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ABSTRACT

We present ALMA high-resolution (~ 0.25 arcsec/2 kpc) CO(5-4) and CO(4-3) observations of three z ~ 3 submillimetre-
selected dusty galaxies from the ALESS survey. These data complement existing (sub)-kpc scale ALMA 870 um continuum
imaging and JWST NIRCam and MIRI imaging from the ALESS-JWST program, allowing us to trace the molecular gas,
dust-obscured star formation, and stellar populations on similar spatial scales. We spectroscopically confirm that two of
the sources lie at the same redshift and are likely interacting. We find that the molecular-gas distribution broadly follows
the dusty star-forming structures seen in the 870 um dust continuum imaging, but that the gas reservoirs are significantly
more extended than the dust emission with a spatial extent comparable to the rest-frame near-infrared stellar emission.
By modelling the kinematics for the two highest signal-to-noise sources, we find that the galaxies are well-fit by rotating
disc models with high ratios of ordered-to-random motion (Vinax /@ = 5 £ 1 and 6 £ 1), although smaller-scale kinematic
deviations cannot be ruled out at the current sensitivity and spatial resolution. Finally, utilizing the high-resolution 870 um
dust continuum and CO data, we investigate star formation scaling relations on kpc-scales in these high-redshift galaxies.
Assuming a constant CO-to-H, conversion factor and excitation ratio, we find that the data are offset from theoretical
star formation relation predictions that do not take turbulence into account, but consistent with gravo-turbulent models,
thereby suggesting that turbulence plays a central role in regulating star formation at high redshift.

Key words: galaxies: evolution - galaxies: star formation - submillimetre: galaxies.

1 INTRODUCTION

The advent of the James Webb Space Telescope (JWST) has pro-
vided new insights into dusty star formation in the early Uni-
verse. A significant fraction of this dust-obscured star forma-
tion is thought to be hosted by submillimetre galaxies (SMGs; U.
Dudzeviciaté et al. 2020), which were originally discovered with
the SCUBA instrument mounted on the James Clerk Maxwell
Telescope (I. Smail, R. J. Ivison & A. W. Blain 1997; A. J. Barger
et al. 1998; D. H. Hughes et al. 1998; S. Eales et al. 1999). Now,
the near- and mid-infrared capabilities of JWST are uncovering
the previously dust-obscured stellar populations in these sources,
revealing their underlying rest-frame optical morphologies on

* E-mail: westoby@strw.leidenuniv.nl (BW); hodge@strw.leidenuniv.nl
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resolved scales for the first time (e.g. C.-C. Chen et al. 2022; S.
Gillman et al. 2024; A. Le Bail et al. 2024; H. B. Akins et al. 2025;
S. Bodansky et al. 2025; J. A. Hodge et al. 2025; R. Ikeda et al. 2025;
J. McKinney et al. 2025; R. Uematsu et al. 2025; L. A. Boogaard
et al. 2026). These studies add to the work done in the last decade
on directly observing the dust continuum emission itself in SMGs
with ALMA on similar scales (see the review by J. A. Hodge &
E. Cunha 2020), with the latest direct comparisons between the
two components, definitively demonstrating that the galaxies are
primarily red due to dust and not stellar age (S. Gillman et al.
2024; J. A. Hodge et al. 2025).

Despite this progress, there are only a handful of studies that
have looked at the molecular gas content in these sources on
similar (~kpc) scales (e.g. M. Swinbank et al. 2011; J. A. Hodge
et al. 2012; G. Calistro Rivera et al. 2018). This is partly because
many SMGs still lack spectroscopic redshifts due to being very
faint and/or dust-obscured. This has recently improved thanks to
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dedicated spectral line scans with ALMA, enabling both redshift
confirmation and investigation of the (unresolved) molecular gas
properties via the detected CO lines (e.g. J. E. Birkin et al. 2021;
C.-L. Liao et al. 2024).

One motivation for resolving the gas in SMGs is to use kine-
matic characterization to provide a better understanding of the
nature of these sources. High-fidelity ALMA 870 pm continuum
maps revealing the morphology of the dust continuum in distant
SMGs have shown that a fraction of their emission can arise from
clumpy substructure (J. A. Hodge et al. 2019; R. Ikeda et al. 2025).
This substructure could provide clues on how SMGs achieve and
sustain high star formation rates (SFRs). Evidence of ordered
rotation of SMGs, as found in some sources (e.g. M. Swinbank
et al. 2011; G. Calistro Rivera et al. 2018; A. Amvrosiadis et al.
2025), would suggest the substructures are disc-like features and
most likely induced by a minor merger or tidal disturbance. These
dust continuum structures may be coherent, indicating bars, star-
forming rings or spiral arms (B. Gullberg et al. 2019; J. A. Hodge
et al. 2019; T. Tsukui & S. Iguchi 2021; T. Tsukui et al. 2023b).
Such non-axisymmetric features would increase the galaxy’s star
formation efficiency and allow for net angular momentum loss
by forcing the gas streams to cross and shock (P. F. Hopkins & E.
Quataert 2011). However, kinematic evidence to support this is
limited (e.g. H. Umehata et al. 2025). Alternatively, perturbed ve-
locity fields, as found in some other sources (e.g. K.-i. Tadaki et al.
2020; M. Frias Castillo et al. 2022), would instead suggest that
the clumpy morphologies may be due to late-stage minor/major
mergers. However, so far there has been a lack of joint analyses
of sources with both high-resolution CO imaging and confirmed
dusty substructures.

Another motivation for looking at the resolved gas distribu-
tions in SMGs is to constrain the relative importance of ordered-
to-random motion. There have been an increasing number of
studies that find evidence for dynamically cold (V;ot / 0 > 2) r0-
tating discs at z > 3 when looking at emission lines such as CO
or [C11] (e.g. J. A. Hodge et al. 2012; F. Lelli et al. 2021; F. Rizzo
et al. 2021; F. Roman-Oliveira, F. Fraternali & F. Rizzo 2023; L. E.
Rowland et al. 2024; L. L. Lee et al. 2025a). This may be due to the
tracer used, with studies using He kinematics (e.g. E. Wisnioski
et al. 2015; N. M. Forster Schreiber et al. 2018; H. Ubler et al.
2018, 2019) showing higher values of velocity dispersion than
that deduced from cold gas tracers (e.g. S. Alaghband-Zadeh et al.
2012; J. E. Birkin et al. 2024; F. Rizzo et al. 2024; A. L. Danhaive
et al. 2025; E. Wisnioski et al. 2025). However, we would like to
investigate this for classically selected SMGs, where interaction-
induced turbulence may be important, leading to higher gas ve-
locity dispersions.

Resolved gas properties of SMGs can also help us better under-
stand how turbulence influences star formation in these galaxies.
A number of relations have been theorised that link the SFR with
the molecular gas mass (e.g. R. C. Kennicutt 1998; M. A. C. De Los
Reyes & R. C. Kennicutt 2019; I. Pessa et al. 2021; T.-M. Wang et al.
2022), free-fall time (e.g. M. R. Krumholz, A. Dekel & C. F. McKee
2012) and turbulence (e.g. D. M. Salim, C. Federrath & L. J. Kew-
ley 2015). Their consistency with observations has been investi-
gated with both low- and high-redshift sources (e.g. R. C. Kenni-
cutt 1998; A. Heiderman et al. 2010; R. A. Gutermuth et al. 2011;
J. A. Hodge et al. 2015; K. E. Jameson et al. 2016; C.-C. Chen et al.
2017; M. Béthermin et al. 2023). However, at high redshift, the
availability of resolved maps of both star formation and molecu-
lar gas - providing insight into the turbulence in the interstellar
medium (ISM) - is still a relatively rare combination in unlensed
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targets, and the resulting star formation ‘laws’ have thus only
been explored in a select few exceptionally bright and/or lensed
SMGs (e.g. P. Sharda et al. 2018, 2019). High-resolution ALMA
observations of more representative SMGs provide a unique op-
portunity to study the complexity of star formation at sub-galactic
scales in the early Universe and to directly probe the role of tur-
bulence in regulating star formation under typical high-redshift
conditions.

Here we present new ALMA CO observations of three z ~
3 SMGs from the ALMA follow-up of the LABOCA Extended
Chandra Deep Field South Survey (ALESS; J. A. Hodge et al. 2013;
A. Karim et al. 2013). These data are complemented by existing
high-resolution 870 pm continuum imaging from J. A. Hodge
et al. (2019) and multiband NIRCam imaging (ALESS-JWST; J.
A. Hodge et al. 2025). In this work, we use a standard ACDM
cosmology from Planck Collaboration (2020).

2 OBSERVATIONS AND DATA REDUCTION

2.1 ALMA CO(5-4) and CO(4-3) observations

We present new CO observations for three SMGs (ALESS3.1,
ALESS3.1-comp and ALESS9.1). These targets are selected from
the ALESS survey (J. A. Hodge et al. 2013) based on the existence
of high-resolution 870 um follow-up imaging (J. A. Hodge et al.
2016, 2019) and confirmed CO line detections (J. E. Birkin et al.
2021), with the exception of ALESS3.1-comp which was serendip-
itously detected in CO emission in this work. Information about
the sources is shown in Table 1, with the positions from J. A.
Hodge et al. (2025), and redshifts from J. E. Birkin et al. (2021)
for all sources except ALESS3.1-comp (which was derived from
the CO data presented in this work). The stellar masses for all
sources were derived using integrated SED fitting including the
ALMA and JWST NIRCam (and MIRI) imaging (J. Li et al. 2026;
and see Section 2.3 for further details). The median continuum
flux density at 870 um, Sg;o ~ 8.3 mly, is higher than the median
of the 13 galaxies covered in the ALESS-JWST program from
J. A. Hodge et al. (2025). The stellar masses and SFRs of the
sources are broadly representative of the parent ALESS sample
of 99 SMGs in E. Da Cunha et al. (2015), which have a median
log(M./Mg)=10.95"55 and log(SFR/Mpyr—')=2.450¢. The me-
dian redshift z = 3.5 of the sources is higher than the parent
sample median redshift of z = 2.7 £ 0.1 (E. Da Cunhaet al. 2015).
All of the SMGs targeted are consistent with lying on the star
formation main sequence from J. S. Speagle et al. (2014; see J. Li
et al. 2026).

