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ABSTRACT

We investigate the physical properties of a sample of six submillimeter galaxies (SMGs) in the COSMOS field, spectroscopically
confirmed to lie at redshifts z > 4. While the redshifts for four of these SMGs were previously known, we present here two newly
discovered zgec > 4 SMGs. For our analysis we employ the rich (X-ray to radio) COSMOS multi-wavelength datasets. In particular,
we use new data from the Giant Meterwave Radio Telescope (GMRT) 325 MHz and 3 GHz Jansky Very Large Array (VLA) to probe
the rest-frame 1.4 GHz emission at z = 4, and to estimate the sizes of the star formation regions of these sources, respectively. We find
that only one SMG is clearly resolved at a resolution of 076 x (0”7 at 3 GHz, two may be marginally resolved, while the remaining
three SMGs are unresolved at this resolution. Combining this with sizes from high-resolution (sub-)mm observations available in the
literature for AzZTEC 1 and AzTEC 3 we infer a median radio-emitting size for our z > 4 SMGs of (0763 + 0712) x (0/35 + 0705)
or4.1 x 2.3 kpc? (major X minor axis; assuming z = 4.5) or lower if we take the two marginally resolved SMGs as unresolved. This
is consistent with the sizes of star formation regions in lower-redshift SMGs, and local normal galaxies, yet higher than the sizes of
star formation regions of local ultraluminous infrared galaxies (ULIRGs). Our SMG sample consists of a fair mix of compact and
more clumpy systems with multiple, perhaps merging, components. With an average formation time of ~280 Myr, as derived through
modeling of the UV IR spectral energy distributions, the studied SMGs are young systems. The average stellar mass, dust temperature,
and IR luminosity we derive are M, ~ 1.4 x 10" Mg, Taus ~ 43 K, and Lig ~ 1.3 X 10" L, respectively. The average Lig is up
to an order of magnitude higher than for SMGs at lower redshifts. Our SMGs follow the correlation between dust temperature and
IR luminosity as derived for Herschel-selected 0.1 < z < 2 galaxies. We study the IR-radio correlation for our sources and find a
deviation from that derived for z < 3 ULIRGs ({(gir) = 1.95 + 0.26 for our sample, compared to g =~ 2.6 for IR luminous galaxies
at z < 2). In summary, we find that the physical properties derived for our z > 4 SMGs put them at the high end of the Lir—Tqus
distribution of SMGs, and that our SMGs form a morphologically heterogeneous sample. Thus, additional in-depth analyses of large,
statistical samples of high-redshift SMGs are needed to fully understand their role in galaxy formation and evolution.
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1. Introduction

With extreme star formation rates (SFRs) of ~10° M, yr~! (e.g.,
Blain et al. 2002) (sub-)millimeter-selected galaxies (SMGs)
trace a phase of the most intense stellar mass build-up in cosmic
history.

Although they were not originally thought to exist in large
quantities (e.g., Chapman et al. 2005), new submillimeter galax-
ies at z > 4 are now being identified at a steady pace (Capak et al.
2008, 2011; Daddi et al. 2009a,b; Coppin et al. 2009; Knudsen
et al. 2010; Riechers et al. 2010; Smolci¢ et al. 2011; Carilli et al.
2011; Cox et al. 2011; Combes et al. 2012; Walter et al. 2012;
Riechers et al. 2013). It has been demonstrated that a longer-
wavelength selection of the population introduces a bias toward
higher redshifts because for a fixed temperature the SED dust
peak occurs at longer observed wavelength bands for higher red-
shifts (Smolcic et al. 2012; Weil3 et al. 2013; Casey et al. 2013;
Dowell et al. 2014; Simpson et al. 2014a; Swinbank et al. 2014;
Zavala et al. 2014). Furthermore, the recent emergence of statis-
tical samples of SMGs with accurate counterparts and redshifts
has allowed us to quantitatively put SMGs in the context of mas-
sive galaxy formation (e.g., Toft et al. 2014). Based on various
arguments, such as redshift distributions, surface density, max-
imal starburst, stellar mass, and effective radius considerations,
Toft et al. (2014) have presented a link between z > 3 SMGs and
the population of compact, quiescent galaxies at z ~ 2, implying
that the former are the progenitors of the latter population.

Studies in recent years have made tremendous progress
in disentangling the single-dish selected SMG population.
Observational studies of large samples at improved spatial res-
olution (e.g., Younger et al. 2007, 2009; Smolcic¢ et al. 2012;
Hodge et al. 2013) as well as in-depth studies of carefully-
selected examples (e.g., Tacconi et al. 2006, 2008; Engel et al.
2010; Riechers etal. 2011, 2013,2014; Ivison et al. 2011; Hodge
et al. 2012; De Breuck et al. 2014) have revealed that these
enigmatic systems appear to entail a mix of merger-induced
starbursts, physically unrelated pairs or multiples of galaxies
blended in the large single-dish beams (FWHM ~ 10”-30""), or
even extended, isolated disk galaxies; (see Hayward et al. 2012).
However, the fractional contribution of these different popula-
tions, as well as their dependence on submillimeter flux, redshift,
or the wavelength of selection remain subject to further study.
Moreover, it remains unclear to what degree the most distant
examples identified at z > 4 are driven by different mechanisms
than the more typical z ~ 2 SMGs, and thus, if they may partially
represent a different population (e.g., Daddi et al. 2009a; Capak
et al. 2011). This highlights the importance of defining well-
selected samples of SMGs at a range of submillimeter fluxes and
at different redshifts, in particular at the highest redshifts (z > 4),
where serendipity played an important role in the identification
of a significant fraction of the few systems known (e.g., Daddi
et al. 2009a,b).

Michatowski et al. (2010) modeled the UV to radio spectral
energy distributions (SEDs) of six spectroscopically confirmed
SMGs at z > 4. They found SFRs, stellar and dust masses, ex-
tinction and gas-to-dust mass ratios consistent with those for
SMGs at 1.7 < z < 3.6. They also found that the infrared (IR)-to-
radio luminosity ratios for SMGs do not change on average up
to z ~ 5, yet that they are on average a factor of ~2.1 lower
than those inferred for local galaxies (see also, e.g., Kovacs
et al. 2006; Murphy 2009). Barger et al. (2012), based on their
complete sample of SCUBA 850 um sources in GOODS-N
brighter than 3 mJy, found that their SMGs obey the local far-
infrared (FIR)-radio correlation. Recently, Huang et al. (2014)
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performed an analysis of the SEDs in the IR (using Spitzer and
Herschel data) for seven bright, publicly available SMGs, spec-
troscopically confirmed to lie at z > 4 and drawn from various
fields!. They find a FIR-radio luminosity ratio lower than that
found locally. They find that their SMGs at z > 4 are hotter and
more luminous in the IR, but otherwise similar to SMGs at z ~ 2.

