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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 m) 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
B = 2.0 £ 0.2. Our results unambiguously unveil the diversity of the SMG population. Some SMGs exhibit extreme infrared luminosities of
~10 L, and relatively warm dust components, while others are fainter (a few times 10'> Ly) and are biased towards cold dust temperatures.
Although at z ~ 2 classical SMGs (>5 mJy at 850 um) have large infrared luminosities (~10'3 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 2 10'?7 L, 26/61 systems) imply star formation rates (SFRs) of >500 M, yr~! (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 ultra-
luminous 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 (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

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 red-
shifting 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 his-
tory (Blain 1996). Unfortunately, most current deep submm sur-
veys have spatial resolutions on the order of ten arcseconds. This
large beam size, combined with the steep submm number counts

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.

** Tables 1-13 and Appendix A are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

multi-wavelength identifications of SMGs using (sub)mm, ra-
dio, 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

! Note that here we use the term SMGs to refer to sources selected by
ground-based facilities in the 850-1200 ym window.
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systems (M, ~ 10'°-10'"! My, Swinbank et al. 2004; Tacconi
et al. 2006, 2008; Hainline et al. 2011). Extrapolation of their
infrared luminosities (Lig) from submm, radio or mid-infrared
observations, have shown that SMGs are extremely luminous
(Lir(8=1000 um) > 10" Ly; e.g., Chapman et al. 2005; Pope
et al. 2006, 2008; Kovacs et al. 2006, 2010). Their infrared lu-
minosities 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 My yr~'. 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 um, Sgso > 5 mly) are major mergers in various
stages, characterised by compact or very disturbed CO kinemat-
ics/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 red-
shift (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 den-
sity of SMGs with Sgso > 5 mJy is low (~107> 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 na-
ture of the most luminous SMGs has emerged. SMGs with
Ssso > Smly are thought to exhibit very intense short-lived
star-formation bursts, triggered by mergers, and to be the high-
redshift 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 red-
shifts (Noeske et al. 2007; Daddi et al. 2007b; Elbaz et al. 2007,
Pannella et al. 2009; Rodighiero et al. 2010, 2011). The exis-
tence of this main sequence of star-formation is usually inter-
preted as evidence that the bulk of the SFG population is form-
ing 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 in-
tense 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 ma-
jor mergers has now been weakened by new observational con-
straints. The (sub)mm selection method does not correspond
to a perfect bolometric selection but rather selects galaxies in
the Tquse — Lir parameter space favouring, at low infrared lumi-
nosities, 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 galax-
ies with cold dust temperature, i.e., galaxies with lower SFRs
in the main sequence regime. The diversity of the SMG pop-
ulation is also supported by high-resolution observations. Some
submm sources are actually composed of two galaxies (with nor-
mal ongoing star-formation) which are soon to merge and are ob-
served as one submm source because of the large submm beam
(Younger et al. 2009; Kovécs 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 ex-
treme SFRs of bright SMGs (Chakrabarti et al. 2008; Narayanan
et al. 2010; Hayward et al. 2011), there might be issues (de-
pending 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 proper-
ties of SMGs using hydrodynamic simulations in a cosmolog-
ical 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 fac-
tor ~2-3). These results are also consistent with those of semi-
analytic models which have great difficulties accounting simulta-
neously 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 ho-
mogenous 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 stud-
ied at all wavelengths, in most cases their infrared luminosi-
ties are still based on large extrapolations from radio, submm
or mid-infrared observations. Using 350 um SHARC-2 obser-
vations, Kovdcs et al. (2006, 2010) provided more robust esti-
mates 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 um, Chapin et al. (2011) studied the
far-infrared SED of SMGs at its peak and thus robustly con-
strained their dust temperatures. Nevertheless, this study was
limited to a relatively small SMG sample (23 sources with spec-
troscopic redshift estimates) and suffered from observations with
large beam size (i.e., ~19” at 250 um). Now, thanks to the ad-
vent 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 um 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 um 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 in-
frared luminosities of ~10'3 Ly and relatively warmer dust com-
ponents, while others have much lower luminosities (i.e., a few
10'? 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 far-
infrared SEDs of a large sample of SMGs, allowing us to go
further in our understanding of their properties. Our results un-
ambiguously 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 popu-
lation and can be used to test the different modes of star forma-
tion 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, 8, 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 Herschel-
detected SMG sample with known spectroscopic redshifts and
discusses the selection function of this sample. Section 4 is dedi-
cated to SED analysis, describing how we have derived dust tem-
peratures and infrared luminosities using a single-temperature
modified blackbody model and a power-law temperature distri-
bution model. We consistently refer to temperatures as Tqys if
based on a 8 = 1.5 modified blackbody, and T, for the minimum
temperature in the power-law distribution model. Scientific con-
clusions 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 cosmol-
ogy with Hy = 71 kms™' Mpc™', Q, = 0.73 and Qy = 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 um and SPIRE
250, 350 and 500 um observations provided by the Herschel
Space Observatory. PACS observations were taken as part of
the PACS Evolutionary Probe (PEP?; Lutz et al. 2011) guaran-
teed time key programme, while the SPIRE observations were
taken as part of the Herschel Multi-tiered Extragalactic Survey
(HerMES?; Oliver et al. 2012). These two large key programmes
are structured as “wedding cakes” (i.e., with large area wide sur-
veys 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 combi-
nation 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 ob-
servations of the Great Observatories Origins Deep Survey-
North (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-spread-
function-fitting analysis guided using the position of sources de-
tected in deep 24 um 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 ym-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 um identification (e.g., Hainline et al. 2009).

2 http://www.mpe.mpg.de/ir/Research/PEP
3 http://hermes.sussex.ac.uk

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 um catalogues.
In GOODS-N and -S, we used the GOODS MIPS-24 um cata-
logue presented in Magnelli et al. (2009, 2011) reaching a 30
limit of 20 uJy. In the LH, we used the MIPS-24 um catalogue
provided by a Spitzer legacy programme (PI: E. Egami), reach-
ing a 30 limit of 30 uJy (Egami et al., in prep.). In COSMOS,
we used the latest MIPS-24 um catalogue available, reaching a
30 limit of 45 uJy (Le Floc’h et al. 2009). In the lensed fields,
we used the public MIPS-24 um 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 um data reaches a 1o limit of ~20-100 wJy de-
pending on the cirrus contamination (e.g., Marcillac et al. 2007,
Bai et al. 2007). Using all these MIPS-24 um source positions
as prior, we created our PACS and SPIRE catalogues. The relia-
bility, completeness and contamination of our PACS and SPIRE
catalogues were tested via Monte-Carlo simulations (see Lutz
etal. 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 30~ limit of
~10mly, ~12 mJy and ~15 mJy at 250, 350 and 500 ym, respec-
tively, while the formal 30~ 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 30~ confusion limits
should thus be treated with caution. In our specific SMG sample
(with robust spectroscopic redshift estimates), only a small frac-
tion 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 um 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 po-
tentially affected by confusion. While useful, we note that this
diagnostic might not be fully reliable in fields where only shal-
low MIPS-24 um observations are available. In our case, only
the COSMOS field can significantly be affected by this limita-
tion and in this field none of our SMGs only relies on SPIRE
flux densities below the formal 30~ 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 multi-
wavelength identifications. In this section, we present the con-
struction 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 um 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
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maximum, HWHM, of the submm observations*) and keep,
for sources presented in more than one sample, the more se-
cure multi-wavelength identifications (i.e., the one with the low-
est probability, P, of chance association, Downes et al. 1986).
(i) 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 multi-
wavelength identifications). In this step we again use a match-
ing radius of 9”. (iii) Finally, we cross-match the SMG sample
defined in step (i) (and which SED coverage has been comple-
mented 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 ym positions from our MIPS-PACS-SPIRE
catalogues and a matching radius of 3" (i.e., corresponding to
the MIPS-24 yum HWHM).

