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THE ALMA REBELS SURVEY:
|OI1I|ggyns LINE SCANS OF
UV-BRIGHT z > 7.6 GALAXIES
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S. Schouws, M. Aravena, R. A. A. Bowler, P. Dayal, A. Ferrara, R. Fisher, Y.
Fudamoto, C. Gulis, T. Herard-Demanche, H. Inami, I. de Looze, A. Pallottini, R.
Smit, L. Sommovigo, and M. Stefanon, Monthly Notices of the Royal Astronomical
Society, 542, 1388, 2025

Abstract

We present the [OIII]gs,m spectral scan results from the ALMA Large Pro-
gram REBELS (Reionization Era Bright Emission Line Survey). The gener-
ally high luminosity of [OIlI|sg,m and ALMA’s Band 7 efficiency motivated
its use for line scans of REBELS targets at z > 8. Spectral scans of four
sources covered 326.4-373.0 GHz (z = 8.10-9.39), reaching [OIII|gg,m lu-
minosities of ~ 7.6 x 10® Ly, (50) for a FWHM of 400 km s~!. No credible
lines are detected for the four targets. For REBELS-04, the non-detection
is unexpected given the > 92% coverage of the redshift likelihood distri-
bution and its estimated SFR. of 40 My yr~'. Possible explanations for
the faint [OIII|ss,m emission (assuming a FWHM of 100 km s™!) include
high ISM densities (> ey &~ 510 em™3) and low ionization parameters
(logio Uion S —2.5). For REBELS-37, a subsequent detection of [CII]i58;m
(z = 7.643) confirmed it lay outside our scan range. For REBELS-11 and
REBELS-13, it remains unclear if the non-detection is due to the depth of
the line scan or redshift coverage. REBELS-04 and REBELS-37 show signif-
icant (> 3.80) dust continuum emission in Band 7. If the photometric red-
shift of REBELS-04 is accurate, i.e., zpnot = 8.5770 80 or 2phot = 8.437919
accounting for additional neutral hydrogen in the circumgalactic medium,
REBELS-04 would constitute the most distant dust-detected galaxy identi-
fied with ALMA to date. Additional Band 6 dust observations of REBELS-
37 constrain the shape of the far-IR SED, ruling out cold dust temperatures
(< 28 K) at 30. Further insight into these galaxies will require spectroscopic
redshifts and deeper multi-band dust observations.
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74 3.1. INTRODUCTION

3.1 Introduction

The Epoch of Reionization (EoR) is a prominent era in the history of our
Universe. In the EoR the first galaxies start to reionize the predominantly
neutral Universe (e.g. Dayal & Ferrara 2018). The galaxies in the EoR
are expected to differ significantly from the present day galaxies, as these
galaxies have had less time to enrich their ISM with metals and dust and are
expected to generate harder ionizing emission (e.g. Katz et al. 2020; Tang
et al. 2023). Fortunately, great leaps in instrumentation and new telescopes
(e.g. James Webb Space Telescope (JWST)) have allowed us to peer into
this early era of the Universe and we can start to characterize the galaxies
in the EoR (e.g. Robertson 2022; Adamo et al. 2025).

To understand the formation and evolution of galaxies in the EoR, the
use of far-infrared (FIR) emission lines is particularly useful. FIR lines are
expected to be unaffected by dust extinction and some are exceptionally
bright and therefore useful for observing distant galaxies. Two notably
bright FIR lines are [CII|i5gym and [OIIl]gg,m that predominantly trace
the photo-dissociation (e.g. Wolfire et al. 2003) and ionized regions (e.g.
Cormier et al. 2015), respectively.

The Atacama Large Millimeter/submillimeter Array (ALMA) has been
instrumental in the exploration of the high redshift Universe with FIR emis-
sion lines (Hodge & da Cunha 2020). The [CII];58,m emission line has been
extensively used to detect and characterize galaxies and quasars at z > 4
(e.g. Capak et al. 2015; Béthermin et al. 2020; Le Févre et al. 2020; Ven-
emans et al. 2020), while at higher redshifts (z > 8) the [OIIl]gg,m line is
predicted to be more efficient (Inoue et al. 2014b). Local low-metallicity
dwarfs have been found to be brighter in [OIIl]gg,m than in [CII|i58,m
(Cormier et al. 2012; Madden et al. 2013) which suggest that [OIII|sg;m
could be a more efficient line to target when observing high redshift and
potentially low-metallicity galaxies.

The first detection of [OIlI]gg,m at z > 7 was achieved in a Ly-a emitter
(Inoue et al. 2016). The [OIII]gg,m emission line has become a preferred FIR
line at z > 8 to derive spectroscopic redshifts for galaxies and characterize
them in detail (e.g. Hashimoto et al. 2018; Tamura et al. 2019; Fujimoto
et al. 2024). Recent observations of two of the most distant spectroscopically
confirmed galaxies, JADES-GS-z14-0 and GHZ2, have even proved that
ALMA is capable of detecting [OIlI|gg,m line emission at z > 12 (Schouws
et al. 2025b; Carniani et al. 2025; Zavala et al. 2024).

The [OI1I]gg,m emission line is thought to arise mainly from HII regions
(e.g. Cormier et al. 2015), due to its high ionization potential (E > 35.1
eV, Malhotra et al. 2001). Not only is the [OIII]gg,m emission line utilized
in spectral scans for redshift determinations, this FIR line can also charac-
terize the ISM. The brightness of [OII]gg,m for a given SFR increases with
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increasing ionization parameter (Ui, ), lower hydrogen densities (ng) than
its critical density (neie ~ 510 cm™3) and increasing metallicity (Z) (e.g.
Moriwaki et al. 2018; Harikane et al. 2020; Kohandel et al. 2023; Nakazato
et al. 2023).

The Reionization Era Bright Emission Line Survey (REBELS) is an
ALMA Large Program designed to construct a sample of especially massive
ISM reservoirs in the Reionization Era (z > 6.5: Bouwens et al. 2022b).
To achieve this goal, REBELS performed an extensive line search for lumi-
nous [CII]is3,m (36 targets) or [OIll]gs,m (4 targets) line emission from 40
UV-selected galaxies, while also probing the dust continuum. The REBELS
observations started in Cycle 7 and were completed in Cycle 8. A total of 25
galaxies have been detected in [CII];53,m and are presented in Bouwens et al.
(2022b) and Schouws et al. in preparation. The REBELS sample has en-
abled the study of properties of a substantial number of EoR galaxies, such
as dust continuum emission (Inami et al. 2022), dust properties like atten-
uation and temperature (Dayal et al. 2022; Ferrara et al. 2022; Sommovigo
et al. 2022b; Bowler et al. 2024; Algera et al. 2024a; Palla et al. 2024), ob-
scured star formation rate density (Algera et al. 2023) and the IR luminosity
function at z ~ 7 (Barrufet et al. 2023). Moreover, the REBELS survey en-
abled investigation into specific SFRs (Topping et al. 2022), serendipitously
detected dusty galaxies (Fudamoto et al. 2021), [CII]158,m sizes (Fudamoto
et al. 2022), Lyman-« emission (Endsley et al. 2022), HI gas masses (Heintz
et al. 2022) and molecular gas (Aravena et al. 2024) in the EoR and resolved
studies of the most massive galaxy of the sample (REBELS-25; Hygate et al.
2023; Rowland et al. 2024).

In this paper, we present the [OIlI]gg,m line scans performed for four
of the highest redshift (z > 7.6) galaxies of the REBELS sample in both
ALMA Cycle 7 and 8. We also present an updated assessment of the dust
continuum emission from the [OIIl|sg,m targeted sources, refining the pre-
vious measurements from Inami et al. (2022) using Cycle 7 data only. In
addition, for one of our targets (REBELS-37), Band 6 dust continuum ob-
servations are now available, which can be combined with the constraints
from Band 7 measurements to probe both the dust temperature and shape
of the far-IR continuum.

This work is organized as follows. In Section 3.2, we introduce the
[OIIl]ggum observations of REBELS and the data reduction. Additionally
we present the coverage of the redshift likelihood distribution of the z > 7.6
sources and discuss the procedures we use to measure [OIII]ggum and IR
luminosity. In Section 3.3, we present the [OIII|gg,m line scan data and
significant Band 7 dust continuum detections. We also examine the dust
temperature of REBELS-37. We discuss our interpretation of the [OIII]gg,m
line scan results as well as improved constraints on the dust continuum and
dust temperature for our sample in Section 3.4. Finally, our findings are
summarized in Section 3.5. In this work we adopt a flat ACDM cosmology
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with h = 0.7, Qu = 0.3, and Q = 0.7.

