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ABSTRACT

Protoclusters represent the most extreme environments in the very early Universe. They form from large-scale dark matter overden-
sities, harbouring an overabundance of galaxies fed by large gas reservoirs. Their early and accelerated evolution results in a distinct
difference in the properties of galaxies resident in protoclusters versus the field, which is known to be in place by z ∼ 5−6. We utilised
JWST NIRCam observations of the A2744-z7p9OD protocluster at z = 7.88 to constrain the properties of resident galaxies. We
identified seven new protocluster members, bringing the total number to 23 and the total stellar mass of the protocluster to in excess
of 1010 M�. These galaxies are remarkably evolved just 650 Myr after the Big Bang, preferentially showing redder UV slopes and
stronger Balmer breaks than is typical of field galaxies. We used the PROSPECTOR spectral energy distribution fitting code to derive
key galaxy properties, finding distinct populations in the core versus the outskirts of the protocluster. The core is largely composed of
dusty, massive galaxies that can be characterised as undergoing a synchronised lulling phase, while galaxies in the protocluster out-
skirts are undergoing recent bursts of star formation. Finally, a strong suppression of the continuum around the Lyα-break evidences
extreme neutral hydrogen column densities in many resident galaxies (NHI & 1022.5 cm−2). The A2744-z7p9OD system is the most
extreme, evolved overdensity observed as of yet at z > 7, with higher stellar masses, gas densities, and dust attenuation, revealing the
intersection of local environment and high-redshift galaxy formation at their extremes.

Key words. galaxies: clusters: general – galaxies: evolution – galaxies: high-redshift – large-scale structure of Universe –
dark ages, reionization, first stars

1. Introduction

The formation of structure in the early Universe, according to
our standard cosmological model, Λ cold dark matter (ΛCDM;
Peebles 1982; Blumenthal et al. 1984), begins with the infall of
baryonic matter onto the first dark matter overdensities, even-
tually cooling sufficiently to collapse and form the first stars
and galaxies (Jeans 1902; Rees & Ostriker 1977; White & Frenk
1991). According to hierarchical structure growth, these small-
scale structures form first, and through cosmic gas accretion and
mergers, larger structures are assembled as a function of cos-
mic time. While small-scale density perturbations govern galaxy
formation, larger-scale perturbations result in loose clusters of
dark matter halos. As the Universe continues to expand with
time, the gravitational attraction of these clustered regions leads
to them expanding at slower rates than average density regions
further increasing their overdensity (Gunn et al. 1972), until they
eventually become massive virially bound structures. The most
extreme of these overdensities, protoclusters, represent some of
the rarest objects in the early Universe and are likely to evolve
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into the most massive structures that we know of today (e.g. the
Coma cluster, Zwicky 1933).

The galaxies resident within these most massive dark
matter overdensities are believed to be fuelled by consider-
able gas accretion, and hence are expected to undergo sig-
nificant and early star formation (e.g. Behroozi et al. 2013;
Yajima et al. 2021; Lim et al. 2024; Morokuma-Matsui et al.
2025; Baxter et al. 2025). This means that the properties of
protocluster-resident galaxies (PRGs) should diverge from those
of field galaxies at a relatively early epoch (Overzier 2016).
Moreover, this abundant fuelling of baryonic matter onto these
dark matter overdensities makes them ideal environments for
powering the rapid black hole growth required to reproduce
the most massive black holes observed at z ∼ 6 (Sijacki et al.
2009; Lupi et al. 2019; Trebitsch et al. 2021; Costa et al. 2022;
Zhu et al. 2022; Costa 2024; Bennett et al. 2024).

Although the divergence in the properties of PRGs compared
to field galaxies is observed out to z ∼ 5−6 (e.g. galaxies with
large Balmer breaks and low equivalent width emission lines;
Morishita et al. 2025a; Arribas et al. 2024), it remains uncertain
when this divergence begins. Early evidence of relative dust
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Fig. 1. RGB image using the F090W, F277W, and F444W filters, with overlaid points indicating the positions of spectroscopically confirmed
galaxies (squares, solid line) and photometric candidates (circles). The large dashed squares indicate the most clustered core regions. The left
square includes four PRGs, while the right square contains seven PRGs, these objects compose the ‘core’ regions (as defined in Section 6). Two
of the 23 galaxies are not shown in this figure as they lie at a larger separation than the chosen field of view. The axis ticks are intended to indicate
the approximate distances between galaxies after correcting for magnification (assuming a constant µ = 1.9; while this does vary across the RGB
image, this effect is minimal).

enrichment and evolved stellar populations can be seen in the
UV continuum slopes of galaxies in overdense environments
(Li et al. 2025) and indeed their continuum and emission line
properties (Witten et al. 2025a). However, to understand how
significant this divergence is, deep imaging across numerous
photometric bands is required in order to identify a large number
of PRGs and accurately estimate their properties.

Among almost all of the deep JWST Near-Infrared Camera
(NIRCam) imaging campaigns, there have been identifications
of regions that host significant overdensities of galaxies (e.g.
Castellano et al. 2023; Witstok et al. 2024; Tang et al. 2023;
Tacchella et al. 2023a; Scholtz et al. 2024; Fudamoto et al.
2025; Laporte et al. 2022; Herard-Demanche et al. 2025;
Helton et al. 2024b,a; Brinch et al. 2023). However, of those
z > 7 overdensities, very few are sufficiently overdense
(δgal & 10), within relatively small surface areas (R ∼ 100 pkpc)
and correspondingly small redshift ranges (∆z ∼ 0.01), as
to be comparable to what may be expected of a protocluster
at z > 7 (e.g. Chiang et al. 2017). Of these, only A2744-
z7p9OD (hereafter A2744-PC-z7p9) has the deep and dense
photometric observations necessary to sufficiently characterise
the galaxies resident within it from photometry. Moreover,
significant previous studies of A2744-PC-z7p9 (Zheng et al.
2014; Ishigaki et al. 2016; Laporte et al. 2017; Hashimoto et al.
2023; Morishita et al. 2023, 2025a; Witten et al. 2025a) have
begun to constrain the properties of this protocluster. Most
notably, dust detections with the Atacama Large Millimeter
Array (ALMA) from Laporte et al. (2017) and Hashimoto et al.

(2023) and spectroscopic analysis from Witten et al. (2025a)
indicate that the core of this protocluster hosts at least one
relatively evolved galaxy. As such, we utilised recent NIRCam
imaging data, discussed in Section 2, of this overdense region
to identify and characterise protocluster galaxies in Sections 3
and 4, respectively. We then used the spectral energy distribu-
tion (SED)-fitting code PROSPECTOR to further constrain the
properties of these galaxies, as is explored in Section 5. We then
place these results in the context of both the evolution of the
protocluster and the distribution of galaxy properties within the
protocluster itself in Section 6, and finally make our conclusions
in Section 7.

Throughout this paper all of the galaxy properties that are
reported have been corrected for magnification. In order to do so,
we utilised the z = 8 magnification map detailed in Furtak et al.
(2023), Price et al. (2025).

