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A B S T R A C T 

We present new ALMA Band 8 (rest-frame 90 μm) continuum observations of three massive ( M � ≈ 10 

10 M �) galaxies at z ≈
7 previously detected in [C II ]158 μm and underlying dust continuum emission in the Reionization Era Bright Emission Line 
Surv e y (REBELS). We detect dust emission from two of our targets in Band 8 (REBELS-25 and REBELS-38), while REBELS-12 

remains undetected. Through optically thin modified blackbody fitting, we determine dust temperatures of T dust ≈ 30 − 35 K in 

both of the dual-band detected targets, indicating they are colder than most known galaxies at z ∼ 7. Moreo v er, their inferred dust 
masses are large ( M dust ≈ 10 

8 M �), albeit still consistent with models of high-redshift dust production. We furthermore target 
and detect [O III ]88 μm emission in both REBELS-12 and REBELS-25, and find L [O III] /L [C II] ≈ 1 − 1 . 5 – low compared to the 
L [O III ] /L [C II ] � 2 − 10 observed in the known z � 6 population thus far. We argue the lower line ratios are due to a comparatively 

weaker ionizing radiation field resulting from the less starbursty nature of our targets, although the possibility of REBELS-12 

being a merger of an [O III ]-bright and [O III ]-faint component prevents the unambiguous interpretation of its [O III ]/[C II ] ratio. 
Ne vertheless, a lo w burstiness forms a natural explanation for the cold dust temperatures and low [O III ] λλ4959 , 5007 + H β

equi v alent widths of REBELS-25 and REBELS-38. Overall, these observations provide evidence for the existence of a massive, 
dust-rich galaxy population at z ≈ 7 which has previously experienced vigorous star formation, but is currently forming stars in 

a steady, as opposed to bursty, manner. 

K ey words: galaxies: e volution – galaxies: high-redshift – submillimetre: galaxies. 
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 I N T RO D U C T I O N  

nderstanding how the evolution of galaxies proceeds across cosmic 
ime is one of the fundamental goals of modern day astronomy. Over
he last two decades, ever-increasing samples of high-redshift ( z 
 6) galaxies are being disco v ered, largely based on observations

robing their rest-frame ultraviolet (UV) and optical emission (e.g. 
cLure et al. 2013 ; Bouwens et al. 2015 ; Finkelstein et al. 2015 ;

tark 2016 ; Oesch et al. 2018 ; Stefanon et al. 2019 ). More recently,
ith the launch of the James Webb Space Telescope ( JWST ), an even

learer window on the rest-frame UV to near-infrared (NIR) emission 
f high-redshift galaxies has been opened (e.g. Atek et al. 2023 ;
astellano et al. 2022 ; Harikane et al. 2023 ; Naidu et al. 2022 ; Yan
t al. 2023 ). Ho we ver, observ ations of galaxies across all redshifts
ave long demonstrated that the presence of dust severely impacts 
heir detectability at short wavelengths, as well as the information that 
an be extracted from their UV-to-NIR spectral energy distributions 
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020 ). Specifically, light emitted at UV and optical wavelengths 
s readily absorbed by dust, and subsequently re-emitted at longer 
avelengths. As a result, UV and optical observations alone provide 
nly an incomplete and biased view of the high redshift galaxy
opulation, necessitating the use of observations at far-infrared (IR) 
avelengths and beyond. 
In the last several years, the Atacama Large Millime- 

er/submillimeter Array (ALMA) has enabled the detailed study of 
he dust and interstellar medium (ISM) properties of distant galaxies 
t (sub-)millimeter wavelengths (see Hodge & da Cunha 2020 for a
e vie w). Various emission lines, most significantly the [C II ]158 μm
nd [O III ]88 μm lines, are now routinely used to probe the ISM
onditions of high-redshift sources and to constrain their systemic 
edshifts (Hashimoto et al. 2018 , 2019 ; Carniani et al. 2020 ; Harikane
t al. 2020 ; Bouwens et al. 2022 ; Witstok et al. 2022 ; Schouws
t al. 2023 ). Given its high ionization potential, [O III ] emission
redominantly emanates from dense H II regions close to sites of star
ormation (Cormier et al. 2012 ; Vallini et al. 2017 ; Arata et al. 2020 ).
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C II ], on the other hand, has a variety of origins, but is thought to
ostly originate in photo-dissociation regions (PDRs; Stacey et al.

010 ; Gullberg et al. 2015 ; Vallini et al. 2015 ; Lagache, Cousin &
hatzikos 2018 ; Cormier et al. 2019 ). While in nearby starburst
alaxies the [C II ] line is the dominant coolant of the ISM (i.e.
 [O III ] /L [C II ] < 1; De Looze et al. 2014 ; D ́ıaz-Santos et al. 2017 ), at
igh redshift [O III ] is observed to become more luminous (Carniani
t al. 2020 ; Harikane et al. 2020 ; Witstok et al. 2022 ). This has been
ttributed to a highly ionized ISM resulting from strong starburst
ctivity (Inoue et al. 2016 ; Ferrara et al. 2019 ; Arata et al. 2020 ;
allini et al. 2021 ; Sugahara et al. 2022 ), possibly in combination
ith other effects such as a low metallicity and/or a low carbon

bundance resulting from a top-heavy initial mass function (IMF;
.g. Arata et al. 2020 ; Lupi & Bovino 2020 ; Katz et al. 2022 ). 

Albeit generally harder to detect at high redshift than the [O III ]
nd [C II ] lines, the underlying dust continuum emission is also
ccasionally observed in z � 6.5 galaxies (e.g. Watson et al. 2015 ;
aporte et al. 2017 ; Bowler et al. 2018 ; Laporte et al. 2019 ; Witstok
t al. 2022 ; Schouws et al. 2022 ; see also Inami et al. 2022 for a recent
ompilation). The Reionization Era Bright Emission Line Surv e y
REBELS; Bouwens et al. 2022 ) in particular has provided the first
tatistical insights into the dust and ISM properties of UV-selected
alaxies at z � 6.5. Inami et al. ( 2022 ) show that dust is common in
hese high-redshift sources even for UV-selected galaxies, detecting
t in ≥ 40 per cent of REBELS targets. Additionally, Algera et al.
 2023 ) find that, even at z = 7, dust-obscured star formation still
ccounts for ∼ 30 per cent of the o v erall cosmic star formation rate
ensity (see also Barrufet et al. 2023 ). 
Not only may dust conceal an appreciable fraction of star formation

t high redshift, it is also thought to be important for studies of
eionization, as dust is capable of attenuating ionizing photons (e.g.
ayes et al. 2011 ; Katz et al. 2017 ; Glatzle, Ciardi & Graziani
019 ). Furthermore, dust alters the chemical equilibrium in galaxies
nd can provide an important pathway for the formation of molecular
ydrogen, thereby providing the fuel for subsequent star formation
Gould & Salpeter 1963 ; Hirashita & Ferrara 2002 ). 

Despite the importance of dust in the early Universe, the pathways
hrough which significant dust reservoirs can already be assembled
n only a fraction of a gigayear remain actively studied (e.g.
odini & Ferrara 2001 ; Mancini et al. 2015 ; Michałowski 2015 ;
opping, Somerville & Galametz 2017 ; Behrens et al. 2018 ; Vijayan
t al. 2019 ; Graziani et al. 2020 ; Sommovigo et al. 2020 ; Dayal
t al. 2022 ; Di Cesare et al. 2023 ). Ho we ver, to date, the bulk
f the dust detections at z � 7 are limited to a single continuum
easurement, such that dust masses and IR luminosities often

eed to be extrapolated from a single wavelength (e.g. Bowler
t al. 2018 ; Inami et al. 2022 ; Schouws et al. 2022 ). While
nv entiv e models hav e been dev eloped to predict dust parameters
temperature, mass) from single-band continuum data (e.g. Inoue
t al. 2020 ; Sommovigo et al. 2021 ; Fudamoto, Inoue & Sugahara
023 ), such methods remain to be tested on larger samples of
istant galaxies to fully establish their robustness and predictive
ower. 
Accurately measuring dust properties observ ationally, ho we ver,

equires multiband continuum photometry. One of the key parameters
hat can be constrained when at least two ALMA bands are available,
s the dust temperature T dust (Hodge & da Cunha 2020 ; Bakx et al.
021 ). Given that the IR luminosity, and therefore the obscured star
ormation rate (SFR; e.g. Kennicutt & Evans 2012 ), scales as L IR ∝
 dust T 

β+ 4 
dust with β ∼ 1.5–2, small variations in dust temperature imply

otentially large variations in dust mass or IR luminosity. As such,
ccurately measuring dust temperatures is crucial for a robust census
NRAS 527, 6867–6887 (2024) 
f dust-obscured cosmic star formation and for properly constraining
arly dust enrichment. 

Se veral observ ations (Schreiber et al. 2018 ; Laporte et al. 2019 ;
akx et al. 2020 ; Viero et al. 2022 ) and simulations (Behrens et al.
018 ; Ma et al. 2018 ; Liang et al. 2019 ; Pallottini et al. 2022 ;
ijayan et al. 2022 ) have suggested that dust may be hotter at high

edshift. Given that observationally dust mass and temperature are
ften degenerate, warmer dust lowers the need for massive dust
eservoirs. From a physical perspective, hot dust may be expected
n high-redshift galaxies, due to their generally compact sizes (Van
er Wel et al. 2014 ; Fudamoto et al. 2022 ) and correspondingly high
tar formation rate surface densities (e.g. Schreiber et al. 2018 ). In
ddition, when total dust masses are modest, the available energy
njected by stars per unit dust mass increases, thereby increasing
he o v erall heating (Sommo vigo et al. 2022b ). Ho we ver, gi ven that

ultiband ALMA observations of galaxies in the epoch of reion-
zation remain rare, are often limited to non-detections or low-S/N

easurements, and are potentially biased to warmer and therefore
ore luminous sources, larger samples of high-redshift galaxies
ith robust observational constraints on their dust temperatures are

ssential. 
In this paper, we investigate the dust properties of three z ≈ 7

alaxies from the REBELS surv e y using combined ALMA Band 6
nd Band 8 observations. In Section 2 we introduce the REBELS
urv e y and the newly acquired Band 8 observ ations, follo wed by
he identification of dust continuum and [O III ]88 μm emission in
ur targets in Section 3 . Section 4 details our method of fitting far-
R SEDs, while in Section 5 we describe our results. In Section 6
e discuss our findings in detail, and finally we summarize them

n Section 7 . Throughout this work, we assume a standard � CDM
osmology, with H 0 = 70 kms −1 Mpc −1 , �m 

= 0.30, and �� 

= 0 . 70.
e further adopt a Chabrier ( 2003 ) IMF across a mass range of
 . 1 − 300 M �. 

 DATA  

.1 REBELS 

EBELS is a Cycle 7 ALMA Large Program targeting 40 UV-bright
alaxies with robustly measured photometric redshifts in the range
.5 � z phot � 9.5. Galaxies were targeted either in the [C II ]158 μm
36 sources) or [O III ]88 μm (four sources) emission line through a
pectral scanning technique, designed to co v er ∼ 90 per cent of the
hotometric redshift probability distribution. In tandem, sensitive
bservations of the dust continuum are therefore obtained. The
bserving strategy as well as a summary of initial results of the
EBELS program are outlined in detail in Bouwens et al. ( 2022 ). In

he observations taken during Cycle 7, 23 galaxies were detected in
C II ] emission, and 16 were detected in dust emission at rest-frame
58 μm. For a full analysis of the [C II ]-detected sources, we refer the
eader to Schouws et al. (in preparation), while the dust continuum
etections are presented in Inami et al. ( 2022 ). 
The UV luminosities of the full REBELS sample have been
easured by Stefanon et al. (in preparation), while stellar masses

re presented in Topping et al. ( 2022 ). The latter study makes use
f SED-fitting code Prospector (Johnson et al. 2021 ) under
he assumption of a non-parametric star formation history (SFH).
uch SFHs are particularly well-suited to model any older stellar
opulations that may be present, even if outshone by more recent
ursts of star formation (e.g. Leja et al. 2019 , 2020 ; Topping et al.
022 ; Whitler et al. 2023 ). The REBELS sample spans a stellar mass
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Table 1. Summary of the ALMA Band 8 continuum image properties of 
our three REBELS targets. 

ID νcen t a int RMS θb 
major θb 

minor PA 

b 

[GHz] min [ μJy bm 

−1 ] [arcsec] [arcsec] [deg] 

REBELS-12 401.4 83.2 48.9 0.61 0.45 58.5 
REBELS-25 403.4 12.6 111.7 1.09 0.64 −63.4 
REBELS-38 405.0 38.3 41.9 0.61 0.48 56.9 

a Integration time (on source) in minutes 
b Size and orientation of the synthesized beam 
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ange of log 10 ( M � /M �) = 8.8–10.4; in this work, we focus on three
elect galaxies at the massive end. 

.1.1 Our targets 

his work presents ne w ALMA observ ations of three z ≈ 7
alaxies drawn from the REBELS survey: REBELS-12, REBELS- 
5 and REBELS-38. All three sources have accurate spectroscopic 
edshifts determined from their bright [C II ] emission lines and are
obustly detected in underlying rest-frame ∼ 160 μm dust continuum 

mission. 
REBELS-25 and REBELS-38 are the two brightest galaxies 

mong REBELS, both in terms of [C II ] luminosity and Band 6 dust
ontinuum flux density. REBELS-25, in particular, has previously 
een classified as the only Ultra-luminous Infrared Galaxy (ULIRG; 
efined as having L IR > 10 12 L �) at z > 7 (Hygate et al. 2023 ),
ased on the high IR luminosity predicted from its single-band dust
ontinuum detection (Inami et al. 2022 ; Sommovigo et al. 2022a ).
EBELS-12, the fourth most luminous [C II ]-emitter in REBELS, 

s particularly interesting as it is neighboured by a coe v al, optically
ark galaxy (Fudamoto et al. 2021 ). As such, it could potentially be
art of a larger cosmic structure in the early Universe. 
All three of our targets are particularly massive ( M � � 10 10 M �;

opping et al. 2022 ), making them prime candidates for hosting mas-
ive dust reservoirs in the early Universe (e.g. Di Cesare et al. 2023 ).
urrent multiband ALMA studies of high-redshift dust have focused 
redominantly on lower-mass galaxies, including intrinsically faint 
nes aided by gravitational lensing (e.g. Hashimoto et al. 2019 ; 
amura et al. 2019 ; Akins et al. 2022 ). Through targeting REBELS
alaxies, we complement these earlier studies by investigating the 
ust properties at high redshift across a wider range of galaxy types.

