
The structure of massive star-forming galaxies from JWST and ALMA:
dusty, high-redshift disc galaxies
Gillman, S.; Smail, I.; Gullberg, B.; Swinbank, A.M.; Vijayan, A.P.; Lee, M.; ... ; Werf, P.P.
van der

Citation
Gillman, S., Smail, I., Gullberg, B., Swinbank, A. M., Vijayan, A. P., Lee, M., … Werf, P. P.
van der. (2024). The structure of massive star-forming galaxies from JWST and ALMA:
dusty, high-redshift disc galaxies. Astronomy & Astrophysics, 691.
doi:10.1051/0004-6361/202451006
 
Version: Publisher's Version
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/4180028
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/4180028


A&A, 691, A299 (2024)
https://doi.org/10.1051/0004-6361/202451006
c© The Authors 2024

Astronomy
&Astrophysics

The structure of massive star-forming galaxies from JWST and
ALMA: Dusty, high-redshift disc galaxies

Steven Gillman1,2,? , Ian Smail3 , Bitten Gullberg1,2 , A. M. Swinbank3 , Aswin P. Vijayan1,2,4 , Minju Lee1,2,
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ABSTRACT

We present an analysis of the JWST NIRCam and MIRI morphological and structural properties of 80 massive
(log10(M∗[M�]) = 11.2± 0.1) dusty star-forming galaxies at z = 2.7+1.2

−0.7, identified as sub-millimetre galaxies (SMGs) by ALMA, which
have been observed as part of the JWST PRIMER project. To compare the structure of these massive, active galaxies to more typical,
less actively star-forming galaxies, we defined two comparison samples. The first of 850 field galaxies matched in specific star for-
mation rate and redshift and the second of 80 field galaxies matched in stellar mass. From the visual classification of the SMGs, we
have identified 20± 5% as candidate late-stage major mergers, a further 40± 10% as potential minor mergers, and 40± 10% that have
comparatively undisturbed disc-like morphologies, with no obvious massive neighbours on .20–30 kpc (projected) scales. These rates
are comparable to those for the field samples and indicate that the majority of the sub-millimetre-detected galaxies are not late-stage
major mergers, but have interaction rates similar to the general field population at z∼ 2–3. Through a multi-wavelength morphological
analysis, using parametric and non-parametric techniques, we establish that SMGs have comparable near-infrared, mass-normalised
sizes to the less active population, RF444W

50 = 2.7± 0.2 kpc versus RF444W
50 = 3.1± 0.1 kpc, but exhibit lower Sérsic indices, consistent

with bulge-less discs: nF444W = 1.1± 0.1, compared to nF444W = 1.9± 0.1 for the less active field galaxies and nF444W = 2.8± 0.2 for the
most massive field galaxies. The SMGs exhibit greater single-Sérsic fit residuals and their morphologies are more structured at 2 µm
relative to 4 µm when compared to the field galaxies. This appears to be caused by significant structured dust content in the SMGs
and we find evidence for dust reddening as the origin of the morphological differences by identifying a strong correlation between
the F200W−F444W pixel colour and the 870 µm surface brightness using high-resolution ALMA observations. We conclude that
SMGs and both massive and less massive star-forming galaxies at the same epochs share a common disc-like structure, but the weaker
bulge components (and potentially lower black hole masses) of the SMGs result in their gas discs being less stable. Consequently, the
combination of high gas masses and instabilities triggered either secularly or by minor external perturbations results in higher levels
of activity (and dust content) in SMGs compared to typical star-forming galaxies.

Key words. galaxies: evolution – galaxies: high-redshift – galaxies: structure – submillimeter: galaxies

1. Introduction

The relative proportions of highly dust-obscured and less
obscured star formation appears to vary over the history of
? Corresponding author; srigi@space.dtu.dk

the Universe, with the dust-obscured component dominating
in galaxy populations at z∼ 4–5 down to the present day (e.g.
Dunlop et al. 2017; Bouwens et al. 2020; Long et al. 2023). The
cause of this transition in star formation mode may reflect
the growing metallicity of the interstellar medium (ISM) in
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galaxies, less efficient removal of dust from deeper potential
wells, or structural or geometrical changes in the star-forming
regions within galaxies.

The most extreme examples at high redshifts of sys-
tems dominated by dust-obscured star formation are
the sub-millimetre galaxies (SMGs) with dust masses of
Md ∼ 108−9 M� and far-infrared luminosities of LIR ∼ 1012−13 L�
(e.g. Magnelli et al. 2012; Rowlands et al. 2014; Miettinen et al.
2017b; Dudzevičiūtė et al. 2020), placing them in the ultra
or hyperluminous infrared galaxy (U/HyLIRG) classes (see
Hodge & da Cunha (2020) for a full review). Most of these
galaxies show high star formation rates, SFR∼ 102−3 M� yr−1

(e.g. Swinbank et al. 2014), and correspondingly short gas
consumption timescales (e.g. Greve et al. 2005; Miettinen et al.
2017a; Tacconi et al. 2018; Birkin et al. 2021), suggesting that
they represent relatively short-lived starbursts of .100 Myrs,
which will result in massive systems with stellar masses of
M∗ ∼ 1011 M� (e.g. Wardlow et al. 2011; Simpson et al. 2014;
Miettinen et al. 2017a; Dudzevičiūtė et al. 2020).

The high star formation rates and large stellar masses
of SMGs have proved challenging to reproduce in the-
oretical galaxy formation models (e.g. Baugh et al. 2005;
Swinbank et al. 2008; Hayward et al. 2013; McAlpine et al.
2019), although more recent attempts have been more success-
ful (e.g. Lovell et al. 2022; Lower et al. 2023; Cochrane et al.
2024). The models suggest that the high star formation rates
in this population are driven by a mix of secular instabili-
ties in gas-rich discs and dynamical triggers due to minor and
major mergers (e.g. McAlpine et al. 2019). However, attempts
to observationally test these claims using the available rest-
frame ultraviolet (UV) Hubble Space Telescope (HST) imag-
ing of z∼ 1–3 SMGs were challenging (e.g. Chapman et al.
2003). While the galaxies frequently exhibited irregular
morphologies with apparently multiple components (e.g.
Swinbank et al. 2010; Chen et al. 2015; Gómez-Guijarro et al.
2018; Zavala et al. 2018; Cowie et al. 2018; Lang et al. 2019;
Ling & Yan 2022), their significant dust attenuation (AV & 2–6,
e.g. Dudzevičiūtė et al. 2020) means that robustly assessing the
intrinsic stellar mass morphology of the galaxies from these data
was incredibly difficult. This is especially the case for the subset
of the population that is undetectable in the near-infrared (‘NIR-
faint’ SMGs, Simpson et al. 2014; Dudzevičiūtė et al. 2020;
Smail et al. 2021; Ikarashi et al. 2022; Kokorev et al. 2023).
Detecting and resolving the rest-frame near-infrared emission
of SMGs, which is much less affected by dust attenuation and
more closely traces the bulk of the stellar population, is essen-
tial to robustly constrain the morphology of their stellar mass.
However, this has been beyond the reach of previous instrumen-
tation such as the Infrared Array Camera (IRAC; Fazio et al.
2004) on the Spitzer Space Telescope, which, whilst providing
the required near-infrared wavelength coverage from 3.6–8 µm,
lacked the sub-arcsecond spatial resolution required to constrain
the underlying morphologies of the stellar emission in SMGs.

However, some progress has been made in understand-
ing the structure of SMGs using high-resolution observa-
tions of the dust continuum and gas kinematics in SMGs
(e.g. Simpson et al. 2015; Ikarashi et al. 2015; Fujimoto et al.
2017). Thus, full-width-at-half-maximum (FWHM)∼ 0′′.1–0′′.2
sub-millimetre mapping with ALMA has revealed bright dust
continuum emission arising from compact disc-like struc-
tures (i.e. Re ∼ 1–2 kpc, Sérsic n≈ 1) as well as evidence
for a fainter, more extended component with Re ' 4 kpc (e.g.
Gullberg et al. 2019; Ivison et al. 2020). The bright compact
component is roughly half the size of the galaxy extent in

HST H-band imaging (Hodge et al. 2016; Gullberg et al. 2019;
Chen et al. 2020; Cochrane et al. 2021). At the highest resolu-
tions, FWHM∼ 0′′.05, Hodge et al. (2019) identified potential
arms and bar-like structures in the bright dust continuum from
a small sample of high-redshift SMGs.

Resolved kinematic studies using molecular and atomic
fine structure emission lines in the rest-frame far-infrared
and sub-millimetre have uncovered disc-like kinematics for at
least a significant fraction of the population (e.g. Hodge et al.
2012; Chen et al. 2017; Lelli et al. 2021; Rizzo et al. 2021;
Amvrosiadis et al. 2023). With the advent of the James Webb
Space Telescope (JWST; Gardner et al. 2023), high-resolution
observations from the near (1 µm) to the mid-infrared (25 µm)
are now feasible, enabling the infrared emission from counter-
parts of sub-millimetre bright galaxies to be resolved and the
issue of their stellar morphology and structures to be finally
quantified.

Initial morphological studies with JWST have found size
variations with wavelength in SMGs and less active colour-
selected populations at z∼ 2 (Chen et al. 2022; Cheng et al.
2023; Suess et al. 2022), with a reduction in the half-light radius
when observed in the rest-frame near-infrared compared to the
rest-frame UV/optical as previously studied with HST. A number
of studies have subsequently expanded the samples with JWST
and ALMA coverage, confirming that SMGs become more
compact (higher concentration, smaller size) at longer wave-
lengths (e.g. Cheng et al. 2023; Gillman et al. 2023; Price et al.
2023) with the potential impact of dust on the observed mor-
phology becomingly less evident at longer wavelengths (e.g.
Kokorev et al. 2022; Wu et al. 2023; Kamieneski et al. 2023;
Sun et al. 2024). There are also claims of frequent stellar bars
in many high-redshift star-forming galaxies (SFGs) (Guo et al.
2023; McKinney et al. 2024), including examples in SMGs
(Smail et al. 2023). However, all of these studies suffer from
modest sample statistics, limiting the interpretations of their
findings.

In this paper, we present an analysis of the structural prop-
erties of a statistically robust sample of ALMA-detected, sub-
millimetre-detected galaxies that have been observed with JWST
NIRCam and MIRI. In Sect. 2, we define the sample of SMGs
that we use in our analysis, whilst in Sect. 3 we present the
observations, data reduction, and analysis undertaken on these
systems (and matched control samples of less active galaxies
selected from the field). In Sect. 4 we give our results and in
Sect. 5 we discuss their implications, before summarising our
main conclusions in Sect. 6. Throughout the paper, we assume
a ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, and H0 =
70 km s−1 Mpc−1. All quoted magnitudes are on the AB sys-
tem and stellar masses are calculated assuming a Chabrier initial
mass function (IMF) (Chabrier 2003).

2. Sample selection

To build a sample of ALMA-detected SMGs with near-
infrared JWST coverage, we utilised the AS2UDS (Stach et al.
2019) and AS2COSMOS (Simpson et al. 2020) surveys as
our parent sample. The AS2UDS and AS2COSMOS sur-
veys are ALMA 870 µm follow-up programmes of 716 and
180 850 µm SCUBA-2 sources that are detected at >4σ in
the S2CLS (Geach et al. 2017) map of the UKIDSS Ultra-
Deep Survey (UDS; Lawrence et al. 2007) and the S2COSMOS
(Simpson et al. 2019) map of the Cosmic Evolution Survey
(COSMOS; Scoville et al. 2007), respectively. These two sur-
veys provide an initial candidate sample of 896 SMGs with
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Fig. 1. Combined AS2UDS and AS2COSMOS SMG sample in the PRIMER survey ranked in descending ALMA 870 µm flux. For each SMG, we
show the 3′′.0× 3′′.0 false colour image (F444W/F356W/F277W as R/G/B), labelled with the SMG ID, redshift (Magphys derived, zp, or spectro-
scopic, zs) and ALMA 870 µm flux density. We further label the SMGs visually classified as major mergers (M) minor mergers or interactions (I),
regular discs (D), or compact (C) as well as those potentially affected by gravitational lensing (Lens). The red cross indicates the ALMA 870 µm
position.

precise ALMA identifications, selected at S/N& 4, which we can
use to characterise their near-infrared JWST counterparts.

