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Abstract

The South Pole Telescope (SPT) has systematically identified 81 high-redshift, strongly gravitationally lensed,
dusty star-forming galaxies (DSFGs) in a 2500 square degree cosmological millimeter-wave survey. We present
the final spectroscopic redshift survey of this flux-limited (Ss70 .m > 25 mJy) sample, initially selected at 1.4 mm.
The redshift survey was conducted with the Atacama Large Millimeter/submillimeter Array across the 3 mm
spectral window, targeting carbon monoxide line emission. By combining these measurements with ancillary data,
the SPT sample is now spectroscopically complete, with redshifts spanning 1.9 < 7 < 6.9 and a median of
z =3.9 £ 0.2. We present the millimeter through far-infrared photometry and spectral energy density fits for all
sources, along with their inferred intrinsic properties. Comparing the properties of the SPT sources to the unlensed
DSFG population, we demonstrate that the SPT-selected DSFGs represent the most extreme infrared-luminous
galaxies, even after accounting for strong gravitational lensing. The SPT sources have a median star formation rate
of 2.3(2) x 103°M,, yr~! and a median dust mass of 1.4(1) x 10°M.. However, the inferred gas depletion
timescales of the SPT sources are comparable to those of unlensed DSFGs, once redshift is taken into account. This
SPT sample contains roughly half of the known spectroscopically confirmed DSFGs at z > 5, making this the
largest sample of high-redshift DSFGs to date, and enabling the “high-redshift tail” of extremely luminous DSFGs
to be measured. Though galaxy formation models struggle to account for the SPT redshift distribution, the larger
sample statistics from this complete and well-defined survey will help inform future theoretical efforts.

Unified Astronomy Thesaurus concepts: Observational cosmology (1146); Early universe (435); High-redshift
galaxies (734); Galaxy evolution (594); Interstellar molecules (849)

3 Center for AStl‘OphySllCS and Space Astronomy and Department of Astrophysical and Planetary Sciences, University of Colorado, Boulder, CO 80309, USA

1. Introduction

Millimeter and submillimeter continuum observations have
transformed our understanding of galaxy formation and
evolution by demonstrating that luminous, dusty galaxies were
1000 times more abundant in the early universe than they are
today (see reviews by Blain et al. 2002 and Casey et al. 2014).
The most intense star formation in the universe takes place
in these high-redshift (z > 1) dusty star-forming galaxies

23 NHFP Hubble Fellow.

(DSFGs), which form new stars at rates of >100-1000
M, yr~! behind dense shrouds of dust. DSFGs are thought
to be the progenitors of the massive elliptical galaxies seen in
the present-day universe (Blain et al. 2004). The exact details
of how these galaxies form stars at such prodigious rates is still
an open question (Narayanan et al. 2015), though galaxy
mergers likely play a role (e.g., Tacconi et al. 2008; Engel et al.
2010; Narayanan et al. 2010; Hayward et al. 2011, 2013;
Bothwell et al. 2013; Ma et al. 2016). While the first surveys of
the redshift distributions of these DSFGs suggested that the
population peaks at z ~ 2 (Chapman et al. 2003, 2005), modern
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redshift surveys suggest that the DSFG population peaks at
higher redshifts (2.5-2.9; Simpson et al. 2014; da Cunha et al.
2015; Danielson et al. 2017; Dudzeviciuté et al. 2020). These
updated surveys are also finding objects at increasingly higher
redshift, extending past z > 6 (e.g., Riechers et al. 2013;
Fudamoto et al. 2017; Strandet et al. 2017; Marrone et al. 2018;
Zavala et al. 2018). The presence of these extremely high-
redshift DSFGs challenges our understanding of the underlying
distribution of these objects and their role in the cosmic star
formation history.

Dust emission at high redshift (z > 1) exhibits dimming from
increased cosmological distance, which is counteracted by a
steep rise on the Rayleigh—Jeans side of the spectral energy
distribution (SED) at a fixed observing wavelength, which
leads to the so-called “negative K-correction” in the sub-
millimeter (Blain & Longair 1993). Because of this effect,
fluxes at millimeter and submillimeter wavelengths are roughly
constant with redshift, facilitating the discovery of high-
redshift DSFGs. However, the dust-obscured nature of DSFGs
suppresses emission at optical/UV wavelengths, making robust
redshifts difficult to obtain, especially at high redshift.
Technological advances in correlator bandwidth have enabled
“blind” spectroscopic surveys to be conducted at facilities such
as the Atacama Large Millimeter/submillimeter Array
(ALMA) and the Plateau de Bure Interferometer (PdBI), which
is now the Northern Extended Millimeter Array (NOEMA).
These spectroscopic surveys search for molecular emission at
millimeter wavelengths and can be conducted without prior
optical /near-IR spectroscopy. Because the molecular emission
can be unambiguously related to the continuum emission, these
surveys provide a direct and unbiased way to derive the
redshifts of DSFGs (e.g., Scott et al. 2011; Weil} et al. 2009).
Carbon monoxide (CO) is the second most abundant molecule
in the universe after H, and its rotational transitions are
frequently targeted in blind searches. These rotational transi-
tions are spaced evenly every 115 GHz and are among the
brightest lines in the millimeter spectrum. The CO line
brightness is due to its abundance. The low energy required
to excite its rotational states, and the fact that the resulting
emission lines are mostly accessible at frequencies of high
atmospheric transmission make it ideal for line surveys
with ALMA.

One of the first millimeter-wave redshift searches with
ALMA identified the redshifts of 26 gravitationally lensed
DSFGs selected with the South Pole Telescope (SPT; Vieira
et al. 2013; Weil} et al. 2013). Because gravitationally lensed
sources (with magnifications p ~ 10) are apparently brighter
than unlensed sources, they require significantly less on-source
time to survey (fops X £ 2). Blind CO surveys can be
conducted with comparative ease and enable larger spectro-
scopic surveys (Weil} et al. 2013; Strandet et al. 2016; Neri
et al. 2020). While some unlensed blind CO surveys have been
conducted (Chapman et al. 2015), the majority of unlensed
redshifts were obtained through optical spectroscopic searches
(Chapman et al. 2003, 2005; Casey 2012; Koprowski et al.
2014; Brisbin et al. 2017; Danielson et al. 2017) or photometry
(Simpson et al. 2014, 2017; Michatowski et al. 2017). The
discrepancies between the peaks of unlensed and lensed
distributions can be explained by a combination of the
selection wavelength, survey depth, and the redshift-dependent
probability of strong lensing (e.g., Béthermin et al. 2015b;
Strandet et al. 2016).

Reuter et al.

Wide-area surveys conducted with the Atacama Cosmology
Telescope (ATCA; Marsden et al. 2014), Herschel (Eales et al.
2010; Oliver et al. 2012), Planck (Planck Collaboration et al.
2015), and the SPT (Vieira et al. 2010, 2013; Carlstrom et al.
2011) span hundreds to thousands of square degrees and have
enabled the discovery of hundreds of gravitationally lensed
DSFGs at millimeter and submillimeter wavelengths. For DSFGs
at high-redshift, the rest-wavelength peak in the SED at
~100 pm is shifted into the observing bands of these millimeter
and submillimeter instruments. Most of the brighter sources are
gravitationally lensed as well (e.g., Blain 1996; Negrello et al.
2010; Wardlow et al. 2013; Spilker et al. 2016). The few
intrinsically bright unlensed sources in these samples are typically
major mergers of DSFGs (e.g., Fu et al. 2013; Ivison et al. 2013)
or protoclusters (e.g., Casey 2016; Overzier 2016; Lewis et al.
2018; Miller et al. 2018; Oteo et al. 2018; Hill et al. 2020). The
magnification due to gravitational lensing enables us to obtain
spectroscopic redshifts for a complete sample of DSFGs, measure
the redshift distribution of DSFGs, and ascertain the prevalence
of the highest-redshift DSFGs. Samples of lensed DSFGs also
afford the opportunity to study fainter observational diagnostics,
in greater detail, than would otherwise be possible (e.g., Bothwell
et al. 2017; Béthermin et al. 2018; Spilker et al. 2018; Zhang
et al. 2018; Dong et al. 2019; Jarugula et al. 2019; Litke et al.
2019; Cunningham et al. 2020).

In this paper, we finalize the SPT-selected ALMA redshift
survey, which started in Weil3 et al. (2013) and continued in
Strandet et al. (2016). The final catalog contains spectroscopic
redshifts for all sources, making it the largest and most
complete catalog of its kind to date. In Section 2, we present
the 3 mm line scans obtained from ALMA (Section 2.2),
including 40 new sources. We also present the photometry
from SPT, ALMA, Herschel and Atacama Pathfinder Experi-
ment (APEX; Section 2.3.1). In Section 2.3.2, we present a
methodology for fitting SEDs and deriving intrinsic source
properties. Section 3 is divided into two parts: spectroscopic
results (Section 3.1) and photometric results (Section 3.2). In
Section 3.1, we present the 3 mm spectra and the resulting
spectroscopic redshifts. In Section 3.2, we describe the fitted
SEDs and the resulting intrinsic properties. In Section 4, we
discuss the redshift distribution of the complete SPT sample
(Section 4.1), the possibility of temperature evolution (Section 4.2),
the extreme nature of the SPT sources (Section 4.3), and the
resulting high-redshift tail of this distribution (Section 4.4).

For this paper, we adopt a flat Lambda cold dark matter
cosmology, with Qy = 0.696 and H, = 68.1 kms~'Mpc~!
(Planck Collaboration et al. 2016).

2. Observations and Methods
2.1. Sample Selection

The SPT-selected DSFG catalog is a flux-limited sample
comprised of 81 bright sources, selected at 1.4 mm from the
2500 deg? of the SPT-Sunyaev—Zel'dovich (SPT-SZ) survey
(Vieira et al. 2010; Mocanu et al. 2013; Everett et al. 2020).
The sources were selected with Sj4mm > 20 mly, corresp-
onding to a signal-to-noise ratio >4.5. The relatively coarse
SPT positions (beam size of 1.05" at 1.4 mm) were refined with
observations with the Large Apex BOlometer CAmera
(LABOCA) at 870 um (Siringo et al. 2009). Given the smaller
beam size (20”) and higher signal-to-noise ratio (typically ~2.5
higher) with the LABOCA observations, a final flux density cut
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Figure 1. Flux density and color plots for all sources in the SPT-selected DSFG catalog, with 26 sources from Weif et al. (2013) (blue), 15 sources from Strandet et al.
(2016) (black), and the remaining 40 sources from this work (red). All of the source names and positions are detailed in Appendix A. Left: APEX/LABOCA 870 pum
flux density vs. the SPT 1.4 mm flux selection. The initial selection included sources with a signal-to-noise ratio of 4.5 and were followed up with LABOCA. The
sample is defined such that sources have Sg70 ,m > 25 mly, excluding the gray-hatched region. Sources below the Sg70 ,m flux selection were not retained in the final
sample. Right: the APEX/LABOCA 870 xm flux density vs. the ratio of the Herschel /SPIRE 350 pm flux density to APEX/LABOCA 870 pum flux density. The
8350 yum /S870 um color corresponds to Tyus /(1 + z). At a fixed Ty, this color can be used as a crude proxy for redshift.

was performed to select sources with Sg79 ,m > 25 mly. The
complete source catalog and their positions are detailed in
Appendix A.

The spectroscopic survey of the SPT sample presented here
is complete for Sg70 ,m > 25 mJy. The 1.4 mm SPT and Sg70 m
LABOCA fluxes of the final sample are shown in Figure 1. The
S350 um /S870 um color can be used as a rough indicator of
redshift, shown in the right panel of Figure 1, assuming a
constant dust temperature of 50 K (see Section 3.2.1 for
details). Due to their extreme brightness, most of the sources
were suspected to be gravitationally lensed by foreground
galaxies, groups, or clusters (Negrello et al. 2007). High
resolution 870 pm observations (Hezaveh et al. 2013; Spilker
et al. 2016) demonstrated that at least 70% of the sample was
strongly lensed.

2.2. Spectroscopic Observations
2.2.1. ALMA 3 mm Blind Scans

In order to obtain redshifts for the SPT sample, a blind
spectroscopic redshift search was started in ALMA Cycle 0
(project ID: 2011.0.00957.S). This program resulted in a 90%
line detection rate for the 26 sources surveyed (Weil} et al. 2013).
An updated distribution was presented in Strandet et al. (2016)
with an additional 15 sources observed in ALMA Cycle 1
(project ID: 2012.1.00844.S). This work represents the conclu-
sion of the SPT blind redshift survey, and presents spectroscopic
scans for the remaining 40 sources from ALMA Cycles 3, 4, and
7, and 41 new spectroscopic redshifts. The individual 3 mm scans
for all sources can be found in Appendix B.

The blind spectroscopic search was conducted using ALMA’s
Band 3 receiver, which operates between 84 and 116 GHz.
The correlator has a total bandwidth of 7.5 GHz, which is split
across two sidebands. The ALMA Band 3 3 mm atmospheric
transmission window can be covered in five tunings, as shown
in the left panel of Figure 2. This configuration results in

120

115

110

105

100

95

Vobs [GHZ]

90

85

80

Figure 2. Spectral coverage of the important CO, [C 1], and H,O emission lines
as a function of redshift. The darker teal-shaded region designates the redshift
range in which two or more strong lines are expected to be detected, which
would provide an unambiguous redshift for a given observation. The lighter
teal region marks redshift range where only a single line is detectable, and an
ancillary spectroscopic observation or photometric redshift would be required
to identify the correct redshift. The five frequency tunings used in the 3 mm
line scans are shown in the left panel.

overlapping coverage in the 96.2-102.8 GHz region. ALMA’s
primary beam ranges from 45”-61" over the entire scanned
frequency range.

Figure 2 also demonstrates this search’s sensitivity to CO
lines between the CO(1-0) and CO(8-7) transitions. Scanning
this region results in redshift coverage of 0.0 < z < 0.4 and
1.0 < z < 8.6 with a narrow redshift desert at 1.74 < z < 2.00.
As previously shown in Weil et al. (2013) and Strandet et al.
(2016), the SPT sources have a median redshift of z ~ 4,
enabling more than one emission line to be observed in each
spectrum. Notably, the [C I]J(1—0) line is predicted in the range
3.3 < z < 4.8 and has been shown in Weill et al. (2013)
and Strandet et al. (2016) to be bright enough to provide
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Figure 3. Top panel: all obtained ALMA 3 mm spectra in the rest frame, with channel widths of 62.5 MHz. The associated redshift is shown on the right of each
spectrum. Not shown: three DSFGs that do not have ALMA 3 mm data, but were confirmed through other programs (SPT0538-50, SPT0551-48, SPT2332-53) and
published in Greve et al. (2012) and Strandet et al. (2016). By performing a 1.4 mm flux-weighted average of the observed continuum-subtracted rest frame spectra,
we obtain the composite spectrum presented in the bottom panel. This was first done in Spilker et al. (2014), but has been updated to include the final SPT-selected
sample. Emission lines used for redshift confirmation are shown in dark gray, while other important emission lines are shown in light gray.

secure spectroscopic redshifts at the observed sensitivities. The
H,0(2¢,-1;,1) and [CI](2—1) lines are accessible at the highest
redshifts (Figures 2 and 3).

The Cycle 3 ALMA observations were conducted from 2015
December to 2016 August (project ID: 2015.1.00504.S).
During Cycle 3, between 34 and 41 antennas were employed,
and resulted in typical synthesized beams of 3.9” x 4.7” to
3.3 x 4.1” (FWHM) from the low to high frequency ends of
the band. Each target was observed for roughly 6 minutes on-
source. Sources were grouped such that at least four targets
were observed in a single execution block, so as to minimize
overheads. This resulted in total observation times of 25-45
minutes per source. Typical system temperatures were
measured to be Tg, = 55-84 K. Flux calibration was per-
formed on Uranus, Neptune, Ganymede, J0519-4546, and
J0538-4405. Bandpass and phase calibration were determined
from nearby quasars.

The data were processed using the Common Astronomy
Software Application (CASA; McMullin et al. 2007; Petry et al.
2012). Calibrated data cubes were constructed using CASA’S
TCLEAN package. The cubes have a channel width of 62.5
MHz (~220 km s~ !). Observations from Cycle 3 had a typical
noise per channel of 0.5-0.8 mJy beam™ over the 37 GHz
bandwidth. The TCLEANed continuum images have typical
noise levels of 50 pJy beam ™.

