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A B S T R A C T 

Cosmic dust is an essential component shaping both the evolution of galaxies and their observational signatures. How quickly 

dust builds up in the early Universe remains an open question that requires deep observations at (sub-)millimetre wavelengths to 

resolve. Here, we use Atacama Large Millimeter Array observations of 45 galaxies from the Reionization Era Bright Emission 

Line Surv e y (REBELS) and its pilot programs, designed to target [C II ] and dust emission in UV-selected galaxies at z ∼ 7, to 

investigate the dust content of high-redshift galaxies through a stacking analysis. We find that the typical fraction of obscured 

star formation f obs = SFR IR 

/SFR UV + IR 

depends on stellar mass, similar to what is observed at lower redshift, and ranges from 

f obs ≈ 0.3 − 0.6 for galaxies with log 10 ( M � /M �) = 9.4–10.4. We further adopt the z ∼ 7 stellar mass function from the literature 
to extract the obscured cosmic star formation rate density (SFRD) from the REBELS surv e y. Our results suggest only a modest 
decrease in the SFRD between 3 � z � 7, with dust-obscured star formation still contributing ∼30 per cent at z ∼ 7. While 
we e xtensiv ely discuss potential cav eats, our analysis highlights the continued importance of dust-obscured star formation even 

well into the epoch of reionization. 

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

he cosmic star formation rate density (SFRD) is one of the
ost fundamental quantities describing the evolution of the galaxy

opulation across time. Within the last decade, it has been established
hat the SFRD reaches its maximum around a redshift of z ∼ 1–3,
hile since having been on the decline towards the present day

Madau & Dickinson 2014 and references therein). Ho we ver, the
ature of the SFRD in the early Universe, especially beyond z �
, remains largely unconstrained. Through wide surv e ys combining
round- and space-based facilities, including in particular the Spitzer
pace Telescope, ever-increasing samples of high-redshift ( z � 6)
alaxies are being disco v ered (e.g. McLure et al. 2013 ; Bouwens et al.
015 ; Finkelstein et al. 2015 ; Oesch et al. 2018 ; Stefanon et al. 2019 ).
o we ver, such studies, for the most part, remain limited to probing

he rest-frame ultraviolet (UV) and optical emission emanating from
istant galaxies, and in turn only provide constraints on the light
irectly emitted by stars. This is even true about some new samples
ow being compiled based on new JWST data (e.g. Adams et al.
022 ; Harikane et al. 2022 ; Naidu et al. 2022 ). 
 E-mail: algera@hiroshima-u.ac.jp 
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Meanwhile, at lower redshift, it has long been established that
osmic dust plays a significant role in shaping the observable
roperties of galaxies (e.g. Draine 1989 , 2003 ; Calzetti et al. 2000 ).
ust, itself being a by-product of star formation, attenuates starlight

t UV and optical wavelengths, and reprocesses it into infrared (IR)
mission. Both locally and at intermediate redshifts (1 � z � 4),
he most actively star-forming galaxies are known to be enshrouded
n large amounts of dust (e.g. Kennicutt 1998 ; Casey, Narayanan &
ooray 2014 ; Dudzevi ̌ci ̄ut ̇e et al. 2020 ). In addition, the SFRD is
nown to be dominated by dust-obscured star formation at least
ut to z � 4 (Magnelli et al. 2011 , 2013 ; Gruppioni et al. 2013 ,
020 ; Bouwens et al. 2016 ; Dunlop et al. 2017 ; Zavala et al. 2021 ).
herefore, in order to assess the dust content and star formation
roperties of more distant galaxies, observations at (far-)infrared
avelengths are essential. 
Throughout the last decade, the Atacama Large Millimeter Array

ALMA) has revolutionized the study of both the dust and interstellar
edium (ISM) properties of distant galaxies (see Hodge & da Cunha

020 for a re vie w). In recent years, a handful of z � 7 galaxies have
een identified in dust emission (e.g. Watson et al. 2015 ; Laporte
t al. 2017 , 2019 ; Bowler et al. 2018 ; Tamura et al. 2019 ; Bakx et al.
020 , 2021 ; Sugahara et al. 2021 ; Endsley et al. 2022 ; Witstok et al.
022 ; Schouws et al. 2022b ), thereby implying that significant dust
eservoirs are already in place in the early Universe. 
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1 Note that there are two additional continuum detections at 88 μm, increasing 
the total to 16 sources. Ho we ver, in this work, we only analyse the REBELS 
sample targeted at rest-frame 158 μm. 
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Ho we ver, gi ven that direct observations of dust at high redshift
emain scarce, the importance of dust-obscured star formation in the 
ypical galaxy population within the epoch of reionization ( z � 7;
lanck Collaboration VI 2020 ) remains unclear. While UV-based 
tudies of cosmic star formation generally measure a steep decline 
n the SFRD beyond z � 3 (Madau & Dickinson 2014 ; Bouwens
t al. 2015 ; Finkelstein et al. 2015 ), such results appear in tension
ith recent measurements of dust-obscured star formation at z ∼
–5 (e.g. Novak et al. 2017 ; Bouwens et al. 2020 ; Dudzevi ̌ci ̄ut ̇e
t al. 2020 ; Gruppioni et al. 2020 ; Khusanova et al. 2021 ; Van der
lugt et al. 2022 ). This discrepancy may plausibly be the result
f underestimated dust-corrections applied to UV-based studies, 
hich are generally calibrated on low-redshift starburst galaxies (e.g. 
eurer, Heckman & Calzetti 1999 ). In addition, the existence of

o-called optically dark galaxies (e.g. Simpson et al. 2014 ; Wang 
t al. 2019 ; Gruppioni et al. 2020 ; Zhou et al. 2020 ; Algera et al.
020b ; Fudamoto et al. 2021 ; Smail et al. 2021 ; Talia et al. 2021 ;
 ́omez-Guijarro et al. 2022 ), which e v ade detection even in deep
V- and optical imaging, are impossible to account for in UV- 
ased surv e ys of cosmic star formation without ancillary infrared 
bservations. 
It is therefore clear that systematic surv e ys of dust in the early

niverse are crucial for extending our knowledge of cosmic star 
ormation into the epoch of reionization. Such a systematic approach 
an provide us with insight into the typical fraction of dust obscured
tar formation in galaxies at high redshift, which has currently been 
easured out to z ∼ 5.5 (Whitaker et al. 2017 ; Fudamoto et al. 2020 ).
t high redshift, there is ongoing discussion about the contribution 
f different dust production mechanisms (i.e. that produced by 
ype II supernovae and AGB stars) versus the importance of grain 
rowth in the interstellar medium (Todini & Ferrara 2001 ; Mancini 
t al. 2015 ; Popping, Somerville & Galametz 2017 ; Le ́sniewska &
ichałowski 2019 ; Vijayan et al. 2019 ; Dayal et al. 2022 ). Hence,

y exploring dust properties of galaxies in the early Universe, we 
an attempt to constrain the possible mechanisms and corresponding 
fficiencies of dust build-up at high redshift (e.g. Graziani et al. 
020 ; Dayal et al. 2022 ; Ferrara et al. 2022 ; Sommovigo et al.
022 ). 
In this paper, we investigate the history of obscured cosmic 

tar formation using the ALMA Reionization Era Bright Emission 
ine Surv e y (REBELS; Bouwens et al. 2022b ). REBELS is being
 x ecuted as a Cycle-7 ALMA Large Program and represents the
rst systematic surv e y of the ISM and dust properties of z � 6.5
alaxies. In Section 2 , we briefly introduce the REBELS ALMA 

bservations. In Section 3 , we introduce our stacking routine, as
ell as our methodology of determining the z ∼ 7 obscured cosmic 
FRD with a targeted sample. In Section 4 , we present the typical
raction of dust-obscured star formation in z ∼ 7 UV-selected 
alaxies, while in Section 5 we show our direct constraints on the
bscured SFRD. Finally, we summarize our results in Section 6 . 
hroughout this work, we assume a standard � CDM cosmology, 
ith H 0 = 70 km s −1 Mpc −1 , �m = 0.30, and �� 

= 0 . 70 and adopt
 Chabrier ( 2003 ) initial mass function. 

 DATA  

.1 REBELS 

he REBELS surv e y is an ongoing ALMA Large Program aimed at
dentifying particularly luminous ISM reservoirs at z � 6.5 through 
he detection of the [C II ] 158 μm or [O III ] 88 μm lines and dust
mission in 40 UV-selected galaxies. For details on the sample 
election and observational strategy, we refer the reader to Bouwens 
t al. ( 2022b ), while the calibration and data reduction are described
n detail in Schouws et al. (in preparation). In summary, the REBELS
argets were selected to be UV-bright galaxies ( M UV < −21 . 3 mag)
ith robustly constrained photometric redshifts placing them within 

he range 6.5 � z � 9.5. 
The galaxies were drawn from a variety of well-studied extra- 

alactic fields, spanning a total area of ∼7 deg 2 . The majority of the
EBELS sources were selected across the well-studied COSMOS 

eld (Scoville et al. 2007 ), which includes photometric coverage 
n the BgVriz bands from the Canada-France-Hawaii Telescope , 
he ugrizy bands from Subaru/Suprimecam and the YJHK s bands 
rom the UltraVISTA surv e y (McCracken et al. 2012 ), as well as
pitzer /IRAC co v erage in Channels 1 and 2. The bulk of the remain-
ng targets are drawn from the UKIDSS/UDS and VIDEO/XMM- 
SS surv e ys (La wrence et al. 2007 ), and hav e similar available
hotometric co v erage, as described in detail in Bouwens et al.
 2022a ). 

For each of the selected targets, the photometric redshift prob- 
bility distribution was scanned for either the [C II ] ( z ≤ 8.2; 36
ources) or [O III ] ( z > 8.2; 4 sources) emission line using between
wo and six ALMA spectral scans. Based on the photometric 
edshift, either ALMA Bands 5, 6, or 7 were used to scan down
o a line sensitivity of roughly L [C II ] ≈ 2 × 10 8 L � for a galaxy at
 = 7 (5 σ ). As a result of the variable number of scans used, the
ypical continuum sensitivity of the various ALMA pointings ranges 
rom σ = 10 –25 μJy beam 

−1 . All observations were taken in one
f two compact ALMA configurations (C43-1, C43-2), resulting 
n a typical angular resolution of 1 . ′′ 2–1 . ′′ 6. In this work, we focus
nly on the 36/40 galaxies targeted in [C II ] emission, for which the
nderlying rest-frame 158 μm continuum is observed. This sample 
oes not include the two serendipitously detected galaxies described 
n Fudamoto et al. ( 2021 ), given their different selection criteria and
he lack of a detection at rest-frame UV wavelengths. 

During Cycle 7, 60.6 out of the allocated 70 h have been e x ecuted,
esulting in 23 detections of [C II ] emission abo v e 5 σ (Schouws
t al., in preparation) as well as 14 detections of the dust continuum
t rest-frame 158 μm abo v e a threshold of 3.3 σ (Inami et al. 2022 ). 1 

In addition, we include nine sources from the REBELS pilot 
rojects (Smit et al. 2018 ; Schouws et al. 2022a , b ) in our analysis.
imilar to REBELS, these sources were observed via ALMA spectral 
cans with the aim of detecting the [C II ] line and underlying con-
inuum emission. Among the nine pilot sources, two are continuum- 
etected and fiv e hav e [C II ]-based spectroscopic redshifts. In total,
ur sample therefore consists of 45 galaxies, 16 of which are
ndividually detected in dust continuum emission. For further details 
n the dust continuum properties of the REBELS sources, we refer
o Inami et al. ( 2022 ). 

Throughout this work, we will repeatedly compare our results to 
hose obtained from the ALMA Large Program to Investigate C +
t Early Times (ALPINE; B ́ethermin et al. 2020 ; Faisst et al. 2020 ;
e F ̀evre et al. 2020 ). ALPINE is similar to REBELS, in that it
btains ALMA observations of [C II ] and dust emission for UV-
elected galaxies, albeit for a lower redshift sample spanning the 
ange of 4 � z � 6 and with prior spectroscopic redshifts available.
iven the similarities in sample selection, ALPINE forms the natural 

omparison sample to REBELS at lower redshift. 
MNRAS 518, 6142–6157 (2023) 
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Figure 1. Position of the REBELS sources on the Schreiber et al. ( 2015 ) 
main sequence, extrapolated to z = 7. Orange circles indicate the dust- 
detected REBELS sources, while non-detections are bounded by their UV 

SFRs (white upward triangles) and the combined UV SFRs and IR upper 
limits (orange downward triangles). The median uncertainty on the galaxy 
stellar masses is indicated by the error bar in the lower right corner. The blue 
shaded area shows the range of log 10 (SFR MS ) ± log 10 (3) at fixed stellar mass. 
Galaxies with total ( = UV + IR) SFRs exceeding 3 × SFR MS , or with UV 

SFRs exceeding this value in the case of a dust non-detection, are identified 
as starbursts (Section 3.3 ). The orange band indicates the typical REBELS IR 

detection limit of L IR ≈ 2 − 3 × 10 11 L � (Inami et al. 2022 ). At low stellar 
masses, only galaxies abo v e the (e xtrapolated) main sequence are likely to 
be individually IR-detected. 
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.2 Stellar masses 

he total stellar mass ( M � ) is one of the principal parameters char-
cterizing a galaxy, directly related to its integrated star formation
istory (SFH). Ho we ver, measuring stellar masses at high redshift
s difficult owing to the generally small number of photometric data
oints, scarce co v erage of rest-frame optical and near-infrared emis-
ion, potentially significant uncertainties in photometric redshifts,
nd possible impact of emission lines (e.g. Stark et al. 2013 ; Smit
t al. 2015 ; Topping et al. 2022 ). Given the large fraction of [C II ]-
etections in REBELS, some of these uncertainties are partially mit-
gated. Nevertheless, determining stellar masses relies on a variety of
ssumptions, such as galaxies’ SFHs and the adopted dust attenuation
urve, and therefore involves several inherent uncertainties. 

