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ABSTRACT

Context. Submillimetre galaxies (SMGs) in the early universe are thepotential antecedents of the most massive galaxies we see inthe
present-day universe. An important step towards quantifying this galactic evolutionary connection is to investigatethe fundamental
physical properties of SMGs, like their stellar mass content (M⋆) and star formation rate (SFR).
Aims. We attempt to characterise the physical nature of a 1.1 mm-selected, flux-limited, and interferometrically followed upsample
of SMGs in the COSMOS field.
Methods. We used the latest release of theMAGPHYS code to fit the multiwavelength (UV to radio) spectral energydistributions (SEDs)
of 16 of the target SMGs, which lie at redshiftsz ≃ 1.6 − 5.3. We also constructed the pure radio SEDs of our SMGs using three
different radio bands (325 MHz, 1.4 GHz, and 3 GHz). Moreover, since two SMGs in our sample, AzTEC1 and AzTEC3, benefit
from previous12C16O line observations, we studied their properties in more detail.
Results. The median and 16th–84th percentile ranges ofM⋆, infrared (8− 1 000µm) luminosity (LIR), SFR, dust temperature (Tdust),
and dust mass (Mdust) were derived to be log(M⋆/M⊙) = 10.96+0.34

−0.19, log(LIR/L⊙) = 12.93+0.09
−0.19, SFR = 856+191

−310 M⊙ yr−1, Tdust =

40.6+7.5
−8.1 K, and log(Mdust/M⊙) = 9.17+0.03

−0.33, respectively. We found that 63% of our target SMGs lie abovethe galaxy main-sequence
by more than a factor of 3, and hence are starbursts. The 3 GHz radio sizes we have previously measured for the target SMGs were
compared with the presentM⋆ estimates, and we found that thez > 3 SMGs are fairly consistent with the mass–size relationship
of z ∼ 2 compact, quiescent galaxies (cQGs). The median radio spectral index is found to beα = −0.77+0.28

−0.42. The median IR-radio
correlation parameter is found to beq = 2.27+0.27

−0.13, which is lower than measured locally (medianq = 2.64). The gas-to-dust mass ratio
for AzTEC1 is derived to beδgdr = 90+23

−19, while that for AzTEC3 is 33+28
−18. AzTEC1 is found to have a sub-Eddington SFR surface

density (by a factor of 2.6+0.2
−0.1), while AzTEC3 appears to be an Eddington-limited starburster. The gas reservoir in these two high-z

SMGs would be exhausted in only∼ 86 and 19 Myr at the current SFR, respectively.
Conclusions. A comparison of theMAGPHYS-based properties of our SMGs with those of equally bright 870 µm-selected, ALMA
followed-up SMGs in the ECDFS field (the ALESS SMGs), suggests that the two populations share fairly similar physical character-
istics, including theq parameter. The somewhat higherLdust for our sources (factor of 1.9+9.3

−1.6 on average) can originate in the longer
selection wavelength of 1.1 mm. Although the derived medianα is consistent with a canonical synchrotron spectral index,some of
our SMGs exhibit spectral flattening or steepening, which can be attributed to different cosmic-ray energy gain and loss mechanisms.
A hint of negative correlation is found between the 3 GHz sizeand the level of starburstiness, and hence cosmic-ray electrons in more
compact starbursts might be more susceptible to free-free absorption. Some of the derived low and highq values (compared to the
local median) could be the result of a specific merger/post-starburst phase of galaxy evolution. Overall, our results, like theM⋆–3 GHz
radio size analysis and comparison with the stellar masses of z ∼ 2 cQGs, in concert with the star formation properties of AzTEC1
and 3, support the scenario wherez> 3 SMGs evolve into today’s giant, gas-poor ellipticals.
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1. Introduction

Submillimetre galaxies or SMGs (e.g. Smail et al. 1997;
Hughes et al. 1998; Barger et al. 1998; Eales et al. 1999) are a
population of some of the most extreme, dusty star-forming
galaxies in the universe, and have become one of the prime
targets for studying massive galaxy evolution across cosmic
time (for a recent review, see Casey et al. 2014). Abundant ev-
idence has emerged that high-redshift (z & 3) SMGs are
the potential antecedents of thez ∼ 2 compact, quiescent
galaxies (cQGs), which ultimately evolve into the present-
day massive (M⋆ ≥ 1011 M⊙), gas-poor elliptical galax-
ies (e.g. Swinbank et al. 2006; Fu et al. 2013; Toft et al. 2014;
Simpson et al. 2014). A better, quantitative understandingof the
interconnected physical processes that drive the aforementioned
massive galaxy evolution requires us to determine the key phys-
ical properties of SMGs, like the stellar mass (M⋆) and star for-
mation rate (SFR). Fitting the observed multiwavelength spectral
energy distributions (SEDs) of SMGs provides an important tool
for this purpose. The physical characteristics derived through
SED fitting for a well-defined sample of SMGs – as done in
the present study – can provide new, valuable insights into the
evolutionary path from thez& 3 SMG phase to local massive el-
lipticals. However, these studies are exacerbated by the fact that
high-redshift SMGs are also the most dust-obscured objectsin
the early universe (e.g. Dye et al. 2008; Simpson et al. 2014).

Further insight into the nature of SMGs can be
gained by studying the infrared (IR)-radio correlation (e.g.
Helou et al. 1985; Yun et al. 2001) of this galaxy population.On
the basis of the relative strength of the continuum emissionin
the IR and radio wavebands, the IR-radio correlation can provide
clues to the evolutionary (merger) stage of a starbursting SMG
(Bressan et al. 2002), or it can help identify radio-excess active
galactic nuclei (AGN) in SMGs (e.g. Del Moro et al. 2013).
Moreover, because submillimetre-selected galaxies have been
identified over a wide redshift range, fromz ∼ 0.1 (e.g.
Chapman et al. 2005) toz = 6.34 (Riechers et al. 2013), it is
possible to examine whether the IR-radio correlation of SMGs
has evolved across cosmic time. A potentially important bias
in the IR-radio correlation studies is the assumption of a single
radio spectral index (usually the synchrotron spectral index
ranging fromα = −0.8 to −0.7, whereα is defined at the end
of this section) for all individual sources in the sample. Hence,
the sources that have steep (α . −1), flat (α ≈ 0), or inverted
(α > 0) radio spectra will be mistreated under the simplified
assumption of a canonical synchrotron spectral index (see e.g.
Thomson et al. 2014). As done in the present work, this can be
circumvented by constructing the radio SEDs of the sources
when there are enough radio data points available, and derive
the radio spectral index values for each individual source.

Ultimately, a better understanding of the physics of star for-
mation in SMGs (and galaxies in general) requires us to investi-
gate the properties of their molecular gas content – the raw ma-
terial for star formation. Two of our target SMGs benefit from
previous12C16O spectral line observations (Riechers et al. 2010;
Yun et al. 2015), which, when combined with their SED-based
properties derived here, enable us to investigate a multitude of
their interstellar medium (ISM) and star formation properties.

In this paper, we study the key physical properties of a
sample of SMGs in the Cosmic Evolution Survey (COSMOS;
Scoville et al. 2007) deep field through fitting their panchro-
matic SEDs. The layout of this paper is as follows. In Sect. 2,
we describe our SMG sample, previous studies of their prop-
erties, and the employed observational data. The SED analysis

and its results are presented in Sect. 3. A comparison with previ-
ous literature and discussion of the results are presented in Ap-
pendix C and Sect. 4, respectively (Appendices A and B con-
tain photometry tables and details of our target sources). The
two high-redshift SMGs in our sample that benefit from CO
observations are described in more detail in Appendix D. In
Sect. 5, we summarise the results and present our conclusions.
The cosmology adopted in the present work corresponds to a
spatially flatΛCDM (Lambda cold dark matter) universe with
the present-day dark energy density parameterΩΛ = 0.70, total
(dark+luminous baryonic) matter density parameterΩm = 0.30,
and a Hubble constant ofH0 = 70 km s−1 Mpc−1. A Chabrier
(2003) Galactic-disk initial mass function (IMF) is adopted in
the analysis. Throughout this paper we define the radio spectral
index,α, asSν ∝ να, whereSν is the flux density at frequencyν.

2. Data

2.1. Source sample: the JCMT/AzTEC 1.1 mm-selected
SMGs

The target SMGs of the present study were first uncovered by
the λobs = 1.1 mm survey of a COSMOS subfield (0.15 deg2

or 7.5% of the full 2 deg2 COSMOS field) carried out with
the AzTEC bolometer array on the James Clerk Maxwell Tele-
scope (JCMT) by Scott et al. (2008). The angular resolution
of these observations was 18′′ (full-width at half maximum
or FWHM). The 30 brightest SMGs that comprise our parent
flux-limited sample were found to have de-boosted flux densi-
ties of S1.1 mm ≥ 3.3 mJy, which correspond to signal-to-noise
ratios of S/N1.1 mm ≥ 4.0 (see Table 1 in Scott et al. 2008).
The 15 brightest SMGs, called AzTEC1–15 (S/N1.1 mm =

4.6 − 8.3), were followed up with the Submillimetre Array
(SMA) at 890 µm (2′′ resolution) by Younger et al. (2007,
2009; see also Younger et al. 2008, 2010; Smolčić et al. 2011;
Riechers et al. 2014; M. Aravena et al., in prep.); all the SMGs
were interferometrically confirmed. Miettinen et al. (2015a;
hereafter Paper I) presented the follow-up imaging resultsof
AzTEC16–30 (S/N1.1 mm = 4.0− 4.5) obtained with the Plateau
de Bure Interferometer (PdBI) atλobs = 1.3 mm (∼ 1′′.8 reso-
lution). In Paper I, we combined our results with the Younger
et al. (2007, 2009) SMA survey results, and concluded that
∼ 25% of the 30 single-dish detected sources AzTEC1–30 are
resolved into multiple (two to three) components at an angu-
lar resolution of about∼ 2′′, making the total number of in-
terferometrically identified SMGs to be 39 among the 30 tar-
get sources (but see Appendix B.3 herein for a revised frac-
tion). Moreover, the median redshift of the full sample of these
interferometrically identified SMGs was determined to bez =
3.17± 0.27, where the quoted error refers to the standard error
of the median computed asσmedian = 1.253× σ/

√
N, whereσ

is the sample standard deviation, andN is the size of the sam-
ple (e.g. Lupton 1993). This high median redshift of our target
SMGs can be understood to be caused by the long observed-
wavelength ofλobs = 1.1 mm at which the sources were iden-
tified (Béthermin et al. 2015; see also Strandet et al. 2016).The
corresponding median rest-frame wavelength probed by 1.1 mm
observations,λrest ≃ 264 µm, is very close to that of the clas-
sic 850µm-selected SMGs lying at a median redshift ofz ≃ 2.2
(λrest≃ 266µm; Chapman et al. 2005).

Miettinen et al. (2015b; hereafter Paper II) found that∼
46% of the present target SMGs are associated withνobs =

3 GHz radio emission on the basis of the observations taken
by the Karl G. Jansky Very Large Array (VLA)-COSMOS
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3 GHz Large Project, which is a sensitive (1σ noise of
2.3 µJy beam−1), high angular resolution (0′′.75) survey (PI:
V. Smoľcić; Smoľcić et al. 2016b). In Paper II, we focused on
the spatial extent of the radio-emitting regions of these SMGs,
and derived a median deconvolved angular FWHM major axis
size of 0′′.54±0′′.11. For a subsample of 15 SMGs with available
spectroscopic or photometric redshifts we derived a medianlin-
ear major axis FWHM of 4.2±0.9 kpc. In a companion paper by
Smoľcić et al. (2016a; hereafter Paper III), we present the results
of the analysis of the galaxy overdensities hosting our 1.1 mm-
selected AzTEC SMGs. In the present follow-up study, we de-
rive the fundamental physical properties of our SMGs, including
M⋆, total infrared (IR) luminosity (λrest = 8 − 1 000µm), SFR,
and dust mass. In addition, we study the centimetre-wavelength
radio SEDs of the sources, and address the relationship between
the IR and radio luminosities, i.e. the IR-radio correlation among
the target SMGs. These provide an important addition to the pre-
viously determined redshift and 3 GHz size distributions (Pa-
pers I and II), and allow us to characterise further the nature of
these SMGs.

The target SMGs, their coordinates, and redshifts are tabu-
lated in Table 1. The ultraviolet (UV)–radio SEDs in the present
work are analysed for a subsample of 16 (out of 39) SMGs whose
redshift could have been determined through spectroscopicor
photometric methods (i.e. not only a lowerz limit), and that
have a counterpart in the employed photometric catalogues de-
scribed in Sect. 2.2 below. We note that additional nine sources
(AzTEC2, 11-N, 14-W, 17b, 18, 19b, 23, 26a, and 29b) have a
zspec or zphot value available, but they either do not have suffi-
ciently wide multiwavelength coverage to derive a reliableUV–
radio SED, or no meaningful SED fit could otherwise be ob-
tained (see Appendix B.2 for details). The remaining 14 sources
have only lower redshift limits available (due to the lack ofcoun-
terparts at other wavelengths). As we have already pointed out
in Papers I and II (see references therein), AzTEC1–30 have not
been detected in X-rays, and hence do not appear to harbour any
strong AGN. In Paper II, we found that theνobs = 3 GHz radio
emission from our SMGs is powered by processes related to star
formation rather than by AGN activity (the brightness tempera-
tures were found to beTB ≪ 104 K). This is further supported
by the fact that none of these SMGs were detected with the Very
Long Baseline Array (VLBA) observations at a high, milliarcsec
resolution atνobs = 1.4 GHz (N. Herrera Ruiz et al., in prep.).
Furthermore, in the present paper we find no evidence of radio-
excess emission that would imply the presence of AGN activity
(Sect. 4.4). We also note that Riechers et al. (2014) did not detect
the highly-excitedJ = 16− 15 CO line (the upper-state energy
Eup/kB = 751.72 K) towards AzTEC3 in their Atacama Large
Millimetre/submillimetre Array (ALMA) observations, which is
consistent with no AGN contributing to the heating of the gas.

Table 1. Source list. The 16 sources for which a UV–radio SED could
be properly fit are highlighted in boldface (see Sect. 3.1).

Source ID α2000.0 δ2000.0 Redshifta z referencea

[h:m:s] [◦:′:′′]
AzTEC1 09 59 42.86 +02 29 38.2 zspec= 4.3415 1

AzTEC2 10 00 08.05 +02 26 12.2 zspec= 1.125 2

AzTEC3 10 00 20.70 +02 35 20.5 zspec= 5.298 3

AzTEC4 09 59 31.72 +02 30 44.0 zphot = 1.80+5.18
−0.61 4

AzTEC5 10 00 19.75 +02 32 04.4 zphot = 3.70+0.73
−0.53 4

AzTEC6 10 00 06.50 +02 38 37.7 zradio/submm> 3.52 5

AzTEC7 10 00 18.06 +02 48 30.5 zphot = 2.30± 0.10 6

AzTEC8 09 59 59.34 +02 34 41.0 zspec= 3.179 7

AzTEC9 09 59 57.25 +02 27 30.6 zphot = 4.60+0.43
−0.58 4

AzTEC10 09 59 30.76 +02 40 33.9 zphot = 2.79+1.86
−1.29 6

AzTEC11-Nb 10 00 08.91 +02 40 09.6 zspec= 1.599 8

AzTEC11-Sb 10 00 08.94 +02 40 12.3 zspec= 1.599 8

AzTEC12 10 00 35.29 +02 43 53.4 zphot = 2.90+0.31
−0.18 4

AzTEC13 09 59 37.05 +02 33 20.0 zradio/submm> 4.07 5

AzTEC14-Ec 10 00 10.03 +02 30 14.7 zradio/submm> 2.95 5

AzTEC14-Wc 10 00 09.63 +02 30 18.0 zphot = 1.30+0.12
−0.36 6

AzTEC15 10 00 12.89 +02 34 35.7 zphot = 2.80+2.45
−1.27 4

AzTEC16 09 59 50.069 +02 44 24.50 zradio/submm> 2.42 5

AzTEC17a 09 59 39.194 +02 34 03.83 zphot = 2.96+0.06
−0.06 9

AzTEC17b 09 59 38.904 +02 34 04.69 zphot = 4.14+0.87
−1.73 5

AzTEC18 09 59 42.607 +02 35 36.96 zphot = 3.00+0.19
−0.17 5

AzTEC19a 10 00 28.735 +02 32 03.84 zphot = 3.20+0.18
−0.45 5

AzTEC19b 10 00 29.256 +02 32 09.82 zphot = 1.11± 0.10 5

AzTEC20 10 00 20.251 +02 41 21.66 zradio/submm> 2.35 5

AzTEC21a 10 00 02.558 +02 46 41.74 zphot = 2.60+0.18
−0.17 5

AzTEC21b 10 00 02.710 +02 46 44.51 zphot = 2.80+0.14
−0.16 5

AzTEC21c 10 00 02.856 +02 46 40.80 zradio/submm> 1.93 5

AzTEC22 09 59 50.681 +02 28 19.06 zradio/submm> 3.00 5

AzTEC23 09 59 31.399 +02 36 04.61 zphot = 1.60+0.28
−0.50 5

AzTEC24ad 10 00 38.969 +02 38 33.90 zradio/submm> 2.35 5

AzTEC24be 10 00 39.410 +02 38 46.97 zphot = 1.90+0.12
−0.25 4

AzTEC24cd 10 00 39.194 +02 38 54.46 zradio/submm> 3.17 5

AzTEC25f . . . . . . . . . . . .

AzTEC26a 09 59 59.386 +02 38 15.36 zphot = 2.50+0.24
−0.14 5

AzTEC26b 09 59 59.657 +02 38 21.08 zradio/submm> 1.79 5

AzTEC27 10 00 39.211 +02 40 52.18 zradio/submm> 4.17 5

AzTEC28 10 00 04.680 +02 30 37.30 zradio/submm> 3.11 5

AzTEC29a 10 00 26.351 +02 37 44.15 zradio/submm> 2.96 5

AzTEC29b 10 00 26.561 +02 38 05.14 zphot = 1.45+0.79
−0.38 5

AzTEC30 10 00 03.552 +02 33 00.94 zradio/submm> 2.51 5

Notes. The coordinates given in columns (2) and (3) for AzTEC1–15
refer to the SMA 890µm peak position (Younger et al. 2007, 2009),
while those for AzTEC16–30 are the PdBI 1.3 mm peak positions(Pa-
per I). (a) The zspec, zphot, andzradio/submm values are the spectroscopic
redshift, optical-near-IR photometric redshift, and the redshift derived
using the Carilli-Yun redshift indicator (Carilli & Yun 1999, 2000). The
z references in the last column are as follows: 1=Yun et al. 2015;
2 =M. Baloković et al., in prep.; 3 =Riechers et al. 2010 and
Capak et al. 2011; 4=A forthcoming paper on the redshift distribu-
tion of the ALMA-detected ASTE/AzTEC SMGs (D. Brisbin et al.,
in prep.); 5 =Paper I; 6=Smoľcić et al. 2012; 7=D. A. Riechers et
al., in prep.; 8=M. Salvato et al., in prep.; 9=COSMOS2015 cata-
logue (Laigle et al. 2016; see our Appendix B.1).(b) AzTEC11 was re-
solved into two 890µm sources (N and S) by Younger et al. (2009).
The two components are probably physically related, i.e. are at the
same redshift (see discussion in Paper II).(c) AzTEC14 was resolved
into two 890µm sources (E and W) by Younger et al. (2009). The
eastern component appears to lie at a higher redshift than the west-
ern one (Smoľcić et al. 2012).(d) The PdBI 1.3 mm source candidates
AzTEC24a and 24c were not detected in the ALMA 1.3 mm imaging
of AzTEC24 (M. Aravena et al., in prep.), and hence are very likely
to be spurious.(e) The position of AzTEC24b was revised through
ALMA 1.3 mm observations to beα2000.0 = 10h00m39s.294, δ2000.0 =

+02◦38′45′′.10, i.e. 2′′.55 away from the PdBI 1.3 mm feature (M. Ar-
avena et al., in prep.).(f) AzTEC25 was not detected in the 1.3 mm PdBI
observations (Paper I).
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2.2. Multiwavelength photometric data

Our SMGs lie within the COSMOS field, and hence bene-
fit from rich panchromatic datasets across the electromagnetic
spectrum (from X-rays to radio). To construct the SEDs of
our sources, we employed the most up-to-date photometric
catalogue COSMOS2015, which consists of extensive ground
and space-based photometric data in the optical to mid-IR
wavelength range (Laigle et al. 2016; see also Capak et al. 2007;
Ilbert et al. 2009).

