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A B S T R A C T 

We present the first observational infrared luminosity function (IRLF) measurement in the Epoch of Reionization (EoR) based 

on a ultraviolet (UV)-selected galaxy sample with the Atacama Large Millimeter Array (ALMA) spectroscopic observations. 
Our analysis is based on the ALMA large program Reionization Era Bright Emission Line Surv e y (REBELS), which targets 42 

galaxies at z = 6.4–7.7 with [C II ] 158 μm line scans. 16 sources exhibit dust detection, 15 of which are also spectroscopically 

confirmed through the [C II ] line. The infrared (IR) luminosities of the sample range from log L IR 

/L � = 11.4 to 12.2. Using 

the UV luminosity function as a proxy to derive the effective volume for each of our target sources, we derive IRLF estimates, 
both for detections and for the full sample including IR luminosity upper limits. The resulting IRLFs are well reproduced by a 
Schechter function with the characteristic luminosity of log L ∗/ L � = 11 . 6 

+ 0 . 2 
−0 . 1 . Our observational results are in broad agreement 

with the average of predicted IRLFs from simulations at z ∼ 7. Conversely, our IRLFs lie significantly below lower redshift 
estimates, suggesting a rapid evolution from z ∼ 4 to z ∼ 7, into the reionization epoch. The IR obscured contribution to the 
cosmic star formation rate density at z ∼ 7 amounts to log(SFRD / M � yr −1 Mpc −3 ) = −2 . 66 

+ 0 . 17 
−0 . 14 that is at least ∼10 per cent 

of UV-based estimates. We conclude that the presence of dust is already abundant in the EoR and discuss the possibility of 
unveiling larger samples of dusty galaxies with future ALMA and JWST observations. 

Key words: galaxies: high-redshift – galaxies: luminosity function, mass function – infrared: galaxies. 
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 I N T RO D U C T I O N  

t is still a crucial open question in astrophysics when the first
alaxies formed and how they built up their mass. The continuous
isco v ery of higher redshift galaxies is pushing the boundaries of
ur knowledge of galaxy evolution (e.g. Dunlop 2013 ; Stark 2016 ;
ayal & Ferrara 2018 ; Naidu et al. 2022a ; Schaerer et al. 2022 ;
dams et al. 2023 ; Atek et al. 2023 ). In particular, the disco v ery of a

ignificant population of luminous and massive galaxies at z > 9 has
osed questions about the speed of early stellar mass production (e.g.
esch et al. 2016 ; Laporte et al. 2021 ; Naidu et al. 2022b ; Labbe

t al. 2023 ). 
Until recently, the knowledge of galaxies at z > 7 was mainly

ased on rest-frame ultraviolet (UV) observations (Oesch et al.
018a ; Bouwens et al. 2022a ). These samples might not be complete,
o we v er, as the y might miss e xtremely dust obscured, b ut highly star -
orming galaxies (e.g. Casey et al. 2019 ). 

From an observational point of view, the Atacama Large Mil-
imeter Array (ALMA) is the most powerful tool to study dust at
igh redshift (e.g. Capak et al. 2015 ; Bouwens 2016 ; Bowler et al.
018 ; B ́ethermin et al. 2020 ). Ho we ver, the cost to obtain statistical
 E-mail: laia.barrufetdesoto@unige.ch 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
amples of galaxies in the Epoch of Reionization (EoR) results in the
act that only a modest number of galaxies have been characterized
n detail so far (e.g. Watson et al. 2015 ; Smit et al. 2018 ; Laporte
t al. 2019 ; Faisst et al. 2020 ; Harikane et al. 2022 ; Schouws et al.
022b ). Furthermore, the study of dust at 2 < z < 6 was for a long
ime limited to bright dusty galaxies such as submillimetre galaxies
SMGs; e.g. Gruppioni et al. 2013 ; Wang et al. 2019b ; Barrufet et al.
020 ). Ho we ver, ALMA is bridging the gap between these extremely
usty massive galaxies and more moderate star-forming galaxies (see
odge & da Cunha 2020 for a re vie w). 
The recent observational impro v ements hav e allowed the disco v-

ry of the emergence of high- z dusty galaxies at z > 6. In particular,
udamoto et al. ( 2021 ) have serendipitously detected two dusty
alaxies at z spec ∼ 7 near massive neighbours at the same redshifts.
his shows that dusty galaxies in the EoR could be more common

han previously thought, which leads to the question of whether the
umber of dusty galaxies at z > 6 is higher than expected (see also
elson et al. 2022 ; Barrufet et al. 2023 ; Rodighiero et al. 2023 ). 
The possible underestimation of the number of dusty galaxies

ould have a direct impact on the obscured star formation rate
ensity (SFRD), which remains uncertain at z > 3 (Casey et al.
019 ). Several studies have calculated the obscured SFRD at z
 5 based on serendipitous sources resulting in largely differing

onclusions (e.g. Gruppioni et al. 2020 ; Casey et al. 2021 ; Fudamoto
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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t al. 2021 ; Talia et al. 2021 ; Viero et al. 2022 ). While some studies
nd that 2-mm selected dusty galaxies contribute ∼30 per cent to the 

ntegrated SFRD in the range 3 < z < 6 (Casey et al. 2021 ), others
eport a significantly larger obscured SFRD that remains constant 
 v er redshift (e.g. Gruppioni et al. 2020 ; Talia et al. 2021 ). An
pproach to clarify the contribution of dust-obscured star formation 
o the cosmic star formation history is to measure the infrared 
uminosity function (IRLF) all the way into the EoR. The shape 
nd scale of the IRLF are crucial to understanding the abundance 
f dusty galaxies and how rapidly dust is formed in the early
niverse. This directly affects the fraction of star formation that 

