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ABSTRACT

We present Atacama Large Millimetre/submillimetre Array (ALMA) observations of the [O111] 88 um emission of a sample
of thirteen galaxies at z = 6 to 7.6 selected as [C II]-emitting companion sources of quasars. To disentangle the origins of
the luminous Oxygen line in the z > 6 Universe, we looked at emission-line galaxies that are selected through an excellent
star-formation tracer [C 1] with star-formation rates between 9 and 162 Mg yr~!. Direct observations reveal [O111] emission
in just a single galaxy (Ljom)/Licu = 2.3), and a stacked image shows no [O 1] detection, providing deep upper limits on
the Liom/Licm ratios in the z > 6 Universe (Liom;/Licn < 1.2 at 30). While the fidelity of this sample is high, no obvious
optical/near-infrared counterpart is seen in the JWST imaging available for four galaxies. Additionally accounting for low-z CO
emitters, line stacking shows that our sample-wide result remains robust: The enhanced Lo j/Licy; reported in the first billion
years of the Universe is likely due to the selection towards bright, blue Lyman-break galaxies with high surface star-formation
rates or young stellar populations. The deep upper limit on the rest-frame 90 pm continuum emission (< 141ulJy at 30), implies
a low average dust temperature (Tg,s < 30 K) and high-dust mass (Mgyg ~ 108 Mg). As more normal galaxies are explored in
the early Universe, synergy between JWST and ALMA is fundamental to further investigate the ISM properties of the a broad

range of samples of high-z galaxies.
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1 INTRODUCTION

Observations of distant galaxies by the JWST have continued to
find a surprisingly large population of z > 10 galaxies (Adams et al.
2023; Boylan-Kolchin 2023; Castellano et al. 2022; Donnan et al.
2023; Finkelstein et al. 2022; Morishita & Stiavelli 2023; Naidu et al.
2022; Atek et al. 2023; Harikane et al. 2024; Yan et al. 2023), building
upon earlier work by Hubble (e.g. Bouwens et al. 2015; Oesch et al.
2018). These rest-frame UV and optical observations imply a strong
evolution of the cosmic star-formation rate density (CSFRD) by
an order of magnitude within a very short time-scale (~ 200 Myr)
at z > 6, suggesting galaxies efficiently grow from primordial gas
through first and second-generation stars (e.g. Harikane et al. 2023).
Meanwhile, sub-mm observations with institutes such as the Atacama
Large Millimetre/submillimetre Array (ALMA) have revealed dust
in even lower-mass (M, ~ 10°My,) systems at z > 6 (Watson et al.
2015; Tamura et al. 2019, 2023; Akins et al. 2022; Inami et al. 2022),
indicating that up to half of all star-formation may remain obscured
from JWST and HST observations (Zavala et al. 2021; Algera et al.
2023; Barrufet et al. 2023; Fujimoto et al. 2023b). Formation of
this dust requires environments where metals are rapidly formed and
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nucleated in supernovae and evolved stars. Subsequently, these small
dust seeds can efficiently grow in dense regions of the inter-stellar
medium (ISM). In fact, these high-dust masses actually provide
a relatively strict constraint on the gas and stellar conditions in
the early Universe, as the observed stellar masses require efficient
dust growth, and in particular little dust destruction, to explain
the dust masses based on local dust (re)processing mechanisms
(Les$niewska & Michatowski 2019; Dayal et al. 2022; Di Cesare et al.
2023; Witstok et al. 2023a; Sommovigo et al. 2022; Schneider &
Maiolino 2024). As a consequence, recent studies have aimed to
study the gas, dust, and star-forming properties of distant galaxies to
provide better constraints on galaxy evolution processes in the early
Universe.

The majority of ALMA explorations of the ISM of normal star-
forming galaxies beyond z > 4.5 have centred around the [C11]
158 pm emission line, including several large programmes (e.g.
ALPINE; Le Fevre et al. 2020, REBELS; Bouwens et al. 2021,
CRISTAL, and ASPIRE). [C1] is one of the dominant cooling
lines of galaxies, and it is therefore often used to infer global star-
formation rates, as confirmed out to 7 ~ 6 (Schaerer et al. 2020; Faisst
et al. 2020). In the local Universe, [C1I] primarily originates from
photodissociation regions (PDRs; roughly 70 per cent; Stacey et al.
2010; Wolfire, Vallini & Chevance 2022), with the remainder from
X-ray and cosmic ray dominated regions, ionized regions (Meijerink,
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Spaans & Israel 2007; Wolfire et al. 2022), low-density warm gas,
shocks (Appleton et al. 2013) and/or diffuse HI clouds (< 30 %
Madden et al. 1997; Cormier et al. 2019). Its luminosity, even
out to high redshifts, enables [C1I] to trace fainter features, such
as outflows (Ginolfi et al. 2019) and extended haloes surrounding
galaxies in the early Universe (Fujimoto et al. 2019, 2021; Fudamoto,
Inoue & Sugahara 2023), although the origins of these haloes are still
debated (Pizzati et al. 2020, 2023, and references therein). Attempts
to observe [C1I] out to the highest redshifts (z > 8) have proven
difficult (e.g. Carniani et al. 2020). Instead, emission from doubly
ionized Oxygen ([O111] 88 um) has more often been detected as a
bright emission line in the distant Universe (e.g. Inoue et al. 2016;
Hashimoto et al. 2018; Harikane et al. 2020; Tamura et al. 2019,
2023). This line is emitted from ionized (i.e. H1I) regions, and has
been reported to be a dominant emission line also in low-metallicity
dwarf galaxies in the local Universe (Cormier et al. 2015, 2019;
Madden & Cormier 2018; Ura et al. 2023). Subsequent studies of
early galaxies have revealed Oxygen emission in around twenty
sources beyond z > 6 (Witstok et al. 2022; Algera et al. 2024,
and references therein). Meanwhile, deep observations to detect
[C11] provide high-luminosity ratios of Oxygen to Carbon emission
(Liomj/Licm> 3; e.g. Carniani et al. 2017, 2020; Harikane et al.
2020), roughly one order of magnitude higher than observed in
even metal-poor galaxies in the local Universe (Liouj/Licm™ 1;
e.g. Madden et al. 2013; De Looze et al. 2014)! with a handful of
low-mass systems reported up to Lo/ Licm? 3, indicating unique
ISM conditions in the early Universe, although recent follow-up of
more massive, evolved systems in the z > 6 Universe have indi-
cated relatively lower ratios (Ljomj/Licy = 0.8 — 1.5 Algera et al.
2024).

The origins of a high Lo/ Licy) at z > 6 are manifold. Galaxies
at z > 6 are within one billion years from the birth of the Uni-
verse, and this short time means that the processes that govern
galaxy evolution in the local Universe might be different. Similar
to the argument that young Universe could restrict the galaxy
evolutionary processes, the Liow/Licy line ratio could indicate
that galaxies in the z > 6 Universe are intrinsically different from
the populations found in the local Universe. Finally, observational
constraints play an important role in high-z galaxy studies, and
could also influence the observed ISM conditions in the early
Universe.

These broad categorizations between the origins of an elevated
Liom/Licw ratio are mirrored by models, finding a detailed set of
phenomena that could underlie this high ratio. Indeed, extensive
photo-ionization studies indicate that the high-Lou/Licy ratio
can be reproduced through a combination of interlinked causes
attributed to galaxy build-up arguments (low metallicity, faster
build-up of Oxygen relative to Carbon, dust build-up, CMB at-
tenuation effects), different galaxy populations (strong ionizing
radiation fields, low PDR covering fractions, high-density gas,
high Lyman-continuum escape fractions, top-heavy IMF), or ob-
servational constraints (spatially extended [C1I] haloes, inclination
effects, selection biases) (Harikane et al. 2020; Carniani et al.
2020; Sugahara et al. 2021; Katz et al. 2022; Fujimoto et al.
2023).

Itis not surprising that galaxies emerging from primordial gas have
a low metallicity (c.f., the observations of a surprisingly enriched
galaxy at z = 10.6, GN-z11; Bunker et al. 2023). Both models

'With the notable exception of POX 186 that has an Liom)/Licn ~ 10;
(Cormier et al. 2015)
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(e.g. Vallini et al. 2015 and Katz et al. 2019) and observations
(e.g. Cormier et al. 2019) find that the [C1] 158 um luminosity
decreases with decreasing gas metallicity and, therefore, the lack
of [C11] detections in the z > 6 Universe may indicate that these
galaxies are very metal-poor systems.? The additional heating from
the CMB could further affect the contrast against which the [C 11] and
[O 1] lines are observed, and provide an extra background emission
for the excitation of Carbon and Oxygen (Lagache, Cousin &
Chatzikos 2018; Laporte et al. 2019; Harikane et al. 2020). While
Oxygen is typically produced by core-collapse supernovae, Carbon
is primarily produced by later-stage AGB stars. As a consequence,
the bulk of Oxygen is produced in the first 50 Myr, while it takes a
billion years before Carbon reaches its expected chemical abundance
(Maiolino & Mannucci 2019). This causes a star-formation history
dependence on the Liow/Licy ratio, which could be noticeable
particularly at z > 6. Meanwhile, both supernovae and AGB stars
produce dust, which is an efficient drain for elements out of the gas
phase (e.g. De Cia et al. 2013) and thus reduces the line luminosities.
Carbon is efficiently removed from the ISM through dust formation
(Konstantopoulou et al. 2022), although the analysis of dust in distant
Universe is in line with more silicate-rich dust in the high-z Universe
instead (Behrens et al. 2018; Ferrara, Pallottini & Dayal 2023; c.f.,
Witstok et al. 2023a).