3.2 Observations and data reduction

3.2.1 The ALMA REBELS survey

The ALMA Large Program REBELS (2019.1.01634.L, PI: Bouwens) tar-
geted 40 UV-luminous (—23.0 < Myy, ap < —21.3) star-forming galaxies
at z > 6.5 (Bouwens et al. 2022b). REBELS was designed as a spectral
scan program to target [CII]iss,m (Bands 5 and 6) or [OIll|ss,m (Band
7) emission, while simultaneously obtaining dust continuum measurements.
REBELS observations were mainly performed in Cycle 7, except for the
observations of six targets that were completed in Cycle 8. The targets
for the REBELS survey were selected over a 7 deg? area to have SFRyy
> 11 My yr~! and to have relatively tight constraints on their photomet-
ric redshift to allow for efficient line scans.! The [CH]158,m line scans and
detections are discussed in Bouwens et al. (2022b) and Schouws et al. (in
preparation). Initial (Cycle 7) results from REBELS on the dust-continuum
emission and luminosity of sources are presented in Inami et al. (2022). In
this work we present Cycle 748 results from [OIII]gg,,m line scans performed
on four z 2 7.6 targets from the REBELS program: REBELS-04, REBELS-
11, REBELS-13 and REBELS-37.

3.2.2 Data reduction

We have calibrated the ALMA measurement sets using the ScriptforPI with
the Common Astronomy Software Applications (CASA) software (CASA
Team et al. 2022). The calibrated measurement sets of both Cycle 7 and
8 are combined and time-averaged over 30 s (see Schouws et al. in prepa-
ration). The observations are imaged with CASA version 6.5.4. The data
is cleaned with the TCLEAN task to a depth of 20 using ‘auto-multithresh’
(Kepley et al. 2020) applying Briggs weighting with the robust parameter
set to 2.0 (therefore resembling natural weighting). The pixel sizes are set
such that there are approximately 5 pixels along the minor axis of the beam.
Unfortunately for all sources one spectral window (SPW) of tuning 3 (cov-
ering the redshift range z = 8.188-8.240) is affected by an atmospheric line
at 368.5 GHz (O3 N; = 33 — 1) and caused the transmission to be down
to ~ 0% and therefore unusable. We have therefore excluded this SPW
during the analysis. The CASA task uvcontsub is used for subtracting any
continuum emission from potential [OII]gg,m line emission by a fitting ze-
roth order polynomial. As will be discussed in the following sections, we did

IFor more details on the sample selection and observing strategy see Bouwens et al.
(2022D).
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not find any [OIIl]ss,m emission lines in the data, but we did find significant
(> 3.80) continuum emission. The properties of the resulting image cubes
are summarized in Table 3.1.

3.2.3 Coverage of redshift likelihood distribution

The REBELS survey was designed to efficiently cover the redshift likelihood
distribution of the 40 UV-luminous sources with the SPWs of ALMA Band
5, 6 and 7. The redshift likelihood distributions are derived using several
independent methods and are explained in Bouwens et al. (2022b). Most
of the sources with photometric redshifts larger than 7.6 are targeted with
the [OIll|ss,m line and have larger uncertainties on their redshift due to
the fact that the Lyman break is between the ground-based Y and J bands.
Additional Hubble Space Telescope (HST) F105W, F125W, and F160W ob-
servations of REBELS-04 and REBELS-37 (GO 16879, PI: Stefanon and GO
15931, PI: Bowler) were therefore instrumental in substantially improving
the constraints on the redshifts of these sources. The HST observations
were executed after ALMA had already started the observations for the
REBELS program. The redshift likelihood distributions (P(z)) of the four
sources discussed in this work are shown in the bottom panels of Fig. 3.1 by
the black lines. The gray dashed lines are the redshift likelihood distribu-
tions prior to the additional HST data. For all sources, five to six tunings
with four SPWs (shown in red) were used to cover a significant portion of
the redshift distributions.?

The two most tightly constrained redshift likelihood distributions are
for those sources targeted with additional HST imaging. The photometric
redshift of REBELS-04, in particular, is very well determined due to this
additional HST imaging to constrain the precise wavelength of the Lyman
break, but also thanks to the IRAC photometry available of the source,
which show a relatively flat UV continuum from 3.6pm to 1.3pum. The 4.5um
flux shows a ~0.7-mag excess over that present in UV continuum, likely due
to luminous [OII]4959 5007 emission. Together with strong evidence for the
existence of a Lyman break in the source, the existence of a second feature in
the spectral energy distribution (SED) should make the photometric redshift
of REBELS-04 very robust.

Recent work by Asada et al. (2025) has discussed the additional impact
that hydrogen clouds in the circumgalactic medium (CGM) can have on
the derived photometric redshifts when added to the standard intergalactic
medium (IGM) absorption model. Asada et al. (2025) find that the pho-
tometric redshift can be overestimated by §z = 0.20 when only accounting
for the standard IGM absorption. In Appendix 3.A.1 we show the pho-
tometry and SED of REBELS-04. Additionally, we examine the SED and

2There is a gap in the frequencies covered around ~ 368.5 GHz in the spectra due to
exclusion of the SPW that covers an atmospheric line resulting in 0% transmission.
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Table 3.1: Summary of the ALMA Band 7 observations with the target IDs, central positions, median beam size of the image

cube, median noise in the image cube per ~13 km s

—1

channel, the observed frequency of the continuum image and noise in the

continuum image estimated from the dirty continuum image. UVISTA-J-1212 also has observations in Band 6 (Schouws et al., in
preparation) and we additionally analyze the Band 6 continuum in this work.

REBELS ID Source name RA Dec Beam Noisecube Vcont,obs Noisecont
(arcsec?) (mJy beam™" channel™)  (GHz) (uJy beam™)

Band 7

REBELS-04 XMM-J-355 02:17:42.46  -04:58:57.4  0.97 x 0.82 0.46 351.52 18.0

REBELS-11 XMM3-Y-217016 02:24:39.35  -04:48:30.0 0.97 x 0.82 0.47 351.53 24.4

REBELS-13 XMM-J-6787 02:26:16.52  -04:07:04.1 0.97 x 0.80 0.68 349.67 22.0

REBELS-37  UVISTA-J-1212  10:02:31.81 +02:31:17.1  0.96 x 0.85 0.42 349.66 15.8
Band 6

REBELS-37  UVISTA-J-1212  10:02:31.81 +02:31:17.1 1.69 x 1.41¢ — 219.16 12.6

Note. *The beam size of the Band 6 data of UVISTA-J-1212 presented here is of the continuum image.
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redshift likelihood of REBELS-04 when an additional CGM component is
added to the analysis and find a decrease in the derived photometric redshift
(Zphot = 8:437010 instead of zpnor = 8.5770%9). The coverage of the red-
shift distribution is slightly smaller at 92% instead of 99% when we include
the effect of the CGM.

The majority (> 92%) of the redshift distribution has been scanned for
REBELS-04, making it extremely likely that the [OIII]gg,m line should be
within the observed frequencies. In contrast, REBELS-37 only has coverage
of 2.2% of the redshift distribution in Band 7. This is due to the large change
in the redshift likelihood distribution that came from the addition of new
HST observations midway through the execution of the program and after
the Band 7 line scan had already been performed. The HST data shifted
the peak of the redshift distribution to z < 8 and therefore for the Cycle 8
observations a request was made to finish the line scan using the [CII]i58,m
line. The [CII];58,m line has been detected in the Band 6 data with ~100
(Schouws et al. in preparation: see also Harikane et al. 2025), therefore
measuring the spectroscopic redshift (zcryp = 7.643). Unfortunately, the
redshifted [OIII|sg,m frequency implied by the spectroscopic redshift is out-
side of the SPWs. Therefore we cannot provide an upper limit on [OIII]gg;m
for REBELS-37.

The other two sources, REBELS-11 and REBELS-13, have less tightly
constrained redshift likelihood distributions. Because of this, scanning for
ISM cooling lines would have required covering the entire redshift range
from z ~ 7.6 to 9.4. Unfortunately, there was an insufficient amount of ob-
serving time available to REBELS to span the full range and were only able
to cover the z > 8.1 portion. This results in a coverage of 49.9% and 40.9%
of the redshift likelihood distribution for REBELS-11 and REBELS-13, re-
spectively. We furthermore caution, as noted in Bouwens et al. (2022b),
that REBELS-13 could be a lower-redshift interloper given that >15% of
the redshift distribution extends to z < 6. With these caveats in mind, we
provide tentative upper limits on the [OIII]gg,m fluxes of these sources.