s obscured in forming galaxies, and thereby the formation (or rise) 
f metals. 
Because of the wealth of rest-frame UV observations, the UV 

uminosity function (UVLF) is well constrained up to z ∼ 9 (e.g. 
ouwens et al. 2007 , 2015 , 2021 ; Oesch et al. 2018b ; Bowler et al.
020 ), and we ev en hav e some information at z ∼ 9–10 (Oesch
t al. 2018a ; Harikane et al. 2023 ) and beyond now with JWST (e.g.
inkelstein et al. 2022 ; Naidu et al. 2022b ; Adams et al. 2023 ; Atek
t al. 2023 ; Donnan et al. 2023 ). In contrast, the IRLF is still quite
ncertain at high redshifts. Current measurements of the IRLF rely 
n small numbers of dusty sources at z > 3.5 (e.g. Wang et al.
019a ; Gruppioni et al. 2020 ). This leads to large uncertainties
n the IRLF parameters, including the faint-end slopes, and dis- 
greements between different surv e y results (e.g. Gruppioni et al. 
013 , 2020 ; Koprowski et al. 2017 ; Lim et al. 2020 ; Popping et al.
020 ). 
The recent study of Zavala et al. ( 2021 ) compiled the results of

ev eral surv e ys and combined those with semi-empirical modelling 
o constrain the evolution of the IRLF out to z > 5, albeit with
ignificant uncertainties. Ho we ver, an IRLF at z ∼ 7 has not been
easured directly using dust continuum observations yet. In this 

ontext, we use the data from the Reionization Era Bright Emission
ine Surv e y (REBELS), an ALMA large program aimed at obtaining
 statistical sample of normal star-forming galaxies at z > 6.4 (see
ouwens et al. 2022b for details). REBELS has increased the number 
f spectroscopically observed massive galaxies in the EoR by a 
actor of ∼4–5 compared to the previous literature (Bouwens et al. 
022a ). The same strategy of the REBELS selection was tested in
 pilot program presented in Schouws et al. ( 2022b ). This study
howed the potential of ALMA as a high-redshift ‘machine’ and the 
ix pilot galaxies are also included in the main REBELS sample 
Smit et al. 2018 ; Schouws et al. 2022a , b ). While observations from
he REBELS program were just recently completed and analysis 
f the full data set is now underway, its data have already been
sed for a number of scientific analyses, including the disco v ery
f serendipitous dust-obscured sources at z ∼ 7 (Fudamoto et al. 
021 ), modelling the dust and interstellar medium (ISM) properties 
f z > 6 galaxies (e.g. Dayal et al. 2022 ; Ferrara et al. 2022 ;
ommovigo et al. 2022a ), measuring their detailed specific star 
ormation rates (SFRs; Topping et al. 2022 ), calculating their SFRD
Algera et al. 2023 ), estimating Ly α transmission around luminous 
ources in o v erdense z ∼ 7 environments (Endsle y et al. 2022 ), and
onstraining the neutral gas fraction out to the EoR (Heintz et al.
022 ). 
In this paper, we use this surv e y to calculate – for the first time –

n IRLF at z ∼ 7. In Section 2 , we describe the ALMA observations
nd the infrared (IR) luminosity calculations used in this work. The 
ethodology for calculating the IRLF and their values is described in 
ection 3 . We present the results on the obscured SFRD of REBELS
alaxies in Section 4 . We discuss our results in Section 5 and present
 summary and our conclusions in Section 6 . 
 REBELS  OBSERVATI ONS  

.1 ALMA obser v ations and catalogue 

n this work, we use data from REBELS (Bouwens et al. 2022a )
hat is a Cycle 7 ALMA large program of ∼40 UV-bright galaxies
t z > 6.4. The selection was based on UV brightness ( −23 < M UV 

 −21.3) and photometric redshifts for galaxies identified o v er a
ombined area of ∼7 de g 2 in sev eral fields (see Bouwens et al.
022a for details). This surv e y of spectral scan observations identifies
right ISM cooling lines ([C II ], [O III ]) while simultaneously probing
he dust continuum in bands 158 and 88 μm, respectively, which
s essential to derive the IR luminosity ( L IR ). Given its selection,
he REBELS sample only spans a limited range in redshift and
V luminosities. Even though it is UV selected, the sample is

epresentati ve of massi ve star-forming galaxies at z ∼ 7, providing
n e xtensiv e probe of ISM reservoirs in the EoR (Bouwens et al.
022b ; Ferrara et al. 2022 ). 
In this work, we only focus on galaxies that were scanned for

C II ], i.e. sources with z phot = 6.4–7.7. The total sample used in
his study contains 42 galaxies with [C II ] scanned, 16 of which with
 dust continuum detection at more than 3 σ . Notably, 15 of these
6 sources also do have a significant [C II ] emission line detection
nd thus a robust spectroscopic redshift measurement (Inami et al. 
022 ). 

.2 Infrared luminosity from REBELS sur v ey 

n this section, we describe the IR luminosity measurements from 

nami et al. ( 2022 ) and the average properties of the REBELS
alaxies. 