.2 ALMA Band 8 obser v ations 

he new Band 8 observations ( λobs ≈ 750 μm), obtained in 
LMA Cycle 8, are drawn from ALMA programs 2021.1.00318.S 

REBELS-25, REBELS-38; PI: Inami) and 2021.1.01297.S 

REBELS-12; PI: Fudamoto). REBELS-25 and REBELS-38 are 
n the phase centre of their respective Band 8 observations, while 
he primary beam sensitivity of the Band 8 map at the location
f REBELS-12 is ≈ 70 per cent of the peak. This is due to the
imultaneous observation of its serendipitously detected optically 
ark neighbour, roughly 11 . 5 arcsec from the main target (Fudamoto
t al. 2021 ). The observations of this neighbour will be presented in
udamoto et al. (in preparation), while this paper focuses solely on 

he main REBELS targets. 
The Band 8 data were calibrated using the ALMA pipeline 

ncorporated in CASA (version 6.2.1). Continuum imaging was per- 
ormed using TCLEAN with natural weighting to optimize sensitivity, 
xcluding channels contaminated by the [O III ] emission line (see 
elow). Details of the final images, including the on-source time, 
MS noise, central frequency and resolution, are listed in Table 1 . 
For REBELS-12 and REBELS-25, the spectral setup also covers 

he [O III ] emission line. The line was not targeted in REBELS-
8 due to its lower redshift, placing [O III ] in a window of low
tmospheric transmission. We create datacubes of both REBELS-12 
nd REBELS-25 in order to identify possible [O III ] emission. For
his, we first run CASA task UVCONTSUB to subtract any continuum 

mission, assuming a zeroth-order polynomial. We use natural 
eighting to produce the cubes, and create initial moment zero 
aps by collapsing the channels where the emission line is expected 
ased on the known [C II ] redshift and full width at half-maximum
FWHM). We fit the line centre and FWHM iteratively until the fit
onverges to a stable solution, and then create a moment-0 map by
ollapsing channels across the FWHM to maximize its S/N. In the
ontinuum imaging of REBELS-12 and REBELS-25, we ensured 
hat the spectral range contaminated by the [O III ] emission line was
xcluded by removing all channels within 3 × the [O III ] FWHM
round the line centre. 

 I DENTI FI CATI ON  O F  C O N T I N U U M  A N D  

O  I I I ]  EMISSION  

o identify continuum emission in the ALMA Band 8 images, 
e use PYBDSF (Mohan & Rafferty 2015 ), following the source
etection procedure in the original REBELS surv e y (Inami et al.
022 ). PYBDSF finds islands of contiguous emission and fits these
ith two-dimensional Gaussians to extract their flux densities. We 
etect Band 8 continuum emission in REBELS-25 at a peak S/N
f 4.4 σ , while the continuum remains undetected in REBELS-12
 < 3 σ ). The new Band 8 observations of REBELS-38 highlight a
wo-component dust morphology that was not visible in the original 
and 6 data. The two dust peaks are individually detected at a S/N
f 4.3 σ and 4.1 σ . This interesting morphology of REBELS-38 is
iscussed further in Section 5.1.3 . 
We show the Band 8 continuum images of our targets in the

op row of Fig. 1 , with the Band 6 continuum contours o v erlaid.
n addition, in the bottom row, we show the Band 8 continuum
ontours on top of stacked ground-based JHK images. For REBELS-
2, the ground-based imaging is from the VIDEO surv e y (Jarvis et al.
013 ), while for REBELS-25 and REBELS-38 the images are from
OSMOS/UltraVISTA DR4 (Scoville et al. 2007 ; McCracken et al. 
012 ). The rest-frame optical images for REBELS-12 were aligned 
o the Gaia DR3 catalog by Inami et al. ( 2022 ), while the UltraVISTA
HK images were already aligned to Gaia DR1 as part of the fourth
ata release, ensuring an astrometric accuracy of 0.03–0.12 arcsec. 
We additionally create tapered maps (using the UVTAPER parameter 

n TCLEAN ) of REBELS-25 and REBELS-38 in order to match
he Band 6 resolution and more fairly compare the continuum 

ux densities across wavelength. The Band 6 continuum images of 
EBELS-25 and REBELS-38, created using natural weighting, have 
 resolution of 1.1 arcsec × 0.94 arcsec and 1.6 arcsec × 1.2 arcsec,
espectively (Inami et al. 2022 ). The Band 8 image of REBELS-25
as an asymmetric native beam (Table 1 ), and we therefore taper
he beam to a circular Gaussian of 1.1 arcsec. For REBELS-38, we
pply tapering to obtain a circular beam of 1.2 arcsec in order to
etter match the Band 6 resolution. This tapered beam is sufficiently
oarse that the two dust peaks are blended together, while ensuring
he continuum sensitivity remains adequate. 

We re-run PYBDSF to extract the continuum flux densities from 

hese tapered maps, and compile these – as well as the untapered flux
MNRAS 527, 6867–6887 (2024) 
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M

Figure 1. The three sources analysed in this work – from left to right, REBELS-12, REBELS-25, and REBELS-38. All cutouts span an area of 5 arcsec × 5 
arcsec. The top row shows the Band 8 continuum maps at their native resolution in the background, with black contours outlining the continuum emission at the 
2 σ , 3 σ , and 4 σ levels where σ is the local RMS in the image. REBELS-12 is undetected in the Band 8 continuum data, while REBELS-25 and REBELS-38 are 
detected at a peak S/N in the untapered maps of 4.4 σ and 4.3 σ , respectively. The overlaid white contours show the Band 6 continuum emission from 2 σ–10 σ in 
steps of 1 σ . The black (white) beam in the corner represents the FWHM of the Band 8 (Band 6) observations. The bottom row shows the same Band 6 (cyan) 
and Band 8 (orange) contours on top of stacked ground-based JHK-imaging. In the higher resolution Band 8 observations, REBELS-38 appears to separate into 
two dusty components, labeled A and B in the top right image. 
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1 In what follows, flux densities are implied to be at observer-frame frequen- 
cies, such that the subscript ‘obs’ is omitted. 
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ensities and other rele v ant physical properties of our targets – in
able 2 . The significance of the continuum detection in the tapered
ap of REBELS-25 is comparable to that at the native resolution. For
EBELS-38, on the other hand, the two dust components are blended

ogether in the tapered image, such that the detection significance of
he peak flux density is enhanced to 5.3 σ . The flux in the tapered
ap is consistent with the sum of the two individual components as
easured in the higher resolution image. In what follows, we utilize

he continuum flux densities obtained from the tapered images for
oth REBELS-25 and REBELS-38, unless specified otherwise. 
For REBELS-12 and REBELS-25, the spectral setup also covers

he [O III ] emission line. We show the corresponding moment-0 maps
n Fig. 2 , comparing to the spatial distribution of the dust continuum
mission (top row) and rest-frame UV emission (bottom). We detect
he [O III ] line in both REBELS-12 and REBELS-25, at a significance
f 5.6 σ and 5.1 σ , respectively, measured as the peak S/N in the
oment-0 map. To extract the 1D spectra, we sum all pixels in the
oment-0 map with significance ≥2 σ within a radius of 2.0 arcsec

round the peak pixel. We discuss the 1D spectra, as well as the
orphology of our targets, in further detail in Section 5.2 . 

 DUST  SED  FITTING  

.1 Modified blackbody formalism 

hen multifrequency observations of a galaxy’s dust continuum
mission are available, it is possible to fit a physical model to the dust
mission to constrain its properties (e.g. dust mass and temperature,
NRAS 527, 6867–6887 (2024) 
R luminosity). Generally, a modified blackbody (MBB) is used (e.g.
reve et al. 2012 ; Liang et al. 2019 ; Jones et al. 2020 ), which depends
n three main fitting parameters: the dust temperature ( T dust ), the dust
ass ( M dust ) and the dust emissivity index ( β). In addition, the dust
ay be optically thick at short wavelengths ( λ � 100 − 200 μm; e.g.
asey 2012 ), introducing an additional parameter λthick = c / ν thick 

here the optical depth equals unity. The most general functional
orm of an optically thick MBB may therefore be written as 

 νobs = 

(
1 + z 

d 2 L 

)(
1 − e −τν

τν

)
M dust κνB ν( T dust ) . (1) 

ere ν and νobs represent frequencies in the source rest- and
bserv ed frame, respectiv ely, 1 d L is the luminosity distance at
edshift z and κν = κ0 ( ν/ ν0 ) β is the dust mass absorption coefficient
t normalization frequency ν0 . We adopt Milky Way dust with
0 = κ( ν0 = 1900 GHz ) = 10 . 41 cm 

2 g −1 , which appears best suited
o match the dust in high-redshift sources (see e.g. Behrens et al.
018 ; Ferrara et al. 2022 ; Schouws et al. 2022 ) and has been used
hroughout the series of REBELS papers to model dust properties
e.g. Inami et al. 2022 ; Sommovigo et al. 2022a ). The optical depth
s defined as the integral over the line of sight via τ ν = 

∫ 
ανd s =

 

κνρdust d s , where αν is the absorption coefficient and ρdust is the
ust mass density. As such, the optical depth can be written as τ ν =
ν� dust , where � dust is the dust mass surface density. Equi v alently,
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Table 2. Physical and dust continuum properties of the three REBELS targets analysed in this work. 

ID 

a RA 

b DEC 

b z c [C II ] log 10 ( M � ) d S e Band 6 S Band 8 S Band 8 , tapered 

– – – – log 10 (M �) μJy μJy μJy 

REBELS-12 02:25:07.94 −05:06:40.70 7.3459 ± 0.0010 9 . 94 + 0 . 32 
−0 . 42 87 ± 24 < 210 f –

REBELS-25 10:00:32.34 + 01:44:31.11 7.3065 ± 0.0001 10 . 27 + 0 . 10 
−0 . 23 260 ± 22 486 ± 112 641 ± 147 

REBELS-38 10:02:54.06 + 02:42:12.12 6.5770 ± 0.0001 10 . 37 + 0 . 15 
−0 . 36 163 ± 23 – 334 ± 63 

REBELS-38 A 10:02:54.08 + 02:42:12.31 – – – 196 ± 45 –
REBELS-38 B 10:02:54.03 + 02:42:12.11 – – – 165 ± 40 –

a Source IDs listed in italic (with suffices A , B ) denote the individual dust components labeled in Fig. 1 . 
b Band 8 dust continuum coordinates, except for the 88 μm-undetected REBELS-12, for which we quote Band 6 coordinates 
instead. 
c [C II ]-based spectroscopic redshifts from Schouws et al. (in preparation). 
d Stellar masses from Topping et al. ( 2022 ), under the assumption of a non-parametric SFH. 
e ALMA Band 6 (rest-frame 160 μm) continuum flux densities taken from Inami et al. ( 2022 ). 
f The quoted upper limit is 3 σ . 

Figure 2. Top: Moment-0 maps of the [O III ] emission in REBELS-12 and 
REBELS-25 (white contours), on top of [C II ] emission (black contours) and 
Band 6 dust continuum emission (background; 5 arcsec × 5 arcsec). Bottom: 
The moment-0 maps on top of stacked JHK images. Here, [O III ] and [C II ] 
are shown in orange and c yan, respectiv ely, for visual clarity. In all panels, 
[O III ] contours range from 2 σ–5 σ , and the [C II ] contours start at 3 σ and 
increase in steps of 1 σ (steps of 4 σ ) for REBELS-12 (REBELS-25). The 
beam sizes corresponding to the emission line data are shown in the bottom 

left corner. In REBELS-25, the [C II ], [O III ], and rest-frame 158 μm dust 
emission are roughly co-spatial, while the peak of the dust continuum in 
REBELS-12 appears offset from the emission lines. 
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e may write τ ν = ( ν/ ν thick ) β = ( λ/ λthick ) −β . In the limit where the
ust is optically thin across all frequencies, that is τ ν � 1, the term
1 − e −τν ) /τν ≈ 1 and we reco v er the general functional form of an
ptically thin MBB. 
We must further consider that at z ∼ 7 the cosmic microwave 

ackground (CMB) is sufficiently warm [ T CMB ( z = 7) = T CMB , 0 ×
1 + z) = 21 . 8 K] that it may contribute to the heating of the dust.
s shown by Da Cunha et al. ( 2013 ), the ‘ef fecti ve’ dust temperature
f a high-redshift galaxy, T dust, z , is related to the dust temperature it
ould have at z = 0 via 

 dust ,z = 

(
T 

4 + β

dust, 0 + T 
4 + β

CMB , 0 

[
(1 + z) 4 + β − 1 

])1 / (4 + β) 
. (2) 

o we ver, not only is the CMB causing dust to be warmer at high
edshift, it also acts as a background against which the submillimetre
mission from a galaxy is observed, since interferometers are 
nsensitive to large-scale uniform emission (Da Cunha et al. 2013 ).
he magnitude of this effect depends on the observed (i.e. CMB-
eated) temperature of the dust and the temperature of the CMB
tself, and is demonstrated by Da Cunha et al. ( 2013 ) to be 

S no contrast 
ν

S 
against CMB 
ν

= 

(
1 − B ν( T CMB ,z ) 

B ν( T dust ,z ) 

)−1 

. (3) 

ombining the abo v e equation with equation ( 1 ), we may write the
eneral functional form of a MBB affected by the CMB as 

 ν = 

(
1 + z 

d 2 L 

)(
1 − e −τν

τν

)
M dust κ0 

(
ν

ν0 

)β [
B ν ( T dust ,z ) − B ν ( T CMB ,z ) 

]
. 

(4) 

his equation, which depends on M dust , T dust, z , β, and potentially
thick in the optically thick scenario, will be used to fit the dust
ontinuum emission of our high-redshift targets, as outlined in the 
ollowing Section. 

