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ABSTRACT

We extend the Ultra-Diffuse Galaxy (UDG) abundance relation, Nypg — M20, to lower halo mass hosts (Mg ~ 1011-6-12:2 Mp).
We select UDG satellites from published catalogues of dwarf satellite galaxies around Milky Way analogues, namely the
Exploration of Local Volume Satellites (ELVES) survey, the Satellite Around Galactic Analogs (SAGA) survey, and a survey
of Milky Way-like systems conducted using the Hyper-Suprime Cam. Of the 516 satellites around a total of 75 Milky Way-like
hosts, we find that 41 satellites around 33 hosts satisfy the UDG criteria. The distributions of host halo masses peak around
My ~ 10'> M, independent of whether the host has a UDG satellite or not. We use literature UDG abundances and those
derived here to trace the Nypg — Mo relation over three orders of magnitude down to Moy = 10''® M, and find the best-fitting
linear relation of Nypg = (38 & 5)(42%)%87 * %04 This sub-linear slope is consistent with earlier studies of UDG abundances
as well as abundance relations for brighter dwarf galaxies, excluding UDG-formation mechanisms that require high-density
environments. However, we highlight the need for further homogeneous characterization of UDGs across a wide range of
environments to properly understand the Nypg — M»o relation.

Key words: galaxies: abundances — galaxies: dwarf — galaxies: evolution — galaxies: formation.

1 INTRODUCTION

Modern wide-field optical surveys have reinvigorated studies of
dwarf and low surface brightness (LSB) galaxies. A key re-discovery
from such work is the population of extended (effective radii, Reg >
1.5kpc), faint (central surface brightness, /1,0 > 24 mag arcsec™2)
LSB galaxies dubbed Ultra-Diffuse Galaxies (UDGs, van Dokkum
et al. 2015). These UDGs are analogous to extended LSB galaxies
discovered in early LSB surveys (e.g. Disney 1976; Schwartzenberg
et al. 1995; Impey et al. 1996; Dalcanton et al. 1997; O’Neil,
Bothun & Cornell 1997, see also Conselice 2018).

Since their detection in the Coma cluster, UDGs have been de-
tected in large quantities across a variety of environments, including
clusters (e.g. Koda et al. 2015; Mihos et al. 2015; Zaritsky et al.
2019; Lim et al. 2020), groups (e.g. Roman & Trujillo 2017; Miiller,
Jerjen & Binggeli 2018; Somalwar et al. 2020; Gannon et al. 2021),
and in the field (e.g. Martinez-Delgado et al. 2016; Leisman et al.
2017; Prole et al. 2019; Tanoglidis et al. 2021; Zaritsky et al. 2022).
Several proposed UDG-formation mechanisms can be broadly placed
into two regimes: (i) formation via internal processes [bursty star
formation, Di Cintio et al. (2017); high-spin haloes, Amorisco &
Loeb (2016); weak star-formation feedback, Mancera Pina et al.
(2020)] and (ii) formation via external processes [tidal interactions,
Carleton et al. (2019) and Sales et al. (2020); mergers, Wright et al.
(2021)]. These processes likely depend on the UDG’s environment.
For example, UDGs in low-density (i.e. field) environments may
have formed predominantly through internal processes, while those
in more dense environments (i.e. groups and clusters) may have
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formed through either internal processes prior to their in-fall or
formed through external processes after their in-fall.

By estimating the abundance of UDGs as a function of their
environment, i.e. halo mass (M»y), we can gain some insight into
which processes are dominant in a given environment. For example,
UDG-formation scenarios that require cluster environments can be
ruled out if UDGs are more abundant in lower mass haloes (i.e.
groups) compared to higher mass haloes (i.e. clusters).

