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Abstract
We present a homoegeneous catalog of 275 large (effective radius =373) ulira-diffuse galaxy (UDG) candidates
Iying within an =20} i gree e gion surmounding the Conma Clusier. The catalog resulis from our suiomated
posiprocessing of data from the Legacy Surveys, a three-band imaging survey covering 14,000 square degrees of
the extragalactic sky. We describe a pipeline that identifies [T and ides their basic 5 The survey
B as compleie in these large UDGs as previously published DG surveys of the central region of the Coma
Cluster. We conclude that the majority of our detections are & roughly the distance of the Coma Clusier, implying
effective radii =25 kpe, and that our sample contains a significant number of analogs of DE44, where the effective
radivs excesds 4 kpe, both within the clusier and in the surrpunding field The g — z color of our DS spans a
large range, suggesting that even large DS may reflect a range of formation histories. A majority of the UDGs
are oonsiient with being lower stellar mass analogs of red sequence galaxies, ot we find both red and blue DG
candidates inthe vicinity of the Coma Chister and a relative overabundance of blue UDG candidaies in te lower-
density envirenments and the field. Our evental processing of the full Legacy Surveys data will produce the
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1. Tt poechunctl o

To iesi the dak maiier paradignm and provide boundary
conditions for theories of galaxy formation, the astvonomical
cemmuniy has been sriving o messure the mass-o-light ratio
(ML) of galakies for over 40 yr {e.g, Robens 1976; Buhkin
el al. 1978). As of a couple of years ago, the developad
opnsensus was that MY within the luminous portion of galaxies
incresses dramatically only when one considers exiremely low
mass galavics, such s the dwarf spheroidal and whra-faint
satellites of te Milky Way, for which MYL reaches values of
several hundreds or even above a thousand in solar units (Wiolf
et al. 200100 That consensus has recendy boen challenged by
the discovery of apparendy massive, low surface brighiness,
dark-mater-dominsied galaxies {van Dokluom et al. 2005a),
broadly refemed o & uliss-diffuse galavies (DG

Larpe galaxies of low surface brighiness that elude standarnd
galaxy catalogs have been a foous of siudy for decades
(Disney 1976; Sandage & Binggeli 1984, Impey et al. 1988,
Schomben & Bothun 1988; Schwanmenberg ef al 1905,
Dialcanion of al. 1997, Sprayhberry et al. 1997 Such work had
even occxionally highlighted physically large low surface
brighiness galaxies such & Malin | {(Impey & Bothun [989).
Recendy, ever more sensitive observations (see Koda el al
2015; Mihos et al. 20105; Mooz et al. 2015; Lee et al 2017,
Rondn & Trojille 20074 Shi et al. 2007, van der Busg et al
20107; Venhola e al. 2017; Witimann et al. 2017; Greco e al.
2018y have helped invesigsiors reach even fainder surface
brighinesses and, inihe case of the Coma Cluster survey by van

Dokkum et al. {2015a), ideniify many such galaxies thai are
large and quiescent. Because the galaxies in that particular
sindy are clhsiered on the sky abowt the Coma Clster, distance
by ssaocistion allowed these nvestigatos o convert angulay
sires i physical ones. This aspect B oritical because redshifi
messurement boopme ncreasingly difficuli & we focus our
attention on galaxies with ever lower surface brighinesses
Speciroscopic redshifis exist for only a handful of these
galaxies and, for the most part, confirm e estimated distances
{van Doklum et al. 2015h; Kadowaki et al 2017; Alahi ef al
2018y, With physical sizes in hand, van Dokkum et al. {201 5a)
found that their UDs are surprisingly large, including many
sysient with effective adii, r, as large & that of the Miky
Way. The survival of such syiems in the clusier tidal field
suggesis that these object are dark mater dominated.
Amalogous systems, of somewhal brighier surface brighiness
and smaller size, had previeusly been found in the Perseus
Cluster {Penny et al. 20007, and the tidal srgument was used
there a5 well do infer large dadk matter conent

To demonsirate that the large size of some of the UDGs
connides oxmespondingly large mass requires  nde
mzss estimates. Inthe case of one Coma UDG, DEA, a stellar
velocity dispersion was subsaquently measured {van Doklooem
et al. 2016). The velecity dispersion & indeed consitent with
that expecied if that galaxy lies in a nassive dark maiier halo,
bt the messurement s taken al snall radivs relative o the
cakulied viral radivs and so weakly consirains ihe total halo
mass. Furthermore, the exposune time required o obiain dis
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mesure ment was exineme, and analogous messuse mens now
exist for only a couple of other DG (Beasley et al 2016, van
Dokkum et al. 2017). Expleiting the relationship between the
number of globular clusiers and todal galaxy mass established
for normal galaxies (Blakeslee et al 19%97; Georgiev et al
2000 Harris et al. 2003, 2007 Forhes et al 2006 Zaritsky
el al 2016) provides an aliemate avenue for estimating the botal
masaes of larger samples (see Amorico & Lioeb 2016) The
large populaiions of globular clsiers found n some DS
suppert the conjecture that these UDGs lie in massive
(M = 10" M.) dark matter halos {van Dokkum et al. 2017).
Lasily, the application of galaxy scaling relafions also supporis
the conjeciure that the lrgest UDGs are ndeed massive
{Zarisky 2017}

As these iniriguing resulis developed, other smdies have
conchuded that Ul are predominantly Jow-nass galaxies
{(Amorisop et al. 2008, Sifdn et al. 20018). As in any
mironomical population, the small, low-mass objecks dominaie
by number over the large, massive ones. This phenomenon is
clear in the ison of the sizes and luminosities of the van
Dabckum et al. {2015a) and Yagi et al. (2018) Coma Clusier
DG samples. However, the details of the UDG mass
disribution are critical in discriminating between the variely
of formation models that have already been developed, which
inveke a range of physical phenomena such as environmental
quenching, feedback, and high specific angulsr moments, o
explain both the low ni siar formation ef ficiencies and
large sizes of UDdGs (Yozin & Beldd 2015, Agere & Kravisow
2006 Amorsco & Loeb 2006, Di Cintio et al. 20107; Carleton
et al. 2018; Chan et al. 2018). Arguments about the nature of
UDGs and their formation history should besr in mind ihei
D=, being selecied solzly by surface brighiness, ae likely 1o
include diverse object and do not have a single origin story
(Zariisky 2017; Ferré-Mateu et al. 2018; Lim et al. 2018).

This large range of properies among UDGs and the
extensive lieraiune hisiory of low surface brighiness galaxics
already cited raise the quesion whether the term UDG is
simply a renaming of an already-idendified class of galaxy, such
& the Low Mass Clusier Galaxy (LMOG) class presented by
Conselice et al. {X003). B isearly in the detailed intemal siudy
of these object, but the physically largest of these, with halo
mzsaes ihal ane inferred 1o be close o that of an L™ galaxy and
globular clusier populations to maich, appear o be a new
cakegory of object, or at least represent a new emphasis
Unfonunstely, the corrent DG definition, based on cendral
surface brighiness, = 24 mag arcsec”, and effective radius,
r,z Likpe, ¥ relums a sel of objecis that have
significant overlap with clusier dE and d5ph galaxies thai have
been smdied previously (e.g. Sandage & Binggeli 1984,
Conselice et al 2003, Penny et al. 2009 With ime, providing
that the preliminary resuls on the few large UDGs already
siudied exiend to a significanily sized population of similar
objects, the UDG criteria may be refined io reflect a somewhat
more distinet population thet may not be either of low mass o
exclusively in clusiers. For a graphical overview comparing
different galaxy populations, we refer the reader to Figure 12 of
Greon et al. {2018).

We seek to identify & exiensive a sample of physically large
Ul & possible acress all envirenmenis o esiablish ihe
characieristics of this populstion. The lrgest UDGs are
exiremely infenssting for dark matier siudies because (1) they
may be dark matier dominsted st all radii; {23 when oompared
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i ulira-faind (& = —8 mag) galaxies, which are also dark
matier dominaed thoughowt, their expeciad large indemal
velocities {=30km s~ ") can ulinmakely be mesured 1o betier
relative preckion; (3) unlike for the ulira-faini galaxies, there is
a paralle] sequence of galaxies (nommial high surface brighiness
galaxies of the same iotal mass) that can be vsed 1o help us
unravel the effects of baryonic physics on the dark matier
disribution; {43 in contrasl o dwarl galaxies, their large iodal
mass makes their hales less susceptible o extemal tides and
indemal hydrodynamics; {5) they may have saiellie systems of
their own that can be uwsed to study the dynamics i larger eadii
than can be probed with integraied light speciroscopy (globular
clusiers have already been usad in this manner, for example, by
Beasley aal 2006); and () the y ane found in all environmends
{see Makarov el al. 2005, Martnez-Delgado e al. 2006;
Ledsman et al. 2017, Rondin & Trujilke 20172, 2007k Shi et al
2007 van der Burg et al 2017 Witmann e al. 2017 Greoo
el al. 2008, Prole e al. 2018), enabling a compar son of dark
matier halos across environmend.

