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the red sequend®ressler et al1997 Gerke et al2007. In represent clumps of DSFGs. Indeed, overdensities of DSFGs
local galaxy clusters this quenching is brought about rapidlyat z 3 have been found using this techniquee.,
via ram pressure strippir@unn & Gott1972 or by so-called “HATLAS12-00—Clements et al2016.
“starvatiol and or “strangulatioh process (Larson Although DSFGs are supposedly poor tracers of large
et al.198Q Balogh et al200Q Elbaz et al2007 Cooper et al. structure belowz 2.5 (Miller et al. 2019, the situation
2008 Tanaka et al2013a Casado et al2015. However, at appears to be quite different by 5 (Miller et al. 2016 Oteo
higher redshifts, could the most massive ETGs, in the centers oét al. 2017)—although care must be taken when discovering
galaxy clusters, instead be the remnants of colossal mergepverdensities within such a rafiaus low-numberédpopula-
events? tion of galaxy. At odds with this concept is the most-distant
An extreme event like this would require wildly different (z 6) ultra-red galaxy discovered to datéHFLS 3"
behavior for the precursors of ETGs at 3, with such (Riechers et al.2013. Confusion-limited observations of
systems exhibiting immensely high star formation ré8ésRs, the environments surrounding this DSFG showed little
Z _10°M. yr Y. In a hierarchical context, this large burst of evidence that it signposted an overdensity of DS{Radbson
star formation is driven by mergers in dense environmentsét al. 2014. However, in light of new and improved
(Lacey & Cole1993. Although the existence of such large comparison data, it appears that HRE $erhaps signposts a
systems at such high redshifts places stress on the hierarchic&gion that is overdense by a factor of at lea2x .

paradigm(Granato et aR004), it is conceivable that dusty star- _ Thus, if our sample of ultra-red galaxies shows an excess of
forming galaxie§DSFGs—e.g., Blain et al2002 Casey etal. DSFGs compared to theeld, we will have conrmed the
2014 are associated with these distant events at an epoch whefffectiveness of this novel technique for pinpointing primordial
the merger rates are Comparatively h@-ﬁne et al. 2016 OVe.rder.]S|t|e.S in the distant Un|Verse.. Comb|ned with fO”OW'Up
Delahaye et a2017. optical imagingspectroscopy of their environmerfts detect
Conventional wisdom places this dusty populatian at2.5 ~ SO-called’Lyman-break galaxies, LBGs-Steidel et al1996

(Chapman et aR005 Simpson et aR014), but recent work by ~ Madau et al1996, we will be able to place strong constraints
Riechers et al(2013, Dowell et al. (2014, Asboth et al. ~ On their Msas and DM components. A joint approaeh
(2016), and(lvison et al2016 hereafter Papéy, to name but a combining modelge.g., Springel et ak005 and observations

few, suggests that a raze 3 subset can be idenéd via their —is necessary to fully predict the eyentual fate of these
red, far-infraredfar-IR) colors as measured by the Spectral and Protoclusters az 0 (Casey2016 Overzier2016. ,
Photometric Imaging Receivé8PIRE—Grif n et al.2010 on The structure of this paper is as follows. In the next section
board theHerschel Space ObservatofRilbratt et al.2010). we outline our target sample, as well as our data acquisition and

Lensed DSFGs at similarly high redshifts have also been found€duction methods. We analyze our data in SecBoand
by surveys atM,s 1 mm with the South Pole Telescope discuss their |mpI|cat|on_s in SectidnFinally, our conclu_5|ons
relying on ux-density ratios at even longer wavelengths to gre presented in dSecuo&:‘s: Thml:jgho”t our ar1|a!y5|s_ ﬁnd
generate a sample of distant, dust-dominated so(viesa iscussion, we adopt dconcordance cosmologywit

— 1 S1 — — :
et al.201Q Weif et al.2013 Strandet et al2018. Ho= 71km$*Mpc>, = 0.27and = 0.73(Hinshaw
With remarkably high median rest-frame~1800 m et al.2009, in which 1 corresponds to ropej distance of

luminosities, Ly k1.3 103L g these so-calledultra- 0.5 Mpc atz= 3.0. For a quantityx, we denote its mean and

red galaxies can provide the SFRs necessary to give birth to median values as andxy 2, respectively.
the most massive ETGs in the centers of galaxy clusters, and
thus, the red sequence. In this work, we go one step further than
Papen exploiting a representative sample of ultra-red galaxies
to decipher whether these 3 DSFGs exhibit evidence of 2.1. Target Sample
clustering consistent with their eventual membership of

massive galaxy clusters at Q. 850 m imaging—from theH-ATLAS (HerschelAstrophy-

If ultra-req galaxies _do indeed trace the precursors of thesical Terahert% L%Tge Area SurveEaIesf et al2010) imazir?/g
most massive ETGs in the centers of prgse_nt—day galaxysurvey. These targets are contained in Data Relefzr1t-
clusters, we would expect to witness unvirialized systemsg | e et al2018 Valiante et al201§ H-ATLAS images of
characte_rlzed uby overdensities @physically as.souated the two equatorial Galaxy And Mass Assemi@yAMA 09 and
DSFGs(i.e., a"protocluster—Muldrew et al. 2015 _Casey GAMA 15) elds and the South Galactic PeBGB eld. Our
20.16' SUCh. systems have _a!ready been dlscoyergd mih_@ selection criteria are discussed fully in Papend we briey
universe via their submillimete(submmn) emission, with outline them here
previous work typically relying either on high-redshift radio We im |

. . posed color cuts &od S50 1.5 andSspd Szso

gggams_s(HbzRGsl—z%f., lvison ?t al200Q Slltevelr;;s et aSQ(C))OS 0.85 in order to select rare, distant galaxies. We increased the

4 Rigby et al. 2014, pairs of quasi-stellar objeqt®SOs— reliability of our ultra-red galaxy sample by imposing a 560
Uchlyama et_al2017) or even strong overdensities of Ly signi cance of 3.5 500 and by requiring ux densities
emitters as signpos(amura et al2009 Capak et al201% consistent with a high redshift in ground-based snapshot
Tozzi et al. 2015. Predictions by Negrello et a(2009 images obtained at 850 or 87n.
suggested that bright-intensity peaks within low-resolution data Additionally, we required thaBse 1 100 mJyin order to
taken with the Planck High Frequency Instrument could reqyce the fraction of gravitationally lensed galaxies in favor of
intrinsically luminous galaxie@Negrello et al.201Q Conley

20 o o .
Galaxy clusters reside in deep gravitational potentials that heat the ; _ ;
intracluster mediunfICM). As a consequence, the ICM strips the cold gas et al'ZOl:D’ although we draw attention to SGP-28124, with a

from infalling LTGs and subsequently starves or strangles them of cold gas, UX densitySsop X 120. mJy WhiCh is signi cantly high_er than
which is the fuel for further star formation. its cataloged ux density at the time of our observations.

2. Target Sample and Data Reduction

We selected 12 targetdased on their initial shallow
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Table 1
Targets and Their Properties
Nickname (J2009 ting as) ni ¢ Date Observed Program
"™ ¢ ) (hn (mJy beam?)  (arcmirf) (yyyy mm)
SGP-28124 00:01:24.73 S$35:42:13.7 134 0.3 1.9 133 2013 Apr E-191.A-0748
HeLMS-42 00:03:04.39 +02:40:49.8 0.8 0.3 6.3 121 2013 Oct M-092.F
SGP-93302 00:06:24.26 $32:30:21.4 16.6 0.3 1.7 129 2013 Apr E-191.A-0748
ELAIS-S1-18 00:28:51.23 $43:13:51.5 0.9 0.2 5.3 117 2013 Apr M-091.F
ELAIS-S1-26 00:33:52.52 $45:20:11.9 4.4 0.4 4.0 118 2014 Apr M-093.F
SGP-208073 00:35:33.82 $28:03:03.2 4.9 0.3 3.2 130 2013 Apr M-091.F, E-191.A-0748, M-092.F
ELAIS-S1-29 00:37:56.76  $42:15:20.5 2.9 0.3 4.2 137 2013 Oct M-092.F, M-093.F
SGP-354388 00:42:23.23 $33:43:41.8 114 0.3 1.8 124 2013 Oct M-092.F, E-191.A-0748
SGP-380990 00:46:14.80 $32:18:26.5 4.0 0.3 2.9 115 2012 Nov M-090.F
HeLMS-10 00:52:58.61 +06:13:19.7 0.5 0.3 8.0 114 2013 Oct M-092.F
SGP-221606 01:19:18.98 $29:45:14.4 1.3 0.4 6.0 112 2014 May M-093.F
SGP-146631 01:32:04.35 $31:12:34.6 24 0.3 5.0 119 2014 Apr M-093.F
SGP-278539 01:42:09.08 $32:34:23.0 3.2 0.4 4.4 121 2014 Apr M-093.F
SGP-142679 01:44:56.46 $28:41:38.3 3.0 0.4 43 116 2014 Apr M-093.F
XMM-LSS-15 02:17:43.86  $03:09:11.2 2.0 0.3 4.4 118 2013 Oct M-092.F
XMM-LSS-30 02:26:56.52 $03:27:05.0 4.1 0.3 3.4 132 2013 Sep E-191.A-0748, M-090.F, M-092.F
CDFS-13 03:37:00.91 $29:21:43.6 1.0 0.2 5.3 118 2013 Oct M-092.F
ADF-S-27 04:36:56.47 $54:38:14.6 3.4 0.3 3.7 135 2012 Sep M-090.F
ADF-S-32 04:44:10.30 $53:49:31.4 2.0 0.3 5.0 129 2013 Apr M-091.F, M-092.F
G09-83808 09:00:45.41 +00:41:26.0 9.2 0.3 18 125 2013 Oct E-191.A-0748
G15-82684 14:50:12.91 +01:48:15.0 6.7 0.3 2.3 116 2014 Mar M-093.F
SGP-433089 22:27:36.98 $33:38:33.9 13.2 0.3 1.8 117 2012 Sep M-090.F, M-091.F, M-093.F

Notes. Targets are listed in order of increasing R.A.

