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ABSTRACT

We presennew ALMA Band8 (rest-frame90 pm) continuumobservation®f threemassive(M 10'9M ) galaxiesatz

7 previouslydetectedn [C 111158 um andunderlyingdustcontinuumemissionin the ReionizationEra Bright EmissionLine
Suney (REBELS).Wedetectdustemissiorfrom two of ourtargetsn Band8 (REBELS-25andREBELS-38)while REBELS-12
remainsundetectedThroughoptically thin modi ed blackbody tting, we determinedusttemperaturesf Tqust 30S 35 K in
bothof thedual-bandletectedargetsjndicatingtheyarecolderthanmostknowngalaxiesatz 7. Moreover, theirinferreddust
massesrelarge(Mqaust 108 M ), albeitstill consistentvith modelsof high-redshiftdustproduction.We furthermoretarget
anddetectO 111188 um emissionn bothREBELS-12andREBELS-25and nd Lioyy/L ¢y 1S 1.5—low comparedo the
Liom/L ey 2S 100bservedn theknownz 6 populatiorthusfar. We arguethelower line ratiosaredueto acomparatively
weakerionizing radiation eld resultingfrom the lessstarburstynatureof our targets althoughthe possibility of REBELS-12
beinga mergerof an[O ]-bright and[O 111]-faint componenpreventghe unambiguousnterpretatiorof its [O 111]/[C 11] ratio.
Neverthelessa low burstinesforms a naturalexplanationfor the cold dusttemperaturesndlow [O1lI] 4959 5007+ H
equialentwidthsof REBELS-25andREBELS-38.Overall,theseobservationprovideevidencdor theexistenceof amassive,

https://doi.org/10.1093/mnras/stad3111

dust-richgalaxypopulationat z
asteadyasopposedo bursty,manner.

7 which haspreviouslyexperiencedigorousstarformation,butis currentlyforming starsin

Key words: galaxiesevolution— galaxieshigh-redshift- submillimetre galaxies.

1 INTRODUCTION

Understandingnowtheevolutionof galaxiegproceedacroscosmic
timeis oneof thefundamentafoalsof moderndayastronomyOver
the last two decadesgver-increasingsamplesof high-redshift(z
6) galaxiesare being discovered,largely basedon observations
probingtheir rest-frameultraviolet (UV) andoptical emission(e.g.
McLure et al. 2013 Bouwenset al. 2015 Finkelsteinet al. 2015
Stark2016 Oeschetal. 2018 Stefanoretal. 2019. More recently,
with thelaunchof the JamesNebbSpaceTelescopd€JWST, aneven
clearewindowontherest-framéJV tonear-infraredNIR) emission
of high-redshiftgalaxieshasbeenopened(e.g. Atek et al. 2023
Castellancet al. 2022 Harikaneetal. 2023 Naiduetal. 2022 Yan
etal. 2023. However, obsenationsof galaxiesacrossall redshifts
havelong demonstratedhat the presenceof dustseverelyimpacts
theirdetectabilityatshortwavelengthsaswell astheinformationthat
canbeextractedrom their UV-to-NIR spectrakenergydistributions
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(SEDs; e.g. Draine 1989 Calzetti et al. 200Q Blain et al. 2002
Draine2003 CaseyNarayanar& Cooray2014 Dudzevciute etal.
2020. Speci cally, light emitted at UV and optical wavelengths
is readily absorbedvy dust,and subsequentlye-emittedat longer
wavelengthsAs aresult,UV andopticalobservationsloneprovide
only an incompleteand biasedview of the high redshift galaxy
populationnecessitatinghe useof observationat far-infrared(IR)
wavelengthsandbeyond.

In the last several years, the Atacama Large Millime-
ter/submillimeterArray (ALMA) hasenabledhe detailedstudy of
thedustandinterstellamedium(ISM) propertiesof distantgalaxies
at (sub-)millimeterwavelengthgseeHodge& daCunha2020for a
review). Variousemissionines, mostsigni cantly the[C 11]158 um
and [0 11188 pum lines, are now routinely usedto probethe ISM
conditionsof high-redshiftsourcesandto constraintheir systemic
redshiftyHashimotcetal. 2018 2019 Carnianietal. 202Q Harikane
et al. 2020 Bouwenset al. 2022 Witstok et al. 2022 Schouws
et al. 2023. Given its high ionization potential, [O 1] emission
predominantlyemanatefrom denseHil regionscloseto sitesof star
formation(Cormieretal. 2012 Vallini etal. 2017 Arataetal. 2020).

Publishedby Oxford University Presson behalfof Royal AstronomicalSociety.This is an OpenAccessarticle distributedunderthe termsof the Creative
CommongAttribution-NonCommercial-NoDerivicence(https:/treativecommons.origensesby-nc-nd/4.0/), which permitsnon-commerciateproduction
anddistributionof thework, in anymedium,providedthe original work is not alteredor transformedn anyway, andthatthework is properlycited.
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[C 1], on the otherhand,hasa variety of origins, but is thoughtto
mostly originatein photo-dissociatiomegions(PDRs;Staceyet al.
201Q Gullbergetal. 2015 Vallini etal. 2015 Lagache Cousin&
Chatzikos2018 Cormier et al. 2019. While in nearbystarburst
galaxiesthe [C11] line is the dominantcoolant of the ISM (i.e.
Liom/L [cuj < 1; DelLoozeetal. 2014 D'az-Santoetal. 2017), at
highredshift[O 111] is observedo becomemoreluminous(Carniani
etal. 202Q Harikaneetal. 2020 Witstok etal. 2022. This hasbeen
attributedto a highly ionized ISM resultingfrom strong starburst
activity (Inoue et al. 2016 Ferraraet al. 2019 Arata et al. 202Q
Vallini et al. 2021, Sugaharaet al. 2022, possiblyin combination
with other effects such as a low metallicity and/ora low carbon
abundanceesultingfrom a top-heavyinitial massfunction (IMF;
e.g.Arataetal. 2020 Lupi & Bovino 202Q Katz etal. 2022.

Albeit generallyharderto detectat high redshiftthanthe [O 1]
and [C11] lines, the underlying dust continuum emissionis also
occasionallyobservedn z 6.5 galaxies(e.g.Watsonet al. 2015
Laporteetal. 2017 Bowleretal. 2018 Laporteetal. 2019 Witstok
etal. 2022 Schouwstal. 2022 seealsolnamietal. 2022for arecent
compilation). The ReionizationEra Bright EmissionLine Surney
(REBELS;Bouwenset al. 2022 in particularhasprovidedthe rst
statisticalinsightsinto the dustand ISM propertiesof UV-selected
galaxiesatz  6.5.Inamietal. (2022 showthatdustis commonin
thesehigh-redshiftsourceevenfor UV-selectedjalaxiesdetecting
itin 40 percentof REBELStargets.Additionally, Algeraet al.
(2023 nd that,evenatz = 7, dust-obscuredtar formation still
accountdor 30 percentof the overall cosmicstarformationrate
density(seealsoBarrufetetal. 2023.

Notonly maydustconceabnappreciabléractionof starformation
at high redshift, it is also thoughtto be importantfor studiesof
reionization,asdustis capableof attenuatingonizing photons(e.g.
Hayeset al. 2011 Katz et al. 2017, Glatzle, Ciardi & Graziani
2019. Furthermoredustaltersthe chemicalequilibriumin galaxies
andcanprovideanimportantpathwayfor theformationof molecular
hydrogen therebyproviding the fuel for subsequenstarformation
(Gould& Salpeterl963 Hirashita& Ferrara2002).

Despitetheimportanceof dustin theearlyUniverse thepathways
throughwhich signi cant dustreservoirscanalreadybe assembled
in only a fraction of a gigayearremain actively studied (e.g.
Todini & Ferrara200% Mancini et al. 2015 Micha owski 2015
PoppingSomerville& Galamet2017 Behrenstal. 2018 Vijayan
et al. 2019 Grazianiet al. 2020 Sommovigoet al. 202Q Dayal
et al. 2022 Di Cesareet al. 2023. However, to date, the bulk
of the dustdetectionsat z 7 arelimited to a single continuum
measurementsuch that dust massesand IR luminosities often
needto be extrapolatedfrom a single wavelength(e.g. Bowler
et al. 2018 Inami et al. 2022 Schouwset al. 2022. While
inventive modelshawe beendewelopedto predict dust parameters
(temperaturemass)from single-bandcontinuumdata (e.g. Inoue
etal. 2020 Sommovigoet al. 2021, Fudamotonoue & Sugahara
2023, such methodsremainto be testedon larger samplesof
distant galaxiesto fully establishtheir robustnessand predictive
power.

Accurately measuringdust propertiesobsenrationally, however,
requiresnultibandcontinuunphotometryOneof thekeyparameters
thatcanbeconstrainedvhenatleasttwo ALMA bandsareavailable,
is the dusttemperaturdly,s; (Hodge& da Cunha202Q Bakx et al.
2021). Giventhatthe IR luminosity,andthereforethe obscuredstar
formationrate(SFR;e.g.Kennicutt& Evans2012), scalesasL g
Mdus{l'dugf with 1.5-2 smallvariationsn dusttemperatur@nply
potentiallylargevariationsin dustmassor IR luminosity. As such,
accuratelymeasuringlusttemperaturess crucialfor arobustcensus
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of dust-obscuredosmicstarformationandfor properlyconstraining
earlydustenrichment.

Several obsenations(Schreiberet al. 2018 Laporteet al. 2019
Bakx etal. 2020 Viero etal. 2022 andsimulations(Behrenset al.
2018 Ma et al. 2018 Liang et al. 2019 Pallottini et al. 2022
Vijayan et al. 2022 havesuggestedhatdustmay be hotterat high
redshift. Given that observationallydust massand temperatureare
often degeneratewarmer dust lowers the needfor massivedust
reservoirs.From a physicalperspectivehot dustmay be expected
in high-redshiftgalaxies,dueto their generallycompactsizes(Van
derWel etal. 2014 Fudamotcetal. 2022 andcorrespondinglfigh
starformationrate surfacedensities(e.g. Schreiberet al. 2018. In
addition, when total dust massesare modest,the availableenergy
injected by starsper unit dust massincreasestherebyincreasing
the overall heating(Sommaigo et al. 2022. However, given that
multiband ALMA observation®f galaxiesin the epochof reion-
ization remainrare, are often limited to non-detection®r low-S/N
measurements@nd are potentially biasedto warmerandtherefore
more luminous sources,larger samplesof high-redshiftgalaxies
with robustobservationatonstraintson their dusttemperatureare
essential.

In this paper,we investigatethe dust propertiesof threez 7
galaxiesfrom the REBELS surwey usingcombinedALMA Band6
and Band 8 observationsin Section2 we introducethe REBELS
suney and the newly acquiredBand 8 obsenations, followed by
the identi cation of dustcontinuumand [O 111188 pm emissionin
our targetsin Section3. Section4 detailsour methodof tting far-
IR SEDs,while in Section5 we describeour results.In Section6
we discussour ndings in detail, and nally we summarizethem
in Section7. Throughoutthis work, we assumea standard CDM
cosmologywith Hg = 70kms>*Mpc®!, = 0.30,and = 0.70.
We further adopta Chabrier(2003 IMF acrossa massrange of
0.1S 300M .

2 DATA

2.1 REBELS

REBELSisaCycle7 ALMA LargePrograntargetingd0UV-bright
galaxieswith robustlymeasureghotometricredshiftsin the range
6.5 Zpmot 9.5.Galaxiesweretargeteceitherin the[C11]158 um
(36 sources)r [O 111188 pum (four sourcesemissionline througha
spectralscanningechniquedesignedo cover 90 percentof the
photometricredshift probability distribution. In tandem,sensitive
observationsof the dust continuum are therefore obtained. The
observingstrategyas well as a summaryof initial resultsof the
REBELSprogramareoutlinedin detailin Bouwensetal. (2022). In
the observationgakenduring Cycle 7, 23 galaxiesweredetectedn
[C 1] emissionand16 weredetectedn dustemissionat rest-frame
158um. Forafull analysisof the[C 11]-detectedsourceswereferthe
readerto Schouwset al. (in preparation)while the dustcontinuum
detectionsarepresentedn Inamietal. (2022).

The UV luminosities of the full REBELS sample have been
measuredy Stefanonet al. (in preparation)while stellar masses
are presentedn Toppinget al. (2022. The latter study makesuse
of SED- tting code Prospector  (Johnsonet al. 2021) under
the assumptiorof a non-parametricstar formation history (SFH).
Such SFHsare particularly well-suitedto model any older stellar
populationsthat may be present,evenif outshoneby morerecent
burstsof starformation(e.g.Leja etal. 2019 2020 Toppinget al.
2022 Whitler etal. 2023. TheREBELSsamplespansastellarmass
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rangeof log;o(M /M ) = 8.8-10.4jin this work, we focuson three
selectgalaxiesatthe massiveend.

2.1.1 Our targets

This work presentsnev ALMA obsenations of three z 7
galaxiesdrawnfrom the REBELS survey:REBELS-12,REBELS-
25 andREBELS-38.All threesourceshaveaccuratespectroscopic
redshiftsdeterminedrom their bright [C 1] emissionlines andare
robustlydetectedn underlyingrest-frame 160umdustcontinuum
emission.

REBELS-25 and REBELS-38 are the two brightest galaxies
amongREBELS,bothin termsof [C 1] luminosityandBand6 dust
continuum ux density. REBELS-25,in particular,haspreviously
beenclassi edastheonly Ultra-luminousinfraredGalaxy(ULIRG;
de ned ashavingL;g > 102 L ) atz > 7 (Hygateet al. 2023,
basedon thehigh IR luminosity predictedfrom its single-bandiust
continuumdetection(lnami et al. 2022 Sommovigoet al. 20223.
REBELS-12,the fourth mostluminous[C 11]-emitter in REBELS,
is particularlyinterestingasit is neighbouredy a coeval, optically
darkgalaxy(Fudamotecetal. 2021). As suchi,it could potentiallybe
partof alargercosmicstructurein the early Universe.

