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ABSTRACT

Context. Submillimetre galaxies (SMGs) in the early Universe are potential antecedents of the most massive galaxies we see in the
present-day Universe. An important step towards quantifying this galactic evolutionary connection is to investigate the fundamental
physical properties of SMGs, such as 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 up sample
of SMGs in the COSMOS field.

Methods. We used the latest release of the MAGPHYS code to fit the multiwavelength (UV to radio) spectral energy distributions
(SEDs) of 16 of the target SMGs, which lie at redshifts z ~ 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, AzZTEC 1 and AzTEC 3,
benefit from previous '>C'°0 line observations, we studied their properties in more detail.

Results. The median and 16th—84th percentile ranges of M,, infrared (§—1000 um) luminosity (Lr), SFR, dust temperature (7 g,g),
and dust mass (Myu,) were derived to be log(M,/Ms) = 10.96%035, log(Lir/Lo) = 12.93*0% SFR = 85613 Mo yr™!, Taus =
40.64_';:"? K, and log(Mgus/Mo) = 9.171’8:8%, respectively. We found that 63% of our target SMGs lie above the 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 present M, estimates, and we found that the z > 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 be @ = —0.77f8;§§. The median IR-radio
correlation parameter is found to be g = 2.27f8%, which is lower than was measured locally (median ¢ = 2.64). The gas-to-dust mass
ratio for AZTEC 1 is derived to be §yq = 9033, while that for AzTEC 3 is 33728, AzTEC 1 is found to have a sub-Eddington SFR
surface density (by a factor of 2.6f8:f), while AzZTEC 3 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 the MAGPHYS-based properties of our SMGs with those of equally bright SMGs in the ECDFS field (the
ALESS SMGs) that are 870 um selected and followed up by ALMA, suggests that the two populations share fairly similar physical
characteristics, including the g parameter. The somewhat higher Lg,s for our sources (factor of 1.9’:?:2 on average) can originate in
the longer selection wavelength of 1.1 mm. Although the derived median « 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 size and 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 high ¢ values
(compared to the local median) could be the result of a specific merger or post-starburst phase of galaxy evolution. Overall, our results,
such as the M,—3 GHz radio size analysis and comparison with the stellar masses of z ~ 2 cQGs in concert with the star formation
properties of AZTEC 1 and 3, support the scenario where z > 3 SMGs evolve into the present day giant, gas-poor ellipticals.

Key words. galaxies: evolution — galaxies: formation — galaxies: starburst — galaxies: star formation — radio continuum: galaxies —
submillimeter: galaxies
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1. Introduction

Submillimetre galaxies (SMGs; e.g. Smail et al. 1997; Hughes
et al. 1998; Barger et al. 1998; Eales et al. 1999) are a popula-
tion of some of the most extreme, dusty, star-forming galax-
ies in the Universe, and have become one of the prime tar-
gets for studying massive galaxy evolution across cosmic time
(for a recent review, see Casey et al. 2014). Abundant evi-
dence has emerged that high-redshift (z > 3) SMGs are
the potential antecedents of the z ~ 2 compact, quiescent
galaxies (cQGs), which ultimately evolve into the present-
day massive (M, > 10'' 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 understanding of the
interconnected physical processes that drive the aforementioned
massive galaxy evolution requires us to determine the key phys-
ical properties of SMGs, such as the stellar mass (M, ) and
star formation rate (SFR). Fitting the observed multiwavelength
spectral energy distributions (SEDs) of SMGs provides an im-
portant tool for this purpose. The physical characteristics de-
rived through SED fitting for a well-defined sample of SMGs,
as performed in the present study, can provide new, valuable in-
sights into the evolutionary path from the z > 3 SMG phase
to local massive ellipticals. However, these studies are exac-
erbated by the fact that high-redshift SMGs are also the most
dust-obscured objects in 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 emission in
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 (AGNs) in SMGs (e.g. Del Moro et al. 2013).
Moreover, because submillimetre-selected galaxies have been
identified over a wide redshift range, from z ~ 0.1 (e.g.
Chapman et al. 2005) to z = 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 from @ = —0.8 to —0.7, where « is defined at the end
of this section) for all individual sources in the sample. Hence,
the sources that have steep (¢ < —1), flat (o = 0), or inverted
(@ > 0) radio spectra will be mistreated under the simplified
assumption of a canonical synchrotron spectral index (see e.g.
Thomson et al. 2014). As implemented 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
by deriving 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 inves-
tigate the properties of their molecular gas content, which is the
raw material for star formation. Two of our target SMGs ben-
efit from previous '2C'°0 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
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panchromatic SEDs. The layout of this paper is as follows.
In Sect. 2, we describe our SMG sample, previous studies of their
properties, and the employed observational data. The SED anal-
ysis and its results are presented in Sect. 3. A comparison with
previous literature and discussion of the results are presented
in Appendix C and Sect. 4, respectively; Appendices A and
B contain 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 conclu-
sions. The cosmology adopted in the present work corresponds
to a spatially flat ACDM (Lambda cold dark matter) Universe
with the present-day dark energy density parameter Q5 = 0.70,
total (dark plus luminous baryonic) matter density parameter
Q,, = 0.30, and a Hubble constant of Hy = 70 km s~! Mpc‘l.
A Chabrier (Chabrier 2003) Galactic-disk initial mass function
(IMF) is adopted in the analysis. Throughout this paper we de-
fine the radio spectral index, «, as S, o v*, where S, is the flux
density at frequency v.

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 Agps = 1.1 mm survey of a COSMOS subfield (0.15 deg?
or 7.5% of the full 2 deg> COSMOS field) carried out with
the AzTEC bolometer array on the James Clerk Maxwell
Telescope (JCMT) by Scott et al. (2008). The angular resolu-
tion of these observations was 18" (full width at half maximum;
FWHM). The 30 brightest SMGs that comprise our parent flux-
limited sample were found to have de-boosted flux densities
of S1.1mm = 3.3 mlJy, which correspond to signal-to-noise ra-
tios of S/Ni1mm = 4.0 (see Table 1 in 2008). The 15 brightest
SMGs, called AzZTEC 1-15 (S/Ni.1 mm = 4.—8.3), were followed
up with the Submillimetre Array (SMA) at 890 um (2" resolu-
tion) by Younger et al. (2007, 2009; see also Younger et al. 2008,
2010; Smolci¢ et al. 2011; Riechers et al. 2014; M. Aravena
etal., in prep.); all the SMGs were interferometrically confirmed.
Miettinen et al. (2015a; hereafter Paper I) presented the follow-
up imaging results of AzZTEC 16—-30 (§/Ni.1mm = 4.0—4.5) ob-
tained with the Plateau de Bure Interferometer (PdBI) at Ay, =
1.3 mm (~1"/8 resolution). In Paper I, we combined our re-
sults with the Younger et al. (2007, 2009) SMA survey results,
and concluded that ~25% of the 30 single-dish detected sources
AZTEC 1-30 are resolved into multiple (two to three) compo-
nents at an angular resolution of about ~2”, making the total
number of interferometrically identified SMGs to be 39 among
the 30 target sources (but see Appendix B.3 herein for a revised
fraction). Moreover, the median redshift of the full sample of
these interferometrically identified SMGs was determined to be
z=3.17 £ 0.27, where the quoted error refers to the standard er-
ror of the median computed as o yegian = 1.253 X o/ VN, where
o is the sample standard deviation, and N 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 of Aoy = 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, Ayt =~ 264 um, is very close to that of the classic
850 um selected SMGs lying at a median redshift of z ~ 2.2
(Agest = 266 um; Chapman et al. 2005).
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Miettinen et al. (2015b; hereafter Paper II) found that
~46% of the present target SMGs are associated with vops =
3 GHz radio emission on the basis of the observations taken
by the Karl G. Jansky Very Large Array (VLA) COSMOS
3 GHz Large Project, which is a sensitive (lo- noise of
2.3 uly beam™), high angular resolution (0775) survey (PI:
V. Smol¢i¢; Smolcic¢ 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 median lin-
ear major axis FWHM of 4.2 + 0.9 kpc. In a companion paper by
Smol¢i¢ et al. (2016a; hereafter Paper I1I), we present the results
of the analysis of the galaxy overdensities hosting our 1.1 mm se-
lected AZTEC SMGs. In the present follow-up study, we derive
the fundamental physical properties of our SMGs, including M.,
total infrared (IR) luminosity (At = 8—1000 um), 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 previ-
ously determined redshift and 3 GHz size distributions (Papers I
and II), and allow us to characterise the nature of these SMGs
further.

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 spectro-
scopic or photometric methods (i.e. not only a lower z limit), and
that have a counterpart in the employed photometric catalogues
described in Sect. 2.2 below. We note that an additional nine
sources (AzTEC 2, 11-N, 14-W, 17b, 18, 19b, 23, 26a, and 29b)
have a zgpec OF Zphot Value available, but they either do not have
sufficiently wide multiwavelength coverage to derive a reliable
UV-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 (owing to the lack of
counterparts at other wavelengths). As we have already pointed
out in Papers I and II (see references therein), AZTEC 1-30 have
not been detected in X-rays, and hence do not appear to harbour
any strong AGNs. In Paper II, we found that the vops = 3 GHz
radio emission from our SMGs is powered by processes related
to star formation rather than by AGN activity (the brightness
temperatures were found to be Ty < 10* 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 at v, = 1.4 GHz (N. Herrera Ruiz
et al., in prep.). Furthermore, in the present paper we find no ev-
idence 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 excited J = 16—15 CO line (the
upper-state energy Eyp/kg = 751.72 K) towards AzTEC 3 in
their Atacama Large Millimetre/submillimetre Array (ALMA)
observations, which is consistent with the finding of no AGN
contributing to the heating of the gas.

2.2. Multiwavelength photometric data

Our SMGs lie within the COSMOS field and, hence, ben-
efit from rich panchromatic datasets across the electromag-
netic spectrum (from X-rays to radio). To construct the SEDs
of our sources, we employed the most current 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 deep u*-band (effective wave-
length Az = 3911 A) observations. Most of the wavelength
bands were observed using the Subaru Prime Focus Camera
(Suprime-Cam) mounted on the 8.2 m Subaru telescope
(Miyazaki et al. 2002; Taniguchi et al. 2007, 2015). These in-
clude the six broadband filters B, g*, V, r, i*, and z*7,
the 12 intermediate-band filters 1A427, 1A464, 1A484, IA505,
[1A527, 1AS574, 1A624, 1A679, TA709, 1A738, 1A767, and
IA827, and the two narrow bands, NB711 and NB816. The
Subaru/Hyper Suprime-Cam (Miyazaki et al. 2012) was used to
perform observations in its HSC-Y band (central wavelength
Aeen = 0.98 um). Near-infrared imaging of the COSMOS
field in the Y (1.02 pym), J (1.25 pym), H (1.65 um), and
K (2.15 pm) bands is being collected by the UltraVISTA
survey (McCracken et al. 2012; Ilbert et al. 2013)!. The Ultra-
VISTA 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 for
H- and K,-band imaging. Mid-infrared observations were ob-
tained with the Infrared Array Camera (IRAC; 3.6—8.0 um;
Fazio et al. 2004) and the Multiband Imaging Photometer for
Spitzer (MIPS; 24—160 um; Rieke et al. 2004) on board the
Spitzer Space Telescope as part of the COSMOS Spitzer sur-
vey (S-COSMOS; Sanders et al. 2007). The IRAC 3.6 um and
4.5 um observations used here were taken by the Spitzer
Large Area Survey with Hyper Suprime-Cam (SPLASH) dur-
ing the warm phase of the mission (PI: P. Capak; see
Steinhardt et al. 2014). Far-infrared (100, 160, and 250 um)
to sub-mm (350 and 500 um) Herschel?> continuum obser-
vations were performed as part of the Photodetector Array
Camera and Spectrometer (PACS) Evolutionary Probe (PEP;
Lutz et al. 2011) and the Herschel Multi-tiered Extragalactic
Survey (HerMES?; Oliver et al. 2012) programmes.

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 (AzTEC 5, 9, and 19a) we could use the de-
boosted JCMT/Submillimetre Common User Bolometer Array
(SCUBA-2) 450 ym and 850 um flux densities from Casey
et al. (2013); only a deboosted 850 um flux density was avail-
able for AzZTEC 9. More importantly, our SMGs benefit from
interferometrically observed (sub)mm flux densities. Among
AzTEC 1-15, we used the 890 um flux densities measured with
the SMA by Younger et al. (2007, 2009), while for sources
among AzTEC 16-30 we used the PdBI 1.3 mm flux densities
from Paper I. AZTEC 1 was observed at 870 um with ALMA
during the second early science campaign (Cycle 1 ALMA
project 2012.1.00978.S; PI: A. Karim), and its 870 um flux den-
sity, as measured through a two-dimensional elliptical Gaussian
fit, is Sg70 ym = 14.12 = 0.25 mJy. We also used the PdBI 3 mm
flux density for AZTEC 1 from Smolci¢ et al. (2011; S3mm =
0.30 £ 0.04 mJy). Riechers et al. (2014) used ALMA to measure

' The data products are produced by TERAPIX; see http://
terapix.iap. fr

2 Herschel is 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
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Table 1. Source list.

