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Abstract

The first few 100 Myr at z > 10 mark the last major uncharted epoch in the history of the universe, where only a
single galaxy (GN-z11 at z~ 11) is currently spectroscopically confirmed. Here we present a search for luminous
7> 10 galaxies with JWST/NIRCam photometry spanning ~1-5 ym and covering 49 arcmin® from the public
JWST Early Release Science programs (CEERS and GLASS). Our most secure candidates are two Myy ~ —21
systems: GLASS-z12 and GLASS-z10. These galaxies display abrupt 21.8 mag breaks in their spectral energy
distributions (SEDs), consistent with complete absorption of flux bluewards of Ly« that is redshifted to
7= 12473} and z = 104732, Lower redshift interlopers such as quiescent galaxies with strong Balmer breaks
would be comfortably detected at >5¢ in multiple bands where instead we find no flux. From SED modeling we
infer that these galaxies have already built up ~10° solar masses in stars over the <300-400 Myr after the Big
Bang. The brightness of these sources enable morphological constraints. Tantahzingly, GLASS-z10 shows a
clearly extended exponential light profile, potentially consistent with a disk galaxy of rsy =~ 0.7 kpc. These sources,
if confirmed, join GN-z11 in defying number density forecasts for luminous galaxies based on Schechter UV
luminosity functions, which require a survey area >10x larger than we have studied here to find such luminous
sources at such high redshifts. They extend evidence from lower redshifts for little or no evolution in the bright end
of the UV luminosity function into the cosmic dawn epoch, with implications for just how early these galaxies
began forming. This, in turn, suggests that future deep JWST observations may identify relatively bright galaxies
to much earlier epochs than might have been anticipated.

Unified Astronomy Thesaurus concepts: James Webb Space Telescope (2291); Galaxy evolution (594); Early
universe (435); High-redshift galaxies (734); Galaxy formation (595)

1. Introduction

26 NASA Hubble Fellow. When and how the first galaxies formed remains one of the
most intriguing questions of extragalactic astronomy and

Original content from this work may be used under the terms observational cosmology (see Dayal & Ferrara 2018; Robert-
m of the Creative Commons Attribution 4.0 licence. Any further son 2022 for recent reviews). Although deep observations with
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horizon to within the first 400 Myr of the Big Bang, galaxies at
72 12 cannot be observed with HST due to the limit of its
wavelength coverage at 1.6 um.

With the advent of the JWST, we now have an unprece-
dented view of the universe at ~2-5 pm thanks to the
extremely sensitive NIRCam instrument (see, e.g., Rieke et al.
2005). The extended wavelength coverage enables the study of
rest-frame optical wavelengths up to z ~ 10 and allows for rest-
frame UV selections of galaxies out to much higher redshifts.

Here we present first results from a search for particularly
Iuminous z > 10 sources across the two JWST Early Release
Science deep fields. The most luminous galaxies are of
particular importance. They may trace overdensities and thus
pinpoint where galaxy formation first started in the early
universe (e.g., Endsley et al. 2021; Leonova et al. 2022; Larson
et al. 2022). Furthermore, they provide the most stringent
constraints on early galaxy buildup and promise rich scientific
returns.

One particular example of this is provided by GN-zl1
(Oesch et al. 2016) that was detected with HST. Its discovery in
the two CANDELS /GOODS fields that cover a search volume
of only ~10° Mpc® was initially quite surprising. Theoretical
and empirical models of early galaxy formation predicted that a
10-100x larger survey would have been required to find one
such bright galaxy at z=11 (e.g., Mutch et al. 2016; Waters
et al. 2016). This highlights the potential of the brightest
galaxies at the cosmic frontier to set unique constraints on the
physics of galaxy formation (see also Behroozi & Silk 2018).
In particular, the number density of such bright sources, i.e., the
bright-end cutoff of the UV luminosity function, is a very
powerful tool to test the efficiency of star formation and
potential feedback mechanisms in the very early universe
(Bowler et al. 2014, 2020; Tacchella et al. 2018).

These results have been extended over the last few years, and
evidence is emerging for a differential evolution of the galaxy
population during the reionization epoch at z > 6. While the
number densities of fainter galaxies continue to decline with
redshift, the most UV-luminous sources seem to be in place
rather early (e.g., Stefanon et al. 2019; Bowler et al. 2020;
Morishita et al. 2020; Bagley et al. 2022; Harikane et al. 2022).
Furthermore, several authors found evidence for pronounced
Balmer breaks in bright z~ 8-10 galaxies, which would
indicate a very early formation epoch with intense star
formation (e.g., Hashimoto et al. 2018; Roberts-Borsani et al.

2020; Laporte et al. 2021). However, others find very young
ages for the average population (Stefanon et al. 2022a, 2022b).
These inferences, at the moment, are also highly sensitive to the
prior adopted on the star formation history (e.g., Tacchella et al.

2022; Whitler et al. 2022). Timing the onset of first star
formation in bright galaxies out to z~ 10 is thus still highly
uncertain, and probing the number density of the most
luminous sources at even higher redshifts is the most direct
way of addressing this.

The brightest galaxies are also the most amenable to follow-
up studies through spectroscopy. For instance, GN-z11 had its
redshift confirmed both through grism spectroscopy with HST
and with emission lines from ground-based Keck observations
(see Oesch et al. 2016; Jiang et al. 2021). With the combination
of NIRCam and NIRSpec, we enter a new era—the rest-frame
optical features of galaxies in the Epoch of Reionization
(z~6-9, e.g., Mason et al. 2019) will come fully into view.
However, the strongest emission lines of galaxies at z > 10 will
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Table 1
5o Depth of JWST Data in This Analysis

Band GLASS-ERS CEERS-ERS
FO9OW 29.0
F115W 29.0 28.8
F150W 28.9 28.6
F200W 29.1 28.8
F277TW 29.4 28.9
F356W 294 29.1
F410M 28.4
F444W 29.6 28.7

Note. Measured in 0”32 diameter circular apertures.

still remain out of reach. Spectroscopically confirming such
sources will require measuring order-of-magnitude fainter lines
or strong continuum breaks. Identifying luminous systems at
z> 10 to facilitate these measurements is therefore a crucial
step in fulfilling JWST’s mission of charting cosmic dawn.

This Paper is organized as follows: Section 2 describes the
data sets analyzed in this work, Section 3 presents our sample
selection, and in section Section 4 we show our results. A
discussion on the implications follows in Section 5, before we
conclude with a summary and an outlook in Section 6.

Magnitudes are in the AB system (e.g., Oke & Gunn 1983).
For summary statistics we report medians along with 16th and
84th percentiles. We adopt a Planck Collaboration et al. (2016)
cosmology.

2. Data
2.1. Early Extragalactic JWST Observations

Our analysis is based on some of the first JWST/NIRCam
data sets that have been observed and released over
extragalactic fields. In particular, we analyze the two Early
Release Science (ERS) programs: GLASS and CEERS.

The first is the NIRCam parallel field of the ERS program
GLASS (PID: 1324; Treu et al. 2022). This program obtained a
single NIRCam pointing in seven wide filters FOOOW, F115W,
F150W, F200W, F277W, F356W, and F444W, observed for
33,33,1.7, 1.5, 1.5, 1.7, and 6.6 hr, respectively.

We also analyzed the first four NIRCam pointings from the
ERS program CEERS (PID: 1345; S. Finkelstein et al. 2022, in
preparation) that have been observed to date. The CEERS
images include F115W+F277W, F115W+F356W, F150W
+F410M, and F200W+F444W short- (SW) and long-wave-
length (LW) exposure sets, for a typical integration time of
0.8 hr per filter, except for F115W that obtained double this
integration time.

