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ABSTRACT

We reanalysed the Atacama Large Millimeter/submillimeter Array (ALMA) observations of the [O 111] A88 um emission line in
JADES-GS-z14-0, so one of the most distant spectroscopically confirmed galaxies at z = 14.18. Our analysis shows a tentative
detection of a velocity gradient of [O 111] A88 wm using three independent tests: (1) construction of moment maps; (2) extraction
of integrated spectra from a grid of apertures; and (3) spectro-astrometry in both the image and uv planes, confirming the
presence of the velocity gradient at 3o significance. We performed kinematical fitting using the KINMS code and estimated a
dynamical mass of logjo(Mayn/Me) = 9.4J_r8:§, with the bulk of the uncertainties due to the degeneracy between dynamical
mass and inclination. We measure an upper limit on the velocity dispersion (o) of <40 km s~! which results in an estimate
of Viot/o > 2.5. This result, if confirmed with higher resolution observations, would imply that kinematically cold discs are
already in place at z ~ 14. Comparison with mock observations from the SERRA cosmological simulations confirms that even
low-resolution observations are capable of detecting a velocity gradient in z > 10 galaxies as compact as JADES-GS-z14-0. This
Letter shows that deeper ALMA or JWST (James Webb Space Telescope)/Near-Infrared Spectrograph integral field spectroscopy
observations with high spatial resolution will be able to estimate an accurate dynamical mass for JADES-GS-z14-0, providing
an upper limit to the stellar mass of this overluminous galaxy.

Key words: galaxies: evolution — galaxies: kinematics and dynamics.

revealing a large population of bright, metal-poor galaxies in the

1 INTRODUCTION early Universe. Remarkably, insight into the characteristics of the

With the launch of the James Webb Space Telescope (JWST), we
are now able to observe the rest-frame optical and ultraviolet (UV)
emission from galaxies and their interstellar medium (ISM) up to
redshift ~14 (A. J. Cameron et al. 2023; E. Curtis-Lake et al. 2023;
Y. Harikane et al. 2023, 2025; Y. Isobe et al. 2023; R. L. Larson
et al. 2023; B. E. Robertson et al. 2023; S. Tacchella et al. 2023,
2025; Abdurro’uf et al. 2024; S. Carniani et al. 2024; T. Y.-Y. Hsiao
et al. 2024; R. L. Sanders et al. 2024; A. Vikaeus et al. 2024),
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most distant galaxies can also be gained through interferometric
observations, as illustrated by the detection of line emission from
what is currently the most distant galaxy known [the Atacama Large
Millimeter/submillimeter Array (ALMA); S. Carniani et al. 2025; S.
Schouws et al. 2025b].

Before the launch of JWST, the main avenue to study the properties
of high-redshift galaxies was with Hubble Space Telescope and
ground-based 8-10 m observatories to study the rest-frame UV
properties. Millimetre/submillimetre observatories such as ALMA
and NOEMA (Northern Extended Millimeter Array) investigated
these high-z galaxies through [CI]A158 um and [O 1] A88 um
emission lines and, in a few cases, far-infrared (FIR) continuum
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emission. These observations revealed not only large dust reservoirs
by z ~ 8 (Y. Tamura et al. 2019; T. J. L. C. Bakx et al. 2021; H.
Inami et al. 2022; L. Sommovigo et al. 2022; J. Witstok et al. 2022),
but also ISM properties such as metallicity and ionisztion parameter
(J. S. Spilker et al. 2022; J. Witstok et al. 2022; M. Killi et al. 2023;
K. C. Litke et al. 2023).