Changes to the ISM conditions in these galaxies could also drive
a high-Lo;/Lcy ratio. For instance, strong interstellar radiation
fields can deplete the C* ion abundance by turning Carbon into higher
ionization states (e.g. C*™; Ferrara et al. 2019; Vallini et al. 2021),
which also creates an abundance of [O 111] (O™™) in the ionized layer
(Arata et al. 2020; Harikane et al. 2020). In the z = 0 — 5 Universe,
the brightest dusty star-forming galaxies appear to be relatively sub-
luminous in [C11], i.e. the so-called [C1I] deficit, which has been
explained by thermal saturation (Rybak et al. 2019), although the
effects of optical depth, dust extinction, high-kinetic temperatures
and a deficit of neutral gas cannot be ruled out (Casey, Narayanan &
Cooray 2014). While the warm neutral medium appears to be the
dominant region for [CII] emission for nearby dwarf galaxies, star-
bursting galaxy phases producing young H1I regions can dominate
the emission, where the high-ionization fields produce a similar [C 1]
deficit (Bisbas et al. 2022). A denser ISM would also inhibit [C11]
emission. However, this effect does not appear to cause an elevated
Liom/Licm ratio in direct models of galaxies (Katz et al. 2022),
perhaps due to a similar decrease in [O I1I] emission because of its low
electron critical density (n, ~ 500 cm™3). Since the [CII] emitting
regions mostly consist of neutral or atomic gas, a low [CII] emission
could originate from low gas masses (Zanella et al. 2018; Aravena
et al. 2024) or low gas surface densities (Zg,; Ferrara et al. 2017,
Vallini et al. 2021, 2024). Similarly, the low [C 11] emission could also
be associated to a low (0 to 10 per cent) PDR covering fraction due to
the compact size of high-z galaxies or galactic outflows driving gas
away (Cormier et al. 2019; Harikane et al. 2020). The latter scenario
seems to be also supported by recent observational evidence revealing
outflowing gas in star-forming galaxies at z = 4—6 (Gallerani et al.
2018; Fujimoto et al. 2019, 2021; Ginolfi et al. 2019; Sugahara et al.
2019; Spilker et al. 2020; Carniani et al. 2024). The lower dark-
matter haloes of galaxies in the early Universe, prior to the bulk of
their dark matter accretion, could struggle to prevent the outflows

2 Although the CLOUDY modelling reported in Harikane et al. (2020) does
not indicate any effect of metallicity, their models assume high extinction
(Avy) within their clouds, allowing most 11.2eV> E >13.6eV photons to
interact with Carbon to form C*.
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of such gas (Arata et al. 2019). Consequently, high Low/Licu
could be linked to Lyman Continuum emitters, which was shown
through correlations in observations (Ura et al. 2023) and in direct
hydrodynamical simulations (Katz et al. 2022).

The lack of [C 11] emission could also be linked with observational
limitations. While the cause for the extended emission is still unclear
(e.g. Fujimoto et al. 2019), extended — and therefore missed —
emission of [C11] could artificially boost the Low;/Lcy (Carniani
et al. 2020). For example, Carniani et al. (2017) show that about
70 per cent of the diffuse [C 11] emission of BDF-3299, a star-forming
galaxy at z =7, is missed in ALMA observations with angular
resolution of 0.3 arcsec, while the total emission is recovered in
the data sets with a beam of 0.6 arcsec. Similarly, a change in angle
of incidence could affect the detectability of [C 11] relative to [O 111].
Kohandel et al. (2019) found that the disc inclination particularly
changes the line width of the [C 1] line, while the [O 111] line width
remains similar, which may cause higher observed ratios. Different
kinematic and spatial distributions of the two spectral lines would
then allow narrower lines (typically [O 111]) to more easily push above
the detection limit.

Counter to the abundant evidence of high Lo/ Lcu observed in
the early Universe, hydrodynamical models of galaxies in the z ~ 8
Universe struggle to achieve similar values to the ones observed. For
example, the suite of zoom-in simulations ‘SERRA’ (Pallottini et al.
2017, 2022) and zoom-in models ‘SPHINX’ (Katz et al. 2019, 2021)
include galaxies up to a value of Loy/Liciy~ 1. By increasing
the ionized gas fractions, requiring a top-heavy initial mass function
(IMF), and increasing the oxygen-to-carbon abundance, models by
Katz et al. (2022) are able to match the line ratios in observed high-
redshift galaxies. Post-hoc photo-ionization models using CLOUDY
(Ferland et al. 2017) on the hydrodynamical models of Yajima et al.
(2017) by Arata et al. (2020) and physically motivated gas models
(Vallini et al. 2021, 2024) are also able to explain these high ratios
in sources with high star-burstiness (i.e. upwards deviation from the
star-forming main-sequence) and high star-formation rate surface
densities.

The strong variation between models, and their ability to char-
acterize the observed ISM conditions of distant galaxies, provides
a unique opportunity to benchmark our understanding of the first
epochs of galaxy formation in the early Universe. However, all
existing z > 6 galaxies with both lines detected have been selected
through their strong dependence on a tracer of on-going star-
formation, either through only-obscured star-formation (in the case
of SMGs) or through only-unobscured star-formation from UV-
selected sources (e.g. Harikane et al. 2020; Witstok et al. 2022). Such
a pre-selection towards bursty star-forming galaxies could offset
the Liom)/Ljcn ratio, since many galaxies are selected with very
blue UV spectra (i.e. Lyman-break galaxies; LBGs, selected with
Hubble and JWST; Sun et al. 2023), although even the extreme
LBGs appear to have metallicities similar to the typical metallicity
in the z = 6-8 epoch (Nakajima et al. 2023; Curti et al. 2024).
While the current sample of sources with both [O11I] and [C1I]
emission is well constrained in their star-formation rate, they do
not necessarily represent the behaviour of typical star-forming
galaxies at this epoch, as they clearly represent a specific phase
in their galactic evolution (i.e. SMGs trace a dusty starbursting
phase, while UV-selected galaxies trace bursts of unobscured young
stars).

An alternative approach would be to select sources based on
their total star-formation rates. The ALMA Large Program ALPINE
studied 4 < z < 6 star-forming galaxies, finding agreement between
the [C11] luminosity and star-formation rate out to high redshift
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(Schaerer et al. 2020; Harikane et al. 2020; Carniani et al. 2020; Faisst
etal. 2022; Pallottini et al. 2022). This agreement, in accordance with
the local relation found by De Looze et al. (2014), indicates that a
purely star-formation selected sample can be constructed based on
the [C11] 158 pm luminosity. The main difficulty in selecting such a
sample lies in the lack of deep spectroscopic observations that can
find typical (10 to 100 Mg yr~!) galaxies at z > 6.

In this paper, we discuss the [O111] observations of a sample of
galaxies found as likely [C1I] emitting companions to bright z > 6
quasars (Venemans et al. 2020). In Section 2, we describe the sample
and the observations. In Section 3, we report the results of direct
observations, as well as a stack. We perform our analysis of this
study in Section 4 including an evaluation of false positives and
biases originating from selecting emission line galaxies in the same
field as quasars. We discuss the effect on the Ljoy;/Lcy ratio in
Section 5. We conclude in Section 6. Throughout this paper, we
assume a flat A-CDM cosmology with the best-fitting parameters
derived from the Planck results (Planck Collaboration VI, VI, 2020,
2021), which are €, = 0.315, Q4 =0.685, and & = 0.674. We
report dust temperatures as they would be in a CMB background
atz =0.

2 SAMPLE AND OBSERVATIONS

2.1 Quasar companion galaxy sample

In an effort to create an SFR-selected sample, we use the catalogue
reported in Venemans et al. (2020). They revealed a population
of line-emitting galaxies discovered in same field as the quasars
they were targeting in the 6 < z < 7.6 Universe. Because of the
high fidelity of their ALMA observations, many of these sources
are found to emit what is most-likely [C11] 158 um. Unlike any
previous z > 4 selection, these targets are selected solely by their
emission line, and thus if they are true [C1I] emitters, represent
a [Cu] 158 pm-selected sample. As a consequence, this selection
addresses a problem revealed by studies of high-redshift galaxies,
namely that their selection strongly influences the population of
galaxies being traced; i.e. sub-mm selected sources are typically dust
extincted, while rest-frame UV observations trace young unobscured
stellar populations. Instead of directly tracing unobscured starlight or
obscured starlight by means of dust, the sample analysed in this work
directly traces the total SFR in a way that is little or un-affected by
dust obscuration (Schaerer et al. 2020; Harikane et al. 2020; Carniani
et al. 2020; Faisst et al. 2022; Pallottini et al. 2022). Adopting the
[C 11]-SFR relation from Schaerer et al. (2020), which was determined
for the ALPINE sample at slightly lower redshift, our companion
galaxies (see Table 1) spanarange of 9 < SFRycy /(Mo yr™) < 162,
with a mean (median) SFR of 55 Mg, yr~! (38 Mg, yr~!). Although the
Schaerer et al. (2020) relation is similarly-tight as the local relation
(De Looze et al. 2014) and follows predictions from phenomeno-
logical (Lagache et al. 2018) and hydrodynamical models (Pallottini
et al. 2022), there still exist uncertainties in the SFR estimates from
the infrared and UV emission on the ALPINE sources themselves
(Sommovigo et al. 2022), and the sources that remained undetected
in [C1I] or dust-continuum in ALPINE could affect the scatter on
the relation we adopt. Some studies further indicate that the [C 11]-to-
SER relation could deviate at higher redshift (z > 6; Harikane et al.
2020). These caveats increase the systematic uncertainties on the
star-formation rates with around 0.2 to 0.3 dex, although we note for
the purposes of this study, our interest is mostly in the relative star-
formation rates which are less affected by this systematic uncertainty.
We evaluate the sample completion in Section 4.3 and potential biases
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Table 1. Star-formation selected sample of quasar companion sources.
Source RA Dec. z[cm SFR(c1 f AVgso EW

[hms] [dms] [Mg/yr] [0-1] [kms™'] [kms™!]
J0100+2802C1 01 00 14.04 +280217.4 6.324 758 £12.3 0.91 110 >1160
J0842+1218C1 08 42 28.97 +12 18 55.0 6.065 1614 £11.6 1 410 4300
J0842+1218C2 08 42 29.67 +12 18 46.3 6.064 38.3+8.0 | 450 >2050
J1306+0356C1 13 06 08.33 403 56 26.2 6.034 1142 £13.3 1 40 3220
J1319+0950C1 13 19 11.65 409 50 38.2 6.050 80.8 £ 19.5 0.95 3300 >1150
J1342+0928C1 1342 08.24 +09 28 43.4 7.533 122 +3.7 1 240 >1000
J23183113Cl1 2318 18.72 —311349.9 6.410 8719 1 1300 >500
J23183113C2 2318 19.36 —311348.9 6.457 16.6 =49 0.99 580 >460
J23183029C1 23 18 33.36 —302944.5 6.122 84.1 £19.0 0.91 930 >1900
P036+03C1 02 26 00.80 +03 03 02.4 6.460 36.2+6.8 1 3200 >620
P183405C1 1212 26.32 + 0505 29.6 6.435 399+ 11.7 0.92 130 >1320
P183405C2 12 12 28.07 + 0505 34.6 6.894 29.0+ 6.4 1 17000 >430
P23120C2 1526 37.62 —2049 58.6 7.086 134+22 1 19000 >750

Note. Col. 1: Name of the companion source. Col. 2 and 3: RA and Dec. positions of the companion source. Col. 4: The [C11]-based redshift. Col. 5: The
[C 11]-derived star-formation rate using the scaling relation from Schaerer et al. (2020). There exist an additional 0.2 to 0.3 dex uncertainty on the absolute SFR
estimates, which are not included in the reported uncertainties as our study is mostly interested in the relative SFRs between the sources. Col. 6: The fidelity
value (i.e. true positive probability) derived by Venemans et al. (2020) by comparing the FINDCLUMP extractions of both the positive and negative maps. Col. 7:
Redshift difference to the quasar expressed as a velocity. Col. 8: The equivalent width (EW) of the velocity-integrated spectral line flux relative to the associated

dust continuum expressed in [km s
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Figure 1. The star-formation rate selected sample of galaxies found in quasar
fields, originally identified by Venemans et al. (2020). We select thirteen
sources with redshifts that allow for the efficient observation of the [O 1]
emission (blue squares). The two arrows indicate sources with [C I1]-based
star-formation rates in excess of > 200 Mg yr~'. Uniquely, the sample is
representative of quasar companion galaxies in general, with no prior selection
towards higher star-formation rates, and is based solely on the atmospheric
windows where [O 111] would be observable with ALMA.

as a result of selecting [C11]-bright galaxies around known quasars
in Section 4.4.