Tw o separate w orks describe the determination of stellar masses
or the REBELS sample, adopting two different methodologies.
tefanon et al. (in preparation) adopt the spectral energy distribu-

ion (SED) fitting code BEAGLE (Che v allard & Charlot 2016 ) in
ombination with a constant SFH and a Small Magellanic Cloud
SMC) dust law to determine the physical properties of the REBELS
ample. Ho we ver, the adoption of a constant SFH is known to
esult in very young ages for galaxies caught in the midst of
 starburst (e.g. Leja et al. 2019 ), as these outshine any older
tellar populations that may already be present. To account for
his possibility, Topping et al. ( 2022 ) additionally present stellar

asses derived using a non-parametric SFH for the REBELS sample
sing the PROSPECTOR SED fitting code (Johnson et al. 2021 ).
xcept for the different SED fitting routine and stellar population

emplates, their assumptions are identical to those used in Stefanon
t al. (in preparation). We briefly summarize these assumptions
ere, while we refer to Topping et al. ( 2022 ) for the full details
see also Whitler et al. 2022 ). In short, the SED fitting utilizes all
vailable optical to mid-infrared photometry (Section 2 and Bouwens
t al. 2022b ), including any available narrow-band photometry. The
lexible Stellar Population Synthesis templates (Conroy, Gunn &
hite 2009 ; Conroy & Gunn 2010 ) are adopted, as well as an SMC

ust attenuation law. In total, eight time bins are used to construct
he non-parametric SFHs, with the oldest bin extending to z =
0. The first two bins hav e fix ed ages of 0–3 and 3 −10 Myr, and
re particularly important to constrain potential strong rest-frame
ptical line emission that can boost the observed fluxes in the IRAC
hannels. Such nebular emission is included through the models
rom Byler et al. ( 2017 ). The remaining six bins are distributed
ogarithmically in time, and all bins are connected through the built-
n ‘continuity prior’ in PROSPECTOR , which downweights significant
FR v ariations between consecuti ve bins. From the PROSPECTOR fits,
opping et al. ( 2022 ) find that the non-parametric models prefer

arger stellar masses, with an average offset of 0 . 43 dex, compared to
hose derived using a constant SFH. The typical offset is largest
or young galaxies, in which case the difference can be up to
 . 0 dex. 
Given the greater flexibility offered by the non-parametric mod-

lling, we adopt the Topping et al. ( 2022 ) stellar masses for the
EBELS galaxies throughout this work. Based on these masses,

he majority of the REBELS sample falls onto the Schreiber et al.
 2015 ) star formation main sequence extrapolated to z = 7 (Fig. 1 ;
ection 3.3 ). Given the inherent uncertainties associated with stellar
ass determinations, we propagate the errors on the individual

alaxy masses throughout our analysis using a Monte Carlo (MC)
ased approach, to ensure these are encapsulated in the quoted
ncertainties on the quantities of interest, such as the obscured SFRD.
urther details are provided in the following Section 3 . 
NRAS 518, 6142–6157 (2023) 

s  
 ANALYSI S  

.1 Stacking 

hile a significant fraction ( ∼40 per cent ) of REBELS galaxies are
ndividually detected in the dust continuum (Inami et al. 2022 ), in this
ork, we also include the continuum-undetected sources through a

tacking analysis to provide a complete census of dust in UV-selected
alaxies at z ∼ 7. 

We utilize mean stacking in the image plane, at the native resolu-
ion of the REBELS images. We adopt the observed UV positions of
he REBELS targets that are not individually detected in the ALMA

aps, while we use the central position at rest-frame 158 μm for the
ust detected sources. Simultaneously, we stack empty regions in the
LMA pointings prior to correcting for the primary beam attenuation

o obtain a census of the (flat) noise properties of the stacked image.
n addition, we verify the background level is negligible in both
he individual ALMA pointings and in the stacks themselves. In
rder to identify emission in the stacks, we follow Algera et al.
 2022 ) by running PYBDSF (Mohan & Rafferty 2015 ) on the stacked
mages with peak and island thresholds of 3 σ and 2 σ , respectively,
here σ is the RMS noise in the stack. In this work, we adopt the

tacked peak flux densities, as integrated flux measurements may be
iased upwards for low-signal-to-noise stacks (Algera et al. 2020a ;
eslie et al. 2020 ). Given that dust continua in high-redshift galaxies
ppear to be compact and are therefore not resolved by the large
 ∼1 . ′′ 3) REBELS beam size (Fudamoto et al. 2022 ; Inami et al.
022 ), we do not expect this to substantially affect our flux densities.
n addition, the beam sizes are significantly larger than the typical
bserved offset between the UV and dust continuum for the REBELS
ust-detected sample ( ∼0 . ′′ 3; Inami et al. 2022 ). In the case of a non-
etection in the stacks, we follow the approach by B ́ethermin et al.
 2020 ) and adopt as a conserv ati ve upper limit max { 3 σ , 3 σ + S pxl } .

ore specifically, we add the flux density in the central pixel of the
tack S pxl to the 3 σ upper limit, provided that S pxl > 0. We further

art/stac3195_f1.eps
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2 Due to the non-parametric masses generally exceeding their parametric 
counterparts, the Sommovigo et al. ( 2022 ) models allow for more dust when 
the former masses are adopted. As a result, the average dust temperature of 
the REBELS sample decreases slightly (by �T dust ≈ 3 K), well within the 
uncertainties of the median temperature found in Sommovigo et al. ( 2022 ) of 
〈 T dust 〉 = 47 ± 6 K when the parametric masses are adopted. 
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ote that two bright, serendipitous galaxies ∼5 arcsec from the 
mage centres of REBELS-05 and REBELS-P4 were subtracted via 
YBDSF in order to a v oid contaminating the background level in the
tacks. 

One of the aims of this work is to determine the typical fraction
f obscured star formation in UV-selected galaxies at z ∼ 7. At 
 � 2.5, this fraction is known to be highly mass-dependent (e.g.
annella et al. 2009 ; Reddy et al. 2010 ; Whitaker et al. 2017 ),
hich we investigate with REBELS by dividing our sample into 
iscrete stellar mass bins. Ho we ver, this is complicated by the stellar
ass uncertainties (typical 1 σ error of ∼0 . 3 dex), which constitute
 significant fraction of the mass range spanned by REBELS 

log 10 ( M � /M �) = 8.8–10.8; interquartile range of log 10 ( M � /M �) =
.4–10.0; see also Fig. 1 ). Therefore, we additionally incorporate 
hese uncertainties into our analysis, instead of adopting a fixed 
tellar mass for our sources. We approximate the posterior probability 
istributions on M � as a two-sided Gaussian with standard deviations 
qual to the lower and upper 1 σ uncertainty on the median M � derived
rom SED fitting by Topping et al. ( 2022 ), and randomly sample
 MC = 100 times from this distribution for each of the galaxies we
re stacking. For each of the N MC samplings, we bin the data into
our distinct bins with an approximately equal number of galaxies 
8–10) and adopt these bins for stacking. In turn, a galaxy may end
p in different bins across the N MC stacking runs. In addition, the
edian 〈 M � 〉 of each bin differs slightly between the stacking runs.
e subsequently perform photometry on all the stacks in order to 

etermine the average 158 μm flux density in each bin. For a more
irect comparison with the literature, where stellar mass uncertainties 
re generally not taken into account when stacking, we also provide 
default’ stacks throughout this work. In these default stacks, all 
alaxies are taken to have a fixed M � equal to the median of the
osterior stellar mass probability distribution. In this case, we use 
 standard bootstrap analysis (following Algera et al. 2020a ) such 
hat the quoted uncertainties reflect both the error on the stacked 
hotometry and the intrinsic sample variance. We refer to these as
he ‘no-MC’ stacks throughout this work. 

.2 Infrared luminosities and SFRs 

e correct the stacked flux densities for the cosmic microwave 
ackground following Da Cunha et al. ( 2013 ; see also Inami et al.
022 ), thereby adopting the median redshift of the stack. In order
o convert the flux densities to infrared luminosities, we adopt the 
onv ersion from Sommo vigo et al. ( 2022 ) deriv ed specifically for
EBELS. Their models combine the [C II ] and dust continuum 

mission of the 13 REBELS targets for which both are available with
he relation between [C II ] luminosity and star formation rate (e.g. De
ooze et al. 2014 ) to constrain the shape of their infrared SEDs, and
ence their infrared luminosities. As detailed in Inami et al. ( 2022 ),
he median SED across the 13 sources analysed by Sommovigo 
t al. ( 2022 ) is adopted for all REBELS targets, resulting in a
x ed conv ersion factor between rest-frame 158 μm dust continuum 

ux density and total infrared luminosity. Ho we ver , this con version
actor shows a minor dependence on stellar mass, as the models 
rom Sommovigo et al. ( 2022 ) limit the maximum possible dust
ass to be 4 per cent of the galaxy stellar mass. In this work, we

herefore adopt a slightly different con version factor , adapted for the
on-parametric stellar masses from Topping et al. ( 2022 ). The in-
rared luminosities are calculated as L IR = 11 . 7 + 4 . 1 

−2 . 3 × ν0 L ν0 , where
0 ≈ 1900 GHz is the rest-frame frequency of the [C II ] emission
ine and L ν the specific continuum luminosity at this frequency 
0 
Sommovigo et al. 2022 ). 2 The uncertainty on this conversion factor
s propagated into the final uncertainties on all quantities derived 
rom the infrared luminosity. In addition, when determining dust- 
bscured star formation rates from L IR , we adopt the conversion
actor used throughout the REBELS papers given in Bouwens et al.
 2022b ) of SFR IR / (M � yr −1 ) = 1 . 2 × 10 −10 × ( L IR / L �) . This value
as well as the conversion for UV-based star formation rates quoted

n Section 3.3 – is obtained from Madau & Dickinson ( 2014 ) under
he assumption of a constant star formation rate for a duration of
00 Myr and a fixed metallicity of Z = 0.002 (see also fig. 3 of
adau & Dickinson 2014 ). While the precise conversion factor 

etween star formation rate and IR (or UV) luminosity depends on
he assumed SFH – and is therefore both time- and model-dependent 
we here adopt a fixed value for simplicity (see also Topping et al.

022 ; Whitler et al. 2022 ). Given that we utilize stacking, we average
cross galaxies of various ages, further moti v ating the assumption
f a fixed conversion factor corresponding to the average age of the
EBELS sample of 100 Myr (Topping et al. 2022 ). 

.3 Starburst identification 

n order to construct an unbiased sample of representative galaxies 
t z ∼ 7, we seek to identify and flag starburst galaxies in this
ork. The reason for this is twofold. In Section 4 , we investigate
ow the fraction of obscured star formation depends on galaxy 
hysical parameters such as stellar mass. To place this in the context
f previous work, we compare to the z ∼ 5.5 ALPINE sample
Fudamoto et al. 2020 ), which represents typical main-sequence 
alaxies, and the low-redshift sample from Whitaker et al. ( 2017 ;
 � 2.5). The latter, being stellar mass-complete by construction, 
lso contains only a small number of starbursts (roughly 2 per cent
y number; Rodighiero et al. 2011 ). In addition, we seek to construct
he z ∼ 7 obscured cosmic SFRD in Section 5 , which necessitates
rst establishing a relation between infrared luminosity and stellar 
ass (Section 3.4 ). As determining the obscured SFRD requires 

xtrapolating this relation to masses outside the range probed by 
EBELS, it is crucial the relation be representative for galaxies 
cross a wide range of stellar masses, further moti v ating the exclusion
f starbursts. 
The REBELS targets were selected based on their UV luminosi- 

ies, and as such were not explicitly required to reside on the main
equence. Given that a set number of ALMA spectral scans were used
or each target, the continuum sensitivities of the REBELS pointings 
epend only weakly on redshift. As a result of this approximately
onstant sensitivity to dust-obscured star formation, REBELS is 
ostly sensitive to starbursts at low masses [log 10 ( M � /M �) � 9.5]. At

igher masses, galaxies on the (extrapolated to z = 7) main sequence
re also selected (Fig. 1 ). 

We identify starbursts based on their position abo v e the star-
orming main sequence, as is typical in the literature (e.g. Rodighiero
t al. 2011 ; Caputi et al. 2017 ). This classification is appealing from
n observational perspective, as it is agnostic to any potentially dif-
erent physical conditions in starburst and main-sequence galaxies, 
elating to, for example, merger state (e.g. Kartaltepe et al. 2012 )
MNRAS 518, 6142–6157 (2023) 



6146 H. S. B. Algera et al. 

M

Figure 2. An illustration of the Monte Carlo binning process, showcasing the fraction of runs in which a galaxy lands in a given bin. Galaxies are ordered 
by decreasing incidence in the low mass bins, and dust-detected sources are highlighted in boldface. In cases where the bars do not sum to unity, a galaxy is 
identified as a starburst in the remaining fraction of MC runs (Section 3.3 ). While some galaxies (e.g. R-14) are identified as starbursts in nearly all MC runs, 
several others (e.g. R-25) are flagged as starbursts only in a small fraction of runs when assigned a low stellar mass. Overall, roughly half of sources end up in any 
single bin more than half of the time, indicating that the typical stellar mass uncertainties of the REBELS targets will propagate into the eventual determination 
of the obscured SFRD in Section 5 . 

a  

2
 

p  

e  

f  

b  

c  

7  

a  

g  

I  

w  

t  

t  

o  

t  

i  

t  

o  

a  

t  

o

3

I  

S  

s  

i  

N  

f  

c  

w  

–  

3

(
e
S

K  

t  

d  

i  

F  

t  

I  

(  

t
a  

b

ρ

w  

b  

i  

s  

S  

(  

o  

i  

u  

o

4
F

4

W  

z  

o  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/4/6142/6815732 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
nd gas fraction or star formation efficiency (e.g. Scoville et al.
016 ; Tacconi et al. 2018 ). 
We flag galaxies as starbursts if their combined UV + IR SFR

laces them abo v e 3 ×, the Schreiber et al. ( 2015 ) main sequence
xtrapolated to z = 7 (Fig. 1 ). Our sample is – by construction – rest-
rame UV-detected, with its UV luminosities having been determined
y Stefanon et al. (in preparation), who additionally adopt the
onversion factor to UV star formation rate of SFR UV / (M � yr −1 ) =
 . 1 × 10 −29 × ( L UV / ( erg / s / Hz ) ) . 3 Galaxies without an IR detection
re identified as starbursts when their UV SFRs alone place the
alaxies 3 × abo v e the main sequence, irrespectiv e of their (unknown)
R properties. When performing our Monte Carlo stacking analysis,
e flag starbursts based on their re-sampled stellar mass (Fig. 2 ). In

urn, a galaxy may be identified as a starburst only in a subset of
he stacking runs. This analysis excludes, on average, 8.5 ± 2.1 out
f the 45 REBELS sources from stacking. We verified that adopting
he main sequence parametrization from Speagle et al. ( 2014 ) results
n a similar set of galaxies being identified as starbursts, and hence
he precise functional form of the main sequence does not affect
ur results (see also fig. 8 of Topping et al. 2022 ). Ho we ver, we
cknowledge the inherent uncertainties associated with extrapolating
hese main sequences to z = 7, and therefore we discuss the effect
f omitting the starburst exclusion in detail in Section 5.4.4 . 

