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A B S T R A C T 

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 870μm 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 870μm 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 ( Vmax / σ = 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 870μm 

dust continuum and CO data, we investigate star formation scaling relations on kpc-scales in these high-redshift galaxies. 
Assuming a constant CO-to-H2 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. 
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 INTRODUCTION  

he advent of the James Webb Space Telescope ( JWST ) has pro-
ided new insights into dusty star formation in the early Uni-
erse. A significant fraction of this dust-obscured star forma- 
ion is thought to be hosted by submillimetre galaxies (SMGs; U. 
udzevičiūtė et al. 2020 ), which were originally discovered with 
he SCUBA instrument mounted on the James Clerk Maxwell 
elescope (I. Smail, R. J. Ivison & A. W. Blain 1997 ; A. J. Barger
t al. 1998 ; D. H. Hughes et al. 1998 ; S. Eales et al. 1999 ). Now,
he near- and mid-infrared capabilities of JWST are uncovering 
he previously dust-obscured stellar populations in these sources, 
evealing their underlying rest-frame optical morphologies on 
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st 2026
esolved scales for the first time (e.g. C.-C. Chen et al. 2022 ; S.
illman et al. 2024 ; A. Le Bail et al. 2024 ; H. B. Akins et al. 2025 ;
. Bodansky et al. 2025 ; J. A. Hodge et al. 2025 ; R. Ikeda et al. 2025 ;
. McKinney et al. 2025 ; R. Uematsu et al. 2025 ; L. A. Boogaard
t al. 2026 ). These studies add to the work done in the last decade
n directly observing the dust continuum emission itself in SMGs 
ith ALMA on similar scales (see the review by J. A. Hodge &
. Cunha 2020 ), with the latest direct comparisons between the
wo components, definitively demonstrating that the galaxies are 
rimarily red due to dust and not stellar age (S. Gillman et al.
024 ; J. A. Hodge et al. 2025 ). 
Despite this progress, there are only a handful of studies that
ave looked at the molecular gas content in these sources on
imilar ( ∼kpc) scales (e.g. M. Swinbank et al. 2011 ; J. A. Hodge
t al. 2012 ; G. Calistro Rivera et al. 2018 ). This is partly because
any SMGs still lack spectroscopic redshifts due to being very 
aint and/or dust-obscured. This has recently improved thanks to 
This is an Open Access article distributed under the terms of the
/by/4.0/), which permits unrestricted reuse, distribution, and
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edicated spectral line scans with ALMA, enabling both redshift
onfirmation and investigation of the (unresolved) molecular gas
roperties via the detected CO lines (e.g. J. E. Birkin et al. 2021 ;
.-L. Liao et al. 2024 ). 
One motivation for resolving the gas in SMGs is to use kine-
atic characterization to provide a better understanding of the
ature of these sources. High-fidelity ALMA 870μm continuum
aps revealing the morphology of the dust continuum in distant
MGs have shown that a fraction of their emission can arise from
lumpy substructure (J. A. Hodge et al. 2019 ; R. Ikeda et al. 2025 ).
his substructure could provide clues on how SMGs achieve and
ustain high star formation rates (SFRs). Evidence of ordered
otation of SMGs, as found in some sources (e.g. M. Swinbank
t al. 2011 ; G. Calistro Rivera et al. 2018 ; A. Amvrosiadis et al.
025 ), would suggest the substructures are disc-like features and
ost likely induced by a minor merger or tidal disturbance. These
ust continuum structures may be coherent, indicating bars, star-
orming rings or spiral arms (B. Gullberg et al. 2019 ; J. A. Hodge
t al. 2019 ; T. Tsukui & S. Iguchi 2021 ; T. Tsukui et al. 2023b ).
uch non-axisymmetric features would increase the galaxy’s star
ormation efficiency and allow for net angular momentum loss
y forcing the gas streams to cross and shock (P. F. Hopkins & E.
uataert 2011 ). However, kinematic evidence to support this is
imited (e.g. H. Umehata et al. 2025 ). Alternatively, perturbed ve-
ocity fields, as found in some other sources (e.g. K.-i. Tadaki et al.
020 ; M. Frias Castillo et al. 2022 ), would instead suggest that
he clumpy morphologies may be due to late-stage minor/major
ergers. However, so far there has been a lack of joint analyses
f sources with both high-resolution CO imaging and confirmed
usty substructures. 
Another motivation for looking at the resolved gas distribu-

ions in SMGs is to constrain the relative importance of ordered-
o-random motion. There have been an increasing number of 
tudies that find evidence for dynamically cold ( Vrot / σ > 2 ) ro-
ating discs at z > 3 when looking at emission lines such as CO
r [C ii ] (e.g. J. A. Hodge et al. 2012 ; F. Lelli et al. 2021 ; F. Rizzo
t al. 2021 ; F. Roman-Oliveira, F. Fraternali & F. Rizzo 2023 ; L. E.
owland et al. 2024 ; L. L. Lee et al. 2025a ). This may be due to the
racer used, with studies using H α kinematics (e.g. E. Wisnioski
t al. 2015 ; N. M. Förster Schreiber et al. 2018 ; H. Übler et al.
018 , 2019 ) showing higher values of velocity dispersion than
hat deduced from cold gas tracers (e.g. S. Alaghband-Zadeh et al.
012 ; J. E. Birkin et al. 2024 ; F. Rizzo et al. 2024 ; A. L. Danhaive
t al. 2025 ; E. Wisnioski et al. 2025 ). However, we would like to
nvestigate this for classically selected SMGs, where interaction-
nduced turbulence may be important, leading to higher gas ve-
ocity dispersions. 
Resolved gas properties of SMGs can also help us better under-
tand how turbulence influences star formation in these galaxies.
 number of relations have been theorised that link the SFR with
he molecular gas mass (e.g. R. C. Kennicutt 1998 ; M. A. C. De Los
eyes & R. C. Kennicutt 2019 ; I. Pessa et al. 2021 ; T.-M. Wang et al.
022 ), free-fall time (e.g. M. R. Krumholz, A. Dekel & C. F. McKee
012 ) and turbulence (e.g. D. M. Salim, C. Federrath & L. J. Kew-
ey 2015 ). Their consistency with observations has been investi-
ated with both low- and high-redshift sources (e.g. R. C. Kenni-
utt 1998 ; A. Heiderman et al. 2010 ; R. A. Gutermuth et al. 2011 ;
. A. Hodge et al. 2015 ; K. E. Jameson et al. 2016 ; C.-C. Chen et al.
017 ; M. Béthermin et al. 2023 ). However, at high redshift, the
vailability of resolved maps of both star formation and molecu-
ar gas – providing insight into the turbulence in the interstellar
edium (ISM) – is still a relatively rare combination in unlensed
NRAS 550, 1–18 (2026)
argets, and the resulting star formation ‘laws’ have thus only
een explored in a select few exceptionally bright and/or lensed
MGs (e.g. P. Sharda et al. 2018 , 2019 ). High-resolution ALMA
bservations of more representative SMGs provide a unique op-
ortunity to study the complexity of star formation at sub-galactic
cales in the early Universe and to directly probe the role of tur-
ulence in regulating star formation under typical high-redshift
onditions. 
Here we present new ALMA CO observations of three z ∼

 SMGs from the ALMA follow-up of the LABOCA Extended
handra Deep Field South Survey (ALESS; J. A. Hodge et al. 2013 ;
. Karim et al. 2013 ). These data are complemented by existing
igh-resolution 870μm continuum imaging from J. A. Hodge
t al. ( 2019 ) and multiband NIRCam imaging (ALESS-JWST; J.
. Hodge et al. 2025 ). In this work, we use a standard �CDM
osmology from Planck Collaboration ( 2020 ). 

 OBSERVATIONS  AND  DATA  REDUCTION  

.1 ALMA CO(5–4) and CO(4–3) observations 

e present new CO observations for three SMGs (ALESS3.1,
LESS3.1-comp and ALESS9.1). These targets are selected from
he ALESS survey (J. A. Hodge et al. 2013 ) based on the existence
f high-resolution 870μm follow-up imaging (J. A. Hodge et al.
016 , 2019 ) and confirmed CO line detections (J. E. Birkin et al.
021 ), with the exception of ALESS3.1-comp which was serendip-
tously detected in CO emission in this work. Information about
he sources is shown in Table 1 , with the positions from J. A.
odge et al. ( 2025 ), and redshifts from J. E. Birkin et al. ( 2021 )
or all sources except ALESS3.1-comp (which was derived from
he CO data presented in this work). The stellar masses for all
ources were derived using integrated SED fitting including the
LMA and JWST NIRCam (and MIRI) imaging (J. Li et al. 2026 ;
nd see Section 2.3 for further details). The median continuum
ux density at 870μm , S870 ∼ 8 . 3mJy , is higher than the median
f the 13 galaxies covered in the ALESS-JWST program from
. A. Hodge et al. ( 2025 ). The stellar masses and SFRs of the
ources are broadly representative of the parent ALESS sample
f 99 SMGs in E. Da Cunha et al. ( 2015 ), which have a median
og( M∗/M�) =10 . 95+0 . 6 

−0 . 8 and log(SFR/M�yr −1 ) =2 . 45+0 . 4 
−0 . 5 . The me-

ian redshift z = 3 . 5 of the sources is higher than the parent
ample median redshift of z = 2 . 7 ± 0 . 1 (E. Da Cunha et al. 2015 ).
ll of the SMGs targeted are consistent with lying on the star
ormation main sequence from J. S. Speagle et al. ( 2014 ; see J. Li
t al. 2026 ). 
The CO emission line data for this work were observed in
ay 2023 for project 2022.1.00955.S (PI: Hodge). We observed
O(5–4) emission in ALESS3.1 and ALESS3.1-comp using Band
, with a total exposure time of 160 minutes on source. The
aseline lengths were 15–3143 m and the average precipitable
ater vapour (PWV) was 1.80 mm. We observed CO(4–3) emis-
ion in ALESS9.1 using Band 3, with a total time of 120 min-
tes spent on source. The baseline lengths were 27–3637 m and
he average PWV was 0.86 mm. For all sources, the resolution
f the spectral window covering the CO line was set to 1.953
Hz and the other spectral windows were set to 31.250 MHz.
e note that a single observation was also conducted as part of 
his project for an additional source: ALESS17.1. As no CO line
s detected for the SMG, we discuss the analysis of this source in
ppendix A . 
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Table 1. Basic properties of the targets. Positions and S870 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) S870 (mJy) M∗ ( 1011 M�) SFR ( M�yr −1 ) 

