THE ASTROPHYSICAL JOURNAL, 966:188 (17pp), 2024 May 10
© 2024. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /ad36¢4

CrossMark

The Faint Satellite System of NGC 253: Insights into Low-density Environments and No
Satellite Plane”

Burgin Mutlu-Pakdil' @, David J. Sand?
Ananthan Karunakaran®® , Dennis Zaritsky
Anil C. Seth'2®, Joshua D. Simon'?

, Denija Crnojevié3 , Paul Bennet”

, Nelson Caldwell 10

, Michael G. Jones® , Kristine Spekkens6’7 s
Catherine E. Fielder’ Puragra Guhathakurta'' s

, Jay Strader , and Elisa Toloba

Department of Physics and Astronomy Dartmouth College, Hanover NH 03755, USA Burcin.Mutlu-Pakdil @dartmouth.edu
Department of Astronomy/Steward Observatory, University of Arizona, 933 North Cherry Avenue, Rm. N204, Tucson, AZ 85721-0065, USA
3 University of Tampa, 401 West Kennedy Boulevard, Tampa, FL. 33606, USA
Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
5 Steward Observatory, University of Arizona, 933 North Cherry Avenue, Rm. N204, Tucson, AZ 85721-0065, USA
Depanment of Physics and Space Science, Royal Military College of Canada, P.O. Box 17000, Station Forces Kingston, ON K7K 7B4, Canada
Department of Physics, Engineering Physics and Astronomy, Queen’s University, Kingston, ON K7L 3N6, Canada
8 Department of Astronomy & Astrophysics, University of Toronto, Toronto, ON M5S 3H4, Canada
Dunlap Institute for Astronomy and Astrophysics, University of Toronto, Toronto, ON MS5S 3H4, Canada
O Center for Astrophysics, Harvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA
Department of Astronomy and Astrophysics, University of California Santa Cruz, University of California Observatories, 1156 High Street, Santa Cruz, CA
95064, USA
Unlver§1ty of Utah, 115 South 1400 East Salt Lake City, UT 84112-0830, USA
3 Observatories of the Carnegie Institution for Science, 813 Santa Barbara Street, Pasadena, CA 91101, USA
4 Depanment of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
Department of Physics, University of the Pacific, 3601 Pacific Avenue, Stockton, CA 95211, USA
Received 2024 January 25; revised 2024 March 4; accepted 2024 March 17; published 2024 May 7

Abstract

We have conducted a systematic search around the Milky Way (MW) analog NGC 253 (D = 3.5 Mpc), as a part of
the Panoramic Imaging Survey of Centaurus and Sculptor (PISCeS)—a Magellan+Megacam survey to identify
dwarfs and other substructures in resolved stellar light around MW-mass galaxies outside of the Local Group. In
total, NGC 253 has five satellites identified by PISCeS within 100 kpc with an absolute V-band magnitude of
My < —7. We have additionally obtained deep Hubble Space Telescope imaging of four reported candidates
beyond the survey footprint: Do III, Do IV, and dw0036m2828 are confirmed to be satellites of NGC 253, while
SculptorSR is found to be a background galaxy. We find no convincing evidence for the presence of a plane of
satellites surrounding NGC 253. We construct its satellite luminosity function, which is complete down to

My < —8 out to 100 kpc and My, <

—9 out to 300 kpc, and compare it to those calculated for other Local Volume

galaxies. Exploring trends in satellite counts and star-forming fractions among satellite systems, we find
relationships with host stellar mass, environment, and morphology, pointing to a complex picture of satellite
formation, and a successful model has to reproduce all of these trends.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); HST photometry (756); Galaxy evolution (594);
Galaxies (573); Surveys (1671); Stellar populations (1622)

1. Introduction

Dwarf galaxies are unique laboratories to study the physics
of dark matter and galaxy evolution. The currently favored A
cold dark matter (ACDM) cosmological model predicts the
existence of a hierarchy of dark matter halos, within which
galaxies form and reside (e.g., Wechsler & Tinker 2018). This
theory is strongly supported by observations at large spatial
scales, but there are important open questions at small scales,
corresponding to that of dwarf galaxies (see Sales et al. 2022).
Because of the detail with which they can be studied, Local
Group satellites have been the primary sample for under-
standing the astrophysics and cosmological implications of
dwarf galaxies (Nadler et al. 2021, among others). However,

* This paper includes data gathered with the 6.5 m Magellan Telescope at Las
Campanas Observatory, Chile.
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there is a danger of over-tailoring the models to fit local
observations. To fully test the ACDM model and its underlying
astrophysics (e.g., stellar and supernova feedback, reionization,
tidal, and ram pressure stripping, etc.), studies of satellite
systems beyond the Local Group are necessary to sample
primary halos with a range of masses, morphologies, and
environments.

Observationally, this work is already underway employing
diverse approaches: HI observations (e.g., Cannon et al. 2011;
Papastergis et al. 2015; Yaryura et al. 2016), large-area
integrated light surveys around nearby galaxies (e.g., Miiller
et al. 2015; Bennet et al. 2017; Danieli et al. 2017; Park et al.
2017; Bennet et al. 2019; Park et al. 2019; Bennet et al. 2020;
Davis et al. 2021; Carlsten et al. 2022; Fan et al. 2023; Crosby
et al. 2024), focused deep-imaging surveys that allow satellites
to be resolved into stars (e.g., Chiboucas et al. 2009, 2013;
Sand et al. 2014, 2015; Carlin et al. 2016; Crnojevié¢ et al.
2016; Toloba et al. 2016; Smercina et al. 2018; Crnojevié et al.
2019; Carlin et al. 2021; Drlica-Wagner et al. 2021), and
spectroscopic surveys around Milky Way (MW) analogs at
larger distances (Geha et al. 2017; Mao et al. 2021).
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These different approaches complement each other and come
with distinct advantages and limitations. Focused deep-imaging
surveys facilitate resolved searches for very faint dwarf
galaxies (My > —9) within 4 Mpc, where we can study the
effects of reionization and compare our findings with the latest
discoveries of the Local Group. It is also possible to get a
deeper understanding of their nature from resolved stellar
populations. On the other hand, integrated light surveys are
very successful in identifying brighter dwarfs (My < —9)
within the ~4-10Mpc range. At these greater distances,
however, detailed investigations with resolved stars are no
longer feasible. Resolved star studies also have fewer
observational biases, as the distance to the candidates can be
derived directly via the tip of the red giant branch stars (TRGB;
e.g., Sand et al. 2014; Crnojevi¢ et al. 2016; Toloba et al.
2016). While surface brightness fluctuation (SBF) offers an
efficient way to get distances to quenched dwarf galaxies in
integrated light surveys, it is well known that the SBF
technique is not ideal for gas-rich, star-forming systems
because their star-forming regions can significantly affect the
SBF measurements (Greco et al. 2021). While spectroscopic
surveys can probe even greater distances (~25-40 Mpc), they
may have their own biases, potentially favoring objects with
emission lines, or disfavoring low-surface brightness objects
that are difficult to spectroscopically confirm.

In Mutlu-Pakdil et al. (2022), we presented the focused
Magellan+Megacam deep-imaging survey of the nearest MW
analog in a very low-density environment: the edge-on spiral
NGC 253 (D =3.5Mpc; Radburn-Smith et al. 2011, a total
stellar mass of ~4.4 x 1010M®; Bailin et al. 2011). While it is
usually classified as a member of the Sculptor group, this group
is not truly a bound system, but instead, a filament extended
along our line of sight (Jerjen et al. 1998; Karachentsev et al.
2003). Hence, NGC 253 is evolving essentially in isolation,
providing us a unique opportunity to extend the range of
environments probed by the existing surveys in resolved stars.
In this previous work, we reported the discovery of three new
ultrafaint dwarf galaxies (UFDs; My 2> —7.7) via a visual
search, and presented Hubble Space Telescope (HST) follow-
up observations for these three systems, as well as for two other
dwarfs identified in the early stages of our survey (Sand et al.
2014; Toloba et al. 2016).

A distinctive feature characterizing the population of dwarf
galaxies is the luminosity function (LF), i.e., the total number
of dwarfs as a function of luminosity. The relationship between
the LF and the mass function of dark matter halos probes the
physics of galaxy formation in the smallest halos and constrains
dark matter models. The observed LF accurately represents the
true LF only if the dwarf galaxy sample is complete over the
considered luminosity range. However, the detection of faint
galaxies varies significantly based on their luminosity, surface
brightness, and distance, and many of these galaxies are near
the detection limits of the surveys in which they are discovered.
Therefore, deriving the LF requires accurately quantifying the
sensitivity of dwarf galaxy searches. Similarly, confirming the
nature of candidate dwarfs and firmly establishing their
membership with the host galaxy are equally vital for
constructing an accurate LF. In this paper, our main focus is
on the NGC 253 LF and its satellite system as a whole.

First, in Section 2, we present the general overview of our
survey of NGC 253. In Section 3, we present the details of our
resolved dwarf search. In Section 4, we statistically
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characterize our overall satellite detection efficiency. In
Section 5, we present an HST follow-up of dwarf candidates
beyond the survey footprint. In Section 6, we revisit the
recently proposed satellite plane around NGC253. In
Section 7, we derive the NGC 253 LF to compare with those
calculated for other Local Volume galaxies. In Section 8, we
explore the characteristics and trends among the satellite
systems, as a function of the most dominant mergers, host
stellar mass, local density environment, and morphology.
Finally, we summarize our key results in Section 9.