.4 The obscured cosmic star formation rate density 

n this work, we use REBELS to constrain the obscured cosmic
FRD at z ∼ 7. Ho we ver, determining the obscured SFRD using the
tandard approach of constructing the infrared luminosity function
s complicated by the targeted nature of the REBELS sample.
evertheless, using the more robustly established UV luminosity

unction at z = 7 as a proxy, Barrufet et al. (in preparation) present
onstraints on the IR luminosity function from REBELS. In this
ork, ho we ver, we follo w the procedure of the ALPINE surv e y
which, like REBELS, is a pre-selected surv e y – presented in
NRAS 518, 6142–6157 (2023) 

 We note that the SFRs derived by two different SED fittings, Stefanon et al. 
in preparation) and Topping et al. ( 2022 ; averaged across 10 Myr), are in 
xcellent agreement. Indeed, Topping et al. ( 2022 ) show that the choice of 
FH has minimal effect on the inferred unobscured SFR. 

b  

t  

T  

v  

p  

s  
husanova et al. ( 2021 ). The procedure is as follows: we adopt
he recent determination of the galaxy stellar mass function [SMF;
enoted as � ( M � )] at z = 7 from Stefanon et al. ( 2021 ), thereby
ncluding the uncertainties on their derived SMF parametrization.
 or consistenc y with the Chabrier ( 2003 ) IMF adopted throughout

his work, we shift their SMF, which assumes a Salpeter ( 1955 )
MF, to lower stellar masses by 0 . 23 dex, following Speagle et al.
 2014 ). We stack the REBELS sample in distinct mass bins in order
o determine a relation between the stacked infrared luminosity L IR 

nd stellar mass M � . The infrared luminosity density ρIR is then given
y 

IR = 

∫ M 

upper 
� 

M 

lower 
� 

� ( L IR ( M � )) L IR ( M � )d M � , (1) 

here the integral is calculated across a range of stellar masses
etween [ M 

lower 
� , M 

upper 
� ]. Suitable values for this range are discussed

n detail in Section 5.2 . The dust-obscured luminosity density ρIR is
ubsequently converted into a SFRD using the conversion factor from
ection 3.2 . In this work, we follow the approach in Khusanova et al.
 2021 ), but also extend their analysis by propagating the uncertainties
n the stellar masses, which are generally not taken into account
n the literature. In turn, we additionally shed light on how such
ncertainties eventually propagate into the quantity of interest, the
bscured cosmic SFRD. 

 T H E  FRAC TI ON  O F  OBSCURED  STAR  

O R M AT I O N  

.1 Obscuration across the full REBELS sample 

e proceed by investigating the typical level of dust obscuration in
 ∼ 7 galaxies through a stacking analysis. Adopting the approach
utlined in Section 3.1 , we randomly sample N MC = 100 times from
he posterior stellar mass distributions of each REBELS target, and
in them into four discrete stellar mass bins. In Fig. 2 , we show how
he galaxies are divided among the bins across the N MC samplings.
he incorporation of the stellar mass uncertainties causes significant
ariation across the binning, with only ∼50 per cent of galaxies being
laced in the same bin > 50 per cent of the time. We subsequently
tack all the combinations of bins, and present the stacks from five
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Figure 3. An illustration of the Monte Carlo stacking process. Upper: 
Histogram of the rest-frame 158 μm flux densities across all N MC = 100 
stacking runs, divided across the four stellar mass bins. Dashed lines 
correspond to the median flux density across the bins with stacked detections 
of dust continuum emission. The median mass of each bin is labelled. Lower: 
Randomly drawn subset of N MC × N bins = 5 × 4 Monte Carlo stacks 
(approximately 5 × 5 arcsec 2 ) showing the rest-frame 158 μm continuum 

emission, ordered from low (left) to high mass (right). The x -axis is labelled 
with the median stellar mass of the bins. Contours are drawn at the ±2 − 5 σ
levels in steps of 1 σ , where σ is the rms noise in the stack. Negative contours 
are dashed. The colourscale of the cutouts runs from −1.5 σ to 6.5 σ . The 
number of sources in each stack is indicated in the top-left corner, and was 
chosen to be approximately constant across the four bins. The number in the 
upper-right corner indicates a detection (1) or upper limit (0). 
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andomly drawn MC runs in Fig. 3 . The highest mass bin generally
ppears to be the brightest, as is e xpected giv en the existence of the
tar formation main sequence, as well as the correlation between 
ass and dust obscuration (e.g. Whitaker et al. 2017 ). Most of the

ariation is instead in the lower mass stacks, which reflects the fact
hat the fractional uncertainties on individual galaxies’ stellar masses 
re larger for lower-mass sources. 

For each of the stacks, we determine the fraction of obscured 
tar formation as f obs = SFR IR /(SFR IR + SFR UV ), where SFR UV 

epresents the mean UV-based star formation rate of the galaxies 
ithin the corresponding bin. We show the relation between f obs and 
 � for the individually detected REBELS targets and the stacks –
hich include both the detections and non-detections – in the left- 
and panel of Fig. 4 . For each of the stellar mass bins, we adopt
he median obscured fraction and the 16–84th percentiles from the 

onte Carlo stacks as the corresponding uncertainty. In the case of
pper limits among the MC samples, we determine the median and
ncertainties through a standard survi v al analysis, making use of the
IFELINES package (Davidson-Pilon 2019 ). 

The obscured fraction determined for the REBELS sample ranges 
rom f obs = 0 . 33 + 0 . 06 

−0 . 04 at low stellar masses [log 10 ( M � /M �) ≈ 9.4]
o f obs = 0 . 58 + 0 . 04 

−0 . 18 in the highest mass bin [log 10 ( M � /M �) ≈ 10.4].
e thus find that UV-selected galaxies at z ∼ 7 show an increasing

bscured fraction towards higher stellar masses. Upon performing 
 linear fit to all N MC samples and combining the posteriors, we
etermine a median slope and 16–84th percentile confidence interval 
f 0 . 27 + 0 . 16 

−0 . 15 for the f obs − M � relation. Averaged across the entire
ample, the z ∼ 7 REBELS sources show a typical obscured fraction
f f obs ≈ 0.45. 
We first compare our results to those at z ∼ 5.5 from the ALPINE

urv e y (Fudamoto et al. 2020 ) and find that the obscured fractions
re in agreement. Due to the typically higher continuum sensitivity 
f REBELS compared to ALPINE, our stacking analysis paints a 
learer picture of the typical level of dust obscuration in the early
niverse, including at stellar masses M � � 10 10 M � where ALPINE
nly provides upper limits. Interestingly, REBELS galaxies – despite 
esiding at higher redshift – seem to indicate a modest excess in dust
bscuration at the high-mass end compared to the ALPINE sample. 
his is likely due to the different selection criteria of the two surv e ys,
iven that ALPINE mostly consists of galaxies on the main sequence
ith a priori known spectroscopic redshifts. In particular, most of 

hese redshifts are from Lyman- α emission, which may result in a
light bias towards dust-poor systems, as detailed in Faisst et al.
 2020 ). REBELS, on the other hand, was selected solely based on
V brightness, irrespective of position on the main sequence, and 
ithout existing spectroscopic redshift information. As a result of 

hese different criteria, ALPINE might preferentially miss massive, 
usty galaxies. 
It should be borne in mind that the ALPINE stellar masses

re based on parametric SED fitting (Faisst et al. 2020 ), while
he REBELS masses use non-parametric SFHs (Topping et al. 
022 ). Ho we ver, gi ven the width of the ALPINE mass bins, it
s unlikely that this difference in the determination of stellar 
asses significantly affects our comparison of the dust obscuration 

roperties of the two samples. 
We additionally compare our results to the relation between f obs 

nd stellar mass determined at z � 2.5 by Whitaker et al. ( 2017 ).
hey find that, when compared to their high-mass counterparts, low- 
ass galaxies show significantly less dust obscuration. In addition, 

hey show that the obscured fraction is independent of redshift out
o z � 2.5. Ho we ver, Whitaker et al. ( 2017 ) also find that the precise
unctional form of the relation between obscured fraction and stellar 
ass depends significantly upon the adopted SED templates, due 

o their analysis involving the extrapolation of infrared luminosities 
rom stacked 24 μm flux densities. In particular, depending on which
emplates are adopted, the typical expected obscuration of galaxies 
ith M � = 10 9 . 5 M � may either be ∼50 per cent [using the Dale &
elou ( 2002 ) templates], or negligible ( � 10 per cent ; using the
 ́ethermin et al. 2015 templates). Ho we ver, Whitaker et al. ( 2017 )
mphasize that, irrespective of which SED templates are adopted, the 
rend between f obs and M � remains independent of redshift. In Fig. 4 ,
e compare the REBELS results to the low-redshift (Whitaker et al.
017 ) relation using both the Dale & Helou ( 2002 ) and B ́ethermin
t al. ( 2015 ) templates. 
MNRAS 518, 6142–6157 (2023) 
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M

Figure 4. Left: The fraction of obscured star formation as a function of stellar mass. The individually detected REBELS targets as well as upper limits are 
shown in grey, while the Monte Carlo stacks are shown in various colors. Throughout this work, we showcase the results from the individual N MC = 100 runs in 
each of four mass bins in these four colours (from low-to high-mass: blue, cyan, purple, and red). Small circles (downward triangles) correspond to a single mass 
bin in a single MC run where the dust continuum was detected (undetected) in the stack. The larger squares correspond to the median across all N MC stacks. 
The 1 σ confidence interval of a linear fit through the individual MC samples is further shown in green. We additionally show the Whitaker et al. ( 2017 ) relation 
determined at z � 2.5 [using both the Dale & Helou ( 2002 ) and B ́ethermin et al. ( 2015 ) templates; solid and dashed, respectively], and the z ∼ 5.5 results from 

Fudamoto et al. ( 2020 ) as orange diamonds. While the individually detected REBELS sources agree reasonably well with the low-redshift measurements, the 
stacks show a clear deficit in obscured star formation. Right: Same as the left-hand panel, now with separate stacks for the continuum-detected (squares) and 
undetected sources (circles). Both samples are split into two mass bins and show remarkably different behaviour. The stacks of dust-detected galaxies show a 
typical fraction of dust obscuration that is similar to the low-redshift [Whitaker et al. ( 2017 )] relation, while the dust-undetected sample shows significantly less 
obscuration, with a typical f obs ≈ 0.25. 
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While the individually detected REBELS targets appear to show
bscured fractions that are in reasonable agreement with the Whitaker
t al. ( 2017 ) relation valid at lower redshift (assuming the Dale &
elou ( 2002 ) templates) the stacks indicate the typical f obs of z

7 galaxies is lower than observed at z � 2.5. However, the
EBELS sample shows a less significant decrease in obscured

raction to wards lo wer stellar masses, such that the lo w-mass bin
s in reasonable agreement with the fiducial Whitaker et al. ( 2017 )
elation. When adopting the B ́ethermin et al. ( 2015 ) templates, we
nd better agreement at intermediate masses, while the low-mass
in shows excess dusty star formation compared to the low-redshift
elation. Compared to either of the templates, the REBELS sample
hows a deficit in dust obscuration at the high-mass end. This is
ot due to the exclusion of starbursts from our analysis, as these
ources are pre-dominantly located at lower stellar masses. Instead,
he lack of dust obscuration compared to the local (Whitaker et al.
017 ) relation is plausibly the result of the different mechanisms of
ust production at play in nearby and high-redshift galaxies. If the
ypical stellar populations in z ∼ 7 galaxies are young ( � 30 −40

yr), dust production via AGB stars cannot contribute significantly
o the o v erall dust mass, such that dust is likely pre-dominantly
reated via Type II supernovae (Todini & Ferrara 2001 ; Bianchi &
chneider 2007 ; Marassi et al. 2019 ; Dayal et al. 2022 ). In addition,

he efficiency of dust build-up via grain growth in the ISM at these
arly cosmic epoch remains debated, although it could be important
articularly in relatively massive and chemically evolved systems
e.g. Valiante et al. 2014 ; Mancini et al. 2015 , 2016 ; Popping et al.
017 ; Graziani et al. 2020 ). 
Ho we ver, we must also consider that REBELS, by its very

ature, is a UV-selected surv e y. REBELS is therefore biased against
electing highly dust-obscured galaxies, and the resulting f obs can
ence be regarded as a formal lower limit on the true typical
bscuration of z ∼ 7 galaxies. The population of highly obscured
ubmillimetre galaxies (SMGs) identified at intermediate redshifts
ndeed forms the massive end of the galaxy population at z ∼ 2–5
e.g. Dudzevi ̌ci ̄ut ̇e et al. 2020 ), and if such a population is missed
NRAS 518, 6142–6157 (2023) 

s  
n the REBELS selection, the inferred f obs at the high-mass end
ay therefore be underestimated. Fudamoto et al. ( 2021 ) show that,

ven at z ∼ 7, highly dust-obscured galaxies already exist based
n the serendipitous detection of two such sources in the REBELS
LMA pointings. This is further corroborated by recent work from
akx et al. ( 2021 ) and Endsley et al. ( 2022 ), who similarly find
vidence of highly obscured galaxies ( f obs ∼ 0.85 − 1) in the epoch
f reionization. A more complete census of dust obscuration at
igh redshift requires increased statistics on the pre v alence of such
ptically faint galaxies, which are bound to arise as ALMA continues
o surv e y the early Univ erse. We discuss this interesting population
f optically faint/dark sources in the context of cosmic star formation
n further detail in Section 5.3 . 

.2 The dust-detected versus undetected population 

s expected, the left-hand panel of Fig. 4 demonstrates that the
ypical obscured fraction of the dust-undetected REBELS targets
s lower than that of the infrared-detected population. In order to
nvestigate this difference between the dust-detected and undetected
alaxies within our sample, we repeat our analysis by stacking these
wo populations separately. We adopt an identical stacking procedure
s before, except we now adopt two mass bins each for both samples
o ensure there is a sufficient number of sources per bin for stacking.