The wide-field imager, MegaCam (Boulade et al. 2003),
mounted on the 3.6 m Canada-France-Hawaii Telescope
(CFHT), was used to perform deepu∗-band (effective wave-
length λeff = 3 911 Å) observations. Most of the wavelength
bands were observed using the Subaru Prime Focus Cam-
era (Suprime-Cam) mounted on the 8.2 m Subaru telescope
(Miyazaki et al. 2002; Taniguchi et al. 2007, 2015). These in-
clude the six broad-band filtersB, g+, V, r, i+, and z++,
the 12 intermediate-band filters IA427, IA464, IA484, IA505,
IA527, IA574, IA624, IA679, IA709, IA738, IA767, and IA827,
and the two narrow bands NB711 and NB816. The Sub-
aru/Hyper Suprime-Cam (Miyazaki et al. 2012) was used to
perform observations in its HSC-Y band (central wavelength
λcen = 0.98 µm). Near-infrared imaging of the COSMOS
field in the Y (1.02 µm), J (1.25 µm), H (1.65 µm), andKs
(2.15µm) bands is being collected by the UltraVISTA survey
(McCracken et al. 2012; Ilbert et al. 2013)1. The UltraVISTA
data used in the present work correspond to the data release
version 2 (DR2). The Wide-field InfraRed Camera (WIRCam;
Puget et al. 2004) on the CFHT was also used forH- and Ks-
band imaging. Mid-infrared observations were obtained with the
Infrared Array Camera (IRAC; 3.6–8.0µm; Fazio et al. 2004)
and the Multiband Imaging Photometer forSpitzer(MIPS; 24–
160 µm; Rieke et al. 2004) on board theSpitzer Space Tele-
scope as part of the COSMOSSpitzer survey (S-COSMOS;
Sanders et al. 2007). The IRAC 3.6µm and 4.5µm observa-
tions used here were taken by theSpitzerLarge Area Survey
with Hyper Suprime-Cam (SPLASH) during the warm phase
of the mission (PI: P. Capak; see Steinhardt et al. 2014). Far-
infrared (100, 160, and 250µm) to submm (350 and 500µm)
Herschel2 continuum observations were performed as part of the
Photodetector Array Camera and Spectrometer (PACS) Evolu-
tionary Probe (PEP; Lutz et al. 2011) and theHerschelMulti-
tiered Extragalactic Survey (HerMES3; Oliver et al. 2012) pro-
grammes.

From the ground-based single-dish telescope data, we used
the deboosted JCMT/AzTEC 1.1 mm flux densities reported
by Scott et al. (2008; their Table 1). Moreover, for three
of our SMGs (AzTEC5, 9, and 19a) we could use the de-
boosted JCMT/Submillimetre Common User Bolometer Array
(SCUBA-2) 450µm and 850µm flux densities from Casey et
al. (2013) (for AzTEC9 only a deboosted 850µm flux den-
sity was available). More importantly, our SMGs benefit from
interferometrically observed (sub)mm flux densities. Among
AzTEC1–15, we used the 890µm flux densities measured with
the SMA by Younger et al. (2007, 2009), while for sources
among AzTEC16–30 we used the PdBI 1.3 mm flux densities
from Paper I. AzTEC1 was observed at 870µm with ALMA dur-

1 The data products are produced by TERAPIX; see
http://terapix.iap.fr
2 Herschelis an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.
3 http://hermes.sussex.ac.uk

ing the second early science campaign (Cycle 1 ALMA project
2012.1.00978.S; PI: A. Karim), and its 870µm flux density –
as measured through a two-dimensional elliptical Gaussianfit –
is S870µm = 14.12± 0.25 mJy. We also used the PdBI 3 mm
flux density for AzTEC1 from Smolčić et al. (2011;S3 mm =

0.30± 0.04 mJy). Riechers et al. (2014) used ALMA to measure
the 1 mm flux density of AzTEC3 (S1 mm = 6.20± 0.25 mJy).
Finally, we employed the 1.3 mm flux densities from the ALMA
follow-up survey (Cycle 2 ALMA project 2013.1.00118.S; PI:
M. Aravena) by M. Aravena et al. (in prep.) of 129 SMGs un-
covered in the Atacama Submillimetre Telescope Experiment
(ASTE)/AzTEC 1.1 mm survey (Aretxaga et al. 2011). Among
the ALMA 1.3 mm-detected SMGs there are nine sources in
common with the current SED target sources (AzTEC1, 4, 5, 8,
9, 11-S, 12, 15, and 24b; moreover, AzTEC2, 6, and 11-N were
detected with ALMA atλobs= 1.3 mm).

To construct the radio SEDs for our SMGs, we employed
the 325 MHz observations taken by the Giant Meterwave Radio
Telescope (GMRT)-COSMOS survey (A. Karim et al., in prep.).
We also used the radio-continuum imaging data at 1.4 GHz taken
by the VLA (Schinnerer et al. 2007, 2010), and at 3 GHz taken
by the VLA-COSMOS 3 GHz Large Project (PI: V. Smolčić;
Smoľcić et al. 2016b; see also Paper II). Hence, we could build
the radio SEDs of our SMGs using data points at three different
frequencies.

A selected compilation of mid-IR to mm flux densities of
our SMGs are listed in Table A.1, while the GMRT and VLA
radio flux densities are tabulated in Table A.2. Because of the
large beam size (FWHM) ofHerschel/PACS (6′′.7 and 11′′ at
100 and 160µm, respectively) and SPIRE (18′′, 25′′, and 36′′

at 250, 350, and 500µm, respectively) observations, theHer-
schelflux densities were derived using a point-spread-function-
fitting method, guided by the known position ofSpitzer/MIPS
24 µm sources, i.e. we used the 24µm-prior based photometry
(Magnelli et al. 2012) given as part of the COSMOS2015 cata-
logue (Laigle et al. 2016) whenever possible. Because AzTEC1,
3, 4, 8, 9, 10, and 17a are reported as non-detections at 24µm
in the COSMOS2015 catalogue, we adopted theirHerschelflux
densities from the PACS and SPIRE blind catalogues4.

3. Analysis and results

3.1. Spectral energy distributions from UV to radio
wavelengths

3.1.1. Method

To characterise the physical properties of our SMGs, we con-
structed their UV to radio SEDs using the multiwavelength data
described in Sect. 2.2. The observational data were modelled
using the Multiwavelength Analysis of Galaxy Physical Proper-
ties codeMAGPHYS (da Cunha et al. 2008)5. The commonly used
MAGPHYS code has been described in a number of papers (e.g.
da Cunha et al. 2008, 2010; Smith et al. 2012; Berta et al. 2013;
Rowlands et al. 2014a; Hayward & Smith 2015;
Smoľcić et al. 2015; da Cunha et al. 2015), to which we re-
fer the reader for a detailed explanation. Very briefly,MAGPHYS
is based on a simple energy balance argument: the UV-optical
photons emitted by young stars are absorbed by dust grains
in star-forming regions and the diffuse ISM, and the absorbed

4 http://irsa.ipac.caltech.edu/Missions/cosmos.html
5 MAGPHYS is publicly available, and can be retrieved at
http://www.iap.fr/magphys/magphys/MAGPHYS.html
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energy, which heats the grains, is then thermally re-emitted in
the IR.

Here we have made use of a new calibration ofMAGPHYS,
which is optimised to fit simultaneously the UV–radio SEDs
of z > 1 star-forming galaxies, and hence better suited to de-
rive the physical properties of SMGs than the previous versions
of the code (see da Cunha et al. 2015). The modifications in the
updated version include extended prior distributions of star for-
mation history and dust optical thickness, and the additionof
intergalactic medium absorption of UV photons. A simple ra-
dio emission component is also taken into account by assum-
ing a far-IR(42.5− 122.5 µm)-radio correlation with aqFIR dis-
tribution centred atqFIR = 2.34 (the mean value derived by
Yun et al. (2001) forz ≤ 0.15 galaxies detected with theIn-
frared Astronomical Satellite), and a scatter ofσ(qFIR) = 0.25 to
take possible variations into account (see Sect. 3.5 herein). The
thermal free-free emission spectral index inMAGPHYS is fixed
at αff = −0.1, while that of the non-thermal synchrotron emis-
sion is fixed atαsynch= −0.8. The thermal fraction at rest-frame
1.4 GHz is assumed to be 10%. We note that these assumptions
might be invalid for individual SMGs (see our Sects. 3.2, 4.3,
and 4.4). The SED models used here assume that the interstel-
lar dust is predominantly heated by the radiation powered by
star formation activity, while the possible, though presumably
weak, AGN contribution is not taken into account; as mentioned
in Sect. 2.1, our SMGs do not exhibit any clear signatures of
AGN in the X-ray or radio emission. An AGN contamination
is expected to mainly affect the stellar mass determination by
yielding an overestimated value (see Hayward & Smith 2015;
da Cunha et al. 2015). We note that Hayward & Smith (2015)
found thatMAGPHYS recovers most physical parameters of their
simulated galaxies well, hence favouring the usage of this SED
modelling code. On the other hand, Michałowski et al. (2014)
found thatMAGPHYS, when employing the Bruzual & Charlot
(2003) stellar population models and a Chabrier (2003) IMF,
yields stellar masses that are, on average, 0.1 dex (factor of 1.26)
higher than the true values of their simulated SMGs.6

3.1.2. SED results

The resulting SEDs are shown in Fig. 1, and the correspond-
ing SED parameters are given in Table 2. We note that the in-
termediate and narrow-band Subaru photometry were not used
because their effective wavelengths are comparable to those of
the broad-band filters, they pass only a small portion of the spec-
trum, and they can be sensitive to optical spectral line features
not modelled byMAGPHYS. Following da Cunha et al. (2015), the
flux density upper limits were taken into account by setting the
value to zero, and using the upper limit value (here 3σ) as the
flux density error. As can be seen in Fig. 1, in a few cases the
best-fit model disagrees with some of the observed photometric
data points or 3σ upper limits. For example, theHerschel/PACS
flux density upper limits (set to 3σ) for AzTEC4, 5, and 21a
lie slightly below the best SED-fit line. As discussed in detail
in Paper I, some of our SMGs have uncertain redshifts. Indeed,
our initial SED analysis showed that the redshifts we previously
adopted for AzTEC9 and 17a might be underestimated, and the
revised redshifts of these SMGs are described in Appendix B.1.
Moreover, the SED for AzTEC3 was fit using only photometry

6 The stellar emission library we have used is built on the unpublished
2007 update of the Bruzual & Charlot (2003) models (referredto as
CB07), where the treatment of thermally pulsating asymptotic giant
branch stars has been improved (see Bruzual 2007).

at and longward ofY band (λrest= 1 620 Å) as the shorter wave-
length photometry is likely contaminated/dominated by an unre-
lated foreground (zphot ≃ 1) galaxy as detailed in Appendix D.2.
Finally, as described in Appendix B.2, we could not obtain a
meaningful SED fit for the following five SMGs: AzTEC2, 6,
11-N, 19b, and 26a.

To calculate the total SFR (0.1–100 M⊙) averaged over the
past 100 Myr (column (4) in Table 2), we used the standard Ken-
nicutt (1998) relationship scaled to a Chabrier (2003) IMF.The
resultingLIR − SFR relationship is given by SFR= 10−10 ×
LIR[L⊙] M⊙ yr−1. We note that the Kennicutt (1998) calibration
assumes an optically thick starburst, and it does not account for
contributions from old stellar populations (see Bell 2003). The
MAGPHYS code also gives the SFR as an output, and the model
allows for the heating of the dust by old stellar populations. We
found a fairly good agreement with the 100 Myr-averaged SFRs
calculated fromLIR and those directly resulting from the SED
fit: the ratio SFRIR/SFRMAGPHYS was found to range from 0.94
to 3.43 with a median of 1.42+0.53

−0.22, where the±errors represent
the 16th–84th percentile range. We note that when this compar-
ison was done using the SFRMAGPHYS values averaged over the
past 10 Myr (rather than 100 Myr), the SFRIR/SFRMAGPHYS ra-
tio was found to lie between 0.70 and 1.36, with a median of
0.90+0.20

−0.13 (consistent with da Cunha et al. 2015). In column (5) in
Table 2, we give the specific SFR, defined by sSFR≡ SFR/M⋆.
The quantity sSFR is unaffected by the adopted stellar IMF (in
the case where the newly-forming stars have a same IMF as the
pre-existing stellar population). The SFR with respect to that of
a main-sequence galaxy of the same stellar mass is given in col-
umn (6) in Table 2, and will be described in Sect. 3.3. Finally,
we note that the dust temperature given in column (7) is a new
MAGPHYS output parameter in the latest version, and refers to an
average, dust luminosity-weighted temperature (see Eq. (8) in
da Cunha et al. 2015 for the formal definition).

Most of the SMGs analysed here have only a photometric
redshift estimate available (the following 12 sources: AzTEC4,
5, 7, 9, 10, 12, 15, 17a, 19a, 21a, 21b, and 24b). As shown in
Table 1, some of the photometric redshift uncertainties (here re-
ported as the 99% confidence interval; see e.g. Paper I) are large,
and we took those uncertainties into account by fitting the source
SED over the quoted range of redshifts using a fine redshift grid
of∆z= 0.01. We computed the 16th–84th percentile range of the
resulting distribution for eachMAGPHYS output parameter listed
in Table 2, and propagated those values as the uncertainty esti-
mates on the physical parameters. The uncertainties derived us-
ing this approach should be interpreted as lower limits to the true
uncertainties. We note that da Cunha et al. (2015) left the redshift
as a free parameter in theirMAGPHYS analysis, in which case the
derived photometric redshift uncertainties could be directly and
self-consistently included in the uncertainties of all other output
parameters. However, this option is not yet possible in the pub-
licly available version of theMAGPHYS high-z extension (E. da
Cunha, priv. comm.).

3.2. Pure radio spectral energy distributions, and spectral
indices

To study the radio SEDs of our SMGs, we used the 325 MHz
GMRT data, and 1.4 GHz and 3 GHz VLA data as described
in Sect. 2.2. The radio SEDs for the SMGs detected in at least
one of the three radio frequencies are shown in Fig. 2. A lin-
ear least squares regression was used to fit the data points ona
log–log scale to derive the radio spectral indices. In most cases
(the following 15 sources: AzTEC1, 4, 5, 6, 7, 8, 10, 11-N, 11-
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Fig. 1. Best-fit panchromatic (UV–radio) rest-frame SEDs of 16 of our target SMGs. The source ID and redshift are shown on top of each panel.
The red points with vertical error bars represent the observed photometric data, and those with downward pointing arrows mark the 3σ upper flux
density limits (taken into account in the fits). The blue lineis the best-fitMAGPHYS model SED from the high-z library (da Cunha et al. 2015). We
note that all the SMGs except AzTEC21b are detected in at least one radio frequency (see Fig. 2 for the pure radio SEDs).

S, 12, 15, 17a, 19a, 24b, and 27) the observed data are consis-
tent with a single power-law spectrum. However, for AzTEC2
and AzTEC9 the 3σ upper limit to the 325 MHz flux density
lies below a value suggested by the 1.4–3 GHz part of the SED,
while in the AzTEC3 and AzTEC21a SEDs the 1.4 GHz upper
flux density limit lies below the fitted power-law function. We
note that because we only have three data points in our galaxy-
integrated radio SEDs, we did not try to fit them with anything
more complex than a single power law, like a broken or curved
power law. The derived spectral indices are tabulated in col-
umn (2) in Table 3.7 For AzTEC2, the reported spectral index
refers to a frequency range between 1.4 and 3 GHz. We also
note that for AzTEC21b we could not constrain the radio spec-
tral index needed in the IR-radio correlation analysis (Sect. 3.5).

7 In Paper II, we derived the values ofα3 GHz
1.4 GHz for our SMGs (see Ta-

ble 4 therein). Those are almost identical to the corresponding present
values, but the quoted uncertainties differ in some cases because of the
difference in the method they were derived. In the present study,the un-
certainties represent the standard deviation errors weighted by the flux
density uncertainty, while in Paper II the spectral index uncertainty was
directly propagated from that associated with the flux densities.

Hence, for this source we assumed a value ofα3 GHz
325 MHz =

−0.75 ± 0.05 to be consistent with the canonical non-thermal
synchrotron spectral index range ofαsynch ∈ [−0.8, −0.7] (e.g.
Niklas et al. 1997; Lisenfeld & Völk 2000; Marvil et al. 2015),
but it is not included in the subsequent radio analysis.

The derivedα3 GHz
325 MHz values contain both lower and upper

limits. To estimate the median of these doubly-censored data, we
applied survival analysis. First, we used thedblcens package
for R8, which computes the non-parametric maximum likelihood
estimation of the cumulative distribution function from doubly-
censored data via an expectation-maximization algorithm.This
was used to estimate the contribution of the right-censoreddata.
We then used the Kaplan-Meier (K-M) method to construct a
model of the input data by assuming that the left-censored data
follow the same distribution as the non-censored values (for this
purpose, we used the Nondetects And Data Analysis for envi-
ronmental data (NADA; Helsel 2005) package forR). Using this
method the median ofα3 GHz

325 MHz was found to be−0.77+0.28
−0.42, where

the± uncertainty represents the 16th–84th percentile range. Al-
though the derived median spectral index is fully consistent with

8 https://cran.r-project.org/web/packages/dblcens/
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Table 2. Results ofMAGPHYS SED modelling of the target SMGs.

