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Surveys with James Webb Space Telescope (JWST) have discovered candidate galaxies in
the first 400 Myr of cosmic time. Preliminary indications have suggested these candidate
galaxies may be more massive and abundant than previously thought. However, without
confirmed distances, their inferred properties remain uncertain. Here we identify four
galaxies located in the JWST Advanced Deep Extragalactic Survey (JADES) Near-Infrared
Camera (NIRCam) imaging with photometric redshifts z ~ 10 — 13. These galaxies
include the first redshift z > 12 systems discovered with distances spectroscopically
confirmed by JWST in a companion paper. Using stellar population modelling, we find the
galaxies typically contain a hundred million solar masses in stars, in stellar populations
that are less than one hundred million years old. The moderate star formation rates and
compact sizes suggest elevated star formation rate surface densities, a key indicator of their
formation pathways. Taken together, these measurements show that the first galaxies
contributing to cosmic reionisation formed rapidly and with intense internal radiation
fields.



The properties of the earliest galaxies elucidate how the first cosmic structures form and evolve.
Their nature constrains both the astrophysics associated with the baryonic components of
galaxies and the cosmological physics that governs the development of their dark matter halos.
Star-forming galaxies likely reionised intergalactic hydrogen during the first billion years of
cosmic history, but the duration of the reionisation process and when it initiated are unknown!.
The need to address these questions about the physics of galaxy formation and cosmic
reionisation motivates the search for ever more distant galaxies. After the launch of JWST in
December 2021, its near-infrared sensitivity and resolution could be applied to the search for and
characterisation of high-redshift galaxies*!® starting with the first observations? in July 2022.
JWST programmes scheduled early, including the Cosmic Evolution Early Release Science?!
(CEERS; JWST programme 1345) and the GLASS?? (JWST programme 1324) surveys, yielded
distant galaxy candidates putatively at redshifts z ~ 12 — 17(refs. 23-28). Galaxy candidates
with large claimed stellar masses (M, ~ 10'*Mg) and photometric redshifts as high as
z~11 have been identified?? that could challenge standard models for galaxy formation3?-
32, However, none of these candidates have yet been confirmed spectroscopically. To date, the
highest redshift spectroscopic observations with JWST extend only to redshift z~9.5-9.819:33,

JADES, a collaborative program between the NIRCam and NIRSpec Guaranteed Time
Observations (GTO) instrument science teams, was designed to both discover high-redshift
galaxies with NIRCam?* and spectroscopically confirm them with NIRSpec*®. Initial JADES
NIRCam observations of the Great Observatories Origins Deep Survey — South (GOODS-S; a =
53.165 deg, 6 = —27.786 deg), including the Hubble Ultra Deep Field, were conducted starting
September 29, 2022, under JWST programme 1180, acquiring NIRCam FOOOW, F115W,
F150W, F200W, F277W, F335M, F356W, F410M, and F444W imaging (A = 0.8 — 5 um),
covering an area of 65 arcmin® to a depth of fpy0ow = 3.5 — 5 nly (50, 0.15” radius apertures;
30.0-29.7AB). A search for high-redshift galaxies was conducted by creating an inverse
variance-weighted stacked detection image of the F200W through F444W filters and then
selecting contiguous regions with flux higher than 3o/pix above the local mean background
noise as objects. Forced photometry was performed at the locations of detected objects for all
JADES filter images, public imaging from JWST programme 1963 in F182M, F210M, F430M,
F460M, and F480M around the Ultra Deep Field, and publicly available Hubble Space
Telescope (HST) Legacy Fields*® (v2.0) F435W, F606W, F775W, F814W, F850LP, F105W,
F125W, F140W, and F160W images (1 = 0.4 — 1.8 um). Photometric redshifts were estimated
for every object in the catalogue to identify high-redshift galaxy candidates. A planned JADES
spectroscopic campaign was then conducted starting October 20, 2022 with the JWST/NIRSpec
microshutter array (MSA), opening slits at the positions of NIRCam-selected galaxy candidates
that could be accommodated by pre-set pointings of the MSA. Other high-redshift galaxy
candidates selected from prior HST imaging were included in the masks, in addition to a broader
selection of known and candidate galaxies at lower redshifts. The reduction, analysis and
interpretation of the spectroscopic data are presented in a companion paper (ref. 37).
Confirmation of z > 10 candidates was possible for two HST-selected targets and two galaxies
selected by our JWST/NIRCam imaging, with spectroscopic redshifts’” from the Lyman-a break
and other properties presented in Table 1 and the multiband photometry reported in Extended
Data Table 1. The typical F200W fluxes of these distant galaxies are fr,0ons = 10 nJy (m = 29
AB mag), and they are also well-detected in redder bands (SNR ~ 5 — 20). Given their



distances, their ultraviolet magnitudes are between My, =~ —18.4 for the intrinsically faintest
and My, = —19.3 for the brightest. These four objects are the focus of the work presented here.

Figure 1 presents JWST F200W-F150W-F115W colour images of the most distant
spectroscopically confirmed galaxies in our sample, overlaid on a JWST F444W-F200W-F115W
colour mosaic. The orange-red colours of these galaxies in the images reflect the near-complete
absorption of light in the F115W and potentially F150W filters by intervening neutral hydrogen
in the intergalactic medium. The two JWST/NIRCam-selected sources (JADES-GS-z13-0 and
JADES-GS-z12-0), newly discovered here, are the most distant spectroscopically-confirmed
galaxies known, with redshifts of z = 13.20 and z = 12.63 (ref. 37). Of the HST-discovered
galaxies, our object JADES-GS+53.16476-27.77463 (JADES-GS-z11-0) is notably also known
as UDFj-39546284. This galaxy was identified®® as a z~10 galaxy from HST WFC3 imaging
before receiving further observations®® that constrained the photometric redshift to be z =
11.9%32. NIRCam medium band imaging in five filters have been used to estimate*’ the
photometric redshift as z ~ 12.0%3. Here, the JWST data without our nine additional NIRCam
filters provided a photometric redshift estimate of z ~ 11.7*33 and ref. 37 newly confirm that
the galaxy lies at a spectroscopic redshift of z = 11.58. The final HST-selected object (JADES-
GS-z10-0, originally known as UDFj-38116243; ref. 38) is now spectroscopically confirmed by
ref. 37 to lie at redshift z = 10.38. The distribution of these sources across the JADES field
arises from the placement of the NIRSpec/MSA footprint and does not reflect a possible physical
clustering.

