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ABSTRACT

We report the discovery of strongly absorbed [O1] 63 um in a sample of 12 dusty star-forming galaxies (DSFGs) at 4.2 < z < 5.8.
This is the first systematic survey of the [OI] 63 um fine-structure line at z > 4, targeting a sub-sample of gravitationally lensed
DSFGs selected from the South Pole Telescope survey. Using ALMA Bands 9 and 10, we obtained spatially and spectrally resolved
observations that probe the interstellar medium on sub-kiloparsec scales. Despite reaching sensitivities one to two orders of magnitude
deeper than most previous studies, we detect [OI] 63 um in emission in only two sources at low significance, with the remaining
galaxies yielding stringent non-detections over the full velocity range covered by robust detections of other far-infrared lines, including
[C] 158 wm and [N11] 205 um. We identify several compact (0.05-0.2") regions with [OI] 63 um absorption against the far-infrared
dust continuum, some of which are possibly reaching below rest-frame cosmic-microwave-background (CMB) radiation level. This
suggests the presence of low-excitation-temperature (Tex < Tcmp(2)), low-density gas along those lines of sight. We also detect narrow,
spatially localised [O1] 63 um emission ’escape channels’ preferentially detected in regions with weak or absent dust continuum
emission. We also predict that similar absorption effects may appear in the [CII] 158 um line, particularly when concentrating on
the regions with the densest foreground material along the line of sight. The [O1] 63 um line appears to be strongly affected by the
influence of extended star forming regions, with a mix of compact, high-optical-depth [O1] 63 wm -emitting regions and sub-thermally
excited, oxygen-rich molecular clouds dispersed throughout high-redshift starbursts that are capable of absorbing the ground-state
line emission. Combined with a comparison to cosmological radiation hydrodynamical simulations, this supports the interpretation
that regions with higher gas and dust column densities may lead to weakening an intrinsically strong [OI] 63 um line emission. We
argue that the high [O1] 63 um optical depth is the dominant effect causing the strong absorption, limiting the diagnostic power of this
line to trace regions of massive star formation in high-redshift DSFGs.
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1. Introduction

Far-infrared (FIR) fine-structure lines (FSLs) are among the
major coolants of the interstellar medium (ISM), typically emit-
ting at a few percent of the total infrared luminosity in galax-
ies (e.g. Crawford et al. 1985; Stacey et al. 1991; Fischer et al.
1999; Madden et al. 2013; Cormier et al. 2015; Wolfire et al.
2022). These lines are also excellent tracers of the physical
conditions in the various phases of the ISM (Abel et al. 2005;
Nagao etal. 2011; Decarli & Diaz-Santos 2025; Peng et al.
2025c). The [C11] 158 wm line is one of the primary coolants and
is not significantly affected by dust attenuation due to its rel-
atively long wavelength. For almost four decades, it has been
a workhorse for near and far extragalactic studies and used
as a tracer of star formation activity (e.g. Brauher et al. 2008;
Stacey et al. 2010; De Looze et al. 2014; Capak et al. 2015).
Due to its low-excitation potential (91 K above ground), the

* Corresponding author: cdebreuc@eso.org

[CH] line has also routinely been used to trace extended gas
in galaxy haloes (e.g. Herrera-Camus et al. 2021; Lambert et al.
2023) and to the cold gas reservoir of galaxies (Zanella et al.
2018; Madden et al. 2020). Other FSLs such as [OIII] 88 um
and 52 um and [NI11] 205 pm and 122 pm trace the HII regions,
while [CII] originates from both the neutral- and ionised-gas
phases, given that the ionisation potential of carbon (11.26 eV)
is lower than that of hydrogen (13.6 eV). On the other hand,
the [O1] emission is thought to primarily originate from dense
photo-dissociation regions (PDR; Tielens & Hollenbach 1985;
Malhotra et al. 2001), which are frequently used in the local Uni-
verse to constrain the radiation field intensity (Gy) in combina-
tion with the [CII] line and total infrared (TIR) dust continuum
emission.

The [OI1] 63 um and 145 um lines probe the ISM in the high-
density regime due to the high critical densities for collisions
with H atoms of 4.7 or 7.8 x 10° cm™3 for the [O1] 63 um line and
0.95 or 2.0 x 103 cm for the [O1] 145 um line, reporting the val-
ues by Fernandez-Ontiveros et al. (2016) and Goldsmith (2019),
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respectively. Because the [OI] 63 um line emission is due to the
ground-state transition 3P; — P,) of neutral oxygen with a
high Einstein A coefficient, and the neutral gas is often arranged
in dense clouds that have a high column density, the [O1] 63 um
line is often optically thick (i.e. not all photons are able to escape
from the cloud) and prone to self-absorption effects (due to the
absorption of 63 um photons by material along the line of sight).
The [O1] 145 um line transition 3Py — 3P)) has a de-excitation
coefficient that is ~50x smaller than the 63 um line (Lique et al.
2018), and is hence optically thin in almost all astrophysical
environments (e.g. Goldsmith 2019). As a result, the ratio of
both lines, i.e. [O1] 63 pm/[OI] 145 um, is often affected by the
optical depth due to self-absorption effects; only in cases where
the 63 um line is optically thin can the line ratio be used to deter-
mine the gas density in the high-density regime. Galaxy zoom-
in simulations also predict the [O1] 63 um and 145 um lines to
play an increasingly important role as cooling lines in the neu-
tral gas and should be readily detectable in high-redshift galaxies
(Pallottini et al. 2022). Being prone to optical depth and self-
absorption effects, it is reasonable to consider that the apparent
[O1] 63 um line emission could be significantly diminished com-
pared to theoretical expectations in some of the most compact
dusty high-z galaxies.

The [O1] 145um line has been routinely detected in
local galaxy samples, ranging from low-metallicity dwarfs
(Cormier etal. 2015) over normal star-forming galaxies
(Herrera-Camus et al. 2018) to starbursts (Farrah et al. 2013)
and Active Galactic Nucleus (AGN)-dominated galaxies
(Spinoglio et al.  2015; Ferndndez-Ontiveros et al.  2016).
In recent years, the [OI] 145um has also been detected in
some high-redshift quasars and starbursts (De Breuck et al.
2019; Yangetal. 2019; Leeetal. 2021; Meyer etal. 2022;
Litke et al. 2023; Fudamoto et al. 2025). The detections of the
[O1] 63 um line have remained limited mostly to z ~ 2 galaxies
detected with Herschel (Coppin et al. 2012; Brisbin et al. 2015;
Wardlow et al. 2017; Zhangetal. 2018; Waggetal. 2020).
Despite having had the capability to observe [OI] 63 um at
Z > 4 since 2012, the first ALMA detections were only recently
reported in J2054-0004 at z = 6.040 (Ishii etal. 2025) and
W2246-0526 at z = 4.601 (Fernandez Aranda et al. 2024). In
the latter source, the [OI] 63 um line luminosity rivals that of
the [CI] line emission; however, an earlier bright [O1] 63 um
detection (Rybak et al. 2020b) was later refuted (Rybak et al.
2023), showing that the undetected [OI] 63 um line was con-
sistent with being at least five times fainter than [CII]. Also
in SPT0346-52 at z = 5.7, the [O1] 63 pum was not detected!
with a luminosity <0.6x that of [CII] 158 um (Litke et al. 2022).
However, we must consider two biases potentially affecting the
current picture in the literature; first, publication bias leads to
non-detections being under-represented in papers, and second,
the [O1] 63 um line can only be observed in the high-frequency
bands 9 or 10 at 4 < z < 6.88, which were perceived to
be more difficult and hence under-utilised compared to the
lower frequency Bands 6, 7, and 8, where the [CII] 158 um
and [OI1] 145 um lines are observable at z > 2.8 and z > 3.1,
respectively. The view of [OI]63 um at high-z is still highly
incomplete, and to date it appears to differ from our knowledge
in the local Universe. Clearly, a complete and statistical sample
of [OI1] 63 um observations at z > 4 is required to determine the
origin of this difference with low-redshift samples.