The f obs − M � relation for these two populations is shown in
he right-hand panel of Fig. 4 . The dust-detected sources, which
how an average f obs ≈ 0.6–0.7, appear to agree quite well with the
ass-dependent trend from Whitaker et al. ( 2017 ). This is somewhat

emarkable, as this suggests that the brightest dust-obscured galaxies
n the epoch of reionization conform to the same scaling relation as is
bserved at z � 2.5, with potentially only minor e volution. Ho we ver,
e caveat that, while at low redshift this relation was established for
 mass-complete galaxy sample, the REBELS continuum-detected
alaxies are not a similarly unbiased population. In particular –
espite the detection of significant dust emission in 40 per cent of the
ample – REBELS may still be biased against highly dust-obscured

art/stac3195_f4.eps


The obscured z = 7 SFRD 6149 

s
t  

c

t
f  

f  

a  

f  

e  

a
u
w
s  

r

u
t  

z  

i  

o
t
l
u  

s
d
m
t  

b  

p
U  

I

m  

a
s  

m  

c
(  

s
t
p  

c  

e

d
d  

l
t  

d
p  

c
d

 

i
R
e  

4

t
t

a  

o  

s
f  

p  

a  

e  

o
 

s  

R  

m
o
a

5
R

H
n  

t  

r
i
a  

o
a  

t  

w  

w

o
e  

o  

f

5

W
a
m
−  

d
m  

a  

t  

w  

s
a
fi
o  

d
a  

s  

a  

K
 

S  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/4/6142/6815732 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
ources given its selection at UV wavelengths. As such, we caution 
hat a direct comparison to the Whitaker et al. ( 2017 ) relation is
omplicated by such differences in selection. 

Nevertheless, the typical obscured fraction determined here for 
he dust-detected REBELS sample is consistent with the modelling 
rom Ferrara et al. ( 2022 ), who combine the UV emission and rest-
rame 158 μm flux density for 10 REBELS galaxies with both dust
nd [C II ] measurements to predict a typical obscured fraction of
 obs , F22 = 0 . 79 + 0 . 07 

−0 . 19 . 
4 In addition, theoretical modelling by Dayal

t al. ( 2022 ) demonstrates that the dust build-up of 11/13 of the [C II ]-
nd continuum-detected REBELS sources can be readily explained 
sing a combination of standard dust production mechanisms, 
hich further supports that large dust masses, and consequently 

ignificant dust obscuration, may already be pre v alent in the epoch of
eionization. 

In contrast to the dust detections, ho we ver, the continuum- 
ndetected sources show significantly lower obscuration amounting 
o a typical f obs ≈ 0.25. Both bins therefore fall below the fiducial
 � 2.5 Whitaker et al. ( 2017 ) relation. Intriguingly, this analysis
ncludes several galaxies with stellar masses M � � 10 10 M �, none
f which are individually detected in the continuum. Given that 
he REBELS galaxies were selected solely based on their UV 

uminosities, this stark difference between the dust-detected and 
ndetected populations is interesting. Inami et al. ( 2022 ) do not find
ignificant differences in the physical properties of the continuum 

etections and non-detections, with the exception that the former 
ight be characterized by redder UV-slopes βUV . A relation between 

he infrared excess (IRX = L IR / L UV ) and UV continuum slope has
een well-established at low redshift (e.g. Meurer et al. 1999 ) and
rovides a means of applying dust corrections when only rest-frame 
V data are available (see also Bowler et al., in preparation for the

RX − βUV relation for the REBELS sample). 
The low obscured fraction of the dust-undetected REBELS sources 
ay have a variety of plausible origins. First of all, let us naively

ssume that the typical dust mass of the continuum-undetected 
ample is similar to that estimated for the detections by the Som-
ovigo et al. ( 2022 ) models of 〈 M dust 〉 ≈ 10 7 M �. In this case, the

ontinuum non-detections must have very cold dust temperatures 
average 〈 T dust 〉 � 30 K) in order to be only weakly detected in the
tacks. This, ho we ver, is unlikely, as high-redshift galaxies appear 
o have increasingly warmer dust (e.g. Sommovigo et al. 2022 
redict 〈 T dust 〉 = 47 ± 6 K for the REBELS targets), likely driven by
ompact star formation and lower o v erall dust masses (e.g. Schreiber
t al. 2018 ; Sommovigo et al. 2022 ). 

If we therefore instead assume that the REBELS continuum non- 
etections have a similar average dust temperature to the value 
etermined for the detections by Sommovigo et al. ( 2022 ), they are
ikely to have dust masses that are lower by a factor of ∼5 × compared 
o what is inferred for the detections. As such, it is probable that the
ust-undetected population in REBELS consists of a relatively dust- 
oor subset of the full targeted sample of z ∼ 7 galaxies. Deeper
ontinuum observations are required to test this hypothesis in further 
etail. 
An alternativ e e xplanation for the differences in obscured fractions

s that the UV and dust emission of the continuum-undetected 
EBELS sources are sufficiently spatially offset that some of the 
mission is diluted in the stacks. This, ho we ver, appears unlikely,
 Note that Ferrara et al. ( 2022 ) analyse a sample of 14 REBELS galaxies, 
hough their models are unable to provide adequate solutions for four of the 
argets. 

p
t  

fi
o  

�  
s given the large beam size of REBELS ( ∼1 . ′′ 3) a typical offset
f � 5 kpc would be required. While Inami et al. ( 2022 ) find that a
ingle of the REBELS dust detections (REBELS-19) show evidence 
or a large spatial offset of ∼8 kpc between its UV emission and the
eak of the dust, the typical separation amounts to < 2 kpc ( ∼0.3
rcsec). As such, large ( � 5 kpc) spatial offsets between the UV
mitting component and the dust are unlikely to be driving the lower
bscured fractions. 
Ho we ver, more patchy obscuration on smaller spatial scales could

till possibly result in a lower typical f obs for the dust-undetected
EBELS sample. If the distribution of the dust is sufficiently inho-
ogeneous, galaxies may appear more or less obscured depending 

n our line of sight. Higher resolution dust continuum observations 
re required to test this scenario in more detail. 

 T H E  OBSCURED  COSMI C  STAR  F O R M AT I O N  

AT E  DENSITY  

aving established that dust-obscured star formation remains sig- 
ificant all the way into the epoch of reionization, we now set out
o quantify its contribution to the cosmic SFRD. We remind the
eader that this procedure involves constructing a relation between 
nfrared luminosity and stellar mass, which is subsequently integrated 
cross the known z = 7 SMF (Section 3.4 ). We quantify the dust-
bscured SFRD following a two-step approach. First, we determine 
 formal ‘lower limit’ on the obscured SFRD by limiting ourselves
o the stellar mass range spanned by the REBELS sample. Next,
e extrapolate our results to include the full range of stellar masses
here dusty star formation is expected. 
Furthermore, we emphasize that our results are limited to the 

bscured component of cosmic star formation, and we do not 
xplicitly use the UV SFRs of the REBELS sources in the remainder
f this section. Instead, we will use the unobscured SFRD at z = 7
rom the literature for comparison in Section 5.3 . 

.1 A lower limit on the z ∼ 7 obscured SFRD 

e start off by determining a relation between infrared luminosity 
nd stellar mass. We proceed with the stacked luminosities deter- 
ined in the previous section, and construct the corresponding L IR 

M � relation for all N MC stacks individually (Fig. 5 ). We fit the
ata using a standard Monte Carlo Markov Chain (MCMC) analysis, 
aking use of the EMCEE library (F oreman-Macke y et al. 2013 ). We

dopt a flat prior on the slope of the linear fit and do not require it
o be positive. We incorporate upper limits in case no stacked source
as detected following the formalism outlined in Sawicki ( 2012 ). We

ubsequently combine all MC samples across the N MC stacking runs 
nd take the median and 16–84th percentiles as, respectively, the best- 
tting and corresponding uncertainty. This results in a linear slope 
f the L IR − M � relation given by γMC = 0 . 52 + 0 . 29 

−0 . 27 . We additionally
etermine the relation without incorporating Monte Carlo sampling 
cross stellar masses, in which case we reco v er a slightly steeper
lope of γno −MC = 0 . 74 + 0 . 54 

−0 . 41 . Both values are consistent with one
nother, as well as with the ALPINE findings at z ∼ 5.5 from
husanova et al. ( 2021 ), who find γ K21 ∼ 0.8 ± 0.4. 
We integrate the L IR − M � relations o v er the Stefanon et al. ( 2021 )

MF at z = 7, incorporating the covariance between their fitted
arameters into our error propagation. The resulting constraints on 
he obscured SFRD are shown in Fig. 6 and listed in Table 1 . We
rst provide a direct measurement of the SFRD by considering 
nly the mass range spanned within the REBELS sample of 8.8
 log 10 ( M � /M �) � 10.8 and adopting this as our integration limit.
MNRAS 518, 6142–6157 (2023) 
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Figure 5. The relation between infrared luminosity and stellar mass for the REBELS sample. The individual coloured data points (and upper limits) showcase 
the individual MC runs for each of the four bins, and are plotted at the median stellar mass of the bin. Fits to the no-MC and Monte Carlo stacks are shown in 
purple and orange, respectively. Including the stellar mass uncertainties through a Monte Carlo analysis results in a slightly flatter relation, though both fits are 
consistent within 1 σ , as well as with the ALPINE findings at z ∼ 5.5 (grey squares). 

Figure 6. Constraints on the dust-obscured z ∼ 7 cosmic star formation density from the REBELS surv e y, using both an MC-analysis across galaxy stellar mass 
uncertainties (orange point), as well as a more typical approach keeping galaxy stellar masses fixed (purple). Same-colour triangles indicate the lower limits 
obtained from considering only the REBELS stellar mass range (8.8 � log 10 ( M � /M �) � 10.8). The points are slightly offset from z = 7 for visual clarity. We 
further show several SFRD measurements and compilations from the literature, divided into total, unobscured and obscured SFRD measurements. At z � 1.5, we 
show the unobscured SFRD from Moutard et al. ( 2020 ; denoted M20 in the legend), and at z � 2 from Bouwens et al. ( 2022a ; B22) in blue. The dust-obscured 
SFRD from Zavala et al. ( 2021 ) is o v erplotted in orange, and the combined UV + IR SFRD from these measurements is shown in grey. The hatched orange 
re gion be yond z > 7 represents an e xtrapolation of the Zavala et al. ( 2021 ) results to higher redshift, and is included for visual clarity. In addition, several 
literature results using tracers of obscured star formation are shown (far-infrared/radio; filled symbols), in addition to z � 6 constraints from GRBs, which are 
sensitive to both obscured and unobscured star formation (Kistler et al. 2009 and Robertson & Ellis 2012 ; denoted K09 and RE12 in the le gend, respectiv ely). 
The REBELS measurements obtained in this work suggest significant dust-obscured star formation is already in place in the epoch of reionization. 
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Table 1. Constraints on the z = 7 SFRD given a variety of assumptions and caveats, as discussed throughout Section 5 . Star formation rate 
densities are given in units of M � yr −1 Mpc −3 and the Bouwens et al. ( 2022a ) results are used to determine the obscured fraction of the 
SFRD ( f obs ). The lower section of the table includes several literature z = 7 SFRD determinations that we compare our measurements to in 
Section 5.3 . 

Description log 10 (SFRD MC ) log 10 (SFRD no-MC ) f obs,MC f obs,no-MC Section 

Fiducial −2 . 24 + 1 . 18 
−0 . 61 −2 . 57 + 0 . 75 

−0 . 48 0 . 31 + 0 . 55 
−0 . 22 0 . 17 + 0 . 37 

−0 . 11 5.2 

Lower Limit −2.56 ± 0.30 −2 . 74 + 0 . 32 
−0 . 34 0 . 18 + 0 . 13 

−0 . 08 0 . 12 + 0 . 10 
−0 . 07 5.1 

γ = 1 −2 . 74 + 0 . 28 
−0 . 31 −2 . 79 + 0 . 30 

−0 . 32 0 . 12 + 0 . 09 
−0 . 06 0 . 11 + 0 . 09 

−0 . 06 5.4.1 

M 

lower 
� = 10 6 M � −1 . 50 + 0 . 93 

−0 . 76 −2 . 11 + 0 . 94 
−0 . 73 0 . 71 + 0 . 24 

−0 . 41 0 . 37 + 0 . 47 
−0 . 27 5.4.2 

Non-parametric SMF −1 . 82 + 1 . 12 
−0 . 48 −2 . 05 + 0 . 61 

−0 . 36 0 . 55 + 0 . 39 
−0 . 27 0 . 41 + 0 . 33 

−0 . 18 5.4.3 

Including Starbursts −1 . 54 + 1 . 17 
−0 . 66 −1 . 83 + 0 . 96 

−0 . 55 0 . 69 + 0 . 28 
−0 . 36 0 . 54 + 0 . 37 

−0 . 30 5.4.4 

T dust = 35 K −2 . 51 + 1 . 02 
−0 . 56 −2 . 78 + 0 . 79 

−0 . 50 0 . 19 + 0 . 52 
−0 . 13 0 . 12 + 0 . 34 

−0 . 08 5.4.5 

T dust = 55 K −1 . 51 + 1 . 56 
−0 . 93 −1 . 85 + 1 . 27 

−0 . 89 0 . 71 + 0 . 28 
−0 . 49 0 . 53 + 0 . 43 

−0 . 40 5.4.5 

Bouwens et al. ( 2022a ; UV) Fudamoto et al. ( 2021 ; IR) Zavala et al. ( 2021 ; IR) 
log 10 (SFRD) −1.89 ± 0.07 > −2.92 −3.19 ± 0.66 
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his, therefore, ef fecti vely constitutes a lower limit on the true
ust-obscured SFRD since some fraction of cosmic star formation 
ill also occur in galaxies outside the mass range probed by 
ur sample. For the no-MC and MC analyses, respectively, we 
alculate log 10 ( SFRD no −MC ) ≥ −2 . 74 + 0 . 32 

−0 . 34 and log 10 (SFRD MC ) ≥
2.56 ± 0.30 in units of M � yr −1 Mpc −3 (Table 1 ). In Fig. 6 , we

dopt the lower error on these quantities (i.e. the 16th percentile of
he posterior distribution) as the formal lower limit on the obscured 
osmic SFRD. 

