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Abstract

With the remarkable sensitivity and resolution of JWST in the infrared, measuring rest-optical kinematics of
galaxies at z > 5 has become possible for the first time. This study pilots a new method for measuring galaxy
dynamics for highly multiplexed unbiased samples by combining FRESCO NIRCam grism spectroscopy and
JADES medium-band imaging. Here we present one of the first JWST kinematic measurements for a galaxy at
z> 5. We find a significant velocity gradient, which, if interpreted as rotation, yields Vo =305 +70kms ', and
we hence refer to this galaxy as Twister-z5. With a rest-frame optical effective radius of r, = 2.25 kpc, the high
rotation velocity in this galaxy is not due to a compact size, as may be expected in the early Universe, but rather to
a high total mass, log(Mgyn/Mz) = 11.2 &= 0.2. This is a factor of roughly 10x higher than the stellar mass within
r.. We also observe that the radial Ha equivalent width profile and the specific star formation rate map from
resolved stellar population modeling are centrally depressed by a factor of ~1.5 from the center to r,. Combined
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with the morphology of the line-emitting gas in comparison to the continuum, this centrally suppressed star
formation is consistent with a star-forming disk surrounding a bulge growing inside out. While large, rapidly
rotating disks are common to z ~ 2, the existence of one after only 1 Gyr of cosmic time, shown for the first time in
ionized gas, adds to the growing evidence that some galaxies matured earlier than expected in the history of the

Universe.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Galaxy kinematics (602); Galaxy
spectroscopy (2171); Galaxy bulges (578); Galaxy disks (589); Galaxy dynamics (591); Galaxy formation (595);
Galaxy radii (617); Galaxy stellar content (621); Galaxy rotation curves (619); Galaxy evolution (594); Galaxy

masses (607)

1. Introduction

Recently, with the James Webb Space Telescope (JWST),
very massive galaxy candidates have been discovered in the
first billion years of cosmic history (H. B. Akins et al. 2023;
C. M. Casey et al. 2024; 1. Labbé et al. 2023). This is
surprising, as ACDM cosmology predicts that galaxies form
hierarchically from the merging of smaller galactic units. If
confirmed spectroscopically, the existence of very massive
galaxies so early is hard to reconcile with current models. In
some cases, the stellar mass of these galaxies pushes up against
the total number of baryons available in the most massive halos
(e.g., M. Boylan-Kolchin 2023). Further buttressing this idea is
the prodigious number of bright galaxies with photometric
redshifts z> 10 (or <500 Myr after the Big Bang), pointing
again to a very early onset for formation (e.g., P. A. Oesch et al.
2016; M. Castellano et al. 2022; S. L. Finkelstein et al. 2022;
R. P. Naidu et al. 2022; A. J. Bunker et al. 2023; C. A. Mason
et al. 2023; S. Tacchella et al. 2023).

In addition to the surprising discovery at early times of
massive and/or luminous galaxies is the discovery with JWST
of apparently disk-dominated early galaxies (e.g., L. Ferreira
et al. 2022; W. M. Baker et al. 2023; J. S. Kartaltepe et al.
2023; E. J. Nelson et al. 2023; B. E. Robertson et al. 2023). An
abundance of disk-dominated galaxies at early cosmic time is
unexpected in the context of studies based on projected axis
ratios in <1.6 um imaging with the Hubble Space Telescope
(HST), which show that the fraction of galaxies with inferred
disk-dominated morphologies drops dramatically at z > 2 (e.g.,
A. van der Wel et al. 2014; H. Zhang et al. 2019). It is also
unexpected in the context of kinematic measurements showing
that the majority of star-forming galaxies are less rotation-
dominated at higher redshifts (e.g., N. M. Forster Schreiber
et al. 2006, 2009, 2018; A. Gnerucci et al. 2011; E. Wisnioski
et al. 2011, 2015, 2019; S. A. Kassin et al. 2012; S. H. Miller
et al. 2012; L. J. Tacconi et al. 2013; R. C. Simons et al. 2017;
O. J. Turner et al. 2017; H. L. Johnson et al. 2018; H. Ubler
et al. 2019; S. H. Price et al. 2020). These results are also
surprising theoretically. First, in an expanding ACDM
cosmology, the Universe is expected to be much denser at
early times than at later times. With more galaxies per unit
volume, the rate at which galaxies interact with one another
should theoretically be much higher. In such a state of frequent
bombardment, large disks would be unexpected. Second,
owing to higher star formation efficiency or stellar feedback
efficiency in high star formation surface density galaxies
driving turbulence, early galaxies are expected to be more
dispersion-supported (e.g., A. Pillepich et al. 2019; H. Ubler
et al. 2019; M. Girard et al. 2021). If more massive, more
luminous, and larger disk galaxies really exist at early cosmic
times, the Universe may be able to form mature galaxies earlier
than we thought.

