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ABSTRACT

Recent advances in deep dedicated imaging surveys over the past decade have uncovered a surprisingly large number of extremely
faint low surface brightness galaxies with large physical sizes called ultra diffuse galaxies (UDGs) in clusters and, more recently, in
lower density environments. As part of the Mass Assembly of early-Type GalLAxies with their fine Structures (MATLAS) survey, a
deep imaging large program at the Canada-France-Hawaii Telescope (CFHT), our team has identified 2210 dwarf galaxies, 59 (~3%)
of which qualify as UDGs. Averaging over the survey area, we find ~0.4 UDG per square degree. They are found in a range of low
to moderate density environments, although 61% of the sample fall within the virial radii of groups. Based on a detailed analysis of
their photometric and structural properties, we find that the MATLAS UDGs do not show significant differences from the traditional
dwarfs, except from the predefined size and surface brightness cut. Their median color is as red as the one measured in galaxy clusters,
albeit with a narrower color range. The majority of the UDGs are visually classified as dwarf ellipticals with log stellar masses of
~6.5-8.7. The fraction of nucleated UDGs (~34%) is roughly the same as the nucleated fraction of the traditional dwarfs. Only
five (~8%) UDGs show signs of tidal disruption and only two are tidal dwarf galaxy candidates. A study of globular cluster (GC)
candidates selected in the CFHT images finds no evidence of a higher GC specific frequency S y for UDGs than for classical dwarfs,
contrary to what is found in most clusters. The UDG halo-to-stellar mass ratio distribution, as estimated from the GC counts, peaks
at roughly the same value as for the traditional dwarfs, but spans the smaller range of ~10—2000. We interpret these results to mean

that the large majority of the field-to-group UDGs do not have a different formation scenario than traditional dwarfs.

Key words. Galaxy: general — galaxies: formation — galaxies: dwarf — galaxies: fundamental parameters — galaxies: nuclei —

galaxies: star clusters: general

1. Introduction

Recent advances in deep dedicated imaging surveys over the past
decade have uncovered a surprisingly large number of extremely
faint low surface brightness (LSB) galaxies with large physi-
cal sizes referred to as ultra diffuse galaxies (UDGs). Although
the name was branded recently (van Dokkum et al. 2015), large
LSB galaxies have been observed over three decades (e.g.,
Sandage & Binggeli 1984; Binggeli etal. 1985; Impey et al.
1988; Schombert & Bothun 1988; Schwartzenberg et al. 1995;
Dalcanton et al. 1997; Sprayberry etal. 1997). UDGs are
defined as having a low central surface brightness, with typical

values in the g-band on the order of ug, = 24-26 mag arcsec™2,

* Data are also available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg. fr/viz-bin/cat/J/A+A/654/A105

Article published by EDP Sciences

but unlike the ultra faint dwarf galaxies, they have a large phys-
ical size, with effective radii R, > 1.5kpc (van Dokkum et al.
2015). Andromeda XIX, a satellite of M31, is an example of
a Local Group (LG) UDG with a half-light radius of 1.7 kpc
(McConnachie et al. 2008).

Almost all UDGs discovered until recently resided in dense
cluster environments, including the central regions (Koda et al.
2015) and outskirts (Kadowaki et al. 2017; van Dokkum et al.
2015) of the Coma cluster, the Fornax cluster (Muiioz et al.
2015; Venhola et al. 2017), and other clusters (e.g., Mihos et al.
2015; van der Burg et al. 2016; Roméan & Trujillo 2017a). At the
distance of their respective clusters, their estimated physical
sizes are 1.5 < R, < 4.6kpc, with the largest ones rivaling
the size of the Milky Way (R,mw ~ 3.6kpc). For compari-
son, the typical dwarf galaxies in the same luminosity range
have effective radii of a few hundred parsecs (Miiller et al. 2019;
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Chiboucas et al. 2013). Observations indicate that the UDGs
found in rich galaxy clusters (van Dokkum et al. 2015; Gu et al.
2018) are typically old, red (g — i ~ 0.76), gas and metal
poor, relatively round and featureless, although not all cluster
UDGs are devoid of gas and sources of ionizing radiation (e.g.,
Kadowaki et al. 2017). Based on their globular cluster (GC)
population, they have a wide range of physical properties with
many showing low-mass (dwarf) haloes. However, the most dis-
cussed cases have been the “dark matter deficient” (NGC 1052-
DF2 and NGC 1052-DF4, van Dokkum et al. 2018a,b, 2019;
Emsellem et al. 2019; Fensch et al. 2019b) and “massive Milky
Way like” UDGs (Dragonfly 44, van Dokkum etal. 2016;
Beasley et al. 2016; Toloba et al. 2018) that do not follow the
stellar mass-halo mass relationship predicted by the A cold dark
matter (ACDM) cosmological model (Behroozi et al. 2013). A
recent report of the lack of X-ray detection suggests that Drag-
onfly 44 and DF X1 are not failed L, galaxies (Bogdan 2020).
The GCs themselves in some UDGs also appear to be
too luminous, with them being as bright or brighter than
Omega Centauri (van Dokkum et al. 2018a; Shen et al. 2021).
The recent analysis of the GC population in the UDG MATLAS-
2019, in the NGC 5846 group, using deep — sampling most of
the globular cluster luminosity function (GCLF) — high resolu-
tion Hubble Space Telescope (HST) data (Miiller et al. 2021)
has revealed that the brightest GCs in this UDG are consis-
tent with the normal bright end of the GCLF at the group dis-
tance, indicating there are no over-luminous GCs present in this
galaxy, contrary to what is found for NGC 1052-DF2 and -DF4
(Danieli et al. 2019; Shen et al. 2021). Rather, the GCLF is best
explained by a large population of GCs for a galaxy of this lumi-
nosity. Recent results for 33 UDGs in the Coma cluster based
on HST observations similarly suggest that UDGs can reach a
high specific frequency (0 < Sy < 50, Lim et al. 2018), with a
mean S y higher for UDGs than for classical dwarfs. In this clus-
ter, Forbes et al. (2020) find that the rich GC systems tend to be
hosted in UDGs of a lower luminosity, smaller size, and fainter
surface brightness, with a similar trend for the normal dwarfs.
The GC systems of Virgo UDGs have a wide range in specific
frequency, with a higher mean S than normal Virgo dwarfs,
but a lower mean Sy than Coma UDGs at a fixed luminos-
ity (Lim et al. 2020). In the Fornax cluster, Prole et al. (2019a)
find very few UDGs with a high S 5. Rather their GC numbers
are consistent with those of other dwarf galaxies of a compara-
ble luminosity. The different abundances of GCs, especially the
demarcation between UDGs with and without an excess of GCs
as compared to the normal dwarfs, may point to different origins.
Recently, a growing number of UDGs have been identi-
fied in nearby groups using blind optical surveys (Merritt et al.
2016; Bennetet al. 2017 in the M101 group with the Drag-
onfly Telephoto Array and as part of the Canada-France-
Hawaii Telescope Legacy Survey (CFHTLS), Roman & Trujillo
2017b in the Sloan Digital Sky Survey (SDSS) Stripe 82,
Greco etal. 2018 in the Hyper Suprime-Cam Subaru Strate-
gic Program (HSC-SSP), Forbes et al. 2019, 2020 in the VST
Early-type GAlaxy Survey (VEGAS)) and blind HI surveys
(Duetal. 2015 using ALFALFA+SDSS, Leisman et al. 2017
using ALFALFA+SDSS,WIYN), as well as in low density envi-
ronments such as the Pisces-Perseus supercluster (DGSAT I,
Martinez-Delgado et al. 2016), the MATLAS (Mass Assem-
bly of early-Type GalL.Axies with their fine Structures) sur-
vey (Habas et al. 2020), the SDSS Stripe 82 (Barbosa et al.
2020) and other isolated spiral and early-type spiral galax-
ies (Roman et al. 2019; Miiller et al. 2018a; For et al. 2019;
Crnojevic et al. 2014). The UDGs found in groups are typically
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blue (g — i ~ 0.45) and irregular (Roman & Trujillo 2017b).
The UDGs found in the low to moderate density environments
of the MATLAS survey (Habas et al. 2020) do not appear to
form a distinct group in the scaling relations but are simply
an extension of the dwarf population toward larger radii and
fainter surface brightnesses. X-Ray observations of multiple
UDGs (Kovics et al. 2019) also support the fact that the majority
of UDGs are consistent with being normal dwarfs even though
this does not exclude the possibility that some UDGs may have
be failed Milky Way galaxies. The field UDG candidates of
Barbosa et al. (2020) — as they have no distance estimates so are
given a redshift by association to the nearby overdensity of nor-
mal galaxies — appear to have stellar masses and metallicities that
are similar to those observed in clusters. Other works on field
UDGs have shown that they can contain HI gas (Poulain et al.
2021b; Leisman et al. 2017) and are predominantly blue and star
forming (Prole et al. 2019b).

Various scenarios have been put forward to explain the for-
mation of UDGs, based on the properties of the population of
UDGs in galaxy clusters. It may be that they are “failed” high
halo mass galaxies, prevented from building a normal stellar
population due to, for example, extreme feedback from super-
novae and young stars, gas stripping, or AGN feedback. On the
other hand, UDGs may be “genuine” dwarf galaxies with corre-
spondingly low halo masses but anomalously large sizes. They
could represent the most rapidly spinning tail of the distribu-
tion of dwarf galaxies (Amorisco & Loeb 2016), or feedback
and outflow could create an expansion of both the dark matter
and stellar component of dwarf galaxies (Di Cintio et al. 2017).
Several UDGs show highly elongated shapes, suggestive of tidal
disruption (Merritt et al. 2016; Mihos et al. 2015). Another sce-
nario is that some UDGs could be tidal dwarf galaxies (TDGs),
that is galaxies formed from gas expelled from a massive galaxy
after an interaction. TDGs are known to be devoid of dark mat-
ter (Lelli et al. 2015), have a higher metallicity and radius than
dwarfs of similar mass (Weilbacher et al. 2003; Duc et al. 2014)
and their GCs are less massive (Fensch et al. 2019a). The old
ones have the same properties as UDGs (Duc et al. 2014).

A recent survey for dwarf galaxies in the MATLAS low to
medium density fields has revealed 2210 low surface bright-
ness galaxies (Habas et al. 2020). In this paper, we identify the
UDGs in the MATLAS sample and present their detailed prop-
erties. In Sect. 2 we discuss the observations and data analysis
of the MATLAS sample as well as the UDG selection proce-
dure. In Sect. 4, we examine the types of environments in which
the MATLAS UDGs are located. The photometric and struc-
tural properties of the UDG, as well as their compact central
nuclei when present, are presented in Sect. 5. Their derived stel-
lar masses are also discussed in this section. In Sect. 6, we deter-
mine the globular cluster populations of the UDGs and compute
their estimated halo masses. We search for possible tidal features
and present the results in Sect. 7. The UDGs with HI detections
are discussed in Sect. 8. Finally, in Sect. 9, we summarize our
results.

2. MATLAS dwarf galaxy sample
2.1. Observations and catalog

The UDG candidates were identified from the deep (u, ~
28.5-29 mag arcsec™>) optical imaging of the Mass Assem-
bly of early-Type galLAxies with their fine Structures (MAT-
LAS) large observing program (Duc etal. 2014, 2015; Duc
2020; Bilek et al. 2020). MATLAS was designed to study the
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low surface brightness outskirts of massive early-type galax-
ies (ETGs) in low- and moderate- density environments in the
nearby (z < 0.01) Universe. The target galaxies were taken from
the ATLAS?P legacy survey (Cappellarietal. 2011a), which
compiled a complete sample of galaxies (the “parent” sam-
ple) with distances between ~10-45 Mpc, declinations obeying
|6 — 29°] < 35°, Galactic latitudes |b| > 15°, and K-band abso-
lute magnitudes Mg < —21.5. The galaxies were morphologi-
cally reclassified by the ATLAS?P team for consistency, and only
the 260 elliptical and lenticular galaxies were included in the
final sample. The Next Generation Virgo Cluster Survey (NGVS;
Ferrarese et al. 2012) survey obtained deep optical imaging of
the 58 ATLAS3P ETGs within the virial radius of the Virgo clus-
ter, while MATLAS planned to target the remaining (non-Virgo)
ETGs.

The MATLAS (and NGVS) images were taken with
MegaCam on the 3.6 meter Canada-France-Hawaii Telescope
(CFHT). MATLAS ultimately imaged 150 1° x 1° fields, encom-
passing 180 ETGs and 59 late-type galaxies (LTGs),with an ETG
typically at (or very near) the center of the image. This field of
view corresponds to physical scales ranging from approximately
175kpe (d = 10Mpc) to 785kpc (d = 45 Mpc). Select fields
in moderate density environments have some overlap, however,
thus the total coverage of the survey is 142 square degrees.
The fields were preferentially observed first in the g-band (150
fields), followed by the r-band (148 fields), the i-band (77 fields),
and the nearest fields (dgrg < 20 Mpc) in the u-band (12 fields).
All magnitudes presented in this paper were calibrated in the
MegaCam AB magnitude system. Details of the observing strat-
egy, data reduction, and image quality can be found in Duc et al.
(2015), while a full list of targeted fields in presented in
Table 1 of Habas et al. (2020), and Bilek et al. (2020) presents
a comparison with other recent deep imaging surveys.

The depth and image quality of the MATLAS survey
is ideal for identifying new low surface brightness galaxies.
The systematic search for dwarfs in the MATLAS images is
described in detail in Habas et al. (2020), but we briefly out-
line the selection criteria here for completeness. We first com-
piled a catalog of dwarf candidates from a visual inspection
of every MATLAS image; this was then used to test various
SEXTRACTOR (Bertin & Arnouts 1996) detection parameters,
which were tweaked until ~90% of the visually identified dwarfs
were successfully extracted. The visual catalog was then supple-
mented with additional candidates from SEXTRACTOR, identi-
fied by their surface brightness i, g-band magnitude, and size.
This joint catalog underwent two round of visual classifica-
tion and cleaning, resulting in the final catalog of 2210 dwarfs
based on the majority opinion of the final five classifiers. Fur-
ther details, comparisons with overlapping catalogs, and discus-
sions of the limitations and biases of the catalog can be found in
Habas et al. (2020).