The combined area of these five NIRCam fields used in our
analysis amounts to 49 arcmin? (=10 arcmin? in GLASS, and
~40 arcmin” in CEERS) reaching an unprecedented 50 depth
that ranges between 28.6 and 29.6 AB mag at 4 um as
measured in 0732 diameter apertures (see Table 1).

2.2. Data Reduction

The NIRCam images were reduced with the standard JWST
pipeline up to stage two using the reference files from
jwst_0942.pmap, as well as our own sky flats. Additional,
chip-dependent zero-point offsets were applied based on our
own reductions of the flux standard star J1743045 as well as
observations of the Large Magellanic Cloud. For some filters,
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the individual corrections in different modules of the NIRCam
detector can reach up to 30%.°° The resulting images were then
processed with the griz1i®’ pipeline for proper alignment
onto a common world coordinate system that was matched to
the Gaia DR3 catalogs. To do this, grizli recomputes the
traditional simple imaging polynomial distortion headers that
were common for HST data. This allows us to use
drizzlepac as with HST images to combine the individual
frames and produce distortion-corrected mosaics. Additionally,
grizli mitigates the 1/f noise and masks “snowballs” that
are most prominent in short-wavelength filters.

The pipeline was used to drizzle images at 20 mas/40 mas
pixels for the SW and LW data, respectively. In the following,
our analysis is based on pixel-matched 40 mas images,
however. For more information on the grizli processing
see G. Brammer et al. (2022, in preparation).

2.3. Multiwavelength Catalogs

After processing the new NIRCam images, we produced
photometric catalogs in all fields using the SExtractor
software (Bertin & Arnouts 1996). Sources were detected in
dual mode with two different detection images: F200W or a
weighted combination of all the LW filters. Fluxes were
measured in small circular apertures of 0732 diameter and were
corrected to total using the AUTO flux measurement from the
detection image. An additional correction of typically a few
percent only was applied for remaining flux outside of this
aperture based on the predicted encircled energy for the JWST
point-spread functions (PSFs). Flux uncertainties were esti-
mated based on sigma-clipped histograms of circular apertures
placed throughout the images in random sky positions. These
were then used to rescale the drizzled rms maps. Thus, our
uncertainties are as close to the data as possible. The 5o depths
derived in this way are listed in Table 1.

2.4. Quality Control

Given that JWST is a completely new facility for which
calibration is still ongoing, it is important to test the resulting
images for any issues. Indeed, the NIRCam data revealed
several features that are not accounted for in the standard
pipeline. In particular, the SW data suffer from significant
scattered light, if there are bright stars in the vicinity. This is
particularly pronounced in the GLASS parallel field where a
10th mag star just outside of the field seems to cause artificial
images across the field. This is particularly pronounced in the
FO90W filter in the B4 detector. However, also other detectors
and filters seem to be affected, albeit to a lower extent. While
this issue could be overcome with improved processing, or with
additional observations at a different roll angle, this does not
significantly affect the current analysis. Since we are searching
for very high-redshift galaxies that disappear at shorter
wavelengths, these data issues only introduce some level of
incompleteness. Most importantly, the areas of the two
candidate sources presented later in this Paper are not affected.

Where available, we compared our JWST photometry in the
shorter wavelength filters with existing HST data to check both
for issues with residual distortion or with magnitude zero-point
offsets. In particular, for the GLASS parallel field, we used

%6 For more information see: https: //github.com/gbrammer/grizli/pull /107.
z https://github.com/gbrammer/grizli/
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HST images made available by Kokorev et al. (2022) from the
BUFFALO survey (Steinhardt et al. 2020). However, only a
small portion of the field is covered by both HST and JWST.
For the CEERS data, we make use of rereductions from the
imaging taken by the CANDELS survey (e.g., Koekemoer
et al. 2013). No significant offsets or issues were detected.
Zero-point corrections remained small (<15%; see the next
section).

3. Sample Selection and Methods

Photometric redshifts form the basis of our search for bright
z> 10 galaxies. We fit redshifts using EAZY (Brammer et al.
2008) adopting the “tweak_fsps_QSF_12_v3” template set
derived from FSPS (Conroy et al. 2009, 2010; Conroy &
Gunn 2010a). The allowed range is 0.1 < z < 20 adopting a flat
luminosity prior, after applying modest (<15%) zero-point
corrections that are derived iteratively. Candidates of interest
are selected to have best-fit redshifts z > 10 along with >84%
of their derived redshift probability distribution function, p(z),
lying at z > 10.

We further require >100 detections in both F356W and
F444W. These bands sample the rest-frame UV at z > 10 and
are critical in establishing the flux levels with respect to which
we seek strong Lyman breaks.

We inspect images of every candidate source for data quality
issues (e.g., contamination from neighbors, diffraction spikes,
and location on the edge of the detector). In tandem, we
examine plausible low-z solutions for the candidates by running
EAZY constrained to z < 6 (primarily dusty, quiescent galaxies
with Balmer breaks masquerading as Lyman breaks). We
inspect low-z solutions with the understanding that the errors
on fluxes in the dropout band may be underestimated in some
cases (in, e.g., image areas with residual striping), which can
have an important impact on the p(z). For instance, we find one
bright source in CEERS with a confident zgazy ~ 17 and
Zprospector =~ 17 whose z>10 solution assumes a secure
nondetection in F150W—unfortunately, the source falls in a
low-SNR region of the F150W image and it is difficult to judge
the reality of the nondetection.

We find five plausible z > 10 candidates that survive all our
conservative checks—three in CEERS, and two in GLASS. Of
these, the two identified in GLASS—GL-z10
Geazy = 104792) and GL-z12 (zpazy = 124702 stand
out as being particularly luminous and secure. No other objects
when fit with the Prospector spectral energy distribution
(SED) fitting code (see the following Section) have a p(z) with
all modes contained at z > 10. Further, the GLASS candidates
are among the most luminous found—GL-z10, in particular, is
by far the brightest of all sources (by >2x in F444W). For the
rest of this work, we focus on these two particularly luminous
candidates and we defer the rest of the sources to future papers
that present an analysis of the full z > 10 galaxy population in
these fields.

4. Results
4.1. Two Luminous z > 10 Galaxy Candidates

We confirm the photometric redshifts for the two GLASS
candidates and derive stellar population properties using the
Prospector SED fitting code (Leja et al. 2017, 2019;
Johnson et al. 2021). The SED parameter space explored by
Prospector is more expansive than EAZY’s linear template
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Figure 1. Summary of photometry and redshift solution for GL-z12. Top: 4”5 x 4”5 images spanning ~0.9-4.5 um centered on the z ~ 12 candidate highlighted
with white crosshairs. The source is well detected (>200) in F200W and all redder bands, and abruptly drops out in the bluer filters. Bottom left: photometry for the
source is shown in purple, with upper limits for nondetections plotted at the 1o level. The best-fit SED template from EAZY is shown in dark orange—a Lyman-break
galaxy (LBG) at z = 12.2. The best-fit SED from EAZY constrained to lie at z < 6 is plotted in silver, which corresponds to a quiescent galaxy at z ~ 3.5 whose
Balmer break produces a drop-off across F200W and F150W. However, such a quiescent galaxy is predicted to be detected (>50) in bluer bands, and is at odds with
the dramatic >1.8 mag break observed. Bottom right: probability distributions for the source redshift derived using EAZY (solid orange) and Prospector (dashed
orange). We adopt a flat prior across the redshift range depicted (z = 0-20). The derived distributions are in excellent agreement and suggest a redshift of z ~ 12, with

negligible (EAZY) or no (Prospector) support for solutions at z < 10.