All threeof our targetsareparticularlymassive(M ~ 101°M ;
Toppingetal. 2022, makingthemprimecandidate$or hostingmas-
sivedustreservoirsn theearlyUniverse(e.g.Di Cesareetal. 2023.
CurrentmultibandALMA studiesof high-redshiftdusthavefocused
predominantlyon lower-masgyalaxies,ncluding intrinsically faint
onesaided by gravitationallensing (e.g. Hashimotoet al. 2019
Tamuraetal. 2019 Akins etal. 2022). ThroughtargetingREBELS
galaxies,we complementheseearlier studiesby investigatingthe
dustpropertiesat high redshiftacrossa wider rangeof galaxytypes.

2.2 ALMA Band 8 obsewations

The new Band 8 observations( oos 750 pum), obtained in
ALMA Cycle 8, aredrawnfrom ALMA programs2021.1.00318.S
(REBELS-25, REBELS-38; PI: Inami) and 2021.1.01297.S
(REBELS-12; PI: Fudamoto).REBELS-25and REBELS-38are
in the phasecentreof their respectiveBand 8 observationswhile
the primary beam sensitivity of the Band 8 map at the location
of REBELS-12is 70 percentof the peak. This is dueto the
simultaneousobservationof its serendipitouslydetectedoptically
darkneighbourroughly11.5 arcsedrom themaintarget(Fudamoto
etal. 2021). Theobservation®f this neighboumwill be presentedn
Fudamotcet al. (in preparation)while this paperfocusessolely on
themainREBELStargets.

The Band 8 data were calibrated using the ALMA pipeline
incorporatedn CAsA (version6.2.1).Continuumimagingwas per-
formedusingTCLEAN with naturalweightingto optimizesensitivity,
excluding channelscontaminatecdy the [O 111] emissionline (see
below). Details of the nal images,including the on-sourcetime,
RMS noise,centralfrequencyandresolution arelistedin Table1.

For REBELS-12andREBELS-25 the spectralsetupalsocovers
the [O 1] emissionline. The line was not targetedin REBELS-
38 due to its lower redshift, placing [O 1] in a window of low
atmospherit¢ransmissionWe createdatacubesf bothREBELS-12
and REBELS-25in orderto identify possible[O 1] emission.For
this, we rst run CASA taskUVCONTSUB to subtractany continuum
emission, assuminga zeroth-orderpolynomial. We use natural
weighting to producethe cubes,and createinitial momentzero
mapsby collapsingthechannelsvheretheemissiorline is expected

Colddustatz=7 6869

Table 1. Summaryof the ALMA Band8 continuumimagepropertiesof
ourthreeREBELStargets.

ID cen tiarln RMSV r?1ajor rtr)ﬂnor PA
[GHz]  min [uJdybm>1] [arcsec] [arcsec] [deg]
REBELS-12 4014 832 48.9 0.61 045 585
REBELS-25 4034 12.6 111.7 1.09 0.64 S$63.4
REBELS-38 405.0 38.3 41.9 0.61 048 56.9

aIntegrationtime (on source)n minutes
bSizeandorientationof the synthesizedeam

basedon the known [C 1] redshiftandfull width at half-maximum
(FWHM). We t theline centreand FWHM iteratively until the t
convergedo a stablesolution,andthencreatea moment-Omap by
collapsingchannelsacrossthe FWHM to maximizeits S/N. In the
continuumimaging of REBELS-12and REBELS-25,we ensured
thatthe spectrarangecontaminatedby the[O 111] emissionline was
excludedby removingall channelswithin 3x the [O 1] FWHM
aroundtheline centre.

3 IDENTIFICATION OF CONTINUUM AND
[O11] EMISSION

To identify continuum emissionin the ALMA Band 8 images,
we use PYBDSF (Mohan & Rafferty 2015, following the source
detectionprocedurein the original REBELS surwey (Inami et al.
2022. pyBDSF nds islandsof contiguousemissionand ts these
with two-dimensionalGaussiango extracttheir ux densitiesWe
detectBand 8 continuumemissionin REBELS-25at a peak S/N
of 4.4 , while the continuumremainsundetectedn REBELS-12
(<3 ). The new Band 8 observationsof REBELS-38highlight a
two-componentlustmorphologythatwasnotvisible in theoriginal
Band6 data.The two dustpeaksareindividually detectecat a S/N
of 4.3 and4.1 . This interestingmorphologyof REBELS-38is
discussedurtherin Section5.1.3

We show the Band 8 continuumimagesof our targetsin the
top row of Fig. 1, with the Band 6 continuumcontoursoverlaid.
In addition, in the bottom row, we show the Band 8 continuum
contoursontop of stackedyround-basedHK imagesForREBELS-
12,theground-baseiinagingis fromtheVIDEO suney (Jarvisetal.
2013, while for REBELS-25andREBELS-38theimagesarefrom
COSMOS/UltraVISTADRA4 (Scovilleetal. 2007 McCrackenetal.
2012. Therest-frameopticalimagesfor REBELS-12werealigned
totheGaiaDR3catalogoy Inamietal. (2022, while theUltraVISTA
JHK imageswerealreadyalignedto GaiaDR1 aspartof the fourth
datareleasegnsuringanastrometricaccuracyof 0.03-0.12arcsec.

WeadditionallycreatdaperednapgusingtheuvTAPER parameter
in TCLEAN) of REBELS-25and REBELS-38in order to match
the Band 6 resolution and more fairly comparethe continuum
ux densitiesacrosswavelengthThe Band6 continuumimagesof
REBELS-25andREBELS-38createdisingnaturaiweighting,have
aresolutionof 1.1arcsecx 0.94arcse@andl.6arcsecx 1.2arcsec,
respectively(Inamietal. 2022). The Band8 imageof REBELS-25
hasan asymmetricnative beam(Table 1), and we thereforetaper
the beamto a circular Gaussiarof 1.1 arcsecFor REBELS-38,we
apply taperingto obtaina circular beamof 1.2 arcsecin orderto
bettermatchtheBand6 resolution.Thistaperecbeamis suf ciently
coarsethatthe two dustpeaksare blendedtogetherwhile ensuring
the continuumsensitivityremainsadequate.

We re-run PYBDSF to extractthe continuum ux densitiesfrom
thesetaperednapsandcompilethese- aswell astheuntaperedux
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20z 1snBny 0z uo Jasn upjed yeses Aq /880TEL/.989/E/.ZS/a1oNue/Seiuw/wod dno-olwapese//:sdny wolj papeojumod



6870 H.S.B.Algeraetal.

Figure 1. Thethreesourcesanalysedn this work — from left to right, REBELS-12,REBELS-25,andREBELS-38.All cutoutsspananareaof 5 arcsecx 5
arcsecThetop row showsthe Band8 continuummapsattheir nativeresolutionin thebackgroundwith blackcontoursoutlining the continuumemissionatthe
2 ,3 ,and4 levelswhere isthelocalRMSintheimage . REBELS-12is undetectedh theBand8 continuumdata,while REBELS-25andREBELS-38are
detectecatapeakS/Nin theuntaperednapsof 4.4 and4.3 , respectivelyTheoverlaidwhite contoursshowthe Band6 continuumemissionfrom2 —10 in
stepsof 1 . Theblack (white) beamin the cornerrepresentshe FWHM of the Band8 (Band6) observationsThe bottom row showsthe sameBand6 (cyan)
andBand8 (orange)ontourson top of stackedground-basedHK-imaging.In the higherresolutionBand8 observationsREBELS-38appeardo separaténto

two dustycomponentsiabeledA andB in thetoprightimage.

densitiesand other relevant physical propertiesof our targets— in

Table2. The signi cance of the continuumdetectionin the tapered
mapof REBELS-25s comparabl¢o thatatthenativeresolution For

REBELS-38pntheotherhand thetwo dustcomponentareblended
togetheiin thetaperedmage,suchthatthedetectionsigni canceof

the peak ux densityis enhancedo 5.3 . The ux in the tapered
mapis consistentvith the sumof thetwo individual componentss
measuredh the higherresolutionimage.In whatfollows, we utilize

the continuum ux densitiesobtainedfrom the taperedimagesfor

bothREBELS-25andREBELS-38,unlessspeci ed otherwise.

For REBELS-12andREBELS-25 the spectralsetupalsocovers
the[O 1] emissioriine. We showthecorrespondingnoment-Cmaps
in Fig. 2, comparingo the spatialdistributionof thedustcontinuum
emission(top row) andrest-frameJV emission(bottom).We detect
the[O ] linein bothREBELS-12andREBELS-25atasigni cance
of 5.6 andb5.1 , respectivelymeasuredas the peak S/N in the
moment-Omap.To extractthe 1D spectrawe sumall pixelsin the
moment-Omapwith signi cance 2 within aradiusof 2.0arcsec
aroundthe peakpixel. We discussthe 1D spectra,aswell asthe
morphologyof our targetsjn furtherdetailin Section5.2

4 DUST SED FITTING

4.1 Modibed blackbody formalism

When multifrequencyobservationof a galaxy’s dust continuum
emissiorareavailablejt is possiblego t aphysicalmodelto thedust
emissionto constrainits propertiege.g.dustmassandtemperature,

MNRAS 527,6867-68812024)

IR luminosity).Generallyamodi ed blackbody(MBB) is used(e.g.
Greveetal.2012 Liangetal.2019 Jonestal. 2020, whichdepends
onthreemain tting parameterghedusttemperaturéTyysy), thedust
mass(Mqus) andthe dustemissivityindex( ). In addition,the dust
maybeopticallythick atshortwavelengthg 1008 200um;e.g.
Casey2012), introducingan additional parameter wick = ¢/ thick
wherethe optical depthequalsunity. The mostgeneralfunctional
form of anoptically thick MBB maythereforebewritten as

_ 1+z 186
obs dE

Here and s representfrequenciesin the source rest- and
obsered frame, respectiely,! d. is the luminosity distanceat
redshiftzand = o( / o) isthedustmassabsorptiorcoef cient
at normalizationfrequency o. We adopt Milky Way dust with
0= (0= 1900GHz) = 10.41cn?g>!, whichappeardestsuited
to matchthe dustin high-redshiftsources(seee.g. Behrenset al.
2018 Ferraraet al. 2022 Schouwset al. 2022 andhasbeenused
throughoutthe seriesof REBELS papersto modeldustproperties
(e.g.lnamietal. 2022 Sommovigoetal. 20223. The opticaldepth
is de ned asthe integraloverthe line of sightvia = ds =
dusds, Where is the absorptioncoef cient and g is the
dustmassdensity.As such,the opticaldepthcanbewrittenas =
dust Where qust IS the dustmasssurfacedensity.Equivalently,

Mdust B (Tdust)- (l)

1in whatfollows, ux densitiesareimplied to be at observer-framérequen-
cies,suchthatthe subscriptobs’ is omitted.
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Colddustatz= 7 6871
Table 2. Physicalanddustcontinuumpropertiesof thethreeREBEL Stargetsanalysedn this work.
ID? RAP DECP Zf(;”] logio(M )d SSands Sgands Sgand gtapered
- - - - logio(M ) nJy Y% Hly
REBELS-12  02:25:07.94 $05:06:40.70 7.3459+ 0.0010 9.94t532 87+ 24 <21d -
REBELS-25  10:00:32.34 + 01:44:31.11 7.3065¢ 0.0001 10275055 260+ 22 486+ 112  641% 147
REBELS-38  10:02:54.06 + 02:42:12.12 6.5770« 0.0001 10.37%032 163t 23 - 334+ 63
REBELS-3®A  10:02:54.08 + 02:42:12.31 — - - 196+ 45 -
REBELS-38  10:02:54.03 + 02:42:12.11 — - - 165+ 40 -
aSourcelDs listedin italic (with suf ces A, B) denotetheindividual dustcomponentsabeledin Fig. 1.
bBand8 dustcontinuumcoordinatesexceptfor the 88 um-undetectedREBELS-12,for which we quoteBand 6 coordinates
instead.
¢[C n]-basedspectroscopicedshiftsfrom Schouwsetal. (in preparation).
dStellarmasse$rom Toppingetal. (2022, undertheassumptiorof a non-parametriSFH.
€ALMA Band6 (rest-framel60m) continuum ux densitiegakenfrom Inamietal. (2022.
fThe quotedupperlimit is 3 .
would haveatz = 0 via
- v+ )
4 4
Toustz = Tauso + Temso L+ 27 S1 - (2

Figure 2. Top: Moment-Omapsof the [O 1] emissionin REBELS-12and
REBELS-25(white contours)ontop of [C 1] emission(black contours)and
Band6 dustcontinuumemissionbackgrounds arcsec< 5arcsec)Bottom:
The moment-Omapson top of stackedJHK images.Here,[O 1] and[C 1]
areshownin orangeandcyan, respectiely, for visual clarity. In all panels,
[O ] contoursrangefrom 2 -5 , andthe [C 1] contoursstartat3 and
increasein stepsof 1 (stepsof 4 ) for REBELS-12(REBELS-25).The
beamsizescorrespondingo the emissionline dataareshownin the bottom
left corner.In REBELS-25,the [C ], [O 1], and rest-framel58 pm dust
emissionare roughly co-spatial,while the peakof the dust continuumin
REBELS-12appear®ffsetfrom the emissionlines.

wemaywrite = (/ k) = (/ thick)é . In thelimit wherethe
dustis optically thin acrossall frequenciesthatis 1, theterm
(1Se ) 1 andwe recover the generalfunctionalform of an
optically thin MBB.