Source ID log(M⋆/M⊙) log(LIR/L⊙) SFR [M⊙ yr−1] sSFR [Gyr−1] SFR/SFRMS Tdust [K] log( Mdust/M⊙)

AzTEC1 10.88+0.01
−0.01 13.21+0.01

−0.01 1 622+38
−37 21.4+1.0

−1.0 6.6+0.2
−0.1 41.4+0.9

−1.2 9.19+0.04
−0.04

AzTEC3 10.95+0.01
−0.02 13.44+0.01

−0.01 2 754+64
−62 30.9+2.2

−1.4 8.7+0.2
−0.2 66.0+5.1

−8.4 9.21+0.34
−0.27

AzTEC4 10.96+0.54
−0.27 12.58+1.13

−0.06 380+4749
−49 4.2+100.6

−3.1 3.2+40.1
−0.4 31.5+36.5

−3.3 9.64+0.03
−0.86

AzTEC5 11.10+0.18
−0.14 13.32+0.18

−0.14 2 089+1073
−575 16.6+18.1

−8.6 6.3+3.3
−1.7 48.7+3.3

−4.1 9.04+0.00
−0.28

AzTEC7 11.72+0.05
−0.09 13.17+0.08

−0.02 1 479+299
−66 2.8+1.3

−0.4 2.4+0.5
−0.1 47.4+3.5

−1.3 8.82+0.21
−0.02

AzTEC8 10.93+0.00
−0.02 13.44+0.00

−0.02 2 754+0
−124 32.4+1.5

−1.5 13.0+0.0
−0.6 44.1+3.9

−0.0 9.18+0.08
−0.00

AzTEC9 10.67+0.06
−0.12 13.17+0.07

−0.11 1 479+259
−331 31.6+17.4

−10.2 8.5+1.5
−1.9 42.0+1.9

−4.0 9.19+0.10
−0.06

AzTEC10 10.24+0.00
−0.41 12.42+0.00

−0.41 263+0
−161 15.1+23.8

−9.3 4.8+0.0
−3.0 30.6+2.4

−2.2 9.20+0.15
−0.46

AzTEC11-S 11.01+0.00
−0.00 12.68+0.00

−0.00 479+0
−0 4.7+0.0

−0.0 4.4+0.0
−0.0 34.1+0.0

−0.0 9.15+0.00
−0.00

AzTEC12 11.62+0.04
−0.07 13.21+0.44

−0.05 1 622+2847
−177 3.9+8.7

−0.7 2.4+4.2
−0.3 42.2+6.1

−1.6 9.20+0.04
−0.08

AzTEC15 11.41+0.28
−0.06 12.63+0.58

−0.36 427+1195
−241 1.7+5.6

−1.3 1.0+2.7
−0.5 37.6+16.8

−5.3 9.01+0.19
−0.40

AzTEC17a 10.24+0.02
−0.01 12.77+0.01

−0.02 589+14
−27 33.9+1.6

−3.0 10.3+0.2
−0.5 39.9+0.0

−2.5 8.86+0.12
−0.00

AzTEC19a 10.86+0.10
−0.20 13.05+0.07

−0.16 1 122+196
−346 15.5+13.3

−7.0 6.0+1.0
−1.8 39.1+2.1

−2.1 9.13+0.08
−0.06

AzTEC21a 11.49+0.03
−0.04 12.77+0.06

−0.06 589+87
−76 1.9+0.5

−0.4 1.2+0.2
−0.2 49.0+6.8

−8.4 8.72+0.26
−0.26

AzTEC21b 10.34+0.13
−0.03 11.33+0.13

−0.46 21+8
−14 1.0+0.5

−0.7 0.3+0.1
−0.2 36.4+11.0

−7.0 8.03+0.49
−0.90

AzTEC24b 11.31+0.03
−0.15 12.25+0.05

−0.11 178+22
−40 0.9+0.5

−0.2 0.8+0.1
−0.2 29.9+2.2

−0.0 9.20+0.00
−0.15

Median 10.96+0.34
−0.19 12.93+0.09

−0.19 856+191
−310 9.9+21.4

−8.1 4.6+4.0
−3.5 40.6+7.5

−8.1 9.17+0.03
−0.33

Notes. The columns are as follows: (1) the name of the SMG; (2) stellar mass; (3) IR luminosity calculated by integrating the SED over the
rest-frame wavelength range ofλrest= 8− 1 000µm; (4) SFR calculated using theLIR −SFR relationship of Kennicutt (1998); (5) specific SFR
(= SFR/M⋆); (6) ratio of SFR to that of a main-sequence galaxy of the same stellar mass (i.e. offset from the main sequence; see Sect. 3.3); (7)
luminosity-weighted dust temperature (see Eq. (8) in da Cunha et al. 2015); (8) dust mass. The quoted values and their uncertainties represent
the median of the likelihood distribution, and its 68% confidence interval (corresponding to the 16th–84th percentile range). The uncertainties
of the photometric redshifts (see Table 1) have also been propagated to the derived parameters (see text for details). The last row tabulates the
median value of the parameters, where the indicated± range corresponds to the 16th–84th percentile range.

the value ofαsynch = −0.8 assumed in theMAGPHYS analysis,
some of the individual nominal values are significantly different,
which is reflected as poor fits in the radio regime as shown in
Fig. 1. The distribution of the derivedα3 GHz

325 MHz values as a func-
tion of redshift is plotted in Fig. 3. We note that the large number
of censored data points allowed us to calculate the median values
of the binned data showed in Fig. 3, but not the corresponding
mean values. The binned median data points suggest that there is
a hint of decreasing (i.e. steepening) spectral index with increas-
ing redshift. To quantify this dependence, we fit the binned data
points using a linear regression line, and derived a relationship of
the formα3 GHz

325 MHz ∝ −(0.098± 0.072)× z, where the uncertainty
in the slope is based on the one standard deviation errors of the
spectral index data points. The Pearson correlation coefficient of
the binned data was found to ber = −0.99. Hence, a negative
relationship is present, but it is not statistically significant.

3.3. Stellar mass-SFR correlation: comparison with the main
sequence of star-forming galaxies

In Fig. 4, we plot our SFR values as a function of stellar
mass. A tight relationship found between these two quantities
is known as the main sequence of star-forming galaxies (e.g.
Brinchmann et al. 2004; Noeske et al. 2007; Elbaz et al. 2007;
Daddi et al. 2007; Karim et al. 2011; Whitaker et al. 2012;
Speagle et al. 2014; Salmon et al. 2015). For comparison, in
Fig. 4 we also plot the SFR− M⋆ values for ALMA 870µm-
detected SMGs from da Cunha et al. (2015; the so-called
ALESS SMGs) who used the same high-zextension ofMAGPHYS

in their analysis as we have used here. Here, we have limited the
da Cunha et al. (2015) sample to those SMGs that are equally
bright to our target sources (AzTEC1–30; see Sect. 4.2 for a
detailed description).

To illustrate how our data compare with the star-forming
galaxy main sequence, we overlay the best fit from Speagle
et al. (2014), which is based on a compilation of 25 stud-
ies, and is given by log(SFR/M⊙ yr−1) = (0.84 − 0.026 ×
τuniv) log(M⋆/M⊙)−(6.51−0.11×τuniv), whereτuniv is the age of
the universe in Gyr, i.e. the normalisation rises with increasing
redshift. We show the main sequence position at the median red-
shift of our analysed SMGs (z= 2.85) and that of the aforemen-
tioned ALESS SMG sample (z = 3.12). We also plot the factor
of 3 lines below and above the main sequence atz = 2.85; this
illustrates the accepted thickness, or scatter of the main sequence
(see e.g. Magdis et al. 2012; Dessauges-Zavadsky et al. 2015).
To further quantify the offset from the main sequence, we cal-
culated the ratio of the derived SFR to that expected for a main
sequence galaxy of the same stellar mass, i.e. SFR/SFRMS. The
values of this ratio are given in column (6) in Table 2, and they
range from 0.3+0.1

−0.2 to 13.0+0
−0.6 with a median of 4.6+4.0

−3.5. The val-
ues of SFR/SFRMS are plotted as a function of redshift in Fig. 5.
The binned data suggest a bimodal behaviour of our SMGs in
the sense that the sources atz < 3 are consistent with the main
sequence, while those atz > 3 lie above the main sequence.
The M⋆-SFR plane of our SMGs will be discussed further in
Sect. 4.1.
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Fig. 2. Radio SEDs (on a log-log scale) of 19 of our target SMGs that were detected in at least one of the three observed frequenciesof 325 MHz,
1.4 GHz, and 3 GHz (the three data points in each panel with vertical error bars). The downward pointing arrows show 3σ upper limits. The solid
lines show the least squares fits to the data points, and the continuation of the fit is illustrated by the dashed line. The derived spectral index values
are shown in each panel. In each panel, the lowerx-axis shows the observed frequency, while the upperx-axis gives the corresponding rest-frame
frequency (for AzTEC6 and 27 only a lowerz limit is available, and hence theνrest shown is only a lower limit).

3.4. Stellar mass-size relationship

In Fig. 6, we plot the 3 GHz radio continuum sizes of our SMGs
derived in Paper II against their stellar masses derived in the
present paper. We also show the rest-frame UV/optical radii for
AzTEC1, 3, 4, 5, 8, 10, and 15 derived by Toft et al. (2014), but
which were scaled to our adopted cosmology, and we used the
revised redshifts for AzTEC1, 4, 5, and 15. The radio size data
points of the SMGs lying atz > 3 are highlighted by green star
symbols in Fig. 6, while the UV/optical sizes are forz≃ 1.8−5.3
SMGs, out of which 6/7 (86%) lie atz & 2.8. As shown in the
figure, with a few exceptions the largest spatial scales of both

stellar and radio emission are seen among the highest stellar
mass sources (log(M⋆/M⊙) ≥ 11.41). We also note that most
of the data points (52% (64%) of all the plotted data (radio
sizes)) are clustered within the dispersion of the mass-size re-
lationship ofz ∼ 2 cQGs derived by Krogager et al. (2014),
namelyre = γ(M⋆/1011 M⊙)β, where log(γ/kpc) = 0.29± 0.07
andβ = 0.53+0.29

−0.21 for their galaxies having spectroscopic red-
shifts. TheM⋆-size plane analysed here will be discussed further
in Sect. 4.1.
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Fig. 3. Radio spectral index between 325 MHz and 3 GHz as a function
of redshift. The arrows indicate lower and upper limits toα3 GHz

325 MHz and
z. The horizontal dashed line shows the median spectral indexvalue of
α3 GHz

325 MHz = −0.77. The green filled circles represent the median values of
the binned data computed using survival analysis (each bin contains six
SMGs), with the error bars showing the standard errors of themedian
values.
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Fig. 4. A log-log plot of the SFR versus stellar mass. The black squares
show our AzTEC SMG data points, while the red filled circles show
the ALESS SMG data from da Cunha et al. (2015), where the ALESS
sample was limited to sources having similar flux densities to our sam-
ple (see Sect. 4.2 for details). The dashed lines show the position of
the star-forming main sequence at the median redshift of theanalysed
AzTEC SMGs (z = 2.85; black line) and the flux-limited ALESS sam-
ple (z= 3.12; red line) as given by Speagle et al. (2014); the lower and
upper black dashed lines indicate a factor of three below andabove the
main sequence atz= 2.85.

3.5. Infrared-radio correlation

The quantities derived in the present study allow us
to examine the IR-radio correlation among our SMGs
(e.g. van der Kruit 1971; de Jong et al. 1985; Helou et al. 1985;
Condon et al. 1991; Yun et al. 2001). As usually done, we quan-
tify this analysis by calculating theq parameter, which can be
defined as (see e.g. Sargent et al. 2010; Magnelli et al. 2015)

q = log
( LIR

3.75× 1012 W

)

− log
( L1.4 GHz

W Hz−1

)

, (1)

where the value 3.75 × 1012 is the normalising frequency (in
Hz) corresponding toλ = 80 µm, andL1.4 GHz is the rest-frame
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Fig. 5. Starburstiness or the distance from the main sequence (param-
eterised as SFR/SFRMS) as a function of redshift. The blue horizontal
dashed line marks the sample median of 4.6, while the green filled cir-
cles represent the mean values of the binned data (each bin contains four
SMGs), with the error bars showing the standard errors of themean val-
ues.
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Fig. 6. 3 GHz radio continuum sizes (radii defined as half the major
axis FWHM) derived in Paper II (and scaled to the revised redshifts and
cosmology adopted here) plotted against the stellar massesderived in
the present work (black squares). The SMGs atz > 3 are highlighted
by green star symbols. For comparison, the red squares show the rest-
frame UV/optical radii from Toft et al. (2014; also scaled to the present
redshifts and cosmology). The upper size limits are indicated by arrows
pointing down. The three dashed lines show the mass-size relationship
of z∼ 2 compact, quiescent galaxies from Krogager et al. (2014), where
the lower and upper lines represent the dispersion in the parameters (see
text for details).

monochromatic 1.4 GHz radio luminosity density. Since ourLIR
is calculated over the wavelength range ofλrest = 8− 1 000µm,
our q value refers to the total-IR value, i.e.q ≡ qTIR.9 The
1.4 GHz luminosity density is given by

L1.4 GHz =
4πd2

L

(1+ z)1+α
S1.4 GHz , (2)

wheredL is the luminosity distance. Following Smolčić et al.
(2015), the 1.4 GHz flux density was calculated asS1.4 GHz =

9 A FIR luminosity (LFIR) calculated by integrating overλrest= 42.5−
122.5 µm is sometimes used to defineq ≡ qFIR. We note thatqTIR =

qFIR + log(LIR/LFIR).
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S325 MHz × (1.4 GHz/325 MHz)α, because the observed-frame
frequence ofνobs = 325 MHz corresponds to the rest-frame fre-
quence ofνrest= 1.4 GHz atz= 3.3, which is only a 16% higher
redshift than the median redshift of the SMGs analysed here
(z = 2.85). Hence, the smallest and least uncertainK-correction
(1 + z)α to rest-frame 1.4 GHz is needed to derive the value of
L1.4 GHz. The derived values ofq are listed in column (3) in Ta-
ble 3.

As in the case ofα3 GHz
325 MHz (Sect. 3.2), ourq values contain

both lower and upper limits. Hence, to estimate the sample me-
dian, we employed the K-M survival analysis as described in
Sect. 3.2. The medianq value and the 16th–84th percentile range
is found to be 2.27+0.27

−0.13. In Fig. 7, we show the derivedq values as
a function of redshift, and discuss the results further in Sect. 4.4.

Table 3. The radio spectral indices and IR-radio correlationq parameter
values.

Source ID α3 GHz
325 MHz qa

AzTEC1 −0.97± 0.37 2.19± 0.17
AzTEC2 −1.83± 0.93b . . .
AzTEC3 −1.19± 0.32 2.14± 0.17
AzTEC4 > −0.18 < 3.19
AzTEC5 −0.50± 0.23 2.46± 0.25
AzTEC6 > −0.69 . . .
AzTEC7 −0.68± 0.18 2.49± 0.09
AzTEC8 −0.77± 0.33 2.82± 0.18
AzTEC9 −0.94± 0.70 2.16± 0.24
AzTEC10 < −1.59 > 1.64

AzTEC11-N −0.66± 0.36 . . .
AzTEC11-S −0.33± 0.37 2.63± 0.18
AzTEC12 −0.77± 0.29 2.54± 0.29
AzTEC15 > −0.49 < 2.65
AzTEC17a −0.67± 0.66 2.21± 0.11
AzTEC19a −0.71± 0.57 2.35± 0.24
AzTEC21a −1.04± 0.48 2.27± 0.17
AzTEC21b −0.75± 0.05c > 0.51
AzTEC24b −0.78± 0.39 2.09± 0.19
AzTEC27 −1.29± 0.56 . . .
Mediand −0.77+0.28

−0.42 2.27+0.27
−0.13

Notes. (a) Theq parameter refers to the total-IR (λrest = 8 − 1 000µm)
value, i.e.q ≡ qTIR. (b) The spectral index for AzTEC2 refers to a fre-
quency interval between 1.4 and 3 GHz, and is not considered in the
statistical analysis.(c) The radio spectral index for AzTEC21b could not
be constrained, and hence it was assumed to beα = −0.75±0.05.(d) The
sample median value was derived using all the tabulated values except
those for AzTEC2 and 21b. The quoted uncertainties of the sample me-
dians represent the 16th–84th percentile range.

4. Discussion

The SEDs of some of our COSMOS/AzTEC SMGs have al-
ready been analysed in previous studies. We discuss those stud-
ies and compare their results with ours in Appendix C. AzTEC1
and 3 both have a gas mass estimate available in the literature
(Yun et al. 2015 and Riechers et al. 2010, respectively), which
allows us to examine their ISM physical properties in more de-
tail; these two high-redshift SMGs are discussed in more detail
in Appendix D. After discussing the stellar mass-SFR and mass-
size relationships of our SMGs in Sect. 4.1, we compare the
physical properties of our SMGs with those of the ALESS SMGs

Fig. 7. Infrared-radio correlationq ≡ qTIR parameter as a function of
redshift. The arrows pointing up and down show the lower and up-
per limits, respectively. The green filled circles represent the survival
analysis-based mean values of the binned data (each bin contains five
SMGs), with the error bars showing the standard errors of themean val-
ues. The blue dashed line marks the median value ofq = 2.27+0.27

−0.13, and
the quoted 16th–84th percentile range is illustrated by thegrey shaded
region. The black dashed curve shows theq(z) ∝ (1 + z)−0.15±0.03 rela-
tionship from Ivison et al. (2010a), while the dotted curve represents
theq(z) ∝ (1+ z)−0.12±0.04 relationship from Magnelli et al. (2015). The
latter relationships are normalised here to give a value ofq = 2.64 at
z= 0 (see Sect. 4.4).

derived by da Cunha et al. (2015), and discuss the similarities
and differences between the two SMG samples in Sect. 4.2. The
radio SEDs and IR-radio correlation are discussed in Sects.4.3
and 4.4, while the present results are discussed in the context of
evolution of massive galaxies in Sect. 4.5.

4.1. How do the COSMOS/AzTEC SMGs populate the
M⋆-SFR and M⋆-size planes ?

4.1.1. Comparison with the galaxy main sequence

We have found that 10 out of the 16 SMGs (62.5% with a
Poisson counting error of 19.8%) analysed here lie above the
main sequence with SFR/SFRMS > 3. AzTEC8 is found to be
the most significant outlier with a SFR/SFRMS ratio of about
13. The remaining six SMGs have SFR/SFRMS ≃ 0.3 − 2.4,
and hence lie on or within the main sequence. Our re-
sult is consistent with previous studies where some of the
SMGs are found to be located on or close to the main
sequence (at the high-mass end), while a fair fraction of
SMGs – especially the most luminous objects – are found
to lie above the main sequence (e.g. Magnelli et al. 2012;
Michałowski et al. 2012; Roseboom et al. 2013;
da Cunha et al. 2015; Koprowski et al. 2016). This suggests
that SMGs are a mix of populations of two star formation
modes, namely “normal-type” star-forming galaxies and star-
bursts. Hydrodynamic simulations have also suggested that
the SMG population can be divided into two subpopulations
consisting of major-merger driven starbursts and disk galax-
ies where star formation, while possibly driven by mergers
or smooth gas accretion, is occuring more quiescently (e.g.
Hayward et al. 2011, 2012, and references therein).
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4.1.2. Stellar mass-size relationship

As we discussed in Paper II, the rest-frame UV/optical sizes (i.e.
the stellar emission size scales), derived by Toft et al. (2014) for a
subsample of seven of our SMGs, are smaller than the radio size
for AzTEC4 and 5, in agreement for AzTEC15, and the upper
stellar emission size limits for AzTEC1, 3, and 8 are larger than
their radio sizes, and hence formally consistent with each other
(AzTEC10 was also analysed by Toft et al. (2014), but it is not
detected at 3 GHz). A difference in the radio and stellar emission
sizes can be partly caused by the fact that rest-frame UV/optical
emission can be subject to a strong, and possibly differential dust
extinction, and stellar population effects.