The CO emission line data for this work were observed in
May 2023 for project 2022.1.00955.S (PI: Hodge). We observed
CO(5-4) emission in ALESS3.1 and ALESS3.1-comp using Band
4, with a total exposure time of 160 minutes on source. The
baseline lengths were 15-3143 m and the average precipitable
water vapour (PWV) was 1.80 mm. We observed CO(4-3) emis-
sion in ALESS9.1 using Band 3, with a total time of 120 min-
utes spent on source. The baseline lengths were 27-3637 m and
the average PWV was 0.86 mm. For all sources, the resolution
of the spectral window covering the CO line was set to 1.953
MHz and the other spectral windows were set to 31.250 MHz.
We note that a single observation was also conducted as part of
this project for an additional source: ALESS17.1. As no CO line
is detected for the SMG, we discuss the analysis of this source in
Appendix A.
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Table 1. Basic properties of the targets. Positions and Sg7 are from J. A. Hodge et al. (2025). M, and SFR are from
integrated SED fitting from J. Li et al. (2026). The ALESS3.1-comp redshift is from this work.

Source ID z RA (J2000)  Dec. (J2000)  Sg7o (mly) M, (101'Mp) SFR (Mpyr—1)
ALESS3.1 3375 03:33:21.51  —27:55:20.5 8.3 +£04 2.3751 760139
ALESS3.1-comp 3374  03:33:2143  —27:55:254  1.07 £0.06 0.17+5:9 60140
ALESS9.1 3.694  03:32:11.33 —27:52:12.0  8.8+0.5 2.9753 930114

The data were calibrated using the standard ALMA pipeline
with CASA version 6.4.1.12 (J. P. McMullin et al. 2007; T. R. Hunter
et al. 2023). We examined the data using the plotms task and
synthesised images (see below). We found the data quality to be
excellent, without a need for further manual flagging. For each
target, a calibrated measurement set (ms) was created using the
concat task to combine the observations from every observing
block.

To derive the CO properties, the uvcontsub task was used
to remove the continuum from the calibrated ms file, using a
linear fit to the spectral windows without the line and the chan-
nels in the spectral window containing the line that are out-
side the line. The tclean task was used in cube mode with
natural weighting and a cell size of 0.04 arcsec to produce a
‘dirty’ cube in order to measure the RMS noise per beam per
channel. The cube is also converted into velocity units using the
reference frequency calculated based on the redshift in Table 1
and the rest frequency of the expected CO emission (vcou—3) =
461.04GHz, vco(s—4y = 576.27GHz). The data are channel aver-
aged to channels of ~20 km s™!. The cube is then cleaned us-
ing tclean in non-interactive mode with a threshold of dou-
ble the RMS and a 1 arcsec radius circular mask around the
source centres. The cleaned CO(5-4) cube for ALESS3.1 and
ALESS3.1-comp has a beam size of 0.28 arcsec x 0.23 arcsec and
RMS per channel of 140 wJy beam~!. The cleaned CO(4-3) cube
for ALESS9.1 has a beam size of 0.32arcsec x 0.26 arcsec and
RMS per channel of 136 pJy beam~1. These angular resolutions
correspond to spatial scales of ~2 kpc at z ~ 3.

Furthermore, we present imaging of the continuum underly-
ing the CO emission in the above observations. To measure this
continuum, the tclean task was used in the multifrequency
synthesis (mfs) mode with a cell size of 0.04 arcsec, collapsing the
off-line channels to produce a ‘dirty’ image in order to measure
the RMS noise per beam. The cube is then cleaned using tclean
with a threshold of double the RMS and a 1 arcsec radius circular
mask around the source centres. The resulting continuum images
are at 2170 um (high-resolution) for ALESS3.1 and ALESS3.1-
comp and 3260 pm for ALESS9.1 and shown in Appendix B.

This work additionally uses lower-resolution CO emission
line data observed in July 2021 for project 2019.1.00771.S (PI:
Rybak). This project targeted CO(4-3) emission in ALESS3.1
and ALESS3.1-comp using Band 3, with a total time of 46
minutes on source. The baseline lengths were 28-3638m and the
average PWV was 0.19mm. Given the lower angular resolution
(~0.35 arcsec), the majority of this work focuses on the
higher-resolution data from project 2022.1.00955.S above unless
otherwise specified.

2.2 870 pm continuum data

The ALMA 870 pm continuum imaging used for this work was
taken as part of programs 2012.1.00307.S and 2016.1.00048.S and

first presented in J. A. Hodge et al. (2016, 2019). For the targets
in this work, the average angular resolution for the naturally
weighted maps is 0.10 arcsec x0.07 arcsec and the average RMS
noise is 19 wJy beam~!. The 870 um images, despite their high
angular resolution, were shown to recover all of the emission
from these targets (J. A. Hodge et al. 2019) when suitably tapered.

2.3 JWST NIRCam images and parameter maps

The JWST NIRCam data used for this work were observed be-
tween 2022 September and December for the GO Cycle 1 pro-
gram PID 2516 (PIs: Hodge and da Cunha) and first presented
in J. A. Hodge et al. (2025). Our targets are all imaged in the
F200W, F356W and F444W filters and aligned using the Gaia DR3
catalogue (Gaia Collaboration 2023). The absolute astrometric
accuracy was estimated to be within 35 mas (J. A. Hodge et al.
2025). Resolved and integrated SED fitting using MAGPHYS (E.
Da Cunha, S. Charlot & D. Elbaz 2008; E. Da Cunha et al. 2015;
A.J. Battisti et al. 2020) that includes these data, high-resolution
870 pm ALMA data (Section 2.2) and MIRI F770W imaging (also
from PID 2516) is detailed in J. Li et al. (2026).

3 RESULTS AND ANALYSIS

3.1 Spectra and imaging

We detect strong CO emission in all naturally weighted image
cubes. We make initial moment maps by extracting spectra from
the image cubes using a circular aperture of 1 arcsec radius
around the source, fitting a single Gaussian to each spectrum and
collapsing over +1xFWHM from the central frequency. Then,
we conduct a curve-of-growth analysis using imstat to find the
optimum aperture radius from which to extract the total flux. This
is a non-parametric method from which we extract fluxes by iden-
tifying the aperture radius at which the measured flux converges
to a plateau (e.g. C.-C. Chen et al. 2020; M. Frias Castillo et al.
2023). We extract final spectra (Fig. 1) and fluxes using that aper-
ture: for ALESS3.1 and ALESS9.1, the aperture radius was 0.8 arc-
sec, and for ALESS3.1-comp the aperture radius was 0.5 arcsec.
All spectra are fit with a single Gaussian. The image cubes are
then collapsed over -1 x FWHM of the final spectra to produce
the final zeroth-moment maps (Fig. 2) from which the fluxes!
are measured. The results of the imaging are shown in Table 2.

IWe check for the impact of the ‘JvM effect’ (S. Jorsater & G. A. Van
Moorsel 1995) in our cleaned high-resolution maps. This flux-scaling is-
sue, arising because the clean model and residual map have different units
(Jy per clean beam versus Jy per dirty beam), can affect flux measure-
ments in low-S/N regions of extended emission. Following the procedure
outlined in M. Rybak et al. (2025), we measure the flux densities for the
sources in the uv-plane, which is not impacted by the ‘JvM effect’. We find
that the flux densities measured in the uv-plane are consistent with those
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Figure 1. CO spectra and curve-of-growth analysis showing flux as a
function of aperture radius. The left-hand panels show the single Gaus-
sian fits to the spectra; we also show a dashed double Gaussian for
ALESS3.1 and ALESS9.1. The dotted vertical black lines in the right-hand
panels are the apertures used to extract the spectra, and the dashed hor-
izontal black lines are the final fluxes extracted from the zeroth-moment
maps.

The images produced from the lower-resolution CO data (project
2019.1.00771.S) can be found in Appendix B.

Both ALESS3.1 and ALESS9.1 show evidence for double-
peaked line properties. ALESS 3.1 exhibits a double-horn profile
that is significantly asymmetric. When fit with a double Gaus-
sian, the peak CO(5-4) flux density for the high-frequency wing
is ~ 60 per cent higher than the low-frequency wing and the
FWHMs are 360 &= 50 kms™! and 290 & 70 km s~ for the high-
and low-frequency wings, respectively, with the peaks separated
by ~ 480kms~!. The profile of ALESS9.1 is more symmetric.
When fit with a double Gaussian, the peak CO(4-3) flux density
for the high-frequency wing is only ~ 20 per cent higher than the
low-frequency wing and the FWHMs are 370 + 100 km s~! and
310 4= 100 km s™! for the high- and low-frequency wings, respec-
tively, with the peaks separated by ~ 385kms™!.

The detections of CO(5-4) and CO(4-3) in the spectra of
ALESS3.1-comp allow us to determine its (previously unknown)
spectroscopic redshift, finding z = 3.374. This suggests that there
is only a 40 km s~! offset between it and ALESS3.1 and a separa-
tion on the sky of ~ 40 kpc.

We calculate line luminosities L ; (in Kkms™ pc?), follow-
ing P. Solomon & P. Vanden Bout (2005):

Lioy = 3.25 x 107Icovyy:Di (1 +2) 72, 1)

where vgs is the reference frequency of the CO line in GHz
and Dy, is the luminosity distance in Mpc. We then convert lu-
minosity Leg ; into L, assuming the typical ratios from J.
E. Birkin et al. (2021): r4; = 0.34 +0.04 and rs; = 0.36 &= 0.07.