We must further considerthatat z 7 the cosmic microwave
background CMB) is suf ciently warm [Temg(z = 7) = Tcms o X
(1+ z) = 21.8 K] thatit may contributeto the heatingof the dust.
As shownby DaCunhaetal. (2013, the'effective’ dusttemperature
of ahigh-redshiftgalaxy, Tqust 2, iS relatedto the dusttemperaturet

However, not only is the CMB causingdustto be warmerat high
redshift,it alsoactsasabackgroundgainstwhichthesubmillimetre
emission from a galaxy is observed,since interferometersare
insensitiveto large-scalauniform emission(Da Cunhaet al. 2013.

The magnitudeof this effect dependson the observed(i.e. CMB-

heated)temperatureof the dust and the temperatureof the CMB

itself, andis demonstratetty Da Cunhaetal. (2013 to be

é B (TCMB,Z)
B (Tdustz)

Combiningthe above equationwith equation(1), we may write the
generafunctionalform of aMBB affectedby the CMB as

SnO contrast

®)

SagainsCMB -

1+z 18¢€ .
S = d2 B (Tdustz)S B (TCMB,Z)
L

Maust 0 —
0
4

This equation,which dependon Myys, Taustz, » and potentially

thick In the optically thick scenario,will be usedto t the dust
continuumemissionof our high-redshifttargets,asoutlinedin the
following Section.

4.2 Modibed blackbody btting

In thiswork, weaimto simultaneouslgonstrairthedusttemperature
andmassof threez 7 galaxiesthroughMBB tting. Whilst we
cannotobustlyconstrain duetoalackof samplingof thedustSED,
weexplorevarious xed valuesfor in the ts, andwill additionally
marginalizeacross afterchoosinga suitableprior (seebelow).

We adoptthe Monte Carlo Markov chain (MCMC) algorithm
implementedin PYTHON library EMCEE (Foreman-Mackg et al.
2013 to t the dust SEDsof the REBELS targets.We t to the
measuredux densitiesvhereavailable andimplementupperimits
following the proceduredescribedn Sawicki (2012 seealsoBakx
et al. 2020 Witstok et al. 2022. In practice,we t the logarithm
of the dustmasslog;o(MgusfM ), for which we introducea simple
uniform prior of log1o(MausfM )  [4, 10]. The upperrangeof this
prior is chosento extendup to an unphysicalvalue of Mg,s/M
1, andwe haveexplicitly veri ed thatadoptinga wider rangedoes
not affectour results.For Tyt -, We adopta at prior with alower
boundof Tcue,z, aswe expectthe dustto be at leastas warm as
the CMB. Giventhewide variety observedn the dusttemperatures
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of high-redshiftgalaxies(Section6.2), we adopta uniform prior
betweenTcmg, ; and Taustmax = 150 K, while beyondTgyst max We
smoothlydecreasehe prior probability by a Gaussiarwith a width
of = 30K. This ensureghat high-temperatureolutionsare not
excludeda priori.?

For weadoptaGaussiaprior centrecaroundamearof
with astandardieviationof = 0.5,following theanalysisof Faisst
etal. (2020 for fourz  5.5galaxies.This valueis consistentvith
thatof local galaxies(Hildebrand1983 andsubmillimetregalaxies
(SMGs;Da Cunhaet al. 2021). However, we alsouseMBB tting
with a xed valueof = (1.5,2.0).Thelattervalueis similarto that
of Milky Way dust( = 2.03;Weingartner& Draine2001, Draine
2003, which wasassumedy Sommovigoet al. (20223 to model
thedusttemperaturesf REBEL Stargetswith bothadustanda[C 1]
detection.

Two furtherremarksaboutthe MBB tting routinearewarranted,
beginning with the implementationof upper limits. As per the
Sawicki (2012 formalism,it is favourablefor a model (thatis, a
MBB given somesampledTgyst z, Mausy @and ) to be signi cantly
below an upperlimit ratherthanjust below it. The reasonis that,
givenamodelwith ux densityfy, anerrorof andanupperlimit
of 3 , thelog-likelihoodIn L is penalizeddy afactor of

3 Sty

=18

1+ erf

1
InL = In > , (5)
where erf(x) denotesthe error function. Intuitively this can be
understoodhsfollows: whena modelis just belowthelimiting ux,
i.e.fy = 0.99%x 3 ,theprobabilityof exceedinghe ux limit given
Gaussiamoiseis nearly50 percent.As such,amodelwith fy, 3
is preferred giventhe decreasegrobability of exceedinghe upper
limit in the presenceof noise.Neverthelessthis prescriptiondoes
not excludesolutionswhich exceedhe upperlimit a priori, asany
imposedimit may be exceedeavith non-zeroprobability.

The secondpointis in referenceo the tting of modi ed black-
bodieswith a singledetectionandan upperlimit. As perequation
(5), the solutionthat maximizesthe log-likelihood is an MBB that
matchesthe observed ux density, while simultaneouslystaying
suf ciently farfromtheupperimit. Inthecaseof REBELS-12with a
detectiomatrest-framel 58um andanuppedimit at88m, onesuch
optimalsolutionwill beaverycoldMBB (Taustz  Temsz  22K).
However, MCMC ensureghat (nearly) the full parametespaceis
explored,andassuchallowsfor avariety of warmerMBB solutions
that also accuratelyrepresenthe data. This demonstratethat it is
importanto considethefull posteriodistributionsof theparameters
of interest,and not only the maximuma posteriorisolution (e.g.
Hogg & Foreman-Mackg 2018. In this work, we thereforeadopt
themediarof theposteriodistributionsasthe tted dusttemperature,
massandemissivity,while the quotederrorsrepresenthe 16thand
84th percentilesof the correspondingposterior.We further remark
that the posteriorsof the tted parametersre single-peakedn all
casegseealsoAppendixA).

We executeour MCMC routine with 32 walkers for a total of
10° stepseach therebyconseratively discardingthe rst 10* steps
astheburn-inphaseWe con rm thatthenumberof samplesitilized

2We notethat, whensamplingdusttemperatureshat approachcus, z, the
dust massneededto matchthe observed ux densitiesrapidly increases,
thereby potentially falling outside of our adoptedprior range of 4.0
log(MqusfM )  10.0.In practice,however, adoptingthis prior on Mqyst
comesdownto excludingdusttemperaturethatapproactthe CMB temper-
atureto within 0.1 K. We haw veri ed that the exclusionof this small
fractionof thefull parametespacedoesnot affectthe ts.
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in the MCMC tting is greaterthan50x the autocorrelatiortime

to ensuresuf cient samplingof the parametespace(e.g. Foreman-
Mackeyetal. 2013. Therobustnessf our tting routineis further
supportedytheacceptancfactionsobtainedaveragindg.33across
thethreeREBELSsourcesvhen is xed (1.5,2.0),and0.22when
betais includedin the tting (c.f., an optimal rangeof 0.2-0.5;
Foreman-Mackg et al. 2013, andthroughthe visual inspectionof

traceplotsfor Mgusy Taustand .

5 RESULTS

5.1 Dustemissionat z 7

As outlined in Section3, we detectBand 8 continuumemission
(rest-frame90 um) in two targets(REBELS-25and REBELS-38),
while the continuumis not detectedin REBELS-12.In addition,
all three targetswere previously detectedin Band 6 continuum
(rest-frame160 um; Inami et al. 2022. In what follows, we use
our MBB tting routineto modelthe dustcontinuumSEDsof our
targetsin orderto constraintheir dusttemperatureandmasseswWe
rst adoptanoptically thin MBB, beforeconsideringoptically thick
dust.

5.1.1 DustSED:optically thin scenario

Giventhathigh-redshiftgalaxiesgenerallyhavea sparselysampled
dustSED,it iscommorin theliteratureto assuméehedustis optically
thinacrosghewavelengttrangeof interesie.g.Harikaneetal. 202Q
Bakx et al. 2021, Sugahareet al. 2021). As such,we proceedby
tting anopticallythin MBB to ourthreeREBEL Stargetsasshown
in Fig. 3. The top and middle rows showthe ts for a xed =
1.5and = 2.0,respectivelywhile thebottomrow showsthe MBB
t usinga Gaussiarprior on . In whatfollows, we adopt = 2.0
asour ducial model,to ensureconsistencyvith the valueassumed
by Sommovigoet al. (20223, andthe seriesof REBELS papersin
general.

We robustly constrainthe dusttemperaturesf REBELS-25and
REBELS-38using the high-S/N detectionin Band 6 andthe new
Band 8 data. For REBELS-25,we nd Tgusi; = 34% 6K, while
for REBELS-38we determine Tyysz = 32g§ K. In addition, we
determinedustmasse®f Myt 108 M for bothtargetg(Table3).
We discussthesedust massesn the context of dust production
mechanismé Section6.3.

Giventhenon-detectiomtBand8 for REBELS-12andthemodest-
S/N detectionat Band 6, we cannotplace robust constraintson
its dusttemperatureas the tting allows for a long tail towards
high temperature¢e.g.for = 2.0we nd Tyus;; = 4 ﬁf{ K). We
emphasizéhatin casedike REBELS-12wherestrongobservational
constraintonthe IR SEDarelacking,theinferreddusttemperature
dependsstrongly on the assumedrior. For example,doublingthe
prior rangeon the dusttemperaturgo spanTg,s< 300 K would
resultin the uppererror on the dust temperatureof REBELS-12
increasingoy afactor of two aswell. While the Band8 upperlimit
for REBELS-12is relatively constrainingthe main uncertaintyin
our analysisis at presenthe S/N of the Band 6 data.For example,
if we wereto arti cially reducethe uncertaintyof its Band6 ux
densityto obtain an S/N = 10, we would determinea low dust
temperatureof Taus;; = 3055 K for REBELS-12.However, with
the currentobservationsa higher temperaturesolution cannotbe
ruled out, as can be seenfrom the posteriordistributionsof Tyyst z
in AppendixA. As detailedin Section4, in this work we chooseto
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Figure 3. Optically thin MBB ts to REBELS-12,REBELS-25andREBELS-38using = 1.5(upperrow), = 2.0(middlerow) anda Gaussiarprior on
(bottomrow). Thethick solid line showsthe medianSED obtainedfrom the Monte Carlo sampleswhile the shadedegionindicatesthe correspondind
con denceinterval. Thedashedine showsthe modelusingthe tting parametershatmaximizethelog-likelihood,andis omittedfrom the rst columngiven
thatREBELS-12is detectedht only a singledistinctfrequency(Sectiond). The mediandusttemperaturendits correspondingincertaintyareindicatedon the
panel,with the maximuma posteriorivaluein parenthesedndividual semi-transparerines representandomlydrawnMonte Carlo samplesBoth sources
with two continuumdetections REBELS-25and REBELS-38,appearto havecold dusttemperature®f Tqystz 308 35K givena ducial = 2.0.For
REBELS-12,which is not detectedn Band8 andonly atmodestS/Nin Band6 ( 3.6 at ops 1300um), we cannotplacestrongconstraintson Tgyst,z-

However, the non-detectionn Band8 mayimply a similarly modestdusttemperature.

Table 3. Dustparameterslerivedfrom MBB tting.

REBELS-12 REBELS-25 REBELS-38
Opticaldepth: Thin Thick Thin Thick Thin Thick
15 15 15 1.5 15 15
logzo(MausiM ) 6.945 054 6.875065 7.805036 7.545030 7.565037 7315035
Taust[K] 50530 623 4353 61573 415" 5753
logio(Lir/L ) 1134122 11315573 11845528 11.95:538 1148553 1159547
2.0 2.0 2.0 2.0 2.0 2.0
logzo(MausiM ) 7.1053% 6.975085 8.13503 7.780% 7.905933 7.585035
Taust[K] 425 5353 3458 4755 322 4355°
logso(Lir/L ) 1i2855 1121505 173035 1177035 1136807 114080%g
16503 16503 L550% 15§02 15§03 15503
logio(MausfM ) 6.945 003 6.895073 7.815047 7585041 7.5905; 7.345057
Taust[K] 4955 5% 4% 5% 40577 55513
logso(Lir/L ) 11335597 1127803 118833 11925033 1147453 11564g3¢

Opticallythick MBB tting assumea xed ick = 100um. Thedustemissivityis kept xed to either = 1.5,2.0(topandmiddle
rows),or is marginalizedacrosausinga Gaussiarprior (bottomrow; seetext).
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placeconserative priorsonthedusttemperaturéo avoid biasingthe
temperatureneasurements caseswherethe constrainingpower
of the datais weak.Hence,insteadof arti cially constrainingthe
temperatureneasurementwith narrowerpriors, obtaininghigh(er)
quality multiband observationss essentialto accuratelymeasure
Tdust-

By propagatingthe full posterior distributions of the various
MBB parametersdeterminedthrough MCMC, we computethe
IR luminositiesof our targetsby integratingthe sampledMBBs
betweerrest-frame8 S 1000um. We measurean IR luminosity of
logyo(Lir/L )= 11365323 for REBELS-38,while for REBELS-
25wedetermindog, o (Lir/L ) = 11735323 givenour ducial =
2.0.This valueis lower thanthe IR luminosity previouslypredicted
for REBELS-25by Sommovigoet al. (20223 [log;o(Lir/L )=
12.45L043), using an estimateof T{222= 55(13 K basedon its
[C ] emissionand underlying Band 6 continuumdetection(see
Appendix B for a more detailed comparisonto single-banddust
temperaturemodels). Using our new Band 8 dust temperature
measuremeniye thus nd that REBELS-25may not be a ULIRG
(c.f., Hygateetal. 2023. The continuum-detecteREBELSsample
thereforeappeargo consistsolelyof LIRGs,with 10" Lg/L <
10%2,

If we assumea lower = 1.5, the inferred dust temperatures
for the two sourcesdetectedin Band 8 continuum increaseto
Tasz  40S 45 K, with slightly larger uncertaintiesgiven that
we now probefurther redwardsof the dustpeak.Neverthelessthe
inferredIR luminositiesdo not signi cantly exceed< 0.2 dex)the
valuesdeterminedvith the ducial = 2.0duetotheanticorrelation
betweendusttemperatureand dust mass.Indeed,the dustmasses
inferredwhenadopting = 1.5arelower comparedo the ducial
modelby  0.35 dex?

