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ABSTRACT

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 Survey (REBELS) and its pilot programs, designed to target [C11] 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 fyps = SFRir/SFRyv11r depends on stellar mass, similar to what is observed at lower redshift, and ranges from
Jobs & 0.3 — 0.6 for galaxies with logo(M,./Mg) = 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 survey. 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 extensively discuss potential caveats, our analysis highlights the continued importance of dust-obscured star formation even

well into the epoch of reionization.

Key words: galaxies: evolution — galaxies: high-redshift — submillimetre: galaxies.

1 INTRODUCTION

The cosmic star formation rate density (SFRD) is one of the
most fundamental quantities describing the evolution of the galaxy
population across time. Within the last decade, it has been established
that the SFRD reaches its maximum around a redshift of z ~ 1-3,
while since having been on the decline towards the present day
(Madau & Dickinson 2014 and references therein). However, the
nature of the SFRD in the early Universe, especially beyond z 2
5, remains largely unconstrained. Through wide surveys combining
ground- and space-based facilities, including in particular the Spitzer
Space Telescope, ever-increasing samples of high-redshift (z 2 6)
galaxies are being discovered (e.g. McLure et al. 2013; Bouwens et al.
2015; Finkelstein et al. 2015; Oesch et al. 2018; Stefanon et al. 2019).
However, such studies, for the most part, remain limited to probing
the rest-frame ultraviolet (UV) and optical emission emanating from
distant galaxies, and in turn only provide constraints on the light
directly emitted by stars. This is even true about some new samples
now being compiled based on new JWST data (e.g. Adams et al.
2022; Harikane et al. 2022; Naidu et al. 2022).

* E-mail: algera@hiroshima-u.ac.jp

Meanwhile, at lower redshift, it has long been established that
cosmic dust plays a significant role in shaping the observable
properties of galaxies (e.g. Draine 1989, 2003; Calzetti et al. 2000).
Dust, itself being a by-product of star formation, attenuates starlight
at UV and optical wavelengths, and reprocesses it into infrared (IR)
emission. Both locally and at intermediate redshifts (1 < z < 4),
the most actively star-forming galaxies are known to be enshrouded
in large amounts of dust (e.g. Kennicutt 1998; Casey, Narayanan &
Cooray 2014; Dudzeviciute et al. 2020). In addition, the SFRD is
known to be dominated by dust-obscured star formation at least
out to z < 4 (Magnelli et al. 2011, 2013; Gruppioni et al. 2013,
2020; Bouwens et al. 2016; Dunlop et al. 2017; Zavala et al. 2021).
Therefore, in order to assess the dust content and star formation
properties of more distant galaxies, observations at (far-)infrared
wavelengths are essential.

Throughout the last decade, the Atacama Large Millimeter Array
(ALMA) has revolutionized the study of both the dust and interstellar
medium (ISM) properties of distant galaxies (see Hodge & da Cunha
2020 for a review). In recent years, a handful of z = 7 galaxies have
been identified in dust emission (e.g. Watson et al. 2015; Laporte
et al. 2017, 2019; Bowler et al. 2018; Tamura et al. 2019; Bakx et al.
2020, 2021; Sugahara et al. 2021; Endsley et al. 2022; Witstok et al.
2022; Schouws et al. 2022b), thereby implying that significant dust
reservoirs are already in place in the early Universe.
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However, given that direct observations of dust at high redshift
remain scarce, the importance of dust-obscured star formation in the
typical galaxy population within the epoch of reionization (z 2 7;
Planck Collaboration VI 2020) remains unclear. While UV-based
studies of cosmic star formation generally measure a steep decline
in the SFRD beyond z 2 3 (Madau & Dickinson 2014; Bouwens
et al. 2015; Finkelstein et al. 2015), such results appear in tension
with recent measurements of dust-obscured star formation at z ~
3-5 (e.g. Novak et al. 2017; Bouwens et al. 2020; Dudzeviciute
et al. 2020; Gruppioni et al. 2020; Khusanova et al. 2021; Van der
Vlugt et al. 2022). This discrepancy may plausibly be the result
of underestimated dust-corrections applied to UV-based studies,
which are generally calibrated on low-redshift starburst galaxies (e.g.
Meurer, Heckman & Calzetti 1999). In addition, the existence of
so-called optically dark galaxies (e.g. Simpson et al. 2014; Wang
et al. 2019; Gruppioni et al. 2020; Zhou et al. 2020; Algera et al.
2020b; Fudamoto et al. 2021; Smail et al. 2021; Talia et al. 2021;
Gomez-Guijarro et al. 2022), which evade detection even in deep
UV- and optical imaging, are impossible to account for in UV-
based surveys of cosmic star formation without ancillary infrared
observations.

It is therefore clear that systematic surveys of dust in the early
Universe are crucial for extending our knowledge of cosmic star
formation into the epoch of reionization. Such a systematic approach
can provide us with insight into the typical fraction of dust obscured
star formation in galaxies at high redshift, which has currently been
measured out to z ~ 5.5 (Whitaker et al. 2017; Fudamoto et al. 2020).
At high redshift, there is ongoing discussion about the contribution
of different dust production mechanisms (i.e. that produced by
Type II supernovae and AGB stars) versus the importance of grain
growth in the interstellar medium (Todini & Ferrara 2001; Mancini
et al. 2015; Popping, Somerville & Galametz 2017; Le$niewska &
Michatowski 2019; Vijayan et al. 2019; Dayal et al. 2022). Hence,
by exploring dust properties of galaxies in the early Universe, we
can attempt to constrain the possible mechanisms and corresponding
efficiencies of dust build-up at high redshift (e.g. Graziani et al.
2020; Dayal et al. 2022; Ferrara et al. 2022; Sommovigo et al.
2022).

In this paper, we investigate the history of obscured cosmic
star formation using the ALMA Reionization Era Bright Emission
Line Survey (REBELS; Bouwens et al. 2022b). REBELS is being
executed as a Cycle-7 ALMA Large Program and represents the
first systematic survey of the ISM and dust properties of z 2> 6.5
galaxies. In Section 2, we briefly introduce the REBELS ALMA
observations. In Section 3, we introduce our stacking routine, as
well as our methodology of determining the z ~ 7 obscured cosmic
SFRD with a targeted sample. In Section 4, we present the typical
fraction of dust-obscured star formation in z ~ 7 UV-selected
galaxies, while in Section 5 we show our direct constraints on the
obscured SFRD. Finally, we summarize our results in Section 6.
Throughout this work, we assume a standard ACDM cosmology,
with Hy = 70kms~! Mpc™', Q,, = 0.30, and 2, = 0.70 and adopt
a Chabrier (2003) initial mass function.

2 DATA

2.1 REBELS

The REBELS survey is an ongoing ALMA Large Program aimed at
identifying particularly luminous ISM reservoirs at z 2 6.5 through
the detection of the [C11] 158 um or [O 1] 88um lines and dust
emission in 40 UV-selected galaxies. For details on the sample

The obscured z =7 SFRD 6143

selection and observational strategy, we refer the reader to Bouwens
et al. (2022b), while the calibration and data reduction are described
in detail in Schouws et al. (in preparation). In summary, the REBELS
targets were selected to be UV-bright galaxies (Myy < —21.3 mag)
with robustly constrained photometric redshifts placing them within
the range 6.5 <z < 9.5.

The galaxies were drawn from a variety of well-studied extra-
galactic fields, spanning a total area of ~7 deg®. The majority of the
REBELS sources were selected across the well-studied COSMOS
field (Scoville et al. 2007), which includes photometric coverage
in the BgVriz bands from the Canada-France-Hawaii Telescope,
the ugrizy bands from Subaru/Suprimecam and the YJHK; bands
from the UltraVISTA survey (McCracken et al. 2012), as well as
Spitzer/IRAC coverage in Channels 1 and 2. The bulk of the remain-
ing targets are drawn from the UKIDSS/UDS and VIDEO/XMM-
LSS surveys (Lawrence et al. 2007), and have similar available
photometric coverage, as described in detail in Bouwens et al.
(2022a).

For each of the selected targets, the photometric redshift prob-
ability distribution was scanned for either the [C1I] (z < 8.2; 36
sources) or [O111] (z > 8.2; 4 sources) emission line using between
two and six ALMA spectral scans. Based on the photometric
redshift, either ALMA Bands 5, 6, or 7 were used to scan down
to a line sensitivity of roughly Licy & 2 x 108 Lg, for a galaxy at
z = 7 (50). As a result of the variable number of scans used, the
typical continuum sensitivity of the various ALMA pointings ranges
from o = 10-25 uJybeam™'. All observations were taken in one
of two compact ALMA configurations (C43-1, C43-2), resulting
in a typical angular resolution of 172-176. In this work, we focus
only on the 36/40 galaxies targeted in [C II] emission, for which the
underlying rest-frame 158 pm continuum is observed. This sample
does not include the two serendipitously detected galaxies described
in Fudamoto et al. (2021), given their different selection criteria and
the lack of a detection at rest-frame UV wavelengths.

During Cycle 7, 60.6 out of the allocated 70 h have been executed,
resulting in 23 detections of [C1I] emission above 5o (Schouws
et al., in preparation) as well as 14 detections of the dust continuum
at rest-frame 158 pum above a threshold of 3.3¢ (Inami et al. 2022).!

