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A B S T R A C T 

We present high-resolution ( ∼ 0 . 14 arcsec = 710 pc) Atacama Large Millimetre/submillimetre Array [C II ] 158 μm and 

dust continuum follow-up observations of REBELS-25, a [C II ]-luminous ( L [CII] = (1 . 7 ± 0 . 2) × 10 

9 L �) galaxy at redshift 
z = 7 . 3065 ± 0 . 0001. These high-resolution, high signal-to-noise observations allow us to study the sub-kpc morphology 

and kinematics of this massive ( M ∗ = 8 

+ 4 
−2 × 10 

9 M �) star-forming (SFR UV + IR 

= 199 

+ 101 
−63 M �yr −1 ) galaxy in the Epoch of 

Reionization. By modelling the kinematics with 

3D BAROLO , we find it has a low-velocity dispersion ( ̄σ = 33 

+ 9 
−7 km s −1 ) 

and a high ratio of ordered-to-random motion ( V rot, max / ̄σ = 11 

+ 6 
−5 ), indicating that REBELS-25 is a dynamically cold disc. 

Additionally, we find that the [C II ] distribution is well fit by a near-exponential disc model, with a S ́ersic index, n , of 1 . 3 ± 0 . 2, 
and we see tentative evidence of more complex non-axisymmetric structures suggestive of a bar in the [C II ] and dust continuum 

emission. By comparing to other high spatial resolution cold gas kinematic studies, we find that dynamically cold discs seem 

to be more common in the high-redshift Universe than expected based on pre v ailing galaxy formation theories, which typically 

predict more turbulent and dispersion-dominated galaxies in the early Universe as an outcome of merger activity, gas accretion, 
and more intense feedback. This higher degree of rotational support seems instead to be consistent with recent cosmological 
simulations that have highlighted the contrast between cold and warm ionized gas tracers, particularly for massive galaxies. We 
therefore show that dynamically settled disc galaxies can form as early as 700 Myr after the big bang 

K ey words: galaxies: e volution – galaxies: high-redshift – galaxies: kinematics and dynamics. 
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 I N T RO D U C T I O N  

n the current picture of galaxy formation, galaxies in the early
niverse should be more dominated by turbulent motion than their

ower redshift counterparts as a result of an increase in merger
ctivity and more violent gas accretion (Conselice, Rajgor & Myers
008 ; Dekel et al. 2009 ), as well as more intense active galactic
uclei (AGNs) and stellar feedback (e.g. Hayward & Hopkins 2017 ;
elson et al. 2019 ). With the advent of the Hubble Space Telescope

 HST ), high angular resolution rest-frame UV images of redshift
 > 1 galaxies indeed revealed more clumpy and irregular morpholo-
ies (e.g. Conselice, Chapman & Windhorst 2003 ; Elmegreen &
lme green 2005 ; P apo vich et al. 2005 ; Conselice et al. 2008 ), in
omparison to the rotationally supported disc galaxies that make up
0–80 per cent of the z ∼ 0–1 Universe (e.g. Kassin et al. 2012 ;
isnioski et al. 2015 ; Swinbank et al. 2017 ). In addition, multiple

ntegral field (IFU) surveys of warm ionized gas kinematics have
ound that the turbulence (as measured by the velocity dispersion, σ ,
 E-mail: lro wland@strw.leidenuni v.nl 
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f the gas) within galaxies increases from z = 0 to z ∼ 3, and that
he degree of rotational support (rotational velocity over velocity
ispersion, V rot /σ ) decreases o v er the same redshift range (e.g.
isnioski et al. 2015 , 2019 ; Di Teodoro, Fraternali & Miller 2016 ;

ohnson et al. 2018 ; Übler et al. 2019 ). 
While these studies of the z < 3 Universe are in line with theoret-

cal expectations, a growing body of work on early ( z > 3) massive
 M ∗ � 10 9 − 10 10 M �) galaxies begins to challenge this picture in
he more distant Universe. The JWST , with its unprecedented high-
ngular resolution and sensitivity in the near- and mid-infrared, has
o w re vealed more massi ve ( M ∗ � 10 9 –10 10 M �) disc-like galaxies
t z > 6 (Adams et al. 2022 ; Akins et al. 2023 ; Atek et al. 2023 ; Casey
t al. 2023 ; Labb ́e et al. 2023 ; Rodighiero et al. 2023 ) than predicted
rom HST observations, hinting that significant disc formation may
ave occurred much earlier than expected. Similarly, both JWST and
he Atacama Large Millimetre/submillimetre Array (ALMA) have
bserved an increasing number of dynamically cold disc galaxies at
 > 3 (Smit et al. 2018 ; Sharda et al. 2019 ; Neeleman et al. 2020 ,
021 , 2023 ; Rizzo et al. 2020 , 2021 ; Fraternali et al. 2021 ; Lelli
t al. 2021 ; Tsukui & Iguchi 2021 ; de Graaff et al. 2024 ; Pope et al.
023 ; Posses et al. 2023 ; Roman-Oliveira, Fraternali & Rizzo 2023 ;
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arlanti et al. 2024 ; Übler et al. 2024 ; Xu et al. 2024 ). Cosmological
imulations often struggle to reproduce these findings, with simulated 
otationally supported gas discs typically only forming at z � 2 
Pillepich et al. 2019 ; Simons et al. 2019 ). 

These discrepancies and recent disco v eries hav e made the early
uild-up of galaxies a forefront challenge in extragalactic astronomy 
oday. To address the tension between observations and theory, some 
tudies o v er the past few years have suggested that the ‘disciness’ of
alaxies is more dependent on the mass of the halo, rather than on
he redshift (Dekel et al. 2020 ; Tiley et al. 2021 ; Gurvich et al. 2022 ;
ohandel et al. 2023 ), with gas discs only surviving in M ∗ � 10 9 M �
aloes. Ho we ver, discrepancies remain between the previous findings 
f an increase in turbulence with redshift, in comparison to the 
rowing number of disco v eries of dynamically cold discs at z > 3.
ikely explanations could include the spatial resolution, signal- 

o-noise ratio (SNR), sample selection, and kinematic tracer used 
or observations (e.g. Rizzo et al. 2022 ; Kohandel et al. 2023 ).
t has therefore become clear that deep, high spatial resolution, 
ultiwavelength observations of a range of galaxy types are critical 

o fully investigate the morphological and kinematic evolution of 
alaxies, and thus inform how galaxies build up their mass o v er
osmic time. ALMA has been fundamental in such investigations, in 
articular thanks to detections of the [C II ] (157.7 μm) far-infrared
FIR) emission line (e.g. Stacey et al. 1991 ; Malhotra et al. 1997 ,
nd see re vie w of Hodge & da Cunha 2020 ). This line is one of
he brightest interstellar medium (ISM) cooling lines, tracing the 
old ( T ∼ 100 K) neutral and molecular gas in galaxies (Shibai et al.
996 ; Stacey et al. 2010 ; Pineda et al. 2013 ; Vallini et al. 2015 ). 
The Reionization Era Bright Emission Line Surv e y (REBELS; 

ouwens et al. 2022 ) is an ALMA large programme (LP) that has
arried out spectral scans for the [C II ] line in ALMA’s Band 6
or ∼ 40 UV-bright star-forming galaxies at z ∼ 6 − 8. As well 
s multiple, significant [C II ] detections, this LP has also enabled
imultaneous dust continuum detections of these galaxies (Inami 
t al. 2022 ). This sample therefore presents an opportunity to study
ass assembly during the Universe’s last major phase transition, 

he Epoch of Reionization (EoR). This programme has highlighted 
LMA’s capabilities as a ‘redshift machine’ (see also Smit et al. 
018 ; Schouws et al. 2022 ), as well as enabling studies of, for ex-
mple, dust-obscured star formation (Fudamoto et al. 2021 ), specific 
tar formation rates (sSFR; Topping et al. 2022 ), Ly α emission
Endsley et al. 2022 ), and dust and ISM properties (Dayal et al. 2022;
errara et al. 2022 ; Sommovigo et al. 2022 ) at z > 6. Some of these
EBELS galaxies show evidence of velocity gradients in the LP data 

Schouws et al. in preparation), including REBELS-25, which is the 
ost infrared luminous and most promising rotating disc candidate 

rom the REBELS LP (Hygate et al. 2023 ). Ho we ver, at the relatively
ow ( � 1 arcsec) resolution of the LP observations, morphological 
nd kinematic classification of galaxies remains challenging (e.g. 
on c ¸alves et al. 2010 ; Simons et al. 2019 ; Rizzo et al. 2021 ). Indeed,

n Hygate et al. ( 2023 ), the angular resolution of the LP observations
f REBELS-25 ( ∼ 1 . 3 arcsec = 6 . 7 kpc) was found to be insufficient
o distinguish between a rotating disc and a merger scenario. In
ddition, analysis of HST rest-frame UV observations by Stefanon 
t al. ( 2019 ) revealed a clumpy UV morphology for this galaxy,
hich could be indicative of a merger. For these reasons, follow-up 
igh resolution [C II ] and dust continuum observations have been 
btained for REBELS-25 (ID 2021.1.01603.S, PI: J. Hodge) and 
lanned/e x ecuted for a subsample of other [C II ]-luminous REBELS
alaxies (ID 2022.1.01131.S, PI: R. Smit). 

In this work, we present the morphological and kinematic analysis 
t sub-kpc resolution for REBELS-25. Analysis of the remaining 
igh resolution REBELS subsample will be the focus of subsequent 
orks (Phillips et al. in preparation). In Section 2 , we discuss the
bservations and the data reduction used in this high-resolution 
ollow-up analysis of REBELS-25. In Section 3 , we present the
orphological analysis of REBELS-25, and then in Section 4.1 we 

resent the methodology used to investigate its kinematics, with the 
est-fitting models and tests used to distinguish between the merger 
nd rotating disc scenario discussed in Section 4.2 . In Section 5 , we
iscuss and interpret our findings and make comparisons to other 
imilar studies, and finally in Section 6 we summarise our main
esults and their implications. Throughout the paper, we adopt a 
tandard � CDM cosmology with Hubble constant H 0 = 70 km s −1 

pc −1 , matter density �m 

= 0 . 3 and vacuum energy �� 

= 0 . 7. At
he redshift of REBELS-25, this corresponds to a luminosity distance 
f 72 519 Mpc. 

 OBSERVATI ONS  

EBELS-25, also known as UVISTA-Y-003 or UVISTA-Y3 (Ste- 
anon et al. 2019 ; Schouws et al. 2022 ), has J2000 RA, Dec.
oordinates of 10 h 00 m 32 . 32 s , + 01 ◦44 ′ 31 . ′′ 3 from rest-frame UV
maging (Stefanon et al. 2019 ) and a [C II ] spectroscopic redshift
f z = 7 . 3065 ± 0 . 0001 (Bouwens et al. 2022 ). Analysis of the
EBELS LP data of this galaxy has been detailed in Hygate et al.
 2023 ). Here, we present the sub-kpc resolution observations used to
urther investigate the nature of this source. 

.1 ALMA data reduction and imaging 

he high-resolution Band 6 observations of REBELS-25 were 
btained in ALMA Cycle 8 with ID 2021.1.01603.S (PI: J. Hodge).
hese observations were carried out in No v ember 2021 in the C-6
onfiguration, under good weather conditions (typical precipitable 
ater vapour of 0.4 mm). The baseline lengths spanned between 
1.4 m and 3.6 km, resulting in a maximum reco v erable scale
MRS) of ∼ 1 . 7 arcsec and an angular resolution of ∼ 0 . 1 arcsec. In
otal, 256.67 min were spent on source. The calibration and flagging
ere done using the standard pipeline running on CASA (Common 
stronomy Software Applications for Radio Astronomy; The Casa 
eam et al. 2022 ) version 6.2.1.7, and we use the same pipeline
ersion for all subsequent imaging. Inspection of the pipeline- 
alibrated data tables revealed data of high quality, and the uv-data
ere therefore used without further modification to the calibration 

cheme or flagging. This Cycle 8 data set contains a spectral window
o v ering the [C II ] line with a bandwidth of 1875 MHz, and three other
pectral windows for detecting the FIR dust continuum surrounding 
he line ( ∼ 150 μm), each with a bandwidth of 2000 MHz. 

To obtain a [C II ] line-emission cube, we first created a continuum-
ree measurement set using the task uvcontsub with a zeroth-order 
t to line-free channels, excluding a region that is two times the
ull width at half-maximum (FWHM) of the [C II ] line. We created
 dirty line-emission cube using tclean in the ‘cube’ mode to
nd the root mean square (RMS) noise level per velocity channel
nd then produced a final line-emission cube cleaned down to two
imes this RMS noise. This cleaning was done iteratively using 
ASA ’s automask mode with the subparameters initially determined 
y the recommendations of the ALMA automasking guide 1 for long 
aselines. On inspection of the mask created for the cleaning and
he residuals produced, we lowered the ‘noisethreshold’ parameter 
MNRAS 535, 2068–2091 (2024) 
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o 4 and the ‘sidelobethreshold’ to 1.5 (both in units of the RMS)
o ensure cleaning of source emission in channels not masked in the
reliminary clean. The rest of the subparameters are left at the rec-
mmended v alues (‘lo wnoisethreshold’ = 1.5, ‘negati vethreshold’
 7, ‘minbeamfrac’ = 0.3). The native channel width of the data is
5.1 km s −1 . In the final line-cube, we bin the channels by a factor

f 3 to a channel width of ∼ 15 . 4 km s −1 , as a compromise between
ensitivity and velocity resolution. 

