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ABSTRACT

We have obtained deep 1 and 3 mm spectral-line scans towards a candidate z > 5 ALMA-identified AzZTEC submillimetre galaxy
(SMQG) in the Subaru/XMM-Newton Deep Field (or UKIDSS UDS), ASXDF1100.053.1, using the NOrthern Extended Millimeter
Array (NOEMA), aiming to obtain its spectroscopic redshift. ASXDF1100.053.1 is an unlensed optically dark millimetre-bright SMG
with S j100um = 3.5mly and Ky > 25.7 (207), which was expected to lie at z = 5-7 based on its radio—submillimetre photometric
redshift. Our NOEMA spectral scan detected line emission due to '>’CO(J = 5-4) and (J = 6-5), providing a robust spectroscopic
redshift, zco = 5.2383 + 0.0005. Energy-coupled spectral energy distribution modelling from optical to radio wavelengths indicates
an infrared luminosity Lir = 8.3*]3 X 10'? Ly, a star formation rate SFR = 630725 M, yr™', a dust mass My = 4.4*03 x 108 M, a
stellar mass Mepar = 3.5 x 10" Mo, and a dust temperature Ty = 37.4*3-2 K. The CO luminosity allows us to estimate a gas mass
Mgy, = 3.1 £0.3 x 10'° M, suggesting a gas-to-dust mass ratio of around 70, fairly typical for z ~ 2 SMGs. ASXDF1100.053.1
has ALMA continuum size R. = 1.0703kpc, so its surface infrared luminosity density Zig is 1.2*03 x 10'> Lo kpe™. These physical
properties indicate that ASXDF1100.053.1 is a massive dusty star-forming galaxy with an unusually compact starburst. It lies close
to the star-forming main sequence at z ~ 5, with low Mg/Mgenae = 0.09, SFR/SFRys(Rsp) = 0.6, and a gas-depletion time 7gcp
of =50 Myr, modulo assumptions about the stellar initial mass function in such objects. ASXDF1100.053.1 has extreme values of
Mgos /Mieitars Rsg, and 74, compared to SMGs at z ~ 2—4, and those of ASXDF1100.053.1 are the smallest among SMGs at z > 5.
ASXDF1100.053.1 is likely a late-stage dusty starburst prior to passivisation. The number of z = 5.1-5.3 unlensed SMGs now

suggests a number density dN/dz = 30.4 + 19.0 deg2, barely consistent with the latest cosmological simulations.

Key words. infrared: galaxies — galaxies: formation — galaxies: high-redshift — submillimeter: galaxies

1. Introduction

When and how most massive galaxies formed in the Uni-
verse is one of the intriguing open questions in astronomy.
Since the discovery of submillimetre galaxies (SMGs; e.g.,
Smail et al. 1997; Hughes et al. 1998; Eales et al. 1999) as high-
redshift dust-obscured massive star-forming galaxies with typi-
cal infrared (IR) luminosities Lig > 10'? Ly, SMGs have been
thought to be progenitors of today’s massive passive galaxies
(e.g., Sanders et al. 1988; Hopkins et al. 2008). Atacama Large
Millimeter/Submillimeter Array (ALMA) has shown that their
far-IR dust continuum sizes are consistent with this evolution-
ary link, maybe via a compact quiescent galaxy phase (e.g.,
Toft et al. 2014; Ikarashi et al. 2015; Simpson et al. 2015).
Continuum observations at A.p,s ~ 1 mm have a near-uniform
sensitivity to far-IR luminosity over the redshift range z ~ 1-6,
owing to a strong negative K correction (Blain & Longair 1993).
They are thus an ideal tool with which to study the redshift
evolution of dusty massive star-forming galaxies. Optical-near-
IR spectroscopic (Chapman et al. 2005; Danielson et al. 2017)

and photometric redshift studies (e.g., Miettinen et al. 2017a;
Cowie et al. 2018; Stach et al. 2019; Dudzeviciite et al. 2020)
of SMGs indicate that a majority of SMGs lie at z ~ 2—
3 where the cosmic star formation rate (SFR) is thought to
peak (e.g., Madau & Dickinson 2014; Béthermin et al. 2017,
Pillepich et al. 2018; Gruppioni et al. 2020). However, there
have been suggestions that a significant fraction of SMGs could
be located at z > 3, especially amongst the brightest ones, which
would explain why they so often lack optical, near-IR, or radio
counterparts (e.g., Chapman et al. 2005; Ivison et al. 2007).

To pinpoint the positions of SMGs with an accuracy better
than 1”, which are originally discovered by single dishes with
angular resolution of ~10”-30" (full width at half maximum,
FWHM), interferometric imaging is necessary. At the highest red-
shifts we must move to the millimetre (mm) or submillimetre
(submm), because the K correction is not favourable at radio
wavelengths. Early submm continuum imaging of bright SMGs
using the Submillimeter Array (SMA) and the Plateau de Bure
Interferometer (PdBI) discovered a handful of radio-faint SMGs,
possibly at very high redshift (e.g., Younger et al. 2007, 2009;
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Cowie et al. 2009; Smolci¢ et al. 2012). We had to wait for
ALMA, however, to conduct a systematic survey of candidate
Z 2 4-5 SMGs. ALMA continuum surveys towards many hun-
dreds of SMGs (e.g., Hodge et al. 2013; Ikarashi et al. 2015,
2017a; Miettinen et al. 2017a; Stach et al. 2019; Simpson et al.
2020) have pinpointed their positions and have revealed a sig-
nificant number of optically dark SMGs that are extremely
faint at optical-near-IR wavelengths (e.g., Simpson et al. 2014;
Chen et al. 2015; Ikarashi et al. 2015, 2017b; Cowie et al. 2018;
Williams et al. 2019; Smail et al. 2021) despite high IR lumi-
nosities (Lig = 10'>713 L) suggesting that they are located at
z 2 4. Some z > 4 candidate H-band drop, IRAC-selected
galaxies have overlapped with SMGs (Wang et al. 2019). How-
ever, the redshifts of these dark SMGs usually remain vague.
Unless they are magnified by gravitational lensing, which then
biases the resulting redshift distribution, it is difficult and expen-
sive to obtain spectroscopic redshifts for dark SMGs. To do
so requires an appropriately deep spectral-line scan. Millime-
tre line scans towards gravitationally lensed SMGs (or dusty
star-forming galaxies, DSFGs) have been extremely success-
ful, revealing the redshift distribution of target lensed SMGs,
including some DSFGs at z > 5 (Vieira et al. 2013; Weil3 et al.
2013; Reuter etal. 2020). Although biased, these results
suggested strongly that the underlying submm-bright galaxy
population might have a longer high-redshift tail than had pre-
viously been suggested. However, unambiguous confirmations
(by more than two lines) of unlensed SMGs at z > 5 are rare:
AZTEC-3 (Capak et al. 2011; Riechers et al. 2020), HDF850.1
(Walter et al. 2012), MAMBO-9 (Casey et al. 2019), and GN10
(Riechers et al. 2020).