To accurately measure the photometric and morphological properties of these galaxies, we
conduct forward modelling of the light distribution of each source and its neighbours on the sky
using the forcepho code [BDJ in prep]. Figure 2 illustrates the photometric modelling process
performed for each JWST filter simultaneously. At the location of sources detected in the
stacked images, Sérsic*! profiles with variable amplitude, axis ratio, position angle, and half-light
radius are fit to pixel-level fluxes in the individual exposures (see Extended Data Figure 1 for
detailed results). This approach avoids uncertainties in the effective PSF of the stack and pixel
correlations that impact the uncertainties of aperture fluxes measured from the mosaics. The
success of the fitting procedure can be judged from the residual images after subtracting the
models from the data, and in each case, the model reliably captures the morphological
complexity of the sources. Photometry measured from the forward-modelling procedure is
consistent with the fluxes measured within 0.15” radii apertures, corrected to a total flux estimate
using the JWST point-spread function (PSF) and the forcepho model. The image thumbnails
reveal the compact sizes of these objects, with intrinsic half-light angular sizes 6, ,, <

0.015 - 0.04” as measured from forward-modelling of the light profiles and corresponding to
physical scales of 7y, S 50 — 165 pc at these redshifts. While the objects are small, their light

profiles are all consistent with exponentials with semi-major to semi-minor axis ratios of b/a =
0.6 —0.9.

Figure 2 also shows the results of Bayesian photometric modelling that allows for the inference
of physical galaxy properties. The photometry and flux uncertainties are supplied to the
Prospector code*, and then the spectral energy distribution (SED) of each galaxy is fit assuming
a flexible star formation history (SFH), a collection of stellar evolutionary models, and a fixed
stellar initial mass function. The SED models allow for nebular continuum and line emission



powered by Lyman continuum photons emitted by young stars. Extended Data Figure 2 shows
the SED model fits while Figure 3 shows constraints on the physical properties of the galaxies,
including the photometric redshift distributions from NIRCam imaging that are consistent with
the galaxy spectroscopic redshifts. The marginalised distribution of the parameter constraints on
the stellar mass, star formation rates, and stellar ages are also shown. In addition to the SFH,
which reflects the stellar ages and integrates to give the stellar mass, the model parameters also
include the stellar- and gas-phase metallicities, dust attenuation, and the interstellar medium
ionisation parameter. The precise NIRSpec spectroscopic redshifts®” significantly reduce the
allowed parameter range given the photometric uncertainties. Inferred properties of the galaxies
are listed in Table 1 while the results of the full likelihood analysis for each object are presented
in Extended Data Figures 3-6.. Relative to the solar mass M, we find that the stellar masses of
the objects are in the range log,o M, / M = 7.8 - 8.9 and the stellar ages, defined as the time
before the object redshift at which half the stellar mass formed, are in the range ¢, = 16 — 71
Myr with 20 upper limits of t, < 167 Myr. Their star formation rates are in the range SFR =
0.2 — 5 My /yr. These properties are consistent with expectations for galaxy formation in A-cold
dark matter cosmologies at these redshifts****, These galaxies have median star formation rates
comparable to the present Milky Way despite them being more than a hundred times less
massive. These systems have sustained SFR more than ten times that of the Small Magellanic
Cloud, a present-day galaxy of comparable stellar mass*. In the Methods, the stellar and gas-
phase metallicities are shown to be poorly constrained but consistent with being under a tenth of
the solar value, and the visual dust attenuation in these galaxies is A, < 0.3 mag, with large
uncertainty. The integrated yield of prior Type II supernovae is enough to enrich these galaxies
with metals provided at least =10% of ejected metals remain and that the SFH has been
sustained longer than 10 Myr#¢. Combining SFR with the size constraints, we find that the SFR
surface densities of the galaxies are typically in the range Zszp = 15 — 180 Mg yr~tkpc™2,
which rival the most vigorous starbursts in the local universe*’. Observations of Lyman
continuum leakers at low redshift**#’ and simple models of Lyman continuum escape® suggest
that at such high SFR densities the escape fraction in our galaxy sample could be f,s. = 0.5,
consistent with our stellar population modelling, which may be sufficient for these galaxies to
initiate the cosmic reionisation process.

With the rest-frame ultraviolet photometry enabled by JWST NIRCam and the first verification
of the distances to these early galaxies from NIRSpec?’, the rest-frame ultraviolet luminosities of
these objects can be computed and used to constrain the evolving cosmic SFH. Our sample was
selected based on the available NIRSpec MSA coverage, and since it does not represent a
complete sample of the highest-redshift galaxies we can only place lower limits on the total,
volume-integrated star formation rate densities at z~13. Given the areal overlap between the
MSA pointing and the NIRCam imaging and the photometric redshift selection, we expect the
volume probed at 12.5 < z < 13.5 to be V ~ 14000 Mpc3. Using the two galaxies in this
redshift range, we estimate a lower limit on the comoving cosmic SFR density from the star
formation rate SFR3 averaged over the preceding 30 Myr as pgpr = 1.6 X

10™* Mg yr~*Mpc~3. Using our stellar population modelling to estimate self-consistently the
production rate of ionising photons and assuming f,s. ~ 0.5, we find N;,,, = 3.3 X
10*°s~TMpc~3. At these redshifts the intergalactic medium recombination timescale is t,p. =
65 — 115 Myr, and the observed galaxies could only manage to ionise their local intergalactic
medial. These simple estimates indicate that the earliest forming galaxies identified in the



JADES imaging and verified through JADES spectroscopy are among the very first agents of
cosmic reionisation, and will contribute to the eventual phase change from a neutral to ionised
intergalactic medium at a later cosmic time.