We cross-matched the ALMA positions for the SMGs with
the footprint of the JWST/NIRCam and JWST/MIRI obser-
vations from The Public Release IMaging for Extragalactic
Research (PRIMER; Dunlop et al. 2021) survey. PRIMER is
a multi-band, multi-instrument survey of UDS and COSMOS
covering 234 and 144 sq. arcmin, respectively. The obser-
vations consist of the seven wide-band and one medium-
band NIRCam filter (F090W, F115W, F150W, F200W, F277W,
F356W, F410M, F444W) as well as two wide-band MIRI fil-
ters (F770W, F1800W). Parts of the UDS and COSMOS fields
also benefit from HST ACS and WFC3 coverage from CAN-

DELS (Grogin et al. 2011) sampling the observed frame optical
(0.4 µm) to near-infrared (1.6 µm).

For our analysis, we required the SMGs to be covered by the
JWST/NIRCam long-wavelength (LW) filter F444W, ensuring
that the observed-frame near-infrared was sampled. This results
in a sample of 66 AS2UDS and 22 AS2COSMOS SMGs. A
summary of the ALMA properties and HST and JWST cover-
age is presented in Appendix A. Of the 88 SMGs, 12 have no
HST coverage. Two SMGs have JWST imaging in only three
bands (F444W, F277W, and F200W), while the other 86 SMGs
are covered by three or more JWST bands, with 37 SMGs hav-
ing the maximum ten available JWST filters covering from 0.9
to 18 µm, (Appendix A).
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The 88 SMGs have a median ALMA 870 µm flux of
S 870 µm = 3.8± 0.4 mJy, with a 16th to 84th percentile range of
S 870 µm = 1.8–6.1 mJy, with the brightest, AS2COS0002.1, hav-
ing S 870 µm = 13.2 mJy (see Appendix A). The SMGs sample
the bulk of the AS2COSMOS and AS2UDS S 870 µm distribu-
tion, which ranges from S 870 µm = 0.6–19.2 mJy. In addition, the
majority of the AS2UDS SMGs (51/66) were observed with
ALMA at resolutions of ' 0′′.3 FWHM, as is presented in
Stach et al. (2019), with 15 SMGs observed at a higher reso-
lution of ' 0′′.2 FWHM (see Gullberg et al. 2019). The ALMA
maps of the 22 SMGs in the COSMOS field were tapered to a
resolution of 0′′.8 FWHM (Simpson et al. 2020).

3. Reduction and analysis

In this section, we present our data reduction and compilation
of the photometric data that we used to characterise the multi-
wavelength properties of the SMGs and their analysis.

3.1. JWST and HST

We homogeneously processed the JWST NIRCam and MIRI
observations, retrieving the Level-2 data products (ver-
sion = jwst_1069.pmap) from the STScI website1 and process-
ing them with the Grizli pipeline (Brammer & Matharu 2021;
Brammer et al. 2022)2. For the NIRCam data, additional steps
were employed to deal with diagonal striping seen in some expo-
sures, cosmic rays, and stray light, whilst for the MIRI exposures
time-dependent sky flats were applied in an approach similar to
recent JWST studies (e.g. Yang et al. 2023). We further incor-
porated the available optical and near-infrared data available in
the Complete Hubble Archive for Galaxy Evolution (CHArGE;
Kokorev et al. 2022), providing multi-band imaging from 0.4 to
1.6 µm for a subset of the sources (see Appendix A). We aligned
all the imaging to Gaia DR3 (Gaia Collaboration & Brown
2021), co-added, and drizzled the final mosaics to a 0′′.04 pixel
scale (Fruchter & Hook 2002) for all JWST and HST filters.

3.2. Photometry

For the JWST and HST bands, we extracted sources using Sep
(Barbary et al. 2016), a Python version of Source extrac-
tor (Bertin & Arnouts 1996), with a noise-weighted combined
LW stacked (F277W+F356W+F444W) NIRCam image as the
detection image. For each source, we made a cut-out in each of
the HST and JWST bands, centred on this NIRCam LW detected
source. Colour images made from the F444W/F356W/F277W
NIRCam bands for the SMGs are shown in Fig. 1. Aperture
photometry was performed in elliptical apertures with a mini-
mum diameter of 1′′.0 and corrected to the ‘total’ values follow-
ing Kron (1980). The aperture corrections were computed on
the NIRCam LW stacked image and applied to all bands. The
MIRI observations were processed prior to the release of the
updated photometric calibrations (August 2023). We thus scaled
the measured flux in the F770W and F1800W bands by 0.85
and 1.03, respectively, following the JWST documentation. We
determined a median F444W AB magnitude for the SMG sam-
ple of mF444W = 21.7± 0.3 with a 16th–84th percentile range of
mF444W = 20.3–23.1.

1 https://mast.stsci.edu/
2 For full details of the reduction process see: https://dawn-cph.
github.io/dja/imaging/v7/

We compiled the mid-infrared to radio (5.8 µm to 1.4GHz)
photometry for our sources from Dudzevičiūtė et al. (2020) and
Simpson et al. (2020). For the SMGs with no MIRI F770W and
F1800W imaging, we adopted the IRAC channel 3 (5.8 µm) and
channel 4 (8 µm) photometry, if the IRAC channel 1 (3.6 µm)
flux is within 10 percent of the NIRCam F356W and the IRAC
channel 2 (4.5 µm) flux is within 10 percent of the NIRCam
F444W. We employed the IRAC photometry for two out of seven
AS2COSMOS SMGs without MIRI coverage and 11 out of 38
AS2UDS SMGs.

3.3. Final sample

Having collated a sample of 88 AS2UDS and AS2COSMOS
SMGs lying within the JWST PRIMER fields, we visu-
ally inspected each of the galaxies’ JWST imaging to
verify the association of the near-infrared counterpart
with the ALMA source. We removed three UDS sources
(AS2UDS0106.0, AS2UDS0175.0, and AS2UDS0069.0) and
three COSMOS sources (AS2COS0017.1, AS2COS0032.1,
and AS2COS0035.1) due to partial coverage in the JWST
NIRCam imaging. Of the remaining 82 SMGs, we identify one
SMG, AS2UDS0490.0, with no clear NIRCam counterpart,
with a F444W magnitude of mF444W = 26.7± 0.6 detected at
1.4σ. There is no MIRI coverage or any detection of this
S 870 = 2.7 mJy (S/N = 4.5) source between UV and radio, and
thus we concluded that it is likely spurious, with the ALMA
catalogue of 707 sources from Stach et al. (2019) expected to
have a two percent spurious fraction, and so excluded the source
from our sample. We also removed two SMGs, AS2COS0005.1
and AS2COS0005.2, which appear to be strongly gravitational
lensed, and thus the derivation of their intrinsic properties
including morphology would require detailed and uncertain
lens modelling (e.g. Amvrosiadis et al. 2018; Bendo et al. 2023;
Pearson et al. 2024). We also flagged AS2UDS0281.0 and
AS2UDS0382.0 as possibly weakly lensed, opting to keep them
in the sample.

Finally, one ALMA source from Simpson et al. (2020),
AS2UDS00071.0, was deblended in the NIRCam F444W imag-
ing, and high-resolution ALMA observations (Gullberg et al.
2019), into two sources that we have labelled AS2UDS00071.0a
and AS2UDS00071.0b. We modelled the morphology of
AS2UDS0071.0a and AS2UDS0071.0b independently and
scaled the blended photometry by the flux ratio of the two
sources. Thus, in the final sample, we have 80 SMGs, for
each of which the HST and JWST coverage is detailed in
Appendix A.

3.4. Spectral energy distribution fitting

Having defined a final sample of 80 SMGs with robust near-
infrared counterparts, we used the SED fitting code Multi-
wavelength Analysis of Galaxy Physical Properties and Pho-
tometric Redshift (Magphys+photo-z, hereafter referred to
as Magphys; Cunha et al. 2015; Battisti et al. 2019) to derive
the physical properties of each SMG3. For 22 of the SMGs
spectroscopic redshifts are available from the literature and
ongoing millimetre and near-infrared spectroscopic surveys
(e.g. McLure et al. 2018; Mitsuhashi et al. 2021). For these
sources, we used the high-redshift version of Magphys,

3 We note that we do not include an AGN component in the
Magphysmodelling as the fraction with significant AGN contributions
is expected to be small (e.g. Stach et al. 2019) (see Sect. 4).
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Fig. 2. Multi-wavelength SEDs for four example SMGs that demonstrate the range of observed-frame infrared colours displayed by the SMG
sample. Appendix B shows the SEDS for the full sample. For each source, we indicate the observed flux and error in each band with a red circle
and error bar. Arrows show upper limits at 3σ. We over-plot the best-fit magphys derived SED (orange line) and model fluxes (black circles).
Below each SED we display the probability distributions of the Magphys derived properties: redshift (unless spectroscopic), stellar mass and AV,
and report the best-fit redshift and reduced χ2 from the fit in the top right. Above the SED we display the multi-wavelength JWST and ALMA
870 µm imaging used as part of the analysis, with the SMG centroid indicated by the red tick markers.

(Magphys+highz (v2); Cunha et al. 2015; Battisti et al. 2019)
with the redshift fixed to the spectroscopic redshift of each
source, as is detailed in Appendix A.

Magphys is a physically motivated SED fitting code that
utilises the energy balance technique to fit the multi-wavelength
photometry from UV to radio. This approach, tested on SMGs by
Cunha et al. (2015) and Dudzevičiūtė et al. (2020) and also on
simulated galaxies (e.g. Dudzevičiūtė et al. 2020; Haskell et al.
2023), models the sub-millimetre and optical emission as orig-
inating from the same region of the galaxy (for a discussion
of using the magphys SED code to model high-redshift SMGs,
we refer the reader to Dudzevičiūtė et al. 2020). For consisten-
cies with Dudzevičiūtė et al. (2020), for non-detections at wave-
lengths shorter than 8 µm, we adopted a 3σ upper limit, while
for those beyond 10 µm, we used 1.5± 1.0σ.

In Fig. 2, we show examples of the multi-wavelength pho-
tometry and magphys SED fits, with the fits for the whole
sample presented in Appendix B. We summarise some of the
key derived physical properties of the SMG sample in Fig. 3.
We estimate a median redshift of z = 2.70± 0.15 with a (16th

to 84th percentile range of z = 1.9–3.9), which is compara-
ble to that derived by Dudzevičiūtė et al. (2020) for AS2UDS
of z = 2.6± 0.8 and the median redshift of the AS2COSMOS
survey of z = 2.7± 0.9 derived by Simpson et al. (2020), as
well as other studies of SMGs at similar 870 µm flux den-
sities (e.g. Cunha et al. 2015; Ling & Yan 2022). From the
Magphys SED fitting, we derive a median stellar mass for the
SMGs of log10(M∗[M�]) = 11.20± 0.10 with a 16th–84th per-
centile range of log10(M∗[M�]) = 10.6–11.6, and a median spe-
cific star formation rate of log10(sSFR[yr−1]) =−8.7± 0.1 with a
16th–84th percentile range of log10(sSFR[yr−1]) =−9.2 to −8.0.
We derive a median dust mass of log10(Md[M�]) = 8.8± 0.1
with a 16th–84th percentile range of log10(Md[M�]) = 8.4–9.1
and a median infrared luminosity of log10(LIR[L�]) = 12.6± 0.1
with a 16th–84th percentile range of log10(LIR[L�]) = 12.3–
12.8. These are consistent with the sample of 707 SMGs

in AS2UDS, for which Dudzevičiūtė et al. (2020) derived a
median stellar and dust mass of log10(M∗[M�]) = 11.1+0.2

−0.3 and
log10(Md[M�]) = 8.8+0.4

−0.4 and a median specific star formation
rate and infrared luminosity of log10(sSFR[yr−1]) =−8.73± 0.04
and log10(LIR[L�]) = 12.45± 0.02

As was expected, given that the JWST photometry agrees
with earlier IRAC and HST observations, while typically being
more sensitive, the basic derived properties of the SMGs do not
change significantly when JWST photometry is included. The
main benefit of deeper observations at 1–3 µm is improved con-
straints on the presence of Balmer breaks at z∼ 1–6.