In the wider cosmological context, the redshifts of the
optically dark SMGs are important to our understanding of
the formation of massive galaxies. Recent near- and mid-IR
surveys have reported the discovery of massive, passive, and
compact quiescent galaxies (cQGs) at high redshift z > 34
(Straatman et al. 2015; Schreiber et al. 2018; Merlin et al. 2019;
Santini et al. 2019). SMGs at even higher redshifts are expected
to be the progenitors of these massive passive galaxies, but where
are they?

To be credible, cosmological simulations must be able to
generate SMGs. Available simulations predict different redshift
distributions for SMGs, and observational updates on redshift
distribution of SMGs act to stimulate improved simulations
(Baugh et al. 2005; Hayward et al. 2013; Cowley et al. 2015;
Lacey et al. 2016; McAlpine et al. 2019). Interestingly, the latest
observational studies of SMGs suggest that there may be more
SMGs than previously thought (Stach et al. 2019; Riechers et al.
2020; Simpson et al. 2020). Revealing the complete redshift dis-
tribution of SMGs is thus essential if we are to understand the
formation of massive galaxies.

In this paper we report a pilot millimetre spectral-
line scan using the NOthern Extended Millimeter Array
(NOEMA) interferometer towards a plausible z > 5 candidate
SMG, ASXDF1100.053.1, discovered using AzTEC and pin-
pointed using ALMA (Ikarashi et al. 2015, 2017b). Deep multi-
wavelength images suggest this SMG is unlikely to be lensed
(Ikarashi et al. 2017b; Smail et al. 2021). We discuss the nature
of this SMG and the potential impact of further z > 5 SMG sur-
veys including our ongoing NOEMA redshift survey towards z >
5 candidate ALMA-identified AZTEC SMGs, based on this pilot
study that explores the diversity of z > 5 SMGs and their volume
density. Despite growing evidence that the stellar initial mass
function (IMF) may be quite different in starburst environments
(e.g., Zhang et al. 2018), we adopt Chabrier’s IMF (Chabrier
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2003) throughout this paper so that we can compare the nature of
ASXDF1100.053.1 with other systems from the literature. For
consistency and fair comparison, throughout this paper physi-
cal quantities of ASXDF1100.053.1 and galaxies from the liter-
ature are based on an energy-coupled spectral energy distribution
(SED) model using MAGPHYS code (da Cunha et al. 2008, 2013,
2015). Regarding ASXDF1100.053.1, for a consistency check
between methods, some physical quantities based on classical
methods are compared with those by MAGPHYS. We use a cos-
mology with Hy = 70km s~ Mpc™!, Qy = 0.3, and Q4 = 0.7.

2. NOEMA scans in 1 and 3 mm spectral windows
2.1. Observations

In order to determine the spectroscopic redshift of
ASXDF1100.053.1, we conducted NOEMA wide-band
spectral scans. Based on the radio—submm photometric redshift
of the target SMG, z = 6.5fi:‘1t (Ikarashi et al. 2017b), we
tailored the observing plan to secure a robust unambiguous
redshift at z > 5. We obtained 31 GHz of coverage in the 3 mm
atmospheric window, targeting CO and/or [C1] lines at z = 4-6,
as well as 31 GHz in the | mm window targeting the [CII] line
atz > 6.

The 3 mm scan covered 80.4—111.4 GHz, contiguously, via
two spectral set-ups, which made our data sensitive to at least
two lines out of CO(4-3), CO(5-4), CO(6-5), and [CI1](1-0)
at z ~ 3-6. The 1mm scan covered 240.4-271.4 GHz, or
z = 6.0-6.9 in [C11], where the effectiveness of the 3 mm
scan was expected to deteriorate! at the highest redshifts. Given
the known CO excitation of SMGs (e.g., Ivison etal. 2011;
Riechers et al. 2011; Bothwell et al. 2013; Spilker et al. 2014),
CO lines observable at 3mm at z > 6 are expected to be very
faint. The effect of the cosmic microwave background (CMB)
on CO line flux at z > 6 (e.g., da Cunha et al. 2013; Zhang et al.
2016) was also a concern. The combination of the extreme
brightness of [CII] emission from high-redshift ultraluminous
IR galaxies (ULIRGS) (e.g., Stacey et al. 2010; Swinbank et al.
2012; Cooke et al. 2018) and the high sky transparency at 1 mm
allows more efficient identification of redshifts at z > 6 than CO
line scans.

Observations were conducted in 2017, 2018, and 2019
(project codes: W17ES, WI18EX, and W19EA; P.I.: Ikarashi).
The 3 mm scans were executed using the C configuration, with
ten antennas in operation, covering baseline lengths between 24
and 370 m. The 1 mm scans were executed using the C con-
figuration with ten antennas in operation, or the D configura-
tion with nine antennas in operation, which covered baseline
lengths between 24 and 370 m, and 24 and 180 m, respectively.
3C454.3 or 3C 84 were used as bandpass calibrators, LKHA 101
or MWC 349 as primary flux density calibrators, and 0238—-084
as the local complex gain calibrator. For one of the 3 mm tracks,
0238-084 was also used for bandpass calibration. The observing
log is summarised in Table 1.

