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ABSTRACT
We present multi-wavelength detections of nine candidate gravitationally lensed dusty star-
forming galaxies (DSFGs) selected at 218 GHz (1.4 mm) from the Atacama Cosmology
Telescope (ACT) equatorial survey. Among the brightest ACT sources, these represent the
subset of the total ACT sample lying in Herschel SPIRE fields, and all nine of the 218 GHz
detections were found to have bright Herschel counterparts. By fitting their spectral energy
distributions (SEDs) with a modified blackbody model with power-law temperature distri-
bution, we find the sample has a median redshift of z = 4.1+1.1

−1.0 (68 per cent confidence
interval), as expected for 218 GHz selection, and an apparent total infrared luminosity of
log10(μLIR/L�) = 13.86+0.33

−0.30, which suggests that they are either strongly lensed sources or
unresolved collections of unlensed DSFGs. The effective apparent diameter of the sample
is

√
μd = 4.2+1.7

−1.0 kpc, further evidence of strong lensing or multiplicity, since the typical
diameter of DSFGs is 1.0–2.5 kpc. We emphasize that the effective apparent diameter derives
from SED modelling without the assumption of optically thin dust (as opposed to image mor-
phology). We find that the sources have substantial optical depth (τ = 4.2+3.7

−1.9) to dust around
the peak in the modified blackbody spectrum (λobs ≤ 500 μm), a result that is robust to model
choice.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: starburst – galaxies: star
formation – submillimetre: galaxies.

1 IN T RO D U C T I O N

Observations of the light from young massive stars, whether directly
in the rest-frame UV or after reprocessing by dust in the far-infrared
(FIR)/submillimetre, have allowed us to map out the cosmic history
of star formation (e.g. Lilly et al. 1996; Madau et al. 1996; Blain et al.
2002; Chapman et al. 2005; Le Floc’h et al. 2005; Pérez-González
et al. 2005; Hopkins & Beacom 2006; Daddi et al. 2007; Elbaz
et al. 2007; Casey, Narayanan & Cooray 2014; Madau & Dickinson
2014). Due to these observations we now know that the Universe
formed most of its stars in the redshift range 1 < z < 3. However,
our understanding of cosmic star formation during this epoch is still
incomplete. As a tracer of star formation rate (SFR), the rest-frame

� E-mail: tsu5@jhu.edu (TS); marriage@jhu.edu (TAM);
vasboth@phas.ubc.ca (VA)

UV is reprocessed by dust in intermediate/high-redshift galaxies
as the more intense star-forming activity in these early epochs is
often associated with dusty environments, especially in the most
extreme star-forming systems. Therefore, infrared/submillimetre
re-emission by dust from the star-forming regions is crucial when
accounting for SFRs at intermediate/high redshift. Furthermore, a
large number of observations indicate that the so-called classical
submillimetre galaxies (SMGs) play a key role in galaxy evolution
as the likely progenitors of today’s massive elliptical galaxies (Blain
et al. 2002; Casey et al. 2014). Our understanding of the physical
properties of SMGs is insufficient due to the lack of large enough
samples with detailed multi-wavelength data. The samples and
associated data, however, are rapidly improving. In particular, a new
population of lensed dusty star-forming galaxies (DSFGs) selected
in large (>100 deg2) millimetre and submillimetre surveys has
begun to enable a closer look at star formation in the high-redshift
universe.
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Over the past five years, new samples of gravitationally lensed
DSFGs have been detected at millimetre and submillimetre wave-
lengths with the Atacama Cosmology Telescope (ACT; Marsden
et al. 2014), Herschel (e.g. Negrello et al. 2010; Conley et al. 2011;
Wardlow et al. 2013), Planck (Cañameras et al. 2015; Harring-
ton et al. 2016), and the South Pole Telescope (SPT; Vieira et al.
2010; Mocanu et al. 2013). Unlike with optical selection, which
relies on morphological identification of lensed galaxies near the
Einstein radius (through sheared or multiple images), the selection
of these lensed DSFGs is based only on apparent flux (through
magnification). This selection is possible due to the steep decline
in the number density of DSFGs with flux. The brightest observed
sources stand out because of lensing or unresolved mergers where
many bright unlensed DSFGs are confused for a single ultra-bright
source (i.e. ‘trainwrecks’; Riechers et al. 2011; Ivison et al. 2012;
Fu et al. 2013). Because of the rarity of lensed galaxies, a blind mil-
limetre/submillimetre search with requisite sensitivity (1–10 mJy
flux limits) over a large survey area is required, and this is exactly
what has been achieved by ACT, Herschel, Planck, and SPT. Be-
sides lensed DSFGs, blazars are bright at millimetre wavelengths,
but millimetre-wave spectral indices and information from longer-
wavelength radio surveys can be used to veto these systems. In-
terferometric follow-up observations with the Submillimeter Ar-
ray (SMA), the Atacama Large Millimeter/submillimeter Array
(ALMA), and other observatories confirm that the majority of these
DSFGs are strongly lensed (e.g. Negrello et al. 2010; Bussmann
et al. 2012; Hezaveh et al. 2013b; Vieira et al. 2013; Spilker et al.
2016).

In addition to providing an efficient means of finding lensed
systems at millimetre and submillimetre wavelengths, the magni-
fication allows us to probe the internal structure of high-z DSFGs.
When the light from a distant starburst galaxy is lensed by a fore-
ground object, the apparent effective size and the apparent lumi-
nosity of the background source are magnified by factors of

√
μ

and μ, respectively. For unlensed sources μ = 1, while for strongly
lensed sources μ ≥ 2. For instance, the ‘Cosmic Eyelash’, which
is a lensed DSFG at z = 2.3259 (Swinbank et al. 2010), can be
resolved at a scale of 100 pc owing to an extreme magnification
μ ≈ 32 by a foreground cluster lens. In another study, the mor-
phology of a highly magnified (μ ≈ 21) source, SPT 0538−50, at
z = 2.7817 indicates a merger-driven event, which is similar to
a local ultraluminous infrared galaxies (ULIRGs) (Bothwell et al.
2013). In a third, Fu et al. (2012) present a detailed study of HAT-
LAS J114637.9−001132 at z = 3.2592 with multi-wavelength im-
ages revealing different magnification factors for stars, dust and gas.
Additionally, Hezaveh et al. (2013b) and Spilker et al. (2016) study
strongly lensed DSFGs at z = 1.9 − 5.6, recovering accurate intrin-
sic source sizes and source surface brightness densities on scales
not achievable in the absence of lensing. In another detailed study,
HATLAS J090311.6+003906 (SDP.81; Negrello et al. 2010) at
z = 3.042 (μ ≈ 11) has been observed at a resolution of 23 mas,
corresponding to an ∼180 pc physical scale. It has molecular and
dust clumps confined to an ∼2 kpc region, while its stellar compo-
nent occupies a larger volume offset from the dust (Bussmann et al.
2013; Dye et al. 2014; ALMA Partnership et al. 2015; Dye et al.
2015; Hatsukade et al. 2015; Rybak et al. 2015a,b; Tamura et al.
2015; Wong, Suyu & Matsushita 2015). Resolved spectroscopy
suggests that SDP.81 is undergoing a merger-driven starburst phase
(Dye et al. 2015; Hatsukade et al. 2015; Rybak et al. 2015a).

While lensed DSFGs are discovered in surveys with mod-
est resolution (0.3–5 arcmin) and large areas, the detailed study
of lensed DSFGs involves a variety of challenging observations,

including high-resolution millimetre/submillimetre imaging, detec-
tion of multiple CO lines for spectroscopic redshift determination,
and optical or near-infrared studies of the lenses (both imaging
and spectroscopy). Even without these follow-up data, however, the
FIR spectral energy distribution (SED) of the thermal dust emis-
sion, obtained through photometry of available survey data, allows
us to estimate dust mass, dust temperature, infrared luminosity and
SFR, given knowledge of the redshift (e.g. Negrello et al. 2010;
Cox et al. 2011; Bothwell et al. 2013; Bussmann et al. 2013; Ward-
low et al. 2013). These studies generally use either template SEDs
derived from fiducial starburst galaxies or single-temperature mod-
ified blackbody SED models with or without the assumption that
the dust is optically thin over the range of frequencies probed. Con-
versely, if one has constraints on the dust mass and temperature,
then a reasonably constrained photometric redshift can be obtained.
For instance, Greve et al. (2012) estimate the redshift distribution
of SPT-selected sources by fitting their SED data using a modified
blackbody model with a fixed single temperature.

This paper represents a first look at the physical properties and
redshift distribution for DSFGs selected by ACT. This is one of two
growing samples of DSFGs selected in millimetre-wave surveys
over thousands of square degrees of sky. (The other sample is from
SPT.) We derive physical properties through SED modelling of
nine candidate gravitationally lensed DSFGs selected from the ACT
equatorial survey (Gralla et al., in preparation) in the overlap region
with the Herschel Stripe 82 Survey (HerS; Viero et al. 2014) and
the HerMES Large Mode Survey (HeLMS; Oliver et al. 2012).
We explore a variety of SED models, but we focus on a fiducial
modified blackbody model without the assumption of optically thin
dust and with a power-law dust temperature distribution. Such a
model is well suited for characterizing the SEDs of high-z DSFGs
(e.g. Blain, Barnard & Chapman 2003; Kovács et al. 2006, 2010;
Casey 2012; Magnelli et al. 2012; Bianchi 2013; da Cunha et al.
2013; Staguhn et al. 2014). The power-law temperature distribution
better captures non-trivial spectral properties at the peak and on
the Wien side of the modified blackbody that are not described
well by single-temperature models (Kovács et al. 2010; Magnelli
et al. 2012). In particular, the power-law temperature distribution
better captures the rest-frame mid-infrared emission coming from
the smaller clumps of hotter dust near the galaxy nucleus (Kovács
et al. 2010; Casey et al. 2014). By comparing the goodness of fit of
our fiducial model with those of optically thin models, we will test
whether the sources are optically thin at all observed wavelengths.