Multiple studies have focused on comparing the abundance of
UDGs, Nypg. as a function of their host M,gy. For example, van der
Burg, Muzzin & Hoekstra (2016) presented an early comparison of
UDGs in clusters (Mag ~ 10'#~'> M) and found a near linear Nypg
— My relation with a slope of 0.93 = 0.16. In their follow-up study
with a broader sample of host environments (Mg ~ 102715 M)
from the GAMA survey and KiDS, van der Burg et al. (2017)
find a slightly super-linear slope of 1.11 £ 0.07, spanning across
three orders of magnitude. Confirming a super-linear relation would
imply that UDGs are preferentially found or formed within cluster
environments and/or are possibly more frequently destroyed in
groups. Investigations by Romén & Trujillo (2017) around Hickson
Compact Groups and Mancera Pifia et al. (2019) in galaxy clusters
from the KIWICS survey find sub-linear slopes (~0.85 £ 0.05 and
~0.81 £ 0.17, respectively), suggesting that UDGs are preferentially
found in lower mass host haloes. These latter studies are consistent
with abundances of brighter dwarf galaxies whose relations are also
also sub-linear (Trentham & Tully 2009; van der Burg et al. 2017). In
particular, van der Burg et al. (2017) use the same GAMA and KiDS
data to consistently measure a ‘mass-richness’ relation for brighter
members (M, < —18.7) in their groups and clusters, finding the
best-fitting relation of Npghe = (31 & 3)[%]0'78 +0.05 1t should be
noted that there are ever-growing samples of UDGs and some are in
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relatively nearby clusters and groups (e.g. Yagi et al. 2016; Forbes
et al. 2020; La Marca et al. 2022; Venhola et al. 2022, among several
others). While some of the groups included in these studies extend
to lower halo masses (i.e. My ~ 102713 M), those hosts are far
less numerous relative to their higher mass counterparts in the study.
We take the next step to determine how the Nypg — Ma relation
extends towards lower host halo masses.

Several efforts focus on the faint satellite populations of nearby
Milky Way analogues (e.g. Geha et al. 2017; Carlsten et al. 2022;
Nashimoto et al. 2022). These surveys select their Milky Way
analogues based on their luminosities (i.e. M), among other criteria,
within the nearby Universe (D < 40 Mpc). Satellites are catalogued
using extant or newly obtained observations and confirmed either
spectroscopically or via surface brightness fluctuation (SBF) distance
estimates. Crucially, these satellite samples contain several LSBs,
some of which may be UDGs.

We exploit these samples to constrain the abundance of UDGs
around Milky Way analogues and examine the Nypg — M»o relation
across a broad range of halo masses (i.e. My ~ 10"~ My,). This
paper is organised as follows. In Section 2, we describe the satellite
surveys around Milky Way-like systems and their general properties.
We present the results from our analysis of the UDG frequency of
these systems combined with the results from previous studies in
Section 3. We briefly discuss and summarize our results in Section 4.

2 DATA

Here, we briefly describe the samples we use in this work, the
selection process of UDGs in these samples, and our methodology
for estimating the host masses.

2.1 Survey descriptions

The first sample we use is the Exploration of Local Volume Satellites
(ELVES) survey (Carlsten et al. 2022). The ELVES survey focuses on
31 nearby (D < 12 Mpc) hosts with a broad luminosity range (—22.1
< Mg < —24.9), and they are able to identify and catalogue faint
satellites (My < —9.5, wov < 26.5mag arcsec™?2), as characterized
by their artificial dwarf recovery simulations. Their photometric
completeness is due to the relative proximity of these systems but also
the dedicated photometry extracted for these systems. In total, there
are 338 satellites that have been catalogued, and their associations to
their hosts are confirmed via SBF distance estimates. We note that
Carlsten et al. (2022) identify an additional 106 satellite candidates
that are awaiting distance measurements. However, we do not include
them in our analysis and instead consider the implication of their
inclusion as part of our discussion.

