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1 INTRODUCTION

ABSTRACT

We present 8.5 arcsec resolution 1.1-mm continuum imaging and CO spectroscopic redshift
measurements of eight extremely bright submillimetre galaxies identified from the Planck
and Herschel surveys, taken with the Large Millimeter Telescope’s AZTEC and Redshift
Search Receiver instruments. We compiled a candidate list of high-redshift galaxies by cross-
correlating the Planck Surveyor mission’s highest frequency channel (857 GHz, full width at
half-maximum = 4.5 arcmin) with the archival Herschel Spectral and Photometric Imaging
Receiver imaging data, and requiring the presence of a unique, single Herschel counterpart
within the 150-arcsec search radius of the Planck source positions with 350-pm flux density
larger than 100 mJy, excluding known blazars and foreground galaxies. All eight candidate
objects observed are detected in 1.1 mm continuum by AzTEC bolometer camera, and at least
one CO line is detected in all cases with a spectroscopic redshift between 1.3 < zco < 3.3.
Their infrared (IR) spectral energy distributions (SEDs) mapped using the Herschel and AzZTEC
photometry are consistent with cold dust emission with characteristic temperature between
T4 =43 and 84 K. With apparent IR luminosity of up to Lig =3 x 101~ L, they are some of
the most luminous galaxies ever found (with yet unknown gravitational magnification factor w).
The analysis of their SEDs suggests that star formation is powering the bulk of their extremely
large IR luminosities. Derived molecular gas masses of My, = (0.6—7.8) x 1o Mg (for
© =~ 10) also make them some of the most gas-rich high-redshift galaxies ever detected.

Key words: gravitational lensing: strong — galaxies: high-redshift — galaxies: ISM — galaxies:
starburst — infrared: galaxies —submillimetre: galaxies.

supernovae remnants of massive early-type OB stars within the
cores of Giant Molecular Clouds (GMCs), revealing the nature of

Submillimetre bright galaxies (‘SMGs’ hereafter) have emerged as
an important component in our understanding of the evolution of
galaxy formation in dusty, high-mass, starburst systems (see the
reviews by Blain et al. 2002; Casey, Narayanan & Cooray 2014).
Studies of SMGs capture the dust enshrouded young stars and the
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stellar assembly in the early Universe through sub-mm through
radio observations of thermal emission and molecular emission
lines. SMG studies contribute to comprehensive multiwavelength
analyses of growth and evolution of some of the earliest forming
galaxies emitting in the rest-frame infrared (IR; see Blain et al.
2002, and references therein). The epoch of massive galaxy forma-
tion and growth encompasses a rich period (1 < z < 3.5) of star
formation, whereby parsec-to-kiloparsec scale GMCs are chang-
ing their distribution in the galaxy throughout various stages of
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merging, gas accretion, and star formation. This epoch consists of
active star formation rates that are particularly bright in the IR to
sub-millimetre ranges. The Planck mission’s all-sky survey (Planck
Collaboration I 2014) has proven to be useful in detecting highly
luminous galaxies (Lr > 10> L¢) over a wide range of red-
shift (Canameras et al. 2015; Planck Collaboration XXVII 2015;
Planck Collaboration XXXIX 2016). The Planck Collaboration pre-
dicted that Planck’s detectors would be sensitive to nearby galaxies
as well as extremely high-redshift galaxies, including SMGs that
exhibit thermal dust emission reaching upwards to 100 per cent
in the far-infrared (FIR; see Efstathiou, Rowan-Robinson &
Siebenmorgen 2000; Johnson et al. 2013). The high-redshift SMGs
have a local analogue in the ultraluminous infrared galaxies
(ULIRGS). An intended cross-correlation between Herschel and
Planck’s highest frequency channels has been acutely beneficial
in discovering some of the most luminous IR galaxies, and recent
Herschel observations using Spectral and Photometric Imaging Re-
ceiver (SPIRE) instrument have revealed extremely luminous dusty
star-forming galaxies emitting in the IR (e.g. Casey et al. 2012,
2014; Heinis et al. 2013; Ivison et al. 2013). Covering the wave-
lengths up to 350 um, the Planck survey is adept at detecting these
highly luminous point sources across the entire sky; it is the first all-
sky survey with the required sensitivity to systematically identify
the most luminous sources in the Universe.

One of the key attributes that makes submillimetre surveys such
as by Planck particularly powerful is the negative k-correction in the
Rayleigh—Jeans (RJ) part of the thermal dust emission that uniquely
allows a nearly distance-independent study of high-redshift dusty
IR sources as the relative flux density observed in the submillime-
tre wavelengths (200-1000 um) is unaffected by redshift out to
z > 10 (Blain 1998). This provides us with a remarkable ability to
identify and investigate the frequency and the overall importance
of these dusty starburst galaxies throughout the cosmic history of
galaxy assembly. Within the past decade it has also become possible
to detect the CO emission lines from these galaxies using ground-
based telescopes and interferometers such as the Large Millimeter
Telescope Alfonso Serrano (LMT), the Jansky Very Large Array
(JVLA), and the Atacama Large Millimeter Array (ALMA). In ad-
dition to yielding secure spectroscopic redshifts for these optically
faint population (e.g. Yun et al. 2012, 2015; Zavala et al. 2015),
sensitive observations of CO emission in these galaxies can provide
critical information on the total cold gas contents and their relation
to the stellar and dark matter masses of the host galaxies and spatial
distribution and dynamics of the ongoing star formation activities.

Given the large beam size (9§ > 5 arcmin) and the high con-
fusion noise (>100 mJy in the 857 GHz band), Planck-identified
high-redshift sources are likely exceptional objects, either strongly
lensed (Cafiameras et al. 2015; Geach etal. 2015) or highly clustered
(Negrello et al. 2005; Fu et al. 2012; Clements et al. 2014). Obser-
vational data on strongly lensed objects usually require a detailed
lensing model, requiring additional work to interpret the results. On
the other hand, the magnifying property of a gravitational lens can
reveal structural details of gas and star formation down to scales of
10-100 pc, well beyond the reach of even ALMA or JVLA (e.g.
Yun, Heyer & Aretxaga 2007; Swinbank et al. 2011; Tamura et al.
2015). Lensing can also allow us to probe an intrinsically much
fainter population (Knudsen, van der Werf & Kneib 2008; Knudsen
et al. 2009; Dessauges-Zavadsky et al. 2015). One key motivation
for this study is to identify strongly lensed SMGs from the Planck
survey in order to exploit gravitational lensing and to probe physical
details of star formation and gas properties that are not accessible
through the conventional means.
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Here, we present our identification of eight extremely luminous
IR galaxies successfully identified as intrinsically bright and likely
lensed sources through a cross-correlation analysis between the
archival Planck and Herschel data base. This is a pilot study for a
larger programme to identify a large sample of extremely luminous
high-redshift SMGs identified by the Planck survey. In Section 2 we
discuss our selection methods for the gravitationally lensed SMG
candidate sources. In Section 3 we will discuss our observations of
these Planck—Herschel sources using the LMT and its two instru-
ments: Redshift Search Receiver (RSR) and AzTEC. In Section 4
we present spectral energy distribution (SED) analysis of all of the
target sources, and the detailed discussions of individual sources
are summarized in Section 5. Finally, the nature of these Planck—
Herschel sources are discussed in the context of the gas and dust
properties derived from the new LMT observations in Section 6.
We adopt a ACDM cosmology with Hy = 70kms~! Mpc~! with
Qn = 0.3, and 2, = 0.7 throughout this paper.

2 IDENTIFICATION OF BRIGHT
PLANCK-HERSCHEL SMG CANDIDATES

Our candidate Planck SMGs were selected primarily by cross-
correlating the Planck Catalog of Compact Sources (PCCS), a data
set including roughly 24 000 point source objects (Planck Collab-
oration XXVIII 2014), with the combined catalogues of three Her-
schel large area surveys: Herschel Multi-tiered Extragalactic Survey
(HerMES; Oliver et al. 2012), Herschel Stripe 82 Survey (HerS-82;
Viero et al. 2014), and Herschel DDT ‘Must-Do’ Programmes.
These Herschel source catalogues were generated using the public
domain pipeline data products obtained from the Herschel Science
Archive.! We limited our searches only to the PCCS sources at
Galactic latitude |b| > 30° in order to minimize the Galactic source
contamination.

To begin, we identified all Herschel catalogue sources located
with a 150-arcsec search radius (approximately the beam size of the
Planck 857 GHz band) of every PCCS source catalogue position.
Low-redshift galaxies can be eliminated using the SPIRE colour
(see Wardlow et al. 2013). Negrello et al. (2010) and Wardlow
et al. (2013) have reported a high efficiency (100 percent and
70 percent, respectively) of identifying lensed high-redshift IR
galaxy using Ssoo, > 100 mJy as a selection criteria. We adopt S350,
> 100 mJy as our selection method for the best candidate Herschel
counterpart since our sample selection relies mostly on the Planck
857-GHz (350 um) band detection. All counterparts identified with
known blazars are also removed (see below). As seen in Fig. 1,
our final selected Herschel counterpart candidates lie within about
50 arcsec (10) of the Planck source position. The presence of a point
source with this flux density indicates a rare and truly luminous and
dusty source given the thermal dust emission seen in typical SED
models (L = 1.3 x 10" L for an S3p0, = 100 mJy source at
7z =2;e.g. Efstathiou et al. 2000; Casey et al. 2012). Through exam-
ining the models for the expected SED, sources peaking at 350 pm
reveal a galaxy/galaxies at a high redshift (1 < z < 4), whereby the
UV-heated dust is redshifted from the IR and strongly observed in
the submillimetre-to-millimetre wavelengths. One good indicator of
a high-redshift luminous dusty galaxy is the characteristic flat SED
in the submillimetre regime of the spectrum, with the dust peak
occurring within the Herschel 250, 350, and 500 pm band. We note
that the Planck 350-um flux density is in some cases significantly

! http://www.cosmos.esa.int/web/herschel/science-archive
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Figure 1. Positional offset between the Planck PCCS coordinates and the
Herschel/SPIRE 350-um source positions. Error bars reflect the formal
positional uncertainty in the individual Planck source positions, derived
from the average beam size at 857 GHz (larger, dashed-line circle) and
the S/N ratio. The smaller circle shows the 1o positional offset, which is
approximately 50 arcsec in radius.

larger than the Herschel 350 um flux (see Table 3), partly because
Planck confusion noise is high.

