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ABSTRACT

The largest Herschel extragalactic surveys, H-ATLAS and HerMES, have selected a sample of “ul-
trared” dusty, star-forming galaxies (DSFGs) with rising SPIRE flux densities (S500 > S350 > Sa250;
so-called “500 pm-risers”) as an efficient way for identifying DSFGs at higher redshift (z > 4). In
this paper, we present a large Spitzer follow-up program of 300 Herschel ultrared DSFGs. We have
obtained high-resolution ALMA, NOEMA, and SMA data for 63 of them, which allow us to se-
curely identify the Spitzer/TRAC counterparts and classify them as gravitationally lensed or unlensed.
Within the 63 ultrared sources with high-resolution data, ~65% appear to be unlensed, and ~27% are
resolved into multiple components. We focus on analyzing the unlensed sample by directly performing
multi-wavelength spectral energy distribution (SED) modeling to derive their physical properties and
compare with the more numerous z ~ 2 DSFG population. The ultrared sample has a median redshift
of 3.3, stellar mass of 3.7 x 10*! M, star formation rate (SFR) of 730 Muyr—!, total dust luminosity
of 9.0 x 10'2 L, dust mass of 2.8 x 10° My, and V-band extinction of 4.0, which are all higher
than those of the ALESS DSFGs. Based on the space density, SFR density, and stellar mass density
estimates, we conclude that our ultrared sample cannot account for the majority of the star-forming
progenitors of the massive, quiescent galaxies found in infrared surveys. Our sample contains the
rarer, intrinsically most dusty, luminous and massive galaxies in the early universe that will help us
understand the physical drivers of extreme star formation.
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It has become clear that observing at UV /optical wave-
lengths is insufficient to probe the total star formation
history of the Universe as a large fraction of star forma-
tion is obscured by dust (e.g.,[Madau, & Dickinson/[2014;
\Gruppioni et al]2017). Wide-area infrared (IR) surveys
have revolutionized our understanding of obscured star
formation by discovering a large number of dusty, star-
forming galaxies (DSFGs; also known as “submillime-
ter galaxies” or SMGs; see [Casey et al.| 2014 for a re-
view), which make up the bulk of the cosmic infrared
background (e.g., [Dole et al|[2006). Some of the DS-
FGs represent the rarest and most extreme starbursts
at high redshift (with star formation rates, SFRs > 10°
Mgyr~!, and number densities < 107* Mpc™3;
ppioni et al.|2013)), which still pose challenges to galaxy
formation and evolution models (e.g., Baugh et al.|2005;
Narayanan et al|2010; [Hayward et al[[2013; [Béthermin|
et al.|2017). The discovery and detailed characterization
of this population is required to understand the most ex-
treme obscured star formation, which is only made pos-
sible now by deep and large-area surveys at far-infrared
(FIR) and sub-mm/mm wavelengths with e.g., the Her-
schel Space Observatory (Pilbratt et al|2010; Eales et|
|2010|; [Oliver et al.|[2012]), the South Pole Telescope

SPT;|Carlstrom et al.[|2011}; [Vieira et al.||2010; Mocanu
et al.||2013)), the Atacama Cosmology Telescope (ACT;
arriage et al|[2011} [Marsden et al|[2014} [Gralla et al.
2019)), and the Planck Satellite (Planck Collaboration et
al.[[2011] 2014} |(Canameras et al|2015; Planck Collabora-

tion et al.||2016)).




The largest Herschel extragalactic surveys, Herschel
Astrophysical Terahertz Large Area Survey (H-ATLAS;
Eales et al.2010) and Herschel Multitiered Extragalactic
Survey (HerMES;|Oliver et al.|2012) covering a total area
of ~1300 deg?, have revealed a large number of DSFGs.
While most of them are z ~ 1-2 starburst galaxies (e.g.,
Casey et al. 2012a,b), selecting those with ultrared col-
ors is extremely efficient for identifying a tail extending
towards higher redshift (z > 4). A well-defined popu-
lation of “ultrared” DSFGs using the Herschel SPIRE
bands Ss00 > S350 > Sas0 (“500 pm-risers”) has been es-
tablished (e.g.,|Cox et al.|2011} [Dowell et al.[|2014} Tvison
et al.|2016; [Asboth et al.|[2016)). Based on their colors,
these are likely to be z 2 4, dusty and rapidly star-
forming (> 500 Mpyr—!) galaxies. These systems are
believed to be the progenitors of massive elliptical (red
and dead) galaxies identified at z ~ 3 (e.g., Oteo et al.
2016). Spectroscopic confirmation of a sub-sample of 26
sources based on CO rotational lines, an indicator of the
molecular gas that fuels the prodigious star formation in
these galaxies, has verified the higher redshifts compared
to general DSFG samples (e.g., |Cox et al.|2011; |Combes
et al.|[2012; |Riechers et al.|2013] |2017; [Fudamoto et al.
2017; IDonevski et al.|[2018; [Zavala et al.|[2018; [Pavesi et
al.[2018). Meanwhile, relatively wide and shallow surveys
with SPT have discovered a large number of gravitation-
ally lensed DSFGs at z > 4 (Vieira et al. 2013; Spilker
et al. 2016; Strandet et al. 2016), including the highest-
redshift DSFG discovered so far at z = 6.9 (Strandet et
al.|2017; [Marrone et al.|2018)).

To fully characterize the Herschel-selected ultrared DS-
FGs, we have been conducting a multi-wavelength ob-
servational campaign to probe as many regimes of their
spectral energy distributions (SEDs) as possible. [Ivison
et al.| (2016) searched the 600 deg? H-ATLAS survey and
initially selected 7961 high-redshift DSFG candidates. A
subset of 109 DSFGs were further selected for follow-
up observations with SCUBA-2 (Holland et al.| 2013])
or LABOCA (Siringo et al.|2009)) at longer wavelengths
(850/870 pm). [Asboth et al. (2016) identified 477 “500
pm-risers” from the 300 deg? HerMES Large Mode Sur-
vey (HeLMS), and 188 of the brightest 200 (S50 > 63
mJy) sources were followed up with SCUBA-2 (Duiven-
voorden et al|2018). The addition of these longer wave-
length data to the three Herschel/SPIRE bands better
constrains the photometric redshifts and FIR luminosi-
ties.

The nature of the Herschel-selected ultrared sources,
which can be gravitationally lensed sources, blends (mul-
tiple components including mergers at the same redshift
or just projection effect from sources at different red-
shifts), or unlensed intrinsically bright DSFGs, requires
high-resolution data to confirm. The ultrared sample
provides a good opportunity for studying the gas, dust,
and stellar properties in detail of starburst galaxies at
z 2,4 out to the epoch of reionization at multiple wave-
lengths. In particular, the ultrared sources that are not
lensed, blended, or otherwise boosted are of great inter-
est, because they may represent the most extreme galax-
ies in the early universe.

Gas and dust properties of DSFGs have been rou-
tinely studied with high-resolution interferometers such
as the Atacama Large Millimeter/submillimeter Array
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Figure 1. The locations of the 300 Herschel-selected ultrared
sources on the all-sky map, including the GAMA09, GAMA12,
GAMA15, NGP, SGP, and HeLMS fields.

(ALMA) and the Northern Extended Millimeter Array
(NOEMA). An observational campaign is being con-
ducted with ALMA and NOEMA on a sub-sample (63 so
far) of the Herschel ultrared sources that have SCUBA-
2/LABOCA data to further pinpoint their locations, re-
veal their morphologies, and confirm their redshifts (Fu-
damoto et al.[2017; |Oteo et al.|2017).

Observations of the stellar populations at optical or
near-IR (NIR) are needed in order to place this popula-
tion in the context of galaxy formation and evolution and
provide a complete picture of their physical properties.
Spitzer/IRAC is the only currently available facility that
probes the rest-frame optical stellar emission of these
sources and the only way to constrain their stellar masses
and thus their specific SFRs (sSFRs), which are a critical
diagnostic for the star formation mode of these galaxies.
In this work, we present a follow-up study of 300 Her-
schel ultrared sources from H-ATLAS and HeLMS with
Spitzer/IRAC in combination with multi-wavelength an-
cillary data. The Spitzer data allow us to constrain the
stellar masses of a statistical sample of DSFGs at z > 4
in a consistent manner for the first time and provide the
first constraint on the stellar mass density and evolution
of this population.

The paper is organized as follows. We describe the
Spitzer/IRAC observations, source detection and pho-
tometry in Section [2| along with the multi-wavelength
ancillary data. In Section we introduce the cross-
identification methods and describe the photometric cat-
alog of the cross-matched Spitzer counterparts. We per-
form panchromatic SED modeling to derive their phys-
ical properties. The results of the SED fitting are pre-
sented in Section @l We discuss the redshift distribu-
tion, multiplicity, unlensed fraction, SFR surface den-
sity, space density, SFR density, and stellar mass density
in Section Bl Section [ summarizes our conclusions and
future plans.

Throughout this paper, we adopt a concordance
ACDM cosmology with Hy = 70 kms~*Mpc~!, Qp =
0.7, and Q, = 0.3. We use a |Chabrier| (2003) initial
mass function (IMF) and AB system magnitudes.

2. SAMPLE SELECTION, SPITZER OBSERVATIONS, AND
ANCILLARY DATA

2.1. Herschel/SPIRE at 250, 350, and 500 um

The H-ATLAS observations were performed in the
parallel-mode with both SPIRE (Grifhin et al|[2010) and
PACS (Poglitsch et al.|[2010). The survey covers three
equatorial fields at right ascensions (R.A.) of 9, 12, and



15 hr (namely the GAMA09, GAMA12, and GAMA15
fields), the North Galactic Pole (NGP) field in the north,
and the South Galactic Pole (SGP) field in the south.
The total survey area is about 600 deg?. For SPIRE
maps, sources were extracted and flux densities were
measured based on a matched-filter approach which mit-
igates the effects of confusion (e.g., |(Chapin et al.|[2011]).
The depth of the PACS data (1o ~ 45 mJy) is insufficient
to detect our FIR-rising sources. The detailed descrip-
tions of the H-ATLAS observations and source extrac-
tion can be found in [Valiante et al.| (2016), [Ivison et al.
(2016), and Maddox et al| (2018). |Ivison et al.| (2016)
selected the ultrared sample based on the following cri-
teria: 3.50 detection threshold at Ssoo > 30 mJy and
the color selection with Ssp0/S250 > 1.5 and Ss00/S350
> 0.85.

