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ABSTRACT

We present the final results of the Exploration of Local VolumE Satellites (ELVES) Survey, a survey

of the dwarf satellites of a nearly volume-limited sample of Milky Way (MW)-like hosts in the Local

Volume. Hosts are selected simply via a cut in luminosity (MKs
< −22.1 mag) and distance (D < 12

Mpc). We have cataloged the satellites of 25 of the 31 such hosts, with another five taken from the

literature. All hosts are surveyed out to at least 150 projected kpc (∼ Rvir/2) with the majority

surveyed to 300 kpc (∼ Rvir). Satellites are detected using a consistent semi-automated algorithm

specialized for low surface brightness dwarfs. As shown through extensive tests with injected galaxies,

the catalogs are complete to MV ∼ −9 mag and µ0,V ∼ 26.5 mag arcsec−2. Candidates are confirmed

to be real satellites through distance measurements including redshift, tip of the red giant branch, and

surface brightness fluctuations. Across all 30 surveyed hosts, there are 338 confirmed satellites with

a further 105 candidates awaiting distance measurement. For the vast majority of these, we provide

consistent multi-band Sérsic photometry. We show that satellite abundance correlates with host mass,

with the MW being quite typical amongst comparable systems, and that satellite quenched fraction

rises steeply with decreasing satellite mass, mirroring the quenched fraction for the MW and M31.

The ELVES survey represents a massive increase in the statistics of surveyed systems with known

completeness, and the provided catalogs are a unique dataset to explore various aspects of small-scale

structure and dwarf galaxy evolution.

Keywords: methods: observational – techniques: photometric – galaxies: distances and redshifts –

galaxies: dwarf

1. INTRODUCTION

The Exploration of Local VolumE Satellites (ELVES)

Survey is a survey to detect and characterize low-mass,

dwarf satellite galaxies around nearby, massive hosts in

the Local Volume (LV; D < 12 Mpc). The explicit sur-

vey goal is to fully map the “classical”-mass satellites

(MV < −9 mag, M? & 5 × 105 M�) of all 31 LV hosts

with MKs < −22.1 mag throughout most of their virial

volumes. Initial results of the survey have been pre-
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sented in Carlsten et al. (2020a, 2021c,b). This work

represents the final results of the photometric part of the

survey, and we present the satellite systems of nearly all

(30 out of 31) hosts in this volume-limited sample.

Broadly, the motivation of the ELVES Survey is to

push our understanding of dwarf satellite galaxies be-

yond just the satellite system of the Milky Way (MW).

The satellites of the MW have been richly character-

ized over the years (e.g. see Mateo 1998; Koposov et al.

2008; Simon 2019; Drlica-Wagner et al. 2020, and refer-

ences therein). For decades the MW dwarfs (and to a

lesser extent the satellites of M31 and other dwarfs in

the Local Group) have acted as the de-facto benchmark

for models of small-scale structure formation and dwarf
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galaxy evolution in the ΛCDM paradigm (e.g. Klypin

et al. 1999; Moore et al. 1999; Mayer et al. 2006; Boylan-

Kolchin et al. 2011, 2012; Brooks et al. 2013; Brooks

& Zolotov 2014; Garrison-Kimmel et al. 2014; Sawala

et al. 2016; Wetzel et al. 2016; Bullock & Boylan-Kolchin

2017; Pawlowski 2018; Nadler et al. 2020). Yet, there is

no current consensus on whether the MW and its dwarf

satellites are “typical”, making these comparisons with

models difficult to interpret. On the theoretical front,

multiple groups have now produced large samples of

high-resolution simulated MW-mass systems (Simpson

et al. 2018; Garrison-Kimmel et al. 2019a; Applebaum

et al. 2020; Libeskind et al. 2020; Font et al. 2020, 2021a;

Engler et al. 2021) or semi-analytic models (Jiang et al.

2020), which are ready to be compared to similarly large

samples of observed systems. Thus it is critical to char-

acterize a statistical sample of satellite systems around

galaxies other than the MW.

Some of the significant open questions that can be ad-

dressed with such a sample of satellite systems include:

the galaxy-(sub)halo connection in low-mass (M? . 109

M�) galaxies (Kim et al. 2018; Nadler et al. 2019; Mun-

shi et al. 2021), the role of the massive host on disrupting

and/or quenching star formation in the satellites (Wetzel

et al. 2015; Fillingham et al. 2015; Hausammann et al.

2019; Samuel et al. 2020; Akins et al. 2021; Font et al.

2021b), and the prevalence of coherent, kinematic struc-

tures within satellite systems (Pawlowski et al. 2012;

Pawlowski & Kroupa 2020; Ibata et al. 2013; Müller

et al. 2018b).

In recent years, numerous groups have started work on

the formidable observational task of surveying the very

low-mass satellites of nearby (D . 50 Mpc) massive

hosts. Many groups have used deep, wide-field imag-

ing or spectroscopic surveys to catalog candidate satel-

lites around various hosts in the LV, including MW-mass

hosts (e.g Irwin et al. 2009; Kim et al. 2011; Sales et al.

2013; Spencer et al. 2014; Merritt et al. 2014; Karachent-

sev et al. 2015b; Bennet et al. 2017, 2019, 2020; Tanaka

et al. 2017; Danieli et al. 2017, 2020; Smercina et al.

2018; Kondapally et al. 2018; Park et al. 2017, 2019;

Byun et al. 2020; Davis et al. 2021; Garling et al. 2021;

Mutlu-Pakdil et al. 2021a) and hosts of somewhat lower

mass (Carlin et al. 2016, 2021; Müller & Jerjen 2020;

Drlica-Wagner et al. 2021) and higher mass (Stierwalt

et al. 2009; Trentham & Tully 2009; Chiboucas et al.

2009, 2013; Crnojević et al. 2014, 2016, 2019; Müller

et al. 2015, 2017a, 2018a, 2019b, 2021; Smercina et al.

2017; Cohen et al. 2018) mass. Pushing to larger dis-

tances, deep surveys are starting to map the dwarf con-

tent of various galaxy groups (e.g. Greco et al. 2018b;

Zaritsky et al. 2019; Habas et al. 2020; Tanoglidis et al.

2021; Prole et al. 2021). At the highest host mass end,

nearby galaxy clusters are also being surveyed for dwarf

satellites (Ferrarese et al. 2012, 2016, 2020; Muñoz et al.

2015; Eigenthaler et al. 2018; Venhola et al. 2018, 2021;

Su et al. 2021; La Marca et al. 2021).

The process of surveying nearby satellite systems gen-

erally consists of two primary steps. The first is to detect

candidate satellites. While satellites of the MW and the

nearest hosts (D . 4 Mpc; i.e., M31, M81, CenA, and

M94) can be found via resolved stars, satellites of more

distant hosts in the LV can currently only be found via

integrated light1. Due to the fact that dwarfs, on av-

erage, get lower in surface brightness at lower masses

(Mateo 1998; Kormendy et al. 2009; Danieli et al. 2018;

Carlsten et al. 2021b), detecting very low-mass satellites

in integrated light requires deep imaging and special-

ized detection methods (e.g. Bennet et al. 2017; Greco

et al. 2018b; Danieli & van Dokkum 2019; Carlsten et al.

2020a). An important part of this first step is also quan-

tifying the completeness of the dwarf search.

The second step is to measure distances to the dwarfs

to confirm their environment (in other words, their sta-

tus as satellites). While contamination from background

galaxies is not much of a concern for rich groups or clus-

ters, contamination can account for a majority of can-

didate satellites (> 80%; Carlsten et al. 2019a; Bennet

et al. 2019) in sparse, MW-mass groups. As discussed in

Carlsten et al. (2021c), the number of satellite systems

that have been surveyed (prior to ELVES and the SAGA

Survey, Mao et al. 2021, see below) with quantified com-

pleteness and distance confirmation for the candidate

satellites is actually quite small (∼ 5). We note that it

is possible to treat contamination statistically, without

individual satellite distance measurements, by using a

background subtraction technique (e.g. Wang & White

2012; Wang et al. 2021; Nierenberg et al. 2016; Tanaka

et al. 2018; Xi et al. 2018; Roberts et al. 2021; Wu et al.

2021). However, such an approach does not allow for

detailed follow-up of individual dwarfs (e.g., for gas or

star cluster properties) and, thus, is not the approach

that ELVES takes. With that said, the statistics af-

forded by these works make them valuable comparisons

for ELVES.

Over the years, HST has been employed significantly

to measure precise tip of the red giant branch (TRGB)

distances to LV dwarfs (e.g. Karachentsev et al. 2006,

2007, 2013, 2020; Jacobs et al. 2009; Anand et al. 2021).

However, for the scale ELVES aims to address, it would

1 Space-based observatories with wide fields of view, like the
Roman Space Telescope (Spergel et al. 2015) and Euclid (Laureijs
et al. 2011), will change this.
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be infeasible to procure a statistical sample of hundreds

of satellites relying solely on HST. Many low-mass satel-

lites are quenched (i.e., without nebular emission lines or

HI reservoirs; Karunakaran et al. 2020a; Putman et al.

2021) and are of low surface brightness (LSB) which

makes acquiring a redshift extremely difficult. In earlier

papers, we have shown that surface brightness fluctua-

tions (SBF; Tonry & Schneider 1988; Jerjen et al. 2001;

Rekola et al. 2005; Cantiello et al. 2018) offer an efficient

way to get distances to LSB dwarfs, often from the same

deep ground-based imaging used to detect them in the

first place (Carlsten et al. 2019b,a; Greco et al. 2020).

A combination of novel image detection algorithms and

use of SBF facilitates the ELVES Survey in rapidly es-

tablishing a large sample of satellite systems.

A particularly relevant contemporary project is the

Satellites Around Galactic Analogs Survey (SAGA,

Geha et al. 2017; Mao et al. 2021). The SAGA Survey

is an ongoing spectroscopic survey of the bright clas-

sical satellites (Mr < −12.3 mag) of 100 MW-analogs

in the distance range 20 < D < 40 Mpc. SAGA is

complementary to ELVES in several important ways.

First, while SAGA is not sensitive to as faint of satel-

lites as ELVES (ELVES goes ∼ 3 mag fainter), it will

achieve much better statistics at the bright end of the

satellite luminosity function due to the larger number of

hosts. Second, while SAGA selects “MW-analogs” via

multiple criteria, ELVES simply selects all hosts in the

LV above a certain K-band luminosity (see Section 2).

Thus, SAGA will better probe what a “typical” MW-

like system is, while ELVES will be more sensitive to

the effect that differing host properties have on satellite

systems. Finally, SAGA, being a spectroscopic survey,

catalogs and characterizes satellites in a substantially

different way than ELVES meaning that the projects

offer an important check on each other.

As mentioned above, this paper extends the surveys

presented in Carlsten et al. (2020a,b, 2021c). Since those

papers, we have been able to nearly triple the number

of surveyed satellite systems, essentially completing the

full volume-limited sample. These new dwarf findings

have been used in Carlsten et al. (2021b) and Carlsten

et al. (2021a) to explore different aspects of dwarf galaxy

evolution but have not been fully described until the

current paper. This paper is structured as follows: in

Section 2 we describe the host selection process and final

host list, in Section 3 we outline the different sources of

data used, in Section 4 we describe the detection of can-

didate satellites, in Section 5 we detail how we confirm

the distance of the satellites, in Section 6 we describe

how we characterize the satellites, in Section 7 we give

some overview of the properties of the satellite systems,

including satellite abundance, spatial distribution, and

the fraction of star-forming satellites, and, finally, in

Section 8 we give an overview of the key results of the

ELVES Survey to this point.

2. HOST SELECTION

The primary goal of the ELVES Survey is to obtain a

volume limited sample of well-surveyed satellite systems

around massive, roughly MW-like host galaxies. In this

section, we describe the selection of the host sample and

give some details on the host properties.

To make the initial host list, we use both the group

catalog of Kourkchi & Tully (2017) (hereafter KT17)

and the Updated Nearby Galaxy Catalog (UNGC) of

Karachentsev et al. (2004, 2013) (hereafter K13). The

group catalog of KT17 is based on the Cosmic-Flows

(Tully et al. 2016) distance database. For massive galax-

ies, the catalog relies heavily on the 2MASS Redshift

Survey (Huchra et al. 2012), which is complete down

to Ks = 11.75 mag. At the edge of the LV (12 Mpc),

this corresponds to a luminosity of MKs = −18.6 mag

and thus will include all potential massive host galaxies.

The catalog of K13 includes many more up-to-date (e.g.,

very recent TRGB distances) than KT17 but is missing

several massive hosts that are known to be within the

LV. Using these two catalogs, almost all of the poten-

tial hosts have direct (i.e. not redshift-based) distance

measurements with the majority being from TRGB ob-

servations.

The cuts that we make on the catalogs are as follows:

Distance : D < 12 Mpc

Host Luminosity : MKs
< −22.1 mag

Galactic Latitude : |b| > 17.4◦
(1)

In making the host list, we merge the two catalogs

but always use the Ks magnitude reported by KT17.

To these catalogs, we add the host NGC 4565 which has

a TRGB distance from Radburn-Smith et al. (2011) of

within 12 Mpc but whose distance in KT17 is greater

than 12 Mpc2.

The chosen Ks luminosity cut corresponds to a stellar

mass of roughly M? ≈ 1010 M�, assuming M?/LKs
=

0.6 (McGaugh & Schombert 2014). For each host, we

search NED and SIMBAD for more up-to-date distances

2 With the larger distance, KT17 group NGC 4565 with NGC
4494, which has an SBF distance of 16.9 Mpc. With the TRGB
distance of 11.9 Mpc we take for NGC 4565, it seems likely that
these two galaxies are not physically associated. Therefore, for
NGC 4565, we do not take the group properties calculated by
KT17 because they will include NGC 4494. Instead, we calculate
them ourselves using the members of NGC 4565’s group cataloged
in ELVES.
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(particularly looking for precise distances, like those

from TRGB, SNe Ia, or Cepheid observations). Where

appropriate, we update the Ks luminosity from KT17

using the newer distance. The cut on Galactic latitude,

b, is chosen to be as restrictive as possible to eliminate

highly extincted hosts while still including NGC 891 and

Cen A, both major focuses of recent dwarf satellite re-

search (e.g. Trentham & Tully 2009; Müller et al. 2019a;

Crnojević et al. 2019; Müller et al. 2021).

With these cuts, we often select multiple members

within the same galaxy group. In these cases, we choose

the member with the greatestKs luminosity as the ‘host’

and remove the the fainter objects from consideration as

a ‘host’. The specific galaxies that obey our other cuts

but are likely affiliated with a more massive host are

given in Appendix A.

The host list is given in Table 1. There are 31 pri-

mary, massive hosts that pass our selection criteria. 30

of these are surveyed for satellites in this work or by pre-

vious work in the literature, leaving only one host (NGC

3621) unanalyzed. We list names, distances, redshifts3,

and various photometry for each of the hosts. The stellar

masses generally come from multi-wavelength photome-

try (including IR band-passes) and have been corrected

for the updated distances that we use. In Table 1, the

rcover column lists the approximate radial coverage (in

projected kpc from the host) of the survey imaging used

to find candidate satellites.

The on-sky locations of these hosts are shown in Fig-

ure 1. In Figure 2, we show various properties of the

host sample. The hosts are fairly evenly distributed be-

tween 1010 and 1011M� in stellar mass. The right panel

shows the group Ks luminosity (the sum of the luminos-

ity for all group members) reported in the group cata-

log of Kourkchi & Tully (2017) versus the luminosity of

just the primary host. In most cases, these values are

quite close, indicating the host completely dominates

the luminosity of the group. For a few cases, the group

luminosity is significantly larger than that of the pri-

mary host. These include the M81/M82 group, the Leo

I group, and the Leo Triplet (labelled in the Figure),

each of which has several massive galaxies. In previous

papers on this survey, we have referred to these hosts

as ‘small-groups’ to distinguish that they are notably

higher mass than bona fide MW-analogs.

3. OBSERVATIONAL DATA

The full ELVES survey is an extension of our ear-

lier survey presented in Carlsten et al. (2020a, 2021c).

3 The velocity for NGC 3627 is actually the average of the three
centrals in the Leo Triplet: NGC 3627, NGC 3623, and NGC 3628.

That work presented a set of LV hosts surveyed with

archival CFHT/MegaCam data4. The ELVES sample is

considerably expanded by using the extremely wide-field

DECaLS imaging data sets (Dey et al. 2019; Zou et al.

2017, 2018).

As stated above, the process of cataloging nearby

satellite systems is two-fold. First, candidate satellites

need to be detected either visually or with an auto-

mated algorithm. Second, the candidate satellites need

to have their distances measured to confirm that they

are actually physically associated with a purported host.