3.5. Field sample

To investigate the physical mechanism that drives and differen-
tiates our SMG sample from the typical star-forming population
at the same epochs (z = 2–5), we compare their multi-wavelength
properties to two samples of less active field galaxies. We con-
structed the field samples from the K-band selected sample anal-
ysed by Dudzevičiūtė et al. (2020) in the UKIDSS UDS field
for which deep 22-band photometry is available covering the
UV/optical through to the far-infrared/sub-millimetre and radio.
Dudzevičiūtė et al. (2020) used the Magphys code to derive
photometric redshifts, stellar masses, and other physical prop-
erties for the ∼300 000 KAB ≤ 25.7 galaxies in this ∼0.8 degree2

field from the UKIDSS survey (Almaini in prep.).
Starting from this field catalogue, we first selected galax-

ies with no photometric flags that lie within the footprint of
the JWST PRIMER survey and have estimated dust masses
and far-infrared luminosities that ensure they are less actively
star-forming than our SMG sample: Mdust = 107–108 M� and
LIR = 1011–1012 L�. We then binned the redshift distribution of
the SMGs and field galaxies in ∆z = 0.5 bins and in each bin
we ranked the field galaxies based on their stellar masses. We
then determined the number of SMGs for each bin and selected
ten times as many field galaxies from the corresponding redshift
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Fig. 3. Distributions of the magphys derived SED properties for the SMG sample (red) and field (hatched grey, scaled down by a factor of 10) and
massive field (M. Field) samples (open black histograms). We show the F444W AB magnitude (a), photometric redshift (b), stellar mass (c), star
formation rate (d), specific star formation rate (e), infrared luminosity (f), dust mass (g) and V-band attenuation (AV) (h). For each distribution,
we indicate the bootstrapped median and uncertainty for SMGs (red marker and error bar) and the matched field (grey marker and error bar) and
massive field sample (black marker and error bar). By construction, the less massive field sample mirrors the SMG sample in redshift and specific
star formation rate distributions resulting in lower stellar masses, whilst the massive field sample more closely matches the SMGs distribution in
stellar mass but with a lower median redshift. Both field samples have significantly lower dust masses, infrared luminosity, star formation rates
and AV.

bin, starting with the most massive and going down the stellar-
mass ranked list. In this way, we constructed a field control sam-
ple that accurately matches the redshift distribution of our SMG
sample and comprises the most massive galaxies at each epoch
that have dust masses and far-infrared luminosities below those
determined for the SMG population. We adopted the photom-
etry and magphys SED fitting results from Dudzevičiūtė et al.
(2020).

In Fig. 3, we show the distribution of physical properties
for the UDS field sample in comparison to the SMGs. By con-
struction, the field sample has similar redshift and specific star
formation rates to the SMG sample, whilst having significantly
lower dust masses and AV. The field sample has a median red-
shift and median absolute deviation of z = 2.5± 0.1, whilst their
specific star formation rates are sSFR =−8.88± 0.04 yr−1 and
AV = 0.90± 0.03. The field sample is also fainter in F444W mag-
nitude with a median value of mfield

F444W = 22.74± 0.10 compared
to mSMGs

F444W = 21.70± 0.30, which is reflected in the lower median
stellar mass of log10(M∗[M�]) = 10.4± 0.1. Unfortunately, it is
not possible to select a large sample of less active SFGs that are
both matched to the SMG’s stellar mass and redshift distribu-
tions, because most massive galaxies at z≥ 2–3 are also SMGs.

To address the mass offset of the field sample, we defined
a second ‘massive’ field sample. We again selected galaxies
with no photometric flags lying within the PRIMER survey,
but now required that they have estimated dust masses below
Mdust ≤ 108 M� (to ensure they are distinct from the SMGs) and
stellar masses of M∗ ≥ 3.2 × 1010 M� (to more closely match the
stellar masses of the SMGs). Finally, the binned redshift distribu-
tion was used to attempt to maximise both the size of the sample
and its median redshifts, while also having a comparable breadth

to the SMG redshift distribution. This resulted in a final massive
field sample comprising 80 galaxies with a median stellar mass
of log10(M∗[M�]) = 11.0± 0.1, a median far-infrared luminosity
of log10(LIR[L�]) = 11.3± 0.1, and a median redshift of z = 2.3±
0.1 (16–84th percentile range of z = 1.7–2.9). Hence, this second
field sample is comparable in mass to the SMGs and comprises
much less active SFGs, but lies at somewhat lower redshifts than
the SMGs. The Magphys derived SED properties of the SMGs,
field and massive field samples are shown in Fig. 3.

3.6. Morphological analysis

In Fig. 1, we show NIRCam F277W/F356W/F444W colour
images of the SMGs (ordered by decreasing 870 µm flux), high-
lighting the diverse range of rest-frame optical – near-infrared
morphologies from faint and red galaxies, interacting and merg-
ing systems to discs and regular spirals. These near-infrared
observations sample the galaxy population at ≤1 µm in the rest
frame at ≈1 kpc resolution and thus provide insights into the
structure and morphology of the stellar continuum emission
which are much less affected by dust than previously possible.

We visually assessed as well as quantified the rest-frame
near-infrared morphology of the SMGs and field galaxies using
non-parametric and parametric analyses of the JWST observa-
tions. We excluded the HST observations from our morpho-
logical analysis because at the median redshift of our sam-
ple (z∼ 2.7), HST observations only sample the rest-frame
UV/optical emission of the galaxies where SMGs are inherently
faint. The longer wavelength HST observations sampling the
observed frame '1.6 µm emission is also well covered by higher
signal-to-noise JWST observations.
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The parametric and non-parametric analysis of the JWST
imaging employs 4′′.0× 4′′.0 cut-outs ('30 kpc square) of each
source with a pixel scale of 0′′.04 per pixel. The cut-out in
each filter is centred on the source detection in the NIRCam
LW (F277W+F356W+F444W) stacked image, as is detailed in
Sect. 3.2. We first smoothed the source segmentation map gen-
erated from sep (see Sect. 3.2) using the binary dilation routine
in Photutils (Bradley et al. 2022). Then, excluding this seg-
mented region, we masked the remaining sources in the cut-out,
down to a 1σ isophote. This ensures full masking of any con-
taminants (spurious or otherwise)4. We further used Photutils
to model (and remove) the background level in each cut-out as
well as to quantify the root-mean-square (rms) noise. In the fol-
lowing sections, ‘cut-out’ refers to these 4′′.0× 4′′.0, background-
subtracted, and masked images that are used in the morphologi-
cal analysis that follows.

Prior to measuring the morphology of the galaxies, we first
derived the point spread function (PSF) for each of the JWST
bands. We used Webbpsf (version 1.2.1; Perrin et al. 2014) to
generate PSF models for the MIRI and NIRCam detectors (for
both short- and long-wavelength channels), which were cali-
brated with wavefront models at the epoch of the observations.
The PSFs for each NIRCam and MIRI filter were then inserted
into individual exposures of the final mosaic and drizzled to the
final world co-ordinate system solution, producing a field-of-
view-averaged PSF model.

3.6.1. Visual morphology

We first undertook a crude initial visual assessment of the mor-
phologies of the SMGs and field samples. This involved inspec-
tion of both the colour images and Galfit residual maps in the
F444W band (Figs. 1 and 4) of the ALMA counterpart to identify
the overall structure and any distorted morphologies, asymmet-
ric structures, or potential tidal features. In addition, we assessed
the presence of companions (either within ∼1 mag in brightness
of the target galaxy, or fainter) within a wider 10′′.0× 10′′.0 region
(out to a radius of '40 kpc at z ∼ 2.7). Strongly disturbed galax-
ies, those with tidal features or disturbed galaxies with bright
companions were classed as ‘major’ mergers (M), while less dis-
turbed galaxies or those with asymmetries and fainter compan-
ions were classed as potential ‘minor’ mergers or interacting (I)
in addition to undisturbed discs (D) and compact (C) sources.
These classifications are marked in Fig. 1.

3.6.2. Non-parametric morphology

To measure the half-light radii of the SMGs, we employ a
curve of growth approach that makes no assumptions about the
underlying structure of the galaxy’s light distribution. We adopt
this approach because SMGs have long been assumed to origi-
nate from merger-driven events with clumpy unstable gas-rich
discs, (e.g. Smail et al. 1998; Greve et al. 2005; Tacconi et al.
2008; Engel et al. 2010) and therefore the morphologies of some
sources may deviate from simple parametric profiles.

We first perform a curve of growth analysis in each of the
JWST bands from 0.9 µm to 18 µm. This is achieved by fitting
a Gaussian profile to the cut-out of each galaxy to determine its
image parameters, allowing the centroid (x, y), axis ratio (b/a)
and position angle (PA) to vary. We note the original centroid
of the cut-out is derived from the sep source detection on the

4 We note the simultaneous modelling of nearby sources returns simi-
lar parametric results.

stacked F277W+F356W+F444W NIRCam bands (Sect. 3.2),
and thus may not be the apparent centre of the galaxy at shorter
wavelengths. A curve of growth is then derived in each band
using ellipses which align to the galaxy’s axis ratio and posi-
tion angle. From the curve of growth, we measure the convolved
radii containing 20, 50, and 80 percent of the flux of each galaxy.
The intrinsic radii of the galaxies are derived by de-convolving
the sizes with the PSF in each band, measured through a similar
curve of growth analysis.

To provide more quantitative, non-parametric, mor-
phological indicators, we use the statmorph5 code
(Rodriguez-Gomez et al. 2019) which measures the Concentra-
tion, Asymmetry and Clumpiness (C, A, S ; Abraham et al. 2003;
Lotz et al. 2008) parameters that quantify how concentrated,
asymmetrical and clumpy the galaxies’ surface brightness
profiles are, with higher values indicating more concentrated,
asymmetric, or clumpier light profiles. We run Statmorph on
both SMG and field samples in all JWST bands using the same
segmentation maps and PSFs as for the growth curve analysis
described above.

In addition, the Gini and M20 parameters are also derived
(for full definitions see Lotz et al. 2004; Snyder et al. 2015).
Briefly, the Gini parameter defines the pixel distribution of
the galaxy’s light, where G = 1 corresponds to all of the light
concentrated in one pixel whilst G = 0 indicates each pixel
contributes equally. The M20 parameter measures the second
moment of the brightest 20 percent of pixels in the galaxy. This
is normalised by the total moment for all pixels. Highly neg-
ative values indicate a high concentration of light, not neces-
sarily at the centre of the galaxy. To validate the robustness of
the statmorph measurements we compare the half-light radius
to that derived from our curve of growth analysis. We derive a
median curve of growth to statmorph median half-light radius
ratio of Rh,CoG / Rh,statmorph = 1.06± 0.01 with a 16th–84th per-
centile range of Rh,CoG / Rh,statmorph = 0.93–1.45 for the field sam-
ple in the F444W band. This indicates good agreement between
the two independent morphological measurements6.

3.6.3. Parametric morphology

To quantify both the parametric morphological profiles of the
galaxies and the deviations from these, we used the galfitm
code (Häußler et al. 2013). galfitm is a Python-wrapper for
galfit (Peng et al. 2010), which allows multi-component para-
metric models to be fit to a galaxy’s multi-wavelength light dis-
tribution. For our analysis, we used a single Sérsic model, con-
volved with the PSF of the relevant JWST band. We fitted each
band independently, allowing us to constrain the intrinsic wave-
length dependence of the galaxy’s morphology.

To constrain the accuracy of the parametric analysis, we
compare the Galfitm Sérsic index (n) to that derived by
statmorph for the field galaxies in the NIRCam F444W band.
We establish a median ratio of nGalfitM

F444W / nstatmorph
F444W = 1.00± 0.01

and a 16th–84th percentile range of nGalfitM
F444W /nstatmorph

F444W = 0.81–1.26,
indicating good agreement between the two independent codes.