2. The PISCES Survey

The Panoramic Imaging Survey of Centaurus and Sculptor
(PISCeS) is a Magellan+Megacam survey to search for dwarf
galaxies and signs of hierarchical structure formation in the
halos of NGC253 and Centaurus A (Cen A)—two nearby
galaxies of different morphologies in two environments
substantially different from the Local Group. NGC 253 is a
starbursting spiral in a low-density environment (D = 3.5 Mpc;
Radburn-Smith et al. 2011) and Cen A is an elliptical in a
relatively rich group (D = 3.8 Mpc; Harris et al. 2010). While
the PISCeS Cen A campaign resulted in the discovery of 11
new satellites and several previously unknown streams and
shells (Crnojevic et al. 2016, 2019), the NGC 253 campaign led
to the discovery of five new satellites (Sand et al. 2014; Toloba
et al. 2016; Mutlu-Pakdil et al. 2022). Our previous papers on
the NGC 253 PISCeS data were dedicated to these dwarf
discoveries, providing a detailed analysis of their stellar
populations and physical properties. In this paper, our main
goal is to statistically characterize the overall satellite detection
efficiency in our PISCeS NGC 253 footprint, derive the satellite
LF of NGC 253, and place its satellite system in the galaxy
formation context.

As part of PISCeS, we have observed 81 Megacam fields
around NGC 253, which reach out to a projected radius of
~100 kpc (~1/3 of its virial radius, Mutlu-Pakdil et al. 2021;
see Figure 1 for the survey footprint). Megacam has a
~24' x 24’ field of view (FoV) and a binned pixel scale of
0”16. PISCeS typically observes each field for 6 x 300s in
each of the g and r bands to achieve image depths of g,
r~?26.5 mag, which is ~2 mag below the TRGB at the
distance of NGC 253. Throughout the survey, the median
seeing is ~0”8 in both bands, with the best/worst seeing being
~0”5/1"3 in both bands. The data are reduced in a standard
way by the Smithsonian Astrophysical Observatory Telescope
Data Center (see McLeod et al. 2015; Crnojevié et al. 2016, for
further details).

We perform point-spread function (PSF)-fitting photometry
on each of the stacked final images, using the suite of programs
DAOPHOT and ALLFRAME (Stetson 1987, 1994), following
the same methodology described in Crnojevic et al. (2016). We
remove objects that are not point sources by culling our
ALLFRAME catalogs of outliers in y versus magnitude,
magnitude error versus magnitude, and sharpness versus
magnitude space. Instrumental magnitudes are then calibrated
by matching them to the Dark Energy Survey DR2 catalog
(Abbott et al. 2021). The final calibrated catalogs are
dereddened on a star-by-star basis using the Schlegel et al.
(1998) reddening maps with the coefficients from Schlafly &
Finkbeiner (2011). The extinction-corrected photometry is used
throughout this work.
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Figure 1. Footprint of PISCeS (red-dashed line), centered on NGC 253 (red ellipse). Confirmed dwarfs at the distance of NGC 253 are shown with blue-filled
symbols, five were discovered in PISCeS (circles): ScI-MM-dw1, Scl-MM-dw2, Scl-MM-dw3, Scl-MM-dw4, and Scl-MM-dw5 (Sand et al. 2014; Toloba et al. 2016;
Mutlu-Pakdil et al. 2022). The blue squares represent the three dwarfs recently discovered beyond PISCeS and confirmed as NGC 253 satellites by our HST follow-up
observations: Do III, Do IV, and dw0036m2828 (Martinez-Delgado et al. 2021; Carlsten et al. 2022, see Section 5). The remaining five (triangles) are previously
known dwarfs from Karachentsev et al. (2021). The black cross (x) represents ScuSR, which turns out to be a background object based on our HST imaging (see the
Appendix). The black circle represents the approximate virial radius of NGC 253 (330 kpc; Mutlu-Pakdil et al. 2021).

To assess the photometric uncertainties and incompleteness
of our wide-field data set, we run a series of artificial star tests
with the DAOPHOT routine ADDSTAR. We place artificial
stars into our images on a regular grid (~10-20 times the
image FWHM). We assign the r magnitude of the artificial stars
randomly from 18-29 mag with an exponentially increasing
probability toward fainter magnitudes, and the g magnitude is
then randomly selected with uniform probability based on the
g — r color over the range of —0.5-1.5 mag. Ten iterations are
performed on each field for a total of ~100,000 artificial stars
each. Their photometry is derived exactly in the same way as
for the real data, and the same quality cuts and calibration are
applied. The 50% completeness limit per pointing varies from
r~23.9-27.4 mag and g ~ 25.9-27.8 mag, with the average at
r~26.7mag and g ~ 27.2 mag.

As our focus in this paper is solely on satellite dwarfs, we
will present the global color—magnitude diagram (CMD) and
NGC 253 resolved stellar halo properties in a future paper.

3. Dwarf Satellite Search

Beyond the Local Group, only the intrinsically brightest stars
can be resolved. Given that all known dwarf galaxies contain
old (Z10Gyr) red giant branch (RGB) stars (Weisz et al.
2011), they are the best tracers to use to find these more distant
dwarfs. Our PISCeS program is designed to detect satellites as

overdensities of RGB stars at the distance of NGC 253. To
automatically detect such overdensities and do extensive
completeness checks, we adopt a matched-filter technique
(Rockosi et al. 2002; Walsh et al. 2009), which maximizes the
signal to noise in possible dwarf stars over the background.
Our search algorithm is described in detail in Mutlu-Pakdil
et al. (2021) and is applied to the PISCeS NGC 253 fields, but
we provide a brief overview of the important steps in this
section. First, we build well-populated signal CMDs (of
~75,000 stars), including the stellar completeness and photo-
metric uncertainties of each field based on artificial star tests,
by adopting an old metal-poor Dotter isochrone (i.e., Dotter
et al. 2008, age = 10 Gyr, [Fe/H] = —2.0) and its associated
LF. Background CMDs should ideally be chosen from a field
far beyond a dwarf galaxy. However, because we do not know
which region is free of dwarf galaxy stars, we use all of the
stars in each field for background CMDs'® and normalize them
based on the area selected. We bin these CMDs into 0.1 x 0.1
color-magnitude bins. We then spatially bin our stars into
20" pixels, smooth our final values using a Gaussian of the
width of the pixel size, and create our final smoothed matched-
filter maps. The MMM routine in IDL is used to calculate the

16 In cases where the contamination from the stellar halo is significant,
experimenting with different background fields far from NGC 253 shows no
significant changes in our results.
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Figure 2. The smoothed matched-filter stellar density maps where the overdensities of previously reported PISCeS dwarfs are recovered (left: ScI-MM-dw 1, middle:
Scl-MM-dw2, right: Scl-MM-dw3). Positions here are relative to the center of NGC 253. The contour levels show the 5¢, 60, 70, 100, 150, and 200 levels above the
model value. False detections near each system are labeled, and they are mostly shredded bright background galaxies based on visual inspection. We note that Scl-

MM-dwl1 is detected at 300, Scl-MM-dw2 at 170, and Scl-MM-dw3 at 5.50.

background level (sKymean) and variance (sKysigma) Of these
smoothed maps. The normalized signal can be defined as
S = (smoothmap — sKymean)/SKYsigma> and gives the number of
standard deviations (o) above the local mean. We use S as a
measure of the detection signal and visually inspect any stellar
overdensity with § > 5o.

The number of detected sources ranges from two to 20,
depending on the field. After the visual inspection, we find that
the majority of these detections are false positives, primarily
bright background galaxies that have been detected as multiple-
point sources by DAOPHOT. While no new dwarf candidates
pass our visual inspection, two previously reported PISCeS
classical dwarfs are easily recovered: Scl-MM-dw1 and Scl-MM-
dw2 (see Figure 2). The other three reported PISCeS dwarfs are
UFDs, and were identified via a systematic visual search (Mutlu-
Pakdil et al. 2022). While Scl-MM-dw3 (M, = —7.2) is detected
just above our threshold cut with 5.50, the other two fall in the
fields with the worst-seeing cases and thus could not be recovered
using our matched-filter method.

While the matched-filter technique is adept at identifying
well-resolved systems, its efficacy diminishes when dealing
with semi-resolved systems—those characterized by an under-
lying diffuse light contribution with a few resolved stars
overlaid. Although visual searches are more successful in such
cases (as in Mutlu-Pakdil et al. 2022), without an automated
search algorithm, a statistical sensitivity analysis is not
possible. Recently, Jones et al. (2023a) introduced a new
optimized search algorithm for semi-resolved systems based on
a convolutional neural network classifier, which can serve as a
powerful and complementary tool for finding and studying
these elusive objects.

In the following section, we quantify the detectability of
dwarf galaxies as a function of size and luminosity, and we do
not include satellites that fall below our completeness limits in
our derived satellite LF and related discussions (see Section 7).

