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Abstract

We report the detection of a high density of redshift z≈ 10 galaxies behind the foreground cluster A2744, selected
from imaging data obtained recently with NIRCam on board JWST by three programs—GLASS-JWST,
UNCOVER, and DDT#2756. To ensure robust estimates of the lensing magnification μ, we use an improved
version of our model that exploits the first epoch of NIRCam images and newly obtained MUSE spectra and avoids
regions with μ> 5 where the uncertainty may be higher. We detect seven bright z≈ 10 galaxies with demagnified
rest frame −22MUV−19 mag, over an area of ∼37 arcmin2. Taking into account photometric incompleteness
and the effects of lensing on luminosity and cosmological volume, we find that the density of z≈ 10 galaxies in the
field is about 10× (3×) larger than the average at MUV≈−21 (−20) mag reported so far. The density is even
higher when considering only the GLASS-JWST data, which are the deepest and the least affected by
magnification and incompleteness. The GLASS-JWST field contains five out of seven galaxies, distributed along
an apparent filamentary structure of 2 Mpc in projected length, and includes a close pair of candidates with
MUV<−20 mag having a projected separation of only 16 kpc. These findings suggest the presence of a
z≈ 10 overdensity in the field. In addition to providing excellent targets for efficient spectroscopic follow-up
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observations, our study confirms the high density of bright galaxies observed in early JWST observations but calls
for multiple surveys along independent lines of sight to achieve an unbiased estimate of their average density and a
first estimate of their clustering.

Unified Astronomy Thesaurus concepts: Reionization (1383); High-redshift galaxies (734); Lyman-break
galaxies (979)

1. Introduction

In just a few months, JWST has started to transform our
understanding of the epoch of “cosmic dawn,” when the first
sources of light likely started reionizing the intergalactic
medium (Dayal & Ferrara 2018; Robertson 2022). Previous
Hubble Space Telescope (HST) and ground-based surveys
enabled a census of galaxies at redshift z≈ 6–8, about 1 Gyr
after the Big Bang (e.g., Finkelstein et al. 2015; Castellano
et al. 2016a; Bouwens et al. 2021), and the first investigations
of galaxies at z≈ 9–11 (Ellis et al. 2013; Bouwens et al. 2016;
McLeod et al. 2016; Ishigaki et al. 2018; Oesch et al. 2018;
Morishita et al. 2018; Stefanon et al. 2019; Bowler et al. 2020;
Roberts-Borsani et al. 2022a; Leethochawalit et al. 2022;
Bagley et al. 2022). The public data sets gathered through the
JWST Early Release Observations (Pontoppidan et al. 2022)
and Early Release Science Programs have enabled the detection
of tens of candidate sources at z> 9, pushing the cosmic
frontier beyond the limits of HST-WFC3 to the first
200–300Myr after the Big Bang (e.g., Castellano et al.
2022a; Donnan et al. 2023; Finkelstein et al. 2022a; Morishita
& Stiavelli 2023; Naidu et al. 2022a; Yan et al. 2023; Roberts-
Borsani et al. 2022b; Robertson et al. 2023; Bunker et al.
2023).

The results have been surprising: multiple independent
analyses have shown that the number density of bright galaxies
at z> 9 is larger than predicted by theoretical models or on the
basis of the extrapolation from lower-redshift estimates (e.g.,
Finkelstein et al. 2023; Bouwens et al. 2023a, 2023b; Harikane
et al. 2023; Pérez-González et al. 2023). This excess is most
pronounced in the brightest part of the luminosity function
(LF), which seems to evolve very little from z= 4 to
z= 10–12. This result is particularly tantalizing because the
brightest objects are detected at high significance in multiple
bands and display a deep break and are thus unlikely to be
significantly contaminated by low-redshift interlopers (e.g.,
Fujimoto et al. 2022).

The origin of this excess is still to be determined—it can be
due either to a higher efficiency in star formation and galaxy
assembly than previously thought, which makes them more
abundant and/or massive, or to deviations from common prior
assumptions on their physical properties (e.g., the initial mass
function (IMF), metallicity, and/or dust content) that increase
their flux (Ferrara et al. 2022; Fiore et al. 2023; Haslbauer et al.
2022; Kohandel et al. 2023; Ziparo et al. 2023; Mason et al.
2023). More extreme explanations refer to nonstandard
cosmological models to increase the abundance of bright
and/or massive objects at very high redshift (e.g.,
Melia 2014, 2023; Boylan-Kolchin 2023; Kannan et al. 2022;
Menci et al. 2022).

Among the various fields targeted by early JWST surveys,
the first observations of a flanking field to the Hubble Frontier
Field (HFF) cluster A2744 (A2744 hereafter; Lotz et al. 2014;
Castellano et al. 2016b) within the GLASS-JWST project
delivered two of the brightest candidates at z> 10, dubbed
GHZ1/GLASSz10 (at z≈ 10.5) and GHZ2/GLASSz12 (at

z≈ 12.3) (Castellano et al. 2022a, C22a hereafter; Naidu et al.
2022a; Yoon et al. 2022; Bakx et al. 2023; Donnan et al. 2023;
Harikane et al. 2023). Compared to other detections (or lack
thereof) in other and often larger fields, the GLASS-JWST field
immediately qualified itself as one of the most interesting areas
to investigate the most luminous sources at cosmic dawn.
Recently, more data have been obtained on the A2744 area

by a number of JWST programs: the second epoch of the
GLASS-JWST Early Release Science (JWST-ERS-1324)
program (Treu et al. 2022), the UNCOVER program (PIs
Labbé and Bezanson, JWST-GO#2561; Bezanson et al. 2022),
and the Director's Discretionary Time (DDT) program #2756
(PI Wenlei Chen), which significantly extend and deepen the
surveyed area. We take advantage of these new data and
present here an analysis of the abundance of galaxies at
z≈ 9–11 selected in the NIRCam imaging data in the entire
A2744 region, with two goals: (i) improve the determination of
the density of bright galaxies at z≈ 10 and (ii) start to
characterize the clustering properties of this population.
Throughout the paper we adopt AB magnitudes (Oke &