In addition, we include nine sources from the REBELS pilot
projects (Smit et al. 2018; Schouws et al. 2022a,b) in our analysis.
Similar to REBELS, these sources were observed via ALMA spectral
scans with the aim of detecting the [C11] line and underlying con-
tinuum emission. Among the nine pilot sources, two are continuum-
detected and five have [C11]-based spectroscopic redshifts. In total,
our sample therefore consists of 45 galaxies, 16 of which are
individually detected in dust continuum emission. For further details
on the dust continuum properties of the REBELS sources, we refer
to Inami et al. (2022).

Throughout this work, we will repeatedly compare our results to
those obtained from the ALMA Large Program to Investigate C+
at Early Times (ALPINE; Béthermin et al. 2020; Faisst et al. 2020;
Le Fevre et al. 2020). ALPINE is similar to REBELS, in that it
obtains ALMA observations of [CII] and dust emission for UV-
selected galaxies, albeit for a lower redshift sample spanning the
range of 4 < z < 6 and with prior spectroscopic redshifts available.
Given the similarities in sample selection, ALPINE forms the natural
comparison sample to REBELS at lower redshift.

INote that there are two additional continuum detections at 88 pum, increasing
the total to 16 sources. However, in this work, we only analyse the REBELS
sample targeted at rest-frame 158 pm.
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2.2 Stellar masses

The total stellar mass (M, ) is one of the principal parameters char-
acterizing a galaxy, directly related to its integrated star formation
history (SFH). However, measuring stellar masses at high redshift
is difficult owing to the generally small number of photometric data
points, scarce coverage of rest-frame optical and near-infrared emis-
sion, potentially significant uncertainties in photometric redshifts,
and possible impact of emission lines (e.g. Stark et al. 2013; Smit
et al. 2015; Topping et al. 2022). Given the large fraction of [C11]-
detections in REBELS, some of these uncertainties are partially mit-
igated. Nevertheless, determining stellar masses relies on a variety of
assumptions, such as galaxies’ SFHs and the adopted dust attenuation
curve, and therefore involves several inherent uncertainties.

Two separate works describe the determination of stellar masses
for the REBELS sample, adopting two different methodologies.
Stefanon et al. (in preparation) adopt the spectral energy distribu-
tion (SED) fitting code BEAGLE (Chevallard & Charlot 2016) in
combination with a constant SFH and a Small Magellanic Cloud
(SMC) dust law to determine the physical properties of the REBELS
sample. However, the adoption of a constant SFH is known to
result in very young ages for galaxies caught in the midst of
a starburst (e.g. Leja et al. 2019), as these outshine any older
stellar populations that may already be present. To account for
this possibility, Topping et al. (2022) additionally present stellar
masses derived using a non-parametric SFH for the REBELS sample
using the PROSPECTOR SED fitting code (Johnson et al. 2021).
Except for the different SED fitting routine and stellar population
templates, their assumptions are identical to those used in Stefanon
et al. (in preparation). We briefly summarize these assumptions
here, 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
available optical to mid-infrared photometry (Section 2 and Bouwens
et al. 2022b), including any available narrow-band photometry. The
Flexible Stellar Population Synthesis templates (Conroy, Gunn &
White 2009; Conroy & Gunn 2010) are adopted, as well as an SMC
dust attenuation law. In total, eight time bins are used to construct
the non-parametric SFHs, with the oldest bin extending to z =
20. The first two bins have fixed ages of 0-3 and 3—10 Myr, and
are particularly important to constrain potential strong rest-frame
optical line emission that can boost the observed fluxes in the IRAC
channels. Such nebular emission is included through the models
from Byler et al. (2017). The remaining six bins are distributed
logarithmically in time, and all bins are connected through the built-
in ‘continuity prior’ in PROSPECTOR, which downweights significant
SFR variations between consecutive bins. From the PROSPECTOR fits,
Topping et al. (2022) find that the non-parametric models prefer
larger stellar masses, with an average offset of 0.43 dex, compared to
those derived using a constant SFH. The typical offset is largest
for young galaxies, in which case the difference can be up to
1.0 dex.

Given the greater flexibility offered by the non-parametric mod-
elling, we adopt the Topping et al. (2022) stellar masses for the
REBELS galaxies throughout this work. Based on these masses,
the majority of the REBELS sample falls onto the Schreiber et al.
(2015) star formation main sequence extrapolated to z = 7 (Fig. 1;
Section 3.3). Given the inherent uncertainties associated with stellar
mass determinations, we propagate the errors on the individual
galaxy masses throughout our analysis using a Monte Carlo (MC)
based approach, to ensure these are encapsulated in the quoted
uncertainties on the quantities of interest, such as the obscured SFRD.
Further details are provided in the following Section 3.

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 log1o(SFRys) = 1og10(3) at fixed stellar mass.
Galaxies with total (= UV + IR) SFRs exceeding 3 x SFRy, 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 Lig ~ 2 — 3 x 10" Lg, (Inami et al. 2022). At low stellar
masses, only galaxies above the (extrapolated) main sequence are likely to
be individually IR-detected.

3 ANALYSIS

3.1 Stacking

While a significant fraction (~40 per cent) of REBELS galaxies are
individually detected in the dust continuum (Inami et al. 2022), in this
work, we also include the continuum-undetected sources through a
stacking analysis to provide a complete census of dust in UV-selected
galaxies at z ~ 7.

We utilize mean stacking in the image plane, at the native resolu-
tion of the REBELS images. We adopt the observed UV positions of
the REBELS targets that are not individually detected in the ALMA
maps, while we use the central position at rest-frame 158 um for the
dust detected sources. Simultaneously, we stack empty regions in the
ALMA pointings prior to correcting for the primary beam attenuation
to obtain a census of the (flat) noise properties of the stacked image.
In addition, we verify the background level is negligible in both
the individual ALMA pointings and in the stacks themselves. In
order to identify emission in the stacks, we follow Algera et al.
(2022) by running PYBDSF (Mohan & Rafferty 2015) on the stacked
images with peak and island thresholds of 30 and 20, respectively,
where o is the RMS noise in the stack. In this work, we adopt the
stacked peak flux densities, as integrated flux measurements may be
biased upwards for low-signal-to-noise stacks (Algera et al. 2020a;
Leslie et al. 2020). Given that dust continua in high-redshift galaxies
appear to be compact and are therefore not resolved by the large
(~173) REBELS beam size (Fudamoto et al. 2022; Inami et al.
2022), we do not expect this to substantially affect our flux densities.
In addition, the beam sizes are significantly larger than the typical
observed offset between the UV and dust continuum for the REBELS
dust-detected sample (~073; Inami et al. 2022). In the case of a non-
detection in the stacks, we follow the approach by Béthermin et al.
(2020) and adopt as a conservative upper limit max {30, 30 + Spu }.
More specifically, we add the flux density in the central pixel of the
stack Sy to the 30 upper limit, provided that Sy > 0. We further
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note that two bright, serendipitous galaxies ~5 arcsec from the
image centres of REBELS-05 and REBELS-P4 were subtracted via
PYBDSF in order to avoid contaminating the background level in the
stacks.

One of the aims of this work is to determine the typical fraction
of obscured star formation in UV-selected galaxies at z ~ 7. At
z < 2.5, this fraction is known to be highly mass-dependent (e.g.
Pannella et al. 2009; Reddy et al. 2010; Whitaker et al. 2017),
which we investigate with REBELS by dividing our sample into
discrete stellar mass bins. However, this is complicated by the stellar
mass uncertainties (typical lo error of ~0.3 dex), which constitute
a significant fraction of the mass range spanned by REBELS
(log1o(M,./Mg) = 8.8-10.8; interquartile range of logo(M,/Mg) =
9.4-10.0; see also Fig. 1). Therefore, we additionally incorporate
these uncertainties into our analysis, instead of adopting a fixed
stellar mass for our sources. We approximate the posterior probability
distributions on M, as a two-sided Gaussian with standard deviations
equal to the lower and upper 1o uncertainty on the median M, derived
from SED fitting by Topping et al. (2022), and randomly sample
Nye = 100 times from this distribution for each of the galaxies we
are stacking. For each of the Ny samplings, we bin the data into
four distinct bins with an approximately equal number of galaxies
(8-10) and adopt these bins for stacking. In turn, a galaxy may end
up in different bins across the Nyc stacking runs. In addition, the
median (M,) of each bin differs slightly between the stacking runs.
We subsequently perform photometry on all the stacks in order to
determine the average 158 um flux density in each bin. For a more
direct comparison with the literature, where stellar mass uncertainties
are generally not taken into account when stacking, we also provide
‘default’ stacks throughout this work. In these default stacks, all
galaxies are taken to have a fixed M, equal to the median of the
posterior stellar mass probability distribution. In this case, we use
a standard bootstrap analysis (following Algera et al. 2020a) such
that the quoted uncertainties reflect both the error on the stacked
photometry and the intrinsic sample variance. We refer to these as
the ‘no-MC’ stacks throughout this work.