! At this redshift, the [O1] 63 um falls at frequency with a particularly
low atmospheric transmission, limiting the sensitivity.
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In this paper, we report the results from the first survey
of [O1]63um at z > 4 from gravitationally lensed, dusty
star-forming galaxies (DSFGs) selected from the South Pole
Telescope (SPT; Reuter et al. 2020). This sample is unique in
both the ten-band photometric coverage of the dust spectral
energy distribution (SED) from 3 mm to 70 um, its complete
redshift coverage, and rich ancillary data covering many FSLs
such as [CT1] (Bothwell et al. 2017), [C11] 158 um (Gullberg et al.
2015), and [NI11] 205 pum (Cunningham et al. 2020), as well as
multiple CO transitions (Weil} et al. 2013; Strandet et al. 2016;
Aravena et al. 2016; Reuter et al. 2020). From this sample, we
selected all 20 targets where the [OI] 63 um line falls within the
atmospheric windows accessible to ALMA.

This paper is structured as follows. In Sect. 2, we describe
both the [O1] 63 um and archival observations. Section 3 presents
our results, which are discussed in Sect. 4. Section 5 contains our
conclusions and summary. Throughout this work, we adopted
the following cosmology: Hy = 67.8km s~ Mpc™!, Q,, = 0.308,
and Q, = 0.692 (Planck Collaboration XIII 2016).

2. Observations
2.1. Band 10 and 9 [O1] observations

The observations were conducted between 2024 October
and 2025 April as part of project ID 2024.1.01465.S (PL:
Harrington). We present data using the ALMA Band-10 receiver
(Uzawa et al. 2013) of ten sources at 4 < z < 5 and the Band-9
receiver (Baryshev et al. 2015) of two sources at 5.6 < z < 6.9.
As part of the project, Band-10 data were also taken of two
additional unlensed sources from our sample and are reported
elsewhere (Harrington et al. 2025, Vishwas et al, in prep.); two
DSFGs (SPT0552-42 and SPT0544-40) were missed within the
~13” ALMA primary beam due to the large positional uncer-
tainty of the known SPT coordinates. Four sources in our project
sample were not observed due to scheduling constraints or the
absence of suitable calibrators. The sample of 12 lensed DSFGs
presented here therefore represents an unbiased sub-sample.

Most observations were taken in configurations C43-2 and
C43-3, with maximum baselines up to 500 m, but the April data
were taken in C43-5 with maximum baselines up to 1400 m.
Given that the typical spatial extent of the targets is ~1-2", they
are smaller than the maximum recoverable size (MRS), except
for SPT2146-55, where some emission may have been resolved
out (QMRS ~ 0'.’8).

The Band-9 and -10 ALMA receivers are double-sideband
(DSB) receivers, and thus while configuring the spectral win-
dows with a maximum bandwidth of 1.875GHz in each sig-
nal sideband, the 90 ° Walsh switching correlator mode can be
enabled to recover the corresponding image sideband (enabling
additional spectral coverage on the opposite side of the local
oscillator frequency?). Our defined spectral setup consisted of
four contiguous spectral windows of 1.875 GHz bandwidth each,
defined in the signal sideband using frequency-division mode
(FDM), providing 7.5 GHz bandwidth per sideband and a total
of 15 GHz bandwidth when the signal and image sidebands are
combined for imaging. We chose the tuning of the spectral win-
dows to minimise the impact of telluric absorption features in
both the signal and image bands of the observing setup, as illus-
trated by the blue and grey curves in the top panels of Figs. 1 to
6. Despite the large bandwidth, calibration is often difficult for
high-frequency data, and the band-to-band calibration scheme

2 https://almascience.eso.org/proposing/
proposers-guide
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was employed by the observatory for most observations; see
Sect. 2.2 for further details.

We obtained calibrated measurement sets provided by the
ALMA pipeline, which was found to be reliable the for high-
frequency data, including those using band-to-band calibration
(included since the 2024 pipeline version®). In a few cases,
manual data reduction was provided by the European ALMA
Regional Center due to lower signal-to-noise datasets requir-
ing specific treatment to carefully flag data. Line emission is
expected to span several spectral windows, so we could not
use pipeline imaging products, which are produced on a per-
spectral-window basis. We therefore used the tclean task in
CASA (Bean 2022) with all spectral windows and an auto-multi-
thresh (Kepley et al. 2020) cut-off. We used a range of spectral
bin widths ranging from the native spectral resolution of a few
kms™! to 10, 20, 50, and 110kms~'. In the remainder of this
paper, we use the 20 or 50kms~! data, which was an optimal
compromise between Signal to noise (S/N) and spectral resolu-
tion for narrow lines. To image the spectral line data, we used
the robust=0. 5 parameter, while for the continuum images, we
maximised the S/N using robust=2.

2.2. High-frequency considerations

One of the most important considerations for high-frequency
observations is that the phase rms is sufficiently low (stable
atmosphere) so as to minimise the loss of flux due to decoher-
ence during phase correction, while another is that close enough
and bright enough phase calibrators are used for phase referenc-
ing. All but two sources were observed using the band-to-band
calibration technique that observes a phase calibrator at a lower
frequency than the high-frequency tuning required for the sci-
ence target. This method scales the high signal-to-noise solu-
tions from the phase calibrator to the target source observed in
the high-frequency band during phase transfer, while also using
a differential gain calibrator to align the band-to-band offset (e.g.
Asaki et al. 2020b,a, 2023; Maud et al. 2020, 2022, 2023a). The
technique allows phase transfer using nearby phase calibrators
for observations that would have calibrators that are too distant
or too faint for in-band calibration.

Table 1 lists the conditions and parameters of the observa-
tions. As can be calculated by inputting the phase rms into
Eq. (1) of Maud et al. (2022), under the assumption of point-
source detection, the visibility coherence can be used to esti-
mate the final image coherence. The phase rms is established
using the high-frequency data of the bandpass calibrator by
selecting time samples equivalent to the phase-referencing cycle-
time*, thus acting as a proxy for the phase rms likely remaining
in the science target(s) after phase referencing; see Maud et al.
(2022, 2023b) and Section 3.14.3 of Hunter et al. (2023) for
additional details. For our data, although most fields are (some-
times marginally) resolved, this still provides a useful estimate
of decoherence. Of our sources, SPT2132-58 has the worst phase
rms of 47°, which relates to a visibility coherence of ~0.71;
i.e. approximately 29% of the flux is not well ‘focused’ in the
target location within the image. All other observations have a
notably smaller phase rms, and thus a flux loss of ~10-15%
can typically be expected. When considering image degradation

3 https://almascience.eso.org/processing/
science-pipeline

* The time taken from the start of a phase calibrator scan, followed by
the slew to the target, the target scan, and the slew back to the phase
calibrator ready to start the next scan.

Table 1. ALMA Band-9 and -10 observations.