Gunn 1983), a Chabrier (2003) IMF, and a flat ΛCDM
concordance model (H0= 70.0 km s−1 Mpc−1, ΩM= 0.30).

2. NIRCam Imaging and Photometry

The NIRcam data analyzed in this paper are taken from three
programs focused on the cluster A2744 and its surroundings.
The GLASS-JWST NIRCam images have been taken in
parallel to NIRISS on 2022 June 28–29 and in parallel to
NIRSpec on 2022 November 10–11. They consist of imaging
through seven broadband filters spanning from F090W to
F444W as described by Treu et al. (2022). The UNCOVER
NIRCam observations of the cluster A2744 were taken on
November 2, 4, 7, and 15 and exploit the same filter set as
GLASS-JWST, except that the F090W filter is replaced with
F410M. Finally, NIRCAM imaging of A2744 was obtained as
part of DDT program 2756 on October 20. The DDT-2756
(DDT hereafter) filter set is the same as GLASS-JWST with the
exception of the F090W filter and overall shorter exposure
times. The pointings overlap partially, resulting in the field
geometry illustrated in Figure 1 (top).
The image reduction, and the methods used to detect sources

and measure multiband photometry, build on those described
by Merlin et al. (2022) and take into account the improvements
in data processing and calibration that have become available
since then.
A detailed description is given in a companion paper by

Paris et al. (2023). For convenience of the reader, we briefly
summarize below the information relevant for the present
paper. Data reduction and flux calibration were obtained using
the official JWST pipeline34 and exploiting the calibration files
JWST_1019.PMAP made available by STScI in 2022 November.
We then used a pipeline already adopted in similar projects
(Fontana et al. 2014), based on SCAMP (Bertin 2006) and

34 https://jwst-docs.stsci.edu/jwst-science-calibration-pipeline-overview
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SWARP (Bertin et al. 2002), to combine the single exposures
into mosaics projected onto a common grid of pixels. For
simplicity, considering the different depth and filter coverage of
the three programs and the need to perform simulations to
assess the incompleteness in color space, we analyzed the three
data sets independently and performed the simulations on each
data set separately. To avoid double counting and keep the
fields independent from each other, certain regions were
excluded from a given data set; in practice, the UNCOVER
North-West (NW) corner was analyzed together with GLASS-
JWST observations, and the portion of the DDT pointing that
overlaps with UNCOVER was analyzed as part of the latter.

Objects were detected using a customized version of
SEXTRACTOR (Bertin & Arnouts 1996; Guo et al. 2013,
v2.8.6) on the F444W coadded images. Total F444W fluxes in
elliptical apertures as defined by Kron (1980) were measured
with A-PHOT (Merlin et al. 2019). Fluxes in the other bands
were measured with A-PHOT in several apertures at the
positions of the detected sources using images point-spread-
function-matched to the F444W one. In the present analysis we
use fluxes obtained by scaling the total F444W flux on the basis

of the relevant color in 2× FWHM diameter (=0 28)
apertures.
The mosaics are a combination of different exposures

resulting in nonuniform depths. We summarize in Table 1 the
typical 5σ depths of the deepest regions for point sources
within a circular aperture of diameter 0 2. Less exposed
regions can be 0.2–0.3 mag shallower depending on the band
and field. The regions close to the cluster core are potentially
affected by flux contamination from the intracluster light (ICL;
e.g., Merlin et al. 2016). We checked for possible systematics
by injecting fake sources in different positions within the
UNCOVER field. We found no photometric offset, indicating
that the ICL contribution is effectively suppressed by the
background-subtraction procedures adopted to build the final
mosaics.
We estimate total nonoverlapping areas of 22.5, 10.2, and

4.6 arcmin2 in the UNCOVER, GLASS-JWST, and DDT fields
(respectively) available for the selection of high-redshift
candidates by considering the regions observed in all bands
and excluding the pixels occupied by foreground sources.

3. Selected Galaxies at z≈ 10

We select objects at z≈ 9–11.5 using the color–color
selection window defined by C22a:

F115W F150W 1.7
F115W F150W 2.17 F200W F277W 1.7
0.8 F200W F270W 0.6.

