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ABSTRACT
We analyse the molecular and atomic emission lines of 71 brightHerschel-selected galaxies between redshifts 1.4 to 4.6 detected
by the Atacama Large Millimetre/submillimetre Array. These lines include a total of 156 CO, [C i], and H2O emission lines.
For 46 galaxies, we detect two transitions of CO lines, and for these galaxies we find gas properties similar to those of other
dusty star-forming galaxy (DSFG) samples. A comparison to photo-dissociation models suggests that most of Herschel-selected
galaxies have similar interstellar medium conditions as local infrared-luminous galaxies and high-redshift DSFGs, although with
denser gas and more intense far-ultraviolet radiation fields than normal star-forming galaxies. The line luminosities agree with
the luminosity scaling relations across five orders of magnitude, although the star-formation and gas surface density distributions
(i.e., Schmidt-Kennicutt relation) suggest a different star-formation phase in our galaxies (and other DSFGs) compared to local
and low-redshift gas-rich, normal star-forming systems. The gas-to-dust ratios of these galaxies are similar to Milky Way values,
with no apparent redshift evolution. Four of 46 sources appear to have CO line ratios in excess of the expected maximum
(thermalized) profile, suggesting a rare phase in the evolution of DSFGs. Finally, we create a deep stacked spectrum over a wide
rest-frame frequency (220–890 GHz) that reveals faint transitions from HCN and CH, in line with previous stacking experiments.
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1 INTRODUCTION

Since the advent of wide-field sub-millimetre instrumentation, we
have been aware of a population of high-redshift dusty star-forming
galaxies (DSFGs), which are subdominant at rest-frame optical wave-
lengths but contribute to the comoving volume-averaged star forma-
tion density (e.g., Smail et al. 1997; Hughes et al. 1998; Blain et al.
2002; Casey et al. 2014) of 20 to 80 percent over most of the history
of the Universe (e.g., Zavala et al. 2021), particularly at the peak
in star formation density at 𝑧 ∼ 2.5 (Madau & Dickinson 2014).
The Herschel Space Observatory, the Planck satellite, the South-
Pole Telescope (SPT) and the Atacama Cosmology Telescope (ACT)
each mapped one to several thousands of square degrees and discov-
ered many high-redshift galaxies apparently forming stars at rates
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beyond 1000M� yr−1 (Rowan-Robinson et al. 2016). However, hy-
drodynamical models of galaxies initially failed to reproduce these
extreme star-forming events (e.g., Narayanan et al. 2015). A fur-
ther complication is that high-resolution follow-up observations of
individual sources reveal a heterogeneous population, from smooth
disks to clumpy merger-like systems (e.g., Bussmann et al. 2013,
2015; Dye et al. 2015, 2018; Hodge et al. 2016; Gullberg et al. 2018;
Lelli et al. 2021; Chen et al. 2022). Accurate characterization of
these diverse sources across larger samples is thus needed, although
so far such detailed studies of this population have been limited by
the lack of angular resolving power of single-dish telescopes and the
intrinsic uncertainty in the photometric redshifts estimated from the
far-infrared regime(Δ𝑧/(1 + 𝑧) ' 0.13; Lapi et al. 2011; González-
Nuevo et al. 2012; Pearson et al. 2013; Ivison et al. 2016; Bakx et al.
2018).
The large areas of the DSFG surveys allowed the selection of rare
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2 Hagimoto, Bakx et al.

Figure 1. Integrated line intensities of the spectral lines for each of the galaxies with robust spectroscopic redshifts (see Urquhart et al. 2022). We show the
CO-line transitions as connected black points, and include [C i] (3𝑃1–3𝑃0) and [C i] (3𝑃2–3𝑃1) as unconnected orange squares at 𝐽up = 4.5 and 7.5, respectively.
The unconnected blue diamond at 𝐽up = 6.5 refers to the H2O (211–202) line. The positions of the [C i] and H2O lines are chosen based on their frequency
relative to the CO lines. We show 3𝜎 upper limits as downward triangles. The dashed black line shows the thermalized SLED profile fitted to the lowest-𝐽up
CO transition, and the filled grey region shows the mean SLED obtained from the turbulent model for Planck-selected galaxies by Harrington et al. (2021) with
associated 1𝜎 spread propagated in quadrature, also fitted to the lowest 𝐽up CO transition for each galaxy. We also include the source ID, spectroscopic redshift,
and apparent infrared luminosity for each panel.
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BEARS III: Emission line properties 3

types of galaxies. In fact, simply selecting galaxies with 500-`m
flux densities 𝑆500 > 100mJy has proven to be a reliable selec-
tor of strongly gravitationally lensed systems (Negrello et al. 2007,
2010, 2014, 2017; Wardlow et al. 2013; Nayyeri et al. 2016). In an
effort to better understand bright, distant Herschel galaxies, Bakx
et al. (2018) selected sources with 𝑆500 ≥ 80 mJy, as well as
a photometric redshift 𝑧phot ≥ 2, based on the Herschel-Spectral
and Photometric Imaging Receiver (SPIRE) fluxes, in order to de-
crease the contamination rate (see also Bakx et al. 2020b). They
constructed a sample of 209 sources, known collectively as the Her-
schel Bright Sources (HerBS) sample. A cross-correlation analysis
in Bakx et al. (2020a) has shown it is likely that lower flux criterion
(100mJy > 𝑆500 > 80mJy) selects towardsmore intrinsically-bright
sources with lower magnification factors. Thus, this sample likely not
only includes rare strongly lensed sources, but also intrinsically very
bright sources, such as hyper-luminous infrared galaxies (HyLIRGS;
𝐿IR > 1013 L� , Fu et al. 2013; Ivison et al. 2013; Riechers et al.
2013, 2017; Oteo et al. 2016).
The angular magnification in the strongly gravitationally lensed

sources enables resolved observations of the gas down to 100-pc
scales (e.g., Dye et al. 2015; Tamura et al. 2015; Egami et al. 2018)
with follow-up imaging. Such observations are well-suited to illumi-
nate the physical processes driving the star-formation activity within
the galaxies, particularly through resolved kinematics of spectral
lines. Similarly, resolved gas morphologies and kinematics will hold
the key to understanding the physical origin of HyLIRGs. However,
determining the spectroscopic redshift of individual sources is an
essential first step, and therefore several redshift campaigns have
targeted submm- and mm-wave-selected galaxies. In the northern
hemisphere, the Institut de Radio AstronomieMillimetrique (IRAM)
30-m telescope and NOrthern ExtendedMillimeter Array (NOEMA)
have been used to search for CO emission lines for determining spec-
troscopic redshifts (Neri et al. 2020; Bakx et al. 2020c). In particular,
the NOEMA project 𝑧-GAL (P.I.s: P. Cox, H. Dannerbauer, and T.
Bakx) aims to obtain the spectroscopic redshifts of 137 sources in
northern and equatorial fields (Cox et al. in prep.). However, a large
fraction of the Herschel sources in the southern hemisphere had not
yet been done.
Therefore, Urquhart et al. (2022) and Bendo et al. (2023) pre-

sented the result of the Bright Extragalactic Atacama Large Millime-
tre/submillimetre Array (ALMA) Redshift Survey (BEARS). They
selected the 85 sources from HerBS which are located in the South
Galactic Pole field and previously lacked spectroscopic redshifts. Us-
ing a series of meticulously-chosen spectral windows, they reported
71 spectroscopic redshifts by targeting the brightest mm-wavelength
lines, i.e., the rotational transitions of CO (𝐽, 𝐽 − 1) (see Bakx &
Dannerbauer 2022). These observations have angular resolutions of
∼ 2–3 arcsecs for the 2 and 3 mm spectral windows, respectively.
Since higher-𝐽 transitions are sensitive to denser and warmer gas, the
line luminosity ratios between different transitions can provide in-
sight into the gas conditions within the galaxies such as gas densities
and kinetic temperatures (e.g., Weiß et al. 2007; Bothwell et al. 2013;
Yang et al. 2017; Cañameras et al. 2018; Dannerbauer et al. 2019;
Harrington et al. 2021). Furthermore, lines with a high critical den-
sity and temperature are excited for the strongly lensed, high-redshift
Planck selected sources, indicatingmolecular gas is typically warmer
for these dusty star-forming systems with high intrinsic infrared lu-
minosities (∼ log10 𝐿IR = 12.5–13.7 L�; Harrington et al. 2021).
Similar findings have been reported for the SPT-selected sources
(Reuter et al. 2020) and studies of bright Herschel galaxies (Yang
et al. 2017; Bakx et al. 2020c; Neri et al. 2020).
The CO lines from this redshift search provide us with a sensitive

probe of the interstellarmedium (ISM) conditions of a large sample of
Herschel galaxies. Specifically, the Schmidt-Kennicutt (SK) relation
between the star-formation surface density and molecular gas mass
(ΣSFR–ΣH2 ; Schmidt 1959; Kennicutt 1998) is diagnostic of the star-
formation mode, i.e., “main-sequence” as opposed to “starburst”.
High-redshift dusty starbursts typically have higher star-formation
rates (SFRs) relative to their molecular gas compared to normal star-
forming galaxies (e.g., Casey et al. 2014), which results in a shorter
depletion time scale (∼ 100 Myr). The reasons for this boost in star
formation are often hypothesised to be connected with recent merger
events (Sanders et al. 1988; Barnes & Hernquist 1991; Hopkins et al.
2008), although several other theories have been posited (Cai et al.
2013; Gullberg et al. 2019; Hodge et al. 2019; Rizzo et al. 2020;
Fraternali et al. 2021). CO is the second-most abundant molecule
in the ISM, and the 𝐽 =1–0 transition to the ground state has tra-
ditionally been considered as the best tracer of the molecular gas
mass. However it is difficult to observe in high-redshift galaxies due
to its relative faintness. Alternatively, other low-𝐽 CO lines, such as
CO (2–1) or (3–2), can be used as molecular gas tracers, although to
use these we have to assume a gas excitation. In addition, we could
miss the molecular gas mass behind the “photosphere” due to the
optically thick nature of 12CO, particularly for low-𝐽 CO lines. In
this situation, the [C i] (3𝑃1–3𝑃0) line is a useful alternative tracer,
which has been discussed from both theoretical and observational
perspectives (e.g., Papadopoulos et al. 2004; Papadopoulos & Greve
2004). [C i] (3𝑃1–3𝑃0) is typically optically thin and therefore probes
the full molecular gas mass, although in the local Universe there ex-
ists not much difference between molecular gas estimates from CO
lines and [C i] (3𝑃1–3𝑃0) (Israel 2020). In addition, it is a useful
probe of the physical conditions of the photo-dissociation regions
(PDRs) inside these dusty starbursts (e.g., Alaghband-Zadeh et al.
2013; Bothwell et al. 2017; Jiao et al. 2017; Valentino et al. 2020b).
In this paper, we exploit the 156 detections and upper-limits of

CO rotational transitions, as well as [C i] atomic Carbon and the
H2O (211–202) water transition within the BEARS project to esti-
mate the ISM conditions of 71 brightHerschel-selected galaxies. We
briefly describe the sample and observations in Section 2, and show
the initial sample results in Section 3. We discuss these results in
Section 4, Section 5 discusses four sources with strange spectral fea-
tures, and Section 6 discusses the composite spectrum. We provide
ourmain conclusions in Section 7. Throughout this paper, we adopted
a spatially flatΛCDMcosmologywith the best-fit parameters derived
from the Planck results (Planck Collaboration XIII 2016), which are
Ωm = 0.307, ΩΛ = 0.693 and ℎ = 0.693.

2 SAMPLE AND OBSERVATIONS

Our sources are selected from the Herschel Bright Sources sample
(HerBS; Bakx et al. 2018, 2020b), which contains the 209 brightest,
high-redshift sources in the 616.4 deg2, H-ATLAS survey (Eales
et al. 2010). The H-ATLAS survey used the PACS (Poglitsch et al.
2010) and SPIRE (Griffin et al. 2010) instruments on Herschel to
observe the North and South Galactic Pole Fields, as well as three
equatorial fields, to a 1𝜎 sensitivity of 5.2 mJy at 250 `m to 6.8 mJy
at 500 `m1 (Eales et al. 2010; Valiante et al. 2016). The sources are
selected with a photometric redshift, 𝑧phot, greater than 2 and a 500-
`mflux density, 𝑆500, greater than 80mJy. Blazar contaminants were

1 These sensitivities are derived from the background-subtracted, matched-
filtered maps without accounting for confusion noise
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removed with radio catalogues and verified with 850-`m SCUBA-2
observations (Bakx et al. 2018). The infrared photometric redshift
of each source was initially calculated through the fitting of a two-
temperature modified blackbody (MBB) SED template from Pearson
et al. (2013) to the 250, 350 and 500-`m flux densities (Bakx et al.
2018). This MBBwas derived from theHerschel-SPIRE photometry
of 40 lensed H-ATLAS sources with spectroscopic redshifts from
the H-ATLAS survey, and assumed both a cold (23.9 K) and warm
(46.9 K) component of the dust. These sources are similar to the ones
in this sample, and would thus provide a good initial photometric
redshift estimate, with an estimated error of Δ𝑧/(1 + 𝑧) ≈ 0.12.
Improved photometric fits of the data, including the recent ALMA
data, are reported in Bendo et al. (2023).
Concerted efforts have beenmade to measure the redshifts of these

sources using both single-dish telescopes (e.g., IRAM; Bakx et al.
2020c) and interferometers (e.g., NOEMA; Neri et al. 2020). How-
ever most of the sources in the southern hemisphere have been out
of reach for earlier redshift search attempts with CARMA, NOEMA
and IRAM 30-m. As described by Urquhart et al. (2022), our tar-
geted sources are all located in the South Galactic Pole field (Eales
et al. 2010). The initial line searches were conducted by the Ata-
cama Compact Array (ACA; also called the Morita Array) for 11
sources in the 3-mm band (Band 3). This has been complemented by
a larger-scale search using the 12-m Array that observed another 74
sources at 3 mm, and all 85 targets at 2 mm, in an effort to measure
robust redshifts. In total, the redshifts of 71 galaxies in 62 out of
85 Herschel fields were identified. The redshift identification is de-
scribed in more detail in Urquhart et al. (2022), with the continuum
and source-multiplicity analysis presented in Bendo et al. (2023).

3 LINE FLUXES

We use the line fluxes reported in Urquhart et al. (2022) for all
detected lines, which we complement with upper-limit extractions
using the following method. Briefly, for the detected lines, circular
apertures were centred on the peaks of the corresponding contin-
uum emission, and the radii of the apertures were manually adjusted
for each source in each image to include as much line emission as
possible while still measuring that emission at higher than the 5𝜎
level. These apertures were several times larger than the beam size,
removing potential bias when comparing lines with different signal-
to-noise ratios or with different beam sizes. Similarly, the frequency
channels were manually selected such that as much of the line flux as
possible was included while still yielding measurements above the
5𝜎 level. For non-detected lines, the same aperture and line velocity
width as the detected lines were used. We then fit a Gaussian profile
to the frequency of the undetected spectral lines with a fixed velocity
width. The resulting uncertainty on this fit then provided us with the
1𝜎 error.
Figure 1 shows an overview of all the detected spectral lines and

the 3𝜎 upper-limits of undetected lines of all sources. Most of the
detected spectral lines are from CO ranging from 𝐽 = 2–1 to 7–6,
and in addition, we detect the [C i] (3𝑃1–3𝑃0) line for 23 sources,
a water line (H2O (211–202)) for two sources, and the [C i] (3𝑃2–
3𝑃1) line for four sources.We also include the upper limits of a single
CO, six [C i] (3𝑃1–3𝑃0) and three H2O (211–202) lines.Most of these
lines had already been reported in Urquhart et al. (2022), however we
extracted three extra [C i] (3𝑃1–3𝑃0), three extra [C i] (3𝑃2–3𝑃1), and
one extra H2O (211–202) lines. These additional velocity-integrated
line fluxes and upper limits are listed in Appendix Table A1. We find
velocity-integrated fluxes, 𝐼CO, ranging from 0.6 to 21.1 Jy km s−1.

