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ABSTRACT

We study a sample of 61 submillimetre galaxies (SMGs) selected from ground-based surveys, with known spectroscopic redshifts and observed
with the Herschel Space Observatory as part of the PACS Evolutionary Probe (PEP) and the Herschel Multi-tiered Extragalactic Survey (HerMES)
guaranteed time key programmes. Our study makes use of the broad far-infrared and submillimetre wavelength coverage (100−600 μm) only made
possible by the combination of observations from the PACS and SPIRE instruments aboard the Herschel Space Observatory. Using a power-law
temperature distribution model to derive infrared luminosities and dust temperatures, we measure a dust emissivity spectral index for SMGs of
β = 2.0 ± 0.2. Our results unambiguously unveil the diversity of the SMG population. Some SMGs exhibit extreme infrared luminosities of
∼1013 L and relatively warm dust components, while others are fainter (a few times 1012 L ) and are biased towards cold dust temperatures.
Although at z ∼ 2 classical SMGs (>5 mJy at 850 μm) have large infrared luminosities (∼1013 L ), objects only selected on their submm flux
densities (without any redshift informations) probe a large range in dust temperatures and infrared luminosities. The extreme infrared luminosities
of some SMGs (LIR  1012.7 L , 26/61 systems) imply star formation rates (SFRs) of >500 M yr−1 (assuming a Chabrier IMF and no dominant
AGN contribution to the FIR luminosity). Such high SFRs are diﬃcult to reconcile with a secular mode of star formation, and may instead
correspond to a merger-driven stage in the evolution of these galaxies. Another observational argument in favour of this scenario is the presence
of dust temperatures warmer than that of SMGs of lower luminosities (∼40 K as opposed to ∼25 K), consistent with observations of local ultraluminous infrared galaxies triggered by major mergers and with results from hydrodynamic simulations of major mergers combined with radiative
transfer calculations. Moreover, we find that luminous SMGs are systematically oﬀset from normal star-forming galaxies in the stellar mass-SFR
plane, suggesting that they are undergoing starburst events with short duty cycles, compatible with the major merger scenario. On the other hand,
a significant fraction of the low infrared luminosity SMGs have cold dust temperatures, are located close to the main sequence of star formation,
and therefore might be evolving through a secular mode of star formation. However, the properties of this latter population, especially their dust
temperature, should be treated with caution because at these luminosities SMGs are not a representative sample of the entire star-forming galaxy
population.
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1. Introduction
Submillimetre (submm) observations probe the Rayleigh-Jeans
side of the blackbody emission of dust in galaxies. In that
regime, the dimming of the submm flux density of a galaxy
due to its cosmological distance is counterbalanced by the redshifting of its spectral energy distribution (SED). Consequently,
submm observations can trace galaxies with the same infrared
luminosities over a broad range of redshifts, and are thus a
very powerful tool for studying the cosmic star-formation history (Blain 1996). Unfortunately, most current deep submm surveys have spatial resolutions on the order of ten arcseconds. This
large beam size, combined with the steep submm number counts
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Tables 1–13 and Appendix A are available in electronic form at
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(e.g., Coppin et al. 2006), leads to a high level of confusion,
which ultimately limits the sensitivity of submm observations.
Submm surveys are therefore limited to the brightest sources
and submm-selected galaxies1 (SMGs; Smail et al. 1997; Barger
et al. 1998; Hughes et al. 1998; Blain et al. 2002, for a review)
have thus been primarily used for probing the most luminous tail
of the high-redshift star-forming galaxy population.
Substantial eﬀorts have been invested in high-resolution
multi-wavelength identifications of SMGs using (sub)mm, radio, mid- or near-infrared observations (e.g., Downes et al. 1999;
Dannerbauer et al. 2002; Ivison et al. 2002; Pope et al. 2005;
Bertoldi et al. 2007; Biggs et al. 2011). It has been found that
SMGs lie at high-redshift, z ∼ 2 (Hughes et al. 1998; Carilli &
Yun 1999; Barger et al. 2000; Smail et al. 2000; Chapman et al.
2005; Pope et al. 2006; Wardlow et al. 2011), and are massive
1
Note that here we use the term SMGs to refer to sources selected by
ground-based facilities in the 850–1200 μm window.
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systems (M∗ ∼ 1010 −1011 M , Swinbank et al. 2004; Tacconi
et al. 2006, 2008; Hainline et al. 2011). Extrapolation of their
infrared luminosities (LIR ) from submm, radio or mid-infrared
observations, have shown that SMGs are extremely luminous
(LIR (8−1000 μm) > 1012 L ; e.g., Chapman et al. 2005; Pope
et al. 2006, 2008; Kovács et al. 2006, 2010). Their infrared luminosities are mainly powered by star-formation rather than by
active galactic nucleus (AGN) activity (Alexander et al. 2005;
Lutz et al. 2005; Valiante et al. 2007; Menéndez-Delmestre et al.
2007; Pope et al. 2008; Menéndez-Delmestre et al. 2009; Laird
et al. 2010), and correspond to star-formation rates (SFRs) of a
few 100 s to few 1000 s of M yr−1 . The most luminous SMGs
are therefore peculiar galaxies because their SFRs are higher
than that of typical galaxies of similar mass at similar redshift
(Daddi et al. 2007b). Interferometric observations of their CO
molecular gas suggest that the most luminous z ∼ 2 SMGs (flux
density at 850 μm, S 850 > 5 mJy) are major mergers in various
stages, characterised by compact or very disturbed CO kinematics/morphologies (Tacconi et al. 2006, 2008; Engel et al. 2010;
Bothwell et al. 2010). The gas to total baryonic mass fraction of
SMGs is comparable to that of typical galaxies at the same redshift (30–60%; Tacconi et al. 2008, 2010), implying that SMGs
have higher star-formation eﬃciencies (Daddi et al. 2008, 2010;
Genzel et al. 2010). Finally, although the comoving volume density of SMGs with S 850 > 5 mJy is low (∼10−5 Mpc−3 ; Chapman
et al. 2005), their contribution to the SFR density of the Universe
at z ∼ 2 is ∼10% (Chapman et al. 2005).
Based on these derived properties, a picture of the nature of the most luminous SMGs has emerged. SMGs with
S 850 > 5 mJy are thought to exhibit very intense short-lived
star-formation bursts, triggered by mergers, and to be the highredshift progenitors of local massive early-type galaxies (Lilly
et al. 1999; Swinbank et al. 2006; Daddi et al. 2007a,b; Tacconi
et al. 2008; Cimatti et al. 2008). In that picture, SMGs belong
to a class of galaxies oﬀset from the so-called “main sequence
of star-formation” which links the SFRs and stellar masses of
normal star-forming galaxies (SFGs) over a broad range of redshifts (Noeske et al. 2007; Daddi et al. 2007b; Elbaz et al. 2007;
Pannella et al. 2009; Rodighiero et al. 2010, 2011). The existence of this main sequence of star-formation is usually interpreted as evidence that the bulk of the SFG population is forming stars gradually with a long duty cycle, likely sustained by
the accretion of cold gas from the intergalactic medium (IGM)
and along the cosmic web (Dekel et al. 2009; Davé et al. 2010).
Occasional major merger events create extreme systems with intense short-lived starbursts, like SMGs, which are oﬀset from
the main sequence of star-formation and which likely evolve into
“red and dead” galaxies.
The picture of SMGs as a homogeneous population of major mergers has now been weakened by new observational constraints. The (sub)mm selection method does not correspond
to a perfect bolometric selection but rather selects galaxies in
the T dust − LIR parameter space favouring, at low infrared luminosities, galaxies with colder dust temperature (Chapman et al.
2005; Magnelli et al. 2010). Thus, current SMG samples can
contain a significant fraction of relatively low luminosity galaxies with cold dust temperature, i.e., galaxies with lower SFRs
in the main sequence regime. The diversity of the SMG population is also supported by high-resolution observations. Some
submm sources are actually composed of two galaxies (with normal ongoing star-formation) which are soon to merge and are observed as one submm source because of the large submm beam
(Younger et al. 2009; Kovács et al. 2010; Wang et al. 2011).
Finally, constraints from simulations also support this diversity.
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While simulations of major mergers are able to reproduce the extreme SFRs of bright SMGs (Chakrabarti et al. 2008; Narayanan
et al. 2010; Hayward et al. 2011), there might be issues (depending on the exact merger condition needed to create these
properties) to match the comoving volume density of SMGs
using the high-redshift major merger rates (Davé et al. 2010).
Thus, Davé et al. (2010) have tried to reproduce the properties of SMGs using hydrodynamic simulations in a cosmological context. Their simulations cannot simultaneously reproduce
the measured SFRs and comoving densities of SMGs, because
the bulk of their simulated SMGs evolve secularly and exhibit
lower SFRs than those inferred from observations (by a factor ∼2–3). These results are also consistent with those of semianalytic models which have great diﬃculties accounting simultaneously for the measured luminosities/SFRs and number counts
of SMGs (Baugh et al. 2005; Swinbank et al. 2008).
Due to all these diﬃculties some questions remain: How homogenous is the SMG population? Have SMG luminosities been
overestimated? What triggers their SFRs?
One of the ingredients needed to shed light on the nature
of SMGs is direct and robust measurements of their infrared
luminosities and SEDs. Indeed, while SMGs have been studied at all wavelengths, in most cases their infrared luminosities are still based on large extrapolations from radio, submm
or mid-infrared observations. Using 350 μm SHARC-2 observations, Kovács et al. (2006, 2010) provided more robust estimates of the infrared luminosity of a handful of SMGs. However,
these studies still lacked rest-frame far-infrared observations on
both sides of the peak of the SEDs. Using observations by the
1.8-m Balloon-borne Large Aperture Submillimetre Telescope
(BLAST) at 250, 350, 500 μm, Chapin et al. (2011) studied the
far-infrared SED of SMGs at its peak and thus robustly constrained their dust temperatures. Nevertheless, this study was
limited to a relatively small SMG sample (23 sources with spectroscopic redshift estimates) and suﬀered from observations with
large beam size (i.e., ∼19 at 250 μm). Now, thanks to the advent of the Herschel Space Observatory (Pilbratt et al. 2010), we
can go further in the analysis of the far-infrared SED of SMGs.
Using deep observations at 100 and 160 μm by the Photodetector
Array Camera and Spectrometer (PACS; Poglitsch et al. 2010)
onboard the Herschel Space Observatory, Magnelli et al. (2010)
estimated the infrared luminosities and dust temperatures of
a small sample of SMGs (17 sources). Soon after, Chapman
et al. (2010) provided similar estimates using deep observations
at 250, 350 and 500 μm using the Spectral and Photometric
Imaging REceiver (SPIRE; Griﬃn et al. 2010) also on Herschel.
Both studies revealed the diversity of the SMG population and
its bias, with respect to a bolometric selection, towards galaxies
with cold dust temperature. Some galaxies exhibit extreme infrared luminosities of ∼1013 L and relatively warmer dust components, while others have much lower luminosities (i.e., a few
1012 L ) and colder dust components.
After more than two years of operation, Herschel has now
produced deep observations of the most widely studied blank
and lensed extragalactic fields. These combined new PACS and
SPIRE data provide for the first time a wide coverage of the farinfrared SEDs of a large sample of SMGs, allowing us to go
further in our understanding of their properties. Our results unambiguously reveal the true infrared luminosity of SMGs and
can be used to test the quality of pre-Herschel estimates based on
monochromatic extrapolations. These infrared luminosities and
dust temperatures also shed light on the diversity of this population and can be used to test the diﬀerent modes of star formation that could power their luminosities. Finally using the large
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wavelength coverage provided by the Herschel observations, we
can constrain the dust emissivity spectral index, β, of SMGs.
Here, we use PACS and SPIRE data for a sample of 61 SMGs
with known spectroscopic redshifts to provide an insight into the
properties and nature of the SMG population. A comprehensive
analysis of the complete SMG samples in the fields studied here
will be the subject of other papers.
The paper is structured as follows. In Sect. 2 we present the
Herschel data used in our study. Section 3 presents our Herscheldetected SMG sample with known spectroscopic redshifts and
discusses the selection function of this sample. Section 4 is dedicated to SED analysis, describing how we have derived dust temperatures and infrared luminosities using a single-temperature
modified blackbody model and a power-law temperature distribution model. We consistently refer to temperatures as T dust if
based on a β = 1.5 modified blackbody, and T c for the minimum
temperature in the power-law distribution model. Scientific conclusions drawn from these estimates are discussed in Sect. 5 and
in Sect. 6 we discuss the nature of SMGs. Finally, we summarize
our findings in Sect. 7. Throughout the paper we use a cosmology with H0 = 71 km s−1 Mpc−1 , ΩΛ = 0.73 and ΩM = 0.27. A
Chabrier (2003) initial mass function (IMF) is always assumed.

2. Observations
In this study, we used deep PACS 70, 100 and 160 μm and SPIRE
250, 350 and 500 μm observations provided by the Herschel
Space Observatory. PACS observations were taken as part of
the PACS Evolutionary Probe (PEP2 ; Lutz et al. 2011) guaranteed time key programme, while the SPIRE observations were
taken as part of the Herschel Multi-tiered Extragalactic Survey
(HerMES3 ; Oliver et al. 2012). These two large key programmes
are structured as “wedding cakes” (i.e., with large area wide surveys and smaller pencil beam deep surveys) and include many
widely studied blank and lensed extragalactic fields. Many of
these fields being common to both programmes, their combination provides an unique and powerful tool to study the SED
of galaxies over a broad range of wavelength. The PEP and
HerMES surveys and data reduction methods are described in
Lutz et al. (2011) and Oliver et al. (2012) and references therein,
respectively. Here, we only summarise the properties relevant for
our study.
From the PEP and HerMES programmes, we used the observations of the Great Observatories Origins Deep SurveyNorth (GOODS-N) and -South (GOODS-S) fields, the Lockman
Hole (LH) field, the Cosmological evolution survey (COSMOS)
field and the lensed fields Abell 2218, Abell 1835, Abell
2219, Abell 2390, Abell 370, Abell 1689, MS1054, CL0024
and MS045. Table 1 summarises the main properties of these
fields. Herschel flux densities were derived with a point-spreadfunction-fitting analysis guided using the position of sources detected in deep 24 μm observations from the Multiband Imaging
Photometer (MIPS; Rieke et al. 2004) onboard the Spitzer Space
Observatory. This method has the advantage that it deals with a
large part of the blending issues encountered in dense fields and
providing a straightforward association between MIPS, PACS
and SPIRE sources. This MIPS-24 μm-guided extraction is also
very reliable for the purpose of this study, because here we focus
on a subsample of SMGs which already have, for the most part,
a MIPS-24 μm identification (e.g., Hainline et al. 2009).
2
3
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In PEP, prior source extraction was performed using the
method presented in Magnelli et al. (2009), while in HerMES
it was performed using the method presented in Roseboom et al.
(2010), both consortia using consistent MIPS-24 μm catalogues.
In GOODS-N and -S, we used the GOODS MIPS-24 μm catalogue presented in Magnelli et al. (2009, 2011) reaching a 3σ
limit of 20 μJy. In the LH, we used the MIPS-24 μm catalogue
provided by a Spitzer legacy programme (PI: E. Egami), reaching a 3σ limit of 30 μJy (Egami et al., in prep.). In COSMOS,
we used the latest MIPS-24 μm catalogue available, reaching a
3σ limit of 45 μJy (Le Floc’h et al. 2009). In the lensed fields,
we used the public MIPS-24 μm observations (PI: G. Rieke).
The data processing and catalogue extraction follow the standard
MIPS processing with some improvements, this is described in
more detail in Valtchanov et al. (in prep.). In the central region
these MIPS-24 μm data reaches a 1σ limit of ∼20–100 μJy depending on the cirrus contamination (e.g., Marcillac et al. 2007;
Bai et al. 2007). Using all these MIPS-24 μm source positions
as prior, we created our PACS and SPIRE catalogues. The reliability, completeness and contamination of our PACS and SPIRE
catalogues were tested via Monte-Carlo simulations (see Lutz
et al. 2011; Oliver et al. 2012 for details). All these properties are
given in Berta et al. (2011) and Roseboom et al. (2010). Table 1
only summarises the depth of all these catalogs.
We note that the SPIRE prior catalogues reach a 3σ limit of
∼10 mJy, ∼12 mJy and ∼15 mJy at 250, 350 and 500 μm, respectively, while the formal 3σ extragalactic confusion limits at these
wavelengths are 14.4 mJy, 16.5 mJy and 18.3 mJy (Nguyen et al.
2010). Sources detected below these formal 3σ confusion limits
should thus be treated with caution. In our specific SMG sample
(with robust spectroscopic redshift estimates), only a small fraction of galaxies has SPIRE measurements below these formal
confusion limits (less than 10%). For these sources, we follow
the prescription of Elbaz et al. (2010), i.e., we take advantage of
the higher spatial resolution of the MIPS-24 μm observations to
flag some galaxies as more “isolated” than others and for which
SPIRE flux densities can potentially be more robust. Using this
diagnostic, we conclude that in our final SMG sample only three
sources (i.e., 5% of our sample) have SPIRE measurements potentially aﬀected by confusion. While useful, we note that this
diagnostic might not be fully reliable in fields where only shallow MIPS-24 μm observations are available. In our case, only
the COSMOS field can significantly be aﬀected by this limitation and in this field none of our SMGs only relies on SPIRE
flux densities below the formal 3σ confusion limit.

