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ABSTRACT

The Charting Cluster Construction with VUDS and ORELSE (C3VO) survey is an ongoing imaging
and spectroscopic campaign aiming to map out the growth of structure up to z ~ 5 and was born from
the combination of the VIMOS Ultra Deep Survey (VUDS) and the Observations of Redshift Evolution
in Large-Scale Environments (ORELSE) survey. As we previously accomplished with the ORELSE
survey, we apply our technique known as Voronoi tessellation Monte-Carlo (VMC) mapping to search
for serendipitous galaxy overdensities at 2 < z < 5 in the three C3VO fields. We also apply the
same technique to mock observations of simulated galaxies with properties derived from the GAlaxy
Evolution and Assembly (GAEA) semi-analytic model (SAM) in order to judge the effectiveness of
our as a function of redshift, total mass, and fraction of spectroscopic redshifts. We find typical
completeness and purity values of the order 30-50%, with a strong dependence on mass and redshift,
with values as high as ~80% and ~70%, respectively, in the best-case scenario for log(M,—¢/Mg) > 14.
In the C3VO fields, we were able to recover many of the previously known structures in the literature as
well as find hundreds of new overdensity candidates, once again demonstrating the powerful capabilities
of VMC mapping when applied to wide-field optical and infrared galaxy evolution surveys at ever higher
redshifts.

Keywords: galaxies: clusters, galaxies: evolution, galaxies: groups, techniques: spectroscopic, tech-
niques: photometric

1. INTRODUCTION time. Protoclusters are the progenitors of galaxy clus-

Galaxy groups and clusters are among the largest
gravitationally bound structures in the Universe. These
large-scale structures at different redshifts provide a
means of studying cosmology as well as the effects of
environment on galaxy evolution at various stages in

ters, which at some point will gravitationally collapse
and become virialized. Clusters may be distinguished
from field galaxies through a number of methods, such as
the identification of a well-defined red sequence or a hot
intracluster medium (ICM). Red sequence techniques to
find clusters were first employed by the Red Sequence
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Cluster Survey (RCS; Gladders & Yee 2000, 2005). The
RCS made use of two lters, one in the optical and one
in the near-infrared, to identify galaxy overdensities by
features such as Balmer absorption or the 4008 break,
which would be present in the lter wavelengths out to
redshifts of z 1. With the addition of mid-infrared
Iters, red sequence searches can be extended up 2
(e.g., Andreon et al. 2009; Muzzin et al. 2009; Wilson
et al. 2009; Galametz et al. 2012; Cooke et al. 2015;
Noirot et al. 2016; Golden-Marx et al. 2019).

Various cluster surveys at intermediate redshift, such
as the Observations of Redshift Evolution in Large-
Scale Environments (ORELSE; Lubin et al. 2009) sur-
vey, Gemini Cluster Astrophysics Spectroscopic Sur-
vey (GCLASS; Muzzin et al. 2012), and the Gemini
Observations of Galaxies in Rich Early ENvironments
(GOGREEN; van der Burg et al. 2020) survey, have
demonstrated how the scaling relations between color,
density, morphology, and the star formation rate (SFR)
change uptoz 1 relative to the local universe. Studies
from these surveys have shown that quenching is likely
driven by internal mass-based mechanisms as well as
processes that are at play in overdense environments.
There are claims that these processes are largely sepa-
rable for galaxy samples atz < 1 (e.g., Peng et al. 2010;
Kove et al. 2014; Guglielmo et al. 2015), but some stud-
ies argue otherwise (e.g., De Lucia et al. 2012). The
scaling relations weaken or reverse as redshift increases,
and the two modes of quenching may also no longer act
fully independently at z > 1 (e.g., Balogh et al. 2016;
Kawinwanichakij et al. 2017; Pintos-Castro et al. 2019).
We therefore need to study higher redshift protoclusters
to understand how galaxies evolve into theirz 1 or
z 0 counterparts.

However, even if it is possible to nd such structures,
it is dicult to identify which protoclusters are likely
to evolve into typical lower redshift clusters. The chal-
lenges come from both the sensitivity of cosmological
simulations such as Chiang et al. (2013, 2015); Remus
et al. (2023); Lim et al. (2024) to di erent stellar proper-
ties as well as the failures to reproduce the high masses
and SFR observed in protocluster galaxies. It is thus
imperative to ensure that overdensity characterization
is as accurate as possible and the properties of their con-
stituent galaxy populations are well constrained, which
requires high-quality data and methods to obtain ac-
curate measures of redshift, overdensity strengths, and
galaxy properties.

Because protoclusters exist primarily at higher red-
shifts (z & 2), even detecting structure, let alone char-
acterizing a system's mass, dynamical state, or mem-
ber population, is highly challenging. In contrast, there

have been many successes in nding and characterizing
clusters at lower redshifts (0< z < 1:5) from a num-
ber of di erent methodologies. Some notable examples
among the highest yielding surveys include the thou-
sands or more candidate clusters found at optical and
near-infrared wavelengths (e.g., Gonzalez et al. 2019;
Wen & Han 2022), at X-ray wavelengths (e.g., Ebel-
ing et al. 2001; Pi aretti et al. 2011), and at radio and
sub-mm wavelengths by tracing the thermal Sunyaev-
Zel'dovich (SZ; Sunyaev & Zeldovich 1972) e ect (e.g.,
Planck Collaboration et al. 2016; Hilton et al. 2021; Pol-
letta et al. 2021, 2022). Lensing surveys have also seen
some success, albeit nding much fewer cluster candi-
dates relative to other methodologies (e.g., Kubo et al.
2009; Ford et al. 2014).

The limiting magnitude required to pick up any mean-
ingful number of galaxies atz > 2 is out of reach
for many optical and near-infrared surveys. This di -
culty is compounded for X-ray surveys, as X-ray surface
brightness falls 0 as/ (1+ z) *. Additionally, X-ray
and radio/sub-mm surveys, surveys which rely on the
identi cation of signatures from the ICM, are also less
e ective due to the decreased time such processes are
able to act on the member galaxies in order to build up
a hot ICM. As a consequence, the ICM has only been
detected in very fewz > 2 overdensities relative to the
number of searches (e.g., Wang et al. 2016; Tozzi et al.
2022; Di Mascolo et al. 2023). Lensing surveys are sus-
ceptible to projection e ects complicating the accuracy
of mass determination. Red sequence identi cation is
also mostly ine ective due to protocluster galaxies be-
ing predominantly blue (Overzier 2016). Of these short-
comings, the most feasible to overcome is in the op-
tical and near-infrared, where the extreme magnitudes
(ias - 24) needed to probe the member population of
high-redshift protoclusters is in reach for the deepest
ground- and space-based galaxy surveys.

Although the number of known protoclusters atz > 2
has increased over the past decade due to a number
of systematic searches of deep observations (e.g., Di-
ener et al. 2013; Chiang et al. 2014; Wylezalek et al.
2013, 2014; Franck & McGaugh 2016; Lee et al. 2016;
Toshikawa et al. 2016, 2018; Newman et al. 2020; Lee
et al. 2024; Ramakrishnan et al. 2024), discovery and
characterization has primarily been limited to individ-
ual spectacular structures, with some notable examples
being the SSA22 protoclusteratz  3:1 (Chapman et al.
2001), the Spiderweb protocluster atz 2 (Pentericci
et al. 1997, 2000; Miley et al. 2006; Dannerbauer et al.
2014), the SPT2349-56 protocluster atz  4:3 (Miller
et al. 2018; Hill et al. 2022), and the Hyperion proto-
supercluster atz  2:5 (Cucciati et al. 2018, Forrest et
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al. in prep). The sensitivity o ered by the James Webb
Space Telescope (JWST) has also enabled protocluster
searches beyonad > 5, with protocluster candidates be-
ing found at redshifts upto z  7:7 (e.g., Laporte et al.
2022; Helton et al. 2024, Li et al. 2024). The focus on a
relatively small number of massive protoclusters, how-
ever, means that the overall data set is inhomogeneous
and thus ill-suited for any broad population analyses,
which limits our understanding of the environments and
how they a ect galaxy evolution at such high redshifts.

