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ABSTRACT

We analyse FIR dust continuum measurements for 14 galaxies (redshift z ≈ 7) in the ALMA REBELS

Large Program to derive their physical properties. Our model uses three input data, i.e. (a) the UV

spectral slope, β, (b) the observed UV continuum flux at 1500Å, F1500, (c) the observed continuum flux

at ≈ 158µm, F158, and considers Milky Way (MW) and SMC extinction curves, along with different

dust geometries. We find that REBELS galaxies have 28 − 90.5% of their star formation obscured;

the total (UV+IR) star formation rates are in the range 31.5 < SFR/(M�yr−1) < 129.5. The sample-

averaged dust mass and temperature are (1.3± 1.1)× 107M� and 52± 11 K, respectively. However, in

some galaxies dust is particularly abundant (REBELS-14, M ′d ≈ 3.4 × 107M�), or hot (REBELS-18,
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T ′d ≈ 67 K). The dust distribution is compact (< 0.3 kpc for 70% of the galaxies). The inferred dust

yield per supernova is 0.1 ≤ yd/M� ≤ 3.3, with 70% of the galaxies requiring yd < 0.25M�. Three

galaxies (REBELS-12, 14, 39) require yd > 1M�, which is likely inconsistent with pure SN production,

and might require dust growth via accretion of heavy elements from the interstellar medium. With the

SFR predicted by the model and a MW extinction curve, REBELS galaxies detected in [CII] nicely

follow the local LCII−SFR relation, and are approximately located on the Kennicutt-Schmidt relation.

The sample-averaged gas depletion time is of 0.11 y−2
P Gyr, where yP is the ratio of the gas-to-stellar

distribution radius. For some systems a solution simultaneously matching the observed (β, F1500, F158)

values cannot be found. This occurs when the index Im = (F158/F1500)/(β − βint), where βint is the

intrinsic UV slope, exceeds I∗m ≈ 1120 for a MW curve. For these objects we argue that the FIR and

UV emitting regions are not co-spatial, questioning the use of the IRX-β relation.

Keywords: galaxies: high-redshift, infrared: ISM, ISM: dust, extinction, methods: analytical – data

analysis

1. INTRODUCTION

Although many aspects of the process, such as e.g. the

detailed time evolution, topology of ionized regions, ion-

izing (LyC) photons emissivity and their escape fraction

from early galaxies, are still largely unknown, there is a

large consensus (for a discussion, see Ciardi & Ferrara

2005; Wise 2019) that reionization was predominantly

powered by photons emitted by stars within small galax-

ies in 108−9M� dark matter halos (Choudhury et al.

2008; Mitra et al. 2015; Robertson et al. 2015).

Identifying the reionization sources with available in-

strumentation has represented one of the most intense

areas of activity (reviewed in Dayal & Ferrara 2018) in

observational cosmology in the last two decades. Such

searches typically exploit two distinct techniques, fully

described in e.g. Dunlop (2013), based on the detec-

tion of either (a) the 912Å Lyman break caused by the

absorption of LyC photons by interstellar/intergalactic

neutral gas1, or (b) the prominent Lyα line emission.

These two strategies yield separate (but likely overlap-

ping, see Dayal & Ferrara 2012) samples of EoR galaxies

known as Lyman Break Galaxies (LBG) and Lyman Al-

pha Emitters (LAE).

These combined efforts were amazingly successful, and

they have allowed to build the UV and Lyα luminos-

ity functions (LF) of EoR galaxies down to very faint

magnitudes. For example, at z ' 7 the UV LF is

now sampled over about 8 magnitudes in the range

−22.6 < MUV < −14.5 (Ono et al. 2018). These obser-

vations used a combination of space-born surveys using

HST (Oesch et al. 2010; McLure et al. 2013; Bouwens

et al. 2014), in some cases exploiting gravitational lens-

ing of massive galaxy clusters, such as the Hubble Fron-

1 More precisely, at z > 4, the Lyα forest becomes the dominant
factor, and at z > 6 we observe a complete Lyα break.

tier Fields (Lotz et al. 2017; Livermore et al. 2017;

Ishigaki et al. 2018; Bhatawdekar & Conselice 2021)

and other similar programs such as RELICS (Salmon

et al. 2018), and ground telescopes (Bowler et al. 2015;

Bouwens et al. 2016). A full description of the develop-

ment in the field along with the theoretical implications

can be found in Dayal & Ferrara (2018). A comprehen-

sive review of the present knowledge of the LF up to

z = 9 is given in Bouwens et al. (2021a); Oesch et al.

(2018) and Bowler et al. (2020) obtained preliminary

determinations at even earlier times (up to z ≈ 10).

These studies have produced a better characterisation

of the faint-end of the LF carrying information on the

reionization sources. In addition, they have enabled the

investigation of the EoR “giants”, i.e. luminous, mas-

sive galaxies (Naidu et al. 2020; Trebitsch et al. 2020)

shaping the bright end of the LF. Using the ULTRA-

VISTA and VIDEO surveys, Bowler et al. (2020) found

a steepening of the z > 5 LF bright-end slope over the

−23 < MUV < −17 range.

Indeed, if dust is present already at these very early

cosmic epochs, its effects are expected to be more evi-

dent on the most massive galaxies. This is because to a

first approximation, and for a fixed dust yield, the dust

mass is expected to be proportional to the stellar mass.

The presence of sizeable amounts of dust has a strong

impact on galaxy evolution. Dust governs the inter-

stellar medium (ISM) thermal balance (Draine 2003;

Galliano et al. 2018) by providing photoelectric heat-

ing, it controls important chemical processes such as

the formation of H2 (Tielens 2010), which in turn drives

molecular chemistry. Thus, determining the dust con-

tent of EoR galaxies is crucial to interpret observations

(Mancini et al. 2016; Behrens et al. 2018; Wilkins et al.

2018; Arata et al. 2019; Vogelsberger et al. 2020; Inoue

et al. 2020; Di Mascia et al. 2021a,b; Shen et al. 2021),

and build a coherent picture of early galaxy formation.
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Grains absorb the stellar UV light and re-radiate it in

the infrared, shielding the dense gas, ultimately trigger-

ing the formation of molecular clouds where new stars

are born. However, determining the mass content purely

from UV observations is difficult (Calzetti 2001; Cortese

et al. 2006). Combining UV and IR observations is then

fundamental to constrain the dust content and, even

more crucially, the optical and physical properties of the

grains, such as their temperature, size distribution and

composition (Draine 2003). In turn, such information

holds the key to investigate the ISM of the first galax-

ies, and clarify the energy and mass exchange of these

systems with the surrounding environment.

Last but not least, the origin and rapid cosmic evolu-

tion of dust is a long-standing question (Todini & Fer-

rara 2001; Ginolfi et al. 2018; Leśniewska & Micha lowski

2019) that has received only partial answers.

Multi-wavelength observations of galaxies are rou-

tinely performed locally (see, e.g., Cormier et al. 2019),

and have enabled mighty insights on the physical proper-

ties of these systems, and the processes regulating them,

particularly for what concerns their ISM. This approach

becomes increasingly challenging towards high redshift

due to both the faintness of the sources, and the red-

shifting of diagnostic spectral features to electromag-

netic bands out of reach of available instrumentation.

With the advent of ALMA, which will soon followed by

JWST, the situation has drastically improved.

In the last few years ALMA observations (Watson

et al. 2015; Laporte et al. 2017; Hashimoto et al. 2019;

Bakx et al. 2020; Faisst et al. 2020; Hodge & da Cunha

2020; Gruppioni et al. 2020; Schouws et al. 2021; Bakx

et al. 2021) have detected dust thermal emission in “nor-

mal” galaxies2 well into the EoR (z ≈ 7). The copi-

ous IR continuum emission from these early galaxies

came, at least partly, as a surprise. Naively, a com-

mon expectation was that these remote galaxies are low-

metallicity, low-dust content systems, although some

high-resolution simulations have suggested that enrich-

ment could be very fast, particularly close to star form-

ing regions (Behrens et al. 2018; Wilkins et al. 2018;

Pallottini et al. 2019; Graziani et al. 2020).

The dust mass of detected EoR galaxies remains nev-

ertheless uncertain, due to the degeneracy with dust

temperature; estimates are in the range 106−8M�. In-

terestingly, a quasi-linear, global redshift evolution of

the dust temperature is suggested by some studies

(Magdis et al. 2012; Schreiber et al. 2018; Bethermin

2 We recall that the presence of dust at z > 6 was already as-
certained from observations of quasar hosts and massive dusty
starbursts; for a review see, e.g. Casey et al. (2014)

et al. 2020; Faisst et al. 2020). However, the errors in

the existing data are large and do not allow to draw

firm conclusions yet3. A statistically significant sample

of EoR galaxies is a precondition to assess the existence

and physical nature of the relation.

In this context, the ALMA Reionization Era Bright

Emission Line Survey (REBELS) Large Program

(Bouwens et al. 2021b) provides a unique sample of the

most massive star-forming galaxies at z > 6.5. REBELS

targets 40 of the brightest (and most robust) galaxies

identified over a 7 deg2 area of the sky, and system-

atically scanning these galaxies for bright ISM-cooling

lines (such as the [CII] 158µm and [OIII] 88µm) and

dust-continuum emission. In the first paper from the

collaboration, Fudamoto et al. (2021) reported the dis-

covery of two dust-obscured star-forming galaxies at

z = 6.6813 ± 0.0005 and z = 7.3521 ± 0.0005. These

objects are not detected in existing rest-frame UV data

and were discovered only through their [CII] line and

dust continuum emission as companions to typical UV-

luminous galaxies at the same redshift.