3.2.4 [OIIl]ss,m line emission

To identify [OIlI]gg,m line emission in the datacubes we used Matched Fil-
tering in 3D (MF3D; Pavesi et al. 2018). MF3D uses 1D Gaussian frequency
templates and 2D Gaussian spatial templates to convolve with the ALMA
cubes to find line emission peaks. We adopt frequency templates with widths
from 50 to 800 km s~! and spatial templates from 0 to 3 x the beam size.
Schouws et al. in preparation has done extensive checks on the fidelity
of REBELS sources as a function of SNR identified by MF3D (SNRypsp).
Schouws et al. in preparation find a purity > 95% for emission peaks with
SNRyrsp = 5.2 within a 1.5" radius of the center and SNRyrsp > 6.2 for
peaks outside of the image center. SNRyp3p is based on the optimally-
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Figure 3.1: Top rows: Spectral extractions show our [OIll|ssum line scans,
binned in intervals of 90 km s~!. The spectra are extracted by taking a circular
aperture with an area equal to the beam size centered on rest-UV position of each
target. The 1o uncertainty is calculated at each frequency by taking 1000 random
apertures outside of the center of the image and measuring the standard deviation.
Bottom rows: The redshift likelihood distributions of the sources based on both
ground-based and space observations. The tighter redshift constraints available
for REBELS-04 and REBELS-37 are due to additional HST F105W, F125W, and
F160W observations. For context, the weaker redshift constraints available for
these sources while initially setting up the scan strategy are shown with dashed
lines. Additionally, for REBELS-04 the redshift distribution is shown when an
additional CGM component with neutral hydrogen is added to the SED fit. The
5 to 6 tunings (T1-T6) of the SPWs of ALMA Band 7 are used in an effort to cover
the redshift likelihood distributions. There is a gap around 368 GHz due to an at-
mospheric line that reduces the transmission to 0% in this SPW. For REBELS-37
we also indicate the redshift range covered by the SPWs used to target [CII]i58.m
in Cycle 8 and the spectroscopic redshift from the line detection together with the
frequency of the [OIlI|ssum line this would correspond to (presented in Schouws
et al. in preparation: see also Harikane et al. 2025).
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weighted signal when close to the provided template shape. We do not find
any positive peaks within 1.5 arcsec radius from the center of the observa-
tions (which are centered to the UV-emission), except for a SNRyrsp = 5.35
peak 1.45" from the center of the REBELS-13 observations. We note how-
ever that for the same observations more significant noise (negative) peaks
are found (SNRypsp = 5.9) and as this emission is significantly offset from
the UV emission, it is likely that this is a noise peak. Further analysis on
this potential noise peak is shown in Appendix 3.A.2. We do not find any
spurious line emission peaks with SNR > 6.2 1.5" outside of the center. We
assume that the sources are unresolved, as we expect [OIIl|gg,m to gener-
ally be more compact than our spatial resolution (e.g. Tamura et al. 2019;
Witstok et al. 2022; Ren et al. 2023). We extract spectra of the central
region with circular apertures with areas equal to the beam and we cannot
identify any line emission as well, see Figure 3.1.

With the exception of REBELS-37, we can provide 5o upper limits on
the [OII|gs,um fluxes. The full width at half maximum (FWHM) of the
[OI1I]sg,m lines are unknown in this case. To calculate the [OIII|sg,m flux,
we therefore adopt two different values for the FWHM: 100 and 400 km
s!. The choice of these FWHMs is motivated by z > 7 [OIll|sg,m line
detections with FWHM ~ 100 km s~ (SXDF-NB1006-2 (Inoue et al. 2016),
MACS0416 Y1 (Tamura et al. 2019) and MACS1149-JD1 (Hashimoto et al.
2018). At z > 7 more extreme values for the [OIIl|sg,m FWHM are also
found that could be more representative for merging systems, for example
in sources B14-65666 and A1689-zD1 (> 300 km s~!) (Hashimoto et al.
2019a; Wong et al. 2022). The values of 100 and 400 km s~! are therefore
representative of observations and have been used in other work discussing
[OI1I]ss,m non-detections (e.g. Binggeli et al. 2021; Popping 2023).

We simulate moment-0 maps by collapsing the data over 2 x FWHM
at the frequencies covered by the SPWs. The noise is estimated by taking
1000 random apertures with the size of the beam and then taking the stan-
dard deviation of flux densities. Using the 50 noise on the flux density we
can obtain an upper limit on [OIII|gg,m luminosity flux using the following
relation:

_g (Vo . Flom D \?
I Lo — 1.04 % 10 3 88um,obs 88um )
[OHI]SS#m/ ®© X ( GHz ) (Jy km S—l MpC

Florss,.. 18 the velocity integrated flux in Jy km s~! for which we use the
50 upper limit, VIOM g, one the central frequency of the [OIII|gg,m emission
in GHz and Dy, the luminosity distance in Mpc (Solomon et al. 1992).
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3.2.5 Dust continuum measurements

We create the continuum maps with the TCLEAN task of CASA using spec-
mode=‘mfs’. In the case of REBELS-37 we exclude the frequencies within 2
x the FWHM of the [CII]158,m line. To identify dust emission in the contin-
uum maps we adopt the procedure from Inami et al. (2022) using PYBDSF
(Mohan & Rafferty 2015). We summarize the procedure here. PYBDSF
identifies neighboring emission (‘islands’) that are fitted with Gaussians to
identify sources of emission. To establish the bounds of an island of emis-
sion and the peak of a source PYBDSF uses two SNR thresholds: iSNR
and pSNR. Inami et al. (2022) extensively tested the purity of continuum
sources with different iSNR and pSNR thresholds and find a purity of 95%
for (iSNR, pSNR) = (2.0, 3.3).

We find high-fidelity ((iSNR, pSNR) > (2.0, 3.3)) Band 7 dust continuum
emission for REBELS-04 and REBELS-37, consistent with the Cycle 7 data
analyzed in Inami et al. (2022). In this work we additionally make use
of data we obtained in Cycle 8 for REBELS-04 and REBELS-11. Thus,
apart from REBELS-13 and REBELS-37 (where the full Band 7 data were
obtained in Cycle 7), the present probe of the dust continuum flux is deeper
than was available in Inami et al. (2022). We use the peaks identified
by PYBDSF to measure the continuum fluxes with the imfit task from
CASA. We let imfit fit a Gaussian in a region of 3" x 3" and obtain the
continuum fluxes from the peak intensities. We use the peak intensities as
Inami et al. (2022) found that all 40 REBELS sources, except for REBELS-
25, are unresolved at 95% probability.

We place a 30 upper limit on the continuum fluxes of REBELS-11 and
REBELS-13 using the noise in the dirty images, multiplied by a flux boost-
ing correction of 1.33 (see Inami et al. 2022). Due to the change in the
redshift likelihood distribution of REBELS-37, [CII]i58,m was targeted for
the remaining Cycle 8 observations in Band 6. We do not identify contin-
uum emission in the Band 6 observations and therefore provide an upper
limit. The resulting Band 7 (and Band 6 for REBELS-37) dust continuum
fluxes are reported in Table 3.2 (uncorrected for the CMB effect). We note
that with the additional Cycle 8 data for REBELS-04, the continuum de-
tection increased from 3.40 (Inami et al. 2022) to 3.8¢, providing further
evidence that dust continuum emission from this source is real.

To estimate the IR luminosities, we assume that the dust SED can be
represented by a simple modified blackbody (MBB) with a Ty, = 47 K and
Bir = 2.03, analogous to the work of Sommovigo et al. (2022b). Sommovigo
et al. (2022b) find a scatter of 6 K on the median dust temperature of
the REBELS sources and we combine this scatter in quadrature with the
uncertainty on the IR luminosity. We correct for the effect of the CMB
on the measured continuum flux according to the prescription of da Cunha
et al. (2013) assuming the dust is in thermal equilibrium. Assuming a dust
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temperature of 47 K, we consider both the CMB heating the dust as well
as the fact that the dust continuum is measured against the CMB. The IR
luminosity is calculated by integrating the dust SED from 8 to 1000 pm.