The Cycle 4 observations were conducted from 2016
November to 2017 May (project ID: 2016.1.00672.S). In
Cycle 4, each scan utilized between 38 and 46 antennas,
resulting in typical synthesized beams of 4.1”7 x 5.0” to
3.5" x 4.3 (FWHM) from the low to high frequency ends
of the band. Each target was observed for ~12—-15 minutes on-
source for each source, not including overheads. Sources were
again grouped such that each execution block contained
multiple targets. However, because groupings were not
possible for every source, the total observation time ranged
between 38 and 90 minutes per source, including overheads.
Typical system temperatures were measured to be Tgy, =
60-89 K. Flux calibration was performed on Mars, Uranus,
Neptune, J0334-4008, J0538-4405, J2056-4714, and J0519-
4546. Bandpass and phase calibration were determined from
nearby quasars. Because more antennas were available in
Cycle 4, the typical noise per channel decreased to 0.4-0.6
mJy beam'. The TCLEANed continuum images from Cycle 4
had typical noise levels of 40 uJy beam™'.

Because a total of three sources did not exhibit lines in
their initial 3 mm line scans (SPT0112-55, SPT0457-49, and
SPT2340-59; more detail in Section 3.1), additional deeper 3
mm scans for these sources were conducted in Cycle 7. These
observations were conducted from 2019 November to 2020
January (project ID: 2019.1.00486.S) with the aim of observing
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possible line features with fluxes of 1-2 mly identified in the
earlier scans. Each scan utilized between 42 and 49 antennas,
resulting in minimum and maximum angular resolutions of
2.0"-4.0" from the high to low frequency ends of the observed
band. Each target was observed for 45-91 minutes on-source,
for a total time of 130-300 minutes when including overheads.
Typical system temperatures were Ty, = 6272 K resulting in
a noise per channel of 0.2-0.3 mJy beam . Flux calibration
was performed on JO006—0623, J0519—4546, and J0238
+1636. Bandpass and phase calibration were determined from
nearby quasars. The continua for the three sources reobserved
in Cycle 7 had typical noise levels of 10-70 pJy beam ™ '. The
decreased noise in Cycle 7 is to due a combination of longer
integration times and more antennas being available.

2.2.2. Additional Spectroscopic Observations

Because many observations from the blind 3 mm line scans
described in Section 2.2 contain single CO lines, additional
observations were required in order to break degeneracies
between redshift solutions and obtain unambiguous spectro-
scopic redshifts. In addition to the 3 mm ALMA survey
conducted in this work, we have also conducted surveys of the
[C 11] emission line and low-J CO lines. The [C II] emission line
survey was conducted using the First Light APEX Submilli-
metre Heterodyne receiver (FLASH; Heyminck et al. 2006). A
subset of these observations were published in Gullberg et al.
(2015) and used to confirm three redshifts from Strandet et al.
(2016). More recently conducted [C II] observations were used
to confirm four spectroscopic redshifts in this work. The ATCA
was used to conduct a survey of CO(1—0) and CO(2—1) and
confirmed a subset of observations (Aravena et al. 2016). One
of these observations was obtained after the publication of
Aravena et al. (2016) is used to confirm one additional redshift
in this work. The details for all of these observations can be
found in Appendix C.

An additional 13 redshifts were confirmed through targeted
CO line searches in the ALMA 2 mm Band. CO emission lines
were targeted using the possible redshift solutions from the
observed 3 mm emission line. To further guide which of the
degenerate solutions should be targeted, the photometric
redshift obtained from SED fitting was used to guide the
target selection. The ALMA correlator sidebands were
configured such that at least one CO emission line would be
observed for a given redshift. The expected line strength was
determined using the SPT-DSFG CO spectral line energy
distribution from Spilker et al. (2014). These observations were
carried out in ALMA Cycles 6 and 7 (project IDs:
2018.1.01254.S and 2019.1.00486.S) and all sources targeted
yielded CO emission detections at sufficient significance levels
to confirm the redshifts. Details on these observations and the
obtained spectra can be found in Appendix C.1.

Of the spectroscopic redshifts presented, only two are based
on a single line and are still awaiting additional observations to
confirm the redshift (see Section 3.1.2 for a detailed
discussion).

2.3. Photometry and SED Fitting
2.3.1. Photometry

The SPT DSFGs have superb alternatively, far-infrared
(FIR) through millimeter photometric coverage, with flux
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densities measured at 3 mm (ALMA), 2 mm, 1.4 mm (SPT),
870 um (APEX/LABOCA), and 500 pm, 350 pm, and
250 pm (Herschel /Spectral and Photometric Imaging Receiver
(SPIRE)) for all sources. Additional Herschel /Photodetector
Array Camera and Spectrometer (PACS) 160 pm and 100 ym
observations were obtained for a subset of 65 sources. Despite
the large range in redshifts (1.9 < z < 6.9), the photometry is
complete between 71 pum < Apg < 380 pm, and the peak of
the FIR SED at ~100 um is always well constrained. The flux
densities for all photometric points can be found in
Appendix D. The absolute calibration uncertainties of 10%
for Herschel/PACS, 7% for Herschel/SPIRE data, 12% for
APEX/LABOCA, 7% for SPT, and 10% for ALMA data
added in quadrature to the errors quoted in Appendix D.

ALMA—The ALMA 3 mm continuum maps were obtained
as a result of the observations described in Section 2.2.1. The
continuum images were created using CASA’s TCLEAN
procedure with the full observed bandwidth (84.2-114.9
GHz) with natural weighting in order to optimize sensitivity.
In cases where the source is unresolved, meaning >90% of the
total flux detected was contained within one beam, we extract
flux from the brightest pixel detected from the continuum to
obtain a spectrum. The error on flux density was calculated
using the rms of the residual map produced by the TCLEAN
procedure. However, half of the SPT-selected sources are
marginally resolved (>80% of the source’s flux is contained
within one beam). In order to obtain spectra for these sources,
CASA’s imfit routine is used to fit a 2D Gaussian to the source
in each datacube slice and extract the flux and associated error.

SPT—The SPT 1.4 and 2.0 mm flux densities were extracted
from cosmic microwave background (CMB) maps acquired
from the first survey, SPT-SZ. This survey was completed in
2011 November and covered 2500 deg? of the southern sky in
three frequency bands, 95, 150, and 220 GHz (corresponding
to 3.2, 2.0, and 1.4 mm, respectively) with arcminute angular
resolution. Absolute calibration for both the 1.4 and 2.0 mm
bands is derived from the CMB and the calibration uncertainty
is $10%. The data were extracted and deboosted according to
the procedure described in Everett et al. (2020).

APEX—The sources were observed at 870 pm with LABOCA
at APEX and the flux densities were extracted. LABOCA is a 295-
element bolometer array with an 11.4’ field of view and a
measured angular resolution of 19.7” (FWHM). The center
frequency of LABOCA is 345 GHz (870 pm) with a passband
FWHM of ~60 GHz. The measured noise performance for these
observations was 60 mJy s'/2. These observations were performed
between 2010 September and 2013 October (project IDs: M-085.
F-0008-2010, M-087.F-0015-2011, E-087.A-0968B-2011, M-089.
F-0009-2012, E-089.A-0906A-2012, M-091.F-0031-2013, E-091.
A-0835B-2013, M-092.F-0021-2013). For more details on the
observations, see Strandet et al. (2016).

APEX/LABOCA maps were created for each source using
the Bolometer Array Analysis Software (BoA; Schuller 2012).
The resulting time-ordered data undergo various calibration,
noise removal, and flagging procedures detailed fully in Greve
et al. (2012). The data is then gridded and individual maps are
co-added with inverse variance weighting. The flux densities
were either extracted from the peak flux density, in case of
pointlike sources or by integrating over the emission region, in
cases where LABOCA resolves the emission.
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Herschel /SPIRE—Flux densities at 250, 350, and 500 um
for all sources were measured by the SPIRE (Griffin et al.
2010) onboard the Herschel Space Observatory. The data were
observed in two programs (project IDs: OTI_jvieira_4 and
OT2_jvieira_5) conducted between 2012 August and 2013
March. The Herschel /SPIRE data consists of triple repetition
maps, with coverage complete to a radius of 5’ from the
nominal SPT position. The maps were produced using the
standard reduction pipeline HIPE v9.0 (Ott 2011; Balm 2012).
Flux densities were extracted by fitting a Gaussian profile to the
SPIRE counterpart of the SPT detection and the noise was
estimated by taking the rms in the central 5’ of the map.

Herschel/PACS—Additional data were obtained for a
subsample of 65 sources at 100 and 160 ym using the PACS
onboard Herschel (project IDs: OTI1_jvieira_4, OT1_dmar-
rone_1, OT2_jvieira_5 and DDT_mstrande_1). The additional
data ensures that the thermal peak is well-sampled and has been
constrained for all SPT sources with z < 2.5. The data were
acquired using approximately orthogonal scans centered on the
target at medium speed (i.e., with the telescope tracking at
20" s7"), spending a total of 180 s on-source per program. Each
scan was composed of 10 separate 3’ strips, each offset
orthogonally by 4” and both wavelengths were observed
simultaneously. The scans were co-added and weighted by
coverage. The data were then handled by a variant of the
reduction pipeline presented in Ibar et al. (2010). The resulting
noise levels were calculated using random aperture photometry
and were found to be 0 &~ 4 and 7 mJy at 100 and 160 pm,
respectively.

2.3.2. SED Fitting

We fit each source in each sample with a modified blackbody
law (e.g., Blain et al. 2003; Casey 2012) given by

[, o< [1 = exp(=v/vo) 1B, (Taus) — B.(Temw)l, (1)

where B, is the Planck function for a value of 7y, or the CMB
temperature, Tcvpg. In order to reduce the number of free
parameters and mitigate the degeneracies between redshift and
Taust, we fix the Rayleigh—Jeans spectral slope, 3. Empirically,
the value 8 = 2 was well matched to the data, so we fix this
parameter for our modified blackbody fits in a similar fashion
to what was done in Greve et al. (2012). However, rather than
fix vy~ 3000 GHz ()\y =~ 100 um), we use the empirical
relationship between )y and Ty,q given in Equation (2) of
Spilker et al. (2016) to constrain ). Using this relation
provides a better alternative to assuming a single value for A,
when an independent estimate of the size of the emission
region is not available. We find that the introduction of this
dependency between Ty, and )y improves both the reduced >
value and photometric redshift. It should be noted, however,
that this procedure tends to increase the value of the dust
temperature by ~20%. The only free parameters in this SED fit
are the overall SED normalization, dust temperature, and
redshift.

Because a modified blackbody fit alone does not typically
describe the mid-IR excess found in the Wien side (< Ajeqt =
50 pm) of the thermal emission peak, we perform another fit
including an additional power law component (Blain et al.
2003). The power law component introduces another free
parameter, «, which is the power law slope. The combined
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modified blackbody and power law fit empirically describes all
of the available photometry, including the data on the Wien
side of the thermal emission peak. In this work, we use this
SED fit to define the frequency at which thermal emission
peaks, Apeak, obtain a best fit to 3 for the My calculation, and to
determine total L.

In order to fit the data, we employ a Markov Chain Monte
Carlo (MCMC) algorithm using the emcee package (Foreman-
Mackey et al. 2013) to sample the posterior probability
function. To ensure uniform photometric coverage in the fit
region, we mask data shortward of A5y = 50 pm (Greve et al.
2012) for the modified blackbody fits. Fitting done with
an additional power law included all available photometry
points. The results of this fitting procedure are described in
Section 3.2.

2.3.3. Calculating Intrinsic Source Properties

In this section, we describe the intrinsic source properties,
which are calculated using the SED fits. Because we constrain
Ao as a function of Ty, (as described in Section 2.3.2), we are
able to better understand the 7y, distribution of the sample.
The apparent FIR luminosity (Lggr) is calculated by integrating
the fitted SED over the wavelength range 42.5-122.5 ym
(Helou et al. 1988). In order to obtain the IR luminosity (Lr),
we integrate the modified blackbody function with an
additional power law over the 8—1000 pm range.

With FIR luminosity and 7g, values, we derive star
formation rates (SFRs) and dust masses for each source. The
dust masses are calculated according to

| DL2 Sy —1

My = p Y [B,,(Ty) — B, (Tems(@DI,  (2)
where S, is the flux density at 345 GHz in the rest frame,
determined from our SED fit, D; is defined as the luminosity
distance, Tovp(z) is the CMB temperature at redshift z, and p is
the magnification factor. We adopt x(v)/ m>kg~! = 0.015 x
(14/250 GHz)? (Weingartner & Draine 2001; Dunne et al.
2003), where 0 = 2.0 is the dust emissivity index.

To derive total SFRs, we use the following conversion from
Murphy et al. (2011):

_SFR 1 49 x 10-10,,1 L [8-1000 yim]
Moyt L. ’

©

3)

where the infrared luminosity, Ljr, is calculated from the
8-1000 um range using the modified blackbody fit with an
additional power law to describe the mid-IR excess. This
conversion was calculated using Starburst99 (Leitherer et al.
1999) for a Kroupa initial mass function (Kroupa 2001).

In order to calculate the intrinsic properties of these sources,
the magnifications presented in Spilker et al. (2016) are used
when available. Spilker et al. (2016) surveyed a sample of 47
SPT DSFGs and constructed gravitational lens models. How-
ever, because of the final flux density cut (Sg70 ;m > 25 mly)
used to define the sample presented in this work, not all sources
modeled in Spilker et al. (2016) were retained. As a result, 39 of
the sources presented in this work have detailed lens modeling.
For sources with multiple components, a flux-weighted average
is used as the magnification. For the remaining sources without
lens models, the median magnification ({159 ,,m) =5.5) of the
modeled sources is adopted.
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3. Results
3.1. Spectroscopy Results

Building on the work of Weil} et al. (2013) and Strandet
et al. (2016), the final SPT-selected DSFG sample is composed
of 81 sources. We have obtained spectroscopic redshifts for the
complete SPT-selected sample, making our catalog the largest
and most complete redshift survey of high-redshift DSFGs to
date. We begin by presenting the final blind 3 mm CO line
scans obtained by ALMA and the resulting spectroscopic
redshifts. For the cases where only a single CO line was
detected, we discuss any ancillary spectroscopic data used to
confirm the redshift in Appendix C.4. We also discuss the three
3 mm spectra where no spectroscopic lines were present in the
initial 3 mm scans. These sources were reobserved and deeper
scans enabled secure redshifts to be obtained. Finally, we
discuss the two single line spectra where no ancillary data has
yet been obtained and discuss the most probable redshift.

All of the SPT-selected DSFG spectra, including those
originally published in Weil} et al. (2013) and Strandet et al.
(2016), are summarized in Figure 3. A complete summary of
the spectroscopic lines detected for each source can be found in
Appendix E. In this work, we detect 62 strong line features from
'2CO and [C1] with an integrated signal-to-noise ratio > 50. We
detect an additional 29 weaker features (>3c¢), which include
HCN, HCO™, H,0, '*CO, and CN.

We detect 3 mm continuum emission for all the 40
previously unpublished SPT-selected DSFGs presented in this
work. The positions for these sources were obtained by fitting
Gaussian profiles to the ALMA 3 mm data and are listed in
Appendix A. The continuum flux densities were also obtained
in these fits and are given with the other photometric
observations in Appendix D.

3.1.1. Unambiguous Cases

We detect two or more line features in the 3 mm spectra for
~46% of the SPT-selected catalog. Because of the unique
distances between the CO rotational states, these redshifts can
be related to rest frame spectra unambiguously. The redshifts
are derived by averaging the redshifts for individual line
detections, which typically differ at the <0.1% level. Because
these line profiles were fitted using a Markov Chain Monte
Carlo MCMC) to sample to posterior probability, the values
differ slightly from the values published in Weil} et al. (2013)
and Strandet et al. (2016, 2017). However, the redshifts with
previously published values also differ at the <0.1% level and
agree within their stated error bars. Table E1 summarizes all of
detected line features for the full SPT-DSFG catalog and their
derived redshifts.

3.1.2. Single Line Detections

Spectroscopic redshifts can also be calculated from spectra
with a single line feature. However, such redshifts have
multiple degenerate solutions, as the observed transition cannot
be unambiguously identified. Ancillary spectroscopic observa-
tions are required in order to break the degeneracy. Line scans
specifically targeting CO transitions and [CII] at the expected
redshift solutions have been obtained with ALMA, APEX, and
ATCA. These observations are described in detail in
Appendix C and are used in order to confirm an additional
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15 redshifts. Any ancillary data obtained is noted in the
comments section of Table El.

However, there are still two sources (SPT0150-59 and
SPT0314-44) with a single 3 mm feature that do not yet have
any associated ancillary spectroscopy. These sources are
identified in Table E1 as the bolded sources. In both cases,
these spectra cannot result from CO transitions of J = 4—3 or
higher because these lines would be accompanied by another
line within the observing band (see Figure 2). For more details,
see Section 3.2.1. Additionally, we can use the available
photometry to determine the most probable redshift solution.
Both methods indicate that CO(3—2) is the most probable
identification, but follow-up spectroscopy is needed for redshift
confirmation.

