nature astronomy

Article https://doi.org/10.1038/541550-025-02500-2

A giantdisk galaxy two billion years after the
Big Bang
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Observational studies have shown that galaxy disks were already in placeinthe
first few billion years of the Universe. The early disks detected so far, with
typical half-light radii of 3 kpc at stellar masses around 10" M, for redshift z~3,
are significantly smaller than today’s disks with similar masses, whichisin
agreement with expectations from current galaxy models. Here we report
observations of agiant disk at z=3.25, when the Universe was only two billion
years old, withahalf-light radius of 9.6 kpc and stellar mass of 3.7:2¢ x 101 M,
This galaxy is larger than any other kinematically confirmed disks at similar
epochs andis surprisingly similar to today’s largest disks with regard to size
and mass. James Webb Space Telescope imaging and spectroscopy reveal its
spiral morphology and arotational velocity consistent with alocal Tully-Fisher
relationship. Multiwavelength observations show that it liesin an exceptionally
dense environment, where the galaxy number density is more than ten times
higher than the cosmic average and mergers are frequent. The discovery of
suchagiant disk suggests the presence of favourable physical conditions for
large-disk formation in dense environments in the early Universe, which may
include efficient accretion of gas carrying coherent angular momentum and
non-destructive mergers between exceptionally gas-rich progenitor galaxies.

The galaxy, dubbed the ‘Big Wheel’, was discovered serendipitously
inabright-quasar field at redshift (2) of 3.25 (refs. 1,2) through James
Webb Space Telescope (JWST) imaging at wavelengths of 1.5 pm and
3.2 um (rest-frame 0.4 pumand 0.8 pm). Hubble Space Telescope (HST)
observationsat 0.8 um (rest-frame 0.2 pm) reveal only isolated clumps
at the galaxy outskirts, possibly tracing young stars and/or low dust
obscuration. Ared, green, blue image combining the HST and JWST
imagesisshowninFig. 1b, and Fig. 1a shows azoomed-in view of the Big
Wheel. The Big Wheel features ared centre, whichis visible only inthe

JWST near-infrared filters (green and red channels; see also Extended
DataFig.1), and astellar disk extending to at least 30 kpc in diameter.
Spiral-arm features are visible, appearing clumpy in rest-frame ultra-
violet, reminiscent of some spiral galaxies at z= O (ref. 3). Its stellar
half-light radius is 9.6 kpc along the major axis in the rest-frame optical
(0.5 um), as measured using statmorph* (Methods).

Hydrogen Ha spectroscopy obtained with the Near-Infrared
Spectrograph (NIRSpec) confirms the rotating-disk nature of Big
Wheel. Three spectroscopic slits (Methods) were placed onto the
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Fig.1| Composite false-colourimages of the Big Wheel galaxy at z = 3.245.
a,b, The galaxy shows ared and compact centre and a giant stellar disk extending
toatleast 30 kpcindiameter. The disk appears clumpy with manifest spiral
structures (a). The Big Wheel is located about 70 arcsec away (about 0.5 pMpc)
fromabright quasar at a similar redshift (b). The quasar was originally chosen
asthe centre of the observation field. This region shows an exceptionally high
galaxy number density compared with the cosmic average. The filters used to
create the colourimage are HST F814W (0.8 um, blue), JWST F150W2 (1.5 um,
green) and JWST F322W2 (3.2 pm, red). The disk is visible in the green and red
channels but not in the blue channel.

galaxy (Fig. 2a-c), including one covering the galaxy centre. Ha
two-dimensional spectra are presented in Fig. 2d-f, whereas the cor-
respondingslit positions are indicated in Fig. 2a-c. Initial evidence sup-
porting disk rotation can be gleaned from the slit spectrum covering
the galaxy centre (Fig. 2d). Moving towards the external regions, the
velocity increases first and then plateaus ataround 200 km s (before
inclination correction). Such a pattern is typical of disk galaxies with
flat rotation curves’. Additional features are present in the spectra,
such as a bright clump that appears kinematically distinct from the
disk (green box) and could be associated with a companion galaxy
seen in projection.

The Ha spectra of the remaining slits (Fig. 2e-f) also have patterns
consistent with disk-like rotation. To demonstrate this, we measured
therotation velocities from the Ha profiles across the slits, as shownin
Fig.2d-f (Methods and Extended Data Fig.2) and we present the result
asavelocity mapin Fig. 2g. As shown in Fig. 2d-f, these profiles agree
remarkably well over the main stellar disk body with predictions from
asimpledisk kinematic model, inwhich aflatrotation curveis adopted
(yellow curvesin Fig. 2d-f).

The disk model, described in detail in the Methods, includes six
free parameters that specify thelocation and velocity of the disk centre,
major axis orientation and normalizations of the rotation curve. The
model was fit to the data using the Markov Chain Monte Carlo scheme
emcee®. The best-fit modelis presented in Fig. 2h and the residuals are
showninFig.2i. The maximum rotation velocity (corrected for inclina-
tion) v, is 331730 kms™, that is, 5.4*1$ times the velocity dispersion
0, (6171 km s';Methods). These values indicate that the Big Wheel is
rotationally supported and has a dispersion value consistent with
(smaller) turbulent disks at similar and lower redshifts’. Combining
v,.and o, using the commonly adopted relationship in the literature™
(Methods), we obtained a circular velocity vy = 352*30 kms™. The
velocity map of the molecular gas obtained through Atacama Large
(sub-)Millimeter Array (ALMA) observations' covering the full galaxy,
albeit with lower spatial resolution, shows consistent results (Extended
DataFigs.3 and 4 and Methods).