When deriving the IR luminosities of our sample, we have to make
n assumption about the dust temperature. Estimating this based 
n a few photometric detections in the far-IR is very challenging.
ommovigo et al. ( 2021 ) solve this difficulty using L [C II ] as a proxy
or the dust mass and the underlying continuum to constrain the dust
emperature. This is particularly useful for the REBELS surv e y, giv en
hat [C II ] estimates (or upper limits) are available for the full sample.
sing these measurements, Sommovigo et al. ( 2022a ) find an average
ust temperature of T d = 46 K for the REBELS sample. Hence,
nami et al. ( 2022 ) assumed a spectral energy distribution (SED)
ith dust temperature and emissivity from Sommovigo et al. ( 2022a )

 T d = 46 K and β = 2, respectively) to calculate the IR luminosity
ased on the ALMA dust continuum flux. For the galaxies without
ust continuum detection a 3 σ upper limit was derived both for
he continuum flux and the corresponding IR luminosity. A cosmic 

icrowave background correction was applied for all galaxies, with 
nd without dust detection. The correction depends on the exact 
edshift but lies in the range of 8 –14 per cent (see Inami et al. 2022
or details). 

Using the derived IR luminosity measurements, we plot in 
ig. 1 the relation between UV and IR luminosities. Given the
election of UV luminous sources, the dynamic range both in UV and
R luminosities is limited. The REBELS sample only probes the most
assive, UV luminous galaxies at these redshifts. It is composed of

uminous infrared galaxies (LIRGs; 10 11 < L IR /L � < 10 12 ) except
or REBELS-25, the brightest galaxy in our sample with log( L IR ) ∼
2.2 L � (see Hygate et al. 2022 for details). The fact that we found
nly one ultraluminous infrared galaxy (ULIRG; L IR > 10 12 L �)
n the REBELS sample could be due to the UV bright selection of
EBELS galaxies with −23 < M UV < −21.3. We discuss this further

n a later section. 
MNRAS 522, 3926–3934 (2023) 
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M

Figure 1. IR luminosity against UV absolute magnitude with the redshift 
colour coded for the REBELS (filled symbols) and ALPINE (empty symbols) 
samples for both 3 σ detections (dots) and upper limits (triangles). The 
REBELS sample does not show significant differences between detections 
and upper limits. L IR does not depend on M UV or redshift. The small L IR 
dynamic range and the flatness are comparable with the ALPINE sample at 
4.5 < z < 6 although ALPINE extends to fainter UV galaxies (empty triangles 
and dots for upper limits and detections, respectively). The ALPINE relation 
presented in Khusanova et al. ( 2021 ) is shown in the black dashed line. 
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Figure 2. Number of L IR detections against the UV absolute magnitude. 
The histogram shows the detected sources in red and the non-detections in 
grey with the fraction of detections/total indicated in the lower numbers. Also 
shown is the UVLF from Bouwens et al. ( 2022a ) as a dashed line. This is 
used to compute the representative volume for each of our targets. The small 
numbers abo v e the LF indicate how man y galaxies are e xpected per M UV 

bin in a volume-limited surv e y spanning the REBELS target selection area of 
7 deg 2 . Clearly, REBELS only targets a very small fraction of the full galaxy 
population at faint UV luminosities, which we account for in our analysis 
(see main text). 
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We compare the IR luminosities from REBELS with the sample
rom the ALMA Large Program to INvestigate [C II ] at Early times
ALPINE; Le F ̀evre et al. 2020 ) that targets UV-selected sources at
ower redshifts at 4.5 < z < 6. The ALPINE sample spans a wider
 UV range ( −23.3 < M UV < −20) but is also mostly composed of
IRGs (see Fig. 1 ) finding also in general dusty galaxies (Pozzi et al.
021 ; Sommovigo et al. 2022b ). Our REBELS sample shows that
V-selected galaxies at z ∼ 7 have comparable IR luminosities to
V-selected galaxies at lower redshift (4.5 < z < 6) (see Section 5

or discussion). 

 INFRARED  LUMINOSITY  F U N C T I O N  AT  z ∼ 7

n this section, we explain the procedure to calculate the luminosity
unction (LF). The main complication in computing a LF using a
argeted surv e y such as REBELS is that it is not straightforward to
erive a selection volume for each source. This can be o v ercome
y basing our volume estimates on the UVLF as a proxy, as was
uccessfully demonstrated in Yan et al. ( 2020 ) who used the ALPINE
V-targeted sample to derive the [C II ] LF. Here, we closely follow

heir approach. 

.1 Calculation of the luminosity function 

ur deri v ation is based on the z ∼ 7 UVLF from Bouwens et al.
 2022a ). This is used to derive a representative volume for the UV-
elected sources. In practice, we use the UVLF to compute the
umber of expected galaxies in bins of UV luminosity assuming
 volume-limited surv e y o v er the full selection area of the REBELS
ample of 7 deg 2 and z = 6.4–7.7 (see Fig. 2 ). This is given by 

 exp = φUV ( M UV ) �M UV V tot , (1) 

here φUV ( M ) is the UVLF from Bouwens et al. ( 2022a ) per
agnitude bin � M UV , and V tot is the total surv e y volume o v er
hich REBELS sources were selected. REBELS only targets a very

mall subsample of all galaxies expected in such a large survey.
NRAS 522, 3926–3934 (2023) 
e can compute a correction factor to account for this sampling
ncompleteness in each UV luminosity bin as f UV = N exp / N obs ,
here N obs is the number of targeted REBELS galaxies in each
 UV bin. 
While the correction factor abo v e is derived for a volume-limited

urv e y, the requirement of a dust continuum detection can further
ntroduce a reduction in the surv e y volume for each source. Namely,
t can limit the maximum redshift up to which a given source would
emain detected. This is accounted for by computing the so-called
aximum comoving volume V max, i for each galaxy i (see Schmidt

968 ). Specifically, V max ,i = 

∫ z max ,i 
z min 

d 2 V / d z d �� d z, where z max, i is
ither the upper edge of the redshift bin of the LF, or, if smaller, the
aximum redshift up to which source i would remain continuum

etected at > 3 σ . � is the surv e y volume. In practice, z max, i =
.7 for most galaxies, except for the faintest few sources in the 
ample. 

