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A B S T R A C T 

Simulations predict that the galaxy populations inhabiting protoclusters may contribute considerably to the total amount of 
stellar mass growth of galaxies in the early universe. In this study, we test these predictions observationally, using the Taralay 

protocluster (formerly PCl J1001 + 0220) at z ∼ 4.57 in the COSMOS field. With the Charting Cluster Construction with VUDS 

and ORELSE (C3VO) surv e y, we spectroscopically confirmed 44 galaxies within the adopted redshift range of the protocluster 
(4.48 < z < 4.64) and incorporate an additional 18 galaxies from ancillary spectroscopic surv e ys. Using a density mapping 

technique, we estimate the total mass of Taralay to be ∼1.7 × 10 

15 M �, sufficient to form a massive cluster by the present day. 
By comparing the star formation rate density (SFRD) within the protocluster (SFRD pc ) to that of the coe v al field (SFRD field ), we 
find that SFRD pc surpasses the SFRD field by � log (SFRD/M �yr −1 Mpc −3 ) = 1.08 ± 0.32 (or ∼12 ×). The observed contribution 

fraction of protoclusters to the cosmic SFRD adopting Taralay as a proxy for typical protoclusters is 33 . 5 per cent + 8 . 0 per cent 
−4 . 3 per cent , 

a value ∼2 σ higher than the predictions from simulations. Taralay contains three peaks that are 5 σ abo v e the av erage density 

at these redshifts. Their SFRD is ∼0.5 dex higher than the value derived for the overall protocluster. We show that 68 per cent 
of all star formation in the protocluster takes place within these peaks, and that the innermost regions of the peaks encase 
∼ 50 per cent of the total star formation in the protocluster. This study strongly suggests that protoclusters drive stellar mass 
growth in the early universe and that this growth may proceed in an inside-out manner. 

K ey words: galaxies:acti ve – galaxies: clusters: individual: PCl J1001 + 0220 – galaxies: evolution – galaxies: high-redshift –
galaxies: star formation – cosmology:large-scale structure of Universe. 
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 I N T RO D U C T I O N  

he density of the environment that galaxies live in plays an
mportant role in influencing their evolution. In general, the studies
f samples of galaxies across cosmic time have shown that the
alaxies in the earlier stages of the universe tend to exhibit heightened
evels of star formation activity with respect to their lower-redshift
ounterparts. This activity peaks around z ∼ 2 and precipitously
rops at higher redshifts (Madau & Dickinson 2014 and references
herein). Ho we ver, such studies primarily focus on field galaxies, i.e.
hose residing in typical environments in the universe. Whether the
alaxies in o v erdense environment follow the same trend is uncertain.

In the local universe, the galaxies in the o v erdense environment
how suppressed star formation activity compared to their field
 E-mail: ppatil@ucdavis.edu (PS); brian.lemaux@noirlab.edu (BL) 
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ounterparts. Though the Butcher–Oemler effect (Butcher & Oemler
984 ) exists, the fraction of optically blue galaxies increasing
n o v erdense environment at higher redshifts, the galaxies in the
 v erdense environment at z < 1 still seem deficient in star formation
ctivity compared to their field counterparts (e.g. Wagner et al. 2017 ,
amadouche et al. 2023 ). In the epoch of 1 < z < 2, some galaxies in
igh-density environments display higher star formation activity (see
lberts & Noble 2022 and references therein), though the general

rend seems to be that galaxies in high-density environments at these
edshifts show suppressed star formation activity relative to their
eld counterparts (e.g. G ́omez et al. 2003 ; Balogh et al. 2004 ; von der
inden et al. 2010 ; Muzzin et al. 2012 ; Nantais et al. 2017 ; Lemaux
t al. 2019 ; Tomczak et al. 2019 ; Chartab et al. 2020 ; Old et al.
020 ). Additionally, the presence of an o v erabundance of massive
uiescent galaxies in o v erdense environments at these redshifts (e.g.
avidzon et al. 2016 , Tomczak et al. 2017 ) implies that rapid stellar
ass (SM) growth occurred at the early stages of cluster assembly
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
icenses/ by-nc/ 4.0/ ), which permits non-commercial re-use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 
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1 Taralay is a fusion of words Tara and Aalay that mean a star and a house 
respectively in Marathi, the native language of the first author. Taralay means 
house of stars. 
2 Though we are designating Taralay a protocluster in this work, its size, 
e xtent, comple x structure, and mass may indicate that it is, in fact, a proto- 
supercluster. Additional structure (e.g. Kakimoto et al. 2023 ) has also been 
disco v ered around Taralay on relatively large scales, and future work will be 
needed to disambiguate its true nature. 
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ither through some combination of in situ star formation processes 
nd ex situ g alaxy-g alaxy merging activity. It is therefore necessary
o observe overdensities at higher redshift to place constraints on 
he assembly history and evolution of low- and intermediate-redshift 
luster populations. 

Disco v ering numerous o v erdense environments at z > 2, though
hallenging, is the first step towards understanding the behaviour 
f the galaxies that inhabit them. Over the past two decades, there
as been a considerable advancement in the breadth and depth of
bservations capable of detecting protoclusters – the progenitors of 
alaxy clusters – that have, in turn, lent themselves to the disco v ery
f 100s of such structures. These nascent galaxy clusters span large 
reas in the sky ( > 10 arcmin; e.g. Chiang, Overzier & Gebhardt 2013 ,
uldrew, Hatch & Cooke 2015 , Contini et al. 2016 , Alberts & Noble

022 and references therein) and have density contrasts relative to the 
eld approximately an order of magnitude less than mature clusters 
e.g. Lemaux et al. 2019 , 2022 , Mei et al. 2023 ). They are typically
efined as a structure that will eventually collapse into a virialized 
alaxy cluster of mass ≥10 14 M � at z ≥ 0 (Overzier 2016 ), though, in
ractice, such a definition can be difficult to impose observationally. 
etecting these structures requires specialized methods that differ 

rom those used to identify galaxy clusters at lower redshifts. This
s because the protoclusters typically cannot be detected by looking 
or presence of o v erdensity of redder galaxies and/or a hot medium,
ethods that are commonly used for finding low- to intermediate- z 

lusters. 
One popular technique for detecting protoclusters involves using 

are, more easily observed galaxy populations and/or active galactic 
uclei (AGNs) as tracers of massive structures and then probing 
heir surroundings. Tracers include quasars (e.g. Matsuda et al. 
011 , Ba ̃ nados et al. 2013 , Adams et al. 2015 ) although sometimes
argeting quasars did not find o v erdense environments (Overzier 
016 and references therein), radio galaxies (e.g. Venemans et al. 
007 ; Miley & De Breuck 2008 ; Wylezalek et al. 2013 ; Orsi et al.
016 ; Shen et al. 2021 ; Huang et al. 2022 ), sub-mm galaxies (e.g.
lain et al. 2004 , Dannerbauer et al. 2014 , P av esi et al. 2018 ,
alvi, Castignani & Dannerbauer 2023 ), ultra-massive galaxies 

UMGs; McConachie et al. 2022 , Ito et al. 2023 , McConachie
t al. in prep.) strong Ly α emitters (LAEs; λ1216 Å) (e.g. Ouchi
t al. 2005 , Higuchi et al. 2019 , Fuller et al. 2020 , Hu et al. 2021 ,
onekura et al. 2022 ), Ly α blobs (e.g. Li et al. 2022 , Ramakrishnan
t al. 2023 ), and strong H α ( λ6563 Å) emitters (e.g. Hatch et al.
011 , Cooke et al. 2014 , Koyama et al. 2021 ) or other strong
mitters of rest-frame optical lines (e.g. Forrest et al. 2017 ). All
f these tracers are more easily detected than typical star forming 
alaxies at these redshifts (e.g. Shapley et al. 2003 , Le F ̀evre et al.
019 ). 
Until recently, the number of known protoclusters disco v ered by 

eld spectroscopic surv e ys of typical star forming galaxies at z >
 was limited (Ov erzier 2016 ; Ov erzier & Kashika wa 2019 ), but
urv e ys that target typical star forming galaxies are increasing this
umber (e.g. Steidel et al. 2005 ; Toshikawa et al. 2012 ; Le F ̀evre et al.
015 ; 2016 ; Shi et al. 2019 ; 2020 ; 2020 ; Shen et al. 2022 ; Uchiyama
t al. 2022 ; Forrest et al. 2023 ), providing an opportunity to study
ow SM buildup proceeds in these structures in the early universe. 
uch wide and deep galaxy surv e ys that target normal star-forming
alaxies using deep rest-frame ultraviolet (UV) spectra o v er large 
osmic volumes are crucial in order to obtain a more representative 
ample of protoclusters. 

The ongoing disco v eries of protoclusters through various surv e ys
re revealing that protoclusters are host to diverse stellar populations. 
he galaxies in the o v erdense environment at z > 2 seem to display
ubstantial star formation. A recent study by Lemaux et al. ( 2022 )
f ∼7000 spectroscopically confirmed galaxies found a weak but 
ignificant trend of star formation rate (SFR) increasing with denser 
nvironment for galaxies at 2 < z < 5. This trend is a reversal of what
s observed at z < 1.5 (e.g. Tomczak et al. 2019 , Old et al. 2020 )
nd points to accelerated in situ SM growth at higher redshift. Large
ub-millimeter surv e ys are also being used to disco v er protoclusters
hose galaxy populations are undergoing incredible amounts of star 

ormation activity, with aggregate SFRs in excess of 10 000 M �
r −1 (see Alberts & Noble 2022 and references therein) more than
qui v alent volumes in the coe v al field (e.g. Greenslade et al. 2018 ;
iller et al. 2018 ). Ho we ver, some protoclusters at high redshifts

ppear to contain an o v erabundance of redder or quiescent galaxies
e.g. Lemaux et al. 2014 ; 2018 ; Long et al. 2020 ; Shen et al. 2021 ;
hi et al. 2021 ; McConachie et al. 2022 ; Ito et al. 2023 ), which

mplies that both enhancement and suppression of star formation 
ctivity is occurring in high-density environments at these redshifts. 
his diversity underscores the need for the study of a larger sample
f protoclusters at higher redshifts in order to understand the earlier
tages of cluster formation and galaxy evolution. 

Simulations suggest that there is increased star formation activity 
ithin higher density environments at higher redshift. In particular, 

he fraction of SFR per unit volume from protoclusters increases with
ncreasing redshift (Chiang et al. 2017 , though see also Muldrew,
atch & Cooke 2018 ). According to the finding of Chiang et al.

 2017 ), protoclusters contribute, e.g. ∼20 per cent of the cosmic star
ormation rate density (SFRD) at z ∼ 4.5, despite occupying only 
 per cent of the comoving volume of the universe at this epoch.
heir contribution to the cosmic SFRD is predicted to increase to
0 per cent at z ∼ 10. The higher the redshift of the protocluster, on av-
rage, the higher its predicted contribution to the cosmic SFR density.
hese predictions portray protoclusters as important drivers of SM 

rowth in the early universe and emphasize the need to both probe star
ormation activity in observational data and understand what drives it. 

In order to deepen our understanding of how the surrounding 
nvironment influences the process of star formation in protocluster 
embers, it is essential to pursue two complementary approaches: 

omprehensive studies of individual systems and analysis of large 
rotocluster samples. In this study, we focus on the former approach,
nd present a detailed study of a massive protocluster located in
he COSMOS field at z ∼ 4.57 (Lemaux et al. 2018 ), here dubbed
Taralay’ 1 , in order to study the star formation activity of member
alaxies in detail. Taralay was the inaugural target of the Charting
luster Construction with Observations of Redshift Evolution in 
arge-Scale Environments (ORELSE) and VUDS surv e y (C3VO; 
emaux et al. 2022 ). Due to being the highest redshift protocluster 2 

n the C3VO sample Taralay was chosen as the focus of this study.
t is the excellent spectroscopic co v erage that we obtained for this
tructure along with the deep and wide panchromatic photometry in 
he COSMOS field that allows us to accurately measure the SFRD
f the galaxies in the protocluster. Here we provide one of the first
bservational tests of the prediction that the v olume-a veraged star
ormation activity is more vigorous at higher redshifts in denser 
MNRAS 528, 6934–6958 (2024) 
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Table 1. Properties of photometric catalogs used, such as the number of 
filters, the wavelength range and depth of data. 

Catalog No. of filters Wavelength range Depth of data a 

COSMOS2020 40 1600–80 000 Å 25.7 in IRAC1 
COSMOS2015 33 1600–80 000 Å 24.8 in IRAC1 
Capak + 2007 14 1600–45 000 Å 24.8 in IRAC1 

a 3 σ depth of data in 3 arcsec aperture is directly reported for COSMOS2020 
from Weaver et al. ( 2022 ) and COSMOS2015 from Laigle et al. ( 2016 ). The 
Capak + 2007 IRAC1 depth reported here is 3 σ in 3 arcsec aperture that we 
converted from the 5 σ value reported in Capak et al. ( 2007 ). 
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nvironments than in the field. In the future, this analysis will be
xpanded to an ensemble of structures detected in the C3VO surv e y
detailed in Section 2.2 ). 

This paper is organized as follows. In Section 2 , we describe the
ata, Section 3 explains the details of analysis to map out the pro-
ocluster, Section 4 describes the characteristics of the protoclusters
nd its peaks, Section 5 describes the method to obtain the SFRD
or the protocluster and coe v al field, Section 6 describes the results,
ection 7 is a discussion, and lastly, Section 8 presents a summary
nd a discussion of future directions. We adopt a � CDM cosmology
ith H 0 = 70 km s −1 Mpc −1 , �� 

= 0.73, and �M 

= 0.27. For
onvenience, SFRs are represented in units of h 

−2 
70 M ∗yr −1 throughout

he paper where h 70 ≡ H 0 /70 km 

−1 s Mpc. 

 OBSERVATION S  

n this section, we describe the photometry and spectroscopy used
n this study specifically in the subsection of the COSMOS field
panning from RA and Dec range of 150.1 ◦ < RA < 150.48 ◦, 2.21 ◦

 Dec < 2.5 ◦. This subsection of the COSMOS field was chosen to
ncompass the entirety of the Taralay protocluster as mapped out by
ur C3VO observations. 

.1 Photometric data 

he Cosmic Evolution Surv e y (COSMOS) field (Scoville et al.
007 ) is a large e xtragalactic surv e y that co v ers an area of about
 deg 2 on the sky. It is one of the largest and most comprehensive
ultiwav elength surv e ys ev er conducted. Rele v ant for this study,

he surv e y includes data from a wide range of telescopes and
nstruments, including the Hubble Space Telescope , the Spitzer Space
elescope , the Galaxy Evolution Explorer (GALEX) and ground-
ased telescopes such as the Subaru Telescope, the Canada France
awai’i Telescope, and the Visible and Infrared Survey Telescope for
stronomy (VISTA; see Capak et al. 2007 , Laigle et al. 2016 , Weaver

t al. 2022 and references therein). These observations co v er UV,
ptical, as well as near-infrared band-passes. Additional observations
rom the Very Large Array, the Chandra X-Ray Observatory, XMM-
ewton, the Herschel Space Observatory co v er the radio, X-ray and

 ar-infrared w avelengths. Finally, the COSMOS field will be partially
o v ered by the James Webb Space Telescope (JWST) as a part of the
OSMOS-Web program (Casey et al. 2023 ). This makes this field an
xtremely valuable resource for studying the properties and evolution
f galaxies o v er a wide range of cosmic epochs. 
In this study, we utilize three different public photometric catalogs

or the COSMOS field, each of which pro vide progressiv ely deeper
ata. These catalogs are Capak + 07 (Capak et al. 2007 ; hereafter
07 ), COSMOS2015 (Laigle et al. 2016 ; hereafter C15), and
OSMOS2020 (Weaver et al. 2022 ; hereafter C20). Our primary

ource of photometry is the C20 catalog, which offers the deepest
ata in the COSMOS field for o v er 1.7 million objects. For this
atalog, we adopt the CLASSIC version (see below for more details).
he choices used for masking and deblending are different for each
atalog, and adopting a combined set of catalogs allows us to mitigate
he effect of these choices. Our secondary source of photometry is
he C15 catalog containing more than half million objects followed
y C07 that contains o v er 1.7 million objects. The basics of each
atalog are summarized in Table 1 . Below we briefly explain the
roperties of photometric data important for our science. 
As mentioned abo v e, we primarily use photometry from C20

s it contains a wealth of data from X-ray to Radio. Of these we
se optical/near-IR from Subaru Hyper Suprime-Cam (Subaru-HSC;
NRAS 528, 6934–6958 (2024) 
iyazaki et al. 2018 ), VISTA InfraRed CAMera (VISTA-VIRCAM;
utherland et al. 2015 ), and Spitzer (Werner et al. 2004 , Sanders et al.
007 ) surv e ys compared to the older catalogs mentioned abo v e. The
ultiwavelength data ranges from far-UV from GALEX (Martin et al.