3.2 Infrared luminosities and SFRs

We correct the stacked flux densities for the cosmic microwave
background following Da Cunha et al. (2013; see also Inami et al.
2022), thereby adopting the median redshift of the stack. In order
to convert the flux densities to infrared luminosities, we adopt the
conversion from Sommovigo et al. (2022) derived specifically for
REBELS. Their models combine the [CII] and dust continuum
emission of the 13 REBELS targets for which both are available with
the relation between [C 1] luminosity and star formation rate (e.g. De
Looze et al. 2014) to constrain the shape of their infrared SEDs, and
hence their infrared luminosities. As detailed in Inami et al. (2022),
the median SED across the 13 sources analysed by Sommovigo
et al. (2022) is adopted for all REBELS targets, resulting in a
fixed conversion factor between rest-frame 158 pum dust continuum
flux density and total infrared luminosity. However, this conversion
factor shows a minor dependence on stellar mass, as the models
from Sommovigo et al. (2022) limit the maximum possible dust
mass to be 4 percent of the galaxy stellar mass. In this work, we
therefore adopt a slightly different conversion factor, adapted for the
non-parametric stellar masses from Topping et al. (2022). The in-
frared luminosities are calculated as Lig = 11.71“;:; x voL,,, where
vo ~ 1900 GHz is the rest-frame frequency of the [C1I] emission
line and L,, the specific continuum luminosity at this frequency

The obscured z =7 SFRD 6145

(Sommovigo et al. 2022).2 The uncertainty on this conversion factor
is propagated into the final uncertainties on all quantities derived
from the infrared luminosity. In addition, when determining dust-
obscured star formation rates from Ljr, we adopt the conversion
factor used throughout the REBELS papers given in Bouwens et al.
(2022b) of SFRir /(Mg yr~ 1) = 1.2 x 10710 x (Lg/L). This value
— as well as the conversion for UV-based star formation rates quoted
in Section 3.3 — is obtained from Madau & Dickinson (2014) under
the assumption of a constant star formation rate for a duration of
100 Myr and a fixed metallicity of Z = 0.002 (see also fig. 3 of
Madau & Dickinson 2014). While the precise conversion factor
between star formation rate and IR (or UV) luminosity depends on
the assumed SFH — and is therefore both time- and model-dependent
— we here adopt a fixed value for simplicity (see also Topping et al.
2022; Whitler et al. 2022). Given that we utilize stacking, we average
across galaxies of various ages, further motivating the assumption
of a fixed conversion factor corresponding to the average age of the
REBELS sample of 100 Myr (Topping et al. 2022).

3.3 Starburst identification

In order to construct an unbiased sample of representative galaxies
at z ~ 7, we seek to identify and flag starburst galaxies in this
work. The reason for this is twofold. In Section 4, we investigate
how the fraction of obscured star formation depends on galaxy
physical parameters such as stellar mass. To place this in the context
of previous work, we compare to the z ~ 5.5 ALPINE sample
(Fudamoto et al. 2020), which represents typical main-sequence
galaxies, and the low-redshift sample from Whitaker et al. (2017;
z £ 2.5). The latter, being stellar mass-complete by construction,
also contains only a small number of starbursts (roughly 2 per cent
by number; Rodighiero et al. 2011). In addition, we seek to construct
the z ~ 7 obscured cosmic SFRD in Section 5, which necessitates
first establishing a relation between infrared luminosity and stellar
mass (Section 3.4). As determining the obscured SFRD requires
extrapolating this relation to masses outside the range probed by
REBELS, it is crucial the relation be representative for galaxies
across a wide range of stellar masses, further motivating the exclusion
of starbursts.

The REBELS targets were selected based on their UV luminosi-
ties, and as such were not explicitly required to reside on the main
sequence. Given that a set number of ALMA spectral scans were used
for each target, the continuum sensitivities of the REBELS pointings
depend only weakly on redshift. As a result of this approximately
constant sensitivity to dust-obscured star formation, REBELS is
mostly sensitive to starbursts at low masses [log;o(M./Mg) < 9.5]. At
higher masses, galaxies on the (extrapolated to z = 7) main sequence
are also selected (Fig. 1).

We identify starbursts based on their position above the star-
forming main sequence, as is typical in the literature (e.g. Rodighiero
et al. 2011; Caputi et al. 2017). This classification is appealing from
an observational perspective, as it is agnostic to any potentially dif-
ferent physical conditions in starburst and main-sequence galaxies,
relating to, for example, merger state (e.g. Kartaltepe et al. 2012)

’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 ATgust ~ 3 K), well within the
uncertainties of the median temperature found in Sommovigo et al. (2022) of
(Tqust) = 47 £ 6 K when the parametric masses are adopted.
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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.

and gas fraction or star formation efficiency (e.g. Scoville et al.
2016; Tacconi et al. 2018).

We flag galaxies as starbursts if their combined UV + IR SFR
places them above 3x, the Schreiber et al. (2015) main sequence
extrapolated to z = 7 (Fig. 1). Our sample is — by construction — rest-
frame UV-detected, with its UV luminosities having been determined
by Stefanon et al. (in preparation), who additionally adopt the
conversion factor to UV star formation rate of SFRyy /(Mg yr™!) =
7.1 x 1072° x (Lyvy/(erg/s/Hz)).> Galaxies without an IR detection
are identified as starbursts when their UV SFRs alone place the
galaxies 3 x above the main sequence, irrespective of their (unknown)
IR properties. When performing our Monte Carlo stacking analysis,
we flag starbursts based on their re-sampled stellar mass (Fig. 2). In
turn, a galaxy may be identified as a starburst only in a subset of
the stacking runs. This analysis excludes, on average, 8.5 & 2.1 out
of the 45 REBELS sources from stacking. We verified that adopting
the main sequence parametrization from Speagle et al. (2014) results
in a similar set of galaxies being identified as starbursts, and hence
the precise functional form of the main sequence does not affect
our results (see also fig. 8 of Topping et al. 2022). However, we
acknowledge the inherent uncertainties associated with extrapolating
these main sequences to z = 7, and therefore we discuss the effect
of omitting the starburst exclusion in detail in Section 5.4.4.

3.4 The obscured cosmic star formation rate density

In this work, we use REBELS to constrain the obscured cosmic
SFRD at z ~ 7. However, determining the obscured SFRD using the
standard approach of constructing the infrared luminosity function
is complicated by the targeted nature of the REBELS sample.
Nevertheless, using the more robustly established UV luminosity
function at z = 7 as a proxy, Barrufet et al. (in preparation) present
constraints on the IR luminosity function from REBELS. In this
work, however, we follow the procedure of the ALPINE survey
— which, like REBELS, is a pre-selected survey — presented in

3We 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
excellent agreement. Indeed, Topping et al. (2022) show that the choice of
SFH has minimal effect on the inferred unobscured SFR.
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Khusanova et al. (2021). The procedure is as follows: we adopt
the recent determination of the galaxy stellar mass function [SMF;
denoted as ®(M,)] at z = 7 from Stefanon et al. (2021), thereby
including the uncertainties on their derived SMF parametrization.
For consistency with the Chabrier (2003) IMF adopted throughout
this work, we shift their SMF, which assumes a Salpeter (1955)
IME, to lower stellar masses by 0.23 dex, following Speagle et al.
(2014). We stack the REBELS sample in distinct mass bins in order
to determine a relation between the stacked infrared luminosity Lig
and stellar mass M,. The infrared luminosity density o is then given
by
PP

PR = /MIOW S(Lir(M,)Lir(M,)dM, , (D

where the integral is calculated across a range of stellar masses
between [ MV M,PP*"]. Suitable values for this range are discussed
in detail in Section 5.2. The dust-obscured luminosity density pir is
subsequently converted into a SFRD using the conversion factor from
Section 3.2. In this work, we follow the approach in Khusanova et al.
(2021), but also extend their analysis by propagating the uncertainties
on the stellar masses, which are generally not taken into account
in the literature. In turn, we additionally shed light on how such
uncertainties eventually propagate into the quantity of interest, the
obscured cosmic SFRD.

4 THE FRACTION OF OBSCURED STAR
FORMATION

4.1 Obscuration across the full REBELS sample

We proceed by investigating the typical level of dust obscuration in
z ~ 7 galaxies through a stacking analysis. Adopting the approach
outlined in Section 3.1, we randomly sample Nyc = 100 times from
the posterior stellar mass distributions of each REBELS target, and
bin them into four discrete stellar mass bins. In Fig. 2, we show how
the galaxies are divided among the bins across the Nyc samplings.
The incorporation of the stellar mass uncertainties causes significant
variation across the binning, with only ~50 per cent of galaxies being
placed in the same bin >50 per cent of the time. We subsequently
stack 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 pm flux densities across all Myc = 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 Nyc X Npins = 5 X 4 Monte Carlo stacks
(approximately 5 x 5 arcsec?) showing the rest-frame 158 um 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 — 5o
levels in steps of 1o, where o is the rms noise in the stack. Negative contours
are dashed. The colourscale of the cutouts runs from —1.5¢ to 6.5¢. 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).

randomly drawn MC runs in Fig. 3. The highest mass bin generally
appears to be the brightest, as is expected given the existence of the
star formation main sequence, as well as the correlation between
mass and dust obscuration (e.g. Whitaker et al. 2017). Most of the
variation is instead in the lower mass stacks, which reflects the fact
that the fractional uncertainties on individual galaxies’ stellar masses
are larger for lower-mass sources.