Additionally, we calculate the IR luminosity with a higher dust tem-
perature of Tyuss = 70 K, to understand the effect of potentially high dust
temperatures. This is motivated by z > 8 galaxies with evidence of dust
temperatures in excess of 70 K (e.g. Bakx et al. 2020) as well as by the
previous work on the REBELS galaxies of Inami et al. (2022). A MBB with
a dust temperature of approximately 70 K results in equivalent IR lumi-
nosities to the treatment adopted by Inami et al. (2022) for the [OIII]sg,m
targets. If the dust temperatures of the [OIII|gg,m sources are 2 70 K, the
IR luminosities in this work would increase by a factor of 2 3.

3.3 Results

3.3.1 Upper limits on Loy, of REBELS sources

The REBELS survey targeted [OII]gg,m line emission in four z 2 7.6 galax-
ies and, as indicated in Section 3.2.4, we do not identify any line emission
in the observations. To demonstrate the depth of our observations, we show
the 50 limit on the [OII]gg,m luminosity as a function of observed frequency
in Fig. 3.2. To estimate the SFR limits these luminosities correspond to, we
use the relation derived from 2z = 6-9 galaxies by Harikane et al. (2020).
For a FWHM of 100 and 400 km s~!, the observations reach down to 3.9
x 10% Lg and 7.6 x 10% L, respectively, equivalent to SFR ~ 17 and
33 My yr~!. Bouwens et al. (2022b) show that at SFRs of > 28 M, yr—!
the REBELS survey has a 79% efficiency in detecting [CII]i58,m. We note
that we do not utilize the upper limit on Loy, for REBELS-37 for fur-
ther analysis, as the expected frequency for the [OIIIlsgum line is outside of
the frequency scan range. The upper limits on Lo, for the remaining
sources are obtained from taking the average over all observed frequencies
and are quoted in Table 3.3.

Also shown in Table 3.3 are the unobscured and obscured SFRs based on
the UV and IR luminosities. For these SFRs we adopt the same relations as
presented in Bouwens et al. (2022b): SFRyy = 7.1x 1072 —Lx—___ and

erg s—1 Hz—1
SFRir = 1.2 x 10’10%. The unobscured SFR conversion factor is based
on SED fitting of the REBELS galaxies using a Chabrier (2003) initial mass

function (IMF) (Topping et al. 2022). The obscured SFR conversion factor

3At the 5o L[OHI]SSum limit of our sample the SFRs that one obtains with the metal-
poor local dwarfs relation from De Looze et al. (2014) will be a factor 0.8 smaller on
average. If we assume the local starburst relation from De Looze et al. (2014) the resulting
SFRs would be a factor 5.6 (4.5) larger on average assuming a FWHM of 100 km s~1!
(400 km s~1).
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Table 3.2: The REBELS sources that have been scanned for _O::mmta emission and their corresponding continuum and _OHEmm:E
fluxes®. We provide upper limits (50) on the [OIlI]ssum flux by assuming that the [OIlI]ss.m frequency is in the SPWs observed
with ALMA. Continuum fluxes in in this table are without correction for the CMB and in the case of a non-detection are 30 upper
limits.

REBELS ID ZBhot NWQE Scont, Band 6 Scont, Band 7 F[OITss,im, 100 km s=1  F[OI]gg,m, 400 km s—1
(1Jy) (1Jy) (Jy km s~ (Jy kms™")
REBELS-04  8.5770:09 — — 72+19 < 0.148 <0.272
REBELS-11  8.2410:52 - - <97 < 0.136 < 0.254
REBELS-13  8.197082 - - <88 < 0.252 < 0.467
REBELS-37 7.75709%  7.6428 £ 0.0005 <50 100 + 17 —~ —~

Notes. * From Bouwens et al. (2022b). If we include the effect of the CGM on the redshift likelihood distribution, the redshift of REBELS-04
could be smaller: zphot = m.%wwwuww (Appendix 3.A.1).

b from Schouws et al. in preparation; see also Harikane et al. (2025).

* The [OII]ggum fluxes are tentative as these sources do not have spectroscopic confirmation of the photometric redshift yet. Note that the
upper limits on the [OIII]|gg;m fluxes of REBELS-11 and REBELS-13 are particularly preliminary as only ~40-50 % of the redshift likelihood

distribution is covered by the SPWs.
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is adopted from Kennicutt (1998) and converted to a Chabrier (2003) IMF.
We note that we use these conversion factors when comparing to galaxies
from literature as well.

Of the three targets (REBELS-04, REBELS-11 and REBELS-13) ob-
served with ALMA Band 7 to scan for the [OIlI|gg,m emission line, only
REBELS-04 has observations covering the majority of its redshift likelihood
distribution (> 92%), with zpnot = 8.57589 (2phot = 8437919 without
(with) an additional correction for absorption by the CGM. We note that
this estimate leverages both the existence of both an apparent Lyman break
in the SED and a contribution of line emission to the 4.5um flux (see Ap-
pendix 3.A.1).

Unfortunately, no line detection is found for any targets over the full
scan range. While the observations reach down to similar SFRs to which
[CII]158,m detections were commonly found in REBELS, it is possible this
limit is not sufficient for [OIll|sg,m. This would imply targets have a lower
Liom)ss,... than expected according to their SFR. In Figure 3.3 we plot the
50 upper limits on Lo111)s,,, ©btained with both FWHMs (100 and 400 km
s71) for REBELS-04. Interestingly we see that when we adopt a FWHM
of 100 km s~! the upper limit on Liomnss,., of REBELS-04 is significantly
below the luminosities found for [OIII|gg,m-detected literature galaxies at
z > 6 with similar SFRs.

Also plotted are the z = 6-9 galaxies from the literature (Inoue et al.
2016; Carniani et al. 2017; Hashimoto et al. 2018; Marrone et al. 2018;
Walter et al. 2018; Hashimoto et al. 2019a; Tamura et al. 2019; Harikane
et al. 2020; Akins et al. 2022; Tadaki et al. 2022; Witstok et al. 2022; Wong
et al. 2022; Ren et al. 2023; Algera et al. 2024a; Bakx et al. 2024; Carniani
et al. 2025; Fujimoto et al. 2024; Schouws et al. 2025b; Zavala et al. 2024).
For these literature galaxies we recalculated the IR luminosity based on
the dust continuum at 88 pm (corrected for the CMB) if there is only
one band continuum observation available with a modified blackbody with
Taust = 47 K and fig = 2.03. If a source has an upper limit on the IR
SFR, we adopt the total SFR from the literature derived by SED fitting
if those constraints are not limits. The approximate difference in the total
SFR when assuming a dust temperature that is 10 K higher or lower than
47 K is indicated with the errorbar in the lower left corner in Figure 3.3.

3.3.2 [OIII]ggum deficit

In Section 3.2.5 we discuss that we observe significant dust continuum emis-
sion in Band 7 for REBELS-04 and REBELS-37. These dust detections
are ~ 3.80 and ~ 60, respectively. The resulting IR luminosities and up-
per limits of the non-detections are reported in Table 3.3. Local dwarf
and star-forming galaxies are known to exhibit an anti-correlation between
the [OIII]ggyum/IR luminosity ratio and IR luminosity, also known as the
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Figure 3.3: The [OIll]ssum luminosity as function of total SFR (UV+IR). The
[OIlI]ssum upper limits of REBELS-04 are shown by the stars, assuming either
a FWHM of 100 km s~ (filled) or 400 km s™' (open). The plotted constraints
assume the photometric redshift estimate zphot = 8.571‘8‘_(1)8 for REBELS-04 is
accurate and lying within the scan range of the REBELS [OIlI|gs,m observations.
Literature observations of [OIIl]gs,m are plotted with circles and are filled in
the case of a detection of both [OIII]ssum and dust continuum. The two recent
detections of [OIIl]sg,m at z > 12 in GHZ2 and GS-z14 are shown with the square
and triangle, respectively (Zavala et al. 2024; Schouws et al. 2025b; Carniani et al.
2025). The approximate shift in the total SFR when assuming a dust temperature
that is 10 K lower/higher than 47 K is shown by the thick errorbar in the lower
left corner. The L[OIH]SSHm—SFR relation derived by Harikane et al. (2020) based
on z = 6-9 galaxies and the relations from De Looze et al. (2014) derived with
local starburst and low-metallicity dwarf galaxies are indicated with the solid and
dashed lines.
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[OIIl]gsum deficit (e.g. Madden et al. 2013; Cormier et al. 2015). Galaxies
and QSOs at z > 7 have been found to show an analogous |OIII|sg,m deficit
(Tamura et al. 2019; Hashimoto et al. 2019Db).