The stellar mass and star formation rate (SFR) were obtained by
fittingthe photometryinseven filters against spectral energy distribu-
tion (SED) models with the Prospector tool" (Extended Data Fig. 5and
Methods). Flexible star formation histories (SFHs) and dust attenuation

laws were adopted, as well as the potential emission from an active
galactic nucleus (AGN) (Extended Data Fig. 6). The best-fit stellar mass
and SFRvaluesare 3.7*>¢ x 101! M and 2.5*7- x 10> M, yr~, respec-
tively. These results indicate that the Big Wheel is one of the most
massive systems detected so far atz = 3, some of which were discovered
only recently with JWST™.

The physical properties of the Big Wheel are summarizedin Table 1
and are compared with the observed galaxy population at similar red-
shifts in Fig. 3. Most intriguingly, the Big Wheel has a larger radius
(measured at rest-frame 0.5 pm) and is more massive than any other
kinematically confirmed disk galaxy discovered so far at similar red-
shifts (Fig. 3a and Methods). Figure 3b shows the size versus stellar mass
relationships for z= 3 star-forming galaxies for both observations and
simulations, as well as the observed relationship atz= 0. The Big Wheel
is clearly offset to high values, both in terms of stellar mass and sizes,
withrespecttoboththe observed and simulated relationshipsatz=3.

In addition, in terms of size, the Big Wheel galaxy is more similar
toz= 0 disk galaxies than other currently known disk galaxies at z= 3.
AsshowninFig.3d,itislocated ontop of the stellar mass Tully-Fisher
relationship of the z = 0 disks® with a stellar mass and circular velocity
similar to local ‘super-spirals™*. Despite the similarities to the z= 0
objects, the Big Wheel galaxy is actively growing in mass like other
galaxies at z= 3, with an SFR consistent with the trend of typical z=3
star-forming galaxies (Fig. 3c).

Our observations reveal that the Big Wheel is a giant rotating disk
with physical properties unique for z= 3, which raises questions about
its formation scenario. Within the classical theoretical framework™'¢,
the disk size is expected to be simply proportional to the halo size
multiplied by the dimensionless halo spin parameter (1) (refs. 15,16),
with small deviations with halo concentration and disk-to-halo mass
ratio. The halo A follows a distribution that is well constrained from
simulations and canbe fitted with alog-normal function with an aver-
age of ~0.035 and a log-normal standard deviation (in log base 10) of
~0.25 (refs. 16,17) without significant variations with halo mass and
redshift'',

Despite the model simplicity, its predictions are consistent with
the observed galaxy size distributions both in terms of shape and
scatter. In particular, the most recent observations at z= 3, find a
log-normal size distribution with an intrinsic scatter of ~0.22-0.28
(refs. 19,20), which is strikingly similar to the simple expectations
mentioned. As shown in Fig. 3b, the Big Wheel is at least three times
larger than the expected size of star-forming, disk galaxies at its mass
and redshift given the observed size-mass relationship in random
fields'”*°. The probability of randomly finding such a galaxy, if envi-
ronmentdoes not play arole, isless than 2% (see Methods for details).
The Big Wheelis one of the few star-forming galaxies with rest-frame
optical size measurement and a mass above 10" M, found so far at
z>3, and the only one with confirmed kinematical measurements
demonstrating its rotating disk nature. As such, its serendipitous
discovery in one of the largest overdensities of galaxies found so far
atzz 3 (refs.1,2) suggests that additional physical mechanisms could
be at play in determining the size of massive disk galaxies in such
regions of the Universe.

Major mergers are expected to be more frequent than the cosmic
average in overdense regions” and a few models suggest that they
can, in exceptional conditions, facilitate disk growth by increasing
the disk spin rather than destroying it?>*. In particular, models sug-
gest thatdisks cansurvive disruption or reform afterwards if mergers
have favourable orbital parameters and the progenitor galaxies are
gas rich??. If these predictions are correct, the presence of such a
giant disk in a large overdensity of galaxies could imply, for example,
aconnection between the dense environment and an elevation of the
gas fraction of galaxies. Inturn, the high gas content of galaxies could
be caused by more efficient accretion of the gas from the cosmic web
indenser environments at early cosmic epochs.
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Fig. 2| JWST kinematic measurements supporting the rotating-disk nature

of the Big Wheel. a-c, The spectral slits used in the observations, slit1(a), slit 2
(b) and slit 3 (c). d-f, Two-dimensional spectra obtained fromslit 1 (d), slit 2

(e) and slit 3 (f). The panelsina-c are aligned with these spectraalong the
ydirection. The two-dimensional spectra are continuum-subtracted and centred
onthe Ha emission line, where the x axis is the dispersion direction indicating
theline-of-sight velocity and the y axis indicates the spatial position along the
slit. The yellow curve overlaid on each spectrum represents the ridge-line of

(o)

the Ha profile predicted by a simple disk model. g-i, Velocity map (g) obtained
by measuring the centroids of the Ha profiles across the three slits, excluding
aclump with peculiar morphology and kinematics (green box) and a region
without Ha detection in slit 1. The map from observations is in agreement with
the disk model (h) with no significant residuals over the main stellar disk body
(i). Small residuals (-30-60 km s™) in the kinematics are only present at the
upper ends of slits 2 and 3, at the edge or outside the stellar disk (i). The spatial
resolution of the observations isindicated at the bottomright of g.

