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ABSTRACT

We explore the environment of 252 HI-bearing ultra-diffuse galaxies (HUDs) from the
100 per cent ALFALFA survey catalogue in an attempt to constrain their formation mechanism.
We select sources from ALFALFA with surface brightnesses, magnitudes, and radii consistent
with other samples of ultra-diffuse galaxies (UDGs) without restrictions on their isolation
or environment, more than doubling the previously reported ALFALFA sample. We quantify
the galactic environment of HUDs using several metrics, including nth nearest neighbour,
tidal influence, membership in a group/cluster, and distance from nearest group/cluster or
filament. We find that HUDs inhabit the same environments as other samples of HI-selected
galaxies and that they show no environmental preference in any metric. We suggest that
these results are consistent with a picture of the extreme properties of HUDs being driven by
internal mechanisms and that they are largely unperturbed by environmental impacts. While
environmental effects may be necessary to convert HUDs into gas-poor cluster UDGs, these

effects are not required for diffuse galaxies to exist in the first place.
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1 INTRODUCTION

Knowledge of a galaxy’s cold gas reservoir is critical to under-
standing its evolution. Recent large neutral hydrogen (H1) surveys
have given direct access to the gas content of tens of thousands of
galaxies, providing new insights into questions of ‘nature’ versus
‘nurture’: variations in star formation efficiency and the effects of
environment on galaxy evolution.

A galaxy’s evolution clearly depends in part on its ‘nature’ —
its available fuel supply and rate of consumption. For example,
Catinella et al. (2018) have shown that the HI-to-stellar mass
fraction decreases in galaxies of higher stellar masses (M), and
Huang et al. (2012) suggest that H I-selected galaxies occupy dark
matter haloes with higher than average spin parameters, suggesting
that galaxies with substantial gas reservoirs today may be forming
stars less efficiently than their gasless counterparts did in the past.

However, external environmental influences (‘nurture’) can dra-
matically affect a galaxy’s evolutionary pathway. Galaxy morphol-
ogy correlates with the local density of neighbouring galaxies
(e.g. Dressler 1980), as early-type (red, passive) galaxies are more
frequently found in high-density regions while lower density regions
more often host late-type galaxies (blue, star-forming). Studies of
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the H1 mass function have shown that the characteristic HI mass
is larger at higher local densities (Jones et al. 2016), although the
highest local densities observed for optically selected galaxies are
seldom realized for H1-selected galaxies.

On larger scales, membership in a group or cluster not only
encodes the density of nearby galaxies (i.e., clusters are dense)
but also connects to a particular location within the large-scale
structure (LSS) of the cosmic web. Galaxies in groups or clusters
are found to have less H1 than otherwise similar galaxies in the
field (Giovanelli & Haynes 1985; Solanes et al. 2002), and H1
content generally decreases with increasing environmental density
for galaxies at fixed stellar mass (Dénes, Kilborn & Koribalski
2014). Further, the mass of a group/cluster can also affect the H1
in member galaxies (Hess & Wilcots 2013; Catinella & Cortese
2015; Janowiecki et al. 2017). Beyond group membership, some
studies have considered a galaxy’s particular location within LSS.
For example, Moorman et al. (2014) found that the HI content
of galaxies in ‘walls’ (denser structures) was higher than that
of those in ‘voids’ (low-density regions). Kleiner et al. (2017)
found that galaxies within 700 kpc of the spines of the cosmic
web have elevated H1, while Odekon et al. (2018) showed that
H1 content decreases with distance from filaments, at fixed local
density.

These results have demonstrated that H1 content is clearly tied
to both internal and environmental aspects of galaxy formation,
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however, to date there has been no such study specific to HI-bearing
Ultra-Diffuse galaxies (HUDs), thus whether or not their extreme
properties are linked to their environment is a completely open
question from an observational standpoint.

Ultra-diffuse galaxies (UDGs) are a population of low surface
brightness galaxies (LSBs) that are characterized by their extended
(refr = 1.5-4.6 kpc), and yet faint, diffuse (10, ; > 24 mag arcsec™2)
appearance (Abraham & van Dokkum 2014; van Dokkum et al.
2015). Most samples of UDGs are found in clusters, and seem to
fall along the red sequence with early-type optical morphologies.
Yet this is in part due to the difficulty of spectroscopic observations
for such faint objects: their distances are typically inferred from
their (apparent) proximity to a group or cluster with known
distance. Follow-up observations have shown these assumptions
to be generally accurate, but sometimes UDGs can be members
of more distant background structures (e.g. Danieli et al. 2017).
Even given these challenges, recent work has identified hundreds
of UDGs in new and archival observations across all environments:
galaxy clusters (Mihos et al. 2015; Wittmann et al. 2017), groups
(Merritt et al. 2016; Smith Castelli, Faifer & Escudero 2016; Shi
et al. 2017), filaments (Martinez-Delgado et al. 2016), and the field
(Leisman et al. 2017; Papastergis, Adams & Romanowsky 2017).

Three main formation pathways for UDGs have been discussed
in the literature: first, that UDGs are ‘failed’ L* galaxies that lost
their gas at early times (e.g. Beasley & Trujillo 2016; Peng &
Lim 2016; van Dokkum et al. 2016); second, that UDGs occupy
the high spin tail of the galaxy angular momentum distribution
(e.g. Amorisco & Loeb 2016); third, that UDGs are dwarf galaxies
that have been made diffuse by stellar feedback and outflows (e.g.
Collins et al. 2013). More recent observations and simulations have
increasingly favoured the latter two explanations for the majority
of the UDG population (Beasley & Trujillo 2016; Beasley et al.
2016; Di Cintio et al. 2017; Papastergis et al. 2017; Amorisco et al.
2018; Chan et al. 2018; Ferré-Mateu et al. 2018), suggesting that
feedback and internal processes are important to UDG formation;
however, Bennet et al. (2018) suggest that some UDGs may have a
tidal origin and the high-resolution simulations of Jiang et al. (2018)
find that UDGs live in haloes with ordinary spin parameters.

