
MNRAS 524, 4128–4147 (2023) https://doi.org/10.1093/mnras/stad2066 

Dust attenuation, dust content, and geometry of star-forming galaxies 

Junkai Zhang , 1 ‹ Stijn Wuyts , 1 Sam E. Cutler, 2 Lamiya A. Mowla , 3 Gabriel B. Brammer, 4 , 5 

Ivelina G. Momche v a, 6 Katherine E. Whitaker, 4 , 7 Pieter van Dokkum, 8 Natascha M. F ̈orster Schreiber, 9 

Erica J. Nelson, 10 Patricia Schady , 1 Carolin Villforth, 1 David Wake 

11 and Arjen van der Wel 12 

1 Department of Physics, University of Bath, Claverton Down, Bath BA2 7AY, UK 

2 Department of Astronomy, University of Massachusetts, Amherst, MA 01003, USA 

3 Dunlap Institute for Astronomy and Astrophysics, University of Toronto, 50 St. George Street, Toronto, ON M5S 3H4, Canada 
4 Cosmic Dawn Center (DAWN), Copenha g en, Denmark 
5 Niels Bohr Institute, University of Copenhagen, Lyngbyvej 2, DK-2100 Copenhagen, Denmark 
6 Max-Planck-Institut f ̈ur Astronomie, K ̈onigstuhl 17, D-69117 Heidelberg, Germany 
7 Department of Astronomy, University of Massachusetts, Amherst, MA 01003, USA 

8 Astronomy Department, Yale University, New Haven, CT 06511, USA 

9 Max-Planck-Institut f ̈ur extr aterrestrisc he Physik, Giessenbac hstr asse 1, D-85748 Garching, Germany 
10 Department for Astrophysical and Planetary Science, University of Colorado, Boulder, CO 80309, USA 

11 Department of Physics and Astronomy, University of North Carolina Asheville, 1 University Heights, Asheville, NC 28804, USA 

12 Sterrenkundig Observatorium, Universiteit Gent, Krijgslaan 281 S9, B-9000 Gent, Belgium 

Accepted 2023 June 30. Received 2023 June 9; in original form 2023 March 8 

A B S T R A C T 

We analyse the joint distribution of dust attenuation and projected axis ratios, together with galaxy size and surface brightness 
profile information, to infer lessons on the dust content and star/dust geometry within star-forming galaxies at 0 < z < 2.5. To 

do so, we make use of large observational data sets from KiDS + VIKING + HSC-SSP and extend the analysis out to redshift 
z = 2.5 using the HST surv e ys CANDELS and 3D-DASH. We construct suites of SKIRT radiative transfer models for idealized 

galaxies observed under random viewing angles with the aim of reproducing the aforementioned distributions, including the level 
and inclination dependence of dust attenuation. We find that attenuation-based dust mass estimates are at odds with constraints 
from far-infrared observations, especially at higher redshifts, when assuming smooth star and dust geometries of equal extent. 
We demonstrate that UV-to-near-IR and far-infrared constraints can be reconciled by invoking clumpier dust geometries for 
galaxies at higher redshifts and/or very compact dust cores. We discuss implications for the significant wavelength- and redshift- 
dependent differences between half-light and half-mass radii that result from spatially varying dust columns within especially 

massive star-forming galaxies. 

K ey words: galaxies: e volution – galaxies: general – galaxies: disc – galaxies: ISM – galaxies: stellar content – galaxies: struc- 
ture. 
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 I N T RO D U C T I O N  

he primary source of astronomical analysis, starlight, is una v oidably
nfluenced by attenuation due to dust in the interstellar medium
ISM). In order to characterize physical properties of galaxies, such
s their stellar mass and star formation rate (SFR), astronomers
herefore need to consider dust attenuation to correct the observed
uminosities and spectral energy distributions (SEDs). Dust is also
n important component to galaxies in its own right. Besides
eprocessing radiation, it provides shielding and acts as a catalyst
or the formation of molecules. A number of comprehensive review
rticles, with focuses ranging from the characteristics of dust grains to
he bulk dust properties of galaxies and the complexities of radiative
ransfer, have captured progress in our understanding of dust-related
henomena o v er the past two decades (Draine 2003 ; Steinacker,
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aes & Gordon 2013 ; Galliano, Galametz & Jones 2018 ; Salim &
arayanan 2020 ). 
Broadly speaking, inferences on dust in galaxies are either derived

rom the UV-to-near-IR part of the spectral energy distribution,
r from observations in the far-IR. 1 The former is where the net
imming and reddening effects of absorption and scattering are
mprinted, themselves a function of grain properties as well as
eometry. The latter is where the emission reprocessed by dust
merges and molecular gas tracers provide an additional probe of
he ISM. Approaches that combine the panchromatic information
nder the condition that the energy absorbed matches the energy
e-emitted have been developed as well (e.g. da Cunha, Charlot &
lbaz 2008 ; Boquien et al. 2019 ). The latter inherently adopt an
 F or conv enience, we will frequently use the shorthand far-IR throughout 
his paper to refer to the full far-infrared to (sub)millimetre wavelength range 
here diagnostics of the cold ISM can be observed. 
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ngle-averaged approach, ef fecti vely assuming the emission to be 
sotropic at all wavelengths, an ansatz that ultimately may not hold 
t short wavelengths (see e.g. Qin et al. 2022 ) and for dusty starbursts
as even been questioned for longer wavelengths (Lovell et al. 2022 ).
he consistency (or apparent inconsistencies) between attenuation- 
ased and far-IR based inferences on dust have also been considered 
y Shapley et al. ( 2022 ), and will be a key focus of our analysis. 
More pragmatically though, the desired rich panchromatic sam- 

ling of SEDs from UV to f ar-IR w avelengths is not generally
vailable for the average object in mass-selected samples of galaxies 
panning appreciable lookback times. For this reason, significant 
ffort has been devoted to casting far-IR/sub-mm observational data 
ets in the form of scaling relations that allow the dust and molecular
as mass of galaxies to be estimated as a function of more readily
vailable parameters, such as their redshift, stellar mass and star 
ormation rate (e.g. Magdis et al. 2012 ; Santini et al. 2014 ; B ́ethermin
t al. 2015 ; Berta et al. 2016 ; Tacconi et al. 2018 ; Tacconi, Genzel &
ternberg 2020 ). 2 

On the shorter wavelength end, on the other hand, we do have the
dvantage that basic estimates of the visual attenuation ( A V ) extracted
rom UV-to-near-IR SEDs can be obtained for tens of thousands of
ndividual objects, as a by-product from stellar population modelling, 
lbeit under relatively simplified assumptions (see e.g. Conroy 2013 , 
or an o v erview of the intricacies of stellar population synthesis).

hen paired with basic structural measurements (galaxy sizes and 
rojected axis ratios), these diagnostics can be modelled at the 
opulation le vel, follo wing the ansatz that as observers we are
tudying ensembles of galaxies observed under random viewing 
ngles. This is the approach of our paper. 

Without the consideration of dust, applications of such population 
odelling, tackling the inversion problem of projected axial ratio 

and in some cases size) distributions in order to characterize intrinsic
D shapes have been presented for quiescent galaxies (e.g. van der 
el et al. 2009 ; Holden et al. 2012 ; Chang et al. 2013 ; Hill et al. 2019 ;

atoh, Kajisawa & Himoto 2019 ; Zhang et al. 2022 ), as well as star-
orming galaxies (SFGs). The latter class are not necessarily flattened 
xisymmetric discs at all masses and redshifts. Specifically, there 
s an emerging notion that prolate shapes contribute significantly 
mong low-mass high-redshift SFGs (van der Wel et al. 2014b ; 
hang et al. 2019 ). This process of structural disc settling finds its
ounterpart in observational trends of dynamical disc settling, with 
ower mass SFGs gaining a rotation-dominated status at later cosmic 
imes (Kassin et al. 2012 ; Simons et al. 2017 ; Wisnioski et al. 2019 ).

Once folding in dust, its presence can result in a relation between
he SED reddening on the one hand and galaxy projected shapes and
izes as observed in a particular waveband on the other hand. This
nter-relation can take two forms. 

First, more inclined disc galaxies can suffer enhanced dust 
eddening due to the thicker projected dust columns. Wild et al. 
 2011 ) exploit this effect for an analysis of attenuation laws in nearby
alaxies. Patel et al. ( 2012 ) illustrate that the effect is seen o v er a
ange in lookback times, and Zuckerman et al. ( 2021 ) compose a
imple model to argue that inclination, rather than bulk dust mass, is
argely responsible for explaining the spread of similar-mass SFGs 
cross the rest-frame UVJ colour–colour space. Assumptions made 
 While parametrized for convenience as a function of the more readily 
vailable parameters, this does not imply the latter are necessarily to be 
onsidered the independent variables in the context of causality. We refer the 
eader to Baker et al. ( 2022 ) for a discussion on which scaling relations are 
ore fundamental. 
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n the latter analysis include an approximation of SFG shapes as
xisymmetric, and an inclination-dependent scaling of A V that is 
roportional to the length of the sightline through the galaxy (i.e.
eglecting emission from stars that are mixed with the dust). 
A second connection between dust reddening and observed struc- 

ural parameters can arise in the presence of spatially varying dust
olumns. Owing to larger central dust columns, the net effect in such a
cenario would typically result in half-light radii that exceed the half-
ass radius of the stellar distribution. Empirical evidence for such 

ize differences, mass-to-light ratio gradients, and significant dust 
ontributions to them have been revealed on the basis of multiband
ST imaging (e.g. Wuyts et al. 2012 ; Liu et al. 2017 ; Suess et al.
019 ), resolved grism spectroscopic measurements of the Balmer 
ecrement (Nelson et al. 2016 ), and have been augmented recently
y early JWST analyses (Miller et al. 2022 ; Suess et al. 2022 ). 
In this paper, we leverage the number statistics provided by a

edding cake of wide-area and deep surv e ys with high imaging qual-
ty yielding size and axial ratio ( q ) measurements. Their associated
ultiband co v erage allows the estimation of redshifts, stellar masses,

tar formation rates, and attenuation levels. We describe the data sets
nd sample in Section 2 , and provide more details on inferred galaxy
roperties in Section 3 . Overall, our sample comprises 439 965 SFGs
panning a range in stellar mass from 10 9 to 10 11.5 M � and a redshift
ange 0 < z < 2.5. In Section 4 , we lay out the methodology. We
escribe how intrinsic 3D shapes are inferred from projected axial 
atio distributions. We introduce the SKIRT code used to compute 
adiative transfer on toy model galaxies, and illustrate lessons learned 
rom analysing such toy models. Next, we lay out the Bayesian
ramework to combine both aspects in a joint modelling of the
istribution of structural and attenuation properties of SFGs of a 
articular mass and redshift. Section 5 presents our results in the
ollowing steps: Section 5.1 considers the observational trends in A V –
 space as a function of mass and redshift. In Section 5.2 , we apply
 first round of population modelling, adopting simplified star and 
ust geometries (smooth profiles with identical spatial distributions 
or stars and dust), arriving at the conclusion that dust masses inferred
rom such an approach are at odds with those inferred from far-IR
caling relations. We next impose the far-IR constraints on dust 
ontent as priors and relax the assumptions regarding identical and 
mooth star-dust geometries (Section 5.3 ). Specifically, we consider 
he effect of potential differences between dust and stellar scale- 
eights/lengths, and demonstrate how clumpier dust geometries at 
igher redshifts can reconcile the attenuation and far-IR results. 
mplications for the size measurements of galaxies, with emphasis 
n the relation between half-light and half-stellar-mass radii, are 
iscussed in Section 5.4 . We summarize our results in Section 6 . 
Throughout the paper, we adopt a Chabrier ( 2003 ) stellar initial
ass function (IMF) and a flat � CDM cosmology with �� 

= 0.7,
m 

= 0.3 and H 0 = 70 km s −1 Mpc −1 . 