Alternatively, large disks could also be the result of accretion of
cosmic gas with coherent angular momentum, resulting in a larger
disk-to-halo angular momentum ratio with respect to expectations
from previous analytical models*.

Therelevant galaxy formation and evolution mechanisms are still
not well constrained to date. To the best of our knowledge, current
cosmological simulations*?, some of which are presented in Fig. 3,
have not predicted disks as large as the Big Wheel galaxy at 22 3 at
comparable masses.

Inadditiontoitsuncertainorigin, the subsequent evolution of the
Big Wheel also remains unknown. The fact that the galaxy is not growing
inisolationand the presence of at least one companion galaxy, as shown
inFig. 2, could suggest future mergers responsible for an evolutionin
the Big Wheel properties.

Moreover, its dense environment suggesting the presence of a
proto-cluster? hints that its descendant might be one of the most
massive members of today’s galaxy clusters. Nevertheless, further
studies are needed to understand how common giant disks such as

the Big Wheel were in dense environments at early cosmic epochs and
whether their physical properties and number densities are consistent
with the putative progenitors of today’s most massive cluster galaxies.

Methods

Imaging observations and data reduction

Imaging data were obtained from HST General Observer programme
17065 (principal investigator (PI), Cantalupo) and JWST General
Observer programme 1835 (PI, Cantalupo) using the NIRCam filters,
F150W2and F322W2, eachfor1,632 s of exposure, and HST filters ACS/
WFCF625W and ACS/WFCF814W, for10 and 12 orbits, respectively. The
JWST datawere reduced and combined using the official JWST pipeline
(v.1.9.3 (ref. 27)) with calibration reference file version jwst_1039.pmap.
Weimplemented customized stepsinthe reductionto remove the cor-
related readout noises and stray light, following the practices adopted
among theliterature®. Theimage resolutionsin terms of the full-width
at half-maximum (FWHM) were 0.12 arcsec, 0.12 arcsec, 0.05 arcsec
and 0.11 arcsec for F625W, F814W, F155W2 and F322W2, respectively.

Nature Astronomy | Volume 9 | May 2025 | 710-719

2


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-025-02500-2

a
z = 3-4 disk galaxies confirmed
with kinematic measurements:
— 10 - Keck/VLT [
é @ JwsT |
~ ALMA
123
=
©
i
o=
5 57 14
<
©
T
O -
T T T T T T T
8.5 9.0 9.5 10.0 10.5 1.0 1.5
log M, (M)
c z=3.2 galaxies
mmmm 7 = 3.2 relationship (Popesso + 23)
3 | mmmm 7 = 3.2 relationship (Speagle +14)
T’: (]
= ==
© 9
E 2
o
L
»
o 17
ie]
0 -

T T T T T T T
8.5 9.0 9.5 10.0 10.5 1.0 1.5

log M, (M)

Fig. 3| Physical properties of the Big Wheel. a-d, The Big Wheel galaxy, at
z=3.245,is larger and more massive than any other kinematically confirmed disk
galaxy discovered to date at similar redshifts (a). It is well above the extrapolation
of the size-mass relationship at a mass of 10"* M, and z = 3 from observations
and simulations, and is more consistent with the size of z = 0 galaxies (b).
Furthermore, it follows the Tully-Fisher relationship (circular velocity versus
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stellar mass) of the disk galaxies at z = O (d). The Big Wheel has an SFR consistent
with the (extrapolated) trend with stellar mass for typical star-forming galaxies at
z=3/(c). Errorbars of the stellar mass, radius, SFR and circular velocity take into
account both random and systematic uncertainties, which are described in the
Methods. Details of the literature studies included here are also provided in the
Methods.

We also obtained near-infrared data with the Very Large Telescope
(VLT)in2022as part of aprogramme in P110 (PI: Cantalupo). The High
Acuity Wide field K-band Imager (HAWKI) was used in the ground layer
adaptive optics mode, leading to spatial resolutions of 0.4 arcsec in
FWHM, using the filters CH4, H and Ks. On-source exposure times
were 60 min, 100 min and 100 min, respectively. The images of each
filter were reduced and combined using the official pipeline EsoRex”.

Photometry was performed on the images described above using
the Source Extractor tool*°. For the measurement, the image mosaics
were resampled to a common grid of 0.06 x 0.06 arcsec pixels using
the drizzle package®. Source Extractor was run in dual mode for the
space-based and ground-based data, using the F322W2 and H mosaics,
respectively, as detection images.