The paper is organized as follows. In Section 2, we describe the
ACT DSFG sample selection, the photometric data used to construct
the SEDs, and auxiliary data. In Section 3, we explain the SED
model and fitting methods. The results and discussion are given in
Section 4. In Section 5, we lay out the conclusions. We adopt a flat
�cold dark matter cosmology, with a total matter (dark+baryonic)
density parameter of �m = 0.27, a vacuum energy density �� =
0.73, and a Hubble constant of H0 = 70 km s−1 Mpc−1.

2 O B S E RVAT I O N S A N D DATA

2.1 The Atacama Cosmology Telescope

ACT is a 6 m telescope in the Atacama Desert that operates at mil-
limetre wavelengths (Fowler et al. 2007; Niemack et al. 2010; Swetz
et al. 2011; Thornton et al. 2016). The ACT data for this study were
collected in 2009 and 2010 at 148 GHz (2 mm), 218 GHz (1.4 mm)
and 277 GHz (1.1 mm). They cover 480 deg2 on the celestial
equator with right ascension −58◦ < α < 57◦ and declination

MNRAS 464, 968–984 (2017)
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Table 1. Coordinates and photometric data for ACT-selected lensed DSFG candidates. The coordinates are extracted from Herschel SPIRE 250 µm photometry.
Three sources (ACT-S J0107+0001, ACT-S J0116−0004 and ACT-S J0210+0016) have Herschel SPIRE data from HerS (Viero et al. 2014). The other six
have Herschel SPIRE data from HeLMS (Oliver et al. 2012; Asboth et al. 2016). Errors in the table are only due to instrument noise. Additional uncertainties
due to systematic effects and confusion are enumerated in Section 2 and are included in the modelling. The footprint of the 278 GHz data does not cover the
coordinates of ACT-S J0022−0155.

ACT Herschel SPIRE
ACT ID RA Dec. 148 GHz 218 GHz 278 GHz 500 µm 350 µm 250 µm

[deg] [deg] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]

ACT-S J0011−0018 2.8902 − 0.3101 6.02 ± 2.23 21.93 ± 3.11 28.43 ± 9.74 94.65 ± 7.41 120.18 ± 6.33 89.41 ± 7.25
ACT-S J0022−0155 5.5870 − 1.9230 5.54 ± 2.58 26.02 ± 4.08 – 116.35 ± 6.57 104.05 ± 5.84 62.67 ± 6.10
ACT-S J0038−0022 9.5586 − 0.3810 7.95 ± 1.86 23.91 ± 2.65 40.88 ± 5.88 122.87 ± 6.69 119.01 ± 6.01 73.35 ± 5.55
ACT-S J0039+0024 9.8723 0.40736 6.14 ± 1.76 19.50 ± 2.56 35.32 ± 6.24 162.11 ± 7.29 152.60 ± 6.34 140.84 ± 6.51
ACT-S J0044+0118 11.0421 1.3071 12.49 ± 1.74 35.11 ± 2.62 72.32 ± 6.26 191.79 ± 8.16 166.48 ± 5.99 108.14 ± 6.86
ACT-S J0045−0001 11.3860 − 0.0232 6.46 ± 1.90 24.99 ± 2.51 45.87 ± 6.23 97.18 ± 7.36 87.61 ± 6.28 48.22 ± 6.73
ACT-S J0107+0001 16.8709 2.2439 1.77 ± 2.00 18.26 ± 2.74 28.72 ± 6.08 87.17 ± 7.70 89.76 ± 6.44 48.55 ± 6.11
ACT-S J0116−0004 19.1670 − 8.1598 7.69 ± 1.91 22.73 ± 2.60 45.99 ± 5.82 189.91 ± 7.81 196.11 ± 6.56 137.50 ± 6.75
ACT-S J0210+0016 32.4215 2.6599 17.06 ± 1.64 69.25 ± 2.68 154.15 ± 5.67 717.64 ± 8.13 912.36 ± 6.57 826.02 ± 6.68

−2.◦2 < δ < 2.◦2. Intensity maps at the three frequencies were made
as described in Dünner et al. (2013), with resolutions of 1.4 arcmin
(148 GHz), 1.0 arcmin (218 GHz), and 0.9 arcmin (227 GHz), re-
spectively (Hasselfield et al. 2013). The maps were match filtered
and sources identified as in Marsden et al. (2014). The resulting flux
densities have typical statistical errors due primarily to instrument
noise of 2.2 mJy, 3.3 mJy, and 6.5 mJy and fractional systematic
errors due to calibration, beam errors, frequency-band errors, and
map-making at the 3 per cent, 5 per cent, and 15 per cent level for
148 GHz, 218 GHz and 277 GHz, respectively (Gralla et al. 2014).

From the filtered 218 GHz data, we selected the 30 brightest
218 GHz DSFG candidates for further study and follow-up obser-
vations. The DSFGs were selected to have a 148–218 GHz spectral
index (S∝να) consistent with that of thermal dust (α > 2) and incon-
sistent with blazar spectra. Candidates were vetoed if they had coun-
terparts corresponding to nearby star-forming galaxies resolved in
optical imaging from the Sloan Digital Sky Survey (SDSS). Candi-
dates were also rejected if they fell in regions of the map contami-
nated by Galactic cirrus. The full description of the sample selection
will be given in Gralla et al. (in preparation). Of these 30 bright-
est DSFG candidates selected in ACT data, nine fall in a 120 deg2

region of the sky also observed by Herschel, as described in Sec-
tion 2.2. The ACT flux densities for these nine sources are given in
Table 1 and plotted in Fig. 1. Note that the overlap with Herschel
data is centred on a deep part of the ACT map, and thus the statistical
flux density errors given in Table 1 are, on average, below the typi-
cal error quoted in the previous paragraph for the data as a whole.
These flux densities are the raw values and thus have not been cor-
rected for Eddington bias. However, given that all candidates have
218 GHz flux densities in excess of 18 mJy and signal-to-noise ratio
(S/N) > 6, this correction will be less than a few per cent (Marsden
et al. 2014) and will not affect the results of our SED analysis at
a significant level. Because the sources are selected at 218 GHz
with instrument noise dominant and uncorrelated between bands,
the level of Eddington bias is primarily determined by the 218 GHz
selection, and the lower S/N of the other ACT bands does not lead
to more Eddington bias. In addition to Eddington bias, the flux may
be boosted due to selecting peaks in S/N in the match filtered map
(e.g. Vanderlinde et al. 2010). Specifically, by optimizing the S/N
over the right ascension and declination coordinates, we bias the
detected source flux by a factor (S/N)/((S/N)2-2)1/2. Correcting for
this bias changes the best-fitting values of our SED model parame-
ters by much less than the corresponding model errors. Therefore,

for simplicity, the model results presented in Section 4 are based on
fits to the raw flux densities given in Table 1.

To estimate the astrometry of the ACT DSFG sample, we compare
the ACT-derived source locations to those obtained through high-
resolution SMA follow-up of the sources (see Section 2.3). The
ACT-derived astrometric uncertainty thus derived is 6–7 arcsec.

2.2 The Herschel Space Observatory

Nine ACT-selected DSFG candidates fall within the region where
the ACT survey overlaps HerS and HeLMS, an area of 120 deg2

in the right ascension range 0◦ < α < 37◦. The corresponding
submillimetre data from the Herschel Spectral and Photometric
Imaging REceiver (SPIRE; Griffin et al. 2010) can help constrain
the turn-over of the SED of thermal dust in these galaxies if they have
redshifts z > 1.5 and dust temperatures T > 20 K. SPIRE observes
at wavelengths of 250 μm (1200 GHz), 350 μm (857 GHz) and
500 μm (600 GHz) with corresponding beam sizes of 0.3, 0.4 and
0.6 arcmin. The SPIRE flux calibration uncertainty of 4 per cent
and beam full width at half-maximum (FWHM) values are derived
from observations of Neptune (Griffin et al. 2013).