( )
( ) ( )

( )

- >
- > ´ - +

- < - <

We require signal-to-noise ratio (S/N) >8 in the F444W
band, S/N >2 in the other bands redward of the Lyman break,
and S/N <2.0 in the F090W band, where available. The
selection yields five candidates in the GLASS-JWST field, two
in UNCOVER, and one in the DDT region. The JWST
photometry of the candidates is listed in Table 2.
The five selected objects in GLASS-JWST include GHZ1

and GHZ4 from C22a and three galaxies in the region recently
observed in the NIRSpec parallel and discussed here for the
first time. In UNCOVER we select a new robust candidate
UHZ1 with mF444W= 26.54± 0.09 mag, outside of the area
previously observed by the HFF. We note that object JD1B
from Zitrin et al. (2014), recently confirmed to be at z= 9.76
with NIRSpec (Roberts-Borsani et al. 2022b), is also formally
selected by our criteria. However, we will not further discuss
object JD1B, one of the multiple images of a strongly
magnified ultrafaint galaxy, and it will not be used to estimate
the UV LF in the present analysis, which is limited to

Figure 1. Top: layout of the field and position of the z ≈ 10 candidates (red
circles). The F444W mosaic combines observations from GLASS-JWST-ERS
(green region), UNCOVER (blue), and DDT-2756 (red). Bottom: the source-
plane magnification map at z = 10. Masked regions outside the mosaics or
covered by foreground objects are shown in white. The red region is the area
with μ > 5 not used to compute the ultraviolet (UV) LF in the present paper;
the triply lensed source JD1 at zspec = 9.76 (green cross) lies in this region and
is not included in our sample. The source-plane positions of the z ≈ 10
candidates are marked with blue crosses.

Table 1
NIRCam Imaging

Filter GLASS-JWST DDT UNCOVER

F090W 29.5 L L
F115W 29.7 28.2 29.1
F150W 29.5 28.3 29.0
F200W 29.6 28.6 29.0
F277W 29.8 28.8 29.3
F356W 29.9 28.8 29.4
F410M L L 28.8
F444W 29.6 28.6 28.9

Note. 5σ depths (mag) for point sources within a circular aperture of
diameter 0 2.

3

The Astrophysical Journal Letters, 948:L14 (11pp), 2023 May 10 Castellano et al.



moderate-magnification regions (see Section 4). We checked
the other counterimages reported by Zitrin et al. (2014), finding
that JD1A is just outside the color-selection region, while the
faintest one (JD1C) is not detected, likely owing to the strong
background in the F444W band from a nearby cluster galaxy.
The nondetection of JD1A and in particular of JD1C are not
surprising, considering the selection completeness level in the
UNCOVER field (see Section 5) and that the catalog extraction
is not optimized for the analysis of the inner cluster regions
affected by significant crowding. The only candidate selected
in the DDT program is also the brightest in the sample, with
mF200W= 24.84± 0.05 mag.

Objects GHZ1, GHZ4, and GHZ9 (from GLASS-JWST) and
the UNCOVER and DDT candidates have also been observed
with HST under the HFF and BUFFALO (Steinhardt et al.
2020) programs. We further assessed their reliability by
measuring the S/N at their position in the F606W, F814W,
and F105W mosaics processed with the grizli pipeline
(Brammer 2022) in 0 2 diameter apertures, finding S/N< 2 in
all cases.

For all selected candidates we estimate photometric redshifts
with EAZY (Brammer et al. 2008) and ZPHOT (Fontana et al.
2000). The EAZY code was run assuming a flat prior with two
different sets of templates: the default V1.3 spectral template
(see Leethochawalit et al. 2023) and the recently released
templates by Larson et al. (2022) specifically designed for the
analysis of JWST-selected galaxies at very high redshift. The
analysis with ZPHOT has been performed as described by
Santini et al. (2023) by fitting the observed photometry with
Bruzual & Charlot (2003, BC03 hereafter) templates having
both declining and delayed star formation histories; it models
the contribution from nebular continuum and line emission
following Schaerer & de Barros (2009) and Castellano et al.
(2014). We show spectral energy distributions (SEDs),
photometric redshift probability distributions, and thumbnails
of the seven candidates in Figures 2 and 3. Their properties are
listed in Table 3, including demagnified MUV and μ values
based on the lensing model that will be discussed in
Section 4.1.

The two objects GHZ1 and GHZ4 from C22a fall in the
region recently reobserved in parallel to NIRSpec. Reassur-
ingly, their SEDs and photometric redshifts obtained from the
new data are in excellent agreement with those measured in the
first GLASS-JWST NIRCam observations, with the deeper
data analyzed here reducing the likelihood of the secondary
photometric redshift solution at z≈ 2 for GHZ4. Candidate
GHZ1 also falls in the area that we have removed from the
UNCOVER field to avoid duplications. The availability of the
lensing model extending to the GLASS-JWST region allows us

to estimate that they are moderately magnified, such that the
intrinsic MUV are ∼0.5–0.6 mag fainter than the estimates
reported in our previous paper. The three newly found
candidates in the newly observed GLASS-JWST area have
observed mF444W≈ 27–27.3 mag and similar SEDs. Two of
them (GHZ7 and GHZ8; see Figure 1) have very similar P(z)
and are separated by only 4″ in the sky, corresponding to a
projected separation of 16 kpc at z≈ 10—i.e., they are likely to
be physically associated in a close pair. Two of the other three
candidates previously reported by C22a (GHZ5 and GHZ6) do
not enter the present sample, as with the new photometry, they
are located just outside the color-selection region. Their
photometric redshift solutions still show a significant peak at
z> 9 as reported by C22a, but they are not included in the
present analysis, which is based only on color-selected
candidates. A third candidate (GHZ3) of the C22a paper is
instead detected in the new and deeper images obtained in the
F090W filter, and it is therefore definitely not a z≈ 10 galaxy.
These findings are consistent with both the effect of
photometric scatter and, as far as GHZ3 is concerned, with
the possible contamination level discussed by C22a. However,
at variance with the C22a sample, none of the candidates
discussed in the present paper show significant secondary
photometric redshift solutions, most likely owing to the
availability of deeper data in the GLASS-JWST field.
We note that various candidates are found not far from the