We find molecular gas masses Mg,s by multiplying L/coufo) by a

measured in the image plane, suggesting that the impact of this effect is
negligible.
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constantaco=1Mg (K kms™! pc?)~! (including helium, see M. S.
Bothwell et al. 2013; J. E. Birkin et al. 2021; M. Frias Castillo et al.
2022, 2025). For the two sources with [C 1] detections (ALESS3.1
and 9.1) we verify that the H, masses derived here are consistent
within ~ 1o with those derived based on the [CI] detections in J.
E. Birkin et al. (2021), using equation (4) from M. Frias Castillo
et al. (2025) with Qo = 0.46 and Xjc,; = (5.1 £1.8) x 107°. Fur-
thermore, we also derive a gas mass for all three sources using
integrated dust masses from J. Li et al. (2026) and, using an SMG
gas-to-dust ratio (8gar/cco = 63 £ 7, J. E. Birkin et al. 2021), we
again find them consistent within ~ 1o. Using the stellar masses
from Table 1 and the gas masses from Table 2, we calculate the
molecular gas to stellar mass ratio as jigs = Mgss/M,. We list
these values in Table 2.

Fig. 2 shows 2 arcsec x 2 arcsec cutouts of the naturally
weighted high-resolution CO zeroth-moment maps, 870 pm con-
tinuum imaging and NIRCam RGB images with red as F444W,
green as F356W and blue as F200W. The galaxies are also detected
and resolved in the continuum underlying the targeted CO lines,
but at lower spatial resolution and signal-to-noise ratio (S/N) than
with the existing 870 um imaging; the new continuum maps are
shown in Fig. BI.

We see that the gas traced by the CO observations is approxi-
mately co-located with the 870 pm dust continuum and roughly
follows its morphology, as might be expected. In particular, we see
in ALESS3.1 that the arm/tidal tail feature visible in the 870 um
dust continuum in the northwestern region is also detected in
the CO(5-4) emission. We also observe that the CO map has an
extension north of the nucleus that follows a similar extension in
the 870 um dust continuum. In ALESS9.1, the CO(4-3) does not
peak where the 870 pm dust continuum does, instead showing a
=~ 0.1 arcsec spatial offset. This could point to an interaction or an
optical depth effect.

3.2 Molecular gas morphology

We conduct a curve-of-growth analysis to determine the effective
radii of ALESS3.1, ALESS3.1-comp and ALESS9.1 in each tracer.

We use matching elliptical apertures to J. A. Hodge et al. (2025).
The shape of these apertures and maximum sizes of the major
and minor axes were determined by running SEXTRACTOR (E.
Bertin & S. Arnouts 1996) on the NIRCam F444W image and the
centroid as the peak of the 870 pm emission from J. A. Hodge
etal. (2019). We use PHOTUTILS (L. Bradley et al. 2022) to measure
flux density as a function of distance along the major axis, with
the total integrated flux density for each tracer taken as the flux
density from the maximum aperture. The curves are not decon-
volved from their point spread functions (PSFs) but this has only
a minor impact as the sources are well-resolved in all the tracers
that we investigate. We show a curve corresponding to the CO
PSF as an example as it has the lowest resolution. The effective
radii, Re, found are given in Table 3, with the NIRCam and ALMA
870 um the same as in J. A. Hodge et al. (2025). The flux density
profiles are shown in Fig. 3.

We find that the CO-traced molecular gas is more extended
than the 870 um dust continuum for all three sources examined,
with effective radii ~ 1.5703, 3.5722, and 1.77)3 x larger for
ALESS3.1, 3.1-comp, and 9.1, respectively. This produces an av-
erage ratio of Re co/Rs7oum = 2.270%5. Previous high spatial res-
olution studies at high redshift have also shown that molecular
gas is more extended than the 870 um dust emission in SMGs.
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Figure 2. Naturally weighted 2 arcsec x 2 arcsec zeroth-moment maps of the CO line emission (first column) alongside dust continuum maps (J. A.
Hodge et al. 2019; second column) and NIRCam RGB (F444W/F356W/F200W) images (J. A. Hodge et al. 2025; third column), centred on the positions

in Table 1. The fourth column presents an overlay of all maps. The cyan CO contours and red dust contours start at +2¢ with 1o steps, positive contours

are solid and negative contours are dashed.

Table 2. Results from the CO emission line imaging: CO(5-4) for ALESS3.1, ALESS3.1-comp and CO(4-3) for ALESS9.1. Flux is measured from the
zeroth-moment maps. FWHM is calculated from Gaussian fitting of the spectra, pgas = Mgas/M,.

Source ID Flux (Jykms™!) FWHM (kms™1) SNR Lo migy (10" Kkms~'pc?) Mgas (101 M) Megas
ALESS3.1 1.624£0.14 677 & 68 11.45 0.33 +0.03 0.90 £ 0.19 0.39792
ALESS3.1-comp 0.23 £ 0.05 187 +£43 5.07 0.05 £ 0.01 0.13 £ 0.04 0.8704
ALESS9.1 1.34£0.12 630 & 63 10.70 0.49 £+ 0.04 1.434+0.21 0.507528

Table 3. Effective radii, Re in kpc, obtained from curve-of-growth analysis of the CO emission lines, ALMA 870 um continuum
map and NIRCam images. Re co is for CO(5-4) for ALESS3.1 and ALESS3.1-comp and for CO(4-3) for ALESS9.1. The F444W

and 870 um values are from J. A. Hodge et al. (2025).

Source ID Re.co (kpc) Re 870 um (kpc) Re pasaw (kpc) Re 356w (kpc) Re r200w (kpc)
10.26 10.08 10.16 10.26 10.53
ALESS3.1 2.6610.26 1.821008 3.137016 3.501026 4741053
+0.96 +0.22 +0.29 +0.43 +0.63
ALESS3.1-comp 1.83+0.% 0.53102 1,970 221404 2.83+063
1031 10.05 +0.19 +0.34 1111
ALESS9.1 2.56+031 1.501005 2757013 3.23703 470111

For example, high-resolution ALMA studies found the dust con-
tinuum to be more compact than CO(3-2) emission (e.g. C.-C.
Chen et al. 2017; G. Calistro Rivera et al. 2018; K.-i. Tadaki et al.
2023). Considering lower-J CO transitions, M. Rybak et al. (2025)
use a stacking analysis of 19 SMGs with low-resolution CO(1-0)
observations and find that their CO(1-0) reservoirs are 2 — 3x
more extended than the 870 um continuum on average. This is
broadly consistent with our findings despite the fact that the

CO(5-4) and CO(4-3) we observe are mid-J CO transitions and
may be expected to trace gas that is more compact, denser and
warmer than CO(1-0). The difference we see between the extents
of the molecular gas and 870 um dust continuum is potentially
due to gradients in the dust temperature and optical depth within
the sources and not a difference in the actual distribution of gas
and dust (G. Calistro Rivera et al. 2018; L. A. Boogaard et al.
2026). Meanwhile, we find that the CO-traced molecular gas hasa

MNRAS 550, 1-18 (2026)
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Figure 3. Flux density profiles of CO line emission, dust continuum (J. A. Hodge et al. 2019) and stellar continuum traced by NIRCam filters (J. A.
Hodge et al. 2025). Dashed lines correspond to effective radii, Re. Dotted lines correspond to the CO PSF.

Table 4. Sérsic modelling results for the high-resolution CO lines.

Source ID n b/a PA (deg)
ALESS3.1 0.73 +£0.08 0.78 +0.09 144 + 16
ALESS3.1-comp 294+0.8 0.37 £0.08 8449
ALESS9.1 0.74 +0.08 0.72 +0.07 61+9

similar spatial extent to the rest-frame near-infrared emission de-
tected in the F444W filter for all three galaxies (Re co/Re Fasaw =
0.9fg€) a trend also reported in K.-i. Tadaki et al. (2023).

We conduct further investigation of the gas morphology by
fitting a Sérsic model to the high-resolution zeroth-moment CO
maps, using ASTROPY SERSIC2D and PETROFIT (R. Geda et al.
2022). We show the resulting parameters in Table 4. The Sérsic
models are convolved with the PSF of the beam (with the PSF
profile shown in Fig. 3). The uncertainties on the resulting param-
eters of the Sérsic model are first obtained using the covariance,
setting the PETROFIT fit_model parameter calc_uncertainties to
True. We note the fitting does not account for spatially correlated
noise which would potentially cause the uncertainties to be un-
derestimated and so, following J. A. Hodge et al. (2025), we add
10 per cent fractional uncertainty in quadrature on all parame-
ters. We find that the effective radii from the Sérsic modelling
are consistent within 20 with the non-parametric R, co values
in Table 3, so the latter are taken as the fiducial values given
the lack of model dependence. We also find that ALESS3.1 and
ALESS9.1 have Sérsic indices of n ~0.7. These values indicate
profiles that are closer to an exponential disc than a bulge, with
indices similar to those derived for these sources from both the
870 um continuum emission and F444W light profiles using GAL-
FIT by J. A. Hodge et al. (2025). The Sérsic index for ALESS3.1-
comp, meanwhile, is higher (as also seen in the F444W emission).
Finally, we find values for the ellipticity (b/a) and position angle
(PA) for all sources that are broadly consistent with the values
found for the 870 um continuum emission and F444W emission
in J. A. Hodge et al. (2025), indicating the three components are
all tracing the same general structure.