 DATA  A N D  SAMPLE  SELECTI ON  

ur galaxy sample contains 439 965 star-forming galaxies in a 
ide range of redshift (0.0 < z < 2.5) and stellar mass (9.0 <

og ( M ∗/ M �) < 11.5). We take advantage of the complementary
ualities provided by different lookback surveys in terms of area 
nd depth by combining them. Table 1 indicates which surv e ys we
se for a particular redshift and stellar mass bin. Briefly speaking,
or the low-redshift and high-mass galaxies, we exploit the o v erlap
etween the wide-area HSC-SSP surv e y and the KiDS + VIKING
ultiwav elength catalogs. F or high-redshift and low-mass galaxies, 

ources come from deep fields with near-infrared Hubble Space Tele- 
MNRAS 524, 4128–4147 (2023) 
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M

Table 1. Surv e ys used for different stellar mass and redshift re gimes. The abbreviations 
K, C, and 3D stand for KiDS + VIKING + HSC-SSP, CANDELS + 3D-HST, and 3D- 
DASH + COSMOS2020, respectively. Numbers of SFGs are quoted on the second line for 
each ( z, M ∗) bin. 

Stellar mass Redshift 
log ( M ∗/ M �) 0.0–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 

9.0–9.5 C + 3D C C C C 

3311 3351 3945 5264 3056 
9.5–10.0 C + 3D C + 3D C C C 

1961 8401 2152 2537 2179 
10.0–10.5 K K + C + 3D C C C 

176 021 108 178 1243 1141 1035 
10.5–11.0 K K + C + 3D C + 3D C C 

56 668 46 796 2691 566 449 
11.0–11.5 K K + C + 3D C + 3D C + 3D C + 3D 

3719 3874 501 538 388 
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cope ( HST ) imaging and rich ancillary multiwavelength coverage:
ANDELS + 3D-HST and 3D-DASH + COSMOS2020. The subset
f galaxies at z > 1 counts 27 685 SFGs. 
As in Zhang et al. ( 2022 ), star-forming galaxies are separated

rom quiescent galaxies (QGs) using a redshift-dependent cut in
pecific star formation rate: SFR/ M ∗ > 1/(3 t H ( z)), where t H ( z)
epresents the Hubble time at the redshift of the galaxy under
onsideration. Details on the SED modelling are provided in Section
.1 . 

.1 KiDS, VIKING, and HSC-SSP 

he fourth data release of the Kilo-De gree Surv e y (KiDS; Kuijken
t al. 2019 ) provides optical wide-field imaging with OmegaCAM
n the ESO VLT Surv e y Telescope (Capaccioli & Schipani 2011 ,
apaccioli et al. 2012 ) in four filters ( ugri ). The VISTA Kilo-
egree Infrared Galaxy Survey (VIKING; Edge et al. 2013 ) is highly
 v erlapping with KiDS, and provides complementary near-infrared
 zYJHK s ) co v erage. The joint ugrizYJHK s nine band photometry
rom KiDS + VIKING serves as input to our redshift estimation
nd SED modelling. On the other hand, the Hyper Suprime-Cam
ubaru Strategic Program (HSC-SSP, Aihara et al. 2019 ) is a wide-
eld optical imaging surv e y using the 8.2 m Subaru Telescope. The
epth of the 0 . ′′ 6 resolution i -band imaging in the HSC-SSP Wide
ayer is 25.9 mag (5 σ limits within two arcsec diameter apertures).
he high signal-to-noise images provide us with measurements of

he projected axial ratio q and semimajor axis half-light radius a .
he cross-matched KiDS + VIKING + HSC-SSP catalogue co v ers
 few disjoint regions positioned along a long strip in the sky
etween 129 ◦ and 227 ◦ in longitude and −2.3 ◦ to 3.0 ◦ in latitude,
aking for a total of 257 square degrees with 9-band photometric 

o v erage. 

.2 CANDELS and 3D-HST 

he Cosmic Assembly Near-infrared Deep Extragalactic Le gac y Sur-
 e y (CANDELS; Grogin et al. 2011 ) is a deep extragalactic Treasury
rogramme carried out with the HST . It contains five disjoint fields:
OODS-N, GOODS-S, COSMOS, EGS, and UDS, co v ering the

ombined 0.25 square deg area to a 5 σ point source limit of H =
7.0 mag and imaging o v er 250 000 distant galaxies. Specifically, we
ake use of the U -to-8 μm multiwavelength photometric catalogues

nd grism + photometric redshifts compiled for these fields by the
D-HST team (Skelton et al. 2014 ; Momche v a et al. 2016 ). 
NRAS 524, 4128–4147 (2023) 
.3 3D-DASH and COSMOS2020 

he 3D-Drift And SHift program (3D-DASH; Mowla et al. 2022 )
s the broadest near-infrared HST surv e y to date, extending the
ST near-infrared imaging to 1.43 square deg at a median depth
f H = 24.74 mag. 3D-DASH o v erlaps with the Cosmic Evo-
ution Surv e y (COSMOS; Sco ville 2007 ) and its mosaic ingests
n y pre-e xisting HST/WFC3 imaging in this field. COSMOS2020
Weaver et al. 2022 ) is the latest release of the COSMOS multi-
avelength catalogue. It collects UV-optical-IR data from various

elescopes/surv e ys (GALEX, CFHT/MegaCam, HST/ACS, Sub-
ru/HSC, VISTA/VIRCAM, Spitzer/IRAC). Together, the cross-
atched 3D-DASH + COSMOS2020 catalogue benefits from the

igh-resolution imaging of 3D-DASH for galaxy shape and size
easurements and the consistent multiband photometry in COS-
OS2020 for the SED modelling. Thanks to its wide area, it

ensitively increases the number statistics compared to CANDELS
t the bright end. 

 PHYSI CAL  PROPERTIES  F RO M  

BSERVATI ONS  

his Section summarizes the procedures used to obtain derived phys-
cal properties of galaxies. Section 3.1 describes the stellar population

odelling of rest-UV to rest-NIR photometry. Section 3.2 co v ers the
easurement of structural parameters. Section 3.3 details the FIR

caling relations adopted to infer dust masses. 

.1 SED modelling 

o maximize consistency across the different observational sur-
 e ys, we apply the same template-fitting tools for redshift and
tellar population modelling to all samples. EAZY (Brammer, van
okkum & Coppi 2008 ) was employed to derive photometric

edshifts. When available, these were replaced by spectroscopic
edshifts (17.37 per cent of SFGs in CANDELS; 14.17 per cent in
D-DASH; 4.85 per cent in KiDS + VIKING + HSC-SSP). 
Stellar population modelling was performed using

AST + + (Schreiber 2016 ) 3 , a C + + version of the SED
tting code FAST (Kriek et al. 2009 ). Specifically, the family
f star formation histories considered were delayed tau models
 SFR ( t ) ∝ t exp ( − t / τ )), with e-folding times down to τ = 300 Myr

https://github.com/cschreib/fastpp
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nd ages since the onset of star formation varying between 50 Myr
nd the age of the Universe. The default setting adopted a fixed Solar
etallicity and Calzetti et al. ( 2000 ) attenuation law with allowed
 -band dust attenuation in the range 0 < A V < 4. 
Statistical uncertainties on physical properties were inferred via 
onte Carlo simulations. Briefly, fluxes were perturbed according 

o the photometric uncertainties, and redshift estimation plus SED 

odelling were repeated on each of the 100 perturbed SEDs for
 given object. Across the considered redshift and mass range, the 
ypical statistical uncertainties propagating from photometric errors 
and consistently incorporating redshift errors) amount to 0.02 in 
z /(1 + z ), 0.05 dex in stellar mass, 0.13 dex in SFR and 0.15 mag

n A V . Compared to the width of redshift and mass bins adopted
or our analysis ( �z = 0.5 and 0.5 dex in mass, respectively), these
ncertainties are small. While for a given Monte Carlo realization 
ome objects near bin boundaries may shift into an adjacent bin or
rop out/mo v e into the SFG sample, we v erified that such effects
ave minimal impact on the key relations discussed in this paper. 
The abo v e Monte Carlo simulations likely underestimate the full

ncertainties on the inferred physical properties. This is illustrated 
or example when comparing our results for objects in the COS-

OS2020 catalogue with redshifts and stellar population properties 
eriv ed by Weav er et al. ( 2022 ) using the independent code and non-
dentical settings of LePhare (Arnouts et al. 2002 ; Ilbert et al. 2006 ).
his comparison suggests that characteristic uncertainties may rather 
e on the order of 0.03 in �z/(1 + z), 0.10 dex in stellar mass, 0.23 dex
n SFR, and 0.3 mag in A V . 4 We comment on alternative settings of
he stellar population modelling in Appendix A , and argue that these
re unlikely to alter the main conclusions drawn in this paper. 

.2 Structural measurements 

alf-light radii ( a ), S ́ersic indices ( n ), and projected axis ratios ( q )
n CANDELS (van der Wel et al. 2012 ) and 3D-DASH (Cutler et al.
022 ) are measured in HST ’s F160W ( H ) band using GALFIT (Peng
t al. 2002 ), which fits two-dimensional S ́ersic surface brightness
rofiles convolved with the PSF to galaxy images. Structural pa- 
ameters for HSC-SSP as quantified on their deepest and highest 
uality i -band imaging are provided as part of the HSC pipeline
roducts (Aihara et al. 2019 ). These again take into account PSF
onv olution, b ut follow a slightly different algorithm, described in 
etail by Bosch et al. ( 2018 ). Briefly, separate S ́ersic fits with n = 1
nd n = 4 are e x ecuted, after which the linear combination of the two
hat best fits the image is determined. As such, the pipeline provides
ulge-to-total ratios ( B / T ), which we translate where rele v ant to
orresponding single S ́ersic indices. We implement this mapping 
mpirically by drawing from the ( B / T ) HSC – n CANDELS distribution for
alaxies in common to both surv e ys. As a sanity check, we further
erified the quality of HSC axis ratio and size measurements by 
omparing those available for sources in the COSMOS field (realized 
t HSC-Wide depth) with in-hand measurements on HST/ACS 

814W imaging. No evidence for systematic offsets in q were 
ound, and any systematics in size measurements were restricted 
o the 10 per cent level for SFGs in the mass and redshift range
here we exploit the larger number statistics offered by ground- 
ased samples. We thus conclude that the heterogeneous resolution 
 We note that the LePhare run adopted a step-size of 0.1 for the colour excess 
 ( B − V ), which translates to a relatively crude grid of visual attenuation 

ev els e xplored ( � A V ≈ 0.4). 

4

T
g  

−  

s

rom combining high image-quality ground-based and diffraction- 
imited space-based imaging across different masses/redshifts is not 
mpacting our o v erall analysis. 

We note that in our modelling the different wavelengths (and 
ndeed rest wavelengths) probed across our full sample will be 
ccounted for self-consistently, in the sense that the observed galaxy 
izes will be reproduced by model half-light (rather than model half-
ass) radii at the appropriate rest-frame wavelength. We return to 

he distinction between half-light and half-mass radii in Section 5.4 .

.3 Dust masses from FIR scaling relations 

ections 3.1 and 3.2 outline the means to locate each of the SFGs
n our sample in the multidimensional q − log ( a ) − log ( n ) − A V 

pace. When we come to modelling the distribution of SFGs across
his space, we will require knowledge of the dust content of main
equence SFGs at different masses and redshifts as inferred from FIR
bservations, either to compare to as a reference, or to implement as
 hard prior. 