combinations, and therefore it acts as an important check on
our derived redshifts. We use FSPS (Conroy et al. 2009, 2010;
Conroy & Gunn 2010a) with the MIST stellar models (Choi
et al. 2017). We adopt the 19 parameter physical model and
parameter choices described in Tacchella et al. (2022) that fits
for the redshift, stellar and gas-phase metallicities, stellar mass,
star formation history, dust properties, active galactic nuclei
(AGN) emission, and scaling of the intergalactic Medium
(IGM) attenuation curve. We make slight modifications to their
setup—in particular we explore a broader redshift range of
7=10.1-20 and keep two bins fixed at lookback times of 0-5
and 5-10 Myr in the star formation history following Whitler
et al. (2022) to capture recent bursts that may be powering
extreme nebular emission expected to occur generically at the
redshifts of interest (e.g., Labbe et al. 2013; De Barros et al.
2019; Endsley et al. 2020). We adopt a “continuity” prior on
the star formation history, which limits the amount of variance
across consecutive time bins resulting in smooth histories (Leja
et al. 2019; Tacchella et al. 2022). For further details we direct
readers to Table 1 and Section 3.4 of Tacchella et al. (2022).

The redshift fits from Prospector are in excellent
agreement with EAZY—we find Zprospector = 10.4Jj8_"51 for GL-

210 and Zprospector = 12.4f8j§ for GL-z12. The photometry and
redshift inference for these sources are summarized in Figures 1
and 2, with fluxes listed in Table 2. We confirm that no
significant data quality issues affect the z > 10 candidacy of the
sources in the imaging. We derive p(z > 10) ~ 100% for GL-
z12 and p(z>9.4)~ 100% for GL-z10, with their dramatic
>1.8 mag breaks explained by total absorption of photons
bluewards of Lya by neutral hydrogen in the intergalactic
medium.

Both galaxies are detected at very high significance in all
filters longward of their break, by virtue of our selection. While
they appear very luminous in the JWST data, these sources
have UV absolute magnitudes (Myy =~ —21) that correspond to
Ly at z~8-10 (see, e.g., Bouwens et al. 2021). This also
makes them 1 mag fainter than GN-z11 and even 2.5 mag
fainter than the possible z~ 13 galaxy candidate HDI1
(Harikane et al. 2022). Hence, these sources are not really
extreme outliers (see also Figure 3). Nevertheless, it is
interesting that the first few images with JWST already reveal
two such bright sources. We will discuss their implications on
the UV luminosity function (LF) in a later section.

4.2. Possible Lower Redshift Contamination

The nondetections of both sources in deep, shorter
wavelength images essentially rule out a lower redshift
solution. Nevertheless, it is interesting to explore the nature
of possible contaminants. We thus rerun our photometric
redshift codes and force them to find lower redshift fits. The
best z < 6 solutions in our low-z EAZY runs for these sources
are ~10*° M, quiescent galaxies at z~ 3.4 (z~2.5) with
Balmer breaks straddling the dropout filter (silver SEDs in
Figures 1 and 2). However note that Balmer breaks, even in the
most pathological cases (e.g., 4000 A falls just redward of the
dropout filter in a supersolar metallicity galaxy as old as the age
of the universe at z ~ 2-3.5), can only produce drops of <1.5
mag (assuming no attenuation). The best-fit low-z solutions
have Ay~ 0.1—stronger attenuation that deepens the break is
disfavored by the blue continuum slope at wavelengths longer
than the break. In other words, the best-fit low-z solutions
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Figure 2. Summary of photometry and redshift solution for GL-z10, similar to Figure 1. Top: GL-z10 is well detected in all but the two bluest bands. Bottom left: the
best-fit low-z solution (quiescent galaxy at z ~ 2.5) is disfavored by the F115W image, where a >5¢ detection is expected. In addition to the JWST data (dark purple),
we measure HST photometry (light purple) for this source from data acquired by the BUFFALO program (Steinhardt et al. 2020). The HST data are fully consistent

with the JWST data as well as the best-fit SED. Bottom right: the EAZY and Prospector posteriors agree on a z ~ 10 galaxy.

Table 2
Photometry in Units of nly
Band GL-z10 GL-z12
FOoowW 4+4 5+4
F115W 1£3 8+5
F150W 5243 13+£3
F200W 67 +£2 71+£2
F277TW 68 £ 2 59+2
F356W 71+£2 S1+2
F444wW 98 +£2 57+2

Note. We set an error floor of 10% on our measured fluxes for EAZY and
Prospector fits to account for systematic uncertainty not reflected in the
errors stated above.

predict >50 detections in bands where we find no flux, and
continuum slopes redder than we observe.

In order to allow for possible systematic effects in the new
JWST data, we perform further testing. We refit redshifts to
multiple versions of photometry for these sources—e.g., by
adding PSF corrections using WebbPSF, by increasing the
error floor on the photometry, and by extracting photometry
using different apertures and detection bands. The only test that
produces viable low-z solutions is when we set a 10 nJy error
floor on all photometry—this is roughly the level in the SW
filters at which the strongest Balmer breaks at z ~2-3 can no
longer be ruled out (see open silver squares in bottom-left
panels of Figures 1 and 2). This test is a vivid demonstration of
why the sensitivity of JWST/NIRCam is required to identify
objects like GL-z10 and GL-z12 with confidence.

4.3. Physical Properties—A Billion Solar Mass Galaxies within
/400 Myr of the Big Bang

While the discovery of GN-z11 has already demonstrated
that the formation of a billion solar mass galaxies was well
underway at ~400 Myr after the Big Bang, the discovery of
these two new sources allows us to derive further constraints on
the physical properties of galaxies at this very early epoch of
the universe. The Prospector results are summarized in
Table 3. In order to efficiently sample the redshift range of
interest, we assume a tighter redshift prior (a Gaussian centered
on the EAZY p(z) with the width set to the 84th—16th
percentile) than in our previous runs when fitting for the
redshift.

The stellar mass for both objects is constrained to be ~ 10°
M, comparable to GN-z11 (Oesch et al. 2016; Johnson et al.
2021; Tacchella et al. 2022). We have verified the stellar mass
is stable to changes in the star formation history prior by also
testing the “bursty” prior from Tacchella et al. (2022), which
allows more rapid fluctuations in the SFH from time bin to time
bin than in the fiducial model. The star formation rates
averaged over the last 50 Myr (SFRs5() are typical for galaxies
of comparable mass at z~ 7-10 (e.g., Stefanon et al. 2022a).
The SEDs are consistent with negligible dust attenuation and
have blue UV slopes, 8 < — 2. We note that all these derived
properties from the SED fits are collectively consistent with a
z> 10 interpretation for these galaxies.

4.4. Galaxy-Galaxy Lensing

Galaxy—galaxy lensing may be particularly important at the
redshift frontier where flux-limited surveys may be preferen-
tially sampling magnified sources (e.g., Wyithe et al. 2011).
Here we make a simple estimate of how lensed our sources are
by assuming their neighbors are singular isothermal spheres
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Figure 3. Absolute UV magnitude vs. redshift for a representative sample of known galaxies in the first billion years of the universe. Galaxies with photometric
redshifts, sourced from Bouwens et al. (2022), are shown as points, and those with spectroscopic redshifts compiled from the literature as squares. The candidates
presented in this work are depicted as purple stars, and populate a hitherto unoccupied region of parameter space. The brightness of these sources present a unique
opportunity to efficiently extend the spectroscopic frontier to the first few 100 Myr after the Big Bang.