Notes. The 16 sources for which a UV-radio SED could be properly fit are highlighted in boldface (see Sect. 3.1). The coordinates given in
Cols. (2) and (3) for AZTEC 1-15 refer to the SMA 890 um peak position (Younger et al. 2007, 2009), while those for AZTEC 16-30 are the PdBI
1.3 mm peak positions (Paper I). @ The Zspecs Zphots AN Zragio/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. Balokovic et al. (in prep.); 3 = Riechers et al. (2010) and Capak et al. (2011); 4 = A forthcoming paper on the redshift
distribution of the ALMA-detected ASTE/AzTEC SMGs (D. Brisbin et al., in prep.); 5 = Paper I; 6 = Smolci¢ et al. (2012); 7 = D. A. Riechers
et al. (in prep.); 8 = M. Salvato et al. (in prep.); 9 = COSMOS2015 catalogue (Laigle et al. 2016; see our Appendix B.1). ® AzTEC 11 was
resolved into two 890 um 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). © AzZTEC 14 was resolved into two 890 um sources (E and W) by Younger et al. (2009). The eastern
component appears to lie at a higher redshift than the western one (2012). ” The PdBI 1.3 mm source candidates AZTEC 24a and 24c were not
detected in the ALMA 1.3 mm imaging of AzZTEC 24 (M. Aravena et al., in prep.), and hence are very likely to be spurious. ) The position of
AZzTEC 24b was revised through ALMA 1.3 mm observations to be a0 = 10"00m395294, 650000 = +02°38'45710, i.e. 2”/55 away from the
PdBI 1.3 mm feature (M. Aravena et al., in prep.). » AzZTEC 25 was not detected in the 1.3 mm PdBI observations (Paper I).
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Source ID @2000.0 020000 Redshift? z reference?
[h:m:s] [°7:"

AZTEC 1 095942.86  +022938.2 Zspec = 4.3415 1
AZTEC 2 100008.05  +022612.2 Zspec = 1.125 2
AzTEC 3 100020.70  +023520.5 Zspec = 5.298 3
AzTEC 4 09593172 +023044.0  Zzppo = 1.807:18 4
AzZTEC 5 100019.75  +0232044  zpno = 3.70%23 4
AZTEC 6 1000 06.50  +023837.7  Zudio/submm > 3.52 5
AzTEC 7 1000 18.06  +024830.5  zphot = 2.30 £ 0.10 6
AzTEC 8 095959.34  +023441.0 Zspec = 3.179 7
AzTEC 9 09595725  +022730.6  Zpho = 4.6070% 4
AzTEC 10 09593076  +024033.9  Zpno = 2.79f(f;§g 6
AzTEC 11-N*  100008.91  +02 40 09.6 Zspec = 1.599 8
AZTEC 11-8”  100008.94  +024012.3 Zspec = 1.599 8
AzTEC 12 10003529  +024353.4  zppo = 2.90703 4
AzTEC 13 095937.05  +023320.0  Zugio/submm > 4.07 5
AZzTEC 14-E¢ 1000 10.03  +023014.7  Zudio/submm > 2.95 5
AZTEC 14-W°¢  100009.63  +023018.0  zpho = 1.30%5:12 6
AzTEC 15 1000 12.89  +0234357  zppo = 2.80723 4
AzTEC 16 0959 50.069  +02 44 24.50  Zadio/submm > 2.42 5
AzTEC17a  095939.194 +023403.83  zpno = 2.96f§;§g 9
AZTEC 17b 095938904  +0234 04.69  zppo = 4.147057 5
AZTEC 18 095942.607  +023536.96  zpho = 3.0070:10 5
AZTEC 192 100028.735 +023203.84  zppe = 3.2070 18 5
AZTEC 19b  100029.256  +023209.82  zphoe = 1.11 £ 0.10 5
AzTEC 20 100020.251  +024121.66  Zuadio/submm > 2.35 5
AZTEC2la  100002.558 +024641.74  zppe = 2607018 5
AZTEC21b 100002710  +024644.51  zppe = 2.8070 1 5
AzTEC2lc  100002.856  +024640.80  Zudio/submm > 1.93 5
AzTEC 22 0959 50.681  +0228 19.06  Zadio/submm > 3.00 5
AzTEC 23 095931.399  +023604.61  zpno = 1.60*028 5
AzTEC 242’  100038.969  +023833.90  Zrudio/submm > 2.35 5
AzTEC 24b°  100039.410  +023846.97  zphot = 1.907012 4
AZTEC 24¢?  100039.194  +023854.46  Zagio/submm > 3.17 5
AZTEC 25/
AZTEC26a  095959.386  +0238 15.36  zppo = 2.5070:24 5
AzTEC26b  095959.657 +023821.08  Zudio/submm > 1.79 5
AzTEC 27 100039.211  +024052.18  Zuudio/submm > 4.17 5
AZTEC 28 1000 04.680  +023037.30  Zuadio/submm > 3.11 5
AzTEC29a  100026.351  +023744.15  Zuagio/submm > 2.96 5
AzTEC29  100026.561 +023805.14  zpho = 1457000 5
AzTEC 30 1000 03.552  +023300.94  Zuadio/submm > 2.51 5
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the 1 mm flux density of AZTEC 3 (S| 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
uncovered in the Atacama Submillimetre Telescope Experiment
(ASTE)/AZzTEC 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 (AzTEC 1, 4, 5,
8,9, 11-S, 12, 15, and 24b; moreover, AzTEC 2, 6, and 11-N
were detected with ALMA at Ay = 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. Smol¢i¢;
Smolci¢ 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) of Herschel/PACS (6”77 and 11”7 at
100 and 160 um, respectively) and SPIRE (18", 25”, and 36" at
250, 350, and 500 um, respectively) observations, the Herschel
flux densities were derived using a point spread function fit-
ting method, guided by the known position of Spitzer/MIPS
24 pm sources, i.e. we used the 24 ym prior based photometry
(Magnelli et al. 2012) given as part of the COSMOS2015 cata-
logue (Laigle et al. 2016) whenever possible. Because AzZTEC 1,
3,4,8,9, 10, and 17a are reported as non-detections at 24 um
in the COSMOS2015 catalogue, we adopted Herschel flux
densities of these sources from the PACS and SPIRE blind
catalogues*.

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 const-
ructed their UV to radio SEDs using the multiwavelength
data described in Sect. 2.2. The observational data were mod-
elled using the Multiwavelength Analysis of Galaxy Physical
Properties code MAGPHYS (da Cunha et al. 2008)°. The com-
monly used MAGPHYS code has been described in detail
in a number of papers (e.g. da Cunha etal.2008, 2010;
Smith et al. 2012; Berta et al. 2013; Rowlands et al. 2014a;
Hayward & Smith 2015; Smolci¢ et al. 2015; da Cunha et al.
2015). Very briefly, MAGPHYS is based on a simple energy bal-
ance argument: the UV-optical photons emitted by young stars
are absorbed by dust grains in star-forming regions and the dif-
fuse ISM, and the absorbed energy, which heats the grains, is
then thermally re-emitted in the IR.

Here we have made use of a new calibration of MAGPHYS,
which is optimised to fit the UV-radio SEDs of z > 1 star-
forming galaxies simultaneously, and is hence better suited to

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

derive the physical properties of SMGs than the previous ver-
sions of the code (see da Cunha et al. 2015). The modifications
in the updated version include extended prior distributions of star
formation history and dust optical thickness, and the addition of
intergalactic medium absorption of UV photons. A simple ra-
dio emission component is also taken into account by assum-
ing a correlation between the far-IR (42.5-122.5 ym) and ra-
dio emission with a ggr distribution centred at gpr = 2.34 (the
mean value derived by Yun et al. (2001) for z < 0.15 galaxies
detected with the Infrared Astronomical Satellite), and a scat-
ter of o(grir) = 0.25 to take possible variations into account
(see Sect. 3.5 herein). The thermal free-free emission spectral
index in MAGPHYS is fixed at ag = —0.1, while that of the non-
thermal synchrotron emission is fixed at agynn = —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 interstellar dust is predominantly heated by
the radiation powered by star formation activity, while the pos-
sible, though presumably weak, AGN contribution is not taken
into account; as mentioned in Sect. 2.1, our SMGs do not ex-
hibit any clear signatures of AGNSs in the X-ray or radio emis-
sion. Contamination by an AGN is expected to mainly affect the
stellar mass determination by yielding an overestimated value
(see Hayward & Smith 2015; da Cunha et al. 2015). Hayward &
Smith (2015) found that MAGPHYS recovers most physical pa-
rameters of their simulated galaxies well, consequently favour-
ing the usage of this SED modelling code. On the other hand,
Michatowski et al. (2014) found that MAGPHYS, when employ-
ing the Bruzual & Charlot (2003) stellar population models and
a Chabrier (2003) IMF, yields stellar masses that are, on aver-
age, 0.1 dex (factor of 1.26) higher than the true values of their
simulated SMGs. The stellar emission library we used is built on
the unpublished 2007 update of the Bruzual & Charlot (2003)
models (referred to as CB07), where the treatment of thermally
pulsating asymptotic giant branch stars has been improved (see
Bruzual 2007).

3.1.2. Spectral energy distribution results

The resulting SEDs are shown in Fig. 1 and the corresponding
SED parameters are given in Table 2. Intermediate and narrow-
band Subaru photometry were not used because their effective
wavelengths are comparable to those of the broadband filters,
they pass only a small portion of the spectrum, and they can
be sensitive to optical spectral line features not modelled by
MAGPHYS. Following da Cunha et al. (2015), the flux density up-
per limits were taken into account by setting the value to zero,
and using the upper limit value (here 30) as the flux density er-
ror. 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
30 upper limits. For example, the Herschel/PACS flux density
upper limits (set to 30) for AZTEC 4, 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 AZTEC 9 and 17a might be underestimated, and the re-
vised redshifts of these SMGs are described in Appendix B.1.
Moreover, the SED for AzZTEC 3 was fit only using photome-
try at, and longwards of, the Y band (dy = 1620 A) as the
shorter wavelength photometry is likely to be contaminated or
dominated by an unrelated foreground (zphot = 1) galaxy, as de-
tailed in Appendix D.2. Finally, as described in Appendix B.2,
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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 the top of each panel.
The red points with vertical error bars represent the observed photometric data, and those with downwards pointing arrows indicate the 30~ upper
flux density limits (taken into account in the fits). The blue line is the best-fit MAGPHYS model SED from the high-z library (da Cunha et al. 2015).
All the SMGs, except AZTEC 21b, are detected in at least one radio frequency (see Fig. 2 for the pure radio SEDs).

we could not obtain a meaningful SED fit for the following five
SMGs: AzTEC 2, 6, 11-N, 19b, and 26a.

To calculate the total SFR (0.1-100 M) averaged over the
past 100 Myr (Col. 4 in Table 2), we used the standard Kennicutt
(1998) relationship scaled to a Chabrier (2003) IMF. The re-
sulting Ligx — SFR relationship is given by SFR = 107'° x
Lir[Lo] My, yr~!. 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
from Ljr and those directly resulting from the SED fit: the ratio
SFRir /SFRvacpays Was found to range from 0.94 to 3.43 with a
median of 1.42’:8:;3, where the *errors represent the 16th—84th
percentile range. We note that when this comparison was carried
out using the SFRyagprys values averaged over the past 10 Myr
(rather than 100 Myr), the SFR\r/SFRyacpuys ratio was found
to lie between 0.70 and 1.36 with a median of 0.90%0%) (consis-
tent with da Cunha et al. 2015). In Col. 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
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newly forming stars have the same IMF as the pre-existing stel-
lar population. The SFR, with respect to that of a main-sequence
galaxy of the same stellar mass, is given in Col. 6 in Table 2, and
is described in Sect. 3.3. Finally, the dust temperature given in
Col. 7 is a new MAGPHYS output parameter in the latest version,
and it 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 only have a photometric
redshift estimate available (the following 12 sources: AzTEC 4,
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 Az = 0.01. We computed the 16th—84th percentile range of the
resulting distribution for each MAGPHYS 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 red-
shift as a free parameter in their MAGPHYS analysis, in which case
the derived photometric redshift uncertainties could be directly
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Table 2. Results of MAGPHYS SED modelling of the target SMGs.

Source ID  log(M,/Mo) log(Lir/Lo) SFR[Myyr'] sSFR[Gyr'] SFR/SFRys Tau [K] log(Maus/Mo)
AZTEC 1 10.88*001 13214501 1622438 21.4*19 6.6 41497 9.19%00%
AZTEC 3 10.95%00)  13.44%001 2754%% 30.932 8.7702 66.0°3) 9.21*93
AzTEC 4 10967034 12.58*}13 380747% 4.2+1006 32700 31573 9.64+003
AzTEC 5 11107018 13.3270:18 208971973 16.673%!1 6.3133 48.733 9.04*0%
AZTEC 7 11724505 13174508 147942 2.842 2.4%02 47433 8.82%0:2
AZTEC 8 10.93*3%0  13.44*000 275440, 324413 13.0709 441439 9.18+0:08
AZTEC 9 10.67709 1317709 1479423 31.6%10% 8.5713 42.0%0 9.19*0:0
AZTEC 10 1024*3%  12.4270% 2630 1517338 4.8+99 30.6735 9.20023
AZTEC 11-S  11.01%0%0  12.68+0:%0 479+ 47190 4494 34.1709 9.15+900
AZTEC 12 11.62*00  13.21%04 1622+2847 3.987 24732 42.2+61 9.20*204
AZTEC 15 1141%02 12637038 42707 1758 1.0727 37.61158  9.017040
AZTEC 17a 10.24*30%  12.7770%0) 589%)7 33.9*18 103%92  39.9%99 8.86 000
AZTEC 192 10.86*010  13.05*3%7 1122719 15.54133 6.0719 39.1°3] 9.13+08
AZTEC2la 1149709 12.77+09 58987 19703 1.2%02 49.0%8 8.72+026
AZTEC21b  1034*503  11.33*003 2148, 1003 0.3%0) 36.4*10 8.03*050
AZTEC24b  1131*3% 1225799 178+32 0.9%3 0.8%07 29.9%52 9.20+09
Median 10967038 1293709 856710 9.9+214 4.6%49 40.6*13 9.17+99%

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 of A,y = 8—1000 um; (4) SFR calculated using the Lig — 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.

and self-consistently included in the uncertainties of all other
output parameters. However, this option is not yet possible in
the publicly available version of the MAGPHYS 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 on
a log—log scale to derive the radio spectral indices. In most
cases (the following 15 sources: AzTEC 1, 4, 5, 6, 7, 8, 10,
11-N, 11-S, 12, 15, 17a, 19a, 24b, and 27) the observed data
are consistent with a single power-law spectrum. However, for
AZTEC 2 and AzTEC 9 the 30 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 AzZTEC 3 and AzTEC 21a SEDs the
1.4 GHz upper flux density limit lies below the fitted power-
law function. 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, such as a
broken or curved power law. The derived spectral indices are

tabulated in Col. 2 in Table 3. In Paper II, we derived the val-
ues of a?_fgﬁz for our SMGs (see Table 4 therein). Those values
are almost identical to the corresponding present values, but the
quoted uncertainties differ in some cases because of the differ-
ence in the method they were derived. In the present study, the
uncertainties 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. For AzZTEC 2, the reported spectral in-
dex refers to a frequency range between 1.4 and 3 GHz. Also,
for AzZTEC 21b, we could not constrain the radio spectral index
needed in the IR-radio correlation analysis (Sect. 3.5). Hence,
for this source we assumed a value of @332 = —0.75+0.05 to
be consistent with the canonical non-thermal synchrotron spec-
tral index range of agynch € [-0.8, —0.7] (e.g. Niklas et al. 1997;
Lisenfeld & Vo6lk 2000; Marvil et al. 2015), but AzZTEC 21b is
not included in the subsequent radio analysis.