Spectroscopic observations and data reduction

Follow-up spectroscopic observations using NIRSpec were obtained
as a part of the same JWST programme as above. The observations
used the Micro-Shutter Assembly (MSA), with the F170LP/G235H
filter and grating pair, leading to a resolving power of R= 3,200 or,
equivalently, 95 km s in FWHM at the observed wavelength of the
Ho line (2.8 um). The exposure time was ~3 h for each of the three
MSA slits. The data for each slit were reduced and combined using the
official WST pipeline (v.1.11.3) with calibration reference file version
jwst_1097.pmap. The spatial resolution of the data, which was inferred
with the WEBBPSF tool*, was 0.13 arcsecin FWHM at 2.8 pm and was
resampled to a pixel scale of 0.10 arcsec. The smooth background
and galaxy continua were removed by applying a median filter witha
width of 3,000 km s™ to each pixel row of the two-dimensional spectra
and subtracting the filtered product from the original spectra. We
also extracted an integrated one-dimensional spectrum from the

combined two-dimensional spectra. The resulting one-dimensional
spectrum and identified emission lines are shown in Extended Data
Fig. 6a. The galaxy redshift was inferred from the observed wave-
lengths of the Ha,, [N 11] and Hf3 lines on the spectrum.

The Big Wheel was also observed with ALMA in Cycle 8 (identifica-
tion number (ID), 2021.1.00793.S; PI, Cantalupo), the details of which
are provided inref. 1. Data cleaning was performed down to 1.50 with
acircular mask of 2" in radius, which enclosed emission of the galaxy
in the cube. The synthesized beam size (FWHM) of the ‘cleaned’ data
cubewas1.4" x1.3"at109.00 GHz. We fitted the spectral continua with
zeroth-order polynomials and subtracted them from the cube using
the task imcontsub of Common Astronomy Software Application®.

TheBig Wheel was also observed using the Advanced CCD Imaging
Spectrometer onboard the Chandra X-ray Observatory during 2022~
2023 (P1, Cantalupo), with a total of 634 ks of exposure. The galaxy is
associated with a 30 X-ray point source with a luminosity of
Ly 1okev = 9.8718 x 10*3 erg s~!, which was measured assuming a photon
index of 1.7-1.8 and corrected for absorption®*. Such a luminosity is
consistent with the typical value of a moderate-luminosity Seyfert
AGN¥. The existence of the AGN was also confirmed from the ratios of
the nebular emission lines from the galaxy centre (r<1.5kpc) on the
NIRSpecspectrum, accordingtothe criteriainrefs.36,37, whereas the
emission lines from all other parts of the galaxy are consistent with
being driven by star formation (Extended Data Fig. 6b).

Galaxy size measurements

The half-light radius in the rest-frame optical was measured from the
background-subtracted images in the NIRCam F150W2 and F322W2
filters. The galaxy images in these filters, as well as the F814W image,
areshownin Extended DataFig.1. We measured the radius by runninga
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Table 1| Properties of the Big Wheel galaxy

Property Value Unit
Right ascension (J2000) 00h41min35.113s -
Declination (J2000) -49°37'12.42" -
z 3.2452 -

Stellar mass (adopted value)® Solar mass (M,)

3.7+25 x 10"

Stellar mass (inferred with a
parametric SFH)°

SFR®

2.3%2 s 10M Solar mass (M)

2.5%72 x 102 Moyr™

Half-light radius® 1.07+0-07 9~6f?§5 Arcsec, kiloparsec

-0.16"

Minor-to-major axis ratio 0.72+0.04 -

-0.04
Disk inclination angle® 44+f»1 Degree

Viot 3313 kms

Ot 6177, kms’!

vrot/omt 54t:‘|g -

Vere! 352+3 kms’!

Disk position angle 19+j‘1 Degree
(kinematics)® -

Disk position angle 1o+1 Degree
(morphology)? B

CO(4-3) line luminosity 1.3x108 Solar luminosity (L)
H, mass estimated from CO 1.8+10-f;5 x 101 M,

Environment overdensity” >10 -

*Measured from the Haand [N 11] emission lines. "Values inferred from SED fitting with a
non-parametric SFH using Prospector and adopted in this work. The SFR was calculated
from a 100 Myr timescale. °Inferred using an alternative parametric form of SFH for reference.
See Methods and ref. 2 for details. “Measured along the major axis of the galaxy at rest-frame
0.5um. °Angle between the galaxy disk plane and sky plane, with 0° indicating fully face-on;
inferred from the axis ratio and ellipticity measurements. ‘See Methods for details regarding
the definition of the two quantities. °Orientation angle of the disk major axis projected on the
sky plane, inferred from the Ha kinematics and galaxy morphology, respectively. North (east)
corresponds to 0° (90°). "Inferred from galaxy number density measurements as described
inref. 1.

non-parametric morphological analysis using statmorph*. This method
is free from any assumption regarding the functional form of the gal-
axy light profile. The radius measurements were made for both the
F150W2 and F322W2 filters. For each filter, we measured the radius
ofanellipse enclosing half of the total light of the galaxy. Throughout
the measurement, the radius was measured along the major axis of
the ellipse and the orientation and ellipticity of the ellipse were fixed
to values calculated from the mathematical moments of the pixel flux
density distribution, which, in turn, were physically determined by
the global morphology of the galaxy (see refs. 4,30 for details). The
half-light radii measured from the two filters were 1.34 arcsec and
1.12 arcsec, respectively. Asa check for consistency, we also measured
the radius by fitting the Sérsic*® profiles with statmorph using the point
spread functions (PSFs) measured fromstarsin the field. The resulting
half-light radii were all within 5% of the values reported above. Masking
outclump AinFig.2a, which might be acompanion galaxy, led to only
negligible (<2%) changes in measured sizes.

