is the projected physical separation
between the satellite and its host galaxy in kpc, and mass is the estimated stellar mass. The gold and silver vertical lines show the corresponding
stellar mass limit of the Gold and Silver samples. In the leftmost panel, the thin diagonal brown solid line shows the color–mass relation that
roughly separates star-forming and quenched satellites (i.e., combining Eqs.5 and 6, the latter of which is derived from Carlsten et al. 2022).

Local Volume database, except for the SMC (Muñoz et al.
2018) and M33 (Smercina et al. 2023). Due to the proxim-
ity of these Local Group galaxies, integrated color measure-
ments are only available for the most massive satellites (LMC
and SMC among MW satellites, and M33, M110, and M32
among M 31 satellites); we obtain these from Tollerud et al.
(2011) and de Vaucouleurs et al. (1991).

The color–mass relation (left panel) shows a visible sepa-
ration between red quenched satellites and blue star-forming
satellites, although some star-forming satellites have redder
(g − r)o colors than expected for their mass. As a result,
there is no simple color–mass cut that can cleanly separate
quenched and star-forming satellites. The color–mass cut
used by Carlsten et al. (2022) to separate quenched and star-
forming satellites is shown as a thin brown line on the plot.
Notably, the LMC and the SMC (the two pink stars with the
highest stellar masses) are bluer than any of the SAGA satel-
lites of similar mass, possibly as a result of star formation
triggered by their ongoing infall into the MW (Shao et al.
2018). We refer readers to Section 7.2 of Paper IV for more
discussion.

Both star-forming and quenched SAGA satellites appear
to follow the same size–mass relation (middle panel), sug-
gesting that the processes that drive quenching do not af-
fect a satellite’s size (see also Emami et al. 2021). While
not directly shown in this figure, we found no dependence of
the size–mass relation on the satellites’ projected distance to
their hosts. SAGA satellites’ size–mass relation is also con-
sistent with that of the Local Group satellites, and we observe
no indication that our survey misses low-surface brightness
galaxies in the Gold sample, as demonstrated in Figure 10.

There is no correlation between SAGA satellites’ stellar
masses and their projected distances to their respective host
galaxy (right panel). However, the quenched SAGA satel-
lites appear to be distributed closer to their hosts than star-
forming satellites (see Paper IV). The difference in distribu-
tion is most apparent for higher-mass satellites. This is in
contrast with the LMC and the SMC, both of which are mas-
sive, star forming, yet in proximity to the MW Galaxy. This
contrast, nonetheless, is consistent with our knowledge that
LMC and SMC are on their first infall and their proximity to
the MW may have a short timescale (Kallivayalil et al. 2013;
Patel et al. 2017; Cautun et al. 2019).

We also explore the star-forming properties of SAGA satel-
lites as a function of their projected distances further in Pa-
per IV.

5.5. Satellite Radial Distribution

The average, normalized, cumulative radial distribution of
satellites around SAGA hosts is presented in Figure 13. As
in Paper II, this distribution is approximately linear in pro-
jected distance, consistent with a 1/r3D spherical distribution
of satellites. This finding is also consistent with the satel-
lite radial distribution from both the ELVES systems (Carl-
sten et al. 2020) and the measurements from xSAGA (which
extends the SAGA Survey with machine learning on NASA-
Sloan Atlas central galaxies; Wu et al. 2022).

To compare the radial distribution with that of the MW and
M 31, we follow the same procedure as Paper II to project the
three-dimensional satellite distributions around the MW and
M 31 to a distribution in projected distances. The colored
bands around the MW and M 31 lines shown in Figure 13
denote the variability from the projection effect. The satel-
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Figure 13. Average cumulative radial distribution of confirmed
satellites around 101 SAGA hosts (thick green line), and satellites
of MW and M 31 (dashed orange and dot-dashed purple lines). For
the latter, we calculated the projected distance using a random set
of sight lines, and the 1σ range is shown as shaded areas around
the median lines. The thin green line shows the average radial dis-
tribution of the 25% of SAGA hosts (25 hosts) that have the most
concentrated distribution. The blue dotted line shows a projected
NFW profile with a concentration parameter c = 10. We did not at-
tempt to obtain any redshifts within 10 kpc of the host galaxy and
that inner region (gray vertical band on the left) is excluded from
the radial profile calculation.

lite distribution of the MW is significantly more concentrated
(i.e., closer to the host galaxy), while M 31’s satellite distri-
bution is more concentrated only at the innermost radii.

However, as in Paper II, the difference is consistent with
the strength of system-to-system variation. The SAGA hosts
with the 25% most concentrated satellite distributions (as
measured by the median projected distance of satellites)
have, on average, a satellite radial distribution that is just as
concentrated as that of the MW. It is well known that the MW
has a more concentrated radial profile when compared with
simulations (e.g., Willman et al. 2004; Yniguez et al. 2014),
likely due to a combination of the proximity of LMC and
SMC to the MW center (Nadler et al. 2020), a more concen-
trated dark matter distribution due to earlier halo formation,
and potential incompleteness in satellite census in the out-
skirt of the MW. The last reason is unlikely to be an issue
when we compare the MW and the SAGA systems given the
SAGA mass limit, but both the LMC/SMC locations and the
MW’s dark matter halo can contribute to the difference we
observe.

Observational constraints on satellite radial distributions
probe the underlying subhalo distribution (e.g., Nagai &
Kravtsov 2005) and the efficiency of subhalo and satellite
disruption due to the central galaxy (e.g., Samuel et al. 2020).
Furthermore, the radial distribution can be used to test CDM
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Figure 14. Distribution of satellite abundance, shown as the fraction
of systems (y-axis) that have a specific number of satellites down to
M⋆ > 107.5 M⊙ (gold sample, x-axis). The black points show the
incompleteness-corrected SAGA observations, where the error bars
indicate the scatter among the realizations of the incompleteness
correction. The red solid line shows the predictions from the best-
fit galaxy–halo connection model “UM-SAGA”, as presented in Pa-
per V. The associated dark (light) red bands indicate the 1σ (2σ)
intervals of the prediction. The satellite abundance of MW (M 31)
is shown as a dashed (dot-dashed) gray line.

physics itself (e.g., Nadler et al. 2021a; Lovell et al. 2021). In
a dark-matter-only setting, one may naturally expect the dis-
tribution of satellites around a massive host galaxy to trace
the density profile of the galaxy’s dark matter halo (Green
et al. 2021). In the presence of baryons, tidal disruption
due to the central galaxy preferentially depletes satellites in
the inner regions of each host, reducing the concentration
of the radial profile, although the amplitude of this effect is
uncertain (e.g., Webb & Bovy 2020). Consistent with this
picture, we find that the satellite distribution in SAGA sys-
tems does not match the shape of a projected NFW profile
(Navarro et al. 1996; for example, see the blue dotted line
in Figure 13, which uses a concentration parameter c = 10
typical for a MW-mass halo). Thus, baryonic physics likely
plays an important role in shaping the SAGA radial distribu-
tion. Detailed comparisons with hydrodynamic simulations
will therefore be useful.

In addition, we find little variation in the shape or concen-
tration of the observed satellite radial distribution with host
color or satellite magnitude gap, even though these properties
are potential proxies of host halo concentration (e.g., More
2012). This finding is consistent with the findings in xSAGA
(Wu et al. 2022).

5.6. Comparing Satellite Abundance with Simulations

We present the distribution of satellite abundance (num-
ber of satellites per system) across our 101 SAGA hosts in
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Figure 14. This figure shows a normalized histogram of
the incompleteness-corrected SAGA Gold sample’s satellite
number (M⋆ ≥ 107.5 M⊙) in all SAGA hosts, similar to the
lower inset of Figure 8. Here, for any fractional satellite
count (due to incompleteness correction), we draw a uniform
random number in [0,1) to set it to 0 or 1. The error bars
indicate the scatter among these random realizations of the
incompleteness correction. The vertical dashed line indicates
the satellite numbers of the MW and M 31.