The HeLMS field covers an effective area of ~274
deg? of the equatorial region spanning 23"14™ < R.A.
< 1"16™ and -9° < Dec. < +9°. The observations
were conducted with the SPIRE instrument (Griffin et al.
2010). Sources were extracted using a map-based search
method (Dowell et al.|2014; |Asboth et al.|2016]) that com-
bines the information in the 250, 350, and 500 pym maps
simultaneously. Herschel/SPIRE maps have pixel scales
of 6”, 8" (8.333" for HeLMS maps), and 12" at 250, 350,
and 500 pm, which are one-third of the FWHM beam
sizes of 18", 25" 36", respectively. We refer the reader
to |Asboth et al.| (2016]) and |Duivenvoorden et al.| (2018))
for more information on the HeLMS observations and
detailed description of the source extraction and pho-
tometry. The HeLMS ultrared sample was selected with
flux densities Ss00 > S350 > Sa50 and a 5o cut-off S5
> 52 mJy (Asboth et al.[2016]).

Figure[T]demonstrates the distributions of the 300 Her-
schel ultrared sources on the all-sky map for which we
have obtained Spitzer data. These include all the H-
ATLAS sources in [Ivison et al.| (2016) and additional
31 sources from Ivison et al. in prep., and 161 HeLMS
sources (with a flux density cut Sso0 > 64 mJy) from
Asboth et al| (2016). The Herschel/SPIRE photometry
of these sources at 250, 350, and 500 pm are shown in
Table Il

2.2. Spitzer observations and source photometry

A total of 300 Herschel ultrared sources were followed
up by the Spitzer snapshot imaging program PID 13042
(PI: A. Cooray) using IRAC (Fazio et al|[2004). Im-
ages were taken at 3.6 and 4.5 um with 30 second ex-
posure per frame and a 36-position dither pattern in
each band for each source (one source per Astronomical
Observation Request (AOR)), totaling 1080 s integra-
tion per band. We obtained the post- basic calibrated
data (pBCDs) from the Spitzer Science Center (SSC;
pipeline version S19.2), which have been reduced with
the Mosaicing and Point-source Extraction (MOPEXIZD
package, including background matching, overlap correc-
tion and mosaicking. The pBCDs, in most cases, are
of good quality for our purpose of source detection and
photometry. When necessary, we also downloaded and
re-processed the artifact-corrected BCDs with MOPEX
(version 18.5.0; |[Makovoz et al.| 2006 to generate im-

7 https:/ /irsa.ipac.caltech.edu/data/SPITZER,/docs/dataanaly-
sistools/tools/mopex/
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proved final mosaics. The IRAC mosaics (one mosaic
per source/AOR) have a resampled pixel scale of 0.6”
pixel ™! and an angular resolution of ~ 1.9”.

We use SExtractor (version 2.8.6; Bertin & Arnouts
1996) in dual-image mode to perform source detec-
tion and photometry. SExtractor is well-suited for this
task, because the relatively sparse mosaics have suffi-
cient source-free pixels available for robust sky back-
ground estimation. We use the co-added 3.6 and 4.5
pm image as the detection image. The dual-image ap-
proach ensures that the photometry is measured in iden-
tical areas in both bands, yielding accurate source col-
ors. We obtained the Kron-like elliptical aperture magni-
tudes, MAG_AUTO, and corresponding flux densities for
the following analyses. To estimate the accuracy of the
astrometry, we compared the positions of bright IRAC
sources with their 2MASS counterparts (Skrutskie et al.
2006). The astrometric discrepancy is small, about one-
fourth (0.15”) of the mosaic pixel.

2.3. SCUBA-2/LABOCA at 850/870 um

For the H-ATLAS ultrared DSFGs, [Ivison et al.| (2016)
obtained the 850 ym continuum imaging with SCUBA-2
and/or 870 pm continuum imaging with LABOCA. The
FWHM of the main beam of SCUBA-2 is 13.0” at 850
pm, and the astrometry accuracy o is 2-3". LABOCA
has a FWHM resolution of 19.2” and the positional un-
certainty is estimated to be about 1-2”. They measured
the 850 or 870 pm flux densities via several methods
(brightest pixel values and aperture photometry) and
performed template fitting together with the three Her-
schel/SPIRE bands to derive photometric redshifts and
FIR luminosities. |Duivenvoorden et al.| (2018)) presented
the SCUBA-2 observations of the HeLMS sources and ex-
tracted flux densities by taking the brightest pixel values
within the 30 of positional uncertainty in the SCUBA-
2 map. Photometric redshifts and integrated properties
(e.g., FIR luminosities) are derived from the EAZY code
(Brammer et al.|2008) using representative FIR,/sub-mm
templates. We refer the reader to|Ivison et al.|(2016|) and
Duivenvoorden et al.| (2018) for detailed descriptions of
the SCUBA-2/LABOCA observations, flux density mea-
surements, and FIR SED fitting. We adopt the peak-
value photometry and photometric redshifts from both
works (listed in Table [I). A total of 261 out of the
300 Spitzer follow-up sources have SCUBA-2/LABOCA
data, which are used in the following SED modeling.

2.4. High-resolution submm/mm data

2.4.1. Continuum data at 870 um, 1.1mm, 1.3 mm, and 3
mm

A subset (21) of the H-ATLAS ultrared sources in [Ivi-
son et al| (2016) were selected for continuum imaging
with NOEMA (PIs: R.J. Ivison, M. Krips; PIDs: WO05A,
X0C6, WI5ET) at 1.3 and/or 3 mm and ALMA (PIL:
A. Conley; PID: 2013.1.00499.S) at 3 mm as described
in detail in |Fudamoto et al| (2017). They observed 17
with NOEMA and 4 with ALMA, based on their acces-
sibility and high photometric redshifts. The synthesized
FWHM beam sizes are 1-1.5” for NOEMA and 0.6-1.2”
for ALMA. Precise positions were determined from the
continuum images for 18 ultrared sources, and the re-
maining 3 sources lack secure detection.



Table 1
Catalog of Herschelselected ultrared sources
Column Parameter Description Units
1 TAU_name Survey name + Herschel sourcename
2 D Nickname or short name in (Ivison et al.[2016)) and (Duivenvoorden et al.|[2018))
3 z Photometric redshift from FIR SED fitting (2 decimal points; |[[vison et al.[|2016| and
Duivenvoorden et al.|2018) or spectroscopic redshift (3 decimal points; see Table
4 Lensed? Lensed (y), unlensed (n), yn (both lensed and unlensed components), unknown (x)
5 RA_IRAC Spitzer/IRAC counterpart position: right ascension (J2000) degree
6 Dec IRAC Spitzer/IRAC counterpart position: declination (J2000) degree
7 MAG-AUTO3.6pum Kron-like elliptical aperture magnitude at 3.6 ym AB mag
8 MAGERR-AUTO36um AUTO magnitude uncertainty at 3.6 pm AB mag
9 MAG_AUTO4.5um Kron-like elliptical aperture magnitude at 4.5 pm AB mag
10 MAGERR-AUTO4.5um AUTO magnitude uncertainty at 4.5 pum AB mag
11 S3.6um Flux density at 3.6 um ply
12 S3.6pm -err Flux density uncertainty at 3.6 yum wly
13 S4.5um Flux density at 4.5 um uly
14 S4A5um,err Flux density uncertainty at 4.5 pm nly
15 RA_H Herschel/SPIRE position: right ascension (J2000) degree
16 Dec_H Herschel/SPIRE position: declination (J2000) degree
17 Sasopum Flux density at 250 pm mJy
18 Sa50um -err Flux density uncertainty at 250 pm mJy
19 Sas0um Flux density at 350 pm mJy
20 S3504m -err Flux density uncertainty at 350 pm mJy
21 Ss00m Flux density at 500 pm mJy
22 Ss00um -err Flux density uncertainty at 500 pm mJy
23 RA_S SCUBA2 position: right ascension (J2000) degree
24 Dec_S SCUBA2 position: declination (J2000) degree
25 Sg50m Flux density at 850 pm (SCUBA2) or at 870 um (LABOCA) mJy
26 Sg50um -err Flux density uncertainty at 850 pm (SCUBA2) or at 870 pm (LABOCA) mJy
Note. — A machine-readable table is available online.

Oteo et al.| (2017) presented the high-resolution (~
0.12”7) ALMA continuum imaging at 870 pum (PI: R.J.
Ivison; PIDs: 2013.1.00001.S, 2016.1.00139.S) for a sam-
ple of 44 equatorial and southern ultrared sources from
both the H-ATLAS and HerMES surveys. Thirty-one
of them are in our Spitzer sample and thus included in
our following analysis. Additional 18 H-ATLAS ultrared
sources whose ALMA data were released after [Oteo et
al.| (2017) are also included in this work.

Five HeLMS ultrared sources (HELMS_RED_1, 2, 4,
10, 13) were observed with SMA at 1.1 mm in the com-
pact array configuration (PI: D. Clements; PID: 2013A-
S005). The reduced maps have an average rms noise
level of 2.2 mJy/beam and the beam FWHM sizes are
typically 2.5”. The flux densities at 1.1 mm are given
in |Duivenvoorden et al.| (2018) and included in the SED
fitting below. The details of the observations and data
reduction will be presented in Greenslade et al. in prep.
Additional data with MUSIC/CSO (Sayers et al.||2014))
and ACT (Su et al.|[2017)) were obtained for 5 HeLMS
sources (HELMS_RED_1, 3, 4, 6, 7). We list the sources
with submm/mm flux density measurements from SMA,
MUSIC, and ACT in the Appendix (Table @ Duiven-
voorden et al.| (2018) summarized the observations ob-
tained so far as part of the still on-going observational
campaign.

We analyze in this paper a total of 63 Herschelselected
ultrared sources from H-ATLAS and HeLMS that have
high-resolution positions from various observations as de-
scribed above. The positions and flux densities of the
high-resolution sub-sample are listed in Table 2} The
original 63 ultrared sources are resolved into 86 indi-
vidual submm/mm sources as seen at the high resolu-

tion (see further discussion in Section [3|and Section .
These sources are classified as lensed or unlensed based
on the submm/mm morphology and the presence or ab-
sence of low-redshift foreground galaxies (further discus-
sion in Section |3 and Section

2.4.2. Spectroscopic redshifts from spectral scans

Fudamoto et al.| (2017) conducted spectral scans at
the 3-mm atmospheric window for 21 H-ATLAS ultrared
sources with NOEMA (Co-PIs: R.J. Ivison, M. Krips;
PIDs: W05A, X0C6) and ALMA (PI: A. Conley; PID:
2013.1.00499.S). They obtained 8 secure redshifts via de-
tections of multiple CO lines and 3 redshifts via a single
CO line detection. One of the SGP sources, SGP-354388,
was confirmed to be the core of a protocluster that lies at
z = 4.002 via detections of CO, [CI], and H5O lines with
ALMA and ATCA (Oteo et al.[2018). Four HeLMS ultra-
red sources have spectroscopic redshifts confirmed with
ALMA and CARMA (Asboth et al.|2016; |[Duivenvoor-
den et al.[|2018]). Table [3| lists all the spectroscopically
confirmed Herschelselected ultared DSFGs at z 2 4 in
this work or in the literature.

