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ABSTRACT

In recent years, many studies have reported substantial populations of large galaxies with low surface brightness in local galaxy
clusters. Various theories that aim to explain the presence of such ultra-diffuse galaxies (UDGs) have since been proposed. A key
question that will help to distinguish between models is whether UDGs have counterparts in host haloes with lower masses, and
if so, what their abundance as a function of halo mass is. We here extend our previous study of UDGs in galaxy clusters to galaxy
groups. We measure the abundance of UDGs in 325 spectroscopically selected groups from the Galaxy And Mass Assembly (GAMA)
survey. We make use of the overlapping imaging from the ESO Kilo-Degree Survey (KiDS), from which we can identify galaxies with
mean surface brightnesses within their effective radii down to ~25.5 mag arcsec™? in the r band. We are able to measure a significant
overdensity of UDGs (with sizes r.¢ > 1.5 kpc) in galaxy groups down to M,y = 10'2 M, a regime where approximately only one
in ten groups contains a UDG that we can detect. We combine measurements of the abundance of UDGs in haloes that cover three
orders of magnitude in halo mass, finding that their numbers scale quite steeply with halo mass: Nypg(R < Rag) o« My =Y. To
better interpret this, we also measure the mass-richness relation for brighter galaxies down to M + 2.5 in the same GAMA groups,
and find a much shallower relation of Npyign (R < Rago) o M9;75*95. This shows that compared to bright galaxies, UDGs are relatively
more abundant in massive clusters than in groups. We discuss the implications, but it is still unclear whether this difference is related
to a higher destruction rate of UDGs in groups or if massive haloes have a positive effect on UDG formation.

Key words. galaxies: dwarf — galaxies: formation — galaxies: evolution — galaxies: structure — galaxies: groups: general —
galaxies: clusters: general

1. Introduction

While early studies of low surface brightness galaxies date
back several decades (e.g. Impey et al. 1988; Turner et al. 1993;
Dalcanton et al. 1997), the discovery of a substantial number of
very large diffuse galaxies in local clusters has drawn significant
attention in recent years. van Dokkum et al. (2015) identified a
significant population of large (reg > 1.5 kpc) galaxies with low

Article published by EDP Sciences

central surface brightness (u(g, 0) = 24—26 mag arcsec™?) in the
Coma cluster, and dubbed them ultra-diffuse galaxies (UDGs).

In the two years since, several studies reported popula-
tions of UDGs in different galaxy cluster samples. Some of
the studies focused on the nearby and well-studied Fornax
(Muioz et al. 2015), Coma (Koda et al. 2015; Kadowaki et al.
2017) and Virgo (Mihos et al. 2015; Davies et al. 2016) clusters.
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Other works studied more distant clusters (van der Burg et al.
2016; Roméan & Trujillo 2017a), including a Frontier-fields clus-
ter at z = 0.3 (Janssens et al. 2017). It is clear that UDGs are
a common phenomenon in galaxy clusters, and their ubiquity
has to be understood in the context of existing galaxy formation
models.

Several explanations have been proposed in the literature
to explain this class of galaxies. van Dokkum et al. (2015) sug-
gested that UDGs are some sort of “failed” galaxy, with a rela-
tively massive dark matter halo like the one expected for an L*
galaxy. Such a high mass would make them capable of surviving
very close (down to only ~300 kpc, see van der Burg et al. 2016)
to the cluster centres. They may have stopped forming stars due
to feedback processes, which is again possibly related to a mas-
sively overdense environment. Yozin & Bekki (2015) were in-
deed able to reproduce several observed properties of UDGs with
a simple tidal disruption model that linked their presence exclu-
sively to dense environments.

There are also less exotic explanations. Amorisco & Loeb
(2016) claimed that UDGs can be readily explained by a standard
model of disk formation, and that UDGs are simply the extremes
of a continuous distribution in size and luminosity. This would
mean that they also exist in lower-density environments, albeit
with possibly more disk-like morphologies. Rong et al. (2017)
reached a similar conclusion based on semi-analytic galaxy for-
mation models. Di Cintio et al. (2017) used the NIHAO simula-
tion to study the formation of UDG-type galaxies, and they also
suggested that internal processes, particularly outflow-driven
feedback, may be responsible for their formation. Feedback from
active galactic nuclei in dwarf galaxies may also contribute to
their diversity and range in morphologies (Silk 2017).

Such opposing formation scenarios make different, obser-
vationally testable, predictions. One way forward is to investi-
gate the failed-galaxy scenario by measuring the halo masses
of UDGs. Beasley et al. (2016) estimated the mass of a UDG
in the Virgo cluster based on the velocity dispersion of glob-
ular clusters that are associated with this galaxy, finding that
they are overly massive for their stellar mass. Several other
studies also based their mass estimates on the specific fre-
quency, or number, of globular clusters in UDGs, reaching con-
tradictory conclusions (Amorisco et al. 2016; Peng & Lim 2016;
Beasley & Trujillo 2016). van Dokkum et al. (2016) measured a
velocity dispersion of UDG DF44, which, upon extrapolation to
My, is consistent with a halo mass of My ~ 10'2 M. In con-
trast, Sifén et al. (2017) measured the average mass associated
with UDGs directly using weak gravitational lensing, finding
that this is too low for them all to be “failed” massive galaxies.
It is likely that the range of mass measurements of individual
UDG:s is real, and not (only) due to different assumptions in the
analyses of different studies. This may hint at a range of different
formation scenarios for UDGs (e.g. Zaritsky 2017).

Another critical observational study to constrain the forma-
tion scenario of UDGs is to measure their abundance in dif-
ferent environments. van der Burg et al. (2016, hereafter vdB16)
studied eight clusters that span an order of magnitude in halo
mass, and found that the number of UDGs per cluster scales as
Nupg o« Mg(')%3i0'16, where M is the virial mass of the host halo.
At even lower halo masses, Roman & Trujillo (2017b) were able
to identify UDGs in three nearby groups by making use of three-
band photometric data from the SDSS deep Stripe 82. Their
work shows that UDGs are also present in galaxy groups, with an
abundance that is close to what is expected from extending the
vdB 16 relation down to lower masses. We note, however, that
the sample they studied are the three Hickson Compact Groups
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(Hickson 1982) that overlap with the SDSS Stripe 82, and this
may not be fully representative of the underlying population of
groups.

