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ABSTRACT

We aim to characterise the multi-phase gas in the SPT2349-56 protocluster at z = 4.3, which is known to host one of the most
starbursting and Active Galactic Nuclei (AGN)-rich high redshift environments. For this purpose, we conducted Atacama Pathfinder
EXperiment (APEX) single-dish observations of the [C 11] 158 um (hereafter [C I1]) line towards the core and north components, which
were previously imaged with the Atacama Large Millimeter/submillimeter Array (ALMA). We also present the first [OIIT] 88 pm
(hereafter [O111]) line observations in such a high-redshift protocluster system. We obtain a [C1I] line luminosity approximately
1.7 times greater than that recovered by ALMA towards the core, while we recover four times more [C1I] line emission than that
found in deep ALMA images towards the north component. This suggests that the most massive gas reservoirs lie in the less extreme
regions of this protocluster system. A minimum ionised gas mass of M, (H*) ~ 3.7x10'® My, is deduced from the [O 1] line, which
amounts to 30% of the molecular gas mass in the same area, indicating that a full map of the cluster is necessary for determining the
large-scale value. Finally, we obtain star formation rate (SFR) estimates using the [O 111] line luminosity and the corresponding ionised
gas mass. These yield values that can surpass the far-infrared (IR) continuum-derived SFR under the assumption of a standard stellar
Initial Mass Function (IMF), which can be reconciled only if non-stellar ionising sources contribute to the [O III] line luminosity, or if
a top-heavy stellar IMF produces a larger fraction of O stars per total stellar mass. This is a distinct possibility in high-energy-particle
(HEP)-dominated, rather than UV-photon-dominated, environments in clusters. Future work using far-IR fine-structure and molecular
or neutral-atomic lines is necessary to determine the thermal and ionisation states of the multi-phase medium in this protocluster, to
understand their maintenance, and to resolve the apparent SFR discrepancy. These line ratios must be measured over a wide range of
spatial scales, from individual galaxies up to circumgalactic medium (CGM) and intracluster medium (ICM) scales, which ultimately
requires combining wide-field single-dish and high-resolution interferometric observations of such lines in protocluster environments

where HEP- and UV-dominated ISM phases can co-exist.
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1. Introduction

Distant protoclusters, which are the precursors to modern-
day galaxy clusters, are unique laboratories for cosmological
structure formation and galaxy evolution across cosmic time
(Overzier 2016; Alberts & Noble 2022). Galaxy assembly and
star formation, both in situ (within galaxies) and ex situ (within
dark matter haloes but beyond the luminous extent of galax-
ies), in protoclusters require mechanisms to effectively cool
the gas and aid its gravitational collapse. Importantly, unlike
the interstellar medium (ISM) within galaxies, the thermal or

* Corresponding author: kevin.harrington@alma.cl

ionisation states of the intracluster medium (ICM) and cir-
cumgalactic medium (CGM) gas phases in clusters may not
be far-UV radiation-controlled but may instead be dominated
by high energy particles (HEPs) (Ferland et al. 2008, 2009;
Lim et al. 2017). Unfortunately, in such HEP-dominated envi-
ronments, where CO, the main tracer of H;, can be effectively
destroyed, yielding [C 1] and [C1I]-rich gas phases (Bisbas et al.
2015, 2017, 2021, 2025). In these conditions, CO marks only
denser sub-regions, which are surrounded by otherwise CO-
poor, ([C1)/[CT1])-rich H, gas reservoirs (Papadopoulos et al.
2018). A CGM H, gas reservoir that is C-rich (but relatively
CO-poor), with an extent of ~50kpc, has already been identi-
fied in the protocluster around the Spiderweb galaxy at z = 2.2
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(see e.g. Emonts et al. 2018; Chen et al. 2024), requiring long
integrations of faint [C1] (1-0) and CO(1-0) line emission. This
system was recently confirmed to be embedded in a hot ICM via
the Sunyaev Zel’dovich effect (Di Mascolo et al. 2023). Further-
more, cold H, gas streams traced by the [C1] (1-0) line emission,
extending across 100 kpc, have been shown to fuel 4C41.17, a
massive radio galaxy at z = 3.8 (Emonts et al. 2023). Thus, there
is a clear need to study the colder (T ~ (20-100) K) gas phase
(see e.g. Dannerbauer et al. 2017). This cold phase is expected
alongside the warmer (~10*~10° K) ICM-CGM gas in protoclus-
ters, with the former being the readily available fuel for their
starburst activity in the early Universe.

