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ABSTRACT

We present specific star-formation rates (sSFRs) for 40 UV-bright galaxies at z ∼ 7−8 observed as part
of the Reionization Era Bright Emission Line Survey (REBELS) ALMA large program. The sSFRs
are derived using improved measures of SFR and stellar masses, made possible by measurements of
far-infrared (FIR) continuum emission and [CII]-based spectroscopic redshifts. For each source in the
sample, we derive stellar masses from SED fitting and total SFRs from calibrations of the UV and
FIR emission. The median sSFR is 18+7

−5 Gyr−1, significantly larger than literature measurements
lacking constraints in the FIR. The increase in sSFR reflects the larger obscured star formation rates
we derive from the dust continuum relative to that implied by the UV+optical SED. We suggest
that such differences may reflect spatial variations in dust across these luminous galaxies, with the
component dominating the FIR distinct from that dominating the UV. We demonstrate that the
inferred stellar masses (and hence sSFRs) are strongly-dependent on the assumed star formation
history in reionization-era galaxies. When large sSFR galaxies (a population which is common at
z > 6) are modeled with non-parametric star formation histories, the derived stellar masses can
increase by an order of magnitude relative to constant star formation models, owing to the presence
of a significant old stellar population that is outshined by the recent burst. The [CII] line widths in
the largest sSFR systems are often very broad, suggesting dynamical masses that are easily able to
accommodate the dominant old stellar population suggested by non-parametric models. Regardless
of these systematic uncertainties in the derived parameters, we find that the sSFR increases rapidly
toward higher redshifts for massive galaxies (9.6 < log(M∗/M�) < 9.8), with a power law that goes
as (1 + z)1.7±0.3, broadly consistent with that expected from the evolving baryon accretion rates.
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1. INTRODUCTION

Deep imaging surveys using large ground and space-
based telescopes in the past decade have revealed a
wealth of information about galaxies in the epoch of
reionization (see Robertson 2021 for a review). These ob-
servations have revealed an abundant population of rel-
atively low luminosity star forming systems that likely
contribute greatly to the ionizing budget required for
reionization (e.g., Bouwens et al. 2015; Finkelstein et al.
2015; Robertson et al. 2015; Ishigaki et al. 2018; Oesch
et al. 2018; Naidu et al. 2022a). Much has been learned
about the properties of early galaxies from the rest-UV
and optical spectral energy distributions (SEDs) con-
structed from the combination of Hubble and Spitzer
photometry. The star formation rates (SFRs) and stel-
lar masses implied by these SEDs allow for a variety of
constraints on measures of galaxy growth through the
reionization era (e.g., Smit et al. 2016; Song et al. 2016;
Stefanon et al. 2021a).

The specific SFR (sSFR≡ SFR/M∗) is one of the most
useful measures of galaxy stellar mass build-up. When
considering galaxies of fixed mass, the sSFR is generally
predicted to increase with redshift, driven by the rise in
baryon accretion rates at earlier times (Dekel et al. 2009;
Fakhouri et al. 2010; Weinmann et al. 2011; Davé et al.
2011; Dayal et al. 2013; Krumholz 2013; Correa et al.
2015; Sparre et al. 2015). These theoretical expectations
suggest the redshift evolution of the sSFR should follow
a power law roughly of the form sSFR ∝ (1+z)2.25 (e.g.,
Dekel et al. 2009). Deviations from this evolutionary
form could arise for a variety of reasons if the SFRs of
early galaxies are unable to keep up with the rapidly
inflowing rate of baryons (e.g., Gabor & Bournaud 2014).

Efforts to observationally constrain the redshift evolu-
tion of the sSFR into the reionization era began over a
decade ago following the first Hubble and Spitzer deep
fields. Early results revealed similar sSFRs in galax-
ies of fixed mass at 2 < z < 7. This suggested lit-
tle evolution at redshifts higher than z = 2 (e.g., Stark
et al. 2009; Labbé et al. 2010; González et al. 2010, 2011;
Bouwens et al. 2012), in conflict with the simple pre-
dictions from the evolving baryon accretion rates, (e.g.,
Weinmann et al. 2011). As data and models improved, it
became clear that the stellar masses at z > 5 needed to
be revised downward owing to a significant contribution
from nebular emission lines in the Spitzer/IRAC band-
passes (Schaerer & de Barros 2009). Once accounted for,
the sSFRs in the reionization era were found to be signifi-
cantly larger than initial estimates suggested (Stark et al.
2013; Duncan et al. 2014; González et al. 2014; Smit et al.
2014; Tasca et al. 2015), easing tension with the redshift
evolution predicted from rising baryon accretion rates.

The most recent updates to the z > 4 sSFRs have come
from ALMA measurements of the thermal dust contin-
uum in the far-infrared (FIR), providing a more direct
constraint on obscured star formation in early galaxies.
The ALPINE survey (Le Fèvre et al. 2020; Béthermin
et al. 2020; Faisst et al. 2020) presented the first statisti-
cal view of the dust continuum emission in z ' 4.4− 5.9
UV-selected galaxies. This enables much improved mea-
surement of the total SFRs, through the combination of
UV (unobscured) and FIR (obscured) calibrations. Us-
ing the derived UV+IR SFRs and stellar masses from

ALPINE, Khusanova et al. (2021) characterized the av-
erage sSFR evolution. The results suggested very slow
evolution at z > 4, potentially again suggesting diver-
gence from the rapid rise in sSFR predicted from the
rising baryon accretion rates.

Here we extend this work into the reionization era us-
ing the sample of 40 UV-bright (MUV . −21.5) galaxies
at z ∼ 7− 9 observed as part of the ALMA Reionization
Era Bright Emission Line Survey (REBELS; Bouwens
et al. 2021). This sample marks a significant increase
in the number of spectroscopic redshifts (via [CII] emis-
sion) and dust continuum detections in the reionization
era. We use these data to characterise the sSFRs of UV-
bright galaxies at this crucial epoch, for which our goals
are twofold. First, we aim to explore the redshift evolu-
tion of the sSFR, using the improved constraints on the
obscured SFR made possible by the ALMA continuum
measurements. Second, we explore what the ALMA mea-
surements reveal about the nature of the largest sSFR
galaxies, a population of recent bursts that may con-
tribute significantly to reionization (e.g., Izotov et al.
2018; Tang et al. 2019; Vanzella et al. 2021; Izotov et al.
2021; Endsley et al. 2021; Naidu et al. 2022b). In Section
2 we provide an overview of the survey and observations.
Section 3 describes the derivation of galaxy properties
and calculation of the sSFRs. Section 4 presents our
main results with further discussion in Section 5. Finally,
we provide a summary in Section 6. Throughout this
paper we assume a cosmology with H0 = 70 km/s/Mpc,
Ωm = 0.30, and ΩΛ = 0.70.

2. DATA AND METHODS

2.1. The REBELS Survey

The REBELS survey was designed to construct the
first measurements of ISM cooling lines and dust con-
tinua for a statistical sample of UV-bright galaxies pho-
tometrically selected at z > 6.5. A detailed description
of the sample selection is provided in Bouwens et al.
(2021), however we provide a brief description here.
Candidate objects were selected in a number of fields
with coverage in the optical, NIR, and Spitzer/IRAC
bands including COSMOS/UltraVISTA, VIDEO/XMM-
LSS+UKIDSS/UDS, and HST legacy fields, in addition
to the BoRG/HIPPIES pure parallel fields (Lawrence
et al. 2007; Grogin et al. 2011; Koekemoer et al. 2011;
Trenti et al. 2011; Yan et al. 2011; Mauduit et al. 2012;
McCracken et al. 2012; Bradley et al. 2012; Postman
et al. 2012; Jarvis et al. 2013; Schmidt et al. 2014;
Steinhardt et al. 2014; Ashby et al. 2018; Coe et al.
2019; Salmon et al. 2020; Morishita et al. 2020; Roberts-
Borsani et al. 2021). The candidate sample was narrowed
down to a collection of UV-bright galaxies with con-
strained photometric redshifts selected from the source
catalogs of Bowler et al. (2014, 2017); Stefanon et al.
(2017, 2019); Bowler et al. (2020); Endsley et al. (2021);
Schouws et al. (2021); Bouwens et al. (2021); Stefanon
et al. (2022, in prep.). The final targeted sample was
then constructed of galaxies for which an ISM cooling
line would likely be detected, which was determined us-
ing the measured UV luminosity converted to line flux
using the calibration of De Looze et al. (2014). This ob-
served sample comprises 40 galaxies targeted within the
redshift range z = 6.5− 9.4.



REBELS: sSFR at z ∼ 7 3

7 8
z

0

2

4

6

8

10

N

a

−23.0 −22.5 −22.0 −21.5
MUV

0

2

4

6

N

b

8.5 9.0 9.5 10.0
log(M∗/M�)

0

1

2

3

4

5

6

N

c

Figure 1. Sample properties of objects in the REBELS sample. The vertical dotted lines indicate the median value for each quantity. a:
Redshift distribution of objects in the REBELS sample (blue histogram), where best-fit photometric redshifts are used for galaxies without
spectroscopic redshifts. Redshift distribution of only objects with spectroscopic measurements is indicated by the black histogram. b: The
sample MUV of REBELS sources. This distribution is described by a median value of −22.0, with the sample ranging from −21.3 to −23.0.
The typical MUV error for individual measurements is indicated by the horizontal black line. c: Stellar mass distribution of REBELS
galaxies inferred using the BEAGLE SED fitting code (Chevallard & Charlot 2016) and assuming a CSFH (as described in Section 3.1).
This sample spans stellar masses of log(M∗/M�) = 8.56−10.14 with a median value of log(M∗/M�) = 9.38. The typical stellar mass error
for individual measurements is indicated by the horizontal black line.

