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Abstract

We report the discovery of a 10 comoving megaparsec (cMpc)-scale structure traced by massive submillimeter
galaxies (SMGs) at z ~ 4.6. These galaxies are selected from an emission line search of ALMA Band 7
observations targeting 184 luminous submillimeter sources (Sgso,m => 6.2mly) across 1.6 degrees2 in the
COSMOS field. We identify four [CII] emitting SMGs and two probable [CII] emitting SMG candidates at
z = 4.60—4.64 with velocity-integrated signal-to-noise ratio of S/N > 8. Four of the six emitters are near-infrared
blank SMGs. After excluding one SMG whose emission line is falling at the edge of the spectral window, all
galaxies show clear velocity gradients along the major axes that are consistent with rotating gas disks. The
estimated rotation velocities of the disks are 330-550km s~ ' and the inferred host dark-matter halo masses are
~2-8 x 10'? M. From their estimated halo masses and [C II] luminosity function, we suggest that these galaxies
have a high (50%-100%) duty cycle and high (~0.1) baryon conversion efficiency (SFR relative to baryon
accretion rate), and that they contribute ~2% to the total star formation rate density at z = 4.6. These SMGs are
concentrated within just 0.3% of the full survey volume, suggesting they are strongly clustered. The extent of thls
structure and the individual halo masses suggest that these SMGs will likely evolve into members of a ~10"°
cluster at z = 0. This survey reveals a synchronized dusty starburst in massive halos at z > 4, which could be
driven by mergers or fed by smooth gas accretion.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy evolution (594); Galaxy environments
(2029); High-redshift galaxy clusters (2007); Submillimeter astronomy (1647)

1. Introduction

The connection between environment and galaxy formation
is likely to be critical to understanding the variety seen in the
galaxy population in the local universe (Dressler 1980). Studies
of the star formation activity of galaxies in overdense regions at
high redshifts, which are expected to evolve into clusters by the
present day, are a powerful tool to investigate the processes
involved in galaxy formation (e.g., Kodama et al. 2001;
Koyama et al. 2013). For example, Romano-Diaz et al. (2014)
predicts that galaxies grow predominantly by smooth gas
accretion from cosmological filaments in high-redshift over-
dense regions. Observationally testing such claims is thus a key
goal of galaxy evolution studies (e.g., Umehata et al. 2019).

Submillimeter galaxies (SMGs) are dusty strongly star-
forming galaxies at high redshift (e.g., Smail et al. 1997; Barger

et al. 1998; Hughes et al. 1998; Scott et al. 2010; Yun et al.
2012), which are believed to be tracers of massive dark-matter
halos in the early universe (Blain et al. 1999; Hickox et al.
2012; Chen et al. 2016; Wilkinson et al. 2017; An et al. 2019;
Dudzeviciute et al. 2020). As such, SMGs are potential sign-
posts to identify large-scale structures (Tamura et al. 2009;
Umehata et al. 2014, 2015, 2019; Casey et al. 2014;
Casey 2016; Miller et al. 2018; Oteo et al. 2018; Cooke
et al. 2019; Hill et al. 2020; Miller et al. 2020) and also provide
insights into the formation processes of massive galaxies. The
majority of SMGs are found at z = 1-4 and they are thought to
be powered by gas-rich mergers or rapid gas accretion from the
cosmic web (e.g., Tacconi et al. 2008; Umehata et al. 2019;
McAlpine et al. 2019). Recently, high sensitivity interfero-
metric observations have revealed that SMGs, including the
higher-redshift examples at z > 4, tend to have rotating gas
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disks, which may indicate that either fast gas settling in
interactions, or smooth gas accretion, make an important
contribution to fuel high-redshift starbursts (Hodge et al. 2012;
De Breuck et al. 2014; Tadaki et al. 2018). To understand the
formation process of z > 4 SMGs in the cosmological context,
we need to study their statistical properties based on a wide-
field spectroscopic survey of z > 4 SMGs.

The 2P3/2—2P1 ,2 fine structure line of C* at 157.74 pm
(hereafter [C11]) is one of the brightest far-infrared lines (e.g.,
Brauher et al. 2008; Smail et al. 2011). The [C1I] line is
suitable for spectroscopic identifications and studies of gas
dynamics of z > 4 SMGs at submillimeter wavelengths (e.g.,
Iono et al. 2006; De Breuck et al. 2014; Jones et al. 2017). For
instance, the ALMA-LABOCA Extended Chandra Deep Field-
South Survey (ALESS; Hodge et al. 2013) and ALMA-
SCUBA-2 survey of the UDS field (AS2UDS; Stach et al.
2019) serendipitiously detected [CII] emitting SMGs at
7 = 4.4-4.6 from their ALMA Band 7 snapshot observations
of large samples of submillimeter sources (Swinbank et al.
2012; Cooke et al. 2018).

In this paper, we report a search for [C II]-emitting SMGs in
the Cosmic Evolution Survey (COSMOS) field, based on
ALMA Band 7 snapshot observations. We take advantage of
the [C1I] line to investigate the star formation activity in the
SMGs and the environments they reside in. Throughout this
paper, we assume a ACDM cosmology with Qy = 0.3,
Qx = 0.7, and Hy = 70 km s ! Mpc_l.