Given the large Planck beam size, we use the positions of the
Herschel SPIRE 350 um counterpart for identifying counterparts
in other wavelengths. We exclude radio-loud active galactic nuclei
(AGNs) and bright, late-type foreground galaxies (z < 1) by first
examining a 30-arcsec search radius using NASA/IPAC Extragalac-
tic Database (NED) and the all-sky point source catalogue from the
Wide Field Infrared Survey Explorer (WISE), the NRAO VLA Sky
Survey (NVSS; Condon et al. 1998), and Faint Images of the Ra-
dio Sky at Twenty-Centimeters (FIRST; Becker, White & Helfand
1995; White et al. 1997). We obtained images of the majority of our
sources using the Sloan Digital Sky Survey (SDSS) and the Sec-
ond Palomar Observatory Sky Survey (POSS-II) data base to look
for any possible low-redshift foreground galaxies missed by other
methods, and extremely faint optical counterparts are also identified
in some cases. We use WISE photometry to examine the apparent
brightness of these sources in the 3.4, 4.6, 11, and 22 pm bands (see
Table 5). If a source exhibits a strong detection in the 11 and 22 pm
channels, a possibility of a power-law AGN is further explored.

2.1 PCCS 857 ghz and HerMES

The HerMES (Oliver et al. 2012) is one of the large Herschel
cosmology surveys spanning a total of 94.8 deg” in combined area.
We constructed a master catalogue of 139 270 sources from the
SPIRE photometry taken from nine independent fields. Overall there
are 19 Planck point sources falling within these survey areas, and
250 matched Herschel sources are identified with them. For each
of the 19 Planck sources there are on average 13 Herschel sources
found within our 2.5-arcmin search radius. We identified 15 of these
Planck objects having at least one Herschel SPIRE detection with
a 350-um flux density at or greater than 100 mJy.

Using NED we found that 13 of the Planck candidate sources
with a bright Herschel counterpart are associated with low-redshift
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galaxies or galaxy pairs. The remaining two Planck candidates are
likely to be luminous high-redshift sources due to their exceedingly
high flux, flat SED across the three SPIRE bands, and the absence
of any bright optical counterparts in the SDSS or POSS-II plate
images. One of these is found in the Akari Deep Field, with a flux
density greater than 300 mJy in the SPIRE 350 um band. Because
of its declination being out of reach for the LMT, this source is ex-
cluded from our follow-up investigation. The last remaining source
has been identified as a rediscovery of MIPS J142824.04-352619
(z = 1.325), also identified by Wardlow et al. (2013) as a grav-
itationally lensed candidate. Further information on this source is
found in Section 5. We note that Clements et al. (2014) found proto-
cluster candidates in the same fields by cross-correlating the PCCS
with the Herschel catalogues.

2.2 PCCS 857 GHz and HerS-82 survey

Viero et al. (2014) released Herschel band-merged catalogue of
27 257 point sources in the HerS-82 survey. Covering 79 deg?, this
is another major Herschel wide-area survey. It had been predicted
by Viero et al. that the HerS-82 survey has the ability to detect
roughly 100 IR galaxies at high redshift (i.e. Lir > 10" L at
z > 2). There are 42 Herschel catalogue matches to 16 Planck
candidate sources found in this survey area, and on average there
are two to three Herschel sources found within our 2.5-arcmin
search radius. Of these original 16 Planck sources we discover
7 objects with a Herschel counterpart with S350, > 100 mJy. Of
these seven sources, Herschel data show that two are bright, low-z
galaxies: CGCG 385—062 (z = 0.047 with S350, > 450 mJy) and
NGC 585 (z = 0.018 with S350, > 300 mly). One well-known
flat spectrum radio quasar, LBQS 010640119 (z = 2.099), is also
rediscovered with its red SPIRE colour. The four remaining sources
are included in our list of high-redshift SMG candidates. One of
these sources has no NED match, and two are associated with a faint
SDSS source, while the final source is associated with a The Two
Micron All-Sky Survey (2MASS) source. Because of scheduling
restrictions, we were able to conduct follow-up observations for
only one (PJ020941.3) of these sources using the LMT, and only
this source is considered part of our Planck sample presented in this
study.

2.3 PCCS 857 GHz and Herschel DDT ‘Must-Do’ Survey

The Herschel DDT ‘Must-Do’ Survey? is a targeted imaging sur-
vey of 199 PCCS sources using the Herschel-SPIRE instrument,
designed to investigate the nature of these Planck sources. We iden-
tify a total of 75 Herschel sources matched to 21 Planck sources
meeting our selection criteria. On average there are three to four
Herschel sources within the search area for each of the Planck
sources, and we identified a total of 13 Herschel sources with
S350, > 100 mJy. We further excluded six well-known Quasi-
Stellar Objects (QSOs) whose submillimetre emission is not associ-
ated with dust: PKS 2252—282, PKS 0402—362, ESO 362—G021,
PKS 0537—441, 3C 279, and PKS 1335—127. One Planck source
is the Herschel resolved bright, low-z galaxy, NGC 5777 (z = 0.007
with S350, > 650 mJy). The remaining six Planck—Herschel counter-
parts are included in our selection of targets likely to be high-redshift
SMGs.

2 http://www.cosmos.esa.int/web/herschel/must-do-programmes
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Table 1. Summary of LMT observations.

1D RA Dec. RSR AZTEC

(J2000) (J2000) Dates Int. time (min) Dates Int. time (min)
PJ020941.3 02M09™41%3 +00°15'59” 2014-01-19 60 2014-01-24 10
PJ105353.0 10M53m5350 +05°56'21" 2014-01-12 30 2014-01-12 3.0
PJ112714.5 11h27™m1435 +42°28'25" 2014-01-31 60 2014-05-17, 2014-05-19 5.0, 10
PJ120207.6 1202m0756 +53°34/39” 2014-02-03 30 2014-02-07 10
PJ132302.9 13h23m0239 +55°36'01” 2014-03-21 20 2014-05-10, 2014-05-17, 2014-05-19 10, 10, 10
PJ142823.9 14h28m2359 +35°26/20" 2014-03-21 30 2014-06-14 20
PJ160722.6 16M07M2236 +73°47'03" 2014-03-21, 2014-04-29 60 2014-05-10, 2014-05-19 10, 40
PJ160917.8 16M09™ 1758 +60°45'20" 2014-03-21 20 2014-03-22, 2014-05-17 5.0, 10

Unknown to us initially, the Planck instrument team has its own
programme to identify and study high-redshift galaxies in their
survey, and this Herschel DDT ‘Must-Do’ Survey is apparently
part of their effort to verify the candidate high-redshift Planck
sources using higher resolution images (Canameras et al. 2015).
Five sources (PJ105353.0, PJ112714.5, PJ1202007.6, PJ132302.9,
PJ160917.8) are in common between Cafiameras et al. sample and
our sample. Detailed comparisons of individual objects are given in
Section 5.

3 LMT OBSERVATIONS

Here we present our observations of the bright Planck—Herschel
sources using the LMT (Hughes et al. 2010) atop the 15 000 ft high
Volcan Sierra Negra in Puebla, Mexico. During the Early Science
(ES) campaign when our observations were taken, the LMT was
operating with a primary reflector consisting of three rings of fully
functioning active surface system, totalling 32.5 m in diameter.
Two facility instruments were available: the RSR (a broad-band
spectrometer system covering 72—111 GHz with a 38 GHz in total
bandwidth; Erickson et al. 2007) and AzTEC (1.1-mm imaging
camera with 144 pixels; Wilson et al. 2008). All eight Planck—
Herschel sources presented here are observed with both instruments.

3.1 RSR measurements

Our observations include redshift measurements taken with the RSR
operating in the frequency window of 73—-111 GHz, with four detec-
tor pixels organized in a dual-beam, dual-polarization configuration.

e

T, (mK)

PJ112714.5

PJ120207.6

80 90 100 110
Frequency (GHz)

The RSR beam switches at 1 kHz between the two beams separated
by 78 arcsec in azimuth direction on the sky, providing a stable base-
line. The back-end receiver consists of an autocorrelator system that
covers a total of 38-GHz spectral bandwidth simultaneously with a
spectral resolution of 31.25 MHz. Table 1 provides information of
the integration time for each source. For the majority of the sources
a CO line was evident within 15 min of integration, and only three
of our sources needed a longer integration to yield a CO detection
with a S/N ratio >4.