In Carlsten et al. (2020a, 2021c), the CFHT/MegaCam

data was of high-enough quality to do both steps, with

the second step being accomplished via measurements

of surface brightness fluctuations (SBF). However, the

DECaLS data is almost always too shallow and with too

poor of seeing to do the distance measurements, and

thus we generally only use it for the object detection.

The distance measurements come from SBF using var-

ious follow-up data, including archival Hyper Suprime-

Cam (HSC) and new Gemini and Magellan imaging.

Table 1 lists the data sources used for each host, in-

cluding for candidate detection and distance confirma-

tion. The table also lists data sources for the satellite

photometry used throughout the paper, which is almost

always the same as the candidate detection data, ex-

cept for where we use a literature reference for the satel-

lite detection. Overall, we use literature sources for the

satellite lists for 5 hosts (MW, M31, CenA, NGC 5236,

and M81) and do our own object detection for 25 hosts.

17 of these use DECaLS imaging, 6 (NGC 1023, NGC

4258, NGC 4565, NGC 4631, NGC 5194, and M104) use

the CFHT/MegaCam search of Carlsten et al. (2020a)5,

one (NGC 891) uses separate CFHT/MegaCam data,

and one (NGC 6744) uses (non-DECaLS) DECam data.

Regardless of the source for the imaging data, we al-
ways use two bands for candidate detection: either g/r

or g/i. The one exception is NGC 891, where for about

half of the surveyed area, only r-band data are available.

Deeper follow-up data for distance confirmation are of-

ten only a single band (either r or i) since those are

the ideal SBF bands, and a color measurement already

exists from the candidate detection data.

4 Specifically 10 hosts were included, but only 8 made it into
the ELVES host sample, 2 of which are redone here with DECaLS
data due to the limited radial coverage of the CFHT/MegaCam
data.

5 Two of these (NGC 4631 and NGC 4258) additionally use DE-
CaLS imaging to extend the radial coverage slightly, as explained
more below.
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Table 1. ELVES Host List

Name Dist vrec MKs Mgroup
Ks

MV B − V log(M?/M�) rcover Data Source References

Mpc km/s mag mag mag mag kpc

M31 0.78 -300 -24.81 -24.89 -21.19 0.87 11.01 300 M12 CF, RC3, Sick15

NGC253 3.56 259 -23.95 -23.96 -20.7 0.94 10.77 300 D- -D CF, Cook14a, Cook14b

NGC628 9.77 656 -22.79 -22.81 -20.68 0.48 10.45 300 D-G-D CF, Cook14a, Cook14b

NGC891 9.12 528 -23.83 -23.83 -20.05 0.82 10.84 200 C-C-C CF, GALEX, MKs

NGC1023 10.4 638 -23.78 -23.98 -20.91 0.95 10.6 200 C-C-C NED, GALEX, MKs

NGC1291 9.08 838 -23.94 -23.97 -21.01 1.0 10.78 300 D-D,M-D CF, Cook14a, Ler19

NGC1808 9.29 1002 -23.12 -23.78 -19.98 0.79 10.01 300 D-D,G,H,M-D CF, RC3, Ler19

NGC2683 9.4 409 -23.49 -23.5 -20.17 0.86 10.5 300 D-H-D K15, Cook14a, Ler19

NGC2903 9.0 556 -23.68 -23.69 -20.78 0.65 10.67 300 D-G,C-D K13&T19, Cook14a, Cook14b

M81 3.61 -42 -23.89 -25.27 -21.07 0.88 10.66 300 C13-C13-C13,D CF, GALEX, Ler19

NGC3115 10.2 666 -24.12 -24.14 -21.27 0.93 10.76 300 D-G-D Pea15, RC3, Ler19

NGC3344 9.82 585 -22.27 -22.27 -20.19 0.65 10.27 300 D-H-D CF, Cook14a, Ler19

NGC3379 10.7 876 -23.8 -25.37 -20.46 0.78 10.63 370 D-H-D M18, HT11, Ler19

NGC3521 11.2 798 -24.4 -24.41 -21.39 0.76 10.83 330 D-H-D This Work, GALEX, Ler19

NGC3556 9.55 698 -22.76 -22.76 -19.96 0.69 9.94 300 D- -D CF, RC3, Ler19

NGC3621 6.7 731 -22.37 -22.37 -19.79 0.55 9.9 0 - - CF, RC3, Ler19

NGC3627 10.5 789 -24.17 -25.33 -21.28 0.7 10.66 300 D-C,H-D Lee13, GALEX, Ler19

NGC4258 7.2 462 -23.7 -23.94 -20.92 0.71 10.62 150 C,D-C,H-C,D H13, Cook14a, Ler19

NGC4517 8.34 1136 -22.13 -22.16 -19.27 0.67 9.93 300 D-H-D K14, RC3, MKs

NGC4565 11.9 1261 -24.26 -24.27 -20.84 0.82 10.88 150 C-C-C RS11, RC3, Ler19

M104 9.55 1092 -24.91 -25.01 -22.04 0.94 11.09 150 C-C-C McQ16b, RC3, Ler19

NGC4631 7.4 606 -22.73 -22.9 -20.21 0.55 10.05 200 C,D-C,G-C,D RS11, RC3, Ler19

NGC4736 4.2 287 -22.96 -23.1 -19.93 0.74 10.29 300 D-S18-D RS11, RC3, Ler19

NGC4826 5.3 402 -23.24 -23.24 -20.21 0.8 10.36 300 D-H,C-D CF, RC3, Ler19

NGC5055 8.87 503 -24.02 -24.04 -21.2 0.71 10.72 300 D-H-D McQ17, RC3, Ler19

CENA 3.66 548 -23.87 -24.41 -21.29 0.89 10.92 200 M/C19-M/C19-Dc,M17 CF, RC3, Ler19

NGC5194 8.58 465 -24.08 -24.51 -21.4 0.56 10.73 150 C-C-C McQ16a, GALEX, Ler19

NGC5236 4.7 520 -23.64 -23.67 -21.02 0.53 10.37 300 M15-M18,D-D CF, Cook14a, Ler19

NGC5457 6.5 243 -23.12 -23.16 -21.22 0.44 10.33 300 D-B19,C,H-C,D Beat19, RC3, Ler19

NGC6744 8.95 839 -23.58 -24.0 -21.64 0.86 10.64 200 Dc-Dc-Dc CF, RC3/HyperLeda, Ler19

MW 0 0 -24.0 -24.13 -20.74 0.67 10.78 300 M12 Lic15, BG16

Note—Volume limited sample of massive hosts, selected with MKs < −22.1 mag, |b| > 17.4◦, and D < 12 Mpc. Mgroup
Ks

denotes the total lumi-
nosity for the group, as determined by Kourkchi & Tully (2017). rcover denotes the projected radial extent of the satellite survey. The data source
column lists the data sets used for satellite detection, confirmation (i.e. measuring candidate satellite distances), and photometry. The letters
stand for: D-DECaLS, Dc-DECam (but not from DECaLS), C-CFHT/MegaCam, H-Subaru/HSC, G-Gemini/GMOS, M-Magellan/IMACS. The
literature references used in this column are: S18-Smercina et al. (2018), B19-Bennet et al. (2019), M12-McConnachie (2012), C13-Chiboucas
et al. (2013), M15-Müller et al. (2015), M17-Müller et al. (2017a), M18-Müller et al. (2018c), M19-Müller et al. (2019b), C19-Crnojević et al.
(2019). The reference column lists references for the host distance, BV photometry, and stellar mass, respectively. The sources are: Beat19-
Beaton et al. (2019), CF-Kourkchi & Tully (2017) and Tully et al. (2016), RS11-Radburn-Smith et al. (2011), H13-Humphreys et al. (2013),
K13-Karachentsev et al. (2013), K14-Karachentsev et al. (2014), K15-Karachentsev et al. (2015a), T19-Tully et al. (2019), Pea15-Peacock et al.
(2015), McQ16a-McQuinn et al. (2016a), McQ16b-McQuinn et al. (2016b), McQ17-McQuinn et al. (2017), Lee13-Lee & Jang (2013), M18-
Müller et al. (2018a), Ler19-Leroy et al. (2019), Cook14a-Cook et al. (2014a), Cook14b-Cook et al. (2014b), GALEX-Gil de Paz et al. (2007),
RC3-de Vaucouleurs et al. (1991), HT11-Hernández-Toledo et al. (2011), Sick15-Sick et al. (2015), BG16-Bland-Hawthorn & Gerhard (2016),
Lic15-Licquia et al. (2015). A stellar mass reference of MKs denotes that the stellar mass came from the Ks luminosity and a M?/LKs = 0.6,
assuming M�Ks

= 3.27 mag in the Vega system (Willmer 2018).
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Figure 1. Position on the sky of the ELVES host sample. Hosts are colored by their morphology: late-type spirals vs. early-type
ellipticals and lenticulars. Point size indicates the host distance. The unfilled point labelled ‘Not Surveyed’ indicates a host
where we have no survey coverage (NGC 3621). All other hosts have candidate satellite lists.
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are labelled. NGC 3379 and NGC 3627 are the primaries of the Leo I and Leo Triplet groups, respectively.
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The reduced DECaLS imaging data are taken directly

from the web server6 where g and r band data are avail-

able for download. We use DECaLS DR8 for the candi-

date detection but have redone the satellite photometry

using DR9 as the DR9 reduction includes a more op-

timized sky-subtraction for LSB galaxies7. Overall, we

find minimal difference between DR8 and DR9.

CFHT/MegaCam data are downloaded raw from the

CFHT archive server8 and are reduced in the fashion

described in Carlsten et al. (2019b) and Carlsten et al.

(2020a). DECam data that are not part of DECaLS

(NGC 6744 is the only host that uses this) are down-

loaded raw from the NOIRLab archive9 and reduced in

a very similar way to the CFHT data. Generally, SDSS

(Abolfathi et al. 2018) or Pan-STARRS (Chambers et al.

2016; Flewelling et al. 2016) are used for the photomet-

ric calibration. For the few southern hemisphere hosts

outside those footprints, we use Gaia (Gaia Collabora-

tion et al. 2018) or APASS (Henden & Munari 2014) for

the photometric calibration.

Gemini/GMOS data are reduced using the DRAGONS

software package10. Gemini/GMOS data from programs

FT-2020A-060, US-2020B-037, and US-2021B-0018 (PI:

S. Carlsten) are used. Magellan/IMACS data are re-

duced using a custom pipeline that does all the main

steps in a similar way to the MegaCam and DECam

pipelines. Finally, the HSC data are downloaded from

the Subaru archive11 and reduced using the pipeline

written by the HSC team (Bosch et al. 2018). All HSC

data are archival and include (but are not limited to)

data from the HSC-SSP survey (Aihara et al. 2018,

2019).

All of these telescopes and camera systems use Sloan-

like filters. However, there will be some slight differences

between the different filter sets. Following Carlsten et al.

(2021b), we do not make any attempt to bring them all

onto the same filter system. That work (Figure 16 in

that paper) showed that the differences between the fil-

ters is expected to be . 0.1 mag based on synthetic pho-

tometry from stellar evolution models (Choi et al. 2016).

One instance where systematic offsets of this magnitude

might matter is integrated color. However, the effect of

this systematic uncertainty in inferring stellar mass (the

primary use of color) is generally less than the statisti-

6 https://www.legacysurvey.org/.
7 See https://www.legacysurvey.org/dr9/sky/.
8 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/
9 https://astroarchive.noirlab.edu/
10 https://dragons.readthedocs.io/en/v3.0.0/
11 https://smoka.nao.ac.jp/fssearch

cal uncertainty coming from photon noise and/or sky

subtraction issues and thus we do not account for it.

The actual areal coverage of each host is shown in Ap-

pendix B. For the DECaLS hosts, we almost always are

able to extend fully to 300 kpc, an approximate value

for the virial radius of halos of the typical mass expected

for most ELVES hosts (Mhalo ∼ 1012M�). We note that

the halo masses of the most massive hosts in the ELVES

sample (e.g. M104, NGC 3627, and NGC 3379) are

likely closer to ∼ 1013 (Karachentsev & Kudrya 2014;

Kourkchi & Tully 2017) and will have much larger virial

radii. On the other hand, the least massive ELVES hosts

(e.g. NGC 3344 and NGC 4517) will have smaller virial

radii. The hosts from the non-DECaLS data sources

(CFHT/MegaCam or DECam) all have less coverage.

For a couple of these (NGC 4631 and NGC 4258), we

extend the CFHT/MegaCam data with some DECaLS

data and additional SBF follow-up, with the specific

footprints shown in Appendix B. The approximate ra-

dial extent of the search footprints for each host are

listed as rcover in Table 1.

4. CANDIDATE SATELLITE DETECTION

For the 25 hosts where we conduct our own candidate

satellite detection, we apply the semi-automated detec-

tion algorithm optimized for LSB dwarf galaxies detailed

in Carlsten et al. (2020a). This algorithm draws heavily

on the LSB galaxy detection pipelines of Bennet et al.

(2017) and Greco et al. (2018b).

We use a custom search algorithm as opposed to

simply using common object detection algorithms (e.g.

SExtractor, Bertin & Arnouts 1996), because those

algorithms are not optimized for large, diffuse, LSB

dwarf galaxies. Such sources are likely to get “shred-

ded” (i.e. over-deblended). More advanced algorithms
(e.g. Akhlaghi & Ichikawa 2015; Lang et al. 2016;

Robotham et al. 2018; Melchior et al. 2018; Haigh et al.

2021) are being developed that demonstrate promise for

LSB dwarf surveys (Venhola et al. 2021). While our

search algorithm is more complicated than simply using

SExtractor, it still does make use of SExtractor in

multiple ‘hot-and-cold’ runs (i.e. runs with high and

low thresholds, see below) intermixed with aggressive

masking.

Like many other object detection algorithms, the one

used here explicitly separates source detection from

source extraction. In this section, we detail the first

step which is simply to find the dwarf galaxies. A later

section (§6) describes how we measure the photometric

properties of the candidate satellites.

4.1. Overview of Detection Algorithm

https://www.legacysurvey.org/
https://www.legacysurvey.org/dr9/sky/
http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/
https://astroarchive.noirlab.edu/
https://dragons.readthedocs.io/en/v3.0.0/
https://smoka.nao.ac.jp/fssearch
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The search algorithm is detailed in Carlsten et al.

(2020a) and is applied essentially unchanged to the DE-

CaLS data, but we provide a brief overview of the impor-

tant steps in this section. The main steps of the process

are:

1. Create bright star masks from Gaia star catalogs

for stars brighter than 20th magnitude. Custom

shaped masks that cover the scattered light halos

and saturation spikes of bright stars are applied to

all of the survey fields.

2. Initial detection step with a large size and moder-

ate significance threshold to find large, relatively

high surface brightness candidate satellites. In

particular, SExtractor is run with a 5σ thresh-

old and ∼ 2000 pixel minimum area (correspond-

ing to a radius of ∼ 7′′ for a circular source). To

remove some massive background galaxies, an ef-

fective surface brightness cut of 〈µ〉re & 22 mag

arcsec−2 (calculated from SExtractor fluxes and

sizes) is applied to the detections. Note that this is

not the only stage where relatively massive satel-

lites can be detected as their diffuse/LSB outskirts

will also be detected in the LSB detection step be-

low (and dwarfs universally have diffuse outskirts,

see Kado-Fong et al. 2020).

3. Mask bright sources and their associated diffuse

emission as in Greco et al. (2018b). Sources are de-

tected with both a high, 15σ, and low, ∼ 1σ, detec-

tion threshold. The LSB detections are associated

with a high surface brightness (HSB) detection if

they overlap more than a certain fraction (5%) of

their pixels with the HSB detection. The detected

LSB pixels that do get associated with an HSB

detection get masked. These represent, for exam-

ple, the extended envelopes of background galax-

ies, intracluster light from galaxy clusters, and/or

scattered light around stars not bright enough to

be covered by the Gaia star mask. After this step,

there is a another simple masking of all sources

over ∼ 4σ above the background.

4. Filter the image to emphasize diffuse, LSB emis-

sion. The masked image is convolved with a Gaus-

sian with FWHM ∼ 2× the field’s PSF size.

5. Second detection step with a low threshold to find

faint candidate satellites. Sources in the masked

and filtered image are detected with a significance

threshold of ∼ 2σ and size greater than ∼ 800

pixels (corresponding to a radius of ∼ 4′′ for a

circular source).

6. Visual inspection to remove artifacts and other

false positives. The vast majority (> 95%) of

the things removed in this step are clear artifacts

such as saturation spikes or emission from bright

stars or the outskirts of massive elliptical galaxies

that leaked through the masks. Additionally, de-

tected galaxies that are clear background contam-

inants are removed. For instance, small (re . 5′′)

galaxies that have well-defined spiral arms or a

bulge+disk morphology are clearly not in the Lo-

cal Volume. Low-mass dwarfs will necessarily

be fairly featureless and diffuse. Carlsten et al.

