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ABSTRACT

Overthelastfew years both Atacamalarge Millimeter/submillimeterArray (ALMA) andSpitzerobservationfhaverevealed
a populationof likely massivegalaxiesatz > 3 thatwastoo faint to be detectedn Hubble SpaceTelescopdHST) rest-frame
ultravioletimaging.However, dueto thevery limited photometryfor individual galaxiesthetrue natureof theseso-calledHST-

darkgalaxieshasremainecelusive.Here,we presenthe rst sampleof suchgalaxiesobservedvith very deep high-resolution
NIRCamimaging from the Early ReleaseScienceprogrammeCEERS.30 HST-dark sourcesare selectedcbasedon their red

coloursacrossl.6—4.4um. Their physicalpropertiesarederivedfrom 12-bandmultiwavelengtiphotometryjncludingancillary
HSTimaging. We nd that thesegalaxiesare generallyheavily dust-obscuredA, 2 mag), massive(log(M/M )  10),

star-formingsourcesatz 258 with anobservedsurfacedensityof 0.8arcmir?2. This suggestshatanimportantfraction of

massivegalaxiegnayhavebeermissingfromourcosmiccensusitz > 3all thewayintotheEpochof ReionizationTheHST-dark
sourcedie onthe mainsequencef galaxiesandaddanobscuredstarformationratedensityof 3.25};2 x 1053 M yrSl l\/IpcS3

atz 7, showinglikely presencef dustin the Epochof Reionization Our analysisshowsthe uniqguepowerof JWSTto reveal
this previouslymissinggalaxypopulationandto providea morecompletecensusof galaxiesatz = 2S 8 basedon rest-frame
opticalimaging.

Key words: galaxieshigh-redshift-infrared:galaxies.

https://doi.org/10.1093/mnras/stad947

1 INTRODUCTION

At z > 3, therest-frameoptical light redshiftsout of the view of
theHubbleSpaceTelescopg€HST). Therefore pur understandingf
‘normal’ star-forminggalaxiesuchasLymanbreakgalaxieLBGSs)

E-mail: laia.barrufetdesoto@unige.ch

© The Author(s)2023.

thatwereidenti ed in HST stronglyrelieson rest-frameultraviolet

(UV) observationsThis canresultin anincompletegalaxy census
atearliertimesdueto UV-faint galaxypopulationsuchasquiescent
or dust-obscuredources.

While asmallnumberof extremelyobscuredstar-forminggalax-
ies [e.g. submillimetregalaxies(SMGs)] havebeenknownto exist
atz > 4 for along time, such galaxiesare 100x lesscommon
thanLBGs (with a sky densityof only 0.01arcmirP?; e.g.Riechers

Publishedby Oxford University Presson behalfof Royal AstronomicalSociety.This is an OpenAccessarticle distributedunderthe termsof the Creative
CommonsgAttribution License(https://ceativecommons.grlicenses/by/4.)/ which permitsunrestrictedeuse distribution,andreproductiorin any medium,
providedthe original work is properlycited.
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etal. 2013 Marroneetal. 2018. Hence theyonly providealimited

contributionto the integratedstar formation rate density (SFRD).
Similarly, massive(> 10'*M ) quiescentobjectshave only been
identiedtoz 334 (e.g.Tanakaet al. 2019 Carnallet al. 202Q

Santinietal. 202Q Valentinoetal. 2020, buttheyremainrelatively
rare such that degree-scalesurvey volumes are neededfor their

detection.Neverthelessgueto our limited sensitivityin rest-frame
optical light at z > 3, it is still possiblethat the early cosmicstar
formationandstellarmassdensitiesaredominatedoy lessextreme,
dusty star-forminggalaxies(DSFGs)or quiescentalaxies,which

havebeenmissingfrom rest-frameUV datasets.The key question
is: how commonaresuchredsourcesatz > 3?