Here we present an analysis of the physical properties of a
sample of six 4.3 < z < 5.5 SMGs with spectroscopic red-
shifts drawn from the Cosmic Evolution Survey (COSMOS)
field (AzTEC1, AzTEC3, AzTEC/C159, AKO03, Vd-17871,
and J1000+0234). This represents the currently largest sample
of z> 4 SMGs, drawn from a single field with rich, and uni-
form multi-wavelength coverage. The SMGs were identified via
dedicated follow-up observations of high-redshift SMG candi-
dates in the COSMOS field using (sub)mm bolometers (AzTEC,
MAMBO) and interferometers (PdBI, SMA, CARMA), as
well as optical/mm-spectroscopy (Keck II/DEep Imaging Multi-
Object Spectrograph (DEIMOS), PdBI; Capak et al. 2008, 2011;
Schinnerer et al. 2008; Riechers et al. 2010; Smolci¢ et al. 2011;
this work). While the sources AzZTEC1, AzTEC3, J1000+0234,
and Vd-17871 have already been analyzed and discussed in de-
tail elsewhere (Capak et al. 2008, 2011; Schinnerer et al. 2008;
Riechers et al. 2010; Smolcié et al. 2011; Riechers et al. 2014,
Karim et al., in prep.), here we present two more COSMOS
SMGs at z > 4 (AzTEC/C159 and AKO03). The basic proper-
ties of the sources are listed in Table 1, their multi-wavelength
stamps are shown in Fig. 1, and notes on individual sources
are given in Sect. 2. In Sect. 3 we describe the ancillary data
available. In Sect. 4 we analyze SEDs of our z > 4 SMGs. We
discuss our results in Sect. 5, and summarize them in Sect. 6.
For the Hubble constant, matter density, and dark energy den-
sity we adopt the values Hy = 70 km s™! Mpc™!, Qu = 0.3,
and Q, = 0.7, respectively, and use a Chabrier (2003) initial
mass function (IMF).

2. Sample: notes on individual sources

— AZTECI was initially detected in the JCMT/AZTEC 1.1 mm
survey reaching an angular resolution of 18” over a 0.3 deg?.
area in the COSMOS field (Scott et al. 2008)%. It has
a statistically corrected deboosted 1.1 mm flux density
of 9.3 + 1.3 mJy (the deboosting factor is ~1.2). The multi-
wavelength counterpart to the millimeter source has been
identified via higher resolution (2"") follow-up at 890 um
with the SMA (Younger et al. 2007). Combining the
COSMOS multi-wavelength photometry with the Keck II
DEIMOS spectrum obtained for AzZTEC1, Smolci¢ et al.
(2011) inferred a redshift of z = 4.64*(:%% for the source,
with a possible second redshift solution at z ~ 4.4. The
source’s redshift has recently been spectroscopically deter-
mined based on detection of CO(4-3) and CO(5-4) transi-
tions with the Large Millimeter Telescope (LMT), and then
confirmed to be at z = 4.3415 based on a [C II] line detection
with the SMA (Yun et al., in prep). In an SMA follow-up
study at 0”2 resolution the source is unresolved (Younger
et al. 2008) implying an upper limit to the diameter of its
star formation region of <2 kpc.

' Five SMGs in their sample overlap with the sample analyzed
by Michatowski et al. (2010), and three with the sample presented
here (AzTEC 1, AzTEC 3, and J1000+0234).

2 All the sources in the paper by Scott et al. (2008) were iden-
tified from the central 0.15 deg® area with a uniform sensitivity

of ~1.3 mJy beam™".
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Table 1. The sample of spectroscopically confirmed z > 4 SMGs in the COSMOS field.

Source @2000.0 02000.0 Zspec S A Instruments
[°] [°] [mJy] [mm]
AzTEC1 149.92859  2.49394  4.640 93+ 1.3 1.1 JCMT/AzTEC, SMA, Keck II/DEIMOS
AzTEC3 150.08624  2.58903  5.298 59+ 13 1.1 JCMT/AZTEC, SMA, Keck II/DEIMOS
AZTEC/C159 149.87671 192432  4.569 33+ 1.3 1.1 ASTE/AZzTEC,VLA, Keck II/DEIMOS
J1000+0234  150.22717 2.57644  4.542 34 +£0.7 1.2 IRAM-30 m/MAMBO, PdBI, Keck II/DEIMOS
Vd-17871 150.36284  2.14883  4.622 25 +0.5 1.2 IRAM-30 m/MAMBO, PdBI, Keck II/DEIMOS, VLT/VIMOS
AKO03 150.07841  2.47061 4747 11.42 + 498 0.450 JCMT/SCUBAZ2, VLA, Keck II/DEIMOS

Notes. Column 6 gives the (sub)mm-wavelength used for initial identification of the source as an SMG, and the last column lists the instruments
used for initial (sub)mm-detection, and counterpart and redshift association.

— AZTEC3 was initially detected in the same survey by Scott breaks-up into two components, separated by 175. Karim

et al. (2008) as AzTECI, and its counterparts at other wave-
lengths were identified by Younger et al. (2007). The de-
boosted 1.1 mm flux density is 5.9 + 1.3 mJy (where the
deboosting factor is ~1.3). Based on Keck Il DEIMOS spec-
tra Capak et al. (2011) have shown that AZTEC3 is lo-
cated at a redshift of zge. = 5.298, and that it is associ-
ated with a proto-cluster at the same redshift. Follow-up ob-
servations with the VLA and PdBI (targeting CO 2-1, 5-4,
and 6-5; Riechers et al. 2010, 2014) revealed a large molec-
ular gas reservoir with a mass of 5.3 x 10'° (@co/0.8) Mg
(where aco is the CO luminosity-to-molecular gas mass con-
version factor). Riechers et al. (2014) find a deconvolved
[C11] size (FWHM) of 3.9 x 2.1 kpc?, 2.5 kpc in dust con-
tinuum, and a dynamical mass of 9.7 x 10' M. Detailed
modeling of the SEDs of the source (Dwek et al. 2011)
yielded that the dust contained in the source likely formed
over a period of ~200 Myr with a SFR of ~500 Mg yr~!
and a top-heavy IMF (the SFR can rise up to 1800 Mg yr!
if other scenarios are assumed; see Dwek et al. 2011, for
details).

J1000+0234 is a ~30 detection in the JCMT/AzTEC-
COSMOS map identified to lie at zgpee = 4.542 based on
its Keck II/DEIMOS spectrum (Capak et al. 2008), and fur-
ther CO follow-up with the VLA and PdBI (Schinnerer et al.
2008). Capak et al. (2008) have shown that the Ly« line
breaks into multiple, spatially separated components with an
observed velocity difference of up to 380 km s~! and that
the morphology of the source indicates a merger. Schinnerer
et al. (2008) report a molecular gas mass of 2.6 x 10'° M,
assuming a ultraluminous infrared galaxies (ULIRGs)-like
conversion factor and a dynamical mass of 1.1 x 10'' M,
assuming a merger scenario.

— AZTEC/C159 is a 3.70 detection in the ASTE/AzTEC-
COSMOS 1.1 mm survey of the inner COSMOS 1 deg?
(Aretxaga et al. 2011) located at azp000 = 09"59m29375,
020000 = +01°55’35”. Its deboosted 1.1 mm flux density
is 3.3 + 1.3 mJy (deboosted by a factor of ~1.5). Here we
associate it with a radio source within the AzTEC beam,
12" away from the centroid of the AzZTEC detection at 34"
resolution. A DEIMOS spectrum for this source yields a
spectroscopic redshift of zg,ec = 4.569 (see Sect. 3.4).
Vd-17871 has initially been identified as an Lyman-break
galaxy (LBG) exhibiting faint radio emission (consistent
with the properties of, e.g., AzZTEC1 and J1000+0234).
Subsequently it was followed up in the (sub-)millimeter
wavelength regime. It has been detected at 1.2 mm with
MAMBO on the IRAM 30m telescope (Karim et al.,
in prep.). Keck II/DEIMOS, VLT/VIMOS, and PdBI spec-
troscopy (Karim et al., in prep.) have shown that Vd-17871
is located at a redshift of Zgpec 4.622, and that it

et al. show that both components are at the same (spectro-
scopic) redshift, suggesting a galaxy merger.