Table 3
Summary of Properties

GL-z10 GL-z12
RA. +0:14:02.86 +0:13:59.76
Decl. —30:22:18.7 —30:19:29.1
Redshift Zprospector 10.4502 12.4501
Redshift zgazy 10.4792 12.2793
Stellar Mass log(M, /M) 9.6192 9.193
UV Luminosity (Myy) —20.7%93 —21.0791
UV Slope (3; f x A% —1.9%52 —2.3%92
Dust Attenuation (Ass00 4) 0.3703 0.1592
Dust Attenuation (A;so0 4) 0.8797 0.3793
Age (tso/Myr) 16322, 113
SFRso myr (M yr') 104y 613
Ter (Kpc) 0.7 0.5
Sérsic Index n 0.8 1.0

Note. SED fitting assumes a continuity prior on the star formation history and a
Chabrier (2003) initial mass function (IMF).

(e.g., Fort & Mellier 1994; Schneider et al. 2006; Treu 2010)
following, e.g., McLure et al. (2006), Oesch et al. (2014), and
Matthee et al. (2017). For this estimate, galaxy redshifts and
stellar masses are based on our EAZY fits. Velocity dispersions
that trace the underlying dark matter halos are inferred from the
stellar mass by extrapolating the empirical scaling relation in
Zahid et al. (2016), which is fit to z < 0.7 quiescent galaxies
that span M, ~ 10°~10'> M. We choose a local relation to
cover the low masses relevant to the most massive neighbors
at < 10” that are likely to produce significant magnification,
while noting that the redshift evolution of such relations at least
for M, 2 10'" M., is expected to be gradual—e.g., ~20%
higher dispersion at fixed stellar mass at z~ 2, (e.g., Mason
et al. 2015b).

For both GL-z10 and GL-z12 we find negligible lensing
(1 < 1.1) from all foreground sources within 1070. GL-z12 has
two relatively massive M, ~ 10° M., neighbors apparent in the
bottom-left quadrant of the stamps in Figure 1. Even for these
two nearby neighbors (z &~ 2 at a separation of 0”8, and z ~ 3 at
2"0) the lensing is modest. We further note that GL-z13 has a
compact morphology (Section 4.5) that does not show
elongation along any particular direction that would hint at
strong magnification. Based on these considerations we
conclude that the observed luminosities of GL-z10 and GL-
z12 are likely to be their intrinsic luminosities.

4.5. The Sizes of Luminous z ~ 10-12 Galaxies

We fit the sizes of both candidates in the F444W imaging
(Arest ~ 3500 A) using GALFIT (Peng et al. 2010). We create
100 pixel cutouts around each galaxy, then use photutils
and astropy to create a segmentation map to identify nearby
galaxies. We simultaneously fit any sources with magnitudes
(estimated from the segmentation map) up to 2.5 mag fainter
than the target galaxy that have centers within 3” of the galaxy;
we mask fainter or more distant galaxies. In our fits, we
constrain the center of the target galaxy to be within 10 pixels
(0”4) of the input value, the Sérsic index n to be between 0.01
and 8, the magnitude to be between 0 and 45, and the half-light
radius 7, to be between 0.3 and 200 pixels (07012-8”0). We
calculate and subtract off a scalar sky background correction
from each cutout, estimated from the masked, sigma-clipped
cutout, then fix the sky background component in GALFIT to
zero. We use a theoretical PSF model generated from
WebbPSF at our 0”04 pixel scale; we oversample the PSF
by a factor of 9 in order to minimize artifacts as we rotate the
PSF to the GLASS observation angle calculated from the
Astronomer’s Proposal Tool file, then convolve with a 9 x 9
pixel square kernel, and downsample to the mosaic resolution.
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residual

Figure 4. Results of the GALFIT morphology analysis for our two sources (GL-z10 top and GL-z12 bottom). The different columns from left to right correspond to
the original data (in the F444W filter), the model, and the residual. The sizes and Sérsic profiles of both sources are well constrained. GL-z10 shows some clear
extension, consistent with a disk galaxy of 0.7 kpc at z ~ 11. GL-z12 appears quite compact with an estimated size of 0.5 kpc.

We find reliable Sérsic fits for both galaxies, with half-light
radii of 0.5 and 0.7 kpc, respectively, and disklike profiles
(n=1 and n=0.8, respectively). The models are shown in
Figure 4, and the size, and Sérsic profile estimates are listed in
Table 3.

The resulting sizes of 0.5 and 0.7 kpc are typical for
luminous L galaxies at z~ 6-9, where measurements have
been possible to date (e.g., Holwerda et al. 2015; Shibuya et al.
2015; Bowler et al. 2017; Kawamata et al. 2018; Yang et al.
2022). They are also consistent with expectations from
simulations for z > 9 galaxies (e.g., Marshall et al. 2022; Roper
et al. 2022). However, at z~ 7, the most luminous sources
often break up in multiple clumps (Bowler et al. 2017). This is
not the case for these two sources, at least down to the
resolution limit of order 500 pc for the F444W bandpass.
Interestingly, GL-z10 even shows tantalizing evidence for
being an ordered disk galaxy at z~ 10, based on the
exponential light profile and elliptical morphology. If we
interpret GL-z10’s projected axis ratio of 0.65 using a sample
of randomly oriented axisymmetric oblate rotators (following,
e.g., Holden et al. 2012; Chang et al. 2013; van der Wel et al.
2014) and adopt ¢/a < 0.4 as a threshold for disks, we find that
the observed axis ratio implies P(disk) ~ 0.5. Our analysis
shows the unparalleled power of JWST to provide accurate
profile measurements of early universe galaxies.

5. Discussion
5.1. Caveats

The key caveat, as well as the key animating spirit of this
work, is that these data are among the first deep extragalactic
fields collected by a new great observatory. Systematic
uncertainties (e.g., zero-point corrections, treatment of artifacts)
can still be significant. We have tested for zero-point offsets by
comparing HST and JWST photometry for brighter sources
where possible and have not found any major issues at the
<10% level. Nevertheless, we have attempted to account for
remaining uncertainties with conservative choices—e.g., a 10%
error floor on all fluxes and focusing on bright galaxies
whose > 2 mag breaks are robust to even major uncertainties.

A next caveat applies to the SED models underpinning the
stellar population parameters and photo-z fitting. Important
details about the nebular emission and nature of massive stars
at low metallicities, which dominate the light in these few 100
Myr old star-forming systems, remain unconstrained (e.g.,
Stanway et al. 2020). These uncertainties directly translate to
the parameters we recover from SED fitting and the sources for
which we are able to fit high quality redshifts. Fortunately, for
our redshift range of interest, from the perspective of
continuum fitting for the stellar population analyses, extreme
nebular emission from strong rest-frame optical lines is shifted
out of all NIRCam bands and the most important feature for the
photo-zs in the bright galaxies we study is the Lyman break.
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Figure 5. Constraints on the bright end of the UV LF at z ~ 10-13. The current JWST data allow us to derive a first estimate of the number density of galaxies with
Myy ~ — 21 at these redshifts (purple star). While this estimate lies a factor ~10x above the extrapolation of the Schechter function constraints to z = 11.5 from
Bouwens et al. (2021) (dashed black line), they are in very good agreement with extrapolated double power-law LFs from Bowler et al. (2020) (black solid line). In
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for references). Simulated predictions are shown from the UniverseMachine models at z ~ 11 and z ~ 12 (dotted lines) and from the Delphi model at z ~ 11 (darker

gray shaded region).