Far-IR fine-structure lines can dominate the cooling energy
budget within the cold neutral and ionised ISM (see e.g.
Spinoglio et al. 2012; Ferndndez-Ontiveros et al. 2016), with
[C1] often considered the dominant coolant, as it traces both
neutral and ionised gas (Stacey et al. 2010; Vallini et al. 2015;
Gullberg et al. 2015; Lagache et al. 2018; Cormier et al. 2019).
Nevertheless, [O1IT] 88 wm (hereafter [O1II]) line emission is
often just as bright, while its high ionisation potential (IP) makes
it suitable for tracing solely the fully ionised gas phase'. In the
ISM of galaxies, the [OTI] line emission originates from com-
pact (and therefore young) HII regions around massive stars
(Cormier et al. 2012; Vallini et al. 2017; Vishwas et al. 2018;
Arata et al. 2020). However, such emission has been difficult to
observe even at high redshift due to poor atmospheric trans-
mission at its wavelength. Space-based observations of [CII]
and [O11] in local metal-poor systems yielded Liou/Licm ~ 1
(Madden et al. 2013), although such line ratios are difficult to
interpret, as the two lines trace vastly different thermal and
ionisation states. Indeed, [C1I] dominates the cooling budget
of the neutral ISM in many local starbursts (De Looze et al.
2014; Diaz-Santos et al. 2017), even as HII regions and a dif-
fuse low-ionisation phase can contribute ~10% to its luminosity
in metal-poor ISM. Yet, given the low IP value of neutral car-
bon (~11.3eV), it cannot trace the same phase as the [O 111] line
(~35.1eV for O**). Indeed, with a higher IP where [O111] is
abundant, carbon would not remain in a singly ionised state (the
IP for C* is ~24.4¢eV). Standard photoionisation codes such as
CLOUDY (Ferland et al. 2017) naturally yield a multiplicity of
thermal and ionisation states within their 1D gas columns, irradi-
ated by stellar or Active Galactic Nuclei (AGN) spectral energy
distributions, yet they require more than a single line ratio as
input to give any useful results.

Both the [C11] and [O 1] lines are accessible to observa-
tions in one of the most distant protocluster systems found,
namely SPT2349-56 at z = 4.304. This protocluster was orig-
inally detected in the South Pole Telescope (SPT) 2500 deg?
millimeter(mm)-survey (Vieira et al. 2010; Mocanu et al. 2013),
and spectroscopically confirmed by Strandet et al. (2016) using
CO(4-3) and [CH] from the Atacama Pathfinder EXperiment
(APEX) telescope after follow-up of the brightest 870 um detec-
tions with the Large APEX BOlometer CAmera (LABOCA;
Kreysa et al. 2003; Siringo et al. 2009). The dust continuum
maps from LABOCA initially revealed a central source and
a northern extension. Subsequent Atacama Large Millime-
ter/submilleter Array (ALMA) observations identified ~29
CO(4-3)/[C1]emitting objects spread over a few hundred kilo-
parsecs (proper distance) towards the core and northern exten-
sion, with an estimated global star formation rate (SFR) of

' Excitation potential £y /kg ~ 91 K and ~163 K, and critical densities
of nei(H) = 3 x 10 cm™ (for HI and H, as collisional partners) and
n(e) = 510 cm™ for the [C 11] and [O 1] lines, respectively.
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~10* Mg yr~! (Miller et al. 2018; Hill et al. 2020, 2022). Here,
we present new [CII] and [OTII] observations in SPT2349-56
that are sensitive to large-scale gas distributions in and around
the protocluster members, where previous interferometric mea-
surements with ALMA of [C1I] in the core and north may have
resolved out the corresponding line emission, as suggested by
Zhou et al. (2025). We describe the APEX and ALMA measure-
ments in Sect. 2, our results and discussion are presented in
Sects. 3 and 4. We provide a brief outlook in Sect. 5 that fur-
ther motivates the need for sensitive single-dish measurements
to study such protocluster systems at high redshift. Through-
out this work, we adopt a standard ACDM cosmology: Hy =
70kms~! Mpc™!, Q,, = 0.3 and Q4 = 0.7.

