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Abstract

We conduct a systematic search for high-redshift galaxy overdensities at 4.9 < zg,e. < 8.9 in both the Great
Observatories Origins Deep Survey (GOODS)-N and GOODS-S fields using James Webb Space Telescope /Near-
Infrared Camera (JWST/NIRCam) imaging from the JWST Advanced Deep Extragalactic Survey and JWST
Extragalactic Medium-band Survey in addition to JWST/NIRCam wide field slitless spectroscopy from the First
Reionization Epoch Spectroscopic Complete Survey. High-redshift galaxy candidates are identified using Hubble
Space Telescope + JWST photometry spanning A = 0.4—5.0 um. We confirmed the redshifts for roughly a third of
these galaxies using JWST spectroscopy over A = 3.9-5.0 ym through identification of either Ha or [OIII] A5008
around the best-fit photometric redshift. The rest-ultraviolet magnitudes and continuum slopes of these galaxies
were inferred from the photometry: the brightest and reddest objects appear in more dense environments and thus
are surrounded by more galaxy neighbors than their fainter and bluer counterparts, suggesting accelerated galaxy
evolution within overdense environments. We find 17 significant (64, 2> 3.04, N,y > 4) galaxy overdensities across
both fields (seven in GOODS-N and 10 in GOODS-S), including the two highest redshift spectroscopically
confirmed galaxy overdensities to date at (zspec> = 7.954 and (zspec> = 8.222 (representing densities around ~6
and ~12 times that of a random volume). We estimate the total halo mass of these large-scale structures to be
11.5 < logo(Mhaio/Ms) < 13.4 using an empirical stellar mass-to-halo mass relation, which are likely under-
estimates as a result of incompleteness. These protocluster candidates are expected to evolve into massive galaxy
clusters with log,,(Mhao/Me) 2 14 by z=0.
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1. Introduction

The large-scale distribution of galaxies in the local Universe
consists of filaments, nodes, voids, and walls: the “cosmic
web” (Geller & Huchra 1989). Galaxy clusters inhabit the
nodes of the cosmic web and represent the most extreme matter
overdensities allowed by the standard cosmological paradigm
of hierarchical structure formation (White & Rees 1978).
Recently, observational and theoretical progress has been made
in tracing the evolution of galaxy clusters back in time (for
reviews, see Kravtsov & Borgani 2012; Alberts & Noble
2022), up to and across the transition to their uncollapsed
predecessors (so-called “protoclusters”; for a review, see
Overzier 2016). Still, these initial structures in the early Uni-
verse, which eventually evolved into the galaxy clusters seen
today, are not as well understood.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Chiang et al. (2017) investigated the internal evolution of the
star formation and mass assembly of clusters with a set of N-
body simulations and semi-analytic models, identifying three
distinct epochs during the history of cluster formation. The first
of these epochs occurs between z 2 10 and z ~ 5, where galaxy
growth in protoclusters appears to begin in an “inside-out”
manner. Although the cores only represent a small amount of
the protocluster volume at these redshifts, they initially domi-
nated the star formation rate (SFR) due to the higher mass
accretion rate of these massive halos. The second of these
epochs occurs between z ~ 5 and z ~ 1.5, where there exists an
extended and prolonged period of star formation, contributing
roughly 65% of the total stellar mass within present-day clus-
ters. Some protoclusters could already contain massive cores
near the end of this epoch, which would be the first regions to
exhibit widespread galaxy quenching and the buildup of the
intracluster medium (ICM). Finally, the third of these epochs
occurs between z ~ 1.5 and z ~ 0, where the fraction of stellar
mass within the now collapsed cluster is dictated by the rate of
infalling galaxies and progressive quenching. The details of the
(proto) cluster assembly process are largely erased as a result of
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relaxation and virialization during this epoch, requiring us to
look to higher redshifts for this information.

The current challenges in understanding protoclusters are a
result of (1) their rarity and (2) their composition (consisting of
fewer galaxies within more complex dark matter halos that are
yet to be virialized), which make obtaining statistical samples
of these structures difficult. Observations and systematic sear-
ches for galaxy clusters have typically relied on the fact that
these objects are virialized (unlike protoclusters), requiring
emission from the ICM via X-rays (e.g., Rosati et al. 2002,
2004, 2009; Gobat et al. 2011; Wang et al. 2016) or at sub-
millimeter wavelengths via the Sunyaev-Zel'dovich effect
(Staniszewski et al. 2009; Bleem et al. 2015; Planck Colla-
boration et al. 2016a; Huang et al. 2020; Hilton et al. 2021).
However, current X-ray and submillimeter observations are not
sensitive enough to properly identify galaxy clusters or proto-
clusters beyond z=2-3 (e.g., Tozzi et al. 2022; Di Mascolo
et al. 2023).

Alternatively, observations and systematic searches for
galaxy protoclusters have typically involved exploring large
optical and infrared sky maps for overdensities of red galaxies
(e.g., Clements et al. 2014; Planck Collaboration et al. 2016b;
Greenslade et al. 2018; Martinache et al. 2018), Lyman-break
galaxies (LBGs; e.g., Steidel et al. 1998, 2000; Miley et al.
2004; Lee et al. 2014; Toshikawa et al. 2018), and/or Ly«
emitters (LAEs; e.g., Shimasaku et al. 2003; Ouchi et al. 2005;
Steidel et al. 2005; Dey et al. 2016; Harikane et al. 2019).
Successful methods usually perform these searches around rare
and luminous sources such as quasars (QSOs) (e.g., Wold et al.
2003; Stiavelli et al. 2005; Kashikawa et al. 2007; Stevens et al.
2010; Morselli et al. 2014), high-redshift radio galaxies (e.g.,
Pascarelle et al. 1996; Le Fevre et al. 1996; Pentericci et al.
2000; Venemans et al. 2004, 2005, 2007; Wylezalek et al.
2013), and submillimeter galaxies (SMGs; e.g., Chapman et al.
2009; Riechers et al. 2014; Umehata et al. 2015; Oteo et al.
2018; Long et al. 2020). Yet, it has remained difficult to obtain
large, representative samples of galaxies at the redshifts
necessary to study the earliest phases of the cluster assembly
process.

With the launch of the James Webb Space Telescope
(JWST), it is now possible to obtain large samples of rest-
optical spectra for high-redshift star-forming galaxies with
remarkable efficiency and completeness using data from the
Near-Infrared Camera (NIRCam; Rieke et al. 2005, 2023). The
powerful combination of deep imaging and wide field slitless
spectroscopy (WFSS) provided by JWST/NIRCam have
already revealed large-scale galaxy overdensities around the
ultraluminous QSOs JO100 + 2802 at z = 6.3 (Kashino et al.
2023) and J0305-3150 at z = 6.6 (Wang et al. 2023), the well-
known dusty star-forming galaxy (DSFG) HDF850.1 at z =15.2
(Herard-Demanche et al. 2023; Sun et al. 2024), and in a blank
region of the sky near the Hubble Ultra Deep Field (HUDF) at
z=>5.4 (Helton et al. 2024). Furthermore, at even higher red-
shifts, multiobject spectroscopy from the Near-Infrared
Spectrograph (Ferruit et al. 2022; Jakobsen et al. 2022) has
already revealed an extreme galaxy overdensity around the
most distant DSFG SPT0311—-58 at z=6.9 (Arribas et al.
2024), the highest redshift spectroscopically confirmed proto-
cluster to date at z="7.9 (Morishita et al. 2023), and the can-
didate protocluster core surrounding GN-z11 at z=10.6
(Scholtz et al. 2024). These results demonstrate the transfor-
mative capability of JWST in studying dark matter halo
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assembly and galaxy formation at very early cosmic times: it is
clear that we have entered a new era of studying the large-scale
environment of the early Universe.

Here, we conduct a systematic search for galaxy overdensities
(or protocluster candidates) in both the GOODS-N and GOODS-
S fields at 4.9 < Zgpee < 8.9 using JWST/NIRCam imaging and
WESS. This paper proceeds as follows. In Section 2, we describe
the various data and observations that are used in our analysis. In
Section 3, we present our analysis and results. In Section 4, we
summarize our findings and their implications for galaxy evol-
ution in the early Universe. We adopt the protocluster definition
from Alberts & Noble (2022), as extended overdensities at 7 > 2
which will collapse into a galaxy cluster by z=0. All magni-
tudes are in the AB system (Oke & Gunn 1983). Uncertainties
are quoted as 68% confidence intervals, unless otherwise stated.
Throughout this work, we report wavelengths in vacuum and
adopt the standard flat ACDM cosmology from Planck18 with
Hy=67.4kms ' Mpc ' and Q,, =0.315 (Planck Collaboration
et al. 2020).

2. Observations

In this work, we use deep optical imaging from the
Advanced Camera for Surveys (ACS) on the Hubble Space
Telescope (HST) alongside deep infrared imaging and WFSS
from JWST/NIRCam in both of the Great Observatories Ori-
gins Deep Survey (GOODS; Giavalisco et al. 2004) fields. The
photometric data from HST/ACS and JWST/NIRCam are
described in Section 2.1, while the spectroscopic data from
JWST/NIRCam are described in Section 2.2.

2.1. Photometric Data

Our photometric data consist of (1) deep optical imaging
taken with HST/ACS in five photometric bands (F435W,
F606W, F775W, F814W, and F850LP) and (2) deep infrared
imaging taken with JWST/NIRCam in 15 photometric bands
(FO70W, FO9OW, F115W, F150W, F182M, F200W, F210M,
F277W, F335M, F356W, F410M, F430M, F444W, F460M,
and F480M).