3. CROSS-IDENTIFICATION AND SPITZER CATALOGS

Before we cross-identify the Spitzer counterparts to the
Herschel ultrared sources, we crossmatch the IRAC data
with shallow and medium-depth large-area surveys at op-
tical /NIR wavelengths, e.g., the Sloan Digital Sky Survey
(SDSS; [York et al.|2000) Data Release 12 (DR12; |Alam
et al.[2015)) and the VISTA Kilo-degree Infrared Galaxy
(VIKING) Survey (Edge et al.[2013), to identify low-
redshift galaxies that can potentially magnify a higher
redshift ultrared source via gravitational lensing. Fig-
ure [10|in Appendix shows the 60” x 60 " Spitzer/TRAC



Table 2
High-resolution sample followed up with ALMA, NOEMA, and SMA
Column Parameter Description Units
1 ID Sourcename
2 Highres_data High-resolution data from: ALMA (1), NOEMA (2), SMA (3) etc.
3 Lensed? Lensed (y), unlensed (n), or unknown (x) according to the high-resolution interferometry data
4 RA_IRAC Spitzer/IRAC counterpart position: right ascension (J2000) degree
5 Dec IRAC Spitzer/IRAC counterpart position: declination (J2000) degree
6 MAG_AUTO3.6um Kron-like elliptical aperture magnitude at 3.6 pm AB mag
7 MAGERR-AUTO3.6um AUTO magnitude uncertainty at 3.6 um AB mag
8 MAG_-AUTOq4.5um Kron-like elliptical aperture magnitude at 4.5 pm AB mag
9 MAGERR-AUTO4.5um AUTO magnitude uncertainty at 4.5 ym AB mag
10 S3.6pum Flux density at 3.6 um nly
11 S3.6m-erT Flux density uncertainty at 3.6 pum nly
12 S4.5um Flux density at 4.5 ym nly
13 S4.5pm -€rT Flux density uncertainty at 4.5 pm nly
14 Sasoum Flux density at 250 pm; de-blended if multiple components mJy
15 Sa50um -err Flux density uncertainty at 250 pm mJy
16 S350m Flux density at 350 pum; de-blended if multiple components mJy
17 S350m -err Flux density uncertainty at 350 pm mJy
18 Ss00m Flux density at 500 pum; de-blended if multiple components mJy
19 Ss00pum -err Flux density uncertainty at 500 pm mJy
20 Sg50m Flux density at 850 pm (SCUBA2) or at 870 um (LABOCA); de-blended mJy
if multiple components
21 Sg50um -err Flux density uncertainty at 850 pm (SCUBA2) or at 870 um (LABOCA) mJy
Note. — A machine-readable table is available online.

Table 3
Spectroscopically confirmed Herschel-selected ultrared DSFGs at z 2 4.
IAU name Nickname Zspec Lir Lensed? Reference
(10'3 Lo)
HATLAS J084937.0+001455 G09-81106 4.531 2.7 No This work; a, g
HATLAS J090045.44-004125  G09-83808 6.027 3.2 Yes This work; a
HATLAS J133337.64+241541 NGP-190387 4.420 3.1 Yes This work; a
HATLAS J134114.2+335934 NGP-246114 3.847 2.0 No This work; a
HATLAS J133251.5+332339 NGP-284357 4.894 2.5 No This work; a
HATLAS J000306.9-330248 SGP-196076 4.425 2.5 No This work; a, b
HATLAS J000607.6-322639  SGP-261206 4.242 4.4 Yes This work; a
HATLAS J004223.5-334340  SGP-354388 4.002 4.8 No This work; ¢
HerMES J004409.9+011823 HELMS_RED_1 4.163 8.9 Yes This work; d
HerMES J005258.94-061319 HELMS_RED_2 4.373 8.3 Yes This work; d
HerMES J002220.8-015521 HELMS_RED_4 5.161 5.8 Yes This work; e
HerMES J002737.4-020801 HELMS_RED_31 3.798 3.4 Yes This work; e
HATLAS J142413.9+022304 1D141 4.243 8.5 Yes h
HerMES J043657.5-543809 ADFS-27 5.655 2.4 No f
HLS J091828.6+514223 — 5.243 11 Yes i
HerMES J104050.6+560654  LSW102 5.29 — Yes i k, m
HerMES J170647.74+584623  HFLS3 6.337 2.9 Yes k, 1
HerMES J170817.34+-582844  HFLS1 4.286 5.6 No 5 k
HerMES J172049.04+594623  HFLS5 4.44 2.8 No j, k

Note. — a/Fudamoto et al.| (2017)), b. |Oteo et al.|(2016a)), c. |Oteo et al.| (2018]), d. |Duivenvoorden et al. (2018), e. |Asboth et al.| (2016)),

f. |[Riechers et al.| (2017)), g. |Zavala et al.|(2018]), h. |Cox et al.| (2011)), 1. |Combes et al.| (2012)), j. |Dowell et al.| (2014])), k. |Riechers et al.

(2013), 1. |Cooray et al.| (2014), m. Wardlow et al. in prep.

cutouts centered on the Herschel positions for all the ul-
trared sources in our Spitzer program. The 3"-radius
cyan circles denote the positions of the SDSS sources in
the field, and the yellow circles show the positions of the
VIKING sources.

For the wultrared sources with high-resolution
submm/mm detections in Table we can use these
data to pinpoint the locations and securely identify the
Spitzer/TRAC counterparts. Within this high-resolution
sub-sample of 63 original ultrared sources, 23 of them
are gravitationally lensed sources with clear lensing sig-

natures like rings or arcs as shown in [Oteo et al.| (2017)),
and rest of them that do not show any lensing features
are likely unlensed, intrinsically bright ultrared DSFGs
more discussion on lensed/unlensed fraction in Section
. For sources that are classified as unlensed at sub-
mm and successfully cross-identified in Spitzer/IRAC,
we can directly extract the Spitzer/IRAC source flux
densities. We list the flux densities at 3.6 and 4.5 pm
as well as de-blended SPIRE, SCUBA-2/LABOCA, and
ALMA flux densities of the unlensed sample in Table [4]
which will be used in multi-wavelength SED fitting to
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derive their physical properties. The unlensed sample is
the focus of our SED analysis in Section [4

For lensed sources, however, a significant fraction of
the emission seen at Spitzer/IRAC is likely due to the
foreground lensing galaxies, and higher-resolution opti-
cal/NIR imaging is required to perform source/lens de-
blending. Therefore we can only place an upper limit on
the IRAC photometry for the background lensed ultra-
red sources until we are able to de-blend the source/lens
photometry. For a few lensed ultrared sources, high-
resolution HST imaging is being acquired and the de-
blending results will be presented in Brown et al. in
prep.

Within the high-resolution sample of 63 original
Herschelselected ultrared sources, 17 ultrared sources
are resolved into multiple components. A total of 86
individual submm sources were identified from the 63
ultrared sources as a result of the multiple components
(more discussion on multiplicity in Section [5.2)). Corre-
sponding Spitzer/IRAC counterparts are identified based
on the high-resolution positions from ALMA, NOEMA,
and SMA. We use the probabilistic de-blender XID+
(Hurley et al.[[2017)), which is a new prior-based source
extraction tool in confusion-dominated maps, with the
positional priors from the high-resolution interferometry
data to disentangle the SPIRE flux densities over the sub-
components. XID+ is developed and has been tested on
SPIRE maps using a probabilistic Bayesian framework
which includes prior information, and uses the Bayesian
inference to obtain the full posterior probability distribu-
tion function (PDF) on flux estimates. The de-blended
flux densities are shown in Table Bl The SCUBA-2 or
LABOCA flux densities are split among sub-components
assuming the same relative ratios between the individual
components derived from the ALMA 870 um flux den-
sities (Oteo et al.[2017)). We caution though that there
is inconsistency between the ALMA and SCUBA-2 pho-
tometry that could be partly due to the small field of
view of ALMA Band 7 (Oteo et al|2017). We use the
SCUBA-2/LABOCA flux densities in the following SED
fitting in Section [4]

For the ultrared sources that currently lack high-
resolution interferometry data, we use the SCUBA-2
or Herschel positions and cross-match with any IRAC
sources that are within 20 positional uncertainties of
SCUBA-2 or Herschel. For sources with robust SCUBA-
2 detections (i.e., S/N > 3), we combine a statistical po-
sitional accuracy of opes = 0.6 x FWHM/(S/N) (Lvison
et al.[[2007) and the JCMT pointing accuracy of 2"7-3".
For sources with low S/N or no SCUBA-2 data, we use
the Herschel positions for cross-matching (positional un-
certainty oy ~ 6”; |Asboth et al.|2016). If the SCUBA-
2/ Herschel positions are on top of or in close proxim-
ity to an IRAC source that is identified as a SDSS or
VIKING low redshift object, the ultrared source is likely
lensed by the foreground galaxy and most often the back-
ground emission in IRAC is blended with that from the
foreground lens. We provide a catalog of the IRAC coun-
terpart candidates identified as the closest IRAC source
in search radius in Table [I] but defer counterpart confir-
mation and robust assessment of lensing till we obtain
more high-resolution interferometry data.

4. SED FITTING

In this work, we aim to model the multi-wavelength ob-
served SEDs of the cross-identified ultrared sources and
derive their physical properties in order to place this pop-
ulation in the context of galaxy formation and evolution.
Here we only show the results of the 41 unlensed Her-
schel ultrared sources (i.e., 63 individual DSFGs at high
resolution), which have been cross-identified at multi-
wavelengths. To facilitate comparison (i.e., avoid system-
atic uncertainties in SED fitting due to different choices
of SED codes, SED models and assumptions) with the
more abundant DSFGs at z ~ 2, particularly the well-
studied ALMA-LESS (ALESS; ALMA follow-up of the
LABOCA submillimeter survey in the Extended Chan-
dra Deep Field South) SMGs at z(median) ~ 2.5 (Hodge
et al.||2013), we use the same SED code, i.e., the up-
dated version of MAGPHYS as in [da Cunha et al.| (2015)
and [Danielson et al| (2017). MAGPHYS relies on a self-
consistent energy balance argument to combine stellar
emission with dust attenuation and dust emission in
galaxies (da Cunha et al|2008). The updated version
extends the model parameter space to account for prop-
erties that are more likely applicable to heavily obscured
galaxies at high redshifts. The major SED model com-
ponents include the stellar population synthesis models
of Bruzual & Charlot| (2003), the delayed-7 star for-
mation histories, the two-component dust attenuation
model (Charlot & Fall [2000), dust emission, and radio
emission based on the radio-to-FIR correlation.