In this paper, we perform a search of protoclusters
over 2.4 ded in three famous extragalactic elds (COS-
MOS, ECDFS, and CFHTLS-D1). Our search is car-
ried out using a version of Voronoi tessellation Monte-
Carlo (VMC, Lemaux et al. 2017; Tomczak et al. 2017;
Lemaux et al. 2022) mapping with limited assumptions
on the underlying galaxy populations, using as seeds
exquisite panchromatic imaging data as well as tens of
thousands of spectroscopic redshifts from a variety of
archival data sources both public and proprietary. This
method has been very successful for systematically nd-
ing and characterizing hundreds of new overdensity can-
didates over 1.4 ded between 055< z < 1:37 with the
Observations of Redshift Evolution in Large-Scale Envi-
ronments (ORELSE) survey (Hung et al. 2020), includ-
ing nding clusters of su cient masses to o er cosmo-
logical constraints with only optical and near-infrared
data (Hung et al. 2021). With considerable levels of
spectroscopy, we are able to e ectively search for galaxy-
traced high redshift protoclusters over a large range of
masses and dynamical states.

Although VMC mapping has also been used to nd
several massive higher redshift structures in the VIMOS
Ultra Deep Survey (e.g., Lemaux et al. 2014a, 2018; Cuc-
ciati et al. 2014, 2018; Shen et al. 2021; Forrest et al.
2023; Shah et al. 20244a; Staab et al. 2024), no systematic
search has yet been performed within these elds with
modern data. Such is the goal of this work. Armed
with a wealth of photometric and spectroscopic data,
we aim to search for a large ensemble of galaxy-traced
protostructures essentially free from any other bias. In
this work, we further build on the methodology of Hung
et al. (2020) by incorporating a custom-built lightcone
with GAlaxy Evolution and Assembly (GAEA; De Lu-
cia et al. 2024) semi-analytics model to estimate the
completeness, purity, and masses of the protostructure
candidates we nd.

This paper is organized as follows. The extensive
imaging and spectroscopic data set used is described in
8. The methodology regarding how we nd protoclus-
ter candidates is described in83. We describe in&4 how
we use simulated data drawn from a custom-built light-

cone to quantify the e ectiveness of our method at nd-
ing and characterizing protocluster candidates. We go
over the full catalog of candidates in85 as well as draw
comparisons with the previously known structures in the
literature in the elds we studied. Finally, a summary
of our ndings is given in 8 along with some possible
future avenues on expanding upon this work.

Unless otherwise speci ed, we adopt a at CDM cos-
mology throughout this paper, with Hg = 70 km s 1
Mpc %, . =0.27, and = 0.73, and reported dis-
tances are generally given in proper units (e.g.,h701
proper kpc or Mpc). In some cases, where explicitly
noted, distances are reported in comoving units but still
follow the convention of h701 comoving kpc or Mpc.

2. DATA

The VIMOS Ultra Deep Survey (VUDS; Le Fevre
et al. 2015; Tasca et al. 2017) was a spectroscopic red-
shift survey of roughly 10,000 galaxies at 2< z < 6
with the goal of studying galaxy assembly. The Ob-
servations of Redshift Evolution in Large-Scale Envi-
ronments (ORELSE; Lubin et al. 2009) survey was a
multi-wavelength photometric and spectroscopic cam-
paign designed to map out large-scale structures over
0:6 < z < 1:3. These two surveys were combined
into the Charting Cluster Construction with VUDS and
ORELSE (C3VO?!; Shen et al. 2021; Lemaux et al.
2022) survey, which seeks to map out the growth of
structure at 0:5 < z < 5. The higher redshift end
(2 z 5)isanongoing campaign to obtain additional
visible and near-infrared (NIR) wavelength photome-
try and spectroscopy of three well-studied extragalactic
elds: the Cosmic Evolution Survey (COSMOS; Scov-
ille et al. 2007) eld, the Extended Chandra Deep Field
South (ECDFS; Lehmer et al. 2005), and the rst eld
of the Canada-France-Hawai'i Telescope Legacy Survey
(CFHTLS-D12).

In addition to the data obtained with C3VO, the data
used in this work also include the extensive imaging
and spectroscopic data sets of these elds from various
publicly available sources. We brie y describe the ba-
sic properties of these data in this section, but further
details regarding the observations, reduction, source de-
tection, magnitude measurements, and various valida-
tion methods can be found in Lemaux et al. (2014b,a),
the references therein, and the references cited below.

2.1. Archival Data

1 https://www.orelsesurvey.com/c3vo.html
2 https:/ivww.cfht.hawaii.edu/Science/CFHTLS/
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2.1.1. Imaging Data and Photometry

The photometry in the elds at wavelengths relevant
to this work generally span 10 or more bands ranging
from the ultraviolet (UV) to the NIR. Many bands are
extremely deep, reaching magnitudes omag 24 27
for completeness limits of 5.

In the COSMOS eld, we utilize the \COSMOS2015"
catalog compiled by Laigle et al. (2016) as our ba-
sis catalog. The COSMOS2015 catalog consists of
near-ultraviolet (NUV) imaging from the GALaxy
Evolution eXplorer (GALEX ; Martin et al. 2005),
ground-basedu BVri*z*" UV/optical imaging from
MegaCam on the Canada-France-Hawai'i Telescope
(CFHT; Boulade et al. 2003) and Subaru/Suprime-Cam
(Miyazaki et al. 2002), ground-based Y JHK imag-
ing from Subaru/Hyper-Suprime-Cam (HSC; Miyazaki
et al. 2012), the UltraVISTA survey (McCracken et al.
2012), and CFHT/WIRCam (Puget et al. 2004; Mc-
Cracken et al. 2010), as well as 3.6 to 8.0 m imaging
from Spitzer with the InfraRed Array Camera (IRAC;
Fazio et al. 2004). The catalog contains photometric
redshifts for over half a million objects over an area of
2 ded. We used v2.0 of the Capak et al. (2007) cat-
alog as an additional source for photometric redshifts
that were absent in the COSMOS2015 catalog. For the
objects shared between the two catalogs, no systematic
o0 set has been observed between the derived parameters
for the two di erent sets of photometry (Lemaux et al.
2022).

Note that while a newer version of the COSMOS pho-
tometric catalog exists, namely the COSM0OS2020 cat-
alog (Weaver et al. 2022), this catalog did not exist at
the inception of this study, and, thus, all mock observa-
tions and spectroscopic selection functions used to train
and characterize the search algorithm in this study were
based on the COSMOS2015 catalog. However, all data
in this study are cut at an IRAC channel 1 (hereafter
IRAC1) magnitude of IRAC1<24.8, a limit to which
both the COSM0OS2015 and COSMOS2020 catalogs are
complete. Thus, while there are likely higher order im-
provements that would come as a result of instead adopt-
ing the COSMOS2020 catalog as our base photometric
catalog for COSMOS, given that the COSMOS2015 cat-
alog is complete to the depth adopted for this study and
the methodological approach used to generate the COS-
MOS2015 catalog is similar to that of the ClassiclLe
Phare COSMOS2020 catalog, we chose to keep the
COSMOS2015 catalog as our basis for studies in the
COSMOS eld.

The photometry in the ECDFS eld is sourced from
optical Subaru/Suprime-Cam imaging over 18 medium
bands (Cardamone et al. 2010), taken as a part of the

Multiwavelength Survey by Yale-Chile (MUSYC; Ga-
wiser et al. 2006). The eld also includes ancillary
data by way of UBV RI imaging from the Garching-
Bonn Deep Survey (GaBoDS; Hildebrandt et al. 2006)
and zJHK imaging from earlier MUSYC observations.
Imaging in each of the four Spitzer bands from 3.6 to
8.0 mis also included from theSpitzer IRAC/MUSYC
Public Legacy in the ECDF-S (SIMPLE; Damen et al.
2011) survey. These data overall include over 40,000
photometric redshifts over a 0.25 ded area. We note
that while this eld also has observations taken with
the Hubble Space Telescope (HSTjor the Cosmic As-
sembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS; Grogin et al. 2011; Koekemoer et al. 2011),
the area observed only intersects a small section of the
spectroscopic coverage.

The CFHTLS-D1 eld's UV/optical/NIR imaging
data is described extensively in Lemaux et al. (2014b,a).
As part of CFHTLS, the data include ground-
based u g%4%° imaging with CFHT/MegaCam. In
the near-infrared, JHK ¢ imaging was taken with
CFHT/WIRCam for the WIRCam Deep Survey (WIDS;
Bielby et al. 2012) and at 3.6 and 4.5 m with
Spitzer/IRAC for the Spitzer Extragalactic Representa-
tive Volume Survey (SERVS; Mauduit et al. 2012). The
eld includes over 150,000 photometric redshifts over a
1 deg area.

2.1.2. Spectroscopic Data

The spectroscopic data in our work is discussed in
depth in Lemaux et al. (2022). We summarize the salient
details below.

