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A B S T R A C T 

We present measurements of the dust attenuation curves of 12 massive (9 < log ( M � / M �) < 10) Lyman-break galaxies at 
z = 6 . 5 −7 . 7 derived from JWST NIRSpec integral field unit spectroscopy. The galaxies are drawn from the Atacama Large 
Millimeter/submillimeter Array Reionization Era Bright Emission Line Surv e y (REBELS) large program. The dust attenuation 

curves were obtained by fitting spectral energy distribution (SED) models with a flexible dust attenuation curve to the full galaxy 

spectra o v er observ ed wav elengths 0 . 6 −5 . 3 μm. These attenuation curv es show a range of reco v ered slopes ( −0 . 41 ≤ δ ≤ 0 . 09) 
that are on average slightly flatter than seen in local sources of the same stellar masses, with none e xhibiting v ery steep slopes. 
Three galaxies exhibit evidence for a 2175 Å dust bump ( >4 σ ) and we find that SED fitting excluding the bump can o v erestimate 
derived stellar masses by up to 0.4 dex. Correcting for the dust attenuation with our best-fitting attenuation curves, we recover 
a range of intrinsic ultraviolet slopes ( −2 . 4 < β0 < − 2 . 0). The galaxies show moderate reddening ( A V , stellar = 0 . 1 −0 . 6 mag) 
and the A V , stellar to stellar mass relation is consistent with local sources. The attenuation curve slope is found to correlate 
with A V , stellar , while we see no strong correlation with stellar mass, M UV 

, or gas-phase metallicity. Overall, our results show 

little evolution in dust properties in the REBELS sources compared to the local Universe. Comparing our recovered trends to 

empirical models suggests that the most important factor driving the variation in the attenuation curves in our sample is the 
dust-star geometry, not the properties of the dust grains themselves. 

Key words: dust, extinction – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

n the last decade, the importance of dust in high-redshift galaxies 
 z � 4) has been revealed through the direct detection of the
edshifted greybody emission from the dust grains themselves (e.g. 

atson et al. 2015 ; Marrone et al. 2018 ; Hashimoto et al. 2019 ;
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amura et al. 2019 ; Harikane et al. 2020 ; Bakx et al. 2021 ; Akins et al.
022 ; Witstok et al. 2022 ; Algera et al. 2024a , b ; Mitsuhashi et al.
024 ). Atacama Large Millimeter/submillimeter Array (ALMA) 
rograms such as the ALMA Large Program to INvestigate [C II ]
t Early times (ALPINE) targeting the dust content of normal star-
orming galaxies at 4 < z < 6 (e.g. B ́ethermin et al. 2020 ; Faisst et al.
020 ; Fudamoto et al. 2020 ; Le F ̀evre et al. 2020 ) and the ALMA
eionization Era Bright Emission Line Surv e y (REBELS) large 
rogram at z = 6 . 5 −8 that targeted ultraviolet (UV)-bright galaxies
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 M UV < −21; Bouwens et al. 2022 ) have revealed that nearly half
f the star formation in massive ( log ( M � /M �) > 9) galaxies at these
edshifts is dust-obscured (e.g. Bowler et al. 2018 , 2024 ; Fudamoto
t al. 2021 ; Inami et al. 2022 ; Barrufet et al. 2023 ; Schouws et al.
023 ; Algera et al. 2024a ). Ho we ver, whether the dust properties at
igh redshift differ significantly from those in the local Universe is
till unknown. 

Until recently, observations of z � 7 galaxies have almost ex-
lusively used photometry that probes their rest-frame UV spectral
nergy distributions (SEDs). The colours of galaxies can be used to
nfer the presence of dust since dust grains absorb and scatter the
V and optical light produced by young stars causing reddening

nd attenuation (e.g. Meurer, Heckman & Calzetti 1999 ; Draine
003 ). The rest-frame UV continuum is commonly parametrized
sing a power-la w relation, f λ ∝ λβ (e.g. Calzetti, Kinne y & Storchi-
ergmann 1994 ; Meurer et al. 1999 ). A redder rest-frame UV slope
an thus imply a larger dust content. Ho we ver, β is also affected by
he age, metallicity, and star formation history (SFH) of the stellar
opulation (e.g. Bouwens et al. 2009 ; Castellano et al. 2014 ) as
ell as the nebular continuum (e.g. Cullen et al. 2017 ; Reddy et al.
018 ). Due to young stellar ages at early times, dust is suggested
o be the dominant factor affecting the measured β-slope (Wilkins
t al. 2011 ; Tacchella et al. 2022 ). Many studies have shown that
he average β value of galaxies decreases with increasing redshift,
mplying lower dust extinction (e.g. Bouwens et al. 2012 ; Dunlop
t al. 2013 ; Topping et al. 2022b , 2024 ; Austin et al. 2024 ; Cullen
t al. 2024 ), although some studies see no trend with redshift (e.g.
orales et al. 2024 ). Recent work by Roberts-Borsani et al. ( 2024 )

sing NIRSpec spectra supports the trend of bluer slopes at higher
edshifts. The most massive galaxies at each redshift in these samples
ere found to have redder slopes suggesting that these objects have
 higher dust content. This is quantified by the colour–magnitude
elation, β−M UV , with redder UV slopes being found in the higher
uminosity, more massive star-forming galaxies, suggesting that they
ave higher dust attenuation and/or metallicities (Reddy et al. 2010 ;
ouwens et al. 2014 ; Yamanaka & Yamada 2019 ; Bowler et al. 2024 ;
itsuhashi et al. 2024 ). 
At lower redshifts, the dust attenuation curve describing the

avelength-dependent effect of dust absorption and scattering of
tellar photons has been inferred. The shape of this curve depends on
he chemical composition of the dust, the distribution of dust grain
izes, and the dust-star spatial geometry (see Salim & Narayanan
020 for a re vie w). The attenuation curve can be obtained using
pectroscopic observations of the Balmer emission lines and compar-
ng the average SEDs of galaxies with different Balmer decrements
e.g. Calzetti et al. 1994 ; Reddy et al. 2015 ; Battisti, Calzetti &
hary 2016 , 2017 ; Shi v aei et al. 2020a ; Battisti et al. 2022 ; Cooper
t al. 2024 ). Alternativ ely, the attenuation curv e can be obtained by
omparing the SED fitted to observations to an assumed intrinsic
pectrum (Cullen et al. 2018 ) or SED fitting with a flexible dust
ttenuation curve (e.g. Salim, Boquien & Lee 2018 ; Boquien et al.
022 ; Markov et al. 2023 , 2024 ). 
Studies such as Battisti et al. ( 2022 ) suggest that the attenuation

urv e evolv es continuously with redshift, since the y find that the
verage dust attenuation curve slope and normalization at z � 1 . 3 is
etween the Calzetti et al. ( 2000 ) curve from local starburst galaxies
nd the steeper curve of Reddy et al. ( 2015 ) at z � 2. Ho we ver, the
ttenuation curve slope has also been found to depend on properties
ther than redshift, complicating the interpretation. For example,
hi v aei et al. ( 2020a ) find that the slope of the dust attenuation
urve at z � 2 may be metallicity dependent, with lower metallicity
alaxies exhibiting steeper slopes more similar to that of the Small
NRAS 539, 109–126 (2025) 
agellanic Cloud (SMC) extinction curve. In contrast, at z < 0 . 3,
alim et al. ( 2018 ) find that the attenuation curves for individual
alaxies have a wide variety of slopes with some dependence on
tellar mass but no clear trend with metallicity . Additionally , more
assive galaxies with older stellar populations, higher metallicities,

igher star formation rates (SFRs), and higher dust attenuation
agnitudes have been seen to sho w shallo wer, more Calzetti-like,

ust attenuation curves (Cullen et al. 2018 ; McLure et al. 2018 ),
hile lower mass galaxies may have steeper, more SMC-like curves

Reddy et al. 2010 , 2018 ; Bouwens et al. 2016 ; Shi v aei et al. 2020a ,
 ). 
At z � 5, Boquien et al. ( 2022 ) also find a range of attenuation

urve slopes ( −1 . 84 ≤ δ ≤ 0 . 23) in a subset of the ALPINE galaxies,
emonstrating that a single attenuation curve is not appropriate
or these main-sequence galaxies. The shape of the attenuation
urve may also deviate significantly from what is seen locally, as
nferred from NIRSpec observations of H I recombination lines for a
alaxy at z = 4 . 41 by Sanders et al. ( 2024a ). These findings suggest
hat dust grain properties and/or dust-star geometry could differ at
igh redshift compared to local star-forming galaxies and can also
ignificantly vary between galaxies. This has implications for derived
roperties; for example, Reddy et al. ( 2015 ) find that the assumption
f the wrong attenuation curve can cause SFR and mass differences
f up to 20 per cent and 0.16 dex, respectively. 
With the JWST , we now have the spectroscopic sensitivity and

av elength co v erage to measure both the shape and magnitude of
ust attenuation for the first time at very high redshifts. For example,
ecent work by Markov et al. ( 2024 ) measuring attenuation curves
t z = 2 −12 with NIRSpec found that attenuation curve shapes
ay significantly deviate from those in the local universe, causing

eviations in SFR and mass estimates of up to 0.4 dex compared
o the typically assumed Calzetti et al. ( 2000 ) curve. This study
lso finds tentative evidence that the slopes flatten with increasing
edshift and attributes this to larger dust grains at earlier epochs since
here has been insufficient time for reprocessing in the interstellar

edium (ISM) to produce smaller grains. Detailed measurements of
ndividual galaxies have revealed evidence for the 2175 Å dust bump
n the epoch of reionization (Markov et al. 2023 , 2024 ; Witstok
t al. 2023b ). This bump feature is believed to be associated with
mall carbonaceous grains (polycyclic aromatic hydrocarbons; e.g.
raine 2003 ; Decleir et al. 2019 ; Massa, Gordon & Fitzpatrick
022 ; Shi v aei et al. 2022 ; Battisti et al. 2024 ; Gordon et al. 2024 ),
mplying that these grains are rapidly produced and survive in the
SM of high-redshift galaxies (see Schneider & Maiolino 2024 , for a
e vie w). 