We use the spectroscopic redshift as the input red-
shift whenever available. MAGPHYS has also been tested
and used as a photometric redshift code by leaving the
redshift as a free parameter and being simultaneously
constrained with all the other physical parameters (da
Cunha et al.|2015; Battisti et al.[2019). The key feature
of the photo-z version (referred to as “MAGPHYS+photo-
2" hereafter; Battisti et al.|[2019) is the self-consistent
incorporation of photometric uncertainty into the uncer-
tainty of all the derived properties. By accounting for
this effect, MAGPHYS+photo-z therefore provides more
realistic uncertainties for physical properties.

We run MAGPHYS+photo-z with all the multi-
wavelength data and compare with the photo-z’s derived
from the FIR SEDs (Ivison et al.[2016; |Duivenvoorden
et al.[|2018). The resultant best-fit parameters and as-
sociated uncertainties are determined from the posterior
probability distributions. We take the median value as
the best-fit parameter and the 16th or 84th percentile
range as the lo uncertainty. In order to analyze the
overall properties of the unlensed sample and take into
account the associated uncertainties, we stack individual
probability distributions of the key physical parameters
in Figure 2| including the photometric redshift, stellar
mass, SFR, specific SFR, mass-weighted stellar popula-
tion age, V-band dust extinction, total dust luminosity,
luminosity-weighted dust temperature, and dust mass.
The average (median) properties and associated 16th-
84th percentile ranges are listed in Table 5| for each pa-
rameter. We display and compare the stacked probability
distributions for the following three sub-samples:

e All Unlensed DSFGs: this is the whole unlensed sam-
ple containing 63 individual DSFGs (Table .

e Unlensed Ultrared DSFGs: this sub-sample includes
all the unlensed DSFGs that satisfy the ultrared selec-



Table 4
Unlensed sample
Sourcename ZFIR ZMAGPHYS S3.6um S4.5um S2504um S350um S5004m SSLSO&{E,A_Z Sﬁ;?)l\fﬁ
(nJy) (nJy) (mJy) (mJy) (mJy) (mJy) (mJy)
G09-47693 3.1270%0 2737107 3521 £9.06 45.30 £ 10.24 274+ 7.3 344+ 81 454+ 86 125+ 4.0 5.5 + 0.4
G09-47693a — 251709 13.66 £ 5.64 17.05 +6.28 11.9+ 81 208 +9.0 380%+101 51416 2244021
G09-47693b — 2791188 2155 +£7.09 2825 +809 11.34+7.9  81+6.0 7.9 £ 6.0 74+24  3.25+0.29
G09-51190 3.8370%% 3317032 2896 £825 3318 £8.83 285+£7.6 395481 466+ 86 283 +7.3 9.7 £ 05
G09-51190a — 2737092 2896 +£8.25 3318+ 883 21.9+64 27.6+£78 411473 104+£29 355+ 0.21
G09-51190b — 4.6911-3% < 7.84 < 6.50 1144+ 6.2 144+77 62+59 179 +46  6.15 £ 0.48
G09-59393 3707935 3.42%)29 < 15.07 10.19 £ 5.08 241 £7.0 438 +83 468 +£86 23.7+£35 124404
G09-59393a — 3.1575 90 < 7.30 10.19 £ 5.08 237+ 4.8 417 +52 363 +£6.8 164424 7.33+048
G09-59393b — 5.07115% <777 < 8.55 3.6 + 3.3 2.7 + 2.9 6.1+ 5.4 7.3+ 1.1 3.25 £ 0.64
G09-62610 3.70704% 3307028 1298 + 555 1251 £5.51 186+ 54 37.34+74 443+ 78 195449  13.6 + 0.7
G09-62610a — 3.11+09%8 2.51 £ 2.46 2.47 £ 2.44 9.1+44 180461 238+85 62+16 4314035
G09-62610b — 4301147 < 7.02 3.75 + 3.05 3.6 £ 3.4 7.8 £ 6.9 9.5 + 8.5 8.0+ 2.0  5.57 %+ 0.28
G09-62610c — 3.55T14% 1047 £ 4.97  6.29 + 3.89 3.8 £ 34 8.6 + 6.4 8.0+ 7.5 53+ 1.3  3.72 £ 0.50
G09-64889 3.48709% 312748 1124 £521 1057 £5.09 202+59 304477 347+81 151443 7.91+0.35
G09-79552 3.597084 32404 7.37 £ 416 1047 £ 492 16.6 £6.2 381+£81 428+85 17.0+£3.6 12.7+06
G09-80620 4.017922 317t l4%  11.97 £550 1946 £6.92 135 +£50 25.3+74 284+77 132443 8.4 £ 0.7
G09-80620a — 1.997529 7.85 = 4.43  14.00 £ 5.83 4.5 £+ 3.9 7.3£58 75+£68 103+34 508+ 0.97
G09-80620b — 2887042 412 4 3.26 5.46 £ 3.73 5.5 + 4.5 6.7+57 128+£77 29409  1.45+0.29
G09-80658 407739 319718 2000 +£6.85 31.62+£857 17.8+£64 31.6+£83 395+£88 17.6+41 107+ 0.7
G09-80658a — 3757055 20.00 £ 6.85  31.62 £ 857 59 +47 120£7.2 2034102 13.2+31  4.08 £ 0.40
G09-80658b — 4267142 < 5.94 < 10.02 3.0 + 2.3 3.4 + 2.5 80+55  44+1.0 1354 0.13
G09-81106 4.531 4237132 322 + 2381 4.68 £3.35 14.0+6.0 309+82 47.5+88 302452 284408
G09-81271 4.627046 4321139 4.52 + 3.36 3.54 £ 3.00 150+ 6.1 30.5+82 423486 29.7+37 2054 0.7
G09-87123 4.28%0%2 3857123 7.78 £ 4.28  13.36 £ 557 104+ 58 253 +£8.2 3924+ 87 207 +4.6  6.63 + 0.47
G09-100369  3.79106L  3.427128 3.75 + 3.10 6.48 £ 3.95 154+55 173+£7.6 323+80 13.2+36 3.7440.25
G09-101355  4.2010°70 3747132 < 10.86 10.22 £ 490 95+£55 146+79 334+£83 135149 7.6 £ 0.7
G09-101355a — 3.9911-59 < 4.68 4.24 + 3.16 3.6 £ 3.1 72+44 156+79 85+31 478 £ 0.60
G09-101355b — 2.9210-13 < 6.18 5.99 + 3.75 9.0+ 42 111447 127+£80 50+ 1.8  2.80 + 0.42
NGP-101333  3.53703%  3.23%) 2% 1275 +£5.26 1311 £566 324+75 465+82 528+9.0 24.6 + 3.8 —
NGP-111912 3271030 281109 3692 +£9.27 47.05 £ 1042 252+ 65 41.5+7.6 50.2+80 149 £ 3.9
NGP-136156  3.95709% 3257020 702 +4.15 1023 £4.95 293 +£74 41.9+83 57.5+9.2 234+ 34 —
NGP-246114 3.847 3.9170¢% 1712+ 580 17.88+£ 586 17.3 £6.5 304+ 81 339+ 85 259 + 4.6 —
NGP-252305  4.34%04%  3.9571-3% 6.32 + 3.89 7.90 £ 433 1534+ 6.1 277+ 81 400+ 94 240+ 3.5 —
NGP-284357 4.894 4517758 462 + 3.32 3.43 £2.87 126 +£53 20478 424 +£83 289 %43 —
SGP-72464 3.067020 2747199 26.76 £ 8.31 2851 £8.52 434+ 76 67.0+80 72.6+89 200+42 169+ 0.4
SGP-93302b  3.911027  2.847099 < 8.13 452 £3.66 183 +81 334+149 195+ 163 94409  9.95+ 0.90
SGP-135338  3.0610%%  3.14709% < 3.30 < 6.94 3294+ 7.3 436 +81 53.3+88 147438 6.1+ 0.4
SGP-196076 4.425 4177056 1266 £5.19 1017 £ 491  28.6+ 7.3 286+£82 46.2+86 325+£41 346 £ 23
SGP-196076a 4.425 4.927119 5.94 + 3.11 5.93 + 1.81 8.6+ 6.0 112494 164+ 122 21.3+27 17.58 + 1.03
SGP-196076b  4.425 4357135 6.72 £ 2.08 424 £1.57 9.6+ 6.5 84+61 120+£86 9.6+12  7.90 % 0.60
SGP-196076c  4.425 2,780 47 < 6.24 < 6.34 5.1 4 4.0 82+59 11.5+£83 1.6+0.2  1.33+0.17
SGP-208073  3.4870%% 3107012 4270 £ 959 50.51 £10.77 280+ 7.4 332+ 81 443 +85 194+29  13.9£09
SGP-208073a — 4.3711%% 2.84 £ 2.10 3.19 £ 2.18 3.6 £ 2.7 98+83 120+£86 87+13  6.24+0.56
SGP-208073b — 3.6170 %2 28134776 31.03+ 858 159+99 94+67 109+81 96+ 14  6.91 4 0.63
SGP-208073¢ — 187070 1173 £5.23 1629+ 6.14 9.1 +8.0 122+ 80  11.8 £8.2 1.24+02 0834021
SGP-213813  3.497040 2987039 7590 £ 13.25 69.53 £ 12.67 23.9£6.3 351+£7.6 35982 181+36 13.9=£07
SGP-219197 2947025 2617092 29.18 £ 8.31  36.62+£9.25 276+ 74 51.3+81 43.6+84 122437  9.47 + 0.40
SGP-317726  3.6910%%  3.567129 < 10.37 < 8.99 2044+6.0 351+77 39.5+80 194432 269429
SGP-354388 4.002 4.897118 5.35 + 3.43 8.76 £ 4.58  26.6 £80 398 +£89 535498 641+ 109 2414 1.7
SGP-354388a  4.002 5.601 55 < 5.35 < 8.76 6.2+ 46 160+ 12.0 188 +13.1 36.7+6.2 9.64 £ 0.33
SCGP-354388b  4.002 4.461179 < 5.35 < 8.76 6.3+45 168+ 11.7 1934161 13.7+23  3.61 £0.25
SCGP-354388¢  4.002 4671199 < 5.35 < 8.76 62+46 11.7+£84 13.6+ 101 13.6+23  3.58 £ 0.16
SGP-380990  2.84702% 2681092 4.99 + 3.45 859 £4.48 144 +59 456 +£82 40.6+£85 7.7 +1.8 893+ 0.36
SGP-381615  2.98732% 2971098 < 4.09 < 5.41 19.40 £ 6.6 39.1£81 347+£85 85+36  6.20+0.29
SGP-381637  3.30102%  3.047092 3.53 + 3.01 7.49 +4.27 1874+ 6.8 41.5+84 493 +£8.6 12.6 + 3.7  4.45 + 0.31
SGP-382394 2961029 2737098 9.58 + 5.00  11.94 + 546 157 +59 356+ 81 359+86 80+24 211+ 029
SGP-385891  3.701029  3.32%118 8.44 + 4.26 1329 £559 13.0+ 82 45.6+9.8 59.6+ 1.2 205+3.6 11.1+0.7
SGP-385891a — 5.041111 < 7.31 < 7.81 5.3 £ 4.7 7.6 +£52 2024139 16.3 4+ 2.9 5.9 + 0.3
SGP-385891b — 2.4310-53 8.44 +£ 426  13.29 £5.59 121 +£6.9 27.6 £9.0 247+ 148 42+ 0.7 1.5 +£ 0.2
SGP-386447  4.89707% 4187135 1481 + 575 2152+ 7.24 105+6.0 33.6+84 345+86 343+ 84 6.5 £ 0.6
SGP-392029  3.4270%7  3.707157 < 8.01 3204+ 291 183 +65 305+£83 353+84 138+35 10808
SGP-392029a — 3.8111-9% < 4.74 < 7.44 105+ 58  7.7+58 5.2 + 3.8 524+ 1.3  3.11 4+ 0.24
SGP-392029b — 3.28T09% < 3.27 < 4.56 98+54 187+£67 289470 86+22 515+ 028
SGP-499646  4.6870%%  4.377 32 < 4.55 4.76 + 3.37 58+£59 108+81 414486 187+30 1414 1.6