The HST/ACS mosaics used here were produced as part of
the Hubble Legacy Fields project v2.0 (Illingworth et al. 2016;
Whitaker et al. 2019). The JWST/NIRCam data were obtained
by the JWST Advanced Deep Extragalactic Survey (JADES;
Eisenstein et al. 2023) and the JWST Extragalactic Medium-
band Survey (JEMS; Williams et al. 2023). The JADES
observations consist of a deep mosaic with nine filters (FO90W,
F115W, FI50W, F200W, F277W, F335M, F356W, F410M,
and F444W) and a medium mosaic with eight filters (FOOOW,
F115W, F150W, F200W, F277W, F356W, F410M, and
F444W) in both of the GOODS fields. The total survey area of
JADES in GOODS-N is roughly 57 arcmin?, whereas the total
survey area in GOODS-S is roughly 77 arcmin®. The JEMS
observations consist of two 2.2 x 2.2 regions in GOODS-S
with five filters (F182M, F210M, F430M, F460M, and
F480M), which all lie in JADES coverage. For all of the
subsequent analyses, we do not require any of our objects to
have JEMS observations, but we use these data when available.
For some regions of the sky, there are 19 filters that are covered
in total, but the majority of regions are only covered by 13 or
14 filters.

A detailed description of the JWST/NIRCam imaging data
reduction and mosaicking is outlined in Tacchella et al. (2023a)
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and will be presented in detail in a forthcoming paper from the
JADES Collaboration (S. Tacchella et al. 2024, in preparation).
We briefly summarize here the main steps of the reduction and
mosaicking process. The data are initially processed with the
standard JWST Calibration Pipeline'® v1.9.6 (Bus-
house et al. 2023a). Customized steps are included to aid in the
removal of “1/f” noise, “wisp” artifacts, “snowball” artifacts,
and persistence from previous observations (see also Rigby
et al. 2023). The JWST Calibration Reference Data System
v11.16.21 context map is used (jwst_1084.pmap), including the
flux calibration for JWST/NIRCam from Cycle 1. The sky
background is modeled and removed using the BackGround2D
class from photutils (Bradley et al. 2022). Finally, the
image mosaics for each of the JWST/NIRCam filters are
registered to the GAIA DR3 frame (Gaia Collaboration et al.
2023) and resampled onto the same World Coordinate System
(WCS) with a 30 mas pixel ' grid. Assuming circular apertures
with diameters of 072, the 50 point-source detection limit in
the F277W filter is m ~ 31 AB mag and m ~ 29 AB mag for the
deepest and shallowest regions of JADES, respectively.

A detailed description of the JWST/NIRCam source detec-
tion is outlined in Robertson et al. (2023) and will be presented
in detail in another forthcoming paper from the JADES Col-
laboration (B. Robertson et al. 2024, in preparation). We briefly
summarize here the main steps of the source detection process.
Six image mosaics (F200W, F277W, F335M, F356W, F410M,
and F444W) are initially stacked using the corresponding error
images and inverse-variance weighting to produce a single
detection image. Within this detection image, we construct a
source catalog by selecting contiguous regions of greater than
five pixels with signal-to-noise ratios S/N >3 and applying a
standard Source Extractor (SExtractor; Bertin & Arnouts
1996) deblending algorithm (Bradley et al. 2022). Finally, we
perform forced convolved photometry at the source centroids in
all of the HST/ACS and JWST/NIRCam photometric bands,
assuming both circular apertures with diameters of 0.”2 as well
as elliptical Kron apertures with parameter=1.2 (i.e., Kron
small) and parameter=2.5 (i.e., Kron large). To correct for
potential missing light, we rescale the Kron small photometry
by the flux ratio of Kron large to Kron small in the F444W
filter. This methodology was chosen since the smaller elliptical
Kron apertures reduce the background noise associated with the
use of the larger elliptical Kron apertures. Aperture corrections
are applied using model point spread functions (PSFs) from the
TinyTim (Krist et al. 2011) package for HST/ACS and the
WebbPSF (Perrin et al. 2014) package for JWST/NIRCam,
assuming point-source morphologies. Uncertainties are esti-
mated by placing random apertures across regions of the image
mosaics to compute a flux variance (e.g., Labbé et al. 2005;
Quadri et al. 2007; Whitaker et al. 2011), which are summed in
quadrature with the associated Poisson uncertainty for each
detected source. To account for differing depths across the
fields, these random apertures are collected into percentiles
based on the exposure time at each location, which are used to
determine the sky-noise contribution to the flux uncertainty for
each individual object.

2.2. Spectroscopic Data

Our spectroscopic data consist of WFSS taken with JWST/
NIRCam in the F444W filter (A =3.9-5.0 um). These data

10 https://github.com/spacetelescope/jwst
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were obtained by the First Reionization Epoch Spectroscopic
COmplete Survey (FRESCO; Oesch et al. 2023). The FRESCO
observations cover a 7/ 4 x 8/4 area using the row-direction
grisms on both modules of JWST/NIRCam (Grism R; R~
1600) in both of the GOODS fields. The total overlapping
area between the JADES and FRESCO footprints is roughly
35 arcmin® in GOODS-N and roughly 46 arcmin® in GOODS-S.

A detailed description of the JWST/NIRCam grism data
reduction will be described in a forthcoming paper from the
JADES Collaboration (F. Sun et al. 2024, in preparation),
which is similar to those presented in Sun et al. (2023) and
Helton et al. (2024). We briefly summarize here the main steps
of the reduction process.'' The data are initially processed with
the standard JWST Calibration Pipeline (see footnote
10) (v1.11.2; Bushouse et al. 2023b). We place the rate files
into the WCS, perform flat-fielding, and subtract out the sigma-
clipped median sky background from each individual exposure
after the “ramp-to-slope” fitting in the calibration pipeline. A
median-filtering technique is utilized to subtract out any
remaining continuum or background on a row-by-row basis
following the methodology of Kashino et al. (2023). This
produces emission line maps for each grism exposure that are
devoid of continuum. Although this median-filtering technique
is able to properly remove the continuum contamination, it
occasionally over-subtracts signal in the spectral regions
immediately surrounding the brightest emission lines. This
issue will be further discussed and mitigated in a forthcoming
paper from the JADES Collaboration (F. Sun et al. 2024, in
preparation). We further remove the “1/f” noise using the
tshirt/roeba algorithm'? in both the row and column
directions. Short wavelength parallel observations were con-
ducted in two photometric bands (F182M and F210M) and are
used for both astrometric and wavelength calibration of the
long wavelength spectroscopic data. We use the spectral tracing
and grism dispersion models that were produced using the
JWST/NIRCam commissioning data of the Large Magellanic
Cloud (Sun et al. 2023). We additionally make use of the flux
calibration models that were produced from the JWST/
NIRCam Cycle 1 absolute flux calibration observations
(Gordon et al. 2022).

3. Analysis and Results

Using the observations from Section 2, we perform various
analyses and present the results here. Photometric redshifts and
the selection of our photometric sample are described in
Section 3.1. Spectroscopic redshifts and the selection of the
spectroscopic sample are described in Section 3.2. Galaxy
overdensity values and the identification of high-redshift
galaxy overdensities are described in Section 3.3, where each
of these structures is discussed in detail. Detailed physical
modeling of the rest-ultraviolet (UV) photometry and the
comparison of these properties with their galaxy overdensity
values are described in Section 3.4. Detailed physical modeling
of the stellar populations and the presentation of the star-
forming main sequence are described in Section 3.5. Estimating
the total dark matter halo mass for each of the high-redshift
galaxy overdensities and placing these structures in the context
of theoretical predictions are described in Section 3.6.

" hips: //github.com/fengwusun /nircam_grism
12 https://github.com/eas342 /tshirt
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3.1. Photometric Redshifts

Using the rescaled Kron small photometry described in
Section 2.1, we measure photometric redshifts with the template-
fitting code EAZY (Brammer et al. 2008). EAZY makes use of a
chi-square (x*) minimization technique to model the broadband
spectral energy distributions (SEDs) of galaxies using linear
combinations of galaxy templates. We utilize 16 templates in
total to perform the fitting, which includes the nine EAZY “v1.3”
templates, two additional templates for simple stellar populations
with ages of 5 and 25 Myr, and five more templates with strong
nebular continuum emission. A detailed description of the
photometric redshift estimation is provided in Helton et al.
(2024) and Hainline et al. (2024). We briefly describe here the
main steps of the photometric redshift process.

Photometric offsets are iteratively calculated from the EAZY
templates compared to the true JWST/NIRCam photometry to
minimize the effects of imperfect photometric calibration, using
a sample of objects with 5 < S/N < 20 in F200W. These pho-
tometric offsets are relatively small and are subsequently applied
to the entire photometric catalog. We choose not to adopt any
apparent magnitude priors, but we do make use of the template
error file “TEMPLATE ERROR.V2.0.ZFOURGE.” The pri-
mary measurements used here are the EAZY “z,” and “Zpea”
redshifts. The former corresponds to the fit where the likelihood
i1s maximized (X2 is minimized), while the latter corresponds to
the weighted average of the fits where the probability is max-
imized (the probability is equal to the integral of the likelihood).
We allow EAZY to fit across the redshift range of z=0.2-22
with a redshift step size of Az=0.01.

To perform an accurate and efficient targeted emission line
search, we require a sample of relatively bright objects (since
these are the only objects for which we expect to detect an
emission line) with narrow photometric redshift constraints
(since this allows for spectroscopic confirmation using only a
single line detection). Following the methodology of Helton
et al. (2024), we select galaxies that satisfy the following
selection criteria:

1. Both of the best-fit EAZY photometric redshifts must
be between 4.5 and 9.5 (i.e., 4.5<7z,<9.5 and 4.5<
Zpeak < 9.5).

2. The apparent magnitude in F444W assuming elliptical
Kron apertures with parameter=2.5 must be at least
0.5 ABmag brighter than the shallowest region of
JADES (i.e., m < 28.5 AB mag).

3. The first EAZY confidence interval must be less than
twenty percent of one plus the best-fit EAZY photometric
redshifts (i.e., Az; < 0.2[1 4 zy] and Az | < 0.2[1 + Zpeak])-
This confidence interval is defined to be the difference
between the 16th and 84th percentiles of the photometric
redshift posterior distribution, which is roughly equal to
two times the standard deviation (~=*10).