2.2. MATLAS dwarf distances

Distances are essential to characterise many properties of dwarf
galaxies, for example, absolute magnitudes, effective radii in
physical units, and determining the local environment of the
dwarf. We have distance estimates for a fraction (14.7%; 325)
of the MATLAS dwarfs from various sources: spectroscopic
redshifts from SDSS DR13 (Blanton et al. 2017; Albareti et al.
2017) and the Catalog of Visually Classified Galaxies (CVCG;
Ann et al. 2015), HI velocities from the ALFALFA -catalog
(Haynes et al. 2018) and the Westerbork Synthesis Radio Tele-
scope (WSRT) imaging data of the ATLAS3P targets (Serra et al.

2012; Poulain et al. 2021a), distances from the NEARGALCAT
(Karachentsev et al. 2013), as well as stacked MUSE spectra
and a distance estimate from the GCLF for MATLAS-2019
(Miiller et al. 2020, 2021).

Previous work has demonstrated that these galaxies are all
dwarf-like systems with absolute magnitudes M, > —18 and that
>90% of them are satellites of the nearest massive galaxy in the
ATLAS3P parent (ETG +LTG) sample with relative velocities
|Av| < 500kms™! (Habas et al. 2020; Poulain et al. 2021b). It
should be noted that 21 (6%) of these galaxies, however, have
distance estimates >45 Mpc, so we would not expect to find a
good host among the massive ATLAS®P galaxies. This further
strengthens the argument that the dwarfs in our sample are over-
whelmingly expected to be satellite galaxies. Thus, if we can
identify the likely host of the dwarfs without known distances,
we are able to use the distance of the host as the distance for these
dwarf with some degree of confidence. Habas et al. (2020) used
the subsample of dwarfs with known distances to test the accu-
racy of the host identification using other methods — by assuming
either the MATLAS targeted ETG (often the most massive and
most central ETG in the image) is the host, or that the ATLAS?P
massive galaxy (ETG or LTG) with the smallest on-sky separa-
tion is the host. The accuracy of both tests was ~80%.

We opted to proceed under the assumption that all of the
dwarfs are satellites of a massive galaxy, and adopted the dis-
tance of the MATLAS targeted ETG when no other distance esti-
mates are available.

2.3. MATLAS dwarf structural parameters

The structural and photometric properties of each MATLAS
dwarf galaxy were extracted using GALFIT (Peng et al. 2002,
2010). The nonnucleated dwarfs were fitted with a single Sér-
sic profile in the g, r and i bands, measuring their effective
radius (R,), Sérsic index (n), total magnitude, and axis ratio.
The g-band surface brightnesses p, (central), u., (at R,) and
(Ueg) (within R,) were then calculated using the equations in
Graham & Driver (2005) taking as inputs the total magnitude
and effective radius returned by GALFIT. The galaxy model g — i
and g — r colors were computed when images were available
in these bands (see Sect. 2.1). When hosting one or multiple
nuclei, the galaxies were fitted instead with a Sérsic profile (for
the galaxy) and a PSF/King profile (for each nucleus) simulta-
neously. For nucleated galaxies, the properties reported for the
dwarf relate to the galaxy (Sérsic profile). The detailed proper-
ties of the nucleus/nuclei are discussed in Sect. 5. The GALFIT
output parameters were derived for a total of 1589 MATLAS
dwarf galaxies, yielding a morphological type mix of 1022 dE,
415 dE,N, 142 dI, and 10 dLN (Poulain et al. 2021a). GALFIT
modeling of 292 nuclei were also obtained.

3. MATLAS ultra diffuse galaxy sample
3.1. UDG Selection

Using the structural properties discussed in the previous section,
the UDGs were selected using a cutout in effective radius of

R, > 1.5kpc and surface brightness of 19, > 24.0 mag arcsec™>.

This definition is adopted with no prejudice on whether they are
a real class of objects or not, in order to allow comparison to the
other similarly selected UDG samples. However, as can be seen
already in Fig. 1, these selection criteria are somewhat arbitrary:

the UDGs (green symbols) do not appear to represent a distinct
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Fig. 1. Scaling relation M, versus R, for the MATLAS dwarfs and UDGs: The plotted quantities are based on parameters returned by the GALFIT
modeling, and we have used the estimated distance to the dwarf when available and otherwise assumed that the dwarfs are at the same distance
as the central ETG in the field. The nuclei of the dE,N have been fitted with a two-component (diffuse component and nucleus) model, and only
the properties of the diffuse component of the galaxy are used here. The MATLAS dwarfs occupy the same parameter space as dwarfs identified
in the NGVS (gray triangles; Ferrarese et al. 2020) and NGFS (inverted gray triangles; Eigenthaler et al. 2018) images, as well as Local Group
dwarfs (rotated left gray triangles; McConnachie 2012) and Local Volume (rotated right gray triangles; Carlsten et al. 2020). The MATLAS UDGs
occupy the same parameter space as the UDGs found in the Coma (gray cross symbols; van Dokkum et al. 2015) and Virgo cluster (gray plus
symbols; Lim et al. 2020). The population of UDGs appear to simply be an extension in parameter space to the traditional dwarf population.

sequence of galaxies but rather an extension of the dwarf popu-
lation in terms of effective radius and surface brightness.

Using this definition, we identify a total of 59 UDG can-
didates: 37 dE, 19 dE,N, 2 dI and 1 dI,N. Averaging over the
surveyed area, we estimate that there are ~0.4 UDG per square
degree. We note that this selection depends on the dwarf galaxy
having a successful and reliable GALFIT result. Hence, it is possi-
ble that there are some UDGs amongst the MATLAS dwarfs that
were not successfully modeled using GALFIT, in particular those
(1) with an extremely low surface brightness (e.g., MATLAS-
1830, Duc et al. 2014; see Sect. 7) and (2) classified as dIs since
only 27% of the complete sample of MATLAS dIs were success-
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fully modeled with GALFIT (compared to 87% of dEs) due to the
presence of irregular features (Poulain et al. 2021a).

3.2. UDG distances

The identification of a UDG sample strongly depends on the
accuracy of the distances to the candidates. Four UDGs in
the sample defined above have available distance estimates:
three have velocity measurements from HI data (one from the
ATLAS?P HI data cubes and two from the ALFALFA catalog)
and one, MATLAS-2019, has a distance estimate based on the
GCLF (Miiller et al. 2021).
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It is worth noting, given the general uncertainties in the dis-
tances to the remaining UDGs, that three of these four UDGs
would still be classified as such if we adopted the distance to
the assumed host, as defined in Sect. 2.2. For the other UDG,
the assumed host had a distance of 19.1 Mpc, but the UDG
actually lies at a distance of 35.9 Mpc according the velocity
extracted from the ALFALFA HI catalog. Conversely, we also
have exactly one dwarf galaxy that would be classified as a UDG
given the assumed distance of the host (37.1 Mpc), but had its
physical size revised downward due to the distance estimate in
the NEARGALCAT (10 Mpc).

Thus, in total, 4/59 of our UDG candidates have a distance
estimate confirming their effective radii R, > 1.5kpc. Color
(g, r,i) images of the 59 MATLAS UDGs in our final sample,
ordered by increasing distance (19.1-46.3 Mpc), are shown in
Fig. 2. The effective radius of the MATLAS UDGs ranges from
1.5 (our cut) to 3.5 kpc (see Fig. 1). As the distances of the UDGs
are critical, we further explore the potential for misidentified host
galaxies for the full UDG sample in Appendix A.

4. UDG environments

MATLAS specifically targeted the ATLAS®P sample outside the
Virgo cluster, which includes ETGs in groups, pairs, and isolated
galaxies. A detailed study of the galaxy associations in the MAT-
LAS fields is currently in progress (Smith et al., in prep.). For
now, we calculate the local volume density (oy = 3N /47rr§D)

and the surface density (Xy = N /ﬂr%D) using the N = 10th
nearest neighbor — in 3-dimensional and projected on-sky space,
respectively — of each dwarf as a proxy for the local environment.
We note that we considered only the massive galaxies from the
ATLAS?P parent catalog (ETGs and LTGs) when determining
N; to avoid large uncertainties for the 14 dwarfs known to lie at
distances >50 Mpc, well beyond the ATLAS3P sample, we have
removed these few galaxies from the plot. The distribution is
shown in Fig. 3.

In this plot, we have assumed that the dwarfs are at the same
distance as the host galaxy, when no independent distance mea-
surement is available. To estimate the error this introduces into
log, P10, we incorporated an offset of +500 km/s in velocity
space, following the cut we used to define likely satellite/non-
satellite dwarfs in Sect. 2.2, and propagated this through the cal-
culations. We concatenated the + error estimates, and binned the
data into four bins containing nearly equal number of datapoints
in log,o p10 space: log,op10 < —2.0, =2.0 < logyp10 < —1.58,
—-1.58 < logypio < —1.0, and log,yp10 > —1.0. In these four
bins, the median errors are 0.01, 0.18, 0.28, and 0.4, respectively.

The UDGs can be found throughout the densities probed
by the MATLAS sample, except for the lowest density regions,
and follow a similar distribution as the dwarfs. Applying a two-
sample Kolmogorov-Smirnov (KS) test, we find no statistically
significant deviation in pjo between the sample of UDGs and
the remainder of the MATLAS dwarfs sample, with a returned
p-value of p = 0.21.

A number of groups with previously detected X-ray emission
fall within the MATLAS fields and are also marked in the figure,
to help gauge the local densities at various points in the plot. We
note that while these open ovals enclose the dwarfs and UDGs
associated with each group, the ovals themselves are illustrative
and may enclose points that are not associated with the labeled
group. The groups span a range of values in both pjg and X,
depending in part on the relative position of the dwarf to the
group center and the presence of substructures or nearby sys-
tems. For example, contamination from foreground galaxies in

the Virgo cluster increases X9 for NGC 4261 (d ~ 31 Mpc),
while the proximity of NGC 4636 (d ~ 16 Mpc) to the Virgo
cluster has increased pj to cluster-like values for this group. In
total, 19 UDGs (32.2%) lie within the virial radii of the groups
with X-ray emission, while 484 dwarfs (22.5%; UDGs removed)
lie within the same region.

4.1. Groups

Here we comment on the properties of those individual, and pre-
sumably massive, groups detected in X-rays. The group proper-
ties are summarized in Table 1. Spatial maps of all fields contain-
ing at least one MATLAS UDG are presented in Appendix B.

The NGC 3665 group. The NGC 3665 group is a loose
association of approximately 10 galaxies, mainly late-type, with
an anomalously low velocity dispersion (Helsdon et al. 2005).
Approximately 40 new, potential dwarf group members have
been identified in the MATLAS images, and we find one UDG
located near the virial radius Ry;,.

The NGC 4636 group. Located just south of the Virgo clus-
ter at a distance of d ~ 16 Mpc (Kourkchi & Tully 2017), the
NGC 4636 group is difficult to separate from the massive clus-
ter. However, extended X-ray emission indicates that this group
is a distinct structure. An analysis of the velocity dispersion of
estimated members, and the position of the ETG NGC 4636
near the centroid of the group, suggest that it is a dynamically
mature system (Brough et al. 2006). We identified 60 dwarfs
within Ry of the group, but none meet the selection criteria to
be classified as a UDG. Nor are any UDGs found just outside
Rvir-

The NGC 3607 group. Also known as the Leo II group or the
Leo Cloud, this group is centered around two ETGs, NGC 3607
and NGC 3608. The group contains ~16 massive group members
with total blue magnitudes brighter than B = 16, most of which
are LTGs (Afanasiev & Silchenko 2007; Giuricin et al. 2000).
The morphologies of the group members, the observation of hot
X-ray gas maxima around both NGC 3607 and NGC 3608 within
the common gaseous envelope (Mulchaey et al. 2003), and the
presence of optical low-surface brightness features indicative
of recent mergers within the group (Bilek et al. 2020) all sug-
gest that this group is relatively young (Afanasiev & Silchenko
2007). We identify one UDG among the 37 dwarfs within the
MATLAS footprint, but it should be noted that we do not have
full coverage of the group within R,;,. The UDG is in close pro-
jection to the group center.

The NGC 0524 Group. The NGC 0524 galaxy group is a
relatively isolated, low-richness group (O’Sullivan et al. 2017)
with a higher-than-average fraction of early-type galaxies. The
group appears to be dynamically mature (Brough et al. 2006)
and a detailed study of the low surface brightness outskirts
of the group members indicates that most are relaxed. Only
NGC 0502 and NGC 0518 show evidence of past mergers
(Bilek et al. 2020). We identified 62 dwarfs within the projected
virial radius, but no UDGs. However, two UDGs can be found
just outside the Ry;; boundary and are likely associated with
the group. Interestingly, both UDGs lie to the southeast of the
group, in the direction of NGC 0502 — one of the two galax-
ies to have undergone a recent merger, although this may be a
coincidence.

The NGC 5322 group. Optically, the NGC 5322 group
is similar to NGC 4261, with similar B magnitudes, R,
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Fig. 2. Color (g, r, i) images of the 59 MATLAS UDGs in our final sample sorted by distance (from top left to bottom right, 19.1-46.3 Mpc). Each

image is ~1 sq.arcmin. in size. North is up and east is left.

estimates, colors, color gradients, and the brightest group galaxy
in each is classified as a Low-Ionization Nuclear Emission-line
Region (LINER) galaxy. However, the NGC 5322 group exhibits
a much fainter X-ray component, which has been interpreted
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as disruption of the X-ray halo of a single galaxy due to a
recent galaxy interaction or merger. The ETG NGC 5322 con-
tains a counter-rotating core, further support of a recent merger
(Finoguenov et al. 2006) and suggesting a younger group. We
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Fig. 3. Left: estimates of the local volume density (o) versus the local surface density (X;0) for the MATLAS traditional dwarf (non-UDG)
galaxies (gray circles) and UDGs (green squares). The tidally disrupted UDGs and TDG UDGs discussed in Sect. 7 are marked in turquoise
and yellow, respectively. The density estimates were calculated based on the tenth-nearest neighbor, using only the massive galaxies from the
ATLAS?P parent sample. Cappellari et al. (2011b) noted that nearly all galaxies in the Virgo cluster have log,, 010 > —0.4 and log,, Z;p > 0.4;
these boundaries are marked with dashed lines. The open ovals indicate where the dwarfs in select groups fall in the plot. Right: radial distribution
of traditional dwarf (non-UDG) galaxies (filled gray) and UDGs (hashed green) in the group environments defined in Table 1. The projected
group-centric distances have been normalized such that R,;; = 1. A KS test returns a p-value of 0.35, thus we cannot reject the null-hypothesis that
the two samples originate from the same parent sample.