Table 4
Unlensed sample continued

Sourcename ZFIR ZMAGPHYS SB,Gum S4,5um S250}.LI)’1 S350um SSOOum 88&22?72 S?;#:ﬁﬁ

(wJy) (wJy) (mJy) (mJy) (mJy) (mJy) (mJy)
UR72S 3.35 2847035 1078 + 4.84  12.20 £ 546 354 £ 7.3 37.0 £ 8.2 56.0 + 8.6 — 83+ 0.9
URT72Sa — 242118 1078 £ 4.84  12.20 £ 546 5.9 + 4.3 7.8 +56 311+ 144 — 3.57 £ 0.23
UR72Sb — 2397198 < 14.53 < 16.37 2414+ 78 285+89 175+ 12.0 — 0.96 + 0.21
URT72Sc — 2.227 042 < 14.53 < 16.37 11.0£63 51+34  73+£53 — 3.72 £ 0.85
URT73S 3.45 2537025 48.96 £ 10.13 56.22 £ 11.44 386 £ 7.7 39.6 £87 637 £09.1 7.6 £0.5
UR73Sa — 3.60T055  48.96 £ 10.13 56.22 £ 11.44 423 £52 37.8£6.8 624E 7.5 — 2.95 % 0.29
URT73Sb — 312713 < 9.88 < 10.02 47+£31  193+£67 117 £ 82 — 4.65 + 0.45
HELMS_.RED.10  4.62%t07%  3.17713% 4391 + 955 48.19 +10.54 33.6 +£57 53.9+ 6.5 86.5+6.9 37.9+44 427+ 0.9
HELMS_RED_10a — 2.37108% < 18.64 < 21.62 16.8 £9.0 173+ 124 580+17.7 3.1+£02 2.00+0.35
HELMS_RED_10b — 4627730 43.91 £9.55 4819 £ 10.54 145 £ 8.7 36.1 £13.3 225+ 162 34826 225+1.1
HELMS_RED_23  4.20%0:%%  3.15%017 3065 £894 3590 +09.18 482467 87663 97274 421+£49 47.7+0.9
HELMS_RED_23a — 4677133 < 9.32 < 15.90 9.3 £6.6 68 +51 205+£150 11.5+£13 9.9 +0.2
HELMS_RED._23b — 4927719 9.13 £ 535 1754 £6.99 128+ 77 58=+41 13.2+89 17.1+£20 147 +038
HELMS_RED_23c — 2597035 2152 +£7.16 3594918 259+ 11.3 61.6+£11.0 474 £223 134+1.6 115407
HELMS_RED 68  3.60700% 311105 1033 £502 1513 +£6.02 554456 739+61 761+£65 327+38 24.1+3.1

Note. — zpir is the photometric redshift derived from FIR SED fitting by (2016) and |Duivenvoorden et al.| (2018)). We list the
spectroscopic redshift (3 decimals) instead of zpir whenever available. zmagpryYs is the photometric redshift derived from MAGPHYS+photo-z SED

For non-detections in IRAC, we quote the 30 upper limits. The ALMA flux densities are from (2017) and this work.
The de-blended SPIRE and SCUBA-2/LABOCA flux densities for the individual components are described in Section

fitting in Section@
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Figure 2. Normalized stacked posterior probability distributions of key physical parameters of the whole unlensed sample (63 DSFGs;
black), the unlensed ultrared sub-sample (48 DSFGs; red), and the single-component ultrared sub-sample (31 DSFGs; blue). The median
values of the distributions are indicated by the vertical lines with corresponding colors (3 lines are overlapping if only one line is seen). We
also plot the prior distributions of z, agen, Av, and Tqust in gray for comparison.



tion criteria@ (48 DSFGs) including multi-component
sources. At high resolution, some sub-components no
longer meet the ultrared selection criteria so we remove
those from this sub-sample.

e Unlensed Single-component Ultrared DSFGs: this
sub-sample (31 DSFGs) contains the single-component
unlensed sources that have FIR photo-z’s or the compo-
nents with spectroscopic redshifts (Table [4]). This is the
subset that we can run MAGPHYS using the fixed-z ver-
sion (i.e., FIR photo-z or spectroscopic redshift as input)
and compare with the results from MAGPHYS+photo-z.
As shown later, this sub-sample contains the intrinsically
most FIR-luminous and massive DSFGs in our sample,
which are likely the best candidates for real z > 4 DS-
FGs.

We also compare the physical properties of the un-
lensed ultrared sample with those of the ALESS DSFGs
below.

4.1. Photometric redshifts

MAGPHYS has been tested as a photometric redshift
code on ALESS SMGs (as a preliminary version of
MAGPHYS+photo-z in [da Cunha et al|[2015) by com-
paring to the spectroscopic redshifts from |Danielson et
al.| (2017). |da Cunha et al.| (2015) find a good agree-
ment between the MAGPHYS-based photometric redshifts
and the ALESS spectroscopic redshifts, with a small me-
dian relative difference of Az/(142spec) = -0.005. Bat-
tisti et al.| (2019) further demonstrated the success of
MAGPHYS+photo-z in estimating redshifts and physical
properties based on over 4000 IR-selected galaxies at
0.4 < z < 6.0 in the COSMOS field with robust spec-
troscopic redshifts. They achieved high photo-z accu-
racy (median offset Az/(142spec) < 0.02), and low catas-
trophic failure rates (n < 4%; a catastrophic failure is
defined as a source with Az/(1+zspec) > 0.15) over all
redshifts. The median value and uncertainties on the
photometric redshift are determined in a self-consistent
manner as all the other physical parameters, since the
likelihood distributions of the redshift and physical pa-
rameters are computed simultaneously. |Battisti et al.
(2019)) also demonstrated that the choice of priors, espe-
cially the non-uniform prior for the model redshift distri-
bution (Figure [2) does not introduce significant redshift
bias in the results.

We compare the photometric redshifts from
MAGPHYS+photo-z and FIR SED fitting with spec-
troscopic redshifts based on the 5 sources whose spectro-
scopic redshifts are available (Figure [3| top panel). The
mean relative offset Az/(142gpec) is 0.096 for the FIR
method and -0.005 for MAGPHYS+photo-z, while the
median relative offset is 0.076 for the FIR method and
-0.047 for MAGPHYS+photo-z. The MAGPHYS-derived
redshifts on average (both mean and median) are more
accurate than the FIR method. We further make the
comparison between the MAGPHYS-derived redshifts
and the FIR-derived redshifts for the whole unlensed
sample (Figure [3| bottom panel). The MAGPHYS-derived
redshifts, with a median value of 3.3, are systematically
lower than the FIR-derived redshifts with a median
value of 3.7. [Ivison et al.| (2016]) and |[Duivenvoorden et

18 Here we use the selection criteria in [Ivison et al| (2016) as
mentioned in Section
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al.[(2018) compared the FIR-derived redshifts with avail-
able spectroscopic redshifts of a larger sample and found
a median relative offset of Az/(142spec) = 0.08. We
compare the MAGPHYS redshifts with the expected true
redshifts based on their tests [ Given the additional
data and constraining power in the NIR along with the
FIR photometry, the MAGPHYS-derived redshifts are on
average more consistent with the expected true redshifts
based on this comparison (Figure [3| bottom panel),
although the error bars are larger. The large error bars
from MAGPHYS-+photo-z are partly due to the fact that
we do not have enough data to constrain the full SED
but reflect more realistic uncertainties than the errors
for the FIR-only photo-z’s, which are based on the
templates used. Obtaining more rest-frame UV /optical
data would further improve the accuracy and precision
(Battisti et al.[2019).

4.2. Stellar mass versus SFR

Galaxy surveys at low and high redshifts have shown
that star-forming galaxies form a power-law relation be-
tween their SFR and stellar mass, known as the main-
sequence (MS) of star-forming galaxies (e.g., [Daddi et
al.[[2007; Magdis et al.|2010; [Speagle et al.||2014)). Fig-
ure Ml shows the stellar masses versus SFRs of the un-
lensed ultrared DSFGs compared to those of ALESS DS-
FGs. The green solid line shows the star-forming MS at
the median redshift of our sample, z = 3.3, from |Spea-
ole et al.|(2014)), and the dashed lines show three times
above or below the MS. The wide spread of stellar masses
and SFRs of the ALESS DSFGs compared to the star-
forming MS, suggests that these DSFGs are not a ho-
mogeneous population with some lying significantly (> 3
times) above the MS thus defined as starbursts and some
being consistent with the MS (< 3 times) but just at the
high-mass end of this relation (da Cunha et al.|2015)).
This bimodal distribution is also in line with theoretical
predictions, e.g., simulations by Hayward et al. (2012).
However, the fraction of starbursts at high redshift de-
pends on how we define the normal star-forming MS at
these redshifts. Since the sSFR of the MS predicted by
Speagle et al.|(2014) continues increasing with redshift,
this fraction therefore would be lower than if the MS flat-
tens at z ~ 2 as suggested by some other studies (e.g.,
Weinmann et al.||2011; |Gonzalez et al.|2014). The star-
forming MS is also dependent on the stellar mass, and
the slope of the MS is found to be steeper at low masses
(log(M./Mg) < 10.5) and flattens at the high-mass end
out to z of 2.5 (e.g. [Whitaker et al|2014; [Leja et al.
2015). A shallower slope at high masses than the one
in [Speagle et al.| (2014) could mean a higher starburst
fraction.

