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ABSTRACT

We report the first comprehensive census of the satellite dwarf galaxies around NGC 55 (2.1 Mpc)

as a part of the DECam Local Volume Exploration DEEP (DELVE-DEEP) survey. NGC 55 is one of

four isolated, Magellanic analogs in the Local Volume around which DELVE-DEEP aims to identify

faint dwarfs and other substructures. We employ two complementary detection methods: one targets

fully resolved dwarf galaxies by identifying them as stellar overdensities, while the other focuses on

semiresolved dwarf galaxies, detecting them through shredded unresolved light components. As shown

through extensive tests with injected galaxies, our search is sensitive to candidates down to MV ≲ −6.6

and surface brightness µ ≲ 28.5 mag arcsec2, and ∼ 80% complete down to MV ≲ −7.8. We do

not report any new confirmed satellites beyond two previously known systems, ESO 294-010 and

NGC 55-dw1. We construct the satellite luminosity function of NGC 55 and find it to be consistent

with the predictions from cosmological simulations. As one of the first complete luminosity functions

for a Magellanic analog, our results provide a glimpse of the constraints on low-mass-host satellite
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populations that will be further explored by upcoming surveys, such as the Vera C. Rubin Observatory’s

Legacy Survey of Space and Time.

1. INTRODUCTION

The ΛCold Dark Matter (ΛCDM) cosmological model

has been well assessed on large scales, with observa-

tions of the large-scale structure of the Universe and

cosmic microwave background providing strong support

for its predictions (e.g., DES Collaboration et al. 2018;

Planck Collaboration et al. 2020). In comparison, ob-

servational constraints on the small-scale distribution of

dark matter are relatively limited (Bullock & Boylan-

Kolchin 2017). Dwarf galaxies, being the most ancient,

metal-poor, and dark-matter-dominated galaxies in the

Universe, serve as excellent probes of early galaxy for-

mation and small-scale dark matter distribution (Simon

2019), thus providing a means of exploring ΛCDM on

small scales (Bullock & Boylan-Kolchin 2017). Within

the last 20 years, dozens of dwarf galaxies have been

discovered around the Milky Way (MW; e.g, Willman

et al. 2005; Belokurov et al. 2006; Simon & Geha 2007;

Bechtol et al. 2015; Drlica-Wagner et al. 2015; Koposov

et al. 2015; Mau et al. 2020; Cerny et al. 2021a,b, 2023;

Homma et al. 2024) and other MW-mass hosts (e.g.,

M31: Martin et al. 2013, Doliva-Dolinsky et al. 2022,

2023, Arias et al. 2025, Smith et al. 2025; M81: Chibou-

cas et al. 2009; Cen A: Crnojević et al. 2016, 2019; M94:

Smercina et al. 2018; M101: Bennet et al. 2019, 2020;

NGC 253: Mutlu-Pakdil et al. 2024; ELVES: Carlsten

et al. 2022; SAGA: Mao et al. 2024).

In order to thoroughly assess the small-scale predic-

tions of ΛCDM, we need to explore satellite systems in

host environments with lower masses than the MW to

better understand how astrophysical processes, such as

the effects of reionization, tidal and ram pressure strip-

ping, and host infall time, affect satellite populations

(Drlica-Wagner et al. 2021). Ideally, we could study

these effects using the Magellanic Clouds (MCs), but,

due to their location within the MW halo, the associ-

ation of some satellites between the MCs and MW re-

mains ambiguous (e.g., Jethwa et al. 2016; Patel et al.

2020; Cerny et al. 2021a). Furthermore, satellites that

are known to be bound to the MCs have likely expe-

rienced recent interactions with the MW, complicating

the interpretation of their gas contents, stellar popu-

lations, and orbital dynamics. As a result, we must

search for satellites of isolated, MC-mass hosts beyond

the Local Group. Several studies in recent years have

already begun to perform such searches (e.g., Sand et al.

2015, 2024; MADCASH: Carlin et al. 2016, 2021, 2024;

LBT-SONG: Davis et al. 2021; ELVES-Dwarf: Li et al.

2025; ID-MAGE: Hunter et al. 2025), discovering sev-

eral dwarf satellites around MC analogs in the Local

Volume, such as NGC 3109, NGC 4124, and NGC 628,

and the first complete satellite census of an MC-mass

host (NGC 2403) was recently presented in Carlin et al.

(2024). To sufficiently test ΛCDM on small scales, how-

ever, it is necessary to study the satellite populations of

a larger sample of MC-mass hosts.

As part of the DEEP component of the DECam Lo-

cal Volume Exploration (DELVE-DEEP; Drlica-Wagner

et al. 2021, 2022) survey, we perform a comprehensive

dwarf satellite search around NGC 55, a barred spiral

galaxy located at ∼2.1 Mpc, with a mass and morphol-

ogy similar to the LMC (de Vaucouleurs et al. 1991;

Dalcanton et al. 2009; Westmeier et al. 2013). NGC 55

is considered to be a member of the Sculptor Group,

but given the weak gravitational bound of the Group

(Jerjen et al. 1998; Karachentsev et al. 2003) and the

low tidal index1 of NGC 55 (Θ5 = 0.1; Karachentsev

et al. 2013), it is likely to only be loosely bound to this

group. Within its local environment, NGC 55 has sev-

eral nearby neighbors: NGC 300 (Dproj ∼ 278.2 kpc)

and two dwarf spheroidal (dSph) galaxies, ESO 410-

005 (Dproj ∼ 244.8 kpc) and ESO 294-010 (Dproj ∼
120.8 kpc). The latter of these dSphs is located at the

edge of the virial radius of NGC 55 (see Table 1) and

is a likely satellite companion, judging by its tip of the

red-giant-branch (TRGB) distance and radial velocity

(D = 2.0 Mpc; vr = 117 km/s; McConnachie 2012).

Using the high-resolution, dark-matter-only Caterpil-

lar suite of simulations (Griffen et al. 2016) and stel-

lar mass-halo mass relation of Garrison-Kimmel et al.