Table 1. Summary of known groups with X-ray detections that fall within the MATLAS images.

Group T R (dist Ryir  log(Myyn/Mo)  feover Nubc  NubnGpred  Nawafs  JETG
[Mpc]  [Mpc]
NGC3665 G L 2399 0.288 12.45 100 1 0.36%025 44 0.28
NGC4636 G - 1620 0472 12.93 041 0 1.237039 60 0.51
NGC3607 G - 2214 0367 13.31 0.81 1 3.23%07¢ 37 0.41
NGC0524 H L 3119 0388 13.13 0.98 O[+2] 2.06%035 62[+12] 0.33
NGC5322 H L 2328 0.386 13.34 072 3[+2] 3.5798 ) 49[+19] 0.38
NGC5846 G H 2674 0.596 13.75 0.64 7 9.95%38 143 077
NGC4261 G H 3139 0.649 13.94 035 7 16.227% 89 0.54

Notes. The columns are: (1) the group name; (2) whether the X-ray emission is on group scales (G) or galaxy halo scales (H), taken from
Osmond & Ponman (2004); (3) the richness of the sample: L = low richness, H = high richness, from O’Sullivan et al. (2017); (4) the distance to
the group in Mpc, (5) projected virial radius in Mpc and (6) dynamical mass from Kourkchi & Tully (2017); (7) the fraction of the area within R
covered by the MATLAS footprint; (8) the number of UDGs identified within R,;; — for two groups, we increased the search radius by 0.15 Mpc in
order to catch the UDGs just outside the cluster bounds, which are included in brackets; (9) the number of predicted UDGs using the dynamical
mass in Col. 6 and the relation described in van der Burg et al. (2017) — we note that this Nypgprea Value is nearly identical to the value returned
by the relation in Janssens et al. (2019); (10) the number of MATLAS dwarfs (including UDGs) within R,;; — the numbers in brackets include
the additional dwarfs found in a search radius increased by 0.15 Mpc; (11) the fraction of early-type galaxies in the group. For consistency, this
fraction was calculated using the group membership and morphologies from Kourkchi & Tully (2017). The groups are ordered by increasing mass.

identified 49 dwarfs and three UDGs in this group. Like
NGC 0524, however, there are an additional two UDGs a little
beyond the virial radius, which we have noted in Table 1.

The NGC 5846 group. The NGC 5846 group is a mas-
sive and relatively isolated group at d ~ 26 Mpc. Mahdavi et al.
(2005) note that the group has the third largest over-density of
ETGs in the local Universe, after the Virgo and Fornax clus-
ters. The group appears to have significant substructure, with
two distinct subgroups centered on the ETGs NGC 5846 and
NGC 5831. Nevertheless, the mass, high fraction of ETGs,
and velocity dispersion of the group members suggest that this
is a dynamically evolved group. It should be noted that low

luminosity members of the group have been studied previously
(Mahdavi et al. 2005; Eigenthaler & Zeilinger 2010), and Mah-
davi et al. noted that a few of the dwarfs in their sample are
very low surface brightness objects, five of which are part of
our UDG sample. In total, we have identified seven UDGs from
the 143 dwarfs in the MATLAS footprint. One UDG candidate,
MATLAS-2019, has been confirmed as a group member, and
hence is a robust UDG, in individual case studies (Miiller et al.
2020, 2021; Forbes et al. 2019, 2021).

The NGC 4261 Group. Also known as the W Cloud,
NGC 4261 appears close in projection to the Virgo cluster,
although it is more distant at d ~ 31 Mpc. It is thought that the
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Fig. 4. Sérsic index (top) and physical size in kpc (bottom) as a function
of group-centric distance for the traditional dwarf (non-UDG) galaxies
(circles) and UDGs (squares). The colorbar represents the absolute g-
band magnitude of the galaxies.

group may be part of a filament more or less along the line of
sight, which is feeding into the cluster (Kourkchi & Tully 2017).
The light profile of the group is unusual, with approximately
half of the light found at radii >0.75R,;;; Helsdon & Ponman
(2003) have interpreted this as evidence that galaxies are cur-
rently falling into the group. The central ETG, NGC 4261, also
has signs of a minor merger in the past 1-2 Gyr (Bilek et al.
2020; O’Sullivan et al. 2011). Taken together, these suggest that
the group in fairly young.

The proximity of the Virgo cluster makes it difficult to deter-
mine group membership, and the association of the 82 traditional
dwarf (non-UDG) galaxies and 7 UDGs may also be suspect.
We can estimate the contamination from the LSB Virgo cluster
members in this region of the sky statistically, however. Figure 4
from Roberts et al. (2007) shows the number density of dwarfs
as a function of cluster-centric distance, measured in two direc-
tions that avoid the various substructures in the cluster. Taking
the larger of the two estimates gives a number density of roughly
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10 LSB dwarfs per square degree at the distance of NGC 4261.
Thus, we would expect approximately 15 of our dwarfs (18%)
to be members of the foreground Virgo cluster rather than the
NGC 4261 group. We note that if any of our UDG candidates
are at the distance of the Virgo cluster, they would be classified
as normal dwarf galaxies. The largest of the UDG candidates
would have a recalculated R, = 1.16 kpc. Without further con-
firmation, however, we retain the current distance estimate for
these dwarfs, that is, d ~31 Mpc.

The traditional dwarfs and UDGs within the projected virial
radii of the known X-ray groups can be stacked to better under-
stand trends of these systems within groups. In Fig. 3, (right), we
plot the distribution of projected group-centric distance for both
the traditional dwarf (non-UDGs) galaxies and the UDGs, where
the virial radius of each group has been scaled such that Ry;; =
1. The traditional dwarf (non-UDG) galaxies are spread fairly
uniformly throughout the groups. The distribution of UDGs is
similar, and we cannot reject the null hypothesis that the two
distributions arise from the same parent distribution via a two
sample KS test with a p-value p = 0.35.

The distribution of UDGs in individual groups varies greatly.
For example, in NGC 5846, many of the UDGs appear close in
projection to the center of the group, while the two UDGs associ-
ated with NGC 0524 are found just outside the virial radius. The
expected distribution of UDGs is not clear. van der Burg et al.
(2016) found that the projected radial distribution of UDGs in
clusters is well fit by an Einasto profile, with a steep profile in the
cluster outskirts that flattens toward the cluster center. It should
be noted that the regular dwarfs in that study do not follow
the same distribution, at least in the central regions. However,
Lim et al. (2020) found that UDGs in the Virgo cluster are more
centrally concentrated than other galaxies with similar magni-
tudes. In a study of UDGs in the Frontier Fields (Janssens et al.
2019), the authors note that the UDGs in individual clusters
often show lopsided distributions, with the exception of the most
relaxed cluster in the sample, where the distribution is roughly
uniform. Given the uncertainties in the expected UDG distribu-
tion, and whether that distribution would apply equally to groups
as clusters, we have made no attempt to correct the number of
UDGs in the X-ray groups for incomplete MATLAS coverage.
However, this fraction is noted in Table 1.

In Figs. 4 and 5, we plot the Sérsic index, R,, and colors
of the dwarfs and UDGs as a function of the group-centric dis-
tance and absolute magnitude. The effective radius and abso-
lute magnitudes were recalculated assuming the group distance
given in Table 1; this was applied to the dwarfs/UDGs with
independent distance estimates as well, to avoid uncertainties
in the distance due to relative motions of the satellites. It
should be noted that this results in minor changes to the sam-
ple; the recalculated effective radii of four UDGs (Fig. 4 bot-
tom, squares) is lower than R, = 1.5, while 16 traditional
dwarf (non-UDGs) galaxies (Fig. 4 bottom, circles) with g, >
24.0 mag arcsec™2 now have R, > 1.5kpc; we note, however,
that these 16 galaxies are not distinguished from the other tradi-
tional dwarfs with brighter  in the plot. None of the 20 galax-
ies which would be reclassified as a UDG or non-UDG have
robust distance measurements available. As the association of
the galaxies with the groups has not been proved, the group
distance estimate is no more certain than the central ETG in
the field distance estimate previously assumed, and we will not
update our sample of 59 UDGs until more accurate distances are
obtained.

The distribution of the UDGs and traditional dwarfs is sim-
ilar in both Figs. 4 and 5. We do not see a systematic offset
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Fig. 5. (g — r)y color (fop), and (g — i)y color (bottom) as a function
of group-centric distance for the traditional dwarf (non-UDG) galaxies
(circles) and UDGs (squares). The colorbar represents the absolute g-
band magnitude of the galaxies.

between the UDGs and the traditional dwarfs, aside from a sepa-
ration in R, between the UDGs and the bulk of the group dwarfs
(Fig. 4, bottom), which is simply by the construction of the UDG
definition; even here, however, there are a number of traditional
dwarfs with UDG-like sizes, but which have central surface
brightness o, < 24.0 mag arcsec™. We also do not observe any
trends with group-centric distance among the four parameters,
except for a possible color shift toward the blue with increas-
ing distance from the group center. It should be noted, however,
that using the projected distances may erase the signature of any
radial trends. A more rigorous analysis must wait until distances
estimates for a large number of the traditional dwarfs and UDGs
are obtained.

4.2. Other galaxy associations

In addition to the groups with observed X-ray emission dis-
cussed above, the MATLAS images contain a number of groups
and galaxy associations that have been identified in other wave-

lengths. To identify other associations, we searched for groups
in the Kourkchi & Tully (2017) groups catalog. This catalog is
based on an all-sky sample of ~15000 galaxies with Vig <
3500 kms~!, where Vi g is the radial velocity relative to the Local
Sheet. The groups were identified through a galaxy linkage pro-
gram using known scaling relations. These authors placed a
particular emphasis on small groups, and the catalog contains
a number of groups with fewer than three members. The X-
ray groups discussed above are all contained within the cata-
log, and when we expand the search to include all groups with
Ryi; < 1.5deg, to focus on the local environment, we find that
61% of the UDGs fall within the virial radii of one of the
Kourkchi & Tully (2017) groups, and 81% are enclosed within
1.5Ri;. In comparison, 58% of the non-UDG dwarfs lie within
1Ry;; and 70% lie within 1.5R.;;.

These additional optical groups each have between 0-3
UDGs. As with the X-ray groups, we find that the more mas-
sive groups are more likely to host a UDG, in agreement with
previous work by Janssens et al. (2019) and van der Burg et al.
(2017). In particular, we note a rough break at log(Mgyn/Mo) ~
12.5; below this value, only 4/43 groups contain at least one
UDG, while above this cut 16/35 groups have 1+ UDGs within
Ryi;. At the high mass end, however, we are likely underesti-
mating the fraction of groups with associated UDGs; the more
massive groups typically also have larger Ry;;, and the MAT-
LAS footprint may not be large enough to observe UDGs on
the outskirts or a lopsided distribution. The least massive sys-
tem with at least one UDG within the estimated virial radius, the
NGC 772/NGC 770 pair, has log(Mgyn /M) = 11.88 and has two
UDGs.

The MATLAS images also include the Hickson 44 group,
which is dominated by three LTGs and one ETG, although there
is some debate if the ETG is part of the group or an isolated back-
ground galaxy. The morphologies of the group members, along
with a lack of X-ray emission or intra-galactic light, suggests
that this is a dynamically young system (Aguerri et al. 2006).
Smith Castelli et al. (2016) identified two UDG candidates in
this field, although neither is included in our sample; one is in
the halo of the ETG, while the other is near a bright star. Nei-
ther UDG could be deblended from the surrounding emission
on the MATLAS images, either by eye or with SEXTRACTOR.
This group is mentioned here for completeness, and to highlight
another dynamically young group with UDGs.

4.3. Isolated hosts

Defining a galaxy as isolated without a full kinematic analysis
of its nearest neighbors is somewhat subjective, and a number
of UDGs are located near likely galaxy pairs and triplets that
are not part of the Kourkchi & Tully catalog. Nevertheless, a
small number of UDGs appear to be associated with relatively
isolated ETGs — ETGs that are not associated with a Kourkchi
& Tully group and have no massive galaxies (ETGs or LTGs
from the ATLAS?P parent sample) in their vicinity. Examples
include: IC 0560, NGC 1248, NGC 5493, and UGC 4551. Each
of these galaxies has at most one associated UDG in our sam-
ple. Two of the four UDGs show evidence for tidal interac-
tions (see Sect. 7), while only one of the hosts (NGC 5493)
shows clear evidence that it has undergone an old major
merger; the other hosts are relaxed, although IC 0560 is sur-
rounded by bright stellar halos that may have masked such faint
features (Bilek et al. 2020). These ETGs have stellar masses,
estimated from the K-band luminosity, that span the range
10.15 < log(M../My) < 11.25.

A105, page 9 of 32



A&A 654, A105 (2021)

non-UDGs
) UDGs ) -15.5<M<-11.5 . -15.5<M<-11.5
1079 7 non-UDGs,N 107
=21 UDGsN
5 5 T
Z§ z\E 10! Z% 10
10 7
7'
WW 100 %77\ 71 —1 10 a
-18 —‘Iﬁ —14 12 —IIU -8 0.0 05 1.0 15 2.0 25 3.0 0 1 2 1 4 5 6
M, Seérsic index R, [kpc]
102
-15.5<My<-11.5 -15.5<M<-11.5 100 -15.5<M,<-11.5
3 S 3
S Z S 10!
%%
10° JJ | o 10°) pu) | %

0.0 02 04 0.6 08 10 21 2 ]
Axis ratio

Ho,¢ [mag/arcsec?]

u 2 2% 00 02 04 06 08 1.0
(=1

Fig. 6. Comparison of distribution of photometric and structural properties — absolute magnitude M, Sérsic index n, effective radius R,, axis ratio,
central surface brightness u,, and (g — i)y color — between the UDGs (green) and the non-UDGs (gray) in the MATLAS dwarfs sample. The
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while only galaxies in the range of the UDGs luminosity, —15.5 < M, < —11.5, are considered for the other parameters.