2. Data

The Abell 2744 lensing field has been subject to a multitude of
JWST observations, making it, to date, the best studied lens-
ing field in terms of near-infrared imaging and spectroscopy.
The field has been the subject of Near Infrared Imager and
Slitless Spectrograph (NIRISS) imaging and wide field slitless
spectroscopy (WFSS) (e.g. GLASS; Treu et al. 2022), NIRCam
imaging with wide bands (UNCOVER; Bezanson et al. 2024)
and medium bands (Megascience; Suess et al. 2024), NIRCam
WFSS (e.g. ALT; Naidu et al. 2024), NIRSpec Spectroscopy
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(e.g. UNCOVER; Bezanson et al. 2024, and DDT 2756, PI W.
Chen), and, in the near future, Mid-Infrared Instrument (MIRI)
imaging (GO 5578; PI E. Iani). This wealth of data has facili-
tated the identification of the protocluster core (Morishita et al.
2023; Hashimoto et al. 2023), as well as further resident galaxies
(Roberts-Borsani et al. 2022; Chen et al. 2024; Cameron et al.
2024) and some initial characterisation of their properties (e.g.
Morishita et al. 2025a; Witten et al. 2025a).

We chose to utilise all of the available NIRCam imag-
ing released by the UNCOVER survey (Bezanson et al. 2024)
and the MEGASCIENCE survey (Suess et al. 2024) to pro-
duce R ∼ 15 spectro-photometry across the wavelength range
0.6 µm . λ . 5 µm. This resolution facilitates strong constraints
on the continuum and emission-line properties of detected galax-
ies, allowing for unrivalled estimates of star-formation histories
(SFHs) and hence stellar masses and galaxy ages.

While for many of the galaxies that we studied, there was
available spectroscopy (which we leveraged for the spectroscop-
ically confirmed redshifts used throughout this work; Table 1),
this spectroscopy spans a range of different instruments which
leads to challenges in interpreting the results from instrument
to instrument. For example, for NIRSpec micro-shutter assem-
bly (MSA) spectroscopy, it is often not clear how the emission
line flux measured in a small MSA aperture can be related to
that from a photometric aperture. While WFSS spectroscopy
can resolve this problem, thanks to the lack of any apertures,
the available NIRCam WFSS spectroscopy in the A2744 field
utilises the F356W, F410M or F460M filter, all of which miss the
strongest emission lines ([O iii]4960,5008 and Hβ) at the redshift of
the protocluster. As such, we largely avoided spectroscopic anal-
ysis in this work (except where this is used for spectroscopic
redshift measurements), focusing instead on the deep, relatively
high spectral-resolution NIRCam imaging in order to provide the
least biased view of this protocluster.

The NIRCam photometric catalogue that we used to identify
photometric candidate resident galaxies was produced follow-
ing Weibel et al. (2024) as described in Naidu et al. (2024) for
the Abell 2744 cluster. In order to produce robust photometry of
PRGs for SED fitting, we extracted the photometry of selected
candidate resident galaxies using the Photutils package. We
placed custom apertures over each candidate, ensuring that we
avoid contamination from nearby sources. The motivations for
repeating the photometric extraction are that it allowed us to use
customised apertures and to produce a local background subtrac-
tion, which removed potential issues arising from intra-cluster
light from the foreground lensing cluster.

3. Selection of protocluster-resident galaxies

We first included all previously spectroscopically identi-
fied galaxies at z ∼ 7.88 in the A2744 field in
our PRG sample. These objects were previously identi-
fied in NIRCam WFSS (Naidu et al. 2024), NIRSpec MSA
(Morishita et al. 2023; Chen et al. 2024; Cameron et al. 2024)
and IFU (Hashimoto et al. 2023; Morishita et al. 2025a), and
NIRISS WFSS (Roberts-Borsani et al. 2022). These galaxies are
included in the upper section of Table 1. Following this, we
identified photometric candidates from the literature that had an
SED consistent with being at z ∼ 7.9. These were taken from
Zheng et al. (2014), Morishita et al. (2023), Hashimoto et al.
(2023). Finally, in producing the photometric catalogues we ran
the SED fitting code eazy (Brammer et al. 2008), again follow-
ing the steps described in Weibel et al. (2024).

We note here that there is a clear spike at z ∼ 7.9 in the pho-
tometric redshift distribution from eazy, which correlates with
the protocluster. While the photometric redshift distribution of
galaxies associated with overdense structures can often be dif-
fuse due to the uncertainties in photometric redshift estimates,
this tightly peaked redshift distribution (zFWHM ∼ 0.05) under-
lines the revolutionary abilities of medium-band photometry in
identifying and characterising overdense environments.

We selected objects with photometric redshifts that lie
around the peak in the photometric redshift distribution and that
are consistent with the photometric redshifts, and their associ-
ated uncertainties, of our spectroscopically confirmed sample
(7.8 < zphot < 8.0; corresponding to 60 cMpc). Following this,
we removed SEDs that are dominated by noise. This often led
to the removal of galaxies at mF150W & 28.1 AB. Our final sam-
ple consists of only high-confidence candidates with photomet-
ric redshift distributions with 16th and 84th percentiles that lie
within the aforementioned redshift interval (7.8 < z < 8.0;
∼10% of the full photometric sample). This criterion selects
all of the previously spectroscopically confirmed galaxies in
A2744-PC-z7p9 (see Table 1), as well as seven new photometric
candidate PRGs, two of which are newly spectroscopically con-
firmed in Appendix A. Our final sample is detailed in Table 1.

We note here that our selection produces a bias against
observing UV-faint objects with weak emission lines which ulti-
mately have a poorly constrained photometric redshift. However,
given that we wish to study the properties of galaxies that we
are confident reside within the protocluster, we value the purity
of our sample more than the completeness. At the redshift of
the protocluster, the [O iii]4960,5008 emission lines fall outside
of the high transmission wavelength range of the F430M fil-
ter, but within the F444W filter, while the Hβ emission falls in
the F430M filter. This produces a characteristic, roughly equal,
F430M and F444W detection that strongly constrains the pho-
tometric redshift of our photometric candidates (see Table 1).
While two of our candidates show very weak emission line
fluxes (discussed further in Section 5.3), their strong Lyman
and Balmer breaks, and their very close proximity (<1 pkpc) to
other confirmed PRGs, allow us to confidently consider them to
be at z = 7.88. Moreover, two of our new candidate galaxies
were recently observed, and spectroscopically confirmed, by the
UNCOVER programme (see Appendix A).

4. Photometric properties

In the following section, we evaluate a number of galaxy prop-
erties that can be established without the need for SED fit-
ting: the UV luminosity, the UV slope and the Balmer break
strength. The inferred UV luminosity function (LF) of galax-
ies resident in this protocluster is displayed in Figure 2. This
estimate utilises the magnitudes shown in Table 1 and a volume
defined as spanning a surface area of 21 cMpc2 (corresponding to
the full spatial extent of protocluster-resident galaxies reported
in Table 1) and a line-of-sight (LOS) distance of 6 cMpc (cor-
responding to ∆z ± 0.01; the extent of the spectroscopic red-
shift distribution). This volume is comparable to the expected
sizes of protoclusters at z ∼ 8 (Chiang et al. 2017). We also
note that given the selection process, the LF is significantly
impacted by a lack of completeness at MUV > −19 (indicated
by the grey-shaded region). At magnitudes brighter than the
completeness limit, the UVLF of A2744-PC-z7p9 is compatible
with the expectations of extremely overdense regions in semi-
analytical models (Kulkarni & Choudhury 2011) and a proto-
cluster environment from the cosmological simulation, Obelisk
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Table 1. Sample of A2744-PC-z7p9-resident galaxies.