The derived a3:21%,  values contain both lower and upper
limits. To estimate the median of these doubly censored data, we
applied survival analysis. First, we used the dblcens package
for R®, which computes the non-parametric maximum likelihood
estimation of the cumulative distribution function from doubly

censored data via an expectation-maximisation algorithm. This

® https://cran.r-project.org/web/packages/dblcens/

AS, page 7 of 28



A&A 597, A5 (2017)

log(v;/Hz) log (v /Hz) log(v;/Hz) log(v;/Hz)
29ﬂ13 9.33 9.53 9.73 9.93 10.13 10.33 3&73 8.93 9.13 9.33 9.53 9.73 9.93 P g 2 9.4 9.6 9.8 10.0 10.2 10.4 28"85 9.05 9.25 9.45 9.65 9.85 10.05
26 AZTEC1 AZTEC2 26 AZTEC3 N AZTEC4
Y 30 24 a=-1.19+0.32 —
g . = 2.2 2.0
3 22 a=—0.97+0.37 325 . a=—183+093 =R =]
X120 3 ' > 18
®2 4 KeIPY w18 ) a>-0.18
20 20 20 1.6 20 1.6
S 14 9] 9] 19)
2 2 S S
13 1.4
1.4 1.2
1.2 1g 1. 1.2
8.4 8.6 8.8 9.0 9.2 9.4 9.6 .4 8.6 8.8 9.0 9.2 9.4 9.6 8.4 8.6 8.8 9.0 9.2 9.4 9.6 8.4 8.6 8.8 9.0 9.2 9.4 9.6
log(vps/Hz) log(vgps/Hz) log(vp/Hz) log(vys/Hz)
log(v,st/Hz) log(v.;/Hz) log(v.;/Hz) log(v;.s;/Hz)
9.07 9.27 9.47 9.67 9.87 10.07 10.27 29406 9.26 9.46 9.66 9.86 10.06 10.26 3%92 9.12 9.32 9.52 9.72 9.92 10.12 2%02 9.22 9.42 9.62 9.82 10.02 10.22
26 AZTEC5 S| AZTECG ve AZTEC7 a0 AZTEC8
= =20 = a=—0.68+0.18 =4 077 0.
=24 a=-0.50+0.23 = - ‘ =26 = Q077033
3‘ i:ls a>—0.69 %24 qz.z
w22 0 16 %) w20
¥ ERY ¥ 22 Pig
— 2.0 — —
1.2 2.0 1.6|
1 4 8.6 8.8 9.0 9.2 9.4 9.6 L. .4 8.6 8.8 9.0 9.2 9.4 9.6 1‘&.4 8.6 8.8 9.0 9.2 9.4 9.6 1'6.4 8.6 8.8 9.0 9.2 9.4 9.6
log(v,,,/Hz) log(v,,/Hz) log(v,,/Hz) log(vy,,/Hz)
IOg(Vrest/HZ) IOg(Vreﬁt/HZ) IOE(Vrebt/HZ) log(Vres(/HZ)
2.9 15 9.35 9.55 9.75 9.95 10.15 1035 3%98 9.18 9.38 9.58 9.78 9.98 10.18 2%81 9.01 9.21 9.41 9.61 9.81 10.01 2‘8‘,31 9.01 9.21 9.41 9.61 9.81 10.01
24 - AZTEC9 , AZTEC10 26 AZTEC11-N N AZTEC11-S
- 5| .
22 VT a——0sas00 = a<—1.59 =54 a=-066+0.36 =
= = a2 )
<20 o~ 329 3 3 24 a=-0.334+0.37
~ ~ 322 S
N1y A 1s ) 9 52
20 o0 20 2.0] 20
o 16 2 < <
14 1.0 1.8 2.0|
1'5 4 8.6 8.8 9.0 9.2 9.4 9.6 0'5.4 8.6 8.8 9.0 9.2 9.4 9.6 1'5.4 8.6 8.8 9.0 9.2 9.4 9.6 1'3.4 8.6 8.8 9.0 9.2 9.4 9.6
log(v/pys/Hz) log(v/yys/Hz) log(v/pys/Hz log(v/yys/Hz
log(v,/Hz) log v,/ Hz) log(v,,/Hz) log(v;/Hz)
2&,95 9.15 9.35 9.55 9.75 9.95 10.15 28498 9.18 9.38 9.58 9.78 9.98 10.18 2 2.0 9.2 9.4 9.6 9.8 10.0 10.2 29402 9.22 9.42 9.62 9.82 10.02 10.22
AZTECI12 I AZTECI5 AZTEC17a 29 - AZTEC19a
2.6 8 2.4 S~
— ~a0 — l 22 o a=—0.71+0.57
224 a=—0.77+0.29 s 2.2 a=—0.67+0.66 221
3 3 1 = =20
o322 = X290 ~
%) IR N a>—0.49 %) sy 1.9
%0 2.0 50 &0 1.8 %018
3 214 2 8]
1.8 1.2 1.6 1‘6
1';4 8.6 8.8 9.0 9.2 9.4 9.6 L 4 8.6 8.8 9.0 9.2 9.4 9.6 1'3.4 8.6 8.8 9.0 9.2 9.4 9.6 1'&.4 8.6 8.8 9.0 9.2 9.4 9.6
log(v/,ys/Hz) log(v/,ys/Hz) log(v/yps/Haz log(vs/Hz)
log(vs;/Hz) log(v;/Hz) log(v,;/Hz)
2&,96 9.16 9.36 9.56 9.76 9.96 10.16 2%,85 9.08 9.28 9.48 9.68 9.88 10.08 3,9011 9.31 9.51 9.71 9.91 10.11 10.31
26 AZTEC21la 26 AZTEC24b 2 AZTEC27
=2 =-1.04+0.48 =24 ~ a=-1.29+0.56
32 3 a=—0.78£0.39 3 20
=20 < =
w18 @0 20 91
20 1.6 20 20
o O 1.8 e)
=14 - ~ 1.0
1.2 1.6
1.0 1.4 0.3
8.4 8.6 8.8 9.0 9.2 9.4 9.6 8.4 8.6 8.8 9.0 9.2 9.4 9.6 8.4 8.6 8.8 9.0 9.2 9.4 9.6
log(vys/Hz) log(vys/Hz) log(vp,s/Hz)

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 frequencies of 325 MHz,
1.4 GHz, and 3 GHz (the three data points in each panel with vertical error bars). The downwards pointing arrows show 30 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 lower x-axis shows the observed frequency, while the upper x-axis gives the corresponding rest-frame
frequency (for AZTEC 6 and 27, only a lower z limit is available and, hence, the v, shown is only a lower limit).

was used to estimate the contribution of the right-censored data.
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 for R. Using this
method the median of a3 21~ was found to be —0.77+033, where
the + uncertainty represents the 16th—84th percentile range.
Although the derived median spectral index is fully consistent
with the value of gynecn = —0.8 which is assumed in the MAGPHYS
analysis, some of the individual nominal values are significantly
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different, which is reflected as poor fits in the radio regime as
shown in Fig. 1. The distribution of the derived a35i %, values
as a function of redshift is plotted in Fig. 3. The large number
of censored data points allowed us to calculate the median val-
ues of the binned data shown 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 form 3%, ~oc —(0.098 + 0.072) x z, where the uncer-
tainty in the slope is based on the standard deviation errors of the


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628128&pdf_id=2

Table 3. Radio spectral indices and IR-radio correlation ¢ parameter
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values.
Source ID ajme q°
AzTEC 1 —-0.97 £ 0.37 2.19+£0.17
AzTEC 2 —1.83 £0.93% el
AzTEC 3 -1.19+£0.32 2.14 £0.17
AzTEC 4 >-0.18 <3.19
AzTECS —-0.50 +£0.23 2.46 +£0.25
AzTEC 6 >—0.69 e
AZTEC 7 —-0.68 £0.18 2.49 +£0.09
AZTEC 8 —-0.77 £ 0.33 2.82+0.18
AZTEC9 —-0.94 +£0.70 2.16 £0.24
AzTEC 10 <-1.59 >1.64
AZTEC 11-N —0.66 + 0.36 e
AZTEC 11-S —-0.33 £ 0.37 2.63+£0.18
AzTEC 12 -0.77 £ 0.29 2.54 +£0.29
AZTEC 15 >-0.49 <2.65
AzTEC 17a —-0.67 +£0.66 221 +0.11
AzTEC 19a -0.71 £ 0.57 2.35+0.24
AzTEC 21a —-1.04 £ 0.48 227 +0.17
AzTEC 21b —0.75 + 0.05¢ >0.51
AzTEC 24b -0.78 £ 0.39 2.09 +£0.19
AzTEC 27 -1.29 +0.56 .
Median? S077°08 2274027

Notes. @ The g parameter refers to the total-IR (Al = 8—1000 gm)
value, i.e. ¢ = grr. @ The spectral index for AzZTEC 2 refers to a
frequency interval between 1.4 and 3 GHz, and is not considered in the
statistical analysis. ) The radio spectral index for AzZTEC 21b could not
be constrained, and hence it was assumed to be @ = —0.75+0.05. © The
sample median value was derived using all the tabulated values except
those for AzZTEC 2 and 21b. The quoted uncertainties of the sample
medians represent the 16th—84th percentile range.

spectral index data points. The Pearson correlation coefficient of
the binned data was found to be r = —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 quanti-
ties 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 870 um de-
tected SMGs from da Cunha et al. (2015; the so-called ALESS
SMGs) who used the same high-z extension of MAGPHYS 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
as our target sources (AzZTEC 1-30; 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‘l) = (0.84 — 0.026 x
Tuniv) 10g(M /M5) — (6.51-0.11 X Typiy), Where 7y is the age of
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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 to agg‘;ﬁm and
z. The horizontal dashed line shows the median spectral index value of
agg‘;ﬁm = —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 the median
values.
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Fig. 4. Log-log plot of the SFR vs. stellar mass. The black squares
show our AzZTEC 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 with similar flux densities as 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 the analysed
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 and above the
main sequence at 7 = 2.85.

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
three lines below and above the main sequence at z = 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/SFRys. The
values of this ratio are given in Col. (6) in Table 2, and they
range from 0.3*3) to 13.0*) . with a median of 4.6*32. The val-
ues of SFR/SFRys 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 at 7 < 3 are consistent with the main
sequence, while those at z > 3 lie above the main sequence. The
M,.-SFR plane of our SMGs is discussed further in Sect. 4.1.
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Fig. 5. Starburstiness or the distance from the main sequence (param-
eterised as SFR/SFRys) as a function of redshift. The blue horizontal
dashed line indicates the sample median of 4.6, while the green filled
circles represent the mean values of the binned data (each bin contains
four SMGs) with the error bars showing the standard errors of the mean
values.
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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 masses derived in
the present work (black squares). The SMGs at z > 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).

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 AzZTEC 1, 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 AzZTEC 1, 4, 5, and 15. The ra-
dio size data points of the SMGs lying at z > 3 are highlighted
by green star symbols in Fig. 6, while the UV/optical sizes are
for z =~ 1.8-5.3 SMGs, out of which 6/7 (86%) lie at z > 2.8.
As shown in the figure, with a few exceptions the largest spa-
tial scales of both stellar and radio emission are seen among the
highest stellar mass sources (log(M,/My) > 11.41). In addition,
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most of the data points (52% (64%) of all the plotted data (ra-
dio sizes)) are clustered within the dispersion of the mass-size
relationship of z ~ 2 cQGs derived by Krogager et al. (2014),
namely r. = y(M, /10" My)?, where log(y/kpc) = 0.29 + 0.07
and 8 = 0.53*02? for their galaxies with spectroscopic redshifts.

-0.21
The M,-size plane analysed here is discussed further in Sect. 4.1.