2. Observations and data reduction
2.1. APEX [C 1] and [O ] line measurements

The APEX telescope is a 12-m single-dish telescope located
on the Chajnantor Plateau in the Atacama Desert in northern
Chile. APEX observations targeted both the [CII] and [O 1]
emission lines using the known redshift z = 4.304 and coordi-
nates, as first reported in Strandet et al. (2016) and Miller et al.
(2018). The ‘core’ pointing in the observations corresponds most
closely to object C1 in Hill et al. (2020, Core: RA:23:49:42.65,
Dec:—56:38:19.4). We also report novel observations of [C1I]
line emission from the ‘north’ system located ~45” away (north;
RA: 23:49:42.53, Dec: —56:37:33.2). Figure 1 shows the APEX
full width at half maximum (FWHM) of the primary beam for
each pointing, overlaid on the dust continuum emission from
ALMA Band 6 (1 mm) measurements (Sect. 2.2) for both the
core and north regions. The [OI1I] 88 um measurements are the
first observations of this fine-structure line in the core. Both
lines are observable within favourable atmospheric windows at
~358 GHz and ~640 GHz for each line. The [CII] and [O 1]
lines were observed with the SEPIA345 (Meledin et al. 2022)
and SEPIA660 (Baryshev et al. 2015) instruments? respectively,
between August 31 and September 6 2024 (Project ID: C-
0114.F-9704-2024; PI: K. Harrington), during stable nighttime
conditions. Precipitable water vapour (PWV) varied between
~0.5-0.8 mm for SEPIA345 (Meledin et al. 2022), the single-
pixel, dual-polarisation, 2-sideband (SB; 4-GHz per upper and
lower sideband) heterodyne receiver. Excellent observing con-
ditions with PWV < 0.5 mm enabled higher frequency observa-
tions with SEPIA660 (Baryshev et al. 2015), which has the same
receiver design as SEPIA345. All observations were performed
within the APEX control system (Muders et al. 2006), with data
recorded using the MPIfR eXtended bandwidth fast Fourier
transform spectrometers (FFTS; Klein et al. 2006). Each scan
was reduced and analysed using GILDAS: Grenoble Image and
Line Data Analysis Software®. The baseline stability strongly
depends on the observed frequency and/or weather conditions.
We first subtracted a first-order baseline from the emission line-
free channels, guided by the known ~1600kms™! extent of the
line profile (Miller et al. 2018; Hill et al. 2020), at native res-
olution. We smoothed the baseline-subtracted spectrum before
averaging to produce the final spectrum, obtaining a root mean
square (RMS) sensitivity of 0.3—0.6 mK (at 90-110km s~! chan-
nel resolution) at ~358 GHz, and 0.3-0.4 mK (at 110-150km s™!

2 APEX Instruments Overview: https://www.apex-telescope.
org/ns/observing-run/observing/the-telescope/
instruments/

3 Software information can be found at: http://www.iram.fr/
IRAMFR/GILDAS
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Fig. 1. ALMA Band 6 dust continuum emission from SPT2349-56, showing the core region (top left) and the north extension (top right) 45" away.
The pointing centre and instrument FWHM of APEX SEPIA345 (orange) and SEPIA660 (cyan) observations are overlaid. The Band 6 synthesised
beam (magenta) is shown in the bottom-left of each panel. The black contours indicate ALMA Band 10 dust continuum detections towards the core
region at signal-to-noise ratio levels of 3, 6, 10, and 15. Several continuum sources are labelled, as identified by Hill et al. (2020). Bottom left: The
[C11] (orange; 6V = 110kms™") and [O111] 88 pm (cyan; §V = 140kms™') spectra (Flux density vs. velocity, corrected using z = 4.304). Bottom
right: The [C11] spectra (flux density or antenna temperature vs. frequency) shown for both observations of the core (orange; 6V = 100kms™')

and north (fuchsia; §V = 100kms™') fields.

Table 1. APEX single-dish measurements of [C I1] and [O 111] lines.

Line Integrated Flux (Jy km s Lyne (1010 Lo) Ll’ine (10'"°K kms™! pc2) RMS per 100 km s~! (mK)
[C11] Core 101.7+15.1 6.1+0.9 27.5+4.1 0.38
[O 1] Core 782+15.6 83+1.7 6.6+13 0.65
[C11] North 80.4+12.1 4.8+0.7 21.8+3.3 0.3

channel resolution) at ~640 GHz. Using the APEX telescope
efficiencies of 46.4JyK~! and 59.5JyK~! at 358.4 GHz and
639.7 GHz, respectively*, we scaled to a measured flux den-
sity. We then integrated across each line profile to calculate
line luminosities (Table 1; e.g. Solomon & Vanden Bout 2005;
Carilli & Walter 2013 and references therein for the formalism
used). The total uncertainties of around 15-20% arise primarily
from the flux calibration, pointing and focus, and baseline sub-
traction errors.

2.2. ALMA Band 6 and Band 10 dust continuum

In this work, we utilised ALMA dust continuum measure-
ments to identify the protocluster galaxy members with respect

4 https://www.apex-telescope. org/telescope/
efficiency/index.php

to the [Cn] and [OI] line emission measurements from
APEX detections. Band 10 (Uzawa et al. 2013) dust contin-
uum measurements were recently obtained at 875-900 GHz
(PID 2024.1.01465.S; PI: K. Harrington) from ALMA 12-m
observations conducted between October 12 and November 6
2024 under excellent conditions: PWV and phase RMS 0.3 mm
and <15 pm, respectively. We obtained calibrated measurement
sets of the two observations by rerunning the ALMA pipeline
on the raw data, using CASA (McMullin et al. 2007). We then
inspected the pipeline weblog and concluded that sufficient flag-
ging had been applied, before imaging using the tclean task
in CASA with all spectral windows and an auto-multithresh
(Kepley et al. 2020) cutoff, resulting in an RMS of approxi-
mately 0.7 mJy beam™!. Three objects were detected, with more
observational details described in Appendix A (Table A.1). We
also used archival ALMA 12-m imaging from observations con-
ducted on September 1 2022 of the core and north in Band 6
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(PID 2021.1.01313.S; PI: R. Canning). We utilised the pipeline
products available from the ALMA archive to plot a continuum
image from 223-240 GHz (Fig. 1).

