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Abstract

We construct a SCUBA-2 450 pum map in the COSMOS field that covers an area of 300 arcmin® and reaches a 1o noise
level of 0.65 mly in the deepest region. We extract 256 sources detected at 450 pum with signal-to-noise ratios >4.0 and
analyze the physical properties of their multiwavelength counterparts. We find that most of the sources are at z < 3, with
a median of z = 1.7910¢ 15% About 35+ % of our sources are classified as starburst galaxies based on their total star
formation rates (SFRs) and stellar masses (M +)- By fitting the far-infrared spectral energy distributions, we find that our
450 pm selected sample has a wide range of dust temperatures (20 K < Ty < 60 K), with a median of Ty = 38.3%04 K
We do not find a redshift evolution in dust temperature for sources with Lig > 10'2 L at z < 3. However, we find a
moderate correlation where the dust temperature increases with the deviation from the SFR—M,, relation. The increase in
dust temperature also correlates with optical morphology, which is consistent with merger-triggered starbursts in
submillimeter galaxies. Our galaxies do not show the tight IRX—(yy correlation that has been observed in the local
universe. We construct the infrared luminosity functions of our 450 ym sources and measure their comoving SFR
densities (SFRDs). The contribution of the Lig > 10'? L., population to the SFRD rises dramatically from z = 0 to
2 (x(1 4 2***''!) and dominates the total SFRD at z = 2.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Galaxy evolution (594); Luminosity
function (942); Submillimeter astronomy (1647)
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1. Introduction

In the past two decades, intensive work has revealed that
most submillimeter galaxies (SMGs; Smail et al. 1997; Barger
et al. 1998, 1999; Hughes et al. 1998; Eales et al. 1999) lie at
z ~ 1.5-3.5 (Barger et al. 2000; Chapman et al. 2003, 2005;
Pope et al. 2006; Aretxaga et al. 2007; Michalowski et al.
2012b; Yun et al. 2012; Simpson et al. 2014, 2017; Chen et al.
2016a; Dunlop et al. 2017; Michalowski et al. 2017),
occupying the same putative peak epoch of star formation
(Madau & Dickinson 2014) and active galactic nucleus (AGN)
activity (Schmidt et al. 1995; Hasinger et al. 2005; Wall et al.
2008; Assef et al. 2011). The SMGs also dominate the massive
end of the star formation main sequence (Swinbank et al. 2004;
Tacconi et al. 2006, 2008; Hainline et al. 2011; Michatowski
et al. 2012a, 2017; da Cunha et al. 2015; Dunlop et al. 2017)
with star formation rates (SFRs) ranging from 100 to
>1000 M, yr~! (Michatowski et al. 2010; Hainline et al.
2011; Barger et al. 2012; Simpson et al. 2015). Furthermore,
clustering analPlses have revealed that SMGs reside in high-
mass (10'>-10" 2~! M) dark matter halos (Blain et al. 2004;
Farrah et al. 2006; Magliocchetti et al. 2007; Hickox et al.
2012; Chen et al. 2016b; Wilkinson et al. 2017), suggesting
that SMGs may be the progenitors of elliptical galaxies in the
local universe (Miller et al. 2018). Despite this progress, our
understanding of this population is still incomplete in number
counts (Karim et al. 2013), stellar masses (Michatowski et al.
2012a, 2014; Zhang et al. 2018), and the triggering mechanism
of the star formation (Targett et al. 2011, 2013; Hodge et al.
2016), especially at the faint and high-redshift ends.

The peak of the rest-frame spectral energy distribution (SED)
of typical SMGs is at As =~ 100 pm. Space observations such
as Spitzer/MIPS (24, 70, and 160 um; Rieke et al. 2004),
AKARI/FIS (65, 90, 140, and 160 ym; Murakami et al. 2007),
Herschel /PACS (70, 100, and 160 pm; Poglitsch et al. 2010),
and Herschel/SPIRE (250, 350, and 500 pm; Griffin et al.
2010) can constrain the SED of SMGs near the peak of the
modified blackbody emission. However, the insufficient
resolution of far-infrared (FIR) or single-dish submillimeter
surveys (15”-35") limits our ability to detect and identify
sources below the confusion limit. For instance, the confusion
limits of Herschel /SPIRE are S»s50 um = 12, S350 ;m == 14, and
S500 um = 15 mJy (Casey et al. 2012), corresponding to the
SFR range of ~500-1500 M., yr~' for an SMG with a dust
temperature (Ty) of 20-50K at z =~ 2. Although Herschel/
SPIRE can be pushed significantly deeper than the above
confusion limits with deblending methods (e.g., DESPHOT,
Roseboom et al. 2010, 2012; T-PHOT, Merlin et al. 2015; XID
+, Hurley et al. 2017), the results are dependent on the depths
of the positional priors and thus limit our understanding to
sources that are already detected in high-resolution shorter-
wavelength observations.

With ground-based observations, our understanding of
SMGs primarily comes from 850 yum and 1 mm selected
samples (Smail et al. 1997; Barger et al. 1998; Hughes et al.
1998; Scott et al. 2002, 2008; Borys et al. 2003; Webb
et al. 2003; Wang et al. 2004; Coppin et al. 2005; Laurent et al.
2005; Mortier et al. 2005; Bertoldi et al. 2007; Greve et al.
2008; Weil et al. 2009; Vieira et al. 2010; Aretxaga et al. 2011;
Hatsukade et al. 2011; Chen et al. 2013a, 2013b; Geach et al.
2013, 2017; Mocanu et al. 2013; Marsden et al. 2014; Staguhn
et al. 2014; Hsu et al. 2016; Cowie et al. 2017, 2018; Simpson
et al. 2019) because of the atmospheric windows. These wave
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bands are offset from the peaks of the SED of typical SMGs,
even for redshifts of z = 1-3. Another available window is
located at 450 pm, which is closer to the redshifted SED peak;
however, the atmospheric transmission is only about half of
that for the 850 ym window even at the best sites. Several
efforts have been made to obtain shorter-wavelength sub-
millimeter measurements to sample the rest-frame peak of dust
emission. Follow-up 350 ym observations of 850 ym sources
were conducted using the second-generation Sub-millimeter
High Angular Resolution Camera (SHARC-2) at the Caltech
Submillimeter Observatory (Kovacs et al. 2006; Coppin et al.
2008). The 450 ym observations of the 850 ym population
were made with the Sub-millimeter Common User Bolometric
Array (SCUBA) on the James Clerk Maxwell Telescope
(JCMT; Chapman et al. 2002; Smail et al. 2002) but limited to
a population that is extremely bright at submillimeter
wavelengths. Although interferometric observations with the
Atacama Large Millimeter/submillimeter Array (ALMA) have
recently detected SMGs with SFRs < 100 M., yr~' (Aravena
et al. 2016; Hatsukade et al. 2016, 2018; Dunlop et al. 2017;
Franco et al. 2018), it is extremely time-consuming to obtain
large samples with ALMA due to its limited field of view.

Efficient 450 pm imaging surveys were enabled by the Sub-
millimeter Common User Bolometric Array-2 (SCUBA-2;
Holland et al. 2013) on the 15 m JCMT. SCUBA-2 contains
5000 pixels (field of view ~45 arcmin?) in each of the 450 and
850 um detector arrays, meaning that it can efficiently survey
large areas of sky at 450 and 850 um simultaneously. The beam
size at 450 ym (7”9) is nearly two times smaller than that at
850 um (13"). This provides an important advantage for
multiwavelength counterpart identification, as the maps are
less confused. For example, comparing to the 36” resolution at
500 ym for Herschel, the confusion limit of SCUBA-2 at
450 pm is about 20 times lower. The 450 um SMG surveys,
despite being more challenging, can probe more typical dusty
galaxies at z ~ 1-2, the peak epoch of both star formation and
AGN activity.

To date, there have only been a handful of studies of 450 um
selected SMGs. The deepest SCUBA-2 450 um blank-field
surveys, with detection limits of 3-5mly, have resolved
20%—-50% of the 450 ym extragalactic background light (C13;
Geach et al. 2013; Wang et al. 2017; Zavala et al. 2017). Lensing
cluster surveys have reached intrinsic unlensed 450 pym flux
densities of <1 mJy and nearly fully resolved the 450 ym
extragalactic background light (Chen et al. 2013a, 2013b; Hsu
et al. 2016). The physical properties of the 450 ym population
have been examined in several studies based on shallow 450 ym
maps with noise levels of 0450 ,m = 1.04.2mlJy (C13;
Roseboom et al. 2013; Bourne et al. 2017; Cowie et al. 2017;
Zavala et al. 2018). Such 450 um selected galaxies occupy
similar parameter spaces to 850 um sources in infrared
luminosity (Ljr), SFR, and stellar mass, with typical ranges
of 10"°-10" L., 100-1000 M., yr', and 10'°°-10'"> M.,
respectively. However, 450 ym sources have dust temperatures
higher than those of 850 um sources by roughly 10K (C13;
Roseboom et al. 2013). They are also at somewhat lower
redshifts, with a peak of the redshift distribution at z = 1.5-2.0
(C13; Simpson et al. 2014; Bourne et al. 2017; Zavala et al.
2018; see z=2.5-3.0 for 850 um sources). Current studies are
limited by the sample size of 450 ym sources (<100 SMGs in
each of the aforementioned studies), and the samg)les are biased
toward relatively bright sources (Ligr = 10''°-10"° L.)). We push
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the sensitivity limit of 450 um imaging by initiating a new
450 pm imaging survey in the Cosmic Evolution Survey
(COSMOS; Scoville et al. 2007) field, called the SCUBA-2
Ultra Deep Imaging EAO Survey (STUDIES; Wang et al. 2017),
and combining it with all archival SCUBA-2 data in the
COSMOS field. We have obtained by far the deepest single-dish
image at 450 yum (0450 m = 0.65 mJy). In Chang et al. (2018),
we analyzed the structural parameters and morphological
properties of 450 yum selected SMGs from this survey. We
found that the irregular/merger fractions are similar for SMGs
and normal star-forming galaxies matched in stellar mass and
SFR, and the fractions depend on the SFRs. In this paper, we
analyze the multiwavelength properties of 256 450 ym selected
SMGs with signal-to-noise ratios (S/Ns) >4. By combining the
rich multiwavelength data in the COSMOS field, we can probe
the physical properties of a much fainter SMG population with
L ~ 10" L.

This paper is structured as follows. In Section 2, we describe
the observations, data reduction techniques, source extraction
procedure, and multiwavelength data in the COSMOS field. In
Section 3, we describe the method we use for counterpart
identification. In Section 4, we analyze the physical properties
of our sample, including stellar mass, Ljr, SFR, extinction,
and T4. We present the results of our analyses in Section 5. We
derive the infrared luminosity functions (LFs) in Section 6 and
estimate the obscured cosmic star formation history in
Section 7. We summarize our findings in Section 8. Through-
out this work, the standard errors of our sample medians are
estimated from bootstrap analysis. We adopt the cosmological
parameters Hy = 70 km s ! Mpc !, Q) =0.70, and Q,, =
0.30. We adopt the Kroupa & Weidner (2003) initial mass
function (IMF). When the occasion arises, we rescale the stellar
masses (SFRs) from the Chabrier (2003) or Salpeter (1955)
IMF to the Kroupa & Weidner (2003) IMF by multiplying a
constant factor of 1.08 (1.06) or 0.66 (0.67), respectively
(conversion factors adopted from Madau & Dickinson 2014).

2. Multiwavelength Data
2.1. SCUBA-2 Data

The SCUBA-2 data presented in this paper come from three
sources: STUDIES (Wang et al. 2017),Casey et al.’s (2013,
hereafter C13) work in the COSMOS field, and the SCUBA-2
Cosmology Legacy Survey (S2CLS; Geach et al. 2013, 2017).
We combine these observations to produce an extremely deep
450 pm map.

2.1.1. Observations

STUDIES is a multiyear JCMT Large Program that aims to
reach the confusion limit at 450 ym within the CANDELS
(Grogin et al. 2011; Koekemoer et al. 2011) footprint in the
COSMOS field. The standard CV DAISY mapping pattern
(Holland et al. 2013) is used for this survey. The CV DAISY
scan mode maximizes the exposure time at the center of the
image and creates a circular map with a radius of R ~ 6’ and
increasing depth toward the center. The final goal of STUDIES
is to make a single CV DAISY map that reaches the confusion
limit of rms ~0.6 mJy at its center. The pointing center of
STUDIES is R.A. = 10"00™30%7 and decl. = +02°26'40". By
2018 March, 56% of the total allocated integration (330 hr) of
STUDIES had been taken, and the total on-sky integration time
was 184 hr. The current instrumental noise levels in the deepest
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region of the 450 and 850 ym images are 0.75 and 0.11 mly,
respectively. The data collection for the STUDIES program is
still ongoing, and the sensitivity of STUDIES will be increased
in the future.

Several deep submillimeter imaging observations had been
carried out by various teams in the COSMOS field with
SCUBA-2, and we combine their data with the STUDIES data.
The work of C13 was a wider and uniform blank-field survey
taken between 2011 December 26 and 2012 December 21.
The pointing center of C13 is R.A. = 10"00™28°0 and decl. =
+02°24’00”, which is located south (~2!7) of the STUDIES
pointing. The total on-sky time is 38 hr. The survey of C13
used the PONG-900 scan pattern, which covers a scan area of
approximately 15’ x 15’. The noise levels of C13 are 3.6 and
0.63 mJy at 450 and 850 um, respectively.

The S2CLS was a cosmological survey carried out with
SCUBA-2 over 4 yr from 2011 December to 2015 November.
The S2CLS program covered several well-studied extragalactic
legacy fields. In this study, we include the S2CLS data in the
COSMOS field. The mapping strategy of S2CLS in the
COSMOS field was a mosaic consisting of two CV DAISY
maps offset by 2’ in decl. from the central pointing of
R.A. = 10"00™30%7 and decl. = +02°22/40”, with some
overlap. The corresponding central pointing is located ~4'
south of the STUDIES map center within the CANDELS area,
and the total on-sky integration is 150 hr. The noise levels in
the deepest regions of the S2CLS maps are 0.95 and 0.14 mJy
at 450 and 850 um, respectively.

The majority of the observations described above were
conducted under the best submillimeter weather on Maunakea
(“Band 1,” mys5gH, < 0.05, where 7,5y, 1S the zenith Sky
opacity at 225 GHz). The sky opacity was constantly monitored
during the observations, and the pointing, focus, and flux
standards were also observed frequently.

2.1.2. Data Reduction

Our data reduction procedure is similar to that described in
Wang et al. (2017). We reduced the data by adopting the Sub-
Millimeter Common User Reduction Facility (SMURF; Chapin
et al. 2013) and the Plpeline for Combining and Analyzing
Reduced Data (PICARD; Jenness et al. 2008). Individual
roughly 30 minute time streams were reduced by using the
Dynamic Iterative Map-Maker (DIMM) routine of
SMURF. We adopted the standard “blank-field” recipe, which
is a mapmaking configuration ideal for detecting faint point
sources in deep-field surveys.

To obtain flux calibration, we measured the flux conversion
factors (FCFs) from a subset of submillimeter calibrators
observed under Band 1 weather during the corresponding
survey campaigns. We then calibrated the individual reduced
scans into units of flux density by using the weighted mean
FCFs of 476 + 95 and 518 + 33 Jy beam™ ' pW ' for 450 and
850 um, respectively. These FCFs are consistent with the
standard values for SCUBA-2 at both 450 and 850 ;zm, namely
491 4+ 67 and 537 + 26Jybeam ' pW ' (Dempsey et al.
2013), and not-yet-published values of 535 £ 70 and 524 +
26 Jy beam ™' pW ™! that were derived from an analysis of all of
the calibrator data taken since 2011 (S. Mairs et al. 2019, in
preparation).

We adopted the MOSAIC_JCMT_IMAGES recipe from
PICARD to combine all of the individual calibrated scans into
a final map. To optimize the detection of point sources, we
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convolved the map with a broad Gaussian kernel of
FWHM = 20” and 30” for 450 and 850 um and subtracted
the convolved map from the original maps to remove any large-
scale structure in the sky background. Then, we convolved the
subtracted map with a Gaussian kernel that is matched to the
instrumental point-spread function (PSF; FWHM of 7”9 and
13” for 450 and 850 um; Dempsey et al. 2013). We used
the PICARD recipe SCUBA2_MATCHED_FILTER for this
procedure.

To verify the flux recovery capability of SMURF and
PICARD, we inserted idealized point sources (FWHM =779
and 13” for 450 and 850 um, respectively) with fluxes
uniformly distributed between 0.05 and 0.5 Jy in the 30 minute
data streams during the mapmaking process. The noise levels
of the 30 minute data streams at 450 and 850 pum are roughly
50 and 20 mJy, respectively. Our adopted brightness range of
0.05-0.5Jy will make synthetic sources with S/N =~ 30-100
in both 450 and 850 pm images. After that, we followed
the same procedure of applying a matched filter and measured
the recovered flux density at the peak position of each
inserted source. We repeated this procedure 100 times. The
averaged results from sources with S/N > 30 suggest that we
should apply upward corrections of 5.1% =+ 0.3% at 450 ym
and 10.9% =+ 0.02% at 850 um. We verify that the corrections
do not depend on the inserted flux density. For the 450 ym
image, this adjustment is slightly less than the 10% correction
reported by Geach et al. (2013) and Chen et al. (2013b), but the
difference is within the commonly accepted 10% calibration
uncertainty.

Finally, we constructed an extremely deep 450 um image
and a confusion-limited 850 ym image with the STUDIES,
C13, and S2CLS data combined. Figures 1 and 2 are the 450
and 850 um S/N maps, respectively. Our images cover a
region of approximately 300 arcmin®. The instrumental noise
levels at 450 and 850 um in the deepest regions are 0.65 and
0.10 mJy, respectively. The apparent S/N in the 850 ym image
(Figure 2) is overestimated by a factor of roughly 3 due to not
including the 850 ym confusion noise (o.=0.42 mly; see
Appendix B).

2.2. Ancillary Data

The source coordinates from radio and near-/mid-infrared
observations are key ingredients for identifying counterpart
galaxies to our 450 um detected sources (Section 3.2). We use
the Very Large Array (VLA)-COSMOS Large Project survey
conducted with the Jansky VLA at 3 GHz (Smolci¢ et al.
2017). The survey covers the entire 2 deg? COSMOS field with
a noise of 2.3 ;uJy beam ™' that is uniform across the field with
an angular resolution of 0”7. The catalog contains approxi-
mately 10,000 sources above 5¢ (11 pJy beam™). In the near- /
mid-infrared, we use the S-COSMOS infrared imaging survey
carried out with the Spitzer Space Telescope (Sanders et al.
2007). The survey covers the entire 2 deg” of the COSMOS
field uniformly in all seven Spitzer bands (IRAC: 3.6, 4.5, 5.6,
8.0 um; MIPS: 24, 70, 160 um). We employ the archival IRAC
catalog published by Sanders et al. (2007) that includes all
sources with measured flux densities at 3.6 um above 1 pJy and
has an angular resolution of 1”7 at 3.6 um. On the other hand,
the archival MIPS 24 ym catalog published by Sanders et al.
(2007) contains only sources with S»4 ,m > 150 pJy. This
catalog does not reach the sensitivity limit of the map and is
insufficient for identifying counterpart galaxies of our 450 ym

Lim et al.

selected sample. Therefore, in this work, we generated our own
24 pm catalog using SExtractor (Bertin & Arnouts 1996)
and recalibrated the fluxes to the Spifzer General Observer
(GO) Cycle 3 total fluxes released by the S-COSMOS team.
We use the S-COSMOS 24 ;im image (Sanders et al. 2007) in
their GO2 + GO3 data delivery in 2008 to run SExtractor.
The catalog has a 3.5¢0 detection limit of 57 pJy without using
positional priors from other wavelengths.

We also adopt the band-merged COSMOS2015 (zTTJHK;
stack-selected) photometric catalog compiled by Laigle et al.
(2016), which contains 30+ bands of photometric data points
from the X-ray, near-ultraviolet, and optical to the FIR. This
catalog includes redshift information and stellar population
parameters, which are used to understand the physical proper-
ties of our sample (Section 4).

For the FIR photometry, we adopt the Herschel /PACS (100
and 160 pm) flux densities from the COSMOS2015 catalog.
We further extract the Herschel/SPIRE 250 um flux densities
of the 450 ym sources by using the probabilistic deblending
software XID+ (Hurley et al. 2017). We do not extend this to
wavelengths longer than 250 pum for Herschel /SPIRE photo-
metry, since the Herschel /SPIRE 350 and 500 pm suffer from
confusion effects and small-scale clustering (Béthermin et al.
2017), which positively bias the measured 350/500 um fluxes.
Moreover, our 450 ym data provide the constraints at these
longer FIR wave bands (similar to that in Bourne et al. 2017).
We use our 450 um sources with S/N > 3.5 (Section 3) as
positional priors for XID+ extraction. We visually inspected
the Herschel 250 um image and found that there is a strong
one-to-one correspondence between 250 pm detections and our
450 pm sources. This indicates that the majority of the 250 ym
fluxes arise from 450 um detected sources. Therefore, we
conclude that our 450 pum catalog, which almost reaches the
confusion limit (see Appendix B), is sufficient for the
deblending procedure. To reduce the computing time, for each
source, we crop our map to a 100” radius centered at the
450 pm position. These cropped maps typically contain around
20 450 pm sources, including the source of interest. Then XID
+ generates a mock map by probabilistically assigning a flux to
each source in the cropped map using a Markov Chain Monte
Carlo (MCMC) approach and attempts to minimize the
residuals between the true map and the mock map. For each
source, this procedure produces a posterior distribution of
the flux density in the SPIRE band, including information on
the correlation between nearby sources. We simply adopt the
medians and standard deviations in the flux density distribu-
tions. We summarize our adopted public data in Table 1.

3. Source Extraction and Counterpart Identification
3.1. Source Extraction

For source extraction, we generated a synthetic PSF by
averaging the 10 highest-S/N sources in our final map. We
verify that the difference between the synthetic and expected
PSF (matched Gaussian kernel) is insignificant, although we
expect that the seeing and pointing error may make the
observed PSF slightly broader. We used a source extraction
method similar to the CLEAN algorithm that is widely used in
radio interferometry for the deconvolution of radio images.
This procedure was adopted to deal with blended sources. We
searched for the peak pixel in the S/N map and subtracted 5%
of a peak-scaled synthetic PSF from the image at its position. In
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Figure 1. The JCMT SCUBA-2 450 pum S/N image, with the positions of the 256 S/N > 4 sources (blue circles). The large yellow and cyan circles indicate the deep
scan regions of STUDIES and S2CLS, respectively. The deep area of C13 covers the entire area of this image. The overlapping region is the deepest area ever
observed in the 450 ym wave band. The red dashed contours show the instrumental noise, with contour levels of 1, 4, 7, 10, 13, 16, and 19 mJy.

this step, we recorded the subtracted flux and coordinates. The
next peak in the image was identified and the subtraction was
iterated until the process met the S/N threshold, which we set
to be 3.50. Finally, we summed up the subtracted flux density
and remaining 3.50 flux density and considered this to be the
final flux density for each source. In total, we detected 357
sources in the 450 ym image above 3.50.

Our source list can suffer from several observational biases:
detection incompleteness, flux boosting caused by noise and
confusing faint sources, and spurious sources. Therefore, we
performed Monte Carlo simulations to estimate these observa-
tional biases. In brief, we created a “true noise” map, which
approximates the instrumental noise, by using the jackknife
technique (similar to that described in Cowie et al. 2002; see
Appendix A). We randomly inserted the scaled synthetic PSF
into this true noise map with an assumed source count
(Schechter function) in the flux range of 1-50mly. Our
assumed counts are consistent with the observed counts (see
Appendix A). We then ran the source extraction procedure on
the simulated image and repeated this 200 times. By comparing
the source counts and flux ratios between the input and output
catalogs in the simulations, we can compute the completeness,
flux boosting, and spurious source corrections. The complete-
ness, flux boosting, and spurious source fractions are roughly
73%, 30%, and 9% at 40, respectively (see Appendix A for
details).

In this work, we only focus on the 256 450 um selected
sources that have S/N > 4 due to the relatively high fraction of

spurious sources (>14%) at S/N < 4. To obtain the 850 um
flux densities, we directly read the flux values from the 850 pm
image at the 450 ym positions. To determine if a 450 pm
source is detected at 850 um, we require its 850 um flux
density to be higher than five times the confusion noise at
850 pm. The confusion noise is estimated to be . = 0.42 mJy
(see Appendix B). Estimates from other fields are comparable
with this value (0.=0.33 ml]y, Cowie et al. 2017; o.=
0.40 mJy, Zavala et al. 2017; and 0. = 0.40 mJy, Simpson et al.
2019). We therefore consider a 450 pm source to be detected at
850 pm if it is brighter than 2.1 mJy at 850 ym. In total, we
have 256 450 ym selected sources, of which 99 sources have
850 pum detections.

