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Abstract

We report new observations toward the hyperluminous dusty starbursting major merger ADFS-27(z=5.655),
using the Australia Telescope Compact Array (ATCA) and the Atacama Large Millimeter/submillimeter Array
(ALMA). We detect CO (J=2→1), CO (J=8→7), CO (J=9→8), CO (J=10→9), and H2O
(312→221) emission, and a P Cygni−shaped OH+ (11→01) absorption/emission feature. We also tentatively
detect H2O (321→312) and OH+ (12 → 01) emission and CH+ (J=1→0) absorption. We find a total cold
molecular mass of Mgas=(2.1± 0.2)×1011 (αCO/1.0)Me. We also find that the excitation of the star-forming
gas is overall moderate for a z > 5 dusty starburst, which is consistent with its moderate dust temperature. A high-
density, high kinetic temperature gas component embedded in the gas reservoir is required to fully explain the CO
line ladder. This component is likely associated with the “maximum starburst” nuclei in the two merging galaxies,
which are separated by only 140± 13 km s−1 along the line of sight and 9.0 kpc in projection. The kinematic
structure of both components is consistent with galaxy disks, but this interpretation remains limited by the spatial
resolution of the current data. The OH+ features are only detected toward the northern component, which is also
the one that is more enshrouded in dust and thus remains undetected up to 1.6 μm even in our sensitive new Hubble
Space Telescope Wide Field Camera 3 imaging. The absorption component of the OH+ line is blueshifted and
peaks near the CO and continuum emission peak, while the emission is redshifted and peaks offset by 1.7 kpc from
the CO and continuum emission peak, suggesting that the gas is associated with a massive molecular outflow from
the intensely star-forming nucleus that supplies 125Me yr−1 of enriched gas to its halo.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Starburst galaxies (1570); High-redshift galaxies
(734); Infrared excess galaxies (789); Galaxy evolution (594); Interstellar line emission (844); Submillimeter
astronomy (1647); Millimeter astronomy (1061)

1. Introduction

With infrared luminosities LIR > 1013 Le, hyperluminous
infrared galaxies (HyLIRGs; e.g., Sanders & Mirabel 1996;
Rowan-Robinson 2000) represent the most intensely star-
forming galaxies through cosmic history. While rare at any
epoch, they are particularly exceptional in the early universe
within the first billion years, when structure formation had not
yet sufficiently matured to allow for the presence of a
substantial abundance of the most massive dark matter halos
that are thought to host such systems (e.g., Robson et al. 2014,
and references therein). The majority of their star formation
activity, taking place at star formation rates (SFRs) of
>1000Me yr−1, and even the already-existing stellar popula-
tions are commonly hidden from our view owing to high levels
of dust obscuration (e.g., Simpson et al. 2020, and references
therein). This makes them the most luminous and perhaps most
massive tail of the dusty star-forming galaxy (DSFG) popula-
tion (e.g., Hodge & da Cunha 2020, and references therein).
The star formation activity in HyLIRGs is typically driven
by major mergers (e.g., Engel et al. 2010; Oteo et al. 2016;

Riechers et al. 2017). It commonly takes place in compact
regions only one to a few kiloparsecs across, which are
permeated by intense radiation fields powered by the
large quantities of massive stars that were just born, and
impacted by mechanical feedback due to ejecta from evolved
stars and supernova explosions (e.g., Riechers et al. 2013,
2014, 2017, 2020; Fu et al. 2013; Ivison et al. 2013; Tadaki
et al. 2020). This radiation pressure and mechanical feedback
can lead to large-scale turbulence, winds, and outflows, which
deposit enriched gas in the galaxy’s halo. This gas can be
traced through absorption in molecular species like OH+ and
CH+, back to the first billion years of cosmic history, as
demonstrated by detections in the z > 6 HyLIRG HFLS3
(Riechers et al. 2013) and detailed investigations of the line
profiles in a sample of strongly lensed z∼2 DSFGs (Falgarone
et al. 2017; Indriolo et al. 2018). These compact starburst
regions are commonly characterized by a high excitation of
the molecular gas due to a high gas density and kinetic
temperature (as traced by the CO rotational line ladder), and
they may be embedded in more extended, massive cold gas
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reservoirs that supply the material to support the starburst
activity on tens to 100Myr timescales (e.g., Greve et al. 2005;
Tacconi et al. 2008; Riechers et al. 2010, 2011, 2020; Ivison
et al. 2011; Hodge et al. 2015).

We here report new observations of the hyperluminous
binary starburst ADFS-27at z=5.655 (2HERMES S250 SF
J043657.7–543810; Riechers et al. 2017) with ATCA, ALMA,
and the Hubble Space Telescope, to obtain a more detailed
understanding of the physical properties of such exceptionally
luminous systems. ADFS-27 was initially discovered in the
Herschel Multi-tiered Extragalactic Survey (HerMES; Oliver
et al. 2012), combined with follow-up observations with the
Atacama Pathfinder EXperiment (APEX) telescope, through its
exceptionally “red” color between the 250 and 870 μm
bands, which make it the only known dusty point source in
the survey that fulfills the “870 μm riser” criterion (i.e.,

< < <m m m mS S S S ;250 m 350 m 500 m 870 m Riechers et al. 2017).
This work investigates the stellar light emerging from the
system, the mass of its gas reservoir, the gas excitation, and
evidence for starburst-driven feedback. We present the data and
their calibration in Section 2, before discussing the immediate
results and presenting a broader analysis, informed by models,
in Sections 3 and 4. A summary and conclusions are given in
Section 5. We use a concordance, flat ΛCDM cosmology
throughout, with H0=69.6 km s−1 Mpc−1, ΩM=0.286, and
ΩΛ=0.714. At z=5.655, 1″ on the sky corresponds to
6.026 kpc with these parameters, the luminosity distance is
DL=55044.8 Mpc, and the time since the big bang is
tcos=1.016 Gyr.

2. Data

2.1. ATCA

We observed the CO (J=2→1) line (νrest=230.5380 GHz,
redshifted to νobs=34.6413 GHz) toward ADFS-27using
ATCA (project ID: C3226; PI:Riechers). Observations were
carried out under acceptable to good weather conditions for two
tracks on 2017 October 05 and 06 using the 7mm band receivers
in the H168 configuration (baseline range:61–185m for the five-
antenna main array, with a sixth outrigger antenna providing
4.3–4.5 km baselines), totaling 16 hr of observing time. The
outrigger antenna was only available for the first track, and it was
manually flagged owing to the significantly poorer phase stability
on the longest baselines. The nearby bright radio quasar 0454–463
(∼1.4 Jy) at ∼9° distance from ADFS-27was observed for phase
and bandpass calibration every 10minutes. Pointing corrections
were obtained on a calibrator source roughly every hour, or when
moving the telescopes by >20° on the sky. Absolute fluxes were
determined based on observations of PKS 1934–628, which we
cross-checked based on observations of Uranus. From our data,
we estimate that the absolute flux scale is reliable at the 12%–20%
level, with a relative accuracy at the 2% level between the two
tracks.

The correlator was set up using the Compact Array
Broadband Backend (CABB; Wilson et al. 2011) in CFB 1M
mode with a bandwidth of 2 GHz in each of two intermediate-
frequency (IF) bands at a spectral resolution of 1MHz
(8.7 km s−1). Data were binned to 40–80 km s−1 resolution in
the subsequent analysis.

Data reduction was performed using the MIRIAD package
(Sault et al. 1995). Imaging the line emission yields a
synthesized beam size of 7 2×5 3 at an rms noise level of

54.3 μJy beam−1 over 1509 km s−1. Imaging the data across
the entire line-free bandwidth yields a continuum rms level of
12 μJy beam−1.

2.2. ALMA

We observed the CO (J=8→7), CO (J=9→8), and
CO (J=10→9) lines (νrest=921.7997, 1036.9124, and
1151.9855 GHz; redshifted to νobs=138.5124, 155.8095,
and 173.1007 GHz, respectively) in setups that also covered
the CH+ (J=1→0), OH+ (11→01), H2O (312→221),
and H2O (321→312) lines (νrest=835.0790, 1033.0582,
1153.1268, and 1162.9116 GHz; νobs=125.4814, 155.2304,
173.2723, and 174.7425 GHz, respectively) toward ADFS-
27using ALMA (project ID:2017.1.00235.S; PI:Riechers; we
also included archival data from project 2018.1.00966.S in the
frequency range overlapping with our science goals). Observa-
tions were carried out under acceptable to very good weather
conditions during six runs in cycles 5 and 6 between 2018 July
14 and November 20 using the band 4 and 5 receivers on
42–48 12 m antennas in a compact array configuration for CO
(J=8→7) (C43-1/2; baseline range:15–313 m), in a
moderately extended configuration for CO (J=9→8)
(C43-5; 15 m–1.4 km),12 and in both a compact and a moderately
extended configuration for CO (J=10→9) (C43-2/3 and C43-
5; 15m–1.4 km). A total of 12.6, 76, and 102minutes on source
were spent for observing the CO (J=8→7), CO (J=9→8),
and CO (J=10→9) lines, respectively. The nearby radio
quasars J0425–5331 or J0441–5154 were observed regularly for
phase calibration. J0519–4546 was used for pointing, amplitude,
bandpass, and absolute flux calibration, leading to <10%
calibration uncertainty.
The correlator was set up with two spectral windows of

1.875 GHz bandwidth (dual polarization) each per sideband, at
a sideband separation of 8 GHz for all CO (J=8→7) and
CO (J=9→8) observations, and the CO (J=10→9)
observations in a compact configuration. The upper sideband
for the CO (J=10→9) observations (which did not contain
any lines of interest) fell into the outer wing of the 183 GHz
atmospheric H2O line and had to be discarded owing to
unreliable calibration given the modest weather conditions at
the time of observing. For the extended configuration CO
(J=10→9) observations, three partially overlapping spectral
windows were placed in the lower sideband (only one of which
was used in the analysis presented here), and none were placed
in the upper sideband.
Data reduction was performed using version 5.4.0 or 5.6.1 of

the CASA package (McMullin et al. 2007), aided by the
calibration pipeline included with each version. Data were
mapped manually using the CLEAN algorithm via the tclean
task with “natural,” Briggs robust +0.5, and Briggs robust
−0.5 weighting, which resulted in the image parameters
detailed in Table 1. Continuum maps are created over the
entire line-free bandwidths.