3.3 Kinematic modelling
For ALESS3.1 and ALESS9.1, the S/N and resolution of the CO

data are sufficient to model the gas kinematics (S/N > 10, ~

MNRAS 550, 1-18 (2026)

2kpc). For this purpose, we use *BAROLO (E. M. D. Teodoro
& F. Fraternali 2015) to fit 3D tilted-ring models to the full
emission-line data cubes while accounting for beam-smearing
using forward modelling. *?BAROLO has been extensively tested
and proved reliable at a similar resolution to the CO data in this
work (e.g. E. M. D. Teodoro & F. Fraternali 2015; P. E. Mancera
Pifia et al. 2020; F. Rizzo et al. 2022; P. E. Mancera Pifia et al. 2026).
‘We model the morphology using the *BAROLO sister code CAN-
NUBI 2 (F. Roman-Oliveira et al. 2023), which estimates the incli-
nation (i) and position angle (PA) values for use with *°’BAROLO.3
The inclinations used are i=53 £ 7° (ALESS3.1) and i=46 4 17°
(ALESS9.1), while the PAs are PA = 160 + 29 (ALESS3.1) and PA
= 53 4+ 27° (ALESS9.1). The CANNUBI values are consistent with
both those derived from the Sérsic fitting (Section 3.2) and the
values measured from the JWST F444W emission (J. A. Hodge
et al. 2025) within the uncertainties.

For the modelling, we select a 2 arcsec x 2 arcsec subcube for
each galaxy that spans £1.5 x FWHM of the CO emission line.
The radial separation of the rings is ~70 per cent of the FWHM
of the synthesised beam, allowing us to trace the kinematics with
three largely independent beams. For this work, this means that
the maximum number of independent rings possible is three,
which has been shown to be reasonable to recover accurate values
for rotation velocity and dispersion (e.g. P. E. Mancera Pifia et
al. 2020; F. Rizzo et al. 2023; L. L. Lee et al. 2025b). We choose
to use the SEARCH source-finding parameter with a primary
SNRCUT of 30,5 above the mean and a GROWTHCUT of 2.56 s
around the detected source. We then enlarge the mask spatially
(40.2-0.32 arcsec) and spectrally (+2 channels, 40 km s~1) until
it encloses all the CO emission visible in the channel maps and
position-velocity (PV) diagrams. This approach allows us to con-
sider low-S/N emission without including significant background
noise (see also P. E. Mancera Pifia et al. 2026). We minimize 2
and use azimuthal normalization for all fits. We fix the thickness
of the galaxy to zero, as in F. Roman-Oliveira et al. (2023) and L. E.
Rowland et al. (2024). We explored leaving V;,4 as a free parameter
but we found no compelling evidence for radial motions. There-

Zhttps://www.filippofraternali.com/cannubi

3We note that for ALESS3.1, the inclination failed to converge due to the
irregular shape of the CO emission, and we thus use the inclination of the
F444W emission (J. A. Hodge et al. 2025)
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fore, Vi,q is also set to zero, so no radial motion is considered. Vys
is estimated by *?BAROLO as the central velocity in the global
line profile and fixed to this value. We use the position of the
peak of the second moment map as the kinematic centre. We
leave the rotational velocity V;, and velocity dispersion o as free
parameters for *?’BAROLO to fit.

We take Vinax as Vior of the outermost ring and @ as the average
o of the rings. The outputs from the modelling with *?BAROLO
is shown in Fig. 4 (with the Vi, and & parameters indicated in
Table 5). We also calculate the orbital dynamical time-scales at
the effective radius, Tor, = 27 Re,co/Vmax, Showing the results in
Table 5.

In Fig. 4, we see a clear velocity gradient in the first moment
maps for both galaxies, which can be indicative of rotation (or
unresolved merging). For both galaxies, we also see that the PV
diagrams have the characteristic shape of a rotating disc. This
modelling therefore suggests that ALESS3.1 and ALESS9.1 are
well-fit by rotating discs. The galaxies have high ratios of ordered-
to-random motion, with Vj,,x /& 2 5. These ratios are somewhat
conservative as we set BWEIGHT, the exponent of weight for
blank pixels, to zero for the *°’BAROLO modelling which allows
for larger o values than the default BWEIGHT=1 (E. M. D.
Teodoro & F. Fraternali 2015). We note that excluding the velocity
dispersion for the inner ring, which may include a non-negligible
contribution from the rising part of the rotation curve, from the
calculation of & does not alter our values of Vj,x /@ beyond the
quoted uncertainties.

‘We also explored whether the dusty substructures exhibit kine-
matics distinct from the overall rotating disc. Using local nor-
malization, which forces the model to reproduce the observed
clumpiness more closely, we find that the inferred values of Vo
and o remain consistent within the uncertainties with those de-
rived from the azimuthally averaged model for both ALESS3.1
and ALESS9.1. While this suggests that the current data are
broadly consistent with the dusty substructures participating in
the overall disc rotation, we note that subtle local kinematic de-
viations may remain unresolved at the present sensitivity and
angular resolution.

Finally, we are able to estimate the total dynamical masses of
ALESS3.1 and ALESS9.1. The dynamical mass, Mgyn,ot, reflects
the sum of all the mass components of the galaxy, primarily gas
mass, stellar mass and dark matter. We first calculate the circu-
lar velocity, Veire, which includes an asymmetric drift correction,
Va, to the rotational velocity of the outermost ring, Vi, to ac-
count for pressure support, which is prominent in turbulent high-
redshift galaxies (J. E. Birkin et al. 2024; A. L. Danhaive et al. 2025;
P. E. Mancera Pifia et al. 2026).

Following G. Iorio et al. (2016), we calculate

01n (67 Zint)

V2 = —Ro? , 2
A Uv aR ( )
‘/Czirc = Vnzlax + Vz’ (3)

where R is the radius of the rings used for the *? BAROLO mod-
elling, and o, is the velocity dispersion at each ring. X, is the
intrinsic surface density and we find this through using the am-
plitude, effective radii and Sérsic indicies of the 2D Sérsic profiles
of the galaxies (see Section 3.2) to produce a 1D Sérsic profile
(using Sersic1D). We then make 1000 realizations of this profile to
Monte Carlo sample and obtain X, at each R. We also calculate
V4 for each ring also using a Monte Carlo approach, with 1000
realizations of o, and X, as input for equation (2), taking V4 as
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the median value calculated and the uncertainty on V, as 1.48 x
the median absolute deviation. For simplicity, we use the V4 of
the outermost > BAROLO ring to calculate Viy.

We then estimate the total dynamical mass following S. H.
Price et al. (2022), and show the results in Table 5:

2

Mdyn,tot(R) = ktotM~
G

We evaluate this expression at R = R, co from Table 3. We adopt
the pre-factor ki, = 1.8 from S. H. Price et al. (2022), which re-
lates the total system mass to the circular velocity for a thin disc
model and is appropriate for the Sérsic indices and intrinsic axis
ratios of these sources.

The resulting dynamical masses are similar in scale to the stel-
lar masses derived from the SED modelling, as shown in Table 1.
This similarity between the dynamical and stellar mass estimates
leaves little room for a substantial additional gas component,
implying a 2o limit of ¢co < 1.2. A high conversion factor such as
aco = 4.0+ 0.1 Mg (Kkms~! pc?)~1, as suggested by L. Dunne
etal. (2022), would therefore overpredict the gas mass allowed by
the dynamical constraints.

These results support our adoption of a low conversion factor,
aco = 1 Mg (Kkms™ pc?)~1, for the calculation of the total gas
mass in Section 3.1 and in the resolved annular regions in Sec-
tion 3.4. This choice is also consistent with previous dynamical
studies (e.g. A. L. R. Danielson et al. 2011; J. A. Hodge et al. 2012;
M. S. Bothwell et al. 2013; C.-C. Chen et al. 2017; G. Calistro
Rivera et al. 2018; R. Xue et al. 2018; D. A. Riechers et al. 2020;
A. Amvrosiadis et al. 2025), as well as independent constraints
based on the solar or super-solar metallicities of SMGs (M. Frias
Castillo et al. 2025). Similar conclusions have also been drawn for
some SMGs in the KAOSS (J. E. Birkin et al. 2024) and FOSSILS
(R. Tkeda et al. 2025) samples. These studies all support the inter-
pretation that these galaxies are baryon dominated on < 10 kpc
scales.

The above estimates of dynamical mass carry uncertainties
from the assumptions of a flat rotation curve and a single thin
disc component consisting of stars and gas. We therefore also
constrain aco using an alternative approach that does not as-
sume a specific rotation-curve shape and instead considers sep-
arate, thick stellar and gas disc components. This approach, de-
scribed in Appendix C, independently indicates that aco < 1 in
our galaxies.

)

3.4 Resolved star formation scaling relations

The resolved molecular gas data, combined with the high-
resolution submillimetre continuum maps, provide an opportu-
nity to investigate star formation scaling relations at high redshift
on kiloparsec scales. To investigate these relations on resolved
scales, we split the galaxies into four concentric rings surround-
ing a circular inner region with a diameter of 2 kpc, which is
approximately the FWHM of the CO beam. The diameter of the
outer ring of each region increases incrementally by 2 kpc.

The first collection of star formation relations we investigate
are empirical relations between the gas surface density and the
SFR surface density (e.g. the Kennicutt-Schmidt relation). For
the gas surface density measurements (Xg,), we use the high-
resolution CO data, which for ALESS3.1 is CO(5-4) and for
ALESS9.1 is CO(4-3). We first use the CASA imstat task to sum
the CO line intensity Ico j in Jy km s~ within the relevant annu-
lar region on the zeroth-moment map. We convert these values

MNRAS 550, 1-18 (2026)
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Figure 4. Kinematic modelling for ALESS3.1 (upper) and ALESS9.1 (lower): (Left) Moment 0, 1, and 2 maps with 50 km s~! velocity contours, model
and beam ellipses; (Right) position-velocity (PV) diagrams of the minor and major axes with minimum contours at 2o;ys, increasing in steps of 20ms.
The best-fitting kinematic model is shown with red contours, and the data are shown with positive blue contours and negative grey contours. The yellow
markers show V;o; of each ring projected along the line of sight. We find that the galaxies are well fit by rotating disc models at the current sensitivity
and spatial resolution.
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Table 5. Kinematic parameters from *BAROLO modelling.