However, the implications of this early JWST work on our
understanding of the early Universe remain hazy owing to
observational uncertainties. First, very massive galaxies at very
early times may be neither massive nor particularly early
because both their redshifts and stellar population properties are
uncertain. Their photometry could be affected by active
galactic nuclei (AGN) or bursty star formation histories (e.g.,
R. Endsley et al. 2023; D. D. Kocevski et al. 2023;
C. A. Mason et al. 2023; C. Papovich et al. 2023; L. Whitler
et al. 2023). Second, the disky nature of these galaxies has also
been inferred only from imaging. As this is just a 2D projection
of a 3D object, there are degeneracies in the implied intrinsic
shape. For instance, low axis ratios could reflect edge-on disks
or prolate shapes (e.g., A. van der Wel et al. 2014).

Determining how common massive disk galaxies are at early
times requires spectroscopy, which allows us to measure
redshifts, masses, and kinematics. However, owing to the
wavelength coverage of previous facilities, measurements of
ionized gas kinematics using rest-frame optical emission lines
like Ha and [O II] have thus far only been possible to z < 3.5
(e.g., N. M. Forster Schreiber et al. 2006; R. Genzel et al. 2008;
G. Cresci et al. 2009; B. Epinat et al. 2009; D. R. Law et al.
2009; T. A. Jones et al. 2010; C. Mancini et al. 2011; E. Wis-
nioski et al. 2011, 2012, 2015; A. M. Swinbank et al. 2012;
J. P. Stott et al. 2014; N. Leethochawalit et al. 2016;
O. J. Turner et al. 2017; S. H. Price et al. 2020). Studies using
millimeter and radio telescopes have begun to trace kinematics
at z > 3.5 using, e.g., the [C IT] 158 pm or CO line, which traces
cooler gas, with some finding significant rotation (e.g.,
J. A. Hodge et al. 2012; R. Smit et al. 2018; K.-i. Tadaki
et al. 2019; M. Neeleman et al. 2020; G. C. Jones et al. 2021;
T. Tsukui & S. Iguchi 2021; E. Parlanti et al. 2023; A. Pope
et al. 2023) and even surprisingly low velocity dispersions
(e.g., F. Rizzo et al. 2020, 2021, 2023; F. Fraternali et al. 2021;
F. Lelli et al. 2021; M. Y. Xiao et al. 2022).

With the launch of JWST, optical emission line kinematic
measurements for galaxies at z >4 have become possible for
the first time. Here we present Ha kinematics of a massive,
rapidly rotating galaxy at z = 5.388 using the NIRCam F444W
grism. This galaxy is edge-on, extended, and fortuitously
aligned with the grism dispersion direction and hence provides
a simpler test of this methodology than the typically smaller,
fainter, less well-aligned galaxies, which will require more
sophisticated modeling (as in, e.g., A. de Graaff et al. 2024). In
Section 2, we describe the observations and data reduction; in
Section 3, we describe the methodology we use to measure
kinematics and our kinematic results; and in Section 4, we give
the spatial distribution of the line emission relative to the
continuum. Finally, in Section 5, we discuss the implications of
these results in the context of other recent work as well as the
potential for using NIRCam grism spectroscopy to measure
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kinematics with JWST. In this Letter, we assume the WMAP9
ACDM cosmology with ,,=0.2865, 2, =0.7135, and
Hy=69.32kms ' Mpc~' (C. L. Bennett et al. 2013). All
magnitudes in this Letter are expressed in the AB system
(J. B. Oke 1974).

2. Data

The data in this Letter come from the FRESCO and JWST
Advanced Deep Extragalactic Survey (JADES) programs in
GOODS-S (D. J. Eisenstein et al. 2023; P. A. Oesch et al.
2023; M. J. Rieke et al. 2023). The object that forms the focus
of our analysis, which we refer to as Twister-z5, has
coordinates [R.A., decl.]=[53.10169662, —27.83616465]
(J2000) and lies in the GOODS-S field. FRESCO is a 53.8 hr
grism spectroscopic survey covering 124 arcmin® in the
GOODS-N and GOODS-S fields (P. A. Oesch et al. 2023). It
uses the NIRCam F444W grism, which has a maximal
wavelength coverage of 3.8-4.9 ym and spectral resolution of
R ~ 1600 to measure Ha [6563 A] at the end of the epoch of
reionization. The FRESCO GOODS-S data were taken
between 2022 November 13 and 18, with an exposure time
of 7 ks for the grism spectroscopy and 0.9 ks for the imaging at
an orientation of ~0° (V3PA in the range 353.9-0.6). Data
reduction was conducted using the grizli software (G. Bram-
mer 2023). A full description of the methods will be presented
in G. Brammer et al. (2024, in preparation), but we summarize
here for completeness. The rate files from MAST are aligned to
a Gaia-matched reference frame; the direct images are then
used to align their associated grism exposures. Bad pixels are
masked, then individual exposures are combined.