2. Data

The targets studied in this work represent an effectively
complete sample of 184 luminous (Sgsoum = 6.2 mly) sub-
millimeter sources across a sky area of ~1.64 degrees?,
selected from the SCUBA-2 COSMOS survey (S2COSMOS;
Simpson et al. 2019). Among the 184 sources, ALMA Band 7
data of 24 sources are obtained from the ALMA data archive
(2013.1.00034.S; 2015.1.00137.S; 2013.1.01292.5;
2015.1.00568.S; 2015.1.01074.S; 2016.1.01604.S;
2016.1.00478.S). We observed the remaining 160 submilli-
meter sources in program 2016.1.00463.S and full details of the
observation, reduction, and analysis of the whole survey are
presented in Simpson et al. (2020). The observations were
performed with standard single continuum setup with a total
bandwidth of 7.5 GHz centered on 344 GHz, split into two
sidebands (335.7-339.3 GHz and 347.7-351.4 GHz), corresp-
onding to frequency of the redshifted [CII] emission line in
sources at z = 4.40-4.46 and z = 4.60-4.66, respectively. We
estimate that the full survey volume for the [C II] line emission
search in our study is 2.2 x 10° cMpc®. The FWHM of the
ALMA primary beam at 344 GHz is ~17”, which covers the
whole SCUBA-2 beam (~15"). The minimum and maximum
baseline lengths were 15.0 m and 313.7 m, respectively.

We calibrated the data and made dirty image cubes with
Common Astronomy Software Application (CASA) version
5.6.1 McMullin et al. 2007). The cubes have a synthesized
beam of 078 x 0”8 and a typical 1o depth of
~24mlybeam ' in a 27kms~' spectral channel. A more
detailed description of reduction and the full catalog of the 260
continuum sources are presented in Simpson et al. (2020).
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3. Analysis and Results

We search for emission lines in signal-to-noise ratio (S/N)
cubes as shown in Figure 1 (see also Hayatsu et al. 2017). We
start from the dirty cubes without primary beam correction,
which have uniform noise levels across each field. To provide
sensitivity to a wide range of line widths, we bin these data
cubes to four different velocity resolutions (80, 140, 300, and
750km s~ '; see Cooke et al. 2018). To estimate the continuum
level excluding emission lines, we average all channels for
each spatial pixel in the binned data cubes using 2o clipping.
We iterate this procedure until the 20 clipping converges, and
subtract the resulting continuum values from the data cubes.
We check that the 20 clipped average is more stable than a
linear fit without oversubtraction. We also confirm that
continuum levels estimated from a median agree with those
from 20 clipped average within 10% and that the choice of the
methods used in continuum estimation does not affect the
following line detection. As the noise is not constant across the
frequency bands, we construct the S/N cubes by dividing each
channel of the binned dirty cubes by the rms of that channel
measured across the full field of the cube.

In the binned, continuum-subtracted S/N cubes, we detect
six line emitters with peak S/N > 6.2. We adopt this 6.20
threshold on the grounds that no false detection appear in any
of the inverted data cubes above this significance. This means
that there is no negative peak exceeding —6.20 in any of the
184 S/N cubes we searched. For 80, 140, 300, 750 km s !
binning scales, this threshold corresponds to detection limits of
[CH] luminosity of Licm = 0.5, 0.7, 1.1, 1.8 x 109L@ at
7z~ 4.5, or observed-frame equivalent width (EW) of
EW =04, 0.5, 08, 13um for a source with
Ss70um = 6.2mly. All of the six line emitters are associated
with 870 pm continuum sources. We exclude one line emitter
(AS2C0S0002.1) because we cannot measure the total line flux
or line velocity width of the emission line as it falls at the edge
of the spectral window'” (see Figure 2). We measure the S/N
of the emission lines from velocity-integrated maps between
Vobs — 0.5 X FWHM and vy,s + 0.5 x FWHM at the peak
pixels. Our final sample comprises five emitters with lines
detected at high significance levels, integrated S/N > 8. We
show the sky distribution of the emitters in Figure 2. All of
these emitters fall within a 7’ diameter region and a narrow
frequency range (337.3-338.5 GHz).

We have checked the completeness of our line search by
simulating a 1.2 x 10’ Gaussian-like emission line with the
range of the FWHMs of 80-2000km s~ ' and luminosities of
10"°-10'"'L., and injecting them in data cubes containing a
pure noise representative of the survey (2.4 mJy beam™' per
channel). We split FWHMs into 300 cells and luminosities into
700 cells in log space, thus there are 55 lines in each cell. From
this analysis we find that the completeness is almost unity
above Licy = 3 x 10 L., which is about ~10 times higher
than the detection limits for other [CII] emitting galaxies at
z > 4 (see Figure 3).

As the S/Ns of our detected lines are not high enough to
require CLEANing, we measure the line properties using the
dirty, primary-beam-corrected flux data cubes. We use the
CASA/IMFIT task to measure the continuum flux densities,

17 We confirm that AS2COS0002.1 (R.A. 150.106505 deg, decl. 2.26362 deg)
has a redshift of z = 4.596 through the detection of '*CO(5-4) (C.-C. Chen
et al. 2021, in preparation) and has a faint near-infrared counterpart (K; > 24
ABmag).
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primary beam uncorrected dirty cube

||
spectral binning (80,140,300,750 km/s)

continuum estimation (average, 2o clip)

continuum subtraction
||
normalization with rms (=SNR cube)
||
line search (peak S/N > 6.2)
A4

visual inspection

Figure 1. Flowchart of our line search method.