4. The second EAZY confidence interval must be less than
forty percent of one plus the best-fit EAZY photometric
redshifts (i.e., Az, < 04[1 + z,] and Az, < 0.4[1 + Zpeak])-
This confidence interval is defined to be the difference
between the 5th and 95th percentiles of the photometric
redshift posterior distribution, which is roughly equal to
four times the standard deviation (~420).

These cuts produced an initial photometric sample of rela-
tively bright objects with narrow photometric redshift con-
straints, which means we are likely missing some additional
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subset of objects with relatively unconstrained photometric
redshifts (e.g., DSFGs and/or massive quiescent galaxies). We
subsequently visually inspected the entirety of this photometric
sample to remove obvious nonphysical data artifacts, including
extended diffraction spikes from bright stars and hot pixels
caused by cosmic rays. Low-redshift, extended, dusty sources
masquerading as high-redshift dropouts are additionally
removed. Following this visual inspection, we are left with a
final photometric sample of N = 2656 galaxies in total across
the redshift range 4.5 <zphot<9.5 (N=1228 objects in
GOODS-N, N = 1428 objects in GOODS-S). This range in
photometric redshifts was chosen to encompass all possible Ha
or [O II]A5008 emitters.

3.2. Spectroscopic Redshifts

Using the continuum-subtracted grism images from
Section 2.2, we extract two-dimensional (2D) grism spectra for
all of the galaxies that are part of the final photometric sample
described in Section 3.1. We further optimally extract (Horne
1986) one-dimensional (1D) grism spectra using the observed
surface brightness profile in the F444W imaging. Peaks are
subsequently identified using an automatic line fitting routine,
which assumes various bin sizes (integer units of nanometers
from 1 to 8). After removing duplicated peaks identified with
different bin sizes, each peak that is detected with S/N > 3 is
then fit with a Gaussian line profile. For each line that is
detected with S/N > 3, we tentatively assign a line identifica-
tion of either Ho or [O IIJAS008: whichever one minimizes the
difference between the best-fit photometric redshift and the
tentative spectroscopic redshift. For example, if a line were
detected at A =4.2 um and the best-fit photometric redshift is
Zphot = 3.8, then the initial line identification would be Ha
since the predicted wavelength of this line would be at
A=4.5 pym, which is closer to the observed wavelength than
the predicted wavelength of [O IIIJAS008 (A = 3.4 um).

Visual inspection is performed on each of these tentative
spectroscopic redshift solutions to remove spurious detections
caused by either noise or contamination from nearby sources
along the dispersion direction. Galaxies that pass our visual
inspection are determined to have secure line detections. We
optimally reextract the 1D spectra (Horne 1986) for the sources
with secure line detections using the observed spectral line
profile along the spatial direction (perpendicular to the dis-
persion direction). Once again, we fit the detected peaks with
Gaussian line profiles. The typical absolute uncertainties of our
spectroscopic redshifts are Azgpe. = 0.001, which are derived
from the grism wavelength calibration uncertainties. Following
this procedure, we are left with a final spectroscopic sample of
N=775 galaxies in total across the redshift range
4.9 < Zgpec < 8.9 (N =386 of these objects are in GOODS-N,
while N =389 of these objects are in GOODS-S). Within this
sample, there are N =615 galaxies with Ha detections across
the redshift range 4.9 < zge. < 6.6 in addition to N =160
galaxies with [O IIIJA5008 detections at 6.7 < Zgpee < 8.9.

Figure 1 shows the distribution of spectroscopic redshifts for
the final spectroscopic sample, where the pink-shaded regions
represent galaxies from GOODS-N and the blue-shaded regions
represent galaxies from GOODS-S. Similarly, Figure 2 shows
the comparison of photometric and spectroscopic redshifts,
where again the pink and blue points represent galaxies from
GOODS-N and GOODS-S, respectively. The solid black line
represents the one-to-one relation between these two redshifts,
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Figure 1. Histograms showing the distribution of spectroscopic redshifts for
the final spectroscopic sample described in Section 3.2. The pink-shaded
regions represent the galaxies from GOODS-N, while the blue-shaded regions
represent the galaxies from GOODS-S. This sample includes objects across the
redshift range 4.9 < zgpec < 8.9 with Ha or [O IIJAS008 detections.

while the dotted black lines represent the criteria for being
selected as an outlier. At these redshifts, galaxies typically
appear above the one-to-one relation since photometric redshifts
are systematically overpredicted when compared to spectro-
scopic redshifts. This result has been discussed recently in the
literature (e.g., Arrabal Haro et al. 2023; Fujimoto et al. 2023;
Hainline et al. 2024) and has typically been attributed to dif-
ferences between the observed high-redshift galaxy SEDs and
the templates used to model these galaxies. Further explorations
into the possible origin of this offset will be presented in a
forthcoming paper from the JADES Collaboration (F. Sun et al.
2024, in preparation), where damped Ly« absorption is required
to properly model the galaxies with [O IIJAS008 detections at
6.7 < Zspec < 8.9. The following relevant statistical quantities are
given in the legends: the total number of galaxies (&), the outlier
fraction (OF; the fraction of objects that satisfy Equation (2), the
mean absolute error (MAE; this value is defined in
Equation (3)), and the median absolute deviation (NMAD; this
value is defined in Equation (4).

Az = Zspec — Zphot (D)
1+ Zspec
Z3{!0|AZ il
o) — =072 3
MAE N ( )
onMap = 1.48 x median Az _1 Ij_edlan[AZH ) 4)
Zspec

These statistical quantities indicate the remarkable fidelity of
our photometric redshifts. It is important to remember that the
initial photometric sample, which was selected in Section 3.1,
was chosen to only include relatively bright galaxies with
narrow photometric redshift constraints, so one would expect
nearly all of the photometric redshifts to agree with the
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Figure 2. Photometric redshifts vs. spectroscopic redshifts for the final spec-
troscopic sample described in Section 3.2. The upper (lower) panel adopts the
EAZY 7, (Zpeax) Values as the photometric redshifts, which are described in
Section 3.1. The pink (blue) points represent the galaxies from GOODS-N
(GOODS-S). The solid black line represents the one-to-one relation, while the
dotted black lines represent the criteria for being selected as an outlier. Galaxies
typically appear above the one-to-one relation since redshifts derived from
photometry are systematically overpredicted when compared to those derived
from spectroscopy. Some relevant statistical quantities are given in the legends,
including OF, the MAE, and the NMAD. These results show that the redshifts
derived from the photometry agree remarkably well with those derived from
the spectroscopy, although we should note that the initial photometric sample
required galaxies to be relatively bright with narrow photometric redshift
constraints.

spectroscopic redshifts. Further validations of the JWST/
NIRCam grism redshift and line flux measurements will be
presented in a forthcoming paper from the JADES Collabora-
tion (F. Sun et al. 2024, in preparation).

3.3. Overdensity Identification

Following the technique described in Calvi et al. (2021) and
Helton et al. (2024), we use a friends-of-friends (FoF)
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algorithm to initially identify high-redshift galaxy overdensities
within the final spectroscopic sample described in Section 3.1.
This algorithm iteratively selects structural groupings in three
dimensions (3D; two spatial, one spectral) using only a
galaxy’s R.A., decl.,, and spectroscopic redshift (see also
Huchra & Geller 1982; Eke et al. 2004; Berlind et al. 2006).
Groups are found by identifying galaxies with projected dis-
tances and line-of-sight (LOS) velocity separations that are less
than some threshold values (djj,x=500kpc and o =
500 kms ', respectively). These threshold values are referred
to as linking parameters and are set as fixed values, for sim-
plicity."* The groupings identified with this algorithm produce
similar results when varying either the projected distance (djink)
or the LOS velocity separation (oy;,i) by a factor of 2, although
future work should look at the applicability of these linking
parameters in identifying robust structural groupings at high
redshift.

Following the methodology of Chiang et al. (2013), we
calculate 3D galaxy overdensities (Ogai = Rgar/ (Rgar) — 1),
where ng, is the number density of galaxies and (ng,) is the
ensemble average number density of galaxies, which are both
estimated individually for each galaxy within the final spec-
troscopic sample. To calculate these values, we assume a
tophat-weighted spherical window. For the former (i.e., nga),
the number density is found by placing an aperture at the
location of each individual galaxy. For the latter (i.e., (nga)),
the ensemble average number density is found by placing 1000
random apertures within the JADES and FRESCO footprints.
All of the apertures considered here have comoving volumes
that are equal to the volumes associated with the (15 cMpc)?
tophat-weighted cubic windows assumed by Chiang et al.
(2013). We further require these apertures to be within LOS
velocities |Av| < 10*km s~ of each individual galaxy to avoid
any potential redshift evolution. This requirement is especially
important for redshifts where the JWST/NIRCam Grism R line
flux sensitivity is largely dependent on the observed wave-
length. We find that the number densities calculated in this way
produce similar results when varying the LOS velocity selec-
tion by a factor of a few. The uncertainty on the ensemble
average is found by taking the standard deviation of the values
found from the 1000 random apertures, while the uncertainty
on the 3D galaxy overdensity value is found by propagating the
uncertainty on the ensemble average with the Poisson uncer-
tainty associated with the galaxy number density for each
individual galaxy.