We use a running median filter to subtract all continuum
emission, leaving a frame with just emission lines. This method
subtracts both the continuum from nearby sources that
contaminates the spectrum as well as the continuum emission
from the source of interest (D. Kashino et al. 2023; J. Matthee
et al. 2023). This empirical method has the significant
advantage of simplicity. However, it cannot be used if the
continuum is of scientific interest, may oversubtract nearby
emission lines (e.g., [N1I]), and does not model underlying
Balmer absorption. The continuum filtering is a two-step
procedure. For the first pass, the continuum is subtracted from
each row of the image using a running median filter with a
12 pixel central gap to avoid self-subtraction of emission lines.
On the second pass, individual pixels with a signal-to-noise
ratio (S/N) >3 are identified and masked; then the median
filtering is run again. The position of the spectrum on the
detector is computed based on the F444W image and spectral
trace in the v4 grism configuration files.

In addition, imaging in eight filters (FOOOW, FI115W,
F150W, F200W, F277W, F356W, F410M, and F444W) was
conducted as part of JADES (D. J. Eisenstein et al. 2023). Data
are reduced as described in M. J. Rieke et al. (2023) and
S. Tacchella et al. (2023). Specifically, the standard jwst
pipeline was used with the CRDS context map jwst_1039.
pmap. We used customized procedures to correct for “wisps”
and 1/f noise, and a background subtraction has been
performed on both the individual exposure level and the full
mosaics. The mosaic images have been aligned to the Gaia-
EDR3 catalog.

Photometry is performed on HST and JWST images point-
spread function (PSF)-matched to the NIRCam F444W filter.
Multiwavelength catalogs are generated using SExtractor
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(E. Bertin & S. Arnouts 1996). Sources are detected in dual-
image mode using F444W as the detection image. Fluxes are
measured in a 0”16 aperture radius and corrected to total using
the AUTO flux measurement and a small additional correction
for the remaining flux outside this aperture based on the
encircled energy for the PSF. All fluxes are corrected for Milky
Way foreground extinction using E. L. Fitzpatrick & D. Massa
(2007). Uncertainties on the fluxes are measured from the rms
map and multiplied by a scale factor to account for noise not
accounted for in the reduction pipeline. In order to determine
this scale factor, we place circular apertures in empty regions of
the image and compute the scatter among the flux measure-
ments (see, e.g., K. E. Whitaker et al. 2011; R. E. Skelton et al.
2014).

Stellar population properties are derived using prospec-
tor (J. Leja et al. 2017, 2019; B. D. Johnson et al. 2021) with
redshifts set to those inferred from the location of the Ha
emission line in the grism spectrum of each galaxy. We adopt a
19 parameter physical model that includes redshift, stellar
mass, stellar and gas-phase metallicities, star formation history,
a two-component dust model (S. Charlot & S. M. Fall 2000),
and emission from AGN (R. P. Naidu et al. 2022). We use
FSPS (C. Conroy et al. 2009) with MIST stellar models
(J. Choi et al. 2016). The fit is shown in Figure 1. Star
formation rates (SFRs) are computed from the measured Ho
fluxes assuming a G. Chabrier (2003) initial mass function with
R. C. J. Kennicutt (1998). The fluxes are corrected for dust
attenuation using empirical relations based on the UV slope
(I. Shivaei et al. 2020). We note the caveat here that the
conversion factor from Ha luminosity to SFR in R. C. J. Kenn-
icutt (1998) is based on solar metallicity, and the vast majority
of galaxies at these redshifts have subsolar metallicities, which
can change this conversion factor by a factor of 2 (e.g.,
A. E. Shapley et al. 2023). Additionally, the empirical relations
in I. Shivaei et al. (2020) were calibrated at z ~ 2 and may not
be appropriate for z ~ 5.

One could question the use of the solar metallicity
R. C. J. Kennicutt (1998) Ha conversion factor given that
the vast majority of galaxies at this redshift appear to have
significantly subsolar metallicities that can change the conver-
sion factor by 2x (e.g., A. E. Shapley et al. 2023). Likewise,
the 1. Shivaei et al. (2020) relation was calibrated for z ~ 2
main-sequence galaxies, not those at z ~ 5 like these FRESCO
sources.

Figure 2 shows the distribution of all galaxies with clearly
detected Hav in the SFR-M, plane. A locus of points is clearly
detected, implying the existence of the star-forming main
sequence at z ~ 5 as shown in A. E. Shapley et al. (2023). The
galaxy that is the focus of the present study has
log(M,/M_.)=10.4 and SFR =103 £20M_ yr ', placing it
at the high-mass end of this distribution and on the star-forming
main sequence at this epoch.

We use the GALFIT software package (C. Y. Peng et al.
2002, 2010) to fit the size and shape of this galaxy accounting
for the PSF following the procedure described in K. A. Suess
et al. (2022) and E. J. Nelson et al. (2023). This fitting is
performed on the direct images and the Ha map (see
Section 3). An empirical PSF is constructed by stacking
images of isolated point sources using EPSFBuilder in
Photutils (see Z. Ji et al. 2024 for more details). We create a
segmentation map to identify all sources to be modeled or
masked. Galaxies that have centers within 3” of the target
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Figure 1. Top left: 1D spectrum of Twister-z5. Top right: three-color image F444W /F200W /FO90W. Bottom left: photometry and best-fit stellar population synthesis
model for Twister-z5. Bottom right: photometric redshift probability distribution function.
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Figure 2. Star-forming main sequence for galaxies with grism spectroscopic
redshifts 4.5 < z < 6 in FRESCO with detected Ha. SFRs are computed from
the measured Ho fluxes corrected for dust attenuation using empirical relations
based on the UV slope (I. Shivaei et al. 2020). A fit to the SFMS from
J. S. Speagle et al. (2014) is indicated by the red line for context. The typical
measurement error is indicated by the plus sign in the lower right corner.
Twister-z5, the galaxy featured in the present study, is at the very massive end
of this distribution on the upper end of a continuation of the locus of points.