In this work we perform a systematic search for UDGs in
galaxy groups, considering the 197 deg? overlap region between
the optical-imaging Kilo-Degree Survey (KiDS) with the groups
identified with the Galaxy And Mass Assembly (GAMA) spec-
troscopic survey. The groups are selected completely indepen-
dently of their possible UDG content. By performing an analy-
sis that is close to the one presented in vdB16, this allows us to
study the abundance of UDGs in a consistent way over a wide
halo mass range. A previous search for galaxies with low sur-
face brightness was performed using SDSS imaging of the same
GAMA region (Williams et al. 2016). Based on the locations of
these galaxies, it was shown that they are plausibly associated
with the z < 0.1 large-scale structure (Fig. 6 in Williams et al.
2016). In this paper we quantify this statement, focusing on the
GAMA groups, based on the standardised galaxy selection using
the UDG criteria on the KiDS imaging.

The paper is organised as follows. Section 2 provides an
overview of the data products from the KiDS and GAMA sur-
veys we used. Section 3 describes the selection of our sample
of UDGs, and how we associated them with the galaxy groups
in a statistical sense. Section 4 presents our main results: the
abundance of UDGs as a function of halo mass, and the size dis-
tribution of the UDG sample. We discuss our findings in Sect. 5,
compare them to previous work and to a measurement of the
mass-richness relation for the same GAMA groups to help to in-
terpret our results. We summarise in Sect. 6. Appendix A lists
several robustness tests that we performed to increase our confi-
dence in the presented results.

All magnitudes we quote are in the AB magnitudes system,
and we adopt angular-diameter and luminosity distances corre-
sponding to ACDM cosmology with Q;,, = 0.3, Qs = 0.7 and
Hy = 70kms~' Mpc~!. Unless stated otherwise, error bars de-
note 1o~ uncertainties, or 68% confidence intervals.

2. Data

Our UDG candidates are identified using photometric data from
the KiDS (de Jong et al. 2015), and the environments (in par-
ticular group properties) are characterised using the GAMA
(Driver et al. 2011) group catalogue. In this study, we focus on
the overlap region between the KiDS and GAMA surveys, to-
talling an effective (unmasked) area of 170 square degrees, and
the surveys are summarised in turn below.

2.1. Kilo-Degree Survey

KiDS is an on-going ESO wide-area imaging survey in the
ugri bands that will cover 1500 deg?, and which is designed to
map the matter distribution in the Universe using weak grav-
itational lensing. Here we used the “KiDS-450” data release,
which covers approximately 450 deg® (Hildebrandt et al. 2017;
de Jong et al. 2017).

Our starting point is the KiDS r-band imaging, reduced and
stacked with the THELI (Erben et al. 2013) pipeline. The data
are taken under dark conditions with minimum atmospheric ex-
tinction. To facilitate weak-lensing measurements in the r band,
they are taken in conditions with excellent seeing (PSF FWHM <
0.8"). Stacks are composed of five dithers with a combined inte-
gration time of 1800 s.

The stacks are designed for optimal weak-lensing shape
measurements, and there are still residual background patterns
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Fig. 1. Three KiDS+GAMA fields. The combined KiDS area is shown in white, with regions masking bright stars, reflective haloes, and image
artefacts shown in grey. Circles indicate the actual angular sizes of Ry disks of GAMA groups up to z < 0.10, with colours referring to their
redshifts (cf. colour scale on the right). Small red dots show the positions of all UDG candidates that satisfy our final selection criteria.

that we have to account for in this study. We subtracted these
residual background effects using a mesh size of 150 pixels
(~32""), smoothed with a median filter of size 5 X 5 meshes. This
corrects background structures on a scale that is much larger than
the sizes of the galaxies we study.

We used the conservative masks designed by the KiDS team,
which mask ~15% of the total survey area. This includes bright
stars, their reflective haloes, and image artefacts (for more details

see Kuijken et al. 2015). Figure 1 shows the unmasked area of
the three KiDS fields we consider in this study in white.

2.2. Galaxy And Mass Assembly

GAMA (Driveretal. 2011; Liske et al. 2015) is a spectro-
scopic survey that is complete down to an r-band magnitude
limit of 19.8. Each GAMA field is visited several times to
overcome sampling problems that are due to close galaxy pairs,
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Table 1. Rough overview of the three KiDS+GAMA fields studied here.

Field KiDS tiles Effarea[deg?] UDG candidates Groups

G09 64 50.7 4635 83
G12 64 56.2 5815 140
G15 69 62.5 6145 102
Total 197 169.5 16595 325

Notes. Each KiDS tile covers roughly 1 deg?. The effective areas
are reduced by ~15% due to the masking, see Fig. 1 for a graphical
representation.

which are common in groups and clusters of galaxies. Using
a friends-of-friends (FoF) algorithm on the spectroscopic cat-
alogue, Robotham et al. (2011) have constructed a group cat-
alogue for the GAMA survey regions that links ~14% of the
GAMA galaxies to a group with at least five spectroscopic mem-
bers. Since this first version of the catalogue (G*Cvl1), the link-
ing scheme has been updated several times. Including the current
version of the spectroscopic catalogue, G*Cv9 is now the most
recent version of the group catalogue. While it covers a total of
five survey fields, we focus on the three Equatorial GAMA fields
G09, G12, and G15, which overlap with KiDS (cf. Table 1). We
considered all groups from G3Cv9 in these survey fields that
have at least five FOF members and are in the redshift range
0.01 < z <0.10. This selection resulted in a total of 325 groups,
see Table 1.

Several group mass definitions are in use within the GAMA
collaboration. Originally, group masses were measured dynami-
cally, using the spectroscopic group members as tracers of the
potential. While this dynamical method is expected to work
reasonably well for groups with a large number of members,
these masses are unreliable in the low-mass regime, however,
where there are few members (Robotham et al. 2011). Instead,
the masses used in this work are based on the total group lumi-
nosity in the » band. Viola et al. (2015) have performed a weak-
lensing study of the overlap region between KiDS and GAMA
to measure the total mass associated with groups, in bins of their
total r-band luminosity. We used the almost-linear relation they
found between total luminosity and weak-lensing mass to esti-
mate Mygo for each group. The Ry is defined, as usual, as the
radius corresponding to a sphere that contains this mass. The
group centres are defined as their r-band luminosity-weighted
centre of mass.

Figure 1 gives an overview of the three GAMA regions stud-
ied here. The white area is the (unmasked) KiDS area consid-
ered here. The circles mark the locations of groups, with colours
indicating their redshifts, and their sizes are the projected angu-
lar size of their R,oo disks. An additional criterion to define our
group sample is that less than 50% of their R,y disk is masked
in the KiDS images (which removes 17 groups from the group
sample, bringing the total to 325).