The measured RSR spectra of all eight observed sources covering
the entire redshift range are shown in Fig. 2, and the measured and
derived CO line quantities are summarized in Table 2. As discussed
in detail by Yun et al. (2015), two or more CO transitions fall within
the RSR spectral band at z > 3.15, and a unique redshift for the
CO source can be determined from the RSR spectrum alone (as
is the case for the z = 3.256 source PJ160917.8). If only one CO
line is detected as in the seven out of eight cases shown in Fig. 2,
additional information is required to determine the exact redshift.
We derive a unique redshift for all eight Planck—Herschel sources
observed using their panchromatic photometric redshift support as
discussed in Appendix A.

The zoom-in view of the individual CO lines in Fig. 3 clearly
shows that all of the CO lines are fully resolved by the RSR, some
with the characteristic ‘top hat’ profile commonly seen for CO lines
in rotationally supported galaxies, while others show an asymmetric
profile of a more complex kinematics, perhaps resulting from dif-
ferential lensing. The measured line widths AV, corrected for the
instrumental resolution (see Appendix), ranges between 372 and

RO

7.
20 PJ160917.8

15 PJ160722.6

v ]

[
o
L
<

T, (mK)

PJ142823.9

l

PJ132302.9

80 90 100 110
Frequency (GHz)

Figure 2. The RSR spectra of the eight Planck—Herschel sources. For the two sources that are detected with S/N ~ 5 (PJ142823.9 and PJ160722.6), the
location of the CO line is shown with an arrow to guide the eye. A more detailed zoom-in view is shown in Fig. 3.
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Table 2. Summary of RSR Measurements.
ID Vco Line 2Co AV SAV ,LLLEO UMy,
(GHz) (kms™h (Jykms™h (10" K km s~! pc?) (10" M)
PJ020941.3 97.314 CO (3-2) 2.5534 + 0.0002 409 + 13 9.5 + 0.6 32 +2 259 + 16
PJ105353.0 86.334 CO (3-2) 3.0053 =+ 0.0003 606 + 13 14.1 £ 0.9 62 + 4 405 + 27
PJ112714.5 106.870 CO (3-2) 2.2357 £ 0.0002 652 + 13 193 + 0.8 51 +£2 335 + 16
PJ120207.6 100.471 CO (3-2) 2.4417 £ 0.0002 521 + 8 213 + 1.0 62 +3 405 + 22
PJ132302.9 101.208 CO (3-2) 2.4167 £ 0.0004 601 + 14 133 + 1.1 40 + 3 265 + 22
PJ142823.9 99.125 Co (2-1) 1.3257 & 0.0003 422 + 21 45 4+ 0.7 10 £ 2 54 + 11
PJ160722.6 92.883 Co (2-1) 1.4820 =+ 0.0004 372 £ 23 40 + 0.6 11 +2 59 + 11
PJ160917.8 81.262 CO (3-2) 3.2553 £ 0.0003 504 + 9 237 + 1.6 119 + 8 778 + 54
108.326 CO (4-3) 3.2561 =+ 0.0003 450 + 6 211 + 14 60 + 4 562 + 38

Notes. (1) A conversion of 7 Jy K~! is adopted to convert the measured antenna temperature in Tx* to flux density, using the calibration factor derived between

2013 December and 2014 January.

(2) Unknown lensing amplification p is reflected in the derived CO luminosity and H mass as uL¢q and My, .
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Figure 3. A zoom-in view of the individual CO lines. The velocity offset
is with respect to the central redshift reported in Table 2.

652 km s~!. For the five sources in common with Caflameras et al.
(2015), the measured line widths and line integrals agree well with
theirs, with the median ratios of 1.1 and 0.81, respectively, except
for PJ105353.0 (our line width and line flux are factors of 1.6 and
1.9 larger).

The CO line luminosity, L, is computed for each observed CO
transition using equation 3 by Solomon et al. (1997),

Lpo =3.25 x 10"ScoAVv 2 DE(1 +2) 77,

with ScoAV in Jy km s™!, vy in GHz, and D; in Mpc.
The molecular gas mass My, is derived first by converting
these line luminosities to L¢q_g, using the average ‘SMG’ ra-
tios of Leon_1y/Leoa—o) = 0-85, Leon_ay/Leoa—o = 0.66, and

cowa—3y/ Lcoq—g) = 0.46 (Carilli & Walter 2013), and then ap-
plying the standard CO-to-H; conversion factor of aco = 4.3 Mg
[Kkm s~! pc?]~! (Bolatto, Wolfire & Leroy 2013). As discussed in
detail by Bolatto et al. in their review article, this conversion from
Lto(1-0) to My, can vary by a factor of up to 5 or more, depending

on metallicity, excitation, and dynamical state of the gas. However,
there are no compelling reasons to believe any of these concerns are
important for these Planck—Herschel or other high-redshift sources
(see the detailed discussions by Scoville et al. 2015), and we adopt
the standard Galactic conversion factor. The derived molecular gas
masses My, = (5.5-78) x 10" ="' Mg (uncorrected for an un-
known magnification factor p) are extremely large and make these
Planck—Herschel sources some of the most luminous CO emitters
ever detected — see fig. 9 by Carilli & Walter (2013) for a compar-
ison. One of these sources, PJ020941.3, is already shown to be a
strongly lensed object with a magnification of p ~ 13 (Geach et al.
2015), yielding the intrinsic gas mass of 2.0 £ 0.1 x 10'' M. Even
if they are all strongly magnified with p ~ 10, their gas masses cor-
rected for lensing are still comparable to some of the most gas-rich
SMGs ever studied.

3.2 AzTEC measurements

Continuum observations were made with the AZTEC camera
(Wilson et al. 2008), a 1.1-mm continuum camera that is a fa-
cility instrument on the LMT between 2014 March 21 and May 18.
Only the inner 32-m diameter area of the LMT’s primary mirror
was illuminated during these ES observations, leading to a beam
diameter (full width at half-maximum — FWHM) of 8.5 arcsec. The
telescope executed a modified Lissajous pattern in order to modu-
late the telescope bore-sight on the sky. This pattern is described in
Wilson et al. (2008) though the pattern parameters were adjusted
for the LMT to provide a fully-sampled 1.5 arcmin area of sky with
near-uniform coverage. For each source, the pattern was centred on
the location of the Herschel source coordinates matched to the low-
resolution Planck point source detections. The observations were
made over a wide range of atmospheric conditions with 225 GHz
opacities ranging from 7,55 = 0.09 to 0.3. On-source integration
times varied from 3-40 min depending on the quality of the de-
tection as measured in real time. Pointing corrections were applied
for each observation based on pointing measurements of nearby
radio quasars made immediately prior to or immediately following
the science observation. The measured pointing corrections with
respect to the nominal LMT pointing model were 1-4 arcsec in
azimuth and 9-20 arcsec in elevation.

AZzTEC observations were calibrated using a set of 106 beam-
maps of bright radio quasars and asteroids made during the full
observing season. The full set of maps was used to measure the
elevation-dependent gain of the telescope. For these observations
a correction as large as a factor of 1.4 in gain was required for
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PJ020941.3 PJ105353.0

PI112714.5

Figure4. AzTEC 1.1-mm continuum images of the eight Planck—Herschel
sources. The 1.1 mm continuum is essentially unresolved at 8.5 arcsec
resolution of AZTEC on LMT and are mostly centred on the peak of the
Herschel 350 pm image shown in contours (increments of 100 mJy, except
for PJ160722.6, which is in increment of 50 mJy).

the lowest-elevation observations. The resulting flux uncertainty, as
measured by a concurrent monitoring programme is 10 per cent.
We note that, starting from the fall of 2014, the removal of an
astigmatism term from the primary mirror using the active sur-
face system resulted in a flat gain curve for the entire elevation
range.

The data for each source was reduced using the AZTEC Standard
Pipeline described in detail in Wilson et al. (2008) and Scott et al.
(2008). Since we are nominally searching for point sources, we use
the standard Wiener filtering technique described in Perera et al.
(2008). The pipeline produces a filtered signal map (in Jy beam™"),
a filtered weight map (in beam? Jy~2), and a filtered point spread
function. Because of the Wiener filter, the flux of any detected point
source may be read directly from the peak-flux pixel near the centre
of the source. A typical noise in the AzZTEC images is o ~ 1.5—
4 mly, and our target sources are detected with S/N = 4-20 (see
Fig. 4). These values are reported in Table 3, with a minimum
measurement uncertainty of 10 per cent for sources detected with
S/N > 10.

4 SPECTRAL ENERGY DISTRIBUTION
ANALYSIS OF THE PLANCK-HERSCHEL
SOURCES

4.1 Modified blackbody model

We explore constraints on the IR luminosity and attempt to charac-
terize the dust emission for these systems by analysing their SEDs
using a modified blackbody model. We adopt the functional form
based on the derivation by Yun & Carilli (2002) for the modified
blackbody model. A detailed accounting of our method is out-
lined in Appendix C. As summarized in Table 4, the characteris-
tic dust temperature 7y and IR luminosity, derived primarily from
the three Herschel SPIRE band photometric measurements (250,
350, and 500 pm) and the AzZTEC 1100-pm continuum measure-
ments (see Table 3), range between 43 and 84 K and Lig = (1-
28) x 10”u~" L. There is a good constraint on most sources
(see Fig. C1), although dust temperature is not constrained well for
some of our sources. The best-fitting models are also shown in solid
magenta lines in Fig. 5, suggesting that the wavelength coverage of
our photometric data is not sufficient to fully probe their dust SED
in some cases. The star formation rates in Table 4 are calculated
using the empirical calibration by Kennicutt (1998), corrected for
the Kroupa IMF [i.e. SFR = Lz /(9.4 x 10° Lo) Mg yr'.

