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A B S T R A C T 

Moti v ated by the recent JWST disco v ery of galaxy o v erdensities during the Epoch of Reionzation, we examine the physical 
properties of high- z protoclusters and their evolution using the Full-hydro Large-scale structure simulations with All-sky 

Mapping for the Interpretation of Next Generation Observations (FLAMINGO) simulation suite. We investigate the impact 
of the apertures used to define protoclusters, because the heterogeneous apertures used in the literature have limited our 
understanding of the population. Our results are insensitive to the uncertainties of the subgrid models at a given resolution, 
whereas further investigation into the dependence on numerical resolution is needed. When considering galaxies more massive 
than M ∗ � 10 

8 M �, the FLAMINGO simulations predict a dominant contribution from progenitors similar to those of the Coma 
cluster to the cosmic star formation rate density during the reionization epoch. Our results indicate the onset of suppression 

of star formation in the protocluster environments as early as z � 5. The galaxy number density profiles are similar to NFW 

(Navarro–Frenk–White profile) at z � 1 while showing a steeper slope at earlier times before the formation of the core. Different 
from most previous simulations, the predicted star formation history for individual protoclusters is in good agreement with 

observations. We demonstrate that, depending on the aperture, the integrated physical properties including the total (dark matter 
and baryonic) mass can be biased by a factor of 2 to 5 at z = 5 . 5–7, and by an order of magnitude at z � 4. This correction 

suffices to remo v e the � 3 σ tensions with the number density of structures found in recent JWST observations. 

Key words: methods: statistical – galaxies: clusters: general – galaxies: evolution – galaxies: formation – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

alaxies and the e xtensiv e cosmic structures observable in the 
ontemporary Universe are postulated to have originated from minute 
ensity fluctuations that occurred immediately following the infla- 
ionary epoch in the early Universe . Their hierarchical growth o v er
osmic epochs has been e xtensiv ely documented (see Mo, van den
osch & White 2010 ). The emergence of the inaugural galaxies and
rimal cosmic structures, originating within regions characterized 
y the highest density fluctuations, is believed to have played a 
ivotal role in the reionization and episodic star formation events 
n the Universe (e.g. Furlanetto, Zaldarriaga & Hernquist 2006 ; 

atthee et al. 2015 ; Ishigaki, Ouchi & Harikane 2016 ; Overzier
016 ). Protoclusters, identified as o v erdensities of galaxies in the
arly Univ erse, hav e been demonstrated through both theoretical 
rameworks and observational data to contribute significantly, to o v er 
0 per cent of the cosmic star formation activity until approximately 
he cosmic noon at redshift z � 2 (e.g. Casey et al. 2015 ; Umehata
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t al. 2015 ; Chiang et al. 2017 ; Shi et al. 2020 ). Recently, Sun et al.
 2024 ) estimated about 50 per cent of the total star formation has
ccurred in protocluster environments at z � 5. This underscores 
he substantial significance of this population in comprehending the 
enesis of galaxies and their concurrent evolution within the broader 
ontext of large-scale cosmic environments. 

Despite their significance, protocluster studies encounter nu- 
erous critical challenges that pose difficulties in achieving a 

horough, unbiased analysis and a comprehensive understanding of 
he population (see Lim et al. 2021 for an e xtensiv e discussion).
irst, protoclusters, as implied by their nomenclature, are com- 
only regarded as the high-redshift precursors of clusters observ- 

ble at z � 0 (e.g. Chiang, Overzier & Gebhardt 2013 ; Overzier
016 ; Alberts & Noble 2022 ). While the theoretical definition is
traightforward – identifying them as progenitors of clusters at 
igh redshifts through the construction of merger trees from a 
odel – observations rely on the spatial distribution of galaxies 

n ‘snapshots’ of the Universe at specific temporal junctures for 
dentification. Consequently, in observational contexts, protoclusters 
re typically ‘disco v ered’ by discerning o v erdensities of galaxies
f various types as tracers. These encompass ‘normal’ galaxies 
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1 Throughout this paper, we use ckpc, cMpc, or cGpc to refer to the comoving 
scales while pkpc, pMpc, or pGpc for the physical (proper) scales, unless 
specified otherwise. 
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uch as Lyman break galaxies (e.g. Toshikawa et al. 2012 , 2018 )
nd H α emitters (e.g. Darvish et al. 2020 ; Helton et al. 2023 ).
nother type of normal galaxies as a tracer is Ly α emitters (LAEs;
uchi et al. 2005 ; Venemans et al. 2007a ; Lee et al. 2014 ; Dey

t al. 2016 ). Protoclusters, ho we ver, due to their extreme and rare
ature, are often times searched for more efficiently by utilizing
are ‘signpost’ galaxies such as dusty star-forming galaxies (DSFGs;
.g. Oteo et al. 2018 ) and sub-mm galaxies (SMGs; Chapman et al.
009 ; Umehata et al. 2015 ; Miller et al. 2018 ). Other signposts
ro v en ef fecti v e in disco v ering protoclusters include quasi-stellar
bjects (e.g. Kashikawa et al. 2007 ; Mignoli et al. 2020 ; Kashino
t al. 2023 ) and high-redshift radio galaxies (e.g. Venemans et al.
004 ). Recently, studies have also searched for Lyman-alpha blobs
Overzier 2016 ; Ramakrishnan et al. 2023 ) as potential candidate
egions. 

Moreo v er, the div erse range of tracers and selection techniques
mployed in protocluster disco v ery introduces comple xities that
inder consistent comparisons across studies. This variability may
ntroduce biases fa v ouring specific subsets of the population, compli-
ating efforts to faithfully replicate each identification technique for
enerating rele v ant mock sample from theoretical models. Notably,
ven when employing identical techniques, diverse apertures have
een utilized to define protoclusters and estimate their integrated
roperties, as e x emplified in table 3 of Harikane et al. ( 2019 ).
hese variations are typically uncorrected for during comparative
nalyses. Furthermore, the systematics and uncertainties inherent in
he observations and assumptions used for property estimation, often
hallenging to reliably quantify, add to the intricacy of studying
 v erdensities. Lastly, as the most extreme and rare entities in the
niverse, the realization of large, well-defined representative sample
f protoclusters remains an unmet challenge in both observational
nd hydrodynamical simulation domains, primarily due to limita-
ions imposed by small surv e y volumes and simulation box sizes,
espectively (e.g. Lim et al. 2021 ; Ramakrishnan et al. 2023 ; Helton
t al. 2023 ). 