Some of our SMGs with robust spectroscopic redshift esti-
mates might correspond to a PACS/SPIRE detection missed by
our source extraction method because of a lack of a MIPS-24 um
prior. For that reason, we visually check in our PACS/SPIRE im-
ages that the absence of a PACS/SPIRE detection was not due to
a lack of a MIPS-24 um prior. We find no such cases.

3.1. GOODS-N

In GOODS-N, we use the multi-wavelength identification of
SCUBA-850 um sources made by Pope et al. (2006, 2008)°
using data and redshift informations mainly from Borys et al.
(2003) and Chapman et al. (2005). We also use the multi-
wavelength identification of AzZTEC-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 AzZTEC sample of Chapin et al., we only keep the
two sources with robust spectroscopic redshifts that are not de-
tected 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 GOODS-
N field. Some of these MAMBO sources have robust radio iden-
tifications in this paper but the corresponding radio positions are
not provided. Consequently we only consider MAMBO counter-
parts 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 um band
with flux density below the formal 30 confusion limit, namely,
GNS5, GN15, GN20 and GN20.2. For these four sources we com-
pute their “cleanness” index as defined in Elbaz et al. (2010), i.e.,
sources are defined as “isolated” if they have at most one MIPS-
24 um neighbour within 20” with S»4 > 50% of the central
MIPS-24 um source. Among those four sources, one is found

4 This radius also corresponds to the 307, positional error of submm
observations (0pos ~ FWHM/(2 x SN)), assuming that the bulk of our
submm detections has a signal to noise ratio (SN) of ~3.

> For GNO5 we use the spectroscopic redshift revised in Pope et al.
(2008); for GN20 and GN20.2 we use the spectroscopic redshifts re-
vised in Daddi et al. (2009a,b); and finally for GNO7 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 um (LESS; Weil3
et al. 2009b), as presented by Biggs et al. (2011). This sample
contains 75 SMGs robustly associated to MIPS, radio and opti-
cal counterparts but only 15 are situated in the deep GOODS-S
field observed by Herschel®. Redshift information is taken from
zLESS (Danielson et al., in prep.) which provides spectroscopic
follow-up of the Weil3 et al. sources.

Scott et al. (2010) presented the AzZTEC observations of the
GOODS-S field, but no multi-wavelength identifications of these
sources are available.

This yielded seven SMGs with robust spectroscopic red-
shift 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. Multi-
wavelength 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 HAIf 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
(SMM1J105225.79+571906.4 and SMMJ105238.19+571651.1).
The absence of these two SMGs in this sample could be ex-
plained by their low S/N submm detections. We decided to in-
clude 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 (LOCKS850.15) 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 esti-
mates was cross-matched with our MIPS-PACS-SPIRE multi-
wavelength catalogue. Fifteen are detected in at least one of
the PACS/SPIRE bands. Tables 7 and 8 present the multi-
wavelength properties of this subsample.

® 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 identifica-
tion 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 ob-
tained 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 AzZTEC
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 red-
shift estimates for 15 of these SMGs.

These 15 SMGs with robust redshift estimates are cross-
matched with our MIPS-PACS-SPIRE multi-wavelength cat-
alogue yielding 11 SMGs detected in at least one of the
PACS/SPIRE bands. Tables 9 and 10 present the multi-
wavelength 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 magnifica-
tion estimates. In the A2218 field, our SMG sample is assem-
bled 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 Weil} 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 spec-
troscopic redshifts and lensing magnification estimates, namely,
SMMIJ16403+4644 and SMMJ04554+0301 (Rigby et al. 2008;
Borys et al. 2004, respectively). In MS1054, we use submm ob-
servations and redshift information provided in Knudsen et al.
(2008, SMMJ10570-0336). For A1689, we use submm observa-
tions 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 SMMIJ21536+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 lit-
erature. Tables 11 and 12 present our lensed SMG sample.

The infrared luminosities of our lensed SMGs strongly de-
pend on their magnification factors. These factors are estimated

from complex lens models, constrained by the many lensed fea-
tures 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, GNO7, GN19, GN39,
AzTECJ100008+024008 and MAMBOI11) are treated as one
single system because they are assumed to be interacting galax-
ies. The optical counterparts of GN19 and GN39 are spectro-
scopically confirmed to lie at the same redshift (Chapman et al.
2005; Swinbank et al. 2004) and the optical counterparts of
GNO04 and GNO7 exhibit IRAC photometry consistent with both
optical sources being at the same redshift. The optical coun-
terpart of MAMBO11 without any spectroscopic redshift es-
timate (MAMBOI11W) 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,
LOCK&850.04, LOCKS850.15 and LESS10, namely. Thus we can-
not assess whether these galaxies are interacting systems. We as-
sume that only the source with a redshift estimate significantly
contributes to the submm and far-infrared flux-densities. This as-
sumption is supported by the fact that the MIPS-24 um and radio
flux densities of these sources agree with the infrared luminosi-
ties derived from their far-infrared/submm flux densities. The
inclusion or exclusion of these four sources would not change
the conclusions of our study.

LOCKS850.41 has two robust radio counterparts coinciding
with two MIPS-24 um sources. Spectroscopic follow-up of these
counterparts shows that they do not correspond to an interact-
ing system, one galaxy is situated at z = 0.689 (Menéndez-
Delmestre 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 vis-
ible 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 uncer-
tain, we decide to remove this source from our final sample.

3.7. Stellar mass estimates

Due to the significant obscuration at rest-frame optical wave-
lengths, 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 his-
tory or about the contribution of an AGN to the rest-frame near-
IR 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; Michatowski 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 esti-
mates 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 dif-
ficulty 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 optical-
to-near-infrared photometry of SMGs presented in Dye et al.
(2008) and Coppin et al. (2010). Stellar masses were then cal-
culated by fitting the multi-wavelength photometry to Bruzual
& Charlot (2003) templates through a x> 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 ar-
guments (Engel et al. 2010) favour these lower stellar mass esti-
mates, more consistent with the findings of Hainline et al. (2011)
than those of Michatowski 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 sev-
eral selection biases. Previous studies have already discussed
the biases introduced by (sub)mm observations and/or SPIRE-
like (i.e., BLAST) observations (e.g., Casey et al. 2009; Chapin
et al. 2011; Symeonidis et al. 2011) but none of them have ex-
amined 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 fo-
cus 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 ther-
mal 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 Tqyst — Lir
parameter space reachable with our far-infrared, submm and ra-
dio observations. For that purpose we took a model describ-
ing the far-infrared SED of SMGs (a power-law temperature
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distribution parameterized with T, i.e., the temperature of the
coldest dust component of the model, see Sect. 4.2) and esti-
mated for each point of the 7. — Ligr parameter space its de-
tectability by the PACS (100 um or 160 um but mainly by the
160 um band), SPIRE (250 um, 350 um or 500 um but mainly
by the 250 um band) and SCUBA (850 um) instruments. Then,
in order to compare these estimates with the local Tgys— Lir rela-
tion derived by Chapman et al. (2003) using a single temperature
optically thin modified blackbody model, we simply converted
T. into Tquse With T = 0.6 X Tqust + 3K (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 um measurements
sometimes dominated by warmer or transiently heated dust com-
ponents (see Sect. 4.1). For the radio detectability we used the
local far-infrared/radio correlation’ (Helou et al. 1988; Yun et al.
2001) and for the MIPS-24 um detectability we used the Chary
& Elbaz (2001) templates®. In this exercise we used the typical
30 limits of GOODS-N observations, i.e., 20 uJy, 3 mJy, 6 mly,
10 mly, 12mly, 12mly, 3mJy and 15Jy at 24 ym, 100 um,
160 um, 250 pm, 350 um, 500 um, 850 um and 1.4 GHz, respec-
tively. The left panel of Fig. 1 shows the selection limits ob-
served in the GOODS-N field. To obtain the selection functions
of the other fields, one would simply shift the lines of Fig. 1 to-
wards 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 red-
shift independent, but selects, at a given infrared luminosity,
only galaxies with cooler dust. The bias decreases at high in-
frared luminosities where submm observations probe a large
range in dust temperature. In fields where (sub)mm observa-
tions are shallower than in GOODS-N?, these selection func-
tions shift towards higher infrared luminosities. Nevertheless,
shallow (sub)mm observations would still probe, at high in-
frared luminosities, a large dynamic range in dust temperature.
Therefore, assuming that the local T4,y — 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 in-
frared luminosities, we can assume that at high luminosities
(Lir 2 10'>3 Ly), SMGs are a representative sample of the un-
derlying star-forming galaxy population.