4.2 Template SED analysis

In addition to their Herschel SPIRE and AzTEC photometry that
trace the peak of the dust SED, all eight Planck—Herschel sources
are clearly detected in a wide range of wavelength bands, from
optical to radio as shown in Figs 6 and 7 (also see Table 5). By
analysing these SEDs using model templates, it may be possible to
gain additional insights into the nature of their extreme luminos-
ity. In particular, we compare the observed SEDs with the model
SEDs of young stellar clusters embedded in a GMC and evolved
by different amounts of time by Efstathiou et al. (2000) in Fig. 5.
Since the discrete SED templates available cannot be tuned for a
particular object, especially in the UV, optical, and near-IR where
source and dust geometry can lead to a large dispersion, we only
fit the long wavelength data at A > 70 pm. The good agreement
between the data and the models suggests that intense star forma-
tion activities can account for most of the observed properties in
nearly all cases. The radio-to-millimetre wavelengths part of the
SED is constructed using the well-established radio—IR correlation
for star-forming galaxies as described by Yun & Carilli (2002), and
the observed 1.4-GHz radio emission is also consistent with the
radio and IR luminosity being powered by a pure starburst in nearly
all cases — see additional discussions on the nature of the powering
source in Section 6.1.2.

Table 3. Summary of Herschel SPIRE, Planck, and AzZTEC 1100 pm photometry.

Source ID SPIRE»50 (mly) SPIRE3s5) (mly) SPIRE50y (mly) Planckssy (mly) St100 (mJy)
PJ020941.3 824 + 82 897 + 89 703 £ 70 877 + 375 147 £ 15
PJ105353.0 1028 £ 103 996 + 100 735 £ 74 2780 £ 684 98 + 10
PJ112714.5 810 + 81 708 £ 71 448 + 45 965 £ 191 24.0 £ 2.0
PJ120207.6 618 £ 62 646 + 65 451 £ 45 401 £ 225 68.7 £ 7.0
PJ132302.9 652 £ 65 590 + 59 393 + 39 832 + 214 32.7 £ 3.0
PJ142823.9 315+ 32 239 + 24 135 £ 14 424 + 323 144 £ 2.0
PJ160722.6 167 £17 167 + 17 78 + 8.0 888 + 270 7.6 £ 1.0
PJ160917.8 568 £ 57 693 + 69 512 £ 51 1083 £ 255 73.8 £ 7.0
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Table 4. Best-fitting parameters of the starburst SED template and modified blackbody models for each source with derived dust and ISM masses.

4389

Source ID KLk sB 1SFRsp Tq LR, BB 1SFRpp Mg uMism
(10" L) Mg yr™h) X) (10M L) Mg yr™h) (10" M) (10" M)
PJ020941.3 20+ 04 21276 426794 14 £ 0.07 15027 2.16 + 0.43 512 + 102
PJ105353.0 29404 30 681 62.41126 2.8 + 0.13 29983 133 +£0.27 257 + 51
PJ112714.5 1.1£02 12021 84.0730:4 224 £ 0.28 23816 0.37 £ 0.07 102 £ 20
PJ120207.6 14403 15 000 47.2479 1.0 + 0.13 10639 1.03 £0.21 257 £ 51
PJ132302.9 12£02 13085 64.4735 1.26 £ 0.18 13393 0.50 +0.10 124 + 25
PJ142823.9 0.19 +£0.04 2138 48.8712 0.20 =+ 0.05 2123 0.25 £ 0.05 101 £ 20
PJ160722.6 0.14 £ 0.03 1503 42,6185 0.10 £ 0.12 1064 0.13 £ 0.03 50 £ 10
PJ160917.8 2.0+ 0.4 21226 62.6758 2.0 £ 0.1 21226 0.96 = 0.20 165 + 33

“Lir is the FIR luminosity derived by integrating between 8 and 1000 pm in wavelength (Sanders & Mirabel 1996). The exceedingly high dust
masses are likely magnified by an unknown magnification factor 1 due to lensing.
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Figure 5. Spectral energy distributions (SEDs) of the eight Planck—Herschel sources. The models shown in solid, dotted, dashed, and dot—dashed lines are the
best—fitting dusty starburst SEDs with different starburst ages by Efstathiou et al. (2000) at the fixed CO redshifts (see Table 2). Modified blackbody models
fitting only the Herschel and AzZTEC photometry are shown in thick magenta lines. In all cases, the new AZTEC 1100 pm points are shown as filled circles
probe in the RJ portion of the dust spectra. An elliptical galaxy SED template by Polletta et al. (2007) covering the optical wavelength bands is also shown
using a black dashed line for the four sources with an obvious foreground galaxy in the SDSS plates.

Using the best-fitting SED models shown in Fig. 5, we compute
the template-based IR luminosity (Lir, sg) between 8 and 1000 pm
and star formation rate SFRgp for each Planck—Herschel source (see
Table 4). The IR luminosity derived from the best-fitting template
SED has the range (1.4-29) x 10”4 ~'Le, in good agreement
with the estimates from the modified blackbody model calculation
discussed above (Section 4.1). This is not surprising given that
the Herschel SPIRE photometry points constrain the bulk of the
luminosity in both models.

A significant deviation from the Efstathiou templates is seen in the
rest-frame optical portion of the SEDs in at least four cases. A subset
of these sources are already known to be lensed by a foreground
galaxy (see Section 5 and Caflameras et al. 2015), and the presence
of one or more foreground lensing galaxy along the same line of
sight is naturally expected. Indeed, for PJ020941.3, PJ132302.8,
PJ160722.6, and PJ160917.8, an addition of an elliptical galaxy

SED by Polletta et al. (2007) nicely accounts for the excess flux in
the rest-frame optical bands, as shown in Fig. 5. This photometric
evidence for a foreground lensing galaxy is further discussed below
for individual objects (see Section 5).

5 ANALYSIS OF INDIVIDUAL SOURCES

5.1 PJ020941.3

PJ020941.3 is a Planck source found in the HerS-82 sur-
vey field and is associated with the z = 0.202 galaxy
SDSS J020941.274001558.5. Our photometric redshift analysis
predicts a lensed, dusty starburst galaxy at z =~ 2.5 with the
dust peak near 350 um with S350, = 897 & 89 mly. We de-
tect 1100-pm continuum emission easily using AzZTEC, measuring
S1100x = 147 £ 20 mJy, centred on the Herschel source position (see
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PJ020941.3

PJ105353.0

PJ112714.5

PJ120207.6

Figure 6. Multiwavelength cutout images of each of the four Planck—Herschel sources. Each 60 arcsec by 60 arcsec cutout corresponds to the following: (left
to right) optical (SDSS), WISE W1(3.4) and W2(4.61), Herschel SPIRE 250 pm and 350 pm, and VLA (FIRST 1.4 GHz).

PJ132302.9

P]142823.9

PJ160722.6

PJ160917.8

Figure 7. Multiwavelength cutout images of the remaining four Planck—Herschel sources. The panels shown are identical to Fig. 6. PJ160722.6 lies out of the
coverage range for FIRST and SDSS surveys, and we show instead the NVSS 1.4 GHz and 2MASS Kj;-band images.

Fig. 4). Using the RSR we detected CO (3-2) line at 97.31 GHz,
yielding a redshift of z = 2.5536 £ 0.0002 (a single line redshift re-
solved using the photometric redshift support as shown in Fig. A1).

The nature of this source, also known as ‘9i09’ (Geach et al.
2015), is unique due to the fact that two unrelated research teams
have identified it entirely independently. Our initial selection of
PJ020941.3 arose from matching Planck’s 857-GHz position co-
ordinates to Herschel SPIRE observations in the HerS-82 survey
(see Section 2.3). As we were ready to observe this source using
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the LMT, a Director’s Discretionary Time request was made by
an independent team based in the United Kingdom. The prelimi-
nary results from VISTA—CFHT Stripe 82 survey (Geach et al., in
preparation) were combined to form multiple i/K-band images of
potential lens candidates. Tens of thousands of images were passed
along to the SPACEWARPS citizen science project (Marshall et al.
2016, More et al. 2016), whereby this collaboration made its way
to the British Broadcasting Corporation Stargazing Live! broadcast
from 2014 January 7-9. Citizen scientists were trained to identify

9102 ‘€ A2\ uoeoiuoJ19|3 AedndO ©IS1J0ISY 9P [eUOITRN 0INMISU| Te /610°Sfeudnolploxoseduw//:dny woly papeojumoq


http://mnras.oxfordjournals.org/

Table 5. Summary of optical and near-IR photometry.