The goal of this paper is to use the newly acquired

REBELS data in combination with pre-existing UV data

to infer the physical properties of these early systems in

a self-consistent manner. Such data are partially already

presented in Bouwens et al. (2021b), but more details

will be given in Schouws et al. 2022, in prep.; Inami et

al. 2022, in prep.; Stefanon et al. 2022, in prep.

In addition to their dust content and temperature,

this study also aims at determining the obscured star

formation fraction, and constraining the dust yields from

the major dust factories in the EoR, i.e. supernovae.

In two companion theoretical papers of the REBELS

Collaboration, we discuss the implications for the UV

luminosity function (Dayal et al. 2022, in prep.), and

dust temperature redshift evolution (Sommovigo et al.

2022, in prep).

The plan of the paper is as follows. In Sec. 2 we de-

scribe the method to derive the relevant physical galaxy

quantities from UV and FIR data. The results are pre-

sented in Sec. 3, and their additional implications dis-

cussed in Sec. 4. Sec. 5 contains a discussion on the

use of the IRX-β relations and the multi-phase nature

of some of the REBELS galaxies. Finally, a brief sum-

mary is provided in Sec. 6. For consistency with the

data analysis, we adopt the following cosmological pa-

rameters: Ωm = 0.3,ΩΛ = 0.7, h = 0.7.

2. METHOD

3 Similar uncertainties hold also for sub-millimeter galaxies,
Dudzevičiūtė et al. (see, e.g. 2020)
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In this Section we describe the analytical method used

to derive the properties of the sample galaxies from the

REBELS data. It consists of several steps, each of which

is detailed in the following subsections.

The method uses as an input three quantities (in ad-

dition to the source redshift zs) measured by REBELS:

(a) the UV spectral slope, β, such that the specific lumi-

nosity Lλ ∝ λβ in the wavelength range 1600 − 2500Å;

(b) the observed UV continuum flux, F1500 at 1500Å,

(c) the observed far-infrared continuum flux, F158, at

≈ 158µm; we express fluxes in units of µJy. These data

are presently available for 14 galaxies4 in the REBELS

sample, whose mean redshift is 〈zs〉 = 7.01. A summary

of the relevant data for the galaxy in the sample is given

in Tab. 1. Although our model does not make predic-

tions on the stellar mass, in the Table we also report the

M∗ values obtained by the REBELS Collaboration (Ste-

fanon+21, in prep.) from rest-frame UV SED fitting5

using BEAGLE (Chevallard & Charlot 2016). These

are only used to check the consistency of the dust SN

yield, yd, reported in the penultimate column of Tab. 2

and Tab. 3.

Before we proceed it is necessary to define Lλ, for

which we rely on the stellar population synthesis code

starburst99 (Leitherer et al. 1999). We assume: (a)

continuous star formation, (b) Salpeter Initial Mass

Function in the range 1 − 100M�, (c) metallicity Z =

0.004; all quantities below are computed at a fixed age

of 150 Myr. The models adopt Geneva stellar tracks

including the early AGB evolution up to the first ther-

mal pulse for masses > 1.7M�. For later use, this IMF

produces νSN = (52.89M�)−1 supernovae (SN) per unit

stellar mass formed.

4 These are the only galaxies with dust continuum detection out
of the 40 targets of the full REBELS sample. Among the 14
galaxies listed in Tab. 1, 13 have also a [CII] line measurement.
REBELS-06 is undetected in [CII] and therefore only the photo-z
is available for this source. However, observations of the source
are still ongoing and [CII] may still be found.

5 The authors adopt a constant star formation history, Z = 0.2Z�,
a Calzetti et al. (2000) dust extinction law, and a Chabrier (2003)
0.1− 300M� IMF. Note that the correction on M∗, in principle
required for consistency with the metallicity value and Salpeter
IMF used here, is well within uncertainties reported in Tab. 1,
and thus it does not significantly affect our results. We warn that
using non-parametric prescriptions for the star formation history
might result in M∗ values on average up to ≈ 3× higher (Topping
et al., in prep).

From the specific luminosity we obtain the conver-

sion factor6 between the intrinsic (i.e. unattenuated)

luminosity, L∗1500, and the star formation rate (SFR) at

λ1500 = c/ν1500 = 1500Å :

K1500 ≡
L∗1500

SFR
=

(λL∗λ)λ1500

SFR
= 1.174× 1010; (1)

K1500 has units of L�/(M�yr−1). We have tested the

dependence of K1500 on the star formation history by

considering a SFR(t) ∝ exp(t/t0). This form allows to

model both increasing (when the timescale t0 > 0) and

decreasing (t0 < 0) histories; we have explored the range

1 Myr ≤ |t0| < 100 Myr. Increasing histories yield up

to 30% higher K1500 values with respect to the constant

SFR one; a decreasing SFR lowersK1500 by a factor <∼ 2.

As high-z galaxies generally feature a time-increasing

SFR (Pallottini et al. 2019, 2022), we consider the value

in eq. 1 a reasonable choice.

Similarly, we compute the intrinsic UV spectral slope,

βint ≡
d ln Lλ
d ln λ

=
ln(L∗λ1

/L∗λ2
)

ln(λ1/λ2)
= −2.406, (2)

where (λ1, λ2) = (1600, 2500)Å. From the input data we

build a non-dimensional molecular index,

Im =
(F158/F1500)

(β − βint)
, (3)

whose physical meaning will be discussed later on. The

derived values of Im are given in Tab. 1 for each galaxy

in the sample.

2.1. From UV slope to optical depth

Converting β into a dust optical depth, τλ, involves

the knowledge of the dust extinction curve, and a
model for the radiative transfer (RT) of stellar radi-

ation through dust. We adopt two extinction curves,

both taken from Weingartner & Draine (2001, WD01),

appropriate for the (a) Milky Way with extinction factor

RV = 3.1 (hereafter MW), and (b) SMC bar (SMC).

The extinction cross-sections are normalized to the

SB99 metallicity Z = 0.004 by assuming a linear scaling

with metallicity for which we set ZMW = 0.0142 (i.e.,

the solar value, Asplund et al. 2009) and ZSMC = 1.63×

6 The choice of the Salpeter IMF is motivated by consistency with
the standard conversion from specific UV luminosity to SFR
SFR[M�yr−1] = 1.4 × 10−28Lν(1500Å) [erg s−1Hz−1] typically
used by high-z surveys (e.g. Oesch et al. 2014) which is based on
such IMF (Kennicutt 1998; Madau & Dickinson 2014). Written
in this form, the numerical factor corresponding to our K1500 is
equivalent to 4.45 × 10−29; the ≈ 3× difference arises from the
subsolar (Z = 0.004) metallicity assumed here.
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Table 1. Measured REBELS galaxy properties and adopted relative errors. For F1500 we have assumed a 20% error (corre-
sponding to ≈ 0.2 mag on MUV). Galaxy names in the text are abbreviated as REBxx for conciseness.

rebels data

# ID z β F1500 F158 Im log(M∗/M�)

µJy µJy

REBELS-05 6.496 −1.29+0.36
−0.44 0.315±0.063 67.2±12.7 191.1+75

−84 9.16+0.85
−1.00

REBELS-06 6.800 −1.24+0.67
−0.35 0.329±0.066 76.7±15.3 200.2+122

−80 9.50+0.45
−0.79

REBELS-08 6.749 −2.17+0.58
−0.58 0.363±0.073 101.4±19.8 1183.0+457

−457 9.02+0.64
−0.68

REBELS-12 7.349 −1.99+0.48
−0.76 0.543±0.109 86.8±24.3 384.3+161

−197 8.94+0.93
−0.70

REBELS-14 7.084 −2.21+0.41
−0.47 0.704±0.141 60.0±14.7 434.9+159

−166 8.73+0.80
−0.70

REBELS-18 7.675 −1.34+0.19
−0.32 0.448±0.090 52.9±9.9 110.7+34

−40 9.49+0.56
−0.73

REBELS-19 7.369 −2.33+0.45
−0.64 0.242±0.048 71.2±20.4 3869.6+1544

−1719 8.79+0.69
−0.69

REBELS-25 7.306 −1.85+0.56
−0.46 0.263±0.053 259.5±22.2 1772.0+660

−585 9.89+0.15
−0.18

REBELS-27 7.090 −1.79+0.42
−0.45 0.359±0.072 50.6±9.9 229.0+84

−86 9.69+0.25
−0.34

REBELS-29 6.685 −1.61+0.10
−0.19 0.547±0.109 56.1±12.9 128.8+40

−42 9.62+0.19
−0.19

REBELS-32 6.729 −1.50+0.28
−0.30 0.313±0.062 60.4±17.1 213.2+84

−85 9.55+0.35
−0.37

REBELS-38 6.577 −2.18+0.45
−0.42 0.404±0.081 163.0±22.8 1786.5+571

−555 9.58+0.74
−1.27

REBELS-39 6.847 −1.96+0.30
−0.28 0.798±0.160 79.7±16.2 224.1+72

−71 8.56+0.57
−0.57

REBELS-40 7.365 −1.44+0.29
−0.36 0.302±0.060 48.3±12.9 165.3+64

−69 9.48+0.45
−0.99

10−3 (Choudhury et al. 2018) for the MW and SMC,

respectively.