For each of the stacks, we determine the fraction of obscured
star formation as f,,, = SFRr/(SFRx + SFRyy), where SFRyy
represents the mean UV-based star formation rate of the galaxies
within the corresponding bin. We show the relation between f,,s and
M, for the individually detected REBELS targets and the stacks —
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which include both the detections and non-detections — in the left-
hand panel of Fig. 4. For each of the stellar mass bins, we adopt
the median obscured fraction and the 16-84th percentiles from the
Monte Carlo stacks as the corresponding uncertainty. In the case of
upper limits among the MC samples, we determine the median and
uncertainties through a standard survival analysis, making use of the
LIFELINES package (Davidson-Pilon 2019).

The obscured fraction determined for the REBELS sample ranges
from fops = 0.331’8:82 at low stellar masses [log;o(M,./Mg) =~ 9.4]
t0 fops = 0.5870% in the highest mass bin [log;o(M,/Mg) ~ 10.4].
We thus find that UV-selected galaxies at z ~ 7 show an increasing
obscured fraction towards higher stellar masses. Upon performing
a linear fit to all Ny samples and combining the posteriors, we
determine a median slope and 16—84th percentile confidence interval
of 0.2701% for the fons — M, relation. Averaged across the entire
sample, the z ~ 7 REBELS sources show a typical obscured fraction
of fobs & 0.45.

We first compare our results to those at z ~ 5.5 from the ALPINE
survey (Fudamoto et al. 2020) and find that the obscured fractions
are in agreement. Due to the typically higher continuum sensitivity
of REBELS compared to ALPINE, our stacking analysis paints a
clearer picture of the typical level of dust obscuration in the early
Universe, including at stellar masses M, < 10'® M, where ALPINE
only provides upper limits. Interestingly, REBELS galaxies — despite
residing at higher redshift — seem to indicate a modest excess in dust
obscuration at the high-mass end compared to the ALPINE sample.
This is likely due to the different selection criteria of the two surveys,
given that ALPINE mostly consists of galaxies on the main sequence
with a priori known spectroscopic redshifts. In particular, most of
these redshifts are from Lyman-o emission, which may result in a
slight bias towards dust-poor systems, as detailed in Faisst et al.
(2020). REBELS, on the other hand, was selected solely based on
UV brightness, irrespective of position on the main sequence, and
without existing spectroscopic redshift information. As a result of
these different criteria, ALPINE might preferentially miss massive,
dusty galaxies.

It should be borne in mind that the ALPINE stellar masses
are based on parametric SED fitting (Faisst et al. 2020), while
the REBELS masses use non-parametric SFHs (Topping et al.
2022). However, given the width of the ALPINE mass bins, it
is unlikely that this difference in the determination of stellar
masses significantly affects our comparison of the dust obscuration
properties of the two samples.

We additionally compare our results to the relation between fobs
and stellar mass determined at z < 2.5 by Whitaker et al. (2017).
They find that, when compared to their high-mass counterparts, low-
mass galaxies show significantly less dust obscuration. In addition,
they show that the obscured fraction is independent of redshift out
to z S 2.5. However, Whitaker et al. (2017) also find that the precise
functional form of the relation between obscured fraction and stellar
mass depends significantly upon the adopted SED templates, due
to their analysis involving the extrapolation of infrared luminosities
from stacked 24 um flux densities. In particular, depending on which
templates are adopted, the typical expected obscuration of galaxies
with M, = 10°3 Mg may either be ~50 per cent [using the Dale &
Helou (2002) templates], or negligible (<10 per cent; using the
Béthermin et al. 2015 templates). However, Whitaker et al. (2017)
emphasize that, irrespective of which SED templates are adopted, the
trend between f,ps and M, remains independent of redshift. In Fig. 4,
we compare the REBELS results to the low-redshift (Whitaker et al.
2017) relation using both the Dale & Helou (2002) and Béthermin
et al. (2015) templates.
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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 Nyc = 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 Nyc stacks.
The 1o 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 Béthermin 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 fops ~ 0.25.

While the individually detected REBELS targets appear to show
obscured fractions that are in reasonable agreement with the Whitaker
et al. (2017) relation valid at lower redshift (assuming the Dale &
Helou (2002) templates) the stacks indicate the typical fops of z
~ 7 galaxies is lower than observed at z < 2.5. However, the
REBELS sample shows a less significant decrease in obscured
fraction towards lower stellar masses, such that the low-mass bin
is in reasonable agreement with the fiducial Whitaker et al. (2017)
relation. When adopting the Béthermin et al. (2015) templates, we
find better agreement at intermediate masses, while the low-mass
bin shows excess dusty star formation compared to the low-redshift
relation. Compared to either of the templates, the REBELS sample
shows a deficit in dust obscuration at the high-mass end. This is
not due to the exclusion of starbursts from our analysis, as these
sources are pre-dominantly located at lower stellar masses. Instead,
the lack of dust obscuration compared to the local (Whitaker et al.
2017) relation is plausibly the result of the different mechanisms of
dust production at play in nearby and high-redshift galaxies. If the
typical stellar populations in z ~ 7 galaxies are young (<30—40
Myr), dust production via AGB stars cannot contribute significantly
to the overall dust mass, such that dust is likely pre-dominantly
created via Type II supernovae (Todini & Ferrara 2001; Bianchi &
Schneider 2007; Marassi et al. 2019; Dayal et al. 2022). In addition,
the efficiency of dust build-up via grain growth in the ISM at these
early cosmic epoch remains debated, although it could be important
particularly in relatively massive and chemically evolved systems
(e.g. Valiante et al. 2014; Mancini et al. 2015, 2016; Popping et al.
2017; Graziani et al. 2020).

However, we must also consider that REBELS, by its very
nature, is a UV-selected survey. REBELS is therefore biased against
selecting highly dust-obscured galaxies, and the resulting fy,s can
hence be regarded as a formal lower limit on the true typical
obscuration of z ~ 7 galaxies. The population of highly obscured
submillimetre galaxies (SMGs) identified at intermediate redshifts
indeed forms the massive end of the galaxy population at z ~ 2-5
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in the REBELS selection, the inferred fy,s at the high-mass end
may therefore be underestimated. Fudamoto et al. (2021) show that,
even at z ~ 7, highly dust-obscured galaxies already exist based
on the serendipitous detection of two such sources in the REBELS
ALMA pointings. This is further corroborated by recent work from
Bakx et al. (2021) and Endsley et al. (2022), who similarly find
evidence of highly obscured galaxies (fops ~ 0.85 — 1) in the epoch
of reionization. A more complete census of dust obscuration at
high redshift requires increased statistics on the prevalence of such
optically faint galaxies, which are bound to arise as ALMA continues
to survey the early Universe. We discuss this interesting population
of optically faint/dark sources in the context of cosmic star formation
in further detail in Section 5.3.

4.2 The dust-detected versus undetected population

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

The foos — M, relation for these two populations is shown in
the right-hand panel of Fig. 4. The dust-detected sources, which
show an average fops ~ 0.6-0.7, appear to agree quite well with the
mass-dependent trend from Whitaker et al. (2017). This is somewhat
remarkable, as this suggests that the brightest dust-obscured galaxies
in the epoch of reionization conform to the same scaling relation as is
observed at z < 2.5, with potentially only minor evolution. However,
we caveat that, while at low redshift this relation was established for
a mass-complete galaxy sample, the REBELS continuum-detected
galaxies are not a similarly unbiased population. In particular —
despite the detection of significant dust emission in 40 per cent of the
sample — REBELS may still be biased against highly dust-obscured
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sources given its selection at UV wavelengths. As such, we caution
that a direct comparison to the Whitaker et al. (2017) relation is
complicated by such differences in selection.

Nevertheless, the typical obscured fraction determined here for
the dust-detected REBELS sample is consistent with the modelling
from Ferrara et al. (2022), who combine the UV emission and rest-
frame 158 pum flux density for 10 REBELS galaxies with both dust
and [C1I] measurements to predict a typical obscured fraction of
Fobs.rz = 0.7970% 4 In addition, theoretical modelling by Dayal
etal. (2022) demonstrates that the dust build-up of 11/13 of the [C 11]-
and continuum-detected REBELS sources can be readily explained
using a combination of standard dust production mechanisms,
which further supports that large dust masses, and consequently
significant dust obscuration, may already be prevalent in the epoch of
reionization.

In contrast to the dust detections, however, the continuum-
undetected sources show significantly lower obscuration amounting
to a typical fops & 0.25. Both bins therefore fall below the fiducial
z < 2.5 Whitaker et al. (2017) relation. Intriguingly, this analysis
includes several galaxies with stellar masses M, > 10'° Mg, none
of which are individually detected in the continuum. Given that
the REBELS galaxies were selected solely based on their UV
luminosities, this stark difference between the dust-detected and
undetected populations is interesting. Inami et al. (2022) do not find
significant differences in the physical properties of the continuum
detections and non-detections, with the exception that the former
might be characterized by redder UV-slopes Syv. A relation between
the infrared excess (IRX = Lir/Lyy) and UV continuum slope has
been well-established at low redshift (e.g. Meurer et al. 1999) and
provides a means of applying dust corrections when only rest-frame
UV data are available (see also Bowler et al., in preparation for the
IRX — Byy relation for the REBELS sample).