Figure 1 shows the redshift, MUV, and stellar mass dis-
tributions for the final targeted sample. The redshift dis-
tribution, which is characterized by a median of z = 6.96,
comprises redshifts measured spectroscopically for 25 ob-
jects and the best-fit photometric redshift if no emission
line could be measured. The REBELS sample spans
absolute UV magnitudes in the range −21.3 to −23.0
with a median value of MUV = −22.0. This distribu-
tion is comparable to the ALPINE sample, which probes
MUV = −20.2 to −22.7 (Faisst et al. 2020). Finally,
Figure 1(c) shows the stellar mass distribution derived
using SED fitting described below. This stellar mass dis-
tribution spans a similar range of stellar masses to that
of the ALPINE survey (Faisst et al. 2020). The simi-
larity in MUV and stellar masses between the REBELS
and ALPINE galaxies makes it possible to compare the
two samples with the goal of understanding evolution of
properties from z ∼ 4.5 to z ∼ 7.

2.2. Observations and Data Reductions

Observations of [CII]158µm, [OIII]88µm, and dust
continua for the REBELS sources were obtained using
ALMA. These observations consists of scans of spectral
windows that cover the allowed observed frequency range
of targeted ISM cooling lines determined by the pho-
tometric redshift likelihood distribution. The scans for
emission lines in REBELS targets achieved the sensitiv-
ity required to detect [CII] of 2×108L� at 5σ for a galaxy
at z = 7, and assuming a typical line width of 250km/s
(Bouwens et al. 2021). For greatest sensitivity, the low-
est spatial resolution configuration was used, resulting
in typical beam FWHM of 1′′. 2 − 1′′. 6. The sensitivity
required to detect dust continuum compared to emis-
sion lines has been established in previous works at high
redshift (Capak et al. 2015; Maiolino et al. 2015; Inoue
et al. 2016; Matthee et al. 2017; Béthermin et al. 2020).
In these studies, it is often found that the spectral scans
are slightly more likely to detect an emission line than

they are the dust continuum. The observational strategy
of REBELS briefly described here resulted in 3σ limits
in the dust continuum luminosity of LIR > 3×1011L� at
z = 7 (Bouwens et al. 2021). Observations of REBELS
targets were obtained from November 2019 to January
2020, with 34 targets having completed their observa-
tions, and the remaining targets to be observed in the
future. Of these 34 targets, 18 have > 7σ detections of
[CII]158µm (described in Bouwens et al. 2021 and Schouws
et al. 2022, in prep.) and 13 have a > 3σ measurement
in the dust continuum corresponding to IR luminosities
from LIR = 3×1011L� to LIR = 1×1012L� (described in
Inami et al. 2022, in prep.). Three of the dust-continuum
detections are in objects with incomplete spectral scans
and thus do not have spectroscopic redshift measure-
ments. The calculation of these IR luminosities is de-
scribed in Section 3.2.2. Observations were reduced and
calibrated using the standard ALMA calibration pipeline
in casa. A full description of the observation strategy
and data processing techniques is described in Bouwens
et al. (2021); Schouws et al. (2022, in prep.); Inami et al.
(2022, in prep.).

3. CALCULATION OF THE SSFRS

In this section we describe the methods used to derive
the sSFR for objects in the REBELS sample. This com-
putation includes the estimation of the stellar mass, and
derivation of the total SFR. For the stellar mass we de-
scribe several different approaches and describe the sys-
tematics included. The total SFR is derived from the
sum of both unobscured (UV) and obscured (FIR) com-
ponents. We describe the methods and uncertainties of
both calculations. Finally, we compute the resulting sS-
FRs for the REBELS galaxies and compare our derived
values to those obtained from SED-fitting of rest-UV and
optical photometry. In order to quantify these systemat-
ics, we derive galaxy properties using SED models with
a variety of assumptions. Briefly, we test the impact
of the assumed dust law in the SED fitting using BEA-
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GLE and comparing the results when Calzetti, SMC, or
Milky Way dust is imposed. Additionally, we analyze
how the inferred properties derived from SEDs vary for
different stellar templates and nebular emission recipes
by comparing the output from BEAGLE and Prospec-
tor that have identical model setups and constant star-
formation histories. Finally, we use Prospector and as-
sume a non-parametric SFH to assess how the assumed
SFH impacts the inferred properties. For consistency
across all SED models, we adopt log-normal priors for
metallicitiy and ionization parameter that are centered
at 0.2 Z� and log(U) = −2.5, with widths of 0.15 and
0.25 dex, respectively, consistent with properties implied
by the small sample of rest-UV spectroscopic detections
of highly ionized lines at these redshifts (e.g., Stark et al.
2017; Hutchison et al. 2019).

3.1. Stellar mass

A comprehensive analysis of the methods used to de-
rive stellar masses is presented in Stefanon et al. (2022,
in prep.), but we provide a brief description here. Stellar
masses were derived using the SED fitting code BayEsian
Analysis of GaLaxy sEds (BEAGLE; Chevallard & Char-
lot 2016) and Prospector (Johnson et al. 2021). For ease
of comparison to previous works, we will adopt the BEA-
GLE SED models that assume a constant star-formation
history (CSFH) as our fiducial set of properties. We also
discuss how the adoption of non-parametric star forma-
tion histories would influence our conclusions. The BEA-
GLE tool utilizes the most recent version of the Bruzual
& Charlot (2003) stellar population models and includes
a self-consistent treatment of nebular emission based on
the photoionization modelling of Gutkin et al. (2016).
These models use a Chabrier (2003) IMF with with stel-
lar masses ranging from 0.1−300M�. We adopt an SMC
dust attenuation law as fiducial but also consider the ef-
fects of alternatively assuming a Calzetti et al. (1994) or
Milky Way law.

For each galaxy, the models were fixed at the spec-
troscopic redshift if available, and otherwise the redshift
was allowed to vary. We fit all available photometry from
the optical to mid-infrared (see Bouwens et al. 2021 for
a full description), and we also fit narrowband near-IR
photometry where available (e.g., Endsley et al. 2021).
We provide model output values based on the median of
the posterior probability distribution, with uncertainties
defined as the 16th and 84th percentiles. Based on this
fiducial model setup, we obtain the distribution of stel-
lar masses presented in Figure 1(c). This distribution
has a median stellar mass of log(M∗/M�) = 9.5 with
the full range of stellar masses spanning log(M∗/M�) =
8.56 − 10.14. The median uncertainty on the inferred
stellar mass is 0.4 dex.

To explore the impact that different codes and model
templates can have, we compare results derived from
BEAGLE with those from Prospector with identical ini-
tial assumptions. For our Prospector fits, we adopt the
Flexible Stellar Population Synthesis (FSPS) templates
(Conroy et al. 2009; Conroy & Gunn 2010) that uti-
lize the MIST isochrones (Choi et al. 2016). We as-
sume a constant star-formation history with a Chabrier
(2003) IMF with a high-mass limit of 300M�, and an
SMC dust law. We find broadly consistent results for
stellar masses estimated from BEAGLE and Prospector

when assuming the same SFH. Specifically, we calculate
log(M∗/M�)BEAGLE−log(M∗/M�)Prospector for each ob-
ject in our sample, and find a median value of this dif-
ference between the two stellar mass estimates of 0.04
dex. The measured differences scatter about this me-
dian with a width of 0.2 dex, which is within the typical
uncertainty determined on the stellar mass. This consis-
tency between the masses inferred using the two codes
suggests that the stellar masses are in most cases not
strongly sensitive to the assumed model templates (see
Whitler et al. 2022, in prep. for a more detailed discus-
sion). We find that the choice of the attenuation law
also does not strongly impact the derived stellar masses.
The median offset between the stellar mass derived as-
suming the Calzetti and SMC dust laws is just 0.09 dex,
with the SMC law returning modestly smaller masses,
on average. We find a similar difference when comparing
stellar masses inferred assuming SMC and Milky Way
dust, with models assuming a Milky Way law yielding
stellar masses 0.08 dex larger than those assuming SMC
dust on average. In what follows, we will use the SMC
dust law as fiducial, but the main results would not vary
significantly if we had instead adopted a Milky Way or
Calzetti et al. (1994) law.

The assumed star formation history plays a more sig-
nificant role in the derived mass (e.g., Lower et al. 2020).
Most analyses at very high redshifts have used simple
parametric star formation histories, such as the CSFH
models we described previously. It is becoming increas-
ingly clear that non-parametric star formation histories
can lead to very different solutions (e.g., Leja et al. 2017).
This is particularly important in the reionization era,
where a significant fraction of the population appears
to be in the midst of a burst (i.e., a recent upturn in
star formation; Vallini et al. 2020, Vallini et al. 2021,
Legrand et al. 2022, Pallottini et al. 2022). This popula-
tion containing recent bursts faces the classic outshining
problem (e.g., Leja et al. 2017, 2019), whereby the light
from the recent burst overwhelms that of the older stars
which may dominate the stellar mass. Simple parametric
models that assume constant star formation return very
young ages (i.e., ' 3−5 Myr) for these systems when fit-
ting the rest-UV and optical SED (e.g., Smit et al. 2014;
Endsley et al. 2021) alone. Non-parametric models pro-
vide the flexibility to allow star formation at earlier times
(i.e., before the burst; Figure 2), often leading to signifi-
cantly higher stellar masses (e.g. Leja et al. 2019). These
models thus tend to drive down the sSFRs relative to the
parametric CSFH values, with the biggest changes likely
to occur in the systems experiencing a recent burst.

To assess the importance of the assumed star formation
history for our sample, we have fit each of the REBELS
galaxies with non-parametric star formation histories us-
ing Prospector. The approach follows that developed
(and described in more detail) in Whitler et al. (2022, in
prep.). Similar to our approach to the parametric mod-
els, we adopt a Chabrier (2003) IMF with an upper mass
limit of 300M� and assume an SMC dust law, with iden-
tical priors on ionization parameter and metallicity to
those imposed in our fiducial BEAGLE models. The non-
parametric SFHs are composed of eight time bins, with
the most recent two bins fixed over the ages of 0−3 Myr
and 3−10 Myr. The remaining time bins are distributed
logarithmically out to z = 20. As described in Whitler
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Figure 2. Best-fit SED for REBELS-12 derived using Prospec-
tor, and assuming a non-parametric SFH(blue) and a CSFH(red).
Observed photometry is shown in black. Photometric points de-
rived from the best-fit SEDs assuming a non-parametric SFH and
CSFH are displayed as blue squared and red diamonds, respec-
tively. This indicates how different assumed SFHs lead to varying
estimates of the stellar mass. The inset panel shows the derived
SFR for the Prospector non-parametric SFH and CSFH models
as a function of lookback time. For this object we find a best-fit

stellar mass of log(M∗/M�) = 8.93+0.55
−0.46 when assuming a CSFH,

and log(M∗/M�) = 9.93+0.42
−0.32 for a non-parametric SFH.

et al. (2022, in prep.), the division of the youngest two
age bins are required to fit the strongest IRAC excesses
seen in the most extreme bursts as is the case in our sam-
ple. We additionally adopt the continuity prior built into
Prospector that weights against sharp variations in SFR
between adjacent time bins (see Tacchella et al. 2021 for
an extensive discussion of the influence of different priors
in non-parametric models).