All imaging was carried out with a multiscale CLEAN ; a modifi-
ation of the classical CLEAN algorithm that assumes sources in the
ky are extended structures of different scales. We use a small-scale
ias of 0.9 and deconvolution scales of 0, 1 × the beam FWHM,
nd 3 × the beam FWHM. We find that the use of this multiscale
LEAN , in comparison to the default ‘hogbom’ decon volver , is more
uccessful at masking both compact and extended emission during
he cleaning process. 

A ∼ 150 μm continuum map was similarly produced from the
hannels not containing line or atmospheric emission in the ‘mfs’
ode. The cleaning was also done iteratively with automasking and

leaned down to two times the RMS noise of the dirty continuum
mage. We will refer to this continuum map as the dust continuum
ereafter. 
With the cleaning process described abo v e, we produced both

atural-weighted and Briggs-weighted line cubes and continuum
aps. The Briggs weighted images were obtained with a robust

arameter of 0.5, which is a compromise between sensitivity and
patial resolution. For the [C II ] imaging, the natural-weighted beam
ize is 0.14 arcsec × 0.13 arcsec (710 × 660 pc), and the Briggs-
eighted beam size is 0.12 arcsec × 0.10 arcsec (610 × 510 pc). For

he dust continuum, the natural-weighted beam size is 0.14 arcsec
0.13 arcsec (710 × 660 pc), and the Briggs-weighted beam

ize is 0.11 arcsec × 0.09 arcsec (560 × 460 pc). Although the
riggs-weighted imaging achieves a higher spatial resolution, the

ncreased sensitivity of the natural weighted data allows for a higher
ignal-to-noise ratio, particularly in the outer regions of the galaxy,
nd results in more resolution elements across the source, whilst
till providing sub-kpc resolution. For the subsequent analysis, we
herefore focus on the naturally weighted imaging. For the [C II ] line-
ube, the final RMS per 15 km s −1 channel is ∼ 110 μJy beam 

−1 .
or the dust continuum map, the final RMS is σ ∼5.7 μJy beam 

−1 .
e find consistent [C II ] and dust continuum flux densities, within

he uncertainties, when comparing the high resolution data with the
ow-resolution REBELS LP data. 

Whilst it would be possible to increase the sensitivity of these data
y concatenating the high resolution data set with the low resolution
P data, the combination of very different array configurations means
e would be impacted by the ‘JvM effect’ (see Jorsater & Van
oorsel 1995 ; Czekala et al. 2021 ; Posses et al. 2024 ). Whilst it is

ossible to correct for this effect (Czekala et al. 2021 ), this correction
eans that the residuals have been rescaled, and so the RMS is no

onger a true representation of the sensitivity of the observations.
he findings of Casassus & Carcamo ( 2022 ), in particular, caution
gainst the use of this JvM correction. Since the focus of this paper
s a morphological and kinematic analysis, with tools dependent
n some SNR masking, these rescaled residuals would impact all
ubsequent analysis. For these reasons, we choose not to combine
he low and high resolution imaging, although we discuss tests using
 JvM-corrected, concatenated [C II ] line cube (as well as line cubes
ith different weighting schemes and different channel binnings) in
ppendix A. Overall, we find that the main results and conclusions
f this paper are robust against the data set and reduction process
sed. 
NRAS 535, 2068–2091 (2024) 
.2 Rest-frame UV imaging 

n order to compare the [C II ] and dust continuum morphology with
he rest-frame UV emission, we also make use of the HST Wide
ield Camera 3 (WFC3) F160W imaging from the COSMOS-DASH
urv e y (PID 13868, PI: D. Kocevski). Details of the HST imaging
xtracted from the COSMOS-DASH mosaic (Mowla et al. 2019 ) and
he astrometry correction are given in Hygate et al. ( 2023 ). 

 M O R P H O L O G Y  

n Fig. 1 , we present the [C II ], dust and rest-frame UV morphology
f REBELS-25 at sub-kpc resolution. The [C II ] emission reveals
 clear extended disc, whereas the rest-frame UV morphology
an be separated into clumps that are offset from the [C II ] and
ust continuum. Both the [C II ] and dust maps show an inner,
right region that is misaligned from the extended gas disc. In the
ollowing sections, we detail the fitting tools used to investigate these
orphological features. 

.1 [C II ] morphology 

o investigate the morphology of the [C II ] emission in REBELS-
5, we use the CASA task immoments to create a moment-0 map
y integrating a spectral region covering 2 × FWHM of the [C II ]
ine emission for the naturally weighted line cube (Fig. 1 ). From
his moment-0 map, we find a peak SNR of 14.3. We then fit a 2D
 ́ersic profile to the moment-0 map using the Astropy Sersic2D
odelling class and the task TRFLSQFitter with the models

onvolved with the beam of the observations using PetroFit (Geda
t al. 2022 ). From this fitting, we find a position angle of 224 ± 28 ◦,
n ef fecti ve radius, r e , of 0.42 ±0.06 arcsec (2 . 2 ± 0 . 3 kpc), and
 S ́ersic index, n , of 1 . 3 ± 0 . 2, indicating that the [C II ] emission
s well fit by a near-exponential disc. The best-fitting ellipticity
s 0.13 ±0.09, which corresponds to an inclination, i, of 30 + 10 

−15 
◦,

ssuming the disc is razor thin. Ho we ver, pre vious studies have found
hat high- z galaxies are likely to have thicker discs due to increased
urbulence. The assumption of a thin disc would therefore result in
n underestimation of the inclination, which subsequently impacts
he inclination-corrected velocities. 

We therefore use the CANNUBI 2 package to also fit for the
hickness and inclination of the disc. As introduced in Mancera Pi ̃ na
t al. ( 2020 ), Fraternali et al. ( 2021 ), Mancera Pi ̃ na et al. ( 2022a ),
nd Roman-Oliveira et al. ( 2023 ), CANNUBI fits the inclination ( i),
he disc thickness ( Z 0 ), the morphological centre ( x 0 , morph , y 0 , morph ),
nd morphological position angle ( PA morph ) of galactic discs. A
ore detailed description of CANNUBI is given in Roman-Oliveira

t al. ( 2023 ), but in summary, we use CANNUBI to fit the observed
C II ] flux map with resolution-matched maps of 3D tilted-ring
odel disc galaxies. This means that CANNUBI models the galaxy
orphology without a prior assumed parametric description of the

urface brightness distribution. We set a lower limit of 15 ◦ to the
tting for the inclination, which is a reasonable lower limit based
n the inclination derived above from the ellipticity fitted using
ersic2D , assuming a razor-thin disc. The best-fitting parameters

o the disc geometry are returned via a Markov Chain Monte Carlo
MCMC) routine with 30 w alk ers and run until convergence, as
stimated according to the autocorrelation times of the parameters
Goodman & Weare 2010 ). The posterior distributions from the

https://www.filippofraternali.com/cannubi


Discovery of a dynamically cold disc at z = 7 . 3 2071 

Figure 1. Left: [C II ] moment-0 map from the naturally weighted data cube, with contours showing 2, 3,...14 σRMS emission (where σRMS = 11 mJy beam 

−1 

km s −1 ). The size of the beam is indicated by the turquoise ellipse in the bottom left corner. Centre: Naturally weighted dust continuum map, with orange 
contours showing 2, 3,...10 σRMS emission (where σRMS = 5 . 5 μJy beam 

−1 ). The size of the beam is indicated by the orange ellipse in the bottom left corner. 
Right: HST WFC3 F160W image from the COSMOS-DASH mosaic (Mowla et al. 2019 ) with the [C II ] emission and dust continuum shown by the turquoise 
and orange contours, respectively. 
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ANNUBI fitting to REBELS-25 are shown in Fig. B1 , and we list
he median values and their uncertainties (from the 16th and 84th 
ercentiles) in Table 2 . 
We find that, o v erall, the [C II ] morphological parameters are well

onstrained via the CANNUBI fitting procedure. One exception is 
he fitting for Z 0 , from which we can only infer that the best-fitting

odels have a thickness lower than the ∼ 0 . 14 arcsec (710 pc)
esolution of our observations. From tests carried out on mock 
alaxies in Roman-Oliveira et al. ( 2023 ), we anticipate that the
oorly-fitted disc thickness will not significantly impact the derived 
nclination, since this effect is found to be more important for thicker
iscs. To be comparable with other high redshift kinematic studies 
e.g. van der Wel et al. 2014 ; Graaff et al. 2024 ), we assume a thin
isc with an intrinsic axis ratio ( q 0 ) of 0.2, which corresponds to a
isc thickness of ∼ 460 pc, although we add if we fix Z 0 to 710 pc
n the subsequent analysis we obtain consistent results within the 
ncertainties. The posterior for the inclination also appears to have 
 tail extending up to the 15 ◦ lower limit; however, this is likely due
o the CANNUBI models appearing very similar for low inclination 
alaxies (Mancera Pi ̃ na et al. 2022a ). We note that if the inclination is
n fact lower, this would only increase the derived intrinsic rotational 
elocities and further strengthen our findings. The PA morph posterior 
lso shows a secondary, lower peak at ∼ 160 ◦, which is potentially
aused by a bright, central, misaligned component which we discuss 
n Section 3.3 . 

The morphological centre and PA morph returned via the S ́ersic 
nd CANNUBI models are consistent within errors. CANNUBI also 
eturns the surface density within each ring, or resolution element. 

e find that this surface brightness profile is best fit with a 1D S ́ersic
rofile with n = 1 . 13 ± 0 . 06, which is also consistent with the 2D
 ́ersic fit. The inclination derived from CANNUBI , i = 25 ± 6 ◦, is

ower but within error of the i = 56 ± 29 ◦ value determined from
he ratio of the major and minor axes of the low resolution LP data
n Hygate et al. ( 2023 ), where the [C II ] emission is only marginally
esolved and therefore the axis ratio is strongly dependent on the 
eam. As mentioned abo v e, the inclination has a significant impact on 
he derived kinematic properties, highlighting the necessity of high 
patial resolution observations for both morphological and kinematic 
nalyses. 
a  
In both the CANNUBI and S ersic 2D fitting, we see some
esidual ( ∼ 6 σRMS in the CANNUBI fitting) emission at the centre
f the [C II ] map (Fig. 2 ). This feature is discussed in more detail
elow, in Section 3.3 . Despite these residuals, the reduced chi
quared value for the CANNUBI model is χ2 ∼ 0 . 9. For the S ́ersic
odel, χ2 ∼ 0 . 18, implying that S ersic 2D is o v erfitting the data.
dditionally, CANNUBI uses the same software as will be used for
ur kinematic analysis in Section 4.1 . For these reasons, we adopt
he morphological parameters for the [C II ] emission returned by
ANNUBI as our fiducial values, and list these in Table 2 . 

.2 Dust continuum morphology 

n Fig. 1 , we also show the dust continuum map of REBELS-
5, where we obtain a peak SNR of 10.1. As with the [C II ]
orphology, we also fit a 2D S ́ersic model to the dust continuum

nd find r e = 0 . 50 ±0 . 08 arcsec (2 . 5 ± 0 . 7 kpc) and n = 2 . 2 ± 0 . 4,
ndicating emission that is more centrally peaked than would be 
xpected for an exponential disc. We find ∼ 3 σ residuals in clumps to
he North and South of the centre from the S ersic 2D fitting. These
lumps are around 0.5 arcsec ( ∼ 2 . 5 kpc) from the fitted centre, and
ach contain around 10 per cent of the flux of the central component.