Although a parametric Sérsic fit can model the overall dis-
tribution of a galaxy’s light profile, it is the deviations (resid-
uals) from this simple profile – as is shown in Fig. 4 – that
encode important information about the detailed structure of the

5 https://statmorph.readthedocs.io/en/latest/
6 We note however we expect some variation between the two methods
due to the definitions of centroid and total fluxes used (see Lotz et al.
2004).
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Fig. 4. Examples of the F356W/F277W/F115W RGB-colour image for both SMGs (left) and field galaxies (right). For the SMGs, we overlay the
ALMA 870 µm 11σ contour (purple) from Stach et al. (2019) or Simpson et al. (2020). In the lower panel of each source, we show the residuals
of the Galfitm single Sérsic model fit. The blue ellipse marks the region within which we calculate the RFF of the Sérsic fit, as quantified in the
lower left corner of each panel. The galaxies are selected to have a mF444W = 20–22 and are ranked from low-to-high RFF. No clear distinction is
identified in the F444W RFF values between the SMGs and field galaxies.

galaxies. To quantify the residuals, we used the residual flux
fraction (RFF) defined in Hoyos et al. (2011, 2012):

RFF =

∑
i, j∈A |Ii, j − Imodel

i, j | − 0.8 ×
∑

i, j∈A σBkg i, j∑
i, j∈A Ii, j

, (1)

where the sum was performed over all pixels within 2.5 times
the Kron radius, derived in Sect. 3.2. |Ii, j − Imodel

i, j | is the abso-
lute value of pixel i, j’s residuals to model Sérsic model fit,
whilst

∑
i, j∈A Ii, j indicates the total flux measured in the source

as defined in Sect. 3.2. The 0.8 factor multiplied by the sum over
the background rms of the region (σBkg i, j), ensures that a blank

image with constant variance has a RFF = 0.0 (for details see
Hoyos et al. 2012).

It is well known that morphological codes such as galfitm
and statmorph systemically underestimate the uncertainties
on the derived morphological parameters (e.g. Wel et al. 2012,
2024). To overcome this we employ an empirical approach
which utilises the unique wavelength coverage of the NIRCam
observations in the PRIMER Survey. Specifically, the majority
of field galaxies (816/850) and SMGs (75/80) in our sample have
both F410M and F444W observations. The F410M is a medium
band filter covering the observed-frame 3.8–4.3 µm emission,
whilst the wide-band F444W filter is sensitive to the 3.8–4.9 µm
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Fig. 5. Distribution of (a) NIRCam colours, (b) MIRI colours and (c) F444W AB magnitude as a function of redshift, with lines of constant stellar
mass overlaid in the latter. A representative error bar is indicated in the lower right corner of each panel. Panel a) demonstrates the SMGs are much
redder than our massive and sSFR-matched field populations, as was expected. Panel b) highlights that a fraction of SMGs and field galaxies may
host AGNs with a very red F770W−F1800W colour and bluer F444W−F770W, indicating a strong upturn in the SED beyond rest-frame 3 µm.
We label the ‘AGNs’ and SFG regions in the colour space adapted from Kirkpatrick et al. (2013, 2017). We note the F770W−F1800W> 1 colour
can also be driven by the 6.2 µm PAH feature detected in the F18000W filter at z∼ 1.9. Panel c) demonstrates that the SMGs are the most massive
(and so typically also brightest) galaxies at their epoch where the two field samples have been selected to be the most massive low far-infrared
luminosity galaxies.

emission. Thus, for each galaxy with observations in both filters,
we can make two independent measures of the galaxy’s mor-
phology at very similar rest-frame wavelengths. Analysing the
variance in morphological parameters between the two filters as
a function of signal-to-noise allows us to infer a representative
uncertainty on the morphological parameters at a given wave-
length for each source given its signal-to-noise in that band. We
use this conservative approach to quantify the uncertainties in
the following analysis.

4. Results

From an initial sample of 88 SMGs, we have constructed a sam-
ple of 80 SMGs that are not strongly lensed and that have reliable
(S/N> 4.5) ALMA 870 µm detections and multi-wavelength
HST and JWST coverage from 0.4–18 µm. Full details of the
wavelength coverage for the individual SMGs in our sample are
given in Appendix A. From the initial sample, we omitted two
strongly lensed SMGs due to uncertainties on the photometry
and structural properties introduced by the lensing configura-
tion of each source, along with flagging two candidate weakly
lensed sources, AS2UDS0281.0 and AS2UDS0382.0 (Fig. 1).
Identifying that 5± 3% of ALMA-detected SMGs in our sample
are affected by foreground galaxy lensing matches the predic-
tion of Chapman et al. (2002) that between 3 and 5 percent of
sub-millimetre sources identified in blank-field SCUBA obser-
vations would be affected by lensing.

For the 60 SMGs with HST coverage, we detect no F160W
counterpart at S/N> 3 in 10 sources (17%). All of these have
clear near-infrared counterparts in the NIRCam F444W band
at S/N> 5, whilst three also have a S/N> 3 in the NIRCam
F150W band. This leaves seven ‘NIR-faint’ (sometimes impre-
cisely described as ‘HST -dark’) SMGs with no detection in the
H-band (S/N< 3). These seven SMGs have significant levels of
dust attenuation as derived from Magphys with AV > 3.9. This
indicates that whilst the significant dust content of these galaxies
can lead to them being undetected in HST observations, it is also
driven by the lack of sensitivity and depth of previous observa-
tions.

Of the 78 SMGs with NIRCam short-wavelength (SW) cov-
erage, we identify one galaxy, AS2UDS0346.0 at z = 4.1, that is
undetected (S/N< 3) bluewards of 2.7 µm, and first detected by

JWST in the F277W band at S/N≥ 5. From our Magphys anal-
ysis we derive significant dust attenuation with AV = 5.1+2.0

−0.6 for
AS2UDS0346.0 with a stellar mass of log10(M∗[M�]) = 11.2+0.1

−0.2
that is representative of our sample. For SMGs with suitable
NIRCam coverage we identify detections (S/N> 3) in F200W
for 96% (70/73), in F150W for 87% (68/78) and in F090W for
59% (43/73) of the sources, respectively. All have S/N> 3 detec-
tions in the NIRCam-LW and MIRI bands.

In Fig. 5 we investigate the photometric properties of the
SMGs in the JWST bands by comparing the NIRCam and
MIRI colours. Specifically, in Fig. 5a we compare the NIRCam
F200W−F444W colour with the F090W−F200W colour. At the
median redshift of the SMG and field galaxies, these filters sam-
ple the rest-frame UV J regime of the galaxies’ spectral energy
distributions, highlighting the distinct red nature of the SMGs
compared to the general field. Given this, it may be possible
by colour selection to identify the JWST counterpart to the sub-
millimetre bright SCUBA-2 source without requiring higher res-
olution ALMA observations (e.g. Alberts et al. 2013; Chen et al.
2016; An et al. 2018; Hwang et al. 2021). To investigate this, for
each SMG we compare the NIRCam F200W–F444W colour of
all sources detected in the 14′′.8 diameter SCUBA-2 beam to
that of the ALMA-selected SMG. However only in 51% (41/80)
of the SCUBA-2 observations, the ALMA source represents the
reddest source in the beam. This indicates that whilst colour is
a good identifier of SMGs, further information such as prox-
imity to source centroid, predicted 870 µm fluxes and multi-
wavelength observations from infrared to radio are required to
isolate the exact near-infrared counterpart (e.g. Downes et al.
1986; Ivison et al. 2002; Hodge et al. 2013; Casey et al. 2013;
An et al. 2018; Gillman et al. 2023).

Figure 5b compares the MIRI and NIRCam colours
with the F770W−F1800W colour shown as a function of
F444W−F770W colour. At the median redshift of the SMG and
field galaxies, these filters sample the rest-frame near and mid-
infrared. The SMGs on average have redder F444W−F770W
colours with comparable F770W−F1800W colours to the field
population, reflecting the dust attenuation of the shorter wave-
length light. The SMGs and field galaxies which exhibit very
red F770W−F1800W colours with bluer F444W−F770W colour
may indicate the presence of active galactic nuclei (AGNs),
as was noted by Ivison et al. (2004) who used MIPS/24 µm

A299, page 9 of 22



Gillman, S., et al.: A&A, 691, A299 (2024)

and IRAC colours to identify AGNs and starburst galaxies.
We highlight the regions of the colour diagram that an ‘AGN’
or SFG would likely inhabit, adapted from Kirkpatrick et al.
(2013, 2017). Of those with MIRI coverage, we identify 24± 5%
(69/282) of the field galaxies (and 21± 3% (7/33) of the mas-
sive field sample) have near-infrared colours that may indicate
the presence of AGN activity whilst for the SMGs we derive
a lower fraction of 3± 1% (2/37). The two SMGs with AGN-
like colours, AS2UDS0259.0 and AS2UDS0659.0, both exhibit
extended morphologies in the MIRI F770W and F1800W obser-
vations with no visible point source, indicating any contribu-
tion from an AGN is minimal. This is in agreement with previ-
ous studies which identify the AGN contribution in SMGs to be
small (e.g. Stach et al. 2019). There are four SMGs with a com-
pact, point-source like morphology. AS2UDS0173.0 which is
not covered by the MIRI observations as well as AS2UDS287.1,
AS2UDS509.0 and AS2UDS516.0. All sources appear point-
source like in all JWST bands, suggesting they may just be com-
pact galaxies, as is indicated in Fig. 1. The SFG and AGN clas-
sification in Fig. 5b does not fully encapsulate the bi-modality
present in the colour space, especially in the field galax-
ies. Galaxies with F1800W−F770W>1 and F444W−F770W<0,
represent a bright (mF444W = 21.5± 0.1) lower redshift sub-
set (z = 1.9± 0.04) with significantly brighter F1800W emis-
sion (mF1800W = 20.3± 0.1) compared to the ‘bluer’ popula-
tion (z = 2.9± 0.1, mF444W = 22.9± 0.1, mF1800W = 23.3± 0.1). At
z = 1.9, the F1800W filter is sensitive to the 6.2 µm PAH fea-
ture, which can strongly enhance the mid-infrared emission in
massive galaxies, resulting in red F770W−F1800W colours (e.g.
Draine et al. 2007; Aniano et al. 2020; Shivaei et al. 2024).

In Fig. 5c we show the correlation between NIRCam F444W
magnitude and the redshift of the galaxies. We overlay lines of
constant stellar mass, highlighting that the SMGs are the most
massive galaxies at their epoch (Dudzevičiūtė et al. 2020), the
massive field sample being comparable and the less massive field
sample exhibiting lower stellar masses at all epochs.

4.1. Near-infrared morphology

While SMGs have long been known to exhibit complex, poten-
tially merger-like, morphologies based on rest frame UV imag-
ing (e.g. Smail et al. 1998; Chapman et al. 2004; Swinbank et al.
2010; Aguirre et al. 2013) the influence of dust has meant their
true stellar morphologies are still unknown. The combination of
near-infrared colour images (Fig. 1) and F444W Sérsic fit resid-
ual maps (Fig. 4) provides an unprecedented insight into the stel-
lar structures and asymmetries in the SMGs.

From a visual inspection, in 21/80 SMGs„ we identify clear
spiral arm features in the Sérsic model residuals, as well as
clear clumpy structures in 30± 4% (24/80) of the SMGs. In
particular, one galaxy AS2UDS0259.0, shows a bar-like struc-
ture in the F444W image indicating complex stellar structures
may be present, similar to those identified in recent JWST
and ALMA studies (e.g. Hodge et al. 2019; Smail et al. 2023;
Rujopakarn et al. 2023; Liu et al. 2023).

We estimate that 40± 10% (32/80) of the SMGs are iso-
lated systems, with no strong perturbations or obvious bright
neighbours on '20–30 kpc (projected) scales, while 16 SMGs
(20± 5%) in our sample have potential companions or are inter-
acting with another massive galaxy suggesting major merg-
ers, the remaining 32 SMGs (40± 10%) have faint compan-
ions and show signs of disturbance (e.g. asymmetries in the
Galfit F444W residuals) that suggest potential minor inter-
actions and mergers. There are at least two such examples in

our sample of SCUBA-2 sources, S2UDS0322 and S2COS0034,
and one ALMA source (AS2UDS0071.0) that comprise multi-
ple ALMA-detected, or NIRCam-F444W detected, galaxies that
show clear signs of galaxy interactions with S2COS0034 com-
prising two SMGs that are both detected in [Cii] emission at
z[CII] = 4.62 (Mitsuhashi et al. 2021).