In this work, we measure the dust attenuation curves directly from
 sample of massive Lyman-break galaxies at z � 7. This subset
f the REBELS galaxies is a unique data set for which we have
IRSpec spectra at rest-UV and rest-optical wavelengths with a

pectral resolution R � 100. This allows us to measure the gas-phase
etallicity from optical emission lines (Rowland et al. 2025 ) and

stimate more robust stellar masses (Stefanon et al., in preparation).
he galaxies at these redshifts in studies to date have lower stellar
asses (e.g. Markov et al. 2023 , 2024 ; Witstok et al. 2023b ), whereas

he REBELS sample probes the massive end with larger inferred
ust contents and, thus, dust attenuation is expected to have a more
ignificant effect on observed properties. The REBELS sample also
niquely benefits from far-infrared (FIR) spectral co v erage from
LMA observations that can be combined with the analysis of the

WST observations presented here. Constraints on dust production
odels can also now be made using the dust-to-gas, dust-to-metal,

nd dust-to-stellar ratios for these galaxies (Algera et al. 2025 ). 
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Table 1. The 12 REBELS galaxies targeted with the NIRSpec IFU observations used in this study. Column (1): Galaxy identifier. Column (2): Spectroscopic 
redshift from the [C II] detection from ALMA (Bouwens et al. 2022 ). Column (3): Rest-frame UV-continuum slope, β. Column (4): Absolute rest-frame UV 

magnitude at 1500 Å, M UV . Column (5): Gas-phase metallicities, Z gas , derived from optical emission lines (Rowland et al. 2025 ). The best-fitting parameters 
from the BAGPIPES SED fits with a flexible dust attenuation curve are then shown. Column (6): V -band continuum attenuation, A V , stellar . Column (7): Slope of 
the dust attenuation curve expressed as the deviation, δ, of the power-law exponent from the Calzetti-like curve. Column (8): The 2175 Å dust bump strength, 
B. Column (9): Stellar mass, M � . Note that these differ from those presented in Stefanon et al. (in preparation) who assume a fixed Calzetti dust attenuation 
curve, but are consistent within the errors. Column (10): The intrinsic UV slope, β0 , of the SED model (see Section 5.5 ). 

ID z β M UV Z gas A V , stellar δ B log 10 ( M � /M �) β0 

/mag /Z � /mag 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

REBELS-05 6.496 −1 . 42 ± 0 . 06 −21 . 49 ± 0 . 07 0 . 66 ± 0 . 25 0 . 37 + 0 . 10 
−0 . 09 −0 . 18 + 0 . 06 

−0 . 07 0 . 18 + 0 . 17 
−0 . 13 9 . 60 + 0 . 10 

−0 . 10 −2 . 13 ± 0 . 05 

REBELS-08 6.749 −1 . 92 ± 0 . 05 −21 . 88 ± 0 . 03 0 . 34 ± 0 . 16 0 . 28 + 0 . 08 
−0 . 06 −0 . 10 + 0 . 07 

−0 . 08 3 . 04 + 0 . 47 
−0 . 44 9 . 31 + 0 . 10 

−0 . 10 −2 . 27 ± 0 . 05 

REBELS-12 7.346 −1 . 67 ± 0 . 03 −22 . 39 ± 0 . 03 0 . 35 ± 0 . 11 0 . 18 + 0 . 08 
−0 . 09 −0 . 31 + 0 . 20 

−0 . 31 0 . 15 + 0 . 21 
−0 . 10 9 . 80 + 0 . 09 

−0 . 09 −2 . 28 ± 0 . 04 

REBELS-14 7.084 −1 . 74 ± 0 . 03 −22 . 30 ± 0 . 04 0 . 16 ± 0 . 05 0 . 17 + 0 . 08 
−0 . 06 −0 . 39 + 0 . 14 

−0 . 23 0 . 23 + 0 . 29 
−0 . 14 9 . 54 + 0 . 12 

−0 . 14 −2 . 33 ± 0 . 05 

REBELS-15 6.875 −2 . 01 ± 0 . 03 −22 . 40 ± 0 . 03 0 . 12 ± 0 . 09 0 . 34 + 0 . 08 
−0 . 06 −0 . 03 + 0 . 04 

−0 . 04 0 . 98 + 0 . 15 
−0 . 13 9 . 40 + 0 . 03 

−0 . 03 −2 . 30 ± 0 . 03 

REBELS-18 7.675 −1 . 56 ± 0 . 03 −22 . 11 ± 0 . 02 0 . 64 ± 0 . 19 0 . 26 + 0 . 04 
−0 . 05 −0 . 41 + 0 . 09 

−0 . 10 0 . 57 + 0 . 18 
−0 . 16 9 . 98 + 0 . 04 

−0 . 04 −2 . 24 ± 0 . 03 

REBELS-25 7.307 −1 . 61 ± 0 . 09 −21 . 46 ± 0 . 05 0 . 85 ± 0 . 33 0 . 25 + 0 . 08 
−0 . 06 −0 . 35 + 0 . 13 

−0 . 15 2 . 72 + 0 . 61 
−0 . 64 9 . 07 + 0 . 10 

−0 . 08 −2 . 05 ± 0 . 12 

REBELS-29 6.685 −1 . 89 ± 0 . 05 −22 . 00 ± 0 . 04 1 . 11 ± 0 . 40 0 . 33 + 0 . 09 
−0 . 08 −0 . 09 + 0 . 08 

−0 . 07 0 . 72 + 0 . 31 
−0 . 27 9 . 94 + 0 . 06 

−0 . 08 −2 . 25 ± 0 . 06 

REBELS-32 6.729 −1 . 34 ± 0 . 07 −21 . 16 ± 0 . 08 0 . 61 ± 0 . 19 0 . 45 + 0 . 13 
−0 . 12 −0 . 09 + 0 . 07 

−0 . 07 0 . 55 + 0 . 28 
−0 . 28 9 . 75 + 0 . 11 

−0 . 13 −2 . 19 ± 0 . 07 

REBELS-34 6.634 −2 . 23 ± 0 . 03 −22 . 25 ± 0 . 02 0 . 44 ± 0 . 32 0 . 10 + 0 . 05 
−0 . 04 −0 . 14 + 0 . 14 

−0 . 17 1 . 02 + 0 . 54 
−0 . 53 9 . 59 + 0 . 09 

−0 . 08 −2 . 26 ± 0 . 04 

REBELS-38 6.577 −1 . 63 ± 0 . 06 −21 . 99 ± 0 . 05 0 . 39 ± 0 . 17 0 . 58 + 0 . 12 
−0 . 14 0 . 09 + 0 . 05 

−0 . 06 0 . 12 + 0 . 12 
−0 . 08 9 . 93 + 0 . 08 

−0 . 09 −2 . 26 ± 0 . 06 

REBELS-39 6.845 −2 . 07 ± 0 . 04 −22 . 39 ± 0 . 04 0 . 21 ± 0 . 16 0 . 17 + 0 . 06 
−0 . 04 −0 . 23 + 0 . 08 

−0 . 10 0 . 95 + 0 . 40 
−0 . 37 9 . 57 + 0 . 11 

−0 . 10 −2 . 29 ± 0 . 04 
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The structure of this paper is as follows. In Section 2 , we introduce
he REBELS integral field unit (REBELS-IFU) sample and data set. 
n Section 3 , we describe the SED fitting set-up with a flexible
ust attenuation curve and how physical properties were extracted 
rom the galaxy spectra. In Section 4 , we present the results from
hese fits including the dust attenuation curves for each galaxy. We 
iscuss the implications of our results on the dust properties of these
ources in Section 5 . The key findings are summarized in Section 6 .
e assume the standard Lambda cold dark matter cosmology with 
 0 = 70 km s −1 Mpc −1 , �m 

= 0 . 3, and �� 

= 0 . 7 throughout this
ork (Planck Collaboration VI 2020 ). 

 DATA  A N D  SAMPLE  

he galaxies studied in this work are a subset of the 40 massive
 log 10 ( M ∗/ M �) = 8 . 8 −10 . 4; Topping et al. 2022a ) 1 Lyman-break
alaxies at z = 6 . 5 −9 . 5 targeted by the REBELS ALMA large pro-
ram. This surv e y aimed to detect dust continuum and [C II] 158 μm
mission in bright, star-forming galaxies identified from wide-field 
round-based imaging and Hubble Space Telescope ( HST ) archi v al
elds. A detailed summary of the selection and results from the 
rst year of observations of the REBELS galaxies can be found in
ouwens et al. ( 2022 ). 
JWST NIRSpec observations were obtained (PID 1626; P.I. Ste- 

anon and PID 2659; P.I. Weaver, JWST Cycle 1) for the 12 galaxies
isted in Table 1 . These galaxies were selected based on having
he brightest [C II] 158 μm emission in the REBELS program and
FRs inferred from [C II] of 50 −400 M � yr −1 (De Looze et al.
014 ). These SFRs are significantly higher than typical galaxies 
t these redshifts (although we note that the SFRs inferred from
V + infrared estimates tend to be slightly lo wer; e.g. Bo wler et al.
 Note that for the galaxies studied in this work the stellar masses are re- 
erived from the SED fits to the JWST NIRSpec spectra. 

u  

c
a
S  
024 ). They are a representative sample of the ranges of physical
roperties, such as stellar mass, rest-UV slope, and [O III] + H β

qui v alent width, seen in the full REBELS sample (see Stefanon
t al., in preparation). 

The IFU observations consist of a spectrum between wavelengths 
f 0 . 6 and 5 . 3 μm for each pixel in the 3 . 1 arcsec × 3 . 2 arcsec field
f view. We used the prism mode with a resolution of R � 100 to
fficiently measure both the rest-UV/optical continuum shapes and 
right line emission. An exposure time of approximately 30 min per
ource was chosen to provide high S/N spatially resolved information 
n the rest-frame optical (S/N ∼ 8 −10) and for key optical emission
ines (S/N > 10). To obtain a total galaxy spectrum, a source aperture
or each galaxy was created by combining the 5 σ isophotal contours
n wavelength ranges corresponding to H α, H β, UV continuum,
ptical continuum, [O II] λλ3727 , 3729, and [O III] λλ4959 , 5007
mission. This approach accounts for an y wav elength dependence in
he morphology. There was good consistency between the spectrum 

xtracted from these pixels and previous photometry (Bouwens 
t al. 2022 ). We find that the default error extension on the cube
nderestimates the error by a factor of �2 and, thus, we use the root
ean square of the extracted spectra instead. The full details of the

ube data reduction will be presented in a future paper (Stefanon
t al., in preparation). 