Despite the importance of gas reservoirs to galaxy evolution,
very little is known about their presence or role in UDGs. Searches
for 21-cm emission have focused on UDGs in isolation, where H1
is more likely to persist (Bellazzini et al. 2015; Leisman et al.
2017; Papastergis et al. 2017). Recent work has also detected H1
in optically blue UDGs that are members of Hickson Compact
Groups (Spekkens & Karunakaran 2018) and a relatively poor
galaxy cluster (Shi et al. 2017). However, a deep search for H1
from NGC 1052-DF?2 yielded a non-detection (Chowdhury 2019).
Although few HUDs have been imaged with interferometers (to
date), limiting our knowledge of the internal gas kinematics,
Jones et al. (2018) performed a study to assess their abundance
and global gas kinematics, relative to the rest of the HI-selected
galaxy population. They found that although far fewer HUDs
are known than red UDGs in clusters or groups, their overall
cosmic abundances appear to be similar, and that on average
HUDs display a strong preference for low velocity widths. When
HT is detected in UDGs it not only informs the evolutionary
potential and depletion time (HUDs have very low star formation
efficiencies; Leisman et al. 2017), but it also provides a redshift
without requiring any assumption about cluster membership. This
independent distance estimate allows us to quantify the absolute
sizes and masses of HUDs and connect them with the population of
cluster UDGs.
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Recently, Leisman et al. (2017, hereafter L.17) examined the H1
properties of a large sample of HUDs. Using the Arecibo Legacy
Fast ALFA [Arecibo L-band Feed Array] (ALFALFA) extragalactic
H1 survey (Giovanelli et al. 2005; Haynes et al. 2011, 2018), L17
identified a sample of isolated HUDs with low surface brightness
optical counterparts and no nearby neighbours. L17 found that
these HUDs were optically bluer and more slowly rotating than
typical UDGs, and suggested that they may be a gas-rich progenitor
population to UDGs found in clusters.

To extend the work of L17, we select HUDs without restrictions
on their environments or isolation. We compare the environmental
preferences of our sample of HUDs with other samples of HI-
detected galaxies to test evolutionary pathways of UDGs. If external
effects contribute to the diffuse nature of HUDs, then we would
expect to see an environmental separation between them and the
general Hi-bearing galaxy population. In addition, if HUDs are
a progenitor population of red UDGs, and (rapidly) undergo the
transformation when they fall into clusters, then we would not
expect to find HUDs in high-density environments.

In this work, we analyse the environment of HUDs. In Section 2,
we discuss the selection and properties of the HUD sample, and
in Section 3, we discuss our control sample and the environmental
measures we use. In Section 4, we present our results, and we
discuss their implications in Section 5. We conclude in Section 6.

2 HUDP SAMPLE SELECTION CRITERIA

We select a sample of HUDs from the full ALFALFA survey,
expanding on and improving the sample from L17. Following L17,
we use ‘HI-bearing’ to refer to UDGs that have enough HT to be
detected at the sensitivity limits of the ALFALFA survey within
our distance range. There are 31 506 high significance extragalactic
detections in the 100 per cent ALFALFA catalogue (Haynes et al.
2018). Following L.17, we apply a minimum distance cut of 25 Mpc
to eliminate more nearby sources with significant uncertainties in
redshift-dependent distance estimates, and a maximum distance cut
of 120 Mpc since optical identification can become uncertain due to
Arecibo’s increasingly large beam (3.5 arcmin). These restrictions
also aid in providing uniform environment estimates, as discussed
below. Applying these distance limits leaves 15054 ALFALFA
sources.

Since optical parameters of low surface brightness galaxies are
difficult to quantify automatically with shallow survey photometry,
we instead use the Sloan Digital Sky Survey (SDSS) catalogue
measurements to eliminate the well-measured, high surface bright-
ness sources from our sample. We define a source to be well
measured and with high surface brightness if it has a radius larger
than 1.5 arcsec (it must be resolved by SDSS), is brighter than
22.5 mag in the r filter, and has a ‘high’ average surface brightness
in g, r, and i filters using both exponential and Petrosian radii
and magnitudes. Eliminating the 11440 sources that satisfy all
of these criteria leaves 3614 candidate HUDs that require further
visual examination. We note that it is possible that a few of these
11440 ‘high’ surface brightness sources are, in fact, HUDs where
SDSS has failed to properly measure their parameters. However,
the inclusion of minimum radii and magnitude parameters means
that these instances should be quite rare.

Of the remaining sources, 73 lie within 10 arcmin of a star
in the Yale Bright Stars Catalogue, and an additional 713 of the
sources lie outside of the SDSS footprint (as determined from visual
inspection), and were removed from the sample to maintain sample
uniformity. We also choose to remove the 168 remaining sources
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with no identified optical counterpart, since while a few of these
sources may be UDGs lurking below the SDSS detection limit,
Leisman (2017) demonstrates that almost all of these are HT tidal
debris.

We then visually examine the remaining ALFALFA detections,
the vast majority of which are high surface brightness galaxies with
some issue affecting the photometric estimates of their radius or flux.
Some, however, are truly low surface brightness sources, both well
measured and poorly measured by SDSS. This visual inspection
results in a sample of 425 potential low surface brightness, ‘ultra-
diffuse’ sources. While deeper imaging surveys are becoming
available (e.g. Chambers et al. 2016; Dey et al. 2019), developing
analogous extraction and surface brightness profile fitting tools for
ALFALFA sources in those data sets is complex and the subject of
other ongoing work (Greco et al. 2018, 2019; Greco, in preparation).

We then fit these sources using in-house photometry on down-
loaded SDSS images with the same procedure described in L17.
In brief, we chose the galaxy centre to be the centroid of the
extended optical flux, as determined visually (though for sources
with clumpy morphologies and significant evidence of star for-
mation, this may not be the location of the peak flux). We then
create surface brightness profiles using simple circular apertures,
since inclinations are poorly constrained, and then fit exponential
functions to these profiles. We correct for Galactic extinction and
the effects of the point spread function (PSF), but do not correct
for the small cosmological surface brightness dimming, consistent
with other local Universe studies. We note that while most authors
fit Sersic profiles with n free, due to the low signal-to-noise (S/N)
of SDSS images at these surface brightnesses, we have forced our
fits to have exponential (n = 1) profiles, in keeping with the average
value found for UDGs and typical H I-rich galaxies. By their nature
the optical properties of UDGs are difficult to accurately measure,
especially with the relatively shallow imaging from SDSS. Deeper
follow-up observations will be necessary to fit more accurate surface
brightness profiles with more free parameters. In this work, we
aim to select a sample of UDGs that are meaningfully diffuse in
optical images, not to characterize their surface brightness profiles in
detail.