The median far-infrared luminosity of the candidate major
mergers is LIR = 1012.53±0.05 L�, compared to LIR = 1012.49±0.05 L�
for the remainder of the sample, indicating no strong dependence
of far-infrared luminosity on merger state (e.g. Hopkins et al.
2010). Indeed, an equivalent visual classification of the less
active field sample returns very similar merger statistics with
25± 5% of the sample showing evidence for potential major
mergers and the remaining ∼75% showing much weaker or no
evidence for merger-related disturbance or companions on ' 20–
30 kpc scales. This similarity in the rate of mergers between
SMGs and less active galaxies is consistent with the theoretical
results from the Eagle simulation from McAlpine et al. (2019)
who found that simulated SMGs had similar rates of recent
mergers to less active galaxies, in part because most galaxies
at high redshifts are undergoing continuous infall and merging.

To summarise, while signs of potential dynamical distur-
bance are frequently seen in our SMG sample, we conclude that
the majority of SMGs do not appear to be the result of late-stage,
major mergers. This is in contrast with the situation for sim-
ilar far-infrared luminous populations at z∼ 0, where systems
with far-infrared luminosities of LIR ≥ 1012 L� are frequently
associated with late-stage major mergers (e.g. Sanders et al.
1988; Farrah et al. 2001), although there are claims that this
fraction declines at z∼ 1 (e.g. Kartaltepe et al. 2010), with an
increasing fraction of starburst galaxies appearing to be iso-
lated systems (e.g. Faisst et al. 2024). It is also in contrast
to early studies of SMGs with resolved CO kinematics (e.g.
Engel et al. 2010) as well near-infrared spectroscopic obser-
vations (e.g. Alaghband-Zadeh et al. 2012; Drew et al. 2020)
which suggested that the majority of SMGs are mergers, with
distinct separated dust-detected components.

4.1.1. Sizes, sérsic indices, and axis ratios

We measure the half-light radius of the SMGs and field
galaxies in the F444W band, determining median values of
RSMG

h = 2.70± 0.23 kpc and Rfield
h = 2.50± 0.10 kpc with 16th–

84th percentile ranges of RSMG
h = 1.82–4.36 kpc and Rfield

h = 1.64–
3.76 kpc, respectively. For the massive field sample, we deter-
mine a median of RM.field

h = 2.42± 0.15 kpc with a 16th–84th per-
centile range of RM.field

h = 1.70–3.47 kpc. This is comparable to
the rest-frame 1.5 µm size measured by Martorano et al. (2024)
for massive log10(M∗[M�]) = 11.0–11.5 SFGs at 2.0≤ z≤2.5
with a median size of R1.5 µm

h = 2.24 kpc with a 16th–84th per-
centile range of R1.5 µm

h = 1.55–4.27 kpc.
To establish whether the SMGs and field galaxies are

drawn from the same underlying distribution, we perform a
Kolmogorov-Smirnov (KS) test on the mass normalised distri-
butions of half-light radius. To mass normalise the half-light
radius distributions, we adopt the rest-frame optical mass-size
relation from Ward et al. (2024) at 2< z<3, noting that this
is consistent with the trends seen in our samples. From the
median stellar mass of the less activate field galaxies to the
median stellar mass of the SMG sample, we derive an increase
in half-light radius of 27± 6%, which we apply to the less mas-
sive field galaxies’ half-light radii to account for the offset in
stellar mass between the two samples. For the massive field
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Fig. 6. Correlation between a) stellar mass and half-light radius, and b) the Clumpiness (S ) and Asymmetry (A) for the SMG and field samples
in the NIRCam F444W filter. In each panel we show histograms of each parameter for the field (hatched grey histogram, scaled down by a factor
10), massive field (black) and SMG sample (red). In panel a) we also overlay the mass-size relation for 2< z< 3 SFGs from Ward et al. (2024) and
in panel b) the relation between Asymmetry and Clumpiness identified by Conselice et al. (2003). In panels c) and d) we show the distributions
of Sérsic index (n) and axis ratio (b/a) in the F444W band. For each distribution, we display the KS probability (pKS) that each field sample and
the SMG distributions are drawn from the same parent population, where pKS < 0.001 suggests a significant difference in the distributions. We plot
the bootstrap median and uncertainty for the two distributions at the top of each panel. The SMGs, on average, have comparable sizes and lower
Sérsic indexes than both field samples, whilst exhibiting similar axis ratios and clumpiness with higher asymmetry.

sample we make a direct comparison to the SMGs. For the non-
Gaussian distributions of SMG and field galaxy morphological
properties, we require pKS ≤ 0.003 (>3σ) to confirm the pop-
ulations are inherently different. We conclude the SMGs and
both field galaxy samples have indistinguishable distributions
of mass normalised half-light radius with pKS = 0.06 for the
less massive field sample and pKS = 0.36 for the massive field
sample.

In Fig. 6a we show the correlation between stellar mass
and F444W half-light radius for both field samples and the
SMGs. We overlay the rest-frame optical mass-size relation for
SFGs at 2< z<3 from Ward et al. (2024). On average, the field
galaxies follow the trend identified by Ward et al. (2024), whilst
the SMGs, as is indicated by the running median in Fig. 6a,
exhibit marginally smaller F444W sizes for stellar masses above
log10(M∗[M�])> 10.5. We note however that the majority of
galaxies used to define the mass-size relation in Ward et al.
(2024) have a stellar mass of log10(M∗[M�])< 10.5. In panel c)
of Fig. 6, we compare the distribution Sérsic index for the field
sample to those of the SMGs, identifying more disc-like Sér-
sic indices for the SMGs with a median of nF444W = 1.10± 0.10

and a 16th–84th percentile range of nF444W = 0.63–1.98 whilst
the lower mass field galaxies have a higher median value
of nF444W = 1.85± 0.07 with a 16th–84th percentile range of
nF444W = 0.88–4.35. The massive field sample has an even higher
median Sérsic index of nF444W = 2.78± 0.20 and a 16th–84th per-
centile range of nF444W = 1.51–4.89. Applying a KS test, we
identify that the SMGs are distinct compared to either the field
or the massive field distributions with pKS < 0.001 for both7.

From our non-parametric analysis, we derive a median axis
ratio of b/a = 0.55± 0.03 for the SMGs and a 16th–84th per-
centile range of b/a = 0.37–0.82 in the NIRCam F444W band.
This is comparable to the axis ratio distribution for 870 µm
dust continuum in SMGs with b/a = 0.63± 0.02 (Gullberg et al.
2019). For the field galaxies, we derive a median F444W
axis ratio of b/a = 0.53± 0.01 and 16th–84th percentile range
b/a = 0.31–0.77, whilst for the massive field sample we derive
a median b/a = 0.64± 0.03 and 16th–84th percentile range
b/a = 0.35–0.84. The distribution of axis ratios, as is shown in

7 We note that the exclusion of the candidate mergers does not affect
this result.
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Fig. 7. Comparison of the ALMA 870 µm morphological properties to the NIRCam F444W morphologies for the subset of SMGs with high-
resolution ALMA observations from Gullberg et al. (2019). We compare (a) the half-light radii and (b) the position angle as a function of axis
ratio, with a running median (blue line and shaded region) shown in each panel. On average we identify significantly smaller 870 µm sizes
(RF444W

h /R870 µm
h = 2.7± 0.4) but consistent axis ratios (b/aF444W / b/a870 µm = 0.95± 0.11) and position angles (PAF444W −PA870 µm = 17± 5◦), with

a larger offset in position towards more circular axis ratios where the position angle is more degenerate.

Fig. 8. Morphology of SMGs and field galaxies as a function of wavelength. a) The growth curve half-light radius (Rh) of the SMGs, normalised
by the rest-frame 1 µm half-light radius of the respective galaxy as a function of rest-frame wavelength and colour-coded by the galaxy integrated
AV. We show individual measurements for SMGs, and a representative error bar, as well as the running median for the field sample (grey points
and line) and massive field sample (black points and line). On the right-hand axis we show the normalised half-light radius scaled by the median
rest-frame 1 µm size (R1 µm

h = 3.1 kpc) for the SMGs. b) Sérsic index derived from the galfitm parametric fitting as a function of rest-frame
wavelength. We indicate the NIRCam measurements by circles and MIRI measurements by squares. We show a running median, and standard
error (σ/

√
n) in fixed logarithmic bins of wavelength for the SMGs and field galaxies. In both panels, we plot the parametric fit for the field (solid

grey line) and SMGs (solid red line). We find that the SMGs, on average, have a stronger size variation with wavelength, becoming more compact
at longer wavelengths quicker than either field sample, whilst exhibiting lower Sérsic index at all wavelengths.

Fig. 6d, is comparable to that of the SMGs with pKS = 0.23 for
the field sample and pKS = 0.72 for the massive field sample.

4.1.2. Residuals, clumpiness, and asymmetry

Whilst the Sérsic profiles indicate more disc-like surface bright-
ness distributions in F444W for the SMGs, it is the deviations

from the parametric light profiles, quantified by the RFF param-
eter, which encode the detailed morphological properties of each
galaxy. In Fig. 4 we show examples of the NIRCam F444W Sér-
sic model residuals, and the derived RFF values, for both SMGs
and field galaxies. Whilst some galaxies exhibit smooth residu-
als, and low RFF values, several galaxies (both SMGs and field)
display complex morphologies with multiple clumps, spiral arms
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or bright compact point sources. For the SMGs we identify a
median RFF value in the F444W band of RFFF444W = 10.2± 0.5
with a 16th–84th percentile range of RFFF444W = 5.9–16.3 whilst
the field galaxies have a median value of RFFF444W = 8.5± 0.2
with a 16th–84th percentile range of RFFF444W = 4.5–17.2. The
massive field galaxies have a median RFF value in the F444W
band of RFFF444W = 7.0± 0.63 with a 16th–84th percentile range
of RFFF444W = 4.4–11.85. We compare the distributions of RFF
for SMGs and field samples finding a KS-statistic of pKS = 0.002
for the lower mass field sample, and pKS < 0.001 for the high-
mass field. This indicates that the larger, less massive, field sam-
ple is not distinguishable at >3σ level to the SMGs, whilst the
massive field sample, with lower RFF values, is distinct from the
SMGs.

Although the 870 µm ALMA observations of the major-
ity of the SMGs in our sample are not high enough resolu-
tion (FWHM≤ 0′′.2) to identify these structural features, high-
resolution sub-millimetre studies have identified spiral arms,
bars and star-forming rings embedded in exponential dust discs
(e.g. Hodge et al. 2019; Amvrosiadis et al. 2024). For a subset
of the SMGs (15/80), however, 0′′.2 resolution ALMA 870 µm
observations are available, as is discussed by Gullberg et al.
(2019). These resolved observations are insufficient to iden-
tify complex dust structures, but the resolved 870 µm emis-
sion’s morphology provides insight into any underlying struc-
tural features. For these 15 SMGs we first compare the ALMA
870 µm size measured in the uv plane to the F444W growth
curve size, as is shown in Fig. 7a. We estimate a median
ratio of RF444W

h /R870 µm
h = 2.7± 0.4 with a 16th–84th range of

RF444W
h /R870 µm

h = 1.5–3.5. As identified by previous studies the
far-infrared emission is much more compact than the stel-
lar emission at shorter wavelengths (e.g. Simpson et al. 2015;
Lang et al. 2019; Gullberg et al. 2019; Chen et al. 2022). We
perform a Spearman rank test on the correlation between
F444W/870 µm size ratio and the AV of the galaxy, identifying
no significant correlation (pSR = 0.33). However, a larger sample
is required to robustly confirm the lack of correlation.