The radial light profiles, measured along the galaxy major axis,
are shown in Supplementary Fig. 1a, together with exponential disk
profiles for comparison. Both the FI50W2 and F322W2 profiles are
consistent with exponential disks with deviationsin the central regions,
which are, at least, partially due to the diffuse dust attenuation (Sup-
plementary Fig. 1b) as corroborated by the smoother dust-corrected
mass density profile shown in Supplementary Fig. 1c. The Ha attenu-
ationinferred from the Ha-to-Hp ratios following ref. 39 is also shown

for reference, but we caution that it may be subject to NIRSpec flux
calibration errors*® and traces only sightlines towards the youngest
stars, which does not reflect attenuation to the full continuum light
seenin the two broad filters**?, We evaluated the uncertainties of the
size measurements, which could be caused by beam-smearing effects
dueto thefinite PSF of theimaging data and the imaging noise. To quan-
tify the effects, we created a model exponential disk with an intrinsic
half-light radius of 1 arcsec, convolved the model image with the NIR-
Cam PSF and added artificial noise to the image. Then, we measured
the half-light radius from this syntheticimage in the same way as for the
real data. For eachfilter, such aseries of steps was repeated 500 times,
from which a distribution of the measured radii was obtained. From
the distribution, we found that the measured sizes deviate from the
intrinsic value (1 arcsec) by only 2.8% and 3.4% for FI50W2 and F322W2
atthe3oconfidencelevel, whichindicates that the uncertainties due to
beam smearing and noises are relatively small. These percentage values
were adopted as the relative uncertainties of our size measurements.

In addition, we investigated whether the Big Wheel is subject to
any gravitational lensing magnification caused by any foreground
(thatis, low redshift) nearby galaxy or galaxy cluster. This possibility
was rejected based on the non-detection of any foreground cluster
according to the X-ray and galaxy redshift measurements available to
the field and the non-detection of any galaxy nearby with amasslarge
enough for lensing.

Finally, following the convention adopted in the literature
we inferred the half-light radius of the Big Wheel galaxy at rest-frame
0.5 um. It was calculated by interpolating between the radius values
measured in the two NIRCam filters, under the assumption that the
radiusisalinear function of wavelength. To account for the systematic
uncertainty due to the interpolation conservatively, we adopted the
sizesmeasured inthe two individual filters as the bounds of the uncer-
tainty range and then combined in quadrature this uncertainty with
the propagated uncertainty due to the beam smearing and noise. The
final calculated half-light radius was 1.27+%97 arcsec or, equivalently,

—-0.16
9.672>kpc.

19,43,44
’

Kinematic analysis and modelling

One-dimensional Ha kinematical profiles were obtained from the
two-dimensional spectrafrom each pixel row, which spanned 0.1 arcsec
along the slit, after convolving them with the instrument line spread
function. The one-dimensional spectra were then fit with a Gaussian
using emcee®. Outputs of thefitsinclude the rotation velocity (Gaussian
centroid) and velocity dispersion (Gaussian width) as a function of the
spatial location along the slit, which are shownin Extended Data Fig. 2.
Using the rotation velocities measured from the three slits, we created
avelocity map of the galaxy (Fig. 2g).

For the disk modelling, we adopted a flat rotation curve using
the galpy Python package®. The rotation curve model had aform cor-
responding to the commonly used pseudo-isothermal potential*. It
has two free parameters determining the location where the rotation
curve turns flat and the plateau velocity, respectively. We created a
model galaxy disk using this rotation curve, with the disk inclination
angle fixed to that inferred from the disk ellipticity in F322W2, and
the orientation angle in the sky plane and central velocity of the disk
astwo free parameters. Two other free parameters are included which
anchored the galaxy centre (x,y). Then, we created a velocity map from
this six-parameter disk model by calculating the velocity along theline
of sight for each part of the disk. The model map was fitted against the
observed velocity map using emcee. After the fitting was complete, we
calculated the 50th percentiles of the parameter posterior distributions
and used these parameters to create the best-fit disk model.

Based on the measurements and modelling, we derived the fol-
lowing galaxy kinematic properties. First, we calculated the v, defined
as the maximum rotation velocity after inclination correction at one
half-light radius, where the rotation curve flattens. We calculated the
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16-84th percentiles of the v, posterior as the 1o uncertainty from
fitting. In addition, wiggles and other small variations from perfect
rotating-disk motion are seeninthe velocity profilesin Extended Data
Fig. 2. Such features are comparable to the ones commonly seen in
other disk galaxiesinthelocal Universe, including apparently isolated
sources (for example, refs. 47-50) and they might also contribute to
the uncertainty as a systematic term. To quantify this, we calculated
the mean absolute deviation of the observed rotation curve with
respect to the model (deprojected for inclination) and used it as an
upper limit for the systematic uncertainty, which was then combined
with the fitting uncertainty as the full uncertainty of v,.. Second, we
measured the averaged intrinsic velocity dispersion o;,. as the median
of the dispersion values measured from the two off-centre slits in
Extended DataFig. 2b,c, where the beam-smearing effect was expected
tobe minimal (see below). The16th and 84th percentiles of the disper-
sionvaluesin Extended DataFig.2b,care quoted as the 1o uncertainty
range. Thevalues of v,,,and 0, are listed in Table 1. Finally, we calculated
the circular velocity v, which is used in Fig. 3d, using the following
relationship adopted in refs. 9,10: v2, = vZ +2 x 168(R/R) 02, ,in
which Ris where v, was measured in terms of radial distance and is
equal to one effective radius (R.g) for the Big Wheel galaxy. The calcu-
lated value of v, was 352+30 km s,