In the present work, we have revised the stellar masses of
the aforementioned seven SMGs, and for those sources where
the redshifts used in the analysis were similar, our values are
found to be 0.3 to 1.6 (median 0.6) times those from Toft et al.
(2014) (see Appendix C). Despite these discrepancies, the way
our SMGs populate theM⋆-size plane shown in Fig. 6 is con-
sistent with the finding of Toft et al. (2014), i.e. theM⋆ − R
distribution of 3< z< 6 SMGs is comparable to that of cQGs at
z∼ 2. Hence, our result supports the authors’ conclusion of high-
zSMGs being potential precursors of thez∼ 2 cQGs, where the
quenching of the starburst phase in the former type of galaxies
leads to the formation of the latter population (Sect. 4.5).

It is worth noting that five of ourz< 3 SMGs plotted in Fig. 6
also exhibit stellar masses and radio sizes that place them in the
z∼ 2 cQGs’ mass-size relationship from Krogager et al. (2014).
While these authors found that the slope and scatter of this mass-
size relationship are consistent with the local (z= 0) values, the
galaxies grow in size towards lower redshifts (e.g. via mergers).
However, as can be seen in Fig. 7 of Krogager et al. (2014; see
also references therein), the median size of the quiescent galaxy
population at a fixed stellar mass ofM⋆ = 1011 M⊙ is R∼ 2 kpc
in the redshift rangez∼ 1.3−2. In the context of massive galaxy
evolution, thez < 3 SMGs could potentially evolve into lower-
redshift (z < 2) cQGs, and then grow in size at later epochs
(see Sect. 4.5). As mentioned in Sect. 3.4, there is a hint that
the largest 3 GHz radio sizes are found among the most massive
of our analysed SMGs (see the ouliers atM⋆ & 2.6 × 1011 M⊙
in Fig. 6). While this is not statistically significant, alsothe most
extended stellar emission spatial scale is found for the most mas-
sive SMG with available rest-frame UV-optical size measure-
ment, namely AzTEC15. Although these largest radio sizes have
large error bars, it is possible that the spatially extendedradio
emission in these massive SMGs is caused by processes not re-
lated to star formation, like galaxy mergers leading to magnetic
fields being pulled out from the interacting disks (see PaperII
and references therein; O. Miettinen et al., in prep.). Interest-
ingly, all the three SMGs that exhibit the largest radio sizes in
our sample, namely AzTEC4, 15, and 21a, are found to lie on
the main sequence or only slightly above it (factor of 3.2 for
AzTEC4), but they have high SFRs of∼ 380− 590 M⊙ yr−1,
which could be induced by gravitational interaction of merging
galaxies. This is further supported by the fact that many of our
target SMGs exhibit clumpy or disturbed morphologies, or show
evidence of close companions at different observed wavelengths,
e.g. in the UltraVISTA NIR images (Younger et al. 2007, 2009;
Toft et al. 2014; Paper I).

4.2. Comparison with the physical properties of the ALESS
870 µm-selected SMGs

Our main comparison sample of SMGs from the literature is the
ALESS SMGs studied by da Cunha et al. (2015). The ALESS
SMGs were uncovered in the LABOCA (Large APEX BOlome-
ter CAmera) 870µm survey of the ExtendedChandraDeep
Field South (ECDFS) or LESS survey by Weiß et al. (2009),
and followed up with 1′′.5 resolution Cycle 0 ALMA observa-
tions (Hodge et al. 2013; Karim et al. 2013). The reasons why
we compare with the da Cunha et al. (2015) study are thati)
we have also used the new, high-z version ofMAGPHYS as first
presented and used by da Cunha et al. (2015) to derive the SMG
physical properties, which allows for a direct comparison,andii)
the SMG sample from da Cunha et al. (2015) is relatively large:
they analysed the 99 most reliable SMGs detected in the ALESS
survey (Hodge et al. 2013).

4.2.1. Description of the basic physical properties of the
ALESS SMGs

For their full sample of 99 ALESS SMGs, da Cunha et al.
(2015) derived the following median properties (see their Ta-
ble 1): log(M⋆/M⊙) = 10.95+0.6

−0.8, log(Ldust/L⊙) = 12.55+0.3
−0.5,

SFR= 282+27
−31 M⊙ yr−1, sSFR= 2.8+8.4

−2.1 Gyr−1, Tdust = 43+10
−10 K,

and log(Mdust/M⊙) = 8.75+0.3
−0.4. The quoted uncertainties repre-

sent the 16th–84th percentile of the likelihood distribution. The
value of Ldust reported by da Cunha et al. (2015) refers to the
total dust IR (3− 1 000µm) luminosity, which we have found
to be almost equal toLIR with the LIR/Ldust ratio ranging from
0.91 to 0.99 (both the mean and median being 0.95). We also
note that da Cunha et al. (2015) defined the current SFR over
the last 10 Myr, while the corresponding timescale in the present
study is 100 Myr. When comparing theMAGPHYS output SFRs,
we found that the 10 Myr-averaged values are 1.0 to 4.7 times
higher than those averaged over the past 100 Myr (the mean and
median being 2.1 and 1.6, respectively). The authors concluded
that the physical properties of the ALESS SMGs are very sim-
ilar to those of local ultraluminous IR galaxies or ULIRGs (see
da Cunha et al. 2010).

For a more quantitative comparison, we limit the da Cunha et
al. (2015) sample to those SMGs that have 870µm flux densities
corresponding to our AzTEC 1.1 mm flux density range in the
parent sample (AzTEC1–30), i.e. 3.3 mJy≤ S1.1 mm ≤ 9.3 mJy.
Assuming that the dust emissivity index isβ = 1.5, this flux
density range corresponds to 7.5 mJy≤ S870µm ≤ 21.1 mJy.10

The LESS SMGs that fall in this flux density range are LESS1–
18, 21–23, 30, 35, and 41, where LESS1, 2, 3, 7, 15, 17, 22,
23, 35, and 41 were resolved into multiple components with
ALMA (Hodge et al. 2013; Karim et al. 2013). The photometric
redshifts of these SMGs, as derived by da Cunha et al. (2015),
lie in the range ofzphot = 1.42 − 5.22 with a median and its
standard error ofzphot = 3.12± 0.24. We note that this median
redshift is only 9.5% higher than that of our analysed SMGs
(z= 2.85± 0.32). As mentioned in Sect. 3.1.2, the error bars for
the ALESS SMGs’ parameters were propagated from the photo-
z uncertainties by da Cunha et al. (2015), and they are typically
much larger than those of our parameters (see e.g. Fig. 4 herein).

10 We note that in the high-z model libraries ofMAGPHYS, the value of
β is fixed at 1.5 for the warm dust component (30–80 K), while that
for the colder (20–40 K) dust isβ = 2. A manifestation of thisTdust-
dependentβ is that scaling the 1.1 mm flux densities to those at 870µm
with a simple assumption ofβ = 1.5 yields slightly different values than
suggested by theMAGPHYS SEDs shown in Fig. 1.
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For the aforementioned flux-limited sample, the median val-
ues of the physical parameters are log(M⋆/M⊙) = 11.0+0.46

−0.61,
log(Ldust/L⊙) = 12.69+0.31

−0.43, SFR = 417+578
−243 M⊙ yr−1, sSFR=

4.8+7.6
−3.7 Gyr−1, Tdust= 42.0+4.3

−5.3 K, and log(Mdust/M⊙) = 8.98+0.20
−0.48,

where we quote the 16th–84th percentile range. All the other
quantities exceptTdust are higher than for the aforementioned
full sample, up to a factor of 1.7 for sSFR andMdust, which is
not surprising because the subsample in question is composed of
the brightest ALESS SMGs.

4.2.2. Comparison of the AzTEC and ALESS SMGs

In what follows, we compare the physical properties of our
SMGs with those of the aforementioned flux-limited ALESS
sample composed of equally bright sources. The ratios between
our medianM⋆, Ldust, SFR, sSFR,Tdust, and Mdust values and
those of the ALESS SMGs are given in Table 4. We note that for
a proper comparison, the comparison of the SFR and sSFR val-
ues were done using theMAGPHYS output values averaged over
the past 10 Myr. As can be seen in Table 4, the median values of
M⋆ andTdust are similar, and our medianMdust value is a factor
of 1.5 times higher than for the equally bright ALESS SMGs. On
the other hand, our dust luminosities and (s)SFR values appear
to be about two times higher on average.

We also performed a two-sided Kolmogorov–Smirnov (K-
S) test between the aforementioned physical parameter values
to check if our SMGs and the flux-limited ALESS SMG sam-
ple could be drawn from a common underlying parent distribu-
tion. The null hypothesis was that these two samples are drawn
from the same parent distribution. The K-S test statistics and p-
values for the comparisons of theM⋆, Ldust, SFRMAGPHYS, Tdust,
andMdust values are also given in Table 4. The K-S test results
suggest that the underlying stellar mass distribution is the same
(p = 0.92), while those of the remaining properties might dif-
fer. We note that forTdust, for which the median value between
our AzTEC SMGs and the ALESS SMGs was found to be very
similar, the K-S testp-value is 0.29, the second highest after the
stellar mass comparison. It should also be noted that the com-
parison samples are small (16 AzTEC and 25 ALESS sources,
respectively), and hence the K-S tests presented here are sub-
ject to small number statistics. Nevertheless, we cannot exclude
the possibility that at least part of the differences found here is
caused by the different selection wavelength (λobs= 1.1 mm ver-
susλobs= 870µm), and different depths of the optical to IR ob-
servations available in COSMOS and the ECDFS, although the
stellar mass estimates based on the optical regime of the galaxy
SED are found to be similar.

da Cunha et al. (2015) found that, atz ≃ 2, about half
of the ALESS SMGs (49%) lie above the star-forming main
sequence (i.e. SFR/SFRMS > 3), while the other half (51%)
are consistent with being at the high-mass end of the main se-
quence, where the main sequence definition was also adopted
from Speagle et al. (2014). For the ALESS SMG sample flux-
limited to match our sample limit, which has a median redshift
of z = 3.12, only 24± 10% of the sources are found to have
SFR/SFRMS > 3, while the remaining 76±17% lie within a fac-
tor of 3 of the main sequence (see our Fig. 4). It should be noted,
however, that the ALESS sources have significant error bars in
their SFR andM⋆ values (propagated from the photo-z uncer-
tainties; da Cunha et al. 2015). The fractions we have found for
the analysed AzTEC SMGs are nominally more extreme, i.e.
62.5%±19.8% are above the main sequence, and 37.5%±15.3%
are consistent with the main sequence. If we base our analysis on

the 10 Myr-averagedMAGPHYS output SFRs as da Cunha et al.
(2015) did, we find that the fraction of the AzTEC SMGs having
SFR/SFRMS > 3 is the same 62.5%± 19.8% as derived above
from the Kennicutt (1998)LIR − SFR calibration.

In Fig. 8, we plot the sSFR as a function of cosmic time
(lower x-axis) and redshift (upperx-axis). For legibility pur-
poses, we only show the binned version of the data; the plot-
ted data points represent the mean values of the full data with
four SMGs per bin in our AzTEC sample, and five SMGs per
bin in the ALESS sample. The sSFR of the ALESS compar-
ison sample appears to be relatively constant as a function of
cosmic time, while our individual SMGs, lying in a similar red-
shift range, show more scatter with a factor of 2.1+26.4

−2.0 higher
median sSFR (our median sSFR is higher by the same nomi-
nal factor of 2.1+35.4

−2.0 when the comparison is done between the
10 Myr-averagedMAGPHYS outputs; Table 4). The blue dash-dot
line overplotted in the figure represents the sSFR-cosmic time
relationship derived by Koprowski et al. (2016). As can be seen,
our lowest redshift data point (corresponding to the latesttime)
lies slightly (by a factor of 1.57) above the normalisation of this
relationship, and the second lowest redshift data point, though
having a factor of 1.82 higher sSFR than suggested by the Ko-
prowski et al. (2016) relationship, is still consistent with it within
the standard error. However, our two highest redshift bins lie at
much higher sSFRs than computed from the Koprowski et al.
(2016) relationship (by factors of∼ 7), but as mentioned by the
authors, their study could not set tight constraints on the sSFR
beyond redshift ofz ≃ 3 (τuniv = 2.1 Gyr), where many of our
SMGs are found. Indeed, as can be seen in Fig. 10 of Koprowski
et al. (2016), the scatter of data increases atz > 3, and many
data points lie above their derived relationship. It shouldalso be
pointed out that our SFRs and stellar masses were derived using
a different method than those in Koprowski et al. (2016) and their
reference studies, and this can be part of the reason why our val-
ues lie above the Koprowski et al. (2016) sSFR(τuniv) function.
On the other hand, while the three lowest redshift ALESS data
points shown in Fig. 8 show a trend similar to ours, with a jump
in sSFR nearz ≃ 3, the two highest redshift ALESS bins are
only by factors of 1.43–1.56 above the Koprowski et al. (2016)
relationship. Larger, multi-field samples of SMGs are required
to limit cosmic variance, and examine the evolution of SMGs’
sSFR as a function of cosmic time further, particularly atz& 3.

Figure 9 plots the dust-to-stellar mass ratio as a function of
redshift for our SMGs and the comparison ALESS SMG sample.
The median values for these samples areMdust/M⋆ = 0.016+0.022

−0.012
andMdust/M⋆ = 0.008+0.009

−0.004, respectively, where the quoted un-
certainties represent the 16th–84th percentile range. Thebinned
data points shown in Fig. 9 show a hint of decreasing dust-to-
stellar mass ratio towards higher redshifts. The AzTEC (ALESS)
data points suggest a linear regression of the formMdust/M⋆ ∝
−(0.006± 0.003)× z (Mdust/M⋆ ∝ −(0.002± 0.002)× z), with
a Pearsonr of −0.68 (−0.86). These trends are not statistically
significant, but the fact that both the samples show a compara-
ble behaviour is indicative of a star formation and dust produc-
tion history being fairly similar between the AzTEC and ALESS
SMGs, and hence suggesting a similar level of metallicity, which
is not surprising given that these SMGs lie at the same cosmic
epoch.

Thomson et al. (2014) studied the radio properties of the
ALESS SMGs. They used 610 MHz GMRT and 1.4 GHz VLA
data, and derived a median±standard error radio spectral index
of α1.4 GHz

610 MHz = −0.79± 0.06 for a sample of 52 SMGs. Again,
if we limit this comparison sample to those sources that are
equally bright to ours, we derive a median spectral index of
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α1.4 GHz
610 MHz = −0.79±0.19 from the values reported in their Table 3

(survival analysis was used to take the lower limits into account).
This is the same as for their full sample, and also consistentwith
our medianα3 GHz

325 MHz value of−0.77+0.28
−0.42 although our observed

frequency range is broader.

Table 4. Comparison of the physical properties between the target
AzTEC SMGs and the equally bright ALESS SMGs.

Parametera Value
MAzTEC
⋆ /MALESS

⋆ 0.9+7.2
−0.7

LAzTEC
dust /L

ALESS
dust 1.9+9.3

−1.6

SFRAzTEC/SFRALESS 2.3+11.2
−2.0

b

sSFRAzTEC/sSFRALESS 2.1+35.4
−2.0

b

TAzTEC
dust /T

ALESS
dust 1.0+0.3

−0.3

MAzTEC
dust /M

ALESS
dust 1.5+3.5

−1.0

K-S test resultsc

M⋆ D = 0.17, p = 0.92

Ldust D = 0.46, p = 0.02

SFR D = 0.38b , p = 0.10b

Tdust D = 0.30, p = 0.29

Mdust D = 0.39, p = 0.08

Notes. (a) A ratio between the median values.(b) The comparison was
done between theMAGPHYS output values averaged over 10 Myr.(c) Re-
sults from a two-sided K-S test between the two sets of physical prop-
erties. The maximum distance between the two cumulative distribution
functions is given by the K-S test statisticD, while the corresponding
p-value describes the probability that the two datasets are drawn from
the same underlying parent distribution.
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Fig. 8. Specific SFR (sSFR) as a function of cosmic time (lowerx-axis)
and redshift (upperx-axis) for our SMGs and the flux-limited sample of
ALESS SMGs. The plotted data points represent the mean values of our
data and the ALESS SMG data binned in redshift and sSFR (each of our
bin contains four sources, while the ALESS data have five values in each
bin). The error bars represent the standard error of the mean. The hori-
zontal dashed lines mark the full sample median sSFRs of 9.9+21.4

−8.1 Gyr−1

and 4.8+7.6
−3.7 Gyr−1, respectively. The blue dash-dot line corresponds to

the relationship log(sSFR/Gyr−1) = −0.12× (τuniv/Gyr)+ 0.71 derived
by Koprowski et al. (2016).
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Fig. 9. Dust-to-stellar mass ratio as a function of redshift for ourSMGs
and the flux-limited ALESS SMGs. The green filled circles represent
the mean values of the binned AzTEC data (each bin contains four
SMGs), while the cyan filled circles represent the mean values of the
binned ALESS data (each bin contains five SMGs). The error bars of
the binned data points represent the standard errors of the mean values.
The horizontal dashed lines mark the corresponding median values of
0.016+0.022

−0.012 and 0.008+0.009
−0.004, respectively.

4.3. Properties of the radio SEDs

4.3.1. Radio continuum spectra of star-forming galaxies

The radio continuum emission arising from a star-forming
galaxy can be divided into two main components: (1) the ther-
mal free-free emission (bremsstrahlung) from Hii regions, and
(2) non-thermal synchrotron emission from relativistic cosmic-
ray electrons. Both of these emission mechanisms are directly
linked to the evolution of high-mass stars: a newly forming high-
mass star photoionises its surrounding medium to create an Hii

region, while the explosive deaths of high-mass (> 8 M⊙) stars –
supernovae and their remnants – are associated with shock fronts
that can accelerate cosmic-ray particles to relativistic energies.

While a typical synchrotron spectral index isαsynch ∈
[−0.8, −0.7] (Sect. 3.2, and references therein), that of ther-
mal free-free emission is about seven to eight times flatter,i.e.
αff = −0.1. At low frequencies ofνrest < 30 GHz the to-
tal radio emission is expected to be dominated by the non-
thermal synchrotron component, while at higher frequencies (up
to about 100 GHz) the thermal emission component makes a
larger contribution of the total observed radio wave emission
(e.g. Condon 1992; Niklas et al. 1997).11 Because of the thermal
emission, the radio spectrum exhibits flattening towards higher
frequencies. Besides this effect, the low-frequency regime of a
radio SED (νrest . 1 GHz) can also exhibit flattening because
the free-free optical thickness increases (τ ∝ ν−2.1), and hence
the free-free absorption due to ionised gas becomes important.