3.1.3. No Line Detections

Combining the results from our two previous redshift papers,
there are three sources where no line could be identified in the 3
mm window: SPT0128-51, SPT0457-49, and SPT2344-51. In
this work, we find one additional source, SPT0112-55, where
we do not detect a line in our initially shallow Band 3
observations. SPT0128-51 and SPT2344-51 failed to meet our
8870 yum > 25 mJy cut and are not retained in the final flux-
limited sample. We obtained deeper 3 mm scans in ALMA
Cycle 7 for SPT0112-55 and SPT0457-49. We also reobserved
SPT2340-59, which was originally published with a tentative
single line detection in Strandet et al. (2016) to secure its
redshift. All three showed >5¢ detections of CO(4—3) and
[CT](1-0) and the spectra are shown in Figure B1. While
SPT0112-55 does not have obvious multiplicity, both
SPT0457-49 and SPT2340-59 had their fluxes split between
two sources. Optical imaging reveals that SPT2340-59 is
almost certainly lensed, while SPT0457-49 is a protocluster
candidate.

3.1.4. Summary of Spectroscopic Results

In summary, all of the combined observational efforts
yielded secure redshifts for the complete flux-limited sample
of 81 sources from the 2500 deg? SPT survey. Of these, 79
sources had multiple spectroscopic lines, detected either solely
from the 3 mm window or with ancillary spectroscopic
observations. Only two of the redshifts are based on a single
line, but they have no other possible redshift solution and agree
with our photometric redshift from the distribution of dust
temperatures. Altogether, this is the largest and most complete
collection of spectroscopic redshifts for high-redshift DSFGs
obtained so far at millimeter wavelengths.

3.2. Photometric Results

In this section, we first discuss the results of fitting the
available photometry with the procedure outlined in
Section 2.3.2. We present the fits, along with the derived dust
temperatures and photometric redshifts in Section 3.2.1. With
the SED fits in hand, we calculate the intrinsic source
properties for the sample and present them in Section 3.2.2.

3.2.1. SED Fits, Dust Temperature, and Photometric Redshifts

More information can be obtained by fitting the photometry
using the process outlined in Section 2.3.2. We first fit a
modified blackbody to the FIR thermal emission peak for rest
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Figure 4. Spectral energy distribution fits for all 81 of the SPT-selected DSFGs. The modified blackbody model (red) was fit by masking data shortward of

Arest < 50 pm, such that all sources have roughly uniform photometric coverage a
dust temperature toward higher values. Sources that exhibit multiple components

nd excess emission on the Wien side of the blackbody does not artificially drive the
in 3 mm are fitted by masking the 3 mm point. Any photometry points that were

masked for the modified blackbody fit are represented by the gray squares. In order to account for the mid-IR excess, a power law can be added on to the modified

blackbody function (Blain et al. 2003) to better describe all available data (blue)

wavelengths >50 ym. We also fix the redshift parameter to the
spectroscopic values obtained in Section 3.1, shown in Figure 4
in red. This model describes the FIR thermal emission peak
well, with a median reduced X2 value of 1.8. We also perform
another fit with an additional power law component in order to
fit the complete Lig wavelength range (shown in Figure 4 in
blue), which gives a median reduced x? of 0.7.

Sources with large x* values generally exhibit a discrepancy
between the 3 mm flux and the value predicted by the modified
blackbody. Because of the discrepancy in beam sizes between

ALMA and SPT, objects that are broken into multiple
components are sometimes below the ALMA 3 mm detection
threshold, leading to an underestimation of the total 3 mm flux.
Using ALMA 870 pm imaging (Spilker et al. 2016), we verify
that the source is split into multiple components. In cases of
multiple components, the 3 mm point is then masked when
fitting the thermal emission peak. One of these sources,
SPT2349-56, has already been identified as a protocluster
(Miller et al. 2018; Hill et al. 2020). This discrepancy in 3 mm
flux from over-resolving the emission may be a good way to
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Figure 5. The probability distribution of the dust temperature for all sources in
the SPT-DSFG sample. Though this probability distribution peaks at 40 K, the
distribution is skewed toward warmer sources. The median of this distribution
is at 52.4 K (solid line) and the inner quartiles of the distribution are given by
the dashed lines. The adopted median for each fitted T4, (Table F1) is shown
for comparison in red, and is described by the right axis.

separate unlensed protoclusters from lensed DSFGs. The
remaining sources are being investigated as potential proto-
cluster candidates. As previously stated, any photometry
<50 yum in the rest frame was masked for the modified
blackbody fit. Any masked photometry points are shown in
Figure 4 in gray.

By extracting a dust temperature from the SED fit, a dust
temperature probability distribution was created by sampling
each source’s dust temperatures 10” times using a Monte Carlo
procedure, and is shown in Figure 5. Though the distribution
peaks near Ty, = 40K, the median of the distribution is
significantly higher at 7,y = 52.4 £ 2.3K, with a tail extending
past ~100 K. Given the relationship between )y and Ty
discussed in Section 2.3.2, the implied median of the )
distribution is 155 & 7 pum. These warm dust temperatures
suggest that there could be a correlation between redshift and
dust temperature, which we discuss in Section 4.2.

Although spectroscopic redshifts have been obtained for all
sources, the photometric redshift can still be used in order to
break degenerate redshift solutions in the two cases where a
single CO transition was detected, as well as inform future
spectroscopic and photometric surveys. In order to find the
photometric redshift, we use the dust temperature distribution
given in Figure 5 as a prior and simultaneously fit the 74,y and
redshift parameters. While this method exhibits good agree-
ment with the spectroscopic redshift, as seen in Figure 6, the
associated errors are large. However, this method can be used
to ascertain a rough estimate of redshift in the absence of
observationally expensive spectroscopic data. (See, e.g.,
Casey 2020 for a similar method and comparison to template
fitting.)

This photometric redshift fitting can also be used to break
degeneracies for the two single 3 mm line sources (SPT0150-
59 and SPT0314-44). For a given degenerate redshift solution,
we fix the redshift parameter to that solution and use the SED
fitting procedure to find the associated dust temperature. Using
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Figure 6. Photometric redshift compared with spectrosocpic redshift. We find
good agreement between photometric and spectroscopic redshifts, though
photometric redshift has large associated errors. Unity is shown as the
dashed line.

the dust temperature distribution given in Figure 5 as a prior,
we assign a likelihood of the source being at each possible
redshift solution (see Appendix C.4 and Figure C5 for details).
For both single line sources, CO(3—2) is the most probable
identification. If the detected line was in fact the higher-J
transition (e.g., CO(4—3)), an additional CO line should have
been detected. Taken together, these two independent pieces of
evidence indicate that there is no ambiguity in the redshift of
these sources.

Though we are complete in spectroscopic redshifts, photo-
metry provides insights that inform future surveys. Because the
SPT DSFGs have excellent FIR-millimeter coverage, it is
possible to use single flux density ratios to obtain information
about the redshift. For instance, the S350 ;um /S870 um Tatio can be
used as a rough indicator of redshift. We find relatively good
agreement between our catalog, Herschel/SPIRE sources
(Negrello et al. 2010; Conley et al. 2011; Omont et al. 2011;
Harris et al. 2012; Wardlow et al. 2013; Bussmann et al. 2013;
Gladders et al. 2013; Riechers et al. 2013; Messias et al. 2014)
and the redshifted SED of Arp220 (Silva et al. 1998), shown in
Figure 7. We perform a maximum likelihood estimation assuming
the 350870 pm flux density ratios for the Herschel/SPIRE and
SPT sources can be described by an exponential model with an
extra Gaussian variance term to account for intrinsic scatter. We
find the following exponential fit best describes the available data:

S
z2=(555+03) — (455 +02) x loglo( el ’““), @)
870 pm

which is shown with a 1o limit in Figure 7. In performing this
fit, we find an intrinsic logarithmic scatter of 4.2 £ 1.1. While
a redshift determination using this method would have large
uncertainties, it is nevertheless useful in instances where
limited IR or millimeter photometry is available.
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Figure 7. The S350 ;m /Sg70 um color serves as a rough indicator for redshift. The
SPT catalog is compared to Herschel /SPIRE sources and is well described by
an exponential fit with a term to describe the intrinsic scatter. The Arp220
colors were obtained by artificially observing the Arp220 SED (Silva
et al. 1998) for a range of redshifts.

3.2.2. Individual Source Properties

To demonstrate the extreme star-forming nature of the SPT
DSFGs, we compare our sources to a flux-limited blank-field
sample throughout this work. The original LABOCA ECDEFS
submillimetre survey (LESS) mapped the full Extended
Chandra Deep Field South (ECDFS; Weil} et al. 2009). The
survey area encompassed 0.5 x 0.5 deg? and detected a total of
126 DSFGs above a significance level of 3.70. The individual
source detections were followed up with ALMA in Cycle 0 and
the sample was thus called ALESS (Hodge et al. 2013;
Swinbank et al. 2014). Photometry was obtained at 1.4 GHz,
870, 500, 350, 250 160, 100, and 70 pm in order to obtain the
photometric redshifts (Swinbank et al. 2014). The MAGPHYS
SED modeling code was used to obtain photometric properties
(da Cunha et al. 2015). Spectroscopic redshifts were also
obtained for a subset of these sources (Danielson et al. 2017).
Because the ALESS sample is complete for sufficiently bright
sources, we use it as an example of the classic unlensed 850 ym
selected DSFGs with a flux-limited selection. Unless otherwise
stated, the same formalism used for the SPT analysis was also
applied to the ALESS sources throughout this work.

The distributions of Ty, apparent FIR luminosity, and
redshift are shown for both the SPT sample and the ALESS
sample (da Cunha et al. 2015) in Figure 8. The FIR luminosity
and T4, values for both samples are derived from the SED
fitting procedure described in Section 2.3.2. Because many of
the ALESS sources do not have robust FIR detections due to
their relative faintness and the Herschel /SPIRE confusion limit
(Nguyen et al. 2010), their fitted SED values have large
associated uncertainties when using the same SED fitting
routine described in Section 2.3.2. In the left panel of Figure 8§,
the lensed SPT sources are offset from the largely unlensed
ALESS sample, as expected from gravitational lensing.
Gravitational lensing randomly samples sources from the
background and increases the solid angle they subtend. This
effect makes the lensed sources appear more luminous at a
given Ty, than an unlensed source. It would take a median
magnification of ~18 to make the median apparent Lgr for the
SPT sources without lens models (3.88 x 10'3 L.)) on average
intrinsically identical to the median Lgr for the ALESS sources
(2.3(2) x 10" Ly).
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On the right panel of Figure 8, both samples exhibit a
roughly constant FIR luminosity as a function of redshift,
demonstrating the negative K-correction inherent in submilli-
meter/millimeter surveys of DSFGs. The approximate detec-
tion limits for both surveys and the Herschel /SPIRE confusion
limit are also shown, assuming a standard template from Chary
& Elbaz (2001). These limits illustrate the importance of
selection wavelength and survey depth on the resultant redshift
distribution of the sample. Though SPT is only sensitive to the
most luminous sources, the detection threshold at the selection
wavelength of 1.4 mm corresponds to a decreasing (apparent)
luminosity at higher redshift. This is in contrast to the selection
curve for the Herschel 500 pm selection, which corresponds to
an increasing luminosity at higher redshift because 500 pm
corresponds to rest wavelengths near or beyond the peak of the
dust SED at higher redshifts.

In order to determine the intrinsic properties for each source,
as in Figure 9, lens models are needed to calculate the
magnification factor. Using the 39 SPT DSFGs with lens
models (Spilker et al. 2016), the magnification factors for
individual sources are used to calculate the intrinsic luminos-
ities, dust mass, and SFR values, as described in Section 2.3.3.
All of the derived properties can be found in Appendix F. It
should be noted that for the remaining sources without lens
models, the median magnification ((¢tg79 ,,,m) = 5.5) is adopted.
This is a reasonable assumption, given that SPT sources with
lens models from high resolution ALMA imaging presented in
Spilker et al. (2016) were effectively drawn at random from the
larger SPT sample. However, given that the median magnifica-
tions are merely an estimate, the intrinsic properties for these
sources should be also treated as estimates. At the time of this
publication, ALMA 870 pm imaging has been obtained for all
sources and the construction of a complete lens model catalog
is currently underway.

The intrinsic dust masses and FIR luminosities are shown in
Figure 9 compared with Ty, and redshift. We find that the SPT
sources have a median intrinsic dust mass of 1.4(1) x 109M@,
while ALESS sources have a median of 7.4(9) x 103M,. The
median SPT intrinsic FIR luminosity is 7.1(5) x 10'> L., while
ALESS sources exhibit a lower median Lgr = 2.37(2) %
10'2 L. Thus, the SPT sources exhibit both higher luminosities
as well as dust masses compared to the ALESS sources. These
results are discussed in detail in Section 4.3.

4. Discussion

In this section, we begin by discussing the complete
spectroscopic redshift distribution in Section 4.1, along with
the various selection effects. We explore the dust temperature
evolution as a function of redshift in Section 4.2. We then
discuss the extreme nature indicated by the intrinsic source
properties of the sample in Section 4.3. Finally, because our
sample is at higher redshift than most DSFG samples, we
discuss the implications for the space density of high-redshift
DSFGs in Section 4.4.

4.1. Redshift Distribution

The redshift distribution of the full SPT-DSFG sample is
shown in Figure 10. The median of this distribution is
Zmedian = 3.9 £ 0.2, which is unchanged from the previously
published values of Zpedian = 3.9 = 0.4 from Strandet et al.
(2016). Given that the new sources presented in this work
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Figure 8. Left: apparent Lgr vs. Ty, for the unlensed ALESS sources (teal) presented in Swinbank et al. (2014), Danielson et al. (2017) and the lensed SPT sources
presented in this work (red). The offset in apparent Lgg between the lensed (SPT) and unlensed (ALESS) sources is due to gravitational magnification. It should be
noted that for many of the ALESS sources, the photometry is not well constrained, which is reflected in the size of the associated error bars. Right: the FIR luminosity
as a function of redshift for the same sources. The teal, purple, and red curves represent the limiting FIR luminosity as a function of redshift corresponding to 3 x the
LESS limit (rms ~ 1 mJy), 3x the SPIRE 500 pm confusion limit (30 mJy), and the 3¢ SPT 2.0 mm survey limit (3.9 mJy), given the SED model of this paper and
assuming a 35 K dust temperature. Many of the sources discovered in the LESS survey split into multiple components, and were treated as individual sources in the
ALESS survey and consequently fall below the plotted LESS survey limit. The SPT survey, with its longer wavelength selection, is more sensitive to sources at the

highest redshifts (z > 5) than Herschel.

represent an effectively random sampling of the original sample
published in Weill et al. (2013) and Strandet et al. (2016)
(shown in Figure 1), it was expected that the median of the
distribution would not shift significantly. The final distribution
peaks between 3 < z < 5, with a large fraction (76%) of the
sample at z > 3, shown in the top panel of Figure 10. The SPT
sources peak at significantly higher redshift than their unlensed
counterparts, largely selected at shorter wavelengths (z ~ 2.3-2.9;
Koprowski et al. 2014; Simpson et al. 2014, 2017; Miettinen et al.
2015; Brisbin et al. 2017; Danielson et al. 2017; Michatowski
et al. 2017).

4.1.1. Sources with Multiplicity

Due to the large (Z1’) beam size of the initial SPT selection,
the SPT-DSFG catalog contains multiple sources that break up
into multiple individual galaxies at the same redshift when
observed at higher resolution ($1). As previously discussed in
Section 3.2, the differences between the ALMA and SPT beam
sizes can result in over-resolving the emission, causing the 3
mm flux to be underestimated in SED fitting. Though we treat
these systems as individual DSFGs in this work, at least two of
these sources are known to break into multiple components.
SPT0311-58 (Strandet et al. 2016) was shown in Marrone et al.
(2018) to be composed of two individual galaxies at z = 6.900,
a western source with an intrinsic Lig = 33 x 10'?L, and an
eastern source with an intrinsic Lig = 4.6 x 10'’L,. SPT2349-
56 is among the most actively star-forming high-redshift
protoclusters known (Miller et al. 2018) at z = 4.3. This
system is composed of at least 29 individual galaxies, six of
which are at Lig > 3 x 10'2L., (Hill et al. 2020). Additional
APEX/LABOCA observations show that SPT0348-62,
SPT0457-49, SPT0553-50, and SPT2335-53 also have sig-
nificant overdensities and lie at high redshift 3 <z < 7;
G. Wang et al. 2020, in preparation). The multiplicities in these
systems would potentially change the overall shape of the
observed SPT-DSFG redshift distribution, favoring even higher
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redshifts. For the purpose of simplicity and homogeneity, we
treat each of these systems as a single source in this analysis.