ALESS3.1 3.375 03:33:21.51 −27:55:20.5 8.3 ± 0.4 2 . 3+1 . 1 
−0 . 7 760+150 

−110 
ALESS3.1-comp 3.374 03:33:21.43 −27:55:25.4 1.07 ± 0.06 0 . 17+0 . 06 

−0 . 06 60+40 
−26 

ALESS9.1 3.694 03:32:11.33 −27:52:12.0 8.8 ± 0.5 2 . 9+1 . 1 
−0 . 9 930+140 

−160 
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1 We 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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The data were calibrated using the standard ALMA pipeline 
ith casa version 6.4.1.12 (J. P. McMullin et al. 2007 ; T. R. Hunter
t al. 2023 ). We examined the data using the plotms task and
ynthesised images (see below). We found the data quality to be 
xcellent, without a need for further manual flagging. For each 
arget, a calibrated measurement set (ms) was created using the 
oncat task to combine the observations from every observing 
lock. 
To derive the CO properties, the uvcontsub task was used 

o remove the continuum from the calibrated ms file, using a 
inear fit to the spectral windows without the line and the chan-
els in the spectral window containing the line that are out-
ide the line. The tclean task was used in cube mode with
atural weighting and a cell size of 0.04 arcsec to produce a
dirty’ cube in order to measure the RMS noise per beam per
hannel. The cube is also converted into velocity units using the
eference frequency calculated based on the redshift in Table 1 
nd the rest frequency of the expected CO emission ( νCO (4 −3) = 

61 . 04GHz , νCO (5 −4) = 576 . 27GHz ) . The data are channel aver-
ged to channels of ∼20 km s−1 . The cube is then cleaned us-
ng tclean in non-interactive mode with a threshold of dou- 
le the RMS and a 1 arcsec radius circular mask around the
ource centres. The cleaned CO(5–4) cube for ALESS3.1 and 
LESS3.1-comp has a beam size of 0 . 28 arcsec × 0 . 23 arcsec and 
MS per channel of 140 μJy beam−1 . The cleaned CO(4–3) cube 
or ALESS9.1 has a beam size of 0 . 32 arcsec × 0 . 26 arcsec and
MS per channel of 136 μJy beam−1 . These angular resolutions 
orrespond to spatial scales of ∼2 kpc at z ∼ 3 . 
Furthermore, we present imaging of the continuum underly- 

ng the CO emission in the above observations. To measure this
ontinuum, the tclean task was used in the multifrequency 
ynthesis (mfs) mode with a cell size of 0.04 arcsec, collapsing the
ff-line channels to produce a ‘dirty’ image in order to measure
he RMS noise per beam. The cube is then cleaned using tclean
ith a threshold of double the RMS and a 1 arcsec radius circular
ask around the source centres. The resulting continuum images 
re at 2170μm (high-resolution) for ALESS3.1 and ALESS3.1- 
omp and 3260μm for ALESS9.1 and shown in Appendix B . 
This work additionally uses lower-resolution CO emission 

ine data observed in July 2021 for project 2019.1.00771.S (PI: 
ybak). This project targeted CO(4–3) emission in ALESS3.1 
nd ALESS3.1-comp using Band 3, with a total time of 46 
inutes on source. The baseline lengths were 28–3638m and the 
verage PWV was 0.19mm. Given the lower angular resolution 
 ∼ 0 . 35 arcsec), the majority of this work focuses on the
igher-resolution data from project 2022.1.00955.S above unless 
therwise specified. 

.2 870μm continuum data 

he ALMA 870μm continuum imaging used for this work was 
aken as part of programs 2012.1.00307.S and 2016.1.00048.S and 
rst presented in J. A. Hodge et al. ( 2016 , 2019 ). For the targets
n this work, the average angular resolution for the naturally 
eighted maps is 0.10 arcsec ×0 . 07 arcsec and the average RMS 
oise is 19 μJy beam−1 . The 870μm images, despite their high 
ngular resolution, were shown to recover all of the emission 
rom these targets (J. A. Hodge et al. 2019 ) when suitably tapered.

.3 JWST NIRCam images and parameter maps 

he JWST NIRCam data used for this work were observed be-
ween 2022 September and December for the GO Cycle 1 pro-
ram PID 2516 (PIs: Hodge and da Cunha) and first presented
n J. A. Hodge et al. ( 2025 ). Our targets are all imaged in the
200W, F356W and F444W filters and aligned using the Gaia DR3
atalogue (Gaia Collaboration 2023 ). The absolute astrometric 
ccuracy was estimated to be within 35 mas (J. A. Hodge et al.
025 ). Resolved and integrated SED fitting using magphys (E. 
a Cunha, S. Charlot & D. Elbaz 2008 ; E. Da Cunha et al. 2015 ;
. J. Battisti et al. 2020 ) that includes these data, high-resolution
70μm ALMA data (Section 2.2 ) and MIRI F770W imaging (also
rom PID 2516) is detailed in J. Li et al. ( 2026 ). 

 RESULTS  AND  ANALYSIS  

.1 Spectra and imaging 

e detect strong CO emission in all naturally weighted image 
ubes. We make initial moment maps by extracting spectra from 

he image cubes using a circular aperture of 1 arcsec radius
round the source, fitting a single Gaussian to each spectrum and
ollapsing over ± 1 ×FWHM from the central frequency. Then, 
e conduct a curve-of-growth analysis using imstat to find the 
ptimum aperture radius from which to extract the total flux. This
s a non-parametric method from which we extract fluxes by iden-
ifying the aperture radius at which the measured flux converges 
o a plateau (e.g. C.-C. Chen et al. 2020 ; M. Frias Castillo et al.
023 ). We extract final spectra (Fig. 1 ) and fluxes using that aper-
ure: for ALESS3.1 and ALESS9.1, the aperture radius was 0.8 arc-
ec, and for ALESS3.1-comp the aperture radius was 0.5 arcsec. 
All spectra are fit with a single Gaussian. The image cubes are

hen collapsed over ±1 ×FWHM of the final spectra to produce
he final zeroth-moment maps (Fig. 2 ) from which the fluxes 1 
re measured. The results of the imaging are shown in Table 2 .
MNRAS 550, 1–18 (2026)
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M

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. 
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he images produced from the lower-resolution CO data (project
019.1.00771.S) can be found in Appendix B . 
Both ALESS3.1 and ALESS9.1 show evidence for double-
eaked line properties. ALESS 3.1 exhibits a double-horn profile
hat is significantly asymmetric. When fit with a double Gaus-
ian, the peak CO(5–4) flux density for the high-frequency wing
s ∼ 60 per cent higher than the low-frequency wing and the
WHMs are 360 ± 50 km s−1 and 290 ± 70 km s−1 for the high-
nd low-frequency wings, respectively, with the peaks separated
y ∼ 480 km s−1 . The profile of ALESS9.1 is more symmetric.
hen fit with a double Gaussian, the peak CO(4–3) flux density

or the high-frequency wing is only ∼ 20 per cent higher than the
ow-frequency wing and the FWHMs are 370 ± 100 km s−1 and
10 ± 100 km s−1 for the high- and low-frequency wings, respec-
ively, with the peaks separated by ∼ 385 km s−1 . 
The detections of CO(5–4) and CO(4–3) in the spectra of 
LESS3.1-comp allow us to determine its (previously unknown)
pectroscopic redshift, finding z = 3 . 374 . This suggests that there
s only a 40 km s−1 offset between it and ALESS3.1 and a separa-
ion on the sky of ∼ 40 kpc. 
We calculate line luminosities L′ 

CO , J (in K km s−1 pc2 ), follow-
ng P. Solomon & P. Vanden Bout ( 2005 ): 
′ 
CO , J = 3 . 25 × 107 ICO ν−2 

obs D
2 
L (1 + z)−3 , (1) 

here νobs is the reference frequency of the CO line in GHz
nd DL is the luminosity distance in Mpc. We then convert lu-
inosity L′ 

CO , J into L′ 
CO(1 −0) assuming the typical ratios from J.

. Birkin et al. ( 2021 ): r41 = 0 . 34 ± 0 . 04 and r51 = 0 . 36 ± 0 . 07 .
e find molecular gas masses Mgas by multiplying L′ 

CO(1 −0) by a
NRAS 550, 1–18 (2026)

easured in the image plane, suggesting that the impact of this effect is 
egligible. 