 M E T H O D S  

e infer the best-fitting dust attenuation curves through SED fitting 
o the full NIRSpec PRISM spectra.The fits were performed using 
AGPIPES (Carnall et al. 2018 , 2019 ). An example fit is shown in
ig. 1 and the best-fitting parameters for each galaxy are shown in
able 1 . A summary of the SED fitting parameters and the priors we
sed can be found in T able 2 . W e do not include the ALMA dust
ontinuum measurements in these SED fits since this is non-trivial 
nd would introduce degeneracies associated with the assumed FIR 

ED shape and dust geometry. Also, the dust continuum of 2 of
MNRAS 539, 109–126 (2025) 
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M

Figure 1. An example of the full NIRSpec PRISM spectrum for one of 
the REBELS-IFU galaxies with the 1 σ error shown by the grey-shaded 
region. The best-fitting SED model using a flexible dust attenuation curve 
is shown in blue. The spectrum is masked below a rest-frame wavelength 
of 1400 Å (grey hatched region) to exclude effects caused by potential Ly α
damping and instrumental effects at low wavelengths. The bottom panel 
shows the fit residuals. REBELS-15 shows evidence for a 2175 Å dust bump 
at ∼1 . 7 μm. 

Table 2. The BAGPIPES SED fitting parameters and their priors used in this 
work. These are the redshift ( z), stellar mass ( M � ), stellar metallicity ( Z stellar ), 
ionization parameter ( U ), V -band continuum attenuation ( A V , stellar ), multi- 
plicative factor on A V , stellar for the emission lines ( η), the dust attenuation 
curve slope ( δ), and the 2175 Å bump strength ( B). 

Parameter Limits Prior 

z – Fixed 
log 10 ( M � /M �) (7, 12) Uniform 

Z stellar /Z � (1e −06, 10) Logarithmic 
log U ( −3, 0) Uniform 

A V , stellar /mag (0, 5) Uniform 

η (1, 3) Uniform 

δ ( −2, 0.75) Uniform 

B (0, 4) Uniform 
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ur sources is undetected and 8 out of the 10 detections are low S/N
 ∼3 . 5 −5 . 3 σ ; Inami et al. 2022 ). We used a non-parametric (NP) SFH
odel with a continuity prior. The SFH consists of six bins. The two
ost recent are set to 3 and 7 Myr. The remaining four are evenly

istributed in log space up to z = 20. NP models are more flexible and
ave been found to better reproduce the shape of more complex SFHs
ith fewer biases and smaller systematic uncertainties on the derived
arameters than parametric models (Leja et al. 2019 ; Lower et al.
020 ; Topping et al. 2022a ; Markov et al. 2023 ; Whitler et al. 2023 ).
ur key results are unchanged if we assume a parametric SFH (see
ppendix A ). We use the Bruzual & Charlot ( 2003 ) stellar population
odel, which uses a Kroupa ( 2001 ) initial mass function (IMF). The

rids we use for the nebular line and continuum emission, generated
sing CLOUDY (Ferland et al. 2017 ), allow the log U parameter to vary
n the range ( −3 , 0). To check whether the derived dust attenuation
urves are not affected by systematics originating from our choice
f stellar model, we also ran using BPASS stellar population models
Stanway & Eldridge 2018 ) and found that the dust attenuation
urves are consistent within the errors, with no clear biases (see
ppendix A ). 
From independent emission line fitting (Rowland et al. 2025 ),

e find that the line dispersion of the NIRSpec spectra is lower
NRAS 539, 109–126 (2025) 
han the pre-flight expectation by a factor of ∼1 . 2 (see Stefanon
t al., in preparation). Therefore, we use an updated line-spread
unction in the fitting to account for the variable spectral resolution
f the NIRSpec PRISM. The redshifts were fixed to the [C II]
pectroscopic values. Small redshift offsets ( �z ≤ 0 . 01) from the
C II] spectroscopic redshifts found during the emission line fits
re accounted for by shifting the observed wavelength array of the
pectra. Although direct measurements of the gas-phase metallicities
sing the R23/R3/O32 emission line ratios and the strong-line
alibrations of Sanders et al. ( 2024b ) have been made (see Rowland
t al. 2025 , for full details), we choose to leave the stellar metallicity
s a free parameter with a logarithmic prior in the SED fits since the
tellar metallicity is not necessarily equal to the gas-phase metallicity.
his also minimizes potential systematic effects in the SED fitting
rising from the limited number of templates. Additionally, we mask
he spectrum at wavelengths below 1400 Å to exclude the Ly α
amping region (Heintz et al. 2025 ) and instrumental effects at short
avelengths. 
In our fits, we use the flexible dust attenuation curve model in

AGPIPES that follows the parametrization of Salim et al. ( 2018 ).
his model allows flexibility in the slope of the dust attenua-

ion curve, but can also recover the commonly used curves (e.g.
alzetti-like and SMC). The shape of the dust attenuation curve is
arametrized by 

A λ

A V , stellar 
= 

k( λ, Calzetti) 

R V , Calzetti 

(
λ

5500 Å

)δ

+ 

D λ( B) 

R V 

, (1) 

here k( λ, Calzetti ) is the Calzetti et al. ( 2000 ) dust attenuation
urve, R V , Calzetti = 4 . 05, δ is the deviation from the Calzetti-like
ttenuation curve (i.e. for a Calzetti-like curve δ = 0 and for the
MC e xtinction curv e δ � −0 . 45), A λ is the attenuation magnitude
t the wavelength λ, and A V , stellar is the V -band (5500 Å) continuum
ttenuation magnitude (Salim et al. 2018 ). The second term describes
he dust bump centred at λ0 = 2175 Å that is modelled by a Drude
rofile 

 λ( B ) = 

B λ2 w 

2 

( λ2 − λ2 
0 ) 2 + λ2 w 

2 
, (2) 

ith amplitude B in units of A bump /E( B − V ) and width w = 350
. This commonly adopted width value is an intermediate value
etween that found for the Milky Way, Large Magellanic Cloud,
nd z � 2 star-forming galaxies (e.g. Gordon et al. 2003 ; Fitz-
atrick & Massa 2007 ; Noll et al. 2009 ) and thus we caveat that
his value is not well constrained. The uncertainties on the dust
ttenuation curves were calculated from the errors on δ and B 

rovided by BAGPIPES . The total-to-selective extinction ratio, R V , is
iven by 

 V = 

A V , stellar 

E( B − V ) stellar 
= 

A V , stellar 

A B, stellar − A V , stellar 
, (3) 

here A B is the B-band (4400 Å) attenuation. Using this, we can
btain the total attenuation curve as 

( λ) = 

A λR V 

A V , stellar 
. (4) 

he multiplicative factor on A V , stellar for stars in birth clouds, η,
as also allowed to vary since measurements of nebular attenuation

rom the Balmer emission lines imply that this may differ from the
ontinuum attenuation (Fisher et al., in preparation). In practice, this
eans that the dust attenuation applied to the emission lines in the
ED fit equals η multiplied by the continuum attenuation, A V , stellar .
llowing this parameter to vary does not significantly change the
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erived shape of the dust attenuation curves; ho we ver, it does result
n lower continuum A V , stellar values than fits with η = 1. We caveat
hat our SED fitting therefore assumes that the attenuation curve 
ffecting the nebular emission is the same as that affecting the stellar
ontinuum, scaled by the multiplicative factor η. There is some 
 vidence at lo wer redshift that the nebular dust attenuation curve is
teeper than the one attenuating the stellar continuum (e.g. Calzetti 
997 ; Reddy et al. 2020 ; Rezaee et al. 2021 ). Ho we ver, it is unkno wn
hether this also applies at higher redshifts, with work by Sanders 

t al. ( 2024a ) finding a nebular attenuation curve that significantly
eviates from commonly assumed attenuation curves in a galaxy at 
 = 4 . 41. Ho we ver, we are unable to place strong constraints on the
ebular attenuation curve due to the low S/N and blending of the
igher order Balmer lines in our spectra. To test the validity of our
pproach, we ran the SED fitting on simulated galaxy spectra and 
ound that the dust attenuation curve is accurately reco v ered, with
maller errors on the dust attenuation curve slope for galaxies with 
igher A V , stellar values, as we would expect. This is shown in Fig. A1
nd discussed in Appendix A . 

The rest-frame UV slope, β, was obtained directly from the 
bserved spectra by fitting a power law between the rest-frame 
avelengths λrest = 1268 −2580 Å using a least-squares fitting 
ethod. The values are consistent within the errors with those 

btained if we fit using only the Calzetti windows (Calzetti et al.
994 ), implying that the rest-UV region is not affected by strong
mission or absorption lines in these sources. The monochro- 
atic rest-frame UV magnitude, M UV , was calculated from the 

pectrum flux, F λ, in a top hat filter of width 100 Å centred at
rest = 1500 Å. 

 RESULTS  

.1 Dust attenuation cur v es 

he best-fitting dust attenuation curve for each galaxy is shown in red
n Fig. 2 . The curves exhibit a variety of slopes and, given the size
f the shaded error regions, there are distinguishable differences 
etween them and standard assumed curves such as the SMC 

xtinction relation. The δ values shown in Table 1 are used to quantify
he slopes of the curves with respect to the Calzetti-like curve ( δ = 0).
EBELS-38 has a positive δ value and is the only curve shallower 

han the Calzetti-like curv e. F our attenuation curv es (REBELS-
5, REBELS-29, REBELS-32, and REBELS-34) are consistent 
ithin the errors with the Calzetti-like relation. Steeper curves lying 
etween the Calzetti-like and SMC relations are seen in three sources
REBELS-05, REBELS-08, and REBELS-39). REBELS-12 has a 
teeper curve but the error is such that it could be consistent with
ither the Calzetti-like or SMC relation. The remaining three galaxies 
REBELS-14, REBELS-18, and REBELS-25) have the steepest 
urves, consistent within the errors with the SMC relation with 
� −0 . 45. The mean slope of the sample is δ = −0 . 19 ± 0 . 15,
hich is consistent with the majority of the curves lying closer to

he Calzetti-like curve than the SMC, as expected for more massive, 
igher metallicity galaxies (e.g. Cullen et al. 2018 ; McLure et al.
018 ; Shi v aei et al. 2020a ). Indeed, most are inconsistent with being
s steep as the SMC curve. The three attenuation curves with the
argest errors on δ are REBELS-12, REBELS-14, and REBELS-25, 
hich all reside at z > 7. This means that more of the rest-optical

egion of the spectrum is redshifted beyond the wavelength coverage 
f NIRSpec. The error on REBELS-34 is also larger than the other
alaxies since it has the lo west A V , stellar v alue, meaning that dust
as less of an impact on the spectrum (see Appendix A ). This is
nsurprising given the non-detection of the FIR dust continuum with 
LMA for REBELS-34 (Inami et al. 2022 ). 
Three galaxies (REBELS-08, REBELS-15, and REBELS-25) 

a ve b ump strengths greater than zero at more than 4 σ significance
7 . 0 σ , 7 . 5 σ , and 4 . 3 σ , respectively). The dust attenuation curve
f REBELS-08 shows evidence for a strong 2175 Å bump, with 
 reco v ered bump strength of B = 3 . 04 + 0 . 47 