3. Galaxy sample
In order to infer dust temperatures, infrared luminosities and
more generally dust properties, we have to rely on SMGs
with robust redshift estimates obtained through secure multiwavelength identifications. In this section, we present the construction of such a sample and discuss its selection function.
In every field the construction of our sample follows three
steps. (i) First, we search in the literature for samples of SMGs,
i.e., galaxies selected by ground-based facilities in the 850–
1200 μm window, with robust multi-wavelength identifications
and spectroscopic redshift estimates. In some of our fields,
more than one such SMG sample were available. For example
in GOODS-N, multi-wavelength identification of Submillimetre
Common User Bolometer Array (SCUBA; Holland et al. 1999)
and AzTEC (Wilson et al. 2008) sources have been separately
published. In that case, we cross-match these samples using
a matching radius of 9 (i.e., about the half-width at half
A155, page 3 of 35
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maximum, HWHM, of the submm observations4) and keep,
for sources presented in more than one sample, the more secure multi-wavelength identifications (i.e., the one with the lowest probability, P, of chance association, Downes et al. 1986).
(ii) We complement the far-infrared SED coverage of the SMGs
defined in step (i) by searching for their submm/mm counterparts
in all blind catalogues available (i.e., catalogues with no multiwavelength identifications). In this step we again use a matching radius of 9 . (iii) Finally, we cross-match the SMG sample
defined in step (i) (and which SED coverage has been complemented in step (ii)) with our MIPS-PACS-SPIRE catalogues.
In this step we use the optical, MIPS or radio positions of the
SMGs, the MIPS-24 μm positions from our MIPS-PACS-SPIRE
catalogues and a matching radius of 3 (i.e., corresponding to
the MIPS-24 μm HWHM).
Some of our SMGs with robust spectroscopic redshift estimates might correspond to a PACS/SPIRE detection missed by
our source extraction method because of a lack of a MIPS-24 μm
prior. For that reason, we visually check in our PACS/SPIRE images that the absence of a PACS/SPIRE detection was not due to
a lack of a MIPS-24 μm prior. We find no such cases.
3.1. GOODS-N

In GOODS-N, we use the multi-wavelength identification of
SCUBA-850 μm sources made by Pope et al. (2006, 2008)5
using data and redshift informations mainly from Borys et al.
(2003) and Chapman et al. (2005). We also use the multiwavelength identification of AzTEC-1.1 mm sources made by
Chapin et al. (2009). From the Pope et al. sample we only use
the SMGs with spectroscopic redshift estimates.
From the AzTEC sample of Chapin et al., we only keep the
two sources with robust spectroscopic redshifts that are not detected by SCUBA (i.e., not already included in the Pope et al.
sample). We complement the Pope et al. sample with AzTEC
flux densities when available.
Greve et al. (2008) present the Max Planck Millimeter
Bolometer (MAMBO, at 1.2 mm) observations of the GOODSN field. Some of these MAMBO sources have robust radio identifications in this paper but the corresponding radio positions are
not provided. Consequently we only consider MAMBO counterparts of our SCUBA and AzTEC sources.
This sample of 25 SMGs with robust redshift estimates is
cross-matched with our MIPS-PACS-SPIRE multi-wavelength
catalogue. Fourteen SMGs are detected in at least one of the
PACS-SPIRE bands. Among those 14 sources, 10 are detected
by both PACS and SPIRE, 3 are only detected with SPIRE and
1 only detected with PACS. The final sample of 14 SMGs in
GOODS-N is presented in Tables 3 and 4.
Four SMGs are detected only in the SPIRE-250 μm band
with flux density below the formal 3σ confusion limit, namely,
GN5, GN15, GN20 and GN20.2. For these four sources we compute their “cleanness” index as defined in Elbaz et al. (2010), i.e.,
sources are defined as “isolated” if they have at most one MIPS24 μm neighbour within 20 with S 24 > 50% of the central
MIPS-24 μm source. Among those four sources, one is found
4
This radius also corresponds to the 3σpos positional error of submm
observations (σpos ∼ FWHM/(2 × SN)), assuming that the bulk of our
submm detections has a signal to noise ratio (SN) of ∼3.
5
For GN05 we use the spectroscopic redshift revised in Pope et al.
(2008); for GN20 and GN20.2 we use the spectroscopic redshifts revised in Daddi et al. (2009a,b); and finally for GN07 we use the redshift
from Chapman et al. (2005).
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to be “isolated” and hence with robust SPIRE measurements
(GN15). Therefore, results derived for GN5, GN20 and GN20.2
have to be treated with caution.
3.2. GOODS-S

In GOODS-S we use the multi-wavelength identification of
sources observed by the Large APEX Bolometer Camera
(LABOCA) ECDFS Submm Survey at 870 μm (LESS; Weiß
et al. 2009b), as presented by Biggs et al. (2011). This sample
contains 75 SMGs robustly associated to MIPS, radio and optical counterparts but only 15 are situated in the deep GOODS-S
field observed by Herschel6 . Redshift information is taken from
zLESS (Danielson et al., in prep.) which provides spectroscopic
follow-up of the Weiß et al. sources.
Scott et al. (2010) presented the AzTEC observations of the
GOODS-S field, but no multi-wavelength identifications of these
sources are available.
This yielded seven SMGs with robust spectroscopic redshift estimates. This sample is then cross-matched with our
MIPS-PACS-SPIRE multi-wavelength catalogue. These seven
SMGs are all detected in at least one PACS/SPIRE band. Multiwavelength properties of these seven SMGs are presented in
Tables 5 and 6.
3.3. Lockman hole (LH)

In LH, we start from the multi-wavelength identifications of 44
SCUBA HAlf Degree Extragalactic Survey (SHADES; Coppin
et al. 2006) sources made by Ivison et al. (2007). Eleven
have a spectroscopic redshift in Chapman et al. (2005). These
SCUBA sources were associated in Ivison et al. (2007) with their
MAMBO counterparts (Greve et al. 2004). We also used the
AzTEC counterparts of these sources provided in Austermann
et al. (2010).
Chapman et al. (2005) provide redshift information for two
additional SCUBA SMGs that are not in the Ivison et al. sample
(SMMJ105225.79+571906.4 and SMMJ105238.19+571651.1).
The absence of these two SMGs in this sample could be explained by their low S/N submm detections. We decided to include those two galaxies in our sample of SMGs with robust
redshift estimates.
Recently, Coppin et al. (2010) derived the spectroscopic
redshifts of six SMGs using the PAH signatures observed
in the Spitzer-IRS spectra. This study added one SHADES
source (LOCK850.15) and four AzTEC sources (AzTEC.01,
AzTEC.05, AzTEC.10 and AzTEC.62) to our SMG sample.
This study also revised the redshift of LOCK850.01 from z =
2.148 to z = 3.38. We adopt this new redshift because previous
estimates were based on the spectroscopic follow-up of a galaxy
∼3 away from the radio counterpart of this submm source.
The resulting sample of 18 SMGs with robust redshift estimates was cross-matched with our MIPS-PACS-SPIRE multiwavelength catalogue. Fifteen are detected in at least one of
the PACS/SPIRE bands. Tables 7 and 8 present the multiwavelength properties of this subsample.
6

PEP and HerMES have both observed the Extended Chandra Deep
Field South. These observations are shallower than those of GOODS-S
and are not used in this analysis.
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3.4. COSMOS

In the COSMOS field we use the multi-wavelength identification of LABOCA and MAMBO sources carried out by Aravena
et al. (in prep.) and Bertoldi et al. (2007), respectively. From
the Aravena et al. sample we only keep sources with radio
identifications. This limits our sample to 46 SMGs out of the
163 LABOCA sources. In the Bertoldi et al. sample there are
27 MAMBO sources with robust radio identifications. Among
those sources, nine are already included in the Aravena et al.
sample. For those sources we keep the radio identification obtained by Aravena et al. because it is based on the latest version
of the deep COSMOS radio catalogue.
We cross-match this sample of 64 SMGs with the AzTEC
catalogue of Scott et al. (2008), which has no multi-wavelength
identifications. AzTEC sources with no LABOCA or MAMBO
counterparts but with Submillimeter Array (SMA) follow-up
(Younger et al. 2007, 2009) are included in our sample (i.e.,
5 sources).
Capak et al. (in prep.) provide redshift follow-up for some
of these 69 SMGs with robust multi-wavelength identifications.
So far this spectroscopic follow-up programme has obtained redshift estimates for 15 of these SMGs.
These 15 SMGs with robust redshift estimates are crossmatched with our MIPS-PACS-SPIRE multi-wavelength catalogue yielding 11 SMGs detected in at least one of the
PACS/SPIRE bands. Tables 9 and 10 present the multiwavelength properties of this subsample.
3.5. Cluster fields

We gather from the literature a sample of well-known lensed
SMGs with both spectroscopic redshifts and lensing magnification estimates. In the A2218 field, our SMG sample is assembled from Kneib et al. (2004) and Knudsen et al. (2006, 2008)
and contains six lensed sources. Among these six lensed sources,
three correspond to the same lensed galaxy (SMMJ16359+6612;
Kneib et al. 2004). In A1835, submm observations are taken
from Ivison et al. (2000). The redshift of SMMJ14011+0252 is
also taken from Ivison et al. (2000), while the redshift estimate
of SMMJ14009+0252 is from Weiß et al. (2009a). In MS0451
and A2219, submm observations are taken from Chapman et al.
(2002). Each field contains only one lensed SMG with both spectroscopic redshifts and lensing magnification estimates, namely,
SMMJ16403+4644 and SMMJ04554+0301 (Rigby et al. 2008;
Borys et al. 2004, respectively). In MS1054, we use submm observations and redshift information provided in Knudsen et al.
(2008, SMMJ10570-0336). For A1689, we use submm observations and lensing magnification estimates from Knudsen et al.
(2008, SMMJ13115-1208) while redshift informations are from
Rigby et al. (2008). Finally in CL0024, A2390 and A370 submm
observations are taken from Smail et al. (2002). The redshift
of SMMJ00266+1708 comes from Valiante et al. (2007), the
redshift of SMMJ02399-0136 comes from Ivison et al. (1998;
see also Lutz et al. 2005) and the redshift of SMMJ02399-0134
comes from Smail et al. (2002). For SMMJ21536+1742 we use
Barger et al. (1999) (K3 counterpart; Frayer et al. 2004).
All but one of these sixteen lensed SMGs have been detected
in at least one of the PACS/SPIRE bands. Because these galaxies
are magnified, their mid-to-far infrared fluxes are de-magnified
prior to further analysis using magnification factors from the literature. Tables 11 and 12 present our lensed SMG sample.
The infrared luminosities of our lensed SMGs strongly depend on their magnification factors. These factors are estimated

from complex lens models, constrained by the many lensed features seen in these clusters. We adopt a characteristic error of
20% on their luminosities to account for uncertainties in the lens
models.
3.6. SMGs with multiple counterparts

Our SMG sample contains 62 sources detected by PACS/SPIRE
and with secure spectroscopic redshift estimates. Among
these 62 SMGs, eleven have multiple optical/radio/MIPS
counterparts. Six of them (GN04, GN07, GN19, GN39,
AzTECJ100008+024008 and MAMBO11) are treated as one
single system because they are assumed to be interacting galaxies. The optical counterparts of GN19 and GN39 are spectroscopically confirmed to lie at the same redshift (Chapman et al.
2005; Swinbank et al. 2004) and the optical counterparts of
GN04 and GN07 exhibit IRAC photometry consistent with both
optical sources being at the same redshift. The optical counterpart of MAMBO11 without any spectroscopic redshift estimate (MAMBO11W) has a photometric redshift supporting
the assumption of an interacting system (Bertoldi et al. 2007).
AzTECJ100008+024008 has two SMA counterparts within the
submm beam with consistent redshifts (Younger et al. 2009).
Because these multiple counterparts are thought to be part of an
interacting system, to derive the dust properties of these galaxies
we sum the mid-infrared, far-infrared and radio flux densities of
their optical/radio/MIPS counterparts.
For four SMGs we have a spectroscopic follow up for only
one of their multiple MIPS/radio counterparts, LOCK850.03,
LOCK850.04, LOCK850.15 and LESS10, namely. Thus we cannot assess whether these galaxies are interacting systems. We assume that only the source with a redshift estimate significantly
contributes to the submm and far-infrared flux-densities. This assumption is supported by the fact that the MIPS-24 μm and radio
flux densities of these sources agree with the infrared luminosities derived from their far-infrared/submm flux densities. The
inclusion or exclusion of these four sources would not change
the conclusions of our study.
LOCK850.41 has two robust radio counterparts coinciding
with two MIPS-24 μm sources. Spectroscopic follow-up of these
counterparts shows that they do not correspond to an interacting system, one galaxy is situated at z = 0.689 (MenéndezDelmestre et al. 2009) and the other at z = 0.974 (Coppin et al.
2010). IRS observations show that while the low redshift galaxy
exhibits strong PAH signatures, the galaxy situated at z = 0.974
has a continuum-dominated mid-infrared spectrum with no visible PAH features, consistent with an AGN classification. This
suggests that the high-redshift galaxy has very low ongoing
star-formation, incompatible with bright far-infrared and submm
emission. However, because this assumption is still highly uncertain, we decide to remove this source from our final sample.
3.7. Stellar mass estimates

Due to the significant obscuration at rest-frame optical wavelengths, and to the possible presence of a rest-frame near-IR
continuum excess in numerous SMGs (Hainline et al. 2011), the
determination of the stellar mass of SMGs is still highly debated.
For example, diﬀerent assumptions about the star-formation history or about the contribution of an AGN to the rest-frame nearIR continuum excess could lead to systematic variations in the
median stellar mass estimates of SMGs of more than a factor 2
(see Hainline et al. 2011; Michałowski et al. 2010, 2011). Due to
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all these diﬀerent methods and assumptions, it was impossible to
find stellar masses homogeneously derived for all our SMGs in
the literature. Therefore, we decided to infer the stellar masses
of our SMGs using a single method. We would like to stress that
resolving the problem of the stellar mass estimates of SMGs is
beyond the scope of this paper. The absolute values of our estimates might not be fully reliable, but the fact that we are using a
homogeneous method and assumptions over our sample should
provide a good tool to study relative variations in stellar mass.
Lensed SMGs are not considered in that study because of the difficulty to obtain coherent optical-to-near infrared data for these
galaxies, making any stellar mass estimates very uncertain.
Optical-to-near-infrared photometry was obtained using the
radio or optical positions of our SMGs. In GOODS-N and
COSMOS, we used the multi-wavelength catalogue built by the
PEP consortium and presented in Berta et al. (2010, 2011). In
GOODS-S, we used the MUSIC catalogue (Santini et al. 2009)
and the optical-to-near-infrared photometry of SMGs presented
in Wardlow et al. (2011). In the LH field, we used the opticalto-near-infrared photometry of SMGs presented in Dye et al.
(2008) and Coppin et al. (2010). Stellar masses were then calculated by fitting the multi-wavelength photometry to Bruzual
& Charlot (2003) templates through a χ2 minimization, using
the method described in Fontana et al. (2004) and updated as
in Santini et al. (2009). We looked at all fits and rejected those
sources with problematic fits. Among the 46 SMGs considered
in this study (all our blank field SMGs), 39 SMGs have good
optical-to-near-infrared SED fits. The stellar masses of these 39
SMGs are provided in Table 13. In the LH field, we find that
our stellar mass estimates are in perfect agreement with results
from Hainline et al. (2011). The agreement between our findings
is encouraging because CO observations and dynamic mass arguments (Engel et al. 2010) favour these lower stellar mass estimates, more consistent with the findings of Hainline et al. (2011)
than those of Michałowski et al. (2010). The median log(M∗ ) of
10.86 for our sample is also fully consistent with log(M∗ ) ∼ 11.0
for SMGs estimated from the SMG halo mass of Hickox et al.
(2012), using the conversion to stellar mass by Moster et al.
(2010).
3.8. Final sample and selection biases

Our final SMG sample contains 61 sources detected by
PACS/SPIRE and with secure spectroscopic redshift estimates.
Because this sample requires MIPS detections, PACS or SPIRE
detections and robust redshift estimates, it is aﬀected by several selection biases. Previous studies have already discussed
the biases introduced by (sub)mm observations and/or SPIRElike (i.e., BLAST) observations (e.g., Casey et al. 2009; Chapin
et al. 2011; Symeonidis et al. 2011) but none of them have examined our peculiar selection function. In this section we list
all our selection biases and try to estimate how representative
our sample is of the SMG population and more generally of the
high-redshift star-forming galaxy population. Here, we only focus on the blank field SMG population because lensed SMGs are
aﬀected by more complex selection function depending on their
positions with respect to the foreground lenses.
Because (sub)mm and far-infrared surveys observe the thermal emission of dust they are limited, at a given redshift, in the
range of infrared luminosities and dust temperatures probed. In
order to quantify these selection biases we studied the T dust − LIR
parameter space reachable with our far-infrared, submm and radio observations. For that purpose we took a model describing the far-infrared SED of SMGs (a power-law temperature
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distribution parameterized with T c , i.e., the temperature of the
coldest dust component of the model, see Sect. 4.2) and estimated for each point of the T c − LIR parameter space its detectability by the PACS (100 μm or 160 μm but mainly by the
160 μm band), SPIRE (250 μm, 350 μm or 500 μm but mainly
by the 250 μm band) and SCUBA (850 μm) instruments. Then,
in order to compare these estimates with the local T dust −LIR relation derived by Chapman et al. (2003) using a single temperature
optically thin modified blackbody model, we simply converted
T c into T dust with T c = 0.6 × T dust + 3 K (see Sect. 4.2.2 and
Fig. 5). This study cannot be directly performed using a single
temperature optically thin modified blackbody function because
that model cannot reproduce the PACS 100 μm measurements
sometimes dominated by warmer or transiently heated dust components (see Sect. 4.1). For the radio detectability we used the
local far-infrared/radio correlation7 (Helou et al. 1988; Yun et al.
2001) and for the MIPS-24 μm detectability we used the Chary
& Elbaz (2001) templates8 . In this exercise we used the typical
3σ limits of GOODS-N observations, i.e., 20 μJy, 3 mJy, 6 mJy,
10 mJy, 12 mJy, 12 mJy, 3 mJy and 15 μJy at 24 μm, 100 μm,
160 μm, 250 μm, 350 μm, 500 μm, 850 μm and 1.4 GHz, respectively. The left panel of Fig. 1 shows the selection limits observed in the GOODS-N field. To obtain the selection functions
of the other fields, one would simply shift the lines of Fig. 1 towards higher infrared luminosities according to the depth of the
observations with respect to the GOODS-N field (see Table 2).
The first selection bias introduced in our SMG sample come
from the (sub)mm detections. This selection bias is almost redshift independent, but selects, at a given infrared luminosity,
only galaxies with cooler dust. The bias decreases at high infrared luminosities where submm observations probe a large
range in dust temperature. In fields where (sub)mm observations are shallower than in GOODS-N9 , these selection functions shift towards higher infrared luminosities. Nevertheless,
shallow (sub)mm observations would still probe, at high infrared luminosities, a large dynamic range in dust temperature.
Therefore, assuming that the local T dust − LIR relation holds
at high redshift (e.g., Hwang et al. 2010; Chapin et al. 2011;
Marsden et al. 2011), and extrapolating it towards higher infrared luminosities, we can assume that at high luminosities
(LIR  1012.5 L ), SMGs are a representative sample of the underlying star-forming galaxy population.
The second selection bias aﬀecting our sample comes from
the necessity of having robust redshift estimates. This requirement translates into accurate positions and multi-wavelength
identifications mainly obtained via radio observations (among
the 69 SMGs with redshift estimates in our blank fields, 59 have
been identified using radio observations while only 5 have been
7