The red solid curve and shaded bands are the mean, 1σ, and
2σ intervals for the predictions of the satellite abundance dis-
tribution from the empirical galaxy–halo connection model
UNIVERSEMACHINE (UM, Behroozi et al. 2019). The pre-
dictions we show here are from the latest version, UM-
SAGA, which has a newly added dwarf galaxy quenching
module (motivated by findings in Wang et al. 2021b) con-
strained by SAGA’s average satellite quenched fraction and
average stellar mass function. Note that the satellite abun-
dance distribution is a derived quantity that depends on the
cosmological distribution of host and subhalo populations,
and was not directly fitted by the model. The 1σ and 2σ in-
tervals were obtained by randomly selecting 101 hosts from
a parent sample of 2,500 SAGA-like hosts in a 125 Mpc h−1

cosmological simulation. More details on the model update
of UM and insights we gain on satellite quenching are intro-
duced in Paper V.

Overall, the new UM-SAGA model predicts a satellite
abundance distribution that agrees with SAGA observations
for satellites with M⋆ ≥ 107.5 M⊙. We have conducted two-
sample KS-tests using the 100 realizations of 101 SAGA-like
hosts versus the actual SAGA data for their Nsat distributions,
and we found that 94 out of 100 realizations have p values
> 0.05 and all realizations have p > 0.01, meaning that the
UM-SAGA model predictions are statistically indistinguish-
able from SAGA in terms of Nsat distributions. This is consis-
tent with our findings in Paper II, where we compared SAGA
Stage II observations to the predictions of the Nadler et al.
(2019b, 2020) subhalo abundance matching model. Despite
the different empirical assumptions underlying the two pre-
dictions, we find that these models yield very similar predic-
tions for SAGA satellite counts. A more detailed comparison
between these predictions may inform modeling degenera-
cies, e.g., related to satellite disruption due to baryonic ef-
fects and modeling treatment of orphan galaxies in the simu-
lation.

5.7. Correlation between Satellite Abundance and System
Properties

A notable strength of the SAGA Survey is that the large
number of systems surveyed allows us to investigate if any
properties of the satellite systems (or their host galaxies) have
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Figure 15. The correlation strength (shown as p-values) between
each host property shown on the y-axis and the number of satel-
lites per host in the Gold (shown as orange squares) and Gold +

Silver (shown as gray circles) samples, presented as p-values from
the Spearman rank correlation test. The plus and minus signs on the
left show the sign of the correlation. The vertical line indicates a p-
value of 0.05 (corresponding to a correlation coefficient of 0.2 with
101 systems). The p-values for the correlation between the most
massive satellite mass and the numbers of satellites in both samples
are extremely low, and are not shown to scale. The inset shows a
scatter plot between the most massive satellite mass and the number
of satellites in the Gold sample to demonstrate the observed correla-
tion; the black star in the inset shows where the MW system would
be located in this plot. See Section 5.7 for a more thorough discus-
sion of the host properties’ meaning.

a strong correlation with the number of satellites in the sys-
tem. We tested a wide range of properties, including:

1. Photometric properties of the host galaxies: K-band
absolute magnitude MK , g−r color, surface brightness,
Sersic index, ratio of semi-minor to semi-major axes
b/a, position angle;
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Figure 16. Dependence of satellite abundance (color) on the es-
timated group halo mass (x-axis) and the stellar mass of the most
massive confirmed satellite (y-axis) of each system. The group mass
was estimated by Lim et al. (2017). The direction of the color gradi-
ent of the points shows that the satellite abundance primarily varies
with the stellar mass of the most massive satellite. At a fixed most
massive satellite mass, there is no strong dependence of the satellite
abundance on group mass.

2. Other measured or inferred properties of the host
galaxies: stellar mass, group mass (Lim et al. 2017,
see Section 2.2 for a brief description of how the halo
mass estimate was obtained), star formation rate and
specific star formation rate from NUV, HI mass, dis-
tance to the nearest galaxies with MK < −23; and

3. Summary statistics of the satellite population: stel-
lar mass of the most massive satellite, magnitude gap
(difference) between the first and the second bright-
est satellites, median projected distance of confirmed
satellites in the Gold sample.

Given this long list of properties, the look-elsewhere effect
can impact the interpretation of the statistical significance of
any observed correlation. While we report the measured cor-
relation strengths below, we limit our discussion to a few
most significant cases, where p-value is below or of the order
of 10−3. Note that for 101 systems, a p-value of 0.05 corre-
sponds to a Spearman correlation coefficient of 0.20 and a
p-value of 10−3 corresponds to a coefficient of 0.32.

We calculate the Spearman’s rank correlation coefficient
between the number of satellites and each of the properties
listed above. Some properties listed above are not available
or not defined for certain systems. For example, a small num-
ber of the host galaxies do not have HI or NUV measure-
ments, and systems with no confirmed satellites will not have
any of the summary statistics of the satellite population de-
fined. When a system does not have a property defined, the
system is excluded from the correlation calculation for that

property. The number of satellites used here is the number of
confirmed satellites plus any survey incompleteness correc-
tion as described in Section B.1. We repeat the calculation
for both the Gold and the Gold+Silver samples.

Figure 15 summarizes the results of our correlation cal-
culation. Each row shows the correlation strength (right is
stronger) between the property listed on the left and the num-
ber of satellites in the Gold (gold squares) or Gold+Silver
(silver circles) samples. The sign on the leftmost edge shows
the sense of the correlation. We express the correlation
strength in terms of p-value because the number of systems
that enter the calculation in each row can be different, and the
p-values already take the number of systems into account.

5.7.1. Notable strong correlations

Among the properties that we tested, the stellar mass of
the most massive satellite has the strongest correlation with
satellite abundance, and the correlation strength is signifi-
cantly stronger than that of any other properties, including
the halo mass (obtained from Lim et al. 2017 group catalog;
see Section 2.2). One might expect that the halo mass would
correlate most strongly with satellite abundance; however,
gravity-only simulations have shown that even at the fixed
halo mass, satellite abundance will vary with halo properties
such as halo formation time (e.g., Mao et al. 2015). On the
other hand, if the satellites are simply random draws of some
underlying stellar mass function (see e.g., the Poisson point
process model proposed by Mao et al. 2015), then both the
most massive satellite mass and the satellite abundance at a
fixed mass limit are directly dictated by the overall amplitude
of the satellite mass function, resulting in a strong correlation
between those two quantities.

This effect can be seen most clearly in Figure 16, where
colors of the points indicate satellite abundance, and hence
the direction of the color gradient tells us how the satellite
abundance depends on the two quantities plotted, group mass
and most massive satellite mass. We can see that the color
gradient goes vertically, supporting the hypothesis that the
overall amplitude of the satellite mass function drives the
correlation between satellite abundance and the most mas-
sive satellite mass. Figure 16 also shows that at a fixed group
(halo) mass, the amplitude of the satellite mass function still
varies, likely with other halo properties that we are not able
to measure here.

Another correlation that stands out from Figure 15 is the
negative correlation between the host galaxy sSFR and the
satellite abundance. At a given host galaxy luminosity, galax-
ies with higher sSFR are bluer and have lower host halo mass
(e.g., Bell et al. 2003). As such, it is not surprising that
we observe this negative correlation between host sSFR and
satellite abundance. In Appendix A, we include a figure sim-
ilar to Figure 16 but with y-axis replaced with the host sSFR
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Figure 17. Upper: Fraction of corotating satellite pairs in bins
of opening angles between the pairs. We follow the convention of
(Phillips et al. 2015), such that a pair of satellites on opposite sides
of a host have an opening angle of 0◦. The green squares show the
corotating fraction from pairs of satellites that are within 150 kpc
of their hosts. The blue points show the same but including all
confirmed satellites up to 300 kpc from their hosts. The dark and
light gray bands show the 1σ and 2σ of co-rotation fraction when
all satellites are assigned a position angle (relative to their hosts)
uniformly at random. Lower: The number of pairs in bins of open-
ing angles. Same as above, green and blue lines indicate satellites
that are within 150 and 300 kpc, respectively. The gray bands show
the 1σ distribution of the number of pairs when all satellites are as-
signed a position angle (relative to their hosts) uniformly at random.
See Section 5.8 for details about how the corotating fraction is cal-
culated.

as Figure A.4 for readers who wish to inspect this correlation
further.