The low obscured fraction of the dust-undetected REBELS sources
may have a variety of plausible origins. First of all, let us naively
assume that the typical dust mass of the continuum-undetected
sample is similar to that estimated for the detections by the Som-
movigo et al. (2022) models of (My.) &~ 10’ M. In this case, the
continuum non-detections must have very cold dust temperatures
(average (Tyus) < 30K) in order to be only weakly detected in the
stacks. This, however, is unlikely, as high-redshift galaxies appear
to have increasingly warmer dust (e.g. Sommovigo et al. 2022
predict (Tyus) = 47 = 6 K for the REBELS targets), likely driven by
compact star formation and lower overall dust masses (e.g. Schreiber
et al. 2018; Sommovigo et al. 2022).

If we therefore instead assume that the REBELS continuum non-
detections have a similar average dust temperature to the value
determined for the detections by Sommovigo et al. (2022), they are
likely to have dust masses that are lower by a factor of ~5 x compared
to what is inferred for the detections. As such, it is probable that the
dust-undetected population in REBELS consists of a relatively dust-
poor subset of the full targeted sample of z ~ 7 galaxies. Deeper
continuum observations are required to test this hypothesis in further
detail.

An alternative explanation for the differences in obscured fractions
is that the UV and dust emission of the continuum-undetected
REBELS sources are sufficiently spatially offset that some of the
emission is diluted in the stacks. This, however, appears unlikely,

#Note that Ferrara et al. (2022) analyse a sample of 14 REBELS galaxies,
though their models are unable to provide adequate solutions for four of the
targets.
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as given the large beam size of REBELS (~173) a typical offset
of >5kpc would be required. While Inami et al. (2022) find that a
single of the REBELS dust detections (REBELS-19) show evidence
for a large spatial offset of ~8 kpc between its UV emission and the
peak of the dust, the typical separation amounts to < 2kpc (~0.3
arcsec). As such, large (Z5kpc) spatial offsets between the UV
emitting component and the dust are unlikely to be driving the lower
obscured fractions.

However, more patchy obscuration on smaller spatial scales could
still possibly result in a lower typical f,s for the dust-undetected
REBELS sample. If the distribution of the dust is sufficiently inho-
mogeneous, galaxies may appear more or less obscured depending
on our line of sight. Higher resolution dust continuum observations
are required to test this scenario in more detail.

5 THE OBSCURED COSMIC STAR FORMATION
RATE DENSITY

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

Furthermore, we emphasize that our results are limited to the
obscured component of cosmic star formation, and we do not
explicitly use the UV SFRs of the REBELS sources in the remainder
of this section. Instead, we will use the unobscured SFRD at z = 7
from the literature for comparison in Section 5.3.

5.1 A lower limit on the z ~ 7 obscured SFRD

We start off by determining a relation between infrared luminosity
and stellar mass. We proceed with the stacked luminosities deter-
mined in the previous section, and construct the corresponding Lig
— M, relation for all Ny stacks individually (Fig. 5). We fit the
data using a standard Monte Carlo Markov Chain (MCMC) analysis,
making use of the EMCEE library (Foreman-Mackey et al. 2013). We
adopt a flat prior on the slope of the linear fit and do not require it
to be positive. We incorporate upper limits in case no stacked source
was detected following the formalism outlined in Sawicki (2012). We
subsequently combine all MC samples across the Ny stacking runs
and take the median and 16-84th percentiles as, respectively, the best-
fitting and corresponding uncertainty. This results in a linear slope
of the Lir — M, relation given by pymc = O.52f8;§2. We additionally
determine the relation without incorporating Monte Carlo sampling
across stellar masses, in which case we recover a slightly steeper
slope of Yho—mc = O.74f8:i‘,’. Both values are consistent with one
another, as well as with the ALPINE findings at z ~ 5.5 from
Khusanova et al. (2021), who find yg,; ~ 0.8 & 0.4.

We integrate the Lig — M, relations over the Stefanon et al. (2021)
SMF at z = 7, incorporating the covariance between their fitted
parameters into our error propagation. The resulting constraints on
the obscured SFRD are shown in Fig. 6 and listed in Table 1. We
first provide a direct measurement of the SFRD by considering
only the mass range spanned within the REBELS sample of 8.8
< logio(M,/Mg) < 10.8 and adopting this as our integration limit.
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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 1o, as well as with the ALPINE findings at z ~ 5.5 (grey squares).
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Figure 6. Constraints on the dust-obscured z ~ 7 cosmic star formation density from the REBELS survey, 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 < logjo(M./Mg) < 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. Atz < 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 overplotted in orange, and the combined UV + IR SFRD from these measurements is shown in grey. The hatched orange
region beyond z > 7 represents an extrapolation 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 2 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 legend, respectively).
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~! Mpc™ and the Bouwens et al. (2022a) results are used to determine the obscured fraction of the
SFRD (fobs). The lower section of the table includes several literature z = 7 SFRD determinations that we compare our measurements to in

Section 5.3.

Description log10(SFRDmc) 10g10(SFRDyo-mC) Sobs,MC Jobs,no-McC Section

Fiducial 2247418 2571078 0.317933 0.177937 5.2

Lower Limit ~2.56 £ 030 2741032 0.187943 0.127549 5.1
0.28 0.30 +0.09 0.09

y=1 —2.74703 —2.79753 0.127 00 0.11750e 5.4.1

M = 10M ~150%0% 211 071 03798 542

Non-parametric SMF —1.82+22 —2.05%04% 0.557939 0.417933 543

Including Starbursts 1547047 —1.8370% 0.697928 0.547937 544

Taus = 35K 25119 2787570 0.19+032 0.12+0:3% 545
1.56 1.27 0.28 0.43

Taust = 55K —1.51%53% —1.85%% 0.71%)3% 0.53%)% 545

Bouwens et al. (2022a; UV)  Fudamoto et al. (2021; IR) Zavala et al. (2021; IR)
log10(SFRD) ~1.89 £0.07 >-2.92 ~3.19 £ 0.66

This, therefore, effectively constitutes a lower limit on the true
dust-obscured SFRD since some fraction of cosmic star formation
will also occur in galaxies outside the mass range probed by
our sample. For the no-MC and MC analyses, respectively, we
calculate log,, (SFRDy mc) > —2.74103% and log o(SFRDyc) >
—2.56 «+ 0.30 in units of Mg yr~! Mpc™ (Table 1). In Fig. 6, we
adopt the lower error on these quantities (i.e. the 16th percentile of
the posterior distribution) as the formal lower limit on the obscured
cosmic SFRD.

5.2 The full z ~ 7 obscured SFRD from REBELS

We next set out to determine the z ~ 7 SFRD across the full range of
stellar masses where dust-obscured star formation is likely to occur.
This, therefore, requires integrating the SMF between some range
MY < M, < M,™" where we expect significant dust obscuration.
We will show in Section 5.4 that the SFRD does not depend on
the upper mass limit adopted for the integration, provided it is
M,PP > 1095 M. We therefore follow Khusanova et al. (2021) by
adopting log,o(M,™* /M) = 12.4. The value of the lower cutoff,
Mi"“’er, however, has a more significant impact on the inferred SFRD.
We therefore seek to determine M!°“" in a manner that is self-
consistent with our determination of the f,,s — M, relation, as outlined
below. Other possible integration limits are discussed in detail in
Section 5.4.2.

We determine M°¥*" as the mass where our fo,, — M, relation
predicts that dust-obscured star formation is negligible: we first
fit a linear function to the individual Nyc samples of the fobs —
M, relation. We adopt a flat prior on the slope, requiring it to be
larger than zero. The resulting fit is shown in the left-hand panel
of Fig. 4, and is characterized by a slope of 0.277(|%. We then
use the individual MCMC samples to determine the distribution of
masses Ml"we‘ where fons = 0. In ~10 per cent of cases, where the
slope is flat, such that the inferred log,,(M!*"*" /M) < 5.0, we adopt
log,o(M!*¥" /M) = 5.0 as our limit. The median value determined
as such is log,,(M¥" /M) = 8.2+97, and the full distribution of
MV is shown in the right-hand panel of Fig. 7. In order to determine
the total z ~ 7 SFRD for both the MC and no-MC analyses,
we randomly draw M from this distribution and integrate up
to a fixed log,,(M,*** /M) = 12.4. In both cases, we adopt the
median and 16-84th percentile as the SFRD and its corresponding
uncertainty.

We list the z ~ 7 obscured cosmic star formation rate densities
determined via the MC and no-MC analyses across the full mass
range where significant dust-obscured star formation is expected
in Table 1, and show the results in Fig. 6. Both approaches —
including errors on M, or not — provide consistent results within the
uncertainties. In addition, these direct measurements of the SFRD
are consistent with the lower limits derived above from considering
only the range of stellar masses spanned by REBELS. In the next
section, we place our constraints on the dust-obscured SFRD at z ~
7 in the context of earlier studies.