−0 . 44 . For comparison,
he bump strength in the Milky Way extinction curve has a mean
alue of B = 3 (Salim et al. 2018 ). REBELS-25 also has a high
eco v ered bump strength of 2 . 72 + 0 . 61 

−0 . 64 , although this attenuation curve
s less well constrained, likely due to its higher redshift reducing
he wavelength coverage of the rest-optical spectrum and the lower 
/N of the spectrum. If we fix the bump strength to B = 0 in the
ts for REBELS-08 and REBELS-25, we reco v er dust curv es with
hallower slopes. We compare the Bayesian information criterion 
BIC = −2 ln ( L ) + n free ln ( N ), where ln ( L ) is the maximum log-
ikelihood, n free is the number of free model parameters, and N is
he number of data points; e.g. Schwarz 1978 ; Liddle 2007 ) values
o help assess which model is preferred. REBELS-08 and REBELS-
5 are the only two galaxies for which the fits with a bump term
 n free = 12) exhibit significantly lower BIC values ( � BIC = 65 and
5, respectively), indicating that the model is preferred over the fits
ith no bump term ( n free = 11). A more detailed analysis of dust
umps from the REBELS-IFU data will be presented in Ormerod 
t al. (in preparation). 

To allow for more variety in dust attenuation curve shape, we
lso fit using the Li et al. ( 2008 ) parametrization that has four
ree parameters determining the shape of the dust attenuation curve 
 n free = 14). We find that the shapes agree well with the Salim model
ts. The BIC values were similar in all cases with a slight preference
or the Salim et al. ( 2018 ) model ( � BIC = 0 −16). Thus, there is
o statistical evidence that the more complex model better describes 
he shapes of the attenuation curves, which might have implied that
he shapes significantly deviate from local relations, and so we only
resent our results using the Salim et al. ( 2018 ) model. We caveat
hat the reduced wavelength coverage in the far-UV (FUV) of our
pectra compared to those used in Markov et al. ( 2023 , 2024 ) could
e partially responsible for this. In Appendix A , we also compare
o using the Charlot & Fall ( 2000 ) dust attenuation curve model
 n free = 11 since this model does not include a dust bump term).
or the four galaxies with the highest significance bump detections 
hen fitting with the Salim et al. ( 2018 ) parametrization, the BIC
alues indicate a preference for the Salim et al. ( 2018 ) fits ( � BIC
 12). For the remaining galaxies, � BIC < 8. Given the need for the

ust attenuation curve model to include a dust bump, we opt to use
he Salim et al. ( 2018 ) parametrization. We note that the Charlot &
all ( 2000 ) parametrization tends to fit shallower slopes and higher
 V , stellar values. Despite this, our o v erall conclusions and trends

eco v ered in Figs 3 and 4 are qualitatively similar if we use these
ifferent parametrizations or run the SED fitting with the emission 
ines in the spectra masked. 

.2 Dust attenuation cur v e slope dependence on physical 
roperties 

n addition to the bump feature, the dependence of the slope of the
ust attenuation curve on other galaxy properties can reveal infor- 
ation about the composition and distribution of dust in galaxies. 

n Fig. 3 , we plot the slope of the attenuation curve, δ, against
ther galaxy properties. We see a strong correlation between the 
MNRAS 539, 109–126 (2025) 
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Figure 2. The best-fitting dust attenuation curves for 12 massive galaxies at z � 7 from the REBELS-IFU program. These curves were obtained from SED fits 
to the global NIRSpec spectra extracted from the IFU. We use BAGPIPES to fit the SED models with an NP SFH and a Salim et al. ( 2018 ) flexible dust attenuation 
curve parametrization. The observed spectrum was masked below a rest wavelength of 1400 Å, as shown by the grey-shaded band. The red-shaded region shows 
the 1 σ error on the attenuation curves. The two galaxies with no dust continuum detections (REBELS-15 and REBELS-34) are shown in a fainter shade of red. 
The Calzetti-like (SMC) curve is shown by the solid (dashed) black line. 
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ust attenuation curve slope, δ, and A V , stellar (Spearman correlation
oef ficient r = 0 . 66, p-v alue = 0 . 02). No strong dependence on
tellar mass, M UV , or gas-phase metallicity, Z, is seen ( | r| ≤ 0 . 15,
-values ≥ 0 . 65). We describe our results in comparison to previous
tudies in detail below. 
NRAS 539, 109–126 (2025) 
.2.1 Comparison to other studies 

n the top left plot of Fig. 3 , we plot δ against stellar mass and find
o significant correlation. This is consistent with the results for a
ubsample of the ALPINE galaxies at z = 4 . 4 −5 . 5 from Boquien
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Figure 3. The derived dust attenuation curve slopes of the 12 massive galaxies from the REBELS-IFU sample at z � 7 plotted against physical properties. The 
slope is expressed as the deviation, δ, of the power-law exponent from the Calzetti-like curve. The slope correlates with A V , stellar (top right), but we find no clear 
correlations with stellar mass ( M � ), M UV , or the gas-phase metallicities derived by Rowland et al. ( 2025 ). The Calzetti-like (SMC) values of δ = 0 ( δ = −0 . 45) 
lie at either edge of the shaded gre y-blue re gion. The av erage attenuation curv e slopes from Shi v aei et al. ( 2020a ) for low- and high-metallicity ( Z) galaxies at 
z = 1 . 4 −2 . 6 are shown by the grey-shaded region in the bottom right panel. The method used in each study to obtain the metallicity measurements is indicated 
in parentheses in the legend. The median trend for galaxies at z < 0 . 3 from Salim et al. ( 2018 ) is shown in brown and results for the z � 5 ALPINE galaxies from 

Boquien et al. ( 2022 ) by grey squares. The subsample of the galaxies studied in Markov et al. ( 2024 ) and Markov et al. (in preparation) lying in the same redshift 
range as the REBELS-IFU sample are shown by the blue points and the purple contours show the results for the 3D-HST galaxies at 0 . 5 < z < 3 . 0 from Nagaraj 
et al. ( 2022 ). The δ−A V , stellar relation from radiative transfer modelling by Che v allard et al. ( 2013 ) is shown by the purple line. Galaxies with significant ( �4 σ ) 
dust bumps have diamond markers and open markers are used for galaxies without an ALMA dust continuum detection. 
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t al. ( 2022 ) (which exhibit a greater scatter in δ values) and for the
ubsample of the galaxies from Markov et al. ( 2024 ) (and Markov
t al., in preparation) that reside at the same redshifts as the REBELS-
FU sample, z = 6 . 5 −7 . 7. We also compare to the results of Nagaraj
t al. ( 2022 ), who use a 5D linear interpolation model to control the
ust attenuation curves for the SED fits of the 3D-HST galaxies at
 . 5 < z < 3 . 0, which also show no trend with stellar mass. Nagaraj
t al. ( 2022 ) find that the dependence of the attenuation curve slope
n mass is complex. Local studies such as Battisti et al. ( 2017 ), which
ooked at 5500 z < 0 . 1 star-forming galaxies, also find no trend. This
s in contrast to the trend seen in local star-forming galaxies at z < 0 . 3
y Salim et al. ( 2018 ) who find flatter curves at higher masses.
esults from the VANDELS galaxies at redshift z = 3 −4 by Cullen
t al. ( 2018 ) have also presented tentati ve e vidence for steepening of
he attenuation curve at log 10 ( M � /M �) � 9 . 0. 

In the top right panel, we plot δ against A V , stellar and find that
he slopes of our galaxies get flatter with increasing A V , stellar . On
v erage, the REBELS-IFU attenuation curv e slopes are flatter than
een in local galaxies and the points are slightly offset from some
f the lower redshift trends shown, such as the median relation from
alim et al. ( 2018 ) and the results from Boquien et al. ( 2022 ). The
3 galaxies from Boquien et al. ( 2022 ) reach low A V , stellar values
ven though the selection required them to have an ALMA dust
ontinuum or [C II] 158 μm detection, which means that for a given
tellar mass, the sample is biased towards the more dust-rich galaxies
ithin the ALPINE sample. Similar trends to these are also seen for
MNRAS 539, 109–126 (2025) 
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M

Figure 4. V -band continuum attenuation, A V , stellar , versus stellar mass, 
M � , values for the REBELS-IFU sample are shown in red. Galaxies with 
significant ( �4 σ ) dust bumps have diamond markers and open markers are 
used for galaxies without an ALMA dust continuum detection. We see a weak 
positive correlation consistent with trends seen in local galaxies. For example, 
the median trend for galaxies at z < 0 . 3 is shown in brown (Salim et al. 2018 ) 
and the results for the 3D-HST galaxies at 0 . 5 < z < 3 . 0 are shown with purple 
contours (Nagaraj et al. 2022 ). The empirical relations for 2 < z < 3 galaxies 
derived by McLure et al. ( 2018 ) assuming a Calzetti (SMC) attenuation curve 
are shown by the solid (dashed) grey lines. Results for a subsample of the 
ALPINE galaxies at z = 4 . 4 −5 . 5 from Boquien et al. ( 2022 ) are shown by 
grey squares and the subsample of the galaxies studied in Markov et al. (in 
preparation) lying at the same redshift range as the REBELS-IFU sample are 
shown by blue circles. 
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he COSMOS galaxies at 0 . 1 < z � 3 by Battisti et al. ( 2020 ). We
lso compare to the results from the 3D-HST galaxies (Nagaraj et al.
022 ), which show a flatter trend between δ and A V , stellar that is
ore consistent with the position of the REBELS-IFU galaxies and

he z � 7 galaxies in the Markov et al. (in preparation) sample.
agaraj et al. ( 2022 ) attribute the flattening of the relation they see

ompared to other literature results to be due to the UV spectrum
eing dominated by stars that have older ages and redder colours
n average and/or that are surrounded by a reduced amount of birth
loud dust in their modelling. The Nagaraj et al. ( 2022 ) sample is
lso mass-complete and is therefore arguably the least biased of the
tudies shown. We also note that there are important differences in the
ED fitting between the studies we compare to. In particular, Salim
t al. ( 2016 ), Battisti et al. ( 2017 , 2020 ), and Boquien et al. ( 2022 ) use
onstraints from the FIR emission whereas, as in this work, Cullen
t al. ( 2018 ), Nagaraj et al. ( 2022 ), and Markov et al. ( 2024 ) do not
se any FIR constraints. It has been shown that including constraints
rom the dust emission can help to break the de generac y between age
nd dust (see Salim & Narayanan 2020 , and references therein). For
xample, Lower et al. ( 2022 ) find that including an FIR constraint
educes the scatter in the reco v ered attenuation curves, although the
edian reco v ered curv es are not significantly dif ferent. Ho we ver,
ower et al. ( 2022 ) assume the use of broad-band photometry in

he rest-UV/optical. These different methods could lead to different
iases in the reco v ered attenuation curv es; ho we ver, there are clear
dvantages to using our NIRSpec spectra to reco v er the attenuation
urve slopes and bump strengths compared to broad-band studies. 