Out of the 27 companion sources reported in Venemans et al.
(2020), a total of 13 fall into a favorable redshift range that enables
ground-based [O 111] observations with ALMA if the emission line
is [C1]. As shown in Fig. 1, the star-formation rates of these 13
sources match the range of SFRs seen for quasar companion galaxies.
The observations were designed to investigate their Lou)/Licy
luminosity ratios, and we aimed for a 5o detection of a line ratio of

2.5 at the high star-formation rates which represents a deep survey to
evaluate the line ratio where most of the z > 6 galaxies are detected.
At lower SFR (< 80 Mg, yr™!), our sensitivity limit to the line ratio
increases to Liom)/Licm= 95 at So. The [O 1] 88 um line of four
quasars also falls within the primary beam and bandwidth of our
observations, and will be presented in a subsequent paper (Algera &
Bakx et al., in preparation).

2.2 ALMA observations

Using ALMA Band 8 (Sekimoto et al. 2008) observations, we target
the [O 1] line of our 13 targets between 390 to 490 GHz. In total,
our observations comprise of 11 separate pointings near 10 different
quasars. A summary of the observations is presented in Table 2.
The companion sources remain mostly unresolved between 0.15 and
0.3 arcsec resolution in [CII] emission, and for the best possible
comparison, we hence matched the observed resolution of the [C11]
emission from the earlier Venemans et al. (2020) observations,
equating to beam sizes between roughly 0.2 and 0.4 arcsec, slightly
varying from source to source. The slightly larger range in angular
resolutions compared to the [CII] observations was chosen to
facilitate scheduling constraints, especially since our sample spans a
large range in RA across the sky.

The quasars J0423—0120, J225341608, J0854+2006,
J10584-0133, J1256—0547, J1229+0203, J1924-2914, and
J1517—2422 were used as bandpass and flux calibrators, and
quasars J01124-2244, J021740144, J0840+1312, J0831+4-0429,
J12294-0203, J12244-0330, J13324-0200, J1254+1141, J2258-
2758, J1507—1652, and J1347 + 1217 were used as phase
calibrators.

Data reduction was performed following the standard calibration
procedure and using the ALMA pipeline. Then, we use CASA (CASA
Team et al. 2022) for imaging the uv-visibilities using Briggs
weighting with a robust parameter of 2.0 to maximize the depth
of the observations at the expense of slightly increasing the final
synthesized beam size. The resulting beam sizes range between 072
to 04 at a depth between 0.38 to 8 mJy beam™' in 35kms~' bins
(see Table 2).

MNRAS 532, 2270-2288 (2024)
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Table 2. Parameters of the ALMA observations.

T J. L. C. Bakx et al.

Source UTC start time Baseline length Nant Frequency Tint PWV O35km/s Beam
[YYYY-MM-DD
hh:mm:ss] [m] [GHz] [min] [mm] [m]y] [ xM

JO100 + 2802C1 2022-06-11 14:41:04 15-1213 40 462.346 87.15 0.35 0.65 0.33 x 0.25
2022-06-11 12:52:17 15-1213 43 462.346 87.28 0.37
2022-06-11 11:24:04 15-1213 43 462.346 87.62 0.38

J0842+1218C1+C2 2022-06-09 20:52:35 15-783 39 479.326 85.04 0.36 1.11/8.36 0.32 x 0.25
2022-05-26 00:23:58 15-783 41 479.326 87.21 0.42
2022-01-05 08:37:04 14-783 39 479.326 84.85 0.45

J1306+0356C1 2022-05-18 04:07:47 15-740 44 481.449 35.06 0.61 3.00 0.38 x 0.31

J1319+0950C1 2022-05-26 01:53:31 15-783 46 480.229 74.55 0.50 0.73 0.3 x 0.29
2022-05-25 04:39:00 15-783 46 480.229 74.20 0.45

J1342+0928C1 2022-06-11 04:35:13 15-1213 42 396.667 103.97 0.41 0.41 0.38 x 0.29
2022-06-11 02:51:11 15-1213 41 396.667 104.48 0.46

J23183113C1+C2 2022-05-26 12:24:01 15-783 46 457.450 92.81 0.59 0.66/1.28 0.32 x 0.27
2022-05-25 10:44:26 15-783 43 457.450 91.82 0.67

J23183029C1 2022-05-15 13:16:47 15-680 40 477.303 79.32 0.32
2022-05-15 11:40:24 15-740 41 477.303 77.88 0.35

P036+403C1 2022-06-13 12:22:12 15-1301 42 453.939 66.30 0.19 0.82 0.26 x 0.18

P183+05C1 2022-06-09 22:30:25 15-783 43 455.422 83.77 0.47 0.53 0.31 x 0.27
2022-05-26 03:38:39 15-783 40 455422 84.36 0.28

P183+05C2 2022-05-23 02:41:49 15-783 47 428.891 85.45 0.64 0.45 0.34 x 0.28
2022-01-01 11:53:25 14-783 40 428.891 85.64 0.72

P23120C2 2022-05-21 05:41:19 15-783 46 418.697 85.73 0.99 0.38 0.35 x 0.31
2022-05-18 06:14:41 15-740 44 418.697 85.96 0.55

Note. Col. 1: Source name. Col. 2: UTC start time of the observations. Col. 3: Length between the nearest and furthest antennae. Col. 4: Number of antennae
participating in the observations. Col. 5: The Local Oscillator frequency. Col. 6: The total observation time including overheads. Col. 7: The precipitable water
vapor during the observations. Col. 8: The lo standard deviation in 35kms~! bins of the observations centred on the [O111] frequency. Observations with
multiple companions are denoted with a slash (/), where the first value corresponds to the first companion. Col. 9: The beam size at the [O 111] frequency, which

does not vary appreciably for sources with multiple companions.

3 RESULTS

3.1 Line emission

Based on the known positions of the [CIi]-emitting companion
galaxies, we extract their 1D spectra across the Band 8 data cubes
in 073 apertures, after having explored a variety of aperture radii. In
addition, we create moment-0 maps around the expected frequency
center of [O 111] across 1.2 x the known [C 11] FWHM from Venemans
et al. (2020). This velocity range maximizes the S/N of the line,
assuming a Gaussian profile (e.g. Novak et al. 2019).

We find that a single source, JO842C1, is robustly detected in
[O 1] emission, while the remainder of our sample is not detected
(Fig. 2 and Table 3). We further test the existence of extended
emission by evaluating maps tapered at 1”7, but find no additional
sources with emission. We determine the line flux of the single
detection through fitting its extracted 1D spectrum with a Gaussian,
while we place upper limits on the [O111] fluxes for the rest of the
sample. To this end, we adopt 3 times the noise in the moment-0
maps as our 30 upper limit on the line flux (in units of Jy kms™),
whereby we implicitly assume that the [O 111] and [C IT] emission have
similar intrinsic line widths, and that the [O III] emission is spatially
unresolved. Conservatively, we further multiply the upper limits by a
factor of 1/0.84 to account for the fact that our moment-0 maps were
collapsed across 1.2 x the expected line FWHM, which includes only
~ 84 per cent of the total flux assuming a Gaussian profile.

3.2 Dust continuum emission

We use the Band 8 continuum images to search for dust emission
emanating from the targeted quasar companion galaxies. We show
the rest-frame ~ 90 and ~ 160 um continuum emission of our

MNRAS 532, 2270-2288 (2024)

targets in Fig. Al in the Appendix. Our single [O Ii]-detected
galaxy, JO842Cl1, is also detected in dust continuum emission in both
Bands 6 and 8, while the remainder of our sample does not show
any rest-frame 90 um continuum emission at the > 3o level. One
further companion galaxy, J1306C1, is robustly continuum-detected
at rest-frame 160 um. Note that, no previous selection towards dust
continuum detections was made, and instead only sources with good
atmospheric transmission at their [O 11I] frequencies were selected in
this study.

We measure the continuum flux densities of our targets in both
bands using a 0’5 aperture. For those that are not continuum-detected,
we adopt 3 the error on the aperture flux as the corresponding upper
limits instead.’

3.3 Stacked line and continuum emission

Given that most of our sample remains undetected in both [O111]
and underlying continuum emission, we turn to stacking to assess
the average level of line and continuum emission of SFR-selected
galaxies in the epoch of reionization.

We explore several weighting schemes in our stacking experi-
ments, including variance-weighted, SFR-weighted, and [C11] ob-
serving depth-based. Although there is an argument to be made for
star-formation rate based weighting, such a stack overly represents
the brightest sources, while the main goal of our observations is to
probe also the lower-SFR (~ 10 Mg yr') regime. Instead, we opt

3These upper limits are more conservative than adopting thrice the RMS in
the continuum maps as our 3¢ upper limits, as the latter implicitly assume
our targets are spatially unresolved.
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Figure 2. Top panel per source: Moment-0 maps for the companion sources (275 x 25). Background: [O 11], contours: [C11] (white) and [O 1] (black), drawn
at 3—100 in steps of 1o, where o is the RMS noise in the moment-0 map. Dashed contours indicate negative emission, and the colourscale runs from —3o to
+30. Bottom panel per source: The aperture-extracted line emission shown for [C11] in red, and the [O11I] emission in blue. Line fits are shown in the same
colour. Note the presence of the quasar in the panel labelled J1306C1, which will be discussed in Algera & Bakx et al. (in preparation).

for a simpler inverse-variance weighting, based solely on the noise
in our [C11] and [O 111] data cubes. For completeness, we provide the
SFR-weighted stack in Appendix C.