005 ) to Infrared Array Camera (IRAC) channel 4 from Spitzer (near-
R) yielding rest-frame wavelength coverage redward of 4000 Å and
almer breaks at z ∼ 4.57. Such co v erage is crucial for reliably

eco v ering physical properties of galaxies such as SM and SFRs
e.g. Ryan et al. 2014 , Faisst et al. 2020 ). 

The C20 photometry is processed in two separate catalogs, CLAS-
IC and FARMER, which use different methods. As mentioned
arlier, we adopt the CLASSIC version for our study as it is consistent
ith the approach used by other catalogs in the COSMOS field. For

his study, we corrected C20 catalog for Milky Way extinction as well
s aperture correction using the code provided along with the catalog.
e correct the C15 catalog for aperture correction, systematic offsets

nd Milky Way extinction using formulae 9 and 10 in Laigle et al.
 2016 ). The C07 photometry contains optical and near-IR data in the
OSMOS field. We exclude the IRAC channels 3 and 4 mag in C07

rom our analysis for the reasons described in Lemaux et al. ( 2018 ).
he issue seems to be limited to C07 photometry and we do use the
ata in these bands from C15 and C20. To correct the C07 photometry
or zero-point offsets, we subtract the zero-point correction given in
able 13 of Capak et al. ( 2007 ) from the reported magnitudes in
orresponding bands. C20, C15, and C07 , all three catalogs contain
hotometric redshifts in the redshift range of 0 < z < 6. 

.2 Spectroscopic data 

he spectroscopic data used in this study is taken from a variety
f different surv e ys. We start with the VIMOS Ultra-Deep Surv e y
VUDS; Le F ̀evre et al. 2015 ) as it was through this surv e y that
emaux et al. ( 2018 ) disco v ered the target of this work, the protoclus-

er Taralay. Next, we describe the Charting Cluster Construction with
UDS and ORELSE (C3VO) surv e y that re-targeted this structure.
astly, we describe ancillary spectroscopic data from the DEIMOS
0k Spectroscopic Surv e y (Hasinger et al. 2018 ) and the zCOSMOS
pectroscopic Surv e y that consists of zCOSMOS-Bright surv e y
Lilly et al. 2007 , 2009 ) and zCOSMOS-Deep surv e y (Lilly + in
rep., Diener et al. 2013 , 2015 ). 

.2.1 The VIMOS Ultra-Deep Survey 

he VUDS (Le F ̀evre et al. 2015 ) is a large spectroscopic redshift
urv e y designed to study galaxies beyond z � 2. With 640 h of
bserving time on VIMOS spectrograph of Very Large Telescope
VLT), this surv e y targeted ∼10 000 faint ( i AB ∼ 25) galaxies o v er 2
 z ∼= 

6 in COSMOS, the Extended Chandra Deep Field South and the
2 h field of the VIMOS VLT Deep Surv e y 02 h field, spanning a total
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f 1 de g 2 co v erage. The VIMOS spectroscopic observations co v ered
avelength range of 3650–9350 Å spectroscopically confirming 
AEs and Lyman break galaxies (LBGs) that do not exhibit Ly α

n emission, o v er 2 < z < 6, which resulted in a sample of
alaxies roughly representative of the star-forming galaxy population 
t the epochs o v er the luminosity range of 0 . 3 L 

∗
UV ≤ L UV ≤ 3 L 

∗
UV 

Lemaux et al. 2022 ). Such a sample made it possible to study a
ange of o v erdense environments at different times in the history of
he universe. 

Reliability flags were assigned to galaxies with spectroscopic 
edshifts ( z spec ) that describe the confidence level of the assigned
pectroscopic redshift being correct (Le F ̀evre et al. 2015 ). These
ags range from X0 to X4 with higher values of the second digit

ndicating greater confidence in z spec . X varies from 0, 1, 2, or
, where 0 denotes targeted galaxies, 1 denotes a type-1 AGN, 2
enotes a serendipitous detection that is separated in (projected) 
ocation from the target and 3 denotes a serendipitous detection that 
as the same apparent location as the target. Additionally, a flag of
9 is assigned to a galaxy whose spectrum shows a single spectral

eature. While the X1 flag represents 41 per cent probability of
he assigned z spec being correct, flags X2/X9 and X3/X4 indicate 

70 per cent and ∼ 99 . 3 per cent probability of the assigned z spec 

eing correct, respectively. We refer the reader to Lemaux et al. 
 2022 ) for more details. We adopt flags X2, X3, X4, and X9 from
he VUDS observations as secure 3 flags. 

We utilize a total of 709 objects from the VUDS surv e y o v er our
dopted sk y re gion: 150.1 ◦ < RA < 150.48 ◦, 2.21 ◦ < Dec < 2.5 ◦

nd redshift range of 0 < z < 6. 453 of these entries have secure
ags. 
The VUDS surv e y was monumental for the disco v ery of ∼50

pectroscopic o v erdensities (e.g. Cucciati et al. 2014 ; Lemaux et al.
014 ; 2018 ; 2018 ; Shen et al. 2021 ; Forrest et al. 2023 ; Shah et al.
023 ). Disco v ered by Lemaux et al. ( 2018 ), Taralay protocluster is
he highest redshift structure identified through the VUDS surv e y. 

.2.2 The C3VO survey 

he Charting Cluster Construction with VUDS and ORELSE 

C3VO) surv e y was devised as an extension to higher redshift of the
RELSE surv e y (Lubin et al. 2009 ), aimed at studying a statistical

ample of groups and clusters at z ∼ 1. The C3VO surv e y is dedicated
o mapping out the structures previously disco v ered through VUDS 

t 2 < z < 5 in a manner consistent with that which ORELSE
apped out intermediate redshift structures. The surv e y was devised 

o both perform detailed studies of individual protoclusters and their 
opulations and to statistically connect progenitor protoclusters to 
heir descendent clusters. The main objective of C3VO is to better 
nderstand the relationship between SM, star formation, AGNs 
ctivity, and local environmental density and in turn to probe the 
volution of galaxies in large-scale structures across cosmic times 
rom z = 5 to z = 0.6. 

C3VO is an ongoing campaign targeting protoclusters with the 
Eep Imaging Multi-Object Spectrograph (DEIMOS; Faber et al. 
003 ) and the Multi-Object Spectrometer For Infra-Red Exploration 
 Secure flags are the flags that represent the probability of the assigned z spec 

eing correct to higher than 70 per cent. For the VUDS, DEIMOS10k and 
COSMOS surv e ys the secure flags are X2, X3, X4, X9. For the C3VO 

urv e y, secure flags are 3 and 4, which represent ≥95 per cent probability of 
he assigned z spec being correct. 

o
T
R
T
u
T
n
g

MOSFIRE; McLean et al. 2008 ) on the Keck Telescopes, Simul-
aneous Color Wide-field Infrared Multi-object Spectrograph (Kon- 
shi et al. 2012 ), Multi-Object InfraRed Camera and Spectrograph 
Ichikawa et al. 2006 ) on the Subaru Telescope, and Wide Field
amera 3 (Kimble et al. 2008 ) F 160 W imaging and G 141 grism on

he Hubble Space Telescope . We focus on the Keck observations of
he C3VO surv e y that are designed to further map out the six most
rominently detected protocluster environments in VUDS at 2 < z 

 5, including Taralay at z ∼ 4.57, and to target similar types of
alaxies that do not have a spectroscopic redshift from rest-frame 
V surv e ys in the field. 
The Taralay protocluster at redshift z ∼ 4.57 was targeted with 

ix masks with DEIMOS in order to acquire rest-frame UV spectra
f prospective member galaxies. The highest priority targets were 
imited to i AB ≤ 25.3 in order to obtain continuum redshifts, 
orresponding to L 

∗
FUV at z ∼ 4.5, where L 

∗ is the characteristic
uminosity (Bouwens et al. 2007 ). We also included fainter objects
y extending the limit to i AB ≈ 26.7 to acquire redshifts from Ly α
mission. The observing details for each mask can be found in
able 2 . 
For this campaign, the targets were selected using photometric 

edshifts ( z phot ) from C15 catalog. The targeting priorities and the
election criteria used for the first two masks are described in Lemaux
t al. ( 2022 ). The same targeting priorities and the selection criteria
ere largely used for the four remaining masks as well. In addition

o the original targeting, our last two DEIMOS masks, dongA1 
nd dongA2, included targets from the UV-selected Atacama Large 
illimeter Array (ALMA) Large Program to Investigate C 

+ at Early 
imes surv e y (ALPINE-ALMA, F aisst et al. 2020 ; B ́ethermin et al.
020 ; Le F ̀evre et al. 2020 ). The ALMA observations of these targets
evealed close companions with [CII] 158 μm emission (see Le F ̀evre
t al. 2020 and Ginolfi et al. 2020 ). These companions lacked rest-
rame UV spectral information and were targeted by DEIMOS in an
ttempt to reco v er that information. 

With the total integration time of approximately 28 h for all masks
the time per mask is given in Table 2 ), we obtained 204 secure
edshifts. 44 of these galaxies are in the fiducial redshift range of
aralay, 4.48 < z < 4.64 (see Section 3.4 ), making them potential
aralay protocluster members. 4 These galaxies have ≥ 95 per cent 
robability of the assigned z spec being correct. The C3VO-DEIMOS 

ata were reduced following the method described in Lemaux et al.
 2022 ) using a modified version of spec2D (Cooper et al. 2012 ,
ewman et al. 2013 ). A modified version of the ZPSEC tool was used

o assign redshifts by two independent users with a flagging code that
s similar to that of the DEEP2 redshift surv e y (Davis et al. 2003 ,
ewman et al. 2013 ). Secure flags −1, 3-, and 4 were assigned where

he flag −1 denotes a star whereas flags 3 and 4 denote ≥ 95 per cent
robability of the assigned z spec being correct for a galaxy. For this
tudy, we adopt flags 3 and 4 as being secure extragalactic redshifts.

Having the secure redshifts for 44 galaxies makes this structure 
ne of the most e xtensiv ely studied at such high redshifts. Based
n the additional redshifts from the C3VO campaign, we adopt the
MNRAS 528, 6934–6958 (2024) 

The term potential member is used here due to these galaxies satisfying two 
ut of three criteria adopted in this work to define true membership of the 
aralay protocluster. The two criteria are: (1) the RA, Dec range of 150.1 ◦ < 

A < 150.48 ◦, 2.21 ◦ < Dec < 2.5 ◦ and (2) redshift range of 4.48 < z < 4.64. 
his potential member sample will be further refined by the third criterion 
sed to define true membership, an o v erdensity ( σ δ) cut (see Section 3.4 ). 
he total number of galaxies that satisfy the abo v e two criteria as well as the 
umber of galaxies that ultimately qualify as true protocluster members are 
iven in Table 3 . 
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Table 2. Observing details of the C3VO campaign targeting Taralay protocluster with DEIMOS on Keck. The details include mask details, total integration 
time, seeing, grating, order blocking filter, and central wavelength. 

Mask Center of the mask PA Total integration time Seeing a Grating Order blocking filter λc 

dongN1 10:01:22:9, 2:21:41.6 90.0 3 h 30 min ∼0.6–0.8 arcsec 600 l mm 

−1 GG400 6500 Å
dongS1 10:01:02.3, 2:17:20.0 90.0 4 h 35 min ∼0.6–0.8 arcsec 600 l mm 

−1 GG400 6500 Å
dongD1 10:01:27.4, 2:19:27.0 50.0 5 h 20 min ∼0.7–1.3 arcsec 600 l mm 

−1 GG455 7200 Å
dongD2 10:01:05.4, 2:22:49.9 50.0 6 h ∼0.7–1 arcsec 600 l mm 

−1 GG455 7200 Å
dongA1 10:01:29.0, 2:21:10.0 25.0 4 h 59 min ∼0.6–0.8 arcsec 600 l mm 

−1 GG455 7200 Å
dongA2 10:00:44.6, 2:16:08.7 78.0 4 h ∼0.45–0.55 arcsec 600 l mm 

−1 GG455 7200 Å

a No meaningful cloud co v erage for the duration of observations for all masks. 
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Figure 1. Comparison of photometric redshifts, z phot from COSMOS2020, 
COSMOS2015 catalogs and Capak + 2007 photometry with spectroscopic 
redshifts obtained from C3VO, VUDS, DEIMOS10k, and zCOSMOS 
surv e ys. The galaxies for which this comparison is performed include 
serendipitous C3VO detections and have either quality flags of 3, 4 (C3VO) 
or X2-X4 and X9 (VUDS, DEIMOS10k, and zCOSMOS) ensuring high 
confidence level in the assigned z spec . See Section 2.2 for the discussion 
about quality flags. The z phot and z spec histograms are normalized such that 
the total area under the histogram sums up to 1; so the height of each bar 
in the histogram corresponds to the probability density rather than the count 
of redshifts in that bin. The σNMAD , catastrophic outlier rate ( η = | z spec −
z phot | /(1 + z spec ) > 0.15), and bias which is defined as the median of the 
difference between z phot and z spec are shown in the main panel. 
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edshift range of 4.48 < z < 4.64 for the Taralay protocluster, one of
he criteria that we use to define this structure. Overall, we observed
16 objects with C3VO-DEIMOS for this study o v er our adopted sky
egion and in the redshift range of 0 < z < 6, including serendipitous
etections, of which 204 have secure extragalactic redshifts. 