Overthelastfew years evidencehasbeenmountingthat,indeed,
a populationof obscured star-forminggalaxieswith lessextreme
starformationrates(SFRs)than SMGs could be quite commonin
the early Universe.Thesesourceshavebeenundetectedn current
HSTsuneys, dueto their very red coloursbetweenl.6 and4.5um
(e.g.Francoetal. 2018 Wangetal. 2019, andthey havethusbeen
namedHIEROs(HSTto IRAC extremelyred objects),H dropouts,
HST-dark galaxies,or HST{aint galaxies.Very red dusty sources
exist even below the sensitivity limits in IRAC, makingthemonly
detectabldy ALMA. However, previousstudieswith ALMA relied
on smallareasof the sky, thusreportingonly oneor two galaxiesin
somecasege.g.Williams etal. 2019 Fudamotcetal. 2021). Hence,
HST-darksourcesaretypically selectedn SpitzefIRAC imagingor
as serendipitoussourcesin ALMA submillimetrecontinuumdata
(e.g.Huanget al. 2012, Simpsonet al. 2014 Caputiet al. 2015
Stefanonet al. 2015 Wanget al. 2016 2019 Francoet al. 2018
Alcalde Pampligga et al. 2019 Williams et al. 2019 Yamaguchi
etal. 2019 Umehataet al. 2020 Fudamotoet al. 2021, Sunet al.
2021 Manningetal. 2022. However,dueto thelimited photometric
informationavailable their spectraknergydistributions(SEDs)and
redshiftsremaineduncertainNeverthelesgshegenerakonsensum
the literatureis that the vastmajority of thesegalaxiesare heavily
dust-obscuredstar-formingsourcesatz 356 that dominatethe
high-massndof the galaxypopulationat theseearly cosmictimes
(e.g.Alcalde Pampliggaetal. 2019 Wangetal. 2019.

Accurately constrainingthe numberdensitiesand the physical
propertiesof such sourcesis critical for our understandingof
early galaxy build-up. It is concevable that dust-obscuredHST
undetectedsourcesdominatethe SFRD at z > 4 unlike what is
typically assumede.g.Williams etal. 2019 Gruppionietal. 202Q
Zavalaetal. 2021). However,the mostrecent2 mm numbercounts
aswell asIR luminosityfunctionsmeasuredrom ALMA continuum
observationsutto z 457 indicatea lessextremescenario(see
Caseyetal. 2018 Barrufetetal. 2023. Neverthelesst hasbecome
clearthatourcensuof galaxiesatz > 3isindeedfarfrom complete,
leavinga critical gapin our understandingf early galaxybuild-up.

Finding and characterizingthis missing galaxy populationis a
key goal of extragalacticastronomyin orderto inform theoretical
modelsof galaxyevolution.In this paperwe addresghis important
guestionwith someof the rst JWSTNIRCam imaging from the
EarlyReleas&ciencdERS)suney CEERSFinkelsteiretal. 2022).
Thisallowsusto identify HST-darkgalaxieswith the sameselection
thathasbeenusedin the pastfor HST+ Spitzersamplesput now
with signi cantly measurednultiwavelengthphotometryin several
bandsto derive their redshiftsand physical propertiesreliably for
the rst time. This follows previous analysesvith JWSTdatathat
hawe alreadyrevealedmassie galaxiesat z > 7 (seeLabbeet al.
2022 Santinietal. 20229. In a separatgaper,we alsoanalysethe
morphologie®f brightF444N-selectedourcegNelsonetal. 2022).

This paperis organizedasfollows. In Section2, we describethe
observationatlataandsampleselection Section3 outlinesour SED
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modelling and the variety of physical propertiesthat we nd for
HST-darkgalaxiesIn Section4, we presenburresultsandcompare
our galaxy sampleto SMGs,beforewe derivetheir contributionto
the cosmicstar formationrate density (CSFRD)in Section 5 and
nish with asummaryandconclusionsn Section 6.

Magnitudesaregivenin the AB system(e.g.Oke& Gunn1983,
andwherenecessaryve adopta PlanckCollaborationXlll (2016
cosmology.

2 OBSERVATIONS AND SAMPLE SELECTION

2.1 CEERS obsewationsand HST + JWST photometric
catalogue

This analysisis basedon the rst four NIRCampointingsfrom the
ERSprogrammeCEERS(PI: FinkelsteinPID: 1345;seeFinkelstein
etal. 2022. Theseimagesincludeexposuresetsof short-andlong-
wavelengthlters: F115V + F277W,F115/V + F356W, F150W +
F410M, andF200W + F444W. Thetypicalintegrationtime for each
Iter setis 0.8 h. Hence,the F115W imagesobtaineddouble the
exposurdime comparedo theremaining Iters.