4.1.2. Selection Effects

The two major selection effects that impact our distribution
are due to the long wavelength selection (1.4 mm) and the high
Sg70 um flux cut, which selects primarily gravitationally lensed
sources. Both of these effects are known to bias a redshift
distribution toward higher redshifts. In this section, we
compare the model of Béthermin et al. (2015b) with our
observed distribution. This model was selected because it best
described the distribution in Weil et al. (2013) and takes into
account both selection wavelength and lensing. These effects
were previously shown to account for the redshift distribution
for the subset of the SPT-DSFG sample published in Strandet
et al. (2016) and Béthermin et al. (2015b). Some works (Blain
et al. 2002; Greve et al. 2008; da Cunha et al. 2013; Staguhn
et al. 2014) suggest that the CMB could make cold DSFGs at
high redshifts difficult to detect. However, since the SPT-
selected DSFGs are warm, with a median dust temperature of
Taust = 52.4 K and minimum of Ty, = 20.9 K, this effect only
becomes relevant at very high redshifts (z > 6-18).

In Figure 10, we examine the effect of a long wavelength
selection on the observed redshift distribution using the
Béthermin et al. (2015b) model. By applying a different
selection wavelength on a realistic population of galaxies, we
see the median shift from z ~ 2.6 at 850 ym to z ~ 2.8 at
1.4 mm. A Kolmogorov—Smirnov (K-S) test reveals that the
observed SPT-DSFG distribution is distinct from the modeled
data populations at levels of 7.7¢ and 5.4¢ for the 850 pm and
1.4 mm wavelength selections, respectively. Long wavelength
selection alone does not explain the difference between the
Béthermin et al. (2015b) model and the observed SPT data.

Based on models of the high-redshift DSFG population (e.g.,
Baugh et al. 2005; Lacey et al. 2010; Béthermin et al.
2012b, 2017; Hayward et al. 2013; Lagos et al. 2019; Lovell
et al. 2020), very few sources would be intrinsically bright
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Figure 9. Derived intrinsic source properties for the SPT sample, compared with the ALESS sample. Top rows: dust mass (M) as a function of T,y (left) and
redshift (right). Bottom rows: intrinsic FIR luminosity (Lgr) as a function of T, (left) and redshift (right). The SPT sample is on average hotter, has higher intrinsic
luminosities, and skews toward higher redshift than the ALESS sample. ALESS sources (teal) with spectroscopic redshifts are shown with filled symbols while the
ALESS sources with photometric redshifts are shown with open symbols. SPT sources (red) with lens models are shown with filled symbols while the SPT sources

without lens models are shown in open symbols, and we adopted (u) = 5.5.

enough to exceed our adopted flux density threshold at 870 ym
(>25 mJy). Because of the high apparent luminosities, the
SPT-DSFG sample was expected to consist almost solely of
gravitationally lensed sources (Blain 1996; Negrello et al.
2007). Indeed, the lens models provided in Spilker et al. (2016)
demonstrate that at least ~ 74% of the flux-limited SPT
sample is strongly lensed, while a small fraction of sources are
unlensed (~5%) and the remaining sources are weakly lensed.
Strong lensing preferentially selects sources at high redshift,
biasing an intrinsic redshift distribution to higher redshifts. The
probability of sources at z < 1.5 undergoing strong lensing is
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heavily suppressed relative to sources at higher redshifts
(z > 4) (e.g., Hezaveh & Holder 2011). The 1.4 mm lensed
model in Figure 10 demonstrates the combined effect of the
lensing potential on the observed redshift distribution and long
wavelength selection. Though this model brings the median
of the Béthermin et al. (2015b) mock catalog to z ~ 3.2, the
observed SPT-DSFG redshift distribution is still higher than
this model and a K-S test rules it out at a level of 3.20. A
possible reason for discrepancy between the Béthermin et al.
(2015b) model and the SPT redshift distribution is that the
model was fit to data from previous surveys, which typically
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Figure 10. The observed SPT-DSFG redshift distribution is shown overlaid
with with modeled source catalog predictions from Béthermin et al.
(2012a, 2015b, 2017). Top: the observed redshift distribution compared with
modeled source catalogs with selections of 850 ym (blue), 1.4 mm (purple),
and 1.4 mm (light blue) with gravitational lensing taken into account (cyan).
The filled triangles at the top of the panel represent the median redshifts of their
respective samples. Bottom: the cumulative source density as a function of
redshift.

peaked at lower redshift. The original Béthermin et al. (2012b)
model is based on the stellar mass function and evolution of the
main sequence and relies on SED template fitting. As these
parameters become better constrained with more observational
data from the SPT catalog and others, more realistic models
will be possible in the future.

The lensing analysis in Béthermin et al. (2015b) assumes
that the sources do not undergo significant size evolution over
cosmic time. Compact sources have a higher probability of
being highly magnified than more diffuse sources (Hezaveh
et al. 2012). Thus, size evolution versus redshift coupled with
gravitational lensing could potentially bias a redshift distribu-
tion toward higher redshift, as discussed in Weil} et al. (2013).
The fitted values of Ly and Ty, can then be used to determine
the effective blackbody radius of the source via the modified
blackbody function (e.g., Equation (1) of Spilker et al. 2016).
The median effective blackbody radius for SPT-selected
DSFGs is 1.0 = 0.1 kpc, which is consistent with the median
radius found using lens modeling (1.04 +0.07 kpc; Spilker
et al. 2016). The sizes of the SPT DSFGs are also compatible
with the sizes (0.3-3kpc) observed in unlensed DSFGs
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(Ikarashi et al. 2015, 2017; Simpson et al. 2015; Hodge et al.
2016). None of these observations show evidence of size
evolution with redshift above z > 1.

4.2. Dust Temperature Evolution

With the first spectroscopically complete sample of DSFGs
in hand and excellent FIR photometric coverage for all sources,
we are now in a position to investigate whether the typical FIR
properties of DSFGs evolve with redshift. For example,
observations of “normal” star-forming galaxies (Magdis et al.
2012; Magnelli et al. 2014) and backwards evolution modeling
(Béthermin et al. 2012b; Schreiber et al. 2018) imply that
higher redshift sources should exhibit progressively warmer
dust temperatures. One possible explanation for this effect
would be that Ty, is proportional to the Lig /Mgy ratio, which
is proportional to the specific SFR (Narayanan et al. 2018;
Liang et al. 2019; Ma et al. 2019). While these studies focused
on dust temperature evolution in lower-SFR objects than our
sample, determining whether DSFGs show temperature evol-
ution has been difficult due to the highly uncertain photometric
redshifts, confusion limits, and possible selection effects
toward more luminous (and therefore, potentially warmer)
galaxies in flux-limited surveys.

We examine this relationship by considering the dust
temperatures from Section 3.2.1 versus the spectroscopic
redshifts measured in Section 3.1, shown in Figure 11. In
order to fit the data, we perform a maximum likelihood
estimation assuming a linear model with an extra Gaussian
variance term to account for intrinsic scatter. Using this
method, the best fit line is given in Figure 11 as the dashed line,
with a slope of 4.7 + 1.5 K/z. However, the fitted intrinsic
scatter is substantial (8.4 1.3 K). While there is evidence of
temperature evolution, the large amount of intrinsic scatter
implies the fit is also consistent with very shallow to no
evolution with redshift.

Performing a least squares fit without the intrinsic scatter
term will also give a nonzero linear dependence. However,
such a fit is largely driven by the presence of significant outliers
(e.g., SPT0452-50 with Ty, = 21 K and SPT0346-52 with
Tawst = 79 K). One way to mitigate the presence of outliers in
this approach is to consider the binned temperature distribution.
Sources were binned with a bin width of Az =1 and the
median dust temperature was adopted, with bootstrapped errors
representing the error on Ty, Though fitting these points again
presents a positive slope of 1.9 + 0.5 K/z, a one-sided reduced
x? test yields a p-value of 0.275, which is not statistically
significant (<lo). Moreover, hypothesis testing reveals that a
line with no slope (p-value = 0.184) is favored.

Since the dust temperature is highly sensitive to the exact
SED fit function, we also examine the rest frame Apca. The
wide sampling of the SED makes the Apc constraint
insensitive to the SED fitting function. The Ay, values used
were extracted by fitting a modified blackbody fit with an
added power law (individual fits shown in Figure 4 in blue).
Repeating the linear fit with maximum likelihood estimation,
we find that A also exhibits a nonzero slope of
—5.9 £1.3 ym/z. However, like dust temperature, any evi-
dence of evolution with redshift is obscured by the
9.5 £ 1.1 ym intrinsic scatter. Like dust temperature, the
presence of outliers (e.g., SPT0245-63, SPT0529-54, and
SPT0452-50) could affect the significance of a slope, so we
performed the same binned analysis. While the binned medians
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Figure 11. Top: fitting the dust temperature distribution (blue) yields a nonzero
linear slope. However, taking into account the intrinsic scatter weakens the
significance of such a slope, as reflected in the confidence intervals shown.
Outliers (>20) are shown in gray, and removing them does not appreciably
change the fitted slope. Binning the dust temperatures with bin widths z = 1
also yields a linear dependence (yellow). Bottom: peak wavelength (Apear) Vvs.
redshift. The wide sampling of the SED makes the Apax constraint insensitive
to the SED fitting procedure. The same analysis was repeated and the evolution
with redshift is weaker, but still produces a nonzero slope.

yielded a negative slope of —3 + 2 pum/z, it again had a low
significance (<10).

Taken together, SPT sample’s dust temperature and peak
wavelengths show evidence of the thermal emission peak
evolving with redshift, proportional to (1 + z), though it is not
strong evidence. The intensely star-forming nature of our sample
implies that our sources are starburst galaxies. Unlike the
“normal” main sequence galaxies, starbursts have been shown to
have almost constant radiation field intensities fromz = Oto z ~ 2
(Béthermin et al. 2015a; Schreiber et al. 2018). However, recent
observations of GN20 (Cortzen et al. 2020) suggest that optically
thick dust could obscure temperature evolution in [CI] at high-
redshift. While it is possible that luminous starburst galaxies could
evolve in dust temperature versus redshift, strong evidence for
temperature evolution is obscured by the large scatter on Tgyg.

4.3. SPT Sources are Extreme Ultraluminous IR galaxies/
Hyper-luminous IR galaxies

A consequence of modifying our SED fitting function to
have the optically thick transition wavelength ()\g) vary as a
function of dust temperature is that the fitted dust temperatures
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obtained are systematically higher than if \q was fixed to 100
pm, as in Greve et al. (2012). Fitting the ALESS photometry
with this same SED fit gives a median dust temperature of
Tawst = 54 £ 4 K. While this dust temperature is significantly
higher than what is commonly reported for DSFGs, which
typically range between 30 and 40 K (Chapman et al. 2005;
Greve et al. 2012; Swinbank et al. 2014; da Cunha et al. 2015),
this is consistent with the values we obtain for the SPT DSFGs
(Tause = 52+ 2 K).

We use the procedure outlined in Section 2.3.3 to calculate
dust mass for the SPT sources and show the demagnified,
intrinsic values throughout this section. Molecular gas mass
was obtained by assuming a constant gas-to-dust ratio (taken to
be 100; e.g., Casey et al. 2014). Because the FIR peak for the
ALESS sample is not always well constrained, fitting the full
IR range as described in Section 2.3.2 is not always possible.
We instead adopt the values derived from MAGPHYS for
comparison purposes (da Cunha et al. 2015), which takes into
account the available photometry, as detailed in Swinbank et al.
(2014). When a direct SED fit is possible, the two methods
produce results that agree within the stated errors, with no bias.
We derive a median SPT dust mass of 1.4 x 10°M,,, compared
with a median ALESS dust mass of 7.3 x 103M,,. This implies
that the SPT-selected sources have a factor of 2 higher dust
reservoirs than the ALESS sample, despite being earlier in
cosmic history (Figure 9).

The SPT sources exhibit higher FIR luminosities than their
unlensed analogs. Because of the relatively shallow SPT survey
limit, shown in Figure 8, the SPT is sensitive to all but the
brightest sources. Generally, these sources are lensed and have
apparent luminosities that are an order of magnitude larger than
unlensed sources. However, even after correcting for the
gravitational magnification, the intrinsic SPT FIR luminosities
range from 1.0-37 x 10'2 L, with a median of 7.1(5) x
102 L., compared to the median ALESS value of Lpg =
2.3 x 10" L, If the median magnification of the SPT sources
lacking lens models was raised from (47 ) = 5.5 to ~18,
these discrepancies would also be resolved. We find this
possibility unlikely, however, as the SPT sources with lens
models from high resolution ALMA imaging presented in
Spilker et al. (2016) were effectively drawn at random from
the larger SPT sample of 81 sources presented here. Thus,
SPT sources, in addition to being strongly lensed, are also
intrinsically more luminous than standard DSFGs found in
blank-field surveys.

Taking into account the full IR range of the SED, we find
a median L = 1.5(1) x 103 L., which corresponds to a
median SFR of 2.3(2) x 10°M yr~! for the SPT sample.
Figure 12 shows the gas mass (derived from Mg,y) versus SFR
(derived from Lig). The SPT sample exhibits a correlation
between the two quantities. By taking the ratio of gas mass to
SFR, we calculate the gas depletion times (7gep) shown in
Figure 13. Because the magnification correction enters into
both the SFR and gas mass calculations in the same way, it
cancels out, assuming no differential magnification (Hezaveh
et al. 2012). While (7yep1) in “normal” main sequence galaxies
are known to evolve with redshift (Saintonge et al. 2013;
Genzel et al. 2015; Tacconi et al. 2018), both the ALESS and
SPT samples show comparable depletion times below the main
sequence. We also find an evolution in 74, with redshift,
which has already been observed for main sequence galaxies.
Alternatively, this effect could also be the result of a strong



THE ASTROPHYSICAL JOURNAL, 902:78 (35pp), 2020 October 10

Lr Lol
1011 1012 1013 1014
10t . 41010
. iy
B ole ?93 0 184 T
| o .l ; o‘?’o’ § o, i
— 1011 '!;9'05 o il g ™
o 10%° ¢ . SLFRes TR T e 410 ©
L 'l
s - [ ] a® e onDl E s
r o By Wiy OLe - f—)
— o R ....l.g...." © E -
% - [] o B 2
(=] O
z - ' L 23 $ 1 z
1010 E .o 1 3 108
[ e« SPT w/lens models ]
T o SPT w/o lens models ]
s ALESS, Zspec i
9 1 11 11111 1 11 11111 1 11 111111 1 7
10101 102 103 104 10

SFR [Mg /yr]

Figure 12. Gas mass vs. SFR for the demagnified SPT-selected sources and the
ALESS sample. Though the SPT-selected sources have comparable amounts of
gas mass to the ALESS sample, the SPT sources also experience higher SFRs.
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Figure 13. Depletion time (7yep) vs. redshift for the SPT-selected sample and
ALESS sample. The extreme properties of the SPT sample result in short
depletion times, which imply that the SPT sources are experiencing a rapid
burst of star formation. The typical values presented in Saintonge et al. (2013)
for main sequence galaxies are shown in gray.

redshift evolution of metallicity, with the highest-redshift
galaxies being the most metal poor. This would cause an
underestimation of gas mass, which would also explain the
lower depletion times. In order to address this properly,
however, we would need stellar masses for our systems.
Because of the high-redshift dust-obscured nature of these
sources, this requires the use of future facilities such as the
James Webb Space Telescope.

Though the dust temperatures of the SPT and ALESS
sources are similarly distributed, with medians of Tg,; = 52(2)
K and T, = 54(4) K, respectively, SPT sources are on
average more luminous than their unlensed analogs, even after
accounting for the gravitational lensing. The simple blackbody
relationship would imply that these sources should exhibit
similar luminosities, if they were the same sizes. The SPT
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Figure 14. Intrinsic luminosity as a function of redshift for DSFGs from SPT
and ALESS. SPT sources are demagnified using lens models from Spilker et al.
(2016) where available. The dashed horizontal line represents the Lgg above
which the SPT and ALESS samples are complete, while the vertical lines
correspond to 2.5 < z < 4.5, where the surveys have equal source density.

sources have a median radius of 1.0(1) kpc, while ALESS
sources have a median of 0.46(4) kpc. The higher intrinsic
luminosities could therefore stem from larger sizes, as
discussed in Section 4.1.2. This fact, coupled with the larger
dust masses, implies that the SPT sources could have larger gas
reservoirs, which is supported by their systematically higher
dust masses.