2.3. Hubble Space Telescope

ADFS-27was observed with the Hubble Space Telescope
Advanced Camera for Surveys Wide-Field Camera (ACS-
WFC) in the F606W filter (effective wavelength:581 nm) for
two orbits on 2020 August 11/12 and with the Wide-Field

12 Observations in a more compact configuration were scheduled as part of
project 2017.1.00235.S but were not carried out.
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Camera 3 in the infrared F098M, F125W, and F160W filters
(WFC3-IR; 983, 1236, and 1528 nm) for one, one, and two
orbits on 2018 August 18 and 2020 June 14, respectively
(program ID:15919, PI:Riechers for all except F125W, which
is from 15464, PI:Long). The total exposure times in the
F606W, F098M, F125W, and F160W filters were 4800, 2712,
2612, and 5612 s, respectively.

Standard procedures were used to calibrate the data, including
flat-fielding and flux calibration, as well as masking of bad pixels,
bias and dark current subtractions, corrections for geometric
distortions, and the combination of exposures with Astro-
Drizzle. Initial catalogs for astrometry were obtained by
running SEXTRACTOR (Bertin & Arnouts 1996) in single mode
for each band. Astrometry was carried out by matching the images
in each filter to the GAIA DR2 catalog (Gaia Collaboration et al.
2018) with a matching radius of one FWHM, which resulted in
typically 14 matches per band in the WFC3 filters. The final shift
applied was taken as the mean of the shifts for these matched
sources. Photometry catalogs were made using SEXTRACTOR in
dual mode, with F160W as the detection image, and using the
other bands iteratively to obtain the photometry.

3. Results

3.1. Continuum Emission

We here report our new findings on the rest-frame ultraviolet
to millimeter continuum emission toward ADFS-27. The main
results are summarized in Table 2.

3.1.1. HST

The F606W filter sits below the Lyman break at z∼5.7. Thus,
no emission is detected toward ADFS-27, as expected (Figure 1).
Also, there is no evidence for the presence of a foreground galaxy
that could cause strong gravitational lensing. The nearest bright
foreground galaxy detected in the WFC3-IR filters is 3 7 to the
east of ADFS-27S. There is a faint object at 1 0 distance from
ADFS-27N detected in F606W, but unlike most effective
deflectors, it is not a massive red galaxy, such that strong lensing
(i.e., a flux magnification factor of μL�2) remains unlikely. A

small amount of magnification (a few percent to few tens of
percent) remains possible, but there is no evidence for a significant
extension of ADFS-27N along the axis that would be expected for
distortion due to weak-lensing magnification (which lies close to
its minor axis). Also, there is no evidence for a foreground galaxy
group or cluster that could provide a larger-scale lensing potential.
As such, we confirm that ADFS-27 is intrinsically a HyLIRG.
ADFS-27N also remains undetected in all WFC3-IR filters, while
spatially resolved stellar emission is detected toward ADFS-27S in
all three filters (Figure 1). This suggests that the stellar light in
ADFS-27N is significantly more heavily dust-obscured than in
ADFS-27S, such that no direct stellar mass measurement is
possible for the northern galaxy without the investment of at least
many tens of orbits of HST time, at least until the launch of the
James Webb Space Telescope (JWST). Aperture fluxes and upper
limits are reported in Table 2.
We have also conducted a V-band dropout search for

candidate Lyman break galaxies (LBGs) at the same redshift as
ADFS-27. We initially selected the F606W and F098M filters,
because the Lyman break falls between these filters at
z=5.655. We used selection criteria defined in analogy with
those used by Bouwens et al. (2015), but fine-tuned toward the
selection of LBGs at z=5.6 (R. Bouwens et al. 2020, private
communication). First, we required a detection at >5σ in all
WFC3-IR bands. Then, we applied the following color
selection criteria (in AB magnitudes):

- >
- > + -
- <

F606W F098M 2.3
F606W F098M 2.3 F098M F160W
F098M F160W 1.2.

( )

As such, we used the F606W–F098M color as the main
selection criterion to reject z < 5 galaxies and the slope
between the near-infrared bands to select against excessively
steep spectral energy distribution (SED) shapes above the
expected Lyman break. We also rejected stars by excluding
point sources from the resulting sample. Due to the faint
selection thresholds required, we also rejected sources near the
edges of the WFC3 coverage, where a higher incidence of
spurious faint sources is expected. This results in four

Table 1
ADFS-27 Imaging Parameters

Line or λcont Configuration Weighting Beam Size rms Noise Frequency Range Velocity Range
(ATCA/ALMA) θmaj×θmin (μJy beam−1) (km s−1)

CO (J=2→1) H168 natural 7 2×5 3 54.3 175 MHz 1509
CO (J=8→7) C43-1/2 natural 3 1×2 3 100 400 MHz 866
CO (J=9→8) C43-5 natural 0 56×0 49 23.8 593.75 MHz 1142

robust +0.5 0 42×0 36 28
CO (J=10→9) C43-2/3+5 natural 0 54×0 45 35 750 MHz 1299

robust +0.5 0 40×0 34 40
CH+ (J=1→0) abs. C43-1/2 natural 3 3×2 6 130 460.938 MHz 1100
OH+ (11→01) abs. C43-5 natural 0 56×0 49 29 343.75 MHz 664
OH+ (11→01) em. C43-5 natural 0 56×0 49 28 421.875 MHz 815
OH+ (12 → 01) em. C43-5 natural 0 60×0 52 42 156.25 MHz 321
2.3 mm continuum C43-1/2 natural 3 3×2 6 34 3.43 GHz
2.2 mm continuum C43-1/2 natural 3 0×2 3 36 3.12 GHz
2.0 mm continuum C43-5 robust –0.5 0 33×0 28 20 3.43 GHz
1.9 mm continuum C43-5 robust –0.5 0 32×0 26 29 1.74 GHz
1.7 mm continuum C43-2/3+5 robust –0.5 0 31×0 28 50 2.08/0.92 GHza

Note.
a Line-free frequency ranges for compact/extended configuration observations, respectively.
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candidates, A27.LBG-1 to 4 (labeled 1 to 4 in Figure 1).
Despite the break selection criterion, A27.LBG-1 and 2 clearly
show faint detections in the F606W filter, and A27.LBG-2
shows a morphology that resembles a point source. These
sources thus are discarded from the LBG candidate sample.
None of the two surviving candidates appear to have detections
in the F606W filter. A27.LBG-3 is lacking a detection in the
Spitzer IRAC bands at 3.6 and 4.5 μm, but it also is the far
faintest source in the WFC3 bands. We thus retain it in the
LBG candidate sample. A27.LBG-4 has strong detections in
the IRAC bands and thus is the strongest candidate. A27.LBG-
3 and 4 are at 43.7″ and 45.4″ (corresponding to 264 and
274 kpc at z=5.655) projected distance from ADFS-27S,
respectively. Given the custom selection criteria, narrowband
Lyα imaging and/or follow-up spectroscopy are required to
assess whether or not any of the candidates are at the redshift of
ADFS-27. If confirmed, our findings would be consistent with
an overdensity of star-forming galaxies within 300 kpc around
ADFS-27.

To further quantify the density contrast compared to the field,
we calculated the field density of z=5.7 LBGs in the same
manner as done by Pavesi et al. (2018), which is based on the
method developed by Smolčić et al. (2017). Adopting a redshift

slice of Δz=0.64 and using the photometric redshifts reported in
the COSMOS2015 catalog (Laigle et al. 2016), we find an
expected density in the field of Σfield∼0.19 arcmin

−2. We then
calculate the overdensity parameter relative to the field as δg(r)=

-
pS

1N

r
r

field
2 . This yields an estimated overdensity of δg(r);8–11

out to the distance of A27.LBG-4, and ;6–9 within a 300 kpc
radius, where the range indicates the difference between
considering ADFS-27as a single source or two sources. Out to
the same distances, the overdensity around the z=5.7 galaxy
CRLE studied by Pavesi et al. (2018) is δg(r);5 or 4,
respectively. At face value, the overdensity around ADFS-27thus
may be more significant, but the relative uncertainties are
dominated by small number statistics.