4. Completeness Tests

Before comparing our sample to known satellite populations,
it is critical to understand and quantify the completeness of the
detection algorithm. We perform completeness tests by
injecting artificial resolved dwarf galaxies of known magnitude

and size, and checking the recovery efficiency. We use the
same pipeline to create mock dwarf observations as described
in Mutlu-Pakdil et al. (2021). Star positions are drawn
randomly from exponential profiles with sizes and luminosities
that span those of the detected dwarfs, ellipticities of <0.75 and
position angles ranging from 0°-360°. We focus on 10 PISCeS
fields, four with average seeing (~0”8) and six with bad seeing
(~1"0) to represent our survey footprint. We inject a total of
5460 mock galaxies into our coadd-level images, with a
minimum of ~100 galaxies per bin in total magnitude and size
space. In each iteration, four galaxies are randomly placed in a
given field, one for each quadrant. The images with simulated
dwarf galaxies are treated the same as the unaltered images, and
they are processed through our photometry and detection
pipeline.

Figure 3 shows the size—luminosity space probed by our
tests, where the colored blocks present the detection efficiency
map of our simulated dwarfs. The left panel shows the overall
recovery fraction across our representative 10 fields. The
center/right panel shows the average recovery fraction of the
cases with average/bad seeing. Cen A dwarfs (red squares) and
NGC 253 dwarfs (red stars) are shown as references.

Our tests clearly show that our overall dwarf search is
complete down to My ~ —8 and sy ~ 28 mag arcsec %, with a
recovery rate of >95%. There is a clear drop-off in
completeness at pu, ~29mag arcsec >, with an ~50%
recovery rate. At My~ —7.5, the detectability is about 30%—
40% for systems with s brighter than 29 mag arcsec 2. This is
the luminosity—size space where the known PISCeS UFDs
(Scl-MM-dw3, Scl-MM-dw4, and Scl-MM-dw5) are located,
and this detectability rate is also consistent with Scl-MM-dw3
being found but the other two being undetected in matched-
filter stellar density maps. However, it is worth emphasizing
that even for these faint dwarfs, the census of satellites in the
PISCeS data is 30%—40% complete.

5. Beyond the PISCeS footprint

We have obtained deep HST follow-up observations of four
dwarf candidates that were discovered beyond the PISCeS
footprint (Martinez-Delgado et al. 2021; Carlsten et al. 2022):
Do III, Do IV, and dw0036m2828 are confirmed to be satellites
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Figure 3. Average completeness of our resolved dwarf searches as quantified with injected artificial galaxies. The left panel shows the results of our tests on 10
representative PISCeS fields, while the middle and right panels focus on the results from the fields with average (~0”8) and bad (~1”0) seeing, respectively. Lines of
constant V-band surface brightness are shown at 24, 26, 28, and 30 mag arcsec 2. Cen A dwarfs (red squares) and NGC 253 dwarfs (red stars) are shown as a

reference. The color map represents the detection efficiency.

of NGC 253, while SculptorSR (ScuSR) is found to be a
background galaxy (see the Appendix). In this section, we
present HST observations of Do III, Do IV, and dw0036m2828.
The first two were found by visual inspection of the DESI
Legacy Imaging Surveys (Martinez-Delgado et al. 2021), while
dw0036m2828 was detected from integrated light in the Dark
Energy Camera Legacy Survey using a semiautomated algo-
rithm (Carlsten et al. 2022). The discovery data are too shallow
to constrain their distance and thus confirm their status as
NGC 253 satellites. Here, we use HST follow-up observations
that reach ~3 magnitudes below the TRGB for each object to
derive their distances, structural parameters, and luminosities.

5.1. HST Observations and Photometry

We obtained HST follow-up observations of these dwarfs
(GO-17164, PI: Mutlu-Pakdil) with the Wide Field Channel of
the Advanced Camera for Surveys (ACS). Each target was
observed for a total of one orbit in the F6OO6W and F814W
filters: 1006s in F606W, 1027s in F814W for Dolll,
dw0036m2828, and ScuSR; 999s in F606W, 1026s in
F814W for Do IV.

We performed PSF photometry on the pipeline-produced
FLC images with the latest version 2.0 of DOLPHOT
(Dolphin 2000). We followed the recommended preprocessing
steps and used the suggested input parameters from the
DOLPHOT User Guide.'” The initial photometry is culled
with the following criteria: the sum of the crowding parameters
in the two bands is <1, the squared sum of the sharpness
parameters in the two bands is <0.075, and the signal-to-noise
ratio is >4 and the object type is <2 in each band. We
corrected for MW extinction on a star-by-star basis using the
Schlegel et al. (1998) reddening maps with the coefficients
from Schlafly & Finkbeiner (2011). The extinction-corrected
photometry is used throughout this work.

We performed artificial star tests to quantify the photometric
uncertainties and completeness in our observations. A total of

7 hitp: //americano.dolphinsim.com/dolphot/dolphotACS.pdf

~ 100,000 artificial stars, implanted one star at a time using the
artificial star utilities in DOLPHOT, were distributed uniformly
both in color—magnitude space (i.e., 20 < F606W < 30 and
—0.5 < F606W-F814W <1.5) and spatially across the FoV.
Photometry and quality cuts were performed in an identical
manner to those performed on the original photometry. Our HST
data are 50% (90%) complete at F6O6W ~ 27.2 (26.2) mag and
F814W ~ 26.4 (25.6) mag.

5.2. Properties of Do Ill, Do IV, and dw0036m2828
5.2.1. Color—-Magnitude Diagram

Figure 4 shows the RGB false color HST/ACS images of
Do IIl, Do IV, and dw0036m2828 (top panel), and their CMDs
(bottom panel), which include stars within two half-light radii
(see Table 1 and Section 5.2.3). Overplotted on the CMDs as
blue, green, and red lines are the Dartmouth isochrones (Dotter
et al. 2008) for 12Gyr and [M/H]=-2.5, —2.0, and
—1.5 dex, respectively. Each dwarf is clearly resolved into its
constituent RGB stars in the HST data, and shows old, metal-
poor stellar populations at the distance of NGC 253 (see
Section 5.2.2). The CMDs of DolIll and DolIV closely
resemble that of ScI-MM-dwl (My= —8.75+0.11; Mutlu-
Pakdil et al. 2022), showing a predominantly old stellar
population with only a handful of younger asymptotic giant
branch (AGB) stars. Due to the relatively low stellar mass of
these systems and the inherent unpredictability of the AGB
phase, it is difficult to constrain the amount of possible
intermediate-age star formation in Do III and Do IV.

Unlike other NGC 253 PISCeS dwarfs, dw0036m2828
contains a number of blue stars with F60O6W-F814W < 0.5. In
Figure 5, the left panel shows the CMD of dw0036m2828 with
PARSEC isochrones (Bressan et al. 2012) for different stellar
population ages overlaid. These blue stars are consistent with
young stellar populations ranging in age from 100-500 Myr.
The right panel shows a CMD of a field region of equal size
located far from the dwarf. This CMD serves as a typical field
area in the vicinity of the dwarf, aiding in the assessment of
potential field contamination. Note that the field CMD does not
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Figure 4. Top: RGB false color HST/ACS images of Do III, Do IV, and dw0036m2828. Bottom: HST CMDs showing the stars within 2 xr;, of each dwarf galaxy.
The blue, green, and red lines indicate the Dartmouth isochrones for 12 Gyr and [M/H] = —2.5, —2.0, and —1.5 dex, respectively. We shift each isochrone by the

best-fit distance modulus that we derive using the TRGB in Section 5.2.2.

contain any stars consistent with the magenta and red
isochrones. This provides clear evidence for young stellar
populations in dw0036m2828, and we describe our search for
an HIreservoir and star-forming gas in this dwarf in
Section 5.2.5. Deeper HST or JWST observations are required
to derive detailed star formation histories of dw0036m2828.

5.2.2. Distance

We measure distances to our targets using the TRGB method
(e.g., Lee et al. 1993; Salaris et al. 2002; Rizzi et al. 2007), as

described in Crnojevi¢ et al. (2019) and Mutlu-Pakdil et al.
(2022). We first apply a color correction to our photometry,
following Jang & Lee (2017; their formula 5 and Table 6); we
then compute the observed LF for RGB stars, applying a color
cut of F6O6W-F814W >0.6 to avoid any contamination from
possible young populations (see Figure 5). The LF is fit with a
model that is convolved by the appropriate photometric
uncertainty and completeness function as derived from our
artificial star tests. Our final uncertainties combine the fitting
uncertainties (which include the artificial star test results), the
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Table 1

HST-derived Properties of Do III, Do IV, and Dw0036m2828
Parameter Do III Do IV dw0036m2828
RA. (deg) 17735240 £ 0”5 11776255 + 1”1 9712783 £ 176
Decl. (deg) —27"34707 + 0”9 —21768071 = 172 —28746933 4+ 172
F814W 1rgp (mag) 23.63 + 0.09 23.96 4 0.32 23.86 4+ 0.19
m — M (mag) 27.64 +0.11 27.98 +0.33 27.88 4+ 0.20
D (Mpc) 3.374048 3.94+03 3.76+032
My (mag) —8.91+0.14 —8.61 +0.34 —8.75 4+ 0.35
M, (M) (5.0 £0.7) x 10° (39 +12) x 10° 4.5+ 1.5) x 10°
7y (arcsec) 12.6 0.8 162 4+2.1 18.38 + 2.4
i (pe) 206 + 14 309 + 40 335+ 45
€ 0.47 £ 0.05 0.41 +0.09 0.38 + 0.09
Position angle (deg) 173 £ 4 195 +7 56 £9

