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ABSTRACT

We utilised the unprecedented depth and resolution of recent early-release science (ERS) JWST observations to define the near-
infrared counterparts of sub-millimetre galaxies (SMGs). We identified 45 SCUBA-2 SMG positions within the Cosmic Evolution
Early Release Science (CEERS) survey JWST/NIRCam fields. Through an analysis of multi-wavelength p-values, NIRCam colours
and predicted SCUBA-2 fluxes, we define 43 JWST/NIRCam counterparts to the SCUBA-2 SMGs, finding a 63 per cent agreement
with those identified in prior HST studies. Using EaZy-py, we fitted the available HST and JWST observations to quantify the
photometric redshifts of the NIRCam-SMGs, establishing a broad range of redshift from z~0.2-5.4 with a median of z~2.29, in
agreement with other studies of SMGs. We identified significant variations in the morphology of the NIRCam-SMGs from isolated
discs and spheroidal galaxies to irregular interacting systems. We analysed their rest-frame optical and near-infrared morphological
properties (e.g. effective radius (R.), Sérsic index (n), concentration (C), asymmetry (A), clumpiness (S), as well as the Gini and
M, parameters), finding, on average, late-type disc-like morphologies with large scatter into the intermediate and merger regions of
the non-parametric parameter space. For the non-merging galaxies, we find a median rest-frame optical size and Sérsic index (and
1o scatter) of R, =3.10+1.67kpc and n=0.96 +0.66. Whilst in the rest-frame near-infrared, we establish more compact, higher
Sérsic index morphologies (R, =1.64 +0.97, n=1.85 £ 0.63). We further establish that both the rest-frame optical and near-infrared
effective radii correlate negatively (at a 20 level) with redshift, whilst the Sérsic index remains constant with cosmic time. Our results
are consistent with the picture of inside-out galaxy evolution, with more centrally concentrated older stellar populations, and more

extended, younger star-forming regions whose stellar emission is heavily attenuated in the central regions.

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

1. Introduction

Sub-millimetre galaxies (SMGs), defined by their excess
(21 -2mly) sub-millimetre (450, 850 um) flux, were first iden-
tified in ground-based wide-field single-dish observations from
telescopes such as the Sub-millimetre Common-User Bolome-
ter Array (SCUBA; e.g. Smail et al. 1997; Eales et al. 1999)'.
In the last few decades, continued analysis has shown these
sub-millimetre bright systems constitute a unique, massive
(~10"" My; Wardlow et al. 2011; Simpson et al. 2014) galaxy
population that is heavily dust-obscured and far-infrared (FIR)
luminous, commonly exhibiting intense star formation rates
(~102=10° My, yr‘l; Blain et al. 2002; Chapman et al. 2005;
Swinbank et al. 2014).

Reproducing these extremely dusty, massive systems in sim-
ulations has been a long-standing problem (e.g. Baugh et al.
2005; Davé et al. 2010; McAlpine et al. 2019). Oftentimes sim-

1

We note SMGs are often also classified as IR-selected dusty star-
forming galaxies (DSFG; see Casey et al. 2014 for review), but here we
focus on the original single-dish selected definition of SMGs.

ulations have to be tuned to reproduce the sub-millimetre num-
ber counts and redshift distribution, invoking novel modelling
assumptions (e.g. top-heavy initial mass function; Cowley et al.
2019). More recent simulations with complex dust models or
sub-millimetre flux scaling relations (e.g. Lovell et al. 2021;
Hayward et al. 2021) have had more success and established that
the sub-millimetre bright phases are a natural consequence of
massive galaxy evolution in a ACDM universe (e.g. Long et al.
2022; Lower et al. 2023; Cochrane et al. 2023). Despite these
recent successes, constraining the multi-wavelength properties
of sub-millimetre bright galaxies across cosmic time still poses
many observational challenges due to their inherent faintness at
optical to infrared wavelengths (e.g. Dey et al. 1999; Weil} et al.
2009; Hodge et al. 2012; Smail et al. 2021).

To ascertain the cosmic evolution of SMGs, their full multi-
wavelength (UV to far-infrared) properties need to be quantified.
In the far-infrared, wide-field single-dish observations, although
often incredibly deep (1o~ depth of 2 mJy beam™'; Smail et al.
1997) which is crucial for identifying SMGs, suffer from large
beam sizes and poor resolution. For instance, the Sub-millimetre
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Common-User Bolometer Array 2 (SCUBA-2; Dempsey et al.
2013) at 850 wm has a 14.5” full width half maximum (FWHM;
Holland et al. 2013). Thus identifying the individual multi-
wavelength counterparts to the sub-millimetre selected galax-
ies is very challenging (e.g. Ivison et al. 2007; Biggs et al. 2011;
Chen et al. 2016; An et al. 2018). This is compounded at opti-
cal —near-infrared wavelengths where SMGs are inherently faint
due to their extremely dusty nature, and telescopes such as
the Hubble Space Telescope (HST) provide sub-arcsecond res-
olution revealing a multitude of potential counterparts (e.g.
Zavala et al. 2018; Ling & Yan 2022; Shim et al. 2022).

In recent years, high-resolution continuum observations
from the Atacama Large Millimetre/sub-millimetre Array
(ALMA) have followed up on single-dish surveys, identify-
ing individual galaxy counterparts at sub-millimetre wave-
lengths (see Hodge & da Cunha 2020 for a review of ALMA
SMG studies). A large fraction of these observations have
identified that SMGs commonly reside in over-dense regions
(e.g. Simpson et al. 2014; Hodge et al. 2016; Miller et al. 2018;
Oteo et al. 2018), with 10-80% of bright single-dish sub-
millimetre sources being found to be compromised of two or
more individual SMGs when observed at sub-mJy rms depths
(e.g. Karim et al. 2013; Simpson et al. 2014; Stach et al. 2018;
An et al. 2019). A single bright sub-millimetre source, however,
can be comprised of multiple SMGs over a broad range of red-
shifts. Both the negative K-correction, which effectively fixes
the luminosity as a function of redshift (e.g. Hill et al. 2018), or
alternatively strong gravitational lensing (e.g. Weil} et al. 2013;
Dfiaz-Sédnchez et al. 2017; Harrington et al. 2021) can contribute
to this ‘line-of-sight’ blending.

Studies such as Hodge et al. 2016; Gullberg et al. 2019;
Cochrane et al. 2021, which utilised sub-arcsecond resolu-
tion (<072) observations with ALMA, have revealed com-
pact (~few kpc) dusty galaxies, often with observed-frame
far-infrared disc-like morphologies (i.e. n~1) and kinemat-
ics (e.g. Lelli et al. 2021; Rizzo et al. 2021). In contrast, rest-
frame ultra-violet HST studies of zx=1-3 SMGs identified
extended (Rgyst/Rsteltar = 0.6) irregular morphologies with mul-
tiple components (e.g. Swinbank et al. 2010; Chen et al. 2015;
Gomez-Guijarro et al. 2018; Zavalaetal. 2018; Lang et al.
2019; Ling & Yan 2022).

Detecting and resolving SMGs’ rest-frame near-infrared
emission, which reflects the bulk of the stellar population, has,
however, previously been incredibly challenging. Observations
with the Infrared Array Camera (IRAC; Fazio et al. 2004) on
the Spitzer space telescope, whilst providing the required near-
infrared wavelength coverage from 3.6-8 um, lacks the spatial
(sub-arcsecond) resolution required to constrain the underlying
morphologies of the stellar emission in SMGs (e.g. Krick et al.
2021). With the advent of recent high-resolution observations
from JWST, the near-infrared counterparts of sub-millimetre
bright galaxies can be identified and their subsequent properties
(e.g. stellar morphology) quantified. With JWST observations, we
can robustly constrain the total mass budget of this unique galaxy
population and constrain their evolution across cosmic time.