For each of the nine ACT-selected sources with a potential Her-
schel counterpart we consulted publicly available catalogues from
HerS (Viero et al. 2014)1 and HeLMS (Asboth et al. 2016)2; see also
Nayyeri et al. (2016). Here we summarize the construction of each
of these catalogues, and we refer the reader to the corresponding
papers for complete information on catalogue construction. Point-
source extraction was performed on HerS maps after first filtering
them with a tapered high-pass filter to remove large-scale Galactic
cirrus. Sources were identified in the 250 μm image using the idl
software package STARFINDER (Diolaiti et al. 2000), and photome-
try extracted from all three bands using a modified version of the
DESPHOT algorithm (Roseboom et al. 2010, 2012; Wang et al.
2014). The benefit of this approach is that it uses input sources from
the highest resolution band as a prior for the other SPIRE wave-
lengths, thus producing consistent, band-merged SPIRE catalogues.
The HeLMS flux densities and uncertainties used in this work come
from the HeLMS red source catalogue (Asboth et al. 2016). Sources
were extracted from a linear combination of the 500 μm HeLMS

1 www.astro.caltech.edu/hers/HerS_Home.html
2 http://hedam.lam.fr/HerMES/
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Figure 1. SED data and best-fitting models for the ACT-selected lensed DSFG candidates. As plotted, the errors include systematic error (e.g. calibration
uncertainties) in addition to instrument and confusion noise. The blue curves are the best-fitting results of the power-law temperature modified blackbody
model without the assumption of optically thin emission (our fiducial model of equation 6). For sources ACT-S J0107+0001 and ACT-S J0210+0016, the
green curve shows the results of our fit if the redshift parameter is fixed to the measured spectroscopic redshift. Additional models are explored in Section 4.3
and Appendix B.

map, match filtered as in Chapin et al. (2011), and the 250 μm
HeLMS map, smoothed to the resolution of the filtered 500 μm
data. The linear combination was chosen to minimize variance due
to the common confusion noise in both maps as in Dowell et al.
(2014). The flux densities for the sources thus detected are found
by performing an inverse-variance-weighted convolution of each
of the SPIRE maps with the point spread function, similar to the
method described in Smith et al. (2012).

The errors in Herschel SPIRE flux densities derive from instru-
ment noise, confusion noise, and the aforementioned calibration
uncertainty. We sum these contributions in quadrature to obtain the
total photometric uncertainties used in the modelling. The charac-
teristic rms instrument noise level in the Herschel data is roughly
6 mJy for most measurements, as seen in Table 1. The confusion
noise is 6.8 mJy (500 μm), 6.2 mJy (350 μm) and 5.8 (250 μm)
(Nguyen et al. 2010). Each of our nine ACT sources in the Her-
schel survey areas has significant flux density in all Herschel SPIRE
bands.

In addition to submillimetre flux densities, one can obtain ac-
curate 250 μm-based positions for the sources from the Herschel
SPIRE catalogues (Viero et al. 2014; Asboth et al. 2016). The astro-
metric uncertainty for the Herschel SPIRE positions as referenced
to our SMA follow-up is approximately 3 arcsec. Comparing these
positions to the ACT-derived astrometry, we find differences in right
ascension (declination) with mean and standard deviation of −0.8
± 3.2 arcsec (−1.23 ± 2.33 arcsec). The two data sets are consistent

in terms of astrometry, and no ambiguity exists in terms of source
cross-identification. Given the better astrometry of the Herschel
data, we use these locations in Table 1.

2.3 Additional data

The ACT sample of candidate lensed DSFGs has been the subject of
a campaign of multi-wavelength follow-up observations, from the
radio to the optical. In this study we primarily restrict our attention
to the integrated flux density data from ACT and Herschel. One
exception is that we compare our results to spectroscopic redshift
measurements for ACT-S J0210−0016 and ACT-S J0107+0001.
For ACT-S J0210−0016 we use a spectroscopic (CO-based) red-
shift of z = 2.553 from our follow-up observations with the Green
Bank Telescope (GBT) and the Combined Array for Research in
Millimeter-wave Astronomy (CARMA), which we present in Ap-
pendix A. For ACT-S J0107+0001, we used a CO-based spectro-
scopic redshift of z = 3.332 from a measurement with the Redshift
Search Receiver (RSR; Erickson et al. 2007) on the Large Millime-
ter Telescope (LMT); a paper discussing this and other LMT/RSR
observations of ACT DSFGs is currently in preparation.

2.3.1 Beyond FIR photometry

The FIR photometry analysed in this study provides certain insights
into the ACT-selected sample, to be discussed in the remainder of

MNRAS 464, 968–984 (2017)
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this paper. Much more information, however, can be gained with
additional archival data and follow-up observations. Therefore, as a
supplement to the present study and as a prelude to future work, we
present optical, near-IR, mid-IR, and high-resolution submillimetre
data on our nine sources.

For 218 GHz-selected lensed source populations, the associated
lenses are expected to be massive elliptical galaxies and galaxy
clusters with a broad redshift distribution extending up to z ≈ 1.5
(Hezaveh & Holder 2011). Over this broad redshift range, a com-
plete lens assay requires a full complement of optical, near-IR and
mid-IR observations. We use optical imaging data from the SDSS
(York et al. 2000; Gunn et al. 2006; Eisenstein et al. 2011; Alam
et al. 2015). In the near-IR we use data from two sources: the VISTA
Hemisphere Survey (VHS; McMahon et al. 2013) with a Ks-band (λ
∼ 2.1 μm) 5-sigma detection limit of m = 18.1 (Vega) and our own
follow-up observations with the NICFPS camera on the ARC 3.5 m
telescope at the Apache Point Observatory (Vincent et al. 2003) with
a Ks-band 5-sigma detection limit of m = 19.5 (Vega). We also use
imaging at 3.6 μm and 4.5 μm from the Spitzer IRAC Equatorial
Survey (Timlin et al. 2016) and the Spitzer-HETDEX Exploratory
Large-Area Survey (Papovich et al. 2016). Where Spitzer data are
unavailable, we use mid-IR data from the Wide-field Infrared Survey
Explorer (WISE) all-sky survey (Wright et al. 2010).

We have an on-going program with the SMA (Programs 2013B-
S066, 2015B-S049) to image ACT-selected DSFGs with 3 arcsec
resolution at 230 GHz (Rivera et al., in preparation). These follow-
up observations provide improved astrometry for optical/IR coun-
terpart identification. The data also distinguish between lensing and
‘trainwreck’ merger scenarios. In this work, we make use of the
improved astrometry for six of the nine sources to assess the rela-
tionship of the ACT-selected sources with galaxies detected in the
optical/IR imaging. Fig. 2 shows the result. For most sources, the
location of the ACT-selected source is consistent with lensing either
by a galaxy or galaxy cluster detected in the IR/optical data.

For putative lens galaxies or galaxy clusters, we use SDSS to
establish spectroscopic and photometric redshifts. For lens candi-
dates lacking redshifts from SDSS, we have an on-going spectro-
scopic follow-up campaign with the South African Large Telescope
(SALT; Buckley, Swart & Meiring 2006) to determine redshifts
(PI J. Hughes). Below we give a source-by-source description of
the optical/IR data in Fig. 2 with lens candidate redshift estimates
where available.

(i) ACT-S J0011−0018 has an accurate SMA location allowing
identification of a nearby lens candidate apparent only in the mid-IR
data.

(ii) ACT-S J0022−0155 does not have SMA data, but Herschel
astrometry places the source near a galaxy detected in the near-IR
and mid-IR bands. This is the only galaxy detected within 15 arcsec
of the DSFG and is a lens candidate.

(iii) ACT-S J0038−0022 is located near a complex of apparently
unassociated optical/IR sources. The brightest optical source is clas-
sified by SDSS as a star. Several galaxies are nearby, including one
only detected in the mid-IR.

(iv) ACT-S J0039+0024 has accurate astrometry placing it
nearby a lens candidate detected in the near-IR and mid-IR.

(v) ACT-S J0044+0118 has no clear optical/IR counterpart.
(vi) ACT-S J0045−0001 is located 20 arcsec north of a galaxy

cluster bright in the optical/IR. The spectroscopic redshift from
SALT follow-up of this cluster is z = 0.234.

(vii) ACT-S J0107+0001 (z = 3.332) has SMA astrometry plac-
ing it nearby a candidate lens galaxy only detected in the mid-IR.

(viii) ACT-S J0116−0004 has SMA astrometry placing it nearby
a lens candidate bright in the optical/IR. The photometric redshift
of this candidate from SDSS is z = 0.45.

(ix) ACT-S J0210+0016 (z = 2.553) is the lensed DSFG pub-
lished in Geach et al. (2015) with a lens redshift from SDSS of
z = 0.202. This source is discussed further in Section 4.2 and Ap-
pendix A.

3 SE D M O D E L L I N G

To fit the FIR SEDs we employ a modified blackbody dust emission
model with a power-law distribution in dust temperature. The size
distribution and chemical make-up of the dust grains as well as
their locations in the radiation field all lead to different temperatures,
which can be approximated by a power-law function (Dale & Helou
2002; Kovács et al. 2010):

f (T ) = dMd/dT ∝ T −γ . (1)

In this equation, Md is the dust mass, f(T) is normalized as∫ ∞
Tc

f (T )dT = 1, and Tc is the lowest cut-off temperature of the
dust.