3. Results
3.1. Excess [Cl] line emission

The SPT2349-56 protocluster at z ~ 4.3 consists of multiple
member galaxies concentrated in a northern and southern spa-
tial configuration (Fig. 1, Fig. B.1). The APEX [C1I] observa-
tion towards the southern region, i.e. the core, suggests that these
single-dish measurements capture the [CII] line emission from
19 out of 23 objects presented in deep ALMA 12-m observations
(~0.2mJybeam™" per 13 kms~! channel resolution) presented in
Hill et al. (2020). The sum of the [C1I] line fluxes for all 19
objects detected with the ALMA 12-m array, excluding objects
‘C2,C4,C8,C193, results in fAV S,([Cu])dV ~ 60Jykms™!
(Hill et al. 2020). To evaluate whether ALMA interferometric
observations have filtered out extended [CII] beyond the max-
imum resolvable scale (~5-6"") and sensitivities probed by both
Miller et al. (2018) and Hill et al. (2020), we compared the indi-
vidual [C11] line fluxes obtained from interferometry and those
from single-dish observations of the core. The APEX [C1I]
measurements (Table 1) indicate a total line flux greater than
100Jykms~!, i.e. about 1.7 times the line emission compared to
ALMA. Based on the luminosity function discussed in Hill et al.
(2020) and comparing the sensitivity of the ALMA observations,
we estimate that no more than 10-15% of the excess flux can be
attributed to low-luminosity galaxies that are within the (rela-
tively small) beam, but undetected with ALMA.

In addition, we present the first single-dish observation
towards the north region (Table 1), centred on object ‘N1’
as presented in Hill et al. (2020). Our north pointing consists
of a single central object in the archival Band 6 continuum
and [C1]. Hill et al. (2020) report that this object (‘N1°) has
fAV S,([Cu)hdvV = 18.9Jykms‘1. We measure a [CII] line

flux of 80Jykm s~! from APEX observations, i.e. four times
the [C1I] line emission measured by deep ALMA observa-
tions. Indeedamente, the largest nongalaxy-bound reservoir of
[C1]-emitting gas in the SPT2349-56 protocluster lies in the
north. Moreover, the north component [C IT] emission amounts
to nearly 80% of that of the core component, yet it contains
only one [CII] line emitter. The combined core and north [C 1]
line luminosity (~11 x 10'°Ly) amounts to ~0.14% of the
total IR luminosity of the entire protocluster, Lig~8 X 103 Lo
(Strandet et al. 2016; Miller et al. 2018; Hill et al. 2020). The
factor of 1.7 times the [C1I] line emission from the core already
indicates the presence of a significant amount of gas (possi-
bly located between these systems) around the core members.
Additional faint objects revealed in deep ALMA measurements
by Hill et al. (2020) resulted in the detection of multiple new
objects and fainter emission surrounding some of the objects
within the core (<1 Jy kms™!) that were not originally detectable
by Miller et al. (2018). The fainter objects increased the total
ALMA-detected [C11] line intensity by only ~10-15Jykms™!
for the same area covered by APEX. This suggests that the fac-
tor of 1.7 increased [CII] emission in the core does not come
from the recently detected faint [C IT]-emitting systems, but from
an ICM-CGM phase, with the excess [CII] emission being even
more pronounced in the north component.

3 These objects are not within the pointing of the primary beam (~2—
3”) of APEX.
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3.2. First [O111]88um line detection in a z > 1 protocluster

The [O111] 88 um line was first detected in the early Universe
in two composite galaxies with both AGN and starburst activ-
ity (Ferkinhoff et al. 2010). In the local Universe, it is thought to
be powered solely by O star radiation fields (e.g. Cormier et al.
2012; Lambert-Huyghe et al. 2022 and references therein), even
though its critical density (ne ¢rit ~ 510 cm™3) and low excitation
potential (E9/kg ~ 163 K) allow it to remain luminous at lower
temperatures and densities of ionised gas beyond the immediate
vicinity and/or inside young, compact H1II regions. Within such
regions, this line is insensitive to the much higher local temper-
atures and is nearly LTE-excited for n. 2 10° cm™3. The [O 11]
emission in the core has line fluxes and profiles comparable to
those of the [C1I] line (Figure 1), as observed in other known
cases of dusty star-forming galaxies (De Breuck et al. 2019).
The [O111] line has a similar luminosity to [C1I] despite cover-
ing an area roughly three times smaller in the pointing® (Figs. 1,
A.1), with L[OIII]/L[CII] = 1.3 and L[OIII] =@83x+1.7)x% 100 Lo;
yet, as noted in Sect. 1, these two lines trace different gas
phases altogether. We can nevertheless use the [O 111] frequency-
integrated flux density, Fjp, to obtain the minimum amount of
ionised hydrogen gas, given by