W have begun a survey that will increase the areal coverage
and the expecied number of lage UDGs by onders of
magnimde over what i svailable in the liersture today. This
wirk is possible due i the Legacy Surveys imaging daia (Dey
el al. 2008}, which are being obtained in support of the Dark
Energy Spectrescopic Instrument project {Schlegel et al. 2010 1;
DES] Collabosation et al. 200 6a, 20060 hitp: | fdesi IblLpov)
In this paper, we describe how we are sutonwmiing the daia
n]ysjshynrﬂﬂmjng resuls from a relatively small porion of
sky, a ~ 0™ projected radivs region anound the Coma Clister,
o describe our survey and demonsirate what might be expected
of the full survey. We ane aiming o whimaiely make the
intermedisie seps public, in addition io the final caialog. We
find thai our processing generates UDG cablogs that e
already competitive with the best publshed surveys interms of
identifying these large UDGS out 1o the distance of the Coma
Cluster. In Section 2 we describe the publicly available data. In
Section 3 we describe our procedure for removing the visible,
high susrface brighiness objects from the images, for smoothing
the residuak w0 increase the signal-wo-noise mtio (S/N) of
diffuse sources, for identifying real sources, for distinguishing
between [ DS and other asironomical sources that manifiest as
low surface beighiness enhancements, and for obtaining
parameier estinmies. In Section 1 we describe the findings,
fiocusing on the distribution of L D= both on the sky and along
the line of sight within this volume, and the size and oolor
disiribution. We adopt a standard ACDM cosmology when
necessary with Hy= T0kms ' Mpc™', 1, =03, 11, =07.
T be consisient with van Dokkum et al {20054), we assume
an angular distance of 98 Mpe o the Coma Clsier, which
implies a physical to angular scale of 0¥475kpe". The
coresponding  luminesity disance is 1027 Mpe. All magni-
iwdes are on the AB sysiem (Oke 1950 Oke & Gunn | 983

2, The Data

In preparation for the DES] program, the DES] collabosation
has undenisken the Legacy Surveys a deep three-band
=27, r=239 and : = 23.0 AE mag, 57 point-source
limis) imaging survey using DECam ai the CTIHD 4m
(DECALS), an upgraded MOSAIC camera st the KFNO 4m
(MzLS, Mayall ;band Legacy Survey), and the 9Prime
camera s the Steward Observatory 2.3 m telescope (BASS,
Beijing-Arizona Sky Survey). This swrvey will be roughly
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2 mag deeper than the Slean Digital Sky Survey (SDES)and is
fully described by Dey et al. {2018). The orginal planned

ind has DR ohserved by DECalS :nd![l!]digi
obscrvied by MzLS and BASS. DECalLS, MzLS, and BASS
data ave aleady publicly available at the National Optical
Asirononty  Observaiory {NOAD) science archives” and the
Legacy Swrveys website {legacysurvey.org). Here we present
the 25 large (effective radii r, = 5373, comesponding o
physical values =25kpe &t the disance of Coma) UDG
candidates identified within an = 10" mdiss of the Coma
Cluster using publicly released, reduced data from the DECalS
survey that wene available & of 2018 Apeil 1. In the future, our
work will alse include analysis of public BASS and MzLS
data, bui in this inroduciory siudy we focus exclusively on
DECalLS data

DECam oconsists of 6§62 imagi CCDs amanged in oa
hexagonal paiiern covering 3 with a pixel scale of
07263 (Flaugher et al. 2015). During the period covered by this
sdy, &0 or &1 of the 62 CCDs were available for analysis.
Esposure fimes mange from 400 o 250s, varying with
observation conditions o reach the specific 57 point-sousce
criteria in tw o oul of three i We use the images made
available enline via NOAQ, which have previeusly undergone
calibration and processing {(InstCal) via the DECam Commu-
nity Pipeline {Valdes e al. 20143 We wiilize both the object
and data quality masks for foreground subiraction and U DG
deteciion &5 described funther below. Parameter values used in
cakulafions such as exposure limes, zero poink, and pixel
scales e obiained from the FITS headars.

The Coma Cluster lies near the northem boundary of the
DECalS survey footprint &t a decl. of abowt +307, and, s
such, the 10® recion around Coma that we target for siudy is
cropped {Figure 13 Mevenheless, the available data even
within this iruncated region, which is not yet the compleie set
intended for DECaLS, already consist of 974 separate DECam
fields in theee different fikers (g, r, and ), of which 13 were
flagoed a5 hed i by the DESI collaboration. The
remaining 61 fields (38,320 separate CCD exposures) provide
mer:gefmmm&gijnﬂ]ﬂﬁehulh.\vehegtnwih
an analysis of the Cona Cluster 1o enable direct comparizon
with previeus DG searches.

s SRR S

3. Uncovering DilTuse Sources

Various faciors, some natusal snd some instromental, it
our ability 1o locate low surface brighiness galaxies. Previous
sindies have applied innovations s focus on different Timiting
mpeck, examples include drifi scanning o address isspes of
image uniformity {Gonzalez et al. 20017, specialized telescope
baffling and new algorithmic oaches 1o address isswes of
scattered light (Mihos et al. 2005), and refractive telescopes
with new lens nmanufaciuring techniques o mitigake the wings
of the point-spread function (PSF, Abraham & van Doklosm
2014y Here we face ihe principal challenge, given the use of
archival data, that neither the insromentation nor ohservations
were optimized for the deiection of low surface brightness
alaies.

Duespite this challenge, these daia provide several key
advaniages over previous and ongeing surveys Firsd, such a
large survey allows us to be relatively conservative in masking
and still retain the abiliy 1o dentify a large number of spunces.
Second, the muliiple pass observational siraiegy ides some
averaging over sky uctwmiions, Thind, the availability of images
taken through theee different filiers, a luxwy in dow surface
brighiness swveys, cnables us o confinm sowoes in dif fenent
passbands and polentially io use color &5 a discriminant against
contamination. Fourh, the relatively high spatial resolution
(= 1%, which is typically not considered i be necessary when
seanching for large, diffuse sources {van Doldum et al. 200 5a),
enables us o mose effectively clean contaminating sources,
particulaly highly correlsied, distant galaxies, which commaonly

low swrface beighiness enhancements in such seanches
{Ghonzalez et al. 2001 Fimally, ithe Legacy Surveys cover mos
of the exiragalactic sky, enabling the mosl comprehensive
survey fior DS fiiom both hemisphenes.

In this section, we oulline our data analysk process and
demoensirate that we are effectively complete in our detection of
the galaxies found in the core of the Coma Clusier using the
Deagonfly telescope (van Dokkum et al. 201 54) and, 1o a large
depree, those found using the significantly more sensitive
Subar HyperSuprime images {Koda et al 2005; Yagi et al
20160, The majority of the galaxies hat we miss from the Koda
et al. {2005) and Yagi et al. {2016 siudies are ihose that do nod
appear o makch our selection criteria, net ones that we fail 1o
detect. Therefore, our analysis of the DECalS daia will yiald
UDG candidaies of the sizes and surface brighmesses high-
lighted in the van Dokkum et al {2015a) sody over thousands

of square degrees of sky.
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The dominani souwrce of effecrive noise complicating the
detection of low surface brighiness objects in these images are
resglved stas and galaxies. These can be exacorbated by
resuliing anifacks such as diffraciion spikes and bleeds. In some
cases the namse of te souroe iBelf, such &5 the tidal tails and
shelk that surround some galaxies, complicaies the identifica-
tion of low surface brighiness sources. Although ageressive
mzsking reducss contamination from these foreground and
background sources, such masking can alo make it diffioali wo
recover  Jow  surface brighiness  galavies exiending over
relatively large angulsr scales. Therefore, we take cae o
preserve low surface brighiness, large-scale siruciures while
reducing the effects of high swface brighiness object. Cur
approach requires several steps o replace the extended wings
of bright foreground and background objects with a model,
rather than siraighiforwand masking of larpe aness.

d.d. Beurge Preproce ssing

We camied out the image processing and analyses on the
Oeelpde cluster st the University of Arizona High Performance
Computing center.” Before removing all detecuble fore-
ground /background sowrces, it B necessary o reduce the
dominani contaminating anifacis. These include image difiecis,
hales and ghests of exwemely bright stas, and amplifier
differences. Image defocs {cosmic rays, bad pixels, blead trails,
ele.) already entified in the dats quality mask provided by
DECam Community Fipeline are meplaced with neighboring
pisels that have been smoothed using a Gawssian filer,
exchding the region of the defiect Moise is then added 1o
these pixels using the stafistical properiies of ithe inage
background. Becaunse each DECam CCD reads oul using iwo
channels (Flaugher o al. 2015), there are differenoss in gain
and hias level between the two sides of the OCD. Alihough
residual dif fiene nces afier pipeline proossing are usually minor,
evien a small difference can make it difficuli 1o characterize low
surface brighiness objecis nesr the OCD center and becomes
obvious when smoothing e data on larpe scales We

for this asymmewry by alwibuting any messured
difference i an ermor in the adopied bias level and add a
comection o one side of the image. We estimaie the value of
the comection by aggressively masking all ebjects on the inage
and compuiing ithe difference in the means in iwoe 10-pixel-
wide strips along e OCD midline. Extended wings of very
bright siars can extend even beyond the masked regions;
therefore, this process is performed both before and afier
subiracting these wings, and it is describod furter below.