The second selection bias affecting our sample comes from
the necessity of having robust redshift estimates. This require-
ment 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, (g), 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 (g) because our sample cannot be used to fully
constrain this parameter. This is a conservative approach because using
a lower value of (g) 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 um 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 pm observations could reach even lower infrared luminosities.
° One can convert the MAMBO or AzTEC flux density limits into
its corresponding SCUBA-850 um flux density limit using the Raleigh-
Jeans approximation.
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Fig.1. (Left) Selection limits introduced in the T4, — Lir parameter space by single-wavelength detection techniques. Continuous, dashed,
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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 um observations and 5 using SMA ob-
servations). 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 ra-
dio sources, obtained mainly through optical spectroscopy, in-
troduce additional selection biases. For example, just for fea-
sibility of the optical spectroscopy in a reasonable amount of
time and/or success of detection, SMGs with spectroscopic red-
shifts might be biased towards optically-bright SMGs (see e.g.,
Chapman et al. 2005) and are also likely to have a higher in-
cidence of strong emission lines than typical SMGs. In addi-
tion, 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 strat-
egy 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 sug-
gests 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 distribu-
tion). 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 as-
sume that at high infrared luminosities (Lig 2 10'>> L), SMGs
with robust spectroscopic redshift estimates are still a good rep-
resentation of the underlying SMG population and therefore of
the entire high luminosity star-forming galaxy population. At

low infrared luminosities, however, SMGs with redshift esti-
mates represent a subsample of SMGs biased towards lower red-
shift galaxies, essentially because of the need for a radio-based
identification.

Our final SMG sample is also affected by the MIPS-PACS-
SPIRE detection requirement. The MIPS-24 um requirement
should not significantly influence our sample because it corre-
sponds, 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 re-
quirement affect our sample and is redshift dependent. PACS ob-
servations, which suffer from positive k-corrections, are slightly
biased towards galaxies with hotter dust while SPIRE obser-
vations are biased towards cooler dust. The SPIRE selection
bias is also redshift dependent because SPIRE detections are
mainly obtained in the 250 um band which suffers from posi-
tive 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 intro-
duced by the combination of submm and radio observations. In
other fields, the PACS/SPIRE requirement is even less constrain-
ing because the SPIRE observations are as deep as in GOODS-N
while radio and (sub)mm observations are shallower. This is re-
flected 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 2 10'>° 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 (Ligx < 10'>3 Ly), 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 ro-
bust spectroscopic follow-up aided by secure radio/MIPS multi-
wavelength identifications.
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The right panel of Fig. 1 presents the redshift distribution of
our PACS/SPIRE-detected SMG sample. This redshift distribu-
tion is consistent with that of the entire SMG sample with robust
redshift estimates. The median redshift of our PACS-SPIRE de-
tected 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 luminosi-
ties 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 con-
ditions in the interstellar medium of big grains in thermal equi-
librium (Desert et al. 1990); and (ii) it allows direct compari-
son 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:

V3+ﬁ

S, o )
exp(hv/kTqust) — 1

D

where §, is the flux density, S is the dust emissivity spectral
index and Tgqu is the dust temperature. This single tempera-
ture modified blackbody model cannot reproduce the full rest-
frame 8-to-1000 um SED over which the total infrared lumi-
nosities (Ligr[8—1000 um]) are classically defined. A significant
amount of energy emitted at relatively short rest-frame wave-
lengths (i.e., where the backbody function drop sharply) would
thus be missed by a simple integration of the blackbody func-
tion over the rest-frame 8-to-1000 um wavelengths. Therefore,
the total infrared luminosities of our galaxies were inferred
using the far-infrared luminosity definition (Lgg[40—120 um])
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 X Lgr) 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 8

The exact value of the dust emissivity spectral index S is still
debated. Laboratory experiments as well as observations in di-
verse Galactic environments suggest a broad range of values
for B (Dunne & Eales 2001; Dupac et al. 2003, and references
therein). The value of 8 seems to depend on the chemical com-
position, the temperature and the size of the dust grains. Despite
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its variability on Galactic scales, extragalactic constraints on 3
converge to a narrow range of values (1.5 < g < 2.0). In par-
ticular, Dunne & Eales (2001) found a constant dust emissiv-
ity spectral index g of ~2 using a sample of galaxies probing a
broad range of infrared luminosities. Based on this latter conclu-
sion, we assume that 8 could be considered as universal over the
SMG population.

Assuming 3 to be universal, we can constrain its value glob-
ally using our sample of 61 SMGs. To perform this global fit
we gridded the 8 parameter space [0.1-3.0] with steps of 0.05.
Then, for each value of 8, we performed a y?> minimization for
each galaxy, varying Tgus and the blackbody normalization. The
x° value at a given 3 is then defined as the sum of the y? value of
all galaxies (i.e., X/Zﬁ =3 Xéal). Our y? minimization was done
using a standard Levenberg-Marquardt method.

We apply this global fit to three different wavelength cover-
ages. First, we fit the full wavelength coverage provided by the
Herschel and (sub)mm observations (i.e., from the PACS 70 um
to the (sub)mm wavelength); second, we exclude from the fits
the PACS 70 and 100 um data points; and third, we exclude from
the fits the PACS 70, 100 and 160 um data points. For these
three different wavelength coverages the best fit is obtained at
L=06+0.2,8=12+0.2and B = 1.7+0.3, respectively (using
the 95% confidence level, i.e., Ay* = y2. + 3.8; note that these
errors stand for the mean values, rather than for the standard de-
viation of the population). Fits of the full wavelength coverage
systematically lead to significantly larger )(zal values than for the

other cases (i.e., )(Z,al ~ 18 for Ngot ~ 4). On the contrary, fits

excluding the PACS 70 and 100 um data points or the PACS 70,

100 um and 160 um data points lead in both cases to low ,\(éal

values, i.e., with /\{zal ~ 6 for Ngof ~ 3 and /\{zal ~ 4 for Ngof ~ 2,
respectively.
The large Xéal 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 tempera-
ture 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 um flux densities are likely dominated by a warmer or tran-
siently heated dust component. Consequently, the PACS 70 and
100 um data points have to be excluded from the fitting proce-
dure. 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 § when excluding short-wavelength mea-
surements from the fits agrees with the conclusions of Shetty
et al. (2009) studying galactic dense cores: constraints on 3 are
highly sensitive to the wavelength coverage used in the fits as
well as to the noise properties of the observations. Although in-
teresting, our constraints on 8 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 in-
dex f 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 < B < 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 um data points because they are
likely dominated by a warmer or transiently heated dust compo-
nent. The PACS 160 um data points are kept because their exclu-
sion 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 tempera-
tures and infrared luminosities. Uncertainties are estimated using
the distribution of T4, and Lir values that correspond to models
with y? <X§“_n + 1.