FIR observations of high-z galaxies also showed early rotating
discs (e.g. R. Smit et al. 2018; M. Neeleman et al. 2020; F. Rizzo
et al. 2020, 2021; F. Fraternali et al. 2021; F. Lelli et al. 2021;
E. Parlanti et al. 2023; L. E. Rowland et al. 2024). However, in
some cases, JWST observations have resolved these apparent discs
into close-separation major mergers (e.g. F. Fraternali et al. 2021; I.
Lamperti et al. 2024; H. Ubler et al. 2024; G. C. Jones et al. 2025;
E. Parlanti et al. 2025; J. Scholtz et al. 2025), although there is still
debate over different kinematic signatures in cold and ionized gas
phases. Theoretical models predict that high-redshift galaxies should
be more turbulent, due to the increased merger rates (K. Duncan
et al. 2019; Q. Duan et al. 2025), violent disc instabilities driven by
the accretion of gas (A. Dekel et al. 2009; M. R. Krumholz et al.
2018), and intense star formation feedback (M. E. Orr et al. 2020).
However, different cosmological simulations find different results,
with some showing the presence of turbulent discs (A. Pillepich
et al. 2019), while others predict that early galaxies should already
have formed a cold rotating disc (M. Kohandel et al. 2024). This still
leaves major questions about the assembly of discs at the epoch of
reionization and beyond, including which gas phase best traces the
galaxy kinematics/rotation.

The most distant spectroscopically confirmed galaxy is JADES-
GS-53.08294-27.85563 (more commonly known as JADES-GS-z14-
0; B. Robertson et al. 2024) at z = 14.1796, originally identified via
Near-Infrared Camera (NIRCam) photometry (K. N. Hainline et al.
2024; B. Robertson et al. 2024) and later spectroscopically confirmed
by Near-Infrared Spectrograph (NIRSpec; S. Carniani et al. 2024)
and ALMA (S. Carniani et al. 2025; S. Schouws et al. 2025b). The
combination of ALMA and JWST observations revealed a compact
galaxy with a half-light radius of 260 £ 20 pc with metallicity
of 0.1-0.2 Z, i.e. a significantly enriched ISM for z ~ 14 galaxy
(S. Carniani et al. 2024). The galaxy is also detected at 7.7 um
with MIRI (Mid-Infrared Instrument) with strong excess to NIRCam
photometry, indicating the presence of [O 111] AA5007, 4959 (J. M.
Helton et al. 2025). Furthermore, S. Carniani et al. (2025) and S.
Schouws et al. (2025b) detected [O111] A88 um in this galaxy with
ALMA, measuring the dynamical mass from the velocity dispersion
of the [O 1] A88 um (log;o(Mayn/Mg) = 9.0 & 0.2), comparable to
the galaxy’s stellar mass (log;o(M./Mg) = 8.7f8;;). Under standard
assumptions about stellar population modelling (e.g. G. Chabrier
2003 initial mass function; S. Carniani et al. 2025; J. M. Helton
et al. 2025), the measured dynamical mass leaves very little mass
budget for both gas and stars — the estimated gas fraction is only
10-30 per cent, making this galaxy gas-poor. This would be a result
of either rapid gas consumption through previous star formation
episodes or fast gas outflows ejecting the gas reservoir (S. Tacchella
et al. 2016; A. Dekel et al. 2023; A. Ferrara 2024; A. Ferrara et al.
2025).

However, the dynamical mass estimates using the velocity dis-
persion of a line are notoriously uncertain, hence an accurate
measurement of the dynamical mass with dynamical modelling is
needed (M. Kohandel et al. 2019). In this Letter, we investigate the
evidence for a velocity gradient using the ALMA observations of
[O 1] A88 um, to improve the measurement of the dynamical mass
of JADES-GS-z14-0 and investigate the assembly of rotating discs
in the early Universe.
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Throughout this Letter, we adopt a flat ACDM (A cold dark
matter) cosmology: Hy = 67.4 km s~! Mpc™!, Q, = 0.315, and
Q, = 0.685 (Planck Collaboration VI 2020). With this cosmology,
1 arcsec corresponds to 3.3 kpc at z = 14.18.