3.1.2. ALMA and ATCA

No continuum emission is detected toward ADFS-27in the
ATCA data, and we report an upper limit in Table 2.
Continuum emission is detected in all ALMA data between
1.7 and 2.3 mm (Figures 2 and 3), but ADFS-27N and S are
resolved apart from each other only shortward of 2.1 mm
(Figure 4) owing to the more compact configuration chosen for
the CO (J=8→7) observations. The peak significance levels
of the detections are 31σ and 42σ at 2.3 and 2.2 mm,

Table 2
ADFS-27 Continuum Photometry

Wavelength Flux Densitya Telescope Reference
Total North South

(μm) (mJy) (mJy) (mJy)

0.606b <0.352×10−3 <0.043×10−3 <0.352×10−3 HST/ACS-WFC 1
0.98b (1.104-

+
0.084
0.091)×10−3 <0.26×10−3 (1.104-

+
0.084
0.091)×10−3 HST/WFC3-IR 1

1.25b (1.652 ± 0.040)×10−3 <0.12×10−3 (1.652 ± 0.040)×10−3 HST/WFC3-IR 1
1.25 <0.015 VISTA/VHS 2
1.60b (1.599 ± 0.046)×10−3 <0.14×10−3 (1.599 ± 0.046)×10−3 HST/WFC3-IR 1
1.65 <0.022 VISTA/VHS 2
2.15 <0.020 VISTA/VHS 2
3.6c (2.33 ± 0.74)×10−3 Spitzer/IRAC 2
4.5c (4.20 ± 0.82)×10−3 Spitzer/IRAC 2
12 <0.6 WISE 2
22 <3.6 WISE 2
110 <30 Herschel/PACS 2
160 <57 Herschel/PACS 2
250d 14.3±2.3 Herschel/SPIRE 2
350d 19.1±2.3 Herschel/SPIRE 2
500d 24.0±2.7 Herschel/SPIRE 2
870 25.4±1.8 APEX/LABOCA 2
870 28.1±0.9 15.70±0.76 12.43±0.56 ALMA 2
1733 3.73±0.09 2.37±0.05 1.36±0.08 ALMA 1
1910 2.67±0.05 1.71±0.05 0.96±0.02 ALMA 1
2053 2.08±0.05 1.34±0.04 0.74±0.03 ALMA 1
2173 1.84±0.06 ALMA 1
2323 1.37±0.06 ALMA 1
3000 0.512±0.023 ALMA (scan) 2
8653 <0.036 ATCA 1

Notes.
a Limits are 3σ.
b Fluxes extracted from a region where emission is seen in the F160W filter. Emission is only detected toward ADFS-27S. Upper limits for ADFS-27N are taken as 3σ
limits in an aperture that is the same size as used for ADFS-27S but are not added to the total flux since no emission is seen in the images.
c Values obtained after deblending from foreground sources. Flux is likely dominated by ADFS-27S.
d Uncertainties do not account for confusion noise, which is 5.9, 6.3, and 6.8 mJy (1σ) at 250, 350, and 500 μm, respectively (Nguyen et al. 2010).
References. (1) This work; (2) Riechers et al. 2017.
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respectively. The peak significance levels of the detections of
ADFS-27N and S in maps imaged with natural weighting are
121σ and 70σ at 2.0 mm, 90σ and 56σ at 1.9 mm, and 89σ and
56σ at 1.7 mm, respectively. Between 2.0 and 0.87 mm, the
continuum flux ratio between ADFS-27N and S decreases from
1.81±0.09 to 1.26±0.08. This suggests that ADFS-27S has
an intrinsically “warmer” dust SED shape than ADFS-27N. All
continuum fluxes are summarized in Table 2.

3.2. Line Emission and Absorption

We here report our new findings on CO, H2O, OH
+, and

CH+ emission and absorption toward ADFS-27. The main
results are summarized in Figure 2 and Table 3.

3.2.1. CO Emission

We detect CO J=2→1 and 8→7 emission toward
ADFS-27at 7.6σ and 18σ peak significance (Figure 3),
respectively. We also detect and spatially resolve CO
J=9→8 and 10→9 emission toward ADFS-27N and S
at 23σ peak significance in each case (naturally weighted maps
are shown in Figure 4 and velocity channel maps are shown in
Figure 5; CO J=10→9 is not corrected for a subdominant
contribution from the H2O 312→221 line). The line FWHM
for the CO J=2→1 and 8→7 lines is 910± 143 km s−1

and 743± 68 km s−1, respectively, as compared to 651±
59 km s−1 and 710± 103 km s−1 for the previously detected CO
J=5→4 and 6→5 lines. The CO J=9→8 and 10→9
lines summed over both source components yield FWHM

Figure 1. Hubble Space Telescope ACS/F606W and WFC3-IR F098M, F125W, and F160W and Spitzer IRAC ch1 and ch2 imaging (left to right and top to bottom;
insets are zoomed in and show residuals after deblending from foreground sources in the IRAC bands where applicable) toward the field around ADFS-27(Spitzer
data adopted from Riechers et al. 2017). Black circles centered on the 870 μm continuum positions (Riechers et al. 2017) of ADFS-27N and S are shown for reference.
ADFS-27N is not detected up to at least 1.6 μm. ADFS-27S is not detected in the F606W band (rest-frame 910 nm), but in all other bands (rest-frame 1500–6800 nm).
No candidate lensing galaxy is detected, which is consistent with both source components not being strongly gravitationally lensed, but instead intrinsically very
luminous. Gray circles and panels on top (same zoom factors) show the positions of candidate LBGs at the redshift of ADFS-27.
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Figure 2. ALMA and ATCA broadband spectrum of the line and continuum emission toward ADFS-27(main panel), and CO spectral line profiles (inset). The 3 mm
data are adopted from Riechers et al. (2017). The Herschel/SPIRE spectrum of the nearby ultraluminous infrared galaxy Arp 220 (gray; Rangwala et al. 2011), shifted
to the observed frame of ADFS-27, is shown for comparison. The ∼9 mm, 3–2.2 mm, and <2.1 mm data (histogram) in the main panel are shown at spectral
resolutions of 77.5, 117.3, and 125 MHz, respectively, except for the blue end of the spectrum, which is shown at 156 MHz resolution owing to higher noise. The CO
J=2→1 and continuum-subtracted CO J=5→4, 6→5, 8→7, 9→8, and 10→9 spectra in the inset (histograms) are shown at spectral resolutions of 9.69,
19.55, 19.55, 25.00, 15.63, and 15.63 MHz (84, 68, 56, 54, 30, and 27 km s−1), respectively. The black curves in each panel show Gaussian fits to the line emission or
absorption.

Figure 3.Maps of the CO J=2→1 and continuum-subtracted CO J=5→4, 6→5, and 8→7 line emission (top panels, left to right), and the 8.7 (not detected),
3.0, 2.3, and 2.2 mm continuum emission (bottom panels) toward ADFS-27(3 mm data adopted from Riechers et al. 2017). Line contours are shown in steps of 1σ,
2σ, 2σ, and 2σ (where 1σ=0.082, 0.084, 0.12, and 0.087 Jy km s−1 beam−1 over 1509, 651, 711, and 866 km s−1), respectively, starting at±3σ. Continuum
contours are shown in steps of 1σ, 5σ, 5σ, and 5σ (where 1σ=12, 11.2, 34, and 36 μJy beam−1), respectively, starting at±3σ. The synthesized clean beam size is
indicated in the lower left corner of each panel where emission is detected. The cross in each panel indicates the peak position of the CO (J=5→4) emission.
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values of 597± 18 km s−1 and 816± 16 km s−1, where the
latter is not corrected for any contribution from the H2O
312→221 line. The overall trend may suggest changes in the
line ratio between ADFS-27N and S from the CO J=5→4

to the 8→7 transition due to a potential increase in overall
line widths, but the values are consistent within the
uncertainties. On the other hand, the CO J=9→8 line
may be somewhat narrower than expected, possibly due to a

Figure 4. Maps of the CO J=9→8 and 10→9 (left panel and inset and middle panels), and 2.0, 1.9, 1.7, and 0.87 mm continuum emission (right panels) toward
ADFS-27, overlaid on a color-composite image of the 0.98, 1.25, and 1.60 μm continuum emission. The 0.87 mm data were adopted from Riechers et al. (2017).
Beam sizes are indicated in the bottom left or right corners of each panel. The left panel shows the CO J=9→8 and 10→9 (inset and light-green labels) emission
imaged over 1142 and 1299 km s−1 with “natural” weighting. The middle panels show the same, but imaged with Briggs robust 0.5 weighting. Continuum emission is
imaged with robust −0.5 weighting, except for 0.87 mm, which is imaged with robust 0.5 weighting. Line contours are shown in steps of±4σ,±4σ (left),±3σ,
and±3σ (middle; where 1σ=0.027, 0.045, 0.032, and 0.052 Jy km s−1 beam−1), respectively. Continuum contours are shown in steps of±4σ (where 1σ=20, 29,
50, and 108 μJy beam−1).