galaxy center and are less than 2.5 mag fainter are modeled
simultaneously. Fainter and more distant galaxies are masked.
With all sufficiently bright galaxies identified, we estimate and
subtract the background in each stamp using the SExtractor
background algorithm as implemented in photutils. For
F444W, we find an effective radius r, = 2.2 kpc, a Sérsic index
n=1.75, and an axis ratio ¢ =0.5. For the medium-band-
derived Hae map, we find r, = 2.3 kpc, n =0.2, and g = 0.25.

3. Kinematics

A benefit or drawback of slitless grism spectroscopy,
depending on the science goal, is that the dispersion axis
contains not only spectral information, which is typical, but
also spatial information. For HST/WFC3 or JWST/NIRISS,
the spectral resolution of R~ 100 corresponds to
~1000kms~". In the low-resolution regime, both axes of the
emission line distribution are effectively spatial, and the
continuum-subtracted line emission is essentially just an
emission line flux map (e.g., P. G. van Dokkum et al. 2011;
G. B. Brammer et al. 2012; E. J. Nelson et al. 2012,
2013, 2016; J. Matharu et al. 2021, 2022, 2023). The exception
is broad-line AGN with line widths of >1000km s~!, which
can be identified by their compact distribution in the spatial
direction and extended distribution in the spectral direction
(E. J. Nelson et al. 2012). However, the spectral resolution of
the NIRCam F444W grism is much higher—R ~ 1600 at 4 um
——corresponding to a velocity dispersion of o~ 80kms™".
This resolution means that for galaxies with velocity gradients
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F410M - F444W = Medium Band Ha map

Figure 3. We infer the spatial distribution of Ha (right) from the difference between the F444W broadband filter (center) and F410M medium-band filter (left), which
covers the Ha emission line at this redshift. The circle in the middle panel shows the size (FWHM) of the PSF.

of >80kms~', we can place constraints on their kinematic
properties in addition to the spatial distribution of their line
emission.

Because the morphology of the emission line along the grism
spectral axis is due to both the spatial and kinematic properties,
additional data are needed to break the degeneracy. Here we
use the F410M medium band, which covers the short-
wavelength portion of the F444W filter in which the Ha line
of this object falls. As shown in Figure 3, the difference
between the F410M and F444W images essentially provides a
map of the Ha line emission (e.g., C. C. Williams et al. 2023;
S. Withers et al. 2023). To model the kinematics, we fit the
light-weighted center of the Ha emission in each row of both
the medium-band-derived map and the 2D grism spectrum.
These data sets share a spatial centroid, so the measured
difference in the light-weighted center is due to velocity.
Hence, our velocity gradient is inferred by subtracting the
medium-band Ha map light-weighted center from the grism
image light-weighted center in each row. We define the
systematic redshift such that the light-weighted center has zero
velocity. This method is shown pictorially in Figure 4
alongside our results. The uncertainty on the velocity in each
spatial pixel is calculated by bootstrap resampling the grism
and medium-band images within the noise.

We measure an observed velocity difference v, from the
maximum and minimum velocities by

Vobs = %(Vmax - Vmin) =295 + 60 km 571

as in, e.g., E. Wisnioski et al. (2015). We note that these
minimum and maximum velocity values are driven by data
quality, not the physical properties of the galaxy. The velocity
curve shows no evidence of a flattening or turnover, so these
represent the maximum radii to which we have a sufficient S/N
to robustly determine the center and width of the line emission
(S/N Z 5). If this velocity gradient represents rotation (more on
this below), the observed velocity difference must be corrected
for inclination in order to reflect the intrinsic rotation velocity:

Vrot = vobs/sln L.

We use the axis ratio measured from the medium-band Ha
image (see Section 2) to infer the inclination of the galaxy

using
cos?i = (¢> — g3)/(1 — gp).

where ¢ = 0.25 is the measured axis ratio and ¢ is the intrinsic
axis ratio. As we do not in fact know the intrinsic axis ratio, we
include the full range of possible intrinsic axis ratios in our
error budget, a uniform distribution of g with 0.05 < g¢ < g.
Because the measured axis ratio is 0.25, this correction is very
small in practice regardless of the assumed ¢ (<5%). We find
Viot = 305 & 70 km s L. If we instead use the axis ratio
measured in F444W (ggg44w = 0.5), the inclination correction
is larger, yielding an inclination-corrected velocity of
Vit =340+ 70 kms ™"

With the combination of a medium-band Ha map and grism
spectrum, it is also possible to measure the line-of-sight
velocity dispersion. The width of the line in the spectral
direction is broadened by three things: the spectrograph line-
spread function, the line-of-sight velocity dispersion of the Ha
gas (including beam smearing), and the intrinsic spatial extent.
The contribution of the line-spread function is well known, and
the degeneracy between the velocity dispersion and spatial
extent can be broken using the combination of the medium-
band and grism data.