image edges. However, they all fall in full-depth regions of the
mosaics and we made sure that their detection and photometry
are not affected by border effects. The most remarkable object
in the present sample is galaxy DHZ1 from the DDT area. This
object had also been previously selected as a high-redshift
candidate from HFF imaging (Castellano et al. 2016b; Yue
et al. 2018), and it has been recently spectroscopically
confirmed at z= 9.3127 with NIRSPec (Boyett et al. 2023).
DHZ1 has a demagnified MUV=−21.6 mag, and a complex
morphology indicative of an ongoing interaction or merging
comprising two main components and an elongated tidal tail. In
the following we will adopt for DHZ1 the redshift and
parameters from Boyett et al. (2023).
Basic physical properties of the sample galaxies are

summarized in Table 3. Corrected for lensing magnification,
the star formation rates (SFRs) range between 2 and
25Me yr−1, the estimated stellar masses range between
4× 107 and 1.1× 109 Me, and the UV slopes β range between
−1.8 and −2.7. We note that at z� 10 the rest-frame optical is
poorly constrained by NIRCAM data,which best constrain
regions that can be contaminated by emission lines. Conse-
quently, stellar masses can be subject to uncertainties and
biases, and stellar ages are poorly constrained. For this reason

Table 2
Photometry of the z = 9–11 Galaxy Candidates in the GLASS-JWST, DDT, and UNCOVER Fields

ID F090W F115W F150W F200W F277W F356W F410M F444W

GHZ1 2.4 ± 2.3 −2.1 ± 2.3 62.1 ± 2.8 78.8 ± 2.5 78.7 ± 2.2 81.7 ± 2.0 L 111.8 ± 4.4
GHZ4 −7.7 ± 4.9 −4.4 ± 4.9 29.9 ± 5.7 32.8 ± 5.3 34.2 ± 4.3 27.2 ± 3.9 L 41.7 ± 3.1
GHZ7 −0.9 ± 2.4 0.03 ± 2.3 32.4 ± 2.5 38.2 ± 2.3 30.9 ± 1.8 25.9 ± 1.7 L 28.8 ± 3.6
GHZ8 −1.3 ± 4.1 −0.1 ± 3.9 51.9 ± 4.4 70.3 ± 4.1 55.0 ± 3.1 49.8 ± 2.9 L 53.7 ± 5.2
GHZ9 3.3 ± 2.2 2.2 ± 2.1 29.5 ± 2.4 24.2 ± 2.2 31.2 ± 1.8 35.8 ± 1.6 L 40.9 ± 3.9
UHZ1 L 4.1 ± 6.5 94.0 ± 6.6 100.6 ± 6.9 75.4 ± 4.5 65.6 ± 3.6 90.9 ± 6.7 87.7 ± 7.2
DHZ1 L 22.3 ± 12.5 397.4 ± 11.9 418.6 ± 10.2 309.9 ± 7.2 300.2 ± 6.8 L 353.3 ± 17.9

Note. Fluxes in nJy, not corrected for magnification.
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we do not quote the latter in Table 3. The reported values
appear to encompass the range of rest-frame properties of
Lyman-break galaxies (LBGs) at these redshifts, as observed
by recent surveys. We caution that these estimates have been
obtained under the assumption of a Chabrier (2003) IMF but
may be substantially different if the underlying galaxy-wide
IMF (e.g., Yan et al. 2021) is top heavy, as proposed to explain
the unexpected abundance of bright high-redshift galaxies in

early JWST observations (Haslbauer et al. 2022; Finkelstein
et al. 2023). Nonetheless, we report the estimated values to
facilitate follow-up observations, and we defer a more detailed
analysis of the properties of these galaxies to future work.

4. Methodology

Estimating the LF of high-redshift galaxies in lensed fields is
more complex than in blank fields. The additional complexity

Figure 2. The z ≈ 10 candidates from the GLASS-JWST field. Photometry (not corrected for magnification) and SEDs are given in the main quadrant. Upper limits
are reported at the 2σ level. We show in the inset the redshift probability distributions P(z) from ZPHOT (dark gray) and EAZY (red for the standard V1.3 templates and
blue for the Larson et al. 2022 templates). The SEDs are obtained by fitting the BC03 library described in Section 3 at the best-fit redshifts from the relevant ZPHOT
and EAZY runs. Thumbnails, from left to right, respectively show the objects in the F090W, F115W, F150W, F200W, F277W, F356W, and F444W bands.
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is usually justified by the extra gain in depth afforded by
lensing magnification. In this work, however, motivated by the
discovery of a significant number of bright z≈ 10 galaxies, we
focus primarily on the bright end of the LF and postpone the
study of the faintest objects to a future work. This choice
allows us to keep the analysis simple and robust, building on
the ingredients that we discuss below.