3. Analysis

UDGs are defined in physical units (r,g > 1.5 kpc,
van Dokkum et al. 2015) and have a maximum size of about
reg ~ 7.0 kpc (vdB16). Since we here consider GAMA groups
over a wide redshift range, these physical sizes correspond to a
range of different angular sizes. For example, at z = 0.01, we

would have to consider galaxies with angular sizes between 7'/3
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and 34”, while at z = 0.10, this would correspond to sizes be-
tween 0”8 and 3”/8. From an observational point of view, we
have to work in angular units, which initially leads to a redshift-
dependent selection. However, when we exploit the wide range
of redshifts of the GAMA groups, we can make definitive state-
ments about their UDG content, as outlined below.

3.1. Large galaxies with low surface brightness in KiDS

Although we work in angular units, we performed an anal-
ysis that is as close as possible to the analysis presented in
vdB16, where data from the Canada-France-Hawaii Telescope
(CFHT) were analysed. As a first step, we used SExtractor
(Bertin & Arnouts 1996) on the r-band stack to detect sources,
using a Gaussian filter with a FWHM of 5 pixels (~1” with
our detector) to improve our sensitivity towards faint extended
galaxies. The KiDS pixel scale is slightly coarser than CFHT
MegaCam (0.214”/pix versus to 0.185”/pix), so we require
sources to have at least 15 adjacent pixels that are at least
0.90 sigma above the background. These choices keep the pu-
rity of detecting real objects (and not noise fluctuations) high
(cf. vdB16). We detected a total of 12243224 sources in the
KiDS fields.

We applied liberal selection criteria to these SExtractor
output catalogues to perform a first selection of large extended
galaxies (and thus potential UDGs at the redshifts of the GAMA
groups). We selected against stars and other compact objects,
requiring that r,» > 0.9 + ry», where ry~ is the r-band magni-
tude within a circular diameter of x arcsec. This pre-selection
was merely intended to speed up the overall analysis. We per-
formed several tests to ensure that this cut did not affect the final
selection of galaxies that we aimed to study, even if a fraction
of UDGs is nucleated (cf. Yagi et al. 2016). After applying the
KiDS survey mask, we were left with 873 702 sources in the
considered KiDS area.

These sources were our input to GALFIT (Peng et al. 2002),
which we used to estimate morphological parameters while
masking any pixels belonging to neighbouring sources. We then
selected galaxies with best-fit Sérsic parameters in the range
24.0 < (u(r,reg)y < 26.0magarcsec 2, circularised effective
radii 1”75 < reg < 870 that are fit within 7 pixels from the
SExtractor position, and have a Sérsic index n < 4. We
note that the surface brightness criterion is somewhat shallower
(26.0 versus 26.5) than the criterion applied in vdB16 because
we work with shallower data here. Some examples of selected
galaxies are shown in Appendix B.

We find that GALFIT provides reasonable fits to the data in
most cases; we therefore trust the GALFIT parameters, and the
selection can be considered as being quite pure. We did not
make any additional subjective or by-eye checks for individual
sources, so that this study remains reproducible. We assume that
any residual impurity does not correlate with the locations of
groups and is eventually removed (in a statistical sense) by our
background subtraction. Given that KiDS is untargeted, this is a
reasonable assumption. To test the performance of our procedure
and to gauge the completeness of our final UDG candidate selec-
tion, we also performed all processing steps on a set of tailored
image simulations, as described next.

Following vdB16, we injected objects with Sérsic profiles
with n = 1 (typical values for UDGs, cf. Kodaetal. 2015;
van der Burg et al. 2016) at random positions in the KiDS r-band
image stacks. Effective radii (r.¢) were drawn uniformly be-
tween 1” and 10” (we worked in angular units here). Central
surface brightnesses were drawn uniformly from the range
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Fig. 2. Recovered fraction of sources that were injected in the KiDS
r-band stacks as a function of circularised effective radius, and the mean
surface brightness within the effective radius. The dotted region defines
the selection criteria used in this study. Arrows show the negligible bias
in the morphological parameters recovered with GALFIT in six corners
of parameter space.

22.7 < u(r,0)/[mag arcsec™2] < 26.0, and the ellipticity param-
eter € = (1 —q)/(1 + q), where ¢ is the ratio of minor/major axis,
was drawn uniformly between 0 and 0.2. Injecting 1500 sources
per realisation, with 10 realisations per KiDS tile, we simulated
several million sources.

In the following we work in units of the mean surface bright-
ness within the effective radius (following vdB16). This param-
eter is exactly 1.12 mag arcsec™? larger than the central surface
brightness for Sérsic-profiles with n = 1, and is more closely
related to the detectability of a source. In particular, as noted
in vdB16, the recovery rate of simulated sources with slightly
different Sérsic-indices (n = 0.5 or n = 1.5) is similar when
expressed in these units. It is also noted there that the detectabil-
ity of a source of a given effective (circularized) radius does not
sensitively depend on its ellipticity.

Figure 2 shows the completeness of the simulated sources.
The completeness is defined as the fraction of injected sources,
in bins of size and surface brightness, that are 1) detected
with SExtractor, 2) pass the pre-selection based on the
SExtractor output, and 3) have best-fit morphological param-
eters corresponding to the selection criteria we outlined above.
These simulated sources were thus processed through exactly
the same pipeline as the “real” sources. While only 2% of “real”
sources that were fed to GALFIT satisfy these criteria, the re-
covery rate of simulated sources is ~66%. Most “real” sources
that did not match the final selection criteria are either too small
(the pre-selection criteria on the SExtractor output catalogues
were very inclusive, as outlined above) or too bright (there was
no pre-selection on brightness).

With our final selection criteria, we are left with 16 595 large
and faint galaxies in an unmasked KiDS area of 169.5 deg®. We
ensured that we did not count the same galaxies several times
because of the slightly overlapping KiDS tiles. As a sanity check,

we applied exactly the same selection criteria to the sources de-
tected in the CFHTLS Deep fields (with noise added to resem-
ble the cluster imaging used in vdB16). We found 343 sources
that satisfy these criteria (in angular units) in a combined effec-
tive area of 3.52 deg?. This means that the source densities are
remarkably similar between the two surveys, providing further
confidence that we can compare results from these different in-
strumental setups and depths.