.2 Modified blackbody fitting 

n this work, we aim to simultaneously constrain the dust temperature
nd mass of three z ≈ 7 galaxies through MBB fitting. Whilst we
annot robustly constrain β due to a lack of sampling of the dust SED,
e explore various fixed values for β in the fits, and will additionally
arginalize across β after choosing a suitable prior (see below). 
We adopt the Monte Carlo Markov chain (MCMC) algorithm 

mplemented in PYTHON library EMCEE (F oreman-Macke y et al. 
013 ) to fit the dust SEDs of the REBELS targets. We fit to the
easured flux densities where available, and implement upper limits 

ollowing the procedure described in Sawicki ( 2012 ; see also Bakx
t al. 2020 ; Witstok et al. 2022 ). In practice, we fit the logarithm
f the dust mass log 10 ( M dust /M �), for which we introduce a simple
niform prior of log 10 ( M dust /M �) ∈ [4, 10]. The upper range of this
rior is chosen to extend up to an unphysical value of M dust / M � ∼
, and we have explicitly verified that adopting a wider range does
ot affect our results. For T dust, z , we adopt a flat prior with a lower
ound of T CMB, z , as we expect the dust to be at least as warm as
he CMB. Given the wide variety observed in the dust temperatures
MNRAS 527, 6867–6887 (2024) 
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f high-redshift galaxies (Section 6.2 ), we adopt a uniform prior
etween T CMB, z and T dust, max = 150 K, while beyond T dust, max we
moothly decrease the prior probability by a Gaussian with a width
f σ = 30 K. This ensures that high-temperature solutions are not
xcluded a priori. 2 

For β we adopt a Gaussian prior centred around a mean of 〈 β〉 = 1.8
ith a standard deviation of σβ = 0.5, following the analysis of Faisst

t al. ( 2020 ) for four z ∼ 5.5 galaxies. This value is consistent with
hat of local galaxies (Hildebrand 1983 ) and submillimetre galaxies
SMGs; Da Cunha et al. 2021 ). Ho we ver, we also use MBB fitting
ith a fixed value of β = (1.5, 2.0). The latter value is similar to that
f Milky Way dust ( β = 2.03; Weingartner & Draine 2001 ; Draine
003 ), which was assumed by Sommovigo et al. ( 2022a ) to model
he dust temperatures of REBELS targets with both a dust and a [C II ]
etection. 
Two further remarks about the MBB fitting routine are warranted,

eginning with the implementation of upper limits. As per the
awicki ( 2012 ) formalism, it is fa v ourable for a model (that is, a
BB given some sampled T dust, z , M dust , and β) to be significantly

elow an upper limit rather than just below it. The reason is that,
iven a model with flux density f M 

, an error of σ and an upper limit
f 3 σ , the log-likelihood ln L is penalized by a factor of 

 ln L = ln 

[
1 

2 

(
1 + erf 

(
3 σ − f M √ 

2 σ

))]
, (5) 

here erf( x ) denotes the error function. Intuitively this can be
nderstood as follows: when a model is just below the limiting flux,
.e. f M 

= 0.99 × 3 σ , the probability of exceeding the flux limit given
aussian noise is nearly 50 per cent. As such, a model with f M 

� 3 σ
s preferred, given the decreased probability of exceeding the upper
imit in the presence of noise. Nevertheless, this prescription does
ot exclude solutions which exceed the upper limit a priori, as any
mposed limit may be exceeded with non-zero probability. 

The second point is in reference to the fitting of modified black-
odies with a single detection and an upper limit. As per equation
 5 ), the solution that maximizes the log-likelihood is an MBB that
atches the observed flux density, while simultaneously staying

ufficiently far from the upper limit. In the case of REBELS-12, with a
etection at rest-frame 158 μm and an upper limit at 88 μm, one such
ptimal solution will be a very cold MBB ( T dust ,z ∼ T CMB ,z ≈ 22 K).
o we ver, MCMC ensures that (nearly) the full parameter space is

xplored, and as such allows for a variety of warmer MBB solutions
hat also accurately represent the data. This demonstrates that it is
mportant to consider the full posterior distributions of the parameters
f interest, and not only the maximum a posteriori solution (e.g.
ogg & F oreman-Macke y 2018 ). In this work, we therefore adopt

he median of the posterior distributions as the fitted dust temperature,
ass and emissivity, while the quoted errors represent the 16th and

4th percentiles of the corresponding posterior. We further remark
hat the posteriors of the fitted parameters are single-peaked in all
ases (see also Appendix A ). 

We e x ecute our MCMC routine with 32 w alk ers for a total of
0 5 steps each, thereby conserv ati vely discarding the first 10 4 steps
s the burn-in phase. We confirm that the number of samples utilized
NRAS 527, 6867–6887 (2024) 

 We note that, when sampling dust temperatures that approach T CMB, z , the 
ust mass needed to match the observed flux densities rapidly increases, 
hereby potentially falling outside of our adopted prior range of 4.0 ≤
og ( M dust /M �) ≤ 10.0. In practice, ho we ver, adopting this prior on M dust 

omes down to excluding dust temperatures that approach the CMB temper- 
ture to within � 0 . 1 K. We hav e v erified that the exclusion of this small 
raction of the full parameter space does not affect the fits. 
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n the MCMC fitting is greater than 50 × the autocorrelation time
o ensure sufficient sampling of the parameter space (e.g. Foreman-

ackey et al. 2013 ). The robustness of our fitting routine is further
upported by the acceptance fractions obtained, averaging 0.33 across
he three REBELS sources when β is fixed (1.5, 2.0), and 0.22 when
eta is included in the fitting (c.f., an optimal range of 0.2–0.5;
 oreman-Macke y et al. 2013 ), and through the visual inspection of

race plots for M dust , T dust and β. 

 RESULTS  

.1 Dust emission at z ∼ 7 

s outlined in Section 3 , we detect Band 8 continuum emission
rest-frame 90 μm) in two targets (REBELS-25 and REBELS-38),
hile the continuum is not detected in REBELS-12. In addition,

ll three targets were previously detected in Band 6 continuum
rest-frame 160 μm; Inami et al. 2022 ). In what follows, we use
ur MBB fitting routine to model the dust continuum SEDs of our
argets in order to constrain their dust temperatures and masses. We
rst adopt an optically thin MBB, before considering optically thick
ust. 

.1.1 Dust SED: optically thin scenario 

iven that high-redshift galaxies generally have a sparsely sampled
ust SED, it is common in the literature to assume the dust is optically
hin across the wavelength range of interest (e.g. Harikane et al. 2020 ;
akx et al. 2021 ; Sugahara et al. 2021 ). As such, we proceed by
tting an optically thin MBB to our three REBELS targets, as shown

n Fig. 3 . The top and middle rows show the fits for a fixed β =
.5 and β = 2.0, respectively, while the bottom row shows the MBB
t using a Gaussian prior on β. In what follows, we adopt β = 2.0
s our fiducial model, to ensure consistency with the value assumed
y Sommovigo et al. ( 2022a ), and the series of REBELS papers in
eneral. 
We robustly constrain the dust temperatures of REBELS-25 and

EBELS-38 using the high-S/N detection in Band 6 and the new
and 8 data. For REBELS-25, we find T dust ,z = 34 ± 6 K, while

or REBELS-38 we determine T dust ,z = 32 + 8 
−5 K. In addition, we

etermine dust masses of M dust ≈ 10 8 M � for both targets (Table 3 ).
e discuss these dust masses in the context of dust production
echanisms in Section 6.3 . 
Given the non-detection at Band 8 for REBELS-12 and the modest-

/N detection at Band 6, we cannot place robust constraints on
ts dust temperature, as the fitting allows for a long tail towards
igh temperatures (e.g. for β = 2.0 we find T dust ,z = 42 + 65 

−14 K). We
mphasize that in cases like REBELS-12, where strong observational
onstraints on the IR SED are lacking, the inferred dust temperature
epends strongly on the assumed prior. For example, doubling the
rior range on the dust temperature to span T dust < 300 K would
esult in the upper error on the dust temperature of REBELS-12
ncreasing by a factor of two as well. While the Band 8 upper limit
or REBELS-12 is relatively constraining, the main uncertainty in
ur analysis is at present the S/N of the Band 6 data. For example,
f we were to artificially reduce the uncertainty of its Band 6 flux
ensity to obtain an S/N = 10, we would determine a low dust
emperature of T dust ,z = 30 + 8 

−5 K for REBELS-12. Ho we ver, with
he current observations a higher temperature solution cannot be
uled out, as can be seen from the posterior distributions of T dust, z 

n Appendix A . As detailed in Section 4 , in this work we choose to
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Figure 3. Optically thin MBB fits to REBELS-12, REBELS-25 and REBELS-38 using β = 1.5 (upper row), β = 2.0 (middle row) and a Gaussian prior on 
β (bottom row). The thick solid line shows the median SED obtained from the Monte Carlo samples, while the shaded region indicates the corresponding 1 σ
confidence interval. The dashed line shows the model using the fitting parameters that maximize the log-likelihood, and is omitted from the first column given 
that REBELS-12 is detected at only a single distinct frequency (Section 4 ). The median dust temperature and its corresponding uncertainty are indicated on the 
panel, with the maximum a posteriori value in parentheses. Individual semi-transparent lines represent randomly drawn Monte Carlo samples. Both sources 
with two continuum detections, REBELS-25 and REBELS-38, appear to have cold dust temperatures of T dust ,z ≈ 30 − 35 K given a fiducial β = 2.0. For 
REBELS-12, which is not detected in Band 8 and only at modest S/N in Band 6 ( ∼3.6 σ at λobs ≈ 1300 μm), we cannot place strong constraints on T dust, z . 
Ho we ver, the non-detection in Band 8 may imply a similarly modest dust temperature. 

Table 3. Dust parameters derived from MBB fitting. 

REBELS-12 REBELS-25 REBELS-38 
Optical depth: Thin Thick Thin Thick Thin Thick 

β 1.5 1.5 1.5 1.5 1.5 1.5 

log 10 (M dust /M �) 6 . 94 + 0 . 92 
−0 . 94 6 . 87 + 0 . 88 

−0 . 69 7 . 80 + 0 . 30 
−0 . 26 7 . 54 + 0 . 30 

−0 . 30 7 . 56 + 0 . 35 
−0 . 37 7 . 31 + 0 . 37 

−0 . 45 

T dust [K] 50 + 68 
−20 62 + 70 

−30 43 + 10 
−8 61 + 25 

−15 41 + 14 
−8 57 + 35 

−15 

log 10 (L IR /L �) 11 . 34 + 1 . 12 
−0 . 49 11 . 31 + 0 . 73 

−0 . 47 11 . 84 + 0 . 28 
−0 . 23 11 . 95 + 0 . 36 

−0 . 27 11 . 48 + 0 . 34 
−0 . 23 11 . 59 + 0 . 47 

−0 . 27 

β 2.0 2.0 2.0 2.0 2.0 2.0 
log 10 (M dust /M �) 7 . 10 + 0 . 94 

−1 . 23 6 . 97 + 0 . 91 
−0 . 86 8 . 13 + 0 . 37 

−0 . 26 7 . 78 + 0 . 29 
−0 . 26 7 . 90 + 0 . 39 

−0 . 35 7 . 58 + 0 . 35 
−0 . 38 

T dust [K] 42 + 65 
−14 53 + 69 

−23 34 + 6 −6 47 + 13 
−9 32 + 8 −5 43 + 16 

−9 

log 10 (L IR /L �) 11 . 28 + 1 . 19 
−0 . 40 11 . 21 + 0 . 71 

−0 . 38 11 . 73 + 0 . 20 
−0 . 18 11 . 77 + 0 . 23 

−0 . 19 11 . 36 + 0 . 23 
−0 . 17 11 . 40 + 0 . 27 

−0 . 18 

β 1 . 6 + 0 . 5 −0 . 5 1 . 6 + 0 . 5 −0 . 5 1 . 5 + 0 . 5 −0 . 6 1 . 5 + 0 . 5 −0 . 5 1 . 5 + 0 . 5 −0 . 5 1 . 5 + 0 . 5 −0 . 5 

log 10 (M dust /M �) 6 . 94 + 0 . 95 
−0 . 95 6 . 89 + 0 . 90 

−0 . 73 7 . 81 + 0 . 47 
−0 . 47 7 . 58 + 0 . 38 

−0 . 41 7 . 59 + 0 . 52 
−0 . 56 7 . 34 + 0 . 45 

−0 . 51 

T dust [K] 49 + 70 
−20 59 + 71 

−28 43 + 25 
−11 59 + 40 

−18 40 + 26 
−11 55 + 46 

−18 

log 10 (L IR /L �) 11 . 33 + 1 . 09 
−0 . 47 11 . 27 + 0 . 75 

−0 . 44 11 . 85 + 0 . 39 
−0 . 24 11 . 92 + 0 . 49 

−0 . 28 11 . 47 + 0 . 46 
−0 . 23 11 . 56 + 0 . 56 

−0 . 28 

Optically thick MBB fitting assumes a fixed λthick = 100 μm. The dust emissivity is kept fixed to either β = 1.5, 2.0 (top and middle 
rows), or is marginalized across using a Gaussian prior (bottom row; see text). 
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lace conserv ati ve priors on the dust temperature to a v oid biasing the
emperature measurements in cases where the constraining power
f the data is weak. Hence, instead of artificially constraining the
emperature measurements with narrower priors, obtaining high(er)
uality multiband observations is essential to accurately measure
 dust . 
By propagating the full posterior distributions of the various
BB parameters determined through MCMC, we compute the

R luminosities of our targets by integrating the sampled MBBs
etween rest-frame 8 − 1000 μm. We measure an IR luminosity of
og 10 ( L IR / L �) = 11 . 36 + 0 . 23 

−0 . 17 for REBELS-38, while for REBELS-
5 we determine log 10 ( L IR / L �) = 11 . 73 + 0 . 20 

−0 . 18 given our fiducial β =
.0. This value is lower than the IR luminosity previously predicted
or REBELS-25 by Sommovigo et al. ( 2022a ) [ log 10 ( L IR / L �) =
2 . 45 + 0 . 43 

−0 . 45 ], using an estimate of T S22a 
dust = 55 + 15 

−14 K based on its
C II ] emission and underlying Band 6 continuum detection (see
ppendix B for a more detailed comparison to single-band dust

emperature models). Using our new Band 8 dust temperature
easurement, we thus find that REBELS-25 may not be a ULIRG

c.f., Hygate et al. 2023 ). The continuum-detected REBELS sample
herefore appears to consist solely of LIRGs, with 10 11 ≤ L IR /L � <

0 12 . 
If we assume a lower β = 1.5, the inferred dust temperatures

or the two sources detected in Band 8 continuum increase to
 dust ,z ≈ 40 − 45 K, with slightly larger uncertainties given that
e now probe further redwards of the dust peak. Nevertheless, the

nferred IR luminosities do not significantly exceed ( < 0 . 2 dex) the
alues determined with the fiducial β = 2.0 due to the anticorrelation
etween dust temperature and dust mass. Indeed, the dust masses
nferred when adopting β = 1.5 are lower compared to the fiducial
odel by ∼ 0 . 35 dex. 3 

When allowing for variation in β in the form of a Gaussian prior,
e find similar temperatures of ∼ 40 K, though with 1 σ uncertainties

panning a relatively wide range of T dust ,z ∼ 30 − 65 K. The value of
itself is not constrained, and is correlated (anticorrelated) with the

ust mass (temperature) as expected. As a result of this de generac y
etween T dust and β, a value of β ≈ 1.5 is preferred by the fit.
ntuitively, this can be understood as follows: given that we fit two
LMA measurements with three free parameters, the data can be

nearly) equally well represented by a family of models consisting
f either a warm MBB with a shallow β, or a colder MBB with
 steeper β. Ho we ver, gi ven β = 1.8 – the centre of the adopted
aussian prior – the dust temperature of our sources is found to be
uite low ( T dust ∼ 40 K), leaving only a small parameter space of
 ven colder MBBs, gi ven that we require T dust, z > T CMB, z . Instead,
iven our high upper bound on T dust, z , a large number of equally
ood fits can be obtained with hotter dust and a shallower β. This
aturally results in the median fitted β tending to shallower values,
ith T dust increasing as a consequence. As such, while marginalizing

cross β results in more robust parameter uncertainties, we suggest
he reader treat the fitted emissivity indices with some caution. An
ncreased sampling of the continuum SED, in particular at longer
avelengths, is required to constrain the dust emissivity index more
recisely. 
NRAS 527, 6867–6887 (2024) 

 Note, ho we ver, that while we here adopt a different value for β in the fit, 
e do not alter the normalization of the dust opacity κ0 = κν (1900 GHz ). 

n practice, κ0 and β are not independent, as both depend on the dust grain 
omposition, as well as the grain size distribution (e.g. Bianchi 2013 ). 
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.1.2 Dust SED: optically thick scenario 

iven that the dust optical depth scales linearly with the dust surface
ensity (Section 4 ), dust-rich galaxies may become optically thick at
hort wavelengths. Using a sample of 23 SMGs, Simpson et al. ( 2017 )
nd a typical value for λthick = 75 + 15 

−20 μm given β = 1.8, though they
aution this should be taken as a lower limit given that their results
re based on observed galaxy sizes at longer wavelengths. Indeed,
ome particularly dusty sources are found to be optically thick to
thick ≈ 200 μm (Blain, Barnard & Chapman 2003 ; Conley et al.
011 ; Casey et al. 2019 ; Jin et al. 2022 ). Ho we ver, making use of
erschel observations of local galaxies, Lutz et al. ( 2016 ) find that

he majority of LIRGs are on average optically thin, while IR-brighter
ources may indeed be optically thick at far-IR wavelengths. 