3.2. Counterpart Identification

Thanks to the abundant multiwavelength data in the
COSMOS field and the relatively high angular resolution of
SCUBA-2 at 450 ym (FWHM = 7"9), we are able to identify
most of the optical counterparts for our 450 ym SMGs.

We first cross-matched our 450 um catalog with the VLA-
COSMOS 3 GHz catalog using a 4” search radius that is
expected to produce false matches for ~3 sources. We find that
134 450 pum sources have radio counterparts, and all of them
are significant in the corrected-Poissonian probability identifi-
cation technique (p-value <0.05; see Downes et al. 1986). This
moderately high fraction of radio counterpart identifications
(134 out of 256; 52%) is expected, given the empirical
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Figure 2. The JCMT SCUBA-2 850 yum S/N image. All 450 ;im detected sources are circled on this map, while the 157 sources without high-significance 850 ym
flux densities (<2.1 mJy) are shown in green. The high values of S/N will decrease by a factor of roughly 3 when taking into account confusion noise (0. = 0.42 mly;
see Appendix B). The red dashed contours show the instrumental noise with contour levels of 0.7, 1.4, 2.1, and 2.8 mJy. The meaning of the large yellow and cyan

circles is the same as in Figure 1.

correlation between the FIR and radio luminosities of normal
galaxies, the so-called “FIR-radio correlation” (Helou et al.
1985; Condon 1992). We then cross-matched the radio
positions with Spitzer IRAC mid-infrared coordinates (Sanders
et al. 2007) with a 1”7 search radius (~4 expected false
matches). With this method, the detection rate of IRAC
counterparts is 94% (124 out of 134), and there are no radio
sources with multiple IRAC counterparts within such a small
search radius.

For the remaining 122 450 pm sources that do not have radio
counterparts, we cross-matched them with the MIPS 24 ym
catalog with a search radius of 4” (~7 expected false matches).
We found that 76 450 pm sources have MIPS 24 um detections
with p-values <0.05. Using the 24 pym positions, we then
searched for IRAC mid-infrared sources within 2" (2
expected false matches). The detection rate of IRAC counter-
parts is 92% (70 out of 76), and the fraction of MIPS sources
with multiple IRAC counterparts is zero. By increasing the
search radius to 3” and 4” from the MIPS 24 pm positions, we
can increase the detection rates of IRAC counterparts to 99%
and 100%, respectively; however, the fractions of multiple
counterparts also dramatically increase, to 12% and 34%,
respectively. This suggests that such large search radii lead to
misidentifications. We therefore adopt a conservative search
radius of 2” when searching for IRAC counterparts to the
24 pm sources.

There are 113 (out of 134) radio-identified sources having
24 pm detections within 4” from the 450 pm positions. Among
these 113 radio-identified sources, 11 sources have 24 um
positions offset by more than 2” from the radio positions (i.e.,
radio and 24 pm sources lead to different identifications). If we
assume that all radio-identified sources that have 24 ym
detections are secure SMG counterparts, this result suggests
that the misidentification fraction of just using the 24 ym
sources is about 10% (11/113).

Figure 3 shows a doughnut chart summarizing the break-
down of 450 um sources into different classes of counterpart
identifications. In summary, we can identify a significant
fraction (210 out of 256, 82%) of our 450 ym sources using
radio or 24 pm data. We present these sources and their derived
properties (Section 4) in Tables 2 and 3. A notable fraction of
them (194 out of 256, 76%) have IRAC detections. Among the
194 IRAC sources, 192 have optical counterparts in the
COSMOS2015 catalog. We present the multiwavelength
photometries of the counterparts in Tables 4 and 5.

3.3. Unidentified Sources

There are still 46 450 um sources without any radio or 24 um
identifications. They are listed in Table 6. We do not further cross-
match these sources with Herschel/PACS or Herschel/SPIRE
catalogs, since our main focus in this work is on the sources with
optical counterparts (Section 3.2). Nevertheless, all 46 sources
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Summary of Broadband Photometry Used in This Work

Lim et al.

Instrument/Telescope Broadband Filter 30 Depth Origin Catalog
GALEX FUV 25.5 mag (30) COSMO0S2015
NUV 25.5 mag (30) COSMOS2015
MegaCam/CFHT u* 27.2 mag (30) COSMO0S2015
Suprime-cam/Subaru B 27.6 mag (30) COSMO0S2015
\%4 26.9 mag (30) COSMOS2015
r 27.0 mag (30) COSMO0S2015
it 26.9 mag (30) COSMOS2015
Ztt 26.4 mag (30) COSMOS2015
VIRCAM/VISTA J 25.2 mag (30) COSMO0S2015
H 24.9 mag (30) COSMOS2015
Ks 24.5 mag (30) COSMO0S2015
IRAC/Spitzer 3.6 ym 0.9 iy (50) Sanders et al. (2007)
4.5 pm 1.7 1y (5o) Sanders et al. (2007)
5.8 pm 11.3 dy (50) Sanders et al. (2007)
8.0 ym 14.6 1y (50) Sanders et al. (2007)
MIPS /Spitzer 24 pm 57 iy (3.50) This work®
PACS/Herschel 100 pm 5 mly 30) COSMOS2015
PACS/Herschel 160 pm 10.2 mJy (30) COSMOS2015
SPIRE/Herschel 250 pm 8.1 mly (30) This work”
SCUBA-2/JCMT 450 pm 2.6 mly (40) This work®
SCUBA-2/JCMT 850 pm 2.1 mJy (confusion limit) This work®
VLA 3 GHz 2.3 uly/(50) Smol¢i¢ et al. (2017)
VLA 1.4 GHz 48 ply/(4o) COSMOS2015

Notes.

# Catalog is extracted by using SExtractor (see Section 2.2).
o Catalog is extracted by using XID+ (see Section 2.2).

¢ See Section 3.1.

Radio ID (134)

optical counterpart
(124)

no ID (46)

MIPS ID (76)

Figure 3. Doughnut chart showing the breakdown of 450 pm sources into different
classes of counterpart identifications. The outer ring shows the number of 450 pm
sources identified at VLA 3 GHz and MIPS 24 ym and the unidentified sources,
while the middle ring shows the number of IRAC counterparts, which are identified
based on their corresponding radio or MIPS positions. Most of these IRAC
counterparts have optical counterparts in the COSMOS2015 catalog (inner ring).

have photometry at 250 um from Herschel, which is extracted
with XID+. Furthermore, some of them even have 850 um
detections by SCUBA-2. The 850 um photometry allows us to
further investigate the nature of these sources.

Among the 46 unidentified sources, 15 sources have 850 um
flux densities larger than the confusion limit of 2.1 mJy at the
450 pm positions. The lack of radio or 24 pm counterparts may
be due to being at high redshifts and consequently faint at these
wavelengths. At the same time, the strong negative K-
correction at 850 um leads to their strong 850 um detections.
To gain insight on the possible redshifts of this subsample, we
place all 15 850 um detected sources along the averaged
ALMA LABOCA ECDFS Sub-millimeter Survey (ALESS; da
Cunha et al. 2015) SED track (blue curve in Figure 4) up to
z =~ 6 according to their Sgso ;m/Sas0 .m flux density ratios in
Figure 4. Among these sources, the median flux ratio of
S850 yum/S450 ym 15 0.347097 (dotted—dashed line in Figure 4),
which corresponds to an SMG at z 2 3. The lowest flux ratio
for these sources is Sgso ,,,m/ S450 um = 0.20 % 0.03 (dotted line
in Figure 4), still placing an SMG at z 2 1.5. We also present
the Sss0 ;um/S4s0 um flux density ratios of our identified sources
that have redshift determinations (see Section 4.2) in Figure 4.
Our sample is in broad agreement with most of the SED tracks.
The 450 pm sources without radio or 24 um identifications are
likely at higher redshifts.

For the remaining 31 450 ym sources that do not have radio
or 24 pm identifications or 850 um detections, 27 sources have
counterpart candidates in the IRAC 3.6 um image within a
search radius of 4” from the 450 pm positions. However, only a
small fraction of this subsample (six out of 27) have p-values



Table 2

Derived Properties of VLA 3 GHz Identified 450 ym Sources
RA.usoum®  Declusoum®  R.A5GH Declygu,  S4s0um” S850 jm" z flag®  log(M,)* log(Lyy) log(Lr)" Ty Buv flagacn ©
(J2000) (J2000) (J2000) (J2000) (mly) (mly) (Mo) Lo) (Le) X)
09:59:57.23 2:21:27.47 09:59:57.11 2:21:27.46 13.94 + 4.30 0.93 £ 0.00 1 10.39 £ 0.23 9.28 £ 0.01 11.69 £ 0.08 34.60 £ 5.00 —2.02 £+ 1.01
09:59:58.43 2:22:30.53 09:59:58.42 2:22:30.53 12.39 + 4.11 0.90 £+ 0.03 2 10.71 £ 0.24 9.59 £+ 0.04 11.83 £+ 0.03 4498 + 1.95 —2.18 £ 1.26 1
10:00:01.77 2:24:37.87 10:00:01.66 2:24:37.86 14.79 £2.92 1.82 £ 0.51 2.89 £ 0.36 2 11.25 £ 0.24 10.08 £ 0.24 13.05 £ 0.11 60.69 + 0.32 2.88 £ 1.38
10:00:04.43 2:20:23.87 10:00:04.35 2:20:23.98 11.92 + 2.15 2.38 £ 0.36 3.79 £ 0.30 2 10.95 £ 0.25 10.54 £+ 0.15 13.12 £ 0.04 46.41 £+ 0.61 0.67 + 1.47
10:00:04.70 2:30:02.80 10:00:04.77 2:30:03.02 19.41 £+ 4.04 4.47 £ 0.65 1.56 £ 0.18 3 12.67 £ 0.20
10:00:05.23 2:17:09.33 10:00:05.16 2:17:09.26 11.77 £ 2.88 3.19 £ 0.48 3.19 £ 0.09 2 11.11 £ 0.23 10.85 4+ 0.03 12.65 + 0.17 46.72 + 3.21 —0.64 + 1.12
10:00:05.63 2:25:41.20 10:00:05.59 2:25:41.46 6.42 £ 1.55 1.00 £ 0.00 1 10.58 £+ 0.22 9.32 £ 0.02 12.28 £+ 0.58 63.35 + 1.43 4.07 £ 143
10:00:08.17 2:26:44.80 10:00:08.04 2:26:44.82 18.95 + 1.27 14.29 £ 0.20 425 + 0.04 3 13.04 £+ 0.08
10:00:08.43 2:22:30.93 10:00:08.34 2:22:31.00 5.58 £ 1.39 1.09 £ 0.00 1 10.44 £ 0.22 10.07 £ 0.01 12.31 £ 0.04 51.76 + 1.79 1.05 £ 1.56
10:00:08.83 2:20:22.93 10:00:08.70 2:20:22.87 7.99 £+ 1.52 1.81 £+ 0.03 2 11.05 £ 0.23 9.61 £+ 0.04 12.12 £ 0.09 38.44 £ 8.57 —1.69 £ 0.58
Notes.

# The positional error at the 90% confidence interval is ~4” in radius (see more in Appendix A).

b .
Here S450 ;m and Sgso ;m are corrected for flux boosting.

€ 1 = spectroscopic redshift; 2 = photometric redshift; 3 = FIR redshift.

9 The uncertainties on M, and Lk are derived from LE PHARE by including the photometric errors in each wave band but without including the redshift uncertainties.

°1= X-ray AGN; 2 = mid-infrared AGN; 3 = radio excess.

(This table is available in its entirety in machine-readable form.)

1 Areniqaq 0z0z ‘(ddgg) 08:688 “TYNINO[ TVOISAHIOMISY THJ,

e 10 wry



Table 3

Derived Properties of MIPS 24 um Identified 450 pm Sources
R.A.450 ym* Decl. 450 ;im R.A.24 jm Decl.24 jum S450 jum” Ss50 im” z flag.” log(M,.)* log(Lyv) log(Lp)* Ty Buv flag agn®
(J2000) (J2000) (J2000) (J2000) (mly) (mly) Ms) Le) (Lo) K)
09:59:52.70 2:27:48.67 09:59:52.64 2:27:48.86 14.67 £+ 4.86 3.05 + 0.08 2 10.84 £ 0.22 11.13 £ 0.03 12.59 £ 0.10 27.46 + 7.86 0.14 £ 1.54
10:00:07.37 2:29:57.87 10:00:07.25 2:29:57.84 6.16 £ 2.08 0.75 £ 0.00 1 11.08 £+ 0.22 9.14 £ 0.01 11.94 £ 0.17 3145 £ 7.14 —-0.23 £ 1.20
10:00:08.97 2:19:16.13 10:00:08.77 2:19:16.16 10.62 £ 1.72 1.52 £ 0.26 1.46 + 0.00 1 10.18 £ 0.22 10.60 £ 0.00 12.42 £ 0.07 56.81 +£ 1.79 1.74 £ 1.73
10:00:12.30 2:23:34.27 10:00:12.35 2:23:34.34 2.98 £ 0.98 0.79 £ 0.10 3 12.38 £ 0.35
10:00:12.70 2:14:59.07 10:00:12.60 2:14:58.96 19.02 £+ 3.90 4.76 £+ 0.56 2.31 £ 0.04 2 11.39 £ 0.22 10.57 £+ 0.02 12.71 £ 0.20 41.17 £ 643 —0.46 + 1.28
10:00:12.97 2:20:21.47 10:00:13.06 2:20:21.54 5.00 £ 1.30 0.38 £ 0.00 1 10.83 £+ 0.22 8.93 + 0.01 10.84 £+ 0.07 29.87 £+ 5.00 0.66 £+ 1.39
10:00:13.77 2:17:10.40 10:00:13.67 2:17:10.30 8.27 + 1.69 3.10 £ 0.26 2.89 £ 0.97 2 11.26 £ 0.24 9.46 £+ 0.29 12.32 £ 0.17 36.18 + 8.57 11.51 £ 0.54
10:00:14.17 2:18:12.53 10:00:14.17 2:18:12.53 5.14 £ 1.58 0.30 £ 0.00 1 10.55 £+ 0.22 7.82 £ 0.10 10.85 £+ 0.59 21.38 £+ 12.14
10:00:14.17 2:24:36.13 10:00:14.09 2:24:36.10 2.92 + 0.90 1.02 £ 0.02 2 9.15 £ 0.12 11.82 £ 0.40 51.56 £+ 8.57 0.56 + 1.34
10:00:14.97 2:23:35.87 10:00:14.97 2:23:35.90 5.37 £0.88 0.91 £ 0.01 2 8.55 + 0.04 11.27 £ 0.12 18.59 + 2.86 —3.48 + 0.40
Notes.

# The positional error at the 90% confidence interval is ~4” in radius (see more in Appendix A).

b .
Here S450 ;m and Sgso ;m are corrected for flux boosting.

€ 1 = spectroscopic redshift; 2 = photometric redshift; 3 = FIR redshift.

9 The uncertainties on M, and Lk are derived from LE PHARE by including the photometric errors in each wave band but without including the redshift uncertainties.

°1= X-ray AGN; 2 = mid-infrared AGN; 3 = radio excess.

(This table is available in its entirety in machine-readable form.)

1 Areniqaq 0z0z ‘(ddgg) 08:688 “TYNINO[ TVOISAHIOMISY THJ,

e 10 wry
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Table 4
Multiwavelength Photometry for VLA 3 GHz Identified 450 pm Sources

R~A~450 umu DCC1.450 umu R~A~np1 Ded-opt r Ks S3.6/1m S250 umb S450 ;me SSSO umc S3 GHz
(J2000) (J2000) (J2000) (J2000) (mag) (mag) (mag) (mly) (mJy) (mJy) (1dy)
09:59:57.23 2:21:27.47 09:59:57.10 2:21:27.45 24.20 + 0.04 20.98 + 0.02 20.02 + 0.01 20.75 + 2.64 13.94 + 4.30 33.8 £ 2.9
09:59:58.43 2:22:30.53 09:59:58.42 2:22:30.53 23.59 + 0.03 20.67 + 0.01 19.45 £ 0.01 1.50 £+ 1.43 12.39 + 4.11 372 +29
10:00:01.77 2:24:37.87 10:00:01.67 2:24:37.87 22.80 + 0.08 21.37 £ 0.01 30.76 £ 2.62 14.79 £ 2.92 1.82 £ 0.51 53.1 £3.5
10:00:04.43 2:20:23.87 10:00:04.35 2:20:23.98 26.75 £ 0.24 23.87 + 0.22 22.61 + 0.03 18.73 £+ 2.30 11.92 + 2.15 2.38 £+ 0.36 29.7 £ 2.8
10:00:04.70 2:30:02.80 10:00:04.80 2:30:03.02 22.46 + 0.07 20.49 + 0.01 20.51 + 2.85 19.41 + 4.04 447 + 0.65 48.1 + 3.4
10:00:05.23 2:17:09.33 10:00:05.14 2:17:09.29 25.28 +0.08 22.50 + 0.06 21.32 £ 0.01 10.42 + 2.56 11.77 + 2.88 3.19 £ 048 123+ 24
10:00:05.63 2:25:41.20 10:00:05.61 2:25:41.46 24.37 + 0.04 20.74 + 0.01 20.01 + 0.01 4231 £2.25 6.42 + 1.55 115+ 23
10:00:08.17 2:26:44.80 27.69 + 2.18 18.95 + 1.27 14.29 + 0.20 15.0 £ 24
10:00:08.43 2:22:30.93 10:00:08.36 2:22:30.98 23.40 £ 0.03 20.55 £ 0.01 19.48 £ 0.01 2797 + 1.87 5.58 £ 1.39 53.6 £ 3.6
10:00:08.83 2:20:22.93 10:00:08.71 2:20:22.87 26.39 + 0.18 21.62 + 0.01 20.25 + 0.01 13.30 + 2.20 7.99 £ 1.52 16.8 £ 2.5
Notes.

 The positional error at the 90% confidence interval is ~4” in radius (see more in Appendix A).

Here S350 um are estimated from XID+ with our 450 yum sources as positional priors (see Section 2.2).

€ Here Siso um and Sgso ,m are corrected for flux boosting.

(This table is available in its entirety in machine-readable form.)

1 Areniqaq 0z0z ‘(ddgg) 08:688 “TYNINO[ TVOISAHIOMISY THJ,
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Table 5

Multiwavelength Photometry for MIPS 24 pm Identified 450 pum Sources
R.A 450 um" Decl. 450 im" R.A. ot Decl.op r Ks 836 um 824 ym 8250 ym © 8450 jim” N
(J2000) (J2000) (J2000) (J2000) (mag) (mag) (mag) (mly) (mJy) (mly) (mly)
09:59:52.70 2:27:48.67 09:59:52.67 2:27:48.92 24.67 + 0.05 22.32 + 0.05 20.83 + 0.01 0.26 £+ 0.01 341 +2.34 14.67 £+ 4.86
10:00:07.37 2:29:57.87 10:00:07.26 2:29:57.94 23.05 + 0.02 19.68 + 0.00 19.05 + 0.00 0.44 £+ 0.01 27.70 + 2.41 6.16 + 2.08
10:00:08.97 2:19:16.13 10:00:08.76 2:19:16.13 22.73 £+ 0.02 20.38 + 0.00 19.17 £ 0.01 0.41 £+ 0.01 23.34 +2.58 10.62 + 1.72 1.52 £ 0.26
10:00:12.30 2:23:34.27 0.29 £+ 0.01 12.10 £+ 1.65 2.98 + 0.98
10:00:12.70 2:14:59.07 10:00:12.60 2:14:58.94 24.83 + 0.06 21.18 + 0.01 20.02 + 0.01 0.33 £+ 0.02 24.16 + 3.20 19.02 + 3.90 4.76 + 0.56
10:00:12.97 2:20:21.47 10:00:13.09 2:20:21.55 20.89 + 0.01 18.60 + 0.00 18.46 + 0.01 0.43 £+ 0.01 13.55 4+ 2.04 5.00 £+ 1.30
10:00:13.77 2:17:10.40 10:00:13.69 2:17:10.30 23.24 + 0.06 21.60 + 0.01 0.16 + 0.02 5.73 £2.49 8.27 + 1.69 3.10 + 0.26
10:00:14.17 2:18:12.53 10:00:14.17 2:18:12.58 23.97 + 0.04 20.84 + 0.01 20.02 + 0.01 0.25 £+ 0.02 13.90 £+ 1.94 5.14 + 1.58
10:00:14.17 2:24:36.13 10:00:14.04 2:24:36.13 25.20 + 0.06 22.76 + 0.08 0.15 +£ 0.01 13.49 + 1.90 2.92 + 0.90
10:00:14.97 2:23:35.87 10:00:14.87 2:23:35.80 24.69 + 0.05 20.74 + 0.01 0.25 + 0.01 547 + 1.53 5.37 + 0.88
Notes.

 The positional error at the 90% confidence interval is ~4” in radius (see more in Appendix A).

Here S350 um are estimated from XID+ with our 450 yum sources as positional priors (see Section 2.2).

€ Here Siso um and Sgso ,m are corrected for flux boosting.

(This table is available in its entirety in machine-readable form.)
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Table 6
List of 450 yum Sources without VLA 3 GHz and MIPS 24 ;ym Counterparts
R.A.450 yum Decl.soum ~ S250 um" S450 um S850 jum”
(J2000) (J2000) (mly) (mJy) (mJy)
10:00:09.90  2:26:47.07 0.49 + 0.61 328 £ 1.16
10:00:12.30  2:23:32.53 394 + 1.62 5.00 + 1.01 1.67 £ 0.15
10:00:14.30  2:23:33.73 6.35 £ 1.91 3.06 £ 0.90
10:00:14.70  2:28:52.13 3.98 + 1.69 3.77 £ 0.96
10:00:16.03 2:24:38.93 1143 + 1.59 3.75 £ 0.88 2.86 £ 0.14
10:00:17.10  2:17:09.47 5.53 £ 1.99 4.90 + 1.58
10:00:17.23 2:25:41.33 579 £ 145 593 +£090 223 +0.14
10:00:18.17 2:25:43.73 2.61 + 1.42 2.95 + 0.89
10:00:18.43 2:22:31.20 11.10 £ 149  6.01 + 0.85 191 £0.13
10:00:18.43 2:23:35.73 3.11 £ 1.32 4.35 + 0.83
Notes.

% Here S»50 um are estimated from XID+ with our 450 um sources as positional
priors (see Section 2.2).
Here S450 ;m and Sgso ,m are corrected for flux boosting.

(This table is available in its entirety in machine-readable form.)
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Figure 4. Flux density ratio of 850450 um vs. redshift. The colored curves
represent the flux density ratios derived from various SED templates: Arp 220"
(ULIRG), IRAS 22491—1808" (ULIRG), UGC 5105 (ULIRG with AGN),
Mrk 231" (ULIRG with AGN), M82" (luminous starburst galaxies), and
averaged SED from ALESS (da Cunha et al. 2015). For the 15 sources that do
not have any radio or 24 ym counterparts but do have 850 xm detections, we
place them along the averaged ALESS SED track up to z ~ 6, according to
their observed flux ratios. The median of the flux density ratio is O.34f8_‘8§ (blue
dotted—dashed line), indicating that they may be SMGs at z 2 3. The smallest
flux ratio is 0.20 + 0.03 (blue dotted line), still placing the SMG at z = 1.5.
We also show the Sgsq ;m/S4s0 ,m flux density ratios of our identified sources
(black points) that have redshift determinates (Section 4.2) and the upper limits
considering an 850 pm flux threshold given by 2.1 mJy (confusion limit) from
the rest of the sample. Our sample is in broad agreement with most of the SED
tracks. “Spectral templates of nearby infrared-luminous galaxies are from the
Spectral Atlas of Infrared Luminous Galaxies (http://www.stsci.edu/hst/
observatory /crds /non-stellar.html).

small enough (<0.05) to be considered as reliable matches. The
large beam size of SCUBA-2 compared to that of IRAC at
3.6 um suggests that this procedure can suffer severely from
misidentifications and/or source blending. We verify that about
23% (60/256) of our entire 450 um sample has multiple IRAC
sources within 4”. Therefore, to be conservative, we do not
include these six p-identified SMG candidates in our
subsequent analyses. For the remaining 21 sources without
robust IRAC counterparts, we employed the stacking technique
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in the Herschel 250 pm image based on their 450 pm positions.
These 21 sources have a stacked flux density of 4.2 £ 0.8 mJy
at 250 pm, indicating that the 450 um detections are likely to
be real. In this work, we will not further discuss these sources,
but we note that interferometric observations will help to reveal
the origins of these FIR sources.

This still leaves us with four sources that do not have any
potential counterparts in the near-infrared, mid-infrared,
850 um, and radio images. All of these sources have S/N <
4.3 at 450 ym and therefore a high probability of being false
detections. In our entire sample, we have 26 sources in the
range of 4.00-4.30. The finding of these four sources is
consistent with the spurious fraction in the range of 4.00—4.3¢0
(about 9%; Appendix A). In conclusion, the unidentified
sources are consistent with being at high redshifts and affected
by source blending, with a small fraction of them being
spurious.