We now have all quantities to calculate the IR luminosity function
IR in bins of L IR . This is given by 

IR ( log L IR ) = 

1 

� log L IR 

∑ 

i∈ bin 

f UV ,i 

V max ,i 
, (2) 

here i runs o v er all sources in a given IR luminosity bin
og L IR ± � log L IR / 2 (see equation 3 in Yan et al. 2020 ). The
ncertainties on the IRLF bins are computed as the Poisson errors in
ach L IR bin. 

Note that this calculation is independent of the assumed surv e y
rea �, since both V max and f UV are directly proportional to it. 

We repeat the abo v e calculation twice. In the first case, we
nly consider continuum-detected galaxies (16 sources); in the
econd case, we include the full REBELS sample (42 sources),
reating non-detections as upper limits. The completeness fac-
ors f UV are computed separately for both cases. The resulting
RLFs are in very good agreement, as discussed in the next 
ection. 

art/stad1259_f1.eps
art/stad1259_f2.eps
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Figure 3. Infrared luminosity function (IRLF) at z ∼ 7 for the REBELS sample (red dots and lines) compared with simulations (dashed lines) and observations 
(solid lines). The IRLF was calculated both only using the galaxies with dust continuum detections (16 galaxies, empty dots) and using the full sample including 
upper limits (42 galaxies, filled red dots). The red line shows the Schechter ( 1976 ) fit for the total sample. The shaded area shows the uncertainty of the 
luminosity function (LF) Schechter function fit with the total sample that is larger at the low-luminosity end due to the lack of data. The rest of the lines show 

both theoretical and observational IRLF studies in several fields. Our study is in agreement with Li et al. (in preparation, dark purple line) that predict a similar 
number of dusty galaxies in a broad range of luminosities. The dark grey line is the IRLF at z ∼ 7 from Zavala et al. ( 2021 ) and predicts a larger number of 
galaxies than our study for the bright end with luminosities (12.5 < log( L IR /L � < 13), whereas our LF does not predict a significant number of galaxies at z ∼
7 with log( L IR /L � > 12.5). TNG simulations at z ∼ 6 from Shen et al. ( 2022 ) show a systematic shift with respect to our fitting, but consistent in shape (blue 
dashed line). Dayal et al. ( 2022 ) and Lagos et al. ( 2020 ) simulations at z ∼ 7 (light blue and grey line, respectively) present a 1 dex difference in the lower 
luminosity with our result in between them. The yellow line and dots indicate the IRLF at z ∼ 5.25 predicted by the serendipitous galaxies found in the ALPINE 

surv e y presented in Gruppioni et al. ( 2020 ), whereas the orange symbols show Wang et al. ( 2019a ) results at similar redshift. 
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.2 The infrared luminosity function at z ∼ 7 

.2.1 The stepwise IRLF 

n this section, we first present the stepwise LF by using the
ethodology described in the previous section, before we de- 

ive parametric Schechter function fits. Fig. 3 shows the result- 
ng LFs in three equidistant luminosity bins log( L IR /L �: [11.3–
1.6], [11.6–11.9], and [11.9–12.2], both for our detections-only 
nd our full sample. The derived stepwise LFs are in excellent 
greement, showing that the detection-only sample is not biased 
ignificantly. In the rest of the paper, we use the total sample as a 
aseline. 
For the detection-only sample, we further test the possible impact 

f uncertainties in the IR luminosity estimates. Specifically, we use 
 Monte Carlo technique in which we perturb the initial L IR mea-
urements by their statistical (Gaussian) uncertainties 10 000 times 
nd rederive the IRLF in each case. We then use the median and
6th and 84th percentiles, respectively, as the uncertainties. We do 
ot find significant differences in the resulting LF values, but the
ncertainties are increased as can also be seen in Fig. 3 . 

.2.2 Sc hec hter function fits 

e no w deri ve a parametric estimate of the IRLF based on the
lassic Schechter function from Schechter ( 1976 ), commonly used 
oth in the local and the high- z Universe (Johnston 2011 ). The
hree parameters that define the Schechter function are φ∗, L ∗,
nd α: the normalization factor of the o v erall density of galaxies,
he characteristic luminosity, and the faint-end luminosity slope, 
espectively. Because of the lack of data at low L IR , we have restricted
taking into account the faint-end slope values found in the literature

see Section 5 for details). We fix the slope to α = −1.3 in our fitting,
MNRAS 522, 3926–3934 (2023) 
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Table 1. Summary of the main parameters of this study. The first column 
shows the faint luminosity slope ( α), and the second column shows the 
luminosity function (LF) at the determined luminosity bin (third column). 
Finally, the fourth column shows the obscured star formation rate density 
(SFRD) taking into account the three luminosity bins. The first ro w sho ws 
the best-fitting Schechter function parameters for a fixed slope of α = −1.3, 
while the subsequent rows show the total sample and only with detections. 

α log( L ∗) log( φIR ) log(SFRD) 
(L �) (dex −1 Mpc −3 ) (M � yr −1 Mpc −3 ) 

Schechter function fit 
−1.3 (fix) 11 . 60 + 0 . 23 

−0 . 13 −4 . 38 + 0 . 38 
−0 . 35 −2 . 66 + 0 . 17 

−0 . 14 

Total sample 11.45 −4 . 3 + 0 . 1 −0 . 1 −2.93 ± 0.20 

11.75 −4 . 6 + 0 . 2 −0 . 2 

12.05 −5 . 5 + 0 . 4 −0 . 5 

Detections 11.45 −4 . 4 + 0 . 2 −0 . 2 −3.21 ± 0.18 

11.75 −4 . 6 + 0 . 3 −0 . 3 

12.05 −5 . 1 + 0 . 2 −0 . 5 
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hich is the value derived for the ALPINE high- z IRLF in Gruppioni
t al. ( 2020 ). 