3.5. Infrared-radio correlation

The quantities derived in the present study allow usto ex-
amine 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 usual, we quantify this
analysis by calculating the g parameter, which can be defined as
(see e.g. Sargent et al. 2010; Magnelli et al. 2015)

Lir ) "l ( Ly4GHz )
375x 102w/ H\Wh 1)

where the value 3.75 x 10'? is the normalising frequency (in
Hz) corresponding to 4 = 80 um, and L, 4Gy, is the rest-frame
monochromatic 1.4 GHz radio luminosity density. Since our Lig
is calculated over the wavelength range of A;sy = 8—1000 um,
our g value refers to the total-IR value, i.e. ¢ = grr. A far-
infrared (FIR) luminosity (Lgr) calculated by integrating over
Arest = 42.5—122.5 um is sometimes used to define g = grr. We
note that grir = grr + 10g(Lir/Lrr)- The 1.4 GHz luminosity
density is given by

47rdi 5
(1+ Z)l+0{ 2

where di is the luminosity distance. Following Smol¢i¢ et al.
(2015), the 1.4 GHz flux density was calculated as S| sgu, =
Sasmuz X (1.4GHz/325 MHz)® because the observed-frame
frequency of v,,s = 325 MHz corresponds to the rest-frame fre-
quency of v = 1.4 GHz at z = 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 uncertain K cor-
rection (1 + z)® to rest-frame 1.4 GHz is needed to derive the
value of L 4gn,. The derived values of ¢ are listed in Col. 3 in
Table 3.

As in the case of agthZHz (Sect. 3.2), our g 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 median g value and the 16th—84th percentile range
is found to be 2.2779-27 In Fig. 7, we show the derived g values as

-0,13
a function of redshift and discuss the results further in Sect. 4.4.

q= IOg( (1)

Li4gH, = 1.4GHz

4. Discussion

The SEDs of some of our COSMOS/AzTEC SMGs have already
been analysed in previous studies. We discuss those studies and
compare their results with ours in Appendix C. AzZTEC 1 and
3 both have a gas mass estimate available in the literature (Yun
et al. 2015; and Riechers et al. 2010, respectively), which al-
lows us to examine their ISM physical properties in more detail;
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
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.
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Fig. 7. Infrared-radio correlation ¢ = grr 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 the mean val-
ues. The blue dashed line indicates the median value of ¢ = 2.271’8:%1,
and the quoted 16th—84th percentile range is illustrated by the grey
shaded region. The black dashed curve shows the g(z) o (1 + z)*15003
relationship from Ivison et al. (2010a), while the dotted curve represents
the g(z) o (1 + z)"%12#004 relationship from Magnelli et al. (2015). The
latter relationships are normalised here to give a value of ¢ = 2.64 at
z = 0 (see Sect. 4.4).

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/SFRys > 3. AzTEC 8 is found
to be the most significant outlier with a SFR/SFRys ratio of
about 13. The remaining 6 SMGs have SFR/SFRys =~ 0.3-2.4
and, hence, lie on or within the main sequence. Our result
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; Michatowski 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 galax-
ies and starbursts. Hydrodynamic simulations have also sug-
gested that the SMG population can be divided into two subpop-
ulations consisting of major-merger driven starbursts and disk
galaxies where star formation, while possibly driven by merg-
ers or smooth gas accretion, is occuring more quiescently (e.g.
Hayward et al. 2011, 2012, and references therein).

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) fora
subsample of seven of our SMGs, are smaller than the radio size
for AzZTEC 4 and 5, in agreement for AZTEC 15, and the upper
stellar emission size limits for AZTEC 1, 3, and 8 are larger than
their radio sizes, and hence formally consistent with each other;
AZTEC 10 was also analysed by Toft et al. (2014), but it is not
detected at 3 GHz. A difference between 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 dif-
ferential dust extinction, and stellar population effects.

In the present work, we 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 herein). Despite these discrepancies, the way
our SMGs populate the M,-size plane shown in Fig. 6 is con-
sistent with the finding of Toft et al. (2014), i.e. the M, — R
distribution of 3 < z < 6 SMGs is comparable to that of cQGs
at z ~ 2. Hence, our result supports the authors’ conclusion that
high-z SMGs are potential precursors of the 7 ~ 2 cQGs, where
the quenching of the starburst phase in the former type of galax-
ies leads to the formation of the latter population (Sect. 4.5).

It is worth noting that five of our z < 3 SMGs plotted in
Fig. 6 also exhibit stellar masses and radio sizes that place them
in the mass-size relationship of z ~ 2 cQGs from Krogager
et al. (2014). While these authors found that the slope and scat-
ter of this mass-size relationship are consistent with the local
(z = 0) values, the galaxies grow in size towards lower red-
shifts (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 of
M, = 10'"" My is R ~ 2 kpc in the redshift range z ~ 1.3-2.
In the context of massive galaxy evolution, the z < 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 at M, 2 2.6 x 10" M, in Fig. 6). While this is not sta-
tistically significant, the most extended stellar emission spatial
scale is also found for the most massive SMG with available
rest-frame, UV-optical size measurement, namely AzTEC 15.
Although these largest radio sizes have large error bars, it is pos-
sible that the spatially extended radio emission in these massive
SMGs is caused by processes that are not related to star for-
mation, such as galaxy mergers leading to magnetic fields that
are pulled out from the interacting disks (see Paper II and ref-
erences therein; O. Miettinen et al., in prep.). Interestingly, all
three SMGs that exhibit the largest radio sizes in our sample,
namely AzZTEC 4, 15, and 21a, are found to lie on the main se-
quence or only slightly above it (factor of 3.2 for AZTEC 4). But
these SMGs have high SFRs of ~380—590 M, yr~!, 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, for exam-
ple 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 um 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
BOlometer CAmera) 870 um survey of the Extended Chandra
Deep Field South (ECDFS) or the LESS survey by WeiS et al.
(2009), and followed up with 1”5 resolution Cycle 0 ALMA ob-
servations (Hodge et al. 2013; Karim et al. 2013). We compare
our sample with the da Cunha et al. (2015) study because, firstly,
we have also used the new, high-z version of MAGPHYS as first
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presented and used by da Cunha et al. (2015) to derive the SMG
physical properties, which allows for a direct comparison and,
secondly, the SMG sample from da Cunha et al. (2015) is rela-
tively 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 Table 1):

log(My/Mo) = 10.95*08, log(Laus/Lo) = 12.55703, SFR =

282*31 My yr!, sSFR = 2.8%37 Gyr™!, Tauy = 437} K, and
log(Mausi/Mo) = 8.75*)3. The quoted uncertainties represent
the 16th—84th percentile of the likelihood distribution. The value
of Lg,s reported by da Cunha et al. (2015) refers to the total
dust IR (3—1000 gm) luminosity, which we have found to be al-
most equal to Lig with the Lir/Lgys ratio ranging from 0.91 to
0.99 (both the mean and median being 0.95). Also, 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 the MAGPHYS output SFRs, we found that the
values averaged over 10 Myr are 1.0 to 4.7 times higher than
those averaged over the past 100 Myr, where the mean and me-
dian are 2.1 and 1.6, respectively. The authors concluded that
the physical properties of the ALESS SMGs are very similar
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 870 um flux den-
sities corresponding to our AZTEC 1.1 mm flux density range
in the parent sample (AzTEC 1-30), i.e. 3.3 mJy < Si1mm <
9.3 mly. Assuming that the dust emissivity index is § = 1.5,
this flux density range corresponds to 7.5 mJy < Sgroum <
21.1 mly. In the high-z model libraries of MAGPHYS, the value
of B is fixed at 1.5 for the warm dust component (30-80 K),
while that for the colder (2040 K) dust is 8 = 2. A mani-
festation of this Ty, -dependent 8 is that scaling the 1.1 mm
flux densities to those at 870 um with a simple assumption
of B = 1.5 yields slightly different values than suggested by
the MAGPHYS SEDs shown in Fig. 1. The LESS SMGs that
fall in the aforementioned flux density range are LESS 1-18,
21-23, 30, 35, and 41, where LESS 1, 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 of zpne = 1.42-5.22 with a median and its stan-
dard error of zppee = 3.12 % 0.24. 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 parameters of
the ALESS SMGs were propagated from the photo-z uncertain-
ties by da Cunha et al. (2015), and they are typically much larger
than those of our parameters (see e.g. Fig. 4 herein).

For the aforementioned flux-limited sample, the median val-

ues of the physical parameters are log(M,/My) = ll.Ofgzg?,

log(Laust/Lo) = 12.69%033, SFR = 417318 Mo yr™', sSFR =

4.8%78 Gyr™!, Tauq = 42.0743 K, and log(Maus /M) = 8.98703%,
where we quote the 16th—84th percentile range. All the other
quantities, except Tqys, are higher than for the aforementioned
full sample, up to a factor of 1.7 for sSSFR and Mgy, which is
not surprising because the subsample in question is composed of

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

Parameter? Value
AZTEC ALESS 7.2
MAZTEC /pp 0.9772
AzTEC ;7 ALESS +9.3
Ldust /Ldust 1’9—1.6
SFRAZTEC/SFRALESS 2'3t;162b
SSFRATEC [sSFRALESS 2.1735%
AzTEC ALESS +0.3
Tdust /Tdust 1'0—0.3
AZTEC ALESS +3.5
Mdust /Mdusl l'571.0

K-S test results®

M, D=0.17,p=092
Laust D =0.46,p=0.02
SFR D =0.38", p=0.10°
T dust D =0.30, p =029
Maust D =0.39, p=0.08

Notes. @ A ratio between the median values. ® The comparison
was done between the MAGPHYS output values averaged over 10 Myr.
© Results from a two-sided K-S test between the two sets of physi-
cal properties. The maximum distance between the two cumulative dis-
tribution functions is given by the K-S test statistic D, while the cor-
responding p-value describes the probability that the two datasets are
drawn from the same underlying parent distribution.

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 median M,, Lgus;, SFR, sSFR, T4y, and Mgy, values and
those of the ALESS SMGs are given in Table 4. For a proper
comparison, the comparison of the SFR and sSFR values were
carried using the MAGPHYS output values averaged over the past
10 Myr. As can be seen in Table 4, the median values of M,
and Ty are similar, and our median My, 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 whether our SMGs and the flux-limited ALESS SMG
sample could be drawn from a common underlying parent dis-
tribution. 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 the M, Laust, SFRMAGPHYS
Taust, and Mgy 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
differ. We note that for 74,, for which the median value between
our AZTEC SMGs and the ALESS SMGs was found to be very
similar, the K-S test p value is 0.29, which is the second highest
after the stellar mass comparison. Also, the comparison samples
are small (16 AzTEC and 25 ALESS sources, respectively), and
hence the K-S tests presented here are subject to small number
statistics. Nevertheless, we cannot exclude the possibility that at
least part of the differences found here is caused by the different
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Fig. 8. Specific SFR (sSFR) as a function of cosmic time (lower x-axis)
and redshift (upper x-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 horizontal dashed lines indicate the full sample me-
dian sSFRs of 9.9*21# Gyr™! and 4.8%7% Gyr™', respectively. The blue
dash-dotted line corresponds to the relationship log(sSFR/Gyr™!) =
—0.12 X (Tynv/Gyr) + 0.71 derived by Koprowski et al. (2016).

selection wavelength (dops = 1.1 mm versus Adgps = 870 pm),
and different depths of the optical to IR observations 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, at z ~ 2, about half
of the ALESS SMGs (49%) lie above the star-forming main
sequence (i.e. SFR/SFRys > 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). The ALESS SMG sample is flux lim-
ited to match our sample limit, which has a median redshift of
z = 3.12; for this sample, only 24 + 10% of the sources are
found to have SFR/SFRys > 3, while the remaining 76 = 17%
lie within a factor of 3 of the main sequence (see our Fig. 4).
However, the ALESS sources have significant error bars in their
SFR and M, values (propagated from the photo-z uncertainties;
da Cunha et al. 2015). The fractions we 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 MAGPHYS
output SFRs averaged over 10 Myr, following da Cunha et al.
(2015), we find that the fraction of the AzZTEC SMGs with
SFR/SFRys > 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 (upper x-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 AzZTEC sample, and five SMGs per
bin in the ALESS sample. The sSFR of the ALESS comparison
sample appears to be relatively constant as a function of cos-
mic time, while our individual SMGs, lying in a similar redshift
range, show more scatter with a factor of 2.1*3%* higher median
sSFR. Our median sSFR is higher by the same nominal factor
of 2.13%4 when comparing the MAGPHYS outputs averaged over
10 Myr; Table 4. The blue dash-dotted 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 latest time) lies slightly (by a fac-
tor of 1.57) above the normalisation of this relationship, and the
second lowest redshift data point, even though it is a factor of
1.82 higher sSFR than suggested by the Koprowski et al. (2016)
relationship, is still consistent with this value within the standard
error. However, our two highest redshift bins lie at much higher
sSFRs than computed from the Koprowski et al. (2016) relation-
ship (by factors of ~7), but as mentioned by the authors, their
study could not set tight constraints on the sSFR beyond redshift
of z =~ 3 (Tyny = 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 at z > 3, and many data points lie
above their derived relationship. It should also be pointed out
that our SFRs and stellar masses were derived using a different
method than those in Koprowski et al. (2016) and their refer-
ence studies, and this could in part explain why our values lie
above the Koprowski et al. (2016) sSFR(tTyny) 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 near z ~ 3, the two highest redshift ALESS bins are only
by factors of 1.43-1.56 above the Koprowski et al. (2016) re-
lationship. Larger, multi-field samples of SMGs are required to
limit cosmic variance, and examine the evolution of the sSFR of
SMGs as a function of cosmic time further, particularly at z > 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 are Myyg /M, = 0.016+0:022

-0.012
and Mgy /My = 0.008’:8'882, respectively, where the quoted un-
certainties represent the 16th—84th percentile range. The binned
data points shown in Fig. 9 show a hint of decreasing dust-to-
stellar mass ratio towards higher redshifts. The AzZTEC (ALESS)
data points suggest a linear regression of the form Mgy /M,
—(0.006 % 0.003) X z (Mgys/My o< —(0.002 + 0.002) X z), with
a Pearson r 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 that is fairly similar between the AzZTEC and ALESS
SMGs; hence, this suggests 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 in-
dex of ajtGHz = —0.79 + 0.06 for a sample of 52 SMGs.
Again, if we limit this comparison sample to those sources that
are equally bright as ours, we derive a median spectral index of
agitGiz = —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 is also consistent
with our median a3 value of —0.77*028 although our ob-
served frequency range is broader.