An example of the non-parametric model fits is pre-
sented in Figure 2. The source shown in this figure,
REBELS-12, is among the youngest in the sample, with
a best-fit age from BEAGLE CSFH fits of 8 Myr and
a stellar mass of log(M∗/M�) = 8.93+0.55

−0.46. The non-
parametric SFH model gives a similarly-acceptable fit to
the SED, but it suggests a very different past star for-
mation history, with significant low-level star formation
at early times and a recent burst. The early star forma-
tion in the non-parametric model leads to a stellar mass
of log(M∗/M�) = 9.93+0.42

−0.32, an order of magnitude in-
crease over the BEAGLE CSFH value. The same picture
holds if we compare to the Prospector parametric CSFH
model, in which the non-parametric stellar mass is 10.5
times larger than the parametric CSFH version. One fea-
ture that applies throughout the full REBELS sample is
that models with non-parametric SFHs are able to sup-
ply SEDs that fit the observed data with comparable χ2

to that of models assuming a CSFH. This illustrates the
possibility that these galaxies may be host to more stel-
lar mass than implied by the CSFH models. However,
key assumptions in the non-parametric models, such as
when the onset of star formation occurred, will require
deeper observations to fully constrain. Figure 3 illus-
trates the difference in inferred stellar mass from the
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Figure 3. Stellar mass inferred using Prospector and assuming a
non-parametric SFH to that inferred using BEAGLE and assuming
a CSFH, and color-coded by CSFH age. The inset panel provides
a histogram of the differences in stellar masses derived using these
two models. The vertical line within the inset panel indicates the
median offset of 0.43 dex.

Prospector non-parametric SFH and BEAGLE CSFH
models. Across the full sample, we find that the stel-
lar masses inferred from the Prospector non-parametric
SFH models are on-average 0.43 dex larger than those
derived from the BEAGLE CSFH models. And as we ex-
pected, the increase in stellar mass is found to be largest
in systems where the CSFH fits lead to low masses and
young ages (i.e.,< log(M∗/M�) = 9 and <10 Myr, re-
spectively). Figure 4 compares stellar masses inferred us-
ing different SFHs as a function of CSFH age for our sam-
ple. For the subset of young objects, the non-parametric
models yield an 0.61 dex boost in mass compared to the
BEAGLE CSFH models. These changes will clearly af-
fect the sSFRs, particularly for the youngest systems.
We will come back to discuss the impact of assumed star
formation history in Section 4.2.

Finally, we consider how the addition of spectroscopic
redshifts (a unique aspect of the REBELS sample) im-
proves the reliability of the stellar masses, which is likely
to be particularly important at z ' 6.5 − 7.5. In this
redshift range, emission lines contribute significantly to
the IRAC bandpasses, and thus the interpretation of the
Spitzer/IRAC fluxes depends sensitively on the redshift
of the galaxy (e.g., Labbé et al. 2013; Smit et al. 2014).
If the Spitzer fluxes are interpreted as emission lines, the
ages and masses are much lower than if the light is pro-
duced by stellar continuum. Since the [CII] redshifts in
REBELS give the precise position of the nebular lines
with respect to the broadband filters, they remove this
degeneracy from the fitting process, improving the relia-
bility of the masses.

To illustrate the magnitude of this effect, we show in
Figure 5 how the recovered mass changes with redshift for
REBELS-23, an object with a [CII] redshift of z = 6.645
(vertical blue dashed line in the figure) and a reasonably
strong (0.6 mag) IRAC excess in [3.6]. The stellar mass
we infer when we fix the redshift at its spectroscopic
value is 0.4 dex lower than that we infer when we allow
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Figure 5. Stellar masses derived from SED fitting as a function
of input redshift. The black vertical dotted line and grey shaded
region show, respectively, the best-fit photometric redshift and cor-
responding uncertainty. The blue dashed line indicates the spec-
troscopic redshift measured from [CII]158µm.

the redshift to vary as a free parameter. This change is
readily understood looking at the nearly order of mag-
nitude variation in the stellar mass over 6.4 < z < 7.0
(Figure 5) that arises as emission lines pass in and out of
the IRAC bandpasses. If the photometric redshift is not
well constrained, there clearly is potential for substantial
error in the stellar mass.

We can quantify the impact of redshift uncertainty in
the 23 galaxies in REBELS with spectroscopic redshift
determinations, of which 22 have robust [CII] detections
(SNR > 5.2 Bouwens et al. 2021; Schouws et al. 2022, in

prep.), and one object with a low [CII] SNR but has
a LyA detection (Endsley et al. 2022; Schouws et al.
2022, in prep.). When we remove the fixed redshift con-
straint on these objects in the BEAGLE CSFH model
fits, we find noticeably larger errors on the recovered stel-
lar masses, with individual systems having uncertainties
on the stellar mass that are on average 0.2 dex larger.
Additionally, for 5 of the 23 galaxies with spectroscopic
redshifts, we find that relaxing the redshift constraint
yields an inferred stellar mass that is a factor of 2 dis-
crepant in either direction compared to when the redshift
is fixed at the spectrocopic value. In the most extreme
case, we find a difference of 1 dex in the mass. However,
the average shift across the full sample is only 0.05 dex.
Thus while the absence of redshifts in a subset of our
sample clearly increases the uncertainty on the derived
mass, it is not likely to significantly bias our results.

3.2. Star-formation Rates

In this section we describe the methods used to es-
timate the total SFR for individual galaxies in the
REBELS sample. We compute the SFRs by combining
inferences of the obscured and unobscured components
for each galaxy. As we detail below, unobscured SFRs are
calculated using calibrations of SFR/LUV (uncorrected
for dust) derived from the SED models presented in §3.1,
and obscured SFRs are calculated using the ALMA dust-
continuum measurements (or upper limits) described in
§2.2. A complete discussion of the unobscured SFR cal-
culation is presented in Stefanon et al. (2022, in prep.).

3.2.1. The Unobscured SFR

We first calculate unobscured SFRs for each galaxy
using the observed UV continuum luminosity and a con-
version factor (SFR/LUV) derived from population syn-
thesis models without any dust correction. As galax-
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ies in the REBELS sample span a wide range in ages,
to isolate the unobscured SFR we use a SFR/LUV de-
rived individually for each object based on the best-
fit CSFH SED model using BEAGLE after the effects
of dust have been removed. The age dependence of
this calibration is primarily important for young ob-
jects, which have a growing B-star population that will
not reach an equilibrium for around 100 Myr of con-
stant star formation. As such, for a fixed SFRUV, a
younger population will produce a lower UV luminos-
ity compared to an older population (e.g., & 100Myr)
where the massive star population has equilibrated (e.g.,
Reddy et al. 2012). For our sample, 37/40 objects have
a log(SFRUV/LUV/(M�/yr)/(erg/s/Hz)) in the range
−28.2 to −27.9, with 25 of these 37 objects having the
same value to within 0.1 dex. The remaining 3/40 objects
in the sample have a log(SFRUV/LUV/(erg/s/Hz))) =
−27.4, due to their young ages. These three systems
thus require significantly more unobscured SFR relative
to the observed UV continuum flux density.

Given the degeneracy between dust and age in the SED
fits, the assumed dust attenuation law can also impact
the unobscured SFR/LUV ratios. However we find that
this is not a significant effect for the REBELS sample.
The unobscured SFRs derived using models that assume
a Calzetti and SMC dust law are very similar, and differ
by 0.03 dex on average with corresponding scatter of 0.07
dex. The largest difference in unobscured SFR is 0.4
dex among the full sample. Similarly, unobscured SFRs
inferred assuming Milky Way dust are 0.04 dex larger
than those from models with an SMC law.

Finally, we also must consider whether the non-
parametric SFHs influence the unobscured SFR/LUV ra-
tios that the Prospector models return. When consider-
ing unobscured SFRs derived from non-parametric SFH
models, we adopt a value for the SFR that is averaged
over the past 10 Myr of the SFH. For the vast major-
ity of our sample (34/40), the average offset between the
Prospector CSFH and non-parametric unobscured SFR
measures is minimal, such that they agree within the un-
certainties with an overall average difference of 0.02 dex.
The remaining subset have larger SFRs derived when as-
suming a CSFH, with the largest offset being a factor
of ×7 difference. However, the agreement on average for
the sample indicates that both SFHs typically provide
broadly consistent measures of the unobscured SFR.

3.2.2. The Obscured SFR

The obscured component of the star-formation rate is
inferred from the ALMA-based constraints on the IR
continuum luminosities integrated over 8−1000µm, LIR.
A detailed description of this obscured SFR derivation
is provided in (Inami et al. 2022, in prep.), however
we present a brief summary here. We then discuss our
method for constraining obscured SFR in those sources
lacking detections in the IR continuum.

For the 16 sources in REBELS with dust continuum
detections, we scale the dust continuum luminosity at
rest-frame 158 µm or 88 µm to the total IR luminosity
by assuming a modified black body with βd = 2.0 and
a dust temperature of Td = 47 K, obtained assuming
Milky Way-like dust, which has been shown to reproduce
the IR properties of REBELS objects (Sommovigo et al.
2022; Inami et al. 2022, in prep.; Ferrara et al. 2022).