The discovery and confirmation of galaxies at redshifts z ~ 13 provide a new foothold in the
exploration of the distant universe. The stellar populations in these galaxies are very young, with
ages comparable to the tg,,,~10 — 30 Myr dynamical times within their star-forming regions.
The stellar masses, star formation rates, and sizes imply that these galaxies may also be sources
of Lyman continuum emission needed to initiate the cosmic reionisation process. Understanding
the population of such galaxies, which will continue to be discovered and confirmed with JWST
via JADES and other programmes, will require more extensive selection, completeness estimates
to derive luminosity functions, and stellar population synthesis modelling to determine the
distribution of stellar mass and star formation rate at the earliest times.

Table 1|Properties of Confirmed Redshift z>10 Galaxies

Object ID Name R.A. Decl. Zphot Zspec MF200W Muv ﬁ logio Mx logio SFR tw
(deg) (deg) (ABmag)  (AB mag) uv (Mg) Mo/yr) — (Myr)
JADES-GS+53.14988-27.77650 JADES-GS-z13-0 53.149880  -27.776500  12.9%05 13.20%39%  29.43x0.14  -18.5+0.2 2444315 7.840% 0.0%93 16143
JADES-GS+53.16634-27.82156 JADES-GS-z12-0 53.166338 -27.821555 13.0%02 12.63%52%  28.99+0.10  -18.8+0.1 -2.184512 8.4%04 0.1%3¢ 5089
JADES-GS+53.16476-27.77463 JADES-GS-z11-0 53.164763 -27.774626  11.7135 11.58%39%  28.38+0.12  -19.30.1 -2.06154% 8.9%02 0.3%9¢% 71758
JADES-GS+53.15884-27.77349 JADES-GS-z10-0 53.158836 -27.773492  10.8%33 10.38%597  29.05+0.10  -18.4%0.1 -2.4243% 7.9+03 0.0%3% 31750

Columns: (1) JADES Object identifier, (2) Object name, (3) Right Ascension (RA) in J2000, (4) Declination (Decl.) in J2000, (5) Photometric
redshift (zpner) from NIRCam photometry, (6) Spectroscopic redshift (zsec) from ref. 37, (7) Apparent AB magnitude in the NIRCam F200W filter,
(8) Absolute ultraviolet AB magnitude (Muv), (9) Ultraviolet spectral slope (Syy), (10) Stellar mass in logio solar masses (logio Mx), (11) Star
formation rate in logio solar masses per year (logio SFR) averaged on 30 Myr timescales, (12) Half-mass stellar age in Myr (tx).
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Fig. 1| Distant galaxies selected and confirmed by the JWST JADES program. From the
JWST NIRCam imaging at wavelengths 4 = 0.8 — 5 um (F444W-F200W-F115W shown as a
colour mosaic, a), galaxies with photometrically-determined redshift estimates of zpp,; > 10
were selected for JWST NIRSpec MSA follow-up (footprint in cyan). An initial sample of four
z>10 galaxies (F200W-F150W-F115W thumbnails, b-e) was spectroscopically confirmed by ref.
37 at redshifts z~10.4-13.2. The most distant galaxies at z=13.20 and z=12.63 are newly
discovered by JADES NIRCam imaging, while the z=10.38 and z=11.58 galaxies confirm
previous photometric redshift estimates from the literature. The yellow-orange-red colours
reflect the absorption of the F115W and F150W fluxes of these distant galaxies by the
intervening intergalactic medium.
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Fig. 2| Precision photometry and spectral energy distribution (SED) modelling of JADES-
GS-z12-0. The sources detected by the JADES photometric pipeline are supplied to the forcepho
scene modelling code, which then fits surface brightness profile models to the flux image of the
object and its neighbours (a) in all NIRCam bands (columns, and filter curves in d)
simultaneously. This method allows for the construction of accurate models of the observations
(b) that leave only slight residuals (¢) relative to the data. The source fluxes are then used as
constraints for SED fitting (maximum likelihood fit to the N=6 detections, line in d with 10 s.d.
marginalised credibility interval as shaded region) to the photometry (points show mean values
with 1o s.d. error bars, including forcepho photometry in black and »=0.15 " aperture
photometry in blue with an offset for clarity), which in turn constrain the physical galaxy
properties. The postage stamps are 3” x 3”, or about 13 kpc x 13 kpc at redshift z=10.
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Fig. 3| Physical properties inferred from NIRCam imaging of distant, confirmed galaxies.
Multiband NIRCam imaging constrains the photometric redshift distributions of galaxies in our
sample (a), which are consistent with the spectroscopic redshifts®’ (dashed lines). Using
population synthesis models that feature a flexible star formation history, possible nebular
continuum and line emission, stellar evolutionary modelling, and the effects of dust, the observed
NIRCam photometry and NIRSpec spectroscopic redshifts are used to infer the stellar mass, star
formation rate and history, and stellar age. Shown are the posterior distributions of the stellar
mass (b), star formation rates (¢), and mass-weighted median age of the stars (d) for the sample
of z=10.4-13.2 galaxies presented here. We find a range of best-fit stellar masses of
log10M,/Mx~7.8 — 8.9, star formation rates of SFR ~ 0.2 — 5 M /yr, and ages of t,~16 —