3.2. Associating UDGs with GAMA groups

We now link the selected sample of galaxies to UDGs at the
redshifts of the GAMA groups. As in vdB16, we considered
UDGs with physical sizes between 1.5 and 7.0 kpc. We note that
for galaxy groups with redshift z > 0.051, we did not probe
the smallest UDGs (because they would have an angular size
smaller than 1”’5). Correspondingly, for galaxy groups with red-
shift z < 0.044, we did not probe the largest UDGs (because
they have an angular size larger than 8”0). As described below,
we combined information from all GAMA groups, exploiting
the entire redshift range of the GAMA groups (0.01 < z < 0.10),
to turn our samples of galaxies with sizes between 1”5 and 870
into physical sizes (and thus UDGs, after accounting for fore-
and background interlopers). Given that only 10% of the current
age of the Universe has passed since z = 0.10, we assume that
the UDG content of the galaxy groups does not evolve over this
redshift range. We proceeded as follows:

— For each GAMA group, we counted the number of large
galaxies with low surface brightness that satisfy our angu-
lar selection criteria (cf. Fig. 2), the physical size criteria
corresponding to the group redshift, and that are projected
within Rygy from the group centre. We estimated the back-
ground value on this number, namely the counts expected
from the average number density of the particular KiDS field
studied here (i.e. G09, G12, or G15)!. The raw counts mi-
nus the background expectation and associated Poisson er-
rors are our main measurements. The total overdensity of
measured UDGs in all GAMA groups is 29% compared to
the background.

— We corrected this number for the masked fraction of the Ry
disk by assuming that the UDG density is homogeneous. The
average correction factor for all groups is 17% to the number
counts, which is close to the masked fraction of the entire
KiDS survey area. We recall that we did not consider groups
in which more than half the R,oo disk is masked.

— We corrected this number for incompleteness, using our ex-
tensive set of image simulations (as described in Sect. 3).
We counted the number of simulated galaxies with intrin-
sic parameters in our selection region, and divided this by
the number of simulated galaxies with measured parameters
in our selection region. Key here is that a larger region of
parameter space is simulated than we considered for the anal-
ysis. This means that scatter between intrinsic and measured

! In principle, to properly estimate the background, structures that are

physically associated with the group in question should be masked out
before estimating the background. However, given the very low over-
densities of UDGs in these groups together with the large statistical
uncertainties in this work, we find that even in an extreme case, namely
when we mask all groups up to z < 0.10, this has a negligible effect,
namely at most 10% of the statistical uncertainty, on the final results
(cf. Appendix A). The same is true when we estimate the background
for groups using the average over all the fields. In the following we
therefore use a simple average number density per field to estimate the
background.
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parameters can be taken into account. For this step we had

to assume an underlying intrinsic distribution in morpholog-

ical parameters. We started with the values measured for the

cluster population of UDGs in vdB16; a steep size distribu-

tion given by n[dex™'] o r 24, and a homogeneous distribu-
tion in surface brightness (in this region of parameter space).
This led to correction factors ranging from 0.57 at the lowest
redshift to 1.50 at z = 0.10.

— Since we only considered sources with sizes between 1775
and 8’/0 arcsec, we estimated which fraction of UDGs with
physical sizes between 1.5 and 7.0 kpc we missed in this
count. For this we again used the size distribution. There is
no correction (correction factor = 1) in the range 0.044 < z <
0.051, since all physical sizes are represented in that redshift
range. It increases only slightly towards lower redshift (since
large UDGs are rare), but peaks at 8.3 for groups at z = 0.10.
This correction factor depends on the assumed UDG size dis-
tribution, which we iterated over in Sect. 4.2. In Appendix A
we show that our final results are not significantly affected
by this assumed size distribution.

— Since vdB16 were able to consider a slightly broader range
in mean surface brightness within the effective radius (24.0 <
(u(r, rer)) < 26.5 mag arcsec™2, instead of up to 26.0), we in-
crease our counts by 25%, assuming that the distribution is
homogeneous in surface brightness (vdB16, and supported
by the current analysis, see Fig. 4). We note that this correc-
tion was made only for the purpose of comparing our results
to those from vdB 16 and other literature studies.

4. Results

The next two subsections present our main results, namely the
abundance of UDGs as a function of halo mass, and their size
distribution in the GAMA groups. They are measured iteratively,
since the result of each of the two measurements potentially in-
fluences the other. We explain the reason for this interdepen-
dence in Appendix A, and conclude there that each measurement
is robust and only mildly influenced by the other (i.e. to a degree
that is smaller than the size of the statistical uncertainties).

4.1. Abundance of UDGs in galaxy groups

Figure 3 shows the abundance of UDGs as a function of halo
mass for the GAMA groups. Group masses are based on a
weak-lensing calibration in bins of their total r-band lumi-
nosity (Viola et al. 2015). Two types of error bars are shown,
namely Poisson uncertainties and bootstrap errors where groups
in each bin have been resampled (drawing with replacement).
Data points are also presented in Table 2. We note that the sta-
tistical background subtraction may in principle yield negative
values for the abundance of UDGs in groups; in this case, for the
bin with few low-mass systems that have a low overdensity com-
pared to the background. In Fig. 3 we also show the measure-
ments from vdB16, which were obtained from a similar analy-
sis, but are based on individual clusters. We note that halo masses
are determined differently between vdB 16 and the current study.
vdB16 measured cluster masses dynamically (cf. Sifén et al.
2015), while our group masses are based on their total r-band
luminosity. However, the group masses are calibrated directly
using weak gravitational lensing (Viola et al. 2015), while the
dynamical masses of the clusters studied in vdB16 are tightly
correlated with lensing mass (Herbonnet et al., in prep.). In Ap-
pendix A we perform a conservative test to ensure that residual
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Fig. 3. Abundance of UDGs as a function of halo mass. Thick black
points: averages in bins of halo mass. Two types of error are shown:
thick errors with hats are Poisson uncertainties, while thin errors show
bootstrap errors after resampling the groups in each bin. Thick red
points: values measured for eight individual clusters in vdB16. Black
lines: best-fitting power-law relation including all data points shown
here. Dashes: relations corresponding to the +10 uncertainties on the
power-law index. The numbers on the top axis indicate the number of
groups in each bin.

Table 2. Average number of UDGs per group in bins of halo mass.

Binmean N groups UDGs per group Richness
log9[M200/Mo] M, < M;+25
+0.51+0.52 +0.50+0.40

o I T L

: 92 20.55-0.93 23 2027-040
g 0 Slamie Mo
b Ot B e

. 79 21223-3808 V344779
1452 | o0 B et

Notes. Bins have a width of 0.4 dex in halo mass, starting at 10'2 M.
These are the data points shown in Fig. 3. Two types of uncertainty
are given: first the Poisson uncertainty on the average value in each
bin, second the bootstrap uncertainty from resampling groups in each
bin (drawing with replacement). The latter uncertainty also includes the
Poisson uncertainty on individual groups, and is therefore never smaller
than the former (and they are equal when there is only one group in a
bin). The last column lists as a comparison the richness of bright galax-
ies in the same groups and bins.

uncertainties in mass calibration between the two studies do not
affect our results.