To this end, in this paper, we present an analysis of the
infrared counterparts to SCUBA-2 450 and 850 um selected
SMGs detected in public JWST observations from the early-
release science programme; The Cosmic Evolution Early
Release Science (CEERS; programme ID:1345, PI: Finkelstein;
Bagley et al. 2023)? survey. In Sect. 2, we define the sample of
SCUBA-2 SMGs that have been observed with JWST and com-

2 https://ceers.github.io
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pile the public multi-wavelength data. Through an analysis of
the near-infrared NIRCam colours, multi-wavelength (850 pum,
24 um, 4.44 um) p-values, and predicted spectral energy distri-
bution (SED) fluxes, we first identified the NIRCam counterparts
to the SMGs in Sect. 3 before analysing their rest-frame multi-
wavelength morphology in Sect. 4 and summarising our analysis
in Sect. 5. Throughout the paper, we assume a ACDM cosmol-
ogy with Q,, = 0.3, Q4 = 0.7, and Hy = 70kms~! Mpc~'.
All quoted magnitudes are on the AB system and stellar masses
were calculated assuming a Chabrier initial mass function (IMF;
Chabrier 2003).

2. Sample selection

To identify the near-infrared counterparts to the SMGs observed
with JWST, we first compile a list of previously characterised
SMGs in the literature, including samples from Zavala et al.
2017; Geach et al. 2017. We then cross-match this sample with
the JWST/NIRCam observations from the Cycle 1 ERS pro-
gramme CEERS, resulting in 45 SCUBA-2 pointings falling
within the field of view of the NIRCam observations. This sam-
ple of 45 is comprised of both 850 um and 450 um SCUBA-2
pointings from the Zavala et al. (2017) sample?, as we describe
in the next section and present in Table 1.

2.1. SCUBA-2 observations

We utilise the sample of SMGs presented in Zavala et al.
(2017) which were observed with SCUBA-2 camera on the
James Clark Maxwell Telescope (JCMT) between 2012 and
2015 as part of the SCUBA-2 Cosmic Legacy Survey (S2CLS;
Geach etal. 2017) in the extragalactic deep field Extended
Growth Strip (EGS; Davis et al. 2007). The SMG sample defined
in Zavala et al. (2017) derive from the ‘deep tier’ observations of
the survey, whilst the ‘wider tier’ observations are presented in
Geach et al. (2017). For details of the observations, data reduc-
tion and SMG identification we refer the reader to Zavala et al.
(2017) and references therein.

In short, observations were carried out at 450 and 850 um
in the EGS field with 8 and 14.5” FWHM beams respectively.
The 450 (850) positions, signal-to-noise (S/N) ratio and fluxes
of the SMGs are reported in Appendix A of Zavala et al. (2017)
and summarised in Table 1. We use these target positions and
450 (850) beam sizes as positions and search radii, respectively,
within JWST/NIRCam observations to identify near-infrared
counterparts to the SCUBA-2 SMGs. If the SCUBA-2 SMG
is detected in both 450 and 850 um observations, we use
the 450 position and beam due to its smaller FWHM. The
850 um selected SMGs have a deboosted median (and 16th—
84th quartile) flux of Sgso = 1.62f8:% mbeeam‘1 whilst the
450um selected SMGs have a median (and 16th—-84th quartile)

deboosted flux of S 450 = 5.2*3 1> mJy beam™".

2.2. HST and JWST/NIRCam observations

To identify the near-infrared counterparts of the 45 SMGs out-
lined above we analyse the CEERS Epoch 1 JWST/NIRCam
imaging. The NIRCam imaging covers 34.7 sq. arcmin of the
EGS field with observations taken in both short wavelength

3 We note six of the galaxies in our sample are also studied in
Chen et al. (2022) with JWST/CEERS observations, where their selec-
tion is based on combined 450 and 850um detections and the
Zavala et al. (2018) HST counterpart identification.
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Table 1. Summary of the SCUBA-2 SMGs identified in CEERS Epoch 1 NIRCam Imaging.

850ID 450 1D RA Dec. Deboosted Sgs9 S/Ngso Deboosted S4s0 S /Naso HST Radio
SCUBA-2 SCUBA-2 (mly beam™) (mJy beam™) 1.6um 1.4GHz

850.003 450.05 214.917 52.891 5.24 +£0.31 23.2 13.3+£2.0 9.9 v v

850.004 450.25  214.947 52.910 3.87+0.31 17.0 6.0+2.2 4.7 v

850.017 450.11 214.900 52.852 2.70 +0.37 10.1 9.7+2.4 6.5 v

850.019 450.41 214.972 52.958 343+0.51 9.6 73+35 3.9 v

850.025 450.29  214.852 52.866 2.68 +0.42 9.0 6.6+29 4.5 v

850.026  450.31 214.890 52.894 2.40+0.38 8.8 59+2.6 4.3

850.028 450.69  214.878 52.853 2.45+0.42 8.2 39+25 3.2 v

850.030 450.10 214.879 52.877 2.14+0.38 8.0 11.1+24 7.2 v v

850.031 450.49  214.823 52.873 2.87+0.36 8.0 6.0+3.3 3.8

850.034 450.66  214.916 52.952 2.14+0.40 7.5 43+28 3.3

850.038 450.27  214.865 52.899 2.08 +0.41 7.2 7.1+£29 4.6 v

850.043 450.73  214.950 52.937 1.68 +0.35 6.9 3.6+24 3.1 v

850.059 450.24  214.857 52.849 1.62 +0.51 4.9 8.3+3.2 4.8 v

850.065 450.18  214.877 52.867 1.35+0.38 5.1 8.4+£25 5.5 v v

850.070 450.34  214.970 52.930 1.15+0.34 4.9 - - v

850.027 - 214.910 52.937 2.25+0.36 8.7 - -

850.035 - 214.901 52.943 2.07+0.39 7.5 - -

850.036 - 214.905 52.922 1.89 +0.36 7.3 - -

850.047 - 214.859 52.861 1.91+0.42 6.5 - - v

850.054 - 214.874 52.843 1.95 +0.51 5.7 - - v

850.055 - 214.880 52912 1.56 +0.39 5.6 - -

850.058 - 214.848 52.852 1.89+0.51 5.6 - -

850.063 - 214.867 52.883 1.40+0.39 5.2 - -

850.064 - 214.947 52.924 1.19+0.33 5.2 - -

850.067 - 214.831 52.893 1.55+0.46 5.1 - - v

850.068 - 214.893 52.933 1.30+0.38 5.0 - -

850.075 - 214.835 52.869 1.26 +0.46 4.3 - - v

850.076 - 214.917 52.956 0.83 +0.50 3.3 - -

850.080 - 214.925 52.934 0.91+0.36 4.0 - - v

850.086 - 214.945 52.929 0.60 +0.36 3.1 - -

850.091 - 214.900 52.838 0.94 +£0.71 3.6 - -

850.093 - 214.930 52.920 0.72+0.38 3.5 - -

850.098 - 214.923 52.928 0.69 +0.39 3.4 - -

850.099 - 214.944 52.946 0.73+0.41 3.3 - - v

850.101 - 214.838 52.859 0.83+0.72 3.3 - -

850.108 - 214.866 52.871 0.68 +0.43 3.1 - -

- 450.35  214.904 52.863 - - 52+24 4.2

- 45048 214910 52.927 - - 49+28 3.8 v

- 450.68  214.957 52.947 - - 40+2.6 3.2

- 450.70  214.906 52.933 - - 39+25 3.2

- 45042  214.905 52.851 - - 46+25 3.8 v v

- 450.77  214.844 52.894 - - 3.8+2.5 3.1

- 450.81 214.934 52.906 - - 3119 3.1

- 450.88  214.875 52.888 - - 34+23 3.0

- 450.89 214916 52.852 - - 3.1+1.9 3.0

Notes. The 850, 450 IDs, SCUBA-2 RA and Dec and 850, 450 S/N and deboosted fluxes (Cols. 1-8) are from Zavala et al. (2017). Column 9
indicates if an optical (HST/F160W) counterpart is identified in Zavala et al. (2018) and Col. 10 indicates if a 1.4 GHz radio counterpart is reported

in Ivison et al. (2007).