Name RA Dec zphot zspec MUV β µ

Spectroscopically confirmed galaxies

YD4 3.60384 –30.38224 7.91 ± 0.04 7.8742 ± 0.0001 [1] −19.71+0.02
−0.02 −1.5 ± 0.1 1.95

YD6 3.60398 –30.38227 7.95 ± 0.03 7.880 ± 0.001 [2] −18.99+0.04
−0.04 −1.9 ± 0.2 1.95

YD7-W 3.60327 –30.38224 7.89 ± 0.05 7.8721 ± 0.0001 [1] −19.08+0.03
−0.03 −1.3 ± 0.2 1.96

s1 3.60365 –30.38192 0.06+7.88
−0.02 7.8732 ± 0.0001 [1] −18.00+0.10

−0.11 NA 1.94

YD1 3.60383 –30.38189 7.89 ± 0.05 7.8778 ± 0.0001 [1] −19.04+0.05
−0.05 −1.9 ± 0.3 1.94

ZD3 3.60645 –30.38098 7.91 ± 0.04 7.8808 ± 0.0001 [3] −19.47+0.03
−0.03 −2.2 ± 0.1 1.87

ZD6 3.60656 –30.38090 7.91 ± 0.04 7.8797 ± 0.0001 [3] −19.23+0.03
−0.03 −2.1 ± 0.1 1.86

ZD12-W 3.60694 –30.38081 7.91 ± 0.04 7.8759 ± 0.0001 [3] −18.98+0.05
−0.06 −2.1 ± 0.3 1.86

ZD12-E 3.60699 –30.38070 7.91 ± 0.04 7.8782 ± 0.0001 [3] −19.45+0.03
−0.03 −2.5 ± 0.1 1.86

ZD2 3.60452 –30.38044 7.89 ± 0.05 7.8800 ± 0.0001 [4] −20.36+0.02
−0.02 −2.1 ± 0.1 1.89

ZD4 3.60525 –30.38058 7.81 ± 0.08 7.883 ± 0.001 [5] −18.04+0.09
−0.10 −2.1 ± 0.5 1.87

z8-2 3.60134 –30.37920 7.88 ± 0.06 7.8831 ± 0.0001 [4] −20.04+0.02
−0.03 −2.1 ± 0.1 2.03

YD8 3.59608 –30.38582 7.91 ± 0.04 7.8869 ± 0.0001 [4] −19.25+0.03
−0.03 −2.1 ± 0.1 2.76

ALT-41799 3.59512 –30.38112 7.88 ± 0.06 7.883 ± 0.005 [6] −19.87+0.02
−0.02 −1.8 ± 0.1 2.61

Previously identified candidates

ZD1 3.60358 –30.38243 7.9 ± 0.2 −17.61+0.12
−0.13 NA 1.96

YD7-E 3.60339 –30.38224 7.93 ± 0.04 −19.52+0.02
−0.02 −2.1 ± 0.1 1.96

Newly identified candidates and confirmed galaxies

PC1 3.60444 –30.38022 7.88 ± 0.04 −17.67+0.14
−0.16 −2.2 ± 0.4 1.88

PC2-E 3.58790 –30.37630 7.90 ± 0.05 7.8798 ± 0.001 [5] −18.26+0.05
−0.05 −2.5 ± 0.3 2.75

PC2-W 3.58781 –30.37628 7.93 ± 0.03 −18.98+0.03
−0.03 −2.5 ± 0.1 2.75

PC3 3.61349 –30.43473 7.88 ± 0.09 −19.53+0.02
−0.02 −2.4 ± 0.1 1.53

PC4 3.61573 –30.36839 7.89 ± 0.05 −18.60+0.08
−0.08 −2.2 ± 0.3 1.57

PC5 3.58897 –30.37864 7.91 ± 0.04 7.8709 ± 0.001 [5] −17.63+0.10
−0.11 −2.0 ± 0.4 2.72

PC6 3.60012 –30.38350 7.91 ± 0.09 −17.35+0.17
−0.21 −1.6 ± 0.5 2.14

Notes. The following citations are for the spectroscopic redshift: [1] Hashimoto et al. (2023); [2] Venturi et al. (2024); [3] Morishita et al. (2025a);
[4] Morishita et al. (2023); [5] this work, based on UNCOVER spectra (see Appendix A); [6] Naidu et al. (2024). The UV slopes of s1 and ZD1
could not be established due to the low signal-to-noise of their SEDs. The magnification factor is taken from the z ∼ 8 magnification map from
Furtak et al. (2022), Price et al. (2025).

(Trebitsch et al. 2021)1. An early plateau in the expected num-
ber of UV-faint galaxies is predicted in such overdense envi-
ronments due to the enhanced UV-background suppressing star
formation in low-mass halos (e.g. Zier et al. 2025; Katz et al.
2020), however, this is beyond the depths of the currently avail-
able imaging in this region. We do see a mild turnover in the
UVLF occurring before the 5σ depth (MUV ≈ −18), but note that
the completeness function is not a step function and hence may
be affecting the number count of galaxies already at MUV < −18.
The A2744-PC-z7p9 region appears to be at δ ∼ 200 relative
to the nominal UVLF. However, it is important to note that in
these most overdense environments there is a bias towards the
most massive, UV-bright objects (Jespersen et al. 2025), as is
1 In Figure 2 we show the UVLF of the central R = 2 cMpc Obelisk
simulation at z = 7.9, using the dust prescription, with an extinction law
similar to the Small Magellanic Cloud, described in Trebitsch et al. (in
prep.) and Volonteri et al. (2025).

indicated by the variation in the slope of the UVLF between a
protocluster core from the Obelisk simulations (Trebitsch et al.
2021) and that of field galaxies (Harikane et al. 2024). As such,
δ ∼ 200 likely corresponds to an upper bound on the overdensity
of galaxies at lower UV magnitudes. The consistency between
the observed UVLF and the Obelisk simulation at z ∼ 7.9 indi-
cates that this region is consistent with the core of a region that
will form a cluster of mass Mvir ∼ 6.6 × 1014 M� at z = 0. When
integrating the nominal UVLF down to the 5σ imaging depth,
using the volume defined above (V ≈ 125 cMpc3), we measure
the overdensity of A2744-PC-z7p9 to be δ ≈ 70, or δ ≈ 60
if we only consider spectroscopically confirmed galaxies. These
are consistent with the overdensity of A2744-PC-z7p9 that was
recently reported by Morishita et al. (2025b).

The UV continuum slopes of our sample are evaluated by
fitting the emission detected in the filters between 0.13 µm <
λrest < 0.31 µm (F140M, F150W, F162M, F182M, F200W,
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Fig. 2. UV luminosity function (LF) of PRGs in our sample (red
squares) compared to the nominal UVLF measured by Harikane et al.
(2024) for field galaxies (FGs; solid black line). We additionally com-
pare to the UVLF from a semi-analytical model of an extremely over-
dense region at z = 8 from Kulkarni & Choudhury (2011) (dotted grey
line) and the central R = 2 cMpc region of the Obelisk simulation at
z = 7.9 (Trebitsch et al. 2021) (dot-dashed orange line). At the UV-
bright end of the LF, the A2744-PC-z7p9 region appears to be 200 times
overdense relative to the nominal UVLF (dashed black line). There are
indications of a mild turnover at MUV > −18, however our sample will
become highly incomplete near the 5σ depth (indicated by the shaded
grey region), as discussed in Section 3, so this remains uncertain.