Note. R.A.: the R.A. (J2000.0). DEC: the decl. (J2000.0). F814W trge: TRGB magnitude in F814W. m — M: the distance modulus. D: the distance of the galaxy in
megaparsecs. My: the absolute V-band magnitude. M,: the stellar mass in solar mass, derived from the measured luminosity by assuming an average V-band mass-to-
light of M,,/Ly = 1.6 (Woo et al. 2008) appropriate for old stellar populations. log(My 1/M): 30 upper limits on the H I mass of each object. r;,: the elliptical half-

light radius along the semimajor axis. e: ellipticity, which is defined as ¢ = 1 — b/a, where b is the semiminor axis and a is the semimajor axis.

dw0036m?2828 Field

in Mutlu-Pakdil et al. (2022). In our analysis, we select stars
consistent with an old, metal-poor isochrone in color—
magnitude space after taking into account photometric
uncertainties, within our 90% completeness limit. We inflate
the uncertainty to 0.1 mag when the photometric errors are
<0.1 mag for the purpose of selecting stars to go into our ML
analysis. The stellar profiles of the dwarfs are well described by
a single exponential model (e.g., Martin et al. 2008; Mufioz
et al. 2018). We fit a standard exponential profile plus constant
background to the data, and summarize the resulting structural
parameters in Table 1. Uncertainties are determined by
bootstrap resampling the data 1500 times and recalculating

Martinez-Delgado et al. (2021) reported the structural para-
meters of DoIIl and Do IV, derived with integrated light from
DESI Legacy imaging: r, = 8”46 + 0”17 with ¢ =0.41 +0.01
for Dolll and r,=10721+0"65 with ¢=0.40+0.03 for
Do IV. In comparison, our ML analysis suggests larger sizes with
similar elongated shapes: r;, = 12”6 £ 0”8 with e =0.47 £0.05
and r;, = 1672 £ 2”1 with € = 0.41 £ 0.09 for Do IIl and Do IV,
respectively. We note that Martinez-Delgado et al. (2021)

22 IIIIIIIII AR RS | LA AR R | A R A | I
[M/H]=-1.5, 100 Myr
[M/H]=-1.5, 200 Myr
[M/H]=-1.5, 500 Myr
23} 1
= 24 E
[=]
E
~
z J
% 2. . the structural parameters for each resample.
w25t . ]
AR .
&, C .
seU s :
26} . v . . et 1
» '.‘0 . . ® o .
',‘.;_.-‘. L8 Ve e
.e N L
. '... " - ® . Qe * .
o4 B . 0% &
27 L AR bt i R
-1 0 1 -1 0 1

F606W-F814W (mag)

Figure 5. Left: HST CMDs of dw0036m2828 with PARSEC isochrones for
different stellar population ages overlaid. Right: CMD of a representative field
region of equal area far away from dw0036m2828. The field region lacks the
blue stars consistent with the magenta and red isochrones seen in the CMD on
the left.

uncertainties from the TRGB zero-point calibration and the
applied color correction, and an assumed 10% uncertainty on
the adopted extinction value, added in quadrature. The TRGB
values, the distance moduli, and the distances for our targets are
reported in Table 1. The good agreement of TRGB distances
with the distance of NGC 253 (e.g., Radburn-Smith et al. 2011,
who found m — M =27.70 £0.07) firmly establishes their
association with NGC 253.

5.2.3. Structural Properties

We derive structural parameters (including half-light radius
ry, ellipticity, and position angle) using the maximum-
likelihood (ML) method of Martin et al. (2008), as described

performed a Sersic profile fitting, and obtained Sersic index
n=0.56 for DoIll and 0.85 for DoIV, respectively. As we
employ an exponential profile (n = 1), the size difference might
be due to the difference in the Sersic index.

5.2.4. Luminosity

We derive absolute magnitudes by using the same procedure
as in Mutlu-Pakdil et al. (2022), as was first described in Martin
et al. (2008). First, we create a well-populated CMD (of
~20,000 stars) in HST filters, including our completeness and
photometric uncertainties, by using the Dartmouth isochrone
with age 12 Gyr and [M/H] = —2.0 dex and its associated LF
assuming a Kroupa initial mass function (Kroupa 2001). We
randomly select the same number of stars from this artificial
CMD as was found from our profile fits. We obtain the total
luminosity by summing the flux of these stars, and extrapolat-
ing the flux of the faint, unresolved component of the galaxy
from the adopted LF. We perform 1000 realizations in this
way, and take the mean as our absolute magnitude and its
standard deviation as the uncertainty. To address the
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uncertainty in the number of stars (assuming Poisson statistics),
we perform this procedure 100 times by adjusting the number
of stars within its uncertainty range, and use the offset from the
best-fit value as the associated uncertainty. These error terms
and the distance modulus uncertainty are then added in
quadrature to produce our final uncertainty on the absolute
magnitude.

We find My=-8.91=+0.14mag for Dolll and My =
—8.61 £ 0.34 mag for DoIV. Our DoIll result is consistent
with the value reported in the initial discovery analysis within
the uncertainties, whereas our DoIV value is significantly
brighter (My=-9.134+0.09mag for Dolll and My=
—7.89 &+ 0.15 mag for Do IV; Martinez-Delgado et al. 2021).

For dw0036m2828, we also account for the luminosity
contribution from its young stellar populations. We focus on
stars with F814W <26 mag and F606W-F814W < 0.4 within
2 % rp, and calculate the total flux emitted by these stars. Given
the overall agreement between these blue stars and the red-
labeled isochrone shown in Figure 5 (the one with an age of
200 Myr), we adopt the corresponding PARSEC LF and
extrapolate the flux of unaccounted young stars. The sum of
the total luminosity of old RGB stars and these young stars
yields an absolute magnitude of My = —8.75 & 0.35 mag for
dw0036m2828."*

5.2.5. H1Gas Limits

The Galactic All Sky Survey (GASS; McClure-Griffiths
et al. 2009; Kalberla et al. 2010; Kalberla & Haud 2015)
contains all three dwarfs and has a bandwidth of approximately
—500 < v/kms~' <500. Note that the radial velocities of
NGC253 and NGC247 are 261kms™' and 153kms™',
respectively. We downloaded HIline emission cubes from
GASS' and extracted spectra at the locations of each dwarf.
These spectra were smoothed to a velocity resolution of
20kms ', to roughly match that expected for low-mass dwarf
galaxies. We saw no features rising above 3¢ other than those
that appear to be associated with MW and high-velocity cloud
emission. In these smoothed spectra, the typical rms noise was
9 mly (taking the Parkes telescope gain as 0.7 KJy'). This
gives a 30 detection limit of 0.54 Jykms™' (for an assumed
velocity width of 20 km sfl), which in Table 1 we have
converted to HImass limits based on the distance to each
dwarf. These limits are on the order of 10°M., which is
consistent with the dwarfs being gas-poor; however, we note
that they are not strong limits. For example, the star-forming,
low-mass dwarf LeoP (My= —9.4; Giovanelli et al. 2013;
McQuinn et al. 2015) would be undetected in these data if it
were at the distance of NGC 253. In addition, a notable caveat
to these limits is that if the radial velocities of the dwarfs are
very small (e.g. |[v| < 100km s "), then any HIemission could
still be blended with the MW.

One of the dwarfs (dw0036m2828) was observed in 2023
October as part of the Green Bank Telescope (GBT) program
GBT23A-084 (PI: M. Jones). With approximately 1hr of on/
off integration an rms noise of 0.85mlJy was achieved at
20kms ™' resolution. There is a ~2.50 peak in the spectrum at

18 . - . .

We also repeat this calculation by assuming two young subpopulations: one
with an age of 200 Myr (applying to stars with F814W < 25.2 and F606W—
F814W < 0.4) and one with an age of 500 Myr (applying to stars with
25.2 < F814W < 26 and F606W-F814W < 0.4). This gives My = —8.79,
showing a close agreement with our reported value.

19 https: //www.astro.uni-bonn.de/hisurvey /gass /index.php
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a velocity of ~300 km s_l; however, when the spectrum is split
into its two component polarizations they strongly disagree at
this velocity. Thus, this is almost certainly a spurious signal.
Following an equivalent process to that above, we obtain a 3¢
detection limit of log(My,/M,)< 5.2 for dw0036m2828. In
this case, if the radial velocity of dw0036m228 is in the range
of —200 < v < 100kms ™", then this limit does not apply due
to contamination from the MW.

5.3. GALEX UV Imaging

Data from the GAlaxy Evolution EXplorer (GALEX; Martin
& GALEX Team 2005) were used to measure the star
formation rate (SFR) for dw0036m?2828, which was observed
for 224 s in both far-ultraviolet (FUV) and near-ultraviolet
(NUV) as part of the GALEX All-Sky Imaging Survey. The
UV is a good tracer for star formation with the GALEX FUV
corresponding to star formation in the past ~10 Myr with a tail
of response out to ~100Myr, while the GALEX NUV
corresponds to star formation in the past ~ 100 Myr with a
tail of response out to ~250 Myr (Calzetti 2013). Recent work
has shown that SFR derived from GALEX UV emission agrees
well with that found in Ha for low-mass dwarf galaxies (Jones
et al. 2023b).

dw0036m2828 is visible in GALEX. To obtain a UV
magnitude, we use aperture photometry, with the aperture set to
twice the half-light radius found in Section 5.2.3. We sum all
flux in this aperture, after masking background sources,
yielding apparent magnitudes of myyy =20.6 + 0.3 and
mpyv = 24.3 £ 0.5. We then convert to the absolute magnitude
to derive the SFR using the relations from Iglesias-Pdramo
et al. (2006). This yields SFRyyy = 3.1 0.8 x 107> M_yr™
and SFR pyy =5.1 £2.4 x 1077 M yr—'. This suggests a low
level of star formation over the past ~100 Myr, with a higher
level over the past ~250 Myr. This matches with what we see
in the CMD (see Figure 5).