2.2. Results

We reduced the data using GILDAS?. First we ran the NOEMA
pipeline for all of the data. After the pipeline, if neces-
sary, we flagged additional data, corrected the phase delays,

' Atz 2 6, only high-J CO transitions (J > 6), very sensitive to CO
excitation, are available in the 3 mm window.
2 http://www.iram.fr/IRAMFR/GILDAS
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Table 1. NOEMA 3 and 1 mm spectroscopic observations.

Scan Observed frequency Observation date  On-source  Array * Beam size Sensitivity
/GHz time/h Jarcsec /uly beam™!
Scan 1 80.4-88.15, 95.9-103.65 24 Feb 2019 3.0 10C 44x%x18,3.8%x1.5 250, 300
Scan 2 88.15-95.9, 103.65-111.4 5,7 Dec 2019 3.5 10C 43x15,35x%x1.3 220,210
Scan3 240.4-248.15, 255.9-263.65 10 Dec 2018 1.5 10C 2.1x%x05,19%x04 910, 1100
Scan4 248.15-255.9, 263.65-271.4 6 Dec 2017 1.5 9D 26x%x13,25%x1.3 870, 970

Notes. ¥ Number indicates antennas in operation during observations. (P"Converted from visibility data with natural weighting. ¥Sensitivities in
the 3 mm band are for a channel width of 30 MHz, corresponding to 81-112kms~!. Those in the 1 mm band are for a channel width of 80 MHz,

corresponding to 89-100 kms™'.

and re-calibrated the phase and/or amplitude. The synthesised
beam size for the 3mm scans was ~4arcsec (FWHM); that
for the 1 mm scans was ~2-2.5arcsec (FWHM). The 3 mm
and 1 mm datacubes achieved an rms noise of 210-300 and
870-1000 uJy beam™!, respectively, for a velocity resolution of
~100kms™! (Table 1).

We searched for line emission in the NOEMA 3 and
1 mm spectral cubes at the position determined by ALMA for
ASXDF1100.053.1 (Ikarashi et al. 2015, 2017b). In the 1 mm
spectral cubes no significant (S/N > 5) lines were found, indi-
cating that ASXDF1100.053.1 is not located within the [C1I]
redshift coverage of the 1 mm scan, z = 6.0-6.9. In the 3 mm
spectral cubes two significant line candidates were discovered,
one at vops = 92.37 GHz and the other at v, = 110.83 GHz
(Fig. 1). Of the potentially detectable line candidates from
SMG:s, the two lines correspond to CO(5—4) and CO(6-5), sug-
gesting that ASXDF1100.053.1 lies at z = 5.2383 + 0.0005. In
order to evaluate the significance of the CO(5-4) and CO(6-5)
lines, we generated continuum-subtracted CO(5—4) and CO(6—

5) images by averaging channels over a width of 660kms™!,

which corresponds to 2X20 of Avewum,cos-4) = 380+58 km s~
The resulting CO(5—4) and CO(6-5) maps are shown in Fig. 2.
The respective rms noise levels for the CO(5—4) and CO(6-5)
maps are 79 and 130 uJy beam™!, corresponding to 0.052 and
0.095Jy kms~! beam™!, respectively. The CO(5-4) and CO(6—
5) lines are detected with S/N values of 10 and 5.9, with Icg =
0.530 +0.052 and 0.550 + 0.095 Jykms~! beam™!, respectively.
The emission in neither line is spatially resolved.

By averaging the spectral channels, excluding those used
to make maps of the CO lines, we have generated NOEMA
1 and 3mm continuum maps (Fig. 2). The continuum maps
achieve rms sensitivities of 63 and 8.9 uJy beam™!, respectively.
ASXDF1100.053.1 is detected with S172ym = 3000 £ 63 uly
(480) and S3000um = 110 + 8.9 uly (1207). The NOEMA 1 mm
continuum flux density is fully consistent with our previous mea-
surement from ALMA, S 132 um = 3450100 Wy (Ikarashi et al.
2015), given that an expected flux density correction factor
between the NOEMA and ALMA observing frequencies, 255
and 265 GHz, is around 0.86 for a dust emissivity index of
B = 1.8. The observed properties are summarised in Table 2.

3. Physical properties of ASXDF1100.053.1
3.1. Spectral energy distribution

Here we derive physical properties of ASXDF1100.053.1 from
multi-wavelength data covering optical to radio wavelengths,
based on its unambiguous spectroscopic redshift. We modelled
the spectral energy distribution (SED) of ASXDF1100.053.1
using MAGPHYS (da Cunha et al. 2008, 2015). We used Sub-

aru SupremeCam data (B, V, Rc, i’, and '), UKIRT WFCAM
data (J, H, and K), Spitzer IRAC and MIPS data (3.6, 4.5, 5.8,
8.0, and 24 um), Herschel SPIRE data (250, 350, and 500 wm),
SCUBA-2 850 um data, ALMA 1100 um data, NOEMA 3 mm
data, and Jansky Very Large Array (JVLA) 6 GHz data. All
these photometric data, except for the NOEMA 3 mm pho-
tometry, are described in Ikarashi et al. (2017b). We adopt the
recipe for MAGPHYS modelling the SEDs of SMGs prescribed
in Dudzeviciute et al. (2020), and handle the photometric data
as follows. We treat a source as a detection if it has at least a
30 detection. For non-detections we adopt a flux of zero and
an uncertainty corresponding to 30 in the UV to mid-IR bands
at dops < 8um. For undetected sources in the IR bands at
Aobs = 24 um, we adopt a flux density of 1.5 + 1.00. Our best-
fit model SED and the observed SED of ASXDF1100.053.1 are
displayed in Fig. 3. Physical properties derived from the SED
modelling are summarised in Table 2. We adopt the median with
the error of the 68% range in the probability density distribution
for each physical property.