We stack both the moment-0 maps of [C1i] and [O 1] and the
continuum maps in a similar way, in order to obtain a measurement
of the typical Lou/Lcu ratio and dust continuum ratio of SFR-
selected galaxies, respectively. We include galaxies with detected
emission lines and dust continua in the stacks to avoid biasing our
results by treating detections and upper limits separately, although
our results do not change if we leave these sources out.

Given that the adopted sensitivity of our Band 8 observations was
tuned based on the known Lcy; of the quasar companion sources
in Venemans et al. (2020), the typical RMS noise in our [O111] data
cubes is lower for the [C 11]-fainter sources. As such, performing a
simple inverse-variance-weighted stack in both bands individually
would bias our results towards up-weighting the deeper cubes likely

containing [O II]-faint systems, and hence towards a lower average
Liom/Licm- To circumvent this bias, we weight our ith source
by w; = l/max((rizy%, (rfBg), that is, by the maximum of the noise
levels in the ith Band 6 or Band 8 continua and moment-0 maps. This
ensures that we weigh the same source equally in both bands, while
still benefiting from downweighting the noisiest data compared to a
simple, unweighted average.

The stacked [C 11] and 160 pm continuum emission are both clearly
detected, while there is no discernible emission in the [O 1] and
rest-frame 90 um stacks (Fig. 3). We extract the line and contin-
uum fluxes in a (/5 aperture, finding S;cy; = 410 = 45 mJykms™';
Siom = 36 £ 60mJy kms™!; Sig0 um = 126 £ 34 uly; and Sog i =
—65 + 47 uly. Both the [O 111] line flux and the underlying continuum
are consistent with zero to within < 1.50. As such, we adopt 3x
the uncertainty on the aperture flux as an upper limit on the [O 11I]
and 90 um continuum fluxes. We emphasize that these are relatively

MNRAS 532, 2270-2288 (2024)
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Figure 2. — continued.
Table 3. Emission line properties of our companion sources.
Source Siciy FWHM|cm Licm Siom FWHMo Liomy  Liomy/Lici S158,m S88um
Jykms™! kms™! 108L¢ Jykms™! kms™! 108L [mly] [mly]
J0100+-2802C1 0.80 £0.13 435+ 78 85+ 1.4 <0.27 435 6.0 0.7 0.69 0.52
JO842+1218C1  1.81+£0.13  331+£26 181+13 1777508 153148 40+£10 23406  042+005 1.16+0.31
JO842+1218C2 043+0.09 268 +62 43409 <587 268 58.5 14.2 0.21 7.88
J1306+0356C1 1.29 £0.15 200+ 26 128+ 1.5 <0.51 200 19.6 1.6 0.40 +0.07 1.21
J1319+0950C1 0.91+0.22 490 + 127 9.1+22 <0.34 490 83 1.0 0.79 0.61
J1342+0928C1 0.10 £ 0.03 222 +75 14+04 < 0.74 222 3.5 2.7 0.10 0.28
J23183113Cl1 0.09 +0.02 102 + 26 09+0.2 < 0.94 102 4.0 4.3 0.18 0.66
J23183113C2 0.17 £0.05 111+35 1.8 +£0.5 < 0.31 111 58 3.3 0.37 0.75
J23183029C1 0.93 £0.21 427 + 104 102 +£23 < 1.84 427 8.4 0.9 0.49 0.38
P036+03C1 0.37 £0.07 103 +23 41408 < 0.47 103 4.3 1.1 0.60 0.58
P183+05Cl1 0.41+0.12 373 £ 121 45+13 < 041 373 4.6 1.1 0.31 0.49
P183+05C2 0.27 £ 0.06 155+35 32407 < 0.39 155 3.8 1.2 0.63 0.32
P23120C2 0.12+£0.02 209 £+ 45 1.5+£0.3 < 0.78 209 3.9 2.7 0.16 0.33

Note. Col. 1: Name of the companion source. Col. 2 & 5: The velocity-integrated flux of the [C 11] and [O 111] line, resp. Col. 3 & 6: The full-width at half-maximum
of the [C11] and [O 1] line, respectively. Col. 4 & 7: The line luminosity of the [C11] line and [O111] line, resp. Col. 8: The Lo j/Licu) luminosity ratio. Col.
9 & 10: The continuum flux densities at rest-frame 158 and 88 pm, respectively. The values in columns 2 and 3 are taken from Venemans et al. (2020). For
sources where the [O111] line is not detected, italics indicate 30 upper limits on the flux and luminosity, and fiducial values for the velocities. Continuum flux

densities in italics also correspond to 3o upper limits.

conservative limits, given that the uncertainties on the aperture flux
densities are larger than the noise in the stack by a typical factor of
~ 3.

Similarly, we create a stacked spectrum using a relatively small
aperture (0”3) using the same stacking procedure, except in frequency

MNRAS 532, 2270-2288 (2024)

space. The noise is based on the aperture size and varies as a function
of frequency, while we normalize each spectrum to the fraction of the
full-width at half-maximum (FWHM) for a fair comparison across
all sources. The [C11] emission is detected, while no [O 111] is seen in
this very deep spectral stack (Fig. 3). Finally, additional tests using
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Figure 3. The stacked spectrum of [O111] (blue) and [C11] (red) normalized
to a full-width at half-maximum per source prior to stacking (top panel).
The [C11] emission is detected, while no [O111] is seen in this very deep
spectral stack. Image-plane stacks of the [C11] and [O 1] moment-0 maps
(4”0 x 470; middle left and right panels, respectively), and rest-frame 160
and 90 um continua (bottom left and right panels, respectively). Contours
are +2, 3,4, ...0 and the colourscale runs from —30 to +30. A 0.5 arcsec
radius aperture, in which the fluxes are extracted, is overplotted. The stacked
[C11] and 160 pm continuum emission are both clearly detected, while there
is no discernible emission in the [O 111] and rest-frame 90 pum stacks.

curve-of-growth analysis and the stacking 1 arcsec uv-tapered maps
also do not find any [O 1] emission, while the [C1I] emission is
recovered in each experiment.

4 ANALYSIS

4.1 The oxygen to carbon ratios of SFR-selected Galaxies

We investigate the Ljom/Licm ratios of our 13 [CIi]-selected
galaxies found in the same fields as quasars. Given the strong
correlation between SFR and [C 1I] luminosity (e.g. Schaerer et al.

[Oui]atz =6-7.6 2277
2020), these sources are star-formation-selected targets independent
of their level of dust obscuration. We show the line ratios as a function
of star formation rate in Fig. 4, and compare to a compilation of
(predominantly UV-selected) z > 6 galaxies in the literature.

For our single [O 1i]-detected source, we infer a line ratio of
Liom/Licm= 2.3 £0.6, while for the remaining sources, we place
an upper limit on the line ratio, ranging from Lom/Licm= 0.7 for
our deepest data, to Liou/Licy= 4.3 for the shallowest observa-
tions of [C 11]-faint systems (< 3¢').* Our median upper limit on the
line ratio is Liou/Licm S 1.2, which is significantly lower than the
typical line ratios observed for high-redshift UV-selected galaxies
(e.g. Carniani et al. 2020; Harikane et al. 2020; Witstok et al. 2022)
with SFR = 5-200M, yr~!. As a sanity check, we investigate the
possibilities of extended [C 11] (Fujimoto et al. 2019; Carniani et al.
2020) and [O 111] emission through curve-of-growth analyses, but find
no changes to our estimates.

In addition, the combined stack in [C1I] and [O 111] provides even
more stringent constraints on the typical line ratio of star-formation-
selected high-redshift galaxies, with a 30" limit of Ljo/Licyy< 0.8
at SFRcyy &~ 40 Mg yr~! — similar to the typical line ratio of local
dwarf galaxies (= 2; De Looze et al. 2014; Cormier et al. 2015) and
spiral galaxies (= 0.5; Brauher, Dale & Helou 2008). We discuss the
implications of these low Lo/ Licy ratios in Section 5.

4.2 Dust properties and limits

We investigate the far-infrared spectral energy distributions (SEDs)
of our two targets with robust continuum detections at rest frame
160 um (Section 3.2). We fit to their ALMA photometry following
the framework of Algera et al. (2024), which assumes their dust
SEDs can be characterized by an optically thin MBB similar to the
models adopted in other high-z works (e.g. Bakx et al. 2020, 2021;
Witstok et al. 2022). We correct for both heating by and contrast
against the CMB following da Cunha et al. (2013). Given that we
have measurements at only two distinct wavelengths, we adopt a
fixed dust emissivity index §, while varying the dust temperature
Taust and dust mass Mg,.. We consider both § = 1.5 and 8 = 2.0,
and show the MBB fits in Fig. 5. The fitting outputs are tabulated in
Table 4.

Depending on the precise value adopted for 8, we infer dust tem-
peratures of Ty, & 30-50 K and dust masses of log(Myus/Mg) =
7.7-8.1 for both of our continuum-detected sources. While no
stellar mass measurements for our targets are available, we can
place a rough lower limit on M, by appealing to models of dust
production, which predict typical dust-to-stellar mass ratios of
Mg/ M, ~ 0.1-1 per cent (Dayal et al. 2022; Di Cesare et al.
2023), in agreement with observations (e.g. Witstok et al. 2023a;
Algeraetal. 2024). Assuming a conservative upper limit of 1 per cent
on the dust-to-stellar mass ratio, our targets are likely to be relatively
massive and hence chemically evolved galaxies (M, > 101" Mg).
Integrating our MBB fits across rest-frame 8—1000 pm, we find both
targets to have infrared luminosities of Lig ~ 10'7~121 L, placing
them into the class of (Ultra) Luminous Infrared Galaxies.

Adopting the conversion factor between Ljg and SFRj from
Kennicutt (1998) and assuming a fiducial 8 = 2, we infer SFR|r =
15871 Mg yr~! and SFRig = 797292 Mg yr~! for J10842C1 and
J1306C1, respectively. These values are in agreement with their

4This excludes the upper limit of L{om/Licm< 14.2 inferred for companion
source JO842C2 in quasar field J0842+1218, which was covered at the very
edge of the Band 8 primary beam (PB = 0.08).
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Figure 4. The [O 11]/[C11] emission line ratios of our [C11]-selected sample (red hexagons), as a function of their [C 11]-based star formation rates. We compare
to z > 6 galaxies in the literature, comprising UV-selected sources (cyan circles; Harikane et al. 2020; Carniani et al. 2020; Akins et al. 2022; Witstok et al. 2022;
Algera et al. 2024), sub-millimeter galaxies (pink triangles; Marrone et al. 2018; Walter et al. 2018; Zavala et al. 2018; Tadaki et al. 2022), and high-redshift
quasars (orange squares; Walter et al. 2018; Hashimoto et al. 2019; Novak et al. 2019; Decarli et al. 2023; Algera & Bakx et al. in preparation). In addition,
we overplot the relations for local starbursts and dwarf galaxies from De Looze et al. (2014), and further compare to z = 7.7 galaxies from the SERRA
simulations (Pallottini et al. 2022). Compared to UV-selected galaxies, the [C I1]-selected sample shows lower typical [O 111]/[C 11] emission line ratios, indicating
selection biases may play a role in setting the high L{om)/L[cn) observed so far in z > 6 galaxies. In particular, the stack (yellow hexagon) suggests a typical

Liom/Licm S 0.8 for the [C 11]-selected galaxy population.
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Figure 5. Fitted far-infrared SEDs of our two robustly continuum-detected
targets. The two rows show the fit for an assumed g = 1.5 (top) and B = 2.0
(bottom), with the shaded region representing the confidence interval on the
fit. These two bright [C 11]-emitters have dust temperatures that are typical for
UV-selected z 2 5 galaxies.