In Sect. 5.1 we find that the parameterization of the far-infrared/radio
correlation, q, is slightly lower in our SMG sample than in the local
universe, q = 2.0 versus q = 2.34. However, here, we prefer to
use the local value of q because our sample cannot be used to fully
constrain this parameter. This is a conservative approach because using
a lower value of q one would decrease the selection bias introduced
by radio observations, i.e., radio observations could reach lower infrared
luminosities at a given redshift.
8
In Sect. 5.1 we find that the infrared luminosities estimated from the
MIPS-24 μm fluxes densities and the Chary & Elbaz (2001) library are
overestimated. Therefore, in this exercise, the use of the Chary & Elbaz
(2001) library is a conservative approach because at high-redshift the
MIPS-24 μm observations could reach even lower infrared luminosities.
9
One can convert the MAMBO or AzTEC flux density limits into
its corresponding SCUBA-850 μm flux density limit using the RaleighJeans approximation.
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Fig. 1. (Left) Selection limits introduced in the T dust − LIR parameter space by single-wavelength detection techniques. Continuous, dashed,
dotted-dashed, triple-dotted-dashed and dotted lines show the lower limits on LIR introduced by the submm, PACS, SPIRE, MIPS-24 μm and radio
observations, respectively, at z = 1.5 (thin blue lines) and at z = 2.5 (thick red lines). The parameter space reachable by a given single-wavelength
detection technique corresponds to the area situated to the right of the lines. As an example, the red arrows show the parameter space probed at
z ∼ 2.5 by our GOODS-N SMG sample. The shaded area shows the local T dust − LIR relation found by Chapman et al. (2003), linearly extrapolated
to 1013 L . The striped area presents results for SMGs extrapolated by Chapman et al. (2005) from radio and submm data. (Right) The hatched
histogram shows the redshift distribution of our PACS/SPIRE detected SMG sample. The empty histogram shows the redshift distribution of its
parent sample, i.e., SMGs with robust redshift estimates obtained through secure multi-wavelength identifications.

identified using MIPS-24 μm observations and 5 using SMA observations). Radio observations probe the synchrotron emission
of galaxies and suﬀer from positive k-corrections, independent
of the dust temperature. This biases our sample towards higher
infrared luminosities as the redshift increases (see dotted lines
in the left panel of Fig. 1). The redshift estimates of these radio sources, obtained mainly through optical spectroscopy, introduce additional selection biases. For example, just for feasibility of the optical spectroscopy in a reasonable amount of
time and/or success of detection, SMGs with spectroscopic redshifts might be biased towards optically-bright SMGs (see e.g.,
Chapman et al. 2005) and are also likely to have a higher incidence of strong emission lines than typical SMGs. In addition, spectroscopic follow up of SMGs might also miss some
objects at 1.2 < z < 1.8 (namely the “redshift desert”), due to
the lack of strong emission lines in the rest-frame wavelength
range observed by ground-based spectroscopic instruments (see
e.g., Chapman et al. 2005). All these selection biases are very
diﬃcult to quantify because they depend on the follow-up strategy used. Here, using a Kolmogorov-Smirnov (KS) analysis, we
simply verify that the radio and submm flux density distribution
of SMGs with spectroscopic redshift is consistent with that of
its parent sample, i.e., SMGs with radio counterparts. This suggests that the spectroscopic follow-up of radio-identified SMGs
does not introduce strong biases towards any particular infrared
luminosity or dust temperature. On the contrary, we find that
the distribution of submm to radio flux ratio of the SMGs with
spectroscopic redshift is diﬀerent than that of its parents sample
(only 30% of chance for being drawn from the same distribution). Because the submm to radio flux ratio has been used as a
redshift indicator by many early works (e.g., Carilli & Yun 1999;
Chapman et al. 2005), we conclude that spectroscopic follow-up
of SMGs might be slightly biased towards low redshift galaxies.
However, in terms of luminosities and dust temperatures, we assume that at high infrared luminosities (LIR  1012.5 L ), SMGs
with robust spectroscopic redshift estimates are still a good representation of the underlying SMG population and therefore of
the entire high luminosity star-forming galaxy population. At

low infrared luminosities, however, SMGs with redshift estimates represent a subsample of SMGs biased towards lower redshift galaxies, essentially because of the need for a radio-based
identification.
Our final SMG sample is also aﬀected by the MIPS-PACSSPIRE detection requirement. The MIPS-24 μm requirement
should not significantly influence our sample because it corresponds, up to z ∼ 3−4 and in all our fields, to selection limits
several times lower in term of infrared luminosities than those
introduced by radio observations (see triple-dotted-dashed line
in the left panel of Fig. 1). On the contrary, the PACS/SPIRE requirement aﬀect our sample and is redshift dependent. PACS observations, which suﬀer from positive k-corrections, are slightly
biased towards galaxies with hotter dust while SPIRE observations are biased towards cooler dust. The SPIRE selection
bias is also redshift dependent because SPIRE detections are
mainly obtained in the 250 μm band which suﬀers from positive k-corrections as it reaches the peak of the far-infrared SED
of galaxies at z ∼ 1.5. In GOODS-N, the selection bias due to
the PACS/SPIRE observations is almost equivalent to that introduced by the combination of submm and radio observations. In
other fields, the PACS/SPIRE requirement is even less constraining because the SPIRE observations are as deep as in GOODS-N
while radio and (sub)mm observations are shallower. This is reflected by the fact that the PACS/SPIRE detection rate of SMGs
with robust spectroscopic redshift estimates is very high, and
much higher than that observed by Dannerbauer et al. (2010) for
the entire SMG population, i.e., 73% versus 39%.
In summary, our final SMG sample should provide a good
representation of the high infrared luminosity (LIR  1012.5 L )
SMG population and more generally, of the entire high infrared
luminosity galaxy population. On the other hand, as we go to
lower infrared luminosities (LIR  1012.5 L ), our final SMG
sample is biased towards low redshift galaxies with cold dust.
Most of these biases are not inherent to our PACS/SPIRE SMG
subsample but are intrinsic to any SMG sample requiring robust spectroscopic follow-up aided by secure radio/MIPS multiwavelength identifications.
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The right panel of Fig. 1 presents the redshift distribution of
our PACS/SPIRE-detected SMG sample. This redshift distribution is consistent with that of the entire SMG sample with robust
redshift estimates. The median redshift of our PACS-SPIRE detected SMG sample is z = 2.4 and is consistent with the median
redshift of the entire SMG population, i.e., z ∼ 2.3 (Chapman
et al. 2005).

4. SED analysis
In this section we describe the models used to infer the dust
properties of the SMGs. Scientific conclusions drawn from
these properties are discussed in Sect. 5.

4.1. Single modified blackbody model

In order to infer the dust temperatures and infrared luminosities of our galaxies we fitted their far-infrared and (sub)mm flux
densities with a single temperature modified blackbody model.
This model provides a very simple description of the far-infrared
SED of a galaxy, because it assumes that the emission-weighted
sum of all the dust components could be reasonably well fitted
by only one blackbody function at a given temperature. Despite
its simplicity and the fact that it is known that this model cannot
fully reproduce the Wien side of the far-infrared SED of galaxies
(e.g., Blain et al. 2003; Magnelli et al. 2010; Hwang et al. 2010),
we adopted this model for two reasons: (i) studies of the Infrared
Astronomical Satellite (IRAS) galaxies have demonstrated that it
still provides an accurate diagnostic of the typical heating conditions in the interstellar medium of big grains in thermal equilibrium (Desert et al. 1990); and (ii) it allows direct comparison with most of the pre-Herschel studies. The far-infrared flux
densities of our galaxies were thus fitted, in the optically thin
approximation, with a single modified blackbody function:
Sν ∝

ν3+β
,
exp(hν/kT dust ) − 1

(1)

where S ν is the flux density, β is the dust emissivity spectral
index and T dust is the dust temperature. This single temperature modified blackbody model cannot reproduce the full restframe 8-to-1000 μm SED over which the total infrared luminosities (LIR [8−1000 μm]) are classically defined. A significant
amount of energy emitted at relatively short rest-frame wavelengths (i.e., where the backbody function drop sharply) would
thus be missed by a simple integration of the blackbody function over the rest-frame 8-to-1000 μm wavelengths. Therefore,
the total infrared luminosities of our galaxies were inferred
using the far-infrared luminosity definition (LFIR [40−120 μm])
given by Helou et al. (1988) and a bolometric-correction term.
This bolometric-correction is equal to 1.91 (Dale et al. 2001,
LIR = 1.91 × LFIR ) but introduces uncertainties in our estimates
because it varies (±30%) with the intrinsic shape of the galaxy
SED (Dale et al. 2001).
4.1.1. Constraints on β

The exact value of the dust emissivity spectral index β is still
debated. Laboratory experiments as well as observations in diverse Galactic environments suggest a broad range of values
for β (Dunne & Eales 2001; Dupac et al. 2003, and references
therein). The value of β seems to depend on the chemical composition, the temperature and the size of the dust grains. Despite
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its variability on Galactic scales, extragalactic constraints on β
converge to a narrow range of values (1.5 < β < 2.0). In particular, Dunne & Eales (2001) found a constant dust emissivity spectral index β of ∼2 using a sample of galaxies probing a
broad range of infrared luminosities. Based on this latter conclusion, we assume that β could be considered as universal over the
SMG population.
Assuming β to be universal, we can constrain its value globally using our sample of 61 SMGs. To perform this global fit
we gridded the β parameter space [0.1−3.0] with steps of 0.05.
Then, for each value of β, we performed a χ2 minimization for
each galaxy, varying T dust and the blackbody normalization. The
as the sum of the χ2 value of
χ2 value at a given β is then
 defined
2
2
χgal ). Our χ2 minimization was done
all galaxies (i.e., χβi =
using a standard Levenberg-Marquardt method.
We apply this global fit to three diﬀerent wavelength coverages. First, we fit the full wavelength coverage provided by the
Herschel and (sub)mm observations (i.e., from the PACS 70 μm
to the (sub)mm wavelength); second, we exclude from the fits
the PACS 70 and 100 μm data points; and third, we exclude from
the fits the PACS 70, 100 and 160 μm data points. For these
three diﬀerent wavelength coverages the best fit is obtained at
β = 0.6 ± 0.2, β = 1.2 ± 0.2 and β = 1.7 ± 0.3, respectively (using
the 95% confidence level, i.e., Δχ2 = χ2min + 3.8; note that these
errors stand for the mean values, rather than for the standard deviation of the population). Fits of the full wavelength coverage
systematically lead to significantly larger χ2gal values than for the
other cases (i.e., χ2gal ∼ 18 for Ndof ∼ 4). On the contrary, fits
excluding the PACS 70 and 100 μm data points or the PACS 70,
100 μm and 160 μm data points lead in both cases to low χ2gal
values, i.e., with χ2gal ∼ 6 for Ndof ∼ 3 and χ2gal ∼ 4 for Ndof ∼ 2,
respectively.
The large χ2gal values observed when we try to reproduce the
full wavelength coverage provided by the Herschel and (sub)mm
observations perfectly illustrate the limits of a single temperature model. Such a simple model cannot fully describe the Wien
side of the far-infrared SED of galaxies (e.g., Blain et al. 2003;
Magnelli et al. 2010; Hwang et al. 2010). The PACS 70 and
100 μm flux densities are likely dominated by a warmer or transiently heated dust component. Consequently, the PACS 70 and
100 μm data points have to be excluded from the fitting procedure. A precise description of the far-infrared SEDs of galaxies
requires a more complex model which includes multiple dust
components (see Sect. 4.2).
The increase of β when excluding short-wavelength measurements from the fits agrees with the conclusions of Shetty
et al. (2009) studying galactic dense cores: constraints on β are
highly sensitive to the wavelength coverage used in the fits as
well as to the noise properties of the observations. Although interesting, our constraints on β should thus be used with caution.
4.1.2. Fitting the full SMG sample

In the following, we decide to fix the dust emissivity spectral index β to its standard value of 1.5. This choice is driven by two
reasons. First, this value is fully compatible with our findings
(i.e., 1.2 < β < 1.7) and second, it allows direct comparison
with all pre-Herschel studies. We also decide to exclude from
our fits the PACS 70 and 100 μm data points because they are
likely dominated by a warmer or transiently heated dust component. The PACS 160 μm data points are kept because their exclusion does not significantly improve our fits while their inclusion
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Fig. 2. (Left) Dust temperatures inferred from the combination of PACS only (or SPIRE only) together with submm observations, compared
with the reference values inferred using PACS, SPIRE and submm observations. These comparisons are for a single dust temperature modified
blackbody model. Blue squares represent SMGs situated in blank fields while green diamonds represent lensed-SMGs. (Right) Same comparison
but for the inferred infrared luminosities. The dust temperatures and infrared luminosities of galaxies can be reasonably inferred from their
PACS+submm or their SPIRE+submm observations alone using a single temperature modified blackbody model.

allows better constraints of the dust temperature estimates (see
Fig. 2).
Figure A.1 presents results of this fitting procedure to each
individual SED, while Table 13 gives the inferred dust temperatures and infrared luminosities. Uncertainties are estimated using
the distribution of T dust and LIR values that correspond to models
with χ2 < χ2min + 1.
We observe in Fig. A.1 that a single dust temperature model
provides a reasonable fit to the 160 μm-to-mm data points (with
χ2 ∼ 7 for Ndof ∼ 3). Figure A.1 also shows the limits of this
model at short wavelengths and why we excluded from our fits
the PACS 70 μm and 100 μm data points. The modified blackbody functions drop quickly at short wavelengths and cannot reproduce the PACS 70 μm and 100 μm data points of most of our
SMGs.
For some of the SMGs we do not have both PACS and
SPIRE detections. For those galaxies, we can expect the inferred
dust temperatures and infrared luminosities to be more uncertain, and potentially biased because PACS and SPIRE measurements probe diﬀerent parts of the blackbody emission of the
dust (Wien and Rayleigh-Jeans side, respectively). To assess this
issue, we compared the dust temperatures and infrared luminosities inferred using the combination of PACS and submm observations, or SPIRE and submm observations, to the reference values inferred using the continuous wavelength coverage provided
by the combination of PACS, SPIRE and submm observations.

This analysis is based on 50 SMGs detected by both PACS and
SPIRE. Results are shown in Fig. 2.
For most of our sources the dust temperatures and infrared luminosities estimated from the combination of PACS
(or SPIRE) and submm observations are in good agreement
Ref
PACS
with our reference values, i.e., σ[T dust
− T dust
] = 2.5 K
Ref
SPIRE
PACS
( σ[T dust
− T dust
] = 3.1 K ) and σ[LRef
/L
]
= 0.08 dex
IR
IR
Ref
SPIRE
( σ[LIR /LIR ] = 0.1 dex). However, the dust temperatures inferred using SPIRE and submm observations are slightly underestimated at high dust temperature (T dust > 35 K). At these
temperatures, the SPIRE observations start to be aﬀected by
the shift of the far-infrared SED peak towards rest-frame wavelengths barely probed by the SPIRE 250 μm passband. This effect slightly biases these estimates.
There are only a few sources with large uncertainties (i.e., ΔT > 8 K or Δlog(LIR ) > 0.3, COSLA127R1I,
AzTECJ100019+0232, SMMJ105238+5716, GN26, and
SMMJ163541+6611). Examining the SED fits of these galaxies, we find that all of them exhibit large χ2 (i.e., 15 for
Ndof ∼ 3) when combining their PACS, SPIRE and submm
observations. These large χ2 values seem to be explained by
one or two inconsistent flux densities in their SEDs. These inconsistent data points do not correspond to a specific rest-frame
wavelength but randomly aﬀect the PACS, SPIRE or the ground
based data points. Thus they are unlikely due to strong emission
lines (like the [C II] emission line, Smail et al. 2011) which
are not included in our simple modified blackbody model. We
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conclude that the observed discrepancies are not directly due to
our simple modified blackbody model but to some outlying flux
densities, as expected when working close to the non-Gaussian
confusion limit which can create significant outliers.
Finally, one can expect the accuracy of the estimates inferred
from the combination of PACS (or SPIRE) and submm observations to vary as function of the redshift: high(low) redshift galaxies with PACS (SPIRE) only measurements could have inaccurate dust temperature estimates because their far-infrared SED
peak shifts outside the PACS (SPIRE) bands. However, we find
no significant evolution of ΔT or Δlog(LIR ) with the redshift.
At low redshift, the shift of the far-infrared SED peak towards
shorter wavelengths is counterbalanced by the fact that at these
redshifts, galaxies exhibit relatively low infrared luminosities
and dust temperatures, shifting back their far-infrared SED peak
towards the SPIRE bands. Likewise, at high redshift, SMGs exhibit higher infrared luminosities and dust temperatures, shifting
back their far-infrared SED peak towards the PACS bands.
We conclude that the dust temperatures and infrared luminosities of galaxies can be reasonably inferred from their
PACS+submm or their SPIRE+submm observations alone using a single temperature modified blackbody model. This may
be important for survey regions covered at suﬃcient depth with
one of these instruments only.
4.2. Power-law temperature distribution

Although a single-temperature model gives a good description
of the far-infrared peak and Rayleigh-Jeans side of the SED
of SMGs, it fails to reproduce short wavelength observations
(e.g., the PACS 70 and 100 μm passbands) which are aﬀected
by warmer or transiently heated dust components. Consequently,
the total infrared luminosity of SMGs (i.e., LIR [8−1000 μm]) has
to be extrapolated from LFIR [40−120 μm] and short wavelength
observations have to be excluded from the fit. In order to reproduce these short wavelength observations we need to use a more
complex model, taking into account warmer dust components.
To describe the dust emission of galaxies, Dale et al. (2001)
and Dale & Helou (2002) assumed that they are the superposition of regions heated by diﬀerent radiation fields. In that framework, they assumed that the dust mass submitted to a radiation
field U is given by dMdust /dU ∝ U −α . Then using simple assumptions they showed that α ∼ 2.5 is appropriate for a diffuse medium while α ∼ 1 describes a dense medium. Following
the same idea, Kovács et al. (2010) described the SEDs of
galaxies by a power-law distribution of temperature components
(dMdust /dT ∝ T −γ ) with a low-temperature cutoﬀ T c . Under the
assumption that the dust is only heated by radiation (and not by
non-radiative processes like shocks), the main parameters of this
model and that of Dale & Helou are linked by γ ≈ 4 + α + βeﬀ
(where βeﬀ is the dust emissivity spectral index observed near
the peak of the far-infrared emission). This model can accurately describe the mid-to-far-infrared SEDs of local starbursts
(Kovács et al. 2010) and is convenient for our purposes as it
is parameterized in dust temperature rather than radiation field.
Consequently, while other models could have been used (e.g.,
Dale & Helou 2002; Draine & Li 2007), we adopted this prescription as a natural extension of our single dust temperature
model.
The parameterization of this power-law temperature distribution model is fully described in Kovács et al. (2010), and briefly
summarized here. In particular we do not give the analytical
derivation of the infrared luminosity because here we derive this
quantity using a simple discrete numerical integration.
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Expressed in observable parameter space, the emission from
a single modified blackbody emission, not in the optically thin
approximation, is given by
S νobs (T obs ) = m dΩ (1 − e−τ ) Bνobs (T obs ),

(2)

where Bν is the Planck function, T obs is the observed-frame temperature (i.e., T obs = T/(1 + z)), τ is the optical depth, dΩ is the
solid angle subtended by the galaxy and m is a magnification correction for lensed galaxies (=1 in all other cases). In the model
proposed by Kovács et al. (2010), the optical depth is expressed
as a function of the dust mass (Mdust ) and the projected source
diameter (R), together with the usual power-law frequency dependence for the emissivity of dust,