From the radiative transfer equation, we can simply define the
photon escape probability as (Kovács et al. 2010)

P = 1 − e−τ . (2)

In this equation, the optical depth τ is given by

τ = κ(νr)�d = κ(νr)
Md

π(d/2)2
, (3)

where �d is the dust surface mass density, d is the dust emission
region diameter and κ(νr) = κ0(νr/ν0)β is the mass attenuation
coefficient at rest-frame frequency νr. We normalize κ at c/ν0 =
850 μm as κ0 = 1.5 cm2 g−1 (Weingartner & Draine 2001; Dunne,
Eales & Edmunds 2003) and fix β = 2 throughout. This value of β is
consistent with constraints obtained by Magnelli et al. (2012) from
Herschel-selected DSFGs. We also tested models with β = 1.5, and
for the two sources with spectroscopic redshift measurements we
fit β as a parameter. The effects of relaxing this assumption are
investigated in Section 4.3. The rest-frame frequency is related to
observed frequency as νr = (1 + z)ν. The observed flux density
from the component of the disc at temperature T can be modelled
as:

Sν(ν, T ) = � (1 − e−τ (ν)) Bν(ν, T /(1 + z)). (4)

In this equation, the solid angle is � = π( d
2 )2/D2

A, where DA is the
angular diameter distance to the source. The spectral radiance is
taken to be the Planck function:

Bν(ν, T /(1 + z)) = 2h

c2

ν3

exp(hν(1 + z)/kBT ) − 1
. (5)

This is the single-temperature model.
Applying the power-law temperature distribution (equation 1) to

the model, we get

Sν,multi(ν; z, Tc, Md, d) =
∫ +∞

Tc

f (T )Sν(ν, T )dT

= (γ − 1)T γ−1
c

∫ +∞

Tc

Sν(ν, T ) T −γ dT . (6)

In this model, z, Md, Tc, and d are the parameters to fit. Considering
that the shortest wavelength of our photometric data is 250 μm,
our data cover a limited fraction of the Wien side of the Planck
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Figure 2. Grey-scale images are optical (SDSS), near-IR (VHS or APO/ARC 3.5 m), and mid-IR (Spitzer or WISE). The most accurate source location (red
square) comes from our high-resolution submillimetre follow-up imaging with the SMA, where available. The Herschel and ACT-derived locations are shown,
respectively, by a solid diamond and dashed circle, the sizes of which indicate astrometric error.
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function, where the dust temperature distribution parameter γ is
best constrained. Therefore, a typical value for high-z starburst
galaxies (Kovács et al. 2010; Magnelli et al. 2012), γ = 7.0, is
adopted.

Additionally, we also consider the effect of the cosmic microwave
background (CMB) on the dust emission. da Cunha et al. (2013)
found that the effect of heating by the CMB can become significant
for cooler (T = 20 K) dust at high redshift (z > 5). Adapting
equations (13), (14), and (15) from da Cunha et al. (2013), the
CMB-modified observed flux of the galaxy should be:

Sobs = Sν,multi + �e−τ (ν) 2h

c2

ν3

exp(hν/kBTCMB) − 1
. (7)

In this equation, Sν, multi is the pure observed flux coming from the
dust model (equation 6) while the latter term captures the contribu-
tion from the CMB. As in previous expressions, the frequency ν is
in the observers frame, and so the CMB temperature TCMB = 2.73 K
is taken at z = 0. For the source in our sample with the highest in-
ferred redshift (ACT-S J0044+0118) and thus the most affected by
the CMB, the change in dust model parameters is a few per cent or
less relative to the errors on the parameters (representing sub-per
cent shifts in parameter values). Therefore, to simplify the analysis,
we use only the power-law temperature dust model (equation 6) in
our results (Section 4), and do not include the contribution of the
CMB.

If the optical depth is small (τ � 1), then the escape probability
(equation 2) becomes P ≈ τ . In this limit, the single-temperature,
modified-blackbody model becomes

Sν(ν, T ) = � τ (ν) Bν(ν, T /(1 + z))

= κ(ν(1 + z))
Md

D2
A

Bν(ν, T /(1 + z))

= κ0(ν/ν0)β (1 + z)β
Md

D2
A

Bν(ν, T /(1 + z)). (8)

It is noteworthy that this optically thin assumption is frequently
employed in SED fitting. However, this assumption is not always
suitable, especially for the most luminous and highly obscured DS-
FGs in the early Universe. There is growing evidence that high-z
DSFGs are characterized by optically thick dust in the submillime-
tre observing bands (Riechers et al. 2013; Huang et al. 2014). In this
study, we model SEDs with equation (6), using the full functional
form for the escape probability.

3.1 Likelihood analysis

We use a Gaussian likelihood function L to describe the distri-
bution of the observed SED about the true emission model. The
log-likelihood is therefore given by

− 2 lnL ∝
∑

ν

(D(ν) − Smulti(ν; z, Tc, Md, d))2

σ 2(ν)
, (9)

where the sum is over the different frequency bands of the SED D(ν)
with error σ (ν), and Smulti is given by equation (6). Generalizing this
model to account for the possibility of magnification μ, we discuss
results in terms of apparent dust mass log10(μMd/M�) and ef-
fective diameter

√
μd . According to Bayes’ theorem, the posterior

probability of the model parameters [z, Tc, log10(μMd/M�),
√

μd]
is given by the product of this likelihood function and the prior prob-
abilities on parameters (Section 3.3). We employ an affine-invariant
Markov Chain Monte Carlo (MCMC) algorithm (Foreman-Mackey
et al. 2013) to estimate the marginal posterior distributions of

multiple parameters. Specifically, for each run of the MCMC we
set up 16 chains and iterate each for 6000 steps, allowing the first
500 steps for burn-in. For each fit, the minimum χ2 (equation 9)
is found by performing a conjugate gradient search, starting at the
minimum of the MCMC sampling.

3.2 Derived parameters

In addition to generating the posterior distributions for the model
parameters in equation (9), we also generate the posterior distribu-
tion for the FIR luminosity LIR, which we define as

LIR = 4πD2
L

∫ ν2

ν1

Sobs(ν; z, Tc,Md, d)dν, (10)

where DL is the luminosity distance. The integral is conventionally
taken over the rest-frame wavelength range 8–1000 μm. We also
compute the SFR distribution assuming the galaxies are character-
ized by a Salpeter initial mass function (Salpeter 1955) in the range
of 0.1–100 M� at a starburst age of 1 Gyr (since the age of the
Universe at z = 4 is about 1.6 Gyr). Under these assumptions, the
SFR is related to the FIR luminosity by SFR(M� yr−1) = 1.06 ×
10−10LIR(L�) (Dwek et al. 2011). As with dust mass and effective
diameter, we present results for FIR luminosity and SFR in terms
of apparent quantities: log10(μLIR/L�) and μSFR. The third and
final derived parameter considered in our analysis is τ 100, the opti-
cal depth at rest-frame wavelength λ = 100 μm (equation 3). We
choose τ 100 because the spectra of DSFGs typically peak near 100
μm in the rest frame.

3.3 Parameter degeneracies and prior constraints

Degeneracies between model parameters limit the information that
can be derived from an SED. The most familiar of these degenera-
cies is that between the redshift z and temperature Tc (Blain 1999),
which is clear from the functional form of Bν . An increase in redshift
can be compensated by an increase in temperature. Note, however,
that since redshift also enters into the formula for the angular diam-
eter distance DA and κ(ν), the degeneracy is non-linear. A second
degeneracy exists between the dust mass Md and redshift, which is
apparent in the optically thin version of the emission model (equa-
tion 7). These degeneracies can be seen in the two-dimensional
posterior probability distributions in Fig. 3. Note that the apparent
luminosity shows no covariance with other parameters.

Because of these degeneracies, one cannot obtain interesting con-
straints on most individual parameters of the modified blackbody
dust model using only SED data: prior information is needed. To
make progress we investigate a sample from Weiß et al. (2013, here-
after W13). The 23 DSFGs in the W13 sample are selected from
SPT millimetre-wave data using the criteria that sources must have
220 GHz flux densities in excess of 20 mJy and a spectrum charac-
teristic of dust, which is similar to our selection criteria for the ACT
sample. Crucially, these 23 sources have measured spectroscopic
redshifts. Following the procedure described in this section, we fit
the SEDs of the 23 spectroscopically detected sources in W13. All
model parameters are allowed to vary except for the redshift, which
is set to the measured value. We use the posterior distributions of Tc

and μMd from our analysis of the W13 SEDs as prior probability dis-
tributions in fits to our SEDs. The prior distributions are log-normal
functions with Tc = 40.7 ± 12.2 K and log10(μMd/M�) = 9.40 ±
0.24. These W13-based priors and sample distributions are plotted
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Figure 3. Posterior distributions of redshift z, apparent effective diameter
√

μd, apparent dust mass log10(μMd/M�), dust temperature distribution cut-off
Tc, and apparent total infrared luminosity log10(μLIR/L�) (equation 10) for ACT-S J0107+0001. Constraints marginalized over redshift are shown in black,
while constraints fixing the redshift to the spectroscopically measured value (z = 3.332) are shown in red. For the two-dimensional posterior distributions, the
inner and outer contours bound 68 per cent and 95 per cent confidence regions, respectively. Note that the apparent luminosity shows no covariance with other
parameters.

with the ACT-sample posterior distributions in Fig. 4.3 In terms of
these priors, one exception is the case of ACT-S J0210+0016; this
source is so bright compared to the other ACT and W13 sources that
the goodness-of-fit suffered with the prior on μMd. We therefore
use a uniform prior for μMd when modelling ACT-S J0210+0016.
We note that the range of parameters imposed by these priors (e.g.
28 K <T < 53 K), while motivated by the similarity of the ACT and
SPT selection, are broad and not exclusive of other results, such as
those from Herschel and Planck (Magnelli et al. 2012; Bussmann
et al. 2013; Cañameras et al. 2015; Harrington et al. 2016).

3 Strandet et al. (2016) have recently extended the W13 sample from SPT.
Given the consistency between the original and extended samples, we would
not expect the conclusions of this paper to change given the new data.

4 R ESULTS AND DI SCUSSI ON

4.1 Sample properties

Following the modelling procedure described above, we fit the
modified blackbody model with power-law temperature distribu-
tion (equation 6) to the ACT and Herschel data (Table 1). We show
the results of the four-parameter (z, Tc, log10(μMd/M�),

√
μd)

fitting of our sample in Table 2 and Fig. 4. We present the results
for the nine individual sources and the whole sample as well. The
distributions of physical properties for the sample are the averages
of the posterior distributions of the individual galaxies.