71 Myr.



Methods

Survey Design and Motivation

The observations reported here were carried out with the Near-Infrared Camera (NIRCam) on
JWST, which was designed specifically for very deep multi-band surveying**. The camera
features a field of view of 9.7 square arcmin for each of the short and long wavelength ranges,
divided by a dichroic to allow surveying in both arms simultaneously. The Near-Infrared
Spectrograph (NIRSpec) was also designed for this type of application, with a configurable
multi-slit mask that allows spectra of many sources in a single exposure®. The JWST Advanced
Deep Extragalactic Survey (JADES) is a collaboration of the NIRCam and NIRSpec teams to
demonstrate and exploit these features by pooling over 750 hours of guaranteed time to conduct
an ambitious study of galaxy evolution in the Great Observatories Origins Deep Survey
(GOODS)-S and GOODS-N fields®!. The JADES observing programme was designed to
produce exquisite JWST imaging and spectroscopy of galaxy populations from cosmic noon (z ~
2) to the redshift frontier (z>10), combining these data with the diverse deep multiwavelength
imaging and spectroscopy already available in these two premier deep fields. JADES data will
allow detailed study of many aspects of galaxy evolution such as the evolving demographics as a
function of stellar mass, star formation rate, physical size, and light profile; the emergence of
quiescent galaxies; the role of active nuclei; the impact of galaxies at the epoch of reionization;
and the study of the earliest protogalaxies.

The full JADES observing programme [JADES Collaboration, in prep.] involves full use of
coordinated parallel observations with both these instruments on JWST, resulting in extensive
deep NIRCam data paired with both medium and deep NIRSpec multi-shutter spectroscopy, as
well as some very deep MIRI pointings. Here we focus on the aspects relevant to the discoveries
presented in this paper.

In GOODS-S, under GTO programme ID 1180 (PI: Eisenstein), JADES imaged the area
immediately on and around the Hubble Ultra Deep Field, using 4 pointings to produce a deep,
filled mosaic of roughly 4.4 by 6 arcminutes. In each pair of pointings, there is substantial
overlap producing about 10 square arcmin of yet deeper imaging. In all 4 pointings, we conduct
a 9-point dither of 1375 second individual exposures in each of 5 filter pairs. The filters are
FO90W, F115W (used twice), F150W, F200W in the short-wavelength (SW) channel, and
F277W, F335M, F356W, F410M, and F444W in the long-wavelength (LW) channel. In 2 of the
pointings, we also include an 8-point dither of 1375 s exposures in 3 filter pairs, adding depth to
FO90W, F115W, and F150W, F277W, F410M, and F444W. All imaging is at the same position
angle of 298.5 degrees, in the period of Sept 29 to Oct 5, 2022. JADES is approved to double
this depth, but only the first half was scheduled in year 1. The delay of the second half of the
imaging program does mean that the SW chip gaps in the V2 ‘horizontal’ direction are not yet
covered at the time of this writing.

In the deepest regions, JADES year-1 imaging has reached 9.9, 16.8, 9.9, and 6.9 hrs of exposure
time in FOOOW, F115W, F150W, and F200W, respectively, reaching 0.15” radius aperture point-



source depths of approximately 4, 3.5, 3.8, and 4 nlJy (50). These flux limits correspond to 29.89,
30.04, 29.95, and 29.89 AB magnitudes, respectively.

Most of these data were successful and met specifications. Two of the pointings suffer from
unusually high persistence left from the previous program, which affects less than 10% of the
pointing area and is largest in FOO0OW. Mitigation of this problem is in progress, but the issues
do not affect these results.

JADES is also using data from GO programme ID 1963 (PI Williams, Maseda & Tacchella) that
provide additional imaging of a single NIRCam pointing that overlaps about 35% of the above
mosaic. This program provides 7.7 hrs of integration in F182M, F210M, and F480M, as well as
3.9 hrs in F430M and F460M. This data was not used in the original selection of these
candidates for NIRSpec MSA follow-up but has been co-reduced for their characterization.

JADES is observing this mosaic and other imaging with large amounts of NIRSpec
spectroscopy. In particular, ref. 37 describe a single long NIRSpec observation, totaling 28
hours of integration. An additional 220 allocated hours of further GOODS-S spectroscopy is
approved for later in JWST Cycle 1.

Image Reduction

The details of the data reduction and modelling, including performance tests, will be presented in
ref. [ST in prep.]. We summarise here briefly the main steps. We process the raw images through
the JWST Calibration Pipeline v1.8.1 with the CRDS pipeline mapping (pmap) context 1009,
which includes in-flight NIRCam dark, distortion, bad pixel mask, read-noise, superbias
reference, and ground flat (corrected for in-flight performance) files. Stage 1 of the JWST
pipeline performs detector-level corrections and produces count-rate images. We run this step
with the default parameters, including masking and correction of “snowballs” in the images
caused by charge deposition following cosmic ray hits. Stage 2 of the JWST pipeline performs
the flat-fielding and applies the flux calibration>? (conversion from counts/s to Mjy/sr). We adopt
the default values for these pipeline steps as well. Following this, we perform several custom
corrections in order to account for several features in the NIRCam images>®. Specifically, we
measure and remove //f noise, which is correlated noise introduced in the readout of the
images®*. The noise is visible as horizontal and vertical striping patterns. We measure the
striping pattern using a sigma-clipped median along the rows and then the columns on the
source-masked images. Afterwards, we subtract the “wisp” features from the short-wavelength
channel images (in particular the NIRCam detectors A3, A4, B3 and B4 for the filters F115W,
F150W, F182M, F200W, F210M). We have constructed wisp templates by stacking all images
from our JADES (1180) programme and several other programmes (1063, 1345, 1837, 2738)
after reducing them following the aforementioned approach. The templates are rescaled to
account for the variable brightness of the wisp features and subtract them from the images.
Following the wisp correction, we perform a background subtraction using the photutils>*
Background2D class. Before combining the individual exposures into a mosaic, we perform an
astrometric alignment using a custom version of JWST TweakReg. We calculate both the
relative and absolute astrometric correction for images grouped by visit and band by matching
sources to a reference catalogue constructed from HST F160W mosaics in the GOODS-S field



with astrometry tied to Gaia-EDR3°°. We then run Stage 3 of the JWST pipeline, combining all
exposures of a given filter and a given visit. We choose a pixel scale of 0.03 arcsec/pixel for both
SW and LW channel images. We choose drizzle’” parameters pixfrac=1 and 0.7 for the SW and
LW images, respectively. These individual visit-level mosaics are then combined to create the
final mosaic shown in Fig. 1.