2 OBSERVATIONS AND DATA REDUCTION

In this Letter, we use ALMA Band 6 observations of JADES-GS-
714-0 as part of 2023.A.00037.S programme (PI: Schouws), which
used two spectral configurations to target the [O 111] A88 um emission
line. The total on-source integration time is 2.82 h per spectral
configuration. We used the calibrated visibilities downloaded from
the ALMA archive, only selecting the spectral configuration covering
the detected [O 111] A88 wm emission line at 223.524 GHz, same data
reduction as in S. Carniani et al. (2025).

In order to image the calibrated visibilities, we used the Common
Astronomy Software Applications (CASA) package (J. P. McMullin
et al. 2007; CASA Team 2022), specifically the task tclean. S.
Carniani et al. (2025) and S. Schouws et al. (2025b) detected the
emission line with 6.7¢. To optimize the spatial resolution of our
observations while maintaining sufficient signal-to-noise ratio (S/N),
we adopted Briggs weighting with a robust parameter of 0.5 and
Hogbom deconvolver. We opted for a pixel scale of 0.1 arcsec, and a
channel width of 10 km s™! to create the final data cubes. We cleaned
the images down to a 3¢ level (rms = 0.1 mJy beam™"). The final
data cube has a resolution with a beam of 0.6 arcsec x 0.8 arcsec,
compared to the deconvolved rest-frame UV half-light radius from
NIRCam imaging of 0.079 arcsec and the natural weighting resolu-
tion of 1.09 arcsec x 0.82 arcsec used in S. Carniani et al. (2025)
and S. Schouws et al. (2025b).

3 DETECTION AND MODELLING OF
VELOCITY GRADIENT

3.1 Velocity gradient in [O 111] A88 um

To investigate the presence of any velocity gradient traced by the
[O 1] A88 pm emission line, we fitted each pixel of the data cube
within a radius of <0.5 arcsec with a single Gaussian model, with
centroid, velocity width, and amplitude as free parameters. We fitted
this model using PYTHON’s LMFIT. To construct the final map, we
opted for an S/N cut-off of 3. We show the final velocity and
full width at half-maximum (FWHM) maps of [O1i] A88 um in
the top and middle left panels of Fig. 1. The velocity map shows
a velocity gradient in the north-east direction with velocities from
+40 to —20 km s~'. We verified this velocity gradient using three
separate methods: (1) extracting integrated spectra from a grid of
apertures; (2) performing spectro-astrometry in the image plane; and
(3) performing spectro-astrometry in the uv-plane.

To confirm the velocity gradient, we extracted the regional spectra
from a 3 x 3 square grid centred on the JADES-GS-z14-0. Each
region has a size of 0.3 arcsec x 0.3 arcsec and we show these
spectra on the right side of Fig. 1. We fitted the extracted spectra
using a single Gaussian profile to determine the velocity centroid of
the emission line profile. The extracted spectra confirm the presence
of the velocity gradient in JADES-GS-z14-0 along the north-east
direction with maximum velocity difference between two regions of
42 4 14 km s~!, which is significant at 3.0c.

We further confirmed this velocity gradient using spectro-
astrometry in both image and uv-plane. For the image plane analysis,
we created two moment-0 maps of the [O 111] A88 wm emission line in
the range [0, 50] km s~! and [—50, 0] km s ! to map the redshifted and
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Figure 1. Tentative detection of the velocity gradient in JADES-GS-z14-0. Left top and middle panels: FWHM and velocity maps of the [O 111] A88 pum emission
line from Gaussian fitting. We used a 3o cut-off to create these maps. The red squares indicate the apertures used to extract spectra on the right. Bottom left:
NIRCam F200W image tracing the rest-frame UV emission. The red and blue contours show moment-0 maps extracted from [—50, 0] km s~land [0, 50] km s~ .
The cyan-hatched ellipse shows the ALMA beam size. We observe 0.3 &= 0.06 arcsec offset between the red and blue centroids. Right panels: [O 111] A88 pum
extracted from the square apertures indicated on velocity and FWHM maps. The data and the best-fitting model are shown as blue and red lines, while the black
dotted line indicates the flux uncertainties. The extracted spectra confirm the derived velocity maps.

blueshifted parts of the emission line, respectively. These are shown
as red and blue contours, respectively, on the moment-0 map in the
bottom left panel of Fig. 1. We measure the spatial offset between
the red and blue centroids of 0.30 & 0.06 arcsec, corresponding to
0.99 £ 0.20 kpc.