A  

e  

o  

g  

026
onstant αCO = 1M� (K km s−1 pc2 )−1 (including helium, see M. S.
othwell et al. 2013 ; J. E. Birkin et al. 2021 ; M. Frias Castillo et al.
022 , 2025 ). For the two sources with [C i ] detections (ALESS3.1
nd 9.1) we verify that the H2 masses derived here are consistent
ithin ∼ 1 σ with those derived based on the [C i ] detections in J.
. Birkin et al. ( 2021 ), using equation (4) from M. Frias Castillo
t al. ( 2025 ) with Q10 = 0 . 46 and X[C i ] = (5 . 1 ± 1 . 8) × 10−5 . Fur-
hermore, we also derive a gas mass for all three sources using
ntegrated dust masses from J. Li et al. ( 2026 ) and, using an SMG
as-to-dust ratio ( δgdr /αCO = 63 ± 7 , J. E. Birkin et al. 2021 ), we
gain find them consistent within ∼ 1 σ . Using the stellar masses
rom Table 1 and the gas masses from Table 2 , we calculate the
olecular gas to stellar mass ratio as μgas = Mgas /M� . We list
hese values in Table 2 . 
Fig. 2 shows 2 arcsec × 2 arcsec cutouts of the naturally
eighted high-resolution CO zeroth-moment maps, 870μm con-
inuum imaging and NIRCam RGB images with red as F444W,
reen as F356W and blue as F200W. The galaxies are also detected
nd resolved in the continuum underlying the targeted CO lines,
ut at lower spatial resolution and signal-to-noise ratio (S/N) than
ith the existing 870μm imaging; the new continuum maps are
hown in Fig. B1 . 
We see that the gas traced by the CO observations is approxi-
ately co-located with the 870μm dust continuum and roughly
ollows its morphology, as might be expected. In particular, we see
n ALESS3.1 that the arm/tidal tail feature visible in the 870μm
ust continuum in the northwestern region is also detected in
he CO(5–4) emission. We also observe that the CO map has an
xtension north of the nucleus that follows a similar extension in
he 870μm dust continuum. In ALESS9.1, the CO(4–3) does not
eak where the 870μm dust continuum does, instead showing a
 0 . 1 arcsec spatial offset. This could point to an interaction or an
ptical depth effect. 

.2 Molecular gas morphology 

e conduct a curve-of-growth analysis to determine the effective
adii of ALESS3.1, ALESS3.1-comp and ALESS9.1 in each tracer.
We use matching elliptical apertures to J. A. Hodge et al. ( 2025 ).
he shape of these apertures and maximum sizes of the major
nd minor axes were determined by running sextractor (E.
ertin & S. Arnouts 1996 ) on the NIRCam F444W image and the
entroid as the peak of the 870μm emission from J. A. Hodge
t al. ( 2019 ). We use photutils (L. Bradley et al. 2022 ) to measure
ux density as a function of distance along the major axis, with
he total integrated flux density for each tracer taken as the flux
ensity from the maximum aperture. The curves are not decon-
olved from their point spread functions (PSFs) but this has only
 minor impact as the sources are well-resolved in all the tracers
hat we investigate. We show a curve corresponding to the CO
SF as an example as it has the lowest resolution. The effective
adii, Re , found are given in Table 3 , with the NIRCam and ALMA
70μm the same as in J. A. Hodge et al. ( 2025 ). The flux density
rofiles are shown in Fig. 3 . 
We find that the CO-traced molecular gas is more extended

han the 870μm dust continuum for all three sources examined,
ith effective radii ∼ 1 . 5+0 . 2 

−0 . 2 , 3 . 5
+2 . 9 
−1 . 5 , and 1 . 7+0 . 3 

−0 . 2 × larger for
LESS3.1, 3.1-comp, and 9.1, respectively. This produces an av-
rage ratio of Re , CO /R870µm 

= 2 . 2+0 . 6 
−0 . 5 . Previous high spatial res-

lution studies at high redshift have also shown that molecular
as is more extended than the 870μm dust emission in SMGs.
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ALESS3.1 CO(5-4) 870µm NIRCam RGB CO, 870µm, RGB

ALESS3.1-comp 
CO(5-4)

870µm NIRCam RGB CO, 870µm, RGB

ALESS9.1 CO(4-3) 870µm NIRCam RGB CO, 870µm, RGB

Figure 2. Naturally weighted 2 arcsec × 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 σ with 1 σ 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, μgas = Mgas /M� . 

Source ID Flux (Jy km s−1 ) FWHM (km s−1 ) SNR L′ 
CO , midJ ( 10

11 K km s−1 pc2 ) Mgas ( 1011 M�) μgas 

ALESS3.1 1.62 ± 0.14 677 ± 68 11.45 0.33 ± 0.03 0.90 ± 0.19 0 . 39+0 . 15 
−0 . 21 

ALESS3.1-comp 0.23 ± 0.05 187 ± 43 5.07 0.05 ± 0.01 0.13 ± 0.04 0 . 8+0 . 4 
−0 . 4 

ALESS9.1 1.34 ± 0.12 630 ± 63 10.70 0.49 ± 0.04 1.43 ± 0.21 0 . 50+0 . 18 
−0 . 20 

Table 3. Effective radii, Re in kpc, obtained from curve-of-growth analysis of the CO emission lines, ALMA 870µm 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 870µm values are from J. A. Hodge et al. ( 2025 ). 

Source ID Re , CO (kpc) Re , 870µm 

(kpc) Re , F444W 

(kpc) Re , F356W 

(kpc) Re , F200W 

(kpc) 

ALESS3.1 2 . 66+0 . 26 
−0 . 21 1 . 82+0 . 08 

−0 . 08 3 . 13+0 . 16 
−0 . 13 3 . 50+0 . 26 

−0 . 24 4 . 74+0 . 53 
−0 . 42 

ALESS3.1-comp 1 . 83+0 . 96 
−0 . 36 0 . 53+0 . 22 

−0 . 09 1 . 97+0 . 29 
−0 . 22 2 . 21+0 . 43 

−0 . 33 2 . 83+0 . 63 
−0 . 49 

ALESS9.1 2 . 56+0 . 31 
−0 . 22 1 . 50+0 . 05 

−0 . 07 2 . 75+0 . 19 
−0 . 14 3 . 23+0 . 34 

−0 . 27 4 . 70+1 . 11 
−0 . 72 
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or example, high-resolution ALMA studies found the dust con- 
inuum to be more compact than CO(3–2) emission (e.g. C.-C. 
hen et al. 2017 ; G. Calistro Rivera et al. 2018 ; K.-i. Tadaki et al.
023 ). Considering lower- J CO transitions, M. Rybak et al. ( 2025 )
se a stacking analysis of 19 SMGs with low-resolution CO(1–0) 
bservations and find that their CO(1–0) reservoirs are 2 − 3 ×
ore extended than the 870μm continuum on average. This is 
roadly consistent with our findings despite the fact that the 
O(5–4) and CO(4–3) we observe are mid- J CO transitions and
ay be expected to trace gas that is more compact, denser and
armer than CO(1–0). The difference we see between the extents 
f the molecular gas and 870μm dust continuum is potentially 
ue to gradients in the dust temperature and optical depth within
he sources and not a difference in the actual distribution of gas
nd dust (G. Calistro Rivera et al. 2018 ; L. A. Boogaard et al.
026 ). Meanwhile, we find that the CO-traced molecular gas has a
MNRAS 550, 1–18 (2026)
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M

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 2 . 9 ± 0 . 8 0 . 37 ± 0 . 08 84 ± 9 
ALESS9.1 0 . 74 ± 0 . 08 0 . 72 ± 0 . 07 61 ± 9 

s  

t  

0
 

fi  

m  

2  

m  

p  

e  

s  

T  

n  

d  

1  

t  

a  

i  

t  

A  

p  

i  

8  

f  

c  

F  

(  

f  

i  

a

3

F  

d

2  

&  

e  

u  

a  

w  

P  

W  

N  

n
T
(  

=  

b  

v  

e
 

e  

T  

o  

t  

t  

w  

f  

a  

t  

S
a  

(  

i  

p  

s  

n
a  

o  

R  

b  

2 https://www.filippofraternali.com/cannubi 
3 We 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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imilar spatial extent to the rest-frame near-infrared emission de-
ected in the F444W filter for all three galaxies ( Re , CO /Re , F444W 

=
 . 9+0 . 2 

−0 . 1 ) a trend also reported in K.-i. Tadaki et al. ( 2023 ). 
We conduct further investigation of the gas morphology by
tting a Sérsic model to the high-resolution zeroth-moment CO
aps, using Astropy Sersic2D and Petrofit (R. Geda et al.
022 ). We show the resulting parameters in Table 4 . The Sérsic
odels are convolved with the PSF of the beam (with the PSF
rofile shown in Fig. 3 ). The uncertainties on the resulting param-
ters of the Sérsic model are first obtained using the covariance,
etting the Petrofit fit_model parameter calc_uncertainties to
rue. We note the fitting does not account for spatially correlated
oise which would potentially cause the uncertainties to be un-
erestimated and so, following J. A. Hodge et al. ( 2025 ), we add
0 per cent fractional uncertainty in quadrature on all parame-
ers. We find that the effective radii from the Sérsic modelling
re consistent within 2 σ with the non-parametric Re , CO values
n Table 3 , so the latter are taken as the fiducial values given
he lack of model dependence. We also find that ALESS3.1 and
LESS9.1 have Sérsic indices of n ∼0.7. These values indicate
rofiles that are closer to an exponential disc than a bulge, with
ndices similar to those derived for these sources from both the
70μm continuum emission and F444W light profiles using gal-
it by J. A. Hodge et al. ( 2025 ). The Sérsic index for ALESS3.1-
omp, meanwhile, is higher (as also seen in the F444W emission).
inally, we find values for the ellipticity ( b/a ) and position angle
PA) for all sources that are broadly consistent with the values
ound for the 870μm continuum emission and F444W emission
n J. A. Hodge et al. ( 2025 ), indicating the three components are
ll tracing the same general structure. 