Detection and Photometry

After the mosaics are created, a detection image is generated using astropy®® by stacking with
inverse variance-weighting the JWST FITS data model SCI flux extension and ERR flux error
extension of the NIRCam F200W, F277W, F335M, F356W, F410M, and F444W filter images.
The ERR extension is constructed from a quadrature sum of sky, read, and Poisson noise. The
ratio of the weighted SCI and ERR stacks then serves as a measure of the local signal-to-noise
ratio per pixel. We create a photutils catalogue by selecting contiguous regions of the detection
image with SNR>3, and then apply a standard deblending algorithm® to the detection image
with parameters nlevels=32 and contrast=0.001. The structural properties of the sources are then
computed from the SNR detection image, including location, size, ellipticity, on-sky orientation,
and sizes®. A segmentation map is constructed to record regions of significant flux associated
with each object.

Forced photometry is subsequently performed on the HST and JWST mosaics by measuring
aperture fluxes at the locations of objects in the source catalogue without requiring a detection in
each image and with a correction for aperture losses using model PSFs from the TinyTim®!
(HST) and WebbPSF%? (JWST) packages assuming point source morphologies. Two error
estimates for the flux are computed, including performing aperture photometry on the squared
ERR extension to compute a flux variance and by using random apertures distributed across
regions of the image. For the random aperture rms flux uncertainties, for each band 100,000
apertures distributed across the survey area are split into 100 groups of 1000 apertures based on
the mean exposure time at the aperture locations. For each set of 1000 apertures, the rms flux in
electrons among the apertures is measured as a function of aperture size. The relation between
aperture size and rms flux is used to assign the contribution of the background sky to the flux
uncertainty, and the background uncertainty is added in quadrature to the Poisson uncertainty to
compute a total flux uncertainty for each object individually.

Table 2 presents the forcepho and aperture photometry for the four galaxies. The agreement
between the photometric measurement methods is good overall, with typical agreement at the

1 — 20 s.d. level. Characteristic fluxes in detected bands are several nJy for JADES-GS-z10-0,
JADES-GS-z12-0, and JADES-GS-z13-0, while the brighter JADES-GS-z11-0 galaxy has fluxes
f» = 10 — 20 nlJy. These objects are all strongly detected in F200W, with forcepho signal-to-
noise ratios of SNRp,0ow = 20. The strong detections in F200W enable a straightforward
identification of the Lyman-a break photometrically, as discussed below.

Photometric Redshift Analysis and Sample Selection

To select these high-redshift galaxies, we perform a Lyman-break colour selection using the
aperture photometry presented in Extended Data Table 1. Because of the opacity of the
intergalactic medium to photons with rest wavelengths shorter than 1216 Angstroms, to find



galaxies at z > 9 we hunted for galaxies based on their colours, non-significant flux (less than
20) in bands blueward of the proposed Lyman-a break, and detections with a 50 significance in
one or more filter images at longer wavelengths than the proposed Lyman-a break. Specifically,
for F115W dropouts, we identified objects with F115W-F150W > 1.0 mag and F150W-F200W
< 0.4 mag. For F150W dropouts, we searched for objects with F150W-F200W > 1.0 and
F200W-F277W < 0.4 (see ref. 63). These colours permit the selection of galaxies with a
Lyman—a break while also removing redder galaxies that may be quiescent or dusty lower-
redshift interlopers.

To supplement the Lyman-break colour selection, we additionally calculated photometric
redshifts using the template-fitting code EAZY®* and the SED-fitting codes Prospector*? and
BEAGLE®. These fitting approaches use more photometric information than pure colour
selection and allow for testing of the significance and reliability of the dropout selection. Fig. 3
shows the photometric redshift distributions inferred using Prospector, combining our NIRCam
photometry in Extended Data Table 1. In each case, the spectroscopic redshifts confirmed by
NIRSpec fall within the photometric redshift distributions. We also fit each of the candidate
galaxies allowing redshift to be a free parameter and with a maximum redshift z< 6 to explore
how the observed galaxy colours could be potentially replicated by a lower-redshift interloper.
The new NIRCam sources presented here did not have probable interloper solutions at z<10 (see
Fig. 3). We also generated stacks of the short-wavelength HST and JWST images for each
candidate to further remove those objects with evidence of flux at wavelengths blueward of the
proposed Lyman-break. Each high-redshift candidate was then inspected by multiple members of
the collaboration independently, resulting in a catalogue of high-redshift candidate galaxies for
NIRSpec follow-up.

Detailed Model-fitting Photometry

In addition to aperture photometry, we conduct model-fitting photometry on the selected sample
of galaxies using the forcepho code [BDJ in prep.]. The forcepho code performs PSF-convolved
scene modelling to the individual NIRCam exposures, providing a Markov Chain of
simultaneously fit Sérsic profiles. In this way, it can provide a clear look at the flux correlations
between multiple objects as well as avoid the image pixel correlations that result from a drizzled
mosaic. Modelling all bands simultaneously leverages the higher spatial resolution of the shorter
wavelength bands, while obtaining consistent colours that account for the varying PSF in each
band. The samples of the posterior distribution for object fluxes yield uncertainty estimates that
include the effects of neighbouring sources and uncertainty in the spatial profile.