(2020a) gives more details on this step and ex-

amples of visually rejected galaxies. Often during

this step, particularly ambiguous detections are

queried in Simbad and any galaxies with known

redshifts more than 27512 km/s greater than the

host are background objects and not further con-

sidered.

The first five steps are done independently in the g

and r (or i) bands and then the two detection catalogs

are merged before the visual inspection step. Objects

need to be detected in both bands to pass to the visual

inspection step.

Many of the algorithm’s parameters needed to be

slightly tweaked for each field to account for the differing

depths of the different datasets and host distances. Each

parameter preceded by a ∼ in the description above was

often tuned for each host. Hosts with shallower imaging,

for instance, needed a larger smoothing kernel (i.e. more

blurring), and more nearby hosts had larger size thresh-

olds for detected objects. The parameters were tuned

in an initial step where a subset of the survey coverage

for each host was visually searched for candidate satel-

lites against which the algorithm was tested. The spe-

cific parameters used for each host are not particularly

important to the results as the search algorithm’s com-

pleteness for each host is quantified using those same

parameters. Thus, all affects they have on the search

completeness are accounted for.

Figure 3 demonstrates the main steps through an ex-

ample part of the field around NGC 3379, the main host

of the rich Leo I group. The top panel shows the raw

DECaLS image (g + r color composite). The middle

panel shows the image with bright stars and background

galaxies masked and filtering applied. The masking in

Step 3 above is clearly quite aggressive, but we show in

the next section on completeness that it is not overly ag-

gressive because it does not completely mask candidates.

12 We discuss this velocity criterion later in §5.
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Figure 3. Demonstration of the detection algorithm on a surveyed area near NGC 3379. Top panel shows the raw DECaLS
detection images (g+ r color composite). The middle panel shows the detection image after it has been masked for bright stars
and galaxies and has been filtered to bring out LSB emission. Detections from the pipeline are shown as circles. The detections
that pass visual inspection are in red while those that do not are shown in green. The rejected detection in the top left is from
scattered light from the bright star leaking through the mask while the other two detections are clear background galaxies (see
text for more details). The five labeled detections are shown in the bottom row in deep HSC images. These images are not
used in the detection process but are used to confirm the candidate satellites via SBF distance measurements. The images on
the bottom row are 40′′ (2 kpc at the distance of NGC 3379) to a side.
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The detections from Step 5 are shown as the superim-

posed circles. Those that pass visual inspection are in

red while those that are rejected are in green. The five

detections that are labeled in the top image are shown

in close-up in the bottom row using extremely deep (> 2

hour integration) HSC images13. The sixth rejected de-

tection is simply emission that leaked around the star

mask and is not shown in close-up. Detections 1, 2, and

5 are high-quality candidate satellites. In fact, these

candidates are all confirmed satellites via SBF distance

measurements. The two rejected detections (3 and 4)

are background galaxies. Object 3 has a complicated

morphology and small size (re ∼ 5′′), indicating it is not

in the Local Volume. In this case, its HI redshift from

ALFALFA (Haynes et al. 2018) of several thousand km/s

greater than that of NGC 3379 confirms this, although

not all visually rejected galaxies have redshifts. Object 4

is a massive background elliptical whose outskirts leaked

through the masking. While this visual inspection step

might appear to introduce ambiguity, visual selection of

dwarfs in the Local Volume is a powerful tool due to

their proximity (e.g. Karachentseva 1968; Karachentsev

et al. 2007) and many contemporary searches are pri-

marily visual (e.g. Byun et al. 2020; Habas et al. 2020).

The median false positive rate as determined by the vi-

sual inspection step is∼ 30 rejected detections (e.g. arti-

facts, halos around bright stars, or background galaxies)

for each candidate satellite14. As stated above, this is

mostly a result of insufficient masking of bright stars or

bright background galaxies that allows too much emis-

sion to pass through. This step did require a fairly sig-

nificant amount of human involvement, meaning that

this algorithm is not scalable for the extremely wide-

field surveys of the Roman Space Telescope or Vera Ru-

bin Observatory. For the relatively small areas surveyed

in ELVES (∼ 400 square degrees total), removing these

contaminants by visual inspection was tractable.

4.2. Completeness of Surveys

In order to facilitate comparison to other satellite

dwarf searches and theoretical models, it is critical to

quantify the completeness of the survey. We do this by

injecting artificial galaxies into the survey images and

13 The HSC images are just being shown for clarity, the visual
inspection step is done just on the detection images (DECaLS in
this case).

14 Note that this ‘false positive rate’ describes the ratio of the
number of total detections to those that pass as candidate satel-
lites. There is another ‘false positive rate’ to describe the ratio
of total number of candidate satellite to those that actually get
confirmed as physical satellites via a distance measurement which
will be discussed in §5.

quantifying the fraction of injected galaxies recovered

as a function of input luminosity and size. The fact

that our search process is semi-automated (as opposed

to purely visual) greatly facilitates this process. We

do not apply any visual inspection step to the artificial

galaxies and assume that any injected galaxy detected

by the search algorithm would pass the visual inspec-

tion. In this section, we describe the artificial galaxy

injection and show the overall average completeness of

the survey.

The process for injecting artificial galaxies is detailed

in Carlsten et al. (2020a). The DECaLS and non-

DECaLS hosts are treated a little differently, primar-

ily in that the non-DECaLS hosts have their artificial

galaxies injected at the chip level before sky subtrac-

tion and coaddition. On the other hand, the DECaLS

hosts have their artificial galaxies injected directly in the

coadds due to the significantly larger volume of imag-

ing data, both in number of hosts and area covered per

host. In either case, exponential profiles (i.e. n = 1

Sérsic profiles) are injected at various r or i luminosities

and central surface brightness levels, with colors in the

range g − r ∈ [0.3, 0.6] or g − i ∈ [0.4, 0.8] depending on

which filters are used. The data are then run through

the detection pipeline, and the fraction of galaxies in

each luminosity and surface brightness bin that are re-

covered is recorded. Simulated dwarfs that fall on top of

areas lost to the star-masking are not treated differently,

thus, we do not expect the recovery fraction to ever be

100%. The area lost to star-masking is generally around

∼ 5%.

As shown in Carlsten et al. (2021b), the input galaxy

parameters roughly resemble the Sérsic indices and

colors of the real satellites, both quenched and star-

forming. However, true dwarf galaxies generally have

slightly lower average Sérsic index of n ∼ 0.7, a result

also seen in other surveys (e.g. Eigenthaler et al. 2018;

Ferrarese et al. 2020). At fixed luminosity and central

surface brightness, a higher Sérsic index dwarf will be

more difficult to find since more of the emission will be

be at a very low surface brightness level in its outskirts,

and more likely to be buried in the sky noise. Thus,

we expect these completeness estimates to be slightly

conservative.

Figure 4 shows the results of the injection simulations.

The left panel shows the average recovery fraction across

all 25 hosts. In doing the average, the hosts are weighted

by the number of confirmed and possible satellites (see

§5 below). The center and right panels show the average

recovery fraction of the DECaLS hosts separately from

the other hosts (primarily CFHT/MegaCam hosts).
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Figure 4. Average completeness of the dwarf searches as quantified by image simulations with injected artificial galaxies. Left
panel shows the average of all hosts, while center and right panels split the hosts by the source of the imaging data. The blue
region in the left panel demarcates the completeness quoted in prior ELVES papers (MV < −9 mag and µ0,V < 26.5 mag
arcsec−2). The green dashed line shows the mass-size relation of Carlsten et al. (2021b) converted into this plane, and the green
dotted lines show the 1σ intrinsic scatter measured in the mass-size relation.

Results for individual hosts are shown in Appendix

C. The recovery fractions are generally similar across

the different hosts and data sources. We note that the

BASS part of DECaLS (which 4 DECaLS hosts use)

and the CFHT/Megacam data used for NGC 891 are

significantly shallower than the rest of the hosts with the

surface brightness completeness being ∼ 0.5 mag lower.

However, this is a relatively small number of hosts, and

we do not further distinguish these from the others.

The blue region in the left panel of Figure 4 shows

the completeness limits quoted in previous ELVES pa-

pers: MV < −9 mag and µ0,V < 26.5 mag arcsec−2,

assuming g − V ≈ 0.25 mag. The green dashed line

shows the mass-size relation of Carlsten et al. (2021b)

converted into this plane assuming M?/Lg = 1.24 which

comes from the color-M/L relation of Into & Portinari

(2013) and the average color of g − i = 0.74. An n = 1

Sérsic profile is assumed in determining the central sur-

face brightness from luminosity and effective radius.

Overall, the recovery fraction is ∼ 90− 95% at bright

magnitudes and surface brightness, reflecting the area

lost from the search to star masks. There is a clear

drop-off in completeness between µ0,g ∼ 26 − 27 mag

arcsec−2. The µ0,V < 26.5 mag arcsec−2 we have quoted

in the past is roughly the 50% completeness limit.

In addition to the artificial galaxy injection tests, our

completeness is proven through comparison with previ-

ous satellite searches in the literature for several of the

ELVES hosts. In Appendix D, we go through the hosts

in more detail, and provide detailed comparison with

previous searches from the literature for hosts that have

them. The comparisons are quite favorable for ELVES

with no candidate satellites missed above the asserted

completeness level across the 8 ELVES hosts that have

been significantly surveyed in the past.

For the five hosts that we do not perform our own

object detection (MW, M31, CenA, M81, M83), we as-

sume they are complete down to the fiducial level of

MV < −9 mag and µ0,V < 26.5 mag arcsec−2. The ac-

tual completeness limits of these literature surveys are

generally quite a bit deeper due to the closer proximity

of these hosts relative to most ELVES hosts. Details

can be found in the sources for those satellite lists (see

Table 1).

While we do detect numerous candidate satellites

fainter than MV = −9 mag, all ELVES satellite lists

and figures in this paper have a MV < −9 mag

cut applied to them.

5. CANDIDATE SATELLITE CONFIRMATION

In this section, we describe the process of confirming

candidate satellites as actual physical satellites of a LV

host. Many of the candidate satellites have prior dis-

tance information, either HST -based TRGB distances

or redshift, but the majority do not. Thus, we rely

heavily on efficient surface brightness fluctuation (SBF)

measurements to provide a large number of distance

constraints with modest ground-based data. We try

to constrain the distance to as many candidate satel-

lites as possible, but several remain with no distance
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constraints. We keep careful track of these ‘uncon-

firmed/candidate’ satellites throughout this paper as

they require special treatment in any analysis using

ELVES satellite lists.

5.1. SBF Measurement

Details of the SBF measurement are given elsewhere

(Carlsten et al. 2019b, 2021c), so we only provide a brief

summary here. SBF entails measuring how ‘patchy’ a

galaxy is in the semi-resolved regime. Distance smooths

out Poisson fluctuations in the number of bright stars

per resolution element such that a galaxy will look

smoother further away. In measuring a galaxy’s SBF,

this ‘patchiness’ is quantified as the ‘SBF magnitude’,

M̄ .

To quantify this, we start with a smooth model of the

galaxy’s surface brightness profile. The reddest band we

have (r or i) is modeled, as SBF is brighter and seeing is

generally better for redder pass-bands (e.g Jensen et al.

2003; Carlsten et al. 2018). Due to the small sizes and

low luminosities of most of the dwarfs, we always use

a parametric Sérsic profile as a model for the smooth

profile (see §6 for more information on the Sérsic pro-

file photometry). This model is subtracted out from the

raw image and the result is normalized by dividing it

by the square root of this model. We then calculate the

azimuthally averaged power spectrum of this result via

a fast Fourier transform. The fluctuation power due to

SBF is the component of the power spectrum on the

scale of the PSF. For details on how we mask contam-

inants, we refer the reader to (Carlsten et al. 2019b,

2021c).

5.2. SBF Calibration

Due to the fact that the average brightness of stars
in a galaxy will depend on the stellar population, the

level of SBF also will depend on the stellar population

present in a galaxy. Thus a calibration is used to relate

the absolute SBF magnitude to galaxy color. For i-

band measurements, we use the calibration provided in

Carlsten et al. (2019b), while for r-band measurements,

we use the calibration in Carlsten et al. (2021c).

These calibrations are specifically for CFHT/MegaCam.

In this work we use five different telescope and

instrument combinations (CFHT/MegaCam, Sub-

aru/HSC, Blanco/DECam, Gemini/GMOS, and Magel-

lan/IMACS) that all have Sloan-like r/i filters and that

all will be slightly different. However, from experiments

calculating theoretical SBF magnitudes using the MIST

isochrones and synthetic photometry (Choi et al. 2016)

for MegaCam, HSC, and DECam, we find that the SBF

magnitudes are always the same within ∼ 0.1 mag,

which is small compared to the statistical error of the

SBF measurement. With that said, we do incorporate a

small −0.1 mag adjustment to the CFHT-based calibra-

tion when using DECam filters. We do not perform any

adjustments when using HSC, GMOS, or IMACS data,

however. Kim & Lee (2021) show that their empirical

SBF calibration in the HSC filter system is quite close

to that of Carlsten et al. (2019b) with any difference

more likely attributable to different masking strategies

than filter differences.

5.3. SBF Distances

With the SBF measurements and calibration in hand,

we can constrain the distance to each dwarf. Following

Carlsten et al. (2021c), there are three outcomes to this

measurement. First, if the SBF measurement is of high

S/N (> 5) with a distance that is consistent with that of

the host within 2σ, we consider the candidate satellite to

be a ‘confirmed’ satellite. Second, if the 2σ lower bound

of the SBF distance constraint is beyond the distance

of the host, we consider the candidate to be rejected

as a background contaminant15. The actual distances

of these objects are generally not known as the SBF

measurement only sets a distance lower bound from the

absence of measurable SBF. Third, if the SBF measure-

ment is of too low S/N and the distance lower bound is

within the distance of the host, the candidate is kept in

the ‘unconfirmed/candidate’ satellite category. These

objects may or may not be satellites and need deeper

data or HST observations for their satellite status to be

decided.

We use this cutoff of S/N > 5 in the SBF measure-

ment as a safeguard against false positive satellite con-

firmation. In our experience, this S/N level is roughly

where SBF becomes clearly distinguishable from other

sources of fluctuation power, such as scattered star-

forming clumps in the galaxy or background galaxies.

Carlsten et al. (2019a) used SBF to confirm two satellites

around NGC 5457 (M101). These satellites had SBF

S/N & 7, above the threshold used here. Both of these

have since been confirmed by HST TRGB distances in

Bennet et al. (2019). Carlsten et al. (2019a) also dis-

cussed 2 other candidates as promising follow-up targets

that had moderate signal with S/N∼ 2 − 3. The HST

imaging of Bennet et al. (2019) showed that the galax-

ies were background contaminants. The small fluctua-

tion signal appeared to be coming from unmasked back-

ground galaxies, not SBF. Using the threshold adopted

15 Alternatively, the 2σ upper bound to the distance could be
nearer than the distance of the host (i.e. the candidate is fore-
ground). However, this only happens once.
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here, these two candidates would be conservatively in-

cluded in the ‘unconfirmed/candidate’ satellite category.

In Carlsten et al. (2019b), we showed that the ground-

based SBF distances agreed with HST TRGB distances

with an RMS of 15%. While this is lower precision than

the ∼ 5 − 10% precision that HST TRGB distances

can attain (Beaton et al. 2018), it is still quite useful

in confirming or rejecting candidate satellites as actual,

physical satellites of a certain host. Thus, by includ-

ing satellites with SBF distances within 2σ of the host,

we do expect that some near-field dwarfs (e.g. dwarfs

analogous to the Local Group field dwarfs nearby to the

MW) will be included as ‘satellites’. Experimenting with

halos from the IllustrisTNG simulations (Nelson et al.

2019; Pillepich et al. 2018), in Carlsten et al. (2021c), we

found that this distance constraint led to a contamina-

tion of field interlopers of around 15− 20%. Until more

precise distances are possible, nothing can be done re-

garding this contamination, and it must be kept in mind

when analyzing ELVES satellite lists. We note that this

is a similar contamination fraction to what occurs when

selecting satellites with a recessional velocity cut, as in

the SAGA Survey (Mao et al. 2021).

5.4. Other Distance Information

In addition to SBF measurements, we make use of

TRGB distances and redshift information, when avail-

able. We search the Updated Nearby Galaxy Catalog of

Karachentsev et al. (2004, 2013) for TRGB distances for

all of the candidate satellites. Similarly, we query SIM-

BAD for any redshift information. Dwarfs with TRGB

distances within 1σ (or 1 Mpc, if no distance uncertainty

is available) of the distance to their host are considered

‘confirmed’ with those outside of this range rejected as

contaminants. For dwarfs with redshifts, those with

velocities within 275 km/s of their host are confirmed

satellites (e.g. Mao et al. 2021) while those outside this

range are rejected. We note that the search for redshift

information often occurs very early on in the candidate

detection pipeline (in particular, in the visual inspec-

tion step) with background contaminants being removed

at this point, even before the candidate satellite stage.