— AKO3 has initially been identified as an LBG exhibiting

faint radio emission (consistent with the properties of, e.g.,
AzTECI1 and J1000+0234), and subsequently followed up
in the (sub-)millimeter wavelength regime. It is a 3.70" de-
tection in the SCUBA-2 450 um map (Casey et al. 2013,
their source 450.61), and a tentative, 30, detection in the
JCMT/AZTEC map (similar to J1000+0234; Scott et al.
2008; Yun, priv. comm.). The system, showing two com-
ponents with a projected separation of ~(0”9 in the optical,
lies 1”3 away from the SCUBA-2 source, and 7" away from
the position of the AzZTEC source. Given the ~18” (FWHM)
JCMT/AZTEC beam, the positional accuracy of the ten-
tative mm-source is ~6”, hence not ruling out an associ-
ation with the radio source (associated with the southern
component, for which a spectroscopic redshift is not avail-
able). A Keck II/DEIMOS spectrum of the northern com-
ponent of AKO3 (AKO03-N hereafter) puts it at a redshift
of Zspee = 4.747, while the southern component (AKO03-S
hereafter), detected also in the UltraVISTA NIR and ra-
dio maps, has a comparable photometric redshift. Following
the photometric-redshift computation described in detail in
Ilbert et al. (2009) for AK03-S (coincident with radio emis-
sion; see Fig. 1) we find a photometric redshift of z =
4.40 + 0.10 if galaxy templates (Ilbert et al. 2009) are used
or z = 4.65 + 0.10 if quasar templates (Salvato et al. 2009)
are employed. The y? statistics suggest a roughly equally
good fit for the galaxy and quasar libraries, and the errors
on the photometric redshift reported reflect the uncertain-
ties obtained via a comparison with spectroscopic redshifts.
Thus, the two (north and south) components of AKO3 may
be associated, and perhaps merging.

3. Multi-wavelength properties and data

COSMOS is an imaging and spectroscopic survey of an equa-
torial 2 deg? field (Scoville et al. 2007). It provides all ancil-
lary data needed for a detailed interpretation of our z > 4 SMG
sample given the deep ground- and space-based photometry in
more than 30 bands, from the X-rays to the radio (Scoville et al.
2007). The IR to radio photometric measurements for our SMGs
are reported in Tables 2—4, and the multi-wavelength data are
described in more detail below.

3.1. X-ray properties

The SMGs in our sample are located in an area of the COSMOS
field covered by deep (~160-190 ks) Chandra images, which
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Fig. 1. 10” x 10” cut-outs of our z > 4 COSMOS SMGs. Shown are the HST/ACS I-band (rest-frame UV) or the stacked HST/WFC3 bands from
CANDELS (PI: S. Faber; if available) overlaid with VLA 1.4 GHz radio continuum contours (levels: 2'c, where i = 1, 2, 3,..., and o is the local
rms), the Subaru V, r* and z* broad band filters as well as a stack of the NIR filters of the UltraVISTA survey (Y, J, H, K). Spitzer/IRAC 3.6 um
and MIPS 24 um contours (starting at 3o, in steps of 307) are overlaid onto each z* and UltraVISTA image, respectively. Spectroscopic redshifts
based on Lya diagnostics from Keck/DEIMOS observations targeting sources indicated by the large black cross are given in the fop left corner of
the leftmost panels.
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Table 2. Herschel PACS/SPIRE photometry for our z > 4 SMG sample.

Source N 100 ym N 160 um S250 pum S350 pm SSOO pm Flag*
[mly]  [mly] [mJy] (mJy] [mJy]
AzTECI <6.8 <13.6 19560 298 76 288 +9.0 1
AzTEC3 <6.8 <13.6 223 7.1 21.1 £ 7 <32.0 1
AZTEC/C159 <6.8 <13.6 62+ 19 <10.8 <20.4 2
J1000+0234 <6.8 <13.6 <15 <20.0 <30.0 3
Vd-17871 <6.8 <12.0 95 +20 123 +24 13.0 3.7 1
AKO3 < 6.8 <13.6 <8.0 <12.0 <20.0 1

Notes.  Flag = 1: secure FIR detections; Flag = 2: FIR detections are confused but stable; Flag = 3: FIR detections are strongly affected by

confusion. The quoted upper limits are 40

Table 3. Sub-mm to radio photometry for our z > 4 SMG sample.

Source Sg70 pm S 890 um S11 mm S12 mm S10 em $20 cm S90 em
[mJy] [mJy] [mJy] [mJy] [mJy] [yl [1Jy]
AZTEC1 126 +36 156+ 1.1 93+ 13 - 20.90 + 4.64 416 = 11.1 254.0 £ 79.7
AzTEC3 - 87+15 5913 - 27.51 + 4.36 <2947 279.3 + 88.2
AZTEC/C159 - - 33+ 13 - 53.73 £ 464 101.0 £ 10.0 306.5 + 77.8
J1000+0234 - - 34 + 0.7 - 22.37 + 4.51 47.1 £ 9.8 <239.6¢
Vd-17871 - - 42 + 13 25+05 2764 +448 64.0 + 10.0 230.0 =+ 71.4
AKO3 - - - 2627 £ 440 850 + 10.0  282.0 + 73.61
Notes. 3¢ upper limit.
Table 4. Radio properties of our z > 4 SMG sample.
Source size“ a3 Mz alt ot Li4 Gy Li4 g qr
[”] [WHz™] [WHz™]
AZTEC1 <0.7 1.24 £ 0.28 090 + 046 14+ 04 x 10® 12+ 04 x 10¥ 224 +0.18
AzTEC3 <0.7 >1.54 < 0.09 <3.1 x 10 1.8 + 0.6 x 10 >1.86
AzTEC/C159 094 x 046 0.76 £ 0.19 0.83 + 0.17 1.4 + 0.4 x 10 1.4 + 04 x 10® 171 = 0.16
J1000+0234 0.96 x <0.7¢ <1.11 0.98 + 0.38 <1.2 x 10% <1.1 x 10 >0.75
Vd-17871 <0.7 0.88 + 0.24 1.1 £0.3 1.1 £04 x 10® 1.1 £03 x 10  2.02 + 0.19
AKO3 0.60 x 0.41° 0.82 +£0.20 154 +027 14+ 04 x 10® 1.4+ 04 x 10¥ 1.66 + 0.28

Notes. @ Deconvolved major and minor axes or upper limit corresponding to the 076 x 077 synthesized beam at 3 GHz. ’ Calculated by

assuming a3 Mz

are part of the C-COSMOS (Elvis et al. 2009) and Chandra
COSMOS Legacy surveys (XVP; Civano et al., in prep.). None
of our SMGs is detected in X-rays. On the basis of the sensitivity
of the above surveys (see Puccetti et al. 2009), the detection limit
at the position of the sources is ~3-5 x 107'% ergcm™ s7! in
the 0.5-2 keV band, which corresponds to an upper limit on the
rest-frame luminosity of 10% erg s7! in the same band, com-
puted assuming z = 4.5, a power law model with spectral in-
dex I' = 1.4 and Galactic hydrogen column density Ny Ga =
2.6 x 10?° cm~2 and no intrinsic absorption. We also performed
an X-ray stacking analysis, which does not yield a detection even
for the stacked signal. This sets an upper limit on the X-ray lu-
minosity to 10*! erg s~!. We note that this limit is significantly
higher than the expected X-ray emission from SMGs (Laird et al.
2010) if their X-ray emission were due only to star formation.

3.2. UV-FIR data

The UV-mid-IR (MIR) photometry is taken from the most recent
COSMOS photometric catalog, with UltraVISTA (Y, J, H, K;)
DRI1 photometry added (see Smolci¢ et al. 2012; Ilbert et al.
2013; McCracken et al. 2012; Capak et al. 2007). HST/ACS

= 0.8. © Possibly marginally resolved, but also consistent with being unresolved.