[C1]-based SFRs of SFRjcy; = 161 £ 12Mg yr~! and SFR;cy =
114 £ 13 Mg yr~! (see Table 1), although observations at additional
far-IR wavelengths are needed to improve the large uncertainties.
Nevertheless, this consistency between IR and [CII] emission sug-
gests the bulk of the star formation in these two [C II]-luminous

MNRAS 532, 2270-2288 (2024)

Table 4. Results of optically thin modified blackbody fitting to the two
continuum-detected quasar companion galaxies.

Parameter J10842C1 J1306C1
=15 log o (Maust/ M) 7.66+£0.31 7.84107
Tust [K] 52119 4213
logjo(Lir/Lo) 12.14708 11.8175%2
,3 =20 IOgl()(Mdusl/MO) 796t83; 816t8;g
Tqust [K] 3917 3218
log;o(Lr/Lo) 11.967939 11.667533

Note. The fits assume a fixed 8 = 1.5 (top three rows) or 8 = 2.0 (bottom
three rows). Dust temperatures are corrected for the CMB, and IR luminosities
are determined across rest-frame 8 — 1000 pm.

companion galaxies is obscured. This is in agreement with the
two [C11]-selected, optically-dark galaxies at z ~ 7 presented by
Fudamoto et al. (2021), which have comparable [C 1] luminosities
and little unobscured star formation.

The dust temperatures and masses of our two continuum-detected
sources are in line with those of massive UV-selected galaxies at
z ~ 5-7.5 (e.g. Faisst et al. 2020; Bakx et al. 2021; Sommovigo
et al. 2022; Algera et al. 2024), albeit on the massive end, which
may suggest the dust properties of our [CIi]-selected sample to be
similar to those of the wider high-redshift population. However, we
note that the above analysis is limited to the two brightest continuum
and [C1] sources among our sample, which may therefore not be
representative of the overall [C 11]-selected galaxy population.

20z Joquieldag || uo 1senb Aq 66/ 10/2/0/2Z/2/ZES/PI0IME/SEIUW/WOS dNO0lWapEoE//:SA]Y WO} POPEOJUMOQ



Tdust=20K e -I:dust=3OK

053] === Tyu=25K o =351

0.3 i
> 0.2 -'
E
% 0.1 7

0.051

0.03/ g i .

5y M R
200 300 500 1000 2000 3000

Acbs [um]

Figure 6. Optically thin modified blackbodies with 8 = 2 at different dust
temperatures, anchored to the stacked continuum detection (and its measure-
ment uncertainties) at rest-frame 160 pum. To match the stringent upper limit
at rest-frame 90 «m, we require an MBB with cold dust (Tgys < 25 — 30 K).

As such, we next turn to the dust continuum stacks (Section 3.3
and Fig. 3), which treat the [C11]-bright and -faint galaxies in an
identical manner. The 160 pm continuum is clearly detected in the
stack (S/Npex = 4.90), while the continuum is undetected at rest-
frame 90 um (< 30). We show several MBBs with 8 = 2.0 anchored
to the 160 um detection in Fig. 6, which suggest the average dust
SED of our [C 11]-selected sample to be characterized by a cold dust
temperature of Ty, < 25 K. Even a shallower 8 = 1.5 would still
imply cold dust of Ty,s < 30 K for the stacked SED.

Assuming Ty, = 25 K, we infer a massive average dust reservoir
of log(Maust/Mg) = 8.0, yet a rather modest infrared luminosity of
L ~ 10'! L. This dust mass, similar to those of the individually
fitted sources, is on the massive end of the UV-selected sources
studied in ALPINE (Sommovigo et al. 2022) and REBELS (Ferrara
etal. 2023), and on the low-end of sub-mm selected dusty populations
(da Cunha et al. 2015). In order to have built up this dust mass, the
sample is likely to have previously undergone significant chemical
evolution, while the low Lig suggests that it is currently in a state
of lower star formation activity. This is qualitatively consistent the
scenario whereby the dust temperature correlates with specific SFR
(e.g. Magnelli et al. 2014), or inversely correlates with depletion
time (fgep1; Sommovigo et al. 2021, 2022; Vallini et al. 2024). In
particular, Sommovigo et al. (2021) predict that Tg,s o< ft;[l)l/ @+p ),
which could suggest our sample to be characterized by long depletion
times, and therefore large molecular gas masses. CO observations
of two luminous z ~ 6.5 quasar companion galaxies by Pensabene
et al. (2021) have indeed revealed high molecular gas masses of
Mgy ~ 10°-10'° M, in these sources, in qualitative agreement with
the picture sketched above.

While no direct gas mass measurements are available for our
companion galaxy sample, some studies have suggested [C1I] can
be utilized as a molecular gas mass tracer (e.g. Zanella et al.
2018; Madden et al. 2020; Dessauges-Zavadsky et al. 2020; Vizgan
et al. 2022; Aravena et al. 2024). We caution, however, that due to
the tight scaling between Licy and SFR, a simultaneous relation
between [CII] and molecular gas mass may simply correspond
to the implicit assumption of a linear Schmidt—Kennicutt relation
(Béthermin et al. 2023). Nevertheless, adopting the conversion
factor of ojcy; = 30Mg L' suggested by Zanella et al. (2018), we
infer a gas mass estimate of Mg, ~ (I —2) x 10" My, from the
[C1] emission line stack (Section 3.3). Combining this with the
SFRig ~ 20 Mg, yr~! inferred from the MBB fit to the continuum
stacks suggests a depletion time of f4ep S 800 Myr, where we adopt

[Oui]atz =6-7.6 2279
this value as an upper limit given that any unobscured star formation
is not accounted for. The inferred gas-to-dust ratio is approximately
dgpr ~ 100, similar to that of local galaxies (e.g. Genzel et al. 2015),
although with large and potentially systematic uncertainties that are
difficult to quantify.

Qualitatively, this analysis suggests the average quasar companion
galaxy to be relatively dust- and gas-rich, with a long depletion time-
scale. We do caveat, however, that the relatively low-S/N detection of
the stacked Band 6 flux density prevents us from making any definite
claims regarding the typical mass and temperature of the dust reser-
voir of our sample. As shown in Appendix B, a formal MBB fit leaves
the possibility of a higher dust temperature, as the combination of a
strict 90 um upper limit and a low-S/N 160 um measurement favours
a fit that stays below the Band 6 detection (see also the discussion in
Algera et al. 2024). In addition, if the dust is optically thick — as may
be expected from the large inferred dust mass from optically thin
models and the non-detection at 90 um — the true dust temperature
could be larger, while the infrared luminosity is not significantly
affected (Algera et al. 2024; see also Algera et al. in prep). However,
multiband ALMA observations of the quasar companion galaxies are
crucial to better constrain their typical dust SEDs.

4.3 Sample completeness study

Our companion galaxy sample was selected through its serendipi-
tously discovered line emission seen in the fields of known quasars.
These sources are robust line emitters (> 5.50), although close to
this detection limit, false-positives are not excluded as was shown in
shallower observations (e.g. Hayatsu et al. 2017, 2019), and as we
will discuss in the subsequent section. For four sources, additional
deep JWST imaging allows us to look for their unobscured emission.
Beyond direct fidelity estimates, we evaluate the other assumption
underlying the creation of this star-formation rate selected sample:
is the line emission [C11] emission?

4.3.1 Multiwavelength counterparts of emission-line selected
sources

Several quasar fields have existing JWST observations, namely
JO100 (GTO 1243; P.I. Simon Lilly), J1342 (GO 1764; P.I. Xiaohui
Fan), P036 (GO 2028; P.I. Feige Wang and GO 3990; P.I. Takahiro
Morishita), and P231 (GO 2028; P.I. Feige Wang). At star formation
rates in excess of > 5 My/yr, these galaxies are either strongly dust-
extincted (see Section 4.2) or should be visible in JWST imaging. The
existing observations offer a chance to detect the [C IT] line emitters at
near-infrared wavelengths using NIRCam. Moreover, MIRI imaging
is available for the field containing the quasar J13424-0928. In
this comparison, we use the product level 3 calibrated data from
the Mikulski Archive for Space Telscopes®, and correct for small
astrometric offsets (< 0.5 arcsec) between ALMA and James Webb
using the central quasar source, which agrees with the typical
ALMA and James Webb astrometric uncertainties (ALMA Technical
Handbook; see also Killi et al. 2024 for a more thorough discussion
on the astrometric uncertainties in ALMA).

Figs 7 and 8 show the NIRCam and MIRI imaging centered on the
companion galaxies. A bright source is seen close to the central posi-
tion (< 0.5 arcsec) for two of the fields (JO100+28C1; f = 0.91 &
AVgso = 110 kms™!, and P23120C2; f = 1.0 & AVgso = 19000
kms™1), and for a source is seen at < 1 arcsec for J1342-+0928C1

Shttps://mast.stsci.edu/
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Figure 7. JWST imaging for J1342+0928C]1 across the publicly-available NIRCam (FO90W, F115W, F250M, F360M, F420M) and MIRI (F560W) imaging
show a bright object close (< 0.5 arcsec) to the central ALMA location. The post stamps are 570 x 5”0.
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Figure 8. JWST imaging for JO100+28, P036+03C1, and P23120C2 across
the publicly-available NIRCam (F200W, F356W, and F115W for the latter
two sources) imaging show a bright object close (~ 0.7 and ~ 0.5 arcsec,
respectively) to the central ALMA location for two of the sources. The post
stamps are 570 x 570. No object is visible for P036+03C1.

(f =1.0 & AVgso = 240km s~1), with a different object seen in
MIRI, although this object lies close to the noise limits of the
image. No obvious emitter is seen close to P036+03C1 (f = 1.0&
AVgso = 3200km s™!). Importantly, the optical counterparts seen
in the JWST/NIRCam imaging do not appear to evolve strongly
with increasing wavelength beyond the larger PSFs (Bowler et al.
2023). Consequently, the JWST imaging provide little evidence for
rest-frame optical and near-infrared counterparts.