There is one potentially isolated ETG, NGC 4690, which has
two UDGs in close projection. However, all three galaxies are
near the R, boundary of two other groups, thus the ‘isolated’
classification of these galaxies is suspect. NGC 4690 shows evi-
dence for a recent minor merger; neither of the UDGs display
any tidal features.

5. UDG photometric properties
5.1. Photometry and structural parameters

In Fig. 6 we display the Sérsic index, effective radius, abso-
lute magnitude, axis ratio and (g — i)y color distribution of the
UDGs, as compared to the traditional dwarf (non-UDGs) galaxy
sample. We note that when we compare the photometric and
structural properties of these two samples, we compare galax-
ies of similar luminosity and therefore we only consider the
range of luminosities where the two populations overlap, that
is, —=15.5 < M, < —11.5. Other than the effective radius and the
central surface brightness, which, by definition shows that the
UDGs are selectively larger in size and fainter, the UDGs reach
smaller values of Sérsic index but have similar range of axis
ratios and colors than that of the traditional dwarf (non-UDGs)
galaxy sample.

We compare in Fig. 7 the structural parameters of our UDGs
with those located in the high density environments of clusters
(Coma; Zaritsky et al. 2019, Virgo; Lim et al. 2020, Abell 168;
Romén & Trujillo 2017a and Hydra I; Iodice et al. 2020) and
in moderate to low density environments (around NGC5485:
Merritt et al. 2016, around IC 1459: Forbes et al. 2020, around
HCG 07, HCG 25 and HCG 98: Romén & Trujillo 2017b, and
in the field: Greco et al. 2018; Leisman et al. 2017). For the
comparison, we use the absolute magnitude range of —15.1 <
M, < -13.0 that is common to all clusters. We note that
a different cut in size and surface brightness was applied to
select the UDG samples in Greco et al. (2018), Lim et al. (2020),
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Zaritsky et al. (2019), Roman & Trujillo (2017b), Leisman et al.
(2017). Focusing on the Sérsic index, the MATLAS UDGs have
a larger minimum value than the Abell 168 cluster UDGs but
similar to Hydra I cluster and the low density environment
UDGs. This highlight a possible trend for the UDGs in low den-
sity environments to have a brighter center than the UDGs in
the high density environments. Mancera Pifia et al. (2019) stud-
ied a sample of 442 UDGs located in eight nearby clusters
(z < 0.035). We compare the ranges of Sérsic index found for
all eight clusters and find a similar tendency to the Abell 168
cluster, as the MATLAS UDGs minimum value is larger than
the minimum indices of five clusters. And we also observe this
trend by comparing our sample to the UDGs located in the Abell
370 cluster (Lee et al. 2020). However, we do not observe any
relation between the Sérsic index and the local volume density
pio of the MATLAS UDG. Now, looking at the distributions
for the axis ratio, we observe similar ranges for all the sam-
ples. Concerning the luminosity and the size of the UDGs, the
MATLAS UDGs have R, below 3.5 kpc. For a similar range of
M, (-=15.5 to —11.5), the Coma cluster has a few larger UDGs,
reaching 12.6kpc, and two UDGs, one in the Virgo cluster and
one around NGC 5485, have R, ~ 5 kpc while the other samples
show ranges in R, similar to MATLAS.

The detection of the dwarfs was based solely on the g-band
imaging, but magnitudes were obtained using GALFIT on the g-,
r- and i-band images, allowing us to extract g —r and g — i colors
for 1307 and 782 MATLAS dwarfs, including 49 UDGs, respec-
tively. We extracted the magnitudes in the - and i-bands of all
the dwarfs having an available observation and a good model in
the g-band with the use of GALFIT. We used the same model as in
the g-band, leaving only the magnitude free to change for the ini-
tial input parameters of GALFIT. For the nucleated galaxies, the
galaxy and nucleus was modeled and photometry was extracted
separately (Poulain et al. 2021a).

The magnitudes were corrected for Galactic extinction that
were obtained from the IRSA database at the coordinates of each
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ones of UDGs from the Coma, Abell 168, Virgo and Hydra I clusters

(Zaritsky et al. 2019; Roman & Trujillo 2017a; Lim et al. 2020; Iodice et al. 2020), from the HCG 07, HCG 25, HCG 98, IC 1459 and NGC 5485
groups (Romén & Trujillo 2017b; Forbes et al. 2020; Merritt et al. 2016) as well as of isolated UDGs (HI-bearing UDGs sample, LSBG-285
and LSBG-750, Leisman et al. 2017; Greco et al. 2018). We display the UDGs from high density (cluster) environments with shades of red and
triangular markers, the UDGs from moderate (group) to low (field) density environments with shades of blue and cross-like markers and the
MATLAS UDGs with a green color and squares. Top: distributions of Sérsic index (left) and axis-ratio (right). Bottom: scaling relation M, vs.
R,. We note that a different cut in size and surface brightness was applied to select the UDG samples in Greco et al. (2018), Lim et al. (2020),

Zaritsky et al. (2019), Romén & Trujillo (2017b), Leisman et al. (2017).

dwarf, using the reddening values from Schlafly & Finkbeiner
(2011) and assuming Ry 3.1. The median g, r, and i-
bands extinction corrections are 0.09, 0.06, and 0.04, respec-
tively. Applying these corrections, we measure median colors
(g — 1o =0.48 and (g — i)p =0.73 for the full dwarf sample and
(g —1)p=0.49 and (g — i) = 0.74 for the traditional dwarf (non-
UDG) galaxies.

The color of UDGs have been previously reported to depend
on their environment. In the Coma cluster, they appear to follow
the red sequence (Koda et al. 2015), while they show bluer col-
ors in the outskirts of groups (Romén & Trujillo 2017b) as well
as blue colors and star forming activity in the field (Prole et al.
2019b). In Fig. 8 we compare the colors of our UDGs to the
MATLAS traditional dwarf (non-UDGs) sample and to the sam-
ples of UDGs from Fig. 7 with available g — r or g — i color. Our
UDGs have colors in the same range as the MATLAS traditional
dwarf (non-UDGs) galaxies, which show red to blue colors, with
(g—1r)p=-0.1t00.8and (g — )9 = —0.2 to 1.2. No UDG cata-
logs in the cluster environment had available g —i color, allowing
us to compare our UDG sample (Fig. 8, green squares) with low
density environment UDGs only (Fig. 8, various blue markers).

We find that some MATLAS UDGs are as blue as the bluest
UDGs (in IC1459) while other MATLAS UDGs are redder than
the reddest UDG of the low density environment samples.

We can compare the MATLAS UDGs (Fig. 8, green squares)
to the one in the Coma and Hydra I clusters (Fig. 8, various red
markers) using g — r color, in addition to samples of UDGs from
low density environments (Fig. 8, various blue markers). In this
color-magnitude diagram, the MATLAS UDGs show a similar
range of color to the ones from other low density environments
while we find some bluer and redder UDGs in the Coma cluster.
The median color of UDGs in the MATLAS sample, (g — 7)o =
0.36, is as red as the one measured in Coma, (g — r)y = 0.40,
but the range of colors is narrower. The Hydra I cluster median
color is redder, with (g — r)o = 0.57, and the UDGs are as red as
the red UDGs from low density environments while they do not
show as blue UDGs.

In summary, other than the predefined size and surface
brightness cut, the MATLAS UDGs do not appear to have sig-
nificantly different photometric and structural properties than the
traditional dwarf (non-UDGs) galaxies. They also show sim-
ilar colors than the MATLAS traditional dwarf (non-UDGs)
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Fig. 8. Top: (g — i)y color as a function of the M, for the MATLAS
non-UDGs (gray dots) and UDGs (green squares) compared to UDGs
located in groups and in the field (cross-like blue markers). Bottom: (g —
r)o color as a function of M, for the MATLAS non-UDGs (gray dots)
and UDGs (green squares) as compared to UDGs located in the Coma
and Hydra I clusters (red triangles), in groups and in the field (cross-like
blue markers). The lines of markers visible for Coma’s g — r color are
due to the rounded absolute magnitudes used for the calculation.

galaxies in groups and in the field. Their median color is as red as
the one measured in galaxy clusters such as Coma, but the range
of colors is narrower. A table of the photometric properties of
the MATLAS UDGs can be found in Appendix C.

5.2. Nucleated

During the visual classification of the 2210 MATLAS dwarf
galaxies, 507 nucleated dwarfs (22.9%) were identified. Con-
sidering only those with GALFIT parameters, 425 (26.7%) are
nucleated. We define a nucleus as a compact source within
~0.5R, of the dwarf photocenter, that appears to be the bright-
est compact source within the dwarf’s effective radius. In the
UDG sample, we find 20 nucleated, leading to a nucleated
fraction of 33.9%. One of these is irregular in morphology
while the others are ellipticals. The nucleated fraction of the
UDGs is similar to the one found in the Coma and Hydra
I clusters (Lim et al. 2018; Iodice et al. 2020). Looking at the
dwarfs with M, in the range of the UDGs luminosity (—15.5
to —11.5), the nucleated fraction of non-UDGs is 33.8%, sim-
ilar to the nucleated fraction of the UDGs. The nucleated
fraction of dwarf galaxies depends on the galaxy mass and
environment (Lim et al. 2018; Sdnchez-Janssen et al. 2019). We
know that the nucleated fraction of the MATLAS dwarfs is
higher in more massive galaxies and that, for a similar stellar
mass, the fraction is systematically lower than the nucleated
fraction found in the Virgo cluster (Poulain et al. 2021a). We
investigate the effect of the environment on the nucleated frac-
tion of the MATLAS dwarfs non-UDGs and UDGs by using
the local volume density p;o. We show the relation between the
nucleated fraction and pjo in Fig. 9. We can see, as expected,
an increase of the fraction toward higher local density environ-
ment for the non-UDGs. The same increase is seen only in the
lowest two bins for the UDGs. Lim et al. (2018) found that the
fraction of nucleated UDGs is lower than the one of the dwarfs
at the center of the Coma cluster. We observe a tendency for the
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Fig. 9. Histograms: UDG (green) and non-UDGs (gray) counts in each
p1o bin. We computed the fraction for bins of at least five galaxies.
Points: nucleated fraction as a function of the local volume density pi
of the UDGs (green squares) and non-UDGs (gray dots). Error bars: 1o
binomial confidence intervals. Only galaxies in the range of the UDGs
luminosity, —15.5 < M, < —11.5, are considered in this analysis.

nucleated fraction of the UDGs to be larger than the one for the
non-UDGs in the lowest density environments while it appears to
be lower in the highest density environments. We note however
that if we consider the error bars, the fractions of both samples
are in agreement in most of the density bins.

We investigate the properties of the UDG nuclei, as com-
pared to the nuclei in the traditional dwarf (non-UDGs) galaxies.
We look at the UDG nuclei offset from the host galaxy photomet-
ric center. We show in Fig. 10 this separation both in units arc-
seconds and fraction of the galaxy R, as a function of the galaxy
M,. All the UDG nuclei are located within ~0.2R, [~3"] with a
median separation of 0.06R, [1”]. The median angular offset is
larger than the angular offset of non-UDGs of similar luminosity
(0.36”), but in units of R,, both samples are similar (0.06R,). We
now focus on the nuclei luminosity by considering the contribu-
tion of the nucleus to the total luminosity of the galaxy and the
nuclei M, (Fig. 11). Considering galaxies of similar luminosity
(=155 < M, < —11.5), while we find a maximum contribution
much larger for the traditional dwarf (non-UDGs) galaxies than
for the UDGs (44.8% compared to 5.5%), the median contribu-
tions of the UDGs and non-UDGs nuclei are similar. Moreover,
we observe on average brighter nuclei in the UDGs than in the
non-UDGs. Forbes et al. (2020) report two single nucleated and
one double nucleated UDGs in the IC1459 group which nuclei
show redder colors than the galaxies. Figure 12 compares the
(g—1i)o and (g—r)o colors of the galaxy to the colors of the nuclei
for the MATLAS non-UDGs and UDGs samples. While we find
both bluer and redder nuclei in the traditional dwarf sample, we
observe a tendency of the nuclei to be bluer than the galaxy in
the case of the UDGs.

5.3. Stellar masses

Using the colors above and the distance — taken to be the dwarf
distance when available, otherwise the ETG distance is assumed
— it is possible to estimate their stellar masses. We computed
the stellar masses M, based on the stellar mass-to-light ratios
from Bell et al. (2003) and the derived (g — r)o color!. Stellar
masses were measured for 1307 dwarfs, including 49 UDGs.

! Formula: log(M, /M) = —0.306 + 1.097(g — r)g — 0.4(M, — 4.77).
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Fig. 10. Distribution of the estimate offset distance between the pho-
tometric center of the host galaxy and the nucleus as a function of the
absolute magnitude M, of the host. Top: offset in arcseconds. Bottom:
offset in fraction of R, of the host.

The distributions of stellar masses for the MATLAS traditional
dwarf (non-UDGs) galaxies and UDGs with GALFIT parameters
and g — r colors are shown in Fig. 13. As expected, the MAT-
LAS UDGs represent a subsample of the massive dwarfs, but not
the most massive ones which are all nucleated non-UDGs. With
stellar masses ranging from log(M,) ~ 6.5 to log(M,) ~ 8.7,
the MATLAS UDGs have similar masses to UDGs observed in
the field, groups and clusters (log(M..) ~ 6.8—8.6, Barbosa et al.
2020; Greco et al. 2018; Leisman et al. 2017; Forbes et al. 2020;
Mancera Pifa et al. 2019).

6. UDG globular cluster populations
6.1. Catalog

The GC system of UDGs provides important clues on their stel-
lar population and the nature of their dark matter halo. In par-
ticular, the stellar population of GCs provides information about
the early epoch of galaxy formation when intense star forma-
tion occurred and massive star clusters were formed. They can
be used as a means of estimating the total mass of a galaxy
based solely on photometric measures since the number of GCs
in a galaxy has been found to correlate linearly with the total
host halo mass (e.g., Blakeslee 1999; Spitler & Forbes 2009;
Georgiev et al. 2010; Hudson et al. 2014; Harris et al. 2013,
2017; Burkert & Forbes 2020). Assuming that the GCs trace
the underlying gravitational potential, are in dynamical equi-
librium, and are pressure-support dominated, their velocity dis-
persion can also be used to estimate the total mass of the sys-
tem (Doppel et al. 2021; Toloba et al. 2018; Forbes et al. 2017,
Alabi et al. 2016; Zhu et al. 2014; Woodley et al. 2007).