For our spectroscopic redshifts drawn from other sur-
veys, we only adopted values that were denoted as se-
cure by their reporting survey for our redshift range of
interest (2 <z < 5). Over half (50.5%) of these spectro-
scopic redshifts originated from VUDS (Le Fevre et al.
2003), which primarily used photometric redshifts in the
catalogs described above to select targets for spectro-
scopic follow-up with the Visible Multi-Object Spectro-
graph (VIMOS) on the Very Large Telescope (VLT).
Details regarding the survey design, observations, data
reduction, and redshift determination can be found in
Le Fevre et al. (2015), and a full description of the rst
VUDS data release can be found in Tasca et al. (2017).
We consider galaxies with ags X2, X3, X4, and X9 as
secure, where X may equal 0, 1, 2, or 3, according to
the agging code employed in Le Fevre et al. (2015).
Such ags indicate a redshift that is reliable at the 75
to 99.3% level.

The next largest source (24.5%) of our spectroscopic
redshift sample came from the Bright and Deep phases
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of the zCOSMOS survey (Lilly et al. 2007, 2009; Di-
ener et al. 2013, 2015). Other spectroscopic redshifts in
the COSMOS eld were taken from Casey et al. (2015);
Chiang et al. (2015); Diener et al. (2015) atz  2:5.
The 3D-HST, VANDELS, VVDS, and ACES surveys
(including Le Fevre et al. 2004, 2013; Vanzella et al.
2009; Hathi et al. 2009; Straughn et al. 2009; Balestra
et al. 2010; Cooper et al. 2012; Kurk et al. 2013; Trump
et al. 2013; Morris et al. 2015; McLure et al. 2018; Pen-
tericci et al. 2018; Talia et al. 2023 among others) that
cover the ECDFS eld make up 17.0% of the spectro-
scopic redshift sample N. Hathi, priv. comm.). The
eld galaxies in the CFHTLS-D1 eld are sourced from
the Deep and UltraDeep phases of the VIMOS VLT
Deep Survey (VVDS; Le Fevre et al. 2005, 2013) which
make up 5.5% of the spectroscopic redshift sample. Al-
though each spectroscopic survey has its own unique
agging system, we chose galaxies with ags as close as
possible to what would be considered secure in VUDS.
If a galaxy appeared in multiple surveys, we adopted
the redshift with the highest con dence ag, with the
VUDS redshift preferred in the case of a tie.

2.2. C3VO Observations

The remainder of the redshifts were drawn from dedi-
cated C3VO spectroscopy, which was obtained with the
Multi-Object Spectrometer For Infra-Red Exploration
(MOSFIRE; McLean et al. 2012) and the DEep Imag-
ing Multi-Object Spectrograph (DEIMOS; Faber et al.
2003) on the Keck I/1l telescopes. The C3VO survey's
Keck observations were designed with the goal of a near
complete magnitude-limited survey to i° < 25:3 of the
six most signi cant overdensities found in VUDS, in-
cluding those reported in Lemaux et al. (2014b, 2018);
Cucciati et al. (2014, 2018); Shen et al. (2021); Forrest
et al. (2023); Shah et al. (2024a); Staab et al. (2024).
The observations targeted star-forming galaxies of all
types to a magnitude of iag < 253, magnitudes at
which we could hope to recover continuum redshifts, and
fainter sources (253 iag < 26:5) for which we would
only be able to spectroscopically con rm Lyman- emit-
ting galaxies. Details of the C3VO observations of all
structures can be found in the references given above.

For this work, we do not incorporate all C3VO ob-
servations, but rather only those from select overden-
sities as our goal is primarily to assess our ability to
recover structure from broad-breadth spectroscopic sur-
veys rather than those aimed at dedicated followup. For
consistency with some of the previous C3VO works,
we include the initial DEIMOS followup observations
of the Taralay protostructure at z  4:57 in the COS-
MOS eld as described in Lemaux et al. (2022) and the

MOSFIRE observations of PClJ0227-0421 az  3:3 in
the CFHTLS-D1 eld used in Shen et al. (2021). Both
of these observations add considerably to the spectro-
scopic sampling at the high-redshift end of their respec-
tive elds. Additionally, we incorporate spectroscopic
observations of the ECDFS eld described in Shah et al.
(2024a), which includes both C3VO observations and a
newly compiled catalog of public redshifts made by one
of the co-authors (NPH). As can be seen in Figure 1 of
Shah et al. (2024a), the former comprise only a small
fraction of the redshifts in the eld, and are primarily
targeted at the Smruti protostructure at z  3:5. The
details of these observations and the reduction of these
data can be found in the corresponding reference listed
above as well as Forrest et al. (2023, 2024).

Spectroscopic redshifts from DEIMOS data were de-
termined with the publicly available Deep Evolutionary
Extragalactic Probe 2 (DEEPZ2; Davis et al. 2003; New-
man et al. 2013) redshift measurement progranzspec
(Newman et al. 2013). Since this program was intended
primarily to evaluate the spectral redshift of galaxies at
z < 1.4, empirical high-redshift galaxy templates from
VUDS and VVDS were added to the base template setin
the program, as were high-resolution empirical Lyman-

templates from Lemaux et al. (2009). All observed
objects targeted or otherwise were visually inspected
and assigned a spectroscopic redshiftspec and a red-
shift quality code Q. Under the DEEP2 convention,
secure stellar Q = -1) and extragalactic (Q = 3, 4) red-
shifts are scienti cally usable at the 95% con dence
level (Newman et al. 2013).

MOSFIRE redshifts were initially determined by ap-
plying an identical methodology to the one described
above for the DEIMOS spectra following a visual in-
spection for intermediate to high signal-to-noise (S/N)
emission features. A second pass redshift estimation
was performed after a more comprehensive visual in-
spection of all two-dimensional MOSFIRE spectra, both
to identify lower S/N features and detections of non-
targets that serendipitously fell in the MOSFIRE slits.
A one-dimensional extraction was performed at the spa-
tial location of emission lines identi ed during the vi-
sual inspection process and redshifts were determined
via model tting (see Forrest et al. 2023 for more de-
tails). Redshift ags for MOSFIRE spectra followed the
convention of those employed for the DEIMOS redshift
determination.

In addition to the high-z C3VO redshifts, we
also incorporated Keck/DEIMOS observations in the
CFHTLS-D1 eld of the z  1:05 cluster XLSS005 from
the ORELSE survey (see Lemaux et al. 2019 and refer-
ences therein for details). This campaign yielded 750
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secure spectroscopic redshifts. While these redshifts are
exclusively at z < 2, they are useful as a means of elim-
inating lower-redshift interlopers in our galaxy density
mapping (see8§3.2).

Combining all data sets and imposing the NIR appar-
ent magnitude cuts used to de ne both our photometric
and spectroscopic sample, as discussed in the next sec-
tion, resulted in a total of 7451 unigue galaxies with a
high-quality Zspec in the redshift range 2<z < 5°.

3. METHODOLOGY
3.1. Photometric and Spectroscopic Redshifts

We select the spectroscopic and photometric red-
shifts in this work (referred to as zgpec and Zzpnot, re-
spectively) in an identical manner to the methods de-
scribed in Lemaux et al. (2022). In summary, the
spectroscopic and photometric redshifts used were cut
at per- eld magnitude limits: IRAC1 <24.8 for COS-
MOS, IRAC1<24.8 for ECDFS, and IRAC1<23.1 or
Ks<24.1 for CFHTLS-D1. We additionally required
detection in two NIR bands in the CFHTLS-D1 eld
due to its relatively shallow IRAC imaging. Our photo-
metric limits correspond to the 3 limiting depth of the
IRAC/WIRCam images in each of the three elds. With
these cuts, the redshift sample is estimated to be 80%
complete to amass of logt =M ) 9.2{9.5 across all
three eldsat z 3 (Lemaux et al. 2022). For details on
photometric and spectroscopic measurements, as well as
details of the spectral energy distribution (SED) tting
methodologies can be found in (Lemaux et al. 2022) and
references therein.

Applying the photometric cuts detailed above to both
the spectroscopic and photometric sample, the spectro-
scopic redshift fraction* ranges from 0.06 to 0.2 across
the three elds, with CFHTLS-D1 having the sparsest
coverage and ECDFS having the densest. For the COS-
MOS, ECDFS, and CFHTLS-D1 elds, the zpne scatter
is NMAD;  z=(1+ Zspec ) — 0.013, 0.017, and 0.043, with
catastrophic outlier rates of 8.8%, 12.0%, and 14%, and
biases (i.e., €phot ~Zspec)/(1+ Zspec)) Of -0.0019, 0.0009,
and -0.0149, respectively, as measured for galaxies in

3 For C3VO observations \high-quality" spectral redshifts refers
only to ags -1, 3, & 4. The VVDS, zCOSMOS, and our public
compilation of redshifts are placed on the VUDS agging sys-
tem, where the term high-quality spectral redshifts refers to all
subclasses of ags 2, 3, 4, & 9 (see Lemaux et al. 2022 for more
details on the reliability of these ags).