We use the data quality mask and the process described next
for detecting saiursied stars and these with diffraction spikes
First, we generate a problem siar candidate list using SExiracior
(hereafier SE; Bertin & Amouts |90) with per-pixel detection
threshold and minimum area setings of 27 and 300 pixels,
respectively. We retain detections with a minor-te-major axis
ratio =08 Ifthe daia quality mask flags ssiursied pixel within
a candidste detection fosipring, we classify it s asauraied siar.
A different approach s needed do identify sias  without
saturated pixels. The four diffraction spikes generaied by the
telescope lie at about 45° from the vertical and horizontal OCD
anes, For each star candidate, we divide a region extending
from 05 v 12 Kron radii into 16 2275 wedges sanling &
11725 from the long axk of the CCD. Diffeaction spikes will
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creabe a large variance among the mean fluxes within these
wedges. IFail least theee out of four wedges containing podential
diffraction spikes contain mere flux than their twoe abutting
neighbors, we classily the object & a problem star.
Correcting for these problem stars is complicsied because
the profile of very bright objecis & noticeably ssymmeiric and
can be a function of the readowt direction. Our process inviol vies
iwo seps. First, we messure the object centnoid, axis ratio, and
peak amplitude by fiting a Gaussian to its radial brightness
ke beiween one and iwe Kron radii independenily along
the horzontal and verlical axes. We exclude pixel that ane
fagged in the dsia quality mask. Becsuse we are oaly
inerested in defining centers and ecoentricities at this siage,
ithe modie] choice is not eritical. Second, we use these resulis o
fit the extended wings between 5 and 30 PWHM with an
elliptical Moffai profilke, which & then subiracied from the

inmge. We present an example resuli in Figure 2.

- Obfect Hdentificetion, Masking, aned Removal

Mext, we subiract resnlved foreground ohjecis
o remove sources of “noke™ dentfied in a smoodhed image of
the sky. While it is pessible io aggressively mask these sources
(Cronzaler et al 2001, such aggresive masking with the deep
DECaALS images would eliminste too much sky and complicaie
UG detection. At the other extreme, one coukd aim to model
and subiract all dedecied sowrces  Unfonunsiely, it is
impossible o model nany bright sources well encugh io

accurake residuals st the flux levels of DG because
galaxies wend io be imegular ai such surface brighinesses. Whilke
wie Wwill never be able to identify a low surface brighiness
apurce coincident with a bright star or galaxy (Figure 20, our
ol is o subiract the wings of foreground ST
sufficiendly well that we can be mose limited in our masking.

The: objects that we do subtzsct are identified using SE with a
per-pixe] detection threshold of 3+ above sky and a mininwm
area of & pixek. These values are a compromise that enables
detection of all but the faintest objects that are visible o the eye
in the images and yei does not detect DS, 1 s possible thed
these criteria, as well as others described below, will need
madification when we examine fields with different source
densities. All delections are initially replaced with a temporary
elliptical nmsk with a size that is a function of is peak flux. As
discussed below, this e mask is eventually replaced
with a moedel of ithe object's swrounding ound. We
chose the mask size such that iis edge has a vale of 8 ADU
absovie sky when fitted with an elliptical Moffa function. While
this value produced good resulis over a range of S/N and
different bands, it & nol opiimized fior these parameters and will
likely be adjusted after completeness studies. s purpose is 1o
limit the size of the mask while still allowing the source wings
owtside of the masked region to be imated by an
elliptical exponential function, He™ ™, where His the peak flux
and 5 is a scale factor. The radius r is caloulabed using
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where & and b are the nwjor and miner aes of the Moffa
function, & & s position angle, and x, and v, are the center
onordinates. The source B ssumed 0 be superimposed on a
tilied plansr background, § = Ax + By + C, where § is the sky
level function, A and 8 are slopes along the verlical and
horizontal axes, and O s the mean sky level. Model fitting is
done wsing the Python sofiware package LMHAT (Newville
el oal. 20041 We subiract the sowrce model from  the
surpunding region and replace the masked ponicn of the
spurce with the tilied background derived from mode] plus
noize estinmied from the image. These approximations work
viry well for most galacies and stars (Figure 37, although, a5
shown in Figure 2, they can fail for unusually bright objects
The average total replaced masked area for & CCD & 13005,
bt it did reach levek of over 30% in some regions, such & the
center of the cluster. While this process can Jeave faint residual
sources that are nod DS in the image (Figure 3), the UDGs
are unaffecied. We refer to these processed inmages as the
“eleanad” inmges.

A3 Wenveler Filvering

Akey step in detecting UDGs B to spatially filier the cleaned
images because UDGs, of the iype detecied so far, are nod
particularly faint in terns of total apparent magnimde. While
bright objecis have been removed from these images, low
surface brighiness, extended ohject must sill be detected
among e many residual compact souroes and background sky
navise . A general method fior achieving this is o use smooding
to improve the overall /N for exiended sources by decressing
sky noke and then apply 2D filiers o enhance signals
maocisied with object of a paricular size. There are various

that can be taken here, including matched filtering
if the parameters of the source populsiion are fairly well
consirained {eg., Dalkanion ¢ al. 997, Gonzalez et al. 2001
Advaniages of this approach are thai sources with odher
characieristics ane discriminated againsi and the smoothing is
opiimized for the intended sources. An aliemade approach is
“ihresholding,” where one identifies pixel above a cenain
threshald level and identifies clusers of such piek {e.g.,
Knizmev et al. 2004 Bennet et al. 2017 The advantages of this
technique include that no prior knowledge (or bias) of the
SOUIOE ion is necessary and that it is computationally
efficient and simple do implement and model We opt for yei a
ihird
Wavelel iransfoms enable us 1o isolate objecis ai different
scales with a tailored filber. Their abiity to spatially isolie
objects by size and location in noisy fields has led to their
application in sweneny for detection of faint objects in
complex environmens {Damiani et al. 1997, Starck & Muniagh
200y Ankimova et al. 2001 We implement a nulidevel,
stationary wavelel iransform using a version of the & frous
algorithm a5 described by Stanck & Munagh (2006 For our
discrete amoothing kemel, K, we pse the scaled difference of
2D nernalized exponentals

ot O R
z-arki grk?’

KE=n 2

where & is a scaling factor and & diefines the radial scake. The
fird term can be thought of & the constructive e of the
kerne] that helps incresse the S/N of a souwrce of radial scale
r=Fk and the seoond term as the destroctive term that
diminishes the contribution from light ai larger scales This is
reminiscent of the unsharp masking technigue. The critical
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feature is thai, wnlike smoodhing, this approach separsies
coniributions  from features &l differend scales. The scaling
facior, i, determines both the steepness and the zeno crossing of
the kemel. A value of & = | resulis in an exponential profile
with no zeno cotadf. We choose a valwe of 1.5, which maintains
a broad profile with a discrete zero crossing. We use a radial
scale, k, of 4.0 pixels fior the staring kemel since it has a size
profile (FWHM = 1¥4) on the onder of the smallest objects
detectable by DECalS. MNew wavelet kvels ae oreated by
upsampling the kernel in the previous level by a facior of wo.
There fiore, the kemel for each level I, & expanded by a facior
afid {the baseline is designated as level one) from s
beseline size. Fora given scaling facior and radial scale, higher

wavelel levels have broader profiles and will seleciively detect
larger objects.

An example of this process applied to the inmage from
Figure 3 & shown in Figure 4. The UDNG is firsi visible al
wavelet level twe and becomes more prominent at larger scales,
allowing i 10 ke easily isolated from smaller objecis. We find
that level four is appropriate for dentfying U DG candidstes of
the size reporied in this paper. As seen in Figure 4, objects can
be present s different wavelel lewvels Relaiively compact
objecis are more prominent in the images filiered at Jower
wavelet levek, wheress the more extended objects dominate at
higher level. We iake asdvaniage of this filiering by wsing
levels two and four to provide an initial lis of potential [DGs
presenied here.
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Wavelel filiering and source delection are applied separsiely
o each cleaned image. To detect objects in the wavelel images,
w2 first examine the level four wavelel image. A delection map
is created from this image using SEP (Barbary 20163, a st of
libraries of stand-alone functions and classes based on 5E
{Bertin & Amouts [996) that can perform many, but not all, of
the funciions efficiendy in memory rather than wsing slower
disk access. This application, rather than SE, is uiilized when
we are wimarily ineresied in maly fhe delection image and
background statistics We use a theeshold of 25 times the
background noise and a required minimum area of 300 pixels”.
These choices reflect a compromize beiween deieciing the
Faintest objects and mininizing fake detections. To fller out
snmll objecis with exiensions or merged neighbors, we creaie a
separate detection map using e level two wavelel and an SEP
threshold of 3 times background noise and a minimum area of
6 pixels. We require that any object present in both detection
maps have ai least 23% of their flux in the level four
detection nmap o be considered a UDG candidate. We further
require thai the object be no closer than 30 pixek from the
image aedge, be unrelsied to any saiursied of bleed pixels
fagged in the data quality mask, and have no mone than 3% of
it area encreached by masks wsed in the inital object
subiraction process. This prooss resuls in an indtial Ikt of
3574590 UDG candidstes {see Table 1) for how varioos
processing steps winnow down these candidaies.