The total χ2 of the fits is 12.4 for 17 degrees of freedom, giving a
p-value for the sample of 0.775. Therefore, the fiducial model pro-
vides an acceptable fit to the data. As modelled, the ACT-selected
sample has a redshift of z = 4.1+1.1

−1.0 and an apparent diameter of√
μd = 4.2+1.7

−1.0 kpc. These values are the medians of the posterior
distributions in Fig. 4 with error bounds given by the 16th and 84th
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Figure 4. Posterior distributions of model parameters for the ACT sample (black curves). Each distribution is the average of the parameter distributions
obtained for individual sources. Percentiles for these sample distributions are given in Table 2. The integral of each probability distribution is unit normalized.
High value bump/tails of apparent effective diameter, dust mass and luminosity are due to the highly magnified source ACT-S J0210+0016. For comparison,
we also plot the parameter distributions (histograms) for the W13 sample. The W13 redshifts are spectroscopically measured, and the other parameters derive
from our fits of the fiducial model (equation 6) to SED data in W13, fixing the redshift to the spectroscopic value. The derived prior distributions for Tc and
log10(μMd/M�) used to fit our data are shown with green curves.

Table 2. Results from modelling DSFG SED data with a modified blackbody spectrum with a power-law dust temperature distribution and without the
assumption of optically thin emission (equation 6). Properties are given for individual galaxies detected by ACT at 218 GHz and for the ensemble ACT sample.
Results for ACT-S J0107+0001 and ACT-S J0210+0016 are given with and without fixed spectroscopic redshifts. We give the median and the 16th and 84th
percentiles for the posterior distribution for each parameter.

ID z Tc log10( μMd/M�)
√

μ d log10(μLIR/L�) μSFR τ 100 χ2/Ndof

[K] [kpc] [M�yr−1]

ACT-S J0011−0018 3.3+0.8
−0.7 45.9+8.5

−7.5 9.45 ± 0.20 2.9 ± 0.4 13.67+0.22
−0.24 5000+3200

−2100 10.0+6.1
−3.7 2.22/2

ACT-S J0022−0155 4.4+1.0
−0.8 42.6+7.1

−5.8 9.36 ± 0.20 4.1+0.6
−0.5 13.83+0.20

−0.21 7200+4200
−2700 4.0+2.3

−1.5 0.77/1

ACT-S J0038−0022 4.3+0.9
−0.8 45.5+6.9

−6.4 9.35 ± 0.20 3.3 ± 0.5 13.87+0.18
−0.21 7900+4200

−3000 4.6+2.8
−1.7 0.79/2

ACT-S J0039+0024 3.3+0.8
−0.7 46.8+7.9

−7.2 9.35 ± 0.20 3.3+0.4
−0.3 13.83+0.21

−0.25 7300+4500
−3100 5.8+3.4

−2.0 1.62/2

ACT-S J0044+0118 4.9+1.0
−0.8 47.2+7.2

−6.3 9.42 ± 0.20 4.9 ± 0.6 14.17+0.18
−0.19 15500+7800

−5400 3.2+1.7
−1.1 1.07/2

ACT-S J0045−0001 4.6+1.0
−0.8 39.9+6.4

−5.8 9.39 ± 0.21 4.4+1.0
−0.8 13.67+0.202

−0.24 5000+3200
−2100 3.6+2.7

−1.7 0.82/2

ACT-S J0107+0001 3.332 35.1+3.6
−3.5 9.42+0.08

−0.09 3.9+0.9
−0.7 13.45 ± 0.04 3000 ± 300 4.8+2.3

−1.6 3.83/3

ACT-S J0107+0001 3.8+0.9
−0.8 37.2+6.4

−5.4 9.31 ± 0.20 4.0+1.0
−0.8 13.59+0.21

−0.24 4200+2600
−1800 3.8+3.0

−1.8 3.82/2

ACT-S J0116−0004 3.9+0.9
−0.8 40.7+6.7

−5.8 9.37 ± 0.21 5.3+1.5
−0.9 13.98+0.21

−0.23 10000+6100
−4100 2.4+1.7

−1.2 0.50/2

ACT-S J0210+0016 2.553 42.3 ± 2.2 10.02 ± 0.03 7.4+0.7
−0.6 14.34 ± 0.03 23200+1400

−1300 5.5 ± 0.8 0.81/3

ACT-S J0210+0016 2.7+1.1
−0.9 43.8+12.4

−9.8 9.97+0.28
−0.31 7.2+0.8

−0.7 14.40+0.36
−0.40 26700+34200

−16200 5.0+3.9
+2.2 0.80/2

ACT Sample 4.1+1.1
−1.0 43.2+8.2

−7.2 9.40+0.27
−0.22 4.2+1.7

−1.0 13.86+0.33
−0.30 7600+8600

−3900 4.2+3.7
−1.9 12.4/17

percentiles. The cutoff temperature of the sample is Tc = 43.2+8.2
−7.2 K

and the dust mass is log10( μMd/M�) = 9.40+0.27
−0.22. The temperature

and dust mass were constrained by priors (Section 3.3). The tem-
perature posterior distribution’s median is a bit higher and its width
a bit narrower in comparison to the prior. The dust mass posterior
distribution is comparable to the prior, with some extra width due to
the effect of the highly magnified source ACT-S J0210+0016. See
Fig. 4 where the priors are plotted with the posteriors. The derived
median apparent FIR luminosity is log10(μLIR/L�) = 13.86+0.33

−0.30

with corresponding μSFR = 7600+8600
−3900 M�yr−1. The derived me-

dian optical depth is τ100 = 4.2+3.7
−1.9 at 100 μm. High-value tails of the

distributions for the apparent effective diameter, dust mass and lumi-
nosity are due to the highly magnified source ACT-S J0210+0016.

Derived from an integral of the apparent specific luminosity over
the entire infrared range, log10(μLIR/L�) is one of the best quan-
tities determined from fluxes. While other model parameters have
significant covariance, the apparent total luminosity is relatively in-
dependent of the other parameters. To illustrate this point, we show,
in the last row of Fig. 3, the two-dimensional posterior distributions
for log10(μLIR/L�) and other parameters. The symmetry of these
distributions indicates that log10(μLIR/L�) is not strongly corre-
lated with the other parameters. Some intuition for why this is can
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be developed by considering the other parameter degeneracies: if
z and Tc decrease, the overall amplitudes of the fluxes predicted
by the model decrease along with the apparent total luminosity. To
match the flux density data, the dust mass and size of the galaxy
increase, compensating the loss in log10(μLIR/L�) for the decrease
in z and Tc. As a result, log10(μLIR/L�) is relatively stable in
the face of other parameter shifts. The total apparent luminosity is
also one of the more model-independent quantities (Section 4.3 and
Appendix B).

4.2 Constraints with redshift information

As discussed in Section 2.3 and Appendix A, we have spec-
troscopic redshift measurements for ACT-S J0107+0001 and
ACT-S J0210+0016. Table 2 shows the results of fitting these
sources with the redshifts fixed to the spectroscopic values. The
resulting parameter constraints are seen to be consistent with and
(unsurprisingly) tighter than constraints from fitting the data with
a flat, unbounded prior on the redshifts (see also Fig. 3). Geach
et al. (2015) have also studied ACT-S J0210+0016. Using a single-
temperature, modified-blackbody SED model and the known red-
shift, they find that T = 38 ± 4 K and β = 1.8 ± 0.4, results
that are in agreement with our estimate of Tc = 42.3 ± 2.2 K
and the assumption β = 2.0. However, Geach et al. (2015) es-
timate the apparent FIR luminosity as μLIR = (1.3 ± 0.1) ×
1014 L�, while our fitting gives μLIR = 2.2+0.2

−0.1 × 1014 L�. The
difference arises because the single-temperature model fails to catch
the mid-IR excess of the SED at the Wien side, which leads
to the underestimation of the total infrared luminosity (Kovács
et al. 2010; Magnelli et al. 2012). Through lens modelling, Geach
et al. (2015) estimate the lens magnification μ ∼ 11–13. Applying
this magnification to our results, the intrinsic properties of ACT-S
J0210+0016 are Md = 1.20+0.15

−0.11 × 109 M�, d = 2.1+0.3
−0.2 kpc and

LIR = 1.8+0.3
−0.2 × 1013 L�, which reveals that it is also intrinsically

very luminous. Additionally, the emission region diameter is con-
sistent with typical intrinsic diameters of SMGs, which are 1–3 kpc
(e.g. Kovács et al. 2010; Magnelli et al. 2012; Hezaveh et al. 2013b;
Riechers et al. 2013; Simpson et al. 2015; Spilker et al. 2016).

4.3 Other models

For comparison, additional three models, including single-
temperature models with and without the assumption of optically
thin dust and a power-law temperature distribution model with op-
tically thin dust, are fit to the SED data in Appendix B. These are
included to facilitate straightforward comparison to other works
that use these models and to highlight and quantify the systematic
errors intrinsic to SED modelling.

The single-temperature, optically thin model fits the data with
total χ2 of 136.4 for 26 degrees of freedom (with a vanishing
p-value of 10−35). Note that one more degree of freedom per source
is included in this model because the optically thin assumption
eliminates one parameter, which we have chosen to be d (equation
8). Thus the fiducial model (equation 6) is strongly preferred over
the simpler single-temperature, optically thin model.