Source z Vobs  tint Osynth PWV Phase Phase cal
GHz s ! mm rms separation
SPT0106-64 4.910 811.9 1022 0.27x0.15 032 14° 0.5°
SPT0136-63 4.299 886.6 2586 0.19x0.13 0.52 31° 4.0°
SPT0155-62 4.349 880.1 1084 0.14x0.12 0.38 18° 5.9°
SPT0243-49 5.702 697.6 897 0.13x0.10 0.37 19° 5.5°
SPT0418-47 4.225 899.4 1080 0.17x0.13 0.45 16° 5.7°
SPT0441-46 4.4803 859.4 929 0.10x0.09 0.65 30° 2.6°
SPT0459-58 4.856 803.4 2290 0.19x0.15 0.61 31° 3.2°
SPT0459-59 4.799 811.3 1856 0.19x0.15 0.62 36° 3.2°
SPT2132-58 4.768 813.7 2416 0.05x0.04 0.64 47° 3.5°
SPT2146-55 4.567 8464 1176 0.04x0.03 039 32° 3.3°
SPT2311-54 4.2795 888.6 2167 0.16x0.10 0.41 40° 7.0°
SPT2351-57 5.811 687.7 2150 0.30x0.16 0.52  13° 4.3°

Notes. Redshifts taken from Reuter et al. (2020). Synthesized beam
assuming robust=0.5. Precipitable water vapour (PWV) and phase
rms are the highest value, rounded to the nearest degree in case of
multiple executions, as extracted from the bandpass calibrator high-
frequency data and sampled over the phase-referencing cycle-time.

caused by high separation angles to the phase calibrator, previ-
ous high-frequency studies focussed on longer baseline obser-
vations (Maud et al. 2020, 2023a). These authors find that the
degradation worsens with larger separation angles as a func-
tion of increasing frequency and longer baseline lengths. Despite
investigations at Band 10 for short baselines lacking, it should
be reasonable to adopt a coherence degradation of —0.022 per
degree separation to the phase calibrator as stated for ‘short’
baselines under 5000kA. As our observations typically have cal-
ibrators of <4°, a general degradation of <9% can be expected.
For SPT2311-54, the phase-calibrator separation angle to the tar-
getis ~7° as this was a ‘shared’ observation with another source
where one common phase calibrator was used. In this case,
SPT2311-54 could have an additional degradation of ~15%.
Considering most of our observations used band-to-band cali-
bration, the investigations by Maud et al. (2020) also stated that
there could be a degradation due to an underlying phase rms
residual of the differential gain calibrator after frequency-scaled
phase correction. For a residual phase rms of <20° (in the differ-
ential gain calibrator phases) the degradation amounts to <5%.
This is reasonable for our observations given the low- to high-
frequency scans on the differential gain calibrator have a faster
cycle time than the phase calibrator to the target, for which the
estimated phase rms values indicated in Table 1 are already low.
Finally, we note that absolute astrometric accuracy also depends
on the phase transfer and to some extent the de-coherence. Typ-
ically, we do not expect the absolute position uncertainties to
exceed 10-20% of Ogynn ; see Section 10.5.2 of the ALMA Tech-
nical Handbook Cortes et al. (2025).

In summary, a combined flux loss of up to 10-30% can be
expected due to phase calibration, which is similar to the abso-
lute flux calibration accuracy of ~20%. Appendix B compares
our Band-9 and -10 data with published Herschel data, yielding
consistent photometry in half of our sources, whereas the lower
ALMA fluxes in the other half may be due to the inclusion of
companion sources in the much larger Herschel beam.

2.3. Supporting archival data

Seven of the 12 sources with [OI] 63 um data already have
published [CIT] 158 wum data from the Atacama Pathfinder
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Experiment (APEX; Gullberg et al. 2015). The remaining five
sources were observed between 2021 October and November
with the ALMA 7m array (ID 2021.1.00857.S, PI: De Breuck)
using Band 7 (Mahieu et al. 2012). Each source was observed
for 33 minutes using a tuning covering the [CII] 158 um line.
The data were reduced by the ALMA pipeline and re-imaged as
described in Section 2.1. The synthesized beam of the 7m array
at these frequencies is 2”/1-2"/6, meaning that all our sources
are unresolved, providing a total line flux similar to the APEX
spectra.

Nine of the sources also have [NII] 205 um data observed
with the ALMA 7m array (Cunningham et al. 2020). For consis-
tency, we obtained calibrated measurement sets from the Addi-
tional Representative Images for Legacy (ARI-L; Massardi et al.
2021), re-imaged these data using the same procedures as
in Section 2.1, and list the newly derived flux densities in
Table B.2. To compare the continuum morphology, we down-
loaded archival Band-7 data, part of which were previously pub-
lished by Spilker et al. (2016).

3. Results
3.1. Continuum results

The central panels of Figs. 1 to 6 show the rest-frame 63 pm
continuum emission® with archival observer-frame 870 um con-
tinuum emission overlaid as white contours. As the synthesized
beam sizes are very similar, these overlays allow a direct com-
parison, showing very consistent overall morphologies between
both bands and providing confidence in the quality of the high-
frequency data. Looking into the finer details, we do notice some
variations in the locations of the dust peaks (e.g. SPT0418-47).
However, as the Band-10 data cover ~3x higher frequencies,
where the dust emission may become optically thick, a detailed
radiative transfer treatment is required; we defer such an investi-
gation to a future publication.

3.2. [O\] results

The top panels of Figs.1 to 6 show the integrated [OI] 63 um
spectra as yellow histograms, with the integrated [CII] 158 um
and [NI1] 205 pm (where available) spectra overplotted to indi-
cate the expected velocity extent of the emission. Four sources
also have [O1] 145 pm spectra, which will be reported in a com-
panion paper (Hermans et al., in prep.). The apertures used
(listed in Col. 5 of Table B.2) are based on the total extent of
the Band-7 and -10 continuum data, which are mostly defined by
the Einstein ring morphology. Note that the we could not use the
~11” APEX beam size as this would have extended beyond the
Band-10 primary beam. Our fluxes or upper limits could there-
fore be considered conservative.

In these integrated spectra, we find only tentative [O1] 63 um
detections in two sources (SPT0459-58 and SPT2132-58), with
the remaining ten sources being clear non-detections. This
generalises the previously reported trend of non-detections
(Litke et al. 2022; Rybak et al. 2023), but contrasts with the
strong detection of Ferndndez Aranda et al. (2024). To deter-
mine reliable upper limits on our [OI] 63 wm fluxes, we estimated
the rms noise by creating moment-zero maps of each source
integrated over the [CII] 158 um velocity ranges. Within the full
source aperture (see Table B.2), we randomly placed 1000 beam-
sized apertures and measured the flux from the moment-zero

> Exact observed frequencies at listed in Col. 3 of Table 1.
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map in each. The resulting flux distribution was fitted with a
one-dimensional Gaussian, and the standard deviation of this fit
was adopted as the rms noise level. Table B.2 lists our derived
line fluxes and upper limits, together with the [C1I] 158 pm and
[N11] 205 um fluxes with the apertures used.

To benefit from the available high spatial and spectral res-
olution, we also extracted [OI] 63 um spectra in apertures of
particular interest, as described per source in Appendix C. The
side panels of Figs. 1 to 6 show these component extractions
labelled alphabetically, with their positions, sizes, and fluxes
listed in Table B.2. The general trends can be summarised as
follows:

— Continuum components are reliably detected, but no
[O1] 63 um emission is detected at these locations.

— Narrow-velocity [OI] 63 um emission is detected only in
positions where there is no continuum emission (e.g.
SPT0136-63 B, SPT0155-62 B, SPT0418-47 D, SPT0441-
46 D, SPT0459-59 A, SPT2146-55 A, and SPT2351-57 A).

— Several of the brightest continuum components instead show
[O1] 63 um in absorption (SPT0106-64 A, SPT0459-58 A,
SPT0459-59 B, SPT2351-57 B; see Fig. 7).

Overall, our observations indicate that the [OI] 63 um emission
is strongly suppressed and can only escape the galaxies through
narrow velocity and spatial channels. In the following, we refer
to these as ‘escape channels’.