& Average opacity value.

b Average depth computed across each beam-smoothed LABOCA map, where the resulting FWHM of a beam is 27
© Extent of LABOCA map.

To thisH-ATLAS sample, we added an additional 10 targets sampled map over the full 1diameter eld of view of
from ve elds in the HerMES (Herschel Multi-tiered LABOCA. An average time oft,, 4.6hr was spent
Extragalactic Survey-Oliver et al.2012 imaging survey— integrating on each targésee Tablel). Maps with longer
ultra-red galaxies selected in thkari Deep FieledSouth integration timegt,y 10 hi) provide deeper data sensitive to
(ADF-9), the ChandraDeep Field-South SurvefCDFS, the less luminous DSFGs in the vicinity of our signposts. Our
European Large-Area Infrared Survey-SoUt(ELAIS-SI), shallower mapgti,; 1 hr) help constrain the abundances of
and the XMM-Large-Scale SurveyXMM-LSS) elds are  the brightest DSFGs, thus reducing the Poisson noise
contained in thG)R4O xID250 Cata|OgS by Roseboom et al. associated with these rare ga|axies_ These /dbatbw
(201Q 2019, while those selected from ti¢erMES Large 870 m data are necessary to constrain the photometric
Mode Survey(HeLMS) are among the 477 red galaxies regshifts of the brightéfainter DSFGs within the vicinities
presented by Asboth et gR016. All HerMES images and ¢ oy signposts, therefore allowing us to identify members of
catalogs were accessed through t-ngrlscheI Database in any candidate protocluster found.

Marseille(HeDaM—Roehlly et al.2011). During our observations, we recorded typical precipitable

water vaporPWV) values between 0.4 and 1.3 mm, corresp-

onding to a zenith atmospheric opacity of 0.2-0.4. Finally,

the ux density scale was determined to an rms accuracy of
calib 7% using observations of primary calibrators, Uranus

and Neptune, while pointing was checked every hour using

nearby quasars and found to be stablegg,, 3 (rms).

2.2. Observing Strategy

Our sample of 22 ultra-red galaxies were imaged with the
Atacama Pathnder Experiment(APEX) telescopes Large
APEX BOlometer CAmerdLABOCA—KTreysa et al.2003
Siringo et al.2009 instrument over six observing runs from
2012 September to 2014 Mar¢hThe passband response for
this instrument is centered on 87@ (345 GH2 and has a
half-transmission width of 150 m ( 60 GH2.

Targets were observed in a compact-raster scanning mode, The data were reduced using the Python-based BOlometer
whereby the telescope scans in an Archimedean spiral for 35 slata Analysis Software packa@®OA v4.1—Schuller2012),
at four equally spaced raster positions in a 2727 grid. following the prescription outlined in Section 10.2 and Section
Each scan was approximately? minutes long such that each 3.1 of Siringo et al.(2009 and Schuller et al(2009,
raster position was visited three times, leading to a fully respectively. We brigy outline the reduction steps below.

2.3. From Raw Timestreams to Maps

1. Timestreams for each scan were calibrated onto the
Jy beam ! scale using primary or secondanyx density
calibrators.

21 http7/ hedam.oamp fhermes

22Eso program E-191.A-0748 and MPI programs M-090.F-0025-2012, M-
091.F-0021-2013, and M-092.F-0015-2013.


http://hedam.oamp.fr/hermes/
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2. Channels exhibiting strong cross talk with their neigh-
bors, showing no signal or high noise weegged, while
the remaining channels werat elded.

. Timestreams wereagged in regions where the speed and
acceleration of the telescope are too severe to guarantee
reliable positional information at every timestamp.

. In an iterative manner, the following sequence was
performed:

(8 Noisy channels were-clipped relative to all channels
with the degree of clipping increasing from 5 to 3 with
each iteration.

(b) Sky noise determined across all
removed from each channel.

(c) Each channé&t timestreams werédespiked about
their mean value.

(d) An nth-order polynomial baseline was subtracted
from the timestreams to remove any low-frequency
drifts, wheren = 14 with each iteration.

100
L J2258-280

Gaussian fit [§ = 19.2 arcsec] —

50

%

&
/

60

40

Relative intensity / %
Relative intensity

channels was

20

0

20 30
Radius / arcsec

5. Large discontinuitiegumps in the _tlmeStreamS' seen in fFigure 1. Main: Radially averaged beam pie of J225&280, the most
all channels, and correlated noise between groups Oftrequently visited pointing source for this work, reduced in the same manner as
channels(e.g., channels sharing the same part of the our maps. Black points indicate radial bin averages and their respective rms
electronics or being connected to the same Yaixee values, after sky subtraction. The beam is well described by a Gaussian with
removed FWHM = 19”2 (purple ling, which we use to beam-smooth oural maps.
" . . Inset: Normalized ux map of J2258280 (So 7654 26.2mJy o
6. The Fourier spectrum of the timestreams were high-passyith contours indicating the 10, 3®lack, 50, 70, and99 (white) % peak

Itered below 0.5 Hz using a noise-whitening algorithm ux levels.

to remove the Af noise. At this stage, the mean noise-

weighted point-source sensitivity of all channels was each map, we created 100 jackknife realizations of the
calculated to remove scans corrupted by electronicinstrumental noise.

interference. Uncorrupted scans were opacity-corrected In Figure2 we show the pixel distributions of theal S N

using skydips and radiometer opacity values before beingmaps and their respective jackknife realizations. There is
pixelated onto a map. We oversampled the pixelization clearly a positive excess abovéNs 3 in the nal reduced
process by a factor of four to preserve the spatial maps compared to the jackknife maps. This excess is caused by
information in the map. This results in aal map for a the presence of astronomical sources.

given scan with a pixel scafe 478 pix°™.

We coadded, with inverse weighting, all of the reduced maps
for each scan before beam smoothing thal map to ease the
detection of point sources and to remove any high-frequency We chose a detection threshdldyesp) based on the values
noise on scales smaller than the beam that might exist. Thefa“ delity’ or “trustworthinessparameterf, similar to that

3. Analysis

effect of convolving with a Gaussian with a FWHM= 1972
(i.e., the beam width, see Figur® increase the spatial
resolutiontoy 2 R2 /2 R 27'. Thus VR scale thenal
map by+/2 in order to preserve the peak intensity, i.e., the
mJy beami® units. As our rms maps are also smoothed by a

19”2 Gaussian, we applied an additional scaling to them such

that the signal-to-noise rat{& N) in regions free of sources
was unity.

We repeated these reduction steps, this time usingrthle
reduced map as a model to mask sigant sources before

outlined in Aravena et a(2016. For all of our maps, we ran
our extraction algorithm(Section 3.1) and compared the
number of sources detected in our maps, to the mean
number of sources detected in our 100 jackknife realizations for
each map/Vjack as a function of detectior/ §:
-/T[jack

I

We show the averagedelity in the right-hand panel of

F o1

(1)

agging the timestreams. Using a model in this fashion helps taFigure2, which illustrates that by increasing the detectibN,S

increase thenal S N of detectiongNord et al.2009 Schuller
et al.2009 Belloche et al2011). We nd that one repetition is
suf cient to achieve convergence in theNSof a point source,
in agreement with the ndings of Weil3 et al(2009 and
Gomez et al(2010. We present thenal S N maps for all of
our ultra-red galaxies in Appendix.

we increase our comlence in the recovered sources. We reach
a delity of F x 100%at 5 and a delity of # 50% at

3 , the latter indicating that we would expect about half of
our sources to be spurious atNs 3. We chose-as a
compromise between reliability and the number of cataloged
sources—a detection threshold ofyesn> 3.5, where we have

To model the instrumental noise of our maps, we generateca delity 7/ 6% 8% o

so-called‘jackknifé’ maps by randomly invertingj.e., multi-

The intrinsic map-to-map scatter in thaelity is caused by

plying by S1) half of our reduced scans before coadding them. the varying abundance of sources in each map, due to the
The result is a map free of astronomical sources and confusioreffects of cosmic variance and the differing rms noise levels.
which we estimate to b&0.9 mJyin our deepest maps, and This scatter decreases with increasing detection threshold and is
thus these realizations will underestimate the true noise. Forl x 8%at 5 .