F210M, F250M, F277W, F300M) with a power law ( fλ ∝ λβ).
We excluded the F115W filter as this is affected by neutral
hydrogen in both the intergalactic medium (IGM) and on local
scales producing significant damping around the Lyman-break.
We additionally removed filters at longer wavelengths as the
assumption of the continuum being governed by a power-law
breaks down beyond the Balmer limit (λ ≈ 0.365 µm). We
utilised the Monte Carlo (MC) uncertainty propagation tech-
nique to estimate uncertainties in the inferred UV slope, by
repeatedly drawing the fluxes from a Gaussian centred on their
nominal values and with a standard deviation given by their asso-
ciated uncertainties. These values span a wide range from −2.5 6
β 6 −1.3. The median UV slope of our sample is β = −2.1 ±
0.3, which is shallower than the value for the median stack in
Roberts-Borsani et al. (2024) of β = −2.50±0.04. The UV slope
as a function of UV-luminosity is displayed in Figure 3, and
the PRGs are preferentially redder than both the median values
in spectroscopically observed galaxies (Roberts-Borsani et al.
2024) and photometrically observed sources (Austin et al. 2025)
in the field. While for UV-faint galaxies, the median UV slope of
our PRGs are consistent with the values for field galaxies in the
literature, at the UV-bright end, the median UV slope of PRGs
differs by ∆β ≈ 0.3. We note that this difference between field
galaxies and PRGs is beyond the difference in the UV slopes
of observed galaxies in overdense and underdense environments
(∆β ≈ 0.15) at high redshift in Li et al. (2025). This suggests
that with increasing overdensity the effect on the UV slope
becomes more significant. Red UV slopes are typically associ-

2018
MUV

3

2

1

UV

A2744-PC-z7p9
Roberts-Borsani et al. 2024, FGs
Austin et al. 2024, FGs
Morokuma-Matsui+25, PRGs

Fig. 3. UV continuum slopes of our sample (red squares) as a function
of UV magnitude. We calculate the UV slope by fitting the photometric
fluxes in the filters covering the wavelength range of 0.13 µm < λrest <
0.31 µm with a power-law. We compare these to literature values of field
galaxies (FGs) measured from photometry (Austin et al. 2025, black
stars) and stacked spectroscopy (Roberts-Borsani et al. 2024, black cir-
cles). At the UV-bright end, our protocluster-resident sample lies above
the MUV−β relation seen in the field, and is largely inline with the
relation seen in PRGs in simulations (Morokuma-Matsui et al. 2025,
dashed black line). This appears to indicate that our protocluster sam-
ple is more dust enriched than field galaxies in the literature, potentially
evidencing their more evolved nature.

ated with either enhanced nebular emission (e.g. Cameron et al.
2024) or more dusty galaxies. Given that many galaxies in our
sample show relatively weak emission line equivalent widths
(see Figure B.1), increased nebular emission appears not to be a
likely explanation. Combined with previous ALMA dust detec-
tions around some of our sample (YD4, YD7-W, and YD1;
Laporte et al. 2017; Hashimoto et al. 2023), the reddening of the
UV slope appears consistent with enhanced dust attenuation,
which gives a first indication of the relatively evolved nature of
our sample compared to typical galaxies at the same redshift.

The Balmer break is known to be a tracer of stellar ages
(Bruzual & Charlot 2003). While there have been observations
of strong Balmer breaks in compact, red galaxies (‘little red
dots’) these are often associated with broad Balmer lines which
additionally often show absorption features (Matthee et al.
2023). This leads to the conclusion that both the Balmer break
and absorption of Balmer lines are likely associated with an
extremely dense neutral hydrogen atmosphere surrounding a
black hole (Ji et al. 2025; D’Eugenio et al. 2026; Naidu et al.
2025). However, these objects are distinguishable from star-
forming galaxies thanks to their ‘V’-shaped SEDs, which none
of our sample show. Moreover, no previous studies of these
galaxies have found any evidence for broad Balmer lines, mean-
ing that the Balmer breaks present in our sample are likely of a
stellar origin.

The Balmer break strength is typically measured using
spectroscopy by taking intervals just before and after the
Balmer break (λ ≈ 0.365 µm) that are free from emission line
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Fig. 4. Balmer break strength, measured as the ratio of ( fν,460M +
fν,480M)/(2 × fν,277W), of our PRG sample. In the main panel, the full
sample is indicated by red circular points, while in the inset, the spec-
troscopic and photometric samples are differentiated by circles and
squares, respectively. Note here that we assume a redshift of z = 7.88 for
the photometric data points. We include, for comparison, Balmer break
measurements from galaxies that host strong Balmer breaks in their
SEDs (black circle, Looser et al. 2024; black star, Weibel et al. 2025;
black squares, Kuruvanthodi et al. 2024), from stacked spectra, repre-
senting the general galaxy population (grey squares), and from a sub-
sample of galaxies with M? > 108.6 M� (transparent grey squares) from
Roberts-Borsani et al. (2024). We additionally show the Balmer break
strengths seen in the sphinx20 simulations (Rosdahl et al. 2018, 2022;
Katz et al. 2023), with the dashed black line (taken from Witten et al.
2025a). The Balmer break strengths seen in many of the PRGs sit above
those of typical galaxies at these redshifts, and are consistent with some
of the strongest Balmer break strengths seen in the literature.

contamination. Estimating this with photometry is more chal-
lenging, as at wavelengths below the [O iii]4960,5008 doublet,
numerous emission lines are available to contaminate the contin-
uum measurement (e.g. [O ii], [Ne iii], Hγ, Hβ). However, in the
wavelength range shortly following the [O iii]4960,5008 doublet
there exist no emission lines capable of significantly contam-
inating photometric continuum measurements. At z = 7.88 the
[O iii]4960,5008 doublet falls within the F430M and F444W filters,
leaving the average of F460M and F480M filters available for
rest-optical continuum measurements. The measurement of the
continuum below the Balmer break is simpler given the lack of
emission lines in the wavelength range directly below the break
and as such we take the F277W filter as the continuum level pre-
Balmer-break. The inferred Balmer break strengths (B) of our
sample are shown in Figure 4. While two of the galaxies in our
sample, both located outside of the most clustered regions, show
definitive Balmer jumps (inverse Balmer breaks; B < 1) – evi-
dencing their young, highly star-forming nature, driving strong
nebular emission – the majority of our sample show considerably
stronger Balmer breaks than is typical in field galaxies at this
redshift in both stacked spectra (Roberts-Borsani et al. 2024)
and simulations (Rosdahl et al. 2018, 2022; Katz et al. 2023).
Moreover, the break strengths of our sample are stronger than
those observed in stacks of high-mass (M? > 108.6 M�) galaxies
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Fig. 5. Ratio of the flux observed in the F115W filter relative to
the expected F115W from our PROSPECTOR SED fitting (described in
Section 5). The data points are colour coded by the inferred neutral
hydrogen column density, discussed in Section 5. We note here that
the circular data point is simultaneously a strong LAE and DLA, and
hence we utilise the spectroscopically measured NHI from Witten et
al. (in prep.). The majority of galaxies show a strong suppression in
the F115W filter that is best explained by high neutral hydrogen col-
umn densities (NHI > 1022 [cm−2]), which has been seen in the galaxies
for which deep NIRSpec prism observations are available (Chen et al.
2024; Witten et al. 2025a; Mason et al. 2026).

from Roberts-Borsani et al. (2024), suggesting that these strong
break strengths are abnormal even in high stellar mass galax-
ies. The sample shows Balmer break strengths that are consis-
tent with large breaks identified in the literature at z ∼ 7−10
(Looser et al. 2024; Kuruvanthodi et al. 2024).