The datawere retrievedfrom the MAST archiveand were then
WCS-matche@ndcombinedusingthe publicly availablegrizli  *
pipeline. Most notably, the imagesare alignedwith the Gaia Data
Releas@ catalogues-ordetailsonthereductionwereferthereader
to Brammeret al. (in preparation)In the following, we work with
imagesat40 maspixel scaleThe5 depthsaremeasuredh circular
aperturesof 0.48 arcsecdiameter.They rangefrom 27.8 mag in
themediumband lter F410M to 28.4-28.6magin thewide Iters
F200W, F27°\W, andF356W at 2—-3.5 pm (seealsotablel in Naidu
etal. 2022.

We also include the available ancillary data from HST since
the CEERSsuney covers the previousCANDELS/EGS eld. In
particular,we include a re-reductionof all the ACS and WFC3/IR
imaging takenin these elds in the ve lters: F606W, F814W,
F125W, F140W, and F160W. The 5 depths measuredin the
0.48arcseccircularaperturegor the HSTdatarangefrom 28.4mag
in F606WN/to 27.0magin F140W. WhiletheHSTnearinfra-red(NIR)
data are shallower, they still provide additional multiwavelength
constraintsMost importantly, usingthe F160W Iter allows usto
useHST-darkgalaxyselectionsnalogouso previousHST+ Spitzer
searcheg¢seethe nextsection).

We matchthe point spreadfunctions(PSFs)in all butthe WFC3
imagesto the F444W lter usingthe deconvolutioralgorithmfrom
Lucy (1974. The multiwavelengthphotometric catalogueswere
derivedwith SEXTRACTOR (Bertin & Arnouts1996), which we run
in dualmode,usinga PSF-matchednverse-varianceveightedstack
of the F277W, F356W, and F444N imagesasthe detectionimage
andmeasuringuxes in all bandsn circularaperture®f 0.48arcsec
diameterWe scalethe obtained uxes to total basedon the AUTO
ux measurementin the F444N image with the default Kron
parameterdn orderto takethe PSFdifferencesetweer-444W and
the WFC3 lters into accountwe matchtheir PSFsto the F160N
Iter, which hasthe largestFWHM amongall lters considered
here.We run SEXTRACTOR again on the resultingimages,using
the samedetectionimageasbefore.For eachWFC3 lter, we then
correctthe uxes measuredn the originalimageto matchthe PSF-
matchedcolour betweernthe WFC3 lter and F444W, respectively.
As agenerahuality cut, thecataloguecontainobjectswith S/IN> 5
in atleastoneof theavailableNIRCam-widelters. Wealsoremoved

Ihttps:/bithub.com/gbrammegtizli/
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objectsnearthe edgeand bad pixels; hence we guarantedhat all
the sourcef the cataloguearenot spurious Finally, to accountor
systematiancertaintiesn thephotometrywe applyanerror oor of
5 percentto all ux measurements.

The nal cataloguencludes 26 000sourcesvith photometryin
12 bandsspanningd.6—4.4um.

2.2 HST-dark galaxy colour selectionwith JWST

PreviousHST-darkgalaxystudiesverebasedn analyse®f HST+
SpitzefIRAC data(e.g.Wanget al. 2016 Alcalde Pampliegaetal.
2019 Wang et al. 2019. Theseselectionswere limited by two
factors: (1) the very broad PSFof the IRAC datawith FWHM of

1.7 arcsecand (2) the limited depthof availableIRAC imaging.
Hencetypical HST-darksamplesverelimited to very brightsources
with [4.5]  24.5mag.Now, with the unparallelechigh-resolution,
deepJWSTdata,we canpushsuchanalyseso muchfaintersources.
Neverthelessn this rst paperwefocusonsourceshatareidenti ed
using very similar selectionmethodsas previousHST + Spitzer
samplesn orderto revealtheir nature.

We usea similar colourcut to the ‘traditional’ HST-dark galaxies
selectioncolour adoptedin the literature (e.g. Caputiet al. 2012
Wangetal. 2016. Thiscolourcutis speci cally designedo identify
dustygalaxiesatz  3—6.Indeed previousanalysehavetentatively
con rmed that suchred HST-dark sourcedie at theseredshiftson
averageHowever,theavailablephotometnyfor thesesourcess very
poor, with signi cant detectionsonly in the IRAC 3.6 and4.5 um
bandsandmostly upperlimits at HSTwavelengths.