4
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Figure 2. Left: Beam-smoothed/8lI pixel distribution for our mapgotted, black histogranthat shows an excess above our detection threshold due to the presence
of astrophysical sourcégray regiof. We also plot the beam-smootheld\Spixel distribution of our jackknife magblack solid histogram, see Sectid13), whose

mean is well modeled by a Gauss{anlid, purple lingcentered on = 0 with a standard deviation= 1, as expected. Right: Meanelity (black, solid histogram

—F) as a function of detection § for our maps using our extraction algoritfgee SectioB.1). We parameterize the histogram by a sigmoid fungfiomple, solid

line), which we use to deduce theelity of each source detected. We draw attention to the fact that this is a statistical measurement and that onav@¥6gé 65
sources detected at 3.Will be trustworthy, i.e., a third of these sources may be spurious.

3.1. Source Extraction For each simulated source, we ran our source-extraction
algorithm, and if we detected a peak within a threshold radius,
fresh - 1.5 R of the injection site, then we recorded the

best- tting Gaussian parameters. If we recovered multiple

We used a custom-written Interactive Data Langjmye—
Landsmanl1993 source-extraction algorithm to identify and
extract sources in the beam-smoothédll $haps, noting that

the beam-smoothing step described above optimizes th1£—inally, if we failed to recover a simulated source, we recorded

detection of point sources. . ; ;
In a top-down fashion, we searched for pixels above ourf[he model ux density and the instrumental noise at the

oor S N detection threshold iesh> 3.5 . To accommodate injection site.

sources whose true peak falls between pixels, we temporarily This procedure was repeated 10,000 times for each target so
lowered e by 95%, keeping sources with bicubically hat we generated a large, realistic catalog of simulated sources.

merpolated Sub-piel values hat meet our orignaNs {1 U5 U [0 delfmine th nfse dependent compltences
detection threshold. In Tabl® we catalog the peak ux P p ,

density, noise, and position determined from a three-paramete\f\’lil(I ?jse:]hs(iatig)s( bggztl?r?f’rggilérhgff?é%c}fi rgco;/heéegi;?algggt
Gaussian t made inside a box of width(i.e., 27 ) centered ' ; S e
on a source. After removing thé from the map, we searched between recovered and input positions for each cataloged

. ource.
;g[jrijnd cataloged subsequent peaks until no more could bé We calculated the mediarux boosting in bins of recovered

: ; - S N, which we used to translate the recoverad densities of
During the extraction process we performed some additional yr detections into modelux densities(see Figured). After

steps: the parameters of sources deemed too close to each ot I ; .

( rp< /2)pwere reevaluated bytting multiple three-para- r{%'s stage, we used our deboosteak densities with their

meter Gaussians simultaneously; sources deemed too Clos%ssomated mstrumental_ noise levels to determine their

( r< /2)tothe map edges were rejected. completengsse_s and ragjlal offsets. The former we computed

from a spline interpolation of a two-dimensional surface of

modeled ux density and instrumental noigee Figurel and,

e.g., Geach et aR013, while the latter we computed from a
We inserted simulated sources into our jackknife maps tospline interpolation of modeled/ B (see left-hand panel of

quantify the statistical properties of our cataloged sources. Tdrigure5).

ensure that we did not encode any clustering, we randomize the At our detection threshold, theix density of a source in our

3.1.1. Completeness, Flux Boosting, and Positional Offsets

injection sites of our simulated sources. We drew modgl deepest map, SGP-93302, is typically boostedBby 1.7,
densities down tdSng 1 mJy from a Schechter function  which is in agreement with the literature at similar defetg.,
parameterization of the number counts, B x 1.5—Geach et al.2017, while at SN 6, the ux
B boosting becomes negligible. However, we draw attention to
dN . (M) e Swoi/ S ) the relatively severe deboosting factors recorded for our
dShod S ’ noisiest mapge.g., central rmsT 2 5 mJy for SGP-221606

) due to the steep bright-efflo 13 mJy) slope of the number
where§ 3.7mJyand = 1.4 (Casey et al2013, which counts.

we scaled to 870m using a spectral index of, i.e., we For SGP-93302, our two-dimensional completeness function
divided the model uxes by( g7d 850> 1.05. indicates that we ar€ x 100% complete at a deboosted
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Table 4
Targets and Their Photometric Redshift Properties
ID Zohot" r l0g,o(Lar 1R) ID Zohot >z l0g,o(Lar 1R)
L) (L)
SGP-28124
LURGS J000124.9—354212 34 91 5.99 1350 392 LURGS J000145$353822 2592 0.19 13.05 338
LURGS J00014.2354123 3.6 29 0.36 12.59 939 LURGS J0001228354211 25932 32.37 12.95 §:58
LURGS J000138 535442 3.7 63 1.02 12.38 38 LURGS J000115935411 16 94 0.69 12.36 312
LURGS J0001298354416 1.6 94 2.20 12.35 3%
HeLMS-42
LURGS J00034.2+-024114 32 92 3.30 1326 3% LURGS J00031920237F
SGP-93302
LURGS J000624.4—323018 37932 0.14 1341 358 LURGS J00067.3322638 4.4 %3 0.02 13.45 3%
LURGS J000621 832328 36 94 0.26 13.02 988 LURGS J000619.5323126 2284 0.64 12.50 912
LURGS J00066.$323016 1.8 94 1.05 12.58 33 LURGS J0006198322847 1.9 94 0.42 12.43 34
LURGS J000634 95323138 2398 0.13 12.33 32 LURGS J00068.5323338
ELAISS1-18
LURGS J002851.3—431353 29 %2 0.87 13.03 358 LURGS J00297.3431036 2.8 32 0.81 13.05 3%
LURGS J002913843077 6.3 37 1.38 12.87 $& LURGS J00294.8430737 14 11 0.37 12.08 3%
LURGS J002919$5430817 6.3 37 0.75 12.52 922
ELAISS1-26
LURGS J003352.4—452015 2.8 93 2.47 12.88 3% LURGS J0034108452230 22 94 1.44 12.83 913
LURGS J0033479451441 2987 0.16 12.60 338
SGP-208073
LURGS J003533.9—280260 36 33 0.96 13.19 3% LURGS J0035403 280459 2793 0.64 12.92 3%
LURGS J0035368280143 2598 1.25 12.50 338
ELAISS1-29
LURGS J003756.6—421519 28 92 3.89 1287 3% LURGS J0038315421418
LURGS J003744 8421240 2.0 33 1.15 12.70 333 LURGS J003811342198
LURGS J003825542128 0.9 32 0.34 12.34 935 LURGS J00388.8421742 2393 1.66 12.64 $19
SGP-354388
LURGS J004223.7—334325 42 9% 0.19 1337 3% LURGS J0042235334350 3593 0.18 13.15 3%
LURGS J004233%33444 3792 0.36 12.85 $1% LURGS J0042232334117 3298 1.09 12.81 912
LURGS J0042163334138 1.8 93 0.06 12.77 385 LURGS J0042198334435 26 33 2.39 12.72 38
LURGS J004212 9334544 g . LURGS J0042105334048
LURGS J004228533492%
SGP-380990
LURGS J004614.6—321828 28 92 4.55 12.88 38 LURGS J004620232209 2793 1.34 12.77 3%
LURGS J00464.8321844 2097 0.23 12.43 3%
HeLMS-10
LURGS J005258.6+-061318 32 3% 3.56 1348 33 LURGS J00532.4061113
LURGS J005310:4061510 2582 0.12 12.97 313
SGP-221606
LURGS J011918.9—294516 28 92 1.59 13.04 3& LURGS J0119155294748 4.4 17 2.72 12.65 323
LURGS J01191.8294342 1.3 $] 0.56 11.71 338 LURGS J01199.629424F
SGP-146631
LURGS J0131558311147 2993 2.26 12.89 3% LURGS J01324.5—311239 24 3% 20.97 13.03 3%
LURGS J0132155310837
SGP-278539
LURGS J01428.2—323426 29 33 4.62 12.94 3% LURGS J014226 2323324
LURGS J01421 8323624 52 1 0.23 12.91 837 LURGS J014214 832290 38 23 0.06 12.63 33
LURGS J014218 832352
SGP-142679
LURGS J014456.9—284146 27 92 15.33 13.03 0% LURGS J0144488283535 7.3 27 2.69 12.96 933
LURGS J01456.3284457 2187 8.07 13.12 3%
XMM-15
LURGS J021745.3—030912 37 328 0.01 13.00 038 LURGS J0217573030753 1.2 §¢ 0.09 12.51 523
LURGS J02173780312¢
XMM-30
LURGS J022656.6—032711 3592 323 1319 388 LURGS J022644 8032510 2.8 92 3.05 13.13 3%
LURGS J022630.2032530 2.9 §¢ 1.45 12.84 318 LURGS J02270.8032541 2558 0.53 12.32 32
LURGS J0226508032542 1.8 54 0.70 12.47 532
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Table 4
(Continued
ID Zohot 5] logyo(Ltar 1R) ID Zohot 53 10 oL far 1R)
(L:) (L)
CDFS-13
LURGS J03370.7—292148 3.0 92 1.51 1321 3% LURGS J03370.8291746 3.0 23 13.23 12.83 §%
LURGS J0336558292627 26 11 0.15 12.44 9328
ADFS-27
LURGS J043657.0—543813 44 5% 0.92 1323 3% LURGS J043729554365 4.0 97 0.80 13.02 12
LURGS J04374.3543912 - LURGS J043717854356 27 92 1.90 12.63 311
LURGS J043717 5543528 2.0 93 11.45 12.80 397 LURGS J04377.554341 1.9 §4 0.05 12.57 341
LURGS J043649 854408 3193 0.54 12.54 338
ADFS-32
LURGS J044410.1—534949 3.0 3% 0.45 12.65 12 LURGS J04450.853496¢
G09-83808
LURGS J090045.7+004124 45 %4 0.23 1325 008 LURGS J090032:8004313 2391 6.55 13.15 2%
LURGS J090019:4004016 LURGS J090057:800415 2193 1.20 12.60 3%
LURGS J0900542004343 1.9 §2 1.16 12.34 348 LURGS J090057 4004039 1.8 33 6.49 12.45 312
LURGS J0900374003624 1.8 §32 2.45 12.83 §:57
G15-82684
LURGS J14506.8015038 3.2 9% 1.24 13.14 3% LURGS J145013.1+014810 35 93 0.05 13.07 382
LURGS J1450124 015158 2793 0.58 12.93 3% LURGS J145015:4015237 32 93 0.83 12.94 3%
LURGS J145025#015115 2394 0.83 12.62 31t LURGS J145023:801514 2597 2.67 12.48 3£
SGP-433089
LURGS J222737.4—333835 25 93 0.87 12.77 358 LURGS J2227252333920 2.4 33 0.14 12.83 3%
LURGS J222747 9333533 2504 0.21 12.71 318 LURGS J222731333404
LURGS J2227333333440 1.9 33 0.66 12.66 19 LURGS J222737 3333727 1.5 32 0.81 12.57 312
LURGS J2227308333534 2.3 ¢ 0.16 12.57 $18 LURGS J2227503334153 3139 0.51 12.56 912
LURGS J222753 8333529 2633 451 12.58 §43 LURGS J222727 8334056 2284 1.43 1252 0%
LURGS J2227443333741 2394 6.69 12.49 313
Notes.