We do not correct for cosmic microwave background (CMB) effects
(i.e., the observational contrast against the CMB and the enhanced
excitation of the CO or other line transitions), since this requires
extensive modelling of the ISM conditions and exceeds the scope
of this paper, particularly since it is not a large correction at these
redshifts (da Cunha et al. 2013; Zhang et al. 2016; Tunnard & Greve
2017). The velocity-width FWHM of our sources ranges between
110 and 1290 km s−1. This observed diversity in line profiles is also
seen in the Figure G1, where the velocity distribution of the BEARS
systems are compared against one another.

4 DISCUSSION

4.1 CO spectral line energy distributions

Figure 2 compares the normalized integrated line intensities for each
of the sources. In this figure, the sources are normalized to the ex-
pected CO (1–0) line velocity-integrated flux, derived from the mean
spectral line energy distribution (SLED) of the turbulent model in
Harrington et al. (2021), using the lowest 𝐽up CO line with ±1𝜎
standard deviation (shown as the grey shaded region). The colour of
the lines indicates the lowest 𝐽up transition, starting from 𝐽up = 2
to 5 shown in red, blue, green and orange. The dashed lines show
the associated thermalized profiles for each normalized transition
(𝐼CO ∝ 𝐽2up, with the instant of proportionality determined by the
SLED from Harrington et al. 2021). The connected red plus points
indicate the SLED from the stacked spectrum (see Section 6 for
details).
The CO SLEDs reflect a diverse population that broadly follows

the mean ratios reported by Harrington et al. (2021), which has a
slightly smaller median redshift (𝑧med = 2.4) relative to our median
redshift (𝑧med = 2.7). Several sources already show a downward
trend in velocity-integrated intensity at 𝐽up < 4, which is more in
line with non-starburst galaxies (Dannerbauer et al. 2009; Boogaard
et al. 2020) such as the Milky Way (Fixsen et al. 1999). It is impor-
tant to note that the general shape of CO SLEDs consists of multiple
components (e.g., Daddi et al. 2015; Yang et al. 2017; Cañameras
et al. 2018). The stacked SLED straddles the top of the expected ratios
fromHarrington et al. (2021), but it is normalized only to two CO (2–
1) detections and reflects the average line ratios across a wide range
in redshifts. The stacked SLED agrees within the 1𝜎 error with the
model from Harrington et al. (2021), although it appears higher for
𝐽up > 4.While themajority of sources show sub-thermalized profiles
(i.e., below their respective dashed lines), several sources (HerBS-
69B, -120A, -120B, -159B) have SLEDs above the typically-assumed
theoretical maximum excitation, based on the equipartition distribu-
tion of the CO excitation states; this will be discussed separately in
Section 5.
We provide an alternative perspective on the CO SLEDs of our

sources in Figure 3, where we compare the luminosity ratios of all
detected lines. We calculate the line luminosity for the spectral lines
using the equation from Solomon et al. (1997):

𝐿′ = 3.25 × 107𝑆COΔ𝑣 𝑓 −2obs𝐷
2
L (1 + 𝑧)−3 [K km s−1 pc2] . (1)

with the integrated flux, 𝑆COΔ𝑣, in Jy km s−1, the observed fre-
quency, 𝑓obs, in GHz, and the luminosity distance, 𝐷L, in Mpc. We
derive the line luminosity ratios, 𝑟𝐽a ,𝐽b , for each of our sources, using

𝑟𝐽a ,𝐽b =
𝐿′
a

𝐿′
b
=

𝐼a
𝐼b

𝐽2b
𝐽2a

. (2)
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Figure 2. Normalized line intensities ofBEARSgalaxies against the observed
CO line transition. The lines are normalized to the CO (1–0) emission calcu-
lated using the mean SLED obtained from the turbulent model for strongly
lensed galaxies identified by the Planck satelite (LPs) in Harrington et al.
(2021). The colour of the marker reflects the lowest 𝐽up transition observed to
the galaxy. Similarly, the coloured dashed lines indicate the thermalized pro-
files for the lowest transitions (∝ 𝐽 2up). The grey filled region shows the mean
SLED with ±1𝜎 standard deviation from Harrington et al. (2021). The con-
nected red plus points show the SLED from the stacked spectrum (Section 6),
and this is consistent with the mean SLED of Planck-selected DSFGs. We
note that several sources appear to exceed the maximum (i.e., thermalized)
line ratio profile, and we discuss the implications of this in Section 5.

Here 𝐿′
a and 𝐿′

b refer to the luminosity of lines a and b, 𝐼a and 𝐼b
refer to the integrated line flux, and 𝐽a and 𝐽b refer to the upper
rotational quantum level, commonly referred to as 𝐽up. We use error-
propagation rules to obtain the total error of each data point. The
dashed black line at 𝑟𝐽a ,𝐽b = 1 indicates the constant-brightness
or thermalized profile (𝐼CO ∝ 𝐽2up), typically assumed to be the
maximum excitation SLED of a galaxy.
Similar to Figure 2, the majority of sources fall within the mean

SLED from Harrington et al. (2021) (grey filled region). A handful
of sources already appear to peak at or lower than 𝐽up = 3, with
the majority of sources showing a peak in their CO SLED between
𝐽up = 4–6 or beyond. Several sources, however, lie on the unexpected
side of the thermalization curve, indicating super-thermal excitation
within our sources (see Section 5). We note that there is a strong
redshift-dependence for what lines are detected for each source. This
is due to the fixed spectral windows in the ALMA observations
described in Urquhart et al. (2022), where sources at higher redshifts
had higher-𝐽 CO lines redshifted into the observing windows.

4.2 Spectral line comparison

In this subsection, we compare several spectral lines against the bolo-
metric infrared luminosity (8–1000 `m) for the BEARS galaxies.We
choose to derive the infrared luminosity using only the 151 GHz flux
density from the Band 4 observations with ALMA, since all galaxies

Redshift

Figure 3. Line luminosity ratios between the different lines plotted against
the CO transition in the denominator (i.e., the normalizing CO line transi-
tion) using equation 2. We compare the ratios to the expected ratios of the
compilation of Harrington et al. (2021) (grey filled region), and the constant
brightness profile (flat dashed line). The colour of the data markers reflects
their redshift (blue to red equalling low to high redshift). Each panel indicates
a different CO-transition in the denominator of the luminosity ratio, while
the x-axis refers to the CO transition in the numerator. We manually shift
the points between 𝐽a − 0.5 and 𝐽a + 0.5 so as not to overlap. The constant
brightness profile assumes equal excitation among all CO transitions, and thus
has a uniform value of 1.0 for all CO transitions. The lines detected for each
source depends strongly on their spectroscopic redshift, and is reflected in
the clustering of colours at specific CO line transitions. For non-thermalized
CO lines, the points lie above 1 at 𝑥-values lower than 𝐽b, and below 1 at
𝑥-values larger than 𝐽b.

are identified through their 151 GHz flux density, and over half of
all sources discussed in this paper (40 out of 71) have multiples that
make direct comparison to the Herschel and SCUBA-2 photometry
unreliable. For all sources in our sample, the observed 151GHz emis-
sion probes the infrared emission, as all sources lie beyond 𝑧 > 1.
Although Bendo et al. (2023) provide estimates of the photometric
properties of individual sources and sources with multiples at the

MNRAS 000, 1–30 (2023)



6 Hagimoto, Bakx et al.

Figure 4. Detected CO and [C i] emission lines versus the infrared luminosity. We compare the line luminosity of the BEARS sources against reference samples
of low-redshift star-forming galaxies, including infrared-luminous galaxies (Greve et al. 2014; Rosenberg et al. 2015; Liu et al. 2015; Kamenetzky et al. 2016;
Yang et al. 2017; grey points), high-redshift star-forming galaxies (Valentino et al. 2020a; green squares), and DSFGs (Walter et al. 2011; Alaghband-Zadeh
et al. 2013; Yang et al. 2017; Bothwell et al. 2017; Harrington et al. 2021; blue squares, diamonds, crosses, and plus points). We use a linear-regression-fitting
technique to estimate the scaling relations, accounting for errors in both the line and infrared luminosities. The red solid line and background pink shade mean
the best-fit result and ±2𝜎 uncertainty. The best-fit parameters of the scaling relations are reported in Table B1. The large plus sign indicates the result from the
stacked spectrum (see Section 6). Our sources, as well as the stacked result, are consistent with previous works.

same confirmed redshift, a comprehensive study across our sample
is still elusive, as it requires extensive work using deblending tech-
niques on the Herschel and SCUBA-2 photometry for sources with
multiples. The scope of this paper is to provide a comprehensive
study of the gas properties of our sample, and we therefore take a
simplified approach using the single data point all our sources share
(i.e., the 151 GHz detection) and leave a deblending study for future
work. The infrared luminosity is calculated assuming a modified
black body with an average dust temperature of 35 K and a dust-
emissivity index (𝛽) of 2. This is in line with the photometric study
of individual sources and sources with multiples at the same redshifts
from Bendo et al. (2023), which finds an average dust temperature
of 32.3 ± 5.5 and a 𝛽 of 2.00 ± 0.35, and also agrees with previous
studies of dusty galaxies in the distant Universe (e.g., Eales et al.
2000; Dunne & Eales 2001). A single-temperature modified black-
body is the most basic representation of the emission of a dusty

galaxy, and allows for an easy comparison or future translation to
other studies, unlike a direct fit to an observed spectrum such as the
Cosmic Eyelash (e.g., Swinbank et al. 2010; Ivison et al. 2010). The
151 GHz emission traces the Rayleigh-Jeans tail of the emission,
and we are thus sensitive to the larger but colder reservoirs of dust.
However, we note that this data point provides little constraint on
any warmer dust that could be present inside a small portion of these
galaxies. We account for the CMB using the appropriate equations
from da Cunha et al. (2013), which correct both for the dust emis-
sion in contrast to the CMB, as well as additional dust heating by
the CMB. For single-component sources, we validate our method
against the luminosities from Bakx et al. (2020b) and Bendo et al.
(2023), and find similar infrared luminosities within the typical un-
certainty of the 151 GHz flux density. Throughout this paper, we
calculate the SFR assuming the Kennicutt & Evans (2012) relation
of SFR [M� yr−1] = 1.47 × 10−10𝐿IR [L�].

MNRAS 000, 1–30 (2023)
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Figure 4 shows the line luminosity of the CO and [C i] lines against
the infrared luminosity of the BEARS sources. These sources are
compared against the relationships for low- (Greve et al. 2014; Rosen-
berg et al. 2015; Liu et al. 2015; Kamenetzky et al. 2016; Yang et al.
2017) and high-redshift (Valentino et al. 2020a; Walter et al. 2011;
Alaghband-Zadeh et al. 2013; Yang et al. 2017; Bothwell et al. 2017;
Harrington et al. 2021) galaxies. In order to estimate the scaling re-
lations accounting for errors in both the line and infrared luminosity,
we use a linear regression fitting technique of SciPy (Virtanen et al.
2020) ODR (Orthogonal Distance Regression) package, which is
an implementation of the Fortran ODRPACK package (Boggs et al.
1992). The best-fit parameters in the scaling relations are reported in
Table B1 according to the perscription

log10
(
𝐿′
line

[
K km s−1 pc2

] )
= 𝑎 log10 (𝐿IR [L�]) + 𝑏. (3)

The line luminosity scalings of BEARS galaxies are consistent
with the reference samples, spanning over four orders of magnitude
for all lines. The best-fit results of the CO and [C i] lines (except
CO (2–1) and perhaps CO (3–2)) agree with a linear scaling relation
across our sample.While the line fits arewell-constrained, the source-
to-source variation across the reference samples and our data is on the
order of ±0.5 dex. This means that we can convert the luminosities
of these emission lines into SFR estimates.

4.3 Inferred Schmidt-Kennicutt relation of Herschel sources

Figure 5 shows the Schmidt-Kennicutt (SK) scaling relation–star-
formation surface density against molecular gas mass surface density
(Schmidt 1959; Kennicutt 1989) for all 71 BEARS sources detected
in either [C i] or CO. The molecular hydrogen mass in the galaxy is
calculated using

𝑀H2 = 𝛼𝐿′
line. (4)

When available, we use the [C i] (3𝑃1–3𝑃0) line to calculate the
molecular gas mass, otherwise we use themean line luminosity ratios
obtained from the turbulence model in Harrington et al. (2021) to
calculate theCO (1–0) line luminosity, specifically 𝑟2,1 = 0.88±0.07,
𝑟3,1 = 0.69 ± 0.12, 𝑟4,1 = 0.52 ± 0.14, 𝑟5,1 = 0.37 ± 0.15. We use
each conversion factor from the recent study of Dunne et al. (2021,
2022);

𝛼[CI] = 17.0
[
M�

(
K km s−1 pc2

)−1]
(5)

𝛼CO = 4.0
[
M�

(
K km s−1 pc2

)−1]
. (6)

They estimate this value through a self-consistent cross-calibration
between three important gas-mass tracers (i.e., [C i], CO and submm
dust continuum). In total, they use 407 galaxies from low to high-
redshift (𝑧 ≈ 6), and fail to find any evidence for a bi-modality
in the gas conversion factors between different galaxy types. As
a sanity check, our sources also have a good agreement in their
estimates of the molecular gas mass between [C i] and CO. The
𝛼CO = 4.0 M� (K km s−1 pc2)−1 value includes the additional he-
lium correction (see Bolatto et al. 2013 for a review) of 1.36. This
𝛼CO value is larger than the typically-assumed 0.8 for star-bursting
galaxies (see e.g., Casey et al. 2014); however, this is in line with
recent studies of Planck-selected galaxies (Harrington et al. 2021).
We note that the lower 𝛼CO values from previous studies are bet-
ter able to align the observed dynamical and molecular gas masses
(see Section 4.5). We use the deconvolved IMFIT result discussed in
Section 4.4 to estimate the surface densities, where circles indicate

sources with size estimates and circles with diagonal arrows indi-
cate sources with upper limits on their size estimates. We use the
same (continuum) size estimate for both the molecular gas and star-
formation surface densities. These are compared against reference
samples at low- (Kennicutt 1989; de los Reyes & Kennicutt 2019a,b;
Kennicutt & De Los Reyes 2021) and high-redshift (Tacconi et al.
2013; Hatsukade et al. 2015; Chen et al. 2017 and references therein).
We adjust the reference sample of DSFGs (blue squares) from

Chen et al. (2017, and references therein) from the initially-assumed
𝛼CO = 0.8 to 4.0 for a fair comparison, where the black arrow in the
top-left part of the graph indicates the effect of this change in 𝛼CO.
Recent studies have shown that the size of the molecular gas reservoir
extends beyond the bright star-forming region (e.g., Chen et al. 2017).
Therefore, the arrow can also be used to indicate the effect of a 2.2
times (=

√︁
4/0.8) larger radius of the molecular reservoir relative

to the star-forming region. The diagonal dashed lines indicate the
depletion timescales of 1 Myr to 10 Gyrs, defined as the molecular
gas mass divided by the star-formation rate (𝑡dep = `𝑀mol/`SFR).
The BEARS sources appear to have shorter depletion times than

local spirals and dwarf galaxies, as well as 𝑧 ≈ 1–3 star-forming
galaxies, suggesting accelerated star formation in these systems and
hence implying that these systems are not simply scaled-up versions
of gas-rich, normal star-forming systems (Cibinel et al. 2017; Kaasi-
nen et al. 2020). The BEARS sources have, on average, longer deple-
tion times than the DSFGs from Hatsukade et al. (2015), Chen et al.
(2017, and references therein). Harrington et al. (2021) also report
the longer depletion timescale for Planck-selected DSFGs, suggest-
ing that DSFGs are not necessarily consuming their gas faster than
other active galaxies. However, they do appear to have a similar slope
that is on the order of unity or slightly steeper. This is in contrast to the
slopes reported in early studies (e.g., 1.25–1.44 by Gao & Solomon
2004) and in agreement with current studies (e.g., 0.9–1.4 by Tacconi
et al. 2013, 2018, 2020 and 1.13 by Wang et al. 2022). There exists,
however, an ambiguity in the measured sizes of these kind of studies.
As noted in Chen et al. (2017), if the dust size is used instead of the
CO-based size estimate, the gas surface density of the sources could
increase by over an order of magnitude. High-resolution imaging of
DSFGs have shown these sources to be compact dusty systems (e.g.,
Ikarashi et al. 2015; Barro et al. 2016; Hodge et al. 2016; Gullberg
et al. 2019; Pantoni et al. 2021) with sizes on the order of a single
kiloparsec. Instead, relative to the 𝑧 ∼ 2–4 SMGs, the BEARS sys-
tems are likely hosting more extended star formation in their systems
seen through an increase in their depletion timescales. Here we note
an intrinsic bias in our sample, since all galaxies have spectroscopic
redshifts based on CO line measurements. Low gas-surface-density
galaxies might remain without a spectroscopic redshift, which could
bias our sample towards higher gas surface densities.
The size estimates from IMFIT are on the same order as the beam

size of the current ALMA observations (≈ 2 arcsec), and could be
affected by the magnification of gravitational lensing. These effects,
however, would only move the data points along the diagonal lines
of constant depletion timescales (if we exclude differential lensing),
and would not affect our estimates of the SK-slope; however it is
difficult to exclude any effects from differential lensing at the current
resolution (Serjeant 2012).