Examination of Do III in GALEX data showed no evidence
of UV emission. This is consistent with the CMD, which shows
no young stellar population. Do IV is in a gap in the GALEX
footprint, but from the CMD, we would expect no UV
emission. Similarly, the analysis of other PISCeS NGC 253
dwarfs, specifically Sc-MM-dw1, Scl-MM-dw3, and Scl-MM-
dw5, showed no signs of UV emission, as expected by their
HST CMDs (Mutlu-Pakdil et al. 2022). Note that Scl-MM-dw?2
and Scl-MM-dw4 are in a gap in the GALEX coverage, and
based on their CMDs, no UV emission is expected.

5.4. Comparison to Known Local Volume Dwarfs

Figure 6 shows Dolll, DoIV, and dw0036m2828 in the
size—luminosity plane, relative to the Local Group dwarfs,
NGC 253 dwarfs from our PISCeS program, as well as Cen A
and M94 dwarfs. All three are comparable to known Local
Volume dwarf galaxies. Our luminosity measurements place
them near the faint end of those of the classical dSphs in
the MW and M31. The MW satellite most similar to them is
Draco (My = —8.8 £ 0.3 mag; r, =221 + 26 pc; e = 0.31 £ 0.02,
McConnachie 2012). Among the NGC 253 PISCeS dwarfs,
the closest analog is ScI-MM-dwl (My = —8.75 £ 0.11 mag;
rp =321 431 pc; €e=0.20 = 0.07; Mutlu-Pakdil et al. 2022),
with a few luminous AGB stars. While both Do III and Do IV
do not seem to contain populations younger than ~6-8 Gyr
(similar to Scl-MM-dw1), dw0036m2828 has young stellar
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Figure 6. Absolute V-band magnitude as a function of half-light radius for
Do IIT (cyan star), Do IV (red star), and dwO0036m2828 (green star), relative to
MW /M31 dwarf galaxies, Cen A dwarfs (Sharina et al. 2008; Crnojevié
et al. 2019, note that the uncertainties for several Cen A dwarfs were not
provided), and M94 dwarfs (Smercina et al. 2018). The dashed line represents
the ~50% completeness limit in PISCeS. All three have similar properties to
those of Local Group dwarfs and known Local Volume dwarfs.

populations ranging in age from 100-500 Myr. Given the
comparable projected distance to NGC 253, this might suggest
that DoIll and DoIV have already experienced significant
environmental processing by a pericentric passage while
dw0036m?2828 is likely on its first infall into the system.

6. Plane of Satellites in NGC 253?

Martinez-Delgado et al. (2021) recently suggested the
existence of a plane of satellites around NGC 253. This thin
satellite structure was based on seven objects (Scl-MM-dwl,
Scl-MM-dw2, LVJ0055-2310, DDO 6, NGC 247, ESO 540-
032, and KDQG2), excluding the four candidates that did not
have any distance measurements (Do Ill, DoIV, Scl-MM-
dw3,20 ScuSR). Since then, three more new dwarf galaxies
have been discovered (two of them from our PISCeS data,
Mutlu-Pakdil et al. 2022: Scl-MM-dw4 and Scl-MM-dwS5; one
from the ELVES Survey, Carlsten et al. 2022: dw0036m2828).
We use deep HST observations to confirm their membership
with NGC 253 by deriving accurate TRGB distances: all but
ScuSR are indeed a part of the NGC 253 dwarf satellite system
(see Mutlu-Pakdil et al. 2022; and Section 5 and the Appendix
of this paper). We revisit the spatial distribution of satellites in
light of this new information.

Figure 7 shows the location of satellites relative to NGC 253.
The PISCeS UFDs are shown with open circles to emphasize that
such faint systems require deep imaging, such as the PISCeS data
set, and thus they are highly incomplete beyond our footprint,
which is depicted with a square. We also marked the approximate
virial radius of NGC 247 (NGC 253’s most massive satellite),
which has a stellar mass similar to the Large Magellanic Cloud
(LMC). The ACDM model predicts that even moderate-sized
dwarf galaxies should host their own satellites (Munshi et al.
2019). Recent observational programs have revealed the spatial
clustering of dwarf galaxies in the vicinity of LMC (e.g., Bechtol
et al. 2015; Drlica-Wagner et al. 2015; Koposov et al. 2015).
There is a significant ongoing effort to map out the halos of

20 We note that Martinez-Delgado et al. (2021) published the independent
discovery of one of our PISCeS dwarfs, and named it Do II.
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Figure 7. The location of confirmed satellites relative to NGC 253. The
PISCeS footprint is shown with a square, and known UFDs are indicated with
open circles. Dwarfs without velocity measurements are shown with filled
circles, while ones with known velocities are color-coded for approaching
(blue, downward triangles) and receding (red, upward triangles) systems,
according to their line-of-sight velocities relative to the NGC 253 velocity. The
black-dashed circle outlines the approximate virial radius of NGC 253
(330 kpc), while the gray-dashed one represents the approximate virial radius
of NGC 247 (120 kpc; Mutlu-Pakdil et al. 2021; D = 3.7 Mpc, see Table 2).
The proposed plane is oriented in the north—south direction. However, the
asymmetric distribution of satellites in NGC 253 can be explained by the
presence of an NGC 247 subgroup.

several low-mass galaxies and search for their satellite popula-
tions, e.g., PandAS around M33 (with CFHT/MegaCam, two
possible satellites have been reported; Martin et al. 2009, 2013a;
Martinez-Delgado et al. 2022), the MADCASH Survey (a
DECam+ Hyper Suprime-Cam (HSC) deep-imaging campaign
around a dozen isolated nearby low-mass galaxies, where three
satellites have been reported: one around NGC 2403, one around
NGC 4214, and one around NGC 3109; Sand et al. 2015; Carlin
et al. 2016, 2021), and DELVE-DEEP (with DECam, one
satellite has been reported around NGC55; McNanna et al.
2024). Therefore, it is not surprising to observe a similar
clustering of dwarf galaxies in the vicinity of NGC247.
Furthermore, the confirmed memberships of Dolll and
dw0036m2828, which are significantly offset from the suggested
thin satellite structure, argue against the existence of a satellite
plane. Given that these two satellites fall below the completeness
limit of My =~ —9, there could be other similar systems awaiting
discovery. As PISCeS has shown, there are likely more ultrafaint
satellites within the virial volume of NGC 253. Considering that
the suggested flattened distribution by Martinez-Delgado et al.
(2021) did not show the same degree of tension as those around
the MW, M31, and Cen A, our new observations render the
NGC 253 system more typical compared to the expectations
derived from cosmological simulations.

In Figure 7, five dwarfs with known velocities are color-
coded for approaching (blue, downward triangles) and receding
(red, upward triangles) systems relative to NGC 253 (see
Table 2). The number of galaxies with known velocities is
currently too small to suggest any coherent rotation. As also
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Table 2
Galaxies in the Vicinity of NGC 253"
Galaxy R.A. Decl. My, Vi Drrg Dyro Dsp References
(deg) (deg) (mag) (km s™") (Mpc) (kpc)

1 2 ©) @ ® ©) M ® ©)
NGC 253 11.88800 —25.28822 —20.60 261+ 5 3.50 + 0.10 (3,4
Scl-MM-dw1 11.89643 —26.38971 —8.75+0.11 3.53 4+ 0.55 67 74 (1
Scl-MM-dw?2 12.57108 —24.74961 —12.10 £ 0.50 3.53 +0.11 50 58 1,2
Scl-MM-dw3 11.77950 —23.95573 —7.24+02 3.48+018 82 84 6
Scl-MM-dw4 13.45476 —25.47442 —7.26702 410048 87 607 1)
Scl-MM-dw5 12.60776 —26.72726 —7.50%03 3901955 96 413 (1
LVJ0055-2310 13.75456 —23.16880 —10.12 250+ 5 3.62+0.18 166 207 (5, 6)
Do IV 11.76255 —21.68071 —8.61 +0.34 3.94%533 220 498 This work
dw0036m2828 9.12783 —28.46933 —8.754+ 035 3.761932 246 364 This work
DDO 6 12.45500 —21.01500 —-12.76 29545 3.44 £0.15 263 267 C))
NGC 247 11.78562 —20.76039 —18.87 15345 3.72 4+ 0.03 277 360 5,7
Do III 17.35240 —27.34707 —89140.14 3.374018 324 344 This work
ESO 540-032 12.60134 —19.90672 —~11.76 228 + 1 3.63 4+ 0.05 331 361 (7, 8)
KDG2 1233734 —18.07542 —11.80 224+3 3.56 + 0.07 441 449 (7, 8)

Note. Columns: (1) Galaxy name; (2) the R.A. (J2000.0); (3) the decl. (J2000.0); (4) the absolute V-band magnitude; (5) heliocentric velocity in kilometers per second
with its error; (6) TRGB distance in megaparsec with a corresponding error; (7) projected distance in kiloparsec at NGC 253 distance; (7) spatial distance to NGC 253

in kiloparsec.
# Those located beyond the PISCeS footprint are below the horizontal line.