velocity-integrated line fluxes and sizes. The observed proper-
ties are summarized in Table 1. We recalculate continuum
levels excluding channels containing the emission lines and
construct line-free continuum maps. The line-free continuum
maps are used to measure the spatially integrated continuum
flux densities with 2D Gaussian profiles. We also construct
emission line cubes by subtracting the estimated continuum
values (shown as green solid lines in Figure 2) from the cubes.
We measure the velocity widths of the spatially integrated
emission lines using single Gaussian profiles (see Figure 2). All
of the emission lines have large velocity widths: >500 kms ™.
Figure 4 shows the velocity-integrated flux maps (moment 0)
and the velocity maps (moment 1) of the five emitters. The
spatially integrated line fluxes and beam-deconvolved major/
minor axes are measured by using 2D Gaussian profiles for the
line-emitting regions detected above >3c0 on the moment O
maps. We correct for missing line flux falling into the gaps of
the spectral windows by interpolating the emission lines with
single Gaussian fits. The estimated missing line fluxes are
~10% for AS2COS0001.1, ~25% for AS2COS0001.2 and
negligible (less than 5%) for the remaining three sources. All
the five emitters show clear velocity gradients on the moment 1
maps. Since the directions of these velocity gradients match the
major axis position angles, they are likely to be rotating gas
disks. Simpson et al. (2020) and Jiménez-Andrade et al. (2020)
have already confirmed that AS2COS0001.1/1.2 show clear
rotating features with higher angular resolution ALMA data.

3.1. Line Identification

Our five line-emitting SMGs have also been detected with
AZTEC on the James Clerk Maxwell Telescope (JCMT), with
AS2COS0001 and AS2COS0006 corresponding to AzTEC2
and AzZTEC9 (Scott et al. 2008; Younger et al. 2009). Later,
AS2COS0001, AS2COS0006, and AS2COS0034 were also
identified as AzZTEC-C3, AzZTEC-C14, and AzTEC-C30 using
AZTEC on the Atacama Submillimeter Telescope Experiment
(ASTE; Aretxaga et al. 2011). These SMGs are also detected in
the Herschel /HerMES survey (Oliver et al. 2012) and an earlier
SCUBA-2 850 ym survey (Casey et al. 2013). While more
recently, ~ AS2COS0001.1/1.2,  AS2COS0006.1,  and
AS2C0S0034.1/34.2 were identified in ALMA Band6 as

Mitsuhashi et al.

AZzTEC-C3a/C3b, AZzTEC-C14, and AzTEC-C30a/C30b
(Brisbin et al. 2017).

Among the five line emitters, three have been already
confirmed to be at z ~ 4.6. Recently, Jiménez-Andrade et al.
(2020) observed the two line emitters (AS2COS0001.1/1.2)
with NOrthern Extended Millimeter Array (NOEMA) Band 1
and detected 12CO(5—4) lines at z = 4.63 (see also Simpson
et al. 2020). Birkin et al. (2021) also observed AS2C0OS0006.1
as a part of the large CO surveys of luminous SMGs and
detected '*CO(5-4) and [C1] at z = 4.62.

Their multiwavelength properties, line equivalent widths,
and close proximity suggest that the remaining two sources
(AS2C0S0034.1/34.2) are also likely to be [CII] emitters at
7z = 4.62. Figure 5 shows multiwavelength images of the five
emitters (Koekemoer et al. 2007; Sanders et al. 2007,
McCracken et al. 2012; Smolci¢ et al. 2017). The confirmed
[C1I] emitters are near-infrared blank or faint SMGs (K, > 24
ABmag). AS2C0S0034.1/34.2 do not have any clear optical/
near-infrared counterparts, which is consistent with them lying
at z >4 (e.g., Simpson et al. 2014; Wang et al. 2019;
Dudzeviciuté et al. 2020; Umehata et al. 2020; Smail et al.
2020). We use the Sg70,m /S36H, flux ratio as a crude redshift
indicator (e.g., Carilli & Yun 1999; Barger et al. 2000; Smail
et al. 2000). AS2C0OS0034.1/34.2 have Ss70,m/S3cn, flux
ratios of 320 &+ 60 and 950 + 540, respectively. By comparing
with the typical SEDs of SMGs (Silva et al. 1998; Swinbank
et al. 2010, 2014; Dudzeviciuté et al. 2020; S. Ikarashi et al.
2021, in preparation), the flux ratios suggest that they are likely
to be at z = 3-5 (see Figure 6). In addition, these values are
consistent with those of our three confirmed [C II]-emitters at
7 = 4.62-4.64. Thus AS2C0OS0034.1/34.2 are unlikely to be
low- or mid-J/ CO line emitters at z < 3.0. Moreover, the
emission lines of AS2C0OS0034.1/34.2 have observed-frame
equivalent widths of EW =45 £ 0.8 and 5.9 £+ 1.0 um,
which are similar to the [C1I] EW of the z ~ 4.4 SMGs (1.8
and 4.9 ym) from Swinbank et al. (2012) and our three
confirmed [C II]-emitters at z = 4.62—4.64 (2.3-5.2 um). These
observed-frame EWs are several times larger than high-J CO
lines at intermediate redshifts (e.g., Hayatsu et al. 2017) and
three times smaller than [O 1] at z ~ 9 (e.g., Tamura et al.
2019). Thus AS2C0OS0034.1/34.2 are unlikely to be high-J CO
line or [O III] emitters. Therefore we treat these two sources as
[C 1] emitter candidates at z ~ 4.6.