4.4 Dynamical properties of BEARS galaxies

The moderate resolution of our observations (≈ 2 arcsec) and veloc-
ity width of the lines provides a potential window on the dynamical
nature of these high-redshift galaxies. We calculate (apparent) dy-
namical virial and rotational mass following earlier studies (Neri
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Figure 5. Schmidt-Kennicutt scaling relation, i.e., star-formation surface density against molecular gas mass surface density (Schmidt 1959; Kennicutt 1989)
for the BEARS galaxies detected either in [C i] (red) or CO (light red). We use the deconvolved IMFIT result discussed in Section 4.4 to estimate the surface
densities, where circles indicate sources with size estimates and circles with diagonal arrows indicate sources with upper limits on their size estimates. They are
compared against reference samples of low-redshift galaxies (Kennicutt 1989; de los Reyes & Kennicutt 2019a,b; Kennicutt & De Los Reyes 2021; grey points,
plus points, and diamonds), high-redshift star-forming galaxies (Tacconi et al. 2013; green squares) and high-redshift DSFGs (Hatsukade et al. 2015; Chen et al.
2017 and references therein; blue squares). We use an 𝛼[CI] value of 17.0 and an 𝛼CO value of 4.0 from the recent study of Dunne et al. (2021, 2022). We adjust
the reference sample of DSFGs (blue squares) from Chen et al. (2017) from the initially-assumed 𝛼CO = 0.8 to 4.0 for a fair comparison, where the black arrow
in the top-left part of the graph indicates the effect of this change in 𝛼CO. Recent studies have shown that the size of the molecular gas reservoir extends beyond
that of the bright star-forming region. The arrow can thus also be used to indicate the effect of a 2.2 times larger radius of the molecular reservoir relative to
the star-formation region. The diagonal dashed lines indicate the depletion timescales of 1 Myr to 10 Gyrs. The BEARS sources appear to have slightly longer
gas depletion times than DSFGs from Chen et al. (2017, and references therein); however, they do appear to have a similar slope. The SK slope for the BEARS
sample is approximately unity.

et al. 2003; Tacconi et al. 2006; Bouché et al. 2007; Engel et al.
2010; Bothwell et al. 2013; Bussmann et al. 2013; Wang et al. 2013;

Willott et al. 2015; Venemans et al. 2016; Yang et al. 2017) as

𝑀dyn,vir = 1.56 × 106
(

𝜎

km s−1

)2 (
𝑟

kpc

)
M� , (7)

𝑀dyn,rot = 2.32 × 105
(

𝑣circ
km s−1

)2 (
𝑟

kpc

)
M� , (8)
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in which 𝜎 = Δ𝑉CO/(2
√
2 ln 2), Δ𝑉CO is the full width at half

maximum (FWHM) of the line, 𝑣circ is the circular velocity (using
𝑣circ = 0.75Δ𝑉CO/sin 𝑖, with the inclination angle set as the average
of 𝑖 = 55 deg following Wang et al. 2013), and 𝑟 is the effective
radius. Here we note that a wrong estimate of 𝑖 may lead to a signifi-
cant systematic shift for individual objects, but that using the average
value is useful for statistical estimates of 𝑀dyn across the population,
even though individual 𝑀dyn estimates are not necessarily reliable.
We calculate the effective radius from the Band 4 continuum image
using the CASA tool IMFIT. Here we note that the size estimation
from Band 4 continuum might not equal the source size probed by
the CO emission lines (e.g., Chen et al. 2017). The source size is
calculated from the deconvolved major and minor axes, added in
quadrature. Any measurement errors are also added in quadrature.
In Figure 6 we show the velocity distribution of the sources as a

function of their effective radius. Twenty-one galaxies do not have
reliable source sizes from the IMFIT routine, and are shown in light
red. For these 21 galaxies, we set their sizes to 0.14 arcsec, the lower
end of the reliable IMFIT size estimates. There are three likely inter-
pretations of these source sizes. The first and most straightforward is
that the source is unlensed, and therefore that the sizes represent the
physical sizes of the galaxies. The second option is that the sources
are strongly gravitationally lensed, and that the spatial extent is that
of a single gravitationally-lensed arc resulting from a foreground
galaxy cluster or group. In that case, the observed angular size in
the tangential direction would be the magnification ` multiplied by
the intrinsic size, while in the radial direction there would be no
magnification. The third option is that the system is a galaxy-galaxy
gravitational lens system, in which case the angular extent is likely
to reflect that of the Einstein radius of the lensing geometry rather
than the size of the BEARS galaxy.
We compare the effective radii and velocities with fixed-mass so-

lutions to the dynamical mass equations, on the simplest assumption
that the systems are unlensed. Most galaxies have dynamical masses
between 1011 M� and 1012 M� , and the variation is only minor
between rotational (upper) and virial (lower) mass limits. There are
several caveats to this method, however. Firstly, we do not have any
direct reason to assume that these systems are either virialized or
stably rotating. Secondly, the systems may be gravitational lenses, in
which case the radii in equations 7 and 8 are overestimates of the
underlying source sizes.
These (apparent) dynamical galaxy masses are at the most massive

end of the star-formation main sequence, and appear to indicate that
these systems are some of the most massive galaxies in the Universe.
Indeed, DSFGs have often been suggested as progenitors of red-and-
dead giant elliptical galaxies at 𝑧 = 0 (Swinbank et al. 2006; Coppin
et al. 2008; Toft et al. 2014; Ikarashi et al. 2015; Simpson et al. 2017;
Stach et al. 2017) given (1) their high stellar masses (Hainline et al.
2011; Aravena et al. 2016), (2) their high specific star-formation rates
(Straatman et al. 2014; Spilker et al. 2016; Glazebrook et al. 2017;
Schreiber et al. 2018; Merlin et al. 2019) and (3) their location in
overdense regions (Blain et al. 2004; Weiß et al. 2009; Hickox et al.
2012).
However, there exist some important additional caveats to the dy-

namical mass estimates. A critical underlying assumption is that the
systems are self-gravitating and relaxed, as discussed in Dunne et al.
(2022). If submm galaxies are dynamically complex, for example
if their gas kinematics is dominated by a major merger, then this
could yield apparent anomalously large dynamical masses. Dunne
et al. (2022) show that a very wide range of star-forming galaxies
can be interpreted consistently as having a constant gas mass con-
version factor of 𝛼CO = 4.0 M� (K km s−1 pc2)−1, and attribute

Figure 6. Velocity widths versus effective radii for sources with detected
line emission.Dash-dotted, dashed and dotted lines show constant dynamical
masses, which are 1010M� , 1011M� and 1012M� , respectively.Grey shaded
regions are the variations in which equations of rotational (upper) or virial
(lower) estimates shown in Yang et al. (2017) (i.e., equations 7 and 8) are
selected to calculate dynamicalmass. The pink data points represent the upper
limits of the size estimation from IMFIT. These sources are unresolved so we
set the size of them to the minimum size of detected sources (red points). We
show the histograms of the velocity and radius distributions on the right and
top sides of the graph respectively; the red filled and pink hatched histograms
correspond to the data points with the same colour.

the previous roughly 5 times lower estimates to the unrelaxed dy-
namical states of submm galaxies (e.g., their equation 9). On the
contrary, galaxies undergoing rapid collapse triggering bursts of star
formation through violent disc instabilities – as for example seen
in SDP.81 (Dye et al. 2018) – could cause us to underestimate the
dynamical masses. Similarly, differential lensing (Serjeant 2012) of
low-dispersion star-forming regions could cause us to underestimate
the total velocity widths and thus the dynamical masses.

4.5 Molecular gas mass

Figure 7 shows the (apparent) dynamical virial mass of each galaxy
against the estimated molecular gas mass, on the assumptions of no
gravitational lensing (see above) and dynamically relaxed (i.e., no
major merging) states in the submm galaxies. The figure also shows
the 1:4, 1:1 and 4:1 scaling relations between the molecular and
dynamical masses. Remarkably, the majority of our galaxies have
a molecular gas mass above that of the dynamical mass. We find a
scatter of half an order of magnitude around the 4:1 scaling relation,
with galaxies having large velocity widths (Δ𝑉) scattering towards
higher dynamical masses and vice versa.
Gravitational lensing does not resolve this apparently unphysical

pair of mass constraints. Lens magnification corrections would re-
duce 𝑀gas estimates, because this scales with the line luminosity, but
lensing would also reduce 𝑀dyn. The latter correction may even be
stronger than that for 𝑀gas, especially if the physical size estimates
from our marginally-resolved ALMA data in equations 7 and 8 are
dominated by Einstein radii, however, the positions of galaxies above
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Figure 7. Comparison of the molecular gas masses to dynamical masses
for the BEARS sources. The colours indicate the average velocity width of
the emission lines, and upper limits indicate sources without accurate size
estimates from the IMFIT analysis. The majority of sources lie below the
𝑀dyn = 𝑀gas relation (dashed line), suggesting that we may be underes-
timating the dynamical masses of these systems. This can be caused by
gravitational lensing, which boosts the observed gas mass, or by the compact
nature of the dust emission.

the “main sequence” in the SK plane in Fig. 5 would be insensitive
to magnification effects.
An alternative reading of this apparently unphysical result in Fig. 7

is that the underlying assumption of the dynamical mass estimates is
false, i.e., that the systems are not dynamically relaxed (e.g., Dye et al.
2018) or that the line velocity does not represent the bulk of the galaxy
(e.g., Hezaveh et al. 2012; Serjeant 2012). We argue therefore that
our results may still be consistent with the interpretation of a constant
𝛼CO conversion factor, in agreement with the merger hypothesis for
submm galaxies (Sanders et al. 1988; Hopkins et al. 2008).
Nevertheless, the gas mass alone (modulo the gas fraction) indi-

cates that these systems are at the massive end of the galaxy mass
function. The discovery of massive, quenched systems around the
first billion years of the Universe (Straatman et al. 2014; Glazebrook
et al. 2017; Schreiber et al. 2018) indicates the need for galaxies that
rapidly build-up mass and, more importantly, rapidly quench after-
wards. At gas masses over 1011 M� , DSFGs are likely progenitors
of the quenched population, although the quenching timescale of 0.1
to 1 Gyr from Fig. 5 does not appear to be rapid enough to quench
the systems adequately.

4.6 Dust-to-gas mass ratio

The dust-to-gas mass ratio is the dust mass divided by the molecular
gas mass, and as the dust locks up metals produced through bursts
of star-formation, this ratio forms an important evolutionary probe
across time (Péroux & Howk 2020; Zabel et al. 2022) sensitive to
the gas-phase metallicity in a system (James et al. 2002; Draine &
Li 2007b; Galliano et al. 2008; Leroy et al. 2011; Rémy-Ruyer et al.
2014; Shapley et al. 2020; Granato et al. 2021). Meanwhile, the dust
destruction mechanisms require the conditions for dust formation to
be recent (∼ 0.3–0.5Gyr, Hu et al. 2019;Hou et al. 2019;Osman et al.
2020). Models further suggest that these high star-formation rates
also correlate with in/outflows (Triani et al. 2020, 2021), ubiquitously

Figure 8. Redshift evolution of dust-to-gas ratio of our galaxies, as well as
high-redshift star-forming galaxies fromShapley et al. (2020) (green squares),
and damped Lyman-𝛼 absorber systems from De Cia et al. (2018), Péroux
& Howk (2020, and references therein) (orange points). The lack of redshift
evolution and low scatter across all redshifts suggests we are witnessing an
approximately single galaxy type with (recent) intense star formation in line
with a metallicity of close to the Milky Way (≈ 0.45 Z� ; Draine & Li 2007a;
Draine et al. 2014).

observed for DSFGs (Butler et al. 2021; Berta et al. 2021; Riechers
et al. 2021; Spilker et al. 2020a,b).
Figure 8 shows the dust-to-gas ratio for the BEARS targets, as

well as for other high-redshift star-forming galaxies from Shapley
et al. (2020) and damped Lyman-𝛼 absorber systems from De Cia
et al. (2018), Péroux & Howk (2020, and references therein). We
use the 151 GHz flux density from Bendo et al. (2023), and convert
this to a dust mass assuming 𝑆a = ^a𝐵a (𝑇 = 35 K)𝑀dust𝐷−2

L ,
where ^a is the dust mass absorption coefficient, 𝐵a is the Planck
function at temperature 𝑇 = 35K, and 𝐷L is the luminosity distance.
Here we assume a 𝛽 = 2, and approximate the dust mass absorption
coefficient (^a) as ^★ (a/a★)𝛽 , with (^★, a★) as (10.41 cm2 g−1,
1900 GHz) from Draine (2003). The BEARS sources have ratios
of the order 10−2 to 10−3, similar to what is seen in local dusty
galaxies and high-redshift DSFGs. Absorber systems are typically
selected solely by their bulk atomic gas and are thus sensitive to
the metallicity-evolution of galaxies across time. Unlike absorber
systems, BEARS and other SFGs (Shapley et al. 2020) do not show
any redshift evolution, in agreement with a metallicity close to the
Milky Way (Draine & Li 2007a; Draine et al. 2014). The low scatter
and lack of trendwith redshift suggests that we arewitnessing a single
star-forming phase, and the high dust-to-gas ratio suggests that this
phase occurred relatively recently.

4.7 Photo-dissociation regions inside DSFGs

Figure 9 shows the luminosity ratio of [C i] (3𝑃1–3𝑃0) to CO (4–3)
(left panel) and [C i] (3𝑃2–3𝑃1) to CO (7–6) (right panel) against
their respective [C i] luminosity over infrared luminosity. In total, 19
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Figure 9. Left panel: Ratio of [C i] (3𝑃1–3𝑃0) to CO (4–3) plotted versus [C i] (3𝑃1–3𝑃0) luminosity over infrared luminosity for 19 BEARS sources with both
[C i] (3𝑃1–3𝑃0) and CO (4–3) observations (red circles and downward triangles for detections and upper limits, respectively) as well as reference samples of
local U/LIRGs (Michiyama et al. 2021; grey points), high-redshift SPT-sources (Bothwell et al. 2017; blue crosses) and Planck-sources (Harrington et al. 2021:
blue plus points), classical SMGs (blue squares), QSOs at 𝑧 ' 2–4 (orange diamonds), and main-sequence galaxies at 𝑧 ' 1.2 (green squares) from Valentino
et al. (2020b, and references therein). We also include the result from stacking (red plus sign). Right panel: Ratio of [C i] (3𝑃2–3𝑃1) to CO (7–6) plotted versus
[C i] (3𝑃2–3𝑃1) luminosity over infrared luminosity for 4 BEARS sources with both [C i] (3𝑃2–3𝑃1) and CO (7–6) observations (red circles for detections)
as well as reference samples of local U/LIRGs (Lu et al. 2017; grey points), high-redshift SPT-sources (Jarugula et al. 2021; blue crosses) and Planck-sources
(Harrington et al. 2021: blue plus points),HerschelDSFGs (blue diamonds), classical SMGs (blue squares), QSOs at 𝑧 ' 2–4 (orange diamonds) from Valentino
et al. (2020b, and references therein), and main-sequence galaxies at 𝑧 ' 1.2 (green squares) from Valentino et al. (2020a). We also include the result from
stacking (red plus sign). The PDR models of Kaufman et al. (2006) are overplotted in both panels, showing the theoretical relations for constant hydrogen
densities (near-horizontal yellow solid lines) and FUV radiation intensity fields (near-vertical cyan solid lines).