As we have a continuum detection for REBELS-04, we can explore the
[OII]sgm deficit of this REBELS source. In Figure 3.4 the luminosity
ratio of REBELS-04 is shown for the two assumptions on the FWHM.
Also plotted are the same z = 6-9 galaxies from the literature as shown in
Figure 3.3. Moreover, we show local star-forming galaxies from SHINING
(Herrera-Camus et al. 2018a,b) and local dwarf galaxies (Madden et al. 2013;
Cormier et al. 2015) adopted from Figure 4 from Tamura et al. (2019) and
the 68'™ and 95'" percentiles of both distributions. The [OIlI]sg,m deficit of
REBELS-04 when assuming a FWHM of 100 km s~! is potentially more con-
sistent with local star-forming galaxies than sources at z = 6-9 with similar
IR luminosities. We note that if the dust temperature for REBELS-04 were
higher than 47 K, it would lead to a higher IR luminosity and would make
the discrepancy between REBELS-04 and other z = 6-9 galaxies larger.

3.3.3 ALMA Band 7 continuum detections

The Band 7 dust continuum detection of two z > 7.6 galaxies is note-
worthy. If the redshift of z ~ 8.6 of REBELS-04 can be confirmed, it
would be the highest redshift ALMA detection of the dust continuum (c.f.
MACS0416 Y1 at z = 8.31; Tamura et al. 2019; Bakx et al. 2020; Tamura
et al. 2023). In Figure 3.5 we show the dust continuum contours (2 to 50)
of the REBELS sources on top of the astrometry corrected NIR (rest-UV)
images from Inami et al. (2022). We clearly see no significant dust-emission
for REBELS-11 and REBELS-13 at their rest-UV locations, only a small 20
signal. Analogous to Inami et al. (2022) we have fitted the continuum and
rest-UV emission with a 2D Gaussian to determine the location of the peak
of the emission. The peaks of the dust continuum and rest-UV emission are
indicated with the squares and stars, respectively. Moreover, the ALMA
beam is plotted in the left lower corners.

In high redshift galaxies, it is relatively common that UV-bright regions
and the regions emitting dust continuum emission are not cospatial, there-
fore allowing the galaxy to be UV-bright but still host a significant dust
reservoir (e.g. Carniani et al. 2017; Bowler et al. 2022; Hygate et al. 2023;
Rowland et al. 2024). If the rest-UV and dust continuum regions are offset
this can for example imply physically different regions of the galaxy, or a
minor/major merging (e.g. Behrens et al. 2018; Pallottini et al. 2022). At
the resolution of the current ALMA observations we cannot determine if
such an offset is present in the targets of this work.
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Figure 3.4: The [OIll]gs,m to IR luminosity ratio as a function of IR luminosity.
The only source with an upper limit on [OIII]sgum and a dust detection, REBELS-
04, is plotted with the star for two different assumed FWHMs. Galaxies at z =
6 — 9 from the literature are plotted with circles (filled when detected in both
[OI1I]ssum and dust continuum) and their IR luminosities are recalculated with a
modified blackbody with Tqust = 47 K if there is a dust continuum observation in
only one ALMA band. The errorbar in the lower right corner shows the change
on the data points if they have a dust temperature that is 10 K lower of higher
than 47 K. The recent detection of [OIll]sg,m at z ~ 14 is shown with a triangle
(Schouws et al. 2025b; Carniani et al. 2025). Local star forming (Herrera-Camus
et al. 2018a,b) and dwarf galaxies (Madden et al. 2013; Cormier et al. 2015) are
plotted by the squares and diamonds, respectively. The contours show the 68"
and 95" percentiles of both distributions of local galaxies.
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3.3.4 Constraints on Ty, using Band 6 and 7

To correctly interpret the FIR emission and convert this to an obscured star
formation rate, the characterization of the temperature of the dust (Tqust)
and the emissivity index (Sir) are crucial. While it is hard to constrain
Taust and Bir from dust continuum observations in only one ALMA band
(see e.g. Inoue et al. 2020; Sommovigo et al. 2022b; Fudamoto et al. 2023
for methods that estimate Tyust when assuming a Sir), when combining
the observations in multiple ALMA bands we can get constraints on the
dust mass (e.g. Algera et al. 2024b). The dust temperature is thought to
increase with redshift (e.g. Schreiber et al. 2018; Liang et al. 2019; Bouwens
et al. 2020; Sommovigo et al. 2022b; Mitsuhashi et al. 2024). However, a
large scatter of dust temperatures is found at z > 7, from relatively cold
dust (~ 30 K: Witstok et al. 2022; Algera et al. 2024b) to much hotter dust
temperatures (> 80 K: Bakx et al. 2020).

For one source, REBELS-37, we have both Band 6 and 7 continuum
observations and we therefore examine the dust temperature. The Band
7 observation of REBELS-37 show a ~ 60 continuum detection, whereas
in Band 6 we have an upper limit on the continuum flux. A detection at
shorter wavelengths and a non-detection at longer wavelengths could be the
result of a source with relatively hot dust. To investigate this the common
approach used is to fit a modified blackbody SED to the continuum fluxes.
We follow the method of Algera et al. (2024a) but due to the relatively
shallow limit in Band 6 we cannot obtain tight constraints on Ty,s;. The
obtained Tyust = 114:% K is highly dependent on the assumed prior on
Taust- We discuss this procedure further in Appendix 3.A.3.

Alternatively, we investigate the ratio of the continuum flux in Band
7 and 6 that is sensitive to only Tyust and SBig. In Figure 3.6 we show
the dependence of the continuum flux ratio on the dust temperatures for
an assumed emissivity index. Also shown is the parameter space allowed
by 1, 2, and 3 o upper limits on the Band 6 continuum flux. Assuming
Bir = 2.03 we can obtain an lower limit on the dust temperature. At 3o
we can exclude Tqust < 28 K for REBELS-37, also shown by the dust SED
plotted in the right panel of Figure 3.6. Dust temperatures lower than 42
K can be excluded at 20 confidence.* From these results we can infer that
it is likely that the REBELS-37 is not as cold as REBELS-25, which has a
dust temperature of 32 K (Algera et al. 2024b).

4At only 1o certainty, dust temperatures below 160 K are excluded.
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3.4 Discussion

3.4.1 [OIII]gs,m non-detections

3.4.1.1 REBELS-04

All four REBELS sources that were observed with ALMA in Band 7 do
not show [OIlI|gg,m line emission. The lack of an [OIll]gs,m detection in
REBELS-04 is especially interesting. The redshift likelihood distribution
of REBELS-04 is covered by > 92% with the ALMA observations and the
constraints on the redshift (zppet = 8.577039 4 0.10) are tight due to addi-
tional HST observations. As shown in Figure 3.2, our observations reach
50 depths of < 18 Mg yr=! (< 36 Mg yr—1), according to the SFR re-
lation from Harikane et al. (2020) and assuming a FWHM of 100 km s~!
(400 km s~!). Considering that the total SFR (UV + IR) of REBELS-04
is 40‘_”2 Mg yr—! we would expect the depth of the observations to be suf-
ficient under the assumption of a FWHM of 100 km s~!. However, as we
observe in Figures 3.3 and 3.4 the upper limit on the [OIlI]gg,m luminosity
is generally lower than the luminosities from other sources at high redshift.
It is worth noting that if the dust temperature is in excess of 47 K, this
discrepancy would be even larger due to the higher SFR and IR luminosity
implied for REBELS-04.

The requested depth of the REBELS survey is based on previous
REBELS pilot programs targeting [CII]i5s,m emission in EoR galaxies
(Smit et al. 2018; Schouws et al. 2023). To determine the sensitivity re-
quirement for [OIII|sg;m, an [OIII|gs,m/[CH]i58,m luminosity ratio of 3.5
is assumed (see Bouwens et al. 2022b). Interestingly, Algera et al. (2024a)
finds luminosity ratios [OIIl|gg;m/[CII]i58ym ~ 1-1.5 for two REBELS
galaxies with multiple ALMA band observations that are more in line with
predictions from high-z simulations (e.g. Katz et al. 2022; Pallottini et al.
2022; Schimek et al. 2024). If the [OIII|gg,m /|CII]i58,m ratio is indeed ~ 1-
1.5 (for example due to a higher photodissociation region (PDR) covering
fraction, see e.g. Harikane et al. 2020), the [OIII|sg,m luminosity based of
the [CII]158ym luminosity will decrease with a factor of 2-3. That could
make the current sensitivity of the observations too shallow to detect the
faint [OIII]gs,m emission. For REBELS-04, which has good constraints
from its photometric redshift, it seems very likely this is the case.