.3 Comparing the [C II ], dust, and rest-frame UV morphology 

rom the lower resolution REBELS LP data, a potential offset 
f 0 . 17 ± 0 . 04 arcsec (around 0 . 9 ± 0 . 2 kpc) between the [C II ]
mission and the dust continuum is identified in Hygate et al. ( 2023 ).
ith the follow-up, sub-kpc resolution observations analysed here, 

o we ver, we find that the centres of the dust and [C II ] emission are
n good agreement, again highlighting the necessity of observations 
ith sufficient angular resolution. 
The [C II ] morphology is best described by an exponential disc,

hereas the dust morphology is not as well fit by a single component
 ́ersic model, likely due to the two faint clumps to the North and
outh of the peak of emission. These clumps drive the P A morph of

he [C II ] and dust to differ by ∼ 60 ◦ at the outer extent of emission.
We also find that the ef fecti ve radii of the [C II ] and dust emission

re comparable, with the r e of the dust even slightly larger (although
MNRAS 535, 2068–2091 (2024) 
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M

Figure 2. Left: We show the best-fitting CANNUBI model, with the observed 
[C II ] emission from Fig. 1 o v erplotted in black contours. The dashed magenta 
line, magenta cross, and magenta ellipse mark the morphological position 
angle, the centre and the radial extent of the best-fitting model, respectively. 
Right: The residuals from the best-fitting CANNUBI model, with 2, 3,..., 
6 σRMS contours shown by the solid black lines, and −2, −3 σRMS contours 
show by the dashed black lines, where σRMS is the local RMS in the [C II ] 
moment-0 map. 
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Figure 3. Top left: The elliptical isophote fit to the [C II ] emission is shown by 
the black contours. Top right: The elliptical isophote fit to the dust continuum 

map. Bottom: The position angle of the fitted ellipses as a function of radius 
for the [C II ] (turquoise) and dust (orange) emission. 
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hey are consistent within the uncertainties). This is in contrast with
ther studies of high redshift star forming galaxies where the dust
mission is found to be around 2 × more compact than the [C II ]
mission (e.g. Fujimoto et al. 2020 ; Fudamoto et al. 2022 ). Ho we ver,
e note that the S ́ersic model is a poor fit to the dust emission, and

his large r e is likely driven by the clumpy structures to the North
nd South, and we therefore caution against comparing the ef fecti ve
adii of these S ́ersic fits. 

Notably, both the [C II ] and dust show a central region in the inner
1 kpc (around 1.4–2 beams wide) that appears misaligned with the
 A morph of the extended gas disc. We also see this misaligned, central

egion in the residuals around the fitted centre of the galaxy in both
he [C II ] and dust continuum 2D fits, as well as a tail in the posterior
istribution for PA morph with CANNUBI . To illustrate this, we fit
lliptical isophotes to the [C II ] moment-0 and dust map using the
isophote.Ellipse.fit image’ in PHOTUTILS from the ASTROPY package
Bradley et al. 2020 ) with a sigma clip of 2 σRMS . For the [C II ] fit, we
ollow the methodology outlined in Amvrosiadis et al. ( 2024 ), that
s, we first leave all parameters free, and then for the final iteration
e fix the centre of all ellipses to the median v alue. Ho we ver, the
t for the dust fails to converge when the centre is fixed, and we

herefore leave all parameters free for the dust fitting. The resulting
ts are shown in Fig. 3 . 
Within the central 1 kpc, the ellipses fitted to the [C II ] and dust

a ve an a verage PA of ∼ 120 ◦. At roughly the same radii ( ∼ 1 kpc),
he PA for the [C II ] suddenly increases to an average PA of ∼ 220 ◦ at
 1 kpc (consistent with PA morph from CANNUBI and S ersic 2D ),

nd for the dust it changes more gradually to ∼ 190 ◦ (consistent with
 A morph from S ersic 2D for the dust). In addition, the ellipticity

n the central 1 kpc in both the [C II ] and dust is found to be ∼ 0 . 3,
hereas for the extended [C II ] disc this is found to be ∼ 0 . 1 (near-

ircular). 
Similar changes in both the ellipticity and position angle from

lliptical isophote fits have been used to identify and analyse bars
ithin nearby galaxies (e.g. Abraham et al. 1999 ; Laine et al. 2002 ;

ogee et al. 2004 ; Menendez-Delmestre et al. 2007 ; Consolandi
016 ), and now even for some higher redshift galaxies with JWST
e.g. Huang et al. 2023 at z = 2 . 467, Amvrosiadis et al. 2024 at
 = 3 . 762, Le Conte et al. 2024 at 1 ≤ z ≤ 3). Ho we ver, we note
hat this tentative bar-like central component in REBELS-25 is barely
esolved with these observations. 
NRAS 535, 2068–2091 (2024) 
By contrast, the rest-frame UV morphology differs significantly
rom the [C II ] and dust. As previously identified in Hygate et al.
 2023 ) and Schouws et al. ( 2022 ), the HST imaging reveals three
lumps that are ∼ 0 . 6 arcsec offset from the centre of both the [C II ]
nd dust continuum emission. We see in Fig. 1 that these UV clumps
ie close to and outside the outer edge of the [C II ] and dust emission.
s discussed in Hygate et al. ( 2023 ), these UV clumps could have
 number of explanations, including differential dust obscuration,
egions of intense star formation or potential merger activity. We
urther discuss these possible interpretations in Section 5.1 . 

 KI NEMATI CS  

e next focus on the [C II ] kinematics of REBELS-25. In Section 4.1 ,
e first provide an overview of the techniques used to investigate the
inematic properties. We then present the results of our kinematic
odelling in Section 4.2 , along with some investigation of the

otential mechanisms that could explain the observed properties. 

.1 Methods 

or the kinematic modelling of REBELS-25, we use 3D BAROLO
Di Teodoro & Fraternali 2015 , v1.7). 3D BAROLO is well-tested at
 range of redshifts and from low to high resolution observations
e.g. at low resolution: Di Teodoro & Fraternali 2015 ; Mancera Pi ̃ na
t al. 2019 ; Gray et al. 2023 , at mid resolution: Bacchini et al. 2020 ;
ancera Pi ̃ na et al. 2022b ; Roman-Oliveira et al. 2023 , and at high

esolution: Iorio et al. 2016 ; Di Teodoro & Peek 2021 ). Its algorithm
ts 3D tilted ring models to emission line data cubes on a channel-by-
hannel basis, and uses Monte Carlo methods to return the best-fitting
inematic and/or morphological parameters. The tilted ring models
re convolved to the same resolution as the input observations, and
t therefore accounts for the effects of beam smearing. 

Before the modelling, we extract a 3.5 arcsec × 3.5 arcsec subcube
entred on the [C II ] emission that co v ers ±4 × the FWHM of the
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Table 1. Table showing the properties of REBELS-25 from previous studies. 

Property Value Reference 

z [CII] 7.3065 ± 0.0001 1,2 

M ∗ (M �) 8 + 4 −2 × 10 9 2, 3 

M H 2 , [CII] (M �) 5 . 1 + 5 . 1 −2 . 6 × 10 10 4 

SFR [CII] (M � yr −1 ) 246 ± 35 4 

SFR IR (M � yr −1 ) 185 + 101 
−63 5 

SFR UV (M � yr −1 )) 14 ± 3 3 

L [CII] (L �) 1.7 ± 0.2 ×10 9 4 

L [IR] (L �) 7 . 1 + 3 . 6 −1 . 5 × 10 11 6 

S 158 μm 

( μJy) 260 ± 22 5 

FWHM [CII] (km s −1 ) 316 ± 15 4 

Conversion (kpc arcsec −1 ) 5.09552 

References: [1] Schouws et al. (in preparation), [2] Bouwens et al. ( 2022 ), 
[3] Stefanon et al. (in preparation), [4] Hygate et al. ( 2023 ), [5] Inami et al. 
( 2022 ), [6] Algera et al. ( 2024 ). 
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Table 2. Table showing the [C II ] morphological and kinematic parameters 
derived from a 2D S ́ersic model, CANNUBI and 3D BAROLO , as described in 
the text. 

Parameter Value Model used 

n 1 . 3 ± 0 . 2 2D S ́ersic model 
r e (kpc) 2 . 2 ± 0 . 3 2D S ́ersic model 
PA morph ( ◦) 215 + 12 

−31 CANNUBI 
PA kin ( ◦) 218 ± 6 3D BAROLO 
i ( ◦) 25 ± 6 CANNUBI 
V rot, max (km s −1 ) 374 + 86 

−91 
3D BAROLO 

σ̄ (km s −1 ) 33 + 9 −7 
3D BAROLO 

V rot, max / ̄σ 11 + 6 −5 
3D BAROLO 

 

s  

r  

n  

a  

T
 

3

(  

w  

o  

z  

w  

c  

d  

w  

fi

4

W  

F  

s  

i  

m  

d
 

b  

a  

2  

V  

t  

r  

s  

P
 

r  

c  

v  

T  

V  

t  

2  

v
 

w  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/3/2068/7811333 by Luisa Ferrini user on 09 D
ecem

ber 2024
C II ] emission in the spectral dimension from our full data cube.
e then use the SEARCH algorithm to carry out a source scan on

he inputted sub cube, with a primary SNR cut of 3 σRMS . To grow a
ask around the detected source, a range of GROWTHCUT parameters 
ere tested. Based on these preliminary tests, we find a threshold of
.68 ×10 −4 Jy beam 

−1 , which is equi v alent to 2 σRMS of the subcube
s calculated by 3D BAROLO , is sufficient to produce a mask that
ncloses all of the [C II ] emission without introducing too much
oise. We set the radial separation of the rings to 0.11 arcsec ( ∼80
er cent of the beam FWHM), resulting in five rings within the mask
roduced by 3D BAROLO . This maximises the number of rings whilst
nsuring each ring is nearly comparable to an independent resolution 
lement. We add that when the radial separation is equal to the beam
WHM, we obtain consistent results within the uncertainties. For 
ll fits with 3D BAROLO , we use an azimuthal normalisation of the
urface density, we fit the kinematics using both sides of the rotation
urve, and we minimize the reduced chi squared statistic. 

With 3D BAROLO , there are nine possible parameters to fit: the 
otation velocity ( V rot ), velocity dispersion ( σ ), radial velocity 
 V rad ), systemic velocity ( V sys ), kinematic position angle ( P A kin ),
inematic centre ( x 0 , kin , y 0 , kin ), i, and Z 0 . To limit the number of free
arameters, we leave only V rot , σ , and P A kin of each ring free. For the
emaining parameters, we fix the centre and inclination to the values 
eturned by CANNUBI , and we fix Z 0 to 460 pc (corresponding
o q 0 = 0 . 2). We also fix V rad to zero, meaning we assume no
adial motion, following preliminary tests described below. For the 
ystemic velocity, ( V sys ), we allow 

3D BAROLO to estimate this from
he data cube, which results in V sys = 25 . 76 km s −1 from the [C II ]
ine at a redshift z = 7 . 3065, which is consistent with V sys derived
rom a single component Gaussian fit to the [C II ] spectrum and
onsistent with the reported uncertainty on the redshift from Table 1 .

In Lelli et al. ( 2023 ), tests on mock data cubes find that 3D BAROLO
an reliably constrain intrinsic velocity dispersions that are greater 
han the instrumental dispersion. For cases where the intrinsic 
elocity dispersion is smaller than the instrumental dispersion, an 
xploration of the parameter space with the SPACEPAR function of 
D BAROLO finds that the best-fitting velocity dispersion is pushed to 
he lower boundary of the parameter space. It is therefore reasonable 
o assume that we cannot constrain velocity dispersions lower than 
 km s −1 (the instrumental dispersion of the data). To be conserv ati ve,
e have therefore set a lower limit to the allowed intrinsic velocity
ispersion of the model ( MINVDISP parameter) to 7 km s −1 . 
The results from the 3D BAROLO fitting are given in Table 2 and
hown in Figs 4 –6 . Whilst we left P A kin as a free parameter for each
ing, we found that the variation in P A kin (of the order of < 10 

◦
) was

egligible in comparison to the uncertainties ( ∼ 30 for each ring),
nd we therefore quote only the average P A kin across the disc in
able 1 . 
To further test the robustness of our modelling, we also run

D BAROLO with all parameters left free. The resulting inclination 
 i = 32 ± 5 o ) is consistent within the uncertainties with the i fitted
ith CANNUBI , as is the fitted centre (within one beam FWHM
f x 0 , morph , y 0 , morph ). The fitted values for V rad are consistent with
ero, within the uncertainties, for all five rings, and this is also true
hen a local normalisation is used. The fitted Z 0 is also found to be

onsistent with zero. Whilst we adopt as our fiducial model the fit
escribed abo v e with only three free parameters ( V rot , σ , and P A kin ),
e note that the o v erall results of this paper are consistent when the
t with all parameters left free is instead used. 

.2 Results 

e show the final velocity maps from our fitting with 3D BAROLO in
ig. 4 and the position velocity diagrams (PVDs) in Fig. 5 , with a
election of channel maps in Fig. D1 . We see a clear velocity gradient
n the velocity field maps of Fig. 4 and a near-S-shape curve in the
ajor axis PVD in Fig. 5 , which are characteristic features of rotating

iscs. 
In Table 2 , we report the final kinematic parameters derived

y 3D BAROLO , including the maximum rotation velocity ( V rot, max ),
v erage v elocity dispersion ( ̄σ ) and the V rot, max / ̄σ ratio for REBELS-
5. The σ̄ gives a measure of the overall disc turbulence, and
 rot, max / ̄σ measures the ratio of ordered to turbulent motion. For

his analysis, we assume that the V rot, max value is comparable to the
otational velocity at which the velocity curve flattens, since we see
ome flattening beyond 2 kpc in the rotation curve and major-axis
VD. 
We also plot the V rot and σ values of each ring as a function of

adius in Fig. 6 . We note that the rotation velocities reported are not
orrected for pressure support, i.e. we have assumed that the rotation
elocity we measure is an optimal tracer of the circular velocity, V circ .
his is a reasonable assumption for REBELS-25 thanks to the high
 rot /σ values found, meaning that the pressure term in the Virial

heorem is likely negligible (see e.g. equations 6 and 7 in Iorio et al.
016 ). We therefore take the V rot, max value as the maximum circular
elocity of the system in subsequent calculations. 