We observe in Fig. A.1 that a single dust temperature model
provides a reasonable fit to the 160 um-to-mm data points (with
x* ~ 7 for Ngot ~ 3). Figure A.1 also shows the limits of this
model at short wavelengths and why we excluded from our fits
the PACS 70 um and 100 um data points. The modified black-
body functions drop quickly at short wavelengths and cannot re-
produce the PACS 70 um and 100 um 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 uncer-
tain, and potentially biased because PACS and SPIRE measure-
ments 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 luminosi-
ties inferred using the combination of PACS and submm obser-
vations, or SPIRE and submm observations, to the reference val-
ues 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 in-
frared luminosities estimated from the combination of PACS
(or SPIRE) and submm observations are in good agreement

with our reference values, ie., oTR — TPACS] = 25K
Ref SPIRE] _ Ref /7 PACS] _

(o-[TdueS[ - Ty 1 = 3.1K) and olLy /L1 = 0.08dex

(oL} /L3PRE] = 0.1 dex). However, the dust temperatures in-

ferred using SPIRE and submm observations are slightly un-
derestimated at high dust temperature (Tguse > 35 K). At these
temperatures, the SPIRE observations start to be affected by
the shift of the far-infrared SED peak towards rest-frame wave-
lengths barely probed by the SPIRE 250 um passband. This ef-
fect slightly biases these estimates.

There are only a few sources with large uncertain-
ties (i.e., AT > 8 K or Alog(Lir) > 0.3, COSLA127RI1I,
AzTECJ100019+0232, SMMIJ105238+5716, GN26, and
SMMIJ163541+6611). Examining the SED fits of these galax-
ies, we find that all of them exhibit large y? (i.e., 215 for
Naot ~ 3) when combining their PACS, SPIRE and submm
observations. These large y? values seem to be explained by
one or two inconsistent flux densities in their SEDs. These in-
consistent 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 observa-
tions to vary as function of the redshift: high(low) redshift galax-
ies with PACS (SPIRE) only measurements could have inaccu-
rate dust temperature estimates because their far-infrared SED
peak shifts outside the PACS (SPIRE) bands. However, we find
no significant evolution of AT or Alog(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 ex-
hibit 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 lu-
minosities of galaxies can be reasonably inferred from their
PACS+submm or their SPIRE+submm observations alone us-
ing 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 um passbands) which are affected
by warmer or transiently heated dust components. Consequently,
the total infrared luminosity of SMGs (i.e., Lir[8—1000 um]) has
to be extrapolated from Lgr [40—120 um] and short wavelength
observations have to be excluded from the fit. In order to repro-
duce 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 superposi-
tion of regions heated by different radiation fields. In that frame-
work, they assumed that the dust mass submitted to a radiation
field U is given by dMgys/dU o« U~?. Then using simple as-
sumptions they showed that @ ~ 2.5 is appropriate for a dif-
fuse medium while @ ~ 1 describes a dense medium. Following
the same idea, Kovacs et al. (2010) described the SEDs of
galaxies by a power-law distribution of temperature components
(dMyyst/dT o T77) with a low-temperature cutoff 7... 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 y = 4 + @ + B
(where B¢ is the dust emissivity spectral index observed near
the peak of the far-infrared emission). This model can accu-
rately describe the mid-to-far-infrared SEDs of local starbursts
(Kovécs 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 pre-
scription as a natural extension of our single dust temperature
model.

The parameterization of this power-law temperature distribu-
tion model is fully described in Kovécs 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 s (Tobs) = mdQ (1 = e77) By, (Tobs), 2

where B, is the Planck function, T is the observed-frame tem-
perature (i.e., Tops = 7/(1 + 2)), 7 is the optical depth, dQ is the
solid angle subtended by the galaxy and m is a magnification cor-
rection for lensed galaxies (=1 in all other cases). In the model
proposed by Kovics et al. (2010), the optical depth is expressed
as a function of the dust mass (Mgyy) and the projected source
diameter (R), together with the usual power-law frequency de-
pendence for the emissivity of dust,

B
Vi) Maust
r) = - 5 3
) m@J - 3)

where 7 is expressed in the rest-frame (v, = vops(1 + 2)) and ko
is the photon cross-section to mass ratio of particles at the ref-
erence frequency vy. To allow direct comparison with Kovacs
et al. (2010), we adopted kgso = 0.15m?> kg~ at vy = ¢/850 um
(Dunne et al. 2003), even though the exact value of this parame-
ter is still under active discussion (e.g., Hildebrand 1983; Kriigel
et al. 1990; Sodroski et al. 1997; James et al. 2002). Using this
formalism a power-law temperature distribution model can be
expressed as,

SﬂUU=W—Dﬂqf‘&MRMTMK @

TC

where T is the low-temperature cutoff of the model.

4.2.1. Constraints on 3, y and R

The power-law temperature distribution model has five free pa-
rameters, T, Maus, S, ¥ 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 millime-
ter observations and thus can only be applied to a small fraction
of our SMG sample. Therefore here we investigate the possibil-
ity that some of those parameters are universal over the full SMG
population.

As already mentioned in Sect. 4.1.1, considering that the ex-
act value of the dust emissivity spectral index 3 is still debated,
one can assume this value to be universal over the SMG popula-
tion.

Kovacs et al. (2010) found little variation of y in the local
star-forming galaxy population. Based on this finding they as-
sumed a constant value of y for high-redshift luminous starbursts
and obtained a good fit to their SEDs. Therefore, in the follow-
ing, we consider 7y as universal over the SMG population.

Finally, we considered the projected radius of the emitting
region, R, as universal over the SMG population. This consid-
eration is perhaps questionable because in high-redshift star-
forming 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 interpreta-
tion that one can draw from the absolute value of T.: smaller
values of R imply higher values for 7. In any case, the study of
the relative variation of 7. from one galaxy to the other is not
qualitatively affected by the exact value of R.

Assuming these three parameters to be universal, we con-
strained 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 ). To perform this global fit we first gridded the S, y
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 y* minimiza-
tion for each galaxy, varying 7. and Mg.s. The y* value of the
node is then defined as the sum of the y? value of all galax-
ies (i, X2 = 2 )(éal). Our y? minimization was done using
a standard Levenberg-Marquardt method. Figure 3 presents the
confidence levels obtained for 3, ¥ and R. Confidence levels are
computed using Ay* = x2. +[2.3,6.0, 11.6] for the 68%, 95%
and 99% confidence level, respectively. The best fit is obtained
atf=2.0+0.2,y=7.3+0.3and 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 cor-
responds to /\(2 a ~ 8 for Ngot ~ 5. These ,\/éal 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 5, y
and R, e.g., an increase of 8 could be compensated, in terms of
x> minimization, by an increase of R. The wide wavelength cov-
erage provided by our data allows us to reasonably constrain our
model. Constraints on 3, y and R are also in line with the physi-
cal expectations and with independent estimates. A dust emissiv-
ity spectral index S 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., 8 = 2.0 instead
of 1.5. However, this difference is expected, because, as already
noticed in Dunne & Eales (2001), single temperature models re-
quire lower values of 8 than multi-component models.