4.4. High-z Tail

As previously discussed, 850 um selected samples of DSFG
from blank fields (e.g., Chapman et al. 2005; Swinbank et al.
2014) peak at a lower redshift than the SPT sample, typically
between z ~ 2.3 and 2.9. This discrepancy is attributed to
selection effects, as discussed in the previous section
(Section 4.1.2). While the SPT sample includes some sources
equivalent to those selected in the blank-field surveys, it also
includes the previously undiscovered high redshift and extreme
tail of DSFGs. In addition to discovering the highest-redshift
DSFG to date (SPT0311-58 at z = 6.9; Marrone et al. 2018;
Strandet et al. 2017), and with 12 sources at z > 5, the SPT-
DSFG catalog contains roughly half of the DSFGs discovered at
z > 5 (Walter et al. 2012; Riechers et al. 2013, 2014, 2017, 2020;
Dowell et al. 2014; Rawle et al. 2014; Asboth et al. 2016;
Fudamoto et al. 2017; Oteo et al. 2017; Strandet et al. 2017,
Pavesi et al. 2018; Zavala et al. 2018; Jin et al. 2019).

A way to assess the relative rarity of SPT-selected sources is
to consider the space density. However, because the majority of
SPT-selected sources are lensed, the volume probed changes as
a function of lensing and the effective volume is difficult to
calculate. In order to estimate the survey volume, we consider
the ALESS survey, which has a well-defined survey area and
can be considered complete above a luminosity threshold
of >3 x 102 L., as shown in Figure 14. This particular
luminosity threshold was selected because it retains most of the
SPT sources, while ensuring there are sufficiently many
ALESS sources to constitute an accurate comparison sample.
We assume the two surveys have equal source density in the
region 2.5 < z < 4.5 for >3 x 10'? L. We use this region to
estimate the volume for the SPT survey and compare the two
redshift distributions directly in Figure 15. The redshift region
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Figure 15. The spatial density of ALESS and SPT sources. Because the
ALESS survey has a well-defined survey volume, we use it to correct for the
unknown SPT survey volume. We assume both surveys are complete above a
FIR luminosity threshold of Lgg > 3 x 10'? L, and use the region where both
surveys have equal source density (2.5 < z < 4.5) to scale the SPT source
density. In this plot, union simply represents the overlapping source density
regions of both surveys.

2.5 < z< 4.5 was chosen because it is the largest region
covered by both surveys, which helps mitigate the effects of
cosmic variance. The error bars for SPT are taken to the
statistical errors from SPT added in quadrature with the ALESS
errors in order to account for the scaling. Error estimation using
bootstrapping produced similar results to the errors shown.
Various combinations of luminosity threshold and redshift
scaling region were tested, and the one chosen proved to be the
best compromise between catalog completeness and constrain-
ing power.

Because the SPT distribution is both selected at long
wavelength and spectroscopically complete, we have measured
the high-redshift tail of the overall DSFG distribution. By
summing the contributions in Figure 15, we infer that
the expected number of DSFGs above z > 4 is 2.6(7) X
107 Mpc— above 3 x 10'2L.. We can also predict the
number of z > 6 sources above 3 x 10'2 L, which we take to
be 0.95(1.0) x 10~7 Mpc—3, but this number should be used
with caution, as it is based upon just one source (Marrone et al.
2018). To place this number in context, we compare with other
observations (Coppin et al. 2009; Ivison et al. 2016; Cooke
et al. 2018) and theoretical predictions (Hayward et al. 2013;
Béthermin et al. 2017; Lagos et al. 2019; Lovell et al. 2020) in
Table 2 and Figure 16. The stated number densities are taken to
have an upper limit of z = 8 and the errors are again calculated
using the statistical errors from both the SPT and ALESS
surveys in quadrature.

The Hayward et al. (2013) model combines a semi-empirical
model with 3D hydrodynamical simulations and a 3D dust
radiative transfer. Strong lensing is not included in the
modeling and the model predicted dn/dz is determined using
sources with S;y,m > 1 mly, consistent with the expected
intrinsic flux densities of our sample. While the Hayward et al.
(2013) model overpredicts the number of z > 4 and z > 5
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Table 1

Empirical Counts in Each Redshift Bin for the Final SPT dN/dz Distribution
Redshift Bin dN/dz
1<z<2 1
2<z<3 18
3<z<4 25
4<z<5 25
5<z<6 11
6<z<7 1

galaxies, it does not predict any galaxies at z > 6, which is
contrary to our observations.

As previously discussed, the Béthermin et al. (2015b) model
is an empirical model that starts from the observed FIR number
counts. This model also includes the effects of magnification by
strong lensing, so it can directly predict the dn/dz for the SPT
sample. We find that the updated Béthermin et al. (2017) model
is, in general, in good agreement with the SPT measurement.

The Shark semi-analytic model Lagos et al. (2018) is also
compared in Table 2 and Figure 16. The number densities
of galaxies with Lig > 3 x 10'> L., were computed using the
simulated lightcone with an area of 107.9 deg? and covers a
redshift range 0 < z < 8, and includes all galaxies in the model
with stellar masses >103M, and with a (dummy) AB
magnitude (of mass-to-light-ratio = 1) <32 mag. Note that
here, Lir corresponds to the total luminosity that is reemitted
by dust in Shark at wavelengths <1000 pm. While this model
underpredicts the number of sources at z >4 and z > 5, it
exactly matches at z ~ 6.

Lovell et al. (2020) modeled the Sgsg ,m emission using a full
radiative transfer code coupled with a full cosmological
lightcone. To compare with our model we have selected
sources at Sgso,m > 3 mly, which corresponds to roughly
Lpr ~ 3 x 102L,. The model is in good agreement with the
SPT measurement at z ~ 6, but overpredicts the density of
sources at z ~ 4.

With SPT, we have measured the “high-redshift tail” of the
distribution of luminous DSFGs. The SPT measurement for
z >4 luminous sources lies within the range of model
predictions and previous measurements and can already
constrain models of galaxy evolution. The next-generation
millimeter-wave surveys, combined with spectroscopic follow-
up, will further improve this measurement and extend the
redshift constraints out to z ~ 8.

5. Conclusions

In this paper we present the final spectroscopic redshift
distribution for the SPT-selected DSFG sample, as well as the
complete FIR, submillimeter, and millimeter photometry. Our
main results and conclusions are summarized as follows:

1. Spectroscopic redshifts have been obtained for all 81
SPT-selected sources. This survey has the highest
spectroscopic completeness of any sample of high-
redshift galaxies to date. With the high-redshift sources
presented in this work, the SPT DSFGs represent roughly
half of the z > 5 DSFGs in literature to date, which will
be vital in constraining models of massive galaxy
formation.

2. Fitting the photometry by using the empirical relationship
between Mg(Tyus) derived in Spilker et al. (2016)
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Table 2
Observed and Modeled Source Densities of High-redshift Luminous DSFGs
Reference Selection Lpr Limit N4 <z<¥ NS <z<¥) N6 <z<¥)
(pum) (x10" Ly) (x1077 Mpc—3) (deg™2) (x1077 Mpc—3) (deg™?) (x1077 Mpc3) (deg™?)
Coppin et al. (2009) 850 >2.3 >1.5 >5.6
Ivison et al. (2016) 250-500 >2.3 6 22
Cooke et al. (2018) * 850 >32 >50-60 >187-225
This work 1400 >3 26(7) 131(36) 10(4) 50(20) 0.95(1.0) 4.7(5.1)
Hayward et al. (2013) >14 70 262 40 106 0 0
Béthermin et al. (2017) >3 8.66 324 4.29 114 1.80 3.01
Lagos et al. (2019) >3 3.34 12.5 0.87 2.30 0.32 0.53
Lovell et al. (2020) >3 192 524 50.4 138 3.15 8.60
Note.
% In Cooke et al. (2018); this estimate is for the range 4 < z < 5.
- 110°° more extreme than those typically found in blank-field
. a1 surveys.
of ~m- lagos+19 | 5. Even thouﬁgh the SPT survey encompassed a contiguous
N 10 Lo - 2500 deg” area and the sample is flux limited, the
o)) 4107% L gravitational lensing intrinsic to the SPT sample makes it
) ] o difficult to estimate the total volume probed by the
L4 1 E survey. Scaling the SPT sample to that of the ALESS
~ 10 ~N sample allows us to estimate the source density of
A 41077 A luminous DSFGs at high redshift. From our data and
E E anal;/sis, we estimate 4.7 + 5.1 deg*2 and 0.95 £ 1 x
10 10~ Mpc™* DSFGs with Lgg > 3 x 10" L, at z > 6.
6. While the 3 mm data was obtained in this paper, it will
11078 serve as a starting point for several papers currently in
3 4 5 6 7 8 preparation. The 3 mm line fluxes from high-J CO lines
7 will be combined with the line fluxes from low-J CO
observations with ATCA. Spectral line energy distribu-
Figure 16. Slpz)atial densities of. high-redshift luminous galaxies with tions will be fitted for all sources, which is currently in
Lpr > 3 x 10'°Lg measured in this work from the SPT survey compared to . . .
model predictions from Hayward et al. (2013), Béthermin et al. (2017), Lagos preparation. The cpmposne 3 mm spectrum, Sh(?wn l.Il the
et al. (2019) and Lovell et al. (2020). bottom panel of Figure 3, will be further examined in C.
Reuter et al. (2020, in preparation). Finally, ALMA
870 pm imaging has been obtained for the complete SPT
improved the SED fitting and provided better photometric sample, enabling lens models to be constructed for the
redshifts than the original method presented in Greve complete catalog of SPT DSFGs. The fitted lens models
et al. (2012). In the absence of observationally expensive and their associated properties, including source size and
spectroscopic data, photometric redshifts can give a magnifications, will be studied in C. Reuter et al. (2020,
rough estimate of redshift. They can also serve to identify in preparation).
the correct redshift when multiple spectroscopic solutions 7. Though this SPT-selected redshift catalog is now

are available. In instances of limited photometric data, we
also demonstrated that the S350 um /Ss70 um ratio can also
serve as a rough redshift indicator. Taken together, these
results demonstrate the utility of photometric data in
determining redshift and can serve to guide prioritization
of targets for follow-up, even when limited IR /millimeter
data is available.

3. The dust temperatures obtained in Section 3.2.1 suggest a
mild correlation between redshift and dust temperature
(e.g., Cooke et al. 2018), but this result is not yet
statistically significant.

4. Due to gravitational lensing, the apparent luminosity of
SPT sources is an order of magnitude greater than the
unlensed DSFG population. However, the intrinsic
luminosities are still significantly higher than the
unlensed 850 pum selected population, with higher dust
masses and lower depletion times for the SPT sources.
Thus, even after accounting for magnification due to
strong gravitational lensing, SPT-selected DSFGs are

complete, the next generation of CMB experiments are
already in operation. SPT-3G (Benson et al. 2014) has
already begun the process of surveying a 1500 deg? field
with a sensitivity of ~5 times the original SPT-SZ survey
and will detect two orders of magnitude more sources,
extending all the way to z > 8. CMB-54 (Abazajian et al.
2019), still in the design phase, is projected to find an
order of magnitude more DSFGs than SPT-3G. The next
generation of millimeter-wave surveys with spectroscopic
follow-up will be key to uncovering the the earliest stages
of the dust-obscured universe. Future upgrades (e.g.,
Mroczkowski et al. 2019) to significantly extend the
instantaneous bandwidth of the ALMA receivers will be
crucial for ascertaining the redshifts for the next
generation of millimeter surveys.
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Appendix A
SPT Sources and Positions

We present a total of 81 sources in this work. Their positions
are calculated using 3 mm continuum images and are given in
Table Al.
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Table A1 Table A1
Positions of SPT-selected DSFGs, Obtained by Fitting ALMA 3 mm (Continued)
Continuum Images

Short Name Source RA. Decl.
Short Name Source R.A. Decl.

SPTO611-55  SPT-SJ061154-5513.9  6:11:57.88  —55:14:09.5
SPT0002-52  SPT-SJ000223-5232.1  0:02:2376  —52:31:52.7 SPT0625.58  SPT.S 106252358359 6259218  —5835200
SPT0020-51  SPT-5 J002023-5146.5  0:20:23.58 = —51:46:36.4 SPT0652-55  SPT-SJ065206-5516.0  6:52:07.24  —55:16:00.1
SPT0027-50  SPT-§ J002706-3007.4  0:27:06.54  —50:07:19.8 SPT2031-51  SPT-SJ203100-5112.1  20:30:3887  —51:12:25.2
SPT0054-41  SPT-5 J003439-4151.9  0:34:39.52 —41:51:33.2 SPT2037-65  SPT-SJ203729-65133  20:37:31.98  —65:13:16.8
SPTO103-45  SPT-§ J010312-4538.8 = 1:03:11.50 — —45:38:33.8 SPT2048-55  SPT-S J204824-5520.7  20:48:22.87  —55:20:413
SPTO106-64  SPT-S J010623-6413.08  1:06:23.86  —64:12:50.0 SPT2101.60  SPTS 12101 13.60489  21:01.1377 6048562
SPTO109-47  SPT-S J010949-4702.02 1:09:49.66  —47:02:114 SPT2103-60  SPT-SJ210328-6032.6  21:03:30.90  —60:32:39.9
SPTOT2-55  SPT-S JO11207-5516.15  1:12:09.03 — =55:16:36.0 SPT2129-57  SPT-SJ212912-5702.1  21:29:12.53  —57:01:543
SPTO113-46  SPT-SJO113084617.7 L:13:0001  —46:17:56.1 SPT2132.58  SPT.S 121304258000 21324323 —58.02.46.4
SPTOI25-47  SPT-5 J012506-4723.7  1:25:07.08 = —47:23:36.0 SPT2134-50  SPT-SJ213404-5013.2  21:34:03.34  —50:13:25.2
SPTOI25-50  SPT-S J012549-50382  1:25:48.45  —50:38:21.0 SPT2146-55  SPT-SJ214654-5507.8  21:46:54.02  —55:07:54.7
SPTOI36-63  SPT-5J013652-6307.4  1:36:50.28 = —63:07:26.7 SPT2147-50  SPT-SJ214720-5035.9  21:47:19.05  —50:35:53.5
SPTO147-64  SPT-S J014707-6458.9  1:47:07.07  —64:38:52.1 SPT2152440  SPT-SJ215212-4036.6  21:52:12.61  —40:36:29.5
SPTO150-59 SPT-S J015011-5924.1 1:50:0926 - —59:23:57.1 SPT2203-41  SPT-SJ220316-4133.5  22:03:16.85  —41:33:262
SPTO155-62  SPT-S JO15547-62509  1:35:47.75  —62:50:30.0 SPT2232-61  SPT-SJ223250-6114.7  22:32:51.14  —61:14:44.8
SPT0202-61  SPT-S J020238-6121.1 © 2:02:38.75  —61:21:11.0 SPT2307-50  SPT-SJ230721-49304  23:07:25.16  —50:03:35.4
SPT0226-45  SPT-S J022649-4515.9  2:26:49.46  —45:15:39.0 SPT2311-45  SPT-SJ231148-4546.6  23:11:50.52  —45:46:44.8
SPT0243-49  SPT-5 J024307-4915.5  2:43:0881 — —49:15:34.9 SPT2311-54  SPT-SJ231125-5450.5  23:11:23.97  —54:50:30.1
SPT0245-63  SPT-SJ024543-63207  2:45:44.08  —63:20:38.7 SPT2316-50  SPT-SJ231657-5036.7  23:16:5890  —50:36:31.7
SPT0300-46  SPT-5 J030003-4621.3  3:00:04.37  —46:21:23.8 SPT2319-55  SPT-SJ231922-5557.9  23:1921.64  —55:57:57.8
SPTO311-58 ~ SPT-S JO31134-5823.4  3:11:33.14 =~ —58:23:33.4 SPT2332-53  SPT-SJ233227-5358.5  23:32:26.50  —53:58:39.8
SPTO314-44  SPT-5J031428-44522  3:1428.33  —44:52:22.8 SPT2335-53  SPTSJ233513-5324.0 233511396  —53:24:21.0
SPT0319-47  SPT-S J031931-4724.6  3:19:31.88 ~ —47:24:33.6 SPT2340-59  SPT-SJ234009-5943.1  23:40:0896  —59:43:323
SPT0345-47  SPT-SJ034510-4725.6  345:1077  —47:25:39.5 SPT2349.50  SPT.S 1234947.5053.5 23494290  —50.53.30.9
SPT0346-52 SPT-S J034640-52049  3:46:41.13  —52:05:01.9 SPT2349-52  SPT-SJ234928-5246.7  23:49:29.42  —52:46:48.6
SPT0348-62  SPT-5J034841-62209  3:48:42.10  —62:20:30.9 SPT2349-56  SPT-S J234944-5638.3  23:49:42.78  —56:38:23.2
SPT0402-45  SPT-S J040202-4553.3  4:02:02.19  —45:53:14.0 SPT2351-57  SPT-SJ235149-57222  23:51:50.80  —57:22:183
SPT0403-58  SPT-5 J040331-3850.0  4:03:32.69  —58:50:08.8 SPT2353-50  SPT-SJ235339-5010.1  23:53:39.26  —50:10:08.1
SPT0418-47  SPT-S J041839-4751.8 = 4:18:39.67  —47:51:32.5 SPT2354-58  SPT-S J235434-5815.1  23:54:3431  —58:15:08.3
SPT0425-40  SPT-SJ042517-4036.7  425:1738  —40:36:49.4 SPT2357.51  SPTS 1235718.5153.6 23571683  —51:53.52.8
SPT0436-40  SPT-S J043640-4047.1  436:4130  —40:47:08.7
SPT0441-46  SPT-SJ044143-46053 4:41:44.08  —46:05:25.6 . .
SPT0457-49  SPT-SJ045719-4932.0  4:57:1752  —49:31:51.7 : ; . > M eomnoum a
SPT0459-58 SPT-S J045859-5805.1 4:58-59 80 _58:05:14.1 avzul‘able in  machine-readable format at: https://github.com/spt-smg/
SPT0459-50  SPT-SJ045912-5042.4  4:59:1234  —59:42:20.3 publicdata.
SPT0512-59  SPT-SJ051258-5935.6 5:12:57.98  —59:35:42.0
SPT0516-59  SPT-SI051640-50204  5:16:37.98  —59:20:32.1
SPT0520-53  SPT-S J052040-5320.6 520:40.14  —53:20:51.3 Appendix B
SPT0528-53  SPT-SJ052850-53002 5:28:5030  —53:00:20.7 ALMA 3 mm Spectra
SPT0529-54  SPT-SJ052903-5436.5 5:29:03.09  —54:36:40.2
SPT0532-50  SPT-SJ053250-5047.1  532:51.04  —50:47:07.6 The spectroscopic redshifts were obtained by scanning
SPT0538-50 SPT-S J053816-5030.8 5:38:16.50 —50:30:52.5 ALMA’s Band 3, using the procedure outlined in
SPT0544-40 SPT-S J054400-4036.2 5:44:01.12 —40:36:31.2 Section 2.2. The resulting 3 mm line scans (project IDs:
SPT0550-33  SPT-5J055001-5356.5  5:50:00.56  —=33:36:41.4  9(15.1,00504.S and 2016.1.00672.S) are shown in Figure B1.
SPT0551-48 SPT-5 1055135-4825.2 5515465 —48:25:01.8 Each target was observed for roughly 6—-15 minutes on-source.
SPTOS51-50  SPT-SJ055138-5058.0  5:51:39.42  —50:58:02.0 .
SPT0552-42  SPT-S J055226-42439 5:52:26.52  —42:44:12.7 Originally, three spectra (SPTO112-55, SPT0457-49, and
SPT0553-50 SPT-S J055321-5006.9 5:53:20.39 ~50:07:11.8 SPT2340-59) did not show any spectroscopic lines. Additional
SPT0555-62 SPT-S J055518-6218.6 5:55:16.00 —62:18:50.2 deeper 3 mm scans were obtained in 2019.1.00486.S and
SPT0604-64 SPT-S J060457-6447.4 6:04:57.57 —64:47:22.0 revealed two spectroscopic lines each.
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Figure B1. The 3 mm ALMA spectra (spanning 84.2-114.9 GHz) of all SPT DSFGs. Marginal spectroscopic detections (>30) are designated by the smaller font and
dashed line. Though no spectroscopic lines were detected in SPT0112-55 initially, two lines were detected when the source was reobserved, as shown above.
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Figure B2. The 3 mm ALMA spectra (spanning 84.2-114.9 GHz) of all SPT DSFGs. Marginal detections (>30) are designated by the smaller font and dashed line.
Though no spectroscopic lines were detected in SPT0457-49 initially, two lines were detected when the source was reobserved, as shown above.
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Figure B3. The 3 mm ALMA spectra (spanning 84.2-114.9 GHz) of all SPT DSFGs. Marginal detections (>30) are designated by the smaller font and dashed line.
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Figure B4. The 3 mm ALMA spectra (spanning 84.2—-114.9 GHz) of all SPT DSFGs. Marginal detections (>30) are designated by the smaller font and dashed line. A
tentative line in SPT2340-59 was identified in Strandet et al. (2016) at 94.79 GHz. When SPT2340-59 was reobserved in Cycle 7, two lines were detected, shown
above.
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Figure BS. The 3 mm ALMA spectra (spanning 84.2-114.9 GHz) of all SPT DSFGs. Marginal detections (>30) are designated by the smaller font and dashed line.
No spectroscopic lines were detected in SPT2354-58 because it falls into a spectroscopic redshift desert, depicted in Figure 2.