The Herschel ultrared DSFGs on average have higher
stellar masses and SFRs than the ALESS DSFGs, with
a median stellar mass of (3.7 £ 0.2) x 10'* My and a
median SFR of 730 + 30 Myyr—! (modulo assumptions
about the IMF, e.g., Romano et al.|[2017; [Zhang et al.
2018). The 16th-84th percentile ranges of the stacked
stellar mass and SFR probability distributions are (1.1-
8.9) x 10 M and 180-1800 Muyr—!. Almost all of the

19 The median relative offset between zpir and Zspec 18 (2ZFIR-
zspec)/(1+2zspec) = 0.08. Therefore, zspec = (zrir-0.08)/1.08,
which is plotted as the blue line in Figure
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Table

5

Average properties of the Herschel unlensed sample derived from MAGPHYS+photo-z SED fitting

Parameter All Unlensed Unlensed Ultrared Single-comp. Ultrared ALESS Sample
(63 DSFGs) (48 DSFGs) (31 DSFGs) (99 DSFGs)
Zphot 337170 3.3150 35170 27151
log(My/Mg) 11.4575-% 11.5519% 11.6570:2 10.9575°8
log(SFR/Meyr—1) 2.75108 2.85104 2.95194 2.45%04
log(sSFR/Gyr~1) 0.3510% 0.35102 0.35755 0.45196
log(agenr /yr) 8.45105 8.4510:2 845102 8.35103
Ay 3.677% 3.977% 41733 19515
log(Ms/Lu/Mo/Le) 028708 0.3370°¢ 0.33+06 0.13+04
log(Laust /L) 12.85104 12.9570- 13.05193 12.5510-3
T/ 37+ gl e 1410
log(Mdust/ M) 9.35102 9.45103 9.55153 8.75193
Note. — A machine-readable table of the physical parameters of individual sources is available online. z,hot: photometric redshift; M.:

stellar mass; SFR: current SFR defined as the average of the star formation history over the last 10 Myr; sSFR: specific SFR; agens: mass-
weighted stellar population age; Ay : V-band extinction; M, /Ly: stellar mass to H-band luminosity ratio; Lqyst: total dust luminosity =
IR luminosity; Tqust: luminosity-weighted dust temperature; Myyst: dust mass. The median values and 16th-84th percentile ranges are
determined from the stacked posterior probability distributions shown in Figure

ultrared DSFGs have specific SFRs higher than 1 Gyr—1.
The open blue circles mark the single-component ultra-
red sources, which are mostly hyper-luminous IR galax-
ies (HyLIRGs; Lig > 10*® L) and are at the high-mass
end of our sample. Since leaving redshift as a free pa-
rameter introduces extra degree of freedom and degen-
eracy in SED fitting than fixing the redshift, here we
also compare with the MAGPHYS results by fixing the in-
put redshift to the FIR-derived photo-z or spectroscopic
redshift for the single-component ultrared sample (open
triangles). The stellar masses and SFRs from the photo-
z and fixed-z versions are generally consistent with each
other although the SFRs from the fixed-z version are
higher, which is mostly driven by the higher FIR-derived
photo-z than the MAGPHYS-derived photo-z as shown in
Figure [3] Nevertheless, they are all consistent with and
at the high-mass end of the star-forming MS by |Spea-
gle et al.| (2014). If the MS slope flattening continues at
z > 3 at the most massive end where our ultrared DSFGs
reside, a shallower MS slope and lower sSFR than that
in Speagle et al.| (2014) would infer a higher starburst
fraction, but major mergers, which trigger short-phased
enhanced SFRs thus lie significantly above the MS, are
not a dominant driver of our ultrared DSFG population.

4.3. Dust properties

Figure 5| shows the comparisons of the total dust lu-
minosity, dust temperature, V-band extinction, and dust
mass between the unlensed Herschel ultrared DSFGs and
ALESS DSFGs. The Herschel ultrared DSFGs have a
median total dust luminosity of (9.0 £ 2.0) x 102 L,
a dust mass of (2.8 & 0.6) x 10° My, a luminosity-
averaged dust temperature of 38 + 2 K, and a V-band
extinction of 4.0 £ 0.3. Again, we show the prop-
erties of the single-component ultrared sub-sample de-
rived from both the photo-z version and the fixed-z ver-
sion. As noted in da Cunha et al. (2015) and other
SMG studies (e.g., (Chapman et al.[|2005; [Wardlow et
al. 2010; Magnelli et al.|2012; [Swinbank et al.|[2014)),
there exists a correlation between the total dust lumi-
nosity and the average temperature of DSFGs. The
dust temperatures of the ultrared sample distribute in

a narrower range across the dust luminosity although
the error bars are large. This narrow range is almost
entirely driven by the prior distribution as shown in
Figure [2] i.e., Tqust is basically not constrained by the
data. Although we have FIR-submm/mm data to lo-
cate the dust emission peak, there still exists the de-
generacy between Tgue and redshift. More scatter in
Taust can be seen for the single-component sub-sample
if we fix the input redshift to the FIR photo-z or spec-
troscopic redshift, i.e., break the Ty,st-redshift degener-
acy. The single-component sub-sample (fixed-z version)
shifts to the higher-luminosity end with most of them
being HyLIRGs, and the luminosity-temperature corre-
lation is very weak. The V-band extinction values widely
spread over the range from ~ 1-7.5 for the whole ultra-
red sample and the single-component sub-sample and is
on average higher than that of ALESS DSFGs by ~2
magnitudes. The high Ay values (Ay > 4) have also
been found in other SMGs (e.g., [Hopwood et al.| 2011}
Ma et al.[2015). The Herschel ultrared DSFGs, which
have significantly higher IR luminosities, shift to the high
dust-mass end. The sample selection methods factor into
the differences we observe here for the two DSFG sam-
ples. The ALESS SMGs are selected based on a single
flux density limit (Sg7oum > 4.2 mJy; [Swinbank et al.
2014), while the Herschel ultrared DSFGs are selected
by their rising SPIRE flux densities and limited by the
sensitivity that Herschel probes, i.e., the Herschel ultra-
red selection naturally chooses higher 870 pm-flux den-
sity sources than the ALESS sample. We also notice that
the Herschel ultrared sample distributes similarly on the
A, versus logLqyust plane as the Ay-logMgyust plot without
a clear correlation. Any correlation may be diluted by
the statistical errors on these parameters due to limited
sampling of the SEDs. Only by obtaining spectroscopic
redshifts and a better sampling of the SEDs can we ulti-
mately break the degeneracy between these parameters
(e.g., dust temperature-redshift degeneracy) and investi-
gate potential intrinsic correlations between the physical
properties.
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Figure 3. Top: We have 5 sources for directly comparing photo-
metric redshifts (MAGPHYS and FIR) with available spectroscopic
redshifts. The red solid line represents the 1:1 ratio. Bottom:
Comparison of the photometric redshifts derived from the FIR pho-
tometry only and from MAGPHYS+photo-z multi-wavelength SED
fitting for the unlensed sample. The blue line shows the median
relative offset (Az/(1+z) = 0.08) of the FIR-derived photometric
redshifts from the available spectroscopic redshifts based on relia-
bility tests in |Ivison et al.| (2016]) and [Duivenvoorden et al.| (2018]).
The MAGPHYS-derived redshifts are systematically lower than the
FIR-derived redshifts but are on average more consistent with the
expected spectroscopic redshifts.

4.4. The average SED of the unlensed ultrared sample

Figure [6] shows the best-fit SED shifted to the rest-
frame wavelength for each unlensed ultrared DSFG
(gray) to highlight the intrinsic SED variations of these
sources. We generate the median SED (red) and mean
SED (orange) of this sample by averaging flux densities of
all the best-fit SEDs at each rest-frame wavelength in the
same manner as for ALESS DSFGs. The average (mean)
SED of the ALESS DSFGs from da Cunha et al.| (2015)
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Figure 4. SFR versus stellar mass. The red circles are our un-
lensed Herschel ultrared DSFGs while the gray circles denote the
ALESS DSFGs at z ~ 2.5 from|da Cunha et al.| (2015]). The typical
error bar derived from MAGPHYS SED fitting is shown at the lower
right corner. The green solid line represents the star-forming main
sequence from |Speagle et al.| (2014)) at the median redshift z = 3.3
of our sample, and the dashed lines are three times above or be-
low this relation. The blue open circles mark the single-component
ultrared DSFGs with parameters derived from MAGPHYS+photo-z,
while the orange triangles are derived from fixing the redshift to
the FIR photo-z or known spectroscopic redshift as input.

DSFGs at z ~ 2.5. We caution though that our cur-
rent sample of the SED fitting analysis is smaller and
our SEDs are not as well-sampled as ALESS DSFGs due
to limited photometry (e.g., the rest-frame UV region is
not constrained), therefore, we do not attempt to further
compare the detailed shape of the SED.

5. DISCUSSION
5.1. Redshift distribution

The raw photometric redshift distribution of the 300
Herschel ultrared DSFGs are shown in Figure [7| (Left),
which has a median redshift of 3.7 £ 0.7 based on the FIR
method as we do not have MAGPHYS-derived redshifts
for all of them. We compare it with the photometric
redshift distribution of ALESS DSFGs from
(2014). Danielson et al.| (2017)) present spectroscopic
redshifts for 52 ALESS DSFGs and the distribution is
consistent with the photometric redshift distribution for
these sources. Here we use the photometric redshift dis-
tribution for comparison because it is more complete al-
though less precise. The median redshift of ALESS DS-
FGs, 2.5 &+ 0.2, is consistent with that of [Chapman et|
, which is relied on radio-wavelength counter-
part identification, although Simpson et al.| (2014]) shows
a higher fraction of high-redshift sources than the earlier
work. We also overlay the spectroscopic redshift distri-
bution of SPT DSFGs from Strandet et al.| (2016, 2017)
(also Weif3 et al.|[2013), which are almost purely gravi-
tationally lensed sources. The observed median redshift
of the SPT sample, 3.9 + 0.4, is higher than other sam-
ples due to two major selection effects: longer selection
wavelengths and gravitational lensing (Béthermin et al.|

is also overlaid for comparison. The comparison of the
average SEDs shows that the Herschel ultrared DSFGs
on average are more luminous at FIR-submm, more dust
obscured, and peak at longer wavelengths than ALESS

2015)). After correcting for the lensing effect, the median
redshift of SPT DSFGs decreases to 3.1 + 0.3. Figure[7]
(Right) demonstrates the normalized dN/dz that scales
to the same total number of source in each sample. We
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Figure 6. Best-fit SEDs in the rest-frame. The gray curves show the individual best-fit SEDs from MAGPHYS+photo-z of the 48 Herschel
unlensed ultrared DSFGs and the red curve and orange curve are the median and mean SED of this sample. The average (mean) SED of
the ALESS DSFGs at z ~ 2.5 is overlaid in blue. Our Herschel ultrared DSFGs on average are more dust obscured and more luminous in
the FIR than the z ~ 2.5 ALESS DSFGs. We do not attempt to further compare the detailed shape of the SED due to the limited filter
bands hence uncertainties in our best-fit SEDs, e.g., the rest-frame UV region is not constrained for our ultrared DSFGs.

do not attempt to correct the raw distribution for any se-
lection effects due to the complicated selection functions
for our sample. Spectroscopic observations are required
to ascertain the redshift distribution of our ultrared sam-
ple especially the ones at z > 4.