The rotation velocity curve of REBELS-25 is shown in Fig. 6 , and
e note that the uncertainties in the rotational velocity also include

he uncertainty in the inclination fitted by CANNUBI . As we have
MNRAS 535, 2068–2091 (2024) 
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Figure 4. 3D BAROLO fitting for REBELS-25. Emission is masked at 2 σRMS . The first column on the left shows the observed data, the middle column the model 
and the column on the right shows the residuals. The first row is for the intensity map, the second row for the velocity field map and the bottom row for the 
velocity dispersion map. In all plots, the black cross and the ellipse mark the centre and the radial extent of the modelling, respectively. In the first two rows, we 
also show the position angle of the 3D BAROLO model by the dashed line. In the second row, the grey dots give an indication of the separation of each ring along 
the velocity field (0.11 arcsec). In the velocity field map of the data and model, we also plot the iso-contours from −180 to 180 km s −1 in 45 km s −1 increments. 
In all maps, the beam size is indicated by the turquoise ellipse in the bottom left corner. 
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Figure 5. Major- (upper) and minor- (lower) axis position–velocity diagrams 
(PVDs) of REBELS-25, with black contours showing 2 σRMS and 4 σRMS emis- 
sions, and the dashed grey contours –2 σRMS , where σRMS = 84 μJy –1 beam 

and is equal to one standard deviation abo v e the median value as calculated 
by 3D BAROLO . The red contours illustrate the best-fitting model from 

3D BAROLO . In the major-axis PVD, the yellow markers show the rotation 
velocities of each ring projected along the line of sight. 

Figure 6. The rotation velocity ( V rot , dark blue) and velocity dispersion ( σ , 
red) curves for REBELS-25. The size of the band indicates the estimated 
uncertainty from the 3D BAROLO fit for σ , and also propagating through the 
uncertainty on the inclination ( i = 25 ± 6 ◦) for V rot . The dashed black line 
indicates the ef fecti ve radius from S ersic 2D fitting. 
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ound a low inclination of 25 ± 6 ◦, this corresponds to large changes
n the intrinsic rotational velocity, as indicated by the error bars in
ig. 6 . This rotation curve show the velocity rising quickly in the
entre and then flattening to the maximum value of ∼370 km s −1 at
round 2 kpc. Similar rotation curves are observed in disc galaxies
t lower redshifts (e.g. Noordermeer et al. 2007 ; Di Teodoro et al.
016 ; Lelli, McGaugh & Schombert 2016 ; Lelli et al. 2023 ). We
lso find a potential ‘bump’ feature in the rotational velocity curve
ithin the first ∼ 1 kpc, at a similar radius as the potential gas bar

omponent observed in the [C II ] and dust continuum maps. Whilst
he uncertainties are such that this feature is not certain, this bump
ersists also in the fits with 3D BAROLO where all the parameters are
eft free, and could further indicate a potential bulge/bar component, 
s found in the Milky Way (e.g. Portail et al. 2017 ), local galaxies
e.g. Lelli et al. 2016 ), and in some recent studies of galaxies at z > 4
e.g. Lelli et al. 2021 , 2023 ; Rizzo et al. 2021 ; Tripodi et al. 2024 ;
oman-Oliveira, Rizzo & Fraternali 2024 ). 
A decrease of σ with radius is also observed, as found in some local

isc galaxies (e.g. Fraternali et al. 2002 ; Boomsma et al. 2008 ; Iorio
t al. 2016 ; Bacchini et al. 2020 ). This decrease is usually ascribed
o the radial change of the mechanisms sustaining the turbulence 
ithin galaxies (e.g. supernova feedback, accretion and gravitational 

nstabilities). 
In the velocity dispersion maps in Fig. 4 , we see some positive

esiduals within the radius modelled by 3D BAROLO . To ensure that we
re not underestimating the velocity dispersion, we run tests where 
e set the intrinsic velocity dispersion of the galaxy to be higher than
0 km s −1 , as detailed in Appendix C. In these tests, we see that the
ontours of the PVDs do not follow the data well, in comparison to
he fiducial model, and that the residuals of the velocity dispersion
re now biased ne gativ e. 

Additionally, some pixels in the observed moment-2 map close 
o the edge of the galaxy show very low velocity dispersions that
re consistent with MINVDISP , which is set to the instrumental
ispersion (7 km s −1 ). Whilst many of these pixels lie beyond the
adius fitted by 3D BAROLO (indicated by the black ellipse in Fig.
 ), some of these pixels are contained within the outer ring. To
nvestigate the effect of these pixels, we test a tighter mask with
D BAROLO that excludes all pixels detected in fewer than three 
hannels, which by definition remo v es most of the pixels with
he lowest velocity dispersion values. The details of these tests 
re discussed in Appendix C. From these tests, we find consistent
esults within the uncertainties, albeit with a slightly higher velocity 
ispersion of 38 km s −1 and a V rot, max / ̄σ of ∼ 9. Ho we ver, from an
xploration of the parameter space with SPACEPAR , the kinematic 
arameters are not robustly constrained in the outermost rings. 

.2.1 Non-cir cular featur es in the 3D BAROLO models 

efore drawing further conclusions based on the above modelling, we 
rst inv estigate an y features in the velocity field that are not well fit by

D BAROLO , which could indicate that the observ ed v elocity gradient
ight be caused by outflows, interactions, or mergers, rather than 

olely the presence of a rotating disc (as discussed in e.g. Loiacono
t al. 2019 ; Simons et al. 2019 ). First, we see some evidence of twisted
so-velocity contours in the moment-1 map of REBELS-25 that are 
ot well fit by the rotating disc model. These features could indicate
 potential warped disc or distortions due to radial motions (e.g. Di
eodoro & Peek 2021 ). In some cases, twisted iso-velocity contours
re also attributed to bars or other non-axisymmetric structures within 
alaxies (e.g. Buta 1987 ; de Naray, Zagursky & McGaugh 2009 ; Wu
MNRAS 535, 2068–2091 (2024) 
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t al. 2021 ). Secondly, in the velocity field map and the residual map
f Fig. 4 we can see a region on the approaching side (to the west)
f the galaxy with high velocities which is not reproduced within the
odel. This feature can also be seen in the channel maps at −234

nd −280 km s −1 (Fig. D1 ). This could have a number of causes,
uch as recently accreted gas, streaming motions along spiral arms,
r due to a warped gas disc. These features may also be consistent
ith noise in the data. In an attempt to investigate these features

urther, we tested 3D BAROLO fits that incorporate radial motions. As
entioned in Section 4.1 , we find V rad consistent with zero given the

ncertainties, and we also find that these models were not able to
eproduce similar high velocity regions. 

Additionally, we see some faint emission beyond the rotating disc
odel in the PVDs. F or e xample, in the upper half of the minor-

xis PVD, and also in the upper half of the major-axis PVD, we
ee some faint high receding v elocity re gions. As with the features
escribed abo v e, these could signify non-circular motions, such
s vertical/radial motions due to inflo ws, outflo ws or mergers, the
resence of a bar or the presence of spiral arms. Similar deviations
ue to non-circular motions are common in rotating galaxies at z = 0
e.g. Jorsater & Van Moorsel 1995 ; Fraternali et al. 2001 ; Zurita et al.
004 ; Trachternach et al. 2008 ; Erroz-Ferrer et al. 2015 ), and similar
aint emission outside ideal rotating disc models can also be seen in
ock data of simulated rotating discs (e.g. see fig. 6 of Rizzo et al.

022 ). Distinguishing between the different processes potentially
esponsible for these features is not feasible at the current resolution
nd SNR, and we note that this emission is only detected at ∼ 2 σRMS .

Overall, we find that the majority of the emission is well described
y the rotating disc model, although we cannot exclude some
isturbed kinematics due to, for example, outflows or a warped
isc. Follow-up data on the stellar morphology would be needed
o confirm the presence of any non-axisymmetric features that could
lso be introducing non-circular motions. 

.2.2 Secondary [C II ] component 

n Hygate et al. ( 2023 ), a potential secondary [C II ] component
s identified in the range ∼ + 250 to + 650 km s −1 in the [C II]
pectrum of REBELS-25 from the lower resolution LP data. Within
ygate et al. ( 2023 ), it is hypothesised that this spectral component

ould be the result of an outflow (where it is modelled as a broad
omponent with width ∼ 380 km s −1 ) or a minor merger (modelled
s a narrow component with width ∼ 100 km s −1 ). We have searched
or this secondary [C II ] component in our data set following a similar
ethodology as in Hygate et al. ( 2023 ), whereby we extracted a

pectrum for REBELS-25 using a circular aperture of 1.75 arcsec
nd attempted to fit a main and secondary [C II ] component, where
e limit the centre of the secondary peak to the same limits used

n Hygate et al. ( 2023 ) for both the outflow and minor merger
odel. Ho we ver, we find no convincing secondary component in

he [C II ] spectrum from the high resolution data. We also extracted
pectra from beam sized apertures across the source in case the
omponent has been diluted in the global spectrum, as found for
 different galaxy by Herrera-Camus et al. ( 2021 ), but again find
o significant secondary component. Indeed, Hygate et al. ( 2023 )
uggested the component might instead be extended on ∼ 9 kpc
cales. This would make the large-scale outflow scenario the more
ikely option. Investigating the nature of this potential component
urther would therefore require deeper data with increased surface
rightness sensitivity to such extended structure. 
NRAS 535, 2068–2091 (2024) 
.2.3 Merger or rotating disc? 

n some cases at low spatial resolution, the observed velocity map of
 merging system can be similar to that of a smooth rotating disc, as
bservations can smooth out the irregularities and asymmetries of a
erger (e.g. Simons et al. 2019 ; Kohandel et al. 2020 ; Rizzo et al.

022 ). Within the literature, there exist multiple methods and criteria
sed for differentiating between rotating discs and mergers. Here we
escribe the results from applying the rotating disc criteria laid out in
isnioski et al. ( 2015 ), and then adapted for [C II ] ALMA-ALPINE

ata in Jones et al. ( 2021 ), and also the PV Split method described
n Rizzo et al. ( 2022 ). 

We use the same five rotating disc criteria listed in Jones et al.
 2021 ) with the 2D intensity, rotational velocity and velocity dis-
ersion maps outputted from 

3D BAROLO . We also make use of
he morphological parameters fitted with CANNUBI , and we use
D BAROLO ’s 2D fit capabilities to an inputted velocity field for the
hird and fifth criteria. 

In Jones et al. ( 2021 ), typically at least three of these criteria
re met for the ALPINE galaxies classified as rotating discs. For
EBELS-25, we find that all five criteria are met: 

(i) We find that a slice along the kinematic major axis reveals a
lope in position-velocity space with > 3 σ significance, implying a
mooth velocity gradient. 

(ii) For each of the five fitted rings, we find V rot > σ (see Fig. 6 ). 
(iii) We find that the kinematic centre derived by a 2D fit with

D BAROLO and the peak in the velocity dispersion map are consistent
ithin the uncertainties. 
(iv) The PA morph from CANNUBI and the average PA kin across all

ings are consistent within the uncertainties, as expected for an ideal
otating disc. 

(v) We find that the kinematic centre fitted by 3D BAROLO and the
orphological centre fitted by CANNUBI are consistent within error.