Further, there exists a range of plausible, but hitherto
unconstrained physical ingredients that are unaccounted for
in our models (e.g., primordial AGN, top-heavy IMFs,
superluminous Population III stars; Windhorst et al. 2018;
Pacucci et al. 2022; Steinhardt et al. 2022). Some of these
ingredients may potentially produce large UV luminosities in
the absence of substantial stellar mass. Spectroscopic follow-up
is therefore essential to confirm the nature of these sources.

5.2. Implication: The Number Density of Luminous Galaxies in
the Early Universe

These two galaxies enable a first estimate of the number
densities of relatively luminous sources at z = 10-13. Given the
large uncertainties in redshift, we conservatively estimate a
selection volume across this full redshift range, i.e., Az=23.
Given that the depth of all the fields we studied is far deeper
than the bright magnitude of these two sources, these galaxies
would have been identified over the full area, without
foreground galaxies. This amounts to a volume of 2.2 x 10°
Mpc®. The detection of two galaxies with Myy = — 21 thus
results in an estimated UV LF point of
log p[Mpc—3 mag~'] = —5.0503]. In Section 4.4 we con-
clude that this UV LF point likely reflects the intrinsic
luminosity of the sources, and is unaffected by lensing.

In Figure 5, we compare this estimate with previous UV LF
determinations and with extrapolations from lower redshifts. In
particular, we show that an extrapolation of the Schechter
function trends estimated at z=3-10 results in an LF at
Myy = —21 that is a factor >10xlower than our estimate.
Interestingly, however, when extrapolating the trends in the
double power-law LFs from Bowler et al. (2020) to z~ 11.5
(the mean redshift of our sources), we find relatively good
agreement. In fact, GN-z11 also lies on this extrapolated LF.
However, this would indicate very little evolution in the bright

galaxy population at z > 8. Indeed, our estimate is in good
agreement with previous z~ 10 UV LF determinations and
constraints at the bright end from Oesch et al. (2018), Bouwens
et al. (2019), Stefanon et al. (2019), Morishita et al. (2020),
Finkelstein et al. (2022), Bagley et al. (2022), and Leethocha-
walit et al. (2022).

Finally, we also briefly compare our estimates with
simulated LFs from the UniverseMachine model (Behroozi
et al. 2019) and from the Delphi model (Dayal et al.
2014, 2022). While our estimate is in rough agreement with
these predictions at z ~ 11, the model LFs evolve very rapidly
at these early times, such that the z ~ 12 LF is already >30x
below our estimate. This is a general trend of model
predictions: a relatively rapid evolution of the LF at z > 10,
driven by the underlying evolution of the dark matter halo mass
function (see also Oesch et al. 2018; Tacchella et al. 2018;
Bouwens et al. 2021). However, the handful of bright galaxies
that have been found at z ~ 1013 to date appear to oppose this
trend.

It is still unclear what the physical reason for this might be.
Combined with the discovery of GN-z11 (Oesch et al. 2016),
and taking our SED fits at face value (see Section 5.1 for
caveats), evidence is mounting that the star formation
efficiency in the early universe may be much higher than
expected (e.g., Tacchella et al. 2013, 2018; Mason et al. 2015a)
in at least a few sources, thus resulting in the early appearance
of UV-luminous galaxies with stellar masses as high as ~ 10°
M, already a few 100 Myr after the Big Bang. The existence of
these massive galaxies at such early times raises interesting
questions about just how early such galaxies began forming,
potentially earlier than current expectations. Wider area data
sets will be required to increase the search volume, for more
reliable constraints on the number densities of luminous
sources.
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6. Summary and Outlook

This Paper presented a search for luminous z > 10 galaxies
across the two JWST Early Release Science programs in
extragalactic fields. We find the following:

1. We identify two particularly luminous sources in the
GLASS ERS program. These sources, GL-z10 and GL-
z12, have continuum magnitudes of ~27 at 2 pym and
display dramatic > 1.8 mag breaks in their SEDs that are
best fitted as Lyman breaks occurring at redshifts of
z~11 and z~ 13, respectively (Figures 1, 2, and
Section 4.1).

2. SED modeling of these sources shows they have
properties (e.g., 0 slopes, specific star formation rates)
expected of z > 10 galaxies. These systems are a billion
solar mass galaxies, having built up their mass only
<300-400 Myr after the Big Bang (Table 3, Section 4.3).

3. The brightness of these objects present a unique
opportunity for detailed spectroscopic and morphological
follow-up at z > 10. As a demonstration, we model the
morphology of both galaxies finding that they are well
described by disklike profiles with small sizes (half-light
radii ~0.6 kpc). GL-z10, in particular, shows an extended
exponential light profile, which may be tantalizing
evidence for a disk already in place at z~ 10 (Figure 4,
Section 4.5).

4. These two objects already place novel constraints on
galaxy evolution in the cosmic dawn epoch. They
indicate that the discovery of GN-z11 was not simply a
matter of good fortune, but that there is likely a
population of UV-luminous sources with very high star
formation efficiencies capable of compiling > 10° M, at
z> 10 (Figure 3, Section 5.2).

5. The inferred number density of Myy =~ —21 sources
from our search (log¢[Mpc>mag~'] = —5.05703))
strongly supports a significant deviation from the
Schechter UV luminosity function at the bright end,
and is consistent with the double power-law evolution
reported at lower redshifts. The physical mechanisms
driving this departure are yet to be definitively estab-
lished. These luminous sources highly conducive to
NIRSpec spectroscopy may hold the key (Figure 5,
Section 5.2).

If these candidates are confirmed spectroscopically, and
indeed two z= 10-12 candidates lie awaiting discovery in
every ~50 arcmin® extragalactic field, it is clear that JWST will
prove highly successful in pushing the cosmic frontier all the
way to the brink of the Big Bang.
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Appendix
Comparison with Initial Reduction and Calibration

In Figure 6 we compare the results presented in this Paper
with fluxes, SEDs, and p(z) based on the initial NIRCam
calibrations (e.g., zero-points, flats, darks) available with the
ERS data release in 2022 July. Relative to results based on
these calibrations, the p(z) distribution has shifted slightly
toward lower redshifts for both galaxies. GL-z10 now shows a
stronger hint of rest-optical lines or a Balmer break in its
F356W — F444W color, along with a slightly redder Gyy slope
(—1.9 versus —2.1), which does not require as much damping
by the IGM to explain the F150W flux. GL-z12 is now detected
at higher significance in F150W due to better overall handling
of background features (e.g., wisps) in the SW filters, ruling out
the secondary peak in the Prospector p(z) distribution
centered at z ~ 14.
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Figure 6. Comparison of SEDs (left) and p(z) distributions (right) derived based on initial NIRCam calibrations available at the time of the ERS data release (light
blue) with results based on updated calibrations used in this Paper (orange). Photometry from the initial calibrations is shown in the left panels in transparent purple,
and from the updated calibrations in solid purple. The SEDs are broadly similar, with the updated calibrations implying slightly lower redshifts for both sources. The

high-redshift nature of these sources remains secure.