Luminous high-z IR galaxies by Planck 4391

Source ID Ji26, (mly) Hy g (mly) K> 22, (mly) W34, (mly) Wy (mly) Wity (mly) Waa, (mly)
PJ020941.3 0.04 £ 0.00¢ 0.06 = 0.01¢ 0.05 £ 0.01¢ 1.22 +£0.03 1.30 £ 0.03 0.61 £0.12 4.35 4+ 0.87
PJ105353.0 0.24 4+ 0.00¢ 0.27 £ 0.004 0.22 +0.01¢ 0.09 £+ 0.01 0.17 £0.02 0.70 £0.15 -

PJ112714.5 0.23 £0.04 0.27 £ 0.06 0.31 £ 0.07 0.10 £ 0.01 0.14 £ 0.01 0.57 £0.13 8.65 +0.90
PJ120207.6 - - - 0.32 £0.01 0.44 £0.02 1.04 £0.10 5.89 £ 0.80
PJ132302.9 0.61 = 0.04 0.67 £ 0.06 0.68 £ 0.06 0.55 £0.01 0.42 £0.02 0.63 £0.10 5.45+£0.78
PJ142823.9 - - - 0.19 £ 0.01 0.30 £0.01 0.67 £ 0.09 -

PJ160722.6 - - - 0.58 £0.01 0.60 £ 0.01 0.65 £ 0.06 1.70 £ 0.47
PJ160917.8 0.05 £ 15.72 0.89 £+ 0.09 0.68 £0.11 0.53 £0.01 0.52 £0.01 0.52 £0.05 243 +£042

Note. For JHK photometry, the values with ¢ indicate a UKIDSS photometry while the remaining photometry come from the 2MASS catalogue.

the features reflective of gravitational lensing, and the partial red
Einstein ring of ‘9109 was chosen as the best lens candidate. Their
follow-up spectroscopy yielded redshifted optical emission lines at
z = 2.553, and their lensing model constructed from near-infrared
imaging data suggests a lensing magnification of u ~ 10.

5.2 PJ105353.0

One of the Planck sources observed by the ‘Must-Do’ Herschel
SPIRE programme, PJ105353.0, also known as the radio source
NVSS J105352+055623, is one of our brightest sources. It has
a 350-pm flux density of 996 £+ 100 mly, and it peaks in the
250 pm band at 1028 £ 103 mly. This is the second brightest
AzTEC source we detected with S;109, = 98 &= 10 mJy, well centred
on the Herschel SPIRE 350-pm peak position (see Fig. 4). The
bright line detected by the RSR at 86.334 GHz (Fig. 2) is robustly
identified as CO (3-2) line by the photometric redshift support (see
Fig. A1), placing this object at z = 3.0053 £ 0.0003. No bright
optical source is seen on any of the SDSS images. Its flat SED in
the SPIRE bands clearly indicates that this is indeed a high-redshift
source, and its exceedingly high flux is expected to be a lensed
thermal emission from a dusty background source. The 1.4-GHz
radio continuum reported by the NVSS, 6.5 £ 1.3 mly, is slightly
above what is expected from its FIR emission (see Fig. 5), and
this ‘radio-excess’ may be an indication of a radio AGN (see Yun,
Reddy & Condon 2001). Cafiameras et al. (2015) identify the single
line detected using the IRAM 30 m telescope as CO (3-2) line
at ‘z = 3.0°, and their 2-arcsec resolution 8§70 wm image obtained
using the Submillimeter Array (SMA) shows a single source without
clear evidence for lensing.

5.3 PJ112714.5

PJ112714.5 is a Herschel ‘Must-Do’ survey source and is one of
our brightest sources with a flat SED across the Herschel SPIRE
channels, peaking in the 250 um band. An AzZTEC source with
Siioop = 24 £ 2 mly is detected coincident with the Herschel
source as seen in Fig. 4, and it has a red WISE mid-IR coun-
terpart with detections in all four bands. The observed SED sup-
ports the RSR detected line at 106.877 GHz to be CO (3-2) at a
z = 2.2357 £ 0.0002 (see Fig. Al). Canameras et al. (2015) iden-
tify the single line they detected using the IRAM 30 m telescope
as CO (3-2) line at ‘z = 2.2°. Their 2-arcsec resolution 870-um
SMA image shows a single, slightly extended source without a
clear optical counterpart, offset from a group of galaxies at z &
0.3, suggesting possible lensing by a galaxy group rather than by a
single foreground galaxy (e.g. George et al. 2013; Timmons et al.
2015). An NVSS radio source with S 46u, = 31 mly (see Fig. 6)

is also found just 18 arcsec away, suggesting a rather confused and
busy foreground environment.

5.4 PJ120207.6

PJ120207 is another Herschel ‘Must-Do’ survey source and is
one of our brightest 350 um peakers (S3so, = 646 mly) with
Lir > 10" Lg. The observed SED is flat across the 250 and
350 pm bands and drops slightly at 500 pm. An AzTEC source
with Syj00, = 69 £ 7 mly is detected coincident with the Her-
schel source as seen in Fig. 4, and it has a red WISE mid-IR
counterpart with detections in all four bands. No optical galaxy
is found at the AzZTEC position, but there is an SDSS source
(SDSS J120207.68+533432.5) located 6.8 arcsec away from the
AzTEC position, and this z,, ~ 0.43 galaxy is a possible lensing
source (Cafiameras et al. 2015). The RSR has detected a single line
at an observed frequency of 100.501 GHz, which we identify as
CO (3-2) line at z = 2.4417 £ 0.0002. Canameras et al. (2015)
identify the same line detected using the IRAM 30 m telescope as
CO (3-2) line at ‘z = 2.4’. Their 2-arcsec resolution 870-um SMA
image shows two sources separated by about 4 arcsec , suggesting
lensing by a foreground galaxy. No radio counterpart is found for
this object in the VLA FIRST survey.

5.5 PJ132302.9

PJ132302 is a bright 350 pm source (S3so, = 590 mly) with
Lir > 10" L, and the dust peak of this Herschel ‘Must-Do’ sur-
vey source occurs in the 250 um band with S»50, = 652 mly. An
AzTEC source with S;190, = 33 £ 3 mly is detected coincident with
the Herschel source as seen in Fig. 4, and it also has a red WISE
mid-IR counterpart with detections in all four bands (see Fig. 7).
The SDSS image shows a crowded field with a cluster of sources
that are identified as ‘stars’ by the SDSS data base. The nearest
match to the WISE source is SDSS J132302.83+5535555.1, which
is consistent with a z = 0.48 galaxy when analysed together with
the WISE and 2MASS photometry (see Fig. 5), possibly represent-
ing the foreground lensing galaxy. The RSR has detected a single
line at an observed frequency of 101.202 GHz, which we identify
as CO (3-2) line at z = 2.4167 &£ 0.0004. Cafiameras et al. (2015)
identify the same line detected using the IRAM 30 m telescope as
CO (3-2) line at ‘z = 2.4’. Their 2-arcsec resolution 870-um SMA
image shows an unresolved source centred on a faint optical source
about 3arcsec north-east of the SDSS galaxy. The 1.4-GHz FIRST
source VLA J132303.14-553558.6 with S| 4cn, = 2.12 £ 0.26 mJy
coincides with the SMA source position.
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5.6 PJ142823.9

PJ142823.9 is a bright Herschel source previously identified
as ‘HBootes03’ by Wardlow et al. (2013) and is also a well-
known z = 1.325 Spitzer-identified hyperluminous infrared galaxy
(HyLIRG) MIPS J142824.04-352619 (Borys et al. 2006; Swin-
bank et al. 2006). An extensive discussion of this object is found
in these papers, and here we highlight only the details relevant to
our discussions. We identify the line detected at 99.131 GHz as
that of CO (2-1) line at z = 1.3257 £ 0.0003, and our measured
line integral of SAV = 4.5 & 0.7 Jy km s~! and the line width
of AV = 422 4 21 km s~' agree very well with the previously
reported Nobeyama Millimeter Array measurements by Iono et al.
(2006, SAV=534+12Jykms™!, AV=386+ 64 kms~'). Borys
et al. (2006) have suggested gravitational lensing by a foreground
z = 1.034 as a possible explanation for the large IR luminosity,
with a modest magnification factor (© < 10). Hailey-Dunsheath
et al. (2010) detected the 158-pum [C 1] fine-structure line and de-
rived a relatively large Lic,)/Lp ratio of 2 x 103, much higher
than those found in the local ULIRGs and high-redshift QSOs and
more similar to the values seen in the local starburst galaxies like
MB82. This large Lcy)/Lrr ratio would also be naturally explained
by gravitational lensing.

5.7 PJ160722.6

PJ160722.6 is the faintest Herschel source matched with the Planck
catalogue, with Sys0, = 167 mJy and S35, = 167 mly, and its
flat SED across the Herschel SPIRE bands is suggestive of a
high-redshift source. Our AzZTEC imaging revealed a relatively
faint source coincident with the Herschel source (see Fig. 4), with
Sii00x = 7.6 £ 1.0 mJy. This source is detected in all four WISE
bands (see Fig. 7), but its mid-IR SED is flatter than those of the
others. When combined with the photometry from the United States
Naval Observatory B1.0 Catalog (Monet et al. 2003), the optical-
to-mid-IR SED indicates the presence of a foreground galaxy at
z ~ 0.65 (see Fig. 5), likely lensing the background SMG. The
single line detected by the RSR at 92.826 GHz is identified as
the redshift CO (2-1) line at z = 1.4820 £ 0.0004 when anal-
ysed together with its panchromatic SED, as shown in Fig Al.
Its relatively low redshift and modest brightness in the Herschel
bands indicates that PJ160722.6 is a comparatively low-luminosity
(Lir =2 x 101 L) object, similar to PJ142823.9 discussed above.
A faint NVSS 1.4-GHz radio source (S| 46, = 1.3 & 0.5 mly) is
also found on the Herschel source position (see Fig. 7).