From these tests, we may conclude that REBELS-25 is a rotating
isc. Ho we ver, Rizzo et al. ( 2022 ) find that these criteria can
istakenly classify galaxy kinematics, and we therefore also use

he PV Split method described in the same paper. 
In Rizzo et al. ( 2022 ), mock ALMA data cubes of SERRA

imulated rotating discs, disturbed discs, and merging galaxies
Pallottini et al. 2022 ) were used to show that the morphology
nd symmetry of the major and minor axis PVDs can be used to
inematically classify galaxies, with rotating discs typically showing
 symmetric, S-shaped position–velocity profile. Three parameters
re defined to measure the morphology and symmetry of the PVDs,
nd a plane that divides these two kinematic classes in the 3D PV
plit parameter space is defined and tested using local disc galaxies
nd mergers from the WHISP surv e y (van der Hulst, van Albada &
ancisi 2001 ) in Roman-Oliveira et al. ( 2023 ). Using the PVDs
eturned by 3D BAROLO for REBELS-25, we find that it lies in the
otating disc parameter space of the 3D PV Split diagram. Ho we ver,
e again cannot exclude a disturbed disc or minor merger scenario
ith this method. 
As described abo v e, we hav e found some evidence of non-

ircular features and therefore cannot rule out the existence of a
inor merging component or outflo ws/inflo ws with the current data.
o we ver, follo wing visual inspection of the 3D BAROLO fits, tests
sing the rotating disc criteria of Wisnioski et al. ( 2015 ), and tests
sing the PV Split method of Rizzo et al. ( 2022 ), we find that
EBELS-25 is best described as a rotation-dominated disc galaxy. 
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.2.4 Dynamical mass and gas mass 

or a system in virial equilibrium, the dynamical mass, M dyn , 
nclosed within a radius, R, is given by: 

 dyn ( < R) = 

k( R) Rv 2 circ ( R) 

G 

, (1) 

here k ( R ) is the virial coefficient at radius R. Price et al. ( 2022 ) use
 ́ersic models to derive the virial coefficients for a range of n and

ntrinsic axis ratios ( q). As we have some evidence that REBELS-
5 is a thin exponential disc from CANNUBI and 2D S ́ersic fits,
e adopt a total virial coefficient (which relates the total dynamical 
ass of the system to the circular velocity) of k tot = 1 . 8, which is

he virial coefficient for n = 1 and q = 0 . 2 (typically quoted for thin
iscs, e.g. Wel et al. 2014 ) at R = r e . We take the average V rot in
he outer two rings ( = 359 + 93 

−95 km s −1 ), which results in M dyn , tot =
1 . 2 + 1 . 0 

−0 . 6 ) × 10 11 M �. This is larger but within the uncertainties of the
 alue deri ved in Hygate et al. ( 2023 ), which used the low resolution
P data. If we instead take our upper limit on the disc thickness

710 pc), which corresponds to a q 0 of ∼ 0 . 32, we find a dynamical
ass of ∼ 1 . 4 × 10 11 M �, which is within the uncertainties of the

uoted M dyn , tot abo v e. 
Assuming that the contribution of dark matter to the mass budget 

ithin r e is negligible (as found at high- z in e.g. van Dokkum et al.
015 ; Price et al. 2016 ; Wuyts et al. 2016 ; Genzel et al. 2017 ; Gelli
t al. 2020 , although see de Graaff, Pillepich & Rix 2024 where z > 6
alaxies are found to be dark matter-dominated), we can estimate 
he total gas mass from M gas = M dyn − M ∗. Adopting a stellar

ass of M ∗ = 8 + 4 
−2 × 10 9 M � results in M gas = (1 . 1 + 1 . 0 

−0 . 7 ) × 10 11 M �,
ith a gas fraction of f gas = M gas , tot / ( M gas , tot + M ∗) = 0 . 93 + 0 . 03 

−0 . 16 .
o we ver, we note that if we adopt the stellar mass derived in
opping et al. ( 2022 ) using a non-parametric star formation history
 M ∗ = 19 + 5 

−8 × 10 9 M �), M gas , tot = (1 . 0 + 1 . 0 
−0 . 6 ) × 10 11 M � and f gas =

 . 84 + 0 . 11 
−0 . 22 . 

With these constraints on the gas mass, we can also derive a
onversion factor between the [C II ] luminosity and M gas , α[CII] ,
ssuming that the [C II ] emission is a good tracer of the total
as mass (Swinbank et al. 2012 ; Gullberg et al. 2018 ; Zanella
t al. 2018 ). With a double Gaussian fit to the [C II ] spectrum, we
nd L [CII] = (1 . 8 ± 0 . 2) × 10 9 L �, which is consistent within the
ncertainties with the value derived from the low resolution LP data 
n Hygate et al. ( 2023 ). This results in α[CII] = 62 + 68 

−40 M �/ L �. This
alue is a factor of ∼ 10 times higher than the median value found
or dusty star-forming galaxies at z ∼ 4 . 5 in Rizzo et al. ( 2021 ), and
 factor of ∼ 2 times higher than the value of 30 M �/ L � found for
ain sequence galaxies in Zanella et al. ( 2018 ) (although we note

hat this conversion is derived for the molecular gas mass, and not
otal gas mass). Ho we ver, we note that the uncertainties are high,
nd we assume a negligible contribution from dark matter, which 
ay not be appropriate at z > 6 (see de Graaff et al. 2024 ). Studies
ith a more statistically significant sample would be necessary to 

nvestigate α[CII] values for star forming galaxies at z > 6. 
From the properties derived by 3D BAROLO , and an estimate for

he gas mass, it is also possible to determine the Toomre parameter
Toomre 1964 ), Q , of REBELS-25. This Q parameter is used to
easure the local instability of a disc, with Q < 1 indicating that it

s susceptible to local gravitational perturbations (LGIs; e.g. Leung 
t al. 2020 ). Using equation ( 1 ) from Neeleman et al. ( 2020 ) and the
xponential scale length of the disc, we find an average Q of 0 . 4 + 1 . 5 

−0 . 3 

 v er the radial extent of the [C II ] emission, suggesting it may be
ocally unstable. Ho we v er, some studies at z ∼ 0 hav e found that Q
oes not show any correlation with fragmentation or star formation 
e.g. Leroy et al. 2008 ; Romeo & F alstad 2013 ; Elme green & Hunter
015 ; Romeo, Agertz & Renaud 2023 ), and a recent study also
ndicates that high- z galaxies are not as locally unstable as expected
rom the Q parameter (Bacchini et al. 2024 ). 

 DI SCUSSI ON  

hrough our kinematic analysis of REBELS-25, we have found 
 dynamically cold disc with a high degree of rotational support
 V rot, max / ̄σ = 11 + 6 

−5 ) and low o v erall turbulence ( ̄σ = 33 + 9 
−7 km s −1 ).

n Kohandel et al. ( 2023 ), galaxy discs are classed according to their
 /σ ratios, with V /σ > 10 being defined as ‘super cold’ discs.
ollowing this classification, we find that REBELS-25 is the most 
istant super cold disc galaxy observed to date. In the following, we
rst discuss our findings on this galaxy in more detail (Section 5.1 )
efore placing REBELS-25 in context with other high resolution gas 
inematic studies. 

.1 An ev olv ed, dynamically cold rotating disc at z = 7 . 31 

n Section 3.1 , we found that the [C II ] emission of REBELS-25 is
ell-fit by a near-exponential disc model, similar to what is found

or galaxies in the local Universe and for the dust continuum in
ome submillimetre galaxies (SMGs) at z ∼ 1 − 3 (e.g. Barro et al.
016 ; Hodge et al. 2016 ; Fujimoto et al. 2018 ; Rivera et al. 2018 ;
ullberg et al. 2019 ). This is in contrast to the clumpy and irregular
orphologies observed and anticipated at z > 6 (see Section 1 ).
e also find that the gas disc of REBELS-25 is likely thinner than

he Z 0 ∼ 1 kpc derived from galaxies at z ∼ 4 . 5 in Roman-Oliveira
t al. ( 2023 ). This contradicts the general expectation that galaxies
t higher redshifts will tend to have thicker discs due to increased
urbulence, as found in � CDM galaxy formation simulations (e.g. 
rook et al. 2012 ; Bird et al. 2013 ; Park et al. 2019 ; Bird et al. 2021 ;
enaud et al. 2021 ). 
We also see some tentative evidence that REBELS-25 is a barred

isc (Section 3.3 ), with a sudden change in both the position angle
nd ellipticity of the [C II ] and dust continuum emission at ∼ 1 kpc.
ith the current data, it is not feasible to search for kinematic

ignatures of a bar, and we therefore cannot rule out alternative
cenarios, such as inflo ws/outflo ws or a late-stage minor merger.
o we ver, a bar may be feasible since barred structures are thought

o form relatively quickly (order of a few hundred million years) in
assive dynamically cold disc galaxies (e.g. Hohl 1971 ; Sell w ood &
ilkinson 1993 ; Athanassoula 2002 ; Rosas-Gue v ara et al. 2022 ;
land-Hawthorn et al. 2023 ), including gas bars in gas-rich baryon-
ominated discs (Bland-Hawthorn et al. 2024 ). Barred galaxies are 
ommon in the nearby Universe (e.g. Knapen, Shlosman & Peletier 
000 ; Whyte et al. 2002 ; Laurikainen, Salo & Rautiainen 2004 ; Buta
t al. 2015 ), but the fraction of barred galaxies has been found to
ecrease between z = 0 to 1 (e.g. Sheth et al. 2008 ). Ho we ver, some
ecent observations have identified barred galaxies at z = 1 − 4 . 4
Simmons et al. 2014 ; Hodge et al. 2019 ; Guo et al. 2023 ; Huang
t al. 2023 ; Smail et al. 2023 ; Tsukui et al. 2023 ; Amvrosiadis et al.
024 ; Le Conte et al. 2024 ), further indicating that such structures
an form in galaxies within the first few Gyrs after the big bang. 

We additionally see some v ery tentativ e evidence of arm-like or
lump-like extended features at ∼ 3 kpc to the North and South of
he peak of emission in the dust continuum map (Fig. 1 ). Similar
eatures have been observed in the dust emission of SMGs (e.g.
ullberg et al. 2019 ; Hodge et al. 2019 ). Ho we ver, these features

re very faint. Three approved JWST programmes (GO-1626, GO- 
036, and GO-6480) targeting this galaxy and providing both low 
MNRAS 535, 2068–2091 (2024) 
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esolution spectroscopy and high spatial resolution imaging with
rism spectroscopy of the stellar and ionized gas content may shed
ore light on whether or not any bar, spiral arm and/or clump

tructures are present. 
Some clumpy structure has already been identified in REBELS-

5 from the rest-frame UV imaging with HST . As discussed in
ygate et al. ( 2023 ), these UV clumps could have a number of

xplanations, including differential dust obscuration, regions of
ntense star formation or potential merger activity. From the analysis
escribed thus far, the high resolution [C II ] observations disfa v our
he hypothesis that these clumps are the result of an ongoing merger,
ince we see no strong kinematic evidence of merging activity. Our
nalysis instead indicates that these clumps may be due to differential
ust obscuration, particularly at the centre of the disc where the
ust emission peaks, or due to star forming clumps. Similar clumpy
orphology in the rest-frame UV embedded within a rotating gas disc

as also been found in, for example, a z = 6 . 072 galaxy (Fujimoto
t al. 2024 ). 

We also find that REBELS-25’s dynamical mass is a factor of
15 times greater than the adopted stellar mass from Table 1 , where

his stellar mass is obtained with the BEAGLE SED modelling code
ssuming a constant star formation history (SFH) and a Chabrier
 2003 ) IMF, with full details described in Stefanon et al. (in
reparation). If we instead adopt the stellar mass derived in Topping
t al. ( 2022 )( M ∗ = 19 + 5 

−8 × 10 9 M �), M dyn /M ∗ becomes ∼ 6. Graaff
t al. ( 2024 ) have recently reported M dyn /M ∗ values as high as 30 in
igh- z galaxies, whereas studies of z ∼ 2 galaxies find M dyn /M ∗ � 4
Maseda et al. 2013 ; Wuyts et al. 2016 ). For the case of REBELS-25,
e have seen that the gas fraction is likely very high, ho we ver we

annot yet rule out contributions from dark matter components to the
ass budget. 

.2 Selecting a comparison sample 

o place REBELS-25 into context with the evolution of the gas
inematic properties of galaxies across cosmic time, a comparison
ample across a broad redshift range with comparable observations
s necessary. One important point to consider when comparing
inematic studies at a range of redshifts is the ISM tracer used.
t z ∼ 0, gas kinematics of galaxies are typically traced by warm

onized gas tracers, such as H α. These warm ionized gas tracers have
een found to result in higher velocity dispersion compared to values
erived from atomic or molecular gas (e.g. Levy et al. 2018 ; Übler
t al. 2019 ; Girard et al. 2021 ; Kohandel et al. 2023 ). We therefore
ainly compare with studies using cold gas tracers, and we discuss

he implications of any comparisons made with different tracers in
ubsequent sections. 