(F115W, F200W) and long wavelength (F277W, F356W,
F444W) filters. The level-2 data products were downloaded
from STScl portal* and processed using Grizli pipeline
(Brammer & Matharu 2021; Brammer et al. 2022) with routines
to derive accurate NIRCam photometric zeropoints and cor-
rect for cosmic rays and stray light (e.g. Boyeretal. 2022;
Nardiello et al. 2022; Bradley et al. 2022a). Further incorporat-

4 https://mast.stsci.edu

ing available optical and near-infrared HST observations from
the Complete Hubble Archive for Galaxy Evolution (CHArGE,;
Kokorev et al. 2022), the final images were aligned to Gaia DR3
(Gaia Collaboration 2021) and drizzled (Fruchter & Hook 2002)
to a resolution of 0.04” per pixel.

Sources were then identified using SEP> (Barbary et al. 2016),
a python-wrapped Source Extractor (Bertin & Arnouts 1996)

> https://github.com/kbarbary/sep
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Fig. 1. Two examples of the multi-wavelength data used to identify the NIRCam-SMGs for 450 um (upper) and 850 um (lower) detected SCUBA-
2 SMGs. We show a F277TW, F356W, F444W three colour NIRCam image centred on the SCUBA-2 position (a). In panel b we correlate the
NIRCam F200W-F444W colour with the EaZy-py Ay values for the NIRCam sources, where the marker size reflects the MIPS to F444W p-value
of the NIRCam source (lower p-value, larger marker) and the grey-dashed line indicates a colour of zero. Finally in panel c the Eazy-py predicted
fluxes as a function of MIPS to F444W p-values are shown. We also indicate the classical p-value < 0.1 threshold (vertical blue-dashed line) and
observed 450 um (850 um) deboosted SCUBA-2 fluxes (red-dashed horizontal lines). NIRCam SMGs are identified, following the decision tree
(Appendix A), by having high Ay, red colour, low p-values and EaZy-py predicted fluxes comparable to the SCUBA-2 fluxes in Zavala et al.

(2017).

run on a noise-weighted combined long-wavelength channel NIR-
Cam image (F277W + F356W + F444W). Aperture photom-
etry was performed on each source using 0”5 circular aper-
tures corrected to ‘total’ values within an elliptical Kron aper-
ture as defined in (Kron 1980)°. The aperture correction is
derived on the long-wavelength detection image and applied to
all bands. For the HST wavelength bands we apply an addi-
tional correction of order 10 per cent to correct for flux out-
side the Kron aperture, derived from curve of growth analysis of
the PSFs’.

For each source identified in the CEERS Epoch 1 obser-
vations, we run the EaZy-py® (Brammer et al. 2008) SED fit-
ting code on the available HST and JWST photometry to derive
photometric redshifts. We use thirteen templates from the Flex-
ible Stellar Populations Synthesis code (FSPS; Conroy & Gunn
2010) described in Kokorev et al. (2022) linearly combined to
allow for maximum flexibility. We note however given the uncer-
tainties associated with SED fitting (e.g. Pacifici et al. 2023)
we only focus on the photometric redshift, dust attenuation and
450 and 850 um predicted fluxes for our analysis. Further defin-
ing the full SED of the NIRCam-SMGs will be presented in
future papers. Examples of the Eazy-py SED fitting are given
in Appendix B. We now use the positions, fluxes, and photomet-
ric redshift information for all the sources in CEERS NIRCam
observations, in addition to the ancillary multi-wavelength data
described in the next section, to identify the SMG counterparts.

6 The photometry catalogue and mosaics are available online here.

7 See https://www.stsci.edu/hst/instrumentation/wfc3/
data-analysis/psf for details.

8 https://github.com/gbrammer/eazy-py
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2.3. Ancillary data

In addition to the JWST/NIRCam and SCUBA-2 observations
detailed in prior sections, we take advantage of other publicly
available multi-wavelength observations of the EGS field to
aid the identification of the near-infrared counterparts of the
SMGs. For each of the SCUBA-2 positions outlined in Table 1,
we compile the available Radio 1.4 GHz data products from
the All Wavelength Extended Groth Strip International Survey
(AEGIS20; Ivison et al. 2007) and MIPS 24 um data products
(images and source catalogue) from the Far-Infrared Deep Extra-
galactic Legacy (FIDEL; PI: Dickinson & FIDEL Team 2007)
survey. We identify five sources with 1.4 GHz counterparts to
the sub-millimetre detection, within the SCUBA-2 (450/850)
beam as listed in Table 1. All the SCUBA-2 SMG pointings
are identified to have MIPS 24 um imaging with the major-
ity (40/45) having 24 um sources identified in the SCUBA-2
beam, as derived by the FIDEL consortium®. Using this multi-
wavelength dataset for each of the SCUBA-2 positions we
proceed to first identify the near-infrared counterpart of the
SMGs and then measure their multi-wavelength morphological
properties.

3. Near-Infrared counterparts

Defining the near-infrared counterparts of the SMGs requires
us to analyse all the available multi-wavelength data for each
SCUBA-2 SMG. Firstly, for the SCUBA-2 SMG positions
detailed in Table 1, we make 15 x 15" NIRCam F444W cutouts
centred on the 850 um or 450 um SCUBA-2 source position.
As shown in Fig. 1, we then overlay all the potential NIRCam

° http://benjaminmagnelli.weebly.com/downloads.html
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sources which fall within the beam. Using a combination of
p-values, near-infrared colours, EaZy-py predicted SCUBA-2
fluxes, and dust attenuation Ay, as described in the following
sections, we define a decision tree to identify the near-infrared
counterparts of the SMGs (see Appendix A).

3.1. NIRCam colours and dust attenuation

It is well known that SMGs will exhibit very red optical-
to-infrared colours due to their extremely dusty nature (e.g.
Dey et al. 1999; Weil} et al. 2009; Walter et al. 2012). Thus,
to aid our identification of the SMGs in the JWST/NIRCam
observations, we calculate the F200W—-F444W colour for each
potential counterpart within the SCUBA-2 beam. We corre-
late this NIRCam colour with the dust attenuation (Ay) from
EaZy-py SED fitting as detailed in Sect. 2.2. Given the degen-
eracy between infrared colour and dust attenuation, we expect
the SMGs’ NIRCam counterparts to occupy the top-right of
this plane with ‘red” NIRCam colour and high Ay value (e.g.
Martis et al. 2022). We show an example of the correlation
between F200W-F444W colour and Ay in Fig. 1.