5.8 PJ160917.8

PJ160917 is another bright Herschel SPIRE source in the ‘Must-
Do’ survey and a ‘350 um peaker’ with S35, = 693 mly. It has
a bright WISE counterpart with a relatively flat SED across its
four bands, and it also has a relatively bright optical counterpart in
SDSS J160918.254-604522.2 with z;, = 0.43 (see Fig. 7). A bright
AzTEC source with S99, = 73.8 £ 7.0 mly, unresolved by the
8.5 arcsec beam, is detected with a high S/N, coincident with the
Herschel source position (see Fig. 4). Our RSR spectrum shows two
bright lines (see Fig. 2), unambiguously identifying it as the highest
redshift object in our sample at z = 3.2557 £ 0.0003. Cafiameras
et al. (2015) report just one CO line at ‘z = 3.3, and their 2-arcsec
resolution 870-pm SMA image shows a classic lensing morphology
of a partial arc, around the presumed lensing galaxy at z ~ 0.5.

MNRAS 458, 4383-4399 (2016)

The 1.4-GHz FIRST VLA source with S 46n, = 1.50 £ 0.30 mJy
coincides with the SMA source position.

5.9 Summary on individual sources

The well-studied object with the most extensive complemen-
tary data, PJ020941.3, is clearly shown to be a high-redshift
HyLIRG lensed by a foreground galaxy. Another well-studied ob-
ject PJ142823.9 has the smallest apparent luminosity among our
sample and has little evidence to support a lensing scenario. Among
the five Planck—Herschel sources with optical and SMA continuum
imaging by Caflameras et al. (2015), PJ160917.8 is the clearest ex-
ample of a strongly lensed object, while evidence for lensing is not
as clear for the remaining four. More sensitive, higher resolution
imaging will be necessary to establish the lensing scenario for these
remaining sources.

6 DISCUSSION

6.1 Extreme IR luminosity of Planck—Herschel sources

6.1.1 Sources with Lig > 10" Lo

The most remarkable aspect of these Planck—Herschel sources is
that their IR (8-1000 pm) luminosity is among the largest ever
found. As seen in the comparison of our IR luminosity with other
luminous sources discovered by other recent IR surveys in Fig. 8,
these Planck—Herschel sources (alongside the independently iden-
tified and overlapping targets by Cafiameras et al. 2015) account for
the majority of sources with rest frame Lg_ 000, > 10 Lo. Nearly
all of them either match or exceed the IR luminosity of the WISE-
selected HyLIRGs by Tsai et al. (2015) that have recently been re-
ported as ‘the most IR luminous galaxies’. Five out of the 20 WISE
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Figure 8. Comparison of IR (8—1000 pm) luminosity of the eight Planck—
Herschel sources (filled circles) with those of strongly lensed SMGs iden-
tified by the SPT (Vieira et al. 2013; Weil} et al. 2013) and the Herschel
(Bussmann et al. 2013; Wardlow et al. 2013). Six additional Planck sources
reported by Cafiameras et al. (2015) are shown as open circles. The most lu-
minous WISE sources (Tsai et al. 2015) are shown as stars, while the z =3.91
lensed infrared QSO APM 0827945255 (Irwin et al. 1998), previously the
most luminous object in the IR, is shown as a diamond.
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sources reported by Tsai et al. have rest frame Lig > 10'* L¢, with
the z = 4.593 source W2246—0526 being the most luminous with
Lg =22 x 10" L. In contrast, six out of eight Planck—Herschel
sources in our sample and G145.24-50.9 in the Cafiameras sample
have L exceeding 10' L@, and our brightest source, PJ105353.0
with Lig = 2.9 x 10" L, is the brightest IR galaxy ever discov-
ered. The strongly lensed z = 3.91 QSO APM 0827945255 (Irwin
et al. 1998; Weiss et al. 2007) with Lig = 2 x 10" Lo was the
only known source with this type of IR luminosity previously, and
these new Planck and WISE surveys have dramatically increased
the number of objects with this type of IR luminosity, by more than
an order of magnitude.

Also shown in Fig. 8 is the comparison of IR luminosity for
our sample of Planck—Herschel sources with the strongly lensed
SMGs discovered by Herschel (Bussmann et al. 2013; Wardlow
et al. 2013) and the South Pole Telescope (SPT, Vieira et al. 2013;
WeiB et al. 2013). Their large IR luminosity (Lig = 10>~ !4 Lo)
assisted by gravitational lensing made them popular targets of recent
studies of luminous IR galaxy and dusty starburst phenomenon at
z > 2, during the epoch of galaxy build-up. This comparison shows
that our Planck—Herschel sources are on average 5—10 times more
luminous than these Herschel and SPT sources, and they are the
most luminous of the IR galaxies population that accounts for a
large fraction of the cosmic star formation history (Le Floc’h et al.
2005; Caputi et al. 2007; Magnelli et al. 2011). We note that two
of our Planck—Herschel sources (PJ142823.9 and PJ160722.6) as
well as five of the Cafiameras sample sources have IR luminosity
comparable to these Herschel and SPT sources, demonstrating that
the Planck section is sensitive to these ‘lower luminosity’ (Lig &~
10" L) objects as well. None of the Planck selected sources so far
are at z > 4, unlike some of the SPT or Herschel sources, and this
can be accounted by the small sample size and the comparatively
shorter wavelength sample selection.

6.1.2 Nature of their high luminosity: AGN or star formation?

In the local Universe, the fraction of galaxies with a dominant
AGN contribution increases with IR luminosity (e.g. Sanders &
Mirabel 1996), and the same trend may also hold true in the earlier
epochs. Many of the high-redshift galaxies identified by early IR sur-
veys, such as the Cloverleaf (H1413+117) and IRAS F10214+4724
(Barvainis, Antonucci & Coleman 1992; Barvainis et al. 1995), are
indeed hosting a luminous, dust-obscured AGN. Therefore, it is
natural to suspect ubiquitous AGN activity among these Planck—
Herschel sources, especially given their extremely large IR lu-
minosity (Lix > 10" L) typically associated with QSOs. De-
tailed follow-up studies of the SPT and Herschel sources with
Lir > 10" L have concluded that many are gravitationally lensed
sources with a typical magnification factor of © =~ 10 (Bussmann
et al. 2013; Vieira et al. 2013; Dye et al. 2014). If some or all of
the Planck—Herschel sources are also magnified by a similar factor
(e =~ 10 for PJ020941.3; Geach et al. 2015), then their intrinsic IR
luminosity is Lir > 10'* L, still in the QSO regime.

A quantitative analysis of the AGN contribution to the total IR
luminosity is possible if the mid- to far-IR SED is fully mapped.
By analysing a large sample of high-redshift galaxies with exten-
sive mid- and far-IR data from Spitzer and Herschel, Kirkpatrick
et al. (2012, 2013) have shown that the energetic contribution by
AGN activity can be determined quantitatively through a spectral
decomposition, even for heavily obscured, Compton thick sources.
In particular, Kirkpatrick et al. (2013) have shown that combining
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Figure 9. Mid-IR to FIR colour diagnostic plot for star forming and AGN
galaxies by Kirkpatrick et al. (2013), adopted for WISE photometry instead
of Spitzer photometry. All symbols are the same as Fig. 8. Another IR QSO
H1413+117 is also shown using a diamond symbol in order to illustrate the
parameter space occupied by AGNs. Colour tracks for the z = 2 SF template
(solid blue line) and the featureless power-law AGN template (long dashed
red line) by Kirkpatrick et al. are shown, starting from z = 0.5 and ending
at z = 4, as marked by the arrows. The WISE photometry for all sources
shown are obtained from the NASA/IPAC Infrared Science Archive (IRSA).
The 3.4 pum flux is that of the lensing galaxy in some cases (e.g. see Fig. 5),
leading to a large scatter in the Sy, /S3.4, ratio for the star forming galaxies.

the longer wavelength photometry from Herschel with mid-IR pho-
tometry from Spitzer (or WISE) yields the most reliable separation
of AGN and SF-dominated galaxies since they probe the widest
range of dust properties affected.

A modified version of this mid-IR to FIR colour diagnostic plot,
replacing Spitzer photometry bands with WISE photometry bands, is
shown in Fig. 9, and our Planck—Herschel sources appear in the re-
gion dominated by star formation activity. The two IR QSOs with the
characteristic broad emission lines, APM 08279-+5255 (Irwin et al.
1998) and the Cloverleaf (H1413+117; Barvainis et al. 1992, 1995)
are located near the colour track of the featureless power-law AGN
(long dashed line), as expected. All but one of the luminous WISE-
selected IR galaxies have a relatively flat mid- to far-IR flux ratio
(82500 /S11,.) characteristic of power-law AGNs, but with systemat-
ically redder mid-IR colour (S11,/S34, > 30). By analysing their
SEDs, Tsai et al. (2015) have concluded that these WISE-selected
sources are likely powered by highly obscured AGNs, with their hot
dust (T4 ~ 450 K) accounting for the high luminosities. Their mid-
IR colour is systematically redder than the power-law AGN model
track, but this is a consequence of the ‘“W1W2-dropout’ selection
in their sample definition. In contrast, nearly all of our Planck—
Herschel sources (also by Cafiameras et al. 2015) as well as all
of the SPT- and Herschel-selected IR sources appear along the SF
template track (solid line). Kirkpatrick et al. (2015) have shown that
AGN-powered sources rapidly cross over from the SF dominated to
the AGN region on this diagnostic plot once the AGN contribution
exceeds 60 per cent of the total luminosity, and this analysis clearly
indicates that our Planck—Herschel sources are primarily powered
by SF activity. This conclusion is further supported by the fact
that nearly all Planck—Herschel sources also follow the radio-IR
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correlation characteristic of star—forming galaxies (see Section 4.2
and Fig. 5), and the nature of the energetic activities powering
their large luminosity is substantially different between the Planck-
selected and the WISE-selected SMGs, despite their similarly ex-
tremely IR luminosity.