The second survey sample we make use of is the Satellites Around
Galactic Analogs (SAGA) survey (Gehaetal. 2017; Mao et al. 2021).
The SAGA survey aims to catalogue satellites as faint as Leo I (M,
< —12.3) around approximately 100 nearby (D~25 — 40.75 Mpc)
Milky Way analogues. These systems are selected primarily on
their K-band luminosities (—23 < Mg < —24.6); however, there
are a handful of secondary criteria, including halo mass and relative
isolation [see Mao et al. (2021) for more details]. Satellite candidates
are spectroscopically confirmed to be associated with their putative
hosts. The second stage release of the SAGA survey has catalogued
127 satellites around 36 hosts. The photometry for each of the
SAGA satellites stems from extant photometric catalogues, including
SDSS DR14, DES DRI, and Legacy Survey DR6/DR7. We adopt
their compiled photometric properties and discuss any potential
limitations of these data in Section 4.
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The final set of satellites we use in this work comes from
Nashimoto et al. (2022; hereafter, N22), who search for satellites
around 9 nearby (15-20 Mpc) Milky Way-like hosts using deep opti-
cal imaging from the Hyper Suprime-Cam on the Subaru Telescope.
The Milky Way-like hosts are selected using infrared photometry
from 2MASS as proxies for the stellar masses and imposing a halo
mass range of My, = (0.5 — 4) x 10'> M, [see Tanaka et al. (2018)
for details] akin to the methodologies of the ELVES and SAGA
surveys. A total of 93 satellites projected within their putative host’s
virial radius were determined to lie at similar distances via SBF
distance estimates. 51 satellites were classified as ’secure’ based
on extant redshift measurements or based on their visual inspection
to select candidates with smooth morphologies. The remaining 42
satellites were classified as "possible’ due to their smaller sizes and
structure, indicative of spiral arms or tidal features [see Tanaka et al.
(2018) for details]. As with the ELVES catalogue, we consider the
51 satellites in this work as part of our primary analysis and discuss
the implications of the broader sample afterwards. This catalogue is
considered to be complete down to My ~ —10, based on artificial
dwarf injection and recovery tests (Tanaka et al. 2018), similar to
those from Carlsten et al. (2022). We note that for consistency
with the other two samples, we use the K-band magnitudes from
Kourkchi & Tully (2017) in this work instead of the stellar and halo
masses derived by N22.

There are a total of 75 Milky Way-like hosts with 516 confirmed
satellites across all three survey samples. While there are certainly
some differences between these three surveys (e.g. survey depths,
candidate selection, confirmation methods, completeness limits,
etc.), a fundamental motivator for these surveys is to characterize
the satellite population of Milky Way analogues. We first consider
these survey catalogues at face value for the analysis conducted in
this work and then we discuss the implications of their differences
in Section 4.

2.2 Selecting UDGs

To select UDGs from the survey catalogues, we follow criteria from
earlier works (i.e. van der Burg et al. 2016, 2017; Roman & Trujillo
2017; Mancera Pina et al. 2019). We impose a mean g-band effective
surface brightness threshold of (i, ) > 24 mag arcsec™ and a
physical effective radius of Reir > 1.5 kpc. We note that this surface
brightness limit is brighter than the more commonly used central
surface brightness limit of jg > 24 magarcsec™ (van Dokkum
et al. 2015). Our criteria match those from some earlier works
(e.g. Mancera Pifa et al. 2019). However, they are only broadly
consistent with those used by van der Burg et al. (2016, 2017), who
use circularized effective radii (i.e. Reft.cire = Reffn/D/a) versus the
more common use of the semi-major axis as the (non-circularized)
effective radius. Using the circularized effective radius can have a
broad range of effects on UDG abundance as shown by Mancera
Pifia et al. (2019) from no change to a decrease by up to a factor of
~2. These changes would have a marginal effect on our results, and
we discuss similar effects from incompleteness in Section 4.