4. Discussion

Our spatially resolved [OI] 63 um survey quadruples the num-
ber of such reported observations in z > 1 galaxies, com-
pared to the two previous detections (Ferndndez Aranda et al.
2024; Ishiietal. 2025) and two non-detections (Litke et al.
2022; Rybaketal. 2023). It also follows the trend of low
[O1] 63 um detection rates reported from Herschel observations
of z > 1 galaxies (e.g. Sturm et al. 2010; Coppin et al. 2012;
Brisbin et al. 2015; Wardlow et al. 2017; Zhang et al. 2018;
Wagg et al. 2020), but contrasts with the fact that [O1] 63 um has
been observed to be among the top three most luminous FSLs
in nearby galaxies (e.g. Brauher et al. 2008; Madden et al. 2013;
Cormier et al. 2015; Fernandez-Ontiveros et al. 2016). Our new
results show that the low spatial and/or spectral resolution of
Herschel and APEX leads to the faint integrated [OI] 63 um
fluxes in those observations, as the galaxy-integrated measure-
ments average over both absorbed and unabsorbed regions.
Similarly, stacking galaxy-integrated spectra may lead to a
detection when adding up a sufficient number of escape channels
in these sources. However, our results show that high-spatial-
resolution measurements are required to avoid galaxy-wide
measurements that are biased towards the intrinsically small
emitting regions. We now place our [OI] 63 um survey results
in context.

4.1. Line-ratio plots

First and foremost, it is important to verify that our [OI] 63 pm
observations reached a sufficient depth to draw meaningful con-
clusions from our mostly non-detections. Figure 9 adds our
12 data points to the compendium of both low-z and high-z
galaxies of Peng et al. (2025b). We find that our [O1] 63 wm non-
detections are 1-2 orders of magnitude deeper than previous
detections. The [O1] 63 wm emission in our z > 4 DSFGs is there-
fore either intrinsically less luminous or the emission is strongly
absorbed. In the former interpretation, we could expect to find
similar trends in some of the other lines, but the [CII] 158 um
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Fig. 1. Overview of the results for SPT0106-64 and SPT0136-63 The central panel shows the Band 10 or 9 line+continuum image (at central
frequency listed in Table 1) in colour with the archival Band 7 continuum in white contours for reference. The beam sizes for both images are
shown as red and white filled ellipses. The apertures used in Table B.2 are marked in red, and the extracted line+continuum spectra are shown
in the left and right side panels. The top panel shows the continuum-subtracted [OI] 63 um spectrum in yellow with the appropriate atmospheric
transmission in both the signal and image band overplotted in blue and grey, respectively. The [CII] 158 wm spectra from APEX or the ALMA
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legend.
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Fig. 2. Overview of SPT0155-62 and SPT0243-49 as in Fig. 1.

and even the [NII] 205 wm (which traces HII regions rather than
PDRs) are fully consistent with the other samples (Fig. 11). Fur-
thermore, the [O1] 145 um line is observed to be sometimes more
than a magnitude more luminous than [O1] 63 wm in SPT0418-47
(De Breuck et al. 2019) and three other sources from our sample
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Right Ascension(J2000)

Velocity (km/s)

(Hermans et al., in prep.), while most models predict this line to
be ~10x fainter (e.g. Goldsmith 2019; Parente et al. 2026). As
the observed extreme [O1] line ratios would require an unphys-
ical interpretation, we therefore conclude that the [OI] 63 um
must be strongly absorbed. Any studies interpreting the ratio of
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[O1] 63 um with other line or FIR luminosity therefore need to
carefully take this absorption into account.

Two conclusions can be drawn from the Lones/Lrr ver-
sus Lpr plot (Fig. 9). First, the two previously detected
[O1] 63 um lines are in AGN-dominated sources: W2246-0526
(Fernandez Aranda et al. 2024) and J2054-0005 (Ishii et al.
2025). While the statistics are still low, this suggests either
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an enhanced [OI]63um emission (e.g. Abeletal. 2009;
Richings et al. 2021) or a reduced absorption in AGN-dominated
sources, possibly as a result of higher global temperatures and
less cold, low-excitation [O1] 63 um absorbing material. Second,
the Liones/Lrir values below 10~ observed in the SPT DSFGs
are rarely seen in lower redshift galaxies. One caveat is that many
of the Herschel observations at 1 < z < 3 are non-detections,
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Fig. 6. Overview of SPT2311-54 and SPT2351-57 as in Fig. 1.

and they could have similar ratios if observed down to similar
depths to our ALMA data. The observed trend may thus still be
with FIR luminosity rather than with redshift. Sensitive ALMA
[O1] 63 um observations of less luminous FIR sources at z>4 are
required to elucidate this.

4.2. The nature of the strong [O1] 63um absorbers

4.2.1. Comparison with Galactic and lower redshift results

Absorption features in the [O1] 63 um line and against the dust
continuum were already reported in the first spectrally resolved
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[O1] 63 um observations targeting the DR21 star-forming region
(Poglitsch et al. 1996) and the main core of the Sgr B2 com-
plex (Baluteauetal. 1997; Vastel et al. 2002). This can be
explained by a high column density of atomic oxygen of this
optically thick line, creating absorption by O either within
the emitting cloud itself or by foreground clouds within the
ISM along the line of sight. Already for column densities of
Ny = 102cm™, which are quite common in the neutral
medium, the [OI] 63 um line becomes optically thick for line
widths of 10kms™! (Decarli & Dfaz-Santos 2025). In contrast,
the [OI] 145 um line will almost always be optically thin, but
the [CII] 158 um line could also become optically thick at Ny >
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4 x 10*2 cm™? and has shown similar, though shallower, absorp-
tion profiles (e.g. Guevara et al. 2020).

Spatially and spectrally resolved data can distinguish
between the origin of the absorption within the emitting or fore-
ground cloud, as the latter will often have an offset in velocity.
Such observations have been difficult as 63 um observations
can only be done with relatively small space telescopes such
as the Infrared Space Observatory and Herschel, or airborne
telescopes, such as the Kuiper Airborne Observatory and the
Stratospheric Observatory For Infrared Astronomy (SOFIA).
Only in several nearby Galactic star-forming regions have
such resolved observations been possible (e.g. Kraemer et al.
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to >100x fainter than the literature counterparts. The cyan crosses show
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observed SPT DFSGs.
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to >100x fainter in [O1] 63 um than the literature counterparts. The cyan
crosses show the SPICE-simulated data (Sect. 4.4), which are slightly
lower than the observed SPT DFSGs.

1998; Leurini et al. 2015; Gerin et al. 2015; Gusdorf et al. 2017;
Schneider et al. 2018; Mookerjea et al. 2019; Goldsmith et al.
2021; Jackson et al. 2024). These studies favoured the interpre-
tation that the [O1] 63 um absorption originates predominantly in
foreground clouds within the ISM, as many regions show clear
absorption profiles not only against the emission profile, but also
against the background continuum. From a comparison of the
[O1] 63 um, 3CO, and HI absorption profiles, Lis et al. (2001)
demonstrated that, although regions are expected to be primar-
ily molecular, the O° abundance is non-negligible, with a linear
relationship suggesting a correlation with CO gas column den-
sity and a gas-phase abundance of neutral oxygen that is about
10% of CO. The regions with strong [OI] line emission are found
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Fig. 11. L[NII]ZOS/L[CII] versus L[OI]()S/L[CII] with the nine SPT DSFGs
shown as yellow stars. The literature data are taken from FLAMES
(Peng et al. 2025b), with references listed in Appendix A. As in Fig. 8,
the SPT DSFGs are consistent with the literature counterparts in
L[NII]ZOS/L[CII while they are offset in LOI 63 /L CII]- The Cyan Crosses
show the SPICE-simulated data (Sect. 4.4), which are slightly higher in
Linmpos/ Lici than the observed SPT DFSGs, which may be a combi-
nation of over-predicted [CII] 158 um and over-predicted [NII] 205 um.

to have a reduction of a factor of ~3 in the spectro-spatially
integrated [OI]63 intensity, as geometric effects (such as HII
regions and incidental UV flux density existing behind lines of
sight to cold foreground clouds) influence the observed emission
(Goldsmith et al. 2021). Thanks to the improved spectral resolu-
tion of SOFIA, these absorbers can be studied in multiple tracers
such as the optically thin '3[CII] and [OI] 145 um, showing that
the absorbing OV is co-spatial with C* in a dense, low-excitation
foreground cloud associated with the PDR (Guevara et al. 2024).
One prediction from these Galactic studies is thus that we may
see a shallower version of these absorption profiles in other FSLs
such as [CII] 158 um, provided they are observed at at least com-
parable spatial and spectral resolution.