Whenallowing for variationin  in theform of a Gaussiarprior,
we nd similartemperaturesf 40 K, thoughwith1 uncertainties
spanninarelativelywiderangeof Tqusz  30S 65 K. Thevalueof

itself is not constrainedandis correlatedanticorrelatedvith the
dustmass(temperaturepsexpectedAs a resultof this degenerayg
betweenTyst and , a value of 1.5 is preferredby the t.
Intuitively, this canbe understoodasfollows: giventhatwe t two
ALMA measurementwith threefree parametersthe datacanbe
(nearly) equallywell representedby a family of modelsconsisting
of eithera warm MBB with a shallow , or a colder MBB with
a steeper . However, given = 1.8 — the centreof the adopted
Gaussiarprior — thedusttemperaturef our sourcess foundto be
quite low (Tqust 40K), leavingonly a small parameteispaceof
evencolderMBBs, giventhatwe requireTyustz > Tcwms, z- InStead,
given our high upperboundon Tyust 2, a large numberof equally
good ts canbe obtainedwith hotterdustanda shallower . This
naturallyresultsin themediantted tendingto shallowervalues,
with Tqustincreasingasaconsequencés such while marginalizing
across resultsin morerobustparameteuncertaintieswe suggest
thereadertreatthe tted emissivityindiceswith somecaution.An
increasedsamplingof the continuumSED, in particularat longer
wavelengthsis requiredto constrainthe dustemissivityindexmore
precisely.

3Note, hawever, that while we hereadopta differentvaluefor in the t,

we do not alter the normalizationof the dustopacity o = (1900GHz).
In practice, g and arenotindependentasboth dependon the dustgrain
compositionaswell asthegrainsizedistribution(e.g.Bianchi2013.
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5.1.2 DustSED: optically thick scenario

Giventhatthedustopticaldepthscaledinearly with thedustsurface
density(Sectiord), dust-richgalaxiesmaybecomeoptically thick at
shortwavelengthdUsingasampleof 23SMGs,Simpsoretal. (2017

nd atypicalvaluefor i = 7555 umgiven = 1.8,thoughthey
cautionthis shouldbe takenasa lower limit giventhattheir results
are basedon observedjalaxy sizesat longerwavelengthsindeed,
someparticularly dusty sourcesare found to be optically thick to

thick 200 um (Blain, Barnard& Chapman2003 Conley et al.

2011 Caseyetal. 2019 Jin et al. 2022. However, making use of

Herschelobservation®f local galaxies,Lutz etal. (2016 nd that
themajorityof LIRGsareonaverag®pticallythin, while IR-brighter
sourcesnayindeedbeoptically thick at far-IR wavelengths.

In their analysisof the dust emissionin z 4 starburstGN-
20, Cortzenet al. (2020 nd the galaxyto be optically thick out
t0 ick = 170+ 23 um and determineits dusttemperaturdo be
Taust= 521 5 K. However, they showthat, had an optically thin
MBB beenassumedthe recorereddusttemperaturés substantially
lower (Tqust= 33+ 2 K). As such,they clearly demonstratehat
wrongfully adoptingoptically thin dust can signi cantly decrease
theinferreddusttemperatures.

For the REBELStargetsstudiedin this work, we cannott ek
directly given that the dust SED is sampledat only two distinct
wavelengths.However, we can determinea plausible value for

thick By assuminggalaxiescanbe characterizedy a sphericaldust
distributionof sizeR. In this casethe sourceis expectedo become
optically thick at awavelengthof

RZ % RSY Mas V2
42 um x ,
! 10°M

(6)

wherethenumericalvalueassumes = 2.0.Fromour optically thin
MBB tting, we infer a maximumdustmassof Mg,sr 108 M
for our brightesttarget, REBELS-25.To obtainanestimateof ick,
we adoptthis asa consenrative upperlimit on the true dustmass,
giventhat, if the sourceis in fact optically thick, its true dustmass
would be lower thaninferredby optically thin models.For the size
R, we adoptthe medianstackedcontinuumsizeof the dust-detected
REBELSsampleof R = 1.1+ 0.3 kpc(Fudamoteetal.2022). With
theseestimateswe expect wick 40 um to be a sensibleupper
limit onthewavelengthwherethedusttransitionsto optically thick.
Thesecalculationsindicatethatthe REBELS sampleis unlikely to
beoptically thick atthe shorteswvavelengthprobedwith ALMA of
rest 88 pm.

Newerthelesswe investigatethe effect of allowing for optically
thick dust by adoptinga xed ik = 100 um (following e.g.
Faisstet al. 2020 Da Cunhaet al. 2021). In the observedframe,
this corresponddo hick 760S 830 um for our three targets,
implying non-negligibleoptical deptheffectsin ALMA Band8. We
caveathat,since dusy thisnecessarilympliessigni cant dust
surfacedensitiesdue to large overall dust massesand/orcompact
dust-obscuredtar-formingregions(equation6). In thesescenarios,
nearly all of the UV emissionassociatedvith star formation will
be attenuatedby dust. However, since the REBELS targetswere
explicitly selectedo be UV-bright galaxiesreconcilingthis with a
high dustoptical depthrequiresspatialoffsetsbetweerthe dustand
UV emissionpr clumpydustsubstructurege.g.Behrensetal. 2018
Ferraraetal. 2022.

Theopticallythick MBB ts assuming ick = 100um areshown
in Fig.4. Theinferredtemperaturesxceedheonesdeterminedising
optically thin modelsby T 4t 10S 15 K, while dust masses

thick = 0 1kpc

OM dust
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Figure 4. SameasFig. 3, now assumingan optically thick MBB with a xed

Colddustatz=7 6875

thick = 100 um to investigatehow this affectsthe inferredtemperaturesThe

obsened-framewavelengthwherethe dusttransitionsfrom thin to thick is indicatedthroughthe dottedgrey line. While we expectour sourcego be optically

thin beyond
K.

arefoundto be lower thanin our ducial analysisby 0.25 dex
(Table 3). Neverthelessthe inferred IR luminosities,andtherefore
the correspondinglust-obscuredtarformationrates,areconsistent
with the onesderivedfrom optically thin MBB tting within the
uncertaintiesWe notethat,hadwe assumed ek = 40um basedn

the aforementione@stimatefor REBELS (equation6), theinferred
temperatureagreewith theopticallythinonesgowithin 2 K( 4

K) for =2.0( = 1.5).

5.1.3 Thedustmorphologyof REBELS-38

In the moderateresolutionBand 8 imaging of 0.61 arcsecx 0.48
arcsecREBELS-38is resolvedinto two componentsletectedat a
peaksigni canceof 4.3 and4.1 . While unresolvedn theoriginal
REBELSBand 6 observations|nami et al. (2022 notedan offset
betweerthepeakf its rest-frameJV anddustcontinuumemission
of 0.57+ 0.25arcseccorrespondingp aphysicaloffsetof 3.1+ 1.4
kpc. In thehigherresolutionBand8 data,we observehatthefainter
clump(B) is nearlyco-spatialith theUV emission(offsetof 0.9 £
0.4 kpc), while clumpA is offsetto theeastby 4.0+ 0.4 kpc.The
separatiorbetweernthe two clumpsthemselvegquals0.73+ 0.11
arcseq4.0 £ 0.6 kpc),andbotharespatiallyunresolvedndividually
(ry2 < 1.5 kpc). Giventhe small separatiorbetweerthe clumps,it
is likely thattheseareindividual component®f a singulargalaxy,
althoughwe notethe possibility that REBELS-38could be a late-
stagemerger.

40um (Section5.1.2), anoptically thick scenariowith  hick = 100pumwouldresultin higherinferreddusttemperatureby T gust

105 15

5.2 [O 1] emission

Given the known [C I1]-basedspectroscopicedshiftsof REBELS-
12 andREBELS-25,we searchfor anddetectthe[O 1i] line in the
Band8 datacubesThe extractedlD spectraof the [O 111] emission
areshownin thetoprow of Fig.5. We t thespectrawith a Gaussian
pro le, anddeterminahetotalline ux byintegratingtheareaunder
the Gaussiarcurve. Theline uxes, luminositiesand FWHMSs are
listedin Table4.

In the bottomrow of Fig. 5, we compareto the [C1I] emission
linesfor our sourcegSchouwset al., in preparation)adoptingv =
0kmsS? asthecentreof the[C 1] line, givenits higherS/Ncompared
to[O 1i]. In whatfollows, wediscusgheemissiorine propertiesand
morphologief bothsourcegargetedn [O 111] emissionin detail.

5.2.1 REBELS-12

Intriguingly, the [C1I] line in REBELS-12is very broad, with a
FWHM  640kms>?, while the [O 1] emissionis comparatively
narrow,FWHM  130kms>L. Moreover,the[C Il] emissiorappears
to consisbf two peakseparately v 500kms®?, indicatingthat
REBELS-12may be a merger,althoughit couldalsobe a signature
of discrotation(e.g.Kohandeletal. 2019. Thevelocity of the[O 111]
emissioncoincideswith thereddempeak,while no counterparto the
blueremissionis visible in the[O 111] spectrum.

We proceedby quantitatively investigatingthis line pro le. We
rst t the one-dimensionalC 1] spectrumof REBELS-12with
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Figure 5. TheextractedO ] (top)and[C 1] emissionbottom)for REBELS-12(left) andREBELS-25(right). Thegreybandshowsthenoiselevelperchannel
andtheredline representa Gaussiant to the spectrumTheredshadingcorrespondso the FWHM of the[O 1] line, acrosswhich we collapsethe channels
to createthe moment-Omap.Theblackverticalline correspondso the centreof the[C 11] line, de ned to beatv = 0. In bothsourcesthe[C 1] line is broader
thanthe [O 1] emissionalthoughthereis tentatve evidencethatthe [C 1] emissionin REBELS-12consistsof two componentspneof which is blueshifted

by 500kmsS1 comparedo theobservedO 1] emission(seetext). Adoptingthetotal line uxes for bothemissionlines,we nd [O1II]/[ClI]] 1S 15in

bothgalaxies.

Table 4. Emissionline propertiesof REBELS-12andREBELS-25.

ID Zion Som FWHMo iy Liom St . FWHMZ ) Licn Liom/L [cn
mJykms>1 kms>! 108 L mJykms>1 km sél 10g L

REBELS-12 7.3491% 0.0002 654143 130+ 21 146533 807+ 155 637+ 82 10.1+ 4.1 1532

REBELS-25 7.3052¢ 0.0004 896537 203+ 38 20.05¢ 1280+ 36 322+ 12 159+ 1.0  1.3% 0.3

a[Cu] uxes, FWHMs andluminositiesfrom Schouwsetal. (in preparation).

two Gaussiancomponentsas shownin the top panel of Fig. 6.
The blue and red componentseach containa ux of qbc'“,ﬁ =
44323 mIykmsSt and S, = 358514 mIykms>?, respectively.
The total ux acrossthe two Gaussiandgs consistentwith that
obtainedfrom the single-Gaussiar, asreportedn Table4.

We subsequentlyimage the channels correspondingto the
FWHMs of the blue and red Gaussianseparatelyand show the
contourson top of stackedJHK-imagingand[O 111] emission(Fig.
6; bottompanel). TheredderGaussiarcomponents co-spatialwith
boththe[O 1] andrest-frameJV emissionwhile thepeakof theblue
componenis offsettothesouthwesby 1 arcsecThismayindicate
that REBELS-12is a merger,consistingof a UV-bright component
emitting in [O ] and a faint galaxy with no discernibleUV or
dust continuumemission.This scenariois particularly appealing
given that a serendipitouslJV-dark galaxy was previously found

11.5 arcsecaway from REBELS-12by Fudamotoet al. (2021),
implying that REBELS-12may be part of alargercosmicstructure
atz 7.3.

AssumingREBELS-12s indeedamerginggalaxy,weinferaline
ratio for the red componenof [0 ]/ [C ] = 3.3¢33. For the blue
componentwe canonly placean upperlimit on the emissionline
ratio. We assumats [O 1] FWHM is equalto that of the observed
red componentand adopta peakline ux of 3x the RMS across
the FWHM (correspondingo the RMS in a 130kms>! channel).
We theninfer anupperlimit of S[bo'“lﬁ] 280mJykms>1, andalline
ratioof [O ]/ [C ] < 1.1for thebluecomponentln contrastjf we
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treatREBELS-12asasingularsystemwe determindO ]/ [Cu] =
1.5552 (Table4).

Finally, we highlight the peculiardustmorphologyof REBELS-
12. As detailedin Inamietal. (2022, its dustemissionat rest-frame
160 pm showstwo separateeomponentsthe brightestof which is
spatially offset from the (red componentof the) [C11] and [O111]
emission,aswell asfrom the UV emission(Fig. 2). It is possible
thatthis dustcomponentorrespondso a foregroundsourcethatis
not physically relatedto REBELS-12,althoughat presenthereis
no known counterparat shorterwavelengthsHowe\er, deeperand
higherresolutionALMA observation®f REBELS-12arerequired
to betterunderstandhenatureof its [C 1], [O 1], anddustemission.