4 This quantity, which is abbreviated later in the paper as S zF,
refers to the fraction of objects brighter than the photometric
limit imposed in a given eld in the range 2 <z ppee < 5 with a
secure spectral redshift.

the redshift range 0 Zgpec
photometric cuts as above.

6 subject to the same

3.2. Voronoi Tessellation Monte-Carlo Mapping

Hung et al. (2020) successfully used a powerful
technique known as Voronoi tessellation Monte-Carlo
(VMC) mapping to nd hundreds of candidate galaxy
clusters and groups over a combined spectroscopic foot-
print of 1.4 ded in the ORELSE survey at 0:55 <
z < 1:37. Despite the increase in data quality from
the ORELSE survey in terms of overall number of spec-
troscopic redshifts, as well as the depth and breadth
of the imaging data, we expect that the same struc-
ture search algorithm will have a more challenging time
producing results that are as fruitful at higher redshift.
This expectation is due partially to the lower fraction of
spectroscopy available, as the number counts of galaxies
increase precipitously with deeper imaging, as well as
the larger photometric redshift errors that accompany
higher redshift galaxies. Additionally, the density con-
trast of forming structures at high redshift is less than
that of massive clusters, and more resemble the den-
sity contrast of groups (see, e.g., Forrest et al. 2024).
Details on the construction of the VMC maps for both
z landat2<z< 5can be found in Tomczak et al.
(2017); Lemaux et al. (2017, 2018); Hung et al. (2020);
Lemaux et al. (2022), but we will summarize the process
here. For this work, we adopt the particular approach
of Lemaux et al. (2022).

Voronoi tessellation has broad applications that also
include being capable of acting as a type of density eld
estimator. It de nes a polygonal cell for every object in
a 2D plane where the area inside the cell is closer to the
host object than any other object. The cell size is thus
indicative of the density at a given location; the smaller
the cell size, the higher the density. The survey data
cover a broad range in redshift, the data are cut into
redshift slices, each 7.5 Mpc in width, or z  0.015{
0.08 forz 2{5. We choose this approach rather than a
three-dimensional tesselation primarily because induced
motion complicates the interpretation of line of sight po-
sitions. By breaking the data up into two-dimensional
slices of this size we are able to marginalize over veloc-
ity substructure in forming structures. A tessellation is
performed on each slice and the resultant density eld is
sampled onto a grid of 75 square kpc pixels. In order to
minimize the chances of splitting individual structures
across slices, we de ne the slices such that two sequential
slices will have 90% overlap in redshift.

In every redshift slice, there are galaxies with spectro-
scopic and photometric redshifts. Photometric redshifts
have much larger uncertainties than spectroscopic red-
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shifts, and we account for this through a Monte-Carlo
method. For each Monte-Carlo realization, we sample
the reconstructed PDF of every zpho: using an asym-
metric Gaussian, which will shift some photometric red-
shifts in or out of the redshift boundaries of a partic-
ular slice and accordingly change the measured density
values. Spectroscopic redshifts are also treated statisti-
cally according to their con dence ags, with reliability
thresholds adopted from those reported in Lemaux et al.
(2022). We then perform the Voronoi tessellation on all
of the zspec and zpnor Objects that fall in given slice for a
given iteration. This process is run a total of 100 times
for each slice, and the nal VMC density map for that
slice is obtained by median combining the densities from
all realizations. We can then obtain the local overden-
sity in a pixel (i;j ) with

log(1 + gal) =log(1 + ( ij T =) (1)

where gy is the overdensity of galaxies, i is the
given pixel's density, and ~is the median density of all
pixels in the central 80% of the slice. These local over-
densities have been shown through tests to correlate well
with other density metrics and trace out known struc-
tures extremely well (e.g., Tomczak et al. 2017; Lemaux
et al. 2019; Hung et al. 2020).

3.3. Detecting Coherent Structure

With the VMC maps in hand in each eld over the red-
shift range 2<z < 5, we apply our structure search al-
gorithm. Signi cant detections in each slice of the VMC
maps, which represent potential signal from a structure,
are found using the standard photometry software pack-
age Source Extractor (SExtractor; Bertin & Arnouts
1996). All slices of the VMC maps in each eld are
fed into SExtractor  and the outer 20-30% of the area
of the maps in each redshift slice is masked to excise ar-
eas of the map where no data exist and to mitigate edge
e ects. The median density of each slice as measured in
the inner 70-80% of the maps is used as a background
level. Unlike previous works (e.g., Hung et al. 2020), we
do not employ a t of the median density as a function of
redshift to determine the background. This choice was
made to mitigate issues with arti cial clustering in red-
shift space ofzynot that spuriously cause wide peaks or
troughs in the density distribution (Fig. 1), which lead
to the suppression of of real structure and enhancement
of false positives if a t is instead employed.

The root mean squared uctuations in the density eld
(RMS), which is also measured in the inner 70-80% of
the maps, varies much more rapidly and is much more
sensitive to the presence of real structure (Fig. 2). As
a result, we employ an fth-order polynomial t, iter-

Figure 1. Median galaxy (surface) density ( J as a func-
tion of redshift for the C3VO and mock elds (see 8§4.2 for a
description of the latter) as measured in the individual slices
of the VMC maps. The 13 mock elds at IRAC1 < 24:8 and
the three mock elds at IRAC1 < 24:0 are each depicted as
single shaded bands showing the maximum and minimum
extent of the median density between all respective mocks at
each redshift. While the median galaxy density as a function
of redshift in the IRAC1 < 24:8 mocks appears to generally
track that of the real data, the variation among all of the
mock elds at a given magnitude cut is much smaller than
the variation within each of the C3VO elds. This disparity

is mainly due to the higher order e ects in the data that are
not encoded in the construction of the mocks. To mitigate
this di erence, we do not employ a t of the median density
as a function of redshift, and, instead, take the measured
median densities at each redshift as a background value (see
§3.3).

atively clipped at 2.5 , of the RMS as a function of
redshift for each eld and adopt the tted values per
slice when runningSExtractor ~ on the VMC maps. In
most cases, the structures only occupy a small fraction
of the VMC map's area. The iterative clipping is most
bene cial for the ECDFS eld, where the structures can
be 30 to 40% of the area of the map, leading to in-
creases in the average local density and the RMS driven
by astrophysical reasons. Note that the RMS measured
in SExtractor is di erent than a traditional measure
of the RMS of all of the pixels in a given slice. Rather,
the SExtractor RMS is measured on the iteratively
3 -clipped distribution of the average density values in
regions whose sizes are dictated by the BACKSIZE in-
put parameter (64x64 pixels in our case). Once deter-
mined for each slice, the median density and RMS are
then used by SExtractor , along with several other
parameters, to detect signal from potential structure in
each density slice.

Four SExtractor parameters in particular are espe-
cially pertinent for this work. The DETECT _THRESH
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Figure 2. The RMS as measured by SExtractor ~ for each
of C3VO (top) and mock (bottom) elds as a function of
redshift. The dashed lines indicate the outlier-clipped fth-
order polynomial t of the RMS as a function of redshift for
each eld. The two sets of SzF1.0 mocks were composed of
multiple maps of di erent regions of the lightcone. For these
mocks, the solid lines represent the median RMS across all
mocks as a function of redshift, with the maximum range of
values is shown in the shaded regions. With a few excep-
tions, the RMS of the mocks generally tracks that of the real
data extremely well; except for the very highest redshifts,
the tted mock RMS is always within 50% of that of the real
data.

and DETECT _MINAREA parameters de ne the base
thresholds for what constitutes a detection in SExtrac-
tor. DETECT _THRESH sets how much higher the den-
sity oor must be relative to the RMS noise in the back-
ground. DETECT _MINAREA sets the minimum num-
ber of contiguous pixels. The detection parameters are
best chosen to maximize completeness while also mini-
mizing spurious detections due to noise. Tests with the
ORELSE data have suggested that DETECT_THRESH
values of around 4 is a reasonable choice to balance
maximizing the purity and completeness of detections
(Hung et al. 2020). While our overall spectroscopic cat-
alog is larger with the C3VO data, the fraction of spec-
troscopic redshifts is generally lower, primarily due to
the extreme faintness of the galaxy population that is

adopted for our density mapping (IRAC1 < 24.8). In ad-
dition, the density contrast of forming clusters (i.e., pro-
toclusters) is considerably less than the cores of estab-
lished clusters by an order of magnitude or more even in
the core regions (see, e.g., Forrest et al. 2024). As such,
in this work we adopt a less restrictive threshold of 3.
Additionally, we adopt a DETECT _MINAREA value of
100 pixels. Such an area is equivalent to 0.5625 Mpc
(corresponding to, e.g., 9 comoving Mpc& at z = 3).
This is roughly two times smaller than the sizes of lower
mass protoclusters (i.e.M,-, 10" M ) at these red-
shifts (e.g., Chiang et al. 2013; Lim et al. 2024), which
allows us to probe down to the protogroup scale.