F ortunately, recent dev elopments mark a significant evolution in
he landscape. On the observational front, there has been a notable
urge in the identification of protocluster candidates at exceptionally
igh redshifts ( z � 5), as evidenced by recent studies (Harikane et al.
019 ; Castellano et al. 2023 ; Kashino et al. 2023 ; Wang et al.
023 ; Brinch et al. 2024 ). This progress has been primarily made
ossible thanks to advanced observing facilities and surv e ys, notably
he JWST and the Systematic Identification of LAEs for Visible
xploration and Reionization Research Using Subaru HSC (SIL-
ERRUSH; Ouchi et al. 2018 ). The recent disco v ery with JWST , in
articular, revealed the earliest galaxy overdensities to date (Laporte
t al. 2022 ; Arribas et al. 2023 ; Morishita et al. 2023 ; Tacchella et al.
023 ; Scholtz et al. 2024 ). While previous protocluster identifications
ere often undertaken individually, certain recent studies leveraging

hese observations have conducted systematic searches within well-
efined fixed volumes (Higuchi et al. 2019 ; Brinch et al. 2023 ;
elton et al. 2023 ), facilitating unbiased statistical analyses of their
umber densities for the first time. From a theoretical standpoint,
ncreased computing power has enabled hydrodynamical simulations
ith significantly larger box sizes, up to a few Gpc, capable of

ncompassing a substantial number (exceeding a few thousand) of
he most massive cosmic structures while maintaining the resolution
o depict galaxies akin to our Milky Way (Schaye et al. 2023 ). It
lso complements and enables comparisons with predictions from a
ombination of N -body simulations and semi-analytic models, which
as pro v en useful for pro viding guidelines for observations (e.g.
hiang et al. 2013, 2017 ). The confluence of these observational and
NRAS 532, 4551–4569 (2024) 
heoretical advancements presents a timely and inaugural opportunity
o undertake studies aimed at achieving a robust and comprehensive
nderstanding of the protocluster population. 
In this study, we investigate the physical properties of protoclusters

nd their evolution o v er the time period spanning from redshift of 8,
.e. before or the onset of reionization epoch, to the present-day, using
he cosmological hydrodynamic simulations of Full-hydro Large-
cale structure simulations with All-sky Mapping for the Interpreta-
ion of Next Generation Observations (FLAMINGO) project (Kugel
t al. 2023 ; Schaye et al. 2023 ). We particularly focus on exploring
he impact of different physical scales and volumes when defining
rotoclusters on the estimation of their properties and projection of
heir fate to the present-day. The fundamental discrepancy in the
dentification of protoclusters between observation and theory, as
escribed abo v e, renders the theoretical studies twofold: whether
heory guides observations in how to select objects that would most
ikely evolve into clusters at later times, or in what is the nature of
bservationally selected candidates. Since the objectives of our study
lign with the latter perspective, we utilize a hybrid methodology
o construct mock protocluster sample, which combines both the
erger tree and distribution of galaxies in the snapshots, facilitating

n observationally motivated selection. 
The structure of this paper is as follows. Section 2 briefly

escribes the FLAMINGO simulation suites and the data products,
nd explains how we make the mock protocluster sample out of the
ata. Our main results, including the basic properties of our mock
ample, their abundance and cosmic contribution, as well as the
edshift evolution and radial profiles which can be used to predict
heir present-day mass and fate, are presented in Section 3 . The
esults are compared with observations in Section 4 , highlighting a
ecent tension on the number density at z � 5 and the implication of
ur results on the tension. In Section 5 , we discuss potential impacts
f numerical resolution, and uncertainties associated with the subgrid
odels assumed in the simulation. We summarize our findings and

onclude in Section 6 . 

 M O D E L S  A N D  M E T H O D S  

.1 The FLAMINGO project 

or our analysis, we adopt the data products from the FLAMINGO
Kugel et al. 2023 ; Schaye et al. 2023 ) project of the Virgo con-
ortium. The FLAMINGO suites are hydrodynamical cosmological
imulations, which impro v e upon BAHAMAS (McCarthy et al. 2017 ,
018 ). One of its flagship runs has the same baryon resolution of
 gas = 1 . 07 × 10 9 M � as in BAHAMAS but extends to a much

igger volume of (2 . 8 cGpc ) 3 , more than 100 times bigger when
ompared with (400 h 

−1 cMpc ) 3 of BAHAMAS. 1 Another flagship
imulation of the FLAMINGO project runs on a smaller box of
1 cGpc ) 3 but with about an order of magnitude better resolution
f m gas = 1 . 34 × 10 8 M �, which is the best resolution of the data
roducts. In our study, we use both flagships runs, which we refer
o as L2p8 and L1, respectively, according to the side-length of box
n cMpc. The L1 suites are available at three different resolutions,
panning approximately two orders of magnitude in mass, which
e will abbreviate as m8, m9, and m10, respectively (L1 m8 or
1 m9, for example, with m8 being the ‘best’ resolution), based on
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he approximate resolution of their gas mass in logarithmic scales. In
his paper, we present our results mainly based on the high-resolution 
uns of L1 m8 and the large-box runs of L2p8 m9 to best achieve
oth the dynamic mass range and accurate predictions at massive 
nd, while also utilizing L1 m9 for some results in Section 5.2
here the uncertainties in subgrid models are explored. The assumed 

osmology in their fiducial runs is the constraints from the Dark 
nergy Surv e y year three for a spatially flat universe (Abbott et al.
022 ). Ho we ver, some v ariations including the Planck Collaboration
I ( 2020 ) cosmology as well as one with a lower S 8 of Amon et al.