4.1. Lens Model

The A2744 region, especially that covered by the
UNCOVER data, is affected by moderate to strong lensing
amplification due to the foreground cluster, whose mass
distribution is known to extend over a wide area covering the
entire data set (e.g., Merten et al. 2011). To properly account
for the lensing effect, we have extended the pre-JWST lens
model described by Bergamini et al. (2023a, B23 hereafter) by
including 27 additional multiple images in the cluster core, as
well as 29 in the NW region where two cluster galaxies (named
G1 and G2 by B23) are present with luminosities similar to
those of the central bright cluster galaxies. Owing to the rich
strong-lensing (SL) features revealed by the NIRCam data, we
refer to this region as “SL clump.” The identification of extra
multiple images takes advantage of NIRCam multiband
photometry, as well as new spectroscopic observations

withVery Large Telescope(VLT)/MUSE (Prieto-Lyon
et al. 2023; Bergamini et al. 2023b). MUSE coverage of the
SL clump also enables the identification of additional cluster
galaxies and the determination of their velocity dispersions,
which are found to be consistent with the subhalo scaling
relation resulting from the lens-model optimization. The total
rms separation between the observed and model-predicted
positions of the 149 multiple images is 0 43. The extended and
enhanced SL model is described in detail by Bergamini et al.
(2023b).
For the purpose of the present work, we have computed the

median magnification values and 95% confidence level
intervals for each high-z candidate by extracting 100 random
sets of parameter values from the final Markov Chain Monte
Carlo (MCMC) chain, containing a total of 3× 104 samples.
To account for systematic uncertainties owing to the choice of
the total mass parameterization in the external region, we have
combined the MCMC chains of two extended lens models,
which include either one or two cluster-scale halos in the SL
clump, using the same set of multiple image constraints.
To derive the LF of the high-z candidates, unlensed survey

areas and volumes in the considered redshift bins are needed.
Using the PyLensLib package (Meneghetti 2021), intrinsic
survey areas are computed for each of the three fields by
projecting the footprints of the observed regions on the source
plane, at varying redshift in the range 9.0< z< 11.5. To this
aim, we use the deflection field from the extended lens model
with the best positional rms uncertainty (i.e., the one including
only a single halo in the SL clump region). We also project
onto the source plane the observed mask (excluding regions
around bright sources) and the magnification maps in the
aforementioned redshift range (see Figure 1, bottom). In this
way, we can reconstruct the effective area on the source plane
for each of the three fields separately where objects can
potentially be identified around z= 10 and compute the
corresponding magnification in each pixel. These maps are
then combined to estimate the probed survey volume in each
redshift and luminosity bin.
The seven galaxies at z≈ 10 listed in Table 3 have low-to-

moderate magnifications, ranging from 1.2 to ∼4 (see Table 3)
and are not multiply imaged (i.e., they lie outside the main
caustics on the source plane at z≈ 10). This allows us to limit
our LF analysis to regions with μ< 5, which has the significant
advantage of avoiding strongly lensed regions where systema-
tic uncertainties can be large, albeit associated with small
survey volumes. As previously mentioned, JD1B is the only
object at μ> 5 meeting our color-selection criteria and is thus
excluded from the sample analyzed in this paper. The
corresponding areas with μ< 5 in the source plane amount to
6.86, 9.44, and 3.26 arcmin2 in the GLASS-JWST,
UNCOVER, and DDT fields, respectively. By comparing the
effective source-plane area predicted by lens models with
slightly different mass parameterizations but similar positional
rms values, we estimate the systematic uncertainty on the
effective survey volume (and therefore on the data points in the
LF) to be approximately 5%.
We have also checked the predicted magnification values for

our objects by the SL model recently released by the
UNCOVER collaboration (Furtak et al. 2022).35 Four of our
seven candidates have magnification values at z≈ 10 lower

Figure 3. Same as Figure 2 for the z ≈ 10 candidates in the DDT field and in
the low-magnification area of the UNCOVER field. Thumbnails, from left to
right, respectively, show the objects in the F115W, F150W, F200W, F277W,
F356W, F410M (UHZ1 only), and F444W bands.

35 Magnifcation maps made public as of 2022 December 12.
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than 5 and in good agreement with the ones presented here,
while the remaining three (i.e., GHZ7, GHZ8, and GHZ9) are
not covered by their model.

5. The z≈ 10 UV Luminosity Function in the A2744 Region

Even correcting for magnifications, our sample has remark-
ably bright UV magnitudes MUV− 20, corresponding to a
high surface density of objects. We quantify the volume density
by computing the UV LF in four evenly spaced rest-frame
magnitude bins at −23.0�MUV�− 19.0 mag. The effective
volumes in each bin are obtained by taking into account the
area at different magnification levels, and the relevant
completeness for the selection of objects with the considered
UV rest-frame magnitudes. In fact, the volume accessible for
sources of a given intrinsic magnitude MUV,int is

V C M z
dV z

dz
d dz,

,
, 1M

z

z

eff,
9

12

1

5

UV,obsUV,int ( ) ( ) ( )ò ò
m
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m

m

=

=

=

=

where M M 2.5 logUV,obs UV,int ( )m= - . In practice, the effec-
tive volumes are calculated for the three bins reported in
Table 4 by replacing the integral with sums in steps of
Δμ= 0.25 and Δz= 0.25. The completeness values C at
different redshifts and magnifications are obtained on the basis
of imaging simulations, and the element volumes dV(μ, z)
available for the selection of high-redshift galaxies are
computed as a function of μ on the basis of the area of the
masked magnification maps.