Candidates need o e confirmed a5 satistically real, and
then the objects nead i be classified from among the full mnge
of potential sources that appear & Jow swface brightness
featwres in the images. We netain DG candidaies only if there
are coine ident detections among different e xposunes, re gardless
of filer, within 2¥ of the centroid of the group formed by the
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coincident detections. Each candidaie is tesied io see whether it
is within 2¥ of an already-existing grouping of detections or
another isolated candidate. 1Tt is related 1o an existing group, it
is merged with that group and any ouviliers {=2* from the new
centroid) are removed. Otherwise, it is merged with the paired
detection to form & new Te minimize duplicates, we
compare /DG candidates within 4% of each other and retain
only the one with the most individual detections. We will
there fiore be biased againsg separating very close pairs of UDIs
if they exist We found 618028 groups {1,438367 separaie
detections) fulfilling these criteria.

A defined by our science aims, our DG candidates nmust
mest specific sire and surface brighiness criteria To obiain
rough but reliable astimaies of these characieriaics, which we
will use i do a preliminary candidate screening, we apply the
following procedure. We refurn 1o the uncleaned images io
ensure that our processing did not remove a key component of
the candidste [UDG that could affect the measurement of iis
global character Btics. Our first challenge is that in many cases
the DG candidate, particalarly if large, is ot identified & a
single ebject by SEP (ie., having a single segmentation map
identification number). This problem is nmarkedly reduced by
genersling a segmentation nuap using a smoothed version of the
uncleaned image. The smoothing kemel we adopt is a Gaussian
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with a standard deviation of five pixek. Our second challenge
is that there are ofien contaminating sousces nearby. To mask
these objects in the fiting, we will use the segmentation map
obiained vsing the smoodhed image, with one modification. We
remove the object in the center of the segmentafion map,
presumably the candidate, from the nask. Esch detection is
separately processed vsing a 201 = 201 pixel thumbnail inage
with the candidate in the cener. The segmentation map of the
ampthed image B creaked using SEP with a detection
threshold of twice the background noise and a mininwm anea
of 10 pixels. These values represent a compromise beiween
being able do detect the candidaie and contaminsiing objecis
whilke aveiding excessive spurious detections. The central
candidate & then idend fied and remowved from the mask. Using
the l=astsq function from the Pyihon SciPy library {Jomes
et al. 20010), an = | {exponential) Sésic model & fit o the
unmasked pixels in the original uncleaned thumbnail. We
choose o= | i maich the choice of van Dokluam e al
{201 54) for comparison and because that is broadly conskient
with empirical deerminations for similar objects (Conselice
el al. 2003; van der Burg e al. 20016; Yagi et al. 20067, The sky
level during fitting is fixed as the mean background detenminad
by SEP.

The resuliing parameter estimates from our Sérsic fiting are
preliminary. Alhough they are similar to these produced by
GALFIT {Peng et al. 2002} later on, they are generaied using
only a single image detection rather than oo-added images. To
avoid rejecting detections. that might meet our crileria when
e precise estimates are obained from the co-added images,
wie now sel thresholds that ae less sirict than those that we will
evenisally require for our caialog. To be retained & a DG
candidate st this stage, sl lesst wo individual deections must
result in a fit with an effecive radive =4% {~2kpc at the
disgtance of Coma) and a ceniral surface brighiness (o) greater
than a value that depends on the band. Because we define
a Uy as having a g-band oendral surface brighiness
=24 mag arcsec %, we sei the cument screening threshold in
this hand st ﬂﬂ-l‘l‘ﬂgll‘ﬁ&ﬂ_i. Almost all DG will be
brighter in the r and 7 bands, and 1o aveid excluding potential
UDeFs i s huukiweﬂllei acpeening thresholds st 32 5
and 220 mag arcsec . A iotal of 55,059 possible DG fulfil
all of these crileria.

Mext, we do a mone detailed and precise examination of the
surviving candidaes using GALFIT, which is more versatike and
provides more information than the basic Sémic filling described
above, An example of this process is shown in Figure 5. We
again reiwmn 1o the uncleaned inages, & shown in panel (a0, o
avoid a sisation where pan of the candidsie was removed by
our clesning procedure. In this case, we sinmlaneously process
all of ithe images containing the candidaie, inclhiding those in
which nothing was previeusly deiecied. We creste co-added
201 = 201 pixel {34 = 54 arcsec) thumbaoal images centered on
the candidste for the analysis Co-added images ane modelad
both separsiely fior each filier and wsing all inmges (full sack).
Once again we nead o mask contaminating objects withoot
rejecting faini strociges within e candidate. Our first siep
in this process is the same as n ow Sémic filling proces
diseribvod above. We use a Gassian filier 1o creaie a smonthed
version of the uncleaned thumbnail and identify the candidate
in the segmentation map {panek (b) and (o)) Afier sepearaiely
masking negative ouiliers (= 23, we creasle a mask using
pixek in the sepmentsfion map thal are nol associaed with
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the candidate {panel (). We refer to this as the preliminary
GALFT mask.

The CGaussian smeothing helps  keep the candidae
intact during ithe segmentstion &, but it also prevenis us
from entfying overlying high suface brighiness objecis
Therefiore, in & second step, we creste a nwsk of high surface
brighiness objects, including those superposed on the candidaie
{panz] {i23). We dio this by creating a separaie sepmeniation map
aof the uncleansd, unsamosthed thumbnail using a detection
threshold of 1.5 times the central surface brighiness threshaold
for a band (24.0, 236, and 23.0mag arcsec* for g, r and
z, respectively) with a minimum area of 10 pixels’. This
threshold is high enough o aveid detecting porions of a
candidaie thai mest our ceniral surface brighiness criteria. We
combine this mask and that im the first siep. This
combined mask i may include objecis fhat are
physically pant of the candidate. Therefore, in a third siep, we
fii a Sésic exponential model {panel g io the unmasked
regions of the culout inage (presunably containing only the
candidate and remaining sky) and subtract the mode] from a
copy of the uncleaned thumbnail i leave only the remaining
overlying and peripheral object (panel (hY). Without additional
information it is nol possible W wnequivocally discriminaie
between these objects that are pant of the candidste and
these thei are contaminant. However, point sources, with
the exceplion of a nuclesr spurce, are more likely o be
independent of the general siruciure of the candidsie, even if
physically sssociated, and o we do not want o consider them
during filling. Masking resolved sources superposed on the
candidaie could kead i masking of large aress therein, 0 we
opt not 1o do so.

Te implement this discrimination and creste a new mask
{1 (i), we use SE with ua]uiu'ile detection threshold of 2.5
and a minimum area of 10 pixels” o genersie segmentalion
maps (for the different filker co-adds and the full stack) and
mexsure the PWHM of each object in e residual image
described above. In the co-added stacks of images in a
particular filker, we define the PSF PWHM io be the maxinum
of the valwes obtained from the FITS headers of all OCDs
contribuwting 1o the oo-added image. For the PSF FWHM of the
full stack, we the average of the PSF FWHM from
the individual filier stacks. We assume that any object within
the candidate footprint with an SE PWHM = 15 times the PSF
PWHM is pant of the UDG candidate, and it is removed from
the mask. This mask does nod v cover the wings of
bright peripheral objecis, s0 we combine this mask with the
preliminary GALFIT mask described above {resuli shown in
panel {]3).

The unsmsosthed, wncleansd image and the mask (panelk (1)
and () are supplied to GALFIT. For defining UDGs, we elect
i b consistent with the methodolegy of van Dokkum et al.
201 54) and vse a fived Sérsic index of & = | for the model
with central surface beighimess, gy, caluled from  the
effective radivs, v, the ratio of he minor 1o major aes, Iy,
and the apparent ioial model nagnitude. However, as noted
below, mone general fiting & provided for photometry
eslimaies

A trinamed list of UDG candidasties is generated by selecting
those objects thai saisfy (1) ﬁuf;mmmﬂ-i or
alternatively ppo . = 23 mag acsec ™ f an observation in the
g band is not available; (23 r, = 25kpe &l the distance of
Coma, which comesponds to =53, and (3) I = 0.37. Both
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r, and b/ are the vales obained from the fully siscked
thumbnail. We selected the bfa treshol & a compromise
between limiting detections of anifacs (many of which, such a5
diffraction spikes, are namow) witheut sacrificing a significant
number of aciual UDGs {ako see Figure dib) in Koda et al.
2005y Only 1079 candidsies satisfy these criteria

Our nexi siep & i son through the lis for possible
coniaminants. Contaminanis may resuli from anifacs, bot ihey
miay abo b caused by astronomical sources such & exiendad
siellar tails from galaxies distant galaxy clusiers, and nebulas
within our own Galaxy. limately, we nead this screcning o
be aviomatic and reproducible. However, & fist we need io
develop our undersianding of the resuliing candidate sample
and genersie a iraining sample. To achieve both of these
objectives, one of us (RO visually classified all candidaies,
removing those that were confidendy not UDGS from further
review. The 650 rejected objects fall into three main calegories:
{1} real objecis such as peripheral paris of large, bright galaxies
(lidal debeis, spiral amis), clusiers of stars or galaxies, and dust;
{2 wings and scatiersd light from very bright galaxies and
stars, and {3) instrument arifacis (pupil ghosis, diffescion

spikes, OCD anifacis, ete. ). Examples of rejecied detections are
shown in Figure & Full images and surrounding sky may be
seen using the Leracy Survey Sky Wiewer."”