3.2. Multi-wavelength p-values and predicted fluxes

Classically the SMG-counterpart selection is achieved through
p-value calculations. This method is typically used to identify
radio or far-infrared counterparts. In addition to the well-known
FIR-radio correlation (e.g. Barger et al. 2014), the FIR source
density is often low and the FWHM of the observations is ~few
arcsec, thus reducing the probability of source mis-identification.
First introduced in Downes et al. (1986), the p-value corresponds
to the probability the counterpart identified is a ‘by-chance’ asso-
ciation. The p-value is a function of the magnitude of the potential
counterpart and its proximity to the beam centre, whereby brighter
and closer counterparts will have lower p-values. Typically coun-
terparts with p(m, r) < 0.1 are used as the selection criteria (e.g.
Ivison et al. 2007; Biggs et al. 2011; Zavala et al. 2018).

For our analysis, we calculate the p-value to go from the
SCUBA-2 450 pm (850 um) beam to MIPS 24 um imaging and
then MIPS 24 um to F444W NIRCam imaging. For the five
sources without MIPS coverage we calculate the p-value to go
from SCUBA-2 450 um (850 um) to F444W NIRCam directly.
In addition to the p-values of the NIRCam sources, we can also
use their predicted 450 um (850 um) SCUBA-2 fluxes from the
EaZy-py code (Sect. 2.2), as further information in the coun-
terpart identification'®. For each SMG position, we plot the
EaZy-py predicted SCUBA-2 450 um (850 um) fluxes as a func-
tion of the MIPS 24 um to F444W p-values, an example of
which is shown in Fig. 1. We also overlay the observed SCUBA-
2 450 um (850 um) fluxes from Zavala et al. (2017). We expect
the NIRCam counterpart to the SCUBA-2 SMG to exhibit low
p-values with SCUBA-2 fluxes comparable to those reported in
Zavala et al. (2017). However, we do not use p-values as the only
criteria for the NIRCam-SMG selection given the sub-arcsecond
resolution of the JWST observations.

3.3. Near-infrared counterparts

To identify the near-infrared counterpart(s) in the NIRCam
F444W imaging, we construct a decision tree as shown in

10 We note however, these can be uncertain when using EaZy-py for
the FIR. Discussion of this will be presented in future papers with more
sophisticated SED fitting codes.

Appendix A. The decision tree is designed to consider all of the
available information for the SCUBA-2 positions, including the
p-values, NIRCam colours, EaZy-py outputs (fluxes, Ay), and
MIPS coverage to define the most likely SMG counterpart. To
make this process more robust, our team have made indepen-
dent selections of the 45 SMG counterpart(s) using the informa-
tion shown in Fig. 1 and following the decision tree. We remove
eight SCUBA-2 SMGs from the sample, due to poor multi-
wavelength data resulting in inconclusive counterpart selection.
From the remaining 37 SCUBA-2 SMGs, we identify 43 NIR-
Cam counterparts with 1, 4, and 32 SCUBA-2 SMGs having
3, 2, and 1 NIRCam counterparts respectively. Of the 43 NIR-
Cam counterparts, 23 have 100 per cent agreement in all inde-
pendent selections. We label these quality 1 (Q1). Counterparts
with >80% agreement (12/43) are labelled quality 2 (Q2) and
<80% as quality 3 (Q3) (8/43). In the following analysis, we
focus on Q1 and Q2 counterparts, but it is important to note that
the inclusion of Q3 counterparts does not alter our conclusions.
In Fig. 2 we show 6 x 6” NIRCam colour images at the posi-
tions of the SCUBA-2 SMGs with the NIRCam-SMGs labelled
by source ID, which in a number of cases contain multiple NIR-
Cam sources.

For just under half (19/43) of the SCUBA-2 SMGs in our
sample, the optical counterparts have previously been identified
in HST F160W observations using similar analysis techniques
(see Zavala et al. 2018). To validate our counterpart selection we
compare to those identified in Zavala et al. (2018), finding agree-
ment with 63% of previously identified sources. We note that
given the increased depth and sensitivity of the JWST/NIRCam
observations compared to HST/WFC3 used in the Zavala et al.
(2018) selection, as well as the difference in observed wave-
length (4.44um compared to 1.6um), our selection is more
sensitive to optically faint, redder objects that are not identi-
fied in Zavala et al. (2018). Furthermore, studies indicate that a
non-negligible fraction sub-mm detected sources are expected
to have no counterpart below 3.6 um (e.g. Franco et al. 2018;
Manning et al. 2022) and thus be HST (F160W) dark.

In Fig. 3 we show the photometric redshift distribution
of SCUBA-2 SMG NIRCam counterparts (hereafter NIRCam-
SMGs) identifying a median redshift (and 16th—-84th quar-
tile) of Z=2.29f(1):(2)2 which is comparable to that identified in
Zavala et al. (2018) for 850 um selected SMGs. The redshift
distribution is also comparable to other studies of single-dish
detected SMGs (e.g. Stach et al. 2019; Dudzeviciate et al. 2020)
indicating the NIRCam-SMGs do not represent a new popula-
tion of higher redshift SMGs, rather a population undetected
by HST. For 15 NIRCam-SMGs we also have a spectroscopic
redshift from archival observations. In the inset panel of Fig. 3
we show the correlation between spectroscopic and photomet-
ric redshift identifying a median ratio (and 16th—84th quartile)
of Zphot/Zspee = 1.0*000. If a spectroscopic redshift is available
for the NIRCam-SMG we adopt this redshift, as opposed to
the EaZy-py photometric redshift, in all following analysis. In
future papers, we will present both the complete SED properties
of the NIRCam-SMGs (Lee & Vijayan et al. in prep.) and their
close environment (Gullberg et al., in prep.). In the following
section, we focus on quantifying the multi-wavelength morphol-
ogy of the NIRCam-SMGs.

4. Multi-wavelength morphology

As shown in Fig. 2, the NIRCam-SMGs exhibit a diverse range
of stellar morphology, from compact spheroidal galaxies to
extended spiral structures and even potentially merging systems.
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Fig. 2. 6” x 6" three-band (F115W/F200W, F277W/F356W, F444W) colour images for each SCUBA-2 SMGs with the NIRCam-SMGs labelled.

In each image we indicate the ID of the NIRCam counterpart(s) with 1,

4, and 32 SCUBA-2 SMGs having 3, 2 and 1 NIRCam counterparts

respectively. It is clear that the sample of NIRCam-SMGs contains a broad range of morphologies from isolated disc and spheroidal galaxies to
disturbed interacting systems. We indicate the 11 galaxies classified non-parametrically (and visually) as Mergers from Fig. 5 with an (M).

As a first attempt to quantify the morphology of the galaxies, we
employ a non-parametric approach, in which no prior assump-
tions about the galaxies’ structure are made.

Throughout this section, the analysis is carried out on 0704
per pixel 10 arcsec cutouts in each filter centred on the NIRCam-

A26, page 6 of 18

SMG identified in Sect. 3'!. We use the segmentation map

! This cutout size is chosen to optimise the background estimation and
modelling of the sources whilst minimising contamination from neigh-
bours and computation time.
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generated from SEP (Sect. 2.2) to mask other sources in the
cutout, which we dilate using the binary dilation routine in
photutils (Bradley et al. 2022b) to ensure full masking of
contaminants. Unmasked contaminants would alter the non-
parametric measures of morphology, thus we visually inspect
the galaxies growth curves to ensure full masking. We further
use photutils to model (and remove) the background level in
each cutout as well as to quantify the root mean-square (rms)
noise. In the following sections ‘cutout’ refers to this 10-arcsec,
background subtracted masked cutout and is used in the morpho-
logical analysis that follows.