Using these measurements we then select sources that match
the surface brightness, magnitude, and radius properties of other
observationally defined samples of UDGs. Specifically, we choose
to follow L17 in defining a restrictively selected sample (HUDs-R)
of 71 HI-bearing ultra-diffuse sources with half-light radii r,
> 1.5 kpe, g0 > 24 mag arcsec™2, and M, > —16.8 mag,
and a more broadly selected sample (HUDs-B) of 252 sources
with 7, e > 1.5 kpc, (u(r, rer)) > 24 mag arcsec™2, and M, >
—17.6 (corresponding to the surface brightness and radius limits
from van Dokkum et al. 2015 and van der Burg, Muzzin &
Hoekstra 2016, respectively, with absolute magnitude limits as
defined by L17). Table Al in Appendix A gives the observed
quantities and optical properties of our sample (available online
only).

This sample represents an increase of more than two times
the number of ALFALFA HUDs found in L17 for three reasons.
First, this sample is selected from the full ALFALFA 100 per cent
catalogue, rather than the 70 per cent catalogue, contributing an ad-
ditional 64 sources to the sample. Second, we are more conservative
in our removal of high surface brightness sources with SDSS pho-
tometry, allowing the inclusion of 13 sources that were missed by the
L17 cuts. Third, the remaining 60 additional sources are included be-
cause we do not include an environmental isolation criterion in our
sample selection. L17 required that their sources could not have a
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neighbour with a measured redshift within 500 km s~! and 300 kpc.
The removal of this criterion is essential to our goal of studying the
environmental properties of HUDs, and it further provides a broader
and more robust catalogue of all ALFALFA HUDs. As discussed
in Section 4.1, the overall properties of the two samples are quite
similar.

3 METHODS FOR QUANTIFYING
ENVIRONMENT

Quantifying the environmental dependence of galaxy properties
typically involves two galaxy samples: the target galaxy sample
in question and a reference sample that is used to define the
environment of the galaxies in the first sample. Such measurements
are most robust when both samples are cut in order to be volume
limited — when neither the definition of environment nor the
observable (integrated) properties of the target sample exhibit a
distance dependence due to observational effects.

If the reference sample were not volume limited, then the apparent
galaxy number density would depend on distance, as the sensitivity
to physical quantities (e.g. luminosity) would change with distance.
Therefore, any environment metric that was calculated from this
sample without weighting based on prior knowledge of the un-
derlying galaxy population (e.g. the luminosity function) would
be biased. Thus, in the absence of such weighting, a non-biased
environment metric requires the reference sample to be volume
limited.

The target sample also has similar complications because LSS
varies as a function of distance. If the target sample is not volume
limited, then an apparent trend with environment could actually be
due to a particular type of source being more or less detectable at
a given distance that, by chance, coincides with a strong feature in
LSS.

Thus, to appropriately quantify the environment of HUDs we
remove distance dependence for both our reference and target
samples. For the reference samples we take the simple approach
of cutting them to be volume limited (with the exception of the
methods discussed in Sections 3.4 and 3.5, which address volume
completeness independently). However, we do not wish to incur the
reduction in sample size of the target galaxies that would result if we
were to cut the sample to be volume limited. Therefore, we choose to
use the full target sample but to draw a comparison sample from the
rest of the ALFALFA population that is matched to have the same
distribution of both distance and HT mass as the target sample.
By restricting our environmental comparisons to be between the
target sample and the matched comparison sample, we eliminate the
chance that any potential trends are really a result of the distribution
of our sources along the line of sight, or that a correlation between
galaxy H I mass and environment is masquerading as a trend related
to surface brightness. The matched samples for the HUDs-R and
HUDs-B target samples (see Section 2) are shown in Fig. 1. As
will be discussed in detail later, the galaxies in this HI-matched
comparison sample are, by construction, typically more luminous
than our HUDs. While this also implies that they may have larger
stellar masses than HUDs, when considering total baryonic mass the
matched comparison sample galaxies are likely to be more similar
to the HUDs.

In the following subsections, we first describe the reference
samples that are used to measure environment and then describe
the various environment metrics used throughout the rest of this
paper to quantify the environment of our target sample.
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Figure 1. Left: the distribution of the HI masses and distances of the HUDs-B target sample (orange diamonds and cross-hatched bins) compared to the
matched comparison sample (grey dots and filled bins). Right: as for the left-hand figure, but for the HUDs-R target sample.

3.1 Reference samples

We make use of five different reference catalogues to define our
environment metric.

(i) SDSS DR13 galaxy sample (spectroscopic). All primary spec-
troscopic objects classified as galaxies, with clean photometry, and
falling in the redshift range 1250-8900 km s ! (extended 500 km s~
beyond the HUD sample redshift range) are selected from Data
Release 13 (DR13; Albareti et al. 2017) using the CasJobs server.
The sample is then cut to be volume limited over this range by
setting the maximum r-band Petrosian absolute magnitude' of M,
< —17.77. This corresponds to an apparent magnitude of 17.75
at the outer distance limit. We choose to use 17.75 to be slightly
more conservative than the nominal value of 17.77, below which the
spectroscopic sample is designed to be complete. Furthermore, we
include only the portion of the catalogue that was in the Northern
Spring sky, as the legacy spectroscopy is highly incomplete in the
Fall.

(i1) SDSS DRI13 galaxy sample (photometric). All primary pho-
tometric objects classified as galaxies, with clean photometry, and
r-band Petrosian magnitudes brighter than 19, are selected from
DR13 using the CasJobs server. To remove excess stars and distant
background galaxies we further require that 0 < zppee < 0.04 and
that the Petrosian radius is greater than 2 arcsec.

(iii) 2MASS Redshift Survey (2MRS). All galaxies in the redshift
range 1250-8900 km s~! are selected from the 2MRS (Huchra
et al. 2012) catalogue. The sample is cut to be volume limited
by imposing a maximum K-band absolute magnitude of My <
—23.77, corresponding to the limiting apparent magnitude of the
survey (11.75) at the outer edge of the redshift range.