.2.3 Ancillary spectroscopic data 

ome of the ancillary spectroscopic data for this project comes from
he DEIMOS 10k Spectroscopic Surv e y (Hasinger et al. 2018 ). For
his surv e y, 10 718 objects were observed with DEIMOS in the
OSMOS field o v er the redshift range 0 < z < 6. Two or more

pectral features were observed for 6617 objects, while 1798 objects
ave spectra with a single spectral feature that was consistent with the
hotometric redshift. The magnitude distribution of objects targeted
n this surv e y peaks at I AB ∼ 23. We utilized a total of 1161 entries
rom the DEIMOS10k catalog o v er our adopted sk y re gion, with
edshifts ranging from 0 < z < 6 for this study. 840 of these entries
ave secure quality flags. Some of these objects show broad lines in
heir spectrum. This information is represented by adding 10 to their
uality flags, i.e. 11–14, 19. 
The majority of the ancillary spectroscopic data is obtained from

he zCOSMOS Spectroscopic Surv e y, a large VLT/VIMOS redshift
urv e y in the COSMOS field, with the vast majority of the galaxies
n the redshift range 0 < z < 3. This surv e y consists of zCOSMOS-
right surv e y (Lilly et al. 2007 , 2009 ) and zCOSMOS-Deep surv e y

Lilly + in prep., Diener et al. 2013 , 2015 ). The zCOSMOS-Bright
urv e y spans 1.7 deg 2 COSMOS ACS field, targeting 20 000 galaxies
 v er 0.1 ≤ z ≤ 1.2 range with I AB < 22.5. The zCOSMOS-Deep
urv e y spans central 1 deg 2 and targets 10 000 galaxies o v er 1.4

z ≤ 3 that were selected through colour-selection criteria. The
agging system for zCOSMOS surv e y is ef fecti vely the same as that
f VUDS surv e y. We used an updated v ersion of the zCOSMOS
atalog provided by one of the authors (DK) that changed the
ssigned redshift for a small number of entries ( ∼1 per cent of the
ecure spectral redshifts) and re v aluated the assigned flags. Some of
he entries that were previously assigned flags X2 and lower or X9
eceived a demoted flag. This catalog was previously used in Kashino
t al. ( 2022 ) and will be described more fully in an upcoming paper.
e utilize a total of 3637 entries in our fiducial region of interest,
ith 2088 of these entries having secure flags (i.e. X2, X3, X4, and
9). In addition, we include a small number of galaxies from Casey

t al. ( 2015 ) and Chiang et al. ( 2015 ). 
The VUDS and zCOSMOS flagging system has well-measured re-

iabilities and form the basis of our statistical framework. To establish
hether the confidence intervals for DEIMOS10k flags are the same

s those of VUDS and zCOSMOS surv e ys, we compare their flagging
ystem. This check is important because in our statistical framework
hat combines spectroscopic and photometric redshifts (explained
NRAS 528, 6934–6958 (2024) 
n Section 3.2 ), the spectroscopic redshifts are handled according
o their quality flags. To make this check, we examine a sample of
0 DEIMOS10k targets with flag = X2/X9, which were observed in
ther surv e ys and assigned quality flag = X3/X4 therein. This process
nvolves assessing the catastrophic outlier rate, which is calculated
s | z other − z DEIMOS10k | /(1 + z other ) > 5 σ NMAD where NMAD is the
ormalized median absolute deviation of z other − z DEIMOS10k /(1 +
 other ). Out of 70 objects, we find that 15 have a catastrophic outlier
ate greater than 5 σ NMAD , resulting in a reliability of 79.6 per cent. We
epeat this process for 751 DEIMOS10k targets with flag = X3/X4,
omparing them with spectroscopic redshifts from another surv e y
lso with flag = X3/X4. In this case, we identify 38 objects with
 catastrophic outlier rate greater than 5 σ NMAD , corresponding to
 reliability of 94.9 per cent. These results broadly align with the
agging system employed by the VUDS and zCOSMOS surv e ys,

ndicating that the DEIMOS10k surv e y shares the same reliability. 
In Fig. 1 , we show a comparison of the z spec from the surv e ys
entioned abo v e and z phot from C20, C15, and C07 that are utilized

n this study. The galaxies included for this comparison are brighter
n IRAC channel 1 and/or 2 than the completeness limits given in

eaver et al. [ 2022 ; i.e. 25.7 and/or 25.6 in the (3.6) and (4.5)
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ands, respectively] in order to mitigate the effects of Malmquist 
ias (Malmquist 1922 , 1925 ). This cut is also made for our entire
pectroscopic and photometric sample. 

When combining data from these surv e ys, entries need to be
esolved. This process of identifying and resolving duplicates is 
xplained in Section 3.1 . The number of spectroscopically confirmed 
nique galaxies before making an IRAC channel 1 and/or IRAC 

hannel 2 cut, which fall within the range of the protocluster 
edshift range, z pc = 4.48 < z < 4.64 (see Section 3.4 ), and the
pectroscopically confirmed unique galaxies that fall within the field 
edshift range z field = 4.2 < z < 4.48, 4.64 < z < 4.93 (see
ection 3.4 ) are listed in Table 3 . The unique entries in z pc range
re shown in both panels of Fig. 2 . In addition, the left-hand panel
f this figure also shows the DEIMOS masks given in Table 2 and
sed for targeting the Taralay protocluster in the C3VO campaign. 
he right-hand panel of the figure additionally shows unique entries 

n z field range. 
Applying the conditions outlined in 3.4 on these unique entries 

ives us the final protocluster and the field sample given in Table 3 .
ll galaxies, except the ones from C3VO survey, have quality flags
f X2, X3, X4, or X9 indicating the high confidence in their redshift
easurements. The galaxies included from C3VO surv e y hav e 

uality flags of 3 and 4, indicating more than 95 per cent confidence
n the assigned spectroscopic redshift. As such, the flagging systems 
f C3VO, VUDS, DEIMOS10k, and zCOSMOS are all compatible 
ith each other in terms of the likelihood of a spectroscopic redshift
f a given flag to be correct. This homogeneity is crucial when we
tilize the spectroscopic information in the various Monte Carlo 
rocesses in our analysis (see next section). Overall we utilize a 
atalog with total 6629 spectral entries. After undergoing the IRAC 

ut described earlier ([3.6] < 25.7 and/or [4.5] < 25.6), there are 115
nd 3169 unique secure spectral redshifts o v er the redshift ranges of
.2 < z < 4.93 and 0 < z < 6, respectively, drawn from all surveys.

 M E T H O D S  

he primary objective of this study is to examine the rate of in situ SM
rowth in the Taralay protocluster at z ∼ 4.57 compared to that of the
eld. We use the spectral energy distribution (SED) fitting method 
explained in Section 5.1 ) to determine the physical properties such 
s SM, SFR for all galaxies. Ho we ver, before we can apply the SED
tting, it is necessary to assemble a catalog of high redshift galaxies
ith z spec and find their photometric counterparts. We explain this 
rocedure in Section 3.1 . Though we have extensive spectroscopy, the 
alaxies with z spec may not be representative of the full underlying 
alaxy population and the galaxies without spectral redshifts far 
utnumber those with z spec . To utilize all the data available, we create
 a framework, explained in Section 3.2 that statistically combines 
 spec and z phot . We then use the Voronoi Tessellation Monte Carlo
VMC; Lemaux et al. 2017 ; Tomczak et al. 2017 ; 2018 ; Cucciati
t al. 2018 ; Hung et al. 2020 ; 2022 ) map technique that relies on this
tatistical framework to reconstruct the density field in Section 3.3 . 
he reconstruction of the density field allows for an estimation of the

ocal o v erdensity, mapping out the structure and getting the volume
nd mass of T aralay. W e then use the o v erdensity information to
pdate the criteria for a galaxy to qualify as the protocluster or field
alaxy in Section 3.4 . 

.1 Catalog matching pr ocedur e 

o identify the photometric counterparts for the spectroscopic data, 
n angular separation within which a match can be found is
etermined based on the sky error. 5 To choose the matching radius
ppropriate given the unknown sky error associated with all the 
atalogs, we start by matching with a radius of 1 arcsec and look
t the distribution of the angular separation of the closest match
etween galaxies with z spec and the photometric counterparts they 
atched to. A local minimum was observed at 0.3 arcsec, which

trongly indicates that the matches at distance of < 0.3 arcsec are
ikely genuine and the matches that are at > 0.3 arcsec distances are
ikely contaminated with impurities. 

Starting with the spectroscopic data from C3VO, VUDS, 
EIMOS10k, and zCOSMOS surv e ys within our adopted sk y re gion,
e first look for photometric counterparts in C20 which contains the
eepest data to date that co v ers the entirety of the COSMOS field.
f there are no photometric counterparts within a circle of 0.3 arcsec
adius for a z spec entry, the search is expanded to include the C15 and
07 catalogs. 
Upon conducting this search for the 6229 total entries in our

pectral catalog o v er a redshift range of 0 < z < 6, we found
hat C20 has at least one counterparts for 89.4 per cent of the total
 spec entries, with 7.1 per cent of the total z spec entries matching to
wo photometric sources and approximately 0.4 per cent of entries 
atching to more than two photometric sources. C15 counterparts 
ere found for the 52.93 per cent of the remaining 614 z spec entries

5.22 per cent of the total z spec entries), with 2.60 per cent entries
atching to two photometric sources and 0.16 per cent of entries
atching to more than two photometric sources. Finally, of the 280
 spec entries that had no counterparts in C20/C15, C07 photometry 
ounterparts were identified for 51.78 per cent of the remaining z spec 

ntries (2.32 per cent of the total z spec entries), 0.71 per cent of entries
atching to two photometric sources. No photometric counterparts 
ere found for 135 (2.17 per cent of the total z spec ) entries. 
In situations where there are multiple z spec entries that correspond 

o a single z phot counterpart, a set of rules was established to choose
he most likely counterpart and a v oid duplicates. These rules are as
ollows: 

(i) If the z spec entries have different redshift quality flags, the 
alaxy with the most secure redshift quality flag is given priority. 

(ii) If the z spec entries come from different spectroscopic surv e ys
 ut ha ve the same redshift quality flags, then the priority order is
s follows: C3VO-DEIMOS entries, then VUDS entries, followed 
y DEIMOS10k entries, and lastly zCOSMOS entries. For flags 
2, X9, the priority order is VUDS observations, then DEIMOS10k 
bserv ations, follo wed by zCOSMOS surv e y observations, and lastly
3VO-DEIMOS observ ations, as lo wer quality flags from C3VO 

ere considered unreliable. 
(iii) zCOSMOS-Deep was prioritized o v er zCOSMOS-Bright 

hen there were only zCOSMOS entries and the flags and z spec 

ere ef fecti vely identical. 

We also looked at some cases by eye, where both the matches
ad identical z spec values and very similar quality flags, to confirm
hat these rules result in a match that is the most sensible in each
ase. By following these rules, the appropriate match is selected and
uplicates are resolved when multiple spectroscopic redshifts are 
ssociated with a single photometric counterpart. 
MNRAS 528, 6934–6958 (2024) 
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Table 3. The table shows the total number of secure spectroscopic redshifts ( z spec ) from the four surv e ys that satisfy the various criteria we impose throughout 
this study. 

Surv e y Total entries in z pc 
a Unique entries in z pc 

b PC members c Total entries in z field 
d Unique entries in z field 

e Field galaxies f 

C3VO-DEIMOS 44 44 34 46 46 41 
VUDS 16 11 7 16 15 13 
DEIMOS10k 15 7 2 24 15 13 
zCOSMOS 22 0 0 27 0 0 

a The total number of secure z spec galaxies that fall in the protocluster redshift range, z pc = 4.48 < z < 4.64. b The unique secure z spec entries from each surv e y 
in z pc range. c The number of secure z spec galaxies from each surv e y that satisfy the final criterion for being a protocluster member where the final criterion is 
residence in a region that is σ δ ≥ 2 o v erdense than the field and also contains a σ δ ≥ 5 peak. d The total number of secure z spec galaxies that fall in the field 
redshift range, z field = 4.2 < z < 4.48, 4.64 < z < 4.93. e The unique secure z spec entries from each surv e y in z field range. f The final number of secure z spec field 
galaxies. We exclude any galaxy as a field galaxy if it falls in a protocluster-like structure i.e. a region that is σ δ ≥ 2 overdense than the field and also contains a 
σ δ ≥ 5 peak. 

Figure 2. Both the panels of this figure show a sky plot for the Taralay protocluster at z ∼ 4.57. The cyan stars, yellow pentagons and fuchsia inverted triangles 
are spectroscopically confirmed potential members (see Section 2.2.2 for the definition of potential members) of Taralay observed as a part of C3VO surv e y, 
VUDS surv e y and DEIMOS10k surv e y, respectiv ely. The fiducial redshift range for the structure, 4.48 < z < 4.64 is indicated at the bottom left corner. The 
black bar indicating 1 proper Mpc towards the right corner roughly corresponds to 0.04 ◦. The color-scale varies with o v erdensity log (1 + δgal ) such that the 
darker the region, the denser is the environment at those sky coordinates. In the left-hand panel, the black rectangles laid on the protocluster are six masks that 
we observed this structure with, detailed in Table 2 . The right-hand panel of this figure shows unique field galaxies from C3VO, VUDS, DEIMOS10k surv e ys 
in the redshift range of 4.2 < z < 4.48 and 4.64 < z < 4.93. We note that the outermost contour that roughly marks the shape of Taralay in both panels of this 
figure does not correspond to the σ δ ≥ 2 boundary of Taralay in the right-hand panel of Fig. 3 due to the difference in methods with which these two figures are 
constructed. 
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We conducted a comparison test between our selection method and
n alternative method developed by Forrest et al. ( 2023 ) to verify
he accuracy of our choice of a 0.3 arcsec radius for identifying
he correct z phot counterpart for each z spec entry. This alternative

ethod involves finding the nearest match for each z spec entry,
pdating the coordinates of the z spec entries by calculating the median
ositional offsets between the spectroscopic surv e y and photometric
atalog, and determining new z phot counterparts using the updated
oordinates. This is necessary to account for differences in astrometry
etween the catalogs. 

After resolving duplicates, we found that our selection method
greed with the alternative method for 99.3 per cent of the z spec 

ntries. For the remaining ∼ 0 . 7 per cent of z spec entries, the
lternative method provided better matches outside the 0.3 arcsec
adius. For those ∼ 0 . 7 per cent z spec entries, the matches resulting
rom the alternative method were adopted. 

In addition to the spectroscopic data described in Section 2.2 , we
ake a comprehensive approach of incorporating all of the available
hotometric data for our study. This includes 36 232 entries from
he C20 catalog within our adopted sk y re gion that surviv ed the
NRAS 528, 6934–6958 (2024) 

b  
RAC cut. By incorporating this additional data, we can leverage
he e xtensiv e photometric information contained in the C20 catalog
o complement and enrich our analysis. The completed master
atalog contains different types of galaxies, including those with
pectroscopic redshifts ( z spec ) from various surv e ys, their photo-
etric counterparts with associated z phot values, and galaxies with

hotometric information. 

.2 Statistical framework with Monte Carlo 

s stated earlier, we utilize all the available data, objects with z spec as
ell as z phot for this analysis since the galaxies with z spec may not be

epresentative of the full underlying galaxy population. To establish
ur framework that statistically combines z spec and z phot , we refer
o the statistical model described in appendix A of Lemaux et al.
 2022 ) and perform Monte Carlo on redshifts for 100 iterations. We
egin with the output catalog from Section 3.1 with combined spec-
roscopic and photometric data. The statistical framework described
elow is necessary to map o v erdense structures using the density
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Figure 3. Reconstructed galaxy o v erdensity using the VMC mapping technique. The panel on the left shows the Taralay protocluster and other o v erdensities 
within the volume that contains the coe v al field sample. The blue regions are bounded by o v erdensity isopleths of σ δ ≥ 2. The right-hand panel of the figure shows 
the 3D structure of only the Taralay protocluster. The red regions have an overdensity of σ δ ≥ 5 relative to the field, whereas the blue regions set the σ δ ≥
2 boundary. The different colours and their corresponding o v erdensity values are shown by the colour scale that represents the galaxy o v erdensity. Scale bars 
representing proper distances of varying size are shown in each panel. 
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apping technique (Section 3.3 ), to perform SED fitting (Setion 5.1 )
nd obtain the SFRD of the Taralay protocluster (Section 5.2 ). 