4.3. Properties of 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: the thermal
free-free emission (bremsstrahlung) from HII regions and non-
thermal synchrotron emission from relativistic cosmic-ray elec-
trons. Both of these emission mechanisms are directly linked to
the evolution of high-mass stars: a newly forming, high-mass
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Fig. 9. Dust-to-stellar mass ratio as a function of redshift for our SMGs
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 indicate the corresponding median values

of 0.0167)922 and 0.008*3003, respectively.

star photoionises its surrounding medium to create an HII re-
gion, while the explosive deaths of high-mass (>8 M) stars, i.e.
supernovae and their remnants, are associated with shock fronts
that can accelerate cosmic-ray particles to relativistic energies.

While a typical synchrotron spectral index is a@gynen €
[-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.
ag = —0.1. At low frequencies of vy < 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). The radio flux density
at 33 GHz might be affected by the anomalous dust emission,
but its significance in the galaxy-integrated measurements is un-
clear (Murphy et al. 2010). Because of the thermal emission, the
radio spectrum exhibits flattening towards higher frequencies.
Besides this effect, the low-frequency regime of a radio SED
(rest S 1 GHz) can also exhibit flattening because the free-free
optical thickness increases (7 o v=21), and hence the free-free
absorption due to ionised gas becomes important.

On the other hand, cosmic-ray electrons suffer from a
number of cooling or energy-loss mechanisms. These include
synchrotron radiation, inverse-Compton (IC) scattering, ionisa-
tion, 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 ab-
sorption, ionisation energy losses can flatten the radio spectrum
towards lower frequencies (<1 GHz; e.g. Thompson et al. 2006).
These energy-loss mechanisms are dependent on the physical
properties of the galaxy, such as the magnetic field strength, neu-
tral 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) photons, because the
CMB energy density goes as ucyp o (1 +z)*.

Because the aforementioned physical properties (magnetic
field strength, density, etc.) have spatial gradients within the
galaxy, the interpretation of the observed galaxy-integrated radio
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Table 5. Classification of the target SMGs into different radio SED cat-
egories in the observed frequency interval 0.325-3 GHz.

Category“ AZTECID
I 7,8, 11-N, 12, 17a, 19a, 24b
II 4,5,6,11-S, 15
I 1,3,9,10, 21a, 27

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

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 spectral energy distribution classification

To classify our SMGs into different radio SED categories, we
define the following three classes: I is the classic synchrotron
spectrum (@synch = —0.8...—0.7), Il is the flattened radio spec-
trum, and III is the 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 canoni-
cal synchrotron spectrum (our category I), while the remaining
11 fall into a category II or III with a 5:6 proportion. We note that
AZTEC 3, 10, 21a, and 27 exhibit a nominal spectral index of
@ < —1.0 (and AzTEC 2 has o; {7, = —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 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, the highest rest-frame frequency
probed in the present study is 18.9 GHz, which corresponds to
Vobs = 3 GHz at the redshift of AZTEC 3 (zepec = 5.3). However,
AZTEC 3 has one of the steepest spectral indices derived here
(@382 = _1.19+0.32), although the non-detection at 1.4 GHz

325MHz —
could be an indication of a flattening towards higher frequencies

(a} Gz > —0.56). On the other hand, the flattest index found
here is aggﬁ{fmz > —0.18 for AzZTEC 4, which might be an indi-

cation that the observed-frame 3 GHz flux density has a contribu-
tion from thermal free-free emission. To quantify the level of this
free-free contribution, we can translate the Ligr-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

T -0.45 y 101 Lﬁ'
=3.1x107% ( ° ) ( ) * |, @3
% 10°K ciz) \waz1) @

where T is the electron temperature, which is here set to 10* K.
For AzTEC 4, for which the nominal SFR is 380 M, yr‘1 , We ob-
tain a luminosity density of ~1 x 10>> W Hz! at the rest-frame
frequency vy = 8.4 GHz (corresponding to veps = 3 GHz).
By comparing this with the radio luminosity density calcu-
lated using the observed 3 GHz flux density (see our Eq. (2)),
we estimate the thermal fraction to be >33% for AzTEC 4 at

SFRg
Mg yr-!
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Vobs = 3 GHz; the lower limit results from the lower a32i%,

limit used in the calculation. Although the thermal contribution
makes the derivation of the non-thermal spectral index more un-
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, such as the Square Kilometre Array’, 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 galaxies flat-
ten with increasing distance above the galaxy main sequence.
The authors interpreted this to mean that compact starbursts are
more optically thick in the radio, i.e. because free-free absorp-
tion is more important in these systems (r, o n2, where 7, is
the electron density). To test whether our SMGs exhibit such a
trend, in the top panel in Fig. 10 we plot our aggﬁHZ values as
a function of the starburstiness parameter SFR/SFRys. As can
be seen, no trend is discernible in Fig. 10. Also, in Paper II we
did not find a correlation between the 3 GHz radio sizes of our
SMGs and a/? fgﬁz (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 of
a galaxy and its distance from the main sequence. To see if
this is 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/SFRys. Indeed, we see a possible hint that more compact
sources are those that lie the furthest away from the main se-
quence. Interestingly, the largest radio-emitting sizes are seen
among SMGs within or near the main sequence (SFR/SFRys <
3), although the SMGs with a radio size that is close to the sam-
ple median size are also found within the main-sequence enve-
lope. Hence, no firm conclusions can be drawn on the basis of
current data.

4.4. The IR-radio correlation
4.4.1. Comparison with literature data

The IR-radio g parameters we derived, ranging from g > 1.64 to
g = 2.82 +0.18 with a median of ¢ = 2.27*)7], 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 median grr of 2.56 + 0.05
for their ALESS SMGs. However, to compute g Thomson et al.
(2014) used the IR luminosities derived by Swinbank et al.
(2014). Hence, we recalculated the g values for the flux-limited
comparison sample using the Lqys values (and photo-z values)
derived by da Cunha et al. (2015), and the 610 MHz GMRT flux
densities from Thomson et al. (2014) (following our Egs. (1)
and (2) modified for vy = 610 MHz). We adopted a spectral
index of @ = —1.57 +£0.08 derived through stacking by Thomson
et al. (2014) for the radio non-detected (at both 610 MHz and
1.4 GHz) ALESS SMGs. The authors reported upper g limits for
the radio non-detected SMGs in their Table 1, but in the case of
an upper limit to S ¢10Mmpz, the corresponding g value becomes a
lower limit. The median ¢ we derived this way is 2.29 + 0.09,

7 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/SFRys). For reference, the horizontal dashed line

indicates the median spectral index value of —0.77f8§§ (see Table 3).

Bottom: 3 GHz radio size (radius calculated as 6p,,;(FWHM)/2) from
Paper II as a function of the distance above the main sequence. The blue
vertical dashed line indicates the median value of SFR/SFRys = 5.2
derived for the plotted sample, while the horizontal line indicates the
survival analysis-based median radius of 2.03 kpc for the plotted sam-
ple. The thin, red vertical dashed line shows the upper boundary limit
of the main sequence, i.e. SFR/SFRys = 3.

where we quote the standard error of the median. Because this
value refers to the total dust luminosity (3—1000 ym), the total-
IR g is slightly lower. Given that the ratio of our median g value
to the recalculated ALESS ¢ is 0.99, we conclude that the IR-
radio correlation parameter is not significantly different between
our SMGs and the equally bright ALESS SMGs.

Similar to Thomson et al. (2014), Barger et al. (2012) re-
ported an average grr value of 2.51 =+ 0.01 for their sample
of five SCUBA 850 um identified SMGs at z = 2—4 in the
Great Observatories Origins Deep Survey-North (GOODS-N).
The AzTEC 1.1 mm flux densities of these SMGs lie in the
range of S imm = (1.9 £ 1.4)—(5.4 £ 1.1) mJy (see Table 6
in Barger et al. 2012), and they are generally fainter at Ay =
1.1 mm than our target SMGs With S | | mm = 3.3*]7¢=9.3*]3 mJy
(2008). Additionally, because Barger et al. (2012) assumed a ra-
dio spectral index of @ = —0.8, and used a Arp 220 SED-based
relationship of Lig = 1.42 X Lgr in their calculation, a direct
comparison with our grr calculation is not feasible.

The average FIR-based gpr values derived for SMGs ly-
ing at median redshifts of z ~ 2-2.5 and without AGN sig-
natures are usually found to be about 2.0-2.2, which are com-
parable with those of other types of star-forming galaxies at
similar redshifts (e.g. Kovacs 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) percentage of 75% (80%). Hence, our median
grir can be derived to be about 2.17, in excellent agreement with
previous results.

4.4.2. Evolution of the IR-radio correlation

The question then arises as to what is causing the relatively
low grir in our (and ALESS) SMGs with respect to the lo-
cal Universe median value of gt = 2.64 (see Bell 2003;
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Sargent et al. 2010). One possible explanation is related to the
dynamical/evolutionary stage of the SMG system. The models
by Bressan et al. (2002) predict that the g parameter reaches its
minimum value during the post-starburst phase. The authors sug-
gested that this evolutionary effect is due to radio emission fad-
ing more slowly after an intense burst of star formation than the
(F)IR emission, which is manifested as an apparent radio excess
or lower g 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 we are observing the tar-
get SMG 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 low g 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 the g value (Miller & Owen 2001;
Reddy & Yun 2004; Murphy et al. 2009). On the other hand, the
value of grir we derived for AZTEC 8, i.e. 2.82 + 0.18, is rel-
atively high compared to the local median value. An elevated
gmir 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 ¢ 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
grr = (2.35+0.08) x (1+2)~%12£0-94 for their M, selected, multi-
field sample of 0 < z < 2.3 galaxies (including COSMOS),
in agreement with that found earlier by Ivison et al. (2010a)
for 250 um selected galaxies at z = 0.038-2.732, i.e. g
(1 +z)~0-15+0.93 The latter relationships are overplotted in Fig. 7,
and normalised to yield the local Universe median value of
grir(z = 0) = 2.64. We note that the slope of the grr(z) curves
becoming shallower with increasing z 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 in grr as a function of cos-
mic time. A linear regression yields a relationship of the form
grir < —(0.050 = 0.060) x z, with a Pearson correlation coefli-
cient of r = —1. Hence, the decreasing trend seen here is not sta-
tistically significant. The two lowest redshift bins at z = 2.04 and
z = 2.93 are consistent within the standard errors with the nom-
inal g = ¢(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. The ALESS SMGs do not exhibit
a (negative) correlation in the grr-z plane (Thomson et al. 2014;
see Fig. 3 therein).

It is not clear what would cause a trend of decreasing g with
redshift. One possibility is an erroneous radio K 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 the K 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 emission or a depressed IR emission from
dust at higher redshifts. If the ISM density of galaxies in-
creases towards higher redshifts, the corresponding galactic
magnetic field could be stronger, which in turn would lead to

AS, page 16 of 28

a stronger radio synchrotron emission implying a lower g value
(Schleicher & Beck 2013). Given the enhanced IC-CMB cool-
ing of cosmic-ray electrons at high redshifts (Sect. 4.3), the as-
sociated suppression of synchrotron radiation could even lead to
an increase of g 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 obvious g(z) trend among
SMGs compared to the negative g(z) relationship among less-
extreme star-forming galaxies is that the latter type of galaxies
exhibit a lower dust content (and hence a lower Lig and ¢q) at
higher redshifts (e.g. Capak et al. 2015), while SMGs are rich
in dust at all cosmological epochs they are being observed (and
hence g 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 con-
text of the evolution of massive galaxies. Although the SMGs
studied in the present work appear to preferentially lie above
the galaxy main sequence (63% have a SFR/SFRys 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 ~20-1500 M, yr~! with a me-
dian of 508 My yr~! derived for these main-sequence SMGs
show that a phase of intense star formation is taking place in
these galaxies. We also find an indication for an anti-correlation
between distance from the main sequence and radio size (Fig. 10,
bottom panel). Moreover, as shown in Fig. 5, there is an aver-
age trend that z > 3 SMGs have a higher level of starburstiness
(SFR/SFRys ratio) than those SMGs that lie at z < 3. In Paper I,
however, we did not find any trend between radio size and red-
shift 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 AzTEC 1
and AzTEC 3 in Appendix D, an early starburst phase can
be characterised by a SFR occuring near or at the Eddington
limit within a spatially compact region. Such high SFRs of
luminous SMGs are plausibly triggered by a wet merger be-
tween 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 AzTEC 11 system, which is composed of two
very nearby (1”746 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 Paper II,
Fig. 2 therein; and O. Miettinen et al., in prep.).