To investigate the presence of complex dust structures we
compare the 870 µm axis ratio and position angle to that derived
for the F444W emission. For the 870 µm emission we adopt
the free Sérsic fitting parameters from Gullberg et al. (2019).
We identify median ratios of b/aF444W / b/a870 µm = 0.95± 0.11
and, as is shown in Fig. 7b, a median offset in axis ratio
of PAF444W −PA870 µm = 17± 5 ◦, indicating good agreement in
the alignment of the near-infrared (rest-frame '1 µm) and
far-infrared (rest-frame '250 µm) emission, suggesting they
are tracing the same underlying structure, in contrast to
the UV/optical and far-infrared offsets identified in previous
multi-wavelength high-resolution studies (e.g. Chen et al. 2015;
Calistro Rivera et al. 2018; Hodge et al. 2019).

In Fig. 6b we show the correlation between asymme-
try (A) and clumpiness (S ) in the NIRCam F444W band as
derived from statmorph and over plot the relation between
A and S derived by Conselice et al. (2003)8. We find that
the SMGs and field galaxies have similar clumpiness with
a median value of S SMGs

F444W = 0.02+0.03
−0.02 and S field

F444W = 0.03+0.04
−0.04,

respectively with a pKS = 0.02. The massive field sample has
S M.Field

F444W = 0.03+0.05
−0.01, with a pKS = 0.01. This indicates that both

field and massive field samples are broadly consistent with being
drawn from similar distributions to the SMGs. The asymme-
try in the F444W band for the SMGs is higher with a median
8 The relation is corrected for the different definitions of clumpiness
given by Lotz et al. (2004) and Conselice et al. (2003).

value of ASMGs
F444W = 0.13+0.09

−0.06 compared to the field galaxies
(Afield

F444W = 0.08+0.12
−0.06) and a pKS < 0.001. The massive field sam-

ple has median value of AM.field
F444W = 0.07+0.06

−0.03 with a pKS < 0.001
indicating the field galaxies and massive field galaxies asymme-
try distributions are distinct from the SMGs.

The correlation between asymmetry and clumpiness high-
lights two distinct regions. At constant asymmetry, there are two
populations, one at low clumpiness (S < 0.04) and one at high
clumpiness (S > 0.04), where the majority of the SMGs and field
galaxies have low clumpiness with smooth, symmetric light dis-
tributions whilst those galaxies at high clumpiness show signs
of concentrated star-forming regions. The SMGs at S > 0.04
are more compact in the F444W filter with a median size of
Rh = 1.72± 0.14 kpc compared to the SMGs with lower clumpi-
ness (S < 0.04) with a median size of Rh = 2.96± 0.25 kpc, whilst
exhibiting comparable morphological and Magphys derived
properties. We note that several studies have highlighted the
uncertainty introduced in non-parametric morphological mea-
surements when the Petrosian radius of the galaxy (Rp) is com-
parable to the HWHM of the observations (e.g. Yu et al. 2023;
Ren et al. 2024), especially when the clumpiness parameter is
measured between 0.25Rp and 1.5Rp, see Lotz et al. (2004) for
details. This suggests that the non-parametric measurements for
these compact galaxies maybe more uncertain than for the more
extended sources.

4.2. Wavelength-dependent morphology

The preceding analysis of the SMGs and field galaxies stel-
lar (near-infrared) morphologies has revealed broad similari-
ties between the two populations. Many previous studies sug-
gest the extreme properties of SMGs originate from merger-
driven events (e.g. Smail et al. 1998; Swinbank et al. 2010;
Aguirre et al. 2013). We do not expect the morphological signa-
tures of these mergers to show wavelength dependence in con-
trast to the effects of dust. Thus, by quantifying the morpholog-
ical variation with wavelength in the field and SMG sample, we
can test the applicability of the merger-driven scenario.

For the SMGs and field galaxies we measure a median
F200W half-light radii of RSMG

h,F200W = 4.0± 0.3 kpc and
Rfield

h,F200W = 2.8± 0.1 kpc, respectively. Compared to F444W,
for the SMGs this represents a 48± 0.17% reduction in size
between 2 µm and 4 µm, whilst for the field galaxies the reduc-
tion in size is only 12± 6%, although we note this comparison
is not done at fixed stellar mass it highlights the variation
of morphology with wavelength for the two samples. The
massive field sample has a median F200W half-light radii of
RM.field

h,F200W = 2.9± 0.2 kpc which corresponds to a 20± 11% reduc-
tion in size. To further investigate the variation in the SMGs
and field galaxy morphology as a function of wavelength, in
Fig. 8 we plot the half-light radius, normalised by the rest-frame
1 µm half-light radius, and Sérsic index against the rest-frame
wavelength probed by the NIRCam and MIRI observations.

Below 1 µm, for SMGs in Fig. 8 there is increased spread
in half-light radius with an apparent correlation with dust con-
tent as quantified by AV. At rest-frame wavelengths greater than
3 µm, where we use the MIRI F770W and F1800W bands to
quantify the morphology, we identify a decrease in the median
Sérsic index of both field and SMGs to n∼ 0.4 and an increase in
the half-light radius. We suspect that this trend is driven by the
larger beam size of the MIRI observations with FWHM = 0′′.27
and 0′′.59, respectively for the F770W and F1800W filters, in
combination with the shallower depth compared to the NIRCam
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Fig. 9. Rest-frame 1 µm half-light radius for SMGs (red circles), less massive field galaxies (grey dots) and massive field galaxies (black stars) as
a function of (a) redshift and (b) stellar mass. In each panel, we show a running median for SMGs (dashed blue line), field galaxies (dashed grey
line) and massive field galaxies (dashed black line) as well as a representative uncertainty. We identify a consistent reduction in rest-frame 1 µm
size with increasing redshift in both field samples and the SMG sample, as well as a consistent mass-size relation compared to that seen in Fig. 6.
This indicates that the morphology variation with wavelength identified in both field samples and the SMGs in Fig. 8 is not driven by K-correction
effects.

observations, resulting in a smoother, less structured, light distri-
bution. In addition, in the rest-frame near-infrared (>3 µm) any
AGN component that is present in the galaxy starts to be more
prominent over the stellar emission, with point-source (n∼ 0.5)
morphology.

To quantify the field galaxy and SMGs size evolution with
wavelength, we perform fits to the median values shown in
Fig. 8 up to rest-frame 3 µm using an orthogonal distance rela-
tion (ODR) algorithm that takes into account the uncertainties
on the median values in both wavelength and size. We define the
function as

R(λ)
R1 µm

=
d(Rh/R1 µm)

dλ
log10(λ), (2)

where λ is the rest-frame wavelength probed by the observations.
For the SMGs we derive a slope of d(Rh/R1 µm)

dλ =−0.60± 0.09
whilst for the field galaxies we estimate d(Rh/R1 µm)

dλ =−0.15± 0.07
and the massive field galaxies d(Rh/R1 µm)

dλ =−0.04± 0.09. This
indicates the SMGs have stronger variation in size with wave-
length, becoming more compact faster than either field sample,
as highlighted by the best-fit solution plotted in Fig. 8. However,
this trend may be driven by centrally concentrated dust inflating
the rest-frame optical sizes of the SMGs resulting in a stronger
observed variation with wavelength. To ensure size (Rh) varia-
tion with wavelength identified in the SMGs and field galaxies
in Fig. 8 is not driven by the redshift evolution of the galaxies,
in Fig. 9, we correlate the rest-frame 1 µm size of the galaxies
with their redshift. On average we identify a consistent redshift
evolution in the near-infrared sizes of the SMGs and both field
samples, indicating that redshift dependent K-corrections are not
driving the morphological wavelength variation.

Furthermore Fig. 8 shows that the SMGs, on average, have a
lower Sérsic index than the field galaxies at all wavelengths. To
quantify the evolution of Sérsic index with wavelength we fit a
similar relation to that used to quantify the size evolution of the

form

n(λ) = n0 +
dn
dλ

log10(λ), (3)

up to a rest-frame wavelength of 3 µm. The median Sérsic index
of the SMGs have an dn

dλ =−0.12± 0.11 and n0 = 1.00± 0.04,
whilst the field galaxies exhibit strong variation with wave-
length, but at higher average Sérsic index ( dn

dλ =−1.10± 0.23
and n0 = 1.51± 0.10). For the massive field galaxies we measure
dn
dλ =−2.16± 0.81 and n0 = 2.37± 0.32. Thus indicating on aver-
age, the SMGs have light distributions closer to pure disc-like
exponentials.

To further investigate the variation of morphology with
wavelength in the SMG and field samples, in Figs. 10a and b,
we show the Gini–M20 relation which has been used as a crude
late-stage merger indicator (Lotz et al. 2008; Liang et al. 2024;
Polletta et al. 2024) in the F200W and F444W bands. We select
the F444W band as this most closely traces the stellar morphol-
ogy of the galaxies, whilst F200W band corresponds to the rest-
frame V-band for the median redshift of the samples, at a simi-
lar wavelength to the R-band where the Gini–M20 ‘merger’ and
‘non-merger’ boundary was calibrated by Lotz et al. (2008). At
2 µm, (rest-frame V-band) both field and SMG samples scat-
ter about the boundary between merger and non-merger, with
40± 5% of the SMGs lying in the merger region. Although the
SMGs are offset relative to the field populations with higher M20
and lower Gini values. At 4 µm, (rest-frame z-band) almost all
SMGs (92± 2%) and field galaxies lie in the non-merger region
of the relation, with consistent Gini and M20 values. Between
2 µm and 4 µm, the relative shift in the Gini–M20 parameters is
larger for the SMGs than for the field samples.

To understand the origin of this shift in the Gini-M20 plane,
in Fig. 10c we show the difference between the M20 param-
eter in the F444W and F200W bands. This plot highlights
that the SMGs have higher M20 in the F200W than F444W
band which indicates SMGs have less concentrated F200W
morphologies whilst both the field and massive field galax-
ies have more similar M20 values between the two bands. The

A299, page 14 of 22



Gillman, S., et al.: A&A, 691, A299 (2024)

Fig. 10. Gini–M20 relation for the less active field galaxies (grey dots and contours), massive field galaxies (black stars) and SMG sample (red
circles), in the a) F200W and b) F444W bands as well as histograms showing the distribution of each parameter on each axis, with the low-mass
field scaled down by a factor 10. The solid black line indicates the boundary line between mergers and non-mergers as defined in Lotz et al.
(2008). Both SMGs and field galaxies scatter about the line in the F200W band whilst the majority lie in the non-merger region of the equivalent
F444W plot. In panels c) and d) we show the distributions of MF444W

20 −MF200W
20 and RFFF444W − RFFF200W. For each distribution, we indicate the

KS-statistic showing that the SMGs have a stronger variation in morphology with wavelength with higher RFF and M20 values at 2 µm than 4 µm
indicating more structure in the residuals and disturbed morphologies.

significance of the difference between the field samples and
SMGs is quantified by the KS-statistic value of pks < 0.001.
To highlight the reduction in structured emission between the
F200W and F444W bands, in Fig. 10d we show the differ-
ence between RFF in the two bands for the SMGs and field
galaxies. On average the SMGs exhibit a greater difference
in RFF across bands, with more significant F200W residuals,
with a median value of RFFF444W −RFFF200W =−10.0± 1.0 with
a 16th–84th percentile range of RFFF444W −RFFF200W =−2.0
to −17.4 whilst for the field galaxies the median is
RFFF444W −RFFF200W =−4.6± 0.3 with a 16th–84th percentile
range of RFFF444W −RFFF200W =−0.2 to −11.6. The massive
field galaxies have RFFF444W −RFFF200W =−3.2± 0.8 with a
16th–84th percentile range of RFFF444W −RFFF200W =−0.15 to
−9.5. This is additional evidence of the dust obscuration at
shorter wavelengths in the SMGs, resulting in deviations from
a simple light profile. This comparison suggests the SMGs have
more complex morphologies at bluer wavelengths, which is
likely to be linked to their intense star formation rates and the
presence of highly structured dust in the SMGs, attenuating the
shorter wavelength light.