5. SED fitting

In order to estimate the physical properties of the galax-
ies within the protocluster, we used the SED fitting code
PROSPECTOR (Johnson et al. 2019, 2021). We employed the
same 16-parameter model, including a flexible dust attenuation
law (Conroy et al. 2009) and a non-parametric SFH with a conti-
nuity prior (Leja et al. 2019), as utilised in Witten et al. (2025a).

We fitted the aforementioned customised aperture photome-
try of our sample, utilising all but one of the available filters, the
F115W filter. This exclusion is made to counteract the impact of
heavy damping that is possible with extreme densities of neutral
hydrogen on local scales (damped Lyman-α absorption, DLA;
e.g. Heintz et al. 2024), which is not modelled in PROSPECTOR.
This removed a constraint on the photometric redshift for our
photometric candidate sample. However, given that we strongly
suspect these objects to be resident in the protocluster, in part
thanks to their strong emission line detections in medium band
filters, we simply fixed the redshift of our PROSPECTOR fits to be
at z = 7.88. Excluding the F115W filter ultimately improved the
overall fit of our PROSPECTORmodels, as SED fitting codes often
assume that the excessive suppression of flux in the filter cover-
ing the Lyman-break is caused by significant dust attenuation,
thus producing a sub-optimal fit to the UV-continuum.

The key results of the SED fitting of each galaxy are reported
in Table 2. The inferred SFHs of our sample vary from objects
that are best-fit by instantaneous bursts through to extended
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Table 2. Properties of our protocluster-resident sample, obtained by SED fitting.

Name log10(NHI [cm−2]) log(M? [M�]) SFR10 [M�/yr] SFR100 [M�/yr]

Core-resident galaxies

YD7-E 22.1 ± 0.3 9.17+0.06
−0.06 1.68+1.65

−1.10 4.87+4.98
−2.69

ZD6 22.1 ± 0.5 9.08+0.04
−0.06 2.35+1.28

−0.93 2.24+2.46
−1.25

YD4 22.9 ± 0.1 9.04+0.17
−0.17 11.82+4.85

−5.38 4.75+5.55
−2.75

ZD12-E <21.5 8.96+0.05
−0.05 1.03+1.88

−0.88 3.33+4.42
−1.95

YD6 22.1 ± 0.8 8.84+0.10
−0.11 4.85+4.15

−2.46 3.19+4.17
−1.99

YD1 22.2 ± 1.0 8.74+0.19
−0.19 9.12+4.29

−3.13 2.02+1.83
−1.05

YD7-W 22.3 ± 0.5 8.65+0.14
−0.25 8.61+9.42

−4.19 2.28+3.07
−1.72

ZD3 22.0 ± 0.3 8.62+0.16
−0.09 2.84+3.21

−1.42 1.81+3.75
−1.28

ZD12-W 22.6 ± 0.3 8.55+0.10
−0.13 2.40+0.96

−0.70 0.99+0.60
−0.50

ZD1 22.9 ± 0.6 8.24+0.09
−0.11 0.41+0.38

−0.27 0.59+0.59
−0.33

s1 22.8 ± 1.2 7.35+0.17
−0.19 1.04+0.41

−0.28 0.13+0.10
−0.05

Non-core-resident galaxies

ALT-41799 22.2 ± 0.3 9.08+0.09
−0.07 10.70+4.55

−3.46 3.43+2.68
−1.69

PC2-W 22.1 ± 0.3 8.39+0.09
−0.07 2.33+1.03

−0.81 1.54+0.84
−0.65

ZD4 23.0 ± 0.3 a 8.27+0.14
−0.28 1.66+1.01

−0.83 0.62+0.74
−0.41

ZD2 <21.5 8.21+0.22
−0.04 14.44+1.62

−0.71 1.45+0.58
−0.08

YD8 <21.5 8.17+0.22
−0.13 4.88+1.96

−1.19 0.92+0.89
−0.41

z8-2 <21.5 8.12+0.14
−0.07 11.10+4.76

−1.07 1.3+0.6
−0.2

PC3 <21.5 8.07+0.15
−0.10 7.70+1.63

−2.28 0.91+0.62
−0.35

PC2-E 21.7 ± 1.0 7.93+0.13
−0.14 2.78+0.67

−0.60 0.38+0.20
−0.12

PC4 <21.5 7.83+0.16
−0.20 2.05+0.98

−0.81 0.36+0.35
−0.21

PC1 <21.5 7.53+0.23
−0.26 1.26+0.54

−0.32 0.18+0.19
−0.08

PC5 22.9 ± 0.5 7.20+0.15
−0.18 0.95+0.37

−0.18 0.10+0.09
−0.03

PC6 <21.5 7.18+0.39
−0.16 0.94+0.71

−0.37 0.10+0.11
−0.04

Notes. The results of SED fitting the PRGs, where SFR10 and SFR100 denote the average star-formation rate (SFR) in the previous 10 and 100 Myr.
Note that, as with all galaxy properties reported in this paper, these values are corrected for magnification. Galaxies have been separated into core
and non-core-resident galaxies, as defined in Section 6. a The NHI of ZD4 has been calculated from its spectrum as it shows strong Lyman-α (Lyα)
emission that contaminates the F115W filter (Witten et al., in prep.).

SFHs over more than 100 Myr. This range of SFHs can be seen
in the comparison of the SFR10 and SFR100 reported in Table 2
– these range from SFHs dominated by a recent (<10 Myr)
burst (SFR10�SFR100) and those recently declining or plateau-
ing (SFR10 .SFR100) (also see Figure B.1). The galaxies that
have declining or plateauing SFHs tend to be the most massive
(log(M? [M�]) ∼ 9), while those at the low-mass end are exclu-
sively characterised by extreme, recent bursts of star formation.

It should be noted that SED-modelling with non-parametric
SFHs is only capable of constraining the most recent burst
in the SFH of galaxies. This is due to the ‘outshining’
effect (Papovich et al. 2001; Pforr et al. 2012; Conroy 2013;
Tacchella et al. 2023b; Whitler et al. 2023; Witten et al. 2025a;
Wang et al. 2025), where young stellar populations are signif-
icantly brighter than an equal mass older stellar population.
However, this most recent burst can be combined with other
constraints on the maturity of the galaxy, such as the presence
of dust or chemical enrichment, in order to understand whether

this burst event is indeed the only significant burst event in the
galaxy’s SFH.

The outshining effect generally produces galaxies with
Balmer jumps at the highest redshifts (e.g. Roberts-Borsani et al.
2024). The presence of a Balmer break is therefore both rare
and necessitates significant star formation for extended periods
(∼100 Myr) and little ongoing star formation (Looser et al. 2024;
Witten et al. 2025a). As such, the Balmer break strengths seen
in our sample require that many of the PRGs host significant old
stellar populations, consistent with the extended SFHs inferred
from our SED fitting (see Figure 9).