By generalizing eq. 2 to the observed (attenuated)

luminosity, Lλ = L∗λTλ, where Tλ(τλ) is the UV dust

transmissivity (see below) one can write

β = βint − 2.24 ln

(
Tλ1

Tλ2

)
; (4)

note that for a flat transmissivity (Tλ ≈ const.), β =

βint, independently of optical depth.

We pause to emphasise that there is a distinction be-

tween the physical value, τλ, of the optical depth (enter-

ing eqs. 5 and 8 below), and the effective one deduced

from the flux attenuation, τeff = − lnT . While τeff de-

pends on the radiative transfer properties, τλ is deter-

mined, as we will see below, by the galaxy dust mass

and distribution only.

The functional form of Tλ depends on radiative trans-

fer, and therefore on the optical properties of dust grains

(the wavelength-dependent albedo, ω, and asymmetry

parameter, g, i.e. the mean cosine of the scattering an-

gle), and relative spatial distribution of stars and dust7.

To bracket such uncertainty we consider two possibilities

(although we have experimented with additional ones):

(a) a slab geometry in which stars and dust are mixed

7 The values of ω and g are consistently computed from the
adopted WD01 MW and SMC curves. For reference, at 1500Å:
ω = (0.3807, 0.4170), g = (0.6633, 0.5756) for (MW, SMC).

but have different scale heights; (b) a spherical dust dis-

tribution with a central source including scattering.

These two geometries should mimic the two typical

evolutionary stages, both predicted (Pallottini et al.

2019; Kohandel et al. 2019, 2020) and observed (Jones

et al. 2017; Smit et al. 2018) in high-z galaxies, resulting

from a periodic switch from a well-designed proto-disk

(slab geometry), and a more isotropic (spherical) con-

figuration induced by frequent merging events.

� Slab geometry. Baes & Dejonghe (2001) found the

solution for a slab of total optical depth τλ, in which

dust and stars both follow a vertical exponential distri-

bution with a ratio of scale heights ζ = hd/h∗. The

transmissivity is

Tλ =
1

µ
e−

(1−ω)
2µ τλWζ

[ (1− ω)τλ
2µ

]
. (5)

In the previous equation, µ = cos θ, denotes the direc-

tion making an angle arccosµ with the face-on direction

µ = 1. We fix this value to the most probable inclina-

tion for randomly oriented galaxies, µ = cos(π/2− 1) =
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0.841. Finally8,

Wζ(x) = ζ

∫ 1

0

(1− t)ζ−1 cosh(xt)dt. (7)

� Spherical geometry. The classical Code (1973) so-

lution for a spherical dust distribution, obtained with

the two-stream approximation and confirmed by Monte

Carlo radiative transfer simulations (Ferrara et al. 1999;

Krügel 2009; Di Mascia et al. 2021a), is

Tλ =
2

(1 + η)eξτλ + (1− η)e−ξτλ
, (8)

where

η =
√

(1− ω)/(1− ωg); ξ =
√

(1− ω)(1− ωg). (9)

Eq. 8 reduces to the standard e−τλ screen solution for

pure absorption (ω = 0).

Armed with the expressions for Tλ for the slab and

spherical cases, and with the help of eq. 4, we can de-

rive the optical depth at 1500Å, τ1500, of a galaxy with

spectral slope β (Fig. 1). For a given β value, slab con-

figurations (we show the case ζ = 2 as an example) are

more transparent than spherical ones, i.e. they require

a larger optical depth to produce the same slope. Also,

SMC curves are more opaque than MW ones, i.e. they

require less dust to produce the same β value.

Due to their larger transparency, slab geometries can-

not produce arbitrarily large β values for the MW curve,

as indicated by the vertical asymptote at βmax ≈ −0.9.

The value of βmax increases with ζ, i.e. as the solution

progressively approximates a more opaque screen geom-

etry. Reproducing the measured β values in REBELS

(grey lines in Fig. 1) imposes a lower limit ζ >∼ 1.7 when

using the MW curves. For this reason, and because in-

creasing ζ to values > 2 has no effect on our results, we

set ζ = 2 from now on. As an illustration, for a MW dust

slab the galaxies in the sample have 0.92 < τ1500 < 8.44,

but 1.01 < τeff < 2.35, i.e. they are effectively only

mildly optically thin9.

2.2. From optical depth to dust mass

To derive the dust mass, Md, we start by writing the

following relation:

τ1500 =
1

πmpfµ

Md

r2
d

σ1500, (10)

8 Note that if stars and dust are homogeneously mixed (ζ = 1),
and scattering is neglected (ω = 0), Wζ = x−1 sinhx and eq. 5
reduces to the more familiar formula

Tλ =
(1− e−τλ/µ)

τλ
. (6)

9 The 1500Å to V-band conversion is τ1500 = (2.655, 5.319)τV for
(MW, SMC) curves, respectively.

−3.0 −2.5 −2.0 −1.5 −1.0 −0.5 0.0

β

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

lo
g
τ 1

5
0
0

Milky Way

SMC

Meurer

REBELS β

(arbitrary τ1500 value)

Figure 1. Relation between optical depth at 1500Å, τ1500,
and UV spectral slope, β, often referred to as the attenuation
curve, for the Milky Way (red curves) and SMC (blue) for a
slab (solid) and spherical (dashed) geometry with ζ = 2 (i.e.,
the dust scale height is twice the stellar one). Also shown for
reference is the empirical Meurer et al. (1999) relation (or-
ange) τ1600 = 4.43+1.99β. The β values for the 14 REBELS
sources with 158µm continuum detections are shown by grey
points/lines at arbitrary τ1500 values.

where mp is the proton mass10, rd is the (unknown)

radius of the spherical or disk-like (for the slab approx-

imation) dust distribution, and σ1500 = (3.66, 7.25) ×
10−22cm2 is the WD01 (MW, SMC) dust extinction

cross section at 1500Å, scaled to the appropriate metal-

licity (see Sec. 2.1). The factor fµ is a geometrical

correction; it is fµ = (4/3, µ) for a homogeneous sphere

or a disk11, respectively. Inserting the numerical factors,

eq. 10 is rewritten as

Md = fµ
τ1500

τ0

(
rd

kpc

)2

M�, (11)

where τ0 = (1.09, 2.17)× 10−8 for (MW, SMC).

2.3. Star formation rate and infrared luminosity

10 For simplicity, we have assumed a pure hydrogen gas with unity
mean molecular weight.

11 For a disk, this fµ expression is valid as long as the viewing angle
θ < π/2 − arctan(hd/rd), which for our choice of µ is always
satisfied if hd/rd < 1.
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Having determined τ1500 and the corresponding value

of T1500 from eqs. 5 and 8, for each REBELS galaxy we

can straightforwardly derive two important quantities:

the total SFR, and the total FIR luminosity, LIR, typi-

cally computed in the range 8− 1000µm. Recalling eq.

1, the SFR is obtained from the observed UV flux:

F1500 =
g(zs)

4πν1500
K1500 T1500 SFR; (12)

g(zs) = (1+zs)/d
2
L, where dL is the luminosity distance

to the galaxy located at redshift zs. The observed total

FIR luminosity is then

LIR = α
(1− T1500)

T1500
L1500 = IRXL1500, (13)

which shows that the so-called infrared excess parameter

IRX ≡ LIR/L1500 = α(1−T1500)/T1500. TheO(1) coeffi-

cient α represents the UV bolometric absorption correc-

tion (dust is heated also by UV photons with λ 6= λ1500);

for simplicity we set α = 1 in the following.

Finally, a quantity that is often reported in the litera-

ture is the observed star formation fraction, fobs. Using

the previous results, it is easy to show that fobs can be

related to IRX or T1500:

fobs =
L1500

L1500 + LIR
=

1

1 + IRX
= T1500. (14)

2.4. Dust temperature

Dust grains are heated by absorption of UV photons

and re-emit such energy in the FIR. The emitted radia-

tion spectrum is usually modelled as a grey-body from

which the mean dust temperature, T̄d, can be derived:

T̄d =

(
LIR

ΘMd

)1/(4+βd)

; (15)

where

Θ =
8π

c2
κ158

νβd158

k4+βd
B

h3+βd
P

ζ(4 + βd)Γ(4 + βd). (16)

The mass absorption coefficient, κν = κ158(ν/ν158)βd

is pivoted at wavelength λ158 = c/ν158 = 158µm since

high-z ALMA observations are often tuned to the rest

wavelength of [CII] emission. We take κ158 and βd
consistently with the adopted WD01 extinction curve

κ158 = (10.41, 13.55) cm2g−1, and βd = (2.03, 2.07) for

(MW, SMC); ζ and Γ are the Zeta and Gamma func-

tions, respectively. Other symbols have the usual mean-

ing. We then find Θ = (4.89, 5.33) × 10−6 for (MW,

SMC).