As discussed in Section 1 , the [C II ] 157.7 μm emission line
s a useful, strong-line tracer of cold gas kinematics. Ho we ver,
bservations of this line become increasingly difficult at z � 3 . 5
rom ground-based instruments due to the poor transmission through
arth’s atmosphere. For this reason, we compile literature results of
oth high resolution [C II ] kinematics studies, typically at z > 3 . 5,
nd high resolution [CI] and CO kinematics studies, typically at
 . 5 � z � 3 . 5. For this selection from the literature, we take into
onsideration the criteria recommended in Rizzo et al. ( 2021 ) for
istinguishing between mergers and rotating discs. We therefore se-
ect only literature studies that use observations with � 3 independent
esolution elements across the semimajor axis based on the reported
adial extent of emission of the galaxies and the beam size of their
orresponding observations. Our final literature compilation consists
nly of galaxies that are classified as rotating discs based on these
NRAS 535, 2068–2091 (2024) 
igh-quality kinematic data. We discuss the literature sample in more
etail below. 
Rizzo et al. ( 2023 ) presented the ALMA-ALPAKA surv e y; a

ollection of 28 star-forming galaxies with high resolution, high
NR ALMA archi v al observ ations of CO and [CI] emission at
 = 0 . 5 − 3 . 5. The physical resolution of these sources varies from
 to 4 kpc. Whilst sub-kpc resolution observations are preferable to
obustly analyse kinematics, this resolution is found to be sufficient
o sample the velocity curves with � 3 resolution elements for 13
iscs (classified as rotating discs using the PV Split method) within
he sample. Of these 13 discs within the ALMA-ALPAKA surv e y,
even are classified as starbursts, and six as main sequence galaxies
the remaining galaxy has no constraint on M ∗ or SFR). Additionally,
ve of these are classified as AGN galaxies or AGN candidates by
izzo et al. ( 2023 ). Many of these 13 discs were also the focus of
revious kinematic studies, as described in Rizzo et al. ( 2023 ). 
Parlanti et al. ( 2023 ) collected and analysed all available Band

, 5, and 6 ALMA archi v al observ ations of [C II ] (and [O III ]88 μm)
mission in galaxies at z > 3 . 5 with angular resolution < 1.5 arcsec
nd SNR > 7. From this sample, we initially select seven galaxies
hat meet our criteria. Of these seven galaxies, five were studied using
he same data set in other works. These five galaxies are DLA0817g,
LESS 073.1, HZ4, HZ7, and COS-29, analysed previously by
eeleman et al. ( 2020 ) and Roman-Oliveira et al. ( 2023) ; Lelli

t al. ( 2021 ); Herrera-Camus et al. ( 2022 ); Lambert et al. ( 2022 );
nd Posses et al. 2023 , respectively. Lelli et al. ( 2021 ), Posses
t al. ( 2023 ), and Roman-Oliveira et al. ( 2023 ) use 3D BAROLO for
heir kinematic analyses, and Neeleman et al. ( 2020 ) use QUBEFIT
ut find that 3D BAROLO produces consistent results. To be more
omparable to our analysis of REBELS-25 and the kinematic
nalyses of the ALMA-ALPAKA galaxies in Rizzo et al. ( 2023 ),
ho also use 3D BAROLO , we therefore use the kinematic properties
eri ved from Roman-Oli veira et al. ( 2024 ), Lelli et al. ( 2021 ), and
osses et al. ( 2023 ) for DLA0817g, ALESS 073.1, and COS-29,
espectively. The galaxy HZ7 is found to be a potential merger by
he kinematic analysis of Lambert et al. ( 2022 ), and we therefore
xclude it from our selection. In Herrera-Camus et al. ( 2022 ), the 3D
arametric code DYSMAL is used to model the kinematics of HZ4.
he resulting kinematic properties derived in Herrera-Camus et al.
 2022 ) and Parlanti et al. ( 2023 ) are consistent for HZ4, and therefore
or HZ4 and the remaining three galaxies (HZ9, J1211, and VR7)
elected from Parlanti et al. ( 2023 ), we use the kinematic properties
erived therein. 
To increase the size of our comparison sample, we also consider

tarburst, quasar host, submillimetre, and gravitationally lensed
alaxies that do not show signs of merging activity from Hodge
t al. ( 2012 ), Rizzo et al. ( 2020 ), Fraternali et al. ( 2021 ), Rizzo
t al. ( 2021 ), Amvrosiadis et al. ( 2023 ), Lelli et al. ( 2023 ), Liu
t al. ( 2023 ), Neeleman et al. ( 2023 ), Roman-Oliveira et al. ( 2023 ),
ujimoto et al. ( 2024 ), and Amvrosiadis et al. ( 2024 ). There exist
dditional studies of cold gas kinematics (including HI kinematics)
ith observations of sufficient angular resolution and sensitivity,
articularly at lo wer redshifts, ho we ver we choose to focus on higher
edshifts ( z > 0 . 5) where observations are more comparable to those
f REBELS-25. Additional galaxies considered but not included in
he comparison sample include AZTEC-1, a submillimetre galaxy
t z = 4 . 6 with high resolution [C II ] ALMA observations initially
nalysed by Tadaki et al. ( 2018 ), who found a rotating disc with
 rot, max ∼ 227 km s −1 and σ̄ ∼ 74 km s −1 . Ho we ver, when the
ame dataset was analysed in Roman-Oliveira et al. ( 2023 ), they
ound evidence of merging activity according to the disc criteria
f Wisnioski et al. ( 2015 ), the PV Split method, and from a visual
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Figure 7. Distribution of REBELS-25 and a few comparison samples in the M ∗–SFR plane. We split the sample into three redshift bins and show the 
main-sequence line from Schreiber et al. ( 2015 ) for z ∼ 1.25, 3.75, and 6.25 in panels (a), (b), and (c), respectively, by solid black lines. The grey-shaded areas 
show the 1 σ uncertainty on the main-sequence lines, and the green shaded areas show the region occupied by starbursts according to a threshold of 4 × the 
main-sequence lines (e.g. Rodighiero et al. 2011 ). Galaxies observed with [C II ] emission are plotted with orange markers (apart from REBELS-25, which is 
plotted with a large red star-shaped marker in panel c), whilst galaxies observed with either [CI] or CO are shown with blue mark ers. Empty mark ers indicate 
galaxies where the kinematic properties are given as limits only. 
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3 We add that taking the higher σ̄ value obtained from the tighter mask 
described in Appendix C does not change the conclusions drawn from these 
findings. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/3/2068/7811333 by Luisa Ferrini user on 09 D
ecem

ber 2024
nspection of the velocity field and PVDs. Roman-Oliveira et al. 
 2023 ) therefore conclude that AZTEC-1 is likely a merger. Other
otable high redshift cold gas kinematic studies include Rivera et al. 
 2018 ), Smit et al. ( 2018 ), Rybak et al. ( 2019 ), Pope et al. ( 2023 ),
amura et al. ( 2023 ), and Neeleman et al. ( 2021 ). Ho we ver, these
tudies do not match our observation selection criteria, increasing 
he uncertainty in the kinematic properties derived when compared 
o the analysis of REBELS-25. 

Overall, our selection results in a total of 37 objects with [C II ],
C I ], or CO high-resolution kinematic studies from the literature. We
lot the stellar mass and SFR for the selected galaxies in Fig. 7 at three
ifferent redshift ranges (0 . 5 ≤ z < 2 . 5, 2 . 5 ≤ z < 5, 5 ≤ z < 7 . 5).
ue to the limited sensitivities and resolution of observations at high 

edshift, we see that our selection is biased to wards massi ve ( M ∗ �
0 9 M �) main-sequence or starburst (SFR � 10 M �yr −1 ) galaxies. 
e note that, as discussed in Hygate et al. ( 2023 ), the definition of

 main-sequence and a starburst galaxy differs in the literature. In
ig. 7 , we adopt the Schreiber et al. ( 2015 ) main sequence relation,
nd define a starburst threshold at 4 times abo v e this line (e.g.
odighiero et al. 2011 ). Here, we see that REBELS-25 sits close

o the starburst threshold when using our adopted stellar mass from
ouwens et al. ( 2022 ). Ho we ver, as discussed in Hygate et al. ( 2023 ),

he classification of REBELS-25 can change depending on the SED 

tting applied and stellar mass value adopted. 

.3 The cosmic evolution of turbulence within galaxies 

n Fig. 8 , we plot the average velocity dispersion, σ̄ , for REBELS-
5 and the literature sources as a function of redshift. We plot also
he analytical fit to the large IFU surv e y KMOS3D at z ∼ 1 − 3
 ̈Ubler et al. 2019 ) for both ionized and atomic/molecular gas (solid
lack and grey lines, respectively) and extrapolate these fits to higher 
edshifts (dashed black and grey lines). As discussed in Section 1 , this
¨ bler et al. ( 2019 ) study of 175 star-forming disc galaxies finds that
urbulence increases with redshift for both warm ionized gas and cold 
eutral gas tracers. Wisnioski et al. ( 2015 ) find that this evolution at
 ≤ z ≤ 3 is consistent with being driven by a redshift evolution of
he gas fraction according to the Toomre stability criterion (Toomre 
964 ). We plot the predictions from this semi-analytical Wisnioski 
t al. ( 2015 ) model for the H α emission of a disc galaxy of mass
og ( M ∗/ M �) ∼ 10 with Q = 1 by the shaded grey area in Fig. 8 , and
e extrapolate this to higher redshifts with the fainter grey region.
dditionally, we plot the predictions from IllustrisTNG50 (Nelson 

t al. 2019 ) simulations for H α emission (Pillepich et al. 2019 ) and
rom SERRA simulations (Pallottini et al. 2022 ) for [C II ] emission
Kohandel et al. 2023 ) for different mass bins. The predictions
rom the SERRA simulations are specifically for [C II ] emission
rom mock ALMA observations at different inclinations of 3218 
imulated galaxies at 8 ≤ log ( M ∗/ M �) ≤ 10 . 3 from 4 < z < 9, with
ull details of their kinematic analyses given in Kohandel et al. ( 2023 ).

We find that the av erage v elocity dispersion of REBELS-25 agrees
etter with the SERRA simulations than the other predictions at 
igh- z. This likely follows from the fact that the Wisnioski et al.
 2015 ) and TNG50 predictions are for warm ionized gas rather
han cold gas tracers. Übler et al. ( 2019 ) find an average difference
f 10 −15 km s −1 between velocity dispersions measured from 

olecular or atomic gas and corresponding measurements from 

onized gas at z ∼ 1 − 3, although this offset may evolve with
edshift or other galaxy properties. Similarly, Kohandel et al. ( 2023 )
nd that σ measured from H α emission is ∼ 2 × larger than σ
s measured from [C II ] emission. Ho we ver, follo wing from the
xpectation that higher redshift galaxies should be dominated by 
urbulent motions, we would still expect the same general trend 
ith the turbulence increasing with redshift. Instead, we see that the

v erage v elocity dispersion for REBELS-25 ( ̄σ = 33 + 9 
−7 km s −1 ) is

omparable to z < 3 galaxies. 3 

To investigate why this may be the case, we consider the processes
esponsible for driving the turbulence, and hence the gas velocity 
ispersion, within galaxies. First, for REBELS-25, the derived f gas = 

 . 93 + 0 . 03 
−0 . 16 is consistent with the predictions of Wisnioski et al. ( 2015 )

ccording to its redshift and sSFR, and one may therefore expect it
o have a similar velocity dispersion as predicted by the Wisnioski
MNRAS 535, 2068–2091 (2024) 
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M

Figure 8. Velocity dispersion as a function of redshift for REBELS-25 (red star-shaped marker) and other well-resolved galaxies from the literature with CO or 
[C I ] (blue) and [C II ] (orange) observations. The markers are the same as in Fig. 7 . Empty markers show where one or more of the kinematic parameters ( V rot or 
σ ) is given as an upper or lower limit. The gre y-shaded re gion shows the predicted evolution of σ from the semi-analytic model of Wisnioski et al. ( 2015 ), which 
we note is derived for 0 ≤ z ≤ 3 observations, and so we extrapolate this to z > 3. The black and grey lines show fits to observations at z ∼ 0 . 6 − 2 . 6 (solid 
lines) for ionized and molecular gas, respectively, and the extrapolations of these fits to higher redshifts (dashed lines). The yellow-to-purple solid lines show 

predictions from Illustris TNG50 (Pillepich et al. 2019 ) in increasing mass bins, whilst the yellow-to-red dashed lines and shaded areas show the predictions 
from the SERRA simulations (Kohandel et al. 2023 ) and their 1 σ uncertainties. The empty magenta box shows the prediction from the Krumholz et al. ( 2018 ) 
model that only considers feedback effects as the driver of turbulence, whilst the hatched magenta box shows the prediction from the model that incorporates 
both feedback effects and gravitational perturbations, as described in Section 5.3 . 
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t al. ( 2015 ) model (albeit lower for the cold gas tracer used), where
he dispersion is given by 

¯ = 

1 √ 

2 
V rot, max f gas ( z) . (2) 

This would predict a σ̄ of ∼ 250 km s −1 (for a warm ionized gas
racer, so ∼ 120 km s −1 for the [C II ] emission according to Kohandel
t al. 2023 ). Ho we ver , as discussed in W isnioski et al. ( 2015 ), the
edshift evolution of the necessary parameters to define f gas ( z), such
s the depletion time and the sSFR, are uncertain at z � 3, and the
xtrapolation of this model may therefore not be applicable at the
igh redshift of REBELS-25. 
Secondly, we consider the models defined in Krumholz et al.