 2023 ). 
FLAMINGO employs a new numerical code called SWIFT 

Schaller et al. 2024 ) as a gravity and hydrodynamics solver, and
olve the equations of hydrodynamics using the smoothed-particle 
ydrodynamics (SPH). For modelling physical processes that occur 
n scales not resolved, the simulations use subgrid models as 
rescriptions, which are impro v ed or succeeding largely on those 
eveloped and used successfully for the OWLS (Schaye et al. 2010 ),
osmo-OWLS (Le Brun et al. 2014 ), BAHAMAS, and EAGLE 

Crain et al. 2015 ; Schaye et al. 2015 ) simulations. Specifically,
LAMINGO models radiative cooling and heating rates following 
loeckinger & Schaye ( 2020 ), and the pressure and temperature 
f the multiphase interstellar medium following Schaye & Dalla 
ecchia ( 2008 ). In the ‘m8’ and ‘m9’ suites, stars are assumed

o form by conversion of gas particles with n H > 10 −1 cm 

−3 and 
ressure higher than the ISM pressure by up to 0.3 dex into stellar
articles in a stochastic way to follow the star formation rate (SFR)
f Schaye & Dalla Vecchia ( 2008 ), which is designed to reproduce
he Kennicutt–Schmidt law. 

The simulations assume a Chabrier ( 2003 ) initial mass function 
nd stellar mass-loss by winds and supernova (SN) feedback follow- 
ng Wiersma et al. ( 2009 ) and Schaye et al. ( 2015 ), and references
herein with a few modifications. The subgrid prescriptions imple- 
ented for stellar feedback including SN mainly follow stochastic 

njections of energy from Dalla Vecchia & Schaye ( 2008 ) but with
ome modifications. The black holes are seeded as in Di Matteo et al.
 2008 ) and Booth & Schaye ( 2009 ), repositioned as in Springel, Di

atteo & Hernquist ( 2005 ) and Booth & Schaye ( 2009 ), merge as
n Bah ́e et al. ( 2022 ), and accrete at a modified Bondi–Hoyle rate as
n Springel et al. ( 2005 ) while boosted by the factor from Booth &
chaye ( 2009 ). Finally, while the fiducial model for active galactic
ucleus (AGN) feedback adopts a model of thermal injection without 
ets, based on Booth & Schaye ( 2009 ), a kinetic jet-like model is also
ested as a variation for the flagship L1 m9. 

Whereas some parameters in the subgrid models of FLAMINGO 

re fixed and constrained through theoretical and empirical con- 
iderations, many others, which are those regarding stellar and AGN 

eedback, are free and calibrated to the observed stellar mass function 
SMF) and gas mass fraction in clusters. This is because, in the
imulations that adopt a similar set of choices for subgrid prescrip-
ions, the SMF and cluster gas fraction are known to be mainly
ensitive to stellar and AGN feedback, respectively (e.g. McCarthy 
t al. 2017 ). The free subgrid parameters are constrained through 
achine learning to find the values matching the observations best 

see Kugel et al. 2023 for details), with observational errors and bias
aken into account by jointly fitting them. 

While we refer the reader to the original papers for more details
bout the simulations and prescriptions, there are two aspects to 
ote that are rele v ant and important for our analysis and thus we
mphasize: First of all, there are two different approaches regarding 
umerical convergence, i.e. how to handle subgrid parameters when 
imulation resolutions are changed. One is to fix the parameter values 
s changing resolutions, which has been adopted in simulations like 
llustrisTNG (Pillepich et al. 2018 ), while the other is to adjust
arameters with resolutions, as in EAGLE and FLAMINGO. This 
s also often times referred to as weak versus strong convergence 
nd was introduced by Schaye et al. ( 2015 ). While one can hope
o achieve numerical convergence at a certain point as resolution 
ncreases (strong convergence), it may be natural to argue that until
imulations reach resolution high enough to directly describe the 
ele v ant physical processes, specific parameter values are only valid
or the given resolution thus need to be re-adjusted for another
esolution (weak convergence). As we use FLAMINGO as a tool 
or our analysis, which follows the weak convergence approach, 
his means that the predictions of the most critical properties from
ts suites with different resolutions would be similar and stable 
or the physical scales that o v erlap. It is found that FLAMINGO
eproduces the observed SMF down to masses where there are only
 10 star particles (see fig. 8 of Schaye et al. 2023 ) in a galaxy. This

s particularly important as FLAMINGO does not model the large 
imulated volume with high enough resolutions to resolve many low- 
ass galaxies with many particles. Furthermore, the calibration of 

arameters was performed using larger volume hypercubes based on 
igger simulation volumes for the lower resolution runs, thus more 
assive objects being contained with respect to the higher resolution 

uns. 
Another aspect related to our analysis of FLAMINGO is the 

ariations in subgrid models as well as cosmology, which are only
vailable for L1 m9. There are a total of eight variations with different
ombinations of parameters regarding the strengths and prescriptions 
f stellar and AGN feedback, including the jet-like injection model of
GN. The parameters in the variations are obtained by carrying out

he same calibration procedure as in the fiducial models as described
bo v e, but to the calibration data shifted by multiples of the expected
bserv ational errors. Like wise, there are five cosmology variations 
ncluding the Planck cosmology, higher neutrino masses of up to 
m ν = 0 . 24 eV , and a lower matter power of S 8 = 0 . 766. While
e present our main results based on the fiducial runs, we include

ome predictions from the variations in models later in Section 5.2 ,
o e v aluate the impact of uncertainties in the models and in the
bservations on our results. 
FLAMINGO saves and provides a total of 79 (78 for L1 m9) snap-

hots, separated by �z = 0 . 05 for z ≤ 3, �z = 0 . 25 for 3 ≤ z ≤ 5, and
 constant interval in log a beyond the redshift. The data products of
LAMINGO also include full-sky lightcones with HEALPIX maps, 
hich may be useful for protocluster studies where contamination 
y projections are investigated, which, ho we ver, we only plan to do
n future work and is not within the scope of this paper. 