In their analysis of the dust emission in z ∼ 4 starburst GN-
0, Cortzen et al. ( 2020 ) find the galaxy to be optically thick out
o λthick = 170 ± 23 μm and determine its dust temperature to be
 dust = 52 ± 5 K. Ho we v er, the y show that, had an optically thin
BB been assumed, the reco v ered dust temperature is substantially

ower ( T dust = 33 ± 2 K). As such, they clearly demonstrate that
rongfully adopting optically thin dust can significantly decrease

he inferred dust temperatures. 
For the REBELS targets studied in this work, we cannot fit λthick 

irectly given that the dust SED is sampled at only two distinct
avelengths. Ho we ver, we can determine a plausible value for
thick by assuming galaxies can be characterized by a spherical dust
istribution of size R . In this case, the source is expected to become
ptically thick at a wavelength of 

thick = λ0 

(
πR 

2 

κ0 M dust 

)− 1 
β

≈ 42 μm ×
(

R 

1 kpc 

)−1 (
M dust 

10 8 M �

)1 / 2 

, 

(6

here the numerical value assumes β = 2.0. From our optically thin
BB fitting, we infer a maximum dust mass of M dust ≈ 10 8 M �

or our brightest target, REBELS-25. To obtain an estimate of λthick ,
e adopt this as a conserv ati ve upper limit on the true dust mass,
iven that, if the source is in fact optically thick, its true dust mass
ould be lower than inferred by optically thin models. For the size
 , we adopt the median stacked continuum size of the dust-detected
EBELS sample of R = 1 . 1 ± 0 . 3 kpc (Fudamoto et al. 2022 ). With

hese estimates, we expect λthick � 40 μm to be a sensible upper
imit on the wavelength where the dust transitions to optically thick.
hese calculations indicate that the REBELS sample is unlikely to
e optically thick at the shortest wavelengths probed with ALMA of
rest ≈ 88 μm. 
Nev ertheless, we inv estigate the ef fect of allo wing for optically

hick dust by adopting a fixed λthick = 100 μm (following e.g.
aisst et al. 2020 ; Da Cunha et al. 2021 ). In the observed frame,

his corresponds to λthick ≈ 760 − 830 μm for our three targets,
mplying non-negligible optical depth effects in ALMA Band 8. We
aveat that, since τ ν ∝ � dust , this necessarily implies significant dust
urface densities due to large o v erall dust masses and/or compact
ust-obscured star-forming regions (equation 6 ). In these scenarios,
early all of the UV emission associated with star formation will
e attenuated by dust. Ho we ver, since the REBELS targets were
xplicitly selected to be UV-bright galaxies, reconciling this with a
igh dust optical depth requires spatial offsets between the dust and
V emission, or clumpy dust substructures (e.g. Behrens et al. 2018 ;
errara et al. 2022 ). 
The optically thick MBB fits assuming λthick = 100 μm are shown

n Fig. 4 . The inferred temperatures exceed the ones determined using
ptically thin models by �T dust ≈ 10 − 15 K, while dust masses
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Figure 4. Same as Fig. 3 , now assuming an optically thick MBB with a fixed λthick = 100 μm to investigate how this affects the inferred temperatures. The 
observ ed-frame wav elength where the dust transitions from thin to thick is indicated through the dotted gre y line. While we e xpect our sources to be optically 
thin beyond λ � 40 μm (Section 5.1.2 ), an optically thick scenario with λthick = 100 μm would result in higher inferred dust temperatures by �T dust ∼ 10 − 15 
K. 
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re found to be lower than in our fiducial analysis by ∼ 0 . 25 dex
Table 3 ). Nevertheless, the inferred IR luminosities, and therefore 
he corresponding dust-obscured star formation rates, are consistent 
ith the ones derived from optically thin MBB fitting within the 
ncertainties. We note that, had we assumed λthick = 40 μm based on
he aforementioned estimate for REBELS (equation 6 ), the inferred 
emperatures agree with the optically thin ones to within � 2 K ( � 4 
) for β = 2.0 ( β = 1.5). 

.1.3 The dust morphology of REBELS-38 

n the moderate resolution Band 8 imaging of 0.61 arcsec × 0.48 
rcsec, REBELS-38 is resolved into two components detected at a 
eak significance of 4.3 σ and 4.1 σ . While unresolved in the original
EBELS Band 6 observations, Inami et al. ( 2022 ) noted an offset
etween the peaks of its rest-frame UV and dust continuum emission
f 0.57 ± 0.25 arcsec, corresponding to a physical offset of 3 . 1 ± 1 . 4 
pc. In the higher resolution Band 8 data, we observe that the fainter
lump (B) is nearly co-spatial with the UV emission (offset of 0 . 9 ±
 . 4 kpc), while clump A is offset to the east by 4 . 0 ± 0 . 4 kpc. The
eparation between the two clumps themselves equals 0.73 ± 0.11 
rcsec (4 . 0 ± 0 . 6 kpc), and both are spatially unresolved individually
 r 1 / 2 < 1 . 5 kpc). Given the small separation between the clumps, it
s likely that these are individual components of a singular galaxy, 
lthough we note the possibility that REBELS-38 could be a late- 
tage merger. 
.2 [O III ] emission 

iven the known [C II ]-based spectroscopic redshifts of REBELS-
2 and REBELS-25, we search for and detect the [O III ] line in the
and 8 datacubes. The extracted 1D spectra of the [O III ] emission
re shown in the top row of Fig. 5 . We fit the spectra with a Gaussian
rofile, and determine the total line flux by integrating the area under
he Gaussian curve. The line fluxes, luminosities and FWHMs are 
isted in Table 4 . 

In the bottom row of Fig. 5 , we compare to the [C II ] emission
ines for our sources (Schouws et al., in preparation), adopting v =
 km s −1 as the centre of the [C II ] line, given its higher S/N compared
o [O III ]. In what follows, we discuss the emission line properties and
orphologies of both sources targeted in [O III ] emission in detail. 

.2.1 REBELS-12 

ntriguingly, the [C II ] line in REBELS-12 is very broad, with a
WHM ≈ 640 km s −1 , while the [O III ] emission is comparatively 
arrow, FWHM ≈ 130 km s −1 . Moreo v er, the [C II ] emission appears
o consist of two peaks separated by �v ∼ 500 km s −1 , indicating that
EBELS-12 may be a merger, although it could also be a signature
f disc rotation (e.g. Kohandel et al. 2019 ). The velocity of the [O III ]
mission coincides with the redder peak, while no counterpart to the
luer emission is visible in the [O III ] spectrum. 
We proceed by quantitativ ely inv estigating this line profile. We

rst fit the one-dimensional [C II ] spectrum of REBELS-12 with
MNRAS 527, 6867–6887 (2024) 
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Figure 5. The extracted [O III ] (top) and [C II ] emission (bottom) for REBELS-12 (left) and REBELS-25 (right). The grey band shows the noise level per channel 
and the red line represents a Gaussian fit to the spectrum. The red shading corresponds to the FWHM of the [O III ] line, across which we collapse the channels 
to create the moment-0 map. The black vertical line corresponds to the centre of the [C II ] line, defined to be at v = 0. In both sources, the [C II ] line is broader 
than the [O III ] emission, although there is tentati ve e vidence that the [C II ] emission in REBELS-12 consists of two components, one of which is blueshifted 
by ∼ 500 km s −1 compared to the observed [O III ] emission (see text). Adopting the total line fluxes for both emission lines, we find [O III ] / [C II ] ≈ 1 − 1 . 5 in 
both galaxies. 

Table 4. Emission line properties of REBELS-12 and REBELS-25. 

ID z [O III ] S [O III ] FWHM [O III ] L [O III ] S a [C II ] FWHM 

a 
[C II ] L 

a 
[C II ] L [O III ] /L [C II ] 

mJy km s −1 km s −1 10 8 L � mJy km s −1 km s −1 10 8 L �

REBELS-12 7.3491 ± 0.0002 654 + 149 
−133 130 ± 21 14 . 6 + 3 . 5 −2 . 9 807 ± 155 637 ± 82 10.1 ± 4.1 1 . 5 + 1 . 0 −0 . 5 

REBELS-25 7.3052 ± 0.0004 896 + 234 
−207 203 ± 38 20 . 0 + 5 . 1 −4 . 6 1280 ± 36 322 ± 12 15.9 ± 1.0 1.3 ± 0.3 

a [C II ] fluxes, FWHMs and luminosities from Schouws et al. (in preparation). 
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wo Gaussian components, as shown in the top panel of Fig. 6 .
he blue and red components each contain a flux of S blue 

[C II ] =
43 + 237 

−130 mJy km s −1 and S red 
[C II ] = 358 + 141 

−186 mJy km s −1 , respectively.
he total flux across the two Gaussians is consistent with that
btained from the single-Gaussian fit, as reported in Table 4 . 
We subsequently image the channels corresponding to the

WHMs of the blue and red Gaussians separately, and show the
ontours on top of stacked JHK-imaging and [O III ] emission (Fig.
 ; bottom panel). The redder Gaussian component is co-spatial with
oth the [O III ] and rest-frame UV emission, while the peak of the blue
omponent is offset to the southwest by ∼1 arcsec. This may indicate
hat REBELS-12 is a merger, consisting of a UV-bright component
mitting in [O III ] and a faint galaxy with no discernible UV or
ust continuum emission. This scenario is particularly appealing
iven that a serendipitous, UV-dark galaxy was previously found
11.5 arcsec away from REBELS-12 by Fudamoto et al. ( 2021 ),

mplying that REBELS-12 may be part of a larger cosmic structure
t z ≈ 7.3. 

Assuming REBELS-12 is indeed a merging galaxy, we infer a line
atio for the red component of [O III ] / [C II ] = 3 . 3 + 3 . 3 

−1 . 0 . For the blue
omponent, we can only place an upper limit on the emission line
atio. We assume its [O III ] FWHM is equal to that of the observed
ed component and adopt a peak line flux of 3 × the RMS across
he FWHM (corresponding to the RMS in a 130 km s −1 channel).

e then infer an upper limit of S blue 
[O III ] � 280 mJy km s −1 , and a line

atio of [O III ] / [C II ] < 1 . 1 for the blue component. In contrast, if we
NRAS 527, 6867–6887 (2024) 

l  
reat REBELS-12 as a singular system, we determine [O III ] / [C II ] =
 . 5 + 1 . 0 

−0 . 5 (Table 4 ). 
Finally, we highlight the peculiar dust morphology of REBELS-

2. As detailed in Inami et al. ( 2022 ), its dust emission at rest-frame
60 μm shows two separate components, the brightest of which is
patially offset from the (red component of the) [C II ] and [O III ]
mission, as well as from the UV emission (Fig. 2 ). It is possible
hat this dust component corresponds to a foreground source that is
ot physically related to REBELS-12, although at present there is
o known counterpart at shorter wav elengths. Howev er, deeper and
igher resolution ALMA observations of REBELS-12 are required
o better understand the nature of its [C II ], [O III ], and dust emission.

.2.2 REBELS-25 

or REBELS-25, we find that the [O III ] emission is slightly
lueshifted compared to the [C II ] emission by �v = −60 ±
5 km s −1 . Similar to what we observe for REBELS-12, the [O III ]
ine is narrower than the [C II ] emission. Ho we ver, gi ven the signal-
o-noise ratio and resolution of the existing data, we do not find
vidence for significant spatial offsets between the dust continuum
nd the emission lines in REBELS-25. Its [C II ] line is characterized
y a double-peaked component and the corresponding velocity field
as been shown to resemble that of a rotating disc (Hygate et al.
023 ). High-resolution ALMA follo w-up observ ations of the [C II ]
ine have confirmed this, and will be described in a dedicated
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Figure 6. Upper: Double-Gaussian fit to the [C II ] line profile of REBELS- 
12. The channels highlighted in blue and red are imaged separately, and are 
shown as contours (starting at 2 σ in steps of 1 σ ) in the lower panel. The 
[O III ] contours are additionally o v erplotted in orange. The emission peaks 
of the individual components are indicated via crosses. The red Gaussian 
is co-spatial with the rest-frame UV and [O III ] emission, while the blue 
Gaussian appears extended, being both spectrally and spatially offset from 

the red component. While higher resolution imaging is needed to confirm its 
nature, current observations suggest REBELS-12 may be a merger of a UV- 
bright component – additionally emitting in [C II ] and [O III ] – and a UV-dark 
component visible only in [C II ] emission. 
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4 Their literature sample comprises MACS1149-JD1 (Hashimoto et al. 2018 ), 
A2744-YD4 (Laporte et al. 2017 ), MACS0416-Y1 (Tamura et al. 2019 ; Bakx 
et al. 2020 ), SXDF-NB1006-2 (Inoue et al. 2016 ), The Big Three Dragons 
(Hashimoto et al. 2019 ), and BDF-3299 (Carniani et al. 2017 ). 
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ublication (Rowland et al. in preparation). The larger linewidth 
f the [C II ] line therefore likely implies it traces an extended gas
eservoir at larger circular velocities than the [O III ] emission. We
dopt the [C II ] line luminosity for REBELS-25 determined by 
chouws et al. (in preparation) and determine its line ratio to be
O III ] / [C II ] = 1 . 3 ± 0 . 3. 