Tw of the authors (R.D. and D) examined the remaining
429 candidsies in more detil They disagreed on the
classification of 63 (15%) of these as a UDG; tidal delwis;
faint, high-redshift galaxy chisters; or focmations in back-
ground sky {for very faint detections). Argumends for accepiing
or mejecting objecs from this group were independenily
reviewad by both examiness, and any candidate not acoeptable
& a UDG o both was rejected Examples of candidates with
initially conflicting classifications ane shown in Figure 7, where
we also present their final, consensus chissification. A ol of
285 detections were classified & bona fide UDG candidates.
Crur initial requirement that candidates be separated by st lesst
4% 1o e oonsidered unique objecis s inadequate for large
LD and resulis in some duplication. Therefore, we perfom a
final peass that requires that no object be within one r, of

1i¥
e oy we Y oRr | Vi e
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another candidaie. This eliminaies eight duplicaies, keaving us
with a tetal of 277 potential UDGs.

Because we wani to sutonaie classification using a machine
lesrning classifier (see Section 3 5], our visual decisions at this
stage were based only on the available thumbnails withoot
viewing surrounding fields, or other survey data, for additional
cluwes. However, a5 demonstrated in Section 35, this reswiction
can kad o erronesus assignments. Bocause we do nod wani
obviously incomect classifications in our catalog, after finaliz-
ing the machine leaming classifier, we reexamined all 277
potential D inthe Legacy Survey Sky Viewer. This review
rejected iwo candidates, giving us 275 UDG candidaies in our
final caialmg.

While our initial GALFIT resuls are adequate for defining
UDGs, more robusi modeling & required for the type of
photomewric analysis presented in Section <. Therefore, new
profiles are created of all 275 confimed UDW S using GALFIT
in a manner identical o above, except that the Sérsic index, &,
is allowed to float The mean valwe of & k& 085, the median is
073, and the standsrd deviation & 070, In some cases, oug
funher amalysis uses magnimdes and colos oblained friom
these misdels s specified. There is the danger of sirong bisses
in the phoiometry of low surface brighiness objects. These
become panticularly apparent st brightnesses significandy
below sky level and can resull in an overestimate of
magnitdes while effeciive radii and Sépsic indices are
e stimatod (FHiussler o al 20070 We will revisit the issue
of opiimizing the choice of photomeiric approach in upeoming
wiork describing our recovery of sinmlaied sources. For now,
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we only discuss broad, qualitsiive fird impressions from these
daita in Section .

A5 Asrowrerted Cleessd foe e lon

Confirmation of UDG candidsies has iypically been done,
beih im this study and in previous UDG studies {see Koda et al
20015 van Dokkum et al. 201 5a; Greoo et al. 2018) on the basis
of simple messurement or visual inspection. As decumented
in the previeus section, this can be very ime-consuming and
subjective. Whik viual clssification is fesible with the
limited area surrpunding Coma discussed inthis paper, it would
be impractical for very large regions such as thet included in
the complete DES] fosiprint. Moreover, because of ihe huge
number of potential candidates, clssification emers  and
subjectivity woulkl make it difficuli o replicaie findings.
Finally, a fully sstomated clasification swratepy alao allows
fior the processing of large numbers of antificial sources that can
be usad o msess completeness. Alhough we do not dio thet
here, we do intend 1o nsen anificial sources throughout our
analysis of the full data set 50 & 1o have position-dependent
completeness estimates. That work will be described in a
subsequent . Of course, inherent subjectivily in the
classification of the iraining sample will propagaie Lo any
automated technique.

While machine leaming methods have the distinct advan-
tages of being able to classify images orders of magnitude
faster than a human and provide conskient resulis, a potendial
major deawhack is the reliability of their predictions. None-
theless, in some applications they have been shown io approach



Tk Asrmorn veca . Jouess . Surmooaest Simus, 3000 CHppl, 3019 fausary

Forwsky o gl

Figure T. Exmrples of comdidonss swidh o omflic s red oo oleed fiootioes. We preses the sorosghed oo pesieg alemasive ¢l fioo som oo g UG closs with desir
a5 (i e el i oo o bogg e ¢ o e s Wiemnibers an e beotmoen of ench poe] mpresest g, o g -0 gy respectively. A gueessios mnork e oes dhat so
msl i mailabde fordee eeccinned bosd A1 obgeees i g spper row wene 5of o v clossifiod os UG s ond ore Seseod, finoen lefe o righe. odol debes (1950504,
e TG, e kg et siow (1968 S04 29 80T}, nnd o foise galy ¢ bester 90 G0TE, 3T 0S| AN clbjecs i e overro weme classafiad os UG s, wke s we
e o] b oy o i ber, fooen bed oo righe. sdal debwis (SIDG 1ERE0GG 00 TETO0E, 30 1457, o bockgwesd flecmosicn SRADG 130 10604 193534
19T TT5E, 1939010}, or o galony clestor (SADWG 13071844 12430, 196 048 18 TR0 As b evidos o dee B of g dom dhe ol oot o is difficsk

OF & Vil m human “expens” in clasification accuracy
(He et al 2015). Modemn algorithns initially developed fior
other purposes have recendy been fior astronomical
clmsifications (Fowler et al 20107; Kim & Bronner 2007,
Ackermann et al 2018). We beiefly preseni our approach
below. A more detailed descripiion of the methodology is
presemed in the Appendix, and an exiendad ireaiment will be
presemied by J. Kadowaki et al. (2018, in preparation). Here,
our main goal B oW des the self-consisency of our visual
classifications. Can an suionaied technique demonsirate thet
our visual clssifications are sl least internally consisient?

We implement our suionmied chssifier with a modified
version of the DenseNet-201 deep leaming model (Husng et al
2016) supplied in the Keras machine learning library.' This
mudel was designed o classify color images and recuires thee
channels of data foreach image; there fore, we limit our data e
i those candidsies with ohservations in all theee filiers (1071
of L9 candidates). This is the full sample of candidaies afier
GALFIT screening but prios o any visual classification. We set
aside 20% of the data sei {215 candidates with 160 non-1UDGs
and 35 UDGs) do be used for sesing only afier all network
parameters are finalized. The renmaining 836 images are used 1o
irain the neiwork. The accuracy afier applying the irained
medel do the dest sel s 92.1%, with nine false positives and
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eight fake negatives. These levels of accursc y are encouraging,
but nod mecessarily optimized. In a subsequent siody, we will
explore aliemaiive algorithms and compare resulis. For now,
this degree of comespondence in our classification is adequate
and suggests that our visual clssification B inemally self-
COnAisien.

We show all of the candidstes from the s sel with
predictions by the clssifier that differ from our visual
classifications in Figure & Interestingly, we conclude that we
mistakenly rejected the fist candidate shown (panel {a)) and
that it was comecily identified as a UDG candidate by the
awtomated clasifier. In our initial inspection we suspected thet
it oould be a distant galaxy clister, but on reinspection we
agree with the automated classifier. Moreover, we visually
classified another candidate {panel (b)) a5 a UDG candidaie
based on reviewing only the thumbnailk. The classifier
crrectly rejected it and a larger image drawn from the Legacy
Swrvey Sky Viewer clearly shows it o be an jsolded segment
of aspiral am associied with a large galaxy. We considered
the faint object {c) o be an exiension of a bright star just io the
lefi of the thumbnail, although it appears 10 be separated from
this region. Panels {d—{) ane among those that had conflicting
classifications between the o human reviewers, These either
are generally very faint or could be composed of faint, high-z
galaxies.
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A8 The Conelog eond Conrgperrisest with Prevows Work

In Table 2 we present our final DG caialog fior this indlial
siudy of the region around the Coma Clusier. This selection of
DG s based on owr visual clsification, with minos
adjusimenis modvaied by the aviomaied clssificaiion. In peind
Wi an example of the full iable, showing only the first
1 endries, while the msocisted elecironic able contains data
fior all 275 objects. We include coordinates both directly in the
name of the object and in Colemns {2) and (33, In the nexi theee
orlumns we present the g, 1, and 7 central surface brighinesses
In the following ihree columns we present the siruciusal
parameters, ¢ffective radins (r,) in arcsec, axis mtio (b /o), and
major-axis position angle (8) in degrees, where the lader is
mesmsured in the standand ssironemical sense staning ai nonh
and measuring easiward on the sky. All of the aforementioned
quantities are measured using a fixed # Sersic model, with the
siruciural mesures being measured from the full swck of
available images. In the nexi oo columns we present the
appareni nagniudes memured wsing flesiing & models
Uncerainties ane those e by GALFIT. We will revisit
these unocertainties using simulated objects in subseguen work.
Mone of the magnitudes are extinction comecied.
in the region of the Cons Cluster is the existencs of exosllent
price surveys in the ocore of the clusier. These provide
benc himarks against which we can es our false-negative and
false-positive rates and our parameler estimation. We now
describe our comparizons o o key samples.