5.1. Neutral hydrogen column densities

The excessive damping of the Lyman-break caused by extremely
dense neutral hydrogen on local scales has previously been
noted for galaxies within this protocluster (Chen et al. 2024;
Mason et al. 2026). This damping is so significant that it causes a
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Fig. 6. Star-forming main sequence (SFMS) of our PRGs relative to
the SFMS, derived from simulations (McClymont et al. 2025, dashed
black lines) and from observations from a large population study
(Simmonds et al. 2025, dotted black line), of field galaxies. The aver-
age SFR over the previous 30 Myr is chosen as this is informed by
both emission line strengths and UV continuum strength, while the stel-
lar mass is largely informed by the optical continuum. In addition, the
colour-coding of the squares shows the ratio of the very recent (SFR10)
to slightly longer term (SFR30) star formation rates. While the lower-
mass galaxies are typically elevated relative to the SFMS, due to selec-
tion effects, we see little evidence of highly bursting, high-mass galax-
ies, and instead the most massive galaxies appear to be mildly below the
SFMS from simulations, with declining SFHs over the last 30 Myr.

suppression of flux in wide band filters around the Lyman-break,
far beyond the IGM attenuation curve (Madau 1995), and ulti-
mately led to the overestimation of the redshift of galaxies in the
protocluster (e.g. Zheng et al. 2014; Laporte et al. 2017). This
damping can be seen in the discrepancy between the F115W flux
of our best-fit PROSPECTORmodel (we remind the reader that the
F115W filter is removed from the fitting procedure for this exact
reason) and the observed F115W flux, shown in Figure 5.

When the density of the neutral gas is sufficiently high,
as in DLAs, the optical depth is a function only of NHI. As
such, by utilising an approximation of the Voigt-Hjerting func-
tion, presented in Equation (9) of Smith et al. (2015), follow-
ing Heintz et al. (2024), one can estimate the neutral hydrogen
column density of the DLA. We applied this transmission func-
tion, combined with the IGM transmission2, to the PROSPECTOR
model spectrum at varying NHI until the observed F115W flux
was recovered. We used MC uncertainty propagation to find the
optimal NHI for a Gaussian distribution around the observed
F115W flux and its uncertainties. This model is a simplifica-
tion of the physical scenario as Lyα emission can be present (as
discussed in Heintz et al. 2025). However, given the assumption
that no Lyα is present, the inferred NHI represents a lower bound
on the column density of neutral hydrogen in the DLA. In reality,
only one of the spectroscopically observed galaxies in A7244-

2 We estimate the IGM transmission following Mason & Gronke
(2020) assuming no ionised bubble and a neutral fraction of one, hence
maximising the effect of IGM attenuation. Our measurement of NHI is
therefore a lower bound.

Fig. 7. Two candidate (mini-)quenched galaxies in the protocluster,
exhibiting strong Balmer breaks and very weak emission lines. Their
model spectra and photometry (blue line and circles) and observed pho-
tometry (red squares) are shown in the left-hand panels, while their
best-fit SFH (blue line) and associated uncertainty (shaded blue region)
from PROSPECTOR are shown in the right-hand panels. The SFHs of
these objects are best characterised by a sustained period of star forma-
tion, over more than 100 Myr, followed by a recent decline, over the last
10 Myr, which has reached SFR∼ 0 M� yr−1 by the time of observation.
Both objects reside within the highly clustered regions of the protoclus-
ter providing a possible hint at the suppression of star formation within
the innermost region.

PC, ZD4, is known to show strong Lyα emission (Chen et al.
2024; Cameron et al. 2024), and this is one of the few objects
in Figure 5 that is inconsistent with having an observed flux at
or below the expected flux. Given this, in Figure 5 we show
the spectroscopic NHI measurement for ZD4 (Witten et al., in
prep.). Only when NHI & 1021.5 cm−2 does a notable variation in
the F115W flux occur (∼10%), and as such we only report the
column density of objects above this threshold. These measured
column densities are reported in Table 2.

5.2. Star-forming main sequence

The star-forming main sequence (SFMS) characterises the
growth of galaxies, highlighting those that either have enhanced
or suppressed star formation relative to the average population at
a given stellar mass and redshift. In protocluster environments,
it is expected that the higher than average UV-background sup-
presses star formation in low-mass satellite halos (e.g. Katz et al.
2020; Borrow et al. 2023; Zier et al. 2025). In Figure 6 we show
the SFMS for our sample with the average SFR over the pre-
vious 30 Myr, as diagnosed by our PROSPECTOR SED fitting in
Section 5. We chose this intermediate timescale, relative to the
typical 10 or 100 Myr average, as the star formation over the last
∼30 Myr largely defines the UV and emission line strengths in
galaxies (e.g. McClymont et al. 2025). Instead, features such as
the Balmer break give information on the star formation over
longer timescales (∼100 Myr), which at this redshift informs the
total stellar mass. We compare in Figure 6 to the SFMS of field
galaxies from the thesan-zoom simulations (McClymont et al.
2025; Kannan et al. 2025) and from PROSPECTOR fitting of a
large sample of galaxies from Simmonds et al. (2025). We com-
pare this protocluster environment to the SFMS of field galax-
ies in order to highlight any variations from the typical SFMS.
The PRGs largely follow the slope of the SFMS of field galaxies
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from both simulations and observations, which is expected from
the analysis of PRGs in simulations (Morokuma-Matsui et al.
2025). The results of Simmonds et al. (2025) suggest their sam-
ple suffers from incompleteness below M? ≈ 108.6 M� due to
the enhanced burstiness of high-redshift galaxies. However, at
the high-mass end where we are complete, we find no objects
that lie significantly above the SFMS found in thesan-zoom.
Instead, many of these galaxies fall below the SFMS, moreover,
many have plateauing or declining SFRs over the last 10 Myr
relative to the last 30 Myr. While this could be interpreted as a
suppression of star formation exclusively in the most massive
galaxies, some lower-mass objects also show recently declining
SFHs, as such, it is important to consider what may be driving
these declining star-formation rates.

5.3. (Mini-)quenched galaxies

With this in mind, we note here the detection of two rela-
tively massive (M? ∼ 109 M�) galaxies, YD7-E and ZD12-
E, that host significant Balmer breaks (B = 1.65 ± 0.08 and
B = 1.59 ± 0.10, respectively) and very weak nebular emission
lines, shown in Figure 7. These weak emission lines have pre-
viously been observed by Venturi et al. (2024) for YD7-E and
by Morishita et al. (2025a) for ZD12-E (the measured equiva-
lent width is comparable to that of our best-fit SED model in
Section 5).

YD7-E and ZD12-E appear consistent with the (mini)-
quenched galaxies identified by Looser et al. (2024, 2025),
Trussler et al. (2025), Covelo-Paz et al. (2026), Baker et al.
(2025). These objects have stellar masses in the regime where
permanent quenching is unlikely, however, they also lie above
the typical mini-quenching mass regime. Gelli et al. (2023)
showed that galaxies in the SERRA simulations (Pallottini et al.
2022) with M? > 109 M� spend 99% of their time in an active
phase. However, McClymont et al. (2025) show that even mas-
sive galaxies in the thesan-zoom simulations are bursty at high
redshift due to rapid gas inflow from the IGM. This picture is
consistent with the galaxies considered in this work, considering
that the protocluster environment and high column density fila-
ments are likely to facilitate such rapid inflows. Indeed, recent
work by Covelo-Paz et al. (2026) suggests that (mini)-quenched
galaxies span a wider mass distribution than originally thought
and hence we conclude that these objects are most likely to only
be temporarily quenched.