On the other hand, cosmic-ray electrons suffer from a num-
ber of cooling or energy-loss mechanisms. These include syn-
chrotron radiation, inverse-Compton (IC) scattering, ionisation,
and bremsstrahlung losses (e.g. Murphy 2009; Paper II and
references therein), all of which can shape the radio SED,
i.e. modify the spectral index. For example, besides the free-
free absorption, the ionisation energy-losses can flatten the
radio spectrum towards lower frequencies (< 1 GHz; e.g.

11 We note that the radio flux density at 33 GHz might be affected by the
anomalous dust emission, but its significance in the galaxy-integrated
measurements is unclear (Murphy et al. 2010).
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Thompson et al. 2006). These energy-loss mechanisms are de-
pendent on the physical properties of the galaxy, like the mag-
netic field strength, neutral gas density, and the energy density of
the radiation field (e.g. Basu et al. 2015; Paper II and references
therein). Moreover, the IC losses at high redshifts can be aided
by IC losses off the cosmic microwave background (CMB) pho-
tons, because the CMB energy density goes asuCMB ∝ (1+ z)4.

Because the aforementioned physical properties (magnetic
field strength, density, etc.) have spatial gradients within the
galaxy, the interpretation of the observed galaxy-integrated radio
SEDs can become difficult (Basu et al. 2015). However, mea-
surements of the radio spectral index over different frequency
ranges can provide useful information about the energy-loss and
gain mechanisms of the leptonic (e±) cosmic-ray population. In
the next subsection, we attempt to classify our SMGs into differ-
ent categories on the basis of the observed radio spectral indices.

4.3.2. Radio SED classification

To classify our SMGs into different radio SED categories, we
define the following three classes: I=classic synchrotron spec-
trum (αsynch ≃ −0.8 . . . − 0.7), II=flattened radio spectrum, and
III=steepened radio spectrum. The classification in the observed-
frame frequency interval of 325 MHz–3 GHz is provided in
Table 5. Seven of our sources agree with a canonical syn-
chrotron spectrum (our category I), while the remaining 11 fall
into a category II or III with a 5:6 proportion. We note that
AzTEC3, 10, 21a, and 27 exhibit a nominal spectral index of
α < −1.0 (and AzTEC2 hasα3 GHz

1.4 GHz = −1.83± 0.93), and these
sources could also be classified as ultra-steep spectrum sources
(Thomson et al. 2014, 2015).

In the next subsection, we will examine the contribution
of the thermal free-free emission to the flattest radio spectrum
found in the present study.

4.3.3. Thermal fraction

Considering the contribution of the thermal free-free emission to
the derived spectral indices, we note that the highest rest-frame
frequency probed in the present study is 18.9 GHz, which corre-
sponds toνobs = 3 GHz at the redshift of AzTEC3 (zspec≃ 5.3).
However, AzTEC3 has one of the steepest spectral index derived
here (α3 GHz

325 MHz = −1.19± 0.32), although the non-detection at
1.4 GHz could be an indication of a flattening towards higher
frequencies (α3 GHz

1.4 GHz > −0.56). On the other hand, the flattest
index found here isα3 GHz

325 MHz > −0.18 for AzTEC4, which might
be an indication that the observed-frame 3 GHz flux density has
a contribution from thermal free-free emission. To quantify the
level of this free-free contribution, we can translate theLIR-based
SFR into the thermal luminosity using Eq. (11) of Murphy et al.
(2011), which for a Chabrier (2003) IMF scaling can be written
as

SFRff
M⊙ yr−1

= 3.1× 10−21
( Te

104 K

)−0.45 ( ν

GHz

)0.1
(

Lffν
W Hz−1

)

, (3)

whereTe is the electron temperature, which is here set to 104 K.
For AzTEC4, for which the nominal SFR is 380 M⊙ yr−1, we ob-
tain a luminosity density of∼ 1× 1023 W Hz−1 at the rest-frame
frequencyνrest = 8.4 GHz (corresponding toνobs = 3 GHz).
By comparing this with the radio luminosity density calculated
using the observed 3 GHz flux density (see our Eq. (2)), we
estimate the thermal fraction to be> 33% for AzTEC4 at

νobs = 3 GHz (the lower limit results from the lowerα3 GHz
325 MHz

limit used in the calculation). Although the thermal contribution
makes the derivation of the non-thermal spectral index moreun-
certain, our result demonstrates that it also offers a possibility to
estimate the SFR of high-z galaxies more directly than relying
on the IR-radio correlation. The high sensitivity of the future fa-
cilities, like the Square Kilometre Array12, has the potential to
use thermal free-free emission as a reliable, dust-unbiased SFR
tracer.

4.3.4. Radio characteristics and the offset from the main
sequence

Finally, because most (63%) of our SMGs are found to be star-
bursts (Sect. 4.1.1), we compare our results with Murphy et al.
(2013) who found that the radio spectral indices of galaxiesflat-
ten with increasing distance above the galaxy main sequence.
The authors interpreted this as compact starbursts being more
optically thick in the radio, i.e. free-free absorption being more
important in these systems (τν ∝ n2

e, wherene is the electron
density). To test whether our SMGs exhibit such a trend, in the
top panel in Fig. 10 we plot ourα3 GHz

325 MHz values as a function
of the starburstiness parameter SFR/SFRMS. As can be seen, no
trend is discernible in Fig. 10. We also note that in Paper II we
did not find a correlation between the 3 GHz radio sizes of our
SMGs andα3 GHz

1.4 GHz (see Fig. 4 therein)
If the scenario proposed by Murphy et al. (2013) plays out,

then one might expect to see a correlation between the size ofa
galaxy and its distance from the main sequence. To see if thisis
the case for our SMGs, in the bottom panel in Fig. 10 we plot the
3 GHz radio sizes from Paper II as a function of SFR/SFRMS.
Indeed, we see a possible hint of more compact sources being
those that lie the furthest away from the main sequence. Inter-
estingly, the largest radio-emitting sizes are seen among SMGs
within or near the main sequence (SFR/SFRMS . 3), although
we note that SMGs with a radio size close to the sample median
size are also found within the main sequence envelope. Hence,
no firm conclusions can be drawn on the basis of current data.

Table 5. Classification of the target SMGs into different radio SED cat-
egories in the observed frequency interval 0.325–3 GHz.

Categorya AzTEC ID
I 7, 8, 11-N, 12, 17a, 19a, 24b
II 4, 5, 6, 11-S, 15
III 1, 3, 9, 10, 21a, 27

Notes. (a) We define our categories as follows: I=classic synchrotron
radio SED; II=flattened radio SED; and III=steepened radio SED.

4.4. The IR-radio correlation

4.4.1. Comparison with literature data

The IR-radioq parameters we have derived, ranging fromq >
1.64 toq = 2.82± 0.18 with a median ofq = 2.27+0.27

−0.13, exhibit a
hint of negative correlation with redshift (see Sect. 3.5, and the
binned data in Fig. 7).

Thomson et al. (2014) reported a medianqTIR of 2.56± 0.05
for their ALESS SMGs. However, to computeq Thomson et
al. (2014) used the IR luminosities derived by Swinbank et al.

12 https://www.skatelescope.org
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Fig. 10. Top: Radio spectral index between 325 MHz and 3 GHz as a
function of starburstiness or the distance from the main sequence (pa-
rameterised as SFR/SFRMS). For reference, the horizontal dashed line
marks the median spectral index value of−0.77+0.28

−0.29 (see Table 3).Bot-
tom: 3 GHz radio size (radius calculated asθmaj(FWHM)/2) from Pa-
per II as a function of the distance above the main sequence. The blue
vertical dashed line marks the median value of SFR/SFRMS = 5.2 de-
rived for the plotted sample, while the horizontal line marks the sur-
vival analysis-based median radius of 2.03 kpc for the plotted sample.
The thin, red vertical dashed line shows the upper boundary limit of the
main sequence, i.e. SFR/SFRMS = 3.

(2014). Hence, we recalculated theq values for the flux-limited
comparison sample using theLdustvalues (and photo-z’s) derived
by da Cunha et al. (2015), and the 610 MHz GMRT flux den-
sities from Thomson et al. (2014) (following our Eqs. (1) and
(2) modified forνobs = 610 MHz).13 The medianq we derived
this way is 2.29± 0.09, where we quote the standard error of
the median. Because this value refers to the total dust luminos-
ity (3 − 1 000µm), the total-IRq is slightly lower. Given that
the ratio of our medianq value to the recalculated ALESSq is
0.99, we conclude that the IR-radio correlation parameter is not
significantly different between our SMGs and the equally bright
ALESS SMGs.

Similarly to Thomson et al. (2014), Barger et al. (2012) re-
ported an averageqTIR value of 2.51±0.01 for their sample of five
SCUBA 850µm-identified SMGs atz= 2−4 in the Great Obser-
vatories Origins Deep Survey-North (GOODS-N). The AzTEC
1.1 mm flux densities of these SMGs lie in the range ofS1.1 mm =

(1.9± 1.4)− (5.4± 1.1) mJy (see Table 6 in Barger et al. 2012),
and they are generally fainter atλobs = 1.1 mm than our target
SMGs withS1.1 mm = 3.3+1.4

−1.6 − 9.3+1.3
−1.3 mJy (Scott et al. 2008).

Additionally, because Barger et al. (2012) assumed a radio spec-
tral index ofα = −0.8, and used a Arp 220 SED-based relation-
ship ofLIR = 1.42×LFIR in their calculation, a direct comparison
with ourqTIR calculation is not feasible.

The average FIR-basedqFIR values derived for SMGs ly-
ing at median redshifts ofz ∼ 2 − 2.5 and without AGN sig-
natures are usually found to be about 2.0–2.2, which are com-

13 We note that for the radio non-detected (at both 610 MHz and
1.4 GHz) ALESS SMGs, we adopted a spectral index ofα = −1.57±
0.08 derived through stacking by Thomson et al. (2014). The authors re-
ported upperq limits for the radio non-detected SMGs in their Table 1,
but in the case of an upper limit toS610 MHz, the correspondingq value
becomes a lower limit.

parable with those of other types of star-forming galaxies at
similar redshifts (e.g. Kovács et al. 2006; Magnelli et al. 2010;
Alaghband-Zadeh et al. 2012). For our SMGs, 36% to 90% of
the total-IR luminosity is found to emerge in the FIR, with a
mean (median) fraction of 75% (80%). Hence, our medianqFIR
can be derived to be about 2.17, in excellent agreement with pre-
vious results.

4.4.2. Evolution of the IR-radio correlation

The question then arises as to what is causing the relatively
low qTIR in our (and ALESS) SMGs with respect to the lo-
cal universe median value ofqTIR = 2.64 (see Bell 2003;
Sargent et al. 2010). One possible explanation is related tothe
dynamical/evolutionary stage of the SMG system. The models
by Bressan et al. (2002) predict that theq parameter reaches its
minimum value during the post-starburst phase. The authorssug-
gested that this evolutionary effect is due to radio emission fad-
ing more slowly after an intense burst of star formation thanthe
(F)IR emission, which is manifested as an apparent radio excess
or lowerq value. Because SMGs are potentially driven by merg-
ers (e.g. Tacconi et al. 2008; Engel et al. 2010), some of the low
q values we have observed suggest that the target SMG is being
observed during the post-starburst phase.

Schleicher & Beck (2013) also discussed the possibility of
accretion/merger-driven turbulence enhancing the magnetic field
strength. If an SMG is driven by a major merger, this could be
one mechanism to yield a lowq value. It is also possible that en-
vironmental effects increase the galactic magnetic field strength
and/or reaccelerate cosmic rays, hence causing an excess in ra-
dio emission, which lowers theq value (Miller & Owen 2001;
Reddy & Yun 2004; Murphy et al. 2009). On the other hand, the
value of qTIR we have derived for AzTEC8, i.e. 2.82 ± 0.18,
is relatively high compared to the local median value. An ele-
vatedqTIR can result from a recent starburst phenomenon, where
the synchrotron emission is generated with a time delay (due
to the generation of relativistic electrons and/or magnetic field)
with respect to the stellar radiation field that heats the dust
(Roussel et al. 2003).

Some previous studies have found a moderate evolu-
tion of q as a function of redshift (Ivison et al. 2010a,b;
Magnelli et al. 2010; Casey et al. 2012; Magnelli et al. 2015;
see also Delhaize et al. 2016). For instance, Magnelli et al.
(2015) found a statistically significant redshift evolution of the
form qFIR = (2.35±0.08)× (1+z)−0.12±0.04 for their M⋆-selected,
multi-field sample of 0< z < 2.3 galaxies (including COS-
MOS), in agreement with that found earlier by Ivison et al.
(2010a) for 250µm-selected galaxies atz = 0.038− 2.732, i.e.
qTIR ∝ (1 + z)−0.15±0.03. The latter relationships are overplotted
in Fig. 7, normalised to yield the local universe median value of
qTIR(z = 0) = 2.64. We note that the slope of theqTIR(z) curves
becoming shallower with increasingz is consistent with a turbu-
lent dynamo theory prediction by Schober et al. (2016).

As can be seen in Fig. 7, our binned SMG data show a
weak hint of decreasing evolution inqTIR as a function of cos-
mic time. A linear regression yields a relationship of the form
qTIR ∝ −(0.050± 0.060)× z, with a Pearson correlation coef-
ficient of r = −1. Hence, the decreasing trend seen here is not
statistically significant. The two lowest redshift bins atz = 2.04
and z = 2.93 are consistent within the standard errors with
the nominalq = q(z) relationships of Ivison et al. (2010a) and
Magnelli et al. (2015). Our highest redshift binned data point at
z= 4.23 lies above those relationships. We note that the ALESS
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SMGs do not exhibit a (negative) correlation in theqTIR-z plane
(Thomson et al. 2014; see Fig. 3 therein).

It is not clear what would cause a trend of decreasingq with
redshift. One possibility is an erroneous radioK-correction for
higher redshift sources due to an increasing thermal free-free
contribution to the observed emission (Delhaize et al. 2016). In
the present work, we have minimised theK-correction by using
the observed-frame 325 MHz radio flux densities (Sect. 3.5).If,
however, the trend as a function of cosmic time is physical, the
question arises whether it is driven by an enhanced radio emis-
sion or a depressed IR emission from dust at higher redshifts. If
the ISM density of galaxies increases towards higher redshifts,
the corresponding galactic magnetic field could be stronger,
which in turn would lead to a stronger radio synchrotron emis-
sion implying a lowerq value (Schleicher & Beck 2013). Given
the enhanced IC-CMB cooling of cosmic-ray electrons at high
redshifts (Sect. 4.3), the associated suppression of synchrotron
radiation could even lead to an increase ofq towards higher
redshifts, but the magnetic field strength in SMGs might be
strong enough to compensate this effect (Thomson et al. 2014).
One possible interpretation of the weak or even a complete lack
of any obviousq(z) trend among SMGs compared to the neg-
ative q(z) relationship among less-extreme star-forming galax-
ies is that the latter type of galaxies exhibit a lower dust con-
tent (and hence a lowerLIR and q) at higher redshifts (e.g.
Capak et al. 2015), while SMGs are rich in dust at all cosmo-
logical epochs they are being observed (and henceq does not
decrease, or does so only weakly).

4.5. The 1.1 mm-selected COSMOS/AzTEC SMGs in the
context of massive galaxy evolution

Putting the results from our previous studies and the present
one together, we are in a position to discuss our SMGs in the
context of the evolution of massive galaxies. We start by not-
ing that although the SMGs studied in the present work ap-
pear to preferentially lie above the galaxy main sequence (63%
have a SFR/SFRMS ratio> 3), and can be considered starbursts,
a fair fraction of about 38% are consistent with being main-
sequence star-forming galaxies. Nevertheless, the high SFRs of
∼ 20− 1 500 M⊙ yr−1 with a median of 508 M⊙ yr−1 derived
for these main-sequence SMGs show that a phase of intense star
formation is taking place in these galaxies. We also find an in-
dication for an anti-correlation between distance from themain
sequence and radio size (Fig. 10, bottom panel). Moreover, as
shown in Fig. 5, there is an average trend ofz> 3 SMGs having
a higher level of starburstiness (SFR/SFRMS ratio) than those
SMGs that lie atz < 3. On the other hand, in Paper II we did
not find any trend between radio size and redshift of our target
SMGs (Fig. 7 therein; see also O. Miettinen et al., in prep.).

As further shown for two of our high-z SMGs AzTEC1 and
AzTEC3 in Appendix D, an early starburst phase can be char-
acterised by a SFR occuring near or at the Eddington limit
within a spatially compact region. Such high SFRs of lumi-
nous SMGs are plausibly triggered by a wet merger between
gas-rich galaxies, or, perhaps in the case of less luminous
SMGs, by gravitational instabilities fuelled by more continuous,
cold gas accretion (Narayanan et al. 2009; Dekel et al. 2009;
Engel et al. 2010; Wiklind et al. 2014; Narayanan et al. 2015).
For example, the AzTEC11 system, which is composed of two
very nearby (1′′.46 or 12.4 kpc in projection) dust and radio-
emitting components, is possibly in the process of merging,in
a phase before the parent nuclei have fully coalesced (see Pa-
per II; Fig. 2 therein, and O. Miettinen et al., in prep.).

4.5.1. z> 3 SMGs

Our parent sample contains 12 SMGs that lie atz > 3 (six of
which were analysed in the present work), i.e. at the formation
epoch ofz∼ 2 cQGs (Toft et al. 2014). As shown in Sect. 3.4, a
comparison with the stellar mass-size relationship ofz∼ 2 cQGs
supports an evolutionary link between these high stellar-density
systems and ourz > 3 SMGs, in accordance with the results
of Toft et al. (2014). To further quantify this evolutionarypath,
we follow the approach of Toft et al. (2014), and compare the
stellar mass distributions of ourz > 3 SMGs andz ∼ 2 cQGs.
In Fig. 11, we plot the mass distribution of ourz > 3 SMGs,
and the stellar masses of the spectroscopically confirmedz ∼ 2
cQGs from Krogager et al. (2014; their Table 2). To estimate
the final stellar masses of thez > 3 SMGs, we adopt the CO-
based molecular gas masses available for AzTEC1 and AzTEC3
(see Appendix D), and assume a value ofMgas∼ 1011 M⊙ – the
average of the gas masses of AzTEC1 and 3 – for the remain-
ing four sources. Following Toft et al. (2014), we assumed that
10% of the gas mass is converted into stars by the end of the
starburst (this star formation efficiency is based on the hydro-
dynamic simulations by Hayward et al. (2011) as described in
Toft et al. 2014). We note that the time interval betweenz > 3
andz∼ 2 is& 1.1 Gyr, which is much longer than the gas deple-
tion timescale in SMGs; for comparison, the depletion timescale
we derived for AzTEC1 and AzTEC3 is only 86+15

−14 Myr and
19+1
−0 Myr, respectively (Appendix D).
The derived final stellar mass distribution is shown by the

blue histogram in Fig. 11. A two-sided K-S test between this
mass distribution and the Krogager et al. (2014) cQGM⋆ dis-
tribution yielded a K-S test statistic ofD = 0.36 and ap-value
of p = 0.55, suggesting that the two distributions might share
a common parent distribution, which would further support the
evolutionary link betweenz > 3 SMGs andz ∼ 2 cQGs. How-
ever, given the small sample sizes, this comparison should be
considered with caution in mind.