Regarding stellar mass, ASXDF1100.053.1 has significant
and relevant detections at two wavelengths, Ados = 3.6 and
4.5 um (and is tentatively detected at 5.8 um; see Ikarashi et al.
2017b). Ikarashi et al. (2017a) estimated the stellar mass to
be 1.2%53 x 10" My via fits to the UV, optical, and near-
IR SED with the Le Phare code (Ilbert et al. 2006), assuming
z = 5.5. While M. from Le Phare is consistent with the
Mgennar Obtained from MAGPHYS with a significance of 0.90,
the offset may come from the different assumptions for the esti-
mation of stellar mass in these two codes (Michatowski et al.
2014); Among ALMA-identified SCUBA-2 850 um SMGs in
the COSMOS field, AS2COSMOS SMGs (Simpson et al. 2020),

: _ 1/MAGPHYS _ jsLePhare +0.2
a median AMenar = Mg M5 of 0.127 dex for

MEePhare > 3510'% My, is found (Ikarashi et al., in prep.) by com-

stellar

paring MMACPHYS in the literature and ML by Laigle et al.
(2016). In terms of absolute accuracy of stellar mass esti-
mation of SMGs, while Michatowski et al. (2014) presented
that MMYOPHYS wag typically higher than the intrinsic stellar
mass of their model SMGs by 0.1 dex, the EAGLE simulation
(McAlpine et al. 2019) shows that MMAOPHYS g typically lower
than the intrinsic stellar mass of the model SMGs by 0.3 dex
(Dudzeviciate et al. 2020) (see also Sect. 3.4 in Hodge et al.
2019 for the uncertainty in stellar mass estimation of SMGs).
The Mgep1ors may be underestimated because of the lack of pho-
tometric data covering the stellar emission at A,y = 1pm.
The literature warns us about this potential underestimation
of Menar, €specially for massive galaxies (e.g., Maraston et al.

2006; Pforr et al. 2012).

For luminous dusty starbursts, rest-frame UV and opti-
cal wavelengths can be contaminated by emission from
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10.3°).

active galactic nuclei (AGN) (e.g., Hainlineetal. 2011;
Symeonidis & Page 2021), resulting in overestimates of stellar
mass. Extensive SED analyses of ~70 ALMA-identified SMGs
have revealed that half of the SMGs had non-stellar contribu-
tions of less than 10% in rest-frame H, and that only around
10% of the SMGs had non-stellar contribution greater than 50%
(Hainline et al. 2011). ASXDF1100.053.1 does not show any
sign of a dominant AGN at UV-optical wavelengths. We can also
see from its SED at longer wavelengths that ASXDF1100.053.1
is not a radio-loud AGN. Employing an AGN diagnostic using
a flux ratio between 870 wm and 24 um (Stanley et al. 2018), the
lower limit, log 10(F850 um/F24,m) > 1.9 for ASXDF1100.053.1
based on the SCUBA-2 flux and the 30 upper limit for MIPS
24 um flux in Ikarashi et al. (2017b), indicates that no significant
AGN contribution is expected in the IR luminosity (8—1000 um),
which is a contribution of less than 20%. This also indicates that
a potential contribution of AGN to the IR luminosity estimated
from the rest-frame far-IR SED of ASXDF1100.053.1 should be
negligible, given that in the case of a star-forming galaxy the
contribution of an AGN to far-IR emission is negligible due to
the contrast between the SED of an AGN and the SED of a star-
forming galaxy (e.g., Netzer et al. 2007; Kirkpatrick et al. 2015).
ASXDF1100.053.1 is thus likely massive, in terms of stars, with
Mettar ~ 24 x 10" M, though we note that for some luminous
dusty galaxies nothing is as it seems (like the example presented
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by Ivison et al. 2019), where the UV-optical SED shows no trace
of a powerful AGN lurking within the immense cocoon of dust.

We conducted the modelling of the dust SED of
ASXDF1100.053.1 via a single-component modified black-
body model with dust emissivity index (3 1.8 in order
to estimate a classical apparent dust temperature T35
ASXDF1100.053.1 has upper limits in the photometry at Aops
250, 350, and 500 um, where the peak of the dust SED of
ASXDF1100.053.1 is expected to be located (Fig. 3). For a bet-
ter constraint on TMBB, we utilised the JVLA radio photometry
via the radio—far-IR luminosity correlation (Condon 1992). We
modelled a radio SED by assuming a far-IR(44—122 pm)/radio
luminosity ratio ¢ = 2.34 in the local Universe (Yun et al. 2001),
a SED shape of v™%! for a thermal emission, and a SED shape
of v~03 for a non-thermal emission. The thermal emission and
non-thermal emission are scaled so that the non-thermal emis-
sion dominates 90% of rest-frame 1.4-GHz luminosity. For these
assumptions, we refer to Dale & Helou (2002). As a result, we
obtain )88 = 37.4*33 K and Lpr(44-122pm) = 3.1 + 0.1 X
10'? Ly. This Lgg is equivalent to Lig ~ 6.2 + 0.2 X 10'2 Lg,
given the typical difference between Lpr and Lig (Bell 2003).
We note that the TMBB can be cooler if there is contamina-
tion of AGN to the radio flux. Based on Kennicutt’s conversion
(Kennicutt 1998) for Chabrier IMF, this Lig from the modified
black-body fitting corresponds to SFR = 620+20 M yr~!, which
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Table 2. Observed and physical properties of ASXDF1100.053.1
obtained in this paper.

Observed properties

ICO(5—4) 0.530 + 0.052 Jy km s~ beam™!
Icoe-5y  0.550 £ 0.095Jy km s~! beam™!
S172 um 3000 + 63 MJy
S3Q()()Hm 110+ 8.9 MJy
Physical properties

Lir 83t%2 x 1012 Lo
Mslellar 35i?461 X 10” MO
My 44403 x 108 My,
Mg (3.1£0.3)x10'° M,
SFR 6307350 Mo yr!
425 e

d e
ZIR 12’:8; x 1012 Lo kpC_2

Notes. Each physical property shows the median value with the error of
the 68% range in the probability density distribution.

is consistent with the SFR based on MAGPHYS. In addition, we
obtain My = 3.675 x 10® M, through the modified black-body
dust modelling, adopting the equation given in Hughes et al.
(1997) and the absorption coefficient k4(125 um) = 2.64 m?> kg™!
(Dunne et al. 2003). This My from the modified black-body
modelling is consistent with the My by MAGPHYS.