We fit a Gaussian to the emission line in each row of the Ha
in both the medium-band map and grism image. These widths
are shown in Figure 5. To infer the line-of-sight velocity
dispersion, we subtract off the instrumental line-spread
function and spatial width in quadrature. As shown in
Figure 4, the galaxy has an average velocity dispersion of
~100km s~ " in the disk and ~225kms ™' in the center. The
most obvious physical explanation for the higher central
velocity dispersion is a dynamically hot bulge. Beam-smeared
rotation could also play some role, but we note that the
measured rotation curve is close to linear. The ratio of rotation
to velocity dispersion in the disk, an oft-used metric for the
dynamical state of a system, is V/o ~ 2-3.

An observed velocity gradient can be an indication of either
a rotating disk or a merger (see, e.g., E. Wisnioski et al. 2015;
R. C. Simons et al. 2017). Kinematically, if the object is a disk,
one expects a centrally peaked velocity dispersion, while in a
merger, the velocity dispersion is expected to be higher on
either side and dip in the center (see, e.g., E. Wisnioski et al.
2015). We see a centrally peaked velocity dispersion profile,
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Figure 4. Velocity gradient. As described in Section 3, we fit the light-weighted center along the x-axis in the grism image, which corresponds to the dispersion
direction (top left) and medium band Ha image (top right). The grism has a spectral resolution of R ~ 1600, meaning that the grism spectrum contains both spatial and
spectral information across the dispersion direction. The difference between the grism and direct image centroids is the velocity in that spatial pixel. The error bars on
the velocity curve are given by the difference between using the rest-UV emission and the F444W direct image.

which supports a disk rather than merger interpretation for our
observed kinematics. Morphologically, asymmetry is often
taken as an indication of a merger (e.g., J. M. Lotz et al. 2008).
The broadband F444W imaging shows asymmetry around the
brightness peak, and the Ha flux map shows an off-center
brightness peak. While this could be interpreted as evidence for
a merger, it is notable that many observations show that high-
redshift star-forming galaxies have star-forming clumps that
can be asymmetric (e.g., N. M. Forster Schreiber et al.
2006, 2009; E. Wisnioski et al. 2012). We interpret the
observed velocity gradient as rotation but note the caveat that
Twister-z5 may have experienced a merger, and whether it is
virialized is uncertain.

We infer the dynamical mass of the system within the
effective radius using our measured kinematics following
S. H. Price et al. (2022). We compute the circular velocity V.

accounting for turbulent pressure support with
Veire = (Vr%)t + O‘O'(z))o‘5

(e.g., A. Burkert et al. 2010; E. Wuyts et al. 2016; N. M. Fors-
ter Schreiber et al. 2018; E. Wisnioski et al. 2018), where
a =3.36R/R,. The dynamical mass within the effective radius
of this galaxy, if it can be described by a rotating disk, is

2
: (R)R
Moy = k(R) ViR

The virial constant k(R) is dependent on the distribution of
mass within the galaxy; we adopt k(R = R,) = 2.128, which is
the virial coefficient evaluated for ¢ =0.4 and n =1, which
invokes an elevated ¢ to account for the spherical halo (as in,
e.g., S. H. Miller et al. 2011; S. H. Price et al. 2020). We
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Figure 5. Velocity dispersion profile. As described in Section 3, the width of the Ha line in the spectral direction is broadened by three things: the line-of-sight
velocity dispersion of the Ha gas (including beam smearing), the spectrograph line-spread function, and the intrinsic spatial extent. To measure the line-of-sight
velocity dispersion, we subtract the latter two terms off in quadrature. Twister-z5 has a centrally peaked velocity dispersion cospatial with centrally concentrated light,

perhaps indicative of a bulge. We measure a disk velocity dispersion of 50-150 km s

~!, which is likely an upper limit because dynamical forward-modeling has not

been performed. The fact that the velocity dispersion peaks in the center and is lower in the disk suggests that the observed velocity gradient is likely due to rotation as
opposed to a merger (for which one would expect peaks in the velocity dispersion on either side).

include the range of velocity dispersions measured in the disk
in our dynamical mass uncertainty budget. We also remind the
reader that we compute these quantities within the effective
radius not because it represents the maximum rotation velocity
but because beyond this radius we have insufficient signal to
robustly measure kinematics.