The strong correlation between the slope of the dust attenuation
urve and A V , stellar seen in observations can be reproduced using
NRAS 539, 109–126 (2025) 
adiative transfer models. The trend is thought to be consistent with
arger ef fecti ve dust optical depths and radiative transfer effects
hat cause the dust attenuation curve to become shallower. The
elationship between dust attenuation optical depth and attenuation
urve slope has been derived by both analytical modelling (Bruzual,
agris & Calvet 1988 ) and numerically by radiative transfer codes

e.g. Witt, Thronson & Capuano 1992 ; Witt & Gordon 2000 ; Gordon
t al. 2001 ; Che v allard et al. 2013 ). F or e xample, the models of
eon & Draine ( 2016 ) and Inoue et al. ( 2006 ), which include a
lumpy ISM structure, predict that the steepest curves occur when
he column density of dust is lowest. Inoue ( 2005 ) also finds that the
mount of dust in young star-forming regions compared to the diffuse
SM (differential reddening) also plays a key role in determining the
lope of the attenuation curve. We find that A V , stellar and δ correlate
ith the 100 Myr SFR and it has been suggested that optical depth

ends to increase with SFR. This can be explained by the more
assive stars on average facing more dust attenuation at higher SFRs

ince the birth clouds have an increased dust enrichment compared
o the diffuse ISM (Nagaraj et al. 2022 ). Furthermore, more recent
ork has shown that variations in the observed attenuation curves are

een even in simulations of individual molecular clouds depending
n the line of sight or age (Di Mascia et al. 2024 ). 
The fact that our δ values and the z � 7 galaxies from Markov

t al. (in preparation) are consistently shifted towards shallower
lopes compared to the lower redshift trends is in line with the
edshift evolution of the dust attenuation curve slope found in Markov
t al. ( 2024 ). Ho we ver, our slopes are still generally steeper than the
v erage curv e at these redshifts from Marko v et al. ( 2024 ). We find
o evidence for very steep slopes ( δ < −0 . 5) as found in Boquien
t al. ( 2022 ), although these preferentially occur at A V , stellar � 0 . 1,
here we only have one source. 
We find that the attenuation curve slope shows no clear trend with
 UV , although the REBELS galaxies are biased towards being UV-

right. This is consistent with the lack of correlation between δ and
tellar mass since we expect brighter galaxies to be more massive
ccording to the M UV −M � relation (e.g. Duncan et al. 2014 ). 

In the bottom right panel, we use the gas-phase metallicities
erived from the optical emission line ratios using the same NIRSpec
pectra (Rowland et al. 2025 ). The REBELS-IFU sample co v ers a
ange of gas-phase metallicities, but no significant trend is seen. The
ack of significant correlation of δ with metallicity is consistent with
he results of Salim et al. ( 2018 ) and Battisti et al. ( 2017 ). We note that
he majority of the Salim et al. ( 2018 ) sample lies in a narrow metal-
icity range between 12 + log ( O/H ) = 8 . 5 and 12 + log ( O/H ) = 9 . 5
nd thus the metallicity range we show is not well sampled by these
 alaxies. The 3D-HST g alaxies from Nag araj et al. ( 2022 ) and the
alaxies from Markov et al. (in preparation), which mainly reside at
he higher and lower metallicity end of our sample, respectively, also
how no clear trends. This is in contrast to results at z = 1 . 4 −2 . 6
rom Shi v aei et al. ( 2020a ) that found the av erage attenuation curv e
or higher metallicity galaxies (12 + log (O/H) > 8 . 5) to be more
alzetti-like with evidence of a bump, while for lower metallicity
alaxies (8 . 2 < 12 + log (O/H) < 8 . 5) the curve was found to be steeper
nd exhibit no significant bump. This would imply that dust grains
ave different properties, with younger, lower metallicity environ-
ents containing smaller grains formed from the reprocessing of

arger grains by ionizing radiation. The fact that a trend is seen in
hi v aei et al. ( 2020a ) but not in other work could be a result of
election biases, the narrower metallicity range probed, or the fact
hat the grouping of the galaxies by metallicity ef fecti vely groups
he galaxies by stellar mass while other studies consider each galaxy
ndividually . Interestingly , the galaxy in our sample with the lowest
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as-phase metallicity, REBELS-15, has a slope consistent with the 
alzetti-like value and a significant (7 . 5 σ ) bump detection. This is

he opposite trend to Shi v aei et al. ( 2020a ). The fact that we and the
ajority of other studies see no trend could be consistent with the

heory that geometry and orientation effects play more of a role in
he attenuation curve shape than the optical properties of the dust
rains themselves in high-redshift galaxies (Che v allard et al. 2013 ;
ommovigo et al. 2025 ). 

.3 A V , stellar −M � relation 

he total effect of dust on the observed galaxy spectra depends on the
hape of the attenuation curve and the total dust attenuation, which is
uantified by the value of A V , stellar . Plotted in Fig. 4 are the A V , stellar 

alues we derive as a function of stellar mass. The A V , stellar values
ange between 0 . 10 and 0 . 58, indicating that there is significant
ttenuation by dust in these sources, and there is a weak positive cor-
elation with stellar mass ( r = 0 . 29, p-value = 0 . 37). The reco v ered
 V , stellar values are consistent with previous SED fitting to rest-UV 

hotometry (Inami et al. 2022 ) and also show a positive correlation
ith the dust masses derived from [C II] in Sommovigo et al. ( 2022 )

hat range between log ( M dust / M �) = 6 . 95 and log ( M dust / M �) =
 . 55. 
The REBELS-IFU sample fills in the parameter space between the 
ainly lower mass galaxies from Markov et al. (in preparation) and 

he 23 higher mass galaxies selected by Boquien et al. ( 2022 ) from
he ALPINE surv e y at z = 4 . 4 −5 . 5. The A V , stellar values from these
wo studies were also derived from SED fitting with a flexible dust
ttenuation curv e. Man y of the REBELS-IFU galaxies lie close to the
edian trend derived from SED fitting with a flexible dust attenuation 

urve for local galaxies at z < 0 . 3 by Salim et al. ( 2018 ). The positions
f the REBELS-IFU galaxies also agree well with the area of the plot
ccupied by the 3D-HST galaxies from Nagaraj et al. ( 2022 ). The
hape of the A V , stellar –M � relation can be used to infer the slope of
he dust attenuation curve with certain assumptions. The majority 
f our galaxies sit between the two grey curves derived from the
V-continuum slopes of 8407 galaxies as a function of stellar mass

t 2 < z < 3 spanning a mass range of 8 . 5 < log ( M � /M �) < 11 . 5 by
cLure et al. ( 2018 ) assuming a Calzetti (solid line) or SMC (dashed

ine) and intrinsic UV slope of β0 = −2 . 3, roughly consistent with
heir attenuation curve slopes. The consistency of the positions 
f the points with the trends from other work suggests that the
elation between these parameters in star-forming galaxies does not 
ignificantly evolve with redshift. 

 DISCUSSION  

e hav e deriv ed the dust attenuation curves from JWST NIRSpec
pectra of 12 Lyman-break galaxies at z = 6 . 5 −7 . 7. This is the first
ime dust attenuation curves have been measured from the rest-UV 

o optical spectra for these massive galaxies at z � 7. We will discuss
he features of these curves and the implications of the dependence of
he dust attenuation curve slope on physical properties in Sections 5.1 
nd 5.2 . In Section 5.3 , we briefly discuss our results in the context
f previous work using ALMA observations of these sources. We 
nvestigate the impact of fitting using flexible dust attenuation curves 
n other physical parameters derived from SED fits compared to 
ssuming a fixed Calzetti-like dust attenuation curve in Section 5.4 
nd measure the intrinsic UV slopes of the galaxies in Section 5.5 . 
.1 Dust attenuation cur v es in massi v e z � 7 galaxies 

he positions of the A V , stellar −M � points for the REBELS-IFU
alaxies in Fig. 4 are indicative of moderate reddening and are
oughly consistent with the relation seen in local galaxies, with more
assive galaxies having greater dust attenuations. Similarly, we find 

hat δ correlates with A V , stellar but not with gas-phase metallicity 
Fig. 3 ), which is also consistent with trends in local galaxies. This
uggests that evolved galaxies at z � 7 have similar dust attenuation
roperties to galaxies in the local Universe. Further support for this
onclusion comes from studies in the FIR that find no clear evolution
ith redshift of the dust emissivity index, βIR (e.g. da Cunha et al.
021 ; Bendo et al. 2023 ; Witstok et al. 2023a ; Algera et al. 2024b ;
ripodi et al. 2024 ). 
Our dust attenuation curves are generally flatter than local sources 

ith similar stellar masses, with no evidence for very steep slopes
 δ < −0 . 5) or significant shape deviations from local relations. In
ll but one case, the dust attenuation curves shown in Fig. 2 lie
etween the Calzetti-like and SMC relations. The majority are 
ore consistent with the Calzetti-like relation than the steeper 
MC curve. This is consistent with previous indirect constraints 
laced on the dust attenuation curves of the REBELS galaxies using
LMA observations of the FIR SED and the infrared-excess ( IRX )–
relation (Schouws et al. 2023 ; Bowler et al. 2024 ). This is also

onsistent with other results for galaxies with high stellar masses 
 log ( M � /M �) > 9; e.g. Cullen et al. 2018 ; McLure et al. 2018 ). Other
tudies using NIRSpec spectra at high redshift such as Markov et al.
 2024 ) present tentative evidence that attenuation curves get flatter
ith increasing redshift from z � 2 to z � 12. This is interpreted

s being due to larger dust grains at earlier times. Ho we ver, the
EBELS attenuation curves we derive are generally steeper than the 
edian curve for the corresponding redshift range in this study. This

ould suggest that the evolution of the attenuation curve slope is not
s strong as Markov et al. ( 2024 ) suggest due to their bias towards
lightly lower mass galaxies. This is supported by Nagaraj et al.
 2022 ), who find that the redshift evolution of the dust attenuation
urve is strongest for galaxies with lower masses and SFRs. 