The SAGA catalogue provides r-band apparent magnitudes, g —
r colours, and (i, ). From these values, we are able to obtain
effective radii and calculate (i, ). We take similar steps to derive
effective radii and (g, cfr) for the N22 catalogue, where i-band
apparent magnitudes, g — i colours, and (u; ) are provided. For both
of these survey catalogues, we calculate R.; assuming the distance to
the satellite’s host. The ELVES catalogue does not explicitly compile
(g, eff) values. We calculate (g cff) following the same method as
the SAGA survey [see equation (2) in Mao et al. (2021)] using the
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Figure 1. Mean g-band surface brightness within the effective radius as a
function of physical effective radius for the three samples used in this work:
SAGA (blue), ELVES (orange), and N22 (red). The parameter space where
we select UDGs is defined by the dotted lines; satellites that satisfy these
criteria are shown as stars, while the rest are shown as circles.

g-band apparent magnitudes and the angular effective radius that we
calculate using the provided physical effective radius and the distance
to the satellite’s host. We note that some satellites from ELVES only
have V-band photometry provided. Of these systems, Sgr dSph would
be the only one to satisfy our UDG criteria. We estimate its (g, cfr)
by converting the V-band magnitude to g-band using the relations in
Carlsten et al. (2021) assuming g — r = 0.45 and converting the listed
Reg to angular units assuming a distance of 18 kpc (McConnachie
2012).

InFig. 1, we show (i, cfr) versus Regr for all satellites. The SAGA,
ELVES, and N22 satellites are coloured in blue, orange, and red,
respectively. The dotted region in the upper right of the figure shows
the region in which UDGs reside, and satellites satisfying the
aforementioned thresholds are shown as stars. There are a total of
41 UDG satellites (17 SAGA, 20 ELVES, and 4 N22) around 33
hosts (13 SAGA, 17 ELVES, and 3 N22) across all the 3 surveys.
We note that while these 41 satellites do satisfy this mean surface
brightness criterion, half (20/41) do not satisfy the originally pro-
posed central surface brightness criterion, 1,0 2 24 mag arcsec™>
(van Dokkum et al. 2015). Furthermore, these UDG counts and the
sample distributions in the (g ff) — Refr plane do not account for
the differences between the surveys from which they are drawn.
A key difference between them is the brighter SAGA absolute
magnitude limit (M, < —12.3), which would exclude the majority
of the faint satellites in the other samples. The relative abundance
of UDG to non-UDG satellites is high for the SAGA sample
(17/127 ~ 13 per cent) compared to ELVES (20/338 ~ 6 per cent)
and N22 (4/51 ~ 8 per cent). Accounting for this brighter absolute
magnitude limit, the relative abundance of UDG to non-UDG
satellites in ELVES and N22 increases to 17/159 ~ 11 per cent and
4/28 ~ 14 per cent, respectively. Indeed, the driver of this change
is the significant decrease in the number of non-UDG satellites,
which results in much more comparable values to SAGA. This
decrease in non-UDG satellites would also manifest as a shift in
the offset distributions in Fig. 1 towards brighter and larger values
(i.e. down and to the right). The ELVES median surface brightness
and size shift from (i, ofr) = 25.4 mag arcsec™2 and R = 0.58 kpc
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Figure 2. Distribution of host masses, log(Magg). The total host sample
is shown in blue, while those with UDGs in their satellite systems are
shown in orange. The short solid and dotted lines at the bottom of the
figure, respectively, show the edges and mean values of the host halo mass
bins that we use for our UDG abundance analysis in Fig. 3.

0 (g cfr) = 24.3 mag arcsec2 and R.i = 0.85 kpc. We see a similar
shift in the N22 sample moving from (i, cfr) = 24.9 mag arcsec™
and Ry = 0.31kpe to (i, efr) = 24.4 mag arcsec2 and Rey =
0.78 kpc, although the sample size is relatively smaller. After the ap-
plication of the absolute magnitude cut, both samples are much closer
to the locus of the SAGA sample ((ig.efr) = 23.5 mag arcsec ™2,

R = 1.01 kpo).