471'Di my
(81/Z(Te) e B1/ksT) A ghvyg | X(O**)’

Muin(H") = Fg (D

where ny = N;/Ny = [gl/Z(Te)]e‘E‘/kBTC is the occupation
number of the upper level (for LTE), Z(T.) is the three-level
partition function, A;g = 2.7 x 107 s7! is the Einstein coeffi-
cient for spontaneous emission, v;y = 3393.00624 GHz is the
line frequency, and X(O**) is the fractional abundance of oxy-
gen in the doubly ionised state. For hot plasma, e Fi/(ksTe) =
e~103/Tew ~ 1, and for all oxygen atoms in the doubly ionised
state (i.e. X(O™) ~ X(0) = 5.9 x 107*; assumed Milky Way
value) we obtain

L
Mpin(H") ~ 2.6 x 107*X(0)™! (L—m) Mo,

(0]

@

where Ljj the line luminosity, which yields M,;,,(H*) ~ 3.7 x
10'°M,. Sub-thermal line excitation, cooler plasma, optical
depth effects reducing the observed [O IIT] line intensity, or oxy-
gen atoms at a lower ionisation state, will all increase the actual
M(H*). This minimum ionised gas mass already amounts to
30% of the molecular gas masses reported for the sum of all
objects within the APEX beam (Hill et al. 2020, see Table 3).
The question then arises whether the high [O 1] line (and the
large implied ionised gas mass) can be explained as the out-
come of the total IR-derived SFR for the core. The APEX
[O111] observations cover less than a third of the 23 core
objects. Estimates of the IR-derived SFR from these objects
yields SFR ~ 2500 Mg, yr~!, while the larger core area within
300 kpc (proper distance), containing all 23 objects, has a total
IR-derived SFR of ~5000 M, yr~! (Hill et al. 2020).

4. Discussion

In this section, we discuss the significance of the single-dish
[CH] and [O1] line detections. We first derive an indepen-
dent SFR estimate from the [O IIT] line luminosity. As mentioned
above, the [O 1] line typically traces star-forming regions in the

% Due to the differences in the beam size between 358 GHz and
640 GHz.
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vicinity of intense ionisation sources owing to the requirement
of 35.1eV photons to produce O?*. In deriving this SFR and
comparing it with the known IR-derived SFR, we can explore
whether the [O1m]-deduced SFR is sufficiently high to sug-
gest significant non-stellar contributions to the observed [O IIT]
line luminosity from other sources in or around individual star-
forming galaxies within SPT2349-56.

It can be shown that for only stellar types O5.5V or
above, produce sufficient ionising flux to keep He doubly
ionised (requires 24.6 eV) throughout the Stromgren sphere (e.g.
Draine 2011). Therefore, the presence of such stars is essen-
tial for attributing the observed [OIII] luminosity to star for-
mation activity. First, we estimate the number of representative
05.5 class V stars, whose typical bolometric luminosity is
1054 L, (see Table 1 in Martins et al. 2005). Metal lines are
the primary coolants of photoionised gas, emitting approxi-
mately 1% of the incident bolometric luminosity. Therefore,
we adopt g = 1% to convert the observed [O1II] luminosity
into the expected bolometric luminosity of the stars responsi-
ble for keeping the gas ionised, Lion/€o = NossvX Lossy.
This results in ~32.3 million O5.5V stars. Using STARBURST99
(Leitherer et al. 1999) stellar population synthesis models, we
find that a continuous star formation episode with SFR =
1 Mg yr~!, sustained over 6-8 Myr, results in approximately
10*3 O stars. These models count all stars 215.6 My as O-
stars. Calculating the integral over the IMF used for SB99’
between Mgy = 344Mg to My, = 100Mp, yields a frac-
tion of stars O5.5V or greater as fig>055vM,) = 28.57%.
We therefore derive a scaling between an SFR = 1 Mg yr!
and Ngssy = f(%>05,5VM®)N(Ostars,lM@yr‘l) ~ 6400, as
expressed by the following independent [O III] 88 pm-derived
equation for the SFR, which uses the known properties of O
stars and the STARBURST99 models closest to solar metallicity
(Z =0.02):

SFRom _

— LO 111 « 1
Mg yr-!

€oLos.sv

3

b
J@%>05.5V Mo) N(Ostars, 1 Mo yr-1)

which gives SFRoy; ~ 5050Mgyr!, exceeding the
2500 Mg yr~! value estimated for this area of the protocluster
(Hill et al. 2020). The OIll-deduced SFR would be even higher
if the assumed metallicity were lower, further exaggerating the
discrepancy.