.2 The full z ∼ 7 obscured SFRD from REBELS 

e next set out to determine the z ∼ 7 SFRD across the full range of
tellar masses where dust-obscured star formation is likely to occur. 
his, therefore, requires integrating the SMF between some range 
 

lower 
� ≤ M � ≤ M 

upper 
� where we expect significant dust obscuration. 

e will show in Section 5.4 that the SFRD does not depend on
he upper mass limit adopted for the inte gration, pro vided it is
 

upper 
� � 10 10 . 5 M �. We therefore follow Khusanova et al. ( 2021 ) by

dopting log 10 ( M 

upper 
� / M �) = 12 . 4. The value of the lower cutoff,

 

lower 
� , ho we ver, has a more significant impact on the inferred SFRD.
e therefore seek to determine M 

lower 
� in a manner that is self-

onsistent with our determination of the f obs − M � relation, as outlined 
elow. Other possible integration limits are discussed in detail in 
ection 5.4.2 . 
We determine M 

lower 
� as the mass where our f obs − M � relation 

redicts that dust-obscured star formation is negligible: we first 
t a linear function to the individual N MC samples of the f obs −
 � relation. We adopt a flat prior on the slope, requiring it to be

arger than zero. The resulting fit is shown in the left-hand panel
f Fig. 4 , and is characterized by a slope of 0 . 27 + 0 . 16 

−0 . 15 . We then
se the individual MCMC samples to determine the distribution of 
asses M 

lower 
� where f obs = 0. In ∼10 per cent of cases, where the

lope is flat, such that the inferred log 10 ( M 

lower 
� / M �) < 5 . 0, we adopt

og 10 ( M 

lower 
� / M �) = 5 . 0 as our limit. The median value determined

s such is log 10 ( M 

lower 
� / M �) = 8 . 2 + 0 . 7 

−2 . 1 , and the full distribution of
 

lower 
� is shown in the right-hand panel of Fig. 7 . In order to determine

he total z ∼ 7 SFRD for both the MC and no-MC analyses,
e randomly draw M 

lower 
� from this distribution and integrate up 

o a fixed log 10 ( M 

upper 
� / M �) = 12 . 4. In both cases, we adopt the

edian and 16–84th percentile as the SFRD and its corresponding 
ncertainty. 
We list the z ∼ 7 obscured cosmic star formation rate densities
etermined via the MC and no-MC analyses across the full mass
ange where significant dust-obscured star formation is expected 
n Table 1 , and show the results in Fig. 6 . Both approaches –
ncluding errors on M � or not – provide consistent results within the
ncertainties. In addition, these direct measurements of the SFRD 

re consistent with the lower limits derived above from considering 
nly the range of stellar masses spanned by REBELS. In the next
ection, we place our constraints on the dust-obscured SFRD at z ∼
 in the context of earlier studies. 

.3 Comparison to the literature 

e compare both our lower limits and extrapolated constraints on the
FRD to various literature determinations of cosmic star formation in 
ig. 6 . In particular, we compare to the models of Zavala et al. ( 2021 ),
ho provide the obscured cosmic SFRD out to z = 7. The REBELS

onstraints are consistent with their obscured values, though hint 
owards a larger contribution of dusty star formation at this redshift.
he Zavala et al. ( 2021 ) models predict that most of the dust-obscured
tar formation beyond z � 4 is due to ultra-luminous infrared galaxies
ULIRGs), with an IR luminosity in excess of L IR > 10 12 L �, while
nly a minor fraction ( ∼20 per cent ) is occurring in LIRGs (10 11 <

 IR /L � < 10 12 ). The dust-detected REBELS population, ho we ver,
onsists almost fully of LIRGs, with REBELS-25, attaining L IR 

1.5 × 10 12 L �, being the sole exception (Inami et al. 2022 ;
ommovigo et al. 2022 ; see also Hygate et al. 2022 ). It therefore
ay be that the Zavala et al. ( 2021 ) models underpredict the number

ensity of less luminous dusty galaxies in the epoch of reionization.
hrough a detailed fitting procedure involving mostly observations 
t z � 3, Zavala et al. ( 2021 ) determine the faint-end slope of the
nfrared luminosity function to be relatively flat ( αLF ∼ −0.4). Given 
heir lack of constraints at higher redshift, they by necessity take
his slope to be non-evolving with cosmic time. Our results suggest
hat αLF may instead evolve to steeper values, which would imply an
ncrease in dust-obscured galaxies with LIRG-like IR luminosities 
n the epoch of reionization compared to their models. This is
n apparent agreement with the contribution to the SFRD derived 
rom SMGs by Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ) across ∼700 ALMA-
etected galaxies from the AS2UDS surv e y (see also Bouwens et al.
020 ). While these sources with ULIRG-like luminosities (median 
 IR ≈ 3 × 10 12 L �; Dudzevi ̌ci ̄ut ̇e et al. 2020 ) contribute significantly
MNRAS 518, 6142–6157 (2023) 
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M

Figure 7. Left: The dependence of the IR cosmic SFRD (black line) and corresponding obscured fraction (red line; right y -axis) on the slope of the linear L IR 
− M � relation, assuming a fixed M 

lower 
� = 10 8 . 2 M �. A flatter slope results in a larger obscured SFRD as more infrared luminosity is assigned to low-mass 

galaxies. As a result, the obscured fraction increases as well. The fitted slopes and 1 σ confidence intervals for the no-MC and MC analyses are indicated 
through the dashed lines and shaded regions. A slope of γ = 1 (dotted vertical line) reduces the inferred obscured SFRD by a factor of ∼0 . 5 dex compared 
to the MC-derived value. Right : The contribution to the SFRD as a function of M 

lower 
� , normalized such that X SFRD (10 6 M �) = 1. For γ = 1 (cyan line), the 

contribution from galaxies with 10 6 � M � /M � � 10 9 and M � > 10 9 M � is roughly equal, while steeper (shallower) values of γ increase the relative importance 
of high-mass (low-mass) sources. The orange histogram shows the distribution of M 

lower 
� adopted in Section 5.2 , while the cyan shaded region indicates the 

mass range spanned by the REBELS sample. For clarity, we omit the 10 per cent of samples placed at the lower imposed cutoff of log 10 ( M 

lower 
� / M �) = 5 . 0 

(see te xt). F or an internally consistent determination of M 

lower 
� , we adopt the f obs − M � relation to determine log 10 ( M 

lower 
� / M �) = 8 . 2 + 0 . 7 −2 . 1 (orange dashed line). 
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o the total cosmic SFRD at z ∼ 2 − 4, their number density, and
ence their contribution to the SFRD, rapidly drops off at z � 4. 

In addition, the Casey et al. ( 2018 ) models, upon which Zavala
t al. ( 2021 ) build their work, do not explicitly model the onset of
ust in the early Universe. As a result, given the limited available
ime for dust production at z = 7, their models may o v erpredict the
umber densities of ULIRGs with massive dust reservoirs at this
osmic epoch. 

Through a fully independent approach, Barrufet et al. (in prepa-
ation) determine the z ∼ 7 infrared luminosity function from the
EBELS sample, and integrate this to obtain an estimate of the
bscured SFRD. Their approach assumes the REBELS continuum
etections are drawn from the known z ∼ 7 UV luminosity func-
ion, given the total area of 7 deg 2 across which REBELS targets
ere initially selected (Bouwens et al. 2022b ). The cosmic SFRD
etermined by Barrufet et al. (in preparation) is consistent with the
esults presented here within 1 σ (cf. red diamond in Fig. 6 ). This
greement between these two independent methods is encouraging,
nd emphasizes how valuable information on cosmic star formation
an be extracted even from targeted surveys. 

Our analysis suggests only a modest decline in the dust-obscured
osmic SFRD from z � 3 onward. This is in apparent agreement
ith recent studies of dust-obscured star formation out to z ∼ 5,

uch as Novak et al. ( 2017 ) who make use of deep Very Large Array
bservations at 3 GHz, and Gruppioni et al. ( 2020 ) who utilize the
erendipitous continuum-detected sources in ALPINE. Both studies
nd little evidence for a decline in the SFRD beyond what is
ommonly known as the ‘peak’ of cosmic star formation, and indicate
xcess dust-obscured star formation compared to both the canonical
adau & Dickinson ( 2014 ) relation, and the more recent results

rom Zavala et al. ( 2021 ). However, recent measurements of dust-
bscured star formation from Van der Vlugt et al. ( 2022 ), combining
oth deep and wide VLA observations at 3 GHz across COSMOS
ut to z � 4.5, find a better agreement with the obscured SFRD from
avala et al. ( 2021 ). Nev ertheless, the y argue UV-based surv e ys still
nderestimate dust corrections by ∼1 dex, when adopting consistent
ntegration limits for the radio and UV luminosity functions. 

Indeed, the difficulty of applying dust corrections to UV-based
urv e ys is highlighted by a galaxy population that has garnered
ignificant attention in recent years: the so-called ‘optically dark’
NRAS 518, 6142–6157 (2023) 
opulation. While the exact definition varies, these sources are
haracterized by their lack of a discernible counterpart at optical
nd near-infrared wavelengths (e.g. Wang et al. 2019 ; Algera et al.
020b ; Gruppioni et al. 2020 ; Talia et al. 2021 ), and are therefore
by definition – missed in UV/optical-based surv e ys. Based on

heir analysis of serendipitous sources found in the ALPINE surv e y,
ruppioni et al. ( 2020 ) find that optically dark sources contribute

bout ∼17 per cent of the o v erall SFRD at z ≈ 5, in general
greement with radio-selected samples (Talia et al. 2021 ; Enia et al.
022 ). At z ≈ 7, Fudamoto et al. ( 2021 ) recently identified two
ptically dark galaxies in two separate REBELS pointings, indicating
hat even in the epoch of reionization such highly dust-obscured
ources are already in place. 

As we limit our analysis to the sources directly targeted by
EBELS, i.e. the UV-bright population at z ≈ 7, such a coe v al
ptically dark population is by construction not accounted for in our
bscured SFRD measurements. While detailed statistics on the nature
f this population ideally require wide, blind surv e ys at infrared
r longer wavelengths, we can provide a rough estimate on the
raction of the obscured SFRD we may be missing by comparing
o the inferred SFRD from the two optically dark sources observed
y Fudamoto et al. ( 2021 ) at z ≈ 7 (Table 1 ; values corrected
or clustering). We find that our analysis based on UV-selected
ources accounts for 83 + 16 

−29 per cent of the total obscured SFRD when
omparing to the estimates from Fudamoto et al. ( 2021 ), in good
greement with the z ≈ 5 results from Gruppioni et al. ( 2020 ). As
uch, while optically dark sources are a highly interesting population,
heir contribution to the obscured SFRD at z ≈ 7 might be only up
o ∼15 −20 per cent . 

Finally, as an independent probe of the SFRD at the highest
edshifts, various works have attempted to use the number counts
f long-duration gamma-ray bursts (GRBs) to constrain the cosmic
FRD out to z ∼ 9 (e.g. Kistler et al. 2009 ; Ishida, de Souza & Ferrara
011 ; Robertson & Ellis 2012 ). While subject to several systematic
ncertainties – including whether the rate of GRBs per unit star
ormation evolves with redshift (e.g. Robertson & Ellis 2012 ) – these
tudies can constrain the total (obscured and unobscured) SFRD
ut to high redshift. Both Kistler et al. ( 2009 ) and Robertson &
llis ( 2012 ) suggest a significantly higher SFRD than is implied by
V-based observations alone, exceeding even our constraints from
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EBELS. This therefore provides independent evidence that the rate 
f cosmic star formation beyond z � 5 may be larger than was
reviously assumed. 
Our results thus suggest that a sizeable fraction of cosmic star

ormation may remain dust-obscured even at z = 7. To quantify 
his, we compare to the most recent dust-uncorrected UV-based 
FRD measurements at z ∼ 7 from Bouwens et al. ( 2022a ), who
etermine UV luminosity functions down to M UV = −13 aided by the
ravitationally lensed galaxies observed across the Hubble Frontier 
ields. We determine an obscured fraction of f obs , MC = 0 . 31 + 0 . 55 

−0 . 22 

nd f obs , no −MC = 0 . 17 + 0 . 37 
−0 . 11 for the MC and no-MC-based stacking

nalyses, respectively. These fractions are consistent with one an- 
ther and highlight how at z ≈ 7 roughly ∼30 per cent of the total
FRD may be dust-obscured. While formally consistent within the 
ncertainties, the obscured fraction at z ≈ 7 inferred here appears 
ower by ∼2 × than the value determined for ALPINE at z = 5.5
y Khusanova et al. ( 2021 ), who found f obs , K21 = 0 . 61 + 0 . 20 

−0 . 25 . This
ndicates that the build-up of dust rapidly follows the build-up of
tars in massive high-redshift galaxies (e.g. Graziani et al. 2020 ; Di
esare et al. 2022 ). 

.4 Caveats 

e caution that our constraints on the obscured SFRD are obtained 
rom a targeted surv e y, such that any selection biases will propagate
nto our measurement of cosmic star formation. While REBELS 

ources appear representative of the UV-bright population at z ∼
 (Bouwens et al. 2022b ), parallel constraints from blind (sub-
millimetre surv e ys will be crucial to strengthen our results. In
he future, such results are likely to arise from upcoming 50m 

lass single-dish (sub-)millimetre telescopes, such as the Large 
ubmillimeter Telescope (Kawabe et al. 2016 ) and the Atacama 
ar ge Apertur e Submillimeter Telescope (Klaassen et al. 2020 ). In

he meantime, let us discuss in detail any biases that may affect our
onstraints on the cosmic SFRD. The magnitudes of these biases, and 
heir effect on the fraction of the SFRD inferred to be dust-obscured,
re summarized in Table 1 . 

.4.1 The slope of the L IR − M � relation 

he slope of the L IR − M � relation naturally propagates into the 
otal obscured SFRD. For the MC-analysis, the slope we determine 
s relatively flat ( γ = 0 . 52 + 0 . 29 

−0 . 27 ), such that considerable infrared
uminosity is assigned to relatively low-mass galaxies. For the non- 

C approach, the slope appears slightly steeper ( γ = 0 . 74 + 0 . 54 
−0 . 41 ),

lbeit consistent with the MC-slope within the errors. 
The question, then, is whether a blindly selected sample of z ∼ 7

alaxies would provide an L IR − M � relation that is different from
he one determined in this work. At present, such a sample does not
xist. Ho we ver, the lo w-redshift Uni verse can offer some insight, as
ere the star formation main sequence has been robustly measured 
own to low stellar masses ( � 10 8 M � at z ∼ 1; e.g. Boogaard
t al. 2018 ). The combined main sequence (SFR tot − M � ) and mass-
ependent fraction of dust obscuration ( f obs − M � ; e.g. Whitaker et al.
017 ) provide the quantity SFR IR = f obs ( M � ) × SFR tot ( M � ), which
s related to the L IR − M � relation only by a fixed scaling factor.
t the high-mass end ( M � � 10 9 M �), the combination of these two

elations points towards a slope of roughly unity between infrared 
uminosity and stellar mass at z ∼ 1, which is slightly steeper than
hat is determined from REBELS. This tentati ve dif ference could 
e either due to biases in our sample selection, or due to evolution of
he relation towards z ∼ 7. With the present data, these possibilities
an, ho we ver, not be distinguished. 