6.2 Molecular gas mass estimates

6.2.1 Gas mass estimates from CO line luminosity

A standard method for deriving a total molecular gas mass from a
redshifted CO line measurement is to adopt a line ratio between
different rotational transitions to estimate the CO (1-0) transi-
tion luminosity L _q, and then to translate this line luminos-
ity to a total molecular gas mass assuming an ‘wco’ conversion
factor (see the review by Carilli & Walter 2013). The table 2 by
Carilli & Walter (2013) gives the average CO line ratios for SMGs
as Leog-1)/Leoa—oy Leoa-2/Leo—op ad Leo3)/ Lo o) Of
0.85, 0.66, and 0.46, respectively. Using these ratios, we can con-
vert the measured CO line luminosities reported in Table 2 to
Lto1_¢) and then to My, using the ‘Galactic’ conversion factor
aco = Mu,/Lo_g) = 43M@ [Kkms™' pc™?]~! (Bolatto et al.
2013).

The derived total molecular gas masses of our eight Planck—
Herschel sources, uncorrected for the unknown magnification factor
1, range between uMy, = 5.4 x 10" Mg and 7.8 x 102 Mg . For
a typical magnification factor of u ~ 10, the range for the intrinsic
molecular gas masses is (0.5-8) x 10'! M@, which is near to top
of the range of gas masses found for high-redshift SMGs that are
not strongly lensed (see Carilli & Walter 2013). The measured line
widths (FWHM) of 400650 km s~! are somewhat large, but they
are fairly typical for the most gas-rich SMGs (see fig. 5 by Carilli
& Walter). We note that earlier studies often used the ‘ULIRG’
conversion factor of 0.8 M [Kkms™' pc™2]7!, leading to system-
atically smaller total gas mass, without a clear physically motivated
justification. Following Scoville et al. (2015), who have argued for
using the Galactic conversion even for high-redshift SMGs after a
thorough review of the topic, we also adopt the Galactic conversion
factor for our molecular gas mass estimates. We revisit this decision
by comparing these total molecular gas mass estimates with the dust
continuum based ISM (interstellar medium) mass estimates in the
next section (Section 6.2.2).

An upper bound to the total mass requires that the total gas mass
cannot exceed the dynamical mass of the system. A virial mass of a
pressure-supported spherical system with a 1D velocity dispersion
(0 = FWHM/81n2) is 6 x 10"[4(;‘;)‘1’;‘2{, 1 Ripe M, where Ry is
the characteristic radius of the system in kpc. For a rotationally
supported disc with aradius Ry, an equivalent dynamical mass with
arotational speed Vi, = FHWM/2is 9 x 10”[40}?)‘:%]2&(pc Mp.
Therefore, the maximum possible gas mass for a 10-kpc radius
disc is 2.4 x 10" M, for a galaxy with observed CO line width
of 650 km s~!, which exceeds the CO-derived gas mass for the
eight Planck—Herschel sources by factors of 2-30. These gas mass
estimates may be somewhat overestimated, by a factor of order unity
as discussed below. Accounting for the remainder of the difference
requires that nearly all of these galaxies must be strongly lensed
by at least these factors (2-30), even though we lack any direct
evidence for lensing in most cases. The empirical estimate for the
magnification factor based on measured CO line width and line
luminosity, as proposed by Harris et al. (2012), is essentially a
different formulation of this upper mass limit.

MNRAS 458, 4383-4399 (2016)

6.2.2 ISM mass estimates from AZTEC 1100 wm photometry

As an alternative to deriving total gas mass from CO measurements
that can be observationally expensive, Scoville et al. (2015) have
proposed an empirical calibration for total ISM mass derived from
the optically thin, long wavelength dust continuum emission and
adopting a gas-to-dust ratio (GDR). As shown in their fig. 1, CO
line luminosity L¢, is linearly correlated with the monochromatic
luminosity Lgsg, at the rest frame 850 um for local star-forming
galaxies, local ULIRGsS, and z ~ 2 SMGs, spanning over six orders
of magnitude in luminosity. This in turn can be used to derive a dust
mass using the constant scaling factor agso, = Lsso, /M4 based on
the local calibration.

Our AZTEC 1100 pm photometry is well suited for this appli-
cation as we are probing near the RJ part of the spectrum (v =
260-470 um) at the redshift of these Planck—Herschel sources (see
Fig. 5). Considering that the average IR luminosity density should
be at least 10 times higher for our Planck—Herschel sources com-
pared with the local and z ~ 2 galaxies used for the calibration,
we adopt a dust temperature 1.5 times higher than considered by
Scoville et al., or Ty = 35 K.> Adopting equation A14 by Scoville
et al., the ISM mass, which is effectively the total molecular gas
mass, can be derived from the observed AzTEC flux density as

474 x 10*D} [ S1100, ] [6.7 x 10°] [Ty
(14 z)*8 mly Ty |’

where Dy is the luminosity distance in Mpc, and S| o, is the mea-
sured flux density at 1100 pm in mJy (for A > 250 pum). Here we
adopt the value of agso = 6.7 x 10" erg s~! Hz™! Mg~ (Scoville
et al., equation A11), and the RJ correction factor I'g; that accounts
for any deviation away from the v> dependence as

hvobs(l + Z)/de
exp(hvobs(l + Z)/de) -1 '

The total ISM mass we derive for these Planck—Herschel sources
range between uMsy = 5.0 x 10" Mg and 5.1 x 10'2 Mg,
uncorrected for the unknown magnification factor u (see Table 4).
As shown in Fig. 10, the median ratio between this ISM mass
and the CO-derived My, mass (Section 6.2.1) for our sample is
<MISM/MH2> ~ (.65, with a significant scatter, and this indicates
that the ISM mass derived from the AZTEC 1100 um photometry
is systematically smaller by a factor of 1.5 compared with the CO-
derived My,. The sample plot also shows that the GDR for the
same sample has a median value of (Misy/My) = 250, which is
close to the nominal value in the local Universe for metal-rich
galaxies (*170; Draine et al. 2007). This median value and the small
scatter suggest that the ISM masses derived following calibration
by Scoville et al. (2015) and the dust masses derived using an
independent calibration (see Appendix D) are at least consistent,
probably because of their shared assumptions.

A possible explanation that our CO-derived My, might be a slight
overestimate is in line with the results of recent theoretical works.
By modelling the impact of metallicity, gas temperature, and ve-
locity dispersion, Narayanan et al. (2012) have postulated a weakly
dependent reduction in eco with increasing velocity dispersion for
high-redshift galaxies with a larger turbulent support. Specifically,
Narayanan et al. model predicts a reduction in @co by 20 per cent

Mism(M@) = "
850

FRJ(Td7 Vobs s Z) =

3 This adopted dust temperature is lower than the luminosity-weighted dust
temperature derived from the IR SED analysis (74 = 42-84 K, see Table 4),
but Scoville et al. (2015) make a compelling argument for using a lower,
mass-weighted T4 — see their appendix A.2 for a detailed discussion.
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Figure 10. A comparison of gas-to-dust ratio (GDR; Mjsm/Mg) and the
ratio of gas masses derived from AzTEC 1100 um flux (Mism) to the
CO-derived My, . The median GDR derived for the eight Planck—Herschel
sources is ~250, while the median Mgy /My, ratio is ~0.65.

and 40 percent (compared with the Galactic value) with a factor
of 2-5 increase in velocity dispersion, respectively. A reduction in
aco by this magnitude would bring our Misyi/ My, ratio and the
GDR to a much better agreement. We note that our estimates of
My, are systematically larger than those reported by Cafiameras
et al. (2015) by a significant amount, with the median for the five
objects in common being 6.6 times larger for our estimates. In their
gas mass derivation, Cafiameras et al. adopted the ‘ULIRG’ con-
version factor, which immediately leads to five times smaller gas
masses. In addition, Caflameras et al. did not explicitly account for
the excitation-dependent correction for observing different CO ro-
tational transitions (see Carilli & Walter 2013), leading to a further
factor of 1.5 reduction in their H, mass estimates. Their combined
effects should lead to 7.5 times smaller H, masses, which can more
than account for the factor of 6.6 difference. The lower gas masses
derived by Cafiameras et al. should in turn lead to an average gas-
to-dust ratio of GDR = 35.* These considerations of average GDR
and Mism/ My, ratio suggest that our CO-derived gas masses are
within a factor of 2 of the correct values.

7 CONCLUSIONS

A further understanding of how to link the IR galaxies making up the
cosmic IR background with the entire galaxy population across all
redshifts is revolutionized by the systematic detection of gravitation-
ally lensed SMGs. These systems are some of the most interesting
objects to study because the magnifying property of lensing allow us
to probe (1) physical details of the intense star formation activities

4 Cafiameras et al. (2015) report gas-to-dust ratios of GDR = 32—112 using
their CO-derived My, and dust mass derived from their SED modelling.
This low GDR suggests that either they underestimate their gas masses
or overestimate the dust masses. In deriving their dust masses, Cafiameras
et al. use the luminosity-weighted Tq, which should lead to systematically
lower estimates of My, as explicitly cautioned to be avoided by Scoville
et al. (2015). Therefore, it follows that their My, estimates are indeed
substantially underestimated.
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at sub-kpc scale that are beyond the conventional means including
the ALMA and the JVLA; and (2) dusty star-forming galaxies be-
yond the current detection limit, with SFR = 10-100 M yr~' that
account for the bulk of stellar mass build-up at 1 < z < 4.