We use a Bayesian Markov chain Monte Carlo (MCMC) approach
o derive the posterior distribution of the Schechter function param-
ters. Hence, we compute the φIR , L ∗, while keeping the slope fixed
t α = −1.3. We have set these initial parameters centred at the
alues obtained by minimizing the error function first (log( φIR ) =
3.5, log( L 

∗) = 11.7), and then use non-informative Gaussian priors.
e then perform 20 000 MCMC iterations and ensure that these are

onverged. We find that the posterior distribution of the parameters is
imilar in both cases, either including the total sample (considering
pper limits) or only detections. Therefore, we only present the
chechter function with uncertainties for the total sample in Fig.
 . The 1 σ uncertainty of the fit function was also calculated from
he MCMC chains computing the 16th and 84th percentiles of the
osterior distributions. The φIR uncertainties in the fainter end are
0.5 dex, while at the brighter end they are < 0.2 dex. The IRLF is

est constrained in the range 11.5 < log( L IR /L �) < 12, and shows that
he density of sources drops quickly (log( φIR ) < −6.5 dex −1 Mpc −3 )
t luminosities abo v e log( L IR /L �) > 12.3. 

The resulting Schechter function parameters are
og ( φIR ) = −4 . 38 + 0 . 38 

−0 . 35 dex −1 Mpc −3 and log ( L ∗/ L �) = 11 . 60 + 0 . 23 
−0 . 13 

ith a fixed α = −1.3 (see Table 1 for the summary of the main
arameters). Our analysis shows a z ∼ 7 IRLF with a considerable
umber of LIRGs that drop in the ULIRG range suggesting a limit in
uminosity at log( L IR /L �) ∼ 12.3. This is in general agreement with
ome theoretical studies. The IRLF at L IR < 11.5 L � is uncertain
nd a larger study with fainter galaxies should be carried out to
ccurately measure the IRLF at the fainter luminosity end. 

We compared our results to both theoretical and observational
RLF studies at similar redshifts (see dashed and continuous lines,
espectively , in Fig. 3 ). Generally , our results are in broad agreement
ith some simulated IRLFs at similar redshift. When comparing

o lower redshift observations at z ∼ 5–6, however, we find that
ur IRLF is more than an order of magnitude lower. Finally, our
RLF shows an interesting evolution with redshift, compared with
he literature, not only in number density (as was previously shown
n Koprowski et al. 2020 ; Fujimoto et al. 2023 ), but also in L ∗. This
ould be due to our UV-selected sample being biased towards bright
ources and further study with a similar selection at different redshift
hould be carried out to confirm the possibility of evolution with L ∗.
NRAS 522, 3926–3934 (2023) 
We discuss the points abo v e in more detail in Section 5 . We
lso discuss in Section 5.3 the importance that our data is UV-
right selected that cannot take into account extremely dust-obscured
ources that are faint in the UV. 

 OBSCURED  STAR  F O R M AT I O N  R AT E  

ENSITY  

n this section, we calculate the obscured star formation rate density
SFRD) directly through the IRLF derived in the previous section. We
alculate the SFRD in two different ways: (1) by simply summing
p the stepwise IR densities for the data in the REBELS sample
nd (2) by integrating the Schechter IRLF over the luminosity range
0.5 < log( L IR /L �) < 13. These limits were selected in the range
 v er which we can define the Schechter function. Note that the
ntegration limits are narrow but, due to the luminosity bins, there
re no data to constrain a lower limit integration. Further analysis is
roduced in Section 5 . In both cases we use a conversation factor
= 10 −10 M � yr −1 L 

−1 
� . 

For the stepwise estimates, we considered both the total sample and
etections. We find log (SFRD / (M � yr −1 Mpc −3 )) = −3 . 21 ± 0 . 18
aking only into account the dust continuum detections,
hich is slightly lower than for the total sample with

og(SFRD / M � yr −1 Mpc −3 ) = −2 . 93 ± 0 . 20 . This SFRD estimate
eeds to be considered as a lower limit since it only takes into
ccount the three luminosity bins. 

To extrapolate to fainter luminosities, we have calculated the
FRD for the Schechter LFs. In particular, we use the MCMC chains

o derive the median posterior SFRD and the associated uncertain-
ies. We find log(SFRD / M � yr −1 Mpc −3 ) = −2 . 66 + 0 . 17 

−0 . 14 where the
ncertainties correspond to the 16th–84th percentile (see Fig. 4 ). As
xpected, this SFRD is larger than the SFRD calculated from the
bservations, since it is inte grated o v er the full luminosity range
10.5 < log( L IR /L �) < 13). Notice that REBELS is a UV-selected
ample and the obscured SFRD needs to be taken into account as a
obust lower limit (see caveats in Section 5.3 ). Finally, the SFRD was
omputed by adding the serendipitous sources from the REBELS
ample presented in Fudamoto et al. ( 2021 ). The sum of the two
oints, UV-selected galaxies and serendipitous ‘dark’ systems, is
og (SFRD / (M � yr −1 Mpc −3 )) = −2 . 53 + 0 . 17 