To this end, we apply scaling relations composed by Tacconi et al.
 2020 ) based on a compilation of dust continuum and CO surv e ys
arried out with the Herschel , ALMA, NOEMA, and IRAM far-
R/sub-mm telescopes, together spanning ∼ 90 per cent of cosmic 
istory and a similar range in mass as explored in this study. Because
acconi et al. ( 2020 ) express their scaling relations in terms of the
olecular gas content of galaxies, we follow Tacconi et al. ( 2018 )

n applying a metallicity dependent dust-to-gas ratio to obtain the 
orresponding dust mass. For a given redshift z and stellar mass M ∗,
e hence compute the dust mass of a main sequence SFG using the

ollowing set of equations 

log ( sSFR MS [ Gyr −1 ]) ≡ log ( SFR MS /M ∗[ Gyr −1 ]) 

= ( −0 . 16 − 0 . 026 × t c [ Gyr ]) 

× ( log ( M ∗/M �) + 0 . 025) 

− (6 . 51 − 0 . 11 × t c [ Gyr ]) + 9 

with log ( t c [ Gyr ]) = 1 . 143 − 1 . 026 × log (1 + z) 

− 0 . 599 × log 2 (1 + z) 

+ 0 . 528 × log 3 (1 + z) , (1) 

ields the SFR of a main sequence galaxy according to Speagle et al.
 2014 ). 

log ( t depl [ Gyr ]) ≡ log ( M gas / SFR [ Gyr ]) 

= 0 . 21 − 0 . 98 × log (1 + z) 

+ 0 . 03 × ( log ( M ∗/M �) − 10 . 7) , (2) 

ields the corresponding molecular gas mass according to Tacconi 
t al. ( 2020 ), and 

δdg ≡ M dust /M molgas = 10 −2 + 0 . 85 ×(12 + log ( O / H ) −8 . 67) 

ith 12 + log ( O / H ) = 8 . 74 − 0 . 087 × ( log ( M ∗/M �) 

− 10 . 4 − 4 . 46 × log (1 + z) 

+ 1 . 78 × log 2 (1 + z)) 2 , (3) 

ields the corresponding dust mass following Tacconi et al. ( 2018 ). 

 M E T H O D O L O G Y  

his section introduces how we model the joint distribution of 
alaxies’ structural and dust properties in q − log ( a ) − log ( n )

A V space. Section 4.1 explains how we can derive the intrinsic
hape of galaxies from their distribution in the projected shape–size 
MNRAS 524, 4128–4147 (2023) 
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lane ( q − log ( a )). Section 4.2 introduces the functionality of SKIRT,
nabling radiative transfer calculations on model galaxies of arbitrary
omple xity (or simplicity). F or didactic purposes, we illustrate
he behaviour in terms of inclination-dependent attenuation and
nclination and wavelength dependent half-light radii using a select
umber of toy model galaxies. Finally, we combine the intrinsic shape
nd radiative transfer modelling and explain in Section 4.3 how we
arametrize population models for galaxy ensembles and constrain
hem with observations. 

.1 Intrinsic shapes from projected axial ratios 

e model any SFG ensemble (e.g. defined within a bin of mass and
edshift) as a family of ellipsoids observed from random viewing
ngles. The shape of any such ellipsoid can be defined by its principle
xis ratios B / A (the intermediate-to-major axis ratio) and C / A (the
inor-to-major axis ratio). Observed from a random angle ( θ , φ)

n a sphere, the corresponding projected axis ratio q on the sky
s then given by equations (3)–(6) in Zhang et al. ( 2022 ). When
arametrizing an absolute scale of such ellipsoid, we will follow
KIRT convention in defining the intrinsic size A as the semimajor
xis length of an ellipse that comprises half of the projected stellar
ass distribution in the face-on view. This 2D definition is tightly

inked to A 3D , the semimajor axis length of the ellipsoid containing
alf of the 3D stellar mass distribution ( A 3D / A 2D ≈ 1.33, with
nly per cent-level variations across the range in S ́ersic indices
onsidered). 

To acccount for the fact that not all SFGs in an ensemble will
e of identical shape, we parametrize the aforementioned family of
llipsoids by the mean and standard deviation of a Gaussian intrinsic
llipticity ( E ) and triaxiality ( T ) distribution, 〈 E 〉 , σ E , 〈 T 〉 , σ T . Here,
he ellipticity E relates to the ellipsoid’s minor-to-major axis ratio C / A
s E = 1 − C / A . The triaxiality T is defined as T = (1 − B 

2 / A 

2 )/(1 −
 

2 / A 

2 ). Additionally, we allow for covariance between the ellipticity
nd size of the galaxy, parametrized by Cov (E , log (A)) . The intrinsic
hape modelling accounts for measurement errors on the projected
xial ratios q (see equation 11 in Zhang et al. 2022 ). We go o v er the
etric being optimized in our modelling in Section 4.3 . 

.2 Radiati v e transfer with SKIRT 

.2.1 SKIRT functionality and settings 

e use SKIRT (Camps & Baes 2020 ) to determine the impact of
ust content and galaxy structure on the net visual attenuation A V 

i.e. difference between galaxy-integrated V -band magnitudes with
nd without dust), and on galaxies’ observed half-light radii. 

SKIRT is a state-of-the-art Monte Carlo code that simulates the
adiation transfer (scattering, absorption, and emission) in dusty
edia. Its flexible functionality allows running it on outputs from

moothed particle hydrodynamics (SPH) simulations (see e.g. Camps
t al. 2016 and Popping et al. 2022 for applications) as well as on
dealized toy model galaxies that can be set up in a modular form
ithin the code itself (Camps & Baes 2015 ). 5 

Here, we apply the latter functionality. Cameras are set up to
bserve toy model galaxies under different viewing angles, and at
ifferent wavelengths. We do not model the (computationally more
 xpensiv e) thermal emission from heated dust, as this information,
merging in the infrared, is also lacking for the galaxies in our
NRAS 524, 4128–4147 (2023) 
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d  

w  
bservational sample. We make use of the THEMIS dust model
The Heterogeneous dust Evolution Model for Interstellar Solids,
ones et al. 2017 ), which specifies the dust composition and grain
ize distribution. For simplicity, we work throughout this study
ith model galaxies that feature homogeneous stellar populations.
hereas real galaxies may feature stellar population gradients,

ecent studies based on observations (Miller et al. 2022 ) and on
osmological galaxy formation simulations (Popping et al. 2022 )
uggest that their impact on colour profiles is significantly sub-
ominant compared to dust. 
In accordance with Section 4.1 , we work with ellipsoidal geome-

ries of varying thickness C / A . We adopt radial density profiles that
roject to S ́ersic profiles of index n , and execute SKIRT runs for n =
.5, 1, 2, 4, and 8. We generate toy models with a variety of dust
ontents, and where rele v ant relate dust surface density and dust mass
ia � dust = 0.5 M dust /( πAB ). In constructing a SKIRT library of toy
odel galaxies observed under different viewing angles, we further

ary the relative dust and stellar disc size ratio, R dust / R star , and the
elative scaleheights of the dust and stellar distributions, C dust / C star .
inally, additional dimensions to the library capture realizations
here a fraction of dust ( f clump, dust ) and a fraction of stars ( f clump, star )

s placed in dense clumps, the location of which is drawn from the
 v erall density profile. 
Together, this makes for a library of o v er 10 000 toy model

alaxies, each observed under an array of 20 dif ferent vie wing angles
rom face-on to edge-on. From it, we compose lookup tables of the
f fecti ve dust attenuation in the V band, A V , and measurements at
ifferent rest wavelengths of the ratio of half-light to half-mass radii,
 light / R mass , for each of the library entries. Rather than rerunning the

adiative transfer (RT) calculations for each custom galaxy type and
iewing angle in each iteration of the Monte Carlo Markov Chain
MCMC) fitting to the observed galaxy distributions (Section 4.3 ),
e simply interpolate the rele v ant A V and R light / R mass values from the

bo v e lookup tables. 
Due to computational cost, we run the SKIRT library with

xisymmetric disc galaxies, and approximate the A V of triaxial
alaxies ( T �= 0) viewed from a random angle ( θ , φ) by the A V of
n equi v alent axisymmetric galaxy with the same dust mass column
 dust, projected = 0.5 M dust /Area projected = 0.5 M dust /( πa 2 × q ), where a

nd q are the projected semimajor axis and axial ratio of the half-
ight ellipse. We verified using select RT runs on triaxial ellipsoids
hat the error σ ( A V ) of this approximation is less than 0.02 mag and
hus smaller than the precision of 0.05 mag in our modelling of the
bserved SEDs. Our library further lacks a separate dimension for
he absolute galaxy size, as it was found that results for a galaxy half
he size (and otherwise identical parameters) compared to a galaxy
ith four times (2 2 ×) the surface density were consistent. 

.2.2 Lessons from toy models 

efore explaining how we will model the observed galaxy pop-
lations at different masses and redshifts, we here explore a few
oy model galaxies set up in SKIRT (Camps & Baes 2020 ) to
ain intuition about how different parameters can influence dust
ttenuation. F or e xample, Fig. 1 compares toy models with different
ust masses while keeping other parameters fixed. In this case, the
odel galaxies shown are axisymmetric ellipsoids with exponential

isc profiles, half-mass radii of 4 kpc, and a thickness C / A = 0.2. The
olid curves show the outcome of SKIRT A V calculations (i.e. the
ifference between galaxy-integrated V -band magnitudes with and
ithout dust) for cameras with different inclinations i . As expected,
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Figure 1. Comparison of the inclination-dependent attenuation A V for toy 
models with different dust masses. Other galaxy parameters are kept identical 
to the reference model in black (see the main text). Solid lines are the 
results of SKIRT radiative transfer accounting for scattering and absorption, 
with identical star and dust geometry as described in the text. Dashed 
curves represent analytical prescriptions corresponding to a foreground 
dust configuration, with face-on attenuations matched to the SKIRT results 
by construction. Likewise, dotted lines illustrate the analytical case of a 
homogeneous mixture of stars and dust. 
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Figure 2. Ratio between half-light radius and half-mass radius for the SKIRT 

reference model galaxy, plotted as a function of inclination, and with colours 
marking different rest-frame wavelengths. Centrally enhanced dust columns 
yield larger half-light radii, especially at shorter rest-wavelengths and for 
more inclined views. 
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n increase in dust mass leads to a higher dust attenuation. Also as
nticipated, a galaxy of given dust content is attenuated more when 
bserved closer to edge-on [lower values of cos ( i )]. 
In detail, the latter scaling with viewing angle differs quantitatively 

rom that of more simplistic analytic prescriptions. To illustrate this, 
ig. 1 shows in dashed and dotted curves the predictions from a
oreground dust screen and a homogeneous mixture of dust and 
tars as outlined by Calzetti, Kinney & Storchi-Bergmann ( 1994 ). In
oth cases, we anchor the face-on attenuation A V, 0 to that computed 
y SKIRT, and next compute by what factor the attenuation A V, i 

ncreases with increasing inclination angle i ( i = 0 ◦ being face-on;
 = 90 ◦ edge-on). For the screen prescription, this scaling factor is
aken to be equal to the factor by which the length of the sightline
hrough the ellipsoid has increased compared to the face-on view. 
n the case of an axisymmetric system, this factor is given by
 V ,i /A V , 0 = 1 / 