(iv) Galaxy filament catalogue of Tempel et al. (2014). The
galaxies used in this catalogue come from the main contiguous
area of the SDSS Data Release 8 (DRS; Aihara et al. 2011)

IDistances were calculated using ALFALFA’s flow model (Masters 2005).

spectroscopic sample, have r-band Petrosian magnitudes brighter
than 17.77 (Strauss et al. 2002), and have redshifts between 0.009
< z < 0.155. Within this sample volume, a filamentary network is
traced in the galaxy distribution using a Bisous model (Tempel et al.
2014).

(v) Galaxy group catalogue of Yang et al. (2007). This group
catalogue is an updated version’ using the SDSS Data Release 7
(DR7; Abazajian et al. 2009) spectroscopic sample, but originally
used the SDSS Data Release 4 (DR4; Adelman-McCarthy et al.
2006) sample in the range 0.01 < z < 0.20 and other available
redshift catalogues (de Vaucouleurs et al. 1991; Saunders et al.
2000; Colless et al. 2001). Using a halo-based friends-of-friends
group finder, Yang et al. (2007) identified groups of galaxies in this
sample based on their redshift and position on the sky.

3.2 Nearest neighbour density

One of the most commonly used environment metrics is neighbour
density (e.g. Baldry et al. 2006; Brough et al. 2011; Muldrew et al.
2012, and references therein), which is a measure of the density
of neighbours in the immediate vicinity of a given galaxy. This is
typically a local measure of environment, probing within a few Mpc
of the target. However, by using a reference catalogue that is sparser
and that primarily contains larger red galaxies (2MRS), we also use
this method to test somewhat larger scales.
For this metric we use the second nearest neighbour density:

2
o=, (1)

T
where r is the projected separation to the second nearest neighbour
within 500 km s~'. There is also an exclusion zone of 5 arcsec
and 70 km s~! around each galaxy in the HUDs sample, within

which neighbours are ignored as they are assumed to be the target

2Obtained from http://gax.shao.ac.cn/data/Group.htm]
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galaxy. Although choosing a more distant neighbour would reduce
the noise in this metric, we choose only the second neighbour for
two reasons: (a) due to the volume limit cut the reference sample
is much more sparsely populated than it would otherwise be, so in
many cases the second neighbour that we identify will actually be
a more distant neighbour; and (b) because the farther out from the
central object we search, the larger overlap with SDSS we require,
to not produce bias values for nearby objects (see below).

When using the SDSS spectroscopic reference catalogue the
edges of the ALFALFA footprint must be trimmed to ensure more
than complete overlap with SDSS. The edges are clipped such
that there is always at least 10° of overlap. At a distance of
25 Mpc (the inner edge of the HUDs sample) this corresponds
to an overlap of 4.36 Mpc. Thus, neighbour density measurements
with log X2/Mpc~2 > —1.47 will not be influenced by the survey
boundary.

The SDSS volume-limited reference catalogue contains 8075
galaxies that fall within the same area and distance range as the
HUDs. To demonstrate the effectiveness of these environmental
indicators to identify galaxy populations, this sample is divided
approximately in half with a colour cut at g — i = 0.85, which
roughly separates the red and blue peaks in the bimodal colour
distribution. ¥, is calculated for each of these galaxies in an
identical manner as for the HUDs. Comparing the ¥, distributions
of the red and the blue SDSS galaxies with the Kolmogorov—
Smirnov (KS) test gives a KS statistic of 0.312 (or 0.253 when
using ¥, calculated with 2MRS) and a corresponding p-value of
5.94 x 107'72, clearly demonstrating that on average red and blue
galaxies reside in different environments. However, how the KS
statistic relates to the p-value depends on the effective sample size,
n = nm/(n + m), where n and m are the sizes of the two samples.
Given the separation between the two distributions (i.e., the KS
statistic of 0.312), this separation would be expected to be detectable
ata 20 level (p < 0.05) for u > 18.9 (or 28.8 for 2MRS). In other
words, we would be able to detect an environmental shift between
the HUDs population and the general H 1 population, of equivalent
scale to that between the SDSS red and blue populations, with a
sample of only ~20 (~30 for 2MRS) HUDs (as u ~ m if n >
m). The top two panels of Fig. 2 show the distribution of X, for a
random sample of 250 red and 250 blue SDSS galaxies to illustrate
the scale of this difference for a sample similar in size to the HUDs
sample.

3.3 Tidal influence

This metric estimates the strength of the tidal forces on a galaxy due
to its neighbours. One of its advantages is that it can be calculated
using only photometric data, which permits more sky to be covered
(increasing the sample size), and it incorporates fainter neighbours
that may not be included in the spectroscopic sample. However, the
drawback of using a photometric metric is that it is much more prone
to the effects of interlopers that appear close to the target but that are
actually foreground or background sources. We have attempted to
mitigate this as much as possible in the reference catalogue selection
(Section 3.1), but this metric will still be considerably more noisy
than neighbour densities based on the spectroscopic catalogues.

Dahari (1984) used the optical diameter of a galaxy to the power
of 1.5 as a proxy for its mass and created a dimensionless metric,
pi» for the tidal influence of neighbours given by

_ (DpDi)LS

qpi = S3- s (2)
pi
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Figure 2. Top: the distribution of neighbour densities (measured by the
SDSS spectroscopic reference catalogue) for randomly selected samples of
250 red (g — i > 0.85), 250 blue (g — i < 0.85), and 500 SDSS galaxies
in the range 25 < D/Mpc < 120. Middle: as above but with neighbour
densities measured by the 2MRS reference catalogue. Bottom: as above
but with tidal strength parameter measured using the SDSS photometric
reference catalogue. In all cases, the KS test carried out with the red and
blue distributions returns a p-value (that the distributions are identical) of
significantly below 0.01.

where D is the diameter of a galaxy, p denotes the target galaxy,
i the ith neighbour, and S their separation in the same units
as D. This metric was used by Verley et al. (2007) to help
characterize the Analysis of the interstellar Medium of Isolated
Galaxies (AMIGA; Verdes-Montenegro et al. 2005) sample, and
was updated by Argudo-Ferndndez et al. (2014) who instead used
r-band luminosities as the proxy for mass. We adopt this latter
approach, but since it is unclear whether HUDs fall on standard
scaling relations, and because their current photometry is poor,
we choose not to use the r-filter luminosity of the target HUD in
this calculation. As setting reference r-filter luminosity values for
use with all targets would just amount to setting a zero-point for
0O, we simply ignore these altogether. However, it is important to
note that this choice means that the absolute numerical values of Q
calculated here cannot be compared to other works. This gives the
final expression for Q, given by

1 O—OAmf.

Q=log} gp=log) ——
i i pi

, 3
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where m' is the apparent r-band magnitude of the ith neighbour.
For the full calculation of Q we consider all photometric neighbours
within the catalogue that fall within a projected distance of 1 Mpc
of the target galaxy.