5.2.2 REBELS-25

For REBELS-25, we nd that the [On] emissionis slightly
blueshifted comparedto the [Cu] emissionby v = S60+
15kms>L. Similar to what we observefor REBELS-12,the [O111]
line is narrowerthanthe [C 1] emission However, giventhe signal-
to-noiseratio and resolutionof the existing data, we do not nd
evidencefor signi cant spatialoffsetsbetweenthe dustcontinuum
andtheemissionlinesin REBELS-251ts [C 1] line is characterized
by a double-peakedomponentandthe correspondingelocity eld
hasbeenshownto resemblethat of a rotating disc (Hygateet al.
2023. High-resolutionALMA follow-up obsenationsof the [C 1]
line have con rmed this, and will be describedin a dedicated
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Figure 6. Upper: Double-Gaussiarn tothe[C ] line pro le of REBELS-
12. The channelshighlightedin blue andred areimagedseparatelyandare
shownas contours(startingat 2 in stepsof 1 ) in the lower panel.The
[O ] contoursare additionally overplottedin orange.The emissionpeaks
of the individual componentsare indicatedvia crossesThe red Gaussian
is co-spatialwith the rest-frameUV and [O 1] emission,while the blue
Gaussiamppearextendedpeing both spectrallyand spatially offset from
thered componentWhile higherresolutionimagingis neededo con rm its
nature currentobservationsuggesREBELS-12may be a mergerof a UV-
brightcomponent additionallyemittingin [C 11] and[O 111] — andaUV-dark
componentisible only in [C 11] emission.

publication (Rowland et al. in preparation).The larger linewidth
of the [C 1] line thereforelikely impliesit tracesan extendedgas
reservoirat larger circular velocitiesthanthe [O 1] emission.We
adopt the [Ci] line luminosity for REBELS-25 determinedby
Schouwset al. (in preparation)and determineits line ratio to be
[Om])/[Cn] = 1.3% 0.3.

While the[C 1] emissionin distantgalaxieshasbeenobservedo
generallybe more spatially extendedhanthe [O 111] emission(e.g.
Carnianietal. 2020 Akins etal. 2022 Section6.1), we notethatour
resultsremainunchangedf we re-extracthe[C 1] uxes following
the procedureadoptedfor the [O 1] line describedin Section3.
Thisis asexpectedgiventhatthe uxes areextractedn anaperture
with aradiusof 10 kpcatz = 7, which is muchlargerthanthe
typical[C 1] sizesof galaxieof ric; 2 kpc(Fujimotoetal. 2020
Fudamotoet al. 2022). In addition,we veri ed that our methodof
extractingthe spectraacrossonly the pixels with SNR> 2 in the
moment-Omap(Section3) doesnotappreciablyaffectthe measured
[Om] line uxes. If we insteadextractthe ux acrossall pixelsin
a circular aperturelarger than the synthesizecheam,we nd that
the measuredine uxes increaseby factor of 0.8505 and 1.5557
for REBELS-12andREBELS-25 respectivelyusingaperturesvith
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radii of 1.0 and 1.25 arcsec).This is consistentwith our ducial
measurement® within 1 , andhencesuggestsve areunlikely to
misssigni cant extendedO 111] emission.

6 DISCUSSION

We proceeday rst discussinghe physicalpropertiesof ourtargets
in termsof the[O mJ/[C 1] emissionine ratio,andsubsequentliink
theseto their dustcontinuumpropertiesn the sectionghatfollow.

6.1 [O I J/[C n] asaproxy for burstiness

Theratiobetweerthe[O 1] and[C 11] luminositiesprovidesaglobal
characterizationf thelSM. Thisline ratiois observedo havetypical
valuesof 1lin starburstatz 0 (D’az-Santogtal. 2017, while

generallybeing 2-10in high-redshiftgalaxies(z ~ 6; Harikane
etal. 2020. This may beindicativeof anincreasinglyionizedISM

at early cosmictimes, althoughalternativeinterpretationssuchas
low metallicitiesand/orlow C/O abundanceatios, havealsobeen
proposedsameando increasaherelative[O 111]/[C 11] emissiornof

high-redshiftgalaxies(e.g.Arataetal. 202Q Katz etal. 2022.

Combiningasampleof threenewly observedz 6 LymanBreak
Galaxieswith six6 z 9 galaxiesfrom the literature,Harikane
etal.(2020 nd thelineratiosto sparabroadrangeof[O 11]/[C1l] =
2 S 202 While Carnianietal. (2020 showthatsome[C 11] emission
maybemissediueto surfacebrightnesslimming,giventhetypically
larger extentof [C 1] comparedto [O 1], evenupon accounting
for this, theystill nd line ratiosgreaterthanunity ((Om]/[Cu] =
2 S 8) for thesameninez > 6 galaxiesanalysecby Harikaneet al.
(2020. Thisis in agreementvith recentmeasurementsom Witstok
etal. (2022 for ve additionalgalaxiesatz 7 detectedn both
[C n] and[O ] emissionfor whichtheysimilarly nd theline ratios
tospan[Om]/[Cn] 28S 8.In addition,Akins etal. (2022 nd a
ratioof [Om]/[Cn] 2for A1689-zDlatz = 7.13,whenadopting
an aperturelarge enoughto include the [C1I] emissionfrom the
extendechaloaroundthe source.

ThroughdetailedcLoupy (Ferlandetal. 1998 2017 modelling,
Harikaneetal. (2020 nd thatthelarge[O }/[C ] ratiosobserved
in high-redshift galaxiesare likely due to (i) a high ionization
parametetJ;on, and/or(ii) alow PDR coveringfraction,while other
effects, suchas metallicity, C/O abundanceand ISM density are
subdominantBoth of thesescenariosnvolve suppressinghe [C 1]
luminosity: at xed metallicity and density, the [C1i] luminosity
decreasedor a larger Ui, as C* becomesincreasinglyionized
(Harikaneet al. 202Q their g. 11). Similarly, asmostof the [C 1]
emissionis believedto emanatefrom PDRs (e.g. Cormier et al.
2019, a lower PDR covering fraction also decreaseshe overall
[C 1] luminosity.

Our sampleof threez 7 galaxies,on the other hand, shows
[C 1] line luminosities consistentwith the local relation between
[C ] luminosity and SFR (Schouwset al., in preparation)While
[Om] observationsexist only for REBELS-12and REBELS-25,
the inferred global line ratios ((Om]/[Cn] 1.3S 1.5; Fig. 7)
are indicative of less extremephysical conditionsin our targets
comparedto the known z 6 population. Instead, our targets
show line ratios consistentwith the upperrangeinferredfor local

4TheirliteraturesamplecomprisesMACS1149-JD1(Hashimotcetal. 2018,

A2744-YDA4(Laporteetal. 2017, MACS0416-Y 1(Tamuraetal. 2019 Bakx
etal. 2020, SXDF-NB1006-2(Inoueet al. 2016, The Big ThreeDragons
(Hashimotoetal. 2019, andBDF-3299(Carnianietal. 2017).
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Figure 7. The[O mJ/[C ] luminosityratio versustotal (IR + UV) starformationratefor REBELS-12 REBELS-25anda variety of galaxiesin theliterature.
GiventhatREBELS-12could be a mergerof an[O 1i]-bright and[O ]-dark galaxy (Section5.2.1), we showbothits [O m])/[C 1] ratio for thetwo individual
componentsandfor thesystemasawhole.We assigrthe UV-dark componena starformationratebasednits [C 11] emissionusingtherelationfrom Schaerer
etal. (2020, while for the total systemwe adoptthe SFRfrom its combinedUV andIR emission.Thecompilationof nine6 z 9 galaxiesfrom Harikane
etal. (2020 is shownasmaroonsquareswhile the ve z 7 galaxiesrom Witstok etal. (2022 areplottedasorangediamondsWe additionallyshowthez =
7.13galaxyA1689-zD1recentlyanalysediy Akins etal. (2022 andthez = 6.08quasarcompaniorfrom Walteretal. (2018. Thez 0 GOALS (U)LIRGs
from D’az-Santotal. (2017 areshownasgreydots,andthelocal relationsfor starburstanddwarf galaxiesfrom De Loozeetal. (2014 areindicatedthrough
the greenandblue bands respectiely. In addition,we shav thez = 7.7 galaxiesfrom the SERRAsimulationsuite (Pallottini et al. 2022 throughthe pink

crossesComparedo thez

(U)LIRGs (D"az-Santost al. 2017). However, we note that if we
insteadtreat REBELS-12 as a merging system,its [O ]-bright
componenshowsan[O i J/[C 1] ratio thatis similar to thatof the z

6 literaturesample while the upperlimit obtainedfor the[O I1i]-
faint componentuggestst hasa line ratio lower thanthe known
high-redshiftpopulation.

Theline ratiosdeterminedor REBELS-12andREBELS-25are
additionallyconsistentvith the sampleof 200 simulatedgalaxies
analysedoy Pallottini et al. (2022. Thesegalaxiesaredrawnfrom
the cosmologicalzoom-in simulationsSERRAat z = 7.7, which
are post-processedh order to obtain galaxy UV, FIR, and line
luminosities. While the SERRAsample mostly probes galaxies
with SFR 1510 M yr®! — lower than currently accessible
with observationsof unlensedgalaxiessuch as REBELS — the
agreemenbetweerthe simulationsand observationss nonetheless
encouraging.

In what follows, we investigate the origin of the different
[Om)/[Cu] ratiosseenin our REBELStargetsand the previously
observedz 6 population quantitatively in the context of the
ionization parameterwhich Harikane et al. (2020 show is the
dominantingredientgoverningthe [O m]/[C 1] emissionline ratio.
While in practicethereis a degenerag betweena lower/higher
ionization parametetand higher/lowerPDR covering fraction, we
herefocus on the former scenario As discussedn Harikaneet al.
(2020, a low PDR covering fraction would allow for the ef cient
transmissiomf ionizing photonsandcanthereforebeindependently
investigatedthroughLy spectroscopyKeck/MOSFIREobsena-
tionsof REBELS-12andREBELS-25however,donotrevealalLy
detectiorfor thesewoz  7.3targetyAlgeraetal., in preparation).
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6 populationREBELS-12andREBELS-25showlower [O 11]/[C 1] ratios.

As shownby Ferraraet al. (2019, the ionization parametelis
relatedto the starformationrateandmoleculargassurfacedensities
via Uion ser/ gas De ning the parameter s asthe offsetfrom
the local Schmidt—Kennicuttrelation via spr= s 3;‘5, Ferrara
etal. (2019 rewrite the ionization parametems Upn &% S07-
As aresult,large valuesof the [O 11]/[C 11] ratio may be relatedto
high valuesof the ‘burstiness’ ¢, correspondingo large upward
deviationsfrom thelocal Schmidt—Kennicuttelation.

We next adopt the modelsintroducedby Vallini et al. (2021
to relatethe observedemissionline ratiosto the burstinesf our
sources.Their framework, dubbedcLAam,® takesthe [O111], [C ]
and star formation rate surfacedensitiesas inputs and usesthese
to constrainthe burstinessmetallicity, and ISM densitythrougha
Monte Carlo-base@pproachlin orderto determingherequiredine
and IR surfacedensitieswe de ne  jine = Liine/ (2 r2,), Wherer
is the sourceradiusmeasuredn the imageplaneand'line’ refers
to either [C1] or [Om], and |r = Lir/(2 rZ). We determine
the galaxy sizesof the different componentghroughimageplane
tting with a 2D Gaussianand quote circularizedradii, de ned
asr = ab/2 wherea, b arethe FWHM of the major and minor
axes, respectiely. Given the moderateresolutionof our data,we
further assumea ducial 30 percentuncertaintyon all of the size
measuremenighenutilizing themin theVallini etal. (2021 models.

ForREBELS-12pothemissiorinesarespatiallyresolvedandwe
adoptricy) = 3.8+ 1.1 kpcandrioy; = 1.5+ 0.4 kpc. The Band
6 continuumemissionis additionallyresolved put showsa complex

Shttps:/ivallini.github.ioMCMC _galaxylineanalyser/
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morphology (Section5.2 and Fig. 2). In particular, at presentit
remainauncleairif bothdustcomponentsirephysicallyassociatetb
REBELS-12prwhethethebrighteronecorrespondto aforeground
objectWehereconseratively adoptthecombinedux densityof the
two dustcomponentsyhile adoptinga compactsizeof rig = royy
for REBELS-12 Thisensureshatwe effectively determineanupper
limit on its true burstinesswhich will strengthernour subsequent
claimsthat the REBELS sourcesare lessbursty thanthe known z

6 population(Section6.4). We additionally run the modelsfor
just the [O 11]-bright componenbf REBELS-12,correspondindo
thered[C 1] componenin Fig. 6, for which we measurea size of
fcn = 2.6+ 0.8 kpc.

ForREBELS-25weonly nd theBand6 continuuntoberesolved
(Inamietal. 2029. Basedona 2D Gaussiant, we determina g =
1.8+ 0.5 kpc, and we adoptan identical size for the unresolved
[Om] emission.The[C 1] emissionis similarly not resolved,such
thatthebeamsizetranslateso arobustupperimit onits [C 1] sizeof
rciy < 3.7 kpc. Giventhegenerabbservatioramonghigh-redshift
galaxiesthat [C 11] is more extendedhanthe dustcontinuum(e.g.
Carnianiet al. 2020, we thereforeadopta ducial sizeof ricy =
3.0+ 0.9 kpc for REBELS-25,in agreementvith the ndings by
Fudamotcet al. (2022 thatthe [C 1] sizesof the REBELSsources
are 2x largerthantheir dustcontinuumsizes.

Basedontheinferredline luminositiesandgalaxysizes we deter-
minethecorrespondingurfacedensitiesvhich we provideasinputs
to GLAM. TreatingREBELS-12asasingularsystenby usingits total
[C 1] luminosity,wemeasuraburstinesparameteof = 13.5:%3,
while nding aslightly larger <= 19.0%3;2 whenadoptingonly the
[C 1] emissiorthatis co-spectralith the[O 1] line. For REBELS-
25, we infer a burstinesparameteof = 17.85¢%". Thesevalues
areon the low end of the burstinessof ¢ = 10-100(averageof

s 40)inferredamongthe sampleof nine high-redshiftgalaxies
analysedby Vallini et al. (2021), while being slightly largerthan,
but overall consistentwith, the medianburstinessof the simulated
SERRAgalaxiesatz = 7.70f = 6.5:3+° (Pallottinietal. 2022).