5.2. Multiplicity

Source blending or multiplicity has always been a con-
cern for 500 pm-risers due to the relatively large SPIRE
beam at 500 pm. Different multiplicity rates have been
reported in the literature, depending upon various selec-
tion criteria and instruments used (e.g., |Cowley et al.
[2015; [Simpson et al.|[2015; [Scudder et al.[[2016). Now

that we have obtained high-resolution data for a signif-
icant subset of ultrared sources, we are able to investi-
gate multiplicity rates and fractional contribution from
brightest components. Within our high-resolution sam-
ple, ~ 27% (17 out of 63) Herschel ultrared sources are
resolved into multiple components of two or more. The
multiplicity rate is about 39% (16 out of 41) for the un-
lensed sample. The brightest components seen in ALMA
contribute 41%-80% of the total ALMA flux. This frac-
tion is lower, in the range of 15%-59%, if we use the
SCUBA2/LABOCA flux at similar wavelengths as the
total flux as the ALMA observations may not recover
the total flux. Based on SMA follow-up observations at
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1.1 mm and/or 870 pum of 36 500 pm-risers from vari-
ous Herschel fields, Greenslade et al. in prep found a
multiplicity rate of 33% with a fractional contribution
of 50%-75% due to the brightest components. The de-
blending results from XID+ suggest that the brightest
components contribute to 35%-87% of the total 500 pm
flux. [Donevski et al.| (2018)) investigated multiplicity us-
ing simulated SPIRE maps and compared the extracted
flux of the brightest galaxy to the total flux, resulting in
an average brightest-galaxy fraction of 64%. The aver-
age observed brightest-galaxy fraction of our sample is
consistent with this prediction.

Multiple components at the same redshift will not have
a serious impact on the determination of redshift, and
physical properties such as IR luminosity and SFR are
determined for the combined system. Several Herschel
ultrared sources have been spectroscopically confirmed as
major mergers (e.g., SGP-196076 at z = 4.425 (Oteo et
, ADFS-27 at z = 5.655 (Riechers et al.[|2017))
or galaxies in the core of protoclusters (e.g., SGP-354388
at z = 4.002 (Oteo et al|2018)). Detailed SED analysis
especially their stellar properties, with additional high-
resolution optical/NIR data, for the individual merging
systems or protoclusters will be published in forthcoming
papers. Multiple components at different redshifts, e.g.,
blending with foreground objects, will produce composite
SEDs that may lead to an intermediate redshift estimate.
Once decomposed, the individual components may not
satisfy the 500 pm-riser selection criteria.
den et al. (2018) derived from mock observations that
60% of the detected HeLMS galaxies pass the selection
threshold due to flux boosting partially caused by blend-
ing with foreground objects. Our SPIRE de-blending
results with XID+, which are based on high-resolution
positional priors of mostly H-ATLAS galaxies, suggest
that ~20% of our sources would not pass the selection
criteria of 500 pm-risers if without blending.

5.3. Unlensed fraction

Based on the high-resolution sub-sample, 65% of the
ultrared sources (41 out of 63) do not have clear sig-
natures of lensing thus are classified as unlensed. This
fraction is higher, 73% (63 out of 86), if we count the in-
dividual components. We do not exclude the possibility

that a small fraction of them might be moderately lensed
(a lensing magnification factor of 1 < p < 2). This would
not significantly affect our derived properties.

Donevski et al| (2018) compared the observed lensed
fractions of 500 pm-risers in different fields, H-ATLAS
(Lvison et al.2016), HeLMS (Asboth et al.2016), and
HerMES (Dowell et al[/2014), with predicted fractions
using the [Béthermin et al| (2017) model and applying
the same selection criteria in each study. The observed
lensed fractions are consistent with the corresponding
predicted lensed fractions. Since the HeLMS ultrared
sources are selected with a higher flux cut at 500 pum,
the lensed fraction is the highest (75%), compared to the
lowest lensed fraction (28%) in H-ATLAS. Our sample
contains sources from both H-ATLAS and HeLMS there-
fore the observed lensed fraction (35%) is in between as
expected. This number is more towards the lower end be-
cause most of the sources in our high-resolution sample
are from H-ATLAS.

We acknowledge that there could be lenses that we
are missing with the current ancillary data, for example,
those with small Einstein radii and faint, high-redshift
lensing galaxies. High-resolution imaging (e.g., with
HST/JWST/ALMA) and spectroscopic confirmation are
needed to truly address the lensing fraction.

5.4. SFR surface density

Figure [§] shows the SFR as a function of dust con-
tinuum size for our Herschel ultrared DSFGs as well as
other high-redshift (z > 3) galaxies and quasar hosts in
the literature. All the sources in the literature compari-
son sample have dust continuum size measurements. The
SFR surface density is defined as Ygpr = SFR/2R, Ry,
where R, = FWHMajor/2 and Ry, = FWHMpninor/2
are the measured semi-major and semi-minor axes. The
sizes and areas are measured by carrying out 2D ellipti-
cal Gaussian fitting on the high-resolution ALMA dust
continuum images at 870 pum (Oteo et al[[2017)). The
dashed lines denote the constant SFR surface densities at
10, 100, and 1000 Mg yr—! kpc=2. Most of our sources
are above the Ygpr = 100 Mg yr—! kpc=2 curve, and
some are at or close to the Eddington limit for radiation-
pressure supported starbursts (Thompson et al.||2005)).
The radiation pressure would drive dusty gaseous out-
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Figure 8. SFR versus dust continnuum size. The dashed lines
show constant SFR surface density values. The red squares are our
Herschel ultrared DSFGs with size measurements from [Oteo et alll
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cross on the bottom of the plot. The orange circles are SPT DSFGs
from |Spilker et al.| (2016) and [Ma et al.| (2016)). The gray circles
are individual starburst galaxies at z > 3 in the literature with
dust continuum size measurements. The magenta circles are quasar
host galaxies at z > 3 in the literature. The literature galaxies are
drawn from [Younger et al| (2008)), [Walter et al.| (2009), [Magdis et
al| (2011)), Walter et al(2012), [Fu et al.[(2012), |Bussmann et al.

13)), |Carniani et al.| gm?ﬁl,) |Wang et al.[ (2013), |Cooray et al.
2014)), |De Breuck et al.| (2014)), |Riechers et al. (2014), [Yun et al.
2015), |Simpson et al.| (2015)), [Ikarashi et al.| (2015)), and |Riechers

et al.| (2017).

flows, which have been observed in starbursting galaxies

e.g., Martin/ 2005; Diamond-Stanic et al.|[2012; |Spilker|
. Future observations are required to confirm
this. The very high Ygpr could be explained by either
high star-formation efficiency, high gas fraction, or both.
Gas-rich mergers are a viable mechanism for triggering
the compact, enhanced star formation
‘1996 . For example, SGP-196076, one of our un-
lensed ultrared sources, has been spectroscopically con-
firmed to be at least two interacting galaxies at z = 4.425
that will eventually merge (Oteo et al.|2016a). However,
major mergers do not seem to be the dominant driver of
our ultrared DSFGs as discussed in Section 4.2

5.5. Space density, SFR density, and stellar mass
density

The space density of the H-ATLAS ultrared DSFGs
in the redshift range 4 < z < 6 is estimated to be ~
6 x 1077 Mpc—? after completeness and duty-cycle cor-
rections (Ivison et al.2016), while this number is about
an order of magnitude smaller (7 x 10~8 Mpc~3) for
the HeLMS sample (Duivenvoorden et al|[2018)) due to
the higher flux cut (i.e., HeLMS S50 > 63 mJy and H-

DSFGs at z > 4 have been proposed to be the star-
forming progenitors of the population of massive, qui-
escent galaxies at z ~ 3 uncovered from NIR surveys
(e.g., [Simpson et al|[2014} [Toft et al|[2014; [Straatman|
et al.|2014; Nayyeri et al.|2014). However, the quiescent
galaxies represented by the mass-limited (log(M,./Mg)
> 10.6) sample at 3.4 < z < 4.2 in the ZFOURGE sur-
vey, whose star formation is predicted to occur at z ~ 5,
have a comoving space density of ~ 2 x 107° Mpc—?

(Straatman et al|[2014). This is more than a factor
of 30 higher than the H-ATLAS ultrared sample
and more than 2 orders of magnitude
higher than the HeLMS sample (Duivenvoorden et al.
2018). Based on the space density comparison, |[Ivison
et al| (2016) and Duivenvoorden et al| (2018) conclude
that the Herschel ultrared sample, which is limited by
the flux density levels probed by Herschel, cannot ac-
count for the formation of massive, quiescent galaxies at
z ~ 3. Our Herschel-selected ultrared sample contains
more FIR-luminous and thus rarer DSFGs than the star-
forming progenitors of the massive, quiescent galaxies.

The SFR density (SFRD) of DSFGs can be estimated
by summing SFRs of all the sources divided by the co-
moving volume contained in a redshift range. Although it
has become clear that UV /optical is insufficient to probe
the total cosmic star formation at z < 3, there is no
consensus on the significance of the contribution of dust-
obscured star formation in DSFGs at z > 3 due to lack
of complete surveys. The SFRD estimates at 4 < z < 5
based on different samples vary by 3 orders of magnitude
from ~10~* to 101 Moyr—*Mpc—2 (e.g., Dowell et al.
2014} [Rowan-Robinson et al|[2016} [Bourne et al.[[2017;
Donevski et al.||2018; [Duivenvoorden et al|[2018), with
our HeLMS ultrared sample representing the lower limit
of ~10™* Muyr~*Mpc~3.