Thus, many otherwise passable candidate satellites are

not in the final candidate satellite lists since they had

redshift information indicating they are background.

5.5. Distance Results

The distance results for all the satellites for which we

found or measured a distance are provided in Appendix

E. There are three tables: one for dwarfs which get con-

firmed as satellites, one for dwarfs that get rejected as

contaminants, and one for dwarfs that remain as possi-

ble/candidate satellites. We do not provide any distance

constraints for these latter dwarfs since any distance

constraints for them are, by definition, not informative.

However, we do list what data source was used, if any,

in attempting an SBF distance.

Table 2 gives an overview of the distance results, in-

cluding number of confirmed and rejected objects and

number of lingering unconfirmed/possible candidates

that did not have conclusive distance results. All to-

gether, including the five previously surveyed satellite

systems (MW, M31, M81, CenA, NGC 5236), there

are 338 confirmed satellites and 105 remaining candi-

dates. 136 of these confirmed satellites are confirmed via

SBF measurements. Only 31 (23%) of these SBF-based

confirmations came from our previous work in Carlsten

et al. (2021c). In total, there are 182 confirmed satel-

lites with SBF distances, with 53 also having other dis-

tance confirmation (either TRGB or redshift)16. In all

but four cases (7.5%), the SBF result agrees with the

TRGB or redshift result. In these few exceptions, there

is some issue (e.g. nearby bright star halo or irregular

morphology) that clearly biases the SBF measurement,

causing it to be inaccurate. These are discussed more in

Appendix E.

5.6. Candidate Satellite Contamination Estimate

In this section, we provide a simple estimate for

the probability that each of the remaining uncon-

firmed/possible candidates is a real satellite of its host.

To do this, we consider the fraction of similar candi-

date satellites that did have conclusive distance results

(either from SBF or otherwise) that ended up being

confirmed as a satellite.

We do this as a function of luminosity and surface

brightness as the likelihood a candidate is an actual

satellite will depend on these. This is similar in prin-

ciple to the Rsat estimate in the SAGA Survey (see §5.3

of Mao et al. 2021) that accounts for photometric can-

didates in that work that did not have robust spectro-

scopic measurements.

Figure 5 shows the surface brightness versus luminos-

ity relation for candidates that had conclusive distance

constraints (either confirmed as a satellite or rejected).

The luminosity of a background contaminant is calcu-

lated as if it was at the distance of the host. In most

cases, the actual distance of these contaminants are not

known; the SBF results only show that they must be

beyond the distance of the host. The confirmed satel-

16 There are seven confirmed satellites with SBF distances and
another distance measurement which we count as being confirmed
by the SBF. This is because either the SBF distance was published
before the other distance or the other distance measurement is
quite ambiguous.
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Table 2. Overview of Distance Constraints.

Name Mgroup
Ks

# candidates # SBF conf. # other conf. # SBF rejected # other rejected # unconfirmed

(mag)

NGC253 -23.96 8 0 5 0 2 1

NGC628 -22.81 17 7 6 3 0 1

NGC891 -23.83 8 1 2 1 0 4

NGC1023 -23.98 22 9 5 5 0 3

NGC1291 -23.97 21 12 2 1 2 4

NGC1808 -23.78 18 7 3 4 0 4

NGC2683 -23.50 12 3 3 2 0 4

NGC2903 -23.69 16 4 3 9 0 0

NGC3115 -24.14 27 13 4 8 0 2

NGC3344 -22.27 9 3 0 2 0 4

NGC3379 -25.37 85 16 28 17 2 22

NGC3521 -24.41 18 9 2 6 0 1

NGC3556 -22.76 17 0 1 2 1 13

NGC3627 -25.33 33 6 14 1 0 12

NGC4258 -23.94 21 3 4 12 1 1

NGC4517 -22.16 56 7 2 39 8 0

NGC4565 -24.27 11 2 2 2 0 5

M104 -25.01 18 11 0 3 0 4

NGC4631 -22.90 23 7 5 8 2 1

NGC4736 -23.10 17 0 7 0 3 7

NGC4826 -23.24 12 3 4 2 1 2

NGC5055 -24.04 13 5 4 0 0 4

NGC5194 -24.51 13 2 1 8 2 0

NGC5457 -23.16 42 2 7 33 0 0

NGC6744 -24.00 15 4 1 4 0 6

M31 -24.89 – – 20 – – –

M81 -25.27 – – 24 – – –

CENA -24.41 – – 22 – – –

NGC5236 -23.67 – – 11 – – –

MW -24.13 – – 10 – – –

Total – 552 136 202 172 24 105

Note—Overview of the distance confirmation results. For each host the total number of candidates, number of confirmed
satellites, number of rejected background contaminants, and number of remaining unconfirmed/possible satellites are given.
The numbers of confirmed and rejected dwarfs are split by whether the constraint is from SBF or otherwise (TRGB and/or
velocity). Many of the satellites confirmed via redshift or TRGB also have an SBF distance with overall close agreement
between the methods. The five previously surveyed hosts are given at the bottom with the bottom-most row listing the
totals in each category.
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lites show a clear relation between surface brightness and

luminosity (this is explored in more detail in Carlsten

et al. 2021b) whereas the rejected contaminants are gen-

erally higher surface brightness with smaller sizes. This

is suggestive that most of the background contaminants

are dwarf galaxies that are ∼ 2 − 3× further in dis-

tance than the LV hosts. The confirmed and rejected

dwarfs are clearly segregated in the MV − µ0,V plane

such that the location of an unconfirmed/possible can-

didate in this plane contains information on how likely

it is to be a real satellite.

To quantify the likelihood of each unconfirmed/possible

candidate being real, we simply consider the 20 nearest

candidates that had conclusive distance results in the

MV −µ0,V plane and calculate the fraction of those that

were real satellites. We find very similar results if we

had instead used anywhere between the 10 to 50 nearest

candidates. The right panel of Figure 5 shows the value

of the confirmed fraction at different locations in the

MV − µ0,V plane.

There are several simplifying assumptions being made

in constructing this likelihood estimate. The first is that

this estimate will certainly not take into account the

host-to-host scatter in the contamination fraction due

to prominent background groups along the line of sight.

For instance, NGC 5457 and NGC 4517 have significant

contamination due to rich background groups at D ∼
15− 30 Mpc.

Second, it implicitly assumes that the threshold in

data quality required to confirm a satellite via SBF at

a given luminosity and surface brightness is the same

as that required to reject a background contaminant at

that luminosity and surface brightness. It is easy to

understand why this assumption is important if we con-

sider an alternate scenario where, for instance, rejecting

a background contaminant is possible with much worse

data than that required to confirm a satellite (for in-

stance if we required a S/N > 100 measurement of the

SBF to ‘confirm’ a dwarf). In this case, the rejected

contaminants would be over-represented in the set of

candidates with conclusive distance results, and Figure 5

would underestimate the likelihood that an unconfirmed

candidate is a real satellite. We test this assumption

in Appendix F where we show the results of applying

the SBF confirmation and rejection criteria (see §5.3)

to simulated dwarf galaxies across a range in luminos-

ity and surface brightness. Taking two different hosts

(NGC 4258 and NGC 3379) with high-resolution, deep

data as examples, we simulate both dwarfs with SBF

at the level appropriate for the distance of the host and

dwarfs without SBF, representing background contam-

inants. Given a level of data quality, it is possible to

reject candidates that are fainter by about a magnitude

(in luminosity or surface brightness) than the faintest

candidates that can be confirmed with that data. This

discrepancy would be decreased if we did not require a

S/N > 5 measurement of the SBF to consider a dwarf

‘confirmed’, but we explained the rationale behind that

criterion in §5.3. This ∼ 1 mag difference is smaller than

the dynamic range of the remaining candidates, and we

expect this estimate of the confirmed fraction is fairly

accurate. With that said, we recommend any analysis

that uses ELVES satellite lists to test their results con-

sidering the cases where all or none of the remaining

candidates are real satellites.

In total, summing these satellite probability estimates

for all 105 remaining unconfirmed objects yields 49.8 real

satellites, meaning that, most likely, there are an addi-

tional ∼ 50 actual satellites amongst the unconfirmed

candidates. The SAGA Survey (§5.3 of Mao et al. 2021)

estimates a total of 24 actual satellites amongst the can-

didates that did not have successful spectroscopic follow-

up. As a fraction of the total number of confirmed satel-

lites in each survey, this is a similar rate of failure in

distance follow-up between the two surveys.

6. PROPERTIES OF THE SATELLITES

In this section, we turn to how we measure various

properties of the satellites, including optical and UV

photometry.

All satellite photometry is in the AB system and cor-

rected for MW dust extinction using the E(B − V )

maps of Schlegel et al. (1998) recalibrated by Schlafly

& Finkbeiner (2011). We take the solar g-band magni-

tude to be M�g = 5.03 mag (Willmer 2018).

6.1. Optical Sérsic Photometry

The primary photometric results come from fitting the

optical images with Sérsic profiles. We refer the reader

to Carlsten et al. (2021b) for an in depth description

of how the Sérsic profiles are fit to the galaxies. In

brief, the g-band images are fit first since they are gen-

erally deeper, and then the r- or i-band image is fit

using the shape parameters fixed, varying only the in-

tensity17. The masking threshold and image cutout size

are adjusted in an iterative fashion to minimize the de-

pendence that the final photometry results have on those

choices.

As detailed in Table 1, the photometry always uses

DECaLS/DECam or CFHT data. Even though we have

17 For the few dwarf candidates in the NGC 891 field with only
r-band coverage, we assume g − r = 0.4. Note that no SBF mea-
surements (which require color) are attempted for these dwarfs.
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Figure 5. A simple estimate for the probability that the remaining unconfirmed/possible candidates are actual physical satel-
lites. The left panel shows the luminosity and surface brightness of both the confirmed satellites and the rejected contaminants
(if the latter were to be at the distance of their purported host) that had conclusive distance constraints. The confirmed satellites
show a pronounced luminosity-surface brightness relation while background contaminants tend to be smaller with higher surface
brightness. The right panel shows an estimate for the likelihood that a candidate will turn out to be a real satellite as a function
of luminosity and surface brightness. This likelihood is estimated from the fraction of confirmed satellites out of the closest 20
confirmed or rejected candidates for each point on the MV -µ0,V plane. The locations of the actual remaining candidates are
over-plotted.

deeper Gemini, Magellan, and Subaru data for many

dwarfs for SBF, we do not present the photometry from

that data in an attempt to limit the number of filter

systems used. For three of the five previously surveyed

systems (M81, CenA, and NGC 5236), we are able to

provide photometry using our consistent methodology

for almost all of the satellites. There were a few M81

satellites out of the DECaLS footprint and a few CenA

satellites not covered in DECam archival data.

Following Carlsten et al. (2021b), we estimate uncer-

tainties in the photometric parameters from image simu-

lations where we inject Sérsic profile galaxies into CFHT

or DECaLS data and quantify how well the input val-

ues are recovered. Carlsten et al. (2021b) also gives the

equations we use to convert between g− r and g− i and

convert g-band photometry into V -band.

For each dwarf, we use the color and g-band lumi-

nosity to estimate its stellar mass using the color-mass-

to-light ratio relations in Into & Portinari (2013). For

several of the brightest (MV . −18 mag) satellites, we

did not attempt Sérsic photometry due to the clear in-

adequacy of a single profile in fitting these large, com-

plicated galaxies. Instead, for these we simply provide

stellar mass estimates calculated from 2MASS (Skrut-

skie et al. 2006) MKs values from Kourkchi & Tully

(2017). For the MW and M31 satellites, we do not have

colors but use average color-luminosity trends from the

dwarfs that do to separately define luminosity-mass to

light ratio relations for early- and late-type dwarfs (see

Equation 4 of Carlsten et al. 2021b).

Appendix G presents the main table for the photom-

etry of the satellites. The confirmed and possible satel-

lites are all given in one table, along with a flag to indi-

cate which satellites have robust distance confirmation.

6.2. Galaxy Morphology

In addition to the optical photometric measurements,

we visually classify each dwarf to have either late- or

early-type morphology. We use all available optical

imaging, including the deep data often available for

SBF measurements, to make this distinction. Dwarfs

with smooth, regular, and generally low surface bright-

ness morphology are classed as early-types. On the

other hand, dwarfs with clear star-forming regions, blue

clumps, dust-lanes, or any other complications in their

surface brightness profile are classed as late-type. Given

the data available, we believe this is the most robust

way to split the dwarfs. More details of this separation

and color images of example dwarfs classified as early-

and late-type can be found in Carlsten et al. (2021b).

6.3. GALEX Data

To complement the optical photometry, particularly

to provide more information on recent star formation,

we use archival GALEX (Martin et al. 2005) data to

measure the UV photometry of the dwarfs, where avail-

able. We largely follow the methods of Greco et al.
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(2018a) and Karunakaran et al. (2021). For each con-

firmed dwarf, we search the MAST archive for GALEX

coverage. We find at least some coverage in NUV and

FUV for a majority of the confirmed dwarfs, 271 in to-

tal. About a third of these are only covered by the shal-

low GALEX All-sky Imaging Survey with the remain-

der having deeper data, often from the Nearby Galaxy

Survey (Gil de Paz et al. 2007) or the 11 Mpc Hα and

Ultraviolet Galaxy Survey (11HUGS; Kennicutt et al.

2008; Lee et al. 2011) both of which targeted many LV

galaxies.

From the MAST archive, we download two files for

each GALEX frame and filter: the intensity maps

(-int.fits files; I) and the high resolution relative

response maps (-rrhr.fits files; R). We use these

frames to construct the variance image as: V = I/R.

Due to the fact that many of the dwarfs are not actu-

ally detected in the UV, we do not do Sérsic photometry

like with the optical data. Instead, we perform aperture

photometry using elliptical apertures with radii of twice

the effective radii found from the optical Sérsic fits. Con-

taminating point sources are masked before performing

the photometry with an initial sextractor (Bertin &

Arnouts 1996) run. The sky contribution to the flux is

estimated from the median of 50 apertures placed in the

vicinity of the galaxy.

The measured flux and uncertainty for the apertures

are:

F =
∑
i

Ii,

σ2
F =

∑
i

Vi + σ2
sky/N,

(2)

with i ranging over the pixels covered by the aper-

ture and σsky being the standard deviation of sky values

measured in the N sky apertures. We use the zeropoints

given in Morrissey et al. (2007) to convert the measured

fluxes to AB magnitudes and correct for galactic extinc-

tion using RNUV = 8.2 and RFUV = 8.24 (Wyder et al.

2007).

We do not attempt to correct for emission outside of

the 2re aperture. Even without this, we find good agree-

ment when applying this methodology to the SAGA

satellites (Mao et al. 2021) compared to the GALEX

measurements of Karunakaran et al. (2021) who per-

formed a curve-of-growth analysis. The aperture NUV

magnitudes are biased high by . 0.1 mag. We also

find good agreement with the FUV fluxes in the UNGC

(Karachentsev et al. 2013) for ELVES satellites that are

in that catalog.

Appendix G presents a table with the UV photometry

for the confirmed satellites that have it. For dwarfs that

had a S/N< 2 result, we report 2σ upper limits to the

UV flux.

7. PROPERTIES OF THE SATELLITE SYSTEMS

In this section, we briefly explore features and trends

amongst the satellite systems, including the luminosity

functions and abundance, spatial distribution, and star

formation properties. In-depth comparisons with galaxy

formation models are out of the scope of this survey

overview paper but will be pursued in future papers.

7.1. Satellite Abundance

The question of satellite abundance around MW-like

galaxies has been a central component of the debate

around ‘small-scale problems in ΛCDM’ for decades (e.g.

Moore et al. 1999; Klypin et al. 1999; Bullock & Boylan-

Kolchin 2017). The abundance and luminosity func-

tion of satellites are sensitive probes to the underly-

ing stellar-to-halo-mass relation (SHMR; e.g. Garrison-

Kimmel et al. 2017; Nadler et al. 2020). Satellite abun-

dance is also an important probe of recent accretion

events experienced by a host (Smercina et al. 2021). Us-

ing early results from ELVES, in Carlsten et al. (2021c),

we showed that the MW’s abundance of satellites was

quite typical compared to LV systems of similar mass.

We also showed that this abundance and the host-to-

host scatter in satellite abundance were well-reproduced

by recent galaxy formation models. In this section,

we briefly highlight some abundance-related results and

provide a comparison with recent SAGA Survey results

(Mao et al. 2021).