(2016), Dooley et al. (2017) predicts that an LMC-mass

host like NGC 55 should host a total of 2-6 satellite

galaxies with MV ≤ −7. In addition to ESO 294-

010 (MV ∼ −11.3; Karachentsev et al. 2002), a sec-

ond, more diffuse dwarf satellite of NGC 55, NGC 55-

dw1 (MV ∼ −8.0), was recently identified using Dark

Energy Survey (DES) Year 6 and DELVE-DEEP data

and presented in McNanna et al. (2024). Taking these

known dwarfs into account, the predictions of Dooley

et al. (2017) suggest that there should be 0-4 remaining

dwarfs detectable within our data. The basic proper-

ties of NGC 55 and its two known satellites are listed in

Table 1.

Previous satellite searches around isolated, low-mass

hosts have utilized either resolved star detection meth-

ods (e.g., Carlin et al. 2016, 2021) or integrated light

1 The tidal index, Θ5, is a measure of the cumulative gravita-
tional influence of a galaxy’s five most significant neighbors (see
Karachentsev et al. 2013 for definition).
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Table 1. Properties of NGC 55, ESO 294-010, and NGC 55-dw1

Parameter NGC 55 ESO 294-010 NGC 55-dw1 References

R.A. (deg) 00h14m53s.6 00h26m33s.5 00h15m28s.8 NED (1)

Decl. (deg) -39◦11’47”.9 -41◦51’18”.2 -38◦25’08”.4 NED (1)

Distance (Mpc) 2.1 2.0 2.2 (2, 3, 1)

Radial Velocity (km/s) 129 117 ... (3)

Stellar Mass (M⊙) 3.0× 109 2.7× 106 ... (4, 3)

Virial Radius (kpc) 120 ... ... (5)

MV (mag) -18.6 -11.3 -8.0 (6, 7, 1)

rh (pc) 3916 248 2200 (8, 3, 1)

rh (arcsec) 385 24 220 (8, 3, 1)

µeff (mag arcsec−2) 22.8 24.1 32.3 (8, 7, 3, 1)

Dproj (kpc) N/A 120.8 30.2 NED (1)

References: (1) McNanna et al. 2024, (2) Dalcanton et al. 2009, (3) McConnachie 2012, (4)
Dooley et al. 2017, (5) Mutlu-Pakdil et al. 2021, (6) Gil de Paz et al. 2007, (7) Karachentsev

et al. 2002, (8) Moustakas et al. 2023

detection methods (e.g., Davis et al. 2021). While these

two methods have been effective, neither method, on

their own, spans the entire size-luminosity parameter

space of known dwarf galaxies. To address this, we im-

plement a new approach that combines both a resolved

and “semiresolved” search for dwarf galaxies (see Sec-

tion 3.2 for a definition of semiresolved). Through ex-

tensive tests with injected galaxies (see Section 4), we

show that this method is sensitive to a parameter space

of dwarfs that extends well beyond those of previous

satellite searches (at the distance of NGC 55).

In this work, we present the results of our system-

atic NGC 55 satellite search, along with our resulting

satellite luminosity function (LF) for NGC 55 down to a

limit of MV ∼ −7. Section 2 presents an overview of the

DELVE-DEEP survey. Section 3 outlines our approach

for detecting dwarf galaxy satellites and the results ob-
tained. Section 4 details our methodology for perform-

ing artificial dwarf galaxy simulations, along with our as-

sessment of the detection sensitivity and completeness.

In Section 5, we present the satellite LF of NGC 55 and

place its satellite system in context with other known

systems, and, finally, in Section 6, we summarize our

conclusions.

2. THE DELVE-DEEP SURVEY AND DATA

PROCESSING

DELVE is a multicomponent survey using the Dark

Energy Camera (Flaugher et al. 2015) on the Blanco

4m Telescope at the Cerro Tololo Inter-American Obser-

vatory that aims to characterize satellite galaxy popula-

tions across a range of environments in the Local Volume

(Drlica-Wagner et al. 2021). DELVE-DEEP is one of the

three components of this survey that specifically targets

isolated MC analogs beyond the Local Group to study

their dwarf satellite populations and other substructures

within their halo. DELVE-DEEP obtained 135 deg2

of deep imaging in the g and i optical bands around

four MC-mass host galaxies at 1.4-2.1 Mpc: two LMC-

mass analogs (NGC 55 and NGC 300) and two SMC-

mass analogs (Sextans B and IC 5152). This program is

complementary to the MADCASH survey (Carlin et al.

2016, 2021, 2024), which aims to investigate the satellite

populations and substructures of seven additional MC-

mass hosts in the Local Volume (two of which have been

completed; see Carlin et al. 2024 and Doliva-Dolinsky

et al. 2025). Recently, several stellar substructures were

discovered around NGC 300 using DELVE-DEEP data

and are presented in Fielder et al. (2025). NGC 55,

however, is the first of the four DELVE-DEEP targets

around which we have performed a comprehensive dwarf

galaxy satellite search.

The DELVE-DEEP observations of NGC 55 were col-

lected on 17 distinct nights between 2019 August and

2021 July and performed over 14 distinct fields within a

3.25 deg radius from the galactic center, which roughly

corresponds to the virial radius of NGC 55 (rvir ∼
120 kpc). Within each field, 12 g-band exposures and

7 i-band exposures were taken, each with an exposure

time of 300 s and good seeing (FWHM < 1.0 arcsec).

Combined with the DES exposures in these fields, this

gives a total of 15×300 s exposures in g and 10×300 s

exposures in i (Drlica-Wagner et al. 2021). Across all

fields, the median point-spread function (PSF) FWHM

was 0.97′′ in g and 0.82′′ in i. Additionally, each ob-

servation within each field was dithered by 4′ in R.A.

and 2′ in decl. to mitigate chip gaps in the images and

improve the uniformity of depth.
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Figure 1. 10σ PSF depth of DECam photometry around NGC 55 in g and i optical bands. 10σ PSF depth is defined as
the PSF magnitude at which the signal-to-noise ratio is equal to 10. The central red regions correspond to fields with both
DELVE-DEEP and DES imaging, while the outer blue regions correspond to fields with only DES imaging. The field in the
bottom left corner was imaged as part of the DES supernova program and was excluded from our dataset. The total region
shown spans a projected physical radius of ∼150 kpc.