At van Dekkum ef al. (201 5a)

The caialog presented by van Dokkom et al {2015a) based
o the Diragonfly survey B dominated by the large DS that
are ako the focus of our survey. In Table 3 we present the
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civss-liske d idemifications for all of the UDWGs presented by van
Dokkum et al {2015a) that have r, = 25kpe, for r, &
presented by these suthors. OF the 30 UDGs from thet study
ihat satisfy this criierion, our catalog includes all but four. Two
of these four (DFL4 and 18) are excluded from our catalog
because our fit b0 r, s smaller than 2.5 kpe {one of which,
DF14, just mises the cotoff with ¢, = 246 kpe). During our
visual definition of the iraining sample, DZ and BD disagreed
on whether or nod DF35 & tidal debris. Because disagreements
are wesled & non-UD s, this ohject B excluded from our final
list {Table 23 The final DF UDG that we exchded is DF12.
This is & more difficult case 1o resolve because we regjecied it on
ithe basis of a low S, ot onexamination we find that the fitted
medel is poor and likely includes a nearby object. This is the
one case of the four that is probably an incomect exclusion on
our pant; howe ver, because we cannot visually inspect all of the
fiis fior the full SMUDRGES survey, we exclhude this object from
our catalog and irest it as a false negative. We siress here that
we did net miss any DF object of sufficient size (2.5 kpe) on
the besks of a surface brighiness limit on our pan. We conclude
that the Legacy Surveys data are suitable for DG work at
a competitive level with dedicated low surface brighiness
surveys {e.g., Dragonfly).

It is alse valuable to determine whether we detect objects
within the common survey fooiprind that van Dokkum ei al
(20154) did not. To be conscrvative in the sense that s,
memurement emes would not confuse the comparizson, we
consider only systems for which we measure r, > 335 kpe
With this requirement, we find 135 object inour catalog that lie
within the DF footprint but that are net in their catalog
{Figure @) They noted confusion with the infraclusier light as
limiting the ir detections in the central regions of the cluster, bot
none of these 15 are within that region. They ako emphasized
isnlated sounces, so some of these may have been excluded a5
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nonisolaied. As shown in the figwe, these ae mosiy
unamibigwee deections, 20 the reason for thelr shsence in
the DF catalog is unclear without a closer examination of thair
images, bul in some cases tey may have exceaded the central
surface brighiness criterion in the DF evaluation. For § of the
15 we measure Hn@m'iam_‘qﬂ:}mm':}
the remainder are of lower central surface brighiness.

6.2, Yagi et al (206

This & the largest exiting sample of UDGS in the Coma
Clusier, although the gain in size comes mosidy from
identifying smaller and fainter systems than those found by
van Dokkum e al. (2015a). For sources that do maich our size
criteria, we present the cross-lkting in Table 4. There are two
principal ways in which objecis in the Yagi catalog can fail 1o
be in purs. Fira, we do nod detect ihe spurce of i fails the basic
criteria, such s satisfying the fer requirements from the
initial Sérsic fii. Of the 75 object in the ished catalog that
meet the size oriteria, acoording i the effective radii presented
by Yagi et al. {2016 15 are absent from our catalog and are
identified & such in the caption of Table 4. Of those, two
(numbers 19 and 456 in the Yagi et al. 2016 catalog) are
sufficiently bright (229 and 224 mag arcsec 2, respectively)
thai they were probably cleaned out of the images by our
procedure. Four are sufficiendy close 1o a bright obhject that
they were either masked or removed &5 pan of that object {231,
24, 257, and 3700, Three were detected but Failed the indiial
Sérsic fit screening {4, 218, 471). Finally, five are sufficienty
faint or possible extensions of & nearby source that it & difficul
i confirm them in our data (94, 310, 425, 453, 53690, None of
these souroes have a comesponding SMDG number, and so
they are nod inchided in the table.

The second principal way in which objects in the Yagi
catalog can fal io be in ours is if we rejecied the candidaie on
the basis of our criteria. There ane 26 such cases in Table 4, and
wi desoribe the reason for theirexclusion from our catalog. Fos
example, 21 of tese, acoording to our messufenents, eifer
wiere Lo amall o have a central surface beighiness that is too
bright We conclude that despite the deeper imaging available
for the Yagi et al. (2016) study, our survey for large (DS is
nearly as complete, with enly a handful of examples of missed
objecis that could be atribuied o our shallower image depih.
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1.7 Rewrining Proflems and Limdsoadons

Nene of the seps in our procedure are necessarily fully
optimizad, bui cenain apects ae perhaps easier o improve on
than others. The procedure we describe consiss of hree hasic
phases. To recapitulaie, first we remove & many sources from
the images as possible o eliminate contamination for our
amapthing of fillering of the dat. Any largescale mesidual
features in our final cleaned images arise principally from
ismes that would require adjusment of the el anid
camera oplics or ebserving procedures. Therefore, we conclude
thai ithis firsi is reasonably close io being opiimized and
do net anticipate significant gains from aliemaste approaches &
applied i these same dats. Second, we use wavelel filiers o
increase the 8 /N of low surface brighiness feamres. Thene are a
number of aliemaie approaches, and we suspect that there may
be significant improvements possible in this sep. Nevertheless,
we are newly complete in delecting known sources with the
desired characteristics, s0 the incompleteness fior these objecis
must be low. Improvements in this phase would perhaps allow
us b0 reach even funher indo the low surface brighiness
population. Finally, the thid phase is the classification of
candidates. This step B impertant for sample purity and
completeness. Qur sutonmied approach b an improvement over
some coarse soreening methods but will cenainly improve onoe
we have larger samples of confirmed, physically large UUDWGs
As we i our search techniques, there will be natural
refinements in this las step. We anticipaie that for our final
cataleg the classification criteria and efficiency will change
frsm theat nied here. Completeness sinulaiions will fomm
an integral pant of the final caialog.

A final complication on the completeness issue thal must be
acknowledged is that of clmpy, low surface brighiness
objecis. Cur anificial objects are smooth by consiroction, and
wi know so linle ahout the inemal siruciore of UGS tai we
canned yel creste models of clumpy DS, We expect to delect
UDF that might have modest star-forming clumps, & long &
they alsp have an underlying smooth stellar i, bt
etimating compleienss fior clump-dominaked objects will he
difficuli.

Within the survey regions described here, we have not faced
sirong contamination from IR ciros. Deeper surveys fior low
surface brighiness detections have aleady been plagued by
such emission {e.g., Duc etal 2015}, and we expect that some
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regions of the Legacy Surveys will also be too difficult fior our
work. We do not yei havwe an estinaie for how large a fraction
of the full survey may be affocted.

4. Results

The UDG catalog we present contains 275 DG candidates
that have r, > 5F3, which comesponds o 22 5kpe ai the
digance of Coma and central surface  beighiness Hog &
24 mag arcsec > {Table 2. The distribution of candidstes in
M:hn]ﬁnmﬂllh—mﬂp]ﬁ{mlﬂlﬂ&y]mﬂﬂn
digance of e Coma Clusier) is presented in Figure 10, By
construction, there is linde overlap with the SDES sample of
galaxies, showing thai this is almest exclusively a previously
unknown populstion of galaxies over large aress of the sky,
with the exception, of course, of previous UDG work in this
area of sky (Section 3.6) and desper surveys both in the Coma
and odher clisters {e.g., Graham & Guzmdn 2003; van der Burg
et al. 2016) and in the field {e.g., Greco etal 2018). To place
our DS in this figure, we assume that they lie at the distance
of the Coma Clster. Digance ernors ranskage to moton of ay
individual galaxies parallel o the lines of constani surface
brighiness in the figure and there fore do not affiect the previous
onc lision. On average, o, ~ 1}m¥m:53: ~ with a tail of
objects reaching 1o ~26 mag arcsec™ Daﬁnl.nre conclusions
regarding the size or magnitude dﬂnhﬂ]m:ﬁmlthﬂhr
understanding of the distances and the compleiensss across the

FH‘I.I'I'EI.H'EIHI.'E"_
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. 1 Dhsnenice Cowsirenbrs

Published specirescopic redshifis, and therefore distance
eatimaes, exist for fewer than 20 Conta UD G and only & fiew
ouiside of Coma (van Doklum et al. 20150, 2017; Kadowaki
el al. 2017; Alahi et al. 2018). We continee o waork o expand
this 5.'I'I'L|J]E using hoth opiical speciroscopy {Kadowaki et al
2018, in preparation) and radio ebservations of the 21 em line
i possibly detect the Hi-rich UDs within this same anea of
sky (A Karunaksran et al. 2018, in prepeasation). However, this
wiork will always be limied o a small fraction of all dendfied
DG, We must address the challenge of undestanding what
the 20 disiribution of DG candidates on the sky {Figuse 11)
implies fior the troe 30 distribution and how best io estimate the
distance o at lesst & subset of UDGs.