The DEBLEND _NTHRESH and DEBLEND _MINCONT
parameters de ne the deblending parameters which can
split single contiguous detections into multiple pieces.
DEBLEND NTHRESH sets the number of deblending
sub-thresholds which are exponentially spaced between
the detection oor and the peak of the detection. DE-
BLEND _MINCONT sets the minimum contrast which
is the fraction of the overdensity in a substructure rel-
ative to the overdensity in the entire structure needed
to be considered a separate detection. Deblending is
desirable if there are blended systems in a eld that
may consist of two or more sub-structures, but setting
the deblending too high can split single structures. As
we are more interested in detecting structure than in
resolving the individual sub-components of structures,
we adopt a less aggressive deblending scheme which
uses a DEBLEND.NTHRESH value of 12 and DE-
BLEND _MINCONT value of 0.3. Such a choice will
only break up the most conspicuous of multicomponent
systems.

Once the individual detections in each redshift slice
are identied with SExtractor , we link the detec-
tions across redshift slices. SExtractor reports the
density-weighted barycenter (hereafter simply barycen-
ter) in right ascension and declination (hereafter RA and
Dec, respectively) for every detection. We can check if
a pair of detections across two sequential slices are part
of the same chain by calculating the transverse distance
between their barycenters. If they are within a link-
ing radius, which we set to 2 Mpc after testing values
between 1.5 and 3 Mpc in 0.5 Mpc increments, we com-
bine the two detections into one linked chain and obtain
a new barycenter from the positions of the individual
detections weighted by their isophotal ux as de ned
by SExtractor . It is important to note that because
we applied SExtractor  to density maps, the ux val-
ues are not traditional photometric values, but rather
represent the level of galaxy overdensity. The linking
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continues until no more detections are found that can
be added to the chain.

We nd all possible linked chains starting from the
lowest redshift slice. Consequently, we will have many
linked chains that are either wholly subsets of larger
linked chains that were started at lower redshifts or dif-
fer by a few detections in the middle of the chain. In
order to avoid potentially double counting the same pro-
tostructure candidate, we rst remove any linked chain
that is a complete subset of another chain. We obtain
the protostructure candidates by tting a Gaussian to
the isophotal uxes of the linked detections as a function
of redshift.

In some cases, the linked chain extends over very wide
redshift ranges ( z > 0:5) and contain multiple peaks.
These long linked chains contain about 10% of all peaks
we identify. We identify peaks in a linked chain by rst
sorting all isophotal ux values in the chain, taking note
of the redshift of the highest ux point. We then move
on to the next highest ux point and examine its red-
shift. If it is within ~ z < 0:02 of the rst ux point, we
associate the two points together into the same peak.
This z < 0:02 threshold was chosen as it is the ex-
pected line-of-sight extent of a protocluster plus induced
motion, i.e., 10 to 30 comoving Mpc (Chiang et al. 2013;
Lim et al. 2024). Otherwise, the point is categorized as a
second peak. We continue this from high to low ux val-
ues, checking whether each point is within the minimum
and maximum redshift range of each identi ed peak and
associating the points accordingly, until we reach 20%
of the original highest ux point of the linked chain. We
set this threshold in order to reduce complications with
noise around the ux oor of the linked chain.

We obtain the nal number of peaks by counting how
many peaks have at least ve associated points and per-
form a parametric t characterized by an identical num-
ber of Gaussians to the linked chain (Fig. 3). If the
linked chain happens to yield no peaks with at least
ve points, we simply t a single Gaussian to the en-
tire linked chain. The initial tting coe cients for each
Gaussian are based on the parameters of the peak, where
the mean and amplitude are respectively adopted from
the redshift and ux value of the highest ux point in
the peak, and initial guess for the redshift dispersion is
set by the total redshift range of the points associated
to the peak. If no peaks are identied due to an in-
su cient number of associated points, the initial tting
coe cients for the mean and amplitude of the Gaussian
are set by the mean and highest ux value, respectively,
of the data points in the linked chain, and we assume a
redshift dispersion of 0.01. In order to avoid any likely
spurious detections, we only keep the peaks where the

converged Gaussian t satis es the following conditions:
(1) an amplitude not more than 120% of the highest ux
value in the peak, (2) a mean o set of z < 0:02 from
the median redshift of all ux points, and (3) a redshift
dispersion of , < 0:06.

Because of how we compile the linked chains, we have
many close duplicates, which are mainly composed of
the same SExtractor detections with a few di erent
detections somewhere along the chain. These close du-
plicates then end up with averaged positions that are
largely the same in transverse and redshift space. We
thus need a method to Iter out such cases to avoid
possibly double counting the same structures. Once the
peaks are identi ed, we compute the residuals with the
Gaussian t (the sum of squares of the dierence be-
tween the t and ux point divided by the total number
of points within the redshift dispersion of the Gaussian
t) and remove all other peaks within z < 0:02 and
a transverse distance of 2 Mpc from the peak with the
lowest residuals. Peaks are checked starting with those
with the lowest residuals and progressively moving those
with higher residuals.

We generate the nal list of potential overdensities,
referred to hereafter as \protostructure candidates", by
sorting the peaks per eld from high to low Gaussian
amplitude and subsuming together any candidates that
fall within a transverse distance of 2 Mpc and z < 0:04.
In the case of protostructure candidates that result from
two or more subsumed components, the amplitudes of
the constituent protostructure candidates from the indi-
vidual ts are added together in order to determine the
Gaussian amplitude of each aggregate candidate, and an
amplitude-weighted average of the individual positions
and redshifts is additionally calculated to determine the
location of the aggregate candidate. Entries in our cat-
alog that are composed of two or more subsumed can-
didates make up about 10% of our total catalog.

4. TESTS WITH SIMULATED DATA

The performance of our structure search algorithm is
heavily dependent on the choice ofSExtractor pa-
rameters as well as the linking radius. Less restrictive
parameters will yield more protostructure candidates,
but will result in large number of spurious candidates.
To test the e cacy of our search algorithm, we perform
mock observations of simulated data and apply the same
density mapping and structure search algorithm to the
mock data for which we have absolute knowledge of the
structure locations. As we describe in the following sec-
tions, these mock observations are designed in such a
way as to mimic the quality and approach of the ac-
tual observations employed in this study. In this way, in
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Figure 3. An example of a long linked chain stretching over
the SExtractor

0:9 and containing 9 identi ed peaks. Data points represent

detections in individual slices of our VMC overdensity maps (here we use an example from the mock 1 eld,

see 84.2) which are linked together using the search algorithm described in §3.3. The isophotal ux on the y-axis is the value

directly reported by SExtractor

and is a measure of density. Each peak is considered a unique protostructure candidate in

our nal catalog. Note how peaks close together in redshift space will contribute integrated ux to each other over the multiple
Gaussians in the t, though the t amplitudes are relatively una ected.

principle, subject to the limitations of the simulations,
semi-analytics, and our ability to impose all nuances of
our own data on the mock observations, we are able to
determine the ability of our data, mapping, and search
algorithm to detect structures of di ering properties in
the early universe.

4.1. Construction of the Lightcone

For our study, we use the predictions of the GAlaxy
Evolution and Assembly (GAEA; De Lucia et al.
2024) semi-analytic model (SAM) to generate simulated
galaxy catalogues. The GAEA model, using the ver-
sion described in Xie et al. (2017), was applied to the
dark matter (DM) merger trees of the Millennium Sim-
ulation (Springel et al. 2005). This DM simulation is
based onN = 2160° particles, each with a mass of
86 1C°h M and distributed within a box of size
500h ® comoving Mpc on a side. The simulation is run
assuming a CDM model with ,, =0:25, , =0:045,
h=0:73, =0:75,n=1and g=0:9.