We find a dynamical mass of log(Mgy,) = 11.2 = 0.2
within the effective radius. With a stellar mass of
log(M,) =10.1 £0.4 within the effective radius, Twister-z5
has a much larger dynamical mass than stellar mass within the
effective radius, although we note that the uncertainties are
large. This stands to reason as the dynamical mass includes the
dark matter and gas masses in addition to the stellar mass. We
infer a gas mass of log(Mg,,) = 10.1 & 0.1 by scaling the dust-
corrected Ha SFR (as described in Section 2) with the
Kennicutt—Schmidt relation using the effective radius of the Ha
emission (R. C. J. Kennicutt 1998). Gas fractions are expected
to rise dramatically to high redshift (L. J. Tacconi et al. 2020),
so a gas fraction of ~50% =+ 20% is not surprising. Using these
estimates of the mass components, we infer a baryonic mass
that is ~20730% of the total dynamical mass. At 1<z< 3,
many studies of ionized gas or stellar kinematics find that

massive galaxies (log(M./My) 2 10) are baryon-dominated
within the galaxy scale, sometimes with inferred stellar masses
alone that approach their inferred dynamical masses (e.g.,
N. M. Forster Schreiber et al. 2009, 2018; R. Bezanson et al.
2013; P. G. van Dokkum et al. 2015; L. Y. Alcorn et al. 2016;
A. Burkert et al. 2016; J. P. Stott et al. 2016; E. Wuyts et al.
2016; G. Barro et al. 2017; R. Genzel et al. 2017; P. Lang et al.
2017; S. H. Price et al. 2020). On the other hand, the first study
of the ionized gas kinematics of z > 5 galaxies with JWST finds
dynamical masses an order of magnitude larger than stellar
masses for low-mass galaxies (log(M,/My) ~ 7—9; A. de
Graaff et al. 2024). Larger samples of z > 3 galaxies covering a
range of stellar masses and sizes will be needed to system-
atically study the baryon-to-dark-matter ratios of early disks.

4. The Spatial Distribution of Ha: Inside-out Growth

At 7 ~ 5-6, the F444W grism captures Ha emission, a tracer
of star formation, and the F444W direct image captures the
rest-frame R-band continuum, a reasonable proxy for stellar
mass. As such, their quotient, the Ha equivalent width (EW
(Ha)), can serve as a proxy for the specific SFR (SFR/M,),
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Figure 6. Surface brightness profiles of F444W (left), Ho (center), and the radial Ha equivalent-width profile (right) made as described in Section 4. The top row
shows radially averaged profiles, while the bottom shows the full vertical profile. The Ha distribution is much less centrally concentrated than the 4.4 ym continuum
emission resulting in an Ho equivalent-width profile that rises from the center to 2 kpc, consistent with this z = 5.388 galaxy growing inside out in a bulge—disk

system.

which shows how the galaxy is growing (e.g., E. J. Nelson
et al. 2013).

Owing to the impact of velocity on the observed morphology
of Ha, we cannot measure a radial surface brightness profile in
elliptical apertures. Instead, we effectively collapse the light
distribution in both the direct and grism images along the
detector axis corresponding to the dispersion axis in the grism
image. In practice, to optimize the S/N of our profiles, we
instead shift each row to the light-weighted centroid and sum
along each row encompassing the effective semiminor axis. We
subtract the Ha contribution from the F444W image. The
resulting profiles are shown in Figure 6. The bottom row shows
the profiles along the full vertical slice, and the top row shows
them averaged in the upward and downward directions (similar
to a radial profile).

The F444W light is much more centrally concentrated than
the Ha emission; hence, the Ha equivalent-width profile rises
sharply from the center to the effective radius at 2.25 kpc.
Taking the EW(Ha) as a proxy for the specific SFR, the rising
equivalent width we observe suggests that this galaxy is
building mass more rapidly at r ~ r, than in the center. Further,
the F444W profile is significantly steeper than the Ha profile.
Because the Ha and continuum have the same wavelength, the
attenuation they experience from diffuse dust is expected to be
the same. While extra attenuation is expected toward HII
regions (e.g., S. H. Price et al. 2014; N. A. Reddy et al. 2015), a
variation in the quantity of extra attenuation toward H I regions
would need to change as a function of radius to create the rising
EW(Ha) observed. Given that this extra attenuation is
surrounding birth clouds, this kind of geometric effect seems
unlikely, but resolved measurements of H3 would be needed to

be sure (e.g., E. J. Nelson et al. 2016; B. Lorenz et al. 2023;
A. E. Shapley et al. 2023). Further, even in the presence of
significant dust attenuation, the Ha equivalent width is a
reasonably good proxy for the specific SFR (e.g., E. J. Nelson
et al. 2019). The most obvious interpretation of these features is
that this galaxy is growing inside out with a star-forming disk
surrounding a bulge with relatively suppressed star formation.
The surprise, of course, is that this is not z~ 1, where this
structured inside-out growth is typical (e.g., E. J. Nelson et al.
2016), but z > 5.