For each Monte Carlo realization of a galaxy, we sample a value,
, from likelihood probability density function based on the spectral 
uality flag, with the likelihood representing the chance that the 
pectroscopic redshift is correct. The likelihood values and their 
ssociated uncertainties for quality flags are given in appendix A 

f Lemaux et al. ( 2022 ). Next, we sample a value, χ , from the
niform distribution between 0 and 1. If χ < ξ , z spec is retained
s the redshift for that galaxy in that iteration. If χ ≥ ξ , then we
ssign a z phot drawn from the redshift probability density function 
zPDF) constructed as an asymmetric Gaussian using the median 
nd photometric redshift confidence interv als gi ven in the catalog of
he photometric counterpart. The authors of the photometric catalogs 
av e deriv ed the confidence intervals by performing SED fitting using 
he code LePhare (Arnouts et al. 2002 , Ilbert et al. 2006 ). 

For photometric objects, with no measured z spec , we sample an 
symmetric Gaussian distribution based on the zPDF to obtain 
edshifts instead of relying on the z phot assigned to them. The 
nal master catalog encompasses galaxies with z spec from different 
urv e ys, their photometric counterparts with z phot , and galaxies with
 phot information but no spectroscopy, all satisfying 4.2 < z < 4.93
edshift range as that is our redshift range of interest (see Section 3.4 ).

.3 Density mapping and the size of Taralay 

o map out Taralay and measure the underlying density field, we use
he VMC map technique. The VMC method is a statistical approach 
hat employs Voronoi tessellation to estimate the density of galaxies 
n a given region of the sky but does so over a large number of Monte
arlo realizations of the input data. Voronoi tessellation divides space 

nto polygons around each galaxy, with each polygon containing all 
he points in space that are closer to that galaxy than any other. The
rea of each polygon is inversely proportional to the local density 
f galaxies around the corresponding galaxy. The VMC technique is 
xplained in great detail in Lemaux et al. ( 2017 , 2018 , 2019 , 2022 ),
omczak et al. ( 2017 , 2019 ), Shen et al. ( 2017 , 2018 , 2019 , 2021 ),
ucciati et al. ( 2018 ), Pelliccia et al. ( 2019 ), Hung et al. ( 2020 ), and
ung et al in prep. We adopt the version outlined in Lemaux et al.

 2022 ) for this work. As a result of this process, we get a 3D cube
ith a local o v erdensity at every single voxel, which is defined as 

log 
(
1 + δgal 

) = log 

( 

1 + 

(

 − ˜ 
 

)
˜ 
 

) 

(1) 

here δgal is the local galaxy o v erdensity. We can then assign log (1
 δgal ) values to galaxies by tethering a galaxy to the voxel which

ontains the RA, Dec, and redshift of the galaxy. 
We fit the distribution of log (1 + δgal ) with a Gaussian for each

edshift slice of depth 7.5 pMpc and obtain its μ and σ . The σ (z)
nd μ(z) are then fitted as a function of redshift with a fifth-order
olynomial from which we obtain μδ and σ δ , where 

δ = 

log (1 + δgal ) − μ( z) 

σ ( z) 
(2) 

oth μ( z) and σ ( z) are in units of log (1 + δgal ). Over 4.2 < z <

.93, μ( z) is ∼0 and σ ( z) ∼ 0.1. This methodology is explained in
ore detail in Cucciati et al. ( 2018 ). For the rest of this paper, we

dopt σ δ to describe the o v erdensity. 
By plotting the regions above a certain σ δ , we can visualize the

ensity field and map out the protocluster as well as any additional
tructures that may exist along the line of sight (LoS) as shown in Fig.
 . The left-hand panel in this figure shows all o v erdense structures
ith σ δ ≥ 2 along the LoS. The right-hand panel of the figure shows
nly the protocluster Taralay. The full distribution of the σ δ values 
cross the redshift range of interest is shown in Fig. 4 . The resulting
nderlying galaxy density field is converted into a matter density 
eld using a bias factor (see Appendix A1 for more discussion). For

his study, we use a bias factor of b = 3.6, which is based on previous
orks (Chiang et al. 2013 , Durkalec et al. 2018 ). 

.4 Definition of field and protocluster sample 

ere, we outline the full criteria used to define our protocluster and
he coe v al field. To ensure a fair and unbiased comparison of the
MNRAS 528, 6934–6958 (2024) 
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M

Figure 4. This figure shows the spread of σ δ (o v erdensity) values associated 
with each galaxy that forms the final master catalog across all MC iterations 
(see Section 3.2 ). The green dots represent galaxies with σ δ ≥ 2, while the 
purple dots represent galaxies with σ δ ≤ 2. The green region, bounded by 
4.48 < z < 4.64 and σ δ ≥ 2, represents galaxies that qualify as protocluster 
members. The two purple shaded regions show galaxies that qualify as coe v al 
field galaxies. For more discussion, see Section 3.4 . 
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Table 4. Location and o v erdensity conditions satisfied by galaxies in order 
to quality as protocluster members, protocluster peak members, or coe v al 
field members. 

Region Condition 

Protocluster peak 150.1 ◦< RA < 150.48 ◦, 2.21 ◦< Dec < 2.5 ◦
4.48 < z < 4.64 

σ δ ≥ 5 
Protocluster 150.1 ◦< RA < 150.48 ◦, 2.21 ◦< Dec < 2.5 ◦

4.48 < z < 4.64 
σ δ ≥ 2 region with a σ δ ≥ 5 peak 

Field 150.1 ◦< RA < 150.48 ◦, 2.21 ◦< Dec < 2.5 ◦
4.2 < z < 4.48 or 4.64 < z < 4.93 

All galaxies except the ones in S1 and S2 
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FRD between the protocluster and the coe v al field, we define the
oundaries of the region for analysis as a rectangular area around all
ix masks used on DEIMOS to target Taralay as a part of the C3VO
ampaign. This approach helps us mitigate any unforeseen selection
iases that could affect the comparison. These boundaries are the
forementioned sk y re gion of interest: 150.1 ◦ < RA < 150.48 ◦ and
.21 ◦ < Dec < 2.5 ◦. 
We define the Taralay protocluster as a region with σ δ ≥ 2 that

lso contains a σ δ ≥ 5 peak within the redshift range of 4.48 < z

 4.64. At the time of disco v ery, Lemaux et al. ( 2018 ) established
he redshift range of Taralay to be 4.53 < z < 4.6. We extend this
riginal redshift range to include all galaxies in the full extent of
he σ δ ≥ 2 voxels associated with Taralay. The left-hand panel of
ig. 3 shows two other structures along the LoS that also satisfy the
onditions for being a protocluster, i.e. σ δ ≥ 2 region with a σ δ ≥
 peak. These are denoted S1 and S2. Both of these structures are
utside the redshift range 4.48 < z < 4.64 and so do not comprise
art of Taralay. The properties of these two protocluster candidates
re briefly discussed in Section 4 . 

For the coe v al field, we aim to select field galaxies such that the
ample has a similar average redshift to the systemic redshift of the
rotocluster. To achieve this, we establish a redshift range that encom-
asses a temporal window of ±100 Myr around the systemic redshift
f the protocluster. The reason for this choice is the expectation that,
ue to the relatively short time span, the properties of galaxies in the
eld sample will be comparable to those of member galaxies within

he protocluster, as their evolution may not have diverged signifi-
antly. All galaxies in the redshift range 4.2 < z < 4.48 and 4.64 < z

 4.93 are considered field galaxies except for those in S1 and S2. We
xclude these two structures from our definition of the coe v al field
ecause they resemble protoclusters and may confuse our analysis. 
he conditions satisfied by galaxies to qualify as protocluster
embers, protocluster peak members or coe v al field members are

ummarized in Table 4 . The properties of S1 and S2 are given in
able 5 . 
The galaxies that make up the coe v al field sample are shown in

ig. 4 . The galaxies in the purple regions, bounded by 4.2 < z <

.48, 4.64 < z < 4.93 and σ δ = 2 make up most of the field galaxy
ample. The field galaxies that are part of the σ δ ≥ 2 o v erdensities
NRAS 528, 6934–6958 (2024) 
s well as the galaxies that are neither field galaxies or protocluster
embers i.e. the galaxies in S1 and S2, are shown by green points

n either side of the green region. We see a clear structure emerging
n the green region within 4.48 < z < 4.64 and σ δ ≥ 2. The galaxies
n this region are the protocluster galaxies. The galaxies in 4.48 <
 < 4.64 with σ δ ≤ 2 are excluded from our field given their close
roximity to the protocluster. 

 PROPERTIES  O F  TA R A L AY  

n the initial disco v ery paper (Lemaux et al. 2018 ), Taralay had nine
embers with secure spectroscopic redshifts. With the new data

btained through the C3VO campaign, combined with the VUDS
ata that led to the disco v ery and the data from DEIMOS10k and
COSMOS, we are able to reestablish the morphology, extent, and
he internal structure of this protocluster. We found that the Taralay
as two substructures, shown in the right-hand panel of Fig. 3 , that
o not connect by a density isopleth of σ δ ≥ 2. We refer to the bigger
tructure as PC1, which is very roughly similar in location and extent
o Taralay at the time of disco v ery. Ho we ver, the smaller structure
hat we refer to as PC2, was not detected in the original work. PC1
osts two σ δ ≥ 5 o v erdense peaks PC1 P1 and PC1 P2, while PC2
as one σ δ ≥ 5 o v erdense peak PC2 P. 

To investigate the properties of Taralay, the method that we use
o characterize the protocluster and its σ δ ≥ 5 peaks is identical to
hat in Forrest et al. ( 2023 ), which is, in turn, identical to the method
sed in Cucciati et al. ( 2018 ) and Shen et al. ( 2021 ). The mass and
olume of the Taralay protocluster along with some other properties
re summarized in Table 6 . The properties of σ δ ≥ 5 peaks of the
rotocluster are given in T able 7 . W e also list some of the properties
f two potential foreground protoclusters S1 and S2 (see Section 3.4 )
n Table 5 . 

The apparent comoving volume of the Taralay protocluster ob-
ained by summing the volume of all voxels (see Section 3.3 )
ithin the σ δ ≥ 2 envelope is ∼ 33 695 cMpc 3 . This apparent
olume is artificially increased due to the redshift elongation that
riginates from the uncertainties in the photometric redshifts and
nduced motion. To correct the apparent volume, we consider the
nisotropic interpretation of the different dimensions. The transverse
imensions are distinct from the LoS dimension, requiring us to
actor this discrepancy when calculating the characteristic radii of
he structure in each dimension. To correct for this effect, we use the
ame approach as Cucciati et al. ( 2018 ) defining an ef fecti ve radius
hat depends on the density and position of each galaxy as well as
he barycenter of the o v erdensity in question. This ef fecti ve radius
s defined for all three dimensions, i.e. x, y, and z. To calculate the
longation, we take a ratio of the ef fecti ve radius in the z (LoS)
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Table 5. Properties of the two potential foreground protoclusters in the area surrounding Taralay. 

ID RA peak Dec peak z peak <δgal > E z/ xy V M tot V corr <δgal > corr 

(deg) (deg) (cMpc 3 ) (10 14 M �) (cMpc 3 ) 

S1 150.351892 2.478142 4.327 0.99 6.02 2587 1.20 429 24.08 
S2 150.195099 2.306873 4.397 0.77 4.29 11 003 4.89 2564 15.16 

Table 6. Properties of the Taralay protocluster. 

ID RA peak Dec peak z peak <δgal > R x R y R z E z/ xy V M tot V corr <δgal > corr 

(deg) (deg) (cMpc) (cMpc) (cMpc) (cMpc 3 ) (10 14 M �) (cMpc 3 ) 

PC1 150.352213 2.354023 4.567 1.53 5.85 7.19 16.40 2.51 29 622 15.49 11 784 9.28 
PC2 150.177104 2.301292 4.592 1.07 2.05 2.77 11.93 4.94 4133 1.95 836 19.51 

Table 7. Properties of the 5 σ o v erdense peaks of Taralay protocluster at z ∼ 4.57. 

ID RA peak Dec peak z peak <δgal > R x R y R z E z/ xy V M tot V corr <δgal > corr 

(deg) (deg) (cMpc) (cMpc) (cMpc) (cMpc 3 ) (10 14 M �) (cMpc 3 ) 

PC1 P1 150.385321 2.380454 4.567 3.37 2.27 2.86 13.24 5.16 4902 3.76 950 35.28 
PC1 P2 150.315664 2.300566 4.578 2.95 2.51 3.00 13.41 4.86 4631 3.32 952 30.64 
PC2 P 150.178475 2.298961 4.593 1.98 1.04 2.05 10.34 6.69 1063 0.64 159 35.93 

Table 8. Formulae used to calculate the total mass, barycentric position, 
ef fecti ve radius, elongation correction factor, corrected volume, and corrected 
average galaxy overdensity of each peak. 

Quantity Formula 

M tot ρm V (1 + δgal / b ) 
X peak 

∑ 

i ( δgal ,X i X i ) / 
∑ 

i ( δgal ,X i ) 
R X √ ∑ 

i ( δgal ,X i ( X i − X peak ) 2 ) / 
∑ 

i ( δgal ,X i ) 

E z/ xy 2 R z /( R x + R y ) 
V corr V / E z/ xy 

<δgal > corr b [ M tot /( V corr ρm ) − 1] 
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irection with the mean of ef fecti ve radii in x and y directions. The
orrected volume, then, is the apparent volume divided by elongation. 
able 8 lists the formulae used to calculate these quantities, where ρm 

s the comoving matter density, V is the apparent volume and δm is the
ass o v erdensity in the re gion under consideration. RA peak , Dec peak ,
 peak are the barycentric position in RA, Dec and z, respectively, with
 x , R y , R z being the ef fecti ve radii in the three dimensions. E z/ xy is the
longation correction factor, V corr is corrected volume for elongation 
ffect and <δgal > corr is the corrected average galaxy overdensity. 

The comoving volume of the Taralay protocluster, corrected for 
longation, is ∼ 12 620 cMpc 3 , the value we use to calculate the
FRD of the protocluster. We obtain the upper and lower uncertainty 

n the volume by using density thresholds of σ δ ≥ 2.2 and σ δ ≥ 1.8, 
espectively, and calculate the resultant elongation-corrected volume, 
hich results in a final value of ∼ 12620 + 1042 

−956 cMpc 3 . 
The mass of the Taralay is calculated using a formula given in

able 8 for M tot with a bias factor of b = 3.6 (see Section 3.3 ). Due to
ur ignorance on the precise value of the bias factor appropriate for
ur tracer population, we additionally vary the bias factor between 
.5 and 3.12, values that are obtained from Einasto et al. ( 2023 ) and
ta et al. ( 2021 ), respectively, and propagate this uncertainty into

he mass uncertainty. The uncertainty in mass due to the variation in
he bias factor is added in quadrature with the uncertainty in mass
oming from varying the density threshold (as described abo v e). We
stimate the mass of Taralay to be 1 . 74 + 1 . 36 
−0 . 77 × 10 15 M �. This value

s ∼6 times higher ( ∼2 σ ) than the value reported in Lemaux et al.
 2018 ) at the time of disco v ery. This difference is likely due to the
5 × increase in the number of spectroscopic members, the larger 

dopted redshift extent, the higher spectral redshift fraction overall 
hich decreases the dilution from photometric redshifts (see Hung 

t al. in prep.), and the disco v ery of the substructure PC2. 