45.1. z> 3 SMGs

Our parent sample contains 12 SMGs that lie at z > 3 (6 of which
were analysed in the present work), i.e. at the formation epoch
of z ~ 2 cQGs (Toft et al. 2014). As shown in Sect. 3.4, a com-
parison with the stellar mass-size relationship of z ~ 2 cQGs
supports an evolutionary link between these high stellar-density
systems and our z > 3 SMGs, in accordance with the results
of Toft et al. (2014). To further quantify this evolutionary path,
we follow the approach of Toft et al. (2014), and compare the
stellar mass distributions of our z > 3 SMGs and z ~ 2 cQGs.
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In Fig. 11, we plot the mass distribution of our z > 3 SMGs,
and the stellar masses of the spectroscopically confirmed z ~ 2
cQGs from Krogager et al. (2014, their Table 2). To estimate the
final stellar masses of the z > 3 SMGs, we adopt the CO-based
molecular gas masses available for AZTEC 1 and AzTEC 3 (see
Appendix D) and, for the remaining four sources, we assume a
value of Mg, ~ 10" M, which is the average of the gas masses
of AzTEC 1 and 3. 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 hy-
drodynamic simulations by Hayward et al. (2011) as described
in Toft et al. 2014. The time interval between z > 3 and z ~ 2 is
21.1 Gyr, which is much longer than the gas depletion timescale
in SMGs; for comparison, the depletion timescale we derived
for AZTEC 1 and AzTEC 3 is only 861’}2 Myr and l9f(1) 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) cQG M, dis-
tribution yielded a K-S test statistic of D = 0.36 and a p value
of p = 0.55, suggesting that the two distributions might share
a common parent distribution, which would further support the
evolutionary link between z > 3 SMGs and z ~ 2 cQGs.
However, given the small sample sizes, this comparison should
be considered with caution in mind.

As another gas mass estimate (for the sources other than
AZTEC 1 and 3), we used the method adopted by Toft
et al. (2014), namely the gas-to-dust mass ratio-metallicity
(Ogar — Z) relationship derived by Leroy et al. (2011) in combi-
nation with the stellar mass-metallicity (M, — Z) relationship
from Genzel et al. (2012, and references therein). Using the
MAGPHYS-based M, and My, values, we could then estimate
the gas masses and, hence, the final stellar masses under the as-
sumption of a 10% star formation efficiency. The resulting dis-
tribution is shown by the magenta dashed histogram in Fig. 11.
The median values of the two estimated final stellar mass distri-
butions (the blue and magenta dashed histograms) are the same
(log(M,./My) = 10.97), and a K-S test performed between the
final stellar mass distribution shown by the magenta dashed line
and the z ~ 2 cQG M, distribution yielded the same results as
above (D = 0.36 and p = 0.55). We emphasise, however, 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 applica-
bility for z > 3 SMGs is questionable (see also Toft et al. 2014).
Indeed, the gas-to-dust mass ratios derived through the empirical
relationships for AzZTEC 1 and 3 are 123 and 119, respectively,
which are about 1.4 and 3.6 times higher than the observed val-
ues (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 between z > 3 SMGs and z ~
2 cQGs seems possible, as proposed by Toft et al. (2014). The
subsequent growth of z ~ 2 cQGs through minor dry (gas-poor)
mergers can then turn the z ~ 2 cQGs into the giant ellipticals
seen in the present-day Universe (Toft et al. 2014).

4.5.2. Submillimetre galaxies at z < 3

While the above discussion concerns the z > 3 SMG population,
most of the SMGs in our parent sample lie at z < 3 (18 sources
with either a spectroscopic or photometric redshift, plus seven

6 [ M, (2~2 cQGs) (Krogager+ 2014)
[ M, (>3 SMGs) (this work)

S5y 3 M (>3 SMGs) (this work)
C o2 Ml %553 SMGs) (this work)

Number of sources
NS WD

10.6 10.8 11.0 11.2 11.4 11.6 11.8
IOg(M*/MQ)

Fig. 11. Stellar mass distribution of our z > 3 SMGs (green histogram),
and z ~ 2 cQGs (2014; red histogram). The blue histogram shows the
distribution of the final stellar masses of the z > 3 SMGs by assuming
that 10% of their putative gas mass content is converted into stars by the
end of the ongoing starburst event, while the magenta dashed histogram
represents the final stellar mass distribution where Mg, is based on the
mass-metallicity relationship (see text for details). The CO-based gas
mass estimate was adopted for AZTEC 1 and AzTEC 3 (Appendix D).

lower redshift limits at z < 3; 10 sources at z ~ 1.6—3 were
analysed here). Because there are also cQGs at z < 2 (see e.g.
the sample of 0.9 < z < 1.6 cQGs in Belli et al. 2014), one could
think of a scenario where z < 3 SMGs represent their progen-
itors. However, our z < 3 SMGs already have a considerable
stellar mass content of M, ~ 1.8 x 10'°-4.9 x 10! M, with a
median of 2.3 x 10" M, while for example the Chabrier (2003)
IMF-based stellar masses of the 0.9 < z < 1.6 cQGs from Belli
etal. (2014) are M, ~ 1.9 x 10'°-2.2 x 10'! M, with a median
of 7x 100 My,

Since the stellar masses of our z < 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 our SMG subsample here consists of only
ten sources, which prevents us from making any firm conclu-
sions. Yet, it has also been shown that lower redshift (z < 3)
SMGs have the potential to evolve into the present-day pas-
sive ellipticals (Swinbank et al. 2006; Simpson et al. 2014). For
instance, based on the H-band magnitude and space density
comparisons and the stellar age analysis of local ellipticals,
Simpson et al. (2014) showed that the properties of their sam-
ple of 77 ALESS SMGs with a median redshift of z,po = 2.3
and local ellipticals agree well with each other, which strongly
supports an evolutionary connection between them. Based on
the stellar population ages of quiescent, red z ~ 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 that is
consistent with the median redshift of their SMGs, and hence the
passive z ~ 1.5-2 galaxies could descend from the z < 3 SMGs
and ultimately turn into current ellipticals. It is unclear, how-
ever, how our z < 3 SMGs fit into this scenario because their
median stellar mass is about three times higher than that of the
z = 1.6—-2.8 ALESS SMGs from da Cunha et al. (2015). Perhaps
they have the potential to evolve into very massive red galax-
ies at z ~ 1-2, and then undergo mergers and grow to the most
massive ellipticals seen today.
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Overall, our study of the COSMOS/AzZTEC 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 that we are witnessing the formation process
of 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 AzZTEC bolometer, and followed up with higher reso-
lution interferometric (sub)millimetre continuum observations.
Our main results are summarised as follows:

1. We used the new version of the MAGPHYS code of da Cunha
et al. (2008, 2015) to interpret the observed panchromatic
SEDs of a sample of 16 of our SMGs, which lie at redshifts
of z ~ 1.6-5.3. Based on this analysis, we derived the fol-
lowing median values and 16th and 84th percentiles for the
stellar mass, total (§8—1000 pym) IR luminosity, SFR, sSFR,

dust temperature, and dust mass: log(M, /M) = 10.96*537,

log(Lir/Lo) = 12.93*0% SFR = 856*19 M, yr!, sSFR =

-0.19° =310
9.9*214 Gyr™!, Tque = 40.6773 K, and log(Musi/Ms) =

1
9.17*093, respectively. Our stellar masses and dust tem-
peratures are similar to those of the 870 um selected
ALESS SMGs that are equally bright as our AZTEC SMGs
(da Cunha et al. 2015), while the other parameter values for
our SMGs are ~1.5-2 times higher on average. Given the
spread of the values (the 16th—84th percentile ranges), how-
ever, the latter discrepancies are not statistically signifcant.
Nevertheless, part of this discrepancy is potentially caused
by the different observed wavelengths of the two SMG sam-
ples (i.e. Adgps = 1.1 mm versus Agps = 870 um).

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 to 13.0"09 above the main sequence. The median

SFR/SFRys ratio is found to be 4.6*39, 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 the z > 3 SMGs appear fairly
consistent with the z ~ 2 cQGs’ mass—size relation, support-
ing a scenario where the high-redshift SMGs experience a
cQG phase at z ~ 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 me-
dian radio spectral index measured between the observed
frame 325 MHz and 3 GHz was found to be —0.77*535,
which is consistent with the canonical radio synchrotron
value (@ =~ -0.8...-0.7).

5. We found evidence of both spectral flattening and steepen-
ing in the radio SEDs of our SMGs, which are indicative of
different cosmic-ray energy gain and loss mechanisms tak-
ing place in these sources. In the case of the zphot ~ 1.8 SMG
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AZTEC 4, which shows the flattest radio spectral index de-
rived here (@ > —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 the
distance 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 correla-
tion among our SMGs. This was quantified by calculating
the total-IR g parameter, and its median value was deter-
mined to be ¢ = 2.27*3]. This is in very good agreement
with the median ¢ parameter of 2.29 + 0.09 (recalculated
from Thomson et al. 2014) of the flux-limited (i.e. equally
bright) ALESS SMGs. We found a statistically insignificant
hint of negative correlation between the g parameter and the
source redshift in the binned average data. The weakness of
this g 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
g. This can bias the g parameter towards higher values, and
flatten the g(z) distribution. Some of the observed low and
high ¢ values compared to the local median value could be
linked to the source evolutionary phase.

8. The two high redshift SMGs in our sample (AzTEC 1 and
AZTEC 3), which benefit from previous CO line data were
analysed in further detail (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*!3 and 19*) Myr, respectively. The current stellar

and gas mass estimates for AzZTEC 1 and 3 suggest they can
both evolve to have a final stellar mass of >10'! M. Overall,
the results of our study support the general view that high-

z (z 2 3) SMGs are the progenitors of the present-day gi-

ant, gas-poor ellipticals, mostly sitting in the cores of galaxy

clusters.
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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.2. Flux densities of our SMGs at the observed radio frequencies of 325 MHz, 1.4 GHz, and 3 GHz.

Source ID S 325 MHZ" S1acu’ S36H"
[pdy] [pJy] [pJy]
AzZTEC 1 248.6 +779 48«12 283+52
AzTEC 2 <224.7 76 +14 189+4.7
AzTEC 3 276.5 £79.8 <30 19.6 £2.3
AzTEC 4 <215.7 <36 31.5+£7.7
AzTEC 5 4389 +61.5 126+15 85.8+5.8
AzTEC 6 <210.9 <38 224 +£58
AzTEC 7 481.0+£86.8 132+22 984 +44
AzTEC 8 531.1+£78.0 102+13 494+438
AzTEC 9 <2139 68+13 333+43
AzTEC 10 235.8 + 88.8 <40 <6.9
AZTEC 11-N 2134 +88.0 138+26 67.5+4.6
AzZTEC 11-S  204.1 +88.0 132+26 99.6+4.8
AzZTEC 12 281.5+787 98+16 525+52
AzTEC 15 <2241 <32 27.9+6.9
AzTEC 17a <258.3 68+13 408+44
AzTEC 19a <241.2 78+12 453+5.0
AzTEC 21a  258.1 +88.1 <44 25.7+79
AzTEC 21b <264.6 <44 <6.9
AzTEC24b 2294 +89.7 63+13 37.6+4.7
AzTEC 27 221.7 £ 85.7 <43 126 +4.8

Notes. Apart from AzZTEC 21b, only sources that are detected in at least one of these three frequency bands are listed. A 30 upper limit is reported
for non-detections.  The value of S 3,5y, refers to the peak surface brightness value of the source in the 325 MHz GMRT-COSMOS mosaic
(angular resolution 107776 x 9749; A. Karim et al., in prep.). AZTEC 5, 8, and 11 each have two radio components at 1.4 and 3 GHz (see Paper II),
which are blended in the large GMRT beam FWHM. To estimate the S 355 uu, values of these components, we divided up the observed flux density
in the same proportion as that seen in the 1.4 GHz data. ® The values of S | 4, were taken from the COSMOS VLA Deep Catalogue May 2010
(Schinnerer et al. 2010) except for AZTEC 1, 8, and 11, for which we use the values from Paper II (Table 4 therein). © The 3 GHz flux densities

are adopted from Paper II (Table 2 therein).

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

B.1. Revised redshifts

AZTEC 17a was previously thought to lie at a spectroscopic red-
shift of zgpee = 0.834 (see Paper I, and references therein) and,
hence, to be the lowest-redshift SMG in our sample. However,
the source SED, which was constructed assuming this redshift,
showed that the Herschel flux density upper limits were incon-
sistent with the best-fit SED model; this suggests that the redshift
was underestimated.

The different redshift estimates for AzZTEC 17a were dis-
cussed in Appendix C of Paper I. A spec-z of zg,ec = 0.834 for
AZTEC 17a s reported to be very secure in the COSMOS spec-z
catalogue (M. Salvato et al., in prep.), but our initial SED fit sug-
gested that the SMG redshift is higher. Here, we have adopted a
redshift of zpne = 2.96700¢ reported in the COSMOS2015 cat-
alogue (Laigle et al. 2016) for the source ID835094, which lies
1734 away from the PdBI 1.3 mm peak position of AzZTEC 17a.
We note that, although it is lying outside the area covered
by the slit used for the spectroscopic measurements towards
AzTEC 17a, there is a galaxy (ID836198) lying 1”77 NW of the
PdBI 1.3 mm peak of AZTEC 17a (see Fig. E.1 in Paper I). A
likely zgpec value of zgpee = 0.78792 (quality flag 2) is reported for
this galaxy in the COSMOS spec-z catalogue (M. Salvato et al.,
in prep.), while the COSMOS2015 catalogue (Laigle et al. 2016)

gives a photo-z value of zpe = 0. 70*88}, in fairly good agree-

ment with the corresponding spec-z. Hence, it seems possible
that the spectroscopic redshift measurement towards AzZTEC 17a
was contaminated by radiation from this foreground galaxy.

Moreover, the redshifts of AzTEC 4, 5, 9, 12, 15, and 24b
were recomputed using the COSMOS2015 photometric cata-
logue (Laigle et al. 2016) as part of the redshift distribution anal-
ysis of the ALMA-detected ASTE/AzTEC SMGs (D. Brisbin
et al., in prep.).