.3 Kinematic modelling 

or ALESS3.1 and ALESS9.1, the S/N and resolution of the CO
ata are sufficient to model the gas kinematics (S / N > 10 , ∼
NRAS 550, 1–18 (2026)
kpc ). For this purpose, we use 3D BAROLO (E. M. D. Teodoro
 F. Fraternali 2015 ) to fit 3D tilted-ring models to the full
mission-line data cubes while accounting for beam-smearing
sing forward modelling. 3D BAROLO has been extensively tested
nd proved reliable at a similar resolution to the CO data in this
ork (e.g. E. M. D. Teodoro & F. Fraternali 2015 ; P. E. Mancera
iña et al. 2020 ; F. Rizzo et al. 2022 ; P. E. Mancera Piña et al. 2026 ).
e model the morphology using the 3D BAROLO sister code CAN-
UBI 2 (F. Roman-Oliveira et al. 2023 ), which estimates the incli-
ation ( i ) and position angle (PA) values for use with 3D BAROLO . 3 
he inclinations used are i =53 ± 7◦ (ALESS3.1) and i =46 ± 17◦

ALESS9.1), while the PAs are PA = 160 ± 29 (ALESS3.1) and PA
 53 ± 27◦ (ALESS9.1). The CANNUBI values are consistent with
oth those derived from the Sérsic fitting (Section 3.2 ) and the
alues measured from the JWST F444W emission (J. A. Hodge
t al. 2025 ) within the uncertainties. 
For the modelling, we select a 2 arcsec × 2 arcsec subcube for
ach galaxy that spans ±1.5 ×FWHM of the CO emission line.
he radial separation of the rings is ∼70 per cent of the FWHM
f the synthesised beam, allowing us to trace the kinematics with
hree largely independent beams. For this work, this means that
he maximum number of independent rings possible is three,
hich has been shown to be reasonable to recover accurate values
or rotation velocity and dispersion (e.g. P. E. Mancera Piña et
l. 2020 ; F. Rizzo et al. 2023 ; L. L. Lee et al. 2025b ). We choose
o use the SEARCH source-finding parameter with a primary
NRCUT of 3σrms above the mean and a GROWTHCUT of 2.5σrms 
round the detected source. We then enlarge the mask spatially
 + 0.2–0.32 arcsec) and spectrally ( + 2 channels, 40 km s−1 ) until
t encloses all the CO emission visible in the channel maps and
osition–velocity (PV) diagrams. This approach allows us to con-
ider low-S/N emission without including significant background
oise (see also P. E. Mancera Piña et al. 2026 ). We minimize χ2 

nd use azimuthal normalization for all fits. We fix the thickness
f the galaxy to zero, as in F. Roman-Oliveira et al. ( 2023 ) and L. E.
owland et al. ( 2024 ). We explored leaving Vrad as a free parameter
ut we found no compelling evidence for radial motions. There-

https://www.filippofraternali.com/cannubi
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ore, Vrad is also set to zero, so no radial motion is considered. Vsys 
s estimated by 3D BAROLO as the central velocity in the global 
ine profile and fixed to this value. We use the position of the
eak of the second moment map as the kinematic centre. We 
eave the rotational velocity Vrot and velocity dispersion σ as free 
arameters for 3D BAROLO to fit. 
We take Vmax as Vrot of the outermost ring and σ as the average 
of the rings. The outputs from the modelling with 3D BAROLO 

s shown in Fig. 4 (with the Vmax and σ parameters indicated in 
able 5 ). We also calculate the orbital dynamical time-scales at 
he effective radius, τorb = 2 πRe , CO /Vmax , showing the results in 
able 5 . 
In Fig. 4 , we see a clear velocity gradient in the first moment
aps for both galaxies, which can be indicative of rotation (or
nresolved merging). For both galaxies, we also see that the PV
iagrams have the characteristic shape of a rotating disc. This 
odelling therefore suggests that ALESS3.1 and ALESS9.1 are 
ell-fit by rotating discs. The galaxies have high ratios of ordered-
o-random motion, with Vmax / σ � 5. These ratios are somewhat 
onservative as we set BWEIGHT, the exponent of weight for 
lank pixels, to zero for the 3D BAROLO modelling which allows 
or larger σ values than the default BWEIGHT = 1 (E. M. D.
eodoro & F. Fraternali 2015 ). We note that excluding the velocity
ispersion for the inner ring, which may include a non-negligible 
ontribution from the rising part of the rotation curve, from the
alculation of σ does not alter our values of Vmax / σ beyond the 
uoted uncertainties. 
We also explored whether the dusty substructures exhibit kine- 
atics distinct from the overall rotating disc. Using local nor- 
alization, which forces the model to reproduce the observed 
lumpiness more closely, we find that the inferred values of Vrot 
nd σ remain consistent within the uncertainties with those de- 
ived from the azimuthally averaged model for both ALESS3.1 
nd ALESS9.1. While this suggests that the current data are 
roadly consistent with the dusty substructures participating in 
he overall disc rotation, we note that subtle local kinematic de- 
iations may remain unresolved at the present sensitivity and 
ngular resolution. 
Finally, we are able to estimate the total dynamical masses of 
LESS3.1 and ALESS9.1. The dynamical mass, Mdyn , tot , reflects 
he sum of all the mass components of the galaxy, primarily gas
ass, stellar mass and dark matter. We first calculate the circu-
ar velocity, Vcirc , which includes an asymmetric drift correction, 
A , to the rotational velocity of the outermost ring, Vmax , to ac-
ount for pressure support, which is prominent in turbulent high- 
edshift galaxies (J. E. Birkin et al. 2024 ; A. L. Danhaive et al. 2025 ;
. E. Mancera Piña et al. 2026 ). 
Following G. Iorio et al. ( 2016 ), we calculate 

2 
A = −Rσ 2 

v 
∂ ln (σ 2 

v �int ) 
∂ R 

, (2) 

2 
circ = V 2 

max + V 2 
A , (3) 

here R is the radius of the rings used for the 3D BAROLO mod-
lling, and σv is the velocity dispersion at each ring. �int is the
ntrinsic surface density and we find this through using the am-
litude, effective radii and Sérsic indicies of the 2D Sérsic profiles
f the galaxies (see Section 3.2 ) to produce a 1D Sérsic profile
using Sersic1D). We then make 1000 realizations of this profile to
onte Carlo sample and obtain �int at each R. We also calculate 
A for each ring also using a Monte Carlo approach, with 1000 
ealizations of σv and �int as input for equation ( 2 ), taking VA as
he median value calculated and the uncertainty on VA as 1.48 ×
he median absolute deviation. For simplicity, we use the VA of 
he outermost 3D BAROLO ring to calculate Vcirc . 
We then estimate the total dynamical mass following S. H. 
rice et al. ( 2022 ), and show the results in Table 5 : 

dyn , tot (R ) = ktot 
RV 2 

circ (R ) 
G 

. (4) 

e evaluate this expression at R = Re , CO from Table 3 . We adopt
he pre-factor ktot = 1 . 8 from S. H. Price et al. ( 2022 ), which re-
ates the total system mass to the circular velocity for a thin disc
odel and is appropriate for the Sérsic indices and intrinsic axis
atios of these sources. 
The resulting dynamical masses are similar in scale to the stel-

ar masses derived from the SED modelling, as shown in Table 1 .
his similarity between the dynamical and stellar mass estimates 
eaves little room for a substantial additional gas component, 
mplying a 2 σ limit of αCO � 1 . 2 . A high conversion factor such as
CO = 4 . 0 ± 0 . 1M� (K km s−1 pc2 )−1 , as suggested by L. Dunne
t al. ( 2022 ), would therefore overpredict the gas mass allowed by
he dynamical constraints. 
These results support our adoption of a low conversion factor, 

CO = 1M�(K km s−1 pc2 )−1 , for the calculation of the total gas
ass in Section 3.1 and in the resolved annular regions in Sec-
ion 3.4 . This choice is also consistent with previous dynamical
tudies (e.g. A. L. R. Danielson et al. 2011 ; J. A. Hodge et al. 2012 ;
. S. Bothwell et al. 2013 ; C.-C. Chen et al. 2017 ; G. Calistro
ivera et al. 2018 ; R. Xue et al. 2018 ; D. A. Riechers et al. 2020 ;
. Amvrosiadis et al. 2025 ), as well as independent constraints
ased on the solar or super-solar metallicities of SMGs (M. Frias
astillo et al. 2025 ). Similar conclusions have also been drawn for
ome SMGs in the KAOSS (J. E. Birkin et al. 2024 ) and FOSSILS
R. Ikeda et al. 2025 ) samples. These studies all support the inter-
retation that these galaxies are baryon dominated on � 10 kpc
cales. 
The above estimates of dynamical mass carry uncertainties 

rom the assumptions of a flat rotation curve and a single thin
isc component consisting of stars and gas. We therefore also 
onstrain αCO using an alternative approach that does not as- 
ume a specific rotation-curve shape and instead considers sep- 
rate, thick stellar and gas disc components. This approach, de- 
cribed in Appendix C , independently indicates that αCO � 1 in
ur galaxies. 

.4 Resolved star formation scaling relations 

he resolved molecular gas data, combined with the high- 
esolution submillimetre continuum maps, provide an opportu- 
ity to investigate star formation scaling relations at high redshift 
n kiloparsec scales. To investigate these relations on resolved 
cales, we split the galaxies into four concentric rings surround-
ng a circular inner region with a diameter of 2 kpc, which is
pproximately the FWHM of the CO beam. The diameter of the
uter ring of each region increases incrementally by 2 kpc. 
The first collection of star formation relations we investigate 
re empirical relations between the gas surface density and the 
FR surface density (e.g. the Kennicutt-Schmidt relation). For 
he gas surface density measurements ( �gas ), we use the high-
esolution CO data, which for ALESS3.1 is CO(5–4) and for 
LESS9.1 is CO(4–3). We first use the CASA imstat task to sum
he CO line intensity ICO , J in Jy km s−1 within the relevant annu-
ar 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−1 velocity contours, model 
and beam ellipses; (Right) position–velocity (PV) diagrams of the minor and major axes with minimum contours at 2 σrms , increasing in steps of 2 σrms . 
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 Vrot 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 3D BAROLO modelling. 