We plan to explore these correlations in more detail in
follow-up work where we more carefully take into account
the inter-correlations among the different properties, which
will allow us to distinguish the primary correlation. In ad-
dition, in Appendix A, we also show how the satellite SMF
as a whole changes with a selection of the system properties
presented here.

5.8. Co-rotating Pairs of Satellites

We update the analysis presented in Paper II to identify
corotating pairs of satellites, which follows the procedure
presented in Phillips et al. (2015). We identify all pairs of
SAGA satellites, where a pair is any two confirmed SAGA
satellites in the same host. For each pair, we calculate the
“opening angle” with respect to their host galaxy and check

whether their spectroscopic velocities have a corotating sig-
nature. Consistent with the notation in Phillips et al. (2015),
the opening angle is defined as 180◦ minus the difference
between position angles. Two satellites are said to be ex-
hibiting a corotation signature if they are moving toward the
opposite (same) direction with respect to the host when the
opening angle is less (greater) than 90◦. Only satellites with
a velocity difference with respect to their hosts greater than
25 km s−1are included in this analysis; this exclusion removes
satellites whose velocity difference may be attributed with a
wrong sign due to the velocity measurement uncertainty.

The upper left panel in Figure 17 shows the fraction of
corotating pairs in bins of opening angle. We repeat the
analysis with all confirmed satellites passing the velocity cut
(blue circles) and with only satellites within 150 kpc in pro-
jection to the host galaxies (same velocity cut applies). We
calculate the expected errors by repeating our analysis 5,000
times, but each time, we assign each satellite a random po-
sition angle sampled uniformly between 0◦ and 360◦. This
procedure preserves the satellite radial and velocity distribu-
tions but would erase any corotating signal. The 1σ interval
from this random analysis is shown as the gray band. The
two shades of gray band corresponds to the random analyses
with two different projected distance cuts. The numbers of
pairs in each opening angle are shown in the lower panel.

Overall, the signals are consistent with no corotation (the
horizontal line at 0.5). In a few bins, the signal shows 1–2σ
deviation, which is expected given the number of bins used in
the analysis. We do not observe an excess of opposed pairs
(small opening angles) that have the same sign of velocity
offsets, as recently reported in SDSS data (Gu et al. 2024).
The only notable deviation is the rightmost bin: when the
satellites in a pair have very similar position angles, there is
an excess in the corotation fraction. The excess is more sig-
nificant (3σ) in the analysis when we only include satellites
within 150 kpc, which hints that the excess comes from pairs
with small separation. In Appendix A, a follow-up analysis
demonstrates there is a small excess of close satellite pairs,
and the satellites in close pairs tend to have a small velocity
difference (see Figure A.5).

6. DISCUSSION

6.1. Milky Way in the Cosmological Context

A major science goal of the SAGA Survey is to put the
Milky Way system, the most studied satellite system, in a
cosmological context. First, we note that the stellar masses
of the SAGA host galaxies span about 0.8 dex, with a median
mass about 0.3 dex lower than that of the MW (see Figure 3).
Despite the host mass difference, the average satellite abun-
dance of the SAGA systems and the shape of the average
satellite SMF both agree with those of the MW.
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The agreement in the average satellite abundance high-
lights an intriguing aspect of the MW, as one might naively
expect the MW to have a higher satellite abundance com-
pared to the SAGA systems given the host mass difference.
In addition, the MW’s satellite abundance is at the very low
end among SAGA systems that have a satellite as massive as
the LMC, as shown in the inset of Figure 15. While the ex-
istence of an LMC-mass satellite is by itself not uncommon
(Figure 8), the MW system may differ from these systems in
that the LMC joined the MW system only very recently (e.g.,
Besla et al. 2007; Kallivayalil et al. 2013).

If we consider the MW satellite system to be composed
of older, less-recently accreted satellites plus the recently ac-
creted LMC/SMC and their satellites (e.g., Kallivayalil et al.
2018; Cautun et al. 2019; Patel et al. 2020; Santos-Santos
et al. 2021), many of the apparent discrepancies between the
MW and SAGA systems are readily explained. In this pic-
ture, the MW system would be expected to have a low satel-
lite abundance9 due to the MW halo’s lower mass and ear-
lier formation time before LMC/SMC accretion. We would
also expect MW satellites to have a more concentrated radial
distribution due to the earlier formation time, and the fact
that LMC and SMC happen to be at their pericenters makes
the MW satellite radial distribution even more concentrated.
This picture is consistent with the findings of recent zoom-
in simulations of Milky Way-like systems that accrete LMC
analogs at late times (Yniguez et al. 2014; Barry et al. 2023;
Buch et al. 2024).

The MW also appears to have a sharp transition in
the satellite quenched fraction around the stellar mass of
108.5 M⊙: the two satellites (LMC and SMC) above this
stellar mass are both star forming, and the satellites below
this stellar mass are all quenched. In contrast, the average
quenched fraction of the SAGA systems (Figure 11) has a
much smoother transition, and seems to plateau around 17%
at the high-mass end (∼ 109 M⊙) and 67% at the low-mass
end (∼ 107 M⊙). It is worth noting that we have identified
several star-forming satellites even below 107 M⊙ in SAGA
systems. This result is consistent with the ELVES Survey
(Carlsten et al. 2022); however, these low-mass star-forming
satellites are not observed in the Milky Way.

At the high-mass end, the apparent difference in satellite
quenched fraction may be explained by the recent accretion
of the LMC and the SMC. At the low-mass end, the lack of
low-mass star-forming satellites in the Milky Way may be
due to the influence of the Local Group (see more discussion
in Paper IV). However, the discrepancy in quenched fraction
does not have a strong statistical significance considering that

9 Here we exclude the satellites that came in with the LMC/SMC, which will
be less massive than those we probe in the SAGA Survey.

the MW is a single host. If we draw a random sample from
SAGA’s average quenched fraction using the five most mas-
sive MW satellites’ stellar masses, about 16% of the draws
will result in the two most massive satellites being star form-
ing and the rest being quenched.

Simulations have shown that the recent infall of the LMC
may contribute to the corotating plane of satellites in the MW
(Garavito-Camargo et al. 2021b; Samuel et al. 2021). If the
recent accretion of an LMC-mass satellite is a necessary fac-
tor for the formation of a corotating satellite plane, then the
lack of corotating pairs among the SAGA systems can be un-
derstood given that the massive satellites in the SAGA sys-
tems seem to fall in earlier, based on their colors (Figure 12,
left panel).

Overall, these comparisons highlight the impact of the
merger history on the present-day satellite population. In
the specific case of the LMC, studies have shown that it has
significant impact on the MW’s satellite population (Drlica-
Wagner et al. 2015; Nadler et al. 2020), the MW’s poten-
tial as a whole (Conroy et al. 2021; Garavito-Camargo et al.
2021a), and potentially the orbital properties of the satellites
(e.g., Patel et al. 2020). The results from the SAGA Survey
tell a similar story about the impact of massive satellites.

6.2. Recommendations for Simulation Comparisons

The 101 satellite systems presented here will greatly im-
prove the statistical significance in studies that compare sim-
ulation predictions with observed satellite systems. Here we
list specific considerations that should be implemented or
discussed when comparing the SAGA data with simulations.