.2 Sample selection and estimation of their properties 

rom the snapshots of particle information generated by SWIFT , 
aloes and their substructures (subhaloes) are identified by applying 
he halo finder VELOCIRAPTOR (VR; Elahi et al. 2019 ). VR deter-
ines the (sub)structures by an iterative Friends-of-Friends (FoF) 

lgorithm in six-dimensional phase space, also defining their centres 
s the position of the particles with the greatest binding energy. Only
aloes (subhaloes) with more than 32 (20) particles are identified by
R, and thus used for our analysis. 
The properties of haloes and subhaloes thus identified are cal- 

ulated using the Spherical Overdensity and Aperture Processor 
SOAP). Based on the membership of particles as determined by VR,
OAP provides the (sub)halo and galaxy properties estimated within 
pertures of varying definitions, either physical or via o v erdensities
MNRAS 532, 4551–4569 (2024) 
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ith respect to the mean or critical density of the Universe, and also
epending on whether or not to only count gravitationally bound
articles. 
Another data product of the simulation we use for analysis is the
erger tree. From the (sub)haloes identified by VR, the merger trees

re generated using the algorithm described in Jiang et al. ( 2014 ),
hich connects (sub)haloes between snapshots by following the most
ound particles. 
From the simulation catalogues, we select protoclusters based

n the average halo mass of the most massive progenitor of clusters
elected at z = 0. We begin by identifying a cluster at the last snapshot
f the simulation, namely at z = 0, according to its mass. Then,
e trace its progenitors at a higher redshift using the merger tree,
efining every object collapsing to the cluster by z = 0 as a progenitor.
his is what is normally done to identify and study protoclusters

heoretically and for comparison with observations in the literature.
e take additional steps, ho we ver, as follo ws. Of all clusters in each

iven z = 0 mass bin, we calculate the average halo mass of their main
most massive) progenitor at a given higher redshift of interest. We
hen search for an FoF halo at the higher redshift whose mass is within
.3 dex of the average mass of the main progenitors. We identify the
eighbourhood of such halo as a protocluster corresponding to the
 = 0 clusters, only if the halo is the most massive one within the
phere of radius R 90 ( z), the average comoving 3D radius within
hich 90 per cent of z = 0 member galaxies are found at each

edshift. The last step of accounting for only the most massive ones
ithin the typical size of protocluster region is to ensure that the halo

dentified in the abo v e procedure is isolated and does not merge into
eighbouring bigger haloes to become more massive clusters at a
ater time. At z = 0, each individual halo identified by the procedure
s a cluster. 

Compared with samplings entirely based on the merger tree, our
election is rather an observ ationally moti v ated one of protoclusters,
ince the identification of protocluster and the prediction of its fate
e.g. whether it will become a cluster by z = 0, and its final mass)
re often times made based on mass in observational studies. As our
ocus in this study is to investigate the bias and uncertainties included
n observational sample of protoclusters and their properties, rather
han guiding observations to identify progenitors of a particular
roup of z = 0 clusters (which we plan to do in future work), this
election is most suitable for our purpose. Ho we ver, we find no
ignificant impact on our results when the selection is based entirely
n the merger tree, except for an increased scatter in the results,
hich is as expected because normally the scatter in mass evolution
istory at z � 2 for given z = 0 mass is about an order of magnitude
Lim et al. 2021, hereafter L21), much bigger than the 0.3 dex we
ssumed (note that L21 also showed selections based on SFR, another
bserv ationally moti v ated way to identify protoclusters, result in a
ight mass evolution history at z � 3 with a remarkably small scatter
f 0.1 dex). Also, we confirm that we do not find significant changes
n our results when varying the scatter around the average mass, or
ltering the average fraction of membership to define the 3D sphere
o ensure the isolation. 

For the properties of (proto)clusters, galaxies, and their associated
ark matter (sub)haloes, we tested the quantities obtained from SOAP
sing the various radii and definitions (such as whether or not to count
nly bound particles), and found that our conclusions do not change
ith the choice. This is because any such change in the definition

pplies consistently from the selection through the analysis, thus
icking up and tracking essentially the same progenitors o v er time.
o maximize the dynamic range of mass, we probe and the number
f objects that pass the criteria of minimum particle numbers, we
NRAS 532, 4551–4569 (2024) 
ecide to use the properties derived from all particles identified by
he 6D FoF algorithm of VR for the presentation. This is except in
ection 4 where we compare our results with observations, because

he protocluster properties from observations are normally reported
n terms of estimates within spheres of given average densities such
s M 200 , which is defined as the total mass within spheres where the
verage matter density is 200 times the cosmic mean density . Finally ,
e distinguish between ‘Fornax’-, ‘Virgo’-, and ‘Coma’-like clusters

t z = 0 by their FoF mass of (1 − 3) × 10 14 M �, (3 − 10) × 10 14 M �,
nd > 10 15 M �, respecti vely, which is rele v ant for some presentations
f our results. We then refer to the progenitors of each type of the
lusters as ‘Fornax progenitors’, ‘Virgo progenitors’, and ‘Coma
rogenitors’, respectively, throughout the paper. Note that these mass
riteria are close to that used in Chiang et al. ( 2013 ), except that we
efine their progenitors at higher redshifts not entirely based on the
erger tree, as explained above. 

 RESULTS  

.1 Basic properties of the simulated protoclusters 

ere, we present some basic properties of our protocluster sample
rom FLAMINGO. Fig. 1 shows the comoving number densities of
rotoclusters from redshift of 8 to 0. M FoF , main on the horizontal axis
s the FoF mass of the most massive halo within a protocluster. The
ands indicate the number densities for each of the three types of
lusters, as roughly determined by the mass range of their progenitors
hat match their average number densities across the redshift range.

e also compare those with the number density of all haloes,
ncluding those that are not the main progenitors of z = 0 clusters,
amely having more massive haloes at closer than R 90 that they likely
erge into at a later time, instead. From the comparison, it is seen that
ost of the massive haloes are expected to be the main progenitors of

rotoclusters (see also the lower panel), being gravitational centres
or cluster formation. For the haloes with mass similar to the Fornax
rogenitors at z � 5, ho we ver, up to about half of them merge with
ore massive haloes at later times (see the lower boundary of the

lue shaded area in the lower panel of the figure), thus should not be
onsidered as protoclusters. 