To identify the physical mechanism driving the increase in
structured emission identified in the SMGs (as quantified by

the RFF and M20) as a function of wavelength, in Fig. 11 we
compare the difference in morphological parameters measured
between the F444W and F200W NIRCam bands for the SMGs
and field populations. In Fig. 11a we compare the dust con-
tent, as quantified by the AV from SED fitting (Sect. 3.2), with
MF444W

20 −MF200W
20 . As is shown in Fig. 3, both field samples have

significantly lower AV and less morphological variation with
wavelength, with a median MF444W

20 −MF200W
20 =−0.06± 0.01

for the field sample and MF444W
20 −MF200W

20 = 0.09± 0.03 for
the massive field sample. The SMGs on the other hand,
with higher AV indicate a greater disparity between the
F200W and F444W light distribution with a median value of
MF444W

20 −MF200W
20 =−0.34± 0.04. To quantify the trend between

AV and MF444W
20 −MF200W

20 we perform an ODR fit to the running
median shown in Fig. 11 of the form

AV = AV,0 + α(MF444W
20 − MF200W

20 ). (4)

We determine for the SMGs best-fit parameters of α=−1.0± 0.3
and AV,0 = 3.1± 0.1, indicating a strong negative correlation for
the SMGs, whereby more dust obscured (higher AV) SMGs, have
a more negative MF444W

20 −MF200W
20 , indicating less concentrated

light profiles in the F200W band compared to the F444W.
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Fig. 11. Comparison of the 2 µm and 4 µm morphological properties of the SMGs and both field samples. We compare the difference in M20
parameter between the F444W and F200W bands (MF444W

20 −MF200W
20 ) with dust attenuation (AV) in panel a). In panel b), we further compare the

difference in RFF between the F444W and F200W bands (RFFF444W −RFFF200W) with the difference in Asymmetry (AF444W − AF200W). Finally, we
plot the difference in M20 between F444W and F200W (MF444W

20 −MF200W
20 ) with the difference in Concentration (CF444W −CF200W) (panel c) and

the difference in RFF (panel d). All four panels indicate the SMGs are much more structured than either field population, with less uniform light
distributions in the F200W band compared to F444W, in contrast, the field galaxies show minimal wavelength variation.

To analyse the connection to other morphological param-
eters, in Figs. 11b and d we plot RFFF444W −RFFF200W

against the difference in Asymmetry (AF444W − AF200W) and
MF444W

20 −MF200W
20 , whilst in Fig. 11c we compare the difference

in Concentration (CF444W −CF200W) with MF444W
20 −MF200W

20 . All
three relations indicate that on average the SMGs in the F200W
band are more asymmetric and less concentrated, with less
homogeneous light distributions leading to larger residuals to a
single Sérsic fit at 2 µm as compared to their 4 µm morphologies.

5. Discussion

5.1. Whether structured dust drives the differences between
SMGs and field galaxies

The morphological properties of the SMGs in the NIRCam
F444W band are comparable to the field galaxies, with similar
sizes at a fixed mass, slightly lower Sérsic indices and higher

asymmetry (Fig. 6). The F444W filter traces the rest-frame near-
infrared (≈1 µm) out to z∼ 3.5, and thus is less affected by dust
obscuration and recent star formation than shorter bands in most
of our sample. A greater difference between SMGs and field
samples is identified at bluer wavelengths.

By investigating the variation M20 parameter and RFF
between the NIRCam F444W band (λrest ≈ 1 µm) and F200W
band (λrest ≈ 0.5 µm), Figs. 10 and 11 highlight that the SMGs
have more structured light profiles at shorter wavelengths, which
results in larger residuals to single Sérsic fits. This morphologi-
cal variation with wavelength was also highlighted by Chen et al.
(2016) for SMGs and Nedkova et al. (2024) for SFGs, the latter
identifying that the most massive (M∗ &1010 M�) disc galaxies in
their sample at 0.5< z< 3 have larger half-light radii in the rest-
frame UV than optical, which they attribute to the significant
dust attenuation in the central regions of the galaxies compared
to the outskirts. A similar connection between with inferred
galaxy morphology and dust content was identified in the
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Fig. 12. Multi-wavelength pixel colours of SMGs and field galaxies. a) Average F200W−F444W colour of the faintest pixels (below 80th percentile
of flux) inside 0′′.5 elliptical apertures in the F444W image for the SMGs and field samples, as a function of the average colour for the top 20
percent brightest F444W pixels. Both field samples exhibit almost uniform colours between faint and bright regions, with a small offset to the
equality line of 0.12± 0.03 mag (in the sense that the brighter regions are redder). The SMGs are both generally redder in fainter regions and
significantly redder (1.11± 0.09 mag) in their brightest regions. In panel b) we show the average F200W−F444W colour of the brightest 20%
and faintest 80% pixels as a function of ALMA pixel brightness. On the right-hand axis we show the surface dust mass density derived using the
870 µm flux to dust mass relation from Dudzevičiūtė et al. (2020) at the median redshift of the sample (z = 2.7). The brightest regions in the
near-infrared (NIRCam F444W), which have the reddest F200W−F444W colour, correspond to the brightest regions in the rest-frame far-infrared
(ALMA 870 µm).

Illustris – The Next Generation (TNG50; Pillepich et al. 2019)
simulation by Popping et al. (2022). They suggested that the
observed H-band to 870 µm size ratio increases towards higher
redshift (hence bluer rest-frame sampling) due to dust attenuat-
ing the central regions of galaxies, resulting in larger half-light
radii in the H-band. The impact of dust on size measurements
has also been quantified in the First Light And Reionisation
Epoch Simulations (FLARES; Lovell et al. 2021; Vijayan et al.
2021), where intrinsically massive compact galaxies appear sig-
nificantly more extended when the effects of dust are taken into
account (Roper et al. 2022, 2023).

To isolate the contribution of dust to the SMGs morpho-
logical evolution as a function of wavelength, we examine
the F200W−F444W pixel colours. In particular, given the
MF444W

20 −MF200W
20 parameter indicates the greatest morpholog-

ical difference between field galaxies and SMGs, we calcu-
late the average colour of the brightest 20 percent of pix-
els in the F444W image inside the 0′′.5 elliptical apertures of
each galaxy (Sect. 3.2). In Fig. 12a, for the SMGs and both
field samples, we compare this ‘brightest 20%’ colour with
the average colour of the fainter regions inside the same aper-
ture (‘faintest 80%’ F200W−F444W). Galaxies exhibiting no
strong colour gradients between bright and faint regions will
have consistent brightest 20% and faintest 80% colours, lying
close to the one-to-one line. The majority of the field galaxies,
as well as the massive field galaxies, as is shown in Fig. 12a,
fall into this regime, with the brightest regions of the field
galaxies being on average 0.12± 0.03 mag redder than the
faintest.

For the SMGs, the F200W−F444W pixel colour of
the fainter regions that comprise the bulk of the galaxies
(faintest 80%) indicate redder colours on average, with a
median colour of 0.40± 0.06 mag compared to −0.74± 0.02 mag
for the field galaxies and −0.67± 0.08 mag for the massive
field galaxies. For the brightest 20% pixel colour, again the
SMGs indicate significantly redder colours, with a median

value of 0.77± 0.06 mag compared to −0.66± 0.02 mag for
the field galaxies and −0.66± 0.03 mag for the massive field
galaxies.

To understand whether the reddest (and brightest) regions of
the SMGs are physically associated with the massive dust reser-
voirs, and thus 870 µm emission, of the galaxies, we analysed
high-resolution ALMA 870 µm observations for a sub-sample of
15 SMGs with ALMA maps at ≤0′′.2 FWHM resolution from
Gullberg et al. (2019). We resampled the ALMA maps to match
the 0′′.04 pixel scale of the JWST NIRCam F444W imaging. We
then extracted the same average sub-millimetre flux density of
the regions corresponding to the brightest 20% and faintest 80%
F444W pixel as before for each SMG. In Fig. 12b, we correlate
this pixel colour with the ALMA 870 µm pixel brightness for the
brightest 20% and faintest 80% pixels. We identify a strong cor-
relation between F200W−F444W pixel colour and 870 µm sur-
face brightness, demonstrating that the redder colours that origi-
nate from the brightest regions of the SMGs are spatially corre-
lated with the brightest regions of the 870 µm emission, and thus
high dust column density regions.

The high dust column density of the SMGs, as is shown in
Fig. 12, implies that the optical to near-infrared emission of the
SMGs is strongly attenuated. Consequently, physical properties
estimated from the SED fitting (e.g. AV) may be uncertain due
to more heavily obscured regions of the galaxies being unde-
tected, a situation that will be even worse when relying solely on
UV to near-infrared photometry and no energy-balance assump-
tions. We can derive the expected V-band extinction (AV) given
the median dust mass (log10(Md[M�]) = 8.9± 0.2) derived from
SED fitting (Sect. 3.2) and compare this to the AV derived by
magphys from fitting the optical to near-infrared SED.

As was shown by Güver & Özel (2009), the column density
of hydrogen (in cm−2) can be approximated from the AV (in mag)
as follows:

NH = 2.21 × 1021 AV. (5)

A299, page 17 of 22



Gillman, S., et al.: A&A, 691, A299 (2024)

Adopting a dust-to-gas ratio of δ= 63± 7 as derived by
Birkin et al. (2021), for SMGs with typical metallicity, star for-
mation rates and stellar masses (e.g. Rémy-Ruyer et al. 2014)
and assuming the F444W half-light radius provides an upper-
limit on the total extent of the dust region, we obtain a lower-
limit on the median V-band dust attenuation of AV = 110± 20.
This is two orders of magnitude higher than that derived from the
SED fitting of SMGs, with the median magphys estimated value
of AV = 3.40± 0.16. For the AV derived from magphys, which
constrains the dust obscuration of the visible stars, an energy
balance calculation is assumed such that far-infrared emission is
broadly consistent with the absorbed stellar light of the system
(Battisti et al. 2019). This assumption assumes the UV/optical
and far-infrared emission are co-spatial and well mixed how-
ever, inaccuracies can arise as detectable optical emission does
not encode information about the ongoing obscured star forma-
tion of the galaxy (e.g. Simpson et al. 2017; Buat et al. 2019;
Haskell et al. 2023; Killi et al. 2024), with previous studies iden-
tifying a 15% uncertainty in the SFRs derived from Magphys
for galaxies from the Eagle simulation (e.g. Dudzevičiūtė et al.
2020). In the derivation of AV from the dust mass, which defines
the dust obscuration of the deepest regions of the clouds, we have
estimated a Compton thick HI column where the dust is uni-
formly distributed in a smooth disc-like component as identified
in the high-resolution ALMA studies of SMGs (e.g. Hodge et al.
2016; Gullberg et al. 2019). However, numerical studies sug-
gest that the star dust geometry plays a crucial role in deter-
mining the attenuation curve of the galaxies (e.g. Inoue 2005;
Sachdeva & Nath 2022; Vijayan et al. 2024) as well as the metal-
licity of the ISM (e.g. Shivaei et al. 2020).

5.2. Dust content and the interstellar medium of SMGs

As noted earlier, while the properties derived assuming energy-
balance are uncertain, they would be considerably less reliable
if derived solely from the UV to near-infrared photometry and
no energy-balance. With such high levels of inferred dust obscu-
ration, and intense star formation rates, the question remains as
to which underlying ISM conditions give rise to these extreme
physical properties in the SMGs. To infer the properties of the
ISM, we compare the surface density of star formation, (ΣSFR), to
the gas surface density (Σgas); that is, the density of fuel for star
formation. For the SMGs, we use the gas mass derived above,
the star formation rate from Magphys and the F444W half-light
radius as a conservative estimate of the physical extent of the
gas content. For the field sample, we use the Magphys derived
dust masses with a median value of log10(Md[M�]) = 7.7± 0.1
and log10(Md[M�]) = 7.6± 0.1 for the massive field, which are
consistent with the dust mass inferred from converting the
S 870 µm limit, derived from stacks in S2CLS UDS 870 µm map
(Geach et al. 2017), to a dust mass using the S 870 µm to dust
mass relation defined in Dudzevičiūtė et al. (2020). Adopting
the metallicity-dependent dust-to-gas ratio from Tacconi et al.
(2018) for massive SFGs and following the mass metallicity rela-
tion defined in Genzel et al. (2015), we derive a median dust-to-
gas ratio of δ= 163± 32 which equates to a median gas mass of
log10(Mg[M�]) = 9.8± 0.1 for the field galaxies. Following the
same procedure but for the massive field galaxies, we derive a
median gas mass of log10(Mg[M�]) = 9.9± 0.1 for the massive
field sample.