To understand which ISM conditions can lead to faint [OIII|gg,m emis-
sion other FIR emission lines are needed. For the targets in this work
unfortunately no other FIR emission lines have been observed with ALMA.
However, we will briefly mention ISM conditions that could lead to a de-
crease in [OIII]gg,m luminosity. A low metallicity can explain the faint-
ness of [OIII]gng due to less oxygen that is available to be ionized. Jones
et al. (2020) have calibrated a relation between the metallicity, [OIII]gg,m
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luminosity and SFR of galaxies at z ~ 8. The Jones et al. (2020) cali-
bration adopts fiducial values of 7. = 1.5 x 10* K and n. = 250 cm™3.
For REBELS-04 we have good constraints on the total SFR from both UV
and IR detections and find logyo(Ljoiss,.../SFR) < 7.0 (7.3) assuming
a FWHM of 100 km s~! (400 km s~!). This results in an upper limit
on 12 + log(OT"/H') < 7.8 (8.0) =~ 0.12 (0.23) Z for REBELS-04 for a
FWHM of 100 km s~ (400 km s71).5 We note that this estimated metallic-
ity is lower than what has been found for other REBELS galaxies observed
with JWST, that have an average metallicity of 0.4 Z; (Rowland et al.
2025). Tt is challenging to reconcile the low metallicity of REBELS-04 with
the detection of dust in the source, unless most of the metals are bound up
in the dust and are not in the gas phase. Evidence from other REBELS
galaxies that have been covered by JWST observations show that on aver-
age only 16% of the metals are locked up in dust (Algera et al. 2025a), it is
therefore likely that this cannot be the explanation for the faint [OII]gg,m
luminosity of REBELS-04.

We note that the CLOUDY models from Witstok et al. (2022) show that
the [OI|gs,m luminosity is very sensitive to age of the stellar population
(decreasing by 0.5 dex for a burst age increase from 1 to 5 Myr). This occurs
due to the short lifetimes of the massive stars that produce the high-energy
radiation to doubly ionize oxygen. Along the same lines, the models of Wit-
stok et al. (2022) indicate higher [OIII] + Hp equivalent widths (EW ([OII]]
+ Hp)) for younger starbursts. The EW(|OILI| + HJ) of REBELS-04 is rel-
atively high at ~1800 A (Bouwens et al. 2020), pointing to a younger stellar
population age for the source. The faintness of the [OIII] 88um emission from
REBELS-04 is therefore unlikely the result of the age of the starburst.

As discussed in Harikane et al. (2020), the ISM deunsity, ionization pa-
rameter and metallicity all have an impact on the [OIII|gg,m luminosity
(and the [OII]gsyum/[CH]i58,m luminosity ratio). The CLOUDY models of
Harikane et al. (2020) use a 1 Myr old bursty star formation model and a
Salpeter (1955) IMF (1-100 My). When we compare the Lo, /SFR
ratio of REBELS-04 to the cLOUDY models of Harikane et al. (2020) there is
no clear solution to the ISM conditions (Ujon, ng and Z) as we are working
with upper limits. However, we can estimate what the change in these ISM
parameters should be for REBELS-04 to be consistent with the [OII]gg,m
luminosities from other z = 6-9 sources, according to the Harikane et al.
(2020) Lior)ss,.,~SFR relation. Adopting a FWHM of 100 and 400 km s,
the [OIII|gg,m luminosity of REBELS-04 is at least 0.33 and 0.04 dex lower
than the [OIII]gg,m luminosity implied by the total SFR. A decrease in the
[OIII]gng luminosity of at least 0.5 dex can be achieved by a decrease in
metallicity from 0.2 to 0.05 Z, according to the CLOUDY models of Harikane

5Here we use a solar oxygen abundance of 12 + log(O1+/HT) = 8.69 (Asplund et al.
2009).
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et al. (2020). As we discussed above, we do not expect the metallicity to
be the main reason for the faint [OIII|gs,m emission as REBELS-04 has a
dust continuum detection.

In Figure 3.7 we show the 0.2 Z; cLOUDY models of Harikane et al.
(2020) (converted to a Chabrier (2003) IMF) as function of the density
and ionization parameter, as well as the parameter space that can be ruled
out by our upper limits on the [OIII]gs,m luminosity and the upper limit
that REBELS-04 should have according to its SFR. A decrease of ~0.5 dex
in [OIII]gg,m luminosity can also be achieved by increasing the density of
hydrogen from 100 to 1000 cm~3. This is due to collisional de-excitation
that becomes important once the critical density of 510 cm ™2 is reached.®
Therefore, a high density could cause the faint [OIIl|ss,m luminosity in
REBELS-04.

From Figure 3.7 we can also see that the ionization parameter at
log1o Uion < —2.5 can have a significant impact on the [OII|gg,m luminos-
ity according to the cCLOUDY models. Also plotted are the z ~ 7.7 SERRA
galaxies with 0.1 Z5 < Z < 0.3 Zg from Pallottini et al. (2022). The
[OI1I]sg,m luminosity of the SERRA galaxies does not show a clear depen-
dence on the density in the same parameter space of the CLOUDY models.
The [OI1I]gg,m luminosity of SERRA galaxies at z = 11- 14 seem to depend
mainly on the ionization parameter (Kohandel et al. 2023). Kohandel et al.
(2023) find that the SERRA galaxies that have the largest downward devia-
tion from the local metal poor dwarf galaxies SFR relation (De Looze et al.
2014) have logig Uion < —3.0. A large dependence of [OIl|gg,m on the
ionization parameter has also been found in other high-z simulations (e.g.
Katz et al. 2022; Nakazato et al. 2023). Accordingly, the low [OIII]gg;m
luminosity of REBELS-04 might be caused by a low ionization parameter
and/or high density.

3.4.1.2 The remaining REBELS sources

The non-detection of [OII]gg,m in REBELS-37 can be explained by its spec-
troscopic redshift. The peak of the redshift likelihood distribution shifted to
z < 8 after additional HST observations (GO 16879, PI: Stefanon and GO
15931, PI: Bowler). Therefore, in Cycle 8 [CII|i55,m was targeted instead
and has been detected (Z[CH] = 7.64, see Schouws et al. in preparation).
Unfortunately, the Cycle 7 observations of REBELS-37 did not cover the
[OI1I|38,m emission line.

For the other two sources, REBELS-11 and REBELS-13, the possibility
that the [OIII|gs,m line is at a frequency not covered by the SPWs of the line
scans is substantial. Only ~40-50% of the redshift likelihood distributions

6The average electron density is expected to increase with redshift and at z ~ 8.6
the electron density might be equal or even higher than the critical density of [OIII|gg;;m
(Isobe et al. 2023).
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Figure 3.7: The [OIlI]sgum luminosity to SFR ratio as function of the ionization
parameter. The upper limits of REBELS-04 for a FWHM of 100 and 400 km s~*
are shown as well as the upper limit the source should have to lie on the Harikane
et al. (2020) Liomss,m-SFR relation. The errorbars in the lower right corner
show the deviation from the Harikane et al. (2020) relation for both FWHMs.
The cLouDYy models for 0.2 Zg of Harikane et al. (2020) are plotted with the
differently colored solid and dotted lines for different densities. Additionally, the
SERRA galaxies at z ~ 7.7 are shown with the crosses color-coded by their ISM
density (Pallottini et al. 2022).
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of these two sources are covered by our observations. Additionally, >15%
of the redshift likelihood distribution of REBELS-13 extends to z < 6,
implying that this source could be at low redshift instead (Bouwens et al.
2022b).

3.4.2 Dust continuum emission from z 2> 7.6 galaxies

Two of the four sources observed in Band 7, REBELS-04 and REBELS-37,
show significant (> 3.8¢) detections in the dust continuum. Interestingly,
if the redshift of REBELS-04 is indeed z ~ 8.6 as its photometric redshift
indicates, it would be the most distant dust continuum detected galaxy
with ALMA. At present, the highest redshift source with a dust-continuum
detection confirmed by spectroscopy is the z = 8.31 Tamura et al. (2019)
source (Bakx et al. 2020). REBELS-04 would therefore be a compelling
source to follow up with JWST or with an ALMA Band 6 [CII];58,m spectral
scan.

For REBELS-37 we have observations in both Band 6 and 7 and a spec-
troscopically confirmed redshift (zjcrj = 7.64). Using the observations of
the dust continuum in two ALMA bands, we have attempted to constrain
the temperature of the dust in Section 3.3.4. However, we do not have a
detection in Band 6 and therefore only an upper limit that makes it signifi-
cantly harder to get tight constraints on the dust temperature. With these
measurements we can exclude low Tqust (S 28 K) at 30 and Tyust (S 42 K)
at 20 assuming S = 2.03.