References. (1) Mutlu-Pakdil et al. (2022), (2) Toloba et al. (2016), (3) Radburn-Smith et al. (2011), (4) Bailin et al. (2011), (5) Westmeier et al. (2017), (6)

Karachentsev et al. (2021), (7) Jacobs et al. (2009), (8) Bouchard et al. (2005).

pointed out by Martinez-Delgado et al. (2021), the velocity of
NGC 247 is relatively different than that of the other four
galaxies. These dwarfs could be spatially and kinematically
related, but are not likely to be in dynamical equilibrium, even
if they are gravitationally bound (as in dwarf associations in
Tully et al. 2006). To investigate this further, it is necessary to
conduct spectroscopic follow-up studies of dwarf galaxies
lacking measured velocities.

In short, we find no strong evidence for the presence of a
plane of satellites around NGC 253, and suggest that the
asymmetric distribution of satellites in NGC 253 can be
explained by the presence of an NGC 247 subgroup, a natural
expectation.

7. NGC 253 Satellite LF

While the Local Group will remain an important testing
ground for understanding the astrophysics and cosmological
implications of the very faintest dwarf galaxy satellites
(My z —7, e.g., Munshi et al. 2019; Nadler et al. 2021, among
others), the faint satellite LFs of nearby galaxy systems are
necessary to provide context to Local Group studies and
explore how the LF changes with primary halo mass,
environment, and morphology. This motivated a significant
observational effort to survey the satellite populations of
nearby MW-mass systems through wide-field integrated light
searches, targeted resolved star studies, and spectroscopic
surveys (e.g., Danieli et al. 2017; Geha et al. 2017; Bennet et al.
2019; Mao et al. 2021; Carlsten et al. 2022). Beyond the Local
Group, dedicated deep wide-field surveys exist for Cen A
(Crnojevié et al. 2016, 2019, with Magellan/Megacam), M94
(Smercina et al. 2018, with Subaru/HSC), and M81 (including
the M82 region; Chiboucas et al. 2009, 2013, with CFHT/
MegaCam; Okamoto et al. 2019; Bell et al. 2022, with Subaru/
HSC). Among these deep surveys, the faintest dwarfs
discovered so far (and later confirmed with deeper imaging

10

from HST) are CenA-MM17-Dw10 My = —7.8, r;, =250 pc;
Crnojevi¢ et al. 2019) in the Cen A group, and d0944-+69
(My = -8.1, r,=130pc; Chiboucas et al. 2013) in the M81
group. Our NGC 253 PISCeS program brings the total number
of surveyed systems to four, uncovering the first examples of
(confirmed) UFD satellites of an MW-mass galaxy beyond the
Local Group (Mutlu-Pakdil et al. 2022).

We compile the LF for the Local Group and for nearby
groups of galaxies with satellites confirmed via distance
measurements. For the MW, we adopt the Drlica-Wagner
et al. (2021) compilation, and we only consider objects with
My, < —5 (except for Sagittarius II, which has M, = —5.2 but
was suggested to be a globular cluster, see Mutlu-Pakdil et al.
2018; Longeard et al. 2021). For M31, we use the catalog
presented by Savino et al. (2022), and we also include IC 10
(McConnachie et al. 2018) and Peg V (Collins et al. 2022). The
PandAS survey covers the inner projected 150 kpc volume of
M31, and is shown to be sensitive to ultrafaint satellites with
My < —6 (Doliva-Dolinsky et al. 2022). With Pan-STARRS,
we assume the census of M31 satellites to be complete out to
~300 kpc down to My ~ —9 (e.g., Martin et al. 2013b, 2013c).
For Cen A, we use the results from Crnojevic¢ et al. (2019) and
Miiller et al. (2019). Crnojevi¢ et al. (2019) estimate the
completeness limit to be at My ~ —8 over the Cen A PISCeS
footprint (which covers the inner projected 150kpc), while
Miiller et al. (2019) estimate that they are complete down to
My~ —10 over the inner projected 200kpc (Miiller et al.
2017). For M81, we utilize the Updated Nearby Galaxy
Catalog (UNGC; Karachentsev et al. 2013), and complement it
with Table 3 of Chiboucas et al. (2013; we exclude possible
tidal dwarfs). The approximate completeness limit for M81%' is
at My ~ —8 throughout the inner projected 250 kpc volume

21 Recently, Bell et al. (2022) reported new UFD candidates in the M81 group,
but no completeness limit for their search was reported, and those candidates
have not yet been confirmed with HST.
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(Chiboucas et al. 2013). We convert the » magnitudes reported
in Chiboucas et al. (2013) and the B magnitudes in UNGC into
V magnitudes, assuming My =M, + 0.4 and My, =Mp— 0.31
(Crnojevi¢ et al. 2019), respectively. For M94, we include the
discoveries from Smercina et al. (2018) as well as two distant
group members (KK 160 and IC 3687). Smercina et al. (2018)
estimate the approximate completeness limit for M94 to be at
My, ~ —9 throughout the inner projected 150 kpc volume. For
MlOl,22 we adopt the Bennet et al. (2020) LF, which is
complete down to My, ~ —8 out to ~250 kpc. Finally, we have
compiled an updated table of the NGC 253 satellites with
projected distances <500kpc, including their coordinates,
luminosities, velocities, TRGB distances, projected distances,
and spatial distances (Table 2). We note that our census is
complete down to My ~ —8 out to 100 kpc from PISCeS, and
My~ —9 out to 300kpc based on ELVES (Carlsten et al.
2022).

The top panel of Figure 8 shows the inner satellite systems,
Tproj < 100 kpc, while the bottom panel shows abundances out
to 300kpc of each host. Except for the MW, where 3D
distances are used, we adopt projected distances. As most deep
wide-field surveys (beyond the Local Group) are limited to
~150kpc (or 250kpc at most), the LFs in the bottom panel
(rproj < 300 kpc) should be considered as a lower limit, due to
incomplete spatial coverage. None of the reported LFs have
been corrected for incompleteness effects, but we denote the
region where the LFs of NGC 253, M101, and M81 become
incomplete with hollow symbols and dashed lines. Overall, the
NGC 253 LF is consistent with the Local Volume sample. It is
intriguing that its slope is more similar to those of the relatively
isolated M94 and MI101 galaxies, suggesting a possible
correlation with the surrounding environment.

It is worth noting that while these area-limited LF measure-
ments may be the only way to achieve a fair comparison, they
come with inherent uncertainties. As satellites are not stationary
and move around the host in an orbit, adopting a fixed projected
distance might result in some of the satellites being somewhat
randomly excluded or included in the comparisons. While the
standard fiducial virial radius adopted for MW-mass hosts in the
literature is ~300 kpc, using a slightly different radius, such as
350 kpc, would result in the inclusion of systems like Do III and
ESO 540-032 in the LF, slightly increasing the slope. Although
this would not change any of our conclusions here, it highlights
some of the hidden uncertainties that are not often considered
when studying the halo-to-halo scatter and reaching a broader
view of satellite systems.

Additionally, we are viewing these systems along a cone and
therefore sampling out to a much larger radius along the line of
sight. This means that on the sky, we may be sampling to the
virial radius (or some fraction) but along the line of sight, we
also include the infall region and beyond. If everything were
scale-free, then perhaps we would always have the same larger
factor of satellites (i.e., we would always have twice as many
satellites as if we were able to cut in virial radius along the line
of sight as well). However, this correction is likely halo mass
dependent, and will certainly also be affected by environment.
The contamination from objects in the infall region can be
significant. Goto et al. (2023) investigated how this contam-
ination affected the projected radial density profile, but it also
has implications for determining star-forming fractions, gas

2 Although a dedicated deep wide-field survey for M101 does not exist, the
faint end of its satellite LF is available based on integrated light surveys.
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Figure 8. The cumulative satellite LFs for NGC 253 (red stars), the MW
(purple-filled circles), M31 (yellow open circles), Cen A (green crosses), M81
(brown triangles), M101 (blue upside-down triangles), and M94 (gray squares).
The top panel shows satellites within a projected radius (or 3D radius for the
MW) of 100 kpc; the bottom panel includes objects within 300 kpc of each
host. No attempt was made to correct any LF for incompleteness. We denote
the region where the LFs of NGC 253, M101, and M81 become incomplete
with hollow symbols and dashed lines. Galaxies are listed in descending order
of stellar mass.

-20

fractions, etc. It may be, for example, a contributing reason the
satellite numbers scale with local density (see the next section).
The MW and M31 numbers are not susceptible to this problem
but more distant systems are.

8. Discussion

In this section, we briefly explore the characteristics and
trends among the satellite systems, as a function of the most
dominant mergers, host stellar mass, local density environment,
and morphology.