Constraints on y found in our study are in very good agree-
ment with estimates made by Kovacs et al. (2010) on local star-
bursts, i.e., y = 7.22 + 0.09. However, using a sample of high-
redshift starbursts, Kovacs et al. (2010) found a lower value of v,
i.e.,y = 6.71 £ 0.11. This discrepancy might arise from the fact
that to infer this value, Kovics et al. (2010) could only rely on
uncertain MIPS-24 ym 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 stud-
ies 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). Kovécs et al. (2010) found an emission
diameter of ~2 kpc for their high-redshift star-forming galax-
ies. As already mentioned, this discrepancy might arise from
the fact that Kovdcs et al. (2010) relied on extrapolated MIPS-
24 pm 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
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Fig.3. Constraints on y, 8 and R obtained from a y* minimization anal-
ysis 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 emit-
ting region would require the use of a complex radiative transfer
model, taking into account the geometry of the star-forming re-
gions. For example, Chakrabarti & McKee (2008), using a self-
consistent radiative transfer model and assuming a spherical ge-
ometry, found R. ~ 10 kpc. The agreement, within a factor 2-3,
between our findings is encouraging in view of the approxima-
tions 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 8, y 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 lu-
minosity 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 Lig of 6 x 10'? Ly versus 4 x 10'? 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 B, v 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 um
and PACS 100 um detections) leaving 7. and Mgy 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., Mg and Lig values that correspond to models with y? <
/\{Izm , + 1. For most of our SMGs this model provides (even with
fixed B8, ¥ and R parameters) a very good fit to our data points
(i.e., )(éal ~ 7 for Ngot ~ 3). Almost all the highest )(éal val-
ues (>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 g3, v and R are slightly different.
Consequently, the infrared luminosities and dust temperatures
inferred for these galaxies using our power-law temperature dis-
tribution model might be biased. These possible biases are dis-
cussed later on in this section.

As for the single temperature model, we would like to ver-
ify that fits of SMGs with only PACS and submm observations,
or only SPIRE and submm observations, are not biased com-
pared to fits of SMGs with PACS, SPIRE and submm obser-
vations. Therefore, we compare the dust temperatures and in-
frared luminosities that one would infer using only the PACS (or
SPIRE) and submm observations and our power-law tempera-
ture distribution model (with 8 = 2.0, ¥ = 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 de-
tected by both PACS and SPIRE and results are shown in Fig. 4.
We find that the dust temperatures and infrared luminosities in-
ferred 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 observa-
tion: o[ TR — TRACS] = 12K (o[ TR — TSPIRE] = 2.3K ) and
o-[Lﬁff/LfﬁCS] = 0.10dex (o-[Lﬁff/LlslflRE] = 0.09 dex). This
agreement is even better than that obtained in the case of our sin-
gle 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 tempera-
ture distribution model is that it provides robust estimates of
the total infrared luminosity (Lig[8—1000 um]) of galaxies. The
left panel of Fig. 5 shows the difference between the infrared


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201118312&pdf_id=4

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

T T T T T T T
H m SMGs
1018k @ lensed—-SMGs |
3 b ]
= F ]
. [ ]
2
3 10"%E E
E £ |
@ L ]
T [ 57 ]
Lot b .
E il " " PR | " " PR | 3

1012 1013

L single-T [Ly]

AT LI LI T LI T

m SMGs
@ lensed—SMGs -

T, multi-T [K]
[\¥) [\¥] w w >
o (o)) o (o)) o

—_
(o)l

L e
o b b b b b by

>—~
o
k

[N

10 20 30 40 a0 60
Taust Single—T [K]

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 Ljg[40—120 um] into
Lig[8—-1000 pum]. To compute this line we measure Lijg[40—120 um] and Lig [8 — 1000 um] on a power-law temperature template library normalized
to reproduce the T, — Ljr correlation (see the red dashed line in the right panel of Fig. 9). We then plot on the x-axis 1.91 X Lig[40—120 um] and
on the y-axis Lig[8—1000 um]. (Right) Comparison of the dust temperatures inferred using a power-law temperature distribution model (7.) with
those inferred using a single dust temperature model (7qus). The red dashed line show a linear fit to the 7.—T g,y relation, 7, = 0.6 X Tquy + 3 K.
Symbols are the same as in the left panel. Note that 7. indicates the temperature of the coldest dust component of the multi-component model

while T4,y measures an effective dust temperature.

luminosity extrapolated from a single temperature modified
blackbody model and that inferred from our power-law tempera-
ture distribution model. We find a very tight correlation between

those two estimates, log(LM""""T) = 0.84(0.02)xlog(Lyy’ gle=Ty
2.0(x0.2). 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 um] into Lig[8—1000 um], while its value changes
with dust temperature (as with infrared luminosity, because there
is a broad T, — Lir correlation; see the right panel of Fig. 9). For
example, at high infrared luminosity (i.e., Lig = 3 X 102 L) all
galaxies have T, > 25 K. At these temperatures, the bolometric-
correction term is, in our power-law temperature distribution
model, of the order of ~1.5. The difference between our con-
stant bolometric-correction term of 1.91 and this one, fully ex-
plains 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 es-
timates and a very small dispersion. However, we can observe
significant differences between these two estimates. T indicates
the temperature of the coldest dust component while 74, mea-
sures an effective dust temperature, therefore it is not surprising
that T4y yields values warmer than 7. Some lensed-SMGs sig-
nificantly deviate from this 7Ty,s-T relation. These galaxies cor-
respond to the ones with the largest ,\(é 4 Values, suggesting that
in these systems S, ¥ and R might be slightly different. These
dust temperatures are systematically shifted towards lower val-
ues while the corresponding infrared luminosities are not af-
fected (see the left panel of Fig. 5). Consequently, when studying
the 7. — Lir plane, one has to keep in mind these slight shifts, or
refer to the Tquse — Lir plane which is not affected by this effect.

In the rest of the paper we use the infrared luminosities de-
rived 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 ex-
treme SFRs. Indeed, while simulations of major mergers are able
to reproduce such extreme SFRs, simulations in a cosmologi-
cal context have had great difficulties accounting for the esti-
mated 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 lu-
minosity 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 func-
tion of their 850 um flux densities'® and their redshifts. Our re-
sults unambiguously confirm the remarkably large infrared lumi-
nosities of SMGs. The vast majority exhibit infrared luminosity
larger than 1012 Lo, and some even have Lig > 1013 L. The first,
second and third quartiles of our sample are 10'>° Lo, 1026 L,
and 10'>® L, respectively. These infrared luminosities corre-
spond to SFRs of 100 M, yr~!, 400 My yr~' and 630 Mg yr~!,
respectively (using SFR [My yr'] =1 x 107'° L [Lo], assum-
ing 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 illus-
trates the strong evolution with redshift of the infrared galaxy

10 For sources with no 850 um observations we used extrapolations as-
Sumil‘lgﬂ =2.0,1ie., S;;t(;apolatcd = S/lsubmm X (/lsubmm/850)4 where Asubmm
is the (sub)mm wavelength at which the SMG has been detected.
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single modified (8 = 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 pJy), PACS 160 um (i.e., 3 mJy) and MIPS-24 um (i.e., 20 uJy) observations of the
GOODS-N field, respectively. Note that in these figures galaxies with high x? value do not lie in a particular region of these plots but are rather

randomly distributed.

population: in the local Universe such luminous infrared galax-
ies 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 or-
der to obtain a good census of the star formation history of the
Universe.

We observe a weak trend between Sgso and Lig (left panel
of Fig. 6). However, this correlation is likely driven by selec-
tion effects. Indeed, since submm observations at low luminos-
ity 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 um 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 gso — Lir relation cannot be probed using a submm-
selected sample.