Figure 6 shows the relation between satellite abun-

dance and host mass, as proxied by the group K-band

luminosity. The group K-band luminosity is used in-

stead of just the host’s in order to account for the groups

with multiple massive primaries, like M81, NGC3627,

and NGC3379. The top panels show all satellites down

to the ELVES limit of MV < −9 mag while the bot-

tom panels show just the bright satellites, MV < −12

mag. The left panels show the inner satellite systems,

rproj < 150 kpc, while the right panels show abundances

out to 300 kpc for the systems that are surveyed out

that far. Running averages are shown in the blue bands.

The unconfirmed satellites are included in the satellite

counts using their satellite probability from §5.6 (Figure

5). The solid errorbars show the 1σ spread in abundance

when stochastically including, or not, the unconfirmed

candidates over many trials. The dotted errorbars show

the upper and lower limits of abundance in the cases

where all, or none, of the unconfirmed candidates turn

out to be physical satellites. The lower panels show few

errorbars because there are few unconfirmed candidates

more luminous than MV = −12 mag.
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Figure 6. The satellite abundance versus the K-band luminosity of the host. Top row shows all satellites MV < −9 mag,
while the bottom row is restricted to the bright, MV < −12 mag, satellites. The left panels show all hosts, but are restricted to
satellites within rproj < 150 kpc. Right panels show the subsample of hosts that are complete out to 300 kpc. Solid errorbars
show the uncertainty in satellite abundance due to the unconfirmed satellites, using the satellite probabilities from §5.6. Dotted
errorbars show the upper and lower limits of abundance if all, or none, of the unconfirmed candidates are actual satellites. The
MW and M31 are plotted individually in the crosses. The solid lines show running averages. The abundance-MK relation from
the ARTEMIS simulations (Font et al. 2021a) is shown in the upper left. The average trends from the SAGA Survey (Mao
et al. 2021) are shown in the bottom panels.

In all panels, a strong trend is seen between satellite

abundance and host mass, as expected. Both the MW

and M31 seem quite typical in terms of satellite abun-

dance amongst similar mass systems. We found this

result in Carlsten et al. (2021c) and show it here with

a much larger statistical sample of hosts and satellites.

This result is one of the primary results, if not the main

result, from the ELVES survey.

In the top left panel, we show the scaling relation

fit from the ARTEMIS simulation suite in Font et al.

(2021a). This particular fit was using the ‘LV-selection’

which was chosen to mimic roughly the ELVES luminos-

ity and surface brightness sensitivity (and restricted to

the inner rproj < 150 kpc regions). The fit reproduces

the average abundance well, particularly at high host

mass, but seems to underpredict the satellite abundance

somewhat at the lowest masses. In fact, in all panels,

the observed satellite abundance seems to flatten out at

the lowest masses. Note that several of these low-mass

hosts have complete, or nearly complete, distance con-

firmation for all candidates so this is not simply a floor

caused by background contaminants. Including satellite

abundances for even lower-mass, LMC-like, hosts will

be an important extension of this work (see Carlin et al.

2016, 2021; Müller & Jerjen 2020, for initial work in this

direction).

In the bottom panels we show a comparison to the av-

erage trends from the SAGA Survey (Mao et al. 2021).

The MV < −12 mag cut used closely matches the lu-

minosity limit of SAGA. The redshift follow-up incom-

pleteness in SAGA is accounted for using the satel-

lite probability model calculated in §5.3 of Mao et al.

(2021). This is treated in an analogous way to the un-

confirmed/candidate satellite correction used in ELVES.

SAGA also shows a relation with higher K-luminosity

hosts having higher satellite abundance. ELVES satel-

lite abundance is slightly higher than SAGA, with the

difference being quite noticeable for the inner, rproj <

150 kpc, satellites.

Figure 7 shows a more detailed look at the ELVES

satellite luminosity function (LF). The average differen-

tial luminosity function is shown for both rproj < 150

and rproj < 300 kpc. The unconfirmed candidate satel-

lites are included using their satellite probability values
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Figure 7. The average satellite abundance per host in 1
mag wide luminosity bins within both rproj < 150 and 300
kpc. The legends indicate the number of hosts contributing
to each stacked LF. The middle and bottom panels show a
comparison to the SAGA Survey (Mao et al. 2021). Only
ELVES hosts that would satisfy the SAGA selection criteria
are included. The SAGA Survey LF shows a noticeable drop
below MV > −15 mag compared to ELVES, even when in-
cluding a correction for incompleteness in redshift follow-up
in that survey.

from §5.6. The errorbars show the error in the mean

number of satellites per host within each 1 magnitude

wide bin. This is calculated as the standard devia-

tion of satellite abundance across the hosts divided by√
Nhost. Thus, these errorbars account for uncertainty

coming from the intrinsic host-to-host scatter in satellite

abundance. The errorbars are essentially the same as

would be calculated from bootstrapping the host sample.

Within the errorbars, the average LFs appear to be sim-

ple power laws. The rproj < 300 kpc LF flattens some-

what at the lowest luminosities, likely due to ELVES

starting to lose the lowest surface brightness satellites

(cf. Figure 4). The satellite abundance within 150 kpc

is generally ∼ 2× lower than that out to 300 kpc.

The middle and bottom panels of Figure 7 show a com-

parison with the SAGA results. In this comparison, we

remove the massive ELVES hosts that would not satisfy

the SAGA host MKs
, isolation, and/or halo mass crite-

ria. The SAGA host MKs
requirement (MKs

> −24.6

mag) removes M104 and M31, the isolation criteria (no

satellite with MKs
within 1.6 mag of the host) removes

NGC 1808, NGC 5194, NGC 3379, and M81, and the

halo mass cut (Mh < 1013 M�) removes CenA and NGC

3627. In applying the halo mass cut, we remove any host

that has either of the two halo mass estimates provided

in the group catalog of Kourkchi & Tully (2017) above

1013 M�
18. One halo mass estimate comes from group

kinematics while the second comes from total K-band

luminosity. If the two estimates differ by more than 0.5

dex, we consider the luminosity-based estimate as the

more robust. Note that we still include the six ELVES

hosts that are actually below SAGA’s host MKs
range

(NGC 628, NGC 3344, NGC 3556, NGC 4517, NGC

4631, and NGC 4736). There is no change to the conclu-

sions if these are cut as well, albeit the ELVES statistics

become poorer. In comparing with SAGA, we addition-

ally only include satellites more than 15 kpc projected

from their hosts as this is the estimated inner radial limit

of the SAGA satellite lists (Y.-Y. Mao, private commu-

nication). The SAGA results make use of our own Sérsic

photometry for the SAGA satellites, which we describe

below (§7.3).

In order to account for possible differences in the host

MKs distribution even with the SAGA selection criteria

applied, we have tried scaling the host abundances to

a standard value of MKs
= −23.5 mag. We use the

abundance-MKs relation of Font et al. (2021a) to reduce

18 We believe that the halo mass estimates from the group cat-
alog of Kourkchi & Tully (2017) are more likely accurate for LV
hosts than the group catalog (Lim et al. 2017) that the SAGA
Survey uses.
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the weight of more massive hosts and increase the weight

of less massive hosts in the average LF stack. We find

that this re-scaling has only a minor effect on the average

LFs and is thus not shown.

Table 3 lists the average satellite abundance per host

in different radial and luminosity ranges. The bright

(−19 < MV < −15 mag) ELVES satellites appear

quite centrally concentrated with a similar abundance

per host regardless of radial range. As stated in the

table, the host sample is slightly different between the

rproj < 150 and < 300 kpc cases, as the former includes

6 more hosts complete to only 150 or 200 kpc. In the

case where we restrict the rproj < 150 kpc sample to be

the same as in the rproj < 300 kpc case, there are fewer

bright satellites in the inner radial range (these values

are given in parentheses).

Interestingly the average SAGA LF is higher than that

of ELVES at bright (MV < −15 mag) luminosities for

the 300 kpc case. It is unclear what is causing this

higher abundance. Dwarfs at these luminosities in the

Local Volume are hard to miss and most, if not all, will

have been cataloged years ago. The Updated Nearby

Galaxy Catalog (UNGC) of Karachentsev et al. (2013)

will be essentially complete for these dwarfs, and we

show in Appendix D that ELVES is complete to UNGC

entries within our coverage footprints. Future work will

be needed to understand this difference, including a de-

tailed analysis of the different host samples and expected

interloper fractions (i.e. false positives amongst distance

confirmed satellites).

On the other hand, the SAGA abundance is lower at

magnitudes fainter than MV ∼ −15 mag in both consid-

ered radial ranges. This has the result of the SAGA av-

erage LF being much shallower than the average ELVES

LF. Note we are including the correction for incomplete-

ness in the spectroscopic follow-up of SAGA (see §5.3 of

Mao et al. 2021), which helps close the gap at faint lumi-

nosities but does not close it fully. There appears to be

∼ 1.5 − 2 more satellites in the −15 < MV < −12 mag

range per ELVES host than in SAGA with most (∼ 1.5)

of the difference being in the inner 150 kpc regions.

The dearth of faint satellites in SAGA and the drop-

ping average LF are suggestive of incompleteness be-

yond what is accounted for in the model for incomplete

redshift follow-up. In particular, these results point to

incompleteness in the DECaLS (Lang et al. 2016; Dey

et al. 2019) object detection and targeting catalogs used

in SAGA. We have experimented with applying various

surface brightness cuts to the ELVES satellite lists to

see if a simple cut in surface brightness can explain the

discrepancy. When applying such a cut, the ELVES LF

does indeed flatten and even drop, but it does not reach

the SAGA points unless a fairly bright surface bright-

ness cut (〈µV 〉e ∼ 24.5 mag arcsec−2) is applied. This is

unrealistically high as there are a number of SAGA satel-

lites fainter than this. We therefore suspect that while

surface brightness incompleteness in the DECaLS cata-

logs is part of the problem, there are likely other issues

as well. For instance, shredding can cause objects that

otherwise would be brighter than SAGA’s Mr = −12.3

mag limit to drop below. We emphasize that this is not

due to an inherent limitation of Legacy Survey or Dark

Energy Survey data but instead due to the specific ob-

jection detection algorithms used in making the SAGA

targeting catalogs. After all, in ELVES we use this data

to detect dwarfs as faint as µ0,V ∼ 27 mag arcsec−2.

In addition to observational incompleteness, it is con-

ceivable that host-to-host scatter and/or physical dif-

ferences in the hosts are playing a role in the discrep-

ancy. For instance, it is possible that, due to some cir-

cumstance of the LV’s cosmic environment, LV hosts

are more satellite abundant than average hosts of their

mass. Neuzil et al. (2020) argue that the LV is an out-

lier in terms of overall dwarf (satellite and field) abun-

dance compared to ΛCDM simulations. This will be

something that might be explored with the final, 100-

host SAGA sample. We note that there is no 16-host

(to match the number of SAGA-selected ELVES hosts

that are complete to 300 kpc) sub-sample of the current

36-host SAGA sample that is able to come close to the

steepness and abundance of the average ELVES LF, but

the complete SAGA sample might change this. In the

end, multiple effects (incompleteness, host-to-host scat-

ter, and/or differences in the host samples) are likely

playing a role.

7.2. Satellite Spatial Distribution

The radial distribution of satellites is an important ob-

servable to test the disruptive effect of the host’s central

disk and the level of physical versus numerical (due to

low-resolution) disruption in simulations (e.g. van den

Bosch et al. 2018; Samuel et al. 2020). In Carlsten et al.

(2020b), we found that the ELVES satellite systems sur-

veyed up to that point (that paper used 6 hosts surveyed

with CFHT/MegaCam data and 6 surveyed in the lit-

erature) showed significantly more concentrated radial

distributions of satellites than predicted by galaxy for-

mation simulations. We did not have a complete ex-

planation, but discussed both artificial disruption in the

simulations or a bias in the observed sample relative to

the general population of massive hosts. The 36 hosts

presented in the SAGA Survey (Mao et al. 2021) did

not show similarly concentrated profiles, suggesting the

latter explanation. In this section, we explore the satel-
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Table 3. Bright vs. faint satellite abundances per host

Radial coverage Survey Nhosts 〈Nsat〉 with −15 < MV < −12 mag 〈Nsat〉 with −19 < MV < −15 mag

rproj < 150 kpc SAGA 36 0.73±0.12 0.89±0.16

ELVES 22 2.2±0.31 0.82±0.2

(16) (1.94±0.37) (0.56±0.22)

rproj < 300 kpc SAGA 36 1.82±0.2 2.15±0.25

ELVES 16 3.68±0.61 0.88±0.23

Note—Average number of satellites per host for different radial and luminosity ranges. Note that the ELVES
host sample is slightly different between the rproj < 150 and < 300 kpc cases. The values in parentheses give
the rproj < 150 kpc abundances for the same host sample as in the rproj < 300 kpc case. Many of the hosts
complete to only 150 kpc are among the richest ELVES hosts.
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Figure 8. R50, the radius containing half of satellites for a given host, versus host Ks-band luminosity. The left panel shows
the results restricted to rproj < 150 kpc, and the right panel shows the results out to 300 kpc, for the hosts that are surveyed
out that far. The MW and M31 points show the average projected R50 if the satellite systems were re-observed at a distance
of 7 Mpc, with errorbars indicating the spread due to different viewing angles. For the other points, the errorbars indicate the
uncertainty due to unconfirmed candidate satellites without distance information. Points outlined in red were in the previous
study of Carlsten et al. (2020b).

lite radial profiles using the full, nearly volume-limited,

ELVES sample of hosts.

Figure 8 shows R50, the projected radius encompass-

ing half the satellites of a given host, versus host Ks-

band luminosity both within rproj < 150 kpc and 300

kpc. Since this is a projected radius for the LV hosts,

we ‘re-observe’ the MW and M31 systems at a distance

of 7 Mpc using the known 3D structure of these systems

and considering many different sight-lines. The points

show the average projected R50 along with the 1σ spread

due to sight-line differences. The errorbars on the other

hosts show the 1σ spread when stochastically including,

or not, the unconfirmed candidate satellites according to

their satellite probabilities from §5.6. The points out-

lined in red were included in the Carlsten et al. (2020b)

sample. We note that the R50 values for some of these

hosts, particularly CenA and M31, are somewhat differ-

ent from those in Carlsten et al. (2020b). This is due

to slightly different satellite lists being used for these

hosts. For CenA, here we use largely our own photome-

try to select which satellites have MV < −9 (and hence

be included in ELVES), while Carlsten et al. (2020b)

used literature photometry, leading to slightly different

inclusion. For M31, here we simply use the photome-

try of McConnachie (2012) while Carlsten et al. (2020b)

used various other literature sources, again leading to a

slightly different list of satellites.

The hosts included in Carlsten et al. (2020b) tend to

be on the more concentrated side, with several of the

most concentrated in all of ELVES falling in that group.
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This is especially the case for the rproj < 300 kpc sample

where Carlsten et al. (2020b) only had three hosts sur-

veyed out that far and two of them (MW and NGC 5457)

are the two most concentrated hosts in all of ELVES.

This would suggest that the discrepancy found in that

paper was at least partly due to an unlucky and small

sample of hosts. With that said, Carlsten et al. (2020b)

found that simulations generally had R50 ∼ 90 kpc and

∼ 150 kpc for the rproj < 150 and rproj < 300 kpc cases,

respectively. Comparing with the complete ELVES sam-

ple in Figure 8, the observed systems still appear system-

atically more concentrated, but an in-depth comparison

with simulations is needed for a firm conclusion.

Figure 9 shows a histogram of the projected satellite-

host separations, comparing with the SAGA Survey re-

sults. To be more comparable to SAGA, we again re-

move the massive ELVES hosts that would not satisfy

the SAGA selection criteria as described in §7.1. In the

left panel, we show both the complete ELVES satellite

sample (MV < −9 mag) and just the brighter, MV <

−12 mag, satellites to compare with SAGA. Uncon-

firmed candidate satellites are again included weighted

by their satellite probabilities from §5.6. To include all

the hosts, we just plot satellites out to 150 kpc pro-

jected. The errorbars show the standard error in the

mean number of satellites per host in each radial bin.

Overall, the ELVES systems show higher satellite

abundances with ∼ 1.5 more satellites per host than

in SAGA, similar to Table 3. Interestingly, most of

the difference between ELVES and SAGA is at quite

small projected radii, rproj . 75 kpc. Assessing the

level of significance of the discrepancy with a 2-sample

Kolmogorov–Smirnov test is not straightforward as the

unconfirmed satellites are included statistically. Specific

realizations of the unconfirmed satellites yield p-values

. 5× 10−3 in all cases, however, indicating the discrep-

ancy is significant. The right panel shows just the satel-

lites in the −15 < MV < −12 mag range singled out

in Table 3, again showing the difference in abundance is

due to satellites very near the host.