&We quote errors based on tii2 1 values, without the adding the intrinsic template scatter in quadrature.
b SPIRE non-detections for which we do not provide any photometric redshifts; we do not include these in our analysis.

emissior—has a low probability of being ultra-red. We recall
that this is shown in Tabl@and Figured, where galaxies with a
higher probability of being ultra-red, which are thus more

wordds, we have an overdensity of 1.0, comprised of 24
DSFGs with deboostedux densitiesS 8.5 mJy We there-
fore expectp = 0.5 (or 12 of these DSFGs to be responsible

distant, primarily contribute to our overdensity parameter for this overdensity. We achieve this association if we

atS a 8.5mJy

4.4. Physical Associations
To quantify whether the galaxies responsible for the

arbitrarily set our threshold t&& yresnh - 0.65 as shown in
Figurell, where we plot the fraction of sources responsible for
an overdensity against our association threshold.

On the other hand, if we choose a threshold dependent on the

overdensity are associated with their signpost ultra-red galaxynedian tting errors for our targets andeld galaxies,

—thus comprising a protoclusteve analyze their photo-
metric redshifts.

Zitwesh = (( 2aged7/90 T z09i/2)? 0.5, weTare unable
to account for 20% of the galaxies responsible for the

The simplest analysis we could perform is to calculate theoverdensity. Finally, if we were to include in quadrature the
absolute difference between the photometric redshifts of oufintrinsic scatter in our three templates to the meditimg

eld galaxiesz ¢4 relative to their respective target ultra-red
galaxy,z..ge: We therefore dene a parameter

% Zarget Zield (6)

errors, our association threshold would increasé&qesn -
0.93 As can be seen in Figuld, this threshold includes all of
the galaxies responsible for the overdensity, but is likely
contaminated by unassociated galaxigs)).

in order to determine the fraction of galaxies that lie at or below Both the former and latter association thresholds are too

some association threshol@ y,.sn Choosing such a thresh-
old is complicated by the di€ult task of determining
photometric redshifts using far-IR photometry alone.

For example, if we were to account for the fraction
G /@@ E) 0.5%8 of Bources responsible for our over-
density, E 1.0 38 at S a 8.5mJy we would require an
association threshold@ hesh - 0.65(see Figurell). In other

13

large to make any reliable claim of association. We therefore
compromise, knowingly missing some of the galaxies respon-
sible for the overdensity, by choosing an association threshold,
% resh - 0.52. We do this in order to increase the reliability

of our further analysis of these potential protocluster systems.
With this approach for our entire catalog, wed that half of

our target ultra-red galaxies have at least one associated DSFG.
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20F T o ' ' ] We translate rest-frame luminosities into SFRs using
z 1oL ' . ZM yrlt 1% 10%0r/L (see Equation(4) in
o, : N . ] Kennicutt, 1998 for starbursts using a Salpeter initial mass

function (IMF), noting that a top-heavy IMF in distant dusty
o 1 ] starbursts has been suggested many finfigEmano
et al.2017. Hence, these associated galaxies have high median
1 ] SFRs, Z,, 1000 200M. yol, with an average total
- &> H ] SFR, : & 2200 &OOM. yrl Thisis consistent with
. : a scenario wherein these galaxies form the bulk of their stellar
l ] ] mass quickly(in <1Gyr) atz 3 and evolve to populate the
. , ] centers of massive galaxy clusters seen tolHyomas
———————— 1: - - -1 et al.2005 201Q Fassbender et &011; Snyder et al2012.
To test the validity of this simplistic method for protocluster
Individual targets O ] association, we calculate the same residual parameter, but
Field galaxies ® ] this time for all galaxy pairs andj in each mapk i.e.,
(within 182l < 0.5) 1 zj % % 7, | I We compare the average value of
! ! ! P this parameter for all maps to that of a control sample. We
0 1 2 3 0 10 20 determine the latter by replacing all galaxies except for our
Sse0/ S0 N targets with a random galaxy drawn from the ALESS
Figure 10. Ssod Sss0 VS. Ssod Ses0 for our catalog of sources that have at least photometric  redshift distribution presented in Simpson
one SPIRE detection above.1lWe show our targd eld) galaxies as circles et al.(2014.

(squarepand highlight in pink thoseeld galaxies that lie withifkz - 0.5of : ; P ;
their signpost galaxy. We show our color-cut limitgashed ling This alternative analysis is shown in the bottom panel of

Ssod Sis0 1.5 andSsod Siso .85, which a target is required to match in  Figure 12, where we see a similar excess¢of 0.3 to that
order to meet our ultra-red galaxy selection critéria, the top right region of ~ found in the previous analysis. Furthermore, this analysis
the plo). Five targets narrowly miss oB8kod Sso color-cut threshold, three by shows that there is a deit of % . 1 pairs, indicating that
0.1 and two by 0.2. This shift toward bluer colors is due to the larger 80  or e|d galaxies are preferentially associated with their target
boosting and the rened positions at which we make the SPIRE photometric laxi bel this | I Thi it ti lvsis. h
measurements. A representative color uncertainty is shown, and we use arrowd@/aXI€S DEIOW this level. 'This alternative analysis, however,
to highlight 1 limits where applicable. d_oes not tell us which eld galaxies are associated with the
signpost ultra-red galaxies.

The similarities between thendings of both methods

suggests that we can trust our analysis.

&

We illustrate the results of this analysis in the top panel of
Figure12, where we have chosen to plot against the radial
distance betwgeneld galaxies and _thgir targtsriarge)- Hglf 4.5. Consequent Fate atz 0
of these associated DSFGs are within,get 3 —suggesting ) )
that there is a slight dependence on association with proximity, Here, we briey discuss the eventual fate of the ultra-red
in agreement with the annuli analysis of our number counts in9alaxy environments that have at least one DSFG associated
Section4.L In terms of proper radial distancigerived at the ~ With their signpost.

: ; i To recapitulate, just over half of our sample have at least
redshift of the targgtwe see that these galaxies are distributed ) ’ e
on scales of fuge. 2 Mpc, reporting an average separation one associated DSFG withinz  0.52. We have shown that

of Yhagee 1.6 0.5Mpc with an interquartile range these galaxies have high S&Rwith the candidate proto-

... Clusters themselves having an average total SFR: of
Farget= 1.0-2.2 Mpc. We see no dependence on the redSh'TtZ g 10®M. yr & This supp%rts a scer?ario wherein these
?f the target ultra-red galaxy and the average target Separat'oaalaxies evolve fronz 3 to the present to populate the
romz= 2-4.