We relatetheinferredburstinesgo the global physicalproperties
of our REBELStargetsin Section6.2, andwe utilize themin the
contextof single-banddusttemperaturanodellingin AppendixB.
Therewe showthatthetemperaturepredictedrom the Sommovigo
etal. (20223 single-banddustmodelsarein agreemenwith those
obtainedfrom MBB- tting, when adoptingappropriatepriors on
the burstinessin addition,in AppendixB we showthat the tted
temperaturesgreewith thosepredictedby the single-bandnodels
from Inoueetal. (2020 andFudamotojnoue& Sugaharg2023.

6.2 Dusttemperaturesat high redshift

Sincethe adventof ALMA, considerablesffort hasbeendedicated
to constrainingthe dusttemperature®f individual galaxiesin the
epochof reionizationjn orderto getanaccurateensuf theirdust-
obscuredtarformationrates,andto constrairmodelsof dustbuild-
up in the early Universe.While it remainsunclearif, andto what
extent,averagedusttemperaturesvolvewith redshift,whatis clear
from observationsf individualsourcesatz 6 is thatthescatteiin
Taustis large.Thisis illustratedby thelow temperaturef Tyt 30
K found for COS-301855598At z 7 by Witstok et al. (2022,
andthe existenceof two sourcesatz 8 with dusttemperaturem
excesof 80K (Laporteetal. 2017 Behrensetal. 2018 Bakxetal.
2020. However, the setof high-redshiftgalaxieswith multiband
ALMA photometryis very inhomogeneousand any comparisons
acrosgheliteraturesamplearefurthercomplicatedy theadoptiorof
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different tting techniquesindpriors® In orderto fairly comparehe
REBELStargetsanalysedn this work to theliterature we therefore
compilethe observedccontinuum ux densitiedfor allz 5 normal
star-forminggalaxiestargetedat a minimum of two distinct ALMA
bandswith atleastoneof thosebeingacontinuumdetectiorat> 3 .
For galaxiesnot detectedn a given band,an upperlimit of 3x the
RMS is adoptedinstead.This resultsin a sampleof 13 galaxies
(listedin Table C1 in AppendixC), eight of which are detectedn
continuumemissionin two or morebands(at >3 ). This literature
sampleincludesfour galaxiesatz 5.5 from Faisstet al. (2020,
two galaxiesatz 6 from Harikaneetal. (2020 seealsoOnoetal.
2022, threesourcesatz 7 from Witstok et al. (2022, the Big
ThreeDragonsatz = 7.15(Hashimotoet al. 2019 Sugaharat al.
2021), A1689-zDlatz = 7.13(Bakxetal. 2021 Akins etal. 2022,
A2744-YD4atz = 7.88(Laporteetal. 2017 2019 Morishitaetal.
2023, andMACS0416-Ylatz = 8.31(Bakxetal. 2020.” We note
thatthelastthreesourcesregravitationallylensedyalaxiesin what
follows, we adoptour ducial modelof optically thin dustwith =
2.0fortheREBELSandz 5 literaturesamplesHowever, we note
that our resultsare qualitatively consistentwhen a different xed
valueof isadopted.

We show the dust temperature®f the REBELS and literature
sourcesasa function of redshiftin Fig. 8. We additionallyoverplot
sourcestlow andintermediateedshiftsanalysedy Schreibeetal.
(2018, adoptingthedusttemperaturesdirectly from theirwork (see
alsoSommovigoetal. 20223.

TheREBELSsourcesnalysedn thiswork areonaverageharac-
terizedby colderdust(Tguse 308 35 K) thanthez 7 literature
sourcesusedfor comparisonBy concatenatinghe posterior Tqyst
probability densityfunctionsof our REBELStargets(c.f., Fig. Al),
we determinea median dust temperatureof Taus, = 3453* K
acrossthe three sources.The unconstrainediust temperaturefor
REBELS-12resultsin a relatively largetail towardshigher Tgyg in
thestackedposteriodistribution.However,thecombinatiorof alow
global[O m}/[C ] ratio anda Band8 non-detectiormayimply that
REBELS-12 too, hostsrelatively cold dust(seealsoSection6.4).

Forthez 5.5 literature sample,we determinea mediandust
temperatureof Tas; = 4555 K by concatenatinghe posteriors
obtainedfrom tting our ducial MBB model. Thelong tail of this
distributiontowardshigh temperaturess the resultof the stringent
continuumnon-detectiorat 158 um for bothlensedgalaxiesat z
8,MACS0416-Y1andA2744-YD4.Uponleavingoutthesesources,
we determinea mediandusttemperaturef Taus, = 41535 K, still
slightly higherthanthemediantemperatureleterminedor thethree
REBELS sourcespresentedn this work. This could be dueto the
low-S/N detectionsfor part of the comparisonsample,or due to
an intrinsically higher dusttemperatureln the latter case,Band 8
observationglo not probethe peakof the dustemission,suchthat
thetemperatureannotaccuratelybe constraineavenin the caseof
a high-S/Ndetection.This, too, manifestsasa long tail of plausible
high-temperaturesolutionsin the Tyys; posterior distribution (see
alsoBakx et al. 2020, at leastaslong asone adoptsa suf ciently
conserative prior onthedusttemperaturéo allow for suchhotdust.

SFor example, differentstudiesadoptdifferentvaluesof , differentpriors
on Tqusy and different de nitions of ‘best t' (e.g. maximuma posteriori
likelihood versusmedianof the posteriors).

A redshiftof z = 8.38waspreviouslyadoptedfor A2744-YD4by Laporte
etal. (2017, but recentJWSTNIRSpecobservationdrom Morishita et al.
(2023 indicatethe sourceis likely to beatz = 7.88instead.
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Figure 8. Dusttemperatur@sa function of redshiftfor the threeREBELStargetsanalysedn this work (largecircles).In addition,we consistentlyanalyse

all sourcesatz > 5 with multifrequencyALMA continuumobservationsat leastone of which constitutesa detection,using

= 2.0.Atz 4,weshowthe

individual galaxiesfrom Schreiberetal. (2018. We additionallyincludetheirlinear t asthesolid blackline. Moreover, we overplotthe Ty,srz relationsfrom

Liang etal. (2019, Sommovigoet al. (20223, Viero etal. (2022, anddustyGadget
100K atz

shadinghighlightsthelargespreadn theserelations which extendup to Tyyst
coldestknown sourcest this redshift.

We proceedby comparingto variousredshift-dependeraram-
eterizationsof the dusttemperaturepbtainedfrom stackingeither
observedSchreibeetal. 2018 Vieroetal. 2022 or simulatedLiang
etal. 2019 Schneideetal. in preparationgalaxysamplesandthe
physicalmodelfrom Sommovigoetal. (20223.

Through stacking UV-selected galaxies in Herschel maps,
Schreiberet al. (2018 obtain a linear trend betweenTgy,st and
redshift ranging from 20K locally to 40K at z 4 (seealso
Bétherminetal. 2015. However, severalrecentstudieshaveshown
widely contrastingresultsin termsof dusttemperaturesvolution.
ForinstanceDrew & Casey(2022 nd noevidencefor anincrease
in Tqustoutto z 2, while, in contrast,Viero etal. (2022 prefera
rapidly rising dusttemperaturghatreachesatypical Tqust 100 K
atz 8.Thehightemperaturemeasuredby thelatterareconsistent
with thetwoz 8 lensedgalaxiesobservedy Laporteetal. (2017
and Bakx et al. (2020, but appearinconsistentwith the majority
of the known z 6 population,including our REBELS targets.
As Viero et al. (2022 admit, the high-redshiftsamplethey usefor
stackings likely to showsigni cant contaminatiorirom low-redshift
interloperstherebypotentiallybiasingthetemperatureipwardqsee
alsothediscussiorin Sommovigoetal. 2022h.

Instead,better agreemenis found with the trendsfrom Liang
et al. (2019, Sommovigoet al. (20223, andthe dustyGadget
simulations(Grazianiet al. 202Q Di Cesareet al. 2023 Schneider
et al. in preparation)which all predict a slightly increasingdust
temperaturéowardshigherredshift.Liang etal. (2019 focusonthe
dusttemperaturesf 30 galaxiesdenti ed in the MassiveFIRE
cosmologicalzoom-in simulations (Feldmannet al. 2016, with
stellarmassespanningl® M /M 10'* atz = 6. They use
radiativetransfercode SKIRT (Baeset al. 2011 to generatedust
SEDsandself-consistentlgalculategalaxydusttemperaturedVhile
theydonot nd evidencdor astrongcorrelatiorbetweerstellarmass
and(peak)dusttemperaturel.iangetal. (2019 nd temperaturesf
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(Schneideetal. in preparationpsindicatedin the legend.The grey
7.In contrastREBELS-25andREBELS-38arebothamongthe

Taws{z= 6) 35S 40KforM  10°°M galaxiesjn agreement
with the valuesderivedfor our similarly massiveREBEL Stargets
In addition,by consideringhedusttemperaturesf theirfull sample
betweer2 z 6, Liangetal. (2019 t atrendbetweenTy,and
redshiftto all galaxiesin their samplewith L ;g > 10'* L , which
predictsTaus(z = 7) 40 K, consistentvith our measurements.

In addition, our resultsare in reasonableagreementwith the
modelsfrom Sommovigoet al. (20223. They arguethat the dust
temperaturesf massve, relatively metal-richgalaxiesdependpre-
dominantlyon their depletiontime-scaleswherebysourceswith a
shortertgep areexpectedo be hotter.Using the redshift-dependent
parameterizatioof thedepletiontime-scaldrom Tacconi,Genzel&
Sternberg(2020, their modelspredict a typicalTgus{z = 7) 45
K.® While slightly hotter (by 10 K) than the temperatures
determinedfor our Band 8 detectedREBELS targets,their model
canphysically explainthe scattertowardslower dusttemperatures
by supposingcoldergalaxieshavelongerdepletiontime-scalegsee
alsoSection6.4).

Finally, we compareourresultsto thedusttemperaturesomputed
at6.7 z 8.1fromthedustyGadget simulations(Schneider
etal. in preparation)pbtainedirom post-processinghe simulations
with SKIRT. Galaxy-averagedusttemperatureare computedoy
modellingthe absorptiorandre-emissiorof individual dustpatches
within the galaxy, assumingeachemitsasa MBB. In Fig. 8, we

SWe notethatLiang etal. (2019 t atrendto the peakdusttemperature,
pofsat‘k Selak where peak is the wavelengthwhere the dust SED peaks.
However, for our ducial modelof opticallythin dustwith = 2.0,theMBB
temperatur@andpeaktemperatur@reequalto oneanother.

SWhen insteadassumingthe depletiontime-scaletracesthe cosmic halo
accretionrate as predictedby numerical simulations, Sommovigoet al.

(20223 estimatea highertemperaturef Tgus{z = 7) 55K.
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showthetypical peakdusttemperatur@btainedrom averaginghe
temperaturescrossthe simulatedgalaxy sampleat three distinct
redshifts. The temperatureobtainedfrom dustyGadget show
a slight redshift dependenceand predict a typical temperatureof
Tast 40S 45 K atz 7, in goodagreementvith the measure-
mentsfor REBELS-25andREBELS-38.

In summarythe dusttemperaturesve measurdor our REBELS
sampleareamonghelowestobservedhusfaratz 7. However,the
temperaturearein agreementvith thosepredictedrom simulations
(Liang etal. 2019 Schneideetal. in preparation)andthe physical
model from Sommovigoet al. (20229. This may indicate that
galaxieswith Tqust 50 K areoutliersatz 6, andthattypicaldust
temperaturesxhibitonly amoderaténcreasaowardshigh redshift.

6.3 The dust properties of UV-bright galaxiesat z= 7

We proceedby discussinghe dustpropertiesof thethreeREBELS
targetsanalysedn thiswork. As before we adopttheanalysisusing
an optically thin MBB with a xed = 2.0asour ducial model.
We convert the measurediR luminosities to dust-obscuredstar
formation rates via SFRr/(M yrS1) = 1.2x 10510 x (Lig/L )
(Bouwenset al. 2022). For REBELS-25and REBELS-38,which
are continuum-detectedt both rest-frame90 um and 160 um, we
determineobscuredSFRsof 6453 M yrSt and 2853° M yro?,
respectiely. Thesevaluesindicate that the bulk of the star for-
mationin thesegalaxiesis obscuredwith f ops = SFRr/ (SFRR +
SFRyv) = 0.82453;and0.625314 for REBELS-25andREBELS-38,
respectivelyDespiteour nding thatthesesourceshavea lower IR
luminositythanpreviouslyexpectedasednaBand6 detectiorand
theSommovigeetal. (20223 modelstheirobscuredractionremains
largerthanthat of the averageREBELS samplebasedon Band 6
observationslone( fons  0.45;Algeraetal. 2023, reinforcingthe
highly obscurecdhatureof thesduminousUV-selectedsources.

The inferred dust massesfor REBELS-25 and REBELS-38
are similarly signi cant. REBELS-25,in particular, has an in-
ferred dust massof log;o (Mausf M ) = 8.135337 given = 2.0.
Making use of the stellar massesdeterminedby Topping et al.
(2022, we nd its dust-to-stellarmassratio to be My,s/M =
8.1532° x 10°3. For REBELS-38,we infer a slightly lower dust
massof 10gyo (Maus{ M ) = 7.9050 3, andsimilarly aslightly lower
MausfM = 4.0552 x 1052,

We showthesedust-to-stellamassratiosin the contextof models
of dustproductionanddestructiorin Fig. 9. In addition,we overplot
ve sourcegthreefrom Witstoketal. 2022 A1689-zD1 andtheBig
ThreeDragons)or which stellarmasaneasurementsreavailablein
theliterature,andwhich providedrobusttemperatureneasurements
in Section6.2 We notethatthe literaturestellar massesare based
on parametricSED tting, and may thereforebe underestimated.
For REBELS,for example non-parametrienassmeasurementare
largerthanthoseobtainedfor anassumedonstanSFHby atypical

0.4 dex(Toppingetal. 2022).