The dust temperatures implied by these constraints are generally higher
than three sources with published constraints from REBELS (Algera et al.
2024a,b) which lie in the range 32 to 42 K. Considering a broader sample,
Mitsuhashi et al. (2024) observe galaxies at 5 < z < 8 to show dust temper-
ature in the range 30 to 80 K, with a median of 42 K. The dust temperature
we infer for REBELS-37 is likely higher (at 20 confidence) than the median
temperature derived by Mitsuhashi et al. (2024). Given the relatively small
number of galaxies with dust temperatures in excess of 50 K, further tar-
geting of the dust continuum of the source at higher frequencies (closer to
the dust peak emission) would be useful for better constraining its dust
temperature and exploring how hot dust can become in galaxies at z > 6.

3.5 Conclusions

We have presented the results from the ALMA Large Program REBELS
targeting [OIIl|gg,m in four UV-bright z > 7.6 galaxies. In general the
[OIIl]ggum line is brighter at z > 8 than the [CII]i58,m line, motivating its
use for the line scans of the z 2> 7.6 REBELS sources. Spectral scans of
the four sources cover the frequency range of 326.4 to 373.0 GHz (z = 8.10-
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9.39). These scans reached an [OI1I|sg,,, luminosity (50) of ~ 7.6 x 10% L,
(assuming a FWHM of 400 km s~!) equivalent to 33 Mg yr—1.

None of the four galaxies scanned for [OIlI|gs,m reveal a credible line
detection. The non-detection of REBELS-04 is a surprise given that our
line scans cover > 92% of the redshift likelihood distribution and its inferred
UV+IR SFR (40 M, yr—!). The approximate 50 upper limit we obtain on
L{OM1ss,m line is ~ 4.2 x 10° L and 8.1 x 10® L assuming a FWHM of
100 and 400 km s~!, respectively, for the [OIll|gs,m line, consistent with
SFRs of 18 and 36 M, yr—!, respectively, using the Harikane et al. (2020)
calibration.

As such, the source would appear to be faint in [OIII|gg,m line emission
relative to its SFR and more consistent with the [OIlI|gs,m deficit of local
galaxies if we assume a FWHM of 100 km s~!. A faint [OIII]sg,m luminos-
ity can be induced by various ISM conditions, such as a high density, low
ionization parameter or a low metallicity. As the dust continuum detec-
tion of REBELS-04 suggests significant prior metal-enrichment, it is more
likely that a high density and/or a low ionization parameter suppress the
[OI1I]88,m emission.

In the case of REBELS-37, which was subsequently found to have a
redshift of 7.643 based on the detection of [CII]isg,m (Schouws et al. in
preparation), the non-detection is a simple consequence of the source lying
outside the redshift range of our [OIIl|gg,m line scan. For the two final
sources with [OIlI|gg,m scans (REBELS-11 and REBELS-13), it is unclear
whether the depth of our line scan or redshift coverage is the issue.

Two of the REBELS sources targeted with line scans in Band 7 (REBELS-
04 and REBELS-37) show significant Band 7 continuum emission (> 3.8¢).

If our previously published photometric redshift estimate zpnot = 8.57f8:(1)8
(or zpnot = 8.431510 correcting for an additional CGM component) for

REBELS-04 is accurate, this galaxy could well constitute the most distant
dust-detected galaxy identified with ALMA to date. Note that this red-
shift estimate is based on the apparent presence of a Lyman break in the
photometry and a contribution of line emission to the 4.5um flux (see Ap-
pendix 3.A.1). The significance of the dust-continuum detection we see in
REBELS-04 (3.80) is higher than previously found by Inami et al. (2022)
for the source (3.40) using only Cycle 7 observations. For REBELS-37 we
also have an upper limit on the Band 6 continuum flux, from which we
can conclude that cold temperatures (< 28 K) are excluded at 30 when we
assume fig = 2.03. With the limited information from Band 6 and 7 we
cannot accurately constrain the dust temperature, but it is likely that this
source has warm or hot dust.

To make further progress, we need a better understanding of the
[OI1I]88,m / [CII]158,m luminosity ratio of UV-bright sources like the REBELS
sample, in order to properly assess the expected [OIII|gg,m luminosities and
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increase the success rate of further [OIlI|ss,m ALMA observations. To con-
firm the spectroscopic redshift of the three REBELS targets without a
line detection, JWST observations or additional ALMA [OI]gg,m (or
[CH]158um) line scans need to be performed, preferably after additional
rest-UV data constrains the redshift likelihood distribution more tightly
for REBELS-11 and REBELS-13. Additional emission lines should also
be observed, in order to constrain the ISM conditions of sources in which
the [OI]gs,m luminosity is potentially fainter than expected, such as the
[OI1I]52/:m line with ALMA or [OII]5007 with JWST to measure the density.
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publicly available on github (https://github.com/pavesiriccardo/MF3D).

3.A Appendices

3.A.1 The photometric redshift of REBELS-04

In Section 3.2.3 we show the redshift likelihood distributions for the four
sources discussed in this work. These redshift likelihood distributions were
first presented in Bouwens et al. (2022b) and are a combination of the results
from different redshift likelihood codes. Recent work by Asada et al. (2025)
using EAZY-PY (Brammer et al. 2008; Brammer 2021a) find that the inclu-
sion of absorption due to hydrogen in the CGM can have an impact on the
photometric redshift estimates one derives for distant sources. In particular,
Asada et al. (2025) find that photometric redshifts can be systematically
overestimated by dz = 0.20 when only accounting for the standard IGM
absorption (e.g. Inoue et al. 2014a) and a possible CGM component is ne-
glected. Given these concerns, we look into the impact this can have on the
inferred redshift for REBELS-04.

The photometric results of REBELS-04 are shown in Table 3.4. The pho-
tometric measurements were obtained from a combination of deep ground-
based and Spitzer /IRAC photometry. The optical data include Subaru
Hyper Suprime-Cam (HSC) imaging in the g,7, 4, z, and y bands (Aihara
et al. 2018a,b), along with additional coverage in the u*, g,r,i,y, and z
bands from the Wide component of the Canada—France—Hawaii Telescope
Legacy Survey (CFHTLS; Erben et al. 2009; Hildebrandt et al. 2009). Near-
infrared (NIR) coverage is provided by the UKIRT Infrared Deep Sky Survey
(UKIDSS; Lawrence et al. 2007) Ultra Deep Survey (UDS), complemented
by the VISTA VIDEO survey (Jarvis et al. 2013), which provides imag-
ing in the 2z, Y, H, and Kg bands. The IRAC mosaics in the XMM-LSS
field combine data from the Spitzer Large-Area Survey with HSC (SPLASH;
Steinhardt et al. 2014) and the Spitzer Extragalactic Representative Volume
Survey (SERVS; Mauduit et al. 2012).

Photometry across all bands was extracted using the MOPHONGO de-
blending procedure (Labbé et al. 2006, 2010b,a, 2013, 2015). The HSC
r-band mosaic was used as a prior for source position and morphology, ow-
ing to its superior spatial resolution, as indicated by its PSF FWHM (see
e.g. Stefanon et al. 2019). Additionally, we incorporated HST /WFC3 imag-
ing in the F105W, F125W, and F160W bands from independent follow-up
programs (PID 15931, PI: R. Bowler for F105W; PID 16879, PI: M. Ste-
fanon for F125W and F160W). The observations consisted of 1-orbit ex-
posures in the F105W band and 0.7-1.3 orbits in the F125W and F160W
bands, respectively. The data were processed using a customized version of
MurTiDRIZZLE (Koekemoer et al. 2003). Photometry in the HST bands
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was extracted using SEXTRACTOR (Bertin & Arnouts 1996) in dual-image
mode, with detection performed on the F160W image. Flux densities were
measured in 0”6-diameter apertures in each band and corrected for flux
losses due to the finite aperture using the PSF curve of growth.