We investigated the effect of the finite spatial resolution of
the observations on the modelling described above, namely, the
beam-smearing effect®. We found that it had no substantial impact
on the kinematic measurements because the NIRSpec spatial resolu-
tion element (0.13 arcsec) was substantially smaller than the galaxy
size. To justify this, we created a model galaxy with an exponential
two-dimensional flux density profile and an intrinsic velocity map
identical to what is shown in Fig. 2h. We created a three-dimensional
mock cube of theintrinsic Ho line emission based on this set-up. Next,
we convolved each wavelength slice of this cube by the instrument PSF
togetthe synthetic cube ‘seen’at the JWST resolutionand produced the
corresponding velocity map. We found that this map deviated from the
intrinsic velocity map by no more than15 kms™, except for the region
within 0.2 arcsec of the centre, confirming that the beam-smearing
effect has negligible impact for most parts of the galaxy.

The CO velocity map of the Big Wheel galaxy from the ALMA obser-
vations was obtained through the first moments of the CO(4-3) pro-
files. The map is shown in Extended Data Fig. 3a, and the Ha velocity
mapisshownin Extended DataFig. 3b for comparison. The COmap has
asubstantially larger PSF than the Hax map and, as a result, shows nar-
rower spans of velocity owing to the stronger beam-smearing effect’".
Nevertheless, the CO map shows smooth velocity gradients oriented
alongthe galaxy major axis similarly to the Ha, which provides evidence
thatboth the cold molecular and warmionized gases rotatein asimilar
fashion. The observed CO kinematics is quantitatively consistent with
the Hakinematics when the ALMA PSF is taken into account, as shown
in Extended Data Fig. 4. In addition, the gas mass was measured from
the ALMA dataandislisted in Table 1. It was obtained using the CO-to-H,
conversion factors described inref. 1.

Stellar mass and SFR measurements

The stellar mass and SFR were measured from SED fits with the Prospec-
tor tool"*2, Photometric flux densities measured from seven filters
were used in the fit: ACS F625W, ACS F814W, NIRCam F150W2, HAWKI
CH4, HAWKI H, HAWKI Ks and NIRCam F322W2. The measured flux
densities and the corresponding best-fit SED model are presented in
Extended Data Fig. 5. For the fitting, we fixed the redshift to the value
measured from the NIRSpec spectrum. A non-parametric form of the
SFHwith a prior favouring continuity®was adopted, binned into seven
consecutive ranges in look-back time: 0-50 Myr, 50-100 Myr, 100-
150 Myr, 150-200 Myr, 200-400 Myr, 400-800 Myr and 800-
1,900 Myr. A Chabrier** initial mass function (IMF) and a Charlot and
Fall* flexible dust attenuation law were adopted. A log-uniform prior

was adopted for the stellar mass, atruncated normal prior was adopted
for the optical depth of dust, a uniform prior was adopted for the
power-law index of the dust attenuation law and a log-uniform prior
was applied for the stellar metallicity, identical to those adoptedinref.
53.Emission from the AGN was also modelled following the prescription
described in ref. 53, although the relevant parameters were uncon-
strained by the fit. The total stellar mass and SFR (averaged
over 100 Myr) of the galaxy were calculated as the 50th percentiles of
the Bayesian posteriors. The uncertainties were calculated from the
5-95th percentiles of the posteriors and added in quadrature with the
systematic uncertainties due to the fitting assumptions as quantified
by ref. 56, namely, 0.16 dex for stellar mass and 0.28 dex for the
SFR. The inferred stellar mass and SFR were 3.7*2$ x 10 M, and
2.5773 x 102 M, yr~!, respectively. By comparison, from the Ha fluxes
contained with the three NIRSpecslits,an SFRof about 1.5 x 10> M, yr™*
(before dust correction) was estimated. We noticed, however, that the
slits only covered about 20% of the galaxy.

We examined systematic uncertainties of the stellar mass due to
the presence of the faint AGN in the centre. First, we put an upper limit
toits potential contribution to the integrated galaxy fluxes by means of
aperture photometry. Specifically, we measured the fluxes inthe HST
andJWST filters from within 0.3 arcsec of the galaxy centre, where most
ofthe AGN emission was expected according to the PSFs. We found that
this region contributes less than 1% and 15% of the total galaxy light in
the HST and JWST filters, respectively, which justifies that the AGN
has only minor contributions in the rest-frame ultraviolet-to-optical.
Second, we performed annulus-by-annulus spatially resolved SED
fitting with Prospector using the HST and JWST data. With identical
fitting set-ups as described above and conservatively excluding the
r<0.3 arcsec region, we found that the resulting mass decreases by
only 0.08 dex with respect to the value from the integrated fitting
above (Supplementary Fig. 1c,d). Such a decrease is negligible com-
pared with the stellar mass uncertainty (0.3 dex) reported above, and
thus we concluded that the AGN has no significant impact on mass
measurements. The mass profile in Supplementary Fig. 1c appears to
have small variations froma perfectly smooth disk profile (dashed line)
by +0.2 dex, which are, however, within the error bars. These features
are also commonly found with comparable amplitudes in other disk
galaxies at z = 0, including apparently isolated sources*>”".