The model with a power-law temperature distribution and opti-
cally thin dust gives a χ2 of 34.4 for 26 degrees of freedom (p-value
of 0.125). Therefore, while formally worse than our fiducial model,
this fit is still acceptable. One challenge to taking the results at
face value, however, is the exceptionally high apparent luminosi-
ties corresponding to apparent SFRs in the tens of thousands of
solar masses per year (with a whopping 2.5 × 105 M�yr−1 for

ACT-S J0210+0016). The corresponding high redshifts given by
this model (with a sample median redshift of z = 6.8) would imply
a truly exceptional source population – one that has not been ob-
served. Additionally, this model’s redshifts for ACT-S J0107+0001
and ACT-S J0210+0016 are twice those measured by CO spec-
troscopy. The extraordinary characteristics of this model suggest
that again the fiducial model is preferred. Notably, these investiga-
tions disfavour both models with optically thin dust.

The single-temperature model without the assumption of opti-
cally thin dust gives a χ2 of 17.3 for 17 degrees of freedom (p-value
of 0.434). Therefore, in terms of goodness of fit, this model is
on par with our fiducial model. The data cannot distinguish be-
tween models based on whether they assume a single dust temper-
ature or power-law dust temperature distribution. The comparison
of the parameter constraints of this model with those of the fiducial
model is non-trivial. We find the median sample redshift reduces to
z = 3.3 from z = 4.1. The median dust temperature for the single-
temperature model is T = 52 K while the lower cutoff temperature of
the fiducial model is Tc = 43 K. It is expected that the Tc, as the min-
imum temperature of a distribution, would be lower than the single-
temperature T. Finally, the median sample opacity increases to τ 100

= 5.9 from τ 100 = 4.2 for the fiducial model. The increase in opacity
reduces the frequency of the peak in the single-temperature model,
compensating for the lower redshift. The median sample luminosity
of the single-temperature model is lower by 0.26 dex relative to the
fiducial model. Referring to Fig. B1, this is a generic consequence
of the fact that hotter dust in the power-law temperature distribu-
tion extends the composite modified blackbody spectrum to higher
frequencies. We note that all of the parameter shifts are within the
one-sigma errors of the two model fits: for these data, the systematic
uncertainties from model choice are comparable to statistical uncer-
tainties in a given model. In the end, the conclusion that the average
source in the ACT-selected sample is many times more luminous
than a typical ULIRG, located at a redshift beyond the peak in the
cosmic SFR history, and characterized by relatively hot (T ∼ 50 K)
and not optically thin dust, is independent of whether the model
assumes single-temperature dust or dust with a power-law distribu-
tion of temperatures. We have chosen the fiducial model to have a
power-law temperature distribution instead of a single temperature
based on physical arguments and studies at shorter wavelengths
that favour the power-law distribution (e.g. Kovács et al. 2010). As
can be seen in Fig. B1, data with wavelength shortwards 250 μm,
on the Wien side of the modified blackbody spectrum, can distin-
guish between models with a single-temperature and a power-law
temperature distribution.

For the fiducial model we also considered setting the emissivity
parameter to β = 1.5 (instead of the fiducial β = 2.0). Compared
to the fiducial model, the β = 1.5 model produced a formally
worse (but still acceptable) fitted with χ2 = 25.0 for 17 degrees
of freedom giving a p-value of 0.096. For this value of β, the
parameters z, Tc, and

√
μd increased by one standard deviation

whereas log10μMd did not change significantly. Finally, for the
sources with spectroscopic redshift measurements, treating β as a
parameter (while fixing z to its measured value) gave β = 2.3+0.5

−0.6

and β = 2.2+0.4
−0.3 for ACT-S J0210+0016 and ACT-S J0107+0001,

respectively, and results similar to the fiducial β = 2.0 model for
the other fit parameters.

4.4 Discussion

Fig. 5 compares the ACT sample to others found in the litera-
ture in terms of apparent total infrared luminosity and redshift. We
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Figure 5. Apparent LIR versus z for DSFGs from millimetre and submillimetre-selected samples. The sources of B13, W13/S16, and C15/H16 samples are
primarily lensed, while the M12 sources are unlensed. Some data (especially for C15/H16) have error bars that are smaller than the symbols due to the precision
of the corresponding photometry. At the same redshift, the ACT sample has apparent total infrared luminosities comparable to the lensed samples and five to
10 times those of the unlensed M12 samples, indicating the presence of strong lensing or multiple unresolved sources. The ACT sample has a higher median
redshift than the M12 and B13 samples, which are selected at higher frequencies.

compare to the samples of W13 and Strandet et al. (2016) (SPT
220 GHz (1.4 mm), hereafter W13/S16), the samples of Cañameras
et al. (2015) and Harrington et al. (2016) (Planck-Herschel SPIRE
250-850 μm; hereafter C15/H16), the sample of Bussmann et al.
(2013) (Herschel SPIRE 250 μm, 350 μm, 500 μm, with empha-
sis on 500 μm; hereafter B13), and the sample of Magnelli et al.
(2012) (Herschel PACS/SPIRE 100–500 μm; hereafter M12). There
is evidence that most sources in the B13, W13/S16, and C15/H16
samples are lensed, whereas the sources in the M12 sample are
primarily unlensed. The apparent total infrared luminosities plot-
ted in Fig. 5 for M12, W13/S16, and C15/H16 were obtained by
fitting the fiducial multi-temperature SED model (Section 3, equa-
tion 6) to data provided in those papers, while those for B13 were
obtained with the single-temperature optically thin model. (B13
did not provide SED data.) The B13 model will yield slightly
different apparent total infrared luminosities. This difference is
small enough to be ignored in this comparison. For example, al-
though the single-temperature model with optically thin dust is a
poor fit to our data, this model’s result for apparent luminosity
log10(μLIR/L�) = 13.87+0.40

−0.29 (Table B1) is close to that of our
fiducial model log10(μLIR/L�) = 13.86+0.33

−0.30 (Table 2). The appar-
ent total infrared luminosities of the ACT sample are comparable
to those of the lensed samples of B13, W13/S16, and C15/H16,
which are characterized by magnifications of μ ∼ 10. As discussed
in Section 4.1 the apparent luminosity is a relatively robust param-
eter in terms of model choice and parameter degeneracy. Also the

temperature distribution of our sample falls within the broad priors
chosen and is in agreement with the lensed samples, suggesting that
the high apparent luminosity of our sample does not come primarily
from extra dust heating. Taken together, these arguments offer evi-
dence that the ACT-selected sample is lensed similarly to the B13,
W13/S16, and C15/H16 samples.

Comparison of apparent effective diameters of these sources
to direct size measurements supports a similar conclusion. Simp-
son et al. (2015) present ALMA observations of 23 SCUBA-2-
selected SMGs with a median physical half-light diameter of 2.4 ±
0.2 kpc, while Ikarashi et al. (2015) show ALMA observations of 13
AzTEC-selected SMGs with a median physical half-light diameter
of 1.34+0.26

−0.28 kpc. ALMA observations of four SPT-selected lensed
SMGs give a mean physical half-light diameter of 2.14 kpc (Heza-
veh et al. 2013b). This measurement is consistent with a recent
lensing analysis of a significantly expanded SPT-selected DSFG
sample (Spilker et al. 2016). These high-resolution ALMA obser-
vations constrain the FIR sizes of the sources to be 1.0–2.5 kpc.
Earlier observations of the physical sizes of SMGs by CO detection
and 1.4 GHz imaging suggest larger sizes (e.g. Tacconi et al. 2006;
Biggs & Ivison 2008; Younger et al. 2008). However, Simpson et al.
(2015) point out that the submillimetre sizes are consistent with re-
solved 12CO detections, while the sizes derived from 1.4 GHz imag-
ing are about two times larger because of the cosmic ray diffusion,
which can explain the results before higher frequency observations
at ALMA were possible (Chapman et al. 2004; Tacconi et al. 2006;
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Biggs & Ivison 2008; Younger et al. 2008). Similarly, Ikarashi et al.
(2015) reveal that the 12CO detected sizes and the 1.4 GHz imaging
sizes of similar sources are greater than their submillimetre sizes
as well. Furthermore, observations of local galaxies also show the
submillimetre sizes are smaller than the CO detected sizes (e.g.
Sakamoto et al. 2006, 2008; Wilson et al. 2008) and the 1.4 GHz
continuum sizes (e.g. Elbaz et al. 2011). Our photometrically de-
rived

√
μd is best compared to the submillimetre continuum sizes.

With a median apparent effective diameter of 4.2+1.7
−1.0 kpc, the

√
μd

of our sample is one to six times the observed intrinsic diameters
(1.0–2.5 kpc). Lensing (or multiplicity) increases the apparent ef-
fective size of a source, so this comparison favours a lensing (or
multiplicity) interpretation for the ACT-selected sources.

Additionally, Wardlow et al. (2013) present a statistical lensing
model based on the flux density at a wavelength of 500 μm (S500 µm,
corresponding to a frequency of 600 GHz) and derive the distribu-
tion of lensing magnification μ as a function of S500 µm. The median
S500 µm of our ACT sample is 91 mJy. As shown in fig. 8 of Ward-
low et al. (2013), the expected magnification at this flux density is
μ ∼ 8, which is consistent with the evidence for strong lensing
based on comparisons of luminosity and size.