4. Deriving Physical Parameters
4.1. AGN Contamination

The main purpose of this paper is to analyze the nature of
450 um sources that are mainly powered by star formation
rather than AGNs. Therefore, we first examine the AGN
contamination in our sample. Here 12 sources have X-ray
detections with X-ray luminosities above 10 ergs ' in the
2-10keV band, which can be considered AGNs. We adopt
this limit instead of the widely used dividing line of
Lo tokev = 10%2 ergs™' (e.g., Zezas et al. 1998; Ranalli et al.
2003; Szokoly et al. 2004), since a star-forming galaxy with an
SFR of ~100 M. yr ' can also produce the X-ray luminosity
>10* ergs™' in the 2-10keV band (Aird et al. 2017). Three
additional sources in our sample can be considered AGNss if the
threshold of Ly_jgxey > 1042 erg s~ is adopted.

For the identification of mid-infrared AGNs, we simply
cross-matched our sample with a public catalog of infrared
AGNs from Chang et al. (2017). In brief, the authors derived
AGN properties with SED fitting using MAGPHYS (da Cunha
et al. 2015) based on a sample of mid-infrared selected galaxies
in the COSMOS field. They defined obscured AGNs as those
with AGN contributions to the mid-infrared luminosity >50%
from the SED fitting. According to the authors, this definition
recovers 54% of X-ray-detected AGNSs. In total, we found two
mid-infrared AGN candidates from our sample.

To determine AGN contamination at radio wavelengths, we
follow Equation (1) in Delvecchio et al. (2017), which
describes a redshift-dependent threshold in radio excess. In
brief, they first excluded the luminous AGN populations
according to X-ray, mid-infrared, or optical-to-FIR SED
decomposition from the VLA 3 GHz catalog. For the remaining
3 GHz sources, they then set a threshold of >3 for the radio
emission compared to that expected from the star formation
derived from Lig. With this method, four additional sources can
be classified as radio-excess galaxies (the derivations of the
parameters are described in Sections 4.4 and 4.8), but none of
them exceed the threshold for radio-loud AGNs (Evans et al.
2005).

There are one, zero, zero, and zero sources having X-ray +
radio-excess, mid-infrared + radio-excess, X-ray + mid-
infrared, and X-ray + mid-infrared 4 radio-excess AGN
identifications, respectively. In summary, only a small fraction
of our sources (18 out of 192, 9% =+ 2%) are likely to be AGNSs.


http://www.stsci.edu/hst/observatory/crds/non-stellar.html
http://www.stsci.edu/hst/observatory/crds/non-stellar.html

THE ASTROPHYSICAL JOURNAL, 889:80 (33pp), 2020 February 1

2.0
l3.0
1.5
2.5
— 1.0
N
; " 2.0
- le [ ] -4
c 051e, %. &
« L 1.5
N o &0 s
~ 0.0 T -y
e . 1.0
~0.5 1 S
° | 05
-1.0 .
0 1 2 3 4 5
z

Figure 5. Comparisons of the FIR-derived redshifts (zrr) with the optical
redshifts (z), color-coded with zgr. The zgr estimates are consistent with the

optical redshifts with a median offset of 0.017003 (solid horizontal line). The

trend of zpr being systematically higher than the optical redshift at z < 2 and
lower at z > 2 is probably caused by our single-temperature assumption of the
SED template and/or the effect of the luminosity—Ty correlation (Section 5.2),
plus selection effects.

We exclude all of these possible AGN candidates from our
subsequent analyses.

The AGN fraction in our sample is lower than the range of
the potential AGN fraction of about 20%—40% from earlier
studies in the literature (e.g., Alexander et al. 2005; Laird et al.
2010; Georgantopoulos et al. 2011; Johnson et al. 2013). We
note that the submillimeter catalogs used in these works are
biased toward brighter SMGs, since their catalogs are all from
single-dish submillimeter surveys that have a typical angular
resolution of ~10”-20" and require radio counterparts. On the
other hand, our estimated AGN fraction is more consistent with
the ALMA-based estimate from ALESS (17fl6; Wang et al.
2013), ALMA follow-up observations in the S2CLS UDS
program AS2UDS (8%-28%; Stach et al. 2019), and ALMA
follow-up observations in the SCUBA-2 850 um survey (~6%;
Cowie et al. 2018). A trend of a higher AGN fraction for an
SMG population with brighter 870 um flux density was
previously observed (Wang et al. 2013), which would imply
that brighter SMGs are more likely to host AGNs. This may
partially explain the discrepancy between our estimated AGN
fraction and the results from previous single-dish studies, since
our submillimeter observations are deeper and probe a fainter
SMG population.

4.2. Redshift

We use public redshift data for our identified sources. For
photometric redshifts, Laigle et al. (2016) used the LE PHARE
code (Arnouts et al. 1999; Ilbert et al. 2006) and released their
results in the COSMOS2015 catalog. For the fitting process,
the authors included a set of 31 templates, including spiral and
elliptical galaxies from Polletta et al. (2007) and a set of 12
templates of young blue star-forming galaxies using the
Bruzual & Charlot (2003, hereafter BC03) model. They set
the extinction as a free parameter with a maximum value of
E(B—V)=10.5.
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Several spectroscopic redshift catalogs are also available in
the COSMOS field (Lilly et al. 2007, 2009; Trump et al. 2009;
Coil et al. 2011; Zahid et al. 2014; Le Fevre et al. 2015). In
this paper, we adopt the spectroscopic redshift catalog of
Hasinger et al. (2018), who compiled all of the spectroscopic
data of about 10,000 objects that were observed through
multislit spectroscopy with the Deep Imaging Multi-Object
Spectrograph on the Keck II telescope. In addition, we also use
the data from the zCOSMOS survey (Lilly et al. 2009)
conducted with the VIMOS spectrograph on the Very Large
Telescope and the hCOSMOS redshift survey (Damjanov et al.
2018) observed with the Hectospec spectrograph on the MMT
(formerly Multiple Mirror Telescope).

4.2.1. Sources without Redshifts

Out of the 210 sources identified with 24 ym or radio
sources, less than 10% (20 sources) do not have -either
spectroscopic or photometric redshift information. As men-
tioned in Section 3.2, 18 of them do not have optical /near-
infrared counterparts in the COSMOS2015 -catalog, and
consequently, they do not have redshifts. The remaining two
objects can be matched to the COSMOS2015 catalog, but their
photometric redshifts are not reliable, because one object is
only detected in H and K, while the other object is marginally
detected in V, i, and z with very low S/N. Nevertheless, their
detections in mid-infrared-to-radio wavelengths provide us
with information for estimating their redshifts (hereafter zgr).
We derive their zpr by using an averaged ultraviolet-to-radio
SED template from ALESS (da Cunha et al. 2015). This
template allows us to conduct a fit that only adopts the mid-
infrared-to-radio photometry, i.e., 24 um to 20cm. Using
sources with optical redshifts, we find that the zgr are
consistent with the optical redshifts and have a median value
of (zeir — 2)/(1 + z) = 0.0170%3 (solid horizontal line in
Figure 5).

A trend can be seen in Figure 5, where the zgr estimates are
systematically higher than the optical redshifts at z < 2 and
lower than the optical redshifts at z > 2. A similar trend was
also found in previous studies (Ivison et al. 2016; Michatowski
etal. 2017; Zavala et al. 2018). Our adopted FIR SED template,
which has been calculated for galaxies at a median redshift of
z = 2, is represented by a single temperature. We might expect
that a cooler (warmer) dust SED will result in a higher (lower)
value of redshift estimation, since there is a degeneracy
between redshift and 7, in the observed SED. Therefore, a
cooler (warmer) T4 appears to be needed to correct this effect at
lower redshift (higher redshift). However, this does not
necessarily imply that T4 evolves with redshift. Rather, this is
perhaps simply due to the correlation between Ty and Lig
(Section 5.2) and the fact that our survey is more sensitive to
low-luminosity systems (Section 4.4).

Among the 20 sources without optical redshift determina-
tions, 19 sources have zgr estimates with a median value of
zrr = 1.9707 with a 16th-to-84th percentile range of 1.1-2.8.
The only source that has neither optical redshift nor zpg
estimates is securely detected at 450 yum (S/N =5.3). This
source is a radio-identified source with an IRAC counterpart
but does not have optical detection. We visually inspected it
and verified that this source has multiple detections in the
IRAC images (within 2”); therefore, its FIR photometries may
be less reliable for zpr estimation because of source blending.
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Figure 6. Redshift distribution of our sample with optical redshifts (blue
histogram) and 850 pm detections (green histogram). The medians of these two

distributions are z = 1.79709% and z = 2.30703], respectively. The vast

majority of our sample lies at z < 3. The distribution of the 65 galaxies with
spectroscopic redshifts is shown with the yellow histogram, which is clearly
biased toward low redshifts. The distribution of the 19 sources with zg is
shown with the red histogram. A significant fraction (46/256) of our sources
do not have redshift determinations, since they do not have 24 ym or radio
identifications and consequently lack optical counterparts. If they are at z > 3
(see Section 3.3) and have a flat redshift distribution between z = 3 and 6, they
are represented by the orange shaded area in this diagram. The small panel
shows the cumulative redshift completeness in each subsample among the 256
40 sources.

In conclusion, the lack of optical redshifts for these 20 sources
is likely to be mainly caused by their high redshifts and thus
faintness at optical wave bands.

In this work, we do not attempt to constrain the zpr for
sources without radio or 24 ym counterparts (Section 3.3).
Their FIR photometry may be less reliable, since a high
fraction of this subsample could suffer from the effects of
source blending. We will not further discuss these possibly
blended systems, but we note that interferometric observations
will help to reveal their nature.

4.2.2. Redshift Distribution

Among our 174 sources that have optical counterparts
(without AGN contamination), 172 sources have redshifts, and
65 of them are spectroscopic. The spectroscopic redshifts from
this subsample are in good agreement with the photometric
redshifts with a median value of Az/(1 + z;) = 0.01759% and a
catastrophic outlier fraction (Bernstein & Huterer 2010) of
~10%. Among this, 10%, 16%, 16%, and 50% are contributed
from sources at z = 0-1, 1-2, 2-3, and >3, respectively. We
replace the photometric redshifts with the spectroscopic
redshifts when available. The redshift distribution of our
450 pm selected sample is shown in Figure 6. The median
redshift of the sample with optical redshifts is z = 1.7975:
with a 16th-to-84th percentile range of 1.7-1.9. Their redshifts
range from z = 0.12 to 4.76, with the majority at z < 3. On the
other hand, the median redshift of 850 um detected 450 um
sources is z = 2.30793/ with a 16th-to-84th percentile range of
1.6-3.0, which is in good agreement with previous studies of
850 pm sources (Simpson et al. 2014, 2017; Dunlop et al.
2017; Cowie et al. 2018). To gain insight into the redshift
distribution of our entire sample, we assume that the 46 sources
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without 24 ym or radio identifications are at a median redshift
of z = 3 (Section 3.3). After including these redshifts and the
20 sources with zgr (all assumed to be at zpr = 1.9; see
Section 4.2.1), the median redshift of our complete sample of
238 SMGs (without AGNs) slightly increases to z = 1.9 £ 0.1
with a 16th-to-84th percentile range of 0.9-3.0.

4.3. Stellar Mass

We directly adopt the stellar mass measurements in the
COSMOS2015 catalog, which were fitted using the LE PHARE
code (Arnouts et al. 1999; Ilbert et al. 2006). The stellar masses
were determined from a library of synthetic spectra generated
using the stellar population synthesis (SPS) model from BCO3,
matching to the ultraviolet/optical /near-infrared photometry.
This assumed a Chabrier (2003) IMF and the exponentially
decreasing star formation history (7~2te~"/7), and two metalli-
cities (solar and half-solar) were considered. In this work, we
rescaled their stellar mass measurements to a Kroupa &
Weidner (2003) IMF in order to easily compare with other
studies. The uncertainties on stellar masses computed by LE
PHARE are derived by minimizing the x> function using the
photometric errors in each of the wave bands. According to
Laigle et al. (2016), the stellar mass estimate is robust out to
z~4. Above z >~ 4, the rest-frame K band lies below the
Balmer break and consequently does not reliably constrain the
stellar mass.

The COSMOS2015 catalog provides 165 stellar masses in
our sample, and the median is log(M,) = 10.75759¢ M, with a
16th-to-84th percentile range of 10.38—11.10 M. Among the
nine (out of 174) sources without stellar mass estimates, two do
not have redshift estimates (Section 4.2.1). All of the remaining
sources are undetected in the near-infrared and therefore do not
have reliable stellar masses. In this work, we further add an
uncertainty of a factor of 3 in quadrature to the uncertainty of
the adopted stellar masses, since the typical uncertainty caused
by the unknown star formation history of SMGs is about a
factor of 3 (Hainline et al. 2011). To estimate the likely stellar
mass distribution of our entire sample, we adopt the absolute
K-band magnitudes (M) from the COSMOS2015 catalog for
our sample and determine their mass-to-light ratios. In our
sample, there are 27 sources with 24 ym or radio identifications
but without stellar masses and 46 sources without reliable
identifications. For those with redshifts and My estimates, we
assumed the median mass-to-light ratios from other sources
with stellar masses at similar redshifts. For those without
redshifts and reliable identifications, we assumed z = 3 and the
median stellar masses from other sources at similar redshifts.
By doing so, the median stellar mass for our complete sample is
log(M4) =10.90 £+ 0.01 M, with a 16th-to-84th percentile
range of 10.5-11.0 M.

4.4. Infrared Luminosity

We adopt the LE PHARE code to derive the Lz for our
sample. For the fitting, we include the 105 FIR templates from
Chary & FElbaz (2001), the 64 FIR templates from Dale &
Helou (2002), the 46 FIR templates from Lagache et al. (2003),
and the 25 FIR /star-forming galaxy templates from Rieke et al.
(2009). We do not adopt SED templates with infrared-luminous
AGNs, and all of the above adopted SED models are
constructed based on purely star-forming infrared galaxies in
different luminosity classes. We fitted the infrared photometry
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Figure 7. Examples of rest-frame FIR-to-submillimeter SEDs fitted by the LE PHARE code (blue curves). The observed flux densities for MIPS, Herschel, and
SCUBA-2 are shown as red, green, and black points. The best-fit modified blackbodies are shown as black curves, while the errors are shown as dark shaded regions.

from Spitzer/MIPS (24 and 70 pm), Herschel /PACS (100 and
160 um), XID+ deblended Herschel/SPIRE (250 pm), and
JCMT/SCUBA-2 (450 and 850 um). A predefined redshift for
each source is required by LE PHARE. The uncertainties in our
Lig are derived from the maximum-likelihood function by
including the photometric errors in each wave band but without
including the redshift uncertainties. Examples of the rest-frame
FIR-to-submillimeter SEDs fitted by the LE PHARE code are
shown as blue curves in Figure 7. The Lr values are computed
by integrating the best-fit galaxy templates between 8 and
1000 pm in the rest frame at their fixed redshifts.

Figure 8 shows the Lz of our sample as a function of
redshift. We note that the error measurements in sources
with zgr estimates only represent statistical errors from the
minimization procedure (Section 4.2.1) and do not include the
systematic uncertainties associated with different sets of SED
templates used in the fitting. For the 46 sources without radio
or 24 ym identifications, their infrared luminosities would be
log(Lig) = 12.3-13.7 L, if we place them at their plausible
median redshift of z =3 (see Section 3.3) and scale their
450 pm flux densities to Lig using the averaged ALESS SMG
SED (da Cunha et al. 2015). They are shown with the orange
box in Figure 8. In Figure 8, we also show the detection limit
corresponding to a 4o limit of 2.6 mJy (=4 x 0.65 mJy). To do
this, we simply converted the 450 um flux density limit to Lig
using the averaged ALESS SMG SED (da Cunha et al. 2015;
dashed curve in Figure 8).

4.5. Dust Properties

The shapes of SEDs at the FIR wavelengths (A > 60 um) are
empirically found (e.g., Magnelli et al. 2012; C13; Roseboom
et al. 2013) to be fairly well represented by a single modified
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Figure 8. The Ly as a function of redshift. Our samples that have optical redshifts
are shown as black points, while the 19 sources that have zgr estimates are shown
as blue points. The orange box shows the infrared luminosity range of log
(Lir) = 12.3-13.7 L, for the 46 sources without 24 um or radio identifications, if
we place them at their plausible median redshift of z = 3 (see Section 3.3) and
scale their 450 pm flux densities to Lig using the averaged ALESS SMG SED (da
Cunha et al. 2015). The detection limits corresponding to noise levels of 0.65 mJy
are shown as a dashed curve. For this, we converted the 450 p/m detection limits to
Lir limits using the averaged ALESS SMG SED (da Cunha et al. 2015). We also
adopt the weak evolution of 74 along with redshift (black line in Figure 13(a)) and
an assumption of a modified blackbody (Equation (1)) to reproduce the Lig
detection limit for all of our data (solid curve).

blackbody function:
2hv3
— ]71 )

ekly —
Here S, is the flux density, Sy is the normalization of the
modified blackbody, v (which we take to be ¢/100 um;

S, = Soll — e~ @/ (1)
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Klaas et al. 2001) is the rest-frame frequency where the
emission becomes optically thick, § is the dust emissivity
spectral index, and 7y is the dust temperature. We employed
a x> SED fitting procedure to estimate the three unknown
parameters, So, T4, and (3. We set them as free parameters for
the sources that have >3 photometric observations in FIR
wavelength. There are 97 such sources in our sample. We
inserted the median value of the emissivity index § = 1.80 &+
0.03 from this subsample into the fitting for the 72 sources with
two photometric observations in the FIR wavelength. Our
typical 3 value is consistent with previous observational
studies, which suggest § = 1.5-2 (e.g., Magnelli et al. 2012;
Roseboom et al. 2013). In total, we determine the dust
properties of the 169 sources that have optical redshifts, and
their median dust temperature is 7y = 38.3)4 K with a 16th-
to-84th percentile range of 30-50 K. We do not attempt to
constrain the FIR SEDs of sources without optical redshifts,
since there is a degeneracy between redshift and dust
temperature. We also can estimate the Lz from the best-fit
modified blackbody (black curves in Figure 7). The L
estimates from this method are slightly off by 0.8 £ 0.2 dex,
on average, compared to those from the template-based
measurements (Section 4.4). This offset is expected, since the
assumption of a single modified blackbody will lead to an
underestimate in the mid-infrared (see fits in Figure 7).
Therefore, we adopt the template-based measurements of Lig
in this work.

Our median of 38.3704 K is between the estimates from
previous studies of SCUBA-2 450 ym selected samples
(Ty) = 42 £ 11 K, Roseboom et al. 2013; (Ty) = 42 + 15
K, Zavala et al. 2018) and ALMA-identified LABOCA 870 pm
selected SMGs ((T3) = 33%3 K; Simpson et al. 2017). This
may not be consistent with the expectation that a longer
selection wave band tends to select cooler sources (see also
Chapin et al. 2009; MacKenzie et al. 2016). This may be
explained by the correlation between T4 and Lig (Section 5.2)
and the fact that our observations are more sensitive to low-
luminosity systems. On the other hand, if we consider the error
bars in all of these measurements, the differences among them
are marginal.

4.6. Ultraviolet-continuum Slope and Ultraviolet Luminosity

The rest-frame ultraviolet-continuum slope (Syv) has been
widely used to measure dust attenuation in galaxies (Calzetti
et al. 1994; Meurer et al. 1999). The accurate broadband
photometry from the COSMOS2015 catalog provides us with
reliable measurements of Byy. For each source with a redshift
measurement, we selected the filters that are close to its rest-
frame ultraviolet (1650 and 2300 A; e.g., Bouwens et al.
2009, 2014). There is potential contamination from stellar or
interstellar absorption features in this wavelength interval at
rest frame 2175 A (Stecher 1965). The 2175 A absorption has
been detected in star-forming galaxies up to z =~ 2 (Noll &
Pierini 2005; Noll et al. 2007, 2009; Conroy et al. 2010; Buat
et al. 2011, 2012; Wild et al. 2011; Kriek & Conroy 2013) but
is absent in local starburst galaxies (Calzetti et al. 1994) and the
Small Magellanic Cloud (SMC; Pei 1992; Gordon et al. 2003).
It is unclear whether this 2175 A feature is present in our
sample due to the difficulty of observations on ultraviolet
absorption in the dusty population. Throughout this work, we
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Table 7

Broadband Filters Used to Derive Byy and Ultraviolet Luminosity
Redshift Range My, My,
0.0-0.5 FUV 545 NUVj314
0.5-1.0 NUV,314 U3ko3
1.0-1.5 Bisaz Vsazs
1.5-2.0 Vsa78 76289
2.0-2.5 T6289 i7634
2.5-3.5 idosa Zdids
3.5-4.5 zids Ji2535
4.5-5.0 25ids (12535 + Higas3) /2
5.0-6.0 J|2535 Hl6453

do not apply any correction for this feature (similar to that in
Casey et al. 2014b for dusty galaxies), and we leave this
question to future ultraviolet studies of the dusty population.
We calculated (yy with

My — M,,

fov = 35% loga/A) — 2

@)

where M, and M, are the magnitudes in certain passbands at
wavelengths A\; and X, in the ultraviolet range. Table 7
summarizes the wave bands that we adopted for Equation (2).
At the same time, the rest-frame ultraviolet magnitudes at
wavelengths A, and )\, from Table 7 also allow us to estimate
the ultraviolet luminosity (Lyy) for our sample. In total, 163
sources have both Gyy and Lyy estimations. Considering that
the uncertainties in the measured (Gyy and Lyy can be
propagated from the redshift uncertainty, we perturbed the
redshift by using the redshift uncertainty in each source,
assuming a Gaussian distribution. We repeated the procedure
100 times and reestimated the values of fyy and Lyy. The
standard deviation from these procedures was added in
quadrature to the estimated Byy and Lyy errors.

4.7. SFRs

We follow the ultraviolet and FIR SFR estimation procedure
in Kennicutt & Evans (2012), which is well calibrated from a
combination of SFR tracers at different wavelengths. We derive
the unobscured SFR (SFRyy) using

log SFRuv | _ 1og(Lﬂ) — 36.17.
M yr! W

On the other hand, the obscured star formation activity (SFRr)
is related to the integrated Lig by

lo S
g M.

&RI)J g(L )73641
5 yI~ \\%

3

“

We sum the obscured and unobscured SFRs to be the total SFR of
our sample, as is usually done (i.e., assuming these are independent
tracers of star formation). We note that differences in assumed
IMF, SPS models, luminosity-to-SFR conversions, dust attenua-
tions, and emission-line contributions can lead to differences in
derived SFRs by as much as a factor of 3 (Speagle et al. 2014).
We do not adopt the estimates of SFR in the COSMOS2015
catalog, since there is a notable discrepancy between the
LE PHARE-based SFR and our measurements. A similar
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finding was also mentioned in Casey et al. (C13) and Elbaz
et al. (2018), where the SED fitting underestimated the SFR of
the dusty population, compared to the more direct estimate
(SFRyv + SFRR). In our case, the direct SFR measurements
are, on average, 0.47(! dex above the LE PHARE-based
determinations. The discrepancy between these two estimations
is expected, since the LE PHARE-based SFR is mainly derived
from the dust-corrected ultraviolet flux, which highly depends
on the assumption of dust extinction correction. Our sample is
bright at the FIR wavelengths and known to be dusty. Hence, a
method that works well on the bulk of the optical galaxy
population does not necessarily work well on our 450 um
selected sources.

4.8. Radio Power at 1.4 GHz

We compute the rest-frame 1.4 GHz radio power using the
following equation:

(P1.4GHZ ): 47r(d—L)2( S1.4 GHz )
W Hz! m) \Wm2Hz"!

x (1 + )% %)
where «; is the radio spectral index and dp is the luminosity
distance. Out of the 134 sources identified with radio, 42
sources without AGN contamination have both 1.4 and 3 GHz
detections. For these sources, we can directly estimate their o,
and P; 4 gu,- We then adopt the median of their radio spectral
index a; = —0.887005 from this subsample to extrapolate
S1.4 gHz from S3 gy, for sources with only 3 GHz detections.
Although our sample size is small, we find no evidence for
redshift evolution in ., consistent with that typically found in
star-forming galaxies (Delhaize et al. 2017). Our adopted radio
spectral index is consistent with previous studies of star-forming
galaxies (o, = —0.8, Condon 1992; a, = —0.7, Delhaize et al.
2017), Herschel 250 ym selected galaxies (o = —0.75; Ivison
et al. 2010a), ALMA-selected SMGs (o, = —0.79, Thomson
et al. 2014; o, = —0.61 to —0.91, Thomson et al. 2019), and
faint radio sources S; 4 g, < 1 mly (o, = —0.67, Bondi et al.
2007; a, = —0.6 to —0.7, Ibar et al. 2009) within the errors.