−0 . 14 . 
We compare our results with previous studies in the literature

or both similar samples to REBELS and other dusty galaxies
t high redshift. Our derived obscured SFRD of the REBELS
ample is 13 ± 1 per cent of the total cosmic SFRD at z ∼ 7 from
adau & Dickinson ( 2014 ) and 9 per cent of the unobscured SFRD

stimate from Bouwens et al. ( 2022b ). This is in agreement with
he range of obscured SFRD predictions of Zavala et al. ( 2021 ),
ho use a compilation of sev eral surv e ys to derive a model of the

RLF evolution. Our resulting obscured SFRD lies in the upper
art of their inferred SFRD range being the first result at z ∼
 calculated through [C II ] spectroscopic scans. In an accompa-
ying paper, Algera et al. ( 2023 ) also derived the SFRD for the
EBELS sample using the stellar mass as a proxy to calculate the
FRD through a stacking analysis. While our best estimates are a
actor of ∼2.5 lower, the measurements are consistent within the
 σ uncertainties. 
In Fig. 4 , we also present the obscured SFRD for several studies

howing the lack of consensus at z > 3 on the obscured SFRD. Our
FRD result is comparable to DSFGs selected at 2 mm from Casey
t al. ( 2021 ), who report a decrease in the obscured SFRD o v er 4
 z < 6. In contrast to these findings, the SFRD from serendipitous

ources found in the ALPINE surv e y presents a non-evolving SFRD
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Figure 4. Star formation rate density (SFRD) against redshift for the REBELS sample at z ∼ 7 and several works in the literature. The black line shows the total 
SFRD from Madau & Dickinson ( 2014 ), whereas the orange shaded region shows the obscured SFRD (Zavala et al. 2021 ). Our results show a moderate SFRD 

calculated from the fitted IRLF (red triangle) that increases if the two serendipitous normal dusty REBELS galaxies from Fudamoto et al. ( 2021 ) are taken into 
account (orange dot). Similarly, Algera et al. ( 2023 ) obtain a larger contribution to the obscured star formation but in agreement within 1 σ error (dark orange 
dot). DSFGs from the ALMA 2 mm photometric blind surv e y show a decrease in SFRD o v er redshift (purple squares; Casey et al. 2021 ). The 1.3 mm ALMA 

blind surv e y presented in Dunlop et al. ( 2017 ) shows an obscured SFRD at 1 < z < 4.5 that decreases at z > 2 (purple diamonds). Khusanova et al. ( 2021 ) show 

the SFRD from the ALPINE surv e y at z ∼ 5 (brown area). Also from ALPINE, Gruppioni et al. ( 2020 ) present a larger obscured SFRD that is decreasing at z 
> 3 (pink area) with the last redshift bin at z > 4 containing only one source (dashed pink area). Similarly, Wang et al. ( 2019a ) show a decreasing SFRD (light 
purple area) with large uncertainty in the last bin at z ∼ 4 (dashed light purple area). Koprowski et al. ( 2020 ) presented a constrained SFRD up to z ∼ 4 (purple 
area). REBELS results show the presence of dust at z ∼ 7 even in UV-selected galaxies. 

a  

c  

r
e  

(
7
n

5

I
a  

I
fi
t
S
c  

o

5

S  

F  

l  

s  

I
∼  

r  

a  

r
 

t  

a  

d  

h
 

a
s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/3/3926/7143796 by R
ijksuniversiteit G

roningen user on 29 June 2023
cross the whole redshift range of the sample (1 < z < 5.5). Their
alculated SFRD is o v er two orders of magnitude more than our
esults at z ∼ 7. Similarly, longer wavelength studies support a flatter 
volution of the SFRD at 3 < z < 6, albeit with more moderate SFRD
Talia et al. 2021 ). In contrast, our results show lower SFRD at z ∼
, which, when compared to literature at lower redshifts, supports a 
on-flat SFRD across redshift (see Section 5 for discussion). 

 DISCUSSION  

n this section, we compare our IRLF results with observational 
nd theoretical studies. Ho we ver, due to the underlying assumptions,
RLFs from simulations are not directly comparable. As a result, our 
ndings broadly concur with theoretical research. On the observa- 

ional side, the literature shows a large range of IRLF suggesting 
FRD discrepancies of ∼2 orders of magnitude. We also explore the 
auses for the different results in the literature and compare them to
ur IRLF and SFRD. 
.1 Comparison to literature 

ome theoretical IRLFs at z ∼ 6–7 agree quite well with our findings.
 or e xample, Li et al. (in preparation) show a similar IRLF o v er the

uminosity range 10.5 < log( L IR /L �) < 12.5, as do the TNG + 300
imulations shown in Shen et al. ( 2022 ). But throughout the whole
R luminosity range, the latter exhibits larger number densities by 
0.5 dex. A plausible explanation for this shift is the difference in

edshift ( � z ∼ 1) between our results and those of Shen et al. ( 2022 ),
s the IRLF is expected to decrease in number density at increasing
edshift (see e.g. Koprowski et al. 2017 ; Fujimoto et al. 2023 ). 

Our results contrast with those from Lagos et al. ( 2020 ) that
hemselves differ by ∼0.5 dex despite the fact that both utilize semi-
nalytical models based on merger trees. Over the full range of our
irectly observed luminosities (log( L IR /L �) > 11.5), our results are
igher than both of these estimates. 
Although the simulations described abo v e are based on different

ssumptions, the theoretical work does not contain a UV-selected 
ample bias. This suggests that, according to simulations, our 
MNRAS 522, 3926–3934 (2023) 
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Figure 5. The SFRD depends on the IRLF shape and the luminosity range 
used in the integration. The faint-end slope α assumed in the low-luminosity 
end is key for the resulting SFRD. This plot shows the best-fitting IRLF for 
two extreme slopes: α = −2 (red line) and α = −0.4 (orange line). The 
difference between slopes increases in IRLF being ∼4 orders of magnitude 
higher at L IR = 10 9 L �. The inner plot shows the SFRD for these two extreme 
cases that shows an order of magnitude difference depending on the slope 
assumed with the same integration luminosity (10 8 < L IR /L � < 10 13 ). The 
dark red dots show the total REBELS sample for the three luminosity bins. 
The dark red line shows the Schechter fit with α = −1.3 (dark red line) as 
presented previously in Section 3 . 
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RLF estimate is not missing a significant number of extremely
uminous, UV-undetected galaxies at z ∼ 7 (for potential caveats,
ee Section 5.3 ). 