I-band (rest-frame UV) images are taken from Koekemoer et al.
(2007), and, if available, HST/WFC3 images from CANDELS
(PI: S. Faber; Grogin et al. 2011; Koekemoer et al. 2011).

To assure the most accurate FIR measurements for our
sources, we use deep Photodetector Array Camera and
Spectrometer (PACS) 100 and 160 pum and Spectral and
Photometric Imaging Receiver (SPIRE) 250, 350 and 500 um
observations of the COSMOS field provided by the Herschel
Space Observatory (Pilbratt et al. 2010). The PACS observa-
tions were taken as part of the PACS Evolutionary Probe (PEP?;
Lutz et al. 2011) guaranteed time key program, while the SPIRE
observations were taken as part of the Herschel Multi-tiered
Extragalactic Survey (HerMES?; Oliver et al. 2012). We extract
the Herschel PACS and SPIRE photometry directly from the
maps via a point source function (PSF)-fitting analysis (Magnelli
et al. 2013) using as prior positions the interferometric position
of our SMGs and, where required, the position of MIPS 24 ym
sources blended with our SMGs. The Herschel photometry is
presented in Table 2 where we also report the reliability of the
Herschel fluxes. We note that we cannot decompose the FIR

3 http://www.mpe.mpg.de/ir/Research/PEP
4 http://hermes.sussex.ac.uk
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emission for SMG components separated by <1”, and thus for
those systems we report the integrated photometry.

3.3. Radio data

The 1.4 GHz (20 cm) radio photometry for our SMGs is
taken from the VLA-COSMOS 1.4 GHz Large and Deep
Projects (Schinnerer et al. 2007, 2010). These reach an rms
of ~7-12 uly beam™' over the 2 deg? COSMOS field. The
20 cm fluxes for our sources are listed in Table 3. Our sources
are not detected in the 324 MHz (90 cm) VLA-COSMOS map
at 870 x 6”0 angular resolution (Smolci¢ et al. 2014), as ex-
pected given an rms of 0.5 mJy beam™' in the 324 MHz map.
However, all sources but J1000+0234 are detected in the deep
GMRT-COSMOS 325 MHz map (at a resolution of 1078 x 9”5
and reaching an rms of 70-80 uJy beam™! around our SMGs;
Karim et al., in prep.), and their flux densities (based on the peak
flux values) are reported in the last column of Table 3. The re-
duction and imaging of the GMRT-COSMOS 325 MHz map is
described in detail in Karim et al. (in prep.).

We here also use 3 GHz data recently taken with the
upgraded, Karl G. Jansky Very Large Array (VLA; VLA-
COSMOS 3 GHz Large Project, Smol¢i¢ et al., in prep.).
The data reduction and imaging of the sub-mosaic of the full
COSMOS field is described in detail in Novak et al. (2015). The
sub-mosaic is based on 130 h of the observations taken in A-
and C-configurations (110 and 20 h, respectively) and contains
the pointings (P19, P22, P30, P31, P39, and P44) targeting our
six SMGs closest to the pointing phase center. The imaging of
the pointings was performed using the CASA task CLEAN us-
ing the MFMS option that images the full bandwidth simultane-
ously (Rau & Cornwell 2011) and simultaneously preserves the
best possible resolution (076 x (0”7) and the best possible rms
(~4.5 uJy beam™!) in the map (see Rau & Cornwell 2011, for
details). The 3 GHz radio stamps of our SMGs at 076 x 0”7
resolution are shown in Fig. 2. All sources are detected in
our 3 GHz radio mosaics. We derive their integrated fluxes us-
ing a 2D Gaussian fit to the sources (via the AIPS task JMFIT)
and peak fluxes using the AIPS task MAXFIT. The ratio of the
integrated and peak fluxes for a given radio source is a direct
measure of the extent of the source (e.g., Bondi et al. 2008;
Kimball & Ivezi¢ 2008). Based on this, we find that at 076 x /7
resolution AzTEC/C159 is clearly resolved, J1000+0234 and
AKO3 may be marginally resolved, while AzZTEC1, AzTEC3,
and Vd-17871 remain unresolved. We note that although our
analysis suggests extended or multiple-component emission for
J1000+0234 and AKO3, their integrated fluxes obtained via the
AIPS task TVSTAT down to the 20 level are consistent with
their peak fluxes, such that we cannot unambiguously determine
whether the sources are really resolved at this resolution. Higher
resolution radio imaging is required to unambiguously deter-
mine the radio-emitting sizes for these sources. In Table 4 we
report the deconvolved 3 GHz sizes of our sources. For all the
unresolved sources including the two marginally resolved ones,
the total flux is then set equal to the peak brightness, while for
AzTEC/C159 we use the AIPS task TVSTAT to infer the total
flux within the region outlined by the 20~ contour. The fluxes are
reported in Table 3.

3.4. Spectroscopic data

All sources in the sample were targeted with DEIMOS on
Keck II. In Fig. 3 we show the 1D spectra for AZTEC/C159
and AKO3 (the spectra of the remaining sources are given in
Capak et al. 2008; Smolci¢ et al. 2011; Capak et al. 2011;
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J1000+0234

AzTEC1

AzTEC3

Fig.2. VLA 3 GHz (10 cm) images (~3” X 3” in size) of the stud-
ied SMGs. The overlaid red contours show the emission levels starting
from 20 and increasing in steps of 1o- = 4.5 uJy beam™' (the corre-
sponding negative contours levels are shown by dashed contours). The
synthesized beam size, 076 x 0”7, is indicated in the bottom right corner
of each panel.

and Karim et al., in prep., for J1000+0234, AzTEC1, AzZTEC3,
and Vd-17871, respectively). The spectra were taken early 2009
under clear weather conditions and ~1” seeing and a 4 h integra-
tion time split into 30 min exposures using the 830 lines mm™"
grating tilted to 7900 A and the OG550 blocker. The objects
were dithered +3” along the slit to remove ghosting. The data
reduction was performed via the modified DEEP2 DEIMOS
pipeline (see Capak et al. 2008). In both spectra Ly« is clearly
detected in emission setting the redshifts to z = 4.747 and z =
4.569 for AKO3 and AzZTEC/C159, respectively. In Fig. 3 we
also show QSO (Croom et al. 2002) and LBG composite spectra
constructed by Shapley et al. (2003) from almost 1000 LBGs.
The continuum is barely detected for AKO3 and AzTEC/C159,
and the width of the Ly« line rules out powerful AGN contribu-
tion to the SMGs, consistent with their X-ray properties, yet the
contribution of a less powerful or obscured AGN cannot be ruled
out.

4. Spectral energy distributions and derived
properties

In this section we analyze the near-UV (NUV) to radio SED
properties of our sample of z > 4 SMGs. We self-consistently fit
the NUV-mm SEDs of our SMGs using the MAGPHYS model
package (Sect. 4.1), we then provide an independent fit of the
dust SEDs using only FIR data (Sect. 4.2 ), and finally analyze
the radio SEDs of our sources (Sect. 4.3).