Appendix C
Ancillary Spectroscopic Observations

In this appendix, we show the supplementary observations
that resolve redshift ambiguities in our ALMA observations.
Ancillary spectroscopic observations were performed with
targeted line scans using APEX/FLASH, ALMA, and ATCA.

C.1. APEX/FLASH Confirmations

Because of its brightness, the [C II] line was used to confirm
eight sources at z Z 3. Because four of the spectra have already
been published in Weif} et al. (2013) and Strandet et al. (2016),
we present only the four new [CII] observations. The
observations were carried out using APEX/FLASH (Klein
et al. 2014) in the 345 and 460 GHz transmission window. The
data were obtained as part of project IDs M-095.F-9528-2015
and M-097.F-9519-2016 using Max Planck Society observing
time in the period 2015 March—August and 2016 April-
September. All observations were performed in “good” weather
conditions with an average precipitable water vapor <1.5 mm,
yielding typical system temperatures of T, = 240 K. A full
detail of the observation scheme and data processing procedure
is detailed in Gullberg et al. (2015). Figure C1 shows the four
new [CII] spectra used in this work.

C.2. ALMA Targeted Line Scans

A total of 17 sources in the ALMA 3 mm spectral scans that
contained a single CO line were confirmed through targeted
line scans. Though a photometric redshift could be used to
further identify which CO transition was likely detected, the
large error bars associated with photometric redshifts allow for
some ambiguity. Using the existing CO line detections and the
photometric redshift as a guide, we are able to specifically
target CO lines that would be visible for degenerate redshift
solution. The sidebands were configured such that an
observation would yield at least one CO line detection for
each source at a likely redshift option. The first 13 sources were
observed between 2018 December and 2019 January (project
ID: 2018.1.01254.S), using ALMA Band 4 (125-163 GHz).
The line scans are shown in Figure C2. An additional four

24

sources were confirmed between 2019 December and 2020
January (project ID: 2019.1.00486.S), using ALMA Bands 4
and 5 (163-211 GHz). The line scans are shown in Figure C3.

For both sets of observations, the flux density and bandpass
calibrations were based on observations of J0519—4546, JO538
—4405, J1924-2914, J2056—4714, J2258—2758, and J2357
—5311. The phase calibration was determined using nearby
quasars. Between 42 and 48 antennas were used to complete
the observations, resulting in synthesized beam sizes between
3.1” and 0.8”. The observing time for each science block
ranged from 5-13 minutes on-source, excluding overheads,
with average single-sideband system temperatures of Ty, =
56-86 K. The data were processed using the CASA package.
The images were created using natural weighting and the
subsequent spectra were created with a channel width of 16
MHz. The average noise per channel in the resulting spectra
is 0.4-0.6 mJy beam™".

C.3. ATCA Targeted Line Scans

A subset of the SPT DSFGs were also observed with the
ATCA as part of a survey to observe the CO(1—0) and CO(2
—1) line emission (Ve = 115.2712 and 230.5380 GHz,
respectively). This survey was conducted as part of project
IDs C2744 and C2818 and most of the observations were
published in Aravena et al. (2016). However, observations for
one source, SPT0604-64, were obtained after publication and
are shown in Figure C4. We summarize the observations briefly
here, but more details can be found in Aravena et al. (2016).

In order to obtain these observations, we used the Compact
Array Broadband Backend configured in the wide bandwidth
mode (Wilson et al. 2011). This leads to a total bandwidth of
2 GHz per correlator window and a spectral resolution of 1
MHz per channel (~610 km s~! per channel for the relevant
frequency range). The 7 mm receivers were tuned to the
frequency range 30-50 GHz, which covers the redshift ranges
1.38-2.84 for CO(1—0). The H214 array configuration at these
observing frequencies leads to typical beam sizes of 5"-6". We
expect the flux calibration to be accurate to within 15%, based
on the comparison of the Uranus and 1934-638 fluxes. The
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Figure C1. APEX/FLASH [C 1] redshift confirmations.

software packages Miriad (Sault et al. 1995) and CASA were
used for editing, calibration, and imaging.

C.4. Sources Awaiting Spectroscopic Confirmation

As mentioned in the main text, we have detected a single CO
line for two sources (SPT0150-59 and SPT0314-44). However,
these sources are still awaiting ancillary spectroscopic

25

observations to confirm the redshifts. Using the dust temper-
ature distribution given in Figure 5 as a prior, we assign a
likelihood of the source being at each possible redshift solution.
These probabilities are displayed in Figure C5 for the two yet-
unconfirmed sources. For both sources, the most probable
identification is CO(3—2). It should be noted that if the line was
the higher-J option, CO(4—3), an additional CO(5—4) line
would have been observed in the 3 mm window.
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Figure C2. ALMA 2 mm spectra for sources with redshifts based on a single 3 mm emission line. For each source we show the USB and LSB spectra in the left and
right panel, respectively. Each sideband has a total bandwidth of 3.75 GHz.
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Figure C3. ALMA spectra for sources with redshifts based on a single 3 mm emission line. Because of the low redshift of SPT2354-58 (z = 1.867), it was observed at
1.6 mm. The other sources were observed at 2 mm. For each source we show the USB and LSB spectra in the left and right panel, respectively. Each sideband has a
total bandwidth of 3.75 GHz.

1.0
CO(2-1) CO(4-3)
CO(3-2) CO(5-4)
Most %roé)‘able z
08 - Improbable z -
5 o §
SPT0604-64 ~ ~N
z=12.481 N 4
CO(1-0) N
41 = >
S0.6f -
_ Q
= 3+ m 3
£ o
> a 0.4 . . -
= i 3
2 o - < <
g N &
3 0.2f . -
Y . 2 A . 2
un n o n
o i © i
I N — N
— : |
0 0.0 .
SPT, Sp
01 T03
llllllllllllllllllllllllllllllllllll
—-7500 —5000 —2500 O 2500 5000 7500 Figure CS. Histograms showing the probability of the redshift options for each
Velocity offset [km/s] source with a single line detection in the ALMA 3 mm spectrum based on the
dust temperature distribution shown in Figure 5. The sources are sorted by most
Figure C4. ATCA spectrum of CO(2—1) for SPT0604-64. The data were fitted probable redshift. The bars represent the probability of each line identification,
with a Gaussian (red) and confirm the redshift at z = 2.481. and the most probable redshift values are denoted in blue.

27



THE ASTROPHYSICAL JOURNAL, 902:78 (35pp), 2020 October 10

Appendix D
Photometry

In this appendix, we show Table DI, which contains the
values obtained from the photometric observations described in
Section 2.3.1.

Reuter et al.

Table D1
Photometry for All SPT-selected Sources

Source Zspec 53000 yim $2000 yim 51400 ym 5870 um 5500 um 8350 um 8250 jim S160 um 8100 um

(mJy) (mly) (mly) (mly) (mJy) (mly) (mJy) (mJy) (mly)
SPT0002-52 2.351 0.47 £ 0.03 3.1 £09 11+6 50+ 4 202 £ 10 284 + 9 333 £ 10 234 + 21 94 £ 5
SPT0020-51 4.123 1.25 £+ 0.05 7+1 20+ 5 71 + 4 144 £ 9 121 £ 7 72 + 8 <26 <8
SPT0027-50 3.444 1.41 £ 0.05 941 36 £ 5 138 + 8 316 = 8 326 £ 7 233+ 7 86 + 13 16 £2
SPT0054-41 4.877 1.80 + 0.06 10 £ 2 3345 98 +7 174 £ 10 126 £ 9 79 +9
SPT0103-45 3.090 1.46 + 0.23 §+2 31 +5 125+ 6 232 £ 8 213 £ 7 133 £ 11 <47 <13
SPT0106-64 4910 2.15 £ 0.07 13+1 43 + 5 145 £ 8 237 +£9 256 + 10 152 £ 8 64 + 14 <12
SPT0109-47 3.614 1.11 £ 0.04 7+2 16 £ 5 109 + 8 214 £ 8 219 +£ 9 166 + 9 57 £ 10 <8
SPTO0112-55 3.443 0.18 £+ 0.03 4+1 17+ 5 36 + 4 37 +7 38+6 <19
SPTO0113-46 4.233 1.28 + 0.20 9+2 22 +5 79 + 8 89+ 6 56 +6 25+ 6 <23 <7
SPT0125-47 2.515 1.88 £ 0.29 8+1 3245 144 £ 9 507 £ 10 656 + 11 778 + 13 423 £+ 48 116 £ 6
SPT0125-50 3.957 1.51 £ 0.24 741 20+ 5 109 £ 9 162 + 7 181 £ 7 156 + 8 66 + 14 13£3
SPT0136-63 4.299 1.12 £+ 0.05 741 22 + 4 69 + 4 122 £ 6 81 +7 42 + 5
SPT0147-64 4.803 1.87 £+ 0.06 11 +1 28 £ 5 83 +5 122 +7 99 + 7 49 + 6
SPT0150-59 2.788 1.04 £ 0.04 7+1 23+ 5 63 +3 170 £ 9 208 + 7 174 £ 8
SPT0155-62 4.349 4.12 + 0.07 24 + 2 67 +5 174 £ 7 200 + 7 135+ 7 58 +4 <25 <11
SPT0202-61 5.018 2.73 £ 0.06 14 +1 41 + 4 109 £ 7 146 = 7 150 £ 8 128 £ 8 44 + 11 10+ 3
SPT0226-45 3.233 0.59 + 0.03 6+1 20+ 6 66 + 5 172 £ 15 184 + 9 185 + 10
SPT0243-49 5.702 3.16 +£ 0.48 11 +1 29+ 5 85+ 5 58 +£7 4 +7 25+ 6 <32 <10
SPT0245-63 5.626 1.31 £ 0.05 6+t1 16 + 4 61 +5 59 +7 52+ 6 50+ 6 49 + 8 31 +3
SPT0300-46 3.595 1.01 £ 0.16 6+t1 17+ 5 57 +5 153 £ 7 130 £ 6 85+ 8 <38 <10
SPT0311-58 6.901 1.28 + 0.05 7+1 18 + 4 37 +7 52+ 8 38+6 29 + 8
SPT0314-44 2.935 1.53 £ 0.06 12 +£2 3845 104 £ 6 390 £ 12 443 £ 11 337 £ 11 117 £ 15 <12
SPT0319-47 4510 1.2 +£0.2 7+1 21 +£5 67+ 6 103 + 7 102 £ 6 69 +7 334+ 8 <7
SPT0345-47 4.296 1.48 £ 0.24 6+t1 23+ 5 89 £ 6 215 £ 8 275 £ 7 233 £ 6 84 + 12 13+£2
SPT0346-52 5.655 2.82 +0.43 12 +1 39+£5 131 £ 8 204 £ 8 181 £ 7 122 + 7 334+9 <6
SPT0348-62 5.654 0.81 £ 0.04 4+1 17+ 6 52 +4 55+7 45+ 6 29+ 6 <26 <6
SPT0402-45 2.683 1.5 £ 0.06 13+1 47 + 5 200 + 12 555 £ 12 758 + 13 796 + 16
SPT0403-58 4.056 0.71 £ 0.03 5+1 18+ 5 40 £ 5 87 + 8 82+ 8 56 £7 <32 <10
SPT0418-47 4.225 0.79 £+ 0.13 9+ 1 3245 108 + 11 175+ 7 166 + 6 114 £ 6 45+ 8 <7
SPT0425-40 5.135 0.97 £ 0.04 8+t1 24 + 5 60 + 6 117 £ 8 125 £ 6 71+ 6
SPT0436-40 3.852 0.8 + 0.04 7+1 23+ 6 75+ 6 118 £ 9 112 £ 7 71 +7
SPT0441-46 4.480 1.26 +£ 0.2 7+1 25+ 5 80+ 9 106 £ 7 98 £ 6 60 + 7 <27 <7
SPT0452-50 2.011 0.67 £ 0.11 5+1 18 £ 4 43 + 4 94 £+ 7 81 +6 54 +5 <29 <7
SPT0457-49 3.988 0.28 + 0.07 241 7+4 26 + 3 71+ 6 62+ 6 40 + 4 <26 <7
SPT0459-58 4.856 0.96 + 0.16 6+t1 16 £ 3 53+ 6 80 + 7 65+ 6 44 + 6 <28 <7
SPT0459-59 4.799 1.19 + 0.19 7+1 22 +3 61 £5 75 £ 8 67 £7 54 £ 8 <28 <11
SPT0512-59 2.233 0.98 + 0.16 5+1 20+ 3 75+ 6 257 £ 8 369 + 7 305 £7 139 + 18 33+ 4
SPT0516-59 3.404 0.38 £+ 0.03 3+1 14 + 3 3343 89 +7 113 £ 6 89 £ 6 52 £ 11 20£3
SPT0520-53 3.779 0.9 + 0.03 5+1 14 + 4 56 +5 97 + 7 90 + 6 56 + 6 <22 <8
SPT0528-53 4.737 0.55 £ 0.03 3+1 11+6 27 +£3 41 £ 6 39+ 6 27 + 8
SPT0529-54 3.368 1.51 +£0.23 9+1 3443 118 £ 7 174 £ 10 141 + 10 88 + 7 <68 <27
SPT0532-50 3.399 3.04 £ 047 11+ 1 38 +4 118 £ 8 290 +£ 8 208 + 8 216 = 7 69 £+ 13 <8
SPT0538-50 2.786 9+1 30+ 3 125 £5 360 £ 9 426 + 9 344 £ 8 142 £ 16 31 +£2
SPT0544-40 4.269 1.45 £ 0.05 6+2 10+ 5 87 £ 7 132 £ 8 121 £ 6 68 + 6 <39 <10
SPT0550-53 3.128 0.61 £ 0.12 4+1 18 +3 53+ 6 97 + 11 89 +£ 10 69 + 10 28 +9 8§+2
SPT0551-48 2.583 11 £1 23 £5 139 + 4 420 £ 12 600 £ 20 633 + 12
SPT0551-50 3.164 1.04 £ 0.17 5+1 24 + 3 74 + 6 197 £ 8 190 +£ 7 149 £ 7 63 + 14 13+3
SPT0552-42 4.438 1.14 £+ 0.05 7+1 21 +5 48 + 4 74 + 8 48 + 6 37+6
SPT0553-50 5.323 1.08 + 0.05 3+1 10+ 7 43 + 4 67 +9 47 + 6 27 +17 <39 <8
SPT0555-62 4.815 0.94 + 0.04 9+1 23 +£5 56 + 3 87 +7 81 +£5 79+ 6 56 + 17 23 +4
SPT0604-64 2.481 1.33 +£ 0.03 11 +1 46 + 6 150 £ 8 440 £+ 12 620 + 13 509 + 13 207 £ 25 51 +4
SPT0611-55 2.026 0.17 £+ 0.03 0.7+ 04 3+2 65 +7 250 £ 10 316 + 10 261 + 11
SPT0625-58 2.727 1.62 + 0.06 9+1 3445 125 £ 6 321 +£9 394 +£9 324 £7 150 £ 18 26 + 5
SPT0652-55 3.347 1.86 + 0.06 15+1 42+ 6 172 £ 7 325+ 8 297 £ 8 186 £ 8 <37 <12
SPT2031-51 2.452 0.79 + 0.03 4+1 19+5 65 +3 225 £ 7 246 + 7 227 £ 8 91 + 13 22 +4
SPT2037-65 3.998 8.82 + 0.08 20 + 1 42 + 4 131 £ 6 237 £ 12 199 + 9 129 + 10