1. Host mass: While the SAGA systems are generally
MW-mass systems, the host galaxies of the SAGA sys-
tems span a range of stellar masses (see Figure 3), with
a median slightly lower than the MW. We do not have
precise observational constraints on the halo masses.
Based on the estimated halo masses from the Lim et al.
(2017) group catalog (see Section 2.2), the distribu-
tion of the halo masses of SAGA systems peaks around
1012 M⊙ but has the 16th and 84th percentiles at 1011.9

and 1012.3 M⊙, respectively.10 Hence, care should be
taken when comparing the SAGA systems with simu-
lated halos, especially if the latter were selected with a
fixed halo mass. If possible, it is recommended to draw
a stellar mass sample from the simulation that mimics
the SAGA hosts’ stellar mass distribution.

2. Host isolation/environment: We apply isolation crite-
ria when selecting SAGA systems (see Section 2.2),

10This halo mass distribution is consistent with subhalo abundance matching
estimate (see Figure 2 of Paper I).
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and the relatively isolated environment can have an im-
pact on the satellite populations. Similar isolation cri-
teria should be applied when comparing to simulated
systems. If the observational isolation criteria are not
easy to implement in the simulation, an approximation
would be to select host halos that do not have other
MW-mass (or larger) companions within about 2 virial
radii (or 600 kpc). We did not impose direct constraints
on the host galaxy’s color, morphology, or star forma-
tion rate when selecting the SAGA systems.

3. Satellite definition: Since we only have redshift mea-
surements for the SAGA satellites, the satellites are de-
fined to have consistent redshifts (velocities) as their
respective host galaxies and to be within 300 kpc in
projection (see Section 4.3). This definition differs
from the typical satellite (or subhalo) definition used
in simulations (i.e., within the virial radius). The ob-
servational definition is straightforward to implement
in simulations and should be used in comparisons be-
tween SAGA data and simulations.

4. Incompleteness correction: Based on the redshift data
we have obtained, we have an accurate estimate of the
number of satellites for which we have not obtained
redshifts. This incompleteness correction (see Sec-
tion B.1) has been incorporated in our satellite SMF
and quenched fraction analyses, and the correction is
non-negligible below M⋆ = 107.5 M⊙. When compar-
ing SAGA data with simulations, we recommend in-
corporating the incompleteness correction using the ta-
ble we provided (Appendix C). Forward modeling the
observational incompleteness can be challenging as the
incompleteness depends on at least galaxy color and
size. Also, the survey incompleteness does not cor-
respond to a simple surface brightness limit (see Fig-
ure 10). However, if a forward modeling approach is
taken and the observational incompleteness is applied
to simulated data, then the SAGA data being compared
should contain only confirmed satellites.

5. Satellite properties and uncertainties: Derived satellite
properties, such as stellar masses and star formation
rates, tend to have higher uncertainties than directly
observed properties, such as luminosities and colors.
For example, the estimated stellar masses in this data
release have a typical uncertainty of about 0.2 dex.
Conversely, the observed properties modeled in sim-
ulations may have higher systematic uncertainties. If
modeling the observed properties is not the main point
of a comparison, we recommend using the derived
properties (e.g., stellar masses) because with this ap-
proach, the main uncertainty consistently comes from

the SAGA data; this is likely to enable more robust
comparisons among different simulations.

6.3. Follow-up Studies and Observations

In Section 5.3, we discussed the satellite quenched fraction
as a function of stellar mass. We refer readers to Paper IV for
a more detailed study on the satellite quenched fraction and
star formation rates. Specifically, in Paper IV, we inspect the
quenched fraction as a function of projected distance and also
compare the satellite quenched fraction between the SAGA
and ELVES Surveys. We also study satellite gas-phase metal-
licities and gas content in Paper IV, repeating our host corre-
lation analysis for the quenched fraction of satellites.

On the theory side, in Section 5.6 we only briefly compare
the satellite abundance with the UM-SAGA model. In Pa-
per V, we compare the SAGA DR3 results with the model
predictions in detail; generally we find good agreements be-
tween SAGA results and simulations. The use of an em-
pirical model such as the UM-SAGA model allows us to
study the model ingredients required to reproduce not only
the satellite SMFs but also the quenched fraction. We refer
readers to Paper V for those discussions.

In Section 5.7, we explored the correlations between satel-
lite abundance and various satellite or host properties. Be-
cause correlation does not imply causation, we will need to
compare the observed correlations with simulations to prop-
erly interpret them. We also need to account for the inter-
correlations among the different properties that we explored.
We leave these directions to a follow-up study.

In addition, we have several planned follow-up observa-
tions. Currently, we do not have HI measurement for all the
SAGA satellites (Section 2.5 of Paper IV). Efforts have been
made (e.g., Jones et al. 2023) to carry out HI observation
for some SAGA satellites, and we plan to continue this ef-
fort for the remaining satellites. HI measurements for the
sample will provide a complete picture on how host–satellite
interaction affects the gas content and star formation of the
satellites.

We are in the process of obtaining spatially resolved high-
resolution spectroscopy for the bright SAGA satellites to in-
vestigate gas kinematics and rotation curves. These data will
also be used to estimate dynamical masses. We are work-
ing toward constructing complete satellite mass functions
down to M⋆ ≥ 107.5 M⊙ to enable further small-scale tests
of ΛCDM such as quantifying the variance in mass functions
for host halos of a given mass. For instance, directly mea-
sured satellite mass functions will enable tests of whether the
mass function of the MW and the gap in the maximum rota-
tion velocity distribution for MW satellites is consistent with
being drawn from the distribution of SAGA mass functions.

Beyond the satellite population, the background galaxy
redshifts in the SAGA footprint will enable a range of studies,



THE SAGA SURVEY. III. 23

including several that have already been published (Wu et al.
2022; Darragh-Ford et al. 2023; Thornton et al. 2023; Kado-
Fong et al. 2024). Planned studies include the star-forming
main sequence of the background galaxies (E. Kado-Fong et
al. 2024, in preparation) and AGN searches. We also plan to
curate NUV star formation rates for low-redshift, low-mass
background galaxy redshifts in our future work.

7. SUMMARY

We present the third data release of the SAGA Survey.
This data release includes a census of satellite galaxies in
101 Milky Way-mass systems and also a redshift catalog of
galaxies that are in the sky footprint of these systems. As
in the last two data releases, the host galaxies (also called
primary or central galaxies) in the SAGA systems have dis-
tances of 25–40.75 Mpc and are selected by their K-band
luminosities and certain environment conditions. The survey
design, including the host selection, is detailed in Section 2.

7.1. Comparison with SAGA DR2

For readers familiar with our second data release (DR2; as
described in Paper II), we compare these two data releases to
highlight the similarities and differences.

1. A total of 101 systems has been surveyed, including
the 36 systems presented in DR2. Sixty-five systems
are new in DR3. The host selection criteria remain the
same (see Section 2.2).

2. The photometric catalog in SAGA DR3 is based on
DESI Legacy Imaging Surveys DR9 (see Section 2.3).
We updated our catalog to use DESI Imaging DR9
for all SAGA systems, including those already pub-
lished in Paper II. The optical magnitudes reported in
this work are based on DECam filters. We also in-
clude GALEX photometry in our DR3 catalog (see
Section 2.4).

3. We follow the same target selection strategy as in Pa-
per II. We devote about half of our spectroscopic re-
sources to the primary targeting region (a photometric
region that almost all satellites are in) and the remain-
ing to exploration mode (see Section 2.5).

4. As in Paper II, we primarily use AAT and MMT for
obtaining redshifts (see Section 3.1). A small fraction
of redshifts were obtained with single-slit observations
on Palomar, SALT, and Keck; the latter two are new in
DR3 (see Section 3.2).

5. We also include literature redshifts available in the
SAGA footprint (see Section 3.3). The majority of the
literature redshifts are for distant background galaxies

in the SAGA footprint. We have included more sur-
veys in DR3, the most notable being the DESI EDR.
We also incorporated HI measurements from HI sur-
veys.