For each object, we construct 2.5” by 2.5” cutouts from every overlapping NIRCam exposure
after astrometric registration and photometric calibration are applied, but before any mosaicking
or other pixel resampling. We mask pixels marked as “Do not use” by the reduction pipeline,
including those identified as outliers during the mosaicking process. A sigma-clipped median of
source-free regions is subtracted from each cutout. To account for any contamination by
neighbouring sources, we simultaneously model all sources detected within these cutouts. The
model for each source is a Sérsic profile’® rotated, linearly stretched, and normalised by the total
flux in each band. The 2D intrinsic profile of each source, which is forced to be the same in
every band, is convolved with a Gaussian mixture approximation to the PSF in each NIRCam
band to account for the different spatial resolutions. This model is then fit to all the imaging



cutouts in every exposure at the same time, allowing the Sérsic profile for each source (with
parameters half-light radius and Sérsic index) to vary in addition to the axis ratio, position angle,
and total fluxes in each band. After the first round of optimization, the posterior distribution for
all the parameters is sampled via Hamiltonian Monte Carlo%. Priors are uniform between 0.001”
and 1” in half-light radius, between 0.8 < n < 6.2 in Sérsic index, and between 0.4<\/b/a <
1.0 in the square root of the axis ratio. Flux priors are uniform across a large range informed by
the optimization results. Because of differences in the response between the long-wavelength
detectors of NIRCam A and B modules we treat images through a single filter in these modules
as separate bands. Samples of the posterior are used to estimate parameter values and their
uncertainty. For the fluxes in Table 2 we report the mean and standard deviation of the samples,
as the distribution is close to Gaussian.

In Extended Data Fig. 1 we show the posterior distributions for half-light radius and Sérsic index
estimated from the MCMC samples. Each of the galaxies is well fit by a single Sersic profile. In
all cases the bulk of the probability is at Sérsic index <2. In two cases, JADES-GS-z13-0 and
JADES-GS-z10-0 the radius distributions have substantial probability at the lower prior bound of
0.001”, indicating that these sources are effectively unresolved. Fits with forcepho to unresolved
brown dwarfs at similar F200W flux levels in our NIRCam data yield posterior distributions for
size rising towards the lower bound we estimate 2-¢ s.d. for the half-light radius at 10 nJy of
~0.015”. For the other two galaxies, JADES-GS-z11-0 and JADES-GS-z12-0, we infer sizes that
are significantly above the lower bound (~0.02 and ~0.04” respectively, approximately 1
NIRCam pixel). We have also made fits to only the F200W data, which has the best combination
of S/N and spatial resolution for these objects, and find consistent size constraints ruling out

substantial biases from wavelength-dependent morphologies or astrometric offsets between
bands.

Stellar Population Synthesis Modelling

Accounting for data quality cuts and spatial coverage, we retain fourteen bands of NIRCam
photometry for JADES-GS-z11-0, eleven NIRCam bands for JADES-GS-z10-0 and JADES-
GS-z13-0, and nine NIRCam bands for JADES-GS-z12-0. Together with the spectroscopic
redshifts, this multiband photometry allows us the unprecedented opportunity to study the
physical properties of a sample of galaxies only a few hundred Myr after the Big Bang.
Nevertheless, the interpretation of galaxies” SEDs in terms of stellar population is complex, with
many physical ingredients, and therefore we have utilised a number of modelling packages.
These variations allow us to compare results and better appreciate the impact of assumptions and
priors. The fiducial stellar population modelling in this work is done with the Prospector
Bayesian SED fitting code**. We follow the procedures as outlined in ref. 67 and give a brief
summary here. We then discuss our fiducial results and describe effects of prior assumptions and
comparison to other SED fitting codes.

In our fiducial Prospector SED modelling, we assume the MIST stellar models®® and a Chabrier
initial mass function® (IMF) with a low- and high-mass cutoff of 0.08 M, and 120 Mg,
respectively. We model the SED with a 13-parameter model that includes stellar mass (flat prior
between 6 < log,;q M,/Mg < 12; defined as the integral of the SFH), stellar metallicity (a
clipped normal prior in log, ¢ Z./Z with mean u = —1.5, s.d. of ¢ = 0.5, with a minimum and



maximum of -2.0 and 0.0, respectively) and gas-phase metallicity (a uniform prior

between—2.0 < logy¢ Z,/Z < 0.5), a two-component dust attenuation model including birth-
cloud dust attenuation and a diffuse component for the whole galaxy (3 parameters: diffuse dust
optical depth describing the attenuation of all stellar light with a clipped normal prior with a
mean u = 0, s.d. of 0 = 0.5, min=0.0 and max=4.0; birth-cloud dust optical depth prior as a
clipped normal relative to diffuse dust optical depth with a mean 4 = 1, s.d. of ¢ = 0.3,
minimum of 0 and maximum of 2.0; and power-law modifier to shape of the Calzetti attenuation
curve’ of the diffuse dust with a uniform prior in the range of -1.0 and 0.4), and an ionisation
parameter for the nebular emission (a uniform prior between —4.0 < log,o U < 1.0). The
nebular emission is based on cloudy’ photoionisation grids as described in ref. 72. In addition,
we add a parameter (fes.) that takes into account the absorption of H-ionising photons by dust or
completely escaping the galaxy, for which we assume a clipped normal prior with a mean u =
0, as.d. of ¢ = 0.5, a minimum of 0.0 and a maximum of 1.0. Furthermore, we adopt a flexible
star-formation history (SFH) prescription’® with 6 time bins. The SFH of the galaxies is assumed
to start at redshift z=20. The first two time-bins are spaced at lookback times of 0-5 Myr and 5-
10 Myr, while the other four are log-spaced out to z = 20. This flexible SFH prescription adds
another 5 parameters. We assume the bursty-continuity prior®” for the SFH, in which the prior for
the logarithm of the ratio of the SFRs of two adjacent time-bins follows a student-t distribution
with mean 4 = 0 and a s.d. of ¢ = 1. These statistics weakly imply a constant SFH prior. Given
this physical model and its prior, we then sample the posterior distributions for all parameters
with the dynamic nested sampling algorithm dynesty™.