The previous equation demonstrates that the OIll-deduced
SFR may be equal to or even exceed the total IR-derived SFR.
Therefore, we provide an independent estimate of the forma-
tion rate of O stars from the [O II]-deduced H* mass reservoir,
requiring two assumptions: (a) this reservoir consists solely of
young ultra-compact H1I (UCHII) regions around O5-O7 stars
(those with a high ionisation parameter U sufficient to main-
tain the O** ionisation state); (b) these stars are replenished
in a steady-state manner by an equal mass of molecular gas
(copious amounts of which have been detected in this protoclus-
ter; (e.g. Zhou et al. 2025)). Using the turbulence-regulated SF
theory (Krumholz & McKee 2005), this replenishment occurs
by collapsing dense gas cores on timescales At, = f.Atg =

(f./4) \/37/(2G{p)), thus:

P 12
- G*Mmm(H ) ~ 818 E <I1> ,
At, f. /J\cm™3

Sl:;RO stars
Mg yr-!

“

7 https://massivestars.stsci.edu/starburst99/figs/
fig38.html
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within the protocluster area sampled by the APEX beam. From
turbulence-regulated star formation theory, the parameter f, =
(SFRg)™! ranges from 70-180, where SFRg ~ 0.0056-0.014
is the normalised SFR per free-fall time Atg (for core virial
parameters of ay; = 1.3-5; see Equations (21) and (30) in
Krumbholz & McKee 2005). Meanwhile, €, = Mo /Muycurn repre-
sents the O star mass per ionised gas mass of its UCHII region.
For molecular cloud core densities of (n) = (1-5) x 10*cm™
(typical of dense star-forming molecular gas), and €, ~ 0.65
(for a UCHII size of r ~ 0.5 pc, using the n.-(2r) relation from
Kim & Koo 2001 (Figure 9), and a mean mass of Mo = 40 Mg
for O6-07 spectral types), we estimate SFRogus ~ (300—
1700) Mg yr~!. This range already accounts for approximately
12-68% of the total, IR-derived SFR computed for this pro-
tocluster area assuming a standard stellar IMF. For a lower
X(0*™) = [O**/H*] = 0.3 x (0O) = 1.77 x 107* abundance
inside the H1I regions (appropriate for O5.5 stars with H" and
He* throughout their volume)® M(H*)pin ~ 1.2 X 10'! My, rais-
ing the implied SFRq s to ~(1000-6000) Mg yr~!, which is
at least 65% of and can even exceed the IR-derived total SFR
(an obvious impossibility). These two independent arguments
that estimate the OIll-deduced SFR suggest possible nonstel-
lar contributions to the observed [O111] line luminosity or a top-
heavy stellar IMF (a possible outcome of HEP-dominated ISM;
Papadopoulos et al. 2011). These are important issues that will
be addressed by future studies and spatially resolved analyses.

The APEX [O1] observations covered the region of the
core, encompassing only three of the brightest galaxies ini-
tially discovered by Miller et al. (2018) (objects C1, C3, and
C7; Hill et al. 2020). Objects C1 (Band 10 undetected) and C3
(Band 10 detected) are among the brightest reported individual
[C11] emitters (Miller et al. 2018; Hill et al. 2020). However, C3
is associated with a known radio-loud AGN system composed of
C3, C6, and C13, all detected in Band 10 and indicating a strong
dust heating source. Subsequent X-ray observations indicate that
C1 and C6 host AGN with roughly Compton-thick gas (Ny ~
10%* cm™2; Chapman et al. 2024; Vito et al. 2024). The contri-
bution of these galaxies to the APEX-observed [OI1I] luminos-
ity remains uncertain, as does the existence of any extended
[O11]-emitting ICM phase within the protocluster. Moreover,
the systems detected in the ALMA Band 10 measurements (C3,
C6, and C13; Fig. A.1) are dusty starbursts and could have
significant optical depths even in the far-IR. Indeed, extreme
dusty merger starbursts such as Arp220 have been found to
be optically thick out to 450 um (Papadopoulos et al. 2010) and
even 2.6 mm (Scoville et al. 2017), while the Red Radio Ring,
a strongly lensed dusty star-forming galaxy (DSFG) at z = 2.6,
appears optically thick out to 200 um (Harrington et al. 2019).
Any dust optical depth corrections or low-density ionised gas
phase (sub-thermally exciting the [O I11] line) in the protocluster
would only increase the corresponding M(H"), thereby compli-
cating its attribution solely to H1I regions surrounding O stars
(as these are produced by a standard IMF).