We also perform spatially resolved spectral energy distribu-
tion (SED) fitting of the JWST imaging to determine if the
conclusions hold with more sophisticated modeling following
C. Giménez-Arteaga et al. (2023). Briefly, images in all JWST
filters are PSF-matched to the F444W resolution, and the SED
of each pixel is fit. Fits are performed with BAGPIPES
(A. C. Carnall et al. 2018) with stellar population synthesis
models by G. Bruzual & S. Charlot (2003), nebular emission
with CLOUDY (G. J. Ferland et al. 2017), a P. Kroupa (2001)
initial mass function, a D. Calzetti et al. (2000) attenuation
curve, and a constant star formation history following
A. C. Carmnall et al. (2023) and C. Giménez-Arteaga et al.
(2023). The redshift is fixed to the grism spectroscopic redshift.
Visual extinction is allowed to vary, Ay = 0-3; the maximum
age is 1 Myr—5 Gyr; and the metallicity is Z= 0 — Z., all with
uniform priors. The resulting maps of stellar mass, SFR, and
specific SFR are shown in Figure 7. As in the case of Ha
equivalent width, the inferred specific SFR is lower in the
center than at larger radii, suggesting that this galaxy is
building from the inside out.
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Figure 7. Resolved stellar populations based on SED fitting of the JWST imaging. The top row shows maps of the stellar mass (left), SFR (middle), and specific SFR
(right) from spatially resolved SED modeling of the JWST images. The bottom row shows the radial surface density profiles of the stellar mass, SFR, and specific
SFR, respectively. A clear central depression can be seen in the specific SFR, a feature that is typically seen in bulge—disk systems growing inside out.

5. Discussion

We measure kinematics and spatially resolved Ha emission
for a log(My/M,) = 10.4 galaxy using FRESCO JWST/
NIRCam spectroscopy combined with JADES medium-band
imaging. We measure the effective radius of the rest-frame
optical (0.55 ym) emission in the F356W filter, which is not
expected to be dominated by line emission. This galaxy has a
rest-optical effective radius of r, = 2.25 kpc, comparable to the
half-light radii of similar-mass galaxies at z=0.5-1 (e.g.,
A. van der Wel et al. 2024), much larger than we anticipate for
an early galaxy if galaxy sizes scale with the scale factor of the
Universe. It is also significantly larger than one would expect
based on existing measurements of the effective radius of
galaxies as a function of redshift (r.(z)), which finds r, ~ 1 kpc
at z=15.388 (B. W. Holwerda et al. 2020). It has a rising
EW(Ha) profile and a proxy for specific SFR and appears to be
a bulge—disk system growing inside out. We measure a rotation
velocity of 240 +50kms ', similar to or greater than local
massive spiral galaxies. In many ways, this appears to be a
typical z ~ 2 disk galaxy. Oddly, it is not at z ~ 2 but z = 5.388.
That massive, extended, rotating disk galaxies could exist at
such early times is surprising, in particular because this does
not appear to be a one-off situation but rather adds to the
growing body of evidence for massive, extended, rotating disks
seen in some studies of [CI] with the Atacama Large
Millimeter/submillimeter Array (ALMA; e.g., J. A. Hodge
et al. 2012; M. Neeleman et al. 2020; T. Tsukui &
S. Iguchi 2021; E. Parlanti et al. 2023).

Considering the dynamical mass with respect to the stellar
mass, Twister-z5 has a baryonic mass fraction of ~20730%

within the effective radius. With a dynamical mass of
log(Mdyn/M@) =11.2, these mass fractions are somewhat
smaller than galaxies with similar dynamical masses at
z=1-3 (e.g N. M. Forster Schreiber et al. 2018; S. H. Price
et al. 2020). A number of studies find that galaxies become
more baryon-dominated in their centers going from z~ 0 to
z~3 (e.g., H. Ubler et al. 2018; S. H. Price et al. 2020).
However, at dynamical masses of ~10'"! M., the ratios of
stellar-to-dynamical mass and baryonic-to-dynamical mass
remain fairly constant (see, e.g., Figure 4 in S. H. Price et al.
2020). On the other hand, low-mass, high-redshift galaxies are
possibly strongly dark-matter-dominated (A. de Graaff et al.
2024). More massive galaxies at z ~ 7 have been suggested to
show a range in their baryonic-to-dynamical mass ratio
depending on the luminosity-weighted age (M. W. Topping
et al. 2022), although these measurements are based on
spatially unresolved measurements of the [CII] emission line
widths and therefore may be affected by mergers and nonvirial
motions. One interpretation of this result is that the cosmic
epoch may be more important than the total mass for
determining how baryon-dominated the centers of galaxies
are. This result is interesting in the context that some theoretical
models find that galaxies transition from prolate to oblate when
their centers become baryon-dominated (e.g., D. Ceverino et al.
2015). We emphasize here that the uncertainties on our mass
measurements are large. Integral field spectsoscopy (IFU)
would allow for a more robust interpretation.