Three of our galaxies (25 per cent) exhibit �4 σ evidence for a 2175
dust bump. This suggests that small carbonaceous dust grains 

ould be present in a significant fraction of epoch of reionization
alaxies. We note that the bump strengths in our attenuation curves
rovide lower limits on the bump strengths in the extinction curves
f these galaxies (Salim & Narayanan 2020 ). Evidence for dust
umps has been found in the spectra of several epoch of reionization
alaxies (Markov et al. 2023 , 2024 ; Witstok et al. 2023b ). This
s surprising given that bumps are thought to be less common at
arly epochs due to the time needed for carbonaceous grains to
uild up. Witstok et al. ( 2023b ) find evidence for dust bumps in
0 out of 49 ( � 20 per cent) sources o v er z = 4 . 02 −7 . 20, with the
alaxies exhibiting bumps having considerable dust attenuation (the 
tack of these sources had a nebular extinction derived from the
almer decrement of E( B − V ) = 0 . 33 ± 0 . 01 mag) and slightly
le v ated metallicities compared to the rest of the sample. Our sample
s too small to robustly determine whether there is a slightly ele v ated
re v alence of the bump due to our galaxies probing the massive, dust-
ich end of the population at these redshifts. Other studies suggest
hat bump strengths are correlated with metallicity, age, and stellar 

ass (e.g. Noll et al. 2009 ; Shi v aei et al. 2020a , 2022 ) as well as the
teepness of the dust attenuation curve (e.g. Kriek & Conroy 2013 ;
eon & Draine 2016 ; Narayanan et al. 2018 ). Ho we ver, we see no
lear trends within our sample. 
MNRAS 539, 109–126 (2025) 



118 R. Fisher et al. 

M

5

T  

t  

(  

d  

o  

t  

b  

2  

p  

l  

f  

S  

t  

g  

s
 

a  

p  

e  

t  

g  

(  

s  

a  

g  

d  

m  

s  

t  

2  

g  

t  

f  

e  

e  

g  

e  

b  

a  

i
 

l  

s  

d  

m  

(  

A  

i  

t  

p  

f  

b  

d  

c  

U  

i  

e
 

a  

m  

(  

d  

u  

c  

I  

a  

c  

s  

t  

m

5

W  

o  

t  

A  

a  

a  

A
v  

(  

w  

B  

p  

R  

f  

A  

h  

s  

U  

s  

d  

r
 

o  

s  

d  

s
I  

c  

c  

e  

a  

g  

s  

i  

t  

s  

t  

d  

s  

e  

m
 

t  

2 Large molecular indices are only possible if the UV and FIR emitting regions 
are spatially decoupled, with the FIR continuum emission originating from 

optically thick star-forming clumps that are likely to be giant molecular 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/1/109/8093561 by Liverpool John M
oores U

niversity user on 10 June 2026
.2 The impact of geometry on attenuation cur v e slope 

he steepness of the dust attenuation curve can be affected by
he properties of the dust itself such as the grain size distribution
e.g. Hirashita & Murga 2020 ; Langeroodi et al. 2024 ), the dust
istribution relative to the stars in the ISM, and higher concentrations
f dust in star-forming regions (differential reddening). Radiative
ransfer models predict a broad range of attenuation curve shapes
ased on the variation of these properties (e.g. Seon & Draine
016 ). The steepening of a dust attenuation curve can be explained
hysically by the fact that red light is scattered more isotropically at
ow optical depths compared to blue light, which experiences more
orward scattering and therefore more absorption (Leja et al. 2017 ).
hallower curves are produced at high optical depths since more of

he observed light originates from outside the equatorial plane of the
alaxy and is therefore less affected by the wavelength-dependent
cattering differences (Nagaraj et al. 2022 ). 

The relative geometric distribution of dust and stars strongly
ffects the attenuation curve shape (Salim & Narayanan 2020 ). In
articular, the studies of Di Mascia et al. ( 2024 ) and Sommovigo
t al. ( 2025 ) show that a changing line of sight can strongly change
he perceived attenuation in the UV and FUV regimes due to
eometric effects. This is indirectly supported by Cochrane et al.
 2024 ), who showed that orientation effects may be responsible for
ome ‘ HST -dark’ galaxies. The correlation of the slope of the dust
ttenuation curves with A V , stellar but not with stellar mass, M UV , or
as-phase metallicity seen in Fig. 3 suggests that geometry is the
ominant factor affecting the attenuation curves in our sample. The
ore irregular rest-UV/optical morphologies seen at higher redshifts

uggest that the role of geometry may become even more dominant at
hese redshifts (e.g. Huertas-Company et al. 2016 , 2024 ; Faisst et al.
017 ). From the impro v ed spatial resolution of the IFU compared to
round-based VISTA imaging of the REBELS galaxies, it is evident
hat these massive galaxies have complex geometries and are often
ormed of multiple clumps (see fig. 1 of Bowler et al. 2022 ; Rowland
t al. 2025 ). This was predicted by numerical simulations (Kohandel
t al. 2020 ; Pallottini et al. 2022 ) and it is also seen in other bright
alaxies at z � 7 and at lower redshifts (e.g. Guo et al. 2015 ; Barisic
t al. 2017 ; Bowler et al. 2017 ; Lines et al. 2024 ). Indeed, modelling
y Witt & Gordon ( 2000 ) found that the trend of an increasingly grey
ttenuation curve with increasing dust column density was stronger
n models with clumpy dust embedded in the galaxy. 

The variations we see in the slopes of the attenuation curves are
ikely the result of a combination of effects. F or e xample, unobscured
tellar populations may flatten the curves, while scattering and
ifferent optical depths towards stellar populations of different ages
ay steepen the curve (Lin et al. 2021 ). Modelling by Boquien et al.

 2022 ) showed that flatter attenuation curves are obtained at fixed
 V , stellar if the stellar distribution is more extended than the dust. This

s explained physically by a higher fraction of stars being located at
he edge of the clouds where the y e xperience lower optical depths,
articularly at shorter wavelengths. This could be a contributing
actor for REBELS-25 where we see rest-UV clumps extending
eyond the ALMA dust detection (Rowland et al. 2024 ), probably
ue to differential dust obscuration since high spatial resolution dust
ontinuum detections exhibit very different morphologies to the rest-
V. Boquien et al. ( 2022 ) also find that geometry plays a more

mportant role than the exact model they use for their dust grain
 xtinction curv e. 

Although we have been able to constrain the shape of the dust
ttenuation curves, the information this reveals about dust production
echanisms is limited. Models, such as those of Seon & Draine
NRAS 539, 109–126 (2025) 

c

 2016 ), have shown that the shape of attenuation curves is primarily
etermined by the wavelength dependence of the absorption, not the
nderlying extinction curve, meaning that the derived attenuation
urve of the galaxy cannot uniquely constrain the extinction curve.
n agreement with this, models by Lin et al. ( 2021 ) have shown that
 wide range of e xtinction curv es can produce similar attenuation
urves. Ho we ver, this modelling also shows that additional con-
traints may be possible in the future using ALMA observations of
he FIR SED and the IRX –β relation. This highlights the value of the

ultiwavelength observations available for the REBELS galaxies. 

.3 Comparison to FIR obser v ations 

hile a full comparison to FIR properties is beyond the scope
f this paper, we discuss briefly here the ALMA properties of
he sources. When we compare to previous work based on the
LMA observations of these galaxies, we see sensible trends such

s blue ( β < −2) UV slopes in the two galaxies (REBELS-15
nd REBELS-34), which show no dust continuum detections from
LMA (Inami et al. 2022 ). REBELS-34 also has the lowest A V , stellar 

alue. Consistent with what we would expect from local relations
Section 4.2 ), larger A V , stellar and δ values are seen in galaxies
ith higher FIR to UV luminosity ratios ( IRX ; Algera et al. 2024b ;
owler et al. 2024 ). Similarly, the dust masses derived from [C II]
resented in Sommovigo et al. ( 2022 ) (and Algera et al. 2024b , for
EBELS-25) correlate positively with both A V , stellar and δ, except

or REBELS-25, which is an outlier. This implies that including the
LMA data in the SED fitting may be important for sources with
igh FIR luminosities and large obscured star formation fractions
uch as REBELS-25. Since the dust is spatially offset from the rest-
V emission in REBELS-25 (Rowland et al. 2024 ) its observed

pectrum could be dominated by the UV-luminous regions with lower
ust obscuration, causing A V , stellar to be underestimated. Spatially
esolved SED fitting is needed to investigate this further. 

Comparison with quantities derived from the rest-frame FIR
bservations also supports the physical interpretation of our re-
ults. If the flattening of attenuation curves seen in our sample is
ue to radiative transfer effects in a clumpy medium, we should
ee flatter slopes in galaxies with a higher molecular index, 2 

 m 

= ( F 158 /F 1500 ) / ( β − β0 ), where F 158 is the observed FIR
ontinuum flux at λrest ≈ 158 μm and F 1500 is the observed UV-
ontinuum flux at λrest = 1500 Å (see Ferrara et al. 2022 ; Inami
t al. 2022 , for details). Generally, the galaxies with shallower dust
ttenuation curves have higher molecular indices, which supports our
eometrical interpretation. For example, REBELS-38 has the flattest
lope and the highest I m 

= 1787. Ho we v er, the e xception to this trend
s REBELS-25, which has a similar I m 

= 1772 value suggesting
hat it is equally clumpy but it exhibits a steeper attenuation curve
lope. This could suggest that, while geometry seems to dominate in
he majority of our sample, other factors such as the changing size
istribution of grains may also be important in some sources since the
hape of the attenuation curve depends on a complex combination of
f fects. Ho we v er, we cav eat again that the spectrum of REBELS-25
ay be dominated by regions of lower dust obscuration. 
Finally, we also find that A V , stellar and δ positively correlate with

he spatial offsets between the UV and dust continuum calculated by
omple x es. 
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Figure 5. Stellar mass difference between SED fits assuming a Calzetti- 
like dust attenuation curve and with a flexible dust attenuation curve, shown 
against the best-fitting dust attenuation curve slope. The points are coloured 
by the strength of the 2175 Å dust bump. The difference in stellar mass 
correlates with the deviation of the dust attenuation curve slope from the 
Calzetti-like relation except for galaxies with a strong dust bump. In these 
two cases, the assumption of a Calzetti-like attenuation curve results in their 
masses being o v erestimated by up to 0.3 dex. 
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nding the offset between the peaks of the 2D Gaussian fits to the
est-UV and dust continuum images in Inami et al. ( 2022 ). Again,
his supports that geometric effects play an important role in our 
ttenuation curves since these UV-dust offsets imply that different 
tar-forming regions have different dust obscurations. Future work 
tilizing recently obtained high spatial resolution ALMA dust con- 
inuum observations is needed to understand the dust properties of 
hese sources in greater detail and will be the subject of a future paper
Fisher et al., in preparation). Better constraints on systematics such 
s dust temperatures from ongoing observations will also impro v e 
ombined JWST -ALMA analysis. 