While the [C II ] emission in distant galaxies has been observed to
enerally be more spatially extended than the [O III ] emission (e.g.
arniani et al. 2020 ; Akins et al. 2022 ; Section 6.1 ), we note that our

esults remain unchanged if we re-extract the [C II ] fluxes following
he procedure adopted for the [O III ] line described in Section 3 .
his is as e xpected, giv en that the fluxes are extracted in an aperture
ith a radius of ∼ 10 kpc at z = 7, which is much larger than the

ypical [C II ] sizes of galaxies of r [C II ] ∼ 2 kpc (Fujimoto et al. 2020 ;
udamoto et al. 2022 ). In addition, we verified that our method of
xtracting the spectra across only the pixels with SNR > 2 in the
oment-0 map (Section 3 ) does not appreciably affect the measured 

O III ] line fluxes. If we instead extract the flux across all pixels in
 circular aperture larger than the synthesized beam, we find that 
he measured line fluxes increase by factor of 0 . 8 + 0 . 5 

−0 . 4 and 1 . 5 + 0 . 7 
−0 . 6 

or REBELS-12 and REBELS-25, respectively (using apertures with 
adii of 1.0 and 1.25 arcsec). This is consistent with our fiducial
easurements to within 1 σ , and hence suggests we are unlikely to
iss significant extended [O III ] emission. 

 DI SCUSSI ON  

e proceed by first discussing the physical properties of our targets
n terms of the [O III ]/[C II ] emission line ratio, and subsequently link
hese to their dust continuum properties in the sections that follow. 

.1 [O III ]/[C II ] as a proxy for burstiness 

he ratio between the [O III ] and [C II ] luminosities provides a global
haracterization of the ISM. This line ratio is observed to have typical
alues of � 1 in starbursts at z ∼ 0 (D ́ıaz-Santos et al. 2017 ), while
enerally being � 2–10 in high-redshift galaxies ( z � 6; Harikane
t al. 2020 ). This may be indicative of an increasingly ionized ISM
t early cosmic times, although alternative interpretations, such as 
ow metallicities and/or low C/O abundance ratios, have also been 
roposed as a means to increase the relative [O III ]/[C II ] emission of
igh-redshift galaxies (e.g. Arata et al. 2020 ; Katz et al. 2022 ). 
Combining a sample of three newly observed z ≈ 6 Lyman Break

alaxies with six 6 � z � 9 galaxies from the literature, Harikane
t al. ( 2020 ) find the line ratios to span a broad range of [O III ] / [C II ] =
 − 20. 4 While Carniani et al. ( 2020 ) show that some [C II ] emission
ay be missed due to surface brightness dimming, given the typically

arger extent of [C II ] compared to [O III ], even upon accounting
or this, they still find line ratios greater than unity ( [O III ] / [C II ] =
 − 8) for the same nine z > 6 galaxies analysed by Harikane et al.
 2020 ). This is in agreement with recent measurements from Witstok
t al. ( 2022 ) for five additional galaxies at z ≈ 7 detected in both
C II ] and [O III ] emission, for which they similarly find the line ratios
o span [O III ] / [C II ] ∼ 2 − 8. In addition, Akins et al. ( 2022 ) find a
atio of [O III ] / [C II ] ∼ 2 for A1689-zD1 at z = 7.13, when adopting
n aperture large enough to include the [C II ] emission from the
xtended halo around the source. 

Through detailed CLOUDY (Ferland et al. 1998 , 2017 ) modelling,
arikane et al. ( 2020 ) find that the large [O III ]/[C II ] ratios observed

n high-redshift galaxies are likely due to (i) a high ionization
arameter U ion , and/or (ii) a low PDR co v ering fraction, while other
ffects, such as metallicity, C/O abundance, and ISM density are 
ubdominant. Both of these scenarios involve suppressing the [C II ]
uminosity: at fixed metallicity and density, the [C II ] luminosity
ecreases for a larger U ion as C 

+ becomes increasingly ionized 
Harikane et al. 2020 ; their fig. 11). Similarly, as most of the [C II ]
mission is believed to emanate from PDRs (e.g. Cormier et al.
019 ), a lower PDR co v ering fraction also decreases the o v erall
C II ] luminosity. 

Our sample of three z ≈ 7 galaxies, on the other hand, shows
C II ] line luminosities consistent with the local relation between
C II ] luminosity and SFR (Schouws et al., in preparation). While
O III ] observations exist only for REBELS-12 and REBELS-25,
he inferred global line ratios ( [O III ] / [C II ] ≈ 1 . 3 − 1 . 5; Fig. 7 )
re indicative of less extreme physical conditions in our targets 
ompared to the known z � 6 population. Instead, our targets
how line ratios consistent with the upper range inferred for local
MNRAS 527, 6867–6887 (2024) 
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Figure 7. The [O III ]/[C II ] luminosity ratio versus total (IR + UV) star formation rate for REBELS-12, REBELS-25 and a variety of galaxies in the literature. 
Given that REBELS-12 could be a merger of an [O III ]-bright and [O III ]-dark galaxy (Section 5.2.1 ), we show both its [O III ]/[C II ] ratio for the two individual 
components, and for the system as a whole. We assign the UV-dark component a star formation rate based on its [C II ] emission, using the relation from Schaerer 
et al. ( 2020 ), while for the total system we adopt the SFR from its combined UV and IR emission. The compilation of nine 6 � z � 9 galaxies from Harikane 
et al. ( 2020 ) is shown as maroon squares, while the five z ∼ 7 galaxies from Witstok et al. ( 2022 ) are plotted as orange diamonds. We additionally show the z = 

7.13 galaxy A1689-zD1 recently analysed by Akins et al. ( 2022 ) and the z = 6.08 quasar companion from Walter et al. ( 2018 ). The z ∼ 0 GOALS (U)LIRGs 
from D ́ıaz-Santos et al. ( 2017 ) are shown as grey dots, and the local relations for starburst and dwarf galaxies from De Looze et al. ( 2014 ) are indicated through 
the green and blue bands, respecti vely. In addition, we sho w the z = 7.7 galaxies from the SERRA simulation suite (Pallottini et al. 2022 ) through the pink 
crosses. Compared to the z � 6 population, REBELS-12 and REBELS-25 show lower [O III ]/[C II ] ratios. 
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U)LIRGs (D ́ıaz-Santos et al. 2017 ). Ho we ver, we note that if we
nstead treat REBELS-12 as a merging system, its [O III ]-bright
omponent shows an [O III ]/[C II ] ratio that is similar to that of the z
 6 literature sample, while the upper limit obtained for the [O III ]-

aint component suggests it has a line ratio lower than the known
igh-redshift population. 
The line ratios determined for REBELS-12 and REBELS-25 are

dditionally consistent with the sample of ∼200 simulated galaxies
nalysed by Pallottini et al. ( 2022 ). These galaxies are drawn from
he cosmological zoom-in simulations SERRA at z = 7.7, which
re post-processed in order to obtain galaxy UV, FIR, and line
uminosities. While the SERRA sample mostly probes galaxies
ith SFR ∼ 1 − 10 M � yr −1 – lower than currently accessible
ith observations of unlensed galaxies such as REBELS – the

greement between the simulations and observations is nonetheless
ncouraging. 

In what follows, we investigate the origin of the different
O III ]/[C II ] ratios seen in our REBELS targets and the previously
bserved z � 6 population quantitatively in the context of the
onization parameter, which Harikane et al. ( 2020 ) show is the
ominant ingredient go v erning the [O III ]/[C II ] emission line ratio.
hile in practice there is a de generac y between a lower/higher

onization parameter and higher/lower PDR co v ering fraction, we
ere focus on the former scenario. As discussed in Harikane et al.
 2020 ), a low PDR co v ering fraction would allow for the efficient
ransmission of ionizing photons, and can therefore be independently
nvestigated through Ly α spectroscopy. K eck/MOSFIRE observ a-
ions of REBELS-12 and REBELS-25, ho we ver, do not reveal a Ly α
etection for these two z ∼ 7.3 targets (Algera et al., in preparation).
NRAS 527, 6867–6887 (2024) 
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As shown by Ferrara et al. ( 2019 ), the ionization parameter is
elated to the star formation rate and molecular gas surface densities
ia U ion ∝ � SFR /� 

2 
gas . Defining the parameter κ s as the offset from

he local Schmidt–Kennicutt relation via � SFR = κs � 

1 . 4 
gas , Ferrara

t al. ( 2019 ) rewrite the ionization parameter as U ion ∝ κ1 . 4 
s � 

−0 . 4 
SFR .

s a result, large values of the [O III ]/[C II ] ratio may be related to
igh values of the ‘burstiness’ κ s , corresponding to large upward
eviations from the local Schmidt–Kennicutt relation. 
We next adopt the models introduced by Vallini et al. ( 2021 )

o relate the observed emission line ratios to the burstiness of our
ources. Their framework, dubbed GLAM , 5 takes the [O III ], [C II ]
nd star formation rate surface densities as inputs and uses these
o constrain the burstiness, metallicity, and ISM density through a

onte Carlo-based approach. In order to determine the required line
nd IR surface densities, we define � line = L line / (2 πr 2 line ), where r
s the source radius measured in the image plane and ‘line’ refers
o either [C II ] or [O III ], and � IR = L IR / (2 πr 2 IR ). We determine
he galaxy sizes of the different components through image plane
tting with a 2D Gaussian, and quote circularized radii, defined
s r = 

√ 

ab / 2 where a , b are the FWHM of the major and minor
x es, respectiv ely. Giv en the moderate resolution of our data, we
urther assume a fiducial 30 per cent uncertainty on all of the size
easurements when utilizing them in the Vallini et al. ( 2021 ) models.
For REBELS-12, both emission lines are spatially resolved, and we

dopt r [C II] = 3 . 8 ± 1 . 1 kpc and r [O III] = 1 . 5 ± 0 . 4 kpc. The Band
 continuum emission is additionally resolved, but shows a complex
 https:// lvallini.github.io/ MCMC galaxyline analyser/

https://lvallini.github.io/MCMC_galaxyline_analyzer/
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6 F or e xample, dif ferent studies adopt dif ferent v alues of β, dif ferent priors 
on T dust , and different definitions of ‘best fit’ (e.g. maximum a posteriori 
likelihood versus median of the posteriors). 
7 A redshift of z = 8.38 was previously adopted for A2744-YD4 by Laporte 
et al. ( 2017 ), but recent JWST /NIRSpec observations from Morishita et al. 
( 2023 ) indicate the source is likely to be at z = 7.88 instead. 
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orphology (Section 5.2 and Fig. 2 ). In particular, at present it
emains unclear if both dust components are physically associated to 
EBELS-12, or whether the brighter one corresponds to a foreground 
bject. We here conserv ati vely adopt the combined flux density of the
wo dust components, while adopting a compact size of r IR = r [O III] 
or REBELS-12. This ensures that we ef fecti vely determine an upper
imit on its true burstiness, which will strengthen our subsequent 
laims that the REBELS sources are less bursty than the known z 
 6 population (Section 6.4 ). We additionally run the models for

ust the [O III ]-bright component of REBELS-12, corresponding to 
he red [C II ] component in Fig. 6 , for which we measure a size of
 [C II] = 2 . 6 ± 0 . 8 kpc. 

For REBELS-25, we only find the Band 6 continuum to be resolved 
Inami et al. 2022 ). Based on a 2D Gaussian fit, we determine r IR =
 . 8 ± 0 . 5 kpc, and we adopt an identical size for the unresolved
O III ] emission. The [C II ] emission is similarly not resolved, such
hat the beam size translates to a robust upper limit on its [C II ] size of
 [C II] < 3 . 7 kpc. Given the general observation among high-redshift
alaxies that [C II ] is more extended than the dust continuum (e.g.
arniani et al. 2020 ), we therefore adopt a fiducial size of r [C II] =
 . 0 ± 0 . 9 kpc for REBELS-25, in agreement with the findings by
udamoto et al. ( 2022 ) that the [C II ] sizes of the REBELS sources
re ∼2 × larger than their dust continuum sizes. 

Based on the inferred line luminosities and galaxy sizes, we deter- 
ine the corresponding surface densities which we provide as inputs 

o GLAM . Treating REBELS-12 as a singular system by using its total
C II ] luminosity, we measure a burstiness parameter of κs = 13 . 5 + 7 . 9 

−5 . 4 ,
hile finding a slightly larger κs = 19 . 0 + 9 . 8 

−7 . 3 when adopting only the
C II ] emission that is co-spectral with the [O III ] line. For REBELS-
5, we infer a burstiness parameter of κs = 17 . 8 + 11 . 1 

−6 . 8 . These values
re on the low end of the burstiness of κ s = 10–100 (average of
s ∼ 40) inferred among the sample of nine high-redshift galaxies 
nalysed by Vallini et al. ( 2021 ), while being slightly larger than,
ut o v erall consistent with, the median burstiness of the simulated
ERRA galaxies at z = 7.7 of κs = 6 . 5 + 11 . 5 

−4 . 0 (Pallottini et al. 2022 ). 
We relate the inferred burstiness to the global physical properties 

f our REBELS targets in Section 6.2 , and we utilize them in the
ontext of single-band dust temperature modelling in Appendix B . 
here we show that the temperatures predicted from the Sommovigo 
t al. ( 2022a ) single-band dust models are in agreement with those
btained from MBB-fitting, when adopting appropriate priors on 
he burstiness. In addition, in Appendix B we show that the fitted
emperatures agree with those predicted by the single-band models 
rom Inoue et al. ( 2020 ) and Fudamoto, Inoue & Sugahara ( 2023 ). 

.2 Dust temperatures at high redshift 

ince the advent of ALMA, considerable effort has been dedicated 
o constraining the dust temperatures of individual galaxies in the 
poch of reionization, in order to get an accurate census of their dust-
bscured star formation rates, and to constrain models of dust build- 
p in the early Universe. While it remains unclear if, and to what
 xtent, av erage dust temperatures evolve with redshift, what is clear
rom observations of individual sources at z � 6 is that the scatter in
 dust is large. This is illustrated by the low temperature of T dust ∼ 30 
 found for COS-3018555981 at z ∼ 7 by Witstok et al. ( 2022 ),

nd the existence of two sources at z ∼ 8 with dust temperatures in
xcess of 80 K (Laporte et al. 2017 ; Behrens et al. 2018 ; Bakx et al.
020 ). Ho we ver, the set of high-redshift galaxies with multiband
LMA photometry is very inhomogeneous, and any comparisons 

cross the literature sample are further complicated by the adoption of 
ifferent fitting techniques and priors. 6 In order to fairly compare the
EBELS targets analysed in this work to the literature, we therefore
ompile the observed continuum flux densities for all z � 5 normal
tar-forming galaxies targeted at a minimum of two distinct ALMA 

ands with at least one of those being a continuum detection at > 3 σ .
or galaxies not detected in a given band, an upper limit of 3 × the
MS is adopted instead. This results in a sample of 13 galaxies

listed in Table C1 in Appendix C ), eight of which are detected in
ontinuum emission in two or more bands (at > 3 σ ). This literature
ample includes four galaxies at z ∼ 5.5 from Faisst et al. ( 2020 ),
wo galaxies at z ∼ 6 from Harikane et al. ( 2020 ; see also Ono et al.
022 ), three sources at z ∼ 7 from Witstok et al. ( 2022 ), the Big
hree Dragons at z = 7.15 (Hashimoto et al. 2019 ; Sugahara et al.
021 ), A1689-zD1 at z = 7.13 (Bakx et al. 2021 ; Akins et al. 2022 ),
2744-YD4 at z = 7.88 (Laporte et al. 2017 , 2019 ; Morishita et al.
023 ), and MACS0416-Y1 at z = 8.31 (Bakx et al. 2020 ). 7 We note
hat the last three sources are gravitationally lensed galaxies. In what
ollows, we adopt our fiducial model of optically thin dust with β =
.0 for the REBELS and z � 5 literature samples. Ho we ver, we note
hat our results are qualitatively consistent when a different fixed 
alue of β is adopted. 