Robust high-redshift galaxy overdensities are initially
selected from the groupings identified by the FoF algorithm by
requiring a minimum number of constituent galaxies (Nga > 4)
and an average galaxy overdensity value that is larger than the
value taken from (Chiang et al. 2013, 6441 > 3.04). This galaxy
overdensity value is taken for the z=25 SFR-limited sample
(SFR > 1 M, yr~ ') assuming tophat-weighted cubic window
sizes of (15 cMpc)3, which is the sample that is most similar to
our own in terms of selection, and identifies structures within
cosmological simulations as protocluster candidates with 80%
confidence. For comparison, the SFR detection limit for the
galaxies with Ho detections is ~2 M, yr ' at z~ 5, assuming

13 Dynamic linking parameters have been used in the literature (e.g., Farrens
et al. 2011), although this choice has the consequence of producing a complex
selection function, making interpretations more difficult. On the other hand,
fixed linking parameters may lead to some redshift-dependent selection effects
being ignored.
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the conversion factor from Kennicutt & Evans (2012). Fol-
lowing this selection, we are left with a final sample of N =17
galaxy overdensities (or protocluster candidates) in total (N =7
of these candidates are in GOODS-N, N = 10 of these candi-
dates are in GOODS-S). A summary of observed and inferred
properties for these galaxy overdensities is given in Table 1.
We will now discuss each overdensity individually and high-
light any previous discussion of these overdensities in the lit-
erature. The reported angular and physical diameters are
measured as the maximum separation between the constituent
galaxies for a given overdensity.

JADES—GN—-OD-5.191 is an overdensity in GOODS-N
with 103 galaxies, making it the largest overdensity in terms of
total number of galaxies in either field searched (as well as the
largest in terms of inferred halo mass in either field). The
average overdensity value is 0g. = 8.924 across an inner 68th
percentile range of 3.588 and 12.966. The angular (physical)
diameter is 6’6 (15.3 cMpc). This overdensity was discussed
previously in Walter et al. (2012), where 13 spectroscopic
sources were found to be associated with an overdensity con-
taining the well-known SMG HDF850.1; then in Arrabal Haro
et al. (2018), where 55 photometric sources were found to be
related to the same overdensity, although spectroscopic follow-
up was needed to confirm the association of these candidates;
then in Calvi et al. (2021), where an additional 10 newly
confirmed members were found; and finally in Herard-
Demanche et al. (2023) and Sun et al. (2024), where 100 and
109 sources were found to be in the vicinity of HDF850.1,
respectively (note that these two works adopted different sur-
vey areas and definitions for galaxy associations). In addition to
JADES—GN—-OD-5.194 and JADES—GN-OD-5.269,
these overdensities reside in a complex environment with
filamentary structures, as previously discussed in both Herard-
Demanche et al. (2023) and Sun et al. (2024). JADES—GN
—OD —5.194 contains eight galaxies. The average overdensity
value is gy = 3.597 across a similar range of 1.644 and 4.801.
The angular (physical) diameter is 1/7 (3.9 cMpc). JADES
—GN—-0OD—-5.269 contains 14 galaxies. The average over-
density value is 6,, = 3.472 across a similar range of 3.141 and
3.767. The angular (physical) diameter is 24 (5.7 cMpc).

JADES—GS—0OD-5.386 is an overdensity in GOODS-S
with 39 galaxies, making it the second largest overdensity in
terms of total number of galaxies in either field searched (as
well as the second largest in terms of inferred halo mass in
either field). The average overdensity value is §gy =9.134
across an inner 68th percentile range of 8.613 and 9.867,
making it the most significant overdensity consisting of Ha
emitters (at 4.9 < Zzgpec < 6.6) in terms of average overdensity
value between either field. The angular (physical) diameter is
36 (8.6 cMpc). This overdensity was discussed previously in
Helton et al. (2024), where the same N =39 spectroscopic
sources were found to be associated with extreme galaxy
overdensity.

JADES—GS—0OD-5.928 is an overdensity in GOODS-S
with 14 galaxies. The average overdensity value is g, = 4.923
across an inner 68th percentile range of 3.885 and 5.506. The
angular (physical) diameter is 3’9 (9.6 cMpc). A potential
large-scale structure was identified in the HUDF at z~ 5.9 by
Stanway et al. (2007) after finding two LAEs at z=15.93, but
neither is part of this overdensity. More recently, one of the
sources that make up this overdensity was identified as an LAE
at z=15.93 in Witstok et al. (2024), where roughly a third of the
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Table 1
A Summary of Physical Quantities for the Final Sample of Galaxy Overdensities, Described in Section 3.3
Name R.A. (J2000)* Decl. (J2000) Neat® (Zspec)” (Beal)® log;o(Mhato/ Mo)"
JADES—GN-OD-5.191 189.21047 62.22105 103 5.191 £ 0.002 8.924 +0.378 13.436 + 0.039
JADES—GN—-OD-5.194 189.14389 62.30190 8 5.194 £+ 0.001 3.597 £+ 0.540 12.252 £ 0.163
JADES—GN—-OD-5.269 189.12783 62.24182 14 5.269 £ 0.001 3.472 £0.155 12.375 £ 0.074
JADES—GS—O0D-5.386 53.08846 —27.82449 39 5.386 &+ 0.001 9.134 £ 0.172 13.038 £ 0.044
JADES—GS—0OD-5.928 53.13527 —27.78893 14 5.928 £ 0.002 4.923 +0.223 12.503 £ 0.057
JADES—GS—OD—-6.876 53.14291 —27.78575 4 6.876 £ 0.003 3.907 £+ 0.506 11.462 £+ 0.122
JADES—-GS—0D-6.906 53.10573 —27.84951 4 6.906 £ 0.001 5.854 £0.183 11.810 £ 0.154
JADES—GN—-OD—6.991 189.17527 62.25518 6 6.991 £+ 0.001 6.142 £+ 0.253 11.660 £ 0.111
JADES—GN-OD-7.025 189.16789 62.29100 6 7.025 £ 0.004 4.666 £+ 0.550 11.614 £ 0.096
JADES—GS—-0OD-7.061 53.07610 —27.83756 5 7.061 £ 0.003 3.866 + 0.421 11.632 £ 0.133
JADES—GN-OD-7.133 189.12636 62.23430 5 7.133 £0.003 5.247 £ 1.174 11.852 £ 0.146
JADES—GN—-OD-7.144 189.25454 62.23888 4 7.144 £ 0.002 5.086 £ 0.114 11.834 £ 0.195
JADES—GS—0D-7.231 53.17006 —27.78024 5 7.231 £ 0.004 6.805 £ 0.848 11.733 £0.136
JADES—GS—OD-7.265 53.18444 —27.78779 7 7.265 £ 0.003 6.631 £ 0.500 11.683 £+ 0.106
JADES—GS—0D-7.561 53.17739 —27.75186 7 7.561 £ 0.002 6.465 £ 0.126 11.909 £ 0.116
JADES—GS—OD-7.954 53.09377 —27.86057 4 7.954 £+ 0.001 5.495 £+ 0.106 11.606 £ 0.148
JADES—GS—0D-8.220 53.13935 —27.83658 6 8.220 + 0.001 10.735 £ 0.212 11.791 £ 0.136

Notes.

4 Mean of the constituent R.A.

® Mean of the constituent decl.

¢ Total number of constituent galaxies.

4 Mean and standard error of the constituent spectroscopic redshifts.

¢ Mean and standard error of the constituent galaxy overdensity values.

P Mean and standard deviation of the inferred halo mass as described in Section 3.6.

LAEs that were presented were found to coincide with large-
scale galaxy overdensities at z ~ 5.9, potentially corresponding
to ionized bubbles with sizes of R;,, = 3.8-6.4 cMpc.

JADES—GS—0OD—-6.876 is an overdensity in GOODS-S
with four galaxies. The average overdensity value is
a1 = 3.907 across an inner 68th percentile range of 2.898 and
4.919. The angular (physical) diameter is 2/2 (5.7 cMpc).
Similarly, JADES—GS—OD—6.906 contains four galaxies.
The average overdensity value is 0y, = 5.854 across a similar
range of 5.595 and 6.124. The angular (physical) diameter is
0’4 (0.9 cMpc). These overdensities have not been discussed
previously in the literature.

JADES—GN—-OD—-6.991 is an overdensity in GOODS-N
with six galaxies. The average overdensity value is gy = 6.142
across an inner 68th percentile range of 5.583 and 6.753. The
angular (physical) diameter is 1’3 (3.3 cMpc). JADES—GN
—OD—-7.025 contains six galaxies. The average overdensity
value is 644 = 4.666 across a similar range of 3.490 and 5.549.
The angular (physical) diameter is 1!8 (4.6 cMpc). JADES
—GN—-OD-7.133 contains five galaxies. The average over-
density value is 4, = 3.866 across a similar range of 3.186 and
7.961. The angular (physical) diameter is 1/2 (3.1 cMpc).
JADES—GN—-OD—7.144 contains four galaxies. The average
overdensity value is {4, = 5.086 across a similar range of 4.921
and 5.242. The angular (physical) diameter is 0’4 (1.1 cMpc).
These overdensities have not been discussed previously in the
literature, but they reside in a complex environment with fila-
mentary structures, which is illustrated in Figure 3.

JADES—-GS—OD-7.061 is an overdensity in GOODS-S
with five galaxies. The average overdensity value is
0ga1 = 3.866 across an inner 68th percentile range of 3.537 and
4.218. The angular (physical) diameter is 2!5 (6.5 cMpc).
JADES—GS—0OD—7.231 contains five galaxies. The average
overdensity value is 64, = 6.805 across a similar range of 5.005
and 8.369. The angular (physical) diameter is 2’0 (5.2 cMpc).