Source ID Vinax (kms™) o (kms™)  Vimax /T To (Myr) Mayn tot (10" M)
50 11 1 5 0.6
ALESS3.1 47312 82711 671 3513 2.979:¢
+62 +13 +1 +9 +0.7
ALESS9.1 427182 80t13 sh 379 2.3787
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Figure 5. Star formation relation comparison showing annular regions for ALESS3.1 (circle) and ALESS9.1 (square) along with both resolved and
unresolved literature values from SFGs and SMGs. Also plotted are the R. C. Kennicutt (1998), M. A. C. De Los Reyes & R. C. Kennicutt (2019), L. Pessa
et al. (2021), T.-M. Wang et al. (2022) relations (general Kennicutt-Schmidt relation, left panel), M. R. Krumbholz et al. (2012) relation (incorporating
free-fall time-scale, centre panel) and D. M. Salim et al. (2015) relation (incorporating turbulence, right panel) with agreement between models and
observations increasing from left to right. Local star forming regions are in grey (R. C. Kennicutt 1998, A. Heiderman et al. 2010, C. J. Lada, M. Lombardi
& J. a. F. Alves 2010, J. Wu et al. 2010, R. A. Gutermuth et al. 2011, K. E. Jameson et al. 2016, C. Federrath et al. 2016) and high-redshift star forming
regions are in blue (SDP81, P. Sharda et al. 2018; AZTEC]1, P. Sharda et al. 2019; GN20, J. A. Hodge et al. 2015; ALMA-ALPINE, M. Béthermin et al. 2023;
ALESS67.1, C.-C. Chen et al. 2017 and BRI1335-0417, T. Tsukui et al. 2023a). For ALESS3.1 and ALESS9.1, the more inner radial regions are red while
the more outer regions are yellow. The shaded regions show deviations by a factor of three from e = 0.015 (M. R. Krumbholz et al. 2013).

to gas masses assuming fixed values of the excitation ratio and
aco, as described in Section 3.1. We finally calculate gas surface
density T, in Mg pc™ by dividing by the total area of the region
in pc?. The error on Y is calculated from the errors on Ico y and
the excitation ratio used (74 or rs;).

We note that CO(5-4) has been suggested to be empirically
related to the dense gas component (E. Daddi et al. 2015). We
therefore also utilize an alternative method for obtaining the gas
masses from the dust masses for each region calculated using
modified blackbody modelling of the two high-resolution con-
tinuum detections, the 870 um and the continuum underlying
the CO, and again using the SMG gas-to-dust-ratio (8gar/ctco =
63 + 7, J. E. Birkin et al. 2021). For this modelling, we use an op-
tically thin dust approximation and fix the dust emissivity index
to 8 = 1.9 as derived for ALESS3.1 and ALESS9.1 in E. Da Cunha
et al. (2021). For ALESS9.1, the data are insufficient to constrain
the dust temperature, but for ALESS3.1 this method provides gas
mass surface densities that are consistent with those derived from
the CO above (see Appendix D).

For the SFR surface density measurements (Xsgr ), we use high-
resolution 870 um dust continuum data from J. A. Hodge et al.
(2019). We produce a global ratio by dividing the total SFR from
integrated SED fitting (J. Li et al. 2026; Table 1) by the total 870 pm
flux density Sg70 (J. A. Hodge et al. 2025; Table 1). We convolve the
870 wm dust map to the beam of the CO map using imsmooth.
We calculate I, by summing the intensity of each pixel within

the region on the dust map using the CASA imstat task. We
then find the SFR for the region by multiplying I, by the global
ratio. We calculate the SFR surface density, Xsrr, by dividing by
the total area of the region in kpc?. The error on Sgpy is calculated
in quadrature from the error on Iy, and the error on the global
ratio. We also test an alternative method for deriving Xspg, using
the modified blackbody modelling as described above, obtaining
the SFR from dust luminosity using the conversion factor from E.
J. Murphy et al. (2011), and the results are again consistent (see
Appendix D).

We present our Xigpg VEIsus Xy, measurements in Fig. 5 (left
panel). For comparison, we include a selection of resolved and
unresolved observations across a range of redshifts (R. C. Kenni-
cutt 1998; A. Heiderman et al. 2010; C. J. Lada et al. 2010; J. Wu
et al. 2010; R. A. Gutermuth et al. 2011; J. A. Hodge et al. 2015;
C. Federrath et al. 2016; K. E. Jameson et al. 2016; C.-C. Chen
et al. 2017; P. Sharda et al. 2018, 2019; M. Béthermin et al. 2023;
T. Tsukui et al. 2023a). We find that ALESS3.1 and ALESS9.1 gen-
erally lie in the same parameter space also occupied by local and
high-redshift sources from both resolved and unresolved studies.

When fitted using orthogonal distance regression for a function
of the form Sgpr ~ (Zgs)V, for ALESS3.1 we find N =1.38 +
0.08, and for ALESS9.1 we find N = 1.70 & 0.09. The regions in
ALESS9.1 therefore show a marginally steeper relation than the
standard N = 1.4 Kennicutt-Schmidt relation (R. C. Kennicutt
1998, corrected for a Chabrier IMF as in P. Sharda et al. 2018),
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while the relation for ALESS3.1 is consistent within the uncer-
tainties. We find gas depletion times for these resolved regions
within both galaxies to be ~100 Myr (ranging from 90-400 Myr),
which is consistent with other submillimetre-bright galaxies (e.g.
J. E. Birkin et al. 2021; M. Frias Castillo et al. 2023; J. S. Gémez
et al. 2025). We find that the centres of the galaxies have shorter
depletion times than the outskirts, with the caveat that we assume
constant dust temperature, dust opacity, «co and r; ;_; as a func-
tion of radius (see Section 4.2).

Star formation is influenced not only by the quantity of gas
but also by the time available to convert this gas into stars. We
therefore also compare to the star formation law proposed by
M. R. Krumholz et al. (2012), which is a notable example of a
modified version of the Kennicutt-Schmidt law that incorporates
the free-fall time-scale of the gas:

Sser = fu, i ):gas, (5)
L
where e denotes the star formation efficiency per free-fall time.
We assume that the fraction of star-forming gas, fu, = 1 for sim-
plicity.
We compute free-fall time ¢ of each region in Myr using

37
tg = [ ——. 6
f ‘/32Gp (6)

In our calculation of the density p of each concentric annular
region, we use the spherical volume of the region: p = ﬁ
where r, denotes the outer radius of the ring and r; the inner.
For the circular inner region, we use p = f:g(jz) where r is the
2 kpc radius. We are limited by the resoluStion of the observa-
tions to using this spherical approximation but note that this
concerns resolved regions within the disc rather than the entire
disc itself. We find that values of t vary across the galaxy from
~ 4Myr in the centre to approximately 10x larger values in the
outskirts. We show the results incorporating these free-fall times
in Fig. 5 (centre panel). We see that our high-redshift data points
are offset from the local relation. Both ALESS3.1 and ALESS9.1
are also found to be less steep than the unity relation from M.
R. Krumholz et al. (2012) (slopes of 0.73 + 0.03 and 0.86 & 0.02).
The fraction of gas converted into stars per free-fall time (eg) is
significantly different from the ex= 0.015 fit by M. R. Krumholz
etal. (2013), with 0.10 £ 0.02 and 0.068 + 0.005 for ALESS3.1 and
ALESS9.1, respectively. We find that the outskirts have higher e
than the inner regions.

Finally, we consider gravo-turbulent models, which emphasize
the critical role of turbulence in regulating star formation pro-
cesses (e.g. P. Padoan & A. Nordlund 2011; C. Federrath & R. S.
Klessen 2012; B. Burkhart 2018; P. Mocz & B. Burkhart 2019; S.
E. Meidt et al. 2025). Central to these models is the concept that
turbulence in the ISM generates a distribution of gas densities,
resulting in variations in both the rates and time-scales of star
formation across different densities (C. Federrath et al. 2010).
Supported by robust kinematic data, we are now positioned to
test these models in galaxies at high redshift (see also P. Sharda
et al. 2018, 2019). In this work, we adopt a turbulence-regulated
star formation model from D. M. Salim et al. (2015) that takes the
gas density distribution into account when calculating the free-
fall time of a collapsing molecular cloud:

D) _ E/ Zgas 1 + bZMZM a (7)
SFR — €¢f tee ﬁmag+1 )
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where analogous to ez in the single free-fall model above, € is
the multi-free-fall efficiency.

To account for turbulence, we first calculate the turbulent
Mach number M as
o

M= (8)

Cs

We use the & value in kms™! from the kinematic modelling
(Table 5). We take the speed of sound, cg, to be 0.4 £ 0.2kms™!
as in P. Sharda et al. (2018), where the uncertainty arises from
our assumption that the (cold) gas temperature is somewhere
between 12 — 100 K. For ALESS3.1, we calculate M = 205 &+ 106
and for ALESS9.1, M = 200 £ 105. We use the Mach number to
calculate the gas surface density per multi-free-fall time in Mg
yr~! kpc=2 following D. M. Salim et al. (2015) as in P. Sharda
etal. (2019) by multiplying the gas density per single free-fall time
by the multi-free-fall time correction (1 + b*>M? %)3/ 8 where
P
Bmag+1
glecting the effects of magnetic fields. We show this in the right-
most panel of Fig. 5. We find that the fraction of gas converted
into stars per time for the multi free-fall modelise/ ;= (3.8 £
0.7) x 1073 for ALESS3.1 and € ;& = (2.5+0.2) x 1073 for
ALESS9.1, similar to €, = 4.5 x 107> fit by D. M. Salim et al.
(2015).