The choice of limiting the analysis to galaxies identified in
low-magnification areas, while not significantly reducing the
probed volume, also simplifies the estimate of the complete-
ness, which does not require simulating multiply imaged
objects. Imaging simulations are performed separately for the
GLASS-JWST, UNCOVER, and DDT fields as described
by C22a. Briefly, we inserted in blank regions of the observed
images 3× 105 mock LBGs at 9< z< 12 and with a uniform
distribution at −18.5<MUV<−23 mag. The observed
magnitudes are obtained by randomly associating a model
from a library based on BC03 models with metallicity
Z= 0.02 Ze, 0< E(B− V )< 0.2 mag, constant star formation
history, Salpeter (1955) IMF, and Calzetti et al. (2000)
extinction law. We assume that objects follow a circular Sersic
(1968) light profile with index n= 1 and that their effective
radius scales with LUV as re∝ L0.5, consistent with several

estimates at comparable redshifts (e.g., Grazian et al. 2012;
Kawamata et al. 2018; Bouwens et al. 2022; Yang et al. 2022).
Following Yang et al. (2022), we assume an effective radius of
0.8 kpc for objects with MUV=−21 mag. In order to avoid
overcrowding, simulations are repeated by inserting 500
objects each time. Detection, photometry, and color selection
on the simulated galaxies are performed in the same way as for
the real catalogs.
We consider for each object the demagnified MUV reported

in Table 3, which has been computed on the basis of the best-fit
ZPHOT template. Considering the width of the magnitude bins,
magnification and redshift uncertainties do not significantly
affect our results. The binned volume densities are then
obtained as fi=Ni/Veff,i, where Ni is the number of objects in
the considered bin. The imaging simulations confirm that our
selection criteria isolate objects at 9 z 11.5. The peak in the
selection efficiency is found at z≈ 10, where the completeness
C is higher than 90% for MUV≈−20 mag objects in the
GLASS-JWST field—the deepest of the three—while it is
∼40%–80% in DDT and UNCOVER (respectively) because of
shallower depths and, in the case of UNCOVER, crowding. As
a result, objects in the faintest magnitude bin can only
effectively be selected in UNCOVER and GLASS-JWST
(C≈ 60%–80%), while the DDT field provides only a minor
contribution to the effective volume (C≈ 20%).
The binned UV LF is shown in Figure 4, together with

results from recent surveys in the same redshift range. The
relevant values are presented in Table 4. We compute and plot
in Figure 4 the LF derived for the entire sample and
considering GLASS-JWST only. It is immediately clear that

Table 3
Properties of the Galaxy Candidates at z = 9–11 in the GLASS-JWST, DDT, and UNCOVER Fields

ID R.A. Decl. MUV zzphot zEAzY−v1p3 zEAzY−Larson SFR Mstar UV Slope μ

deg deg mag Me yr−1 108 Me

GHZ1 3.511929 −30.371859 −20.36 0.19
0.31

-
+ 10.47 0.89

0.38
-
+ 10.39 0.20

0.19
-
+ 10.54 0.19

0.20
-
+ 10.7 4.7

42.7
-
+ 11.5 10.3

7.1
-
+ −1.93 ± 0.07 1.71 0.05

0.05
-
+

GHZ4 3.513739 −30.351561 −19.44 0.26
0.16

-
+ 10.27 1.4

1.2
-
+ 10.11 0.46

0.46
-
+ 10.43 0.63

0.61
-
+ 2.0 0.4

14.2
-
+ 4.3 3.9

1.5
-
+ −2.31 ± 0.36 1.66 0.05

0.05
-
+

GHZ7 3.451363 −30.320718 −20.06 0.17
0.02

-
+ 10.62 1.02

0.55
-
+ 9.97 0.32

0.60
-
+ 10.57 0.33

0.35
-
+ 3.2 0.5

10.0
-
+ 2.1 1.7

1.8
-
+ −2.66 ± 0.15 1.20 0.01

0.01
-
+

GHZ8 3.451430 −30.321796 −20.73 0.01
0.01

-
+ 10.85 0.57

0.45
-
+ 10.14 0.28

0.29
-
+ 10.79 0.34

0.34
-
+ 17.5 12.3

13.6
-
+ 0.8 0.16

6.4
-
+ −2.60 ± 0.14 1.20 0.02

0.02
-
+

GHZ9 3.478756 −30.345520 −19.33 0.12
0.04

-
+ 9.35 0.35

0.77
-
+ 9.48 0.37

0.40
-
+ 9.40 0.22

0.20
-
+ 14.4 7.3

15.0
-
+ 3.3 2.4

2.9
-
+ −1.92 ± 0.13 1.33 0.02

0.02
-
+

DHZ1 3.617257 −30.425565 −21.61 0.03
0.03

-
+ 9.3127 ± 0.0002a 25.4 4.3

3.2
-
+ 25 5.0

6.6
-
+ −1.80 ± 0.08 1.66 0.01

0.02
-
+

UHZ1 3.567065 −30.377857 −19.79 0.17
0.16

-
+ 10.32 1.0

0.25
-
+ 9.88 0.19

0.21
-
+ 9.99 0.48

0.47
-
+ 4.5 2.2

2.9
-
+ 0.4 0.2

1.8
-
+ −2.72 ± 0.15 3.72 0.24

0.23
-
+

Note. The demagnified rest frame MUV has been obtained at the best-fit ZPHOT redshift, and the uncertainties include the contribution of both photometry and
magnification. Stellar masses and SFRs have been obtained at the best-fit ZPHOT redshift as in Santini et al. (2023) and corrected for magnification. Uncertainties
include error contribution from SED fitting and magnification. The UV slope β is measured by fitting the F200W, F277W, and F356W bands; the uncertainties in the
fit account for photometric errors (Castellano et al. 2012). The uncertainties in the magnification μ are at the 68% confidence level; see Section 4.1.
a Spectroscopic redshift from Boyett et al. (2023). All properties of DHZ1 have been measured fixing the redshift at the spectroscopic value.