5.3 Comparison to the literature

‘We compare both our lower limits and extrapolated constraints on the
SFRD to various literature determinations of cosmic star formation in
Fig. 6. In particular, we compare to the models of Zavala et al. (2021),
who provide the obscured cosmic SFRD out to z = 7. The REBELS
constraints are consistent with their obscured values, though hint
towards a larger contribution of dusty star formation at this redshift.
The Zavala et al. (2021) models predict that most of the dust-obscured
star formation beyond z 2 4 is due to ultra-luminous infrared galaxies
(ULIRGS), with an IR luminosity in excess of Lig > 10'2 Lo, while
only a minor fraction (~20 per cent) is occurring in LIRGs (10" <
Lir/Lo < 10'2). The dust-detected REBELS population, however,
consists almost fully of LIRGs, with REBELS-25, attaining Lig
~ 1.5 x 10" L, being the sole exception (Inami et al. 2022;
Sommovigo et al. 2022; see also Hygate et al. 2022). It therefore
may be that the Zavala et al. (2021) models underpredict the number
density of less luminous dusty galaxies in the epoch of reionization.
Through a detailed fitting procedure involving mostly observations
at z < 3, Zavala et al. (2021) determine the faint-end slope of the
infrared luminosity function to be relatively flat (o ~ —0.4). Given
their lack of constraints at higher redshift, they by necessity take
this slope to be non-evolving with cosmic time. Our results suggest
that o p may instead evolve to steeper values, which would imply an
increase in dust-obscured galaxies with LIRG-like IR luminosities
in the epoch of reionization compared to their models. This is
in apparent agreement with the contribution to the SFRD derived
from SMGs by Dudzeviciaté et al. (2020) across ~700 ALMA-
detected galaxies from the AS2UDS survey (see also Bouwens et al.
2020). While these sources with ULIRG-like luminosities (median
Lir ~ 3 x 102 Lg; Dudzeviciiité et al. 2020) contribute significantly
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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 Lig
— M, relation, assuming a fixed M°"" = 1082 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 1o confidence intervals for the no-MC and MC analyses are indicated
through the dashed lines and shaded regions. A slope of y = 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, iowe' , normalized such that Xsprp(10° Mg) = 1. For y =1 (cyan line), the
contribution from galaxies with 10® < M,/Mg < 10° and M, > 10° Mg, is roughly equal, while steeper (shallower) values of y increase the relative importance
of high-mass (low-mass) sources. The orange histogram shows the distribution of M°¥ 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,o(M°¥*"/My) = 5.0
(see text). For an internally consistent determination of M!°%*", we adopt the fops — M, relation to determine log,o(M*V" /M) = 8.2fg} (orange dashed line).

to the total cosmic SFRD at z ~ 2 — 4, their number density, and
hence their contribution to the SFRD, rapidly drops off at z = 4.

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

Through a fully independent approach, Barrufet et al. (in prepa-
ration) determine the z ~ 7 infrared luminosity function from the
REBELS sample, and integrate this to obtain an estimate of the
obscured SFRD. Their approach assumes the REBELS continuum
detections are drawn from the known z ~ 7 UV luminosity func-
tion, given the total area of 7 deg® across which REBELS targets
were initially selected (Bouwens et al. 2022b). The cosmic SFRD
determined by Barrufet et al. (in preparation) is consistent with the
results presented here within 1o (cf. red diamond in Fig. 6). This
agreement between these two independent methods is encouraging,
and emphasizes how valuable information on cosmic star formation
can be extracted even from targeted surveys.

Our analysis suggests only a modest decline in the dust-obscured
cosmic SFRD from z 2 3 onward. This is in apparent agreement
with recent studies of dust-obscured star formation out to z ~ 5,
such as Novak et al. (2017) who make use of deep Very Large Array
observations at 3 GHz, and Gruppioni et al. (2020) who utilize the
serendipitous continuum-detected sources in ALPINE. Both studies
find little evidence for a decline in the SFRD beyond what is
commonly known as the ‘peak’ of cosmic star formation, and indicate
excess dust-obscured star formation compared to both the canonical
Madau & Dickinson (2014) relation, and the more recent results
from Zavala et al. (2021). However, recent measurements of dust-
obscured star formation from Van der Vlugt et al. (2022), combining
both deep and wide VLA observations at 3 GHz across COSMOS
outto z < 4.5, find a better agreement with the obscured SFRD from
Zavala et al. (2021). Nevertheless, they argue UV-based surveys still
underestimate dust corrections by ~1 dex, when adopting consistent
integration limits for the radio and UV luminosity functions.

Indeed, the difficulty of applying dust corrections to UV-based
surveys is highlighted by a galaxy population that has garnered
significant attention in recent years: the so-called ‘optically dark’
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population. While the exact definition varies, these sources are
characterized by their lack of a discernible counterpart at optical
and near-infrared wavelengths (e.g. Wang et al. 2019; Algera et al.
2020b; Gruppioni et al. 2020; Talia et al. 2021), and are therefore
— by definition — missed in UV/optical-based surveys. Based on
their analysis of serendipitous sources found in the ALPINE survey,
Gruppioni et al. (2020) find that optically dark sources contribute
about ~17 per cent of the overall SFRD at z &~ 5, in general
agreement with radio-selected samples (Talia et al. 2021; Enia et al.
2022). At z ~ 7, Fudamoto et al. (2021) recently identified two
optically dark galaxies in two separate REBELS pointings, indicating
that even in the epoch of reionization such highly dust-obscured
sources are already in place.

As we limit our analysis to the sources directly targeted by
REBELS, i.e. the UV-bright population at z ~ 7, such a coeval
optically dark population is by construction not accounted for in our
obscured SFRD measurements. While detailed statistics on the nature
of this population ideally require wide, blind surveys at infrared
or longer wavelengths, we can provide a rough estimate on the
fraction of the obscured SFRD we may be missing by comparing
to the inferred SFRD from the two optically dark sources observed
by Fudamoto et al. (2021) at z ~ 7 (Table 1; values corrected
for clustering). We find that our analysis based on UV-selected
sources accounts for 83735 per cent of the total obscured SFRD when
comparing to the estimates from Fudamoto et al. (2021), in good
agreement with the z ~ 5 results from Gruppioni et al. (2020). As
such, while optically dark sources are a highly interesting population,
their contribution to the obscured SFRD at z ~ 7 might be only up
to ~15—20 per cent.

Finally, as an independent probe of the SFRD at the highest
redshifts, various works have attempted to use the number counts
of long-duration gamma-ray bursts (GRBs) to constrain the cosmic
SFRD out to z ~ 9 (e.g. Kistler et al. 2009; Ishida, de Souza & Ferrara
2011; Robertson & Ellis 2012). While subject to several systematic
uncertainties — including whether the rate of GRBs per unit star
formation evolves with redshift (e.g. Robertson & Ellis 2012) — these
studies can constrain the total (obscured and unobscured) SFRD
out to high redshift. Both Kistler et al. (2009) and Robertson &
Ellis (2012) suggest a significantly higher SFRD than is implied by
UV-based observations alone, exceeding even our constraints from
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REBELS. This therefore provides independent evidence that the rate
of cosmic star formation beyond z 2 5 may be larger than was
previously assumed.

Our results thus suggest that a sizeable fraction of cosmic star
formation may remain dust-obscured even at z = 7. To quantify
this, we compare to the most recent dust-uncorrected UV-based
SFRD measurements at z ~ 7 from Bouwens et al. (2022a), who
determine UV luminosity functions down to Myy = —13 aided by the
gravitationally lensed galaxies observed across the Hubble Frontier
Fields. We determine an obscured fraction of fupsmc = 0.31703
and fobs.no—Mc = 0.171’8:?? for the MC and no-MC-based stacking
analyses, respectively. These fractions are consistent with one an-
other and highlight how at z &~ 7 roughly ~30 per cent of the total
SFRD may be dust-obscured. While formally consistent within the
uncertainties, the obscured fraction at z ~ 7 inferred here appears
lower by ~2x than the value determined for ALPINE at z = 5.5
by Khusanova et al. (2021), who found fyps k21 = 0.617022. This
indicates that the build-up of dust rapidly follows the build-up of
stars in massive high-redshift galaxies (e.g. Graziani et al. 2020; Di
Cesare et al. 2022).

5.4 Caveats

We caution that our constraints on the obscured SFRD are obtained
from a targeted survey, such that any selection biases will propagate
into our measurement of cosmic star formation. While REBELS
sources appear representative of the UV-bright population at z ~
7 (Bouwens et al. 2022b), parallel constraints from blind (sub-
)millimetre surveys will be crucial to strengthen our results. In
the future, such results are likely to arise from upcoming 50m
class single-dish (sub-)millimetre telescopes, such as the Large
Submillimeter Telescope (Kawabe et al. 2016) and the Atacama
Large Aperture Submillimeter Telescope (Klaassen et al. 2020). In
the meantime, let us discuss in detail any biases that may affect our
constraints on the cosmic SFRD. The magnitudes of these biases, and
their effect on the fraction of the SFRD inferred to be dust-obscured,
are summarized in Table 1.

5.4.1 The slope of the Lig — M, relation

The slope of the Lir — M, relation naturally propagates into the
total obscured SFRD. For the MC-analysis, the slope we determine
is relatively flat (y = 0.52%037), such that considerable infrared
luminosity is assigned to relatively low-mass galaxies. For the non-
MC approach, the slope appears slightly steeper (y = O.74f8ji‘1‘),
albeit consistent with the MC-slope within the errors.