We also compared the best-fit parameter values with those inferred
witha parametric SFHinadelayed exponentially declining form, which
was adopted for stellar mass measurements by the majority of obser-
vational studiesincludedin Fig. 3. The SED fit was conducted using the
code CIGALE>*®°, It models both the flux densities in the optical and
infrared and the flux densities in the X-ray, the latter being measured
with Chandra, based on the prescriptions described in ref. 61. The fit-
ting assumptions were similar to those adopted for Prospector, except
for the SFH?. According to the fitting results in Supplementary Fig. 2,
the AGN emission (orange curve) had only minimal contribution (107%)
tothe observed fluxes (filled circles) in the optical and infrared filters.
The best-fit stellar mass and SFR (averaged over 100 Myr) are
2374 x 101 M, and 1.272 x 102 M, yr~, respectively, which are both
within the uncertainty ranges inferred with Prospector.

Comparison sample of disk galaxies from the literature

Disk galaxies at z=3-4 from the literature that were confirmed by
kinematics and measured for size areincluded in Fig. 3a. They are from
ground-based studies based on rest-frame optical emission lines®* ™,
except for two objects that are based on the CO emission lines with
ALMA®® and optical emission lines with JWST®’. All the disk galaxies
were selected to have rotational velocities greater than the velocity
dispersions, that s, v, > 0, Which is a lenient disk criterion com-
monly adopted in the literature””***°, The stellar masses of all the
disk galaxies were inferred using a Chabrier** or Kroupa IMF’’, except
for the AMAZE" subsample in ref. 62, which adopts a Salpeter IMF”%,
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We adjusted thelatter to the Chabrier IMF by subtracting the reported
mass values by 0.24 dex (refs. 73,74). We note that disks have also been
identified kinematically beyond z = 4, which are not included in Fig. 3.
These kinematically confirmed disks were mostly discovered with
ALMA, whereas one was discovered with JWST” %, The largest galax-
ies reported by these studies are around 5 kpc in radius’*%, which is
approximately two times smaller than the Big Wheel galaxy.

We note that kinematical measurements are essential for the con-
firmation of morphological disks, which have been discovered in the
early epochs by recent JWST studies’®”.. This is because measurements
using imaging data alone may be subject toambiguity of interpretation
dueto clumps, mergers, dust and peculiar galaxy geometry, all of which
arecommonly found atzz 1(refs. 9,92-94). As evidence supporting this
argument, we examined the galaxies fromref. 43 at z=3-4 with large radii
(>0.5 arcsec) measured from HST near-infrared images and we found that
the majority ofthem, if not all, have irregular or major merger-like, rather
than disk-like, morphology. For thisreason, only galaxies with kinematic
measurements were considered for comparisonin Fig. 3a.

Other measurements from the literature used for comparison
The size-mass scaling relationships in Fig. 3b were measured at or
around therest-frame 0.5 um, whichis the same wavelength where the
size of the Big Wheel galaxy is measured. We included only star-forming
galaxies'»?0*2644% The size-mass relationship of Ward et al."” was
measured in two redshift bins, z=2-3 and z=3-5.5, and we adopted
the average values to match the redshift of our galaxy (z = 3.245). The
size-mass relationship of Costantin et al.”> was provided as an analyti-
calfunction of redshift and we adopted therelationship atz=3.2. The
size-mass relationship of Mowla et al.** was determined in the work
as the median trend of a statistical galaxy sample at 2= 0.1-0.5.

Based on the literature measurements, the probability of finding
astar-forming galaxy, independent of kinematical confirmation, with
thesize of the Big Wheel at its stellar mass and redshiftin random fields
was obtained as follows. First, we calculated the expected galaxy size
atthe mass and redshift of the Big Wheel, using the relationships from
two most recent and complete JWST studies'**, as showninFig. 3b. We
founditto be 0.41 dex and 0.70 dex smaller than the observed size of
the Big Wheel in logarithms using the relationships from ref. 19 and
ref. 20, respectively. The distribution of sizes was well constrained as
alog-normalin these studies with an intrinsic log-normal scatter in
exponential units (i) Of these size-mass relationships of
0.22 dexand 0.28 dex, respectively. Therefore, the corresponding prob-
abilities of finding a galaxy equal to or larger than the Big Wheel in ran-
domfields are 2% and 0.6% according to the two studies, respectively.

Inaddition, star-forming galaxies with masses larger than 10" M,
suchas the Big Wheel (whichhasamass of at least 10" M), are extremely
rare, independent of their sizes. This can be quantified again by using
the previously quoted JWST results®*°. Only two star-forming galaxies
with a mass greater than 10" M, have been detected in these surveys
above z =3 over acombined area of 440 arcmin®and no galaxies having
amass greater than 10" M, which is the lower limit for the Big Wheel
considering different methodologies.

Thus, torandomly discover a galaxy with a mass of at least 10" M,
at z>3and at sizes similar to the Big Wheel (using the conservative
probability limit of 2%), if the environment does not play a role, we
would have required a survey with a size of at least 11,000 arcmin?.