We show the dust temperatures of the REBELS and literature 
ources as a function of redshift in Fig. 8 . We additionally o v erplot
ources at low and intermediate redshifts analysed by Schreiber et al.
 2018 ), adopting the dust temperatures directly from their work (see
lso Sommovigo et al. 2022a ). 

The REBELS sources analysed in this work are on average charac-
erized by colder dust ( T dust ∼ 30 − 35 K) than the z ∼ 7 literature
ources used for comparison. By concatenating the posterior T dust 

robability density functions of our REBELS targets (c.f., Fig. A1 ),
e determine a median dust temperature of 〈 T dust ,z 〉 = 34 + 14 

−7 K
cross the three sources. The unconstrained dust temperature for 
EBELS-12 results in a relatively large tail towards higher T dust in

he stacked posterior distribution. Ho we ver, the combination of a low
lobal [O III ]/[C II ] ratio and a Band 8 non-detection may imply that
EBELS-12, too, hosts relatively cold dust (see also Section 6.4 ). 
For the z � 5.5 literature sample, we determine a median dust

emperature of 〈 T dust ,z 〉 = 45 + 86 
−14 K by concatenating the posteriors

btained from fitting our fiducial MBB model. The long tail of this
istribution towards high temperatures is the result of the stringent 
ontinuum non-detection at 158 μm for both lensed galaxies at z ∼
, MACS0416-Y1 and A2744-YD4. Upon leaving out these sources, 
e determine a median dust temperature of 〈 T dust ,z 〉 = 41 + 56 

−12 K, still
lightly higher than the median temperature determined for the three 
EBELS sources presented in this work. This could be due to the

ow-S/N detections for part of the comparison sample, or due to
n intrinsically higher dust temperature. In the latter case, Band 8
bservations do not probe the peak of the dust emission, such that
he temperature cannot accurately be constrained even in the case of
 high-S/N detection. This, too, manifests as a long tail of plausible
igh-temperature solutions in the T dust posterior distribution (see 
lso Bakx et al. 2020 ), at least as long as one adopts a sufficiently
onserv ati ve prior on the dust temperature to allow for such hot dust.
MNRAS 527, 6867–6887 (2024) 
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Figure 8. Dust temperature as a function of redshift for the three REBELS targets analysed in this work (large circles). In addition, we consistently analyse 
all sources at z > 5 with multifrequency ALMA continuum observations, at least one of which constitutes a detection, using β = 2.0. At z � 4, we show the 
individual galaxies from Schreiber et al. ( 2018 ). We additionally include their linear fit as the solid black line. Moreo v er, we o v erplot the T dust –z relations from 

Liang et al. ( 2019 ), Sommovigo et al. ( 2022a ), Viero et al. ( 2022 ), and dustyGadget (Schneider et al. in preparation) as indicated in the legend. The grey 
shading highlights the large spread in these relations, which extend up to T dust ∼ 100 K at z ∼ 7. In contrast, REBELS-25 and REBELS-38 are both among the 
coldest known sources at this redshift. 
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8 We note that Liang et al. ( 2019 ) fit a trend to the peak dust temperature, 
T 

peak 
dust ∝ λ−1 

peak , where λpeak is the wavelength where the dust SED peaks. 
Ho we ver, for our fiducial model of optically thin dust with β = 2.0, the MBB 

temperature and peak temperature are equal to one another. 
9 When instead assuming the depletion time-scale traces the cosmic halo 
accretion rate as predicted by numerical simulations, Sommovigo et al. 
( 2022a ) estimate a higher temperature of T dust ( z = 7) ≈ 55 K. 
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We proceed by comparing to various redshift-dependent param-
terizations of the dust temperature, obtained from stacking either
bserved (Schreiber et al. 2018 ; Viero et al. 2022 ) or simulated (Liang
t al. 2019 ; Schneider et al. in preparation) galaxy samples, and the
hysical model from Sommovigo et al. ( 2022a ). 
Through stacking UV-selected galaxies in Herschel maps,

chreiber et al. ( 2018 ) obtain a linear trend between T dust and
edshift ranging from 20 K locally to 40 K at z ∼ 4 (see also
 ́ethermin et al. 2015 ). Ho we ver, se veral recent studies have shown
idely contrasting results in terms of dust temperature evolution.
or instance, Drew & Casey ( 2022 ) find no evidence for an increase

n T dust out to z ≈ 2, while, in contrast, Viero et al. ( 2022 ) prefer a
apidly rising dust temperature that reaches a typical T dust ∼ 100 K
t z ≈ 8. The high temperatures measured by the latter are consistent
ith the two z ∼ 8 lensed galaxies observed by Laporte et al. ( 2017 )

nd Bakx et al. ( 2020 ), but appear inconsistent with the majority
f the known z � 6 population, including our REBELS targets.
s Viero et al. ( 2022 ) admit, the high-redshift sample they use for

tacking is likely to show significant contamination from low-redshift
nterlopers, thereby potentially biasing the temperature upwards (see
lso the discussion in Sommovigo et al. 2022b ). 

Instead, better agreement is found with the trends from Liang
t al. ( 2019 ), Sommovigo et al. ( 2022a ), and the dustyGadget
imulations (Graziani et al. 2020 ; Di Cesare et al. 2023 , Schneider
t al. in preparation), which all predict a slightly increasing dust
emperature towards higher redshift. Liang et al. ( 2019 ) focus on the
ust temperatures of ∼30 galaxies identified in the MassiveFIRE
osmological zoom-in simulations (Feldmann et al. 2016 ), with
tellar masses spanning 10 9 � M � /M � � 10 11 at z = 6. They use
adiative transfer code SKIRT (Baes et al. 2011 ) to generate dust
EDs and self-consistently calculate galaxy dust temperatures. While

hey do not find evidence for a strong correlation between stellar mass
nd (peak) dust temperature, Liang et al. ( 2019 ) find temperatures of
NRAS 527, 6867–6887 (2024) 
 dust ( z = 6) ≈ 35 − 40 K for M � ∼ 10 10 M � galaxies, in agreement
ith the values derived for our similarly massive REBELS targets. 8 

n addition, by considering the dust temperatures of their full sample
etween 2 � z � 6, Liang et al. ( 2019 ) fit a trend between T dust and
edshift to all galaxies in their sample with L IR > 10 11 L �, which
redicts T dust ( z = 7) ≈ 40 K, consistent with our measurements. 
In addition, our results are in reasonable agreement with the
odels from Sommovigo et al. ( 2022a ). They argue that the dust

emperatures of massi ve, relati vely metal-rich galaxies depend pre-
ominantly on their depletion time-scales, whereby sources with a
horter t depl are expected to be hotter. Using the redshift-dependent
arameterization of the depletion time-scale from Tacconi, Genzel &
ternberg ( 2020 ), their models predict a typical T dust ( z = 7) ≈ 45 
. 9 While slightly hotter (by ∼ 10 K) than the temperatures
etermined for our Band 8 detected REBELS targets, their model
an physically explain the scatter towards lower dust temperatures
y supposing colder galaxies have longer depletion time-scales (see
lso Section 6.4 ). 

Finally, we compare our results to the dust temperatures computed
t 6.7 � z � 8.1 from the dustyGadget simulations (Schneider
t al. in preparation), obtained from post-processing the simulations
ith SKIRT . Galaxy-averaged dust temperatures are computed by
odelling the absorption and re-emission of individual dust patches
ithin the galaxy, assuming each emits as a MBB. In Fig. 8 , we



Cold dust at z = 7 6881 

s
t
r
a
T  

m

s  

t
(  

m  

g  

t

6

W  

t  

a  

W
f  

(
a
d
r  

m  

S  

r  

l
t  

l  

o  

h

a
f
M
(  

8  

m  

M

o  

fi  

T
t
i  

o
F
l  

∼

o  

t  

a
M  

t
i  

r
3
g  

(  

2  

m  

u
e  

m
n

t  

d  

d
t
b  

i
b  

i  

(  

s
(
∼  

i

s  

f  

t  

o  

d  

h  

w  

t

6

I  

a  

t  

o  

a  

i  

p
w  

i
g
a

e
l  

S  

s
e  

G  

m  

s  

m  

w  

a  

1

10 F or consistenc y, we adopt the dust masses predicted by Sommovigo et al. 
( 2022a ) adapted to the stellar masses from Topping et al. ( 2022 ) used in this 
work; these are provided in Sommovigo et al. ( 2022b ). 
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how the typical peak dust temperature obtained from averaging the 
emperatures across the simulated galaxy sample at three distinct 
edshifts. The temperatures obtained from dustyGadget show 

 slight redshift dependence, and predict a typical temperature of 
 dust ∼ 40 − 45 K at z ≈ 7, in good agreement with the measure-
ents for REBELS-25 and REBELS-38. 
In summary, the dust temperatures we measure for our REBELS 

ample are among the lowest observed thus far at z ≈ 7. Ho we ver, the
emperatures are in agreement with those predicted from simulations 
Liang et al. 2019 , Schneider et al. in preparation), and the physical
odel from Sommovigo et al. ( 2022a ). This may indicate that

alaxies with T dust  50 K are outliers at z � 6, and that typical dust
emperatures exhibit only a moderate increase towards high redshift. 

.3 The dust properties of UV-bright galaxies at z = 7 

e proceed by discussing the dust properties of the three REBELS
argets analysed in this work. As before, we adopt the analysis using
n optically thin MBB with a fixed β = 2.0 as our fiducial model.
e convert the measured IR luminosities to dust-obscured star 

ormation rates via SFR IR / (M � yr −1 ) = 1 . 2 × 10 −10 × ( L IR / L �)
Bouwens et al. 2022 ). For REBELS-25 and REBELS-38, which 
re continuum-detected at both rest-frame 90 μm and 160 μm, we 
etermine obscured SFRs of 64 + 39 

−22 M � yr −1 and 28 + 19 
−9 M � yr −1 , 

especti vely. These v alues indicate that the bulk of the star for-
ation in these galaxies is obscured, with f obs = SFR IR / ( SFR IR +
FR UV ) = 0 . 82 + 0 . 07 

−0 . 08 and 0 . 62 + 0 . 12 
−0 . 11 for REBELS-25 and REBELS-38,

espectively. Despite our finding that these sources have a lower IR
uminosity than previously expected based on a Band 6 detection and 
he Sommovigo et al. ( 2022a ) models, their obscured fraction remains
arger than that of the average REBELS sample based on Band 6
bservations alone ( 〈 f obs 〉 ≈ 0.45; Algera et al. 2023 ), reinforcing the
ighly obscured nature of these luminous UV-selected sources. 
The inferred dust masses for REBELS-25 and REBELS-38 

re similarly significant. REBELS-25, in particular, has an in- 
erred dust mass of log 10 ( M dust / M �) = 8 . 13 + 0 . 37 

−0 . 26 given β = 2.0. 
aking use of the stellar masses determined by Topping et al. 

 2022 ), we find its dust-to-stellar mass ratio to be M dust /M � =
 . 1 + 12 . 6 

−4 . 2 × 10 −3 . For REBELS-38, we infer a slightly lower dust
ass of log 10 ( M dust / M �) = 7 . 90 + 0 . 39 

−0 . 35 , and similarly a slightly lower
 dust /M � = 4 . 0 + 8 . 9 

−2 . 5 × 10 −3 . 
We show these dust-to-stellar mass ratios in the context of models 

f dust production and destruction in Fig. 9 . In addition, we o v erplot
ve sources (three from Witstok et al. 2022 , A1689-zD1, and the Big
hree Dragons) for which stellar mass measurements are available in 

he literature, and which provided robust temperature measurements 
n Section 6.2 . We note that the literature stellar masses are based
n parametric SED fitting, and may therefore be underestimated. 
or REBELS, for example, non-parametric mass measurements are 

arger than those obtained for an assumed constant SFH by a typical
0 . 4 dex (Topping et al. 2022 ). 
Utilizing the dust masses estimated from the single-band REBELS 

bservations at rest-frame 158 μm, Dayal et al. ( 2022 ) investigate
he dust build-up of the REBELS sample through the Delphi semi-
nalytical model. Their fiducial model, which predicts a typical 
 dust / M � ∼ 10 −3 , can readily explain the dust contents for 11/13 of

he dust- and [C II ]-detected REBELS galaxies, which they predict 
s predominantly due to dust produced in superno vae. F or the
emaining two sources – the low-mass REBELS-19 and REBELS- 
9 – they require minimal dust destruction/ejection, and rapid grain 
rowth in the ISM [the ‘maximal dust’ model in Dayal et al.
 2022 ), which predicts M dust / M � ∼ 6–7 × 10 −3 ]. For REBELS-
5 and REBELS-38, we now infer ∼ 0 . 4 − 0 . 5 dex larger dust
asses compared to the earlier estimates based on the [C II ] and

nderlying continuum emission in these sources from Sommovigo 
t al. ( 2022a ). 10 REBELS-38 now falls between the fiducial and
aximal dust models, while REBELS-25 requires dust build-up 

early as rapid as in the maximal dust model. 
We next compare the measured dust masses for REBELS with 

hose found across a large sample of z = 6.7 galaxies in the
ustyGadget simulations by Di Cesare et al. ( 2023 ). Their hy-
rodynamical simulations include a two-phase ISM, which facilitates 
he modelling of various dust production and destruction mechanisms 
ased on the local physical conditions in the galaxy. In particular, dust
s produced through a combination of supernovae, asymptotic giant 
ranch stars and grain growth in the ISM, while it may be destroyed
n a variety of processes such as shocks, astration, and sputtering
Graziani et al. 2020 ; Di Cesare et al. 2023 ). The dustyGadget
imulations are capable of producing large dust reservoirs in massive 
 M � � 10 10 M �) galaxies already at z ≈ 7, reaching up to M dust / M � 

10 −2 . As such, their models are in excellent agreement with the
nferred dust properties of our REBELS targets. 

Overall, we conclude that REBELS-25 and REBELS-38 have mas- 
ive dust reservoirs of M dust ∼ 10 8 M �, corresponding to a significant
raction of their stellar mass ( ∼ 0 . 4 − 0 . 8 per cent ). Nevertheless,
he inferred dust masses are consistent with those predicted by state-
f-the art models of dust production in the early Universe, and
emonstrate that dust build-up can proceed in a rapid manner at
igh redshift. In the future, larger samples of massive, dusty galaxies
ill allow for a detailed investigation of the relative contributions of

he various avenues of dust production in the earliest galaxies. 