Figure 5. Velocity channel maps of the continuum-subtracted CO J=9→8 (top) and 10→9 emission (bottom), imaged with robust 0.5 weighting over 286 and
325 km s−1 wide bins (starting at −503 and −707 km s−1), and overlaid on the same images as in Figure 4. Beam sizes are indicated in the lower left corners of the
bluemost velocity channel maps. The crosses indicate the peak positions of the 0.87 mm continuum emission. Contours are shown in steps of 2σ (where 1σ=46 and
61 μJy beam−1), starting at±4σ.
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contribution from the nearby OH+ absorption feature, while the
CO J=10→9 line appears broader than all lines except CO
J=2→1 owing to a likely contribution from the H2O
312→221 line. To further investigate these issues, we compare
the profiles of the CO J=9→8 and 10→9 lines for each
component individually in Figure 6. The consistent red wing
between both lines does not suggest significant reduction of the
CO (J=9→8) line width or flux due to OH+ absorption in
either source component. On the other hand, the extended blue
wing of the CO (J=10→9) line in both components
suggests a significant contribution from the H2O 312→221 line
in both cases. To deblend the CO and H2O lines, we fix the line
centroids of both lines to the high signal-to-noise ratio CO
(J=9→8) lines, and we assume a common width of the CO
and H2O lines. The CO-subtracted H2O spectra are shown in
the right panels of Figure 6 for reference, and the H2O line
parameters are studied below. We also simultaneously fit the
CO (J=9→8) and OH+ emission and report the OH+ line
parameters below. For the CO J=9→8 and 10→9 lines,
we find line FWHM values of 599± 28 km s−1 and
711± 22 km s−1 for ADFS-27N and 565± 18 km s−1 and
767± 28 km s−1 for ADFS-27S, respectively. ADFS-27N is
redshifted by 140± 13 km s−1 relative to ADFS-27S in the CO
(J=9→8) line, which suggests that the lines appear
broadened in spatially unresolved measurements owing to the
internal kinematic structure of the merging system. We find
redshifts of z=5.65568±0.00023 and 5.65258±0.00016
for ADFS-27N and S, respectively. Intensities and luminosities
for all lines are reported in Table 3.

3.2.2. H2O Emission

We tentatively detect H2O (321→312) emission at approxi-
mately 4σ significance, at a position consistent with ADFS-27S.
The formal FWHM of the line is 1150± 340 km s−1, which is
consistent with the width of the CO lines within the uncertainties.
Through deblending from the CO (J=10→9) line, we also
detect H2O (312→221) emission toward ADFS-27S and, at lower
significance, toward ADFS-27N. The combined detection

significance of both components is about 8σ when neglecting
systematic uncertainties in the deblending process. The line widths
are tied to the CO (J=10→9) line, and a simultaneous fit tied to
the CO (J=9→8) redshift of each component gives FWHM of
711± 22 km s−1 and 767± 28 km s−1 for ADFS-27N and S,
respectively. Given the H2O de-excitation cascade process
expected for radiatively excited H2O lines (as is likely the case
for ADFS-27), the H2O (321→312) line is expected to be brighter
than the H2O (312→221) line based on photon number
conservation arguments (see, e.g., González-Alfonso et al. 2010).
We find an H2O 312→221/321→312 ratio of rw=0.39±0.11
(Table 3), which is formally consistent with a 1:2 ratio within the
uncertainties. As such, we would expect the H2O (312→303) line,
as the second branch of the cascade, to be detectable at a strength
comparable to the H2O (312→221) line in ADFS-27. Addition-
ally, a detection of H2O (312→221) and H2O (321→312) is
consistent with the previous tentative detection of H2O (211→ 202)
in this source (Riechers et al. 2017). While tentative, the peak
velocity of that line also appears to be blueshifted compared to the
CO emission centroid of the entire source, which is consistent with
stronger H2O emission in ADFS-27S (as the blueshifted source
component) than in ADFS-27N. The comparatively brighter H2O
emission in ADFS-27S is consistent with its warmer dust SED
shape, under the assumption that the H2O line ladder is dominantly
excited radiatively. This is because warmer dust leads to a greater
availability of 75.4μm photons, which pump the ortho-H2O 321
level from the 212 state (see, e.g., González-Alfonso et al. 2012;
Riechers et al. 2013). Higher signal-to-noise ratio detections of
spectrally isolated H2O lines are required for a more detailed
interpretation.

3.2.3. OH+ Emission/Absorption

We detect a P Cygni−shaped absorption/emission profile of
the OH+ (11→01) line toward ADFS-27N, while no OH

+ line
is detected toward ADFS-27S (Figure 7). The OH+ absorption
and emission components in ADFS-27 are detected at peak
significances of 14σ and 5.6σ, respectively. The OH+

absorption component is blueshifted by 216± 16 km s−1 at

Table 3
Line Fluxes and Luminosities in ADFS-27

Transition Iline dvFWHM ¢L line Lline rJ2
a

(Jy km s−1) (km s−1) (1010 K km s−1 pc2) (108 Le)

CO (J=2→1) 0.716±0.087 910±143 19.93±1.42 0.782±0.095 1
CO (J=5→4) 2.68±0.20 651±59 11.96±0.92 7.32±0.56 0.60±0.09
CO (J=6→5) 2.82±0.34 710±103 8.73±1.07 9.24±1.13 0.44±0.07
CO (J=8→7) 2.24±0.11 743±68 3.90±0.19 9.78±0.48 0.20±0.03
CO (J=9→8) 1.80±0.04 599±28 (N) 2.48±0.06 8.84±0.21 0.124±0.015

565±18 (S)
CO (J=10→9) 2.18±0.05 711±22 (N) 2.43±0.06 11.89±0.29 0.121±0.015

767±28 (S)
CH+ (J=1→0) abs.b −0.36±0.14 (N)
OH+ (11→01) abs. −0.296±0.027 422±50 (N)
OH+ (11→01) em. 0.147±0.018 745±87 (N) 0.204±0.025 0.719±0.088
OH+ (12 → 01) em. 0.17±0.04 ∼740 (N) 0.27±0.06 0.79±0.17
H2O (211→202)

b 0.83±0.22 503±163 2.17±0.58 2.96±0.80
H2O (312→221)

c 0.48±0.06 ( fixed; N/S) 0.54±0.07 2.63±0.33
H2O (321→312)

b 1.26±0.32 1150±340 (S) 1.38±0.35 6.96±1.75

Notes.
a Line brightness temperature ratio relative to CO (J=2→1). For reference, the LVG modeling suggests r21=0.95 between CO J=2→1 and 1→0.
b Tentative detection, independent confirmation required.
c Deblended from CO (J=10→9) line assuming a common line width.
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its map peak position relative to the CO (J=9→8) line,
while the emission component is redshifted by 171± 10 km s−1

at its peak position relative to the CO (J=9→8) line (or by
233± 10 km s−1 relative to the CO J=9→8 emission at the
CO and continuum peak position). The OH+ absorption
component is spatially coincident with the continuum emission
within 0 076 (0.5 kpc), while the peak of the emission
component is offset to the south by 0 29 (1.7 kpc). The OH+

absorption and emission components have FWHM values of
422± 50 km s−1 and 745± 87 km s−1, respectively. Thus, the
emission component has a width similar to the high-J CO lines,
but the absorption component is narrower.

A comparison to the OH+ (11→01) line detected toward
HFLS3 (z=6.34; Riechers et al. 2013) shows a comparable
absorption strength, but the absorption and emission compo-
nents in HFLS3 appear significantly more redshifted (Figure 8;
only the red wing of the emission component is seen in HFLS3
owing to the limited coverage of the bandpass).

We also detect the emission wing of the OH+ (12 → 01)
emission feature (Figures 2 and 8) at 5σ peak significance. The
highest signal-to-noise ratio is obtained when averaging the
emission over 320 km s−1, but the line remains detected at
the >4σ level when averaging over the full range showing
positive emission in the spectrum (740 km s−1). The peak of
the emission also shifts to the south by a fraction of the beam
size when averaging over the broader velocity range, but it
remains consistent with the position shown in Figure 8 within
the uncertainties. Overall, we find that the peak positions,
redshifts, and line profiles of the OH+ 12 → 01 and 11→01
emission components agree within the uncertainties. Due to the
fact that only part of the line profile is seen, we only report an

integrated flux for the OH+ 12 → 01 emission component, and
we focus our main analysis on the OH+ (11→01) line.

3.2.4. CH+ Absorption

We tentatively detect the CH+ (J=1→0) line (Figure 9)
at 2.5σ significance in absorption at a position consistent with
ADFS-27N. The feature is formally consistent with the central
velocity and strength of the OH+ (11→01) absorption
detected toward the same source component (see also
Table 3), but a broader feature cannot be ruled out with the
current data. Given the limited signal-to-noise ratio of the
detection, we do not report parameters from a fit to the line
profile. More sensitive observations are required to confirm this
feature and to study its properties in more detail.

4. Analysis and Discussion

We here determine a broad range of physical properties for
ADFS-27, to place them in the more general context required to
improve our understanding of galaxy evolution. The main
quantities are summarized in Tables 4, 5, and 6.