JADES—GS—0D—7.265 contains seven galaxies. The average
overdensity value is dgy = 6.631 across a similar range of 5.500
and 7.642. The angular (physical) diameter is 17 (4.4 cMpc).
JADES—GS—0OD—7.561 contains seven galaxies. The average
overdensity value is 0z, = 6.631 across a similar range of 6.395
and 6.649. The angular (physical) diameter is 2’7 (7.0 cMpc).
These overdensities were discussed previously in Endsley et al.
(2024) as a very dense concentration of z~ 7.0-7.6 galaxies.
Furthermore, the extreme LAE discovered by (Saxena et al.
2023, JADES—GS—z7—LA) was later found to coincide with a
large-scale galaxy overdensity at z~ 7.3, potentially corresp-
onding to an ionized bubble with a size of Rj,, =19 cMpc
(Witstok et al. 2024). However, this overdensity does not
contain JADES—GS—z7-LA since it is too faint to be detected
by the JWST/NIRCam WFSS from FRESCO.
JADES—GS—0OD-7.954 is an overdensity in GOODS-S
with four galaxies. The average spectroscopic redshift is
Zspec = 1.954 across an inner 68th percentile range of 7.952 and
7.955, while the average overdensity value is 64y = 5.495
across a similar range of 5.343 and 5.641. The angular (phy-
sical) diameter is 1’5 (3.9 cMpc). JADES—GS—0OD—8.220
contains six galaxies. The average spectroscopic redshift is
Zspec = 8.220 across an inner 68th percentile range of 8.217 and
8.222, while the average overdensity value is 0gy = 10.735
across a similar range of 10.058 and 11.225, making it the most
significant overdensity in terms of average overdensity value in
either field. The angular (physical) diameter is 2/2 (5.8 cMpc).
These overdensities have not been discussed previously in the
literature, although two of the constituent galaxies have been
studied by Laporte et al. (2023) with JWST/NIRCam imaging
from JEMS and JWST/NIRCam WEFSS from FRESCO. Fur-
thermore, these are the two highest redshift spectroscopically
confirmed galaxy overdensities (or protocluster candidates) to
date, more distant than the protocluster candidate A2744
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Figure 3. 3D large-scale structure of the overdense galaxy environment at 6.925 < zgpe. < 7.215 in GOODS-N. The on-sky distribution in physical units for the
N = 37 galaxies that fall within the given comoving volume are color-coded by their spectroscopic redshift. Spatial offsets are measured relative to the median
position and redshift of the given sample. The squares represent galaxies that are confirmed members of JADES—GN—OD—6.991, the diamonds represent confirmed
members of JADES—GN—-OD—7.025, the triangles represent confirmed members of JADES—GN—-OD—7.133, the hexagons represent confirmed members of
JADES—GN—OD—7.144, and the transparent circles represent confirmed members of the field. These galaxy overdensities reside in a complex environment with
connected filamentary structures. The complete figure set (nine components) is available in the online journal for the rest of the final sample of galaxy overdensities
described in Section 3.3. Each figure has a corresponding animation in the animations.tar.gz package, which shows one rotation about the AY-axis.

(The complete figure set (9 images) is available in the online article.)

—Z7p90D at (zspec> = 7.881 (Hashimoto et al. 2023; Morishita
et al. 2023).

3.4. Properties of the Rest-UV Photometry

Following the methodology outlined in Topping et al.
(2024), we measure the rest-UV magnitudes (Myy) and con-
tinuum slopes (Oyv) for each of the galaxies that are part of the
final spectroscopic sample described in Section 3.2. UV
luminosities are derived as vL, at \.y = 1500 A, while UV
continuum slopes are derived from fitting a simple power law
(fy o< Muv Calzetti et al. 1994) to the rest-UV photometry. We
adopt a redshift-dependent set of filters that are chosen to avoid
contamination from Ly« emission to perform these derivations.
For objects in our sample at zgpe. < 5.4, the filter set includes
FO90W, F115W, and FI50W. For objects in our sample at
5.4 < Zgpee < 7.4, the filter set includes F115W, F150W, and
F200W. For objects in our sample at zgpe. > 7.4, the filter set
includes F150W, F200W, and F277W.

Figure 4 shows the distribution of rest-UV magnitudes ver-
sus spectroscopic redshifts for the final spectroscopic sample,

where the pink points represent the galaxies from GOODS-N
and the blue points represent the galaxies from GOODS-S. The
twin axes closest to the right include histograms showing the
distribution of UV magnitudes for the two fields, assuming a
similar color scheme to the primary axis. Since the GOODS-S
region of JADES is marginally deeper than the GOODS-N
region, there is an increased number (roughly 50% more) of
very UV-faint galaxies (i.e., Myy > —18.5) within GOODS-S.
To assess the typical uncertainties associated with these values,
the twin axis furthest to the right displays the median uncer-
tainty on the UV magnitudes, as a function of UV magnitude.
Our sample spans a large range of rest-UV magnitudes, from
Myy=-—16.5 at the faint end (JADES—GS+53.10188
—27.81095) all the way out to Myy = —22.3 at the bright end
(JADES—GN+189.24919+62.20523).

Figure 5 shows the distribution of galaxy overdensity values
versus rest-UV magnitudes on the left axis and galaxy over-
density values versus rest-UV continuum slopes on the right
axis for the final spectroscopic sample, where the gray points
represent individual galaxies from both GOODS-N and
GOODS-S. These UV magnitudes have an inner 68th
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Figure 4. Rest-UV magnitudes vs. spectroscopic redshifts for the final spectroscopic sample described in Section 3.2. The pink (blue) points represent the galaxies
from GOODS-N (GOODS-S). Similarly, histograms showing the distribution of UV magnitudes in the twin axes closest to the right. The pink (blue) shaded regions
represent the galaxies from GOODS-N (GOODS-S). The additional depth of JADES in GOODS-S when compared to GOODS-N has resulted in an increased number
of very UV-faint galaxies (i.e., Myy > —18.5). The twin axis furthest to the right displays the median uncertainty on the UV magnitudes as a function of UV
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Figure 5. Left panel: galaxy overdensity values vs. rest-UV magnitudes for the final spectroscopic sample described in Section 3.2. Right panel: galaxy overdensity

values vs. rest-UV continuum slopes for the final spectroscopic sample. Both panels:

the gray points represent individual galaxies from the sample, the green points

represent median values in bins of UV magnitude or UV continuum slope, and the best-fit linear relation to the median values is shown by the green lines and shaded
regions. Best-fit slopes and normalizations are provided in the lower right corners. These results indicate that galaxy overdensity values are significantly correlated
with both UV magnitudes (at roughly 6.20) and UV continuum slopes (at roughly 3.20), suggesting the UV-brightest and UV-reddest objects are typically surrounded
by more galaxy neighbors. These correlations provide evidence for accelerated galaxy evolution within overdense environments.

percentile range in Myy of —18.4 and —20.1, with a median
UV magnitude of Myy = —19.2, which is broadly consistent
(but a little brighter) than the values derived by Topping et al.
(2024) for a similar sample of galaxies that were

photometrically selected down to a fainter UV luminosity
threshold. These UV continuum slopes have an inner 68th
percentile range in Syy of —2.4 and —1.7, with a median UV
continuum slope of Gyy = —2.0, which is broadly consistent
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Table 2
A Summary of Physical Quantities in Bins of UV Magnitude and UV Continuum Slope, Described in Section 3.4
Magnitude or Slope Bin Nea" zspecb Myv© Buov® Ogar®
—15.5> Myy > —18.5 169 5.38019943 —18.15579%2) —2.011*3%31 1.52479134
—18.5 > Myy > —19.0 162 5.435+0977 —18.735%9014 —2.152+90% 119279448
~19.0 > Myy > —19.5 156 5.602+9973 —19.259+9012 ~2.097+09% 1.6137132
—19.5 > Myy > —20.0 133 558879480 —19.741+3913 —2.04810:9%4 2.57991%

~20.0 > Myy > —20.5 88 5.510+962

—20.21619919 —2.028+99%¢ 2.129+01%8

—20.5 > Myy > —23.5 62 539140932 —20.811*9914 —1.824+00%¢ 3.137°9%1
—4.00 < Byv < —2.50 66 5.649+0290 —18.851+0%37 —2.650799%9 127940338
—2.50 < fyv < —2.25 147 5.5431093¢ —19.18173:98 —2.353+0:9% 1.488+0183
—2.25 < fyv < —2.00 208 5.54159038 —19.233750049 —2.12540:5% 170145182
—2.00 < Byv < —1.75 182 5.522+0.963 —19.268"9%% —1.885+0908 178145339
—1.75 < Byy < —1.50 99 52987908 —19.35540:447 —1.64179912 2.246793%
—1.50 < Byv < —0.00 68 53404083 —19.305"01 ~1.3207002 2.5175045¢

Notes.

 Total number of galaxies.

® Median and 68% confidence interval of the spectroscopic redshifts.

¢ Median and 68% confidence interval of the rest-UV absolute magnitudes.
4 Median and 68% confidence interval of the rest-UV continuum slopes.

¢ Median and 68% confidence interval of the galaxy overdensity values.

(but a little redder) than the analogous values derived by
Topping et al. (2024).

Qualitatively, the distribution of galaxy overdensity values
appears to shift lower at fainter UV magnitudes and bluer UV
continuum slopes. We explore this apparent trend by assigning
objects in our final spectroscopic sample to bins in both Myy
and [yy, which are presented in Table 2. As a reminder, 3D
galaxy overdensity values are defined to be Oga = 71gal/
(ngar) — 1, following the methodology of Chiang et al. (2013).
The UV-brightest objects at these redshifts (Myy < —20.5 at
4.9 < Zgpec < 8.9) have median galaxy overdensity values of
Ogal = 3.14*31% (corresponding to number densities that are
roughly 4.1 times that of the ensemble average number density
of galaxies), while the UV-faintest objects (Myy > —18.5)
have median galaxy overdensity values of Oy = 1.524913
(which is roughly 2.5 times more dense than average). On the
other hand, the UV-reddest objects (Gyy > —1.5) have median
galaxy overdensity values of 0gy = 2.5204 (which is roughly
3.5 times more dense than average), while the UV-bluest
objects (Buv < —2.5) have median galaxy overdensity values
of Oga1 = 1.28792% (which is roughly 2.3 times more dense than
average).