David J. Setton © https: //orcid.org/0000-0003-4075-7393
Victoria Strait @ https: //orcid.org/0000-0002-6338-7295
Mauro Stefanon @ https: //orcid.org/0000-0001-7768-5309
Sune Toft @ https: /orcid.org/0000-0003-3631-7176

John R. Weaver © https: //orcid.org/0000-0003-1614-196X

Andrea Weibel @ https: //orcid.org/0000-0001-8928-4465

References

Astropy Collaboration, Price-Whelan, A. M., Sip6cz, B. M., et al. 2018, AJ,
156, 123

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A,
558, A33

Bagley, M. B., Finkelstein, S. L., Rojas-Ruiz, S., et al. 2022, arXiv:2205.12980

Behroozi, P., & Silk, J. 2018, MNRAS, 477, 5382

Behroozi, P., Wechsler, R. H., Hearin, A. P., & Conroy, C. 2019, MNRAS,
488, 3143

Bertin, E., & Amouts, S. 1996, A&AS, 117, 393

Bouwens, R. J., Oesch, P. A., Stefanon, M., et al. 2021, AJ, 162, 47

Bouwens, R. J., Smit, R., Schouws, S., et al. 2022, ApJ, 931, 160

Bouwens, R. J., Stefanon, M., Oesch, P. A., et al. 2019, ApJ, 880, 25

Bowler, R. A. A., Dunlop, J. S., McLure, R. J., & McLeod, D. J. 2017,
MNRAS, 466, 3612

Bowler, R. A. A., Dunlop, J. S., McLure, R. ., et al. 2014, MNRAS, 440, 2810

Bowler, R. A. A., Jarvis, M. J., Dunlop, J. S., et al. 2020, MNRAS, 493, 2059

Brammer, G. 2018, Gbrammer/Grizli: Preliminary Release, v0.4.0, Zenodo,
doi:10.5281 /zenodo. 1146905

Brammer, G., Strait, V., Matharu, J., & Momcheva, 1. 2022, grizli, v1.5.0,
Zenodo, doi:10.5281/zenodo.6672538

Brammer, G. B., van Dokkum, P. G., & Coppi, P. 2008, ApJ, 686, 1503

Chabrier, G. 2003, PASP, 115, 763

Chang, Y.-Y., van der Wel, A., Rix, H.-W., et al. 2013, ApJ, 773, 149

Choi, J., Conroy, C., & Byler, N. 2017, ApJ, 838, 159

10

Conroy, C., & Gunn, J. E. 2010a, ApJ, 712, 833

Conroy, C., & Gunn, J. E. 2010b, FSPS: Flexible Stellar Population Synthesis,
Astrophysics Source Code Library, ascl:1010.043

Conroy, C., Gunn, J. E., & White, M. 2009, ApJ, 699, 486

Conroy, C., White, M., & Gunn, J. E. 2010, ApJ, 708, 58

Dayal, P., & Ferrara, A. 2018, PhR, 780, 1

Dayal, P., Ferrara, A., Dunlop, J. S., & Pacucci, F. 2014, MNRAS, 445, 2545

Dayal, P., Ferrara, A., Sommovigo, L., et al. 2022, MNRAS, 512, 989

De Barros, S., Oesch, P. A., Labbe, 1., et al. 2019, MNRAS, 489, 2355

Endsley, R., Behroozi, P., Stark, D. P., et al. 2020, MNRAS, 493, 1178

Endsley, R., Stark, D. P., Chevallard, J., & Charlot, S. 2021, MNRAS,
500, 5229

Finkelstein, S. L., Bagley, M., Song, M., et al. 2022, ApJ, 928, 52

Foreman-Mackey, D., Sick, J., & Johnson, B. 2014, python-fsps: Python
Bindings to FSPS (v0.1.1), Zenodo, doi:10.5281/zenodo.12157

Fort, B., & Mellier, Y. 1994, A&ARv, 5, 239

Harikane, Y., Inoue, A. K., Mawatari, K., et al. 2022, ApJ, 929, 1

Hashimoto, T., Laporte, N., Mawatari, K., et al. 2018, Natur, 557, 392

Holden, B. P., van der Wel, A., Rix, H.-W., & Franx, M. 2012, AplJ, 749, 96

Holwerda, B. W., Bouwens, R., Oesch, P., et al. 2015, ApJ, 808, 6

Hunter, J. D. 2007, CSE, 9, 90

Jiang, L., Kashikawa, N., Wang, S., et al. 2021, NatAs, 5, 256

Johnson, B. D., Leja, J., Conroy, C., & Speagle, J. S. 2021, AplJS, 254, 22

Kawamata, R., Ishigaki, M., Shimasaku, K., et al. 2018, ApJ, 855, 4

Kluyver, T., Ragan-Kelley, B., Pérez, F., et al. 2016, in Positioning and Power
in Academic Publishing: Players, Agents and Agendas, ed. F. Loizides &
B. Schmidt (Amsterdam: 10S Press), 87

Koekemoer, A. M., Ellis, R. S., McLure, R. J., et al. 2013, ApJS, 209, 3

Kokorev, V., Brammer, G., Fujimoto, S., et al. 2022, arXiv:2207.07125

Labbe, 1., Oesch, P. A., Bouwens, R. J, et al. 2013, ApJL, 777, L19

Laporte, N., Meyer, R. A, Ellis, R. S., et al. 2021, MNRAS, 505, 3336

Larson, R. L., Finkelstein, S. L., Hutchison, T. A., et al. 2022, ApJ, 930, 104

Leethochawalit, N., Roberts-Borsani, G., Morishita, T., Trenti, M., & Treu, T.
2022, arXiv:2205.15388