For AzTEC 4, the nominal value of the updated redshift

of Zphot = 1. 80*> is is much lower than the previous estimate

_0.61
(Zphot = 4.93*017; SmolCi¢ et al. 2012), but the photometric red-

shift of this source suffers from very large uncertainties.
In the case of AZTEC 5, the updated redshift of zphot =
3.70*073 is consistent with the previous value within the uncer-

~0.53
tainties (Zphot = 3.057033: SmoICi¢ et al. 2012; see also Paper I).

For AZTEC 9, we derived a new photometrlc redshift of
Zphot = 4. 60”’8 g‘g A spec-z of zgpee = 1.357 has been mea-
sured for AZTEC 9, but it is based on a relatively weak spec-
trum (M. Salvato et al., in prep.), and is therefore uncertain.
Nevertheless, this spec-z is comparable to a photo-z of Zypet =
107+011 previously derived for AZTEC 9 by SmolCi¢ et al.
(2012) Also the COSMOS2015 catalogue (Laigle et al. 2016)
gives a secondary photo-z solution of zpho = 4.55 for a source
lying 0”788 from AzTEC 9 (ID763214). Moreover, Koprowski

et al. (2014) derived a redshift of zyne = 4.85702, which was
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based on a K-band counterpart lying 0”767 away from the SMA
890 um position of AzZTEC 9. The latter two redshifts are com-
parable to our new value.

The updated photometric redshift that we obtained for
AZTEC 12, zpnoy = 2907031 s slightly higher than the previ-

-0.18°
ous value of zZphot = 2.54%0-13 from Smol¢&ié et al. (2012).

-0.33

For AzTEC 15, the updated redshift of zphey = 2.80&‘; is
somewhat lower than the previous estimate (zpnor = 3.17%933;
Smolcic et al. 2012), but the large associated uncertainties make
the two consistent with each other.

Finally, for AZTEC 24b, we computed a redshift of zype =
1.90f8‘£ on the basis of a new counterpart identification enabled
by our new ALMA data (cf. Paper I). Our PdBI 1.3 mm source
AZTEC 24b lies 2”/55 NE of a 1.3 mm detected ALMA SMG
(M. Aravena et al., in prep.). We can attribute this nominally
large offset to the poorer quality of the PdBI data than the corre-
sponding ALMA data.

B.2. Spectral energy distribution fits of other sources

In Fig. B.1, we show the SED fits for AzZTEC 2, 6, 11-N, 19b,
and 26a. In the case of AZTEC 2, the lack of UV/optical to
NIR data does not allow a meaningful MAGPHYS fit, and hence
the derived properties, such as the stellar mass, could not be
constrained. Moreover, AZTEC 2 might lie at a higher red-
shift than zgec = 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
AZTEC 6 is also uncertain. As shown in Fig. B.1, the assump-
tion that the SMG lies at zspec = 0.802 does not yield a satisfying
SED fit, but it rather suggests a higher redshift (cf. AZTEC 17a).
Indeed, a non-detection of AzZTEC 6 at 1.4 GHz suggests a
redshift of z > 3.52 (Paper I). For AZTEC 11-N, the optical
to NIR photometry was manually extracted from the ALMA
1.3 mm peak position owing to the nearby source AzTEC 11-
S. However, no reasonable SED fit could be obtained for this
source. The derived SED fits for AZTEC 19b and 26a are also
poor. Given that AZTEC 19b was identified at the border of the
PdBI primary beam, and the counterpart of AzZTEC 26a lies 0794
away from the PdBI emission peak (Paper I), these sources are
potentially spurious.

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; AzTEC 24a 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

AzTEC 1-30, only up to 5 appear to be resolved into multi-
ple components at an angular resolution of about 2” (AzTEC 29
being an uncertain case; Paper I). This suggests a revised multi-
plicity fraction of ~17% + 7% among our target SMGs. The re-
vised sample mean and median redshifts are z = 3.19 + 0.21 and
3.00+0.26, respectively; these redshifts are consistent 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
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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 of each
panel. The red points with vertical error bars represent the observed
photometric data, while those with downwards pointing arrows indicate
the 30 upper flux density limits. The blue line is the best-fit MAGPHYS
model SED from the high-z library.

SMGs, the median 3 GHz major axis FWHM is derived to be
4.2 + 1.1 kpc (4.1 £+ 1.0 kpc) for the cosmology adopted therein
(in the present work), which is the same as reported in Paper 11
(4.2 + 0.9 kpe).

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 Smolci¢ et al. (2012;
AZTEC 1), Magnelli et al. (2012; AzZTEC 2, 3, 5, 11-N, and
17a), Casey et al. (2013; AzTEC 2, 5, 9, 19a, 22, 28), Toft et al.
(2014; 10 sources among AzTEC 1-15), Huang et al. (2014;
AZTEC 1 and 3), Koprowski et al. (2014; 11 sources among
AzTEC 1-15), Smolci¢ et al. (2015; AzZTEC 1 and 3), Yuan et al.
(2015; AzZTEC 1), and Yun et al. (2015; AzTEC 1). We note that
only Smolci¢ et al. (2015) used the MAGPHYS code in their study,
although these authors used different priors than we used (see
below), and hence a direct comparison with the aforementioned
studies is not feasible. Toft et al. (2014) also used MAGPHYS to
derive one of the physical parameters of their SMGs, namely the
stellar mass. Moreover, Smolci¢ et al. (2011, 2015), Toft et al.
(2014), and Huang et al. (2014) used a redshift of z = 4.64 for
AZzTEC 1, but its revised spectroscopic redshift is zgpec = 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
meaningful MAGPHYS SED for AzTEC 2 and AzTEC 11-N,
Magnelli et al. (2012) used a modified blackbody (MBB) fitting
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method to derive the dust properties of these sources. Out of the
five common SMGs to our parent sample, Magnelli et al. (2012)
used the same redshift for three sources as we used. The two
exceptions are AZTEC 5 and AzTEC 17a, for which they used
z = 4.0 and z = 0.8, instead of the values zphor = 3.707073 and

-0.53
Zphot = 2.96f8:82 that we used. We also note that no interfero-
metric (sub)mm observations of AzZTEC 17 existed at the time
of the study by Magnelli et al. (2012). Based on their single-
T MBB fitting (8 = 1.5), Magnelli et al. (2012) derived the
dust temperature values of Tqyq = 53 =3 K and 57 + 4 K for
AZTEC 3 and 5, respectively. Within the uncertainties, the T gy

values for AZTEC 3 and 5 are comparable to ours (66.0f§j and

48.73:? K, respectively) although the values were derived us-
ing different methods (and the redshift for AZTEC 5 was slightly
different). Our IR luminosities 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 AZTEC 3 and 5 are 4.2 and 2.8 times
higher than the corresponding Magnelli et al. (2012) values. One
reason for these discrepancies is probably that Magnelli et al.
(2012) did not use the SPIRE 500 um flux density in their SED
analysis. For the above comparisons, we have taken into account
the fact that Magnelli et al. (2012) assumed a dust opacity value
of kgsoum = 1.5 cm? g‘l, which is 1.95 times larger than the
850 pm dust opacity of kgsoum = 0.77 cm® g~! adopted in our
MAGPHYS analysis.

Casey et al. (2013). These authors used MBB SED fitting
combined with a mid-IR power law (see their Eq. (3)). For
AZzTEC 2 they used a photo-z of zphot = 0.34f8:8}, which is lower
than the spec-z of zgpec = 1.125 (M. BalokoviC 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 AzZTEC 2
(see e.g. Fig. E.1 in Paper I). For AzTEC 9, Casey et al. (2013)

adopted a redshift of zpno, = 1.377042, i.e. 3.367 113 times lower

than the value of zphot = 4.6Of8:‘5‘§ we derived. For AZTEC 19a,

Casey et al. (2013) adopted a redshift of zpno = 2.86703¢, while
in Paper I, where we employed the first millimetre interfero-
metric observations towards this source, we derived a photo-z
of Zpnot = 3.20*01%. The SCUBA-2 sources that Casey et al.
(2013) detected towards AzTC22 and AzTEC 28, and for which
they derived the SEDs, lie 7795 and 7”791 away from our PdBI
1.3 mm detections, respectively (Paper I). In Paper I, we found
that AZTEC 22 and AzZTEC 28 have no optical, IR, or radio coun-
terparts. We do not compare the SED results here for the afore-
mentioned reasons.

Toft et al. (2014). These authors used zgpee = 3.971 as the
redshift of AzZTEC 5. 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 zZphor = 3.707013.
For AzTEC 11-S, Toft et al. (2014) used a redshift of z > 2.58,
but it probably lies at zgee = 1.599 (see Table 1). Although
the SEDs of AZTEC 13 and 14-E have not been analysed here,
we note that the lower z limits adopted by Toft et al. (2014)
for AzZTEC 13 (z > 3.59) and 14-E (z > 3.03) are compara-
ble to ours (z > 4.07 and z > 2.95, respectively). Here, we
only compare the SED results for AzTEC 3, 5, 8, 10, and 15,
in whics 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 AzZTEC 15,
for which the discrepancy in the assumed redshift is the largest
(factor of 1.13). The dust masses we 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, the authors reported.

Huang et al. (2014). Based on MBB fitting, Huang et al.
(2014) derived the values of Tyt = 79 = 7 K, Mgyst = 4.6f8:§ X
10° Mo, and Lpg = 1.5%)¢ x 10" L, for AZTEC 3 (see their
Table 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 of k»s0,m = 5.1 cm* g7!,
while our corresponding value would be 4.8 cm? g~! (assuming
B = 1.5). Our dust temperature of 66.0f§:}‘ K for AzTEC 3 is

lower than the Huang et al. (2014) value by a factor of 1.2f8'g,
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 0.4f8:‘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 of Lpr = 0.34 X Lig =
9.4%02 % 10" L, is 0.7*04 times their value, and hence in fairly
good agreement within the uncertainties. Huang et al. (2014)
also derived the gpr parameter for AZTEC 1 and 3 (but an old
redshift value for AZTEC 1 was used as mentioned above). They
report the values of ggr = 2.25 + 0.29 and gpr > 2.15, re-
spectively. Our corresponding values for AZTEC 1 and 3 are
grr = 2.10 £ 0.17 and ggr = 1.67 £ 0.17, where the AzTEC 1
value is comparable within the uncertainties despite the different
redshift used, but for AZTEC 3 the value we derived is inconsis-

tent with the Huang et al. (2014) lower limit.

Koprowski et al. (2014). These authors derived stellar masses
for SMGs among AzTEC 1-15 (besides the photo-z values,
which was the main purpose of their study; see their Table 5).
They used the HYPERZ code (Bolzonella et al. 2000) and as-
sumed a Chabrier (2003) IMF. In all the other cases except
AzZTEC 4, 5,7, 10, 12, and 15 the photo-z values derived by the
authors are close enough to our adopted redshift values (within
a factor of 1.03) that we can make a reasonable comparison be-
tween the stellar masses they obtained and those that we derived.
The comparison of the stellar masses for AzTEC 1, 3, 8, and
11-S showed that our values are 0.4 to 1.1 (mean = 0.8, me-
dian = 0.8) times the values reported by Koprowski et al. (2014),
and the average agreement is fairly good.

Smolci¢ et al. (2015). The most direct comparison we can
make is with the MAGPHYS SED of AZTEC 3 from Smol¢ié
et al. (2015), but as the prior model libraries they used 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
we 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
corresponding values from Smol¢i¢ et al. (2015) are found to be
0.6, 2.7, and 0.3, respectively. They also used a MBB fit to de-
rive a dust temperature of 43.5 = 11.5 K for AzZTEC 3, which
is lower than our MAGPHYS-based value of Ty = 66.073) K
and is also significantly lower than the Huang et al. (2014)
value. For comparison, Smol¢i¢ et al. (2015) calculated the to-
tal IR luminosity 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*7 times those we have derived, respectively. Smol€i¢
et al. (2015) also derived the values of “;'245(1}\/1[{}%2’ a?g’gi{z, and
gtir for AZTEC 1 and 3. For AzTEC 1 the radio SED was fit
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using a broken power-law function with a};:qH% = —1.24 £0.28
and a?‘fgﬁz = —0.90 + 0.46 (the plus and minus signs are re-

versed here to correspond to our definition of @), which are
fairly similar to the present single power-law spectral index of
—0.97 £ 0.37. For AzTEC 3, the aforementioned indices were de-
rivedtobe @ < —1.54 and @ > —0.09, both of which are inconsis-
tent 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.
A grir value of 2.24 + 0.18 derived for AzTEC 1 is very similar
to the present value of grir = 2.19 + 0.17 despite the differences
in the analysis (e.g. a different redshift was used). Similarly to
Huang et al. (2014), a lower limit of gTjg > 1.86 was reported for
AzTEC 3. This is consistent with a value of gpig = 2.14 + 0.17
derived in the present work, but the non-detection of AzTEC 3
at 1.4 GHz means that the spectral index between 325 MHz and
1.4 GHz used in the g calculation by Smol¢i¢ et al. (2015) is
only an upper limit (cf. Fig. 2 herein). When this spectral index
steepens, the rest-frame L; 4 gy, increases, and hence the g value
should be an upper limit.

Yuan et al. (2015). These authors included AzTEC 1 in their
study of Herschel-detected high-z galaxies. They derived a IR lu-
minosity of 2.0 x 10" L, using Dale & Helou (Dale & Helou
2002) template fitting, which is about 23% higher than our value.