It is expected that the ACT sample, selected at 218 GHz (1.4 mm),
will have a higher median redshift than samples selected at higher
frequency (Weiß et al. 2013; Symeonidis, Page & Seymour 2011;
Béthermin et al. 2015): due to the negative K-correction associated
with the Rayleigh–Jeans tail of the Planck spectrum, the highest-
redshift sources remain bright at 218 GHz. In contrast, these same
sources will dim at higher frequency as the peak in their thermal
spectrum shifts (e.g. Casey et al. 2014). This prediction is consistent
with the results of this work. Our sample shows a comparable red-
shift (z ∼ 4) to the 220 GHz-selected sample of W13/S16. At shorter
wavelengths B13, selected to be bright at 500 μm, has z ∼ 3, and
M12, selected over all Herschel PACS/SPIRE bands, has z ∼ 2.5.
Notably, recent studies of Herschel-SPIRE ‘red’ sources, selected
with maximum flux at 500 μm, yield substantial, largely unlensed
samples with high redshifts z > 3.5 (Asboth et al. 2016; Nayyeri
et al. 2016). In fact, we have used the catalogue from Asboth et al.
(2016) for part of our Herschel data set (Section 2.2).

The optical depth found in this study (τ100 = 4.2+3.6
−1.9) disfavours

the assumption of optically thin dust, a conclusion that is robust
against model choice (Section 4.3). This result is consistent with
other observations at high-z, where galaxies are heavily enshrouded
by dust (Bussmann et al. 2013; Riechers et al. 2014), and the most
intense starburst galaxies in the local Universe (e.g. Wilson et al.
2014).

5 C O N C L U S I O N S

We have presented nine ACT 218 GHz-selected DSFGs with
multi-wavelength detections from 250 μm to 2 mm. The millime-
tre/submillimetre photometry has been modelled with a modified
blackbody spectrum with power-law dust temperature distribution
and without the assumption of optically thin dust. We have as-
sumed broad priors on dust temperature and mass consistent with
the results of a range of analogous millimetre/submillimetre studies.
Thus modelled, the ACT sample has a redshift distribution with me-
dian z = 4.1+1.1

−1.0, which is consistent with a 218 GHz selection and
higher than the redshifts characteristic of samples selected at shorter
wavelengths. The sample has an apparent total infrared luminosity
log10(μLIR/L�) = 13.86+0.33

−0.30 and an apparent effective diameter√
μd = 4.2+1.7

−1.0 kpc, values indicative of strong lensing and/or mul-
tiple unresolved sources. The sample’s characteristic optical depth

is τ100 = 4.2+3.6
−1.9 at 100 μm. We have considered a range of other

models and find that models without the assumption of optically thin
dust are preferred. These results are in broad agreement with other
studies of millimetre/submillimetre-selected, lensed, high-redshift
galaxies (Bussmann et al. 2013; Wardlow et al. 2013; Weiß et al.
2013; Cañameras et al. 2015; Harrington et al. 2016; Strandet et al.
2016).

This is the first publication devoted to the study of ACT-selected
DSFGs. An ongoing multi-wavelength observing campaign on the
parent sample will yield insights into galaxy formation at high
redshift through studies of the DSFGs (e.g. Swinbank et al. 2010;
Bothwell et al. 2013) and into the structure of dark matter haloes
through studies of their lenses (e.g. Fadely & Keeton 2012; Hezaveh
et al. 2013a, 2016). These studies will set the stage for work on
larger ACT-selected samples: a new generation ACT instrument
(Advanced ACTPol) is beginning an extragalactic survey of half
the sky at three times the depth of the present sample at 1.4 mm
wavelength with complementary data at 2 mm and lower frequencies
(Henderson et al. 2016). Model extrapolations (e.g. Béthermin et al.
2012; Cai et al. 2013) to such a wide and deep survey imply many
thousands of lensed and unlensed DSFGs will be uncovered. We
look forward to the new discovery space and enhanced statistical
constraints of the future sample.
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APPENDIX A : THE LENSED D SFG ACT-S
J 0 2 1 0+0 0 1 6

As noted in Section 4.2, ACT-S J0210+0016 has also been ob-
served by Geach et al. (2015). Our independent program to de-
termine its redshift began on 2013 February 6, with observations
using the Zpectrometer cross-correlation spectrometer (Harris et al.
2007) and the dual-channel Ka-band correlation receiver on the
Robert C. Byrd Green Bank Telescope (GBT).4 We observed the
source’s 218 GHz ACT position (J2000 coordinates 2◦9′41.′′0 and
+00h15m57.s0) for 25 × 4 min scans, alternating with an equal
number of 4 min scans at the position of a different DSFG treated
as an effective ‘sky’ pointing, and making roughly hourly visits to
the nearby quasar J0217+0144 in order to track changes in point-
ing, focus, and system gain. Flux calibration was determined from
contemporaneous observations of 3C48, adopting a Ka-band flux
density of 0.86 Jy at 32.0 GHz, based on the 2012 fitting function of
Perley & Butler (2013). Conversion from the Zpectrometer’s native
lag data to a spectrum used an internal calibration data set obtained
at the beginning of the observing session. By taking the difference
of the spectra towards our source and ‘sky’ positions, we elimi-
nated systematic baseline structure due to optical imbalance and
obtained a single difference spectrum with a flat baseline from 25.6
to 37.7 GHz. The +0.42 mJy continuum offset in this difference
spectrum means that ACT-S J0210+0016 is brighter than the DSFG
at the ‘sky’ position with which it was paired, although we cannot

4 Project ID = 13A-474.

Figure A1. GBT/Zpectrometer CO(1–0) spectrum of ACT-S J0210+0016.

Figure A2. CARMA CO(3–2) spectrum of ACT-S J0210+0016, rebinned
to a resolution of 40 km s−1 and plotted relative to a systemic redshift of
z = 2.552 93. The dashed line represents the (2.32 ± 0.53) mJy continuum,
for which the line flux and luminosity have been corrected.

determine a continuum flux density for either source individually.
The Zpectrometer has a channel width of 8 MHz, but its frequency
resolution corresponds to a sinc function with FWHM 20 MHz;
Harris et al. (2010) provide details on this and other aspects of
Zpectrometer data acquisition and reduction.

We clearly detect a positive feature in the difference spectrum
(Fig. A1), at a frequency of (32.445 ± 0.001) GHz that corre-
sponds to a topocentric redshift of 2.55293 ± 0.00011 for the
CO(1–0) line whose identification is confirmed below. The peak
flux density is (5.11 ± 0.44) mJy, and the velocity width of the line
is (259 ± 28) km s−1, giving a best estimate for the line flux of
(1.41 ± 0.19) Jy km s−1. For the cosmology adopted in this paper,
this line flux corresponds to an apparent CO(1–0) line luminos-
ity of μL′

CO(1−0) = (4.48 ± 0.60) × 1011 K km s−1 pc2 (e.g. Carilli
& Walter 2013). Harris et al. (2012) have shown that apparent
L′

CO(1−0) and CO(1–0) FWHM velocity width can be used to esti-
mate a DSFG’s lensing magnification to within a factor of around 2
of the results of a detailed lens model. That paper’s scaling relation
(equation 2) predicts μ ≈ 33, higher than the value estimated by
Geach et al. (2015) from detailed lens modelling (μ ≈ 11–13) but
within the scatter of the Harris et al. (2012) relation.

To confirm the suspected line identification, we also observed
ACT-S J0210+0016 for three sessions in 2014 January and February
with the Combined Array for Research in Millimeter-wave Astron-
omy (CARMA). CARMA comprised 6 × 10.4 m telescopes and 9 ×
6.1 m telescopes, which during our observation were laid out in its D
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Figure A3. CARMA CO(3–2) integrated intensity map of
ACT-S J0210+0216, with coordinates plotted relative to the phase
centre (i.e. the ACT 218 GHz centroid position). Contours are multiples
of 1.5σ = 1.2 Jy beam−1 km s−1; negative contours are dashed. The
synthesized beam is shown at lower left.

configuration. We tuned the 3 mm receivers to 97.330 GHz, which
would correspond to the redshifted CO(3–2) line if our assumed
identification of the GBT detection were correct. We deployed eight
spectral windows apiece across the upper and lower sidebands; each
sideband had one narrow-band spectral window (248.7 MHz with
1.30 MHz or 4.0 km s−1 resolution) and seven wide-band spectral
windows (487.5 MHz with 12.5 MHz resolution). The pointing cen-
tre was the ACT 218 GHz centroid noted above. Observations of the
nearby quasar J0224+069 every 15 min were used for phase and
amplitude calibration, 3C84 and 3C454.3 were used for passband
calibration, and Uranus defined the overall flux scale. All data were
reduced using the MIRIAD package (Sault, Teuben & Wright 1995).
Following pipeline pre-flagging and manual phase and amplitude
flagging, we were left with a total observing time of 6.7 h. We im-
aged the data using the MIRIAD command mossdi, with robust
weighting (robust parameter = 2) delivering a synthesized beam of

5.68 × 4.29 arcsec2 at a position angle of 32.◦4. The rms in each
4.0 km s−1 Hanning-smoothed channel is 13 mJy beam−1.