Next thing we investigate is the contribution from protoclusters to
he cosmic star formation rate density (CSFRD), which is another
undamental quantity for understanding the evolution of galaxies
nd star formation history of the Universe. In Fig. 2 , we show their
FR per comoving volume across the cosmic time separately for the
ornax, Virgo, and Coma progenitors, also comparing them with the
SFRD. For each type of protoclusters, the total SFR within R PC ,

he same as R L in Chiang et al. ( 2017 ), defined as the boundary of
he protocluster where the average probability of a galaxy to be a
ember of the cluster at z = 0 drops to 50 per cent but independently

alculated for the FLAMINGO sample, is provided. The CSFRD
s estimated simply by summing up the SFR contributed from
ll resolved ( M ∗ � 10 8 M �) haloes, and we use the instantaneous
FR from FLAMINGO as the theoretical predictions throughout

he paper. Detailed comparisons with other model predictions or
bservational constraints may depend on the low-mass limit of
alaxies for which the contribution is considered, and on the time-
cale o v er which the SFR is estimated. 

Because of our selection that identifies the mock protoclusters
ased on the average mass and the fixed scatter of 0.3 dex, at high
edshifts where the average mass of each type of the progenitors
ecomes close to each other within the scatter, the same objects can
e counted for more than one type. For instance, there are objects in
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Figure 1. The total mass function (the FoF mass of the most massive halo on the x-axis) of protoclusters selected from the FLAMINGO simulation (L1 m8), 
shown by the solid lines, at various redshifts. The sample is constructed by counting all isolated haloes of mass similar to that of the average progenitor from 

the merger tree at each redshift (see the text for more details of how we define and select the mock protoclusters). By definition, each halo thus selected at z = 0 
is a cluster rather than a protocluster. The shaded bands represent the approximate ranges corresponding to the three types of protoclusters, based on their z = 0 
mass. The dashed lines indicate the mass function of all haloes regardless of whether they are isolated (in which case we identify them as protoclusters) or have 
bigger haloes within the vicinity that they potentially merge into at a later time than the redshift at which the candidate haloes are investigated). The lower panel 
shows the ratio of isolated haloes, i.e. protoclusters, to all haloes regardless of the isolation. The lower panel indicates that up to � 40 per cent of haloes with 
mass matching that of the Fornax progenitors, for instance, can be misidentified as protoclusters when the identification is solely based on the halo mass. 
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he mass range o v erlap of Coma and Virgo progenitors. In order not
o double-count such objects for their contribution towards each type, 
e provide the range of predictions by once taking those objects into
oma and once taking into Virgo type, for example, which result in

he bands in the figure. The total contribution from all three types
as no such ambiguity, thus indicated by the line. 

Our results show many interesting aspects. First of all, it is seen
hat the protoclusters, all three types combined, contribute more than 
0 per cent to the CSFRD at z � 2, or for the first three billion years
see also the lower panel), confirming its importance in the evolution 
f galaxies and cosmic star formation history. Also, the predicted 
ontribution of o v er 50 per cent at z � 5 is in a good agreement with
he estimate of Sun et al. ( 2024 ). Secondly, the peaks are found to be
hifted for protoclusters to the higher redshift of z � 3, relative to that
or CSFRD which is around z � 2 as well known from observations.
 similar trend was also observed by Chiang et al. ( 2017 ), although
ere we find the amount of shift to be much greater. Ho we ver, as
an be seen later in Section 3.3 , this is mainly due to our selection
uch that the number densities are not kept exactly the same across
he redshifts, rather than a reflection of an intrinsic SFR evolution of
ndividual protoclusters. 
Thirdly, most of the SFR contribution at z � 3 is coming from
irgo and Fornax progenitors, rather than those of Coma. This is
ainly because of the lower comoving number densities of Coma 

rogenitors by more than an order of magnitude, as seen in Fig. 1 .
t the higher redshifts, ho we ver, particularly at z � 5 which includes

he Epoch of Reionization (EoR), the star formation contribution 
rom Coma progenitors dominate not only the other types of less
assive protoclusters, but it basically constitutes the entire cosmic 

tar formation. Of course at the highest redshift regime considered 
ere, our analysis may be limited by the numerical resolution 
f FLAMINGO, missing a fraction of contribution from smaller 
 M ∗ � 10 8 M �) haloes that are not resolved and identified by the
imulation. While the missing contribution from the low-mass haloes 
an be as large as that from the resolved haloes (see also Section
.1 ), the fractional contribution from Coma progenitors to SFR in
he early Universe is still thought to be significant, making them the

ost important probe of reionization and serve as places to search
or and probe in order to understand the EoR. 

Lastly, we also include the prediction for the SFR contribution 
rom all haloes (namely, regardless of whether or not isolated) with
ass matching that of each type of protocluster, including those 
MNRAS 532, 4551–4569 (2024) 
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Figure 2. The contribution from each type of protoclusters to the CSFRD integrated within R PC , the typical radius of protoclusters where membership 
probability drops to about 50 per cent, compared with that integrated from all resolved haloes in the FLAMINGO (L1 m8) snapshots (black solid). While the 
prediction for the total contribution from all three types of protoclusters is shown by the red solid line, the bands indicate the range of the predictions for the 
Fornax and Virgo progenitors, depending on where to put the dividing lines in the mass range to separate between the types. The SFRs are integrated down to 
the resolution limit of the simulation, which is the initial mean gas mass of � 10 8 M �. The dotted lines present the same contrib ution b ut from individual haloes 
of similar mass to that of most massive progenitors. The lower panel shows the fraction of the contribution from each population with respect to the total cosmic 
SFR. 
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hat merge into more massive haloes in the future snapshots for
omparison, shown by the dotted lines. For the haloes with mass
imilar to that of Virgo or Fornax progenitors, such contribution
ppears greater than that from those identified as protoclusters at
 � 5. This simply reflects the fact that there are quite a fraction of
aloes that merge with bigger haloes and thus are not considered
or estimating the contribution from protoclusters. At the later times
f z � 5 and in general, ho we ver, the contribution by protoclusters
ominate that by the individual haloes of similar mass, as can be seen
n the figure. This reflects the large size and comoving volume that the
rotoclusters occupy which includes a lot of smaller neighbouring
alaxies that also contribute significantly to the CSFRD. 