MAGPHYS also provides us with a dust temperature of
ASXDF1100.053.1, T;‘”AGPHYS = 45.3:5‘:8 K. Dudzeviciate et al.
(2020) reported that there was a systematic offset between
Té"lAGPHYS and the dust temperature determined by classical
dust SED modelling using a modified black body, T}"®5. The
TYAGPHYS = 45 3+33 K for ASXDF1100.053.1 corresponds to
TMBB = 35*1 K, which is consistent with the T)'®® = 37.4*23 K,
which we obtain by our fitting of a modified black-body SED
described above.

3.2. Gas mass

We derived a gas mass for ASXDF1100.053.1 using the
NOEMA CO(5-4) data. For Icos-4y = 0.54 +0.05 Jy km s71, we
find L&0(5—4) =(2.120.2)x10'"°Kkms™! pc’z. At the same time
we obtained log IO(L’CO(S_ 2 /Lir) = —2.59+0.05, consistent with
the linear relation between L’CO(S_ " and Lg forlocal and z ~ 1.5
galaxies found by Daddi et al. (2015), log lO(L’CO(5_4)/LIR) =
—2.52 + 0.24. This indicates that ASXDF1100.053.1 atz > 5
has a similar nature to galaxies at lower redshift, in terms of its
gas and dust. Adopting the L5y /Lio ) ratio of the com-
posite CO spectral line energy distribution (SLED) of lensed
SPT galaxies (Spilker et al. 2014, modulo concerns about dif-
ferential lensing), we obtained an expected L’CO(H)) = (3.1 =
0.3) x 10" Kkms™" pc™2. Finally, we obtained Mg, = (3.1 +
0.3) x 10" x @ M. Here, « is a CO luminosity-to-total molec-
ular gas mass conversion factor. In this paper we adopt @ = 1.0,
which has been widely accepted for local and high-redshift dusty
star-forming galaxies with Lig > 10'? Ly (e.g., Carilli & Walter
2013, and references therein; see also arguments in Ivison et al.
2011). This is consistent with recent measurements using ALMA
at high redshift for submillimetre-selected galaxies on or above
the so-called main sequence (Calistro Rivera et al. 2018).
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Fig. 3. Spectral energy distribution of ASXDF1100.053.1 in the
observed frame. Red filled and open squares indicate the measured
detections and upper limits, respectively, taken from this paper or from
Ikarashi et al. (2017b). A solid black curve shows the best-fit SED
obtained by our modelling using MAGPHYS in Sect. 3.1. A dashed blue
curve shows the best-fit dust SED obtained by another modelling using
modified black bodies with § = 1.8 including radio SED, which is pre-
sented in Sect. 3.1. The physical properties of the best-fit SED are not
identical to the median values shown in Table 2.
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There is a concern that the gas mass may have been under-
estimated because the gas density and excitation requirements
of CO(5-4) mean it may not trace the entire gas distribution
in a galaxy (e.g., Ivison et al. 2011). An independent gas mass
estimate can be made using the dust mass, assuming a gas-
to-dust mass ratio of 100, derived from CO(1-0) observations
of high-redshift ALMA-identified SMGs (Ivison et al. 2011;
Riechers et al. 2011; Bothwell et al. 2013; Swinbank et al. 2014,
see also Scoville et al. 2014). We then obtained a gas mass of
~4.4 % 10'° M, which suggests that the gas mass from CO(5-4)
flux has been modestly underestimated, by around 30%, but we
note that the significant uncertainties on all these methods are
often unappreciated.

3.3. Comparison with known SMGs

Firstly, we address what causes the optical, near-IR, and mid-
IR faintness of ASXDF1100.053.1 by a comparison with the
~700 ALMA-identified SCUBA-2 SMGs of Dudzeviciite et al.
(2020). The mass-weighted age of ASXDF1100.053.1 is 2.9 x
108 yr, shorter than the median for the Dudzevicitte et al.
SMGs, 4.6 x 10% yr. The median V-band dust attenuation for
the Dudzevicitute et al. sample was Ay = 2.89 + 0.04 mag,
with a 16-84th percentile range of Ay = 1.89-4.24 mag, where
ASXDF1100.053.1 has Ay = 4.21’8;2 mag, putting it amongst
the top ~15% in terms of reddening. Thus, our energy-coupled
SED modelling suggests that ASXDF1100.053.1 is faint at opti-
cal, near-IR, and mid-IR wavelengths due to extreme reddening
rather than mass-weighted age.

With T éVIBB = 37.4j%§ K, ASXDF1100.053.1 is typical
for a ~1 mm-selected SMG. Lensed SMGs at z = 2-6 show
a mean of Tqg = 37.2 + 82K (Weib et al. 2013), while the
Dudzeviciate et al. (2020) SMGs at z ~ 1-4 show a median of
TY'® = 30.4 + 0.3K with a 16-84th percentile range of 25.7—
37.3 K. The Dudzeviciute et al. SMGs show no evolution of T4
with redshift across z = 1-4. However, the dust temperatures
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of SMGs with zgec > 5 (a mixture of far-IR luminous galax-
ies selected with SCUBA-2 at 0.85 mm, with Herschel at 250—
500 wm, and with the South Pole Telescope at >1 mm) are typ-
ically known to be higher than those at z < 4 (e.g., Ivison et al.
2016). The Riechers et al. (2020) compilation of z > 5 SMGs
found a median value of T4 = 52.7+6.7 K, which they suggested
has not been biased high by sample selection; instead, Riechers
et al. attribute the higher 7 to the fact that the majority of z > 5
SMGs are likely to be starbursts, where the community seems
to have largely accepted that SMGs at lower redshift are main-
sequence galaxies, albeit typically at the more luminous extreme,
with a large fraction of mergers and interactions (Engel et al.
2010). Therefore, ASXDF1100.053.1 appears to be a relatively
rare massive main-sequence star-forming galaxy at z > 5. How-
ever, the latest observational study of z > 4 SMGs suggests
they are also typically on the main sequence (Dudzevicitté et al.
2020), where the Riechers et al. results could perhaps suffer
from selection effects

Metar = (12.6£0.5) % 1010 M, with a 16-84th percentile range
of 5.9-22x10'" M, with no evolution across z = 1-4, consis-
tent with the values for AZTEC-selected SMGs in the GOODS-
S and COSMOS fields (Yun et al. 2012; Miettinen et al. 2017a).
The stellar mass of ASXDF1100.053.1, 3.5*3¢ x 10! Mo, is
in the top 16th percentile of the stellar mass dlstnbutlon of
the Dudzeviciaté et al. SMGs. Looking in the literature for
z = 5 SMGs to compare with ASXDF1100.053.1, we find
Mgenar = (8.9707) x 10" My, for AzTEC-3 (Miettinen et al.