Figs A2 and A3 show a clear detection of a spectral line source
within the uncertainty of the ACT position measurement and at
the expected frequency, confirming the redshift of the source. Spa-
tially, a Gaussian fit to the CO(3–2) moment map yields a centre
at J2000 coordinates 2◦9′41.′′14 + 00h15m57.s9 and a deconvolved
size of 4.62 × 3.48 arcsec2 at a position angle of −31.◦7; these
are consistent with the parameters of the brightest radio compo-
nent (A) in the high-resolution radio continuum imaging of Geach
et al. (2015). A first moment map of the CO(3–2) line shows no
evidence of a significant velocity gradient. Spectrally, the detection
is centred at the same redshift as the CO(1–0) line, now resolved
into an asymmetric profile spanning approximately 450 km s−1. The
zeroth moment map shown in Fig. A3 is integrated over a range of
−237 to +221 km s−1 relative to line centre yielding a total line
flux of 18.2 ± 2.0 Jy km s−1 and a total (apparent) line luminosity
μL′

CO(3−2) = (6.5 ± 0.7) × 1011 K km s−1 pc2. Both flux and lumi-
nosity have been corrected for an underlying continuum of 2.32
± 0.53 mJy, estimated from the four wideband spectral windows
that symmetrically bracket the CO(3–2) line. The ratio between the
apparent CO(3–2) and CO(1–0) line luminosities is r3, 1 = 1.4 ±
0.2, unphysically high compared to expectation for optically thick
CO lines emerging from the same volume and well above the more
typical values of 0.5–1.0 seen for star-forming galaxies and active
galactic nuclei at higher redshift (Harris et al. 2010; Ivison et al.
2011; Riechers et al. 2011; Bothwell et al. 2013). A plausible expla-
nation is that the two lines are not emerging from the same volume,
due to differential lensing, in which the star-forming gas traced by
the higher-J line is also more highly magnified (e.g. Serjeant 2012).

APPENDI X B: SED FI TTI NG WI TH OTHE R
M O D E L S

In this Appendix we present the results of fits to our data using three
other SED models: (1) a single-temperature model with optically
thin dust, (2) a model with a power-law dust temperature distri-
bution and optically thin dust, and (3) a single-temperature model
without the assumption of optically thin dust. A discussion of the
results and comparisons to the fiducial model (power-law tempera-
ture distribution, no optically thin assumption) are given in Section
4.3. The numerical fit results are shown in Tables B1, B2, and B3.
The models are plotted with the data in Fig. B1.

Table B1. Results for the single-temperature, optically thin model (equation 8).

ID z T log10( μMd/M�) log10(μLIR/L�) μSFR χ2/Ndof

[K] [M�yr−1]

ACT-S J0011−0018 3.6+0.8
−0.7 34.6+5.7

−5.1 9.27+0.19
−0.20 13.34+0.21

−0.23 2300+1400
−890 18.89/3

ACT-S J0022−0155 4.7+1.0
−0.9 37.1+5.7

−5.2 9.29+0.20
−0.19 13.77+0.19

−0.20 6200+3900
−2600 9.35/2

ACT-S J0038−0022 4.9+0.9
−0.8 38.0+5.8

−5.2 9.32+0.19
−0.20 13.86+0.18

−0.19 7700+3900
−2600 14.25/3

ACT-S J0039+0024 3.9+0.8
−0.7 37.4+5.9

−5.4 9.31 ± 0.20 13.81+0.19
−0.22 6800+3800

−2400 20.19/3

ACT-S J0044+0118 5.8+1.1
−1.0 42.6+6.3

−6.0 9.36+0.21
−0.19 14.20+0.17

−0.19 16800+8000
−5400 25.47/3

ACT-S J0045−0001 5.4+1.1
−0.9 37.4+6.0

−5.0 9.34+0.20
−0.21 13.84 ± 0.19 7300+4000

−2600 12.30/3

ACT-S J0107+0001 4.4+0.9
−0.8 35.1+5.4

−5.0 9.27+0.20
−0.19 13.61+0.19

−0.21 4300+2400
−1500 7.23/3

ACT-S J0116−0004 4.4+0.9
−0.8 40.0+6.3

−5.5 9.34 ± 0.20 14.00+0.18
−0.20 10600+5400

−3600 7.74/3

ACT-S J0210+0016 5.4+1.0
−0.9 53.2+8.5

−7.4 9.49 ± 0.21 14.91 ± 0.18 86100+44300
−29200 21.0/3

ACT sample 4.6+1.2
−1.1 38.1+7.6

−5.9 9.32+0.23
−0.21 13.87+0.40

−0.29 7900+11900
−3800 136.4/26
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Table B2. Results for the model with power-law temperature distribution and optically thin dust.

ID z Tc log10( μMd/M�) log10(μLIR/L�) μSFR χ2/Ndof

[K] [M�yr−1]

ACT-S J0011−0018 6.0+1.1
−1.0 31.5+4.6

−4.3 9.23+0.20
−0.19 14.43+0.14

−0.16 29000+11000
−8800 4.63/3

ACT-S J0022−0155 7.4+1.3
−1.2 32.7+4.8

−4.4 9.25 ± 0.20 14.54+0.14
−0.15 37000+14000

−11000 3.59/2

ACT-S J0038−0022 6.9+1.3
−1.1 32.6+4.8

−4.5 9.25+0.21
−0.20 14.54+0.14

−0.15 37000+14000
−11000 2.52/3

ACT-S J0039+0024 5.7+1.0
−0.9 32.8+4.7

−4.5 9.25+0.20
−0.19 14.56+0.13

−0.16 38000+13000
−12000 2.69/3

ACT-S J0044+0118 7.9+1.3
−1.1 35.8+5.2

−4.4 9.30+0.19
−0.20 14.82 ± 0.13 70000+24000

−18000 4.23/3

ACT-S J0045−0001 7.6+1.3
−1.2 32.0+4.7

−4.2 9.24 ± 0.20 14.50 ± 0.14 33000+12000
−9000 3.35/3

ACT-S J0107+0001 6.1+1.2
−1.1 30.0+4.6

−4.1 9.24 ± 0.20 14.30+0.15
−0.16 21000+8700

−6500 6.51/3

ACT-S J0116−0004 6.1+1.1
−1.0 34.3+5.2

−4.6 9.27 ± 0.20 14.68+0.14
−0.15 51000+19000

−15000 4.19/3

ACT-S J0210+0016 5.9+1.4
−0.5 39.8+8.2

−8.5 9.59+0.33
−0.27 15.37+0.18

−0.25 248500+127600
−108800 2.65/3

ACT sample 6.8+1.5
−1.3 33.1+5.9

−4.9 9.27+0.23
−0.21 14.57+0.29

−0.22 39400+37400
−15100 34.36/26

Table B3. Results for the single-temperature model without the assumption of optically thin dust (equation 4).

ID z T log10( μMd/M�)
√

μ d log10(μLIR/L�) μSFR τ 100 χ2/Ndof

[K] [M�yr−1]

ACT-S J0011−0018 2.9+0.8
−0.7 54.6+10.9

−9.3 9.53+0.20
−0.21 2.7+0.4

−0.3 13.44+0.24
−0.27 2900+2100

−1200 13.7+8.1
−5.1 2.06/2

ACT-S J0022−0155 3.7 ± 0.8 49.5+9.3
−8.2 9.47+0.20

−0.21 3.8+0.7
−0.5 13.57+0.22

−0.24 3900+2600
−1600 5.9+3.5

−2.3 1.06/2

ACT-S J0038−0022 3.5+0.8
−0.7 50.8+9.5

−8.1 9.49 ± 0.21 3.7 ± 0.5 13.58+0.22
−0.24 4000+2700

−1600 6.7+3.5
−2.3 0.58/2

ACT-S J0039+0024 2.7+0.7
−0.6 51.1+9.8

−8.2 9.48+0.19
−0.20 3.4 ± 0.4 13.53+0.24

−0.27 3600+2600
−1500 7.6+4.0

−2.6 4.11/2

ACT-S J0044+0118 4.1+0.9
−0.8 56.4+9.9

−8.4 9.54+0.20
−0.21 4.4+0.6

−0.5 13.91+0.20
−0.21 8600+5000

−3200 5.1+2.4
−1.6 1.48/2

ACT-S J0045−0001 3.9 ± 0.8 50.2+9.0
−9.0 9.48+0.21

−0.20 3.4 ± 0.6 13.56+0.20
−0.23 3800+2300

−1400 6.6+4.1
−2.5 0.84/2

ACT-S J0107+0001 3.1+0.8
−0.7 43.3+8.6

−7.6 9.41+0.20
−0.21 3.7+1.2

−0.7 13.31+0.23
−0.26 2200+1500

−900 5.4+4.0
−2.8 4.30/2

ACT-S J0116−0004 3.2+0.8
−0.6 50.0+8.9

−7.8 9.48+0.19
−0.21 4.4+0.6

−0.5 13.70+0.22
−0.24 5300+3500

−2100 4.4+2.3
−1.6 0.69/2

ACT-S J0210+0016 2.3+0.9
−0.5 50.5+13.4

−8.1 10.07+0.17
−0.27 6.8 ± 0.6 14.12+0.34

−0.28 14000+16600
−7600 3.5+1.6

−1.0 2.29/2

ACT Sample 3.4+1.0
−0.8 52.1+12.5

−9.6 9.50 ± 0.21 3.8+1.3
−0.8 13.60+0.39

−0.32 4200+2600
−1600 5.9+4.9

−2.5 17.3/17
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Figure B1. SED data and best-fitting models for the ACT-selected lensed DSFG candidates. As plotted, the errors include systematic error (e.g. calibration
uncertainties) in addition to instrument and confusion noise. Blue curves are the best-fitting results for the optically thin, single-temperature model. Magenta
curves are the best-fitting results of the optically thin power-law temperature model. Red curves are the best-fitting results for the single-temperature model
without the assumption of optical thin dust. The grey dashed curves are the best-fitting results for the fiducial power-law temperature model without the
assumption of optical thin dust (same as in Fig. 1).
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