We fitted> a power-law relation between the halo mass
and UDG abundance, combining both the cluster measurements
from vdB16, and the binned group abundances presented here.
For the clusters we took errors on individual halo masses into ac-
count, while for the KiDS+GAMA points we used the Poisson
uncertainties, and we assumed an uncertainty of 0.1 dex in mean

2 We used a y? fitting recipe on data with errors in both coordinates, as
described in Sect. 15.3 of Press et al. (1992).
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Fig. 4. Measured size distribution of galaxies in the central projected
Ry for the GAMA groups. Grey pluses: average raw counts per group.
Grey note: average values expected from fore- and background interlop-
ers. Grey diamond: background-subtracted values. Black data points:
background-subtracted values, corrected for incompleteness, including
bootstrap resampling errors. Blue and red points: measured sizes for
galaxies split over two bins of mean effective surface brightness, also af-
ter correction. In this size range, the data are well described by a power-
law index of —2.71 % 0.33 (in bins of equal logarithmic size). Grey
dashed line: size distribution with power-law index of —3.40, which we
found for UDGs in clusters (vdB16), arbitrarily normalised.

halo mass for each bin while performing the fit. A power law of
the form

M>oo

20 1
104 M, M

1.11+0.07
NUDG=(19i2)'[ ]

provides a good description of the data points, with y?/d.o.f. =
16.0/13.

We note that as is customary when measuring the number of
galaxies in a halo (e.g. richness), the numbers we quote are mea-
sured in a cylinder with radius Rpy. For the number of galax-
ies within a spherical volume with radius ryq, there is a depro-
jection factor to be considered. Assuming that galaxies to first
order (but see van der Burg et al. 2015) trace a Navarro-Frenk-
White (NFW) profile (Navarro et al. 1997), the deprojection fac-
tor depends on the concentration of the halo. The typical con-
centration is a function of halo mass (e.g. Duffy et al. 2008;
Dutton & Maccid 2014), so that the deprojection factor ranges
from about ~0.80 for groups (assuming cp0 = 6), to ~0.75 for
clusters (assuming cpo0 = 3). If we were to deproject all values
and repeat the fit, it would only change the best-fit slope from
1.11 to 1.10. Since we are primarily interested in the relative
abundance as a function of halo mass and not in the absolute
normalisation, we did not apply a deprojection in this work.

4.2. Size distribution of UDGs

A related measurement to the abundance as a function of halo
mass is the size distribution of UDGs in groups. As mentioned
before (and explained in more detail in Appendix A), both mea-
surements are slightly interdependent and have to be performed
iteratively. Figure 4 shows the size distribution of UDGs that
passed our main selection criteria, but have a stricter selection
in surface brightness of 24.0 < (u(r, reg)) < 25.6 mag arcsec 2,
since we are highly complete in this region of parameter space

(cf. Fig. 2). Each of the 325 groups contributes to the estimated
size distribution, but the physical range that is covered depends
on the redshift of each group. Since more massive groups are
generally found at higher redshift (where the volume probed is
larger), we accounted for the fact that they contain more UDGs
within their Ry disk than lower-mass groups (cf. Fig. 3). We
therefore scaled numbers by M)y, that is, by the relation found
in Sect. 4.1.

The drop in the background-subtracted counts (diamonds) at
small physical sizes arises because groups at higher redshift do
not contribute to these bins, and given that these are massive
and therefore contain many UDGs, there is a large correction of
up to a factor ~5 for the smallest-size bin. After correcting the
numbers and fitting a power-law distribution, we obtained a best
fit n[dex™'] o r271*033 with x?/d.o.f. = 0.56. We performed
the same analysis on two subsamples with mean effective surface
brightnesses of 24.0 < (u(r, ref)) < 24.8 magarcsec™ (shown
in red) and 24.8 < {(u(r,rer)) < 25.6 magarcsec™ (shown in
blue), finding power-law indices that are identical within errors.
The normalisation of each subsample is roughly 50% of the full
sample, indicating that the UDG distribution is roughly uniform
as a function of mean effective surface brightness in this part of
parameter space (similar to what was found by vdB16).

5. Discussion

The measured size distribution of UDGs places powerful con-
straints on models that aim to explain the formation of UDGs
(e.g. Amorisco & Loeb 2016). The size distribution we find
(n[dex™'] o re’f%'ﬂio'”) is very steep, indicating that the largest
UDGs are rare. Thanks to the strong overdensity of the clusters
studied in vdB16, the authors were able to measure the size dis-
tribution more precisely to be —3.40 + 0.19 (see their Fig. 7).
While the UDG size distribution is certainly steep, there is evi-
dence (at the 20 level) that the distribution depends on environ-
ment. It would be worthwhile to measure the size distribution
specifically only in the lowest-mass groups, but we find that this
results in such a low overdensity of UDG candidates with re-
spect to the field that we cannot place tighter constraints on a
possible environment dependence of the UDG size distribution
in this work.

The measured abundance of UDGs as a function of halo mass
is perhaps even more important in constraining formation sce-
narios, as it directly addresses the question of where UDGs may
have formed. We have measured the abundance now in a consis-
tent manner over three orders of magnitude in halo mass. For the
lowest-mass groups that enter into the analysis, we note that they
contain on average fewer than one UDG per group. A power law
of the form N o M%(‘]loliom provides a good description of the
abundance of UDGs as a function of their host halo mass. In
Appendix A we show that this measurement is robust with re-
spect to the main assumptions that enter into the analysis. We
note that the measurement presented here is more precise than
the measurement performed by vdB16, where our measurement
on a cluster sample spans only one order of magnitude in halo
mass. vdB16 found a power-law exponent of 0.93 + 0.16, which
is consistent within ~10- with this measurement.

According to our best-fit relation, Eq. (1), roughly one in
five systems like the Local Group, which has a combined mass
of Myyy ~ 2 x 10'> My (Gonzilez et al. 2014), is expected to
host a UDG within our selection boundaries. This rises to a
substantial population of ~200 UDGs at halo mass scales of
Myoo = 10" Mo,
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Fig. 5. Same as Fig. 3, but now expanding the plotted range, and show-
ing literature measurements (as described in the text). Uncertainties
shown here are the bootstrap error bars, from resampling groups within
each bin.
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We note that Romén & Trujillo (2017b) measured the abun-
dance of UDGs in three groups and found UDGs to be more
abundant per unit halo mass in groups than in higher-mass sys-
tems (see Fig. 5 for a comparison), a conclusion that is differ-
ent from ours. Low-number statistics may largely explain this
apparent discrepancy. We note that many of the (especially low-
mass) groups we studied in this work do not contain any UDGs,
thus lowering the average to fewer than 1 UDG per group in
the low-mass regime. Including Poisson scatter, the groups stud-
ied in Roman & Trujillo (2017b) are fully consistent with being
drawn from a sample comparable to ours.