2017b), Myeitar = (3.2319)x10° M, for MAMBO-9 (Casey et al.

2019), and Mg = (1.2 + 0.06) x 10'' My, for GN10
(Riechers et al. 2020). Thus, ASXDF1100.053.1 may be the
most massive of the known SMGs at z > 5. We again note that
the stellar mass of all SMGs in this paper including these z > 5
SMGs, the Dudzeviciuté et al. SMGs, and the Miettinen et al.
(2017a) SMGs are estimated using MAGPHYS and assuming
Chabrier’s IMF.

4. Possible late-stage post-starburst

Here we discuss the nature of the star formation in
ASXDF1100.053.1, focusing on starburstiness, specific star for-
mation rate, star formation rate, and gas-to-stellar mass ratio.

We start by characterising the nature of the star forma-
tion in ASXDF1100.053.1 in the context of the main sequence
of galaxies. Adopting a main sequence that evolves with
redshift (Speagle et al. 2014), we obtain an expected main-
sequence SFR (SFRys) of 760 M, yr~! at z = 5.2 for the stel-
lar mass of ASXDF1100.053.1. We thus obtain a starbursti-
ness ratio SFR/SFRMSZ 50(Rsg) = 0. 58*8 gg indicating that
ASXDF1100.053.1 is on the main sequence at z = 5.2. Even
assuming no evolution of the main sequence with redshift
(i.e. assuming the same main sequence as seen at z = 2),
ASXDF1100.053.1 shows SFR/SFRys .- = 1.5*0-19, support-
ing the notion that ASXDF1100.053.1 is a main-sequence star-
forming galaxy rather than a starburst. Given that SMGs are
thought to be amongst the dustiest, most intensely star-forming
galaxies at any redshift, this then begs the question of whether
there are any starbursts at z > 5 if they are defined on the basis
of distance form the main sequence. If the most luminous are in
fact dominated by accretion-related emission from AGN, as sus-
pected (e.g., Ivison et al. 1998; Symeonidis & Page 2021), then
it would appear unlikely.
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For a more direct quantity to characterise
ASXDF1100.053.1, we obtain a specific star formation
rate (sSFR) of 16*8 22 x 107 yr~!. Such galaxies are usually
considered to be on the main sequence.

Next, we focus on the gas-to-stellar mass ratio (tgas),
and dust continuum, in order to probe the star formation in
ASXDF1100.053.1. Adopting a = 1.0 for this SMG, we obtain
Heas = 0.09, based on the values of M,s and Miiepior described
earlier. Tacconi et al. (2018) describes the typical g, for main-
sequence galaxies as a function of redshift, of Mgejar, and of
sSFR. Given the measured Mqj1., the known redshift z = 5.24,
and the expected position on the main sequence, we obtain an
expected pg,s of 0.5, which is approximately five times higher
than the observed p,,s. We note that the median of pg,s for the
Birkin et al. (2021) SMGs is also 0.5, indicating that the g, of
ASXDF1100.053.1 is approximately five times lower than the
median of the SMGs.

We then obtain a gas-depletion time of 50Myr for
ASXDF1100.053.1, which is approximately four times lower
than a typical value from the latest CO survey of ALMA-
identified SMGs (Birkin et al. 2021), in which @ = 1 is adopted
consistently with our estimation (210 Myr), though such esti-
mates for individual galaxies are always tentative given the range
of plausible values of & and hence Mg, the likelihood of feed-
back, and the possibility that starbursts have a radically dif-
ferent stellar IMF (e.g., Zhang et al. 2018) and hence wildly
different SFRS, Mepar, and so on. The gas depletion time of
ASXDF1100.053.1 is also 15 times shorter than the expected
value for the Tacconi et al. (2018) main sequence for the same
stellar math and redshift.

We estimate a surface IR luminosity density X for
ASXDF1100.053.1 from its ALMA continuum size, where
the circularised effective radius R.. = 0. 17+001 arcsec

(Ikarashi et al. 2017b), corresponding to 1 Ofg: kpc at z = 5.24,

meaning that g = 1.2*0-) x 10'? Lo kpe™2.

To compare ASXDFI 100 053.1 to other star-forming galax-
ies and SMGs at lower redshift, and other SMGs at z > 5,
we show ASXDF1100.053.1 on plots of starburstiness (Rsg =
SFR/SFRys) versus gas-mass fraction g, and Rsp versus gas-
depletion time 74ep (Fig. 4). We plot known unlensed SMGs at
z > 5 with stellar mass estimates and gas masses determined
from CO: AzZTEC-3 (Capak et al. 2011; Riechers et al. 2014,
2020; Miettinen et al. 2017b), GN10 (Riechers et al. 2020), and
MAMBO-9 (Casey et al. 2019); unlensed SMGs at z ~ 2-
4 (Ivison et al. 2011; Riechers et al. 2011; Calistro Rivera et al.
2018; Birkin et al. 2021). In addition, we add the Dudzeviciaté
et al. SMGs at z ~ 24, for which we derive the gas mass from
the dust mass assuming a gas-to- dust mass ratio of 100. We only
plot z ~ 2—4 SMGs with M >'%° M.