Nev ertheless, this e x ercise motivates the possibility of a steeper
lope for the L IR − M � relation. To explore the impact of the slope
n the SFRD directly, we sample a range of possible slopes γ
 [0.1, 1.6] normalized such that L IR ( M � = 10 10 M �) = 10 11 . 2 L �,
onsistent with the intercept of our fitted relation (cf. Fig. 5 ). By
ntegrating this set of L IR − M � relations across the z = 7 Stefanon
t al. ( 2021 ) SMF, we illustrate how the SFRD varies depending on
he assigned slope in the left-hand panel of Fig. 7 . For simplicity,
e adopt a fixed log 10 ( M 

lower 
� / M �) = 8 . 2 in this test – equal to the

edian v alue deri ved in Section 5.2 – while we explore the impact
f M 

lower 
� below. This analysis highlights how steepening the L IR −

 � relation from γ = 0.5 to γ = 1.0 decreases the inferred SFRD by
0 . 5 dex (Table 1 ). Ho we ver, this remains consistent with our current

onstraints on the SFRD within 1 σ . As such, we conclude that, while
he slope of the L IR − M � relation has some effect on the inferred
FRD, our quoted error bars capture this source of uncertainty. 

.4.2 The adopted SFRD integration range 

n Section 5.2 , we placed constraints on the z = 7 SFRD by
ntegrating the SMF down to a variable cutoff mass M 

lower 
� , motivated

y the finding that low-mass galaxies are generally dust poor (cf.
ig. 4 ; also Whitaker et al. 2017 ). We here investigate to what
xtent the adopted value of M 

lower 
� impacts the SFRD. We define

he parameter X SFRD ( M 

lower 
� ) via 

 SFRD ( M 

lower 
� ) = 

ρIR ( M 

lower 
� , 12 . 4) 

ρIR (6 . 0 , 12 . 4) 
, (2) 

here ρIR is defined as in equation ( 1 ) and the numerator adopts fixed
ntegration limits of log 10 ( M � /M �) = (6.0, 12.4), as in Khusanova
t al. ( 2021 ). As such, equation ( 2 ) measures the contribution to the
bscured SFRD for galaxies with masses between M 

lower 
� ≤ M � ≤

0 12 . 4 M �, relative to all galaxies with 10 6 ≤ M � /M � ≤ 10 12.4 , and
ence illustrates which galaxy populations host the bulk of the dust-
bscured star formation. 
We show X SFRD ( M 

lower 
� ) in the right-hand panel of Fig. 7 , and

 v erplot the distribution of M 

lower 
� determined empirically for the

EBELS sample (Section 5.2 ). Unsurprisingly, for a shallower slope 
, the relative contribution of low-mass galaxies to the SFRD is
nhanced. In particular, when γ = 0.6, roughly equal to the value
etermined from the MC analysis, galaxies within the REBELS mass 
ange only contribute ∼20 per cent of the total dust-obscured SFRD, 
i ven a nai ve lo wer-mass cutof f of M 

lower 
� = 10 6 M �. As a contrasting

xample, if γ = 1.4 is adopted – significantly steeper than what is
bserved in our analysis – around ∼80 per cent of dust-obscured 
tar formation is expected to take place in galaxies in the stellar mass
ange probed by REBELS, even for a cutoff of M 

lower 
� = 10 6 M � (cf.

he purple line in Fig. 7 ). 
Our analysis, ho we ver, fa v ours a relati vely shallo w γ ∼ 0.5–

.8, which suggests that M 

lower 
� � 10 6 M �. Observations at lower

edshift from Leslie et al. ( 2020 ) indicate that at z ∼ 2 roughly half
f cosmic star formation occurs in galaxies with M � � 10 10 . 5 M �.
hile at higher redshift this characteristic mass decreases slightly, 

t z ∼ 5 Leslie et al. ( 2020 ) find that half of all star formation takes
lace in galaxies with M � � 10 9 . 7 M �, similar to the typical mass of
alaxies in the REBELS sample. This therefore further moti v ates
ur choice of a variable M 

lower 
� . In addition, at z � 2.5, it has

een established that dust-obscured star formation is subdominant 
t low-stellar masses ( f obs < 0.5 at M � < 10 9 . 2 M �; Whitaker et al.
017 , using the Dale & Helou 2002 templates). An extrapolation of
MNRAS 518, 6142–6157 (2023) 
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heir relation to lower masses indicates that the typical fraction of
ust-obscured star formation is � 10 per cent at M � < 10 8 . 5 M �. In
ddition, if, as in Section 4 , we adopt the B ́ethermin et al. ( 2015 )
emplates, we expect that considerably more massive galaxies of
 � ∼ 10 9 . 5 M � already show little obscuration (typical f obs ∼ 0.1;

f. Fig. 4 ). This is consistent with the ALMA stacking analyses
f Lyman-break galaxies at intermediate and high redshifts from
arvajal et al. ( 2020 ) and Bouwens et al. ( 2020 ) across the Hubble
rontier Fields and Hubble Ultra Deep Field, respectively, who do
ot detect obscured star formation in stacks of low-mass galaxies.
ouwens et al. ( 2020 ), in particular, determine an upper limit on

he obscured SFR of 0 . 6 M � yr −1 (4 σ ) for all 1.5 < z < 10 Lyman-
reak galaxies with log 10 ( M � ) < 9.25, indicating the typical low-
ass galaxy population does not exhibit significant dust-obscured

tar formation. 
As such, both this work and previous studies indicate a lack of

usty star formation in low-mass galaxies at high redshift. Ho we ver,
or the sake of completeness, had we adopted a fixed integration
ange of 6.0 ≤ log 10 ( M � /M �) ≤ 12.4, we would infer a total SFRD
hat is roughly 0 . 7 dex larger than the values presented in Fig. 6 .
evertheless, this remains consistent with the constraints from our
ducial analysis, which assumes a more realistic M 

lower 
� cutoff, within

he uncertainties. 
Finally, the right-hand panel of Fig. 7 shows that, irrespective

f the adopted value for γ , the inferred SFRD does not depend
trongly on the upper mass cutoff. Even for an assumed slope of
= 1.4 – steeper than inferred by our analysis – the total amount of

tar formation occurring in galaxies with M � � 10 10 . 5 M � at z = 7
emains negligible ( X SFRD (10 10 . 5 M �; γ = 1 . 4) � 1%). As such, we
dopt an upper mass cutof f M 

upper 
� = 10 12 . 4 , follo wing Khusanov a

t al. ( 2021 ). 

.4.3 Parametric versus non-parametric stellar masses 

s already emphasized in Section 2.2 , measuring accurate stellar
asses is particularly challenging at high redshift due to the sparse

hotometric co v erage of galaxy rest-frame optical emission. In this
ork, we adopt the non-parametric stellar masses from Topping et al.

 2022 ), which offer greater modelling flexibility and do not require
he a priori assumption of an SFH. Ho we ver, in order to determine
he cosmic SFRD, we integrate across the Stefanon et al. ( 2021 ) z =
 SMF, which was constructed using parametric masses via SED
odelling code FAST (Kriek et al. 2009 ). 
Non-parametric SFHs tend to result in larger inferred stellar
asses compared to parametric ones (e.g. Leja et al. 2019 , 2020 ).
 or e xample, comparing non-parametric and parametric masses
rom PROSPECTOR and FAST , respectively, for galaxies at z �
.5, Leja et al. ( 2019 ) find that the former are larger by a typical
0 . 1 − 0 . 3 dex. At higher redshift, similar results were recently

btained by Whitler et al. ( 2022 ) for a sample of galaxies at z ∼ 7.
n addition, Topping et al. ( 2022 ) explicitly compare parametric and
on-parametric mass measurements for the REBELS sample, and
nd that the non-parametric stellar masses from PROSPECTOR exceed

he parametric ones from BEAGLE by ∼0 . 43 dex. Upon including the
ine pilot sources, and removing the four galaxies targeted in [O III ]
mission (Section 2 ), we find a similar median difference between
he mass measurements of 0 . 45 dex. 

Whitler et al. ( 2022 ) show that the difference between parametric
nd non-parametric masses is a function of the inferred galaxy age,
ith younger galaxies being assigned comparatively higher masses
hen fitted with non-parametric models. While young galaxies
NRAS 518, 6142–6157 (2023) 
ndeed tend to be less massi ve, gi ven that they are – by definition – in
he initial stages of building up their stars, we find no evidence of a
rend between � log 10 M � = log 10 ( M 

non −par 
� /M 

par 
� ) with parametric

tellar mass across the mass range spanned by the REBELS sample
8.8 � log 10 ( M � /M �) � 10.8). A linear fit between these parameters
eturns a slope of −0.06 ± 0.12, consistent with zero within 1 σ . This
s in qualitative agreement with the low-redshift results from Leja
t al. ( 2019 ), who find only a minor trend as a function of parametric
ass between 8.5 � log 10 ( M � /M �) � 11.5. 
To investigate the effect of integrating our non-parametric L IR −
 � relation across a parametric SMF on the obscured z = 7 SFRD,
e therefore shift the Stefanon et al. ( 2021 ) SMF to higher masses
y a constant factor of 0 . 45 dex to mimic the assumption a non-
arametric SFH. We integrate this shifted SMF via equation ( 1 )
s before to obtain the obscured cosmic SFRD. The resulting values
xceed the SFRD inferred in Section 5.2 by ∼0 . 4 − 0 . 5 dex (Table 1 ),
hich is well within the uncertainties of our measurements. Given

hat REBELS only probes a modest (non-parametric) mass range,
uch a scaling of the full SMF is inherently uncertain. Further
nvestigating the difference between parametric and non-parametric
MFs is beyond the scope of this work, and as such, we opt to use
tellar masses and SMFs directly from the literature. The JWST will
olve some of these uncertainties by performing the much-needed
obust stellar mass measurements for both our and other samples of
igh-redshift galaxies (e.g. GO-1626; PI Stefanon). 

.4.4 The effect of excluding starbursts 

ur analysis involves determining the SFRD by first constructing a
elation between infrared luminosity and stellar mass (Section 3.4 ),
nd subsequently integrating this relation across the z = 7 SMF.
iven that REBELS is not an explicitly main-sequence selected
alaxy sample, it contains several galaxies with SFRs in excess of
he (extrapolated to z = 7) main-sequence relation (Section 3.3 and
ig. 1 ). Crucially, given that the continuum sensitivity of REBELS
oes not depend on stellar mass, REBELS is only able to detect
ontinuum-bright galaxies at the low-mass end ( M � � 10 9 . 5 M �).
t the high-mass end, ho we ver, both starbursts and main-sequence
alaxies are selected. 

Ho we v er, the e xistence of the main sequence at z = 7 has not been
obustly established observationally, although simulations predict it
o already be in place (e.g. Ma et al. 2018 ). As such, it is worth
nv estigating quantitativ ely how incorporating starbursts into our
nalysis may affect the inferred SFRD. 

Including starbursts increases our total sample by an average of
.5 ± 2.1 sources and extends the mass range of the bins down
o log 10 ( M � /M �) = 9.1 (cf. 9.4 in our fiducial analysis). Given the
ddition of low-mass, infrared-bright sources, we find a shallower
rend between obscured star formation and stellar mass ( f obs − M � ),
ith a slope of 0 . 19 + 0 . 11 

−0 . 10 (cf. f obs = 0 . 27 + 0 . 16 
−0 . 15 ). As a result, the lower

ass cutoff decreases by ∼0 . 8 dex to log 10 ( M 

lower 
� / M �) = 7 . 4 + 0 . 9 

−2 . 4 .
s expected, the L IR − M � relation also flattens upon the inclusion
f starbursts, with a slope of γMC = 0 . 31 + 0 . 20 

−0 . 19 (cf. γMC = 0 . 52 + 0 . 29 
−0 . 27 ).

e note, ho we v er, that all reco v ered values remain consistent with
heir fiducial counterparts, based on excluding starbursts, within 1 σ .
inally, integrating this flatter L IR − M � relation down to the newly

nferred M 

lower 
� results in an obscured SFRD that is larger than the

ducial value by ∼0 . 7 dex (Table 1 ). This value is similar to the
FRD inferred by studies of high-redshift GRBs (Kistler et al. 2009 ;
obertson & Ellis 2012 ), but remains consistent with our fiducial
FRD within 1 σ . 
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The abo v e analysis highlights how including starbursts in the 
nalysis increases the SFRD due to (1) a decrease of M 

lower 
� implying

n additional contribution to the infrared SFRD from low-mass 
ources, and (2) a flatter L IR − M � relation increasing the typical 
nfrared luminosity of the low-mass galaxy population. Combined, 
he inclusion of starbursts therefore results in a larger obscured SFRD
s a result of mixing two populations in the analysis: starbursts at low
asses and pre-dominantly main-sequence galaxies at high masses. 
Despite the uncertainties associated with excluding starbursts 

ased on their offset from the extrapolated main sequence, this step 
s required to a v oid biasing the inferred SFRD. In the near future,
WST will provide both accurate stellar masses and a clear census of
he main sequence in the epoch of reionization, which will allow a

ore accurate investigation of what constitutes a starburst galaxy at 
 � 7. 

.4.5 Flux density to infrared luminosity conversion 

e conclude by briefly discussing how the adopted conversion 
etween 158 μm continuum flux density and infrared luminosity 
ffects the obscured SFRD inferred with REBELS. Sommovigo et al. 
 2022 ) have analysed the 13 REBELS sources with both a dust
ontinuum and [C II ] detection to constrain their dust temperatures 
adopting a fixed dust emissivity of β = 2.0). Based on these dust
emperatures, which range from 39 to 58 K, they provide a conversion 
actor from rest-frame 158 μm specific luminosity to total infrared 
uminosity. In their analysis of the dust continuum properties of 
EBELS galaxies, Inami et al. ( 2022 ) adopt the median conversion

actor from Sommovigo et al. ( 2022 ) to compute both the infrared
uminosities of the REBELS sources directly detected by ALMA, and 
pper limits for the rest. As such, the infrared luminosities and limits
etermined for the REBELS sample ef fecti vely assume a modified 
lackbody SED with a dust temperature of 〈 T dust 〉 = 45 ± 4 K and

= 2.0. 5 As a result, the typical uncertainty on the stacked 
nfrared luminosities, which combines the detection significance and 
ncertainty on the L IR conversion factor, amounts to ∼0 . 15 dex. 
To illustrate the dependence on the adopted infrared SED, we 

onsider the effect of adopting a different average dust temperature 
hile keeping β = 2.0 fixed. Based on the temperatures predicted 
y the Sommovigo et al. ( 2022 ) models, there is no discernible
elation between dust temperature and stellar mass for the REBELS 

ample. While low-mass galaxies may have hotter dust temperatures 
wing to their typical lower metallicities (e.g. Sommovigo et al. 
022 ), this remains to be verified observationally. As such, we here
ssume a simple systematic under/o v erprediction of the typical dust
emperature of the REBELS sample by ±10 K. 