Luminosity ratios Loy /Lcyr > 1 have been observed
previously in high-redshift starburst galaxies at z ~ 6-9
(Harikane et al. 2020), exceeding values found in local star-
bursts and dwarf galaxies (Fujimoto et al. 2024 and references
therein). In these high-redshift systems, where O-stars appear
abundant, we would expect a richer release of O compared
to C (which originates from lower-mass, longer-lived stars).
This affects the C/O abundance ratio, creating the so-called

8 The value 0.3 is representative of the distribution between 0.2 to 0.6
in Figure 14 of Amayo et al. (2021).
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a-enhanced ISM. An @-enhanced ISM may also exhibit high
Low/Lcu (Bisbas et al. 2024, 2025); however, it is not clear
whether the ISM and ICM power sources are dominated by the
star-formation-produced far-UV photons or are HEP-dominated
instead. Recently, the environment around a known dusty star-
forming galaxy at z = 2.8 was imaged by the James Webb
Space Telescope (JWST), revealing 2.5kpc filamentary struc-
tures of [O1I1] 144959,5007 line emission extending out to
60kpc beyond the host system (Pengetal. 2025), precisely
tracing the previously imaged Lyman-a emission, indicating a
shock-heated CGM. Solimano et al. (2025) report that radiative
shocks are insufficient to power the [O1II] 144959, 5007 line
emission in a z ~ 4.5 protocluster, and explored the possibil-
ity of outflows and AGN in powering these CGM-scale [O 111].
Harikane et al. (2025) have recently analysed both singly and
doubly ionised optical and far-IR oxygen lines, suggesting that
the far-IR emission lines arise primarily from relatively low-
density gas with electron densities around n, ~ 100 cm™3. More-
over, far-UV photon-deficient thermal ISM states have been
found to dominate large molecular gas reservoirs even within
extreme dusty starbursts such as NGC 6240 (Papadopoulos et al.
2014), a distinct possibility also for ICM-CGM in galaxy clus-
ters (Ferland et al. 2008, 2009; Lim et al. 2017). The initial con-
ditions of star formation are strongly impacted by the dominant
ISM heating source, which in turn affects the resulting in situ
(galaxies) and ex situ (CGM-ICM) stellar IMF that builds up the
stellar mass in the Universe.

The significance of the [CTII] excess (1.4 times in the core
and four times in the north compared with star-forming galax-
ies) is that it likely traces a diffuse CGM or a preheated proto-
ICM, which may play a critical role in sustaining the high SFR
observed. The larger [C II] excess in the north region could reflect
variations in environmental conditions, but further investigation
are needed to clarify its origin (see e.g. Fujimoto et al. 2019).
Without spatially resolved observations of these emission lines,
we can only speculate, but not definitely confirm, the source
of ionising photons at this time, It is assumed that extended
[O111] may be less likely than extended [C1I], given the higher
IP. Previous works have explored the possibility of extended
[C11] halos around individual galaxies and merging systems using
ALMA (e.g. Fujimoto et al. 2019; Ginolfi et al. 2020), while more
recent single-dish observations have revealed even more spa-
tially extended [C 11] in protocluster systems (e.g. De Breuck et al.
2022). We provide evidence that [O1II], having a much higher
IP, exhibits a similar distribution, as inferred from the line width
of [C1]. This raises the question of what causes the widespread
[O1] line emission. Is widespread star formation enough to
explain this, or must alternative mechanisms such as shock-
driven excitation and/or widespread AGN activity be invoked,
especially considering that there may be higher AGN activity
in protoclusters (Vito et al. 2024; Shah et al. 2024), including
SPT2349-567 This highlights the critical importance of using reli-
able ionised and neutral gas phase line ratio diagnostics to deter-
mine the thermal and ionisation states in extraordinary systems
such as the SPT2349-56 protocluster in the early Universe.

5. Conclusions and outlook

Two new APEX single-dish measurements of the [C1I] line in
the SPT2349-56 protocluster reveal ~1.7 times the [CII] line
emission previously measured with ALMA 12-m observations
of the core, while the [CII] detection from the north reveals
roughly four times the [CII] line luminosity than detected by
deep ALMA 12-m observations. Both results suggest the pres-
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ence of additional amounts of ICM and/or CGM gas. An APEX
[OmI] line measurement towards the core revealed the pres-
ence of a large reservoir of O**, corresponding to a massive
H* gas reservoir. The latter is difficult to reconcile solely as the
product of star formation in this intensely star-forming proto-
cluster, unless non-stellar sources such as HEPs and/or strong
shocks contribute to the CGM and ICM ionisation, or non-
standard (top-heavy) stellar IMFs are considered. It is therefore
imperative that the multi-phase CGM and/or ICM reservoir in
this and other such extraordinary systems be studied both in its
ionised and neutral gas phases, using appropriate line ratios reli-
ably measured across scales ranging from individual galaxies up
to large-scale CGM and/or ICM distributions. Such studies are
impossible with interferometers alone, due to short u-v spacing
that filtered out large-scale emission, which biased the assess-
ments of both the true mass of the CGM and ICM components
and their thermal and chemical states. Our work demonstrates
the necessity of overcoming these short-spacing issues in inter-
ferometric data by complimenting them with measurements of
far-IR fine-structure lines with single-dish facilities. This fur-
ther motivates the development of future facilities such as the
Atacama Large Aperture Submillimeter Telescope (i.e. AtLAST;
Mroczkowski et al. 2025), capable of accessing to the required
high-frequency ranges without filtering out extended line
emission.
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Fig. A.1. The ALMA band 10 continuum image of the Core region
imaged beyond the primary beam of ~7" to explore emission from
bright sources (B10 synthesized beam (magenta) shown in the bottom
left corner). The APEX measurement of the [OIII] emission line comes
from the cyan circle. Black contours show the band 6 dust continuum
detections at signal-to-noise ratio levels of -3,3,6,10,15.