We adopted a spectro-astrometry test in the uv-plane by performing
a 2D Gaussian fitting to the uv-visibilities. We first extracted the uv-
visibilities from the measurement set using spectral channels 66—70
for the blue side and channels 70-74 for the red side of the emission
line, which corresponds to the [0, 50] km s~! and [—50, 0] km s~!
channel maps. We fitted the model using an MCMC fitting routine
(EMCEE; D. Foreman-Mackey et al. 2013), and we plot the final
posterior distribution of the offsets between the location of the red
and blue sides of the emission line and the centre of the galaxy in
Fig. 2. The final estimated distance between the red and blue sides
is 0.28 £ 0.10 arcsec (0.92 £ 0.33 kpc), clearly confirming the
velocity gradient observed in the image plane. Furthermore, we split
the observations into two exposures (1.4 h on source per exposure)
and confirmed our findings in both exposures. Overall, all three
approaches show tentative evidence for a velocity gradientin JADES-
GS-z14-0.

3.2 Modelling of the velocity gradient

In this section, we model the tentative velocity gradient detected in
the previous section. Interpreting velocity gradients in low-resolution
observations is challenging as mergers are often misinterpreted as
rotating discs (e.g. M. Kohandel et al. 2020; F. Rizzo et al. 2022; E.
Parlanti et al. 2025; J. Scholtz et al. 2025). However, in the NIRCam

ADec

e Q
N 0‘)
ARA ADec

Figure2. Spectro-astrometric analysis in the uv-plane. We show the posterior
distribution of the spatial offset of the red and blue sides of the emission line
from the centre of JADES-GS-214-0 ([0, 50] km s~! and [—50, 0] km s~ 1).
We see a spatial offset between the red and blue parts of the emission line,
confirming the presence of the velocity gradient.
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images tracing the rest-frame UV (see Fig. 1), we do not see evidence
of companions, double nuclei, tidal tails, or any other complex
structure usually associated with merger events. The presence of
an outflow causing the observed gradient is also excluded based on
the low velocity dispersion of the observations. Within the S/N of our
observations, we do not see clear traces of streams of inflowing gas
that could lead to kinematic distortions and dynamical instabilities
like those observed in other high-z systems (e.g. SPT 0311-58; S.
Arribas et al. 2024). The measured offset of the red and blue centroids
of [O11] A88 um spectrum is also well above the diffraction limit
of JWST at 3 um (0.1 arcsec), implying that any companion or
tidal tails above this spatial scale would have been detected in the
NIRCam images. Therefore, we will model this data by assuming it
is a rotating disc.

We use the same method as described in E. Parlanti et al. (2023),
using the publicly available PYTHON library KINMS (T. A. Davis, N.
Zabel & J. M. Dawson 2020). Here, we briefly describe the procedure.
This method creates a mock data cube of a rotating disc based on the
input parameters, convolves it to match the spatial resolution of the
observation to account for the beam-smearing effect, and then creates
the model moment maps that we can directly compare with a set of
observed ones. We set up KINMS to simulate the ALMA observations,
with a spectral resolution of 10 km s~!, and angular resolution set
to the beam size of our observations (0.6 arcsec x 0.8 arcsec with
an angle of 89°). To model the galaxy, we assume that the matter
is distributed in a thin exponential disc (K. C. Freeman 1970) with
an intrinsic constant velocity dispersion profile. We set a uniform
prior on the o, between 0 and 200 km s~!. Using this set-up, we
generate a mock cube and moment maps which are compared to the
observed ones. The best-fitting parameters are estimated using the
package EMCEE (D. Foreman-Mackey et al. 2013). We used uniform
priors on the inclination between 5° and 85°, and uniform priors on
the position angle between 0° and 180°. The dynamical mass was
left free to vary with log uniform priors between 10% and 10'' M,
and we assumed uniform priors on the velocity dispersion between
5 and 200 km s~'. We masked the pixels in the moment-2 map with
FWHM > 150 km s~ as they are dominated by noise in the outskirts
of the galaxy.