First, we compare ASXDFI]OO 053.1 with other known
SMGs. While the g, of ASXDF1100.053.1 is the low-
est of the known SMGs, the location of ASXDF1100.053.1
on the Rsp—fgs plot is consistent with the distribution of
known SMGs; ASXDF1100.053.1 is located near the lowest
edge of the uy,s and Rsp distribution of z ~ 24 ALMA-
identified SMGs with CO detections (Calistro Rivera et al. 2018;
Birkin et al. 2021) and with gas masses estimated from their
dust mass (Dudzeviciute et al. 2020). On the plot of Rsg—Tep.
ASXDF1100.053.1 is located at the lowest edge of the Rsg
and Ty, distributions of known SMGs. When we see sSFR
instead of Rsg as a more direct physical property, the location
of ASXDF1100.053.1 on the plots of sSSFR—1g,s and sSSFR—7gep,
is also at the lowest edge of these distributions of known SMGs.
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Fig. 4. Indicators of the nature of star formation of ASXDF1100.053.1 to compare with other known SMGs. Top: gas-mass fraction (ugs =
M a5/ Meiror) and starburstiness (Rsg = SFR/SFRys) (left), and gas-depletion time (74,) and starburstiness (right). Bottom: gas-mass fraction and
specific star formation rate (sSFR) (/eff), and gas-depletion time and starburstiness (right). The red star indicates ASXDF1100.053.1. The black,
magenta, and orange stars are the z > 5 non-lensed SMGs with stellar mass estimates: AzZTEC-3 (Miettinen et al. 2017b; Riechers et al. 2020),
MAMBO-9 (Casey et al. 2019), and GN10 (Riechers et al. 2020). The grey, blue, and green stars are SMGs with CO observations at z ~ 2—4 taken
from Calistro Rivera et al. (2018) and Birkin et al. (2021), respectively. The small grey dots show ALMA-identified SMGs, sources at z ~ 2—4
from Dudzevicitte et al. (2020); the gas masses of the Dudzeviciuté et al. SMGs are derived from their dust masses assuming gas-to-dust mass
ratio of 100. The vertical solid and dashed lines mark the main sequence (Rsg = 1) and the threshold adopted for starbursts, Rsg > 3. The SFR
and the M, of all the SMGs in this panel to be compared with ASXDF1100.053.1 were derived using MAGPHYS. The light blue shaded area
shows the relation for main-sequence star-forming galaxies of My, = 10'%37115 My at 7 = 1.8-3.4 including 10 scatter by the formulation in
Tacconi et al. (2018). The red solid line shows the relation for main-sequence star-forming galaxies with Mg, = 105 Mg at z = 5.2 to be
compared with ASXDF1100.053.1, together with expected 1o scatter indicated by dashed lines. Here we adopt Chabrier’s IMF (Chabrier 2003)
To discuss uncertainty in stellar mass estimation, and star formation rate, values based on stellar mass using Le Phare in Ikarashi et al. (2017b),
and SFR based on the modified black-body fitting performed in Sect. 3.1 are indicated with a light red star with error bar.

This may indicate that ASXDF1100.053.1 is closer to passivisa-
tion than other SMGs, presumably the final phase of an SMG.
Second, we look at ASXDF1100.053.1 in the context of the
other known z > 5 unlensed SMGs. In the literature we find
three unlensed SMGs at z > 5 with stellar mass estimates:
AzTEC-3, MAMBO-9, and GN10. AzZTEC-3 and MAMBO-9
are located on the opposite side from ASXDF1100.053.1 in the
two plots. AzZTEC-3 and MAMBO-9 are starbursts with Rsg ~
10-40. GNI10 is located in the middle of ASXDF1100.053.1,

AzTEC-3, and MAMBO-9, showing a value typical of lower-
redshift SMGs. On the Rsp—7ep plot, while ASXDF1100.053.1,
GN10, and AzTEC-3 all have very low 74, ASXDF1100.053.1
shows the lowest Rsg. These plots also suggest, therefore, that
ASXDF1100.053.1 is the closest to passivisation among the
known z > 5 SMGs.

Lastly, when we see the various physical properties of
ASXDF1100.053.1, including the low pg,s, the short 74, and
Rsg < 3, Re = 1.0kpc and Zg = 1.2 x 10'* Ly, kpe™2, we
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find a similarity with the ALMA-detected main-sequence galax-
ies at z ~ 2, which are suggested to be at the late stage of star
formation prior to passivisation in Elbaz et al. (2018).

At the bottom of this section, we briefly show how the val-
ues in Fig. 4 for ASXDF1100.053.1 can vary when we adopt
non-energy-coupled SED modelling using stellar mass and star
formation rate based on Le Phare obtained in Ikarashi et al.
(2017b) and the modified black-body modelling of dust emis-
sion obtained in Sect. 3.1. The value for this case in each panel
is displayed with a light red star in Fig. 4. In this case, Rgp is
a little bit higher than that by MAGPHYS, and the Rsg also indi-
cates that ASXDF1100.053.1 is on the main sequence. Together
with this fact, considering the potential underestimation of stel-
lar mass due to the lack of Ay > 1um photometry and the
Rsp by MAGPHYS, ASXDF1100.053.1 is very likely on the main
sequence at z = 5.2, supporting the discussion described above.

5. Possible more massive galaxy formation at z > 5

Here we compare the volume density of known bright SMGs at
z > 5, including ASXDF1100.053.1 at z = 5.24, with the latest
model predictions. We consider all known unlensed SMGs at z =
5.0-5.5, including HDF850.1 at z = 5.183 (Walter et al. 2012)
and GN10 (Riechers et al. 2020), both in the Hubble Deep Field
North or GOODS-N, AzTEC-3 at z = 5.298 (Capak et al. 2011)
and ASXDF1100.053.1. The respective flux densities F'1100um
of ASXDF1100.053.1 and AzTEC-3 are 3.5 mJy (Ikarashi et al.
2017b) and 6.2 mJy (at 1 mm; Riechers et al. 2014). HDF850.1
has Fgroum = 8.2mlJy (Cowieetal. 2009) and Fizooum =
2.2mlJy (Downes et al. 1999) and its 1100 um flux density is
expected to be 4.3mly. GN10 has Fixoum = 5.25mly and
Foosum = 9.55 (Riechers et al. 2020). Therefore, all known
unlensed SMGs are >3 mJy at 1100 um.