We see that with increasing model complexity, the agreement
between the model and observations improves, even across sev-
eral orders of magnitude on the abscissa. Our results suggest that
for resolved kiloparsec-scale galaxies at high redshift, incorporat-
ing the effects of turbulence is critical. We discuss this further in
Section 4.2.

The excitation ratios used to convert from the mid-J CO lines
observed to CO(1-0) factor into where the data lies on Fig. 5.
In this work, we use r4;=0.34+0.04 and r5;=0.36+0.07 from J.
E. Birkin et al. (2021), which are derived from a large sample
of dusty star-forming galaxies including sources from ALESS. If
other excitation values from the literature were used, for exam-
ple those of the Cosmic Eyelash from A. L. R. Danielson et al.
(2011; 74;=0.504-0.04 and r5;=0.3540.02), those from the M. S.
Bothwell et al. (2013) SMGs (#4;=0.41+0.07 and rs;=0.3240.05),
r41=0.63+0.44 from the M. Frias Castillo et al. (2023) SMGs
or those from the Vz-GAL P. Prajapati et al. (2026) SMGs
(r41=0.491£0.15 and rs;=0.4710.13), our basic findings remain
unchanged. This is because the alternative values are either con-
sistent with the values for this work, or higher, which would have
the effect of moving the galaxies further from both the standard
Kennicutt-Schmidt relation and the M. R. Krumholz et al. (2012)
star formation law, but even closer to the D. M. Salim et al. (2015)
multi-free-fall model that accounts for turbulence.

b = 0.4 for a mixed turbulent driving mode and — 1 ne-

4 DISCUSSION

4.1 What is triggering dusty star formation in these
sources?

The CO data presented here reveal that ALESS 3.1 lies at the same
redshift as its nearby companion galaxy ALESS3.1-comp. Given
this, the high far-infrared luminosity of ALESS3.1 and that there
is evidence for potential tidal features in the 870 um and NIRCam
imaging, these galaxies are likely interacting or undergoing early-
stage mergers. This is consistent with their visual classifications
(J. A. Hodge et al. 2025). ALESS9.1, on the other hand, has no
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spectroscopically confirmed companion, but it does show a po-
tential tidal feature in the 870 pm and NIRCam imaging. It is
therefore possibly in an advanced interaction or merger with one
of the nearby galaxies at a similar photometric redshift (S. Alberts
et al. 2024), as also discussed in J. A. Hodge et al. (2025).

Despite the above evidence for interaction/merger activity, we
nevertheless find in Section 3.3 that the cool gas kinematics of
ALESS3.1 and ALESS9.1 are consistent with disc rotation without
strong non-circular motions. Fig. 1 shows that ALESS3.1 and
ALESS9.1 exhibit double-horn profiles with moderately asym-
metric amplitude; we note that asymmetric profiles are com-
monly observed in most regularly rotating nearby discs and satel-
lites, and do not impact their dynamics significantly (e.g. A. B.
Watts et al. 2020; N. Yu et al. 2022). In addition, while the high-
resolution 870 um continuum in both galaxies shows distinct sub-
structure, we see no evidence that these dusty substructures have
kinematics that deviate from the strong bulk rotation. This may
imply that the 870 pm-detected substructures are coherent (lend-
ing support for dusty bars/rings/spiral arms) rather than repre-
senting, e.g. distinct merging components. We note that based on
the short dynamical time-scales we estimate for these galaxies,
there could have been a merger or interaction that triggered the
current burst of dusty star formation as recently as ~ 40 Myr ago
(see Table 5) and the kinematics might still have had sufficient
time to resettle into discs.

Interestingly, despite the evidence for recent interactions, we
also find that the galaxies are dynamically cold with Vg /0
2 5. This is consistent with values for z =0 gas-rich galax-
ies with moderate masses (P. E. Mancera Pifia et al. 2025).
Notably, ALESS3.1 and ALESS9.1 possess high stellar masses
(log(M,/My) > 11). M. Kohandel et al. (2024) suggest from
their theoretical models that the most-massive galaxies at z 2 5
will display greater rotational support compared to less-massive
galaxies. It is plausible that these galaxies, potentially accreting
mass during ongoing interactions, will dynamically settle further
as their mass increases. Such evolution might contribute to a
reduction in their velocity dispersions and further reinforce their
dynamically cold nature.

Overall, given the identification of nearby companions and
morphological signatures of interactions in the NIRCam and
870 wm imaging, together with robust fits to rotating disc models
and high ratios of ordered-to-random motion, these sources illus-
trate that dynamically cold discs traced by cool gas can, in some
cases, coexist with signs of recent interactions. In other words,
it is important to emphasize that the presence of a disc does
not preclude a dusty star-forming galaxy from having a merger
or interaction origin, especially for systems at high redshift with
substantial gas fractions. Such observations reinforce the notion
that merger-driven assembly and dynamically cold disc forma-
tion are not incompatible in the early Universe.

4.2 Testing star formation relations atz ~ 3

In Section 3.4, we examined spatially resolved star formation
relations on kiloparsec scales for ALESS3.1 and ALESS9.1 and
found that the data are offset from the star formation relation
from M. R. Krumholz et al. (2012) and more consistent with the D.
M. Salim et al. (2015) model, which accounts for turbulence. Why
might this be? In the M. R. Krumholz et al. (2012) star formation
relation, accounting for the average free-fall time in each region
means that the differing three-dimensional sizes and internal
clumping are considered. However, gravo-turbulent models take

Role of turbulence in z~3 SMGs 11

this a step further, incorporating the critical importance of turbu-
lence in defining how stars form by incorporating a multi-free-
fall correction factor. In effect, these laws consider that gas with
greater density has a shorter free-fall time, and thus forms stars at
a higher rate. One advantage of multi-free-fall models is that the
large dynamic range they allow can be better suited at z > 2 in
gas-rich starburst environments (S. E. Meidt et al. 2025). Indeed,
we find that ALESS3.1 and ALESS9.1 lie close to the D. M. Salim
et al. (2015) relation.

Further, it is interesting to note that the two formalisms lead
to qualitatively different interpretations. Our derived value of the
single-free-fall efficiency is & 10x larger than the canonical value
of ~1 per cent, whereas we find our multi-free-fall efficiency to
be similar to the canonical value of ~0.5 per cent. The single-
free-fall model therefore suggests that star formation proceeds
more efficiently in ALESS 3.1 and 9.1, whereas the multi-free-
fall model suggests that star formation in these galaxies is similar
to that in the local Universe once the turbulent density structure
of the star-forming gas is accounted for. In other words, we find
that turbulence reduces the net star formation efficiency relative
to the standard case. However, this should not be interpreted as
a universal suppressive effect of turbulence: depending on the
properties of the density PDF, turbulence can both inhibit and
enhance star formation (e.g. C. Federrath et al. 2016; P. Sharda
et al. 2022).

‘We note that our resolution is not high enough to resolve indi-
vidual star-forming clumps (100-200 pc), which may impact the
interpretation of velocity dispersion. In particular, it is possible
that the Mach numbers we measure on kiloparsec scales are
greater than they would be on cloud scales as the velocity dis-
persions are effectively measured at the molecular cloud complex
scale. Specifically, the Mach numbers measured for Milky Way
molecular clouds are only of order ~25 (compared to ~200 for
our sources). However, more vigorous star formation causes more
violent gas turbulence, so the Mach numbers would be expected
to be greater for more highly star-forming galaxies like SMGs.
Indeed, our measured Mach numbers are consistent with those
of local ULIRGs (~200; e.g. R. Genzel et al. 2010).

We also note that the star formation relations tested in this
work that account for free-fall are bottom-up models, meaning
that they are built from smaller cloud scales to explain star forma-
tion rates, although they still yield valuable insights when applied
to larger scales. There are also examples of top-down models,
which instead go from larger (galaxy) scales to smaller (cloud)
scales (e.g. E. C. Ostriker & C.-G. Kim 2022; C.-A. Faucher-
Giguére, E. Quataert & P. F. Hopkins 2013). Another example
of top-down models are the volumetric star formation relations,
such as C. Bacchini et al. (2019), which require an estimation of
the scale height of the disc, which is in turn set by the turbulence
of the ISM. Observationally estimating these factors is outside the
scope of this work and unfeasible at the resolution of the obser-
vations. Nevertheless, both the bottom-up and top-down models
point to turbulence playing an important role in modulating the
star formation rate in galaxies.

In addition to the above considerations, there are several more
general assumptions that underpin these results. One of these is
the excitation ratios, for which, as discussed in Section 3.4, our
conclusions would not change if we used alternative values. An
additional assumption is the adoption of a CO-to-H, conversion
factor. The value of aco = 1 Mg (Kkms™! pc?)~! was chosen to
be consistent with the literature on SMGs (e.g. G. Calistro Rivera
et al. 2018; J. E. Birkin et al. 2021; M. Frias Castillo et al. 2022;
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D. J. Taylor et al. 2024; A. Amvrosiadis et al. 2025). If we had
instead used a much larger value of «acp, for example aco =
4.0 £0.1Mg (Kkms™! pc?)~! from L. Dunne et al. (2022), our
data would then become consistent with the M. R. Krumholz et al.
(2012) star formation relation without the need to incorporate
additional model complexity. However, the L. Dunne et al. (2022)
value is in tension with previous estimates based on resolved
dynamics of SMGs (J. A. Hodge et al. 2012; G. Calistro Rivera
et al. 2018; A. Amvrosiadis et al. 2025). This, combined with our
own limits based on the galaxies’ dynamical masses (as discussed
in Section 3.3), leads us to prefer aco ~ 1 Mg (Kkms™! pc?)~?
as the most suitable conversion factor for this study, with the
acknowledgement that any choice of aco has significant impact
on such tests of the star formation relations.