Utilizing thedustmassegstimatedrom thesingle-bandREBELS
observationsat rest-framel58 um, Dayal et al. (2022 investigate
thedustbuild-upof theREBELSsamplethroughtheDelphi  semi-
analytical model. Their ducial model, which predictsa typical
MausfM  10°3, canreadily explainthe dustcontentsfor 11/130f
the dust-and|[C 1]-detectedREBELS galaxies,which they predict
is predominantlydue to dust producedin superneae. For the
remainingtwo sources- thelow-massREBELS-19and REBELS-
39— theyrequireminimal dustdestruction/ejectiorandrapid grain
growth in the ISM [the ‘maximal dust’ model in Dayal et al.
(2022, which predictsMg,sfM ~ 6-7 x 10°3]. For REBELS-
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25 and REBELS-38,we now infer 0.4S 0.5 dex larger dust
massescomparedto the earlier estimatesbasedon the [C 1] and
underlyingcontinuumemissionin thesesourcesfrom Sommovigo
et al. (20223.1° REBELS-38now falls betweenthe ducial and
maximal dust models, while REBELS-25 requiresdust build-up
nearlyasrapidasin the maximaldustmodel.

We next comparethe measureddust massedor REBELS with
those found acrossa large sampleof z = 6.7 galaxiesin the
dustyGadget simulationsby Di Cesareet al. (2023. Their hy-
drodynamicasimulationdgncludeatwo-phaséSM, whichfacilitates
themodellingof variousdustproductionanddestructiormechanisms
basenthelocalphysicalconditionsin thegalaxy.In particulardust
is producedhrougha combinationof supernovaeasymptoticgiant
branchstarsandgraingrowthin thelSM, while it maybe destroyed
in a variety of processesuchas shocks,astration,and sputtering
(Grazianiet al. 202Q Di Cesareet al. 2023. The dustyGadget
simulationsarecapableof producinglargedustreservoirsn massive
(M 10'°M ) galaxiesalreadyatz 7, reachingup to Mqus/M

10°2. As such,their modelsarein excellentagreementvith the
inferreddustpropertiesof our REBELStargets.

Overall,weconcludehatREBELS-25andREBELS-3&havemas-
sivedustreservoirdfMy,sy 10PM |, correspondingp asigni cant
fraction of their stellarmass( 0.4 S 0.8 percen). Nevertheless,
theinferreddustmassesreconsistentvith thosepredictedoy state-
of-the art modelsof dust productionin the early Universe,and
demonstratehat dust build-up can proceedin a rapid mannerat
highredshift.In thefuture,largersampleof massivedustygalaxies
will allow for a detailedinvestigationof therelativecontributionsof
thevariousavenue®f dustproductionin the earliestgalaxies.

6.4 An ewlved star-forming population at redshift 7

In the previoussectionswe haveoutlinedhow our REBEL Stargets
are characterizeddy (i) low [OmJ/[C ] ratios, and (ii) low dust
temperaturesomparedo theknownz 6 population.In addition,
ourtargetshaverelativelyhighdustmassegMq,sy 108 M ) aswell
ashigh stellarmasse§M  10'° M ). All of thesecharacteristics
indicatethatthe threeREBELSsourcesanalysedn this work have
previouslyexperiencedne (or multiple) burst(s)of starformation,
while currently residingin a lessbursty state.Indeed,while their
inferredburstinesparameter§ s 15-20;Section6.1) placethese
galaxies 1 dexabovethelocal Schmidt—Kennicuttelation,they
appeatessburstythanthe previouslyobservedz 6 population.
As anindependentracerof burstinesswe considetthecombined
equivalentwidth (EW) of the[OIll] 4959 5007 doubletandH
line [denotedEW([O1II]+ H )], which are redshiftedinto the
SpitzefIRAC channelsfor galaxiesatz 6.5 and are capableof
signi cantly contributingto theobservedroadbanduxes (e.g.Smit
etal. 2014 2015 Roberts-Borsargtal. 2016 Schouwsetal. 2023.
Giventhatthesearenebularemissionines,theytracetherecentfor-
mationof massivestarsandhencdormaproxyfor galaxyburstiness.
By tting non-parametriSFHsto availablerest-UV/opticalob-
servationsof the REBELS sample, Topping et al. (2022 nd a
meanEW of EW([OIII]+ H )= 73535 Aatz 7,in agreement
with previous results from Endsley et al. (2021). REBELS-25
and REBELS-38,however, hawe an inferredEW([OIlII]+ H )=
127357 Aand143 517 A, signi cantly belowtheREBEL Saverage,

1%For consistenyg, we adoptthe dustmassegredictedby Sommovigoet al.
(20223 adaptedo the stellarmassesrom Toppingetal. (2022 usedin this
work; theseareprovidedin Sommovigoetal. (20225.
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Figure 9. A comparisorof theinferreddustmassegor our REBEL Stargets.expresse@stheratio of dust-to-stellamasswith observationsndsimulations

of high-redshiftgalaxies We showa compilationof z

7 sourceswith robusttemperatureneasurementsiswell asthe modelsfrom Dayaletal. (2022 andDi

Cesareetal. (2023. Forthelatter,we represenbinsof simulatedyalaxieswith hexagonswith darkerbinsincludingalargernumberof sourcesThedustmasses

inferredfor REBELSagreewith themassiveendof thesimulatedsamplefrom dustyGadget

atz= 6.7,whichpredictlog;o(MausfM ) S 2.In addition,our

ndings agreewith themodelsfrom Dayaletal. (2022, thoughREBELS-25wvouldrequirerapiddustbuild-upandlittle destructiorasin their‘maximal’ model.
Overall,we concludehatwhile high,thedustmassesbservedn ourmassivee 7 samplecanbereproducedy currentstate-of-the-annodelsandsimulations.

while REBELS-12 ontheotherhand,is characterizethy anEW of
EW([O NI+ H )= 22179 A, amongthelargestin REBELS.

The low expectedburstinessof REBELS-25and REBELS-38
is thereforesupportedby their relatively small[O1lI]+ H EWSs,
while the EW of REBELS-12implies signi cant burstystarforma-
tion, in apparentontrastwith its observedO ]/[C 11] line ratio. It
is possiblethatthe complexkinematicsnferredfrom its broad[C 11]
line lie atthe basisof this discrepancyn REBELS-12 As discussed
in Section5.2.], this sourcemay be an ongoing merger,whereby
the[O 11188 um emitting systemdominategshe EW([OIII]+ H ).
The measuredine ratio of this component[Om]/[C11] = 3.3533,
would bring the systeminto closeragreementvith the line ratios
of [Om]/[Cu] 28 8inferredfor the ve z 7 galaxiesfrom
Witstoketal. (2022, whicharealsocharacterizely arelativelyhigh
EW([OI]+ H ) 600S 1400A. Wefurthernotethat,while the
non-detectiorof REBELS-12at rest-framed0 um likely impliesa
low dusttemperaturewe cannotcurrently rule out warmer dust,
whichin turn might beindicativeof alargerburstiness.

In whatfollows, wethereforfocusonREBELS-25andREBELS-
38.Wecaninterprettheirlackof burstystarformationasbothsources
havingalong depletiontime-scalg(tyepi = Mgad SFR),for whichwe
canprovidea roughestimateby convertingtheir [C 1] luminosities
into a moleculargasmassfollowing Zanellaet al. (2018, resulting
in l10g10(MgadM ) = 10.7+ 0.3for bothtargets\We note,however,
thattheconversiorfrom [C 1] luminosityto moleculargasmassess
inherentlyguiteuncertainandmaydependnthephysicalproperties
andconditionsof thegalaxy(e.g.Israel202Q Vizganetal. 2022. As
suchwereferto Aravenaetal. (2023 for amoredetaileddiscussion
of [C ]-basedmoleculargasmasses.

Utilizing the total (UV + IR) SFRs,we determinea depletion
time-scaleof tyep = 6205259 Myr and tgep = 109G 235° Myr for
REBELS-25andREBELS-38 respectivelyWhile the uncertainties
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arelarge,thesedepletiontime-scalesappeahigherthanthe typical
depletion time found for the ALPINE sample at z 5.5 by
Dessauges-Zavadskst al. (2020 of tgepi= 230S 460 Myr. In
addition theestimatedlepletiortimesexceedanextrapolatiorof the
redshift-dependeritendfrom Tacconiet al. (2018, which predicts
tsepr 300 Myr atz = 7. As such,REBELS-25and REBELS-38
mayindeedshowlongerdepletiontime-scaleshanexpectedor the
typical galaxypopulationat this epoch.

In otherwords, comparedto the knownz 6 population,our
targetsmay havehighergasmassegiventheir SFRs,andtherefore
alsolargerdustmassesassuminga simple (metallicity-dependent)
scalingbetweendustand gasmassknown as the dust-to-gagatio
(e.g. Rémy-Ruyeret al. 2014). This is indeedcorroboratedby our
observationayhichindicatelargedustmassesfMg,sy 10°M  for
REBELS-25andREBELS-38 Suchelevateddustmassesouldthen
provideanaturalexplanatiorfor thelow observedemperaturegsa
largerdustcontentimpliesthereis, on averagelessenergyavailable
perunit dustmassto heatthe dustto highertemperatures.

We caveat,however, that the spatial distribution of dustwithin
the galaxy is expectedto additionally affect the measureddust
temperatured-or example,if dustis preferentiallylocateddirectly
aroundsites of star formation, a higher dust temperaturewould
be inferred observationallygiven that a hot dust componentcan
dominatethe IR luminosity of a galaxy evenif it contributes
little to the overall dustmass(e.g. Liang et al. 2019. A low dust
temperatureon the otherhand,could thereforealsobe the resultof
spatialsegregationbetweenthe sitesof starformationandthe dust.
We emphasizehathigh-resolutiordustcontinuumobservationgire
requiredto testthis scenarian detail. However, giventheconstraints
on the burstinessof our sourcesfrom the [O m]/[C 1] ratio, long
depletion time-scalesand low EW([O1lI]+ H ), our preferred
interpretationis a scenariovherethe low dusttemperaturesrethe
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resultof a lack of bursty starformationresultingin the inef cient
heatingof amassivedustreservoir.

7 SUMMARY

We presentnew ALMA Band 8 ( rest 90 um) observationsof

threemassiveUV-selectedgalaxies(M ~ 10°%5104 M Yatz 7,

REBELS-12,REBELS-25,and REBELS-38,in orderto constrain
their far-IR SEDs. All three targetswere previously detectedin

[C 111158 um emissiorandunderlyingBand6 continuum[Schouws
et al. (in preparation)and Inami et al. (2022, respectively].The

newBand8 observationgdditionallytargetthe[O 111188 um line in

REBELS-12andREBELS-25allowinginsightinto theirgloballSM

propertieghroughthe [O m)/[C 1] line ratio. Our main conclusions
areasfollows:

(i) We detectBand8 continuumemissionin REBELS-25(4.4 )
andREBELS-38(5.3 ), anddetermineanupperlimit for REBELS-
12 (<3 ). REBELS-38is marginally spatially resolvedin the
continuum map and shows a two-componentdust morphology
which was not previously visible in the lower resolutionBand 6
observationdJsingthe(taperedjual-bandALMA datawemeasure
dusttemperature$or our samplethroughMBB tting. Adoptinga
ducial modelof anoptically thin MBB with = 2.0, we measure
relatively cold dusttemperaturefor REBELS-25and REBELS-38
of Taust 308 35 K, while the dusttemperatureof REBELS-12
cannotbeaccuratelyconstrained.

(i) We comparethe dusttemperaturesf our targetsto literature
sourcesatz 5 by tting themin a consistentmanner,and nd
that the REBELS galaxiesare amongthe coldestknown sources
at this epoch.Neverthelessthe measuredemperaturesirein good
agreementwith those predictedby simulations(e.g. Liang et al.
2019 Schneideret al., in preparation)and with the modelsfrom
Sommovigoet al. (20223, while being signi cantly lower than
(extrapolation®of) stackedsamplesatz 7 (Schreiberetal. 2018
Viero etal. 2022).

(i) Giventhat REBELS-25and REBELS-38havelow inferred
dusttemperaturesjet arerobustlydetectedn bothALMA Bands6
and8, theyrequirelargedustmassesf Mg,y 10°M . Theirdust-
to-stellarmassratiosare  0.4S 0.8 percent which necessitate
rapid dustbuild-up. However, the dustcontentsof REBELS-25and
REBELS-38areconsistenwith thosepredictedor massivegalaxies
by simulationgDayaletal. 2022 Di Cesareetal. 2023.

(iv) We detect[O 111188 pm emissionin both REBELS-12and
REBELS-25,and nd [Om]/[Cu] 18 1.5, lower by a factor of
2-8x comparedo the previouslyobservegopulationof6 z 9
galaxiesHowever,we notethatthe[C 11] line pro le of REBELS-12
issigni cantly broadethanits[O 111] emissionsuggesting maybea
mergerofan[O I ]-brightand[O ]-darkcomponentvith individual
line ratiosof [Om]/[Cn] = 3.3§33 and[Om]/[Cn] < 1.1. Higher
resolutionALMA dataare requiredto investigatethis scenarioin
furtherdetail.

(v) Through the models of Vallini et al. (2021), we link the
[Om)/[Cu] ratios to the physical propertiesof our targets.In
particularthelow line ratiosindicatethatour targetsarelikely to be
lessburstythantheknownz 6 galaxypopulationlnsteadthethree
REBELSsourcesarelikely characterizedby weakerionizing radia-
tion elds duetotheirlowerstarformationratesurfacedensitiesThis
interpretationis consistentwith the low EW([O1lI]+ H ) 140
Ainferredfrom broadbandpitzefIRAC uxes for REBELS-25and
REBELS-38(Toppingetal. 2022.

Colddustatz=7 6883

TheREBELSsourcesnalysedn thiswork arethuscharacterized
by low dusttemperatureshigh dust and stellar massesand low
[Om]/[C ] ratios. Taken together,this implies that they may be
relatively evolved starforming galaxiesalreadyatz 7. The low
emissionline ratios likely indicate that our targetsare currently
steadilyforming stars,asopposedo in a burstymannertranslating
into longer depletiontime-scalesand a low heatingef ciency per
unit dustmassyesultingin lower overall dusttemperatures.