3.2. Gravitational Lensing

There is a z=0.73 rich cluster 5’ northeast from
AS2COS0006.1 (Guzzo et al. 2007), which could amplify the
emission from the SMGs either due to cluster-scale gravita-
tional lensing (Aretxaga et al. 2011), or more realistically given
the angular separation to the cluster center, by increasing the
projected density of foreground galaxies, which could act as
galaxy-scale lenses (e.g., Smail et al. 2005). As shown in
Figure 5, there are foreground galaxies near the SMGs in the
fields of AS2COS0001.1/1.2 and AS2C0OS0034.1/34.2, which
could also amplify the emission from the SMGs by galaxy—
galaxy gravitational lensing (the galaxy close to
AS2C0S0034.1/34.2 is indeed at z = 0.73). To assess the
relative importance of these various lensing structures we
estimate the amplification factor, i, by using a simple singular
isothermal sphere model.

The foreground z = 0.73 cluster has an estimated mass
within Rsgo (84”) of M ~ 1.7 x 10" M, (Guzzo et al. 2007).



THE ASTROPHYSICAL JOURNAL, 907:122 (10pp), 2021 February 1

AS2C0S0034.1

125 Zicny = 4.615

10.04

7.5

o
o
—
Q

=
E;:i
|8
q

336 337 338 339

flux density [mJy]
o
[S)

15.0 AS2C0S0034.2
T Zicm = 4.621

12.5

10.0

7.51

50 1g]

254pn [T/ |
il

0.0 =

336 337 338 339
frequency [GHz]

20.0. AS2C0S0002.1
Zicny ~ 4.6

Mitsuhashi et al.

25.01AS2C0OS0006.1
22 54 Z[cn] =4.620

20.0
17.51

15.0
12540 11 1g]
10.0 foRerie” -

336 337 338 339

27.51 AS2C0OS0001.1
250 Zicn) = 4.625

1254 1 1] q--2

10,0 A= — S

336 337 338 339
AS2C0OS0001.2

" 336 337 338 339

Zicny = 4.635
10.0
7.5
: 5.0
150.5 150.0 9. 25 S THEA \JJ 1
RA (J2000) i G
0.0

336 337 338 339
frequency [GHz]

Figure 2. Sky positions of five [C II]-emitting SMGs (yellow circles) and the emitter we excluded (orange circle) with the spatially integrated spectra of their emission
lines. The white circles show the positions of the parent sample of 184 SMGs from the AS2COSMOS survey (Simpson et al. 2020) and green circles show the
positions of the sources from S2COSMOS and A*COSMOS (An et al. 2019; Liu et al. 2019) with photometric redshift of z = 4-5. The five emitters are clustered in a
small sky region (~7' or 16 comoving Mpc) and in a narrow redshift range (Azjc iy = 0.021 or Av = 1100 km s ). The background image is the 850 ;um SCUBA-2
map from Simpson et al. (2019) and the black solid line shows the survey area of 1.6 degree” corresponding to the HST /ACS coverage. We also show two AGNs at
z = 4.64 (Hasinger et al. 2018; magenta circles) and a protocluster at z = 4.53—4.60 (Lemaux et al. 2018; cyan circle). The spectra were binned to a ~135km s~

resolution. Red and blue lines show single and double Gaussian fits, respectively. The dashed lines show the average 1o noise of each channel. The gray shaded

regions in each spectrum show the gaps in the spectral coverage.

An isothermal model would suggest a virial velocity of
Vyir = 1100km s~ ! within a virial radius of ry;, = 1200 kpc.
We extrapolate the isothermal distribution to the source
separations and convert from the rotational velocity to velocity
dispersion with the relationship of ¢* = V2,/2. The resulting
predicted amplifications for AS2COS0001, AS2COS0006, and
AS2COS0034 are p=1.02+0.01, 1.04 £0.01, and
1.01 =+ 0.01, which are less than 5% and negligible.

A foreground galaxy at z=0.33 is located near
AS2C0OS0001.1/1.2 (Faure et al. 2008). This galaxy has an
estimated stellar mass of M, = 10""° M, and is classified as a
quiescent galaxy (Laigle et al. 2016). We convert the stellar
mass to a velocity dispersion of 170 & 30 kms ™' using the
Faber—Jackson relation in Gallazzi et al. (2006). The predicted
amplifications for AS2COS0001.1/1.2are then u = 1.4%)7
and 1.2*01, respectively. We confirm that these amplification
factors are almost comparable with the result in the previous
work (Jiménez-Andrade et al. 2020; 1.5x and
1.35x% respectively).

Similarly, a foreground galaxy at z = 0.73 is also located
between AS2C0OS0034.1/34.2 (Lilly et al. 2007). We note that

different velocity peaks and different EW of the emission lines
(see Figure 2 and Table 1) suggest that these two sources are
not strongly lensed multiple images of a single galaxy. The
foreground galaxy has an estimated stellar mass of
M, = 10106M@ and is classified as a star-forming galaxy
(Laigle et al. 2016). We derive a rotation velocity of
Viot = 200720 kms™' from the Tully-Fisher relation in Di
Teodoro et al. (2016). We then convert from the rotational
Velocity to velocity dispersion with the relationship of
02 = V2, /2. The resulting predicted amphﬁcatlons for
AS2C0S0034.1/34.2 are ;1 = 1.1301 and 1.3103, respectively.
The influence of galaxy—galaxy lensing seems dominant for
AS2COS0001.1/1.2 and AS2C0OS0034.1/34.2, rather than the
effect of the foreground z = 0.73 cluster. Although we have
confirmed that the expected lens amplifications due to
foreground galaxies are relatively modest, we correct for these
magnification factors throughout the rest of the paper.