Image processing was performed via the DES Data

Management pipeline (DESDM; Morganson et al. 2018;

for a description of how the DESDM pipeline is applied

to DELVE data, see Tan et al. 2024), which is based

on SourceExtractor (Bertin & Arnouts 1996). Images

of the sky are broken up into 0.73 deg2 regions called

“tiles” (Morganson et al. 2018). Despite DELVE-DEEP

only using the g and i bands, our data processing re-

quires both the detection image (which is a composite

of g-, r-, and i-band tiles) and the single-band image (g

or i) for each field. SourceExtractor uses the detection

image to identify sources and then performs forced pho-

tometry using the single-band image, which enhances
its overall detection sensitivity. The same procedure is

implemented in our dwarf galaxy simulations (see Sec-

tion 4) to ensure consistency in detecting both real and

artificial sources.

In addition to DESDM processing, extinction correc-

tions were applied to all g- and i-band magnitudes ac-

cording to the procedure described in Drlica-Wagner

et al. (2021, 2022). Contrary to previous dwarf galaxy

searches (e.g., Carlin et al. 2016), star-galaxy separa-

tion was not applied to the data. Our artificial dwarf

galaxy simulations (see Section 4) reveal that, at the

distance of NGC 55, blending and crowding of stars

in the central regions of dwarf galaxies, combined with

underlying diffuse light, lead to uncertain photometry

that makes star-galaxy separation unreliable. As a re-

sult, many of these stars are classified as galaxies, which

would cause many dwarf galaxies to go undetected in

our search if star-galaxy separation was applied. Thus,

to optimize the completeness of our dwarf search, we

find it more effective not to apply star-galaxy separa-

tion. While this choice increases the number of false

detections in our dwarf galaxy search, we mitigate this

by visually inspecting each candidate (see Section 3.3).

Although other PSF-fitting photometry programs, such

as DAOPHOT (Stetson 1987), could potentially pro-

vide more reliable star-galaxy separation, applying these

methods to the entire survey would have been signifi-

cantly more time-consuming.

DELVE-DEEP has achieved average 10σ depths of

g = 25.1 mag and i = 23.7 mag around NGC 55 (where

10σ depth is defined as the PSF magnitude at which

the signal-to-noise ratio is equal to 10; see Figure 1),

which is ∼ 1 mag deeper than the corresponding DES

imaging in this region (McNanna et al. 2024). Addi-

tionally, using artificial star tests (discussed in more de-

tail in Appendix A), we determine that our observations

are 90% complete to depths of g90% = 25.3 mag and

i90% = 24.6 mag, providing sensitivity to resolved stars

roughly 1.5 mag fainter than the TRGB (mTRGB
g = 24.3;

mTRGB
i = 22.6).

3. DWARF SATELLITE SEARCH

In our dwarf search around NGC 55, we take a new ap-

proach and implement a pipeline that combines two dis-

tinct dwarf galaxy detection methods: one that detects

dwarf galaxies containing primarily resolved red-giant-
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Figure 2. Binned color-magnitude diagram of the central
region of NGC 55 with the RGB selection box used in our
dwarf galaxy search displayed in red. This RGB box cov-
ers i-band magnitudes of 22.8 ≤ i ≤ 25.0. An isochrone
corresponding to stellar populations with age = 10 Gyr and
metallicity [Fe/H] = −2 at the distance of NGC 55 is shown
in magenta, which was generated using the Dartmouth Stel-
lar Evolution Database (Dotter et al. 2008). Magnitude un-
certainties (which come from the SourceExtractor parame-
ter, MAG ERR) are given in gray on the left.

branch (RGB) sources (Section 3.1), and one that de-

tects dwarf galaxies containing a mix of resolved sources

and shredded, unresolved light components (we refer to

these dwarf galaxies as “semiresolved”; Section 3.2).

3.1. Resolved Search

Following previous dwarf galaxy searches (e.g., Martin

et al. 2013; Crnojević et al. 2016; McQuinn et al. 2023,

2024; Carlin et al. 2024; McNanna et al. 2024; Mutlu-

Pakdil et al. 2024), one way we identify dwarf galaxies

is by using resolved RGB stars. This is because dwarf

galaxies primarily consist of old, metal-poor stars, which

have evolved off the main sequence onto the RGB. We

identify potential RGB stars in our data based on the

color-magnitude selection box shown in Figure 2. The

boundaries of this selection box were chosen to cover

all of the sources in our data along the RGB and are

consistent with an isochrone of stellar populations with

age = 10 Gyr and [Fe/H] = −2 (Dotter et al. 2008).

The sources within the RGB selection box are di-

vided into 1.5 arcmin2 spatial bins, and for each bin,

mean and standard deviation background bin values

(MEAN BKG BIN and STD BKG BIN) are calculated using

the surrounding annulus of bins, with inner radius

2 ∗ binsize and outer radius 3 ∗ binsize. The result-

ing binned density map (see Figure 3) is run through a

photutils function called find peaks (Astropy Collab-

oration et al. 2013), with threshold = MEAN BKG BIN+

3 ∗ STD BKG BIN (i.e., 3σ above the mean background

value) and box size = 3, which roughly corresponds to

the expected size, in bin length, of a dwarf satellite of

NGC 55. This function outputs 419 overdensities, or

“peaks” (which include the previously discovered satel-

lite, NGC 55-dw1), although many of these are false

detections (e.g., overdensities of sources due to a back-

ground galaxy, a bright foreground star, or a background

galaxy cluster), which are later filtered out through sys-

tematic visual inspection (see Section 3.3).

3.2. Semiresolved Search

In addition to fully resolved dwarf galaxies, we expect

some dwarfs at the distance of NGC 55 to potentially

contain a combination of resolved and unresolved stars.

Consequently, such systems could go undetected by our

resolved search method. These dwarf galaxies (which

we refer to as “semiresolved” dwarfs) contain central

regions of blended, unresolved light surrounded by more

dispersed, resolved stars in the outskirts.