4.1. Spectral Energy Distribution Modeling

4.1.1. CIGALE

We have used the Code Investigating GALaxy Emission
(CIGALE; Burgarella et al. 2005; Noll et al. 2009; Boquien et al.
2019) SED fitting package to model the full SED of ADFS-27.
We have run the code on all spatially integrated photometry from
Table 2 for the entire galaxy and also on the two source
components ADFS-27N and S individually, using only the
photometry in those bands where the emission is resolved into

Figure 6. Comparison of the CO J=9→8 (black/yellow histograms) and 10→9 (blue) line profiles toward ADFS-27N (top left) and S (bottom left), and spectra
of the H2O (312→221) line profiles (blue) after subtracting CO (J=10→9) emission (right). The spectra are shown at the same resolution as in Figure 2, and
continuum emission has been subtracted in all cases. Left:by comparison, the red line wing of the CO (J=9→8) line does not appear to be significantly affected by
the OH+ absorption component in ADFS-27N. On the other hand, the CO (J=10→9) line in ADFS-27S appears to be significantly more broadened compared to
CO (J=9→8), due to a stronger contribution from the H2O 312→221 line, which is supported by the fits (black and blue lines) to the line profiles when assuming a
common redshift for CO J=9→8 and 10→9. Right:the H2O emission is weaker than CO (J=10→9) in both source components, but the relative strength is
higher in the less dust-obscured ADFS-27S.
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both sources. We ran two series of fits, with star formation
histories (SFHs) limited either to approximately the age of the
universe at z=5.655 (i.e., �1.0 Gyr) or to an age of �0.2Gyr,

as is characteristic for young dusty starbursts (e.g., Greve et al.
2005; Bergvall et al. 2016). We sampled standard ranges for all
main parameters within CIGALE and used a Bruzual & Charlot

Figure 7. Maps of the continuum-subtracted OH+ (11→01) absorption (left) and emission (middle) toward ADFS-27, overlaid on the same images as in Figure 4,
and spectra including continuum emission at the peak positions (right). The beam size is shown in the lower left corner of the left panel. Left/middle:the crosses
indicate the same positions as in Figure 5. The absorption (emission) components are shown at spectral resolutions of 664 and 815 km s−1 (343.75 and 421.875 MHz),
respectively. Contours are shown in steps of±1σ=0.019 and 0.023 Jy km s−1 beam−1, respectively, starting at±2σ. Right:spectra (histograms) were extracted at
the peak positions in the maps and are shown at a resolution of 30 km s−1 (15.63 MHz). The black curves show Gaussian fits to the line emission and absorption,
including the CO (J=9→8) line.

Figure 8. Maps of the continuum-subtracted OH+ (12 → 01) emission (left) toward ADFS-27, overlaid on the same images as in Figure 4, spectrum at the peak
position (top right), and comparison of the OH+ (11→01) profiles in ADFS-27and HFLS3 (bottom right). The beam size is shown in the lower left corner of the left
panel. Left:the crosses indicate the same positions as in Figure 5. The OH+ (12 → 01) emission (green contours) is shown over a spectral bandwidth of 321 km s−1

(156.25 MHz). Contours are shown in steps of 1σ=0.0135 Jy km s−1 beam−1, starting at±2σ. The OH+ (11→01) emission (white) is shown for comparison, using
the same contour levels as in Figure 7, but omitting the±2σ levels for clarity. Top right:OH+ (12 → 01) spectrum (red histogram) extracted at the peak position in the
map is shown at a resolution of 32 km s−1 (15.63 MHz). The same OH+ (11→01) spectrum (dotted histogram) and fit (curve) as in Figure 7, bottom right, are shown
for comparison, except for a subtraction of the continuum emission. The difference in spectral line shapes is not statistically significant. Bottom right: same as
Figure 7, top right, but with the same spectral features in the z=6.34 DSFG HFLS3 overlaid (gray histogram; Riechers et al. 2013). The HFLS3 data have been
normalized to the same continuum flux for clarity and are shown at a spectral resolution of 170 km s−1 (80 MHz). The OH+ feature appears more redshifted in
HFLS3, and the absorption component peaks closer to the systemic velocity, but it may affect the red wing of the CO (J=9→8) emission line. The peak strengths
of the absorption are similar in both cases.
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Figure 9. Moment 0 map (left) over 1100 km s−1 (460.938 MHz) and spectrum of CH+ J=1→0 (yellow/black histogram; top right) and H2O 321→312 (bottom
right) toward ADFS-27. The CH+ and H2O spectra are shown at 78 MHz (187 and 134 km s−1) resolution, respectively. Left:contours are shown at the±2.0σ
and±2.5σ level, where 1σ=0.143 Jy km s−1. The tentative CH+ absorption feature appears to be associated with ADFS-27N, which is also the source component
showing OH+ absorption. Top right:the OH+ (11→01) line profile of ADFS-27N is shown for comparison (dashed histogram), after subtraction of the CO
(J=9→8) emission. The CH+ spectrum (solid histogram) is consistent with absorption, but the current signal-to-noise ratio is not sufficient to claim a solid
detection. Bottom right:since the peak position of the H2O 321→312 line is consistent with ADFS-27S, its CO (J=10→9) subtracted H2O 312→221 spectrum
(blue) is shown for comparison.

Table 4
Parameters Obtained from Dust Spectral Energy Distribution Fitting to ADFS-27 and Comparison Sources

Name Redshift μL
a Tdust βIR λpeak λ0 LFIR

b LIR
b References

(K) (μm) (μm) (1012 Le) (1012 Le)

HDF 850.1 5.1833 1.6 -
+51.6 15.1

15.6
-
+2.67 0.30

0.30
-
+85.1 12.6

12.6
-
+136 49

45
-
+5.2 1.8

1.7
-
+7.4 2.9

3.0 1, 2

AzTEC-3 5.2980 L -
+92.5 15.9

15.4
-
+2.09 0.21

0.21
-
+55.4 8.2

8.4
-
+181 34

33
-
+11.2 1.6

1.6
-
+25.5 7.4

7.3 3, 4, 2

GN10 5.3031 L -
+48.8 11.2

9.0
-
+3.18 0.21

0.26
-
+96.4 8.7

9.4
-
+170 36

20
-
+6.4 1.2

1.1
-
+11.8 2.1

1.9 2

ADFS-27 5.6550 L -
+59.2 4.1

3.3
-
+2.52 0.17

0.19
-
+85.2 3.9

4.6
-
+191 19

11
-
+15.8 1.9

1.0
-
+23.8 2.2

2.3 5, 6

HFLS3 6.3369 1.8±0.6 -
+63.3 5.8

5.4
-
+1.94 0.09

0.07
-
+73.3 1.3

1.6
-
+142 27

25
-
+29.3 1.3

1.4
-
+55.0 2.2

3.0 7, 2

Notes.
a Lensing magnification factor. No uncertainties are reported for HDF 850.1 in the original work, and we assume 20% uncertainty throughout this work.
b Apparent values not corrected for gravitational magnification where applicable.
References. (1) Walter et al. 2012; (2–5) Riechers et al. (2020, 2010, 2014, 2017); (6) this work; (7) Riechers et al. (2013).

Table 5
Diameters of the Gas and Dust Emission in ADFS-27

Tracer ADFS-27N ADFS-27S
Major Minor Major Minor
(mas) (mas) (mas) (mas)

CO (J=9→8) 415±48 285±56 344±56 106±101
CO (J=10→9)a 464±67 162±89 417±52 68±126
OH+ (emission) 418±152 93±204
OH+ (absorption) <430 <120
2.0 mm continuum 401±24 258±22 422±40 206±49
1.9 mm continuum 372±21 239±19 322±24 138±38
1.7 mm continuum 356±21 249±32 371±48 112±93
0.87 mm continuum 303±30 213±27 341±31 146±25

Note.
a Not corrected for contributions from the H2O (312→221 line).
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(2003) single stellar population and a Chabrier (2003) stellar
initial mass function with a “delayed” SFH (i.e., where
SFR(t)∝t/τ2×exp(−t/τ), and the fit parameter τ is the time
at which the SFR peaks; Boquien et al. 2019; see also Burgarella
et al. 2020) for all fits. We fixed the power-law slope of the dust
attenuation law to −0.7 for both the interstellar medium and birth
clouds and assumed a polycyclic aromatic hydrocarbon (PAH)
mass fraction (which is not directly constrained by the data) of
qPAH=3.9% (i.e., similar to dust found in the Milky Way and
nearby galaxies with near-solar metallicity; e.g., Draine &
Li 2007, and references therein).13 This is consistent with the
range of qPAH=0.47%–3.9% found for a sample of infrared-
luminous galaxies at z=0.5–4 (Magdis et al. 2012).14 For
ADFS-27 as a whole and for ADFS-27S (which is detected in
the near-infrared bands), the best-fit parameters for both series
agree within the uncertainties. We thus adopt those from the
series with less constraints on the SFH in the following, and we
only use those from the other series in the evaluation of the true
uncertainties. For ADFS-27N (which is not detected in the
near-infrared bands), the series with more stringent constraints
on the SFH appears to provide more reasonable results and thus
are adopted in the following.

We find a total dust luminosity of Ldust=(2.62± 0.21)×
1013 Le and an SFR of 3100± 330Me yr−1 for ADFS-27. We
also find a total dust mass of Mdust=(4.19± 0.39)×109Me.
These values would differ by only 0.6%, 3%, and −1% when
adopting the more restricted parameter study, which is indis-
tinguishable within the uncertainties. The dust mass is consistent
with that found by Riechers et al. (2017) within the uncertainties.