. .. centers of the most massive galaxy clusters seen in the local
The top panel of Figuré2 also shows that the majority of universe 9 Y

our eld galaxies are at a lower redshift than their respective - \yie now derive molecular gas massds,, using the far-IR

. . . . Al
signpost galaxy, with the former lying at a median photo- continuum and an appropriate scaling constart-Scoville
metric redshift,z;,, = 2.6+ 0.2, with interquartile range, gt al.2014 2015, determined from a sample of 28 SMGs with

z= 1.9-3.1, and the lattefour signpostslying at a slightly CO(1-0) measurements at< 3
higher redshiftzy,, = 3.2+ 0.2, with an interquartile range,

z= 2.8-3.6. If we remove the associated DSFGs, waee B Laso nm 1.0 05 16%ergst HM. 1, ()7
the median photometric redshift for thiaterlopef galaxies Mh, '

to bez,, = 2.3+ 0.1 with an interquartile range,= 1.8-

2.8, in good agreement with the general DSFG population

where Lgso m IS the rest-frame Iuminosity at 856n

(Chapman et aR005 Simpson et al2014) determined from our bestting SEDs. We derive median
Our associated DSFGs have a median rest-frame luminosity9aS MassegMi)i/2 1.7 16'Mg, with an interquartile
(Ltar R)1/2  10"7L., with an interquartile range, s R range, My, 9.5 106°.2Z31 18&'M., for our signpost

10126.10'29L . . Between shells of proper radial distance from ultra-red galaxies and their associated DSFGs. Thus, if each
the target of%ager  0.3..1.3 Mpcand 2.33.3 Mpc, we see DSFG converts its reservoir of gas into stars, each would
an average difference in luminosity b1, ik (3 2 o  evajve into a present-day galaxy with an average total stellar
1012 .. This slight increase in luminosity perhaps hints at the mass of at leassas 2 10" M. . Furthermore, we note that
existence of a mechanism able to enhance the SF in denseyur signpost ultra-red galaxies have slightly elevated average
environmentge.g., Oteo et ak0173. gasmasses ®f;, (25 1.2 ©&'M. compared to their