Prior to measuring the morphology of the galaxies we derive
the point spread function (PSF) in each NIRCam and HST band.
For NIRCam we first use WebbPSF (Perrin et al. 2014) to gener-
ate PSF models across the NIRCam detectors for both short- and
long-wavelength channels which are calibrated with wavefront
models at the epoch of the CEERS observations. For HST we use
well-defined PSF models for WFC3 incorporated into griz1i'?.
The PSFs for each filter are then inserted into individual expo-
sures of the final mosaic and drizzled to the final world coordi-
nate system (wcs) solution. For each NIRCam-SMG we evaluate
the PSF model at the position of the galaxy, resulting in a
position-dependent PSF that accurately resembles the PSF of the
final mosaics used in our analysis and accounts for the detector
level variations.

4.1. Non-parametric morphology

To constrain the multi-wavelength morphology of the NIRCam-
SMGs, we first derive the galaxies’ non-parametric morphology
via two independent methods. We first perform a curve of growth
analysis in each of the NIRCam and HST WFC3 wavelength
bands above 1 um for the 43 NIRCam-SMGs. This is achieved

12 https://github.com/gbrammer/grizli-psf-library

by fitting a Gaussian profile to the cutout of each galaxy, allow-
ing the centroid (x,y), axis ratio (b/a) and position angle (PA) to
vary. We note the original centroid of the cutout is derived from
the SEP source detection on the stacked long-wavelength NIR-
Cam bands (Sect. 2.2), and thus may not be the true centre of the
galaxy at shorter (bluer) wavelengths. A curve of growth is then
derived in each band using ellipses which align to the galaxies
axis ratio (b/a) and position angle (PA).

From the curve of growth, examples of which are shown in
Fig. 4, we measure the convolved 20, 50, and 80 per cent radii
of each galaxy. The intrinsic radii of the galaxies’ are derived
by de-convolving the sizes with the PSF size in each band, mea-
sured through a similar curve of growth analysis. To quantify the
uncertainty on the intrinsic radius of a galaxy, we perform boot-
strapping over the rms noise of the cutout with 1000 iterations.
The final intrinsic 20, 50, and 80% radii (and uncertainty) of
each galaxy are defined as the median (and standard deviation)
of these 1000 iterations.

We derive a median (and 16th—84th quartile) axis ratio
of bja=0.67*)1; in the NIRCam F444W band. This is com-
parable to the axis ratio of b/a~0.6 expected for a popula-
tion of triaxial ellipsoids and higher than that expected for
randomly orientated discs with exponential light profiles (e.g.
Law et al. 2012; van der Wel et al. 2014a; Zhang et al. 2019;
Robertson et al. 2023; Kartaltepe et al. 2023). The dust (850 um)
morphology of SMGs have also been shown to exhibit similar
axis ratios, with Gullberg et al. (2019) reporting a median axis
ratio of b/a =0.62. The median half-light radius in F444W band
is Ry =3.26*1 kpc, which is comparable to that derived from
similar studies of SMGs (e.g. Zavala et al. 2018; Ling & Yan
2022; Cheng et al. 2023), although we note the rest-frame wave-
length probed by these studies various.

We further measure the concentration index (C) of the galax-
ies stellar light profile in each wavelength band using Eq. (4)
from Conselice (2014)'? defined as,

C:leoglo(router), (1)

Finner

where Cpg Uses Fipner = 20% and royer = 80%. A higher con-
centration indicates a larger fraction of the galaxies light is con-
tained within the central regions. For the NIRCam-SMGs, we
derive a median (and 16th—84th quartile) concentration index
of C28=3.77f(1):éé in the NIRCam F444W band. The 16th-
84th quartile is comparable to the range derived for local late-
type discs and ellipticals from optical R-band imaging (0.65 pum;
Conselice et al. 2003). However, at the median redshift of our
sample the F444W band probes the rest-frame ~1 um emission,
so this is not a direct comparison, as we analyse in Sect. 4.1.

To provide an alternative measure of half-light radius
and concentration index, as well as more quantiative
morphological indicators, we use the statmorph!* code
(Rodriguez-Gomez et al. 2019). We run statmorph on the
NIRCam and HST WFC3 wavelength bands above 1um for
each of the 43 NIRCam-SMGs, using the same segmentation
and PSFs as for the growth curve analysis described above.
The statmorph code derives the concentration, asymmetry
and clumpiness (CAS; Abraham et al. 2003; Lotz et al. 2008;
Conselice 2014) parameters which quantify how concentrated,
asymmetrical and clumpy the galaxies’ surface brightness
profiles are, with higher values indicating more concentrated,
asymmetric, clumpier light profiles.

13 See also Abraham et al. (2003).
4 https://statmorph.readthedocs.io/en/latest/
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Fig. 4. Non-parametric growth-curve analysis for one of the NIRCam-SMGs. For each wavelength band, we show the 5 arcsec cutout, masked
regions (red contours) and derived half-light radius (black ellipse) in the upper panel. In the lower panel we show the growth curve from the image
(black curve) and growth from the parametric model (blue curve) derived in Sect. 4.2.

In addition, the Gini and M, parameters are also derived (for
full definitions see Lotz et al. 2004; Snyder et al. 2015). In short,
the Gini parameter defines the pixel distribution of the galaxy’s
light, where G =1 means all of the light is concentrated in one
pixel whilst G =0 indicates each pixel contributes equally. The
M,y parameter measures the moment of the galaxy’s brightest
regions containing 20% of the total flux. This is then normalised
by the total light moment for all pixels. Highly negative values
indicates a high concentration of light, not necessarily at the cen-
tre of the galaxy.

To quantify the uncertainty on the non-parametric measures
of morphology, we run statmorph 1000 times, each time adding
random noise to the cutout of magnitude equal to the origi-
nal rms noise measured in the cutout. The final properties (and
uncertainty) for each galaxy are defined as the median (and
standard deviation) of these 1000 iterations. To validate the
robustness of the statmorph measurements we compare the
half-light radius and concentration index to that derived from
our growth curve analysis. We derive a median (and 16th—84th
quartile) growth curve to statmorph concentration index ratio

of Cag,6c/ C28 statmorph = 1.08f8% and median half-light radius
indicating good agreement

ratio of Ry Gc/ Rustatmorph = ]Otgig»

between the independent morphological measurements'>.

Having quantified the non-parametric morphology of the
NIRCam-SMGs we now have multi-wavelength morphological
measurements for the 43 NIRCam-SMGs from 1.15 to 4.44 pm.
This sample however encapsulates a broad range of rest-frame
wavelengths given the redshift range of the NIRCam-SMGs (see
Fig. 3) and therefore can not be directly compared. To allow a
more accurate comparison, for each NIRCam-SMG, we deter-
mine the rest-frame wavelength probed by the multi-wavelength
imaging using the galaxy’s redshift, separating the wavelengths
into rest-frame optical (0.25 to 0.75 um) and near-infrared (1.0
to 1.5um) samples. In addition, statmorph returns the S/N
per pixel for each cutout as well as a quality flag of the non-
parametric measurements, with £lag=0 indicating robust mea-
surements were obtained.

If a galaxy has multiple optical or near-infrared measure-
ments we select the measurement with the highest S/N per pixel

15 We note however we expect some variation between the two methods
due to the definitions of centroid and total fluxes used in statmorph
(see Lotz et al. 2004).
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Table 2. Median (and 1 — o) non-parametric morphology of the
NIRCam-SMGs at rest-frame optical and near-infrared wavelengths.