Source ID Vmax (km s−1 ) σ (km s−1 ) Vmax / σ τorb (Myr ) Mdyn , tot (1011 M�) 

ALESS3.1 473+50 
−51 82+11 

−11 6+1 
−1 35+5 

−5 2 . 9+0 . 6 
−0 . 6 

ALESS9.1 427+62 
−84 80+13 

−16 5+1 
−1 37+9 

−6 2 . 3+0 . 7 
−0 . 8 

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 ), I. Pessa 
et al. ( 2021 ), T.-M. Wang et al. ( 2022 ) relations (general Kennicutt-Schmidt relation, left panel), M. R. Krumholz 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 ; AZTEC1, 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 εff = 0 . 015 (M. R. Krumholz et al. 2013 ). 
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o gas masses assuming fixed values of the excitation ratio and 
CO , as described in Section 3.1 . We finally calculate gas surface
ensity �gas in M� pc−2 by dividing by the total area of the region 
n pc 2 . The error on �gas is calculated from the errors on ICO , J and 
he excitation ratio used ( r41 or r51 ). 
We note that CO(5–4) has been suggested to be empirically 

elated to the dense gas component (E. Daddi et al. 2015 ). We
herefore also utilize an alternative method for obtaining the gas 
asses from the dust masses for each region calculated using 
odified blackbody modelling of the two high-resolution con- 
inuum detections, the 870μm and the continuum underlying 
he CO, and again using the SMG gas-to-dust-ratio ( δgdr /αCO = 

3 ± 7 , J. E. Birkin et al. 2021 ). For this modelling, we use an op-
ically thin dust approximation and fix the dust emissivity index 
o β = 1 . 9 as derived for ALESS3.1 and ALESS9.1 in E. Da Cunha
t al. ( 2021 ). For ALESS9.1, the data are insufficient to constrain
he dust temperature, but for ALESS3.1 this method provides gas 
ass surface densities that are consistent with those derived from 

he CO above (see Appendix D ). 
For the SFR surface density measurements ( �SFR ), we use high-

esolution 870μm dust continuum data from J. A. Hodge et al. 
 2019 ). We produce a global ratio by dividing the total SFR from
ntegrated SED fitting (J. Li et al. 2026 ; Table 1 ) by the total 870μm
ux density S870 (J. A. Hodge et al. 2025 ; Table 1 ). We convolve the
70μm dust map to the beam of the CO map using imsmooth .
e calculate Idust by summing the intensity of each pixel within 
he region on the dust map using the CASA imstat task. We
hen find the SFR for the region by multiplying Idust by the global
atio. We calculate the SFR surface density, �SFR , by dividing by
he total area of the region in kpc 2 . The error on �SFR is calculated
n quadrature from the error on Idust and the error on the global
atio. We also test an alternative method for deriving �SFR , using
he modified blackbody modelling as described above, obtaining 
he SFR from dust luminosity using the conversion factor from E.
. Murphy et al. ( 2011 ), and the results are again consistent (see
ppendix D ). 
We present our �SFR versus �gas measurements in Fig. 5 (left 
anel). For comparison, we include a selection of resolved and 
nresolved observations across a range of redshifts (R. C. Kenni- 
utt 1998 ; A. Heiderman et al. 2010 ; C. J. Lada et al. 2010 ; J. Wu
t al. 2010 ; R. A. Gutermuth et al. 2011 ; J. A. Hodge et al. 2015 ;
. Federrath et al. 2016 ; K. E. Jameson et al. 2016 ; C.-C. Chen
t al. 2017 ; P. Sharda et al. 2018 , 2019 ; M. Béthermin et al. 2023 ;
. Tsukui et al. 2023a ). We find that ALESS3.1 and ALESS9.1 gen-
rally lie in the same parameter space also occupied by local and
igh-redshift sources from both resolved and unresolved studies. 
When fitted using orthogonal distance regression for a function
f the form �SFR ∼ (�gas )N , for ALESS3.1 we find N = 1 . 38 ±
 . 08 , and for ALESS9.1 we find N = 1 . 70 ± 0 . 09 . The regions in
LESS9.1 therefore show a marginally steeper relation than the 
tandard N = 1 . 4 Kennicutt-Schmidt relation (R. C. Kennicutt
998 , corrected for a Chabrier IMF as in P. Sharda et al. 2018 ),
MNRAS 550, 1–18 (2026)
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hile the relation for ALESS3.1 is consistent within the uncer-
ainties. We find gas depletion times for these resolved regions
ithin both galaxies to be ∼100 Myr (ranging from 90–400 Myr),
hich is consistent with other submillimetre-bright galaxies (e.g.
. E. Birkin et al. 2021 ; M. Frias Castillo et al. 2023 ; J. S. Gómez
t al. 2025 ). We find that the centres of the galaxies have shorter
epletion times than the outskirts, with the caveat that we assume
onstant dust temperature, dust opacity, αCO and rJ , J −1 as a func-
ion of radius (see Section 4.2 ). 
Star formation is influenced not only by the quantity of gas
ut also by the time available to convert this gas into stars. We
herefore also compare to the star formation law proposed by
. R. Krumholz et al. ( 2012 ), which is a notable example of a
odified version of the Kennicutt-Schmidt law that incorporates
he free-fall time-scale of the gas: 

SFR = fH2 εff 
�gas 

tff 
, (5) 

here εff denotes the star formation efficiency per free-fall time.
e assume that the fraction of star-forming gas, fH2 = 1 for sim-
licity. 
We compute free-fall time tff of each region in Myr using 

ff =
√ 

3 π
32 Gρ

. (6) 

n our calculation of the density ρ of each concentric annular
egion, we use the spherical volume of the region: ρ = Mgas 

4 
3 π (r

3 
2 −r3 1 ) 

here r2 denotes the outer radius of the ring and r1 the inner.
or the circular inner region, we use ρ = Mgas 

4 
3 π (r3 ) 

where r is the
 kpc radius. We are limited by the resolution of the observa-
ions to using this spherical approximation but note that this
oncerns resolved regions within the disc rather than the entire
isc itself. We find that values of tff vary across the galaxy from
4Myr in the centre to approximately 10 × larger values in the
utskirts. We show the results incorporating these free-fall times
n Fig. 5 (centre panel). We see that our high-redshift data points
re offset from the local relation. Both ALESS3.1 and ALESS9.1
re also found to be less steep than the unity relation from M.
. Krumholz et al. ( 2012 ) (slopes of 0 . 73 ± 0 . 03 and 0 . 86 ± 0 . 02 ).
he fraction of gas converted into stars per free-fall time ( εff ) is
ignificantly different from the εff = 0 . 015 fit by M. R. Krumholz
t al. ( 2013 ), with 0 . 10 ± 0 . 02 and 0 . 068 ± 0 . 005 for ALESS3.1 and
LESS9.1, respectively. We find that the outskirts have higher εff 
han the inner regions. 
Finally, we consider gravo-turbulent models, which emphasize

he critical role of turbulence in regulating star formation pro-
esses (e.g. P. Padoan & A. Nordlund 2011 ; C. Federrath & R. S.
lessen 2012 ; B. Burkhart 2018 ; P. Mocz & B. Burkhart 2019 ; S.
. Meidt et al. 2025 ). Central to these models is the concept that
urbulence in the ISM generates a distribution of gas densities,
esulting in variations in both the rates and time-scales of star
ormation across different densities (C. Federrath et al. 2010 ).
upported by robust kinematic data, we are now positioned to
est these models in galaxies at high redshift (see also P. Sharda
t al. 2018 , 2019 ). In this work, we adopt a turbulence-regulated
tar formation model from D. M. Salim et al. ( 2015 ) that takes the
as density distribution into account when calculating the free-
all time of a collapsing molecular cloud: 

SFR = ε′ 
ff 
�gas 

tff 

(
1 + b2 M2 βmag 

βmag + 1 

)3 / 8 

, (7) 
NRAS 550, 1–18 (2026)
here analogous to εff in the single free-fall model above, ε′ 
ff is

he multi-free-fall efficiency. 
To account for turbulence, we first calculate the turbulent
ach number M as 

 = σ

cs 
. (8) 

e use the σ value in km s−1 from the kinematic modelling
Table 5 ). We take the speed of sound, cs , to be 0 . 4 ± 0 . 2 km s−1 
s in P. Sharda et al. ( 2018 ), where the uncertainty arises from
ur assumption that the (cold) gas temperature is somewhere
etween 12 − 100 K . For ALESS3.1, we calculate M = 205 ± 106
nd for ALESS9.1, M = 200 ± 105 . We use the Mach number to
alculate the gas surface density per multi-free-fall time in M�
r−1 kpc−2 following D. M. Salim et al. ( 2015 ) as in P. Sharda
t al. ( 2019 ) by multiplying the gas density per single free-fall time
y the multi-free-fall time correction (1 + b2 M2 βmag 

βmag +1 )
3 / 8 where

 = 0 . 4 for a mixed turbulent driving mode and βmag 
βmag +1 → 1 ne-

lecting the effects of magnetic fields. We show this in the right-
ost panel of Fig. 5 . We find that the fraction of gas converted
nto stars per time for the multi free-fall model is ε′ 

multi −ff = (3 . 8 ±
 . 7) × 10−3 for ALESS3.1 and ε′ 

multi −ff = (2 . 5 ± 0 . 2) × 10−3 for
LESS9.1, similar to ε′ 

ff = 4 . 5 × 10−3 fit by D. M. Salim et al.
 2015 ). 
We see that with increasing model complexity, the agreement
etween the model and observations improves, even across sev-
ral orders of magnitude on the abscissa. Our results suggest that
or resolved kiloparsec-scale galaxies at high redshift, incorporat-
ng the effects of turbulence is critical. We discuss this further in
ection 4.2 . 
The excitation ratios used to convert from the mid- J CO lines
bserved to CO(1–0) factor into where the data lies on Fig. 5 .
n this work, we use r41 = 0.34 ±0.04 and r51 = 0.36 ±0.07 from J.
. Birkin et al. ( 2021 ), which are derived from a large sample
f dusty star-forming galaxies including sources from ALESS. If 
ther excitation values from the literature were used, for exam-
le those of the Cosmic Eyelash from A. L. R. Danielson et al.
 2011 ; r41 = 0.50 ±0.04 and r51 = 0.35 ±0.02), those from the M. S.
othwell et al. ( 2013 ) SMGs ( r41 = 0.41 ±0.07 and r51 = 0.32 ±0.05),
41 = 0.63 ±0.44 from the M. Frias Castillo et al. ( 2023 ) SMGs
r those from the Vz-GAL P. Prajapati et al. ( 2026 ) SMGs
 r41 = 0.49 ±0.15 and r51 = 0.47 ±0.13), our basic findings remain
nchanged. This is because the alternative values are either con-
istent with the values for this work, or higher, which would have
he effect of moving the galaxies further from both the standard
ennicutt-Schmidt relation and the M. R. Krumholz et al. ( 2012 )
tar formation law, but even closer to the D. M. Salim et al. ( 2015 )
ulti-free-fall model that accounts for turbulence. 