τ(νr ) = κ0

νr
ν0

β

Mdust
,
πR2

(3)

where τ is expressed in the rest-frame (νr = νobs (1 + z)) and κ0
is the photon cross-section to mass ratio of particles at the reference frequency ν0 . To allow direct comparison with Kovács
et al. (2010), we adopted κ850 = 0.15 m2 kg−1 at ν0 = c/850 μm
(Dunne et al. 2003), even though the exact value of this parameter is still under active discussion (e.g., Hildebrand 1983; Krügel
et al. 1990; Sodroski et al. 1997; James et al. 2002). Using this
formalism a power-law temperature distribution model can be
expressed as,
 ∞
γ−1
tot
S νobs (T c ) = (γ − 1)T c
S νobs (T obs )T −γ dT,
(4)
Tc

where T c is the low-temperature cutoﬀ of the model.
4.2.1. Constraints on β, γ and R

The power-law temperature distribution model has five free parameters, T c , Mdust , β, γ and R. It can only be constrained from
observations that probe the full far-infrared SEDs of galaxies,
i.e., probing the Wien-side, the peak and Rayleigh-Jeans-side of
these SEDs. Such broad spectral coverage can only be obtained
through the combination of PACS, SPIRE, submm and millimeter observations and thus can only be applied to a small fraction
of our SMG sample. Therefore here we investigate the possibility that some of those parameters are universal over the full SMG
population.
As already mentioned in Sect. 4.1.1, considering that the exact value of the dust emissivity spectral index β is still debated,
one can assume this value to be universal over the SMG population.
Kovács et al. (2010) found little variation of γ in the local
star-forming galaxy population. Based on this finding they assumed a constant value of γ for high-redshift luminous starbursts
and obtained a good fit to their SEDs. Therefore, in the following, we consider γ as universal over the SMG population.
Finally, we considered the projected radius of the emitting
region, R, as universal over the SMG population. This consideration is perhaps questionable because in high-redshift starforming galaxies, the diameter of the region forming stars spans
a wide range of values from 1 to 10 kpc (Chapman et al. 2004;
Muxlow et al. 2005; Tacconi et al. 2006, 2008; Biggs & Ivison
2008; Casey et al. 2009; Iono et al. 2009; Lehnert et al. 2009;
Carilli et al. 2010; Swinbank et al. 2010; Tacconi et al. 2010;
Younger et al. 2010). However, in the power-law temperature
distribution model the variation of R does not strongly aﬀect the
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estimates of LIR (<5%) but only aﬀects the physical interpretation that one can draw from the absolute value of T c : smaller
values of R imply higher values for T c . In any case, the study of
the relative variation of T c from one galaxy to the other is not
qualitatively aﬀected by the exact value of R.
Assuming these three parameters to be universal, we constrained them globally using a subsample of 19 SMGs detected
in all PACS and SPIRE passbands and with at least one detection
longward of 1 mm (needed to obtain good constraints on the dust
emissivity β). To perform this global fit we first gridded the β, γ
and R parameter space using ranges of [1.0−2.5], [6.5−9.0] and
[0.5 kpc−9.0 kpc] and steps of 0.05, 0.1 and 0.25, respectively;
then, for each node of this grid, we performed a χ2 minimization for each galaxy, varying T c and Mdust . The χ2 value of the
2
node is then defined
 2as the sum2 of the χ value of all galax2
χgal ). Our χ minimization was done using
ies (i.e., χnode =
a standard Levenberg-Marquardt method. Figure 3 presents the
confidence levels obtained for β, γ and R. Confidence levels are
computed using Δχ2 = χ2min + [2.3, 6.0, 11.6] for the 68%, 95%
and 99% confidence level, respectively. The best fit is obtained
at β = 2.0 ± 0.2, γ = 7.3 ± 0.3 and R = 3 ± 1 kpc (using the 95%
confidence level; note that these errors stand for the mean values,
rather than for the standard deviation of the population), and corresponds to χ2gal ∼ 8 for Ndof ∼ 5. These χ2gal values confirm that
our model provides a good description of the far-infrared SEDs
of SMGs even if three parameters are considered common to all
galaxies.
In Fig. 3, we observe only small degeneracies between β, γ
and R, e.g., an increase of β could be compensated, in terms of
χ2 minimization, by an increase of R. The wide wavelength coverage provided by our data allows us to reasonably constrain our
model. Constraints on β, γ and R are also in line with the physical expectations and with independent estimates. A dust emissivity spectral index β of 2.0 ± 0.2 is in agreement with conclusions
based on local LIRG/ULIRG (Dunne & Eales 2001; Chakrabarti
& McKee 2008). The dust emissivity spectral index found using
our power-law temperature distribution model is diﬀerent than
that used in our single temperature model, i.e., β = 2.0 instead
of 1.5. However, this diﬀerence is expected, because, as already
noticed in Dunne & Eales (2001), single temperature models require lower values of β than multi-component models.
Constraints on γ found in our study are in very good agreement with estimates made by Kovács et al. (2010) on local starbursts, i.e., γ = 7.22 ± 0.09. However, using a sample of highredshift starbursts, Kovács et al. (2010) found a lower value of γ,
i.e., γ = 6.71 ± 0.11. This discrepancy might arise from the fact
that to infer this value, Kovács et al. (2010) could only rely on
uncertain MIPS-24 μm continuum estimates, extrapolated from
broadband observations contaminated by PAH emission.
We find an average emission diameter of 6 ± 2 kpc (i.e.,
R = 3 kpc), which is consistent with estimates from various studies using various high-resolution observations that have inferred
diameters of order 1−10 kpc for SMGs (Chapman et al. 2004;
Muxlow et al. 2005; Tacconi et al. 2006, 2008; Biggs & Ivison
2008; Casey et al. 2009; Iono et al. 2009; Lehnert et al. 2009;
Carilli et al. 2010; Swinbank et al. 2010; Tacconi et al. 2010;
Younger et al. 2010). Kovács et al. (2010) found an emission
diameter of ∼2 kpc for their high-redshift star-forming galaxies. As already mentioned, this discrepancy might arise from
the fact that Kovács et al. (2010) relied on extrapolated MIPS24 μm continuum measurements to make these estimates. We
would like to stress that while our constraints on R are in line
with previous estimates, its exact value should still be treated

Fig. 3. Constraints on γ, β and R obtained from a χ2 minimization analysis using 20 SMGs with PACS, SPIRE, submm and mm observations.
These constraints correspond to our power-law temperature distribution
model. Isocontours show the 99%, 95% and 68% confidence level.

with caution. Indeed, robust constraints on the size of the emitting region would require the use of a complex radiative transfer
model, taking into account the geometry of the star-forming regions. For example, Chakrabarti & McKee (2008), using a selfconsistent radiative transfer model and assuming a spherical geometry, found Rc ∼ 10 kpc. The agreement, within a factor 2–3,
between our findings is encouraging in view of the approximations of our simple model.
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Fig. 4. (Left) Dust temperatures inferred from the combination of PACS only (or SPIRE only) together with submm observations, compared with
the reference values inferred using PACS, SPIRE and submm observations. These comparisons are for our power-law temperature distribution
model. Symbols are the same as in Fig. 2. (Right) Same comparison but for the inferred infrared luminosities. The dust temperatures and infrared
luminosities of galaxies can be reasonably inferred from their PACS+submm or their SPIRE+submm observations alone using a temperature
distribution model.

Based on these results, we conclude that β, γ and R can be
considered as universal for these 19 SMGs. Nevertheless, how
representative are these 19 SMGs of the full 61 SMG sample?
Using a KS analysis, we find that the redshift distribution of
these two samples are fully compatible but that their infrared luminosity distributions are slightly diﬀerent (only 40% of chance
of being drawn from the same distribution). The sample of 19
SMGs exhibits slightly higher infrared luminosities than the full
SMG sample, a median LIR of 6 × 1012 L versus 4 × 1012 L .
These 19 SMGs are therefore not a perfect subsample of our full
SMG sample. However, because these two samples are also far
from being incompatible, we consider that the inferred values
of β, γ and R are universal for our 61 SMGs. This assumption
is further supported by the fact that these parameters provide a
good description of the far-infrared SED of the rest of our SMG
sample (see Sect. 4.2.2).
4.2.2. Fitting the full SMG sample

We now fit the full SMG sample (including their PACS 70 μm
and PACS 100 μm detections) leaving T c and Mdust as the only
free parameters of the model. Results of these fits are shown
in Fig. A.1. Table 13 summarizes the results inferred from
these fits. Uncertainties are estimated using the distribution of
T c , Mdust and LIR values that correspond to models with χ2 <
χ2min + 1. For most of our SMGs this model provides (even with
fixed β, γ and R parameters) a very good fit to our data points
(i.e., χ2gal ∼ 7 for Nqof ∼ 3). Almost all the highest χ2gal values (>25) correspond to the lensed-SMGs with relatively low
infrared luminosities and high dust temperatures. This might
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suggest that for these galaxies β, γ and R are slightly diﬀerent.
Consequently, the infrared luminosities and dust temperatures
inferred for these galaxies using our power-law temperature distribution model might be biased. These possible biases are discussed later on in this section.
As for the single temperature model, we would like to verify that fits of SMGs with only PACS and submm observations,
or only SPIRE and submm observations, are not biased compared to fits of SMGs with PACS, SPIRE and submm observations. Therefore, we compare the dust temperatures and infrared luminosities that one would infer using only the PACS (or
SPIRE) and submm observations and our power-law temperature distribution model (with β = 2.0, γ = 7.3 and R = 3 kpc),
to that inferred using the combination of PACS, SPIRE and
submm observations. This analysis is based on 50 SMGs detected by both PACS and SPIRE and results are shown in Fig. 4.
We find that the dust temperatures and infrared luminosities inferred using the combination of PACS (or SPIRE) and submm
observations are in very good agreement with those inferred
using the combination of PACS, SPIRE and submm observaRef
PACS
tion: σ[T dust
− T dust
] = 1.2 K ( σ[T cRef − T cSPIRE ] = 2.3 K ) and
Ref
PACS
SPIRE
] = 0.09 dex). This
σ[LIR /LIR ] = 0.10 dex ( σ[LRef
IR /LIR
agreement is even better than that obtained in the case of our single temperature model. Consequently, estimates made on SMGs
with only PACS or only SPIRE observations can be used with
confidence.
One of the main advantages of this power-law temperature distribution model is that it provides robust estimates of
the total infrared luminosity (LIR [8−1000 μm]) of galaxies. The
left panel of Fig. 5 shows the diﬀerence between the infrared
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Fig. 5. (Left) Comparison of the infrared luminosities inferred using a power-law temperature distribution model with those inferred using a single
dust temperature model. Symbols are the same as in Fig. 2. The black solid line shows the one-to-one relation. The green dotted-dashed line shows
the bias introduced in our single dust temperature model by the use of a constant bolometric-correction term of 1.91 to convert LIR [40−120 μm] into
LIR [8−1000 μm]. To compute this line we measure LIR [40−120 μm] and LIR [8−1000 μm] on a power-law temperature template library normalized
to reproduce the T c − LIR correlation (see the red dashed line in the right panel of Fig. 9). We then plot on the x-axis 1.91 × LIR [40−120 μm] and
on the y-axis LIR [8−1000 μm]. (Right) Comparison of the dust temperatures inferred using a power-law temperature distribution model (T c ) with
those inferred using a single dust temperature model (T dust ). The red dashed line show a linear fit to the T c –T dust relation, T c = 0.6 × T dust + 3 K.
Symbols are the same as in the left panel. Note that T c indicates the temperature of the coldest dust component of the multi-component model
while T dust measures an eﬀective dust temperature.

luminosity extrapolated from a single temperature modified
blackbody model and that inferred from our power-law temperature distribution model. We find a very tight correlation between
single−T
) = 0.84(±0.02)×log(LIR
)+
those two estimates, log(LMulti−T
IR
2.0(±0.2). However, we observe that the single dust temperature
model systematically overestimates the luminosity of galaxies at
high infrared luminosities and underestimates the luminosity of
galaxies at low infrared luminosities. These discrepancies can
be explained by the fact that in our single temperature model
we were using a constant bolometric-correction term to convert
LIR [40−120 μm] into LIR [8−1000 μm], while its value changes
with dust temperature (as with infrared luminosity, because there
is a broad T c − LIR correlation; see the right panel of Fig. 9). For
example, at high infrared luminosity (i.e., LIR  3 × 1012 L ) all
galaxies have T c > 25 K. At these temperatures, the bolometriccorrection term is, in our power-law temperature distribution
model, of the order of ∼1.5. The diﬀerence between our constant bolometric-correction term of 1.91 and this one, fully explains the observed discrepancies. This bias is illustrated by the
green dotted-dashed line in the left panel of Fig. 5.
The right panel of Fig. 5 shows the comparison between the
dust temperature inferred using a single-temperature modified
blackbody and that inferred using our power-law temperature
distribution model. There is a tight correlation between these estimates and a very small dispersion. However, we can observe
significant diﬀerences between these two estimates. T c indicates
the temperature of the coldest dust component while T dust measures an eﬀective dust temperature, therefore it is not surprising
that T dust yields values warmer than T c . Some lensed-SMGs significantly deviate from this T dust -T c relation. These galaxies correspond to the ones with the largest χ2gal values, suggesting that
in these systems β, γ and R might be slightly diﬀerent. These
dust temperatures are systematically shifted towards lower values while the corresponding infrared luminosities are not affected (see the left panel of Fig. 5). Consequently, when studying
the T c − LIR plane, one has to keep in mind these slight shifts, or
refer to the T dust − LIR plane which is not aﬀected by this eﬀect.

In the rest of the paper we use the infrared luminosities derived using the power-law temperature distribution model, unless
stated otherwise.

5. Results and discussion
5.1. The Infrared luminosity of SMGs

The nature of SMGs has been greatly debated for more than
a decade and in particular the reliability of their measured extreme SFRs. Indeed, while simulations of major mergers are able
to reproduce such extreme SFRs, simulations in a cosmological context have had great diﬃculties accounting for the estimated SFRs and number counts (Baugh et al. 2005; Davé et al.
2010). Thus, the question remains: are the infrared luminosities
of SMGs overestimated? Thanks to Herschel observations we
can now assess this question by measuring the true infrared luminosity of SMGs, studying their evolution as function of the
redshift and testing the quality of pre-Herschel estimates based
on monochromatic extrapolations.
Figure 6 shows the infrared luminosities of SMGs as a function of their 850 μm flux densities10 and their redshifts. Our results unambiguously confirm the remarkably large infrared luminosities of SMGs. The vast majority exhibit infrared luminosity
larger than 1012 L , and some even have LIR > 1013 L . The first,
second and third quartiles of our sample are 1012.0 L , 1012.6 L
and 1012.8 L , respectively. These infrared luminosities correspond to SFRs of 100 M yr−1 , 400 M yr−1 and 630 M yr−1 ,
respectively (using SFR [M yr−1 ] = 1 × 10−10 LIR [L ], assuming a Chabrier IMF and no significant AGN contribution to the
far-infrared luminosity). The existence of this large sample of
star-forming galaxies with extreme infrared luminosities illustrates the strong evolution with redshift of the infrared galaxy
For sources with no 850 μm observations we used extrapolations asextrapolated
suming β = 2.0, i.e., S 850
= S λsubmm × (λsubmm /850)4 where λsubmm
is the (sub)mm wavelength at which the SMG has been detected.

10
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Fig. 6. (Left) Infrared luminosities as function of the submm flux density. Blue squares represent SMGs situated in blank fields while green
diamonds represent lensed-SMGs. OFRGs from Magnelli et al. (2010) are presented with left red arrows. The solid and dashed lines show the
1.59
linear fit to the LIR − S 850 relation and the 1σ envelope (LIR [L ] = 1011.33±0.29 × S 850
[mJy]). Dotted lines show the LIR − S 850 relation followed by
single modified (β = 1.5) blackbody functions at 20, 35 and 50 K. (Right) Infrared luminosities as function of the redshift. The symbols are same
as in the left panel but OFRGs are represented by red filled circles. Blue dotted, red dashed and green dotted-dashed lines present the lower limit
of the parameter space reachable using our deep radio (i.e., 20 μJy), PACS 160 μm (i.e., 3 mJy) and MIPS-24 μm (i.e., 20 μJy) observations of the
GOODS-N field, respectively. Note that in these figures galaxies with high χ2 value do not lie in a particular region of these plots but are rather
randomly distributed.

population: in the local Universe such luminous infrared galaxies are very rare but their comoving space density increases by
a factor ∼400 between z ∼ 0 and z ∼ 2 (Magnelli et al. 2011;
Chapman et al. 2005). Consequently, the characterization of the
mechanisms triggering their starbursts becomes crucial in order to obtain a good census of the star formation history of the
Universe.
We observe a weak trend between S 850 and LIR (left panel
of Fig. 6). However, this correlation is likely driven by selection eﬀects. Indeed, since submm observations at low luminosity are biased towards cold dust temperatures (see Sect. 3.8),
they miss the bulk of the star-forming galaxy population at low
and intermediate infrared luminosities. This missing population
should have warm dust components and therefore relatively faint
850 μm flux densities (see also Chapman et al. 2004; Casey et al.
2009; Magnelli et al. 2010; Chapman et al. 2010; Magdis et al.
2010). This hypothesis is strengthened by the position of some
of the lensed SMGs, which give us a glimpse into the bulk of
the population of galaxies with low infrared luminosities. The
underlying S 850 − LIR relation cannot be probed using a submmselected sample.
Submm observations have the great advantage of being subject to negative k-correction which makes an galaxy equally
detectable in the submm over a very wide range of redshift.
Therefore, one can expect the redshift distribution of submm
galaxies to be relatively uniform if there were no strong evolution of the underlying galaxy population. Instead, we observe a
strong correlation between the infrared luminosities of galaxies
and their redshifts (right panel of Fig. 6). This trend can be explained by an evolution of the underlying galaxy population and
by selection eﬀects. The increase with redshift of the number
of very luminous SMGs is due to the evolution of the infrared
galaxy population and a volume eﬀect: at high redshift, the comoving space density of luminous infrared galaxies is larger
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(Magnelli et al. 2011; Chapman et al. 2005) and the comoving
volume probed by our survey increases. On the other hand, the
lack of low luminosity galaxies at high redshift is quite surprising. Indeed, simply due to a volume eﬀect, we would expect
to see many more low luminosity galaxies at high redshift than
at low redshift. We argue that this trend can be easily understood as a pure selection eﬀect. Indeed, as illustrated in the right
panel of Fig. 6, the depth of the deepest radio observations used
to provide robust multi-wavelength counterparts creates the low
boundary in the LIR −z plane. Pope et al. (2006) and Banerji et al.
(2011) argue instead that this lack of low-luminosity galaxies at
high redshift could be due to an evolution of their SEDs. To be
missed by submm observations, those galaxies should exhibit
hotter dust temperatures than low redshift galaxies of the same
luminosity. This seems to be incompatible with the modest evolution with redshift of the T dust −LIR relation observed up to z ∼ 2
(Hwang et al. 2010; Chapin et al. 2011; Marsden et al. 2011).
Using our reference infrared luminosities (i.e., inferred from
the power-law temperature distribution model) we can now test
the quality of pre-Herschel estimates. One of the most common
pre-Herschel monochromatic extrapolations was based on the
MIPS-24 μm flux densities and the Chary & Elbaz (2001, hereafter CE01) SED library. We applied these extrapolations to our
SMG sample and compared those estimates (hereafter L24
IR ) to
our reference infrared luminosities (left panel of Fig. 7).
Our results reveal that the use of the MIPS-24 μm emission and of the CE01 SED library yields inaccurate estimates
of the infrared luminosities, characterized by a large scatter
ref
(σ[log(L24
IR /LIR )] ∼ 0.47 dex) and a systematic overestimate
for the most luminous galaxies. These results are in line with
conclusions of Hainline et al. (2009) studying SMGs and of
Papovich et al. (2007), Murphy et al. (2009), Nordon et al. (2010,
2012) and Elbaz et al. (2010, 2011) studying bolometrically selected high-redshift galaxies. Our study also agrees with the fact
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Fig. 7. Infrared luminosities for submm sources detected at 24 μm and 1.4 GHz. The x-axis shows the infrared luminosities extrapolated from the
MIPS-24 μm (left) or the radio (right) flux density, using the CE01 library or the FIR/radio correlation (with q = 2.34), respectively. The y-axis
shows the ratio of the infrared luminosities extrapolated from the MIPS-24 μm or radio flux density and the reference infrared luminosities inferred
from our power-law temperature distribution model. The symbols are same as in Fig. 6.