As another gas mass estimate (for the sources other than
AzTEC1 and 3), we used the method adopted by Toft et al.
(2014), namely the gas-to-dust mass ratio-metallicity (δgdr − Z)
relationship derived by Leroy et al. (2011) in combination with
the stellar mass-metallicity (M⋆ − Z) relationship from Genzel
et al. (2012 and references therein). Using theMAGPHYS-based
M⋆ andMdustvalues, we could then estimate the gas masses, and
hence the final stellar masses under the assumption of a 10% star
formation efficiency. The resulting distribution is shown by the
magenta dashed histogram in Fig. 11. The median values of the
two estimated final stellar mass distributions (the blue andma-
genta dashed histograms) are the same (log(M⋆/M⊙) = 10.97),
and a K-S test performed between the final stellar mass distri-
bution shown by the magenta dashed line and thez ∼ 2 cQG
M⋆ distribution yielded the same results as above (D = 0.36 and
p = 0.55). We emphasise, though, that larger sample sizes are
required to better test the validity of the aforementioned stellar
mass-metallicity relationship, because it is based on the analysis
of z ∼ 2 galaxies, and hence its applicability forz > 3 SMGs
is questionable (see also Toft et al. 2014). Indeed, the gas-to-
dust mass ratios derived through the empirical relationships for
AzTEC1 and 3 are 123 and 119, respectively, which are about
1.4 and 3.6 times higher than the observed values (Appendix D).

At this point, we conclude that on the basis of the mass-size
relationship and the stellar mass distribution analyses presented
here, the evolutionary connection betweenz > 3 SMGs andz ∼
2 cQGs seems possible, as proposed by Toft et al. (2014). The
subsequent growth ofz∼ 2 cQGs through minor dry (gas-poor)
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mergers can then turn them into the giant ellipticals seen inthe
present-day universe (Toft et al. 2014).

4.5.2. z≤ 3 SMGs

While the above discussion concerns thez > 3 SMG popula-
tion, most of the SMGs in our parent sample lie atz ≤ 3 (18
sources with either a spectroscopic or photometric redshift, plus
seven lower redshift limits atz < 3; 10 sources atz ≃ 1.6 − 3
were analysed here). Because there are also cQGs atz < 2 (see
e.g. the sample of 0.9 < z < 1.6 cQGs in Belli et al. 2014), one
could think of a scenario wherez. 3 SMGs represent their pro-
genitors. However, ourz≤ 3 SMGs already have a considerable
stellar mass content ofM⋆ ∼ 1.8× 1010 − 4.9× 1011 M⊙ with a
median of 2.3×1011 M⊙, while for example the Chabrier (2003)
IMF-based stellar masses of the 0.9 < z < 1.6 cQGs from Belli
et al. (2014) areM⋆ ∼ 1.9× 1010− 2.2× 1011 M⊙ with a median
of 7× 1010 M⊙.

Since the stellar masses of ourz ≤ 3 SMGs are already
higher on average than those of the Belli et al. (2014) cQGs,
an evolutionary link between these two populations seems very
unlikely, although we note that our SMG subsample here con-
sists of only 10 sources, which prevents us from making any
firm conclusions. On the other hand, it has been shown that
also lower-redshift (z ≤ 3) SMGs have the potential to evolve
into the present-day passive ellipticals (Swinbank et al. 2006;
Simpson et al. 2014). For instance, based on theH-band mag-
nitude and space density comparisons, and the stellar age anal-
ysis of local ellipticals, Simpson et al. (2014) showed thatthe
properties of their sample of 77 ALESS SMGs with a median
redshift ofzphot = 2.3 and local ellipticals agree well with each
other, which strongly supports an evolutionary connectionbe-
tween them. Based on the stellar population ages of quiescent,
redz ∼ 1.5− 2 galaxies (e.g. Whitaker et al. 2013), Simpson et
al. (2014) concluded that those stellar populations were formed
at a cosmic epoch consistent with the median redshift of their
SMGs, and hence the passivez∼ 1.5−2 galaxies could descend
from thez . 3 SMGs, and ultimately turn into today’s ellipti-
cals. It is unclear, however, how ourz ≤ 3 SMGs fit into this
scenario because their median stellar mass is about three times
higher than those of thez ≃ 1.6 − 2.8 ALESS SMGs from da
Cunha et al. (2015). Perhaps they have the potential to evolve
into very massive red galaxies atz ∼ 1 − 2, and then undergo
mergers and grow to the most massive ellipticals seen today.

Overall, our study of the COSMOS/AzTEC SMGs supports
a scenario where the present-day massive ellipticals formed the
bulk of their stars in a vigorous starburst in the early universe.
This in concert with the finding that many of our SMGs populate
galaxy overdensities or even protoclusters (Capak et al. 2011;
Paper III), suggest we are witnessing the formation processof
the massive, red-and-dead ellipticals that are found to reside in
rich galaxy clusters today.

5. Summary and conclusions

We have studied the physical properties of a flux-limited sam-
ple of SMGs in the COSMOS field. The target SMGs were
originally uncovered in a 1.1 mm continuum survey carried
out with the AzTEC bolometer, and followed up with higher-
resolution interferometric (sub)millimetre continuum observa-
tions. Our main results are summarised as follows:

1. We have used the new version of theMAGPHYS code of da
Cunha et al. (2008, 2015) to interpret the observed panchro-
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Fig. 11. Stellar mass distribution of ourz> 3 SMGs (green histogram),
andz ∼ 2 cQGs (Krogager et al. 2014; red histogram). The blue his-
togram shows the distribution of the final stellar masses of the z > 3
SMGs by assuming that 10% of their putative gas mass content is con-
verted into stars by the end of the ongoing starburst event, while the
magenta dashed histogram represents the final stellar mass distribution
whereMgasis based on the mass-metallicity relationship (see text forde-
tails). The CO-based gas mass estimate was adopted for AzTEC1 and
AzTEC3 (Appendix D).

matic SEDs of a sample of 16 of our SMGs, which lie
at redshifts ofz ≃ 1.6 − 5.3. Based on this analysis, we
derived the following median values and 16th and 84th
percentiles for the stellar mass, total (8− 1 000 µm) IR
luminosity, SFR, sSFR, dust temperature, and dust mass:
log(M⋆/M⊙) = 10.96+0.34

−0.19, log(LIR/L⊙) = 12.93+0.09
−0.19, SFR=

856+191
−310 M⊙ yr−1, sSFR= 9.9+21.4

−8.1 Gyr−1, Tdust= 40.6+7.5
−8.1 K,

and log(Mdust/M⊙) = 9.17+0.03
−0.33, respectively. Our stellar

masses and dust temperatures are similar to those of the
870 µm-selected ALESS SMGs that are equally bright to
our AzTEC SMGs (da Cunha et al. 2015), while the other
parameter values for our SMGs are∼ 1.5 − 2 times higher
on average. However, given the spread of the values (the
16th–84th percentile ranges), the latter discrepancies are not
statistically signifcant. Nevertheless, part of this discrep-
ancy is potentially caused by the different observed wave-
lengths of the two SMG samples (i.e.λobs = 1.1 mm versus
λobs= 870µm).

2. When compared with the galaxy main-sequence as defined
by Speagle et al. (2014), our SMGs lie by a factor of
0.3+0.1
−0.2 to 13.0+0.0

−0.6 above the main sequence. The median
SFR/SFRMS ratio is found to be 4.6+4.0

−3.5, and most (63%) of
the target SMGs can be considered starbursts.

3. The 3 GHz radio sizes of our SMGs measured in Paper II
were used in conjunction with the present stellar mass val-
ues to examine their possible stellar mass-size relationship.
In particular, the radio sizes of thez> 3 SMGs appear fairly
consistent with thez∼ 2 cQGs’ mass–size relation, support-
ing a scenario where the high-redshift SMGs experience a
cQG phase atz∼ 2 (Toft et al. 2014).

4. We used 325 MHz GMRT data in conjuction with the
1.4 GHz and 3 GHz VLA data to investigate the radio SED
properties of our SMGs. A radio SED could be constructed
for 19 SMGs in total, where each source was detected at
least in one of the aforementioned radio bands. The median
radio spectral index measured between the observed frame
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325 MHz and 3 GHz was found to be−0.77+0.28
−0.42, which is

consistent with the canonical radio synchrotron value (α ≃
−0.8 . . .− 0.7).

5. We found evidence of both spectral flattening and steepening
in the radio SEDs of our SMGs, which are indicative of dif-
ferent cosmic-ray energy gain and loss mechanisms taking
place in these sources. In the case of thezphot ≃ 1.8 SMG
AzTEC4, which shows the flattest radio spectral index de-
rived here (α > −0.18), the flattening could be due to a non-
negligible contribution of thermal free-free emission, which
is estimated to be at least one-third of the observed-frame
3 GHz flux density for this source.

6. We found an indication for an anti-correlation between dis-
tance from the galaxy main sequence and 3 GHz radio size.
This suggests that starburst SMGs are more compact, and
hence more susceptible to free-free absorption.

7. The present data allowed us to study the IR-radio corre-
lation among our SMGs. This was quantified by calcu-
lating the total-IRq parameter, and its median value was
determined to beq = 2.27+0.27

−0.13. This is in very good
agreement with the flux-limited (i.e. equally bright) ALESS
SMGs’ medianq parameter of 2.29±0.09 (recalculated from
Thomson et al. 2014). We found a statistically insignificant
hint of negative correlation between theq parameter and the
source redshift in the binned average data. The weakness of
thisq evolution might be partially caused by the selection ef-
fect of our SMGs being essentially IR-selected, but not nec-
essarily detected at the rest-frame 1.4 GHz used to calculate
q. This can bias theq parameter towards higher values, and
flatten theq(z) distribution. Some of the observed low and
high q values compared to the local median value could be
linked to the source evolutionary phase.

8. The two high redshift SMGs in our sample that benefit from
previous CO line data, AzTEC1 and AzTEC3, were anal-
ysed in further details (see Appendix D). These SMGs are
found to form stars near or at the Eddington limit, where
the process of star formation can exhaust the gas reservoir
in only 86+15

−14 and 19+1
−0 Myr, respectively. The current stel-

lar and gas mass estimates for AzTEC1 and 3 suggest they
can both evolve to have a final stellar mass of> 1011 M⊙.
Overall, the results of our study support the general view of
high-z (z & 3) SMGs being the progenitors of the present-
day giant, gas-poor ellipticals, mostly sitting in the cores of
galaxy clusters.
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Smoľcić, V., Aravena, M., Navarrete, F., et al. 2012, A&A, 548, A4
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Appendix A: Photometric tables

A selection of mid-IR to mm flux densities of our SMGs are
listed in Table A.1. The GMRT (325 MHz) and VLA (1.4 and
3 GHz) radio flux densities are tabulated in Table A.2.
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Table A.1. Flux densities at mid-IR to mm wavelengths in mJy.

Source ID S24µm S100µm S160µm S250µm S350µm S450µm S500µm S850µm S890µm S1.1 mm S1.3 mm

MIPS PACS PACS SPIRE SPIRE SCUBA-2a SPIRE SCUBA-2a SMAb AzTECc ALMA /PdBId

AzTEC1e < 0.054 < 5.0 < 10.2 17.54± 1.60 30.57± 1.62 . . . 27.72± 1.90 . . . 15.6± 1.1 9.3± 1.3 4.41± 0.11(A)
AzTEC2 0.29± 0.02 < 5.0 < 10.2 23.60± 1.97 31.82± 2.99 20.46± 4.78 35.68± 3.58 10.86± 0.54 12.4± 1.0 8.3± 1.3 4.64± 0.11(A)
AzTEC3f < 0.054 < 5.0 < 10.2 16.50± 1.64 19.29± 1.66 . . . 11.64± 1.89 . . . 8.7± 1.5 5.9± 1.3 . . .
AzTEC4 < 0.054 < 5.0 < 10.2 30.57± 1.73 36.02± 1.58 . . . 34.78± 1.87 . . . 14.4± 1.9 5.2+1.3

−1.4 3.88± 0.10(A)
AzTEC5 0.19± 0.01 < 5.0 < 10.2 33.54± 1.97 36.31± 2.94 25.35± 6.04 24.74± 4.92 10.54± 0.90 9.3± 1.3 6.5+1.2

−1.4 2.40± 0.10(A)
AzTEC6 < 0.054 < 5.0 < 10.2 < 8.1 < 10.7 . . . < 15.4 . . . 8.6± 1.3 6.3+1.3

−1.2 3.68± 0.10(A)
AzTEC7 0.55± 0.05 22.50± 2.73 71.90± 4.51 77.63± 1.97 50.11± 3.62 . . . < 15.4 . . . 12.0± 1.5 7.1± 1.4 . . .
AzTEC8 < 0.054 9.89± 1.60 35.56± 3.57 62.32± 1.65 71.89± 1.59 . . . 68.61± 1.88 . . . 21.6± 2.3 5.5± 1.3 4.10± 0.15(A)
AzTEC9 < 0.054 < 5.0 < 10.2 < 8.1 27.27± 1.57 . . . 25.75± 1.95 11.49± 1.10 7.4± 3.0 5.8+1.3

−1.5 5.02± 0.10(A)
AzTEC10 < 0.054 < 5.0 < 10.2 8.56± 1.97 14.07± 2.63 . . . 19.86± 3.90 . . . 4.7± 1.7 4.7± 1.3 . . .

AzTEC11-N < 0.054 < 5.0 < 10.2 < 8.1 < 10.7 . . . < 15.4 . . . 10.0± 2.1 3.3± 0.9 0.81± 0.11(A)
AzTEC11-S 0.66± 0.02 10.50± 1.71 45.11± 3.95 74.29± 1.97 70.12± 2.44 . . . 45.46± 3.67 . . . 4.4± 2.1 1.4± 0.4 2.23± 0.10(A)
AzTEC12 0.36± 0.02 < 5.0 25.02± 3.09 51.10± 1.97 55.17± 2.49 . . . 30.36± 3.78 . . . 12.8± 2.9 4.5+1.3

−1.5 3.70± 0.10(A)
AzTEC15 0.09± 0.02 < 5.0 < 10.2 11.93± 1.97 18.87± 2.56 . . . 14.36± 3.91 . . . 5.8± 1.7 4.2+1.3

−1.4 1.73± 0.15(A)
AzTEC17a < 0.054 < 5.0 < 10.2 29.21± 2.71 28.33± 3.33 . . . 20.85± 5.18 . . . . . . 2.0± 0.7 1.58± 0.43(P)
AzTEC19a 0.20± 0.01 < 5.0 < 10.2 33.30± 1.97 37.95± 2.45 37.54± 6.58 29.15± 3.71 9.21± 1.45 . . . 3.8+1.3

−1.6 3.98± 0.91(P)
AzTEC19b < 0.054 < 5.0 < 10.2 < 8.1 < 10.7 . . . < 15.4 . . . . . . . . . 5.21± 1.30(P)
AzTEC21a 0.56± 0.02 < 5.0 < 10.2 18.49± 1.97 15.41± 2.54 . . . < 15.4 . . . . . . 1.9+0.7

−0.8 3.37± 1.03(P)
AzTEC21b < 0.054 < 5.0 < 10.2 < 8.1 < 10.7 . . . < 15.4 . . . . . . 0.8± 0.3 1.34± 0.38(P)
AzTEC24b 0.15± 0.02 < 5.0 < 10.2 18.25± 1.97 19.75± 2.46 . . . 19.14± 3.76 . . . . . . 4.9+1.1

−1.2 1.39± 0.10(A)
AzTEC26a < 0.054 < 5.0 < 10.2 < 8.1 < 10.7 . . . < 15.4 . . . . . . 1.7+0.7

−0.8 0.98± 0.28(P)

Notes. The second row of the table gives the name of the instrument used to measure the flux density. The quotedHerschelflux density uncertainties refer to the total error, i.e. instrumental
plus confusion noise. We place a 3σ flux density upper limit for the non-detections. TheHerschelflux density upper limits include the confusion noise.(a) From Casey et al. 2013.(b) From
Younger et al. 2007, 2009.(c) From Scott et al. 2008, except for AzTEC24b the AzTEC 1.1 mm flux density is from Aretxaga et al. 2011 (see Appendix B.1). Forsources resolved into multiple
components at∼ 2′′ resolution (AzTEC11, 17, 21, 26), a component’sS1.1 mm value was estimated using the relative flux densities measured interferometrically. The single-dish 1.1 mm flux density
of AzTCE19 can be fully assigned to the component AzTEC19a because the secondary component AzTEC19b lies 10′′.6 away from the phase centre, and could be spurious (see PaperI and
Appendix B.2 herein).(d) The 1.3 mm flux density given in the last column was determinedwith either ALMA (M. Aravena et al., in prep.) or PdBI (Paper I); these are marked with “(A)” or
“(P)”, respectively.(e) For AzTEC1 we also have a 870µm flux density ofS870µm = 14.12± 0.25 mJy measured with ALMA (Cycle 2 project, PI: A. Karim), anda PdBI 3 mm flux density of
S3 mm = 0.30± 0.04 mJy (Smoľcić et al. 2011).(f) For AzTEC3 we additionally have a 1 mm flux density ofS1 mm = 6.20± 0.25 mJy from the ALMA observations by Riechers et al. (2014).
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Table A.2. Flux densities of our SMGs at the observed radio frequencies
of 325 MHz, 1.4 GHz, and 3 GHz. Apart from AzTEC21b, only sources
that are detected in at least one of these three frequency bands are listed.