Property Optical Near-IR
025<2<0.75um) (1.0 <A< 1.5um)

Cas 2.90+0.45 291+0.39

A 0.19+0.10 0.17+0.13

S 0.03+£0.07 0.03 £0.06

Gini 0.51+0.05 0.52+0.05

My -1.50+0.33 -1.77+0.23

and further remove any measurements with statmorph flag > 1
and S/N per pixel < 2.5 to ensure the most robust morphological
parameters are analysed for each galaxy. In total, this results in
32 and 26 robust non-parametric morphological measurements in
the optical and near-infrared respectively for the NIRCam-SMGs
for which we summarise the median properties in Table 2.

The concentration and asymmetry of the NIRCam-SMGs at
both rest-frame optical and near-infrared wavelengths (as quanti-
fied in Table 2) are comparable to that identified in local irregular
galaxies from R-band (0.65 wm) imaging of Cy3=2.7+0.2 and
A=0.17+0.11 (Conselice 2014). However, the local irregular
galaxies studied in Conselice (2014) have much higher clumpi-
ness (S =0.40 £ 0.20) than the NIRCam-SMGs. We suspect this
is driven by resolution effects, smoothing out the morphology of
the high-redshift galaxies.

In Fig. 5 we correlate the different non-parametric morphol-
ogy measures, showing the Gini— My (left), clumpiness (S) —
concentration (middle) and asymmetry — concentration (right)
correlations for the optical and near-infrared samples. In each
panel, we overlay the different morphological classifications
which distinguish between mergers, disc-like galaxies and ellip-
ticals in the local Universe (e.g. Lotz et al. 2008; Conselice et al.
2003; Bershady et al. 2000). On average both optical and near-
infrared measurements lie in the disc-like region of the differ-
ent planes, with some scatter towards intermediate, elliptical-like
systems, reflecting the range of morphology seen in Fig. 2. This
is typical of the rest-frame optical properties of galaxies identi-
fied in the CEERS survey from z=3 to z=9 (Kartaltepe et al.
2023) as well as other studies of SMGs non-parametric
morphology (e.g. Ling & Yan 2022). The average optical
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Fig. 5. Non-parametric rest-frame optical and near-infrared morphology of the NIRCam-SMGs. We show the Gini and M, plane (left). The dashed
black lines indicate the division between Mergers, Elliptical and Disc galaxies as defined by Lotz et al. (2008). In the middle panel we show the
correlation between clumpiness (S) and concentration (Cyg), with the parameter space of local galaxies from Conselice et al. (2003) overlaid.
Finally, in the right panel we show the asymmetry (A) concentration (Cyg) plane with dashed lines showing the distinction between Mergers,
Disc, Intermediate and Ellipticals from Bershady et al. (2000) and Conselice et al. (2003). In all three panels, the optical and near-infrared samples

occupy the region with disc-like morphology.

measurement has a larger M,y value at fixed Gini parameter,
pushing it closer to the merger region of the Gini— M diagram.
We infer this could be driven by the optical measurements prob-
ing more recent events of star formation (e.g. spiral arms, star-
forming clumps) as opposed to the near-infrared measurements
that probe the bulk of the older stellar population. We, therefore,
expect the optical morphology to be more clumpy and asymmet-
rical compared to the near-infrared measurements.

To investigate this further, for galaxies which have both an
optical and near-infrared measurement in Fig. 5 (26 galaxies),
we quantify the ratio between the two measurements for each
non-parametric parameter. On average we identify no signifi-
cant offset between the optical and near-infrared concentration or
Gini parameters with median ratios of Crg Nir/C2s.0pT = 1.02 and
Gininr /Ginigpr = 1.00 respectively but with an offset in the M5
parameter of Mo Nir/M2o.0pr = 1.1. Whilst the optical measure-
ments, for individual galaxies, have on average larger asymme-
tl‘y and clumpiness with ANIR /Aop']‘ =0.95 and SNIR/S OPT = 0.73
respectively, reflecting the fact that the optical morphologies
trace recent star-formation.

There are a number of NIRCam-SMGs (9) that fall into the
non-parametric merger classification in Fig. 5. These objects
are indicated by the ‘M’ in Fig. 2. Visual inspection of their
morphology further indicates the presence of potential galaxy
interactions and we also flag two other NIRCam-SMGs as
mergers, S2CLS-EGS-450.18 and S2CLS-EGS-850.108, from
visual inspection. Previous studies of SMGs have suggested
they commonly reside in over-dense environments and are prone
to galaxy interactions (e.g. Conselice et al. 2003; Oteo et al.
2018; Anetal. 2019; Cardona-Torres et al. 2023; Calvi et al.
2023). However, this is in contrast to more recent JWST stud-
ies of ALMA-detected SMGs that on average identify iso-
lated systems with stable disc-like morphologies (e.g. Chen et al.
2022, 2023). To investigate the NIRCam-SMGs morphol-
ogy further, we undertake a parametric analysis of the non-
merging systems, as discussed in the next section, using the
non-parametric measures (e.g. x,y, PA, and b/a) as priors.

4.2. Parametric morphology

The parametric modelling of the SMG counterparts is carried
out using Gal £itM'® (HauBler et al. 2013). GalfitM is a multi-

16 https://www.nottingham.ac.uk/astronomy/megamorph/

wavelength wrapper for Galfit (Peng et al. 2010), in which a
range of parametric models can be fitted to a galaxy’s morphol-
ogy as a function of wavelength. The model parameters can be
constrained to be independent at each wavelength provided or
vary following some functional form (HaufBler et al. 2022).

For our analysis, we fitted'” all wavelength bands above 1um
(with a S/N per pixel > 2.5) from HST WFC3 and JWST NIR-
Cam with a single Sérsic model, convolved with the PSF, using
GalfitM. We fix the centroid (x, y), axis ratio (b/a), and position
angle (PA) to be constant across the wavelength bands, allow-
ing the effective radius (R.) and Sérsic index (n) to vary linearly
whilst the magnitude is modelled quadratically as a function
of wavelength (HauBler et al. 2022). We also provide GalfitM
with a sigma image for each source generated from the ERR'®
extension of the final mosaics.

We identify a median (and 16th-84th quartile) ratio of
GalfitM to statmorph Sérsic index and half-light radius of
nGalﬁtM/nslatmorph = 098f8§3 and Rh,GalﬁtM/Rh,statmorph = 097i8(1)2
respectively, indicating strong agreement between the two inde-
pendent measures of parametric morphology. Despite the agree-
ment between the two parametric codes, it does not guarantee
that the galaxies’ underlying morphology is well-modelled by
a single Sérsic model. Given the complex morphologies seen
in Fig. 2 and the broad scatter in non-parametric morphology
in Fig. 5, as well as the diverse morphology identified in previ-
ous SMG studies (e.g Conselice et al. 2003; Chang et al. 2018;
Calvi et al. 2023), the NIRCam-SMGs morphology may in fact
be more accurately described by a two-component model.

To investigate this further, we perform two-component
multi-wavelength Sérsic fits using GalfitM. We constrain the
first component to be an exponential disc (n = 1) and allow the
second component’s Sérsic index to vary. This is similar to the
approach taken in studies of intermediate redshift galaxies with
HST, whose resolved morphologies often show complex multi-
component features (e.g. dos Reis et al. 2020). We further con-
strain the centroid of the two components to be co-located within
+3 pixels (0712), whilst the axis ratio, position angle and magni-
tude of the models are constrained in the same way as the single
Sérsic fits described above.