In this rst paperwe substitutethe IRAC datafor NIRCamdata.
To nd anappropriateolourcut,wecomputeheoreticaluxes using
Bayesiamnalysisof Galaxiedfor PhysicallnferenceandParameter
EStimation(BAGPIPES;Carnall et al. 2018. We perform similar
modelling that we useon the SED tting (seeSection3). We set
to a delayedSFH (e-folding time = 3 Gyr), a stellar massof
M = 10M andametallicityof Z= 0.5Z . We modelthe uxes
F160W and F444W with a dust attenuationsetto Ay = 2.0,3.0,
4.0mag, respectively,tracking the redshift evolution with steeps

z= 0.1 between2 < z< 6. We nd thatapplyinga colour cut
of FI60NV-F444N > 2.0 selectsgalaxiesatz> 3 atAy = 2.0(see
Fig.1).

We thus apply a colour cut of F160A—F444V > 2.0 to our
multiwavelengthcatalogueto selectHST-dark galaxies.After also
limiting the sampleto F160W > 27 mag,we identify a total of 39
galaxiesin the 40 arcmir? down to an F444W = 26.4mag (red
diamondsin Fig. 1). We remove six galaxiesthatareat the edgeof
theimageanddo nothaveacleardetectionn thelongerwavelength
of the wide NIRCam lters (F444W, F356W, F277W). And three
more galaxiesfor which the photometryis extremelynoisy, likely
dueto remainingdetectorartefactsHenceour nal sampleconsists
of 30 HST-darkgalaxies.

3 SEDFITTING AND VARIETY OF HST-DARK
GALAXIES

We derive the physical propertiesof the 30 HST-dark galaxies
by using BAGPIPES(Carnall et al. 2018. This code generatesa
complexmodelgalaxyspectrao t theseto arbitrarycombinations
of spectroscopi@nd photometricdatausing the MultiNest nested
samplingalgorithm(Feroz,Hobson& Bridges2009.
Theassumptionby Wangetal. (2016 2019 hawe proveneffective

to characterizeHST-dark galaxiesand this work follows the same
SEDmodelling.Speci cally, we useadelayedstarformationhistory
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Figure 1. Colour-magnituddiagram(F160W-F444V versug-444\) used
to selectthe HST-dark galaxies.The dashedine showsthe locationof H =
27 mag,which correspondgo the average3 limit of the shallowestparts
of the H bandin the HST data. The black line marksthe adoptedcolour
cut H-F444W > 2.0 andthe red pointscorrespondo the galaxiesincluded
in our sample.Of the 39 HST-dark galaxiesselected 19 havelower limit
uxes in theH band(greyarrows).Thecontinuoudinesshowthetheoretical
evolutionin galaxycoloursatredshiftsof 2 < z< 6 for threedifferentlevels
of reddeningA, = 2.0,3.0,and 4.0 mag (yellow, orange,and purplelines,
respectiely). The grey dotsrepresenthe densityof sourcesrom the total
CEERScataloguewith detectionsn the F444W band( 26 000sources).

(SFH)with ane-foldingtimefrom = 0.1-9Gyrandauniformprior.
Hence,we include relatively shortburstsaswell as, effectively, a
constanSFH.

The stellarmodelsarebasedon the 2016 updatedversionof the
Bruzual& Charlot(2003 library with aKroupainitial masgunction.
We allow for a broadrangeof metallicitiesfrom 0.2t0 2.5Z .
Nebular continuumand line emissionare addedself-consistently
basednthephotoionizatiorcodecLoupy (Ferlandetal. 1998 with
theionizationparametesetaslogU = S2. Finally, we adoptCalzetti
et al. (2000 dustattenuationallowing for very heavily attenuated
SEDsby settingarangeA, = 0—-6mag againusinga uniform prior.

Theabove settingsadequatelyeproduceherangeof SEDsof our
sampleWe nd good ts for all our sourcesFig. 2 showspostage
stampsndSED ts of four of thesesourcesitz> 3.3.Theyrepresent
thevariety of galaxy SEDsthatareidenti ed asHST-dark sources,
both in termsof physical propertiesandin termsof morphology.
We also show the cut-outs of previous IRAC imagesfrom the
S-CANDELS programme(Ashby et al. 2015. The outstanding
increasen depthandspatialresolutiorat3-5um canbeappreciated.
With theexceptiorof ahandfulof oursamplegalaxiesnoneof these
would havebeeneasilyselectedbasedon previously availabledata.
Hence themajority of our samplewascompletelymissingfrom our
previouscosmiccensuof HST+ Spitzer In thefollowing, we use
our sampleof 30 sourcedo analysethe physicalpropertiesof HST
darkgalaxiesThe mainparameteraresummarizedn Table Al.