14
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Table 5
Signpost Galaxies and Their Photometric Properties
IAU Name (92009 Sse” Sas0” Sso0” Se70” B F
(hms c ) (mJy beam?) (mJy beam?) (mJy beam?) (mJy)
SGP-28124
LURGS J000124.95354212 00:01:24.88 §35:42:12.2 62.2+ 9.1 89.8 + 8.8 119.9 + 9.3 443+ 1.4 1.04 1.00
LURGS J000145$353822 00:01:44.95 $35:38:22.1 55.% 7.9 67.4+ 8.6 52.4+ 9.4 15.9+ 2.6 1.15 1.00
LURGS J00014.2354123 00:01:04.20 $35:41:23.0 5% 7.5 11.7+ 8.8 4.7+ 9.7 6.4+ 1.5 1.35 0.97
LURGS J000122%354211 00:01:22.91 $35:42:11.2 31.% 9.0 47.9+ 8.7 87.8+ 9.4 10.2+ 1.4 1.11 0.92
LURGS J000138535442 00:01:38.50 $35:44:02.3 4.00 9.2 9.2+ 9.2 §3.6+ 10.3 47+ 1.2 1.55 0.85
LURGS J000115%35411 00:01:15.90 $35:41:01.3 28.4 8.1 27.4+ 8.6 6.2+ 9.3 4.4+ 1.2 1.59 0.85
LURGS J0001298354416 00:01:29.39 $35:44:15.7 30.G: 9.6 23.6+ 9.0 26.7+ 10.2 3.5+ 1.2 1.65 0.57
HeLMS-42
LURGS J00034.24+-024114 00:03:04.17 +02:41:13.7 398+ 9.2 60.3+ 9.9 81.0 + 11.3 426 + 36 1.89 1.00
LURGS J000319:202371 00:03:19.16  +02:37:00.7 1.3 8.6 3.6+ 8.9 §1.1+ 11.0 24.5+ 6.5 5.06 0.87
SGP-93302
LURGS J000624.45323018 00:06:24.44 $32:30:17.7 321+ 7.1 59.6 + 8.3 50.6 + 8.9 320+ 1.3 1.03 1.00
LURGS J00067.3322638 00:06:07.68  $32:26:38.0 24 7.7 49.7+ 9.3 60.9+ 9.1 324+ 1.9 1.03 1.00
LURGS J000621332328 00:06:21.31  $32:32:07.9 15.8 7.5 27.3+ 7.8 22.9+ 85 13.3+ 1.1 1.05 1.00
LURGS J0006195323126 00:06:19.92 $32:31:26.2 23.2 7.6 21.6+ 8.0 21.2+ 8.4 53+ 1.2 1.43 0.99
LURGS J00066.$323016 00:06:06.14  $32:30:16.1 40.% 7.2 23.2+ 8.8 13.9+ 8.7 7.3+ 1.7 1.48 0.96
LURGS J0006195322847 00:06:19.91  $32:28:46.8 23.% 7.8 23.3+ 8.5 18.6+ 8.8 47+ 1.2 1.57 0.85
LURGS J000634$323138 00:06:34.00 $32:31:38.1 11.8 7.2 10.7+ 7.7 10.8+ 8.1 4.0+ 1.0 1.67 0.75
LURGS J00068.5323338 00:06:08.47 $32:33:38.2 6.% 7.4 6.3+ 8.1 5.3+ 8.0 57+ 1.7 1.79 0.61
ELAIS-S1-18
LURGS J002851.35431353 00:28:51.31 $43:13:52.8 334+ 57 488+ 7.0 465+ 7.3 17.8 + 2.9 1.44 1.00
LURGS J00297.3431036 00:29:07.74  $43:10:36.2 35.% 5.6 43.5+ 6.6 42.4+ 7.4 18.9+ 3.4 1.66 1.00
LURGS J002913843077 00:29:13.39  $43:07:07.0 6.% 5.1 302+ 6.2 6.5+ 7.1 25.1+ 5.9 3.20 0.99
LURGS J00294 8430737 00:29:03.95 $43:07:37.2 17.% 5.8 11.1+ 6.6 42+ 7.2 18.0+ 4.6 4.60 0.87
LURGS J002919$430817 00:29:19.01  $43:08:16.8 S1.6+ 5.3 S1.8+ 6.2 7.7+ 75 17.5+ 5.9 5.29 0.69
ELAIS-S1-26
LURGS J003352.45452015 00:33:52.39 $45:20:14.6 245+ 6.6 37.0+ 83 431+ 9.6 126 + 2.6 1.57 1.00
LURGS J0034108452230 00:34:10.40 $45:22:29.7 457 9.2 37.6+ 9.1 18.6+ 10.2 14.8+ 3.1 1.55 1.00
LURGS J003347%8451441 00:33:47.86  S45:14:40.8 11.& 6.1 20.6+ 6.9 13.8+ 7.3 15.9+ 4.6 3.11 0.78
SGP-208073
LURGS J003533.95 280260 00:35:33.90 $28:02:59.5 2717+ 7.7 374+ 88 476 + 9.7 192+ 1.8 1.16 1.00
LURGS J0035403280459 00:35:40.07 $28:04:58.7 323 7.6 31.2+ 85 28.1+ 9.8 12.4+ 2.0 1.22 1.00
LURGS J003536 3280143 00:35:36.37  $28:01:43.3 14.% 7.9 16.8+ 9.0 23.4+ 9.7 7.1+ 2.0 2.23 0.72
ELAIS-S1-29
LURGS J003756.65421519° 00:37:56.62 $42:15:19.0 249+ 6.2 351+ 75 435+ 8.0 77+ 23
LURGS J0038315421418 00:38:31.49 $42:14:18.4 $23+ 57 1.8+ 6.6 §1.4+ 73 20.0+ 4.8 2.02 0.95
LURGS J003744%8421240 00:37:44.90 S42:12:39.6 41.% 6.7 458+ 7.7 27.8+ 8.3 10.3+ 2.7 2.59 0.90
LURGS J003811342198 00:38:11.74  $42:19:08.0 0.5 55 305+ 6.1 0.2+ 7.2 16.4+ 4.3 2.73 0.87
LURGS J003825542128 00:38:25.48  $42:12:08.1 59.% 6.0 29.6+ 6.9 15.3+ 8.0 15.7+ 4.5 3.14 0.78
LURGS J00388.8421742 00:38:08.44  $42:17:41.7 23.8 5.7 33.7+ 6.4 228+ 7.7 9.3+ 2.7 3.22 0.72
SGP-354388
LURGS J004223.75334325 00:42:23.73 $33:43:25.0 154 + 8.6 476 + 88 50.7 + 9.8 343+ 1.2 1.04 1.00
LURGS J004223 5334350 00:42:23.46  $33:43:49.6 23.4 85 35.3+ 8.9 33.8+ 9.9 17.5+ 1.2 1.05 1.00
LURGS J004233333444 00:42:33.16  $33:44:04.2 12.& 8.1 14.3+ 8.9 14.8+ 9.5 9.4+ 1.2 1.09 1.00
LURGS J004223%334117 00:42:23.25 $33:41:16.9 18.8 8.0 13.8+ 9.0 17.6+ 9.6 8.7+ 1.2 1.11 1.00
LURGS J004216 3334138 00:42:16.11  $33:41:37.8 63.5 8.2 56.3+ 9.2 28.9+ 9.7 7.9+ 1.2 1.13 1.00
LURGS J004219 8334435 00:42:19.79  $33:44:35.2 16.8 8.7 34.0+ 8.9 34.1+ 10.0 7.2+ 1.2 1.16 1.00
LURGS J0042125334544 00:42:12.86  $33:45:43.5 55 8.6 8.7+ 9.0 3.8+ 10.3 55+ 1.2 1.30 0.99
LURGS J0042103334040 00:42:10.09  $33:40:40.0 1.8 8.6 S1.1+ 8.6 $9.0+ 9.6 49+ 1.4 1.57 0.75
LURGS J004228 5334925 00:42:28.53  $33:49:24.6 $4.0+ 86 S1.1+ 9.2 $15.2+ 10.3 10.9+ 2.8 1.49 0.72
SGP-380990
LURGS J004614.65321828 00:46:14.55 $32:18:28.1 204 + 8.2 431+ 89 46.6 + 9.3 104+ 1.6 1.18 1.00
LURGS J004620%32209 00:46:20.19  $32:20:08.5 24.3 85 29.2+ 9.0 34.3+ 9.3 9.2+ 1.8 1.31 1.00
LURGS J00464.8321844 00:46:04.41  $32:18:44.2 23.2 8.0 17.4+ 8.6 8.3+ 9.3 7.6+ 2.2 2.18 0.69
HeLMS-10
LURGS J005258.6+061318 00:52:58.61 +06:13:18.2 68.9 + 115 1054 + 11.2 1243 + 11.7 817+ 4.7 2.19 1.00
LURGS J00532.4061113 00:53:02.41 +06:11:12.9 7.3 98 §3.7+ 10.7 6.7+ 12.3 23.8+ 5.8 7.62 0.98
LURGS J0053104061510 00:53:10.40 +06:15:09.5 453 11.4 51.6+ 11.8 29.5+ 12.5 38.3+ 8.4 3.59 0.98
SGP-221606
LURGS J011918.95294516 01:19:18.93 $29:45:15.7 349+ 7.7 53.6 + 8.8 521+ 9.9 203+ 3.9 1.82 1.00
LURGS J011915%294748 01:19:15.86  $29:47:47.6 1.2+ 8.0 0.0+ 9.0 22.6+ 9.1 16.2+ 4.1 3.80 0.94
LURGS J01191.8294342 01:19:01.83  $29:43:42.0 7.9 7.6 7.2+ 9.1 §3.1+ 9.9 17.9+ 55 5.92 0.69
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Table 5
(Continued
IAU Name (J2009 Sse” Ses0” Sso0” Se70” B F
"ms9 © ) (mJy beam?) (mJy beam?) (mJy beam?) (mJy)
LURGS J01199.6294241 01:19:09.59  $29:42:40.6 S0.1+ 7.7 509+ 9.6 0.5+ 9.8 15.5+ 4.6 5.87 0.61
SGP-146631
LURGS J013155.85311147 01:31:55.82 $31:11:47.0 261+ 7.4 327+ 75 399+ 8.0 15.0 + 3.3 1.87 0.98
LURGS J01324.5311239 01:32:04.46  $31:12:38.5 472 7.9 78.7+ 7.6 67.9+ 85 11.5+ 3.2 3.92 0.94
LURGS J0132155310837 01:32:15.51  $31:08:36.6 5% 85 8.6+ 8.8 6.4+ 9.4 14.9+ 4.0 3.73 0.85
SGP-278539
LURGS J01428.25323426° 01:42:08.20 $32:34:26.3 227+ 83 39.0+ 9.2 50.7 + 9.5 8.7+ 28
LURGS J014226 3323324 01:42:26.25 $32:33:23.8 7.0 8.4 2.6+ 8.5 8.2+ 9.2 17.2+ 3.2 1.40 1.00
LURGS J01421.8323624 01:42:01.58 $32:36:23.8 6.7 8.7 7.4+ 9.0 9.3+ 9.0 14.1+ 2.9 1.49 0.99
LURGS J014214 832290 01:42:14.41  $32:29:00.2 6.1 8.1 9.5+ 8.6 8.6+ 9.6 15.7+ 4.2 2.83 0.92
LURGS J014218332352 01:42:18.19  $32:35:01.5 S0.1+ 83 §7.2+ 8.7 §2.8+ 9.2 9.6+ 2.8 3.26 0.65
SGP-142679
LURGS J014456.95284146 01:44:56.88 $28:41:46.0 299+ 8.1 65.0 + 9.8 71.7 £ 9.9 129+ 2.8 1.59 1.00
LURGS J014448 8283535 01:44:48.78 $28:35:35.4 7.5 7.7 $9.0+ 85 10.5+ 8.9 18.3+ 4.2 1.88 0.97
LURGS J01456.3284457 01:45:06.66  $28:44:57.3 97.2 85 101.8+ 9.8 82.2+ 9.8 15.6+ 3.5 1.70 0.96
XMM-LSS-15
LURGS J021745.35030912 02:17:45.30 $03:09:12.3 12.6 + 6.2 222+ 72 240+ 7.8 17.6 + 3.0 1.47 1.00
LURGS J0217573030753 02:17:57.12  $03:07:53.0 56.8& 6.5 345+ 7.4 14.6+ 7.6 11.5+ 2.9 2.67 0.90
LURGS J021737303128 02:17:37.29  $03:12:08.0 0.5 6.7 303+ 75 4.6+ 8.2 10.8+ 3.2 3.55 0.69
XMM-LSS-30
LURGS J022656.65032711 02:26:56.60 $03:27:11.1 256+ 6.3 448+ 70 61.6 + 7.1 233+ 2.0 1.16 1.00
LURGS J022644 8032510 02:26:44.90 $03:25:10.1 44> 6.3 65.6+ 6.8 63.9+ 7.5 18.8+ 2.6 1.23 1.00
LURGS J0226303032530 02:26:30.16  $03:25:30.0 20.% 5.7 243+ 7.0 18.4+ 7.7 29.8+ 6.4 2.04 0.97
LURGS J02270.8032541 02:27:00.81 S03:25:41.0 10.3 6.5 10.3+ 7.1 13.9+ 7.8 7.6% 2.0 3.38 0.93
LURGS J0226508032542 02:26:50.00 $03:25:41.9 28.% 6.5 28.6x 6.7 18.0+ 7.3 7.6+ 2.1 3.53 0.61
CDFS-13
LURGS J03370.75292148 03:37:00.72 $29:21:48.0 411+ 59 51.0+ 7.1 55.4 + 7.2 262+ 35 1.45 1.00
LURGS J03370.8291746 03:37:00.35 $29:17:45.8 23.3 5.8 20.6+ 6.8 10.5+ 6.8 37.6+ 5.9 1.45 1.00
LURGS J0336553292627 03:36:55.23  $29:26:26.9 11.6 7.3 15.7+ 7.3 76+ 7.0 17.8+ 5.0 5.46 0.75
ADF-S-27
LURGS J043657.05543813 04:36:57.01 $54:38:13.2 16,5+ 6.0 240+ 7.1 282+ 7.8 253+ 1.8 1.24 1.00
LURGS J043729%854365 04:37:29.90 $54:36:04.5 14.9 6.8 17.9+ 7.9 19.9+ 7.7 18.0+ 3.3 1.34 1.00
LURGS J04374.3543914 04:37:04.65 $54:39:13.7 3.% 6.0 2.4+ 8.0 0.4+ 7.8 10.2+ 1.9 1.35 1.00
LURGS J043717 854356 04:37:17.35  $54:35:06.2 13.5% 7.1 21.7+ 7.9 25.5+ 7.6 8.8+ 2.4 2.35 0.98
LURGS J0437175543528 04:37:17.49  $54:35:28.3 48 % 7.1 545+ 7.8 49.0+ 7.6 6.2+ 2.3 2.59 0.93
LURGS J04377.554341 04:37:07.51  $54:34:00.6 34.% 6.6 27.3+ 7.9 13.6+ 7.9 8.9+ 2.3 2.18 0.93
LURGS J043649854408 04:36:49.44  $54:40:08.4 7.9 54 13.9+ 6.9 5.2+ 8.2 9.0+ 2.2 2.00 0.78
ADF-S-32
LURGS J044410.15534949° 04:44:10.13 $53:49:49.1 131+ 6.0 166 + 6.8 208 + 8.0 55+ 2.8
LURGS J04450.853496 04:45:00.43  $53:49:06.2 9.3 5.6 0.9+ 6.8 $0.6+ 8.0 20.0+ 6.0 3.81 0.78
G09-83808
LURGS J090045.7+004124 09:00:45.74 +00:41:24.1 109+ 75 241+ 83 424 + 8.7 263+ 1.3 1.06 1.00
LURGS J090032:8004313 09:00:32.77  +00:43:13.0 79.5% 6.6 69.2+ 7.7 40.9+ 8.1 18.5+ 1.4 1.06 1.00
LURGS J090019:4004016 09:00:19.37  +00:40:15.7 5.6 6.4 $23+ 7.4 $8.1+ 7.3 18.3+ 3.3 1.18 1.00
LURGS J090057:800415 09:00:57.28  +00:41:04.8 30.%x 7.3 32.5+ 8.2 28.1+ 9.0 55+ 1.1 1.25 1.00
LURGS J0900542004343 09:00:54.21  +00:43:43.1 19.2 7.5 18.8+ 8.2 19.9+ 8.9 3.7+ 1.1 1.66 0.75
LURGS J0900574004039 09:00:57.08  +00:40:39.4 26.% 7.4 33.6x 8.4 32.7+ 9.0 3.2+ 1.2 1.66 0.61
LURGS J090037:#003624 09:00:37.14  +00:36:24.3 72.% 6.6 65.4+ 7.4 43.8+ 8.3 8.6+ 2.4 1.60 0.61
G15-82684
LURGS J14506.3+015038 14:50:06.29 +01:50:38.4 315+ 7.1 379+ 74 454 + 8.9 174+ 15 1.07 1.00
LURGS J1450134014810 14:50:13.10  +01:48:09.8 172 75 36.4+ 8.1 39.0+ 9.2 17.2+ 1.5 1.08 1.00
LURGS J1450124015158 14:50:12.06  +01:51:57.5 30.% 7.3 34.0+ 7.2 34.4+ 8.7 11.2+ 1.8 1.17 1.00
LURGS J145015:4015237 14:50:15.43  +01:52:37.1 18.53 7.3 33.9+ 7.6 37.9+ 85 13.2+ 2.3 1.21 1.00
LURGS J145025#015115 14:50:25.66  +01:51:14.8 21.% 7.8 31.7+ 7.7 22.8+ 9.1 7.1+ 1.9 1.68 1.00
LURGS J145023:801514 14:50:23.82  +01:51:04.4 13.% 7.6 9.8+ 7.7 23.9+ 8.9 5.4+ 1.7 1.92 0.92
SGP-433089
LURGS J222737.45333835 22:27:37.37 $33:38:34.7 283+ 9.2 36.8 + 10.0 351+ 10.8 81+ 11 1.12 1.00
LURGS J2227252333920 22:27:25.22  $33:39:19.5 35.3 94 38.8+ 10.4 20.2+ 11.3 8.1+ 1.4 1.16 1.00
LURGS J222747%333533 22:27:47.89  $33:35:32.7 21.% 9.4 32.0+ 9.8 25.1+ 10.9 7.5+ 1.3 1.17 1.00
LURGS J222731333404 22:27:31.09  $33:40:03.7 5.0 9.1 $8.0+ 10.4 S1.1+ 111 6.3+ 1.2 1.21 1.00
LURGS J2227333333440 22:27:33.67 $33:34:40.2 40.2 9.7 43.8+ 10.0 28.8+ 10.7 6.4+ 1.3 1.24 1.00
LURGS J222737 3333727 22:27:37.70  $33:37:26.8 49.% 9.5 47.2+ 9.9 23.2+ 105 5.1+ 1.1 1.31 0.99
LURGS J2227304333534 22:27:30.44  $33:35:33.6 18.5% 9.5 18.8+ 9.9 18.2+ 11.0 5.5+ 1.3 1.35 0.96