3.3. Spatial Distribution and Environment

Figure 7 shows the 3D map of our five [C IT] emitting SMGs
(and candidates). We see that these SMGs are concentrated
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Figure 3. [C 11] velocity width vs. line luminosity of the five emitters. Red and
black circles show the values before and after correcting for lensing

amplification (see Section 3.2). Black dashed line shows Lic yj o FWHM%C 1

relation scaled to the data points of SMGs. Background shows the
completeness of our line search as a function of the input velocity width and
input line luminosity. We confirm that the completeness is almost unity above
Lcm=3x 10° L. The literature values come from Iono et al. (2006), Wagg
et al. (2010), Wang et al. (2013), Willott et al. (2013), Ouchi et al. (2013),
Carniani et al. (2013, 2018), Riechers et al. (2014), Capak et al. (2015),
Maiolino et al. (2015), Willott et al. (2015), Yun et al. (2015), Pentericci et al.
(2016), Miller et al. (2016), Venemans et al. (2016), Smit et al. (2018),
Hashimoto et al. (2019), and Harikane et al. (2020).

within a 7'.0 x 1’4 region on the sky (16 x 3 cMpc? at
z = 4.6) and a narrow redshift range of Az = 0.021 (12 cMpc
at z = 4.6), which correspond to just ~20.3% of the full survey
volume (gray shaded regions in Figure 7, see Section 2). The
SMG distribution appears to link to the surrounding larger scale
structure (see Figures 2 and 7). AS2C0OS0002.1 at z = 4.596 is
located 10’ (20cMpc in projection) south from the SMG
structure. There are two AGNs at z = 4.64 very close to the
SMG structure (Hasinger et al. 2018). There is also a
protocluster of LBGs at z = 4.53-4.60 (Lemaux et al. 2018),
which is 20’ (40 cMpc in projection) apart from the SMG
structure. There are 91 SMGs with photometric redshifts of
7z = 4-5 from S2COSMOS and A*COSMOS (An et al. 2019;
Liu et al. 2019). Some of the SMGs could be at z = 4.6 and are
potentially related with the SMG structure. Future observations
will be able to reveal their possible connections and the whole
picture of the larger scale structure.

3.4. Dark Matter Halo Mass

We estimate the individual dark matter halo masses, My, for
each of the line emitter SMGs adopting an idealized spherical
collapse model (e.g., Barkana & Loeb 2001). This assumes that
the galaxy’s measured rotation velocity, V.o, is equal to the
circular velocity of the host halo (i.e., isothermal sphere; see
also Posti et al. 2019; Shimasaku & Izumi 2019) and that the
halo is collapsed at the observed redshift. To derive the rotation
velocity we first estimate the inclination angle of the [CII]-
emitting gas disks, i, with i = co8™! dpin /dmaj, Where ap;, and
Gmej are the deconvolved minor and major axes of [CII]
emission, respectively (see Table 1). The major axes span
4-6 kpc. We calculate the rotation velocities from the velocity
widths with the following relation,
Vit = 1/v X FWHMc iy/sini (y =2, Kohandel et al

Mitsuhashi et al.

2019). The range of estimated halo masses of our five SMGs is
2-8 x 10'* M, within virial radii of 70110 kpc. Since it is not
clear that the assumption of the flat rotation curve is applicable
to our SMGs, we check the consistency with different methods
for the halo mass calculation. The mass range of calculated
halos corresponds to a bias of b = 8.3 £ 1.9 at 7 = 4.6 (Mo &
White 2002), which is consistent with b = 8.4 £ (0.7 derived
from the clustering analysis for z = 3-5 SMGs (e.g., An et al.
2019). In addition, the typical separation of our five SMGs is
~10 cMpc and this is comparable to the predicted clustering
length of the halos with masses of M, 2 2 X 102 M,
(~10cMpc; Mo & White 2002). The main uncertainties in
the halo masses come from the inclination measurements of the
gas disks. The sini of AS2COS0001.1, 6.1, and 34.1 are
determined with ~15% precision. We confirm that the
measured inclination and V,,, of AS2COS0001.1 is consistent
with those presented in the previous work with higher
resolution data within 1o uncertainties (i = 51 & 3° and
Viot = 540 £ 90 km s~ Jiménez-Andrade et al. 2020). We
note that we can only place lower limits on the halo masses for
AS2COS0001.2 and 34.2 due to the larger uncertainties of their
inclination measurements. Future higher resolution and deeper
observations are needed for more precise estimates.

As shown in Figures 2 and 5, our sample contains two SMG
pairs, each of which could reside in common halos. We
estimate their common halo masses from the sky separation and
the velocity separation of these pairs assuming an NFW dark-
matter profile (Table 1; Navarro et al. 1997). We use the
concentration parameter of ¢ = 3.5, as expected for halos of
M, ~ 10"* M, at z ~ 4.5 (Dutton & Maccid 2014). Since we
ignore the line-of-sight separations and the velocities in the
transverse direction, the estimated halo masses with the NFW
profile are lower limits. AS2COS0001.1/1.2 have an angular
separation of 3”1 (~21kpc) and a redshift offset of
Az = 0.010 £ 0.002 (Av = 560 & 50 kms ' or
Ad = 1.04 £ 0.20pMpc). AS2C0S0034.1/34.2 have an
angular separation of 5”0 (~33 kpc) and a redshift offset of
Az = 0.006 £ 0.002 (Av = 310 &+ 60kms ' or
Ad = 0.52 £ 0.20 pMpc). The estimated lower limits are
6.4723 x 10'2 M., for ASCOS0001 and 0.870% x 102 M,
for AS2C0OS0034, and they are consistent with the halo masses
derived from the rotation velocities of the gas disks
(Figure 8(a)).