We define the temperature in eq. 15 as the mean

physical dust temperature. Such value corresponds to

the temperature dust grains would attain should the

available UV energy being uniformly distributed among

them. This is possible only if the system is optically

thin, i.e. τ1500 � 1. In general, though, radiative trans-

fer effects produce a temperature distribution, with Td
decreasing away from the source. Although radiative

transfer is a complex problem which can be fully treated

with detailed numerical simulations12 (see, e.g. Behrens

et al. 2018; Liang et al. 2019), we nevertheless try to ap-

proximately take into account this effect for the simple

geometry adopted here.

In App. A we show that the luminosity-weighted

temperature,〈Td〉L, of an absorbing dust layer depends

on its total optical depth, and can be written as

〈Td〉L = T̄d
6

7
τ

1/6
1500

(1− e−7τ1500/6)

(1− eτ1500)7/6
≡ T̄dfL(τ1500). (17)

For the τ1500 values deduced for REBELS galaxies, ap-

plying eq. 17 results in temperatures that are <∼ 20%

higher than T̄d (see Fig. 7). As discussed in App. A,

to conserve energy Md in eq. 11 must be reduced by a

factor f
−(4+βd)
L , which might result in a (2− 3)× lower

mass estimate. In the following we denote this reduced

dust mass by M ′d = f
−(4+βd)
L Md.

2.5. Observed flux at 158µm

From the previous results it is straightforward to com-

pute the rest frame 158µm specific flux observed at

λ = 158(1 + zs)µm:

F158 = g(zs)κ158M
′
d[B158(T ′d)−B158(TCMB)]; (18)

Bλ is the black-body spectrum, and TCMB(z) = T0(1 +

z), with T0 = 2.7255 K (Fixsen 2009) is the CMB tem-

perature at redshift z. Equation 18 accounts for the fact

that the CMB acts as a thermal bath for dust grains,

setting a lower limit to their temperature. At z = 7 such

minimum temperature corresponds to TCMB = 21.8 K.

Finally, T ′d is the CMB-corrected dust temperature13 fol-

lowing Da Cunha et al. (2013),

T ′d = {〈Td〉4+βd
L +T 4+βd

0 [(1 + z)4+βd −1]}1/(4+βd). (19)

Note that both M ′d and T ′d depend on the radial extent

of the dust distribution, rd (see eq. 11 and 15). The

latter can be obtained by imposing that F158 from eq. 18

matches the corresponding observed flux for each galaxy

in the REBELS sample.

12 These two works use the SKIRT code (skirt.ugent.be) to post-
process the simulation outputs.

13 In the remainder of the paper we will always refer to dust tem-
perature as the CMB-corrected one, i.e. T ′d in eq. 19.

skirt.ugent.be
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3. RESULTS

Before discussing the results, let us briefly summa-

rize our method, also illustrated schematically in Fig.

2. We use three observables measured by REBELS for

14 galaxies: these are β, F1500, and F158. From β, for

given a RT model (i.e. transmissivity T1500, also equal

to fobs) and extinction curve, we determine τ1500, and

hence the dust mass M ′d, modulo the dust distribution

radius, rd. We then use F1500 to determine the total

SFR and LIR = IRXL1500, which then form the ba-

sis to compute the (RT+CMB)-corrected, luminosity-

weighted dust temperature T ′d, and F158. Finally, by

imposing that F158 matches the observed 158µm flux,

we determine rd (the only free parameter14 of the model

once the extinction curve and the RT geometry have

been fixed) for each galaxy.

Hence, from 3 data inputs (β, F1500, F158), our

model can predict 7 physical properties for each galaxy

(τ1500, T1500, SFR, LIR, T
′
d, M

′
d, rd). By construction,

a galaxy with the set of derived properties matches the

observed 1500Å and 158µm continuum data.

Finally, we note that, in some cases, a solution cannot

be found because the observed 158µm flux cannot be

retrieved from the input F1500 and β values. To see this

let us inspect Fig. 3. As an example, there we consider

the MW extinction, slab geometry case. The Figure il-

lustrates the final step of the method sketched in Fig. 2,

i.e. the determination of rd. This is derived by matching

the predicted F158 to the observed one for each galaxy.

The F158 trend with rd can be understood as follow. As

M ′d ∝ r2
d, F158 initially increases due the larger amount

of emitting material. However, T ′d (golden squares) de-

creases as the dust distribution becomes more extended

until it approaches TCMB. At that point F158 reaches a

plateau independent of rd. The plateau level increases

with τ1500: from Fig. 3 and Tab. 2 we see that REBELS-

06 – the most opaque (τ1500 = 8.44) system – has the

potentially highest 158µm flux, ≈ 3 mJy.

Thus, for a given τ1500, the 158µm flux cannot be ar-

bitrarily large. If the observed F158 for a galaxy exceeds

this value, the method does not yield a solution. In

the MW case, for example, this occurs for 4 (REBELS-

08,19,25,38) out of 14 galaxies in the sample (see Tab.

2). We discuss the interpretation of these no-solution

cases in Sec. 5. For the well-behaved galaxies we find

sub-kpc rd values implying that at the REBELS spa-

tial resolution (≈ 1.2 arcsec or 6.3 kpc at z = 7) these

objects are unresolved.

14 Note that the spatial resolution of the REBELS survey (≈ 7 kpc)
is much larger than the rd

<∼ 1 kpc values obtained here.

Figure 2. Schematic overview of the method. Yellow circles
denote the three input observables measured by REBELS;
red text indicates assumptions made in that step. Equa-
tions defining the different quantities in the text are indi-
cated (blue).

We next discuss our results separately for MW and

SMC extinction curves, and highlight the differences

induced by the adopted RT (slab/spherical) model for

each curve.

3.1. Milky Way extinction curve

The full results for this case are reported in Tab. 2,

and displayed graphically in Fig. 4. First of all we

note that our method provides a self-consistent solution

matching the data for 10 out of 14 galaxies in the sam-

ple. These solutions are presented in the following. The

interpretation and implications of no-solution cases will
be instead discussed in Sec. 5.

3.1.1. Slab geometry

Starting from the slab geometry case, the results in-

dicate that τ1500 = 2.655τV varies from 0.92 to 8.44,

i.e. galaxy are physically optically thick at 1500Å but

mildly so in the V-band and in terms of the effective op-

tical depth, τeff (see discussion in Sec. 2.1). This range

translates in transmissivity values going from 9.5% to

72%, the most star-forming galaxies being the most ob-

scured. Since T1500 = fobs (see eq. 14), we conclude

that 28 − 90.5% of the star formation at high-z is ob-

scured, if the REBELS targets fairly sample early galaxy

populations.

The deduced total star formation rates are rela-

tively sustained, 31.5 < SFR/(M�yr−1) < 129.5 with

REBELS-14 (REBELS-18) being the least (most) star
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Figure 3. Predicted F158 flux (curves; ordered as the galaxy
name list) as a function of dust radius, rd, for each galaxy in
the REBELS sample. Curves are shown for MW extinction,
slab geometry case reported in Tab. 2. The measured value
of F158 (points) is used to determine rd for each system (see
Fig. 2). For 4 galaxies (REBELS-08,19,25,38) no solution
can be found as their F158 flux is too high to be matched by
the corresponding curve (dashed lines). Also shown is the
luminosity-weighted dust temperature, T ′d (squares), and the
angular resolution (vertical line) of the survey.

forming system, with a mean SFR = 65.8 M�yr−1. The

ratio between the total IR luminosity and the SFR,

which we define as KIR paralleling eq. 1, varies from

KIR ' 1010L�/(M�yr−1) for the most star-forming

galaxy to KIR ' 3.3 × 109L�/(M�yr−1) towards the

lower end of the SFR range, corresponding to a fac-

tor ≈ 3 decrease. Thus, the specific IR luminosity of

low-SFR galaxies is lower than expected for vigorously

star-forming ones. We note in passing that the value

KIR ' 1010L�/(M�yr−1) matches the commonly as-

sumed one prescribed by Kennicutt (1998).

Our model also constrains dust properties. The 10

systems for which a solution can be found all contain

considerable amounts of dust at luke-warm tempera-

tures. The sample-averaged dust mass and temperature

are (1.3 ± 1.1) × 107M� and 52 ± 11 K, respectively.

However, in some galaxies dust is particularly abundant

(REBELS-14, M ′d ≈ 3.4 × 107M�), or hot (REBELS-

18, T ′d ≈ 67 K). The dust distribution is compact as

one can infer from the values of rd. These are all sub-

kpc, with 70% of the galaxies showing rd < 0.3 kpc.

Such compact configuration, in general, produces high

dust temperatures: the hottest REBELS-18 indeed is

the most compact one with only 5×106M� of dust con-

centrated in a very small region (rd = 0.16 kpc). As

a caveat, we note that the implied compactness might

partly be due to the adopted geometry, such that actual

observed sizes could be larger if the dust/starlight are

more inhomogenously distributed.

Finally, by using the stellar mass, M∗, obtained by

the REBELS Collaboration from SED fitting, we esti-

mate the dust yield per supernova15, yd = M ′d/νSNM∗.

Although this is not a self-consistent output, as it uses

an independent estimate of M∗, it nevertheless repre-

sents a useful reference. We find 0.1 ≤ yd/M� ≤ 3.3

with a mean value 〈yd〉 = 0.9M� with 7 (out of 10)

galaxies requiring yd < 0.25M�. As already mentioned

in Sec. 2, stellar masses determined assuming a non-

parametric star formation history might be on average

a factor ≈ 3 larger. In this case the SN yield would

be correspondingly decreased to 0.03 ≤ yd/M� ≤ 1.1.