For comparison, this dust temperature is slightly higher
than what is found for ALPINE at z ' 5 − 6 (Td = 43
K; Béthermin et al. 2020). We adopt this temperature
based on analysis of the 13 galaxies in REBELS with
[CII] and dust-continuum measurements for which dust
temperatures can be constrained using the method de-
scribed in Sommovigo et al. (2022). The objects span
a range of temperatures from 39 − 58 K with the me-
dian value of 47 K. This chosen temperature results in
a scaling of LIR ≡ 14+8

−5νLν (LIR ≡ 8+1
−4νLν), where

ν is the frequency corresponding to the [CII] 158µm
([OIII]88 µm) line. The uncertainty on this conver-
sion factor reflects the variation in dust temperatures
established for this subset of REBELS sources (Som-
movigo et al. 2022). We note that the median tempera-
ture is within the range of dust temperatures measured
for galaxies at similar redshifts (Knudsen et al. 2017;
Bowler et al. 2018; Hashimoto et al. 2019; Bakx et al.
2021). The increased stellar masses inferred from non-
parametric SFH models impact the derivation of this con-
version factor, yielding a value of LIR ≡ 12+4

−2νLν . While
this different conversion factor results in slightly lower IR
luminosities, we use this calibration when calculating IR
luminosities (and therefore obscured SFRs) in the con-
text of non-parametric SFH models.

The obscured SFRs are then calculated from this quan-
tity using the conversion SFRIR = 1.2 × 10−10 LIR/L�
obtained from Madau & Dickinson (2014), where here
we have assumed a CSFH age of 100 Myr, correspond-
ing to the average for the REBELS sample. As noted in
§3.2.1, there are three galaxies in the REBELS sample
with very young ages derived from UV and optical pho-
tometry. Since it is not clear that these young ages are
also associated with the component of the galaxies dom-
inating the FIR, we do not alter the conversion factor
for these three systems. Doing so would modestly in-
crease the obscured SFR in these systems but would not
significantly impact the overall results of the full sample.
The methodology of computing total IR luminosities and
SFRIR described above is comparable to that taken in
other analyses of galaxies at high-redshift and theoreti-
cal models (e.g., Béthermin et al. 2020; Sommovigo et al.
2021).

For the REBELS objects with continuum detections,
this procedure results in measured total IR luminosi-
ties that span 2.8 − 15 × 1011 L�. Based on our as-
sumed calibration, these IR luminosities yield obscured
SFRs ranging from 34 M� yr−1 to 180 M� yr−1. For
these objects, the obscured fraction is typically high,
with SFRIR/SFRtot ranging from 0.58 up to 0.92, with a
median obscured fraction of 0.72, consistent with those
found in Stefanon et al. (2021a). An additional com-
plication is that while measurements in the FIR dust
continuum provide a direct probe of the obscured star
formation, the translation between these two quantities
is potentially subject to uncertainties. For example, as-
suming a dust temperature that is 10 K lower than our
assumed value (47 K) would affect the scaling between
LIR and Lν , resulting in lower estimates of SFRIR by 0.3
dex (e.g.; Bowler et al. 2018). Based on the temperature
distributions independently derived in Sommovigo et al.
(2022) and Ferrara et al. (2022), which are consistent
with our chosen median value of 47 K, it is unlikely that
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the entire sample has such low dust temperatures. Addi-
tionally, such low temperatures would increase the ten-
sion with measurements of dust production at z ∼ 7 (e.g.,
Sommovigo et al. 2020; Dayal et al. 2022). Nonetheless,
deviations from this median dust temperature in individ-
ual systems can potentially lead to some scatter around
the true obscured SFRs.

Finally we discuss our procedure for constraining the
level of obscured SFR in the 24 sources in REBELS that
do not have a dust continuum detections. For these
sources, the upper limits on the dust continuum can be
translated into an upper limit on the obscured star for-
mation rate. To obtain these constraints, we first me-
dian combine the non-detections, splitting the sample
into two equal bins based on their UV slope. We choose
UV slope bins because of the relation between UV-slope
and LIR/LUV (IRX; e.g., Meurer et al. 1999; Casey et al.
2014), which has been evaluated in high-redshift sam-
ples (e.g., Capak et al. 2015; Bouwens et al. 2016; Reddy
et al. 2018; Fudamoto et al. 2020) and will be presented
in Bowler et al. (2022, in prep.) for the REBELS sam-
ple. We split the bins by the sample median value of
β = −2.04. The bluer bin comprising 13 galaxies with
a median β = −2.2, and the redder bin with a median
β = −1.7 containing 11 galaxies. This stacking pro-
cedure potentially introduces some bias such that the
objects with redder UV slopes contribute more to the
stacked FIR luminosity. Additionally, uncertainties in
UV-slope measurements may result in significant scat-
ter between these two bins (Bowler et al. 2022, in prep.).
However, this presents an improvement over stacking the
full sample of non-detections. For the 11 galaxies in the
redder bin, we measure a peak flux of 24±6µJy. For the
stack of 13 bluer galaxies, we find no detection and mea-
sure a 3σ upper limit of 14µJy. We convert these flux
constraints to an average LIR (or upper limit in the case
of the bluer bin) using the previously described conver-
sion factor and including the corresponding uncertainty,
and then calculate an average IRX. For the redder bin,
we achieve an average log(IRX) = −0.02, and for the
bluer bin we obtain an upper limit of log(IRX) < −0.15.
For each of the undetected sources, we then calculate
LIR from the average IRX resulting from the stacks, and
then derive an obscured SFR (or limit) using the method
described above.

3.3. Synthesis of sSFRs

In the previous sections we described the derivation of
stellar mass and SFR for the individual galaxies in the
REBELS sample. Here we combine these quantities to
compute sSFRs and discuss systematics that may affect
the overall sSFR distribution.

For the 16 objects in REBELS that have individ-
ual dust continuum measurements, we measure a me-
dian sSFRCSFH of 27+24

−11 Gyr−1. The requirement of a
dust continuum detection may preferentially select ob-
jects that are most intensely forming stars. To under-
stand this effect on our sSFR distribution, we examine
the 24 systems lacking individual FIR continuum detec-
tions. The obscured SFRs for this subset are derived
based on stacked measurements of their dust continuum
with the sample split into two bins of UV slope. As
previously described, the bluer of the two bins (centered
at β = −2.2) is not detected in the continuum stack.

We bracket the sSFRs of these 13 galaxies considering
two limiting cases. The upper bound comes from set-
ting the obscured SFRs of this subset to the 3σ upper
limit implied by the stack (log(IRX) < −0.15), and the
lower bound comes from setting LIR=0. With this ap-
proach we derive the sSFR of the 24 galaxies in REBELS
that are undetected in the dust continuum. The median
sSFR of this subset is between sSFRCSFH = 11 Gyr−1

and sSFRCSFH = 13 Gyr−1, with the range set by the
two bounds discussed above. As expected, these num-
bers indicate that the subset of REBELS sources lacking
detection in the dust continuum have slightly lower sSFR
than those with FIR detections.

We can now quantify the sSFR distribution of the
entire 40 galaxies in the REBELS sample. The indi-
vidual sSFR values for our fiducial CSFH models are
shown in Figure 6. To calculate the median of the dis-
tribution, we again consider two limiting cases for the
subset of 13 galaxies described above. This procedure
suggests the median of the full sample ranges between
sSFRCSFH = 16+7

−5 Gyr−1 and sSFRCSFH = 18+7
−5 Gyr−1.

These values are derived using a bootstrap Monte-Carlo
method, where we randomly select 40 objects with re-
placement from the REBELS sample, perturb their stel-
lar masses, unobscured SFR, and obscured SFR by the
associated uncertainties for each source, and calculate
the median. This process is repeated 1000 times, and the
uncertainty is defined at the 16th and 84th percentile of
the resulting distribution of median sSFRs.

The sSFR values quoted above are valid for the as-
sumed constant star formation history. This is consis-
tent with what has typically been used in the litera-
ture at high redshift and thus serves as our best bench-
mark for investigating the evolution of sSFR. However
as we showed in §3.1, non-parametric star-formation his-
tories can significantly alter the sSFRs. The differences
arise primarily due to changes in the stellar masses (see
Figure 4), as the average SFRs vary much less signifi-
cantly (see §3.2). For simplicity, we thus calculate non-
parametric sSFRs for the REBELS sample by combining
the total UV+IR star formation rates (see §3.2) with the
non-parametric stellar masses (see §3.1).

As expected from our discussion in §3.1, the changes
when non-parametric models are invoked are most signif-
icant for the lowest mass (and youngest) sources in the
sample (see Figure 4). Considering the entire REBELS
sample, the median sSFR inferred using non-parametric
SFHs ranges between 6.2+2.4

−1.8 Gyr−1 and 7.1+2.8
−2.2 Gyr−1,

where this range is determined using the same assump-
tions on the non-detections described above. These val-
ues are, respectively, 0.38 and 0.36 dex lower than the
CSFH values derived using our fiducial assumptions.
We will discuss how the lower sSFRs implied by non-
parametric models may impact our conclusions in the
following sections.