Table 4
Binned Luminosity Function

MUV Nobj f
10−5 Mpc−3 mag−1

−22.5 ± 0.5 0 <3.3
−21.5 ± 0.5 1 2.1 1.7

4.8
-
+

−20.5 ± 0.5 3 7.6 3.9
6.4

-
+

−19.5 ± 0.5 3 18.0 9.8
17.5

-
+

Note. The binned volume densities in the GLASS-JWST, UNCOVER, and
DDT fields; uncertainties are computed for small-number Poisson statistics
following Gehrels (1986).
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the density of z≈ 10 sources in our sample is significantly
larger than the best-fit LF derived from previous JWST surveys
—which in most cases include the first epoch of the GLASS-
JWST data, and so may already be biased high. The density
estimated from our entire sample is higher but still consistent at
1σ with that inferred at z≈ 10 by previous wide-field imaging
surveys with HST, such as BoRG (Bagley et al. 2022;
Leethochawalit et al. 2022), which do not include the
GLASS-JWST data and were selected with a different filter
complement. The discrepancy is particularly remarkable at
MUV≈−21 mag, where it ranges between 4 and 10 times with
respect to previous estimates, although of course there is
considerable uncertainty at this stage. On the basis of the
number of objects and on the surveyed volume, we estimate a
cosmic variance at the level of ∼13%–15%36 in each of the
three fields, where the highest value refers to the DDT region.
This is much smaller than the Poisson uncertainty in the
number counts.

While the high density measured in the field is suggestive of
the presence of a physical overdensity, the accuracy of
photometric redshifts prevents confirming whether the objects,
or part of them, are members of a localized structure. In this
respect, we note that GHZ9 has best-fit photometric redshift
solutions at z; 9.3–9.5, compatible with the spectroscopic
value measured for DHZ1, while objects GHZ1, GHZ7, and
GHZ8 are more likely placed at 10 z 11.5. In turn, GHZ4

and UHZ1 are compatible with both the z∼ 9–10 and the
z∼ 10–11 redshift ranges. As a test, we estimated the UV LF in
the two contiguous redshift bins at 9� z� 10 (four objects,
including GHZ4 and UHZ1) and 10< z� 11.5 (three objects).
We find that the number density of MUV≈− 20.5 mag objects
at z≈ 10–11 in the A2744 field is higher than previous
estimates, including the z∼ 10 BoRG one, but still consistent at
1σ with the latter. The UV LF at z≈ 9–10 is in agreement with
the BoRG z∼ 9 estimate at intermediate magnitudes, but
DHZ1 remains unexpected considering the probed volume as it
points to a number density of extremely bright objects >3
times higher than predicted. In summary, even when
conservatively dividing the sample on the basis of the
photometric redshifts, the estimated UV LFs point to a
higher-than-expected density in the A2744 region.
Interestingly, we find an even higher density if we restrict the

analysis to the GLASS-JWST field (red points in Figure 4).
This is the deepest area considered and the region least affected
by magnification (μ≈ 1.2–1.7), so it is difficult to attribute this
result to a higher contamination. In this region, our inferred
density is higher even than the z≈ 10 BoRG estimates at
MUV≈− 20.5 mag. Furthermore, we tested that when restrict-
ing the analysis to objects with photometric redshift in the
interval 10< z< 11 in this field, our estimated density at that
magnitude further increases by a factor of ∼2. We thus suggest
that the GLASS-JWST area possibly includes an overdensity.
The sources appear aligned along a filament-like structure of
projected length ∼2Mpc with the pair GHZ7–GHZ8, separated
by 16 kpc. The galaxies have similar colors and P(z),
resembling similar galaxy associations found in other high-
redshift structures (e.g., Castellano et al. 2018, 2022b).
The sample size is too small to carry out a meaningful study

of the two-point correlation function, but determining the
clustering properties of bright galaxies at z≈ 10 will be
important to determine their average cosmic density, their halo
mass, and their role in cosmic reionization (Endsley et al.
2020). As a first assessment, we have used the MUV−Mh

relation between UV magnitude and halo mass at z≈ 10 from
Mason et al. (2023) to estimate a lower limit to the total halo
mass of the potential overdensity as the sum of the masses of
the objects selected here. We find Mh= 6.7× 1011Me when
considering the entire sample and Mh= 3.4× 1011Me under
the assumption that the overdensity is localized in the GLASS-
JWST region. We then analyzed 10 (26) independent lines of
sight with the same area as the A2744 (GLASS-JWST) region
from a light cone extracted with the FORECAST software
(F. Fortuni et al. 2023, in preparation) from the IllustrisTNG
simulation (Pillepich et al. 2018). We found no halos as
massive as the ones estimated in our case, indicating a
probability smaller than 5%–10% of finding such an over-
density in our survey.
To obtain a more quantitative assessment, we estimated the

rarity of the potential overdensity starting from the computation
of the linear rms density fluctuation σ predicted by the
standard ΛCDM cosmology. The cosmic volumes we consider
correspond to mass scales Mvol= 3.4× 1012Me and Mvol=
1.16× 1012Me on the entire field and in the GLASS-JWST
field, respectively. Assuming a ΛCDM power spectrum, the
above mass scales correspond (at z≈ 10) to σ= 0.25 and
σ= 0.3, respectively. On the physical scales of our system, the
density field is nonlinear, and a possible approximation for the
true density distribution P(δ, σ, μs) is a log-normal model