Source ID S325 MHz
a S1.4 GHz

b S3 GHz
c

[µJy] [µJy] [µJy]
AzTEC1 248.6± 77.9 48± 12 28.3± 5.2
AzTEC2 < 224.7 76± 14 18.9± 4.7
AzTEC3 276.5± 79.8 < 30 19.6± 2.3
AzTEC4 < 215.7 < 36 31.5± 7.7
AzTEC5 438.9± 61.5 126± 15 85.8± 5.8
AzTEC6 < 210.9 < 38 22.4± 5.8
AzTEC7 481.0± 86.8 132± 22 98.4± 4.4
AzTEC8 531.1± 78.0 102± 13 49.4± 4.8
AzTEC9 < 213.9 68± 13 33.3± 4.3
AzTEC10 235.8± 88.8 < 40 < 6.9

AzTEC11-N 213.4± 88.0 138± 26 67.5± 4.6
AzTEC11-S 204.1± 88.0 132± 26 99.6± 4.8
AzTEC12 281.5± 78.7 98± 16 52.5± 5.2
AzTEC15 < 224.1 < 32 27.9± 6.9
AzTEC17a < 258.3 68± 13 40.8± 4.4
AzTEC19a < 241.2 78± 12 45.3± 5.0
AzTEC21a 258.1± 88.1 < 44 25.7± 7.9
AzTEC21b < 264.6 < 44 < 6.9
AzTEC24b 229.4± 89.7 63± 13 37.6± 4.7
AzTEC27 221.7± 85.7 < 43 12.6± 4.8

Notes. A 3σ upper limit is reported for non-detections.(a) The value of
S325 MHz refers to the peak surface brightness value of the source in the
325 MHz GMRT-COSMOS mosaic (angular resolution 10′′.76× 9′′.49;
A. Karim et al., in prep.). AzTEC5, 8, and 11 each have two radio com-
ponents at 1.4 and 3 GHz (see Paper II), which are blended in the large
GMRT beam FWHM. To estimate theS325 MHz values of these compo-
nents, we divided up the observed flux density in the same proportion as
that seen in the 1.4 GHz data.(b) The values ofS1.4 GHz were taken from
the COSMOS VLA Deep Catalogue May 2010 (Schinnerer et al. 2010)
except for AzTEC1, 8, and 11, for which we use the values from Pa-
per II (Table 4 therein).(c) The 3 GHz flux densities are adopted from
Paper II (Table 2 therein).

Appendix B: Revised redshifts, unsatisfying SED
model fits, and revisit of the sample statistics

Appendix B.1: Revised redshifts

AzTEC17a was previously thought to lie at a spectroscopic red-
shift of zspec = 0.834 (see Paper I, and references therein), and
hence to be the lowest-redshift SMG in our sample. However,
the source SED constructed assuming this redshift showed that
theHerschelflux density upper limits were inconsistent with the
best-fit SED model, suggesting that the redshift was underesti-
mated.

The different redshift estimates for AzTEC17a were dis-
cussed in Appendix C of Paper I. A spec-z of zspec= 0.834 for
AzTEC17a is reported to be very secure in the COSMOS spec-
z catalogue (M. Salvato et al., in prep.), but our initial SED fit
suggested the SMG redshift to be higher. Here, we have adopted
a redshift ofzphot = 2.96+0.06

−0.06 reported in the COSMOS2015 cat-
alogue (Laigle et al. 2016) for the source ID835094, which lies
1′′.34 away from the PdBI 1.3 mm peak position of AzTEC17a.
We note that although lying outside the area covered by the slit
used for the spectroscopic measurements towards AzTEC17a,
there is a galaxy (ID836198) lying 1′′.7 NW of the PdBI 1.3 mm
peak of AzTEC17a (see Fig. E.1 in Paper I). A likelyzspecvalue
of zspec= 0.78792 (quality flag 2) is reported for this galaxy in
the COSMOS spec-zcatalogue (M. Salvato et al., in prep.), while
the COSMOS2015 catalogue (Laigle et al. 2016) gives a photo-

z value ofzphot = 0.70+0.01
−0.01, in fairly good agreement with the

corresponding spec-z. Hence, it seems possible that the spectro-
scopic redshift measurement towards AzTEC17a was contami-
nated by radiation from this foreground galaxy.

Moreover, the redshifts of AzTEC4, 5, AzTEC9, 12, 15,
and 24b have been recomputed using the COSMOS2015 pho-
tometric catalogue (Laigle et al. 2016) as part of the redshift dis-
tribution analysis of the ALMA-detected ASTE/AzTEC SMGs
(D. Brisbin et al., in prep.).

For AzTEC4, the nominal value of the updated redshift of
zphot = 1.80+5.18

−0.61 is much lower than the previous estimate
(zphot = 4.93+0.43

−1.11; Smoľcić et al. 2012), but we note that the pho-
tometric redshift of this source suffers from very large uncertain-
ties.

In the case of AzTEC5, the updated redshift ofzphot =

3.70+0.73
−0.53 is consistent with the previous value within the uncer-

tainties (zphot = 3.05+0.33
−0.28; Smoľcić et al. 2012; see also Paper I).

For AzTEC9, we have derived a new photometric redshift
of zphot = 4.60+0.43

−0.58. We note that a spec-z of zspec = 1.357
has been measured for AzTEC9, but it is based on a relatively
weak spectrum (M. Salvato et al., in prep.), and is therefore
quite uncertain. Nevertheless, this spec-z is comparable to a
photo-z of zphot = 1.07+0.11

−0.10 previously derived for AzTEC9 by
Smoľcić et al. (2012). We also note that the COSMOS2015 cat-
alogue (Laigle et al. 2016) gives a secondary photo-zsolution of
zphot = 4.55 for a source lying 0′′.88 from AzTEC9 (ID763214).
Moreover, Koprowski et al. (2014) derived a redshift ofzphot =

4.85+0.50
−0.15, which was based on aK-band counterpart lying 0′′.67

away from the SMA 890µm position of AzTEC9. The latter two
redshifts are comparable to our new value.

The updated photometric redshift we have obtained for
AzTEC12,zphot = 2.90+0.31

−0.18, is slightly higher than the previous
value ofzphot = 2.54+0.13

−0.33 from Smoľcić et al. (2012).

For AzTEC15, the updated redshift ofzphot = 2.80+2.45
−1.27 is

somewhat lower than the previous estimate (zphot = 3.17+0.29
−0.37;

Smoľcić et al. 2012), but the large associated uncertainties make
the two being consistent with each other.

Finally, for AzTEC24b we have computed a redshift of
zphot = 1.90+0.12

−0.25 on the basis of a new counterpart identification
enabled by our new ALMA data (cf. Paper I). Our PdBI 1.3 mm
source AzTEC24b lies 2′′.55 NE of a 1.3 mm-detected ALMA
SMG (M. Aravena et al., in prep.). We can attribute this nomi-
nally large offset to the poorer quality of the PdBI data than the
corresponding ALMA data.

Appendix B.2: SED fits of other sources

In Fig. B.1, we show the SED fits for AzTEC2, 6, 11-N,
19b, and 26a. In the case of AzTEC2, the lack of UV/optical
to NIR data does not allow a meaningfulMAGPHYS fit, and
hence the derived properties, like the stellar mass, could not
be constrained. Moreover, AzTEC2 might lie at a higher red-
shift thanzspec = 1.125 because it is found to be the brightest
2 mm source in the IRAM/GISMO (Institut de Radioastronomie
Millimétrique/Goddard-IRAM Superconducting 2 Millimetre
Observer) 2 mm survey of the COSMOS field (A. Karim et al.,
in prep.), and it is possibly affected by galaxy-galaxy lensing.
As discussed in Paper I (Appendix B therein), the redshift of
AzTEC6 is also uncertain. As shown in Fig. B.1, the assumption
that the SMG lies atzspec = 0.802 does not yield a satisfying
SED fit, but it rather suggests a higher redshift (cf. AzTEC17a).
Indeed, a non-detection of AzTEC6 at 1.4 GHz suggests a red-
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shift of z > 3.52 (Paper I). For AzTEC11-N, the optical to NIR
photometry was manually extracted from the ALMA 1.3 mm
peak position due to the nearby source AzTEC11-S. However,
no reasonable SED fit could be obtained for this source. The
derived SED fits for AzTEC19b and 26a are also poor. Given
that AzTEC19b was identified at the border of the PdBI primary
beam, and the counterpart of AzTEC26a lies 0′′.94 away from
the PdBI emission peak (Paper I), these sources are potentially
spurious.

Appendix B.3: Revised SMG sample statistics

Given the aforementioned revised properties of our SMGs, and
the fact that two more SMG candidates from our PdBI 1.3 mm
survey (Paper I), AzTEC24a and 24c, were not detected at
1.3 mm with ALMA (M. Aravena et al., in prep.), and are hence
very likely to be spurious, we are now in a position where we can
revise the statistical properties of our sample. Of the 30 single-
dish detected sources AzTEC1–30, only up to 5 appear to be
resolved into multiple components at an angular resolutionof
about 2′′ (AzTEC29 being an uncertain case; Paper I). This sug-
gests a revised multiplicity fraction of∼ 17%± 7% among our
target SMGs. The revised sample mean and median redshifts are
z = 3.19± 0.21 and 3.00± 0.26, respectively, which are consis-
tent with those reported in Paper I (3.19± 0.22 and 3.17± 0.27).
The fraction of 3 GHz detected SMGs in our sample is revised to
be 51%± 12% (cf. Paper II). Assuming the new redshift values
for some of our SMGs, the median 3 GHz major axis FWHM
is derived to be 4.2 ± 1.1 kpc (4.1 ± 1.0 kpc) for the cosmol-
ogy adopted therein (in the present work), which is the same as
reported in Paper II (4.2± 0.9 kpc).
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Fig. B.1. Best-fit panchromatic (UV–radio) rest-frame SEDs of five of
our target SMGs. The source ID and redshift are shown on top ofeach
panel. The red points with vertical error bars represent theobserved
photometric data, while those with downward pointing arrows mark the
3σ upper flux density limits. The blue line is the best-fitMAGPHYSmodel
SED from the high-z library.

Appendix C: Comparison with previous studies of
the physical properties of the JCMT/AzTEC
1.1 mm-selected COSMOS SMGs

The SEDs of many of our SMGs have been previously anal-
ysed to study their physical properties by Smolčić et al. (2011;
AzTEC1), Magnelli et al. (2012; AzTEC2, 3, 5, 11-N, and 17a),
Casey et al. (2013; AzTEC2, 5, 9, 19a, 22, 28), Toft et al. (2014;
10 sources among AzTEC1–15), Huang et al. (2014; AzTEC1
and 3), Koprowski et al. (2014; 11 sources among AzTEC1–
15), Smoľcić et al. (2015; AzTEC1 and 3), Yuan et al. (2015;
AzTEC1), and Yun et al. (2015; AzTEC1). We note that only
Smoľcić et al. (2015) used theMAGPHYS code in their study, al-
though with different priors as we have used (see below), and
hence a direct comparison with the aforementioned studies is
not feasible (Toft et al. (2014) also usedMAGPHYS to derive
one of the physical parameters of their SMGs, namely the stel-
lar mass). Moreover, Smolčić et al. (2011, 2015), Toft et al.
(2014), and Huang et al. (2014) used a redshift ofz = 4.64 for
AzTEC1, but its revised spectroscopic redshift iszspec= 4.3415
(Yun et al. 2015). In what follows, we discuss the aforemen-
tioned studies in more detail.

Magnelli et al. 2012. While we could not obtain a meaning-
ful MAGPHYS SED for AzTEC2 and AzTEC11-N, Magnelli et al.
(2012) used a modified blackbody (MBB) fitting method to de-
rive the dust properties of these sources. Out of the five common
SMGs to our parent sample, Magnelli et al. (2012) used the same
redshift as we for three sources. The two exceptions are AzTEC5
and AzTEC17a, for which they usedz = 4.0 andz = 0.8, in-
stead of the valueszphot = 3.70+0.73

−0.53 and zphot = 2.96+0.06
−0.06 we

have used. We also note that no interferometric (sub)mm obser-
vations of AzTEC17 existed at the time of the study by Magnelli
et al. (2012). Based on their single-T MBB fitting (β = 1.5),
Magnelli et al. (2012) derived the dust temperature values of
Tdust = 53 ± 3 K and 57± 4 K for AzTEC3 and 5, respec-
tively. Within the uncertainties, theTdust values for AzTEC3 and
5 are comparable to ours (66.0+5.1

−8.4 and 48.7+3.3
−4.1 K, respectively)

although the values were derived using different methods (and
the redshift for AzTEC5 was slightly different). Our IR lumi-
nosities for these two SMGs are about 1.2 and 0.8 times the
Magnelli et al. (2012) values, respectively. The dust masses we
derived for AzTEC3 and 5 are 4.2 and 2.8 times higher than
the corresponding Magnelli et al. (2012) values. One reasonfor
these discrepancies is probably that Magnelli et al. (2012)did
not use the SPIRE 500µm flux density in their SED analysis.
We note that for the above comparisons we have taken into ac-
count the fact that Magnelli et al. (2012) assumed a dust opacity
value ofκ850µm = 1.5 cm2 g−1, which is 1.95 times larger than
the 850µm-normalised dust opacity ofκ850µm = 0.77 cm2 g−1

adopted in ourMAGPHYS analysis.
Casey et al. 2013. Casey et al. (2013) used MBB SED fit-

ting combined with a mid-IR powerlaw (see their Eq. (3)). For
AzTEC2 they used a photo-z of zphot = 0.34+0.01

−0.01, which is
lower than the spec-z of zspec = 1.125 (M. Balokovíc et al.,
in prep.). As discussed in Paper I, the aforementioned photo-
z refers to the optically visible foreground galaxy seen to the
south of AzTEC2 (see e.g. Fig. E.1 in Paper I). For AzTEC9,
Casey et al. (2013) adopted a redshift ofzphot = 1.37+0.44

−0.25, i.e.
3.36+1.13

−1.14 times lower than the value ofzphot = 4.60+0.43
−0.58 we have

derived. For AzTEC19a, Casey et al. (2013) adopted a redshift
of zphot = 2.86+0.21

−0.26, while in Paper I, where we employed the
first millimetre interferometric observations towards this source,
we derived a photo-zof zphot = 3.20+0.18

−0.45. The SCUBA-2 sources
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Casey et al. (2013) detected towards AzTC22 and AzTEC28, and
for which they derived the SEDs, lie 7′′.95 and 7′′.91 away from
our PdBI 1.3 mm detections, respectively (Paper I). In PaperI,
we found that AzTEC22 and AzTEC28 have no optical, IR, or
radio counterparts. Because of the aforementioned reasons, we
do not compare the SED results here.

Toft et al. 2014. Toft et al. (2014) usedzspec = 3.971 as
the redshift of AzTEC5. As discussed in Paper I (Appendix B
therein), this spec-z is based on a poor quality spectrum, but is
still comparable to the revised photo-z of zphot = 3.70+0.73

−0.53. For
AzTEC11-S Toft et al. (2014) used a redshift ofz > 2.58, but
it probably lies atzspec = 1.599 (see Table 1). Although the
SEDs of AzTEC13 and 14-E have not been analysed here, we
note that the lowerz limits adopted by Toft et al. (2014) for
AzTEC13 (z > 3.59) and 14-E (z > 3.03) are comparable to
ours (z > 4.07 andz > 2.95, respectively). Here, we will only
compare the SED results for AzTEC3, 5, 8, 10, and 15 where the
redshifts used were either similar or close to ours. The present
stellar masses derived for these SMGs are 0.3 to 1.6 (mean= 0.9,
median= 0.6) times those reported by Toft et al. (2014), where
the largest discrepancy is found for AzTEC15, where the dis-
crepancy in the assumed redshift is the largest (factor of 1.13).
The dust masses we have derived are lower by factors of 0.2 to
0.8 (mean= 0.5, median= 0.4) than those derived by Toft et al.
(2014), who used the physically motivated dust model of Draine
& Li (2007) in their analysis. Our IR luminosities are 0.7–1.2
(mean= 0.9, median= 0.9) times the values obtained by Toft et
al. (2014), and hence in fairly good agreement. This agreement
also applies to the corresponding Kennicutt (1998) SFRs theau-
thors reported.

Huang et al. 2014. Based on MBB fitting, Huang et al.

(2014) derived the values ofTdust = 79± 7 K, Mdust = 4.6+0.6
−0.4 ×

109 M⊙, andLFIR = 1.5+1.1
−0.6 × 1013 L⊙ for AzTEC3 (see their Ta-

ble 4). The quoted dust mass was scaled up by a factor of 1.06
from the value reported by Huang et al. (2014) to take into ac-
count that they adopted a dust opacity ofκ250µm = 5.1 cm2 g−1,
while our corresponding value would be 4.8 cm2 g−1 (assum-
ing β = 1.5). Our dust temperature of 66.0+5.1

−8.4 K for AzTEC3 is
lower than the Huang et al. (2014) value by a factor of 1.2+0.3

−0.2,
which is a reasonable agreement given that they are derived
through different methods, and hence not directly comparable.
The dust mass we derived is only 0.4+0.4

−0.2 times that obtained by
Huang et al. (2014). The IR luminosity from Huang et al. (2014)
refers to the FIR range (although the wavelength range was not
specified), and our corresponding value ofLFIR = 0.34× LIR =

9.4+0.2
−0.2 × 1012 L⊙ is 0.7+0.4

−0.3 times their value, and hence in fairly
good agreement within the uncertainties. Huang et al. (2014)
also derived theqFIR parameter for AzTEC1 and 3 (but an old
redshift value for AzTEC1 was used as mentioned above). They
report the values ofqFIR = 2.25 ± 0.29 andqFIR > 2.15, re-
spectively. Our corresponding values for AzTEC1 and 3 are
qFIR = 2.10± 0.17 andqFIR = 1.67± 0.17, where the AzTEC1
value is comparable within the uncertainties despite the diffrent
redshift used, but for AzTEC3 the value we have derived is in-
consistent with the Huang et al. (2014) lower limit.

Koprowski et al. 2014. Koprowski et al. (2014) derived stel-
lar masses for SMGs among AzTEC1–15 (besides the photo-
z’s, which was the main purpose of their study; see their Ta-
ble 5). They used theHYPERZ code (Bolzonella et al. 2000) and
assumed a Chabrier (2003) IMF. In all the other cases except
AzTEC4, 5, 7, 10, 12 and 15 the photo-z’s derived by the authors
are close enough to our adopted redshift values (within a fac-
tor of 1.03) that we can make a reasonable comparison between

the stellar masses they obtained and those we have derived. The
comparison of the stellar masses for AzTEC1, 3, 8, and 11-S
showed that our values are 0.4 to 1.1 (mean= 0.8, median= 0.8)
times the values reported by Koprowski et al. (2014), and the
average agreement is fairly good.

Smolčić et al. 2015. The most direct comparison we can
make is with theMAGPHYS SED of AzTEC3 from Smoľcić et
al. (2015), but we note that as the prior model libraries theyused
those calibrated to reproduce the UV–IR SEDs of local ULIRGs
(see da Cunha et al. 2010). Moreover, the authors included the
UV/optical photometry in their SED fit (Fig. 4 therein), but as
found in the present study, that emission can be attributed to an
unrelated foreground galaxy (Appendix D.2). The ratios of our
new stellar mass, dust luminosity, and dust mass to the corre-
sponding values from Smolčić et al. (2015) are found to be 0.6,
2.7, and 0.3, respectively. They also used a MBB fit to derive a
dust temperature of 43.5± 11.5 K for AzTEC3, which is lower
than ourMAGPHYS-based value ofTdust = 66.0+5.1

−8.4 K, and also
significantly lower than the Huang et al. (2014) value. For com-
parison, Smoľcić et al. (2015) calculated the total IR luminos-
ity and dust mass based on the best-fit Draine & Li (2007) dust
model, and obtained values that are 0.9 ± 0.2 and 1.5+2.1

−0.9 times
those we have derived, respectively. Smolčić et al. (2015) also
derived the values ofα1.4 GHz

325 MHz, α
3 GHz
1.4 GHz, andqTIR for AzTEC1 and

3. For AzTEC1 the radio SED was fit using a broken power-law
function withα1.4 GHz

325 MHz = −1.24±0.28 andα3 GHz
1.4 GHz = −0.90±0.46

(the plus and minus signs are reversed here to correspond to
our definition ofα), which are fairly similar to the present sin-
gle power-law spectral index of−0.97 ± 0.37. For AzTEC3
the aforementioned indices were derived to beα < −1.54 and
α > −0.09, both of which are inconsistent with a single power-
law 325 MHz–3 GHz spectral index of−1.19 ± 0.32 derived
here on the basis of the deeper 3 GHz data. AqTIR value of
2.24± 0.18 derived for AzTEC1 is very similar to the present
value ofqTIR = 2.19± 0.17 despite the differences in the analy-
sis (e.g. a different redshift was used). Similarly to Huang et al.
(2014), a lower limit ofqTIR > 1.86 was reported for AzTEC3.
This is consistent with a value ofqTIR = 2.14± 0.17 derived in
the present work, but we note that the non-detection of AzTEC3
at 1.4 GHz means that the spectral index between 325 MHz and
1.4 GHz used in theq calculation by Smoľcić et al. (2015) is
only an upper limit (cf. Fig. 2 herein). When this spectral index
steepens, the rest-frameL1.4 GHz increases, and hence theq value
should be an upper limit.