√ 

( C/A ) 2 sin 2 i + cos 2 i , where i is the inclination 
ngle and C / A is the disc thickness, as applied for example in the
nalysis by Zuckerman et al. ( 2021 ). In the homogeneous mixture
onfiguration, the ef fecti ve optical depth, τ eff , relates to the full
ptical depth through the mixture, τ , as τ eff = −ln [(1 − e −τ )/ τ ]. We
hus take the ef fecti ve face-on attenuation as computed by SKIRT,
alculate from it the corresponding full optical depth, scale it up for
ny arbitrary inclination to account for the increased sightline through 
he ellipsoid, and convert this back to the ef fecti ve attenuation for
hat viewing angle. This yields attenuation levels that increase more 
lowly with increasing total dust column than the screen case, albeit 
till not identical to what is computed with SKIRT. The differences 
we to the RT accounting for both absorption and scattering effects, 
nd working on a 3D geometry with radially declining stellar and 
ust density profiles. In contrast, the homogeneous mixture considers 
he effects of absorption on a uniform density slab of mixed stars and
ust. 
We conclude from Fig. 1 that SKIRT is able to capture inclination-

ependent attenuation effects, and that these can differ quantitatively 
rom simpler analytical prescriptions due to more complete physics 
absorption + scattering) and the ability to set up more realistic
patial distributions of sources and obscuring material. For a given 
eometry, SKIRT can further compute the relation between the input 
ust mass and the resulting ef fecti ve attenuation. Turned around,
t fixed dust mass, SKIRT can be used to assess how different
tructural parameters influence attenuation. This is presented in 
ppendix B . Specifically, Fig. B1 considers how the inclination- 
ependent attenuation changes when varying parameters such as the 
 ́ersic index n , disc thickness C / A , dust versus stellar scaleheight
r scalelength ratio, or when clumpiness in the dust (and stellar)
patial distribution is introduced. We note that, for our observational 
amples, empirical constraints on the S ́ersic index and disc thickness
via the projected axis ratio distribution) are available. For the 
emaining structural parameters, observational constraints are either 
carce (in the case of R dust / R star ; e.g. Tadaki et al. 2017 , 2020 ) or
acking completely ( C dust / C star and clumpiness measures). In any
ase, they are unavailable for the large galaxy ensembles making up
ur sample. 
One more inference can already be drawn from inspecting the 

forementioned reference toy model galaxy. Since the density profile 
f both dust and stars declines with increasing distance from the
entre, the projected dust column towards inner regions of the 
alaxy is larger than in its outskirts. As a result of enhanced central
bsorption (and scattering), less than half of the light is observed
o emerge from within the projected stellar half-mass radius. Or 
onversely, the half-light radius of the galaxy exceeds the half- 
ass radius. Fig. 2 illustrates how, for our case example, the ratio

f half-light to half-mass radius depends on the rest wavelength 
f the synthetic observation, and further shows a dependence on 
nclination, such that relatively speaking the light-weighting effects 
n galaxy size measurements are more modest for face-on viewing 
ngles (cos ( i ) = 1) than for edge-on viewing angles (cos ( i ) = 0).
e emphasize that in this e x ercise, by construction, all R light / R mass 

ariations and colour gradients implied by it come about due to
ust attenuation effects, as no intrinsic stellar population (e.g. age) 
radients were introduced. We further note that, for the galaxy size
4 kpc) and dust content (10 8 M �) chosen, rest-optical sizes can
xceed the half-mass radii by a factor of ∼2, with such differences
nly dropping below the ∼ 10 per cent level at wavelengths well 
MNRAS 524, 4128–4147 (2023) 
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nto the rest-frame near-infrared. Of course, the impact of such
ight-weighting effects on the observed galaxy size could be made
rbitrarily high or negligible in a toy model example as this one, by
arying the dust content and/or size of the galaxy considered. We
ill therefore return to implications on galaxy size measurements

nformed by the population modelling of our observed samples
f SFGs in Section 5.4 . For now, we remind the reader that for
onsistency, when fitting to observed galaxy size distributions, we
se the SKIRT models’ half-light radii quantified at the same rest
avelengths as probed by the observations. 

.3 Overall modelling approach and parametrization 

e develop our model in steps of increasing geometric complexity.
nitially, we set up a model of simplified geometry to see how well
t matches the observations. Our fitting target is the observed joint
istribution of q − log ( a ) − log ( n ) − A V , where the projected
xial ratio q , the projected semimajor axis length a , and the S ́ersic
ndex n come from the 2D surface brightness fitting, and the visual
ust attenuation A V is obtained from the SED modelling. A given
odel realization consists of 10 000 mock galaxies, with their

ust and structural parameters (listed below) drawn from Gaussian
istributions. Each of these toy model galaxies is mock observed
nder a random viewing angle, making use of the SKIRT lookup
ables (see Section 4.2 ) to obtain measures of A V and R light / R mass . 

The log-likelihood function is formulated so as to minimize the
ifference between the distribution in q − log ( a ) − log ( n ) −
 V space of a given observed galaxy sample and the equi v alent
istribution of the population of toy model galaxies that is constructed
o reproduce their sample properties. In detail, we separate this
ultidimensional space into six parameter planes: q − log ( a ), q
A V , log ( a ) − A V , q − log ( n ), log ( a ) − log ( n ), and A V −

og ( n ). We then calculate the log-likelihood in these parameter planes
eparately and add them up to obtain a single metric, the total log-
ik elihood, lnlik e tot , which is maximized via the MCMC technique
s implemented in EMCEE (F oreman-Macke y et al. 2013 ). Here, the
og-likelihood function lnlike for an individual 2D parameter plane
s calculated as 

nlike = 

∑ 

i 

(n i × log (m i + 1)) , (4) 

hus following closely the approach of intrinsic shape modelling in q
log ( a ) space as outlined by Zhang et al. ( 2022 ). For each bin i , n i 

s the number of observed galaxies in that bin and m i is the number
redicted by the model with specific parameters. 
In our modelling with simplified geometries (Section 5.2 ), we

llo w the follo wing free parameters to define the stellar geometry:
 E 〉 , σE , 〈 T 〉 , σT , 〈 log ( A ) 〉 , σ log ( A ), cov( 〈 E 〉 , 〈 log ( A ) 〉 ), 〈 log ( n ) 〉 ,
log ( n ) and force the dust geometry to follow an identical spatial
istribution as the stars. Additionally, we have two parameters
uantifying the Gaussian distribution of dust surface densities among
he model galaxy population: 〈 log ( � dust ) 〉 and σ log ( � dust ). At this
tage, both dust and stars are assumed to follow smooth and identical
istributions. 
Once allowing more complex geometries, degeneracies arise

etween the star-dust geometry and dust mass. From Section 5.3 on-
ards, we will therefore impose priors on the dust content inferred

rom far-IR observations. To do so, we apply the scaling relations
omposed by Tacconi et al. ( 2020 , see Section 3.3 ) to obtain the
ust mass of a typical main-sequence SFG at the considered mass
nd redshift. With the characteristic dust content set according to the
bo v e procedure, our modelling no longer features 〈 log ( � dust ) 〉 as
NRAS 524, 4128–4147 (2023) 
 free parameter. Ho we ver, we do still leave the freedom to have a
istribution in dust properties around the far-IR prior, parametrized
y σ log ( � dust ). 
At this stage, more freedom will be added to the dust geometry.

ne model keeps the system smooth (i.e. without clumpiness), but
hanges the scale-height or radius of the dust disc with respect
o the stellar disc using the parameters C dust / C star and R dust / R star ,
especti vely. An alternati ve model introduces clumpiness by placing
ome fraction of dust ( f clump, dust ) and some fraction of the stellar mass
 f clump, star ) into clumps. This alternative model keeps the same height
nd radius for the dust and star components. We discuss the results
btained with clumpy geometries in depth in Section 5.3.2 . 

 RESULTS  

e now proceed to present the trends of observed attenuation in
ection 5.1 , followed by our modelling results in Sections 5.2 to 5.4 .
pecifically, the results obtained from population modelling with
mooth and identical geometries for stars and dust are presented in
ection 5.2 . We then consider tw o f amilies of alternative star-dust
eometries in Section 5.3 : one where distributions are smooth but dis-
inct in scaleheight or scalelength for stars versus dust (Section 5.3.1 ),
nd one (our fa v oured model) in which clumpiness is introduced
Section 5.3.2 ). Finally, Section 5.4 addresses the implications for
bserved galaxy sizes and their wavelength dependence. As a visual
uide, cartoons of the different considered star-dust geometries are
epicted in the top row of Fig. 11 . In our summary (Section 6 ),
e further populate this figure with a schematic o v erview of our
 v erarching conclusions. 

.1 Dust attenuation in obser v ations 

n Fig. 3 , we consider the relation between the visual attenuation
 V as inferred from SED modelling and the projected axial ratio q .
e show the relation separately for samples of SFGs split into five

edshift bins spanning the range 0 < z < 2.5, and five bins of stellar
ass ranging from 10 9 to 10 11.5 M �. In several of the panels, a clear

nd statistically significant ne gativ e correlation is observed. Such an
bserved trend is reminiscent of the results obtained by Patel et al.
 2012 ) and Zuckerman et al. ( 2021 ), who both noted the enhanced
resence of elongated shapes in the region of the rest-frame UVJ
olour–colour plane where more dust-obscured SFGs are located
see e.g. Wuyts et al. 2007 ; Williams et al. 2009 ). The interpretation
s that those sources with lower q are more elongated in projection
n the sky because they are seen under a higher inclination. Their
nclined nature in turn results in a larger projected dust column, which

anifests itself in a higher degree of ef fecti ve dust reddening and
ttenuation. Implicitly, this explanation assumes the dust distribution
o be relatively diffuse and volume filling, such that dust in the
ystem is not only obscuring the starlight emitted locally, but also
hat from the background stellar distribution along the line of sight.
rom Fig. 3 , we can further appreciate that at fixed mass the slope
f such a ne gativ e q– A V relation is seen to reduce as we consider
igher redshifts. This is despite the fact that SFGs at cosmic noon
re known to host a richer ISM than similar-mass counterparts in the
ocal Universe (e.g. Tacconi et al. 2020 ). 

It is also worthwhile to consider how the typical A V of SFGs varies
ith redshift and mass (black stars in Fig. 3 ). At fixed redshift, we
bserve the median attenuation to increase with increasing mass.
ndeed, such mass dependence has been previously reco v ered using
 range of obscuration diagnostics for galaxies from the nearby
niverse out to z ∼ 4 (Heinis et al. 2014 ; Pannella et al. 2015 ;
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Figure 3. Projected axial ratio q versus dust attenuation A V for the observed SFGs split into different bins of redshift and stellar mass. Dashed lines represent 
the running median of the q − A V distribution, while polygons mark the central 68th percentile range. Black stars denote the median of the ( q , A V ) values in 
each ( z, M ∗) bin. Ne gativ e correlations stem from enhanced dust columns and thus increased reddening for more inclined viewing angles. 
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cLure et al. 2018 ; Qin et al. 2019 ). In contrast, when considering the

ongitudinal trend, median A V values only show a modest variation 
ith redshift. This is consistent with findings by Shapley et al. ( 2022 ),
ho juxtaposed a lack of evolution in attenuation tracers to the 

elatively steep evolution in dust content, at least at the massive end,
mplied by far-IR observations. In detail, whereas minor changes 
n A V with cosmic time are seen among our sample, they are not
ecessarily varying in the same direction for different mass bins: if
nything, slight increases of A V with redshift are seen at the massive
nd, compared to slight declines at lower masses. 

Through our population modelling with simplified star-dust ge- 
metries (Section 5.2 ), we will quantify this apparent tension 
t
etween attenuation and far-IR results alluded to by Shapley et al.
 2022 ), after which we will e v aluate alternati ve star-dust geometries
n order to reconcile the two (Section 5.3 ). 