28
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Table D1
(Continued)

Source Zspec 83000 yum 82000 yum 51400 ym 8870 ym S500 ym 8350 ym 8250 ym S160 um S100 ym

(mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mly)
SPT2048-55 4.090 1.89 + 0.06 7+1 17+ 4 54 + 4 80 + 9 91 + 6 48 +9 <24 <7
SPT2101-60 3.155 0.88 + 0.04 6+1 20+ 4 62+ 6 186 + 7 235 + 8 170 + 8
SPT2103-60 4.436 0.99 + 0.16 9+1 28+ 5 78 + 6 111 £7 84 +5 48 + 5 <23 <7
SPT2129-57 3.260 0.86 + 0.04 541 22 £ 4 876 148 £ 8 184 + 9 155+ 6 92 £ 16 34 +£3
SPT2132-58 4.768 1.42 + 0.23 6+1 29+ 5 58 +5 80 + 7 75 +17 57 + 11 <37 <12
SPT2134-50 2.780 1.13 £ 0.18 6+ 1 21 £5 101 =7 269 £ 9 332+ 9 350 +£ 9 196 + 22 49 + 3
SPT2146-55 4.567 1.18 £ 0.19 5+1 17+ 4 5+ 4 83 +9 69 + 12 65 + 12 <29 <8
SPT2147-50 3.760 0.76 £+ 0.12 6+ 1 21 £ 4 61 £5 121 + 8 115+ 7 72 +£7 <28 942
SPT2152-40 3.851 1.29 £ 0.05 8 +2 18 £ 5 97 +7 113 £ 7 113 £ 6 85 +7 37 £ 11 <12
SPT2203-41 5.194 0.96 + 0.04 7+1 30£5 63+ 6 79 £ 7 48 + 5 38 +4
SPT2232-61 2.894 0.73 £+ 0.04 741 22+ 5 60 + 5 210 £ 8 215 £ 8 168 £ 9
SPT2311-45 2.507 0.78 + 0.04 541 15 £ 12 60 + 4 155 + 8 198 + 8 164 + 6 90 £+ 12 12+ 4
SPT2311-54 4.280 0.62 £+ 0.04 5+1 18 +3 44 + 3 95 +7 106 £ 7 85 +£ 10 <32 12+3
SPT2316-50 3.141 0.21 £ 0.03 19+13 947 31 £4 66 £ 11 60 £ 11 38 £ 11
SPT2319-55 5.293 0.76 £ 0.04 5+1 15+3 38 +3 49 + 7 4 £+ 6 33+£6 <25 <8
SPT2332-53 2.726 43 £ 0.5 25+ 2 168 + 6 304 £ 5 564 + 16 585 + 37 233 + 37 57 +7
SPT2335-53 4.756 0.33 £ 0.03 4+1 12+ 3 36 £ 5 79 + 10 65 + 8 43 +9
SPT2340-59 3.862 0.26 + 0.04 4+ 1 13+ 4 34 +4 71 +£9 66 £ 7 42 +9 <29 <1
SPT2349-50 2.876 0.5 + 0.04 441 11 +6 43 + 3 128 £ 8 136 £ 7 129 £ 9 <77 <38
SPT2349-52 3.900 0.16 + 0.02 4+1 12+5 37+5 73 + 10 62 + 8 45+ 9
SPT2349-56 4.302 0.25 + 0.03 6+1 19+ 3 57 + 8 85+ 6 72 +6 37 +6 <33 <12
SPT2351-57 5.811 0.75 + 0.04 7+1 16 £3 35+£3 74 + 6 56 £ 6 4 £+ 5 <44 <10
SPT2353-50 5.578 0.88 £ 0.04 5+1 16 + 3 41 + 4 56 £ 7 52+ 6 30 £ 7 <41 <12
SPT2354-58 1.867 0.6 + 0.04 3+1 14+3 66 + 5 278 + 8 469 + 9 614 + 11 532 £ 59 239 + 11
SPT2357-51 3.070 0.41 £ 0.03 5+1 18+ 3 53+ 5 123 £ 8 112 £ 6 71 +5 <34 <8

Note. Non-detections are shown as 30 upper limits. The uncertainties do not include absolute calibration errors. Additionally, the 2 mm and 1.4 mm SPT flux densities

are deboosted and were presented in Everett et al. (2020). This table is available in machine-readable format at: https://github.com/spt-smg/publicdata.

Appendix E
All ALMA 3 mm Spectroscopic Line Observations

A summary of all spectroscopic data obtained for the final
SPT-selected DSFG sample is given below in Table E1. Blind
3 mm scans were conducted for all 81 sources across ALMA
Cycles 0, 1, 3, and 4. The Cycle 0 data was published in Weil3
et al. (2013) and Cycle 1 data was published in Strandet et al.
(2016). The remaining cycles are presented for the first time in
this work. While the spectra are given in Figure B1, the lines
detected can be found in the “Lines from 3 mm Scans” column.
Any ancillary spectroscopic data obtained is presented in the

29

“New lines and comments” column. All of the combined
observational efforts have yielded secure redshifts for the
complete flux-limited sample of 81 sources from the 2500 deg?
SPT survey. Of these, 79 sources had multiple spectroscopic
lines, detected either solely from the 3 mm window or with
ancillary spectroscopic observations. Only two of the redshifts
are based on a single line, but with a robust line identification
based on our analysis of the dust temperature distribution. All
together, this is the largest and most complete collection of
spectroscopic redshifts for high-redshift DSFGs obtained so far
at millimeter wavelengths.


https://github.com/spt-smg/publicdata
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Redshifts and Line Identifications
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Source Cycle z Figure Typical rms Lines from 3 mm Scans New Lines and Comments
Number (mly beam™!)

SPT2354-58 1 1.867(1) B35, C3 0.91 None® OH™, CO(4—3) from ALMA

SPT0452-50 0 2.0105(8) B2 1.53 CO(3-2)° CO(1-0)° from ATCA

SPT0611-55 3 2.026(1) B3, C2 0.65 CO(3-2) CO(4—3) from ALMA

SPT0512-59 0 2.2334(1) B3 1.22 CcoB-2)° CO(6—5)" from ALMA; [C ]* from SPIRE FTS

SPT0002-52 1 2.351(1) Bl 0.89 COB3-2)* CO(5—4)" from APEX

SPT2031-51 4 2.4521(1) B3, C2 0.58 CO(3-2) CO(4—3) from ALMA

SPT0604-64 3 248071(5)  B3,C4 0.67 CO(3-2) CO(1-0) with ATCA

SPT2311-45 4 2.5073(1) B4, C2 0.59 COB-2) CO(4—3) from ALMA

SPT0125-47 0 2.5149(1) Bl 1.47 CO(3-2)° [C11(1-0)° from ATCA

SPT0551-48 2.5833(2) B3 CO(7—-6)* CO(8—7)* [C1](2-1)* 3 mm lines from Z-Spec;CO(1-0)° from ATCA; No
ALMA data

SPT0402-45 4 2.6833(2) B2, C2 0.61 CO(3-2) CO(5—4) from ALMA

SPT2332-53 2.7256(2) B4 CO(7—6)" Cry1549 A ° Lya © 3 mm lines from Z-Spec;CO(1—0)° from ATCA

SPT0625-58 3 2.7272(2) B3, C2 0.65 CO(3-2) CO(5—4) from ALMA

SPT2134-50 0 2.78(2) B4 1.67 CO(3-2)° CO(7—6)" CO(8—7)" from Z-Spec and SMA

SPT0538-50 2.7855(1) B3 CO(7—6)"> CO8—7)" Si;y1400 A® 3 mm lines from Z-Spec; CO(1—0)° and CO(3-2)"
from ATCA

SPT0150-59 3 2.7882(2) Bl 0.70 CO(3-2) Zphot = 3.4 £ 0.7

SPT2349-50 1 2.8759(3) B4 0.94 COB3—2)* CO(7—6) from APEX/SEPIA®

SPT2232-61 4 2.8936(2) B4, C2 0.65 CO(3-2) CO(5—4) from ALMA

SPT0314-44 4 2.9345(1) B2 0.56 CO(3-2) Zphot = 2.9 + 0.4

SPT2357-51 1 3.07(4) B5 0.94 CO(3-2)* CO(4—-3)* Lyman-a* and Oll37574" from VLT/X-shooter

SPT0103-45 0 3.0901(4) Bl 1.52 CO(3—2)® CO@4—3)°

SPT0550-53 0 3.1276(7) B3 1.20 CO@4—3)° CO8—7)" and H,0(2¢; — 1;1)* from ALMA; [C n]*
from APEX

SPT2316-50 4 3.1413(8) B4, C3 0.60 CO(4-3) CO(5—4) from ALMA

SPT2101-60 3 3.1551(3) B4, C2 0.75 CO(4-3) CO(5—4) from ALMA

SPT0551-50 3 3.1642(3) B3 1.19 CO@4—3)° [C 1] and CO(8—7)*from APEX

SPT0226-45 4 3.233(1) B1, C2 0.58 CO(4—3) CO(5—4) from ALMA

SPT2129-57 4 3.2601(3) B4, C2 0.66 CO(4—3) CO(5—4) from ALMA

SPT0652-55 4 3.3466(3) B3 0.50 CO(4—3) [C1I(1-0)

SPT0529-54 0 3.3684(8) B3 1.19 CO@4—3)° [C1)(1-0)° BCOo@—3)°

SPT0532-50 0 3.3986(4) B3 1.18 CO(4—3)° [C1](1-0)® BCOo@4—-3)° .

SPT0516-59 3 3.4039(4) B3, Cl(c) 0.66 CO(4-3) [C 1] from APEX/FLASH

SPTO112-55 3,7 3.443(1) Bl 0.67, 0.29 CO(4—3) [C1I(1-0)

SPT0027-50 3 3.4436(3) Bl 0.65 CO®4—3) [C 1](1-0)

SPT0300-46 0 3.5948(4) B2 1.65 CO@4—3)° CO(10—9)* from ALMA; [C 11]* from APEX

SPT0109-47 3 3.6139(5) Bl 0.66 CO(4—3) [C1I(1-0)

SPT2147-50 0 3.7604(2) B4 1.68 CO®4—3) [C1)(1-0)

SPT0520-53 4 3.7785(6) B3 0.58 CO(4—3) [C1)(1-0)

SPT2152-40 4 3.8507(6) B4 0.52 CO(4—3) [C1I(1-0)

SPT0436-40 4 3.8519(4) B2 0.61 CO(4—3) [C1I(1-0)

SPT2340-59 1,7 3.862(3) B4 0.91, 0.20 CO®4—3) [C1)(1-0)

SPT2349-52 4 3.9000(5) B5, C3 0.57 CO(4—3) CO(6—5) from ALMA

SPT0125-50 0 3.957(9) Bl 1.50 CO@4—3)° [C1)(1-0)° CO(10-9)* and H,0O¢ abs line from ALMA

SPT0457-49 0,7 3.988(2) B2 1.59, 0.23 CO®4—3) [C1)(1—-0)

SPT2037-65 3 3.9977(8) B3, C3 0.76 CO(4—3) CO(6—5) from ALMA

SPT0403-58 4 4.0564(1) B2 0.60 CO(4—3) CO(5—4) [C1](1-0)

SPT2048-55 3 4.0898(2) B4 0.75 CO(4—3) CO(5—4) [C1](1—0)

SPT0020-51 3 4.1227(7) Bl 0.65 CO(4—3) CO(5—4) [C 1](1—0)

SPT0418-47 0 4.2246(4) B2 1.69 CO(4—3) CO(5—4)

SPTO0113-46 0 4.2334(3) Bl 1.49 CO(5—4) CO®4—3) [C 1](1-0)

SPT0544-40 3 4.2692(5) B3 0.81 CO(4—3) CO(5—4) [C 1](1—0)

SPT2311-54 1 4.2796(3) B4 0.93 CO(4—3)* CO(5—4)* [C1](1-0)*

SPT0345-47 0 4.2958(6) B2 1.58 CO(4—3) CO(5—4)

SPT0136-63 3 4.2991(2) Bl 0.71 CO(4—3) CO(5—4) [C 11(1-0)

SPT2349-56 1 4302(2) B35, Cl(d) 0.89 CO@4—3)* [C 1] from APEX/FLASH

SPT0155-62 3 4.3492(6) Bl 0.71 CO(4—3) CO(5—4) [C1](1-0)

SPT2103-60 0 4.4359(2) B4 1.76 CO(5—4) CO(4—3)

SPT0552-42 3 4.4376(9) B3 0.80 CO4—3) CO(5—4)
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Table E1
(Continued)
Source Cycle z Figure Typical rms Lines from 3 mm Scans New Lines and Comments
Number (mly beam™!)
SPT0441-46 0 4.4803(3) B2 1.54 CO(5—4)° [C1](1-0)° [C n]® with APEX; CO(11 — 10)*, HoO(250 — 211"
and NH; from ALMA
SPT0319-47 0 45187(1) B2 1.61 CO(5—4)° CO(12-11)* from ALMA; [C 1I]* from APEX
SPT2146-55 0 4.567(2) B4 1.70 CO(5—4)° [C1)(1-0)°
SPT0528-53 4 4.737(4) B3, C2 0.58 CO(5—4) CO(7—6) from ALMA
SPT2335-53 1 47555(9) B4 0.88 CO(5—4)* [C 1" from APEX
SPT2132-58 0 4.7678(5) B4 1.72 CO(5—4)° CO(12-11)" and [N 1]* from ALMA
SPT0459-59 0 4.7989(2) B2 1.23 CO(5—4)° [C 11(1—-0)°
SPT0147-64 3 4.8031(3) Bl 0.70 CO(5—4) [C1)(1-0)
SPT0555-62 3 4.815(3) B3, C2 1.20 CO(5—4) CO(7—6) and [C 11](2-1) from ALMA
SPT0459-58 0 4.8562(3) B2 1.22 CO(5—4)° CO(11 — 10)* from ALMA
SPT0054-41 4 4.8769(2) B1, C2 0.56 CO(5—4) CO(7—6) and [C 11](2-1) from ALMA
SPT0106-64 3 49104(2)  BI, Cl(a) 0.70 CO(5—4) [C 1] from APEX/FLASH
SPT0202-61 3 5.0182(2) BI, Cl(b) 0.71 CO(5—4) CO(6-5) [C 1] from APEX/FLASH
SPT0425-40 4 5.1353(1) B2 0.60 CO(5—4) CO(6-5)
SPT2203-41 4 5.1937(1) B4 0.50 CO(5—4) CO(6—5)
SPT2319-55 1 5.2927(6) B4 0.89 CO(5—4)* CO(6-5) CO(14—13)
SPT0553-50 3 5.3201(1) B3, C2 0.78 CO(5—4) CO(6—5) CO(7—6) and [C 11](2-1) from ALMA
SPT2353-50 1 5.5781(2) B5 0.95 CO(5—4)" [C n]* from APEX
SPT0245-63 3 5.6256(2) B2 0.89 CO(5—4) CO(6-5)
SPT0348-62 3 5.6541(1) B2 0.88 CO(5—4) CO(6—>5)
SPT0346-52 0 5.6554(1) B2 1.53 CO(5—4)® CO(6—5)° H,O°H,0*°
SPT0243-49 0 5.7022(2) Bl 1.77 CO(5—4)® CO(6—5)°
SPT2351-57 1 5.8114(2) B5 0.90 CO(6—5)* CO(5—4)
SPT0311-58 3 6.9011(4) B2 0.88 CO6—5" Cco(7—6)™ [C112-D™  [Cu]" from APEX and ALMA; CO(3—2)"

from ATCA

Notes. The parenthesis at the end of the redshift represents the uncertainty on the last digit presented. The column titled “Cycle” refers to the ALMA Cycle in which
the 3 mm scan was obtained. The column titled “Typical rms” gives the typical rms found in each ALMA 3 mm spectrum, given a channel width of 62.5 MHz. The 3
mm spectra for three sources (SPT0551-48, SPT0538-50, and SPT2332-53) were obtained using Z-Spec. The values for spectroscopic redshift differ slightly from
previous works because the data was binned to a common binning and was fitted through MCMC. The spectroscopic redshifts obtained, however, are consistent within
their error bars to previously published data. Comments in the right column indicates any follow-up spectroscopy or photometric redshift.