6. In addition to the satellite catalog, in DR3 we also pub-
lish a galaxy redshift catalog for all the galaxy redshifts
we obtained and compiled. The DR3 data products are
described in Section 4 and are included as machine-
readable tables.

7. While the SAGA Survey has a designed depth of ro <

20.7, we define three science samples based on stel-
lar masses in DR3, corresponding to different levels
of survey completeness: Gold (M⋆ ≥ 107.5M⊙; highly
complete), Silver (106.75 ≤ M⋆/M⊙ < 107.5; highly
complete for star-forming satellites), and Participation
(M⋆ < 106.75M⊙; not highly complete). These three
science samples allow us to present our results more
clearly; see Section 5.1 for details.

7.2. SAGA DR3 Main Findings

Our main findings from this data release are summarized as
follows. These findings were discussed in Sections 5.2–5.8.
Overall, they are consistent with those reported in Paper II,
but with higher significance or robustness.

1. The number of confirmed satellites in the 101 SAGA
systems ranges from zero to 13 (Figure 7). There exists
significant system-to-system scatter in the individual
satellite stellar mass function (SMF) of the 101 SAGA
systems, and the numbers of satellites at different stel-
lar masses are highly correlated (Figure 8). The aver-
age SAGA satellite stellar mass function is consistent
with that of the ELVES Survey, and its amplitude and
slope are consistent with MW’s SMF (Figure A.2).

2. The satellite quenched fraction for M⋆ < 108.5M⊙
among the SAGA systems is about 1σ lower than that
in the Local Group (Figure 11). In particular, on the
low mass end (M⋆ < 107.5M⊙), we identified 135 satel-
lites with confirmed redshifts, of which 98 are star
forming.

3. Whether a satellite is star forming or quenched
strongly correlates with the color of the satellite; how-
ever, no simple color cut can cleanly separate star-
forming and quenched satellites (Figure 12, left). The
fraction of satellites that are quenched also correlate
(negatively) with the projected distance to the host
galaxy (Figure 12, right).

4. The galaxy size–mass relation of the SAGA satellites
follows that of the MW and M 31 satellites, with no
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visible difference between star-forming or quenched
satellites (Figure 12, middle).

5. The average satellite radial distribution of the 101
SAGA systems is less concentrated than that of the
MW, but the 25% most concentrated SAGA systems
show a similar radial distribution to the MW (Fig-
ure 13).

6. While the numbers of satellites in the SAGA systems
have a wide range, the distribution of the satellite
abundance is consistent with ΛCDM predictions (Fig-
ure 14). We find that the satellite abundance correlates
most strongly with the stellar mass of the most massive
satellite in each system, among a large set of quantities
we examined (Figure 15).

7. We find no evidence for corotating planes of satellites
in the 101 SAGA satellite systems; however, there is
a hint that physically close satellite pairs tend to have
similar velocities (Figure 17).

We discussed MW’s satellite system in the context of the
SAGA result in Section 6.1. In short, the existence of a re-
cently accreted LMC in the MW system may explain many
differences between the MW and the median SAGA system.
We also discussed several upcoming and planned future work
in Section 6.3. In particular, in Paper IV, we investigate the
SAGA satellites’ star formation properties, and in Paper V,
we compare the SAGA results with an updated UniverseMa-
chine model (an empirical galaxy formation model applied to
gravity-only cosmological simulations).

In addition to the satellite systems, the background galaxy
redshift catalog included in this data release will enable a
wide range of science exploration. As shown in Figures 4 and
6, the 45,699 galaxy redshifts obtained by the SAGA Sur-
vey fill in a low-mass (107 < M⋆/M⊙ < 109; 18 < ro < 21),
low-redshift (z < 0.1) regime where galaxy redshifts are still
sparse. The photometric selection method we have devel-
oped will also help future surveys to identify low-mass, low-
redshift galaxy candidates.

This data release marks a major milestone of the SAGA
Survey, as the 101 satellite systems will enable many statis-
tical comparisons with other observations and simulations.
In Section 6.2, we listed specific recommendations for com-
paring the SAGA results with simulations. We look forward
to independent studies of the SAGA satellite systems in the
future.

As more and more observational data for other MW-mass
satellite systems become available, not only do we gain a bet-
ter understanding of galaxy formation physics, but also the
unique history of our own MW satellite system. While one
can say any individual system is unique, the SAGA Survey
has provided a perspective to examine in what ways the MW

satellite system stands out. With this knowledge in hand, fu-
ture observations of the MW satellite system will become
even more powerful to enhance our understanding of galaxy
formation and the nature of dark matter.
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APPENDIX

A. SUPPLEMENTAL ANALYSES

In this section we present several supplemental analyses
that some readers may find interesting or useful.

In Figure A.1 we show the density of several galaxy sam-
ples in the color–magnitude plane (i.e., (g − r)o vs. ro). The
galaxy samples shown are

1. Panel A: All galaxies in the photometric catalog.

2. Panel B: Satellite galaxies (see Section 4.3) with con-
firmed redshifts. In addition to the density map, indi-
vidual satellite galaxies are also shown as red points.

3. Panel C: All galaxies but weighted by Rsat (see Sec-
tion B.1); this is equivalent to probability of finding a
SAGA satellite in the color–magnitude plane.

4. Panel D: Galaxies with literature redshifts. One can
observe two dark ridges around ro = 17.7 and 19.5,
which correspond to the survey depths of SDSS and
GAMA.

5. Panel E: Galaxies with redshifts that are first obtained
by SAGA. Note that many of the SAGA redshifts are
outside the primary targeting region, which is the re-
gion below the pink dashed line.

6. Panel F: This panel shows the fraction of galaxies with
confirmed redshifts. In other words, it is the ratio of
the combined density shown in Panels D and E to the
density shown in Panel A.

In Figure A.2, we reproduce Figure 12 (satellite luminosity
functions) of Paper II with the DR3 SAGA data for readers
who wish to make a direct comparison with our DR2 results.
The left panel is similar to Figure 8; however, in this fig-
ure, to be consistent with Paper II, the cumulative luminosity
function for confirmed satellites is shown, with the shaded
regions indicating incompleteness correction.

The right panel of Figure A.2 shows the incompleteness-
corrected cumulative luminosity function with respect to the
host galaxies’ luminosities. Overall, the DR2 and DR3 re-
sults are consistent, but the error bars on the DR3 data are
significantly smaller, especially on the high-mass end. The
SAGA satellite luminosity function has a dip at the bright
(small ∆m) end due to the isolation criteria we imposed on
the SAGA hosts (see Section 2.2).

The COSMOS and SDSS lines are taken from Nieren-
berg et al. (2012, Figure 7, top left panel) and Sales et al.
(2013, Figure 3, right panel) respectively, and are identical
to the version shown in Paper II. The COSMOS hosts are se-
lected from 0.1< z< 0.4 and 10.5< log[M⋆/M⊙]< 11. The

SDSS hosts selected from z < 0.055, and the lower and up-
per boundaries of the purple band represent the samples of
10 < log(M⋆/M⊙) < 10.5 and 10.5 < log(M⋆/M⊙) < 11, re-
spectively. The Local Volume line, on the other hand, is up-
dated to the ELVES Survey result (Carlsten et al. 2022), using
only the 14 hosts that are consistent with SAGA host selec-
tion (see Section 5.2). The ELVES survey areas are taken
into account when calculating the average.

To supplement the correlation results presented in Sec-
tion 5.7 and Figure 15, we select four host/system properties
and show how satellite abundance varies with these proper-
ties in Figure A.3. The four host/system properties shown are
the stellar mass of the most massive satellite, the group (halo)
mass, the specific star formation rate of the host galaxy, and
the HI mass of the host galaxy. The first three of these prop-
erties have strong correlation with satellite abundance as dis-
cussed in Section 5.7. The HI mass of the host galaxy is
shown here as an example of a system property that lacks
correlation with satellite abundance.