BEARS sources have both [C i] (3𝑃1–3𝑃0) and CO (4–3) observa-
tions, and four BEARS sources have [C i] (3𝑃2–3𝑃1) and CO (7–6)
observations. Here, we calculate the line luminosity using the typical
equation from Solomon et al. (1997),

𝐿 = 1.04 × 10−3𝑆Δ𝑣 𝑓obs𝐷2L [L�] . (9)

We also include the reference samples of local U/LIRGs (Michiyama
et al. 2021 in the left panel and Lu et al. 2017 in the right panel),
DSFGs and QSOs in the range of redshift 2–4, main-sequence (MS)
galaxies at 𝑧 ' 1.2 (Valentino et al. 2020a,b and references therein),
high-redshift SPT sources (Bothwell et al. 2017 in the left panel and
Jarugula et al. 2021 in the right panel) and Planck sources (Harring-
ton et al. 2021). In this plane, the physical conditions of PDRs (e.g.,
Hollenbach & Tielens 1999) can be constrained (e.g., Umehata et al.
2020; Valentino et al. 2020b; Michiyama et al. 2021). We investigate
the differences in PDR conditions among our and reference samples
using PDRToolbox2 (Kaufman et al. 2006; Pound & Wolfire 2008,
2011), which provides the line intensities for each combination of
hydrogen density (𝑛H) and far-ultraviolet (FUV) radiation intensity
fields (𝐺0 = 1.6 × 10−3 erg s−1 cm−2; Habing 1968 units, i.e., the
incident FUV field between 6 eV < ℎa < 13.6 eV) assuming plane
parallel model originally by Kaufman et al. (1999). We show the

2 https://dustem.astro.umd.edu/index.html

theoretical tracks for constant 𝑛H and𝐺0 using yellow and cyan solid
lines in Fig. 9.

Most of our sources are located within 104 ≤ 𝑛H ≤ 105 [cm−3]
and 103 ≤ 𝐺0 ≤ 104 [Habing]. Our sources exhibit denser and
more intense radiation environments than MS galaxies at 𝑧 ' 1.2,
but similar properties to local U/LIRGs and other DSFGs. This is
consistent with previous works (Valentino et al. 2020b; Michiyama
et al. 2021), with the exception of the sources HerBS-90 and -131B,
where 𝐿 [CI] (1−0)/𝐿CO(4−3) ≥ 1. This suggests that the gas in these
two sources is more diffuse, similar to MS galaxies, in line with
photo-ionizationmodeling to dwarf galaxies byMadden et al. (2020).
We note that the offset could also be caused by the different observed
line profiles between CO and [C i], i.e., the larger estimation of Δ𝑉
in [C i] line emission might have resulted in an overestimate of the
line luminosity.

The ISM properties derived from the different atomic carbon lines,
[C i] (3𝑃1–3𝑃0) and [C i] (3𝑃2–3𝑃1), vary slightly in the derived gas
densities and FUV intensity fields. This could be due to a change
in the internal properties of DSFGs in the early Universe or due to
observational biases in selecting our distant galaxies. The observa-
tional biases could result from a selection towards higher redshift,
since all galaxies with CO (7–6) and [C i] (3𝑃2–3𝑃1) are detected at
higher redshift, where the lines shift into more favourable parts of the
atmospheric windows (and the spectral windows used in Urquhart
et al. 2022). More observations are needed to conclusively test the
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modest discrepancy between the ISM properties derived from the
different atomic carbon lines.
We use the PDR model from Kaufman et al. (1999) that supposes

the simple 1D geometry assuming three discrete layers, i.e., the [C i]
emission comes only from the thin layer between two gas components
traced byCOand singly-ionized carbon emission ([C ii]).Meanwhile,
spatially-resolved observations of local giant molecular clouds (e.g.,
Ojha et al. 2001; Ikeda et al. 2002) and active star-forming region in
local galaxies (e.g., Israel et al. 2015) suggest that the CO- and [C i]-
bright gas are well mixed. This gas property has been explained more
successfully assuming more complicated gas conditions (clumpy ge-
ometry: e.g., Stutzki et al. 1998; Shimajiri et al. 2013, mixing within
highly turbulent clouds: e.g., Xie et al. 1995; Glover et al. 2015, and
more complicated 3D geometric models: e.g., Bisbas et al. 2012) or
additional excitation origins (cosmic rays, CRs: e.g., Papadopoulos
et al. 2004, 2018, shocks: e.g., Lee et al. 2019). However, such mod-
els require a lot of observational data that trace multi-phase ISM. For
example, Bothwell et al. (2017) required multi-transitions of CO,
[C i] and [C ii] lines to constrain gas density and FUV intensity.
In particular, recent works show that CRs can dissociate CO

molecules more effectively than FUV radiation in molecular clouds
because they are not strongly attenuated by dust (e.g., Bisbas et al.
2017). Highly star-forming environments such as the ones expected
in our sample result in a large amount of CRs (as seen in the
stacked spectrum in Section 6), which will likely affect the prop-
erties of the ISM. Bothwell et al. (2017) compare the gas density
and FUV intensity obtained from PDRToolbox with those from
3D-PDR (Bisbas et al. 2012) – a model that includes the effect
of CRs – for SPT-selected strongly lensed DSFGs. This is a fair
comparison, as SPT-selected DSFGs have similar infrared luminosi-
ties as our sample. As a result, they find consistency between the
two models for the FUV strength, however, a relatively higher gas
density (〈log 𝑛H〉 = 5.2 ± 0.6 cm−3) compared to the 1D model
from Kaufman et al. (1999) (〈log 𝑛H〉 = 4.4 ± 0.4 cm−3). Since
𝐿 [CI] (1−0)/𝐿CO(4−3) ratio is sensitive to gas density, CRs can cause
us to underestimate the gas density of our sources since we do not
consider CRs in our current work. At the moment, it is hard to con-
strain the physical properties through only two emission lines and
infrared luminosity, possibly leading us to underestimate the gas
density by nearly one order of magnitude (0.8 dex).

4.8 Water lines from BEARS galaxies

Figure 10 provides a comparison of 𝐿IR against the luminosity ratio
of H2O (211–202) emission to 𝐿IR for five BEARS sources, three of
which are not detected above 3𝜎. We compare the galaxies against
reference samples from Yang et al. (2013, 2016), Lu et al. (2017),
Apostolovski et al. (2019), Bakx et al. (2020c), Neri et al. (2020)
and Jarugula et al. (2021). We confirm tight correlations between
them and derive a scaling relation for the H2O emission using linear
regression to all the samples shown in Fig. 10 in order to account for
errors in both the infrared luminosity and line emission, minimising
the fit of

log10

(
𝐿H2O
𝐿IR

)
= 𝑎 log10 (𝐿IR [L�]) + 𝑏, (10)

where both 𝑎 and 𝑏 are left as fitting parameters.
A super-linear relation seems to better fit all the observed data

across four orders of magnitude, with 𝑎 = 0.12 ± 0.04 and 𝑏 =

−6.8 ± 0.5, which is consistent with previous studies (e.g., Omont
et al. 2013; Yang et al. 2013, 2016). Our linear regression fitting
favours a super-linear relation at the 3𝜎 level, although we note

Figure 10. Infrared luminosity plotted against the luminosity ratio of
H2O (211–202) emission to 𝐿IR of BEARS galaxies (red circles, downward
triangles, and plus point for detections, upper limits, and stacked spectrum,
respectively) is shown against a comparison of local infrared-bright galaxies
(grey points; Yang et al. 2013, black points; Lu et al. 2017),Herschel-selected
DSFGs (blue diamonds; Yang et al. 2016; Bakx et al. 2020c; Neri et al. 2020)
and SPT-selected DSFGs (blue crosses; Apostolovski et al. 2019; Jarugula
et al. 2021). The red line and filled region show the linear regression fit of
log10

(
𝐿H2O/𝐿IR

)
= 𝑎 log10 (𝐿IR) + 𝑏 with the ±2𝜎 uncertainty. As a result

of fitting, we find 𝑎 = 0.12 ± 0.04 and 𝑏 = −6.8 ± 0.5. The black line and
grey filled region corresponds to the best fit result with the slope fixed to zero
from Jarugula et al. (2021), where we use a factor of 1.55 to convert from
far-infrared luminosity to infrared luminosity and assume the Kennicutt &
Evans (2012) relation of SFR = 1.47 × 10−10𝐿IR. Partial collisional excita-
tion of the H2O line could explain our super-linear fit to the luminosity ratio
(González-Alfonso et al. 2022).

that our observations only add two H2O detections, and three upper
limits. Contrary to Jarugula et al. (2021), we also include sources
from Lu et al. (2017) that are not included in Yang et al. (2013). The
improved fitting constraints from the additional sources since Yang
et al. (2016) – who find (𝑎 = 1.16 ± 0.13) – likely cause an increase
in the significance of the super-linear fit result from ∼ 1 to ∼ 3𝜎.
Both observations (e.g., Riechers et al. 2013; Yang et al. 2013,

2016; Apostolovski et al. 2019; Jarugula et al. 2021) and modelling
(e.g., González-Alfonso et al. 2010, 2014) find a strong correlation
between the infrared luminosity and the H2O line emission. The
moderately-higher transitions ofH2O (above≈ 100K) are not excited
through collisions, but instead infrared pumping is expected to be
their dominant excitationmechanism (González-Alfonso et al. 2022).
Meanwhile, the 𝐽 = 2 lines are likely still partially collisionally
excited, which could explain the super-linear scaling relation (Yang
et al. 2013; Liu et al. 2017), although the super-linear trend appears
to go away in resolved observations (Yang et al. 2019), and could
be due to optical depth effects (González-Alfonso et al. 2022). The
origins of our observed super-linear relation will require detailed
radiative transfer modeling across multiple water transitions. We
briefly note that this result is in contrast to the picture of H2O line
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luminosity being proportional to SFR, even down to the resolved
scale of individual GMCs (e.g., Jarugula et al. 2021).

5 COMPANION SOURCES WITH UNUSUALLY-BRIGHT
LINES: THE BEARS CUBS

In Subsection 4.1, we identified four sources with line ratios in ex-
cess of the thermalized profile (𝐿′

CO,a/𝐿
′
CO,b = 1; eq. 2), namely

HerBS-69B, -120A, -120B, and -159B. Interestingly, these are found
only in fields with multiple sources where the companion galaxy has
a slightly different redshift. The large angular separation between the
components (7–10 arcsecs) rules out galaxy-galaxy lensing, and the
slightly different redshifts suggest they are not one source multiply
imaged. In three out of four cases, they are the fainter component,
i.e., B sources 3. Figure 11 shows the velocity-integrated CO inten-
sity maps with contours (top panels) and individual SLEDs (bottom
panels) of these four sources. The CO SLEDs are steeper than the
thermalized SLED by about 1–2𝜎 (and of course, they are above the
mean SLED fromHarrington et al. 2021). Figure 12 shows the Bands
3 (left column) and 4 (right column) spectra of these four sources
extracted with the same aperture size. Colour filled regions indicate
the velocity range across which we make the velocity integrated in-
tensity maps (i.e., Fig. 11). The vertical dashed line of each panel
corresponds to the systemic velocity obtained from the spectroscopic
redshift. As expected, we find that the line fluxes in Band 3 are lower
than those of Band 4.

5.1 Are we confident that these SLEDs are real?

We take several steps to ensure that the origins of these discrepant
SLEDs are physical; we exclude statistical scatter in the ratios (𝑟𝑎,𝑏 ;
eq. 2), calibration issues, line-fitting issues and issues associated with
lensing.
Most of the galaxies in Urquhart et al. (2022) have “normal”

line ratios (see e.g., Figure 3), while only six sources have val-
ues above unity, with two of these six sources consistent with
a sub-thermal SLED. We measure the following luminosity ra-
tios for these four sources: 𝑟4,3 = 2.53 ± 0.89 for HerBS-69B;
𝑟5,4 = 1.44 ± 0.46 for HerBS-120A; 𝑟5,4 = 2.70 ± 0.74 for HerBS-
120B; and 𝑟4,3 = 1.69 ± 0.44 for HerBS-159B. As you can see,
although these are consistent with thermalized profiles by 1–2.3𝜎,
we note a fundamental limitation in assessing the super-thermalized
line profiles using our data. We optimized the velocity-integrated
fluxes of the lines to maximally include signal at a moderate cost in
signal-to-noise ratio. This results in large intrinsic uncertainties in
the luminosity ratios, since we are taking the ratio of two roughly
5𝜎 luminosities. This limits the maximum significance in line ratios
of around 3.5𝜎(≈ 5/

√
2), as is seen in studies finding similar results

(Riechers et al. 2006b, 2020; Weiß et al. 2007; Sharon et al. 2016).
Moreover, we would rarely achieve a 3.5𝜎 case, since we are identi-
fying the super-thermalized cases by their line ratio being in excess of
one (instead of zero). Although the luminosity ratios cannot exclude
the explanation that these ratios are simple artefacts, the observed
fluxes of the resolved lines (Figure 12) show a more convincing case
towards the veracity of the super-thermalized line profiles.
We estimate the potential for calibration issues by comparing the

3 For HerBS-69, the A source is 1.2 times brighter than the B source; for
HerBS-120, the A source has a similar brightness as the B source; but for
HerBS-159B, the A source is 3 times brighter than the B source.

Bands 3 and 4 continuum emission from Bendo et al. (2023). The
HerBS-120B source has 151 GHz to 101 GHz flux density ratio of
3.28. This is not extraordinary compared to other sources. For the
other two fields (HerBS-69 and -159), we do not detect the Band
3 continuum; however, we confirm that the brighter sources in the
same field, i.e., A sources have normal (sub-thermal) COSLEDs. The
photometric redshifts of the CUBS fields including ALMA Bands 3
and 4 agree with the spectroscopic solutions, and have similar uncer-
tainties to other galaxies in the BEARS sample. The observational
strategy in the BEARS programme images multiple galaxies using
the same flux and phase calibrator, and here we note that HerBS-
159 is observed in a different scheduling block than HerBS-120 and
HerBS-69. The lack of any obvious calibration issues across the other
sources in these scheduling blocks provides further confidence in the
authenticity of these line ratios.
We also investigate potential issues with the line fitting. Based on

Figure 12, the CO emission lines are located at the band-edge of
our tunings for the HerBS-120 and HerBS-69 fields. We therefore
investigate the off-source root-mean square of the data cube as a
function of frequency. We do not find any significant (< 15 per
cent) variation in the noise at the position of the spectral lines. For
HerBS-120A, the velocity width of both lines are different and thus
we perhaps over-estimate (under-estimate) the line flux of Band 4
(Band 3).
We can also exclude differential magnification as an explanation,

where the inhomogeneous magnification across the source causes
flux ratios that are not representative of the entire source. The effects
of differential magnification on CO SLEDs have been extensively
simulated by Serjeant (2012). Flux from spatially concentrated re-
gions can be located close to a caustics (i.e., high-magnification re-
gion), leading to higher magnifications than for the rest of the system.
However, this boosting cannot explain why high-𝐽 CO transitions
would appear to have super-thermal luminosities, because all transi-
tions in the spatially-concentrated region would be similarly boosted.
Differential magnification of thermalised or sub-thermalised SLEDs
only generates thermalised or sub-thermalised SLEDs. We provide a
more thorough investigation why this is the case in Appendix E.