2.3 Estimating host masses

Previous studies of UDG abundances in groups and clusters estimated
host halo masses using the velocity dispersions (e.g. Romdn &
Trujillo 2017; Mancera Pifia et al. 2018) or the total group r-band
luminosity (e.g. van der Burg et al. 2017). We use an alternative
method to estimate the halo masses of these Milky Way-like hosts
and leverage the fact that all the three surveys included in this work
select their hosts primarily on their K-band luminosity. We use the
Milky Way-like galaxies from the ARTEMIS suite of simulations
from Font et al. (2020) to derive halo mass estimates for the hosts in
our sample. The ARTEMIS suite contains 45 systems that have been
demonstrated to match Milky Way-like stellar masses, sizes, and
star-formation rates (Font et al. 2020; Font, McCarthy & Belokurov
2021). Furthermore, the distribution of ARTEMIS host K-band
luminosities was shown to broadly agree with that of the SAGA
survey (Mao et al. 2021) and hosts from an earlier iteration of the
ELVES survey (Carlsten et al. 2021). Given this consistency, we fit a
linear relation between the K-band absolute magnitudes and the halo
masses, My, for these ARTEMIS hosts. We note that we exclude
one of these systems (G36) from this procedure as it is an outlier in
this plane. This best-fitting relation, log(M»00/Mg) = —0.19(Mk) +
7.45, was used to estimate the halo masses of the Milky Way-like
host galaxies in the observational samples considered here. Given
the approximate nature of this method, we assume uncertainties of
0.5 dex for these halo mass estimates.

In Fig. 2, we show the distributions of the derived halo masses
for all hosts (blue histogram) and for those with at least one
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Table 1. Summary of host properties and UDG abundances.

Bin NHosts NELVES NsaGa Npn22 Mean Mo My range Nupc

MW-low 25 9 11 5 11.85 [11.60,11.95]  0.32+343
MW-mid 25 7 15 3 12.00 (11.95,12.03]  0.641318
MW-high 25 14 10 1 12.10 (12.03,12.24]  0.681017

UDG satellite (orange histogram). Both distributions peak around
log(My0/Mg) ~ 12.05, with a mean abundance of ~0.5 UDG
satellites. We show the halo mass bins that we will use in our UDG
frequency analysis as the solid vertical lines at the bottom of the
figure with the mean mass shown as the dotted vertical lines. We
note that the inclusion of the aforementioned outlier would shift
these mean values down by ~0.05dex and would not affect the
conclusions of this work.

3 RESULTS

With the UDG abundances and host halo masses in hand, we now
compare these results to a selection from the literature and extend
the Nupc — Mg relation to Milky Way-mass systems. In Fig. 2,
we showed the distribution of host halo masses and three halo
mass bins (edges and means and solid and dashed vertical lines,
respectively) that were selected to contain a roughly equal number of
hosts, hence their unequal widths. We determine the mean number
of UDGs per host within each of the halo mass bins. To estimate
the uncertainties on the number of UDGs within each halo mass
bin, we draw 1000 samples of 25 hosts from a Poisson distribution
with mean values between 0.1 and 1 in increments of 0.01. For
each ensemble of distributions, we determine the probability of the
measured mean values falling above and below our fiducial value
(i.e. our calculated mean in Table 1). Using these probabilities, we
find the corresponding mean values that bracket ~1o around our
fiducial value. This approach closely matches the standard Poisson
uncertainty but results in asymmetric uncertainties more suitable for
the zero-biased nature of UDG abundances. We summarize these
values in Table 1.

We show the number of UDGs as a function of host halo mass
in Fig. 3. The three mass bins from this work are shown as the
orange (MW-low), lavender (MW-mid), and yellow (MW-high) stars,
and the UDG abundances are the mean in each halo mass bin. The
early work from van der Burg et al. (2016) for UDGs in galaxy
clusters is shown in light green. We show the average group and
cluster abundances from the van der Burg et al.’s (2017) extension
of their previous work in dark green. We note that here we show
the 0.1 dex errors on the mean halo masses adopted by van der Burg
et al. (2017) when performing their fitting procedure. We also show
the UDG abundances from the Coma cluster (Yagi et al. 2016),!
Hickson Compact Groups (Romdn & Trujillo 2017), the KIWICS
sample (Mancera Pifia et al. 2018, 2019),? the Frontier Field clusters
(Janssens et al. 2019), the IC1459 group (Forbes et al. 2020), the
Hydra I cluster (La Marca et al. 2022), and the Fornax cluster
(Venhola et al. 2022).