We studied the GC population of the MATLAS UDGs by
selecting GC candidates on the basis of their colors and size
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Fig. 11. Luminosity of MATLAS UDGs nuclei as compared with the
ones of the MATLAS dwarfs. Top: contribution of the nucleus to the
total luminosity of the galaxy as a function of the galaxy absolute mag-
nitude. Bottom: distribution of absolute magnitude of the nuclei of the
MATLAS dwarfs and UDGs. No difference in luminosity is visible
between the UDGs and dwarfs nuclei.

information using the SEXTRACTOR package (see Durrell et al.
2014; Muiioz et al. 2014; Lim et al. 2017). The GCs at the dis-
tances of MATLAS UDGs appear as point-like sources, so
we selected point-like sources based on concentration indices
(A4-3g), that is, the difference between four- and eight-pixel diam-
eter aperture-corrected magnitudes. We estimated A4_g on the
two best seeing filter images in each field and convolved the
A4_g values. If the seeing of the second best seeing image was
greater than 1.3 times the one of the best seeing image, then we
only used A4_g from the best seeing image. We chose objects
with —0.08 < A4_g < 0.08 range for most MATLAS dwarfs,
but we used —0.08 < A4_g < 0.16 range for distances closer
than 20 Mpc and seeing better than 1 arcsec. Among these point-
like sources we chose GCs using their color information, (u, g, i),
(g, r, i), or (g, r), depending on the bands available (see Sect. 2.1).
The colors of spectroscopically confirmed GCs in M87 were
used as references of GC color regions (see Muiioz et al. 2014,
Lim et al. 2017 for details). We limited our GC candidates to
brighter than g-band magnitudes 24.5 in most fields, and we used
mg < 24.0 for GC candidates in fields which only have two-band
data. For some low image-quality fields (seeing greater than 1.1
arcsec), we limited our GC candidates to those with m, < 23.5.

In total, GCs were detected in 136 of the 150 fields, with only
14 fields missing due to problems in the images.
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i)y color. Bottom: (g — r)y color. The black dashed lines represent equal
colors for the galaxy and nucleus. We see a tendency for the nucleus to
be bluer than the galaxy in the case of the UDGs.

Non-UDGs
102 UDGs
[ Non-UDGs,N
[Z3 UDGsN
N
=S
'z 104
10° 4
5 6 7 8 9

log(M+ /M)

Fig. 13. Distribution of stellar masses for the 49 UDGs (green) and
1258 traditional dwarf (non-UDGs) galaxies (gray) with GALFIT param-
eters and (g — r) colors, based on the Bell et al. (2003) color-mass rela-
tion. The samples are divided by nucleation status: nucleated (empty
gray/hashed green) and nonnucleated (filled gray/green).

We cross-checked our final GC catalog with the Gaia
DR2 catalog (Gaia Collaboration 2018; Arenou etal. 2018;
Lindegren et al. 2018), with a maximum separation of 1”. To
ensure the nearby nature of the matched sources, we selected
only the sources that have a parallax value larger than the par-
allax error. We find 10% matches that we then remove from
the GC catalog. We note that we also matched our catalog of
dwarf nuclei to the GC catalog in order to identify possible
nuclei contamination. The histograms of the absolute magni-
tudes of all detected GCs in the MATLAS fields, the GCs that
are Gaia matches and the GCs that are nuclei matches are shown
in Fig. 14 (left). Unlike the Gaia matches, we did not remove the
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nuclei matches since it is not possible to determine if the nucleus
is real or is a GC projected near the galaxy center.

6.2. Background and completeness correction

In order to compute the total number of GCs associated with a
traditional dwarf or a UDG, we first compute the number of GCs
within 2R, (a reasonable radius to select; see Miiller et al. 2021),
subsequently referred to as Ngcobs- A total of 1589 MATLAS
dwarfs have a measured effective radius (Poulain et al. 2021a),
including, by definition, all of our 59 UDGs. Of these, 1380 have
no GC candidate within 2R,, 36 of which are UDGs (i.e., 209
MATLAS dwarfs have Ngcops > 0, 23 of which are UDGs). We
then applied a background correction. The number of sources
per unit area was computed for the surrounding region of size
3 to 7R,. This number was then scaled to the circular area of
radius 2R, and removed from Ngcobs, resulting in a background
corrected Ngcobs- The background region outer radius of 7R,
extends beyond the MATLAS field of view for 21 MATLAS
dwarfs, including one UDG (MATLAS-1177). In this case, the
background counts were corrected to account for the missing
coverage. Figure 14 (right) shows the distribution of the back-
ground corrected Ngcobs for both the normal dwarfs (non-UDGs)
and our UDGs sample with GALFIT parameters.

Finally, a completeness correction was applied by assuming
a GCLF represented by a Gaussian with peak absolute mag-
nitude My = -7.6 = 0.1 mag (Rejkuba 2012) and taking into
account the magnitude limit of the GC catalog in each MATLAS
field. A correcting factor was then applied to the background
corrected Ngcobs based on the part of the GCLF that is fainter
than the observed limit, resulting in the quantity Ngc. In sum-
mary, a total of 23 UDGs and 186 traditional dwarf (non-UDGs)
galaxies have GALFIT parameter R, and Ngc > O.

6.3. Specific frequency

As the number of GCs is a function of the brightness of the host
galaxy, we show in Fig. 15 (left) the computed values of Ngc as
a function of the host galaxy absolute magnitude in the V-band
My. The value for MATLAS-2019 is highlighted in the plot and
compared to the one recently measured from HST observations
and published in Miiller et al. (2021). Our result based on the
ground-based CFHT data is in very good agreement with the
space-based HST data.

The specific frequency Sy (Harris & van den Bergh 1981)
was computed using the formula:
Sy = N - 1004Mr+15) )
where Ngc is the total, background and completeness corrected
number of GCs. For MATLAS-2019, we obtain a value for Ngc
and Sy of 26 and 63, respectively, in agreement with the value
of 26 + 6 and 58 + 14 determined from the deep (sampling most
of the GCLF) high resolution HST data (Miiller et al. 2021).

Prior studies of the GC population of UDGs in the Coma
and Virgo clusters (Lim et al. 2018, 2020) have claimed that the
S n of these UDGs varies dramatically, with the mean S y being
higher for UDGs than for classical dwarf (non-UDG) galaxies.
Similarly, Forbes et al. (2020) finds that the richness of GCs in
UDGs generally exceeds that found in normal dwarf galaxies of
the same stellar mass. The specific frequencies of the MATLAS
non-UDGs and UDGs are plotted in Fig. 15 (right). Consider-
ing galaxies of similar luminosity (-=15.5 < M, < —11.5), the
GC population of the traditional dwarf (non-UDGs) galaxies and
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since some may be real GCs seen in projection at the center of the galaxy. The GC detection limiting absolute magnitudes for each galaxy are
displayed as the black solid line histogram. The dashed gray vertical line shows the absolute magnitude of the most luminous Milky Way globular
cluster, Omega Centauri (My = —10.4). Right: histogram of the GC counts Ngcobs, Gaia matches removed and background corrected, for the

MATLAS non-UDGs (filled gray) and UDGs (hashed green).

UDGs span the same range of values. At the faint end, that is, for
dwarfs with My > —11.5, we find only traditional dwarfs since
the UDGs that are that faint have no valid GALFIT parameters
due to their extremely low surface brightness. Hence, for dwarfs
with —15.5 < My < —11.5 in low to moderate density environ-
ments, we find no evidence of a higher Sy for UDGs than for
traditional dwarf (non-UDG) galaxies, contrary to what is found
in most clusters.

6.4. Halo mass

The virial mass of the MATLAS UDGs can be estimated using
the number of GCs in a system (Harris et al. 2013; Beasley et al.
2016). The virial mass of a galaxy scales linearly with the num-
ber of GCs over six orders of magnitude (Harris et al. 2013), the
relation only flattens for halos with masses smaller than 10'° M,
or Ngc 2 3 (Burkert & Forbes 2020, see their Fig. 1). Accord-
ing to Harris et al. (2017), the virial mass My, of a galaxy is
connected to the total mass of the GC system Mgc ot via the fol-
lowing formula:

Moc ot/ Mhato = 2.9 X 107 2
The uncertainties associated with My,, are computed from
the 0.28 dex scatter of the Mgc o-—Mhaio relation (Harris et al.
2017). As in Miiller et al. (2021), we assume a mean mass of a
GC to be 1 x 103 M, for dwarf galaxies (Harris et al. 2017) and
therefore multiply that number by Ngc to compute Mg tor-

The distributions of halo masses for the 23 UDGs and 186
traditional dwarf (non-UDGs) galaxies with GALFIT parameter
R, and Ngc > 0 are shown in Fig. 16 (top). The Ngc > 3 demar-
cation line is shown in the figure. The halo-to-stellar mass ratio
distribution can be computed for those 19 UDGs and 151 tradi-
tional dwarf (non-UDGs) galaxies with estimated stellar masses
(see Sect. 5.3). As can be seen in Fig. 16 (bottom), the halo-to-
stellar mass ratio distribution for the UDGs peaks at roughly the

same value as for the traditional dwarf (non-UDGs) galaxies, but
spans the smaller range of M, /M. ~ 10—2000. The distribution
for Ngc > 3 is also shown in the figure.

For MATLAS-2019, we measure a GC system mass of
Mgciot = 2.6 £ 0.6 X 10° My, and a halo mass of My, =
0.9 + 0.2 x 10'" M. A table of these derived properties of the
MATLAS UDGs can be found in Appendix C.

7. Tidal features in UDGs

One of the possible scenarios for UDG formation is that they are
formed via tidal disruption (Carleton et al. 2019; Romaén et al.
2021; Gannon et al. 2021). Another scenario is that some UDGs
could be Tidal Dwarf Galaxies (TDGs), that is galaxies formed
from gas expelled from a massive galaxy after an interaction.
Therefore, searching for tidal features, the remnants of gravita-
tional interactions between galaxies (Bilek et al. 2020), can be a
powerful tool in constraining the formation scenario of UDGs.
A search for tidal features in dwarfs in the Local Universe
was presented by Paudel et al. (2018). They visually identified
tidal features and classified them in two main categories, dwarf-
dwarf interaction/merger and dwarf-giant interactions, with a
further grouping of their tidal features into three categories:
interacting (ongoing interaction between two dwarf galaxies),
shell (presence of shell features) and tidal tail (presence of amor-
phous tidal features such tidal streams or plumes which can-
not be placed into the other classifications). Shell features in
dwarfs can be produced by a merger origin (Paudel et al. 2017)
whereas an S-shaped elongated stellar envelope is likely due to
tidal stretching from a nearby giant galaxy (Paudel et al. 2013;
Paudel & Ree 2014). Another nice example of a candidate UDG
with an S-shape is the LSB dwarf HCC-087 in the Hydra I clus-
ter (Koch et al. 2012), whose photometric properties are given in
the works of Misgeld et al. (2008) and Misgeld & Hilker (2011).
In our visual inspection of the UDGs, we follow the same
classification scheme. We visually inspected both the g-band

A105, page 15 of 32



A&A 654, A105 (2021)

@ Non-UDGs (CFHT)
| B UDGs (CFHT) 350
30 ©  No GC candidate within 2Re (UDGs)
No GC candidate within 2Re (non-UDGs)
Y UDG MATLAS-2019 (CFHT) * 300
25t % UDG MATLAS-2019 (HST)
o 250
20} T
Y 200
&) =] L =
< 15t | I
° o " o il & 150
10} o om o
e | e 100
%00 © o
5t ) 'y oo cb%)o i Qoo o i
o @00 ogo g" © R & ° 50
o o® 0.0 %8 0 am o
ot L . e @ 0‘&0 R o 2 r_npc% Heuds Oog o‘%Qﬁ%O_D o‘_: . n,o, o
600+
° 20.0
103 L
500¢ 17.5
z 10'f
15.0
400 ps
10" 12.5
z 3
3000 . . . 10.0=
-10.0 -12.5 -15.0
200} ° My 7.5
5.0
100+
2.5
O» m O

Fig. 15. Top: background and completeness corrected Ngc as a function of absolute magnitude for the 23 UDGs (squares) and 186 traditional
dwarf (non-UDGs) galaxies (circles) with Ngc > 0. The color bar indicates the value of the specific frequency S . The UDG MATLAS-2019
observed with HST (Miiller et al. 2021) is shown with the star symbol. Bottom: same as top but now showing the specific frequency S y in the plot
and the background and completeness corrected Ngc in the color bar. The inset plot is with y-axis in log scale. In both plots, the 36 UDGs (black
open circles) and 1344 non-UDGs (gray open circles) with a measured GALFIT effective radius and no GC candidate within 2R, are shown. In
total, 1380 out of the 1589 MATLAS dwarfs with a measured GALFIT effective radius have no GC candidate within 2R,.

and color images of the MATLAS UDGs and found that five
out of the 59 MATLAS UDGs (MATLAS-262, MATLAS-951,
MATLAS-1059, MATLAS-1779 and MATLAS-1615) show
signs of tidal disruptions. As can be seen in Fig. 17, all cases
are dwarf-giant interactions and exhibit low surface brightness
features extending in the direction of one or more massive
galaxies (central ETG in the field: NGC 1248, NGC 3640,
NGC 3674, NGC 5493 and NGC 5355, respectively). In par-
ticular, 1) MATLAS-262 is observed as a condensation within
a long stream, oriented in the east-west direction, and appears
to be close to perpendicular to a putative host edge-on galaxy;
the other filamentary structure close to the UDG with a NW-
SE orientation is likely a foreground cirrus as several other
such structures with the same orientation are seen in the
field; 2) MATLAS-951 has streams with a clear S-shape; 3)
MATLAS-1059 shows small tidal extensions; 4) MATLAS-
1779 has streams with a possible S-shape, however, there
is contamination by a ghost stellar halo; and 5) MATLAS-
1615 displays streams oriented in the SE-NW direction, but is
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located in a high background region caused by ghost stellar
halos.