Table A.1. ALMA Band 10 continuum detections

Object name RA DEC Flux density
J2000 J2000 mly
C3 23:49:42.774  -56:38:23.875 85+0.8
Co6 23:49:42.837  -56:38:25.070 7.0+0.8
C13 23:49:42.719  -56:38:25.246 3.7+0.6

Notes. The aperture based photometry used a circular diameter cen-
tered on the known positions ("Object Name’ from Hill et al. 2020).
A 0.7” diameter was used for both C3 and C6, and a 0.54” diameter

aperture was used for C13. All other objects have 30 upper limits of

~2mJybeam™'.

Appendix A: ALMA band 6 and 10 continuum

The band 10 ALMA receiver is a dual-sideband receiver that
requires 90 degrees Walsh switching to split the sidebands and
corresponding spectral windows in order to maximize the con-
tinuum bandwidth to ~ 8 GHz (Maud et al. 2022, 2023). This
dataset was observed using the band-to-band calibration method
of observing a differential gain calibrator at a lower frequency
than the high frequency tuning in order to scale the higher signal-
to-noise solutions to higher frequencies before eventually apply-
ing to the target source (Asaki et al. 2020a,b, 2023; Maud et al.
2020, 2022, 2023). The array configuration for band 10 reaches
a field of view of ~7", maximum recoverable scale of ~3.2" and
synthesized beam 8 ~0.19" with Briggs weighting and a robust
parameter of 0.5. For the archival ALMA band 6 data, the syn-
thesised beam (with Briggs robust weighting factor = 0.5) is
6 ~ 0.45". The field of view is 25", with a maximum recover-
able scale of ~6.5".

Appendix B: Novel APEX observations compared
with LABOCA sub-mm maps

APEX spectral line pointed observations used wobbler switch-
ing, which only chops in Azumith, with a 1.5 Hz rate and off-
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Fig. B.1. Representative "off” positions (black circles) are shown for
the APEX/SEPIA observations of the Core and North (orange circles),
overlaid on LABOCA submm continuum emission (magenta beam
shown in bottom left).

set of 50". Each scan consisted of a hot/sky/cold calibration,
followed by up to 10 subscans of 20s per on-source integra-
tion time. Wobbler-switching spectral line focus observations
were performed every 2-4 hr and pointing checks every 1-3 hr,
depending on frequency, using planets (Mars, Saturn) or stan-
dard APEX calibrators (e.g. ‘pil-Gru’, ‘R-Dor’, ‘IRAS15194-
5115’). The central position for the wobbler-switching is set to
an amplitude of 50", which results in an off position that is 100"
from the target, as shown in the Fig B.1. A representative set of
"off” positions is shown for the APEX/SEPIA observations with
respect to APEX LABOCA submm continuum maps (Hill et al.
2020).

Our result independently verifies the APEX total power mea-
surements first reported by Strandet et al. (2016), and recently
highlighted by Zhou et al. (2025) in the context of excess CO(4-
3) emission. We note that the pointing in Strandet et al. (2016)
was identical as ours, and still agrees with our novel measure-
ments of the Core using SEPIA345 with better receiver base-
line stability. This consistency between measurements remains
despite using a completely different instrument (i.e. the decom-
missioned FLASH instrument (Klein et al. 2014), with the
observations in Strandet et al. (2016) having taken place before
the complete refurbishment of the primary mirror for APEX in
2017.

If we consider the global dust emitting region, previous
LABOCA measurements had measured more 870um flux
density than reported with ALMA (Miller et al. 2018; Hill et al.
2020). The elongated structure that extends to the North is where
we find a relative excess of 4x amount of [CII] emitting gas
compared to the one galaxy, yet extended dust from LABOCA
is likely diffuse, warm and optically thin. We therefore consider
dust attenuation of the [O1I] line from any large-scale dust
emission to be negligible. Still, this suggests there could be
additional line emission that are resolved out by interferometers
like ALMA.
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