Yuan et al. 2015. These authors included AzTEC1 in their
study of Herschel-detected high-z galaxies. They derived a IR
luminosity of 2.0×1013 L⊙ using Dale & Helou (2002) template
fitting, which is about 23% higher than our value.

Yun et al. 2015. These authors revisited the SED of AzTEC1
analysed by Smolčić et al. (2011), but utilising the correct red-
shift and adding the newHerschel/SPIRE and SMA 345 GHz
(λobs = 870 µm) photometric data. The observed SED was
analysed using three different methods:i) a MBB fitting; ii) a
starburst SED model from Efstathiou et al. (2000); andiii) the
population synthesis code GRASIL (GRAphite and SILicate;
Silva et al. 1998). The total IR luminosity Yun et al. (2015) ob-
tained from their MBB fit is in good agreement with ours; the
ratio between these two values is 0.86. The best-fit SED model
with a 45 Myr old starburst (Efstathiou et al. 2000) yielded aLIR
value of 1.5× 1013 L⊙, which is even more similar to our value
(LYun

IR /L
our
IR = 0.92). For comparison, the mass-weighted (stel-

lar population) age of AzTEC1 given by ourMAGPHYS analysis,
34 Myr, is 1.3 times less than the aforementioned starburst age.
Also, their best-fit GRASIL SED model provided aLIR value,
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which is fully consistent with ours (the ratio between the two
being 1.0± 0.2). The stellar mass that Yun et al. (2015) obtained
from their GRASIL model – when scaled down to a Chabrier
(2003) IMF,M⋆ = (3.9± 0.6)× 1011 M⊙, is 5.1+1.0

−0.8 times higher
than ours.

Appendix D: The nature of the high- z SMGs
AzTEC1 and AzTEC3

In this section, we revisit and discuss some of the ISM and star
formation characteristics of AzTEC1 and AzTEC3 in more de-
tail. A summary of the physical properties discussed below is
given in Table D.1.

Appendix D.1: AzTEC1 – a compact starburst at z= 4.3

Besides spectroscopically confirming the redshift of AzTEC1 to
be zspec = 4.3415 (through theirλrest = 158µm [C ii] observa-
tions with the SMA), Yun et al. (2015) derived a molecular gas
mass ofMgas ≈ MH2 = (1.4 ± 0.2) × 1011 M⊙ for this SMG
using the CO(4− 3) data obtained with the Large Millimetre
Telescope (LMT). Using the dust and stellar masses we have de-
rived, we obtain a gas-to-dust mass ratio ofδgdr ≡ Mgas/Mdust =

90+23
−19, and a gas fraction offgas = Mgas/(Mgas+ M⋆) ≃ 65%.

We note that Yun et al. (2015) assumed a value ofαCO =

0.8 M⊙ (K km s−1 pc2)−1 for the conversion factor from CO
line luminosity to molecular gas mass. The [Cii] fine-structure
line luminosity of L[C ii] = (7.8 ± 1.1) × 109 L⊙ reported by
Yun et al. (2015) suggests a molecular gas mass ofMgas ∼
5.4 − 10.7× 1010 M⊙ (see Swinbank et al. 2012 and references
therein), the highest value being close to the aforementioned
CO-based estimate. Yun et al. (2015) concluded that AzTEC1
is one of the most [Cii] deficient objects known, and using our
new IR luminosity value we derive a very lowL[C ii]/LIR ratio of
0.0005+0.0001

−0.0001.
Assuming that AzTEC1 has sustained its current SFR contin-

uously, we can estimate its characteristic stellar mass building-
up timescale to beτbuild = Mstar/SFR = sSFR−1 ≃ 47+2

−2 Myr
(e.g. Seymour et al. 2012; Tan et al. 2014). This is comparable
to the 45 Myr starburst age adopted by Yun et al. (2015) in
their SED modelling, and a factor of 1.4+0

−0.1 higher than the
MAGPHYS-based mass-weighted age of 34 Myr. We can also use
the gas mass and SFR to calculate the gas depletion timescaleof
τdep= Mgas/SFR≃ 86+15

−14 Myr. Hence,τbuild ≃ 0.5+0.2
−0.1×τdep. Yun

et al. (2015) also concluded thatτbuild ∼ τdep for AzTEC1, and
they suggested that the stellar content of this SMG could have
been fully built up during the current starburst phenomenon.
The value ofτdep can be used to calculate the star formation
efficiency as SFE= SFR/Mgas = τ

−1
dep. We obtain a value of

SFE = 12+2
−2 Gyr−1. The Eddington-limited SFE is believed to

be SFE= LIR/Mgas = 500 L⊙ M−1
⊙ , above which the radiation

pressure from high-mass stars expels the gas out of the system
(Scoville 2003, 2004). A similar Eddington limit can also be
set by cosmic-ray pressure feedback (Socrates et al. 2008).For
AzTEC1 we derive a value of SFE= 116+22

−17 L⊙ M−1
⊙ , which is

a factor of 4.3+0.8
−0.7 lower than the Eddington limit determined by

the aforementioned negative feedback. However, if star forma-
tion is proceeding in compact, individual regions, those regions
can be Eddington limited although the galaxy-integrated SFR
appears sub-Eddington (e.g. Simpson et al. 2015 and references
therein).

In Paper II, we derived the rest-frame FIR size (decon-
volved FWHM atλrest = 163µm) of AzTEC1 to be 0′′.39+0.01

−0.01 ×
0′′.31+0.01

−0.01, which is based on ALMA 870µm observations men-
tioned in Sect. 2.2. This corresponds to a physical extent of
2.6+0.1
−0.0 × 2.1+0.0

−0.1 kpc2. Based on a dynamical mass analysis
(Mdyn = M⋆ +Mgas, if the dark matter contribution is not impor-
tant), Yun et al. (2015) concluded that the gas disk of AzTEC1
has to be viewed nearly face-on with an inclination angle of
i . 12◦. If we use the aforementioned major axis FWHM as
the diameter, and our new stellar mass value for AzTEC1 to re-
calculate the dynamical mass from Yun et al. (2015), we obtain
Mdyn = 1.5 × 1010 M⊙ × (sin i)−2, which implies a similar con-
straint on the inclination angle, namelyi . 16◦. Yun et al. (2015)
pointed out that the nearly face-on orientation of AzTEC1 of-
fers a natural explanation for this SMG being so bright in the
optical bands. The fact that the ALMA-based FIR size obeys
θmin ≃ 0.79× θmaj is in fairly good agreement with the conclu-
sion of AzTEC1 being seen nearly face-on: for a simple disk-
like geometry,θmin = θmaj × cos(i), which yieldsi = 37◦.4, i.e.
about a factor of 2.3 larger inclination angle than the upperlimit
we obtain from the dynamical mass constraint. Besides the in-
trinsic uncertainties in the mass estimates, some of this discrep-
ancy can be partly caused by the fact that Yun et al. (2015) used
the [Cii] linewidth to calculate the rotation velocity of the disk,
while the region responsible for the FIR continuum emissionis
probably more compact and can have a somewhat different tilt
angle (cf. Riechers et al. 2014; see also Paper II and O. Mietti-
nen et al., in prep.). For comparison, the 3 GHz radio size of
AzTEC1 obeysθmin ≃ 0.64× θmaj (Paper II), which suggests
i = 50◦.1. The final stellar mass of AzTEC1 can be estimated to
beM⋆, final = M⋆ + Mgas≃ Mdyn ∼ 2.2× 1011 M⊙ assuming that
the galaxy does not undergo gas replenisment by accreting from
the circumgalactic and/or intergalactic medium and does not ex-
pel the existing gas out. In this scenario, AzTEC1 would evolve
into a massive elliptical galaxy in the present-day universe.

Using the aforementioned rest-frame FIR size, we derive a
SFR surface density ofΣSFR = SFR/A = 378+28

−22 M⊙ yr−1 kpc−2,
where the area is defined byA = π×FWHMmaj/2×FWHMmin/2.
Our ΣSFR value is a factor of 2.6+0.2

−0.1 below the Eddington
limit for a radiation pressure supported starburst ofΣEdd

SFR ∼
103 M⊙ yr−1 kpc−2 (e.g. Andrews & Thompson 2011), and con-
sistent with the aforementioned Eddington-limited SFE compar-
ison. Similarly, using our IR luminosity value, we can derive a
LIR surface density ofΣIR = LIR/A = 3.8+0.3

−0.2 × 1012 L⊙ kpc−2.
This value lies a factor of 2.6+0.2

−0.2 below theLIR surface density
expected for an optically thick starburst disk (∼ 1013 L⊙ kpc−2;
Thompson et al. 2005).

Appendix D.2: AzTEC3 – a compact, protocluster-member
starburst at z= 5.3

AzTEC3 is the best-studied, highest-redshift, and one of the
most peculiar SMG in our sample. In Fig. D.1, we illustrate the
position of the foreground galaxy with respect to AzTEC3 that
has probably contaminated the UV/optical photometry in previ-
ous studies (Smolčić et al. 2015) as mentioned in Sect. 3.1 (see
also Younger et al. 2007; their Fig. 1). In the present work, this
was revealed by the inconsistency between the optical photom-
etry and the Lyman continuum discontinuity atλrest = 911.8 Å
in our initial SED analysis (cf. Fig. 4 in Smolčić et al. 2015). A
visual inspection of the optical–NIR images towards AzTEC3
suggests that NIR emission at and longward ofY band (λrest =
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1 620 Å) can be (partly) attributed to the SMG, while the shorter
wavelength emission is due to the aforementioned interloper. Be-
low, we revisit some of the ISM and star formation propertiesof
AzTEC3 in tandem with the present results.

Based on the VLA and PdBI observations of multiple ro-
tational lines of CO emission, Riechers et al. (2010) derived
a gas mass ofMgas = 5.3 × 1010 M⊙ for AzTEC3 (αCO =

0.8 M⊙ (K km s−1 pc2)−1 was assumed). Using the dust and
stellar masses we have derived, we obtain a gas-to-dust mass
ratio of δgdr ≡ Mgas/Mdust = 33+28

−18, and a gas fraction offgas =

Mgas/(Mgas+ M⋆) ≃ 37%. We note that the [Cii] luminosity re-
ported by Riechers et al. (2014),L[C ii] = (6.69± 0.23)× 109 L⊙,
suggests a molecular gas mass ofMgas∼ 5.2−8.3×1010 M⊙ (see
Swinbank et al. 2012), i.e. only up to a factor of about 1.6 higher
than the CO-based value from Riechers et al. (2010). The [Cii]-
to-IR luminosity ratio for AzTEC3,L[C ii]/LIR = 0.0002+0.0001

−0 ,
is even lower than for AzTEC1, and makes this SMG an object
with an extreme [Cii] deficiency.

Assuming that AzTEC3 has sustained its current SFR con-
tinuously, its stellar mass building-up timescale isτbuild =

Mstar/SFR ≃ 32+2
−2 Myr, while the gas depletion timescale is

τdep = Mgas/SFR ≃ 19+1
−0 Myr. For comparison, theMAGPHYS-

based mass-weighted age of AzTEC3 is about 22 Myr. A sim-
ilarly short gas consumption timescale (20–30 Myr) is found
for thez = 4.5 SMG J1000+0234 (Schinnerer et al. 2008), and
the z = 4.05 SMG GN20, which is also a protocluster mem-
ber (Daddi et al. 2009) similar to AzTEC3 (Capak et al. 2011).
Given theτdep/τbuild ratio of ∼ 0.6+0.1

−0 we derive for AzTEC3,
its present stellar mass could have been fully built up dur-
ing the current starburst episode, like concluded for AzTEC1
above. The value of SFE= SFR/Mgas = τ

−1
dep for AzTEC3 is

SFE= 52+1
−1 Gyr−1, and SFE= LIR/Mgas= 520+12

−12 L⊙ M−1
⊙ . The

latter is consistent with the aforementioned Eddington limit of
SFEEdd = 500 L⊙ M−1

⊙ .
Based on ALMAλrest= 158µm [C ii] observations, Riechers

et al. (2014) derived a dynamical mass ofMdyn = 9.7× 1010 M⊙
for AzTEC3. We can use the aforementioned gas mass and our
new stellar mass to estimate the dynamical mass asMdyn ≃
Mgas+ M⋆ ≃ 1.4× 1011 M⊙. This is only about 1.4 times higher
than the [Cii]-based value from Riechers et al. (2014), and given
the uncertainty in the mass values, this discrepancy does not
seem very significant. The final stellar mass of AzTEC3 can be
estimated to beM⋆, final = M⋆ + Mgas≃ Mdyn ∼ 1.4× 1011 M⊙,
and as found for AzTEC1 above, AzTEC3 could evolve into a
massive elliptical galaxy in the present-day universe.

The continuum size atλobs = 1 mm (λrest = 159 µm) de-
rived for AzTEC3 by Riechers et al. (2014) through their ALMA
observations is 0′′.40+0.04

−0.04 × 0′′.17+0.08
−0.17 (deconvolved FWHM).

This corresponds to a physical rest-frame FIR FWHM size of
2.4+0.3
−0.2 × 1.0+0.5

−1.0 kpc2. Using this size scale, we derive a SFR
surface density ofΣSFR = SFR/A = 1 461+170

−615 M⊙ yr−1 kpc−2,
where the nominal value is 2.8 times higher than reported by
Riechers et al. (2014; 530 M⊙ yr−1 kpc−2). Our ΣSFR value
is consistent with the Eddington limit for a radiation pres-
sure supported starburst ofΣEdd

SFR ∼ 103 M⊙ yr−1 kpc−2 (e.g.
Andrews & Thompson 2011), and hence in agreement with the
aforementioned Eddington-limited SFE comparison. Similarly,
using our IR luminosity value, we can derive aLIR surface den-
sity of ΣIR = LIR/A = 1.5+0.1

−0.6 × 1013 L⊙ kpc−2. This value
is similar to that expected for an optically thick starburstdisk
(∼ 1013 L⊙ kpc−2; Thompson et al. 2005). Besides the compact
FIR size derived by Riechers et al. (2014), the high dust tem-
perature we have derived for AzTEC3,Tdust = 66.0+5.1

−8.4 K, sug-

gests that star formation takes place on small spatial scales, and
hence the dust grains are subject to a strong radiation field (e.g.
Yang et al. 2007; da Cunha et al. 2015).14

In their study of AzTEC3, Dwek et al. (2011) concluded
that the dust content of this SMG formed over a period of
∼ 200 Myr, with a constant SFR of∼ 500 M⊙ yr−1 and a top-
heavy IMF. We note that the dust mass they adopted in their anal-
ysis,Mdust = (2± 1)× 109 M⊙, is only 1.2+2.2

−0.9 times higher than
the value we have derived, but an upper limit of< 5× 1010 M⊙
to the stellar mass they assumed is lower than the value of
M⋆ = 8.9+0.2

−0.4 × 1010 M⊙ we have derived. Since AzTEC3 is
seen when the universe was just 1.07 Gyr old, its high dust mass
we have derived suggests an efficient dust production, but ineffi-
cient dust destruction, by supernovae (cf. the ’dust-budget crisis’
in high-zSMGs; Rowlands et al. 2014b).

z=1.04
ID850535

0.37"

+ 3 GHz contours
Hubble/ACS I-band

AzTEC3

Fig. D.1. Hubble/ACS F814W (I -band) image towards AzTEC3 shown
with a logarithmic colour scaling, overlaid with contours showing
the 3 GHz radio emission (starting at 3σ and increasing in steps of
1σ; see Paper II). The foregound galaxy, seen 0′′.4 to the SE of the
SMA 890 µm position of AzTEC3 (marked with a green circle; see
Younger et al. 2007), lies atzphot = 1.04+0.05

−0.02.

14 We searched for a correlation between the 3 GHz radio size andthe
MAGPHYS-based dust temperature among our SMGs, but only a weak
relationship was found (the Pearson correlation coefficient was found to
ber = −0.28, while 0 implies no correlation).
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Table D.1. The physical characteristics of AzTEC1 and AzTEC3.

Parameter AzTEC1 AzTEC3
zspec 4.3415 5.298

Mgas [M⊙]a (1.4± 0.2)× 1011 5.3× 1010

δgdr ≡ Mgas/Mdust
b 90+23

−19 33+28
−18

fgas= Mgas/(Mgas+ M⋆)c 65% 37%

L[C ii]/LIR
d 0.0005+0.0001

−0.0001 0.0002+0.0001
−0

τbuild = Mstar/SFR [Myr] 47+2
−2 32+2

−2

τdep = Mgas/SFR [Myr] 86+15
−14 19+1

−0

SFE= SFR/Mgas [Gyr−1] 12+2
−2 52+1

−1

SFE= LIR/Mgas [L⊙ M−1
⊙ ] 116+22

−17 520+12
−12

Mdyn [M⊙]e 1.5× 1010 × (sin i)−2 1.4× 1011

ΣSFR= SFR/A [M⊙ yr−1 kpc−2] f 297+22
−22 1 148+133

−483

ΣIR = LIR/A [1012 L⊙ kpc−2] f 3.0+0.2
−0.2 11.5+1.3

−4.9

Notes. (a) The gas mass of AzTEC1 was adopted from Yun et al. (2015),
while that of AzTEC3 is from Riechers et al. (2010). A ULIRG-type
conversion factor ofαCO = 0.8 M⊙ (K km s−1 pc2)−1 was assumed in
the calculation.(b) The gas-to-dust mass ratio based on our new dust
mass value.(c) The gas fraction based on our new stellar mass value.
(d) The [Cii] luminosity for AzTEC1 was taken from Yun et al. (2015),
while that for AzTEC3 was taken from Riechers et al. (2014).(e) The
dynamical mass of AzTEC1 is modified from Yun et al. (2015), while
that of AzTEC3 is taken from Riechers et al. (2014).(f) The areaA is
defined byA = π × FWHMmaj/2× FWHMmin/2.
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