In low-redshift galaxies, only low spectral resolution and
spatially unresolved 63 um observations have been possible
(Rosenberg et al. 2015; Israel et al. 2017; Kramer et al. 2020).
These studies all mention the possible impact of [OI] 63 um
self-absorption, but only the intrinsic absorption within the
clouds themselves can be considered within PDR models, as
the foreground absorbing component with likely very differ-
ent excitation conditions cannot be easily separated within the
limited resolution element of the 3.5m Herschel telescope.
The observed ratio of the 63 to 145um [O1] lines is close
to the predicted values from PDR models, implying that the
amount of [OI] 63 um absorption should be relatively modest
in these nearby galaxy samples (e.g. Ferndndez-Ontiveros et al.
2016). For those sources containing an AGN, the [OI] 63 um
flux may also have been boosted by the presence of X-
ray dominated regions (e.g. Maloney et al. 1996; Dale et al.
2004; Brauher et al. 2008; Herrera-Camus et al. 2018). How-
ever, observational evidence of velocity-resolved [OI] 63 um
absorption has been seen in several Herschel spectra of (ultra-
)luminous infrared galaxies ((U)LIRGs; Gonzalez-Alfonso et al.
2012; Rosenberg et al. 2015; Diaz-Santos et al. 2017).
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Interestingly, the 63 um observational capabilities are signif-
icantly better in z > 4 galaxies than in all but the nearest Galactic
star-forming regions; this is thanks to the very high spectral and
spatial resolution capabilities of ALMA. The main limitation is
the velocity spread of the different emitting clouds within the
synthesised beam caused by galaxy rotation. Our detection of
narrow escape channels —where we do detect [O1] 63 um, as in
region D of SPT0418-47— demonstrates that we are now reach-
ing the required spatial and spectral resolution; this is possibly
helped by the strong gravitational magnification in this source®,
allowing us to reach spatial scales below 200 pc. Similarly, the
two sources observed at <0705 resolution (SPT2132-58 and
SPT2146-55), although they have more moderate lensing factors
of u = 6, also reach spatial scales of 100—150 pc and show ten-
tative [OI] 63 um detections in some of the components (Fig. 5).
Detailed lens modelling of the [O1] 63 um dataset will be done
in a future publication to determine the exact scales.

Despite these narrow line detections, the overall con-
clusion from our [O1]63 um survey in the SPT DSFGs is
that they are affected by one to two orders of magnitude
stronger absorption than the low-redshift ULIRGs (Fig. 9).
A comparison with [O1] 63 um in high-z DSFGs is diffi-
cult as most observations resulted in upper limits or very
marginal detections (Coppin et al. 2012; Brisbin et al. 2015;
Wardlow et al. 2017; Zhangetal. 2018; Waggetal. 2020;
Litke et al. 2022; Rybak etal. 2023; Ishii et al. 2025), with
only one solid detection reported in an AGN-dominated
source (Fernidndez Aranda et al. 2024). Only three literature
high-z DSFGs have both [O1] 63 um and [CI1] 158 wm observed
(Fig. 10), showing ratios comparable to the low-z DSFGs, sug-
gesting a real difference compared to our SPT DSFG obser-
vations. However, publication bias against non-detections may
strongly bias this small literature sample. In our statistically sig-
nificant SPT DSFG [O1] 63 um sample, the low [O1] 63 pm lumi-
nosity (Fig. 9) contrasts with their ‘normal’ [CII] (Fig. 8). We
already considered and rejected the possibility that this could be
due to fainter intrinsic [O1] 63 um (Sect. 4.1, Hermans et al., in
prep.). To completely suppress the [OI] 63 um emission, these
absorbers would need to cover a spread of velocities at least
as wide as the emitting gas. Figure 7 zooms in on four strong
absorbers; although we are severely limited by both the S/N and
the fact that only integrated [CII] 158 um profiles are available,
in at least two cases the strongest [O1] 63 um absorber seems to
coincide with the peak of the [CII] 158 um emission, suggesting
that the absorbers are mostly following the overall kinematics
of their host galaxies. The presence of absorption against the
continuum -for example, in region A of SPT0106-64 — indi-
cates that these are foreground clouds rather than peripheral
regions of the emitting clouds. A foreground-neutral gas density
of Ny > 1022 cm™2 is sufficient to cause discernable [O1] 63 um
absorption, because at such high column densities N(O) scales
with N(H + H;); with lots of N(O) that is not excited in cold
clouds, there is sub-thermally excited [O1] 63 um ready to absorb
any emission along the line of sight. Any photons that escaped
the higher density, higher temperature, and higher optical-depth
regions where the emission occurs would likely be absorbed
along the line of sight, explaining why such absorbing clouds
could be quite widespread in the SPT DSFGs. At the redshifts
of our SPT DSFGs, an observed increase of the dense gas frac-
tion from molecular tracers such as HCN, HNC, and HCO*
(Rybak et al. 2026) is also noted, which may explain the differ-
ence with local ULIRGS located in regions with a lower ISM

6 Amplification « ju ~ 5.7, with u = 32.7 (Spilker et al. 2016).
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density. While most of the oxygen is expected to be in the
molecular rather than the atomic form, the overall density of
foreground atomic oxygen susceptible to create absorption will
likely also increase in these regions with a denser ISM. The
strong [OI] 63 pm absorption may thus originate from the dense
component of the interstellar, intergalactic or even circumgalac-
tic media of these high-z DSFGs, while in local ULIRGs the star
formation is more concentrated in episodical bursts of star for-
mation in compact central regions (e.g. in Arp220, Martin et al.
2016), with less remaining dense gas along the line of sight.

4.2.2. Implications

The implications of the strong [OI] 63 um absorption are mul-
tiple. First, deep absorption features appear in some systems
to have been measured in contrast to the level of the cosmic-
microwave-background (CMB) radiation (i.e. down to flux den-
sities equal to zero or below; see Fig. 7). The absorption troughs
of this ground-state line transition are centred on the redshifted
line frequency and appear as coincident with [CII] line fea-
tures at the same velocities; see e.g. SPT0459-59. The CMB
radiation temperature is ~16 K at a fiducial z = 4.8. This low
background temperature may yield absorption features in con-
trast to the CMB radiation if enough sub-thermally excited oxy-
gen atoms in the ground state have a low enough excitation
temperature to absorb the CMB photons. In the optically thin
limit, with a fiducial gas kinetic temperature = 100 K, excita-
tion temperatures reach Te. ~ 25K for both collisions with
H and H, for [O1] 63 um at densities of < 100cm™ and fur-
ther down to 14.9 K at < 1 cm™ (Goldsmith 2019). [O1] 63 pm is
sub-thermally excited in low-density conditions (n(H) < Acritical)-
Such conditions may exist in well-shielded, cold dust (10-15 K)
in low-density clouds, for which these lines of sight can result
in such absorption against the CMB radiation (Riechers et al.
2022). Due to the aperture-dependence of this absorption feature
and the limited signal-to-noise ratio, the evidence for absorp-
tion of [OI]63 um in contrast to the redshifted CMB radia-
tion will require a more systematic investigation with deeper
integration times; this would ideally be done with additional
information from the [OI] 145 ym transition to conduct a more
robust radiative-transfer analysis and disentangle these potential
[O1] 63 um absorption-line features from the CMB radiation.