Through our artificial dwarf galaxy simulations (see

Section 4), we find that SourceExtractor “shreds” the

central, unresolved regions of these semiresolved dwarfs

into several, distinct sources, each of which exhibits low

surface brightness (LSB) and a large flux radius (for a

definition and discussion of “shredding” in unresolved

sources, see Prole et al. 2018). Since these sources can-

not be detected by our resolved search, we implement

a second detection method that targets overdensities of

LSB sources. Note that this methodology differs from

previous unresolved dwarf galaxy searches (e.g., Davis

et al. 2021), which target single LSB sources, as opposed

to shredded, LSB overdensities.

To select LSB sources, we utilize LSB selection crite-

ria adapted from those listed in Tanoglidis et al. (2021).

These criteria rely mostly on the SourceExtractor pa-

rameters, FLUX RADIUS (defined as the radius of a cir-

cular isophote containing half of a source’s flux) and

MU EFF MODEL (effective surface brightness), and our cor-

responding selection cuts for these two parameters are:

(FLUX RADIUS G > 5) & (FLUX RADIUS G < 20),

(FLUX RADIUS I > 5) & (FLUX RADIUS I < 20),

(MU EFF MODEL G > 24.2) & (MU EFF MODEL G < 31.2).

We test several different selection cuts for these pa-

rameters, but find that these limits maximize the num-

ber of detected artificial dwarfs (see Section 4) without

resulting in too many false detections in our real dwarf

galaxy search. Our other LSB selection criteria come

directly from Tanoglidis et al. (2021), but, in compari-
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Figure 3. RGB density map of DELVE-DEEP’s NGC 55 footprint (rad = 3.25 deg) with binsize = 1.5 arcmin2. The color bar
indicates the number of sources per bin. The two previously known NGC 55 satellites, NGC 55-dw1 and ESO 294-010, plotted
in red and cyan, respectively. We note that, while ESO 294-010 is located slightly outside the DELVE-DEEP footprint, it lies
just at the edge of the virial radius of NGC 55.

son, have relatively little effect on the number of sources

detected. These criteria are as follows:

(EXTENDED CLASS G != 0) & (EXTENDED CLASS I != 0),

(SPREAD MODEL I + 5/3*SPREADERR MODEL I > 0.007),

(MAG AUTO G - MAG AUTO I > -0.1),

(MAG AUTO G - MAG AUTO I < 1.4).2

In addition to these LSB selection cuts, we also apply

color and magnitude cuts similar to the RGB selection

2 See Drlica-Wagner et al. (2022) Eq. 2 and Desai et al.
(2012) for definitions of EXTENDED CLASS and SPREAD MODEL, re-
spectively. MAG AUTO is the automatic aperture magnitude calcu-
lated by SourceExtractor.

in Section 3.1, though these cuts have a negligible effect

on the results of our dwarf search.

After applying these cuts, we bin the data into

1.5 arcmin2 bins and apply the find peaks function

with the same threshold and box size parameters

as used in the analysis described in Section 3.1. This

resulted in a list of 1,535 overdensities, which is signifi-

cantly more than the 419 overdensities detected by the

resolved method, since the LSB search picks up more

false detections such as the halos of bright foreground

stars and background galaxies. These detections are

then filtered out through visual inspection.

It is important to note that, since star-galaxy sepa-

ration is not applied, the resolved search includes all
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sources that are present in the semiresolved search. One

might therefore expect that any overdensity detected

in the semiresolved search would also appear in the re-

solved search. This is not the case, however, since the

resolved search has a much higher average number of

sources per bin, which reduces the relative significance

of semiresolved overdensities, making them less likely to

be detected.

3.3. Visual Inspection

Our dwarf search yields 419 candidates through the re-

solved detection method and 1,535 candidates through

the semiresolved detection method, which, after remov-

ing duplicates, results in a total of 1,943 potential dwarf

galaxy candidates. Visual inspection of these candi-

dates was carried out using the citizen science platform,

Zooniverse, with three members of our team classifying

each candidate as either a potential dwarf galaxy worthy

of further follow-up observation or as a false detection.

For each candidate, we inspected a color-magnitude dia-

gram, spatial distribution, radial density profile, LF, and

color image (similar to the diagnostic plots described in

Carlin et al. 2024). This visual inspection campaign

resulted in zero 3-vote candidates, two 2-vote candi-

dates, 268 1-vote candidates, and 1,720 0-vote candi-

dates, where “X-vote” means that a candidate was clas-

sified by X number of people as a potential dwarf galaxy.

Only those candidates receiving two or more votes were

considered our most probable dwarf galaxy detections.

Follow-up imaging for one of these two candidates was

obtained using the Gemini Multi-Object Spectrograph

(GMOS; Hook et al. 2004) on the Gemini South tele-

scope, however these new data suggest that this candi-

date is not a real satellite of NGC 55. While no addi-

tional data were collected for the second candidate, its

similarity to the first candidate suggests that it is likely

either another background galaxy or galaxy cluster. See

Appendix B for more information.

It should also be noted that while NGC 55-dw1 was

detected by our resolved search method, it did not pass

our visual inspection due to its extremely large size and

LSB. We likely would have identified NGC 55-dw1 dur-

ing visual inspection had we used a larger cutout size

to generate candidate plots. However, to optimize the

inspection process for the more typical sizes of dwarf

galaxies expected in our search, we adopted a smaller

field of view (3 arcmin2), which is better suited to these

dwarfs, though too small to capture the full extent of

NGC 55-dw1.

4. ARTIFICIAL DWARF GALAXY SIMULATIONS

To properly interpret the results of our dwarf galaxy

search, we need to characterize our detection depth and

selection efficiency. To do this, we measure our dwarf

galaxy detection sensitivity using artificial dwarf galaxy

simulations. These simulations involve injecting artifi-

cial dwarfs into our data set and measuring the fraction

of those that are recoverable. These injections are per-

formed on the image level because dwarf galaxies at the

distance of NGC 55 are not entirely resolved, and the

unresolved portions of these galaxies can be more ac-

curately modeled on the image level, as opposed to the

catalog level (Garling et al. 2021). To obtain a represen-

tative sample of the whole NGC 55 footprint, we inject

dwarfs into 26 of the 184 DELVE-DEEP NGC 55 coad-

ded tiles (or “coadds”) that vary in exposure time and

limiting magnitude and span the full range of depths

covered by the DELVE-DEEP fields in Figure 1.