3.4. Comparison of UV+IR and SED-based sSFRs

The majority of sSFR determinations at z > 7 have
been derived from SED fitting of UV and optical pho-
tometry. In the next several years, JWST will de-
liver many more UV+optical sSFRs in this redshift
range. The REBELS sample allows us to investigate
how these UV+optical SED-based determinations com-
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Figure 6. Specific star-formation rates of the REBELS sample a: sSFRCSFH as a function of absolute UV magnitude. The large points
represent objects in our sample for which the obscured SFR has been measured from the FIR dust continuum. The squares show values
calculated based on a stacked detection of the dust continuum. For the sample of galaxies without dust-continuum detections and blue
UV-slopes, we show the two limiting cases for the sSFR, where the amount of obscured star formation is set to the upper limit (blue
triangles), and those where the obscured star formation is set to zero (white triangles). b: Distribution of specific SFR for the REBELS
sample calculated assuming a constant SFH (blue) and non-parametric SFH (red). We provide the distributions described above, where
obscured star formation is set to their upper limit (filled histogram), and the case where there is assumed to be no obscured star formation
in objects without dust-continuum detections and blue UV-slopes (dashed line). For the CSFH-derived (non-parametric) values, these

distributions are characterized by a median of sSFRCSFH = 18+7
−5 Gyr−1 (sSFRNonp = 7.1+2.8

−2.2 Gyr−1), and sSFRCSFH = 16+7
−5 Gyr−1

(sSFRNonp = 6.2+2.4
−1.8 Gyr−1), respectively.

pare to those derived when FIR constraints are available.
For each source in REBELS, we measure the SED-based
UV+optical sSFR using our fiducial BEAGLE models
and compare to the UV+IR measurements. We find that
SFRs inferred directly from the UV+IR are elevated rel-
ative to estimates from the UV+optical SED. This in
turn leads to larger sSFR values when the dust contin-
uum constraints are utilized. In particular, we find that
the median sSFR based on BEAGLE UV+optical SED
fits for the REBELS sample is sSFR = 9.5+2.4

−2.0 Gyr−1,
which is 0.28 dex lower than the values we derive in §3.3
making use of the FIR continuum constraints. The SED-
based median sSFR decreases to sSFR = 8.5+2.2

−1.8 Gyr−1

when a Calzetti law is adopted instead of SMC. This im-
plies a significant offset between the sSFR we derive from
the traditional UV+optical SED fitting techniques and
what we derive when the dust continuum is available. We
note that this offset is not sensitive to the form of the
star formation history, as we find similar results using
the non-parametric models. The assumed dust tempera-
ture does play a role. As discussed in §3.2.2, lower dust
temperatures would bring down the obscured star for-
mation rates. However for the two estimates to match,
we would require an average dust temperature below 40
K (see §3.2.2), lower than the range predicted for the
REBELS sample (Sommovigo et al. 2022). Future ob-
servations are required to confirm and investigate this
offset. We will discuss possible physical effects that may
contribute in §5.2.

4. RESULTS

In this section, we use the UV+IR based SFRs and
stellar masses to constrain the z ' 7 star forming main
sequence and the distribution of sSFRs in the REBELS
sample. We close by exploring the relationship between
the sSFR and the UV luminosity as well as [OIII]+Hβ
EW.

4.1. Star forming main sequence at z ∼ 7

In Figure 7, we present the REBELS star forming
main sequence derived using stellar masses inferred from
three different SED-fitting prescriptions described above
(BEAGLE CSFH, Prospector CSFH, Prospector non-
parametric). The SFRs are calculated from the UV+IR
measurements that we described in §3.2. We compare
the REBELS galaxies to the star forming main sequences
presented in Speagle et al. (2014) and Schreiber et al.
(2015). In each case, we extrapolate their relations
to z = 7. Crucially, these two references utilized di-
rect constraints on the obscured SFR from measure-
ments in the FIR, providing an appropriate compari-
son to our sample. When we assume a constant star-
formation history, the low mass REBELS galaxies are
well above the predicted main sequence, with nearly the
same SFRs as those in the sample with larger masses.
Specifically, galaxies with CSFH masses inferred using
BEAGLE that are log(M∗/M�) < 9 have, on average,
SFRs that are elevated above the main sequence de-
fined by Speagle et al. (2014) by a factor of 11, and
that of Schreiber et al. (2015) by a factor of 14. At
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Figure 7. SFR vs. stellar mass for REBELS galaxies at z ∼ 7. The symbols display measurements using the same scheme as in Figure 6(a).
Each panel displays the main sequence extrapolated to z = 7 from Speagle et al. (2014) and Schreiber et al. (2015). a: SFR vs. stellar mass
derived using stellar masses inferred from BEAGLE and assuming a CSFH. b: SFR vs. stellar mass derived using stellar masses inferred
from Prospector and assuming a CSFH. c: SFR vs. stellar mass derived using stellar masses inferred from Prospector and assuming a
non-parametric SFH.

stellar masses log(M∗/M�)BEAGLE > 9.5, the galaxies
show better consistency with the comparison main se-
quences, however some objects still have SFRs that lie
above by up to 0.5 dex. At the median stellar mass
of our sample (log(M∗/M�) = 9.5) we establish an av-
erage SFR of 47 M�/yr. We find nearly identical re-
sults for the main sequence derived using CSFH stellar
masses from Prospector. As with BEAGLE, galaxies at
log(M∗/M�) < 9 are elevated above the main sequence
of Speagle et al. (2014) and Schreiber et al. (2015) by
factors of 11 and 16, respectively.

The star forming main sequence derived when a non-
parametric SFH is assumed looks distinctly different to
that described above (see Figure 7). As described in §3.1,
models that assume a non-parametric SFH allow for the
inclusion of older stellar components in cases where the
light is dominated by a recent burst. The result is an
overall increase in stellar mass compared to the CSFH
models, which more strongly affects objects at the young
and low-mass end of the CSFH distribution (Figure 4).
With the non-parametric masses, we find improved con-
sistency between the REBELS galaxies and the extrap-
olated z = 7 main sequences of Speagle et al. (2014) and
Schreiber et al. (2015).

The limited dynamic range in the stellar mass makes it
challenging to derive precise fitting functions for the star
forming main sequence in the REBELS sample. In par-
ticular, it is difficult to establish the slope of the main
sequence at z ∼ 7 with only REBELS galaxies. How-
ever, we can estimate the normalization of the REBELS
main sequence by fixing the slope to that determined
by Speagle et al. (2014) and Schreiber et al. (2015) at
z = 7 of log(SFR)/ log(M) = 0.82 and 1.0, respec-
tively. Using this method, for masses derived assuming
a CSFH, we find a main sequence normalization that
is 0.46 and 0.50 dex higher SFR at fixed stellar mass
compared to Speagle et al. (2014) and Schreiber et al.
(2015), respectively. In contrast, we find much better
agreement when comparing to our non-parametric stel-
lar masses. Using these stellar masses, we find normal-
ization offsets are only 0.06 and 0.02 dex higher in SFR
at fixed stellar mass, corresponding to main sequences
of log(SFR/M�yr−1) = 0.82 × log(M∗/M�) − 6.36 and

log(SFR/M�yr−1) = log(M∗/M�)− 8.12.

4.2. The sSFR distribution

Here we consider the range of sSFRs in the REBELS
sample. Figure 6(b) shows the distribution of sSFRs ob-
tained using the fiducial BEAGLE CSFH models. As
described in §3, we derived obscured SFRs for objects
without individual dust-continuum detections through a
stacking analysis of the IR continuum in two bins sep-
arated by UV continuum slope. The bluest bin did not
yield a detection in the stack, so we considered two lim-
iting cases that bracket the range of obscured SFR in
these systems (see §3.2.2 for more information). The
two corresponding sSFR distributions are shown in Fig-
ure 6(b) in blue and as a black dashed line respectively.
As described in §3.3, the two distributions have similar
medians of sSFRCSFH = 18+7

−5 Gyr−1 for the upper lim-

iting case and sSFRCSFH = 16+7
−5 Gyr−1 for the lower

limiting case. The adoption of non-parametric SFHs in-
creases the stellar masses (mostly at the low mass end),
which in turn reduces the sSFRs. For our non-parametric
masses, we similarly determine the sSFR distribution for
the two scenarios describing objects in the bluest FIR
stack, and find a median sSFRNonp = 7.1+2.8

−2.2 Gyr−1 for

the upper limiting case, and sSFRNonp = 6.2+2.4
−1.8 Gyr−1

for the lower limiting case. A summary of median sS-
FRs derived for the several samples and assumptions is
provided in Table 1.

We additionally consider the scatter in the sSFR distri-
bution, which is sensitive to variations in the star forma-
tion histories of galaxies at a fixed mass. For our fiducial
CSFH models, we measure a scatter, defined as the bi-
weight scale of the distribution, of 0.49 dex for both of
the limiting cases considered for the IR non-detections.
We note that the posterior on the sSFR in individual
REBELS systems implies uncertainties that are compa-
rable to the scatter quoted above. As such, we cannot
robustly estimate the intrinsic scatter of sSFRs for this
sample. We also consider the scatter in sSFR for the non-
parametric SFHs. As the changes in the sSFR distribu-
tion are typically more significant for galaxies with high
sSFRCSFH (i.e., the young and low mass galaxies in the
CSFH modeling), we expect the use of non-parametric
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models to also affect the width of the resulting sSFR dis-
tribution. Indeed this is the case for our sample. We find
that adopting non-parametric SFHs results in a scatter
of 0.37 dex, reducing the width of the sSFR distribution
relative to CSFH models by 0.12 dex.

4.3. Dependence of sSFR on MUV and [OIII]+Hβ EW

The REBELS sample allows us to investigate how the
sSFR at z ' 7 depends on various galaxy properties and
observables. Here we consider whether there are any
trends between sSFR and the absolute UV magnitude
and the [OIII]+Hβ EW. We first consider the relation-
ship between sSFR and MUV. Figure 6(a) shows the
sSFR as a function of absolute UV magnitude over the
range spanned by REBELS galaxies of −23.0 ≤ MUV ≤
−21.3. The uncertainties in the individual sSFR mea-
surements includes errors in the obscured SFR and un-
obscured SFR but are dominated by uncertainties in the
stellar mass. Objects without individual detections in
the dust continuum are shown as smaller points. As de-
scribed above, we are not able to directly measure the
obscured SFR for a subset of our sample lacking individ-
ual and stacked dust continuum detections. We there-
fore provide sSFRs in the limiting cases, where we set
the obscured SFR to its upper limit (blue triangles) and
lower limit within these objects (white triangles). We
note that the objects without individual dust-continuum
measurements span roughly the same range of MUV as
the objects with detections.

We calculate the median sSFR of REBELS galaxies in
two bins of MUV delineated at the median value of the
sample. This calculation yields a median sSFRCSFH =
33+70
−23 Gyr−1 for the bin centered at MUV = −22.4,

and a median sSFRCSFH = 15+22
−9 Gyr−1 for the bin at

MUV = −21.7. Furthermore, a Spearman correlation
test results in a correlation coefficient of rs = −0.22 and
a p-value of 0.17, consistent with no correlation. Addi-
tionally, when considering the sSFRs derived assuming
non-parametric SFHs (as described in §3.3), we also do
not find evidence for a significant relationship between
sSFR and MUV. Based on these tests, and possibly due
to the large uncertainties present for the individual sSFR
measurements, we do not observe any significant corre-
lation with sSFR and MUV. However, as the REBELS
sample does not span a large dynamic range in MUV, and
is composed of the most UV-bright galaxies, this result
does not preclude such a correlation toward lower UV
luminosities.