For each system property, we split the SAGA systems into
four groups, based on the property quartiles. Each group has
a quarter of SAGA systems (sim 25). Then, we plot the num-
ber of satellites as a function of the property (upper row) and
the cumulative SMFs for the four groups (lower row). This
visualization allows us to understand what might be driv-
ing the correction (or lack of). For example, the third col-
umn shows that the SAGA hosts that are quenched (lowest
sSFR) tend to have more satellites, likely due to those sys-
tems’ higher intrinsic masses. On the other hands, the satel-
lite abundance around star-forming hosts do not have strong
dependence on the host sSFR, which is consistent with the
lack of dependence on the host HI gas mass (forth column).

To further inspect the correlation between host sSFR and
satellite abundance, we show how satellite abundance de-
pends on host sSFR and group mass in Figure A.4. We can
observe a weak negative correlation between the host sSFR
and system group mass, which contribute to the correlation
between host sSFR and satellite abundance. However, at the
fixed group mass, the most quenched host galaxies still tend
to have more satellites.

To supplement the result presented in Section 5.8, we fur-
ther examine if close satellite pairs are more likely to have
similar velocities. In Figure A.5, we directly investigate how
the velocity difference in each pair varies with the projected
separation. In bins of projected separation, we show the me-
dian and 16th and 84th percentiles of the velocity difference
of the two satellites in pair. We also repeat the same ran-
dom position angle analysis 5,000 times and show the 1σ
interval (for each statistics) in gray. We can observe that in
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Figure A.1. The color–magnitude distribution of (A) all galaxies (top left), (B) confirmed satellites (top center), (C) probability of finding
a SAGA satellite (top right), (D) galaxies with literature redshifts (lower left), (E) galaxies with SAGA redshifts (lower center), and (F) the
fraction of confirmed redshifts (lower right). Each panel is plotted in the (g − r)o color vs. r0 magnitude photometric space; color indicates the
number of galaxies per hexagon bin for Panels A, B, D, and E, and the fraction per bin for Panels C and F. Panel A includes all galaxies in
the cleaned photometric catalogs within 300 kpc to each SAGA host galaxy. Panel B shows the number of confirmed satellites; the red points
indicate the individual satellites. Panel C shows the ratio of Panel B to Panel A, with the incompleteness correction predicted by the model
described in Section B.1. Panel F shows the ratio of the sum of Panels D and E to Panel A.

the leftmost bin (pairs with a projected separation less than
40 kpc), the velocity difference distribution skew toward the
lower end. In particular, the median and 16th and 84th per-
centiles all are ≳ 1σ lower compared to the random distri-
bution. The lower panel of Figure A.5 also show that there
are more close pairs when compared to the random sample
(again, at about 1σ level). While these results are not statis-
tical significant enough to draw a strong conclusion, they do
indicate that the close pairs in SAGA systems contribute to
the signal in the last bin of Figure 17.

B. SURVEY COMPLETENESS

Throughout the paper, we use the word “incompleteness”
to refer to any satellite in SAGA systems that we have not
identified. There are three categories that may contribute to
the survey incompleteness:

1. the satellite is not detected as a source in the photomet-
ric catalog;

2. the satellite is detected in the photometric catalog but
has an underestimated luminosity and fell out from our
sample;

3. the satellite is present in the photometric catalog but
does not have a confirmed redshift.

We believe the first category is extremely rare and negli-
gible for the purpose of this study. The DESI Legacy Imag-
ing Surveys have a typical depth of r = 23.9 (5σ PSF depth;
Dey et al. 2019). Given the SAGA Survey’s magnitude limit
of ro = 20.7, we expect SAGA’s galaxy sources to be well
characterized in the DESI Imaging photometric catalog. As
discussed in Section 2.3, we compare our photometric cat-
alog with the SMUDGes catalog (Zaritsky et al. 2023) and
found no galaxies missing in our catalog. In addition, we
conducted a careful visual inspection of the full SAGA foot-
print to search for any low surface brightness galaxies that
are not identified as sources in the photometric catalog, and
we did not find any.

Some very low surface brightness galaxies may be in the
second category. In our comparison with the SMUDGes cat-
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Figure A.2. Reproduction of Figure 12 (satellite luminosity functions) of Paper II from DR2 with the DR3 SAGA data. Left: Cumulative
satellite r-band luminosity function for each of the 101 SAGA systems (colored solid lines), MW (black dashed line), and M 31 (black dot-
dashed line). The colored solid lines show only the confirmed SAGA satellites, and the shaded region shows incompleteness correction as
discussed in Section B.1. The SAGA Survey’s designed depth is about Mr,o = −12., shown as the vertical gray line. Right: Average cumulative
satellite r-band luminosity function, with satellite luminosity normalized by the luminosities of their respective host galaxies (calculated as
differences in magnitudes). The average luminosity function of SAGA systems is shown as the green filled squares. The incompleteness
correction is included in the filled squares, and uncorrected results are shown as green open squares. The yellow dot-dashed line shows the
average luminosity function of systems in the COSMOS field (Nierenberg et al. 2012), the purple band SDSS (Sales et al. 2013), and the blue
dashed line the ELVES Survey (Carlsten et al. 2022). See text in Appendix A for the specific system selections. The error bars show Poisson
noise on the luminosity functions.

alog, we found 10 objects in this category; that is, they have
an r-band magnitude brighter than 20.7 in the SMUDGes cat-
alog but not in the original DESI Imaging catalog, which the
SAGA Survey uses. However, given that biases in the mea-
sured luminosities of faint objects exist in all photometric
surveys, we choose not to correct this issue. The underesti-
mated luminosities affect only a small portion of our satellite
population, and have little impact on our Gold science sam-
ple (M⋆ > 107.5M⊙).

Unlike the first two categories, the third category (sources
that we did not obtain confirmed redshifts) can have a sig-
nificant impact on our science results. Hence, we carefully
quantify how the third category contributes to our survey in-
completeness. For objects in the third category, we can use
the available photometric information to estimate how many
satellites we might have missed in the photometric catalog.
This estimation is then used as our incompleteness correc-
tion as the first two categories have negligible or unimportant
contribution to our survey incompleteness. We describe this
estimation in detail below.

B.1. Incompleteness Correction Model

To estimate how many satellites we might have missed
(that is, did not have a confirmed redshift) in the photometric
catalog, we first want to construct a model that can predict
how likely each galaxy in the photometric catalog is to be
a satellite as a function of selected photometric properties.

The model we use here is similar to the one introduced in
Appendix B of Paper II, but two significant modifications are
made.

First, the photometric properties we choose in this work are
(go,ro,rfiber,o), where rfiber,o is the magnitude with a fiber of
diameter 1.5′′ in 1′′ Gaussian seeing. In addition, these three
photometric properties only enter the model in the specific
combination of (rfiber,o − 0.65ro, go − ro). The choice of this
particular combination will become apparent as we introduce
the second modification below. To summarize, the model can
be expressed as follows.

Rsat(go,ro,rfiber,o)

=
Rmax

1 + exp{−[β0 +β1(rfiber,o − 0.65ro) +β2(go − ro)]}
.

Here Rsat is the rate (or probability) of finding a SAGA
satellite at a given location of the photometric space
(go,ro,rfiber,o), and Rmax is the maximum value Rsat can
reach.

The second modification is the data used to fit the model.
To account for the possibility that the galaxy redshifts we
obtained in the faint end (roughly r > 19.5) may not be rep-
resentative (for example, we may preferentially obtain more
redshifts for bluer objects), we only use the most complete
part of the survey to fit the model. We select 44 systems in
which no galaxy brighter than ro = 19.5 has a spectrum that
we failed to measure redshift from.
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Figure A.3. How SAGA satellite systems vary across host/system properties. The upper panels are the average number of satellites per system,
and the lower panels are satellite stellar mass functions. The SAGA systems are split into quartiles using four different host/system properties:
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cumulative stellar mass function changes with the corresponding host/system property. The colors of the points in the upper panel correspond
to the colors of the lines in the lower panel, with darker colors indicating higher quartiles.
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Figure A.4. Same as Figure 16 but the y-axis here shows the host
galaxy’s sSFR (inferred from NUV measurements; values shown
are log[Ṁ⋆/M⋆ ·yr]).