Following Zoldan et al. (2017), we generated a light-
cone from the output of the GAEA SAM. This lightcone
mimics a circular region of the sky with a radius of 2.3
degrees. The lightcone includes galaxies down to a stel-
lar mass ofM 10’M , though is complete down to
masses ofM 10° 10°M . The lightcone ranges
from z = 0 to z = 6 and includes a number of physi-
cal and observable properties for model galaxies, such as
their RA, Dec, redshift, and membership in DM halos
and subhalos. For our study, we make use of the follow-
ing quantities: RA and Dec, observed redshift (i.e., the
cosmological redshift plus the component of the peculiar
velocity along the line of sight), and the dust-attenuated
observed ux in IRAC1. We also make use of the known
membership of each galaxy to its parent halo. In the
Millennium DM Simulation, halos are identied by a
friends-of-friends technique applied to the dark matter
particles, using a linking length of 0.2 in units of the
mean interparticle separation. For each halo, the virial
mass is also provided as an output of the simulation.
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Note that the area of the lightcone is larger than the
DM simulation. As such, the lightcone is constructed of
a patchwork of simulation cubes taken at single snap-
shots with di erent orientations at varying redshifts in
order to populate the entire redshift range of the light-
cone. Because of the nite size of the cubes, there may
be issues where structure is cut o at the interface be-
tween two pasted cubes, which results in the possibility
of massive systems with only a few sub-halos as mem-
bers. We identify and eliminate these systems from con-
sideration in our analysis as described ing4.3 and Ap-
pendix A.

4.2. Selecting Lightcone Regions and Mock
Observations

For this study, we selected ve dierent, non-
overlapping 1x1 ded elds in the lightcone separated
in RA/Dec. Figure 4 shows the location of each of these
regions in the lightcone. A two-dimensional histogram of
the z = 0 masses and redshifts of the protostructures.
in these regions is shown in Figure 5. Once these regions
were selected, we then assign photometric and spectro-
scopic redshifts to the simulated galaxies in a way that
mimicked the properties of the real data, a process we
refer to as \mocking up" the lightcone. For the con-
struction of this catalog, the COSMOS eld is chosen as
the reference eld because it is the largest of the three
C3VO elds and contains the majority of our data. We
will discuss the mocking up of the other two C3VO elds
(ECDFS and CFHTLS-D1) later in this section.

4.2.1. Construction of the Mock Galaxy Catalogs

For each region selected in the lightcone, we con-
structed mock galaxy catalogs using the following pre-
scription. We began with the combined photometric
and spectroscopic catalog in the COSMOS eld, which
are described in82.1.1 and 82.1.2. In order to impose
conformity on the number counts of simulated and ob-
served objects, the simulated and observational catalogs
were cut at IRAC1<24.8. At fainter magnitudes, the
number counts of simulated objects over the redshift
range 0< z < 6 and logM =M ) > 8 appeared to
considerably outpace those in the observed data, which
likely indicated that the data were not complete to mag-
nitudes fainter than this limit. Objects fainter than
IRAC1= 24:8 were not considered further in any part
of our analysis.

The observational catalog was then broken in bins of
magnitude and redshift in order to (a) assess the spec-

5 Here we use the term \protostructure" to indicate the ensemble
of halos at a given redshift that comprise a single z = 0 structure
in the simulation.

troscopic redshift fraction within that bin, and ( b) to
assess the statistics of our photometric redshifts and
their uncertainties as a function of these two param-
eters. For the former, objects were split into mag-
nitude bins of IRAC1 < 224, 224 IRAC1< 234,
234 IRACl< 244, and 244 IRACl< 248. The
magnitude bins were set in this way to roughly contain
an equal number of objects in each bin. For each mag-
nitude bin, we further broke down objects in redshift
bins of 0< z 1, 1<z 2,2<z 3,3<z A4,
4<z b5,andz > 5.

In each redshift and magnitude bin we calculate the
total number of galaxies with secure spectroscopic red-
shifts divided by the total number of objects in that
bin, where the number of objects in the denominator is
set by magnitude and photometric redshift cuts. The
redshift bins are set to be wide enough to minimize the
e ects of scatter across bins due to photometric red-
shift errors. This quotient sets the spectroscopic red-
shift fraction for that magnitude and redshift bin. This
spectroscopic redshift fraction (%F) for the COSMOS
eld across all redshift and magnitude bins is referred to
hereafter as F1.0 and sets our ducial mock spectro-
scopic observations for the mock catalogs. By de nition,
SzF1.0 carries with it the a posteriori spectroscopic se-
lection function of the COSMOS eld, which is then
applied to all mocks.

Per redshift and magnitude bin, the spectroscopic red-
shift fraction in COSMOS ranged from 0.3 for brighter
objects (IRAC1< 22:4) at lower redshift (z < 1) to

0.001 for the faintest objects (244 |IRAC1 < 24:8)
at the highest redshifts (z > 5). Overall, SzF1.0 cor-
responds to a spectroscopic redshift fraction of 0.07 for
a sample cut at IRAC1<24.8. The equivalent numbers
for the ECDFS and CFHTLS-D1 elds were 0.2 and
0.06, respectively, though with the latter cut to a bright-
ness limit of Ks < 24:1 rather than IRAC1 < 24.8 due to
the properties of the photometric data in that eld (see
§.1.1).

In order to approximate the properties of the photo-
metric redshifts in the real data, objects were broken
into the same redshift and magnitude bins as were used
for the SzF calculation. For each magnitude and red-
shift bin, three quantities were calculated by comparing
spectroscopic and photometric redshifts: the bias, the

nmap  (see Lemaux et al. 2022 and references therein),
and the median photometric redshift uncertainty as cal-
culated from the full probability density function (PDF).
This latter quantity was denoted 4. In bins that con-
tained > 10 secure spectroscopic redshifts,ymap Wwas
adopted as the photometric redshift scatter, otherwise
at was adopted.
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Table 1. Corresponding spectroscopic fraction for each &F
SzF Spectroscopic Fraction
0.5 0.035
1.0 0.070
15 0.105
2.0 0.140
4.0 0.280

Note |S zF1.0 is explicitly de ned as equal to the spec-
troscopic redshift fraction for the data in the COSMOS
eld that is adopted in this study. While the spectro-
scopic fractions listed here are for all objects brighter than
IRAC1 < 24:8, the full spectroscopic selection function is
applied in ner magnitude and redshift bins for each S zF.
Refer to §4.2.2 for more details.

4.2.2. Mock Map Regions

We chose ve 1x1 ded regions in the lightcone to per-
form mock observations (Fig. 4). For a mock observa-
tion of a given region of the lightcone, referred to here-
after as \mock X", where X indicates the region of the
lightcone as de ned in Figure 4, we generated a spectro-
scopic catalog using the 3F1.0 selection function as a
function of magnitude and redshift as determined from
the observed data. Spectroscopic redshifts were assigned
randomly to galaxies in a given magnitude/redshift bin,
and spectroscopic quality ags were assigned in a man-
ner that mimicked the distribution in the real data. For
each mock region other than mock 1, we generated only
a single spectroscopic redshift catalog using the 1.0
selection function.

For mock 1, we computed a large number of spec-
troscopic catalogs to test not only our structure search
algorithm as a function of SzF but also the e ect of ran-
dom sampling within a given redshift and magnitude bin
on the recovery rate of structure. To this end, we gener-
ated spectroscopic catalogs using Z- values of 0.5, 1.0,
1.5, 2.0, and 4.0, where the ducial spectroscopic red-
shift selection function from the data was multiplied by
each SF in order to create a new selection function (Ta-
ble 1). Additionally, we created ve di erent versions of
the SzF1.0 catalog using ve di erent realizations of the
ducial spectroscopic redshift selection function, with a
new set of random galaxies, subject to the &1.0 selec-
tion, chosen for each realization of the 3F1.0 catalog in
mock 1.

We also created an additional mock observation of
region 1 using a brightness cut of IRACk24 us-

ing the identical SzF1.0 selection function as with
the IRAC1<24.8 limit, but only applied down to the
brighter magnitude cut, in order to broadly mimic the
data properties of the CFHTLS-D1 eld. The SzF0.5
mock also represents a reasonable approximation of the
data quality in the CFHTLS-D1 eld and is combined
with the IRAC1 <24 $F1.0 mock in certain parts of the
analysis in order to approximate expectations from the
CFHTLS-D1 eld data quality. For reference, the spec-
troscopic properties of the ECDFS eld most closely re-
semble an average of that of the 3 2.0 mock and &F
4.0 mock. Simulated galaxies that were selected to have
a spectroscopic redshift in a given realization were as-
signed their apparent redshift (Zobs  Zcos + Zpec), With
Zeos and zpee being the cosmological redshift and the
peculiar redshift o set as de ned by the simulations, re-
spectively, assuming no redshift uncertainty.