Figure 9 shows gr versus z for our sample, where gy is the
ratio between the Lz and P; 4 gu, (Helou et al. 1985):

L ) (P1.4GHZ)
— log| ——=R | _ og| L4GHz |
T g(3.75 x 1012 W Elwhz !

The g values of our sample are nearly constant across redshift
and agree well with the local FIR-radio correlation described in
Condon (1992; solid line in Figure 9). This also implies that the
origin of both the radio and infrared emission of our sources is
the same: star formation. In Figure 9, we also show the lower
limits of gr for those sources without 3 GHz detections. We
simply extrapolate their S| 4 gy, from the 5o detection limit of
S3 guz = 13 pJy by assuming our typical «,. Considering the
dispersion in the local FIR-radio correlation (shaded area in
Figure 9), we conclude that this subsample is in broad
agreement with the normal galaxy population and that they
should be detected in deeper radio surveys.

17

Lim et al.

qir

<> @ Q Radio-excess galaxies

1.0 1 @
= Radio Normal
== Radio Excessat z= |

0.5 1 * Radio Excessat z=4
==+ Radio Loud AGN

0.0 1 ® 1.4 GHz detected

. A extrapolated Py 4Gz from 3 GHz detections
e L extrapolated Pyagpz from 3 GHz, detection limits_|
-0.5
0 1 2 3 4 5

z

Figure 9. Shown is g vs. z for our 450 pm sample. Our sample follows the
tight local FIR-radio correlation (solid line; Condon 1992), while the shaded
area represents the =10 dispersion in the local correlation. The four sources
enclosed by diamonds are classified as radio-excess galaxies, although none of
them exceed the threshold for radio-loud AGNs (see Section 4.1). The lower
limits of g for those sources without 3 GHz detections are shown as upward-
pointing arrows. Their S; 4 g, are extrapolated from the 50 detection limit of
S3 guz = 13 ply by assuming our typical ;.

5. The Nature of SCUBA-2 450 yum Selected Sources

The main goals of this work are to characterize the 450 ym
selected SMGs, determine how they relate to ultraviolet/optical
and other infrared/submillimeter selected populations, and
understand the role they play in the context of total star
formation in the universe. In this section, we investigate the
correlations among the physical parameters measured in
Section 4 (summarized in Tables 2 and 3) and compare them
with results from the literature. Our sample comes from the
deepest single-dish survey at 450 pum. This provides us a good
opportunity to probe the physical properties of a fainter
SMG pog)ulation that was not previously possible, down to
Lir ~ 10" L.

5.1. The Star Formation Main Sequence

A tight relationship between SFR and stellar mass, the so-called
star formation “main sequence,” suggests that galaxies build up
their stars on long timescales, likely a consequence of smooth gas
accretion from the intergalactic medium. On the other hand, a
“starburst” galaxy, which may be triggered by merging (or some
other mechanism), may depart from the main sequence and
exhibit enhanced sSFR. Based on observations of the nearby
universe, the star formation activity of luminous infrared galaxies
(LIRGs; 10" L, SLyg <10”L.) and ultraluminous infrared
galaxies (ULIRGs; 10" L., < Lig < 10" L.) are widely believed
to be triggered by merger events (Sanders et al. 1988; Sanders &
Mirabel 1996; Farrah et al. 2001; Armus et al. 2009; Swinbank
et al. 2010; Alaghband-Zadeh et al. 2012; U et al. 2012). Various
observations suggest that star formation in SMGs is merger-driven
and that they may be scaled-up high-redshift analogs of local (U)
LIRGs (Smail et al. 2004; Iono et al. 2009; Ivison et al. 2010b).
Morphological analysis from Hubble Space Telescope (HST)
near-infrared imaging also suggests that star formation correlates
with galaxy interaction and merging activity (Chen et al. 2015;
Chang et al. 2018). However, an alternative picture favoring disk
star formation also exists. From studies using HST optical
imaging, a significant fraction of the 850 um selected population
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Figure 10. The SFRs as a function of stellar mass for our sample. The gray scales and dotted lines represent the distributions and relations from normal star-forming
galaxies in the COSMOS2015 catalog, respectively. The redshift-dependent relations from Speagle et al. (2014) are shown with solid lines, while their £0.6 dex
ranges are shown with dashed lines. A sample of bright SCUBA-2 SMGs (Sgso ,m > 4 mJy; Michatowski et al. 2017) is shown with red points, and ALESS SMGs (da

Cunha et al. 2015) are shown with blue points.

is found to have clumpy disklike stellar morphology (Targett et al.
2011, 2013). The SMGs appear to have clumpy disklike dust
and gas based on 870 um ALMA high-resolution dust imaging
(Hodge et al. 2016). To date, the triggering mechanism of SMGs
remains inconclusive.

Figure 10 presents the SFRs of our sample as a function of
stellar masses (SFR—M,, relation) in different redshift bins. We
also show the redshift-dependent SFR-M, relations from
Speagle et al. (2014) computed using the median redshifts of
our sources in the corresponding redshift bins (solid lines).
Speagle et al. (2014) included data from 25 different studies in
the literature, which contained 64 star formation main-sequence
relations, to adjust each relation onto an empirically scaled
correlation using a variety of conversion factors. The authors
standardized the data to the Kroupa IMF (Kroupa 2001;
Kroupa & Weidner 2003), the SFR conversions in Kennicutt &
Evans (2012), and the BC0O3 SPS model.

In Figure 10, we also show the SFR—M,, relation for normal
star-forming galaxies, which is defined through the condition of
specific SFR, (sSFR =SFR/M,) > [3 x tm()]"" (similar to
that in Wuyts et al. 2012 and Chang et al. 2013), from the
COSMOS2015 catalog (gray scales and dotted lines in
Figure 10), where ty4(z) is the Hubble time at the redshift of a
galaxy. For this purpose, we directly adopt the SFRs and stellar
masses from the COSMOS2015 catalog. Readers need to keep
in mind that, as mentioned in Section 4.7, the LE PHARE-based
SFR differs from our direct SFR measurements (SFRyy +
SFRr) for the SMGs. For comparison, in Figure 10, we also
show the bright SMGs (Sss0 .m >4 mly) with identifications
having at least one robust association with p-value < 0.05 at
radio, 24 ym, or 8.0 um from Michatowski et al. (2017) and
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ALESS SMGs from da Cunha et al. (2015). In the redshift bins
of 1 <z < 3, where there are sufficient data points from
Michatowski et al. (2017), da Cunha et al. (2015), and us, our
sample appears to lie between the bright SMGs and some of the
faint SMGs from ALESS. This indicates that our data start to
probe into the normal star-forming population out to z >~ 3.

The scatter of the SFR-M, relation is often used for
separating the main-sequence and starburst populations. The
offset in the sSFR for each source from the main sequence is
denoted as AMS (aka starburstiness; see Elbaz et al. 2011) in
this work. The main-sequence relation is relatively tight, with
an intrinsic scatter that is approximately a constant of about
0.2dex over cosmic time (Speagle et al. 2014). Using the
definition of AMS > +0.6 dex (i.e., 30 away from the main
sequence), we can identify starburst galaxies within our
sample. This criterion is identical to that adopted by Rodighiero
et al. (2011). In the following discussion, we only compare our
results with the calibrated parameterization of the SFR-M,
relations from Speagle et al. (2014), in which an extensive
compilation of observations from ultraviolet to FIR were
adopted.

Among the 165 sources in our sample that have both SFR
and stellar mass estimates and do not host AGNs, a moderate
fraction (58 sources, 353?%) can be classified as starburst
galaxies (Figure 11). The remaining sources are consistent with
being on the main sequence. The fraction of starburst galaxies
in our sample will decrease to 24732 if we include the 18
sources without optical counterparts (Section 3.2), the 46
sources without 24 ym or radio identifications (Section 3.3),
and the nine sources without stellar mass determinations
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Figure 11. Histogram of main-sequence deviation AMS of our sample in
different redshift bins. The shaded areas show the range of 3o scatter
(£0.6 dex) of the Speagle et al. (2014) relations. A significant fraction of our
sample, 58/162 (35%32%), can be classified as starburst galaxies.

(Section 4.3) by assuming that all of them are on the main
sequence. A previous ALMA study of 870 um selected
galaxies (da Cunha et al. 2015) showed that about half of the
SMGs lie above the main sequence, while the other half are
consistent with being on the massive end of the main sequence.
On the other hand, some studies proposed that SMGs are just
massive and highly star-forming main-sequence galaxies
(SCUBA-2 SMGs; Koprowski et al. 2016b; Michatowski
et al. 2017; Zavala et al. 2018; and ALMA 1.3 mm SMGs;
Dunlop et al. 2017). Our results show an intermediate main-
sequence fraction that is between these two extremes and
appear to be consistent with previous observations of SCUBA-
2 450 pm selected galaxies from Roseboom et al. (2013; 26%)
and a recent study of ALMA-selected SMGs from Elbaz et al.
(2018; 31%). We notice that the previous works are on
relatively high-redshift (z ~ 2) sources compared to ours, likely
because most of them are 850 yum selected galaxies. Although
Zavala et al. (2018) had both 450 and 850 um selected
galaxies, almost all of their sources have 850 pum detections. If
we restrict ourselves to galaxies at z > 1.5, the starburst
fraction is 36773%. This value is still higher than that in Zavala
et al. (2018; 15%). In any case, our work suggests that a
notable fraction (50%-85%) of the 450 um SMGs are
consistent with lying on the main sequence.

A recent study (Sorba & Sawicki 2018) found that stellar
masses from SED fitting can be underestimated and that the
effect increases toward larger sSFR due to the outshining of
stellar mass by regions of star formation, i.e., young stellar
populations overpowering older stellar populations behind their
bright flux (see also Sorba & Sawicki 2015 and Abdur-
ro’uf 2018). This effect would shift all stellar masses to the
right in Figure 10, but it would shift the high-sSFR outliers
more than the galaxies on the main sequence: masses of
galaxies on the main sequence with log(sSFR) ~ 8.5 increase
by ~+0.05 dex, but those with log(sSFR) ~ 9.5 (at the edge of
the main sequence) increase by ~+0.5 dex. However, it is
unclear whether these corrections still hold in the dusty
population. Therefore, in this work, we do not apply any
correction from the literature. We expect this can be revealed
by high-resolution observations with a kiloparsec scale.
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Our sample shows that a notable fraction of the 450 um
SMGs are consistent with lying on the main sequence. A
critical question exists regarding our observations. What is the
main physical difference between the main-sequence SMGs
and the optically selected normal star-forming galaxies? Some
studies with morphological analyses of stellar structure suggest
that the fraction of merger systems increases with the SFR or
sSFR (Hwang et al. 2011; Hung et al. 2013; Chang et al. 2018).
However, the difference is statistically insignificant between
the SMGs and normal star-forming galaxies (matched with
SFR or sSFR) in their merger fractions (Chang et al. 2018),
indicating that merging events are probably not the only
triggering mechanism for SMGs (see also Hayward et al.
2011). Furthermore, we may also question the accuracy of the
starburst fraction for SMGs. The exact locations of SMGs in
the SFR-M,, plane are highly dependent on the details of SFR
and stellar mass estimations. A significant positional displace-
ment between the optical stellar emission and corresponding
ALMA 870 um peaks has been found, suggesting that the
majority of the dusty star-forming regions are not colocated
with the unobscured stellar distribution (Chen et al. 2015).
Moreover, several spatially resolved studies of SMGs with
ALMA reveal that the distribution of the gas emission is also
spatially offset from unobscured stellar distribution (Chen et al.
2017; Calistro Rivera et al. 2018). These findings caution against
using global SED fitting routines or relying on stellar masses
derived from them (e.g., Laigle et al. 2016), particularly for dusty
star-forming galaxies (DSFGs). High-resolution imaging is crucial
for characterizing the properties of SMGs, including carrying out
spatially resolved SED fitting and a better morphological
description of the interstellar medium (gas or dust emission).

5.2. T4Lr Correlation

Figure 12 shows Ty versus Lz for our sample in various
redshift bins. The rising 74 with an increase in Lig is expected,
since the emission from the majority of dust is in equilibrium;
therefore, the bulk of the infrared emission is well represented
by the modified blackbody. However, the T4—Lir correlation
could be attributable partially to a real physical effect and
partially to a selection effect. By comparison with our 450 um
selected sample, the typical SMG selection at 850-1200 pm is
known to be biased against very hot populations, since they are
selected from the long-wavelength end of the Rayleigh—Jeans
tail. To investigate this selection bias, we convert our flux
detection limits to Lig limits as functions of T4 using the
modified blackbody in Equation (1). The 450 ym limits
assuming a noise level of 0.65 mJy are shown as the dotted
curves, while the 850 yum limits assuming a confusion limit of
2.1 mJy are shown as dotted—dashed curves. By comparing the
detection limits at 450 and 850 pm, it is clear that the 850 ym
selection effect biases the sample against hot sources and the
450 pm biases against cooler sources at high redshift. This bias
becomes less apparent at high L;z, where submillimeter
observations probe a larger range in dust temperature (see also
Casey et al. 2012; Magnelli et al. 2012; Swinbank et al. 2014).

Our 450 ym selected sample, which probes the dust SED
closer to its peak at z < 3.5, is less affected by the long-
wavelength selection bias and potentially probes a large range
in dust temperature. Indeed, our galaxies span a wide range of
dust temperatures (20K <73 < 60K). For comparison, at
z < 1, we show the Ty—Li relation from z = O-1 Herschel/
SPIRE-selected LIRGs and ULIRGs (Symeonidis et al. 2013)



THE ASTROPHYSICAL JOURNAL, 889:80 (33pp), 2020 February 1

Lim et al.

Modified blackbody scaled to Sasoum =4 X 0.65 mJy

80 ——- Modified blackbody scaled to Sgsoum = 2.1 mJy
Symeonidis et al. 2013 /f
This work (median lrcp& with 10 sca[ter)"
] A Zavalaetal 2018 /./
M 60 4 @ This work . 7/
% 6
| — .//
© . .,/'/.
~ 40 PR
T - f *‘i.
- °

00 < z < 1.07

Modified blackbody scaled to Sgsoum =4 X 0.65 mJy
——- Modified blackbody scaled to Sgsoum = 2.1 mJy

1-- Roseboom et al. 2012 Y

10<z< 207

Modified blackbody scaled to Saspum =4 X 0.65 mJy

Modified blackbody scaled to Sgsopm =4 X 0.65 mJy

80 —-—- Modified blackbody scaled to Sgso g = 2.1 mJy ——- Modified blackbody scaled to Sgsgpm = 2.1 mJy
s
7
[
' 60 1
—_ -
~
40 1 : e
/'/
20 1 1 30<z< %0
10 10 11 12 13

log(LiRr) [Lo]

log(Lir) [Lo]

Figure 12. Shown is T4 vs. L for our 450 pm sample (black circles) and other populations. The dark shaded areas show the running medians of our sample and the
1o scatters. The red shaded area shows the range of 1o scatter of the z = 0—1 Herschel /SPIRE-selected LIRGs /ULIRGs from Symeonidis et al. (2013). The dashed
curves are the relation derived from z > 1.5 Herschel /SPIRE-selected sources in Roseboom et al. (2012). The triangles are 450 pm selected SMGs from the shallower
SCUBA-2 survey of Zavala et al. (2018). To demonstrate the effects of selection, we convert our flux detection limits to the Ljr sensitivity limits at a given T4 using a
modified blackbody under detection limits corresponding to a 450 pm noise of 0.65 mJy (dotted curves) and the 850 ym confusion limit of 2.1 mJy (dashed—dotted

curves) in the middle of the redshift bins.

in Figure 12. A small offset may exist between our T4 estimates
and theirs, since their T4 estimates were translated from the
SED peaks using the Wien displacement law for the modified
blackbody. In the high-redshift bins, we show the Ty4—Lig
relation from z > 1.5 Herschel /SPIRE-selected sources
(Roseboom et al. 2012) and brighter SCUBA-2 450 ym
sources (Zavala et al. 2018). Overall, the medians of our
sample (dark shaded areas in Figure 12) are consistent with the
previous studies within the measurement errors. At z < 1, the
distribution of our 450 pm sources appears to be different from
the trend from Symeonidis et al. (2013), with higher 74 at high
Lir and a wider spread in Ty at lower Lig. Similar trends also
appear to exist at | < z < 2 and 2 < z < 3 when comparing
the distribution of our 450 um sources with the relation of
Roseboom et al. (2012). However, our measured values are
consistent with the trends of Roseboom et al. (2012) and
Symeonidis et al. (2013) under our current sample size and
error bars. Therefore, we conclude that our galaxies overlap
with all of these samples on the T4—L;g plane. Despite a weak
450 pm selection effect in the Tg—Lir plane, we conclude that
our sample is representative for SMGs of Lig > 10'2 L, over a
wide redshift range, at least up to z =~ 3.

We further examined the dependence of dust temperature on
redshift and AMS. To do this, we performed linear fits to the
properties from our sample. In the fitting, we applied weights
estimated by adding the uncertainties to the variables in
quadrature. For estimating the weighted Pearson correlation
coefficient, we took the weighted average and sum when
calculating the total sum of squares and the sum of squares of
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residuals. Our sample shows a moderate redshift dependence
of dust temperature with a Pearson correlation coefficient of
r = 0.55 (black line in Figure 13(a)). This correlation is likely
driven by the aforementioned selection effects at the low-
luminosity end. If we restrict ourselves to sources with
Lig > 102 L, at z < 3 (luminosity and redshift ranges that
are less affected by selection bias in our sample), we obtain
almost no correlation on the 74—z plane with a Pearson
correlation coefficient of r = —0.11 (red line in Figure 13(a)).
This finding conflicts with previous studies where Ty was found
to increase with redshift (Magnelli et al. 2013; Swinbank et al.
2014; Béthermin et al. 2015; Schreiber et al. 2018; Zavala et al.
2018). On the other hand, our finding may be consistent with a
recent study of high-resolution cosmological simulations where
the mass-weighted dust temperature (based on radiative transfer
modeling) does not strongly evolve with redshift over z = 2-6
(Liang et al. 2019). We suggest that the evolution derived in
previous studies might be biased by the T4 selection effect (see
also Chapman et al. 2004a; Chapin et al. 2009; MacKenzie
et al. 2016) if they do not apply similar L and z cuts as we do.

Our entire sample and the subsample of Lig > 10'> L, at
z < 3 show moderate correlations between AMS and Ty with
Pearson correlation coefficients of r = 0.67 and 0.28, respec-
tively (Figure 13(b)). This result is consistent with previous
observations of Herschel-selected dusty galaxies (Magnelli
et al. 2012, 2014). This result is also in line with the
semianalytical model of hierarchical galaxy formation of
Cowley et al. (2017), which suggests that starburst-dominated
galaxies have generally hotter T4 driven by the enhanced star
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Figure 13. (a) T4 vs. redshift. We find a moderate redshift dependence of dust temperature with a Pearson correlation coefficient of » = 0.55. We obtain almost no
correlation (- = —0.11) on the T4~z plane for the subsample of Lir > 10'2 L, at z < 3 (red symbols). This may reflect the selection effect that 450 um observations
are biased against low-Lr (and thus low-T,) galaxies at high redshift. (b) Ty vs. AMS. We also find moderate correlations between the AMS and Ty from our entire
sample (black symbols) and the subsample of Lig > 10'2 L, at z < 3 (red symbols) with Pearson correlation coefficients of 7 = 0.67 and 0.28, respectively. This
finding supports the scenario that starburst galaxies have higher 74 that is driven by the enhanced star formation.

formation. However, these positive linear relationships between
AMS and Ty are likely driven by the fact that AMS is
proportional to SFR (i.e., Lig) and L is correlated with Ty
(Figure 12). Indeed, we find moderate dependencies between
AMS and Lz with Pearson correlation coefficients of r = 0.53
and 0.31 for our entire sample and the subsample of L >
102 L, at z < 3, respectively.

The large scatter of our sources in the AMS-T, plane could
be caused by the uncertainties in the AMS and T4 measure-
ments. To test this, we performed a simple Monte Carlo
simulation, assuming perfect correlations (black and red lines
in Figure 13(b)) with Pearson correlation coefficients of
r = 1.0 and generating random realizations of AMS and Ty4
with the same sample size as our real data. We then perturbed
the simulated AMS and T, with the uncertainties in our real
sample under the assumption of Gaussian distribution. We
produced 100 realizations of these simulations and calculated
their Pearson correlation coefficients. As expected, the mean
values of the Pearson correlation coefficients from the iterations
(r = 0.68 £+ 0.04 and 0.47 + 0.09 for the black and red lines
in Figure 13(b), respectively) become lower and closer to the
observed values. This implies that the intrinsic AMS-Ty
correlation appears to be stronger than the moderate observed
correlations, which are strongly affected by measurement
uncertainties.

Figure 14 is a diagram similar to Figure 13(b) with data
points colored with HST WFC3 morphological classes from
Chang et al. (2018) and sized with Lig. Ninety-seven sources
have suitable CANDELS images to be classified. Galaxies
with merger /irregular features have a median dust temperature
of Ty = 4075 K, which is warmer than galaxies with disk
morphology (median 73 = 36 + 1 K), but the difference is
marginal. We further performed the Kolmogorov—Smirnov test
in the AMS-Ty plane, and the result shows p = 0.02,
indicating that we can reject the null hypothesis of no
difference between galaxies with merger/irregular features
and galaxies with disk morphology. This is in line with
three-dimensional dust radiative transfer calculations in
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are sources with Lig > 10'2 L. Sources that have merger or irregular features
tend to have warmer Ty for a fixed AMS. This finding further supports the
scenario that mergers lead to an increase in Ty.

10 y T v
-0.50 -0.25 0.00 0.25

hydrodynamic simulations of merging disk galaxies (e.g.,
Hayward et al. 2011) and thus supports the scenario that the
starbursts in SMGs are driven by mergers and that the more
compact geometry in mergers leads to a sharp increase in Ty
during the bursts.

5.3. IRX-Byy

Detailed studies of dust attenuation, especially for the dusty
population, will help in understanding the mechanism of the
infrared reprocessed emission. Both [yy and the ratio of
Lir /Lyy, often called “IRX,” are related to the amount of
dust attenuation in galaxies. A correlation between [Gyy and
IRX is observed in local ultraviolet-bright starburst galaxies
(Meurer et al. 1999; Calzetti 2001; Overzier et al. 2011). This
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Figure 15. The infrared excess (IRX) vs. ultraviolet slope (Byy), color-coded by AMS. Our sample shows no obvious correlation in the IRX-(yy plane. For
comparison, we plot attenuation curves from the SMC (dotted lines; Gordon et al. 2003), local starburst galaxies (solid lines; Calzetti et al. 2000), and local

(z < 0.085) DSFGs (dashed—dotted lines; Casey et al. 2014b).

correlation also seems to hold for high-redshift ultraviolet-
selected star-forming systems at z = 2—4 (Reddy et al. 2010;
Heinis et al. 2013; To et al. 2014; Koprowski et al. 2016a;
McLure et al. 2018). However, several studies have shown that
some populations depart from the canonical IRX-yy relation.
At low redshifts, LIRGs and ULIRGs are offset from the
nominal IRX—(yy relation, with larger IRX associated with
bluer Gyv (Goldader et al. 2002; Howell et al. 2010). A similar
trend is also observed in high-redshift DSFGs, which have
bluer Byy at a given IRX (Oteo et al. 2013; Casey et al. 2014b;
Bourne et al. 2017; Chen et al. 2017). On the other hand, at
high redshift, rest optical-selected galaxies at z ~ 2 (Reddy
et al. 2018), z = 5 Lyman break galaxies (Capak et al. 2015),
and z ~ 7.5 Lyman break galaxies (Watson et al. 2015) are
observed to exhibit redder Oyy at given IRX values, which are
more consistent with the SMC attenuation curve.

Many efforts have been made to explain this discrepancy,
but the interpretation is still unclear. Geometrical effects have
been proposed to explain the deviations between local
ultraviolet-selected samples and infrared-luminous star-forming
systems on the IRX—(yvy plane (Goldader et al. 2002; Chapman
et al. 2004b; da Cunha et al. 2015; Narayanan et al. 2018a).
Furthermore, a prominent population of younger O and B stars
with patchy dust geometry has been suggested to move
galaxies above the canonical relation (Casey et al. 2014b). The
intrinsic dust composition and interstellar medium properties
will also impact the IRX—/yy relation (Safarzadeh et al. 2017).
Differences in star formation history may also play some role.
For instance, older or less massive stars contributing to the
ultraviolet emission of galaxies tend to also drive galaxies
below the nominal relation (Kong et al. 2004). Some recent
studies with galaxy formation simulations support all of these
ideas (Popping et al. 2017; Narayanan et al. 2018b). Also,
several recent works suggest that a single dust attenuation law
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is incapable of explaining all galaxy populations on the
IRX—fByv plane (Forrest et al. 2016; Salmon et al. 2016; Lo
Faro et al. 2017; Corre et al. 2018).