.2 Smooth models with identical star and dust geometries 

aving discussed the relation between structural parameters, viewing 
ngles, and the observed levels of dust attenuation in a phenomeno-
ogical manner, we now turn to modelling of the actual observations.

e do so for the same ensembles of SFGs shown in Fig. 3 , defined
y mass (bins of 0.5 dex width) and redshift (bins of �z = 0.5). In
his section, we employ the simplest star-dust geometry, namely one 
MNRAS 524, 4128–4147 (2023) 
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M

Figure 4. q − log ( a ) − log ( n ) − A V corner plot of our galaxy sample at 
1.0 < z < 1.5 with stellar mass 10.0 < log ( M ∗/ M �) < 10.5. Histograms 
show the observed distribution, and solid blue lines + contours represent 
the best-fitting model distribution. The model employed here leaves dust 
content as a free parameter, has identical dust and stellar geometry, and 
features no clumpiness. The black dashed line in the log ( a [kpc]) histogram 

panel represents the distribution of intrinsic half-mass radii of the galaxy 
population according to the best-fitting model (smaller than the half-light 
radii due to dust attenuation). The median A V versus q relation in the model 
and observations is further illustrated with black and red dashed lines. 
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Figure 5. Top : dust mass versus stellar mass colour-coded by redshift. 
Star symbols mark the best-fitting M dust values obtained via our attenuation 
modelling under the assumption of identical and smooth spatial distributions 
for dust and stars. The black dashed and dotted lines correspond to 100 and 
50 per cent of the metals returned to the ISM being converted into dust, 
respectively. Solid lines indicate the dust mass of main sequence SFGs 
from empirical far-IR scaling relations (Tacconi et al. 2020 ; adopting a 
metallicity-dependent dust-to-gas ratio). Bottom : Similar to the top panel, 
but star symbols now correspond to models in which far-IR dust mass priors 
have been imposed. 
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n which for each toy model galaxy stars and dust follow the same
mooth spatial distribution. The dust content is left to vary freely. A
ase example of such modelling is presented in Fig. 4 . It is shown
hat for the considered bin of redshift (1.0 < z < 1.5) and stellar

ass (10.0 < log ( M ∗/ M �) < 10.5), a model galaxy population can
e constructed which reproduces the observed joint distribution of q

log ( a ) − log ( n ) − A V in a satisfactory manner. 
Carrying out an equi v alent analysis for each of our ( z, M star ) bins,

e e v aluate the results obtained for the median M dust in Fig. 5 ( star
ymbols in the top panel ). For reference, we also illustrate lines
f M dust = yM star (dashed black line) and M dust = 0.5 yM star (dotted
lack line), where we adopted a metal yield of y = 0.032, appropriate
or a Chabrier ( 2003 ) IMF (Madau & Dickinson 2014 ). These can
e thought of as upper limits on the dust mass that a galaxy of a
iven stellar mass can reasonably be expected to host. The dashed
dotted) black lines correspond to scenarios where all (or half) of the
etals ever produced and released into the ISM as part of the star

ormation process in the galaxy, were retained and depleted onto dust
rains. In reality, part of the metals will be ejected by galactic winds,
nd among those remaining, a substantial fraction will reside in the
aseous phase rather than depleting onto dust grains (R ́emy-Ruyer
t al. 2014 ; De Vis et al. 2019 ; Li, Narayanan & Dav ́e 2019 ). The
ust masses inferred from SKIRT attenuation modelling reassuringly
ie well below these (very generous) upper limits. 

Fig. 5 (top panel) also shows that higher dust masses are found
or SFGs of higher stellar mass, as could have been anticipated
rom the A V –M star relation described in Section 5.1 . Ho we ver,
he shortcomings from this model realization come to light when
ontrasting the dust masses inferred using SKIRT to observational
NRAS 524, 4128–4147 (2023) 
onstraints on the dust content of SFGs from far-IR scaling relations
Tacconi et al. 2020 , coloured curves corresponding to different
edshifts). The latter typically imply higher dust masses, especially
t higher redshifts. In fact, the dependence of the dust-to-stellar mass
atio on redshift is qualitatively different: SFGs are increasingly
SM and dust rich at higher lookback times according to the far-IR
caling relations, whereas at face value the opposite is implied by
ur attenuation modelling with simplistic star-dust geometries. This
ension could have been anticipated from the modest evolution in A V 

aired with the known size evolution of SFGs (e.g. van der Wel et al.
014a ), and has been the topic of recent work by Shapley et al. ( 2022 ),
ho analysed Balmer decrements (H α/H β) and rest-UV slopes and

ame to similar conclusions. Along a similar vein, Whitaker et al.
 2017 ) noted a lack of redshift evolution in the obscured fraction of
tar formation with stellar mass, despite the larger ISM content and
ore compact sizes of high-redshift galaxies. 
For completeness, we point out that the low-mass high-redshift

ata ingested by Tacconi et al. ( 2020 ) into their scaling relations
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Figure 6. Idem to Fig. 3 , but alongside the observations (red) showing 
the q –A V distribution of a model realization (black) in which the structural 
parameters are set to reproduce the observed size, S ́ersic n and q distributions, 
in which dust masses are fixed according to far-IR scaling relations (Tacconi 
et al. 2020 ), and in which the spatial distribution of dust and stars is kept 
identical and smooth. This figure illustrates the inability to match the observed 
dust attenuation while simultaneously imposing far-IR dust masses and 
structural parameters that are consistent with the observations. More freedom 

in the adopted star-dust geometry is required to obtain a successful model. 
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re predominantly coming from CO rather than dust continuum 

bservations. Had we adopted a constant rather than metallicity- 
ependent dust-to-gas ratio to convert cold gas masses to dust masses, 
t would have yielded high-z scaling relation curves that run more 
arallel to the z ∼ 0.25 one in the M dust –M star plane (i.e. the red curve
ould shift upward by nearly 0.6 dex at log ( M ∗/ M �) = 9.25, without

ppreciable change at the massive end). This would exacerbate the 
iscrepancy with the results inferred from attenuation modelling for 
he low-mass high-z bins. However, we consider the metallicity- 
ependent dust-to-gas ratio (equation 3 ) adopted as default in our 
nalysis more realistic. We note that other potential sources of 
ystematic uncertainty in the measurement of dust and/or cold gas 
asses based on far-IR/sub-mm diagnostics are smaller in size and 

nable to account for the differences seen in the top panel of Fig. 5
see e.g. Berta et al. 2016 ; Scoville et al. 2016 ; Tacconi et al. 2020 ,
or a more e xhaustiv e discussion). 

An alternative way of illustrating the shortcomings of the con- 
idered simplistic star-dust geometry is displayed in Fig. 6 . Here, 
e keep for each SFG ensemble the best-fitting model parameters 

s obtained in the fitting with free dust content, and merely adjust
he mean dust content so as to match the typical M dust of SFGs at
he respective mass and redshift as given by the FIR scaling relations
bottom panel of Fig. 5 ). The result is a significant o v erestimate of A V 

alues at z > 0.5, which becomes progressively worse towards higher 
edshifts. If instead the model parameters outlined in Section 4.3 are 
efit while imposing the FIR priors on M dust , the fit is driven towards
arger sizes for the toy model galaxies. This happens in an attempt
o reduce the dust column and hence the predicted attenuation, but 
omes at the expense of a tension with the observed galaxy sizes.
onsequently, the discrepancy with respect to the observations is 
evealed in a combination of poorly reproduced A V and log ( a )
istributions. In other words, under the assumed star-dust geometry, 
o toy model galaxy population can simultaneously reproduce the 
 dust , A V and galaxy size constraints. 
In summary, a more complex star-dust geometry is required to 

econcile attenuation and far-IR measurements. 

.3 Alternati v e star-dust geometries 

lthough our modelling with identical smooth star and dust geome- 
ries was able to reproduce fairly well the observed q − log ( a ) −
og ( n ) − A V distributions (Section 5.2 ), this was achieved at the
xpense of a severe mismatch in terms of inferred dust masses with
espect to constraints from far-IR/sub-mm observations (Tacconi 
t al. 2020 ). 

This moti v ates us to turn the e x ercise around, fix the median
ust mass according to the FIR scaling relations (Fig. 5 , bottom
anel), and e v aluate the implied adjustments needed to the star-dust
eometry to maintain, or impro v e, the match to the q − log ( a ) −
og ( n ) − A V observations. In order to a v oid introducing too much
e generac y, we e xplore variations of one aspect of the geometry at a
ime, and comment on their physical plausibility. 

.3.1 Separate smooth distributions for stars and dust 

ariations in C dust / C star : at first, we attempt leaving the relative
caleheight of the dust versus stellar distribution ( C dust / C star ) free.
ecause dust discs that are relatively thin compared to the stellar
omponent yield lower A V and shallower A V –q relations (Fig. B1 ,
iddle-left-hand panel), the fits with realistic dust masses are driven 

n this direction in order to optimally reproduce the observed 
ttenuation levels. Specifically, while best-fitting C dust / C star values 
or the lowest redshift bin are near unity for massive (log ( M ∗/ M �) >
0) SFGs and around 0.5 for those at lower mass, they progressively
ecrease down to 0.1–0.3 for our samples abo v e z > 1. Ev en with
 dust / C star as low as 0.1, the best-fitting models to the lowest mass
igh-z SFG ensembles do not predict A V values quite as low as
hose observed. We regard this solution as physically implausible 
iven that, if anything, ISM and stellar discs at high redshift (and
specially low mass) can be expected to be less differentiated. SFGs
t cosmic noon are characterized by dynamically turbulent thick 
tructures (e.g. Wisnioski et al. 2015 ; Simons et al. 2017 ; Übler et al.
019 ; Wisnioski et al. 2019 ; Tiley et al. 2021 ), and their young stellar
opulations are anticipated to be more closely associated with the 
SM disc out of which they formed. In contrast, the settled discs
f nearby galaxies are able to host a dynamically colder and thus
hinner ISM structure, whereas their stellar content has had ample 
ime to be puffed up by dynamical disturbances such as (minor)

ergers, or indeed may feature thick stellar disc components that 
ormed as such during an earlier, more turbulent past (e.g. Shapiro,
enzel & F ̈orster Schreiber 2010 ; Mackereth et al. 2019 ; Poci et al.
019 ). 
Variations in R dust / R star : a more interesting scenario may be one

n which the relative scalelength of dust and stellar discs ( R dust / R star )
s allowed to vary instead. Here, it is important to note that, while
educing the scalelength of dust and stars simultaneously has the 
et effect of increasing dust columns and thus attenuation levels, the
ame is not true if only the dust scalelength is reduced (Fig. B1 ,
iddle right-hand panel). This can be understood naturally by the 

act that, while central dust columns do increase, these enshroud a
rogressively smaller portion of the stars overall. If instead the dust
MNRAS 524, 4128–4147 (2023) 
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istribution is made more extended relative to that of the stars, the
nticipated attenuation would depend more sensitively on viewing
ngle, which is not supported by the observations. The net result of
his behaviour is that in our population modelling with free R dust / R star ,
alues of R dust / R star � 0.4 are formally preferred for galaxies abo v e
 > 1, with dust discs that are typically ∼3 times more compact
han their stellar counterparts for massive galaxies (log ( M ∗/ M �) >
0) and as much as ∼7 times more compact for low-mass galaxies
log ( M ∗/ M �) < 10). As we will detail below, we regard especially
he latter size difference as uncomfortably large. The match to the
bserved q − log ( a ) − log ( n ) − A V joint distributions are o v erall
ecent when adopting this modelling with free R dust / R star , with a
inor caveat that the q– A V relations for the best-fitting model are
odestly shallower than those observed for massive (log ( M ∗/ M �) >

0) SFGs at low redshift ( z < 1). 
In terms of physical plausibility, resolved observations of the

ust reservoirs within the most massive (log ( M ∗/ M �) > 11) high-
 SFGs have indeed revealed evidence for compact dust sizes
ompared to those observed in the rest-frame optical, and indeed even
ompared to those inferred from stellar mass maps reconstructed
rom multiband HST imaging (Hodge et al. 2016 ; Tadaki et al.
017 ; Puglisi et al. 2019 ; Tadaki et al. 2020 ). Assembling ALMA
bservations for the largest such sample at z ∼ 2 to date, Tadaki
t al. ( 2020 ) find the 870 μm dust continuum sizes of their 62
FGs with log ( M ∗/ M �) > 11 to be on average 2.3 (1.9) times
ore compact than those quantified from rest-optical (stellar mass)
aps, with considerable object-to-object v ariation. Belo w 10 11 M �,

esolved dust continuum observations of z ∼ 2 SFGs become
apidly more scarce. Nelson et al. ( 2019 ) study an intermediate
ass SFG at z = 1.25, finding the rest-500 μm dust emission

o be 1.4/1.8/1.4 times more compact than the H α/rest-UV/rest-
ptical light, but if anything somewhat less compact than the stellar
ass distribution ( R e , M ∗/R e , dust = 0 . 9). Exploiting slightly lower

esolution (0 . ′′ 7) dust continuum and CO line observations of a more
 xtensiv e sample of 1.1 < z < 1.7 SFGs, Puglisi et al. ( 2019 )
eco v er a significant spread in FIR-to-rest-optical size ratios, with
 larger fraction of compact ALMA sources at the high-mass end.
ost recently, Magnelli et al. ( 2023 ) used JWST/MIRI to probe

he resolved line emission from polycyclic aromatic hydrocarbons
PAHs). They find the rest-optical to rest-mid-infrared size ratio
f main-sequence galaxies to increase with mass, from ∼1.1 at
0 9.8 M � to ∼1.6 at 10 11 M � (see also Shen et al. 2023 ). Any
ifferences between the extent of the stellar mass distribution and the
bscured star formation distribution are presumed to be smaller than
hat. 