In addition, all objects, regardless of whether they
were assigned a spectroscopic redshift, were assigned
a photometric redshift using the prescription: zphe: =
Zops + B(1 + Zops) + N (1 + Zons), Where B is the
spectroscopic to photometric redshift bias in each mag-
nitude and redshift bin, N is a value sampled from a
normalized Gaussian distribution for each object, and

pz IS either set to nymap Or ax depending on the
number of secure spectroscopic redshifts in a given
bin. Eective 1 photometric redshift uncertainties
for each simulated galaxy were determined by sampling
from the PDF of the fractional photometric redshift
error (i.e., (Zphot; 1;upper ~Zphot J/(1 + Zpnot ) and (Zphot -
Zphot; 1jower )/(1 + Zphot)) constructed from the statis-
tics of objects in each magnitude bin in the real data.
At the end of this process each simulated galaxy had
a photometric redshift with an associated 1 uncer-
tainty. Additionally, those simulated galaxies selected
for mock spectral observations were assigned a spectro-
scopic quality ag and a spectral redshift. These mock
galaxy catalogs were then run through the same VMC
process as was used for the real data (s€&.2) to gen-
erate density reconstructions of all mock realizations of
each eld. Figure 6 shows an example of region in and
around a massive protocluster (logM,= =M ) = 14:7)
at z = 2:15 located in the GAEA lightcone and the mock
spectroscopic observations for ve &F variants. Figure
7 shows the VMC reconstruction of the overdensity eld

6 The spectroscopic redshift uncertainties from the data are much
smaller than the size of a VMC slice and are, thus, negligible for
the purposes of this exercise. The VMC approach takes into ac-
count catastrophic failures in spectroscopic redshifts as dictated
by the reliability statistics for each ag, see Lemaux et al. (2022).
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Figure 4. Simulated RA and Dec distribution of galaxies
in the lightcone used in this work. The gray dots depict
a random subsample of all galaxies with 2 < z < 5 and
IRAC1 <24.8. The lled circles denote galaxies with the same
cut in redshift and IRACL1 as the gray dots, but belong to DM
halos with total mass in the range as indicated in the color
bar, in units of log( M=M ). The color bar lower limit (13.4)
is chosen not to over-crowd the plot, and the upper limit is
chosen to comprise the most massive DM halo atz > 2 in
this lightcone. The DM halo mass used in this gure is the
one provided in the simulation. The ve squares represent
the ve 1 1 ded regions of the lightcone chosen for mock
observations as described in Section 4.2. These regions are
referred to as mocks 1-5 in the text.

in the same regions for the two extrema of the 3F vari-
ants, SF0.5 and &F4.0.

4.3. Obtaining the Final List of Subsumed Structure
Candidates

The lightcone is populated with structures scattered
across its entire redshift extent. The spacing between
structures, however, can vary, such that two structures
may be so close together that we would be unable to dis-
tinguish them as separate candidates in our VMC maps.
We therefore want to construct a structure catalog that
encodes this confusion limit in some way so that we can
better match the detections in our mock observations
and have a clearer measure of the masses of the struc-
tures we detect. We did so in the following manner. Us-
ing the highest mass structure in the lightcone as a seed,
we subsumed all structures that fell within z < 0:04
and a transverse separation of 2 Mpc of this structure.
These values were chose to roughly match the confu-
sion limit of structures present in our VMC maps. Once

Figure 5. Two-dimensional histogram of M,- and red-
shifts for all structures that appear within the central 80%
of all ve elds of the GAEA lightcone for which we generate
mock catalogs. Only the parameter space shown here, i.e.,
structures with M,—o > 10* M and 2<z < 5, are consid-
ered for this work. Note that the properties of the structures
presented here are given prior to the subsuming process de-
scribed in 84.3.

all nearby structures were subsumed, their masses are
combined into a single protostructure with RA/Dec/z
coordinates dictated by a mass-weighted average of the
barycenters of all constituent structures. This process
continued from the highest mass structure to the low-
est mass structure in the lightcone until all single or
composite structures in the catalog had no companions
within the above limits.

Additionally, we want to account for any arti cially
underrich structures that may have a confounding e ect
on measurements of purity, completeness, and any mass-
richness relation we attempt. As mentioned in 8.1,
such structures likely exist in the lightcone due to struc-
tures being arti cially cuto at the interface between
two pasted cubes.

We identify these structures by tting a relation be-
tween their z = 0 masses and numbers of members, di-
vided into redshift bins of z = 0:5. Because we want
to take care to not excise systems that are underrich
at our adopted magnitude limit of IRAC1 <24.8 due to
astrophysical reasons, e.g., a shifting of the luminosity
function to fainter magnitudes for a given system re-
sulting in a preponderance of member galaxies that fall
below our magnitude cut, we perform this exercise with
a simulated galaxy catalog cut at IRAC1< 25.5. For each
redshift bin, we t a linear relation to the logarithmic
function of both parameters, iteratively clipping out out-
liers that are 3 lower in number of members than our
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Figure 6. Three-dimensional rendering of the region surrounding a simulated protocluster at z =2:15 (log(M;= =M ) =14:7)
as seen in the GAEA lightcone. Each sphere represents a simulated galaxy brighter than IRAC1 < 24.8 (see8&4.2 for details on
this cut). A total of 226 member galaxies of this protocluster brighter than IRAC1 < 24.8 are identi ed at this redshift, and
are shown as small orange spheres. Coeval eld galaxies and members of other structures are shown as small spheres of other
colors. Each panel shows di erent mock spectroscopic observations of this region, with spectroscopic sampling increasing from
the top left panel (SzF0.5), in which the high-quality spectral redshift fraction is set to 0.035, to the bottom panel (S zF4.0,
0.28). Galaxies selected as having a high-quality spectroscopic redshift in a given mock are shown as larger red spheres.
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best- t relation. Our underrichness criterion is de ned
by this same 3 threshold (see Appendix A).

4.4, Recovery of Simulated Structures

The VMC maps generated from the mock data were
then fed into SExtractor in a manner identical to
that used for the VMC maps generated from the real
data (see§3.3) with two exceptions. Because the mock
observations lack the somewhat uneven sampling that is
present in the real spectroscopic and photometric data,
edge e ects, while still present, are less of a concern. As
such, we simply mask the bottom 15% of density val-
ues in each slice of the mock VMC maps, as opposed to
the outer 20-30% area of each slice used for the VMC
maps generated from the real data. This choice was
made to maximize the area that we can recover signal
on. Additionally, the median density of the mocks dif-
fers somewhat from that of the real data due to higher
order di erences between the data and the mock cat-
alogs (Fig. 1). Since the VMC maps generated from
the mock data generally exhibit higher average densi-
ties than that generated from the real data, we adopt
a DETECT _THRESH value of 2.5 for the mock data,
which roughly corresponds to 3 values used for the real
data.

As we did for the real data, we then generate a list of
protostructure candidates from linked detections across
di erent redshift slices in the VMC maps of the mock
galaxy catalogs. These candidates then undergo an iden-
tical subsuming process as that described i83.3. In or-
der to test the e cacy of our method both in detecting
subsumed structure at di erent masses and in recover-
ing a signal that is commensurate in strength with the
mass of each subsumed structure, we need to create a
formalism to match the protostructure candidates we
detect to the lightcone structures. This formalism was
generated in the following manner.

We have full knowledge of the extent of the member
galaxies in RA, Dec and redshift space for each sub-
sumed structure in the lightcone. We match a subsumed
structure to a candidate (i.e., consider that simulated
structure recovered) if the candidate's barycenter falls
within the minimum and maximum ranges of the rectan-
gular prism of the subsumed structure's RA and Dec and
redshift extents. If the candidate falls within range of
multiple subsumed structures, we match the candidate
to the subsumed structure that has the closest barycen-
ter in RA and Dec and redshift. Note that this allows for
the possibility of more than one candidate within range
matching to a given subsumed structure, which may be
signal from an individual substructure or simply spuri-
ous detections. Typically, however, the Gaussian ampli-

tude of one candidate will dwarf any other matches. In
the cases where we have multiple candidates matched to
a given subsumed structure, the Gaussian amplitudes of
each candidate are added together to eventually com-
pare to the mass of the subsumed structure to which
they are matched (Fig. 8).

At the completion of this process, we have a list of sub-
sumed structures and associated Gaussian amplitudes
for those structures that have a matched candidate (or
multiple candidates). This catalog is used in the next
section to assess the purity and completeness of our
method for structures of di erent masses using di er-
ing levels of spectroscopic completeness. The catalog is
also used in8&4.5 to set the rough mass scaling for our
candidates.