We first consider the samples with relatively nearby hosts and non-
circularized effective radii, excluding the van der Burg et al. (2016,

'We note that we use their catalogue and select the subset that satisfies our
previously described criteria.
2Specifically, their values are assuming non-circularized effective radii.

2017) samples since these samples impose more restrictive selection
criteria. To determine the best-fitting relation to these samples, we
perform orthogonal distance regression and perform 1000 bootstraps
resampling iterations, taking the mean and the standard deviation for
the resulting slope and normalization constant from this procedure
as our adopted values and associated uncertainties. Our best-fitting
relation is Nypg = 38 & 5( 1;402}]3 )0'89 * 004 Which we show at the top
of Fig. 3 and is represented by the solid black line along with the
bootstrap iterations shown as the light grey lines. This sub-linear
relation is consistent with those from Romén & Trujillo (2017) and
Mancera Pina et al. (2019).

We repeat the fitting procedure for a second time, now including
group and cluster UDG abundances from van der Burg et al. (2016,
2017, light and dark green circles). We also include the cluster UDG
abundances from Janssens et al. (2019, grey circles) in this second
iteration with the caveat that it is possible there may have been some
evolution in these abundances since z ~ 0.3-0.5. The resulting best-
fitting relation is Nypg = 30 £ 2(%)0'92 =00 Which is shown as
the dashed black line in Fig. 3. The slopes from these two fitting
procedures are consistent within their uncertainties. Similarly, this
second best-fitting relation is broadly consistent with earlier sub-
linear Nypg — M relations and with the marginally super-linear
relation from van der Burg et al. (2017).

4 DISCUSSION AND SUMMARY

We have explored the abundance of UDG satellites around Milky
Way analogues using the SAGA, ELVES, and N22 samples. We
select UDGs in a manner similar to that done in previous studies for
atotal of 41 UDGs around 33 hosts out of the total 75 hosts. We group
these hosts by their halo masses, taking the mean UDG abundance
among them, allowing us to extend the Nypg — M>o relation towards
Milky Way halo masses.

Our resulting best-fitting relations in the Nypg — Mago plane have
a sub-linear slope whether we exclude the groups and clusters from
van der Burg et al. (2016, 2017) (slope = 0.89 £ 0.04) or include
them (0.92 & 0.03). The latter of these slopes is broadly consistent
(within ~20) with the super-linear slope (1.11 4 0.07) determined
by van der Burg et al. (2017). The sub-linear slope from our initial
fitting procedure is consistent with the abundance of brighter dwarf
galaxies in groups and clusters (Trentham & Tully 2009; van der
Burg et al. 2017). Interestingly, our best-fitting relation that does
not include the van der Burg et al. (2016, 2017) samples agrees,
within uncertainties, with the abundance relation of brighter group
and cluster members determined by van der Burg et al. (2017). While
this particular consistency may be a result of various systematic
effects (e.g. satellite selection or fitting procedures), it implies that
UDGs and brighter dwarfs likely follow similar abundance relations.

As noted in earlier studies, a sub-linear Nypg — Moo relation has
a couple of different interpretations and implications. A sub-linear
relation excludes UDG formation mechanisms that require cluster
environments since UDGs are less abundant per unit halo mass within
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Figure 3. Number of UDGs as a function of halo mass. In addition to the Milky Way-mass hosts from this work (star symbols), we show the group and cluster
samples included in this analysis as coloured triangles: light green — van der Burg et al. (2016, vdB16), dark green — van der Burg et al. (2017, vdB17), and dark
brown — Janssens et al. (J19 2019); and circles: red — Romén & Trujillo (2017, RT17), dark blue — Mancera Pifia et al. (2019, MP19), mauve — Yagi et al. (2016,
Y16), blue — Forbes et al. (2020, F22), brown — La Marca et al. (2022, LM22), and orange — Venhola et al. (2022, V22). We note that the error bars, particularly
on Nypgs, may be hidden by the symbols. The solid black line shows our best-fitting relation to all points, excluding van der Burg et al. (2016, 2017) and
Janssens et al. (2019) samples along with the bootstrapped relations in grey, and the equation is shown at the top. We also show the best-fitting relation when
the van der Burg et al. (2016, 2017) and Janssens et al. (2019) are included as the dashed black line.