In addition, we also only use galaxies brighter than ro =
19.5 to fit the model. Since the satellite rate is a strong func-
tion of the magnitude (ro), we first find a linear combination
of the model parameters (go,ro,rfiber,o) such that the satellite

rate has the least evolution with respect to magnitude. This
procedure results in the specific combination we used here.
In other words, we assume that when the satellite rate is mod-
eled to depend on (rfiber,o − 0.65ro, go − ro), there will no ad-
ditional dependence on ro. We verified this assumption by
fitting the model to several magnitude bins.

Once the model is specified, the fitting procedure to obtain
(β0,β1,β2,Rmax) is the same as Paper II: we use linear regres-
sion to maximize the likelihood function. It is worth noting
that we only use the redshift data we collected and compiled
to fit the model. There are no extra external constraints such
as the form of the SMF. The best-fit model parameters are
(β0 = −25.6,β1 = 2.62,β2 = −3.84,Rmax = 0.75) Panel C of
Figure A.1 shows the prediction of the fitted model in the
color–magnitude panel.

After obtaining the best-fit model, we define the incom-
pleteness correction as follows. For each galaxy source
in our photometric catalog that does not have a confirmed
redshift, we assign an incompleteness correction weight of
Rsat(go,ro,rfiber,o) with the galaxy’s photometric properties
and our best-fit model. One can think of the incompleteness
correction weight as the probability of that particular galaxy
being a satellite. One exception is that when a galaxy has
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Figure A.5. Upper: The velocity difference between all pairs of
confirmed satellites in the SAGA Survey, binned by projected sepa-
ration between the two satellites. In each bin, the distribution of the
velocity difference is shown as the median value (red triangles) and
the 16th and 84th percentiles (lower and higher caps). The light gray
bands show the 1σ distribution of the velocity difference when all
satellites are assigned a position angle (relative to their hosts) uni-
formly at random. Lower: The number of pairs in bins of projected
separation. The observed numbers are shown in red lines. The gray
bands show the 1σ distribution of the number of pairs when all satel-
lites are assigned a position angle (relative to their hosts) uniformly
at random.

a color (g − r)o > 1.25, it will be assigned no weight as it is
physically too red to be within z < 0.013 (the furthest SAGA
system). Galaxy sources that have confirmed redshifts are
not assigned incompleteness correction weight, as they are
either a satellite (see Section 4.3) or not.

To calculate the incompleteness correction for a given stel-
lar mass bin, we can simply sum up the incompleteness cor-
rection weights of all galaxies in that stellar mass bin. Note
that, since we do not have the redshift measurements for
these galaxies, the stellar masses used here are calculated as-
suming these galaxies are at the respective hosts’ distances.

C. DATA TABLES

In this section we provide the tables for the SAGA DR3
data products. For large tables, only the table schema is
shown here; their contents are available in machine-readable
and Virtual Observatory (VO) forms.

1. Table C.1 lists the schema of the SAGA DR3 Host Cat-
alog (see Section 2.2).

2. Table C.2 lists the schema of the full SAGA DR3 Red-
shift Catalog, which includes both satellite and back-
ground galaxies (see Section 4.1 and Section 4.4).

3. Table C.3 lists the schema of the SAGA DR3 Satellite
Catalog (see Section 4.3).

4. Table C.4 lists the schema of the SAGA DR3 Likely
Satellite Candidate Catalog (see Section 4.5).

5. Table C.5 provides a tabulated SMFs, including incom-
pleteness corrected and uncorrected versions (see Sec-
tion 4.5 and Section 5.2). They are the same values as
those shown in Figure 9 left panel.

6. Table C.6 provides a tabulated satellite quenched func-
tion of stellar mass (see Section 5.3). They are the
same values as those shown in Figure 11.
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Table C.1. Schema of the SAGA DR3 Host Catalog

Num Units Label Explanations

1 · · · COMMON_NAME Host common name (e.g., NGC, UGC)
2 · · · HOSTID Unique host identifier; can be used to join the satellite table
3 · · · PGC PGC number from HyperLEDA
4 deg RA Right ascension (J2000)
5 deg DEC Declination (J2000)
6 km s−1 V_HELIO Recession (Heliocentric) velocity of host
7 Mpc DIST Distance to the host
8 mag DISTMOD Distance modulus
9 Mag K_ABS Absolute Ks-band luminosity, extinction corrected and K-corrected
10 · · · M_HALO Log of halo mass in solar masses, from Lim et al. (2017)
11 · · · LOG_MHI Log of HI mass in solar masses
12 mag r_mag Apparent r-band magnitude, extinction corrected, derived from DESI Legacy Imaging
13 mag gr g − r color, extinction corrected, derived from DESI Legacy Imaging
14 mag arcsec−2 sb_r Effective surface brightness, derived from DESI Legacy Imaging
15 · · · ba Galaxy axis ratio, taken from DESI Legacy Imaging
16 deg phi Galaxy position angle, taken from DESI Legacy Imaging
17 · · · SERSIC Galaxy Sersic index, taken from DESI Legacy Imaging
18 · · · log_sm Log of estimated galaxy stellar mass in solar masses
19 · · · nuv_sfr Log of star formation rate in solar masses per year, using NUV measurements
20 · · · NEAREST_MW HOSTID of the nearest MW-mass host
21 Mpc NEAREST_MW_DIST Physical distance to NEAREST_MW
22 · · · NEARBY_MW_COUNT_1 Number of MW-mass hosts within 1 Mpc (not including self)
23 Mpc NEAREST_MASSIVE_DIST Physical distance in Mpc to NEAREST_MASSIVE
24 · · · specs_ours_rvir Number of galaxy redshifts obtained by SAGA within 300 kpc in projection
25 · · · specs_rvir Number of total galaxy redshifts within 300 kpc in projection
26 · · · sats_gold Number of satellites in the Gold sample, with incompleteness correction
27 · · · sats_gold_silver Number of satellites in the Gold+Silver sample, with incompleteness correction
28 · · · sats_gold_confirmed Number of comfirmed satellites in the Gold sample
29 · · · sats_gold_silver_confirmed Number of comfirmed satellites in the Gold+Silver sample
30 · · · sats_total Number of comfirmed satellites in all three samples (Gold, Silver, Participation)
31 · · · most_massive_sat Log of stellar mass in solar masses for the most massive confirmed satellite

NOTE—The full contents of this table (101 rows) will be made available in a machine-readable format at publication.