The difference in radial concentration between ELVES

and SAGA is again suggestive of incompleteness in

SAGA. If the incompleteness in the DECaLS targeting

catalogs used by SAGA is due, at least in part, to lack

of low surface brightness sensitivity, this radial trend

would make sense. Inner satellites in ELVES are lower

in surface brightness by ∼ 0.5 mag arcsec−2, likely due

to earlier quenching or enhanced tidal effects, but we

leave an exploration of this to future work.

We note that the radial disagreement mostly goes

away (but the abundance disagreement remains the

same as in Table 3) if we do not include the ELVES hosts

only surveyed out to 150 or 200 kpc. There are six of

these19: NGC 891, NGC 1023, NGC 4258, NGC 4565,

NGC 4631, and NGC 6744, which include the most cen-

trally concentrated hosts from Carlsten et al. (2020b).

All of these hosts are complete to at least rproj = 150

kpc, the outer limit shown in Figure 9, and we argue

extensively in Carlsten et al. (2020b) that their central

concentration is not due to any observational system-

atic. Thus, there is no justification for their exclusion

from Figure 9, but this highlights the host-to-host scat-

ter in satellite radial profiles and how a few extreme

systems can affect the average.

7.3. Satellite Star-forming Properties

Dwarf satellites experience profound effects as the re-

sult of their association with a massive host galaxy. The

hot gas halo of the host galaxy can remove the gas reser-

voirs of the dwarfs quickly via ram pressure stripping

(Gunn & Gott 1972; Grebel et al. 2003; Boselli et al.

2008) or at least cut off the supply of fresh gas to the

dwarfs. This is often invoked to explain why dwarfs in

the LG are primarily gas-poor and quenched (Grcevich

& Putman 2009; Spekkens et al. 2014; Putman et al.

2021). Furthermore, it is thought that the tidal field of

the host induces a morphological transformation of an

initially gas-rich dwarf irregular to a dwarf spheroidal

(e.g. Mayer et al. 2006; Kazantzidis et al. 2011, 2013).

However, there is growing uncertainty as to whether

these results based on the LG can generalize to the over-

all satellite galaxy population. There is some evidence

from simulations that a double-primary configuration

like in the LG can, indeed, boost satellite quenching

efficiency (Garrison-Kimmel et al. 2019b). Additionally,

the SAGA Survey has reported much lower quenched

fractions amongst their MW-analog targets (Geha et al.

2017; Mao et al. 2021), due to the ubiquitous presence

of Hα emission. In this section, we use the ELVES satel-

lite systems to address the question of whether the LG

is atypical or not in this regard. We also show various

comparisons between the ELVES satellite sample and

that of the SAGA Survey.

Due to the fact that ELVES is a photometric sur-

vey, determining the quenched fraction of satellites is

not straight-forward. Without spectroscopic follow-up

data, dwarf color and morphology are the best indica-

tors of star-forming activity available. As described in

§6.2, we visually split the dwarfs into early- and late-

type based on the presence of clear indicators of active

star-formation, such as blue clumps, dust lanes, and ir-

19 For reference there are 16 hosts included in this figure com-
plete to 300 kpc.
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regular morphology. Based on a limited sub-sample that

have Hα and/or HI measurements, we find that these

measurements closely corroborate the visual classifica-

tion. Early-type dwarfs are almost always character-

ized by small or non-existent HI reservoirs and/or no

Hα emission, indicating quenched star formation. How-

ever, instead of just trusting that this correlation holds

true for the whole satellite sample, we also perform more

‘apples-to-apples’ comparisons with the SAGA satellites

using color.

The first comparison we show is that of UV-optical

color versus dwarf luminosity in Figure 10. The ELVES

satellites are colored according to their morphology

while the SAGA satellites are colored according to the

Hα emission criterion used in Mao et al. (2021) (whether

the equivalent width is more or less than 2Å). The pho-

tometry (optical and UV) for the SAGA satellites come

from our own measurements using the same methods

as for ELVES, although we find largely the same re-

sults if we use SAGA UV photometry from Karunakaran

et al. (2021) and optical photometry from Mao et al.

(2021). We incorporate the redshift incompleteness

model of SAGA by also including SAGA candidate satel-

lites that Mao et al. (2021) infer to have satellite likeli-

hoods > 0.120. These candidates have Sérsic optical and

20 As described in §5.3 of Mao et al. (2021), the candidate
satellites in SAGA without redshift split into two groups: several
thousand candidates with individually very low likelihood of being
satellites (∼ 0.1%) and ∼ 70 candidates with much higher prob-
abilities of being a satellite (∼ 25%). In making this cut, we are
only considering the latter group.

GALEX photometry measured in the same way as the

confirmed SAGA satellites and are shown in the faint

open symbols. Since, by definition, they have no spec-

tral information, these points are not colored to indicate

Hα presence.

The early- and late-type ELVES satellites clearly sep-

arate in this plane with early-type dwarfs having redder

UV-optical color. Since optical color is part of the vi-

sual classification (in addition to morphology), this is

largely just a reflection of UV-optical color being corre-

lated with optical color. The SAGA satellites without

Hα generally have red UV-optical color, as well. This

is unsurprising as both Hα and UV emission are well-

established tracers of recent star formation in dwarfs

(Lee et al. 2009; Karachentsev & Kaisina 2013) and gen-
erally show good consistency. The few UV-optically blue

SAGA satellites without Hα are quite blue and irregu-

lar in optical DECaLS imaging, and it seems likely they

do emit in Hα but the emission was possibly missed

by the SAGA fiber placement. Other than these ex-

ceptions, the SAGA quenched satellites appear similar

to the ELVES early-type dwarfs, providing further sup-

port that the early-type morphology classification is a

robust indicator of quenched star formation.

There appears to be significantly more ELVES early-

type dwarfs than quenched SAGA dwarfs. This is shown

in the histogram in the right panel which includes dwarfs

of an intermediate luminosity (−15 < Mg < −12 mag).

Candidate SAGA satellites without distance confirma-

tion are included weighted by their satellite probability

inferred by Mao et al. (2021). No correction is made for

ELVES candidate satellites without distance measure-
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ments since there are essentially none in this luminosity

range. Satellites with only GALEX NUV upper limits

are included in this histogram at the location of their

upper limit. Since only a few of the ELVES or con-

firmed SAGA satellites in this luminosity range have

only GALEX upper limits there is no worry that the

histograms are biased to blue NUV−g colors because

of weak NUV flux upper limits. However, many of the

SAGA candidate satellites without redshifts have only

GALEX upper limits. To ensure the SAGA histogram

is not unfairly biased blue, we give the candidates that

have similar red optical colors to the ELVES early-types

(see the end of this section for the specific cut in color-

magnitude space) an NUV−g color of ∼ 3.7 mag, similar

to the ELVES early-types.

Both ELVES and SAGA show bimodality in UV-

optical color, corresponding to quenched and star-

forming populations. The dotted green histogram shows

the ELVES results without the hosts that are too mas-

sive to fit the SAGA host criteria, as described in §7.1.

The overall normalization of the ELVES histogram is

larger (i.e. more satellites per host) than that of SAGA,

similar to the findings of Figure 7, and this is especially

the case with the red, quenched population. The SAGA-

selected ELVES hosts have, on average, 1.38±0.26 satel-

lites per host in this luminosity range with NUV−g > 3

while SAGA hosts only have 0.47 ± 0.11. The ELVES

hosts have, on average, 1.62 ± 0.28 satellites per host

in this luminosity range with NUV−g < 3 while the

SAGA hosts have 1.15 ± 0.18. Combining these, the

ELVES hosts have ∼ 1.5 more satellites per host in this

luminosity range with most of these satellites being UV-

optically red. This difference is about the same as seen

in Table 3. We do not expect the numbers to be exactly

the same since no correction has been made for the

fact that not all satellites have GALEX coverage. Note

that also no correction has been made for the fact that

some ELVES hosts are only surveyed out to a projected

150 kpc nor for any unconfirmed ELVES satellites in

this magnitude range, although there are not many (cf.

Figure 5).

The fact that the blue population for ELVES is not

smaller than that of SAGA indicates that the visual clas-

sification is not simply erroneously classifying dwarfs as

early-type that actually do have significant Hα emission.

This discrepancy reinforces the possibility that SAGA

is missing some number of quenched, LSB satellites, al-

though, as before, it is conceivable that some of this can

be explained by subtle differences in the host sample

(e.g. large-scale environment). This might be explored

with the full, 100-host sample from SAGA.
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Figure 11. The quenched fraction as a function of satellite stellar mass. The maroon lines show the ELVES results under
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Figure 11 shows the quenched fraction as a function

of satellite stellar mass. In the left panel, morphol-

ogy is used to classify ELVES satellites as quenched or

star-forming, and the presence of Hα is used for the

SAGA satellites (Mao et al. 2021). In the right panel,

a cut in color-magnitude space is used to classify both

ELVES and SAGA satellites. The line we use to di-

vide quenched/early-type from star-forming/late-type is

g−i = −0.067×MV −0.23. In Carlsten et al. (2021b), we

found this line to cleanly separate early- from late-type

dwarfs. Encouragingly, Font et al. (2021b) also found
that this line did a good job of separating star-forming

from quenched satellites in the ARTEMIS simulations.

The photometry we use for the SAGA satellites is again

from our own Sérsic fits using DECaLS data, which is

therefore quite comparable to ELVES photometry since

∼ 3/4 of ELVES hosts use DECaLS for photometry (see

Table 1). Additionally, we have argued above that the

CFHT photometry (which the other ∼ 1/4 uses) is quite

comparable to DECaLS without the need for a filter con-

version.

Whether using morphology or a cut in color-magnitude

space, the quenched fraction for ELVES satellites rises

to ∼ 85% for M? < 106M� and is consistent with

the results for LG satellites from Wetzel et al. (2015).

This is the case regardless of whether only confirmed

satellites are included, confirmed and possible satellites,

only satellites within rproj < 150 kpc, or only satellites of

lower mass hosts that would satisfy the SAGA selection

criteria (see §7.1 above). The inner satellites do show

slightly higher quenched fractions, while the satellites of

the less massive hosts show slightly lower fractions, but

the differences are not great. In all cases, the ELVES

quenched fraction is significantly higher than that of

SAGA. In both panels, we include the uncertainty in the

SAGA results due to incomplete spectroscopic follow-

up. In the left panel, the thin dashed lines show the

upper limit if all unconfirmed satellites are quenched

(but still taking into account their probability of being

a satellite as calculated by SAGA). The upper limit of

this uncertainty does reach the ELVES results. Thus it

is possible that this difference would be resolved with

complete spectroscopic follow-up in SAGA, but it would

require every new confirmed satellite to be quenched.

In the right panel, the candidate satellites without spec-

tra are classed as quenched or star-forming using their

colors like all other dwarfs in that panel. The fact that

the points do not reach the ELVES trend means that it

is unreasonable to expect each of these candidates to be

quenched as many are quite blue.

While we have shown that the difference between

SAGA and ELVES satellites remains if we remove

the ELVES hosts more massive than those selected

in SAGA, it is possible that different distributions
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of host masses skew the comparison. Thus, in Fig-

ure 12, we show the quenched fractions directly as a

function of host mass (as proxied by K-band luminos-

ity). The panels differ in the range of satellite stellar

mass included in the quenched fraction calculation.

The right panel includes satellites more massive than

log(M?/M�) > 6.75, corresponding to the SAGA lumi-

nosity limit of Mr = −12.3 mag assuming M?/Lr ≈ 1

which is appropriate for a g − r ∼ 0.45 dwarf (Into

& Portinari 2013) which is about the average color in

ELVES. In both cases, there is a noticeable trend of

higher quenched fractions for more massive hosts, a re-

sult that makes intuitive sense and has been observed

for higher mass satellites in SDSS (Wetzel et al. 2013;

Wang et al. 2014).

The SAGA results include the incompleteness correc-

tion from Mao et al. (2021). For the satellites with red-

shifts, the star-forming status is determined by the pres-

ence of Hα while the color is used for candidates without

redshifts. The SAGA results do not show a strong trend

of increasing quenched fraction with higher mass host21

and are always lower than the ELVES trend, particu-

larly for the higher mass hosts, similar to the results of

Figure 11.

Interestingly, even the lowest mass ELVES hosts

(MKs
> −23 mag, M? . 1010M�) appear to be quench-

ing their satellites quite efficiently. The current picture

of ram pressure stripping is that it is due to the presence

of an accretion shock-heated hot gas halo (e.g. Birn-

21 We note that a weak trend is seen if the incompleteness
correction is not applied.

boim & Dekel 2003; Kereš et al. 2009; Gatto et al. 2013)

around the host. Lower mass hosts (Mhalo . 1011 M�)

are not expected to form hot gas halos (Correa et al.

2018), so it is not completely clear what the quenching

mechanism may be or whether ram pressure stripping

is enough to explain the ∼ 50% quenched fractions.

Along this vein, recent observations have indicated that

satellites of even Large Magellanic Cloud (LMC)-mass

centrals can be quenched (Carlin et al. 2019; Garling

et al. 2020).

In summary, in this section, we investigated the star

formation properties of the ELVES satellite systems,

particularly looking at how many of the satellites are

actively forming stars versus how many are quenched.

Since ELVES is only a photometric survey, we can only

gauge whether a satellite is quenched from its morphol-

ogy and color. However, we show that this morphology-

based quenching classification is closely corroborated by

UV-optical color (Figure 10). Assuming this quenched

classification is physical, we show that the quenched

fraction of satellites in ELVES systems closely matches

that of the LG with a majority of low-mass satellites

being quenched (Figure 11). In Figure 12, we show that

the quenched fraction increases with higher mass hosts,

again with the MW and M31 being characteristic for

hosts of their masses. We also compare with the results

of the SAGA Survey (Geha et al. 2017; Mao et al. 2021).

We show that, in general, the SAGA satellites without

Hα emission have similar UV-optical colors to the early-

type ELVES satellites, but there are significantly more

early-type satellites in ELVES. This causes the inferred

quenched fractions for SAGA to be much lower than in

the LG or ELVES. The dearth of red, early-type satel-
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lites in SAGA even though ELVES hosts of the same

mass (Figure 12) have plenty is suggestive of incom-

pleteness in SAGA. We have shown that this discrepancy

remains even when the SAGA results are corrected for

incomplete spectroscopic follow-up, likely indicating in-

completeness at the catalog level. This also explains the

results in the previous two sections which showed lower

average satellite abundance in SAGA, particularly in the

inner regions of the satellite systems where satellites will

likely be lower surface brightness, on average, and more

easily missed.

8. CONCLUSIONS

This paper presents the Exploration of Local VolumE

Satellites (ELVES) Survey. The main scientific goal of

ELVES is to provide a robust and statistical sample of

well-surveyed satellite systems that can illuminate many

aspects of small-scale structure formation and galaxy

evolution. In particular, ELVES surveyed the satellites

of a nearly volume-limited sample of massive, MW-like

galaxies in the Local Volume. Hosts are selected via

simply a cut in distance and Ks luminosity (cf. §2), fa-

cilitating easy, and direct, comparison with simulations.

While most hosts are roughly MW-like in mass (cf. Fig-

ure 2), ELVES includes hosts both more and less massive

than the MW, allowing insight into how host properties

can affect satellite dwarf evolution.

The ELVES results include a satellite census for 30

of the 31 hosts in the volume-limited sample. Five of

the satellite catalogs come from searches done by other

groups in the literature while 25 systems are surveyed

here in a consistent manner (cf. Table 1). This work

subsumes and extends our previous surveys presented in

Carlsten et al. (2020a, 2021c). For all hosts that we sur-

vey, we use the specialized low surface brightness dwarf

detection algorithm presented in Carlsten et al. (2020a)

to detect candidate dwarf satellites via integrated light.

Through extensive tests with injected artificial galax-

ies, we have verified that the ELVES satellite catalogs

are complete to MV ∼ −9 mag and µ0,V ∼ 26.5 mag

arcsec−2 (cf. Figure 4). ELVES more than quadruples

the number of satellite systems that have been surveyed

to such low luminosity and surface brightness, opening

the door to many different analyses on dwarf satellites

(e.g. Carlsten et al. 2021b,a). While some hosts are only

surveyed out to 150 projected kpc (∼ Rvir/2 for MW-

mass hosts), the majority are surveyed out to 300 kpc

(∼ Rvir).

Confirming that candidate satellites found in deep

wide-field imaging surveys are actual satellites of a host

is difficult as it requires a distance measurement to the

candidate and is arguably the main complication ham-

pering previous satellite survey work. To deal with this,

ELVES makes heavy use of surface brightness fluctua-

tion (SBF) measurements as an efficient way to deter-

mine distances to LV dwarfs with ground based data

(e.g. Carlsten et al. 2019b; Greco et al. 2020). The

∼ 15% distance accuracy achievable with SBF can, in

most cases, determine whether a satellite candidate is

a real satellite or a background contaminant. However,

our previous work has found that ∼ 15 − 20% of satel-

lites confirmed via SBF are ‘near-field’ dwarfs that are

within ∼ 1 Mpc of the host but outside of the virial

radius (Carlsten et al. 2021c). This should be kept in

mind when analyzing ELVES satellites lists.