16



The Astrophysical Journal, 862:96(23pp, 2018 August 1 Lewis et al.
Table 5
(Continued
IAU Name (92009 Ss” Ses0” S500° S7o° B F
"ms9 © ) (mJy beam?) (mJy beam?) (mJy beam?) (mJy)
LURGS J2227504334153 22:27:50.14 $33:41:53.2 10.3 9.9 11.5+ 10.3 19.9+ 10.8 7.0+ 1.8 1.50 0.93
LURGS J2227538333529 22:27:53.81 $33:35:28.5 4.3 9.7 38.1+ 10.2 16.2+ 10.9 6.4+ 1.7 1.55 0.90
LURGS J222727 8334056 22:27:27.79  $33:40:56.3 17.5% 9.6 27.9+ 105 259+ 11.1 5.2+ 1.3 1.44 0.85
LURGS J222744 3333741 22:27:44.74  $33:37:40.8 5% 94 37.0+ 9.9 27.6+ 10.8 45+ 1.1 1.46 0.75

Notes. Targets are listed in order of increasing R.A. and are highlighted in bold. Each source detected in el@jisesubsequently listed in increasing order of

detected AN.

a SPIRE ux densities have been boosted toew the radial offset of a LABOCA source. Additionally, 848 ux densities have been deboosted.
Slgnpost ultra-red galaxies that are undetected. We report the weaensity and rmsalues for these sources within a 4fperture centered on the telescope

pointing position. We do not provideux-boosting(3) or delity (¥) values.
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Figure 11. Fractiong = /(1 + ) of sources responsible for an overdensity
()asa functlon of association threshol& i,req,. At S a 8.5 mJy we expect

G 059
threshold |s set to% resh - 0.65 We also show that we overaccount or
underaccount for DSFGs responsible for this overdensity if our threshold is
based on the median photometric errors or is added in quadrature with the
intrinsic template scatter. This motivates us to choose an association threshold
of  Zpresho 05. X

associated DSFGs. This is reminiscent of present-day massive
cD ETGs, which dominate the centers of present-day galaxy
clusters(Kelvin et al.2014. However, we stress that without
optical near-IR imaging of these ultra-red galaxy environ-
ments, we are potentially missing many galaxies, each of which
could contributeMgiss X 10°..10XM. worth of stars to the

nal systen{Overzier et al2009h Casey et a2015; thus the
possible stellar masses of these systems are largely uncon-
strained, and all these results should be regardedratower
limits.

Finally, we perform a crude space-density calculation of our

ultra-red-galaxy-selected candidate protoclusters. We adjust the 2.

space-density redshift limits used for Equati®nin Paper to

2 z 6—motivated by the last epoch of virialized galaxy
clusters(Casey2016 and the highest of our ultra-red galaxy
redshifts(Fudamoto et al2017 Zavala et al2017), respec-
tively. We derive a space density & 3 10 & Mpc 2 for
our ultra-red galaxies within 2 z 6 assuming a star
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formation lifetime oOftpyst
to the space density af< 0.5 galaxy clusters with DM masses
of Mbm 4
cIusters(BahcaII & Cen1993 Chiang et al2013. It should
| be noted, however,
_ protoclusters within 2 z
. (Casey2016.

However, as can be seen in the right-hand panel of Figures
1 and9, not all of our ultra-red galaxies probe overdense regions.
7 We estimate that only 38 8% of our sample have overdensity
parameters abovE 8.5 mJy
density of ultra-red galaxies accordingly to derive a proto-
cluster space density @o cluster -

100 Myr. This roughly equates
1049M., i.e., so-called Virgo-type galaxy

that perhaps only 2d%% of all
6 are actually rich in DSFG

1 Thus, we scale the space

10 § Mpc &,

4.6. Remarks on Selected Ultra-red Galaxies

We discuss some of the most exciting /aodoverdense
elds, each of which clearly warrants further exploration. We
recall that the small areas and varying rms levels of each map
mean that further analyses are heavily subject to the effects of

2 of our bright DSFGs to be associated, which we only achieve if our COSMIC variance.

1. SGP-93302 This is our deepest map, reaching an

average beam-smoothed rms @, 1.7 mJy This
500 m riser has a deboostedux density of
S70 309 1.3 mJydNe estimate that this ultra-red
galaxy lies az 3.6 32 and note that ongl5%) of its

eld galaxies is an equally bright DSFGzt 3.4 345
with a deboostedux density ofS7,  31.0 1.9 mJyo
This associated DSFG also meets our strict criteria of
being an ultra-red galaxy. It is cataloged in Papes
SGP-261206 and has been reported by Fudamoto et al.
(2017 to lie atz = 4.2. Such an environment of robust
ultra-red galaxies warrants spectroscopic follow-up and
high-resolution imaging to explore the morphologies of
its constituents. This map shows no particular overdensity
or underdensity compared to LESS in the lowx-
density regime, but it does show a &xcess at ux-
density thresholds & a 10 mJy.
SGP-354388This galaxy has been discussed by Oteo
et al. (2017H. We revise the ux density of this
extraordinary DSFG t&79 33.0 1.2 mJyassuming
that it can be deblended into two LABOCA point sources,
separated by 25 as our extraction algorithm suggests.
The multiplicitous nature of this source is also seen at
higher resolutions, where ALMA 3mm continuum maps
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Figure 12. Top: Radial distance of oureld galaxies to their signpost galaxies
as a function of photometric redshift differerfcez). Errors are deduced from
the Eﬁ‘in 1 locations and are not added in quadrature with the intrinsic
scatter. We note that the tail of sources with 0 re ects the fact that most
galaxies are foreground to our targets, which sit at a meglia= 3.2. The

pink region indicates our threshold boundaries for association, in which a
fractiony 0.3 of our eld galaxies lie. The large errors in our photometric
redshifts highlight the difculty of accurately constraining the redshifts of our
DSFGs. Finally, we color-code each DSFG to indicate the ligst template
adopted. Bottom: Alternative analysis of the absolute photometric redshift
differences %; for all of our maps. We see a similar association excess to
that of the top panel.

resolve the central fragments further, into three or more
componentgOteo et al.2017h. Like SGF593302, this
ultra-red galaxy only shows an overdensity of sources at
ux-density thresholdS > 10 mJy. We are only able to

associate two of its nineeld galaxies, although a further
two DSFGs have unconstrained photometric redshifts.
We re ne its photometric redshift io= 4.2+ 0.2 using
improved SPIRE measurements made at the &Y0
position, which is consistent with its spectroscopic
redshift,zspec  4.0@ (Oteo et al20173.