We continue by contrasting with semi-empirical models from
avala et al. ( 2021 ) at z ∼ 7. Their IRLF changes very little at
2 < log( L IR /L �) < 12.5, whereas our IRLF sharply declines. Our
tudy shows an IRLF an order of magnitude higher for LIRGs and
 negligible number of galaxies with log( L IR /L �) > 12.3. Thus, we
nd a different distribution also for the bright luminosity end. These
ifferences in IRLF could be explained by the different methodology,
ue to the lack of observational data at z ∼ 7, which leads to an
xtrapolation of their IRLF at higher redshifts. To do that, it is
ecessary to assume two different slopes for the LIRGs and the
LIRGs that might lead to different outcomes between our study

nd Zavala et al. ( 2021 ). 
Finally, we compare our results with IRLFs derived from obser-

ations. In particular, we contrast with the ALPINE IRLF, since it is
n analogous surv e y to REBELS, but at lower redshift (see Section 2
or details). Using the ALPINE data, Gruppioni et al. ( 2020 ) provide
he IRLF at z ∼ 5 for serendipitous galaxies. Their IRLF agrees with
urs for the lower luminosity bin, but the o v erall normalization is
ignificantly higher. The reason for the difference is the IRLF rely on
everal factors. First, the redshift difference ( � z ∼ 2) is an obvious
eason for the density to be lower. Furthermore, the REBELS sample
as UV selected, implying a selection effect that is non-existent in
 blind surv e y (see Section 5.3 for caveats). Another cause for the
isparity with Gruppioni et al. ( 2020 ) might be the difference in
edshift. Their redshifts were calculated with multiband photometry
nd with only three galaxies at z ∼ 5. Finally, the differing dust
emperature assumptions and the SED fitting may lead to different
R luminosities, but further analysis is required to ensure that the
ifferences are significant. 
In order to continue the observational comparison, we contrast the

RLF calculated with the maximum redshift observed to yet in Wang
t al. ( 2019a ). This analysis presents an IRLF with bright IR galaxies
elected with Herschel Space Observatory (Pilbratt et al. 2010 ) at
 = 5.5. At the same redshift, their results have a 2 dex greater LF
han ours at the bright end, but a smaller o v erall LF than the one
tated in Gruppioni et al. ( 2020 ). Again, the expected difference is
aused by the disparity in redshift, as does the bias to select massive
alaxies with Herschel . 

.2 What IRLF is needed to r epr oduce extr eme SFRD? 

his section discusses how changes in the IRLF impact the SFRD.
ince there is a lack of consensus about obscured SFRDs at z > 5, we
 v aluate the key variables that influence the SFRD computation: the
RLF faint-end slope, the L IR integration limits, and the conversion
actor between L IR and SFRD. To do that, we compute the SFRD
eriv ed for e xtreme α and inte gration limits to determine whether the
ost extreme SFRD described in the literature could be reproduced.
e also discuss the likely causes of these variances. 
First, we investigate changes in the IRLF slope. Lower redshift

tudies frequently find a slope of α = −1.3, including more galaxies
ith lower IR luminosities (Hammer et al. 2012 ), but some high-

edshift studies report shallower faint-end slopes of α = −0.4 (Zavala
t al. 2021 ). In Fig. 5 , we compute the IRLF for these two extreme
ases by using α = −2 and −0.4, respectively . Additionally , we
sed a wider luminosity range for the integration than in previous
ections of this work, allowing for 8 < log( L IR /L �) < 13 as in
ruppioni et al. ( 2020 ). Nevertheless, we cannot recreate values
NRAS 522, 3926–3934 (2023) 
lose to their SFRD, even in the most extreme scenario ( α = −2),
ielding a SFRD ∼ 6 × 10 −3 M � yr −1 Mpc −3 . 
This SFRD is, ho we ver, consistent with the findings of Talia et al.

 2021 ) ( SFRD ∼ 5 × 10 −3 M � yr −1 Mpc −3 at z ∼ 5). It should be
oted that the analysis of Talia et al. ( 2021 ) was conducted using
adio galaxies with median L IR = 2.3 ± 0.5 × 10 12 L �, and is thus
ased on a different set of assumptions than our IR-based estimates.
Despite the fact that it is common to compute the obscured