4 HST-DARK GALAXIES: THE HIGH-Z
EXTENSION OF SMGS?

4.1 HST-dark galaxy properties

Thanksto thevery sensitie NIRCamdata,we cannow— for the rst
time — measureaccuratephotometricredshiftsand SEDsfor HST
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Figure 2. Examplef four HST-darkgalaxiesatz

3.3,3.6,4.6,8 thatrepresenthevariety of physicalpropertiesjsolation/clusteringagndmorphologieghat

we nd in our sample(seealsoNelsonetal. 2022). Top panels:Postagestampsn the optical/NIR for four exampleof HST-dark galaxieswherethe sources
showno signi cant detectionsn the HST lters. The rst row showsHSTimageswith the bandsF606wW, F814W, F850LP,F125W, F140W, F160W, andthe
SpitzerbandsiIRAC1,IRAC2 at 3.6 and 4.5 um, respectrely. The secondow shavs nev NIRCamJWSTimages:F115/, F150W, F2000, F27 W, F356W,

F410M, andF444W. Theextraordinarjimprovemenin bothdepthandresolutionof JWSTat3 S 5um comparedo the IRAC imagesis obvious.Mostof these
sourcesvould not havebeeneasilyselectedn previousdataandtheywould havepotentiallybeenmissingfrom our cosmiccensusBottom panels:Posterior
SEDs(yellow; medianwith 16—84percentileuncertaintiesyvith the photometry(reddots).Orangepointsindicatethe expectednodel uxes from the posterior
SEDs.The probability distributionfunction of the photometricredshiftis shownin the lower right partof the panel.ln generalHST-dark sourcesarefoundto

bedust-obscurednassivestar-forminggalaxiesatz  2S58.

darkgalaxies Hence we cannow derive signi cantly morereliable
physicalparametersuchas SFRsand stellar massesomparedo
previousIRAC-selectedHST-dark sourcesln this section,we thus
presenthephysicalpropertiederivedfrom SED tting for our nal
sampleof 30 sourceqseeFigs 2 and3).

We nd thatan HST-dark galaxy selectionincludesa variety of
sourcesvith thevastmajority of thesamplebeinghighredshiftdust-
obscuredmassive star-formingsystemsThe photometricredshifts
are accuratefor the galaxiesat z > 3.3 with small uncertainties
(z 0.150.2) with only one solution in the redshift posterior
distributionfunction(se€eTableAl andFig. 2). Thesubsebf galaxies
thatis placedatz < 3.3presentsnoreconsiderableincertaintieand
typically showstwo possibleredshiftsolutions.

As expectedye con rm thedustynatureof thesecolour-selected
HST-dark galaxies.We have allowed the dust attenuationto vary
broadlyin themodelling,butthevaluesonly reachupto A, = 4 mag
for almostall HST-dark galaxieswith amedianvaluefor thesample
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of A, 2.1 mag.An alternativeprocedureo classifyamongdusty
andquiescengalaxiess thecommonlyacceptedJVJ diagramgsee
e.g.Spitleretal. 2014. Fig. 4 showstherest-framelJV coloursfor
thetotal CEERSsamplecorroboratinghedustynatureof HST-dark
galaxies.

Interestingly, the samplereachesredshiftsz 8 for several
galaxies.In total, we identify eight galaxiesat z > 6, i.e. in the
epochof reionization whereagreviousHST-dark galaxiesselected
with Spitzemweretypically limited to z < 6. Thehigh attenuatiorfor
thegalaxiesaborez> 6, with Ay = 1.7+ 0.4suggestshepresence
of dustin thereionizationepoch(seealsoFudamotaetal. 2021). We
referto a future paperfor moredetailedanalyse®f thesesources.

We havealsoanalysedoththe stellarmassesndthe SFRsfrom
the SED tting. The SFRsaremoderatewhencomparedo SMGs,
with 80 percentof our samplepresentingSFR < 50M yrél.
Thestellarmassesf oursamplearelog(M /M ) > 8.8andfor the
eightgalaxiesatz> 6 we nd log(M /M ) = 9.9+ 0.3. Hencewe
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