17 We do not perform simultaneous modelling of galaxies since we have
masked out all other objects (see Sect. 4).

18 The ERR extension is derived from the Grizli pipeline and contains
the read and Poisson noise of the observations.
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Fig. 6. Parametric morphological analysis for a NIRCam-SMG (S2CLS-EGS-450.88) for which we have coverage in every wavelength band. For
each filter, we show a 5" cutout (a) with masked regions (red contours) and a black ellipse which indicates the growth curve derived half-light
radius (Sect. 4.1). The multi-wavelength galfitM model and residual are shown in panels (b) and (c) respectively with masked regions indicated
as before. For each filter, we indicate the statmorph S/N per pixel as well as the reduced chi-squared per band, and overall, from GalfitM.

To assess whether the two-component fitting is more appro-
priate, we quantify the quality of GalfitM modelling using
both the multi-wavelength reduced chi-squared (,(2 ) and the
Bayesian Information Criteria (BIC; Liddle 2007) Wthh are
defined as,

Ny
= @)
szed. = Xz/(Nd - Nvarys) 3)
BIC = x* + Nyarys X In(Ny) )

Ny
where Z riz is the sum of the residual image, Ny is the number

of data points, and Nyuys is the number of variable parameters.
Both of these statistical parameters reflect the goodness of fit
whilst the BIC parameter penalises models with a large number
of parameters and is commonly used to determine between two
parametric models (e.g. Head et al. 2014; Lange et al. 2016).
The model with the lower BIC values and )(fed_ close to unity
is preferred.

For the single Sérsic fitting we identify a median )(fe 4 =176
with a 16th—84th quartile range of Xfe 4 = 1.44-4.41. Whilst for
two components we establish a median )(fe 4. = 1.69 with a and
16th—84th quartile range of sze 4. = 1.38-3.60. However, on aver-
age the two-component models have a higher BIC value than the
single Sérsic models, with (ABIC) (BICingle — BICiwo) =
—172. This indicates that although the two-component model
produces smaller residuals, it is over-fitting the morphology of
the galaxies and not providing new physical information. We
note also two-component models with two free Sérsic indexes
produce similar results. We, therefore, proceed with the single
Sérsic models to represent the NIRCam-SMGs parametric mor-
phology, an example of which is shown in Fig. 6.

We again split the sample into rest-frame optical and near-
infrared measurements as before, removing galaxies with a
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Table 3. Median (and 1 — o) parametric morphology of the NIRCam-
SMGs at rest-frame optical and near-infrared wavelengths.

Property Optical Near-IR
(025<1<0.75pum) (1.0 <2 < 1.5um)

R.[kpc] 3.10+£1.67 1.64 +£0.97

n 0.96 +0.66 1.85+0.63

bla 0.64 +0.20 0.73+0.18

szed. 1.77£0.54 1.72+0.50

single-band reduced chi-squared of sze 4. > 3.0 and those objects
that occupy the non-parametric merger regions in Fig. 5. In total,
this results in 25 and 14 robust parametric morphological mea-
surements in the optical and near-infrared of the NIRCam-SMGs
respectively. The image, model and residuals for each of the
galaxies for this final sample are shown in Appendix C, for
which we summarise the median parametric morphology prop-
erties in Table 3.

On average we identify almost twice as large optical effective
radius (~3 kpc) than in the near-infrared (~1.64 kpc). Whilst for
the Sérsic index, the optical measurements more resemble expo-
nential discs (n = 1) with the rest-frame near-infrared observa-
tions having higher Sérsic index of order n ~ 2. This is similar
to the trends seen in the non-parametric morphology and further
reflects the near-infrared measurements probing older, less dust-
attenuated, stellar populations in the process of bulge-formation
(i.e. more compact), whilst rest-frame optical observations are
more sensitive to recent star-formation, and consequently dust
attenuation, thus seen in the extended regions of galaxies.

To analyse the cosmic evolution of the rest-frame optical and
near-IR morphology of the NIRCam-SMGs, in Fig. 7 we cor-
relate the effective radius of the GALFITM model and the Sérsic
index with the galaxies’ redshift. We also show a running median
(of 5 points) and standard deviation in each panel (squares) along
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Fig. 7. Median rest-frame effective radius (R.; left) and Sérsic index (n; right) for optical and near-infrared parametric sub-samples as a function of
redshift. The squares represent the median (and 1 — o scatter) for redshift and morphological property (R, 7) in a running median. On the x-axis we
show the distribution of redshift for each optical and near-infrared sub-samples. For each sub-sample, in each panel, we show a linear parametric
fit and 1-0 scatter. We also indicate the median size and Sérsic index from literature studies of SMGs (Swinbank et al. 2014; Gullberg et al. 2019).
We identify larger (lower) effective radius (Sérsic index) at optical wavelengths compared to near-infrared measurements, with general a negative
(~20) correlation between the SMGs size and redshift whilst no strong correlation is identified with Sérsic index.

with a linear parametric fit and 1 — o uncertainty (solid line and
shaded region). On each axis, we indicate the redshift distribu-
tion of the optical and near-infrared samples.

For comparison we show the median 870 um effective radius
and Sérsic index (R, ~ 0.8 kpc, n ~ 1) from Gullberg et al. (2019)
for 153 bright SMGs with a median redshift of z~2.9. We also
indicate the median H-band (1.6 wm) effective radius and Sérsic
index (R, ~2.8kpc and n~2) from Swinbank et al. (2014) for
25 SMGs with a median redshift of zx~2.1.

At both optical and near-infrared wavelengths, we iden-
tify a negative correlation of order ~20- between galaxy effec-
tive radius and redshift. In the optical we identify a lin-
ear slope of a=-0.92+0.45 whilst for the near-infrared
the linear slope is @ =-0.74+0.34. This evolution can be
attributed to the expected growth of galaxies with cosmic time
(e.g.van der Wel et al. 2014b), with the larger optical size reflect-
ing the extended star-forming regions probed in the rest-frame
optical.

Our optical and near-infrared continuum sizes are larger
than the far-infrared (dust) sizes derived in Gullberg et al.
(2019), as expected from the compact nature of the far-IR
dust component of these galaxies (e.g. Gullberg et al. 2018;
Hodge et al. 2019; Langetal. 2019). The rest-frame optical
sizes are consistent with those reported by Zavala et al. (2018)
with R, =4.8+0.4kpc as well as other studies of the SMG
morphology with HST (Swinbank et al. 2014; Chen et al. 2015;
Ling & Yan 2022). These studies, on average, are probing the
rest-frame UV, and thus should only be compared to our opti-
cal sample. A similar offset between optical and far-IR, is
found in resolved Ha studies of z ~ 2 SMGs (e.g. Chen et al.
2020) as well as in hydrodynamical simulations of typical high-
redshift (1 <z<5) main-sequence galaxies (e.g. Popping et al.
2022) which both identify significantly larger optical sizes com-
pared to the galaxies’ far-infrared dust sizes.

Using Illustris The Next Generation 50 (TNGS50;
Nelson et al. 2019) simulation, Popping et al. (2022) identify
for high-redshift (2 <z <3) massive (log,;,(M.) > 10) galaxies, a
FIR (850 um) to 1.6 um size ratio of <0.5. At z=2.9, our linear
parametric fit predicts a rest-frame optical size of 2.45kpc.
Taking the 850 um size as that derived in Gullberg et al. (2019)
(0.8 kpc), we identify an 850 um to optical size ratio of 0.33.
This is comparable to that predicted by Popping et al. (2022),
although we note this is not a direct comparison due to the
different selection functions across the samples.