CIGALE uses the simplified Draine & Li (2007) prescription for
which dust is heated by starlight in an intensity range with Umin

< U < Umax, where U is a dimensionless scaling factor of the
interstellar radiation field in the solar neighborhood as estimated
by Mathis et al. (1983) and Umax=106 is fixed to the value

found for nearby star-forming galaxies. We find Umin=32±11
and a power-law slope of α=2.8±0.3 for the distribution of
starlight intensities dMdust/dU∝U−α (e.g., Dale et al. 2001). A
fraction (1–γ);60%±30% of the dust is heated by starlight at
Umin (representing the diffuse interstellar medium component),
and γ;40%±30% is heated by more intense starlight that
follows the power-law distribution. Following Draine & Li
(2007), this corresponds to fPDR;77% of the dust heating15

being due to reprocessed starlight from photon-dominated
regions (PDRs), rather than the interstellar radiation field. This
would be consistent with a picture in which young starbursts
are hosted by a largely fractured, clumpy interstellar medium,
embedded in the diffuse interstellar medium that fills most of
the volume of the sources. We note, however, that γ is not
constrained at high significance by the current data and thus is
the main source of uncertainty in our interpretation.
We find that, despite the large quantities of dust present, the

stellar light detected toward ADFS-27S appears to suffer only a
modest extinction, corresponding to an extinction AV;1.0± 0.1
mag, while ADFS-27N appears to suffer a substantially larger
extinction AV;5.1± 0.8 mag. We find young ages of 110± 60
Myr and 80± 30 Myr for the stellar populations of ADFS-27N
and S, respectively (which are consistent with the picture
described in the previous paragraph), and total stellar masses of
(1.6± 1.3) × 1011 Me and (0.46± 0.15)×1011Me. Based on
our findings from both fit series, we estimate that the stellar mass
Må for ADFS-27N is uncertain by at least a factor of three in
practice. The individual dust masses are Mdust=(2.60± 0.38)
× 109 Me and (1.46± 0.20)×109Me, respectively. This
suggests that the dust yield from the stellar populations is of
order 2% after about 100Myr, i.e., after sufficient time for stars
of >5–8Me produced early on to end their life cycles and enrich
their surroundings (assuming that no additional, older stellar
populations that have produced the bulk of the dust are present).

Table 6
Derived Quantities for ADFS-27

Quantity Unit ADFS-27 ADFS-27N ADFS-27S

Mgas 1011 Me 2.1±0.2 1.16±0.10 0.94±0.08

Mdust 109 Me 4.2±0.4 2.6±0.4 1.5±0.2
Må 1011 Me 2.1±0.6 1.6±1.3a 0.46±0.15
Mdyn 1011 Me 8.0±0.4 4.4±0.3 3.6±0.3

SFRIR Me yr−1
-
+2380 220

230 1330±130 1050±110

tage Myr 110±60 80±30

GDR=Mgas/Mdust 50±6 45±8 65±10

DY[tage]=Mdust/Må 2% 1.6% 3.2%

fgas = Mgas/Mdyn 0.26±0.02 0.26±0.03 0.26±0.03

aCO
dyn Me(K km s−1 pc2)−1 <1.5 <2.3

tdep = Mgas/SFR
b Myr 88±10 87±12 89±12

Sgas 104 Me pc2 �3.0 �1.9 �4.0

SSFR
b Me kpc2 340±140 280±110 450±200

Notes.
a We estimate this value to have a systematic uncertainty of a factor of three.
b Values would be 1.3 times lower/higher when assuming the SFR of 3100±330 Me yr−1 found by CIGALE, which we consider to be the systematic uncertainty for
these quantities.

13 We allowed for a range in metallicity in our fits, but the metallicity remains
difficult to constrain directly without rest-frame optical spectroscopy.
14 The uncertainty due to this assumption is fully captured by the error bars for
the most relevant parameters, like Mdust.

15 Dust heating is defined here as the fraction of Ldust radiated by dust grains in
regions where U > 100, i.e., ∼3×Umin.
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4.1.2. Modified Blackbody Fits to the Far-infrared Emission

To understand the dust properties of ADFS-27in more
detail, we also updated our modified blackbody (MBB)
model of the dust continuum emission relative to that shown
by Riechers et al. (2017) after including the new measure-
ments on the Rayleigh–Jeans tail. We adopt the same Markov
Chain Monte Carlo–based method (MBB_EMCEE) as
described in our previous work, which was initially used by
Riechers et al. (2013) and Dowell et al. (2014). The main fit
parameters are the dust temperature Tdust, the spectral slope
of the dust emissivity βIR, and the wavelength λ0 where the
optical depth reaches unity. We also use the observed-frame
500 μm flux density as a normalization parameter, and we
join the MBB function to a να power law toward the far Wien
side of the SED to better capture the decline in flux toward
shorter wavelengths, where the power-law slope α is used as
the fit parameter. We place a relatively broad prior of
1.8±0.6 on βIR and leave all other parameters without a
prior. The results are reported in Table 4, and they agree with
our previous estimates within the uncertainties. Based on the
infrared luminosity (which is comparable to the Ldust value
found by CIGALE), we find SFRIR= -

+2380 220
230 Me yr−1 when

assuming a Chabrier (2003) stellar initial mass function. This
is consistent with the value reported by Riechers et al. (2017),
but by about 30% lower than the SFR found by CIGALE.
Given the high level of dust obscuration (and the
resulting high fraction of dust-reprocessed stellar light
contributing to the total), we thus estimate that the systematic
uncertainty on the SFR and quantities derived from it is at
least 30%.

We also carried out the same fitting procedure with the same
parameters for a comparison sample of unlensed or at most
weakly lensed z > 5 dusty starbursts, namely, HDF 850.1
(z=5.18), AzTEC-3 and GN10 (both z=5.30), and HFLS3
(z=6.34; see Table 4). For all sources except HDF 850.1, this
results in at most minor changes compared to our previous
work (Riechers et al. 2013, 2020), due to only minor
differences in the assumptions or approach. HDF 850.1 was
previously fit with a different technique (Walter et al. 2012;
Neri et al. 2014). Our new estimates include a more realistic
approach to the dust optical depth and thus suggest a higher
Tdust, which (like the other fit parameters) still agrees with the
previous values within the uncertainties. Due to the limited
information available near the peak of the dust SED for this
source, it is expected that the detailed parameters will vary with
the adopted fitting method.

The best fits for all sources are shown in Figure 10,
normalized to their observed-frame 500 μm flux densities or
estimates. The peak wavelengths vary by a factor of 1.7, and
the inferred dust temperatures vary by a factor of 1.9. ADFS-
27falls in the middle of the observed ranges, suggesting
moderate dust properties for a z > 5 dusty starburst. This is
interesting, because none of the other sources are found in an
early merger stage—which thus may not be the dominant
reason for the extreme observed properties of ADFS-27com-
pared to “typical” galaxies at the same redshift (e.g., Pavesi
et al. 2016, 2019; Faisst et al. 2020). However, ADFS-
27shows the highest λ0, which may be the main reason for its
unusually “red” dust SED compared to other z > 5 dusty
starbursts (which typically are not “870 μm risers”).

4.2. Extent of the Gas and Dust Emission

The two source components ADFS-27N and S are resolved
individually in the CO J=9→8 and 10→9 and OH+ lines
(and, at lower significance, in CH+ and H2O) and in the 2.0mm to
0.87mm dust continuum emission (Figures 4 and 7 and Table 5).
There is no significant difference between the extent of the high-J
CO and long-wavelength dust continuum emission for either
source component. The median sizes for ADFS-27N and S from
all but the 0.87mm dust measurements are (408± 23mas)×
(244± 27mas) and (371± 46mas)×(126± 14mas), respec-
tively, where the uncertainties are the median absolute deviation.
As such, any differences between the extent of the dust at shorter
and longer wavelengths remain tentative at best, despite the finding
that the source-averaged optical depths exceed unity at observed-
frame 1.3mm. By taking the median of all measurements, we find
final sizes of (401± 29mas)×(239± 26mas) and (358±
26mas)×(132± 17mas), for ADFS-27N and S, respectively.
This corresponds to (2.4± 0.2 kpc)×(1.4± 0.2 kpc) and
(2.2± 0.2 kpc)×(0.8± 0.1 kpc), respectively, or source surface
areas of 2.73± 0.31 kpc2 and 1.35± 0.18 kpc2. Based on the
updated total SFRIR of 2380-

+
220
230 Me yr−1 and assuming that the

flux ratio at 0.87mm is representative of the peak of the SED, we
find revised SFR surface densities of ΣSFR=280± 110 Me yr−1

kpc−2 and 450±200Me yr−1 kpc−2 at SFRIR of 1330± 130 Me
yr−1 and 1050± 110Me yr−1 for ADFS-27N and S, respectively.
While lower than initial estimates based on fewer data points
(Riechers et al. 2017), this remains consistent with the picture that
these sources are both HyLIRGs and “maximum starbursts.”16

4.3. CO Large Velocity Gradient Modeling

To understand the physical conditions for star formation in
ADFS-27, we investigated the CO line excitation by calculat-
ing a grid of large velocity gradient (LVG) models. Since our
main goal is to obtain constraints on the gas kinetic temperature
Tkin and the H2 density ρ(H2) from collisions with CO
molecules, we kept the H2 ortho-to-para ratio fixed to 3:1, the
cosmic microwave background (CMB) temperature at
z=5.655 set to 18.135 K, and the ratio between CO/H2

abundance and the velocity gradient fixed to 10−5 pc
(km s−1)−1. We also adopted the Flower (2001) CO collision
rates (see, e.g., Weiß et al. 2005, 2007; Riechers et al.
2006, 2010, 2011, 2020 for similar strategies).
The peak of the CO line ladder can be fitted well with a

moderate-temperature, moderate-density component, which,
however, underpredicts both the CO (J=2→1) and the
CO (J=10→9) line fluxes (see Figure 11). Given the shape
of the line ladder, three LVG components are required to fit all
lines simultaneously, with Tkin=35, 40, and 100 K and
log [ρ(H2)/cm