To make sure our simulated galaxies are representative

of real dwarfs, each simulated dwarf’s stellar population

is composed of old, metal-poor stars. Following Mutlu-

Pakdil et al. (2021), each stellar population is sampled

from an isochrone modeling a galaxy at distance DNGC55

≈ 2Mpc with an age of 10 Gyr and metallicity of [Fe/H]

= −2, and generated according to a Salpeter IMF fol-

lowing dN/dM ∝ M−2.35 (Salpeter 1955). Isochrones

are generated using the Dartmouth Stellar Evolution

Database (Dotter et al. 2008). The stars within each

dwarf’s stellar population with i ≤ 27 mag are mod-

eled as point sources convolved with the observed PSF

and injected individually into the images according to

an exponential profile. Rather than repeating this pro-

cess for the faint, unresolved stars below our detection

limits, all the stars with i > 27 mag are instead modeled

and injected as a single exponential galaxy profile, such

that each artificial dwarf is comprised of both a resolved

and unresolved component. Both the point sources and

exponential profiles are modeled using the galaxy im-

age simulation package, galsim (Rowe et al. 2015). Our

tests demonstrate that our dwarf-search pipeline detects

these artificial dwarfs just as effectively as those in which

all stars are injected as individual point sources.

A total of 2,287 artificial dwarfs, uniformly sampled

from half-light radii 1.8 ≤ log(rh/pc) ≤ 3.2 and abso-

lute magnitudes −6.0 ≥ MV ≥ −9.0, are created and

injected into the set of 26 coadds. To convert from g-

and i-band magnitudes to MV , we use the SDSS color

conversions in Jordi et al. (2006), which give nearly the

same results as the DES color conversions in Abbott

et al. (2021). Figure 4 shows four examples of artifi-

cial dwarf galaxies that are used in our analysis. We

then treat the images with artificial dwarf galaxies in

the same way as the unaltered images: each coadd is

run through SourceExtractor, using the same param-

eters as in the DESDM processing of the real images.
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Detected by Semi-resolved Method                     Detected by Resolved Method

Figure 4. Four injected artificial dwarf galaxies of varying absolute magnitude, half-light radius, and effective surface brightness
shown in i band. Green circles indicate sources detected by SourceExtractor. Left column: Artificial dwarfs detected by our
semiresolved method. Right column: Artificial dwarfs detected by our resolved method.

We run the resulting source catalogs through our

dwarf-search pipeline (see Section 3) to investigate our

detection rate as a function of dwarf size (rh) and lumi-

nosity (MV ). First, however, we account for dwarfs that,

due to randomness in our injection process, are injected

into regions of the NGC 55 halo that are already over-

dense and, as a result, are detected by our pipeline re-

gardless of their parameters. To address this, our dwarf-

search pipeline is run on both the altered images with

injected dwarfs as well as the unaltered images. Any

bins detected as overdensities in the unaltered images

are removed from the dwarf search on the altered im-

ages, so that any artificial dwarfs located in these bins

are removed from our sample and do not contribute to

our detection sensitivity calculation. After running our

dwarf-search pipeline on each of the remaining artificial

dwarfs, our team visually inspected each detection us-

ing Zooniverse. Just like in our real satellite search (see

Section 3.3), each dwarf was visually inspected by three

team members, and only those identified as dwarfs by

at least two of the three are considered detections. Both

this Zooniverse inspection and that of the real satellite

search were performed simultaneously to avoid any bi-

ases that could have resulted from inspecting the real

candidates and artificial dwarfs separately.

Our resulting detection sensitivity (see Figure 5)

shows that the resolved detection method is more effi-

cient for large, bright dwarf galaxies, while the semire-
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Figure 5. Dwarf galaxy detection sensitivity for each detection method individually (left and middle) and both methods
combined (right). Detection rates have been corrected according to visual inspection results, where only artificial dwarfs that
were classified as dwarfs by at least two people were counted as detections. Each bin contains, on average, 30 injected dwarfs
with a standard deviation of 4. The corresponding average uncertainty in detection rate (calculated using binomial statistics)
is 0.05. Lines of constant surface brightness are shown in gray (given in mag arcsec−2). When convolved with the dwarf galaxy
size-luminosity relation (Brasseur et al. 2011), we are ∼ 80% complete for MV ≲ −7.8 and ∼ 50% complete for MV ≲ −7.0.

solved method is more sensitive to faint, compact ones

(i.e., those with less resolved stars due to blending ef-

fects). With these two methods combined (through an

outer join3; see right panel), we are sensitive to both

regimes and can detect dwarf galaxies with ≳ 80% ef-

ficiency, on average, with effective surface brightness

µeff ≲ 28.5 mag arcsec−2 and MV ≲ −6.6. When these

detection rates are convolved with the dwarf galaxy size-

luminosity relation presented in Brasseur et al. (2011),

we find that we are ∼ 80% complete to dwarf galax-

ies with MV ≲ −7.8. Detection rates drop for faint,

diffuse dwarf galaxies (bottom right of each panel),

as well as for very bright and compact dwarfs (top

left corner of each panel), because these systems can

no longer be identified as overdensities of individual

stars or unresolved light components. This highlights a

known limitation in distinguishing between very com-

pact, high surface brightness dwarfs and background

galaxies in crowded fields. It is also worth noting that,

while our detection rates drop significantly for dwarfs

with µeff ≳ 28.5 mag arcsec−2, many of these dwarfs

(in particular, those with MV ≲ −7.5) were detected

by our resolved search method, but were not identified

during the visual inspection due to their diffuse nature

(similar to NGC 55-dw1; see Section 3.3). Addition-

3 Outer join means that the output tables of each detection
method are combined such that all rows from both tables are in-
cluded and duplicate rows are matched together. In pandas.merge,
this corresponds to how="outer".

ally, while our sensitivity likely extends to dwarfs with

log(rh/pc) < 1.8 (rh ≲ 63 pc), we chose not to ex-

plore this parameter space because there are currently

very few known dwarf galaxies with MV ≤ −6.0 and

rh ≲ 63 pc (Mutlu-Pakdil et al. 2021; Pace et al. 2022).