4. Discussion
4.1. Nature of High-redshift SMGs

We discuss the nature of z >4 bright SMGs in a
cosmological context. By comparing with predictions from a
ACDM model, we estimate the duty cycle, baryon conversion
efficiency, and contribution to the cosmic SFRD of the high-
redshift SMGs with the full COSMOS survey volume of
2.2 x 10°cMpc®.

In Figure 8(a), we plot the cumulative number density of the
five [C II] emitting SMGs and the z = 4.6 halo mass function
from Angulo et al. (2012). We also show 1o uncertainty of halo
mass function comes from the cosmic variance (Mo &
White 2002; Moster et al. 2011). We find that the 50%-—
100% halos at z = 4.6 with a mass of M), > 4 x 10"* M, host
SMGs. Such a high duty cycle for bright SMGs could be
explained by continuous rapid gas accretion in massive, high-
redshift halos or by a series of short duration starbursts
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Table 1

Properties of the Five Emission-line-detected SMGs
ID* AS2C0OS0001.1 AS2C0S0001.2 AS2C0S0006.1 AS2C0S00034.1 AS2C0S0034.2
R.A.(deg)" 150.03350 150.03268 149.98871 150.10446 150.10572
decl.(deg)” 2.43675 2.43701 2.45850 2.43537 2.43481
11S870m(mJy)" 122 + 0.4 32402 125+ 0.5 41403 37402
1S3GH (1Y) 150 +£ 2.4 28.8 + 2.7 132 £33 13.0 £ 2.4 3.9+£22
Vobs(GHz) 337.90 337.27 338.17 338.49 338.14
Zcm 4.625 + 0.001 4.635 + 0.001 4.620 + 0.001 4.615 + 0.001 4.621 + 0.001
FWHM,c (km s~ ") 710 £ 50 560 =+ 50 1090 =+ 80 650 =+ 80 540 + 60
Sdvic m(Jy km s~ ¢ 7.019% 47498 159 £ 1.3 55119 6.0114
Lic(10°Lo) 44403 3.01%4 10.1 £0.8 3.5198 3.8107
SFR (ciy(Me yr ) 3907350 2607730 8807730 310735 330760
S/N° 153 10.0 17.4 8.0 10.7
EW(pm)" 23402 52407 37403 45+ 08 594 1.0
size[c II](” X //)g 0.6i0‘1 X O.4i0Al 0.6i0‘1 % O.Si()‘z 0.9i()‘1 x O.Zio'l 0.8i0‘2 x 0.1103 0.6i03 X 0.4i0.3
i(deg) 47 +9 34728 77+ 8 80119 52434
Vioukm s~ 470 + 80 490_ 59" 550 + 40 330439 340_4"
M, (10" M) 51+1.4 57 36" 8.0 + 1.1 17591 1.9 o,
MNV (10" M) 6.47%3 o
Mayo(10" M) 17403 1.9_00" 23403 0.8792 0.9_o5"
SFRg70,m(Mo, yr 'Y 390+59 230*39 450419 260739 240+
p 14707 12734 LI 13497

Notes.

4 Source IDs and coordinates come from the full AS2COSMOS catalog presented in Simpson et al. (2020).
® Total continuum flux densities excluding line emission measured with the CASA/IMFIT task.

¢ Radio continuum fluxes from Smol&i¢ et al. (2017).

4 Total emission line flux measured with the CASA/IMFIT task.

¢ Velocity-integrated peak emission line S/N within the FWHM.
T Observed-frame line equivalent widths.

€ Beam-deconvolved major and minor axes measured with the CASA/IMFIT task.

%1 Upper limits cannot be constrained from uncertainty of the inclinations.
f Common halo masses assuming NFW dark matter profile.

J Star formation rate estimated from S870.m and conversion in Dudzeviciaté et al. (2020).

X Gravitational magnification factors.

triggered via galaxy interactions. We note that the latter
interpretation is more consistent with the fact that several of the
SMGs may share common halos, where the proximity of the
neighboring sources would then also explain the triggering of
the intense star formation within these systems. McAlpine et al.
(2019) predict that mergers are a necessary, but not sufficient,
condition to create an SMG: a massive gas reservoir is also
needed to power the intense star formation activity. Therefore a
combination of triggering by near-continuous mergers and/or
rapid gas fueling by gas accretion might be necessary to
produce bright high-redshift bright SMGs with such high duty
cycles.

Owing to the large survey volume of AS2COSMOS, we
constrain the z ~ 4.6 [CII] luminosity function brighter than
Licm >3 x 10° L., (Figure 8(b)). Above this luminosity, we
have confirmed that completeness correction due to our line
search is not necessary for our constraints (see Section 3). Here,
we calculate the number densities for two cases, one for the full
sample of the five SMGs, and one with the subset of two SMGs
with Sg70,m = 6.2mly. As our continuum survey is complete
to the level of 6.2 mJy, the number density of the full sample of
five SMGs gives only a lower limit due to the missing fainter-
continuum [C II] emitters in our survey volume. We note that if
AS2C0S0034.1/34.2 are not [CII] emitters, then the number
density corresponding to our quoted lower limit should be
reduced to 40% (2/5). With the previous results from

Swinbank et al. (2012) and Cooke et al. (2018) we find that
the bright end of the [CI] luminosity function gradually
decrease toward Lc y ~ 100 L.