 2018 ), which find that the turbulence within galaxies is driven by
ravitational instabilities and/or feedback effects. For the galaxies
n Parlanti et al. ( 2023 ), from which we have selected seven main-
equence star-forming galaxies for comparison with REBELS-25,
he models that include both feedback effects and gravitational
nstabilities from Krumholz et al. ( 2018 ) were found to agree well
ith their data. Ho we ver, in Rizzo et al. ( 2021 ), from which we have
lotted the kinematic properties of four starburst galaxies and one
ain-sequence galaxy, models with only energy injected by feedback

ffects were found to be sufficient. The same is also true for the four
alaxies in Roman-Oliveira et al. ( 2024 ), which are a mix of main
NRAS 535, 2068–2091 (2024) 
equence and starburst galaxies. This is perhaps due to the lower mass
f the galaxies in the Parlanti et al. ( 2023 ) sample in comparison to the
izzo et al. ( 2021 ) and Roman-Oliveira et al. ( 2024 ) samples, which
ould mean that gravitational instabilities have more of an effect on
he bulk motion of the galaxies. For REBELS-25, we have plotted the
redicted velocity dispersion according to both of these Krumholz
t al. ( 2018 ) models in Fig. 8 (for cool atomic or molecular gas).
ere, we see that, as with the galaxies in the Rizzo et al. ( 2021 ) and
oman-Oliveira et al. ( 2024 ) samples, the models considering only

eedback effects better agree with the velocity dispersion obtained
or REBELS-25. For REBELS-25, the stellar mass quoted in Table 1
s comparable to those in the Parlanti et al. ( 2023 ) sample, but this
alue is likely to be an underestimate if there is a large amount of
ust obscuration. Impro v ed constraints on the stellar mass will be
ossible with the upcoming JWST data on this galaxy. 
Finally, we also consider that, for this sample of galaxies that is

iased towards the most active and massive star-forming galaxies,
he difference between the velocity dispersion traced by the warm
onized and cold gas emission may be more extreme than in other
tudies such as Übler et al. ( 2019 ), with potentially more intense
utflows and other radial motions that could increase the turbulence
n the warm ionized gas. In high- z studies, comparing both cold
nd warm galaxy kinematics is still limited due to scarce data,
lthough some progress is now being made with the advent of JWST
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Figure 9. As with Fig. 8 , but instead the ratio of ordered to random motion (the ratio of the maximum rotational velocity to the average velocity dispersion) is 
plotted as a function of redshift. 
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Parlanti et al. 2024 ; Übler et al. 2024 ; Fujimoto et al. 2024 ). We note
hat upcoming analysis of ALMA Cycle 9 Band 8 high resolution 
bservations of the [O III ]88 μm line for REBELS-25 (Rowland et al.
n preparation, ID:2022.1.01324.S PI H. Algera) will help to shed 
ight on the effect of different gas tracers on the fitted kinematics of
his galaxy. 

.4 The cosmic evolution of rotational support 

nother kinematic property found to evolve with redshift is the 
atio of maximum rotational velocity to average velocity dispersion, 
 rot, max / ̄σ . As with Fig. 8 , we plot this ratio as a function of redshift

or REBELS-25, the literature sources and various predictions in Fig. 
 . Here, we see that REBELS-25, and most of the galaxies in our
omparison sample, have V rot, max / ̄σ > 2. This places the majority of
hese sources abo v e the predictions from the Wisnioski et al. ( 2015 )
odel and from the TNG50 simulations, although we again note that 

hese predictions are for warm ionized gas tracers, which are likely to
esult in higher velocity dispersions and therefore lower V rot, max / ̄σ . 

In Fig. 9 , we again plot the predictions for the evolution of the
egree of rotational support from the SERRA simulations (Kohandel 
t al. 2023 ). Here, we see that REBELS-25 is consistent within the
ncertainties with the predictions for the log ( M ∗/ M �) > 9 sample. 4 

his is also the case for most of the galaxies in our comparison
ample at z > 4, although we note that the galaxies from Parlanti
t al. ( 2023 ) have large uncertainties such that they are consistent
ith most of the predictions shown here. 
 We note that using the tighter mask described in Appendix C, which results 
n a lower V rot, max / ̄σ of ∼ 9, does not change our main conclusions. 

l  

m  

h

m  
The discrepancies between the predictions from SERRA and 
NG50 could be due to a combination of reasons. The first possible
ause is, as discussed abo v e, the SERRA predictions shown in
ig. 9 are for kinematics as traced by [C II ] emission, whereas the
NG50 predictions are for H α emission. Another possible cause 

s that SERRA uses mock ALMA observations (Kohandel et al. 
023 ) whereas TNG50 takes the intrinsic kinematic properties from 

 face-on projection of the simulated galaxies (Pillepich et al. 
019 ). Ho we ver, these reasons do not explain why the SERRA
redictions show almost no redshift evolution. Instead, the SERRA 

redictions mainly indicate that the stellar mass of the galaxy 
as a more significant impact on its degree of rotational support.
imilar emphasis on this mass dependence is also made in other
tudies, such as in Dekel et al. ( 2020 ) where both the VELA
imulations and SAMI observations indicate a significant increase 
n the degree of rotational support at log ( M ∗/ M �) ∼ 9. Other
bservations at z < 3 also indicate a mass dependence on the degree
f rotational support, for e xample Tile y et al. ( 2021 ) find that stellar
ass, rather than redshift, most strongly correlates with the disc 

raction amongst star-forming galaxies at z ∼ 1 . 5, observing only
 modest increase in the pre v alence of discs between z ∼ 1 . 5 and
 ∼ 0 . 04 at fixed stellar mass. Similar findings are presented in,
or example, Simons et al. ( 2017 ) and Wisnioski et al. ( 2019 ) for
 � 2 observations. Additionally, recent FIRE-2 simulations have 
mplied that disc galaxies can exist at any redshift in sufficiently

assive haloes (Gurvich et al. 2022 ). However, as can be seen from
he mass ranges of our comparison sample in Fig. 7 , there is a
ack of high resolution observations of cold gas kinematics in low-

ass ( M ∗ < 10 9 M �) galaxies at high- z to confidently validate these
ypotheses. 

To investigate this mass dependence further, we therefore also 
ake comparisons to ionized gas kinematic studies at a range of
MNRAS 535, 2068–2091 (2024) 
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Figure 10. As with Figs 8 and 9 , but instead the ratio of ordered-to-random motion is plotted as a function of stellar mass. The magenta markers are from 

recent studies of ionized gas kinematics at z > 2, and the magenta lines are from H α observations of 739 galaxies from the KMOS 3D surv e y, av eraged in three 
redshift bins, from Wisnioski et al. ( 2019 ). The black vertical dashed line indicates a cut-off stellar mass at ∼ 10 9 M � described in Gurvich et al. ( 2022 ) as a 
threshold mass where rotationally supported discs (with V rot /σ > 1) can form. 
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edshifts. At lower redshifts, we compare with results from the
MOS 

3D surv e y from Wisnioski et al. ( 2019 ). At high redshift, we
ompile results from a recent study of the ionized gas kinematics with
WST NIRSpec Multi-Object Spectroscopy (MOS) observations
Graaff et al. 2024 ), studies of individual galaxies with NIRSpec
FU observations (including a lensed galaxy at z = 6 . 072 named
he Cosmic Grapes, from Fujimoto et al. 2024 , ALESS073.1 at
 = 4 . 76 from Parlanti et al. 2024 , and GN-z11 at z = 10 . 60 from
u et al. 2024 ), a study of a z = 5 . 3 galaxy using JWST grism

pectroscopy from Nelson et al. ( 2023 ), and a study of the z = 2 . 259
alaxy J0901 using SINFONI/VLT H α observations from Liu et al.
 2023 ). We note that due to the compactness of GN-z11, it is not
urrently possible to rule out a merger scenario from the current
patial resolution (Xu et al. 2024 ). Additionally, the observations
rom Graaff et al. ( 2024 ) use the NIRSpec MOS, and so it is also not
ossible to differentiate between merging and rotating disc systems
ince the objects are resolved by only a few resolution elements
long a single spatial direction. Ho we ver, the galaxies studied in
raaff et al. ( 2024 ) are amongst the lowest mass galaxies studied
inematically at z > 1 so far, and therefore make for an interesting
dditional comparison sample. We also add that the kinematics
f ALESS073.1 have been studied with both ALMA ([C II ], Lelli
t al. 2021 ) and with JWST (H α, Parlanti et al. 2024 ) observations
t high resolution, as has the ‘Cosmic Grapes’ z = 6 . 072 galaxy
rom Fujimoto et al. ( 2024 ). In Fig. 10 , we plot V rot, max / ̄σ against
tellar mass for the same galaxies as in Fig. 9 , along with the
forementioned ionized gas observations with magenta markers and 
ines. 

Fig. 10 appears to show a tentative positive correlation between
 rot, max / ̄σ and M ∗. For the warm ionized gas tracers, it is likely
NRAS 535, 2068–2091 (2024) 

c  
hat the velocity dispersions are higher than if they were traced by
old gas (as seen for Cosmic Grapes and ALESS073.1). We could
herefore assume that the cold gas velocity dispersion would be
ower, which would in turn increase V rot, max / ̄σ . It is therefore not
ossible to confidently assess this trend. It should also be noted
hat there are large uncertainties in deriving the stellar mass at high
edshift, which may also affect any observed relationship. Future
tudies with spatially resolved SED fitting may help to impro v e stellar
ass estimates at high- z (e.g. Abdurro’uf et al. 2023 ; Gim ́enez-
rteaga et al. 2023 ). 

 SUMMARY  A N D  C O N C L U S I O N S  

n this paper, we have presented follow-up high-resolution ( ∼710 pc)
LMA [C II ] and dust ( ∼ 150 μm) continuum observations of
EBELS-25; a massive star-forming galaxy at z = 7 . 31, originally

argeted as part of the ALMA REBELS LP (Bouwens et al. 2022 ).
n previous studies (Stefanon et al. 2019 ; Hygate et al. 2023 ), this
alaxy was found to have multiple UV clumps, indicating a potential
isturbed, merging or clumpy morphology. Ho we ver, the follo w-up
igh resolution observations presented here indicate that the [C II ]
mission in this galaxy is well fit by a near-exponential disc profile,
ith a S ́ersic index of 1 . 3 ± 0 . 2. These UV clumps that are offset

rom the [C II ] and dust are therefore likely to be the result of dust
bscuration, or are potentially star forming clumps embedded into
he gas disc. As well as 2D S ́ersic fitting, we have used CANNUBI
o fit additional morphological parameters of this galaxy, and find
hat it has a low inclination ( i = 25 ± 6 ◦) and potentially a very
hin disc ( Z 0 < 710 pc). In addition, we see some evidence of more
omplex morphological features, including tentati ve e vidence of a
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ar, identified by fitting elliptical isophotes to both the [C II ] and dust
ontinuum emission. 

We find the [C II ] kinematics of REBELS-25 are well explained
y a rotation-dominated disc using the 3D tilted ring fitting tool, 
D BAROLO , and several independent criteria to distinguish between 
 disc and a major merger, including the five-disc criteria from
isnioski et al. ( 2015 ) and Jones et al. ( 2021 ), and also the PV Split
ethod from Rizzo et al. ( 2021 ). The best-fitting rotating disc model
ith 3D BAROLO reveals a low o v erall turbulence ( ̄σ = 33 + 9 

−7 km s −1 )
nd a high ratio of V rot, max / ̄σ = 11 + 6 

−5 . This low average dispersion
elocity obtained for REBELS-25 is consistent with stellar feedback 
s the main driver of turbulence within this galaxy, as has also been
ound for other dynamically cold discs in the high redshift Universe 
Rizzo et al. 2021 ; Roman-Oliveira et al. 2024 ). Ho we ver, we do
ee some evidence of non-circular motions, which could be due to 
nflo ws/outflo ws, a minor merging component, a central bar and/or 
piral arms. 

Additionally, we find a total dynamical mass of (1 . 2 + 1 . 0 
−0 . 6 ) ×

0 11 M � for this galaxy. This indicates that REBELS-25 is a highly 
 as-dominated g alaxy, with a g as mass of M gas , tot = (1 . 1 + 1 . 0 

−0 . 7 ) ×
0 11 M � (if we take M ∗ = 8 + 4 

−2 × 10 9 M �). Ho we ver, the total stellar
ass of this galaxy is likely very uncertain thanks to dust obscuration, 
eaning that our estimates of M gas , f gas , and α[CII] are also highly

ncertain. Upcoming JWST observations (GO-1626, GO-6036, and 
O-6480) will help impro v e estimates of the stellar mass and

tellar morphology of the galaxy, enabling future work on dynamical 
odelling and rotation curve decomposition of REBELS-25 with the 

inematic information obtained in this paper. 
An increasing number of dynamically cold discs have been 

dentified in the high- z Universe, although these observations are 
ften not sufficiently resolved to confidently distinguish between 
ergers and discs. With these sub-kpc resolution observations, 
EBELS-25 is amongst the most distant robustly confirmed cold 
iscs observed to date. This finding of a very distant ( z = 7 . 31), very
ynamically cold ( V rot, max / ̄σ = 11 + 6 

−5 ) disc challenges the predictions
rom many state-of-the-art models and cosmological simulations, 
hich tend to predict very turbulent and dispersion-dominated discs 

t z > 3. By comparing to other cold gas kinematics studies of
 > 0 . 5 galaxies with observational data of similar quality, we find
hat dynamically cold discs seem to be more common in the high- z 
niverse than predictions based on warm ionized gas tracers (e.g. 
illepich et al. 2019 ), although we note an observational bias towards
assive star forming galaxies. However, these observations are more 

onsistent with recent predictions from the SERRA cosmological 
imulations (Pallottini et al. 2022 ) based on mock observations of
C II ] emission (Kohandel et al. 2023 ), suggesting that the kinematic
racer used significantly impacts the deriv ed v elocity dispersion, and 
herefore degree of rotational support. For the case of REBELS-25, 
oth high resolution ALMA observations of [O III ]88 μm emission
Rowland in preparation, ID:2022.1.01324.S PI H. Algera) and JWST 

bservations of [O III ]5007 Å kinematics (GO-6036 PI J. Hodge, and 
O-6480 PI S. Schouws) will enable a comparison between cold and 
arm ionized gas tracers. 
REBELS-25 is a massive ( M ∗ = 8 + 4 