We fitted simultaneously the velocity and velocity dispersion
maps derived in Section 3.1 to estimate the inclination of the disc,
dynamical mass, position angle, and intrinsic velocity dispersion (i.e.
deconvolved by the instrumental spatial resolution), while we fixed
the disc effective radius to the one found in S. Carniani et al. (2024)
from NIRCam imaging of 260 pc (0.079 arcsec). We note that the
stellar and ionized gas sizes were found to be comparable in the
Integral Field Unit (IFU) observations (e.g. J. Scholtz et al. 2018; N.
M. Forster Schreiber et al. 2019).

We show the comparison of the data and the fitted model in
Fig. 3. We note that the model is not fully able to reproduce the
observed velocity gradient, due to the low value of the observed
velocity dispersion. To reproduce the observed velocity gradient, the
beam-smearing effect does increase the observed velocity dispersion.
Modelling only the velocity gradient would improve the fit of the
velocity map and result in a higher dynamical mass, but would
overestimate the observed velocity dispersion map. In this Letter,
we used the approach of fitting the maps simultaneously. With
low-resolution data, the beam-smearing effect causes the observed
velocity dispersion to be affected by the underlying velocity gradient,
adding little constraint to the overall fit. Higher resolution observa-
tions would decrease the level of beam smearing, allowing for more
accurate modelling.
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Figure 3. Moment maps created from the observed data (top row), maps from
the best-fitting kinematical model of KINMS (centre row), and the normalized
residuals (bottom row). The left and right columns show moment-1 and
moment-2 maps, respectively.

Due to the low resolution of the data, we cannot simultaneously
obtain tight constraints on the inclination and the dynamical mass
of the system as they are degenerate (in low-resolution observations,
models with constant Mgy, sin? (inc) are similar, see Fig. Al). Due
to the form of the degeneracy, even when the inclination is uncon-
strained, we are able to estimate, with large uncertainties, the dynami-
cal mass of the system, obtaining a value of log(Mgy,/Mg) = 9.4tg;§.
Assuming that the mass is distributed as an exponential disc with the
fixed effective radius of 260 pc and the dynamical mass obtained by
the kinematic modelling, we computed the rotational velocity as the
maximum velocity of the rotating disc occurring at 2.2r4 ~ 340 pc.
With these assumptions, we obtain an estimate of the rotational
velocity of Vi = 16472 km s~!. Interestingly, we find a 3o
upper limit on the intrinsic velocity dispersion of <40 km s~' (3o
upper limit). This would result in an estimation of Vo /0, > 2.5,
which would imply tentative evidence for a kinematically cold disc
in the first 300 Myr of the Universe’s lifetime. We compare our
measurement of V,, /o, with simulations and observations compiled
from the literature by placing this estimate on a plot of V;y /o, versus
redshift (see Fig. 4). We find that our measured tentative value for
JADES-GS-z14-0 aligns with simulation predictions. It follows the
evolutionary trend of M, > 10° M, systems at z > 6. If confirmed,
this would be the most distant dynamically settled disc structure
observed to date.