We compare the [CII] luminosity function with model
luminosity functions derived from the halo mass function.
McBride et al. (2009) predicts that the mean baryon accretion
rate (M) into a halo as a function of virial mass M,; and
redshift z is given by the following equation,

1.127
2 Mvir
1012M.,

x (14 1.172) O + 2 + U, (1)

<M> = fbaryon x 4

where fyaryon i the baryon-to-dark matter ratio of ~1 /6. The
difference of (M) in the corresponding halo mass range is less
than 20% across the literature (McBride et al. 2009; Dekel et al.
2009; Goerdt et al. 2015). We convert the halo masses to the
baryon accretion rates with Equation (1), and calculate SFRs
assuming that accreted gas becomes stars with baryon
conversion efficiencies of ¢ = 0.01, 0.1, 1.0. This baryon
conversion efficiency is defined as SFR divided by baryon
accretion rate (see Behroozi et al. 2013, 2019). With the SFRs,
we calculate Lic from the following relation in De Looze
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Figure 4. Top: the velocity-integrated flux maps of five detected line-emitting SMGs. The black contours show the surface brightness of the emission lines starting
from 30 with 20 intervals. Velocity offsets, projected spatial separations, and directions of any companions (if they have one) are also shown. The dashed lines show
major-axis position angles. Bottom: the velocity maps with 3¢ clipping. Typical velocities (in km s~ ') and major axis position angles are also denoted. All of the five
sources show clear velocity gradients along the major axes that are consistent with rotating disks.

et al. (2014).
logSFR = —7.06 4+ 1.00 x log Lic )

We note that this conversion includes a 1o dispersion of
0.27 dex (shaded areas in Figure 8(b)). We find that the model
luminosity function with a baryon conversion efficiency of
€ ~ 0.1 agrees well with the observed luminosity function at
least at the bright end (where our survey is likely complete).
The inferred baryon conversion efficiency of € ~ 0.1 is similar
to that estimated for normal star-forming galaxies with halo
masses of M), ~ 10'> M, although at lower redshifts z ~ 2
(Behroozi et al. 2013), which could also have a high duty cycle
of >50% (Daddi et al. 2005) and have been claimed to be fed
by smooth gas accretion (Dekel et al. 2009). The halos with a
mass of M, > 4 x 10" M, at z = 4.6 are expected to have a
smooth gas accretion rate of >800 M. yr ', which is about
half of the total baryon accretion rate (Goerdt et al. 2015). Thus
the gas accretion for such halos could be sufficient to achieve
the high SFR seen in the SMGs. Of course this does not rule
out gas accretion through mergers especially given that four of
our five targets are potentially close pairs.

We estimate the contribution of the bright SMGs at 7 = 4.6
to the cosmic star formation rate density (SFRD). The
contribution of dust-obscured galaxies to the cosmic SFRD is
less well constrained at z > 4 (e.g., Madau & Dickinson 2014;
Swinbank et al. 2014; Casey et al. 2018; Zavala et al. 2018;
Dudzeviciate et al. 2020). The number density and luminosity
of [C1I] emitters provide robust lower limits on the SFRD at
this epoch. We calculate the SFRD of SMGs based on the two
bright SMGs for which our survey is complete above its flux
level of Sg70,m = 6.2 mJy across the survey volume (Figure 9).
We convert [C II] luminosities to SFR with Equation (2). Here,
the error is dominated by the uncertainties from the Lc y—SFR
conversion. We confirm that the [CII]-based SFRs are
consistent with those derived from the dust continuum
assuming the relation in Dudzeviciateé et al. (2020).

The contribution of the bright continuum-detected SMGs to
the total SFRD is ~2% at z = 4.6. This is comparable with the
contribution of dust continuum-selected SMGs presented in

previous works when we use the same flux cutoff
(Ss70um = 6.2mly; Cooke et al. 2018; Dudzeviciaté et al.
2020). In contrast, Zavala et al. (2018) claimed that the
contribution of dust-obscured galaxies at z > 4 is ~35%—-85%
based on an ALMA 3 mm survey. The apparent lower
contribution of the bright SMGs may come from our high flux
cutoff. The flux cutoff of Sg70,m = 6.2mly corresponds to
SFR = 330 M, yr ' (Dudzeviciaté et al. 2020), which is ~4
times higher than the flux limit in Zavala et al. (2018; assuming
a modified blackbody with T, =35K and §=1.8). In
addition, as extensively discussed by Zavala et al. (2018),
their sample may also be biased due to the survey including
sources associated with the primary targets in the archival fields
or due to synchrotron contributions to their 3 mm fluxes. We
find that the cosmic SFRD can be reproduced when we
integrate our model of [C 1] luminosity function with € ~ 0.1
down to Licy = 107 Ln, and convert the [CII] luminosity
density to SFRD using the Equation (2). This indicates that we
need at least ~100 times deeper observations to place a
meaningful constraint to the cosmic SFRD from the [CII]
luminosity function.