Submm observations have the great advantage of being sub-
ject 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 evolu-
tion 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 ex-
plained 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 co-
moving 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 surpris-
ing. 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 under-
stood 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 evo-
lution with redshift of the 74,5 — 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 um flux densities and the Chary & Elbaz (2001, here-
after CEO1) SED library. We applied these extrapolations to our
SMG sample and compared those estimates (hereafter Lfé) to
our reference infrared luminosities (left panel of Fig. 7).

Our results reveal that the use of the MIPS-24 ym emis-
sion and of the CEO1 SED library yields inaccurate estimates
of the infrared luminosities, characterized by a large scatter
(o[log(Lig/LiEN] ~ 0.47dex) 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 se-
lected high-redshift galaxies. Our study also agrees with the fact
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that the overestimate of the infrared luminosity by the MIPS-
24 um flux density and the CEO1 SED library occurs at z > 1.5,
i.e., when the MIPS-24 um passband starts probing rest-frame
wavelengths dominated by PAH emission (Nordon et al. 2010,
2012; Elbaz et al. 2010, 2011). Indeed, SMGs with infrared lu-
minosities below 10'> Ly are all at z < 1.5 and exhibit better
agreement between leﬁ and L{f{.

All these studies show that the SEDs of star-forming galax-
ies strongly evolve with redshift. This evolution might be inter-
preted 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
etal. 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),

Lpr[W]
3.75x 102 X Ly agu[WHz 1)’

q= log( )

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

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

We find a tighter correlation between our reference infrared
luminosities and those inferred using radio flux densities and the
local FIR/radio correlation (o[log(Lya%° /LieN)] ~ 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 sys-
tematically overestimates the luminosity. Since there is a tight
correlation between Lig and z, one can suspect this trend to be
driven by an evolution of {(g) with redshift. As illustrated in the
right panel of Fig. 8, this trend is indeed in very good agree-
ment with the evolution of (g) proportional to (1 + z)~0-1>*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 identi-
fications, 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 (g) should be taken with caution. The evolution
of (g) could only been studied through carefully selected sam-
ples and using radio stacking. So far, no clear conclusion on the
evolution of (g) with redshift has been made (see Sargent et al.
2010; Ivison et al. 2010a,b; Roseboom et al. 2011).

5.2. The Tqust — Lir plane

The left panel of Fig. 9 shows the Ty — 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 <
10''3 L) and high (i.e., 103 Ly > Lig) luminosity regions of
the Tqyst — Lig diagram. This large dynamic range allows a clear
characterization of the T4, — Lig correlation.
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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 T4y — 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 ob-
servations is corroborated by the presence, in the upper part of
the Tqys — Lir diagram, of some of the lensed SMGs and the op-
tically 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 high-
redshift 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 T4,y — 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 Ty,s— Lir relation as function of the redshift using
an Lr-selected sample of galaxies observed with Herschel. This
conclusion is also strengthened by the fact that at high luminosi-
ties (i.e., few times 10'2 Lo, where SMGs are a representative
sample of the entire high luminosity galaxy population) SMGs
exhibit dust temperatures that are in line with the Tqyy — 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 lo-
cal FIR/radio correlation. This agreement of course reflects the
broad consistency found between the local value of (g) 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 ex-
treme 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 <
10'25 Ly). This census is now possible using bolometric se-
lections 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, — Lig plane inferred
from our power-law temperature distribution model. This plane
cannot be compared to any pre-Herschel studies. T, is the tem-
perature of the coldest dust component while Tgus gives an av-
erage dust temperature. Thus, 7. is systematically lower than
T qust, but their relative variations are tightly correlated (see also
Fig. 5). Conclusions that one can draw from the 7. — Lig plane
are the same as those drawn from the T4, — Lir plane.

We fitted the T, —log(Lir) and Tqys —log(Lir) relation with a
second order polynomial function and studied the scatter around
these fits. We find o7, = 1.9K and o7, = 3.8K. The de-
crease of the scatter (by a factor 2) is in line with expectations
from the relation between 7. and T4y, i.€., a factor 1.7 because
T. = 0.6 X T4yt +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 um data point. This red-
shift distribution would then introduce an artificial T4, 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 ho-
mogenous 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 in-
frared luminosities, SMGs are only a subsample of the entire in-
frared galaxy population, and are biased towards cold dust tem-
peratures. 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 lu-
minosity bins, i.e., Lig < 10?2 Lo, 102 Ly < Lig < 1027 Ly,
1027 Ly < Lig < 108 L and 10" Ly < Liz. In these panels,
we show the mean SED inferred from our power-law temper-
ature distribution model. These SEDs correspond to 8 = 2.0,
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Fig. 10. Mean rest-frame SED of SMGs for four infrared luminosity
bins, from bottom to top: Lig < 102 Lg; 102 Ly < Lig < 107 Lg;
107 Ly, < Lig < 10®¥ Ly and 10" Ly, < Lig. 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 CEO1 template corre-
sponding to the mean infrared luminosity of the bin, i.e., these templates
were not fitted to the photometry of our SMGs.

v = 7.3, R = 3 kpc and to the mean Mg,y and T, inferred for
the galaxies of the bin. In these panels, we also show the CEO1
SED corresponding to the mean infrared luminosity inferred for
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the galaxies of the bin, i.e., the CEOl SEDs are not fitted to the
photometry of the individual galaxies here.

At high infrared luminosities, the peak of the CEOl SED
template is in agreement with that of our power-law temper-
ature distribution model. This indicates that in this range of
luminosities, the local Ty — Lir relation used in the CEO1 li-
brary does not significantly evolve with redshift. In contrast, the
MIPS-24 um observations are systematically above predictions
from the CEO1 SED template. As already mentioned, these dis-
crepancies are likely due to an increase of the PAH emission
strength in these galaxies and produce inaccurate infrared lumi-
nosity extrapolations from the MIPS-24 ym flux density using
the CEO1 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 CEO1 SED and that of our
power-law temperature distribution model. While the CEO1 SED
templates follow the local Tgus — Lir relation, our SMG sam-
ple 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 Tgu — Lir distribution (see
Fig. 9). In this low luminosity range, we note the better agree-
ment than at high luminosities between observed and predicted
MIPS-24 pym.

6. Toward a better understanding of the nature
of SMGs?

Our results unambiguously reveal the diversity of the SMG pop-
ulation. Some of these galaxies exhibit extreme infrared lumi-
nosities, with no local analogues (Lig = 10'3 Ly), while oth-
ers have relatively low infrared luminosities (102 Ly < Lig <
10" Ly). Is this diversity reflecting differences in the mecha-
nisms triggering their SFRs?

Recent hydrodynamic simulations, coupled with radiative
transfer calculations, have found that while SMGs with rela-
tively low infrared luminosities can be created by different sce-
narios (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 luminosi-
ties/SFRs (i.e., Lir 2 10'*7 Ly, equivalently ~500 M, yr~!) can
only be induced by strong starbursts at the coalescence of ma-
jor 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 My yr~! (i.e., Lir ~ 10'>7 Ly). This value of
~500 My yr~' can thus be considered as the “maximum non-
merger SFR” (hereafter SFRU4") and be used to separate, at
z ~ 2, merger-induced starbursts from galaxies with a secu-
lar mode of star formation. Moreover, in a steady-state between
SFR and gas accretion, one could expect SFRU" and the gas
fraction of galaxies to be strongly related (Bouché et al. 2010;
Davé et al. 2011). Therefore, SFREU" should decrease at low
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 Mg, yr~!,
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
major-merging ones using a threshold of 500 x(1+2)22 Mo yr™',
while at z > 2, we can use a threshold of 500 M, yr‘l. Here, the
redshift dependence, (1 + 2)2% = ((1 +2)/3)*2, 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 2 10'*7 Lo X (1 + )22,
at0<z<2and Lg 2 1027 Ly atz > 2.