4.1. NUV-mm SED fitting

Here we analyze the NUV-mm SEDs of our SMGs via the
MAGPHYS (Multi-wavelength Analysis of Galaxy Physical
Properties) model package (da Cunha et al. 2008), which self-
consistenly balances dust attenuation in the near-IR (NIR) and
dust heating in the IR. The UV-NIR SED is modeled based
on the Bruzual & Charlot (2003) and Charlot & Fall (2000)
stellar population synthesis models. The code then also calcu-
lates the absorption of starlight by dust in stellar birth clouds
and the diffuse interstellar medium, and computes the SED
of the power reradiated by this dust as a sum of three com-
ponents: i) polycyclic aromatic hydrocarbons (PAHs); ii) hot
dust grains (130-250 K) characterizing the MIR continuum; and
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Fig. 3. 1D Keck II/DEIMOS spectra (red) for AKO3 (fop panel), and
AZTEC/C159 (bottom panel). Also shown are QSO (blue) and LBG
(black) composite spectra at the given redshift (labels in the panels).
The vertical dashed lines indicate positions of various spectral lines, in-
dicated in the panel. The spectroscopic redshift of the SMG is indicated
in the top right corner of each panel.

iii) grains in thermal equilibrium with temperature in the range
of 30-60 K.

The MAGPHY S model package provides a library of model
spectra that are fit (via a standard y? minimization procedure)
to the observed SED. Here we use a library optimized for
starburst (ULIRG) galaxies (da Cunha et al. 2010). We, how-
ever, also utilize a second library, optimized for normal galax-
ies (da Cunha et al. 2008) in the case of AKO3-N and -S as
the ULIRG library cannot adequately fit the sources’ SEDs (see
below).

We perform the fitting for each of our SMGs using their
full NUV-mm photometry (total fluxes de-reddened for fore-
ground Galactic extinction excluding the intermediate band con-
taining the Lya emission line) extracted at the position of the
optical/UltraVISTA counterpart closest to the spectroscopic/mm
source (see Fig. 1). The SEDs and the best-fit models for all
of our SMGs are shown in Fig. 4, and in Table 5 we list the
following parameters from the best-fit models to the observed

SEDs for our z > 4 SMGs: the age of the oldest stars in the
galaxy giving a formation timescale (Zfrm), total V-band opti-
cal depth of the dust seen by young stars in their birth clouds
(tv), and the stellar mass (M, ). For completeness we also list
the total dust luminosity (Lgus) calculated over the wavelength
range 3—-1000 pum, and dust mass (Mg,s). However, in the fol-
lowing (Sect. 4.1.2) we independently determine these quanti-
ties based on modified blackbody and Draine & Li (2007, here-
after DL07) models, and we adopt the last as the reference value
for further analysis. In particular, the IR luminosities derived
from the DLO7 model refer to the commonly adopted rest-frame
wavelength range 8—1000 um, allowing us to make a direct com-
parison with SMGs’ IR luminosities reported in the literature
(Sect. 5).

4.2. FIR properties

To infer the IR Iuminosities (in the range 8—1000 um) and dust
masses of our z > 4 SMGs we fit their MIR-mm SEDs using
an optically thin (t <« 1) modified black-body, and the DLO7
dust model. The latter model describes the interstellar dust as a
mixture of carbonaceous and amorphous silicate grains and has
four free parameters: (i) gpap, Which controls the fraction of dust
mass in the form of PAHs; (ii) v, which controls the fraction of
dust mass exposed to a power-law (@ = 2) radiation field (rel-
ative to the local interstellar value) ranging from Upp to Upax;
the rest of the dust mass (i.e., 1-y) being exposed to a radiation
field with a constant intensity Upn; (iii) Umin, Which controls
the minimum radiation field seen by the dust (Up,y is fixed to a
value of 10%); and (iv) Myys, which controls the normalization of
the SED. Following the prescriptions of DLO7, we built a grid of
models with different PAH abundances (0.47% < gpan < 4.6%),
values of Upin (0.7-25) and values of y (0.0-0.3). The best-
fit model to each SED, and the corresponding 1o error is then
found via standard y> minimization. The fits are shown in Fig. 5
and the results are summarized in Table 6. From the inferred
IR luminosities we then further estimate the IR-based SFRs for
our z > 4 SMGs, also reported in Table 6, using the standard Lig-
to-SFR conversion of Kennicutt (1998), assuming a Chabrier
IMF, SFR [M yr'] = 10710 Lig [Lo].

As expected, the Mgy, values derived through modified
blackbody fits are systematically lower by a factor of ~3—4 than
those from the DLO7 dust model, because single temperature
models do not take into account warmer dust emitting at shorter
wavelengths (Magnelli et al. 2012). We also find that in general
the dust luminosities and masses derived via MAGPHYS utiliz-
ing the NUV-mm SED and those based only on the FIR SED
are mostly in reasonable agreement. We note that the results for
J1000+0234 are to be taken with caution as the Herschel pho-
tometry is affected by confusion, which is reflected in the large
error bars. Furthermore, the large difference in dust mass for
AKO3-S derived via MAGPHYS and IR SED fitting might pos-
sibly arise as a result of the high optical thickness assumed in
the MAGPHYS model, while the IR modified black-body fitting
was performed assuming an optically-thin regime.

4.3. Radio properties

For our z > 4 SMGs at the observed frequencies of 325 MHz,
1.4 GHz, and 3 GHz we are probing rest frame frequen-
cies of approximately 1.8 GHz, 7.7 GHz, and 16.5 GHz (as-
suming z = 4.5). While the first frequency is expected to be
in the region of the spectrum still unaffected by synchrotron
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Fig. 4. Optical to IR SED fits to our z > 4 SMGs (points for detections, arrows for 40~ upper limits) using the MAGPHY'S routine (full black line).

Table 5. Physical properties of our z > 4 SMG sample derived from the UV-mm SED (using MAGPHYS).

Name Tform Ty M* Ldust Mdusl
[Myr]  [mag] [Mo] [Lo] [(Mo]
AZTECI1 199 2.897 7.4 x 10" 22 x 108% 39 x 10°
AzTEC3 140 3.952 14 x 10" 1.1 x 10% 52 x 10°
AZTEC/C159 114 3568 1.1x 10" 1.1x 108 1.6 x 10°
J1000+0234 149 31.644 87 x 10 7.0 x 102 9.1 x 10?
Vd-17871 199 2.897 4.6 x 10" 1.4 x 10 1.5 x 10°
AKO03-N* 474 4.721 1.0 x 10" 1.4 x 10 3.6 x 10?
AKO03-S* 713 6.243 39 x 10" 34 x 108 56 x 10"

Notes. ) Fitted using MAGPHYS spectral template library optimized for normal galaxies.

self-absorption and energy losses, the latter two frequencies may
be affected by energy losses. To account for the possible change
in the spectral slope we derive the spectral indices separately at
the high and low frequency ends taking the 1.4 GHz data point
as the middle, reference point. The results are listed in Table 4.

The synchrotron spectrum for all sources is shown in Fig. 6.
Except AzZTEC3 and AKO3, it is consistent with a single power-
law. The steepening of the synchrotron spectrum of AKO03 at
the high-frequency end may indicate an older age of the elec-
trons exhibiting synchrotron emission. This would be consistent
with the formation timescale of ~700 Myr obtained for AK03-
S from the UV-mm fitting via MAGPHYS (see Table 5). The
synchrotron spectrum of AzTEC 3 flattens at the high-frequency
end. As AzZTEC 3 is the highest-redshift SMG in our sample
(z = 5.298), as given in Table 1, it is possible that the observed
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radio emission at these high rest-frame frequencies arises from
thermal free-free emission (see, e.g., Fig. 1 in Condon 1992).