Indeed, it appears plausible that – if anything – a stronger
ifferentiation between dust and stellar sizes would come about
or more massive SFGs, which are likely to have matured further
long their inside-out growth path. We thus conclude that, while
ifferences between dust and stellar radii may contribute to rec-
nciling dust mass and dust attenuation constraints, the required
uantitative size differences appear large, especially for less massive
alaxies. 

.3.2 Modelling with clumpy ellipsoids 

hus far, we have imposed a smooth distribution of stars and dust.
ur final and fa v oured scenario relaxes this constraint by introducing

lumpiness. We consider a parametrization in which the fraction of
tars residing in clumps ( f clump, star ) and the fraction of dust locked up
n clumps ( f clump, dust ) is allowed to each vary separately. In a physical
NRAS 524, 4128–4147 (2023) 
ense, there is no a priori reason why they should be the same, and
ragmatically, tying f clump, star = f clump, dust would have the undesired
ffect of not altering the effective attenuation as much for a fixed
ust mass. 
The clump locations are drawn randomly from the underlying

mooth density distribution, the dust and stellar clumps are by
onstruction colocated, and since all clumps are set up with identical
roperties, only their number differs when varying the total mass
f dust in clumps. Specifically, they represent dense ISM clumps as
ound in ultraluminous infrared galaxies (ULIRGs; Krumholz &

cKee 2005 ), with 10 6 M � of dust comprised in structures of
0 pc half-mass radius. Milky Way type cloud densities (containing
5 times less dust in the same volume) were found to provide poorer
ts to the high-z galaxy observations as their larger number would
ender the distribution closer to volume filling, hence mimicking
he previously explored smooth models. For simplicity, we keep the
 v erall density profile of the smooth stellar and dust components
dentical throughout this exploration. 

The results from our modelling with clumpy ellipsoids are pre-
ented in Figs 7 and 8 . Fig. 7 shows the median q– A V relation and
entral 68th percentiles for observations (in red, reproduced from
ig. 3 ) and our family of toy model galaxies observed from random
iewing angles (in black). The two show an encouraging agreement,
ith only few ( z, M ∗) bins where modest deviations in slope are
otable. Fig. 8 demonstrates that this agreement, obtained while
mposing dust masses from FIR scaling relations (bottom panel of
ig. 5 ), is achieved while simultaneously reproducing the SFGs’
xial ratio distributions, observed half-light radii, S ́ersic indices, and
ttenuation distributions. 

The variation in axial ratio distributions across mass and redshift
pace echoes the previous findings by van der Wel et al. ( 2014a )
nd Zhang et al. ( 2019 ) that low-mass SFGs at cosmic noon have
ot yet settled in axisymmetric disc configurations. This is indicated
y a q distribution that is skewed to low values. In comparison,
ntermediate mass SFGs, especially at lower redshifts, exhibit the
roader q distributions characteristic for discs. Finally, our impro v ed
umber statistics at the high-mass end suggest that the most massive
FGs tend to be somewhat rounder in shape. We note that dedicated
ts of just the 1D q distribution can in some cases impro v e the match

o observations of this particular structural property, but a family of
alaxies with the corresponding intrinsic 3D shapes would perform
ore poorly in reproducing the distribution of attenuation levels and

he q –A V relation. 
In terms of galaxy size, the dashed black curves in Fig. 8 represent

he distribution of projected semimajor axis lengths of the stars. It is
lear that, whereas at low mass, these coincide with the corresponding
alf-light radii (black histograms), they are significantly smaller than
he half-light radii for massive SFGs. We address this in more depth
n Section 5.4 . 

Whereas SFGs across a wide range in redshift and mass feature a
istribution of S ́ersic indices that is centred around n = 1 (exponential
iscs) and relatively symmetric in log ( n ), a notable shift towards n
 1 structures is observed among the most massive SFGs that still
anaged to escape quenching despite their formidable mass. This

rend was already noted in Wuyts et al. ( 2011 ), and is naturally
ccounted for in our analysis by incorporating the empirical S ́ersic
ndex constraints. 

Finally, the A V distributions in Fig. 8 illustrate that the best-
tting models echo the observational findings already touched on in
ection 5.1 . Namely, that attenuation levels shift to higher values with

ncreasing stellar mass, and comparatively vary less with redshift at
xed mass. 
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Figure 7. Projected axial ratio q versus dust attenuation A V distribution of the observations (red) and the best-fitting models (black) in redshift and stellar mass 
bins. The model employed here adopts dust masses from far-IR scaling relations (Tacconi et al. 2020 ) as input, and allows for clumpiness while keeping the 
global geometry of stars and dust identical. Dashed curves denote the running median of the q –A V distribution, and polygons show the upper 84th and lower 
16th percentiles. Black stars mark the median of the observed ( q , A V ) values. 
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Turning to the fraction of dust in clumps required to achieve the
atisfactory agreement with the observed q − log ( a ) − log ( n ) −
 V joint distributions, these are illustrated in Fig. 9 . A clear increase
ith redshift is notable, where for SFGs at cosmic noon of order
90 per cent of the dust is assigned to dense clumps. For the lower

edshift ( z < 1) SFGs, where FIR-based and attenuation-inferred 
ust masses were already in better agreement with simplified smooth 
eometries (top panel of Fig. 5 ), a comparatively lower fraction of
he dust is allocated to clumps. In contrast to the significant dust
lump fractions, the best-fitting fractions of stars assigned to clumps 
emain low across the range of masses and redshifts explored ( � 0.2,
nd often negligible). 
In fact, in the limit where clumps are starless and sufficiently
ompact compared to the global dimensions of the galaxy, they 
erely serve as pockets to hide dust mass without contributing to the

et attenuation. As such, the results presented in this section could
ave been anticipated from those obtained in Section 5.2 . Interpreting 
he freely fitted dust masses obtained there under the assumption 
f smooth geometries as only representing the mass contained in 
 diffuse dust component, we can combine them with the o v erall
 dust, FIR from the FIR scaling relations to obtain 

 clump , dust, expected = 1 − ( M dust, diffuse /M dust, FIR ) (5) 
MNRAS 524, 4128–4147 (2023) 
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M

Figure 8. Comparison of the distribution of SFG properties, split by redshift and stellar mass. Observational distributions are shown in red; the corresponding 
best-fitting model in black. Arrows at the bottom of each histogram indicate the median value of the distribution. The model displayed here adopts dust masses 
from far-IR scaling relations (Tacconi et al. 2020 ) as input, allows for clumpiness, while keeping the global geometry of stars and dust identical. From left to 
right and top to bottom, histograms represent the distributions of axial ratios, q , the projected semimajor axis half-light radii, log ( a ), the S ́ersic index, log ( n ), 
and visual attenuation, A V . In the size panels, the intrinsic size of the stellar (rather than light) distribution of the model galaxies is also illustrated by the 
dashed black curve. Across the mass and redshift space explored, families of model galaxies can be constructed that, when observed from random viewing 
angles, reproduce simultaneously the observed structural and attenuation properties. Doing so while imposing far-IR constraints on dust masses was achieved 
by invoking clumpier dust geometries for higher-redshift SFGs. 

T  

c  

 

s  

t  

P  

t  

c  

a  

m  

o  

i  

(  

I  

o  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/3/4128/7226713 by G
hent U

niversity user on 30 M
ay 2024
hese estimates are denoted with plus symbols in Fig. 9 , and they
ompare fa v ourably with the RT results based on clumpy geometries.

Considering that SFGs at cosmic noon are characterized by
pecific star-formation rates that are an order of magnitude higher
han those of similar-mass SFGs in the nearby Universe (see e.g.
opesso et al. 2023 , and references therein), it may not be surprising

hat a correspondingly higher fraction of their dust content is
omprised within birth clouds. In due time, these birth clouds
NRAS 524, 4128–4147 (2023) 
re likely to be dispersed, with (part of) their dust content being
ixed into a diffuse component. In detail, however, the evolution

f the dust budget and distribution is go v erned by a complex
nterplay of processes, with multiple channels for dust production
supernovae, asymptotic giant branch stars, and grain growth in the
SM) as well as destruction and redistribution (e.g. supernova shocks,
utflows), which we do not claim to disentangle in this study. We
efer the reader to Popping, Somerville & Galametz ( 2017 ) for a
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Figure 9. Fraction of dust mass in clumps versus stellar mass, colour- 
coded by redshift. Star symbols show the results of modelling with a diffuse 
+ clumpy geometry, and cross symbols indicate the predicted fraction of dust 
in clumps from the difference in dust mass between the smooth geometry 
models and the far-IR scaling relations (Tacconi et al. 2020 ). 
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omprehensiv e o v erview of these processes in a galaxy formation
ontext. 

As a cautionary note, the high fractions of dust mass locked up in
lumps (i.e. not part of a volume-filling diffuse component) shown 
n Fig. 9 do not necessarily imply that these galaxies would appear as
ighly substructured in a typical ALMA observation. As mentioned 
efore, the fraction of stars assigned to the clumps is low in our mod-
lling, and much of the clumps’ dust emission would appear blended 
nto a smooth distribution due to the practical resolution limitations 
f most observing programmes. This is also reflected in preliminary 
ock observations we generated with SKIRT, and on which we will 

eport in a forthcoming study dedicated to expanding our modelling 
o a panchromatic UV-to-submm approach. Observationally, the jury 
s still out on how much of high-z galaxies’ dust emission can be
ttributed to substructure, with some reporting clumpy morphologies 
r (often subdominant) substructure (e.g. Swinbank et al. 2015 ; Iono 
t al. 2016 ; Dessauges-Zavadsky et al. 2019 , 2023 ; Hodge et al. 2019 ;
ujopakarn et al. 2023 ) and others noting a lack thereof (e.g. Hodge
t al. 2016 ; Rujopakarn et al. 2019 ; Ivison et al. 2020 ). Of rele v ance to
nterpreting these somewhat heterogeneous results is their large range 
n spatial resolution, from kpc scales down to an exquisite 30 pc in the
est gravitational lens cases, and the significant spread in sensitivities 
chie ved (af fecting the ability to retrie ve real and a v oid spurious
ubstructure). Furthermore, many (but not all) of the aforementioned 
tudies focus on luminous sub-mm galaxies, whose dust morpholo- 
ies are not necessarily representative of that of the o v erall SFG
opulation. 
We conclude that our results are consistent with clumpier dust 

eometries in higher-redshift SFGs. For those bins of massive, high- 
 SFGs where Fig. 7 shows a modestly steeper model q –A V relation
han seen in the observations (e.g. log ( M ∗/ M �) = 10.5–11.0 at 1.0
 z < 1.5 and 1.5 < z < 2.0), we note that our modelling with
ore compact dust discs (Section 5.3.1 ) yielded shallower q –A V 

lopes (see also middle-right-hand panel of Fig. B1 ) and thus a better
greement as far as this projection of the multidimensional space of
bservations is concerned. For other ( z, M ∗) bins, on the other hand,
he modelling from Section 5.3.1 did not necessarily outperform the 

odelling with clumpy geometries assessed here. We can therefore 
ot rule out that both clumpier dust geometries and more compact 
ust versus stellar sizes are at play in explaining the dust properties
f massive high-z SFGs. 