Second, the strength of the absorption makes it virtually
impossible to recover the intrinsic [OI] 63 pm flux integrated
over the entire range. Although the [OI] 145 ym line is predicted
to be ~10x fainter, it is a better choice for statistical studies of
intrinsic line ratios involving the [O1] lines (e.g. Lee et al. 2021;
De Breuck et al. 2019; Fudamoto et al. 2025).

Third, for a given column density, the [CII] line has an opti-
cal depth 4x lower than that of [O1] 63 um (Decarli & Diaz-Santos
2025), meaning that for 7([O1] 63 um) > 4, the [C11] 158 um would
also become optically thick. Given that in some sources > 99%
of the expected [O1] 63 um flux is absorbed, 7([O1] 63 um) > 4.5
and 7([C11]) > 1.1. While this estimate is very rough and depends
on other effects such as the C-O abundance ratio, it illustrates
that optical depth effects in [CII] cannot be neglected (see also
Gullberg et al. 2015). The contributions from the ionised gas
phase to the [C11] line would dilute the [CII] self-absorption sig-
nal, but we expect these to be relatively modest given the rela-
tively low [NII] 205 wm/[CI1] ratios in the 12 sources in our sam-
ple (Fig. 11) suggesting that the neutral gas dominates the [CII]
emission (Decarli et al. 2014; Cunningham et al. 2020). Addi-
tionally, as [CII] 158 um traces less dense and more diffuse gas
spread over much larger scales throughout the galaxies, the fore-

ground [C11] 158 wum-absorbing gas would need to be even more
widespread compared to [OI1]; any [CII] 158 um absorption would
therefore likely be concentrated in smaller regions where the
optical depth of the foreground material is higher. A tentative
detection of [CII] 158 wm absorption can be seen in SPT0459-59
(see Fig. 7), which intriguingly coincides with the strongest
dip in the [O1] 63 um in terms of velocity, which is reminis-
cent of what is seen in Mon R2 and M17 SW (Guevara et al.
2024). Deeper [O1] 63 um data and matched spatial-resolution
[C1n] 158 wm observations are required to determine the impact
of optical-depth effects on the [CII] 158 wm emission. However,
the fact that our strongly absorbed [OI] 63 um sources follow the
overall population in [C11] versus FIR (Fig. 8) suggests this is a
modest effect when integrated over the full galaxy.

Fourth, absorbing gas is a powerful tracer of outflow (or
inflow) kinematics, which has previously only been used in
molecular lines such as OH (e.g. Spilker et al. 2020). Such stud-
ies can now also be considered for the more abundant atomic
oxygen by looking for (inverse) P-Cygni profiles (e.g. Ishii et al.
2025).

Fifth, the fact that the foreground absorbing material is rich
in oxygen implies it consists of chemically enriched rather than
primordial material. This may argue for the absorbers to be
located within the galaxies, though absorbed ionised metal lines
are regularly found in rest-frame UV spectroscopy of z ~ 3 radio
galaxies (e.g. Kolwa et al. 2019).

4.3. The role of dust continuum

In addition to the above result that foreground clouds in the ISM
can (almost) completely wipe out the [OI] 63 um emission in
the SPT DSFGs, we also find that the narrow [O1] 63 um escape
channels seem to occur only in regions without any dust contin-
uum emission. This is most evident in SPT0418-47 (see Fig. 3),
where our strongest [OI] 63 pm detection is located in the dust-
free region D. To understand the origin of this effect, it is impor-
tant to have an idea of the optical depth of the dust emission
at Ay = 63 um. Determining the optical depth requires pho-
tometric coverage on either side of the dust-continuum peak,
which is generally only possible with spatially unresolved Her-
schel data covering the Wien side. The SPT DFSG sample
has such coverage, and the peak is found to between A.g =
66 and 154 um (Reuter et al. 2020). It it therefore likely that
the dust opacity in the SPT DSFGs is non-negligible at A
= 63um and may significantly attenuate the [OI] 63 um line
brightness when averaged across each system. One example is
the Planck-Herschel-selected Red Radio Ring at z = 2.55, with
Ap = 200 um (Harrington et al. 2019). A foreground dust screen
(i.e. a factor of e™5) with a molecular gas column density of
>10%* cm™2, and molecular gas-to-dust mass ratio (GDMR) of
100, is found to reduce even the [NII] 205 pm line by a factor
of ~5 (Harrington et al. 2019); extrapolating this to [OI] 63 um
would imply a reduction by 100x or more for such a sim-
plified dust screen. However, we note that values derived in
Reuter et al. (2020), Harrington et al. (2019), and other stud-
ies often calculate the value at which dust becomes optically
thick based a single dust component. The dust that is optically
thick at 100 um may be biased towards higher-column-density
regions, which would in turn bias the derived dust opacities aver-
aged over an entire source — even when the small source’s solid
angle-emitting regions with the highest densities and dust opti-
cal depths represent a small fraction of the source. The solu-
tion is to obtain spatially resolved studies of the dust SEDs,
which is becoming possible at z > 4 when the peak shifts
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through ALMA Bands 10 and 9 (Ferndndez Aranda et al. 2025;
Meyer et al. 2025; Algera et al. 2025). While there is a signif-
icant source-to-source variation, these studies find an increase
of the optical depth towards the central regions of the galaxies,
where the dust becomes optically thick around Ay = 100 pm.
Our Band-10 continuum data of these 12 SPT DSFGs thus pro-
vides a powerful spatially resolved study of this dust contin-
uum into the optically thick regime down to spatial resolutions
of ~100 pc in the source plane. Several SPT DSFGs have sub-
arcsecond observations covering a range of wavelengths (see e.g.
the Band-7 data in Figs. 1 to 6), which allowed us to determine
the spatial variation of the dust opacity and compare them with
our [O1] 63 um data. We defer such a detailed study to future
publications.

While it is clear that attenuation by optically thick dust may
reduce the observed [O1I] 63 um flux, this cannot fully explain
our results. First, dust attenuation would impact the full line
profile, but we find cases where only part of the lines are
absorbed, for example the narrow velocity absorbers against the
continuum (see Fig. 7). Second, optically thick dust does not
explain the preferential location of the [O1] 63 um escape chan-
nels in areas of low dust continuum. A more straightforward
interpretation is that at least part of the spatially resolved dust
emission is optically thin. The observed continuum emission
would then be a direct tracer of the dust mass along the line
of sight. Assuming a constant gas/dust ratio, this would imply
less absorbing gas in the locations of lower dust emission, cre-
ating the [O1] 63 um escape channels. The low temperatures of
cold, dust-rich molecular clouds of 20-50 K would also mini-
mally impact the observed brightness temperatures of [OI] 63 um
(Goldsmith et al. 2021), leaving sub-thermally excited, oxygen-
rich foreground material dispersed within the ISM to absorb the
ground-state [OI] 63 um line emission. Together, we conclude
that the role of dust optical depth from foreground dust is less
important than high line opacities in [OI] 63 um emitting regions
and the foreground cold molecular clouds dispersed throughout
the DSFGs, the latter having large amounts of absorbing material
that is sub-thermally excited and a high enough oxygen column
density.