The general galaxy population shown in Fig. 3¢ was selected
to be at z=3.0-3.5 from refs. 74,96. In the same panel, scaling rela-
tionships from two other literature studies’”*® are also shown. The
z=3.5galaxiesinFig.3d were selected to have v, greater than g,,.. We
inferred their v,,. by performing a correction for disordered motions
to v,,,, Which was measured at twice the half-light radius®*, following
the same equation as used for the Big Wheel above. The z = 0 galaxies
inthe same panel are fromref. 14 and ref. 5. The stellar masses in these
studies were all inferred assuming a Chabrier** IMF.

Data availability

The JWST data (Programme ID: General Observer 1835) are publicly
available at https://mast.stsci.edu/search/ui/#/jwst. The HST data
(Programme ID: 17065) are publicly available at https://mast.stsci.
edu/search/ui/#/hst. The VLT HAWKI data (Programme ID: 110.23ZX)
are publicly available at https://archive.eso.org/. The Chandra dataset
(Programme ID: 23700358) is publicly available at https://cda.harvard.
edu/chaser. The ALMA dataset ADS/JAO.ALMA#2021.1.00793.S.canbe
openly obtained at http://almascience.nao.ac.jp.

Code availability

The Source Extractor code is available at https://astromatic.github.
io/sextractor/. The statmorph package is available at https://github.
com/vrodgom/statmorph/. The emcee package is available at https://
emcee.readthedocs.io/en/stable/. The galpy package is available at
https://github.com/jobovy/galpy. The prospector code is available at
https://github.com/bd-j/prospector. The CIGALE code is available at
https://cigale.lam.fr/. The drizzle code is available to download at https://
github.com/spacetelescope/drizzle. The JWST pipeline is available at
https://github.com/spacetelescope/jwst. The Common Astronomy
Software Application (CASA) is available at https://casa.nrao.edu/. The
WEBBPSF codeisavailableat https://github.com/spacetelescope/webbpsf.
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detected extent of the galaxy, which reaches more than 30 kiloparsecs. The
galaxy disk is detected in the two near-infrared filters (a, b), while only a few
clumps are detected in the HST filter (c).

Extended Data Fig. 1| Galaxy images in the JWST near-infrared filters and
the HST opticalfilter. Colorbars at the bottom indicate the observed surface
brightness. The contourin arepresents the 5-cisophote demarcating the full
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Extended Data Fig. 2| The line-of-sight rotational velocity (v) and velocity Although deviations exist, the disk model captures the bulk trends of the
dispersion (o) profiles measured from three slits, along with the disk model observed v profiles remarkably well, justifying that the ionized gas of the galaxy
predictions. a-c, The profiles for slit 1(a), slit 2 (b) and slit 3 (c). The X axisof each  is predominantly in the ordered motion expected for a disk. Errorbars represent
panelindicates the spatial location along a slit where the vand o are measured. 1-ouncertainties.
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Extended Data Fig. 3| The galaxy velocity map measured from the CO and than the Ha map (b) and, as aresult, shows narrower spans of velocity due to
Ha spectral lines. The values of the line-of-sight velocities are indicated by the beam-smearing effect’’. Nevertheless, the CO map shows smooth velocity
the colorbar, and the PSFs (in FWHM) of the data are indicated at the lower gradients oriented along the galaxy major axis similarly to the Ha map, providing
right corners of the two panels. The CO map (a) has a substantially larger PSF additional evidence that the galaxy is consistent with a rotating disk.
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Extended Data Fig. 4 | Galaxy velocity profiles extracted from the 3D
emission line models, which are created to examine the beam-smearing
effects. The beam-smearing effect of JWST is found to have negligible impacts
onthe Ha velocity measurements thanks to the exquisite spatial resolution,

as demonstrated by that the Ha velocity profile ‘seen’ at the JWST resolution

0.0
Distance along Slit 1 [arcsec]

0.5

(blue line) almost fully overlaps with the intrinsic profile (black line). Second,

the Ha kinematics is found in overall agreement with the CO kinematics. This is
demonstrated by that the Ha velocity profile ‘seen’ at the ALMA resolution (green
line) matches the observed ALMA CO velocity profile (purple points). Refer to
Methods for more details.
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Extended Data Fig. 5| The observed SED of the Big Wheel along with its best-fit observed flux densities, the value measured in a given filter is colored in the same

model obtained with prospector. (a) Transmission curves of the photometric way as ina. The vertical axis indicates the flux density. The best-fit star formation
filters used in the observations are plotted as a function of wavelength. Each history is shown as the black line in the inset, and the gray shade indicates
curve is normalized to its maximum. (b) The best-fit model (gray curve) is uncertainties.

plotted along with the observed flux densities (points with 3-o errorbars). For the
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Extended DataFig. 6 | The integrated galaxy spectrum and spatially resolved
BPT diagram. (a) The galaxy is detected with multiple emission lines in the
rest-frame optical, the observed wavelengths of which at the galaxy redshift
(z=3.245) areindicated in the figure. The spectral continuum has been
subtracted. The break near the middle of the figure is caused by the gap between
the JWST NIRSpec detectors. (b) The emission line ratios measured from
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individual parts of the galaxy within the NIRSpecsslits are presented along with
theintegrated measurement, each color-coded by the distance from the galaxy
center. Errorbars indicate 3-sigma uncertainties or detection limits. The dashed
curve separates AGNs (toward upper right) from star-forming galaxies (toward
lower right) and is adopted from Kewley et al.>* Only the central part of the galaxy
(r<1L.5kpc) appears to be dominated by AGN-like emission.
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