Such dust yield range is in good agreement with avail-

able estimates (Todini & Ferrara 2001; Hirashita et al.

2015; Marassi et al. 2015, 2019; Gall & Hjorth 2018;

Leśniewska & Micha lowski 2019) which typically indi-

cate yd = 0.01 − 0.45M� (for a review see Cherchn-

eff 2014). Note, however, that even higher values are

found, as in the case of the Cas A remnant for which

yd = 0.99+0.10
−0.09M� (Priestley et al. 2019; Niculescu-

Duvaz et al. 2021), or G54.1+0.3 for which 0.3 < yd <

0.9 (Temim et al. 2017; Rho et al. 2018). However,

three galaxies (REBELS-12, 14, 39) require yd > 1M�,

which is likely inconsistent with pure SN production,

and might require dust growth via accretion of heavy

elements from the ISM (e.g. Mancini et al. 2015; Pop-

ping et al. 2017; Graziani et al. 2020).

3.1.2. Spherical geometry

Let us now consider the spherical case. The key dif-

ference between the two cases is due to the fact that,

for a given extinction curve, spherical geometries are

more opaque (see Fig. 1). This implies that a given β

value can be reproduced with a smaller τ1500, and yields

a slighly lower T1500 (see Tab. 2). The resulting star

formation rates are essentially unaltered, and now span

the range 31.9 < SFR/(M�yr−1) < 145.4; REBELS-14

(REBELS-18) are confirmed to be the least (most) star

forming system. Quantities related to dust differ only by

a few percent; specifically, we find on average fractional

15 We neglect dust production from AGB stars (2 < M/M� < 8 as
their evolutionary time is longer than the Hubble time at z ≈ 7.
Critical issues related to dust growth at early times are discussed
in Ferrara et al. (2016); Ferrara & Peroux (2021).
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Table 2. Best-fit measured and derived REBELS galaxy properties for a MW extinction curve and different geometries.

slab geometry

Measured ID# Derived

β F1500 F158 M∗ τ1500 T1500 SFR LIR T ′d M ′d rd yd κs

µJy µJy M� M� yr−1 L� K M� kpc M�

−1.29 0.315 67.2 1.45e+09 REBELS-05 7.755 0.109 81.9 8.57e+11 60.9 5.91e+06 0.174 0.22 10.1

−1.24 0.329 76.7 3.16e+09 REBELS-06 8.438 0.095 105.2 1.12e+12 61.8 7.05e+06 0.190 0.12 10.8

−2.17 0.363 101.4 1.05e+09 REBELS-08 ... ... ... ... ... ... ... ... ...

−1.99 0.543 86.8 8.71e+08 REBELS-12 2.085 0.488 37.7 2.27e+11 36.7 3.47e+07 0.508 2.11 0.9

−2.21 0.704 60.0 5.37e+08 REBELS-14 0.924 0.719 31.5 1.04e+11 32.6 3.38e+07 0.693 3.33 1.0

−1.34 0.448 52.9 3.09e+09 REBELS-18 7.143 0.125 129.5 1.33e+12 67.3 5.01e+06 0.160 0.09 18.8

−2.33 0.242 71.2 6.17e+08 REBELS-19 ... ... ... ... ... ... ... ... ...

−1.85 0.263 259.5 7.76e+09 REBELS-25 ... ... ... ... ... ... ... ... ...

−1.79 0.359 50.6 4.90e+09 REBELS-27 3.301 0.335 34.4 2.69e+11 46.5 9.45e+06 0.235 0.10 2.8

−1.61 0.547 56.1 4.17e+09 REBELS-29 4.591 0.233 69.4 6.25e+11 58.1 5.68e+06 0.174 0.07 9.0

−1.50 0.313 60.4 3.55e+09 REBELS-32 5.514 0.183 50.9 4.88e+11 53.4 7.42e+06 0.197 0.11 5.0

−2.18 0.404 163.0 3.80e+09 REBELS-38 ... ... ... ... ... ... ... ... ...

−1.96 0.797 79.7 3.63e+08 REBELS-39 2.256 0.462 52.9 3.34e+11 44.2 1.59e+07 0.335 2.31 2.8

−1.44 0.302 48.3 3.02e+09 REBELS-40 6.077 0.160 64.4 6.35e+11 58.2 5.73e+06 0.172 0.10 8.2

spherical geometry

Measured ID# Derived

β F1500 F158 M∗ τ1500 T1500 SFR LIR T ′d M ′d rd yd κs

µJy µJy M� M� yr−1 L� K M� kpc M�

−1.29 0.315 67.2 1.45e+09 REBELS-05 3.467 0.099 90.4 9.56e+11 62.5 5.61e+06 0.165 0.21 11.4

−1.24 0.329 76.7 3.16e+09 REBELS-06 3.637 0.088 113.0 1.21e+12 62.9 6.80e+06 0.180 0.11 11.7

−2.17 0.363 101.4 1.05e+09 REBELS-08 ... ... ... ... ... ... ... ... ...

−1.99 0.543 86.8 8.71e+08 REBELS-12 1.186 0.463 39.7 2.51e+11 37.9 3.12e+07 0.547 1.89 1.2

−2.21 0.704 60.0 5.37e+08 REBELS-14 0.539 0.709 31.9 1.09e+11 33.2 4.72E+07 0.788 3.12 1.2

−1.34 0.448 52.9 3.09e+09 REBELS-18 3.298 0.111 145.4 1.52e+12 69.4 4.72e+06 0.152 0.08 22.0

−2.33 0.242 71.2 6.17e+08 REBELS-19 ... ... ... ... ... ... ... ... ...

−1.85 0.263 259.5 7.76e+09 REBELS-25 ... ... ... ... ... ... ... ... ...

−1.79 0.359 50.6 4.90e+09 REBELS-27 1.810 0.304 37.9 3.10e+11 48.3 8.58e+06 0.243 0.09 3.6

−1.61 0.547 56.1 4.17e+09 REBELS-29 2.395 0.205 78.9 7.36e+11 60.5 5.23e+06 0.173 0.07 11.5

−1.50 0.313 60.4 3.55e+09 REBELS-32 2.760 0.160 58.3 5.75e+11 55.7 6.78e+06 0.190 0.10 6.3

−2.18 0.404 163.0 3.80e+09 REBELS-38 ... ... ... ... ... ... ... ... ...

−1.96 0.797 79.7 3.63e+08 REBELS-39 1.278 0.435 56.1 3.72e+11 45.6 1.47e+07 0.364 2.14 3.5

−1.44 0.302 48.3 3.02e+09 REBELS-40 2.961 0.140 73.6 7.43e+11 60.5 5.28e+06 0.165 0.09 10.1

Note—F158 fluxes are uncorrected for CMB effects. LIR is computed from UV properties using eq. 13; it therefore might differ
from the value obtained by Inami et al. 2021, in prep. which uses a different method.

differences of (12, 3, 8)% for (LIR, T
′
d,M

′
d), respectively.

Similar small differences are found also for rd and yd.

We can conclude that for a MW extinction curve, our

results are not particularly sensitive to RT effects re-

lated to dust geometry. We confirm that no solutions

can be found for the same 4 galaxies as in the slab case.

3.2. SMC extinction curve

Adopting a SMC curve produces noticeable changes in

the estimated galaxy properties reported in Tab. 3. As

it is clear from Fig. 1, the MW curve is more transparent

than SMC, i.e. it requires a larger τ1500 to produce the

same β value. This feature is reflected in both the slab

and spherical solutions which we discuss next; it also

limits to 7 (3) the number of galaxies for which a self-
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Figure 4. Overview of the model results for the MW extinction curve and slab geometry case. The shown properties are those
reported in Tab. 2 for the 10 REBELS galaxies (red points) for which a solution can be found.

consistent solution can be found in the slab (spherical)

geometry cases explored.

3.2.1. Slab geometry

With respect to the MW, SMC extinction curves re-

sult in a lower UV optical depth (τ1500 < 2.7) and larger

transmissivity, or observed star formation fraction (eq.

14), T1500 > 0.42. In turn, these properties determine

SFR values that are on average ≈ 3 times lower, with

the largest discrepancy (factor ≈ 4) found for the most

absorbed galaxies (such as REBELS-06, τ1500 = 2.71),

or equivalently reddest UV slope.

The total IR luminosity/SFR ratio, is on average lower

than for MW curves (9.6 <∼ log KIR
<∼ 9.8); it similarly

shows an increasing trend with SFR, however with-

out reaching the plateau observed for the MW case

at high SFR. Although surprising to a first sight, as

SFRs are lower, this result is determined by the even

more pronounced decrease of LIR (compare the MW

and SMC cases in Tab. 2 and 3) when SMC curves

are adopted. As the galaxies are now less star-forming,

dust temperatures drop considerably (sample-averaged

T ′d = 37 ± 3 K), while the mean dust mass is essen-

tially unchanged, M ′d = (1.6± 0.5)× 107M�. No major
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differences are found in terms of the dust radius and

SN yield. We confirm a compact, but slightly more ex-

tended configuration in which rd < 0.69 kpc (REBELS-

27 having the largest radius) in all galaxies. We find

0.14 ≤ yd/M� ≤ 0.57, with mean value 〈yd〉 = 0.29M�,

i.e. about a factor 3 below the MW value. In this

case the need for dust growth in the ISM is sensibly

decreased.