Our measurement of Mgy, is consistent within 1o with the values
measured by S. Carniani et al. (2025) (log(Mgyn/Mp) = 9.0 £0.2)
and by S. Schouws et al. (2025b) (log(Mayn/Mg) =9.0 £ 0.3 sin(i)?)
from the velocity dispersion of the [O111] A88 pm, but our error
bars fully capture the additional uncertainty due to the mass—
inclination degeneracy. We derive a gas fraction of this galaxy of
60 £ 20 per cent, consistent with the value derived by previous
analysis of the [O1] A88 um observations of 36 per cent (S.
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Figure 4. V. /o, versus redshift for observations and simulations. As we
are unable to constrain the velocity dispersion of JADES-GS-z14-0 and in the
low-resolution mock observations of ‘Amaryllis’ from SERRA simulations,
we only quote a lower limit on V4 /0, for these. We compare JADES-GS-
z14-0 to a compilation from the literature: JWST/NIRSpec, IllustrisTNG (A.
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(E. Wisnioski et al. 2015; N. M. Forster Schreiber et al. 2018), MOSFIRE (S.
H. Price et al. 2020), GN-z11 (Y. Xu et al. 2024), ALMA z ~ 6 (E. Parlanti
et al. 2023), NIRSpec/MSA (A. Graaff et al. 2024), ALMA z ~ 4 (F. Rizzo
et al. 2021), REBELS-25 (L. E. Rowland et al. 2024), MACS 1149-JD1 (T.
Tokuoka et al. 2022), and MACS 0416-Y3 (Z. Li et al. 2023).

Carniani et al. 2025; S. Schouws et al. 2025b) and <70 per cent
(S. Schouws et al. 2025a). However, for better constraints on the
kinematics of JADES-GS-z14-0, we require higher sensitivity and
resolution observations from ALMA or JWST/NIRSpec-integral field
spectroscopy (IFS; see the results of our simulations in Section 4).

We also fitted the 1D velocity and velocity dispersion profiles, and
the moment maps by using the dynamical fitting code DYSMALPY
(S. H. Price et al. 2021; L. L. Lee et al. 2025), which has proven
to be a reliable method to recover the kinematical properties of data
sets with low S/N and low spatial resolution. With this method, we
obtain comparable results (within 1o) for the dynamical mass and
the velocity dispersion.

4 COMPARISON TO SERRA SIMULATIONS

We compare our results against mock [O 111] A88 pm data generated
from the SERRA suite of zoom-in, high-resolution cosmological
simulations (A. Pallottini et al. 2022). These simulations achieve a
mass resolution of 1.2 x 10* Mg, ~25 pc at z = 7.7, and incorporate
non-equilibrium chemistry with on-the-fly radiative transfer. Their
outputs are subsequently post-processed to generate FIR emission
lines (A. Pallottini et al. 2019) and hyperspectral data cubes (M.
Kohandel et al. 2020), well-suited for producing realistic mock
observations of the early Universe. In particular, we use the sim-
ulated galaxy ‘Amaryllis’, identified by M. Kohandel et al. (2023)
as the brightest galaxy (log(Liomsgum/Lo) =~ 8.4) in SERRA at
11 < z < 14. Amaryllis has a stellar mass log(M,/Mg) =~ 8.8 and
SFRomyr = 18 Mg yr™!, making it a close analogue to JADES-GS-
z14-0. To generate synthetic ALMA observations, we select a view-
ing angle of 45°, at which the FWHM of the [O 111] 188 pm emission
line closely matched that of JADES-GS-z14-0. The effective radius
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of Amaryllis is ~180 pc, while JADES-GS-z14-0 has a size of
260 pc. To match this scale, we rescale the mock data by a factor of
1.5 to improve the comparison between the mock observations and
JADES-GS-z14-0.

We used CASA’s simobserve with an array configuration of
C5 and C7 corresponding to a resolution of 0.8 and 0.15 arcsec,
respectively. We use integration times of 2.85 and 10.0 h for the C5
and C7 array configurations, respectively, to match the S/N of our
current observations and of potential future deeper, higher resolution
ALMA and NIRSpec/IFS observations. We show the moment maps
of Amaryllis (flux, velocity, and FWHM) in Fig. 5 for the low- and
high-resolution observations.