The [OIII]+Hβ EW has been derived from
Spitzer/IRAC flux excesses in many reionization-
era galaxies. For REBELS systems, we constrain
the line properties through our SED modeling with
BEAGLE (Bouwens et al. 2021; Stefanon et al. 2022, in
prep.). As the [OIII]+Hβ EW is the ratio of nebular
emission line luminosities (powered by O stars) and the
rest-optical continuum (sensitive to presence of A stars),
we expect it to correlate with the sSFR when observed
over a large enough dynamic range. We investigate the
relationship between these two quantities for galaxies
in the REBELS sample. The [OIII]+Hβ EW derived
assuming a CSFH with BEAGLE is shown as a function
of sSFR for objects in the REBELS sample in Figure 8.
There is a clear correlation between the two parameters,
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Figure 8. [OIII]+Hβ equivalent width derived from our fiducial
BEAGLE SED models as a function of sSFRCSFH. We observe
a clear correlation between these two parameters such that the
objects with the highest EWs also have the highest sSFRs.

similar to that seen at low-redshift (e.g., Amoŕın et al.
2015) and at high-redshift (Smit et al. 2014; Tang et al.
2019; De Barros et al. 2019; Endsley et al. 2021).

Within the REBELS sample, this strong correla-
tion is present among the sample for which the dust
continuum is individually detected, and it remains
present for the objects with obscured SFRs deter-
mined from stacks. This correlation is best fit by
the relation log(EW([OIII] + Hβ)/Å) = 0.17 ± 0.09 ×
log(sSFRCSFH/Gyr−1) + 2.83 ± 0.12. Errors on these
parameters were determined using a bootstrap resam-
pling method where we randomly select 40 objects from
the full REBELS sample with replacement. We then
perturb each chosen object by their uncertainties in
sSFR and EW. This process is repeated 1000 times,
and the uncertainties in the best-fit parameters are cho-
sen to be the 16th and 84th percentiles. When sSFR
and [OIII]+Hβ EW are derived using models that as-
sume a non-parametric SFH, we achieve a similar re-
lation of log(EW([OIII] + Hβ)/Å) = 0.41 ± 0.27 ×
log(sSFRNonp/Gyr−1) + 2.36 ± 0.28. The nature of the
non-parametric SFHs allows for an additional older stel-
lar component that contributes significantly to the con-
tinuum flux at the wavelength of [OIII] and Hβ, which
lowers the inferred EW (see Figure 2). This additional
variation leads to increased scatter in [OIII]+Hβ EW
and sSFR, resulting in large uncertainties in the best-fit
relation between the two quantities.

5. DISCUSSION

In §4, we have presented the star forming main se-
quence and sSFR distribution of the REBELS sample.
Here we investigate implications for the redshift evolu-
tion of the sSFR (§5.1) and discuss why UV+IR-based
sSFRs differ from those of SED-based measures in the
REBELS sample (§5.2). We close by investigating what
the ALMA data reveal about the nature of the high-
est sSFR systems, in particular discussing whether the
dynamical masses are consistent with the larger masses
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SED model Stellar mass range MUV range SFR method LIR sample Median sSFR

[Gyr−1]

BEAGLE CSFH All All UV+IR All 18+7
−5 (16+7

−5)

All All SED All 9.5+2.4
−2.0

All All UV+IR Detections only 27+24
−11

All All UV+IR Non-detections only 13+7
−5 (11+6

−4)

All MUV < −22.0 UV+IR All 33+70
−23

All MUV ≥ −22.0 UV+IR All 15+22
−9

9.6 < log(M∗/M�) < 9.8 All UV+IR All 8.0+3.0
−2.3

Prospector Non-parametric All All UV+IR All 7.1+2.8
−2.2 (6.2+2.4

−1.8)

9.6 < log(M∗/M�) < 9.8 All UV+IR All 6.2+2.4
−1.8

Table 1
Summary of sample median sSFR determinations. Median sSFRs derived assuming no obscured star formation in objects without

dust-continuum measurements are given in parentheses.

implied by non-parametric star formation histories.

5.1. Evolution of the sSFR

The average sSFR of the galaxy population provides
comparison of its current stellar mass growth rate to
its aggregate mass buildup. Theoretical expectations
predict specific star-formation rates rise rapidly toward
higher redshifts, sSFR ∝ (1+z)2.25, driven largely by the
higher specific baryon accretion rates in galaxies at ear-
lier times (e.g., Davé et al. 2011; Dekel et al. 2009; Sparre
et al. 2015). Observations of the sSFR evolution at high
redshift have been continuously refined over the past
decade (e.g., Schaerer & de Barros 2009; McLure et al.
2011; González et al. 2011; Stark et al. 2013; González
et al. 2014; Faisst et al. 2016; Stefanon et al. 2021b) with
the most recent advances coming from improved con-
straints on obscured star formation at high redshift from
dust continuum measurements. Most recently, ALPINE
used UV and stacked FIR dust continuum measurements
from ALMA to constrain the total SFRs and estimate sS-
FRs at high redshift. From this analysis, they reported
no evolution in the sSFR at z ' 4.5 − 5.5 (Khusanova
et al. 2021), suggesting that sSFRs may rise much less
rapidly than many theoretical models predict.

The REBELS survey allows us to extend the work of
ALPINE to a broader redshift range, testing for the pres-
ence of an sSFR plateau at z > 4.5. Figure 9 compares
the sSFRs of objects in REBELS, as well as the me-
dian of the sample, to measures at lower redshifts. For
consistency to measurements at lower redshift, we fo-
cus here on sSFRs from REBELS that are derived as-
suming a constant star-formation history but will com-
ment on the impact of our non-parametric models be-
low. The ALPINE sample consists of 118 galaxies ob-
served in the FIR with MUV < −20.2 at z ∼ 4.5 − 5.5
(Béthermin et al. 2020; Faisst et al. 2020; Khusanova
et al. 2021). Similar to in our analysis, the total SFRs
derived for ALPINE comprise unobscured and obscured
components derived from the rest-UV and IR luminosi-
ties, respectively. However, ALPINE established IR lu-
minosities for their sample by first deriving a relation
between stellar mass and LIR for their sample based on
stacked measurements of the dust continuum. This av-
erage relation is then used to infer the obscured SFR
contribution to the total SFR, and thus sSFR, of their

sample (Khusanova et al. 2021). To compare our results
to ALPINE we select objects from REBELS with stel-
lar masses of 9.6 < log(M∗/M�)CSFH < 9.8, which is
the mass range for which the ALPINE sSFRs are estab-
lished. Galaxies with stellar masses in this range have
a slightly lower median redshift of z = 6.89 compared
to the full REBELS sample median of z = 6.96. We
must consider how the significant stellar mass uncertain-
ties affect the sSFR within this mass range. We achieve
this using a bootstrap Monte-Carlo simulation, where we
perturb all of the stellar masses by their uncertainties
and calculate the median sSFR within the given mass
window. This process is repeated 1000 times, and the
1σ uncertainties are derived from the resulting distribu-
tion of median sSFRs. This process results in a me-
dian sSFRCSFH = 8.0+3.0

−2.3 Gyr−1 within this mass range,
which is lower than the value found for the full sam-
ple. Our estimates of the sSFR within this narrow mass
range nevertheless exhibit an increase of ×2 compared to
the measurements from ALPINE at z ∼ 4.5 − 5.5, sug-
gesting that the sSFR does increase with redshift over
4.5 < z < 7.0.

A power law fit to our REBELS measurements and the
ALPINE results suggests that the sSFR increases with
redshift as sSFR ∝ (1 + z)2.1±1.3 from z ∼ 4.5 − 7.0
(Figure 9). While the uncertainties in these growth rates
are large, the power law slope is consistent with the the-
oretical predictions described above (Davé et al. 2011;
Dekel et al. 2009; Sparre et al. 2015; Graziani et al.
2020; Pallottini et al. 2022; Di Cesare et al. 2022, in
prep.). We also overlay the prediction from the del-
phi semi-analytic models (Dayal et al. 2014, 2022) with
total SFRs calculated with the same unobscured and
obscured SFR conversion factors assumed for REBELS
sources. These models give a consistent power-law evo-
lution over the considered redshift range, although at
slightly lower overall normalization. We finally show the
values predicted by recent dustyGadget (Graziani et al.
2020) hydrodynamical simulations of cosmic volume of
50h−1 cMpc cube/side as yellow points. The simula-
tions follow the assembly of dusty galaxies at z ≥ 4
and closely reproduce the slope predicted by the Rebels
sample (black dashed line) without parameter tuning.
These results will be further discussed in a wider con-
text of galaxy scaling relations at at z ≥ 4 (Di Cesare
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et al. 2022, in prep.; Graziani et al. 2022, in prep.). If
we consider the full REBELS sample, the average stel-
lar mass (log(M∗/M�) = 9.38) extends to lower values
than are reported in ALPINE, and the average sSFR is
found to be higher (sSFRCSFH = 18+7

−5 Gyr−1). These
measurements suggest even more rapid sSFR evolution
from z ∼ 4.5 to z ∼ 7 (×4.5) or from z ∼ 5.5 to z ∼ 7
(×5). This is notably more rapid evolution than what we
found in the mass-matched sample, although this result
is very sensitive to the assumed star formation history, as
the low mass galaxies tend to be most impacted by the
introduction of the non-parametric SFHs (§3.3). Larger
samples at lower masses are required across this redshift
range to put the evolution implied by these higher sSFR
values in context.