.4 Implications for galaxy sizes 

ecause the size of a galaxy is a fundamental parameter in charac-
erizing its growth stage, we here consider the implications of our 
nalysis for size measurements of the stellar component. 

That half-light and half-mass radii in principle can differ was 
lready illustrated by the case example toy model galaxy from Fig. 2 .
o we ver, that specific toy model galaxy was set up with arbitrary

ize, shape, and dust content. Now, we can e v aluate the half-light
o half-mass size ratios for the same mock galaxy populations that, 
hen observed from random viewing angles, reproduce the joint 
 − log ( a ) − log ( n ) − A V distribution of SFGs in a certain ( z,
 ∗) bin. This is done in Fig. 10 (panels a–c), where we show

s a function of galaxy stellar mass the median R light / R mass and
entral 68th percentile of its distribution for a given SFG ensemble. 
ifferent colours mark the different redshift bins, and separate panels 

llustrate the size ratio as quantified in increasing observed-frame 
avelengths ( i , F160W, F444W). The model results shown are those
btained with the diffuse + clumpy geometry discussed in Section 
.3.2 . 
A few tak eaw ays are notable. First, the inferred half-light to
alf-mass size ratios depend steeply on mass, and for massive 
FGs can be at the factor ∼2 level. The amplitude of such size
iases decreases with increasing wavelength of observation, and 
or a given observed-frame waveband with decreasing redshift. 
he latter trend is influenced by both evolution in the intrinsic
roperties of the SFGs (e.g. size, dust content and clumpiness), 
ut importantly also by the fact that depending on redshift dif-
erent rest-wavelengths are probed. It is noteworthy that, among 
assive (log ( M ∗/ M �) > 10.5) SFGs at z ∼ 2, even imaging in

WST/NIRCam’s F444W filter may not be directly probing the stellar 
ass distribution. In these dust-rich, massive SFGs the rest-frame 
1.4 μm emission probed features non-negligible central obscura- 

ion leading to R light / R mass correction factors of ∼ 40 per cent and
p. 
Very similar trends were found when models with varying dust 

ersus stellar scalelengths (Section 5.3.1 ) were explored instead of 
odels that varied the amount of dust confined to dense clumps.
uantitatively, the R light / R mass ratios are then slightly higher, but only
y ∼ 3 per cent , 8 and 11 per cent at observed-frame i , F160W and
444W wav elengths, respectiv ely. This emphasizes the robustness of 

he trends, but does mean that empirical measurements of R light / R mass 

ay by themselves only be of limited use in discriminating between
hese scenarios. 

Similar conclusions to those presented in Fig. 10 were drawn 
y Popping et al. ( 2022 , see the left-most panel of their Fig. 8),
ho applied SKIRT radiative transfer to high-redshift galaxies from 

he cosmological hydrodynamical simulation TNG50. Their analysis 
uggests that, for the same observed waveband, size biases become 
et larger (exceeding a factor 4 for massive galaxies observed at
.6 μm) when extending the considered redshift range out to z ∼
. By construction, their approach differs in tw o k ey aspects from
he one using idealized toy model galaxies we adopt here. First,
he TNG model galaxy population was not fine tuned to reproduce at
ach redshift and mass the observationally constrained distribution of 
alaxy sizes, shapes, dust content, and attenuation. Second, the TNG 

 alaxies grew org anically according to the physics implemented 
n the simulation. The structure of TNG galaxies thus emerged 
elf-consistently, and so did the spatial distribution of their stellar 
MNRAS 524, 4128–4147 (2023) 
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M

Figure 10. Size comparisons based on the best-fitting population of toy model galaxies using our fa v oured diffuse + clumpy dust geometry (Section 5.3.2 ). 
Panels (a)–(c): ratio of measured half-light to stellar half-mass radii, R light / R mass , as a function of galaxy mass. Different panels quantify the half-light radii 
in different observed-frame wavebands ( i , F160W and F444W, respectively). Colour coding denotes the redshift bin. Circles and bars mark the median and 
central 68th percentile of the distribution, respectively. (d): ratio of the observed semimajor axis size seen by a face-on observer versus by observers positioned 
at random viewing angles. The top (bottom) panel quantifies the results in the absence (presence) of dust. Overall, size measurements are substantially more 
influenced by dust attenuation than by orientation. The impact of dust is largest for massive galaxies, especially when probing shorter rest-wavelengths. 

p  

e  

n  

p  

t
 

s  

d  

m  

t  

W  

o  

e  

6

a
d
p

s  

i  

g  

n  

∼
 

i  

c  

r  

o  

i  

d  

l  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/3/4128/7226713 by G
hent U

niversity user on 30 M
ay 2024
opulations and ISM. 6 Given that for our toy model galaxies, we
xplicitly assumed homogeneous stellar populations, it is worth
oting that in their analysis, Popping et al. ( 2022 ) found stellar
opulation induced size variations to be strongly subdominant to
hose induced by dust effects. 

Encouragingly, the implied impact of dust on observed galaxy
izes appears also in line with observational trends, with wavelength-
ependent size measurements and biases with respect to stellar half-
ass radii being evident when comparing and interpreting rest-UV

o rest-optical imaging in HST surv e ys such as CANDELS (see e.g.
uyts et al. 2012 ; Suess et al. 2019 ). More recently, the advent

f JWST with Cycle 1 lookback surv e ys such as CEERS (Bagley
t al. 2022 ) has enabled a confirmation of the progressively smaller
NRAS 524, 4128–4147 (2023) 

 The realism of these spatial distributions is subject to resolution effects 
nd dependent on subgrid recipes, which, by lack of explicit treatment of 
ust, include assumptions regarding the dust-to-metal ratio imposed in post- 
rocessing. 

c
2

 

o  

c  

W  
izes of galaxies with increasing wavelength into the rest-frame near-
nfrared. Without discriminating between star-forming and quiescent
alaxies, Suess et al. ( 2022 ) report sizes of CEERS galaxies at cosmic
oon that are 30 per cent smaller at 4.4 μm compared to 1.6 μm at
10 11 M � and negligibly smaller at 10 9 M �. 
CANDELS-based analyses of SFGs at z ∼ 1–2 were influential

n pinpointing dust as the principle physical origin of their observed
olour gradients (Liu et al. 2016 , 2017 ). These studies paired radially
esolved profiles of a single rest-frame colour with global estimates
f the galaxy-integrated attenuation. The longer wavelength baseline
ntroduced by JWST has since enabled the use of colour–colour
iagnostics to break age-dust degeneracies at a spatially resolved
evel, leading to consistent inferences of dust being the dominant
ause of the observed colour profiles in SFGs (Miller et al. 
022 ). 
For completeness, we demonstrate in panel (d) of Fig. 10 that

ther effects, related to the observer’s viewing angle, introduce
omparativ ely ne gligible biases or variations in the measured size.
e address this aspect in two steps, first e v aluating the differences
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Figure 11. Schematic o v erview of three star-dust geometry families explored 
as part of our analysis. Left column: when adopting the same, smooth 
spatial distributions for stars and dust, no population of toy model galaxies 
can simultaneously match both dust mass constraints from far-infrared/sub- 
mm observations, attenuation constraints from UV-to-near-infrared SED 

modelling and structural parameters quantified from galaxies’ 2D surface 
brightness profiles. Models with realistic global structure that reproduce 
the attenuation feature implausibly small dust masses, especially at higher 
redshifts. Conversely, models that impose FIR-based constraints on M dust 

sev erely o v erpredict the attenuation and/or sizes of high-redshift SFGs. 
Middle column: models in which the dust scalelength is allowed to vary 
with respect to the stellar one fare better in reconciling the observational 
constraints. They do so by invoking compact dust configurations, qualita- 
tively akin to what is observed among high-mass SFGs at cosmic noon. 
Ho we ver, quantitati vely the required size differences between dust and stellar 
distributions are large, uncomfortably so among lower mass SFGs. Right 
column: models in which a fraction of dust (and a modest fraction of stars) is 
placed in dense clumps are successful in simultaneously satisfying empirical 
constraints on M dust , A V , and the global structure of SFGs. They imply that 
the fraction of dust locked in dense clumps increases with increasing redshift. 
All star-dust geometries explored lead to half-light radii that exceed the stellar 
half-mass radii due to dust-induced light weighting effects. 
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n observed semi-major axis sizes in the absence of dust 7 , then
ncorporating the effects of spatially varying attenuation. In the 
rst case, deviations from axisymmetry are the sole reason why the 
emimajor axis size does not remain equal across all viewing angles. 
y definition, the ratio of stellar semimajor axis size for the face-
n and inclined view, R face on, mass / R inclined, mass , has a lower bound of
nity. The median deviation abo v e unity, av eraged o v er all viewing
ngles, remains restricted to ∼ 5 per cent or less across the full 
ange of redshifts and galaxy masses explored. The distribution of 
 face on, mass / R inclined, mass extends to the highest values among low-mass 
igh-redshift galaxies. These are the systems for which the observed 
xial ratio distribution hints at significantly prolate elongated shapes. 
hey are also the systems for which ef fecti ve attenuation levels are

ow, and thus represent the only regime where viewing angle and 
ust effects are of similar amplitude (and in both cases very minor). 
The case example toy model galaxy shown in Fig. 2 illustrates

hat, even for a given galaxy, the degree to which the half-light
adius exceeds the half-mass radius depends on viewing angle. The 
ense of this trend is such that the half-light to half-mass size ratio is
 For a more in depth analytical and numerical treatment of projection effects 
nd their impact on galaxy size in the absence of dust, applied to galaxies of 
ifferent S ́ersic index and intrinsic shape, we refer the reader to van de Ven & 

an der Wel ( 2021 ). 

o
r
T  

s
w  
arger for more inclined systems, given their enhanced projected dust 
olumns. This effect therefore compensates to some degree the above 
iewing angle dependence due to deviations from axisymmetry. 
nce folding in the impact of dust, the R face on, light / R inclined, light ratios

re pulled do wn relati ve to R face on, mass / R inclined, mass (bottom-right-
and panel of Fig. 10 ), and are no longer e xclusiv ely abo v e unity.
he observed semimajor axis size does show some variations with 
iewing angle, but the observed size relative to that seen by a face-on
bserver can be both larger or smaller. Most importantly, viewing 
ngle effects for a typical galaxy remain at the ∼ 5 per cent level,
uch smaller than the R light / R mass ratios seen in the rest optical. Even
hen probing rest-frame near -infrared wa velengths of (especially 
assive) SFGs at cosmic noon, the inferred dust-induced R light / R mass 

atios dominate o v er an y variations of the observ ed size with viewing
ngle. 