The mock observations from the SERRA simulations in Fig. 5
show that a velocity gradient in a rotating galaxy at z > 10 like
JADES-GS-z14-0 can be detected even in low-resolution observa-
tions (see top row of Fig. 5). We modelled the mock observations
using the same modelling set-up described in Section 3.2. Despite
detecting the velocity gradient in the low-resolution mock observa-
tions of Amaryllis simulations, we encountered similar degenera-
cies between inclination and dynamical mass as for the ALMA
observations of JADES-GS-z14-0, and we can only estimate an
upper limit to the velocity dispersion, therefore, we are only able to
estimate a lower limit on V,/0, > 1.8. However, using high spatial
resolution observations (~0.15 arcsec), which are achievable by
both JWST/NIRSpec and ALMA observations, it would be possible
to resolve these high-z targets with more than three independent
resolution elements (see beam size in Fig. 5), which is the required
condition to properly constrain a galaxy kinematics and distinguish
rotating discs from close mergers (F. Rizzo et al. 2022). Indeed, we
tested a merger scenario of Amaryllis from the SERRA simulations
in Appendix B, showing that we are capable of distinguishing
between a merger and disc rotation scenario with high-resolution
observations. For JWST/NIRSpec-IFS observation, we would need
to target the C11] AA1907, 1909 emission line doublet as it is the
only detected emission line in the current spectrum, requiring the
on-source exposure time of over ~50 h. However, given the point
spread function size of 0.15 arcsec, these observations would be
able to resolve the blue and red sides of the emission, as measured
in Section 3.1. With such deeper high-resolution observations, it
would be possible to break the degeneracy between the dynamical
mass and inclination (see Fig. Al, right panel) with a measured
value of V;o/0o, = 3.1 £0.7 and an uncertainty on the dynamical
mass of 0.2 dex. This clearly shows that a follow-up with deep
JWST/NIRSpec-IFS or ALMA observations is essential to constrain
the kinematics of JADES-GS-z14-0.

5 CONCLUSIONS

In this Letter, we re-examined the ALMA observations of
[O 1] A88 wm emission line in JADES-GS-z14-0 at z ~ 14.2, to
constrain its kinematic properties. We created velocity maps by
fitting a Gaussian profile to [O 1] A88 pm emission line, and we
found evidence for a velocity gradient in the data with a maximum
velocity difference of 50 km s~! in the north-south direction. We
confirmed the presence of the velocity gradient by (1) extracting
regional spectra from nine regions (see Fig. 1) and (2) performing
spectro-astrometry in the image and uv planes, which found a spatial
offset of 0.28 & 0.10 arcsec between the redshifted and blueshifted
parts of the emission line (see Figs 1 and 2). Using these approaches,
we found similar velocity gradients.

Due to the lack of merger signatures and/or streams of gas associ-
ated with outflows and accretion of gas in the NIRCam imaging, we
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Figure 5. Mock observations of JADES-GS-z14-0 analogue in the SERRA simulations — ‘Amaryllis’. The top row shows flux, velocity, and FWHM maps of
mock low-resolution ALMA observations (0.9 arcsec), while the bottom row shows mock high-resolution observations (0.15 arcsec). The simulations show that
a rotating galaxy shows a small velocity gradient (<40 km s~!) in the low-resolution data, similar to our observations. The simulations show that a rotating
(thin) disc galaxy with a size and mass as JADES-GS-z14-0, and observed under similar conditions, should show a similar velocity gradient to the one obtained.
The increased FWHM in the centre of high-resolution observations can be due to the beam smearing of the rotation.

modelled the galaxy kinematics assuming a thin rotating disc of size
260 pc. We measured a dynamical mass of log(May,/Mg) = 9.4f8:§.
Our large uncertainties reflect the inability of the data with low
spatial resolution to break the degeneracy between dynamical mass
and inclination. However, our model fully captures this additional
uncertainty, which is not accounted for by the virial estimator.
We estimated a lower limit on the V. /o, of >2.5, which would
indicate a dynamically settled cold at these high redshifts if
confirmed.