.4 An ev olv ed star-forming population at redshift 7 

n the previous sections, we have outlined how our REBELS targets
re characterized by (i) low [O III ]/[C II ] ratios, and (ii) low dust
emperatures compared to the known z � 6 population. In addition,
ur targets have relatively high dust masses ( M dust ∼ 10 8 M �) as well
s high stellar masses ( M � ∼ 10 10 M �). All of these characteristics
ndicate that the three REBELS sources analysed in this work have
reviously experienced one (or multiple) burst(s) of star formation, 
hile currently residing in a less bursty state. Indeed, while their

nferred burstiness parameters ( κ s ∼ 15–20; Section 6.1 ) place these 
alaxies ∼ 1 dex above the local Schmidt–Kennicutt relation, they 
ppear less bursty than the previously observed z � 6 population. 

As an independent tracer of burstiness, we consider the combined 
qui v alent width (EW) of the [O III ] λλ4959 , 5007 doublet and H β

ine [denoted EW ( [O III ] + H β)], which are redshifted into the
pitzer /IRAC channels for galaxies at z � 6.5 and are capable of
ignificantly contributing to the observed broadband fluxes (e.g. Smit 
t al. 2014 , 2015 ; Roberts-Borsani et al. 2016 ; Schouws et al. 2023 ).
iven that these are nebular emission lines, they trace the recent for-
ation of massive stars, and hence form a proxy for galaxy burstiness.
By fitting non-parametric SFHs to available rest-UV/optical ob- 

ervations of the REBELS sample, Topping et al. ( 2022 ) find a
ean EW of EW ( [O III ] + H β) = 735 + 97 

−93 Å at z ∼ 7, in agreement
ith previous results from Endsley et al. ( 2021 ). REBELS-25

nd REBELS-38, ho we v er, hav e an inferred EW ( [O III ] + H β) =
27 + 327 

−92 Å and 143 + 617 
−91 Å, significantly below the REBELS average, 
MNRAS 527, 6867–6887 (2024) 
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Figure 9. A comparison of the inferred dust masses for our REBELS targets, expressed as the ratio of dust-to-stellar mass, with observations and simulations 
of high-redshift galaxies. We show a compilation of z ≈ 7 sources with robust temperature measurements, as well as the models from Dayal et al. ( 2022 ) and Di 
Cesare et al. ( 2023 ). For the latter, we represent bins of simulated galaxies with hexagons, with darker bins including a larger number of sources. The dust masses 
inferred for REBELS agree with the massive end of the simulated sample from dustyGadget at z = 6.7, which predict log 10 ( M dust / M � ) ≈ −2. In addition, our 
findings agree with the models from Dayal et al. ( 2022 ), though REBELS-25 would require rapid dust build-up and little destruction as in their ‘maximal’ model. 
Overall, we conclude that while high, the dust masses observed in our massive z ∼ 7 sample can be reproduced by current state-of-the-art models and simulations. 

w  

E
 

i  

w  

t  

i  

l  

i  

t  

T  

w  

o  

W  

E  

n  

l  

w
 

3  

h  

c  

i  

i  

t  

i  

a  

s  

o
 

t  

R  

a  

d  

D  

a  

r  

t  

m  

t
 

t  

a  

s  

(  

o  

R  

p  

l  

p
 

t  

t  

a  

b  

d  

l  

t  

s  

W  

r  

o  

d  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/6867/7310887 by Facultad de Económ
icas.U

niversidad C
om

plutense user on 24 M
ay 2024
hile REBELS-12, on the other hand, is characterized by an EW of
W ( [O III ] + H β) = 2217 + 710 

−981 Å, among the largest in REBELS. 
The low expected burstiness of REBELS-25 and REBELS-38

s therefore supported by their relatively small [O III ] + H β EWs,
hile the EW of REBELS-12 implies significant bursty star forma-

ion, in apparent contrast with its observed [O III ]/[C II ] line ratio. It
s possible that the complex kinematics inferred from its broad [C II ]
ine lie at the basis of this discrepancy in REBELS-12. As discussed
n Section 5.2.1 , this source may be an ongoing merger, whereby
he [O III ]88 μm emitting system dominates the EW ( [O III ] + H β).
he measured line ratio of this component, [O III ] / [C II ] = 3 . 3 + 3 . 3 

−1 . 0 ,
ould bring the system into closer agreement with the line ratios
f [O III ] / [C II ] ∼ 2 − 8 inferred for the five z ∼ 7 galaxies from
itstok et al. ( 2022 ), which are also characterized by a relatively high

W ( [O III ] + H β) ≈ 600 − 1400 Å. We further note that, while the
on-detection of REBELS-12 at rest-frame 90 μm likely implies a
ow dust temperature, we cannot currently rule out warmer dust,
hich in turn might be indicative of a larger burstiness. 
In what follows, we therefore focus on REBELS-25 and REBELS-

8. We can interpret their lack of bursty star formation as both sources
aving a long depletion time-scale ( t depl = M gas /SFR), for which we
an provide a rough estimate by converting their [C II ] luminosities
nto a molecular gas mass following Zanella et al. ( 2018 ), resulting
n log 10 ( M gas /M �) = 10.7 ± 0.3 for both targets. We note, ho we ver,
hat the conversion from [C II ] luminosity to molecular gas masses is
nherently quite uncertain, and may depend on the physical properties
nd conditions of the galaxy (e.g. Israel 2020 ; Vizgan et al. 2022 ). As
uch, we refer to Aravena et al. ( 2023 ) for a more detailed discussion
f [C II ]-based molecular gas masses. 
Utilizing the total (UV + IR) SFRs, we determine a depletion

ime-scale of t depl = 620 + 750 
−340 Myr and t depl = 1090 + 1310 

−590 Myr for
EBELS-25 and REBELS-38, respectively. While the uncertainties
NRAS 527, 6867–6887 (2024) 
re large, these depletion time-scales appear higher than the typical
epletion time found for the ALPINE sample at z ∼ 5.5 by
essauges-Zavadsky et al. ( 2020 ) of t depl = 230 − 460 Myr. In

ddition, the estimated depletion times exceed an extrapolation of the
edshift-dependent trend from Tacconi et al. ( 2018 ), which predicts
 depl ∼ 300 Myr at z = 7. As such, REBELS-25 and REBELS-38
ay indeed show longer depletion time-scales than expected for the

ypical galaxy population at this epoch. 
In other words, compared to the known z � 6 population, our

argets may have higher gas masses given their SFRs, and therefore
lso larger dust masses, assuming a simple (metallicity-dependent)
caling between dust and gas mass known as the dust-to-gas ratio
e.g. R ́emy-Ruyer et al. 2014 ). This is indeed corroborated by our
bservations, which indicate large dust masses of M dust ∼ 10 8 M � for
EBELS-25 and REBELS-38. Such ele v ated dust masses could then
rovide a natural explanation for the low observed temperatures, as a
arger dust content implies there is, on average, less energy available
er unit dust mass to heat the dust to higher temperatures. 

We caveat, ho we ver, that the spatial distribution of dust within
he galaxy is expected to additionally affect the measured dust
emperatures. F or e xample, if dust is preferentially located directly
round sites of star formation, a higher dust temperature would
e inferred observationally given that a hot dust component can
ominate the IR luminosity of a galaxy even if it contributes
ittle to the o v erall dust mass (e.g. Liang et al. 2019 ). A low dust
emperature, on the other hand, could therefore also be the result of
patial se gre gation between the sites of star formation and the dust.
e emphasize that high-resolution dust continuum observations are

equired to test this scenario in detail. Ho we ver, gi ven the constraints
n the burstiness of our sources from the [O III ]/[C II ] ratio, long
epletion time-scales and low EW ( [O III ] + H β), our preferred
nterpretation is a scenario where the low dust temperatures are the
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esult of a lack of bursty star formation resulting in the inefficient
eating of a massive dust reservoir. 

 SUMMARY  

e present new ALMA Band 8 ( λrest ≈ 90 μm) observations of
hree massive UV-selected galaxies ( M � ≈ 10 9 . 9 −10 . 4 M �) at z ∼ 7,
EBELS-12, REBELS-25, and REBELS-38, in order to constrain 

heir far-IR SEDs. All three targets were previously detected in 
C II ] 158 μm emission and underlying Band 6 continuum [Schouws 
t al. (in preparation) and Inami et al. ( 2022 ), respectively]. The
ew Band 8 observations additionally target the [O III ] 88 μm line in 
EBELS-12 and REBELS-25, allowing insight into their global ISM 

roperties through the [O III ]/[C II ] line ratio. Our main conclusions
re as follows: 

(i) We detect Band 8 continuum emission in REBELS-25 (4.4 σ ) 
nd REBELS-38 (5.3 σ ), and determine an upper limit for REBELS-
2 ( < 3 σ ). REBELS-38 is marginally spatially resolved in the
ontinuum map and shows a two-component dust morphology 
hich was not previously visible in the lower resolution Band 6 
bservations. Using the (tapered) dual-band ALMA data, we measure 
ust temperatures for our sample through MBB fitting. Adopting a 
ducial model of an optically thin MBB with β = 2.0, we measure
elatively cold dust temperatures for REBELS-25 and REBELS-38 
f T dust ∼ 30 − 35 K, while the dust temperature of REBELS-12
annot be accurately constrained. 

(ii) We compare the dust temperatures of our targets to literature 
ources at z � 5 by fitting them in a consistent manner, and find
hat the REBELS galaxies are among the coldest known sources 
t this epoch. Nevertheless, the measured temperatures are in good 
greement with those predicted by simulations (e.g. Liang et al. 
019 ; Schneider et al., in preparation) and with the models from
ommovigo et al. ( 2022a ), while being significantly lower than 
extrapolations of) stacked samples at z ∼ 7 (Schreiber et al. 2018 ;
iero et al. 2022 ). 
(iii) Given that REBELS-25 and REBELS-38 have low inferred 

ust temperatures, yet are robustly detected in both ALMA Bands 6 
nd 8, they require large dust masses of M dust ∼ 10 8 M �. Their dust-
o-stellar mass ratios are ∼ 0 . 4 − 0 . 8 per cent , which necessitate
apid dust build-up. Ho we ver, the dust contents of REBELS-25 and
EBELS-38 are consistent with those predicted for massive galaxies 
y simulations (Dayal et al. 2022 ; Di Cesare et al. 2023 ). 
(iv) We detect [O III ]88 μm emission in both REBELS-12 and 

EBELS-25, and find [O III ] / [C II ] ≈ 1 − 1 . 5, lower by a factor of
–8 × compared to the previously observed population of 6 � z � 9
alaxies. Ho we ver, we note that the [C II ] line profile of REBELS-12
s significantly broader than its [O III ] emission, suggesting it may be a
erger of an [O III ]-bright and [O III ]-dark component with individual

ine ratios of [O III ] / [C II ] = 3 . 3 + 3 . 3 
−1 . 0 and [O III ] / [C II ] < 1 . 1. Higher

esolution ALMA data are required to investigate this scenario in 
urther detail. 

(v) Through the models of Vallini et al. ( 2021 ), we link the
O III ]/[C II ] ratios to the physical properties of our targets. In
articular, the low line ratios indicate that our targets are likely to be
ess bursty than the known z � 6 galaxy population. Instead, the three
EBELS sources are likely characterized by weaker ionizing radia- 

ion fields due to their lower star formation rate surface densities. This
nterpretation is consistent with the low EW ( [O III ] + H β) ≈ 140 

inferred from broadband Spitzer /IRAC fluxes for REBELS-25 and 
EBELS-38 (Topping et al. 2022 ). 
The REBELS sources analysed in this work are thus characterized 
y low dust temperatures, high dust and stellar masses and low
O III ]/[C II ] ratios. Taken together, this implies that they may be
elati vely e v olved star -forming galaxies already at z ≈ 7. The low
mission line ratios likely indicate that our targets are currently 
teadily forming stars, as opposed to in a bursty manner, translating
nto longer depletion time-scales and a low heating efficiency per 
nit dust mass, resulting in lower o v erall dust temperatures. 
Further dual/multiband ALMA observations targeting a larger 

umber of z ∼ 7 galaxies are required to elucidate whether this
elati vely e volved e volutionary state may indeed be common in high-
edshift sources, or whether the galaxies analysed in this work con-
titute a less common yet highly interesting population at this epoch.
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PPENDIX  A :  DUST  TEMPERATURE  

OSTERIORS  

e show the posterior distributions of the inferred dust temperatures 
or REBELS-12, REBELS-25 and REBELS-38 in Fig. A1 , assuming 
ptically thin (top row) and thick dust (bottom row; λthick = 100 μm).
or REBELS-12, a long tail towards higher temperatures remains, 
wing to its non-detection at rest-frame ∼ 90 μm and the modest 
/N of its Band 6 flux density measurement. The posteriors for
igure A1. Posterior dust temperature distributions for REBELS-12, REBELS-25
00 μm; bottom row ). The distributions are shown both for a fixed dust emissivity
n the fit (dotted). The prior on the dust temperature is shown in grey, and is flat for
ith σ = 30 K. For REBELS-25 and REBELS-38, which have robust detections in

re independent of the precise shape of the assumed prior. 
EBELS-25 and REBELS-38, on the other hand, are narrow and 
ingle-peaked. 