them (also see the discussion in these earlier works). With the present
data, it is difficult to statistically exclude specific mechanisms. How-
ever, it is clear that these data are well fit with a single-power law over
the full range (i.e. over three orders of magnitude) of halo mass. This
suggests that UDG formation models that heavily rely on cluster en-
vironments (e.g. galaxy—galaxy harassment) are strongly challenged.
Similarly, the agreement in the abundance relation between dwarfs
and UDGs supports the lack of environment in determining UDG
properties.

We can also begin to determine the frequency of UDGs actively in-
teracting with hosts or UDGs using signs of recent interactions. To ac-
complish this, we visually inspect the image of the 36 UDG satellites
to search for signs of interactions. We find seven potentially interest-
ing UDG satellites (ELVES: SGR, dw0240p3903, dw1105p0006,
dwl1120p1337, dwl123p1342, dwl908m6343; N22: Obj. ID

MNRAS 519, 884-890 (2023)

115641), and most project near (dyrj < 35 kpe) their hosts or a more
massive companion.® The tidal features and/or extended morpholo-
gies in these UDGs may be a result of recent and/or ongoing inter-
actions with them. Further study of these systems may provide addi-
tional insight towards UDG formation via interactions (Bennet et al.
2018; Carleton et al. 2019; Tremmel et al. 2020; Jones et al. 2021).
In their study of UDG satellites around isolated Milky Way-like
hosts using the Auriga simulations, Liao et al. (2019) find a mean
UDG abundance of 1.27 &= 1.06. This is well within the uncertainty of
our abundances (see Table 1) prior to accounting for the completeness
corrections of our observed samples, which would increase our

3dw1123p1342 projects ~130kpc from its massive companion; however, it
appears to fall along a faint stream connected to dw1120p1337.
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measured abundances. Their analysis was also able to distinguish
satellites that formed as UDGs and those that formed through tidal
interaction. They found that ~ 45 per cent of their UDGs are formed
through a tidal interaction. While this is a higher fraction than in the
observed samples considered here (~ 20 per cent), this difference is
likely due to the ability of simulations to trace the entire evolutionary
histories of these satellites as opposed to a visual inspection of their
imaging. The general agreement between these observed samples
and simulations is interesting and warrants additional investigation.

Another recent study of note is the extensive search for UDGs
and ‘Ultra-Puffy Galaxies’ around Milky Way analogues conducted
by Li et al. (2022) using imaging from the Hyper-Suprime Cam
Strategic Survey Program (Aihara et al. 2018). After searching the
projected virial radii of 689 Milky Way analogues, Li et al. (2022)
find 412 UDGs around 258 hosts and a mean UDG abundance of
Nupg = 0.44 £ 0.05 after applying background contamination and
completeness corrections. While their surface brightness criterion is
fainter than ours ({ft, effr) = 25 vs. 24 mag arcsec™2), the calculated
UDG abundances are still broadly consistent. Similarly, they find
a marginally sub-linear slope of 0.96 £ 0.04 for the Nypg — Ma0o
relation, which is also consistent with our fiducial result within
uncertainties.