.1 Dynamical versus overdensity mass 

e compare the mass obtained from the o v erdensity with the mass
btained from the estimated LoS velocity dispersion σ v . We do 
his comparison for the protocluster, two σ δ ≥ 4.5 regions in PC1 
we will call them PC1 R1 and PC1 R2) and one σ δ ≥ 2.8 region
n PC2 (we will call it PC2 R). These values are a compromise
etween a sufficiently large sample size to measure σ v and a region
hat is sufficiently small such that gravitational interactions between 
alaxies are reasonably likely. The LoS velocity dispersion σ v is 
stimated using the gapper method (Beers, Flynn & Gebhardt 1990 
nd references therein) with jackknifed confidence intervals for 
C1 R1, PC1 R2 and PC2 R re gions. F or the full protocluster, we
se biweight method also with the jackknifed confidence intervals to 
stimate σ v . PC1 R1, PC1 R2 and PC2 R re gions hav e sample size
f n ∼ 10 and the entire protocluster has a sample size of n ∼ 40 with
ecure spectroscopic redshifts. The gapper method is used for the 
ndividual peaks as the smaller sample size makes this the preferred

ethod (Beers et al. 1990 ), while the sample size is sufficiently large
o adopt the biweight estimator in the case of the full protocluster.
ig. 5 shows the velocity histograms and the fit to these histograms

o estimate σ v . 
The dynamical mass which refers to the mass enclosed in R 200 ,

he radius within which the density is 200 times the critical density,
s calculated from the σ v using the following formula 

 200 = 

3 

G 

σ 2 
v R 200 , (3) 
MNRAS 528, 6934–6958 (2024) 
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Figure 5. Velocity histograms for Taralay, two σ δ ≥ 4.5 regions in PC1 named PC1 R1 and PC1 R2, and one σ δ ≥ 2.8 region in PC2 named PC2 R along 
with the fits to these histograms to estimate velocity dispersion σv . 

Table 9. The LoS velocity dispersion ( σv ), the resulting dynamical masses 
and masses from the o v erdensity for the Taralay protocluster, two σ δ ≥ 4.5 
regions in PC1 and one σ δ ≥ 2.8 region in PC2 along with the number of 
redshifts (n) that were fitted in each region to obtain σv . 

Region n σv M 200 M δ

(km s −1 ) plog ( M 200 /M �)] [log ( M δ /M �)] 

Taralay 43 1266 ± 128 14 . 71 + 0 . 12 
−0 . 14 15 . 24 + 0 . 25 

−0 . 25 

PC1 R1 13 804 ± 149 14 . 11 + 0 . 22 
−0 . 27 14 . 61 + 0 . 25 

−0 . 26 

PC1 R2 11 345 ± 162 13 . 01 + 0 . 5 −0 . 83 14 . 54 + 0 . 23 
−0 . 26 

PC2 R 7 290 ± 58 12 . 78 + 0 . 24 
−0 . 29 14 . 15 + 0 . 25 

−0 . 25 
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Figure 6. The comparison of mass estimated from the LoS velocity dis- 
persion to the mass estimated from o v erdensity for the Taralay protocluster, 
PC1 R1, PC1 R2 and PC2 R regions (see Section 4 ). 
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here 

 200 = 

√ 

3 σv 

10 H ( z) 
. (4) 

Carlberg et al. 1997 ). The LoS velocity dispersion of
266 ± 128 km s −1 for the Taralay protocluster results in the M 200 of

log ( M 200 /M �) z∼4 . 57 = 14 . 71 + 0 . 12 
−0 . 14 

hich agrees within the errors with the dynamical mass estimated
y Lemaux et al. ( 2018 ). The σ v and M 200 for PC1 R1, PC1 R2 and
C2 R are given in Table 9 . We obtain the error bars for M 200 by

aking into account the error on σ v . The mass from the o v erdensity
ethod is obtained through density mapping method (Section 3.3 )

nd the error bars for the mass from o v erdensity are obtained by
arying σ δ and the bias factor. To this, we added a systematic un-
ertainty of 0.25 dex based on masses estimated through o v erdensity
econstruction based on comparison to simulation (Hung et al. in
rep). For the protocluster, σ δ is varied to 1.8 and 2.2, for PC1 R1
nd PC1 R2 the σ δ is varied to 4.3 and 4.7, and for PC2 R the σ δ

s varied to 2.6 and 3. For all regions, the bias factor is varied from
.12 to 4.5. The comparison between the o v erdensity masses and
he dynamical masses from Fig. 6 shows that the dynamical masses
ave an average deficit of 2.5 σ (range of 1.5 σ to 4 σ ) compared
o the o v erdensity masses. The source of this consistent deficit of
he dynamical masses relative to the o v erdensity will be explored in
imulations in future work. 

 G A L A X Y  PROPERTIES  O F  TA R A L AY  

ow that we have established the morphology and internal structure
f the protocluster as well as some of its characteristics, we can
nvestigate the galaxy properties such as the SFR. Understanding the
ate at which stars form within galaxies is essential to understand
heir evolution and behaviour. Various indicators can be employed
o estimate the SFR, all of which involve analysing the emitted
NRAS 528, 6934–6958 (2024) 
ight at different wavelengths. These indicators include UV lumi-
osity , infrared (IR) luminosity , UV and IR luminosity, as well as
he strength of recombination lines or their proxies. While these
ndicators are generally accessible for samples at lower redshifts,
stimating the SFR becomes progressively more challenging in the
igh redshift universe. Acquiring the required recombination line
ata for a large set of galaxies can be an o v erwhelming task due to a
ariety of different factors and atmospheric transmission issues like
bsorption and scattering. Moreo v er, specialized equipment such as
he Atacama Large Millimeter/sub-millimeter Array (ALMA) and
WST are necessary not only to mitigate transmission issues but also
o obtain data far enough in the infrared to allow for a more reliable
icture of star forming activity in the early universe. 
To navigate these challenges, we use a more accessible method

or estimating the SFR of high redshift galaxies. Model-based SED
tting provides an alternative approach to estimate the SFR using
ot just the spectroscopic data but also the available multiwavelength
hotometric data. The SED fitting process is performed to determine
he SFR of each galaxy in order to estimate the SFR per volume per
nvironment i.e. the SFRD in the protocluster versus the coe v al field.
e explain this process below. 

.1 SED fitting 

ED fitting is a powerful tool in astrophysics that involves mod-
lling the SED of celestial objects ideally across a broad range of
avelengths. A model SED is constructed by combining various

omponents or sources of emission that are expected to contribute to
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Table 10. SED fitting parameters of CIGALE modules sfhdelayed, bc03, 
and dustatt modified starburst. 

Modules Parameter values 

tau main (Myr) a 100–30 000 
age main (Myr) b 50–1400 
tau burst (Myr) c 100, 300 
f burst d 0, 0.0001, 0.0005, 0.001, 0.005, 0.01 
imf 1 e 

metallicity ( Z �) 0.008, 0.02 
E BV lines f 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5 
E BV factor g 1 
uv bump amplitude 0, 1, 2, 3 h 

powerlaw slope i −0.5, −0.25, 0 
Ex law emission lines 1 j , 3 k 

a tau main in CIGALE refers to the e-folding time of the main stellar 
population model. b age main in CIGALE refers to the age of the main 
stellar population in the galaxy. c tau burst in CIGALE refers to the e-folding 
time of the late starburst population model. d f burst in CIGALE refers to the 
mass fraction of the late burst population. e IMF of 1 in CIGALE refers to 
the Chabrier IMF. f E BV lines in CIGALE refers to the colour excess of the 
nebular lines light for both the young and old population. g E BV factor in 
CIGALE refers to the reduction factor to apply to E BV lines to compute the 
stellar continuum attenuation. h uv bump amplitude of 3 in CIGALE refers 
to the Milky Way. i powerlaw slope in CIGALE refers to the slope delta of the 
power law modifying the attenuation curv e. j Ex la w emission lines of 1 in 
CIGALE refers to the Milky Way. k Ex law emission lines of 3 in CIGALE 

refers to the Small Magellanic Cloud. 
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he observed spectrum. Some of the important contributors at high 
edshift are stellar emission, nebular emission, thermal emission from 

ust, self absorption, and extinction. These components are varied to 
nd the best fit to the observed data points. 
To perform our SED fitting, we chose the Code Investigating 

ALaxy Emission (CIGALE; Boquien et al. 2019 ) software, which 
ses models that describe the various components of a galaxy, such 
s the stellar population, dust, and gas. These models are constructed 
ased on physical principles and observations of objects in our 
ocal universe. The user can select the models and parameters to 
e included in the fitting, such as the star formation history (SFH),
etallicity, dust attenuation, and emission lines. CIGALE compares 

he observed photometric data (i.e. flux densities measured at various 
avelengths) with the model predictions and finds a set of values for
 range of parameters that best match the data. 

For our SED fitting using CIGALE, we select a set of models to
escribe the various components of galaxies. The SFH is modelled 
ith sfhdelayed, which stands for a delayed SFH: SFR ∝ t × exp( −

 / τ ), where t represents time passed since the onset of star formation
nd τ is the time when the SFR peaks. Our choice of this SFH is
ased on the study of Thomas et al. ( 2017 ) which found this SFH
o be an appropriate choice for large samples of galaxies at high
edshifts. 

We model the spectra for composite stellar population with the 
ibraries of single stellar populations (SSPs) from Bruzual & Charlot 
 2003 ) (module bc03). We choose the bc03 module o v er, e.g. that of

araston ( 2005 ; module m2005) because observations (van Dokkum 

008 ) suggest that the Bruzual & Charlot ( 2003 ) initial mass function
IMF) is more appropriate for higher redshift galaxies than an, e.g. 
alpeter (Salpeter 1955 ) IMF, and the former is supported in the bc03
odule but not supported in the m2005 module. 
The dust in a galaxy absorbs UV and near-infrared (NIR) radiation 

nd re-emits it in the mid- and f ar-IR. Tw o curves associated with
his process are extinction curve that only depends on the dust grain
ize and attenuation curve, which depends on the dust grain size 
s well as the geometry, i.e. where the dust grains are relative to
he source of radiation and the observer. These curves are taken 
nto account through two different modules, the Charlot & Fall 
 2000 ) based ‘dustatt modified CF00’ module and the Calzetti et al.
 2000 ) based ‘dustatt modified starburst module. We choose the 
ustatt modified starburst’ module as it offers more flexibility in 
erms of slope of the curve and the presence of 217.5 nm bump.
his module also includes Small and Large Magellanic Cloud 
 xtinction curv es of Pei ( 1992 ) along with the Milky Way curve of
ardelli, Clayton & Mathis ( 1989 ) with O’Donnell ( 1994 ) update.
ore discussion about how various models and the choices of free 

arameters affect the SED fitting is in Appendix B . We compare SFR
nd SM fitted with CIGALE and LePhare in Appendix C (see Fig.
1 ). 
By selecting these models and adjusting their parameters, we fit 

he galaxies and model their SED to reco v er parameters like SM and
FRs. The parameter values for each of the modules in this fitting
re given in Table 10 although see more discussion on the choice
f these parameters in Appendix A2 . Their detailed description can 
e found in Boquien et al. ( 2019 ). We discuss the effect of lack of
ar-infrared (FIR) data on the estimated SFR in Appendix A3 . 

.2 From SFR to SFRD 

fter using Monte Carlo to generate 100 realizations of our master 
pectroscopic plus photometric catalog (see Section 3.2 ), in each 
ealization, any galaxy may fall into one of three redshift bins: the
rotocluster, the field, or outside the redshift range of interest. The
robability of a galaxy falling into one of these categories depends
n several factors, including whether the galaxy has a spectroscopic 
edshift or not, the quality of the spectroscopic redshift and the width
f the zPDF. 
For each realization, we determine which environmental category 

ach galaxy falls in and calculate the total SFR for all galaxies
dentified as protocluster galaxies (SFR pc ) and the total SFR for all
alaxies identified as coe v al field galaxies (SFR field ) according to
he definitions given in Section 3.4 . We then calculate the SFRD
f the protocluster (SFRD pc ) by dividing SFR pc by the volume of
he protocluster obtained from density mapping but corrected for 
longation (given in Table 6 ). Similarly, we calculate the SFRD
f the field (SFRD field ) by dividing SFR field by the volume of the
eld. The volume of the coe v al field is obtained by subtracting

wo quantities from the total volume of our region of interest: (1)
he volume of the region enclosed in 4.48 < z < 4.64 (which
ncludes the protocluster); (2) the uncorrected volume of S1 and 
2. The resulting coe v al field volume is 686583 cMpc 3 as compared

o ∼ 12 621 cMpc 3 for Taralay. Ho we ver, if we instead subtract the
longation corrected volume for S1 and S2 from the field, the volume
f field increases only by 1 per cent, which has negligible effect on
ur results. 

.3 Contribution of lower luminosity galaxies 

he spectroscopic and photometric data that this study use has 
imitations in terms of depth. To include the fainter galaxies that
ur data cannot probe and take into account the contribution of
hese fainter galaxies to the SFRD, we extrapolate our results for the
rotocluster as well as field to lower luminosity (see Appendix A4
or discussion about the effect of dust properties of faint and bright
alaxies on the SED fitting process in order to estimate accurate SFR
nd the corrections we need to perform in order to extrapolate our
MNRAS 528, 6934–6958 (2024) 
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esult safely). In order to do this, we begin by selecting a sample of
bjects with 4.2 < z phot < 4.93 whose IRAC channel 1 mag fall within
5.3 and 25.5. We look at the distribution of Far-UV magnitude of this
ample and take the 80 per cent completeness limit to probe the depth
f our UV and optical data in a gi ven windo w of IRAC channel 1 (see
ppendix B of Lemaux et al. 2018 for the basic idea). The range of
5.3 < M IRAC1 < 25.5 is chosen because it is brighter than the IRAC
hannel 1 completeness limit [25.7 in (3.6) band] stated in Weaver
t al. ( 2022 ) making it likely that all objects at this brightness are
etected. For the sample in this window, we sort the M FUV magnitudes
nd remo v e the faintest 20 per cent objects of the sample. This is
one to obtain 80 per cent completeness limit. The resulting M FUV 

istribution is then corrected by the average difference between the
ange of IRAC channel 1 window we choose and the completeness
imit (25.7) in order to get the M FUV completeness of our sample. For
 xample, the av erage dif ference between the windo w 25.3 < M IRAC1 

 25.5 and the completeness limit of IRAC channel 1 (25.7) is 0.3. 
The abo v e calculation is based on an assumption that the change

n M IRAC1 corresponds exactly to the change in M FUV for the galaxy
opulation considered here. This is not necessarily the case. In order
o check this, we repeated this e x ercise with a different IRAC channel
 window, 24.8 < M IRAC1 < 25.0, and found that the median M FUV 

s offset by 0.36 mag between the windows 25.3 < M IRAC1 < 25.5
nd 24.8 < M IRAC1 < 25.0 as compared to the change in M IRAC1 of
.5 mag between these two windows. To account for this difference,
e correct the measured M FUV distribution in our original window
ot by the average difference between the median IRAC1 magnitude
n our chosen window and the corresponding completeness limit but
y the expected corresponding change in M FUV coming from the
bo v e e x ercise. Ultimately, this results in a v ery small correction to
he M FUV distribution ( ∼0.2 mag). This e x ercise results in the M FUV 

ompleteness limit of our sample to be approximately −19.3, a value
hat is not strongly dependent on the various windows chosen in this
 x ercise. 