3.2.2. Spherical geometry

The differences between the slab and spherical geome-

tries are minor. Although in this geometry galaxies are

more transparent, as inferred by comparing τ1500 values

in Tab. 3, all other quantities are virtually the same as

in the slab case, with gaps amounting to a few percent.

These are even smaller than for MW, for which the larger

opacities amplify the differences induced by geometry.

This configuration allows solutions only for 3 galaxies,

and therefore its statistical significance is rather weak.

3.3. General trends

To conclude the analysis of the model, we discuss the

general trends among the various derived physical quan-

tities. As they are similar in the MW and SMC cases,

we quantitatively refer for brevity only to the MW one.

The corner plot in Fig. 4 provides a bird’s eye view of

the trends discussed here. A few noticeable relations are

worth highlighting.

The transparency of galaxies, quantified by T1500, in-

creases with rd and dust mass, but it decreases with

dust temperature, and SFR. As in compact configura-

tions the dust column is larger, more UV gets absorbed

(decreasing T1500), leading to more efficient dust heat-

ing, and hence higher dust temperatures.

While M ′d does not depend strongly on SFR, actively

star-forming systems have higher dust temperatures,

and consequently LIR. In fact, LIR seems to correlate

very well with T ′d and anti-correlate with dust mass. In

turn, higher dust temperatures are found in more com-

pact, less dusty systems for which the SFR per unit area

is larger.

To summarise we can broadly divide the galaxies in

the sample (at least those for which our model yields a

solution; for a discussion on the remaining systems see

Sec. 5) in two classes. In reality, the galaxy properties

fall along a continuum sequence (see Fig. 4); however,

the differences at the extremes justify the introduction

of such rough separation.

The first class (Class I) contains galaxies that are

compact, and have large SFR (hence, particularly high

ΣSFR
>∼ 300M�kpc−2), and low Im values. They are

opaque, and have large IR luminosities; their dust is

warm but present in limited amounts. The prototyp-

ical example of Class I is REBELS-18. The second

class (Class II) contains systems that are more extended,

moderately star forming and transparent, have a low

ΣSFR
<∼ 300M�kpc−2 and large Im values. As a result

their LIR is about 4 times smaller than the correspond-

ing Class I objects. Dust in these galaxies is cooler but

more abundant. A representative object of Class II is

REBELS-14. Whether such scenario corresponds to an

evolutionary sequence remains to be ascertained. A pre-

cise determination of the stellar mass and age is there-

fore crucial to either support or discard this hypothesis.

4. ADDITIONAL IMPLICATIONS

In the following we explore additional implications of

our results by using empirical data not included in the

model so far. These are the [CII] 158µm line-SFR re-

lation, and the deviation from the Kennicutt-Schmidt

relation, i.e. the burstiness of the REBELS galaxies.

4.1. [CII] line luminosity – SFR relation

For many targets, along with the ≈ 158µm dust con-

tinuum, the REBELS survey has also measured the [CII]

158µm line flux. There are indications that high-z galax-

ies align on a well-defined relation between the line lumi-

nosity, LCII, and SFR (e.g. Carniani et al. 2018, 2020).

This relation was first discovered locally (De Looze et al.

2014), but it has recently firmly confirmed for 118 galax-

ies at 4.4 < z < 5.9 by the ALPINE collaboration

(Schaerer et al. 2020). The original fit for starburst

galaxies suggested by De Looze et al. (2014) is given

by

log LCII = 7.06± 0.33 + (1.0± 0.04) log SFR; (20)

here we adopt this relation, but note that Carniani et al.
(2020) find a slightly larger zero-point 1σ dispersion of

±0.48 dex. According to these authors, such larger dis-

persion may be associated with the presence of kpc-scale

sub-components that are not common in the local Uni-

verse.

For completeness we show in Fig. 5 also the ALPINE

relation given in Schaerer et al. (2020, Tab. A1):

log LCII = 7.03± 0.17 + (1.0± 0.12) log SFR. (21)

We warn that such fit has been obtained with assump-

tions that are different from the ones adopted here: they

use a SMC-like extinction curve and a fixed dust tem-

perature Td = 45 K. Hence, the comparison with the

ALPINE data is not fully consistent.

As our model predicts the total SFR of a galaxy,

we can use the measured LCII to verify whether the
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Table 3. Measured and model-predicted REBELS galaxy properties for a SMC extinction curve and different geometries.

slab geometry

Measured ID# Derived

β F1500 F158 M∗ τ1500 T1500 SFR LIR T ′d M ′d rd yd κs

µJy µJy M� M� yr−1 L� K M� kpc M�

−1.29 0.315 67.2 1.45e+09 REBELS-05 2.586 0.436 20.5 1.36e+11 36.9 1.55e+07 0.445 0.57 1.4

−1.24 0.329 76.7 3.16e+09 REBELS-06 2.712 0.420 23.7 1.61e+11 36.4 2.04e+07 0.504 0.34 1.2

−2.17 0.363 101.4 1.05e+09 REBELS-08 ... ... ... ... ... ... ... ... ...

−1.99 0.543 86.8 8.71e+08 REBELS-12 ... ... ... ... ... ... ... ... ...

−2.21 0.704 60.0 5.37e+08 REBELS-14 ... ... ... ... ... ... ... ... ...

−1.34 0.448 52.9 3.09e+09 REBELS-18 2.461 0.453 35.6 2.29e+11 42.3 1.14e+07 0.387 0.20 3.3

−2.33 0.242 71.2 6.17e+08 REBELS-19 ... ... ... ... ... ... ... ... ...

−1.85 0.263 259.5 7.76e+09 REBELS-25 ... ... ... ... ... ... ... ... ...

−1.79 0.359 50.6 4.90e+09 REBELS-27 1.379 0.632 18.2 7.88e+10 31.8 2.44e+07 0.687 0.26 0.9

−1.61 0.547 56.1 4.17e+09 REBELS-29 1.803 0.553 29.2 1.53e+11 39.9 1.09e+07 0.416 0.14 3.0

−1.50 0.313 60.4 3.55e+09 REBELS-32 2.068 0.510 18.3 1.05e+11 34.4 1.89e+07 0.524 0.28 1.0

−2.18 0.404 163.0 3.80e+09 REBELS-38 ... ... ... ... ... ... ... ... ...

−1.96 0.797 79.7 3.63e+08 REBELS-39 ... ... ... ... ... ... ... ... ...

−1.44 0.302 48.3 3.02e+09 REBELS-40 2.215 0.488 21.1 1.27e+11 37.1 1.44e+07 0.447 0.25 1.6

spherical geometry

Measured ID# Derived

β F1500 F158 M∗ τ1500 T1500 SFR LIR T ′d M ′d rd yd κs

µJy µJy M� M� yr−1 L� K M� kpc M�

−1.29 0.315 67.2 1.45e+09 REBELS-05 1.324 0.437 20.5 1.35e+11 36.9 1.56e+07 0.512 0.57 1.5

−1.24 0.329 76.7 3.16e+09 REBELS-06 1.381 0.421 23.7 1.61e+11 36.3 2.05e+07 0.578 0.34 1.3

−2.17 0.363 101.4 1.05e+09 REBELS-08 ... ... ... ... ... ... ... ... ...

−1.99 0.543 86.8 8.71e+08 REBELS-12 ... ... ... ... ... ... ... ... ...

−2.21 0.704 60.0 5.37e+08 REBELS-14 ... ... ... ... ... ... ... ... ...

−1.34 0.448 52.9 3.09e+09 REBELS-18 ... ... ... ... ... ... ... ... ...

−2.33 0.242 71.2 6.17e+08 REBELS-19 ... ... ... ... ... ... ... ... ...

−1.85 0.263 259.5 7.76e+09 REBELS-25 ... ... ... ... ... ... ... ... ...

−1.79 0.359 50.6 4.90e+09 REBELS-27 ... ... ... ... ... ... ... ... ...

−1.61 0.547 56.1 4.17e+09 REBELS-29 0.957 0.554 29.2 1.53e+11 39.8 1.09e+07 0.491 0.14 3.5

−1.50 0.313 60.4 3.55e+09 REBELS-32 ... ... ... ... ... ... ... ... ...

−2.18 0.404 163.0 3.80e+09 REBELS-38 ... ... ... ... ... ... ... ... ...

−1.96 0.797 79.7 3.63e+08 REBELS-39 ... ... ... ... ... ... ... ... ...

−1.44 0.302 48.3 3.02e+09 REBELS-40 ... ... ... ... ... ... ... ... ...

Note—F158 fluxes are uncorrected for CMB effects. LIR is computed from UV properties using eq. 13; it therefore might differ
from the value obtained by Inami et al. 2021, in prep. which uses a different method.

REBELS galaxies follow the same trend also at their

mean z ≈ 7. Among the 14 galaxies listed in Tab. 1,

13 have also a [CII] line measurement (REBELS-06 is

undetected, see footnote 4). We can then associate the

predicted SFR to the measured LCII for each of them

and compare it with the relation in eq. 20. The relation

is shown in Fig. 5 along with the model (SFR) and data

(LCII) points for the 13 REBELS galaxies. They are cal-

culated for MW (Tab. 2) and SMC (Tab. 3) extinction

curves in the slab geometry case.