A correlation between the SFR and the stellar mass of star-
forming galaxies has been observed over the last 10 Gyr of look-
back time (SFR o M® or SSFR = SFR/M, o« M®' with
0.5 < a < 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 inter-
preted as a piece of evidence that the bulk of the star-forming
galaxy population is forming stars gradually with long duty cy-
cles. Galaxies situated on the main sequence would be consistent
with a secular mode of star formation, likely sustained by a con-
tinuous gas accretion from the IGM and along the cosmic web
(Dekel et al. 2009; Davé et al. 2010), while star-forming galax-
ies located far above the main sequence would be consistent with
strong starbursts with short duty-cycles, mainly triggered by ma-
jor mergers. In that picture, to separate galaxies triggered by ma-
jor 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 in-
duced starbursts. In the following, we apply these two cri-
teria to our SMG sample, compare their results, and more
importantly test their ability to effectively select major-
merger induced starbursts. For the criterion using the off-
set of a galaxy with respect to the main sequence (i.e.,
Alog(SSFR)\ms = log[SSFR(galaxy)/SSFRyvs(M., 2)]), 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 = alog(M..) + 8 where (o, 8) = (=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 20~ from the MS, SMGs above
our merger-induced starburst separation (i.e., SFRSUAr) are at
least 20~ above it. This segregation shows that for the relatively
narrow range of stellar masses probed by our SMG sample
(1 %10 M,—4 x 10'' 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 de-
rived using duty cycle arguments) select the same sample of
galaxies strengthen their accuracy and therefore supports the as-
sumption 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., SFR;?;;”“;
hereafter we call these galaxies luminous-SMGs, because they

have Lig 2 107 Lo x (1 +2)2% at 0 < z < 2 and Lig 2 107 L
at z > 2). Their median infrared luminosity is 6.4 x 10'? Ly, their
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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>SFREV™ e, Lz

max

107 Ly x (1 +2)*4 at0 <z < 2 and Lig 2 10'*7 Ly, at z > 2. (Right) Dust temperature of SMGs as function of their distance with respect to the
main sequence of star-formation. Blue squares show luminous SMGs with Lig 2 107 Lo X (1 +2)>3 at 0 < z < 2and L 2 107 Ly at 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 1o scatter around this main sequence is illustrated by the shaded area.

median 7 is 27 K and they are at least 20~ 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 CEO1 template in
the top panel of Fig. 10). This agreement suggests similar phys-
ical 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 simula-
tions. 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 con-
volved these SEDs with the PACS, SPIRE, submm and mm fil-
ters 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. — Lig plane). Then, we fitted our power-law temperature dis-
tribution model with 8 = 2.0, y = 7.3 and R = 3 kpc to this set
of simulated SEDs, leaving M4yt and T as the only free param-
eters of the model'!. As for our data, the power-law temperature

" If we constrained 3, ¥ and R on the simulated SEDs, we find g =
1.6 £0.2,y = 8.7+ 0.7 and R = 2 + 1kpc. These values are different
that those obtained on our SMGs and lead, systematically, to higher dust
temperatures (AT, ~ 7K). Nevertheless, we believe that using these
constraints will not provide a fair dust temperature comparison with
our SMGs. First, while the exact values of 5, y and R strongly affect the
inferred T, the location of the FIR peak of the simulated SEDs stays un-
changed. 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 3, y
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 3, y and R because they do not yet in-
clude stochastically heated very small grains (Hayward et al., in prep.).

distribution model provides a good fit to the simulated SEDs,
characterised by reasonably low y? values (i.e., ~8 for Ngof ~ 3).
We find that simulated galaxies populate the same region of the
T. — L plane as our SMG sample. Extreme infrared luminosi-
ties (i.e., Lir = 10'27 Ly) are indeed only observed in simu-
lations of strong starbursts at the coalescence of major merg-
ers (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., Lr < 10'>7 Lg).
In the simulations, strong starbursts at the coalescence of ma-
jor mergers exhibit higher dust temperatures (7. ~ 28 K) than
isolated starbursts (TC ~ 22K). The agreement between the
dust temperatures of simulated major mergers and that of our
luminous-SMGs (i.e., T 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 proper-
ties, including their extreme infrared luminosity (ZIR = 64X
102 L), their hot dust temperature (TC = 27 K) and their lo-
cation with respect to the main sequence (>20), 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 prop-
erties, including their relatively cold dust temperatures (7. =
20K) and their location with respect to the main sequence
(within ~207), which favour the scenario of isolated star-forming
galaxies or pairs about to merge, i.e., at a time where tidal ef-
fects have not yet caused strong starbursts. The distinction be-
tween 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 con-
firmed by some high resolution CO line observations (Tacconi
et al. 2008, HDF242 aka GN19) and submm continuum obser-
vations (Younger et al. 2009; Kovécs et al. 2010; Wang et al.
2011).

We stress that the conclusions drawn for the low luminos-
ity 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 underly-
ing population (see Sect. 3.8). In particular, galaxies with rela-
tively 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 be-
tween the location of a galaxy with respect to the main sequence
(i.e., Alog(SSFR)\s) and its dust temperature 7. 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 7. — Alog(SSFR)ms
relation has to be treated with caution. At low infrared lumi-
nosities 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.—Alog(SSFR)\s relation.
On the other hand, the location of the OFRGs in this figure seems
to qualitatively confirm the existence of a T, — Alog(SSFR)ms
relation. Indeed, even at relatively low infrared luminosities
(10" Ly < Lig < 103 Ly) 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, — Alog(SSFR)\s relation is also
consistent with the fact that Elbaz et al. (2011) and Nordon et al.
(2012) find a correlation between Alog(SSFR)vs and the SED
properties of star-forming galaxies. The PAH-to-Lig ratio of
main sequence galaxies is constant, but decreases with increas-
ing offset above the main sequence. Finally, Elbaz et al. (2011)
and Wuyts et al. (2011) also find that Alog(SSFR)ys 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 cor-
relations are strong observational support of the physical inter-
pretation given to the main sequence of star-formation. Galaxies
offset from the main sequence, likely triggered by major merg-
ers, 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 sam-
ple 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 in-
ferred 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 emis-
sivity spectral index, the characteristic emission diameter, the
temperature index, the dust temperatures and the infrared lumi-
nosities 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 ob-
tain 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 emis-
sivity spectral index of SMGs 8 = 2.0 + 0.2 and the temper-
ature index y = 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) li-
brary. For our sample, the FIR/radio correlation is parame-
terized with (g) = 2.0 + 0.3. However, this value could not
be applied to the full high-redshift star-forming galaxy pop-
ulations because our sample is not well-suited to study the
evolution of (g) with redshift.

4. Our study unambiguously reveals the diversity of the SMG
population, which probes large ranges in infrared luminosity
(from Lig ~2 x 10" Ly to ~3 x 10"® L) and dust temper-
ature (from 7. = 14K to 7. = 36K) and is strongly bi-
ased towards galaxies with cold dust. This bias decreases at
high luminosities, and at Ljg > 10123 Lo, SMGs are a repre-
sentative sample of the entire high infrared luminosity star-
forming galaxies population. At lower infrared luminosities,
a complete census on the high-redshift star-forming galaxy
population requires the use of the bolometric selection pro-
vided by deep Herschel observations.