Another two UDGs (MATLAS-368 and MATLAS-2184)
were found to show extended asymmetric isophotes (central
ETG in the field: NGC 2577 and NGC 7454, respectively). How-
ever, MATLAS-2184 is in a region with many cirrus so the
assymetric extension is possibly due to cirrus contamination.
Optical cirrus exhibit on the CFHT images a range of colors (see
Miville-Deschénes et al. 2016), and some have very similar col-
ors as the stellar structures (Sola et al., in prep.). Thus using
colors in the optical regime is not enough to separate cirrus from
tidal features. Having a broader range of wavelengths (from the
ultraviolet to the infrared), may be tested, but data still lack to
do such an experiment. In the near future, combining GALEX,
Euclid and WISE data might be useful for that purpose.

For two of the UDGs (MATLAS-478 and MATLAS-1824),
no tidal features associated with the dwarf were seen but they
were found to be located at the end of the tidal tail of the nearby
massive (host) galaxy (NGC 2768 and NGC 5557, respectively).
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Fig. 16. Top: distributions of halo masses for the 20 UDGs (hashed
green) and 162 traditional dwarf (non-UDGs) galaxies (filled gray) with
GALFIT parameter R, and Ngc > 1. The hashed green (15 UDGs) and
filled blue (68 non-UDGs) histograms are for the galaxies with Ngc > 3.
Bottom: distributions of halo-to-stellar mass ratios for the 17 UDGs
(hashed gray) and 135 traditional dwarf (non-UDGs) galaxies (filled
gray) with GALFIT parameter R, and Ngc > 1 and stellar masses. The
hashed green (12 UDGs) and filled blue (56 non-UDGs) histograms are
for the galaxies with Ngc > 3 and stellar masses.

MATLAS-478, is nucleated (dE,N), and a TDG candidate: the
host galaxy is strongly disrupted and the tail emanates from the
host in the direction of the UDG. MATLAS-1824 is a spectro-
scopically confirmed TDG (Duc et al. 2014).

Although the majority of the MATLAS UDGs do not appear
to show evidence of recent tidal disruption or having formed
as a TDG, one should note that we are able to recognize
tidally disrupted dwarfs and TDGs only for a limited amount
of time as tails of giant ellipticals live for only about 0.5 Gyr
(Mancillas et al. 2019) and the orbital time of a star 10 kpc away
from a 10 billion solar masses galaxy is only 1 Gyr. Therefore
a UDG that would be tidally perturbed 10 Gyr ago (z ~ 2),

when galaxy interactions were common, would most likely look
relaxed today. We note that the majority (5/7) of the UDGs with
tidal features or asymmetric isophotes are nucleated (dE,N), and
do not show any difference in color than the other UDGs.

We now examine the local environment in which these
UDG:s, tidally disrupted dwarfs and TDGs, are found. One might
expect the UDGs with tidal features to be located in more dense
environments where they are more likely to have interactions.
However, we find them in a range of environments. As seen in
Fig. 3, the five UDGs that show signs of tidal disruptions are
found at both low and high p;o values. The two UDGs that are
TDGs are located at similar, moderately low pj( values, but this
may be an observational bias; if the system is in a higher density
environment, the tidal tail may not be as long lived.

The individual systems where the tidally disrupted UDGs are
located, shown in the maps in Appendix B, further illustrate the
diverse environments in which these galaxies are found. Some
are projected to lie within the virial radii of various groups (e.g.,
NGC 3685, NGC 3640, NGC 2530), while other are not within
any of the Kourkchi & Tully optically identified groups (e.g.,
NGC 5493, NGC 1248). Some of these UDGs are located near
galaxies with signatures of old major mergers (e.g., NGC 5493),
while at least one is in close projection to a massive galaxy that
has undergone a recent major merger (e.g., NGC 3641). The two
TDG UDGs are both outside of the optically identified groups,
although one is just outside the estimated boundary, such that the
host ETG is considered a group member.

Here we have only considered the impact of the massive
galaxies on the UDGs, but tidal features can also be caused by
dwarf-dwarf interactions. A full analysis of the tidal features in
the larger MATLAS dwarf sample is ongoing.

8. Hlin UDGs

The detection of HI in a UDG allows us to not only measure its
HI gas content but also to directly obtain a radial velocity and
hence a distance estimate for the UDG. In the particular case of
the MATLAS UDGs, this is an important tool given the uncer-
tainties associated with assuming that the UDG is at the dis-
tance of the central massive ETG (presumed host). Past studies
of Hl-bearing UDGs located in the field (Leisman et al. 2017),
groups (Spekkens & Karunakaran 2018) and poor galaxy clus-
ters (Shi et al. 2017) have reported bluer colors, narrower line
widths, larger gas fractions as compared to galaxies of similar
HI-mass and environment.

We examined how many of the MATLAS UDGs are located
in the regions observed for the ALFALFA and ATLAS?P HI sur-
veys. As mentioned in Sect. 3.1, of the 51 UDGs located in the
observed regions, only three have a HI line detection (MATLAS-
42, MATLAS-1337 in the ALFALFA catalog and MATLAS-
1824 in our WRST catalog). These galaxies are located at HI
distances of 33.5, 36 and 46.3 Mpc with HI masses 8.0 <
log(Mpy;) < 8.3 (Poulain et al. 2021a). Based on the number of
galaxies located in the observed regions and considering stel-
lar masses high enough so we might detect HI (see Poulain et al.
2021a), we estimate a frequency of HI-bearing UDGs lower than
for traditional dwarfs with ~7% and ~10%, respectively.

In Poulain et al. (2021a), we compare the properties of these
HI UDGs with those of traditional dwarf (non-UDGs) galax-
ies of similar HI mass. We find that the UDGs line widths are
smaller than the median line width of the HI traditional dwarfs.
Only two of the three HI UDGs have an available observation in
the r- and i-band and thus an estimated stellar mass. Only one of
these two HI UDGs has a gas fraction larger than the median of
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Fig. 17. Color (g, r, i) mages of the five UDGs that show signs of tidal disruption (from left to right: MATLAS-262, MATLAS-951, MATLAS-1059,
MATLAS-1779 and MATLAS-1615). They show, from left to right: MATLAS-262 as a condensation within a long steam oriented in the east-west
direction, close to perpendicular to an edge-on galaxy; the other filamentary structure close to the UDG with a NW-SE orientation is likely a
foreground cirrus; MATLAS-951 has streams with a clear S-shape; MATLAS-1059 shows small tidal extensions; MATLAS-1779 has streams
with a possible S-shape but there is contamination by a ghost stellar halo; and MATLAS-1615 displays streams oriented in the SE-NW direction
but located in a high background region caused by multiple ghost stellar halos. From left to right, the image is 3, 25, 8, 25 and 25 sq.arcmin. in

size. North is up and east is left.

Fig. 18. Images of the two UDGs that are TDG candidates from left to
right: MATLAS-478 and MATLAS-1824). They are found at the end
of the tidal tail of a nearby massive galaxy, visible on the right in the
image. From left to right, the image is 20 and 25 sq.arcmin. in size.
North is up and east is left.

the traditional dwarf distribution and bluer colors than the tradi-
tional dwarfs of similar HI mass, the other one having redder col-
ors than the median colors. We note that, given the low number
statistics, the observed properties might not represent the overall
HI-bearing UDG population.

One of the three HI UDGs, MATLAS-1824, is located along
a prominent tidal tail of the massive galaxy NGC 5557, already
mentioned in Sect. 7. This UDG is also part of the six TDGs
around ATLAS3P ETGs showing fine structures identified by
Duc et al. (2014), two of them having UDG properties based
on their light profile fitting (see their Table 3). Another elon-
gated tidal feature, perpendicular to the shell, passes through
MATLAS-1824 and connects to another HI UDG, MATLAS-
1830, which is not in our UDG sample due to the absence of
successful two-dimensional surface brightness modeling caused
by its extremely low surface brightness.

9. Conclusions

We have identified a population of UDGs in the MATLAS fields.
Assuming the distance to the central ETG in the field and using
the known distances when available, 59 UDGs were robustly
identified using a two-dimensional surface brightness Sérsic pro-
file fit and a cut in surface brightness and effective radius. We
find that they are at distances of 19.1-46.3 Mpc and located pre-
dominantly in groups, with 32% of the UDGs in groups with
observed X-ray emission and 61% within the estimated virial
radii of optically identified groups detected via a galaxy linkage
algorithm by Kourkchi & Tully (2017). The X-ray groups are all
contained within the Kourkchi & Tully (2017) catalog. Most of
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the X-ray groups have been well studied in the literature, and
UDGs are associated with both dynamically young and dynami-
cally relaxed systems.

Based on a detailed analysis of their photometric and struc-
tural properties, we find that the MATLAS UDGs do not belong
to a separate and distinct group but instead are an extension
to the traditional dwarf galaxies, making a clear-cut delin-
eation/definition for a UDG arbitrary. The majority of the MAT-
LAS UDGs are visually classified morphologically as dwarf
ellipticals with log stellar masses in the range ~6.5—8.7. The
fraction of nucleated UDGs (~34%) is slightly above the one
measured for all MATLAS dwarfs (visual: ~23%, GALFIT:
~27%). However, looking at the dwarfs with M, in the range
of the UDGs luminosity (—15.5 to —11.5), the nucleated fraction
of the traditional dwarf (non-UDG) galaxies is ~34%, similar to
the nucleated fraction of the UDGs. The MATLAS UDGs exhibit
the same wide range of colors as the traditional dwarf galaxies,
with (g — )9 = —0.1 to 0.8 and (g — i) = —0.2 to 1.2. Their
median color, (g — r)o = 0.36, is as red as the one measured in
galaxy clusters such as Coma, (g — r)y = 0.40, but the range of
colors is narrower.

Only five (~8%) UDGs show signs of tidal disruptions and
only two are tidal dwarf galaxy candidates. Although the major-
ity of the MATLAS UDGs do not appear to show evidence of
recent tidal disruption or having formed as a TDG, one should
note that we are able to recognize tidally disrupted dwarfs and
TDGs only for a limited amount of time. A UDG that would be
tidally perturbed 10 Gyr ago (z ~ 2), for example, would most
likely look relaxed today. Three MATLAS UDGs are detected
in HI, two in the ALFALFA catalog and one in our WRST
catalog. One of these, MATLAS-1824, is a spectroscopically
confirmed TDG located along a prominent tail of the mas-
sive galaxy NGC 5557. A study of globular cluster candidates
selected in the CFHT multiband images finds, for the range of
magnitude —15.5 < My < —11.5, no evidence of a higher
GC specific frequency Sy for UDGs than for traditional dwarf
(non-UDG) galaxies, contrary to what is found in most clusters.
The UDGs halo-to-stellar mass ratio distribution, as estimated
from the GC count, peaks at roughly the same value as for the
traditional dwarf (non-UDGs) galaxies, but spans the smaller
range of My /M. ~ 10-2000. We interpret these results to mean
that the large majority of the field-to-group UDGs do not have a
different formation scenario than traditional dwarf galaxies.
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Appendix A: Potential foreground hosts

The distance estimates of UDG candidates are central to
their identification and classification. This is perfectly illus-
trated by the debate in the literature over the distance to the
UDG candidate NGC 1052-DF2. The galaxy was originally
assumed to be a satellite of NGC 1052 at a distance of 20 Mpc
(van Dokkum et al. 2018b), though it lies in close projection to
multiple galaxies: it has a projected separation of 13.7" (~80kpc)
from NGC 1052, but also lies in close projection to NGC 1042
(20.8’; ~50-80kpc), and is <ldeg from the center of the
NGC 988 group (Trujillo et al. 2019), using the coordinates from
Kourkchi & Tully (2017). These three host candidates have dis-
tances of 20 Mpc, ~8—-13 Mpc, and 15.1 Mpc, respectively, and
the UDG would be a typical dwarf at the lower distances. Sub-
sequent independent distance estimates of the galaxy (e.g., spec-
tra, tip of the red giant branch, surface brightness fluctuation,
GCLF and planetary nebula luminosity function) have not ended
the debate, as they also span the entire range, from ~13 Mpc
— ~22Mpc (e.g., van Dokkum et al. 2018b; Shen et al. 2021;
Blakeslee & Cantiello 2018; Trujillo et al. 2019; Fensch et al.
2019b).

We have assumed throughout the text that the UDGs are
satellites of nearby ETGs from the ATLAS3” sample, but this
has yet to be proven for the majority of the MATLAS dwarfs.
Projection effects can easily confuse which massive galaxy, if
any — we cannot rule out the possibility of some fraction of the
dwarfs being truly isolated systems —, is the most likely host. In
particular, we looked for massive foreground galaxies that could
be potential hosts, and which would suggest that the UDGs are
closer than we originally assumed.

We constructed a catalog of massive galaxies from the
ATLAS3P parent catalog (ETG + LTG galaxies) and supple-
mented this with galaxies from the NEARGALCAT and the
Kourkchi & Tully catalog, after removing duplicate galax-
ies within a 10” match radius. We further estimated stellar
masses from the available K; magnitudes, removing any galaxy
with M,/M, < 10°3, the approximate mass of the LMC
(van der Marel 2006), as such low mass galaxies are unlikely to
host UDGs. Finally, we removed potential host galaxies at dis-
tances <1 Mpc: our UDG candidates do not show the graininess
that would be expected if they are within this distance, and this
also prevents the nearest massive galaxies (such as M31) from
being flagged as a potential host for almost every dwarf in the
sample. These restrictions result in a catalog of 2411 potential
host galaxies with distances 2.8 Mpc <d < 130.2 Mpc and stel-
lar masses 10%° < M, /Mg < 10''3.

For each UDG in the sample, we then calculated the physi-
cal separation between the UDG and each of the 2411 potential
hosts, assuming in each instance that the UDG is at the same
distance as the potential host galaxy. For this analysis, we kept
any potential host with a projected separation <800 kpc, based
on the largest dwarf separation in Cen A (Miiller et al. 2018b);
this value (800kpc) is also consistent with the separations of
backsplash UDG galaxies associated with the galactic-mass host
halos simulated in Benavides et al. (2021), although they find
that these separations increase to >3 Mpc in massive groups (see
their Figure 7).