For an assumed temperature of T dust = 35 K, the inferred obscured
FRD decreases by only ∼0 . 25 dex (Table 1 ). This is due to two com-
eting effects: when a lower temperature is adopted, fewer galaxies 
re flagged as starbursts (6.1 ± 1.8, on average). The resulting L IR 

M � relation is therefore flatter than in the fiducial scenario, which 
nhances the inferred SFRD. Ho we ver, the infrared luminosities of
he stacks themselves decrease, given that L IR ∝ T 

4 + β

dust where β = 2
s assumed. As a result the o v erall inferred obscured SFRD decreases
lightly when a lower T dust is adopted. 

On the other hand, if we assume T dust = 55 K, the inferred ob-
cured SFRD increases by ∼0 . 7 dex. This relatively large difference
ith respect to our fiducial determination is mainly due to the 
 These values have been adapted for the non-parametric masses from Topping 
t al. ( 2022 ); Section 3.2 . 

w
 

i  

d

ncreased IR luminosities of the individual stacks. As a result, the
bscured fractions increase, and hence our lower integration limit 
 log 10 ( M 

lower 
� / M �) = 7 . 1 + 1 . 0 

−2 . 1 ) decreases by roughly 1 dex compared
o fiducial value. In addition, the infrared luminosities of the individ-
al stacks increase when hotter dust is assumed. Ne vertheless, e ven
iven T dust = 55 K, the inferred obscured SFRD remains consistent
ith our fiducial determination within the current uncertainties. 
uture multiband ALMA observations of the REBELS sources will 
e crucial to better constrain their dust SEDs, and to hence provide
ore accurate infrared luminosities for individual sources. 

 SUMMARY  

e use the dust continuum observations of a statistical sample of 45
alaxies from the ALMA REBELS Large Program (Bouwens et al. 
022b ; 36 sources) and its pilot surv e ys (Smit et al. 2018 ; Schouws
t al. 2022a , b ; 9 sources) at z ∼ 7 with the aim of understanding
he dust-obscured star formation properties of galaxies in the epoch 
f reionization. We divide the REBELS sample into bins of stellar
ass, and adopt an image stacking analysis in the rest-frame 158 μm
LMA continuum maps in order to constrain the typical fraction 
f obscured star formation ( f obs = SFR IR /SFR UV + IR ) in UV-bright
alaxies at z ∼ 7. Given the complexities of accurately measuring 
tellar masses at z ∼ 7, we adopt a Monte Carlo approach sampling
cross the M � posterior probability distributions for the REBELS 

argets in order to robustly incorporate the stellar mass uncertainties 
nto our analysis. 

We find that f obs increases with stellar mass, similar to what is
bserved at z � 2.5 (Whitaker et al. 2017 ). Ho we ver, at fixed M � ,
he REBELS sources are less obscured than their lower redshift 
ounterparts, with the obscuration ranging from f obs = 0.3–0.6 across 
og 10 ( M � /M �) = 9.4–10.4 (Fig. 4 ). This apparent lack of dust ob-
curation may highlight differences in dust production mechanisms 
t high redshift, in accordance with theoretical studies (e.g. Popping 
t al. 2017 ; Vijayan et al. 2019 ; Graziani et al. 2020 ; Dayal et al.
022 ). Interestingly, ho we ver, a more complicated picture arises
hen the continuum detections and non-detections are investigated 

eparately. Through a stacking analysis, we determine the typical 
bscured fraction of the continuum undetected sources to be f obs ≈
.25 at a median stellar mass of log 10 ( M � /M �) ≈ 9.8. In contrast,
he detections exhibit a typical f obs ≈ 0.70 at log 10 ( M � /M �) ≈ 10.0.
s such, the continuum-detected sources show obscured fractions 

hat are in close agreement with the 0 � z � 2.5 results from
hitaker et al. ( 2017 ), while the non-detections contain significantly

ess obscured star formation. This indicates a large variety in the dust
roperties of z ∼ 7 galaxies, even across a sample uniformly selected
ased on rest-frame UV emission. 
Having established the importance of dust already at z ∼ 7, 

e next determine the dust-obscured cosmic SFRD with REBELS. 
o we ver, gi ven that REBELS is a targeted survey and hence does not

onstitute a volume-limited sample, we follow the approach taken by 
husanova et al. ( 2021 ) in order to estimate the infrared SFRD. We
rst establish a relation between the infrared luminosity and stellar 
ass of the REBELS sample (Fig. 5 ), and subsequently integrate

his relation across the z = 7 SMF derived by Stefanon et al. ( 2021 ).
n spite of substantial uncertainties on our measurements, we find 
ust-obscured star formation to contribute ∼30 per cent of the total 
FRD at z = 7 (Fig. 6 ), highlighting the importance of dust even
ithin the first billion years following the Big Bang. 
While we note our results may be affected by selection biases

n the REBELS surv e y, as well as an y systematic uncertainties in
eriving stellar masses and infrared luminosities for the sample, 
MNRAS 518, 6142–6157 (2023) 
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hese sources of uncertainty are accurately captured within the quoted
rrorbars. In the near future, these uncertainties will be mitigated as
he JWST is set to provide accurate stellar mass measurements for
alaxies in the epoch of reionization. In addition, through future
LMA observations of the REBELS sample in multiple bands, the
ust properties of z ∼ 7 galaxies will be mapped in ever-increasing
etail, allowing for further unraveling of the importance of dust in
he earliest cosmic epochs. 

C K N OW L E D G E M E N T S  

e thank the anonymous re vie wer for providing useful feedback that
mpro v ed this manuscript. 

ALMA is a partnership of ESO (representing its member states),
SF (USA), and NINS (Japan), together with NRC (Canada), NSC

nd ASIAA (Taiwan), and KASI (Republic of Korea), in cooperation
ith the Republic of Chile. The Joint ALMA Observatory is operated
y ESO, A UI/NRA O, and NA OJ. This paper makes use of the
ollowing ALMA data: ADS/JAO.ALMA#2019.1.01634.L, 

ADS/JAO.ALMA#2017.1.01217.S, 
ADS/JAO.ALMA#2017.1.00604.S, 
ADS/JAO.ALMA#2018.1.00236.S, 
ADS/JAO.ALMA#2018.1.00085.S, 
ADS/JAO.ALMA#2018.A.00022.S. 
We acknowledge assistance from Allegro, the European ALMA

egional Center node in the Netherlands. This w ork w as supported by
AOJ ALMA Scientific Research Grant Code 2021-19A (HSBA and
I). We acknowledge support from the Swiss National Science Foun-
ation through project grant 200020 207349 (PAO, LB). The Cosmic
awn Center (DAWN) is funded by the Danish National Research
oundation under grant no. 140. MS acknowledges support from the
IDEGENT/2021/059 grant, and from project PID2019-109592GB-

00/AEI/10.13039/501100011033 from the Spanish Ministerio de
iencia e Innovaci ́on – Agencia Estatal de Investigaci ́on. MA
cknowledges support from FONDECYT grant 1211951, ‘ANID
 PCI + INSTITUTO MAX PLANCK DE ASTRONOMIA MPG

90030’, ‘ANID + PCI + REDES 190194’, and ANID BASAL
roject FB210003. PD acknowledges support from the NWO grant
16.VIDI.189.162 (‘ODIN’) and the European Commission’s and
niversity of Groningen’s CO-FUND Rosalind Franklin program.
F acknowledges support from NAOJ ALMA Scientific Research
rant number 2020-16B. IDL acknowledges support from ERC

tarting grant #851622 DustOrigin. 

ATA  AVA ILA BILITY  

he data underlying this article will be shared on reasonable request
o the corresponding author. 

E FEREN C ES  

dams N. J. et al., 2022, preprint ( arXiv:2207.11217 ) 
lgera H. S. B. et al., 2020a, ApJ , 903, 138 
lgera H. S. B. et al., 2020b, ApJ , 903, 139 
lgera H. S. B. et al., 2022, ApJ , 924, 76 
akx T. J. L. C. et al., 2020, MNRAS , 493, 4294 
akx T. J. L. C. et al., 2021, MNRAS , 508, L58 
 ́ethermin M. et al., 2015, A&A , 573, A113 
 ́ethermin M. et al., 2020, A&A , 643, A2 
ianchi S., Schneider R., 2007, MNRAS , 378, 973 
oogaard L. A. et al., 2018, A&A , 619, A27 
ouwens R. J. et al., 2015, ApJ , 803, 34 
ouwens R. J. et al., 2016, ApJ , 833, 72 
NRAS 518, 6142–6157 (2023) 
ouwens R. et al., 2020, ApJ , 902, 112 
ouwens R. J., Illingworth G. D., Ellis R. S., Oesch P. A., Stefanon M.,

2022a, preprint ( arXiv:2205.11526 ) 
ouwens R. J. et al., 2022b, ApJ , 931, 160 
owler R. A. A., Bourne N., Dunlop J. S., McLure R. J., McLeod D. J., 2018,

MNRAS , 481, 1631 
yler N., Dalcanton J. J., Conroy C., Johnson B. D., 2017, ApJ , 840, 44 
alzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J., Storchi-

Bergmann T., 2000, ApJ , 533, 682 
aputi K. I. et al., 2017, ApJ , 849, 45 
arvajal R. et al., 2020, A&A , 633, A160 
asey C. M., Narayanan D., Cooray A., 2014, Phys. Rep., 541, 45 
asey C. M. et al., 2018, ApJ , 862, 77 
habrier G., 2003, PASP , 115, 763 
he v allard J., Charlot S., 2016, MNRAS , 462, 1415 
onroy C., Gunn J. E., 2010, ApJ , 712, 833 
onroy C., Gunn J. E., White M., 2009, ApJ , 699, 486 
a Cunha E. et al., 2013, ApJ , 766, 13 
ale D. A., Helou G., 2002, ApJ , 576, 159 
avidson-Pilon C., 2019, J. Open Sour. Softw. , 4, 1317 
ayal P. et al., 2022, MNRAS , 512, 989 
e Looze I. et al., 2014, A&A , 568, A62 
i Cesare C., Graziani L., Schneider R., Ginolfi M., Venditti A., Santini P.,

Hunt L. K., 2022, MNRAS, preprint ( arXiv:2209.05496 ) 
raine B. T., 1989, in Kaldeich B. H., ed., ESA SP-290: Infrared Spectroscopy

in Astronomy. ESA, Noordwijk, p. 93 
raine B. T., 2003, ARA&A , 41, 241 
udzevi ̌ci ̄ut ̇e U. et al., 2020, MNRAS , 494, 3828 
unlop J. S. et al., 2017, MNRAS , 466, 861 
ndsley R. et al., 2022, MNRAS, preprint ( arXiv:2206.00018 ) 
nia A. et al., 2022, ApJ , 927, 204 
aisst A. L. et al., 2020, ApJS , 247, 61 
errara A. et al., 2022, MNRAS , 512, 58 
inkelstein S. L. et al., 2015, ApJ , 810, 71 
 oreman-Macke y D., Hogg D. W., Lang D., Goodman J., 2013, PASP , 125,

306 
udamoto Y. et al., 2020, A&A , 643, A4 
udamoto Y. et al., 2021, Nature , 597, 489 
udamoto Y. et al., 2022, ApJ , 934, 144 
 ́omez-Guijarro C. et al., 2022, A&A , 658, A43 
raziani L., Schneider R., Ginolfi M., Hunt L. K., Maio U., Glatzle M., Ciardi

B., 2020, MNRAS , 494, 1071 
ruppioni C. et al., 2013, MNRAS , 432, 23 
ruppioni C. et al., 2020, A&A , 643, A8 
arikane Y. et al., 2022, ApJS, preprint ( arXiv:2208.01612 ) 
odge J. A., da Cunha E., 2020, R. Soc. Open Sci. , 7, 200556 
ygate A. P. S. et al., 2022, MNRAS, submitted 

nami H. et al., 2022, MNRAS , 515, 3126 
shida E. E. O., de Souza R. S., Ferrara A., 2011, MNRAS , 418, 500 
ohnson B. D., Leja J., Conroy C., Speagle J. S., 2021, ApJS , 254, 22 
artaltepe J. S. et al., 2012, ApJ , 757, 23 
awabe R., Kohno K., Tamura Y., Tak ek oshi T., Oshima T., Ishii S., 2016, in

Hall H. J., Gilmozzi R., Marshall H. K., eds, Proc. SPIE Conf. Ser. Vol.
9906, Ground-based and Airborne Telescopes VI. SPIE, Bellingham, p.
990626 

ennicutt Robert C. J., 1998, ARA&A , 36, 189 
husanova Y. et al., 2021, A&A , 649, A152 
istler M. D., Y ̈uksel H., Beacom J. F., Hopkins A. M., Wyithe J. S. B., 2009,

ApJ , 705, L104 
laassen P. D. et al., 2020, Proc. SPIE, 11445, 114452F 
riek M., van Dokkum P. G., Labb ́e I., Franx M., Illingworth G. D.,

Marchesini D., Quadri R. F., 2009, ApJ , 700, 221 
aporte N. et al., 2017, ApJ , 837, L21 
aporte N. et al., 2019, MNRAS , 487, L81 
awrence A. et al., 2007, MNRAS , 379, 1599 
e F ̀evre O. et al., 2020, A&A , 643, A1 
eja J., Carnall A. C., Johnson B. D., Conroy C., Speagle J. S., 2019, ApJ ,