The 9 REBELS galaxies with a solution and a [CII]

detection nicely follow the local starburst galaxies rela-

tion if a MW extinction curve is adopted. This is far

from trivial because the model does not use the [CII]

line information at all. Moreover, this result strength-

ens the basis of the new method (Sommovigo et al. 2021)
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Figure 5. Left panel: [CII] luminosity as a function of the predicted SFR for 9 REBELS galaxies (red points) for a MW
extinction curve and slab geometry; the LCII values and errors are measured by the REBELS survey. Among the 10 galaxies
with a solution, REBELS-06 is undetected in [CII] and therefore does not appear in the plot. The REBELS galaxies (z ≈ 7)
closely follow the local starburst relation (De Looze et al. 2014, aqua band). Also shown for completeness is the ALPINE
(Schaerer et al. 2020, orange dashed) relation for 4.4 < z < 5.9 galaxies. For each galaxy we give the corresponding burstiness
parameter, κs, value (purple) quantifying the upward deviation from the Kennicutt-Schmidt relation (eq. 22 with yP = 2)
Right: Same as left panel, for a SMC curve and slab geometry. In this case the REBELS galaxies appear to be off and above
the relation.

to infer the dust temperature combining [CII] line and

continuum luminosity. Such method is in fact based on

the assumption that eq. 20 holds also in the EoR.

For a SMC curve, instead, all REBELS galaxies lie

considerably off and above the relation. Note that in

general high-z galaxies tend to lie below the relation16.

We consider this as an indication that galaxies in the

REBELS sample might preferentially have a MW-like

extinction curve.

4.2. Burstiness & gas depletion time

Using the model results, we can also investigate

whether REBELS galaxies are starbursting. To quan-

tify this statement we follow Ferrara et al. (2019) and

introduce the “burstiness” parameter κs, accounting for

upward deviations from the Kennicutt-Schmidt (KS) av-

erage relation17 (e.g. Heiderman et al. 2010):

ΣSFR = 10−12κsΣ
m
g (m = 1.4). (22)

16 See discussion in Ferrara et al. (2019) and Carniani et al. (2018).
17 The star formation rate (gas mass) per unit area, ΣSFR, (Σg) is

expressed in units of M� yr−1 kpc−2 (M� kpc−2).

Galaxies with κs > 1 show a larger SFR per unit area

with respect to those located on the KS relation hav-

ing the same value of Σg, i.e. they tend to be star-

burst. Values of up to κs = 100 have been measured for

sub-millimeter galaxies, e.g. Hodge et al. (2015); Vallini

et al. (2021).

To compute κs from eq. 22 we need two additional

quantities: (a) the radius of the stellar, r∗, and gas, rg,

distribution; (b) the gas mass, Mg. For the former, we

assume rg = yP r∗ = yP rd where yP , referred to as

the Perito ratio after Carniani et al. (2018), is a factor
>∼ 1. The previous equalities are inspired by the empir-

ical evidence that in high-z galaxies, the gas (traced by

[CII] emission) is more extended than the dust/stellar

emitting regions which instead show a similar size (Fuji-

moto et al. 2019, 2020; Carniani et al. 2020; Ginolfi et al.

2020). These studies suggest that yP ≈ 2; we adopt this

value here, but note that the κs values shown in Fig. 5

can be easily scaled to other yP choices recalling that,

from eq. 22 and the relation rg = yP r∗, κs ∝ y2m
P = y2.8

P .

We then use r∗ and rg to write ΣSFR = SFR/πr2
∗, and

Σg = Mg/πr
2
g . This leads us to the final step, i.e. the

determination of the gas mass which is deduced from
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the predicted dust mass: Mg = M ′d/D, where D is the

dust-to-gas ratio18 for Z = 0.004.

The derived κs values are shown in Fig. 5 by the

numbers close to each galaxy point, and reported in

Tab. 2 and Tab. 3 for all cases. For the MW we find

0.9 < κs < 18.8, with most actively star forming systems

showing larger deviations from the KS relation (i.e. they

have larger κs values). On this basis, we conclude that

REBELS galaxies, in addition to the LCII-SFR relation,

approximately follow the KS one as well, although a

few appear to be relatively bursty (as e.g. REBELS-

18, κs = 18.8). This conclusion holds also for the SMC

extinction curve: in fact, we find 0.9 < κs < 3.3.

Finally, we can compute the mean gas depletion

timescale, td, for the sample,

tdep =
Σg

ΣSFR
=

M ′d
D SFR

y−2
P = 0.11 y−2

P Gyr, (23)

having assumed SFR = 65.8 M�yr−1 and M ′d = 1.3 ×
107M� as the mean values for the MW/slab configu-

ration. This result can be compared with the extrap-

olation of the z < 4 relation found by Tacconi et al.

(2018) from the PHIBBS survey for galaxies located on

the main sequence19

log(tdep/Gyr) = 0.09− 0.62 log(1 + z). (24)

When evaluated at the REBELS sample mean redshift,

〈zs〉 = 7.01, eq. 24 gives tdep = 0.34 Gyr, formally

requiring a Perito ratio yP = 0.57. As such value is

somewhat in tension with [CII] observations indicating

yP ≈ 2, this result might indicate that the extrapola-

tion of the PHIBBS relation into the EoR results in an

overestimate of the depletion time. Further work is nec-

essary to clarify this issue in detail.

5. WHERE THE IRX RELATION FAILS

At the beginning of Sec. 3 we have noted that a solu-

tion cannot be found with our method for some galaxies

both for MW and SMC extinction curve cases, and we

provided there a first qualitative explanation. Here we

additionally note that such no-solution cases are charac-

terized by large Im values. In other words, these peculiar

galaxies have a very large IR-to-UV flux ratio compared

18 We assume that D ∝ Z. Then for the MW DMW = 1/162
(Rémy-Ruyer et al. 2014), Z = 0.004 implies D = 1/575. For
completeness, the value for the SMC is DSMC = 1/1408.

19 Of course, there is no guarantee that REBELS galaxies are lo-
cated on such relation. In addition, strictly speaking, the de-
pletion time in the PHIBBS sample is computed for molecular,
rather than total gas mass. By using this formula we implicitly
assume that MH2 ≈ Mg , which for such high-z galaxies should
represent a reasonable approximation (Tacconi et al. 2018).
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Figure 6. FIR 158µm dust continuum (red) and [CII] line
(blue) emission contours for REBELS-19 (z = 7.37) super-
posed to the JHK-band composite image and (white) con-
tours. The contours start from 2σ and increase in steps of
1σ. The white ellipse at the bottom left shows the beam
size; thin dotted line contours indicate negative sources. The
spatial segregation between the FIR and the restframe UV
emission is evident. For more details see Inami et al. 2021,
in prep.

to their UV slope. Let us see how this can be under-

stood.

Using the depletion time definition in eq. 23 one can

write an approximate expression for the SED “color”,

i.e. the F158/F1500 ratio, predicted by the model by

combining eq. 18 and 12:

F158

F1500
' 7062

y

T1500
exp

[
−3

(
y

1− T1500

)1/6
]
, (25)

where y = (Z/Z�)(tdep/Gyr). Such expression is

valid in the temperature range TCMB
<∼ Td <∼ T158 =

hP ν158/kB = 91.2 K, as we have neglected the pres-

ence of the CMB in eq. 18. Eq. 25 entails interesting

physical implications. For a given T1500 value, galaxies

with a longer depletion time (recall that in this paper

we have fixed Z = 0.28Z�) have redder SED colors. Al-

ternatively, for a given tdep, the ratio increases towards

more opaque (lower T1500) systems.

Let us now divide the above flux ratio by (β−βint) =

− lnT1500 = τeff , to obtain the quantity we have defined

as the molecular index, Im in eq. 3, and take the opti-

cally thin limit, for which 1−T1500 ≈ τeff and T1500 ≈ 1.
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Then,

Im =
(F158/F1500)

(β − βint)
' 7062 xe−3x1/6

, (26)

where x = y/τeff . The previous expression has a max-

imum located at xmax = 64, corresponding to I∗m ≡
Im(xmax) ' 1120 (for the MW). Hence, galaxies show-

ing values of Im > I∗m cannot be reproduced by a sin-

gle zone model. Physically, this depends on the fact

that F158 can be increased by raising the dust mass or

the temperature. However, increasing M ′d while keeping

(β − βint) (i.e. the effective optical depth) low20 implies

pushing the dust temperatures to values progressively

closer to the CMB, thus preventing F158, and hence Im,

to increase beyond I∗m. These findings are confirmed by

the results reported in the Tables. Indeed, for the MW

case, the no-solution galaxies all have Im > 1183.

We conclude that Im > I∗m values can be achieved only

if the FIR luminosity is spatially decoupled from the

UV emitting regions. In such a scenario, the former is

produced in optically thick, star forming clumps (likely,

giant molecular complexes), and produce the high F158

values required. The small UV optical depth is pro-

duced instead by the diffuse, interclump gas component

in which young stars are embedded after they disperse

their natal cloud. This two-phase configuration should

then characterise no-solution galaxies.