Further dual/multibandALMA observationstargetinga larger
numberof z 7 galaxiesare requiredto elucidatewhetherthis
relatively evolvedevolutionarystatemayindeedoecommonin high-
redshiftsourcespr whetherthe galaxiesanalysedn this work con-
stitutealesscommonyethighly interestingpopulationatthis epoch.
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APPENDIX A: DUST TEMPERATURE
POSTERIORS

We showtheposteriodistributionsof theinferreddusttemperatures
for REBELS-12REBELS-25andREBELS-38n Fig. A1, assuming
opticallythin (toprow) andthick dust(bottomrow; icx = 100um).
For REBELS-12,a long tail towardshighertemperaturesemains,
owing to its non-detectiorat rest-frame 90 um and the modest
S/N of its Band 6 ux density measurementThe posteriorsfor

Colddustatz=7 6885
REBELS-25and REBELS-38,0n the other hand, are narrow and
single-peaked.

APPENDIX B: COMPARISON TO SINGLE-BAND
DUST TEMPERATURE MODELLING

In recentyears,there has beensigni cant interestin estimating
dusttemperaturesf high-redshiftgalaxieswithout havingto resort
to expensie multibandALMA photometry.We herecompareour
Band 8 dusttemperaturedeterminationgo two modelsproviding
suchestimatesdescribedn detailin Sommovigoet al. (2021 and
Fudamotojnoue& Sugaharg2023.

Comparisorto Sommovigetal. (20229

Sommovigeetal. (2021) introduceamodeltoinfer dusttemperatures
andmasseshroughthecombinedietectiorof the[C 11] emissiorine
andunderlying158 um continuum.In short,their modelsutilize the
fact thatboththe[C 1] andfar-IR luminositiesof a galaxytraceits
starformationrate,while the[C 1I] emissionis alsoa proxy for gas
massandthereforeby extensiordustmassAs aresult,a singledust
continuumdetectioncombinedwith anindirectmeasuremerdf the
IR luminositythroughthe[C 11]-basedSFRprovidesinsightinto the
dust SED, and hencethe dust temperature A recentapplication
of their modelsto the z = 7.13 lensed galaxy A1689-zD1 by
Bakx et al. (2021 demonstrategood agreemenbetweenthe dust
temperatureobtainedfrom four-bandMBB tting and the single-
bandtemperaturgrediction.

In a recentwork, Sommovigoet al. (20223 usetheir modelto
estimatethe dusttemperaturesf the 13 REBELStargetsfor which
both a dust continuumand [C1I] detectionare available, which
includesthe threetargetsanalysedin this work. To be consistent
with theSommovigoetal. (20223 modelswho assumeMlilky Way-

Figure Al. Posteriodusttemperaturdlistributionsfor REBELS-12 REBELS-25andREBELS-38 assumingptically thin (top row) andthick dust( thick =

100um; bottom row). Thedistributionsareshownbothfor a xed dustemissivity( = 1.5,2.0;dashedandsolid linesrespectively)aswell asfor

included

in the t (dotted).Theprior onthedusttemperaturés shownin grey,andis at for Tcmsz < Taustz < 150 K, afterwhichit smoothlydecreaseby a Gaussian

with
areindependenof the preciseshapeof theassumedgbrior.

= 30K. For REBELS-25andREBELS-38 which haverobustdetectionsn bothALMA Bands6 and8, thedusttemperaturearewell constrainedand

MNRAS 527,6867-68812024)
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Figure B1. A comparisorof different dusttemperaturaneasurementfor

the threeREBELStargetsdiscussedn this work. The top row showsTqyst
obtainedfrom MBB tting (assuming = 2.0),while the middle two rows
showthe single-banddusttemperaturepredictionsfrom Sommovigoet al.

(20223 S22). We showtheinferreddusttemperaturéor two assumedalues
of theburstiness gin theirmodelstheoriginalvalueassumetéy Sommovigo
et al. (20223 and the updatedvaluesbasedon the measuredO }/[C 11]

ratios asdiscussedn thiswork ( s 15-20).For REBELS-12,we show
the predictedtemperaturesdasedon the inferred burstinessfor the total

system,andjust the [O 111]-bright componentin addition,we showthe dust
temperaturgredictionsfrom Fudamotonoue & Sugaharg2023 F22) in

the bottomrow. While a larger samplesizeis requiredfor a more detailed
comparisonthe single-banddust temperaturenodelssuccessfullypredict
the dusttemperaturesneasuredrom the two-band t for REBELS-25and
REBELS-38undercarefulassumption®n the burstinesgparameterand/or
IR sizes.

like dust,we comparehedusttemperaturesbtainedvhen = 2.0
is adoptedTheresultsof thiscomparisorareshownin Fig. B1 ( rst
two rows).We nd thatthe modelpredictionsoverestimatehe dust
temperature®f REBELS-25and REBELS-38,for which Band 8
detectionsreavailableby T 4u¢ 15 K. ForREBELS-120nthe
otherhand acomparisorof the tted andpredictecdusttemperatures
providesonly limitedinsight,giventhelargeuncertaintyonits MBB-
tted dusttemperature.

We can explain the observeddifference for REBELS-25 and
REBELS-38by returningto the burstinessparameter . In their
modelsSommovigaetal. (20223 assumeduniformdistributionfor
theburstines$or theREBELSsourcebetween = 1-50,motivated
by theliteraturesampleanalysedn Vallini etal. (2027). Giventhat
theburstinesgannoteconstrainedvith just[C 1] information their
inferredposterioon sresemblegheprior, whichhencecorresponds
to atypicalassumedburstinesof s 25+ 15.

However, usingthe new [O 111] observationgor REBELS-12and
REBELS-25,we infer a moderate ¢ 15-20 for our sample
(Section6.1). We thereforere-run the Sommovigoet al. (20223
modelswith theselower burstinessparametersand include the
updateddust temperaturepredictionsin Fig. B1 (third row). For
REBELS-12,we useboth the inferred burstinesgparametemwhen
consideringthe full system,andthe slightly highervalue obtained
whenconsideringonly the [O 11]-bright componentWe alsore-run
theSommovigeetal. (20223 modelsfor REBELS-38 for which no
[O ] datais available,underthe assumptiorthatit hasthe same
burstinessaas REBELS-25.Given that REBELS-38,like REBELS-
25,isamassivgM 104 M ; Table2) galaxywith alow dust
temperatureye expectt to similarly havealow [O i }/[C u] ratio.

By assumingthese physically motivated lower valuesfor s,
the predicted Tyyst decreaseddy 10 K for REBELS-25 and
REBELS-38therebyimprovingtheagreemenwith thetemperatures
inferredthroughMBB tting. For REBELS-12,the predicteddust
temperatur@lsochangedy 10 K, dependingpnwhichburstiness
is assumedHowever, both values are consistentwith the loose

MNRAS 527,6867-68812024)

constraintsobtainedfrom MBB- tting. Neverthelesswe thus nd
thatcaremustbetakento adoptsuitablepriorswhenadoptingsingle-
banddusttemperatures.

Comparisorto Fudamotonoue& Sugaharg2023

We next compareto the single-banddusttemperaturenodel from
FudamotoJnoue& Sugaharg2023, which buildsupontheframe-
work by Inoue et al. (2020. In short, their model approximates
a galaxy as sphericalobject of size rig consistingof uniformly
distributeddustclumpswithin ahomogeneoukSM. Thegalaxyasa
wholeis assumedo bein radiativeequilibrium,whichimpliesthata
fraction of the UV emissionassociatedvith massivestarformation
is absorbedyy dustand subsequentlye-emittedin the IR regime.
Given,then,ameasuredJV luminosity,IR size,anddustcontinuum
ux densityat any single wavelengtha galaxy’s dusttemperature
(and mass)can be inferred underthe assumptiorof a clumpiness
parameter(seelnoue et al. 2020 for details).We hereassumehe
averagelumpinesgparameteof logio( )= $1.02+ 0.41measured
acrosssix z 5 galaxieswith three or more ALMA continuum
detectionsdy FudamotoJnoue& Sugaharg2023.

We notethatsomeof the REBEL Stargets- includingREBELS-
12 and REBELS-38analysedin this work — show evidencefor
spatial offsets betweentheir dust and UV emission(Inami et al.
2022, which introducesadditionaluncertaintyin the applicability
of dusttemperaturanodelsbasedupon radiative equilibrium (see
alsoFerraraetal. 2022. However, in the absenc®f availablehigh-
resolutionobservationor thebulk of thehigh-redshifdust-detected
populationsuchmodelsmaystill provideauseful rst-look intotheir
dustpropertiesAs such,we applythe Fudamoto)Jnoue& Sugahara
(2023 modelsherewhile keepingthis caveatin mind.

We adoptthe UV luminositiesof ourthreeREBELStargetsfrom
Stefanoretal. (in preparation)andutilize the IR sizesdeterminedn
Section6.1 ForREBELS-12weinvestigatewo scenarioswhereby
we adopteither the total Band 6 ux density acrossits two dust
componentspr the ux densityin the co-spatialdust component
only (Section6.1). However, we nd that the resulting predicted
temperatureagreeto within < 2 K. For REBELS-38we modelthe
two dustcomponentseenin the Band8 dataseparatelyassuming
rr = 1.0+ 0.3 kpc for both clumpsA&B), butalso nd thatthey
arecharacterizedtby a near-identicablusttemperature.

We show the predicteddust temperaturesising the Fudamoto,
Inoue & Sugahara2023 modelsin Fig. B1 (bottom row). We
assume conserative systematicll K uncertainty- resultingfrom
theassumptiorof a xed clumpiness- andaddit in quadraturéo the
tting uncertaintiesfollowing thediscussiorin FudamotoJnoue&
Sugaharg2023. We nd that, despitethe aforementionedincer-
tainties and caveats,the predictedsingle-banddust temperatures
arein good agreementvith the valuesderived from MBB tting.
Interestingly,a relatively largetemperaturef Tq,st= 61+ 13 K is
predictedfor REBELS-12,driven predominantlyby its large UV
luminosity (Lyy 2 x 10 L ). DeeperALMA observationsof
REBELS-12at eitherBand6 or 8 arerequiredto verify if it indeed
hostswarmerdustthanREBELS-25andREBELS-38.

APPENDIX C: MBB FITTING OF LITERATURE
SAMPLE

In Section6.2, we consistentlyanalysethe dust SEDsof 13 z
5.5literaturesourcedargetedat two or moreALMA bandsatleast
oneof which providesa continuumdetectionWe list the parameters
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Colddustatz= 7 6887
Table C1. Dustparameterslerivedfrom opticallythin MBB tting to 13z  5.5literaturesourcesusingeithera xed dustemissivityindex( = 1.5,2.0)or
aGaussiarprior on
Big Three
Al1689-zD1  A2744-YDA4 Dragons C0OS-3018555981 Hz4 Hz6 Hz9
Reference B21 L17,L19,M22 H19,S21 W22 F20 F20 F20
1.5 1.5 15 15 15 15 15
logioMaus/M ) 7.135315 551503 67303 7.39%057 6.6053 7.9550.3% 7545015
TausiK] ast3 gy ey 372 122, 3617 61557
ool ) 11280% 12308 124905 108,059 131405 115603 124203
2.0 2.0 2.0 2.0 2.0 2.0 2.0
logio(Maus/M ) 7285837 5485550 6.990%) 771505; 6.7250%5 8.3350% 7.925014
Taust[K] 39%3 13832 62533 3155 98830 285 425
logro(Lir/L ) 11255508 1273078 12175555 11035637 13115563 1142507 120915
05 0.4 05 05 0.4 05 05
17502 21504 15502 15503 17504 15503 14502
logioMaustM ) 719338 547563 6.77503% 7425077 6.655024 7.915588 7465043
Taust[K] 425% 1365350 84552 36537 11153 3L 6655
logro(Lir/L ) 11275665 12755077 12-3958_%’% 11-105823 13065034 11585552 12-5%8.12
HzZ10 J0217-0208 J1211-0118 MACS0416-Y1 UVISTA-Z $001 UVISTA-Z 5019
Reference F20 H20,022 H20,022 B20 w22 W22
1.5 1.5 15 15 15 15
logioMausfM ) 80%g%5 717 71158 5825017 6.7%0 6.50503
Taust[K] 5452 57555 6555 14333 65535 100523
ogolLmll ) 126601  118i® 12161 1272033 1174108 125413
2.0 2.0 2.0 2.0 2.0
logio(MaustM ) 8445008 754505 74%07 578505 6.905033 6-4958.55
Taust[K] 393 40575 4451 13553 5155y 9655,
logio(LIr/L ) 1242558 1161552 117955 12.98:548 116155 12.80533%
1.8502 1.650% 16502 21504 16502 1.80°
ogoMasM ) B300H  72si0% 71807 57807 6760 649072
TaustK] 445%8 5 +69 6 +69 13%39 6 +72 99L? 59
logo(LIr/L ) 12.49(338 11 8153 = 12 oesg,gg 12.9752%2 11 683[1) = 12.625%23

References:B20: Bakx etal. (2020, B21: Bakx etal. (2021), F20: Faisstet al. (2020, H20: Harikaneet al. (2020, L17: Laporteetal. (2017, L19: Laporte
etal. (2019, M22: Morishitaetal. (2023, 022:0Onoetal. (2022, Sugaharatal. (2021), W22: Witstok etal. (2022).

obtainedrom MBB tting in TableC1. We notethatfor sourcesvith

poorphotometry(e.g.asingle,modest-S/Nlustdetectiorandoneor

multiple upperimits), theinferreddusttemperatures andtherefore
the inferreddustmasse&and IR luminosities— dependstrongly on

theadoptedorior on Tg,g, asdiscussedn the maintext.
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