8.1. Total Satellite Counts

Recently, Smercina et al. (2022) presented a tight linear
relationship between the number of satellites and the largest
merger partner (M, gom, the larger of either the current
dominant satellite mass or the accreted mass), showing that
systems with larger mergers host more satellites. The authors
considered satellites within a projected radius of 150 kpc, down
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Figure 9. Total number of satellites with My < —9, within 150 kpc projected
radius, around each of seven nearby MW-mass galaxies, as a function of the
mass of the most dominant merger they have experienced (Smercina
et al. 2022). Galaxies are color-coded according to whether M, 4, reflects
the accreted material from a past merger (blue), or the mass of an existing
satellite (orange). NGC 253 is a clear outlier in this linear relationship.

to My < —9. Figure 9 shows this relationship for seven MW-
mass systems for which we compiled an LF. Given that six out
of these seven systems were also included in the Smercina et al.
sample, the linear trend in our sample is not surprising.
Interestingly, NGC 253 stands out as a clear outlier in this
relation with fewer satellites compared to other galaxies with its
dominant merger mass. We use the value for NGC 253’s
accreted mass from Figure 1 of Smercina et al. (2022), which
was estimated by integrating the star-count-scaled projected 2D
density profile in the range of 10-40 kpc and multiplying by a
factor of three (as in Harmsen et al. 2017). In terms of dominant
merger mass, the MW is the most similar to NGC 253. But
while the MW has seven satellites with My, < —9, NGC 253
has only one (Scl-MM-dw2). Smercina et al. (2022) also
considered M51, which seems to be a strong outlier in
their Ngyu—M, gom relation (with only three satellites and
log(M, gom/Ms) = 10.4 + 0.3), but the authors argued that
MS51’s satellite population is likely incomplete. However, the
discrepancy for NGC 253 cannot be attributed to the survey
completeness: our PISCeS program is complete down to
My < —8 but limited to 100 kpc; however, thanks to the
ELVES Survey, the census of NGC 253 is complete down to
My < —9 out to ~ 300 kpc (Carlsten et al. 2022). It is clear that
NGC 253’s satellite population is a critical case study to better
understand the formation of other MW-mass galaxies and their
satellites.

Another correlation that emerges from recent research is
between the total satellite count and the host stellar mass,
Nsae — M,.. This relationship has been investigated in two
separate samples: one considering the SAGA satellites
(M, < —12.3 within 150kpc, Mao et al. 2021), and another
considering the ELVES satellites (My < —9 within 150 kpc,
Carlsten et al. 2021; Danieli et al. 2023). Figure 10 (left panels)
shows this relation for our seven compiled satellite systems.
The top one includes the satellites almost down to the ultrafaint
regime (My < —8 within 150 kpc), and the bottom one uses the
same magnitude cut as ELVES (My < —9 within 150 kpc) and
includes the ELVES satellites as a reference. Elliptical galaxies
(i.e., Cen A and NGC 3379) are highlighted in red. We adopt
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the host stellar masses from Table 1 of Carlsten et al. (2022).
The blue-curved line in the bottom-left panel is taken from
Danieli et al. (2023) and represents forward-modeled satellites
with their fiducial stellar-to-halo mass relation based on the
ELVES satellites. While it is apparent that a trend exists in
general, there is a large spread in the number of satellites across
all host mass bins. Upon dividing the sample with My < —9
into two bins based on host stellar mass, the average number
of satellites is 4.7 + 3.5for log(M,/M,)< 10.5, and 8.5 +
5.1for log(M,/M)> 10.5, as represented by light-blue lines.*?
NGC 4631 stands out with its higher number of satellites in the
lower mass bin. The large scatter in the higher mass bin
primarily results from distinct outliers such as NGC 253,
NGC 5194, M81, and NGC 3379. Despite having comparable
stellar masses, the number of satellites for these outliers varies
significantly, ranging from just two to 20 satellites. This might
suggest the presence of other important factors influencing the
formation and evolution histories of these outliers.

A similar trend also exists when the fainter satellites are
considered (Figure 10, top-left panel). Yet, NGC 253 again
seems to have fewer satellites for its host stellar mass. Given
that our PISCeS NGC253 footprint only extends out to
100 kpc, NGC 253 should be considered a lower limit in the
top panels. However, it would be quite unusual for NGC 253 to
host seven or more satellites located between 100 and 150 kpc.
This discrepancy is also visible in the bottom-left panel with
the brighter magnitude limit (My < —9), at which NGC 253’s
satellite census is complete.

Figure 10 (right panels) explores whether there is any
correlation between satellite richness and environment, as
proposed by Bennet et al. (2019), suggesting isolated MW-
mass galaxies have fewer satellites than their counterparts in
dense environments. The tidal index parameter (denoted as ©Os)
was used as a measure of the galaxy environment, which takes
into account the distance to and stellar mass of nearby galaxies
(see Karachentsev et al. 2013). The main disturber for a
particular galaxy can be calculated via

O, = max[log,((M,/D)]1 + C, n=1,2 .. N (1)

where N is the total number of galaxies in the data set, M,, is the
mass of the neighboring galaxy, D, is the 3D separation
between the galaxy and the neighboring galaxy, and C is a
constant equal to —10.96, which has been chosen such that
positive values of O indicate the membership in groups while
negative values correspond to isolated galaxies. Because O,
can significantly change with time due to the orbital motions of
galaxies, Karachentsev et al. (2013) advocate for ©5 (which
includes the effects of more than one disturbing galaxy) as a
more robust measure of the galaxy environment:

5
O = logm(z Mn/D,f) +C. ¥

n=1
The tidal index ©s5 is the summation of the tidal force
magnitude from the five neighbors of a galaxy where this
magnitude is the highest. For this work, we draw tidal indices
from the UNGC?* (Karachentsev et al. 2013). We note that the
UNGC is complete down to Mg ~ —11 mag, and the tidal force

23 The choice of broad bins was made due to the uneven distribution of host
numbers in narrower bins.

24 https: //www.sao.ru/1v/lvgdb/
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Figure 10. Left panels: the relationship between the total satellite count and the host stellar mass. Right panels: the relationship between the total satellite count and
local environment, based on a tidal index (©s, where smaller numbers indicate a more isolated galaxy; see Karachentsev et al. 2013). The top panels include the
satellites almost down to the ultrafaint regime (My < —8 within 150 kpc), and the bottom ones use the same magnitude cut as ELVES (My < —9 within 150 kpc) and
include ELVES satellite statistics as a reference. The blue-curved line in the bottom-left plot is taken from Danieli et al. (2023) and represents forward-modeled
satellites with their fiducial stellar-to-halo mass relation based on ELVES satellites. The sample in the bottom panels is divided into two bins, based on host stellar
mass (log(M,/Mz)> 10.5 and <10.5, bottom left) and tidal index (©5 > 1.5 and < 1.5, bottom right). The mean and standard deviation of each bin are depicted by
dashed and dotted light-blue lines, respectively. Elliptical galaxies (i.e., Cen A and NGC 3379) are highlighted in red.

magnitude contribution from systems fainter than this limit is
expected to be minimal, so the reported tidal index values
should not significantly change with recently discovered Local
Volume dwarfs.

Figure 10 (right panels) displays the total satellite count as a
function of the tidal index, and there is a clear trend where the
objects with higher tidal indices also have more satellites. Upon
dividing the sample with My < —9 into two bins> based on the
tidal index, the average number of satellites is 5.5+
4.5forOs5< 1.5, and 11.0+3.7for©s > 1.5, as represented
by light-blue lines. Notably, NGC 253 no longer stands out
with its fewer satellites, and neither does NGC 5194. Similarly,
with their higher tidal indices, the satellite richness of both
NGC 4631 and M81 agrees well with the trend. On the other
hand, Cen A and NGC 3379 are clear outliers with a relatively
higher number of satellites for their tidal indices. Interestingly,
they are the only elliptical galaxies in the sample plotted here,
and recent works (e.g., Javanmardi & Kroupa 2020; Miiller &

25 The choice of broad bins was made due to the uneven distribution of host
numbers in narrower bins.
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Crosby 2023) found a correlation between the size of the bulge
of a galaxy and the number of its dwarf galaxy satellites. For a
given stellar mass of the host galaxy, their correlation is mainly
driven by the morphology, where elliptical galaxies have more
satellites than spiral galaxies. This morphology dependence
could explain the larger number of satellites observed in Cen A
and NGC 3379.

It is worth noting that NGC 253 has several satellites at a larger
radius in the NGC 247 subgroup that are not included in these
plots. If the NGC 247 subgroup were closer, it would alter the
observed satellite richness of NGC 253 for its stellar mass, and
change its outlier position in the Ny, — M, space. This highlights
the inherent uncertainties in assessing satellite populations based
solely on current positions (see also Section 7). However,
NGC 253’s status in the tidal index relationship would remain
relatively unaffected in such a scenario. An increase in tidal force
magnitude from NGC?247 would raise the tidal index of
NGC 253, and including more satellites from the NGC 247
subgroup would increase its satellite richness, thereby preserving
the consistency with the observed trend.
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Figure 11. The correlation between the star formation fraction and the host stellar mass is shown in the left panels, while the relationship with the tidal index is shown
in the right panels. The top panels include the satellites almost down to the ultrafaint regime (My < —8 within 150 kpc). The bottom panels include the satellites with
My < —9 within 300 kpc, along with ELVES satellites (orange circles). The difference in the star formation fractions for NGC 253 between the top and bottom panels

is due to the star-forming satellites being located at > 150 kpc away.

In short, host stellar mass, environment, and morphology all
seem interconnected. All the relationships point to a complex
picture of satellite formation and accretion where various
properties appear in relation, and a successful model has to
reproduce all of these trends.