In this pilot study for identifying a large population of strongly
lensed SMGs using the Planck survey data, we report our success-
ful identification of eight candidate sources drawn from the Planck
Compact Source Catalog using the public Herschel archival data
and the results from our detailed follow-up investigation utilizing
new AzZTEC 8.5-arcsec resolution 1100 pm imaging and CO spec-
troscopy using the RSR on the LMT. Our new observations have
shown that these are some of the most luminous galaxies ever found
with Lig up to 3 x 10'u~" L, and our Planck-Herschel sources
at redshifts of 1.3 < zco < 3.3 are also some of the most gas-rich
galaxies found [My, = (0.6—7.8) x 10" Mg for u ~ 10]. The
SED analysis using the mid- to far-IR colour diagnostic plot de-
veloped by Kirkpatrick et al. (2013) shows that these sources are
powered primarily by the intense SF activity, unlike the similarly
luminous IR galaxies identified in the WISE survey by Tsai et al.
(2015), which are powered primarily by luminous AGNs. Our ex-
amination of the radio—IR correlation also supports this SF scenario.

The results of our pilot study suggest that a much larger pop-
ulation of strongly lensed SMGs can be potentially found in the
Planck Compact Source Catalog, including sources with Lig down
to ~10"u~' L. At least four (out of eight) Planck—Herschel
sources are associated with a bright foreground optical galaxy,
strongly supporting the lensing hypothesis, and the z = 2.554 source
PJ020941.3 has been definitively shown to be a partial Einstein ring
lensed by a z = 0.2 foreground galaxy (u =~ 13, Geach et al. 2015).
A larger survey to identify a much larger sample of lensed SMGs in
the Planck Compact Source Catalog is already underway, and the
results of this expanded study will be reported in a future paper.
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APPENDIX A: DETERMINING UNIQUE CO
REDSHIFT USING IR PHOTOMETRIC
REDSHIFT

A unique redshift can be determined when two or more spectral
lines are detected in a single RSR spectrum, such as for PJ160917.8
in Fig. 2. Only one CO line falls within RSR band in the red-
shift range between z = 0 and z & 3.15 however, and additional
information such as photometric redshift is needed in order to
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Figure Al. A x2-based panchromatic photometric redshift support for determining a unique CO redshift. The minimum y? solution is marked by an asterisk,
and the dotted and solid contour denote the 68 and 90 percentile confidence levels (Wall 1996). Discrete possible redshift solutions corresponding to the

observed CO lines are shown as regularly spaced vertical lines in each panel.

distinguish different redshift solutions — see discussions by Yun
et al. (2015). Specifically, Yun et al. have demonstrated the use of
radio-millimetric photometric redshift technique (Carilli & Yun
1999) as an effective means to provide the redshift support using
minimum additional data. A more thorough photometric redshift
analysis using all available photometry data can in principle pro-
vide a stronger support for the redshift discrimination.

The use of a full photometric redshift analysis for deriving a
unique redshift solution for an RSR spectrum is demonstrated in
Fig. Al. For this analysis, photometric data points from WISE (11
and 22 um), Herschel, AzZTEC, and VLA are analysed using the
template SEDs by Efstathiou et al. (2000). A minimum x? value
for an entire suite of template SEDs is computed at each grid point
in the redshift-luminosity parameter space, and a map of the mini-
mum 2 values is constructed. The overall best-fitting solution with
the overall minimum x? is shown as an asterisk in each panel, and
it is often close to one of the redshift solutions corresponding to a
CO line seen in the RSR spectrum. The dotted and solid contours
denote the 68 and 90 percentile confidence levels derived based
on the reduced x> values (Wall 1996), and a weighted likelihood
is used to select a unique redshift solution based on this analysis.
Vertical gaps and discontinuities in the confidence contours seen
in some panels are the artefacts arising from the WISE photome-
try points passing through the PAH emission line features in the
SED templates, which are generally not modelled very well by the
templates used. These WISE photometry provide useful constraint
on the photometric redshift for high-redshift dusty starbursts with
their characteristic red colour (see Yun et al. 2008, 2012), and in-

cluding these data is still helpful for narrowing down the acceptable
solutions, even with these apparent artefacts.

APPENDIX B: LINE WIDTH CORRECTION
FOR THE INSTRUMENTAL RESOLUTION

Unlike nearby spiral galaxies that are rotationally supported, many
high-redshift CO sources are thought to be at least partially pressure-
supported, and their CO line profiles are often characterized as a
Gaussian in shape. The frequency response of the RSR is also
roughly Gaussian. For a line with an intrinsic Gaussian width o,
the FWHM CO line width is Wy = 0¢p+/8In2. The measured CO
line then has a Gaussian width of o with an apparent line width of
W, = 0.4/81n2, which is the result of the intrinsic line width W,
convolved with the instrumental resolution of R = o+/8 In2. Since
0. = \/0¢ + o}, the intrinsic line width W, can be recovered as

Wo = 8(In2)oy

= 8(In2)y/02 — o}

2
= 8(In2)o. 11 — (‘L">
O,

C

R\2
We
The spectral channel width of 31.25 MHz translates to a velocity

resolution of R = 100 (%) kms~!, where vcg is the observed CO
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Figure C1. Best-fitting x 2 analysis for the modified blackbody models. The minimum 2 is marked with an asterisk while the 68 and 90 percentile confidence
levels are shown by a solid and dot—dashed contours (Wall 1996). A weak constraint on 7 is shown by the elongation of the confidence contours, and additional
photometry measurements just shortwards of the dust peak will be essential for an improved characterization of Ty.

line frequency in GHz. The CO line width AV reported in Table 2 is
the deconvolved line width W after correcting for the instrumental
spectral resolution of the RSR as shown here. The magnitude of
correction is small, <30 km s~', and is expected to be significantly
only when the line width is close to the spectral resolution.

APPENDIX C: MODIFIED BLACKBODY
MODEL

The dust mass estimates are highly dependent on the dust tempera-
ture distribution amongst the ISM. Yun & Carilli (2002) provide an
expression for a radio-to-FIR spectrum parametrized by SFR, dust
temperature, and luminosity distance in their equation 15. In order
to characterize the dust temperature for each source, we adapted
this equation to its relative functional form with dust temperature as
a free parameter. In modelling the RJ part of the dust spectrum, one
can adopt a value for v, the critical frequency at which the light
coming from the dust clouds becomes optically thick. We take v,
to be 2000 GHz (150 um) as in Yun & Carilli. The dust emissivity
index, B, is held fixed at a value of 1.8 to remain consistent with
the comparative analyses by Scoville et al. (2015). Typical values
for B with respect to SMGs range from 1.5 to 2.0 (see Scoville
etal. 2014). There are essentially two descriptors of the SED model
that uniquely characterize the best fit once a given value for 8 is
assumed: a normalization factor related to the total star formation
rate SFR, and the dust temperature 7.

(1.3 x 107%)(SFR)(1 + z)v3
Dﬁ[e0.048w)/Td —1]

Su(v) = [1—e 0/,

MNRAS 458, 4383-4399 (2016)

where vp = (1 + z)v is the frequency in the rest frame of the
object. A discrete range of normalization factors for each source
were recorded for every dust temperature sampled (ranging from
0.5-99.5 K with increments of 0.4 K) in order to compute min-
imum reduced x2 values. In order to track the internal degener-
acy between the normalization factor and dust temperature and to
effectively characterize the upper and lower limits, we produce a
two-dimensional plot given the normalization factor versus the rest-
frame dust temperature.

The resulting SED analyses for each sample galaxy are shown in
Fig. C1. The minimum y? is marked with an asterisk, and the 68 and
90 percentile confidence levels computed following Wall (1996) are
shown by a solid and dot—dashed contours. By modifying the Yun &
Carilli (2002) relation as adopted here, the term ‘SFR’ is no longer
a true estimate of star formation rate and is simply a scaling factor
instead. We explicitly compute IR luminosity (Ljg, 2 = 8—1000 pm)
from the best-fitting model and compute star formation rate using
the calibration by Kennicutt (1998) corrected for the Kroupa IMF.
The best-fitting modified blackbody model parameters and derived
quantities are reported in Table 4.

APPENDIX D: DUST MASS CALCULATION

Following Hildebrand (1983), the total dust mass detected with a
flux density of S, at the observed frequency v, located at a luminosity
distance of Dy is

S, D}
My= ——-—-,
KL’BU(T)
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where «, is the mass absorption coefficient and B, is the Planck
function,
2hv? 1

B,(T) = 2 AT _ 1"

Mass absorption coefficient «, is a major source of uncertainty,
arising from our poor understanding of the grain properties such as
density, size, shape, etc. (see Hughes, Dunlop & Rawlings 1997).
Several authors reviewed this subject and produced new estimates
with varying assumptions (e.g. James et al. 2002; Dunne et al.
2003), all falling within a factor of 2 of the Hughes et al. value
koo = 0.15 m? kg~!. Thus for our dust mass calculation we adopt

v

B
Kk, = 0.15 [ } m2kg_',

V800
where dust emissivity 8 = 1.8 is the same value used for the ISM
mass calculation in Section 6.2.2. We a caution that a systematic
uncertainly of up to a factor of 2 may result from this choice of «,,.
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For a galaxy at high-redshift z, we can rewrite the equation for
dust mass in terms of the measured flux density S, ops at the observed
frequency vops = Vrest/(1 + 2) as
_ Su,obs D[%

(1 + Z) Kv.oban,nbs(T)

My
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