The bottom panel of Fig. 2 shows a similar comparison to those
discussed above, but now between the Q values of 250 red and blue
SDSS galaxies (randomly selected). Although this metric appears
less sensitive to the different environments of the two populations,
as is to be expected given its purely photometric definition, the null
hypothesis that these 500 galaxies are all from the same environment
is still rejected with over 3o confidence. In this case the KS statistic
is 0.152 for the full red and blue samples from SDSS (each ~4000
objects), which would require an effective sample size of u >
79.8 in order to be detectable at 20 confidence. Therefore, due to
the increased noise in this method, at least ~80 sources would be
required to detect the difference between the SDSS red and blue
populations.

3.4 Distance from nearest filament

To quantify the location of a galaxy within the cosmic web of LSS,
we determine its distance to the nearest filament spine. Similarly
to the previously discussed metrics, volume-limited reference cata-
logues are used to define the environments of galaxies in our sample.
We adopt the filament catalogue of Tempel et al. (2014), which
used the contiguous (Northern Spring) sky area from SDSS DR8
(Aihara et al. 2011). Tempel et al. (2014) used the Bisous model
to identify filamentary structures in the three-dimensional galaxy
distribution. They worked in a probabilistic Bayesian framework
and adopted a filament radius of 0.5 2~! Mpc. Previous work using
these catalogues has shown that being inside a filament affects
galaxy properties even when comparing with non-filament galaxies
at fixed local (aperture) density (Poudel et al. 2017).

When determining the distance to the nearest filament for each
member of our HUDs samples, we first limit our calculations to
those that are fully enclosed by the volume of the Tempel et al.
(2014) catalogue. This retains 34/71 of the HUDs-R, 105/183 of
the HUDs-B samples, and ~60 per cent of the matched comparison
samples. For each included member of our HUDs (and matched
comparison) samples we calculate the three-dimensional distance
(using sky coordinates plus redshift) to the nearest filament spine
in co-moving coordinates. If a galaxy is less than 0.5 Mpc from a
filament spine it would be considered ‘inside’ that filament.

We find that while only ~1 per cent of HUDs are located inside
filaments (i.e., dfjament < 0.5 Mpc), ~70 per cent are found within
5 Mpc of a filament spine. The matched comparison sample galaxies
show the same occupation fractions. Further analysis of filament
occupancy and the effects of being in or nearby a filament are
considered in Section 4.

3.5 Membership and distance from nearest groups

To explore the environment in terms of galaxy groups and clusters,
we adopt the Yang et al. (2007) group catalogue, which was gen-
erated by a friends-of-friends algorithm to identify groups/clusters
within SDSS DR7 (Abazajian et al. 2009). We use version ‘B’,
which supplemented the SDSS redshifts with those from other
spectroscopic surveys as well. For each galaxy, the catalogue
identifies whether it is a central galaxy in a group (i.e., most massive
member of its group/cluster), a central galaxy in isolation (i.e., the
only galaxy in its dark matter halo), or a satellite member of a
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group/cluster. The group catalogue also includes an estimate of the
total dark matter halo mass using abundance matching.

As with our comparison to the filament catalogue, we consider
only the HUDs and matched comparison galaxies that fall inside
the volume probed by the Yang et al. (2007) group catalogue. This
reduces our sample to 36/71 of HUDs-R, 113/183 of HUDs-B, and
~60 per cent of the matched comparison samples.

We first use this group catalogue to determine whether HUDs
are members of any existing group. As HUDs are too faint for
SDSS spectroscopy, they are not included in the Yang et al. (2007)
catalogue. Instead, we use their H 1 redshifts to check whether they
lie inside the virial radius of any existing group. We find only 7
(10) are within 1 (2) virial radius of any group, suggesting that
these 5 per cent (7 per cent) are very (somewhat) likely to be
members of those groups. Approximately 16 per cent (30 per cent)
of the comparison sample galaxies are found within 1 (2) virial
radius of an existing group. The increased membership fraction
of the comparison sample may be partially a result of the larger
median optical luminosity (and therefore M., ) of comparison sample
galaxies compared with our HUDs samples. Larger studies have
shown that more luminous galaxies are more spatially correlated
and more likely to be found in groups (e.g. Zehavi et al. 2011).

Next, we consider the other remaining HUDs and galaxies in the
matched comparison samples that are not likely to be members of
an existing group, and we determine the distances to their nearest
groups. We compute both the projected two-dimensional distance
to the nearest group (adopting the group distance to determine a
physical separation), and the three-dimensional co-moving distance.
These results are shown visually in Fig. 3, which includes the SDSS
sample, the groups identified by Yang et al. (2007), and our HUDs
and comparison samples. Note that the HUDs are typically not
found in groups or clusters.

4 RESULTS

Here we present the properties of the extended HUDs sample
selected from ALFALFA without consideration of environment.
First we present the properties of the overall sample, showing that
the optical and H I properties of our HUDs are similar to those of L17
—extremely blue, with very narrow velocity widths. We then discuss
the environment of the HUDs in comparison to typical ALFALFA
galaxies, demonstrating that all metrics we use here suggest that
the HUDs and comparison samples are not in significantly different
environments.

4.1 Properties of extended HUDs sample

As discussed in Section 2, our sample presented here differs
from the sample in L17 in two main aspects. First, our sample
is based on the ALFALFA 100 per cent catalogue instead of the
ALFALFA 70 per cent catalogue, and second, it does not include
an environmental isolation criterion, so it includes HUDs from all
environments probed by ALFALFA. Thus we compare the effect of
these differences on the sample properties.