The question, then, is whether a blindly selected sample of z ~ 7
galaxies would provide an Ljr — M, relation that is different from
the one determined in this work. At present, such a sample does not
exist. However, the low-redshift Universe can offer some insight, as
here the star formation main sequence has been robustly measured
down to low stellar masses ( <108Mg at z ~ 1; e.g. Boogaard
et al. 2018). The combined main sequence (SFR, — M, ) and mass-
dependent fraction of dust obscuration (f,ps — M,; e.g. Whitaker et al.
2017) provide the quantity SFRigr = fops(M,) x SFRw(M,), which
is related to the Lir — M, relation only by a fixed scaling factor.
At the high-mass end (M, > 10° M), the combination of these two
relations points towards a slope of roughly unity between infrared
luminosity and stellar mass at z ~ 1, which is slightly steeper than
what is determined from REBELS. This tentative difference could

be either due to biases in our sample selection, or due to evolution of
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the relation towards z ~ 7. With the present data, these possibilities
can, however, not be distinguished.

Nevertheless, this exercise motivates the possibility of a steeper
slope for the Lig — M, relation. To explore the impact of the slope
on the SFRD directly, we sample a range of possible slopes y
€ [0.1, 1.6] normalized such that Lir(M, = 10"°My) = 10" L,
consistent with the intercept of our fitted relation (cf. Fig. 5). By
integrating this set of Lir — M, relations across the z = 7 Stefanon
et al. (2021) SMF, we illustrate how the SFRD varies depending on
the assigned slope in the left-hand panel of Fig. 7. For simplicity,
we adopt a fixed log;,(M°¥*" /M) = 8.2 in this test — equal to the
median value derived in Section 5.2 — while we explore the impact
of M below. This analysis highlights how steepening the Lir —
M, relation from y = 0.5 to y = 1.0 decreases the inferred SFRD by
~0.5 dex (Table 1). However, this remains consistent with our current
constraints on the SFRD within 1o. As such, we conclude that, while
the slope of the Lir — M, relation has some effect on the inferred
SFRD, our quoted error bars capture this source of uncertainty.

5.4.2 The adopted SFRD integration range

In Section 5.2, we placed constraints on the z = 7 SFRD by
integrating the SMF down to a variable cutoff mass M°**", motivated
by the finding that low-mass galaxies are generally dust poor (cf.
Fig. 4; also Whitaker et al. 2017). We here investigate to what
extent the adopted value of M!°" impacts the SFRD. We define
the parameter X gprp (M%) via

PR(MY, 12.4)
p]R(6.0, 124)

where pyr is defined as in equation (1) and the numerator adopts fixed
integration limits of log,o(M,/Mg) = (6.0, 12.4), as in Khusanova
et al. (2021). As such, equation (2) measures the contribution to the
obscured SFRD for galaxies with masses between Ml"wer <M, <
10'24 M, relative to all galaxies with 10° < M,/Mg < 10'>4, and
hence illustrates which galaxy populations host the bulk of the dust-
obscured star formation.

We show XSFRD(MiOWe') in the right-hand panel of Fig. 7, and
overplot the distribution of M!*"" determined empirically for the
REBELS sample (Section 5.2). Unsurprisingly, for a shallower slope
y, the relative contribution of low-mass galaxies to the SFRD is
enhanced. In particular, when y = 0.6, roughly equal to the value
determined from the MC analysis, galaxies within the REBELS mass
range only contribute ~20 per cent of the total dust-obscured SFRD,
given a naive lower-mass cutoff of M'°"" = 10° M. As a contrasting
example, if y = 1.4 is adopted — significantly steeper than what is
observed in our analysis — around ~80 per cent of dust-obscured
star formation is expected to take place in galaxies in the stellar mass
range probed by REBELS, even for a cutoff of M°¥" = 10° M, (cf.
the purple line in Fig. 7).

Our analysis, however, favours a relatively shallow y ~ 0.5—
0.8, which suggests that M***" > 10° M. Observations at lower
redshift from Leslie et al. (2020) indicate that at z ~ 2 roughly half
of cosmic star formation occurs in galaxies with M, > 10'%° Mg,
While at higher redshift this characteristic mass decreases slightly,
at z ~ 5 Leslie et al. (2020) find that half of all star formation takes
place in galaxies with M, 2> 107 M, similar to the typical mass of
galaxies in the REBELS sample. This therefore further motivates
our choice of a variable M°**", In addition, at z S 2.5, it has
been established that dust-obscured star formation is subdominant
at low-stellar masses (fyps < 0.5 at M, < 10%2 My ; Whitaker et al.
2017, using the Dale & Helou 2002 templates). An extrapolation of

Xsprp (M) = ) (2)
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their relation to lower masses indicates that the typical fraction of
dust-obscured star formation is <10 per cent at M, < 108> Mg. In
addition, if, as in Section 4, we adopt the Béthermin et al. (2015)
templates, we expect that considerably more massive galaxies of
M, ~ 10°3 Mg, already show little obscuration (typical fyps ~ 0.1;
cf. Fig. 4). This is consistent with the ALMA stacking analyses
of Lyman-break galaxies at intermediate and high redshifts from
Carvajal et al. (2020) and Bouwens et al. (2020) across the Hubble
Frontier Fields and Hubble Ultra Deep Field, respectively, who do
not detect obscured star formation in stacks of low-mass galaxies.
Bouwens et al. (2020), in particular, determine an upper limit on
the obscured SFR of 0.6 Mg yr~! (40) for all 1.5 < z < 10 Lyman-
break galaxies with log;o(M,) < 9.25, indicating the typical low-
mass galaxy population does not exhibit significant dust-obscured
star formation.

As such, both this work and previous studies indicate a lack of
dusty star formation in low-mass galaxies at high redshift. However,
for the sake of completeness, had we adopted a fixed integration
range of 6.0 < logo(M,/Mg) < 12.4, we would infer a total SFRD
that is roughly 0.7 dex larger than the values presented in Fig. 6.
Nevertheless, this remains consistent with the constraints from our
fiducial analysis, which assumes a more realistic Ml"‘”“ cutoff, within
the uncertainties.

Finally, the right-hand panel of Fig. 7 shows that, irrespective
of the adopted value for y, the inferred SFRD does not depend
strongly on the upper mass cutoff. Even for an assumed slope of
y = 1.4 — steeper than inferred by our analysis — the total amount of
star formation occurring in galaxies with M, > 10" Mg at z = 7
remains negligible (Xsprp(10'%°Mg; y = 1.4) < 1%). As such, we
adopt an upper mass cutoff M,™" = 10'>#, following Khusanova
et al. (2021).

5.4.3 Parametric versus non-parametric stellar masses

As already emphasized in Section 2.2, measuring accurate stellar
masses is particularly challenging at high redshift due to the sparse
photometric coverage of galaxy rest-frame optical emission. In this
work, we adopt the non-parametric stellar masses from Topping et al.
(2022), which offer greater modelling flexibility and do not require
the a priori assumption of an SFH. However, in order to determine
the cosmic SFRD, we integrate across the Stefanon et al. (2021) z =
7 SMF, which was constructed using parametric masses via SED
modelling code FAST (Kriek et al. 2009).

Non-parametric SFHs tend to result in larger inferred stellar
masses compared to parametric ones (e.g. Leja et al. 2019, 2020).
For example, comparing non-parametric and parametric masses
from PROSPECTOR and FAST, respectively, for galaxies at z <
2.5, 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
obtained by Whitler et al. (2022) for a sample of galaxies at z ~ 7.
In addition, Topping et al. (2022) explicitly compare parametric and
non-parametric mass measurements for the REBELS sample, and
find that the non-parametric stellar masses from PROSPECTOR exceed
the parametric ones from BEAGLE by ~0.43 dex. Upon including the
nine pilot sources, and removing the four galaxies targeted in [O111]
emission (Section 2), we find a similar median difference between
the mass measurements of 0.45 dex.

Whitler et al. (2022) show that the difference between parametric
and non-parametric masses is a function of the inferred galaxy age,
with younger galaxies being assigned comparatively higher masses
when fitted with non-parametric models. While young galaxies
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indeed tend to be less massive, given that they are — by definition —in
the initial stages of building up their stars, we find no evidence of a
trend between A log,, M, = log,,(M”" " /MZ™) with parametric
stellar mass across the mass range spanned by the REBELS sample
(8.8 < logjo(M,/Mp) < 10.8). A linear fit between these parameters
returns a slope of —0.06 £ 0.12, consistent with zero within 1o . This
is in qualitative agreement with the low-redshift results from Leja
etal. (2019), who find only a minor trend as a function of parametric
mass between 8.5 < log;o(M,/Mg) < 11.5.

To investigate the effect of integrating our non-parametric Ljg —
M, relation across a parametric SMF on the obscured z = 7 SFRD,
we therefore shift the Stefanon et al. (2021) SMF to higher masses
by a constant factor of 0.45dex to mimic the assumption a non-
parametric SFH. We integrate this shifted SMF via equation (1)
as before to obtain the obscured cosmic SFRD. The resulting values
exceed the SFRD inferred in Section 5.2 by ~0.4 — 0.5 dex (Table 1),
which is well within the uncertainties of our measurements. Given
that REBELS only probes a modest (non-parametric) mass range,
such a scaling of the full SMF is inherently uncertain. Further
investigating the difference between parametric and non-parametric
SMF:s is beyond the scope of this work, and as such, we opt to use
stellar masses and SMFs directly from the literature. The JWST will
solve some of these uncertainties by performing the much-needed
robust stellar mass measurements for both our and other samples of
high-redshift galaxies (e.g. GO-1626; PI Stefanon).