4.5. Finding a Mass Relation

The protostructure candidates in the VMC maps, gen-
erated from both the real and mock data, have various
measures of galaxy overdensity. These measures result
from the Gaussian t to galaxy overdensity as a func-
tion of redshift, or, equivalently, VMC slice, for a given
candidate associated with a given structure (see83.3).
The Gaussian t also can give us a sense of the candi-
date detection strength through parameters such as the
integrated area or amplitude of the t. With the total
masses provided through the lightcone data and the can-
didates we nd in the mock VMC maps, we can attempt
to use one or more of the candidate detection strength
parameters as a proxy for the structure total mass.

However, some structures in the lightcone are close
enough together such that we cannot distinguish them
as separate structures in the mock VMC maps, and so
the candidates we detect will be some mixture of the sig-
nal from multiple structures. In such cases, the candi-
date detection strength will not be representative of the
\known" structure mass, resulting in additional scatter
in the relation between structure mass and its proxy. In
order to mitigate the e ect of these ambiguous cases,
we impose an isolation criterion on the subsumed struc-
tures for the exercise described in this section. Starting
from the highest mass subsumed structure, we check for
any other structure within its e ective radius. The e ec-
tive radius is de ned as the average radius that encloses
90% of the stellar mass of a structure and is dependent
on z = 0 mass of the subsumed structure, as well as
redshift. We estimate the e ective radius using the re-
lations given in Figure 2 of Muldrew et al. (2015), where
the e ective radii are given as a function of redshift in
three di erent z = 0 mass bins of logM200=M ) < 146,
146  log(M=M ) < 15, and logM200=M ) 15.
For a given redshift, the range of e ective radii can be
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Figure 7. Three-dimensional rendering of the same region of the GAEA lightcone as shown in Figure 6, but showing our
overdensity reconstruction of the region using the VMC method described in §3.2 for the SzF0.5 (left) and SzF4.0 (right)
variants of the mock catalogs. The three dimensional rendering is performed following the methodology of Cucciati et al.

(2018). The scale bar indicates the signi cance above the mean density level as measured bySExtractor

. While the core

region of the main protocluster is detected in the SzF0.5 mock, a dramatic improvement in the quality of the overdensity
reconstruction is seen in the SzF4.0 mock, including the emergence of lamentary structure and other substructure.

Figure 8. An example of how we match the candidates we
detect (denoted by the circular points) to the post-processed
lightcone structures (denoted by the diamond points). The
lightcone structure we are matching to is denoted by the
central violet point, and its maximum RA/Dec extent are
denoted by the shaded rectangle, showing that we have four
candidate detections matched to this structure. Here, we
only plot the candidates and structures that fall within the
redshift extents of our matching structure. The size of each
point is scaled according to the mass for structures or Gaus-
sian amplitude for the candidates, which respectively range
between 130 < log(Mt =M ) < 14:5 in structure mass and
33 to 623 in Gaussian amplitude, and the points are colored
by their redshift di erence with the matching structure.

considerably large (up to 10 Mpc in comoving space
for the largest mass bin), but for simplicity we adopt
the mean value reported. Note that, for this exercise,
we assume that the totalz = 0 mass of the structure as
reported in the GAEA lightcone is approximately equal
to the Mygo.,=0 Vvalue used by Muldrew et al. (2015).

We also make use of the e ective radius in the redshift
dimension. However, because of redshift uncertainties in
our data and the natural apparent lengthening of struc-
ture in the redshift dimension due to induced motion,
we scale the redshift distance threshold up such that
at zero transverse separation, z = 0:04 is considered
equal to the e ective radius, with a reduced redshift win-
dow applied with increasing transverse distance. The
functional form of this ellipsoid is given by:

fy"'( z:)2<R<29 2)
where ,y, is the transverse separation, , is the red-
shift separation, is the scaling factor, andR. is the
e ective radius. For the masses and redshifts of the
structures in the lightcone, the e ective radii typically
fall somewhere between 2 to 6 Mpc. It is worth noting
that imposing this isolation criterion is a small e ect, re-
moving only about 1% of structures between <z < 5
in the lightcone. If we do not nd any other structures
within this ellipsoid with masses greater than 10% of the
seed structure, then we consider that structure to be iso-
lated. Of the subsumed structures in the lightcone, the
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vast majority (  99%) are considered to be isolated by
this metric.

For each isolated subsumed structure that has a cor-
responding detection in the VMC maps of the mock
galaxies, we compared both the integrated area of the
Gaussian t to the candidate and the amplitude of
the same t to the z = 0 mass of that structure for
each SF variant in the mocks. Of the two poten-
tial proxies, we nd stronger correlation between the
z = 0 mass and the Gaussian amplitude and thus
adopt it as our generalized mass proxy. More speci -
cally, we perform a Spearman correlation test onM ;-
of isolated structure versus the Gaussian amplitudes
of the associated candidates, nding correlation coef-
cients of y,, a =0:29 0:47;0:41; 0:45; 0:50; 0:60 for
the SzF0.5, SZF1.0 IRAC1< 24, F1.0, SZF1.5, SZF2.0,
and SZF4.0 mocks, respectively. The Spearman test
returned a rejection of the null hypothesis of no corre-
lation at the 3 level for every &F variants except
SzF0.5, where the rejection of the null hypothesis was
atthe 3.5 level. In Figure 9 we show thez = 0 mass
versus the Gaussian amplitude of candidates associated
with isolated structures in the mocks for each of the SF
variants.

We attempt to construct a mass relation by tting
the Gaussian amplitudes, A, of our candidates asso-
ciated with structures in the mocks with their known
z = 0 masses in logarithmic space to the functional
form y = ((x )=) , where x = log(A) and
y = log(M;=). The t of Gaussian amplitude (A)
versus M,-o is performed for each 3F variant, with
dramatic di erences in both the t parameters and the
scatter around the relation for the di erent variants (see
Table 2) for the resultant parameters. The large scatter
in the data in all of the SzF variants tested here re-
sults in lower mass structures having their masses over-
estimated by these relations and higher mass structures
having their masses underestimated (Fig. 9). While this
issue is the least acute in the 8F4.0 case, the t still
precludes the possibility of returning masses in excess
of 106 M , despite 10 structures in this region of
the lightcone having masses that exceed that threshold
(Fig. 10). Even in the SzF4.0 case, the scatter is consid-
erable, with mass estimates being no less certain than

0.3 dex.

7 For those SzF variants where multiple mocks were created, the
structures and candidates across all mocks of a given variant were
combined together prior to running a Spearman test. This is also
the case for the ts described below.

Table 2. Mass t parameters

Mock

SzF0.5 247.1 -1448.8 7627.1 -3.3
SzF1.02 14.7 -1398.3 1400.2 -1080.6
SzF1.0 15.0 -59435 5945.6 -2991.4
SzF1.5 234.8 -1266.4 7145.8 -3.1
SzF2.0 149 -4349.8 43519 -2545.1
SzF4.0 14.7 -8432.3 8434.4 -7193.2

acut at IRAC1 <24, all other mocks are cut at
IRAC1<24.8

Although we nd some utility in performing this mass
t, the estimated masses resulting from the t are of
limited use as they lack both accuracy and precision,
especially at the lower SF values. As such, we do not
report masses in our nal protostructure candidate cat-
alog but simply provide the Gaussian amplitude of the
candidates in our catalog as well as in most of the gures
in this paper. The conversions in Table 2 are provided
for readers wishing to assignM ;- values to our candi-
dates, with the understanding that the resultant values
are likely biased at some level and lacking in precision.
Zoom-in three-dimensional mapping of each structure,
like those performed in Cucciati et al. (2018); Forrest
et al. (2023); Shah et al. (2024a); Staab et al. (2024),
would be required in order to recover more robust mass
estimates.

Figure 11 shows the distribution of Gaussian ampli-
tudes and redshifts for our nal set of candidates in
all three C3VO elds as compared to candidates in the
mocks appropriate for each eld. For the CFHTLS-D1
eld, we combine all combinations of the SF1.0 mocks
cut at IRAC1 <24 and the £F0.5 mock. For the COS-
MOS eld, we use all combinations of the &F1.0 mocks
cut at IRAC1 <24.8. And for the ECDFS eld, we use
a combination of the &F2.0 and $F4.0 candidate cat-
alogs as the ECDFS spectroscopic redshift fraction is
roughly halfway in between that of the two mocks. Over-
all, a high degree of concordance is seen between the
distributions of the candidates in each eld versus those
of the appropriate mocks indicating that likely (a) the
large-scale structure (LSS) in the lightcone is largely
similar to the LSS in the observed elds, and (b) our
mapping methodology is equally e ective at detecting
structure in the mocks as in the real data.

Of course, there are several degeneracies a ecting this
argument on various levels. Chief among them is that we
cannot fully rule out the possibility that the properties of
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