To examine the effect of CGM absorption on the photometric redshift
we utilize EAZY-PY to fit the SED of REBELS-04. We perform two EAZY-
PY, one including CGM and IGM absorption and one with only IGM ab-
sorption. The SED templates used in these two runs are from BPASS”
(Eldridge et al. 2017), as these were previously used to fit the SED of
REBELS-04 and resulted the photometric redshift estimate (z = 8.57) from
Bouwens et al. (2022b). The resulting best-fit templates and redshift like-
lihood distributions are shown in Figure 3.8 by a solid and dashed line,
respectively. The median redshift as shown by the dotted vertical line of
the IGM only fit is z = 8.5570-53, nearly identical to the z = 8.5770 5 from
Bouwens et al. (2020) estimated using a similar approach. For simplicity,
we will quote the earlier photometric redshift estimate in representing this
approach. However, the addition of a CGM component decreases the red-
shift to 2 = 8.437015. This suggests that REBELS-04 could be at a slightly
lower redshift than we had estimated earlier. The coverage from SPWs of
the ALMA Band 7 observations of the redshift distribution from EAZY-PY
is shown in Figure 3.8 by the gray area. With the inclusion of CGM ab-
sorption the redshift likelihood distribution is covered by 92% by the SPWs.
Therefore, it seems very likely that the [OIlI]gg,m emission of REBELS-04
lies within the spectral scan range adopted for the source.

3.A.2 Probable noise peak close to the rest-UV posi-
tion of REBELS-13

In Section 3.2.4 we explained the use of MF3D to identify line emission in our
ALMA data cubes. Schouws et al. in preparation found a purity of > 95%
for SNRypsp > 5.2 emission peaks within a 1.5" radius of the center of the
image. With MF3D we find a peak with SNRypsp = 5.35 in the data cube
of REBELS-13 1.45" from the center. However, upon further inspection
of the spectrum corresponding to this peak and considering that it is very
offset from the rest-UV position of REBELS-13, it is likely to be a noise
peak. Observations of UV-bright sources have shown that the [OIII|sg,m is
often co-spatial with the UV emission (e.g. Harikane et al. 2020; Witstok
et al. 2022).

In Figure 3.9 we show the spectrum obtained by taking an aperture
with a 1" radius at the position of the peak. The gray area shows the lo
uncertainty on the spectrum calculated from 1000 random apertures, that
shows that the significance of the line emission peak is < 20. We fit a

~

Thttps://bpass.auckland.ac.nz/
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Figure 3.8: The rest-UV to optical SED for REBELS-04. The photometric
measurements are shown with the circles and are from ground-based instruments
and Spitzer. Non-detections (< 30) are shown with 20 upper limits (triangles),
with the exception of the flux measured with CFHT Z' that is outside of the range
of the figure. The HST observations in F105W, F125W and F160W are shown
by the squares. The best-fit SED from EAZY-PY is plotted including the impact
of the standard IGM transmission alone (dashed line) and also including a CGM
absorption component (solid line). The gray area in the inset showing the redshift
likelihood distributions shows the redshift range scanned for [OIIl]ss.m by Band
7 observations. The addition of a CGM component as described by Asada et al.
(2025) decreases the median redshift (vertical dotted lines) to z = 8.431010. The
F105W, F125W and F160W imaging observations of REBELS-04 (4"x4") with
HST are shown to the right of the SED and reveal a sharp Lyman break across
the F105W and F125W filters. Additionally, the Spitzer /IRAC [3.6]-[4.5] color of
REBELS-04 is 0.7f8‘§ mag, strongly suggesting the presence of HB+[O111]4959 5007
line emission in the [4.5] band and a redshift in the range 7.0-9.1 (e.g. Roberts-
Borsani et al. 2016).
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Table 3.4: The fluxes measured for REBELS-04 from both ground-based and
space observations of rest-UV and optical wavelengths.

Telescope/Instrument  Filter  Flux (nJy)

HST/WFC3 F1056W 39 £ 10
F125W 304 + 13
F160W 426 £ 12

CFHT /Megaprime U’ 10 £ 29
G’ 68 + 21
R 10 £ 31
I -4 + 69
A 1073 + 660
Subaru/HSC g 6+7
r -2+ 13
) -14 + 14
z 60 + 28
y 2 + 54
VISTA /VIRCAM Z -34 £+ 29
Y -8 £ 53
H 520 £ 182
K 259 4+ 212
UKIRT/WFCAM J 264 + 37
H 350 £ 53
K 317 £ 45
Spitzer /IRAC 3.6pm 354 + 103

45um 706 & 134°

Note. Note that the Spitzer/IRAC [3.6]-[4.5] color of REBELS-04 is 0.7752 mag,
strongly suggesting the presence of HS+[OIII]4959,5007 line emission in the [4.5] band.
This provides further evidence that the source lies in the redshift range 7.0-9.1 (e.g.
Roberts-Borsani et al. 2016).
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Figure 3.9: Left: The SNRumrsp = 5.350 peak that is found 1.45" from the
center of the observations of REBELS-13. The potential [OIlI]ss,m emission is
plotted with blue contours and the corresponding beam of the moment-0 map is
shown. The diamond indicates the peak emission in the moment-0 image, the
star shows the peak of the rest-UV emission and the orange contours show the
dust continuum emission. The contours run from 20 to 50 (in steps of 1o) and
negative contours are shown with dashed lines. Right: The spectrum obtained
with a circular aperture with 1" radius at the position of the peak with the 1o
uncertainty determined from 1000 random apertures. Due to the low significance
of the peak in the spectrum and the large offset from the rest-UV position we
interpret it as a probable noise feature.

Gaussian to the spectrum by iteratively determining the FWHM of the line
(starting from the frequency template from MF3D). We find that the line
has a FWHM of 393+76 km s~!. The central frequency and FWHM of this
fit are used to compute a moment-0 map including the frequencies within 2
x the FWHM using the immoments task of CASA. The resulting moment-0
map is also shown in Figure 3.9 with contours from 2 to 5. To consider
this offset peak as [OIII]gs,m emission we would at least need to have a 5o
detection, which is not the case. Therefore, with our current observations
we do not consider this peak for our analysis.

3.A.3 Dust SED fit of REBELS-37

REBELS-37 has been detected in Band 7 dust continuum emission (vops =
349.7 GHz), while later Band 6 observations (vops = 219.2 GHz) did not
yield a continuum detection. Given that dust continuum constraints are
thus available at two distinct frequencies for REBELS-37, it is — at least in
theory — possible to fit for its dust temperature and mass. We do so adopt-
ing the modified blackbody (MBB) fitting framework from Algera et al.
(2024a), adopting optically thin dust emission and assuming a fixed dust
emissivity index of either fig = 1.5 or Sig = 2.0. Following their work, we
adopt a flat prior on the dust temperature between the CMB temperature at
z = 7.643 and 150 K. Towards higher temperatures, we smoothly decrease

—
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the prior following a Gaussian with a standard deviation of o = 30 K. With
this prior, the dust temperature and mass can be robustly inferred, provided
sufficiently deep dust continuum constraints are available, as demonstrated
through fitting mock ALMA observations of high-redshift galaxies (Algera
et al. 2024b; see also Sommovigo et al. in preparation).

The two dust SED fits are shown in the middle and bottom panels of
Figure 3.10. The top panel shows the inferred posterior distribution of the
dust temperature, for both values of Sir. While very cold dust temperatures
can be ruled out for REBELS-37 (Tyust < 30K; see also Section 3.4.2), it
is clear from the broad dust temperature posterior that the precise dust
temperature cannot be constrained, irrespective of the assumed pigr. In
practice, the posterior indeed resembles the prior for temperatures Tyyst =
50 K. To better constrain the dust temperature and dust mass of REBELS-
37, deeper observations are necessary — ideally probing both the peak and
Rayleigh-Jeans tail of the dust SED (e.g., Bakx et al. 2021; Algera et al.
2024b).

As the dust temperature of REBELS-37 cannot be robustly constrained
with present data, we report a 3o lower limit in Section 3.4.2 based on
an analysis of the Band 6 and 7 continuum flux ratio. This yields a dust
temperature of Tyyst 2 28 K for REBELS-37.
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Figure 3.10: Top: dust temperature posteriors obtained from fitting an optically
thin MBB to the ALMA continuum observations of REBELS-37. A fixed value
of fir = 1.5 (dashed blue line) or 2.0 is assumed (solid cyan line). The adopted
prior is moreover shown through the gray shading. Middle: optically thin MBB fit
with a fixed fir = 1.5. Bottom: same as the middle panel, now using Sir = 2.0.
With the current dust continuum measurements, it is not possible to accurately
constrain the dust temperature of REBELS-37. Only very cold temperatures
(Taust S 30K) can be ruled out with a high degree of confidence (see also Section
3.4.2). Otherwise, the dust temperature — and thus the dust mass — of REBELS-
37 remains nearly fully unconstrained. In practice, this means that the posterior
distribution for the dust temperature resembles the prior, as can be seen in the
top panel.