The relationship beiween the physical and apparent clusier-
ing properties of galaxies provides a consiraini on the redshifis
of a population (Rahman et al. 20060 At iis simplest, his
arguament ns the inerpretation that the bulk of the
original Coma UDGs {van Dokluom et al. 20053y lie ai the
distance of the Coma Cluser becsuse they so evidenily
congregate around the galaxy clusier. This i clstion has
been confirmed with a small number of spe ic redshifis
{van Doklum et al. 2015h; Kadowaki et al 2017; Alahi et al
20018y We find a similar overabundanc e of TTDG s in our survey
{Figure 12, exending funther from the Coma center 1o af leasi
the virial radivs, roughly 3 Mpe {Kubo ei al. 20070 In analogy
e the previous claims, it & plausible o conclude that the bulk
of these DS are alse st the distance of Coma.
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Beyond the immediae viciniy of Coma, it i more difficul
o msocisle D with specific fesiures seen in the nommal
galany distribution (Figuse | 1. Thee are locations whene there
is concurrence between the distribution of UDGs and 5DSS
galaxies and other locations where there is not. We label three
of the interesting feamres as A, B, and C in the fgure. Features
Aoand C in the UDG distribution appear io maich Jocal large-
scale stmeciuge feamwes nesr the Coma Cluster. These are
analepous o the sireciures observed in the UDG distribution
within the Abell 168 field (Fomdin & Trojille 20074} They
allow us o define subsamples beyond the Coma Clusier for
which distance by association B possible. However, there are
i oonoems. Firs, festure B, which on the basis of ithe SDES
galaxy density one might have expecied o be & evident &
featwe A, is nod readily visible in the DG disiribution.
Furthemore, festure O seems much richer in UDGs than a
vissal impression of the SDNSS diswribution might suggest. Such
variations could point 1o interesting physical differences in the
relative shundsnce of UDGs, or o ewors indroduced by
amanciating UDGs 1o clsely it their brighter ocousins. In
particular, for feature C, which & the resuli of the projection of
spurces along the right edge of the redshift wedge diagram
{Figure 130, coniributions come from a local overdensity, a
booad overdensity st the distance of Coma, and an overdensity
s wheat beyond Coma.

Such comespondences, either real or accidental, beiween the
Ul and mnomml  galaxies can be evahaed more
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quantitatively. Presuming that the LD share similar physical
correlation behavior do ithai of nommal galaxies, ihe redshifi
alice for which the nomal galsey angular correlation funetion
isa best match o the angular correlation function of the DG
is likely tov condain the bulk of the UDG sample. For example,
comparing the angular comelation function of all of the nemmal
galaxies thai are projecied ouiside of the center of Coma {where
there & an obvious correlation between nommal galaies snd
UGy, within 18 Mpe of the Coma Cluster {to limit ousselves
i the area for which we have so far dendfied DG, and have
ez & 10,000 kms ™" 1o that of the UDG sample yields a poor
match (Figure [, kefi panel). When we insiead limi the

ison bo nommal galaxies within a narrew redshifi sirp
that contains the Coma Cluster and sssociated simociures
(6000 < cof{kms™") < B000), we find excellent agreement,
epecially s large angular separation where we will be
senaitive v distance effects (Figure 14, right panel). We
conclude that this sample of UDGs, which was chesen 1o be
large in angular exient, is also predominanily one of physically
large D rs because it is moaly near the distance of Coma and
ihe associaed large-scale stucure. This B a statement for the
sample as a whole, bt unfonunately it says lifle about the
Iocation of any particular DG candidae . A full mathematic al
treatment of this will be presented elsewhere along
the lines of thet performed by Rahman et al. 2016}, once we

have a larger speciroscopic redshifi sample do confim the
estimated redshifi disiributions.
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4.2 Sige Dusoeibacrion

Given a narrow range of surface beighiness within r., the
velocity dispersion of a galaxy, and hence the enclosed nwmss, is
propontional bo a power of r, (Zarisky 2017). Because our
survey & limied ioabout a £ 1 mag range in surface brighiness
{Figure 10}, we expect the physically largest systems to be the
mes massive and inderesting. The largesi confirmed LDeGs,
those with exising ic medshifis, are DEOE with
r, = dd kpe and DF44 with ¢, = 4.6 kpe (van Dokkom et al
2001 5a, 2017 Kadowaki et al. 2007, and there ane a few others
that are slightly snaller but &ill have r, = 4 kpe (Kadowaki
et al 2017). Bo far, this appesrs o be the upper end of the DG
sire disiribution.

The infemed size distribution of our UDGs (sssuming that
they lie st the distance of Coma) k& qualitatively consitent with
ithe size distribution of SDES galaxies inthe region (Figune | 5)
and shows a similar rapid decline toward larger sizmes. The
disance smsumpiion s based on the earier comparison of
angular oosvelation functions, from which we concluded that
the bulk of our UDG sample lies st roughly the distance of the
Coma Clusier. This inference is supponed by the redshifi
digribution of the 5085 galaxies in this region (Figure 13),
where the dominant struciure & a filament that incledes the
Coma Cluster and there are several large wvoids in ihe
foreground o Coma. For both UDGs and SDES galaxies,
objecis with £, > 5 kpe are quite rare {particulardy considering
galaies with M, = —200

There are a number of candidaie UDGs with 5 = 5 kpe. We
show in Figure |6 that even the UDGs with 4 < r. fkpe < 6
congregaie around the Coma Clusier, demonsirating that ihe
bulk of these are indeed ai the distance of Coma, bot thai the
Ul with r, = 6kpe do not, suggesting thai these are not
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physically sssocisted with the Coma Cluster and therefore mot
at that distance. These are likely io be in the foreground and so
have smaller physical sizes than we amssigned them. In fact
some congregation of these “largest™ DS is seen near what
w2 have lbeled feawre C, which we previeusly noted is likely
a superposition of both a local overdensity and overdensities st
and beyond the Coma distance. Furthermore, some of these
candidaies have been speciroscopically confirmed a5 local in
engeing work (Kadowaki et al. 2018, in preparation). Mever-
theless, there i b a significant number of analogs io
DF0E and DEA in size that have yel io be speciroscopically
confirmed, both within the Coma Clusier and in the ficld.

Combining & quantitative version of this analysis and a much
larger sample of DG candidsies and SDSS galaxies could
lead 1o a determination of te upper end of the UDG size
disiribution. The angular cosrelation betwesn [TDG candidaies
and SDSS galavies, whene we can use the redshifis of the 8DES
galaies 1o isolale slices in the 3D distribution, will vanish
when selecting /DG5S that would be larger than those existing
im reality.

A3 Colow DNsrrilucdine

The star femation history of large UDGS is critical o
establishing the physical resson for the apparend low star
formation efficiency of these sysiens. DE, for example, is
estimaed 1o have a odal mass close o that of the Milky Way
and yel only contain % a5 many stars {van Dobkum e al
2015k Has sar formation ceased in all UDG? 1s it driven by
envirpnmenial faciors? Large samples such s thet presented
here, with colors, can begin i addres such questions.

With the data in hand we examine broadband colos, ¢ — £
acress the whele sample and as a function of envirenment. Toe
minimize the effect of nobky measuements, we choose o
define our g — ¢ nmesurement & the difference in comesp-
onding central surface brighinesses. This could introduc: & hizs
if DG5S have eolor gradiends, but there is no measurement yel
of sysematic onlor gradients. In Figure 17 we compare the
color-magninde distribution s SDSS galaxies within 2° of
Coma that are ai the distance of Coma (0U01E < ¢ < OU02E).
We plot color againsi ;-band magniude, which & our besi
proxy for gellar nwss. The UDGs span & range of coloss from
& red & the exirapolaied sloped red sequence o well into the
blue clowd. One ineresting sspect of the figure & that there are
only a few objects that are redder than the exirapolated red

e, Given that ene poiental seurce of contamination is
high-redshifi galaxy chsiers {(see Gonzalez et al. 20017, it is
reasawing that we are not detecting a large population of such
red whijects.

It & evident from this coks-magnitude diagram (CMD) that
even large [DGs musi span a range of formation soenarios
given the diverse properties. These large UDs are notg
entirely, fully quenched galaxies thai follow direcily from ithe
SDES red sequence population. Interpreting the CMD is not
entinely siraighiforwand because there are both mean age and
metallicity effects. For two galaxies with the same stellar mass
and mean age, the mean siellar metallicity can be quiie different
depending on the star formation histery and the chemical
ensichmeni hisiory. Specirescopic analysk of UDG popula-
tions, &5 recently done (Feomd- Matew et al. 2008 Gu e al 2018;
Ruiz-Lara et al. 2018), is a mose robust approach that can help
consirain the range of oplions. Even so, CMDs are valuable
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because they can define samples or highlight the most
interesting objects fior follow-up speciroscopy.

To investigate how the colors may differ a5 a function of
environment over the survey region, we divide the sample by
anlor (Figure |51 We select the ned se galaxies visually
and exirapolsie the slope o fainier magnitudes {shown in
Figure [7). The blue galaxies are simply those thet are a1 lessi
0.1 mag bluer than the blue side of the defined red sequence
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region. There are two ¢lear resulis in the figure. First, both red
and blue DG are found in the vicinity of the Coma Closter,
although there is a preponderance of red galaxies. Once
kinematics ane available for a larper number of these, itwill be
inferesting 0 determine whether there are indications of
different dynamical histories for UDGS split by color. Second,
fieature C is proponionally more evident among the blue UDGs
than the other overdensities. To some degree this can be an
antifact of small numbers, but it may also reflect the higher level
of contamination by nearby, smaller low surface beighiness
galanics that we have discussed before. Distinguishing whether
this is a physical resuli or due o contaminstion will be
siraightforwand with slatistics from a larger surviey.
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E. Plans for the Full SMUDHGES Progeam

The cument analysis explores roughly 300 deg®. The
completed DES] imaging fooiprint & envisioned io exiend o
14,000 deg’. Even sssuming ithal some sizable poriion is not
usahle for our purposes owing o exireme IR cimus onntan ina-
tien, we may be facing something in the neighborhood of
lﬂ,ﬂ]]ﬂufhigh-quljlyjnwjng,ﬂmlﬂﬂuntsmmﬂm
that which we present here. Such sky coverage would suggest
that we will identify a final sample of housands of UDGs of
large angular extent. This, in wrn, helps highlight some
daunding challenges in contexi.