Fig. 4 includes the distributions of the My, to r-filter luminosity
ratio for the HUDs samples and their matched comparison samples.
The comparison samples are somewhat less gas rich as they are
designed to be matched to the H1 properties of the HUDs without
any optical constraints. This means the comparison sample galaxies
are typically more luminous and less gas rich than the HUDs. In
these histograms we use L, instead of stellar mass because the
optical photometry of the HUDs has large uncertainties that only
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Figure 3. Polar plot of HUDs samples with comparison samples, in a slice of declination between +12°5 and + 16° in the Northern Spring sky.
Clusters/groups from the Yang et al. (2007) catalogue and filament spines from Tempel et al. (2014) are also labelled. Note that the HUDs samples largely
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Figure 4. My,/L, distributions are shown for the HUDs-B and HUDs-R
samples and their matched comparison samples (respectively). Also shown
are the full ALFALFA (H I-selected) and xGASS (M,-selected) samples.

become worse when using a colour-dependent mass-to-light ratio.
We also include the full ALFALFA sample (of H I-selected galaxies)
and the low-mass extension of the GALEX Arecibo SDSS Survey
(xGASS; Catinella et al. 2018), which is a stellar mass-selected
sample of galaxies with deep H 1 observations. These other samples
demonstrate the strength of our selection method, as the HUDs are
even more gas rich than the (already quite gas rich) ALFALFA
sample.

The top panel of Fig. 5 shows the distribution of the colour of
our measured HUDs in comparison with the full ALFALFA sample,
the ALFALFA sample restricted to the same distance limits as the
HUDs sample, and the mass- and distance-corrected ALFALFA
comparison samples discussed in Section 3.1. The previous finding
that HUDs are bluer than typical ALFALFA galaxies (L17) appears
to hold for our extended sample. We find a mean g — i colour
for the HUDs-B sample of 0.31 mag, with a standard error on
the mean of 0.02, compared with 0.45 £+ 0.02 from L17, and
0.8 £ 0.1 from van Dokkum et al. (2015). Though our sample
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Figure 5. Top: the g — i colour distribution of HUDs, compared with the
matched sample (for HUDs-B) and the 100 per cent ALFALFA catalogue.
Both HUDs samples are bluer than the matched sample. Bottom: H1 velocity
width distribution of HUDs, compared with the matched sample and the
100 per cent ALFALFA catalogue. ALFALFA HUDs of all environments
have narrower velocity widths than other ALFALFA galaxies of similar H1
mass.

includes a significant number of sources in modestly high-density
environments, the sources still appear to be bluer than the typical
ALFALFA galaxy of similar H 1 mass. We note, however, that while
the comparison sample has been matched in H1 mass and distance,
as noted in Fig. 4, the HUDs have elevated HT mass to stellar mass
ratios, so the stellar masses of comparison galaxies are larger on
average.

Further, we emphasize that low signal to noise optical photometry
of these poorly detected sources means there is significant uncer-
tainty in any one given colour measurement, and that the result is
somewhat sensitive to the SDSS background subtraction. Thus, a
full investigation of the colour of HUDs will be better done with
deeper optical data.
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Figure 6. The distribution of second nearest neighbour density in the SDSS
spectroscopic reference catalogue for the HUDs-B sample (filled orange
bars), the HUDs-R sample (filled yellow bars), the distance- and mass-
matched HT sample (black steps), and all ALFALFA objects in the same
distance range (dashed grey steps).

The bottom panel of Fig. 5 shows the distribution of observed H1
line width of HUDs compared with the overall ALFALFA sample
and the matched comparison sample. We find good agreement with
the result from L17, that HUDs have significantly narrower velocity
widths than sources of similar mass in ALFALFA, even in the larger,
more environmentally varied sample. A KS test between the higher
surface brightness comparison sample and the HUDs sample gives
a p-value of 3.2 x 10738, This result may be indicative of sources
that are rotating too slowly for their baryonic mass, and/or of high
halo angular momentum as suggested by L17. However, there may
be an inclination-dependent selection effect such that more face on
sources will tend to have lower surface brightnesses and be more
likely to be selected in our visual examination process. Until deeper
optical data are available, this visual inspection remains a necessary
part of the selection process. A more significant future exploration
is needed to better understand the possible effects of inclination on
the observed properties of HUDs.

4.2 The environment of HUDs

Figs 6 and 7 compare the nearest neighbour densities of our two
samples of HUDs (HUDs-R and HUDs-B) to their respective
matched samples drawn from the general ALFALFA population.
In all cases there is no significant evidence of any difference in the
distributions of the neighbour densities of HUDs and other similar
H1-selected galaxies that do not meet the surface brightness and size
requirements of UDGs. This is true for neighbour densities based
on neighbour galaxies selected from both the SDSS spectroscopic
sample and the 2MRS sample. For the former, the distribution peaks
around X, ~ 0.3, indicating that it is typically probing a galaxy’s
surrounding environment on a scale of about 1.5 Mpc, whereas for
2MRS the peak is at ¥, &~ 0.03, which corresponds to a length
scale of about 5 Mpc. Thus, these metrics represent measures of the
local to intermediate scale environment of the target galaxies, but
neither probes the immediate neighbours. This is mostly due to the
requirement that the spectroscopic catalogue be volume limited, in
order to prevent a distance bias occurring in our measurements of
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Figure 8. The distribution of the tidal strength parameter (Q) calculated
from neighbours in the SDSS photometric reference catalogue for the HUDs-
B sample (filled orange bars), the HUDs-R sample (filled yellow bars), the
distance- and mass-matched H1 sample (black steps), and all ALFALFA
objects in the same distance range (dashed grey steps).

environment, which has the unavoidable side effect of eliminating
many fainter galaxies from the reference catalogue.

The tidal Q parameter is a purely photometric measure of the
gravitational impact of neighbouring galaxies within a projected
distance of 1 Mpc. Therefore, unlike neighbour density it is, by
definition, a measurement of a galaxy’s immediate environment. If a
close neighbour that can exert a strong tidal force was a prerequisite
for forming an HUD, then we would expect to see evidence for that
in this environment metric. Fig. 8 again compares the HUDs sample
to the matched ALFALFA sample, but now for their distributions
of the Q parameter. Again we find no evidence that the environ-
ment of HUDs is different from the matched comparison sample.
While this metric suffers from greater scatter than those based on
spectroscopic reference catalogues, the number of available sources
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Figure 9. The distribution of dfjament for the HUDs-B sample (filled orange
bars), the HUDs-R sample (filled yellow bars), the distance- and mass-
matched H1 sample (black steps), and all ALFALFA objects in the same
distance range (dashed grey steps).

is considerably larger than for the SDSS neighbour density metric,
which helps the KS test to be more discerning.