With the depth of our data established at M FUV = −19.3, we
xtrapolate our results for SFRD to M FUV = −17 in order to include
he contribution of the fainter UV galaxies not detected in the data
sed in this study. This also lets us compare our results with studies
hat report the SFRD values corrected to include the contribution of
he fainter galaxies. We use the Schechter function (Schechter 1976 )
o extrapolate SFRD pc and SFRD field down to M FUV = −17. The faint
imit of M FUV = −17 is chosen because the behaviour of the galaxy
uminosity function is not well known beyond M FUV = −17 and may
eviate from a simple Schechter function (e.g. O’Shea et al. 2015 ,
e La Vieuville et al. 2019 , Yung et al. 2019 ). We use the following
quation to determine the correction factor: 

F = 

∫ −17 

−∞ 

[ 
dM(0 . 4 × log 10) φ∗[10 0 . 4( M 

∗−M) ] α+ 1 

× exp [ −10 0 . 4( M 

∗−M) ] α+ 1 
] /

∫ −19 . 3 

−∞ 

[ 
dM(0 . 4 × log 10) φ∗[10 0 . 4( M 

∗−M) ] α+ 1 

× exp [ −10 0 . 4( M 

∗−M) ] α+ 1 
] 

(5) 

The faint–end slope α utilized in our study is determined by
ombining values obtained from multiple studies (e.g. Ouchi et al.
004 ; Giavalisco 2005 ; Sawicki & Thompson 2006 ; Yoshida et al.
006 ; Bouwens et al. 2007 ; 2015 ). To obtain a representative value
nd its associated uncertainty, we construct a joint PDF from the
eported values and associated uncertainties in these studies. The
NRAS 528, 6934–6958 (2024) 
ean of this joint PDF serves as the final estimate of α with 16th and
4th percentiles serving as corresponding errors in our study. The
alue for α is α = −1 . 77 + 0 . 22 

−0 . 20 . The values for M 

∗
UV , φ

∗

M 

∗
UV = ( −20 . 95 ± 0 . 10) + (0 . 01 ± 0 . 06)( z − 6) , 

φ∗ = 

(
0 . 47 + 0 . 11 

−0 . 10 

)
10 ( −0 . 27 ±0 . 05)( z−6) 10 −3 Mpc −3 

re taken from Bouwens et al. ( 2015 ) where we substituted z =
.57 for this study. The correction factor is log(CF) = 0.96 ± 0.17
ex, which implies that faint galaxies are contributing significantly
o the o v erall SFRD. Changing the completeness limit by 10 per cent
hanges the log correction factor by ∼0.1 dex. 

 RESULTS  

n this section, we report the SFRD of the Taralay protocluster at z
4.57, SFRD of its three σ δ ≥ 5 peaks, SFRD of the coe v al field

s well as the contribution of the protoclusters at z ∼ 4.57 to the
osmic SFRD using Taralay as a proxy of all the protoclusters at this
edshift. We also report on the SFR–σ δ relation for all galaxies in
he protocluster and coe v al field. 

.1 SFRD of the field surrounding Taralay 

e find that the SFRD of the galaxies in the coe v al field surrounding
he Taralay protocluster is log(SFRD/ M � yr −1 Mpc −3 ) = −0 . 82 + 0 . 19 

−0 . 29 .
he uncertainty on the SFRD field is a result of the combined
ncertainty on the SFR field from performing Monte Carlo on redshifts
Section 3.2 ), the SED fitting (Section 5.1 ), the change in the SFR
f the galaxies in the field due to varying the boundary of the
rotocluster (since σ δ cut dictates which galaxies qualify as field
alaxies or protocluster members, see Section 4 ), the uncertainty on
he Schechter parameters (Section 5.3 ) and the uncertainty on the
olume of the field from changing the boundary of the protocluster
see Section 5.2 for calculating the field volume). We compare our
FRD field with various studies in Fig. 7 . 
A particularly comparable study to our own is that of Khusanova

t al. ( 2021 ), where the SFRD value is measured using a spectro-
copic sample (from VUDS and DEIMOS) with corrections based
n an adopted Far-UV luminosity function and galaxy SM function.
his study uses rest-frame far-infrared continuum observations with
LMA in order to derive dust-obscured SFR. Using a somewhat

imilar framework to ours, the authors of this work also performed a
imilar faint-galaxy correction to their SFRD results. We find that our
esult for SFRD field is statistically indistinguishable from the SFRD
alue estimated by Khusanova et al. ( 2021 ) giving us confidence in
ur SFRD field value. This agreement indicates that the assumptions
n the dust attenuation curves that went into our SED fitting in order
o derive SFRD values are well accounted for. 

Although the SFRD field value we report here is higher than
hat is predicted by Madau & Dickinson ( 2014 ) at z ∼ 4.57, the
alues at these redshifts from Madau & Dickinson ( 2014 ) may be
nderestimated due the paucity of data at those redshifts a decade
go. Indeed, many of the more contemporary studies reported in Fig.
 reco v er values in e xcess of the Madau & Dickinson ( 2014 ) best fit
t these redshifts. 

More specifically, values in excess of the Madau & Dickinson
 2014 ) fit at these redshifts is supported by the findings of Kistler et al.
 2009 ), in which the SFRD values are measured based on gamma-
ay bursts, the SFRD values from measurements based on Herschel
ata from Rowan-Robinson et al. ( 2016 ), the SFRD value measured
sing Far-UV luminosity function and the galaxy SM function from



Taralay, a driver of stellar mass growth at z ∼ 4.57 6947 

Figure 7. Comparison of protocluster SFRD with the coe v al field SFRD. The green star, purple diamond, and circle cross show the SFRD values calculated 
in this work for the Taralay protocluster, its σ δ ≥ 5 peaks and the surrounding coe v al field respectively. The rest of the points show evolution of SFRD with 
redshift from various studies. The yellow points are dust-corrected SFRD obtained with FUV data from Dahlen et al. ( 2007 ), Reddy & Steidel ( 2009 ), Cucciati 
et al. ( 2012 ), Bouwens et al. ( 2012 , 2015 ), Schenker et al. ( 2013 ), Pell ́o et al. ( 2018 ), and Khusanova et al. ( 2020 ). The skyblue symbols are the SFRD measured 
from IR due to the re-radiation of dust emission from forming stars. These data points are taken from Magnelli et al. ( 2013 ), Gruppioni et al. ( 2013 , 2020 ), 
Rowan-Robinson et al. ( 2016 ), Koprowski et al. ( 2017 ), Wang et al. ( 2019b ), and Riechers et al. ( 2020 ). The orange data points are SFRD from Kistler et al. 
( 2009 ) calculated using the number of γ -ray bursts. The pink circle is the extrapolated field SFRD value that is an average of the SFRD v alues le veraged on 
an adopted Far-UV luminosity function and those leveraged on an adopted galaxy SM function in Khusanova et al. ( 2021 ). The olive open stars are the SFRD 

values calculated by Popescu et al. ( 2023 ) for protoclusters at 2 < z < 4 using stacked WISE and Herschel/SPIRE images. The orchid open star is the SFRD 

value of protoclusters at z ∼ 3.8, where the SFR value is estimated by Kubo et al. ( 2019 ) and the SFRD value is calculated by Popescu et al. ( 2023 ). 
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husanova et al. ( 2021 ), the SFRD measurement based on far-IR
rom Gruppioni et al. ( 2020 ), and the SFRD measurement at z > 3
erived from radio luminosities and translated to far-IR luminosities 
sing q TIR (Novak et al. 2017 ). Beyond Khusanova et al. ( 2021 ), other
ecent works from the ALPINE surv e y using far-IR measurements 
lso reco v er higher values for the SFRD at 4 < z < 6 than the Madau
 Dickinson ( 2014 ) relation (Gruppioni et al. 2020 ; Loiacono et al.

021 ). Such results are similarly in tension with the SFRD measured
rom other studies that use dust-corrected FUV data (e.g. Bouwens 
t al. 2012 ; Cucciati et al. 2012 ; Schenker et al. 2013 ; Bouwens et al.
015 ; Pell ́o et al. 2018 ; Khusanova et al. 2020 ). The reason that likely
ccounts for the difference between SFRD values derived from IR 

ata versus the SFRD values derived from dust-corrected FUV data 
s the uncertainty that comes from the IRX- β relation that is used
or dust-correction (e.g. Salim & Narayanan 2020 and references 
herein). In the future, we will investigate further the ∼2.5 σ tension 
ith the best fit in Madau & Dickinson ( 2014 ) by probing the field

urrounding other structures at other redshifts in the C3VO surv e y. 

.2 SFRD of the Taralay protocluster 

he SFRD of the Taralay members is log(SFRD/ M � yr −1 Mpc −3 ) =
 . 26 + 0 . 18 

−0 . 28 (shown in Fig. 7 ) in excess of SFRD field by 1.08 ± 0.32 dex
 ∼12 ×). This value is ∼6 σ in excess than the best fit in Madau &
ickinson ( 2014 ) indicating that the protocluster galaxies are well
utpacing the field. The excess with respect to the field may mean
hat members of Taralay are rapidly building up their collective SM
hrough star-forming processes, well in excess of such growth in the
eld. Later, in this section, we will show that this is indeed the case.
We compare our results for SFRD pc with the SFRD values from

opescu et al. ( 2023 ) and Kubo et al. ( 2019 ), shown by olive and
ink open stars in Fig. 7, respectively. Popescu et al. ( 2023 ) stacked
ide-field Infrared Survey Explorer ( WISE ; Wright et al. 2010 )

nd Herschel/ Spectral and Photometric Imaging REceiver ( SPIRE ; 
riffin et al. 2010 ) images for 211 protocluster candidates at 2
 z < 4 that they selected as Planck cold sources from Planck
ollaboration ( 2015 ). They define sources with redder color as cold

ources that peak between 353 and 857 GHz. The redder colour
orresponds to a cold dust temperature or a high redshift. The
FR of the protocluster candidates was derived through SED fitting 
ethod using CIGALE. This SFR was converted into SFRD for 

ach candidate protocluster by using a volume approximated by a 
phere of radius 10.5 comoving Mpc (cMpc) at z = 2. Popescu
t al. ( 2023 ) also converted the SFR derived in Kubo et al. ( 2019 ), a
tudy that stacked Planck , AKARI (Murakami et al. 2007 ), Infrared
stronomical Satellite (Neugebauer et al. 1984 ), WISE, and Herschel 
MNRAS 528, 6934–6958 (2024) 
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M

Figure 8. SFR–σ δ (o v erdensity) relation for all spectroscopically confirmed 
galaxies that fall in the redshift range of interest 4.2 < z < 4.93. The SFR for 
these galaxies are estimated with CIGALE, an SED fitting code (see 5.1 ). The 
orange squares are the median SFR plotted at the median o v erdensity for each 
bin such that each bin contains approximately equal number of galaxies. The 
spread on the median is calculated using σNMAD . The Spearman correlation 
coefficient is positive indicating a weak correlation between local galaxy 
density and the SFR. 
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mages for 179 candidate protoclusters at z ∼ 4, selected from the
SC Subaru Strategic Program, with the combined IR emission in the
bserved 12–850 μm wavelength range. The SFR of LBG-selected
rotocluster candidates from this study was converted into SFRD
y using a spherical volume with a radius of 10.2 cMpc. Albeit at
ifferent redshifts, we find a good agreement between our results and
he results of these studies (see Section 7 for more discussion). 

It is tempting to attribute the ele v ated SFRD of the Taralay
rotocluster compared to the field solely to the fact that the pro-
ocluster hosts a great number of star-forming galaxies in a relatively
mall volume. Here we focus on the SFR–σ δ relation in order to
nvestigate whether the high SFRD pc comes simply from having a
arge number of galaxies in the protocluster or if it is also a product of
he protocluster galaxy members genuinely having an ele v ated SFR
elative to their counterparts in the field. The SFR–σ δ relation shown
n Fig. 8 for galaxies in this sample reveals a positive correlation
etween the SFR and o v erdensity. A Spearman test results in a
orrelation coefficient of 0.286 and a p-value of 0.002. An identical
 x ercise is performed with respect to SM later in this section. Lemaux
t al. ( 2022 ) found a weak but significant trend for SFR-o v erdensity
or the full VUDS + sample of 6730 star-forming galaxies o v er the
edshift range 2 ≤ z ≤ 5. The strength of the correlation seen in
ur sample is > 2 times higher than that measured in Lemaux et al.
 2022 ; ρ = 0.29 versus ρ = 0.13) indicating that members of the
aralay protocluster are even more likely to have an increase in the
FR as in denser environments than the o v erall star-forming galaxy
opulation at 2 ≤ z ≤ 5. 
To disentangle the fraction of SFRD that results from the proto-

luster having a higher number of galaxies versus the fraction that
esults from the protocluster galaxies having higher SFR on average,
e investigated a scenario where we assumed that the average SFR of

he protocluster galaxies is the same as the average SFR of the coe v al
eld galaxies. In Fig. 8 , the average log(SFR/ M � yr −1 ) increases
.22 for galaxies in the protocluster relative to those in the field—
og(SFRD/ M � yr −1 Mpc −3 ) = 1.25 versus 1.47. We then reduce
he SFRD pc by the ratio between the average SFR of protocluster

embers and that of field galaxies, which results in a log(SFRD pc / M �
r −1 Mpc −3 ) = 0.04 as compared to the derived value of 0.26. This
NRAS 528, 6934–6958 (2024) 
eans that even if protocluster members had the same average SFR as
eld galaxies, the SFRD pc would still be higher than the SFRD field by
.3 times instead of 12. In other words, 43 per cent of the difference
n the SFRD pc and the SFRD field is as a result of the ele v ated SFR of
he protocluster members relative to that of field galaxies, with the re-

aining 57 per cent resulting from the higher galaxy number density.
In principle, it is possible that this increase in the SFR is due to

n increase in the SM (e.g. Dav ́e 2008 ; Sobral et al. 2014 ; Salmon
t al. 2015 ; Tomczak et al. 2016 ) as the environment gets denser.
o we ver, performing a comparable calculation with respect to SM

esults in no significant evidence of correlation between the SM and
 v erdensity. The Spearman correlation coefficient is weaker (0.155)
ith a p value of 0.09. We recast these results in the next section. 

.3 SFRD of the σ δ ≥ 5 peaks of Taralay 

e calculate the SFRD of the peaks of Taralay to be
og(SFRD peak / M � yr −1 Mpc −3 ) = 0 . 87 + 0 . 18 

−0 . 32 . Similar to the full
aralay protocluster, the σ δ ≥ 5 peaks of this protocluster also show
FRD well in excess of the coe v al field value. 
Fig. 9 shows the cumulative distribution function (CDF) of the

FR, SM and the number of galaxies as a function of σ δ . It is
bvious on inspection that the CDF of SFR in the protocluster is
ke wed to ward higher v alues in the central regions than that of the
verage number of galaxies, while the CDF of SM tracks the average
umber of galaxies throughout the entire protocluster. For example,
bout 68 per cent of the total SFR in the protocluster (SFR pc ) takes
lace in the σ δ ≥ 5 peaks while the inner most regions of the peak ( σ δ

10) contains 50 per cent of the SFR pc . This points to the galaxies
n the peaks having accelerated evolution and is highly suggestive of
nside-out growth. These galaxies might become the more quiescent
alaxies that are seen ∼850 Myr later at z ∼ 3 (e.g. Franco et al.
020 ; Forrest et al. 2020a , b ; Shen et al. 2021 ; McConachie et al.
022 ; Ito et al. 2023 ) 
The high SFR in the peaks cannot be attributed only to the

arge number of galaxies in these regions as less than 30 per cent
rotocluster member galaxies are in the inner most regions of the
eaks with the entire σ δ ≥ 5 peaks hosting less than 50 per cent
f the total protocluster member galaxies. The SM in the peaks is
 50 per cent of the total SM encased in the protocluster, which

argely rules out higher SFR of the galaxies in the peak being a
esult of those galaxies having higher SMs than counterparts in
ore rarefied regions. The segregation observed in SFR between

he densest regions of the protocluster, the protocluster outskirts, and
he field, and the lack of SM se gre gation strongly indicate that the
rotocluster members, especially those in densest regions, are just
eginning to ramp up their star formation activity. If such activity
as sustained for even a relatively short time early in the formation
istory of the protocluster, SM se gre gation would almost certainly
lso be observed. 