The identified potential host galaxies were then plotted ver-
sus the distance of the host in Figure A.l, with each subplot
corresponding to a single UDG candidate. We note that we also
truncated the sample to those galaxies with distances <50 Mpc in
order to focus on foreground hosts. The host galaxies were sep-
arated into four mass bins — <10'9,101°-101%>, 10'95-10!, and

>10'! — and the size of the datapoints increases with increasing
mass. We note that the galaxy that we have assumed is the host in
this work is marked in pink. Furthermore, the shaded region cor-
responds to distances at which the effective radius is >1.5 kpc,
meaning that the galaxy would be classified as a UDG anywhere
in the shaded region, and dashed red vertical lines mark the inde-
pendent distances estimates for the three UDGs that have such
measurements.

The subplots demonstrate how difficult it is to associate
dwarfs/UDGs with a massive host, when no independent dis-
tance estimates for the dwarf/UDG exist. Nevertheless, we can
make a few broad generalizations. There are a number of systems
(19) where the UDG classification appears to be quite secure.
This includes subplots where there is a single potential host (e.g.,
MATLAS-1779), or where there are multiple hosts at roughly
similar distances, and the dwarf would be classified as a UDG
if it were a satellite of any of these hosts (e.g., MATLAS-42,
MATLAS-1855, MATLAS-1996). We still cannot exclude, how-
ever, the possibility that these are isolated dwarfs at much lower
distances, which would be then be interesting for their isolation
rather than their physical diameters.

The remaining systems are more difficult to interpret. There
are two systems where all potential foreground hosts (for the
remainder of this discussion, ‘foreground hosts’ will be used to
indicate any host candidate at distances below the gray shaded
‘UDG region’) that have estimated stellar masses M./My <
10'%; this number jumps to seven if we make a cut at M, /My <
10'%3, Such low mass galaxies are expected to have a very low
probability of hosting a UDG, so these dwarfs are likely satel-
lites of more massive, and more distant hosts. If we specu-
late that the most massive galaxy in each subplot is the most
likely potential host, 29/40 of the hosts (59 - 19 = 40; from the
paragraph above) lie within the gray shaded ‘UDG region’. It
is worth noting, however, that there is one system (MATLAS-
262) where every potential host has M, /M, < 10'°3; the galaxy
that we assumed is the host has the highest mass (10.47) of all
the potential hosts as well as the smallest physical separation,
suggesting that UDGs may be found around some lower mass
hosts.

It is readily apparent that some of the assumed distances are
suspect, however. As discussed in Section 4, there is confusion
between the membership of the NGC 4261 group and the Virgo
cluster, which is easily identified by the vertical alignment of
points at d = 16 Mpc (e.g., MATLAS-1246); none of our UDG
candidates in the NGC 4261 group would remain UDGs if their
distances were revised downward to d = 16 Mpc. We note that
the groups discussed in the main text and Appendix C are not
as well defined in these plots as the Virgo cluster. As discussed
in Miiller et al. (2020), the NGC 5846 group is well defined in
velocity space, but independent distance estimates to the most
massive members taken from the literature are discrepant by
approximately +5 Mpc, and this spread can be observed in our
plots (e.g., MATLAS-2019); this is likely also a problem for
the NGC 4261 group, which additionally suffers from confusion
with the foreground Virgo cluster.

Although some of our UDG candidates have several poten-
tial foreground hosts — including high mass host candidates and
hosts with smaller separations than our tentatively assigned host
— it is not always the case that the UDG has a bad distance
estimate. MATLAS-1337 has an independent distance estimate
based on an HI ALFALFA detection that indicates it is either at
a much larger distance than we first assumed, or that it has an
inordinately large velocity dispersion (> 1000 km s!) for a host
at a lower distance.
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Fig. A.1. Projected separations in physical units versus the distance to the potential host galaxy for each UDG candidate in the sample. We note
that the data has been truncated at separations <0.8 Mpc and distances <50 Mpc. The potential hosts have been separated into four mass bins,
which is reflected by the size of the data points. The galaxy we have assumed is the host in this work is plotted in pink, while the distances at
which the dwarf would be considered a UDG are shaded in gray. The dashed red vertical lines indicate the measured distances, when an estimate
is available.
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Appendix B: Local environment of UDGs

Spatial maps illustrating the local environment of all UDGs in
the MATLAS dwarfs sample are included here, to highlight vari-
ations in their environments and complement the discussion of
their stacked properties in Section 4. MATLAS pointings that
overlap have been combined into a single plot and a buffer of 10
around each footprint is included in order to identify any mas-
sive galaxies and/or structures that are just outside the MATLAS
field of view.

The plots contain:

The ATLAS?*” ETG sample: the MATLAS targets were
pulled from the ATLAS3” ETG sample, and an ETG is typically
centered in (or near the center of) the MegaCam field of view.
Plotted as circles, these galaxies are color-coded according to
the heliocentric velocities published in Cappellari et al. (2011a).
Each galaxy is labeled in the maps.

LTGs in the ATLAS3P parent sample: these galaxies, which
meet all of the same selection criteria as the ATLAS*” ETG sam-
ple except for morphology, are plotted as diamonds. Like the
ETGs, the points are color-coded according to the heliocentric
velocities published in Cappellari et al. (2011a) and each galaxy
is labeled in the plots.

The MATLAS footprint: The regions imaged as part of the
MATLAS survey are shaded pale gray. Where fields overlap, the
image size has been adjusted to show all of the contiguous foot-
prints, and the plot bounds were adjusted so that the MATLAS
footprint is centered.

The MATLAS dwarf sample: the dwarf galaxies identified by
the MATLAS team (Habas et al. 2020; Poulain et al. 2021a) are
plotted as small ‘x” symbols. The distribution of the dwarfs and
the highlighted UDG subpopulations can be compared in each
map. It should be noted, however, that bright stars and cirrus
are not marked; an apparent lack of dwarfs may mean that there
are no dwarfs in that region or that they were not visible due to
contamination from bright stellar halos or cirrus. The sources of
contamination in the MATLAS fields are discussed in Bilek et al.
(2020), while Heesters et al. (2021) examines the distribution of
dwarfs in the fields and the impact of the stellar halos and cirrus
on the dwarf identification.

Ultra diffuse galaxies: the subsample of UDGs identified
in this work are plotted as squares. Green squares indicate the
UDGs that are not associated with any tidal features, while the
turquoise squares indicate UDGs with tidal features — shells,
tidal tails, or tidal streams/plumes — and the yellow squares indi-
cate UDGs that are at the end of a tidal tail that is associated with
a nearby massive galaxy (see Section 7 for more details).

Groups from Kourkchi & Tully (2017): Kourkchi & Tully
created a catalog of groups with recessional velocities
<3500kms~!' using a galaxy linkage program and expected
scaling relations. They published a catalog that includes the
luminosity-weighted group center and virial radius for each

group, which we have over-plotted in pale blue. Their galaxy
linkage program, however, also links groups of galaxies into
larger systems. To focus on the local environment, we plotted
only the groups with radii <5 deg.

Galaxies from Kourkchi & Tully (2017): Plotting just the
galaxies from the ATLAS3? parent sample (ETGs + LTGs) and
the MATLAS dwarfs leaves a mass gap (9 < log(M yeiiar/Mo) S
10) in the plots, and misses the massive galaxies at distances
d < 10Mpc and d > 40 Mpc. To fill in these gaps, we have also
plotted the full catalog of galaxies used by Kourkchi & Tully
to identify the nearby groups (described above), after removing
duplicates from the ATLAS3” sample (260/260 ETGs, 606/611
LTGs) and the MATLAS dwarfs catalog (234/2210 dwarfs).
These galaxies are displayed as pentagons. When a distance is
available, the pentagons are color-coded according to the veloc-
ity, which was calculated assuming only the Hubble flow — and
adopting Hy = 75 km s~! as in Kourkchi & Tully (2017) — else
they are solid gray.

The color bar on each map spans a unique velocity range.
Every massive galaxy (the ATLAS?” ETG + LTG sample and
the Kourkchki & Tully catalog) with a measured velocity that
falls within the spatial boundaries of the map was taken into
account, and the min and max values were rounded down and
up, respectively, to the nearest 100 km s~'. Regardless of how
wide the spread in velocities is, however, the color bar remains
separated into eight colored blocks to better distinguish galax-
ies in adjoining velocity bins. Velocities for the 325 MATLAS
dwarfs with prior distance estimates are not included, to keep
the plots cleaner.

While some of the MATLAS fields contain a num-
ber of galaxies with a wide spread in velocities (Av >
2000 km s7!; for example, the field that contains the
galaxy pair NGC 5194/NGC 5195, the group including
NGC 5169/NGC 5173/NGC 5198, plus a few more distant
galaxies) many of the groups are spatially separated from one
another. This is not true however for the W Cloud, a.k.a. the
NGC 4261 group, which abuts the Virgo cluster. The sharp
increase in the number of galaxies in the field is immediately
obvious in the relevant subplot below. Properties of this group
are uncertain, due to the confusion in separating the group mem-
bers from the cluster members.

It can be seen in the figures that the UDGs populate a range
of environments. As discussed in Section 4, 61% of the UDG
sample, as well as two-thirds of the full dwarf sample, falls
within the virial radii of one of the Kourkchi & Tully (2017)
groups. The dynamical states of the groups is also varied, and
UDGs are associated with both dynamically young and dynami-
cally mature groups.

There are also a few potential galaxy pairs/associations
that were not identified in the Kourkchi & Tully catalog (e.g.,
NGC 5506 & NGC 5507) with UDGs nearby, as well as a few
relatively isolated hosts (e.g., IC 0560, NGC 5493).
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Appendix C: Tables

A105 (2021)

well as additional derived quantities discussed throughout this

The tables in this appendix summarize the photometric proper- work.

ties (morphologies, magnitudes, colors) of the UDG sample as

Table C.1. Photometric properties of the MATLAS UDGs.
ID RA Dec  Morph  Distance g (g—r) (g—1i)o M,

(Mpc) (mag) (mag) (mag) (mag)

@ @) G @ (&) 6 O ® ®
MATLAS-42 20.6260 8.7614 dI 359,335  17.296 + 0.006 0.40 +£0.02 0.55+0.03 —15.326 + 0.006
MATLAS-438 20.7340 8.6737 dE 35.9,— 18.76 + 0.01 0.50 £ 0.01 0.72 +0.01 -14.01 £ 0.01
MATLAS-141 294714  18.8628 dE 36.7,— 20.12 +£0.02 0.55+0.03 0.90 + 0.04 -12.71 £ 0.02
MATLAS-149 30.0435 19.3647 dI 36.7,— 20.46 +0.02 0.67 £ 0.03 1.01 +£0.04 -12.36 £ 0.02
MATLAS-177 372057 -1.3041 dE 22.4,- 19.15 £ 0.01 0.56 +0.02 0.83 +£0.03 -12.61 +£0.01
MATLAS-262 479769 -4.8931 dE 30.4,— 20.04 + 0.05 0.51 £ 0.05 - -12.37 £ 0.05
MATLAS-342 119.5476 ~ 23.9516 dE 32.0,—- 18.56 + 0.02 - 0.49 + 0.06 -13.97 £0.02
MATLAS-365 125.3900  22.4683 dEN 30.8,— 19.58 £ 0.10 0.72 £0.10 1.16 £ 0.11 -12.87+£0.10
MATLAS-368 125.5731 229086 dE,N 30.8,— 18.83 £0.10 0.72 £ 0.02 0.82 +0.03 -13.62 +£0.10
MATLAS-405 130.7772  50.0784  dE,N 28.0,— 18.87 £ 0.02 0.48 £0.02 0.68 +0.02 -13.37+£0.02
MATLAS-478 138.2168  59.9870 dE,N 21.8,—- 17.486 +0.006  0.526 + 0.007 0.85+0.01 —14.207 + 0.006
MATLAS-585 146.4547 -0.5469 dE 272~ 18.789 + 0.005 0.36 £ 0.02 - —13.384 + 0.005
MATLAS-658 154.4670  22.3337 dE 33.1,- 20.63 +£0.17 - - -11.97 £0.17
MATLAS-799 162.9980  28.3601 dE 24.5,~ 17.28 +0.006  0.577 +0.007 - —14.669 + 0.006
MATLAS-898 169.2570  18.3027 dE 19.8,— 17.94 +0.02 0.35+0.05 0.61 +0.05 -13.55+£0.02
MATLAS-951 170.1326 3.2332  dEN 26.3,— 18.023 £0.006  0.679 +£0.007  1.052+£0.009 -14.076 + 0.006
MATLAS-984 170.5741  39.0399 dE 33.1,- 19.26 +0.02 0.39 +£0.02 0.68 + 0.03 -13.34 £ 0.02
MATLAS-1059  171.9652  56.8550 dE,N 33.4,- 18.099 + 0.006  0.488 +0.008 - —14.520 + 0.006
MATLAS-1174  181.3757  11.1305 dE 38.1,- 19.73 £ 0.02 0.16 + 0.06 - -13.17 £ 0.02
MATLAS-1177  181.4412  61.9456 dE,N 24.6,— 18.357 £ 0.005 0.55+£0.01 - —13.597 + 0.005
MATLAS-1205  183.5229 7.1086 dEN 39.2,- 19.500 + 0.005 0.48 +£0.01 - —13.467 + 0.005
MATLAS-1216  183.7925 73112 dEN 39.2,— 20.02 £ 0.03 0.52 £ 0.04 - -12.95+0.03
MATLAS-1225  184.1047  27.7437 dE 19.1,- 18.50 £ 0.02 - - -12.90 +£ 0.01
MATLAS-1245  184.3903 6.0166 dE 31.5— 19.44 £ 0.02 0.29 £ 0.06 - —-13.05 £ 0.02
MATLAS-1246  184.4013 5.4247 dE 37.2,- 18.04 £ 0.01 0.61 +£0.01 0.86 = 0.01 -14.82 £ 0.01
MATLAS-1248  184.4155 5.3419 dE 37.2— 17.56 + 0.005 0.64 + 0.01 0.89 £ 0.02 —15.292 + 0.005
MATLAS-1249  184.4336 53309 dE 37.2- 19.57 £ 0.07 0.79 = 0.09 1.17 £ 0.11 —-13.29 £ 0.07
MATLAS-1262  184.4664 59891 dEN 31.5~ 18.69 £ 0.02 0.55 £ 0.03 - —-13.81 £0.02
MATLAS-1274  184.5520 5.6525 dE 37.2- 17.586 £ 0.006  0.517 +0.009 0.70 £0.01 —15.276 + 0.006
MATLAS-1302  184.8020 53615 dE 37.2— 20.82 £ 0.03 0.55 £ 0.04 0.82+£0.05 -12.03 £ 0.03
MATLAS-1337  185.0780  28.0257 dLN 19.1,35.9  18.514 £ 0.006 - - —14.264 + 0.006
MATLAS-1413  190.3429  —4.4653 dE 40.7,—- 19.39 £ 0.02 0.74 £ 0.05 - —-13.65 £ 0.02
MATLAS-1493  191.8227 -1.7204 dE\N 40.2,— 19.88 +0.02 0.51 £0.02 - -13.14 £ 0.02
MATLAS-1494  191.8468 —-1.4045 dE 40.2,—- 18.833 + 0.009 0.50 + 0.01 - —14.188 + 0.009
MATLAS-1534  202.1029  47.0652 dE 39.6,— 20.27 £ 0.02 0.43 +£0.04 - -12.72 £ 0.02
MATLAS-1550  205.9650  60.6890 dE 31.5— 19.52 £ 0.01 0.49 £ 0.02 - -12.97 £ 0.01
MATLAS-1558  206.4767  61.0976 dE,N 31.5,- 19.51 +£0.02 0.65 +0.02 - -12.98 +£0.02
MATLAS-1589  207.4632  59.7278 dE 30.3,—- 19.95 £ 0.02 0.47 +£0.02 - -12.46 +£ 0.02
MATLAS-1606  208.0022  40.3767 dEN 37.1,- 18.453 + 0.002 - - —14.394 + 0.002
MATLAS-1615  208.1200  40.4081 dE,N 37.1,- 18.11 £ 0.01 0.60 + 0.01 0.89 +0.01 -14.74 £ 0.01
MATLAS-1616  208.1220  59.8762 dE,N 30.0,— 18.68 + 0.05 0.58 £0.05 - -13.71 £0.02
MATLAS-1630  208.2604  60.1730 dE 30.3,—- 19.23 +£0.02 0.78 £ 0.03 1.14 £0.03 -13.17 £ 0.02
MATLAS-1647  208.5436  40.2012 dE 37.1,— 20.75 £ 0.02 0.81 £0.02 1.08 +£0.03 -12.10 £ 0.02
MATLAS-1779  212.7722  -5.2221 dE\N 38.8,— 19.27 £ 0.02 0.49 +£0.12 - —-13.67 £ 0.02
MATLAS-1794  213.4693  -3.0559 dE 28.5,— 19.02 £ 0.02 - - -13.25+0.02
MATLAS-1824  214.7337  36.4832 dE 38.8,46.3 18.44 £ 0.01 0.06 + 0.02 0.07 £ 0.03 —-14.89 £ 0.01
MATLAS-1847  215.2256 33710 dE 23.2,— 18.77 £ 0.05 0.56 = 0.05 - —13.06 + 0.04
MATLAS-1855  215.5181 3.5866 dEN 232, 18.67 £ 0.05 0.36 + 0.05 - —13.16 £ 0.05
MATLAS-1865  215.8694  56.2322 dE 27.0,— 18.53 £ 0.01 0.22 £ 0.01 0.31+0.02 —13.628 + 0.008
MATLAS-1907  217.7121 3.2066 dE 24.2,— 18.150 £ 0.004  0.492 + 0.005 - —13.769 + 0.004
MATLAS-1957  225.4779 1.6258 dE,N 31.3,- 18.46 +0.10 - - -14.01 £0.02
MATLAS-1975  225.8389 1.4309 dEN 26.4,— 19.23 +0.07 0.43 +£0.17 - —12.88 + 0.07
MATLAS-1985  226.0105 1.3671 dE 26.4,— 18.850 + 0.006 - - —13.258 + 0.006
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1D RA Dec  Morph  Distance g (g—r)o (g—1i) M,
(Mpc) (mag) (mag) (mag) (mag)