Fig. 9 shows the distribution of distances to the nearest filament
for the HUDs samples and their matched comparison samples. As
with earlier metrics, no significant difference is found between the
distributions of these samples. Approximately 1 per cent of HUDs
are found within a filament (i.e., <0.5 Mpc from a spine); the
same fraction of galaxies from the comparison samples are also
found within a filament. On larger scales, 23 per cent of the HUDs
(and 20 per cent of the comparison samples) are found within
2 Mpc of a filament spine — this is a moderate difference with
a relatively small sample of ~30 HUDs and ~300 galaxies in
the comparison sample. Overall, the HUDs samples (both when
combined and when treating the HUDs-R and HUDs-B samples
separately) do not show any significant preference to be closer or
farther from filamentary structures than the matched comparison
samples.

Finally, Fig. 10 shows the distributions of distances to the
nearest group/cluster for our HUDs samples and the comparison
samples. The HUDs show no strong differences in distances
from groups/clusters than the comparison samples. On average,
52 per cent of the HUDs (and 57 per cent of the comparison
samples) are found within 5 Mpc of a group/cluster, which is lower
than the ~70 per cent that are found within that same distance of
a filament. Intriguingly, the HUDs-R and their comparison sample
show the most significant statistical difference among all of our
environmental metrics — a p-value of 0.12 in the sense that HUDs
may be slightly farther from groups than their comparison sample.
While not strongly significant, this may suggest that HUDs-R
galaxies prefer to be farther from groups/clusters than galaxies in
their comparison sample.

We also considered whether any of our samples (HUDs or
matched samples) showed different underlying relationships be-
tween environmental metrics and My, which would not be visible in
our simple comparison of one-dimensional histograms. These two-
dimensional tests confirmed the results shown in our histograms,
as the HUDs-B and HUDs-R samples occupy the same regions of
parameter space as their matched comparison samples when plotting
each environmental indicator against My;.
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Figure 10. The distribution of dgyoup for the HUDs-B sample (filled orange
bars), the HUDs-R sample (filled yellow bars), the distance- and mass-
matched H1 sample (black steps), and all ALFALFA objects in the same
distance range (dashed grey steps).

5 DISCUSSION

Using a wide variety of environmental metrics, HUDs do not
distinguish themselves from the HI-selected non-UDGs of our
comparison samples. In other words, environment does not seem
to play a role in determining which HI-rich galaxies are ultra-
diffuse. This argues for environmentally independent UDG forma-
tion channels that can produce HUDs like these without requiring
any interactions beyond those typically experienced by low-mass,
gas-rich galaxies generally found outside of cluster environments.
The UDGs found in clusters populate the same parameter space as
HUDs on the size—luminosity plane as shown in Fig. 1 of L17,
although their stellar and gas contents are quite disparate. The
existence of HUDs with large gas reservoirs but unusually small
stellar masses supports the formation scenario, wherein UDGs
are dwarf galaxies with inefficient star formation that live in the
high spin tail of the galaxy angular momentum distribution (e.g.
Amorisco & Loeb 2016). HUDs may someday fall into a cluster
and be transformed into UDGs similar to those found in clusters, but
they are already diffuse even in the absence of strong environmental
effects.

While this work has shown that HUDs and their matched
comparison samples of HI-detected galaxies exhibit no differences
in environmental preferences, there are other significant differences
between these two populations. As seen in Figs 4 and 5, the both
the HUDs-B and HUDs-R samples are more gas rich, are optically
bluer, and have narrower HI line profiles than their matched
comparison samples.

In the following subsections, we discuss the effects of our
relatively small sample sizes on the robustness of our conclusions,
and we consider how their basic properties (like colour and H line
width) of the HUDs compare with larger H1-selected samples of
galaxies.

5.1 Required sample size

We demonstrated in Section 3.2 that even with our modest sample
size, a shift in environment on a similar level to that between
the SDSS red and blue galaxy populations would be confidently
detected. The absence of a clear difference between the HUDs
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Figure 11. Left: comparison of colour distribution of HUDs in the most and least dense environments, as defined using the 2MRS second nearest neighbour.
The top panel shows HUDs in the most dense and lease dense halves, while the bottom panel compares the HUDs in the lowest density quartile to the highest
density quartile. The HUDs show no difference in colour as a function of environment (KS test p = 0.70 and 0.18 for halves and quartiles, respectively),
despite having a statistically large enough sample to potentially see a difference (randomly drawn samples of 126 sources from the highest and lowest half
matched 2MRS samples have a geometric mean p-value of 0.011, and random samples of 63 source drawn from the highest and lowest matched quartiles have
a geometric mean p-value of 0.0048). Right: same as the left-hand panels, except using the SDSS second nearest neighbour definition of environment. No
difference is visible between the samples (p-values of 0.68 and 0.41 for half and quartile comparisons), but no significant difference is necessarily expected for
the smaller sample sizes (geometric mean p-value of matched samples gives 0.12 and 0.06 for halves and quartiles, respectively).

population and the rest of the H I-selected population (at equivalent
H1 mass) therefore indicates that there is no strong correlation
between a galaxy with extremely low surface brightness and its
environment (under the prior condition that it is HI bearing).
However, finding that the environment of HUDs is consistent
with that of the general HI population is perhaps not surpris-
ing given that, by definition, HUDs are H1I rich, and proper-
ties such as colour correlate much more weakly with environ-
ment for HI-selected galaxies than optically selected galaxies. In
other words, this null result may be simply a manifestation of
the fact that most HI-rich galaxies are in relativity low-density
environments.

To assess this more quantitatively we took the full «.100
population in the distance range 25 < D/Mpc < 120 that has
SDSS photometry and split it into a red (g — i > 0.85) and a
blue (g — i < 0.85) sample, as we did for the SDSS galaxies. The
supremum separation between the cumulative distribution functions
(CDFs; the KS statistic) of these two populations for our various
environmental metrics took values ranging from approximately 0.1
to 0.05, as opposed to approximately 0.3 for the SDSS red and
blue samples. To confidently (at 20 level) detect this difference we
estimate that samples with x> 200 or i > 700 would be required,
respectively. For our most sensitive environment metric, changes
equivalent to those of the HI-selected red and blue populations
would be detectable at marginal significance in the HUDs-B sample,
but not the HUDs-R sample, while for the less sensitive metrics, it
would not be possible with either sample.