8.2. Star-forming Fractions

There have been several recent studies investigating the
environmental effects on the evolution of dwarf galaxies
around MW-mass hosts (e.g., Karunakaran et al. 2021, 2022;
Jones et al. 2023a; Bhattacharyya et al. 2023; Greene et al.
2023; Karunakaran et al. 2023; Christensen et al. 2024). Here,
we focus on the star-forming fraction of the satellite galaxies,
and investigate if there are any trends as a function of host
stellar mass and tidal index. We classify a system as star
forming if it shows any HIdetection, UV detection, or young
stellar population in resolved stars (<1 Gyr), and then calculate
the star-forming fractions of our compiled satellite systems.
Figure 11 shows these fractions with respect to the host stellar
mass in the left panels and the tidal index in the right panels.
The top panels include satellites down to My~ —8 within
150kpc. We remind the reader that the M94 sample is
complete only for magnitudes down to My~ —9 and the
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NGC 253 sample is complete down to My =~ —8 out to 100 kpc.
Therefore, both M94 and NGC 253 are shown with a hollow
star to emphasize that their values are not final and might
change with new faint dwarf discoveries. The bottom panels
use a brighter magnitude cut (My < —9) and include satellites
out to 300 kpc, along with the ELVES satellites (orange circles)
for comparison. Here, we include ELVES hosts with a
complete satellite census out to 300 kpc and those for which
tidal index information is available. We adopt the ELVES star-
forming fractions from Karunakaran et al. (2023), which are
primarily based on a combined UV detection and specific SFR
criterion of confirmed satellites (see their Section 3 for more
details).

We observe an apparent trend with host stellar mass, where
hosts with lower stellar mass have more star-forming satellites.
It persists consistently whether we focus on the fainter inner
satellites (top-left panel) or consider slightly brighter satellites
out to 300kpc (bottom-left panel). This trend is not
unexpected, considering the correlation between stellar mass
and halo mass. A higher stellar mass implies a larger halo,
leading to a more substantial hot coronal gas reservoir, and
consequently, increased ram pressure. Additionally, a more
massive halo exerts a stronger gravitational influence on the
satellite, resulting in enhanced tidal effects. If ram pressure and



THE ASTROPHYSICAL JOURNAL, 966:188 (17pp), 2024 May 10

tides play an important role in quenching star formation, it
logically follows that the star-forming fraction would vary with
host stellar mass.

Notably, NGC 253 stands out as an outlier with its high star-
forming fraction for its stellar mass. However, this high fraction
might be explained by its low-density environment (lower tidal
index). While less pronounced, star-forming fractions appear to
vary with tidal index, as proposed by Bennet et al. (2019):
hosts in low-density environments have a higher star-forming
fraction in satellites (see Figure 11). This trend is less evident
when only inner satellites are considered (top-right panel),
becoming more pronounced when satellites extending out to
300kpc are included (bottom-right panel). There is a
substantial scatter, particularly toward the lower tidal index
range, which may be partially attributed to differences in host
stellar mass. However, NGC 3344’s satellite population
deviates from these two trends: despite the expected abundance
of star-forming satellites due to its relatively low stellar mass
and low tidal index, all its confirmed satellites are observed to
be quenched. It is worth noting that most ELVES satellites are
confirmed via SBF distance measurements, which is not ideal
for gas-rich, star-forming systems (Greco et al. 2021). This
might introduce a potential bias in the sample, favoring
quenched systems. Therefore, it is crucial to follow up on dwarf
candidates in the ELVES sample, confirming and characteriz-
ing them to better understand the trends discussed here.

9. Conclusions

We have conducted a systematic search for resolved dwarf
galaxies in the NGC 253 PISCeS data set. We statistically
characterize our overall satellite detection efficiency in our
survey, present HST follow-up of dwarf candidates beyond the
survey footprint, investigate the existence of a satellite plane,
and derive the dwarf galaxy LF of NGC 253 to compare with
those calculated for other Local Volume groups of galaxies.
Here, we summarize our key results:

1. As aresult of our systematic, complete search, we recover
three of the five NGC 253 PISCeS dwarfs, while the two
others (Scl-MM-dw4 and Scl-MM-dw5) are UFDs that
fall in the fields with the worst seeing. No new, high-
confidence satellite galaxy candidates are discovered.

2. We quantify the observational sensitivity of our search in
terms of satellite properties (i.e., absolute magnitude,
physical size), and find that our search is complete down to
My~ —8 and iy~ 28 mag arcsec” >, with a recovery rate
of >95%: NGC 253 has only two classical satellites within
100 kpc, and the completeness for UFDs at My ~ 7.5 is
about 30%-40%. Beyond our footprint, the census of
NGC 253 satellites is complete down to My~ -9 out to
300 kpc, based on ELVES (Carlsten et al. 2022).

3. We present deep HST follow-up observations of four
dwarf candidates that were discovered beyond the
PISCeS footprint: Do III, Do IV, and dw0036m2828
are confirmed to be satellites of NGC253, while ScuSR is
found to be a background galaxy. We derive robust
distances, luminosities, and structural parameters of
Do III, Do IV, and dw0036m2828. All three are compar-
able to known Local Volume dwarf galaxies. While both
Do Il and Do IV have a handful of AGB stars consistent
with a population of 268 Gyr (similar to ScI-MM-dw1),
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dw0036m?2828 has young stellar populations of ages
between 100 and 500 Myr.

4. We find no convincing evidence for the presence of a
plane of satellites surrounding NGC 253, and argue that
the asymmetric distribution of satellites in NGC 253 may
be explained simply by the presence of an NGC 247
subgroup, as is expected in the ACDM paradigm.

5. We compiled the LF of NGC 253 within 100 and 300 kpc.
While the overall NGC 253 LF is consistent with the Local
Volume sample, its slope is more similar to those of the
relatively isolated M94 and M101 galaxies, suggesting a
possible correlation with the surrounding environment.

6. For both the Ng—M, gom and Ng—M, relationships,
NGC 253 appears as an outlier with fewer satellites than
expected. When considering the environment, as indicated
by the tidal index, NGC 253 no longer stands out with its
fewer satellites. Instead, two elliptical galaxies in the Local
Volume sample—Cen A and NGC 3379—emerge as out-
liers with a relatively higher number of satellites for their
tidal indices. This observation aligns with recent research
indicating a correlation between the size of a galaxy’s bulge
and the number of its dwarf galaxy satellites, where
elliptical galaxies tend to have more satellites than spiral
galaxies at a fixed host stellar mass (Javanmardi &
Kroupa 2020; Miiller & Crosby 2023). Our work
demonstrates that host stellar mass, environment, and
morphology all play important roles in dwarf satellite
formation, highlighting the importance of exploring the
faint end of the LF of nearby galaxies across a spectrum of
masses, morphologies, and environments.

7. We focus on the star-forming fraction of satellite galaxies
around MW-mass hosts, exploring trends related to host
stellar mass and tidal index. We observe a consistent trend,
indicating that hosts with lower stellar mass tend to have a
higher proportion of star-forming satellites, observed in
both fainter inner satellites and those extending to 300 kpc.
NGC 253 stands out as an exception with a high star-
forming fraction, potentially influenced by its low-density
environment. While less prominent, a discernible trend with
tidal index becomes notable, particularly when considering
satellites extending to 300 kpc.

Our NGC 253 PISCeS survey has allowed us to study the
faint end of the satellite function in a new, more isolated
environment than the Local Group, extending almost down to
the UFD regime. In the coming decade, it will be possible to go
even further down the satellite LF of NGC 253 and other
systems in the Local Volume with upcoming facilities such as
the Vera C. Rubin Observatory and its Legacy Survey of Space
and Time (Mutlu-Pakdil et al. 2021). By employing well-
optimized search approaches (such as machine-learning-aided
classification as in Jones et al. 2023a), there is an opportunity to
expand survey volumes effectively and establish a complete
census of the faintest galaxies across all environments. The
discovery of isolated faint dwarf galaxies is particularly
intriguing, offering a unique reference sample for disentangling
environmental galaxy formation processes from other mechan-
isms, such as reionization and supernova feedback, as they live
in fields isolated from galaxy groups where the environmental
effect on galaxy processes is expected to be minimal (e.g.,
Dickey et al. 2019). Dwarf satellite research has a bright future
with the upcoming surveys in the next decade, promising to
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illuminate many aspects of small-scale structure formation and
galaxy evolution.
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Facilities: Magellan:Clay (Megacam), HST, GBT, GALEX.

Software: Astropy (Astropy Collaboration et al. 2013, 2018),
The IDL Astronomy User’s Library (Landsman 1993), DOL-
PHOT (Dolphin 2000).

Appendix
ScuSR

Our follow-up HST observations show that ScuSR is a
background galaxy, located well beyond NGC 253. Figure 12
shows its HST CMD displaying stars within 0!5, along with a
CMD of a field region of equal size (see Section 5.1 for details
of data and photometry). The isochrones are the same as in
Figure 4, shifted to the distance of NGC 253. While ScuSR
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Figure 12. Left: HST CMDs showing the stars within 0’5 of ScuSR. The blue,
green, and red lines indicate the Dartmouth isochrones for 12 Gyr and
[M/H] = —2.5, —2.0, and —1.5 dex, respectively. We shift each isochrone by
the distance modulus of NGC 253. Right: CMD of a representative field region
of equal area far away from ScuSR. Our follow-up HST observations show that
ScuSR is a background galaxy, located well beyond NGC 253.
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partially resolves into individual stars, those stars are not
consistent with being at the distance of NGC 253 but are likely
AGB stars of a background dwarf galaxy undergoing tidal
interaction with NGC 150 (at ~19 Mpc, Springob et al. 2005,
see also Table 5 of Carlsten et al. 2022.) The current data set is
not sufficient to make detailed assessments of this galaxy.
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