876, 3 

https://arxiv.org/abs/2207.11217
http://dx.doi.org/10.3847/1538-4357/abb77b
http://dx.doi.org/10.3847/1538-4357/abb77a
http://dx.doi.org/10.3847/1538-4357/ac34f5
http://dx.doi.org/10.1093/mnras/staa509
http://dx.doi.org/10.1093/mnrasl/slab104
http://dx.doi.org/10.1051/0004-6361/201425031
http://dx.doi.org/10.1051/0004-6361/202037649
http://dx.doi.org/10.1111/j.1365-2966.2007.11829.x
http://dx.doi.org/10.1051/0004-6361/201833136
http://dx.doi.org/10.1088/0004-637X/803/1/34
http://dx.doi.org/10.3847/1538-4357/833/1/72
http://dx.doi.org/10.3847/1538-4357/abb830
https://arxiv.org/abs/2205.11526
http://dx.doi.org/10.3847/1538-4357/ac5a4a
http://dx.doi.org/10.1093/mnras/sty2368
http://dx.doi.org/10.3847/1538-4357/aa6c66
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.3847/1538-4357/aa901e
http://dx.doi.org/10.1051/0004-6361/201936260
http://dx.doi.org/10.3847/1538-4357/aac82d
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1093/mnras/stw1756
http://dx.doi.org/10.1088/0004-637X/712/2/833
http://dx.doi.org/10.1088/0004-637X/699/1/486
http://dx.doi.org/10.1088/0004-637X/766/1/13
http://dx.doi.org/10.1086/341632
http://dx.doi.org/10.21105/joss.01317
http://dx.doi.org/10.1093/mnras/stac537
http://dx.doi.org/10.1051/0004-6361/201322489
https://arxiv.org/abs/2209.05496
http://dx.doi.org/10.1146/annurev.astro.41.011802.094840
http://dx.doi.org/10.1093/mnras/staa769
http://dx.doi.org/10.1093/mnras/stw3088
https://arxiv.org/abs/2206.00018
http://dx.doi.org/10.3847/1538-4357/ac51ca
http://dx.doi.org/10.3847/1538-4365/ab7ccd
http://dx.doi.org/10.1093/mnras/stac460
http://dx.doi.org/10.1088/0004-637X/810/1/71
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1051/0004-6361/202038163
http://dx.doi.org/10.1038/s41586-021-03846-z
http://dx.doi.org/10.3847/1538-4357/ac7a47
http://dx.doi.org/10.1051/0004-6361/202141615
http://dx.doi.org/10.1093/mnras/staa796
http://dx.doi.org/10.1093/mnras/stt308
http://dx.doi.org/10.1051/0004-6361/202038487
https://arxiv.org/abs/2208.01612
http://dx.doi.org/10.1098/rsos.200556
http://dx.doi.org/10.1093/mnras/stac1779
http://dx.doi.org/10.1111/j.1365-2966.2011.19501.x
http://dx.doi.org/10.3847/1538-4365/abef67
http://dx.doi.org/10.1088/0004-637X/757/1/23
http://dx.doi.org/10.1146/annurev.astro.36.1.189
http://dx.doi.org/10.1051/0004-6361/202038944
http://dx.doi.org/10.1088/0004-637X/705/2/L104
http://dx.doi.org/10.1088/0004-637X/700/1/221
http://dx.doi.org/10.3847/2041-8213/aa62aa
http://dx.doi.org/10.1093/mnrasl/slz094
http://dx.doi.org/10.1111/j.1365-2966.2007.12040.x
http://dx.doi.org/10.1051/0004-6361/201936965
http://dx.doi.org/10.3847/1538-4357/ab133c


The obscured z = 7 SFRD 6157 

L  

L
L
M
M
M  

M
M  

M  

M

M
M
M
M

M  

N
N
O  

P
P
P
R  

R
R
S
S
S
S
S
S  

S
S
S
S
S
S
S
S  

S  

S
S  

S
T
T  

T
T
T
V  

V  

 

V  

W
W  

W  

W  

W
Z
Z

1

K
2

T
3

4
 

h
5

6

7
 

8
8

 

M
9

D
1

A
1

 

G
1

a
8
1

t
1

5
1

P
1

9
1

L
1

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/4/6142/6815732 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
eja J., Speagle J. S., Johnson B. D., Conroy C., van Dokkum P., Franx M.,
2020, ApJ , 893, 111 

eslie S. K. et al., 2020, ApJ , 899, 58 
e ́sniewska A., Michałowski M. J., 2019, A&A , 624, L13 
a X. et al., 2018, MNRAS , 478, 1694 
adau P., Dickinson M., 2014, ARA&A , 52, 415 
agnelli B., Elbaz D., Chary R. R., Dickinson M., Le Borgne D., Frayer D.

T., Willmer C. N. A., 2011, A&A , 528, A35 
agnelli B. et al., 2013, A&A , 553, A132 
ancini M., Schneider R., Graziani L., Valiante R., Dayal P., Maio U., Ciardi

B., Hunt L. K., 2015, MNRAS , 451, L70 
ancini M., Schneider R., Graziani L., Valiante R., Dayal P., Maio U., Ciardi

B., 2016, MNRAS , 462, 3130 
arassi S., Schneider R., Limongi M., Chieffi A., Graziani L., Bianchi S., 

2019, MNRAS , 484, 2587 
cCracken H. J. et al., 2012, A&A , 544, A156 
cLure R. J. et al., 2013, MNRAS , 432, 2696 
eurer G. R., Heckman T. M., Calzetti D., 1999, ApJ , 521, 64 
ohan N., Rafferty D., 2015, Astrophysics Source Code Library, record 

ascl:1502.007 
outard T., Sawicki M., Arnouts S., Golob A., Coupon J., Ilbert O., Yang

X., Gwyn S., 2020, MNRAS , 494, 1894 
aidu R. P. et al., 2022, ApJ , 940, L14 
ovak M. et al., 2017, A&A , 602, A5 
esch P. A., Bouwens R. J., Illingworth G. D., Labb ́e I., Stefanon M., 2018,

ApJ , 855, 105 
annella M. et al., 2009, ApJ , 698, L116 
lanck Collaboration VI, 2020, A&A , 641, A6 
opping G., Somerville R. S., Galametz M., 2017, MNRAS , 471, 3152 
eddy N. A., Erb D. K., Pettini M., Steidel C. C., Shapley A. E., 2010, ApJ ,

712, 1070 
obertson B. E., Ellis R. S., 2012, ApJ , 744, 95 
odighiero G. et al., 2011, ApJ , 739, L40 
alpeter E. E., 1955, ApJ , 121, 161 
awicki M., 2012, PASP , 124, 1208 
chouws S. et al., 2022a, ApJ, preprint ( arXiv:2202.04080 ) 
chouws S. et al., 2022b, ApJ , 928, 31 
chreiber C. et al., 2015, A&A , 575, A74 
chreiber C., Elbaz D., Pannella M., Ciesla L., Wang T., Franco M., 2018,

A&A , 609, A30 
coville N. et al., 2007, ApJS , 172, 1 
coville N. et al., 2016, ApJ , 820, 83 
impson J. M. et al., 2014, ApJ , 788, 125 
mail I. et al., 2021, MNRAS , 502, 3426 
mit R. et al., 2015, ApJ , 801, 122 
mit R. et al., 2018, Nature , 553, 178 
ommovigo L. et al., 2022, MNRAS , 513, 3122 
peagle J. S., Steinhardt C. L., Capak P. L., Silverman J. D., 2014, ApJS ,

214, 15 
tark D. P., Schenker M. A., Ellis R., Robertson B., McLure R., Dunlop J.,

2013, ApJ , 763, 129 
tefanon M. et al., 2019, ApJ , 883, 99 
tefanon M., Bouwens R. J., Labb ́e I., Illingworth G. D., Gonzalez V., Oesch

P. A., 2021, ApJ , 922, 29 
ugahara Y. et al., 2021, ApJ , 923, 5 
acconi L. J. et al., 2018, ApJ , 853, 179 
alia M., Cimatti A., Giulietti M., Zamorani G., Bethermin M., Faisst A., Le

F ̀evre O., Smol c ¸i ́c V., 2021, ApJ , 909, 23 

T

amura Y. et al., 2019, ApJ , 874, 27 
odini P., Ferrara A., 2001, MNRAS , 325, 726 
opping M. W. et al., 2022, MNRAS , 516, 975 
aliante R., Schneider R., Salvadori S., Gallerani S., 2014, MNRAS , 444,

2442 
an der Vlugt D., Hodge J. A., Algera H. S. B., Smail I., Leslie S. K.,

Radcliffe J. F., Riechers D. A., R ̈ottgering H., 2022, ApJ, preprint ( arXiv:
2204.04167 ) 

ijayan A. P., Clay S. J., Thomas P. A., Yates R. M., Wilkins S. M., Henriques
B. M., 2019, MNRAS , 489, 4072 

ang T. et al., 2019, Nature , 572, 211 
atson D., Christensen L., Knudsen K. K., Richard J., Gallazzi A.,

Michałowski M. J., 2015, Nature , 519, 327 
hitaker K. E., Pope A., Cybulski R., Casey C. M., Popping G., Yun M. S.,

2017, ApJ , 850, 208 
hitler L., Stark D. P., Endsley R., Leja J., Charlot S., Che v allard J., 2022,

MNRAS, preprint ( arXiv:2206.05315 ) 
itstok J. et al., 2022, MNRAS , 515, 1751 

avala J. A. et al., 2021, ApJ , 909, 165 
hou L. et al., 2020, A&A , 642, A155 

 Hir oshima Astr ophysical Science Center, Hir oshima University, 1-3-1 
agamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan 
 National Astronomical Observatory of Japan, 2-21-1, Osawa, Mitaka, 
okyo, Japan 
 Observatoire de Gen ́eve, CH-1290 Versoix, Switzerland 
 Cosmic Dawn Center (DAWN), Niels Bohr Institute , Univer sity of Copen-
a g en, Ja gtvej 128, København N, DK-2200, Denmark 
 Scuola Normale Superiore, Piazza dei Cavalieri 7, I-56126 Pisa, Italy 
 Leiden Observatory, Leiden University, NL-2300 RA Leiden, Netherlands 
 Steward Observatory, University of Arizona, 933 N Cherry A ve, T ucson, AZ
5721, USA 

 Departament d’Astronomia i Astrof ̀ısica, Universitat de Val ̀encia, C. Dr.
oliner 50, E-46100 Burjassot, Val ̀encia, Spain 

 Nucleo de Astronomia, Facultad de Ingenieria y Ciencias, Universidad 
iego Portales, Av. Ejercito 441, Santiago, Chile 

0 International Centre for Radio Astronomy Research, University of Western 
ustralia, 35 Stirling Hwy, Crawley 26WA 6009, Australia 

1 Kapteyn Astronomical Institute , Univer sity of Groning en, NL-9700 AV
roningen, the Netherlands 

2 Waseda Research Institute for Science and Engineering, Faculty of Science 
nd Engineering, Waseda University, 3-4-1 Okubo, Shinjuku, Tokyo 169- 
555, Japan 
3 Departamento de Astronomia, Universidad de Chile, Camino del Observa- 
orio 1515, Las Condes, Santiago 7591245, Chile 
4 Dipartimento di Fisica, Sapienza, Universita di Roma, Piazzale Aldo Moro 
, I-00185 Roma, Italy 
5 INAF/Osservatorio Astronomico di Roma, via Frascati 33, I-00078 Monte 
orzio Catone, Roma, Italy 
6 Sterrenkundig Observatorium, Ghent University, Krijgslaan 281 - S9, B- 
000 Gent, Belgium 

7 Dept. of Physics & Astronomy, University College London, Gower Street, 
ondon WC1E 6BT, UK 

8 Centre for Astrophysics & Supercomputing, Swinburne University of 
echnology, PO Box 218, Hawthorn, VIC 3112, Australia 
MNRAS 518, 6142–6157 (2023) 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

http://dx.doi.org/10.3847/1538-4357/ab7e27
http://dx.doi.org/10.3847/1538-4357/aba044
http://dx.doi.org/10.1051/0004-6361/201935149
http://dx.doi.org/10.1093/mnras/sty1024
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1051/0004-6361/200913941
http://dx.doi.org/10.1051/0004-6361/201321371
http://dx.doi.org/10.1093/mnrasl/slv070
http://dx.doi.org/10.1093/mnras/stw1783
http://dx.doi.org/10.1093/mnras/sty3323
http://dx.doi.org/10.1051/0004-6361/201219507
http://dx.doi.org/10.1093/mnras/stt627
http://dx.doi.org/10.1086/307523
http://dx.doi.org/10.1093/mnras/staa706
http://dx.doi.org/ 10.3847/2041-8213/ac9b22
http://dx.doi.org/10.1051/0004-6361/201629436
http://dx.doi.org/10.3847/1538-4357/aab03f
http://dx.doi.org/10.1088/0004-637X/698/2/L116
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1093/mnras/stx1545
http://dx.doi.org/10.1088/0004-637X/712/2/1070
http://dx.doi.org/10.1088/0004-637X/744/2/95
http://dx.doi.org/10.1088/2041-8205/739/2/L40
http://dx.doi.org/10.1086/145971
http://dx.doi.org/10.1086/668636
https://arxiv.org/abs/2202.04080
http://dx.doi.org/10.3847/1538-4357/ac4605
http://dx.doi.org/10.1051/0004-6361/201425017
http://dx.doi.org/10.1051/0004-6361/201731506
http://dx.doi.org/10.1086/516585
http://dx.doi.org/10.3847/0004-637X/820/2/83
http://dx.doi.org/10.1088/0004-637X/788/2/125
http://dx.doi.org/10.1093/mnras/stab283
http://dx.doi.org/10.1088/0004-637X/801/2/122
http://dx.doi.org/10.1038/nature24631
http://dx.doi.org/10.1093/mnras/stac302
http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.1088/0004-637X/763/2/129
http://dx.doi.org/10.3847/1538-4357/ab3792
http://dx.doi.org/10.3847/1538-4357/ac1bb6
http://dx.doi.org/10.3847/1538-4357/ac2a36
http://dx.doi.org/10.3847/1538-4357/aaa4b4
http://dx.doi.org/10.3847/1538-4357/abd6e3
http://dx.doi.org/10.3847/1538-4357/ab0374
http://dx.doi.org/10.1046/j.1365-8711.2001.04486.x
http://dx.doi.org/ 10.1093/mnras/stac2291 
http://dx.doi.org/10.1093/mnras/stu1613
https://arxiv.org/abs/2204.04167
http://dx.doi.org/10.1093/mnras/stz1948
http://dx.doi.org/10.1038/s41586-019-1452-4
http://dx.doi.org/10.1038/nature14164
http://dx.doi.org/10.3847/1538-4357/aa94ce
https://arxiv.org/abs/2206.05315
http://dx.doi.org/ 10.1093/mnras/stac1905
http://dx.doi.org/10.3847/1538-4357/abdb27
http://dx.doi.org/10.1051/0004-6361/202038059

	1 INTRODUCTION
	2 DATA
	3 ANALYSIS
	4 THE FRACTION OF OBSCURED STAR FORMATION
	5 THE OBSCURED COSMIC STAR FORMATION RATE DENSITY
	6 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