5.2 Physical interpretation

The conditions of the ISM affect the CO line ratios of galaxies.
Higher-𝐽 CO lines trace denser gas components (with the CO line
transitions having roughly 𝑛crit ∝ 𝐽3) and are often clumpy in nature,
while the lower-𝐽 CO lines can extend throughout and even beyond
individual galaxies (e.g., Cicone et al. 2021). Basic RADEX (van der
Tak et al. 2007; Taniguchi 2020) models suggest that high hydrogen
density (> 104 cm−3) and high gas temperature (𝑇kin > 100 K)
can indeed reproduce such super-thermalized luminosity ratios until
∼ 1.7 between CO (4–3) and CO (3–2) as well as CO (5–4) and
CO (4–3), which shows that there is no simple model reproducing
the line luminosity ratio of & 2. However, at least, these physical
properties appear extremewhen compared to previously observed gas
conditions. Similar to differential lensing, a highly multi-phased ISM
cannot reproduce the observed ratios, as can be seen by evaluating
the discussion in Appendix E with the magnification, `, set to 1. To
explain such extreme gas conditions we need strong heating sources,
and thus we focus on dust-obscured AGN or galaxy mergers.
Riechers et al. (2006b) presented similar super-thermalized lu-

minosity ratios of CO (4–3) to CO (2–1) or CO (1–0) towards
APM08279+5255, which is a lensed QSO at 𝑧 = 3.91. Weiß et al.
(2007) suggested that the luminosity ratio indicates moderate opac-
ities of low-𝐽 CO transitions. Their large velocity gradient (LVG;
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Figure 11. Four sources that have CO SLEDs in excess of a thermalized profile, where 𝐿′
CO,a/𝐿

′
CO,b = 1. All four have nearby sources at similar redshift. The

top panels show the velocity-integrated fluxes of the spectral lines, with sources at more than 7 arcsec apart. The contours are drawn from 2𝜎 for the left panel
and from 3𝜎 for the right panel. The white scale bar corresponds to 5 arcsec. The bottom panels show the CO SLEDs relative to the thermalized profile (dashed
black lines) and the mean SLED with ±1𝜎 standard deviation from Harrington et al. (2021), similar to Fig. 1.

Sobolev 1960) models also show that they can well explain that with
𝑛H = 104.2 cm−3 and 𝑇kin = 220 K, which is consistent with our
RADEXmodel. Sharon et al. (2016) reported on observations of a total
of 14 known lensed and unlensed sources using the Very Large Array
(VLA). They detected the CO (1–0) emission in 13 sources (down to
low significance) and reported one non-detection. They found four
candidates that show super-thermalized luminosity ratios between
CO (3–2) and CO (1–0). Three of these are lensed AGN host galax-
ies, and the other is a lensed merging system. Sharon et al. (2016)
noted large uncertainties in the luminosity ratios and provide several
hypotheses to the high ratios: (i) the emission is optically thin; (ii)
the CO (1–0) line is self-absorbed; and (iii) the source of optically
thick emission has a temperature gradient. These hypotheses were
also previously suggested by Bolatto et al. (2000, 2003), in addition
to varying beam-filling factors across the different CO transitions, al-
though filling factor effects would instead result in sub-thermalized
CO line ratios. This latter point is not expected to be an issue with our
current marginally-resolved sources. Since our ratios do not include
the CO (1–0) emission line, the second option is also not a likely
solution, but the optical depth effects or thermal gradients can possi-
bly explain our result. In the local Universe, Meĳerink et al. (2013)
suggested a potential explanation through shocks around the AGN
for a local super-thermalized candidate, NGC 6240. Here we note
that these previous works found discrepant luminosity ratios based
on CO (1–0) – typically found to be more extended – so the reasons
for the varying ratios might not be the same. Moreover, unlike other
discrepant CO line ratio studies, we found these discrepant luminos-
ity ratios using a single facility (ALMA), which makes the result less
dependent on telescope-to-telescope variations.
AGN activity can heat gas and produce steep line intensity ratios

out to (very) high CO line transitions (Riechers et al. 2006b; Weiß
et al. 2007). An AGN with bolometric luminosity > 𝐿∗ would be
vanishingly unlikely to be a companion galaxy based on the number
densities in Shen et al. (2020) (1 arcmin area and 𝛿𝑧 = 0.05 spans
176 cMpc3, compared to ∼ 10−5 cMpc−3 of > 𝐿∗ AGN) unless

there is a causal factor in common with the DSFGs such as an
environmental trigger or an interaction.
The super-thermalized ratios are observed solely for galaxies in

systems of multiples. This could suggest that the presence of a nearby
galaxy is important to produce the observed line ratios. Potentially,
the interaction of merging galaxies could create the required high
gas density and temperature conditions. The turbulent ISM resulting
from galaxy mergers (or strong AGN winds) could affect the bulk
gas (traced by the lower-𝐽 transitions) differently relative to the dense
star-forming clumps (traced by the higher-𝐽 transitions). The larger
line-widths of the bulk gas would push down the optical depth for
a fixed column density, reducing the effective cross-section of the
molecular gas clouds in the bulk gas and hence cause fainter emission
from lower-𝐽 CO transitions. However, in our sample, the companion
sources are at a projected distance of 50 to 80 kpc, which is large
on the typical distance scales of merging systems (Narayanan et al.
2015).

5.3 BEARS: a unique parent sample?

Although we are unable to definitively exclude artefacts as the cause
of these super-thermalized line profiles, we put these results into
a larger cosmological perspective. These four sources are selected
directly from the large, homogeneous sample from Urquhart et al.
(2022), allowing us to infer the occurrence rate of DSFG properties.
The typical lifetime of anDSFG (without excessive feeding; cf., Berta
et al. 2021) is on the order of the depletion time, typically 200 Myr
(e.g., Reuter et al. 2020 and this work). Our targets are four out of
46 galaxies with multiple CO lines from Urquhart et al. (2022) (i.e.,
9%), thus we can jointly constrain the timescales and occurrence
frequencies of these scenarios. For example, if AGN are universal in
DSFG environments, then the AGN lifetimes must be around 9% of
200 Myr, while rarer companion AGN must have longer lifetimes.
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Figure 12. The spectra of four sources shown in Fig. 11. The left column
shows the lines in Band 3, and the right column shows the lines in Band
4 for each source. Colour filled regions correspond to the velocity range
where we make the velocity-integrated intensity maps. The horizontal axis
shows the velocity offset from the systemic velocity (𝑉 = 0 km s−1) obtained
from the spectroscopic redshift. The spectral resolution is 0.05 GHz, which
corresponds to ∼ 150 km s−1 for Band 3 and ∼ 100 km s−1 for Band 4.

6 COMPOSITE SPECTRUM OF ALL BEARS SOURCES

The observations reported in Urquhart et al. (2022) directly detected
CO (2–1) to CO (7–6) lines, as well as the two transitions of [C i]
emission and the H2O (211–202) water line. In this section, we aim
to statistically detect more emission lines by stacking the spectrum
for each galaxy in their rest-frames. This is similar to work on the
SPT galaxies (e.g., Spilker et al. 2014; Reuter et al. 2020, 2022),
as well as for Herschel (Fudamoto et al. 2017), LABOCA (Birkin
et al. 2021) and SCUBA-2 (Chen et al. 2022) selected sources. In this
Section, we aim to provide the archetypal spectrum of a hypothetical
galaxy at a redshift of 2.5 with an observed infrared luminosity of
3 × 1013 L� .

6.1 Method

We now re-extract the spectral data from the individual data cubes
of the sources using an automated script. This evenly extracts the
spectroscopic information for fair comparison of the bulk behaviour
of all galaxies, although it prioritizes signal-to-noise over including
all possible signal. Using the central positions of the continuum peak
positions reported in Bendo et al. (2023), we extract the emission
with a variable aperture between 1 to 3 times the radius of the beam
to find the optimal balance between high signal-to-noise and full line
extraction.

Figure 13 shows the effective flux and signal-to-noise of theCO (2–
1) to CO (7–6), [C i] (3𝑃1–3𝑃0), [C i] (3𝑃2–3𝑃1), and H2O lines
in an effort to find the optimum extraction area for the automated
pipeline. The lines are evaluated within a 600 km s−1 bin; a bin
width that was similarly chosen to include most of the signal while
also achieving a high signal-to-noise ratio (see Section 6.2). We find
the best extraction aperture to lie at twice the radius of the beam.
With only marginal losses in signal-to-noise ratio (≈ 13 ± 5%), the
majority of the flux is extracted across all the lines (≈ 92 ± 6%).
Beyond this size, there appears a sharp down-turn in signal-to-noise
ratio complicating the goal of the composite spectrum – to reveal
faint line emission. We correct the stacked spectrum by boosting the
flux by 8% (= 1/0.92), and accounting for 6% extra noise in the
extracted values, added in quadrature.
We subtract the continuum emission directly from the spectra

assuming a power-law dust continuum emission (𝑆a = Aia (2+𝛽) ),
with 𝛽dust = 2.We separately fit the spectra fromBands 3 and 4,while
masking out the data within 1500 km s−1 around the CO, [C i] and
H2O lines.We compare to the 151GHz continuumfluxes fromBendo
et al. (2023), and we find a general agreement to their fluxes. On
average, our flux estimates agree with the 151GHz continuum fluxes,
and we find a point-to-point standard deviation of 11%, although the
scatter decreases for the brightest sources (to around 5%).
We decide to stack the spectrum of each galaxy with the goal of

representing a single archetypal galaxy at 𝑧 = 2.5 (approximately the
mean of this sample;Urquhart et al. 2022)with an infrared luminosity
of 3 × 1013 L� . This involves normalizing all spectra to the same
luminosity and to a common redshift. We use the same scaling factor
as Spilker et al. (2014), which is derived from requiring a constant
𝐿′ across all redshifts in equation 1:

𝑆a,common = 𝑆a

(
𝐷L (𝑧source)
𝐷L (𝑧common)

)2 1 + 𝑧common
1 + 𝑧source

, (11)

where 𝐷L refers to the luminosity distance at redshift 𝑧, and 𝑧common
is set to 2.5. This factor accounts for the cosmological dimming for
each spectral line, as well as for the redshift-dependence of the flux
density unit.
We then normalize the luminosity of each galaxy to 3 × 1013 L� ,

based on the luminosities calculated in Section 4.2. Since source con-
fusion could affect the Herschel photometry, we take the 151-GHz
flux density that is detected for all sources, and assume a dust tem-
perature 𝑇d of 35 K.4 Here we note several important caveats when
creating a combined spectrum from sources across different frequen-
cies, luminosities and redshifts. Unlike previousmethods, we provide
a stacked spectrum normalized against the intrinsic properties of the
observed galaxies. Previous methods provide their composite spec-
trum based on observed properties (e.g., Spilker et al. 2014 aim to
provide the properties of a 𝑧 = 3 SPT galaxy with 𝑆1.4mm = 15 mJy).
This is an important point since even at 1.4 mm, a source with con-
stant flux-density undergoes a roughly 40% luminosity difference
between 𝑧 = 1 and 𝑧 = 5, despite the near-flat K-correction with red-
shift at 1.4 mm (and in our case 2 mm). This results in a noticeable
effect on a composite spectrum because each part of the rest-frame
spectrum is sensitive to sources from different redshift regions. The
luminosity variations with redshift cause an underestimate of the flux
at higher redshifts compared to lower redshifts and produces an ar-
tificial SLED with a downward slope towards higher 𝐽, estimated in
Spilker et al. (2014) to be ' 15%. These choices make their stacked

4 For a comparison to the line luminosities in Spilker et al. (2014), one can
multiply our 𝐿′ values by 1.67 to compare our line luminosities to theirs.
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Figure 13. Spectral line fluxes (top) and SNRs (bottom) measured within
600 km s−1 bins versus the aperture size (in FWHM) plotted for multiple
spectral lines. The points indicate individual spectral lines, and the back-
ground fill indicates the averaged relative flux (top) and SNR (bottom). We
choose the extraction sizes of our apertures carefully, by balancing between a
large enough aperture to include all the flux, while not degrading our signal-
to-noise excessively. Hence, we decide to use an aperture with twice the radius
as the beam (arrow). At this frequency, we are able to extract 92 ± 6% of the
flux density at a cost of 13 ± 5% additional noise.

spectrum a representation of the average observed behaviour of an
SPT galaxy. However, their line luminosities do not represent a single
(hypothetical) galaxy across all frequencies and the CO line fluxes
thus do not represent a typical CO SLED (Reuter et al. 2022). We
note that Birkin et al. (2021) and Chen et al. (2022) use a median or
averaged spectrum based solely on the highest signal-to-noise emis-
sion. This provides an accurate picture of the average observational
result for a galaxy in the sample, but does not reflect the average
properties of any single existing or archetypal galaxy.
The stacked spectrum is created at several velocity resolutions

by adding the rest-frequency spectra of each source, corrected for
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Figure 14. Histogram of 5000 signal-to-noise measurements in off-line
600 km s−1 bins of the stacked spectrum. The dashed black-and-white line
indicates the unit-width Gaussian profile, which matches the bulk of the
signal-to-noise distribution well. There exist some excess bins at both low
and high signal-to-noise ratio, although there are very few of these.

luminosity and redshift. Each spectrum is additionally weighted by
the inverse variance in each channel. This finalweighting step ensures
a high signal-to-noise in the stacked spectrum, and removes much of
the weighting by luminosity (3 × 1013 L�) and redshift (𝑧common =
2.5) per each line (or any other weighting based on the properties of
a galaxy, i.e., observed flux density or dust mass). In other words, the
galaxy-based weighting step affects the ratios between lines, while
the noise-based weighting ensures a high signal-to-noise across the
spectrum.
We estimate the noise properties of our stacked spectrum using

the following procedure. We extract the signal-to-noise ratio in 5000
bins of 600 km s−1 width at random off-line frequencies. Figure 14
shows this signal-to-noise distribution, where the frequencies of the
bins are chosen to not overlap with any known lines (see Appendix
Table F1). The dashed black and white line reflects a unit-width
Gaussian profile, and accurately describes the histogram. The off-line
stacked spectrum is thus well-described by a white noise spectrum,
and importantly confirms there are no issues with coherent processes
with our spectrum, such as imperfect continuum subtraction.

6.2 Results

We show the composite spectrum in Figure 15. The top panel shows
the spectrum in bins of 300 km s−1 from 220 to 890GHz. Themiddle
panel shows the signal-to-noise ratio of the stacked spectrum with
the same binning. The bottom panel shows the number of sources
contributing to the stacked spectrum as a function of frequency.
Figure 16 shows the zoomed-in spectra of the detected lines. The
Gaussian fit parameters are shown in Table 1.
Similar to the work of Spilker et al. (2014), we use per-line bins to

extract any potential line emission that is missed by the stacked spec-
trum. The composite spectrum could miss any emission by smearing
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Figure 15. Top panel: Rest-frame composite spectrum between 220 and 890 GHz in 300 km s−1 bins, combining the data of the 71 galaxies in our sample. This
spectrum is scaled such that it is representative of a typical 3 × 1013 L� BEARS galaxy at 𝑧 = 2.5. We show the ±1𝜎 standard deviation with a thin grey line.
In addition to the CO, [C i] and water lines, we find indications for CH emission in both the 532 and 536 transition, as well as H2O+ emission. Zoom-ins on
these lines are shown in Fig. 16. Middle panel: Signal-to-noise ratios for lines across the entire composite spectrum. The horizontal lines show the plus- and
minus 3𝜎 confidence ranges. Bottom panel: Number of sources that contribute to the composite spectrum, as a function of restframe frequency. The low- and
high-frequency tails of the spectrum rely on single-digit numbers of sources, with the central 300 to 700 GHz region combining between 10 and 45 galaxies in
each 300 km s−1 bin.

flux across more than one spectral bin, especially since the bins are
not necessarily centred on the positions of the line emission. Instead,
we explore the optimum emission line by comparing the SNR of the
highest-SNR line, CO (5–4), across every velocity spacing between
200 and 1000 km s−1 at 50 km s−1 increments. The highest SNR of
the velocity-integrated flux is found at a bin-size of 600 km s−1. In
a final attempt to optimally extract spectral lines, we stack all cov-
ered transitions of each line. We stack in 𝐿′ to correctly preserve the
luminosity comparison of the ratios in 𝐿′ units (see equation 11).
The result is shown in Table 2, and zoom-ins on individual lines are
shown in Figure 16.
Table F1 shows the resulting 𝐿′ estimates for 117 spectral lines

within the 220 to 890 GHz composite spectrum. In order to optimally
detect single species, we combine the bins of all transitions in 13CO,
C18O, HCN, HNC, HCO+ and CH. The emission of several lines are
potentially overlapping, particularly affecting the observed emission
at the frequencies of CH 532 and HCN (6–5), as well as CH 536 and
HOC+ (6–5). In this case, we follow the results from local ULIRGs

by Rangwala et al. (2014), and attribute the majority of the signal to
the CH lines. All lines reported in the stacked spectrum, shown in
Fig. 15, are also seen in the bin-optimised extraction.
The CO line ratios from the composite spectrum agree with the

other CO SLEDs (e.g., Harrington et al. 2021) and the individual
galaxies, as seen in Figures 2 and 4. The combined line emission of all
CO lines adds to over 100𝜎. This allows us to look for large velocity
tails in the emission of the spectral lines. Feeding and feedback
are important components to the evolutionary track of high-redshift
galaxies (Péroux&Howk 2020; Berta et al. 2021), and are sometimes
revealed through wide velocity line profiles (Ginolfi et al. 2020). At
high-redshift, outflow signatures are typically seen in [C ii] (Fujimoto
et al. 2019, 2020; Ginolfi et al. 2020; Herrera-Camus et al. 2021;
Izumi et al. 2021) andmight not be visible in (higher-𝐽 transitions of)
CO lines, although Cicone et al. (2021) found an extended CO halo
at 𝑧 ∼ 2 at velocities beyond 1000 km s−1. However, for our sample,
both single-Gaussian fitting (Table 1) and visual inspection of the
stacked lines (Figure 16) do not show any large velocity components
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Figure 16. Stacking results for individual lines at the 70 km s−1 resolution. We fit the line profiles of each line with a Gaussian, and provide the fitted line
properties in Table 1. No obvious extended emission is seen in the combined profiles, similar to previous works that focused on stacking of DSFGs (e.g., Birkin
et al. 2021).