It is interesting to note that nearly all of the galaxies in the
final spectroscopic sample (roughly 83%) have galaxy over-
density values greater than zero, implying that they live in
environments that are more dense than the ensemble average
number density of galaxies at those redshifts. This is the
expected behavior when working with galaxies that are inher-
ently biased, such as those from the line flux-limited sample
that is used throughout this work: populations of galaxies with
stronger bias are more clustered than those with weaker bias
(e.g., Chiang et al. 2013). As a sanity check, we compare this
result with predictions from the First Light and Reionisation
Epoch Simulations (Lovell et al. 2021), which are a set of
cosmological zoom-in simulations using the EAGLE model
(Crain et al. 2015; Schaye et al. 2015). With these simulations,
Lovell et al. (2021) explored the environmental dependence of
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high-redshift galaxy evolution, finding that galaxies pre-
dominantly live in overdense environments across the full
range of stellar masses and SFRs at 5 <z < 9. Their results
show that roughly 80%-90% of galaxies have galaxy over-
density values greater than zero, consistent with what we
measure for the final spectroscopic sample.

We quantify these observed trends of increasing galaxy
overdensity values at brighter UV magnitudes My and redder
UV continuum slopes [yy by fitting a linear relation to the
median overdensity values for the magnitude and continuum
slope bins that are presented in Table 2. The assumed func-
tional forms for the linear relations are given in the lower right
corners of Figure 5, along with the best-fit parameters and the
average values (which are used as the zero-points for the
relations). We derive uncertainties on the best-fit relations by
adopting a bootstrap Monte Carlo method, where we first
construct mock samples consisting of objects selected ran-
domly from the observed sample with replacement. For each
object in each mock sample, we perturb the galaxy overdensity
value and either the UV magnitude or the UV continuum slope
based on their associated uncertainties. We assign the resulting
values to the same magnitude or continuum slope bin, and fit
the binned values 1000 times. The uncertainties on the best-fit
relations are then taken to be the inner 68th percentile range
based on the resulting distribution of best-fit linear parameters
from the Monte Carlo routine.

The results of fitting these linear relations reveal significant
correlations between galaxy overdensity values dy, and UV
magnitude Myy as well as UV continuum slope Gyy. For the
relation with UV magnitude, we find a best-fit slope of
a = —0.08433!3 and normalization of b = 2.09070:019, which
are defined at the average value of Myy = —19.199 and are
inconsistent with no correlation between dq, and Myy at >60.
For the relation with UV continuum slope, we find a best-fit

slope of a = 0.1287:938 and normalization of b = 0.22073912,
which are defined at the average value of Gyy = —2.041 and

are inconsistent with no correlation between 6,, and SByy at
>30. Furthermore, we conduct Spearman correlation tests on
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the individual objects in the final spectroscopic sample, which
reveal significant correlations between 64, and Myy (described
by a correlation coefficient of p = —0.159 and a probability of
being drawn from an uncorrelated distribution of 1.0 x 107°)
as well as fOyy (described by a correlation coefficient of
p=0.123 and a probability of being drawn from an uncorre-
lated distribution of 6.4 x 107%).

These significant correlations can be interpreted as evidence
for accelerated galaxy evolution within overdense environ-
ments since galaxies with brighter UV absolute magnitudes
Myy and redder UV continuum slopes Gyy typically have more
galaxy neighbors than their fainter and bluer counterparts. We
should note that the UV continuum slope exhibits a well-
known dependence on the UV absolute magnitude, and that the
slope of this correlation is seemingly independent of redshift
(e.g., Bouwens et al. 2009, 2012, 2014; Topping et al. 2024).
This may suggest that the correlation between galaxy over-
density value and UV continuum slope is second order and the
result of the correlation between UV absolute magnitude and
UV continuum slope. Future work will focus on a detailed
comparison of various galaxy properties as a function of the
local environment.

3.5. Properties of the Stellar Populations

Following the methodology outlined in Tacchella et al.
(2022) and Helton et al. (2024), we utilize the SED fitting code
Prospector v1.1.0 (Johnson et al. 2021) to infer the stellar
populations for each of the galaxies that are part of the final
spectroscopic sample described in Section 3.2. Fits are per-
formed on the rescaled Kron small photometry described in
Section 2.1, while the redshift is fixed at the spectroscopic
redshift. Prospector uses a Bayesian inference framework
and we choose to sample posterior distributions with the
dynamic nested sampling code dynesty v1.2.3 (Spea-
gle 2020).

We use the Flexible Stellar Population Synthesis (FSPS;
Conroy et al. 2009; Conroy & Gunn 2010) code, which is
accessed through the python-FSPS (Foreman-Mackey et al.
2014) bindings. We assume the MIST isochrones and stellar
tracks (Dotter 2016; Choi et al. 2016), which make use of the
MESA stellar evolution package (Paxton et al. 2011, 2013,
2015, 2018). We further assume the MILES stellar spectral
library (Falcon-Barroso et al. 2011; Vazdekis et al. 2015) and
adopt a Chabrier (2003) initial mass function. Absorption by
the intergalactic medium (IGM) is modeled after Madau
(1995), where the overall scaling of the IGM attenuation curve
is set to be a free parameter. Dust attenuation is modeled using
a two-component dust attenuation model (Charlot & Fall 2000)
with a flexible attenuation curve where the slope is tied to the
strength of the UV bump (Kriek & Conroy 2013). Nebular
emission (both from emission lines and continuum) is self-
consistently modeled with the spectral synthesis code Cloudy
(Ferland et al. 2013; Byler et al. 2017).

A nonparametric star formation history (SFH) is used with
the “continuity” prior (Tacchella et al. 2022), which allows for
large flexibility in the shape of the SFH since they are not
parametric functions of time. We assume that the SFH can be
described by Nggr distinct time bins of constant star formation.
The time bins are specified in units of lookback time and the
number of distinct bins is set to be Ngggr = 6. The first two bins
are fixed at 0-30 Myr and 30-100 Myr, while the last bin is
fixed between 0.15 t#,,;, and t,,;y, Where f,,;, is the age of the
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Universe at the galaxy’s spectroscopic redshift, measured with
respect to the formation redshift zg,, = 20. The rest of the bins
are spaced equally in logarithmic time between 100 Myr and
0.85 t,,;y- Both the total stellar mass and the ratios of SFRs in
adjacent time bins are set to be free parameters.

Figure 6 shows the star-forming main sequence for the final
spectroscopic sample identified in Section 3.2. The reported
stellar masses and SFRs are derived from the Prospector
fits using the nonparametric SFH with the continuity prior,
where the SFRs are averaged over the last 100 Myr of look-
back time. The empirical star-forming main sequence at 4.9 <
7 < 8.9 derived by Popesso et al. (2023) is given by the green-
shaded region. Additionally, the maximum allowed SFR,
assuming all of the stellar mass was formed in the last 100 Myr
of lookback time is given by the solid gold line. We note that
the empirical star-forming main sequence used here is only
calibrated at redshifts of 0 <z<6 and stellar masses of
10%°M,,, < M, < 10""°M ., which does not cover the full range
of values for the final spectroscopic sample of galaxies con-
sidered here.

We find that the vast majority of the objects in our sample
agree with the empirically derived star-forming main sequence
within 1o (Popesso et al. 2023), despite our sample being
biased as a result of the requirement to detect either Ha or
[OTI]A5008 at greater than 3c0. For the galaxies with Ha
detections at 4.9 < zgpee < 6.6, we could alternatively derive
SFRs using the measured Ha emission line flux along with the
conversion factor from Kennicutt & Evans (2012). These
objects would have their SFRs increased by A ~ 0.5 dex if the
Ha-based SFRs were adopted rather than those derived from
the Prospector fits. We note that this is likely because the
canonical hydrogen ionizing photon production efficiency
(&on X Lygo/Lyv) used in Kennicutt & Evans (2012) for
galaxies in the local Universe with solar metallicity is only
Eon~ 101 Hz ergfl, which is lower than measurements at
comparable redshifts by A&, ~ 0.5 dex (e.g., Bouwens et al.
2016; Ning et al. 2023; Sun et al. 2023; Simmonds et al. 2023).
For the galaxies with [O IIJA5008 detections at 6.7 < Zgpec <
8.9, we could alternatively derive SFRs using the measured
[O MI]AS008 emission line flux along with the conversion
factor from Villa-Vélez et al. (2021). These objects would
similarly have their SFRs increased by A ~0.5dex if the
[O ] A5008-based SFRs were adopted rather than those
derived from the Prospector fits, which is also likely
caused by the redshift evolution of &, as shown with recent
literature (Simmonds et al. 2023; Tang et al. 2023, F. Sun et al.
2024, in preparation). The use of UV-based SFRs derived using
the conversion factor from Kennicutt & Evans (2012) does not
change the distribution of our final spectroscopic sample in
Figure 6, which is expected since the Prospector-based
SFRs largely rely on the rest-UV photometry.

Within the final spectroscopic sample described in
Section 3.2, there are N=615 galaxies with Ha detections
across the redshift range 4.9 < zg,e. < 6.6, which span over
3 orders of magnitude in inferred stellar mass from M, =
102 M., up to M, =10""7 M. The least massive galaxy in
this lower-redshift sample (JADES—-GS+53.16514
—27.85392) is also one of the UV-faintest in the sample with a
magnitude of Myy = —17.6 at zgpe = 5.101, while the most
massive galaxy (JADES—GN+189.11308+62.29239) is
another one of the UV-faintest in the sample with a continuum
slope of Myy = —18.0 at zg,e. = 5.270. Additionally, there are
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Figure 6. Left panel: star-forming main sequence for the final spectroscopic sample of Ho emitters described in Section 3.2. Right panel: star-forming main sequence

for the final spectroscopic sample of [O IIJA5008 emitters described in Section 3.2.

Both panels: The stellar masses and SFRs reported here are derived from the

Prospector fits, where the SFRs are averaged over the last 100 Myr of lookback time. The gray points represent individual galaxies from the sample. The empirical
star-forming main sequence at 4.9 < z < 6.6 and 6.7 < z < 8.9, as derived by Popesso et al. (2023), is given by the green-shaded region. The maximum allowed SFR,
assuming all of the stellar mass was formed in the last 100 Myr of lookback time is given by the solid gold line. The vast majority of these objects agree with the

empirically derived star-forming main sequence within lo.