5. Our study clearly reveals that some SMGs exhibit extreme
infrared luminosities (Lig 2 10'*7 Ly) which correspond to
SFRs of >500 Moyr~!. We also observe that these luminous-
SMGs exhibit warm dust temperatures (7. = 27 K) and are
outliers of the main sequence of star-formation (~20" above
it). The extreme SFRs of these luminous-SMGs are diffi-
cult 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 trans-
fer 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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B. Magnelli et al.: Far-infrared properties of SMGs

Table 13. Dust properties of our SMGs.

Single-7¢ Multi-7°

Field Name Tgust log (Lir)* T, log (Maus) log (Lir )* log (M.)

LO K 0] LO 0]
GOODSN GNO4 411 1291£0.11 27+1  840+0.05 1280+0.07  11.2%21
GOODSN GNO5 27+3  12.20+0.49 19+1 875+025 12.23+0.30 ..
GOODSN GNO06 35+1  12.77+0.06 23+1  875+0.05 12.65+0.05  10.7:03
GOODSN GNO7 32+1  1258+0.16 2+1 870005 1253002  10.6°0!
GOODSN GNI13 24+1 1099021 151  815+0.05 11.23+0.02  9.9°21
GOODSN GN15 37+3  12.61+0.24 25+1  830+0.10 1255+020 112702
GOODSN GN19 37+2  12.81+0.20 24+1  8.65+0.15 1269009 1 1.3j8f
GOODSN GN20 36+2  13.29+0.10 27+1  9.00+0.05 13.13+005 1 1.1j8-5
GOODSN GN25 261  11.85+0.11 171  865+0.15 11.91+0.12 11.0j83
GOODSN GN26 40+1  12.65+0.06 25+1 840+0.05 12.62+0.05 10.9j§f§
GOODSN GN31 22+1  11.32£0.15 151 855+0.15 11.55+0.15  10.9*)1
GOODSN GN34 27+3  12.01 £0.46 201  825+020 12.00+0.15 10.3j83l
GOODSN GN20.2 46+4  13.17+0.34 29+1  855+0.10 13.05+0.10 10.2j§fl
GOODSN GN39 38+1  12.98+0.05 271 855£005 1289005  11.377
GOODSS LESS010 35+1  12.87+0.05 241 880+0.05 12.78+0.05 10521
GOODSS LESSO11 33+1  12.72+0.07 22+1 8.80+0.05 12.59+0.08 10.8j83‘
GOODSS LESS017 201 11.55+0.13 41  9.10+005 11.76+0.02 10.0j83
GOODSS LESS018 37+1  12.91+0.08 25+1 8.70+0.05 12.81+0.05 11.3j838
GOODSS LESS040 28+1  12.11£0.10 181 870+0.05 12.07+0.02 10.1j839
GOODSS LESS067 38+1  12.73+0.05 24+1  855+0.05 12.63+0.05 1117 fl
GOODSS LESS079 351 12.72+0.05 24+1  855+0.05 12.63+005 1 1.2j§:§
LH LOCKS850.01 48+2  1331+0.07 32+1  845+0.05 1321+0.05  10.792
LH LOCK850.03 44+1  1332+005 31+1  855+0.05  13.20+0.01 11.1j§f1
LH LOCK850.04 261  12.34+0.05 19+1 9.00+005 12.38+0.05 10.6*)
LH LOCK850.12 36+1  12.79+0.12 25+1  8.60+0.05 12.75+0.08 11.2j83l
LH LOCKS850.14 37+2  12.86+0.17 25+1  8.60+0.10 12.75+0.08 1 1.5j§f§
LH LOCKS850.15 39+£2  12.94+0.25 28+1 845+0.10 1291+0.14 109!
LH LOCKS850.16 361 12.64+0.06 25+1 840+0.05 1262005 1 1.1j83
LH LOCK850.17 51+3  13.14+0.16 32+1  825+0.05  13.08+0.05 11.6‘_’8:%
LH LOCK850.33 38+3  12.73+0.35 261  840+0.15  12.71+0.21 10.6j§f§
LH SMMJ105238+571651 42+5  1247+047 31£2  7.70+025  12.61+0.37 ..
LH AzLOCK.1 38+1  13.18+0.06 29+1  870+0.10 13.13+0.06
LH AzLOCK.5 47+1  13.32+0.10 31+1  860+0.05 1322+005  11.1%09
LH AzLOCK.10 32+2  12.74+0.22 23+1 8.80+0.15 12.68+0.10 11.6j§f?
LH AzLOCK.62 43+4  12.82+0.36 27+1  830+020 12.73+0.24 ..
COSMOS COSLA-121RII 27+4  12.21+045 19+1 880+025 1226+031  10.3%02
COSMOS COSLA-127R1I 29+3  11.90+0.33 18+1 850+0.05 11.93+0.05 10.6j839
COSMOS COSLA-155R1K 402  12.74+0.22 28+1  820+0.15 1275+021 1 1.1j83l
COSMOS COSLA-163R11 181 11.51+0.17 15+1  9.0+025 11.92+0.15 10.1j§fs
COSMOS COSLA-012RI1T 27+1 1246 +0.05 201  895+0.10  12.46+0.08 ..
COSMOS  AzTECJ100008+022612 18«1  11.51+0.05 141 935+0.05 11.91+0.01 ..
COSMOS  AzTECJ100019+023206 57 +4  13.41+0.24 361 830+0.05 13.38+0.05  10.9703
COSMOS  AzTECJ100020+023518  53+3  13.36+0.20 35+1  830+0.10 13.32+0.14 10.6j8-5
COSMOS  AZTECJ100008+024008  32+1  12.83+0.05 23+1  895+0.05 12.76+0.05 10.8j§fz
COSMOS  A7TECJ095939+023408 20+1  11.35+0.27 141 895+0.15 11.67+0.13 .
COSMOS MAMBOI 1 39+1  13.09+0.05 29+1  855+005 13.05+0.05  103*)1
A1835 SMMJ14011+0252 411 12.86+0.10 26+1  845+0.15 12.74+0.14
A1835 SMMJ 14009+0252 43+1  13.27+0.10 29+1  8.65+0.05 13.11+0.10
A2219 SMMJ 16403 +4644 3941 1244+0.11 25+1  810+0.05 12.41+0.10
MS1054 SMMJ10570-0334 37+£3  12.56+0.25 25+1 830+0.10 12.55+0.20
CL0024 SMMJ00266+1708 391  1294+0.11 25+1  8.65+0.05 12.78+0.10
MS0451 SMMJ04542-0301 4+2  11.82+0.18 25+1  730+0.10 11.75+0.14
A2390 SMMJ21536+1742 201 11.55+0.10 141 9.15+005 11.80+0.10
A2218 SMMJ16354+6611 47+1  1292+0.15 27+1  835+0.05 12.76+0.10
A2218 SMMI16355+66120C 42+1  12.07+0.10 23+1 7.80+0.05 11.98+0.07
A2218 SMMJ16355+66122B 37+1  12.001+0.10 21+1  7.95+005 11.88+0.10
A2218 SMMJ16355+66123A  40+1  12.00+0.11 22+1  7.85+005 11.91+0.10
A2218 SMMJ16355+6611 33+1  11.46+0.10 21+1  7.55+005 11.55+0.10
A370 SMMJ02399-0136 41+1  13.01+0.05 28+1  850+0.05  12.94+0.05
A370 SMMJ02399-0134 311 12.30+0.05 211 850+0.05  12.29+0.05
A1689 SMMJ13115-1208 39+1  11.43+0.08 21+1 730010  11.33+0.10

Notes.  In this model the dust emissivity index is fixed to 8 = 1.5 (see text for details). ® In this model we use 8 = 2.0, y = 7.3 and R = 3kpc
(see text for details). ) 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
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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 (8 = 1.5) best-fitting the data are shown by dashed
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