Figure 5 shows the redshift source number density along
with redshift perdeg= for the known (very likely) unlensed
SMGs with Fiiooum = 3mly in comparison with model pre-
dictions for galaxies with Fijgoum = 3mly from the lat-
est semi-analytic cosmological model, Galform (Cowley et al.
2015; Lacey et al. 2016) and a semi-empirical model based on
3D hydrodynamical simulations and 3D dust radiative trans-
fer (Hayward et al. 2013). The latest Galform model predicts
the 1100 pm flux density for each mock galaxy. Hayward et al.
(2013) predicted the redshift distribution of SMGs for two
thresholds, Fiipopm = 1 or 4mly. We draw the curve in Fig. 5
by applying the model for Fiigopm = 4mly to the observed
number of Fijpoum = 3mlJy ALMA-identified AzZTEC SMGs
(Ikarashi et al. 2017a). In the redshift source number density
calculation, we consider a total surveyed area of 1.1 deg’ for
the four SMGs. For ASXDF1100.053.1, we adopt 1200 arcmin?,
which is the size of the parent AZTEC/ASTE 1100 um map
(Ikarashi et al. 2013). For HDF850.1 and GN10, the size of the
HDF-N SCUBA super-map (Borys et al. 2003) 165 arcmin? is
adopted. For AzZTEC 3, the map size of AzZTEC/ASTE 1100 um
map in COSMOS, 0.72 deg? (Aretxaga et al. 2011) is adopted.
Poissonian errors are considered for error bars. The Galform
simulation indicates that field-to-field variations should be a
minor effect, and Poisson errors dominate in the case of SMGs
(Cowley et al. 2015). In addition, in order to make a comparison
with the redshift source number density of the spectroscopically
confirmed z > 5 SMGs, we draw the expected source number
density of Fijpoum = 3mJy SMGs based on the sum of pho-
tometric redshift probability densities of the AS2UDS SMGs
(Dudzeviciite et al. 2020). Here we assume a constant flux ratio,
Fg70um/F1100um = 1.8.
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Fig. 5. Redshift source number density of SMGs at z > 5. The black
dot and arrow indicate a redshift source number density of z = 5.1-
5.3 non-lensed SMGs with 1o error, derived from known SMGs in the
literature (HDF850.1, GN10, and AzTEC-3) and ASXDF1100.053.1,
confirmed by this study. The curved lines show redshift source number
density distribution from simulations and a photometric redshift study.
The solid curve shows a prediction for Fijpoum = 3 mJy SMGs by Gal-
form (Cowley et al. 2015). The dashed curve shows another prediction
for Fii00um = 3 SMGs by Hayward et al. (2013). Here the distribution
is derived by applying the number of Fijpoum = 3 ALMA-identified
AzTEC SMGs (Ikarashi et al. 2017a) to the prediction in the simulation
for flux density closest to the Fjjoo.m > 3 criterion. The dotted curve
shows a sum of redshift probability density for each AS2UDS SMGs
with Fji00m = 3 (Dudzeviciiite et al. 2020).

The redshift source number density of the known unlensed
bright SMGs at Zgpee = 5.1-5.3 is dN/dz = 30.4 + 19.0 deg™2.
Given that not all of the bright SMGs in the parent sample
have a spectroscopic redshift, this final redshift source num-
ber density can increase. The predicted source number densi-
ties of the latest Galform and the Hayward models are 1.3 and
13.8, respectively; thus, the current spectroscopically confirmed
source number density is higher than these model predictions,
with significance levels of 1.5 and 0.90, respectively. As illus-
trated in Fig. 5, recent photometric redshift studies of hundreds
of ALMA-identified SCUBA-2 SMGs reported a positive evolu-
tion of observed 870 um flux density with redshift (Stach et al.
2019; Simpson et al. 2020, as first hinted by Ivison et al. 2007),
which is not seen in the Galform model. These photometric red-
shift studies and the Hayward model suggested that bright SMGs
tend to be at higher redshift, perhaps due to ‘downsizing’. A
comparison of the redshift source number density at z = 5.1—
5.3 based on spectroscopic redshift with these studies suggests
that the redshift evolution of submillimetre flux as a proxy of
IR luminosity can evolve more strongly than these photometric
redshift studies and simulations suggested.

6. Summary

In order to obtain a spectroscopic redshift, we conducted wide-
band blind 1 and 3 mm scans using NOEMA to cover a contigu-
ous 31 GHz block in each waveband towards the optically dark
z > 5 candidate, the unlensed ALMA-identified AZTEC SMG
with Fiiooum = 3.5mlJy, ASXDF1100.053.1. In the NOEMA
spectral scan of ASXDF1100.053.1, we robustly detect lines
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of CO(5—4) and CO(6-5), showing unambiguously that zgpec
5.2383 +0.0005.

An energy-coupled SED analysis of ASXDF1100.053.1,
from optical to radio wavelengths, then indicates that Lig =

8.3%)3 X 10" Lo, SFR=  630°3) Moyr!, Mo = 44733 x

108 Mo, Myetiar = 3.5’:?2 x 10" M, and Ty :35f;1 K. We also
obtain Mg, = (3.1 £ 0.3) X 10'° M, from the CO(5-4) line
luminosity.

ASXDF1100.053.1 has a low starburstiness of Rsg = 0.58,
a low sSFR of 1.6f8:2(5) X 10‘9,yr‘1, a low gas-to-stellar mass
ratio pg,s of 0.08, and a low gas-depletion time (74ep) of 50 Myr.
On plots of Rsp—flgas, Rsp—Tdeps SSFR—igys, and SSFR—7ep,
ASXDF1100.053.1 is located at the lowest edge of the known
z < 5 SMGs, indicating that it is likely a late-stage dusty star-
burst prior to passivisation. Among the known unlensed z > 5
SMG:s, the location of ASXDF1100.053.1 suggests that it is the
closest to passivisation.

In combination with the known unlensed z = 5.1-5.3 SMGs,
we obtain the redshift source number density, dN/dz = 30.4 +
19.0 deg™2. Redshift confirmation of z > 5 candidate SMGs is
incomplete, so the source number density could be higher. Given
that the latest cosmological simulations predict dV/dz = 1-
14 deg=2, this observed source number density suggests that
massive galaxy formation may have happened earlier than sug-
gested by current models.
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