It is clear that our sample does not follow a specific
IRX-(Byy relationship (Figure 15). For comparison, in
Figure 15, we plot the attenuation curves for the SMC (Gordon
et al. 2003), local starburst galaxies (Calzetti et al. 2000), and
nearby (z < 0.085) DSFGs (Casey et al. 2014b). The majority
of our sources are on or above the local DSFG relation and
span a wide range of IRX values. This finding is consistent
with earlier works on both local and z ~ 2 dusty galaxies
(Howell et al. 2010; Casey et al. 2014b) that the dust geometry,
as well as dust mass and metallicity, could be contributing
factors. A young, metal-poor galaxy like the SMC is thought to
be less dusty and consequently fainter in infrared emission than
starburst galaxies. Interestingly, most of our galaxies lie above
the SMC relation, which is believed to be the limit for normal
star-forming galaxies (Boissier et al. 2007; Buat et al. 2010;
Overzier et al. 2011; Boquien et al. 2012).

We find a weak trend that a galaxy with a higher AMS (color
code in Figure 15) tends to have a bluer By compared to the
Calzetti et al. (2000) relation (with a Pearson correlation
coefficient of » = 0.19). This finding appears to be consistent
with the result in Kong et al. (2004) that galaxies with more
recent star formation (a higher proportion of young stars) will
be intrinsically bluer for a fixed dust attenuation. However, the
weak trend is only observed on sources at z < 1 (top left panel
of Figure 15), in which the Pearson correlation coefficient
is r = 0.55. In contrast, we obtain almost no correlation
(r = —0.06) between AMS and the deviation from the nominal
IRX—fyy relation if we restrict ourselves to the galaxies at
1 < z < 5. We attribute this to our small sample size, the large
uncertainty in Syy, and/or the large uncertainty in stellar mass
caused by the uncertain dust attenuation in the SED fitting. The
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Figure 16. Upper panels: infrared LFs estimated using our 1/V;,,x method (black points) and likelihood method (black curves) in three redshift bins. The uncertainties
of the 1/ V. LFs are calculated using the Poisson errors, while the errors of the likelihood LFs (dark shaded regions) are calculated as |Ax?| < 2.3(£10). Lower
panels: same as the upper panels, except that the likelihood LFs are estimated with a fixed o of —0.5 & 0.7 and their corresponding errors are calculated as

|Ax? <

1.0(£10). We also present the LFs from Herschel/PACS (Magnelli et al. 2013), PEP-HerMES/Herschel (Gruppioni et al. 2013), and the JCMT 850 ym

selected sample (Koprowski et al. 2017). The dashed curves represent published LFs that are extrapolated beyond their detection limits. The black dashed vertical lines
show the median detection limit of our Lig values for the corresponding redshift bins.

large scatter of our sample on the IRX—(yy plane may also
partially explain the discrepancy between the LE PHARE-based
SFR and the direct SFR measurements (SFRyy + SFRR),
since the relationship between IRX and [yv has been widely
used as a calibration tool in SED fitting to infer dust
obscuration, and thus SFR estimates. We expect this to be
improved by future high-resolution imaging, which can enable
spatially resolved SED fitting.

6. Infrared LF

The infrared LF is an important measurement that can be
directly related to the underlying obscured star formation. The
evolution of the infrared LF can also provide strong constraints
on the history of star formation in the universe and galaxy
formatlon models. The LF, denoted by ®(L) (in units of Mpc
dex '), is defined to be the number of galaxies per unit
luminosity per unit volume. Two estimations of LF are often
adopted, and we adopt both in our studies.

6.1. 1/V 0 Method

The standard 1/Vj,,, method is a popular estimator for
determining the LF and as a probe of evolution (Schmidt 1968).
This method allows us to determine the LF directly from the
data without any assumptions on the LF shape. The LF in a
given luminosity and redshift bin is estimated as

N —
BLo2) = -3 ©)

;i G X Vmaxz

23

where AL is the width of the luminosity bin, s; is the spurious
fraction, and c; is the completeness at the flux level of the ith
galaxy. Also, Vi ; 1S the maximum comoving volume over
which the ith galaxy can be detected,

Y
Vmax,i = _Vzmx,is (7)
4
where ); is the effective solid angle of the survey and V,__ ; is

the comoving volume at maximum redshift (zp,x) for which the
ith galaxy can be detected. By shifting the best-fit LE PHARE
SED (Section 4.4) to a greater distance and comparing its
observed 450 ym flux density with the survey detection limit,
we can determine V, ; for each galaxy. Since the sensitivity
of our map is inhomogeneous, each galaxy has its own
corresponding survey solid angle §2;. We therefore calculate the
map area over which the ith galaxy can be detected at 40. The
results are presented as black circles in Figure 16 and
summarized in Table 8. The errors on the LFs are calculated
assuming Poissonian statistics without including the uncertain-
ties from photometric redshift and SED template degeneracy. It
is worth noting that there is a bias caused by the fact that we
can only consider galaxies having optical redshift estimates.
Nineteen sources in our sample have zpgr estimates
(Section 4.2.1), and they do not have reliable Lig determina-
tions. If we include these 19 zgr estimated sources, their effects
are negligible in the LFs at z < 1.3, while the LFs in the
redshift bins of 1.3 <z < 2.5 and 2.5 <z < 4.0 will be
enhanced, on average, by 0.12 + 0.06 and 0.21 £ 0.08 dex,
respectively.
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Table 8
Infrared LF from 1/Vpax Method®

log(®/Mpc—3 dex 1)

log(Lir /L)

00<z< 13 13<z<25 25 <z<40
10.6 —2.99 + 0.56 (2)
10.8 —2.75 £ 0.30 (7)
11.0 —-3.67 £ 0.51 (3)
11.2 —3.47 £ 0.33 (6)
11.4 —3.31 £ 0.25 (8) —3.25 + 0.33 (6)
11.6 —3.60 + 0.28 (11) —3.77 £ 041 (5)
11.8 —3.13 £ 0.17 (12) —291 £ 0.12 (17) —3.72 £ 0.62 (2)
12.0 —4.16 £ 0.56 (2) —3.49 + 0.19 (15) —3.90 + 0.58 (2)
12.2 —3.89 £ 0.31 (5) —-3.41 +0.21 (9) —2.99 + 0.36 (3)
12.4 —3.92 + 0.23 (12) —3.32 + 0.25 (10)
12.6 —4.29 £+ 0.33 (7) —3.69 £ 0.27 (11)
12.8 —5.29 + 1.00 (1) —5.12 + 1.00 (1)
13.0 —4.00 + 0.26 (5)
Note.

? The values in parentheses in each column describe the number of sources in each luminosity and redshift bin.

6.2. Likelihood Method

We also adopt a parametric likelihood estimator in the form
proposed by Sandage et al. (1979, hereafter STY) to model the
infrared LF. This parametric technique assumes an analytical
form for the LF and therefore does not require the binning of
the data. The STY estimator can be constructed as follows.

The probability density for a galaxy of luminosity L; to be
detected at redshift z; in a luminosity-limited redshift survey is
estimated as

d(L;
pox ) ®)
| d(L)dL
Lmln(zi)
The corresponding likelihood estimator is
N 1-s;
£ = 1] pl=, 9
i=1

where c; is the completeness, s; is the spurious fraction, and
L min(z) 1s the minimum L observable at redshift z; in a flux-
limited sample. The product is made over N galaxies of the
sample in the redshift bin. The estimation of the minimum Lz
for our entire sample is difficult to determine, since no SED
template can well represent all L;z values over a large redshift
range. An assumed SED template, which is represented by a
single temperature, may lead to a potentially biased result
because of the degeneracy between T4 and redshift. To remedy
this, we adopt a similar procedure to that in Zavala et al.
(2018). We adopt the evolution of T4 with redshift (black line
in Figure 13(a)) and the assumption of a modified blackbody
SED (Equation (1)) with a median emissivity index 8 = 1.80
to reproduce the luminosity detection limit as a function of
redshift for all of our data (solid curve in Figure 8). We then
take the interpolated value at a given z; from this function to
calculate the Lpin¢, for the ith galaxies. We note that the
redshift evolution in Ty for our sample is consistent with being
driven mainly by the selection effects (Section 5.2). Therefore,
our estimated Lz limits take into account the selection bias and
its effects on the averaged SED. We verify that a change in T4
of 7% K (16th-to-84th percentile range for our sample) only
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leads to an uncertainty of Lig limits by 074 dex, on average,

from z = 0 to 5. We then minimize —2In(£), which can be
taken as following the 2 distribution for large-N statistics
(Pearson 1900; see also the review in Cochran 1952), by using
the “minimize” algorithm in the scipy package.

We assume the classical LF form (Schechter 1976),

LY —L
P(L) = CID*(L—*) exp (L—*),

where the parameters are the normalization ®,, the character-
istic luminosity L,, and the faint-end slope «. A further
consideration is that the ®, value will be canceled in the STY
estimation (Equation (8)) and consequently has to be estimated
independently. Here ®, can be recovered by integrating the
obtained likelihood LF over the luminosity range of the survey
and then equating it to the mean number density 7i of the
observed galaxy sample,

(10)

7= fLOO ®(L)dL, 11

where L, iS a minimum luminosity. In practice, we can
ignore this L.,;,, since the integration of this equation will
cancel out in the following procedure.

The mean number density of galaxies at redshift z also can
be represented by

n(z)
QV@SE@)’

where n(z) is the number of observed galaxies, V(z) is the
volume, and €2(z) is the mean solid angle of our sample at
redshift z. The quantity S(z) is the selection function of the
survey, given by

12)

n=

* ®(L)dL

min(z)

f;o d(L)dL

min

S = 13)

where Lpin(;) 1S the minimum L;r observable at redshift z in a
flux-limited sample. By combining Equations (11) and (12), we
can derive the normalization ®.,.
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Table 9
Parameter for the Best-fit Infrared LF from the Likelihood Method

Redshift Range log (Lx/Lo) log (®x/Mpc~2 dex™") a log (L+/Le)" log (®4/Mpc~? dex™!)’
00<z<13 11911933 —3.24%942 —0.64104 —3.14%018 11897349
13<z<25 12.2643%7 —3.071947 —0.39+034 —3.17+%4 12.3179%8
25<z<40 12365938 —3.17°9% 0.86719¢ —3.774038 12775043
Note.
# Derived with a fixed faint-end slope.

The results of the likelihood method are presented as black —@— This work
curves in Figure 16 and summarized in Table 9. The constraint —&— This work (fixed )
in the faint-end slope may be weak at our highest redshift bin 25 —&— Magnelli et al. 2013
(2.5 < z < 4.0), since our observations start to lose sensitivity Gruppianiietal. 2015
for the Lig < 102 L. population at such a high redshift. I Koprowskiiet:al. 2017
Therefore, we fix o to —0.5 & 0.7, which is the z < 2.5 5 o
average; refit the likelihood LFs to all three redshift bins; and L ™ R
show the results in the lower panels of Figure 16. The errors on n—:é N
the likelihood LFs (dark shaded areas in Figure 16) are I
calculated by taking |Ax?| < 2.3 (or <1.0), where the number § -35
2.3 (or 1.0) corresponds to 10 (Avni 1976) for two (or one, in =
the case of fixed «) degrees of freedom. Py

&0
6.3. Comparison with Other Observations
It is interesting to compare our infrared LFs with previous i

studies. We plot the LFs from Herschel/PACS (Magnelli et al.
2013), Herschel PEP-HerMES (Gruppioni et al. 2013), and
JCMT 850 pm (Koprowski et al. 2017) samples in Figure 16.
To adapt their results to our redshift bins, we simply take the
mean value of ® that is within or nearest to our redshift bins
from the published estimations. The work of Magnelli et al.
(2013) is based on Herschel /PACS. Their data do not extend to
wavelengths longer than 160 pum, and their LF estimations are
only for z < 2.3. For the work of Koprowski et al. (2017), we
converted their rest-frame 250 pm luminosity into the total Lig
by using the averaged ALESS 870 ym SEDs (da Cunha et al.
2015) for the same redshift bins as their LF estimates at
z< 15 15<z72<25,25<z<3.5,and z > 3.5. Our LFs
are statistically consistent with all of the previous estimates
within the uncertainties.

For the Herschel-based LFs, Magnelli et al. (2013) adopted a
fixed power-law slope of —0.60, whereas Gruppioni et al.
(2013) used a flatter fixed slope of —0.20. In the work of
Koprowski et al. (2017), they adopted a fixed faint-end slope of
—0.40, based on the result from ALMA 1.3 mm selected SMGs
at 1.5 < z< 2.5 (Dunlop et al. 2017). Our best-fit faint-
end slope from the likelihood method at 1.3 <z < 2.5
(a=—0.4+£0.5) is more consistent with the ALMA result.
In contrast, our measured faint-end slope at 2.5 < z < 4.0
(«=0.9"19) is flatter than the assumed faint-end slope from
the literature (o« = —0.20, —0.40, and —0.60) or even our low-
redshift measurements (o = —0.6 0.4 and —0.4 £ 0.5). This
may reflect the fact that our likelihood method, which takes the
faint-end slope as a free parameter in determination, is less well
constrained at low luminosities where the numerous faint
sources may lie beyond our current detection limit at high
redshift. The future STUDIES survey with increased sensitivity
will detect the fainter population and improve the faint-end
slope estimations.

We compare the characteristic parameters of the various
likelihood LFs at various redshifts in Figure 17. Our &,

25

(a)

13.5 1
—@— This work
—— This work (fixed @)
13.0 { —@— Magnelli et al. 2013
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Figure 17. Evolution of estimated (a) @, and (b) L, values from the likelihood
LFs. The evolution of &, is more model-dependent and could be disrupted by
the different assumptions on the shape of the LF or the adopted «.. Once the fits
of the likelihood LFs are forced to have the same faint-end slope, @, decreases
with increasing redshift, and the trend is consistent with Herschel-based
(Gruppioni et al. 2013; Magnelli et al. 2013) and SCUBA-2 850 ym
(Koprowski et al. 2017) observations. The characteristic luminosity L,
increases in cases of both free and fixed a. The trend suggests that our
observations are consistent with the “cosmic downsizing” scenario.

estimated by the LF fit with a kept as a free parameter shows
no evolution with redshift (Figure 17(a)). The ®,, estimation is
more model-dependent and could be disrupted by the different
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Figure 18. Same as Figure 16, except that we compare our LFs with results from theoretical studies. The LFs from Béthermin et al. (2017) and Aoyama et al. (2019)
are shown in orange and light green, respectively. The results of the dust-poor model are shown in cyan and the dust-rich model in red (Casey et al. 2018).

assumptions on the shape of the LF or the adopted « (see also
Casey et al. 2014a). Once the fits of likelihood LFs are forced
to have the same faint-end slope, @, decreases with increasing
redshift, and the trend is consistent with previous studies based
on Herschel (Gruppioni et al. 2013; Magnelli et al. 2013) and
SCUBA-2 850 um observations (Koprowski et al. 2017). On
the other hand, we find that as we increase the redshift, the
characteristic luminosity L, increases in both cases of free
or fixed o (Figure 17(b)). The increase in L, with redshift
suggests that our observations are consistent with the “cosmic
downsizing” scenario (e.g., Cowie et al. 1996), in which the
contribution of luminous sources dominates in the early
universe, whereas the growth of the less luminous ones
continues at lower redshifts.

6.4. Comparison with Models

We compare our LFs with theoretical studies in Figure 18. In
the work of Béthermin et al. (2017), they built a 2 deg” dark
matter simulation, called the Simulated Infrared Dusty Extra-
galactic Sky, for FIR-to-millimeter wavelengths. This is a
phenomenological simulation based on the latest observational
constraints on the stellar mass function, the main sequence of
star-forming galaxies, and the evolution of SEDs. The authors
claimed to reproduce the number counts from the FIR to
the millimeter, the measured redshift distributions, and the
evolution of the obscured SFR density (SFRD). Their work
also described the disagreement between the number counts
from single-dish instruments and interferometers. When « is
free to vary in the likelihood LF fitting, the only slight
discrepancy between our results and the Béthermin et al. (2017)
model is at z > 2.5, where the model is, on average, 0.3f8j% dex
below our observations. Once « is fixed in the LF fitting, our
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LFs are in broad agreement with their predicted LFs within the
uncertainties.

Aoyama et al. (2019) performed a cosmological hydrody-
namic simulation with dust evolution based on the GADGET-3
code (originally described in Springel 2005) to predict the
cosmic dust abundances at various redshifts. In their simulation,
they considered the distribution of dust grain size to be
represented by two populations: large (0.1 pm in radii) and small
(5 x 107 pm in radii) grains. Their simulation treats the
enrichment of dust self-consistently with star formation and
stellar feedback. Dust is generated by supernovae and AGB stars
and can grow by accretion. Dust can also be destroyed by
supernova shocks, coagulated in the dense ISM, or shattered in
the diffuse ISM. Here we compare our results with their high
spatial resolution simulation with 2 x 5127 particles in a box
size of 50! Mpc. As shown in Figure 18, at z < 1.3, their
predicted LF is consistent with our measurements within the
uncertainties. However, at 1.3 < z < 2.5, their simulation
significantly underpredicts the LFs by 1.170% dex in the free-a
case and 1.1 & 0.2 dex in the fixed-« case at Lig > 10'> Lo, on
average. Their simulation does not even have sufficient data
points in the bright end at redshift bins of 2.5 < z < 4.0
compared to our results. The authors attributed this to the lack of
certain heating sources (e.g., AGN feedback or a top-heavy IMF)
in their simulation, and it was partially due to the insufficient
spatial resolution of their model.

Casey et al. (2018) explored two extreme evolution models:
dust-poor and dust-rich. The DSFGs contribute negligibly
(<10%) in the early universe (z > 4) in the dust-poor model,
while DSFGs dominate (>90%) the star formation in the early
universe in the dust-rich model. These models are based on
the existing measurements of the infrared LFs and existing
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Table 10
SFRDs Derived from the Likelihood LFs

Redshift SFRD* SFRD (LIRGs) SFRD (ULIRGs) SFRD™" SFRD (LIRGs)" SFRD (ULIRGs)"
(M5 yr~' Mpc—)
00<z<13 0.052+ 364 0.0317924¢ 0.006+3:952 0.053+3947 0.033+3:927 0.007+3534
13<z<25 0.12699% 0.06670318 0.0527933] 0.128%9497 0.07079348 0.0500:9532
25<z<40 0.09579372 0.0087 5481 0.081F):528 0.09475.% 0.03579%3] 0.05779952
Notes.

 The results are derived from our best-fit likelihood LFs with integration limits of Lyjn = 0.03 Ly t0 Lygx = 1039 L.

® Derived with a fixed faint-end slope.

empirical constraints on the dust SED characteristics of
infrared-luminous galaxies (i.e., emissivity spectral index and
mid-infrared power-law index) as a function of L1g and z. Their
simulation generated 1deg” synthesis maps with 0”5 pixel
scale from 70 ym to 2 mm by injecting sources with densities
determined from the projection of LFs and flux densities from
inferred SEDs. They provide predictions of number counts
from 70 um to 2mm, redshift distributions, and evolving
galaxy LFs at both ultraviolet and infrared wavelengths. The
predictions of LFs from their two models are consistent
with our measurements at z = 0-2.5. However, at z > 2.5,
comparing to our LF fit with « as a free parameter, their dust-
poor model underpredicts the infrared LF by 0.5 £ 0.2 dex,
while their dust-rich model underpredicts the LF by (0.3 £+ 0.2)
dex, on average. The discrepancies still exist compared to our
LF results with « fixed. Their dust-poor model underpredicts
the LF by 0.6 & 0.2 dex, while their dust-rich model under-
predicts the LF by 0.4 + 0.2 dex, on average. This may be
simply due to the lack of data at higher redshifts in their
models. The existing measurements of the infrared LFs in their
work are mainly at z < 2 and do not tightly constrain the shape
of infrared LFs at high redshift.

In summary, the simulated LFs from models and observa-
tions appear to diverge for high-redshift bins (z > 2.5;z > 1.3
in the case of Aoyama et al. 2019). These results may highlight
the complexity for the models to interpret the high-redshift FIR
observations and/or the difficulty for the observations to well
constrain the LFs at high redshift. Nevertheless, our results
seem to suggest that the models require some ingredient that
produces more infrared-emitting galaxies at high redshift.

7. The Obscured Star Formation History

The constructed infrared LFs allow us to determine the
redshift evolution of the obscured SFRD. By integrating our
infrared LFs produced with the likelihood method, we obtained
the infrared comoving luminosity densities. The integrated
infrared comoving luminosity densities can then be converted
to SFRDs using Equation (4). The uncertainties of our SFRDs
were derived by integrating the 1o upper and lower bounds on
the likelihood LFs. The results are presented in Figure 19 and
summarized in Table 10. In the figure, filled symbols show the
results derived using integration limits of L, = 0.03 Ly to
Linax = 10331, while open symbols show those derived by
integrating from our minimum observational limits (vertical
dashed lines in Figure 16) t0 L. = 10133 L. There are no
significant differences between these two. We verify that the
uncertainties of SFRDs will be lower, on average, by a factor of
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Figure 19. SFRD vs. redshift. Our estimations are shown as black filled
(integrated from 0.03 Ly to 10'3°L) and open (integrated from the minimum
observational limits to 10'33L.) symbols. The circles and triangles show the
results from the cases of free and fixed «, respectively. The horizontal
displacements between the symbols are artificial, to avoid confusion. For
comparison, we also show the Herschel-based studies (Gruppioni et al. 2013;
Magpnelli et al. 2013; Rowan-Robinson et al. 2016), as well as SCUBA-2-based
studies (Bourne et al. 2017; Koprowski et al. 2017). The width of the shaded
areas represents the range of 10 scatter of the corresponding data sets. The
solid cyan curve shows the best-fit evolution function of SFRD from Madau &
Dickinson (2014) using rest-frame far-ultraviolet or mid-to-FIR data from a
variety of galaxy surveys.

~3.5 if we assume a fixed « in the LF estimations, which is the
case in most other studies in the literature.

In Figure 19, we also show the SFRDs from the combined
optical and infrared analyses in Madau & Dickinson (2014;
which is supposed to represent the total SFRD in the universe)
and various Herschel (Gruppioni et al. 2013; Magnelli et al.
2013) and SCUBA-2 studies (Bourne et al. 2017; Koprowski
et al. 2017). Madau & Dickinson (2014) obtained measure-
ments of the cosmic SFRDs based on rest-frame far-ultraviolet
or mid-/FIR data from a variety of galaxy surveys (mostly
post-2006). The surveys used in their work provided best-fit LF
parameters, which allowed them to integrate the LF down to
the same relative limiting luminosity. In the Herschel-based
studies, the SFRDs were derived by adopting fixed faint-
end slopes of a = —0.20 in Gruppioni et al. (2013) and
a = —0.60 in Magnelli et al. (2013) or fitting the infrared LF
with the Saunders functional form (Saunders et al. 1990) in
Rowan-Robinson et al. (2016). We reproduce the SFRDs of
Koprowski et al. (2017) by integrating the total infrared LFs
that are calculated from their rest-frame 250 ym LFs and
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Figure 20. The SFRD vs. redshift, broken down by LIRG and ULIRG
contributions. Our estimations are shown as gray (LIRGs) and black (ULIRGs)
points. The horizontal displacement between the two measurements is artificial,
to avoid confusion. The results from Magnelli et al. (2013), Goto et al. (2010),
and Murphy et al. (2011) are shown as green, blue, and red shaded regions (1o
scatter), respectively. The cyan curve shows the total SFRD from Madau &
Dickinson (2014).

averaged ALESS SEDs (da Cunha et al. 2015) for the same
redshift bins of their LFs at z < 1.5, 1.5<z<25,
2.5 < z< 35, and z > 3.5. The SFRDs from Magnelli et al.
(2013), Gruppioni et al. (2013), and us (filled symbols in
Figure 19) are higher than the others. This could be caused by
the adopted limits of integration assumed in the different
studies. Overall, all these measurements (including ours) are in
broad agreement with each other between redshifts of 1 and 4,
although this is partially due to the large uncertainties in all
surveys. In summary, the majority of the SFRD is obscured
over redshifts up to z ~ 4. Some of these results show a
potential SFRD peak at z ~ 1-2. Our measurements at this
moment do not yet have sufficient precision to confirm this
peak, but again, we expect this to improve when STUDIES is
complete.

We also present the evolution of the SFRDs, breaking them
down into LIRG and ULIRG contributions in Figure 20 and
Table 10. Our measurements at z = 1-2 are consistent with the
estimates of the Akari mid-infrared selected sample (Goto et al.
2010), Spitzer 24 ym selected galaxies (Murphy et al. 2011),
and Herschel-selected sources (Magnelli et al. 2013). By
combining the measurements from the low-redshift sample, we
find that the contribution of the ULIRG population to the
SFRD rises dramatically from z ~ 0 to 2, oc(l + z)39*!1
(o<(1 + z)>*94 in the case of fixed « in the LF fit), and plays a
dominant role at z 2 2. Our observations confirm the
importance of luminous obscured star formation in the early
universe up to z ~ 3.