Combining this gas mass estimate for the field samples with
the Magphys derived star formation rates and F444W half-light
radius, in Fig. 13 we show the relation between ΣSFR and Σgas for
both the field populations and SMGs. Given the higher star for-

Fig. 13. Relation between star formation rate surface density and gas
surface density for the field sample (grey points and contour) and mas-
sive field sample (black stars) and SMGs (red circles). We indicate
a constant star formation timescale of 0.1 Gyr with the black line.
Adopting the typical rotation velocity and velocity dispersion from
Birkin et al. (2024) derived for a sample of AS2UDS SMGs, we define
the boundary between stable (Q> 1) and unstable (Q< 1) gas discs. The
majority of the SMGs indicate unstable gas discs with a median Toomre
Q parameter of Q = 0.47± 0.06 while most of the field samples are sta-
ble or marginally stable.

mation rates and dust masses of the SMGs (Fig. 3) and their com-
parable sizes in the F444W band to the field galaxies (Fig. 6),
the SMGs have considerably higher star formation rate surface
density and gas surface density. However, both the lower mass
field galaxies and SMGs have comparable timescales for star for-
mation, lying close to the 0.1 Gyr star formation timescale. The
massive field sample has lower ΣSFR, due to their lower specific
star formation rates (Fig. 6).

By estimating the Toomre Q parameter (Toomre 1964) we
can place constraints on the ISM properties of the galaxies, in
particular on the stability of the gas disc. The Toomre Q is
defined as

Q =
σκ

πGΣgas
, (6)

where σ is the radial velocity dispersion, κ is the epicylic
frequency, for which we adopt κ=

√
2V/R appropriate for a

galaxy with a flat rotation curve, and Σgas is the gas sur-
face density. For the rotation velocity and velocity disper-
sion, we adopt the median values from Birkin et al. (2024),
for a sample 31 SMGs in the AS2UDS survey, with com-
parable median redshift and stellar mass to our sample
(z∼ 1.3–2.6, log10(M∗[M�]) = 11.11± 0.06). Birkin et al. (2024)
derive a median rotation velocity and velocity dispersion of
Vcirc = 230± 20 km s−1 and σ= 87± 6 km s−1.

Adopting the F444W half-light radius as an estimate of the
extent of the gas disc, we can derive the gas-surface density
required for a quasi-stable gas disc, identifying a threshold value
of log10(Σgas) = 2.64± 0.05 M� pc−2. This implies the gas disc
is unstable to collapse (Q< 1) for gas-surface densities higher
than this value. We estimate that the majority of the SMGs lie
in this region of ‘instability’ with a median Toomre Q parameter
of Q = 0.47± 0.06, while the bulk of the field samples are stable
(Q> 1) or marginally stable (Q' 1).
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To test the sensitivity of these conclusions on our assump-
tions, we note that given the F444W half-light radius provides
a lower limit on the extent of the gas disc. Thus to gener-
ate a quasi-stable ISM in the SMGs, we require a larger rota-
tion velocity or velocity dispersion. If the gas disc is required
to be quasi-stable i.e Q≥ 1, we derive a lower limit on the
radial velocity dispersion needed. Adopting the rotation veloc-
ity from Birkin et al. (2024), we derive a median velocity dis-
persion for stability of σstable ≥ 200± 30 km s−1 which is signif-
icantly larger than that derived for ionised gas in previous stud-
ies of high redshift SMGs or U/LIRGS (e.g. Hogan et al. 2021;
Birkin et al. 2024; Amvrosiadis et al. 2024), suggesting that the
gaseous discs of the SMGs in our sample are very likely unstable
to gravitational collapse.

5.3. Implications for the nature of SMGs

The SMG and field samples employed in our analysis share sev-
eral characteristics. By construction, they have similar number
densities as a function of redshift with the larger field sample
matched in specific star formation rate over z' 1–5 and the mas-
sive field sample matched in stellar mass over z' 1–3. Further-
more, we have demonstrated they have similar rates of merg-
ers and signatures of disturbance, as well as comparable rest-
frame near-infrared axis ratios and (mass normalised) stellar
continuum (F444W) sizes. This suggests that the major struc-
tural components in both populations comprise (randomly ori-
entated) discs that broadly follow the size-mass relation for disc
galaxies at z∼ 2–3. The similarity in the merger fractions for the
SMGs and field is consistent with the theoretical investigation
of SMGs in the EAGLE simulation by McAlpine et al. (2019),
who concluded that there was no difference in merger statistics
of SMGs and the general population in the simulations, instead,
most massive galaxies at these redshifts were undergoing minor
or major mergers.

However, there are several distinctions between the SMGs
and the less active field samples. The dust-mass-selected SMGs
have much higher AV and asymmetry, and they show stronger
variations in their morphologies at bluer wavelengths, indicating
the presence of structured and centrally concentrated dust. More-
over, both field samples have an average Sérsic index of n& 2,
indicating the potential presence of a bulge component in these
systems. While the SMGs have consistently lower Sérsic index,
with a median of n∼ 1.1, indicating they are nearly pure expo-
nential discs or that any bulge component if present is invisible
at rest-frame ∼1 µm. Both of these interpretations suggest that
any bulge component in the SMGs is of low mass compared to
the disc or is likely to be young and so only recently formed.

We also infer more than an order of magnitude higher
molecular gas surface densities for the SMGs than the field.
These differences suggest that one possible cause for a distinc-
tion between SMGs and less active galaxies arises from the
less developed bulge components present in the SMGs (see
McAlpine et al. 2019). Consequently, their gas discs are both
more massive and also more sensitive to developing low-order
disc instabilities, including m = 1 bars (e.g. Marinova & Jogee
2007; Pettitt & Wadsley 2018). These instabilities can either be
triggered by external perturbations from major or minor mergers
or tidal interactions, or from secular instabilities in the dense gas
discs. These structures, as predicted by theoretical models (e.g.
Fragkoudi et al. 2021; Bland-Hawthorn et al. 2023) and identi-
fied in recent studies of individual high-redshift SMGs (e.g.
Hodge et al. 2019; Smail et al. 2023; Amvrosiadis et al. 2024)
serve to funnel gas from the dense gas disc into the central

regions of the galaxies, driving a central starburst that creates
both the compact sub-millimetre emission we see and the corre-
sponding highly obscured central regions of these systems.

To assess the possible subsequent structured evolution of
the SMGs, we followed the prescription of Brennan et al.
(2015) that relates B/T to the Sérsic index. Adopting the
F444W/870 µm,= 2.7± 0.4 as the ratio of the disc to bulge size,
the SMGs at z = 2.7± 0.2 with a nF444W = 1.1± 0.1 have a bulge-
to-total ratio of B/T = 0.16± 0.12. If the SMGs converted their
gas mass (which we assume to be equivalent to 50% of their
stellar mass following Birkin et al. 2021) to a bulge compo-
nent, it would result in a B/T = 0.49± 0.18 which following
Brennan et al. (2015) gives a Sérsic index of n = 2.2± 0.8. This
is consistent with to the Sérsic index measure for the gas-poor
bulge-strong massive field sample, which suggests that the field
galaxies may have already experienced their SMG phase at an
earlier epoch and the SMGs may evolve to a gas-poor bulge-
strong massive but less active population population within the
next ' 0.1 Gyr.

6. Conclusions

We present a multi-wavelength morphological analysis of a com-
plete sample of ALMA-identified sub-millimetre-selected galax-
ies from the AS2UDS and AS2COSMOS surveys (Stach et al.
2019; Simpson et al. 2020) with >4.5σ ALMA 870 µm detec-
tions and positions. Utilising public JWST/NIRCam and MIRI
imaging from the PRIMER survey, we have built a sample of 80
SMGs, determining their multi-wavelength properties through
an SED and morphological analysis. We have further defined
two matched samples of less active and more typical K-band
selected star-forming field galaxies in the UDS field and anal-
ysed the differences between the populations. Our main conclu-
sions are:

– From visually inspecting the F277W/F356W/F444W colour
images and F444W Galfit residual maps of the SMGs,
we identify 20± 5% as candidate major mergers, a further
40± 10% as potential minor mergers, and the remaining
40% as isolated undisturbed systems. We find no dependence
of the visual classification on far-infrared luminosity, with
similar statistics identified in the field samples, suggesting
that the majority of SMGs are not ongoing major mergers,
although mergers (major or minor) and disturbed appear-
ances are common in both the SMGs and the less active field
population at these redshifts.

– The SMG and field populations are more distinct in
their detailed morphologies in terms of Sérsic index
(n) and Asymmetry (A) in the F444W band, with the
SMGs having lower Sérsic indices and higher Asymme-
try (nF444W = 1.1± 0.1, AF444W = 0.13± 0.02) compared to
both the less massive field galaxies (nF444W = 1.9± 0.1,
AF444W = 0.08± 0.01) or the more and massive field galaxies
(nF444W = 2.8± 0.2, AF444W = 0.07± 0.02).

– A similar disparity between the SMGs and typical
SFGs is seen in the variation of their morphologies
as a function of wavelength. The size of the SMGs
declines more rapidly at longer wavelengths than both
field populations (δ(Rh/R1 µm)/δλ=−0.60± 0.09 versus
δ(Rh/R1 µm)/δλ=−0.15± 0.07 for the low-mass field sample
or δ(Rh/R1 µm)/δλ=−0.04± 0.09 for the massive field sam-
ple), with the SMGs exhibiting lower Sérsic indices at all
wavelengths.

– We have further determined that the brightest and reddest
regions of the SMGs in the NIRCam imaging correspond to
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the highest surface brightness emission at 870 µm seen by
ALMA, indicating a strong connection between the colour
and the local dust columns in the galaxies on ' kiloparsec
scales.

– To understand the physical origin of the difference in mor-
phologies between the SMGs and the field galaxies, we have
assumed a representative gas-to-dust ratio to define the rela-
tion between the star formation rate surface density and the
gas surface density, suggesting that the SMGs have signif-
icantly higher gas surface densities than field galaxies. The
SMGs on average fall in the unstable (Q< 1) regime with a
median Toomre Q parameter of Q = 0.47± 0.06, while the
bulk of the field populations are stable or marginally stable
(Q& 1).

Our analysis indicates that SMGs and typical SFGs appear
morphologically distinct in the rest-frame optical due to the
higher dust content of the SMGs, which preferentially influ-
ences the central regions of the galaxies. While at longer wave-
lengths, sampling the rest-frame near-infrared, the SMGs and
less active field galaxies show more similar mass-normalised
sizes, although the SMGs exhibit lower Sérsic parameters, sug-
gesting that they have weaker bulge components. Both the SMGs
and field control samples have comparable rates of mergers and
undisturbed galaxies, suggesting that mergers are not a unique
driver of the activity in SMGs (as is indicated by previous the-
oretical studies, McAlpine et al. 2019). Instead, we suggest that
the higher gas surface densities and weaker bulge components
(which may be linked through previous evolution), coupled with
the perturbations caused by either major or minor mergers, as
well as secular processes, lead to correspondingly more intense
star formation activity in the SMGs, compared to the field. Thus,
the defining characteristic of SMGs may be their massive and
gas-rich nature, coupled with relatively underdeveloped bulge
components and correspondingly low black hole masses (see
McAlpine et al. 2019).

Data availability

Table A.2 is available at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/691/A299

A full version of Appendix B is available at https://
zenodo.org/records/13805467
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Appendix A: SMG properties

Table A.1. Cumulative index for filter coverage in HST and JWST observations

Index 1 2 4 8 16 32 64 128 256 512 1024

HST F275W F336W F435W F475W F606W F814W F850LP F105W F125W F140W F160W
JWST F090W F115W F150W F200W F277W F356W F410M F444W F770W F1800W

Table A.2: Table summarising the AS2UDS and AS2COSMOS SMGs identified in the PRIMER survey. The table is only available
in electronic form at the CDS.

Appendix B: SEDs

A full version of Appendix B is available in electronic format on the Zenodo platform9.

9 https://zenodo.org/records/13805467
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