5.4.4 The effect of excluding starbursts

Our analysis involves determining the SFRD by first constructing a
relation between infrared luminosity and stellar mass (Section 3.4),
and subsequently integrating this relation across the z = 7 SMFE.
Given that REBELS is not an explicitly main-sequence selected
galaxy sample, it contains several galaxies with SFRs in excess of
the (extrapolated to z = 7) main-sequence relation (Section 3.3 and
Fig. 1). Crucially, given that the continuum sensitivity of REBELS
does not depend on stellar mass, REBELS is only able to detect
continuum-bright galaxies at the low-mass end (M, < 10°° Mg).
At the high-mass end, however, both starbursts and main-sequence
galaxies are selected.

However, the existence of the main sequence at z = 7 has not been
robustly established observationally, although simulations predict it
to already be in place (e.g. Ma et al. 2018). As such, it is worth
investigating quantitatively how incorporating starbursts into our
analysis may affect the inferred SFRD.

Including starbursts increases our total sample by an average of
8.5 £ 2.1 sources and extends the mass range of the bins down
to log1o(M,/Mg) = 9.1 (cf. 9.4 in our fiducial analysis). Given the
addition of low-mass, infrared-bright sources, we find a shallower
trend between obscured star formation and stellar mass (fops — M,),
with a slope of 0. 191’8;}(1) (cf. fobs = 0.271’8:{2)‘ As aresult, the lower
mass cutoff decreases by ~0.8 dex to log,,(M!*""/My) = 7.475%.
As expected, the Lir — M, relation also flattens upon the inclusion
of starbursts, with a slope of yvc = 0.315079 (cf. ywc = 0.52797)).
‘We note, however, that all recovered values remain consistent with
their fiducial counterparts, based on excluding starbursts, within lo.
Finally, integrating this flatter Lir — M, relation down to the newly
inferred M!°**" results in an obscured SFRD that is larger than the
fiducial value by ~0.7 dex (Table 1). This value is similar to the
SFRD inferred by studies of high-redshift GRBs (Kistler et al. 2009;
Robertson & Ellis 2012), but remains consistent with our fiducial
SFRD within lo.
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The above analysis highlights how including starbursts in the
analysis increases the SFRD due to (1) a decrease of M °**" implying
an additional contribution to the infrared SFRD from low-mass
sources, and (2) a flatter Lix — M, relation increasing the typical
infrared luminosity of the low-mass galaxy population. Combined,
the inclusion of starbursts therefore results in a larger obscured SFRD
as aresult of mixing two populations in the analysis: starbursts at low
masses and pre-dominantly main-sequence galaxies at high masses.

Despite the uncertainties associated with excluding starbursts
based on their offset from the extrapolated main sequence, this step
is required to avoid biasing the inferred SFRD. In the near future,
JWST will provide both accurate stellar masses and a clear census of
the main sequence in the epoch of reionization, which will allow a
more accurate investigation of what constitutes a starburst galaxy at
z2 7.

5.4.5 Flux density to infrared luminosity conversion

We conclude by briefly discussing how the adopted conversion
between 158 um continuum flux density and infrared luminosity
affects the obscured SFRD inferred with REBELS. Sommovigo et al.
(2022) have analysed the 13 REBELS sources with both a dust
continuum and [C11] detection to constrain their dust temperatures
(adopting a fixed dust emissivity of § = 2.0). Based on these dust
temperatures, which range from 39 to 58 K, they provide a conversion
factor from rest-frame 158 pum specific luminosity to total infrared
luminosity. In their analysis of the dust continuum properties of
REBELS galaxies, Inami et al. (2022) adopt the median conversion
factor from Sommovigo et al. (2022) to compute both the infrared
luminosities of the REBELS sources directly detected by ALMA, and
upper limits for the rest. As such, the infrared luminosities and limits
determined for the REBELS sample effectively assume a modified
blackbody SED with a dust temperature of (7y,4) = 45 £4K and
B = 2.0° As a result, the typical uncertainty on the stacked
infrared luminosities, which combines the detection significance and
uncertainty on the Lir conversion factor, amounts to ~0.15 dex.

To illustrate the dependence on the adopted infrared SED, we
consider the effect of adopting a different average dust temperature
while keeping f = 2.0 fixed. Based on the temperatures predicted
by the Sommovigo et al. (2022) models, there is no discernible
relation between dust temperature and stellar mass for the REBELS
sample. While low-mass galaxies may have hotter dust temperatures
owing to their typical lower metallicities (e.g. Sommovigo et al.
2022), this remains to be verified observationally. As such, we here
assume a simple systematic under/overprediction of the typical dust
temperature of the REBELS sample by 10 K.

For an assumed temperature of Ty, = 35 K, the inferred obscured
SFRD decreases by only ~0.25 dex (Table 1). This is due to two com-
peting effects: when a lower temperature is adopted, fewer galaxies
are flagged as starbursts (6.1 & 1.8, on average). The resulting Ljr
— M, relation is therefore flatter than in the fiducial scenario, which
enhances the inferred SFRD. However, the infrared luminosities of
the stacks themselves decrease, given that Lig o T;Lﬂ where g =2
is assumed. As aresult the overall inferred obscured SFRD decreases
slightly when a lower Ty is adopted.

On the other hand, if we assume Ty, = 55K, the inferred ob-
scured SFRD increases by ~0.7 dex. This relatively large difference
with respect to our fiducial determination is mainly due to the

SThese values have been adapted for the non-parametric masses from Topping
et al. (2022); Section 3.2.
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increased IR luminosities of the individual stacks. As a result, the
obscured fractions increase, and hence our lower integration limit
(log,o(M!¥ /M) = 7. 11’5:?) decreases by roughly 1 dex compared
to fiducial value. In addition, the infrared luminosities of the individ-
ual stacks increase when hotter dust is assumed. Nevertheless, even
given Ty = 55K, the inferred obscured SFRD remains consistent
with our fiducial determination within the current uncertainties.
Future multiband ALMA observations of the REBELS sources will
be crucial to better constrain their dust SEDs, and to hence provide
more accurate infrared luminosities for individual sources.

6 SUMMARY

We use the dust continuum observations of a statistical sample of 45
galaxies from the ALMA REBELS Large Program (Bouwens et al.
2022b; 36 sources) and its pilot surveys (Smit et al. 2018; Schouws
et al. 2022a,b; 9 sources) at z ~ 7 with the aim of understanding
the dust-obscured star formation properties of galaxies in the epoch
of reionization. We divide the REBELS sample into bins of stellar
mass, and adopt an image stacking analysis in the rest-frame 158 pm
ALMA continuum maps in order to constrain the typical fraction
of obscured star formation (fyps = SFRigr/SFRyy 4 r) in UV-bright
galaxies at z ~ 7. Given the complexities of accurately measuring
stellar masses at z ~ 7, we adopt a Monte Carlo approach sampling
across the M, posterior probability distributions for the REBELS
targets in order to robustly incorporate the stellar mass uncertainties
into our analysis.

We find that fs increases with stellar mass, similar to what is
observed at z < 2.5 (Whitaker et al. 2017). However, at fixed M,,
the REBELS sources are less obscured than their lower redshift
counterparts, with the obscuration ranging from f,ps = 0.3-0.6 across
logo(M,/Mg) = 9.4-10.4 (Fig. 4). This apparent lack of dust ob-
scuration may highlight differences in dust production mechanisms
at high redshift, in accordance with theoretical studies (e.g. Popping
et al. 2017; Vijayan et al. 2019; Graziani et al. 2020; Dayal et al.
2022). Interestingly, however, a more complicated picture arises
when the continuum detections and non-detections are investigated
separately. Through a stacking analysis, we determine the typical
obscured fraction of the continuum undetected sources to be fps &
0.25 at a median stellar mass of log;o(M,/Mg) = 9.8. In contrast,
the detections exhibit a typical fops &~ 0.70 at log;o(M,./Mg) = 10.0.
As such, the continuum-detected sources show obscured fractions
that are in close agreement with the 0 < z < 2.5 results from
Whitaker et al. (2017), while the non-detections contain significantly
less obscured star formation. This indicates a large variety in the dust
properties of z ~ 7 galaxies, even across a sample uniformly selected
based on rest-frame UV emission.

Having established the importance of dust already at z ~ 7,
we next determine the dust-obscured cosmic SFRD with REBELS.
However, given that REBELS is a targeted survey and hence does not
constitute a volume-limited sample, we follow the approach taken by
Khusanova et al. (2021) in order to estimate the infrared SFRD. We
first establish a relation between the infrared luminosity and stellar
mass of the REBELS sample (Fig. 5), and subsequently integrate
this relation across the z = 7 SMF derived by Stefanon et al. (2021).
In spite of substantial uncertainties on our measurements, we find
dust-obscured star formation to contribute ~30 per cent of the total
SFRD at z = 7 (Fig. 6), highlighting the importance of dust even
within the first billion years following the Big Bang.

While we note our results may be affected by selection biases
in the REBELS survey, as well as any systematic uncertainties in
deriving stellar masses and infrared luminosities for the sample,
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these sources of uncertainty are accurately captured within the quoted
errorbars. In the near future, these uncertainties will be mitigated as
the JWST is set to provide accurate stellar mass measurements for
galaxies in the epoch of reionization. In addition, through future
ALMA observations of the REBELS sample in multiple bands, the
dust properties of z ~ 7 galaxies will be mapped in ever-increasing
detail, allowing for further unraveling of the importance of dust in
the earliest cosmic epochs.
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