In the above discussion, we have limited our com-
parison to z > 4.5 with the goal of directly compar-
ing to the ALPINE survey. We now seek to extend
our redshift baseline further. We again adopt a fixed
mass bin of 9.6 < log(M∗/M�) < 9.8, consistent with
that adopted in ALPINE. It is crucial that these low-
redshift comparison samples directly probe the obscured
SFR with measures in the FIR in order to provide a
self-consistent comparison to REBELS. By constrain-
ing the obscured SFRs for galaxies using Spitzer/MIPS,
Whitaker et al. (2012) estimated sSFRs down to a stellar
mass of log(M∗/M�) ∼ 9.5 at z = 1. Using this sample,
they derive a sSFR = 0.9+0.5

−0.4 Gyr−1 for galaxies centered
at log(M∗/M�) = 9.7. Similarly, Elbaz et al. (2011)
inferred obscured SFRs in star-forming galaxies using
Spitzer/MIPS and Herschel, and found typical sSFR of
0.5+0.5
−0.2 Gyr−1 within the same mass range at z ∼ 1.

These measurements at low redshift imply close to an
order of magnitude of sSFR evolution between z ∼ 1
and z ∼ 7. When we combine these measurements with
those from REBELS, we calculate a redshift evolution of
the sSFR that grows as ∝ (1 + z)1.7±0.3 over z ∼ 1− 7.

As previously described, the assumed SFH can signif-
icantly affect the stellar mass, and therefore the sSFR.
While we investigated the evolution of sSFRs assuming
a CSFH model for consistency with results at lower red-
shift, we additionally consider how the sSFR evolution
would be impacted by our sample using sSFRs derived
assuming a non-parametric SFH. Again for consistency
with measures at lower redshift, we consider the sSFR
evolution at a fixed stellar mass of log(M∗/M�) = 9.7.
This stellar mass is among the high-mass end of our
sample, where the differences between constant and non-
parametric SFHs are reduced. As such, the difference in
sSFR at this stellar mass between the two SFHs is less
than for the full sample. Assuming a non-parametric
SFH, we find a value of sSFRNonp = 6.2+2.4

−1.8 Gyr−1,
which is only 0.11 dex lower than the median found us-
ing a CSFH in the same mass range. As a result, we find
a similar, although slightly slower redshift evolution of
∝ (1 + z)1.6±0.3 from z ∼ 1 − 7 using this value. How-
ever we note that this is not a self-consistent comparison,
as the lower redshift data have not been modeled with
a similar non-parametric star formation history model.
Applying such models to low-redshift galaxies has been
shown to yield 0.1-0.3 dex lower sSFRs (Leja et al. 2019,
2021), which would imply a more rapidly rising sSFR
when compared to our higher redshift datapoints (see

Figure 9(b)).

5.2. Implications for sSFR measurements at z ∼ 7

JWST will soon deliver large samples of UV+optical
SEDs, allowing the star forming main sequence to be cal-
culated at a range of redshifts. In §3.4, we demonstrated
that within the REBELS sample, the sSFRs derived from
UV+IR-based SFR determinations are 0.43 dex larger
than those derived from the dust-corrected UV and op-
tical SED. We have shown that the offset likely has its
origin in the obscured SFR calculation, with the tradi-
tional UV+optical SED-based measurements indicating
significantly lower values.

We suggest that one of the key contributing factors
to the offset in the derived SFRs is likely to be spatial
variations in the UV and FIR emission (see also Dayal
et al. 2022; Ferrara et al. 2022). The REBELS galax-
ies are UV-luminous systems (MUV = −21.3 to −23.0),
which when viewed at high spatial resolution, tend to be
composed of several star forming clumps separated by
several kpc (Bowler et al. 2017; Behrens et al. 2018; So-
bral et al. 2019; Matthee et al. 2019; Sommovigo et al.
2020; Bowler et al. 2022; Ferrara et al. 2022; Hygate et al.
2022, in prep.; Inami et al. 2022, in prep.). These clumps
are often seen to have varying levels of dust obscuration
across a given galaxy (Bowler et al. 2022), leading some
clumps to be brighter in the UV and others brighter in
the FIR. It is important to note that in this physical pic-
ture, we attribute the nebular emission (i.e., [OIII]+Hβ)
to the UV-dominating region, however one may expect
that dust-rich regions may contribute to such emission
as well (see e.g., Nelson et al. 2019). When these clumpy
systems are not adequately resolved spatially (as is the
norm in REBELS), the UV emission will be weighted
more to the UV-bright clumps with minimal dust, lead-
ing to a blue UV slope that does not adequately cap-
ture the dust reddening experienced by more obscured
clumps. This in turn will cause the dust-corrected SFR
inferred from UV-optical SED fitting to be lower than
the true SFR of the galaxy, similar to the offset we have
found in this paper. While such spatial variations appear
to be common in galaxies with similar UV luminosities
as the REBELS sample, we currently do not have the re-
quired data to verify their presence in all of the REBELS
systems. In the future, resolved maps of both UV and
FIR emission will help shed light on this picture and its
influence on the derived SFRs. Additional work will also
be required to closely explore more of the systematics in
the obscured SFR determination described in §3.

Not surprisingly given the above discussion, the
UV+IR sSFRs of UV-luminous z ∼ 7 galaxies in
REBELS tend to be larger than previous estimates based
only on UV+optical SED fitting. Specifically, Duncan
et al. (2014) found a typical sSFR of 6.2 ± 2.5 Gyr−1

for z ' 7 galaxies with MUV ∼ −20, nearly half of the
REBELS sample median. Stefanon et al. (2019) mea-
sured sSFRs for a sample of Lyman-break galaxies at
z ∼ 8 with similar MUV to that of REBELS and found a
median sSFR of 4+8

−4 Gyr−1, which is 0.6 dex lower than
what is observed for REBELS galaxies. While further
study is required to explore the origin of these differ-
ences, it seems clear that the larger obscured SFR seen
in the FIR contributes significantly. Future work will
be required to investigate whether such an offset is also
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Figure 9. Observed sSFR for star-forming galaxies up to z ∼ 7. Stellar masses for the REBELS sample were derived assuming a CSFH
and using BEAGLE, and assuming a non-parametric SFH using Prospector in panels (a) and (b), respectively. At log(M∗/M�) ∼ 9.7, the

REBELS sample has a typical sSFRCSFH = 8.0+3
−2.3 Gyr−1 (sSFRNonp = 6.2+2.4

−1.8 Gyr−1), while the full REBELS sample has sSFRCSFH =

18+7
−5 Gyr−1 (sSFRNonp = 7.1+2.8

−2.2 Gyr−1) when masses are derived assuming a CSFH (non-parametric SFH). This represents over a factor
of two increase compared to estimates from ALPINE at z ∼ 4.5 − 5.5, and an order of magnitude increase compared to at z = 1. The
best-fit power-law sSFR evolution (dashed line) is consistent with the model expectations from baryon accretion rates. The semi-analytic
model, delphi (blue line), predicts a consistent power-law slope, however with a different overall normalization. Yellow points are taken
from the median sSFR values predicted for galaxies at z > 4.4 by recent dustyGadget (Graziani et al. 2020) simulations of cosmic volume of
50 h−1 cMpc cube/side. The measurements from Leja et al. (2019, 2021) are calculated assuming a non-parametric SFH, therefore making
a useful comparison to our results with the same assumption.

seen in the lower luminosity galaxies which will dominate
future JWST studies.

5.3. Properties of the highest sSFR objects

Recent studies have established the presence of a pop-
ulation of very high sSFR objects at z & 7 (e.g., Smit
et al. 2015; De Barros et al. 2019; Endsley et al. 2021;
Stefanon et al. 2021a), with light dominated by a recent
burst of star formation (i.e., few Myr). Such extreme
objects have been seen to exhibit extreme [OIII]+Hβ
EWs (i.e., > 1000Å Smit et al. 2014, 2015; Roberts-
Borsani et al. 2016; Endsley et al. 2021) and strong rest-
UV emission lines such as CIII] and CIV (Stark et al.
2015b,a; Mainali et al. 2017; Stark et al. 2017; Laporte
et al. 2017a; Hutchison et al. 2019; Topping et al. 2021),
suggestive of a significant population of young, massive
stars that efficiently produce a hard ionizing spectrum
(e.g., Tang et al. 2019), potentially contributing greatly
to reionization. As we discussed in §3, this population
of young sources is most affected by systematics of SED
modeling, with non-parametric star formation histories
giving stellar masses that are often an order of magnitude
larger than those derived from the parametric constant
star formation history models. Here we discuss what
ALMA measurements of [CII] and the FIR continuum
reveals about this population.

Within REBELS, there are three galaxies (REBELS-
09, REBELS-15 and REBELS-39) with extremely large
sSFRs and very young ages based on their UV+optical
SEDs, with two of them showing [CII] emission

(REBELS-15 and REBELS-39) and one showing a de-
tection of the FIR continuum (REBELS-39). The fidu-
cial BEAGLE models imply light-weighted CSFH ages
of 1-2 Myr, and sSFRs of 120-750 Gyr−1. These young
ages are driven by the presence of large IRAC excesses
which imply very large [OIII]+Hβ EWs (>4000 Å).
The interpretation of these galaxies varies greatly with
the assumed star formation history. The BEAGLE
CSFH models suggest these are among the lowest stel-
lar mass galaxies in REBELS, with derived values of
log(M∗/M�) = 8.65+0.35

−0.35, log(M∗/M�) = 8.92+0.34
−0.32, and

log(M∗/M�) = 8.56+0.36
−0.36 for the three systems. The non-

parametric SFH allows these systems to have an older
stellar population on top of the burst that is dominat-
ing the light, leading to larger stellar masses in all cases,
log(M∗/M�) = 9.20+0.40

−0.40, log(M∗/M�) = 9.50+0.38
−0.40, and

log(M∗/M�) = 9.25+0.37
−0.32, respectively. The REBELS

observations provide a new perspective on the gas and
dust content present in these three galaxies.

We first consider whether the dynamical masses de-
rived from [CII] provide any insight into the viability of
having a significant old stellar component in REBELS
galaxies with large sSFR. The dynamical masses will
be presented in Schouws et al. (2022, in prep.) and
are calculated using the [CII] line widths and sizes in
the rotation-dominated regime following the method de-
scribed in Decarli et al. (2018). While the derived dy-
namical masses face standard uncertainties due to the
assumed velocity profile, inclination, and estimated spa-
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tial extent of [CII] emission (e.g., Neeleman et al. 2021),
the typical uncertainties will not impact our primary con-
clusions below.