5. DISCUSSION

We construct the satellite LF of NGC 55 that is

roughly complete down to MV ∼ −7 and surface bright-

ness µeff ∼ 28.5 mag arcsec−2 (see Figure 6). Our dwarf

galaxy search (see Section 3) yielded no new satellites

beyond the two previously known systems, ESO 294-

010 and NGC 55-dw1. Only the former of these sys-

tems is included as part of our LF because NGC 55-

dw1 is an extremely diffuse dwarf galaxy (µeff ∼ 32.3

mag arcsec−2; McNanna et al. 2024) and consequently

falls below our completeness limits. It is because of this

unusually diffuse nature that NGC 55-dw1 is not de-

tected in our visual search (see Section 3.3). We include

ESO 294-010 in our LF since its luminosity and surface

brightness fall within the assumed extent of our com-

pleteness. Although ESO 294-010 is located near the

edge of NGC 55’s virial radius, just beyond our search

radius, its similar distance and radial velocity to NGC 55

(see Table 1) suggest that it is a likely satellite. As a

result, our LF consists of one NGC 55 satellite to which

we are complete.

We compare our LF to two existing ΛCDM-based pre-

dictions of the satellite populations of LMC-mass hosts

(see Carlin et al. 2024 for similar comparisons with the

NGC 2403 satellite system). The blue-shaded region
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Figure 6. Satellite LF for NGC 55 down to MV = −7
(∼ 50% completeness limit of our dwarf search) given by the
gray-dashed line. ESO 294-010 is shown with a red star and
NGC 55-dw1 is shown with a red circle. While NGC 55-
dw1 is a confirmed satellite of NGC 55, it is not included
as part of our LF due to it being outside the size range of
our sensitivity. The orange- and blue-shaded regions corre-
spond to predicted satellite populations for an LMC-mass
host, adapted from the 80% scatter in Santos-Santos et al.
(2022) and 1σ scatter in Dooley et al. (2017), respectively.
Both of these regions have been convolved with our observed
sensitivity.

in Figure 6 corresponds to the 1σ scatter in predicted

satellites of an isolated, LMC-mass host, as presented

in Dooley et al. (2017). These predictions are based

on the Caterpillar dark matter halo simulations (Grif-

fen et al. 2016) and stellar mass-halo mass relation of

Garrison-Kimmel et al. (2016). The orange-shaded re-

gion represents the 10-90 percentile scatter in predicted

satellites around each of the DELVE-DEEPMC analogs,

from Santos-Santos et al. (2022) (specifically, this region

corresponds to the “cut-off” model from Santos-Santos

et al. 2022). It should be noted that this model starts

counting the cumulative number of satellites at 1 rather

than 0, thereby excluding the possibility that such hosts

have no satellites. These predictions are based on the

Local Group cosmological simulation, APOSTLE (Fat-

tahi et al. 2016). In both the Dooley et al. (2017) and

Santos-Santos et al. (2022) simulations, only subhalos

within the virial radius of each primary halo were con-

sidered as potential satellites, making the corresponding

predictions directly comparable to our LF for NGC 55,

since our search was also restricted to the host’s virial

radius.

Both the blue and orange regions have been convolved

with our observed sensitivity (Figure 5) and thus repre-

sent the predicted number of observed satellites rather

than the number of satellites predicted by simulations.

To perform these convolutions, it was necessary to de-

termine our sensitivity as a function of only MV , as

opposed to both MV and rh, which was achieved using

the dwarf galaxy size-luminosity relation presented in

Brasseur et al. (2011). With our sensitivity taken into

account, our LF aligns well with both ΛCDM predic-

tions. On the bright end it agrees closely with each of

the predicted regions, while on the faint end it is slightly

underpopulated.

Our LF is also in agreement with two recent LFs

for the LMC analog, NGC 2403 (Carlin et al. 2024),

and SMC analog, NGC 3109 (Doliva-Dolinsky et al.

2025), each of which contain two satellites with

−7 ≥ MV ≥ − 13 around their respective hosts,

and are consistent with ΛCDM predictions. Addition-

ally, our LF is consistent with the results of two recent

dwarf galaxy surveys targeting MC analogs at distances

of 4 − 10 Mpc: ID-MAGE (Hunter et al. 2025) and

ELVES-Dwarf (Li et al. 2025). ID-MAGE reports an

average of 4.0 ± 1.4 satellite candidates per LMC-mass

host (with a lower bound of 1.4 ± 0.6 satellites), and

ELVES-Dwarf finds 0− 2 satellites around each of their

MC-mass hosts. Both of these bounds agree well with

NGC 55 having two satellites. It is worth noting, how-

ever, that NGC 55 is significantly closer than the hosts

targeted by ID-MAGE and ELVES-Dwarf. While these

complementary surveys rely exclusively on integrated

light detection—allowing them to probe a larger num-

ber of hosts—, they are limited in their ability to detect

the faintest satellites. As a result, both surveys are com-

plete only down to MV ∼ −9, roughly two magnitudes

brighter than our completeness limit. The relative prox-

imity of NGC 55 enables (semi)resolved star searches

in our study, allowing us to reach significantly fainter

systems that would otherwise remain undetectable.

In Figure 7, we place the two dwarf satellites of

NGC 55 in context with other MC analogs in the size-

luminosity plane. NGC 55’s brighter satellite com-

panion, ESO 294-010, is consistent with other known

dwarfs in terms of size and luminosity (MV ∼ −11.3;

rh ∼ 248 pc). In addition to an old, metal-poor stel-

lar population, ESO 294-010 contains a small popula-

tion of young, main-sequence stars as well as H i gas

(Karachentsev et al. 2002; Da Costa et al. 2010).