These two objects are resident in extremely clustered regions
within the protocluster. In such a clustered environment, inter-
actions between galaxies can either significantly enhance or
suppress star formation via gravitational or feedback mech-
anisms (e.g. Witten et al. 2024). While such merger activity
is not expected to be extremely frequent for field galaxies
(Puskás et al. 2025; Duan et al. 2025), within the core of a pro-
tocluster, the density of objects means that this will not only
be more frequent (Marcelin et al. 2025), but these interactions
may affect many objects simultaneously, producing synchro-
nised SFHs. The identification of galaxies with declining SFHs
within the protocluster core motivates a broader investigation of
the variation in the properties of galaxies as a function of posi-
tion within the protocluster.

6. Protocluster properties

Simulations suggest that at z > 5 protocluster environments
should undergo an inside-out growth phase, with the majority
of star-formation localised in a dense core of a few 10’s pkpc

(Chiang et al. 2017; Lim et al. 2024). Within that context, it is
important to study the variation in galaxy properties as a func-
tion of spatial position within the protocluster. In order to do so,
it is key to identify the most clustered region of the protocluster –
the protocluster core. While identifying the hot halo is feasible
at lower redshifts with X-rays or the Sunyaev–Zel’dovich effect,
at high redshift this measurement is not currently possible, and
hence we must utilise alternative probes. The core should be
one of the most evolved regions of the protocluster, forming
its first stars early, and with significant gas inflows leading to
accelerated galaxy evolution. The detection of dust continuum
(Laporte et al. 2017; Hashimoto et al. 2023) and evidence for an
old stellar population within YD4 (Witten et al. 2025a) marks
the region around YD4 (including YD7-E/W, YD6, YD1, s1,
and ZD1) as a strong candidate for the core of this protoclus-
ter. A second highly clustered region was recently studied by
Morishita et al. (2025a), appearing to host numerous clumps that
have a wide range in gas-phase metallicities; this region includes
ZD12-E/W, ZD3, and ZD6. These two highly clustered regions
are separated by just ∼20 pkpc and hence constitute our ‘core’
galaxies (this spatial extent is in line with predictions for proto-
cluster core sizes from Chiang et al. 2017; Lim et al. 2024). The
remaining galaxies studied in this work are largely seen to be
more sparsely distributed on the sky, albeit many have a close
companion galaxy.

With this spatial distribution in mind, we overplot the galaxy
properties on an RGB image of the protocluster in Figure 8.
This figure hints at a distinction between the properties of galax-
ies within these clustered regions (core galaxies) and the more
sparsely distributed population (non-core galaxies). The core
galaxies are mostly characterised by having large stellar masses
and plateauing or declining star formation histories. Moreover,
they host large neutral hydrogen column densities, and for some
of the galaxies within the region around YD4, relatively red UV
slopes. These observations point towards these galaxies resid-
ing within regions of the cosmic web that are subject to sig-
nificant gas accretion and early, sustained star formation. This
results in these galaxies hosting evolved stellar populations, and
showing red slopes and strong Balmer breaks that diagnose their
dusty, older stellar populations. Non-core galaxies can largely
be characterised as having SFHs that are rapidly increasing,
suggesting these galaxies are relatively young and, at least cur-
rently, are undergoing a large burst of star formation. The stellar
masses and neutral hydrogen column densities of these objects
vary significantly. Simulations (e.g. Boylan-Kolchin et al. 2009;
Trebitsch et al. 2021; Bennett et al. 2024) and lower redshift
observations (e.g. Castignani et al. 2022) suggest that the neu-
tral gas should be distributed in a filamentary structure with high
column densities within the core of the protocluster and vary-
ing densities in the outskirts. Our observations appear consistent
with this picture, whereby this pristine neutral gas is not dis-
tributed equally on large scales.

To place this difference between core and non-core galaxies
in perspective, in Figure 9 we show the individual and median
stacked SFHs of these populations. The core galaxies clearly
evidence a more extended SFH, requiring star formation to com-
mence more than 100 Myr before the time of observation. The
median SFH of these objects also exhibits a turnover in its SFR,
plateauing between 10−30 Myr in the past and with a declining
SFR in the final 10 Myr. This synchronisation in the SFHs of
core galaxies likely evidences the synchronisation of gas kine-
matics within these densely clustered regions (see Fudamoto
et al., in prep., for further discussion). The non-core galaxies
are dominated by significant, ongoing bursts of star formation
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Fig. 8. Mapping of the properties of PRGs onto the RGB image of the protocluster, as seen in Figure 1. Each galaxy is shown by an unfilled
point, where the colour indicates the galaxy property that is studied in each panel. Circular points indicate ‘non-core’ galaxies, while square points
indicate core galaxies. Each panel includes a zoom of the most clustered region of the protocluster, for ease of viewing. The following galaxy
properties are shown: (top left:) The logarithm of the ratio of the recent (average over the last 10 Myr) to slightly more extended (average over the
last 30 Myr) SFRs; (top right:) The logarithm of the neutral hydrogen column densities; (bottom left:) the slope of the UV continuum, β; (bottom
right:) The logarithm of the stellar mass. The mapping of these galaxy properties onto the protocluster indicates that the two most clustered regions
tend to host the most massive, dusty galaxies that have declining star-formation histories and extreme neutral hydrogen column densities. The
more sparsely distributed galaxies tend to be less massive, highly star-forming objects.
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Fig. 9. Star-formation histories of galaxies resident within the most
clustered regions of the protocluster, core galaxies (left panel), com-
pared to those in the more sparsely populated regions, non-core galaxies
(right panel). The SFHs of each galaxy are indicated by a coloured line.
We indicate the median star-formation rate in each time bin with the
black line and the associated MC error shaded in grey. The core galax-
ies exhibit more extended SFHs, with a declining SFR over the previous
∼10 Myr, while non-core galaxies are characterised by strong ongoing
bursts which largely began over the last ∼20 Myr.

that have largely only commenced in the last <15 Myr. There are
likely significant selection effects at play, as these objects largely
have lower stellar masses, and hence we are biased to observe
only the most star-forming of these objects. However, at high
masses, where we expect to be relatively complete, the weakly

star-forming objects are confined to the core regions. This is fur-
ther highlighted by the fraction of the total star formation occur-
ring within the core of the protocluster, which has evolved from
dominating the total star formation rate of the protocluster over
the preceding 100 Myr (∼70%) to being subdominant in the most
recent 10 Myr (∼40%).

The identification of two (mini)-quenched galaxies and a
recent decline in the star-formation history of core galaxies are
likely linked to the lack of evidence for active galactic nuclei
(AGN) activity within the core (discussed in Section 4). The pro-
cesses driving the reduction in the star-formation rate of these
objects is potentially tied to the lack of AGN activity detected,
despite the large stellar masses of many of these objects. Instead,
either stellar or AGN feedback, or indeed gravitational interac-
tions, have helped to expel gas from the interstellar medium,
halting star formation and significant accretion onto any super-
massive black hole. Notwithstanding the likely recent feedback
episodes, a large neutral hydrogen reservoir persists, as evi-
denced by the high neutral hydrogen column densities of core-
resident galaxies.