Additional observations with the HST and the infrared Spitzer
telescope exist for the J1342+4-0928 field, as reported in Rojas-
Ruiz et al. (2024). They analyse the HST-imaging from the Ad-
vanced Camera for Surveys (ACS)/F814W, Wide Field Camera
3/F105W/F125W bands, and Spitzer/Infrared Array Camera at 3.6
and 4.5 pm. Although this imaging shows the emission seen in JWST
imaging, they conclude there is no association between this emission
and the line emitting galaxy J1342+0928C1 since the offset of the
emission is ~ 0.7 arcsec. This offset could possibly be due to strong
dust-obscuration with the caveat that no morphological change is
seen with increasing wavelengths (e.g. Wang et al. 2019; Bowler et al.
2023). Similarly, since this source is detected in NIRCam/FO90W and
ACS/F814W implies that the nearby object is likely a low-redshift
interloper, particularly since the bright quasar J1342+0928 is com-
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pletely extincted at these wavelengths due to the absorption by neutral
gas at z > 7. As mentioned, since some emission is seen in the MIRI
image offset from the NIRCam emission, it could be that the compan-
ion galaxy is unrelated to this foreground object with zpyprcac < 6.4,1n
line with previous studies and our analysis of the equivalent width of
the ALMA-detected line (Section 4.3.3). Similarly, the non-detection
of rest-frame optical emission at P036+03C1 is surprising, and
could point to excessive dust obscuration or a systematic issue with
the method for identifying line emitters. Consequently, subsequent
analysis carefully accounts for the potential of false positives across
the sample in order to ensure that the conclusions about a varying
line luminosity ratio Lo/ Licu are robust.

Beyond photometric analysis through broad- and medium band
imaging, the J0100+4-28 system has been studied spectroscopically
as part of the EIGER (Emission-line galaxies and Intergalactic Gas in
the Epoch of Reionization) Wide Field Slitless Spectroscopy study
reported in (Kashino et al. 2023). This study did not reveal any
z = 5.3-7 counterpart from the [O IJA5008 line, with an average
unobscured star-formation rate down to ~ 5Mg, yr~! based on a stack
(Matthee et al. 2023), although there is a preference towards low
dust attenuation E(B — V) ~ 0.14. Note however that, the selection
of this sample is by the [O 111]JA5008 line emission line, which is not a
robust tracer of star-formation rate and particularly dust-obscuration
of the H1I regions can impact the source selection. The spectroscopic
redshift of J0100+2802C1 zcyr = 6.324, and with an estimated SFR
of 75.8 Mg yr~!, the dust obscuration fraction needs to be at least
~ 94 per cent.

In an effort to estimate the effect of dust-obscuration in these
sources, we use equation 11 from Ferrara et al. (2023). As demon-
strated in Section 4.2, the typical dust mass of these objects is
~ 10% My. The predicted UV dust attenuation at 1500 A depends
modestly on the dust extinction cross-section, intermediately on the
dust morphology, and strongly on the source size. For our sources,
the resulting optical depth scales roughly as Tjse0 & (0.5...2)/r2.
For dusty galaxies, typical sizes are =~ 0.1-0.5 kpc (Ferrara et al.
2023), and could cause the UV to be predominantly absorbed with
obscuration fractions above 95 percent. As a consequence, these
galaxies could be strongly dust-obscured (Wang et al. 2019, e.g.),
even within the JWST wavelengths (rest-frame 1500 to 5000 A),
and/or have strong dust gradients (Bowler et al. 2023).

4.3.2 Fidelity of companion selection

Our targets were identified using the FINDCLUMP algorithm (Decarli
et al. 2014; Walter et al. 2016; Gonzdlez-Lépez et al. 2019),
which uses a combination of spectral convolution together with a
SEXTRACTOR back-end to identify sources. By applying the method
on both the positive and negative data cubes (i.e. the RA, Dec. and
frequency flux density tables), it is possible to calculate the false
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positive fraction of identifications, called the fidelity,

f —1— nnegative, (1)
N positive

where npegaive and npogive are the number of negative and positive

emission features found at a given signal-to-noise ratio. In this fidelity

analysis, all negative features are taken to be spurious, and hence

reflect the noise properties of the ALMA data cubes.

Every source in this study has a fidelity of at least f > 0.91 (see
Table 1; Venemans et al. 2020). The probability of no false-positive
sources with these fidelities is equal to IT,—;_;3f = 72 percent.
The probability of a single false-positive is equal to 25 per cent,
leaving three percent probability of more than one false-positive
in the sample. The non-detection of rest-frame optical emission
at P0364-03C1 is surprising, and could point to some systematic
issue with the method for identifying line emitters (Gonzalez-Lépez
et al. 2019; Venemans et al. 2020). However, based on the fidelity
estimates, it is likely that no false-positive line signals exist within
this sample.

4.3.3 Non-[C 1] line interlopers

The creation of this sample further assumes that the emission lines
seen in the quasar fields correspond to the [C11] line. As (one of)
the most dominant cooling lines of the interstellar medium, [C1I]
158 um is likely to be bright and detectable even for low-mass, z > 5
galaxies. That said, lower-redshift line emission such as carbon-
monoxide (CO) and atomic carbon ([C1]) could also be responsible
for the observed emission, as seen in for example blind surveys such
as ASPECS (Decarli et al. 2020). Although other spectral lines (e.g.
[O 111]) could cause the confusion, these would require unreasonably-
high redshifts (zomss > 11) to be considered likely contaminants.
In an effort to characterize the star-forming gas content across the
Universe, deep pencil-beam observations with ALMA (Decarli et al.
2016) and the VLA (Riechers et al. 2019, 2020) have worked to
characterize the CO and [C1] luminosity function (LF). We can now
use these studies to estimate the chance of CO interlopers within the
quasar fields. The ASPECS survey (Decarli et al. 2020) in particular
is useful, as it uses Band 6 (and 3) to look for line emitting galaxies,
which is similar to the selection band for most of the sources in our
sample. The expected number of CO and [C1] line emitters in our
observations is equal to the sum of the expected number of sources
above 5.50 based on the Decarli et al. (2020) LFs for all possible CO
and [C 1] emission lines. The luminosity functions of the spectral lines
are converted to absolute numbers using the comoving cosmological
volume probed by the observations that targeted the [C11] of the
initial quasar, carefully accounting for the sensitivity across the field-
of-view and the associated redshift coverage for each spectral line.
The companion sources are found in [C1I] observations that are
typically centred on the quasar. The flux sensitivity of interferometric
observations decrease as they move away further from the centre of
the field, resulting in annuli with similar flux density sensitivity
depths extending to a so-called primary-beam sensitivity of 0.2,
roughly 17 arcsec away from the central source. For each field, we
split up the field-of-view into annuli that fall off using a Gaussian
distribution. Using the 5.5¢ selection depth of companion galaxies,
we are able to estimate the sensitivity limit for each potential CO
and [C1] emission line. Since each different potential emission line
results in a different redshift of the companion source, we adjust
the cosmological comoving volume that each annulus probes. We
assume each observation that targets a quasar source covered a total
of ~ £8 GHz of bandwidth centered around the observed frequency.

[Oui] at z =6-7.6 2281

In total, Venemans et al. (2020) identify 19 companion sources
in the 10 quasar fields that are studied in this work. Out of these
19, we expect 4.2 to be CO or [C1] emitters based on the ASPECS
luminosity functions. In our study, we only target a subset of 13 out of
these 19 companion galaxies with redshifts that facilitate observing
[Om] from the ground. As such, we find that our sample of 13
galaxies may contain 2.8 CO or [C1] emitters. We check that the
effect of the specific CO spectral line flux density ratios does not
strongly affect the results, whether we use ordinary galaxies from
blind fields (Boogaard et al. 2020) or dusty star-forming galaxies
(Hagimoto et al. 2023), although ratios that peak at lower-J — such
as the Milky Way (Fixsen, Bennett & Mather 1999) — can reduce the
total number of interlopers. Furthermore, we compare these results
to the phenomenological CO luminosity model from Bisigello et al.
(2022), which provides similar results as the main approach using
the CO LFs from Decarli et al. (2020). The observed estimates of
the CO LFs rely on a single field, which could affect the number of
predicted interlopers (i.e. an overdensity of CO line emitters in the
HUDF field), although the ASPECS study (Decarli et al. 2020) finds
that the effect of cosmic varience should be modest.

The analytical calculation shows that the central region has a
higher probability of finding CO emitters, while at larger sepa-
rations the area increases rapidly but the sensitivity drops faster.
The observations that identified these companion sources are thus
sensitive to CO line luminosities on the order of log L’ from 108
to 10! Kkm s—1 pc~2, before or on the predicted knee (L.) in the
LF (Decarli et al. 2020), where its evolution with line luminosity
is relatively mild. The shallow slope means that Eddington bias
(Eddington 1913; Serjeant & Bakx 2023) is likely not an important
effect in the study of CO interlopers as apparent quasar companion
galaxies, although this may become an issue for larger-area studies
such as ASPIRE.

In an effort to test which sources are at risk of being interlopers,
Fig. 9 compares the equivalent width of the line detection of each
source to the redshift difference between the companion galaxy
and the central quasar.® The [C11] line is typically responsible for
a substantial fraction of the overall far-IR luminosity (Gullberg et al.
2015), and we indicate the sensitive region between the typical range
of Licm/Lir = 0.05-0.2 percent. For the underlying continuum
shape we assume a modified blackbody (MBB) at a temperature of
Tast = 45 K, although we note that the expected equivalent widths
reduce when a colder dust temperature is adopted (Section 4.2).
We compare to the line-to-continuum ratios expected for CO lines,
based on the scaling relations derived from a stack by Hagimoto et al.
(2023) based on dusty star-forming galaxies. As shown in Hagimoto
et al. (2023), these equivalent widths are in line with blind sources
and models (e.g. Boogaard et al. 2020; Bisigello et al. 2022), seen
by line luminosity relations that are (near-)linear for over four orders
of magnitude. For consistency, in the scenario where the lines are
due to CO-emitting galaxies at lower redshift, we adopt a typical
underlying SED of Ty, = 35 K, consistent with the sources studied
by Hagimoto et al. (2023) (see also Bendo et al. 2023).