Finally, our analysis necessarily assumes constant excitation
ratios, aco conversion factors and dust temperatures throughout
the (resolved) galaxies. It is likely that these factors vary within
the galaxies, which would impact the resolved star formation
relations derived. For example, if we would take the dust tem-
perature to be hotter in the centre of the galaxies than in the
outskirts (e.g. G. Calistro Rivera et al. 2018; T. Tsukui et al. 2023a;
L. A. Boogaard et al. 2026, cf. M. Rybak et al. 2020), the relations
would steepen due to a greater range of Zsgg. If we would assume
that the excitation ratio changes within the galaxy, as it may if
the CO(1-0)-traced reservoir is more extended than mid-J CO
reservoirs (e.g. R. J. Ivison et al. 2011), this would steepen the
relation due to a smaller range of X,,. Lastly, if we assume a
lower aco in the centres (e.g. K. M. Sandstrom et al. 2013; Y.-H.
Teng et al. 2023), this may also steepen the relation (again due
to a smaller range of X,). These effects may therefore affect the
conclusions relating to the differences in depletion times and e
between the centres and outskirts of our sources. While testing
these assumptions is beyond the scope of this work, they can
begin to be addressed with resolved, multi-band and/or multi-
J data [e.g. the future multi-band 1kpc-scale dust continuum
ALESS-JWST study 2025.1.00761.S (PI: Westoby)].

With the assumptions we have taken, the data presented here
therefore suggest that accounting for turbulence is important,
even in galaxies that appear dynamically cold. Cosmological hy-
drodynamic simulations (e.g. K. Kraljic et al. 2024) emphasize
how both environmental (mergers) and internal (gas fractions)
conditions leave an imprint on star formation relations. Stellar
feedback, galactic dynamics and interaction-triggered stirring are
all potentially driving the turbulence inside these galaxies (e.g. M.
R. Krumholz et al. 2018, O. Ginzburg et al. 2022). Future studies
of larger samples of galaxies with low- and mid-J CO transitions
[e.g. the NOEMAS3D program (PI: Tacconi), J.-B. Jolly et al. 2026,
and the ALMA CONDOR Large Program 2024.1.00100.L (PI:
Rizzo)] will help shed further light on the role of turbulence at
high redshift.

5 CONCLUSIONS

We present CO(5-4) and CO(4-3) ALMA imaging for three
submillimetre-bright, dusty star-forming galaxies from the
ALESS sample: ALESS3.1, ALESS3.1-comp and ALESS9.1. These
data complement existing high-resolution ALMA 870 pm contin-
uum imaging (J. A. Hodge et al. 2016, 2019) and JWST NIRCam
and MIRI imaging from the ALESS-JWST program (J. A. Hodge
et al. 2025; J. Li et al. 2026). This resolved multi-tracer study
sheds new light on the properties of these galaxies and helps to
bridge the gap between models and observations. We map their
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molecular gas morphology on kiloparsec scales and, for the two
sources with the highest-S/N CO observations (ALESS3.1 and
ALESS9.1), we conduct kinematic modelling and use them to
investigate resolved star formation relations at high redshift. Our
findings are:

(i) We spectroscopically confirm the redshift of ALESS3.1-
comp and find it to be close to the redshift of ALESS3.1, indicating
this system is possibly caught in an ongoing interaction.

(ii) We find that the CO-traced molecular gas broadly follows
the morphology of the 870 um dust continuum. Notably, dusty
substructures, such as the northwestern arm/tidal feature in
ALESS3.1, that were previously identified in the dust continuum
and NIRCam imaging are also seen in CO.

(iii) Our resolved curve-of-growth analysis reveals that the
molecular gas reservoirs are 1.5-3.5 times more extended than
the dust continuum (Re co/Rg7o um = 2.270%), exhibiting a spatial
extent comparable to the rest-frame near-infrared stellar emission
seen in the NIRCam F444W imaging (Re co/Re pasaw = 0.9752).
The Sérsic indices for ALESS3.1 and ALESS9.1 (n ~ 0.7) indi-
cate gas morphologies closer to an exponential disc rather than
a bulge.

(iv) Our kinematic modelling with *’BAROLO demonstrates
that ALESS3.1 and ALESS9.1 are dynamically cold rotating
discs (Vmax /@ 2, 5) that are baryon-dominated on disc scales.
These findings, in combination with the evidence for merger
activity/interactions, reinforce that ordered rotation and merger-
driven assembly are not mutually exclusive, as gas can rapidly
resettle into a disc following an interaction.

(v) Our resolved, kiloparsec-scale study of star formation re-
lations demonstrates that, with current assumptions, including
turbulence is crucial for accurately modelling star formation for
dusty galaxies at high redshift. While the data for ALESS3.1 and
ALESS9.1 are offset from star formation relations that do not take
turbulence into account, they align with gravo-turbulent models
that include a multi-free-fall correction factor which acknowl-
edges that turbulence regulates the rate and time-scale of star
formation across different densities. Internal turbulence remains
a critical regulator of star formation even in systems that appear
to be dynamically cold rotating discs.

Our study shows that the synergy between ALMA and JWST
provides a holistic view of dusty star-forming galaxies in the early
Universe and allows us to peer through the dust to witness the
symphony of the star formation and gas dynamics that shape
them.
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APPENDIX A: ALESS17.1: ASMG AT z=2.574
BEHIND A LIRG AT z =1.538

An additional source, ALESS17.1, was targeted in the ALMA
project 2022.1.00955.S (PI: Hodge), which is the basis of our
study. ALESS17.1 comprises a disturbed near-face-on, optically
bright spiral galaxy with faint submillimetre emission (which we
will refer to as ALESS17.1-opt) and an apparently edge-on sub-
millimetre bright, but optically undetected, source (ALESS17.1-
submm) which intersects the spiral disc at a radius of ~ 0.8 arcsec
or ~7kpc (Fig. Al; J. A. Hodge et al. 2016, 2019). ALESS17.1-
opt is associated with a Chandra X-ray active galactic nucleus
(logLo 5_skev.corr = 43.1ergs™!, S. X. Wang et al. 2013).

The bright submillimetre emission from this system was orig-
inally identified with ALESS17.1-opt on the basis of an ALMA
position from the low-resolution Cycle 0 870 pm survey of J. A.
Hodge et al. (2013), but subsequent higher resolution 870 um
ALMA observations showed the submillimetre emission was off-
set from ALESS17.1-opt (J. A. Hodge et al. 2016). A spectroscopic
redshift of z = 1.5397 was obtained for ALESS17.1-opt from the
detection of redshifted Ho emission by A. L. R. Danielson et
al. (2017), supported by an earlier photometric redshift of z =
1.5%039 from J. M. Simpson et al. (2014), with subsequent integral-
field spectroscopy demonstrating that the Ha emission extended
across the location of ALESS17.1-submm (C.-C. Chen et al. 2020).
The apparent association of ALESS17.1-submm with ALESS17.1-
opt was strengthened by the detection of CO(2-1) line emission
at z = 1.538 by J. E. Birkin et al. (2021) in ~ 1 arcsec-resolution
ALMA Band 3 observations.

More recently, JWST imaging of this system by J. A. Hodge et
al. (2025) identified a red stellar counterpart to the bright sub-
millimetre source ALESS17.1-submm, which is undetected with
the Hubble Space Telescope. The very red F200W—F444W colour
of ALESS17.1-submm and its brightness at 870 um are rare for a
submillimetre galaxy at z ~ 1.5, but could perhaps be accounted
for by an apparent edge-on orientation in an unusual orthogonal
major merger, and so these do not preclude the assignment of
a redshift of z ~ 1.54 to ALESS17.1-submm. Hence this system
was targeted as part of our study in CO(5-4) at z ~ 1.54 using
ALMA Band 6. However, these high-resolution observations only
showed a faint emission line at 227.06 GHz at the position of
ALESS17.1-opt corresponding to CO(5-4) at z = 1.538 (Fig. Al).
This line has a flux of 0.6840.11Jykms~! and a FWHM =
210 & 40km s~! (consistent with the CO(2-1) line width in J. E.
Birkin et al. 2021), implying a CO luminosity of L5, = (35 %
6) x 108 Kkm s~1pc?. The optical spectral and CO properties of
ALESS17.1-opt are consistent with those seen for typical massive
dusty, star-forming galaxies at z ~ 1.5 (J. E. Birkin et al. 2021).
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Figure Al. Left: NIRCam RGB image from J. A. Hodge et al. (2025) with positions of both ALESS17.1-submm indicated and 870 pm contours from
J. A. Hodge et al. (2019) at 5, 20, and 35 oyms. Right-top/middle: proposed archival ALMA CO line detections of redshifted CO(3-2) and CO(5-4) at
Z = 2.574 +0.002 for ALESS17.1-submm (see also S. J. McKay et al. 2026). This is consistent with a JWST-based photometric redshift of z ~ 2.57 from
J. Li et al. (2026). Bottom: CO(5-4) emission line spectrum for ALESS17.1-opt.