that the overestimate of the infrared luminosity by the MIPS24 μm flux density and the CE01 SED library occurs at z > 1.5,
i.e., when the MIPS-24 μm passband starts probing rest-frame
wavelengths dominated by PAH emission (Nordon et al. 2010,
2012; Elbaz et al. 2010, 2011). Indeed, SMGs with infrared luminosities below 1012 L are all at z < 1.5 and exhibit better
ref
agreement between L24
IR and LIR .
All these studies show that the SEDs of star-forming galaxies strongly evolve with redshift. This evolution might be interpreted as a modification of the physical conditions prevailing in
their star-forming regions. Elbaz et al. (2011) and Nordon et al.
(2012) found that the SEDs of these high-redshift galaxies with
extreme star-formation could be described using local SEDs of
less luminous galaxies (see also Papovich et al. 2007; Magnelli
et al. 2011). This SED evolution is thus likely due to an increase
of the PAH emission strength: the star-forming regions in those
extreme high-redshift starbursts might be less compact than in
their local analogues (i.e., ULIRGs), resulting in stronger PAH
emission (Menéndez-Delmestre et al. 2009). This hypothesis is
supported by the observations in SMGs of larger star-forming
regions than in local ULIRGs (Tacconi et al. 2006, 2008, 2010)
and by the observations of strong PAH signatures in their IRS
spectra (Lutz et al. 2005; Valiante et al. 2007; Pope et al. 2008;
Menéndez-Delmestre et al. 2007, 2009).
Another popular pre-Herschel monochromatic extrapolation
was to use radio flux densities and the local FIR/radio correlation
(Helou et al. 1988; Yun et al. 2001),

We find a tighter correlation between our reference infrared
luminosities and those inferred using radio flux densities and the
ref
local FIR/radio correlation (σ[log(LRadio
IR /LIR )] ∼ 0.29 dex). The
accuracy of these extrapolations is also supported by the good
agreement found between those estimates in our lensed SMG
sample. Nevertheless, we also observe a trend with the infrared
luminosity: at high luminosities, the FIR/radio correlation systematically overestimates the luminosity. Since there is a tight
correlation between LIR and z, one can suspect this trend to be
driven by an evolution of q with redshift. As illustrated in the
right panel of Fig. 8, this trend is indeed in very good agreement with the evolution of q proportional to (1 + z)−0.15±0.03
found in Ivison et al. (2010a). Nevertheless, one has to keep in
mind that our sample cannot be used to probe the evolution of
q with redshift, since it is, by construction via the radio identifications, biased towards galaxies with high radio flux densities.
Therefore, because here we did not attempt to correct for any of
these incompleteness, e.g., using a Kaplan-Meier estimator, any
of our results on q should be taken with caution. The evolution
of q could only been studied through carefully selected samples and using radio stacking. So far, no clear conclusion on the
evolution of q with redshift has been made (see Sargent et al.
2010; Ivison et al. 2010a,b; Roseboom et al. 2011).
5.2. The Tdust − LIR plane




LFIR [W]
q = log
,
3.75 × 1012 × L1.4 GHz [WHz−1 ]

estimates are compared to our reference values in the right panel
of Fig. 7.

(5)

where LFIR is the infrared luminosity from rest frame 40 μm to
120 μm and L1.4 GHz is the k-corrected radio luminosity density
(here we assume a standard radio slope α = 0.8; Ibar et al.
2010). In the following, we derived the infrared luminosities of
our galaxies using this FIR/radio correlation and q = 2.34,
as observed in the local Universe by Yun et al. (2001). Those

The left panel of Fig. 9 shows the T dust − LIR plane inferred
from our single temperature model. The use of this simple model
provides a comparison to other studies. Compared to previous
Herschel-based results (Magnelli et al. 2010; Chapman et al.
2010), our large SMG sample populates the low (i.e., LIR <
1011.5 L ) and high (i.e., 1013 L > LIR ) luminosity regions of
the T dust − LIR diagram. This large dynamic range allows a clear
characterization of the T dust − LIR correlation.
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Fig. 8. Evolution of q as function of the infrared luminosity (left panel) and the redshift (right panel). On the left panel, solid and dashed lines
show the local relation and its 1σ dispersion as found by Yun et al. (2001). On the right panel, solid and dashed lines show the redshift evolution of
q ∝ (1 + z)−0.15±0.03 from its local value as inferred in Ivison et al. (2010a). The symbols are same as in Fig. 6. Note that here, we did not attempt
to correct for any incompleteness, e.g., using a Kaplan-Meier estimator, and biases introduced in our sample. So these results should be taken with
caution because they only apply to our specific selection function, i.e., SMG with spectroscopic redshift estimates mainly obtained through robust
radio identifications.

Fig. 9. (Left) Dust temperature-luminosity relation inferred from our single temperature model. The symbols are same as in Fig. 6. Red circles
present the OFRG sample of Magnelli et al. (2010). The striped area presents results for SMGs extrapolated by Chapman et al. (2005) from
radio and submm data. The Chapman et al. (2003) derivation of the median and interquartile range of the T dust − LIR relation observed at z ∼ 0
is shown by solid and dashed-dotted lines, linearly extrapolated to 1013 L . The dashed line represent the dust temperature-luminosity relation
derived in Roseboom et al. (2011) for mm-selected sample observed with SPIRE and assuming a single modified blackbody model. (Right) Dust
temperature-luminosity relation inferred from our power-law temperature distribution model. Symbols are the same as in the left panel. The red
dashed line presents the T c − LIR relation inferred from a least-square second degree polynomial fit.

The left panel of Fig. 9 clearly confirms the selection bias
introduced by submm observations: At low luminosities SMGs
are biased towards cold dust temperatures. The upper envelope
of the SMG T dust − LIR distribution only depends on the depth
of the submm observations (see Sect. 3.8). The existence of a
population of dusty star-forming galaxies missed by submm observations is corroborated by the presence, in the upper part of
the T dust − LIR diagram, of some of the lensed SMGs and the optically faint radio galaxies (OFRGs, Magnelli et al. 2010; Casey
et al. 2009).
Our SMG sample, together with our lensed SMG sample and
the OFRG sample of Magnelli et al. (2010), suggests that highredshift dusty star-forming galaxies exhibit a wide range of dust
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temperatures (see also Casey et al. 2009; Magdis et al. 2010).
This might indicate that the T dust − LIR relation at high redshift
has a higher scatter than locally. However, this conclusion can
be driven by selection eﬀects, because a significant fraction of
the galaxies with intermediate dust properties are missed by our
current sample. This missing population will probably reconcile
our finding with those of Hwang et al. (2010), who found modest
changes in the T dust −LIR relation as function of the redshift using
an LIR -selected sample of galaxies observed with Herschel. This
conclusion is also strengthened by the fact that at high luminosities (i.e., few times 1012 L , where SMGs are a representative
sample of the entire high luminosity galaxy population) SMGs
exhibit dust temperatures that are in line with the T dust − LIR
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relation extrapolated from local observations of Chapman et al.
(2003; see also Clements et al. 2010; Planck Collaboration et al.
2011).
As illustrated by the striped region in the left panel of Fig. 9,
our dust temperatures and infrared luminosities largely agree
with those extrapolated by pre-Herschel studies using the local FIR/radio correlation. This agreement of course reflects the
broad consistency found between the local value of q and that
observed in our sample (see Sect. 5.1). Our results also agree
with those found by Roseboom et al. (2011) on a mm-selected
sample observed with SPIRE and assuming a single modified
blackbody model (see the dashed line in the left panel of Fig. 9).
From the wide range of dust temperatures, we can conclude
that although submm observations are very useful to select extreme star-forming galaxies at high redshift, they cannot be used
to obtain a complete census of the dusty star-forming galaxy
population with relatively low infrared luminosities (LIR 
1012.5 L ). This census is now possible using bolometric selections provided by deep Herschel observations (e.g., Magdis
et al. 2010) but still limited to relatively low redshift galaxies
(z < 2.5) due to the positive k-correction aﬀecting Herschel data.
In the near future, very deep mm observations provided by the
Atacama Large Millimeter Array (ALMA) might help to obtain
this census even at high redshift.
The right panel of Fig. 9 shows the T c − LIR plane inferred
from our power-law temperature distribution model. This plane
cannot be compared to any pre-Herschel studies. T c is the temperature of the coldest dust component while T dust gives an average dust temperature. Thus, T c is systematically lower than
T dust , but their relative variations are tightly correlated (see also
Fig. 5). Conclusions that one can draw from the T c − LIR plane
are the same as those drawn from the T dust − LIR plane.
We fitted the T c − log(LIR ) and T dust − log(LIR ) relation with a
second order polynomial function and studied the scatter around
these fits. We find σT c = 1.9 K and σT dust = 3.8 K. The decrease of the scatter (by a factor 2) is in line with expectations
from the relation between T c and T dust , i.e., a factor 1.7 because
T c = 0.6×T dust +3 K. We note that our single-temperature model
is also sensitive to the rest-frame wavelengths used in the fits;
even if all galaxies at a given infrared luminosity have had the
same dust temperature, our single-temperature model would still
be aﬀected by their redshift distribution, i.e., by the rest-frame
wavelength probed by the PACS 160 μm data point. This redshift distribution would then introduce an artificial T dust scatter.
In contrast, our power-law temperature distribution model is less
aﬀected by this eﬀect, since it is constructed to reproduce cold
and warm dust components.
5.3. The spectral energy distribution of SMGs

As discussed in Sect. 5.2, SMGs can not be treated as a homogenous galaxy population, because they probe wide ranges
in infrared luminosity and dust temperature. Moreover, while at
high infrared luminosity SMGs are a representative sample of
the underlying high luminosity galaxy population, at lower infrared luminosities, SMGs are only a subsample of the entire infrared galaxy population, and are biased towards cold dust temperatures. Thus, the SEDs of SMGs have to be analysed as a
function of their infrared luminosities. Figure 10 presents the
photometry of our SMGs split into four diﬀerent infrared luminosity bins, i.e., LIR < 1012 L , 1012 L < LIR < 1012.7 L ,
1012.7 L < LIR < 1013 L and 1013 L < LIR . In these panels,
we show the mean SED inferred from our power-law temperature distribution model. These SEDs correspond to β = 2.0,

Fig. 10. Mean rest-frame SED of SMGs for four infrared luminosity
bins, from bottom to top: LIR < 1012 L ; 1012 L < LIR < 1012.7 L ;
1012.7 L < LIR < 1013 L and 1013 L < LIR . The solid lines show
the power-law temperature distribution SED corresponding to the mean
dust mass and dust temperature of the bin. The photometry of each of
the sources was slightly renormalized to match these SED templates at
submm wavelengths. Dashed lines represent the CE01 template corresponding to the mean infrared luminosity of the bin, i.e., these templates
were not fitted to the photometry of our SMGs.

γ = 7.3, R = 3 kpc and to the mean Mdust and T c inferred for
the galaxies of the bin. In these panels, we also show the CE01
SED corresponding to the mean infrared luminosity inferred for
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the galaxies of the bin, i.e., the CE01 SEDs are not fitted to the
photometry of the individual galaxies here.
At high infrared luminosities, the peak of the CE01 SED
template is in agreement with that of our power-law temperature distribution model. This indicates that in this range of
luminosities, the local T dust − LIR relation used in the CE01 library does not significantly evolve with redshift. In contrast, the
MIPS-24 μm observations are systematically above predictions
from the CE01 SED template. As already mentioned, these discrepancies are likely due to an increase of the PAH emission
strength in these galaxies and produce inaccurate infrared luminosity extrapolations from the MIPS-24 μm flux density using
the CE01 library (Elbaz et al. 2011; Nordon et al. 2012).
As we go to lower infrared luminosities we observe larger
discrepancies between the peak of the CE01 SED and that of our
power-law temperature distribution model. While the CE01 SED
templates follow the local T dust − LIR relation, our SMG sample is more and more biased towards cold dust temperatures. At
such low infrared luminosities, the SMG population represents
the low-temperature-end of the real T dust − LIR distribution (see
Fig. 9). In this low luminosity range, we note the better agreement than at high luminosities between observed and predicted
MIPS-24 μm.

6. Toward a better understanding of the nature
of SMGs?
Our results unambiguously reveal the diversity of the SMG population. Some of these galaxies exhibit extreme infrared luminosities, with no local analogues (LIR  1013 L ), while others have relatively low infrared luminosities (1012 L  LIR 
1013 L ). Is this diversity reflecting diﬀerences in the mechanisms triggering their SFRs?
Recent hydrodynamic simulations, coupled with radiative
transfer calculations, have found that while SMGs with relatively low infrared luminosities can be created by diﬀerent scenarios (two gas rich galaxies soon to merge and observed as
one submm source, or an isolated star-forming galaxy with large
gas fraction), SMGs with the most extreme infrared luminosities/SFRs (i.e., LIR  1012.7 L , equivalently ∼500 M yr−1 ) can
only be induced by strong starbursts at the coalescence of major mergers (Hayward et al. 2011). These results are consistent
with those of Davé et al. (2010) who found that SFRs induced
by a secular mode of star formation reach at most, at z ∼ 2,
a value of ∼500 M yr−1 (i.e., LIR ∼ 1012.7 L ). This value of
∼500 M yr−1 can thus be considered as the “maximum nonmerger SFR” (hereafter SFRsecular
max ) and be used to separate, at
z ∼ 2, merger-induced starbursts from galaxies with a secular mode of star formation. Moreover, in a steady-state between
SFR and gas accretion, one could expect SFRsecular
and the gas
max
fraction of galaxies to be strongly related (Bouché et al. 2010;
Davé et al. 2011). Therefore, SFRsecular
should decrease at low
max
redshift with the gas fraction of galaxies (Tacconi et al. 2010;
Geach et al. 2011). Qualitatively this assumption is supported by
observations of local ULIRGs, which are mostly associated with
major mergers but which exhibit SFRs lower than ∼500 M yr−1 ,
likely because they have relatively low gas fraction (∼10%; see
Fig. 9 of Saintonge et al. 2011). Therefore, in the redshift range
z = 0−2, we can separate merger-induced starbursts from non
−1
major-merging ones using a threshold of 500 ×(1+z)2.2
z=2 M yr ,
−1
while at z > 2, we can use a threshold of 500 M yr . Here, the
2.2
redshift dependence, (1 + z)2.2
z=2 ≡ ((1 + z)/3) , comes from the
evolution of the gas fraction found in Geach et al. (2011). Using
a Chabrier IMF, these SFR thresholds correspond to the most
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luminous SMGs of our sample, i.e., LIR  1012.7 L × (1 + z)2.2
z=2
at 0 < z < 2 and LIR  1012.7 L at z > 2.
A correlation between the SFR and the stellar mass of starforming galaxies has been observed over the last 10 Gyr of lookback time (SFR ∝ M∗α or SSFR = SFR/M∗ ∝ M∗α−1 with
0.5 < α < 1.0; Noeske et al. 2007; Elbaz et al. 2007; Daddi et al.
2007b; Pannella et al. 2009; Rodighiero et al. 2010; Oliver et al.
2010; Karim et al. 2011; Mancini et al. 2011). The existence
of this “main sequence of star formation” (MS) is usually interpreted as a piece of evidence that the bulk of the star-forming
galaxy population is forming stars gradually with long duty cycles. Galaxies situated on the main sequence would be consistent
with a secular mode of star formation, likely sustained by a continuous gas accretion from the IGM and along the cosmic web
(Dekel et al. 2009; Davé et al. 2010), while star-forming galaxies located far above the main sequence would be consistent with
strong starbursts with short duty-cycles, mainly triggered by major mergers. In that picture, to separate galaxies triggered by major mergers from those with secular mode of star formation, one
should use the oﬀset of a galaxy with respect to the MS, rather
than simply using its infrared luminosity (Wuyts et al. 2011;
Elbaz et al. 2011; Nordon et al. 2012; Rodighiero et al. 2011,
Magnelli et al., in prep.).
There are thus two ways to identify major-merger induced starbursts. In the following, we apply these two criteria to our SMG sample, compare their results, and more
importantly test their ability to eﬀectively select majormerger induced starbursts. For the criterion using the oﬀset of a galaxy with respect to the main sequence (i.e.,
Δlog(SSFR)MS = log[SSFR(galaxy)/SSFRMS (M∗ , z)]), we use
the stellar masses of 39 blank field SMGs derived in Sect. 3.7
and the definition of the MS given by Rodighiero et al. (2010),
i.e., log(SSFR)MS = α log(M∗ ) + β where (α , β) = (−0.27, 2.6),
(−0.51, 5.3) and (−0.49, 5.2) at 0.5 < z < 1.0, 1.0 < z < 1.5 and
z > 1.5, respectively. We adopt the definition of Rodighiero et al.
(2010) for consistent use of the FIR as a star-formation indicator.
None of our results strongly depend on this specific definition.
In the left panel of Fig. 11 we observe that our SMGs
are systematically above the main sequence of star-formation,
consistently with previous findings (e.g., Daddi et al. 2007b;
Hainline et al. 2011; Wardlow et al. 2011). Nevertheless, while
low luminosity SMGs are within 2σ from the MS, SMGs above
our merger-induced starburst separation (i.e., SFRsecular
max ) are at
least 2σ above it. This segregation shows that for the relatively
narrow range of stellar masses probed by our SMG sample
(1 × 1010 M∗ −4 × 1011 M∗ ), a simple cut in SFR allows us to
accurately select the galaxies lying above the main sequence.
The fact that these two independent criteria (one is based on
hydrodynamic simulations while the other is empirically derived using duty cycle arguments) select the same sample of
galaxies strengthen their accuracy and therefore supports the assumption of a major-merger induced scenario. We note that the
SFR/luminosity criterion selects galaxies located ∼1 dex above
the main sequence. This is consistent with values used in studies
selecting merger-induced starbursts based on their location with
respect to the main sequence (Elbaz et al. 2011; Nordon et al.
2012; Rodighiero et al. 2011). We conclude that for our specific
SMGs sample these two criteria are equivalent.
Half of the galaxies in our sample (29 SMGs) have SFRs
above our merger-induced starburst separation (i.e., SFRsecular
max ;
hereafter we call these galaxies luminous-SMGs, because they
12.7
L
have LIR  1012.7 L × (1 + z)2.2
z=2 at 0 < z < 2 and LIR  10
12
at z > 2). Their median infrared luminosity is 6.4 × 10 L , their