PPENDI X  B:  C O M PA R I S O N  TO  SI NGLE-BA ND  

UST  TEMPERATURE  M O D E L L I N G  

n recent years, there has been significant interest in estimating 
ust temperatures of high-redshift galaxies without having to resort 
o e xpensiv e multiband ALMA photometry. We here compare our
and 8 dust temperature determinations to two models providing 

uch estimates, described in detail in Sommovigo et al. ( 2021 ) and
udamoto, Inoue & Sugahara ( 2023 ). 

omparison to Sommovigo et al. ( 2022a ) 

ommovigo et al. ( 2021 ) introduce a model to infer dust temperatures
nd masses through the combined detection of the [C II ] emission line
nd underlying 158 μm continuum. In short, their models utilize the
act that both the [C II ] and far-IR luminosities of a galaxy trace its
tar formation rate, while the [C II ] emission is also a proxy for gas
ass and therefore by extension dust mass. As a result, a single dust

ontinuum detection combined with an indirect measurement of the 
R luminosity through the [C II ]-based SFR provides insight into the
ust SED, and hence the dust temperature. A recent application 
f their models to the z = 7.13 lensed galaxy A1689-zD1 by
akx et al. ( 2021 ) demonstrates good agreement between the dust

emperature obtained from four-band MBB fitting and the single- 
and temperature prediction. 
In a recent work, Sommovigo et al. ( 2022a ) use their model to

stimate the dust temperatures of the 13 REBELS targets for which
oth a dust continuum and [C II ] detection are available, which
ncludes the three targets analysed in this work. To be consistent
ith the Sommovigo et al. ( 2022a ) models, who assume Milky Way-
MNRAS 527, 6867–6887 (2024) 

 and REBELS-38, assuming optically thin ( top row ) and thick dust ( λthick = 

 ( β = 1.5, 2.0; dashed and solid lines respectively), as well as for β included 
 T CMB ,z < T dust ,z < 150 K, after which it smoothly decreases by a Gaussian 
 both ALMA Bands 6 and 8, the dust temperatures are well constrained, and 
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M

Figure B1. A comparison of different dust temperature measurements for 
the three REBELS targets discussed in this work. The top row shows T dust 

obtained from MBB fitting (assuming β = 2.0), while the middle two rows 
show the single-band dust temperature predictions from Sommovigo et al. 
( 2022a , S22 ). We show the inferred dust temperature for two assumed values 
of the burstiness κs in their models; the original value assumed by Sommovigo 
et al. ( 2022a ) and the updated values based on the measured [O III ]/[C II ] 
ratios as discussed in this work ( κs ∼ 15–20). For REBELS-12, we show 

the predicted temperatures based on the inferred burstiness for the total 
system, and just the [O III ]-bright component. In addition, we show the dust 
temperature predictions from Fudamoto, Inoue & Sugahara ( 2023 , F22 ) in 
the bottom row. While a larger sample size is required for a more detailed 
comparison, the single-band dust temperature models successfully predict 
the dust temperatures measured from the two-band fit for REBELS-25 and 
REBELS-38 under careful assumptions on the burstiness parameter and/or 
IR sizes. 
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ike dust, we compare the dust temperatures obtained when β = 2.0
s adopted. The results of this comparison are shown in Fig. B1 (first
wo rows). We find that the model predictions o v erestimate the dust
emperatures of REBELS-25 and REBELS-38, for which Band 8
etections are available, by �T dust ≈ 15 K. For REBELS-12, on the
ther hand, a comparison of the fitted and predicted dust temperatures
rovides only limited insight, given the large uncertainty on its MBB-
tted dust temperature. 
We can explain the observed difference for REBELS-25 and

EBELS-38 by returning to the burstiness parameter κ s . In their
odels, Sommovigo et al. ( 2022a ) assumed a uniform distribution for

he burstiness for the REBELS sources between κ s = 1–50, moti v ated
y the literature sample analysed in Vallini et al. ( 2021 ). Given that
he burstiness cannot be constrained with just [C II ] information, their
nferred posterior on κ s resembles the prior, which hence corresponds
o a typical assumed burstiness of κ s ∼ 25 ± 15. 

Ho we ver, using the new [O III ] observations for REBELS-12 and
EBELS-25, we infer a moderate κ s ≈ 15–20 for our sample

Section 6.1 ). We therefore re-run the Sommovigo et al. ( 2022a )
odels with these lower burstiness parameters, and include the

pdated dust temperature predictions in Fig. B1 (third row). For
EBELS-12, we use both the inferred burstiness parameter when
onsidering the full system, and the slightly higher value obtained
hen considering only the [O III ]-bright component. We also re-run

he Sommovigo et al. ( 2022a ) models for REBELS-38, for which no
O III ] data is available, under the assumption that it has the same
urstiness as REBELS-25. Given that REBELS-38, like REBELS-
5, is a massive ( M � ≈ 10 10 . 4 M �; Table 2 ) galaxy with a low dust
emperature, we expect it to similarly have a low [O III ]/[C II ] ratio. 

By assuming these physically moti v ated lo wer v alues for κ s ,
he predicted T dust decreases by ∼ 10 K for REBELS-25 and
EBELS-38, thereby improving the agreement with the temperatures

nferred through MBB fitting. For REBELS-12, the predicted dust
emperature also changes by ∼ 10 K, depending on which burstiness
s assumed. Ho we ver, both v alues are consistent with the loose
NRAS 527, 6867–6887 (2024) 
onstraints obtained from MBB-fitting. Nevertheless, we thus find
hat care must be taken to adopt suitable priors when adopting single-
and dust temperatures. 

omparison to Fudamoto, Inoue & Sugahara ( 2023 ) 

e next compare to the single-band dust temperature model from
udamoto, Inoue & Sugahara ( 2023 ), which builds upon the frame-
ork by Inoue et al. ( 2020 ). In short, their model approximates
 galaxy as spherical object of size r IR consisting of uniformly
istributed dust clumps within a homogeneous ISM. The galaxy as a
hole is assumed to be in radiative equilibrium, which implies that a

raction of the UV emission associated with massive star formation
s absorbed by dust and subsequently re-emitted in the IR regime.
iven, then, a measured UV luminosity, IR size, and dust continuum
ux density at any single wavelength, a galaxy’s dust temperature
and mass) can be inferred under the assumption of a clumpiness
arameter (see Inoue et al. 2020 for details). We here assume the
verage clumpiness parameter of log 10 ( ξ ) = −1.02 ± 0.41 measured
cross six z � 5 galaxies with three or more ALMA continuum
etections by Fudamoto, Inoue & Sugahara ( 2023 ). 
We note that some of the REBELS targets – including REBELS-

2 and REBELS-38 analysed in this work – show evidence for
patial offsets between their dust and UV emission (Inami et al.
022 ), which introduces additional uncertainty in the applicability
f dust temperature models based upon radiative equilibrium (see
lso Ferrara et al. 2022 ). Ho we ver, in the absence of available high-
esolution observations for the bulk of the high-redshift dust-detected
opulation, such models may still provide a useful first-look into their
ust properties. As such, we apply the Fudamoto, Inoue & Sugahara
 2023 ) models here while keeping this caveat in mind. 

We adopt the UV luminosities of our three REBELS targets from
tefanon et al. (in preparation), and utilize the IR sizes determined in
ection 6.1 . For REBELS-12, we investigate two scenarios, whereby
e adopt either the total Band 6 flux density across its two dust

omponents, or the flux density in the co-spatial dust component
nly (Section 6.1 ). Ho we ver, we find that the resulting predicted
emperatures agree to within < 2 K. For REBELS-38, we model the
wo dust components seen in the Band 8 data separately (assuming
 IR = 1 . 0 ± 0 . 3 kpc for both clumps A&B), but also find that they
re characterized by a near-identical dust temperature. 

We show the predicted dust temperatures using the Fudamoto,
noue & Sugahara ( 2023 ) models in Fig. B1 (bottom row). We
ssume a conserv ati ve systematic 11 K uncertainty – resulting from
he assumption of a fixed clumpiness – and add it in quadrature to the
tting uncertainties, following the discussion in Fudamoto, Inoue &
ugahara ( 2023 ). We find that, despite the aforementioned uncer-

ainties and caveats, the predicted single-band dust temperatures
re in good agreement with the v alues deri ved from MBB fitting.
nterestingly, a relatively large temperature of T dust = 61 ± 13 K is
redicted for REBELS-12, driven predominantly by its large UV
uminosity ( L UV ≈ 2 × 10 11 L �). Deeper ALMA observations of
EBELS-12 at either Band 6 or 8 are required to verify if it indeed
osts warmer dust than REBELS-25 and REBELS-38. 

PPENDI X  C :  MBB  FITTING  O F  LI TERAT URE  

AMPLE  

n Section 6.2 , we consistently analyse the dust SEDs of 13 z �
.5 literature sources targeted at two or more ALMA bands, at least
ne of which provides a continuum detection. We list the parameters
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Table C1. Dust parameters derived from optically thin MBB fitting to 13 z � 5.5 literature sources, using either a fixed dust emissivity index ( β = 1.5, 2.0) or 
a Gaussian prior on β. 

A1689-zD1 A2744-YD4 
Big Three 
Dragons COS-3018555981 HZ4 HZ6 HZ9 

Reference B21 L17, L19, M22 H19, S21 W22 F20 F20 F20 

β 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
log 10 (M dust /M �) 7 . 13 + 0 . 14 

−0 . 13 5 . 51 + 0 . 25 
−0 . 20 6 . 73 + 0 . 52 

−0 . 37 7 . 39 + 0 . 67 
−0 . 57 6 . 60 + 0 . 33 

−0 . 20 7 . 95 + 0 . 37 
−0 . 43 7 . 54 + 0 . 16 

−0 . 19 

T dust [K] 45 + 4 −4 143 + 36 
−43 88 + 59 

−37 37 + 23 
−11 122 + 45 

−45 36 + 15 
−8 61 + 15 

−9 
log 10 (L IR /L �) 11 . 28 + 0 . 08 

−0 . 08 12 . 39 + 0 . 41 
−0 . 63 12 . 49 + 0 . 85 

−0 . 77 11 . 09 + 0 . 60 
−0 . 33 13 . 14 + 0 . 55 

−0 . 77 11 . 56 + 0 . 41 
−0 . 22 12 . 42 + 0 . 33 

−0 . 24 

β 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
log 10 (M dust /M �) 7 . 28 + 0 . 15 

−0 . 14 5 . 48 + 0 . 29 
−0 . 20 6 . 99 + 0 . 60 

−0 . 54 7 . 71 + 0 . 63 
−0 . 51 6 . 72 + 0 . 43 

−0 . 30 8 . 33 + 0 . 40 
−0 . 39 7 . 92 + 0 . 14 

−0 . 14 

T dust [K] 39 + 3 −3 138 + 38 
−44 62 + 55 

−23 31 + 11 
−6 98 + 56 

−40 28 + 7 −5 42 + 6 −4 
log 10 (L IR /L �) 11 . 25 + 0 . 08 

−0 . 08 12 . 73 + 0 . 48 
−0 . 73 12 . 17 + 1 . 12 

−0 . 66 11 . 03 + 0 . 37 
−0 . 22 13 . 11 + 0 . 87 

−0 . 93 11 . 42 + 0 . 25 
−0 . 16 12 . 09 + 0 . 18 

−0 . 15 

β 1 . 7 + 0 . 5 −0 . 4 2 . 1 + 0 . 4 −0 . 4 1 . 5 + 0 . 5 −0 . 4 1 . 5 + 0 . 5 −0 . 5 1 . 7 + 0 . 4 −0 . 4 1 . 5 + 0 . 5 −0 . 5 1 . 4 + 0 . 5 −0 . 4 

log 10 (M dust /M �) 7 . 19 + 0 . 20 
−0 . 18 5 . 47 + 0 . 31 

−0 . 23 6 . 77 + 0 . 59 
−0 . 39 7 . 42 + 0 . 75 

−0 . 71 6 . 65 + 0 . 42 
−0 . 24 7 . 91 + 0 . 54 

−0 . 66 7 . 46 + 0 . 45 
−0 . 44 

T dust [K] 42 + 7 −6 136 + 39 
−46 84 + 62 

−38 36 + 32 
−11 111 + 51 

−47 37 + 32 
−11 66 + 56 

−24 

log 10 (L IR /L �) 11 . 27 + 0 . 09 
−0 . 09 12 . 75 + 0 . 62 

−0 . 77 12 . 39 + 0 . 82 
−0 . 74 11 . 10 + 0 . 65 

−0 . 33 13 . 06 + 0 . 70 
−0 . 84 11 . 58 + 0 . 62 

−0 . 25 12 . 50 + 0 . 70 
−0 . 44 

HZ10 J0217-0208 J1211-0118 MACS0416-Y1 UVISTA-Z −001 UVISTA-Z −019 
Reference F20 H20, O22 H20, O22 B20 W22 W22 
β 1.5 1.5 1.5 1.5 1.5 1.5 
log 10 (M dust /M �) 8 . 09 + 0 . 09 

−0 . 10 7 . 17 + 0 . 80 
−0 . 67 7 . 11 + 0 . 69 

−0 . 55 5 . 82 + 0 . 26 
−0 . 17 6 . 73 + 0 . 87 

−0 . 68 6 . 50 + 0 . 70 
−0 . 34 

T dust [K] 54 + 6 −5 57 + 67 
−25 65 + 66 

−29 143 + 35 
−43 65 + 71 

−30 100 + 59 
−55 

log 10 (L IR /L �) 12 . 66 + 0 . 15 
−0 . 14 11 . 88 + 1 . 20 

−0 . 61 12 . 16 + 1 . 11 
−0 . 74 12 . 72 + 0 . 39 

−0 . 59 11 . 74 + 1 . 08 
−0 . 69 12 . 54 + 0 . 82 

−1 . 18 
β 2.0 2.0 2.0 2.0 2.0 2.0 
log 10 (M dust /M �) 8 . 44 + 0 . 09 

−0 . 09 7 . 54 + 0 . 91 
−0 . 89 7 . 49 + 0 . 73 

−0 . 74 5 . 78 + 0 . 31 
−0 . 20 6 . 90 + 0 . 96 

−0 . 93 6 . 49 + 0 . 72 
−0 . 36 

T dust [K] 39 + 3 −3 40 + 53 
−15 44 + 47 

−16 135 + 39 
−44 51 + 73 

−21 96 + 61 
−52 

log 10 (L IR /L �) 12 . 41 + 0 . 10 
−0 . 09 11 . 61 + 1 . 29 

−0 . 42 11 . 79 + 1 . 17 
−0 . 51 12 . 98 + 0 . 48 

−0 . 73 11 . 61 + 1 . 35 
−0 . 57 12 . 80 + 0 . 96 

−1 . 31 
β 1 . 8 + 0 . 5 −0 . 5 1 . 6 + 0 . 5 −0 . 5 1 . 6 + 0 . 5 −0 . 5 2 . 1 + 0 . 4 −0 . 4 1 . 6 + 0 . 5 −0 . 5 1 . 8 + 0 . 5 −0 . 5 
log 10 (M dust /M �) 8 . 30 + 0 . 34 

−0 . 41 7 . 25 + 0 . 88 
−0 . 72 7 . 18 + 0 . 78 

−0 . 60 5 . 78 + 0 . 32 
−0 . 22 6 . 76 + 0 . 93 

−0 . 72 6 . 49 + 0 . 72 
−0 . 35 

T dust [K] 44 + 23 
−10 52 + 69 

−23 60 + 69 
−28 134 + 39 

−46 62 + 72 
−29 99 + 59 

−54 
log 10 (L IR /L �) 12 . 49 + 0 . 38 

−0 . 20 11 . 81 + 1 . 17 
−0 . 56 12 . 06 + 1 . 08 

−0 . 69 12 . 97 + 0 . 62 
−0 . 74 11 . 68 + 1 . 11 

−0 . 63 12 . 62 + 0 . 96 
−1 . 22 

References: B20: Bakx et al. ( 2020 ), B21: Bakx et al. ( 2021 ), F20: Faisst et al. ( 2020 ), H20: Harikane et al. ( 2020 ), L17: Laporte et al. ( 2017 ), L19: Laporte 
et al. ( 2019 ), M22: Morishita et al. ( 2023 ), O22: Ono et al. ( 2022 ), Sugahara et al. ( 2021 ), W22: Witstok et al. ( 2022 ). 
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btained from MBB fitting in Table C1 . We note that for sources with
oor photometry (e.g. a single, modest-S/N dust detection and one or
ultiple upper limits), the inferred dust temperatures – and therefore 

he inferred dust masses and IR luminosities – depend strongly on 
he adopted prior on T dust , as discussed in the main text. 
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