.2 Mass enclosed within apertures 

hile we have identified and so far examined protoclusters according
o the mass of their most massive halo (or ‘core’ in observations),
rotocluster sample and their properties from observational studies
re usually identified and estimated accounting for galaxies within
uch bigger regions surrounding the core. Such arbitrary and

eterogeneous choice of apertures are illustrated in Fig. 3 , which we
eproduced largely based on table 3 of Harikane et al. ( 2019 ) using
nly those with more than 10 spectroscopically confirmed members,
NRAS 532, 4551–4569 (2024) 
ut with additional data from more recent observations including
aporte et al. ( 2022 ), Helton et al. ( 2023 ), and Morishita et al. ( 2023 ).
he full reference for the observational data shown in the figure are
teidel et al. ( 2005 ), Venemans et al. ( 2007b ), Cucciati et al. ( 2014 ),
ee et al. ( 2014 ), Lemaux et al. ( 2014 ), Toshikawa et al. ( 2014 ),
ase y et al. ( 2015 ), Toshika wa et al. ( 2016 ), Miller et al. ( 2018 ),
teo et al. ( 2018 ), Umehata et al. ( 2018 ), Harikane et al. ( 2019 ),
iguchi et al. ( 2019 ), Laporte et al. ( 2022 ), Helton et al. ( 2023 ),

nd Morishita et al. ( 2023 ). When the aperture is only provided in
ngular size in the original studies, we assumed the same cosmology
s FLAMINGO to convert to the comoving size. In the same figure,
he observational apertures are also compared with R PC (solid), so-
alled ‘turn-around’ radius, R TA , and splashback radius, R sp , each
omputed for a typical Coma progenitor. The turn-around radius is
he boundary where the matter inside it deviates from the expansion
f the Universe and f alls tow ards the local centre of gravity, which
n our case is the centre of protoclusters or most massive haloes. We
alculate R TA ’s by adopting its ratio to R vir of the most massive haloes
rom Lee et al. ( 2023 ), which is typically around four only with a
oderate evolution with time. The splashback radius, on the other

and, defined as the apocenter of objects on their first orbit after infall,
s very close to R vir for such massive objects as Coma progenitors,
eing about 1.2 R vir at z = 0 and decreasing with redshift to approach
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Figure 3. The apertures used to define high- z protoclusters selected from 

the literature. To highlight a large diversity uncorrelated with physically mo- 
ti v ated apertures, they are compared with the radii for the Coma progenitors 
with various physical meanings such as R PC (average radius, at each redshift, 
of protoclusters where membership probability drops to about 50 per cent; 
solid), R sp (splashback radius defined as the apocenter of objects on their first 
orbit after infall; dotted), and R TA (turn-around radius where the sphere within 
it is detached from the cosmic expansion and falls towards the local gravity 
centre; dashed), estimated based on the FLAMINGO simulation (L1 m8). 
See the text for details of how R sp and R TA were computed. The shaded areas 
represent the 68 per cent ranges. R PC is therefore a theoretically moti v ated 
aperture that should be used to define and compare protoclusters, and so is 
R sp for the core, while the observations are all in between, demonstrating 
heterogeneous aperture choices among studies. 
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nity. We particularly use the results from More, Diemer & Kravtsov 
 2015 ) to deduce R sp ’s for the simulated protocluster sample. As can
e seen, the observational apertures spread wide ranging from R sp 

o abo v e R PC demonstrate a great dispersion adopted among studies,
otentially causing bias in the results. 
Such heterogeneous aperture choice is one of the main hurdles 

or analysing protoclusters and extracting the maximum physical 
nformation required to understand their contribution to the galaxy 
ormation and evolution. Despite its potentially important impact, 
o we ver, it has been fairly neglected so far in the studies, without
ny correction or consideration for it in most cases when comparing 
amples selected from different data and inferring their physical 
roperties. Therefore, it is important to make sure that we understand 
he neglected impact, which is the focus of our study. 

As a first test of such, in Fig. 4 , we compare the total FoF mass
f all resolved haloes enclosed within various 3D apertures, with 
hat of main halo at three selected high redshifts of 7.3, 5.5, and
, which are near the redshifts newly disco v ered protoclusters from
bservations have piled up in recent years. We extend the aperture 
p to 15 cMpc as that is about the maximum size of protocluster
egions that collapse to form clusters by z = 0. That also spans
he range of apertures adopted in the literature. As can be seen,
he impact of using different apertures on the estimation of total 

ass can be easily a factor of 2 to 3 bias and/or uncertainties, and
p to more than an order of magnitude, for the same protocluster
egion with the main halo of the same mass. Therefore, if this factor
s not corrected appropriately for apertures when comparing with 
ther samples or with model predictions, the estimation of properties 
nd their projected evolution to the present-day will be significantly 
iased. In the figure, we also include some recent observations from
elton et al. ( 2023 ), who identified seventeen protocluster candidates 
t 5 � z � 9 by pre-selecting high- z galaxy candidates from the JWST
dvanced Deep Extragalactic Surv e y (JADES; Eisenstein et al. 
023 ) and the JWST Extragalactic Medium-band Surv e y (JEMS;
illiams et al. 2023 ), and then confirming via spectroscopy data

rom the First Reionization Epoch Spectroscopic COmplete Surv e y 
FRESCO; Oesch et al. 2023 ). The candidates were traced with H α

nd [O III ] λ5008 lines detections for the spectroscopic confirmation,
hich co v er the redshift range of 4 . 9 < z < 6 . 6 and 6 . 7 < z < 8 . 9,

especti vely, gi ven the wavebands of survey. They identified these
andidates using a FoF alogrithm with fixed linking parameters for 
rojected distance and line-of-sight (LOS) velocity dispersion, and 
hen confirmed them as protocluster candidates only if the galaxy 
umber density calculated within the aperture exceeds a certain value. 
he galaxy membership and mass were also estimated accordingly. 
o we v er, the y found that varying the linking parameters by a factor
f few do not alter strongly the identification and their results. Among
heir seventeen samples, only eight candidates with redshifts close 
o those in our presentation are shown, namely, JADES-GN-OD- 
.191, J ADES-GN-OD-5.194, J ADES-GN-OD-5.269, J ADES-GN- 
D-5.386, J ADES-GN-OD-5.928, J ADES-GN-OD-7.561, J ADES- 
N-OD-7.954, and JADES-GN-OD-8.220. We use the aperture and 

heir total mass estimates within the apertures from Helton et al.
 2023 ), to infer the mass of their main haloes based on the relation
etween the two quantities from our results. It is the mass of main halo
hat is normally explored in simulations and theoretical models as a
roxy for predicting the fate and z = 0 mass of protoclusters, while
bservational protoclusters are often compared to the theoretical 
tudies using their total mass enclosed within arbitrary choice of 
pertures. As can be seen in the comparison with the observations
rom Fig. 4 , such estimates can be biased by a factor of 2 at z � 7 . 3,
nd up to 4 at z � 5 . 5, which can, in turn, also o v erestimate their
resent-day mass and thus lead to misidentification of protoclusters, 
hen a proper correction is not applied. The amount of correction
eeded for given aperture in comoving scale is even greater at
ower redshifts, increasing with time, as expected from growth of 
tructure. 