Our characterisation of the distribution of galaxy properties
as a function of position within the protocluster supports a pic-
ture where core-resident galaxies are at a more evolved stage,
and even have declining star-formation histories, while non-
core galaxies have highly bursting SFHs. This is at odds with
the early inside-out growth phase, presented by Chiang et al.
(2017). These properties instead suggest that the protocluster
is already at a relatively advanced stage of its evolution, with
a mature core that is slowing in its rate of star-formation, with
much more rapidly star-forming galaxies found outside of the
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core, which is expected to be in place at later cosmic epochs
(z . 5−6).

Moreover, the total stellar mass enclosed within the R ∼
100 pKpc region (M? ∼ 1010 M�), is considerably higher
than the values expected from the FLAMINGO simulations
(Kugel et al. 2023; Schaye et al. 2023) within the same radius
(log10(M? [M�]) = 8−9; Lim et al. 2024) and in line with the
total stellar mass expected from a much larger volume (R ∼
7−14 cMpc) from the FOREVER22 simulations (Yajima et al.
2021; Morokuma-Matsui et al. 2025). Lim et al. (2024) note that
the total stellar mass of a high-redshift protocluster is indepen-
dent of the ultimate cluster mass at z = 0. Instead, the total stel-
lar mass within R ∼ 100 pKpc is consistent with their results at
z = 6 for protoclusters that have halo masses of Mhalo ∼ 1012 M�.
These results suggest that A2744-PC-z7p9 is relatively evolved,
resident within a halo of mass Mhalo ∼ 1012 M�, consistent with
the recently updated halo mass estimate from Morishita et al.
(2025b). Utilising the adapted stellar-to-halo-mass relation from
Witten et al. (2025b), and the total stellar mass within the most
massive R ∼ 30 pkpc area, we estimate the halo mass of A2744-
PC-z7p9 to be log10(Mhalo [M�]) = 11.6 ± 0.2.

7. Conclusions

Utilising recent deep and relatively high spectral resolution NIR-
Cam imaging of the Abell 2744 lensing field (Suess et al. 2024;
Bezanson et al. 2024) we studied the A2744-z7p9OD protoclus-
ter. We identified seven new residents of the protocluster, two of
which are newly spectroscopically confirmed. We utilised this
imaging data of all 23 PRGs to obtain their intrinsic spectral
properties, such as their Balmer breaks and UV slopes. These
are seen to be stronger and shallower, respectively, relative to
field galaxies at this redshift, evidencing that most of the proto-
cluster residents are already at a more advanced stage of their
evolution than is typical. We additionally utilised SED fitting
to infer the stellar masses and star-formation histories of these
galaxies. We ultimately identified diverging properties between
core and non-core resident galaxies, with the former being com-
posed of massive, dusty galaxies with declining star-formation
histories, while the latter are largely characterised as younger
galaxies experiencing ongoing bursts of star formation. The
damping around the Lyman-break caused by high neutral hydro-
gen column densities is so extreme that it suppresses the flux
in the wide-band F115W filter, and hence we utilised the best-
fit SED model to estimate the neutral hydrogen column density
of each galaxy. We found extreme column densities around core
galaxies (these are normally above NHI & 1022 cm−2; an order
of magnitude above the median column density around high-
redshift galaxies from Mason et al. 2026), while non-core galax-
ies have varying densities (from below NHI < 1021.5 cm−2 to
NHI = 1023 cm−2), suggesting that the neutral hydrogen distri-
bution is in a filamentary structure.

We identify clear trends in the properties of PRGs compared
to typical high-redshift galaxies:

– Extreme neutral hydrogen column densities (NHI &
1022 cm−2) are observed in the core of the protocluster;
an order of magnitude above the typical column densities
observed around high-redshift galaxies.

– PRGs have redder UV slopes than is typical in field galaxies
(∆β ≈ 0.4), evidencing an early divergence in the properties
of PRGs.

– Core-resident galaxies appear to be undergoing a synchro-
nised decline in their SFHs, with the identification of two

(mini)-quenched galaxies resident within the core of the pro-
tocluster.

– All core-resident galaxies show Balmer breaks (i.e. B > 1),
at odds with z ∼ 8 field galaxies (B ∼ 0.8). In contrast, the
majority of non-core galaxies show a break strength of B .
1, suggesting that the early evolution of PRGs is exacerbated
as a function of position.

These results indicate that A2744-PC-z7p9 is at a more advanced
stage of its evolution than would typically be expected from
simulations (Chiang et al. 2017; Lim et al. 2024), which ordi-
narily suggest that protoclusters at z ∼ 8 are characterised by
having highly star-forming dense cores, undergoing an inside-
out growth phase. By z < 5, the cores of protoclusters are
expected to be the first regions to show evidence of quenching
and dense intracluster gas, with more spatially extended star for-
mation (Chiang et al. 2017; Lim et al. 2024). Such properties are
already in place in A2744-PC-z7p9 at z ∼ 8.

This advanced evolution of galaxies in extremely overdense
regions poses a crucial question for the role of A2744-PC-z7p9,
and protoclusters more generally, in the reionisation process.
While this region hosts a significant overdensity of galaxies
and hence ionising photons, to what extent these ionising pho-
tons can ionise the IGM is highly uncertain. The high neutral
hydrogen column densities and significant dust content of PRGs
inhibits the escape of these ionising photons, potentially counter-
acting their high ionising photon production rate density. How-
ever, the recent detection of a strong Lyα-emitting galaxy resident
in this protocluster (Chen et al. 2024; Cameron et al. 2024),
ZD4, provides an early indication that the vast number of ionis-
ing sources may well outweigh the decreased fraction of escap-
ing ionising photons in this extremely overdense environment.
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Fig. A.1. Spectra of PC5 (top) and PC2-E (bottom). The red lines
correspond to the expected position of some of the typical emission
lines observed from high-redshift galaxies. Both spectra show strong
[O iii]4960,5008 and Hβ emission lines that facilitate the measurement of
their redshift.

Appendix A: Spectroscopic confirmation of two
new candidates

The spectra of PC5 and PC2-E were observed as part of the
UNCOVER programme Bezanson et al. (2024), during a repeat
visit (2561:6:2). In Figure A.1 we show the Dawn JWST Archive
(DJA) reduction of these objects, which utilises the custom-made
pipeline msaexp (Brammer 2023)3. Further details of the reduc-
tion pipeline are given in de Graaff et al. (2025), Heintz et al.
(2025). These spectra show strong [O iii]4960,5008 and Hβ emis-
sion lines, and by fitting these with Gaussians we obtained the
spectroscopic redshift of these sources. Again, we utilised an
MC propagation technique to estimate the uncertainties in this
redshift measurement. These redshifts are reported in Table 1.

Appendix B: SEDs and SFHs

In the following section we include the photometric data and
best-fit SEDs from PROSPECTOR (discussed in more detail in
Section 5) for our sample of PRGs in Figure B.1. We addi-
tionally show the SFHs returned from this SED fitting. These
galaxies range from those with strong emission lines and Balmer
jumps, characterised by a recent, very strong burst in their SFHs,
to weak emission line sources with strong Balmer breaks, char-
acterised by elongated SFHs which are declining at the time of
observation.

3 https://github.com/gbrammer/msaexp

Fig. B.1. (left:) Observed and best fit SED of PRGs (where we exclude
filters where the SED is not detected, λ < 1µm) and (right:) their asso-
ciated best-fit SFHs. See Figure 7 for further details.
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Fig. B.1. Continued. Fig. B.1. Continued.
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Fig. B.1. Continued.
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