We further compute the rest-frame monochromatic radio lu-
minosity at 1.4 GHz (L) 4 gu,) using the observed 325 MHz
flux (S325 muz) as it is the closest to 1.4 GHz in the rest-
frame, and thus requires the smallest (and hence least uncertain)
K-correction:

2
4nD;
(1 + Z)l—oz
where Dy, is the luminosity distance, and « is the synchrotron

spectral index. Besides using as the synchrotron spectral index

the calculated values of 7% M, we also computed the L 4 g,
values by assuming that ;% M1* = 0.8. The 1.4 GHz

luminosities are reported in Cols. (5) and (6) in Table 4.

ey

Lisch, =

1400 MHz\ ™
325MHz |

S325 MHz (
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Fig. 5. Broadband SEDs of the studied SMGs. The downward pointing arrows denote upper limits to the corresponding flux densities. The red line
represents a modified blackbody fit to the FIR-to-mm data points. The blue dashed line is the best fit model, obtained from the superposition of the
best fit Draine & Li (2007) model (long-dashed green line) and the stellar black body function (orange dash-dotted line) assuming a temperature
of 5000 K, scaled to the residual 24 um “stellar” flux (i.e., observed 24 yum flux minus that obtained from the DLO7 best-fit model).

4.4. Summary of SED-derived properties of z > 4 SMGs
in COSMOS and compatrison with literature

As extensively studied by Dwek et al. (2011), various degen-
eracies in SED-derived properties exist. We also caution that
a debate in the literature exists regarding the optimal model
library that gives the most accurate stellar masses for SMGs.
Stellar masses have been shown to systematically vary by up
to ~0.5 dex if different star formation histories (Michatowski
et al. 2010a,b 2012; Hainline et al. 2011) or IMFs (e.g., Dwek
et al. 2011) are assumed, and often yield values higher than
the inferred dynamical masses (Michatowski et al. 2010a,b). We

refer the reader to Dwek et al. and Michatowski et al., for a de-
tailed discussions on possible degeneracies and systematics, and
below we summarize the results of the SED modeling performed
as described above.

Our SED fitting yields that our z > 4 SMGs contain
a dominant young stellar population with ages in the range
of ~100-700 Myr, they already have high stellar masses (in the
range of 5 X 100 -4 x 10" My), high dust luminosities (Lgys ~
10" Ly), and substantial dust reservoirs (Mgu ~ 10° Mg). If
the gas-to-dust mass ratio is ~100, the cold gas masses of our
sources are comparable to their stellar masses. As expected, their
SFRs are high, 2400 Mg yr~!, and scale up to a few thousand
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Table 6. Physical properties derived from the IR SED of our z > 4 SMG sample.

Name Taust Mgus Mgus Lix Lir SFR*
[K] [BB, 10° My] [DLO7,10° My] [BB, 10" Ly] [DLO07,10" Ly] [DLO7, My yr™']
AZTECI 41.0+5.0 12.6137 50.1%139 22,9447 24.01%5 2398837
AZTEC3 435+115 7.947% 25.17%3 15.8+73 24.5%%4 245453
AZTEC/C159  39.0 £2.0 5.0 20.0792 6.8711 7.17}8 707+ 18
J1000+0234° 450 £ 17.5 507744 39.8+561 14,1409 451537 44611373
Vd-17871 48.0 +5.0 2.5%08 12,633 9.8%]% 11.2°33 112243%
AKO03 41.0 £ 10.0 50739 20.017 2,073 6.3537 630735

Notes. ¥ The SFRs were calculated using the Ljr values derived from the DLO7 dust model. ® The large uncertainties in the derived values arise
from the highly confused Herschel photometry for J1000+0234 (see Table 2).

solar masses per year. We note that the derived stellar ages,
particularly in the case of faint sources, can suffer from larger
uncertainties. For comparison, Wiklind et al. (2014) recently de-
rived a mean (median) stellar age of 0.9 (0.7) Gyr for their sam-
ple of SMGs in the CANDELS area of the GOODS-S field. The
average IR luminosity we derive, based on the DLO7 dust model,
is ~1.3 x 10" Ly, while the dust temperatures range from 39
to 48 K. Although large dust masses, warm dust temperatures,
and high SFRs are typical for all SMGs (see Casey et al. 2014,
for a recent review), the derived properties of our z > 4 SMGs
put them at the high end of the distribution of SMG proper-
ties. Based on the ALESS SMG sample, Swinbank et al. (2014)
find average dust masses of Mgy, = (3.6 £ 3) X 108 My,
IR luminosities of Lr = (3.0 = 0.3) x 10> Ly, and SFRs
of 300 + 30 Mg, yr~!, thus systematically lower, by about a factor
of three, than the SMGs analyzed here.

Within the uncertainties, our results agree with those pre-
viously reported for AzTECI1, AzTEC3, and J1000+0234.
For example, Smolc¢i¢ et al. (2011) found that AzTECI1 is a
young (~40-700 Myr old) starburst galaxy with a stellar mass
of M, ~ 8 x 10' M, (scaled to a Chabrier IMF). They
furthermore found an IR luminosity for the source of Lig =
2.9 x 1013 Ly, and a dust mass of ~1.5 x 10° Mo, in agreement
with the results presented here (see Tables 5 and 6). Capak et al.
(2011) report values of Lig = (2.2—11) x 103 Ly, and SFR >
800 My yr~! for AzZTEC3, consistent with our SED modeling
results. For J1000+0234, Capak et al. (2008) report a starburst
with a stellar mass M, > 5.5 x 10" My, SFR > 550 My yr™!,
and Lig = (0.5-2) x 10" Ly, in agreement with the results pre-
sented here. Fitting the total photometry of the source, as done
here, they find a >100 Myr old population, consistent with our
results. However, deconvolving the various source components
they find a young (2—8 Myr) starburst in J1000+0234.

Toft et al. (2014) studied the SED properties of all of our
sources except AzZTEC/C159. They employed the same meth-
ods as in the present work, i.e., MAGPHYS and the DLO7 dust
model, and the derived SED parameters are mostly very simi-
lar to those presented here. We also note that three of our target
sources, namely AzTEC1, AzZTEC3, and J1000+0234, were part
of the recent Herschel study by Huang et al. (2014)°. They only
used 250 and 350 um flux densities (consistent with our val-
ues within the errors). Our derived value of Lig for AzZTECI is
within 20 of that reported by Huang et al. (2014; their Table 4),
while our value for AzZTEC3 is in very good agreement with
theirs. The value for J1000+0234 is also consistent taking into

> The SMG J1000+0234 is called Capak4.55 in Huang et al. (2014).

A127, page 10 of 14

account our large errors. The dust masses of AzZTEC1, AzZTEC3
and J1000+0234 derived by these authors are also in very good
agreement with values inferred here. Our derived dust temper-
atures, based on the assumption of optically thin emission and
fixed dust emissivity index (8 = 1.5), are in good agreement with
those reported by Huang et al. (2014) in their Table 3. We cau-
tion that these assumptions were necessary simplifications to fit
the full sample, and note that optical depth effects could matter
(see, e.g., Riechers et al. 2013).

5. Discussion
5.1. Infrared-radio correlation

We quantify the IR-radio correlation from the derived IR and
radio luminosities in the standard way, i.e., via the g-parameter,
defined as:

Lir )_10 (L1.4GHZ).
375 x 102w/ CB\wWhHzT

qR = log( 2
We note that Lig = L7 was calculated by integrating over
the wavelength range 8—1000 pm. The results are shown, and
compared to lower-redshift samples in Fig. 7. Although the as-
sociated errors are large (propagated from the average value of
the +-error in L&Lm quoted in Table 6, and from the +-error
in L 4 gHz), all of our SMGs are offset from the IR-radio rela-
tion found in the lower-redshift universe. We used the R pro-
gram package NADA (Nondetects And Data Analysis for en-
vironmental data; Helsel 2005), which is an implementation
of the statistical methods provided by the Astronomy Survival
Analysis (ASURYV; Feigelson & Nelson 1985) package, to take
the lower limits to gr properly into account. This survival anal-
ysis yields a mean=standard deviation of (gr) = 1.95 = 0.26 for
our z > 4 SMGs. The inferred median value is 2.02, and the 95%
confidence interval 1.75-2.16.