The non-detection of redshifted CO(5-4) emission from
ALESS17.1-submm is inconsistent with the submillimetre source
lyingatz ~ 1.5.* We therefore searched the ALMA archive for ad-
ditional data that might help constrain the redshift of ALESS17.1-
submm. We analysed shallow Band 3 and 4 observations (120s
and 90s integrations, respectively) from project 2021.1.00024.S
(PI: Bauer) which cover ALESS17.1 and identified two faint emis-
sion lines at 96.7974 GHz and 161.2171 GHz (Fig. A1) at the posi-
tion of ALESS17.1-submm (see also S. J. McKay et al. 2026). The
two lines correspond to redshift CO(3-2) and CO(5-4) emission
and yield a redshift of z = 2.574 + 0.002 for ALESS17.1-submm.
The CO(5-4) line has a ~ 70 significance and a line flux of
0.5440.12Jykms~1, but lies near the edge of the spectral cover-
age, while the CO(3-2) line was observed in two separate tunings
and is detected at ~ 3-o significance in each observation and 4.5 o
in the summed spectrum with a line flux of 0.36 4= 0.07 Jykm s~

4Excess flux is seen at the position of ALESS17.1-submm in our ALMA
Band 6 observations starting at 227.0 GHz (the central frequency of the
spectral window) and extending ~ 1.0 GHz to the edge of the spectral
window with almost constant amplitude and a morphology similar to that
seen for ALESS17.1-submm’s dust continuum at 870 ym and 1300 pm.
Fitting a Gaussian profile to this feature assuming it is CO(5-4) yields a
redshift of z = 1.546 with a FWHM ~ 1280 + 280 km s~! at a nominal 7o
significance. However, there is no corresponding broad line seen in the
deep archival CO(2-1) observations at the position of ALESS17.1-submm
indicating that this broad feature is unlikely to be CO(5-4) emission. We
have checked for instrumental or calibration artefacts that might have
caused this feature, but none were found, and we conclude that it is most
likely a transient instrumental artefact, although its underlying cause
remains unknown.

This CO-based redshift is also supported by a JWST-based pho-
tometric redshift of z ~ 2.57 by J. Li et al. (2026) for ALESS17.1-
submm.

We conclude that the redshift for the bright submillimetre
galaxy ALESS17.1 is z = 2.574, with the source lying in close
proximity to a foreground LIRG-like galaxy (ALESS17.1-opt) at
Z = 1.538. Further study of this source will be possible from the
ongoing ALMA project 2025.1.00761.S (PI: Westoby) observing
the dust continuum in ALESS17.1, which will serendipitously
observe redshifted [C 1] and CO(7-6) emission at z = 2.574.

APPENDIX B: CONTINUUM MAPS AND
ALESS3.1 CO(4-3) MAPS

The continuum maps for the three targets from the main text are
shown in the third column of Fig. B1 .

The lower-resolution (~4kpc) CO(4-3) maps for ALESS3.1 and
ALESS3.1-comp are shown in Fig. B2 to give an impression of
the extent and significance of the detections, and the information
about these maps is shown in Table B1 alongside the information
for the CO(5-4) maps for comparison. The CO(4-3) images have
a beam size of 0.47 arcsec x 0.27 arcsec and an RMS per channel

of 230uJy beam™1.
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Figure Bl. Multi-tracer imaging consisting of the CO moment zero maps (first column), 870 um continuum (second column), continuum un-
derlying the CO observations used in this work (third column: ALESS3.1 and ALESS3.1-comp 2170 um, ALESS9.1 3260 um), and the NIRCam
RGB(F444W/F356W/F200W) image (fourth column). The contours start at 26,5 and increase in powers of /2. The fifth column presents an overlay of
all maps, with contours corresponding to the mid-J CO cyan, 870 um continuum red and ~2-3 mm continuum green.
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Figure B2. CO(4-3) emission for ALESS3.1 and ALESS3.1-comp. The
beam is shown in the lower left corner, and the contours start at 20yms
and increase in oy Steps.

APPENDIX C: ALTERNATIVE METHOD -
DYNAMICAL MASS

In Section 3.3, we find our estimates of the dynamical masses for
ALESS3.1 and ALESS9.1 to be consistent within the uncertainties
with the gas and stellar masses derived for the galaxies from the
SED modelling (J. Li et al. 2026).

However, the estimates of the dynamical masses reported in
this paper are subject to significant uncertainties arising from as-
sumptions of the approach. For instance, the calculations assume
that the galaxies have a single characteristic flat velocity (unlike
the observed rotation curves for these galaxies), and that the stel-
lar and gas discs are one single combined thin mass component.

To relax the above assumptions, we perform the exercise of
comparing the circular speed profiles of our galaxies with those
generated by the gravitational potential of our stellar and gas
disc mass distributions. This alternative method is similar to the
standard rotation curve decomposition approach at low redshift,
but note that we do not perform a full mass modelling. Instead,
we simply compare the gravitational potential of our discs with
that inferred from our kinematic observations.

For this, we follow P. E. Mancera Pifia et al. (2022, 2025), and
use the software GALPYNAMICS (G. Iorio 2018), which computes
the potential and circular speed arising from our stellar and gas

Table B1. Results from the naturally weighted imaging for both the CO(5-4) and CO(4-3) emission lines for ALESS3.1 and ALESS3.1-
comp. Flux is measured using the same apertures on the zeroth-moment maps. FWHM is calculated from Gaussian fitting of the spectra.

Source ID CO line Band Flux (Jykms™!) FWHM (kms™1) SNR L ar—co (101 Kkms™!pc?)

ALESS3.1 CO(5-4) 4 1.62 +0.14 677 £+ 68 11.45 0.33 +0.03
CO(4-3) 3 2.07 £0.19 776 £ 76 10.72 0.65 + 0.06

ALESS3.1-comp CO(5-4) 4 0.23 £+ 0.05 187 +43 5.07 0.05 +0.01
CO(4-3) 3 0.22 + 0.06 266 + 85 3.78 0.07 £+ 0.02
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Figure C1. Pseudo-mass models for ALESS3.1 and ALESS9.1. The ob-
served circular speed is shown with green markers and is compared
against a total model (red curve) that includes the circular speed com-
ponents from the baryonic potential of the stars (orange curve) and gas
(blue curve).

discs. For both components, we consider Sérsic discs. The stellar
disc is defined by the parameters reported for the GALFIT mod-
elling of the F444W emission in J. A. Hodge et al. (2025) and the
gas disc is defined by the Sérsic modelling in Section 3.2. We also
assume a realistic thickness of 500 pc, which is consistent with
the thickness of local and high-redshift galaxies with similar mass
and Vi,ax / © as our galaxies (P. E. Mancera Pifia et al. 2022; C. Bac-
chini et al. 2024). Finally, the mass of our gas disc is normalized
to an aco value of 1 Mg (Kkms™! pc?)~L.

Fig. C1 compares the circular speed provided by the baryons
(stars in orange, gas disc in blue, total in red) with the ob-
served circular speed of our galaxies (green markers). For
ALESS3.1, we can see that the fiducial stellar mass and oco =
1M (Kkms~! pc?)~! match nicely our observations, especially
in the outer parts. The mismatch in the inner parts is potentially
due to a bulge, which is implied for both ALESS3.1 and ALESS9.1
by the GALFIT residuals (see fig. 5in J. A. Hodge et al. 2025). For
ALESS9.1, the need for a low g value is much more dramatic, as
the gravitational potential provided by the stellar disc is enough to
explain the kinematics. We have performed additional tests (not
shown), finding that if we reduce the stellar mass by three sigma,

Role of turbulence in z~3 SMGs 17

then there is room for aco=0.5 Mg (Kkm s~ pc?)~t. While we
do not perform a full rotation curve decomposition, our analysis
shows clear dynamical evidence of low «co values in our galax-
ies. This alternative method indicates aco < 1, consistent with
the estimated 2o limit of aco < 1.2 in Section 3.3 and providing
further support to our adoption of aco = 1 Mg (Kkms~! pc?)~1
for the calculation of the total gas mass in Section 3.1 and in the
resolved angular regions in Section 3.4.

It is worth noting that the stellar masses derived from the
integrated SED modelling (Table 1; J. Li et al. 2026) are impacted
by assumptions made about the IMF and SFH, presenting a key
caveat to this alternative method. In particular, MAGPHYS, along
with other SED codes, does not incorporate uncertainties from
the choice of IMF into the uncertainties estimated for stellar
masses, and accounting for IMF uncertainty would increase the
errors in the mass-to-light ratio and therefore in the mass mod-
els. Additionally, the SFH parametrization in MAGPHYS rises
linearly at early ages and then declines exponentially. Random
bursts of star formation are also superimposed onto the SFH.
Therefore, the MAGPHYS model library accounts for a wide
range of SFHs which is crucial to sample all possible mass-to-
light ratios and so robustly constrain it (E. Da Cunha et al. 2015).
L. J. Hainline et al. (2011) and more recently Z. R. Jones, E.
Cunha & A. J. Battisti (2026) find the chosen SFH of a model can
have a significant effect on the stellar mass, although galaxies at
higher redshifts are relatively insensitive to the SFH prior as the
range of possible SFHs is reduced due to the shorter time since
the galaxies’ formation. The potential impact of these systematic
uncertainties from the MAGPHYS choice of IMF and range of
SFH on the stellar mass would further discourage exact determi-
nation of aco from our dynamical mass estimates and should be
considered when interpreting the pseudo-rotation curve method
results.

APPENDIX D: ALTERNATIVE METHOD -
MODIFIED BLACKBODY STAR FORMATION
RELATIONS

Motivated by the proposed empirical link between CO(5-4) and
dense gas (E. Daddi et al. 2015), we also estimate gas masses from
dust masses derived via modified blackbody modelling of high-
resolution continuum (870 um and the continuum underlying
the CO), adopting the SMG gas-to-dust ratio (8gdr/cco = 63 £ 7,
J. E. Birkin et al. 2021). We also estimate star formation rate from
the modified blackbody modelling and use the conversion factor
from E. J. Murphy et al. (2011). While the dust temperature of
ALESS9.1 is unconstrained due to insufficient data,’ the inferred
gas surface densities and star formation rates from ALESS3.1 are
consistent with the CO-based estimates (Fig. D1).

>The continuum underlying the CO(4-3) line in ALESS9.1 (3260 um) lies
further into the Rayleigh-Jeans tail than that of ALESS3.1 (2170 um) and
the significance of the continuum detection is lower (as seen in Fig. B1)
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Figure D1. Star formation relations for ALESS3.1, showing the MBB-driven results (triangle), in comparison with the CO(5-4)-driven Mg,s and 870 um-

driven SFRs (circle, as in Fig. 5).
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