.4 Fractional contribution of the protoclusters at z ∼ 4.57 to 
he cosmic SFRD 

e also estimate the fractional contribution from protoclusters to
he cosmic SFRD at z ∼ 4.57 using Taralay as a representative of a
ample of protoclusters at these redshifts (although see Appendix A6
or discussion about using such a massive protocluster as a proxy).

e estimate this fraction using the following formula: 

SFRD pc fraction = 

SFRD pc × vol pc 

SFRD pc × vol pc + SFRD field × (1 − vol pc ) 
(6) 
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Figure 9. The cumulative distribution function (CDF) of the average total SFR, the average total SM and the average number of galaxies as a function of σ δ . 
The average for all quantities is taken from 100 iterations of Monte Carlo. The distribution of the average number of galaxies shown on the right hand y -axis 
for both panels is slightly imprecise due to the statistical nature of the Monte Carlo process. The shaded blue region indicates the peak region of the Taralay 
protocluster and the 2 ≤ σ δ ≤ 5 area shows the outskirts of the protocluster for both panels. 
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Figure 10. Comparison of the fraction of SFRD from protoclusters at z ∼
4.57 estimated using Taralay protocluster as a proxy of all protoclusters at 
this redshift with the fraction of protocluster SFRD predicted through Chiang 
et al. ( 2017 ) simulation. The olive stars show the fraction of SFRD from 

protoclusters at z = 2 and z = 3 obtained from Popescu et al. ( 2023 ). The 
solid lines is the fraction predicted for all protoclusters in the simulations 
with two different SAMs from Henriques et al. ( 2015 ) and Guo et al. ( 2013 ). 
The dotted lines show the fraction predicted for only the protocluster cores 
with SAMs mentioned abo v e. 
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here vol pc refers to the volume occupied by protoclusters. At z ∼
.57, the volume filling factor for protoclusters calculated by Chiang 
t al. ( 2017 ) is 0.04. 6 This makes the fractional contribution to SFRD
rom protoclusters at z ∼ 4.57 to be 33 . 5 per cent + 8 . 0 per cent 

−4 . 3 per cent . 
7 The

ncertainty on the SFRD pc fraction comes from the uncertainty on 
he SFR from performing Monte Carlo on redshifts (Section 3.2 ), 
nd change in the SFR and volume of the protocluster due to varying
he boundary of the protocluster (Section 3.3 ). 

We compare this result with the predictions from Chiang et al. 
 2017 ). The estimated SFRD pc fraction in this study is 2.6 σ and
.7 σ in excess of the predicted ∼ 22 per cent and ∼ 26 per cent 
rom (Guo et al. 2013 ) and (Henriques et al. 2015 ) simulations,
espectively. Though our SFRD pc fraction shows moderate tension 
ith the predictions from simulations, we w ould lik e to note that

here are several caveats when comparing observational data and 
imulations. We discuss how the definition for a protocluster that we 
dopt in this study varies from the definition adopted in Chiang et al.
 2017 ) in Appendix A5 . We also remind the reader that semi-analytic
odels (SAMs) assign the SFR to galaxies using a prescription 

hat differs from SED fitting results. Howev er, re gardless of these
onsiderations, the simulations, other observational studies, and our 
easurements of Taralay all indicate that protoclusters at z ≥ 2 

ontribute significantly to the SM growth of the universe. 
We also compare our results with the SFRD pc fractions based on 

he SFRD values of Popescu et al. ( 2023 ) in Fig. 10 . To obtain the
 The volume filling factor in our data is 0.018 when only Taralay is considered 
nd increases to 0.022 if S1 and S2 are included. The volume filling factor is 
btained by dividing the volume of the o v erdense structure(s) by the volume 
f the coe v al field reported in Section 4 . 
 Adopting the volume filling factor of our data, 0.022, rather than that 
f simulations, 0.04, reco v ered a fractional contribution to SFRD from 

rotoclusters at z ∼ 4.57 of ∼21 per cent. This value is also consistent with 
he equi v alent v alue from simulations. Ho we ver, the filling factor estimated 
rom our data is subject to cosmic variance to a much higher level than that 
f the simulation. 
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FRD pc fractions corresponding to the SFRD values listed in this 
tudy at z = 2 and z = 3, we first measure SFRD field at z = 2 and z
 3 based on the SFRD values in the 1.8 < z < 2.2 redshift range

rom Dahlen et al. ( 2007 ), Gruppioni et al. ( 2013 , 2020 ), Magnelli
t al. ( 2013 ), Koprowski et al. ( 2017 ), and Wang et al. ( 2019b ) and
FRD values in the 2.8 < z < 3.2 redshift range from Gruppioni et al.
 2013 , 2020 ) and Koprowski et al. ( 2017 ), respectively. The median,
6th and 84th percentile of these samples give us the SFRD field and
rrors at z = 2 and z = 3 respectively. We find a good agreement
etween the SFRD pc fraction of this study and the SFRD pc fractions
e calculate based on the SFRD values of Popescu et al. ( 2023 ). 
MNRAS 528, 6934–6958 (2024) 
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We further discuss these results with respect to additional literature
n Section 7 . 

We also calculate the fractional contribution from the σ δ ≥ 5 peaks
f protoclusters to the cosmic SFRD using equation 

FRD peak fraction = 

SFRD peak × vol peak 

SFRD pc × vol pc + SFRD field × (1 − vol pc ) 

(7) 

where vol peak is calculated by as the ratio of volume of peaks esti-
ated with density mapping ( ∼2060 cMpc 3 ) divided by the volume

f the entire protocluster ( ∼12 620 cMpc 3 ) and then multiplying
his ratio by the volume filling factor for protoclusters, 0.04. The
stimated SFRD peak fraction is 22 . 2 per cent + 5 . 4 per cent 

−7 . 3 per cent , a significant
ortion of the SFRD pc fraction, which is indicative of the inside-out
rowth of protoclusters as discussed in Chiang et al. ( 2017 ). Note
hat we do not use the volume filling factor for the protocluster cores
s outlined in Chiang et al. ( 2017 ) as their definition of core differs
rom our definition of peaks, discussed in Section A5 . 

 DISCUSSION  

he SFRD pc we report in this study is based on optical/Near-IR
ata. To obtain the total SFR for each galaxy, we perform SED
tting that includes a dust correction. We find that our value is

n agreement with the value reported in Popescu et al. ( 2023 ), a
tudy that focuses on the stacked Far-IR data for 211 protoclusters
t 2 < z < 3 to estimate the SFR of galaxies using SED fitting
see Section 6.2 for a brief description of analysis employed by
opescu et al. ( 2023 ) to obtain the SFRD values). Because this study
oncentrates on the Far-IR emission of protocluster galaxies, they are
nly sensitive to obscured star formation activity. At such redshifts
he emission in the FIR is, perhaps, a good proxy of the total SFR
t 2 < z < 3, as obscured star formation activity is predicted and
easured to be an order of magnitude higher than the unobscured
FRD at these redshifts on average (see, e.g. Algera et al. 2023
nd references therein). By contrast, at z ∼ 4.5, the unobscured
FRD is thought to be in excess or comparable to the obscured
FRD (e.g. Khusanova et al. 2021 ; Algera et al. 2023 ), which makes

t a reasonable approximation of the total SFRD when corrections
or extinction are applied. Note, ho we ver, that there are some clear
xceptions in protocluster environments, which we discuss in the
ext paragraph. Although the relative contribution of the unobscured
nd obscured SFRD in the field and in protoclusters has yet to be
tudied in great detail, a comparison of our results with those of
opescu et al. ( 2023 ) shows a good agreement between the obscured
FRD of protocluster galaxies at redshifts z ∼ 2.5 with the extinction-
orrected unobscured SFRD derived for Taralay at z ∼ 4.5. 

There exist some rare systems that contain o v erdensities of sub-
m galaxies that e xhibit e xtreme star formation activity, such as the
PT2349-56 protocluster, which was disco v ered in the South Pole
elescope (SPT)’s extragalactic mm-wave point-source catalogue
Vieira et al. 2010 , Mocanu et al. 2013 , Everett et al. 2020 ) and
ollowed up with the ALMA telescope (Miller et al. 2018 ). This
rotocluster has o v er 30 submillimetre-bright galaxies along with
AEs and LBGs and SFRD of o v er 10 5 M �yr −1 Mpc −3 at z ∼
 (Hill et al. 2022 ). Such rare systems with high star formation
ctivities also exist at lower redshifts, e.g., a system from Wang et al.
 2016 ) at z ∼ 2.5 that has nine starburst galaxies in the center whose
FR amounts to 3400 M � yr −1 within an 80 kpc region, and four
normous Ly α nebulae from Nowotka et al. ( 2022 ) at 2 < z < 3 with
n SFRD of 1200 ± 300 M � yr −1 Mpc −3 ; ho we ver, the SPT2349-
NRAS 528, 6934–6958 (2024) 
6 protocluster is one of the only few systems yet disco v ered at
 comparable redshift to Taralay (see Alberts & Noble 2022 and
eferences therein) that shows an extremely high star formation
ctivity. The SFRD of such systems, while high in the region of
he universe that they exist, averaged over the entire sky is probably
uch less than typical optical/Near-IR selected systems as such types

f systems are extremely rare (e.g. Negrello et al. 2017 , Lammers
t al. 2022 ). In this way, Taralay might be a better representative
f the underlying population of massive protoclusters at this epoch.
ore work is needed in the future to compare SFRD of Taralay with

n ensemble of protoclusters at these redshifts. 
Although the optical/Near-IR selection may lead to a sample of

rotoclusters that are more representative of an underlying galaxy
opulations, one of the disadvantages of this approach is that the
ptical/Near-IR diminished/dark galaxies get left out of the sample. If
uch galaxies, sometimes called HST-dark galaxies, i.e. the galaxies
hat are undetected in the current HST surv e ys due to being ef fecti vely
nvisible in the rest-frame ultrablue to the typical depths of HST
urv e y observations (e.g. Franco et al. 2018 , Wang et al. 2019a ),
xist in the region that is targeted in this study, Barrufet et al. ( 2023 )
hows that their presence will contribute approximately an order of
agnitude less than the rest-frame UV/optically selected galaxies

o the total SFRD at these redshifts. Due to the volume of the
rotocluster being a lot smaller than the field, the contribution of
he HST-dark galaxies may affect the SFRD of the protocluster more
han the field widening the gap between SFRD pc and SFRD field . The
ffect of these galaxies on the gap between SFRD pc and SFRD field 

ill depend on the location preferred by the galaxies. 
Studies such as Blain et al. ( 2004 ), Almeida, Baugh & Lacey

 2011 ), Smol ̌ci ́c et al. ( 2017 ), Zhou et al. ( 2020 ) claim association
f sub-millimeter galaxies with o v erdensities, though it is not clear
f these sources are fractionally o v er represented in protoclusters
elative to the field. There is some indication from the ALPINE-
LMA surv e y that there might be a higher number of extremely dusty

tar-forming galaxies at ele v ated redshifts in denser environments
ompared to the field, including around z ∼ 4.57 (e.g. Romano et al.
020 , Loiacono et al. 2021 , Fujimoto et al. 2023 ). If such galaxies
re more pre v alent in rich environments relati ve to the field, the
FRD pc we calculate here will be a lower limit as will its fractional
ontribution to the o v erall SFRD at this redshift. 

The observational SFRD pc fraction we found in this study is none
he less quite large, even in excess of the predictions from simulations
nd indicates that the protoclusters are a significant contributors
o the cosmic SFRD at high redshifts. Ito et al. ( 2020 ) also found
rotoclusters as a driver of SM growth in the early univ erse. The y
alculated rest-frame ultra-blue luminosity function of g-dropout
alaxies in 177 protocluster candidates at z ∼ 4 selected in the HSC
ubaru Strategic Program (Aihara et al. 2018 ); though their SFRD
raction, 6 per cent–20 per cent, is not as high as the finding of this
tudy. 

At z ∼ 4.57, the number density of quiescent galaxies is small (e.g.
teinhardt et al. 2014 , Tasca et al. 2015 , Davidzon et al. 2017 , Gould
t al. 2023 ). All such galaxies may not be detected in our combined
pectroscopic and photometric sample. Ho we ver, their impact on our
esults are minimal, as their contribution to the SFR is expected to be
 ery low. F or e xample, a massiv e quiescent galaxy in an o v erdense
nvironment at z = 4.53 in the COSMOS field that was observed
ith MOSFIRE on Keck has SFR an order of magnitude less than

he SFR of main-sequence galaxies at z = 4.5 (Kakimoto et al. 2023 ).
his galaxy is ∼6 proper Mpc away from the center of the PC1 of
aralay and may or may not be associated with Taralay. 
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 SU M M A RY  A N D  C O N C L U S I O N  

his study was performed in order to conduct one of the first
bservational tests of whether the protocluster regions in the high 
edshift universe contribute significantly to the o v erall mass assembly 
f the universe as predicted by simulations. We chose the Taralay 
rotocluster at z ∼ 4.57 in the COSMOS field as the target of a large
eck/DEIMOS campaign as part of the C3VO (Lemaux et al. 2022 )

urv e y. With the total integration time of ∼28 h, we obtained 44 new
ecure spectral redshifts in the redshift range of the protocluster as
ompared to the nine secure spectral redshifts from VUDS at the time
f the disco v ery. We also reported on 46 new secure spectral redshifts
btained in the redshift range of the coe v al field. We combined this
pectroscopic data with spectral redshifts from other spectral surv e ys
nd a variety of photometric catalogs in the COSMOS field. Using 
his wealth of data, we measured the SFRD of the Taralay protocluster 
nd the surrounding field. Following are the main conclusions of this
aper: 

(i) Using the density mapping technique, we mapped out the 
aralay protocluster at z ∼ 4.57, established its internal structure 
nd characterized its properties. Taralay protocluster displays two 
ub structures PC1 and PC2 for a density isopleth of σ δ ≥ 2 that we
se as a boundary to define the outline of this protocluster. While
C1 hosts two σ δ ≥ 5 o v erdense peaks, PC2, the smaller substructure
nly hosts one σ δ ≥ 5 o v erdense peak. 
(ii) The mass of Taralay protocluster is estimated to be 1 . 74 + 1 . 36 

−0 . 77 ×
0 15 M �, which makes it e xceptionally massiv e at these redshifts.
his protocluster occupies a comoving volume 12620 + 1042 

−956 cMpc 3 . 
(iii) We measured the SFRD of the field surrounding the Taralay 

rotocluster to be log(SFRD/ M � yr −1 Mpc −3 ) = −0 . 82 + 0 . 19 
−0 . 29 and

ound it to be consistent with the most comparable study at these
edshifts (Khusanova et al. 2021 ) but in moderate tension with that
f Madau & Dickinson ( 2014 ). 
(iv) We compare the masses estimated from o v erdensities calcu- 

ated with the density mapping technique to the dynamical masses 
stimated from the LoS velocity dispersion for the protocluster, two 
δ ≥ 4.5 regions and one σ δ ≥ 2.8 region. We find that the masses
stimated from the LoS velocity dispersion show a deficit in the range
f 1.5–4 σ with an average deficit of 2.5 σ . 
(v) The SFRD of the z ∼ 4.57 Taralay galaxy members is 
12 times higher or log(SFRD/ M � yr −1 Mpc −3 ) = 1.08 ± 0.32

n excess of the SFRD of the coe v al field galaxies signifying that
he environment does play a crucial role in driving the SFRD.
rotoclusters like Taralay are clearly drivers of SM growth in the 
arly universe. 