NGC 55-dw1, on the other hand, is similar in magnitude

to a number of other known dwarfs, but is unusually

large for its luminosity (MV ∼ −8.0; rh ∼ 2.2 kpc),

which is possibly a result of tidal interactions with

NGC 55 (McNanna et al. 2024). Additionally, the lack

of deeper imaging around this dwarf makes it difficult
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Figure 7. Absolute magnitude vs. half-light radius for
known dwarf satellites. Open gray symbols indicate MW and
M31 satellites from the compilation of Pace 2024. Open blue
symbols indicate satellites of the LMC (Patel et al. 2020) or
LMC analogs: M33 (Chapman et al. 2013; Martı́nez-Delgado
et al. 2021; Collins et al. 2024; Ogami et al. 2024), NGC 2403
(Carlin et al. 2024), NGC 300 (Sand et al. 2024), NGC 4449
(Rich et al. 2012; Martı́nez-Delgado et al. 2012). Open green
symbols indicate satellites of SMC analogs: NGC 3109 (Sha-
rina et al. 2008; Sand et al. 2015; Doliva-Dolinsky et al.
2025), and NGC 4214 (Carlin et al. 2021). Closed red stars
indicate NGC 55 satellites. The red rectangle outlines the pa-
rameter space that was tested in artificial dwarf simulations
(Section 4). The light blue-shaded region indicates where
our dwarf search is ≳ 80% complete, and the yellow-shaded
region indicates where our search is ≲ 80% complete. Com-
pletenesses in these regions outside of the red rectangle are
extrapolated. The gray-shaded region indicates where we
cannot extrapolate our completeness. Gray-dashed lines in-
dicate lines of constant surface brightness.

to conclude whether or not it contains any young stellar

populations. That said, NGC 55 appears to have a dis-

torted H i disk with some gas extending in the direction

of NGC 55-dw1, which could potentially be a sign of

tidal interaction (Westmeier et al. 2013). Furthermore,

the unusually diffuse nature of NGC 55-dw1 raises the

question of whether it is truly an intact system or part

of a larger tidal debris structure. While similarly diffuse

dwarfs, such as Antlia II and Crater II, are generally

regarded as gravitationally bound systems (Torrealba

et al. 2016, 2019; Ji et al. 2021), the lack of dynamical

observations for NGC 55-dw1 leaves its bound nature

uncertain.

6. CONCLUSION

In this work, we perform a systematic satellite search

around a nearby LMC-mass galaxy, NGC 55 (2.1 Mpc).

Unlike previous satellite searches around low-mass hosts,

our approach combines both resolved and semiresolved

detection methods. As a result, our satellite search

yields two potential dwarf galaxy candidates, although

follow-up GMOS imaging for one of these candidates

indicates that it is not a satellite of NGC 55, and

the second candidate’s similarity to the first suggests

that it is not a satellite either (see Appendix B). We

present a satellite LF for NGC 55 complete down to

MV ∼ −7 that consists of one dwarf galaxy, ESO 294-

010, withMV ∼ −11.3 (see Figure 6). We do not include

NGC 55’s second known satellite, NGC 55-dw1, in our

LF because its unusually diffuse nature places it out-

side our completeness limits. Nevertheless, our LF is in

good agreement with the ΛCDM predictions presented

in Dooley et al. (2017) and Santos-Santos et al. (2022)

and with the results of recent dwarf galaxy searches

around other MC analogs (Carlin et al. 2024, Hunter

et al. 2025, Doliva-Dolinsky et al. 2025, Li et al. 2025).

Furthermore, when placed in context with other satel-

lites of such MC analogs, ESO 294-010 demonstrates a

size and luminosity consistent with those of similar sys-

tems, while NGC 55-dw1 is notably larger in comparison

to other dwarfs with similar luminosities. This unusu-

ally extended structure could suggest that NGC 55-dw1

has undergone tidal disruption by NGC 55 or that it is

not a completely intact satellite.

In determining the completeness of our satellite

search, our artificial dwarf galaxy simulations show that

the combination of resolved and semiresolved search

methods results in the detection of a broad range of

dwarf galaxy properties, since we are sensitive to dwarfs

with µeff ≲ 28.5 mag arcsec−2 and MV ≲ −6.6 and

∼ 80% complete to MV ≲ −7.8 (see Figure 5). This

approach could therefore enhance the completeness and

robustness of future satellite searches targeting a similar

regime of dwarf galaxies. Machine learning techniques
could be particularly adept at integrating both resolved

and unresolved information to enhance the efficiency of

such searches (e.g., Müller & Schnider 2021, Tanoglidis

et al. 2021, Jones et al. 2023).

As one of the only comprehensive satellite studies

around a low-mass host, our results emphasize the need

to rigorously characterize additional MC-analog satel-

lite systems. With recent and upcoming papers (Car-

lin et al. 2024; Doliva-Dolinsky et al. 2025) beginning

to increase our sample of explored MC-mass hosts, the

DELVE-DEEP survey will conduct satellite searches

around its three remaining targets, further improving

the characterization of satellites around low-mass hosts

in the Local Volume. DELVE-DEEP will also per-

form systemic searches for substructures around the re-

maining hosts, as has recently been done for NGC 300
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(Fielder et al. 2025). To complement this, the MAD-

CASH survey will execute satellite and substructure

searches around its five remaining MC-mass targets

(Carlin et al. 2024). Within the next year, the Vera C.

Rubin Observatory’s Legacy Survey of Space and Time

(LSST; Ivezić et al. 2019) will begin operations. LSST

will likely be able to identify hundreds of new dwarf

galaxies in the Southern sky, including both satellites

of larger galaxies and isolated field dwarfs, allowing for

a better evaluation of the ΛCDM model on small scales

(Mutlu-Pakdil et al. 2021). Dwarf searches performed in

the LSST era could also benefit from combining resolved

and semiresolved search methods, as demonstrated in

this work. This approach may enable the detection of

more, and even fainter, dwarf galaxies than current pre-

dictions suggest.
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APPENDIX

A. STELLAR COMPLETENESS

To measure our stellar completeness, we inject artificial stars into our data set and measure the fraction of those that

are recoverable. Like in Section 4, stars are injected on the image level and into the same set of 26 NGC 55 coadds.

Artificial stars are modeled as point sources convolved with the observed PSF using the galaxy image simulation

package, galsim (Rowe et al. 2015). Square grids of 5,000-10,000 stars are injected into each of the 26 coadds with

random g-band magnitudes between 21 ≤ g ≤ 27 mag. To avoid significantly increasing the average background

magnitude, the exact number of stars injected into each coadd was ∼10% of the number of real sources in the coadd.