4.4. Comparison with simulations

Modelling oxygen lines in cosmological simulations remains
challenging due to strong self-absorption and dependence on
ISM modelling. Previous studies predict [OI] 63 um observ-
ables (Ramos Padilla et al. 2023), albeit without the inclusion
of self-absorption effects. More recently, Parente et al. (2026)
found foreground self-absorption can reduce the [OI] 63 um
flux by a factor of 2—4. However, for ISM-sensitive lines
such as [O1] 63 um, resolving the multiphase ISM is key.
In this work, we employed SPICE, a suite of cosmological
radiation-hydrodynamical (RHD) simulations (Bhagwat et al.
2024). These simulations were performed with RAMSES-RT
(Rosdahl et al. 2013; Rosdahl & Teyssier 2015), the coupled
RHD extension of the Eulerian, adaptive-mesh refinement code
RAMSES (Teyssier 2002). The key advantage of the SPICE simu-
lations is their self-consistent tracking of radiation in five fre-
quency bins including the Habing and ionising bands, which
are essential for modelling [CII] and [O1] 63 um lines in addi-
tion to the ~30—60 pc resolution in the ISM/CGM. SPICE
follows the non-equilibrium chemistry, which is fully coupled
to the local radiation field for ¢, H1, Hell, and HeIm. Star
formation in SPICE incorporates variable efficiencies within
the ISM that respond to the local turbulent state of the gas
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(Kretschmer & Teyssier 2020). Feedback from these stars is
injected in the form of radiative feedback (photo-ionisation and
-heating) and radiation pressure on dust. Additionally, super-
novae inject mass, metals (tracked and advected as passive
scalars), and momentum back into the ISM, driving large-scale
galactic outflows (see Bhagwat et al. (2024) for details). Dust in
SPICE is coupled to HT chemistry such that the dust density is
defined as n,; = z% Surngas, where Z is the metallicity, fqy is the
HI fraction, and ng, is the gas density. We used the ~15 Mpc
volume of SPICE with dark-matter and baryonic resolutions of
~6.3x 10° My and ~975 M. Finally, we selected the more mas-
sive SPICE galaxies with 10° < M, <2x 10 Mg at 7 = 5-6,
yielding a sample of 48 objects. This selection probes the low-
mass regime of DSFGs and overlaps with the intrinsic stellar
masses inferred for the SPT sources (Cathey et al. 2024). More-
over, the mock galaxies reached near-solar metallicities, con-
sistently with the metallicity estimate reported for SPT0418-47
(De Breuck et al. 2019).

We modelled [O1] 63 um, [C11], and [NII] 205 um lines by
assigning an emissivity to each gas cell in the simulation out-
puts (for details, see Bhagwat et al. in prep.) as

e  HI
Lion = Z Niftion, Ai(T)V.

1

ey

For all lines, we also calculated the self-absorption by assigning
an optical depth per cell and estimating an angle-averaged atten-
uation for 100 lines of sight out to the virial radius of each halo.
The optical depth was defined as
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where v is the rest frequency of given line, Ay is the sponta-
neous emission coefficient, g; and g, are the level degeneracies,
Z(Tex) = g1 + g,exp(—91.2/T) is the partition function (in the
case of [CII] 158 um), Njo, is the column density of ion in con-
sideration, Av is the Doppler width, and T is the excitation
temperature for the transition. All line ratios and luminosities
presented in this work were integrated over the galaxy ignoring
instrumental effects.

The results from the simulations are plotted as cyan crosses
in Figs. 8, 9, 10, and 11. The SPICE data slightly under-
predict the [CII] luminosities and have a large scatter on the
[N11] 205 um, which may originate from the very different ioni-
sation states of gas from the different feedback in SPICE. How-
ever, the model predictions are close to the highly absorbed
[O1] 63 um luminosities (Fig. 9), suggesting that we should
detect the emission with integrations reaching a 2—-10x lower
rms than our relatively short integrations of 15-30 minutes. Over-
all, this comparison highlights the critical importance of self-
absorption when making predictions of optically thick lines such
as [O1] 63 pm.

5. Conclusions

We carried out the first dedicated ALMA survey of the
[O1] 63 um fine-structure line in a relatively large sample of 12
gravitationally lensed DSFGs at z > 4. Our main conclusions are
as follows.

1. Despite reaching sensitivities significantly deeper than previ-
ous high-redshift studies, we only detect tentative [OI] 63 um
emission in two out of 12 sources. The remaining galax-
ies show non-detections that extend the dynamic range of
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existing constraints by one to two orders of magnitude after
strong gravitational lensing considerations.

2. The low [OI1] 63 pum luminosities cannot be readily attributed
to intrinsically weak line emission, as other far-infrared fine-
structure lines —such as [CII] 158 wm and [N11] 205 um, and
in four cases also [OI] 145 um— are detected at levels con-
sistent with comparable galaxy populations. The observa-
tions instead imply substantial absorption of the [OI] 63 um
line by low-excitation neutral gas within widespread molec-
ular clouds in these DSFGs, together with high line
optical depths in the regions where [OI] 63 um emission
occurs.

3. The anti-correlation between [OI] 63 um emission and the
brightest dust continuum regions suggests that line absorp-
tion effects, rather than high dust optical depths at 63um, are
primarily responsible for suppressing the observed line emis-
sion. This can explain the low [O1] 63 um detection rate in the
SPT DSFG, which was selected by its cold dust emission at
millimetre wavelengths (Vieira et al. 2010). As a corollary,
differently selected galaxies may have a higher [OI] 63 um
detection rate. Future resolved dust SED modelling will fur-
ther inform the role of infrared radiation field and dust con-
tinuum effects for these 100—150 parsec-sized regions.

4. Several sources exhibit [OI] 63 um absorption against the
dust continuum, while others show narrow (~20kms™!),
spatially offset emission components. These signatures add
observational evidence indicating that the [OI] 63 um line
is subject to strong optical depth and kinematically distinct
self-absorption effects. Although the S/N is limited, sev-
eral absorption troughs appear to reach levels below the
CMB. This suggests the presence of low-excitation tem-
perature (Tex < Tcmp), low-density gas along those lines
of sight.

5. These high-resolution observations suggest that galaxy-
integrated [OI] 63 um measurements in high-redshift DSFGs
cannot reliably trace the intrinsic cooling rate or density of
the neutral ISM. Together with the optically thinner tracer,
such as the [OI] 145 um line, it may be possible to disentan-
gle some of the more complicated radiative-transfer effects.

In summary, our results show that the [O1] 63 um line is strongly
affected by absorption in z > 4 DSFGs, limiting its diagnos-
tic power when interpreted in isolation. Future observations
combining matched-resolution spectroscopy, spatially resolved
dust-continuum measurements, and detailed lens modelling will
be essential to disentangle intrinsic emission from absorption
effects and to fully exploit the diagnostic potential of far-infrared
fine-structure lines at high redshift to recover the underlying
physical conditions of the interstellar medium of active galax-
ies in the early Universe.
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Appendix A: Literature data origin

The plotted low-z data are taken from FLAMES-low cat-
alogue in Pengetal. (2025b), sourced from, SHINING
(Herrera-Camus et al. 2018), DGS (Maddenetal. 2013;
Cormier et al. 2015, 2019), HERCULES (Rosenberg et al.
2015), HERUS (Farrahetal. 2013), Diaz-Santos et al.
(2017), Fernandez-Ontiveros et al. (2016), Zhao et al. (2016),
Brauher et al. (2008), Fischer et al. (2014), Howell et al. (2010),
Kamenetzky et al. (2016), Pengetal. (2021), Spinoglio et al.
(2022), Spinoglio et al. (2015), Dimaratos etal. (2015),
Luetal. (2017), Laphametal. (2017), Sutter etal. (2019).
The plotted high-z data are taken from FLAMES-high cat-
alogue in Pengetal. (2025b), sourced from Tadaki et al.
(2022), Reuter et al. (2020), Fernandez Aranda et al. (2025),
Wagg et al. (2020), Wardlow et al. (2013), Aravena et al. (2016),
Rybak et al. (2020b), Zhang et al. (2018), Kolupuri et al. (2025),
Litke et al. (2022), Diaz-Santos et al. (2016), Saintonge et al.
(2013), Zavala et al. (2018), Magdis et al. (2011), Borys et al.
(2006), Uzgiletal. (2016), Fernindez Aranda et al. (2024),
Beelenetal. (2006), Lutzetal. (2007), Brauher et al.
(2008), Podigachoski et al. (2015), Diaz-Santos et al.
(2018), Aravenaetal. (2008), Giuliettietal. (2023),
Lamarche etal. (2019), Sturmetal. (2010), Magdis et al.
(2014), Ishii et al. (2025), Ivison et al. (2010), Ferkinhoff et al.