There is another possible interpretation, related to the group
properties themselves. The groups studied by Roman & Trujillo
(2017b) are the three Hickson Compact Groups (HCGs; Hickson
1982), which overlap with the SDSS Stripe 82. The HCG se-
lection does not include loose groups, and is thus not rep-
resentative for the diverse population of groups. In partic-
ular, constituent galaxies of HCGs have likely experienced
only few merging events in their history (Proctor et al. 2004;
Mendes de Oliveira et al. 2005). This may also have positively
affected the survivability of UDGs in such groups.

In Fig. 5 we also show the result from Janssens et al. (2017),
who measured the abundance of UDGs in a very massive clus-
ter from the Hubble Frontier Fields. In Fig. 4 of Janssens et al.
(2017) and in the accompanying text (see also Fig. 6 in
Romén & Trujillo 2017b), a comparison is made with other mea-
surements of the UDG abundance in different systems that have
recently been presented in the literature. We include them here
for reference, noting that most of them are consistent within
1o~ with the extrapolation of our best-fit relation, even at higher
masses. Several UDGs have also been found to be possibly asso-
ciated with a local galaxy group around NGC 5473 (Merritt et al.
2016). However, the surface brightnesses of these UDGs are
too faint to be detectable with the depth of the KiDS imaging.
We therefore did not include these results in Fig. 5. The differ-
ence in surface brightness limits is a general caveat when com-
paring results from different studies. For instance, Mihos et al.
(2015) studied three UDGs with surface brightnesses that are
~2 mag fainter than we can detect in the KiDS imaging. Figure 5
(Roman & Trujillo 2017b; Janssens et al. 2017) only includes
studies with detection limits comparable to ours.

A79, page 8 of 13

The power law we find here suggests that the number of
UDGs per unit of host halo mass is increasing towards higher-
mass haloes. It is perhaps even more insightful to compare the
abundance of UDGs to the abundance of more massive galax-
ies in group- and cluster-sized haloes. Measuring the so-called
mass-richness relation has been the subject of multiple stud-
ies in the past decades (Marinoni & Hudson 2002; Lin et al.
2004; Rines et al. 2004; Muzzin et al. 2007; Andreon & Hurn
2010). With very few exceptions (Kochanek etal. 2003;
van Uitert et al. 2016), they all consistently measured a rela-
tion N « M?, where @« < 1.0. This is also consistent with
the notion that the stellar mass fraction increases from clus-
ters to group-mass haloes (Gonzalez et al. 2013; Lagana et al.
2013; Budzynski et al. 2014; van der Burg et al. 2014). In par-
ticular, Viola et al. (2015) measured the relation between halo
mass and apparent richness for the GAMA groups. They found
Moo o« NL®*018 which, after inverting M and N, is consistent
with the general picture, namely that lower-mass haloes per unit
halo mass host more bright satellites than higher-mass haloes do.
We note, however, that this is measured using all FOF members
associated with the group. This is quite different from the way
we measured the UDG abundances. We proceed by making a di-
rect comparison between the UDG abundance and the richness
of GAMA groups in the same mass bins.

To help place the measured abundances of UDGs into con-
text, we measured the abundance of more massive galaxies
(i.e. richness) in the same groups. To make a direct compari-
son, we closely followed the analysis performed for the UDGs;
we measured the richness within R,, applied the same KiDS
mask, and corrected the counts by assuming that the spatial dis-
tribution is uniform within R;gy. To reduce the background cor-
rection compared to a purely photometric richness measurement,
we made use of the full GAMA catalogue of all spectroscopi-
cally targeted galaxies. This is a valid approach given that the
GAMA catalogue is essentially 100% complete down to an r-
band magnitude limit of 19.8, and does not suffer from sampling
problems of close galaxy pairs thanks to multiple visits of each
field.

We measured richnesses down to a fixed magnitude past the
characteristic magnitude in the r band, which is M} = -21.21 at
z = 0.10 (Blanton et al. 2003). The spectroscopic completeness
limit of 19.8 in the r band allowed us to measure the richness
down to M +2.5 at this redshift. We k-corrected this limit based
on a passively evolving stellar population with an age of 10 Gyr,
and measured the richness consistently down to the same limit
at all redshifts.

We estimated the velocity dispersion opps of each group
based on its M5qo, assuming the scaling of Evrard et al. (2008).
Then we selected galaxies within 507 og from the group redshift,
which is defined as the median redshift of all FOF members. We
subtracted the background (i.e. galaxies that are interlopers due
to their redshift) statistically, measuring the density of galaxies
in the same redshift slice (corresponding to +507 og) in the same
GAMA field (G09, G12, G15), but outside the group Rygo.

The data points are presented in Table 2 and are shown
in Fig. 6. We fitted a power-law relation to these binned data
points in the same way as was done for the UDG abundance
measurements, finding a best-fit relation of

0.78+0.05
My }

104 Mg
with y?/d.o.f. = 4.2/5.

The 50 cut is large enough to include all galaxies that are
physically associated with the group, while it is small enough to

NBiight = (31 +£3) - [ , 2
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Fig. 6. Abundance of UDGs as a function of halo mass. Thick black
points with errors: same as shown in Fig. 3, and these include the cluster
points from vdB16. Black lines: best-fitting power-law relation includ-
ing all black data points shown here. Blue squares: richnesses (i.e. the
abundance of massive galaxies) in the same GAMA groups, with error
bars defined in a similar way. Blue lines: best-fitting power-law relation
to the richness points.

not include substantial numbers of interlopers. A cut of +300s
is too strict to allow for all associated galaxies, especially for
groups with low halo masses; in this case, we find the same best-
fitting normalisation of 31 + 4, but a slightly steeper slope of
0.86 + 0.06. At the other extreme, we tested a fixed redshift cut
of Az = 0.01. This conservative selection of group galaxies gives
the same best-fit normalisation as the +5¢0 cut and a similar slope
of 0.79 % 0.05. This shows that the richness measurement is ro-
bust with respect to the exact velocity cut along the line of sight.
The slope is fully consistent with almost all relations measured
by the literature studies that we listed above.