 DISCUSSION  

.1 What is triggering dusty star formation in these 
ources? 

he CO data presented here reveal that ALESS 3.1 lies at the same
edshift as its nearby companion galaxy ALESS3.1-comp. Given
his, the high far-infrared luminosity of ALESS3.1 and that there
s evidence for potential tidal features in the 870μm and NIRCam
maging, these galaxies are likely interacting or undergoing early-
tage 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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pectroscopically confirmed companion, but it does show a po- 
ential tidal feature in the 870μm and NIRCam imaging. It is
herefore possibly in an advanced interaction or merger with one 
f the nearby galaxies at a similar photometric redshift (S. Alberts
t al. 2024 ), as also discussed in J. A. Hodge et al. ( 2025 ). 
Despite the above evidence for interaction/merger activity, we 
evertheless find in Section 3.3 that the cool gas kinematics of 
LESS3.1 and ALESS9.1 are consistent with disc rotation without 
trong non-circular motions. Fig. 1 shows that ALESS3.1 and 
LESS9.1 exhibit double-horn profiles with moderately asym- 
etric amplitude; we note that asymmetric profiles are com- 
only observed in most regularly rotating nearby discs and satel- 
ites, and do not impact their dynamics significantly (e.g. A. B.
atts et al. 2020 ; N. Yu et al. 2022 ). In addition, while the high-
esolution 870μm continuum in both galaxies shows distinct sub- 
tructure, we see no evidence that these dusty substructures have 
inematics that deviate from the strong bulk rotation. This may 
mply that the 870μm-detected substructures are coherent (lend- 
ng support for dusty bars/rings/spiral arms) rather than repre- 
enting, e.g. distinct merging components. We note that based on 
he short dynamical time-scales we estimate for these galaxies, 
here could have been a merger or interaction that triggered the
urrent burst of dusty star formation as recently as ∼ 40 Myr ago
see Table 5 ) and the kinematics might still have had sufficient
ime to resettle into discs. 
Interestingly, despite the evidence for recent interactions, we 
lso find that the galaxies are dynamically cold with Vmax / σ

 5. This is consistent with values for z = 0 gas-rich galax-
es with moderate masses (P. E. Mancera Piña et al. 2025 ).
otably, ALESS3.1 and ALESS9.1 possess high stellar masses 
log (M� /M�) > 11 ). M. Kohandel et al. ( 2024 ) suggest from
heir theoretical models that the most-massive galaxies at z � 5 
ill display greater rotational support compared to less-massive 
alaxies. It is plausible that these galaxies, potentially accreting 
ass during ongoing interactions, will dynamically settle further 
s their mass increases. Such evolution might contribute to a 
eduction in their velocity dispersions and further reinforce their 
ynamically cold nature. 
Overall, given the identification of nearby companions and 
orphological signatures of interactions in the NIRCam and 
70μm imaging, together with robust fits to rotating disc models 
nd high ratios of ordered-to-random motion, these sources illus- 
rate that dynamically cold discs traced by cool gas can, in some
ases, coexist with signs of recent interactions. In other words, 
t is important to emphasize that the presence of a disc does
ot preclude a dusty star-forming galaxy from having a merger 
r interaction origin, especially for systems at high redshift with 
ubstantial gas fractions. Such observations reinforce the notion 
hat merger-driven assembly and dynamically cold disc forma- 
ion are not incompatible in the early Universe. 

.2 Testing star formation relations at z ∼ 3 

n Section 3.4 , we examined spatially resolved star formation 
elations on kiloparsec scales for ALESS3.1 and ALESS9.1 and 
ound that the data are offset from the star formation relation
rom M. R. Krumholz et al. ( 2012 ) and more consistent with the D.
. Salim et al. ( 2015 ) model, which accounts for turbulence. Why
ight this be? In the M. R. Krumholz et al. ( 2012 ) star formation
elation, accounting for the average free-fall time in each region 
eans that the differing three-dimensional sizes and internal 
lumping are considered. However, gravo-turbulent models take 
his a step further, incorporating the critical importance of turbu- 
ence in defining how stars form by incorporating a multi-free- 
all correction factor. In effect, these laws consider that gas with
reater density has a shorter free-fall time, and thus forms stars at
 higher rate. One advantage of multi-free-fall models is that the
arge dynamic range they allow can be better suited at z > 2 in
as-rich starburst environments (S. E. Meidt et al. 2025 ). Indeed,
e find that ALESS3.1 and ALESS9.1 lie close to the D. M. Salim
t al. ( 2015 ) relation. 
Further, it is interesting to note that the two formalisms lead

o qualitatively different interpretations. Our derived value of the 
ingle -free -fall efficiency is ≈ 10 × larger than the canonical value
f ∼1 per cent, whereas we find our multi-free-fall efficiency to
e similar to the canonical value of ∼0.5 per cent. The single-
ree-fall model therefore suggests that star formation proceeds 
ore efficiently in ALESS 3.1 and 9.1, whereas the multi-free- 
all model suggests that star formation in these galaxies is similar
o that in the local Universe once the turbulent density structure
f the star-forming gas is accounted for. In other words, we find
hat turbulence reduces the net star formation efficiency relative 
o the standard case. However, this should not be interpreted as
 universal suppressive effect of turbulence: depending on the 
roperties of the density PDF, turbulence can both inhibit and 
nhance star formation (e.g. C. Federrath et al. 2016 ; P. Sharda
t al. 2022 ). 
We note that our resolution is not high enough to resolve indi-
idual star-forming clumps (100–200 pc), which may impact the 
nterpretation of velocity dispersion. In particular, it is possible 
hat the Mach numbers we measure on kiloparsec scales are 
reater than they would be on cloud scales as the velocity dis-
ersions are effectively measured at the molecular cloud complex 
cale. Specifically, the Mach numbers measured for Milky Way 
olecular clouds are only of order ∼25 (compared to ∼200 for
ur sources). However, more vigorous star formation causes more 
iolent gas turbulence, so the Mach numbers would be expected 
o be greater for more highly star-forming galaxies like SMGs. 
ndeed, our measured Mach numbers are consistent with those 
f local ULIRGs ( ∼200; e.g. R. Genzel et al. 2010 ). 
We also note that the star formation relations tested in this
ork that account for free-fall are bottom-up models, meaning 
hat they are built from smaller cloud scales to explain star forma-
ion rates, although they still yield valuable insights when applied 
o larger scales. There are also examples of top-down models, 
hich instead go from larger (galaxy) scales to smaller (cloud) 
cales (e.g. E. C. Ostriker & C.-G. Kim 2022 ; C.-A. Faucher-
iguère, E. Quataert & P. F. Hopkins 2013 ). Another example
f top-down models are the volumetric star formation relations, 
uch as C. Bacchini et al. ( 2019 ), which require an estimation of 
he scale height of the disc, which is in turn set by the turbulence
f the ISM. Observationally estimating these factors is outside the 
cope of this work and unfeasible at the resolution of the obser-
ations. Nevertheless, both the bottom-up and top-down models 
oint to turbulence playing an important role in modulating the 
tar formation rate in galaxies. 
In addition to the above considerations, there are several more 
eneral assumptions that underpin these results. One of these is 
he excitation ratios, for which, as discussed in Section 3.4 , our
onclusions would not change if we used alternative values. An 
dditional assumption is the adoption of a CO-to-H2 conversion 
actor. The value of αCO = 1M� (K km s−1 pc2 )−1 was chosen to 
e consistent with the literature on SMGs (e.g. G. Calistro Rivera
t al. 2018 ; J. E. Birkin et al. 2021 ; M. Frias Castillo et al. 2022 ;
MNRAS 550, 1–18 (2026)
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. J. Taylor et al. 2024 ; A. Amvrosiadis et al. 2025 ). If we had
nstead used a much larger value of αCO , for example αCO =
 . 0 ± 0 . 1M� (K km s−1 pc2 )−1 from L. Dunne et al. ( 2022 ), our
ata would then become consistent with the M. R. Krumholz et al.
 2012 ) star formation relation without the need to incorporate
dditional model complexity. However, the L. Dunne et al. ( 2022 )
alue is in tension with previous estimates based on resolved
ynamics of SMGs (J. A. Hodge et al. 2012 ; G. Calistro Rivera
t al. 2018 ; A. Amvrosiadis et al. 2025 ). This, combined with our
wn limits based on the galaxies’ dynamical masses (as discussed
n Section 3.3 ), leads us to prefer αCO ∼ 1M� (K km s−1 pc2 )−1 
s the most suitable conversion factor for this study, with the
cknowledgement that any choice of αCO has significant impact
n such tests of the star formation relations. 
Finally, our analysis necessarily assumes constant excitation

atios, αCO conversion factors and dust temperatures throughout
he (resolved) galaxies. It is likely that these factors vary within
he galaxies, which would impact the resolved star formation
elations derived. For example, if we would take the dust tem-
erature to be hotter in the centre of the galaxies than in the
utskirts (e.g. G. Calistro Rivera et al. 2018 ; T. Tsukui et al. 2023a ;
. A. Boogaard et al. 2026 , cf. M. Rybak et al. 2020 ), the relations
ould steepen due to a greater range of �SFR . If we would assume
hat the excitation ratio changes within the galaxy, as it may if 
he CO(1–0)-traced reservoir is more extended than mid- J CO
eservoirs (e.g. R. J. Ivison et al. 2011 ), this would steepen the
elation due to a smaller range of �gas . Lastly, if we assume a
ower αCO in the centres (e.g. K. M. Sandstrom et al. 2013 ; Y.-H.
eng et al. 2023 ), this may also steepen the relation (again due
o a smaller range of �gas ). These effects may therefore affect the
onclusions relating to the differences in depletion times and εff 
etween the centres and outskirts of our sources. While testing
hese assumptions is beyond the scope of this work, they can
egin to be addressed with resolved, multi-band and/or multi-
 data [e.g. the future multi-band 1 kpc-scale dust continuum
LESS-JWST study 2025.1.00761.S (PI: Westoby)]. 
With the assumptions we have taken, the data presented here

herefore suggest that accounting for turbulence is important,
ven in galaxies that appear dynamically cold. Cosmological hy-
rodynamic simulations (e.g. K. Kraljic et al. 2024 ) emphasize
ow both environmental (mergers) and internal (gas fractions)
onditions leave an imprint on star formation relations. Stellar
eedback, galactic dynamics and interaction-triggered stirring are
ll potentially driving the turbulence inside these galaxies (e.g. M.
. Krumholz et al. 2018 , O. Ginzburg et al. 2022 ). Future studies
f larger samples of galaxies with low- and mid- J CO transitions
e.g. the NOEMA3D program (PI: Tacconi), J.-B. Jolly et al. 2026 ,
nd the ALMA CONDOR Large Program 2024.1.00100.L (PI:
izzo)] will help shed further light on the role of turbulence at
igh redshift. 