The inferred average g value for our SMGs is lower
than the gr value for lower-redshift star forming galaxies
(e.g.,2.64 = 0.02, Bell 2003; 2.57 +0.13; Sargent et al. 2010b)°.
However, our result is, within the uncertainties, consistent with
the on-average lower gr values inferred for z > 4 SMGs by
Murphy (2009; gir = 2.16 = 0.28) and Michatowski et al.
(2010; gir = 2.32 + 0.20).

A lower gr value (Eq. (2)) can arise either from an un-
derestimation of the IR luminosity or an overestimation of the

% Asin the present paper, the IR luminosities in the reference studies
were calculated over the wavelength range 8—1000 um.
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Fig. 6. Radio SEDs of the studied SMGs. The dashed lines in each panel represent the spectral slope taking 325 MHz (green point and error-bar)
and 1.4 GHz (black point and error-bar; green dashed line) and 1.4 GHz and 3 GHz (blue point and error-bar) data-points (blue dashed line) into

account.

radio luminosity. The IR luminosities (derived using the DL0O7
dust model) for our sources in the range of ~6.3 x 10'2-2.5 x
10"® L, are unlikely to be underestimated. On the other hand,
our 1.4 GHz rest frame radio luminosities have been derived us-
ing the 325 MHz observations, very close to 1.4 GHz rest-frame,
thus minimizing uncertainties in the calculation (such as an as-
sumed spectral index). This suggests that the deviation is phys-
ical. We also note that it is possible that the discrepancy arises
as a result of the properties of our limited sample of six spec-
troscopically confirmed z > 4 SMGs. Thomson et al. (2014)
recently derived a median value of gjg = 2.56 + 0.05 for their
sample of 52 ALMA SMGs. The authors also found evidence
that the value of gig changes as a function of source evolution-
ary stage, and that most of the sources follow the model tracks
from Bressan et al. (2002) for evolving starburst galaxies, i.e.,
the expected g is high (gir ~ 3) in the very young starburst
phase, then it decreases reaching a minimum (gjr < 2) at an age
of about 40-50 Myr and finally increases to qir ~ 2.5 at later
times. The low gr values we derived would then support the
idea that the sources are in a relatively early stage of evolution.

5.2. Morphology and sizes of star formation regions

As evident from the HST, and stacked UltraVISTA stamps of our
SMGs, shown in Fig. 1, AZTEC1 and AzTEC3 appear compact,
while J1000+0234, Vd-17871, and AKO3 show signs of clumpi-
ness and multiple components. AZTEC/C159 is a faint source
undetected in UltraVISTA YJHKj, but detected in the radio at
high significance with clearly resolved 3 GHz emission.

Capak et al. (2008) have demonstrated that all J1000+0234
(compact and extended) components are at the same redshift
given that Lya emission was observed for all of them, and sug-
gested that the components were merging. CO observations of
J1000+0234 independently suggest the source is in the process
of merging (Schinnerer et al. 2008). Karim et al. (in prep.) have
shown that the two components of Vd-17871 lie at comparable
spectroscopic redshifts, implying that they are associated and
perhaps merging. Based on photometric redshift the same is
inferred for AKO3-S (Sect. 2). Thus, our sample consists of
approximately equal number of compact and clumpy systems,
consistent with the idea that SMGs form a morphologically
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Fig.7. Infrared-radio correlation expressed via the gr-parameter
(Eq. (2)) as a function of redshift. Shown are our z > 4 SMGs (filled cir-
cles), and the evolution of the median of the correlation (corrected for
systematic effects) for star forming ULIRGs (open squares), adopted
from Sargent et al. (2010a). The average gjr = 2.57 +0.13 value, found
by Sargent et al. (2010b) for galaxies at z < 2, is indicated by the
solid line with the dashed lines denoting the errors. For AZTEC3 and
J1000+0234 only lower limits to gir could be derived (marked with
arrows).

heterogenous sample (e.g., Hayward et al. 2012). It is also pos-
sible to see mergers at different stages, for example before or
after the coalescence process when regular disk-like geometry
is not expected (cf. Targett et al. 2011, 2013). For comparison,
Tasca et al. (2014) found that about 20% of star forming galaxies
with stellar masses of a few times 10'° M, are involved in major
mergers. Based on ALMA data Riechers et al. (2014) find that
AzTEC3 is likely to be a merger.

We have made use of our 3 GHz VLA-COSMOS observa-
tions at a resolution of 076 x (0”7 to infer the sizes of the star
forming regions in our SMGs (assuming that the 3 GHz emis-
sion is due to star formation processes). As evident from Fig. 2
none of the sources shows several radio-emitting components.
We find AzZTEC/C159 to be clearly resolved at 3 GHz and es-
timate a deconvolved size of the source (FWHM) at 3 GHz
of 0794 x 0746 or 6.2 x 3.0 kpc. We find that J1000+0234
and AKO3 may be marginally resolved, and their deconvolved
sizes (FWHM) are 0796 x < 0”7 and 0760 x (0”41, respec-
tively, corresponding to 6.3 X 4.6 kpc (J1000+0234) and 3.9 x
2.6 kpc (AKO03). The remaining sources are unresolved at a res-
olution of (/7 setting upper limits on their star formation region
sizes (FWHM) to <4.6 kpc (AzTEC1), <4.3 kpc (AzTEC3),
and <4.6 kpc (Vd-17871). We note that high-resolution
SMA 890 um continuum and ALMA [CII] measurements of
AzTECI and AzTEC3, respectively, set an upper limit of the
star formation region size of FWHM < 1.3 kpc for AzTEC 1,
and 3.9 kpc for AZTEC3 (Younger et al. 2008; Riechers et al.
2010, 2014). Based on these radio and (sub-)mm measure-
ments, we estimate the average size of the star star forma-
tion regions of our z > 4 SMGs using the ASURV survival
analysis. This yields a mean major axis of 0763 + (/12 and
minor axis of (/35 + 0”05 for our sources, and it roughly cor-
responds to a size of 4.1 x 2.3 kpc? (assuming z = 4.5).
Considering J1000+0234 and AKO3 unresolved, the mean major
axis decreases to (743 + 0”14. We note that the NIR effec-
tive radii derived by Toft et al. (2014) for AzTEC1 and -3
(<2.6 and <2.4 kpc), J1000+0234 (3.7 + 0.2 kpc), and AKO3
(1.6 £ 0.6 kpc) agree well with the above radio FWHM sizes.
The sizes inferred here are in agreement with the sizes inferred
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for lower-redshift SMGs, but are larger than the sizes of lo-
cal ULIRGs (e.g., Chapman et al. 2004; Tacconi et al. 2006;
Rujopakarn et al. 2011; Simpson et al. 2014b). In their recent
ALMA band-7 continuum follow-up of a sample of SCUBA-2
detected SMGs in the UDS field, Simpson et al. (2014b) de-
termine an average extent of FWHM ~ 0.3”. While they re-
port average 1.4 GHz radio continuum sizes that are about twice
as large, the cold dust emitting region probed by their 870 um
continuum observations appears to be consistent with the lower
bound we derive on average from our high resolution VLA ra-
dio data. Whether the average size of the dust emitting region of
our specifically z > 4 selected sources is significantly smaller,
as found for the Simpson et al. (2014) SMG sample, remains to
be clarified based on adequately high resolution interferometric
follow-up.