() (2) 3 @ ) 6) Q) (8) )
MATLAS-1991  226.0792 1.7555 dE 25.2,— 18.061 + 0.004 0.59 +0.02 0.87 +0.03 —13.946 + 0.004
MATLAS-1996  226.1090 1.9246 dE 21.8,~ 19.95 £ 0.13 - - -11.75+£0.13
MATLAS-2019  226.3340 1.8127 dE 25.2,20.0 17.79 £ 0.01 0.59 +0.02 0.85 +0.02 -13.74 £ 0.01
MATLAS-2021  226.3400 2.1722 dE 21.8,~ 19.35 £ 0.08 -0.03+0.12 -0.19+0.34 —12.34 £ 0.08
MATLAS-2103  239.0837 6.1882 dE 35.8,— 18.037 + 0.006 - - —14.733 £ 0.006
MATLAS-2184  345.6448 159791 dE 29.3,~ 19.39 £ 0.05 0.12 £ 0.05 0.18 £ 0.06 -12.95 £ 0.05

Notes. This table (including previous page) is available at the CDS. Columns meanings: (1) UDG ID; (2) and (3) Right ascension and declination;
(4) Morphology; (5) Assumed host ETG distance, dwarf distance; (6) Apparent magnitude in the g-band; (7) g — r color corrected for Galactic
extinction; (8) g—i color corrected for Galactic extinction; (9) Absolute magnitude in the g-band computed using the UDG distance when available,

otherwise the assumed host ETG distance is used.

Table C.2. Additional properties of the MATLAS UDGs.

ID Ho.g <He,g> Re,g Re,g lOg(M* /MO) Mhalo /M*
(mag/arcsec’)  (mag/arcsec?) (arcsec) (kpc)
M @ (€) 4) ®) (©) ™
MATLAS-42 2439£0.02  2517+0.02 21.19+0.13  346+0.02  8.32+0.16 -
MATLAS-48 2438+£0.04  2517+0.04  1075+0.12  1.89+0.02  7.95+0.17 -
MATLAS-141 ~ 2522+0.08  26.00+0.08  848+022  1.52+0.04 7.51+0.14 -
MATLAS-149  2597+0.09  2675+0.09  1024+031  1.84+0.06 7.55+0.14 -
MATLAS-177 ~ 2536+0.05  26.15+0.05  1417+022  155£0.02  749+0.15 158.5737
MATLAS-262  26.84+0.17  27.63+0.17  18.56+1.04 275+0.16  7.32+0.13 -
MATLAS-342  24.02+0.07  2480+0.07  1002+022  1.57+0.04 - -
MATLAS-365 ~ 25.05+0.30  2584+030  10.08+0.88  1.52+0.13  7.83+0.06 -
MATLAS-368 ~ 2450+0.14  2528+0.14  11.03+022  1.66+0.03 8.13+0.15 556317
MATLAS-405 ~ 2533+0.05  26.11+0.05 1586+027  217+0.04  7.66+0.16 -
MATLAS-478 ~ 24.55+0.02  2533+0.02  2094+0.13  222+0.01  8.07+0.17 -
MATLAS-585  24.59+0.02  2537+0.02  11.68+0.08  1.55+0.01  7.50+0.15 -
MATLAS-658  25.93+0.67  2671+0.67  928+193  1.50+0.31 - -
MATLAS-799 ~ 23.98+0.02  2476+0.02  17.74+0.10  2.12+0.01  8.33+0.17 -
MATLAS-898 ~ 24.54+0.06  2532+0.06  1692+034  1.63+0.03  7.54+0.13 325.673}%7
MATLAS-951  2523+0.02  2602+0.02 2239+0.18 287+023 825+0.17  38.9%3%]
MATLAS-984  2459+0.06  2537+0.06  9.40+0.18  152+0.03  7.52+0.16 -
MATLAS-1059  24.30+0.02  2508+0.02  14.05+0.09  229+0.02 8.14+0.17 -
MATLAS-1174  25.66+0.08 2644 +0.08  12.38+0.33  231+0.06 7.10+0.12 -
MATLAS-1177 2442002 2521+0.02  13.22+0.09  159+0.01  7.86+0.16 208.3*3%2
MATLAS-1205 24.817 £0.006 25599 +0.006 9.362+0.007 1.795+0.001 7.71+0.16 -
MATLAS-1216 ~ 25.94+0.10  2672+0.10  12.35+038  237+0.07  7.56+0.14 -
MATLAS-1225  2529+0.05  2607+0.05  1843+027  1.71+0.03 - -
MATLAS-1245  25.74+0.08 ~ 2653+0.08  1475+039  227+0.06  7.26+0.10 -
MATLAS-1246 ~ 24.22+0.03 ~ 25.01+0.03  13.98+0.13  254+0.02 845+0.17  32.9%324
MATLAS-1248 ~ 23.95+0.02  2473+0.02  1535+0.09  279+0.02 8.68+0.17  224%2}
MATLAS-1249  2521+0.21  2600+021  1091+0.70  1.98+0.13  8.10+0.06 -
MATLAS-1262  24.46+0.07  2524+0.07  11.55+024  1.78+0.04  7.95+0.14 390.93%08
MATLAS-1274 2396 £0.02  24.75+0.02  1526+0.09  2.78+0.02  8.48+0.17 -
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ID Ho,g </16,g> Re,g Re,g log(M*/MG) Mhalo/M*
(mag/arcsecz) (mag/arcsecz) (arcsec) (kpc)

(D (2 (3) 4) (5 (6) (7
MATLAS-1302  25.90 = 0.13 26.68 + 0.13 8.36 + 0.35 1.52+0.06 7.24+0.13 -
MATLAS-1337  24.20 = 0.03 24.98 + 0.03 11.08 + 0.10 1.95 £ 0.02 - -
MATLAS-1413 2594 +0.07 26.72 + 0.07 16.47 + 0.40 3.28+0.08 8.17+0.10 -
MATLAS-1493  24.88 + 0.06 25.67 = 0.06 8.12+0.16 1.60 +0.03  7.62+0.16 -
MATLAS-1494  24.88 + 0.03 25.66 + 0.03 13.09 + 0.14 257+0.03 8.03+0.17 -
MATLAS-1534 2521 +0.06 26.00 + 0.06 7.88 +0.16 1.53+£0.03 7.34+0.13 -
MATLAS-1550  25.09 = 0.04 25.87 + 0.04 10.50 + 0.15 1.62+0.02 7.53+0.16 -
MATLAS-1558  25.83 = 0.05 26.61 + 0.05 14.84 + 0.25 228+0.04  7.77+0.15 2503241
MATLAS-1589  25.73 £ 0.06 26.51 = 0.06 11.61 +0.24 1.72+0.04  7.29+0.15 -
MATLAS-1606 24.435 +0.003 25.217 £0.003 12.713 £ 0.008  2.306 + 0.002 - -
MATLAS-1615  24.58 + 0.04 25.36 = 0.04 15.90 = 0.17 2.88+0.03 839+0.17 167.411)2;3'0
MATLAS-1616  25.12 +0.08 25.90 = 0.08 15.67 +0.22 230£0.03  7.95+0.16  160.1%7%}
MATLAS-1630  25.18 =+ 0.08 25.97 + 0.08 12.52 + 0.31 1.85+0.05 8.04+0.15 -
MATLAS-1647  25.81 = 0.07 26.59 + 0.07 8.30 £ 0.21 1.51£0.04 7.65+0.15 -
MATLAS-1779  25.65 = 0.06 26.44 + 0.06 15.30 £ 0.22 290+£0.04  7.80+0.02  912.378329
MATLAS-1794  24.95 +0.07 25.73 + 0.07 12.39 +0.29 1.72 £ 0.04 - -
MATLAS-1824  24.36 + 0.04 25.14 = 0.04 12.37 +0.14 281003 7.65+0.17 -
MATLAS-1847 2540 +0.11 26.18 £ 0.11 17.12 +0.49 1.94+0.06 7.66+0.12 3520337
MATLAS-1855  24.84 +0.13 25.63 = 0.13 13.90 + 0.48 1.57+005 741+0.13 556.2j§§%{§
MATLAS-1865  24.35 + 0.03 25.13 = 0.03 11.80 + 0.13 1.55+£0.02  7.38+0.18 1897.1*15723
MATLAS-1907  24.21 +0.02 24.99 + 0.02 13.15+0.07 1.552+0.009 7.85+0.18 -
MATLAS-1957  24.07 £0.14 24.85 +0.14 10.67 + 0.22 1.63 +0.03 - -
MATLAS-1975  25.18 +0.24 25.96 + 0.24 12.54 + 0.91 1.61£0.12  740+0.04 31657279
MATLAS-1985  25.11 = 0.03 25.90 + 0.03 14.48 + 0.13 1.87 = 0.02 - -
MATLAS-1991  24.01+0.02  2479+0.02  1252+0.07 1.538+0.009 8.06+0.15  140.8*1379
MATLAS-1996  26.27 = 0.19 27.05 +0.19 14.87 + 0.45 1.58 + 0.05 - -
MATLAS-2019  24.42 +0.04 25.21 +£0.04 17.16 £ 0.21 1.69+£0.02  7.99+0.15  930.7°2108
MATLAS-2021  26.06 +0.19 26.84 +0.19 17.79 £ 0.91 1.89+£0.10  6.49 +0.04 727.6_22%(7)
MATLAS-2103  24.27 +0.02 25.05 = 0.02 14.25 +0.10 2.49 +0.02 - -
MATLAS-2184  25.17 +0.16 25.96 = 0.16 11.61 £ 0.54 1.66 +0.08  6.96+0.13 -

Notes. This table (including previous page) is available at the CDS. Columns meanings: (1) UDG ID; (2) Central surface brightness in the g-band;
(3) Average surface brightness within R, in the g-band; (4) Effective radius in arcsec in the g-band; (5) Effective radius in kpc in the g-band
computed using the UDG distance when available, otherwise the assumed host distance is used; (6) Stellar mass computed based on the stellar
mass-to-light ratios from Bell et al. (2003) and the derived (g — 7)o color using the formula log(M.. /M) = —0.306 +1.097(g — r)o — 0.4(M, — 4.77);
(7) Halo-to-stellar mass ratio computed based on the mass ratio from Harris et al. (2017) and the derived GC count using the formula M, =
MGC,mt/z-g x 1073,
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