3. SGP-433089This galaxy marks the most overdenséd
in our sample, which we place at a distance of
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z= 2.5+ 0.2. We associate 6 of its 1Cld galaxies
with the signpost, noting that 1 of iteld galaxies has an
unconstrained photometric redshift. This map shows a
de cit of bright DSFGs compared to the other maps
explored here. Thus it does not contribute to our
overdensity parameter & 8.5mJy Its brightest
sourceg(the signpost galajyhas a deboostedix density,

S0 7.2 1.1 mdy while the mean deboostedux
density of the detectedeld galaxies i70 4.7 mJly

The detection of these relatively faint DSFGs is due to the
low average rms;&7g 1.1 mJy which allows us to
report an overdensity factor oE 0.7 32 at a ux
density threshold o a 4 mJy.

. ADFS-27 3mm scans with ALMA suggest that this

ultra-red galaxy lies at 5.7 (Riechers et al2017)—
drastically different to the estimate that we provide in this
paper. Riechers et d2017) derive a dust temperature of
Taust 55K for this source, which highlights the strong
degeneracy between temperature and redshift when using
far-IR photometry alone to derive photometric redshifts.
For instance, when we use a hotter but on average less
accurate template for ultra-red galaxieaper), such as
HFLS 3, we revise the photometric redshift for this
galaxy tozpnot 5.9 33 i.e., to within 1 of its reported
spectroscopic value. This source has two associated
DSFGs that lie within z 0.5—making it an ideal
high-redshift candidate protocluster to follow up further.
Finally, we note that our SPIREIX densities are higher

by x2.5 mJy than those presented in Riechers et al.
(2019, i.e., from theHerMES xID250 catalog from
which this source was originally selected. This is due to
remeasuring theseux densities at the position of the
LABOCA peak, resulting in photometry that makes
ADFS-27 appear less red.

. G09-83808This is a gravitationally lenséd  9) ultra-

red galaxy, with a photometric redshift estimate that is
also catastrophically lower than its spectroscopic value.
Recent work by Zavala et a(2017 shows that this
galaxy resides at 6, rather thargyn,y 4.45 33 as
presented here. Again, this DSFG highlights the temper-
ature-redshift degeneracy because adopting HFFAS a
template yields a photometric redshift that is more
consistent with its spectroscopic redslgfor 6.2 o2

4.7. Caveats

. A larger sample of ultra-red galaxies would help to

further reduce the effects of cosmic variance within our
sample. We could improve ourdelity by achieving a
uniform depth, comparable to that of SGP-93302, for
example, so T 1.3mJy for all existing ultra-red
galaxies. This would reduce the number of potentially
spurious LABOCA sources present in our catalog. A
uniform, wide imaging survey would also allow the
detection of less luminous DSFGs in the vicinity of our
signposts, out to a radius ofRiarger 6.

. The intrinsic luminosityof our associated DSFGs will

depend on the gravitational lensing that each may have
suffered. Although we have made an effort to avoid
lensing in our selection of the signpost galaxies, as
outlined in Papet, a fraction of our ultra-red galaxies
are gravitationally magned by chance alignments
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(Oteo et al2017hH. Our SFRs, and average total SFRs, least one associated DSFG. We derive gas masses for our
are thus upper limits, although the effect of invariant ultra-red galaxies and their associated DSKB&rmining

IMFs in these galaxies likely has a greater impact. average total stellar masses M 10"'M. for these
3. When we use the 850n number counts from S2CLS, systems if they convert all of their gas into starszby 0. We
our overdensity parameter rises ®pcis 2.1 9% at determine an ultra-red galaxy protocluster space density of

S a 8.5 mJy Although the errors remain similéas they Sroto custer 9 10 Mpc ® between 2z 6, which is
are dominated by the Poisson ngisee nd that socs  similar to that of the most massislpy _ 10'°M.) galaxy
is 2 higher than that determined using LESS as a clusters az < 0.2 (Bahcall & Cen1993 Casey2016 Overzier

comparison. o ) 2016. It therefore seems plausible that these systems of
4. Our association analysis likely underestimates thepSFGs may evolve into the massive ETGs that populate the

number of true physical associations. Our templéteg centers of rich galaxy clustersat 0.

algorithm is accurate to only, = 0.141 + 2), typically We have increased the number of potential distant DSFG

much larger than the errors determined fromie 1 protoclusters using our novel signposting technique, based on

values at high redshift. Thus ourxed association yltra-red SPIRE ux-density ratios. With deep optical imaging
threshold leads us to miss some associated DSFGs. Somgpectroscopy of these environments, we will be able to better
galaxies not associated with a signpost galaxy will be determine their ultimate stellar massesd thus DM proper-
falsely assigned until ALMA spectroscopy can improve ties, enabling us to predict the eventual fate of these systems.
upon the accuracy of our photometric redshifts. Our catalogs and 870m images form part of a formal data

5. Optical identication of the surrounding LBGs is release.
necessary if we are to accurately constrain the total A JR.L., R.J.I, JMS. 1.O., LD, V.A, and Z.Y.Z
stellar mass-and thus DM component, and the eventual acknowledge support from the European Research Council
fate atz  O—of these protoclusters. (ERQ) in the form of Advanced Grant, 3213020SMICISM

H.D. acknowledges nancial support from the Spanish
5. Conclusion Ministry of Economy and Competitivene@dINECO) under
. . . . the 2014 Ramén y Cajal program MINECO RYC-2014-15686.
We have presented 87@n imaging obtained with ;) \y acknowledges support from an STFC Ernest Rutherford
LABOCA on APEX for a sample of 22 ultra-red galaxies  po)iqyship. D.R. acknowledges support from the National
12 and 10 from thél-ATLAS andHerMES imaging surveys,  gcjence Foundation under grant number AST-1614213. G.D.Z.
respectively—selected orlglnally_ via their reHlerschel 250, acknowledges support from ASNAF agreement n2014-
350, and 500m ux-density ratios. 024-R.1. We pay special thanks to the useful feedback
Our survey covers an area of x 0.8 dfg dOWT‘ to an provided on the draft version of this work to Barrah,
average rms depth off 3.9 mJy beam”. Running our  j Greenslade, M. Michalowski, and IValtchanov. This
extraction algorithm at an /8l dgtecnon threshold of | osearch has made use of data fidetMES project(http7/
thresn> 3.5, we detect 86eld galaxies around our 22 ultra-  jermes sussex.ac/)kHerMES is aHerscheKey Programme
red galaxies. We compute number counts and compare them tjjizing Guaranteed Time from the SPIRE instrument team,
those reported in a comparable survey, LEB&IR et al.  pgac scientists and a mission scientist. FRATLAS is a
2009. We report an overdeon3S|ty fact@@xcluding our target  hoiact withHerschel which is an ESA space observatory with
ultra-red galaxigof E 1.0 g3atS a 8.5 mJy There exists  gcjence instruments provided by European-led Principal

a positive correlation between overdensity and 870 ux Investigator consortia and with important participation from
density, such that our sample of ultra-red galaxies traces densgasa TheH-ATLAS website ishttp?/ www.h-atlas.orgUS
regions, rich in brighter DSFGs. participants inH-ATLAS acknowledge support from NASA

We perform photometry on SPIRE maps at the positions ofiho,gh a contract from JPL. This publication is based on data
our LABOCA detections to derive photometric redshifts using acquired with the Atacama Patider Experimen{APEX).
three template SEDs. V\iend that our ultra-red galaxy sample  Apgx is a collaboration between the Max-Planck-Institut fiir
has a median redshiff, = 3.2+ 0.2, with interquartile range  Ragioastronomie, the European Southern Observatory, and the
z= 2.8-3.6. We associate theeld galaxies likely responsible  opggla Space Observatory. Based on observations made with
for this overdensity to within% - 0.65 of their signpost  ApEX under European Southern Observatory program E-191.
ultra-red galaxy. Over half of our ultra-red galaxies have an ap_g748 and Max Planck Institut@PI1) programs M-090.F-

average of one associated DSFG witht 1 0.5 When  925.2012, M-091.F-0021-2013 and M-092.F-0015-2013.
these associated DSFGs are removed, the median redshift of £gqijities: APEX, Herschel

the eld galaxies decreases 29, = 2.3+ 0.1,in line with

the general DSFG population. The majority of the associated di
DSFGs are distributed on scales Bfger _ 2 Mpc from Appeg IX A

their signpost galaxy and have high median SFRs, LABOCA and SPIRE maps

Z,, 100& 200M. yd. We determine average total Here we present our LABOCA ariderschelimaging. The
SFRs of: 2200 500M. yo! for those systems with at nal S N maps are shown in Figufis.
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