 SUMMARY  

e investigate the dust properties (mass, geometry, and ef fecti ve
ttenuation) of star-forming galaxies from cosmic noon to the present 
ay. To do so, we compile a large sample of 0 < z < 2.5 SFGs from
igh image quality surv e ys of tiered area and depth: HSC-SSP, 3D-
ASH, and CANDELS. We model the observed joint distribution 
f axial ratios, sizes, S ́ersic indices and attenuation using families
f toy model galaxies treated with radiative transfer to shed light on
he typical star-dust geometry within SFGs across cosmic time. A 

ynopsis of the models explored, their relative success in reconciling 
if ferent observ ational constraints, and their implications regarding 
alaxies’ star-dust geometry and size, are depicted in Fig. 11 . Our
ain conclusions are: 
• The ef fecti ve dust attenuation depends on a galaxy’s orientation

ith respect to the observer. Edge-on galaxies are more opaque than
heir face-on counterparts. Ho we ver, the slope of the q– A V relation
ecomes shallower with increasing redshift. 
• Whereas attenuation levels are observed to rise with galaxy mass 

t a given epoch, there are at fixed mass only modest variations
n dust attenuation with redshift. Paired with the size evolution 
f SFGs (more compact at earlier times) and scaling relations 
ased on far-infrared/sub-mm observations (more ISM-rich SFGs 
t cosmic noon), this poses an apparent tension when interpreting 
he observed (inclination-dependent) attenuation with the simplest 
ossible star-dust geometries. Mock galaxy populations in which the 
tar and dust geometries are imposed to be identical and smooth
ead to inferred dust masses that fall significantly below those 
nticipated on the basis of far-IR observations of higher-redshift 
FGs. 
• Imposing instead dust masses from far-IR scaling relations, 

e are able to reproduce the observed q − log ( a ) − log ( n ) −
 V distributions, pro vided additional fle xibility to the assumed 
tar-dust geometry is introduced. Specifically, a scenario in which 
FGs at higher redshifts comprise a larger fraction of their dust
ontent in dense clumps is adequate in alleviating the aforementioned 
ension. We further explore the impact of geometries with different 
calelengths for stars and dust, and find that additional contributions 
rom more compact dust (relative to stellar) distributions cannot be 
xcluded. 
• Our results have direct implications for the size measurements 

f SFGs. Dust-induced light weighting effects will render half-light 
adii large compared to the corresponding stellar half-mass radii. 
his effect is most prominent among massive SFGs when probed at
horter rest-wavelengths (at the factor ∼2 level when probing rest- 
av elengths � 0.5 μm). An y variations in observ ed semimajor axis
MNRAS 524, 4128–4147 (2023) 
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ize with orientation are comparatively minor (typically at the level
f ∼ 5 per cent ). While less affected by dust than shorter wavebands,
ven imaging in JWST/NIRCam’s F444W band may not be taken
s directly probing the stellar mass distribution in the most massive
FGs at cosmic noon. 
This work constitutes a first step in analysing and interpreting
ultiwavelength diagnostics of attenuation and galaxy structure

ointly. Further investigations will be able to build on this work
y folding in ne w observ ational constraints. JWST imaging will
ontinue to more robustly document the resolved spectral energy
istributions within galaxies, while in its various spectroscopic
odes JWST is adding insight regarding the spatial distribution

f nebular attenuation. Finally, the spatial extent of dust emission
ill be pinned down across a growing range of galaxy properties,
y probing line emission from PAH molecules with JWST/MIRI
n the mid-IR, and by probing the Rayleigh–Jeans tail of the dust
ontinuum emission in the (sub)mm regime with NOEMA and
LMA. 
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Figure A1. Dust attenuation law for the same model galaxy at different 
viewing angles, as computed with SKIRT radiative transfer (see text for 
details). 
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PPENDI X  A :  VA R I AT I O N S  IN  STELLAR  

OPULATI ON  M O D E L L I N G  

hroughout this paper, we have used on the one hand estimates of
he ef fecti ve attenuation deri ved from stellar population modelling
f the observed SEDs, and on the other hand the actual net visual
ttenuation (difference between V -band magnitude with or without 
ust) as computed on toy model galaxies using SKIRT. Implicitly, 
omparison of the two assumes that they are measuring the same
uantity. We here raise a few caveats regarding this assumption, 
ighlighting scope for future investigations, but argue that the 
ncertainties associated with A V estimation are unlikely to alter the 
 v erarching conclusions drawn from our analysis. 
The assumptions underlying our SED modelling procedure out- 

ined in Section 3.1 are simplistic. This is to some extent moti v ated
y pragmatic considerations, such as computation time when applied 
o large samples and consistency with a vast body of literature. The

odest constraining power of broad-band SEDs further implies that 
ntroducing more freedom in the SED fit would also open up more
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egeneracies. In detail, ho we ver, each of the settings, ranging from
he adopted Solar metallicity and universal Calzetti et al. ( 2000 )
ttenuation law to the chosen family of star formation histories, can be
uestioned and indeed may lead to scatter and/or systematics. Tests
f SED modelling on mock-observed simulated galaxies illustrating
hese effects have been presented by, e.g. Wuyts et al. ( 2009 ), Mitchell
t al. ( 2013 ) and Hayward & Smith ( 2015 ). 

From an observ ational perspecti ve too, non-uni versality of the
ttenuation law in SFGs has been proposed with typically steeper
lopes for galaxies of higher specific star formation rates (Kriek &
onroy 2013 ; Reddy et al. 2018 , 2023 ), and spectroscopic studies
av e be gun to chart the mass and redshift dependence of stellar
etallicities in SFGs out to cosmic noon and beyond (Cullen et al.

019 ; Kashino et al. 2022 ). Inspired by these works, we subjected
alaxies from the CANDELS surv e y to a set of alternative SED
odelling procedures, systematically varying the stellar metallicity

log ( Z / Z �) = −0.7, −0.4, 0.0, 0.3) and exploring a fe w dif ferent
ttenuation laws using the parametrization by Noll et al. ( 2009 ): ( δ,
 b ) = ( −0.4, 1.61), ( −0.2, 1.23), (0.0, 0.85). The latter ef fecti vely
ample the range in attenuation law slope, δ, and 2175 Å bump
trength, E b , sampled by the composite galaxy SEDs from Kriek &
onroy ( 2013 ). 
As anticipated, lowering the metallicity (at fixed attenuation law

lope) yields higher A V , because the intrinsic stellar population is
luer and therefore more dust is required to reproduce the observed
alaxy colour. On the other hand, adopting a steeper attenuation law
at fixed metallicity) yields lower A V , as less dimming of the V -band
ight is required to produce the same redness. Considering the SFG
opulation at cosmic noon, for which the aforementioned studies
rgued for both steeper attenuation curves and lower metallicities,
specially at low masses, these two effects will work in opposite
irections, and may thus be expected to compensate to some degree.
We experimented with two approaches to quantify the net effect.

n a first effort, we selected for each galaxy the A V of whichever
ell in the stellar metallicity–attenuation law grid yielded the fit
ith the lowest χ2 , irrespective of the significance by which the
t was impro v ed. In the second approach, we adopted a smoothly
arying Z ∗( z, M ∗), defined as being 0.2 dex lower than the gas-
hase metallicity given by equation ( 3 ) (see e.g. Peng & Maiolino
014 ), and similarly let the attenuation law slope δ vary from 0 at
ow-redshift/high-mass to −0.4 at high-redshift/low-mass. Taking
ur default modelling results as a reference, we found median
 A V = A V, free − − − A V, reference of 0.0 (16th and 84th percentiles

f −0.2 and 0.3, respectively) for approach 1. Interpolating A V 

alues from the ( Z ∗, δ) grid according to the smoothly varying
etallicity and attenuation law scaling (approach 2), we obtained a
edian �A V = A V , smooth (Z ∗,δ) scaling − − − A V , reference of 0.07 (16th

nd 84th percentiles of −0.13 and 0.26, respectiv ely). F or individual
 z, M ∗) bins, systematic offsets in A V were typically restricted to
he ±0.2 range for both approaches, with the exception of low-mass
log ( M ∗/ M �) < 10) SFGs at z < 0.5, where � ( A V ) ≈ 0.3–0.5 were
een. While admittedly ad hoc in their implementation, our two tests
uggest that the o v erall attenuation trends are reco v ered relativ ely
obustly. 

Systematics in A V estimates as a consequence of the adopted
tar formation history were found to be of similar amplitude,
lbeit not necessarily in the same direction. This was assessed by
ontrasting our reference SED modelling results to results obtained
ith Bagpipes (Carnall et al. 2018 ), where we left metallicity as a

ree parameter and explored both log-normal star formation histories
nd the piece-wise constant (also known as non-parametric) star
ormation history introduced by Leja et al. ( 2019 ). 
NRAS 524, 4128–4147 (2023) 
While a full exploration of attenuation curves in the context
f our SKIRT calculations is outside the scope of this work, we
o illustrate in Fig. A1 that in detail, attenuation curves may not
nly vary from galaxy to galaxy, but also for a given galaxy with
rientation towards the observ er. F or the model parameters that best
escribe the SFG ensemble at z = 1.0–1.5 and log ( M ∗/ M �) = 10–
0.5, we show with different colours the effective attenuation law
btained with SKIRT cameras set up under different inclinations.
hile the Calzetti et al. ( 2000 ) law is bracketed by the range

f attenuation curves shown, it is evident that even for a single
alaxy, the attenuation curve is not universal. Instead, a trend towards
rogressiv ely gre yer (i.e. shallower) slopes is seen with increasing
nclination. Indeed, observ ational e vidence for greyer attenuation law
lopes among more inclined systems has previously been reported for
earby and intermediate redshift galaxies (Wild et al. 2011 ; Salim,
oquien & Lee 2018 ; Bari ̌si ́c et al. 2020 ). For a more in-depth

nvestigation of such viewing angle and variable attenuation curve
ffects, we refer the reader to Trayford et al. ( 2020 ), who apply
KIRT radiative transfer to simulated galaxies from the EAGLE
osmological simulation. 

PPENDI X  B:  I NCLI NATI ON-DEPENDENT  

 TTENUA  T I O N  F O R  DI FFERENT  G E O M E T R I E S

hereas Fig. 1 presented the variation in ef fecti ve attenuation for
oy model galaxies of identical geometry with different dust content,
e here explore the opposite. Fig. B1 shows in each panel with a
lack curve the attenuation for a reference toy model galaxy observed
nder different inclinations ( i = 0 ◦ is face-on; i = 90 ◦ is edge-on).
he reference corresponds to an axisymmetric ellipsoidal galaxy
ith smooth stellar and dust distribution, n = 1 S ́ersic profile, 4 kpc

ize, and thickness C / A = 0.2, which contains 10 8 M � of dust. In
ach panel, the reference model is juxtaposed to the results from
eparate SKIRT runs on galaxies with identical dust mass, but distinct
tructural properties. The structural parameter that is varied with
espect to the reference model is indicated in the legend of each
anel. For instance, the top-left-hand panel shows that shallower
adial density profiles (lower n ) lead to o v erall higher attenuation and
 steeper inclination dependence compared to cuspier profiles (higher
 ). Adjusting the disc thickness C / A has little effect on the face-on
ttenuation, but impacts the edge-on attenuation due to enhanced
ust columns when the disc is thinner ( top-right-hand panel ). In
oth these experiments, the density profile of stars and dust was kept
ied. 

When setting up smaller scaleheights for the dust disc compared
o the stellar distribution ( middle-left-hand panel ), this again reduces
he inclination dependence and o v erall attenuation. This is best
ictured for a razor-thin dust disc, which, when seen edge-on,
ould barely affect the starlight emitted abo v e and below the mid-
lane. Variations in the relative scalelength of the dust and stellar
istribution ( middle-right-hand panel ) have a perhaps less trivial
mpact. More compact dust configurations, while of higher surface
ensity, only obscure the inner part of the galaxy ef fecti vely, leading
o a net reduction in attenuation, especially for edge-on viewing
ngles. On the other hand, model galaxies with more extended
ust distributions feature a reduced dust column and thus lower
ttenuation of starlight when seen face-on, while their dust content
cts more closely like a foreground screen and thus produces higher
 V when seen edge-on. 
Finally, the bottom panels of Fig. B1 e v aluate the variation from

he reference model when part of the dust ( bottom-left-hand panel ),
r part of the dust and a proportional fraction of the stars ( bottom-
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Figure B1. From left to right and top to bottom: Comparison of inclination-dependent attenuation for toy models with different S ́ersic indices n , thickness C / A , 
relative scaleheight of dust and stars C dust / C star , relative scalelength of dust and stars R dust / R star , different fractions of dust in clumps, and different fractions of 
dust and stars in clumps. In each panel, all parameters other than the one listed in the legend, are kept fixed to that of the reference model shown in black. 
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ight-hand panel ), is placed in dense clumps. The location of these
lumps is drawn randomly from the galaxy’s o v erall density profile.
n the former case, the dense clumps contain dust yet no stars. Given
hat they are far from volume filling, more dust in clumps then
f fecti vely reduces the diffuse component responsible for attenuating 
he starlight. In the latter case, as now also a portion of the stars is
2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
ssigned to the same dusty clumps, these dense dust components 
ill attenuate the starlight emitted from within the clouds, hence 

ncreasing the galaxies’ net attenuation. 
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