FRD using the IRLF, some studies directly calculate it by using
he individual SFRs. For instance, the Mapping Obscuration to
eionization with ALMA (MORA) surv e y performed blind 2 mm
LMA observations (Casey et al. 2021 ), and identified a number
f z ∼ 4–6 DSFGs. They find SFRD ∼ 10 −3 M � yr −1 Mpc −3 at z ∼
, which is far lower than the previously mentioned studies such as
alia et al. ( 2021 ) or Gruppioni et al. ( 2020 ). The key distinction is

hat their photometric redshift estimates are based on submillimetre
ata, which can be degenerated with dust temperature. Generally,
o we ver, the findings of Casey et al. ( 2021 ) are in good agreement
ith ours, and their obscured SFRD is compatible with a z ∼ 6

xtension of our SFRD at z ∼ 7. This agreement also extends to the
.3 mm ALMA serendipitous sources at z < 4.5 from Dunlop et al.
 2017 ). Both Dunlop et al. ( 2017 ) and Casey et al. ( 2021 ) present a
ecrease of obscured SFRD at z > 3 that likely continues beyond z
 6, as suggested by our data. 
Even if several obscured SFRD present large values at z ∼ 5 (i.e.
ang et al. 2019a ; Gruppioni et al. 2020 ; Khusanova et al. 2021 ), we

lso notice that the highest redshift bin in both Wang et al. ( 2019a )
nd Gruppioni et al. ( 2020 ) have larger uncertainty than the rest to the
ow number of sources (as shown the hatched areas in Fig. 4 ). Given
hese larger uncertainties, a declining SFRD cannot be excluded from
hese analyses. Hence, although not in agreement, our results are not
n contradiction with the studies that show large SFRDs and the
ighest redshift surv e ys. Studies including larger samples at 4 < z <
 would be needed to corroborate this hypothesis. 
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.3 Possible caveats 

n this section, we assess the importance of our data being based on a
V-bright target selection. This directly implies that our study cannot 

ccount for extremely dust-obscured sources, such as submillimetre 
alaxies (SMGs), that are faint in the UV. Ho we ver, gi ven that there
re several verified SMGs at z > 4, we know that such galaxies
re 100 times less common than UV-based Lyman-break galaxies, 
iv en the SMG sk y surface density of 0.01 arcmin −2 (e.g. Riechers
t al. 2013 , 2017 ; Marrone et al. 2018 ). Furthermore, extremely dusty
igh-redshift galaxies have only been disco v ered up to a maximum
 = 6.34 (Riechers et al. 2013 ). All of these findings are based
n large surv e ys conducted with the South Pole Telescope (SPT),
ubmillimetre Common-User Bolometer Array 2 (SCUBA-2), or 
erschel Space Observatory . 
The serendipitous detection of two dust-obscured galaxies in the 

EBELS data set with similar masses and SFRs as the main sample
learly shows that the primary target sample of REBELS is not 
omplete (Fudamoto et al. 2021 ). While, the contribution of this class
f galaxies to the SFRD is still very uncertain, Fudamoto et al. ( 2021 )
stimate a value of 1 . 2 × 10 −3 M � yr −1 Mpc −3 , i.e. comparable to 
ur estimate from the IRLF. This would suggest that UV-undetected 
alaxies could contribute a similar, but additional amount of obscured 
FR as UV-bright galaxies. 
Similar conclusions have been reached from recent JWST observa- 

ions. The first deep Near-Infrared Camera (NIRCam) observations 
evealed the existence of UV-undetected, dusty galaxies at z > 6. 
arrufet et al. ( 2023 ), in particular, present the SFRD for high- z
usty galaxies, finding a log (SFRD / M � yr −1 Mpc −3 ) ∼ −3 at z ∼
 for highly attenuated galaxies. We thus conclude that the galaxies 
e are missing in UV selections might contribute the same order of
agnitude as the REBELS sample itself. 
To compute a more complete IRLF it would be necessary to 

erform a deep but blind surv e y to probe galaxies at z ∼ 7 at several
av elengths. F or the present, a good first step is to obtain results
ased on the UV-selected REBELS galaxies. These results represent 
 firm lower limit on the total obscured SFRD at z ∼ 7. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we hav e e xploited the data from the REBELS surv e y,
hich consists of ALMA spectroscopic data of UV-bright galaxies in 

he EoR. Our sample consists of 42 galaxies at 6.4 < z < 7.7. 16 have
evealed significant dust continuum emission at rest frame ∼158 μm , 
nd all but one of these are spectroscopically confirmed through their 
C II ] emission lines. This sample was used for the following. 

(i) We have calculated the IRLF at z ∼ 7 for the first time
sing a spectroscopically confirmed sample. We find a log( φIR ) ∼
4.2 ± 0.2 dex −1 Mpc −3 in our faintest luminosity bin of log( L IR /L �)
11.5. At higher luminosities, the IRLF decreases considerably. 
(ii) We have fit a Schechter ( 1976 ) function with a fix slope of
= −1.3 for the low-luminosity end finding the best-fitting values 

og( φIR ) ∼ −4.38 dex −1 Mpc −3 and log( L IR /L �) = 11.6. Our results
ndicate that extremely luminous galaxies with log( L IR /L �) > 12.3
re extremely rare at z ∼ 7, with number densities log( φIR ) <
6.5 dex −1 Mpc −3 . 
(iii) We hav e deriv ed the obscured SFRD through the 

RLF. From the observations we calculate a lower limit of 
og(SFRD / M � yr −1 Mpc −3 ) = −2 . 93 ± 0 . 20 at z ∼ 7 that repre- 
ents ∼13 per cent of the total SFRD. When integrating over the 
uminosity range 10.5 < log( L IR /L �) < 13 we infer a larger value of
og (SFRD / M � yr −1 Mpc −3 ) = −2 . 66 + 0 . 17 

−0 . 14 . 
(iv) Our IRLF is broadly consistent with some simulations at z ∼
. The inferred SFRD is a robust lower limit that shows a significant
ontribution of obscured star formation at z ∼ 7. 

We conclude that our results imply a significant amount of 
bscured SFR at z ∼ 7 of at least log (SFRD / M � yr −1 Mpc −3 ) ∼ −3 . 
ompared with ALMA blind surv e ys, our results suggest a steep
volution of the obscured SFRD o v er redshift that continues to z ∼
, at least. 
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