8. Summary

By combining the SCUBA-2 data from the ongoing JCMT
Large Program STUDIES and the archive in the COSMOS-
CANDELS region, we have obtained the deepest to date 450 ym
blank-field image, which has a 1o noise level of 0.65 mly in the
deepest area. We detected 256 450 um sources at S/N > 4.0 in
an area of 300 arcmin®, 192 of which have optical counterparts
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and abundant multiwavelength photometric and spectroscopic
data. Our main findings are the following.

1. The median redshift of our sample with optical redshifts
is z = 1.79709 with a 16th-to-84th percentile range of
1.7-1.9. Their redshifts range from z = 0.12 to 4.76, with
the majority at z < 3. The median redshift will increase to
z =19 £ 0.1 if we remove the suspected AGNs and
assume that sources without reliable identifications in the
optical are at z = 3.

2. We investigated the relation between the total SFR and
stellar mass. We conclude that our data start to probe into
the normal star-forming population out to z ~ 3. Around
35732% of our sources with a lower limit of 24732 are
classified as starburst galaxies, while the rest are on the
star formation main sequence.

3. Our galaxies have a median dust temperature of Ty =
38.3794 K with a 16th-to-84th percentile range of 30-50 K
and overlap with the ranges previously observed on SMGs
out to z =~ 3. After examining the Ty—L relation of our
sources and our detection limits, we conclude that our
sample is representative for SMGs of Lig > 102 L., over a
wide redshift range, at least up to z ~ 3.

4. We found a moderate correlation between T4 and z for
our entire sample. However, we obtained almost no
correlation between Ty and z if we restricted ourselves to
sources with Lig > 10'2 L, at z < 3. We suggest that the
apparent 74—z evolution of our sample and some previous
studies may be caused by the selection effect that 450 um
biases against cooler sources at high redshift.

5. We found a moderate, positive correlation between AMS
(deviation from the SFR-M, relation of the main
sequence) and 74. Galaxies in our sample with mergers
or irregular features also tend to have higher T, at fixed
AMS. These findings are consistent with the simulations
of merger-triggered SMGs, where the more compact
geometries in star-forming galaxies lead to a sharp
increase in T4 during the burst.

6. Our sources span a wide range in IRX (Lg /Lyv) and do
not follow the tight IRX—(yy relation that was observed
in the local universe. Almost all of our galaxies lie above
the SMC relation that is believed to represent the limit of
normal star-forming galaxies.

7. We conducted direct (1,/V,.x) and likelihood estimations
of the infrared LFs. Our measurements are consistent with
previous studies within the errors. Our sample size and
depth at z < 2.5 allow us to leave the faint-end slope as a
free parameter, while at z > 2.5, our measured faint-end
slope is less well constrained where more faint sources lie
beyond our current detection limit. Our faint-end slope
at 1.3 < z<25 (o= —-04 £ 0.5) is consistent with
recent ALMA-based estimations.

8. Our SFRD measurements are in broad agreement with
previous studies. We find that the contribution of the
ULIRG population to the SFRD rises rapidly from z = 0
to z >~ 2 and remains dominant at z 2 2. Our observa-
tions confirm the importance of luminous obscured star
formation in the early universe up to z ~ 3.
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Appendix A
Monte Carlo Simulation

We performed Monte Carlo simulations to compute the
detection completeness, flux boosting, and spurious fraction.
We first generated a “true noise” map by using the jackknife
technique (e.g., Cowie et al. 2002; Chapin et al. 2013; Wang
et al. 2017). We divided the individual scans into two
interlacing halves, then coadded them separately. After that,
they were subtracted from one another to make a clean
removal of astronomical sources. The resultant map was
scaled by /nt,/(fi + 1), where f; and 1, are the noise-
weighted integration times of each pixel in each of the two
half-maps. We verify that the rms noise estimated from the
true noise map is consistent with the instrumental noise
calculated by SMURF.

To recover the observational biases, we randomly inserted
the scaled synthetic PSF into this jackknife map without any
clustering and with intrinsic (corrected) counts (see below) in
1-50mlJy. According to Wang et al. (2017), there is no
significant difference between their observed counts and the
counts in the simulations of the infrared-to-submillimeter
extragalactic sky with clustering (Béthermin et al. 2017). This
indicates that the clustering of 450 um sources on the scale of
our beam size is likely to be weak. Because the effects of
observational biases crucially depend on the intrinsic counts,
we adopted an iterative procedure to determine the intrinsic
counts from the observed raw counts. We fitted our observed
raw counts with a Schechter function and took this to be the
initial source counts. We then ran the source extraction on the
simulated image and derived the output source counts. We
estimated the ratio between the input and output source counts
and used this to adjust the input counts for the next iteration.
We then repeated the procedure 300 times. The first 100
simulations make the output counts converge to the observed
raw counts. Utilizing the results from the remaining 200
simulations (including the position information and flux
densities of the input and output sources), we can calculate
the completeness, flux boosting, and spurious source correc-
tions. We randomly choose 200 sources and show these bias
effects as a function of S/N in Figure 21.

We estimated the expected positional errors from the Monte
Carlo simulations. The mean positional offset between the
input positions and the measured output positions is ~1”2 for
40 sources, where the 90% confidence interval is ~4” (under a
maximum search radius of 7”0). Therefore, to estimate the
completeness, we matched the sources between input and
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Figure 21. (a) Completeness, (b) flux boosting, and (c) spurious source corrections from 200 source realizations as a function of S/N.
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output catalogs using a search radius of 4” from the input
source positions. An input source without a match is considered
to be undetected. The ratio between the numbers of matched
output sources and the total number of input sources is the
completeness factor (Figure 21(a)). The completeness is about
73%, 91%, and 97% at 40, S0, and 60, respectively.

To estimate the flux boosting caused by noise and the
confusion of faint sources and the spurious fraction, we
matched the sources in both the input and output catalogs by
using a search radius of 4” from the output source positions.
For the flux-boosting estimation, we need to ensure that the
input and output sources have similar flux densities. Therefore,
we only consider matches when the flux densities of the input
and output sources are within a factor of 2 of each other. When
multiple input sources meet the above flux ratio criterion, the
brightest one is considered the match. The mean output-to-
input flux density ratio of matched sources is the flux-boosting
factor (Figure 21(b)). The flux-boosting corrections are about
1.3, 1.2, and 1.1 at 40, 50, and 60, respectively. On the other
hand, an output source without a match, or where the flux
densities of matched input and output sources are larger than a
factor of 2 from each other, is considered a spurious source

@ measured noise in radial annuli (raw image)
(a) @® measured noise in radial annuli (sources > 3.50 removed)
2.51
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—— adding o. = 0.73 mJy in quadrature to the instrumental noise
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(Figure 21(c)). The spurious source fractions are 9%, 2%, and
0% at 40, 5o, and 60, respectively.

Appendix B
Confusion Noises

We estimate the confusion noises (c) at 450 and 850 pm from
the images by comparing the measured local flux density
dispersions with their corresponding instrumental noises (o;). In
Figure 22, we show the measured noises in radial annuli around
the map centers as functions of the mean instrumental noises in
each annulus. The black points show the flux density dispersions
measured from the raw images. The large variation in the
measurement is mainly caused by the brighter sources. The red
points represent the flux dispersion measured from the image with
the bright sources removed (greater than 3.50 for 450 um and
brighter than 2 mJy for 850 um). As the instrumental noise (o;;
black curves in Figure 22) becomes smaller, the measured
dispersions (with bright sources removed) should asymptotically
approach o.. We then minimize the Y2 in the function of
02 = 02 — o7 and find the best-fit value of o.. The red curves
in Figure 22 show the results of adding the best-fit o, (0.73 mJy
for 450 pm and 0.42 mJy for 850 pum) in quadrature to o;.

b @ measured noise in radial annuli (raw image)
1.2 ( ) @ measured noise in radial annuli (sources > 2 mjy removed)
—— expectation from the instrumental noise
—— adding o = 0.42 mJy in quadrature to the instrumental noise
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Figure 22. (a) Measured 450 pm noise in radial annuli as a function of the mean instrumental noise in each annulus. The black points show the noise measured from
the raw image, while the red points represent the flux dispersion measured in the image after the sources that are >3.5¢ are removed. The black curve shows the mean
instrumental noise, and the red curve shows the result when o, = 0.73 mly is added in quadrature to the instrumental noise. (b) Same as panel (a) but for 850 ym. The
red points show the flux dispersion measured in the image after the sources brighter than 2 mJy are removed. The red curve shows the result when o, = 0.42 mly is

added in quadrature to the instrumental noise.

30



THE ASTROPHYSICAL JOURNAL, 889:80 (33pp), 2020 February 1

ORCID iDs

Chen-Fatt Lim ® https: //orcid.org/0000-0003-1213-9360
Wei-Hao Wang ® https: //orcid.org/0000-0003-2588-1265
Tan Smail @ https: //orcid.org/0000-0003-3037-257X
Douglas Scott @ https: //orcid.org/0000-0002-6878-9840
Chian-Chou Chen @ https: //orcid.org/0000-0002-3805-0789
James M. Simpson © https: //orcid.org/0000-0002-8521-1995
Yoshiki Toba ® https: //orcid.org/0000-0002-3531-7863
Dave Clements © https: //orcid.org/0000-0002-9548-5033
YiPing Ao © https: J/orcid.org /0000-0003-3139-2724

Arif Babul ® https: //orcid.org/0000-0003-1746-9529

Jack Birkin ® https: //orcid.org/0000-0002-3272-7568
Helmut Dannerbauer @ https: //orcid.org /0000-0001-
7147-3575

Ugné Dudzeviciaté © https: //orcid.org/0000-0003-4748-068 1
Yu Gao @ https: //orcid.org/0000-0003-0007-2197

Luis C. Ho @ https://orcid.org/0000-0001-6947-5846
Li-Ting Hsu ® https: //orcid.org/0000-0002-3538-8987

Ho Seong Hwang @ hittps: //orcid.org /0000-0003-3428-7612
Woong-Seob Jeong @ https: //orcid.org/0000-0002-
2770-808X

Maciej Koprowski @ https: /orcid.org/0000-0001-5785-1154
Chien-Hsiu Lee @ https: //orcid.org,/0000-0003-1700-5740
Michat J. Michatowski ® https: //orcid.org/0000-0001-
9033-4140

Harriet Parsons @ https: //orcid.org/0000-0002-6327-3423
Tao Wang © https: //orcid.org/0000-0002-2504-2421

References

Abdurro’uf, M. A. 2018, MNRAS, 479, 5083

Aird, J., Coil, A. L., & Georgakakis, A. 2017, MNRAS, 465, 3390

Alaghband-Zadeh, S., Chapman, S. C., Swinbank, A. M., et al. 2012, MNRAS,
424, 2232

Alexander, D. M., Bauer, F. E., Chapman, S. C., et al. 2005, ApJ, 632, 736

Aoyama, S., Hirashita, H., Lim, C.-F., et al. 2019, MNRAS, 484, 1852

Aravena, M., Decarli, R., Walter, F., et al. 2016, ApJ, 833, 68

Aretxaga, 1., Hughes, D. H., Coppin, K., et al. 2007, MNRAS, 379, 1571

Aretxaga, 1., Wilson, G. W., Aguilar, E., et al. 2011, MNRAS, 415, 3831

Armus, L., Mazzarella, J. M., Evans, A. S., et al. 2009, PASP, 121, 559

Arnouts, S., Cristiani, S., Moscardini, L., et al. 1999, MNRAS, 310, 540

Assef, R. J., Kochanek, C. S., Ashby, M. L. N., et al. 2011, ApJ, 728, 56

Avni, Y. 1976, ApJ, 210, 642

Barger, A. J., Cowie, L. L., & Richards, E. A. 2000, AJ, 119, 2092

Barger, A. J., Cowie, L. L., & Sanders, D. B. 1999, AplJL, 518, L5

Barger, A. J., Cowie, L. L., Sanders, D. B., et al. 1998, Natur, 394, 248

Barger, A. J., Wang, W.-H., Cowie, L. L., et al. 2012, ApJ, 761, 89

Bernstein, G., & Huterer, D. 2010, MNRAS, 401, 1399

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393

Bertoldi, F., Carilli, C., Aravena, M., et al. 2007, ApJS, 172, 132

Béthermin, M., Daddi, E., Magdis, G., et al. 2015, A&A, 573, A113

Béthermin, M., Wu, H.-Y., Lagache, G., et al. 2017, A&A, 607, A89

Blain, A. W., Chapman, S. C., Smail, I., & Ivison, R. 2004, ApJ, 611, 725

Boissier, S., Gil de Paz, A., Boselli, A., et al. 2007, ApJS, 173, 524

Bondi, M., Ciliegi, P., Venturi, T., et al. 2007, A&A, 463, 519

Boquien, M., Buat, V., Boselli, A., et al. 2012, A&A, 539, A145

Borys, C., Chapman, S., Halpern, M., & Scott, D. 2003, MNRAS, 344, 385

Bourne, N., Dunlop, J. S., Merlin, E., et al. 2017, MNRAS, 467, 1360

Bouwens, R. J., lllingworth, G. D., Franx, M., et al. 2009, AplJ, 705, 936

Bouwens, R. J., lllingworth, G. D., Oesch, P. A., et al. 2014, ApJ, 793, 115

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Buat, V., Giovannoli, E., Burgarella, D., et al. 2010, MNRAS, 409, L1

Buat, V., Giovannoli, E., Heinis, S., et al. 2011, A&A, 533, A93

Buat, V., Noll, S., Burgarella, D., et al. 2012, A&A, 545, A141

Calistro Rivera, G., Hodge, J. A., Smail, L., et al. 2018, ApJ, 863, 56

Calzetti, D. 2001, PASP, 113, 1449

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682

Calzetti, D., Kinney, A. L., & Storchi-Bergmann, T. 1994, ApJ, 429, 582

Capak, P. L., Carilli, C., Jones, G., et al. 2015, Natur, 522, 455

31

Lim et al.

Casey, C. M., Berta, S., Béthermin, M., et al. 2012, ApJ, 761, 140

Casey, C. M., Chen, C.-C., Cowie, L. L., et al. 2013, MNRAS, 436, 1919

Casey, C. M., Narayanan, D., & Cooray, A. 2014a, PhR, 541, 45

Casey, C. M., Scoville, N. Z., Sanders, D. B., et al. 2014b, ApJ, 796, 95

Casey, C. M., Zavala, J. A., Spilker, J., et al. 2018, ApJ, 862, 77

Chabrier, G. 2003, PASP, 115, 763

Chang, Y.-Y., Ferraro, N., Wang, W.-H., et al. 2018, ApJ, 865, 103

Chang, Y.-Y., Le Floc’h, E., Juneau, S., et al. 2017, ApJS, 233, 19

Chang, Y.-Y., van der Wel, A., Rix, H--W., et al. 2013, ApJ, 762, 83

Chapin, E. L., Berry, D. S., Gibb, A. G., et al. 2013, MNRAS, 430, 2545

Chapin, E. L., Hughes, D. H., & Aretxaga, I. 2009, MNRAS, 393, 653

Chapman, S. C., Blain, A. W., Ivison, R. J., & Smail, I. R. 2003, Natur,
422, 695

Chapman, S. C., Blain, A. W., Smail, I., & Ivison, R. J. 2005, ApJ, 622, 772

Chapman, S. C., Lewis, G. F., Scott, D., Borys, C., & Richards, E. 2002, ApJ,
570, 557

Chapman, S. C., Smail, I, Blain, A. W., & Ivison, R. J. 2004a, ApJ, 614, 671

Chapman, S. C., Smail, I., Windhorst, R., Muxlow, T., & Ivison, R. J. 2004b,
Apl, 611, 732

Chary, R., & Elbaz, D. 2001, AplJ, 556, 562

Chen, C.-C., Cowie, L. L., Barger, A. J., et al. 2013a, ApJ, 762, 81

Chen, C.-C., Cowie, L. L., Barger, A. J., et al. 2013b, ApJ, 776, 131

Chen, C.-C., Hodge, J. A., Smail, I, et al. 2017, ApJ, 846, 108

Chen, C.-C., Smail, L., Ivison, R. J., et al. 2016a, AplJ, 820, 82

Chen, C.-C., Smail, I., Swinbank, A. M., et al. 2015, ApJ, 799, 194

Chen, C.-C., Smail, I., Swinbank, A. M., et al. 2016b, ApJ, 831, 91

Cochran, W. G. 1952, Ann. Math. Stat., 23, 315

Coil, A. L., Blanton, M. R., Burles, S. M., et al. 2011, ApJ, 741, 8

Condon, J. J. 1992, ARA&A, 30, 575

Conroy, C., Schiminovich, D., & Blanton, M. R. 2010, ApJ, 718, 184

Coppin, K., Halpern, M., Scott, D., Borys, C., & Chapman, S. 2005, MNRAS,
357, 1022

Coppin, K., Halpern, M., Scott, D., et al. 2008, MNRAS, 384, 1597

Corre, D., Buat, V., Basa, S., et al. 2018, A&A, 617, Al41

Cowie, L. L., Barger, A. J., Hsu, L.-Y., et al. 2017, ApJ, 837, 139

Cowie, L. L., Barger, A. J., & Kneib, J.-P. 2002, AJ, 123, 2197

Cowie, L. L., Gonzdlez-Lépez, J., Barger, A. J., et al. 2018, AplJ, 865, 106

Cowie, L. L., Songaila, A., Hu, E. M., & Cohen, J. G. 1996, AJ, 112, 839

Cowley, W. L, Béthermin, M., Lagos, C. D. P., et al. 2017, MNRAS,
467, 1231

da Cunha, E., Walter, F., Smail, I. R., et al. 2015, ApJ, 806, 110

Dale, D. A., & Helou, G. 2002, ApJ, 576, 159

Damjanov, 1., Zahid, H. J., Geller, M. J., Fabricant, D. G., & Hwang, H. S.
2018, AplJS, 234, 21

Delhaize, J., Smol¢ié, V., Delvecchio, L., et al. 2017, A&A, 602, A4

Delvecchio, 1., Smol¢ié, V., Zamorani, G., et al. 2017, A&A, 602, A3

Dempsey, J. T., Friberg, P., Jenness, T., et al. 2013, MNRAS, 430, 2534

Downes, A. J. B, Peacock, J. A., Savage, A., & Carrie, D. R. 1986, MNRAS,
218, 31

Dunlop, J. S., McLure, R. J., Biggs, A. D., et al. 2017, MNRAS, 466, 861

Eales, S., Lilly, S., Gear, W., et al. 1999, ApJ, 515, 518

Elbaz, D., Dickinson, M., Hwang, H. S., et al. 2011, A&A, 533, A119

Elbaz, D., Leiton, R., Nagar, N., et al. 2018, A&A, 616, A110

Evans, A. S., Mazzarella, J. M., Surace, J. A., et al. 2005, ApJS, 159, 197

Farrah, D., Lonsdale, C. J., Borys, C., et al. 2006, ApJL, 641, L17

Farrah, D., Rowan-Robinson, M., Oliver, S., et al. 2001, MNRAS, 326, 1333

Forrest, B., Tran, K.-V. H., Tomczak, A. R., et al. 2016, ApJL, 818, L.26

Franco, M., Elbaz, D., Béthermin, M., et al. 2018, A&A, 620, A152

Geach, J. E., Chapin, E. L., Coppin, K. E. K., et al. 2013, MNRAS, 432, 53

Geach, J. E., Dunlop, J. S., Halpern, M., et al. 2017, MNRAS, 465, 1789

Georgantopoulos, I., Rovilos, E., & Comastri, A. 2011, A&A, 526, A46

Goldader, J. D., Meurer, G., Heckman, T. M., et al. 2002, ApJ, 568, 651

Gordon, K. D., Clayton, G. C., Misselt, K. A., Landolt, A. U., & Wolff, M. J.
2003, ApJ, 594, 279