−3]=3.0, 4.0, and 6.0, respectively. The total
LVG-predicted CO (J=1→0) line flux is 0.18 Jy km s−1,
corresponding to a CO line brightness temperature ratio
between the CO J=2→1 and 1→0 lines of r21=0.95.
As such, the measured CO (J=2→1) line profile is expected
to be a good representation of the total CO emission. From our
model, we find that 57% of the CO (J=1→0) emission is
associated with the gas component that dominantly contributes
at the peak of the line ladder, with only 30% being associated
with the lowest-excitation component (which, however,
may dominate the total gas mass). Only 13% is due to the

16 The derived ΣSFR would be higher by a factor of 1.3 when using the SFR
estimates from CIGALE.
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highest-excitation component, which is required to reproduce
the observed CO J=10→9 to 9→8 ratio, such that it is
expected to contribute relatively little to the total gas mass (or
dust mass). This component only becomes a dominant
contributor to the CO line luminosity in the CO (J=8→7)
line and above. Overall, we are able to fully explain the CO
excitation up to the J=10→9 level with collisional
excitation, without requiring unusually high Tkin or ρ(H2)
compared to the conditions that exist in molecular cloud cores.
We also do not find evidence for very cold gas, but such
emission would be challenging to detect given the CMB
temperature of close to 20 K at this redshift. We find that the
line flux ratio between ADFS-27N and S increases by only 4%
between the CO J=9→8 and 10→9 lines, which is
insignificant compared to the relative calibration uncertainties.
As such, further measurements are required to investigate any
potential difference in CO excitation between the two merging
galaxies.

We compare the CO line excitation in ADFS-27to those
found in the same sample studied above in the dust
continuum analysis (dashed lines in Figure 11; models
adopted from Riechers et al. 2013, 2020). We find that
ADFS-27has a moderate CO excitation for a z=5 dusty
starburst galaxy, but we caution that the only other source for
which measurements up to the CO J=10→9 transition
have been reported is HFLS3 at z=6.34. As such, the
presence of potentially warmer, high-excitation components
cannot be ruled out for HDF 850.1 and GN10, i.e., the
sources with apparently lower CO excitation than ADFS-27.
However, we note that these are also the two sources with the
lowest Tdust levels, such that the level of CO excitation, to
first order, appears to parallel that seen in the dust continuum

SED shapes, with the warmest sources showing the highest
CO excitation. Moreover, to first order, this parallels the
trend in increasing CO excitation with increasing SFR
surface density previously proposed by Riechers et al.
(2020).

Figure 10. SED of ADFS-27 (red line and data points), compared to Arp 220 (left; dashed line) and four well-studied z > 5 dusty starbursts from the literature (right;
dashed lines; Riechers et al. 2010, 2013, 2014, 2020; Walter et al. 2012), using the updated fits from Table 4 for all sources. Left:CIGALE model, also showing the
individual models of ADFS-27N (light-gray dotted line and points) and S (dark gray). Arp 220 has been shifted to the observed-frame wavelength and 500 μm flux
density of ADFS-27. Right:all sources have been normalized to the fluxes or upper limits at observed-frame 500 μm. The shaded region indicates the wavelength
range used to calculate the far-infrared luminosities, while the entire range shown is used to calculate total infrared luminosities. The bar at the top indicates the range
of peak wavelengths.

Figure 11. CO line ladder and LVG model of the line excitation of ADFS-27
(red lines and data points), compared to the same sources as in Figure 10
(dashed lines; LVG models are adopted from Riechers et al. 2013, 2020). The
dotted lines show the three LVG components for ADFS-27 with Tkin=35, 40,
and 100 K and log [ρ(H2)/cm

−3]=3.0, 4.0, and 6.0, respectively, while the
solid line shows the sum of all components.
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4.4. Dynamical Masses, Gas Mass Fraction, and Gas-to-Dust
Ratio

The CO emission in ADFS-27N and S is resolved both spatially
and in velocity space, showing similar gradients in the CO
J=9→8 and 10→9 lines (Figure 5). Since the patterns are
comparable, but the CO (J=10→9) line is difficult to deblend
from the H2O contribution to the velocity field, we focus on the
CO (J=9→8) kinematic structure in the following. From blue
to red, the centroid of the CO emission in ADFS-27N moves by
approximately 0 25 (1.5 kpc) from northwest to southeast, where
the east–west extension marks the dominant contribution (0 24)
relative to north–south (maximum of 0 14). The CO centroid in
ADFS-27S moves by 0 19 (1.2 kpc), and almost entirely in the
north–south direction (0 19 vs. maximum east–west motion of
0 02). The source sizes are consistent with point sources in all but
their central velocity channels, showing that the physical extent of
the galaxies in their moment 0 maps is mostly due to spatially
resolved velocity gradients. In their central channels, ADFS-
27N has a CO (J=9→8) diameter of (517± 67mas)×
(236± 71mas), and ADFS-27S is (328± 63mas)×(101±
74mas). These are comparable to the sizes in the moment 0
maps, but ADFS-27N is consistent with being ∼30% more
extended. The velocity gradients are consistent with disk-like
rotation in both cases, but higher spatial resolution is required to
better distinguish between rotation- and dispersion-dominated
components since constraints on the CO velocity dispersion are
currently largely limited to the galaxy-wide dispersion.

To obtain dynamical mass estimates, we adopt an isotropic virial
estimator (e.g., Engel et al. 2010) and sizes that are 30% larger
than the averages obtained from the moment 0 and continuum
maps for ADFS-27N to account for the findings in the previous
paragraph. For the CO (J=9→8) line widths, this yields Mdyn

N

=(4.4± 0.3)×1011Me and Mdyn
S =(3.6± 0.3)×1011Me,

for a total value of Mdyn=(8.0± 0.4)×1011Me across both
components. Using the stellar and dust masses found in our
analysis and neglecting any potential mass contributions from
dark matter, we find upper limits on the αCO conversion factor
from CO luminosity to molecular gas mass of <2.4 and
3.3Me(Kkm s−1 pc−2)−1 for ADFS-27N and S, respectively. If
we assume a 25% contribution to Mdyn due to dark matter (e.g.,
Daddi et al. 2010), these limits are reduced to a < 1.5CO

dyn and
2.3Me(Kkm s−1 pc−2)−1. This suggests that an assumption of
αCO=1.0Me(Kkm s−1 pc−2)−1 is reasonable for a merger-
driven starburst at z∼6 like ADFS-27. We thus adopt this value
throughout this work. This corresponds to gas mass fractions of
fgas=0.26 for each source component. When assuming the CO
(J=9→8) line flux ratio as the gas mass ratio, we find gas-to-
dust ratios of 45±8 and 65±10 for ADFS-27N and S,
respectively, or a source-averaged value of 50±6. This is
comparable to what is found for the z=6.34 dusty starburst
HFLS3 (Riechers et al. 2013), and compatible with the values
found for nearby star-forming galaxies (e.g., Wilson et al. 2008). It
also is compatible with the earlier value found by Riechers et al.
(2017) under common assumptions.

4.5. Gas Mass, Surface Density, and Depletion Time

Based on the LVG-predicted CO (J=1→0) line luminosity,
we find a total cold molecular gas mass of Mgas=(2.1±
0.2)×1011 (αCO/1.0)Me, where αCO is the conversion factor
from CO luminosity to molecular gas mass in units
ofMe(Kkm s−1 pc−2)−1. Based on the extent of the high-J CO

and dust emission, this provides an upper limit on the gas surface
density of Σgas�3.0×104Me pc−2. When assuming the CO
(J=9→8) line flux ratio, this also suggests Sgas

N �1.9×
104Me pc−2 and Sgas

S �4.0×104Me pc−2 for ADFS-27N and
S, respectively. This is approximately consistent with the star
formation law found at lower redshift (e.g., Hodge et al. 2015). It
also corresponds to an overall gas depletion timescale of
tdep∼90±10Myr, which is consistent with expectations for
starburst galaxies (e.g., Carilli & Walter 2013).17

4.6. OH+ and CH+ Optical Depths and Column Densities

Together with HFLS3 (z=6.34; see Figure 8 and Riechers
et al. 2013), ADFS-27N is only the second z∼6 galaxy that
shows absorption/emission from OH+ and CH+. The (on
average) blueshifted OH+ and CH+ absorption toward ADFS-
27N is expected to come from a cool (100 K), low-density
(<100 cm−3), spatially extended gas component, while the broad,
redshifted OH+ emission component is likely associated with a
shock-heated, dense gas component impacted by galactic winds
(e.g., Falgarone et al. 2017). The OH+ emission thus may be
associated with the densest gas component in the “maximum
starburst” nucleus that leads to the enhanced CO (J=10→9)
emission, and the spatial and redshift offset may suggest that it is
associated with a wind emerging from this region. The optical
depth of an unsaturated absorption line is τline=–ln( ftrans),
where ftrans is the fraction of the continuum emission that is still
transmitted. Averaged over the entire line widths, we find
τOH+=0.35±0.04 for the absorption component of the OH+