Table C.2. Schema of SAGA DR3 Redshift Catalog

Num Units Label Explanations

1 · · · OBJID Unique galaxy identifier
2 · · · HOSTID Unique host identifier; can be used to join the host table
3 · · · OBJ_PGC PGC number of the galaxy, if available
4 deg RA Right ascension (J2000)
5 deg DEC Declination (J2000)
6 mag r_mag Apparent r-band magnitude, extinction corrected, derived from DESI Legacy Imaging
7 mag r_err Apparent r-band magnitude error, derived from DESI Legacy Imaging
8 mag gr g − r color, extinction corrected, derived from DESI Legacy Imaging
9 mag r_fibermag Apparent r-band fiber magnitude (1.5 arcsec diameter), extinction corrected, derived from DESI Legacy Imaging
10 mag arcsec−2 sb_r Effective surface brightness, derived from DESI Legacy Imaging
11 · · · ba Galaxy axis ratio, taken from DESI Legacy Imaging
12 deg phi Galaxy position angle, taken from DESI Legacy Imaging
13 · · · SERSIC Galaxy Sersic index, taken from DESI Legacy Imaging
14 · · · TELNAME Primary source for spectroscopic redshift
15 · · · SPEC_Z Spectroscopic redshift (−1 if not measured)
16 · · · log_sm Log of estimated galaxy stellar mass in solar masses
17 · · · dr3_sample If greater than 0, this entry is a satellite and is repeated in the satellite table

NOTE—The full contents of this table (75,709 rows) will be made available in a machine-readable format at publication.
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Table C.3. Schema of SAGA DR3 Confirmed Satellite Catalog

Num Units Label Explanations

1 · · · OBJID Unique satellite identifier
2 · · · HOSTID Unique host identifier; can be used to join the host table
3 · · · OBJ_PGC PGC number of the satellite, if available
4 deg RA Right ascension (J2000)
5 deg DEC Declination (J2000)
6 kpc RHOST_KPC Projected radial distance of object to host
7 mag r_mag Apparent r-band magnitude, extinction corrected, derived from DESI Legacy Imaging
8 mag r_err Apparent r-band magnitude error, derived from DESI Legacy Imaging
9 mag gr g − r color, extinction corrected, derived from DESI Legacy Imaging
10 mag r_fibermag Apparent r-band fiber magnitude (1.5 arcsec diameter), extinction corrected, derived from DESI Legacy Imaging
11 mag arcsec−2 sb_r Effective surface brightness, derived from DESI Legacy Imaging
12 · · · ba Galaxy axis ratio, taken from DESI Legacy Imaging
13 deg phi Galaxy position angle, taken from DESI Legacy Imaging
14 · · · SERSIC Galaxy Sersic index, taken from DESI Legacy Imaging
15 · · · TELNAME Primary source for spectroscopic redshift
16 · · · SPEC_Z Spectroscopic redshift (−1 if not measured)
17 km s−1 DVHOST Difference in Heliocentric velocity with respect to the host galaxy
18 · · · log_sm Log of estimated galaxy stellar mass in solar masses
19 angstrom EW_Halpha Halpha equivalent width, measured from SAGA spectra
20 angstrom EW_Halpha_err Error on Halpha equivalent width
21 · · · Halpha_sfr Log of star formation rate in solar masses per year, using Halpha measurements
22 · · · Halpha_sfr_err Error on Halpha_sfr
23 mag nuv_mag Apparent GALEX NUV magnitude, extinction corrected; see also nuv_mag_flag
24 mag nuv_err Error on nuv_mag
25 · · · nuv_mag_flag 0=undetected (upper limit only), 1=detected, −1=no GALEX Coverage
26 · · · nuv_sfr Log of star formation rate in solar masses per year, using NUV measurements
27 · · · nuv_sfr_err Error on nuv_sfr
28 · · · quenched 0=Star forming, 1=Quenched
29 · · · log_MHI Log of HI mass in solar masses
30 · · · HI_SOURCE Source of the HI flux measurement
31 10−17 ergs s−1 cm−2 Å−1 F_Halpha_50 Flux of the Hα line
32 10−17 ergs s−1 cm−2 Å−1 u_F_Halpha Standard deviation of the Hα line flux
33 10−17 ergs s−1 cm−2 Å−1 F_Hbeta_50 Flux of the Hβ line
34 10−17 ergs s−1 cm−2 Å−1 u_F_Hbeta Standard deviation of the Hβ line flux
35 10−17 ergs s−1 cm−2 Å−1 F_[NII]6583_50 Flux of the [N II]λ6853Åline
36 10−17 ergs s−1 cm−2 Å−1 u_F_[NII]6583 Standard deviation of the [N II]λ6853Åline flux
37 10−17 ergs s−1 cm−2 Å−1 F_[OIII]5007_50 Flux of the [O III]λ5007Åline
38 10−17 ergs s−1 cm−2 Å−1 u_F_[OIII]5007 Standard deviation of the [O III]λ5007Åline flux
39 10−17 ergs s−1 cm−2 Å−1 F_[SII]6717_50 Flux of the [S II]λ6717Åline
40 10−17 ergs s−1 cm−2 Å−1 u_F_[SII]6717 Standard deviation of the [S II]λ6717Åline flux
41 10−17 ergs s−1 cm−2 Å−1 F_[SII]6731_50 Flux of the [S II]λ6731Åline
42 10−17 ergs s−1 cm−2 Å−1 u_F_[SII]6731 Standard deviation of the [S II]λ6731Åline flux
43 · · · line_flux_note 0=unverified flux calibration, 1=flux calibration verified in Kado-Fong et al. (2024) pipeline
44 · · · dr3_sample 1=Gold, 2=Silver, 3=Participation

NOTE—The full contents of this table (378 rows) will be made available in a machine-readable format at publication.
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Table C.4. Schema of SAGA DR3 Satellite Candidate Catalog

Num Units Label Explanations

1 · · · OBJID Unique galaxy identifier
2 · · · HOSTID Unique host identifier; can be used to join the host table
3 deg RA Right ascension (J2000)
4 deg DEC Declination (J2000)
5 kpc RHOST_KPC Projected radial distance of object to host
6 mag r_mag Apparent r-band magnitude, extinction corrected, derived from DESI Legacy Imaging
7 mag r_err Apparent r-band magnitude error, derived from DESI Legacy Imaging
8 mag gr g − r color, extinction corrected, derived from DESI Legacy Imaging
9 mag r_fibermag Apparent r-band fiber magnitude (1.5 arcsec diameter), extinction corrected, derived from DESI Legacy Imaging
10 mag arcsec−2 sb_r Effective surface brightness, derived from DESI Legacy Imaging
11 · · · ba Galaxy axis ratio, taken from DESI Legacy Imaging
12 deg phi Galaxy position angle, taken from DESI Legacy Imaging
13 · · · SERSIC Galaxy Sersic index, taken from DESI Legacy Imaging
14 · · · log_sm_phony Log of estimated galaxy stellar mass in solar masses, if this candidate is at the distance of the host
15 · · · quenched_phony 0=Star forming, 1=Quenched, estimated purely based on its color
16 · · · p_sat_corrected Probability of being a satellite, based on the incompleteness correction model

NOTE—The full contents of this table (263 rows) will be made available in a machine-readable format at publication.

Table C.5. Average SAGA Satellite Stellar Mass Function

Total Star Forming Quenched

log(M⋆/M⊙) Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected

10.31 0.026 0.026 0.000 0.000 0.026 0.026
9.94 0.185 0.185 0.106 0.106 0.079 0.079
9.56 0.475 0.475 0.449 0.449 0.026 0.026
9.19 0.475 0.475 0.449 0.449 0.027 0.026
8.81 0.820 0.818 0.713 0.713 0.107 0.106
8.44 1.041 1.030 0.818 0.818 0.222 0.211
8.06 1.524 1.452 1.135 1.135 0.389 0.317
7.69 2.304 1.954 1.417 1.399 0.887 0.554
7.31 3.111 1.927 1.312 1.241 1.798 0.686
6.94 5.950 1.162 1.218 0.950 4.732 0.211
6.56 4.376 0.317 1.306 0.238 3.071 0.079

NOTE—Columns (2)–(7) show the SMF in d ⟨Nsat⟩/d log M⋆.

Table C.6. Average SAGA Satellite Quenched
Fractions

log(M⋆/M⊙) fquenched f (uncorrected)
quenched σ( fquenched)

9.38 0.135 0.135 0.049
8.62 0.160 0.157 0.053
8.15 0.259 0.235 0.061
7.83 0.335 0.269 0.063
7.57 0.408 0.275 0.061
7.31 0.562 0.333 0.056
6.95 0.792 0.250 0.026

NOTE—The quenched fraction ( fquenched) is calculated as
Nq/N, where Nq and N are the numbers of quenched and
all satellites in that mass bin. The errors are binomial
(Poisson) errors σ =

√
p′(1 − p′)/N, where p′ is calcu-

lated using Maximum a Posteriori (Nq + 1)/(N + 2).
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