The difference in trends between UDGs and more massive
satellites (mass-richness relation), indicates that UDGs are not
merely a fixed fraction of the total galaxy population that is in-
dependent of the environment. It is striking that in cluster-sized
haloes the number of UDGs is approximately equal to the num-
ber of galaxies down to M, < M} + 2.5. Conversely, for groups
of My = 10'> M, the bright galaxies are a factor ~10 more
abundant than UDGs. Although the number of UDGs is compa-
rable to these brighter galaxies in massive groups and clusters,
we note that they still constitute only a small fraction of the total
r-band luminosity (or stellar mass) even for cluster-sized sys-
tems. The total stellar mass contained in UDGs is about 1.0%
of the total stellar mass in galaxies with M, < M; + 2.5 for
clusters. This fraction drops further when compared to the total
stellar mass (due to the contribution from fainter galaxies, and
the intra-group and intra-cluster light), and is lower for groups.

UDGs therefore seem to either form, or survive, more easily
in the most massive haloes. However, they may still simply be a
fixed fraction of the general population of dwarf galaxies that is
independent of the environment. There are claims that the lumi-
nosity function of cluster galaxies has an upturn at low luminosi-
ties compared to the field (Popesso et al. 2005), although recent
measurements do not reproduce this upturn (De Propris et al.
2013; Agulli et al. 2014). If the overall dwarf galaxy population
is relatively more abundant in cluster-sized haloes, this could
mean that UDGs simply follow the same trend. An interesting
approach would be to measure the total dwarf abundance in the
same GAMA groups for a direct comparison, but the background

correction for small and faint galaxies prevents this with the cur-
rent data set (see the discussion in vdB16).

Galaxies that are currently in massive galaxy clusters have
on average spent their life in more overdense environments than
galaxies that are currently in lower-mass systems. Whether a
satellite galaxy can survive in a massive halo depends on their
subhalo mass, concentration, orbit, and mass distribution of the
host halo. While tidal forces are weaker in group-sized haloes
than in clusters, mergers with other satellite galaxies are typ-
ically more common because relative velocities are lower in
groups. It is hard to predict which physical process (tidal strip-
ping or mergers with other galaxies) would be dominant in de-
stroying UDGs in massive haloes, but it is plausible that elliptic
orbits in clusters that avoid their centres are the orbits that make
the UDGs survive longest. This may explain why UDGs are rel-
atively more abundant in clusters than in groups.

A detailed comparison of the morphological properties of
UDG:s in different environments may also provide clues as to the
possible formation mechanisms for UDGs. The median Sérsic
index, an often-used morphological indicator of the UDG candi-
dates in the clusters studied by vdB16, is nggic = 1.4 (this me-
dian value is unchanged when we only consider UDG candidates
brighter than the surface brightness limits reached in the present
study). Interestingly, after accounting for background UDG can-
didates, we find that the median Sérsic index of UDGs in the
GAMA groups is nsgsic = 2.2, and only about 33% have a Sér-
sic index consistent with 1 (within uncertainties). This means
that if we had selected UDGs in groups with a similar morphol-
ogy as the UDGs found in clusters, the abundance would rise
even more steeply towards higher-mass systems. This suggests
that the formation mechanisms for UDGs, or their subsequent
evolution, depends on their environment.

6. Summary and outlook

We have expanded the work of vdB16 and measured the abun-
dance of UDGs in group-sized haloes in the KiDS and GAMA
surveys. The KiDS images are only several tenths of a magni-
tude shallower than the CFHT imaging stacks used in vdB16,
which ensured a consistent comparison (after applying the cor-
rections we described). The main conclusions of this study can
be summarised as follows.

— The size distribution at a given surface brightness is steep,
with a best-fitting power law of n [dex™!] rg§'7i0'3. This is
slightly shallower, but still roughly consistent (within ~20)
to what has been found for UDGs in clusters by vdB16.

— We were able to constrain the abundance of UDGs down to
halo masses of Mgy ~ 10'2 M. In such low-mass haloes,
UDGs are rare; only about one in ten of these groups contains
a UDG that we can detect. The relation between the number
of UDGs and the host halo masses, which now spans three
orders of magnitude in halo mass and is well constrained,
is Nupcs(R < Rago) o« M1, Based on this relation, we
expect about one in five systems like the Local Group to con-
tain a UDG that we can detect.

— We also measured the mass-richness relation of more mas-
sive galaxies in a similar way, finding a significantly
shallower relation: Npign(R < Rago) o M85 Inter-
estingly, in cluster-sized haloes, the number of UDGs is
approximately equal to the number of galaxies down to
M, < M +2.5. In contrast, for groups of My =~ 10'? M,
the bright galaxies are a factor ~10 more abundant than
UDGs.
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— We find a median Sérsic index of nsge = 2.2 for UDGs in
groups, versus nggsic = 1.4 for UDGs in clusters (vdB16).
This is an interesting constraint on theoretical models that
aim to explain the formation and survival of UDGs, as it may
hint at different formation mechanisms, or a different subse-
quent evolution, in different environments.

The different relations between the UDG abundance and the
richness of more massive galaxies versus halo mass suggest that
UDG:s are either destroyed more efficiently in group-sized haloes
than in cluster-sized haloes, or that galaxy clusters may play
a positive role in their creation. It may also be that the over-
all dwarf galaxy population is more abundant in clusters than in
lower-mass systems, and that the UDGs constitute a fixed frac-
tion of this general dwarf population. More detailed modelling
is required to better interpret the differences measured here.

On the observational side, progress can be made by per-
forming detailed comparisons between the properties of UDGs
in different environments (beyond comparing a median Sérsic
index). Unfortunately, the photometric data set we used is not
ideal to investigate this; except for the r band, which we used
in this analysis, the imaging in the other filters is too shallow
to measure meaningful colours. This prevents us from increas-
ing the contrast of UDGs against the background, and we reach
an overdensity of only 29%. The Hyper Suprime-Cam survey,
which recently released imaging over an overlapping sky region
(Aihara et al. 2017), may be the way forward to study UDGs
with deeper imaging in more detail.
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Appendix A: Robustness tests

Here we discuss the interdependence of the two main measure-
ments in this paper, namely the abundance of UDGs as a function
of halo mass and their size distribution, and assess the robust-
ness of each individual measurement. We would expect a corre-
lation between redshifts and halo masses of the galaxy groups
because the probed volume is larger at high-z and because of
the higher sensitivity at low-z (since the limiting magnitude of
the spectroscopic target selection probes further down the lumi-
nosity function at low-z). This correlation is the reason for this
interdependence. For instance, the correction factors described
in Sect. 3.2 are mainly a function of redshift, but depend on the
assumed size distribution. Since Fig. 3 shows the main results in
bins of mass, any correlation between halo masses and redshifts
of groups would create an uncertainty in the correction factors
(or an incorrectly assumed size distribution) appear as a tilt in
the abundance versus mass relation. The good news is that al-
though a correlation between redshift and halo mass exists for
our sample, it is moderate in this redshift range (Fig. A.1, and
for the distribution over a larger redshift baseline, cf. Fig. 16 in
Robotham et al. 2011). This means that the results do not sen-
sitively depend on each other, as we illustrate with several tests
below.