Goto, T., Takagi, T., Matsuhara, H., et al. 2010, A&A, 514, A6

Greve, T. R., Pope, A., Scott, D., et al. 2008, MNRAS, 389, 1489

Griffin, M. J., Abergel, A., Abreu, A., et al. 2010, A&A, 518, L3

Grogin, N. A., Kocevski, D. D., Faber, S. M, et al. 2011, ApJS, 197, 35

Gruppioni, C., Pozzi, F., Rodighiero, G., et al. 2013, MNRAS, 432, 23

Hainline, L. J., Blain, A. W., Smail, L, et al. 2011, ApJ, 740, 96

Hasinger, G., Capak, P., Salvato, M., et al. 2018, ApJ, 858, 77

Hasinger, G., Miyaji, T., & Schmidt, M. 2005, A&A, 441, 417

Hatsukade, B., Kohno, K., Aretxaga, L., et al. 2011, MNRAS, 411, 102

Hatsukade, B., Kohno, K., Umehata, H., et al. 2016, PASJ, 68, 36

Hatsukade, B., Kohno, K., Yamaguchi, Y., et al. 2018, PASJ, 70, 105

Hayward, C. C., Kere§, D., Jonsson, P., et al. 2011, ApJ, 743, 159


https://orcid.org/0000-0003-1213-9360
https://orcid.org/0000-0003-1213-9360
https://orcid.org/0000-0003-1213-9360
https://orcid.org/0000-0003-1213-9360
https://orcid.org/0000-0003-1213-9360
https://orcid.org/0000-0003-1213-9360
https://orcid.org/0000-0003-1213-9360
https://orcid.org/0000-0003-1213-9360
https://orcid.org/0000-0003-2588-1265
https://orcid.org/0000-0003-2588-1265
https://orcid.org/0000-0003-2588-1265
https://orcid.org/0000-0003-2588-1265
https://orcid.org/0000-0003-2588-1265
https://orcid.org/0000-0003-2588-1265
https://orcid.org/0000-0003-2588-1265
https://orcid.org/0000-0003-2588-1265
https://orcid.org/0000-0003-3037-257X
https://orcid.org/0000-0003-3037-257X
https://orcid.org/0000-0003-3037-257X
https://orcid.org/0000-0003-3037-257X
https://orcid.org/0000-0003-3037-257X
https://orcid.org/0000-0003-3037-257X
https://orcid.org/0000-0003-3037-257X
https://orcid.org/0000-0003-3037-257X
https://orcid.org/0000-0002-6878-9840
https://orcid.org/0000-0002-6878-9840
https://orcid.org/0000-0002-6878-9840
https://orcid.org/0000-0002-6878-9840
https://orcid.org/0000-0002-6878-9840
https://orcid.org/0000-0002-6878-9840
https://orcid.org/0000-0002-6878-9840
https://orcid.org/0000-0002-6878-9840
https://orcid.org/0000-0002-3805-0789
https://orcid.org/0000-0002-3805-0789
https://orcid.org/0000-0002-3805-0789
https://orcid.org/0000-0002-3805-0789
https://orcid.org/0000-0002-3805-0789
https://orcid.org/0000-0002-3805-0789
https://orcid.org/0000-0002-3805-0789
https://orcid.org/0000-0002-3805-0789
https://orcid.org/0000-0002-8521-1995
https://orcid.org/0000-0002-8521-1995
https://orcid.org/0000-0002-8521-1995
https://orcid.org/0000-0002-8521-1995
https://orcid.org/0000-0002-8521-1995
https://orcid.org/0000-0002-8521-1995
https://orcid.org/0000-0002-8521-1995
https://orcid.org/0000-0002-8521-1995
https://orcid.org/0000-0002-3531-7863
https://orcid.org/0000-0002-3531-7863
https://orcid.org/0000-0002-3531-7863
https://orcid.org/0000-0002-3531-7863
https://orcid.org/0000-0002-3531-7863
https://orcid.org/0000-0002-3531-7863
https://orcid.org/0000-0002-3531-7863
https://orcid.org/0000-0002-3531-7863
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0003-3139-2724
https://orcid.org/0000-0003-3139-2724
https://orcid.org/0000-0003-3139-2724
https://orcid.org/0000-0003-3139-2724
https://orcid.org/0000-0003-3139-2724
https://orcid.org/0000-0003-3139-2724
https://orcid.org/0000-0003-3139-2724
https://orcid.org/0000-0003-3139-2724
https://orcid.org/0000-0003-1746-9529
https://orcid.org/0000-0003-1746-9529
https://orcid.org/0000-0003-1746-9529
https://orcid.org/0000-0003-1746-9529
https://orcid.org/0000-0003-1746-9529
https://orcid.org/0000-0003-1746-9529
https://orcid.org/0000-0003-1746-9529
https://orcid.org/0000-0003-1746-9529
https://orcid.org/0000-0002-3272-7568
https://orcid.org/0000-0002-3272-7568
https://orcid.org/0000-0002-3272-7568
https://orcid.org/0000-0002-3272-7568
https://orcid.org/0000-0002-3272-7568
https://orcid.org/0000-0002-3272-7568
https://orcid.org/0000-0002-3272-7568
https://orcid.org/0000-0002-3272-7568
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0001-7147-3575
https://orcid.org/0000-0003-4748-0681
https://orcid.org/0000-0003-4748-0681
https://orcid.org/0000-0003-4748-0681
https://orcid.org/0000-0003-4748-0681
https://orcid.org/0000-0003-4748-0681
https://orcid.org/0000-0003-4748-0681
https://orcid.org/0000-0003-4748-0681
https://orcid.org/0000-0003-4748-0681
https://orcid.org/0000-0003-0007-2197
https://orcid.org/0000-0003-0007-2197
https://orcid.org/0000-0003-0007-2197
https://orcid.org/0000-0003-0007-2197
https://orcid.org/0000-0003-0007-2197
https://orcid.org/0000-0003-0007-2197
https://orcid.org/0000-0003-0007-2197
https://orcid.org/0000-0003-0007-2197
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0001-6947-5846
https://orcid.org/0000-0002-3538-8987
https://orcid.org/0000-0002-3538-8987
https://orcid.org/0000-0002-3538-8987
https://orcid.org/0000-0002-3538-8987
https://orcid.org/0000-0002-3538-8987
https://orcid.org/0000-0002-3538-8987
https://orcid.org/0000-0002-3538-8987
https://orcid.org/0000-0002-3538-8987
https://orcid.org/0000-0003-3428-7612
https://orcid.org/0000-0003-3428-7612
https://orcid.org/0000-0003-3428-7612
https://orcid.org/0000-0003-3428-7612
https://orcid.org/0000-0003-3428-7612
https://orcid.org/0000-0003-3428-7612
https://orcid.org/0000-0003-3428-7612
https://orcid.org/0000-0003-3428-7612
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0002-2770-808X
https://orcid.org/0000-0001-5785-1154
https://orcid.org/0000-0001-5785-1154
https://orcid.org/0000-0001-5785-1154
https://orcid.org/0000-0001-5785-1154
https://orcid.org/0000-0001-5785-1154
https://orcid.org/0000-0001-5785-1154
https://orcid.org/0000-0001-5785-1154
https://orcid.org/0000-0001-5785-1154
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0001-9033-4140
https://orcid.org/0000-0002-6327-3423
https://orcid.org/0000-0002-6327-3423
https://orcid.org/0000-0002-6327-3423
https://orcid.org/0000-0002-6327-3423
https://orcid.org/0000-0002-6327-3423
https://orcid.org/0000-0002-6327-3423
https://orcid.org/0000-0002-6327-3423
https://orcid.org/0000-0002-6327-3423
https://orcid.org/0000-0002-2504-2421
https://orcid.org/0000-0002-2504-2421
https://orcid.org/0000-0002-2504-2421
https://orcid.org/0000-0002-2504-2421
https://orcid.org/0000-0002-2504-2421
https://orcid.org/0000-0002-2504-2421
https://orcid.org/0000-0002-2504-2421
https://orcid.org/0000-0002-2504-2421
https://doi.org/10.1093/mnras/sty1771
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.5083A/abstract
https://doi.org/10.1093/mnras/stw2932
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.3390A/abstract
https://doi.org/10.1111/j.1365-2966.2012.21386.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.424.2232A/abstract
https://ui.adsabs.harvard.edu/abs/2012MNRAS.424.2232A/abstract
https://doi.org/10.1086/444342
https://ui.adsabs.harvard.edu/abs/2005ApJ...632..736A/abstract
https://doi.org/10.1093/mnras/stz021
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.1852A/abstract
https://doi.org/10.3847/1538-4357/833/1/68
https://ui.adsabs.harvard.edu/abs/2016ApJ...833...68A/abstract
https://doi.org/10.1111/j.1365-2966.2007.12036.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.379.1571A/abstract
https://doi.org/10.1111/j.1365-2966.2011.18989.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415.3831A/abstract
https://doi.org/10.1086/600092
https://ui.adsabs.harvard.edu/abs/2009PASP..121..559A/abstract
https://doi.org/10.1046/j.1365-8711.1999.02978.x
https://ui.adsabs.harvard.edu/abs/1999MNRAS.310..540A/abstract
https://doi.org/10.1088/0004-637X/728/1/56
https://ui.adsabs.harvard.edu/abs/2011ApJ...728...56A/abstract
https://doi.org/10.1086/154870
https://ui.adsabs.harvard.edu/abs/1976ApJ...210..642A/abstract
https://doi.org/10.1086/301341
https://ui.adsabs.harvard.edu/abs/2000AJ....119.2092B/abstract
https://doi.org/10.1086/312054
https://ui.adsabs.harvard.edu/abs/1999ApJ...518L...5B/abstract
https://doi.org/10.1038/28338
https://ui.adsabs.harvard.edu/abs/1998Natur.394..248B/abstract
https://doi.org/10.1088/0004-637X/761/2/89
https://ui.adsabs.harvard.edu/abs/2012ApJ...761...89B/abstract
https://doi.org/10.1111/j.1365-2966.2009.15748.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.401.1399B/abstract
https://doi.org/10.1051/aas:1996164
https://ui.adsabs.harvard.edu/abs/1996A&AS..117..393B/abstract
https://doi.org/10.1086/520511
https://ui.adsabs.harvard.edu/abs/2007ApJS..172..132B/abstract
https://doi.org/10.1051/0004-6361/201425031
https://ui.adsabs.harvard.edu/abs/2015A&A...573A.113B/abstract
https://doi.org/10.1051/0004-6361/201730866
https://ui.adsabs.harvard.edu/abs/2017A&A...607A..89B/abstract
https://doi.org/10.1086/422353
https://ui.adsabs.harvard.edu/abs/2004ApJ...611..725B/abstract
https://doi.org/10.1086/516642
https://ui.adsabs.harvard.edu/abs/2007ApJS..173..524B/abstract
https://doi.org/10.1051/0004-6361:20066428
https://ui.adsabs.harvard.edu/abs/2007A&A...463..519B/abstract
https://doi.org/10.1051/0004-6361/201118624
https://ui.adsabs.harvard.edu/abs/2012A&A...539A.145B/abstract
https://doi.org/10.1046/j.1365-8711.2003.06818.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344..385B/abstract
https://doi.org/10.1093/mnras/stx031
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.1360B/abstract
https://doi.org/10.1088/0004-637X/705/1/936
https://ui.adsabs.harvard.edu/abs/2009ApJ...705..936B/abstract
https://doi.org/10.1088/0004-637X/793/2/115
https://ui.adsabs.harvard.edu/abs/2014ApJ...793..115B/abstract
https://doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B/abstract
https://doi.org/10.1111/j.1745-3933.2010.00916.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.409L...1B/abstract
https://doi.org/10.1051/0004-6361/201117264
https://ui.adsabs.harvard.edu/abs/2011A&A...533A..93B/abstract
https://doi.org/10.1051/0004-6361/201219405
https://ui.adsabs.harvard.edu/abs/2012A&A...545A.141B/abstract
https://doi.org/10.3847/1538-4357/aacffa
https://ui.adsabs.harvard.edu/abs/2018ApJ...863...56C/abstract
https://doi.org/10.1086/324269
https://ui.adsabs.harvard.edu/abs/2001PASP..113.1449C/abstract
https://doi.org/10.1086/308692
https://ui.adsabs.harvard.edu/abs/2000ApJ...533..682C/abstract
https://doi.org/10.1086/174346
https://ui.adsabs.harvard.edu/abs/1994ApJ...429..582C/abstract
https://doi.org/10.1038/nature14500
https://ui.adsabs.harvard.edu/abs/2015Natur.522..455C/abstract
https://doi.org/10.1088/0004-637X/761/2/140
https://ui.adsabs.harvard.edu/abs/2012ApJ...761..140C/abstract
https://doi.org/10.1093/mnras/stt1673
https://ui.adsabs.harvard.edu/abs/2013MNRAS.436.1919C/abstract
https://doi.org/10.1016/j.physrep.2014.02.009
https://ui.adsabs.harvard.edu/abs/2014PhR...541...45C/abstract
https://doi.org/10.1088/0004-637X/796/2/95
https://ui.adsabs.harvard.edu/abs/2014ApJ...796...95C/abstract
https://doi.org/10.3847/1538-4357/aac82d
https://ui.adsabs.harvard.edu/abs/2018ApJ...862...77C/abstract
https://doi.org/10.1086/376392
https://ui.adsabs.harvard.edu/abs/2003PASP..115..763C/abstract
https://doi.org/10.3847/1538-4357/aadd18
https://ui.adsabs.harvard.edu/abs/2018ApJ...865..103C/abstract
https://doi.org/10.3847/1538-4365/aa97da
https://ui.adsabs.harvard.edu/abs/2017ApJS..233...19C/abstract
https://doi.org/10.1088/0004-637X/762/2/83
https://ui.adsabs.harvard.edu/abs/2013ApJ...762...83C/abstract
https://doi.org/10.1093/mnras/stt052
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.2545C/abstract
https://doi.org/10.1111/j.1365-2966.2008.14242.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.393..653C/abstract
https://doi.org/10.1038/nature01540
https://ui.adsabs.harvard.edu/abs/2003Natur.422..695C/abstract
https://ui.adsabs.harvard.edu/abs/2003Natur.422..695C/abstract
https://doi.org/10.1086/428082
https://ui.adsabs.harvard.edu/abs/2005ApJ...622..772C/abstract
https://doi.org/10.1086/339498
https://ui.adsabs.harvard.edu/abs/2002ApJ...570..557C/abstract
https://ui.adsabs.harvard.edu/abs/2002ApJ...570..557C/abstract
https://doi.org/10.1086/423833
https://ui.adsabs.harvard.edu/abs/2004ApJ...614..671C/abstract
https://doi.org/10.1086/422383
https://ui.adsabs.harvard.edu/abs/2004ApJ...611..732C/abstract
https://doi.org/10.1086/321609
https://ui.adsabs.harvard.edu/abs/2001ApJ...556..562C/abstract
https://doi.org/10.1088/0004-637X/762/2/81
https://ui.adsabs.harvard.edu/abs/2013ApJ...762...81C/abstract
https://doi.org/10.1088/0004-637X/776/2/131
https://ui.adsabs.harvard.edu/abs/2013ApJ...776..131C/abstract
https://doi.org/10.3847/1538-4357/aa863a
https://ui.adsabs.harvard.edu/abs/2017ApJ...846..108C/abstract
https://doi.org/10.3847/0004-637X/820/2/82
https://ui.adsabs.harvard.edu/abs/2016ApJ...820...82C/abstract
https://doi.org/10.1088/0004-637X/799/2/194
https://ui.adsabs.harvard.edu/abs/2015ApJ...799..194C/abstract
https://doi.org/10.3847/0004-637X/831/1/91
https://ui.adsabs.harvard.edu/abs/2016ApJ...831...91C/abstract
https://doi.org/10.1214/aoms/1177729380
https://doi.org/10.1088/0004-637X/741/1/8
https://ui.adsabs.harvard.edu/abs/2011ApJ...741....8C/abstract
https://doi.org/10.1146/annurev.aa.30.090192.003043
https://ui.adsabs.harvard.edu/abs/1992ARA&A..30..575C/abstract
https://doi.org/10.1088/0004-637X/718/1/184
https://ui.adsabs.harvard.edu/abs/2010ApJ...718..184C/abstract
https://doi.org/10.1111/j.1365-2966.2005.08723.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.357.1022C/abstract
https://ui.adsabs.harvard.edu/abs/2005MNRAS.357.1022C/abstract
https://doi.org/10.1111/j.1365-2966.2007.12808.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.384.1597C/abstract
https://doi.org/10.1051/0004-6361/201832926
https://ui.adsabs.harvard.edu/abs/2018A&A...617A.141C/abstract
https://doi.org/10.3847/1538-4357/aa60bb
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..139C/abstract
https://doi.org/10.1086/339978
https://ui.adsabs.harvard.edu/abs/2002AJ....123.2197C/abstract
https://doi.org/10.3847/1538-4357/aadc63
https://ui.adsabs.harvard.edu/abs/2018ApJ...865..106C/abstract
https://doi.org/10.1086/118058
https://ui.adsabs.harvard.edu/abs/1996AJ....112..839C/abstract
https://doi.org/10.1093/mnras/stx165
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.1231C/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.1231C/abstract
https://doi.org/10.1088/0004-637X/806/1/110
https://ui.adsabs.harvard.edu/abs/2015ApJ...806..110D/abstract
https://doi.org/10.1086/341632
https://ui.adsabs.harvard.edu/abs/2002ApJ...576..159D/abstract
https://doi.org/10.3847/1538-4365/aaa01c
https://ui.adsabs.harvard.edu/abs/2018ApJS..234...21D/abstract
https://doi.org/10.1051/0004-6361/201629430
https://ui.adsabs.harvard.edu/abs/2017A&A...602A...4D/abstract
https://doi.org/10.1051/0004-6361/201629367
https://ui.adsabs.harvard.edu/abs/2017A&A...602A...3D/abstract
https://doi.org/10.1093/mnras/stt090
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.2534D/abstract
https://doi.org/10.1093/mnras/218.1.31
https://ui.adsabs.harvard.edu/abs/1986MNRAS.218...31D/abstract
https://ui.adsabs.harvard.edu/abs/1986MNRAS.218...31D/abstract
https://doi.org/10.1093/mnras/stw3088
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466..861D/abstract
https://doi.org/10.1086/307069
https://ui.adsabs.harvard.edu/abs/1999ApJ...515..518E/abstract
https://doi.org/10.1051/0004-6361/201117239
https://ui.adsabs.harvard.edu/abs/2011A&A...533A.119E/abstract
https://doi.org/10.1051/0004-6361/201732370
https://ui.adsabs.harvard.edu/abs/2018A&A...616A.110E/abstract
https://doi.org/10.1086/431345
https://ui.adsabs.harvard.edu/abs/2005ApJS..159..197E/abstract
https://doi.org/10.1086/503769
https://ui.adsabs.harvard.edu/abs/2006ApJ...641L..17F/abstract
https://doi.org/10.1111/j.1365-2966.2001.04721.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.326.1333F/abstract
https://doi.org/10.3847/2041-8205/818/2/L26
https://ui.adsabs.harvard.edu/abs/2016ApJ...818L..26F/abstract
https://doi.org/10.1051/0004-6361/201832928
https://ui.adsabs.harvard.edu/abs/2018A&A...620A.152F/abstract
https://doi.org/10.1093/mnras/stt352
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432...53G/abstract
https://doi.org/10.1093/mnras/stw2721
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.1789G/abstract
https://doi.org/10.1051/0004-6361/201015230
https://ui.adsabs.harvard.edu/abs/2011A&A...526A..46G/abstract
https://doi.org/10.1086/339165
https://ui.adsabs.harvard.edu/abs/2002ApJ...568..651G/abstract
https://doi.org/10.1086/376774
https://ui.adsabs.harvard.edu/abs/2003ApJ...594..279G/abstract
https://doi.org/10.1051/0004-6361/200913182
https://ui.adsabs.harvard.edu/abs/2010A&A...514A...6G/abstract
https://doi.org/10.1111/j.1365-2966.2008.13631.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.389.1489G/abstract
https://doi.org/10.1051/0004-6361/201014519
https://ui.adsabs.harvard.edu/abs/2010A&A...518L...3G/abstract
https://doi.org/10.1088/0067-0049/197/2/35
https://ui.adsabs.harvard.edu/abs/2011ApJS..197...35G/abstract
https://doi.org/10.1093/mnras/stt308
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432...23G/abstract
https://doi.org/10.1088/0004-637X/740/2/96
https://ui.adsabs.harvard.edu/abs/2011ApJ...740...96H/abstract
https://doi.org/10.3847/1538-4357/aabacf
https://ui.adsabs.harvard.edu/abs/2018ApJ...858...77H/abstract
https://doi.org/10.1051/0004-6361:20042134
https://ui.adsabs.harvard.edu/abs/2005A&A...441..417H/abstract
https://doi.org/10.1111/j.1365-2966.2010.17658.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.411..102H/abstract
https://doi.org/10.1093/pasj/psw026
https://ui.adsabs.harvard.edu/abs/2016PASJ...68...36H/abstract
https://doi.org/10.1093/pasj/psy104
https://ui.adsabs.harvard.edu/abs/2018PASJ...70..105H/abstract
https://doi.org/10.1088/0004-637X/743/2/159
https://ui.adsabs.harvard.edu/abs/2011ApJ...743..159H/abstract

THE ASTROPHYSICAL JOURNAL, 889:80 (33pp), 2020 February 1

Heinis, S., Buat, V., Béthermin, M., et al. 2013, MNRAS, 429, 1113

Helou, G., Soifer, B. T., & Rowan-Robinson, M. 1985, ApJL, 298, L7

Hickox, R. C., Wardlow, J. L., Smail, I, et al. 2012, MNRAS, 421, 284

Hodge, J. A., Swinbank, A. M., Simpson, J. M., et al. 2016, ApJ, 833, 103

Holland, W. S., Bintley, D., Chapin, E. L., et al. 2013, MNRAS, 430, 2513

Howell, J. H., Armus, L., Mazzarella, J. M., et al. 2010, ApJ, 715, 572

Hsu, L.-Y., Cowie, L. L., Chen, C.-C., Barger, A. J., & Wang, W.-H. 2016,
Apl, 829, 25

Hughes, D. H., Serjeant, S., Dunlop, J., et al. 1998, Natur, 394, 241

Hung, C.-L., Sanders, D. B., Casey, C. M., et al. 2013, ApJ, 778, 129

Hurley, P. D., Oliver, S., Betancourt, M., et al. 2017, MNRAS, 464, 885

Hwang, H. S., Elbaz, D., Dickinson, M., et al. 2011, A&A, 535, A60

Ibar, E., Ivison, R. J., Biggs, A. D., et al. 2009, MNRAS, 397, 281

Tlbert, O., Arnouts, S., McCracken, H. J., et al. 2006, A&A, 457, 841

Iono, D., Wilson, C. D., Yun, M. S., et al. 2009, ApJ, 695, 1537

Ivison, R. J., Alexander, D. M., Biggs, A. D., et al. 2010a, MNRAS, 402, 245

Ivison, R. J., Lewis, A. J. R., Weiss, A., et al. 2016, ApJ, 832, 78

Ivison, R. J., Smail, I., Papadopoulos, P. P., et al. 2010b, MNRAS, 404, 198

Jenness, T., Cavanagh, B., Economou, F., & Berry, D. S. 2008, in ASP Conf.
Ser. 394, Astronomical Data Analysis Software and Systems XVII, ed.
R. W. Argyle, P. S. Bunclark, & J. R. Lewis (San Francisco, CA: ASP), 565

Johnson, S. P., Wilson, G. W., Wang, Q. D, et al. 2013, MNRAS, 431, 662

Jones, E., Oliphant, T., & Peterson, P. 2001, SciPy: Open source scientific tools
for Python, http://www.scipy.org/

Karim, A., Swinbank, A. M., Hodge, J. A., et al. 2013, MNRAS, 432, 2

Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531

Klaas, U., Haas, M., Miiller, S. A. H., et al. 2001, A&A, 379, 823

Koekemoer, A. M., Faber, S. M., Ferguson, H. C,, et al. 2011, ApJS, 197, 36

Kong, X., Charlot, S., Brinchmann, J., & Fall, S. M. 2004, MNRAS, 349, 769

Koprowski, M. P., Coppin, K. E. K., Geach, J. E., et al. 2016a, ApJL, 828, L21

Koprowski, M. P., Dunlop, J. S., Michatowski, M. J., et al. 2016b, MNRAS,
458, 4321

Koprowski, M. P., Dunlop, J. S., Michatowski, M. J., et al. 2017, MNRAS,
471, 4155

Kovdcs, A., Chapman, S. C., Dowell, C. D., et al. 2006, ApJ, 650, 592

Kriek, M., & Conroy, C. 2013, ApJL, 775, L16

Kroupa, P. 2001, MNRAS, 322, 231

Kroupa, P., & Weidner, C. 2003, ApJ, 598, 1076

Lagache, G., Dole, H., & Puget, J.-L. 2003, MNRAS, 338, 555

Laigle, C., McCracken, H. J., Ilbert, O., et al. 2016, ApJS, 224, 24

Laird, E. S., Nandra, K., Pope, A., & Scott, D. 2010, MNRAS, 401, 2763

Laurent, G. T., Aguirre, J. E., Glenn, J., et al. 2005, ApJ, 623, 742

Le Fevre, O., Tasca, L. A. M., Cassata, P., et al. 2015, A&A, 576, A79

Liang, L., Feldmann, R., Keres§, D., et al. 2019, MNRAS, 489, 1397

Lilly, S. J., Le Brun, V., Maier, C., et al. 2009, ApJS, 184, 218

Lilly, S. J., Le Fevre, O., Renzini, A., et al. 2007, ApJS, 172, 70

Lo Faro, B., Buat, V., Roehlly, Y., et al. 2017, MNRAS, 472, 1372

MacKenzie, T. P., Scott, D., & Swinbank, M. 2016, MNRAS, 463, 10

Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415

Magliocchetti, M., Silva, L., Lapi, A., et al. 2007, MNRAS, 375, 1121

Magnelli, B., Lutz, D., Saintonge, A., et al. 2014, A&A, 561, A86

Magnelli, B., Lutz, D., Santini, P., et al. 2012, A&A, 539, A155

Magnelli, B., Popesso, P., Berta, S., et al. 2013, A&A, 553, A132

Marsden, D., Gralla, M., Marriage, T. A., et al. 2014, MNRAS, 439, 1556

McLure, R. J., Dunlop, J. S., Cullen, F., et al. 2018, MNRAS, 476, 3991

Merlin, E., Fontana, A., Ferguson, H. C., et al. 2015, A&A, 582, A15

Meurer, G. R., Heckman, T. M., & Calzetti, D. 1999, ApJ, 521, 64

Michatowski, M., Hjorth, J., & Watson, D. 2010, A&A, 514, A67

Michatowski, M. J., Dunlop, J. S., Cirasuolo, M., et al. 2012a, A&A, 541, A85

Michatowski, M. J., Dunlop, J. S., Ivison, R. J., et al. 2012b, MNRAS,
426, 1845

Michatowski, M. J., Dunlop, J. S., Koprowski, M. P., et al. 2017, MNRAS,
469, 492

Michatowski, M. J., Hayward, C. C., Dunlop, J. S., et al. 2014, A&A, 571, A75

Miller, T. B., Chapman, S. C., Aravena, M., et al. 2018, Natur, 556, 469

Mocanu, L. M., Crawford, T. M., Vieira, J. D., et al. 2013, ApJ, 779, 61

Mortier, A. M. J., Serjeant, S., Dunlop, J. S., et al. 2005, MNRAS, 363, 563

Murakami, H., Baba, H., Barthel, P., et al. 2007, PASJ, 59, S369

Murphy, E. J., Chary, R.-R., Dickinson, M., et al. 2011, ApJ, 732, 126

Narayanan, D., Conroy, C., Davé, R., Johnson, B. D., & Popping, G. 2018a,
Apl, 869, 70

Narayanan, D., Davé, R., Johnson, B. D., et al. 2018b, MNRAS, 474, 1718

Noll, S., & Pierini, D. 2005, A&A, 444, 137

Noll, S., Pierini, D., Cimatti, A., et al. 2009, A&A, 499, 69

Noll, S., Pierini, D., Pannella, M., & Savaglio, S. 2007, A&A, 472, 455

32

Lim et al.