Table 1. Line properties fitted to the 70 km s−1 stacked spectrum.

Line 𝑆𝛿𝑉 𝛿𝑉 Luminosity
[Jy km s−1] [km s−1] [107 L�]

CO (𝐽 = 2–1) 1.71+0.22−0.22 353+73−63 5.120.66−0.66
CO (𝐽 = 3–2) 3.71+0.11−0.11 542+19−18 16.650.49−0.49
CO (𝐽 = 4–3) 4.52+0.09−0.09 453+10−10 27.050.54−0.54
CO (𝐽 = 5–4) 7.07+0.11−0.10 517+9−9 52.890.82−0.75
CO (𝐽 = 6–5) 7.15+0.18−0.18 511+16−15 64.181.62−1.62
CO (𝐽 = 7–6) 7.59+0.31−0.31 558+28−26 79.53.25−3.25
[C i] (3𝑃1–3𝑃0) 2.17+0.10−0.09 469+26−25 13.860.64−0.57
[C i] (3𝑃2–3𝑃1) 3.90+0.32−0.34 645+67−60 40.973.36−3.57
CH 532 0.91+0.14−0.14 928+209−171 6.290.97−0.97
CH 536 0.72+0.13−0.12 522+147−119 5.020.91−0.84
H2O+ 746 0.81+0.51−0.30 582+2764−256 7.854.94−2.91
H2O (211–202) 1.83+0.21−0.21 408+54−48 17.862.05−2.05

above 3𝜎. Our findings are in line with the recent stacking work by
Birkin et al. (2021), which also fails to reveal any high-velocity tails,
as well as in Meyer et al. (2022) who emphasise the need for accurate
continuum subtraction when comparing high-velocity tails.
12CO lines can reach optically-thick column densities, but the iso-

topologues of CO often stay optically-thin. As such, the line ratios
can be a useful probe of the optical depth. No individual CO isotopo-
logues have been detected. Similarly, the combined stack of both
13CO and C18O shows no significant emission. The resulting line
ratio lower limits for 𝐿′

12CO/𝐿
′
13CO and 𝐿

′
12CO/𝐿

′
C18O are > 35. The

𝐿′
12CO/𝐿

′
13CO line ratio lower limit is around 2 times higher than

observed for the SPT galaxies (Spilker et al. 2014), although the rel-
ative errors are substantial. The 𝐿′

12CO/𝐿
′
C18O line ratio also remains

undetected in the SPT survey, in line with our results. The transi-
tions of the CO isotopologues are often observed together with the
detected 12C16O line transitions, which increases the robustness of

our upper limits, because we are comparing like-for-like transitions
for each galaxy in our isotopologue ratio estimates.
Our isotopologue results are within the typical range of other

galaxies, although local molecular clouds typically have lower ra-
tios. The Milky Way’s molecular clouds have 𝐿′

12CO/𝐿
′
13CO ratios

between 5 and 10 (Buckle et al. 2010, 2012), although the chemical
abundances of the carbon element (12C to 13C) evolves from 25 near
the Galactic centre up to 100 in the solar vicinity (Wilson & Rood
1994; Wang et al. 2009). Cao et al. (2017) and Cormier et al. (2018)
report on spiral galaxies, with average ratios between 8 and 20. The
local ULIRG Arp 220 has different isotopologue line ratios depend-
ing on the transition, ranging from 40 down to 8 (Greve et al. 2009)
for 13CO (1–0) to (3–2), and a 𝐿′

12CO/𝐿
′
C18O ratio of 40 for C

18O (1–
0). Similarly, Sliwa et al. (2017) find 60 to 200 for the 𝐿′

12CO/𝐿
′
13CO

and 𝐿′
12CO/𝐿

′
C18O ratios for the nearby ULIRG IRAS 13120 − 5453.

Higher-redshift galaxies also show relatively diverse isotopologue
line ratios, with Méndez-Hernández et al. (2020) finding 16 and
40 for 𝐿′

12CO/𝐿
′
13CO and 𝐿′

12CO/𝐿
′
C18O, respectively, for a sample

of star-forming galaxies at 𝑧 ≈ 0.02–0.2. The DSFG Cosmic Eye-
lash (SMM J2135−0102) has an 𝐿′

12CO/𝐿
′
13CO ratio in excess of 60,

with similarly-luminous 𝐿′
C18O. The Cloverleaf quasar (Henkel et al.

2010) shows a high 13CO flux, with an associated ratio of 40. In-
dividual observations of two SPT sources (Béthermin et al. 2018)
find a line ratio of around 26 for 𝐿′

12CO/𝐿
′
13CO, and Zhang et al.

(2018) report 𝐿′
12CO/𝐿

′
13CO ratios of 19–23 and 𝐿

′
12CO/𝐿

′
C18O ratios

between 25 and 33. Our BEARS targets appear to agree with the
more actively star-forming or AGN-dominated systems in the local
and high-redshift Universe, which are suggestive of optically-thick
emission, although the spatial variation of the isotopologue emission
can cause filling factor effects (e.g., Aalto et al. 1995).
The relative ratios of the isotopologues to one another can fur-

ther reveal the star-forming conditions of the system (Davis 2014;
Jiménez-Donaire et al. 2017). The nucleosynthesis of the carbon and
oxygen isotopes are both produced in the CNO cycle (Maiolino &
Mannucci 2019). The carbon isotope is formed through intermediate
stars, on typical timescales of > 1 Gyr, while the oxygen isotope is
produced throughmoremassive stars (Henkel &Mauersberger 1993;
Wilson & Rood 1994). Both at low and high-redshift, low ratios of
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𝐿′
13CO/𝐿

′
C18O can be interpreted as an effect of a variable IMF. For

example, Sliwa et al. (2017) report ratios below 1 for 𝐿′
13CO/𝐿

′
C18O

for the local ULIRG IRAS 13120−5453, and Zhang et al. (2018) find
that only a top-heavy IMF can produce the observed low ratios of
𝐿′
13CO/𝐿

′
C18O. Our stacked observations are unable to detect this line

ratio, although we are likely close to the detection limit of (one of the
two) isotopologues given the existing detections in similar sources.
These stacking observations argue towards the need for detailed and
individual studies of isotopologues at high redshift, particularly of the
brightest sources, instead of stacking studies across multiple sources.
The observed [C i] (3𝑃1–3𝑃0) and [C i] (3𝑃2–3𝑃1) line luminosi-

ties correlate with infrared luminosities for our sources, as well as
local and other high-redshift galaxies over five orders of magnitude
(Figure 4). The detection of neutral carbon and CO lines further-
more enables a comparison to PDR models and the line ratios of our
stacked spectrum provide similar FUV radiation field and gas density
values as the average sample, as seen in Figure 9.
These stacking attempts reveal HCN (4–3), and tentatively show

a small feature near the CH 532 associated with HCN (6–5) in Fig-
ure 16, also noticeable in the larger velocity width of the CH 532
in Table 1 (𝛿𝑉 ≈ 928 km s−1). These transitions suggest the pres-
ence of dense gas, since their critical density is about 100 to 1000
larger than those of CO lines (109−10 cm−3; Jiménez-Donaire et al.
2019; Lizée et al. 2022), and thus could be associated with dense star-
forming regions (Goldsmith&Kauffmann 2017) or withAGN (Aalto
et al. 2012; Lindberg et al. 2016; Cicone et al. 2020; Falstad et al.
2021). HCN is incidentally detected in the brightest high-redshift
galaxies (Riechers et al. 2006a, 2010; Oteo et al. 2017; Cañameras
et al. 2021). In contrast, Rybak et al. (2022) reported one detec-
tion of HCN (1–0) emission line as a result of a deep survey with
Karl G. Jansky Very Large Array (VLA) towards six strongly lensed
DSFGs. They suggest that in fact most DSFGs have low-dense gas
fraction. When stacking all the HCN lines across the entire sample,
140 line transitions are stacked, resulting in a 2.7𝜎 tentative feature
of 1.4 × 109 K km s−1 pc2. We obtain the HCN/CO line luminos-
ity ratio of 𝐿′

HCN/𝐿
′
CO = 0.022 ± 0.008 and an upper limit on the

HCO+/CO line luminosity ratio of 𝐿′
HCO+/𝐿′

CO < 0.024 based on
our stacked spectrum. The deepVLA survey fromRybak et al. (2022)
reports an upper limit in line luminosity ratio of 𝐿′

HCN/𝐿
′
CO < 0.045

and 𝐿′
HCO+/𝐿′

CO < 0.043, using solely the ground transitions. Since
our results use a stack across multiple higher-order transitions, a di-
rect comparison between these results is more difficult, however our
results also suggest a dearth of dense gas in the BEARS sample. No
other cyanide molecules nor the radical are detected. The individ-
ual and stacked lines agree with the observed line luminosities from
Spilker et al. (2014), and suggest that dense star-forming regions are
present across most DSFGs.
Five sources are observed at the rest-frame frequency of the

H2O (211–202) line. The average line-to-total-infrared luminosity
ratio is in line with the scaling relations of Jarugula et al. (2021)
and Yang et al. (2016), as well as the one fitted to our data. The
scaling relation found in Section 4.8 is instead due to the lower wa-
ter line luminosity seen in infrared-fainter galaxies. The detection
of H2O+ 746 allows us to make a rough estimation of the cos-
mic ray ionization rate. We find a luminosity ratio of H2O+ / H2O
≈ 0.4 ± 0.2, which is in agreement with Yang et al. (2016) (H2O+
/ H2O ≈ 0.3 ± 0.1). The predicted ionization rate (Meĳerink et al.
2011) is around 10−14 − 10−13 s−1.
The bright emission from the CH doublet at 532 and 536 GHz

indicates the existence of high-density gas in X-ray-dominated re-
gions (XDRs) associated with bright stars or AGN (Meĳerink et al.

Table 2. Stacks of line types.

Line Nobservations Line luminosity SNR
[109 K km s−1 pc2]

CO 120 62.5 ± 3.6 (103.1𝜎)
13CO 122 0.5 ± 0.6 (0.9𝜎)
C18O 126 0.9 ± 0.6 (1.5𝜎)
[C i] 36 24.8 ± 1.7 (25.6𝜎)
HCN 140 1.4 ± 0.5 (2.7𝜎)
HNC 135 0.9 ± 0.6 (1.6𝜎)
HCO+ 137 0.7 ± 0.5 (1.3𝜎)
HOC+ 132 1.5 ± 0.6 (2.6𝜎)
CH 65 7.3 ± 0.9 (8.7𝜎)

H2O+ 98 0.3 ± 0.4 (0.7𝜎)
SiO 273 −0.1 ± 0.4 (−0.2𝜎)
CS 218 0.5 ± 0.5 (1.0𝜎)
NH3 152 −0.0 ± 0.5 (−0.1𝜎)
CCH 133 −0.5 ± 0.6 (−0.8𝜎)

H21–28𝛼 220 0.1 ± 0.5 (0.3𝜎)

2007; Rangwala et al. 2014) or strong irradiation through cosmic rays
(Benz et al. 2016). Currently, the two scenarios are not easily distin-
guished (Wolfire et al. 2022), although enhanced excitation of high-𝐽
CO lines through (resolved) observations could favour an XDR ori-
gin (Vallini et al. 2019), taking into account the effect of mechanical
shock excitation of the high-𝐽 CO components (Meĳerink et al. 2013;
Falgarone et al. 2017). Regardless of the origin of the CH 532 and
536 line emission, strong radiation sources and/or cosmic rays are
necessary to explain the nature of these distant DSFGs.

7 CONCLUSIONS

We have investigated the physical properties of the BEARS sample,
which consists of 71 line-detected galaxies, based on 156 spectral
line flux estimates including upper limits (the detections of 117 CO,
27 [C i], and two H2O lines, and the upper limits of a single CO, six
[C i], and three H2O lines). We report the following conclusions:

� The average gas properties of our sample are similar to other
DSFG samples. Especially, the CO SLEDs of most sources as well
as the stacked CO SLED follows the mean CO SLED for Planck-
selected lensed DSFGs from Harrington et al. (2021).
� Our galaxies follow the relation between line luminosity and

infrared luminosity over five orders of magnitude when compared to
reference samples at low and high redshift. The Schmidt-Kennicutt
relation, however, shows that our sources and other DSFGs are not
located in same star formation phase as local and low-redshift gas-
rich, normal star-forming systems. In addition, our sources seem to
have slightly longer depletion times than other DSFGs from Chen
et al. (2017), although this effect could be explained by a difference
in the size estimation of the star-forming regions.
� Most of our samples have dynamical masses between 1011 M�

and 1012 M� and are found to be lower than molecular gas mass
estimates. This means that we likely underestimate the dynamical
mass within the BEARS systems. This could be caused by differential
lensing or because these systems are dynamically-complex.
� The dust-to-gas ratios of our sources do not vary with redshift,

and the ratios are similar to that of the Milky Way. The low scatter
and lack of trend with redshift suggest we are witnessing a single
star-forming phase, and the high dust-to-gas ratio suggests that this
phase occurred relatively recently.
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� The PDR conditions of the BEARS sources are similar to those
of DSFGs and local U/LIRGs, with denser andmore intense radiation
environments than low-𝑧 MS galaxies in line with previous studies
(e.g., Valentino et al. 2020b). We investigate these PDR conditions
with PDRT and find that most of our galaxies are located within
104 ≤ 𝑛H ≤ 105 [cm−3] and 103 ≤ 𝐺0 ≤ 104 [Habing].
� Our linear regression fitting of the H2O (211–202) to infrared lu-

minosity relation for low- and high-redshift samples favours a super-
linear relation with 3𝜎 significance, consistent with previous obser-
vations from Yang et al. (2016).
� Wefind four candidates (HerBS-69B, -120A, -120B, and -159B)

that show “super-thermalized” CO line ratios. Although their ratios
are consistent with thermalized one at 1–2.3𝜎 due to the large uncer-
tainty inherent in luminosity ratio estimates, especially, HerBS-69B
and -120B stand out from the other 44 galaxies, suggesting a rare
phase in the evolution of DSFGs. We note that we require follow-up
observations to confirm their super-thermalized nature.
� The deep stacked spectrum (220–890GHz) reveals an additional

H2O+ line, as well as the dense gas tracer HCN (4–3), and two tracers
of XDR and/or cosmic-ray-dominated environments through CH 532
and 536. The total stack provides deep upper limits on the 13CO and
C18O isotopologues, in line with previous observations and line
stacking experiments.