We plot the [CII] FWHMs and dynamical masses as
a function of sSFR in Figure 10(a,b). It is immediately
clear in the figure that within the REBELS sample, the
galaxies with the largest sSFR tend to have the largest
line widths and inferred dynamical masses. REBELS-39
(one of the three sources discussed above and highlighted
in Figure 10) provides an illustrative example. The large
dynamical mass of this system (1.3+1.5

−0.7 × 1011 M�) fol-
lows from its broad [CII] profile (FWHM=523 ± 64 km
s−1). Clearly this is a much more massive system than
is indicated by the stellar mass derived from the con-
stant star formation modeling (3.6×108 M�). The non-
parametric modeling suggests a modest increase in the
stellar content of REBELS-39 (1.7×109 M�), but the de-
rived stellar mass still contributes only a small percent-
age of the total dynamical mass within the [CII]-emitting
region of the galaxy. So in the case of REBELS-39, the
gravitational potential can easily accommodate the pres-
ence of an older stellar population suggested by the non-
parametric SFH modeling.

A similar picture arises from the four other REBELS
sources with [CII] detections and CSFH ages below
50 Myr. The dynamical masses of these systems are
much greater than the stellar masses implied by non-
parametric SFH modeling, with an average dynamical to
stellar mass ratio of 130. The fact that the stellar mass
appears to contribute such a small fraction to the dy-
namical mass may suggest that these large sSFR systems
have substantial gas fractions (> 0.8, assuming the dy-
namical mass is baryon-dominated). These gas fractions
will be discussed in more detail by Heintz et al. (2022,
in prep.). The presence of multiple clumps or mergers
could contribute to the broad line widths and apparent
large dynamical masses in these systems, due to their
peculiar motions (e.g., Hashimoto et al. 2019; Kohandel
et al. 2019). Indeed it is conceivable that such merg-
ers may help contribute to the large sSFR observed in
these galaxies. However, even if we adopt the dynamical
masses calculated assuming the narrower line widths typ-
ical of the REBELS sample (280 km/s), we would still
find values well in excess of the stellar masses derived
from both the CSFH and non-parametric models.

Our main point in this paper is that the [CII] line
widths of the galaxies with the largest sSFRs point to
very large dynamical masses that can easily allow for the
increase in stellar masses suggested by non-parametric
SFH modeling. While this does not confirm that these
stellar masses are correct, it does motivate further con-
sideration of a range of stellar masses that are possible
when the star formation history is given more flexibility.
Failure to consider these effects may lead to substan-
tial errors in the future derivations of the stellar mass
function and star forming main sequence at very high
redshifts where such large sSFR systems are common.

We now investigate whether the [CII] output of the
largest sSFR galaxies in REBELS stands out with respect
to the majority of the sample. As stated above, two of
the three largest sSFR galaxies in REBELS (REBELS-
15 and REBELS-39) have confident [CII] detections
(Schouws et al. 2022, in prep.). While both systems have

UV and optical properties indicating large sSFR activ-
ity, their [CII] luminosities appear much more typical of
the full REBELS sample. The integrated line luminosi-
ties are L[CII] = 1.9 ± 0.4 × 108 L� and 7.9 ± 2.5 × 108

L�, respectively, both very similar to the median value
of detected objects in the full REBELS sample (L[CII] of

6±3×108L�). However when we normalize the [CII] val-
ues by the UV+IR SFRs, we find that the highest sSFR
systems tend to show a deficit with respect to the full
REBELS sample of [CII]-detected galaxies. Figure 10(c)
shows the [CII] luminosity per unit SFR relative to the
predicted value from De Looze et al. (2014) as a func-
tion of sSFR. Whereas the REBELS sample mostly fol-
lows the De Looze et al. (2014) relation, we can see in
Figure 10(c) that REBELS-15 and REBELS-39 fall be-
low the relation by 0.4 − 1.0 dex. Such [CII] deficits
are expected in galaxies undergoing bursts of star forma-
tion (Ferrara et al. 2019; Pallottini et al. 2019), although
other physical effects can also contribute (e.g., Croxall
et al. 2012; Casey et al. 2014; Lagache et al. 2018).

The dust properties of the highest sSFR galaxies
are more challenging to constrain with current data.
REBELS-39, the galaxy with the highest sSFR in our
sample, shows a continuum detection with an implied
LIR = 4 × 1011L�. This is a substantial IR luminosity,
nearly identical to the median value of detected objects
in REBELS (Inami et al. 2022, in prep.). Such a large
dust reservoir would be unexpected if we were to inter-
pret this galaxy as among the lowest mass and youngest
galaxies in the REBELS sample (< 3Myr), as implied
by the constant star formation modeling. In the context
of the non-parametric model, the dust continuum could
have been generated partially by the older star forming
component (with age of a few 100 Myr), which dominates
the stellar mass of the galaxy. We note that while the
other two very high sSFR sources are not detected, their
3σ upper limits (< 4×1011 L�) are still consistent with
these systems having substantial IR luminosities. Deeper
data are required to constrain the dust content of these
two galaxies.

The ALMA results thus provide a new window on
early galaxies with extremely large sSFR, a population
of bursts which may contribute significantly to reioniza-
tion. In the UV and optical, these objects stand out with
young SEDs dominated by strong nebular line emission,
leading to very low stellar masses if constant star forma-
tion models are adopted. The [CII] line widths reveal
that these systems are often situated in large gravita-
tional potentials, with dynamical masses that can ac-
commodate the larger stellar masses implied by non-
parametric star formation histories. The [CII] and the
dust continuum output are not clearly different from
what is seen in the full REBELS galaxy sample, with lu-
minosities occasionally reaching very large values. How-
ever we find that the [CII]/SFR ratio shows a significant
deficit with respect to the full REBELS sample, as may
be expected in systems undergoing bursts of star for-
mation (e.g., Ferrara et al. 2019; Pallottini et al. 2019,
2022). Collectively, these results are consistent with a
picture whereby the recent burst of star formation that
dominates the UV and optical is just a small component
within a larger galaxy. In this picture, the UV and opti-
cal is dominated by a sub-region of the galaxy that has
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undergone a burst, while the ALMA observations pro-
vide a more global view of these systems, revealing large
gas and dust reservoirs that may have not been expected
from the UV and optical SED. This is consistent with
what we suggested in §5.2 and is similar to the resolved
view seen in the first handful of UV-bright galaxies that
have been observed at higher resolution (e.g., Laporte
et al. 2017b; Faisst et al. 2017; Bowler et al. 2017, 2022).

6. SUMMARY

In this paper we presented specific star-formation rates
for a sample of 40 objects at z ∼ 7 − 8 observed as
part of the REBELS survey. REBELS provides a direct
probe of the dust continuum in these sources, allowing
improved determination of the obscured SFR. We calcu-
late sSFRs for each galaxy, combining the derived stellar
masses (from SED fitting) and SFRs (from calibrations
of the UV and FIR luminosities).

The median sSFR in the REBELS sample is
sSFRCSFH=18+7

−5 Gyr−1 under the nominal assumptions
of a constant star formation history. This value is in ex-
cess of previous estimates in the literature with similar
MUV derived from SED fitting. We suggest that this off-
set has its origin in the obscured star formation rates,
with the ALMA-based measurements giving uniformly
larger values than those implied by the dust-corrected
UV and optical SED. This effect could be explained by
spatial variations in dust across individual systems, such
that the components dominating the UV and optical are
not always co-spatial with that dominating the FIR con-
tinuum. While existing data for similar systems at z ' 7
offer support for this picture (Laporte et al. 2017b; Faisst
et al. 2017; Bowler et al. 2017, 2022), future high spatial
resolution data are required to confirm this picture for
the REBELS galaxies.

We show that the sSFRs of reionization-era galaxies
are particularly sensitive to the assumed star formation
history. When non-parametric SFHs are adopted, we
find that stellar masses can increase by over an order of
magnitude relative to those derived from constant star
formation models. The changes are most significant for
the youngest galaxies (e.g., .10 Myr) which populate
the low mass end of the REBELS sample in the constant
star formation models. These systems face the classic
outshining problem, whereby the recent burst outshines
the light from a potentially dominant earlier stellar pop-
ulation. We show that the dynamical masses implied by
the [CII] line widths are easily able to accommodate the
order of magnitude larger stellar masses in these young
systems, often suggesting these systems are capable of
hosting a dominant old stellar population and very large
gas fractions. While the non-parametric masses do re-
duce the sSFRs of the REBELS galaxies, the sample av-
erage (sSFRNonp=7.1 Gyr−1) is still indicative of rapid
stellar mass growth.

Finally we characterize the redshift evolution of
the sSFR for massive star forming galaxies (9.6 <
log(M∗/M�) < 9.8) over 1 < z < 7, comparing to sam-
ples with both UV and FIR constraints on SFR. We find
that the sSFR (for constant star formation models) in-
creases with a power law that goes as (1+z)1.7±0.3. Given
the high mass range sampled, these results are less sen-
sitive to the assumed star formation history, with non-
parametric models at z ' 7 giving a very similar power

law (1 + z)1.6±0.3. In both cases, the power law increase
in sSFR is only modestly shallower than the canonical
power law of (1 + z)2.25 expected from evolving baryon
accretion rates.
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Figure 10. a: [CII] emission FWHM as a function of sSFRCSFH for objects in REBELS with [CII] and dust continuum measurements.
b: Dynamical mass calculated in the rotation-dominated regime as described in Decarli et al. (2018) plotted as a function of sSFR for
REBELS galaxies detected in [CII] and the dust continuum. c: The excess [CII] luminosity per unit star formation relative to the relation
of De Looze et al. (2014) for objects in the REBELS sample that have detections in [CII]. Objects with detections in the dust continuum
are displayed as circles. The remaining objects have obscured SFRs derived from stacking as described in §3.2.2. The diamonds indicate
objects detected in the FIR stack (i.e., β > −2.04), and the grey lines indicate the range allowed by upper and lower limits on SFRIR
determined from the dust continuum stack without a detection (i.e., β < −2.04). REBELS-39 is indicated by the boxed outline.
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