Oteo, 1., Cepa, J., Bongiovanni, A., et al. 2013, A&A, 554, L3

Overzier, R. A., Heckman, T. M., Wang, J., et al. 2011, ApJL, 726, L7

Pearson, K. 1900, Philos. Mag. Ser. 5, 50, 157

Pei, Y. C. 1992, ApJ, 395, 130

Poglitsch, A., Waelkens, C., Geis, N, et al. 2010, A&A, 518, L2

Polletta, M., Tajer, M., Maraschi, L., et al. 2007, ApJ, 663, 81

Pope, A., Scott, D., Dickinson, M., et al. 2006, MNRAS, 370, 1185

Popping, G., Puglisi, A., & Norman, C. A. 2017, MNRAS, 472, 2315

Ranalli, P., Comastri, A., & Setti, G. 2003, A&A, 399, 39

Reddy, N. A., Erb, D. K., Pettini, M., Steidel, C. C., & Shapley, A. E. 2010,
Apl, 712, 1070

Reddy, N. A., Oesch, P. A., Bouwens, R. J., et al. 2018, ApJ, 853, 56

Rieke, G. H., Alonso-Herrero, A., Weiner, B. J., et al. 2009, ApJ, 692, 556

Rieke, G. H., Young, E. T., Engelbracht, C. W., et al. 2004, ApJS, 154, 25

Rodighiero, G., Daddi, E., Baronchelli, I, et al. 2011, ApJL, 739, L40

Roseboom, I. G., Dunlop, J. S., Cirasuolo, M., et al. 2013, MNRAS, 436, 430

Roseboom, I. G., Ivison, R. J., Greve, T. R, et al. 2012, MNRAS, 419, 2758

Roseboom, I. G., Oliver, S. J., Kunz, M., et al. 2010, MNRAS, 409, 48

Rowan-Robinson, M., Oliver, S., Wang, L., et al. 2016, MNRAS, 461, 1100

Safarzadeh, M., Hayward, C. C., & Ferguson, H. C. 2017, ApJ, 840, 15

Salmon, B., Papovich, C., Long, J., et al. 2016, ApJ, 827, 20

Salpeter, E. E. 1955, ApJ, 121, 161

Sandage, A., Tammann, G. A., & Yahil, A. 1979, ApJ, 232, 352

Sanders, D. B., & Mirabel, I. F. 1996, ARA&A, 34, 749

Sanders, D. B., Salvato, M., Aussel, H., et al. 2007, ApJS, 172, 86

Sanders, D. B., Soifer, B. T., Elias, J. H., Neugebauer, G., & Matthews, K.
1988, ApJL, 328, L35

Saunders, W., Rowan-Robinson, M., Lawrence, A., et al. 1990, MNRAS,
242, 318

Schechter, P. 1976, ApJ, 203, 297

Schmidt, M. 1968, ApJ, 151, 393

Schmidt, M., Schneider, D. P., & Gunn, J. E. 1995, AJ, 110, 68

Schreiber, C., Elbaz, D., Pannella, M., et al. 2018, A&A, 609, A30

Scott, K. S., Austermann, J. E., Perera, T. A., et al. 2008, MNRAS, 385, 2225

Scott, S. E., Fox, M. J., Dunlop, J. S., et al. 2002, MNRAS, 331, 817

Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1

Simpson, J. M., Smail, I., Swinbank, A. M., et al. 2015, ApJ, 807, 128

Simpson, J. M., Smail, I., Swinbank, A. M., et al. 2017, ApJ, 839, 58

Simpson, J. M., Smail, I., Swinbank, A. M., et al. 2019, ApJ, 880, 43

Simpson, J. M., Swinbank, A. M., Smail, I, et al. 2014, ApJ, 788, 125

Smail, I., Chapman, S. C., Blain, A. W., & Ivison, R. J. 2004, ApJ, 616, 71

Smail, I, Ivison, R. J., & Blain, A. W. 1997, ApJL, 490, L5

Smail, L., Ivison, R. J., Blain, A. W., & Kneib, J.-P. 2002, MNRAS, 331, 495

Smolcié, V., Delvecchio, 1., Zamorani, G., et al. 2017, A&A, 602, A2

Sorba, R., & Sawicki, M. 2015, MNRAS, 452, 235

Sorba, R., & Sawicki, M. 2018, MNRAS, 476, 1532

Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014, ApJS,
214, 15

Springel, V. 2005, MNRAS, 364, 1105

Stach, S. M., Dudzeviciate, U., Smail, 1., et al. 2019, MNRAS, 487, 4648

Staguhn, J. G., Kovdcs, A., Arendt, R. G., et al. 2014, ApJ, 790, 77

Stecher, T. P. 1965, ApJ, 142, 1683

Swinbank, A. M., Simpson, J. M., Smail, L, et al. 2014, MNRAS, 438, 1267

Swinbank, A. M., Smail, I., Chapman, S. C., et al. 2004, ApJ, 617, 64

Swinbank, A. M., Smail, I., Chapman, S. C., et al. 2010, MNRAS, 405, 234

Symeonidis, M., Vaccari, M., Berta, S., et al. 2013, MNRAS, 431, 2317

Szokoly, G. P., Bergeron, J., Hasinger, G., et al. 2004, ApJS, 155, 271

Tacconi, L. J., Genzel, R., Smail, 1., et al. 2008, ApJ, 680, 246

Tacconi, L. J., Neri, R., Chapman, S. C., et al. 2006, ApJ, 640, 228

Targett, T. A., Dunlop, J. S., Cirasuolo, M., et al. 2013, MNRAS, 432, 2012

Targett, T. A., Dunlop, J. S., McLure, R. J., et al. 2011, MNRAS, 412, 295

Thomson, A. P., Ivison, R. J., Simpson, J. M., et al. 2014, MNRAS, 442, 577

Thomson, A. P., Smail, I., Swinbank, A. M., et al. 2019, ApJ, 883, 204

To, C.-H., Wang, W.-H., & Owen, F. N. 2014, ApJ, 792, 139

Trump, J. R., Impey, C. D., Elvis, M., et al. 2009, ApJ, 696, 1195

U, V., Sanders, D. B., Mazzarella, J. M., et al. 2012, ApJS, 203, 9

Vieira, J. D., Crawford, T. M., Switzer, E. R., et al. 2010, ApJ, 719, 763

Wall, J. V., Pope, A., & Scott, D. 2008, MNRAS, 383, 435

Wang, S. X., Brandt, W. N., Luo, B., et al. 2013, ApJ, 778, 179

Wang, W.-H., Cowie, L. L., & Barger, A. J. 2004, ApJ, 613, 655

Wang, W.-H., Lin, W.-C., Lim, C.-F., et al. 2017, ApJ, 850, 37

Watson, D., Christensen, L., Knudsen, K. K., et al. 2015, Natur, 519, 327

Webb, T. M., Eales, S., Foucaud, S., et al. 2003, ApJ, 582, 6

Weil, A., Kovics, A., Coppin, K., et al. 2009, ApJ, 707, 1201

Wild, V., Charlot, S., Brinchmann, J., et al. 2011, MNRAS, 417, 1760


https://doi.org/10.1093/mnras/sts397
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.1113H/abstract
https://doi.org/10.1086/184556
https://ui.adsabs.harvard.edu/abs/1985ApJ...298L...7H/abstract
https://doi.org/10.1111/j.1365-2966.2011.20303.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421..284H/abstract
https://doi.org/10.3847/1538-4357/833/1/103
https://ui.adsabs.harvard.edu/abs/2016ApJ...833..103H/abstract
https://doi.org/10.1093/mnras/sts612
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.2513H/abstract
https://doi.org/10.1088/0004-637X/715/1/572
https://ui.adsabs.harvard.edu/abs/2010ApJ...715..572H/abstract
https://doi.org/10.3847/0004-637X/829/1/25
https://ui.adsabs.harvard.edu/abs/2016ApJ...829...25H/abstract
https://doi.org/10.1038/28328
https://ui.adsabs.harvard.edu/abs/1998Natur.394..241H/abstract
https://doi.org/10.1088/0004-637X/778/2/129
https://ui.adsabs.harvard.edu/abs/2013ApJ...778..129H/abstract
https://doi.org/10.1093/mnras/stw2375
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464..885H/abstract
https://doi.org/10.1051/0004-6361/201117476
https://ui.adsabs.harvard.edu/abs/2011A&A...535A..60H/abstract
https://doi.org/10.1111/j.1365-2966.2009.14866.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.397..281I/abstract
https://doi.org/10.1051/0004-6361:20065138
https://ui.adsabs.harvard.edu/abs/2006A&A...457..841I/abstract
https://doi.org/10.1088/0004-637X/695/2/1537
https://ui.adsabs.harvard.edu/abs/2009ApJ...695.1537I/abstract
https://doi.org/10.1111/j.1365-2966.2009.15918.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.402..245I/abstract
https://doi.org/10.3847/0004-637X/832/1/78
https://ui.adsabs.harvard.edu/abs/2016ApJ...832...78I/abstract
https://doi.org/10.1111/j.1365-2966.2010.16322.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.404..198I/abstract
https://ui.adsabs.harvard.edu/abs/2008ASPC..394..565J/abstract
https://doi.org/10.1093/mnras/stt197
https://ui.adsabs.harvard.edu/abs/2013MNRAS.431..662J/abstract
http://www.scipy.org/
https://doi.org/10.1093/mnras/stt196
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432....2K/abstract
https://doi.org/10.1146/annurev-astro-081811-125610
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..531K/abstract
https://doi.org/10.1051/0004-6361:20011377
https://ui.adsabs.harvard.edu/abs/2001A&A...379..823K/abstract
https://doi.org/10.1088/0067-0049/197/2/36
https://ui.adsabs.harvard.edu/abs/2011ApJS..197...36K/abstract
https://doi.org/10.1111/j.1365-2966.2004.07556.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.349..769K/abstract
https://doi.org/10.3847/2041-8205/828/2/L21
https://ui.adsabs.harvard.edu/abs/2016ApJ...828L..21K/abstract
https://doi.org/10.1093/mnras/stw564
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.4321K/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.4321K/abstract
https://doi.org/10.1093/mnras/stx1843
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.4155K/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.4155K/abstract
https://doi.org/10.1086/506341
https://ui.adsabs.harvard.edu/abs/2006ApJ...650..592K/abstract
https://doi.org/10.1088/2041-8205/775/1/L16
https://ui.adsabs.harvard.edu/abs/2013ApJ...775L..16K/abstract
https://doi.org/10.1046/j.1365-8711.2001.04022.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.322..231K/abstract
https://doi.org/10.1086/379105
https://ui.adsabs.harvard.edu/abs/2003ApJ...598.1076K/abstract
https://doi.org/10.1046/j.1365-8711.2003.05971.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.338..555L/abstract
https://doi.org/10.3847/0067-0049/224/2/24
https://ui.adsabs.harvard.edu/abs/2016ApJS..224...24L/abstract
https://doi.org/10.1111/j.1365-2966.2009.15860.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.401.2763L/abstract
https://doi.org/10.1086/428823
https://ui.adsabs.harvard.edu/abs/2005ApJ...623..742L/abstract
https://doi.org/10.1051/0004-6361/201423829
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..79L/abstract
https://doi.org/10.1093/mnras/stz2134
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.1397L/abstract
https://doi.org/10.1088/0067-0049/184/2/218
https://ui.adsabs.harvard.edu/abs/2009ApJS..184..218L/abstract
https://doi.org/10.1086/516589
https://ui.adsabs.harvard.edu/abs/2007ApJS..172...70L/abstract
https://doi.org/10.1093/mnras/stx1901
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.1372L/abstract
https://doi.org/10.1093/mnras/stw1890
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463...10M/abstract
https://doi.org/10.1146/annurev-astro-081811-125615
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..415M/abstract
https://doi.org/10.1111/j.1365-2966.2006.11357.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.375.1121M/abstract
https://doi.org/10.1051/0004-6361/201322217
https://ui.adsabs.harvard.edu/abs/2014A&A...561A..86M/abstract
https://doi.org/10.1051/0004-6361/201118312
https://ui.adsabs.harvard.edu/abs/2012A&A...539A.155M/abstract
https://doi.org/10.1051/0004-6361/201321371
https://ui.adsabs.harvard.edu/abs/2013A&A...553A.132M/abstract
https://doi.org/10.1093/mnras/stu001
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439.1556M/abstract
https://doi.org/10.1093/mnras/sty522
https://ui.adsabs.harvard.edu/abs/2018MNRAS.476.3991M/abstract
https://doi.org/10.1051/0004-6361/201526471
https://ui.adsabs.harvard.edu/abs/2015A&A...582A..15M/abstract
https://doi.org/10.1086/307523
https://ui.adsabs.harvard.edu/abs/1999ApJ...521...64M/abstract
https://doi.org/10.1051/0004-6361/200913634
https://ui.adsabs.harvard.edu/abs/2010A&A...514A..67M/abstract
https://doi.org/10.1051/0004-6361/201016308
https://ui.adsabs.harvard.edu/abs/2012A&A...541A..85M/abstract
https://doi.org/10.1111/j.1365-2966.2012.21828.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.1845M/abstract
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.1845M/abstract
https://doi.org/10.1093/mnras/stx861
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469..492M/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469..492M/abstract
https://doi.org/10.1051/0004-6361/201424174
https://ui.adsabs.harvard.edu/abs/2014A&A...571A..75M/abstract
https://doi.org/10.1038/s41586-018-0025-2
https://ui.adsabs.harvard.edu/abs/2018Natur.556..469M/abstract
https://doi.org/10.1088/0004-637X/779/1/61
https://ui.adsabs.harvard.edu/abs/2013ApJ...779...61M/abstract
https://doi.org/10.1111/j.1365-2966.2005.09460.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.363..563M/abstract
https://doi.org/10.1093/pasj/59.sp2.S369
https://ui.adsabs.harvard.edu/abs/2007PASJ...59S.369M/abstract
https://doi.org/10.1088/0004-637X/732/2/126
https://ui.adsabs.harvard.edu/abs/2011ApJ...732..126M/abstract
https://doi.org/10.3847/1538-4357/aaed25
https://ui.adsabs.harvard.edu/abs/2018ApJ...869...70N/abstract
https://doi.org/10.1093/mnras/stx2860
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.1718N/abstract
https://doi.org/10.1051/0004-6361:20053635
https://ui.adsabs.harvard.edu/abs/2005A&A...444..137N/abstract
https://doi.org/10.1051/0004-6361/200811526
https://ui.adsabs.harvard.edu/abs/2009A&A...499...69N/abstract
https://doi.org/10.1051/0004-6361:20077067
https://ui.adsabs.harvard.edu/abs/2007A&A...472..455N/abstract
https://doi.org/10.1051/0004-6361/201321478
https://ui.adsabs.harvard.edu/abs/2013A&A...554L...3O/abstract
https://doi.org/10.1088/2041-8205/726/1/L7
https://ui.adsabs.harvard.edu/abs/2011ApJ...726L...7O/abstract
https://doi.org/10.1080/14786440009463897
https://doi.org/10.1086/171637
https://ui.adsabs.harvard.edu/abs/1992ApJ...395..130P/abstract
https://doi.org/10.1051/0004-6361/201014535
https://ui.adsabs.harvard.edu/abs/2010A&A...518L...2P/abstract
https://doi.org/10.1086/518113
https://ui.adsabs.harvard.edu/abs/2007ApJ...663...81P/abstract
https://doi.org/10.1111/j.1365-2966.2006.10575.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.370.1185P/abstract
https://doi.org/10.1093/mnras/stx2202
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.2315P/abstract
https://doi.org/10.1051/0004-6361:20021600
https://ui.adsabs.harvard.edu/abs/2003A&A...399...39R/abstract
https://doi.org/10.1088/0004-637X/712/2/1070
https://ui.adsabs.harvard.edu/abs/2010ApJ...712.1070R/abstract
https://doi.org/10.3847/1538-4357/aaa3e7
https://ui.adsabs.harvard.edu/abs/2018ApJ...853...56R/abstract
https://doi.org/10.1088/0004-637X/692/1/556
https://ui.adsabs.harvard.edu/abs/2009ApJ...692..556R/abstract
https://doi.org/10.1086/422717
https://ui.adsabs.harvard.edu/abs/2004ApJS..154...25R/abstract
https://doi.org/10.1088/2041-8205/739/2/L40
https://ui.adsabs.harvard.edu/abs/2011ApJ...739L..40R/abstract
https://doi.org/10.1093/mnras/stt1577
https://ui.adsabs.harvard.edu/abs/2013MNRAS.436..430R/abstract
https://doi.org/10.1111/j.1365-2966.2011.19827.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.419.2758R/abstract
https://doi.org/10.1111/j.1365-2966.2010.17634.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.409...48R/abstract
https://doi.org/10.1093/mnras/stw1169
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461.1100R/abstract
https://doi.org/10.3847/1538-4357/aa6c5b
https://ui.adsabs.harvard.edu/abs/2017ApJ...840...15S/abstract
https://doi.org/10.3847/0004-637X/827/1/20
https://ui.adsabs.harvard.edu/abs/2016ApJ...827...20S/abstract
https://doi.org/10.1086/145971
https://ui.adsabs.harvard.edu/abs/1955ApJ...121..161S/abstract
https://doi.org/10.1086/157295
https://ui.adsabs.harvard.edu/abs/1979ApJ...232..352S/abstract
https://doi.org/10.1146/annurev.astro.34.1.749
https://ui.adsabs.harvard.edu/abs/1996ARA&A..34..749S/abstract
https://doi.org/10.1086/517885
https://ui.adsabs.harvard.edu/abs/2007ApJS..172...86S/abstract
https://doi.org/10.1086/185155
https://ui.adsabs.harvard.edu/abs/1988ApJ...328L..35S/abstract
https://doi.org/10.1093/mnras/242.3.318
https://ui.adsabs.harvard.edu/abs/1990MNRAS.242..318S/abstract
https://ui.adsabs.harvard.edu/abs/1990MNRAS.242..318S/abstract
https://doi.org/10.1086/154079
https://ui.adsabs.harvard.edu/abs/1976ApJ...203..297S/abstract
https://doi.org/10.1086/149446
https://ui.adsabs.harvard.edu/abs/1968ApJ...151..393S/abstract
https://doi.org/10.1086/117497
https://ui.adsabs.harvard.edu/abs/1995AJ....110...68S/abstract
https://doi.org/10.1051/0004-6361/201731506
https://ui.adsabs.harvard.edu/abs/2018A&A...609A..30S/abstract
https://doi.org/10.1111/j.1365-2966.2008.12989.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.385.2225S/abstract
https://doi.org/10.1046/j.1365-8711.2002.05193.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.331..817S/abstract
https://doi.org/10.1086/516585
https://ui.adsabs.harvard.edu/abs/2007ApJS..172....1S/abstract
https://doi.org/10.1088/0004-637X/807/2/128
https://ui.adsabs.harvard.edu/abs/2015ApJ...807..128S/abstract
https://doi.org/10.3847/1538-4357/aa65d0
https://ui.adsabs.harvard.edu/abs/2017ApJ...839...58S/abstract
https://doi.org/10.3847/1538-4357/ab23ff
https://ui.adsabs.harvard.edu/abs/2019ApJ...880...43S/abstract
https://doi.org/10.1088/0004-637X/788/2/125
https://ui.adsabs.harvard.edu/abs/2014ApJ...788..125S/abstract
https://doi.org/10.1086/424896
https://ui.adsabs.harvard.edu/abs/2004ApJ...616...71S/abstract
https://doi.org/10.1086/311017
https://ui.adsabs.harvard.edu/abs/1997ApJ...490L...5S/abstract
https://doi.org/10.1046/j.1365-8711.2002.05203.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.331..495S/abstract
https://doi.org/10.1051/0004-6361/201630223
https://ui.adsabs.harvard.edu/abs/2017A&A...602A...2S/abstract
https://doi.org/10.1093/mnras/stv1235
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452..235S/abstract
https://doi.org/10.1093/mnras/sty186
https://ui.adsabs.harvard.edu/abs/2018MNRAS.476.1532S/abstract
https://doi.org/10.1088/0067-0049/214/2/15
https://ui.adsabs.harvard.edu/abs/2014ApJS..214...15S/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJS..214...15S/abstract
https://doi.org/10.1111/j.1365-2966.2005.09655.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.364.1105S/abstract
https://doi.org/10.1093/mnras/stz1536
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.4648S/abstract
https://doi.org/10.1088/0004-637X/790/1/77
https://ui.adsabs.harvard.edu/abs/2014ApJ...790...77S/abstract
https://doi.org/10.1086/148462
https://ui.adsabs.harvard.edu/abs/1965ApJ...142.1683S/abstract
https://doi.org/10.1093/mnras/stt2273
https://ui.adsabs.harvard.edu/abs/2014MNRAS.438.1267S/abstract
https://doi.org/10.1086/425171
https://ui.adsabs.harvard.edu/abs/2004ApJ...617...64S/abstract
https://doi.org/10.1111/j.1365-2966.2010.16485.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.405..234S/abstract
https://doi.org/10.1093/mnras/stt330
https://ui.adsabs.harvard.edu/abs/2013MNRAS.431.2317S/abstract
https://doi.org/10.1086/424707
https://ui.adsabs.harvard.edu/abs/2004ApJS..155..271S/abstract
https://doi.org/10.1086/587168
https://ui.adsabs.harvard.edu/abs/2008ApJ...680..246T/abstract
https://doi.org/10.1086/499933
https://ui.adsabs.harvard.edu/abs/2006ApJ...640..228T/abstract
https://doi.org/10.1093/mnras/stt482
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432.2012T/abstract
https://doi.org/10.1111/j.1365-2966.2010.17905.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.412..295T/abstract
https://doi.org/10.1093/mnras/stu839
https://ui.adsabs.harvard.edu/abs/2014MNRAS.442..577T/abstract
https://doi.org/10.3847/1538-4357/ab32e7
https://ui.adsabs.harvard.edu/abs/2019ApJ...883..204T /abstract
https://doi.org/10.1088/0004-637X/792/2/139
https://ui.adsabs.harvard.edu/abs/2014ApJ...792..139T/abstract
https://doi.org/10.1088/0004-637X/696/2/1195
https://ui.adsabs.harvard.edu/abs/2009ApJ...696.1195T/abstract
https://doi.org/10.1088/0067-0049/203/1/9
https://ui.adsabs.harvard.edu/abs/2012ApJS..203....9U/abstract
https://doi.org/10.1088/0004-637X/719/1/763
https://ui.adsabs.harvard.edu/abs/2010ApJ...719..763V/abstract
https://doi.org/10.1111/j.1365-2966.2007.12547.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.383..435W/abstract
https://doi.org/10.1088/0004-637X/778/2/179
https://ui.adsabs.harvard.edu/abs/2013ApJ...778..179W/abstract
https://doi.org/10.1086/423232
https://ui.adsabs.harvard.edu/abs/2004ApJ...613..655W/abstract
https://doi.org/10.3847/1538-4357/aa911b
https://ui.adsabs.harvard.edu/abs/2017ApJ...850...37W/abstract
https://doi.org/10.1038/nature14164
https://ui.adsabs.harvard.edu/abs/2015Natur.519..327W/abstract
https://doi.org/10.1086/344608
https://ui.adsabs.harvard.edu/abs/2003ApJ...582....6W/abstract
https://doi.org/10.1088/0004-637X/707/2/1201
https://ui.adsabs.harvard.edu/abs/2009ApJ...707.1201W/abstract
https://doi.org/10.1111/j.1365-2966.2011.19367.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.1760W/abstract

THE ASTROPHYSICAL JOURNAL, 889:80 (33pp), 2020 February 1

Wilkinson, A., Almaini, O., Chen, C.-C., et al. 2017, MNRAS, 464, 1380
Wauyts, S., Forster Schreiber, N. M., Genzel, R., et al. 2012, ApJ, 753, 114
Yun, M. S., Scott, K. S., Guo, Y., et al. 2012, MNRAS, 420, 957

Zahid, H. J., Kashino, D., Silverman, J. D., et al. 2014, ApJ, 792, 75
Zavala, J. A., Aretxaga, 1., Dunlop, J. S., et al. 2018, MNRAS, 475, 5585

33

Lim et al.

Zavala, J. A., Aretxaga, 1., Geach, J. E. et al. 2017, MNRAS, 464,
3369

Zezas, A. L., Georgantopoulos, I., & Ward, M. J. 1998, MNRAS, 301, 915

Zhang, Z.-Y., Romano, D., Ivison, R. J., Papadopoulos, P. P., & Matteucci, F.
2018, Natur, 558, 260


https://doi.org/10.1093/mnras/stw2405
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.1380W/abstract
https://doi.org/10.1088/0004-637X/753/2/114
https://ui.adsabs.harvard.edu/abs/2012ApJ...753..114W/abstract
https://doi.org/10.1111/j.1365-2966.2011.19898.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.420..957Y/abstract
https://doi.org/10.1088/0004-637X/792/1/75
https://ui.adsabs.harvard.edu/abs/2014ApJ...792...75Z/abstract
https://doi.org/10.1093/mnras/sty217
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.5585Z/abstract
https://doi.org/10.1093/mnras/stw2630
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.3369Z/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.3369Z/abstract
https://doi.org/10.1046/j.1365-8711.1998.01993.x
https://ui.adsabs.harvard.edu/abs/1998MNRAS.301..915Z/abstract
https://doi.org/10.1038/s41586-018-0196-x
https://ui.adsabs.harvard.edu/abs/2018Natur.558..260Z/abstract

	1. Introduction
	2. Multiwavelength Data
	2.1. SCUBA-2 Data
	2.1.1. Observations
	2.1.2. Data Reduction

	2.2. Ancillary Data

	3. Source Extraction and Counterpart Identification
	3.1. Source Extraction
	3.2. Counterpart Identification
	3.3. Unidentified Sources

	4. Deriving Physical Parameters
	4.1. AGN Contamination
	4.2. Redshift
	4.2.1. Sources without Redshifts
	4.2.2. Redshift Distribution

	4.3. Stellar Mass
	4.4. Infrared Luminosity
	4.5. Dust Properties
	4.6. Ultraviolet-continuum Slope and Ultraviolet Luminosity
	4.7. SFRs
	4.8. Radio Power at 1.4 GHz

	5. The Nature of SCUBA-2 450 μm Selected Sources
	5.1. The Star Formation Main Sequence
	5.2. Td–LIR Correlation
	5.3. IRX–βUV

	6. Infrared LF
	6.1.1/Vmax Method
	6.2. Likelihood Method
	6.3. Comparison with Other Observations
	6.4. Comparison with Models

	7. The Obscured Star Formation History
	8. Summary
	Appendix AMonte Carlo Simulation
	Appendix BConfusion Noises
	References