The two continuum-detected sources lie firmly above the expected
region for CO lines, and are consistent with being [C1I] emission.
For the remaining 11 galaxies, the lower limits also hint at a
relatively large line-to-continuum ratio indicative of [C1I] emission.
Indeed, the stacked line-to-continuum ratio is consistent with a

6As ALMA develops towards 2030 with the Wideband Sensitivity Upgrade
(Carpenter et al. 2022), the diagnostic capabilities of the equivalent width
(Fig. 9) will improve as more sources will be detected in continuum.
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Figure 9. The equivalent width of the [C 11] line is shown against the redshift
difference between the quasar and the companion galaxy. Since the [CII]
line is more luminous than the other contaminant lines (typically CO and
[C1]), the expected equivalent width of [CII] emitters (red fill; assuming
Licm/Lir = 0.05-0.2 fper cent) is expected to be higher than those for the
CO and [C1] emission lines (blue fill; Hagimoto et al. 2023). We show the
equivalent widths of the sources observed in this paper (black), sources where
we could not target the [O I1I] emission (grey; Venemans et al. 2020) where
the sources with a grey fill indicate sources in fields that were targeted in this
study, and the sources with a white fill indicate sources that were in fields that
were not targeted. Three known companion sources are also shown in red
(Walter et al. 2018; Fudamoto et al. 2021). The stacked equivalent width of
the sample (hatched region) suggests the majority of sources in this sample
are true [C11] emitters.

typical Licyy/Lir & 0.1 percent, indicative of a low contamination
of line interlopers. Three companion sources with confirmed [C1I]
emission (Walter et al. 2018; Fudamoto et al. 2021) provide a relative
comparison, all lying above the CO equivalent widths, although the
source from Walter et al. (2018) indicates a relatively low equivalent
width (EW ~ 1300 km s~"). There appears to be a gentle preference
towards a higher line-to-continuum ratio for sources with redshifts
closer to the central source, while line-emitting galaxies in the other
side-band tend to have lower effective equivalent widths (placed at
+ ~ 8 GHz or £10* kms™1).

All sources discussed in this paper that lie in the CO equivalent
width region are only based on 3o upper limits, and thus do
not provide conclusive evidence for interlopers. These sources are
characterized by low signal-to-noise ratios and small line velocity
widths, as the equivalent width scales with & SNR x +/AV. The
J1342+0928C1 source is detected at ~ 240km s~ offset from the
quasar, with an equivalent width of at least > 1000 kms~', placing
it above the region typically expected for CO emission. Since a
nearby foreground emitter (z; s < 6) was seen at these wavelengths,
this emission is likely unrelated to the ALMA line emission, in
agreement with previous studies (Rojas-Ruiz et al. 2024). The two
sources with low limits on their equivalent width above Az > 0.1 are
P183+405C2 and P23120C2, and could pose a risk for interlopers.
The three other sources with equivalent line limits in the CO regime
are J2318_3113C2, J2318_3113C1 and P036+4-03C1, from lowest to
highest equivalent width estimates. In order to estimate the effect of
these two to five potential interlopers, we re-run the stacking studies
on a sample excluding these two or five potential interlopers. The
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30 upper limit of the Lgu;/Licy ratio does not appear to change
between these three different tests. Although it is not possible to
exclude interlopers with our current data, they do not significantly
affect our estimate of Ljomj/Lcu or the average dust temperature
in our stack.

4.4 Biases in a [C11]-selected quasar companion sample

The selection of galaxies from fields close to quasars by their line
emission could affect the results of this study. Since the sources
are selected from lines expected to be [C11], Eddington bias would
imply we probe sources that happen to be bright in [C11], either
through noise fluctuations or through their galaxy properties. The
effect of noise fluctuations is linked to the slope of the [C1I] LE.
Observationally, the estimates for [C11] LFs in the z > 5 Universe
are limited to targeted surveys (Capak et al. 2015; Yamaguchi et al.
2017; Yan et al. 2020; Loiacono et al. 2021) or low number statistics
from blind surveys (Decarli et al. 2020; Fujimoto et al. 2023a).
Simulations by Lagache et al. (2018) and Bisigello et al. (2022)
predict a shallow evolution in the Lcyy =~ 10° Ly regime, which
diminishes the effect of Eddington bias (cf. Popping et al. 2016).

As seen in Fig. 9, 80 per cent of sources lie in the same sideband
as the quasar (i.e. either the lower- or upper sideband, and thus
within four GHz or roughly 5000 km s~ from the [C1] emission
of the quasar), which is likely due to the ability of quasars to
trace overdense regions (Overzier 2016), even out to high redshifts
(Chiang, Overzier & Gebhardt 2013; Chiang et al. 2017).” The
majority of sources reside at most Az = 0.03 from the central
quasar, equivalent to roughly 1000kms~! at z = 6. This is in line
with the expected velocity distribution of members galaxies of a
cluster environment under construction (Kurk et al. 2004; Koyama
et al. 2013, 2021). Cosmic overdensities left over from the Big
Bang collapsed to form the centres of future clusters, and evolution
of galaxies in these overdense regions is accelerated in the z > 2
Universe (Shimakawa et al. 2018; Smail 2024). As a consequence,
simulations predict an excess of bright sources in the vicinity of
quasars (Chiang et al. 2013; Chiang et al. 2017), and this has
also been seen in observations (e.g. Arrigoni Battaia et al. 2023;
Bakx et al. 2024). The early onset of cosmic star-formation in these
regions likely results in a more chemically-enriched environment
(Shimakawa et al. 2015; Biffi et al. 2018). As a consequence,
these metal-enhanced regions could be an important reason for the
large dust masses and low Liou/Licy line luminosity ratio found
in this study. Although, since 30 percent of all star-formation is
predicted to occur in overdense regions (Chiang et al. 2017) at z = 6,
untargeted observations are also affected by the additional boost in
star-formation due to these proto-cluster environments.

Beyond the immediate effect of earlier star-formation in overdense
regions, the quasars themselves can affect the galaxies in their
surroundings through outflows (Zana et al. 2023). The star-formation
in more massive galaxies appears boosted, although the effect di-
minishes towards longer distances. A numerical test by Ferrara et al.
(2023) predicts a higher star-formation efficiency (~ 25 per cent).
A comparison to targeted studies such as ALPINE (Le Fevre et al.
2020) suggests an increase in star-formation by three-fold, although
the effect of interlopers could affect this interpretation.

TThese [C11] observations were executed in Band 6, where the atmospheric
transmission is relatively flat, which means there is no or little variation in
the noise in the upper- and lower-side bands.
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5 THE Liou/Licny RATIO OF HIGH-REDSHIFT
GALAXIES

Our observations provide deep estimates of the Lo/ Lcn line lu-
minosity ratio (Section 4.1) of a robust (Section 4.3.2) star-formation
rate selected sample with reservoirs of cold dust (Section 4.2) in
the distant Universe. Although there is the potential for CO-line
interlopers (Section 4.3.3), and the evolution in fields surrounding
quasars could be accelerated resulting in more metal-rich galaxies
(Section 4.4), this large sample offers the opportunity to investigate
the wealth of explanations for the high Liou;/Licm line ratio at
z > 6. It is good to acknowledge that the cause of the elevated line
ratio could be through a combination of multiple factors, particularly
since individual explanations are often inter-linked through the
physics of galaxy evolution.

The selection of objects in the z > 6 Universe has relied heavily
on bright UV-luminous systems identified by Hubble. These systems
are often characterized by recent bursts of star-formation (Hashimoto
et al. 2018; Tamura et al. 2019), which could bias observations
towards young systems with a low PDR covering fraction similar to
local dwarf galaxies (Madden et al. 2013; Madden & Cormier 2018;
Cormier et al. 2019). The resulting ISM conditions could therefore
only be representative of a bursty phase of dust-free UV-luminous
star-formation (Sun et al. 2023) with low gas-depletion timescales
(Vallini et al. 2024), as Hubble and JWST observations tend to select
sources with high surface star-formation rates (Whitney et al. 2020).

Our sample of thirteen z > 6 galaxies selected through their [C 11]
emission provides a complementary perspective, with twelve upper
limits and a single detection in [O 111] implying a break with the high-
z [O11] luminous perspective. These systems may represent a more
metal-enriched, and less bursty population of galaxies found in the
epoch of reionization, when compared to other z > 6 galaxies with
similar star-formation rates, potentially due to their selection close
to nearby quasars. As a result, they might have less strong radiation
fields and/or a lower gas density (e.g. Vallini et al. 2024). Similar to
previous studies (Harikane et al. 2020; Katz et al. 2022), we find it
unlikely that inclination effects® or extended [C11] can explain the
enhanced emission seen for distant galaxies, since in those scenarios
we would expect roughly half of our sample to be detected with bright
[O111]. Instead, only a single source is seen with high-enough [O 111]
emission to be detected, while none of the other sources show signs
of enhanced Lo/ Lcy emission. Similarly, the fact that no [O111]
was reported for the [Cii]-identified sources makes the extended
emission less likely as an explanation.

These z > 6 sources are detected by [C11], and thus already have
evidence of Carbon-rich environments caused by nucleosynthesis
in the last billion years. The rapid build-up of metals in the early
Universe is thus likely not restricted to just Oxygen-producing
supernovae for these sources (Witstok et al. 2023b). We do not have
a guarantee that these sources are a complete sample of galaxies
within the quasar environment (Zana et al. 2023), and we might thus
be prone to select the more star-forming and chemically enriched
systems (Zana et al. 2022). The atomic abundance of Carbon and
Oxygen atoms might still run out of step for a portion of the distant
galaxies compared to the local Universe (Maiolino & Mannucci
2019). However, if this were the dominant effect, the identification
of galaxies by their star-formation through [C1I] emission would

8Galaxy inclination can cause differences in line velocities between the [C11]
and [O111], where [O 111] would be typically emitted by more compact regions
with smaller velocity widths, and thus would be detected at a higher signal-
to-noise ratio (Kohandel et al. 2019).
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likely also result in an enhanced Lo/ L(c ) line ratio. This was not
observed in this experiment. Meanwhile, the low-dust temperature
of the stacked spectrum indicates large volumes of dust in the early
Universe. Dust reservoirs are known to be efficient at removing
Carbon atoms from the gas-phase metals (Konstantopoulou et al.
2022; Witstok et al. 2023a), although this does not exclude Oxygen
removal (Savage & Sembach 1996). For these z > 6 galaxies, no
such effect was observed. We can thus not exclude the metallicity as
a cause for a high Lo/ Lcu ratio for UV-selected sources.

Although these sources do not have excessive [OTII] emission,
the nature of these [C1I] emitting galaxies remains still unknown.
Future JWST observations of their rest-UV and optical properties
would provide accurate stellar masses (i.e. including potential older
populations) of these sources to enable a study of their star-burstiness
across the entire sample, and particularly at the longer wavelengths
(Vallini et al. 2021, 2024). Similarly, rest-frame optical spectroscopic
observations can provide estimates of their metal enrichment and
star-formation history in order to place these sources on a projected
evolutionary pathway. However, as a proxy for metallicity, we can
investigate their Liouj/Licy ratios in the context of their dust
masses, given that dust consists fully of metals.