N =160 galaxies with [O II]A5008 detections across the red-
shift range 6.7 < zgpec < 8.9, spanning over 3 orders of mag-
nitude in inferred stellar mass from M, =10"*M_. up to
M, = 10'"7 M. The least massive galaxy in this higher-red-
shift sample (JADES—GS+53.16242—-27.75070) is another
one of the UV-faintest in the sample with a magnitude of
Myy = —18.5 at zg,ee = 7.044, while the most massive galaxy
(JADES—GS+53.16138—27.73767) is one of the UV reddest
in the sample with a continuum slope of fGyy=—1.4 at
Zspec = 0.812. We also note that both of the two most massive
sources have heavily reddened SEDs (Ay ~ 3 mag) and point-
like morphologies, and therefore, we cannot rule out the exis-
tence of broad-line AGN as those seen with recent JWST
studies (e.g., Matthee et al. 2024; Maiolino et al. 2023; Greene
et al. 2024), which could be fainter than the current grism
detection limit. If so, the stellar masses derived from the
Prospector fits could be significantly overestimated for
these two sources.

A large fraction of the galaxies within the final spectroscopic
sample agree with the maximum allowed SFR line within 1o,
which implies that these galaxies assembled nearly all of their
stellar mass in the last 100 Myr of lookback time, suggesting a
strong recent burst of star formation. Such bursty SFHs are
seemingly common in galaxies at these redshifts, as suggested
by recent observations with JWST (e.g., Endsley et al. 2023,
2024; Dome et al. 2024; Looser et al. 2024, 2023; Simmonds
et al. 2023; Strait et al. 2023; Tacchella et al. 2023a). There is
one interesting outlier well below the empirical star-forming
main sequence in the left panel of Figure 6 (JADES—GN
+189.23669+62.20247 at zg,e. =5.200). With an inferred
stellar mass of M, = 10°*M_, the observed photometry sug-
gests a strong Balmer break, implying a mass-weighted age of
tviw = 390 Myr. This galaxy is part of the largest overdensity
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identified here in terms of total number of galaxies and inferred
halo mass (JADES—GN—-OD-5.191), with an angular (phy-
sical) separation of 06 (1.5 cMpc) from the well-known sub-
millimeter galaxy HDF850.1. We do not expect to find many
galaxies with strong Balmer breaks, as a result of our selection.

3.6. Inferring Dark Matter Halo Masses

The stellar-to-halo abundance matching relation from Beh-
roozi et al. (2013) is typically used to convert stellar masses
into halo masses and, therefore, to derive estimates of the dark
matter halo mass for individual overdensities and protoclusters
in the early Universe (e.g., Long et al. 2020; Helton et al.
2024). Uncertainties on these estimates are calculated by
adopting the mean stellar-to-halo abundance matching relation
from Behroozi et al. (2013) and propagating the uncertainties
on the stellar masses for each individual galaxy. However, it is
unclear how the assumed relation changes when working with
biased populations of galaxies, such as the line flux-limited
sample that is used throughout this work. For this reason, it is
important for us to derive our own stellar-to-halo abundance
matching relations, from simulated samples of galaxies that
match the final spectroscopic sample described in Section 3.2
in terms of selection.

We make use of the mock catalogs and light cones produced
for each of the five CANDELS fields (Grogin et al. 2011) in the
public data release (DR1) of the semi-empirical Uni-
verseMachine model from Behroozi et al. (2019). The
model obtained their dark matter halo properties and assembly
histories from the Bolshoi—Planck dark matter halo simulations
(Klypin et al. 2016; Rodriguez-Puebla et al. 2016). These
simulations followed a periodic, comoving volume with side
lengths of 2504 ' Mpc containing 2048 dark matter particles
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with a mass resolution of 1.6 x 10%2'M.. The assumed
cosmology for these simulations is the standard flat ACDM
cosmology from Planck15, which is fully consistent with the
Planck18 cosmology assumed here. For more information
about the mock catalogs and light cones produced by the semi-
empirical UniverseMachine model, we refer the reader to
Behroozi et al. (2019).

There are 10 different light cones produced for each of the
five CANDELS fields, corresponding to the best-fit model,
along with nine randomly drawn models from the posterior
distribution of the UniverseMachine DRI. For each of
these light cones, there are eight different realizations, resulting
in a total of 80 unique catalogs that are simulated for each of
the fields. Since we are interested in the GOODS-N and
GOODS-S fields, there are 160 unique catalogs considered
here. These light cones probe fields of view of 544 arcmin® in
GOODS-N and 663 arcmin® in GOODS-S. We further restrict
these light cones to lie within the total overlapping area
between the JADES and FRESCO footprints (which is roughly
35 arcmin® in GOODS-N, and 46 arcmin” in GOODS-S).

Finally, we impose cuts on the rest-frame UV magnitudes
and SFRs, where both of these are taken to be observed values
rather than intrinsic, in order to produce realistic comparison
samples of simulated galaxies. The rest-frame UV magnitude
cut is a fixed cut that is equal to the faintest UV magnitude in
the final spectroscopic sample, My = —16.5. The SFR cut is a
variable cut that is dependent on the JWST/NIRCam Grism R
line flux sensitivity at a given wavelength, and is therefore
dependent on the spectroscopic redshift. The line flux sensi-
tivities at 30 are used along with SFR conversion factors from
Kennicutt & Evans (2012) for Ha and Villa-Vélez et al. (2021)
for [O TIJA5008. We further reduce these SFR limits by a factor
of 3 in order to correct for the observed difference between
UV-based SFRs and Ha-based or [O II]\5008-based SFRs, as
discussed in Section 3.5. The resulting SFR cut is roughly
1M, yr_1 at the blue end (Zspec =~ 5) of the Ho emitters and
roughly 2 M, yr7l at the red end (Zgpec ~ 6.5), while the same
SFR cut is roughly 2 M, yr ! at the blue end (Zspec = 7) of the
[OT]A5008 emitters and roughly 4 M. yr~' at the red end
(Zspec = 9). We note that the SFR cut is more restrictive when
compared to the rest-frame UV magnitude cut, and ultimately is
the only relevant cut since the final spectroscopic sample is line
flux limited and therefore implicitly SFR limited.

The aforementioned cuts on the rest-frame UV magnitudes
and SFRs are applied to each of the 80 unique catalogs that are
simulated for both the GOODS-N and GOODS-S fields, pro-
ducing final comparison samples of galaxies from Uni-
verseMachine. Since the goal of these cuts was to produce
realistic comparison samples of simulated galaxies, we com-
pare the distributions of various physical parameters (Zgpec.
Myv, M, and SFR) for these simulated samples with the final
spectroscopic sample described in Section 3.2. We find that the
typical simulated distributions of these four parameters are
indistinguishable from the observed distributions in both of the
fields considered here, when comparing both the full and inner
68th percentile ranges of values, as well as the medians and
means of the values. The only exception occurs at the faint end
of the Myy distribution, where the observed sample extends to
fainter magnitudes when compared to the simulated samples.
This discrepancy at faint Myy implies that the observed low-
mass galaxies are exhibiting larger scatter in their rest-optical
emission line strengths when compared to the simulated low-
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mass galaxies. Larger scatter in the rest-optical emission line
strengths could be the result of bursty SFHs not being properly
modeled for the simulated galaxies. Recent observations with
JWST have suggested that bursty SFHs are likely common in
galaxies at these redshifts (e.g., Endsley et al. 2023, 2024;
Dome et al. 2024; Looser et al. 2024, 2023; Simmonds et al.
2023; Strait et al. 2023; Tacchella et al. 2023b).

Since we have confirmed that the final comparison samples
of galaxies from UniverseMachine match the final spec-
troscopic sample described in Section 3.2 in terms of both
selection and galaxy properties, we are now able to derive our
own stellar-to-halo abundance matching relations from the
simulated samples of galaxies. For each of the galaxies that are
part of the final spectroscopic sample, we perturb the stellar
mass 100 times based on the associated uncertainties. For each
of these perturbations on the stellar mass, we find the simulated
galaxy in each of the final comparison samples that has the
closest stellar mass and lies at a similar redshift (Az <0.25).
The stellar-to-halo mass ratios of these simulated galaxies are
used to convert the perturbed stellar masses into halo masses,
producing a distribution of 8000 halo mass estimates for each
of the galaxies that are part of the final spectroscopic sample.
The mean and standard deviation of this distribution of values
are taken to be the best-fit halo mass estimate and corresp-
onding uncertainty. Dark matter halo mass estimates for each of
the galaxy overdensities in the final sample described in
Section 3.3 are calculated by summing the halo masses for each
of the constituent galaxies. Uncertainties on our estimates are
calculated by propagating the uncertainties on the halo masses
for each individual galaxy.

We note that our method for estimating dark matter halo
masses does not account for additional members of the over-
densities that were not identified and included in the final
spectroscopic sample, including objects that fall outside either
the JADES or the FRESCO footprints. This is a non-negligible
effect since some of the overdensities identified here (e.g.,
JADES—-GS—0D—-5.386) fall at the edge of the overlapping
area between the JADES and FRESCO footprints (A0 < 1').
Additionally, since our final spectroscopic sample only
includes galaxies with narrow photometric redshift constraints
and secure emission line detections, we are likely missing some
additional subset of objects with relatively unconstrained
photometric redshifts and/or low levels of star formation (e.g.,
DSFGs, massive quiescent galaxies and/or obscured AGNs).
Given that clusters induce earlier quenching for their con-
stituent members, we cannot rule out the existence of a sig-
nificant population of these kinds of objects. For these reasons,
the halo masses quoted here are likely underestimates of the
true halo masses associated with the final sample of over-
densities described in Section 3.3.