From this analysis we can conclude that the environment of HUDs
is not exceptional in comparison to the general H I-selected popu-
lation, and if their properties were to be caused by environmental
effects, then those effects would have to be at or below the level that
typically exists between H I-bearing subpopulations.

5.2 Colour differences between HUDs in different
environments

Asdiscussed above, ALFALFA galaxies follow typical environmen-
tal trends with colour, and our environment metrics successfully
show these differences. Though HUDs appear to be bluer than
typical ALFALFA galaxies of similar HI mass (see Section 4), we
still might expect that HUDs in different environments show a trend
with colour. We explore this possibility using the nearest neighbour
2MRS and SDSS environmental metrics (Section 3.2). We divide
the HUDs sample into halves and quartiles of environmental density,
and then compare the colour between the upper half and the lower
half distributions, and between the uppermost quartile and the
lowermost quartile distributions.

Fig. 11 shows the normalized distributions for each of these
comparisons, showing that there appears to be no significant
difference in colour between HUDs in high-density environments
and UDGs in low-density environments. Specifically, the left-hand
panels show the comparison between HUDs in high- and low-
density environments as defined by the second nearest neighbour
in the 2MRS reference sample. The KS test for the comparison of
the HUDs in the two half samples based on this 2MRS metric gives
p = 0.704, while the quartile comparison gives p = 0.181. The
right-hand panels compare the colours of HUDs in low- and high-
density environments as defined by the second nearest neighbour
in the SDSS reference sample, showing similar results: the KS test
for the half comparison results in p = 0.678, and for the quartile
comparison p = 0.414.

However, it is not obvious that these environment metrics are
sufficiently sensitive to detect environmental differences between
two samples of 25, 50, 63, or 126 galaxies (the number of sources
in the two samples in the case of SDSS quartile, SDSS half, 2MRS
quartile, and 2MRS half comparisons, respectively). To estimate
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this sensitivity, we took 30 000 random samples from the full 2MRS
and SDSS half and quartile samples that matched the size of the
HUDs half and quartile samples. When comparing sources in the
upper/lower halves and quartiles of the 2MRS samples, significant
separations are found between the populations with 126 and 63
sources in each sample. The geometric mean p-value of the 30 000
randomly drawn samples of 126 sources from the highest and lowest
half matched 2MRS samples is 0.011, while the geometric mean
p-value of the random samples of 63 source drawn from the highest
and lowest matched quartiles is 0.0048. Using the SDSS second
nearest neighbour definition of environment gives less clear results
due to the smaller sample sizes (since SDSS covers only a portion
of the sky). We find that we expect to see a significant difference
between the samples, if one exists, only ~10 per cent (for quartiles)
and ~6 per cent (for halves) of the time (geometric mean p-value
of matched samples gives 0.12 and 0.06 for halves and quartiles,
respectively).

This result may suggest that HUDs do not show the same trends
with environment as typical ALFALFA galaxies, lending support
to the case that their low surface brightness is not driven by any
environmental process. However, we caution that the statistical
uncertainty in the colour measurements of the HUDs sample is
significantly higher than in the full ALFALFA sample — thus, the
lack of trend may simply be an effect of poor data. Future, deeper
survey data will be able to better explore this.

5.3 Number density of HUDs

Following the methodology of Jones et al. (2018) we recalculate
the cosmic number density of HUDs using this new sample. Our
sample expands on that of L17 by using the 100 per cent ALFALFA
catalogue and by relaxing the original environmental isolation
criteria of being separated by 350 kpc in projection from another
galaxy of similar redshift. We still retain the requirement to be
separated from bright stars by at least 10 arcmin and to be within
the SDSS footprint. We find a consistent result of (1.2 4+ 0.2) x
1073 HUDs Mpc 3, however, the increased sample size has reduced
the uncertainty by a factor of 3 from the previous work. The fact
that this value is consistent with that of Jones et al. (2018) is further
validation that HUDs reside in environments similar to those of other
H1-selected galaxies of the same mass, as this was a fundamental
assumption of the analysis in that paper.

Because of the improved precision of this measurement it is now
the case that the uncertainty in selecting HUDs that fully meet the
criteria to be classified as UDGs (given their poor photometry) is
one of the key limitations, which is not included in the error estimate
quoted.

6 CONCLUSIONS

In this work, we have expanded on the efforts of L17 and se-
lecting two samples of HUDs (restrictive and broad) from SDSS
and ALFALFA (100 per cent) survey observations, now with no
environmental restriction included in the selection process. We also
selected matched comparison samples for each HUDs sample based
on their HI masses and distances, to test for differences in the
environmental preferences of HUDs.

Our new sample more than doubles the sample size of known AL-
FALFA HUDs, both due to an increase in the number of ALFALFA
galaxies (we use the full, 100 per cent ALFALFA catalogue), and
the removal of environmental restrictions. We find that the galaxies
in our HUDs-R and HUDs-B samples have similar properties to the
samples in L17, despite having no isolation restrictions. The sample
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still appears bluer than typical H1-selected galaxies of similar H1
mass, and has significantly narrower velocity widths, potentially
indicative of slower rotational velocities. The sources in the sample
are also H1rich, relative to both H1 and optically selected samples.
That these results hold suggests that environment is not a major
factor in these trends.

We additionally find no significant differences between the
HUDs and their matched comparison samples using the following
environmental metrics:

(1) density of second nearest neighbours in SDSS;
(i) density of second nearest neighbours in 2MRS;
(iii) tidal parameter, Q;

(iv) distance from the nearest filament;

(v) distance from the nearest galaxy group/cluster.

In short, environment seems to have no impact on which H I-rich
galaxies are UDGs.

Our increased sample size results in consistent measurement of
the number density of HUDs with Jones et al. (2018), but with
reduced uncertainty, again suggesting that HUDs resided in similar
environments to other H I-selected galaxies.

This environmentally independent behaviour is consistent with
a formation scenario wherein UDGs evolve slowly because of low
star formation efficiency and do not require an interaction with a
cluster to become diffuse. The HUDs in our sample may be the field
population of UDGs — if they fell into a cluster they could have their
gas stripped and become similar to other cluster UDGs. However,
in their present state they may represent the field component of the
UDG population, with cold gas reservoirs and blue optical colours.
Deeper optical imaging and H1 synthesis data of this larger sample
will be essential in further understanding the formation histories
and evolutionary pathways of these enigmatic sources.
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