We show the Liowm;/Licy ratio of the quasar companion sample
as a function of dust mass (left) and dust mass divided by IR (or
UV + IR, where available) star formation rate (right) in Fig. 10.
Compared to the typical UV-selected population, our two [CII]-
selected galaxies with robust constraints on their IR SEDs and the
full-sample stack — taken to have a dust temperature in the range
Taust = 25 — 30K — cover a nearly totally different region of the
parameter space: the [C 11]-selected sample, besides showing lower
Liow/Licu ratios, is dustier and shows lower dust-to-SFR values.
This is likely indicative of the metal-enrichment of these emission-
line selected galaxies, as low-metallicity systems may be fainter in
[C] relative to their SFRs (Vallini et al. 2015, 2020; Arata et al.
2020). One potential consequence of a larger metal-content could
be the rapid build-up of dust reservoirs through grain growth in the
interstellar medium, which may constitute a significant fraction of
total dust production (e.g. Asano et al. 2013; Di Cesare et al. 2023;
Algera et al. in preparation), although accurate stellar masses are
necessary to place the measured dust masses into further context.

Moreover, a high My, /SFR may represent a galaxy evolutionary
phase beyond a likely UV-luminous early starburst. Such a burst will
usher in rapid dust build-up, increasing Mgy, while a subsequent
drop in SFR after the burst will be followed by a similar drop
in Licy), and hence a further increase in Mg,q/SFR. As such, a
high dust-to-SFR ratio could be used as an approximate means to
pinpoint relatively evolved galaxy systems when only submillimeter
observations are available. Moving beyond these estimates, direct
metallicity measurements can be an important probe for character-
izing their evolutionary phase. However, investigating the origins of
this evolutionary phase would require high-resolution spectroscopic
observations at rest-frame UV/optical and far-infrared wavelengths.
These observations would be able to differentiate whether these
galaxies are further evolved because they lie in cosmic overdensities,
because of feedback from an AGN, or because they represent a
population as of yet unprobed by existing blank-field studies in the
infrared.

In summary, a UV-based selection of high-redshift galaxies is
expected to lead the selection of young, bursty systems, characterized
by a high Lo /Lcy;. Once the metaphorical dust has settled, and
early metal-enrichment has taken place, these galaxies will move
out of their UV-luminous starburst phase, and may no longer be
selected in great numbers in UV-based surveys. Galaxies such as
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Figure 10. The [O11] to [C 1] ratio as a function of dust mass (left) and dust mass divided by IR (or IR + UV where available) star formation rate (right).
The two [C 11]-selected sources with robust constraints on their dust SED are shown as red hexagons, while the stack is shown via the yellow diamond. Several
UV-selected literature sources with good constraints on their IR SEDs are shown (Harikane et al. 2020; Witstok et al. 2022; Algera et al. 2024, and references
therein), as are the SMGs from Walter et al. (2018), Marrone et al. (2018) and Zavala et al. (2018); Tadaki et al. (2022). Galaxies with large dust masses, or
larger dust mass-to-SFRs, appear to show a lower Ljo)/L{cu). This could be driven by metallicity effects, whereby more metal-enriched galaxies are dustier,

and show stronger [C II] emission relative to the [O 111] line.

those picked up by studies such as REBELS, which are UV-luminous
but simultaneously host large dust reservoirs (Sommovigo etal. 2022;
Inami et al. 2022; Algera et al. 2024; see also Harikane et al. 2020;
Mitsuhashi et al. 2023), may therefore fall into a transitionary phase
between this early UV-bright bursty phase, and a more SMG-like,
dusty phase. Only through dedicated IR-based selections, can this
key evolutionary phase be mapped and understood in detail.

6 CONCLUSIONS

‘We report deep [O 111] observations of thirteen SFR-selected galaxies
with ALMA, in an effort to understand the elevated Liomj/Lcm
ratios seen in the z > 6 Universe. These galaxies were serendip-
itously detected as [C I]-emitting quasar companion galaxies by
Venemans et al. (2020), and span [C11]-based star formation rates
from 10-160 Mg, yr~'. Our main conclusions are as follows:

(1) We detect only a single of the companion galaxies in [O111]
emission, finding Ljowm/Licm= 2.3 £0.6. The remaining twelve
galaxies are not detected at a typical 30 depth of Liom/Licm<
1.2, and through a deep stack we place a stringent upper limit of
Liom)/Licum< 0.8 on their average line ratio. This is consistent with
the Liom/Licm of galaxies in the local Universe, and an order of
magnitude lower than the typical line ratios of UV-selected galaxies
atz > 6.

(ii) Through detailed modelling, we assess that, at most, three
galaxies among our sample are low-redshift CO- or [CI] emitters
that were misclassified as a [C1I]-emitting source. Similarly, we
find no obvious rest-frame optical counterpart for the four sources
with available JWST imaging, which could be due to strong dust
obscuration or issues with the sample selection. However, removing
the most likely two to five interlopers (based on their low equivalent
width and/or high redshift) from our study does not change the
conclusions of this study, which provides confidence in the overall
claims of this paper.

(iii) For the two galaxies in our sample with robust continuum
detections at rest-frame 160 um — one of which is also detected
at rest-frame 90 um — we find typical dust temperatures of Tg,s =
30-50 K and dust masses of Mgy ~ 108 M ; massive relative to
UV-selected studies at similar redshifts (Sommovigo et al. 2022;
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Ferrara et al. 2023) but with lower masses than sub-mm selected
sources (da Cunha et al. 2015; Walter et al. 2018). We do not detect
rest-frame 90 wm continuum emission even in a deep stack of the full
[C1]-selected sample, implying a low average dust temperature of
Thut < 25 — 30 K and a similarly high dust mass of My, ~ 10% M.
(iv) The low Lo/ Licwm line ratio indicates that prior findings of
enhanced [O 111] emission were likely due to the UV-bright selection
of bright blue Lyman-break galaxies. This UV selection resulted
in observational biases towards high surface star-formation rates or
young stellar populations, with associated bright [O 111] emission. As
a consequence, future studies should also include sources selected
through other means than UV- or sub-mm continuum fluxes.

This study has characterized thirteen quasar companion sources
identified through their [C11] emission. Studies, including with the
JWST, should focus on a better characterization of the properties of
these galaxies. Additional information on the nature of these sources
are still needed, as there are currently no estimates to the stellar
emission, any source-to-source variation in the dust attenuation,
nor how representative these systems are compared to typical (i.e.
L,) galaxies in the z > 6 Universe. Direct observations of the
circumgalactic medium of these sources could further assess the
extent of potential interactions with the nearby quasars, and is
particularly important given the advent of the new ASPIRE ALMA
Large Program, which has the study of companion galaxies as a
particular science goal.
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APPENDIX A: DUST CONTINUUM EMISSION
AT 88 AND 158 MICRON

InFig. A1, we show 4 arcsec x 4 arcsec cutouts of the [C II] moment-
0 maps, and overplot contours of rest-frame 90 and 160 pm contin-
uum emission. Two of our targets — JO842C1 and J1306C1 — are
robustly continuum-detected at 160 pm, with the former also being
detected at 90 pm.
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Figure Al. 4arcsec x 4 arcsec cutouts of the [C11] moment-0 maps of our 13 targets. The [C1I] emission is further indicated through white contours, with
rest-frame 160 and 90 um continua overlaid via orange and cyan contours, respectively. All contours are £3, 4, 5, 60, and negative contours are dashed. The
colorscale runs from —1.50 to +4.50. Only one of our targets, JO842Cl, is detected at rest-frame 90 pm.

APPENDIX B: MODIFIED BLACKBODY FIT TO Stack
THE STACKED DUST SED —ogtdl
Taust=2977'K

We here perform a formal MBB fit to the stacked continua in Fig. B1. 10°- B=1.5
Due to the relatively large uncertainty on the 160 pm aperture flux
density, our fit does not provide accurate constraints on the average
dust temperature (and therefore average dust mass) of the [C11]-
selected companion sample, resulting in a massive spread ranging
roughly from the CMB temperature to ~ 80 K. The inferred dust
mass, assuming B = 2, is found to be log,,(Myus/M.) = 7.7tg;§, T
and is thus similarly unconstrained. Deeper continuum observations

1014 \{

S, [mly]

at rest-frame 160 «m are needed to tighten these constraints. ; A 28fg3 K
10() A ﬁ =20
>
=
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%)
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10 103
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Figure B1. MBB fit to the stacked 90 and 160 pm continua. Due to the large
uncertainty on the Band 6 flux density, the dust SED cannot accurately be
constrained. However, the non-detection at rest-frame 90 .m suggests a cold
average dust temperature, as discussed in the main text.
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Figure C1. Top: The SFR-weighted, stacked spectrum of [O 111] (blue) and
[C1] (red) normalized to a full-width at half-maximum per source prior to
stacking. Bottom: 2D image stacks of the [C11] (left) and [O 111] moment-0
maps using the same SFR-weighting. In contrast to our fiducial analysis, this
weighting results in the bright [O 111]-detected source (JO842C1) dominating
the stacked spectrum. As a result, a ~ 6 [O111] signal is detected in the 1D
and 2D stacks. However, upon excluding the single [O 111]-detected source,
this signal disappears completely.

APPENDIX C: STACKING BASED ON SFR
WEIGHTING

There is an argument towards stacking the [O 111] and [C 1I] emission
normalized to the star-formation rate of each of the galaxies. How-
ever, this places the strongest weights on the brightest sources, and
one of these sources has been detected in [O 111] directly (JO842C1).
As the main novelty of this work consists of the deep [O 1] and
90 wm continuum observations of faint [C I1]-emitters, we choose
not to adopt an SFR-weighting in our fiducial stacks. Nevertheless,
in the following we discuss the results of such an SFR-weighted
stack.

In order to account for the fact that our galaxies span a range
of [C11]-based star formation rates, we normalize each source to a
value of SFR = 50 Mg, yr~! prior to stacking, similar to the mean
SFR across our sample. Given that the fiducial [C11]-SFR relation
from Schaerer et al. (2020) has a slope of unity, this comes down to a
simple linear scaling in [C 11] line luminosity. We show the 2D [C11]
and [O111] stacks as well as the 1D spectra in Fig. C1, which shows
a modest detection in the stacked [O 111]. This detection disappears
completely when we remove the detected source from the sample,
and as a result, we use the variance-weighted result in the main part
of our paper.
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