We compared our observational results with mock observations
from the SERRA cosmological simulations. We created mock
ALMA [O111] A88 um observations of an analogue of JADES-GS-
z14-0 called ‘Amaryllis’, with both low and high spatial resolution
set-ups (0.8 and 0.15 arcsec). We show that the tentative detection of
the velocity gradient is possible even in the low-resolution data (see
the top row of Fig. 5). However, in order to break the degeneracy
between dynamical mass and inclination, high spatial resolution
observations (<0.2 arcsec) are required. These high spatial resolution
observations could confirm the high V,./o, in the galaxy and
constrain the dynamical mass within 0.23 dex.

Our tentative detection of this velocity gradient suggests that the
formation of early cold rotating structures in the Universe happened
much sooner than previously anticipated in both observations and
simulations. The discovery of a rotation-dominated disc just 300 Myr
after the big bang would drastically change our view of early galaxies,
and pose new challenges to the cosmological simulations, while
putting constraints on feedback models. However, due to the limited
resolution of the current observation, we can only obtain a tentative
detection of the presence of an early rotating disc. Further high
spectral and higher spatial resolution deep observations with ALMA
and JWST IFU are essential in order to resolve the kinematics of
JADES-GS-z14-0 and investigate the formation of discs in the early
Universe.
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APPENDIX A: POSTERIOR DISTRIBUTION OF
KINEMATICAL FITTING

We present the posterior distribution of our kinematical modelling of
the ALMA data of JADES-GS-z14-0 and the mock observations of
the galaxy Amaryllis from SERRA cosmological simulations (both
low and high resolution) in Fig. A1.

APPENDIX B: ALMA MOCK OBSERVATION OF
AMARYLLIS DURING A MERGER

In Fig. B1, we explore a snapshot of the SERRA simulations where
Amaryllis is merging with a close by galaxy. In the low-resolution
observations (top row), the observations would produce a similar
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Figure Al. Posterior distribution from the kinematical modelling of ALMA data of JADES-GS-z14-0 (left panel) and mock observations of the galaxy
Amaryllis from SERRA simulations (right panel).

Moment-0 Moment-1
1.0 1.0
c 0.15
(@]
'g — OS5F 0.5
35 ] 0.10 x
@ Y 0.0 E 0.0
—
X © 0.05
(;) -0.5 -0.5
| . 0.00
-1.0! 5 0 -1.0!
0.06
c 0.50} 0.50
o .
E, g 0.25} - 0.04 y 0.25
29 0.00f 5 o.00f
g - 0.021&
%,H -0.25} S~ - -0.25} S . _50
T -o0.50} . 0.00  -0.50f, S
-0.5 0.0 0.5
[arcsec] [arcsec]

Velocity [km s7!]

Moment-2

0.0
[arcsec]

Figure B1. Mock observations of JADES-GS-z14-0 analogue in the SERRA simulations, ‘Amaryllis’, during a merger event. The top row shows flux, velocity,
and FWHM maps of mock low-resolution ALMA observations (0.9 arcsec), while the bottom row shows mock high-resolution observations (0.15 arcsec). The
simulations show that a rotating galaxy shows a small velocity gradient (<40 km s~!) in the low-resolution data, similar to our observations. The simulations
show that a rotating (thin) disc galaxy with a size and mass as JADES-GS-z14-0, and observed under similar conditions, should show a similar velocity gradient
to the one obtained.

velocity gradient; however, such a companion would easily be seen
in the NIRCam photometry. However, the high-resolution ALMA or

map.

JWST data could easily distinguish between a merger and rotating
scenario, as there would be a clearly visible tail in the moment-0 map

as well as a clearly disturbed velocity field and velocity dispersion
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