In the right-hand panel of Fig. 7 we show the Sérsic
index correlation with redshift, identifying a linear slope of
a=-0.05+0.23 in the rest-frame optical whilst for the near-
infrared the linear slope is @ = —0.25 + 0.44. This indicates there
is no correlation with redshift for Sérsic index both at optical
and near-infrared wavelengths for the non-merging SMGs in our
sample. The elevated near-infrared Sérsic index, in comparison
to the optical Sérsic index, might be driven by the compact dusty
nature of the SMGs. The dust will heavily attenuate the short-
wavelength (optical) emission in the central regions of the galax-
ies, resulting in centrally less-peaked surface brightness profiles.
As a consequence the observed size and Sérsic index would be
higher (lower) in the rest-frame optical, than for the intrinsic (un-
attenuated) light profiles.

A similar trend has been identified in recent cosmological
simulations which identify that massive, intrinsically compact
galaxies appear significantly more extended when the affects of
dust are taken into account (e.g. Roper et al. 2022, 2023). Our
sample is intrinsically selected to have high levels of dust attenu-
ation (Sect. 3), and therefore dust is potentially driving the trends
seen in Fig. 7. Recent studies of high-redshift (2 < z <6) optically
faint galaxies have identified high-dust content and compact
(Re ~ 1-2kpc) near-infrared morphologies (e.g. Nelson et al.
2023). Whilst the dominance of the disc-like morphologies in
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the rest-frame optical has been shown to continue out to z=8
(e.g. Ferreira et al. 2022). These studies are in agreement with
our morphological analysis of non-merging NIRCam-SMGs,
with compact (extended) near-infrared (optical) sizes and disc-
dominated optical morphologies out to z=15.4.

5. Conclusions

In this paper we have presented an analysis of the near-
infrared JWST/NIRCam counterparts to 45 previously observed
SCUBA-2 sub-mm selected galaxies (Table 1). Through a com-
bination of the multi-wavelength p-values, NIRCam colours and
Eazy-py predicted fluxes we construct a decision tree to iden-
tify the NIRCam counterpart to each sub-mm selected SCUBA-2
source (Fig. 1). We establish 43 NIRCam counterparts, from
37 SCUBA-2 sources, which cover a broad range of redshift
from z~0.21-5.4 with a median of 7 =2.29.

We then proceed to quantify the rest-frame optical and near-
infrared morphology of these 43 NIRCam-SMGs, utilising a
variety of parametric and non-parametric morphological mea-
sures and taking advantage of the unprecedented depth and res-
olution of the CEERS JWST NIRCam observations (Fig. 2).
We establish, on average, the non-parametric measures of the
NIRCam-SMGs morphology indicate late-type discs but with a
broad scatter with some galaxies exhibiting galaxy interactions
and mergers, whilst others resemble elliptical spheroidal sys-
tems (Fig. 5). For individual NIRCam-SMGs, we establish the
rest-frame optical morphology is on average more asymmetrical
and clumpy in comparison to near-infrared morphology, with the
largest offset towards higher M, parameter (Table 2). We infer
this is likely driven by the rest-frame optical morphology reflect-
ing recent and on-going star-formation whilst the near-infrared
probes the older stellar populations.

The parametric morphology of the galaxies is quantified
using GALFITM and is well-modelled by a single component Sér-
sic model, as we identify two-component models result in over
fitting of the data. On average the optical stellar continuum half-
light radii exhibit larger sizes (Table 3) than the near-infrared
measurements, likely driven by dust attenuation at UV and opti-
cal wavelengths. We establish a negative correlation with effec-
tive radius and redshift (i.e. larger sizes at later cosmic times;
Fig. 7) reflecting the general growth of galaxies and build-up of
stellar mass with cosmic time. The median Sérsic index at opti-
cal wavelengths is identified to be a factor of 2 smaller than at
near-infrared wavelengths, with both exhibiting minimal evolu-
tion with cosmic time (Fig. 7). The implications of dust on the
observed properties of the NIRCam-SMGs are likely driving the
offsets between near-infrared and optical morphologies in addi-
tion to the age of the stellar populations probed. Our results are
consistent with the picture of inside-out galaxy evolution, with
more centrally concentrated older stellar populations, and more
extended, younger star-forming regions whose stellar emission
is heavily attenuated in the central regions.

Overall we have shown the morphology of single-dished
detected SMGs at optical and near-infrared wavelengths is
diverse. ranging from compact spheroidal galaxies, grand design
spirals and interacting merging systems. We have identified an
evolution in morphology from small, disc-dominated structures
to more extended galaxies with disc-like optical morphologies
and more centrally concentrated (late-type disc) near-infrared
morphologies. Future quantification of the morphology and
underlying stellar population of SMGs with JWST/MIRI imag-
ing and spectroscopy will further build upon this picture and the
wider cosmic evolution of SMGs.
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Appendix A: Decision tree
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Fig. A.1. Schematic of the decision tree used to determine the NIRCam counterpart(s) to the SCUBA-2 selected SMGs. If a MIPS counterpart has
been identified in the SCUBA-2 beam then p-values from the MIPS 24um image to NIRCam F444W are calculated, else directly from SCUBA-2

r

\

Given its redshift, colour,

pred. EAZY (850,450) flux

and P-value is it likely the
counterpart?

Yes

_— [ SMG Counterpart identified ]

J

to NIRCam F444W. Then considering the NIRCam colours and EaZy-py outputs as shown in Figure 1, a decision is made.

Appendix B: SED fitting
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Fig. B.1. Eazy-py fitting results for four of the NIRCam counterparts across a broad range of redshift. The inset panel indicates the p(z) distribution.
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Appendix C: GALFITM modelling

OPTICAL NEAR-IR
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Fig. C.1. Rest-frame optical and near-infrared GALFITM modelling of the final rest-frame sample presented in Figure 7. For each NIRCam-SMG
we present the 4-arcsecond optical image, GALFITM model and residual. We further indicate the mask regions of nearby objects (red contours) and
indicate for each model the redshift, derived Sérsic index, effective radius, instrument band and rest-frame wavelength probed. Where available
(14/25) we display the near-infrared image, model and residual.
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Fig. C.1. continued.

A26, page 16 of 18



Gillman, S., et al.: A&A 676, A26 (2023)

OPTICAL NEAR-IR
MODEL RESIDUAL IMAGE MODEL RESIDUAL
S2CLS-EGS-850.058 s
2~009
v
o
c
o
o
v
o
-
n=2.07, R.=168 kpc
F115W (RF=0.61um)
-10 00 10 2020 10 00 10 2020 -10 00 10 20
Arcseconds Arcseconds Arcseconds
w
o
c
c
o
o
w
o
k4
w
° l I
c
o
v
o
n
v
)
w
o
c
o
“
L7
& .
< . 3
»
w
°
c
=1
o
1]
o
3
v
b=l
[
=1
o
o
v
o
-
S2CLS-EGS-850.080
z~2.61
w
o
c
g .
“
1]
n
o
I
n=1.55, R.=15 kpc
F200W (RF=0.55um)
20 2.0 10 00 10 2020 10 00 10 2020 -10 00 10 20
Arcseconds Arcseconds Arcseconds
w 10
°
c
g o .
o
n
v
2 -1.0
2.0 - -
-20 -10 00 10 2020 -10 00 10 2020 -1.0 00 10 20
Arcseconds Arcseconds Arcseconds
Fig. C.1. continued.
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Fig. C.1. continued.

A26, page 18 of 18



	Introduction
	Sample selection
	SCUBA-2 observations
	HST and JWST/NIRCam observations
	Ancillary data

	Near-Infrared counterparts
	NIRCam colours and dust attenuation
	Multi-wavelength p-values and predicted fluxes
	Near-infrared counterparts

	Multi-wavelength morphology
	Non-parametric morphology
	Parametric morphology

	Conclusions
	References
	Decision tree
	SED fitting
	GALFITM modelling