Our fiducial measurement of the abundance-mass relation as-
sumes a UDG size power-law with exponent = —2.70. This leads
to a measured abundance power-law =1.11 = 0.07 (the main
result presented in Sect. 4.1). When we change the assumed
UDG size power-law to exponent =—3.0 or —2.4 (i.e. 1o lower
or higher than the fiducial model), we measure an abundance
power-law exponent of 1.10+0.07 and 1.13 £0.07, respectively.
Even when we take the steeper size measured in vdB16 (size
power-law exponent of —3.40), we measure a moderate change
in the abundance power-law exponent (1.08 = 0.07). This shows
that the assumed UDG size distribution does not significantly
affect the measured UDG abundance versus halo mass.

As described in the main text, we have assumed a weak-
lensing calibration of the total mass associated with the galaxy
groups, based on their total r-band luminosity, as outlined in
Viola et al. (2015). We explore what would happen if we were
to very conservatively increase or decrease the masses of the
galaxy groups by 20%. This results in a measured abundance
power-law exponent of 1.10+0.06 and 1.07 £ 0.06, respectively.
We can conclude that uncertainties on the average GAMA group
mass measurements do not affect our results.

The results presented in this work rely on a statistical back-
ground correction, which is substantial for the marginally over-
dense groups studied here. There are different ways of perform-
ing this background correction, and as explained in the text, we
used the average density of UDG candidates (with angular sizes
1”75 < reg < 80) over the entire KiDS region. If we were to
measure the density outside of the projected virial radii of all
GAMA groups up to redshift z < 0.10, we would measure an
abundance power-law with exponent 1.09 +0.07. Our results are
thus robust with respect to the details of the background subtrac-
tion method.

Another sanity check we performed is to repeat the same
analysis using the three million simulated sources that were
injected at random positions into the KiDS images. We made
25 random resamplings of the simulated catalogue, where we
gave a probability for each source to be picked based on their
sizes. In this way, every resampled catalogue has the same size
distribution as the observed size distribution of UDG candidates.
Each realisation thus contains 16 595 sources (+Poisson noise).
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Fig. A.1. Distribution in redshift and mass of the 325 GAMA galaxy
groups we studied. The mass bins we used for the abundance measure-
ments are indicated.
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Fig. A.2. Abundance of UDGs as a function of halo mass. Small black
dots: individual measurements per group (using real data). Thick black
points and errors: identical to that shown in Fig. 3. Red points: mean
UDG number densities per group when the UDGs are injected at ran-
dom positions into the KiDS images, with 68% confidence interval from
bootstrapping random samples. The inset shows a zoomed-in region.
The abundance measurements show a clear signal, while the “randoms”
are consistent with zero.

The median measurements, with 68% confidence regions, are
shown by the red points in Fig. A.2. This shows that the signal
is consistent with zero, with a spread between the 25 realisations
that is roughly equal to the estimated uncertainties on the real
data points.

If bright group galaxies, or intra-group light (IGL), had
played a significant role in defining the sample of UDGs (in par-
ticular, preventing us from detecting UDGs close to the group
centres), this would have shown up as a deficit in the random
samples, which is not the case here.

We note that there are three groups in the mass bin 10'40 <
Myy/My < 104, but one of them has a very marginal over-
density compared to the background. This results in a very large
bootstrap error.

The measured relation between the abundance and mass of
groups in turn affects the estimated size distribution. First we
recall that the smallest UDGs that are plotted in Fig. 4 are not
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directly measured in the highest-z groups because their angular
sizes are then smaller than 1”’5. The fitted power-law size distri-
bution thus already enters into the correction factor. Moreover,
we normalised the distribution here per “virial disk™ (r - R%oo)'
Since the number of UDGs is a strong function of the halo
mass (cf. 3), primarily probing high-mass haloes at high redshift
would introduce an artificial tilt in the measured relation. To cir-
cumvent this, we scaled the UDG numbers by dividing them over
le(')lo. Again, if we were to probe the same halo mass distribution
at different redshifts, such a scaling would have no effect.

We tested the effect of our assumed abundance versus halo
mass relation on the estimated size distribution. Our fiducial
assumption was a scaling by M), which led to a size power-
law exponent of —2.71+0.33. If we were to assume an abundance
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scaling of M)} or MY (i.e. 30 higher or lower than the fiducial

model), we find —2.70 + 0.34 and —-2.70 = 0.33, respectively.
Uncertainties in the assumed abundance-mass distribution thus
have a negligible effect on the measured size distribution.

Appendix B: Examples

To provide a qualitative sense of the depth of the KiDS imaging,
Fig. B.1 shows selected UDG candidates in different parts of pa-
rameter space (as described in Sect. 3.1 and shown in Fig. 2).
The best-fitting Sérsic parameters are listed in Table B.1. Com-
pleteness limits are quantified in Sect. 3.
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Table B.1. Best-fitting GALFIT parameters of the examples shown in Fig. B.1.

reff W(r, rer)) Sérsic reft W(r, reg)) Sérsic reft (u(r,resr))  Sérsic
[arcsec] [mag arcsec 2] n [arcsec] [mag arcsec™2] n [arcsec] [mag arcsec™?] n
(a) 7.31 24.10 0.96 | (1) 5.41 24.93 1.04 | (q) 2.74 25.42 1.95
(b) 5.75 24.26 211 | () 4.12 24.69 2.86 | (1) 1.61 25.39 3.09
(©) 4.67 24.49 2.63 | (k) 2.62 24.53 1.94 | (s) 6.77 25.67 0.87
(d 3.62 24.44 2.00 | (D 1.73 24.50 2.29 | (v 6.00 25.56 1.83
(e) 3.35 24.23 1.50 | (m) 6.86 25.26 398 | (w) 4.88 25.78 2.53
® 1.75 24.13 1.10 | (n) 5.54 25.01 0.75 | (v) 3.70 25.73 2.34
(2) 6.72 24.58 343 | (o) 4.71 25.06 0.80 | (w) 2.72 25.76 2.71
(h) 6.50 24.97 345 | (p) 3.72 25.00 2.74 | (x) 1.95 25.70 1.14
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Fig. B.1. Example of typical galaxies we selected in different parts of parameter space (angular size versus mean surface brightness within the
effective radius). Left panels: original r-band images, spanning 21" X 21" centred on the galaxy. Right panels: residual of the r-band image after
model subtraction. The best-fit morphological parameters are listed in Table B.1.
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