B. Magnelli et al.: Far-infrared properties of SMGs

Fig. 11. (Left) Distribution of “distance” with respect to the main sequence observed in our SMG sample having accurate stellar masses estimates
(empty histogram). The hatched histogram shows the distribution observed in a subsample of luminous SMGs with SFR>SFRsecular
max , i.e., LIR 
2.2
1012.7 L × (1 + z)z=2
at 0 < z < 2 and LIR  1012.7 L at z > 2. (Right) Dust temperature of SMGs as function of their distance with respect to the
2.2
at 0 < z < 2 and LIR  1012.7 L at z > 2.
main sequence of star-formation. Blue squares show luminous SMGs with LIR  1012.7 L × (1 + z)z=2
Green squares show SMGs with infrared luminosities below these thresholds. Red points represent the OFRGs, i.e., galaxies with relatively low
infrared luminosities below our treshold. In both plots the location of the main sequence as function of the redshift is taken from Rodighiero et al.
(2010). The 1σ scatter around this main sequence is illustrated by the shaded area.

median T c is 27 K and they are at least 2σ above the MS of star
formation. The high dust temperatures of these luminous-SMGs
agree with those observed in local ULIRGs (see the agreement
between the mean SED of these SMGs and the CE01 template in
the top panel of Fig. 10). This agreement suggests similar physical conditions prevailing in the star-forming regions of local
ULIRGs and those of luminous-SMGs. Since local ULIRGs are
triggered by major mergers, this suggest that luminous-SMGs
might also be produced by major mergers.
The relatively high dust temperatures of the luminous-SMG
subsample (compared to the rest of the SMG population, see
the right panel of Fig. 11) also agrees, qualitatively, with the
large increase of the dust temperature predicted by Hayward
et al. (2011) at the coalescence of their major merger simulations. To quantitatively confirm this agreement we compare our
dust temperatures with those of the hydrodynamic simulations
of Hayward et al. (2011). First, we redshifted their simulated
SEDs to match our SMG redshift distribution, second, we convolved these SEDs with the PACS, SPIRE, submm and mm filters and, third, we applied cuts in flux densities to match the
properties of the GOODS-N field (i.e., a field with deep submm
and Herschel observations, probing a large dynamic range in the
T c − LIR plane). Then, we fitted our power-law temperature distribution model with β = 2.0, γ = 7.3 and R = 3 kpc to this set
of simulated SEDs, leaving Mdust and T c as the only free parameters of the model11 . As for our data, the power-law temperature
If we constrained β, γ and R on the simulated SEDs, we find β =
1.6 ± 0.2, γ = 8.7 ± 0.7 and R = 2 ± 1 kpc. These values are diﬀerent
that those obtained on our SMGs and lead, systematically, to higher dust
temperatures (ΔT c ∼ 7 K). Nevertheless, we believe that using these
constraints will not provide a fair dust temperature comparison with
our SMGs. First, while the exact values of β, γ and R strongly aﬀect the
inferred T c , the location of the FIR peak of the simulated SEDs stays unchanged. Simulated SEDs of major mergers peak at shorter wavelength
than those of isolated starburst, and the localization of these peaks are
consistent with those of our SMGs. Second, if the constraints on β, γ
and R from our SMGs do not provide the optimal fit to the simulated
SEDs, they still provide a fairly good fit to them. Third, the simulated
SEDs cannot be used to constrain β, γ and R because they do not yet include stochastically heated very small grains (Hayward et al., in prep.).

11

distribution model provides a good fit to the simulated SEDs,
characterised by reasonably low χ2 values (i.e., ∼8 for Ndof ∼ 3).
We find that simulated galaxies populate the same region of the
T c − LIR plane as our SMG sample. Extreme infrared luminosities (i.e., LIR  1012.7 L ) are indeed only observed in simulations of strong starbursts at the coalescence of major mergers (Hayward et al. 2011). Simulations of two gas rich galaxies
soon to merge (i.e., at an epoch where tidal eﬀects have not yet
caused strong starbursts) and observed as one submm source,
always have lower infrared luminosities (i.e., LIR  1012.7 L ).
In the simulations, strong starbursts at the coalescence of major mergers exhibit higher dust temperatures (T c ∼ 28 K) than
isolated starbursts (T c ∼ 22 K). The agreement between the
dust temperatures of simulated major mergers and that of our
luminous-SMGs (i.e., T c is 27 K) supports the assumption that
these luminous-SMGs are observed at a late-stage of a major
merger.
We conclude that the most luminous SMGs exhibit properties, including their extreme infrared luminosity (LIR = 6.4 ×
1012 L ), their hot dust temperature (T c = 27 K) and their location with respect to the main sequence (>2σ), which favour
the scenario in which they correspond to intense starbursts with
short duty-cycles, mainly triggered by major mergers. On the
other hand, SMGs with low infrared luminosities exhibit properties, including their relatively cold dust temperatures (T c =
20 K) and their location with respect to the main sequence
(within ∼2σ), which favour the scenario of isolated star-forming
galaxies or pairs about to merge, i.e., at a time where tidal effects have not yet caused strong starbursts. The distinction between these two modes (i.e., isolated star-forming galaxy or
early-stage major merger) cannot be assessed using our data.
However, the existence in some SMGs of two galaxies about
to merge and being contained in the same submm beam is confirmed by some high resolution CO line observations (Tacconi
et al. 2008, HDF242 aka GN19) and submm continuum observations (Younger et al. 2009; Kovács et al. 2010; Wang et al.
2011).
We stress that the conclusions drawn for the low luminosity SMG population should not be extrapolated to the entire
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low luminosity galaxy population. Indeed, at these luminosities
SMGs do not constitute a representative sample of the underlying population (see Sect. 3.8). In particular, galaxies with relatively low infrared luminosities but warm dust (e.g., the OFRGs)
might be triggered by major mergers (Casey et al. 2011).
In the right panel of Fig. 11 we observe a clear correlation between the location of a galaxy with respect to the main sequence
(i.e., Δlog(SSFR)MS ) and its dust temperature T c . Nevertheless,
because our sample is aﬀected by strong selection biases (in
term of luminosity and dust temperature as well as in term of
being preferentially optically bright), this T c − Δlog(SSFR)MS
relation has to be treated with caution. At low infrared luminosities our sample is biased towards galaxies with cooler dust
temperatures. Thus, we can expect “main sequence” galaxies to
exhibit a broader range of dust temperatures than our current
SMGs sample, i.e., weakening the T c −Δlog(SSFR)MS relation.
On the other hand, the location of the OFRGs in this figure seems
to qualitatively confirm the existence of a T c − Δlog(SSFR)MS
relation. Indeed, even at relatively low infrared luminosities
(1012 L  LIR  1013 L ) and over the same range of redshift
(i.e., 1.0 < z < 2.5), galaxies with hotter dust temperatures (i.e.,
the OFRGs) are more oﬀset from the MS than galaxies of the
same infrared luminosities but with cooler dust temperature (i.e.,
the SMGs represented with green squares in the right panel of
Fig. 11). The existence of a T c − Δlog(SSFR)MS relation is also
consistent with the fact that Elbaz et al. (2011) and Nordon et al.
(2012) find a correlation between Δlog(SSFR)MS and the SED
properties of star-forming galaxies. The PAH-to-LIR ratio of
main sequence galaxies is constant, but decreases with increasing oﬀset above the main sequence. Finally, Elbaz et al. (2011)
and Wuyts et al. (2011) also find that Δlog(SSFR)MS correlates
with the compactness of the star-forming region; the SFR density
of main sequence galaxies is roughly constant while it increases
with increasing oﬀset above the main sequence. All these correlations are strong observational support of the physical interpretation given to the main sequence of star-formation. Galaxies
oﬀset from the main sequence, likely triggered by major mergers, have compact star-forming regions resulting in warmer dust
temperatures and weaker PAH emission.

7. Summary
Using the Herschel PACS and SPIRE observations of several
deep cosmologcial fields, we study in detail the far-infrared
properties of a sample of 61 SMGs which have secure redshift
estimates. We find that at high infrared luminosities this sample provides a good representation of the entire SMG population
and more generally of the entire high luminosities star-forming
galaxy population. At low infrared luminosities, our sample is
less representative, because it is biased towards low redshift
galaxies with cooler dust. Dust properties of these SMGs are inferred using two diﬀerent approaches. First, we use a single dust
temperature modified blackbody model which provides a very
simple description of the dust emission of galaxies and allows
comparisons with all pre-Herschel estimates. Then, in order to
obtain a better description of the Wien side of the dust emission,
we use a power-law temperature distribution model. This model
provides an accurate description of the rest frame far-infrared
SEDs of SMGs. From this model we can constrain the dust emissivity spectral index, the characteristic emission diameter, the
temperature index, the dust temperatures and the infrared luminosities of SMGs. These properties are analysed and put into
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perspective with the more general question of the formation and
evolution of star-forming galaxies. Our main conclusions are:
1. We find that a single dust temperature model provides a good
description of the far-infrared peak and Rayleigh-Jeans part
of SED of SMGs, but fails to reproduce its Wien-side. The
dust temperatures and infrared luminosities inferred using
the combination of only PACS (or only SPIRE) and submm
observations are in very good agreement with the reference
estimates based on PACS+SPIRE+submm data.
2. Using a power-law temperature distribution model we obtain a good description of the far-infrared SED of SMGs at
its peak, on the Rayleigh-Jeans side and on the Wien side.
Using this model and the combination of PACS, SPIRE and
submm observations, we obtain constraints on the dust emissivity spectral index of SMGs β = 2.0 ± 0.2 and the temperature index γ = 7.3 ± 0.3. The dust emissivity spectral index
found in our sample is in line with estimates by Dunne &
Eales (2001).
3. We find that luminosity extrapolations based on the radio
emission are considerably more reliable than those based on
the mid-infrared emission and the Chary & Elbaz (2001) library. For our sample, the FIR/radio correlation is parameterized with q = 2.0 ± 0.3. However, this value could not
be applied to the full high-redshift star-forming galaxy populations because our sample is not well-suited to study the
evolution of q with redshift.
4. Our study unambiguously reveals the diversity of the SMG
population, which probes large ranges in infrared luminosity
(from LIR ∼ 2 × 1011 L to ∼ 3 × 1013 L ) and dust temperature (from T c = 14 K to T c = 36 K) and is strongly biased towards galaxies with cold dust. This bias decreases at
high luminosities, and at LIR  1012.5 L , SMGs are a representative sample of the entire high infrared luminosity starforming galaxies population. At lower infrared luminosities,
a complete census on the high-redshift star-forming galaxy
population requires the use of the bolometric selection provided by deep Herschel observations.
5. Our study clearly reveals that some SMGs exhibit extreme
infrared luminosities (LIR  1012.7 L ) which correspond to
SFRs of >500 M yr−1 . We also observe that these luminousSMGs exhibit warm dust temperatures (T c = 27 K) and are
outliers of the main sequence of star-formation (∼2σ above
it). The extreme SFRs of these luminous-SMGs are diﬃcult to reconcile with a secular mode of star formation (e.g.,
Davé et al. 2010) and could correspond to a merger-driven
stage in the evolution of these galaxies. This hypothesis is
supported by the fact that these SMGs exhibit warm dust
temperatures consistent with estimates from hydrodynamic
simulations of major mergers coupled with radiative transfer calculation (Hayward et al. 2011), and that as outliers of
the main sequence they are commonly assumed to be intense
starbursts with short duty-cycles, likely triggered by major
mergers.
6. At low infrared luminosities, the dust temperatures and the
infrared luminosities of SMGs are consistent with a secular
mode of star formation. This hypothesis is also supported
by the fact that those galaxies are situated close the main
sequence of star-formation and hence are assumed to have
large duty-cycles of star formation.
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Table 2. Main properties of the ancillary used in this study.

Notes. (a) In deep 160, 250, 350 and 500 μm observations, rms values include confusion noise.
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Table 1. Main properties of the PEP/HerMES fields used in this study.
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RA
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367.0 ± 6.4
81.7 ± 4.1
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mJy
12.5 ± 1.9
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33.5 ± 1.5
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S 160
S 250
27.3 ± 3.1
9.3 ± 3.1
34.2 ± 3.1
26.2 ± 3.1
21.4 ± 3.1
12.7 ± 3.1
21.8 ± 3.1
12.6 ± 3.1
26.7 ± 3.0
54.3 ± 3.1
13.9 ± 3.1
...
12.1 ± 3.1
53.5 ± 3.0

mJy

S 350
25.7 ± 4.0
...
46.7 ± 4.0
27.6 ± 4.0
...
...
28.0 ± 4.0
...
30.6 ± 4.1
45.0 ± 4.2
25.4 ± 4.0
...
...
39.9 ± 4.3

mJy

S 500
...
...
27.4 ± 4.0
13.2 ± 3.9
...
...
16.7 ± 3.9
...
12.4 ± 3.9
14.3 ± 4.3
14.6 ± 4.0
...
...
25.9 ± 3.9

mJy

GN04
GN05
GN06
GN07
GN13
GN15
GN19
GN20
GN25
GN26
GN31
GN34
GN20.2
GN39

name

12 36 16.60
12 36 18.80
12 36 18.70
12 36 21.30
12 36 50.50
12 36 56.50
12 37 07.70
12 37 11.70
12 36 28.70
12 36 35.50
12 36 53.10
12 37 06.50
12 37 09.50
12 37 11.30

RA

mJy

4.9 ± 0.7
5.2 ± 1.8
7.5 ± 0.9
8.9 ± 1.5
1.9 ± 0.4
3.7 ± 0.4
8.0 ± 3.1
20.3 ± 2.1
3.2 ± 1.4
2.2 ± 0.8
2.1 ± 0.6
3.8 ± 1.9
9.9 ± 2.3
5.2 ± 2.4

Dec

S 850

+62 15 20.00
+62 10 08.00
+62 15 53.00
+62 17 11.00
+62 13 17.00
+62 12 02.00
+62 14 11.00
+62 22 12.00
+62 10 47.00
+62 12 38.00
+62 11 20.00
+62 21 12.00
+62 22 06.00
+62 13 31.00

SCUBA position
AzGN16
...
AzGN36
...
...
...
...
AzGN01
...
...
...
...
...
AzGN07

name
12 36 16.18
.........
12 36 17.38
.........
.........
.........
.........
12 37 12.04
.........
.........
.........
.........
.........
12 37 11.94

RA
+62 15 18.10
.........
+62 15 45.50
.........
.........
.........
.........
+62 22 11.50
.........
.........
.........
.........
.........
+62 13 30.10

Dec

Submm properties
AzTEC position

Table 4. Submm, radio and redshift properties for our GOODS-N SMG sample.

2.9 ± 1.1
...
1.9 ± 1.2
...
...
...
...
10.7 ± 0.9
...
...
...
...
...
4.0 ± 1.1

mJy

S 1100
...
...
...
...
...
...
...
GN1200.1
...
...
...
...
...
GN1200.3

name
.........
.........
.........
.........
.........
.........
.........
12 37 11.70
.........
.........
.........
.........
.........
12 37 11.20

RA

.........
.........
.........
.........
.........
.........
.........
+62 22 11.00
.........
.........
.........
.........
.........
+62 13 28.00

Dec

MAMBO position

...
...
...
...
...
...
...
9.3 ± 0.5
...
...
...
...
...
3.6 ± 0.6

mJy

S 1200

μJy

89.5 ± 6.3
50.3 ± 15.4
178.9 ± 6.4
210.8 ± 12.9
45.4 ± 5.4
16.2 ± 16.2
77.0 ± 10.0
70.0 ± 16.3
93.8 ± 12.9
194.3 ± 10.4
16.3 ± 5.4
23.6 ± 23.6
180.7 ± 8.4
178.9 ± 8.6

Radio properties
S 1.4 GHz

2.578
2.210
1.865
1.988
0.475
2.743
2.484
4.055
1.013
1.219
0.935
1.360
4.051
1.996

Redshift

Notes. (a) After the position, we indicate the (sub)mm observation from which the multi-wavelength identification has been made, S: SCUBA, L: Laboca, A: AzTEC and M: MAMBO. (b) After the
position, we indicate the nature of the observation that has provided the multi-wavelength identification of the (sub)mm source, R: radio, M: MIPS, I: IRAC.

GN04
GN05
GN06
GN07
GN13
GN15
GN19
GN20
GN25
GN26
GN31
GN34
GN20.2
GN39

name

Table 3. Mid- and far-infrared properties of our GOODS-N SMG sample.

A&A 539, A155 (2012)

03 32 19.02
03 32 13.58
03 32 07.59
03 32 05.12
03 32 46.74
03 32 43.28
03 32 21.25

RA

-27 52 19.40 L
-27 56 02.50 L
-27 51 23.00 L
-27 46 52.10 L
-27 51 20.90 L
-27 55 17.90 L
-27 56 23.50 L

Dec

03 32 19.04
03 32 13.84
03 32 07.26
03 32 04.87
03 32 46.77
03 32 43.18
03 32 21.61

RA
-27 52 14.30 R
-27 55 59.80 R
-27 51 20.10 R/M
-27 46 47.40 R/M
-27 51 20.70 R/M
-27 55 14.20 R/M
-27 56 23.10 R/M

Dec

Reference submm source and its counterpart
submm positiona
counterpart positionb
03 32 19.05
03 32 13.85
03 32 07.28
03 32 04.87
03 32 46.78
03 32 43.19
03 32 21.60

RA
-27 52 14.46
-27 55 59.93
-27 51 20.17
-27 46 47.28
-27 51 20.90
-27 55 14.36
-27 56 23.34

Dec

infrared position
0.2
0.2
0.3
0.1
0.3
0.2
0.3



Δr

mJy
...
...
...
...
...
1.3 ± 0.3
...