Yun et al. (2015). These authors revisited the SED of
AZTEC 1 analysed by Smolci¢ et al. (2011), but they utilised the
correct redshift and added the new Herschel/SPIRE and SMA
345 GHz (Agps = 870 um) photometric data. The observed SED
was analysed using three different methods: (i) a MBB fitting;
(i1) a starburst SED model from Efstathiou et al. (2000); and (iii)
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 a
Lig value of 1.5x10'3 L, which is even more similar to our value
(LI‘l{{‘n /LR = 0.92). For comparison, the mass-weighted (stellar
population) age of AZTEC 1 given by our MAGPHYS analysis,
34 Myr, is 1.3 times less than the aforementioned starburst age.
Also, their best-fit GRASIL SED model provided a Ljg value,
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) X 10" Mo, is 5.17;% times higher
than ours. '

Appendix D: The nature of the high-z SMGs
AzTEC 1 and AzTEC 3

In this section, we revisit and discuss some of the ISM and star
formation characteristics of AZTEC 1 and AzTEC 3 in more de-
tail. A summary of the physical properties discussed below is
given in Table D.1.

D.1. AzTEC 1, a compact starburst at z = 4.3

Besides spectroscopically confirming the redshift of AzZTEC 1
to be zgpee = 4.3415 (through their A = 158 um [C1I] obser-
vations with the SMA), Yun et al. (2015) derived a molecular
gas mass of My,s ¥ My, = (1.4 £0.2) x 10" M, for this SMG
using the CO(4 — 3) data obtained with the Large Millimetre
Telescope (LMT). Using the dust and stellar masses we de-
rived, we obtain a gas-to-dust mass ratio of dggr = Mas/Myuse =
90*%3, and a gas fraction of fys = Mgas/(Mgas + My) = 65%.
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Table D.1. Physical characteristics of AzZTEC 1 and AzTEC 3.

Parameter AZTEC 1 AzTEC 3
Zspec 4.3415 5.298
Mgy [Ms]" (14+02)x 10" 53x10"
O = Mgas/Maust” 90*% 33r38
Seas = Mgas/(Mgas + M) 65% 37%
Licm/Lir? 0.0005+0:9001 0.0002+0.900!
Touild = Mytar/SFR [Myr] 472 3272
Taep = Mgas/SFR [Myr] 86%13 19}
SFE = SFR/My,, [Gyr™'] 1272 52!
SFE = Lir /Mgs [Lo M;'] 11622 520%12
Mayn [Mo]° 1.5 % 10" x (sin i) 1.4 x 10!
ok = SFRJA [Mo yr™' kpe™2)/ 2975 1148753
Sk = Lir/A [10'? Lo kpe 2}/ 3.0102 11513

Notes. @ The gas mass of AZTEC 1 was adopted from Yun et al. (2015),
while that of AzTEC 3 is from Riechers et al. (2010). A ULIRG-type
conversion factor of aco = 0.8 My (K km s™! pc?)~! was assumed in
the calculation. ®* The gas-to-dust mass ratio based on our new dust
mass value. © The gas fraction based on our new stellar mass value.
@ The [C11] luminosity for AzZTEC 1 was taken from Yun et al. (2015),
while that for AZTEC 3 was taken from Riechers et al. (2014). ©® The
dynamical mass of AZTEC 1 is modified from Yun et al. (2015), while
that of AZTEC 3 is taken from Riechers et al. (2014). ¥ The area A is
defined by A = 1 X FWHM /2 X FWHM i1, /2.

We note that Yun et al. (2015) assumed a value of aco =
0.8 My (K km s~ pc?)~! for the conversion factor from CO
line luminosity to molecular gas mass. The [C1I] fine-structure
line luminosity of Licy = (7.8 + 1.1) x 10° L reported by
Yun et al. (2015) suggests a molecular gas mass of Mg, ~
5.4-10.7 x 10'° M, (see Swinbank et al. 2012, and references
therein), where the highest value is close to the aforementioned
CO-based estimate. Yun et al. (2015) concluded that AzTEC 1
is one of the most [C1I] deficient objects known and, using our
new IR luminosity value, we derive a very low Ljc /L ratio of
0.0005+0-0001
~0.0001

Assuming that AZTEC 1 has sustained its current SFR con-
tinuously, we can estimate its characteristic stellar mass build-up
timescale to be Tyuilq = Mstar/SFR = sSFR™! ~ 473 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 is a factor of 1.4f8_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 timescale of 7gep =
Mgas/SFR =~ 8632 Myr. Hence, Tpyq = 0.5”_’8:% X Tgep. YUN
et al. (2015) also concluded that Tpyjig ~ Tgep for AZTEC 1, and
they suggested that the stellar content of this SMG could have
been fully built up during the current starburst phenomenon.
The value of 74, can be used to calculate the star formation

efficiency as SFE = SFR/Mg,, = T;elp. We obtain a value of

SFE = 12“_’% Gyr~'. The Eddington-limited SFE is believed to
be SFE = Lir/Mgs = 500 Lo Mgl, 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
AZTEC 1, we derive a value of SFE = 116*33 L, M', which is

a factor of 4.3*3% lower than the Eddington limit determined by

the aforementioned negative feedback. However, if star forma-
tion is proceeding in compact, individual regions, those regions
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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 (deconvolved

FWHM at deq = 163 um) of AZTEC 1 to be 0739*00! x

~0.01
0731*901, which is based on ALMA 870 um observations men-

tioned in Sect. 2.2. This corresponds to a physical extent of
2.6f8:(1) X 2.1’:8:(1) kpc?. Based on a dynamical mass analysis
(Mayn = M, + My, if the dark matter contribution is not impor-
tant), Yun et al. (2015) concluded that the gas disk of AzZTEC 1
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 AzZTEC 1 to re-
calculate the dynamical mass from Yun et al. (2015), we obtain
Mgy = 1.5 x 10" M, x (sin i)~2, which implies a similar con-
straint on the inclination angle, namely i < 16°. Yun et al. (2015)
pointed out that the nearly face-on orientation of AzZTEC 1 of-
fers a natural explanation for this SMG being so bright in the
optical bands. The fact that the ALMA-based FIR size obeys
Omin = 0.79 X Oy 1s in fairly good agreement with the conclu-
sion of AzZTEC 1 being seen nearly face-on: for a simple disk-
like geometry, Omin = Omaj X cos(i), which yields i = 37%4, i.e.
about a factor of 2.3 larger inclination angle than the upper limit
that we obtain from the dynamical mass constraint. Besides the
intrinsic uncertainties in the mass estimates, some of this dis-
crepancy can be partly caused by the fact that Yun et al. (2015)
used the [C11] linewidth to calculate the rotation velocity of the
disk, while the region responsible for the FIR continuum emis-
sion is probably more compact and can have a somewhat differ-
ent tilt angle (cf. Riechers et al. 2014; see also Paper II; and O.
Miettinen et al., in prep.). For comparison, the 3 GHz radio size
of AZTEC 1 obeys 6pin =~ 0.64 X 0y, (Paper II), which suggests
i = 50¢°1. The final stellar mass of AzZTEC 1 can be estimated to
be My fina = My + Mgas = Mgy ~ 2.2 X 10" M, assuming that
the galaxy does not undergo gas replenishment by accreting from
the circumgalactic and/or intergalactic medium and does not ex-
pel the existing gas out. In this scenario, AZTEC 1 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 of Zgpg = SFR/A = 37833 Mgy yr’1 kpc’z,
where the area is defined by A = 7 X FWHMy,;/2 X
FWHM i, /2. Our Xgpg value is a factor of 2.6’:8% below the
Eddington limit for a radiation pressure supported starburst of
T ~ 10° Mo yr! kpe™? (e.g. Andrews & Thompson 2011),
and is consistent with the aforementioned Eddington-limited
SFE comparison. Similarly, using our IR luminosity value, we
can derive a Lig surface density of g = Lir/A = 3.8%3 x
10'? Ly kpe™2. This value lies a factor of 2.6*)3 below the Lig
surface density expected for an optically thick starburst disk
(~10" Ly kpc™2; Thompson et al. 2005).

D.2. AzTEC 3, a compact, protocluster-member starburst
atz=5.3

AZTEC 3 is the best-studied, has the highest redshift, and is one
of the most peculiar SMGs in our sample. In Fig. D.1, we il-
lustrate the position of the foreground galaxy with respect to
AZTEC 3, which has probably contaminated the UV/optical pho-
tometry in previous studies (Smol¢i¢ 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 photometry and the Lyman continuum discontinu-
ity at At = 911.8 A in our initial SED analysis (cf. Fig. 4 in
2015). A visual inspection of the optical-NIR images towards

AzTEC3

Hubble/ACS I-band
+ 3 GHz contours

ID850535
z=1.04

Fig. D.1. Hubble/ACS F814W (I-band) image towards AzTEC 3 shown
with a logarithmic colour scaling, overlaid with contours showing the
3 GHz radio emission (starting at 30~ and increasing in steps of 1o
see Paper II). The foreground galaxy, seen 0”4 to the SE of the SMA
890 um position of AzZTEC 3 (indicated with a green circle; see Younger

et al. 2007), lies at Zpho, = 1.04*55.

AZTEC 3 suggests that NIR emission at and longwards of the
Y band (s = 1620 A) can be (partly) attributed to the SMG,
while the shorter wavelength emission is due to the aforemen-
tioned interloper. Below, we revisit some of the ISM and star
formation properties of AZTEC 3 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 of Mg = 5.3 X 10'° M, for AZTEC 3 (aco =
0.8 My (K km s~! pc?)~! was assumed). Using the dust and
stellar masses we derived, we obtain a gas-to-dust mass ratio
of Sear = Mgas/Maust = 3332, and a gas fraction of fys =
Mgas/(Mgas + My) =~ 37%. The [CII] luminosity reported by
Riechers et al. (2014), Licyy = (6.69 + 0.23) x 10° Ly, sug-
gests a molecular gas mass of Mg, ~ 5.2-8.3 x 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 [C1I]-
to-IR luminosity ratio for AzZTEC 3, Licy/Lir = 0.0002f8'000],
is even lower than for AzZTEC 1, and makes this SMG an object
with an extreme [C1I] deficiency.

Assuming that AZTEC 3 has sustained its current SFR con-
tinuously, its stellar mass building-up timescale iS Tyyiq =
Mor/SFR =~ 323 Myr, while the gas depletion timescale is
Tdep = Mgas/SFR ~ 19f(1) Myr. For comparison, the MAGPHYS-
based mass-weighted age of AzTEC 3 is about 22 Myr. A sim-
ilarly short gas consumption timescale (20-30 Myr) is found
for the z = 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) that is similar to AzTEC 3 (Capak et al.
2011). Given the Tyep/Touila ratio of ~0.6*!, we derive for
AzZTEC 3, its present stellar mass could have been fully built up
during the current starburst episode, as concluded for AzTEC 1
above. The value of SFE = SFR/Mg,, = T(;elp for AzTEC 3 is
SFE = 52*] Gyr™', and SFE = Lig /Mg, = 520%}3 Lo M;'. The
latter is consistent with the aforementioned Eddington limit of
SFEE4q = 500 Lo, M.

Based on ALMA A,y = 158 um [CII] observations,
Riechers et al. (2014) derived a dynamical mass of Mgy, =
9.7 x 10'° M, for AzTEC 3. We can use the aforementioned
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gas mass and our new stellar mass to estimate the dynamical
mass as Mayn =~ Mgas + M, ~ 1.4 X 10! M. This is only about
1.4 times higher than the [C I1]-based value from Riechers et al.
(2014) and, given the uncertainty in the mass values, this dis-
crepancy does not seem very significant. The final stellar mass of
AZTEC 3 can be estimated to be My final = My + Mgas = Mayn ~
1.4 x 10" M, and as found for AzZTEC 1 above, AzTEC 3
could evolve into a massive elliptical galaxy in the present-day
Universe.

The continuum size at Agps = 1 mm (Aree = 159 pum) derived
for AZTEC 3 by Riechers et al. (2014) through their ALMA
observations is 07407001 x 0717003 (deconvolved FWHM).
This corresponds to a physical rest-frame FIR FWHM size of
2.4f8§ X I.Of(l):g kpc?. Using this size scale, we derive a SFR

surface density of Zgpg = SFR/A = 14611?2 Mo yr~! kpc2,
where the nominal value is 2.8 times higher than reported
by Riechers et al. (2014; 530 M, yr~' kpc™?). Our Zgpg
value is consistent with the Eddington limit for a radiation-
pressure supported starburst of TEed 10° Mg yr~' kpc™
(e.g. Andrews & Thompson 2011), and is hence in agreement
with the aforementioned Eddington-limited SFE comparison.
Similarly, using our IR luminosity value, we can derive a

Lir surface density of g = Lir/A = 1.5f81é x 108 Ly kpc™2.
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This value is similar to that expected for an optically thick star-
burst disk (~10'3 Ly, kpc~2; Thompson et al. 2005). Besides the
compact FIR size derived by Riechers et al. (2014), the high dust
temperature we derived for AZTEC 3, Tauy = 66.0%3) 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). We searched for a cor-
relation between the 3 GHz radio size and the MAGPHYS-based
dust temperature among our SMGs, but only a weak relationship
was found (the Pearson correlation coefficient was found to be
r = —0.28, while 0 implies no correlation).

In their study of AzZTEC 3, 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~! and a top-heavy IMF. We
note that the dust mass they adopted in their analysis, Mg, =
(2 £ 1) x 10° Mo, is only 1.2*53 times higher than the value
we derived, but an upper limit of <5 x 10' M, to the stellar
mass they assumed is lower than the value of M, = 8.9 x
10'0 M., we derived. Since AZTEC 3 is seen when the Universe
was just 1.07 Gyr old, the high dust mass we derived for this
source suggests an efficient dust production, but inefficient dust
destruction, by supernovae (cf. the “dust-budget crisis” in high-z
SMGs; Rowlands et al. 2014b).
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