Figure 4. The UV LF at z ≈ 10 in the A2744 region observed by the GLASS-
JWST, UNCOVER, and DDT#2756 programs. Black circles and error bars are
obtained from the full sample, red ones (shifted by 0.1 mag for clarity) for the
GLASS-JWST field only. The uncertainties are given by small-number Poisson
statistics in each bin following Gehrels (1986). Binned LFs from the literature
are shown as gray symbols (see label for details). The shaded blue region
indicates the constraints by Finkelstein et al. (2022b) from HST-CANDELS.
We also show the LF analytic fits estimated by Leethochawalit et al. (2022,
BoRG survey z ≈ 9–10), Bouwens et al. (2023), Donnan et al. (2023), and
Harikane et al. (2023).

36 Following the cosmic variance calculator at https://www.ph.unimelb.edu.
au/~mtrenti/cvc/CosmicVariance.html. See Trenti & Stiavelli (2008).
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(Klypin et al. 2018) for which σ can be approximated as the
rms in ln( )d with a mean in this quantity of μs=−σ2/2. Under
these assumptions, the probability of finding an overdensity
δ≈ 4 or larger in the entire volume sampled by the A2744
region is P(� δ|σ, μs)= 0.09, while the probability of finding
an overdensity δ≈ 8 or larger in the volume sampled by the
GLASS-JWST field is P(� δ|σ, μs)= 0.01.

These tests show that the potential overdensity in the A2744
region is rare, in particular as far as the high density contrast
measured in the GLASS-JWST area is concerned, and unlikely
to be found in this survey, also considering that the region hosts
another rare overdensity at a slightly lower redshift (Morishita
et al. 2023). Clearly, the accuracy achieved by photometric
redshifts does not allow us to firmly constrain the presence of a
localized structure. Extensive follow-up spectroscopy of the
A2744 region is needed to confirm this hypothesis and measure
the redshift and extent of the possible overdensity.

6. Summary and Conclusions

The rapid discovery of an unexpectedly large number of
galaxies at z≈ 10 and beyond is one of the most tantalizing
results obtained by the very first JWST observations. The
higher-than-expected normalization of the UV LF at z> 9
(e.g., C22a; Finkelstein et al. 2023) has already generated a
lively theoretical debate about its potential physical explana-
tions (e.g., Ferrara et al. 2022; Mason et al. 2023). In this
context, it is important to carry out further studies to improve
the statistics and start to explore the all-important issues of
clustering and cosmic variance.

We report here the results of a search for z≈ 10 galaxies in a
new set of JWST imaging data, obtained by three different
programs (GLASS-JWST, UNCOVER, and DDT#2756) in
the region of the cluster A2744. The combination of depth
(GLASS-JWST is among the deepest fields obtained so far
with JWST) and lensing magnification (although we limit our
analysis to μ< 5, where the lens model is robust) allow us to
select with high reliability galaxies down to an intrinsic rest-
frame luminosity ofMUV≈−19 mag. Remarkably, we identify
seven galaxies at this redshift, including two previously
reported in the first epoch of the GLASS-JWST data set, and
one object with spectroscopic confirmation at z= 9.3127. Five
of the galaxies are detected in the (relatively small) GLASS-
JWST area and are distributed along a filament-like structure
∼2Mpc in projected length. This sample consists of an
excellent set of candidates for efficient follow-up spectroscopy
with NIRSpec.

Building upon a revised lensing model that improves the
description of the entire A2744 area by taking advantage of
new multiple images and MUSE spectra, we compute the
resulting number density in three magnitude bins and compare
it with the results from recent JWST surveys. We conclude that
the density of bright z≈ 10 galaxies in the A2744 region is
significantly higher than average, by factors that range between
3 and 10, depending on MUV and on the survey taken as
reference.

We conclude that extending the search in a larger area
northwest of the cluster is necessary to further characterize this
potential overdensity. Spectroscopic redshifts can determine
whether these objects are part of a single physical overdensity
(e.g., Laporte et al. 2022) or the apparent density is enhanced
by chance superposition of galaxies at similar redshifts (e.g.,
Morishita et al. 2023). Finally, although all candidates show

prominent Lyman breaks and robust photometric redshift
solutions in the expected range, spectroscopic confirmation is
needed to rule out any possible contamination in the sample
from rare classes of lower-redshift interlopers (Vulcani et al.
2017; Fujimoto et al. 2022; Naidu et al. 2022b; Zavala et al.
2023; Arrabal Haro et al. 2023), in particular for objects with
limited coverage at short wavelengths.
In conclusion, our study confirms the surprisingly high

density of bright galaxies observed in early JWST observations
but calls for both extensive follow-up spectroscopy and wider
surveys along multiple lines of sight to achieve an unbiased
estimate of their number density and clustering properties.
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