https://orcid.org/0000-0003-4075-7393
https://orcid.org/0000-0003-4075-7393
https://orcid.org/0000-0003-4075-7393
https://orcid.org/0000-0003-4075-7393
https://orcid.org/0000-0003-4075-7393
https://orcid.org/0000-0003-4075-7393
https://orcid.org/0000-0003-4075-7393
https://orcid.org/0000-0003-4075-7393
https://orcid.org/0000-0002-6338-7295
https://orcid.org/0000-0002-6338-7295
https://orcid.org/0000-0002-6338-7295
https://orcid.org/0000-0002-6338-7295
https://orcid.org/0000-0002-6338-7295
https://orcid.org/0000-0002-6338-7295
https://orcid.org/0000-0002-6338-7295
https://orcid.org/0000-0002-6338-7295
https://orcid.org/0000-0001-7768-5309
https://orcid.org/0000-0001-7768-5309
https://orcid.org/0000-0001-7768-5309
https://orcid.org/0000-0001-7768-5309
https://orcid.org/0000-0001-7768-5309
https://orcid.org/0000-0001-7768-5309
https://orcid.org/0000-0001-7768-5309
https://orcid.org/0000-0001-7768-5309
https://orcid.org/0000-0003-3631-7176
https://orcid.org/0000-0003-3631-7176
https://orcid.org/0000-0003-3631-7176
https://orcid.org/0000-0003-3631-7176
https://orcid.org/0000-0003-3631-7176
https://orcid.org/0000-0003-3631-7176
https://orcid.org/0000-0003-3631-7176
https://orcid.org/0000-0003-3631-7176
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0001-8928-4465
https://orcid.org/0000-0001-8928-4465
https://orcid.org/0000-0001-8928-4465
https://orcid.org/0000-0001-8928-4465
https://orcid.org/0000-0001-8928-4465
https://orcid.org/0000-0001-8928-4465
https://orcid.org/0000-0001-8928-4465
https://orcid.org/0000-0001-8928-4465
https://doi.org/10.3847/1538-3881/aac387
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
http://arxiv.org/abs/2205.12980
https://doi.org/10.1093/mnras/sty945
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477.5382B/abstract
https://doi.org/10.1093/mnras/stz1182
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.3143B/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.3143B/abstract
https://ui.adsabs.harvard.edu/abs/1996A&AS..117..393B/abstract
https://doi.org/10.3847/1538-3881/abf83e
https://ui.adsabs.harvard.edu/abs/2021AJ....162...47B/abstract
https://doi.org/10.3847/1538-4357/ac5a4a
https://ui.adsabs.harvard.edu/abs/2022ApJ...931..160B/abstract
https://doi.org/10.3847/1538-4357/ab24c5
https://ui.adsabs.harvard.edu/abs/2019ApJ...880...25B/abstract
https://doi.org/10.1093/mnras/stw3296
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.3612B/abstract
https://doi.org/10.1093/mnras/stu449
https://ui.adsabs.harvard.edu/abs/2014MNRAS.440.2810B/abstract
https://doi.org/10.1093/mnras/staa313
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.2059B/abstract
https://doi.org/10.5281/zenodo.1146905
https://doi.org/10.5281/zenodo.6672538
https://doi.org/10.1086/591786
https://ui.adsabs.harvard.edu/abs/2008ApJ...686.1503B/abstract
https://doi.org/10.1086/376392
https://ui.adsabs.harvard.edu/abs/2003PASP..115..763C/abstract
https://doi.org/10.1088/0004-637X/773/2/149
https://ui.adsabs.harvard.edu/abs/2013ApJ...773..149C/abstract
https://doi.org/10.3847/1538-4357/aa679f
https://ui.adsabs.harvard.edu/abs/2017ApJ...838..159C/abstract
https://doi.org/10.1088/0004-637X/712/2/833
https://ui.adsabs.harvard.edu/abs/2010ApJ...712..833C/abstract
http://www.ascl.net/1010.043
https://doi.org/10.1088/0004-637X/699/1/486
https://ui.adsabs.harvard.edu/abs/2009ApJ...699..486C/abstract
https://doi.org/10.1088/0004-637X/708/1/58
https://ui.adsabs.harvard.edu/abs/2010ApJ...708...58C/abstract
https://doi.org/10.1016/j.physrep.2018.10.002
https://ui.adsabs.harvard.edu/abs/2018PhR...780....1D/abstract
https://doi.org/10.1093/mnras/stu1848
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.2545D/abstract
https://doi.org/10.1093/mnras/stac537
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512..989D/abstract
https://doi.org/10.1093/mnras/stz940
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.2355D/abstract
https://doi.org/10.1093/mnras/staa32
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.1178E/abstract
https://doi.org/10.1093/mnras/staa3370
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.5229E/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.5229E/abstract
https://doi.org/10.3847/1538-4357/ac3aed
https://ui.adsabs.harvard.edu/abs/2022ApJ...928...52F/abstract
https://doi.org/10.5281/zenodo.12157
https://doi.org/10.1007/BF00877691
https://ui.adsabs.harvard.edu/abs/1994A&ARv...5..239F/abstract
https://doi.org/10.3847/1538-4357/ac53a9
https://ui.adsabs.harvard.edu/abs/2022ApJ...929....1H/abstract
https://doi.org/10.1038/s41586-018-0117-z
https://ui.adsabs.harvard.edu/abs/2018Natur.557..392H/abstract
https://doi.org/10.1088/0004-637X/749/2/96
https://ui.adsabs.harvard.edu/abs/2012ApJ...749...96H/abstract
https://doi.org/10.1088/0004-637X/808/1/6
https://ui.adsabs.harvard.edu/abs/2015ApJ...808....6H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1038/s41550-020-01275-y
https://ui.adsabs.harvard.edu/abs/2021NatAs...5..256J/abstract
https://doi.org/10.3847/1538-4365/abef67
https://ui.adsabs.harvard.edu/abs/2021ApJS..254...22J/abstract
https://doi.org/10.3847/1538-4357/aaa6cf
https://ui.adsabs.harvard.edu/abs/2018ApJ...855....4K/abstract
https://doi.org/10.1088/0067-0049/209/1/3
https://ui.adsabs.harvard.edu/abs/2013ApJS..209....3K/abstract
http://arxiv.org/abs/2207.07125
https://doi.org/10.1088/2041-8205/777/2/L19
https://ui.adsabs.harvard.edu/abs/2013ApJ...777L..19L/abstract
https://doi.org/10.1093/mnras/stab1239
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505.3336L/abstract
https://doi.org/10.3847/1538-4357/ac5dbd
https://ui.adsabs.harvard.edu/abs/2022ApJ...930..104L/abstract
http://arxiv.org/abs/2205.15388

THE ASTROPHYSICAL JOURNAL LETTERS, 940:L14 (11pp), 2022 November 20

Leja, J., Carnall, A. C., Johnson, B. D., Conroy, C., & Speagle, J. S. 2019, ApJ,
876, 3

Leja, J., Johnson, B. D., Conroy, C., Dokkum, P. G. v., & Byler, N. 2017, ApJ,
837, 170

Leonova, E., Oesch, P. A., Qin, Y., et al. 2022, MNRAS, 515, 5790

Marshall, M. A., Wilkins, S., Di?Matteo, T., et al. 2022, MNRAS, 511, 5475

Mason, C. A., Naidu, R. P., Tacchella, S., & Leja, J. 2019, MNRAS, 489, 2669

Mason, C. A., Trenti, M., & Treu, T. 2015a, ApJ, 813, 21

Mason, C. A., Treu, T., Schmidt, K. B., et al. 2015b, ApJ, 805, 79

Matthee, J., Sobral, D., Darvish, B., et al. 2017, MNRAS, 472, 772

McLure, R. J., Cirasuolo, M., Dunlop, J. S., et al. 2006, MNRAS, 372, 357

Morishita, T., Stiavelli, M., Trenti, M., et al. 2020, ApJ, 904, 50

Mutch, S. J,, Liu, C., Poole, G. B, et al. 2016, MNRAS, 463, 3556

Oesch, P. A., Bouwens, R. J., Illingworth, G. D., Labbe, 1., & Stefanon, M.
2018, AplJ, 855, 105

Oesch, P. A., Bouwens, R. J., Illingworth, G. D., et al. 2014, AplJ, 786, 108

Oesch, P. A., Brammer, G., Dokkum, P. G. v., et al. 2016, ApJ, 819, 129

Oke, J. B., & Gunn, J. E. 1983, ApJ, 266, 713

Oliphant, T. E. 2015, Guide to NumPy (London: Continuum Press)

Pacucci, F., Dayal, P., Harikane, Y., Inoue, A. K., & Loeb, A. 2022, MNRAS,
514, L6

Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124, 266

Peng, C. Y., Ho, L. C, Impey, C. D., & Rix, H.-W. 2010, AJ, 139, 2097

Perez, F., & Granger, B. E. 2007, CSE, 9, 21

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016, A&A, 594, A13

Rieke, M. J., Kelly, D., & Horner, S. 2005, Proc. SPIE, 5904, 1

Roberts-Borsani, G. W., Ellis, R. S., & Laporte, N. 2020, MNRAS, 497, 3440

Robertson, B. E. 2022, ARA&A, 60, 121

11

Naidu et al.