We find V/o ~ 2-3 for Twister-z5, meaning that although it
is rotation-dominated, the velocity dispersion in the disk is
much higher than that of local galaxies. This is likely to be an
upper limit on the velocity dispersion, however, as we do not
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forward-model the velocity field (as in, e.g., A. de Graaff et al.
2024), which can result in velocity dispersions that are biased
high (e.g., F. Rizzo et al. 2022). That caveat noted, a mix of
rotational and dispersion support is qualitatively consistent
with many recent studies of Ha kinematics at the peak of the
cosmic star formation history at z = 1-3 that have found higher
high-velocity dispersions in the disks of higher-redshift
galaxies (e.g., E. Wisnioski et al. 2015; A. M. Swinbank
et al. 2017; O. J. Turner et al. 2017; H. Ubler et al. 2019). A
number of these studies find that V/o declines with redshift to
~1 at z~3. Based on analytical modeling, H. Ubler et al.
(2019) suggest that the significant levels of turbulence in disks
at z > 1 is driven by a combination of gravitational instabilities
and stellar feedback (e.g., M. R. Krumholz et al. 2018;
M. R. Varidel et al. 2020). Quantitatively, the rotation
dominance we observe is higher than one would expect based
on the extension of lower-redshift Ha studies. J. P. Stott et al.
(2016) and O. J. Turner et al. (2017) find that the rotation-
dominated fraction, which they define as V/o > 1, declines
with redshift as RDF o<z %2, If extrapolated, this relation
implies that the rotation-dominated fraction for galaxies of
similar mass at z~ 5.388 is <10%. V/o ~ 2-3 is, however,
consistent with an extrapolation of the V/o values predicted in
the TNGS50 cosmological hydrodynamical simulation (A. Pill-
epich et al. 2019). On the other hand, it is significantly lower
than the values found by some studies of z ~4-5 galaxies in
[C1] emission with ALMA, which find V/o ~ 10 in some
massive galaxies at this epoch (e.g., F. Rizzo et al. 2020, 2021;
F. Fraternali et al. 2021; F. Lelli et al. 2021). With the objects
having kinematic measurements in any tracer at z>5
numbering less than 50, resolving this discrepancy will require
kinematics for much larger samples in multiple tracers.

Although the kinematics of Twister-z5 appear typical for an
extrapolation of cosmological simulations, the structure does
not. The axis ratio distribution in the TNG50 simulation skews
toward higher values than observed galaxies, suggesting that it
has fewer prominent disks than the real Universe (J. S. Kartalt-
epe et al. 2023). Interestingly, there are almost no objects at
5<z<6 in TNG50 with n > 2, suggesting that bulge—disk
systems such as this are not expected in large numbers. Similar-
mass galaxies in the TNG50 cosmological hydrodynamical
simulation have a median observable effective radius of <1 kpc
(L. Costantin et al. 2023), making an observed effective radius
of r, = 2.25 kpc much larger than expected. There are very few
(if any) galaxies with r,>2, n=2, and b/a=0.4—ie., a
spatially extended bulge—disk system such as this. A number of
studies find or predict that galaxies form bulges at early cosmic
times and then build an extended stellar structure around it later
(e.g., R. Bezanson et al. 2009; E. Nelson et al. 2014; P. G. van
Dokkum et al. 2015; S. Wellons et al. 2015; A. Zolotov et al.
2015), which is qualitatively consistent with what we see in the
the structure, kinematics, and particularly the specific SFR
gradient of Twister-z5. However, a number of studies suggest
that building an extended disk is hard at such early times. Disks
at early cosmic epochs are expected to grow slowly, with
formation times of ~1.5 Gyr, due to instabilities that drive gas
and stars to the center (e.g., D. Ceverino et al. 2015; M.-J. Park
et al. 2019; L. Costantin et al. 2022).

This study and many others are pointing to the existence of
mature galaxies at surprisingly early cosmic epochs. Remark-
ably luminous galaxy candidates have been found to z~ 13
(e.g., P. A. Oesch et al. 2016; M. Castellano et al. 2022;
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S. L. Finkelstein et al. 2022; R. P. Naidu et al. 2022;
A.J. Bunker et al. 2023; C. M. Casey et al. 2024; C. T. Donnan
et al. 2023; Y. Harikane et al. 2023; S. Tacchella et al. 2023),
and candidate massive galaxies with M, > 10'° M, have been
found at z=5-9 (e.g., H. B. Akins et al. 2023; 1. Labbé et al.
2023; M. Xiao et al. 2023). All of these unexpected sources
require spectroscopic confirmation of their nature. Spectra
obtained thus far reveal a mixed bag, with some redshifts
holding (e.g., E. Curtis-Lake et al. 2023; G. Roberts-Borsani
et al. 2023), some falling (e.g., P. Arrabal Haro et al. 2023), and
some having remarkable mass or luminosity due to AGN
instead of stars (e.g., D. D. Kocevski et al. 2023; R. Maiolino
et al. 2024; J. Matthee et al. 2024; H. Ubler et al. 2023). If a
number of these results hold, the combination of JWST and
ALMA might show us that mature galaxies form earlier than
we previously thought possible. This study provides both
redshift and dynamical confirmation of a massive galaxy at
early cosmic time.

This Letter presents a new method for kinematic measure-
ments with JWST, which has the potential to enable dramatic
multiplexing for unbiased samples: slitless spectroscopy with
medium-band imaging. With the fairly high spectral resolution
of the NIRCam grism (R ~ 1600), this mode of spectroscopy
could provide an efficient way to derive kinematic constraints
on large samples of massive galaxies. Even stronger kinematic
constraints could be placed using multiple grism dispersion
directions. While validation tests need to be done against IFU
data, this methodology could provide an exciting way to make
kinematic measurements for large, unbiased samples of
galaxies at early times, allowing us to understand their
seemingly rapid early assembly.
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