−2 × 10 9 M �) galaxy, and sev-
ral studies have suggested a stronger dependence on the mass of
he galaxy, rather than its redshift, in setting the evolution of the gas
inematics (e.g. Dekel et al. 2020 ; Gurvich et al. 2022 ; Kohandel et al.
023 ). A comparison to lower mass galaxies tentatively provides 
bserv ational e vidence to support this (Fig. 10 ), although further
ork, particularly at lower stellar masses, is necessary to study 

his mass dependence. JWST will be a powerful tool for such 
tudies, with ionized gas kinematic studies of fainter, lower mass 
alaxies at high- z now becoming more feasible (e.g. Graaff et al.
024 ). 
Overall, in this work we have shown that dynamically settled 

otating disc galaxies, such as REBELS-25, can form as early as just
00 Myr after the big bang. We therefore expect that future, high
esolution studies of cold gas kinematics at high- z will reveal even
ore cold, massive discs. In particular, ongoing ALMA observations 

f other REBELS galaxies will enable robust kinematic modelling 
f additional rotating disc candidates at z ∼ 6 − 8 (Phillips et al. in
reparation). 
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PPENDI X  A :  TESTS  USI NG  DI FFERENT  [C  I I ]  
I NE  CUBES  

n Table A1 , we list the properties of the ALMA [C II ] line cubes used
o test our main findings. The first three rows correspond to Cycle 8
nly line cubes created with a range of channel widths (5, 10, and
5 km s −1 ) and using both natural and Briggs-weighted data sets. For
he measurement set labelled ’LP + Cy 8, JvM-corr’, we concatenate 
he low resolution REBELS LP data with the high resolution Cycle
 observations. We follow the same reduction steps as outlined in
ection 2.1 for each data set, ho we ver for the combined cube we
dd additional steps, which are described below, to account for the
ifferent array configurations used in the two observations. 
For the combined cube, we are impacted by the JvM effect, as
entioned in Section 2.1 . This effect occurs when the volume of the
LEAN beam differs from the volume of the dirty beam, resulting in
n incorrect flux scaling of the CLEAN residual map. Consequently, if
o correction is applied, we derive a [C II ] flux from the concatenated
ataset that is ∼ 3 . 4 times higher than the [C II ] flux from the LP data
Hygate et al. 2023 ) alone. Recently, a correction for this effect has
een suggested by Czekala et al. ( 2021 ). In summary, a correction
actor, ε, is determined from the ratio of the dirty to CLEAN beam
olume (taken at the first null of the dirty beam), and the residuals
re then scaled by this factor before being added to the convolved
LEAN model to produce the final imaging. 
As in Posses et al. ( 2024 ), we find that cleaning down to a

hreshold of 1 σRMS minimizes this effect, and we find that binning
o a higher channel width (20 km s −1 ) also reduces this effect.
ince these observations were taken o v er 2 yr apart and with
ultiple array configurations, we also apply the statwt task to the

ontinuum-subtracted measurement set to re-assign weights based on 
he measured noise. For this statwt task, we again fit only line-free
hannels, since emission could contaminate the weight calculation. 
e then apply the JvM correction with ε = 0 . 18, as determined

rom the ratio of the CLEAN and dirty beam volumes. Applying this
orrection results in a consistent total [C II] flux (in a circular aperture
ith a radius of 1.75”) between the combined cube, the Cycle 8 data
nly cubes, and the LP data. Ho we ver, as discussed in, for example,
asassus & Carcamo ( 2022 ); Posses et al. ( 2024 ), the application
f the JvM correction means that the residuals have been rescaled,
nd so the RMS is no longer a true representation of the sensitivity
f the observations. This can therefore significantly exaggerate the 
NR (Casassus & Carcamo 2022 ). When fitting the morphology and
inematics on the concatenated cube with CANNUBI and 3D BAROLO ,
e therefore increase the GROWTHCUT parameter to 6. We note that

he uncertainties on the fitted parameters for the concatenated cube 
re likely underestimated. 

We run some initial morphology fitting tests for each data set
ith Sersic2D and CANNUBI . Notably, we find a S ́ersic index
f ∼ 1 for all cubes tested, and we find the bright, misaligned
omponent discussed in Section 3.3 is present in all of the different
ubes tested. We o v erall find morphological parameters that are
onsistent with those in Section 3.1 and Table 2 , and we therefore
x all the morphological parameters to those in Table 2 when fitting
ith 3D BAROLO . For these kinematic fits, we leave only V rot , σ , and

A kin as free parameters, as done with the final kinematic fitting in
ection 4.1 . For the cube binned to 5 km s −1 and for the cube with
riggs weighting, we fit only 4 rings due to the lower SNR. The
 rot, max / ̄σ and their uncertainties are then derived using the same
ethod as in Section 4.2 , and are listed in Table A1 , where we see

hat all results are consistent with the main findings of this paper.
e also show in Fig. A1 the PVDs for the kinematic fit to the JvM-

orrected cube. In all rotation curves produced from these tests, the
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Table A1. Table showing some of the observation details of the different [C II] line cubes tested, and the resulting ratio of ordered to random motion ( V rot / ̄σ ). 

Measurement set Channel width Weighting Robust Beam RMS V rot, max / ̄σ

(km s −1 ) (arcsec ×arcsec) ( μJy beam 

−1 channel −1 ) 

Cycle 8 5 Natural – 0.14 × 0.13 210 10 
Cycle 8 10 Natural – 0.14 × 0.13 150 9 
Cycle 8 15 Briggs 0.5 0.12 × 0.10 140 11 
LP + Cy 8, JvM-corr 20 Natural – 0.15 × 0.14 12 ∗ 8 

Note. Note that the residuals for the JvM-corrected cube are scaled by a factor ε = 0 . 18. 

Figure A1. The major-axis (top) and minor-axis (bottom) PVDs for the 
best-fitting 3D BAROLO model to the JvM corrected cube. The contours for 
the data (in black) and the model (in red) are at 6, 12, and 18 σRMS as 
calculated from 

3D BAROLO . Ne gativ e contours for the data at −12 and −6 
σRMS are indicated by the dashed grey contours. Note, ho we ver, that this 
σRMS is not a true representation of the sensitivity of the data due to the 
scaling of the residuals in the JvM correction. The yellow markers in the top 
panel indicate the separation of the six rings fitted by 3D BAROLO and their 
fitted rotation velocities along the line of sight. The asymmetry in the model 
of the minor-axis PVD is the result of a changing PA across the disc which is 
preferred for this fit. 
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ump feature, where there is a higher V rot value in the first ring, is
resent. From these tests, we therefore conclude that the kinematic
arameters we have derived in the main body of the paper are
obust. 

PPENDI X  B:  CANNUBI C O R N E R  PLOT S  

n Fig. B1 , we show the posterior distributions obtained by applying
ANNUBI to our [C II] observations of REBELS-25. The inclina-

ion (incl) and position angle (pa) are given in degrees, the disc
hickness (Z0) in arcseconds and the geometric centre (x0 and y0)
n arbitrary pixel units that are equi v alent to J2000 RA, Dec of
0:00:32.3410, + 1:44:31.153. 
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Figure B1. A triangle plot of the posterior distributions for the morphological parameters fitted by CANNUBI . 
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PPENDIX  C :  TESTS  O N  T H E  G A S  VELO CI TY  

ISPERSION  

s discussed in the main body of the paper, we see some positive
esiduals in the moment-2 maps from our best-fitting kinematic 
odel in Fig. 4 . We note that these positive residuals do not seem to be

xisymmetric, and it is therefore unlikely that they are representative 
f the o v erall disc dynamics. One can look at low-redshift galaxies
ith well-established rotation, where similar positive residuals are 

lso very clear (e.g. the MHONGOOSE survey, de Blok et al. 2024 ).
espite these residuals, we see that the model PVDs follow the data

ontours well in Fig. 5 . Ho we ver, if we force the velocity dispersion
o be higher, this is no longer the case. To illustrate this, we show
he major-axis PVD for a model where we set the intrinsic velocity
ispersion of the galaxy to 80 km s −1 in the left-hand side of Fig. C1 .
ere, we see that this model o v erestimates the width of the PVD.
dditionally, we also show the residual in the moment-2 map (Fig.
2 ), where we see that the residuals are strongly biased ne gativ e. 
In addition to these positive residuals in the observed map of the

elocity dispersion, we also see some pixels close to the outer edge of
he galaxy with σ values that approach the instrumental dispersion, 
hich we have set as the minimum observed velocity dispersion 

 MINVDISP parameter). These are mostly low SNR pixels that 
re detected in fewer than three channels in the mask produced
y 3D BAROLO . Many of these pixels lie beyond the extent of the
uter ring (black ellipses in Fig. 4 ). Ho we ver, some of these pixels
till remain within the outer ring, with 26 per cent of pixels in the
MNRAS 535, 2068–2091 (2024) 
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M

Figure C1. Two different major axis position velocity diagrams of REBELS-25, with the data plotted in blue and the models plotted in red, with the contours 
plotted at the same levels as in Figs 5 and A1 . For the model on the left, we have fixed the intrinsic velocity dispersion of the model to 80 km s −1 , but otherwise 
we follow the same fitting procedure described in Section 4.1 . The plot on the right is our fiducial model, where the intrinsic velocity dispersion derived is 33 + 9 −7 
km s −1 . Here, we see that the contours of our fiducial model better follow the data. In the higher σ model, the widths of the model contours, particularly at high 
SNR, o v erestimate the width of the data. 

Figure C2. Dispersion velocity maps (observed: left, model: centre, residuals: right) from 

3D BAROLO fitting for REBELS-25 where we set the intrinsic 
dispersion velocity to 80 km s −1 . 
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fth ring detected in fewer than three channels. We note that the
ffect of these pixels is likely limited due to the use of an azimuthal
veraging, ho we ver we investigate if these pixels may be leading to
n underestimation of the velocity dispersion in the outer ring by
pplying an additional step to the mask produced by 3D BAROLO . To
o this, we take the original mask produced by 3D BAROLO from the
NRCUT and GRWOTHCUT parameters described in Section 4.1 , and

hen we also mask out any pixels that are detected in fewer than
hree channels. This consequently excludes ∼ 66 per cent of pixels
ith σ < 45 km s −1 . We then run a fit with 3D BAROLO again, using

his new, tighter mask, and find results that are consistent, within
he uncertainties, with our best-fitting fiducial model presented in
NRAS 535, 2068–2091 (2024) 
he main body of the paper ( ̄σ = 38 km s −1 and V rot, max = 354 km
 

−1 ). Ho we v er, when we e xplore the parameter space of this fit with
PACEPAR (Fig. C3 ), we see that V rot is not well constrained in

he outer ring. Therefore, we can conclude that the pixels detected
n fewer than three channels are not affecting the derived velocity
ispersion, but they are still useful for constraining the rotation
f the gas, and so we still include these pixels in our fiducial 
odel. 
Finally, we also test the QUBEFIT kinematic fitting tool, as

escribed in Neeleman et al. ( 2021 ), and we find consistent results
ithin the uncertainties. In particular, QUBEFIT finds a dispersion
elocity of 40 + 9 

−8 km s −1 . 
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Figure C3. The parameter space of the dispersion veloctiy ( VDISP ) and the rotation velocity ( VROT ) for each ring fitted with 3D BAROLO , when we mask out 
all pixels detected in fewer than three channels, as described in the text. The best-fitting values are indicated with a cross and reported in the top label. The color 
scale represents the χ2 values, and the white contours correspond to percentage variations (2 per cent, 5 per cent, 10 per cent, and 30 per cent) in χ2 from the 
best-fitting value. In the fifth and outermost ring at ∼ 0.49 arcsec, we see that the rotation velocity is not well constrained, from which we infer that there are 
too few pixels to reliably constrain the rotation in this ring. We also see that the velocity dispersion values are pushed to < 7 km s −1 . 
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PPENDIX  D :  C H A N N E L  MAPS  

n Fig. D1 , we show representative channel maps of the [C II]
mission of REBELS-25 (top panels) and of the best-fitting kinematic 
odel (bottom panels) obtained with 3D BAROLO . We show the data 

n the upper panels with blue contours for the positive emission
nd grey, dashed contours for the negative emission. The model is
hown with red contours in the lower panels. The contours follow the
mission intensity according to 2 σRMS and 4 σRMS , with the ne gativ e
ontours at −2 σRMS . The green cross shows the kinematic centre
tted by 3D BAROLO . 
MNRAS 535, 2068–2091 (2024) 
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M

Figure D1. Representative channel maps of REBELS-25, with contours at 2 and 4 σRMS for the data in blue (upper panels) and the model in red (lower panels). 
Ne gativ e contours at −2 σRMS are indicated by the grey dashed contours. As with Fig. 5 , σRMS = 84 μJy beam 

−1 and is equal to one standard deviation abo v e 
the median value as calculated by 3D BAROLO . The centre of the galaxy as determined from CANNUBI and fixed in the kinematic fit is marked by a green cross. 
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