In the near future, we aim to expand upon the current studies
with high-resolution imaging to reveal the morphological and kine-
matic properties of these galaxies. We place a particularly focus on
the CUBS targets to confirm their super-thermalized line profiles,
using tracers that reveal merging or AGN activity, as well as the
highest-resolution imaging possible using the near-infrared James
Webb Space Telescope. Further continuation of the study of the ISM
of these galaxies is also necessary, notably towards water and carbon
emission lines. Finally, an important goal is the redshift completion
of the sample targeted in Urquhart et al. (2022).
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Table B1. Scaling relation fits to the lines shown in Fig. 4

Line 𝑎 𝑏

CO (𝐽 = 2–1) 0.79 ± 0.04 0.6 ± 0.5
CO (𝐽 = 3–2) 0.91 ± 0.02 −1.1 ± 0.2
CO (𝐽 = 4–3) 0.97 ± 0.01 −1.9 ± 0.1
CO (𝐽 = 5–4) 0.996 ± 0.009 −2.5 ± 0.1
CO (𝐽 = 6–5) 1.02 ± 0.01 −3.0 ± 0.2
CO (𝐽 = 7–6) 1.05 ± 0.01 −3.7 ± 0.1
[C i] (3𝑃1–3𝑃0) 1.02 ± 0.02 −2.9 ± 0.2
[C i] (3𝑃2–3𝑃1) 1.02 ± 0.01 −3.3 ± 0.2

Table C1. The size estimation from IMFIT result

Source ID Size [kpc] Source ID Size [kpc]

HerBS-11 2.2 ± 0.2 HerBS-93 3.8 ± 0.5
HerBS-14 4.17 ± 0.06 HerBS-102 2.2 ± 0.7
HerBS-18 3.7 ± 0.2 HerBS-106 3.4 ± 1.2
HerBS-21 3.9 ± 0.2 HerBS-107 4.7 ± 0.1
HerBS-22 3.8 ± 0.2 HerBS-111 4.4 ± 0.3
HerBS-24 1.1 ± 0.8 HerBS-117 3.1 ± 0.1
HerBS-25 6.9 ± 0.9 HerBS-120B 3.8 ± 0.4
HerBS-27 2.8 ± 0.5 HerBS-121 5.7 ± 0.2
HerBS-28 5.0 ± 0.1 HerBS-123 9.0 ± 1.1
HerBS-37 5.6 ± 0.3 HerBS-131B 2.6 ± 0.7
HerBS-39 6.8 ± 0.4 HerBS-132 3.2 ± 0.2
HerBS-41 2.0 ± 0.6 HerBS-135A 3.0 ± 0.8
HerBS-42 2.3 ± 0.4 HerBS-145 4.5 ± 0.5
HerBS-47 5.2 ± 0.2 HerBS-146B 5.5 ± 0.7
HerBS-49A 6.8 ± 0.2 HerBS-155 5.4 ± 0.6
HerBS-55 5.1 ± 0.2 HerBS-159A 8.8 ± 1.6
HerBS-57 3.8 ± 0.4 HerBS-160 3.7 ± 0.1
HerBS-60 5.0 ± 0.3 HerBS-168 5.2 ± 0.4
HerBS-63 2.5 ± 0.7 HerBS-178A 4.3 ± 0.2
HerBS-69A 2.2 ± 1.1 HerBS-178B 5.4 ± 0.8
HerBS-73 2.0 ± 0.5 HerBS-182 1.2 ± 0.4
HerBS-77 3.1 ± 3.2 HerBS-189 6.4 ± 0.9
HerBS-80B 4.7 ± 0.3 HerBS-207 3.5 ± 0.7
HerBS-86 3.0 ± 0.5 HerBS-208A 2.7 ± 0.9
HerBS-90 4.6 ± 1.0 HerBS-209 6.7 ± 2.5

APPENDIX B: SCALING RELATIONS

Table B1 shows the linear regression best-fit results for the lines
shown in Figure 4 according to the following prescription,

log10
(
𝐿′
line

[
K km s−1 pc2

] )
= 𝑎 log10 (𝐿IR [L�]) + 𝑏. (B1)

APPENDIX C: SIZE ESTIMATION

Table C1 shows the deconvolved sizes obtained from CASA task
IMFIT to Band 4 continuum. IMFIT returns major axis (\maj) and
minor axis (\min) and we use the radius as 𝑟 =

√︁
\maj\min, which

turn the surface area into 𝜋𝑟2. For the 21 sources that are not listed in
Table C1, we set the size to the minimum robust results found, equal
to 0.14 arcseconds.

APPENDIX D: DERIVED PROPERTIES OF THE BEARS
SAMPLE

We list the galaxy properties derived througout this paper inTableD1.
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Table D1. Derived properties of the BEARS sample

ID `𝐿IR `𝑀dust `𝐿′
CO(1−0) `𝑀H2 (CI) `𝑀H2 (CO) 𝑀dyn ΣMH2 (CI)

ΣMH2 (CO)
ΣSFR

[1012 L� ] [1010 M� ] [1010 K km s−1 pc2 ] [1011 M� ] [1011 M� ] [1011 M� ] [104 M� pc−2 ] [104 M� pc−2 ] [102 M� yr−1 kpc−2 ]

11 66.4 13.6 58.9 ± 10.9 − 23.6 ± 4.4 1.5 ± 0.3 − 15.9 ± 3.0 6.6 ± 1.7
14 97.8 20.1 52.9 ± 14.5 11.8 ± 1.7 21.2 ± 5.8 1.4 ± 0.3 2.2 ± 0.3 3.9 ± 1.1 2.6 ± 0.7
18 58.0 11.9 40.7 ± 11.5 9.7 ± 1.1 16.3 ± 4.6 0.9 ± 0.3 2.4 ± 0.3 3.1 ± 0.6 2.1 ± 0.5
21 45.8 9.4 76.1 ± 43.5 − 30.4 ± 17.4 4.9 ± 2.2 − 3.1 ± 0.9 1.4 ± 0.4
22 50.8 10.4 61.3 ± 25.4 − 24.5 ± 10.2 7.5 ± 3.7 − 5.3 ± 2.2 1.6 ± 0.4
24 56.7 11.6 20.9 ± 4.0 11.4 ± 1.6 8.3 ± 1.6 1.1 ± 0.3 27.7 ± 3.9 20.3 ± 3.8 20.2 ± 5.1
25 59.8 12.3 78.2 ± 33.1 − 31.3 ± 13.2 1.3 ± 0.5 − 1.1 ± 0.2 0.6 ± 0.1
27 98.6 20.2 79.7 ± 32.7 − 31.9 ± 13.1 2.7 ± 1.0 − 13.1 ± 5.4 6.0 ± 1.5
28 71.8 14.7 85.2 ± 51.5 − 34.1 ± 20.6 7.5 ± 2.7 − 2.1 ± 0.7 1.4 ± 0.3
36 77.5 15.9 23.6 ± 6.9 − 9.4 ± 2.7 1.2 ± 0.3 − 25.1 ± 7.3 30.3 ± 7.6
37 29.7 6.1 34.7 ± 16.7 − 13.9 ± 6.7 4.8 ± 2.1 − 0.8 ± 0.2 0.4 ± 0.1
39 46.7 9.6 33.7 ± 9.7 − 13.5 ± 3.9 9.3 ± 5.9 − 0.9 ± 0.3 0.5 ± 0.1
40 22.0 4.5 16.2 ± 4.5 − 6.5 ± 1.8 2.6 ± 0.6 − 14.3 ± 4.0 7.1 ± 1.8
41 47.1 9.7 18.9 ± 6.0 4.6∗ 7.5 ± 2.4 2.6 ± 0.7 3.5∗ 5.7 ± 1.8 5.3 ± 1.3
42 27.8 5.7 38.9 ± 23.9 − 15.6 ± 9.5 4.0 ± 0.9 − 4.4 ± 1.6 2.4 ± 0.6
45 13.2 2.7 10.8 ± 2.7 8.1 ± 1.4 4.3 ± 1.1 0.2 ± 0.1 19.1 ± 3.2 10.1 ± 2.5 4.5 ± 1.1
47 25.0 5.1 21.6 ± 8.4 4.3 ± 0.8 8.6 ± 3.4 6.9 ± 3.6 0.5 ± 0.1 1.0 ± 0.4 0.4 ± 0.1
49A 21.6 4.4 37.1 ± 19.0 − 14.8 ± 7.6 1.0 ± 0.2 − 0.6 ± 0.2 0.2 ± 0.1
49B 8.8 1.8 8.4 ± 3.7 − 3.4 ± 1.5 1.1 ± 0.5 − 8.3 ± 3.7 3.2 ± 0.8
55 19.3 4.0 16.3 ± 3.6 − 6.5 ± 1.4 1.8 ± 0.6 − 0.8 ± 0.2 0.3 ± 0.1
56C 6.6 1.4 10.2 ± 2.4 − 4.1 ± 0.9 0.5 ± 0.2 − 9.8 ± 2.3 2.3 ± 0.6
57 46.8 9.6 36.6 ± 10.4 − 14.7 ± 4.2 1.3 ± 0.4 − 3.2 ± 0.9 1.5 ± 0.4
60 39.0 8.0 27.4 ± 7.9 − 11.0 ± 3.2 3.1 ± 1.6 − 1.4 ± 0.4 0.7 ± 0.2
63 21.0 4.3 9.9 ± 2.2 5.4 ± 0.8 3.9 ± 0.9 1.7 ± 0.5 2.8 ± 0.4 2.0 ± 0.5 1.6 ± 0.4
68 29.2 6.0 68.7 ± 29.1 − 27.5 ± 11.6 0.9 ± 0.3 − 36.4 ± 7.7 10.6 ± 2.6
69A 15.2 3.1 19.5 ± 4.0 6.2 ± 0.6 7.8 ± 1.6 1.3 ± 0.5 4.2 ± 0.4 5.3 ± 1.1 1.5 ± 0.4
69B 12.1 2.5 2.1 ± 0.8 1.4 ± 0.4 0.9 ± 0.3 0.08 ± 0.01 3.2 ± 0.9 1.9 ± 0.7 4.0 ± 1.0
73 34.3 7.0 26.3 ± 11.0 − 10.5 ± 4.4 3.3 ± 1.6 − 8.7 ± 3.6 4.2 ± 1.0
77 22.4 4.6 22.2 ± 4.3 3.6∗ 8.9 ± 1.7 5.1 ± 1.4 1.2∗ 3.0 ± 0.6 1.1 ± 0.3
80A 6.3 1.3 14.5 ± 3.5 2.6∗ 5.8 ± 1.4 2.1 ± 0.2 6.0∗ 13.2 ± 3.2 2.1 ± 0.5
80B 6.4 1.3 4.1 ± 1.3 − 1.6 ± 0.5 2.3 ± 1.0 − 0.2 ± 0.1 0.1 ± 0.0
81A 11.4 2.3 27.7 ± 8.6 − 11.1 ± 3.4 2.1 ± 1.4 − 29.8 ± 9.3 4.5 ± 1.1
81B 12.4 2.5 9.4 ± 2.3 − 3.7 ± 0.9 3.0 ± 1.1 − 9.0 ± 2.2 4.4 ± 1.1
86c 29.5 6.0 28.7 ± 5.6 − 11.5 ± 2.2 3.2 ± 1.0 − 4.1 ± 0.8 1.5 ± 0.4
90 41.3 8.5 26.1 ± 8.1 25.1 ± 6.1 10.4 ± 3.2 2.2 ± 0.8 3.8 ± 0.9 1.6 ± 0.5 0.9 ± 0.2
93 27.6 5.7 18.8 ± 4.6 7.2 ± 1.3 7.5 ± 1.8 6.5 ± 3.7 1.6 ± 0.3 1.7 ± 0.4 0.9 ± 0.2
102 21.1 4.3 21.4 ± 6.7 − 8.6 ± 2.7 1.1 ± 0.6 − 5.6 ± 1.8 2.0 ± 0.5
103 23.6 4.8 30.9 ± 12.7 − 12.3 ± 5.1 1.6 ± 0.8 − 31.8 ± 13.1 8.9 ± 2.2
106 29.7 6.1 18.8 ± 4.0 4.4 ± 0.8 7.5 ± 1.6 3.6 ± 2.9 1.2 ± 0.2 2.1 ± 0.4 1.2 ± 0.3
107 18.9 3.9 16.8 ± 3.6 − 6.7 ± 1.4 0.8 ± 0.3 − 1.0 ± 0.2 0.4 ± 0.1
111 22.7 4.6 29.6 ± 6.0 7.5 ± 0.8 11.9 ± 2.4 6.7 ± 2.9 1.2 ± 0.1 2.0 ± 0.4 0.6 ± 0.1
117 39.8 8.2 25.9 ± 11.0 − 10.4 ± 4.4 2.5 ± 0.8 − 3.3 ± 1.4 1.9 ± 0.5
120A 18.5 3.8 10.7 ± 4.3 − 4.3 ± 1.7 2.0 ± 0.8 − 11.4 ± 4.6 7.3 ± 1.8
120B 18.2 3.7 6.7 ± 3.1 − 2.7 ± 1.2 8.9 ± 5.1 − 0.4 ± 0.1 0.6 ± 0.1
121 27.0 5.5 32.8 ± 10.1 4.5∗ 13.1 ± 4.1 3.3 ± 1.0 0.4∗ 1.3 ± 0.4 0.4 ± 0.1
122A 6.3 1.3 13.9 ± 5.8 − 5.5 ± 2.3 0.6 ± 0.3 − 14.1 ± 5.9 2.4 ± 0.6
123 22.4 4.6 22.7 ± 4.6 10.3 ± 1.3 9.1 ± 1.8 3.5 ± 1.3 0.4 ± 0.1 0.4 ± 0.1 0.13 ± 0.03
131B 15.7 3.2 5.9 ± 1.8 10.3 ± 0.9 2.4 ± 0.7 6.2 ± 2.3 4.8 ± 0.4 0.8 ± 0.2 1.1 ± 0.3
132 16.7 3.4 19.3 ± 4.1 3.4 ± 0.6 7.7 ± 1.7 2.8 ± 1.4 1.1 ± 0.2 2.5 ± 0.5 0.8 ± 0.2
135A 17.1 3.5 12.4 ± 3.1 2.9 ± 0.5 5.0 ± 1.3 1.8 ± 0.6 1.1 ± 0.2 1.8 ± 0.5 0.9 ± 0.2
138B 23.6 4.8 3.7 ± 0.7 − 1.5 ± 0.3 0.07 ± 0.02 − 3.2 ± 0.6 7.5 ± 1.9
141 16.0 3.3 20.8 ± 5.1 10.6 ± 1.7 8.3 ± 2.0 0.6 ± 0.2 23.6 ± 3.7 18.5 ± 4.5 5.2 ± 1.3
145 13.8 2.8 19.9 ± 4.5 − 8.0 ± 1.8 8.2 ± 2.0 − 1.2 ± 0.3 0.3 ± 0.1
146B 8.8 1.8 10.7 ± 3.1 − 4.3 ± 1.3 3.7 ± 1.6 − 0.5 ± 0.1 0.14 ± 0.03
155 34.7 7.1 21.0 ± 8.6 − 8.4 ± 3.5 0.7 ± 0.4 − 0.9 ± 0.4 0.5 ± 0.1
159A 14.0 2.9 19.1 ± 3.7 2.3 ± 0.5 7.6 ± 1.5 1.6 ± 0.7 0.10 ± 0.02 0.3 ± 0.1 0.08 ± 0.02
159B 4.8 1.0 3.2 ± 0.9 1.7∗ 1.3 ± 0.3 0.6 ± 0.2 3.8∗ 2.9 ± 0.8 1.6 ± 0.4
160 50.5 10.4 19.4 ± 6.1 7.2 ± 1.8 7.8 ± 2.4 2.9 ± 0.7 1.7 ± 0.4 1.8 ± 0.6 1.7 ± 0.4
163A 6.5 1.3 4.3 ± 1.6 − 1.7 ± 0.6 0.7 ± 0.3 − 4.6 ± 1.7 2.6 ± 0.6
168 49.2 10.1 17.1 ± 3.6 − 6.9 ± 1.5 11.1 ± 3.0 − 0.8 ± 0.2 0.9 ± 0.2
178A 14.1 2.9 16.4 ± 3.3 − 6.5 ± 1.3 5.0 ± 2.2 − 1.1 ± 0.2 0.4 ± 0.1
178B 9.9 2.0 14.2 ± 3.0 − 5.7 ± 1.2 8.2 ± 2.7 − 0.6 ± 0.1 0.16 ± 0.04
178C 6.2 1.3 7.6 ± 2.1 − 3.0 ± 0.8 0.6 ± 0.3 − 7.4 ± 2.1 2.2 ± 0.6
182 21.8 4.5 15.7 ± 3.9 7.2 ± 1.2 6.3 ± 1.6 3.8 ± 1.1 15.7 ± 2.5 13.7 ± 3.4 7.0 ± 1.7
184 28.6 5.9 21.6 ± 6.1 6.0 ± 0.9 8.7 ± 2.5 0.5 ± 0.2 14.3 ± 2.0 20.6 ± 5.8 10.0 ± 2.5
189 29.0 6.0 27.4 ± 7.9 − 10.9 ± 3.2 2.6 ± 0.9 − 0.8 ± 0.2 0.3 ± 0.1
200 16.7 3.4 11.4 ± 2.7 4.8 ± 1.3 4.6 ± 1.1 0.8 ± 0.4 10.8 ± 3.0 10.2 ± 2.5 5.5 ± 1.4
207 22.5 4.6 26.5 ± 3.1 − 10.6 ± 1.2 3.2 ± 1.0 − 2.7 ± 0.3 0.8 ± 0.2
208A 15.7 3.2 17.0 ± 4.5 5.6 ± 0.8 6.8 ± 1.8 6.9 ± 2.7 2.4 ± 0.4 2.9 ± 0.8 1.0 ± 0.2
208B 10.8 2.2 11.7 ± 2.8 3.4∗ 4.7 ± 1.1 2.5 ± 1.3 8.0∗ 11.0 ± 2.7 3.8 ± 0.9
209 13.6 2.8 10.8 ± 2.5 − 4.3 ± 1.0 6.6 ± 0.8 − 0.3 ± 0.1 0.14 ± 0.04