.3 The evolution of protocluster properties 

hile we investigated how the total mass estimated for protoclusters 
s affected by the choice of apertures at selected redshifts, here in
his section we explore the evolution of various properties for each
ypes of protoclusters across the whole range of redshift from z = 8
o the present-day. Each of Coma, Virgo, and Fornax progenitors 
re defined and selected the same way as described in Section 2.2 ,
.e. the most massive halo within R PC with mass matching that of
rogenitors of z = 0 clusters. First of all, Fig. 5 shows the evolution
f total mass enclosed within the same apertures as in Section 3.2
ut with an additional aperture of R PC . For the aperture of 5 cMpc,
he 68 and 95 per cent ranges of the evolution are also provided.
ur results show that Coma progenitors typically begin with seed 
aloes of � 10 11 M � at z � 8, and then evolve rapidly by accreting
nd accumulating mass into R PC between redshift of 8 and 4. After
edshift of 4, R PC and the concentration of mass shrinks gradually and
lowly to collapse and form the Coma-like clusters by z = 0. Note that
he outer envelope continues to increase in mass at lower redshifts,
ccreting more mass toward the already collapsed, virialized clusters 
t the centre through z = 0, by which Coma will further evolve to
ecome bigger clusters. Similar evolutionary trends are observed 
or Virgo and Fornax progenitors, except that their sizes ( R PC ) are
ypically smaller and begin to shrink at earlier times of z � 5 and
ollapse much more gradually than Coma progenitors. Our results 
MNRAS 532, 4551–4569 (2024) 
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Figure 4. The total FoF mass, including dark matter, of all resolved haloes enclosed within spheres of varying comoving apertures (vertical axis) versus that 
of the main (most massive) progenitor halo (horizontal axis) at redshifts of 7.3 (left panel), 5.5 (middle panel), and 4 (right panel). The median and 68 and 
95 per cent ranges are shown for 5 cMpc aperture (solid lines and shaded re gions, respectiv ely), while only the medians are shown for 2 (dashed), 10 (dotted), 
and 15 cMpc (double dot–dashed) apertures. The recent JWST observations from Helton et al. ( 2023 ) are included in the left and middle panels for comparison, 
with the circles representing the mass reported in the original paper, while the tip of the arrow representing the corresponding mass of the core estimated by 
correcting for the aperture. As they assumed various apertures to identify the individual protoclusters, the mass of main progenitors was estimated using the 
relations from FLAMINGO (L1 m8) for each rele v ant aperture via interpolation. The typical bias when not corrected for apertures is about a factor of 1.5–2 at 
z � 7 . 3, and 3 at z � 5 . 5. 

Figure 5. The evolution of total mass (including dark matter , stellar , and gas mass) of galaxies enclosed within varying comoving apertures for each of the three 
types of progenitors from the FLAMINGO (L1 m8) simulation. Note that this is the mass of protoclusters selected independently at each snapshot, rather than 
tracking the mass evolution of the same objects, because of our selection as described in Section 2.2 . The median and 68 and 95 per cent ranges are shown for 
5 cMpc aperture (solid lines and shaded re gions, respectiv ely), while only the medians are shown for 2 (dashed), 10 (dotted), 15 cMpc (double dot–dashed), and 
R PC (dot–dashed) apertures. The mass of main progenitors from the simulation of Chiang et al. ( 2013 ) (black dashed) is also shown as a reference. Protoclusters 
increase their mass by roughly four orders of magnitude from redshift of 8 to 0. 
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nd the plots can serve as a basis for interpolation to predict the true,
nbiased fate and mass of identified protoclusters candidates, given
bservations with the aperture and mass within it, easily applicable
o observations from past studies for the corrections. 

Aside from the total mass including dark matter, stellar mass
s another fundamental quantity, which is also directly observable.
ig. 6 compares the redshift evolution of total stellar mass enclosed
ithin the varying apertures between the different types of proto-

lusters. As can be seen, the evolution trends observed for the total
ass are also reflected in the stellar mass evolution, namely, that

he protoclusters accumulate their stellar mass rapidly at z � 5, after
hich the mass build-up slo ws do wn to increase only gradually. In
articular, unlike the evolution of the total mass of protoclusters in
NRAS 532, 4551–4569 (2024) 
ig. 5 changes its slope to be steeper around z � 2 compared to the
arlier times of redshift between 2 and 5, the stellar mass evolution
as its slope continuously decreasing with time. This may reflect
uenching by feedback mechanisms ef fecti ve at z � 2, which makes
tar formation less efficient such that the rate of halo mass build-up
xceeds that of forming stars. At redshifts greater than 4, the opposite
rend is found that the rate at which stellar mass accumulates in both
he core and outer regions of protoclusters exceeds that of dark matter.
his is simply a reflection of the cosmic star formation increasing
ith time and peaking at z � 2, rather than anything specific to the

nvironments of protoclusters. In fact, as discussed below and can
e seen more clearly later (Fig. 10 ), the in situ stellar mass growth
ate and star formation efficiency (SFE) are rather lower in denser
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Figure 6. The evolution of stellar mass of galaxies enclosed within varying comoving apertures for each of the three types of progenitors from the FLAMINGO 

(L1 m8) simulation. The line styles and shadings are the same as in Fig. 5 . 
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rotoclusters. Similarly to the previous result on the total mass, the 
esults shown in Fig. 6 can also be utilized to identify mass and
ypes of protoclusters as well as their z = 0 fate for candidates with
tellar mass and aperture known from observations, by interpolating 
etween the different curves and panels. 