The space density and SFRD of DSFGs at z > 4 have
been widely explored as summarized above. However,
hardly any estimates have been made yet on the stellar
mass density contribution of DSFGs at z > 4 mainly
due to the highly dust-obscured nature of these objects,
and therefore the difficulty in detecting the rest-frame
optical stellar emission to constrain their stellar masses.
Our Spitzer follow-up sample provides the first attempt
to constrain the stellar mass density of ultrared DSFGs
at z > 4. Figure [9] shows the comparison of the stellar
mass density (SMD) as a function of redshift for different
populations. We construct the SMD of our H—ATLAﬂ
unlensed ultrared DSFGs in 7 redshift bins and have cor-
rected for the H-ATLAS ultrared sample completeness
(Tvison et al.[2016) and duty-cycle (assuming a starburst
duty cycle of ~ 100 Myr). The total SMD curve is a si-
multaneous fit to the total SMD of the K-selected galax-
ies at z < 3.5 from the COSMOS/UltraVISTA survey
and the SMD of the UV-selected samples at z > 3.5
(Muzzin et al.[2013; see also [Davidzon et al. 2017 and
references therein). The UV samples at z > 3.5 con-
tain galaxies that are based on drop-out selection meth-
ods, e.g., Lyman break galaxies (LBGs), B-dropout etc.
(Stark et al[2009; Labbé et al.[2010; Gonzélez et al.[2011}
Lee et al.[[2012)). The total SMD increases with cosmic
time as galaxies build up their stellar masses through
star formation. The maximum contribution of our Her-
schel ultrared sources to the total SMD is 1.7% at the
z = 3.25 bin. The SMD of massive, quiescent galax-
ies also evolves with redshift, as represented by the K-
selected, mass-limited (log(M,/Mg) > 10.6) ZFOURGE
quiescent galaxies (Straatman et al.|2014). The DSFGs
at 3 < z < 4 in the ZFOURGE sample and the H-[4.5]
color selected ‘HIEROs’ at z > 3.5 as defined in |[Wang et
, which are also massive DSFGs, have compa-

20 We do not have enough HeLMS ultrared DSFGs to construct
SMD yet.
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Figure 9. Stellar mass density (SMD) as a function of redshift.
The black curve shows a simultaneous fit to the total SMD of the
Ks-selected galaxies at z < 3.5 from the UltraVISTA survey and
the SMD of the UV-selected samples at z > 3.5 (Stark et al.[2009}
Labbé et al.||2010; [Gonzalez et al.|[2011; [Lee et al.[|2012; |Muzzin
et al.|2013). The orange squares are the Ks-selected, mass-limited
(Tog(M./Ms) > 10.6) quiescent galaxies in the ZFOURGE sur-
vey (Straatman et al.|2014). The green diamond shows the K-
selected DSFGs at 3 < z < 4 from the ZFOURGE sample (Spitler
et al.||2014). The blue circles are H-[4.5] color selected massive
DSFGs (so-called ‘HIEROs’ as defined in [Wang et al.||2016) using
the ZFOURGE catalog and applying the same stellar mass cut,
ie., log(M./Mg) > 10.6.

rable SMDs as the quiescent galaxies at 3 < z < 4. How-
ever, our Herschel ultrared DSFGs at z ~ 5 have ~2 or-
ders of magnitude lower SMDs than the quiescent sample
at z ~ 3 and the dusty star-forming HIEROs at similar
redshifts, which cannot be reconciled by even increasing
the stellar mass limit to log(M../Mg) > 11.0. Again, this
suggests that our ultrared sample cannot account for the
star-forming progenitors of the massive, quiescent galax-
ies at z ~ 3 found in NIR surveys (although likely include
the progenitors of the most extremely massive, quenched
systems), while other selections, such as HIEROs (Wang
et al.[2016) and Sss0.m- Or Ss7oum-selected DSFGs at
z >4 (e.g., |Oteo et al.|2016b; Michatowski et al.[[2017)),
likely include the majority of the progenitors of the mas-
sive, quiescent galaxies at z ~ 3.

Nevertheless, our Herschel ultrared sample contains
the intrinsically most FIR-luminous (i.e., HyLIRGs) and
massive galaxies in the early universe that are extremely
interesting by themselves. These ultrared DSFGs are
crucial to understanding the drivers of extreme star for-
mation and assembly and evolution of massive galaxies
with cosmic time.

6. SUMMARY AND CONCLUSIONS

We have presented a large Spitzer follow-up program of
300 Herschelselected ultrared DSFGs. For a significant
subset, we have obtained high-resolution interferometry
data such that we can pinpoint the locations and securely
cross-identify Spitzer counterparts, and classify them as
lensed or unlensed based on the morphology and the pres-
ence or absence of low-redshift foreground galaxies. For
the rest of the sample, we have selected Spitzer counter-
part candidates based on the SCUBA-2 positions. We
have provided a catalog of all the cross-matched sources,
including their positions, Spitzer/TRAC magnitudes and
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flux densities, as well as multi-wavelength photometry.
In this paper, we have focused on analyzing the un-
lensed sample by performing MAGPHYS SED modeling
with the multi-wavelength photometry to derive their
physical properties and compare with the more abun-
dant z ~ 2 DSFG population. We have also estimated
the stellar mass density as a function of redshift and com-
pared with massive, quiescent galaxies at lower redshifts.
Our main results are summarized as follows.

1. Within the 63 Herschel ultrared sources that have
high-resolution data, ~65% (41 out of 63) appear
to be unlensed, and about 27% (17 out of 63)
are resolved into multiple components. Some of
the de-blended components are no longer 500 pum-
risers. About 20% of the original ultrared sources
would not pass the selection criteria without blend-
ing with other sources at lower redshifts.

2. We run MAGPHYS+photo-z on the unlensed sam-
ple to simultaneously constrain their redshifts and
physical properties. The ultrared sample has a me-
dian redshift of 3.3, which is lower than the me-
dian value of the FIR-derived redshifts, and the
16th-84th percentile range is from 2.3 to 4.9. The
MAGPHYS-based photometric redshifts are more in
line with the expected true redshifts based on the
test by comparing with spectroscopic redshifts.

3. We derive the median properties of the whole un-
lensed sample, the unlensed ultrared sub-sample,
and the single-component ultrared sub-sample
from stacked probability distributions. The un-
lensed ultrared sample has a median stellar mass
of (3.7 £ 0.2) x 10" Mg, a SFR of 730 + 30
Mgoyr~!, a total dust luminosity of (9.0 & 2.0) x
10*? L), a dust mass of (2.8 & 0.6) x 10° M), and
a V-band extinction of 4.0 £ 0.3. These properties
are all higher than those of the ALESS DSFGs.

4. We estimate the stellar mass densities of our ultra-
red DSFGs as a function of redshift. The stellar
mass density at z ~ 5 is significantly lower than
that of the massive, quiescent galaxies at lower red-
shifts from the ZFOURGE survey and HIREOs at
similar redshifts. Combined with the comparison
of space density and SFR density, we conclude that
our ultrared sample cannot account for the major-
ity of the star-forming progenitors of the massive,
quiescent galaxies. Our sample is limited by the
flux density levels probed by Herschel thus con-
tains more FIR-luminous and rarer DSFGs than
the progenitors of the massive, quiescent galaxies
found in NIR surveys.

5. We have identified a sample of unlensed, intrin-
sic HyLIRGs. These HyLIRGs are potentially ex-
tremely valuable for our understanding of galaxy
evolution, because they present the most luminous,
massive, and active galaxies in the early universe.
Future investigations of their detailed kinematics
are needed to understand the physical drivers of
such extreme star formation.
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This paper provides a catalog of high-redshift DS-
FGs for spectroscopic follow-up observations and fu-
ture JWST observations to probe the mid-IR and rest-
frame UV continuum. Our sample contains largely un-
lensed DSFGs that are especially advantageous because
it avoids uncertainties in lens modeling and differential
lensing, which will enable us to draw definite conclusions
on the connections between stellar, gas and dust emission
components.
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Table 6
Sources with submm/mm photometry from SMA, MUSIC, and ACT

Sourcename MUSIC SMA ACT MUSIC ACT MUSIC ACT MUSIC

0.92mm 1.1lmm 1.1mm 1.1lmm 1.4mm 1.4mm 2.0mm 2.0mm

(mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy)
HELMS_RED_1 28.6 + 2.3 72.32 £ 6.26 35.11 £ 2.62 1249 + 1.74
HELMS_RED_2 339+ 23
HELMS_RED_3 100.3 + 52.8 35.32 £6.24 249+ 123 19.50 £ 256 16.0+6.9 6.14 + 1.76
HELMS_RED_4 65.2 £ 57.3 21.3+£1.9 32.8 £ 124 19.4 +£ 6.7 8.4+74
HELMS_RED_6 32.3 £9.8 8.8 + 4.3 13.1 £ 5.7
HELMS_RED_7 108.7 £+ 35.1 62.4 £+ 13.5 18.1 £ 5.1
HELMS_RED_10 13.3 + 2.8
HELMS_RED_13 11.5 £ 1.8
Sourcename NOEMA NOEMA/ALMA

1.3mm 3mm

(mJy) (mJy)
G09-59393 4.0 £ 0.6
G09-62610 52+ 0.8 < 0.18
G09-81106 9.7+ 1.3 0.24 £ 0.04
G09-83808 19.4 £ 2.0 0.66 & 0.12
NGP-101333 10.8 + 1.3 < 0.25
NGP-111912 4.7+ 0.9 < 0.26
NGP-113609 13.0 £ 2.3 < 0.26
NGP-126191 123 £ 1.7 0.30 + 0.11
NGP-136156 314038 < 0.25
NGP-190387 12.2 + 1.2 0.84 £ 0.14
NGP-206987 9.2 £ 1.8 < 0.32
NGP-246114 8.0+ 1.5 0.42 £+ 0.06
NGP-252305 6.5 + 0.7 < 0.29

APPENDIX

A. SPITZER/IRAC CUTOUT IMAGES OF HERSCHEL-SELECTED ULTRARED SOURCES

Figure 10 shows the 60” x 60 " Spitzer/IRAC cutouts centered on the Herschel positions (green cross) for the 300
ultrared sources in Spitzer program PID13042. The white circle shows the 36” FWHM beam size of SPIRE at 500
pm. The 3”-radius cyan circle denotes the positions of the SDSS sources in the field, and the yellow circle shows the
positions of the VIKING sources. The red circles indicate the SCUBA-2 positions and corresponding closest IRAC
counterparts (red plus). The magenta circles show the high-resolution positions from ALMA, NOEMA, and/or SMA.
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