(2015), Cunninghametal. (2020), Weietal. (2007),
Wardlow et al. (2017), Ivisonetal. (2013), Rybaketal.
(2023), Diaz-Santosetal. (2021), Litkeetal. (2019),
Hailey-Dunsheath et al.  (2010), Valtchanov etal. (2011),

Messias et al. (2014), Stacey et al. (2010), WeiB et al. (2003),
Venemans et al. (2020), Stacey et al. (2018), Wang et al. (2013),
Coppin et al. (2012), Ivisonetal. (2016), Rigopoulou et al.
(2018), Lamarcheetal. (2018), Magdisetal. (2012),
Rybak et al. (2020a), Conley et al. (2011), Decarli et al. (2018),
Gullberg et al. (2015), Downes et al. (1999), and Rooney et al.
(2025).

Appendix B: Flux calibration

As described in Sect. 2.1, the photometric accuracy of high-
frequency observations is affected by several uncertainties which
generally lead to a lower observed flux than reality. We here
compare the observed line+continuum fluxes (which given the
strong self-absorption are expected to be dominated by contin-
uum) with published fluxes from Herschel. We collected both the
published fluxes obtained with HIPE v9.0 (Reuter et al. 2020)
as well as those derived from the SPIRE point source catalogue’.
The latter fluxes are derived using the timeline fitter method®.
Table B.1 presents these fluxes. We find that there are
very good matches in five cases (SPT0243-49, SPT0441-46,
SPT0459-58, SPT0459-59, and SPT2132-58), while in six
sources only 40-80% of the Herschel flux is recovered. This dis-
crepancy could be partially due to the flux decoherence effects
described in Sect. 2.2, but we do not find a clear trend with
higher phase rms or larger distance to the calibrators. As the
Herschel/SPIRE beam is 25" or 35" at 350um or 500um, respec-
tively, it is also possible that nearby companions were included,
which are not covered in the ALMA apertures of 0’8 to 6” size.
We therefore conclude that while remaining absolute flux cal-
ibration uncertainties remain in these high-frequency data, this

7 Available from https://irsa.ipac.caltech.edu/cgi-bin/
Gator/nph-scan?submit=Select&projshort=HERSCHEL and

8 See https://irsa.ipac.caltech.edu/data/Herschel/
SPSC/docs/SPSC_ExplSup_v1.pdf

Table B.1. Source Photometry: ALMA compared to Herschel/SPIRE.

Source  Aops Flux® SPIRE350 SPIRE 500 SPIRE 350 SPIRE 500

Name um mlJy PSC’[mJy] PSC’[mJy] Reuter2020 Reuter2020
SPT0106-64 369 229+46 2719 +12 276.6+14  256+10 23749
SPT0136-63 338 51+10 954+9 128.4+7 81+7 12246
SPT0155-62 341 50+10 135+7 200+7
SPT0243-49 430 55+11 405+10 63411 44+7 58+7
SPT0418-47 333 132426 210+20 206 +20 166+6 175+7
SPT0441-46 349 112422 1187+12 1293+9 9846 106+7
SPT0459-58 373 71«14 81.5+8 88.9+9 656 80+7
SPT0459-59 370 75+15 77.1+14 937+ 14 67+7 75+8
SPT2132-58 368 87«17 813+16  90+13 7547 80+7
SPT2146-55 354 117+23  80+9 84.1+ 12 69+12 83+9
SPT2311-54 337 48«10 1203+22 93+16 1067 95+7
SPT2351-57 436 36+7  68.4+9 825+8 566 74+6

Notes. ¢ Including calibration uncertainty. * Point Source Catalogue;
see text.

does not appear to be a systematic trend, as half of our fluxes are
consistent with those from Herschel.
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Appendix C: Notes on individual sources

We here provide an overview of each source, explaining our motivation for defining the apertures listed in Table B.2.

C.1. SPT0106-64

This source consists of an incomplete lensing arc (aperture G), surrounded by two very bright continuum sources (apertures A and
B). Within the arc, we add an aperture C on the continuum peak, as well as three apertures D, E, and F where some tentative narrow
[O1] 63 um emission may escape.

C.2. SPT0136-63

This source consists of a curved arc with several continuum peaks. Aperture A marks a small gap in the continuum emission where
some tentative [OI] 63 um emission escapes. Apertures B and C show even more tentative emission at the prolongation of the arc
where also some Band 7 emission was detected (B).

C.3. SPT0155-62

This source was detected at the very edge of the Band 10 primary beam, leading to a strongly varying sensitivity over the Einstein
ring, and less reliable photometry. We detect no [O1] 63 um at the continuum peak aperture A, but tentative emission in aperture B.
Deeper data at the phase centre are required to confirm this.

C.4. SPT0243-49

This is one of the two sources observed in Band 9, leading to slightly worse spatial resolution. No [OI] 63 um is detected at the
continuum peak aperture A. We do find tentative emission in the larger aperture D, which we investigate deeper in the smaller
apertures B and C; especially in the latter, the narrow emission appears stronger.

C.5. SPT0418-47

This well-studied source consists of a full Einstein Ring (aperture A). We adopt the nomenclature of (Peng et al. 2025a) for the
companion source components B and C. We also add apertures C, E and F on the continuum peaks in the Einstein ring. Intriguingly,
aperture D in the main continuum gap of the ring has the strongest [O1] 63 um emission.

C.6. SPT0441-46

This source consists of two bright parts of an Einstein ring. Tentative [O1] 63 um absorption could be seen against the brightest
continuum clump A, with emission in component D at the same velocity range.

C.7. SPT0459-58

This source is the only one showing an [O1] 63 um detection in the Full aperture. The brightest continuum aperture A shows tentative
[O1] 63 um absorption, which is not seen in the other aperture B.

C.8. SPT0459-59

This source is composed of many clumps. Aperture A shows tentative [OI] 63 um in emission, which aperture B shows it in absorp-
tion at a similar velocity offset.

C.9. SPT2132-58

This source consists of a bright continuum component A, showing no [OI] 63 um/ in emission nor absorption, though some tentative
emission may be seen in a small aperture. Other tentative emission near the well-defined [CI1] 158 um redshift is seen in apertures
B and C.

C.10. SPT2146-55

This source was observed later in Cycle 11 with a larger antenna configuration, meaning it is potentially over-resolved. Only the
brightest continuum components A and D detected in continuum. We split aperture A into apertures B and C, with the former
showing some narrow [OI] 63 um emission in B, but none in C.
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C.11. SPT2311-54

The bright continuum component B shows no [O1] 63 um but the more diffuse emission in aperture A shows tentative [O1] 63 um
covering almost the entire [CII] 158 um line width.

C.12. SPT2351-57

This compact source is barely resolved in the continuum, but some tentative [OI] 63 um emission is seen at the edge of the source
in aperture A. We define a double aperture B showing tentative [OI] 63 um absorption, which we split in apertures C and D.

A265, page 21 of 21



	Introduction
	Observations
	Band 10 and 9 [OI] observations
	High-frequency considerations
	Supporting archival data

	Results
	Continuum results
	[OI] results

	Discussion
	Line-ratio plots
	The nature of the strong [OI] 63 micron absorbers
	Comparison with Galactic and lower redshift results
	Implications

	The role of dust continuum
	Comparison with simulations

	Conclusions
	References
	Literature data origin
	Flux calibration
	Notes on individual sources
	SPT0106-64
	SPT0136-63
	SPT0155-62
	SPT0243-49
	SPT0418-47
	SPT0441-46
	SPT0459-58
	SPT0459-59
	SPT2132-58
	SPT2146-55
	SPT2311-54
	SPT2351-57