 Published by Strandet et al. (2016).

® published by WeiB et al. (2013).

¢ Published by Aravena et al. (2016).

4 published by Gullberg et al. (2015).

¢ Published by Aravena et al. (2013).

T published by Spilker et al. (2015).

€ Published by Spilker et al. (2014).

" Published by Strandet et al. (2017).

f Published by Marrone et al. (2018).

J Obtained as part of ALMA project ID: 2017.1.01340.S.

Appendix F
Individual Source Properties

The properties for the individual SPT sources are derived
using a modified blackbody model, which is described in detail
in Section 2.3.2. The resulting fits are given in Section 3.2.1.
The values for dust temperature (Tgys), FIR luminosity (Lgg),

31

dust mass (My,s), and SFR are calculated as described in
Section 3.2.2 and given in Table F1. If available, the
magnification from the lens models described in Spilker et al.
(2016) are used to give the intrinsic values. However, for the 42
sources without lens models, the median magnification of all
sources with lens models (g7 ;) = 5.5) is adopted.
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Table F1
Individual Source Properties
Source Zspec Zphot Taust Apeak M Ler Mayst SFR
(K) (um) (x1013 L) (x10°M) (x10°M,, yr™h
SPT0002-52 2.351 2.3(0.3) 59(16) 86(6) 5.5° 0.8(0.2) 0.967938 2.6(1.7)
SPT0020-51 4.123 4.2(0.7) 50(15) 92(9) 5.48(0.45) 0.9(0.2) 193704 2.4(0.6)
SPT0027-50 3.444 3.7(0.5) 52(7) 88(4) 5.49(0.43) 1.5(0.2) 2.041538 3.2(0.5)
SPT0054-41 4.877 4.3(0.7) 58(11) 89(8) 5.5% 1.2(0.2) 1747973 43(2.8)
SPT0103-45 3.090 4.1(0.5) 33(4) 114(9) 5.34(0.49) 0.7(0.1) 2.85+0:3¢ 2.5(0.7)
SPT0106-64 4.910 4.5(0.4) 66(10) 76(6) 5.5¢ 1.8(0.2) 1944989 7.0(4.5)
SPT0109-47 3.614 3.8(0.5) 58(9) 86(6) 12.25(17.51) 0.5(0.7) 0.337048 1.3(1.9)
SPT0112-55 3.443 6.2(1.0) 56(19) 108(4) 5.5 0.19(0.05) 0.2073% 0.5(0.3)
SPT0113-46 4233 5.6(0.9) 31(4) 113(14) 23.86(0.51) 0.10(0.02) 0.48%043 0.3(0.1)
SPT0125-47 2515 2.6(0.3) 66(23) 83(5) 5.47(0.76) 2.4(0.6) 4.3870% 4.9(0.8)
SPT0125-50 3.957 4.5(0.4) 68(12) 74(5) 14.17(1.05) 0.48(0.06) 0.867913 1.1(0.1)
SPT0136-63 4.299 4.5(0.8) 43(8) 99(9) 5.5° 0.7(0.1) 1347922 1.6(1.1)
SPT0147-64 4.803 5.3(0.6) 48(12) 91(10) 5.5¢ 1.0(0.2) 2274499 2.6(1.7)
SPT0150-59 2788 3.7(0.6) 37(6) 95(7) 5.5% 0.6(0.1) 2.0619% 2.1(1.3)
SPT0155-62 4.349 6.2(0.6) 30(2) 112(9) 5.5° 1.10.2) 6.20729} 2.8(1.9)
SPT0202-61 5.018 5.6(0.5) 67(20) 66(5) 8.28(1.04) 1.0(0.2) 2317503 2.7(0.4)
SPT0226-45 3.233 3.9(0.6) 64(12) 88(7) 5.5 0.8(0.1) 0.797932 2.7(1.8)
SPT0243-49 5.702 6.8(0.7) 34(7) 103(14) 5.09(0.46) 0.7(0.2) 6.5313% 2.4(0.9)
SPT0245-63 5.626 5.4(0.8) 60(17) 56(2) 1.00(0.00) 3.7(0.5) 9.41+932 18.1(1.0)
SPT0300-46 3.595 3.9(0.7) 44(8) 96(10) 3.53(0.82) 1.00.3) 2779978 3.2(1.1)
SPT0311-58 6.901 6.4(1.0) 57(22) 71(11) 2.0(0.2)>° 1.40.3) 0.887043 2.8(1.9)
SPT0314-44 2.934 2.8(0.5) 47(8) 93(5) 5.5° 1.5(0.2) 2.8254% 3.2(2.1)
SPT0319-47 4.510 4.8(0.6) 59(20) 84(9) 2.88(0.28) 1.6(0.3) 3.0610% 5.2(1.1)
SPT0345-47 4.296 3.3(0.4) 71(15) 64(4) 7.95(0.48) 1.1(0.1) 1447938 3.2(0.3)
SPT0346-52 5.655 4.6(0.5) 79(15) 68(6) 5.57(0.12) 1.9(0.2) 3214034 6.4(0.7)
SPT0348-62 5.654 5.2(0.9) 63(16) 89(2) 1.18(0.01)° 2.2(0.3) 2954033 9.6(0.7)
SPT0402-45 2.683 2.8(0.3) 60(11) 89(5) 5.5¢ 2.5(0.4) 2507402 7.9(5.0)
SPT0403-58 4.056 4.3(0.7) 55(20) 88(9) 1.66(0.19) 1.8(0.4) 267538 5.8(1.5)
SPT0418-47 4225 4.2(0.5) 58(11) 91(2) 32.70(2.66) 0.18(0.03) 0.1175% 0.6(0.1)
SPT0425-40 5.135 3.7(1.1) 69(11) 72(8) 5.5° 0.8(0.1) 0.58+9% 3.72.4)
SPT0436-40 3.852 6.1(1.3) 51(8) 101(9) 5.5 0.7(0.1) 0.947938 2.1(1.4)
SPT0441-46 4.480 5.0(0.6) 51(17) 93(10) 12.73(0.96) 0.34(0.06) 0.7031% 1.1(0.3)
SPT0452-50 2.010 4.40.7) 21(2) 154(14) 1.71(0.10) 0.20(0.06) 71143 1.1(0.4)
SPT0457-49 3.987 3.6(1.0) 43(9) 88(11) 5.5%¢ 0.26(0.05) 0.30%344 1.2(0.8)
SPT0459-58 4.856 4.6(0.8) 56(16) 87(10) 4.97(0.57) 0.7(0.1) 1.281032 2.4(0.7)
SPT0459-59 4.799 5.3(0.7) 49(16) 93(11) 3.64(0.39) 1.0(0.2) 2.147933 3.2(1.0)
SPT0512-59 2233 2.6(0.4) 34(6) 101(6) 5.5° 0.6(0.1) 2534199 1.4(0.9)
SPT0516-59 3.404 3.2(0.6) 63(13) 84(7) 5.5¢ 0.5(0.1) 0.527922 1.6(1.0)
SPT0520-53 3.779 4.2(0.7) 43(7) 98(9) 5.5% 0.5(0.1) 1.3019% 1.6(1.1)
SPT0528-53 4.737 4.3(0.9) 58(22) 87(12) 5.5 0.3(0.1) 0.66703% 1.1(0.8)
SPT0529-54 3.368 4.7(0.5) 32(3) 122(10) 13.23(0.85) 0.25(0.04) 1.154022 0.8(0.3)
SPT0532-50 3.399 4.0(0.5) 44(7) 88(6) 10.04(0.57) 0.75(0.09) 3.56703% 1.7(0.2)
SPT0538-50 2.785 3.00.4) 42(6) 92(7) 20.10(2.98) 0.34(0.07) 1.05938 0.7(0.2)
SPT0544-40 4269 4.000.6) 53(18) 85(9) 5.5% 0.9(0.2) 2171983 2.2(1.5)
SPT0550-53 3.128 4.1(0.6) 35(8) 112(12) 5.5%4 0.3(0.1) 1.137932 0.9(0.6)
SPT0551-48 2.583 2.8(0.3) 62(21) 85(9) 5.5° 2.0(0.5) 2.2549% 6.1(4.0)
SPT0551-50 3.164 3.5(0.5) 44(8) 93(6) 5.5% 0.8(0.1) 1917941 1.7(1.1)
SPT0552-42 4.438 4.9(0.9) 36(5) 102(11) 5.5¢ 0.4(0.1) 1.3379%0 1.5(1.0)
SPT0553-50 5.323 4.2(0.9) 59(18) 84(13) 5.5%¢ 0.6(0.1) 1471972 1.8(1.2)
SPT0555-62 4815 4.8(0.7) 62(15) 73(7) 5.5° 0.7(0.1) 0.72+339 2.9(1.9)
SPT0604-64 2.481 3.0(0.4) 42(8) 98(5) 5.5° 1.4(0.3) 2.827140 3.0(1.9)
SPT0611-55 2.026 2.5(0.4) 53(9) 104(2) 5.5¢ 0.5(0.1) 0.437047 0.8(0.5)
SPT0625-58 2727 3.4(0.4) 39(6) 93(5) 5.5% 1.1(0.2) 2961118 2.4(1.5)
SPT0652-55 3.347 4.2(0.5) 40(4) 108(7) 5.5 1.3(0.2) 2867123 4.0(2.6)
SPT2031-51 2.452 2.9(0.4) 37(6) 100(6) 3.89(0.16) 0.8(0.2) 255803 1.8(0.3)
SPT2037-65 3.998 5.1(0.6) 35(4) 89(3) 5.5 1.3(0.2) 17237857, 3.8(2.4)
SPT2048-55 4.090 5.1(0.7) 3331) 85(8) 6.25(0.70) 0.4(0.2) 3.861070 1.0(0.2)
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Table F1
(Continued)
Source Zspec Zphot Tdusl /\peak H LFIR Mdusl SFR
(K) (pm) (X108 L) (x10°M_) (x10°M, yrY

SPT2101-60 3.155 3.1(0.6) 52(10) 89(9) 5.5° 0.9(0.1) 147798 2.7(1.8)
SPT2103-60 4.436 5.1(0.7) 44(9) 102(3) 27.84(1.76) 0.14(0.02) 0.203%2 0.4(0.1)
SPT2129-57 3.260 4.1(0.4) 56(13) 87(6) 5.5" 0.8(0.1) 117198 2.5(1.6)
SPT2132-58 4768 5.2(0.6) 51(19) 90(11) 5.72(0.54) 0.7(0.1) 1.50793 2.1(0.6)
SPT2134-50 2.780 3.0(0.3) 61(20) 83(6) 21.00(2.42) 0.33(0.07) 0.590% 0.8(0.1)
SPT2146-55 4.567 4.6(0.8) 47(19) 88(11) 6.65(0.41) 0.5(0.1) 1.431532 1.7(0.4)
SPT2147-50 3.760 4.2(0.7) 48(9) 93(8) 6.55(0.42) 0.54(0.07) 0937933 1.3(0.3)
SPT2152-40 3.851 4.9(0.5) 47(11) 93(9) 5.5 0.7(0.1) 1.7979%9 2.2(1.4)
SPT2203-41 5.194 5.3(0.9) 53(10) 95(2) 5.5 0.6(0.1) 0.67703] 2.2(1.4)
SPT2232-61 2.894 3.1(0.5) 45(8) 100(6) 5.5% 0.7(0.1) 1.3249% 2.3(1.5)
SPT2311-45 2507 3.2(0.5) 35(6) 97(6) 5.5% 0.4(0.1) 1514081 1.0(0.6)
SPT2311-54 4.280 4.3(0.6) 61(12) 76(7) 1.95(0.09) 1.7(0.2) 148703 5.9(0.9)
SPT2316-50 3.141 3.6(1.0) 48(18) 106(5) 5.5 0.2(0.1) 0.3010:42 0.6(0.4)
SPT2319-55 5.293 5.8(0.9) 60(17) 86(10) 7.89(1.85) 0.3(0.1) 0.46731¢ 1.2(0.4)
SPT2332-53 2.726 2.1(0.3) 64(12) 77(6) 5.5° 1.7(0.3) 1.577983 3.8(2.4)
SPT2335-53 4755 4.3(1.0) 61(16) 81(2) 5.5%¢ 0.3(0.1) 0.173% 2.0(1.3)
SPT2340-59 3.862 4.3(0.9) 55(14) 93(3) 3.37(0.31) 0.5(0.1) 0.48-591 2.0(0.3)
SPT2349-50 2.876 3.7(0.6) 49(15) 94(7) 2.15(0.09) 1.3(0.3) 2.49°0% 3.9(0.7)
SPT2349-52 3.900 4.1(1.0) 63(17) 84(3) 5.5 0.19(0.04) 0.1279% 1.2(0.8)
SPT2349-56 4302 4.6(0.7) 59(11) 84(2) 1.00(0.00)° 1.7(0.3) 0.99519 6.3(0.5)
SPT2351-57 5.811 4.6(1.1) 70(15) 70(7) 5.5%d 0.5(0.1) 0.407313 2.9(1.9)
SPT2353-50 5.578 5.7(0.9) 66(16) 81(10) 5.5 0.5(0.1) 0.677°93% 2.1(1.4)
SPT2354-58 1.867 1.9(0.3) 61(17) 87(4) 6.29(0.36) 0.9(0.2) 1.39791¢ 2.8(0.3)
SPT2357-51 3.070 3.8(0.6) 43(6) 110(3) 2.85(0.12) 0.7(0.1) 1.2970:14 2.4(0.2)

Notes. Estimates of dust temperatures and FIR luminosities are derived from the modified blackbody fits described in Section 2.3.2. Using these parameters, the dust
masses and SFRs are then derived using Equation (2) and Equation (3), respectively. While not explicitly given in the table, the total IR luminosity can be obtained
using the SFR, as shown in Equation (3). The FIR luminosities, SFRs and dust masses were corrected for gravitational amplification (x) according to Table D1 of
Spilker et al. (2016) where such models exist. Where multiple source components exist, we use a flux-weighted average to estimate y.. Though the intrinsic values are
presented above, the apparent values can be obtained by multiplying by the magnification factor. This table is available in machine-readable format at https://github.

com/spt-smg/publicdata.

# The sources that have not been modeled have parameters that have been corrected by median gravitational amplification {fig;, “m> = 5.5 (Spilker et al. 2016).

® published by Marrone et al. (2018).
¢ DSFGs with observed multiplicities, as discussed in Section 4.1.1.
9 Presented in Spilker et al. (2016) as a cluster lens.
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