We speculate that no-solution galaxies are extreme

Class II systems, as defined in Sec. 3.3, which have de-

veloped a prominent two-phase ISM structure with spa-

tially segregated IR and UV emitting regions throughout

their disk. This hypothesis is supported by Fig. 6, show-

ing the continuum and [CII] emission, along with the

restframe UV image of REBELS-19, a no-solution case.

The spatial displacement between the continuum and

UV emission is clearly visible. Once observed at higher

spatial resolution, other REBELS no-solution galaxies

might show a similar spatially decoupled structure. As

a final caveat, we note that the above scenario questions

the use of the IRX-β relation, which implicitly assumes

that the IR and UV emission are co-spatial. According

to our results such relation can be only safely applied to

galaxies with Im
<∼ I∗m

6. SUMMARY

We have analyzed the FIR dust continuum measure-

ments obtained for 14 z ≈ 7 galaxies by the ALMA

REBELS Large Program, in combination with rest-

20 Recall that βint in our model is computed (Sec. 2) self-
consistently with IMF, age, metallicity, Z and K1500; therefore,
it cannot be varied independently.

frame UV data, with the aim of deriving the phys-

ical properties of these early systems. Our method

uses as a input three measurements, i.e. (a) the

UV spectral slope, β, (b) the observed UV continuum

flux, F1500 at 1500Å, (c) the observed far-infrared con-

tinuum flux, F158, at ≈ 158µm to derive 7 quanti-

ties (τ1500, T1500, SFR, LIR, T
′
d, M

′
d, rd). An additional

one, the dust yield per supernova, yd, is obtained using

external information on the galaxy stellar mass.

The results are summarized in Tab. 2 and Tab. 3 for

the MW and SMC curves, respectively, and for different

dust/stellar relative geometries. They are also graphi-

cally shown in Fig. 4. In general, we find that different

geometries have little impact on the parameter deter-

mination; changing the extinction curve has instead a

significant impact. For example, the estimated SFR is

≈ 3× lower for a SMC curve. We argue in Sec. 4 that

on the basis of the measured [CII] line luminosity, the

MW extinction curve appears to be preferable.

The key results for the fiducial (MW extinction case)

are summarized as follows.

� REBELS galaxies are physically optically thick

at 1500Å but due to geometrical radiative trans-

fer effects they are relatively transparent (i.e.

low effective optical depth, see Sec. 2.1), with

28−90.5% of the star formation being obscured21.

The total star formation rates are in the range

31.5 < SFR/(M�yr−1) < 129.5 with REBELS-14

(REBELS-18) being the least (most) star forming

system.

� The sample-averaged dust mass and temperature

are (1.3 ± 1.1) × 107M� and 52 ± 11 K, respec-

tively. However, in some galaxies dust is particu-

larly abundant (REBELS-14, M ′d ≈ 3.4×107M�),
or hot (REBELS-18, T ′d ≈ 67 K). The dust distri-

bution is compact with 70% of the galaxies show-

ing rd < 0.3 kpc. Such compact configuration,

in general, produces high dust temperatures: the

hottest REBELS-18 indeed is the most compact

system with rd = 0.16 kpc.

� By augmenting the method with stellar mass in-

formation obtained by the REBELS Collaboration

from SED fitting, we estimate the dust yield per

supernova, yd. We find that 0.1 ≤ yd/M� ≤ 3.3,

with 70% of the galaxies requiring yd < 0.25M�.

21 We prefer to define these galaxies as “relatively transparent” as
(i) they are all detected in UV, and (b) because their V-band
optical depth is <∼ 3, i.e. it is not extremely high as for obscured,
sub-millimeter galaxies.
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Three galaxies (REBELS-12, 14, 39) require yd >

1M�, which is likely inconsistent with pure SN

production, and might require dust growth via ac-

cretion of heavy elements from the ISM. We warn

that using non-parametric star formation histories

might increase the stellar masses by ≈ 3 times,

thus reducing the above yields by the same factor.

� With the SFR predicted by the model, REBELS

galaxies detected in [CII] nicely follow the local

LCII−SFR relation (De Looze et al. 2014) if a

MW extinction curve is adopted. For a SMC

curve, instead, all REBELS galaxies lie consid-

erably off and above the relation. We also show

that REBELS galaxies are approximately located

on the Kennicutt-Schmidt relation (burstiness pa-

rameter ks
<∼ 18.8). The sample-averaged gas de-

pletion time is of 0.11 y−2
P Gyr, where yP is the

ratio of the gas-to-stellar distribution radius.

� For some systems (4 in the case of the MW

curve) a solution simultaneously matching the

observed (β, F1500, F158) values cannot be found.

This occurs when the molecular index Im =

F158/F1500(β − βint) exceeds the threshold I∗m ≈
1120 for a MW extinction curve. For these ob-

jects (REBELS-19 being the most outstanding ex-

ample) we argue that the FIR luminosity is not

co-spatial with the UV-emitting regions, question-

ing the use of the IRX-β relation.
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489, 1397, doi: 10.1093/mnras/stz2134

Livermore, R. C., Finkelstein, S. L., & Lotz, J. M. 2017,

ApJ, 835, 113, doi: 10.3847/1538-4357/835/2/113

Lotz, J. M., Koekemoer, A., Coe, D., et al. 2017, ApJ, 837,

97, doi: 10.3847/1538-4357/837/1/97

Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415,

doi: 10.1146/annurev-astro-081811-125615
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APPENDIX

A. DUST TEMPERATURE IN OPTICALLY THICK MEDIA

Consider a uniform absorbing dust layer of total optical depth τd, and divide it into N equal slices, each with an

optical depth ∆τ = τd/N . The layer boundary (N = 0) is illuminated by an external UV flux, F0. The flux reaching

the i-th slice is Fi = F0 exp(−τi) = F0 exp(−i∆τ); the absorbed flux is then Fi(1− exp(−∆τ)). Using eq. 15 for the

mean physical temperature (MPT), and specializing for simplicity to the relevant case βd = 2, it is easy to show that

the dust temperature (assuming that the entire slab is optically thin to re-emitted IR photons) in the i-th slice is

Ti = T̄d

[
Ne−i∆τ

(1− e−∆τ )

(1− e−τd)

]1/6

. (A1)

The temperature therefore decreases with depth into the layer. We therefore define the mass-weighted temperature

by averaging22 the non-constant factor over the depth i:

〈e−(τd/6N)i〉M =
1

N

∫ N

0

e−(τd/6N)idi =
6

τd
(1− e−τd/6) (A2)

Inserting the previous expression in eq. A1,

〈Ti〉M = T̄d

[
N

(1− e−τd/N )

(1− e−τd)

]1/6
6

τd
(1− e−τd/6), (A3)

further imposing that all slices are optically thin so that the MPT can be safely applied, ∆τ � 1 or, equivalently,

N � 1, we find

lim
N→∞

〈Ti〉M = T̄d
6

τ
5/6
d

(1− e−τd/6)

(1− e−τd)1/6
≡ T̄dfM (τd). (A4)

Note that if the layer is optically thin τd → 0, the above formula correctly returns 〈Ti〉M = T̄d. Eq. A4 is shown in

Fig. 7. We see that the MPT always overestimates the actual dust temperature, and it is correct only if the layer

is optically thin. We note that the actual dust temperature 〈Ti〉 can be substantially lower than T̄d: for example, if

τd = 8 (20), 〈Ti〉M = 0.78 (0.48)T̄d.

More often one wants to use the luminosity-weighted temperature, i.e. the temperature of a single-temperature

grey-body producing an IR luminosity equal to the absorbed UV luminosity input in the system. This is formally

defined as

〈Ti〉L =

∫ N
0
TiFidi∫ N

0
Fidi

. (A5)

Recalling that Fi ∝ ΘMd,iT
6
i , and taking again the limit N →∞, we find

〈Ti〉L = T̄d
6

7
τ

1/6
d

(1− e−7τd/6)

(1− e−τd)7/6
≡ T̄dfL(τd). (A6)

As for the mass-weighted temperature, 〈Ti〉L = T̄d for optically thin cells. However, the L-weighted temperature

increases as the cell becomes optically thick. For example, if τd = 8 (20), 〈Ti〉L = 1.2 (1.4) T̄d. Hence, 〈Ti〉L is

always larger than T̄d, the cell temperature one would derive by neglecting RT effects. Also, for optically thin cells

T̄d = 〈Ti〉M = 〈Ti〉L; however as τd increases the mass- and luminosity-weighted temperatures diverge. The ratio

between the two temperatures is given by fL/fM :

R =
〈Ti〉L
〈Ti〉M

=
fL
fM

=
τd
7

1

(1− e−τd)

(1− e−7τd/6)

(1− e−τd)
; (A7)

22 As the slices contain the same mass, this averaging is equivalent
to a mass averaging



22 Ferrara et al.

Figure 7. Dependence of the luminosity- and mass-weighted temperatures (for βd = 2), along with their ratio, as a function of
the total dust optical depth of the layer τd in units of the mean physical temperature, T̄d, defined in eq. 15.

For very optically thick cells, the ratio increases linearly, R ' τd/7. It is useful to note that the SED produced by

a multi-temperature layer deviates from a single-T graybody: the larger τd, the larger is the deviation. Such SED

can be approximated by a single-T graybody with temperature T = 〈Ti〉L provided that the dust mass is effectively

decreased by the ratio Md(T̄ /〈Ti〉L)6 = Mdf
−6
L so to produce the same total IR luminosity.
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