 CONCLUSIONS  

e present CO(5–4) and CO(4–3) ALMA imaging for three
ubmillimetre-bright, dusty star-forming galaxies from the
LESS sample: ALESS3.1, ALESS3.1-comp and ALESS9.1. These
ata complement existing high-resolution ALMA 870μm contin-
um imaging (J. A. Hodge et al. 2016 , 2019 ) and JWST NIRCam
nd MIRI imaging from the ALESS-JWST program (J. A. Hodge
t al. 2025 ; J. Li et al. 2026 ). This resolved multi-tracer study
heds new light on the properties of these galaxies and helps to
ridge the gap between models and observations. We map their
NRAS 550, 1–18 (2026)
olecular gas morphology on kiloparsec scales and, for the two
ources with the highest-S/N CO observations (ALESS3.1 and
LESS9.1), we conduct kinematic modelling and use them to
nvestigate resolved star formation relations at high redshift. Our
ndings are: 

(i) We spectroscopically confirm the redshift of ALESS3.1-
omp and find it to be close to the redshift of ALESS3.1, indicating
his system is possibly caught in an ongoing interaction. 
(ii) We find that the CO-traced molecular gas broadly follows

he morphology of the 870μm dust continuum. Notably, dusty
ubstructures, such as the northwestern arm/tidal feature in
LESS3.1, that were previously identified in the dust continuum
nd NIRCam imaging are also seen in CO. 
(iii) Our resolved curve-of-growth analysis reveals that the
olecular gas reservoirs are 1.5–3.5 times more extended than
he dust continuum ( Re , CO /R870µm 

= 2 . 2+0 . 6 
−0 . 5 ), exhibiting a spatial

xtent comparable to the rest-frame near-infrared stellar emission
een in the NIRCam F444W imaging ( Re , CO /Re , F444W 

= 0 . 9+0 . 2 
−0 . 1 ).

he Sérsic indices for ALESS3.1 and ALESS9.1 ( n ∼ 0 . 7 ) indi-
ate gas morphologies closer to an exponential disc rather than
 bulge. 
(iv) Our kinematic modelling with 3D BAROLO demonstrates

hat ALESS3.1 and ALESS9.1 are dynamically cold rotating
iscs ( Vmax / σ � 5 ) that are baryon-dominated on disc scales.
hese findings, in combination with the evidence for merger
ctivity/interactions, reinforce that ordered rotation and merger-
riven assembly are not mutually exclusive, as gas can rapidly
esettle into a disc following an interaction. 
(v) Our resolved, kiloparsec-scale study of star formation re-

ations demonstrates that, with current assumptions, including
urbulence is crucial for accurately modelling star formation for
usty galaxies at high redshift. While the data for ALESS3.1 and
LESS9.1 are offset from star formation relations that do not take
urbulence into account, they align with gravo-turbulent models
hat include a multi-free-fall correction factor which acknowl-
dges that turbulence regulates the rate and time-scale of star
ormation across different densities. Internal turbulence remains
 critical regulator of star formation even in systems that appear
o be dynamically cold rotating discs. 

Our study shows that the synergy between ALMA and JWST
rovides a holistic view of dusty star-forming galaxies in the early
niverse and allows us to peer through the dust to witness the
ymphony of the star formation and gas dynamics that shape
hem. 
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PPENDIX  A:  ALESS17.1 :  A  SMG  AT  z = 2 . 574 
EHIND  A  LIRG  AT  z = 1 . 538 

n additional source, ALESS17.1, was targeted in the ALMA
roject 2022.1.00955.S (PI: Hodge), which is the basis of our
tudy. ALESS17.1 comprises a disturbed near-face-on, optically
right spiral galaxy with faint submillimetre emission (which we
ill refer to as ALESS17.1-opt) and an apparently edge-on sub-
illimetre bright, but optically undetected, source (ALESS17.1-
ubmm) which intersects the spiral disc at a radius of ∼ 0.8 arcsec
r ∼ 7 kpc (Fig. A1 ; J. A. Hodge et al. 2016 , 2019 ). ALESS17.1-
pt is associated with a Chandra X-ray active galactic nucleus
log L0 . 5 −8keV, corr = 43 . 1 erg s−1 , S. X. Wang et al. 2013 ). 
The bright submillimetre emission from this system was orig-

nally identified with ALESS17.1-opt on the basis of an ALMA
osition from the low-resolution Cycle 0 870μm survey of J. A.
odge et al. ( 2013 ), but subsequent higher resolution 870μm
LMA observations showed the submillimetre emission was off-
et from ALESS17.1-opt (J. A. Hodge et al. 2016 ). A spectroscopic
edshift of z = 1 . 5397 was obtained for ALESS17.1-opt from the
etection of redshifted H α emission by A. L. R. Danielson et
l. ( 2017 ), supported by an earlier photometric redshift of z =
 . 5+0 . 10 

−0 . 07 from J. M. Simpson et al. ( 2014 ), with subsequent integral-
eld spectroscopy demonstrating that the H α emission extended
cross the location of ALESS17.1-submm (C.-C. Chen et al. 2020 ).
he apparent association of ALESS17.1-submm with ALESS17.1-
pt was strengthened by the detection of CO(2–1) line emission
t z = 1 . 538 by J. E. Birkin et al. ( 2021 ) in ∼ 1 arcsec -resolution
LMA Band 3 observations. 
More recently, JWST imaging of this system by J. A. Hodge et
l. ( 2025 ) identified a red stellar counterpart to the bright sub-
illimetre source ALESS17.1-submm, which is undetected with
he Hubble Space Telescope . The very red F200W−F444W colour
f ALESS17.1-submm and its brightness at 870μm are rare for a
ubmillimetre galaxy at z ∼ 1 . 5 , but could perhaps be accounted
or by an apparent edge-on orientation in an unusual orthogonal
ajor merger, and so these do not preclude the assignment of 
 redshift of z ∼ 1 . 54 to ALESS17.1-submm. Hence this system
as targeted as part of our study in CO(5–4) at z ∼ 1 . 54 using
LMA Band 6. However, these high-resolution observations only
howed a faint emission line at 227.06 GHz at the position of 
LESS17.1-opt corresponding to CO(5–4) at z = 1 . 538 (Fig. A1 ).
his line has a flux of 0.68 ± 0.11 Jy km s−1 and a FWHM =
10 ± 40 km s−1 (consistent with the CO(2–1) line width in J. E.
irkin et al. 2021 ), implying a CO luminosity of L′ 

CO(5 −4) = (35 ±
) × 108 K km s−1 pc2 . The optical spectral and CO properties of 
LESS17.1-opt are consistent with those seen for typical massive
usty, star-forming galaxies at z ∼ 1 . 5 (J. E. Birkin et al. 2021 ). 
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Figure A1. Left: NIRCam RGB image from J. A. Hodge et al. ( 2025 ) with positions of both ALESS17.1-submm indicated and 870µm contours from 

J. A. Hodge et al. ( 2019 ) at 5, 20, and 35 σrms . 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. 
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The non-detection of redshifted CO(5–4) emission from 

LESS17.1-submm is inconsistent with the submillimetre source 
ying at z ∼ 1 . 5 . 4 We therefore searched the ALMA archive for ad-
itional data that might help constrain the redshift of ALESS17.1- 
ubmm. We analysed shallow Band 3 and 4 observations (120 s
nd 90 s integrations, respectively) from project 2021.1.00024.S 
PI: Bauer) which cover ALESS17.1 and identified two faint emis- 
ion lines at 96.7974 GHz and 161.2171 GHz (Fig. A1 ) at the posi-
ion of ALESS17.1-submm (see also S. J. McKay et al. 2026 ). The
wo lines correspond to redshift CO(3–2) and CO(5–4) emission 
nd yield a redshift of z = 2 . 574 ± 0 . 002 for ALESS17.1-submm.
he CO(5–4) line has a ∼ 7 σ significance and a line flux of 
.54 ± 0.12 Jy km s−1 , but lies near the edge of the spectral cover-
ge, while the CO(3–2) line was observed in two separate tunings
nd is detected at ∼ 3- σ significance in each observation and 4.5 σ
n the summed spectrum with a line flux of 0.36 ± 0.07 Jy km s−1 .
 Excess flux is seen at the position of ALESS17.1-submm in our ALMA 

and 6 observations starting at 227.0 GHz (the central frequency of the 
pectral window) and extending ∼ 1.0 GHz to the edge of the spectral 
indow with almost constant amplitude and a morphology similar to that 
een for ALESS17.1-submm’s dust continuum at 870 µm and 1300µm. 
itting a Gaussian profile to this feature assuming it is CO(5–4) yields a 
edshift of z = 1 . 546 with a FWHM ∼ 1280 ± 280 km s−1 at a nominal 7 σ
ignificance. However, there is no corresponding broad line seen in the 
eep archival CO(2–1) observations at the position of ALESS17.1-submm 

ndicating that this broad feature is unlikely to be CO(5–4) emission. We 
ave checked for instrumental or calibration artefacts that might have 
aused this feature, but none were found, and we conclude that it is most 
ikely a transient instrumental artefact, although its underlying cause 
emains unknown. 
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his CO-based redshift is also supported by a JWST -based pho-
ometric redshift of z ∼ 2 . 57 by J. Li et al. ( 2026 ) for ALESS17.1-
ubmm. 
We conclude that the redshift for the bright submillimetre 
alaxy ALESS17.1 is z = 2 . 574 , with the source lying in close
roximity to a foreground LIRG-like galaxy (ALESS17.1-opt) at 
 = 1 . 538 . Further study of this source will be possible from the
ngoing ALMA project 2025.1.00761.S (PI: Westoby) observing 
he dust continuum in ALESS17.1, which will serendipitously 
bserve redshifted [C i ] and CO(7–6) emission at z = 2 . 574 . 