μJy
161.9 ± 4.6
119.1 ± 6.0
230.8 ± 5.6
630.3 ± 5.9
151.9 ± 3.6
583.5 ± 5.1
615.6 ± 7.0

...
1.3 ± 0.4
1.9 ± 0.6
3.7 ± 0.5
2.2 ± 0.4
4.4 ± 0.5
5.2 ± 0.6

mJy
11.5 ± 0.9
3.4 ± 0.6
7.4 ± 1.3
18.3 ± 0.7
7.1 ± 0.9
15.0 ± 0.8
14.1 ± 0.8

mJy

PEP/HerMES multi-wavelength counterpart
S 24
S 70
S 100
S 160
S 250
24.0 ± 2.6
15.2 ± 2.6
25.0 ± 2.6
40.6 ± 2.6
15.7 ± 2.6
25.0 ± 2.6
33.9 ± 2.6

mJy

S 350
30.3 ± 3.2
19.2 ± 3.4
29.0 ± 3.2
44.3 ± 3.6
19.0 ± 3.1
21.7 ± 3.3
30.1 ± 3.4

mJy

S 500
20.8 ± 4.3
17.9 ± 4.2
26.4 ± 4.2
39.0 ± 4.3
...
24.9 ± 4.2
23.6 ± 4.3

mJy

LESS010
LESS011
LESS017
LESS018
LESS040
LESS067
LESS079

name

RA
03 32 18.99
03 32 13.47
03 32 07.13
03 32 05.12
03 32 46.96
.........
03 32 21.37

AzTEC/GS2.1
AzTEC/GS7
AzTEC/GS10
AzTEC/GS8
AzTEC/GS25
...
AzTEC/GS23

mJy

-27 52 19.40
-27 56 02.50
-27 51 23.00
-27 46 52.10
-27 51 20.90
-27 55 17.90
-27 56 23.50

Dec
9.1 ± 1.2
9.1 ± 1.2
7.6 ± 1.3
7.5 ± 1.2
5.9 ± 1.3
5.2 ± 1.4
4.7 ± 1.4

03 32 19.02
03 32 13.58
03 32 07.59
03 32 05.12
03 32 46.74
03 32 43.28
03 32 21.25

RA
-27 52 13.80
-27 56 06.70
-27 51 25.30
-27 46 45.80
-27 51 22.40
.........
-27 56 28.10

Dec

AzTEC position

Submm properties
S 870
name

LABOCA position

Table 6. Submm, radio and redshift properties for our GOODS-S SMG sample.

6.3 ± 0.5
3.5 ± 0.6
3.5 ± 0.6
3.1 ± 0.5
1.8 ± 0.5
...
2.1 ± 0.6

mJy

S 1100

μJy

54.9 ± 4.6
55.1 ± 4.2
120.3 ± 4.3
130.1 ± 5.5
119.1 ± 1.4
90.1 ± 3.7
34.8 ± 4.9

Radio properties
S 1.4 GHz

2.437
2.679
1.053
2.214
1.593
2.122
2.073

Redshift

Notes. (a) After the position, we indicate the (sub)mm observation from which the multi-wavelength identification has been made, S: SCUBA, L: Laboca, A: AzTEC and M: MAMBO. (b) After the
position, we indicate the nature of the observation that has provided the multi-wavelength identification of the (sub)mm source, R: radio, M: MIPS.

LESS010
LESS011
LESS017
LESS018
LESS040
LESS067
LESS079

name

Table 5. Mid- and far-infrared properties of our GOODS-S SMG sample.
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10 52 01.42
10 52 38.25
10 52 04.17
10 52 27.61
10 52 30.11
10 53 19.20
10 51 51.45
10 51 58.25
10 51 55.97
10 52 38.19
10 52 01.98
10 54 03.76
10 54 06.44
10 52 11.61

RA

RA
10 52 01.25
10 52 38.30
10 52 03.69
10 52 27.58
10 52 30.72
10 53 19.27
10 51 51.69
10 51 58.02
10 51 55.47
.........
10 52 01.92
10 54 03.75
10 54 06.83
10 52 11.85

Dec

+57 24 43.04 S
+57 24 36.54 S
+57 26 58.85 S
+57 25 13.08 S
+57 22 15.55 S
+57 21 10.64 S
+57 26 37.00 S
+57 18 00.81 S
+57 23 11.76 S
+57 16 51.10 S
+57 40 49.30 A
+57 25 53.70 A
+57 33 09.60 A
+57 35 10.70 A

+57 24 45.76 R
+57 24 35.76 R
+57 27 07.06 M
+57 25 12.46 R
+57 22 09.56 R/M
+57 21 08.45 R
+57 26 36.09 R
+57 18 00.27 R
+57 23 12.77 R
.........
+57 40 51.50 R
+57 25 53.50 R
+57 33 09.10 R
+57 35 10.50 M

Dec

Reference submm source and its counterpart
submm positiona
counterpart positionb
10 52 01.25
10 52 38.30
10 52 03.70
10 52 27.58
10 52 30.74
10 53 19.28
10 51 51.68
10 51 58.03
10 51 55.46
10 52 38.18
10 52 01.93
10 54 03.79
10 54 06.86
10 52 11.85

RA
+57 24 45.90
+57 24 35.77
+57 27 07.40
+57 25 12.52
+57 22 09.62
+57 21 08.67
+57 26 36.08
+57 18 00.29
+57 23 12.89
+57 16 51.11
+57 40 51.65
+57 25 53.62
+57 33 09.42
+57 35 10.49

Dec

infrared position
0.1
0.0
0.4
0.1
0.2
0.2
0.1
0.1
0.1
0.1
0.2
0.3
0.4
0.0



Δr
178.5 ± 12.6
175.0 ± 23.0
1047.0 ± 17.0
229.9 ± 10.5
194.1 ± 10.8
380.8 ± 10.5
336.6 ± 11.3
256.3 ± 12.9
112.9 ± 10.1
462.1 ± 10.6
1473.5 ± 15.8
225.9 ± 20.3
622.8 ± 16.4
243.2 ± 11.0

μJy

...
7.9 ± 1.5
6.2 ± 1.0
3.6 ± 1.0
...
5.9 ± 1.1
15.1 ± 1.3
9.1 ± 1.0
...
12.5 ± 1.3
12.2 ± 1.5
3.9 ± 1.1
4.5 ± 1.3
...

mJy
15.2 ± 3.1
19.3 ± 2.5
14.4 ± 3.1
10.1 ± 2.7
10.4 ± 1.8
11.4 ± 3.1
30.0 ± 1.7
28.4 ± 2.9
...
15.0 ± 2.9
25.3 ± 4.9
31.2 ± 2.7
9.4 ± 2.8
14.2 ± 2.6

mJy

PEP/HerMES multi-wavelength counterpart
S 24
S 100
S 160
S 250
37.4 ± 3.9
...
40.0 ± 1.6
22.7 ± 3.9
19.4 ± 3.8
25.8 ± 3.8
40.7 ± 3.8
35.7 ± 3.9
18.6 ± 3.8
19.7 ± 3.8
59.8 ± 3.9
57.3 ± 3.9
12.4 ± 3.9
18.1 ± 3.8

mJy

S 350
37.9 ± 5.4
...
50.7 ± 4.3
28.2 ± 5.5
24.9 ± 5.7
28.3 ± 6.7
34.9 ± 5.4
30.5 ± 5.8
...
...
56.4 ± 6.2
51.1 ± 5.9
34.5 ± 7.5
26.5 ± 5.6

mJy

S 500
...
...
29.6 ± 5.6
...
30.6 ± 8.3
...
...
...
...
...
44.7 ± 9.4
...
35.0 ± 8.7
...

mJy

LOCK850.01
LOCK850.03
LOCK850.04
LOCK850.12
LOCK850.14
LOCK850.15
LOCK850.16
LOCK850.17
LOCK850.33
SMMJ105238+571651
...
...
...
...

name

10 52 01.42
10 52 38.25
10 52 04.17
10 52 27.61
10 52 30.11
10 53 19.20
10 51 51.45
10 51 58.25
10 51 55.97
10 52 38.19
.........
.........
.........
.........

RA

mJy
8.8 ± 1.0
10.9 ± 1.8
10.6 ± 1.7
6.1 ± 1.7
7.2 ± 1.8
13.2 ± 4.3
5.8 ± 1.8
4.7 ± 1.3
3.8 ± 1.0
5.3 ± 1.6
...
...
...
...

Dec

S 850

+57 24 43.04
+57 24 36.54
+57 26 58.85
+57 25 13.08
+57 22 15.55
+57 21 10.64
+57 26 37.00
+57 18 00.81
+57 23 11.76
+57 16 51.10
.........
.........
.........
.........

SCUBA position
AzLOCK.8
AzLOCK.24
AzLOCK.7
...
...
AzLOCK.17
...
...
...
...
AzLOCK.1
AzLOCK.5
AzLOCK.10
AzLOCK.62

name

Table 8. Submm, radio and redshift properties for our LH SMG sample.

10 52 01.14
10 52 38.46
10 52 03.89
.........
.........
10 53 19.47
.........
.........
.........
.........
10 52 01.98
10 54 03.76
10 54 06.44
10 52 11.61

RA
+57 24 43.00
+57 24 36.80
+57 27 00.50
.........
.........
+57 21 05.30
.........
.........
.........
.........
+57 40 49.30
+57 25 53.70
+57 33 09.60
+57 35 10.70

Dec

Submm properties
AzTEC position
4.7 ± 1.0
3.0 ± 1.0
4.8 ± 0.9
...
...
3.6 ± 1.0
...
...
...
...
6.6 ± 0.9
4.9 ± 1.0
4.1 ± 0.9
2.0 ± 1.0

mJy

S 1100
LE1200.5
LE1200.1
LE1200.3
LE1200.6
LE1200.10
...
...
LE1200.11
LE1200.12
...
...
...
...
...

name
10 52 01.30
10 52 38.30
10 52 04.10
10 52 27.50
10 52 29.90
.........
.........
10 51 58.30
10 51 55.50
.........
.........
.........
.........
.........

RA

+57 24 48.00
+57 24 37.00
+57 26 58.00
+57 25 15.00
+57 22 05.00
.........
.........
+57 17 53.00
+57 23 10.00
.........
.........
.........
.........
.........

Dec

MAMBO position

3.4 ± 0.6
4.8 ± 0.6
3.6 ± 0.6
2.8 ± 0.5
2.9 ± 0.7
...
...
2.9 ± 0.7
3.3 ± 0.8
...
...
...
...
...

mJy

S 1200

μJy

110.0 ± 6.0
25.8 ± 4.9
47.0 ± 5.7
44.3 ± 5.1
37.4 ± 4.2
105.4 ± 5.0
106.0 ± 6.0
92.3 ± 4.5
51.0 ± 4.3
71.1 ± 12.6
258.0 ± 11.0
138.0 ± 9.0
77.0 ± 9.0
...

Radio properties
S 1.4 GHz

3.380
3.036
1.480
2.470
2.611
2.760
1.620
2.694
2.686
1.852
2.500
2.820
2.560
2.480

Redshift

Notes. (a) After the position, we indicate the (sub)mm observation from which the multi-wavelength identification has been made, S: SCUBA, L: Laboca, A: AzTEC and M: MAMBO. (b) After the
position, we indicate the nature of the observation that has provided the multi-wavelength identification of the (sub)mm source, R: radio, M: MIPS.

LOCK850.01
LOCK850.03
LOCK850.04
LOCK850.12
LOCK850.14
LOCK850.15
LOCK850.16
LOCK850.17
LOCK850.33
SMMJ105238+571651
AzLOCK.1
AzLOCK.5
AzLOCK.10
AzLOCK.62

name

Table 7. Mid- and far-infrared properties of our LH SMG sample.

A&A 539, A155 (2012)

09 59 38.82
10 01 24.58
09 59 39.06
09 59 28.12
10 00 30.16
10 00 07.95
10 00 19.75
10 00 20.70
10 00 08.91
09 59 39.30
10 00 38.10

RA

RA
09 59 38.94
10 01 23.86
09 59 39.06
09 59 28.63
10 00 30.25
10 00 08.05
10 00 19.77
10 00 20.70
10 00 08.94
09 59 39.18
10 00 38.01

Dec

+02 08 41.28 L
+01 56 06.93 L
+02 21 21.19 L
+02 07 48.45 L
+02 41 37.61 L
+02 26 08.16 A
+02 32 04.40 A
+02 35 20.50 A
+02 40 09.60 A
+02 34 08.00 A
+2 08 25.00 M

+02 08 49.49 R
+01 56 13.39 R
+02 21 26.42 R
+02 07 49.49 R
+02 41 46.35 R
+02 26 12.20 S
+02 32 04.33 S
+02 35 20.50 S
+02 40 10.70 S
+02 34 03.67 R
+02 08 22.57 R

Dec

Reference submm source and its counterpart
submm positiona
counterpart positionb
09 59 38.96
10 01 23.88
09 59 39.06
09 59 28.57
10 00 30.33
10 00 08.10
10 00 19.77
10 00 20.95
10 00 08.95
09 59 39.20
10 00 38.01

RA
+02 08 48.98
+01 56 13.49
+02 21 26.53
+02 07 48.07
+02 41 46.46
+02 26 11.57
+02 32 03.95
+02 35 18.80
+02 40 10.67
+02 34 02.75
+02 08 22.49

Dec

infrared position
0.6
0.4
0.1
1.7
1.2
1.0
0.4
3.9
0.2
0.9
0.1



Δr
325.0 ± 16.0
...
...
184.0 ± 35.0
1095.0 ± 163.0
287.0 ± 15.0
189.0 ± 13.0
...
660.0 ± 17.0
...
1589.0 ± 115.0

μJy

...
11.2 ± 1.4
...
6.9 ± 1.6
17.6 ± 1.8
...
...
...
10.5 ± 1.7
...
27.4 ± 1.7

mJy
...
33.1 ± 4.4
...
...
40.4 ± 3.4
11.8 ± 3.5
31.4 ± 3.7
...
45.1 ± 3.9
...
72.9 ± 5.1

mJy

PEP/HerMES multi-wavelength counterpart
S 24
S 100
S 160
S 250
18.0 ± 2.7
28.8 ± 2.7
11.2 ± 2.7
22.4 ± 2.7
65.2 ± 2.7
21.3 ± 2.7
31.7 ± 2.7
16.9 ± 2.7
77.9 ± 2.7
29.2 ± 2.7
81.9 ± 2.7

mJy

S 350
17.5 ± 3.3
33.4 ± 4.1
22.7 ± 3.6
23.6 ± 5.1
72.0 ± 3.8
37.0 ± 4.5
32.9 ± 4.8
17.8 ± 3.5
73.3 ± 3.3
28.3 ± 3.3
69.3 ± 3.3

mJy

S 500
...
...
...
33.5 ± 5.0
39.8 ± 6.0
...
...
...
52.0 ± 5.0
20.9 ± 5.2
38.7 ± 4.8

mJy

COSLA121
COSLA127
COSLA155
COSLA163
COSLA12
COSLA2
...
...
...
...
...

name

Table 10. continued.

1
2
3
4
5
6
7
8
9
10
11

index

09 59 38.82
10 01 24.58
09 59 39.06
09 59 28.12
10 00 30.16
10 00 07.95
.........
.........
.........
.........
.........

RA

RA

...
...
...
...
...
...
...
...
...
...
MAMBO11

S 890

name

μJy

54.0 ± 10.0
51.0 ± 10.0
128.0 ± 51.0
54.0 ± 10.0
...
...
140.0 ± 30.0
...
140.0 ± 12.0
69.0 ± 11.0
237.0 ± 27.0

Radio properties
S 1.4 GHz

...
...
AzTECJ095939+022124
...
...
AzTECJ100008+022612
AzTECJ100019+023206
AzTECJ100020+023518
AzTECJ100008+024008
AzTECJ095939+023408
...

...
...
...
...
...
...
...
...
...
...
4.6 ± 0.9

mJy

.........
.........
.........
.........
.........
.........
.........
.........
.........
.........
+02 08 25.00

Dec

RA
.........
.........
.........
.........
.........
.........
.........
.........
.........
.........
10 00 38.10

S 1200

...
...
...
...
...
12.4 ± 1.0
9.3 ± 1.3
8.7 ± 1.5
14.4 ± 4.2
...
...

mJy

Submm properties
MAMBO position

.........
.........
.........
.........
.........
+02 26 12.20
+02 32 04.33
+02 35 20.50
+02 40 10.70
.........
.........

Dec

Submm properties
SMA position
.........
.........
.........
.........
.........
10 00 08.05
10 00 19.77
10 00 20.70
10 00 08.94
.........
.........

1
2
3
4
5
6
7
8
9
10
11

...
...
...
...
...
SMA2
SMA5
SMA3
SMA11
...
...

name

11.8 ± 3.8
15.8 ± 5.1
13.0 ± 4.3
13.3 ± 4.4
23.4 ± 5.6
18.6 ± 3.9
...
...
...
...
...

+02 08 41.28
+01 56 06.93
+02 21 21.19
+02 07 48.45
+02 41 37.61
+02 26 08.16
.........
.........
.........
.........
.........

name

index

mJy

S 870 μm

Dec

LABOCA position

Table 10. Submm, radio and redshift properties for our COSMOS SMG sample.

1.850
0.907
2.974
1.178
1.260
1.120
3.971
5.310
1.599
0.834
1.830

Redshift

.........
.........
09 59 39.01
.........
.........
10 00 08.05
10 00 19.75
10 00 20.70
10 00 08.91
09 59 39.30
.........

RA

.........
.........
+02 21 24.50
.........
.........
+02 26 12.20
+02 32 04.40
+02 35 20.50
+02 40 09.60
+02 34 08.00
.........

Dec

AzTEC position

...
...
1.3 ± 0.5
...
...
8.3 ± 1.3
6.5 ± 1.2
5.9 ± 1.3
4.7 ± 1.3
3.8 ± 1.4
...

mJy

S 1100

Notes. (a) After the position, we indicate the (sub)mm observation from which the multi-wavelength identification has been made, S: SCUBA, L: Laboca, A: AzTEC and M: MAMBO. (b) After the
position, we indicate the nature of the observation that has provided the multi-wavelength identification of the (sub)mm source, R: radio, S: SMA.