The colors of the artificial stars (and as a result, their r and i magnitudes) in each coadd are randomly sampled from

the color distribution of real sources in that coadd (−0.50 ≲ g − r ≲ 1.25 and −0.50 ≲ g − i ≲ 2.00). This process is

repeated for each coadd 10 times, resulting in a total of 260 coadds containing injected stars. Each coadd is then run

through SourceExtractor for recovery, using the same parameters as in the DESDM processing of the real images.

After running this pipeline on the coadds containing artificial sources, the completeness of each coadd is determined

by calculating the fraction of injected stars that are recovered as a function of input magnitude. Since we are not

applying star-galaxy separation, stars are considered recovered as long as they are detected by SourceExtractor

regardless of whether they are classified as point sources. Our measured completenesses are then fitted according to

the completeness model described in Eq. 7 of Martin et al. 2016, which takes the form of a decreasing logistic function.

The average completenesses across the 26 tested coadds are shown in Figure 8.

Our tests show that we are, on average, 90% complete to g = 25.3±0.2 mag and i = 24.6±0.2 mag, which are ∼ 1.0

and ∼ 2.0 mag fainter than the corresponding TRGB magnitudes, mTRGB
g ∼ 24.3 and mTRGB

i ∼ 22.6 (see Figure 8).

These TRGB magnitudes are estimated using an old, metal-poor isochrone with [Fe/H] = −2 and age = 10 Gyr at the

distance of NGC 55. Isochrones are generated using the Dartmouth Stellar Evolution Database (Dotter et al. 2008).
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Figure 8. Average completeness in g and i bands across all 26 coadds used for the artificial star injections. Solid lines indicate
mean completeness and shaded regions indicate ±1σ. Average 50% completeness is 25.8± 0.2 mag in g and 25.0± 0.2 mag in
i. TRGB apparent magnitudes in g and i given by blue- and red-dashed lines, respectively (mTRGB

g ∼ 24.3; mTRGB
i ∼ 22.6).
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B. TWO SATELLITE CANDIDATES

Figure 9 shows DELVE-DEEP images and color-magnitude diagrams of each of the 2-vote candidates that resulted

from our satellite search. Note that the first of these candidates is detected by our resolved search method, whereas the

second is detected by our semiresolved search method, despite both exhibiting overdensities of resolved stars, which

is why we include a color-magnitude diagram for each. Brown points indicate sources that are not classified as stars,

blue points represent sources identified as stars through star-galaxy separation, and red points highlight stars within

our RGB selection region. Only the sources within a 0.3 arcmin radius from the candidate’s center, marked by a red

circle in the middle panel, are shown in the left panel. These sources are highlighted with corresponding colors on the

i-band image in the right panel.

We obtained the follow-up imaging for the first of these two candidates with the Gemini Multi-Object Spectrograph

(GMOS; Hook et al. 2004) on the Gemini South telescope (GS-2024B-FT-204; PI: J. Medoff). The GMOS images have

a ∼5.5′×5.5′field of view and 0.16′′pixel−1 scale after binning. Both g and i-band imaging was taken with strict image

quality constraints on 2024 December 25 (UT). We collected 9×300 s g-band exposures and 4×300 s i-band exposures,

with small dithers between each exposure. The goal of these follow-up observations was to increase the number of

putative member stars in our candidate system in order to confirm whether they represented bona fide associations of

stars at the distance of NGC 55.

Figure 9. The DELVE-DEEP color-magnitude diagram of our 2-vote candidates (top: Candidate 1, bottom: Candidate 2)
and their i-band images. RGB stars are shown in red, stars outside of our RGB selection region are shown in blue, and all
other sources are shown in brown. The black line represents an old, metal-poor isochrone (age = 10 Gyr, [Fe/H]= −2, Dotter
et al. 2008) at the distance of NGC 55. The left panel includes only the sources within a radius of 0.3 arcmin surrounding the
candidate, indicated by the red circle in the middle panel. The corresponding detection method is given in the title. The right
panel highlights each source from the left panel on the i-band image.



18

Initial data reduction was conducted using DRAGONS (Labrie et al. 2023), the pipeline maintained by Gemini

Observatory. DRAGONS performs bias subtraction, flat-field correction, and bad pixel masking on the images. Cosmic

rays were removed using the sigma-clipping method within the DRAGONS pipeline. Stacked images were created using

the weighted average of the individual exposures. An astrometric correction was applied by using SCAMP (Bertin

2010). The final g- and i-band stacked images had PSF FWHM values around 0.7′′.

We performed PSF fitting photometry on the stacked GMOS images, using DAOPHOT and ALLFRAME (Stetson

1987, 1994), following the general procedure described in Mutlu-Pakdil et al. (2018). The photometry was calibrated to

point sources in our DELVE-DEEP catalog, including a color term, and was corrected for Galactic extinction (Schlafly

& Finkbeiner 2011) on a star-by-star basis. In Figure 10, we show the deep CMD of candidate 1 within a radius of 0.3′,

along with a representative background field of the same area. The overplotted red line represents an old, metal-poor

isochrone (age = 10 Gyr; [Fe/H] = −2; Dotter et al. 2008) at the distance of NGC 55. The absence of stars near the

isochrone and the overwhelming presence of background sources suggest that the candidate is not a real system at the

distance of NGC 55.

No follow-up data were obtained for the second candidate (see Figure 9-bottom panels), but its similarity in appear-

ance and the CMD to the first candidate suggests that it is unlikely to be a real system at the distance of NGC 55. In

addition, both candidates are visible in the Wide-field Infrared Survey Explorer (WISE) data, specifically the unWISE

W1/W2 NEO7 images. This may indicate that they are, instead, background, high-redshift galaxy clusters.
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Figure 10. Follow-up Gemini data for Candidate 1. Left: Deep color-magnitude diagram of the region within a 0.3 arcmin
radius of the candidate. Isochrone with age = 10 Gyr and metallicity [Fe/H] = −2 at the distance of NGC 55 is shown in red
(Dotter et al. 2008). Middle: Same as left but for a background region of equal area. Right: An i-band image with a dashed
red circle of a radius 0.3 arcmin surrounding the candidate.