PPENDIX  B:  CONTINUUM  MAPS  AND  

LESS3.1  CO(4–3)  MAPS  

he continuum maps for the three targets from the main text are
hown in the third column of Fig. B1 . 
The lower-resolution ( ∼4kpc) CO(4–3) maps for ALESS3.1 and 
LESS3.1-comp are shown in Fig. B2 to give an impression of 
he extent and significance of the detections, and the information 
bout these maps is shown in Table B1 alongside the information
or the CO(5–4) maps for comparison. The CO(4–3) images have 
 beam size of 0.47 arcsec × 0 . 27 arcsec and an RMS per channel
f 230 μJy beam−1 . 
MNRAS 550, 1–18 (2026)
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ALESS3.1 CO(5-4) 870µm NIRCam RGB CO, 870µm, RGB, 
2170µm

ALESS3.1-comp 
CO(5-4)

870µm NIRCam RGB

ALESS9.1 CO(4-3) 870µm NIRCam RGB

2170µm

2170µm

3260µm

CO, 870µm, RGB, 
2170µm

CO, 870µm, RGB, 
3260µm

Figure B1. Multi-tracer imaging consisting of the CO moment zero maps (first column), 870µm continuum (second column), continuum un- 
derlying the CO observations used in this work (third column: ALESS3.1 and ALESS3.1-comp 2170µm, ALESS9.1 3260µm), and the NIRCam 

RGB(F444W/F356W/F200W) image (fourth column). The contours start at 2 σrms and increase in powers of
√ 

2 . The fifth column presents an overlay of 
all maps, with contours corresponding to the mid- J CO cyan, 870µm continuum red and ∼2–3 mm continuum green. 

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 2 σrms 
and increase in σrms steps. 
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Table B1. Results from the naturally weighted imaging for both the CO
comp. Flux is measured using the same apertures on the zeroth-momen

Source ID CO line Band Flux (Jy km s−1 ) FW

ALESS3.1 CO(5–4) 4 1.62 ± 0.14 
CO(4–3) 3 2.07 ± 0.19 

ALESS3.1-comp CO(5–4) 4 0.23 ± 0.05 
CO(4–3) 3 0.22 ± 0.06 
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PPENDIX  C:  ALTERNATIVE  METHOD  –
YNAMICAL  MASS  

n Section 3.3 , we find our estimates of the dynamical masses for
LESS3.1 and ALESS9.1 to be consistent within the uncertainties
ith the gas and stellar masses derived for the galaxies from the
ED modelling (J. Li et al. 2026 ). 
However, the estimates of the dynamical masses reported in

his paper are subject to significant uncertainties arising from as-
umptions of the approach. For instance, the calculations assume
hat the galaxies have a single characteristic flat velocity (unlike
he observed rotation curves for these galaxies), and that the stel-
ar and gas discs are one single combined thin mass component. 
To relax the above assumptions, we perform the exercise of 
omparing the circular speed profiles of our galaxies with those
enerated by the gravitational potential of our stellar and gas
isc mass distributions. This alternative method is similar to the
tandard rotation curve decomposition approach at low redshift,
ut note that we do not perform a full mass modelling. Instead,
e simply compare the gravitational potential of our discs with
hat inferred from our kinematic observations. 
For this, we follow P. E. Mancera Piña et al. ( 2022 , 2025 ), and
se the software galpynamics (G. Iorio 2018 ), which computes
he potential and circular speed arising from our stellar and gas
(5–4) and CO(4–3) emission lines for ALESS3.1 and ALESS3.1- 
t maps. FWHM is calculated from Gaussian fitting of the spectra. 

HM (km s−1 ) SNR L′ 
midJ −CO ( 10

11 K km s−1 pc2 ) 

677 ± 68 11.45 0.33 ± 0.03 
776 ± 76 10.72 0.65 ± 0.06 

187 ± 43 5.07 0.05 ± 0.01 
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). 
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5 The continuum underlying the CO(4–3) line in ALESS9.1 (3260µm) lies 
further into the Rayleigh–Jeans tail than that of ALESS3.1 (2170µm) and 
the significance of the continuum detection is lower (as seen in Fig. B1 ) 
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iscs. For both components, we consider Sérsic discs. The stellar 
isc is defined by the parameters reported for the GALFIT mod-
lling of the F444W emission in J. A. Hodge et al. ( 2025 ) and the
as disc is defined by the Sérsic modelling in Section 3.2 . We also
ssume a realistic thickness of 500 pc, which is consistent with
he thickness of local and high-redshift galaxies with similar mass
nd Vmax / σ as our galaxies (P. E. Mancera Piña et al. 2022 ; C. Bac-
hini et al. 2024 ). Finally, the mass of our gas disc is normalized
o an αCO value of 1 M� (K km s−1 pc2 )−1 . 
Fig. C1 compares the circular speed provided by the baryons 

stars in orange, gas disc in blue, total in red) with the ob-
erved circular speed of our galaxies (green markers). For 
LESS3.1, we can see that the fiducial stellar mass and αCO = 

M� (K km s−1 pc2 )−1 match nicely our observations, especially 
n the outer parts. The mismatch in the inner parts is potentially
ue to a bulge, which is implied for both ALESS3.1 and ALESS9.1
y the GALFIT residuals (see fig. 5 in J. A. Hodge et al. 2025 ). For
LESS9.1, the need for a low αCO value is much more dramatic, as
he gravitational potential provided by the stellar disc is enough to
xplain the kinematics. We have performed additional tests (not 
hown), finding that if we reduce the stellar mass by three sigma,
hen there is room for αCO = 0.5 M� (K km s−1 pc2 )−1 . While we
o not perform a full rotation curve decomposition, our analysis 
hows clear dynamical evidence of low αCO values in our galax- 
es. This alternative method indicates αCO � 1 , consistent with 
he estimated 2 σ limit of αCO � 1 . 2 in Section 3.3 and providing
urther support to our adoption of αCO = 1M� (K km s−1 pc2 )−1 
or the calculation of the total gas mass in Section 3.1 and in the
esolved angular regions in Section 3.4 . 
It is worth noting that the stellar masses derived from the

ntegrated SED modelling (Table 1 ; J. Li et al. 2026 ) are impacted
y assumptions made about the IMF and SFH, presenting a key
aveat to this alternative method. In particular, MAGPHYS, along 
ith other SED codes, does not incorporate uncertainties from 

he choice of IMF into the uncertainties estimated for stellar 
asses, and accounting for IMF uncertainty would increase the 
rrors in the mass-to-light ratio and therefore in the mass mod-
ls. Additionally, the SFH parametrization in MAGPHYS rises 
inearly at early ages and then declines exponentially. Random 

ursts of star formation are also superimposed onto the SFH. 
herefore, the MAGPHYS model library accounts for a wide 
ange of SFHs which is crucial to sample all possible mass-to-
ight ratios and so robustly constrain it (E. Da Cunha et al. 2015 ).
. J. Hainline et al. ( 2011 ) and more recently Z. R. Jones, E.
unha & A. J. Battisti ( 2026 ) find the chosen SFH of a model can
ave a significant effect on the stellar mass, although galaxies at
igher redshifts are relatively insensitive to the SFH prior as the
ange of possible SFHs is reduced due to the shorter time since
he galaxies’ formation. The potential impact of these systematic 
ncertainties from the MAGPHYS choice of IMF and range of 
FH on the stellar mass would further discourage exact determi- 
ation of αCO from our dynamical mass estimates and should be 
onsidered when interpreting the pseudo-rotation curve method 
esults. 

PPENDIX  D:  ALTERNATIVE  METHOD  –
ODIFIED  BLACKBODY  STAR  FORMATION  

ELATIONS  

otivated by the proposed empirical link between CO(5–4) and 
ense gas (E. Daddi et al. 2015 ), we also estimate gas masses from
ust masses derived via modified blackbody modelling of high- 
esolution continuum ( 870μm and the continuum underlying 
he CO), adopting the SMG gas-to-dust ratio ( δgdr /αCO = 63 ± 7 ,
. E. Birkin et al. 2021 ). We also estimate star formation rate from
he modified blackbody modelling and use the conversion factor 
rom E. J. Murphy et al. ( 2011 ). While the dust temperature of 
LESS9.1 is unconstrained due to insufficient data, 5 the inferred 
as surface densities and star formation rates from ALESS3.1 are 
onsistent with the CO-based estimates (Fig. D1 ). 
MNRAS 550, 1–18 (2026)
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M

Figure D1. Star formation relations for ALESS3.1, showing the MBB-driven results (triangle), in comparison with the CO(5–4)-driven Mgas and 870µm- 
driven SFRs (circle, as in Fig. 5 ). 
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