COSLA−121R1I
COSLA−127R1I
COSLA−155R1K
COSLA−163R1I
COSLA−012R1I
AzTECJ100008+022612
AzTECJ100019+023206
AzTECJ100020+023518
AzTECJ100008+024008
AzTECJ095939+023408
MAMBO11

name

Table 9. Mid- and far-infrared properties of our COSMOS SMG sample.
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14 01 04.96
14 00 57.55
16 40 19.40
10 57 02.20
00 26 34.10
04 54 12.50
21 53 38.20
16 35 41.20
16 35 50.96
16 35 54.10
16 35 55.18
16 35 55.20
02 39 51.90
02 39 56.40
13 11 29.10

RA

RA
14 01 04.97
14 00 57.57
16 40 19.50
.........
00 26 34.06
.........
21 53 38.35
16 35 41.20
16 35 50.96
16 35 54.10
16 35 55.18
16 35 55.20
02 39 51.88
02 39 56.51
13 11 29.14

+02 52 23.50 S
+02 52 48.60 S
+46 44 01.00 S
-03 36 04.00 S
+17 08 32.00 S
-03 01 04.00 S
+17 42 16.00 S
+66 11 44.00 S
+66 12 05.50 S
+66 12 23.80 S
+66 12 37.20 S
+66 11 50.00 S
-01 35 59.00 S
-01 34 27.00 S
-01 20 49.00 S

+02 52 24.60
+02 52 49.10
+46 44 00.50
.........
+17 08 33.10
.........
+17 42 20.70
+66 11 44.00
+66 12 05.50
+66 12 23.80
+66 12 37.20
+66 11 50.00
-01 35 58.00
-01 34 27.10
-01 20 46.50

Dec

counterpart position

Dec

Reference submm source and its counterpart
submm positiona

SMMJ14011+0252
SMMJ14009+0252
SMMJ16403+4644
SMMJ10570-0334
SMMJ00266+1708
SMMJ04542-0301
SMMJ21536+1742
SMMJ16354+6611
SMMJ16355+66120C
SMMJ16355+66122B
SMMJ16355+66123A
SMMJ16355+6611
SMMJ02399-0136
SMMJ02399-0134
SMMJ13115-1208

name
14 01 04.97
14 00 57.58
16 40 19.46
10 57 02.50
00 26 34.09
04 54 12.73
21 53 38.51
16 35 40.73
16 35 50.75
16 35 53.91
16 35 54.96
16 35 55.00
02 39 51.86
02 39 56.58
13 11 29.14

RA
+02 52 24.54
+02 52 48.95
+46 44 00.81
-03 36 02.52
+17 08 34.16
-03 01 09.25
+17 42 17.73
+66 11 42.96
+66 12 06.31
+66 12 22.43
+66 12 37.04
+66 11 50.62
-01 35 58.45
-01 34 26.10
-01 20 46.47

Dec

infrared position
0.1
0.2
0.5
4.7
1.1
...
3.8
3.1
1.5
1.8
1.4
1.4
0.5
1.4
0.1



Δr
883.4 ± 14.5
297.7 ± 13.7
729.7 ± 7.6
253.1 ± 12.0
283.4 ± 15.4
169.9 ± 10.5
382.7 ± 8.0
411.8 ± 156.3
280.2 ± 26.2
2709.2 ± 129.0
2955.0 ± 123.4
4724.5 ± 182.7
1231.0 ± 11.6
2402.0 ± 10.9
329.8 ± 12.8

μJy

11.6 ± 0.8
4.9 ± 0.7
17.1 ± 0.9
...
4.7 ± 0.7
14.6 ± 1.2
3.8 ± 0.9
1.0 ± 0.7
4.9 ± 0.7
9.4 ± 0.9
5.9 ± 1.1
26.4 ± 0.8
13.0 ± 0.8
45.8 ± 0.8
3.3 ± 0.4

mJy
33.5 ± 1.4
27.7 ± 1.9
35.6 ± 1.9
10.6 ± 2.1
24.5 ± 2.2
40.6 ± 7.7
11.9 ± 2.1
13.6 ± 1.2
18.5 ± 1.6
28.1 ± 1.9
21.3 ± 2.0
51.0 ± 1.5
30.1 ± 1.8
111.1 ± 1.9
7.6 ± 0.8

mJy

PEP/HerMES multi-wavelength counterpart
S 24
S 100
S 160
S 250
61.7 ± 6.0
66.4 ± 6.0
50.5 ± 5.8
15.2 ± 1.2
52.8 ± 7.2
76.0 ± 15.1
52.4 ± 12.7
20.5 ± 6.0
37.8 ± 6.0
78.1 ± 6.0
53.7 ± 6.0
42.1 ± 6.0
65.7 ± 6.1
125.8 ± 6.1
...

mJy

S 350
63.1 ± 3.8
65.8 ± 3.8
44.9 ± 3.6
17.0 ± 1.1
61.3 ± 4.5
94.4 ± 8.8
54.8 ± 7.1
25.7 ± 3.0
35.9 ± 3.1
70.2 ± 7.2
47.1 ± 3.1
37.2 ± 3.0
72.0 ± 3.9
89.8 ± 3.9
16.1 ± 4.1

mJy

A1835
A1835
A2219
MS1054
CL0024
MS0451
A2390
A2218
A2218
A2218
A2218
A2218
A370
A370
A1689

field

SMMJ14011+0252
SMMJ14009+0252
SMMJ16403+4644
SMMJ10570-0334
SMMJ00266+1708
SMMJ04542-0301
SMMJ21536+1742
SMMJ16354+66114
SMMJ16355+66120C
SMMJ16355+66122B
SMMJ16355+66123A
SMMJ16355+6611
SMMJ02399-0136
SMMJ02399-0134
SMMJ13115-1208

name
14 01 04.96
14 00 57.55
16 40 19.40
10 57 02.20
00 26 34.10
04 54 12.50
21 53 38.20
16 35 41.20
16 35 50.96
16 35 54.10
16 35 55.18
16 35 55.20
02 39 51.90
02 39 56.40
13 11 29.10

RA

mJy
41.9 ± 6.9
32.7 ± 8.9
53.4 ± 16.0
10.9 ± 10.9
...
...
...
53.4 ± 16.0
22.9 ± 6.9
46.4 ± 13.9
31.8 ± 9.5
17.1 ± 5.1
85.0 ± 10.0
42.0 ± 10.0
21.0 ± 6.4

Dec

S 450

+02 52 23.50
+02 52 48.60
+46 44 01.00
-03 36 04.00
+17 08 32.00
-03 01 04.00
+17 42 16.00
+66 11 44.00
+66 12 05.50
+66 12 23.80
+66 12 37.20
+66 11 50.00
-01 35 59.00
-01 34 27.00
-01 20 49.00

Submm properties
SCUBA position

Table 12. Submm, radio, redshift and magnification properties for our lensed-SMG sample.

14.6 ± 1.8
15.6 ± 1.9
10.0 ± 2.0
4.4 ± 1.4
18.6 ± 1.5
13.8 ± 2.0
6.7 ± 2.2
10.4 ± 1.4
8.7 ± 1.1
16.1 ± 1.6
12.8 ± 1.5
3.1 ± 0.7
23.0 ± 2.0
11.0 ± 2.0
4.7 ± 0.8

mJy

S 850
6.1 ± 1.5
5.6 ± 1.7
4.3 ± 2.0
...
...
...
...
...
...
...
...
...
...
...
...

mJy

S 1350

μJy

115.0 ± 30.0
529.0 ± 30.0
...
...
94.0 ± 15.0
...
...
...
...
...
...
...
526.0 ± 10.0
500.0 ± 10.0
...

Radio properties
S 1.4 GHz

2.565
2.934
2.030
2.423
2.730
2.911
1.020
3.188
2.516
2.516
2.516
1.034
2.810
1.060
2.630

Redshift

3.00
1.50
3.60
1.10
2.40
50.00
1.90
1.70
9.00
22.00
14.00
7.60
2.50
2.50
21.60

Magnification

Notes. (a) After the position, we indicate the (sub)mm observation from which the multi-wavelength identification has been made, S: SCUBA, L: Laboca, A: AzTEC and M: MAMBO.

A1835
A1835
A2219
MS1054
CL0024
MS0451
A2390
A2218
A2218
A2218
A2218
A2218
A370
A370
A1689

field

Table 11. Mid- and far-infrared properties of our lensed-SMG sample.

S 500
48.5 ± 4.0
53.7 ± 4.2
34.7 ± 6.5
...
44.6 ± 4.7
84.1 ± 11.5
47.5 ± 7.2
17.4 ± 3.3
...
74.7 ± 3.5
26.9 ± 3.5
14.9 ± 3.3
62.8 ± 4.6
41.7 ± 4.4
17.3 ± 4.4

mJy
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Table 13. Dust properties of our SMGs.

Field

Name

T dust

Single-T a
log (LIR ) c

Tc

Multi-T b
log (Mdust )

log (LIR )c

K

L

K

M

L

log (M∗ )

M

GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN
GOODSN

GN04
GN05
GN06
GN07
GN13
GN15
GN19
GN20
GN25
GN26
GN31
GN34
GN20.2
GN39

41 ± 1
27 ± 3
35 ± 1
32 ± 1
24 ± 1
37 ± 3
37 ± 2
36 ± 2
26 ± 1
40 ± 1
22 ± 1
27 ± 3
46 ± 4
38 ± 1

12.91 ± 0.11
12.20 ± 0.49
12.77 ± 0.06
12.58 ± 0.16
10.99 ± 0.21
12.61 ± 0.24
12.81 ± 0.20
13.29 ± 0.10
11.85 ± 0.11
12.65 ± 0.06
11.32 ± 0.15
12.01 ± 0.46
13.17 ± 0.34
12.98 ± 0.05

27 ± 1
19 ± 1
23 ± 1
22 ± 1
15 ± 1
25 ± 1
24 ± 1
27 ± 1
17 ± 1
25 ± 1
15 ± 1
20 ± 1
29 ± 1
27 ± 1

8.40 ± 0.05
8.75 ± 0.25
8.75 ± 0.05
8.70 ± 0.05
8.15 ± 0.05
8.30 ± 0.10
8.65 ± 0.15
9.00 ± 0.05
8.65 ± 0.15
8.40 ± 0.05
8.55 ± 0.15
8.25 ± 0.20
8.55 ± 0.10
8.55 ± 0.05

12.80 ± 0.07
12.23 ± 0.30
12.65 ± 0.05
12.53 ± 0.02
11.23 ± 0.02
12.55 ± 0.20
12.69 ± 0.09
13.13 ± 0.05
11.91 ± 0.12
12.62 ± 0.05
11.55 ± 0.15
12.00 ± 0.15
13.05 ± 0.10
12.89 ± 0.05

11.2+0.1
−0.1
...
10.7+0.3
−0.4
10.6+0.1
−0.5
+0.1
9.9−0.1
11.2+0.2
−0.1
11.3+0.2
−0.1
11.1+0.0
−0.1
11.0+0.0
−0.0
10.9+0.0
−0.2
10.9+0.1
−0.1
10.3+0.1
−0.1
10.2+0.1
−0.4
11.3+0.2
−0.1

GOODSS
GOODSS
GOODSS
GOODSS
GOODSS
GOODSS
GOODSS

LESS010
LESS011
LESS017
LESS018
LESS040
LESS067
LESS079

35 ± 1
33 ± 1
20 ± 1
37 ± 1
28 ± 1
38 ± 1
35 ± 1

12.87 ± 0.05
12.72 ± 0.07
11.55 ± 0.13
12.91 ± 0.08
12.11 ± 0.10
12.73 ± 0.05
12.72 ± 0.05

24 ± 1
22 ± 1
14 ± 1
25 ± 1
18 ± 1
24 ± 1
24 ± 1

8.80 ± 0.05
8.80 ± 0.05
9.10 ± 0.05
8.70 ± 0.05
8.70 ± 0.05
8.55 ± 0.05
8.55 ± 0.05

12.78 ± 0.05
12.59 ± 0.08
11.76 ± 0.02
12.81 ± 0.05
12.07 ± 0.02
12.63 ± 0.05
12.63 ± 0.05

10.5+0.1
−0.1
10.8+0.1
−0.3
10.0+0.6
−0.0
11.3+0.0
−0.0
10.1+0.4
−0.1
11.1+0.1
−0.0
11.2+0.0
−0.5

LOCK850.01
LOCK850.03
LOCK850.04
LOCK850.12
LOCK850.14
LOCK850.15
LOCK850.16
LOCK850.17
LOCK850.33
SMMJ105238+571651
AzLOCK.1
AzLOCK.5
AzLOCK.10
AzLOCK.62

48 ± 2
44 ± 1
26 ± 1
36 ± 1
37 ± 2
39 ± 2
36 ± 1
51 ± 3
38 ± 3
42 ± 5
38 ± 1
47 ± 1
32 ± 2
43 ± 4

13.31 ± 0.07
13.32 ± 0.05
12.34 ± 0.05
12.79 ± 0.12
12.86 ± 0.17
12.94 ± 0.25
12.64 ± 0.06
13.14 ± 0.16
12.73 ± 0.35
12.47 ± 0.47
13.18 ± 0.06
13.32 ± 0.10
12.74 ± 0.22
12.82 ± 0.36

32 ± 1
31 ± 1
19 ± 1
25 ± 1
25 ± 1
28 ± 1
25 ± 1
32 ± 1
26 ± 1
31 ± 2
29 ± 1
31 ± 1
23 ± 1
27 ± 1

8.45 ± 0.05
8.55 ± 0.05
9.00 ± 0.05
8.60 ± 0.05
8.60 ± 0.10
8.45 ± 0.10
8.40 ± 0.05
8.25 ± 0.05
8.40 ± 0.15
7.70 ± 0.25
8.70 ± 0.10
8.60 ± 0.05
8.80 ± 0.15
8.30 ± 0.20

13.21 ± 0.05
13.20 ± 0.01
12.38 ± 0.05
12.75 ± 0.08
12.75 ± 0.08
12.91 ± 0.14
12.62 ± 0.05
13.08 ± 0.05
12.71 ± 0.21
12.61 ± 0.37
13.13 ± 0.06
13.22 ± 0.05
12.68 ± 0.10
12.73 ± 0.24

10.7+0.2
−0.1
11.1+0.1
−0.1
10.6+0.1
−0.1
11.2+0.1
−0.3
11.5+0.0
−0.2
10.9+0.1
−0.0
11.1+0.2
−0.2
11.6+0.0
−0.2
10.6+0.2
−0.4
...
...
11.1+0.0
−0.0
11.6+0.1
−0.1
...

COSLA−121R1I
COSLA−127R1I
COSLA−155R1K
COSLA−163R1I
COSLA−012R1I
AzTECJ100008+022612
AzTECJ100019+023206
AzTECJ100020+023518
AzTECJ100008+024008
AzTECJ095939+023408
MAMBO11

27 ± 4
29 ± 3
40 ± 2
18 ± 1
27 ± 1
18 ± 1
57 ± 4
53 ± 3
32 ± 1
20 ± 1
39 ± 1

12.21 ± 0.45
11.90 ± 0.33
12.74 ± 0.22
11.51 ± 0.17
12.46 ± 0.05
11.51 ± 0.05
13.41 ± 0.24
13.36 ± 0.20
12.83 ± 0.05
11.35 ± 0.27
13.09 ± 0.05

19 ± 1
18 ± 1
28 ± 1
15 ± 1
20 ± 1
14 ± 1
36 ± 1
35 ± 1
23 ± 1
14 ± 1
29 ± 1

8.80 ± 0.25
8.50 ± 0.05
8.20 ± 0.15
9.10 ± 0.25
8.95 ± 0.10
9.35 ± 0.05
8.30 ± 0.05
8.30 ± 0.10
8.95 ± 0.05
8.95 ± 0.15
8.55 ± 0.05

12.26 ± 0.31
11.93 ± 0.05
12.75 ± 0.21
11.92 ± 0.15
12.46 ± 0.08
11.91 ± 0.01
13.38 ± 0.05
13.32 ± 0.14
12.76 ± 0.05
11.67 ± 0.13
13.05 ± 0.05

10.3+0.2
−0.0
10.6+0.4
−0.1
11.1+0.1
−0.0
10.1+0.2
−0.5
...
...
10.9+0.5
−0.7
10.6+0.5
−0.4
10.8+0.1
−0.0
...
10.3+0.1
−0.1

SMMJ14011+0252
SMMJ14009+0252
SMMJ16403+4644
SMMJ10570-0334
SMMJ00266+1708
SMMJ04542-0301
SMMJ21536+1742
SMMJ16354+6611
SMMJ16355+66120C
SMMJ16355+66122B
SMMJ16355+66123A
SMMJ16355+6611
SMMJ02399-0136
SMMJ02399-0134
SMMJ13115-1208

41 ± 1
43 ± 1
39 ± 1
37 ± 3
39 ± 1
44 ± 2
20 ± 1
47 ± 1
42 ± 1
37 ± 1
40 ± 1
33 ± 1
41 ± 1
31 ± 1
39 ± 1

12.86 ± 0.10
13.27 ± 0.10
12.44 ± 0.11
12.56 ± 0.25
12.94 ± 0.11
11.82 ± 0.18
11.55 ± 0.10
12.92 ± 0.15
12.07 ± 0.10
12.01 ± 0.10
12.00 ± 0.11
11.46 ± 0.10
13.01 ± 0.05
12.30 ± 0.05
11.43 ± 0.08

26 ± 1
29 ± 1
25 ± 1
25 ± 1
25 ± 1
25 ± 1
14 ± 1
27 ± 1
23 ± 1
21 ± 1
22 ± 1
21 ± 1
28 ± 1
21 ± 1
21 ± 1

8.45 ± 0.15
8.65 ± 0.05
8.10 ± 0.05
8.30 ± 0.10
8.65 ± 0.05
7.30 ± 0.10
9.15 ± 0.05
8.35 ± 0.05
7.80 ± 0.05
7.95 ± 0.05
7.85 ± 0.05
7.55 ± 0.05
8.50 ± 0.05
8.50 ± 0.05
7.30 ± 0.10

12.74 ± 0.14
13.11 ± 0.10
12.41 ± 0.10
12.55 ± 0.20
12.78 ± 0.10
11.75 ± 0.14
11.80 ± 0.10
12.76 ± 0.10
11.98 ± 0.07
11.88 ± 0.10
11.91 ± 0.10
11.55 ± 0.10
12.94 ± 0.05
12.29 ± 0.05
11.33 ± 0.10

...
...
...
...
...
...
...
...
...
...
...
...
...
...
...

LH
LH
LH
LH
LH
LH
LH
LH
LH
LH
LH
LH
LH
LH
COSMOS
COSMOS
COSMOS
COSMOS
COSMOS
COSMOS
COSMOS
COSMOS
COSMOS
COSMOS
COSMOS
A1835
A1835
A2219
MS1054
CL0024
MS0451
A2390
A2218
A2218
A2218
A2218
A2218
A370
A370
A1689

Notes. (a) In this model the dust emissivity index is fixed to β = 1.5 (see text for details). (b) In this model we use β = 2.0, γ = 7.3 and R = 3 kpc
(see text for details). (c) The infrared luminosities of our lensed-SMGs have been de-magnified using the magnification factors given in Table 12.
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Appendix A: SED fits

Fig. A.1. Spectral energy distribution of our SMGs. Red diamonds present the PACS and SPIRE measurements, while green squares present
multi-wavelength ancillary data taken from the literature. The modified blackbody emission (β = 1.5) best-fitting the data are shown by dashed
blue lines. The power-law temperature distribution model (β = 2.0, γ = 7.3 and R = 3 kpc) which best-fits the data are shown by solid red lines.
Dotted lines present the CE01 SED template which best-fits the far-infrared observations.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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