The motivation for those priors are the following. We assume a flexible SFH with a bursty prior
because the SFHs of those early galaxies are expected to be bursty, i.e. vary on timescales of a
few Myr’>76. We discuss assuming a parametric SFH and a less bursty, more continuous SFH
prior below. We adopt an informative, low stellar metallicity prior but allow for up to solar
metallicity since these galaxies could in principle enrich rapidly and it allows us to explore the
degeneracy between Z and other parameters, including SFH and fesc. Furthermore, we decouple
the gas-phase metallicity from the stellar metallicity to account for possible alpha-element
abundance enhancement’” as well as out-of-equilibrium variations that are expected in bursty
SFHs. We assume a flexible attenuation law to account properly for the uncertainties related in
retrieving information (in particular about the SFH) from the rest-frame ultraviolet. Furthermore,
the prior for attenuation is weighted towards low attenuation values as expected for early
galaxies (consistent with the stellar metallicity prior). Finally the non-zero fe,c parameter —
accounting for both absorption and escape of H-ionising photons, but not for line ratio variations
that can result from density-bounded HII regions — is motivated by the compactness of those
galaxies®-7879,

Extended Data Fig. 2 shows the observed and derived posterior SEDs for our 4 z>10 galaxies.
The blue circles show the detected photometric bands, while the arrows mark the upper limits.
The red solid lines and shaded regions indicate the median and the 16-84'" percentile of the
posterior SED. We also show uncertainty normalised residuals (y) and note total y? for the most
probable posterior sample. The observed photometric data are reproduced well overall by our
inferred model. From these derived posterior SEDs, we calculate the UV continuum slope Buv
for each object (Table 1). This calculation is done by taking the posterior SEDs, converting them
to the rest frame, and fitting a slope to the spectrum in wavelength windows from ref'. 80. These



windows span 1268-2580 A and are designed to omit spectral emission and absorption features.
We perform this measurement of Buv for 1000 spectra drawn from the posteriors to include all
model uncertainties. From these 1000 draws, we calculate the median value and the 68%
credibility interval.

In Extended Data Figs. 3-6 we show, for each object, the joint posterior distributions for the
stellar mass (integral of the SFH), specific SFR (sSFR) averaged over the past 30 Myr, stellar

age t#, as defined by the lookback time when 50% of the stellar mass has formed (i.e. half-mass
time), dust attenuation in the rest-frame V-band Ay, ratio of the dust attenuation in the rest-frame
UV to the V-band (estimate of the attenuation law), escape fraction fes (fraction of absorbed and
escaped H-ionising photons), and stellar metallicity Z». These figures highlight the uncertainties
of individual key parameters and the degeneracies between them. For many parameters we
obtain marginalised posterior distributions similar to the prior indicating the data are not
constraining, in particular due to lack of information at wavelengths beyond the Balmer break.
The half-mass ages are typically tens of Myr, but with highly non-Gaussian distributions often
exhibiting a peak towards younger ages and a tail extending to 100 Myr. Degeneracies between
age, dust attenuation, and metallicity are present. As expected, the inferences of stellar mass,
half-mass age, stellar metallicity, and star formation are correlated with each other, with older
ages tending to yield higher masses and lower sSFRs. In particular, lower metallicities

(logyo (Z./Zg)~-1.8) and stellar ages of ~ 100 Myr as well as more moderate metallicities
(logyo (Z./Zg)~-1.3) and younger stellar ages can both fit the data. In the case of moderate
metallicities, we infer a significant escape fraction of fes~0.5 to account for the non-detection of
emission lines in both the photometry and spectroscopy (see also companion the paper ref. 37),
which would be expected given those moderate metallicities. We find little attenuation for all
galaxies (Ay is consistent with 0.0-0.1 mag), but moderate attenuation values of up to 0.5 mag
cannot be ruled out. Interestingly, we find that the posterior distribution of the attenuation law
prefers rather shallow slopes with Ayy/Ay ~ 1.5-2.5. The combination of all those effects lead to
uncertainties on stellar mass of ~0.3-0.7 dex.

In addition to this fiducial Prospector run, we run Prospector with two additional SFH priors:
the standard continuity prior’?, which leads to more continuous and less bursty SFHs, and a
parametric prior (delayed-tau model). The details of those two priors are described in ref. 67.
Importantly, we assume the same priors for all other parameters. As expected®’:8!, the standard
continuity prior leads to slightly older ages (factors of 1.5-2.5) and hence higher stellar masses
(by 0.0-0.2 dex). Other parameters do not change significantly. For the parametric delayed-tau
prior, we find weakly increasing SFHs for all galaxies and the stellar ages and stellar masses
agree all within a factor of 2 with our fiducial run. In summary, changing the SFH priors does
not change our key results significantly: all changes are within the 1o s.d. credibility intervals.

Finally, we also tested the robustness of the above results with two additional SED fitting codes:
SEDz*%? and BEAGLE®3!, Despite assuming different stellar libraries, isochrones and SFH
modelling approaches, the stellar masses and the stellar ages from both SEDz* and BEAGLE
agree with our fiducial ones when taking the credibility intervals into account. Specifically,
SEDz* finds consistent stellar ages, but slightly higher stellar masses by about 0.3 dex. The
stellar masses and ages of BEAGLE are consistent within the errors: For JADES-GS-z13-0, the
BEAGLE stellar age is a factor of 3 older, leading to a stellar mass 0.15 dex lower (however, the



BEAGLE and Prospector values are still consistent with each other when considering the 1o s.d.
credibility intervals). BEAGLE inferred a 1.5-times younger age and a 0.7 dex lower stellar mass
than Prospector for JADES-GS-z12-0, but the older, more massive solution is also found in
BEAGLE (and vice-versa). For the JADES-GS-z11-0, the ages are consistent, but the stellar
masses are 0.6 dex lower in BEAGLE relative to Prospector. A reason for this difference could
be that Prospector converges on a slightly decreasing SFH, while BEAGLE assumes a constant
SFH. Finally, for JADES-GS-z10-0, BEAGLE inferred an age that is a factor of 3 older, while
the stellar masses are consistent within 0.1 dex.