A potential systematic that we have not accounted for is the
completeness of the surveys used in our sample as well as the
literature samples used in our analysis. Given the heterogeneous
construction of these samples, it is difficult to account for all of
their systematic differences. For example, the nearby Milky Way
samples, particularly the ELVES and N22, are relatively more
complete in surface brightness when compared to the more distant
group and cluster samples. This may account for additional UDG
satellites that are included in these Milky Way samples. To test this,
we impose an additional surface brightness threshold of (i, ) <
26.5 mag arcsec 2 for the UDG satellites from these samples. This
limit is similar to the typical completeness of the group and cluster
samples from the literature (e.g. van der Burg et al. 2017; Mancera
Pifia et al. 2019; Venhola et al. 2022). We repeat our fitting procedure
with these restricted Milky Way samples and those from the literature
but excluding the van der Burg et al. (2016, 2017) and Janssens et al.
(2019) samples. We find a marginal increase in the best-fitting slope
(0.94 £ 0.05). Given that the completeness limits quoted in some
of the literature samples are at the 50 percent level, another test
is to double their quoted Nypg values and perform our fits using
their scaled Nypg. The resulting best-fitting slope (0.97 £ 0.07)
does increase, and while higher than our fiducial fit, it is now more
consistent with a linear slope and the slightly super-linear slope of
van der Burg et al. (2017). These tests, however, assume that our
Milky Way samples are themselves complete.

The surveys from which we draw our UDG satellites are not
without their own incompleteness. There are an additional 148
satellite candidates within the ELVES and N22 samples that have
tentative associations, of which 3 satisfy our UDG criteria. The
SAGA sample has been suggested to be potentially missing low
surface brightness satellites in their photometric catalogues (Carlsten
et al. 2022; Font et al. 2022), some of which may be UDGs.
Combining this with the SAGA estimates of 24 faint satellites that
may have been missed during their spectroscopic follow-up (Mao
et al. 2021), there could be additional UDG satellites across their
36 hosts. In total, the handful of potential UDG satellites in these
samples could increase our mean abundances and correspondingly
make the Nypg relation shallower.

To facilitate a comparison of various best-fitting slopes, we plot
them together in Fig. 4 with our slopes in orange and some of those
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Figure 4. A comparison of the slopes from previous studies to those derived
here. Literature slopes are shown as circles: van der Burg et al. (2016, light
green), van der Burg et al. (2017, dark green), Romén & Trujillo (2017, red),
Mancera Pifa et al. (2019, dark blue). Our best-fitting slopes are shown in
orange for different cases: fiducial (star), van der Burg et al. (2016, 2017) and
Janssens et al. (2019) included (pentagon), surface brightness cut (square),
and Nypg-scaled (triangle). The shaded regions show the 1, 2, and 3o values
based on our fiducial slope’s uncertainty.

from the literature coloured to match Fig. 3. The shaded regions show
the 1, 2, and 30 regions using our fiducial slope’s uncertainty. We
also refer the reader to Mancera Pina et al. (2018), where the authors
uniformly derive UDG and host properties in addition to various cuts
in UDG properties. Their resulting slopes are all consistent with those
in Fig. 4. The results across samples, techniques, and environments
are roughly consistent, given their uncertainties. It is evident that
progress, in terms of assessing what possible differences in slope (e.g.
sub-linear or linear) might exist, will require significantly smaller
uncertainties and a fuller understanding of systems, which can only
come from larger, homogeneous surveys of UDGs.

There is still much to learn about this intriguing subset of the LSB
population, and placing more stringent constraints on the abundance
of UDGs around lower mass hosts is just one facet. With completed
(i.e. ELVES) and ongoing (i.e. SAGA and N22) surveys of Milky
Way analogues in the local Universe continuously providing growing
samples, we can continue to characterize the UDG population around
these hosts, particularly at lower host masses. Furthermore, these
studies [e.g. those used in this work and Li et al. (2022)] set the
stage for future surveys such as LSST with the Rubin Observatory
(Ivezi€ et al. 2019), which will expand the depths of these searches
and will effectively help anchor the low-mass end of the Nypg —
My relation. Nevertheless, the near-linearity of the Nypg — Mago
relation over more than three orders of magnitude in halo mass
is a strong constraint on models of UDG formation and suggests
that environmental factors are subdominant, although not necessarily
negligible. Even a slope of 0.9, which one might consider near linear,
would result in ~ 50 per cent fewer UDGs per unit halo mass in the
most massive systems in these samples than in the least massive ones.
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