Notes: ∗ Calculated from 3𝜎 upper limits shown in Table A1
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APPENDIX E: WHY DIFFERENTIAL LENSING OR A
MULTI-PHASE ISM CANNOT PRODUCE
SUPER-THERMALIZED LINE PROFILES

Here, to see why differential magnification nor multi-phase ISMs
cannot create super-thermalised lines, we consider the following toy
model. We suppose the case that there are two CO transitions, 𝐽 = 4–
3 and 𝐽 = 3–2. For thermalised lines, we can write 𝐿′

CO(4−3) =

𝐿′
CO(3−2) . For thermalised or sub-thermalised lines in a single-phase
ISM region, we can generalise this to 𝐿′

CO(4−3) = 𝑘𝐿′
CO(3−2) where

the constant 0 < 𝑘 ≤ 1, with 𝑘 = 1 meaning it is thermalised.
Now suppose that there is some variation in 𝑘 across the galaxy,

perhaps due to the multi-phase ISM, so we split the galaxy into
𝑁 discrete regions, labelled 𝑖 = 1 to 𝑖 = 𝑁 . Each region has a
thermalisation coefficient, 𝑘𝑖 . In other words, for each region

𝐿′
𝑖CO(4−3) = 𝑘𝑖𝐿

′
𝑖CO(3−2) . (E1)

Now we assume that this galaxy also has differential magnification,
with each region beingmagnified by a factor of |`𝑖 |. We can set every
|`𝑖 | to be |`𝑖 | ≥ 1 (though formally our toy model only requires
having at least one non-zero |`𝑖 |). The total observed CO (𝐽 = 4–3)
line luminosity will be

𝐿′
obsCO(4−3) =

𝑁∑︁
𝑖=1

|`𝑖 |𝐿′
𝑖CO(4−3)

=

𝑁∑︁
𝑖=1

|`𝑖 |𝑘𝑖𝐿′
𝑖CO(3−2) .

(E2)

Meanwhile, the total observed CO (𝐽 = 3–2) will be

𝐿′
obsCO(3−2) =

𝑁∑︁
𝑖=1

|`𝑖 |𝐿′
𝑖CO(3−2) . (E3)

If we take the ratio of these two observed line luminosities, we obtain
an “effective” observed total 𝑘 for the differentially-magnified galaxy:

𝑘obs =
𝐿′
obsCO(4−3)

𝐿′
obsCO(3−2)

=

∑𝑁
𝑖=1 |`𝑖 |𝑘𝑖𝐿

′
𝑖CO(3−2)∑𝑁

𝑖=1 |`𝑖 |𝐿
′
𝑖CO(3−2)

(E4)

where we have used equation E2. However, every 𝑘𝑖 ≤ 1, which
means that every term in the numerator will be smaller than or equal
to the corresponding term in the denominator. Therefore 𝑘obs is nec-
essarily 𝑘obs ≤ 1. Therefore, no amount of differential magnification
nor combination of regions with different ISM phases can create a
super-thermalised line ratio (𝑘obs > 1) from individual thermalised
or sub-thermalised components with each individual 𝑘𝑖 ≤ 1.

APPENDIX F: STACKED SPECTRUM LINE
LUMINOSITIES

We report the line luminosities of the stacked spectrum in Table F1.
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Table F1. Spectral line luminosities from the stacked spectrum.

Line Frequency Sources Line luminosity S/N Line Frequency Sources Line luminosity S/N
[GHz] [109 K km s−1 pc2] [GHz] [109 K km s−1 pc2]

CO (2–1) 230.5380 2 129.3 ± 14.9 (9.9𝜎) H2O+ 607 607.2273 20 −0.1 ± 1.1 (−0.1𝜎)
CO (3–2) 345.7960 42 98.1 ± 6.1 (37.9𝜎) H2O+ 631 631.7241 17 −0.6 ± 1.0 (−0.5𝜎)
CO (4–3) 461.0408 35 74.2 ± 4.4 (53.8𝜎) H2O+ 634 634.2729 17 −0.8 ± 1.1 (−0.7𝜎)
CO (5–4) 576.2679 27 69.4 ± 4.0 (68.0𝜎) H2O+ 721 721.9274 6 −2.5 ± 1.5 (−1.7𝜎)
CO (6–5) 691.4731 10 50.5 ± 3.1 (40.1𝜎) H2O+ 742 742.1090 5 1.4 ± 1.5 (1.0𝜎)
CO (7–6) 806.8984 4 38.2 ± 2.6 (25.6𝜎) H2O+ 746 746.5417 5 5.0 ± 1.4 (3.8𝜎)
13CO (2–1) 220.3987 1 7.3 ± 18.4 (0.4𝜎) H2O+ 761 761.8188 6 0.2 ± 1.2 (0.2𝜎)
13CO (3–2) 330.5880 41 4.3 ± 3.2 (1.4𝜎) LiH (1–0) 443.9529 30 −2.4 ± 1.7 (−1.5𝜎)
13CO (4–3) 440.7652 28 2.2 ± 2.0 (1.1𝜎) CH 532 532.7239 34 6.8 ± 1.2 (5.8𝜎)
13CO (5–4) 550.9263 29 1.6 ± 1.2 (1.4𝜎) CH 536 536.7614 31 7.8 ± 1.3 (6.5𝜎)
13CO (6–5) 661.0673 14 1.2 ± 1.2 (1.0𝜎) OH 425 425.0363 25 0.4 ± 2.5 (0.2𝜎)
13CO (7–6) 771.1841 7 −0.9 ± 1.0 (−0.9𝜎) OH 446 446.2910 31 2.5 ± 1.5 (1.6𝜎)
13CO (8–7) 881.2728 2 −1.2 ± 1.5 (−0.8𝜎) CN (N = 3–2) 340.2478 41 2.1 ± 2.8 (0.8𝜎)
C18O (2–1) 219.5603 1 −24.3 ± 19.8 (−1.2𝜎) CN (N = 4–3) 453.6067 36 2.2 ± 1.4 (1.6𝜎)
C18O (3–2) 329.3305 42 2.7 ± 3.2 (0.9𝜎) CN (N = 5–4) 566.9470 26 0.8 ± 1.1 (0.7𝜎)
C18O (4–3) 439.0888 27 −0.2 ± 2.0 (−0.1𝜎) CN (N = 6–5) 680.2641 9 0.4 ± 1.3 (0.3𝜎)
C18O (5–4) 548.8310 33 2.0 ± 1.1 (1.8𝜎) SiO (7–6) 303.9270 19 5.3 ± 4.9 (1.1𝜎)
C18O (6–5) 658.5533 14 1.0 ± 1.2 (0.9𝜎) SiO (8–7) 347.3306 38 −1.7 ± 2.6 (−0.7𝜎)
C18O (7–6) 768.2515 7 0.8 ± 1.1 (0.7𝜎) SiO (9–8) 390.7284 40 0.3 ± 2.3 (0.1𝜎)
C18O (8–7) 877.9219 2 −1.0 ± 1.6 (−0.7𝜎) SiO (10–9) 434.1196 25 1.2 ± 2.2 (0.6𝜎)
[C i] (3𝑃1–3𝑃0) 492.1606 32 29.0 ± 2.1 (23.0𝜎) SiO (11–10) 477.5031 35 −1.0 ± 1.3 (−0.8𝜎)
[C i] (3𝑃2–3𝑃1) 809.3419 4 18.8 ± 1.8 (12.4𝜎) SiO (12–11) 520.8782 40 1.2 ± 1.2 (1.0𝜎)
HCN (3–2) 265.8864 3 0.2 ± 9.2 (0.0𝜎) SiO (13–12) 564.2440 27 −0.8 ± 1.1 (−0.7𝜎)
HCN (4–3) 354.5055 40 7.6 ± 2.6 (3.0𝜎) SiO (14–13) 607.5994 20 −0.5 ± 1.1 (−0.4𝜎)
HCN (5–4) 443.1161 29 3.0 ± 1.7 (1.8𝜎) SiO (15–14) 650.9436 14 −0.4 ± 1.1 (−0.4𝜎)
HCN (6–5) 531.7164 34 4.4 ± 1.2 (3.8𝜎) SiO (16–15) 694.2754 9 0.3 ± 1.3 (0.2𝜎)
HCN (7–6) 620.3040 20 1.4 ± 1.1 (1.4𝜎) SiO (17–16) 737.5939 6 0.1 ± 1.3 (0.1𝜎)
HCN (8–7) 708.8770 6 0.8 ± 1.4 (0.5𝜎) CS (6–5) 293.9122 17 −10.7 ± 5.8 (−1.9𝜎)
HCN (9–8) 797.4333 6 −1.0 ± 1.2 (−0.9𝜎) CS (7–6) 342.8830 42 3.5 ± 2.7 (1.3𝜎)
HCN (10–9) 885.9707 2 −2.2 ± 1.5 (−1.5𝜎) CS (8–7) 391.8470 39 −0.2 ± 2.3 (−0.1𝜎)
HNC (3–2) 271.9811 4 8.7 ± 11.2 (0.8𝜎) CS (10–9) 489.7510 33 1.0 ± 1.3 (0.8𝜎)
HNC (4–3) 362.6303 35 0.3 ± 3.0 (0.1𝜎) CS (11–10) 538.6888 33 −0.2 ± 1.2 (−0.1𝜎)
HNC (5–4) 453.2699 36 3.4 ± 1.4 (2.4𝜎) CS (12–11) 587.6162 23 1.0 ± 1.1 (0.9𝜎)
HNC (6–5) 543.8976 34 1.8 ± 1.2 (1.6𝜎) CS (13–12) 636.5318 15 −0.6 ± 1.2 (−0.5𝜎)
HNC (7–6) 634.5108 17 0.4 ± 1.1 (0.3𝜎) CS (14–13) 685.4348 10 1.0 ± 1.2 (0.8𝜎)
HNC (8–7) 725.1073 6 −0.3 ± 1.3 (−0.2𝜎) CS (15–14) 734.3240 6 0.8 ± 1.3 (0.6𝜎)
HNC (9–8) 815.6847 3 −1.1 ± 1.6 (−0.7𝜎) NH3 (10–00) 572.4982 25 1.0 ± 1.0 (1.0𝜎)
HCO+ (3–2) 267.5576 4 5.1 ± 8.3 (0.6𝜎) N2H+ (3–2) 279.5117 8 1.4 ± 9.0 (0.2𝜎)
HCO+ (4–3) 356.7342 40 3.4 ± 2.5 (1.4𝜎) N2H+ (4–3) 372.6725 39 −1.6 ± 2.3 (−0.7𝜎)
HCO+ (5–4) 445.9029 31 4.5 ± 1.5 (3.0𝜎) N2H+ (5–4) 465.8250 32 0.1 ± 1.5 (0.1𝜎)
HCO+ (6–5) 535.0616 33 1.6 ± 1.2 (1.3𝜎) N2H+ (6–5) 558.9667 27 −2.1 ± 1.3 (−1.7𝜎)
HCO+ (7–6) 624.2085 17 0.6 ± 1.1 (0.5𝜎) N2H+ (7–6) 652.0959 15 −0.8 ± 1.1 (−0.7𝜎)
HCO+ (8–7) 713.3414 5 0.1 ± 1.4 (0.0𝜎) N2H+ (8–7) 745.2103 6 1.9 ± 1.3 (1.5𝜎)
HCO+ (9–8) 802.4582 5 −2.5 ± 1.4 (−1.9𝜎) CCH (3–2) 262.0042 2 1.0 ± 9.4 (0.1𝜎)
HCO+ (10–9) 891.5573 2 −0.6 ± 1.5 (−0.4𝜎) CCH (4–3) 349.3387 40 1.1 ± 2.6 (0.4𝜎)
HOC+ (3–2) 268.4510 4 −1.4 ± 8.5 (−0.2𝜎) CCH (5–4) 436.6604 27 −4.0 ± 2.1 (−1.9𝜎)
HOC+ (4–3) 357.9219 40 −5.0 ± 2.4 (−2.1𝜎) CCH (6–5) 523.9704 37 −0.9 ± 1.2 (−0.7𝜎)
HOC+ (5–4) 447.3818 30 −0.7 ± 1.5 (−0.5𝜎) CCH (7–6) 611.2650 20 −0.1 ± 1.1 (−0.1𝜎)
HOC+ (6–5) 536.8279 31 7.6 ± 1.3 (6.4𝜎) CCH (8–7) 698.5416 7 0.3 ± 1.4 (0.2𝜎)
HOC+ (7–6) 626.2575 17 −0.0 ± 1.1 (−0.0𝜎) H21𝛼 662.4042 13 0.7 ± 1.2 (0.6𝜎)
HOC+ (8–7) 715.6679 6 0.3 ± 1.4 (0.2𝜎) H22𝛼 577.8964 27 0.3 ± 1.0 (0.3𝜎)
HOC+ (9–8) 805.0563 4 0.7 ± 1.5 (0.5𝜎) H23𝛼 507.1755 35 −0.8 ± 1.1 (−0.8𝜎)
H2O (51,5–42,2) 325.1529 38 −5.8 ± 3.4 (−1.7𝜎) H24𝛼 447.5403 30 0.1 ± 1.5 (0.0𝜎)
H2O (41,4–32,1) 380.1974 42 0.7 ± 2.2 (0.3𝜎) H25𝛼 396.9008 35 −1.6 ± 2.4 (−0.7𝜎)
H2O (42,3–33,0) 448.0011 31 1.8 ± 1.5 (1.2𝜎) H26𝛼 353.6227 41 5.2 ± 2.5 (2.1𝜎)
H2O (53,3–44,0) 474.6891 33 −2.2 ± 1.3 (−1.6𝜎) H27𝛼 316.4154 29 −4.7 ± 4.0 (−1.2𝜎)
H2O (11,0–10,1) 556.9360 30 −1.0 ± 1.2 (−0.8𝜎) H28𝛼 284.2506 10 9.0 ± 8.0 (1.1𝜎)
H2O (21,1–20,2) 752.0331 5 10.6 ± 1.4 (8.5𝜎) CH+ 835.0789 2 −0.5 ± 1.7 (−0.3𝜎)
H2O+ 604 604.6786 22 0.6 ± 1.1 (0.6𝜎)

Notes: Lines in bold-face indicate > 3𝜎 detections. Note that the apparent
HCN (6–5) and HOC+ (6–5) “detections” are due to line confusion with
CH 532 and 536.
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APPENDIX G: DIVERSITY IN THE LINE PROFILES

Figure G1 graphically demonstrates the diversity in line profiles
across the BEARS systems.
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Figure G1.Demonstration of the diversity of the CO and [C i] (3𝑃1–3𝑃0) line profiles in the BEARS data set, visualised by superposing them with slight offsets,
i.e., the vertical axis is linear in flux, scaled to the peak flux density value of each line. The horizontal axis shows the line velocity. Note the striking variation in
widths and shapes, which we have found is not as obviously apparent in other visualisations of the data. For plotting purposes, we exclude any sources within
4000 km s−1 of the edge of the spectral windows. The line profiles are stacked in no particular order.
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