Figure 7 shows the dark matter halo mass distribution as a
function of redshift for the final sample of galaxy overdensities
described in Section 3.3, with the pink (blue) points repre-
senting the overdensities from GOODS-N (GOODS-S).
Groups and protoclusters at z <5 from Li et al. (2022) are
given in gray scale for comparison, which were selected based
on photometric redshifts and have dark matter halo mass esti-
mates that assume the stellar-to-halo abundance matching
relation from Behroozi et al. (2013). Overdensities from the
UniverseMachine at z 2 5 are given by the gray points for
an additional point of comparison, which were selected in the
same manner as the final sample of overdensities following the
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Figure 7. Dark matter halo mass vs. redshift for the final sample of galaxy overdensities described in Section 3.3. The pink (blue) points represent the overdensities
from GOODS-N (GOODS-S), while the dark matter halo mass estimates for these structures are described in Section 3.6. For comparison, groups and protoclusters at
z <5 from Li et al. (2022) are given in gray scale, while overdensities from UniverseMachine at z 2 5 are given by the gray points. The brown-shaded region
shows the expected halo mass evolution of massive galaxy clusters at z = 0 (Chiang et al. 2013). The black horizontal dashed line represents the typical threshold for
shock stability, assuming a spherical infall, below which the flows are predominantly cold and above which a shock-heated ICM is expected (Dekel & Birn-
boim 2006). The black diagonal dashed line represents the typical threshold for penetrating cold gas flows.

procedure described in Section 3.3. The brown-shaded region
shows the expected halo mass evolution of massive
(Mpao > 10" M) galaxy clusters at z = 0 (Chiang et al. 2013),
assuming a smooth evolution at z > 6. The black-dashed line
represents the typical threshold for shock stability, assuming a
spherical infall, below which the flows are predominantly cold
and above which a shock-heated ICM is expected (Dekel &
Birnboim 2006). The black diagonal dashed line represents the
typical threshold for penetrating cold gas flows.

The theoretical overdensities identified from Uni-
verseMachine exhibit remarkable similarity with the final
sample of overdensities described in Section 3.3. By looking at
the distribution of the number of overdensities identified from
each of the 160 unique UniverseMachine light cones (split
evenly between GOODS-N and GOODS-S), we calculate the
expected number of observed overdensities by taking the mean
and standard deviation of this distribution, which produces an
expectation of N=8.2+3.4 overdensities per field. This
expected value is the same for each of the two fields considered
here (N = 8.4 £ 4.0 for GOODS-N, N = 8.2 & 3.2 for GOODS-
S) and is consistent with the number of overdensities found
within the final sample described in Section 3.3 (N=7 for
GOODS-N, N = 10 for GOODS-S). Furthermore, the range in
values for the other inferred parameters (total number of con-
stituent galaxies, mean of the constituent spectroscopic red-
shifts, mean of the constituent galaxy overdensity values, and
mean of the inferred halo mass) are consistent between the
theoretical overdensities identified from UniverseMachine
and the final sample of observed overdensities.

Chiang et al. (2013) used the Millennium Run dark matter N-
body simulation (Springel et al. 2006) and a semi-analytic
galaxy formation model (Guo et al. 2011) to study the high-
redshift progenitors of the most extreme present-day structures
and their galaxy contents. This simulation followed a comoving
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volume with side lengths of 500k~ ' Mpc containing 2160° dark
matter particles with a mass resolution of 8.6 x 10°4' M. It
has already been shown that the cluster abundance, cluster
galaxy luminosity function, and galaxy number density profiles
in these simulations match observations of galaxy clusters in the
local Universe. Using these results, they compiled a sample of
2832 galaxy clusters, which includes 1976 low-mass “Fornax-
type” clusters,'* 797 intermediate-mass “Virgo-type” clusters, '
and 59 high-mass “Coma-type” clusters.'® These correspond to
number densities of n=8.8 x 107° Mpcf3 for all clusters,
n=6.1x10"°Mpc > for “Fornax-type” clusters, n=2.5 x
10°°Mpc™®  for “Virgo-type” clusters, and n=1.8 x
107" Mpc ™ for “Coma-type” clusters. The total comovinég
volume sampled by our observations is V =7.6 x 10° cMpc”,
which corresponds to a number density of n=22Xx
107> cMpc* for the final sample of overdensities described in
Section 3.3. This number density is largely affected by cosmic
variance, but taking it at face value, there seems to be a factor
of 2 to 3 more overdensities in our observations and in Uni-
verseMachine than clusters in the simulations used by
Chiang et al. (2013).

Throughout this work, we have implicitly assumed that each
of the overdensities that are part of the final sample described in
Section 3.3 will evolve into distinct galaxy clusters by z=0.
However, roughly half of the overdensities in the final sample
are spatially and kinematically coincident with one another
(e.g., the complex environment with filamentary structures that
is illustrated in Figure 3). If we instead assume that these

14 “Fornax type” refers to relatively low-mass galaxy clusters with halo masses
of Myao = (1.37-3) x 10" M, at z =0.

15 “Virgo type” refers to intermediate-mass galaxy clusters with halo masses of
Mo = (3 — 10) x 10" M, at z=0.

16 «Coma type” refers to relatively high-mass galaxy clusters with halo masses
of Myao > 103 M., at z = 0.
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nearby overdensities will merge with one another by z = 0, then
the total number of galaxy overdensities would be reduced
from N =17 to N =9, thereby reducing the number density to
n=12x10"°cMpc > for the final sample of overdensities.
Based on these comparisons, we find it plausible that the
galaxy overdensities identified here are likely the progenitors of
massive galaxy clusters with halo masses of My, = 10 M. at
z=10. Future work using results from UniverseMachine, or
some other simulation, will provide more insight into the
potential evolution and eventual fates of our galaxy
overdensities.

4. Summary and Conclusions

We have presented a systematic search for high-redshift
galaxy overdensities at 4.9 < zg,e. < 8.9 in both the GOODS-N
and GOODS-S fields using data from NIRCam on JWST.
These data consist of JWST/NIRCam imaging from JADES
(Eisenstein et al. 2023) and JEMS (Williams et al. 2023)
alongside JWST/NIRCam WFSS from FRESCO (Oesch et al.
2023). Our findings can be summarized as follows.

1. Galaxies were initially selected using HST+JWST pho-
tometry spanning A =0.4-5.0 ym and the redshifts for
roughly a third of these galaxies were subsequently con-
firmed using slitless spectroscopy over A = 3.9-5.0 um via
a targeted emission line search for either Ha or
[OHI]A5008 around the best-fit photometric redshift. The
final spectroscopic sample of galaxies considered here
includes N =775 objects at 4.9 < zZgpec < 8.9 (N=1615 of
these galaxies have Ha detections while N = 160 of these
galaxies have [O 1] A5008 detections).

2. An FoF algorithm was used to identify high-redshift
galaxy overdensities by iteratively looking for three-
dimensional (3D) structural groupings within the final
spectroscopic sample. Robust galaxy overdensities were
selected from this initial sample by requiring a minimum
number of constituent galaxies (Ng, > 4) and an average
galaxy overdensity value that is larger than the value taken
from Chiang et al. (2013), which selects structures within
cosmological simulations as protocluster candidates with
80% confidence (Oga = Mgal/(Nga) — 1 > 3.04). The final
sample of galaxy overdensities includes N =17 objects
(N =1 of these are in GOODS-N, while N =10 of these
are in GOODS-S). The two highest redshift spectro-
scopically confirmed galaxy overdensities (or protocluster
candidates) to date are part of this sample at (2 pec)=
7.954 and (z spec> = 8.222, representing densities around
~6 and ~12 times that of a random volume.

3. The rest-UV magnitudes and continuum slopes for the
final spectroscopic sample were inferred from the HST
+JWST photometry spanning A =0.4-5.0 um and the
spectroscopic redshifts as determined by the targeted line
search. We divided these galaxies into bins of UV mag-
nitude and continuum slope in order to explore how these
parameters vary as a function of galaxy overdensity
value. The results of these tests indicate that galaxy
overdensity values are significantly correlated with both
UV magnitudes (at roughly 6.20) and UV continuum
slopes (at roughly 3.20), suggesting the UV-brightest and
UV-reddest objects are typically surrounded by more
galaxy neighbors. These correlations provide evidence
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for accelerated galaxy evolution within overdense
environments.

4. The total dark matter halo mass associated with
each of the galaxy overdensities was estimated (11.5<
log,o[Mhalo/ Ms] < 13.4) using an empirical stellar mass
to halo mass relation derived from light cones produced
by the semi-empirical UniverseMachine model from
Behroozi et al. (2019). The total number of simulated
galaxy overdensities selected from these light cones
(N = 8.2 + 3.4 overdensities per field) are consistent with
our observed overdensities. Furthermore, the simulated
galaxy overdensities selected from these light cones
exhibit similar physical properties (e.g., redshift, number
of constituent galaxies, average galaxy overdensity value,
and dark matter halo mass) when compared to our
observed overdensities. As a result of our selection cri-
teria, the total dark matter halo mass ranges quoted
here are likely an underestimate of the true halo
masses. Regardless, these large-scale structures are
expected to evolve into massive galaxy clusters with
log,o(Mhao/Ms) 2, 14 by z=0.

In this work, we have demonstrated the powerful combina-
tion of JWST/NIRCam imaging and slitless spectroscopy by
efficiently confirming the redshifts for N =775 objects at
4.9 < Zzpec < 8.9, inferring the physical properties of these
galaxies, and assessing the large-scale structure in which these
galaxies reside. As a result of their large surface densities of
star-forming galaxies, the galaxy overdensities identified here
are ideal targets for spectroscopic follow-up observations using
JWST and/or the Atacama Large Millimeter/submillimeter
Array. Such observations will reveal important details of the
galaxy and cluster assembly process, including the infall of
material from the filamentary cosmic web, the interactions
between some of the earliest galaxies, the coevolution of
galaxies and their supermassive black holes, the formation of
the brightest cluster galaxies, the heating and enrichment of the
ICM, and the buildup of the intracluster light.
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