In total, we report 552 satellite candidates across the

25 surveyed hosts. Our surveys compare very favorably

to previous surveys of the same hosts with ELVES al-

most always uncovering new, faint candidates. 251 of

these candidates are confirmed via distance measure-

ment with 136 of these being SBF distances. 196 are

rejected via a distance measurement indicating they are

in the background with almost all of these being SBF-

based. This leaves 105 ‘unconfirmed/possible’ satellites

that do not yet have a conclusive distance constraint.

Based on the luminosities and surface brightness of these

candidates, we estimate the probability that each is a

satellite so they can be easily accounted for in future

analyses. Combining with the 5 previously surveyed sys-

tems from the literature, there is a total of 338 confirmed

dwarf satellites with well-understood completeness. For

all ELVES-detected satellites and many of the litera-

ture satellites, we provide consistent Sérsic photometry,

representing an important reference sample for studies

of dwarf structure and evolution (e.g. Carlsten et al.

2021b).

Below, we list science highlights from the ELVES sur-

vey thus far, both in this paper and in the previous ones

in this series:

• Carlsten et al. (2021c) performed in-depth com-

parisons between the observed satellite luminos-

ity functions (LFs) of LV hosts and simulated LFs

from modern cosmological simulations. That work

found that popular stellar-to-halo-mass relations

(SHMR) (e.g. Garrison-Kimmel et al. 2017) com-

bined with the simulations could naturally repro-

duce the observed satellite abundances and host-

to-host scatter. That work also highlighted the

potential for the full ELVES sample to actually fit

for the SHMR and thus constrain galaxy formation

simulations.

• Carlsten et al. (2020b) similarly compared ob-

served satellite systems with simulated systems fo-
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cusing on the radial distribution of satellites. They

found the systems observed by that point (only

12 of the full ELVES sample) were significantly

more concentrated than the simulations. In §7.2,

we briefly revisited this with the full ELVES sam-

ple and found that many of the Carlsten et al.

(2020b) host sample were among the most cen-

trally concentrated of all of ELVES. This suggests

the results of Carlsten et al. (2020b) could indeed

be due to its limited sample size, but an in-depth

comparison with simulations with the full ELVES

sample is warranted.

• Carlsten et al. (2021b) used most of the final

ELVES sample to study the detailed structure of

LV dwarf galaxies. That work found that early-

type and late-type dwarfs had very similar sizes

at fixed mass, indicating that the quenching and

transformation process of a late-type into an early-

type involves only mild, if any, structural change

and likely is as simple as removing the gas from

the dwarf. With that said, there were mild differ-

ences in the intrinsic (i.e. 3D) structure between

early- and late-type dwarfs. That work provided

a robust quantification of the mass-size relation

in this low-mass regime, an important benchmark

for simulations to try to recover and also useful in

predicting dwarf search yields from future obser-

vational projects.

• Carlsten et al. (2021a) investigated the nuclear

star clusters and globular clusters (GCs) of ELVES

dwarfs and compared with those of dwarfs in the

Virgo Cluster. They found that dwarfs in the less

dense LV environments were less likely to be nucle-

ated, had lower mass nuclei, and had fewer GCs at

fixed dwarf mass than dwarfs in Virgo. This cor-

respondence in environmental dependence of both

nuclei and GCs strengthens the case that nuclei

form from coalescing GCs in this mass range (e.g.

Neumayer et al. 2020) and shows that GC forma-

tion and/or survival is strongly dependent on the

large-scale environment that the host galaxy forms

in (Peng et al. 2008).

• In §7.3 of this work, we explore the star formation

properties of ELVES satellites. Since ELVES is

only a photometric survey, we use galaxy morphol-

ogy (early- vs. late-type) as the primary indicator

of whether a satellite is star-forming or quenched.

We show that this distinction is strongly corrobo-

rated by UV-optical color (Figure 10) with early-

type satellites having quite red UV-optical colors,

similar to those of satellites in the SAGA Survey

(Mao et al. 2021) that show no Hα emission. We

show that ELVES satellites are strongly quenched

(∼ 90%) at low masses (M? . 106M�), similar

to the known situation in the Local Group (Fig-

ure 11). In this way, the required rapid quenching

timescales needed to reproduce the Local Group

results hold up for other hosts in the LV. In Fig-

ure 12, we show that the quenched fractions are

higher for higher mass ELVES hosts but do not

appear to get lower than ∼ 50% for even the low-

est mass (M? . 1010M�) hosts.

• Throughout this paper, we perform many compar-

isons with the SAGA Survey (Geha et al. 2017;

Mao et al. 2021), a complementary spectroscopic

survey of many nearby satellite systems. SAGA

is sensitive to only the bright (MV . −12 mag)

satellites but will eventually survey more hosts

(100) than is possible in the LV. Overall, we show

that the ELVES results indicate higher satellite

abundance than SAGA for hosts of the same mass

and a much steeper average LF. This is particu-

larly the case for lower luminosity (MV & −15

mag) satellites (Figure 7) and the inner regions of

satellite systems (Figure 9). ELVES hosts have on

average ∼ 1.5 satellites per host more than SAGA

hosts. Similarly, ELVES hosts exhibit a signifi-

cant population of red, early-type satellites that

are much rarer in the SAGA results (Figure 10),

causing SAGA to infer lower quenched fractions

than are found in ELVES (Figure 11). At least

some part of this difference is likely caused by in-

completeness in the SAGA satellite lists, particu-

larly in the DECaLS targeting catalogs used. In-

completeness in only the spectroscopic follow-up,

which is modelled within SAGA, is not enough

to explain this discrepancy. However, it is also

possible that host-to-host scatter is contributing

some of the discrepancy. The full 100-host SAGA

sample will be important in quantifying this and

exploring whether this might be caused by some

physical differences in the hosts (e.g. different

large scale environments, Neuzil et al. 2020).

The field of dwarf satellite research has a bright future

with the next-generation observational facilities coming

online in the upcoming decade. Vera Rubin Observa-

tory’s Legacy Survey of Space and Time and the Ro-

man Space Telescope will allow for searches and, even

more importantly, distance measurements of classical-

mass (e.g. M? > 105 M�) satellites out to 20-30 Mpc

(Greco et al. 2020), pushing beyond the statistics of

ELVES and what is possible in the LV. Additionally
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both facilities will allow for dwarf searches in the LV to

extend into the ultra-faint regime (Mutlu-Pakdil et al.

2021b), opening up a window into another, very inter-

esting regime of dwarf galaxy evolution. These facilities

will also allow for a complete census of low-mass dwarfs

in the field (i.e. non-satellite dwarfs) in the LV which,

even with SBF, is infeasible to obtain with current fa-

cilities. This will, in turn, allow for much more in-depth

studies on dwarf galaxy evolution and the effects that

massive hosts have on their dwarf satellite retinue.
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Table 4. LV Galaxies not Included in Host List.

Name Reason

M82 member in M81 group

NGC3184 Mean NED SN1a distance > 12 Mpc

NGC3351 member in Leo I group

NGC3368 member in Leo I group

NGC3377 member in Leo I group

NGC3384 member in Leo I group

NGC3412 member in Leo I group

NGC3489 member in Leo I group

NGC3593 member in Leo Triplet

NGC3628 member in Leo Triplet

NGC4490 TRGB distance of Sabbi et al. (2018) yields MK > −22.1

NGC4559 KT17 lists MK > −22.1

NGC2835 KT17 lists MK > −22.1

NGC5195 member of NGC5194 group

NGC1792 member of NGC1808 group

NGC4818 Mean NED distance > 12 Mpc

NGC6684 SBF distance of Tonry et al. (2001) has distance > 12 Mpc

APPENDIX

A. GALAXIES NOT INCLUDED IN HOST LIST

Table 4 lists the massive LV galaxies that passed the initial cuts but were removed from the master host list either

due to being secondaries in a group or a more precise distance estimate placing them outside the LV or below the MKs

cut.

B. INDIVIDUAL HOST AREA COVERAGE

Figure 13 shows the survey footprints and locations of candidate satellites for each individual host. The different

sources of data used for candidate detection are shown. The candidate satellites are plotted in different styles depending

on whether they are confirmed as satellites via distance measurement, rejected as background contaminants, or whether

no distance constraint was possible. Only candidates with MV < −9 mag are shown and that fall within the coverage

radii given in Table 1. The figure shows which hosts use the BASS part of DECaLS, as well as the two hosts (NGC

4258 and NGC 4631) that use DECaLS to extend the radial coverage of the CFHT/MegaCam survey.

C. INDIVIDUAL HOST COMPLETENESS RESULTS

Figure 14 shows the individual recovery fractions for all 25 hosts for which we do our own candidate satellite

detection. The source of the imaging data is denoted in the upper left corner. The recovery fractions do not vary

much between the hosts, with two main exceptions. First is that the DECaLS hosts that use the BASS portion of

DECaLS have generally ∼ 0.5 mag worse surface brightness completeness. Second is NGC 891 which uses quite shallow

CFHT/MegaCam imaging.

D. COMPARISON TO PREVIOUS LV SATELLITE

SEARCHES

In this section, we compare the ELVES satellite

searches with previous searches of the same host in

the literature. We only focus on the hosts new in this

work here. Carlsten et al. (2020a) provided an exhaus-

tive comparison with previous searches for the hosts

included there (NGC 1023, NGC 4258, NGC 4631,

NGC4565, NGC 5194, M104), and we refer the reader

to that discussion for comparison of those satellite sur-

veys.
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Figure 13. The individual survey footprints for the hosts surveyed in this work. Candidate satellites with MV < −9 mag are
plotted in different ways to indicate whether they are confirmed as satellites via distance measurement, rejected as background
contaminants, or whether no distance constraint is possible.



38 Carlsten et al.

Figure 13.
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Figure 13.
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Figure 14. Results of completeness tests for individual hosts. Artificial galaxies are injected into the images, and the recovery
efficiency is measured as a function of total magnitude and central surface brightness.
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Table 5. Comparison with the UNGC.

Name Host RA DEC Reason

(deg) (deg)

ScuSR NGC253 8.4658 -27.84 viz reject; tidal stream of a bkgd. gal

NGC628dwTBG NGC628 23.2783 16.2514 viz reject; cirrus

NGC628dwB NGC628 24.0967 15.9647 below ELVES luminosity limit

N1291-DW11 NGC1291 48.1842 -42.7983 not in DECaLS tract footprints

N1291-DW15 NGC1291 49.9071 -40.4214 not detected but bkgd. galaxy from bulge+disk morph.

N1291-DW14 NGC1291 51.2617 -40.3589 viz reject; bkgd. galaxy with spiral arms

dw1044+11 NGC3379 161.1362 11.2694 viz reject; tidal stream of a bkgd. gal

BST1047+1156 NGC3379 161.9325 11.9336 Below ELVES SB completeness

NGC3521dwTBG NGC3521 166.8046 0.1875 Does not appear to be real; nothing seen in deep HSC imaging

LVJ1215+4732 NGC4258 183.9629 47.5489 In chip gap of CFHT/Megacam survey and known bkgd

M106edgeN4217 NGC4258 184.0521 47.1344 Tidal stream/fluff of bkgd. galaxy

NGC4288 NGC4258 185.1588 46.2917 Outside of CFHT/Megacam footprint; clear bkgd. morphology

CVnHI NGC4258 185.1808 46.2092 Not seen in deep optical images

SUCD1 M104 190.0129 -11.6678 ELVES is not sensitive to UCDs

KKSG33 M104 190.0371 -12.3647 Outside of CFHT/Megacam footprint

NGC4656UV NGC4631 191.0654 32.2833 TDG; not a distinct galaxy

NGC4485 NGC4736 187.63 41.7 rejected because TRGB

NGC4490 NGC4736 187.6517 41.6436 rejected because TRGB

UGC07678 NGC4736 188.0017 39.8319 rejected because redshift

PGC041749 NGC4736 188.4696 39.6258 rejected because redshift

UGC7719 NGC4736 188.5025 39.0194 rejected because redshift

UGC7751 NGC4736 188.7992 41.0608 rejected because redshift

NGC4618 NGC4736 190.3867 41.1508 rejected because TRGB

NGC4625 NGC4736 190.4696 41.2739 rejected because TRGB

dw1305+41 NGC4736 196.3708 41.89 Falls in star-mask but clear bkgd. morphology

dw1305+41 NGC5055 196.3708 41.89 Falls in star-mask but clear bkgd. morphology

NGC5055dwTBG2 NGC5055 198.7129 41.725 Viz reject; tidal stream of a bkgd. gal

GBT1355+5439 NGC5457 208.7108 54.6472 Nothing seen in deep optical images

PGC2448110 NGC5457 211.2408 53.6914 Just an HII region

PGC725719 NGC5236 200.7367 -29.7386 Distant edge-on disk galaxy?

dw1326-29 NGC5236 201.5167 -29.4044 SBF reject

dw1328-29 NGC5236 202.05 -29.4792 SBF reject

dw1329-32 NGC5236 202.4917 -32.4961 SBF reject

dw1330-32 NGC5236 202.725 -32.3058 SBF reject

dw1336-32 NGC5236 204.1375 -32.3014 Cirrus

dw1337-26 NGC5236 204.3042 -26.8028 Deep imaging shows just scattered light

NGC5253 NGC5236 204.9825 -31.64 TRGB indicates foreground

Note—Reasons why the UNGC entries that fall within the coverage radii of the ELVES hosts but are not in the ELVES
catalogs are missed. The only cases where legitimate, likely satellite candidates are missed is where they fell just outside
the survey tracts (while still being within the coverage radius). In many cases ELVES uses deeper imaging for targeting
which revealed previously noted candidates to be clear background galaxies.
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UNGC (Karachentsev et al. 2013): By far the

current best reference for LV dwarfs is the Updated

Nearby Galaxy Catalog of Karachentsev et al. (2013).

This catalog is kept up-to-date with new dwarf searches

and, thus, includes the objects from many of the indi-

vidual host surveys we discuss below. We use a version

of the UNGC from March, 2021. For each of the 25

hosts surveyed in ELVES, we go through the UNGC

and find all objects that fall within the survey cover-

age radius of the host (rcover from Table 1). All UNGC

entries that fall within the covered radius are matched

with ELVES candidate satellites, and those that do not

have a match are listed in Table 5. Overall there are

245 UNGC objects that fall within the ELVES survyed

regions, with 37 not having a matching ELVES candi-

date22. For each of these, we provide a brief reason as to

why it is not included in the ELVES satellite catalogs.

These reasons are listed in Table 5. About ∼ 1/2 of the

missing UNGC galaxies were detected in ELVES but re-

jected based on their morphology (none of these UNGC

entries have an actual distance measurement). ELVES

uses deeper targeting imaging than what was likely avail-

able in the original detection of these objects and reveals

clear indicators of being in the background. These in-

clude bulge+disk morphology, spiral arms present in a

small (re < 5′′) galaxy, or a tidal bridge connecting it

to a nearby massive background galaxy. The only cases

where a legitimate candidate satellite is missed is where

the candidate is below the completeness limits of ELVES

or it falls outside of the survey footprint (while still be-

ing within the coverage radius given in Table 1).

NASA-Sloan Atlas (NSA; Blanton et al. 2011):

We additionally look for any galaxies with known red-

shifts in the NSA in the regions surrounding the ELVES

hosts. No additional valid candidates are found that are

not already included in the ELVES satellite lists.

NGC 1291 (Byun et al. 2020): We recover all the

satellite candidates reported by Byun et al. (2020) that

fall within 300 kpc projected of NGC 1291 except for

three: Dw11, Dw15, and Dw14. The first falls just out-

side the footprints of the DECaLS tracts used in our

search. The latter two had morphologies strongly indi-

cating they are background. One is a distant edge-on

disk galaxy with a clear bulge, and the other has a bar

and spiral arms yet is quite small (re < 5′′). We note

that our DECaLS/DES search recovers 6 candidates not

included by Byun et al. (2020), including two we have

rejected as background contaminants, one we have con-

22 One UNGC galaxy appears twice, once as a “candidate satel-
lite” of NGC 4736 and once of NGC 5055

firmed via SBF, and three that remain without distance

confirmation.

NGC 5457 (Javanmardi et al. 2016; Müller

et al. 2017b; Bennet et al. 2017): We recover all

candidates detected around NGC 5457 by Javanmardi

et al. (2016), Müller et al. (2017b), and Bennet et al.