5.3. Relationship between the IR luminosity and dust
temperature

Previous studies of populations of infrared-luminous galaxies
out to high redshift (including SMGs) have found a relation be-
tween dust temperature (Tgust) and IR luminosity (Lr), such
that, on average, T4y increases with Lig (e.g., Chapman et al.
2005; Magnelli et al. 2012; Symeonidis et al. 2013; see also
Swinbank et al. 2014). The scatter in this relation strongly de-
pends on the wavelength selection (e.g., Magnelli et al. 2012),
but there appears to be a trend for SMGs to have higher Lig
than nearby/low-z ULIRGs at the same T g5 (expressed by some
authors as a lower Ty at a given Lir). Assuming that the
same Tqus can only be maintained by the same IR luminosity
surface densities (X1r ), this trend likely indicates more spatially-
extended IR-emitting regions in SMGs, at a given Tq,s. This
picture is consistent with the large, typically 2—4 kpc sizes
of SMGs observed at submillimeter wavelengths (e.g., Tacconi
et al. 2008), which indicate wide-spread star formation fueled
by large quantities of cold gas (e.g., Ivison et al. 2011; Riechers
et al. 2011). Like other star forming galaxy populations at sim-
ilar redshifts (e.g., Daddi et al. 2008, 2010; Tacconi et al. 2010,
2013), SMGs also appear to have higher gas mass fractions than
nearby starbursts and ULIRGs (e.g., Riechers et al. 2011; Ivison
et al. 2011), and thus, higher gas and dust masses than nearby
galaxies at the same Lir. This is consistent with the interpreta-
tion of the Tgy—Lir relation by Symeonidis et al. (2013), but we
note that the relation to the dust mass is likely indirect at best,
since the dust in SMGs is likely optically thick at the peak wave-
lengths that are most decisive for the estimates of 7q,y and Lig.

To put the derived properties of our z > 4 SMGs in context
of the general population of IR galaxies, in Fig. 8 we show dust
temperature versus IR luminosity for our SMGs, and compare
this to various IR- and submm-selected samples presented in the
literature: the locus of local (z < 0.1) IRAS-selected IR galax-
ies (Symeonidis et al. 2013 and references therein), Herschel-
selected 0.1 < z < 2 IR galaxies (Symeonidis et al. 2013), a
compilation of SMGs from various fields (Magnelli et al. 2012),
the SMG sample from Chapman et al. (2005), and the ALESS
SMG sample (Swinbank et al. 2014).

Our z > 4 SMGs fall in the scatter of the z ~ 2 SMG sam-
ple from Chapman et al. (2005; albeit towards the high-Ljr end
because of their initial selection), consistent with their sizes of
a few kpc measured at radio and/or submillimeter wavelengths.
Some of the z > 4 SMGs fall towards the high-T4,s end, con-
sistent with the different K-correction at higher redshifts in the

7 These populations only overlap at the lower-Lig end of SMGs.
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Fig. 8. Dust temperature plotted as a function of IR luminosity. The
values obtained for our SMGs are shown with green star symbols. The
other symbols and lines mark values and correlations from the quoted
reference studies (see text for details). The shaded region illustrates the
correlation found by Chapman et al. (2005) for their sample of SMGs.

(sub)millimeter bands (e.g., Chapman et al. 2005 — maybe also
add Blain et al. 2004-ish). These systems consistently show
high IR luminosity and SFR surface densitites (e.g., Younger
et al. 2008; Riechers et al. 2014), approaching those of so-called
“maximum starbursts” (e.g., Scoville 2003; Thompson et al.
2005). Our inferred, highest dust masses are also consistent with
this picture.

6. Summary

To constrain the physical characteristics of high-redshift SMGs,
we have carried out a study of a sample of six SMGs in the
COSMOS field with spectroscopically confirmed redshifts z > 4
(the average z being 4.7). Our main findings are summarized as
follows:

— Based on new, VLA-COSMOS 3 GHz radio data at reso-
lution of 076 x 0”7 we estimate the sizes of the star for-
mation regions of our z > 4 SMGs. Using additional mil-
limetric imaging from literature for AZTEC1 and AzTEC3
and taking limits into account using the ASURV package
we estimate a mean size of (0763 = 0712) x (0735 = 0705)
or about 4.1 x 2.3 kpc? (assuming z = 4.5) for our z >
4 SMGs (or lower if we take the two possibly resolved
SMGs, J1000+0234 and AKO03, as unresolved). These values
are consistent with those derived for lower-redshift SMGs,
yet higher than for local ULIRGs.

— The SED analysis performed with the MAGPHYS code
suggests that the stellar masses in our SMGs are in the
range M, ~ 0.5-3.9 x 10'' M. The resulting dust
masses and luminosities are found to be ~3.6 x 108-5.6 x
10 Mg and ~0.14-3.4 x 10" Lg. The inferred ages of
the oldest stars in these systems range from about 100
to ~700 Myr, with an average age of ~280 Myr, and
with 5 out of 6 SMGs having estimated ages smaller
than ~200 Myr. The dust properties were also deter-
mined through fitting the SEDs with modified blackbody
curves and employing the Draine & Li (2007) dust model.
The former yields the values Mg ~ 0.3-1.3 x 10° M,
and Lig ~ 4 x 10"'-2.3 x 10" Ly, while the latter method
gives Mgys 1-5 x 10° My and Lig ~ 0.5-2.5 x
10" Lo. The derived dust temperatures, ~39-48 K, are

relatively warm compared to lower-redshift, but lower Lr
SMGs. Finally, the star formation rates we determine,
~450-2500 My yr‘l, conform with the idea that the sources
are very dusty starburst galaxies.

— Using new 325 MHz (GMRT), 14 GHz (VLA),
and 3 GHz (VLA) data we derive the 1.4 GHz luminosities
for our SMGs, found to be in the range of about 10> W Hz™!
up to possibly 2.4 x 10> W Hz™! (when using spectral
indices drawn from 0.325 and 1.4 GHz fluxes).

— Using the derived (Draine & Li 2007) IR and 1.4 GHz lu-
minosities we investigate the IR-radio correlation for our
SMGs, as quantified by the g parameter. We find it to be
lower for our z > 4 SMGs ({(g) = 1.95 + 0.26) compared
to that found for lower-redshift galaxies. This may be due to
selection effects and supports the idea that the sources are in
arelatively early stage of evolution.

— Inspection of the relationship between IR luminosity and
dust temperature shows that our SMGs lie at the high end of
the correlation, consistent with an extrapolation of the high-
redshift Lig — Tqyg relation previously inferred for Herschel-
selected 0.1 < z < 2 galaxies. Thus, we conclude that at
fixed Lir the cold dust Lir — Tqust of high-redshift SMGs is
likely due to more extended star formation regions in high-
redshift SMGs relative to local ULIRGs and higher dust
masses in high-redshift galaxies, compared to lower-redshift
SMG samples, as has been previously suggested.

In summary, we find that our sample consists of a fair mix
of compact and clumpy systems, consistent with the idea that
(sub-)mm galaxy identification may select physically heteroge-
neous samples of galaxies. The compact appearance might be an
indication of a merger remnant rather than a regular star form-
ing disk galaxy. Thus, further studies are required to examine
how z > 4 SMGs are related to z < 3 SMGs, and other popu-
lations, such as massive ellipticals at z ~ 2 and locally, as well
as to quantify the role played by SMGs in galaxy formation and
evolution.
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