.4 Impact of assuming dust attenuation cur v es on galaxy 
roperties 

ince assuming a standard dust attenuation curve template is common 
n SED fitting, we investigated the impact assuming a Calzetti-like 
ust attenuation curve has on the derived galaxy properties. In Fig. 5 ,
e show the differences in the stellar mass values derived with a
exible dust attenuation curve compared to SED fitting with a fixed 
alzetti-like dust attenuation curve. Unsurprisingly, the stellar mass 
ifferences are negligible, with a median of 0.07 dex, owing to the
imilarity in the slope of the dust attenuation curves to Calzetti 
nd correlate with δ if no strong dust bump is present. Assuming
 Calzetti-like dust attenuation curve produces masses up to 0.23 dex 
arger in the two galaxies with the strongest dust bumps (REBELS-08
nd REBELS-25). The true masses are lower since the bump feature 
esults in a rest-UV flux deficit. If instead we fix the dust attenuation
urve to the SMC relation, the mass differences are slightly larger, 
p to a maximum of 0.41 dex for REBELS-08. We note that any
ifferences in the masses used in this work to those derived from
ED fits assuming a Calzetti-like dust attenuation that are presented 

n Stefanon et al. (in preparation), Algera et al. ( 2025 ), and Rowland
t al. ( 2025 ) are not significant enough to affect the trends discussed
n these studies. 
The size of the mass differences are consistent with previous results 
or the REBELS galaxies from SED fits to photometry by Topping
t al. ( 2022a ) that found masses from the fits assuming an SMC
ust curve were on average 0.09 dex lower than those assuming a
alzetti attenuation curve. Topping et al. ( 2022a ) also shows that the
ifferences from the assumed SFH are more significant than from 

he assumed dust attenuation curve. These results are also consistent 
ith other studies that compare derived properties found using a 
alzetti-like curve to a flexible attenuation curve. For example, at 
 � 5 Boquien et al. ( 2022 ) find that the fractional change in their
ass estimates is 0 . 08 ± 0 . 14 and in local ( z < 0 . 3) galaxies Salim

t al. ( 2016 ) found that assuming a Calzetti dust attenuation curve
roduced masses that were on average only 0.06 dex lower than with
 modified attenuation curve. 

Our A V , stellar values can deviate by up to 0.39 dex and the SFR
v eraged o v er 100 Myr by up to 0.18 dex when using a Calzetti-like
urve compared to using the derived attenuation curves. As expected, 
he change is less than that found in Topping et al. ( 2022a ), who find
hat SFRs could differ by up to 0.4 dex when comparing results using
alzetti to SMC because the spectra provide more information than 
hotometry. Markov et al. ( 2023 ) found that stellar masses, SFRs,
nd A V , stellar values stay consistent within 1 −2 σ when assuming a
alzetti-like curve compared to the flexible model in three galaxies 
t z = 7 −8. The larger deviations of up to 0.4 dex when assuming an
MC or Milky Way dust in this study are only seen in the galaxies
ith v ery e xtreme attenuations of A V , stellar > 1. Other parameters
f our SED fits such as the stellar metallicity and log U remain
onsistent within the errors. Additionally, the gas-phase metallicities 
erived from optical emission line ratios remained consistent within 
he errors (Rowland et al. 2025 ). Thus, we conclude that our dust
ttenuation curves make minimal difference to the derived properties 
f the REBELS-IFU galaxies due to the moderate A V , stellar values. 
uture spatially resolved analysis of these galaxies is needed to see
hether other effects, such as outshining (e.g. Gim ́enez-Arteaga 

t al. 2024 ), significantly affect physical properties obtained from 

he integrated spectra. 

.5 Intrinsic spectra 

y correcting the fitted SED models with the dust attenuation curves,
e obtained an intrinsic spectrum for each galaxy with the effect
f dust remo v ed. The intrinsic UV slope can reveal information
bout the recent SFH and metal enrichment history, as well as
onstraining the stellar IMF. The values measured for our sample 
hown in Fig. 6 range between β0 = −2 . 05 and β0 = −2 . 33 . This 
s in good agreement with results using photometry from Bowler 
t al. ( 2024 ) for the REBELS galaxies, who found intrinsic slopes
etween β0 = −2 . 3 and β0 = −2 . 5. The intrinsic slopes also agree
ith the value of β0 = −2 . 30 ± 0 . 15 from SED fits to 2 < z < 3

tar-forming galaxies of similar masses by McLure et al. ( 2018 ).
he intrinsic UV-slope values are all greater than the theoretical 
inimum value of β0 = −2 . 6 obtained by assuming a young ( � 30
yr), dust-free stellar population with maximum nebular continuum 

mission that reddens the UV slope (e.g. Cullen et al. 2017 ; Reddy
t al. 2018 ). Thus, our results imply that the massive REBELS
alaxies are more evolved with populations of less massive stars 
ith redder intrinsic spectra already present, although some models 
nd that these slopes can be produced more quickly with higher
tellar metallicities (Topping et al. 2022b ). The SED fits for the
alaxies with the redder intrinsic UV slopes also tend to have higher
etallicities. Higher metallicities cause redder UV slopes since the 
MNRAS 539, 109–126 (2025) 
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M

Figure 6. The intrinsic UV-continuum slopes, β0 , plotted against stellar 
mass, M � , are shown in red. These were obtained from applying the dust 
attenuation curves to the fitted SED model and have a mean value of 
β0 = −2 . 24 ± 0 . 07 implying that these galaxies contain evolved stellar 
populations. The horizontal black line shows the theoretical minimum value 
of β0 = −2 . 6 (Cullen et al. 2017 ). The value of β0 = −2 . 3 ± 0 . 15 from SED 

fits of star-forming galaxies at 2 < z < 3 from McLure et al. ( 2018 ) is shown 
in grey. The brown diamonds and purple squares show the modelling results 
from Wilkins et al. ( 2012 ) for galaxies at z = 0 and z = 6, respectively. The 
blue pentagons show the intrinsic slopes from DELPHI for a model whose 
IMF varies depending on redshift and metallicity (eIMF; Mauerhofer et al., 
in preparation). 
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tellar absorption features in the rest-UV increase with metallicity
e.g. Calzetti et al. 1994 ; Calabr ̀o et al. 2021 ). 

Simulations have suggested that redshift is the most important
actor for setting β0 at z ≥ 6 since the correlations between β0 and
alaxy properties such as the SFR, intrinsic UV luminosity, and
tellar mass flatten out with redshift (Wilkins et al. 2012 ). In Fig. 6 , we
ee a weak ne gativ e correlation with mass such that the sources with
igher masses have bluer intrinsic UV slopes. The z = 6 simulation
esults from Wilkins et al. ( 2012 ) also exhibit a slight downward
rend with mass, which is the opposite trend to that seen at z = 0.
ur intrinsic UV slopes also show rough consistency with more

ecent results from the semi-analytical galaxy formation code DELPHI

Mauerhofer et al., in preparation). We show the intrinsic UV slope
rom their eIMF model (but note that the values for their fiducial
odel are almost identical). This model has a variable IMF that

epends on redshift and metallicity such that the IMF becomes more
op-heavy at higher redshift and lower metallicities. This allows
he model to reproduce a UV luminosity function consistent with
bservations o v er a broad range of redshifts. 
The range of intrinsic UV slopes seen demonstrates the validity

f concerns about assuming a fixed intrinsic UV slope and the
catter this introduces to relations that assume a fixed value for this
arameter (e.g. IRX –β), especially given that from the selection of
hese galaxies we might expect the REBELS-IFU sample to have
imilar intrinsic properties. This shows the value of spectroscopic
bservations at these redshifts and reinforces the known limitations
f deriving dust attenuation curves from relations such as A V , stellar –
 � or IRX –β. While these may capture the average properties for

 population of galaxies, we recommend caution when applying
orrections to individual sources. 
NRAS 539, 109–126 (2025) 
 C O N C L U S I O N S  

e measure the dust attenuation curves of 12 massive
9 < log ( M � /M �) < 10) Lyman-break galaxies from JWST
IRSpec spectra at z � 6 . 5 −7 . 7. Our key findings are 

(i) We find that the dust attenuation curves for individual galaxies
xhibit a range of slopes. The slopes correlate with A V , stellar , but there
s no clear dependence on stellar mass, M UV , or gas-phase metallicity.
omparing this to empirical models suggests that the most important

actor driving the steepness variation in the attenuation curves is
ust-star geometry and not differences in the chemical composition
r grain size distribution of the dust itself. This is supported by the
lumpy geometry revealed by the spatial resolution of the IFU and
he UV–FIR offsets seen in high-resolution ALMA observations of
hese sources. 

(ii) The mean attenuation curve slope of δ = −0 . 19 ± 0 . 15 is
onsistent with the Calzetti-like ( δ = 0) relation in local starburst
alaxies. The attenuation curves are generally flatter than local
ources with no evidence for significant deviations in shape from
ocal relations or very steep slopes of δ < −0 . 5. We see A V , stellar 

 alues indicati ve of moderate reddening ( A V , stellar = 0 . 1 −0 . 6 mag)
hat have a weak positive correlation with stellar mass, indicating
hat more massive galaxies are more dust-rich, as seen in local
alaxies. This suggests that evolved galaxies at z � 7 have similar
ust properties to local sources. 
(iii) Three dust attenuation curves (25 per cent of our sample)

xhibit 2175 Å dust bumps with bump strengths at a significance of
 4 σ . These are the most massive galaxies at z � 7 found to have this

ignature to date. This suggests that small carbonaceous dust grains
ay be present in a significant fraction of epoch of reionization

alaxies. This places constraints on dust formation mechanisms
ince these grains must therefore form rapidly (Witstok et al. 2023b ;
chneider & Maiolino 2024 ). 
(iv) The differences in derived parameters such as stellar mass

nd metallicity using the flexible dust attenuation curve compared to
ssuming a Calzetti-like curve are negligible. The mass differences
orrelate with the attenuation curve slope, except for the galaxies
ith strong 2175 Å dust bumps. Not accounting for the deficit in the

est-UV flux caused by these dust bumps can cause the stellar masses
o be o v erestimated by up to 0.4 dex. 