(2017) that are MV < −9 mag (i.e. within the ELVES

completeness limit) except for three: dwC, dw26, and

dw31. The first was detected by our algorithm but re-

jected in the visual inspection stage. Bennet et al. (2019)

showed this galaxy is, indeed, a background contami-

nant. Dw26 was not detected by our algorithm as it

is a relatively high-surface brightness background spiral

(Bennet et al. 2017; Carlsten et al. 2019a). Dw31 was

covered by a star-mask in our DECaLS search but was

shown by Carlsten et al. (2019a) to be a background

contaminant. Our DECaLS search produced many ad-

ditional candidates not noted by these previous works.

Admittedly, most are dwarfs in the background NGC

5485 group, but two have been confirmed as NGC 5457

satellites via SBF (one is MV > −9 mag and thus not

in the ELVES list).

Finally, we mention that our DECaLS searches of

NGC 4631 and NGC 4258 recover all confirmed satel-

lites of those hosts found in the deeper CFHT/Megacam

surveys of Carlsten et al. (2020a) with the single excep-

tion of dw1242p3237 around NGC 4631. However, this

satellite is below the typical µ0,V ∼ 26.5 mag arcsec−2

sensitivity of the DECaLS searches.

E. CANDIDATE SATELLITE DISTANCE

CONSTRAINTS

In Table 6, we present the distance constraints for

the confirmed satellites. Candidate name, coordinates,

host, and host distance are given along with the distance

information used in the confirmation. SBF distance is

given along with ±1, 2σ distance uncertainties, the S/N

of the measurement, and the source of the data used

(e.g. CFHT/MegaCam, HSC, etc.). Known redshifts

or TRGB distances for dwarfs that have them are also

listed, along with their source. Redshifts without a ref-

erence come from SIMBAD. Dwarfs marked by a † had

some problem with the SBF measurement and are ex-

plained in more detail below.

Table 7 similarly presents the distance constraints for

the rejected candidates. In this case, only the 2σ lower

bound to the SBF distance is given.

Table 8 lists the candidates who did not have a con-

clusive distance constraint. The source, if any, of an

attempted SBF measurement is listed.

In the remaining part of this section, we discuss the

few cases that are exceptions to the usual criteria for
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confirming or rejecting candidate satellites. Some of

these had problematic SBF measurements while some

have distance information coming from sources other

than the most common three methods used (redshift,

TRGB, and SBF).

• dw1242p3231 from the NGC 4631 system has

archival HST imaging in which it is unresolved,

indicating that it is not at D = 7.4 Mpc.

• dw1330p4708 from the NGC 5194 system similarly

has archival HST coverage showing it is unresolved

and, hence, background.

• dw1908m6343 from the NGC 6744 system had a

high S/N SBF measurement but yielded far too

small of a distance. This is a blue, very irregular

dwarf which can bias the fluctuation too high since

a Sérsc model is assumed in the SBF measurement.

Considering the fact that the SBF amount is vi-

sually about the same as other, more regular blue

satellites in this system and dw1908m6343 is quite

near NGC 6744 in projection, this is very likely a

satellite.

• dw0031m2246 from the NGC 253 system barely

makes the ∆cz < 275 km/s cut but has a Tully-

Fisher distance in NED indicating it is back-

ground.

• dw0933p2030 from the NGC 2903 system has an

SDSS redshift with ∆cz > 275 km/s which ap-

pears to be extremely low S/N and erroneous upon

visual inspection, and thus we trust the SBF dis-

tance result.

• dw1240p3800 and UGC7690 from the NGC 4736

system make the ∆cz < 275 km/s cut but both

have Tully-Fisher distances in NED indicating

background.

• dw1300p1843 from the NGC 4826 system has a

SBF distance consistent with that of the host but

only with S/N∼ 3. However, it has visually no-

ticeable SBF that appears to be the same level

has other satellites in this system. Additionally,

its large re ∼ 30′′ size indicates it is unlikely to be

background (it is already an outlier to the mass-

size relation). Thus, we consider it confirmed.

• dw1046p1259 from the NGC 3379 system has a

very strong SBF signal but yields a slightly lower

distance than its host. This dwarf is in a halo

of scattered light from a nearby star which often

biases the fluctuation measurement high (and thus

distance low) (Carlsten et al. 2021c). We consider

this a confirmed satellite.

• dw1119p1404 from the NGC 3627 system has an

SDSS redshift with ∆cz = −303 km/s which ap-

pears to be extremely low S/N and just noise upon

visual inspection, and thus we trust the SBF dis-

tance result.

• dw1120p1337 from the NGC 3627 system is an ac-

tively disrupting nucleated dwarf (see, e.g., Jen-

nings et al. 2015) and no distance measurement is

required to confirm its satellite status.

• dw0316m4244 and dw0323m4105 from the NGC

1291 system were imaged with deeper Magellan

imaging in order to measure SBF. However, the

deeper imaging clearly revealed them to be tidal

features of massive background galaxies, and we

reject them without an SBF measurement.

• dw0852p3347 from the NGC 2683 system is tidally

distorted by NGC 2683 and thus is a confirmed

satellite without need for a distance measurement.

• dw1105p0006 from the NGC 3521 system is also

tidally distorted by its host, removing any need for

a distance measurement.

• UGCA337 (dw1312p4147) from the NGC 5055

system has an extremely strong SBF signal but

the 2σ distance upper bound is slightly closer than

NGC 5055. It is slightly irregular which is biasing

the SBF a little high. It has a redshift that makes

the ∆cz < 275 km/s cut, and is almost certainly

a satellite.

• dw1240m1140 from the M104 system shows a

strong SBF signal that puts it in the foreground.

However, this dwarf is located very close to M104

in projection, and the halo of M104 appears to

be adding fluctuation power to the SBF measure-

ment. Considering its dSph morphology, proxim-

ity to M104, and SBF, we include it in the ‘con-

firmed’ category.

• dw1241p3251 from the NGC 4631 system appears

slightly foreground from the SBF measurement.

However, this galaxy is not well fit by a Sérsic

profile, and thus the distance is likely underesti-

mated. This galaxy has a redshift consistent with

NGC 4631 (∆cz ∼ 60 km/s) and is considered

‘confirmed’.

• dw1106p5644 from the NGC 3556 is not seen in

deeper CFHT imaging, indicating it was just an
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artifact in DECaLS. It is included in the ‘rejected’

category.

• dw1235p2606 from the NGC 4565 system is lo-

cated directly in the middle of an HI warp on the

northwest edge of the disk. Radburn-Smith et al.

(2014) used HST observations to show that this

candidate consists of young (∼ 600 Myr) stars that

likely formed in-situ in the warp. Thus, this is not

a dwarf satellite and is ‘rejected’.
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F. SBF IMAGE SIMULATIONS

In this section, we describe simple image simulations

with SBF that we performed to investigate the con-

firmation and rejection criteria outlined in §5.3. For

these simulations, we take tracts of very deep imaging

data from two hosts: g/r CFHT/Megacam imaging for

NGC 4258 and g/i Subaru/HSC imaging for NGC 3379.

For each host, we simulate dwarfs both with and with-

out SBF, representing actual satellites and background

contaminates, respectively. We then attempt an SBF

measurement and quantify how successful the measure-

ment is in confirming or rejecting candidate satellites as

a function of dwarf luminosity and surface brightness.

In particular, we simulate dwarfs with exponential

profiles and colors of g − r = 0.45 and g − i = 0.7. For

dwarfs that are simulated with SBF, we give them the

appropriate level of SBF given their color and host dis-

tance. Once the simulated dwarfs are injected into the

imaging frames, we perform an SBF measurement in the

usual way starting with fitting the dwarf with a Sérsic

profile. We then record if the SBF measurement suc-

cessfully produced a distance constraint for that dwarf.

For dwarfs with SBF, this means an SBF measurement

with S/N > 5 and distance consistent with that of the

host. For dwarfs without SBF, this means having a 2σ

distance lower bound beyond the host’s distance.

Figure 15 shows the results of these simulations. Both

sides show the success rate of the SBF measurement as

a function of luminosity (assuming the host’s distance)

and surface brightness. The right panels are for the

dwarfs simulated with SBF and shows the fraction of

them at each luminosity and surface brightness which

yield SBF measurements with S/N > 5 and distances

consistent with the host. The left panels are for the

dwarfs without SBF and show the fraction that are suc-

cessfully constrained to be in the background. Note that

in both cases the dwarfs with ‘unsuccessful’ SBF mea-

surements are just those with too low S/N, and the dwarf

would remain in the ‘unconfirmed/candidate’ category.

The few cases where an artificial galaxy with SBF gets

erroneously rejected to be background or vice versa are

due to problems in the Sérsic fitting and/or masking

that would be caught in the SBF process on real dwarfs.

Both confirming or rejected a dwarf via SBF are

more successful at higher luminosity and surface bright-

ness. Following the mass-size relation of Carlsten et al.

(2021b), both measurements start to fail fainter than

Mg ∼ −9 mag and µ0,g ∼ 26 mag arcsec−2. It appears

that a background dwarf in this borderline parameter

region is more likely to be successfully rejected than a

real dwarf is to be confirmed. In other words, with imag-

ing data to apply SBF of a given depth, it is possible

to reject background contaminants using our criterion

for dwarfs that are ∼ 0.5 − 1 mag fainter than what is

possible for confirming a dwarf satellite. This difference

stems from the specific threshold (S/N> 5) we require in

the SBF measurement. A lower threshold would make

it easier to confirm a satellite while a higher thresh-

old would exacerbate this difference. We discussed the

rationale for this threshold in §5.3 and Carlsten et al.

(2021c).
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Table 8. Unconfirmed/possible candidate satellites.

Name RA DEC Host Dhost SBF attempt

(deg) (deg) (Mpc)

dw0036m2828 9.127 -28.470 NGC253 3.56 NONE

dw0141p1651 25.417 16.872 NGC628 9.77 GEMINI

dw0223p4314 35.892 43.240 NGC891 9.12 NONE

dw0224p4158 36.097 41.975 NGC891 9.12 NONE

dw0225p4153 36.319 41.892 NGC891 9.12 CFHT

dw0226p4206 36.669 42.111 NGC891 9.12 NONE

dw0238p3805 39.670 38.085 NGC1023 10.40 NONE

dw0241p3829 40.476 38.498 NGC1023 10.40 CFHT

dw0243p3915 40.979 39.256 NGC1023 10.40 CFHT

dw0312m3955 48.038 -39.918 NGC1291 9.08 MAGELLAN

dw0315m4112 48.942 -41.202 NGC1291 9.08 MAGELLAN

dw0316m4207 49.182 -42.128 NGC1291 9.08 MAGELLAN

dw0321m4149 50.485 -41.818 NGC1291 9.08 MAGELLAN

dw0502m3845 75.639 -38.765 NGC1808 9.29 GEMINI

dw0506m3800 76.535 -38.010 NGC1808 9.29 GEMINI

dw0507m3733 76.872 -37.554 NGC1808 9.29 NONE

dw0510m3717 77.710 -37.286 NGC1808 9.29 GEMINI

dw0846p3300 131.559 32.997 NGC2683 9.40 NONE

dw0846p3348 131.630 33.811 NGC2683 9.40 NONE

dw0852p3249 133.199 32.829 NGC2683 9.40 NONE

dw0854p3314 133.585 33.249 NGC2683 9.40 NONE

Note—The names, coordinates, hosts, and source for attempted SBF
measurement for the unconfirmed/possible dwarf satellites. The full ver-
sion of the table will be published in the online journal or will be provided
upon request to the authors.
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Figure 15. Results of performing the SBF measurement on suites of simulated dwarfs around two example hosts (top and
bottom). Right : Dwarfs are simulated with SBF at the level appropriate to being real satellites of their host. The plot shows
the fraction of simulated dwarfs that are successfully confirmed as satellites at different luminosities and surface brightness. The
dwarfs that are not confirmed have too low S/N in the SBF measurement and stay as ‘unconfirmed/candidate’ satellites. The
green dashed line shows the mass-size relation of Carlsten et al. (2021b). Left : Dwarfs are simulated without SBF, as if they
are in the distant background. The plot shows the fraction of simulated dwarfs that are successfully rejected as background
contaminants due to their lack of SBF. Again, the dwarfs that are not rejected have too low S/N in the SBF measurement and
stay as ‘unconfirmed/candidate’ satellites.
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G. SATELLITE SYSTEM RESULTS

In Table 9, we present the main optical photometry

for the confirmed and possible satellites. Note that only

satellites and candidates with MV < −9 mag are in-

cluded.

Note that these lists are slightly different than the

dwarf lists in the ELVES paper on dwarf structure (Carl-

sten et al. 2021b) and the ELVES paper on globular

clusters and nuclear star clusters (Carlsten et al. 2021a).

The former was restricted to small survey coverage radii,

a sub-sample of the full ELVES host sample, and only

dwarfs in the mass range 105.5 < M? < 108.5M�. The

photometry given here is essentially identical to that

given there with a few exceptions where different imag-

ing data or slightly different Sérsic fits were used. The

photometry is also often slightly different than that

given in Carlsten et al. (2021c) for overlapping dwarfs

since in that work we were not using an iterative mask-

ing process in the Sérsic fitting (see Carlsten et al. 2021b,

for an in-depth description of this).

On the other hand, Carlsten et al. (2021a) consid-

ered confirmed early-type satellites at all radii (even as

far out as 500 kpc projected) and, thus, included some

satellites not included in the current catalogs.

Finally, we note that three candidate satellites

(dw1305p4206, dw1308p4054, and dw1311p4051) are

repeated twice each in the list, once as satellite can-

didates of NGC 5055 and once as candidates of NGC

4736 (NGC 5055 and NGC 4736 have overlapping pro-

jected virial regions on the sky). The distance indepen-

dent quantities for the copies are essentially the same

(even though the Sérsic fits are independent), but the

luminosities assume the host’s distance which will be

different.

Table 10 presents the GALEX photometry for the con-

firmed satellites which have archival coverage. In ad-

dition to the satellites without archival coverage, this

list does not include several of the most massive (M? >

109M�) satellites for which we did not trust the effective

radii from the optical photometry.
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Table 10. GALEX Photometry for confirmed satellites.

Name RA DEC Host mNUV mFUV GALEX Frame

(deg) (deg) (mag) (mag)

dw0047m2623 NGC253 11.8939 -26.3898 > 22.08 > 21.15 MIS2DFSGP 30532 0143

dw0049m2100 NGC253 12.4537 -21.0167 16.74± 0.05 16.97± 0.05 GI1 009002 UGCA015

dw0055m2309 NGC253 13.7538 -23.1688 18.93± 0.07 19.17± 0.11 AIS 276 1 59

dw0133p1543 NGC628 23.4842 15.7314 > 22.45 > 22.38 AIS 183 1 66

dw0134p1544 NGC628 23.5537 15.7463 20.65± 0.16 > 22.37 GI3 050001 NGC628

dw0136p1628 NGC628 24.0842 16.4701 21.00± 0.55 > 21.68 AIS 183 1 65

dw0137p1537 NGC628 24.3236 15.6329 21.50± 0.17 > 22.97 NGA NGC0628

dw0137p1607 NGC628 24.4156 16.1320 > 22.58 > 22.84 NGA NGC0628

UGC1171 NGC628 24.9366 15.8993 17.94± 0.05 18.39± 0.05 GI1 047008 UGC01176

dw0139p1433 NGC628 24.9611 14.5563 19.35± 0.05 19.47± 0.05 MISDR2 17173 0426

dw0140p1556 NGC628 25.0395 15.9394 20.44± 0.11 20.49± 0.11 GI1 047008 UGC01176

UGC1176 NGC628 25.0430 15.9054 15.78± 0.05 16.07± 0.05 GI1 047008 UGC01176

dw0143p1541 NGC628 25.9012 15.6937 17.73± 0.11 17.87± 0.13 AIS 183 1 83

dw0221p4221 NGC891 35.3010 42.3640 20.71± 0.08 22.34± 0.42 GI2 019004 3C66B

UGC1807 NGC891 35.3058 42.7629 15.93± 0.05 16.17± 0.05 GI2 019004 3C66B

dw0222p4242 NGC891 35.7298 42.7123 19.78± 0.09 > 22.04 GI2 019004 3C66B

dw0239p3926 NGC1023 39.8325 39.4339 > 20.05 > 19.98 AIS 59 1 64

dw0239p3903 NGC1023 39.8432 39.0554 > 21.43 > 21.03 AIS 59 1 64

dw0239p3902 NGC1023 39.9460 39.0473 > 23.24 > 22.78 NGA NGC1023

UGC2157 NGC1023 40.1044 38.5630 17.13± 0.05 17.72± 0.09 AIS 59 1 74

dw0240p3854 NGC1023 40.1374 38.9004 18.82± 0.05 19.18± 0.05 NGA NGC1023

Note—The GALEX photometry for the distance-confirmed satellite that have archival coverage. For dwarfs
with a detection with S/N < 2, a 2σ lower limit to the UV magnitude is given. The full version of the
table will be published in the online journal or will be provided upon request to the authors.