The original processing ron of the data presented here
required about 30 days on a single deskiop-quality nmachine and
wiilized mose than 3 TEB of stoeage, supgesting that dhe full
analysis would require well over 3 yr of CPL ime and more
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than 10DTE of storage. This s a significand but  nod
overwhelming challenge. However, one is alse likely 1o requine
many runs with anificial sources do determine compleieness
onrections. That work will be the subject of a subsequent study
im this series, and one may, for a variely of neasons, wani
bo repest al keast pars of the original daia processing. Now
we have poned the pipeline to a high-perfomance compuier
ﬂﬂ'ﬂ}mwhrhmunprmmmﬂluhufml |'I'
per exposure. There are iypically =3 lhg

processing the nearly 10,000 of the full survey will requl'e
= 30000 hr. We expect io use ~30 cores on the HPC, 50
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approximately & weeks of ime & required. The
enterprise will take somewhst longer than this because there
will undoubiedly b instances where human indervention is
needad v address a problem. Nevenheless, this timescale is
eminently practical. Fegarding the disk space requirements, we
will compress our dada by ~6 and only save processed images
This approach suggesis a requirement of ~15 TB.

The data processing and DG identification are composed of
several sieps, some of which me might wani to revisit and
improve. As such, we will save intermediste steps. For
example, i s possible dthai a new object identification
procedure, either in the original source selection or in the

ical” clamsification, will be devel
mﬂ‘ﬁmhmﬁrﬂ o run that on the ¢ leanead jnﬂ
These intermediate sieps are not presented with this paper, but
our indend is to make them easily available for the full survey.

The second, and much more serious, challenge is te lack of
distance information for the UDG candidates. With an indtial
ouwtly of four nighs of specwoscopic time on the Large
Binocular Tel {LET), Kadowaki et al {2017) obiained
redshifis for five UD . At this rae we would requine over 200
LET nighis jusi i observe the U DGs identified in this siudy,
not the full sample we e We have also begun a program
i targel UDGs &1 21 em wavelengihs because we expect, on
ihe basis of the significant fraction with blue colors (Figune | 7)
and recent HI resulis {Spekkens & Karonakaran 2018}, that st
lesst some DS have significant gas neservoirs. Althoagh we
do net yel have resulis o repont with regard io the sample
presented here, similar observations (Spekkens & Karonaksran
2018) suggest that such observalions can provide redshifis,
although only moderaiely more efficient in terms of large
telescope time. Even so, these ohservations have grest polential
e alse provide a measurement of the intemal Kinenatics and a
direci messure of the gas content of UD( s, both of which
will be critical in understinding the physical naiure of
Ul Nevertheless, we cannod expect o have speciroscopic
redshifis fior the bulk of our final UDG sample for the
foreseeahle future.

. Sumamary

We present our firsl baich processing of DESI pre- imaging
data of a region around the Coma Cluster in search of large
{re = 5¥3 or equivalently =25kpe for those sysiens st the
digance of the Coma Clster) UDGs. We have femed
this program as an effort that & Sysienatically Messuring
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Ura-Diffuse Galaxies (SMUDGes). Due o the large daia
volume, a search through all of the DES] pre-imaging daia
must ke sutomated. We have developed a complete pipeline
that {1} queries the data repesitery, {(2) retreves the data,
{3) performs some additional basic daia reduction io prepane
that data {4) subiracts all high susface brightness ohjects
and comects for exiendsd emission from the brightesi of
those, (3 wavelet-iransforns the residual image, {6 idendifies
significant peaks of emission in a series of those iransfomed
images, {T) compares results from various photomerric bands,
(8) rejects defects and distinguishes among real sources of
emision using nmachine lkaming metheds, and (%) fik simple
muediels to the stacked imsge of UDG candidates to do the final
selection fior large UDGS and provide their basic

The pipeline is working on a high-performance clusier and is
ready o continue processing the full survey.

We llusirate the results obained with this pipeline by
presenting a catalog of UDGs drawn from an area covering
EELL ﬁgi ceniered on the Coma Clusier. By cendering on
Coota, we ane able o our dietections direcly to those
from two recent surveys for [DGs (van Dokkum et al. 200 54
Wagi et al. 20160 These surveys oover a significandly smalker
arca, but all cover the core of the Coma Clusier. From a
comparison of resulis, we conclude that we are achieving
comparable sensitivity and thai where there are distineiions
between our cataleg and the lleramre, the differenoces arise
from detnils of the object clssification rather than the
deteciions themselves.

We present a catalog of 275 candidsie large UDGs. Using
the cataleg, we show that the majority of our UDGs are likely
i b ai roughly the distance of Coma based both on the
number of galaxies that congregaie aound Coma and on the
details of the angular come laion function. Accepiing this resull,
we oonelude that our sample contains a significant number of
analogs of DF44 in size, where the effective radius exceads
dkpe. The conchision is funher confirmed by the angular
clustering of these apparently large U D at the Jecation of the
Coma Cluster. In contrast, sysiems whose effective radios
would exceed & kpe do not clusier nesr Coma, and we conclude
that for these systems we ane overestimating the distance snd
ithe sime by incomect]ly sssociating them with Cona.

We find that the ¢ —  colwr of UDGs spans the full range
from the red sequence o the blue edge of the blue cloud. As
such, even the large DS are likely w reflect a range of
formadion histories. However, the najority have colors that ane
consisient with being low siellar nmass versions of red sequence
galavies. Additional evidence for a range of processes being st
play in UDG fornmion is that we find an overabundance of
blue UDG candidaies in the lower-density enhancemends and
the field. Redshifis are necessary to confirm that these are
physically large galaies.

The staibtical iesiment of large UDG samples will enable
s b cincunmviend the oritical challenge that we will be acking

opic redshifis for the najority of this sample. As such,
w2 will benefit from the largest possible samples. Our analysis
of the Legacy Surveys in search of UDGs, which we refer io as
SMUDGes, promses iy be the best such source unil the adwvent

of analegous analysis of the deeper LSST imaging.
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Appendix
Deep Learning Classifier

We selacied the DenseNet-M0] model fior our initial testing
because the ir resulis sugges that it might provide beiber accuracy
than oiher recent algorithms when irained on relatively small
data sets (Huang et al 2006 The Keras wersion of ihis
application is designed do classify 1000 calegories and requines
mindification 1o acoommodste & hinary docision (DG or nod
UDG). Therefore, the sofinax final byer & replaced with a
densi layer with a sigmoid activation s a single ouipot. This is
preceded by a global average pooling lyer o reduce overfiling
{Lin e al. 200370 The Kerss i ion of this model alko
eliminsied the dropout bayers (Srivasiava el al. 2011) that were
part of the eriginal version (Husng et al. 2016). Because of our
small data set, we added this funciion back inio the Famsition
layers to further redwoe overfiting. All layers of the model
are allowed to vary during iraining. The base s ane
initially assipned weights derived from the Imagenet data set
{Russakovsky et al 2014, while weighis of the medified iop
layers ane pandomly assioned.

Our 201 =« 201 pixel thumbnaik are resized to 130 = 150
and then divided indy a wain/validstion set (80%) and a
separate test set (200 ). The test set B not evaluated undil all

s are finalized. The train/validation set was
furiher divided indo four folds io be used for cross-validaiion.
Twio versions ane ofeabed for each fold. One version contains
the original data required for validstion, and the other is
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augmentad and used for training. Augmentation & needed 1o
expand our limied data set and consisis of random fipping,
retation, and translation of the eriginal images. To prevent
excessive padding of image edges, mistion & limited 1o 107
and wanshiion B limied do a distance of 7T pixels from the
center afier random flipping. The original dsia sel s
unbalanced with an excess of non-U D, and thene fore, DG
are augmenied with s wransformations, while others are
augmented with theee. Cress-validation is performed for each
fiold, with the iraining st c of the sugmended versions
of the other thee: folds and testing done with the

version. For oplimization, we use Adam (Kingma & Ba 20110)
with bata_1 = 09, beta_2 = (9040, Epﬁ.ﬂm Y T T |
decay = 0.0. The data sei is imained for 100 epochs with an
initial leaming rate of (L0OD0S. The leaming rake is decneased
by muliplying by 0.3 every 25 epochs. The Keras implements-
tion of binary cross-eniropy s wed & he loss funclion. We
investigated dropout fractions of 0.2, 03, and 0.4 and found
ithat a vale of 0.3 gave the bes resulis during cross-validstion.
After finalizing hyperparameters using cross-validation, the
four augmenied folds are combined indo a single iraining sei
and run on the kest selio provide our final resulis & described
in Section 3.5,
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