4.2. SMG Large-scale Structure and the Descendant

The rough alignment of the five SMGs apparent in Figure 2
may suggest that simultaneous star formation activity is
occurring in massive halos along the cosmic web. Numerical
simulations predict that more than 90% of dark matter is in the
form of unvirialized filamentary large-scale structure at z ~ 5
(Haider et al. 2016).

The scale of the SMG-traced structure is comparable with
expected size of protoclusters at z = 4.6 (Chiang et al. 2013).
Numerical simulations suggest that most halos with a mass of
M, > 2 x 10" M, at z = 4.6 evolve into a M, > 10> M,
halo b by z = 0 (e.g., Zhao et al. 2009), which corresponds to the
present day’s most massive cluster. As shown in Figure 8(a),
the expected number of M), ~ 10'> M, halos is about unity in
our survey volume at z = 0. The present-day ~10'> M, halos
are expected to have a maximum baryon conversion efficiency
of e ~0.1 at 7z~ 4-7 (Behroozi et al. 2013), which is
consistent with our findings (see Section 4.1). We suggest,
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Figure 5. Multiwavelength images of the five line-emitting SMGs. The small red circles show the positions of ALMA Band 7 continuum sources (Table 1). The
yellow dashed circles indicate the ALMA field of view. AS2C0OS0034.1/34.2 do not have detected counterparts in the optical or near-infrared bands (similar to
AS2CO0S0001.1/1.2), suggesting that they are also likely to be at z > 4. In the fields of AS2COS0001 and AS2COS0034, there are foreground galaxies near the
SMGs, which could modestly magnify the sources due to gravitational lensing (see Section 3.2).
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Figure 6. The Sg70,m/S3Gn, flux ratio as a function of redshift. The colored
curves show the predicted ratios based on the SEDs of Arp220, Cosmic
Eyelash, and various composite SMGs (Silva et al. 1998; Swinbank
et al. 2010, 2014; Dudzeviciate et al. 2020, S. Ikarashi et al. 2021, in
preparation). The flux ratios of AS2C0OS0034.1/34.2 suggest that they are
likely to lie at z = 3-5 and are comparable with the ratios of the confirmed
[C 1]-selected SMGs at z = 4.62-4.64.

therefore, that we are witnessing efficient, synchronized star
formation in massive galaxies, driven by mergers and
potentially smooth gas accretion, within a massive protocluster
environment at z ~ 4.6 when the universe was only 10% of its
current age.
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Figure 7. 3D map of [C II] emitters (and candidates) in the full survey volume.
Symbols are as in Figure 2. We see that the [C II] emitters are both spatially
concentrated on the sky (as shown in )Figure 2), but also in 3D space.

5. Summary

We detected emission lines from six SMGs based on ALMA
S2COSMOS Band 7 observations of 184 luminous submilli-
meter sources with Sgso,m = 6.2mly in the full 1.6 deg2
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that the 50%—100% halos with M;, > 4 x 10" M, host SMGs at z = 4.6. In the same survey volume, the expected number of ~10" M, halos is about unity at
z = 0. (b) The [C IT] cumulative number densities derived from five SMGs and two bright (Sg70,m = 6.2 mJy) SMGs in the COSMOS survey area. The value from
five SMGs is only a lower limit due to the fact that these are also continuum-selected sources. We show the previous observational constraints at z ~ 4.5 (Swinbank
et al. 2012; Cooke et al. 2018). Our result constrains the bright end of the luminosity function at z = 4.6. From the comparison with the model luminosity functions
(see the text), our constraints imply a baryon conversion efficiency (defined as SFR divided by baryon accretion rate) of € ~ 0.1 at least for the most luminous source.
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Figure 9. Cosmic star formation rate density (SFRD; Madau & Dickin-
son 2014) and the contribution from bright (Sg70,m = 6.2 mJy) SMGs. The red
filled circle shows the SFRD derived from the two brightest SMGs in this
survey (AS2COS0001.1/6.1). The blue square and curve show the previous
observational constraints from z ~ 4.5 [C1I] emitting SMGs and z = 1-6
SMGs with Sg70,m > 6.2 mJy (Cooke et al. 2018; Dudzeviciité et al. 2020).
We estimate that the contribution of bright continuum-detected SMGs to the
cosmic star formation rate density is ~2% at z = 4.6.

COSMOS field (Simpson et al. 2020). Among these, four
SMGs have been confirmed to be [C II](157.74 um) emitters at
z = 4.60-4.64 by independent detections of '2CO(J = 5-4)
emission. The remaining two SMGs are also likely to be [CII]
emitters at z = 4.62 from their line equivalent widths and
multiwavelength spectral energy distributions. Four of the six
SMGs are near-infrared blank SMGs. After excluding one
SMG whose emission line is falling at the edge of spectral
window, all line-emitting SMGs show clear velocity gradients

along the major axes of their [C II] emission, consistent with
gas disks with rotation velocities of 330-550kms™'. We
estimate that they have individual dark matter halo masses of
2-8 x 10" M., a 50%-100% duty cycle, and a baryon
conversion efficiency (SFR relative to baryon accretion rate)
of € ~ 0.1 and contribute ~2% to the total SFRD at this
redshift. Five SMGs are concentrated within a
16 x 4 x 12cMpc’® region and likely evolve into members
of a massive (NIO1 M) cluster at z ~ 0. Our work
demonstrates that the combination of wide-field single dish
survey and ALMA follow-up is a powerful method to
investigate the rapid formation process of massive galaxies
within the cosmic web at z > 4.
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