Extended Data Table 1| forcepho and Aperture Photometry

JADES-GS+53.1499-27.7765 JADES-GS+53.1663-27.8216 JADES-GS+53.1648-27.7746 JADES-GS+53.1588-27.7735
JADES-GS-z13-0 JADES-GS-212-0 JADES-GS-z11-0 JADES-GS-210-0
|
NIRCam Band  forcepho [nly] Aperture [nJy]  forcepho [nJy]  Aperture [nJy]  forcepho [nJy]  Aperture [nJy]l  forcepho [nJy]  Aperture [nly]
FOoow 0.36 £ 0.34 -0.22+ 0.87 -2.01+ 0.55 0.04+ 0.97 0.20+ 0.64 -1.63+2.03 -0.13+0.35 -0.24 £ 0.92
F115W 0.28 +£0.25 0.59+ 0.68 -0.86 £0.46 -0.244+ 0.72 -0.08 £0.50 -0.82 £1.56 -0.67£0.19 -1.322
+0.74
F150W -0.57+£ 0.27 0.18+ 0.68 0.38+ 0.42 0.42+ 0.78 4.81+ 0.67 5.87 £2.48 595+ 032 5.68 £0.78
F182M 5.114£0.69 7.69 £1.55 - - 14.57 £0.72 15.81 +£1.86 7.834+0.33 9.83 +0.94
F200W 6.43 £0.38 6.13 £0.80 8.50 +£0.58 9.14 £0.80 1493+ 0.64  13.80 £1.49 7.22 £ 0.31 7.11 £0.68
F210M 6.871+0.75 8.57+£1.95 - - 15.08+0.80 13.04 £2.09 7.60 £ 0.50 7.91 £ 1.05
F277wW 6.35 £0.50 6.09 £0.41 8.83 +£0.45 9.02 £0.47 17.5240.74 1758+ 1.07 6.91 £ 0.39 6.91 +0.61
F355M 4.91 £0.90 4.89 £0.76 5.26 £0.67 7.40 £0.93 11.56 £1.17 13.26 £1.80  5.49 £ 0.66 6.28 + 0.81
F356W 5.44 £0.56 4.42 £0.49 8.47 £0.50 8.69 £0.57 15.55 £0.75 16.26 £1.06  5.36 £ 0.38 4.88 +0.38
F410M 547 £1.07 5.70 £0.75 6.98 +£0.83 7.14 £1.06 11.21 £1.46 10.69 £2.26 342 +0.84 494 £0.81
F430M - - - - 12.81£2.68 1591+ 3.00 - -
F444W 5.68 +£0.84 4.79% 0.66 8.37 £0.69 8.83+ 0.82 15.98 13.75+1.73  7.40 £ 0.81 6.80 +0.72
+1.212
F460M - - - - 13.04+£3.94 14.06+ 4.93 - -
F480M - - - - 14.64+2.79 18.57 £3.36 - -

Columns: (1) NIRCam band, (2) forcepho photometry for JADES-GS-z13-0 in nly, (3) #=0.1 " radius circular aperture photometry for JADES-
GS-z13-0 in nly, (4) forcepho photometry for JADES-GS-z12-0 in nJy, (5) r=0.15" radius circular aperture photometry for JADES-GS-z12-0 in
nly, (6) forcepho photometry for JADES-GS-z11-0 in nly, (7) r=0.15" radius circular aperture photometry for JADES-GS-z11-0 in nly, (8)
forcepho photometry for JADES-GS-z10-0 in nJy, (9) »=0.1" radius circular aperture photometry for JADES-GS-z10-0 in nJy.
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Extended Data Fig. 1| Inferred spatial profiles. The marginalised and joint posterior
distribution for the Sérsic index and half-light radius from forcepho fitting to the individual
exposures of each galaxy (a-d). We only infer an upper limit on the sizes of JADES-GS-z10-0

(d) and JADES-GS-713-0 (a).
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Extended Data Fig. 2| Spectral energy distribution (SED) modelling of all four z>10
galaxies (panels a-d). The observational data used in the SED fitting is shown in the top panels.
The detected filters are plotted as blue circles, while the 50 s.d. upper limits are indicated as bars
with an arrow pointing down. Horizontal error bars indicate the approximate wavelength range
of each filter. The red line with the shaded region around it shows the best-fitting SED with 1o
s.d. marginalised credibility interval. The orange boxes mark the posterior fluxes in the different
filters. The bottom panels show the x values for each filter and the total x? value is given.
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Extended Data Fig. 3| Inferred posterior distributions for galaxy JADES-GS-z13-0
(zspec=13.20). This corner figure (panel a) shows the posterior distribution of some of the key
quantities that we infer from our SED modelling, including the stellar mass, specific SFR, stellar
age (half-mass time), dust attenuation in the rest-frame V-band, the ratio of the attenuation in the
rest-frame UV to the V-band (probing the slope of the attenuation law), escape fraction and
stellar metallicity. The priors are indicated on the marginalised distributions as solid black lines.
The inset on the top right (panel b) shows the posterior of the star-formation history (SFH). This
galaxy is consistent with an increasing SFH and a young age, though older stellar populations of
up to a 100 Myr cannot be ruled out. The SED of this galaxy is consistent with both a lower
stellar metallicity solution (together with a low escape fraction and a steeper attenuation law) and
higher metallicity solution (together with a higher escape fraction and a shallower attenuation
law).
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