Roper, W. J., Lovell, C. C., Vijayan, A. P., et al. 2022, MNRAS, 514, 1921

Schneider, P., Kochanek, C. S., & Wambsganss, J. 2006, in Saas-Fee
Advanced Course 33: Gravitational Lensing: Strong, Weak and Micro, ed.
G. Meylan, P. Jetzer, & P. North (Berlin: Springer)

Shibuya, T., Ouchi, M., & Harikane, Y. 2015, ApJS, 219, 15

Stanway, E. R., Chrimes, A. A., Eldridge, J. J., & Stevance, H. F. 2020,
MNRAS, 495, 4605

Stefanon, M., Bouwens, R. J., Labbé, 1., et al. 2022a, arXiv:2206.13525

Stefanon, M., Bouwens, R. J., Labbé, 1., et al. 2022b, ApJ, 927, 48

Stefanon, M., Labbe, 1., Bouwens, R. J., et al. 2019, ApJ, 883, 99

Steinhardt, C. L., Jauzac, M., Acebron, A., et al. 2020, ApJS, 247, 64

Steinhardt, C. L., Sneppen, A., Mostafa, B., et al. 2022, ApJ, 931, 58

Tacchella, S., Bose, S., Conroy, C., Eisenstein, D. J., & Johnson, B. D. 2018,
AplJ, 868, 92

Tacchella, S., Finkelstein, S. L., Bagley, M., et al. 2022, ApJ, 927, 170

Tacchella, S., Trenti, M., & Carollo, C. M. 2013, ApJL, 768, L37

Treu, T. 2010, ARA&A, 48, 87

Treu, T., Roberts-Borsani, G., Bradac, M., et al. 2022, ApJ, 935, 110

van der Wel, A., Chang, Y.-Y., Bell, E. F., et al. 2014, ApJL, 792, L6

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe, 17, 261

Waters, D., Wilkins, S. M., Di Matteo, T., et al. 2016, MNRAS, 461, L51

Whitler, L., Stark, D. P., Endsley, R., et al. 2022, arXiv:2206.05315

Windhorst, R. A., Timmes, F. X., Wyithe, J. S. B., et al. 2018, ApJS, 234, 41

Wyithe, J. S. B., Yan, H., Windhorst, R. A., & Mao, S. 2011, Natur, 469, 181

Yang, L., Leethochawalit, N., Treu, T., et al. 2022, MNRAS, 514, 1148

Zahid, H. J., Geller, M. J., Fabricant, D. G., & Hwang, H. S. 2016, ApJ,
832, 203


https://doi.org/10.3847/1538-4357/ab133c
https://ui.adsabs.harvard.edu/abs/2019ApJ...876....3L/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...876....3L/abstract
https://doi.org/10.3847/1538-4357/aa5ffe
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..170L/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..170L/abstract
https://doi.org/10.1093/mnras/stac1908
https://ui.adsabs.harvard.edu/abs/2022MNRAS.515.5790L/abstract
https://doi.org/10.1093/mnras/stac380
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511.5475M/abstract
https://doi.org/10.1093/mnras/stz2291
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.2669M/abstract
https://doi.org/10.1088/0004-637X/813/1/21
https://ui.adsabs.harvard.edu/abs/2015ApJ...813...21M/abstract
https://doi.org/10.1088/0004-637X/805/1/79
https://ui.adsabs.harvard.edu/abs/2015ApJ...805...79M/abstract
https://doi.org/10.1093/mnras/stx2061
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472..772M/abstract
https://doi.org/10.1111/j.1365-2966.2006.10864.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372..357M/abstract
https://doi.org/10.3847/1538-4357/abba83
https://ui.adsabs.harvard.edu/abs/2020ApJ...904...50M/abstract
https://doi.org/10.1093/mnras/stw2187
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.3556M/abstract
https://doi.org/10.3847/1538-4357/aab03f
https://ui.adsabs.harvard.edu/abs/2018ApJ...855..105O/abstract
https://doi.org/10.1088/0004-637X/786/2/108
https://ui.adsabs.harvard.edu/abs/2014ApJ...786..108O/abstract
https://doi.org/10.3847/0004-637X/819/2/129
https://ui.adsabs.harvard.edu/abs/2016ApJ...819..129O/abstract
https://doi.org/10.1086/160817
https://ui.adsabs.harvard.edu/abs/1983ApJ...266..713O/abstract
https://doi.org/10.1093/mnrasl/slac035
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514L...6P/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514L...6P/abstract
https://doi.org/10.1086/340952
https://ui.adsabs.harvard.edu/abs/2002AJ....124..266P/abstract
https://doi.org/10.1088/0004-6256/139/6/2097
https://ui.adsabs.harvard.edu/abs/2010AJ....139.2097P/abstract
https://doi.org/10.1109/MCSE.2007.53
https://ui.adsabs.harvard.edu/abs/2007CSE.....9c..21P/abstract
https://doi.org/10.1051/0004-6361/201525830
https://ui.adsabs.harvard.edu/abs/2016A&A...594A..13P/abstract
https://doi.org/10.1117/12.615554
https://ui.adsabs.harvard.edu/abs/2005SPIE.5904....1R/abstract
https://doi.org/10.1093/mnras/staa2085
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.3440R/abstract
https://doi.org/10.1146/annurev-astro-120221-044656
https://ui.adsabs.harvard.edu/abs/2022ARA&A..60..121R/abstract
https://doi.org/10.1093/mnras/stac1368
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.1921R/abstract
https://doi.org/10.1088/0067-0049/219/2/15
https://ui.adsabs.harvard.edu/abs/2015ApJS..219...15S/abstract
https://doi.org/10.1093/mnras/staa1166
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.4605S/abstract
http://arxiv.org/abs/2206.13525
https://doi.org/10.3847/1538-4357/ac3de7
https://ui.adsabs.harvard.edu/abs/2022ApJ...927...48S/abstract
https://doi.org/10.3847/1538-4357/ab3792
https://ui.adsabs.harvard.edu/abs/2019ApJ...883...99S/abstract
https://doi.org/10.3847/1538-4365/ab75ed
https://ui.adsabs.harvard.edu/abs/2020ApJS..247...64S/abstract
https://doi.org/10.3847/1538-4357/ac62d6
https://ui.adsabs.harvard.edu/abs/2022ApJ...931...58S/abstract
https://doi.org/10.3847/1538-4357/aae8e0
https://ui.adsabs.harvard.edu/abs/2018ApJ...868...92T/abstract
https://doi.org/10.3847/1538-4357/ac4cad
https://ui.adsabs.harvard.edu/abs/2022ApJ...927..170T/abstract
https://doi.org/10.1088/2041-8205/768/2/L37
https://ui.adsabs.harvard.edu/abs/2013ApJ...768L..37T/abstract
https://doi.org/10.1146/annurev-astro-081309-130924
https://ui.adsabs.harvard.edu/abs/2010ARA&A..48...87T/abstract
https://doi.org/10.3847/1538-4357/ac8158
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..110T/abstract
https://doi.org/10.1088/2041-8205/792/1/L6
https://ui.adsabs.harvard.edu/abs/2014ApJ...792L...6V/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1093/mnrasl/slw100
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461L..51W/abstract
http://arxiv.org/abs/2206.05315
https://doi.org/10.3847/1538-4365/aaa760
https://ui.adsabs.harvard.edu/abs/2018ApJS..234...41W/abstract
https://doi.org/10.1038/nature09619
https://ui.adsabs.harvard.edu/abs/2011Natur.469..181W/abstract
https://doi.org/10.1093/mnras/stac1236
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.1148Y/abstract
https://doi.org/10.3847/0004-637X/832/2/203
https://ui.adsabs.harvard.edu/abs/2016ApJ...832..203Z/abstract
https://ui.adsabs.harvard.edu/abs/2016ApJ...832..203Z/abstract

	1. Introduction
	2. Data
	2.1. Early Extragalactic JWST Observations
	2.2. Data Reduction
	2.3. Multiwavelength Catalogs
	2.4. Quality Control

	3. Sample Selection and Methods
	4. Results
	4.1. Two Luminous z ˃ 10 Galaxy Candidates
	4.2. Possible Lower Redshift Contamination
	4.3. Physical Properties—A Billion Solar Mass Galaxies within ≈400 Myr of the Big Bang
	4.4. Galaxy–Galaxy Lensing
	4.5. The Sizes of Luminous z ≈ 10–12 Galaxies

	5. Discussion
	5.1. Caveats
	5.2. Implication: The Number Density of Luminous Galaxies in the Early Universe

	6. Summary and Outlook
	AppendixComparison with Initial Reduction and Calibration
	References