(11→01) line and τCH+=0.38±0.18 for the tentative CH+

(J=1→0) line observed toward ADFS-27N. This corresponds
to velocity-integrated optical depths of 234±26 km s−1 and
415±198 km s−1, respectively. The difference between both
molecules is not significant and largely due to the broader
velocity range adopted for the tentative CH+ feature. As such, we
conclude that the OH+ and CH+ optical depths are indistinguish-
able at the quality level of our current data. The CH+ peak optical
depth is comparable to those found for strongly lensed dusty
starbursts at z∼2 (Falgarone et al. 2017).
Following Equation (5) of Indriolo et al. (2018) and Falgarone

et al. (2017), we find OH+ and CH+ column densities of
(11.4± 1.2) × 1014 cm−2 and (12.5± 5.9)×1014 cm−2, which
is comparable to what is found for the Cosmic Eyelash at z=2.3
by the same authors, despite a roughly 5 times higher SFR in
ADFS-27N. These authors suggest that estimates based on this
ground-state OH+ transition should be a good representation of
the total OH+ column density, given that the CMB temperature
even at z=5.7 is significantly below that necessary to populate
the first rotationally excited state of OH+. Based on the modeling
carried out by Indriolo et al., this is consistent with a cosmic-ray
ionization rate of ζH∼10−15 s−1 in the gas found in a low-
density, extended gaseous halo around ADFS-27N that gives rise
to the OH+ and CH+ absorption. In this regard, the nondetection
of absorption toward ADFS-27S is interesting, since it may
suggest that the diffuse gaseous halo does not extend out to
or beyond 9 kpc from the central source, despite the early-
stage merger between ADFS-27N and S. On the other hand,
the redshift difference of 140± 13 km s−1 may indicate that

17 The derived tdep would be by a factor of 1.3 shorter when using the SFR
estimates from CIGALE, but this could be compensated by a higher αCO, as
allowed by the data within the uncertainties.
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ADFS-27S is in the foreground of ADFS-27N, such that the
deprojected distance may exceed 10 kpc or more.

Following Falgarone et al. (2017), we estimate that the
hydrogen mass in the diffuse halo is 5% of the total gas mass of
ADFS-27, which we consider to be uncertain by a factor of a
few. The absolute value of 0.6×1010Me is comparable to
those found for strongly lensed z∼2 dusty starbursts
(Falgarone et al. 2017). To create such a mass reservoir on
45Myr timescales (i.e., approximately half the gas depletion
time) through gaseous outflows would require a mass outflow
rate of 125Me yr−1, corresponding to 9% of the current SFR of
ADFS-27N. Thus, it appears realistic to assume that the
extended gas reservoir is maintained by a starburst-driven
outflow from the “maximum starburst” nucleus. Given the lack
of a detection of any OH+ or CH+ absorption toward the more
compact, higher-ΣSFR component ADFS-27S, we conclude
that such diffuse gas reservoirs in the environment of the most
intense starbursts may not be entirely spherical. Since ADFS-
27N appears to be the older source component by 30Myr, it
could also be possible that enhanced OH+ features preferen-
tially appear in slightly later stages of the evolution of
HyLIRGs. However, the ages of both source components
agree within the uncertainties, such that this conclusion remains
speculative.

4.7. On the “870 μm Riser” Population

Since the initial discovery of ADFS-27, one additional
“870 μm riser” has been reported, SPT 0245–63 at z=5.6256
(Reuter et al. 2020). The same work has also revised the
redshift of the other previously known example, SPT 0243–49,
to z=5.7022. Together with the redshifts of ADFS-27N and
S, this yields an average redshift of z=5.659 for the currently
known population, with a surprisingly narrow range in redshift
of±0.038 that may be dominantly due to the currently small
sample size.

5. Conclusions

We have detected CO J=2→1 to 10→9 emission
toward the z=5.7 binary HyLIRG ADFS-27, revealing a
massive, moderately highly excited molecular gas reservoir
with a mass of Mgas=(2.1± 0.2)×1011 (αCO/1.0)Me,
corresponding to about 25% of its stellar mass. The two
starbursts are separated by only 140 km s−1 along the line of
sight and 9.0 kpc in projection. The kinematic structure seen in
high-J CO line emission is consistent with 2.3 kpc diameter
rotating disks in both cases, but the factor of about 2 difference
in minor-axis length may suggest differences in orientation
toward the line of sight, unless the sources are intrinsically
asymmetric. The dynamical mass estimates suggest that ADFS-
27 is consistent with a 1:1 merger of very massive galaxies that
have comparable gas fractions, which at face value would
suggest a similar evolutionary stage. A detection of high-level
(Jupper=3) H2O lines and ground-state OH+ transitions in
emission, together with an apparently enhanced CO
(J=10→9) flux, reveals the presence of a high-density,
high kinetic temperature gas component and a strong infrared
radiation field embedded in the gas reservoir, which is likely
associated with the cores of the “maximum starburst” nuclei.
The H2O emission appears to be significantly stronger in the

southern starburst ADFS-27S, which may indicate a higher
radiation field intensity. On the other hand, a blueshifted
absorption component is seen in the OH+ and (tentatively)
CH+ ground-state transitions, together with redshifted OH+

emission, in the northern starburst ADFS-27N, whereas neither
of these molecular species is detected in ADFS-27S. This
suggests the presence of a massive molecular outflow from the
northern source, which feeds enriched gas to its halo at a rate of
approximately 125Me yr−1, or 9% of its SFR. The lack of
OH+ and CH+ absorption in ADFS-27S could be understood if
the distribution of the diffuse gas has a relatively low covering
fraction. However, this interpretation is not preferred when
taking into account the finding that CH+ absorption in
particular appears to be ubiquitous toward z∼2 lensed
starbursts (Falgarone et al. 2017).
ADFS-27S appears to be the warmer source, consistent with

its stronger H2O emission, but the dust temperature of
Tdust=59 K averaged over both source components is
moderate for a z > 5 dusty starburst (which have a median
Tdust=50 K; Riechers et al. 2020). A difference in dust
temperature between the two starbursts would be consistent
with the unusual shape of the peak of its dust SED, which has
currently not been resolved into the two components on the
Wien side. Stellar light is detected toward ADFS-27S in the
rest-frame ultraviolet, while ADFS-27N remains undetected
below at least observed-frame 3.6 μm. Modeling of the full
SED suggests that the deeply embedded, “optically dark”
source component ADFS-27N is the older of the two sources
(albeit consistent within the uncertainties), with an age of only
110Myr (compared to 80Myr for ADFS-27S). However, it
cannot be ruled out that an older stellar population is
completely hidden from our view in ADFS-27N, and it would
likely be outshone by the light from young massive stars in
ADFS-27S. The inferred ages of the stellar populations are
comparable to the gas depletion times in both sources (which
themselves are comparable to other z > 5 dusty starbursts; e.g.,
Riechers et al. 2020), which may suggest an intermediate stage
of their starbursts, despite the relatively early stage of the
merger.
Overall, the two merging HyLIRGs that are part of the

ADFS-27 system show decisively different physical properties,
several of which cannot be solely explained by orientation or
line-of-sight differences. This may suggest at least some
differences in their evolutionary stages, or in the gas supply
that powers their starbursts and the resulting feedback. The
extended diffuse gas reservoir associated with ADFS-27N seen
in OH+ and CH+ in absorption can plausibly be put in place
through feedback on timescales of tens of millions of years and
supported by its current gas reservoir, such that even a 30Myr
difference in the onset times of the starbursts could explain a
fair range of the differences seen between both sources. As
such, our findings on the feedback timescales are consistent
with those found for strongly lensed z∼2 starbursts (e.g.,
Falgarone et al. 2017).
After concluding the major merger process and depleting its

large gas reservoir through intense star formation, ADFS-27
will likely evolve into one of the most massive galaxies by
z=3–4, with a stellar mass of order 4×1011Me or more
(depending on additional gas supply). While major mergers
may not be the dominant process leading to galaxy mass
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assembly in the universe, this event will be important to form
such a rare, massive galaxy early in the universe’s history.
Despite its relatively short gas depletion timescale of 90Myr, at
least part of the gas mass will be converted into stars on longer
timescales, due to the already observed feedback processes,
extending the star formation period to likely at least a few
hundred million years, even before accounting for additional
gas accretion from larger scales from the environment of
ADFS-27.

Given the lack of identifications of other, similar 1:1 mergers
of a few times 1011Me galaxies at comparable redshifts,18 a
detailed study of the ADFS-27 system is of particular interest to
understand such a rare, relatively short-lived phase in the early
evolution of massive galaxies. Higher-resolution ALMA data
will be capable of revealing the sub-kiloparsec-scale gas
dynamics that are not yet accessible with the current data, but
which are required to reveal whether the two merger
components truly are rotating, smooth disks, or whether they
already show substantial perturbation of their velocity fields.
ALMA will also be able to better constrain the properties of the
extended diffuse gas component, setting the stage for similar
investigations in low-J CO emission with the Next Generation
Very Large Array (ngVLA; e.g., Murphy et al. 2018) for
galaxies in the northern sky in the coming decade. At the same
time, JWST will be able to better constrain the properties of the
stellar populations, in particular for ADFS-27N, which remains
undetected in our deep HST imaging owing to dust obscura-
tion. Given the extreme rarity of systems like ADFS-27, a more
precise measurement of its stellar mass and age will be key to
constrain the parameter space that needs to be explored by
simulations of galaxy formation to account for the enigmatic
HyLIRG population that already existed within the first billion
years of cosmic time.
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