(v) The derived intrinsic UV slopes from our fitting have a mean
alue of β0 = −2 . 24 ± 0 . 07 and are in good agreement with previous
esults from SED fits to photometry (Bowler et al. 2024 ). All are
reater than the theoretical minimum value of β0 = −2 . 6, suggesting
hat our galaxies contain evolved stellar populations. We recommend
aution when using a fixed value for β0 (e.g. when correcting SFRs
rom the IRX –β relation) given the range of values we obtain. 

Gaining further insights into the dust properties of these sources
ill require utilizing the spatial resolution of the IFU and com-
lementary ALMA observations available for these sources. For
xample, we can make spatially resolved measurements of the rest-
rame UV slope and Balmer decrement allowing us to investigate
he spatial distribution of dust, gas, and stars within these sources.
hese observations can also reveal to what extent effects such
s outshining affect the properties measured from the integrated
pectra. For six of the REBELS-IFU galaxies, high-resolution (up to
 . 15 arcsec ) ALMA Band 6 observations have recently been obtained
see Rowland et al. 2024 , for REBELS-25 and Phillips et al., in
reparation). This will allow us to investigate how rest-UV and rest-
ptical features correlate with the position of the dust continuum



REBELS-IFU: dust attenuation curves 121 

d  

t

A

T
c  

o  

t  

p
r
f
s
G
b
I
s
N
g
C
F
v
s
N
–

N
A
I
R
f
a

D

T  

u

R

A
A
A
A
A
B
B
B
B
B
B
B
B  

B
B
B
B
B
B
B  

B

B  

B  

B  

B
B
B
C
C  

 

C
C  

C  

C
C
C
C  

C  

C
C  

C
C
d
D
D
D  

D
D
D
F
F
F
F
F
F
F
G
G  

G  

G
G
H
H
H
H
H
H
I
I
I  

K  

K
K
L  

L

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/1/109/8093561 by Liverpool John M
oores U

niversity user on 10 June 2026
etections, further revealing the properties of dust in the first Gyr of
he Universe. 
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PPENDI X  A :  SED  M O D E L  TESTS  

his section describes the tests we performed to check that our SED
tting procedure accurately reco v ers the slope of the dust attenuation
urve. We used BAGPIPES to generate model galaxy SEDs with the
ame observed wavelength coverage as the real NIRSpec spectra for
ur sample. For each of the 12 REBELS-IFU galaxies, we take the
est-fitting parameters from our SED fits to the real spectra for all the
roperties except for A V , stellar and δ. We then generate eight model
alaxy spectra for four values of δ = [0 . 0 , −0 . 2 , −0 . 4 , −0 . 6] and
wo values of A V , stellar = [0 . 2 , 0 . 5]. These are representative of the
ange of values that we see in our sample. We then add realistic
aussian noise to the model SED. To do this, we fit a second-
rder polynomial to the error on the observed spectrum of one of
ur observations to capture the shape of its wavelength dependence
nd then scale this according to the median rest-UV flux between
est-frame wavelengths of 1216 and 3500 Å. This produces spectra
ith noise levels that are visually similar to what we see in the

eal spectra. We then use the same fitting procedure described in
ection 3 . 
In Fig. A1 , we fit contours to the reco v ered dust attenuation curv e

lope against the slope inputted into the model. The peak of each
istribution at each δ value is close to the 1-to-1 line, confirming that
e can accurately reco v er the attenuation curv e. Giv en that some
f these A V , stellar −δ scenarios may be physically unlikely, the true
eco v erability is e xpected to be better than implied here. By plotting
he contours at the same levels in both plots, we can see that the
catter in reco v ered slopes is lower at higher A V , stellar , as we would
xpect since at lower A V , stellar the dust will have a smaller impact on
he observed spectrum. This is reflected in the larger error bars on

values for sources with low A V , stellar in Fig. 3 . The slope is also
etter reco v ered in both A V , stellar cases when it is steeper, confirming
hat if steep slopes were present in our sample we would reco v er
hem. 

In Fig. A2 , we show the impact of assuming different SFHs on
ur results. We run the BAGPIPES fits to the observed spectra with
ontinuity , constant, double power-law , exponential, delayed, and
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Figure A1. Contour plot for the fitted dust attenuation curve slope, δout , plotted against the slope of the input model δin . For each of our 12 galaxies, we generate 
8 model galaxy spectra for 4 values of δ = [0 . 0 , −0 . 2 , −0 . 4 , −0 . 6] and two values of A V , stellar = [0 . 2 , 0 . 5]. We see that the dust attenuation curve slope is 
reco v ered well, particularly when the curve is steeper. As expected, the scatter is also lower at higher A V , stellar since dust has a greater effect on the spectra. 

Figure A2. The fitted dust attenuation curve slope, δ, for different SFHs compared to the values used throughout the rest of this work that used an NP SFH. We 
also show the slopes reco v ered when using the NP SFH with the BPASS stellar population models are consistent within the errors with our fiducial fits. 
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M

Figure A3. The fitted stellar continuum V -band attenuation magnitude A V , stellar , and attenuation curve slope, δ, for SED fit tests compared to the values 
used throughout the rest of this work that used an NP SFH and Salim et al. ( 2018 ) dust attenuation curve parametrization. With the emission lines in the 
observed spectra masked (left), we obtain systematically lower A V , stellar values and steeper attenuation curves. When the emission lines in the spectra are 
masked and the nebular component of the SED is switched off (middle), the attenuation curve slopes are more consistent. On the right, we show the results 
when using the Charlot & Fall ( 2000 ) dust attenuation curve parametrization. The Charlot & Fall ( 2000 ) model systematically reco v ers shallower slopes and 
higher A V , stellar values. The exception is REBELS-15, although we show in grey that when masking the wavelength region around the dust bump we obtain a 
shallower slope. 
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eco v ered A V , stellar and δ values. While the reco v ered v alues sho w a
trong positive correlation with those obtained when fitting with the
mission lines, the A V , stellar values are systematically lower and the
tted attenuation curves tend to be steeper. We note from the corner
lots that the parameters such as η and log U , which we would expect
o rely most on these emission lines, become very poorly constrained.
he SFR in the most recent SFH bin was also higher in these fits
ompared to the fiducial (i.e. ef fecti vely younger ages), which can
e linked to the steeper attenuation curves. In the middle panel of
ig. A3 , we show the results of SED fitting with the emission lines
asked and the nebular emission component switched off. Here, we

ee closer agreement between the attenuation curve slopes, although
ome fitted curves are still steeper. This could be explained by the
act that masking the major emission lines does not remo v e all of the
ontribution to the flux from the nebular emission. This will make
he longer wavelengths appear less attenuated and thus the fitted
ttenuation curve is steeper. These tests suggest that the emission
ines do play some role in breaking the degeneracies in the SED
tting, such as between the dust attenuation and metallicity. We
aveat again that these results assume that the slope of the attenuation
urve affecting the nebular emission is the same as that affecting the
tellar continuum. 

In the right panel of Fig. A3 , we compare the A V , stellar and δ
alues reco v ered when SED fitting with the Charlot & Fall ( 2000 )
NRAS 539, 109–126 (2025) 
ust attenuation curve parametrization. We note that this model is
easonably sensitive to the prior on n = −δ + n Calzetti = −δ + 0 . 75,
or which we adopt a Gaussian prior with mean n μ = 1 and standard
eviation n σ = 0 . 2, similar to Carnall et al. ( 2019 ). We also note
hat the BAGPIPES implementation of this model does not include
 dust bump term. This model tends to fit slightly larger A V , stellar 

alues and flatter attenuation curves in all but one case. A steep slope
s reco v ered for REBELS-15, but a shallower slope is reco v ered if
he wavelength range around the dust bump is masked (shown in
rey). Apart from these systematic shifts, the other trends presented
n this work are unchanged if we adopt this dust attenuation curve
hape parametrization. The cause of these systematic shifts is the
ifference in shape, with the Charlot & Fall ( 2000 ) attenuation curve
alling below the Salim et al. ( 2018 ) parametrization for the majority
f the wavelength range we fit over for the same value of δ. Given
he systematic shift in both A V , stellar and δ, the o v erall attenuation

agnitudes at a given wavelength, A λ, are reasonably consistent
etween the two parametrizations. We opt to present the results
sing the Salim et al. ( 2018 ) parametrization since this allows us
o include a dust bump term in the attenuation curve, it uses the
alzetti et al. ( 2000 ) attenuation curve that is based on observations
f local starburst galaxies, and is less sensitive to the priors placed
n the attenuation curve slope. 
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Figure B1. Full NIRSpec PRISM spectra for the REBELS-IFU galaxies with the 1 σ error shown by the gre y-shaded re gion. The best-fitting SED model using 
a flexible dust attenuation curve is shown in blue. The spectrum is masked below a rest-frame wavelength of 1400 Å to exclude effects caused by potential Ly α
damping and instrumental effects at low wavelengths. The bottom panel in each plot shows the fit residuals. REBELS-08, REBELS-15, and REBELS-25 show 

evidence for a 2175 Å dust bump. 
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PPEN D IX  B:  SED  FITS  TO  T H E  SPECTRA  

O R  A L L  1 2  G A L A X I E S  

n Figs B1 and B2 , we show the full NIRSpec PRISM spectrum for
ach of the 12 REBELS galaxies in our sample and the best-fitting
ED model. These fits were performed using BAGPIPES with a flexible 
ust attenuation curve, as described in Section 3 . 
MNRAS 539, 109–126 (2025) 
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Figure B2. Full NIRSpec PRISM spectra for the REBELS-IFU galaxies with the 1 σ error shown by the gre y-shaded re gion. The best-fitting SED model using 
a flexible dust attenuation curve is shown in blue. The spectrum is masked below a rest-frame wavelength of 1400 Å to exclude effects caused by potential Ly α
damping and instrumental effects at low wavelengths. The bottom panel in each plot shows the fit residuals. REBELS-08, REBELS-15, and REBELS-25 show 

evidence for a 2175 Å dust bump. 
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