(vi) We provide one of the first observational tests of simulation 
redictions that protoclusters contribute significantly to the fraction 
f cosmic SFR density in the early universe. Our findings indicate that 
rotoclusters drive the SM growth in the early universe contributing 
3 . 5 per cent + 8 . 0 per cent 

−4 . 3 per cent to the cosmic SFRD at z ∼ 4.57, in 2.67 σ
 xcess o v er the ∼ 22 per cent value predicted from simulations. 

(vii) We find that the contribution to the cosmic SFRD from the σ δ

5 peaks of the Taralay protocluster is 22 . 2 per cent + 5 . 4 per cent 
−7 . 3 per cent , a

ignificant portion of the total SFRD of the protocluster and indicative
f the inside-out growth pattern as predicted by simulations. 
(viii) We find that the σ δ ≥ 5 peaks of the Taralay protocluster 

ncase 68 per cent of the SFR while hosting less than 50 per cent
f the galaxies. The SFRD of σ δ ≥ 5 peaks is log(SFRD/ M � yr −1 

pc −3 ) = 0 . 87 + 0 . 18 
−0 . 32 . 

(ix) We find a moderately strong, significant positive correlation 
etween SFR and o v erdensity for galaxies in and around the Taralay
rotocluster. 
In the future, we will be expanding this work to ensembles of
rotoclusters. With an ensemble of protoclusters, it is possible to 
ivide the protoclusters by mass, dynamical state, redshift, etc. in 
rder to better understand the underlying mechanisms which drive 
nd quench the rapid SM growth. We also plan on including sub-
illimetre observations to attempt to characterize the role of highly 

usty star-forming galaxies in protocluster environments. It appears 
hat such sources may prefer o v erdense environments (e.g. Romano
t al. 2020 , Loiacono et al. 2021 , Fujimoto et al. 2023 ). The inclusion
f these highly dusty star-forming galaxies has the potential to 
ignificantly increase the estimated SFRD of this protocluster, and 
hus its contribution to the o v erall SFRD of the univ erse at these
edshifts. The results we have presented in Taralay are tantalizing 
nd, if Taralay is indeed an e x emplar of massive protoclusters at
hese redshifts, our results indicate that protoclusters play a key role
n driving SM growth in the early universe. 
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PPENDI X  A :  C AV E AT S  

ere we discuss some of the ke y cav eats that should be considered
hen interpreting the results of our study. 

1 Estimating the o v erdensity 

n this study, we assume that galaxies can serve as tracers of the
nderlying matter density field and measure the o v erdensity in terms
f galaxies (e.g. Cucciati et al. 2014 ). Different types of galaxies,
uch as quiescent or star forming, trace the matter density field
ifferently. Sometimes matter density is not traced very well by 
V-selected galaxies, as in the case of Newman et al. ( 2022 ), which
nds unexpectedly low galaxy overdensity where large-scale Ly α
bsorption is strongest indicating high matter density. Moreo v er, 
bservations might not trace the true underlying galaxy population 
s low-luminosity galaxies are harder to detect, especially at high 
edshifts. By considering the mass of galaxies and their SFRs, we
etermine an appropriate bias factor from simulations that scales the 
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alaxy o v erdensity to the matter o v erdensity. F or this study, we use
 bias factor of b = 3.6, which is based on previous research (e.g.
hiang et al. 2013 , Durkalec et al. 2018 ) and the upper and lower

imit for the bias factor are 4.5 and 3.12, respectively, obtained from
inasto et al. ( 2023 ) and Ata et al. ( 2021 ). 

2 SED fitting 

he SFR derived from SED fitting method correlates well with the
FR derived from independent measures such as [CII] lines at inter-
ediate and high redshift (e.g. Schaerer et al. 2020 ). We checked if

his correlation holds for galaxies that we obtained from Y. Fudamoto
n private communication based on serendipitously detected [CII]
ines with ALMA. These three galaxies have log( L CII / L �) of 8.99,
.01, and 9.10, respectively. When we compared the [CII] derived
FR with the SFR values obtained for these three galaxies through
ED fitting using the parameter set given in Section 5.1 , we found

hat the SED-fit SFR values are consistently lower than the [CII]
erived SFR. If we force the fits such that the best model chooses
he high end of the E(B-V) value range, the difference between the
CII]-derived SFR and the SED-fit value decreases. However, such
ts are clearly disfa v ored by comparing their reduced χ2 . Note that
ecent theoretical and observational studies suggest that [CII] is more
ightly connected to the molecular gas mass in a complicated way
hrough Kennicut–Schmidt relation (e.g. Zanella et al. 2018 ; Madden
t al. 2020 ; Vizgan et al. 2022 ) than to SFR. 

3 Absence of FIR data 

e tested the reliability of SFR derived from SED fitting with
ptical/NIR data (used in this study). We selected 12 galaxies from
LPINE surv e y that fall in the redshift range of 4.2 < z < 4.93
ith significant detection in the continuum around restframe 155
m . We performed the SED fitting on these galaxies with the same
arameters as listed in Table 10 along with (Casey et al. 2012 ) dust
emplate. We found that, relative to the fits that include the FIR
ata, the optical/NIR-only fits show higher SFRs by ∼0.2 de x. F or
hese galaxies, the extinction correction is generally overestimated
y the optical/NIR-only fits. Because these 12 galaxies may or may
ot be representative of the true galaxy population, as these galaxies
re likely the more massive/more dusty extreme of the ALPINE
opulation, we decided to not make any changes to our analysis.
rograms probing sub-mm galaxies in protoclusters are needed in
rder to get a fuller perspective on the star formation in protoclusters.
o check how much the result of our study would change if, indeed,
hat we find were a generally applicable result, we reduced the SFR
f each galaxy in our analysis, SFRs that are derived by optical/NIR-
nly fitting, by 0.2 dex and performed the analysis again. The result
as that the SFRD of Taralay and the field were reduced, but well
ithin the uncertainties. The fractional contribution of Taralay-like

ystems to o v erall SFRD at these redshifts remained the same. 

4 Dust properties of bright and faint galaxies 

ere we test our assumption that the bright and faint galaxies
xperience the same level of dust extinction which let us extrapolate
he SFRD results to include the lower luminosity galaxies in Sec-
ion 5.3 . If this assumption is wrong, we are either underestimating
r o v erestimating the SFR of the fainter galaxies. This is because
he different dust extinction, through the process of SED fitting, will
ause the SFR to be different for the fainter galaxies compared to
he SFR of the brighter galaxies. To test this assumption, we analyse
NRAS 528, 6934–6958 (2024) 
he SED models for nearly 3000 galaxies at 2.5 < z < 3.5 in the
OSMOS field. These galaxies make up our sample because at this

edshift range we can probe deeper than M FUV = −19.3, the depth of
ur data, at 4.2 < z < 4.93. For this e x ercise, a galaxy is considered
right if its FUV absolute magnitude is less than −19, the delineation
oint between bright and faint. 
We perform a KS test on the E ( B − V ) distribution of both bright

nd faint galaxies at 2.5 < z < 3.5, and find that they prefer the same
ange of values for the colo ̄ur excess of the nebular line light, for both
oung and old populations. The range for E BV lines is presented in
able 10 . This finding shows that at 2.5 < z < 3.5, the SFR traced by
UV photons is similarly affected by the dust properties of both faint
nd bright galaxies. We assume that this behaviour is consistent for
alaxies at 4.2 < z < 4.93 and make no further changes to our FUV
agnitude correction factor. 

5 Comparison to simulations 

ur study diverges from the definition and characterization of
rotoclusters as outlined in Chiang et al. ( 2017 ) in sev eral ke y aspects.
n their work, a protocluster encompasses all the dark matter and
aryonic matter that will eventually merge into a cluster by z = 0, with
 mass exceeding 10 14 M � within R 200 . The protocluster’s volume
ncompasses all the matter that will contribute to the formation of
he cluster by z = 0. In contrast, our study defines a protocluster as
 structure contained within the 2 σ density isopleth. 

Furthermore, while Chiang et al. ( 2017 ) designates the most
assive halo within the protocluster as its core at an y giv en epoch,

aving a size of ∼0.4 cMpc at z ∼ 4.57, our study identifies the
rotocluster core as the region bounded inside a 5 σ density isopleth
ith a size ∼2 cMpc. To put our peaks on the same footing as

he core defined in Chiang et al. ( 2017 ), our peak size will have to
educe beyond σ δ > 10 where we have spectroscopic data only for
3 galaxies. Hence, we adopt our definition for peaks. It is crucial to

cknowledge that these differing definitions of protoclusters may
ontribute to the measured difference between the observed and
imulated data. 

6 Using a massi v e protocluster as a proxy 

sing the density maps, the estimated mass of Taralay protocluster
t z ∼ 4.57 is 1.74 × 10 15 M � making this structure exceptionally
assive at these redshifts. 
Using such a massive protocluster, which has highly star-forming

alaxies, as a representative sample of all the protoclusters at
 ∼ 4.57 to calculate the fraction of SFRD from protoclusters
see Fig. 10 ) may lead to an o v erestimated value for the derived
ontribution of protoclusters to the SFRD. Nevertheless, there is a
ossibility that environmental quenching is affecting the galaxies
ithin this protocluster (Lemaux et al. 2018 ) which could result in
 decrease in the SFRD. To draw a definitive conclusion, a large
ollection of protoclusters is required for comprehensively testing
heir contribution to the SFRD at high redshift. 

PPENDI X  B:  EFFECT  O F  PARAMETER  

H O I C E S  O N  T H E  M O D E L  SPECTRUM  

he SFR values that our results are based on come from the SED
tting process. It is important therefore to discuss how the different
arameters that are used in the SED fitting process impact the
pectrum of a galaxy, affecting the estimated SFR. We discuss this
mpact here using two different approaches. First, we look at the
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Figure B1. Comparing SFR values estimated using the ranges of parameters given in Table 10 with the SFR values estimated by forcing metallicity to take on 
a fix value in the top left-hand panel, changing the range of E(B-V) lines in the top right panel and forcing the powerlaw slope to a fix value in the bottom panel. 
For each plot, the x -axis represents SFR obtained from SED fitting the galaxies using a range of a particular parameter. These ranges for metallicity, E BV lines 
and powerlaw slope are shown on the x -axis of each plot. The y -axis represents SFR obtained from SED fitting galaxies using a fixed parameter. For both axes 
for each plot, the SFR values are in log (SFR/M �yr −1 ). The σMAD for a distribution in the each figure shows the scatter on the SFR value. The σMAD = 0 comes 
from having a very few outliers with the majority of the galaxies having one to one correlation. 

Figure B2. Comparing SFR value obtained from SED fitting using different modules of SFH and SSP. The x -axis of the first plot represents SFR obtained 
from doing SED fitting with sfhdelayed module while the y -axis represents SFR obtained from doing SED fitting with sfh2exp and sfhperiodic modules. For the 
second plot, x -axis represents SFR obtained from doing SED fitting with bc03 module with Salpeter IMF while the y -axis represents SFR obtained from doing 
SED fitting with m2005 module with Salpeter IMF. For both axes for each plot, the SFR values are in log (SFR/M �yr −1 ). The σMAD for a distribution in the 
each figure shows the scatter on the SFR value. 
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catter on the SFR of a large sample of galaxies which sheds light
n how the SFR itself varies with different parameters used for SED
tting. Then we look at a model SED of a single galaxy to understand
ow the SED is impacted with the changes in one parameter while
eeping the rest of the parameter inputs constant. 
In Fig. B1 , we investigate the change in SFR values by fixing
etallicity and powerlaw slope values and by varying E BV lines

ange. The sample chosen to perform this e x ercise is one hundred
alaxies and the same modules are chosen to estimate their SFR with
ED fitting as used in the analysis of this study, i.e. sfhdelayed, bc03,
MNRAS 528, 6934–6958 (2024) 
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M

Figure B3. Rest-frame SED for a single galaxy with different parameters (see legends of each panels). The SEDs from each panel are such that they have 
nearly the same SFRs while changing the parameters indicated in the legends in the panels. Data points at λrest = 2000 Åin each panels indicate typical errors of 
the observ ations. The dif ferences in the SED of the galaxy are within the uncertainty except for the SED obtained with age main of 1000 Myr and E BV lines 
of 0.5. 
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ebular, dustatt modified starburst, redshifting (See Section 5.1 for 
he ranges of these parameters). We find that the scatter on the SFR
esulting from changing metallicity is fairly small indicating that a 
pecific value of metallicity is not a strong driver of change in SFR.
he scatter on SFR from varying the powerlaw slope and E BV

ines is larger indicating these parameters may have an impact on the
ccuracy of the estimated SFR. The largest systematic uncertainty of 
0.2 dex coming from the powerlaw slope value of −0.5 affecting 

he SFR of both the protocluster and the coe v al field galaxies
qually. Assuming that factors like IMF, E(B-V), powerlaw slope 
o not dramatically change for the two populations, this uncertainty 
oes not change our results since we compare the SFR of the two
opulations. 
In the left-hand panel of Fig. B2 we compare the SFR estimated

ith sfhdelayed, the SFH module chosen for perform this study, with 
wo of the other SFH modules available from CIGALE to see how
he change in our choice of module can impact our results. We find
hat the scatter on the SFR is small and a particular choice of SFH is
ot likely to impact the estimated SFR significantly. In the right-hand 
anel of this figure, we change the library of SSP to investigate the
mpact of using bc03 module instead of m2005 module. Because 

2005 module is not compatible with the Chabrier IMF originally 
sed in the SED fitting of this study, for this e x ercise, we use the
alpeter IMF with both bc03 and m2005 module. We do not see
 significant difference in the estimated SFR by choosing different 
SP modules. 
Ne xt, we inv estigate the impact of using different parameter ranges

n the spectrum of a single galaxy. The SED of the example galaxy
n Fig. B3 changes drastically in the rest–frame UV (shaded region) 
o v ered by our data for age main of 1000 Myr and E BV lines
f 0.5 showing that it is mainly these two factors that can affect
he spectrum of a galaxy. Ho we ver, our data cannot differentiate
etween the models with age main differences of ∼100 Myr and 
 BV lines differences of ∼0.05 as the variations in the models are
ithin the uncertainty of our data (typically of order ∼1 e −5 mJy for

his example). 

PPEN D IX  C :  SED  FITTING  WITH  C I G A L E  

ERSU S  L E P H A R E  

e compare various physical parameters obtained from SED fitting 
ith CIGALE using the parameter set given in Section 5.1 to the
igure C1. Difference between SM and SFR estimated with CIGALE and LeP
 | log (X LePhare ) − log (X CIGALE ) | /(1 + log (X LePhare ) > 3 σNMAD ), and bias wh

og (X CIGALE ) are shown for both panels where X represents SM/M � for the left-h
est-fitting parameters given in the COSMOS2020 catalog (Weaver 
t al. 2022 ) and find no significant difference that can be attributed
o the choice of using a particular SED fitting software. Here
e show this comparison for SM and SFR. The sample used for

omparison consists of 106 galaxies in the redshift range of 4.2 < z 

 4.93 that have secure spectroscopic redshifts. This sample has also
ndergone an IRAC channel 1 and/or IRAC channel 2 cut such that
he 106 galaxies have magnitudes brighter than the IRAC channel 1
nd/or IRAC channel 2 completeness limit listed in (Weaver et al. 
022 ). 
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hare, two SED fitting software. The σNMAD , catastrophic outlier rate ( η
ich is defined as the median of the difference between log (X LePhare ) and 

and panel and SFR/M � yr −1 for the right-hand panel. 
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