.4 Radial profiles of physical properties 

o far we have analysed the physical properties of protoclusters and 
heir evolution with time only within the selected apertures. Here we 
robe the radial profiles of protocluster properties as a function of
edshift, a final piece for the complete set of information that can be
ombined to infer any missing quantity for protocluster candidates 
hen only a subset of the other quantities such as redshift, aperture,

perture mass, and present-day mass (or equi v alently, their z = 0 fate)
s available in observations. The median radial profiles of total mass
nd their evolution for the three types of protoclusters are shown 
n Fig. 7 , together with the 68 per cent ranges represented by the
rror bars. The reason that the curve is flat at lower redshifts in
he inner region of � 4 cMpc is because the total enclosed mass is
ominated by the most massive halo although there are many other 
alaxies nearby. The mass and profiles grow by almost the same 
actor between the redshifts (namely, almost even spacing between 
he o v erall amplitudes of the profiles at each neighbouring redshifts,
hich is also consistent with the more or less uniform single slope

n Fig. 5 ), which have a typical interval of �z = 1, meaning that
he growth rate of matter density and structure was much greater 
t earlier times (as the same �z at higher redshifts spans a smaller
mount of time). The outer profiles and slopes are determined by the
osmic density field and background galaxies that are only weakly, at 
aximum, associated with the central structure and do not collapse 

o the clusters by z = 0. 
These are more directly demonstrated in Fig. 8 where the median 

alaxy density profiles within the comoving spheres, normalized to 
hat of Coma progenitors at the outermost radius of 60 cMpc at z = 8,
re presented. As this probes the volume average of galaxy number 
ensity, the profiles are expected to converge to a constant at the
uter radii, as is indeed shown to be the case in the plot. At the lower
edshifts of z � 1, the structures are shown to have developed a ‘core’
n the central region with a shallower profile. The inner and outer
rofiles of structures at such stage are found to be well described by
he NFW profile, which is illustrated by its asymptotic slopes shown 
y the grey-dashed lines. Note that we only show the lines where
here is more than one galaxy within the apertures. This is just for
isual clarity because the centrals will only contribute to the profiles
s lines with a constant slope inward through the centre. Interestingly,
he galaxy density profiles and their evolutions are remarkably similar 
etween the progenitors of Coma-, Virgo-, and Fornax-like clusters, 
 xcept at v ery low redshifts where the Coma progenitors develop
lightly more established cores. This ‘self-similarity’ means that the 
ariations in the total protocluster mass within R PC , as well as those
n the final cluster mass, arise from the greater volume occupied
y Coma progenitors, and from the mass growth via mergers or
ccretion of smaller galaxies/subhaloes into bigger ones, rather than 
rom having a more concentrated distribution of systems. 

Fig. 9 probes the cumulative profiles of stellar mass within given
adii as a function of redshift. The inner region is dominated by the
entral galaxies or protocluster cores, while the outermost region 
s dominated by the cosmic matter density field, approaching the 
ame slope of ∝ r 3 . The o v erall normalization of the profiles shows
 different trend of more rapid (slow) increase at high (low) redshifts
ompared to the total mass profiles, which reflects the evolution 
f SFR with time as discussed abo v e. This is directly confirmed
n Fig. 10 (right panel) where the ratio of stellar mass to halo

ass increases with decreasing redshift, peaks near z = 2, and then
ecreases at the later times. 
We investigate the profiles of SFR surrounding the protoclusters 

n Fig. 11 . Similar to Fig. 8 , here we only show the plots where
here is more than one galaxy. The results at z ≥ 2 and z ≤ 2 are
eparated in the upper and lower panels, respectively, for visual 
larity, as the star formation turns around at the intermediate 
edshift. Unlike the evolution of the mass profiles, the SFR mostly
decelerates’ with decreasing redshift, namely, the rate at which 
he SFR increases (decreases) with time becomes gradually lower 
greater) with decreasing redshift, which makes the star formation 
er mass decrease with time in most cases, as demonstrated in the
eft and middle panels of Fig. 10 . An interesting thing to note is
hat the total SFRs within any fixed comoving volume at the high
edshifts are typically within a factor of 2 between the three types of
rotoclusters. Given the similar galaxy number densities and much 
igher average total and stellar mass of individual galaxies for the
oma progenitors, we conclude that the specific SFR (sSFR) and SFE
re both lower in more massive protoclusters at the high redshifts.
his is seen more clearly in Fig. 10 (left and middle panels) where
MNRAS 532, 4551–4569 (2024) 
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Figure 7. The cumulative radial profiles of total mass as a function of comoving aperture and redshift for the three types of progenitors from the FLAMINGO 

(L1 m8) simulation. The medians and the 68 per cent ranges are indicated by the solid lines and the error bars. The values of R PC , the sizes of typical protoclusters 
for each type of progenitors, are indicated by the arrows at the bottom of each panel. The profiles are flattened in the innermost regions as they are dominated 
by the mass of the central galaxies in the protocluster ‘core’. 

Figure 8. The cumulative radial profiles of galaxy number density, normalized to that of Coma progenitors at R = 60 cMpc at redshift of 8. The result is from 

the FLAMINGO L1 m8 simulation, thus being limited to M ∗ � 10 8 M �. The medians and the 68 per cent ranges are indicated by the solid lines and the error 
bars. Because it is the cumulative number of galaxies divided by the surrounding volume, the profiles become flattened at large radii. The asymptotic slopes 
in the inner and outer re gions e xpected from the NFW profiles are represented by the grey-dashed lines in the left panel, which are consistent with the model 
predictions at lower redshifts of z � 1. It is notable that the number densities are remarkably similar between the protocluster types, indicating that the greater 
total mass of Coma progenitors is largely due to the growth in mass of member galaxies rather than their enhanced abundance. For example, the average total 
(stellar) mass of Coma progenitors enclosed within 5 cMpc at z � 3 is about 80 (110) per cent higher than that of Fornax progenitors, whereas the number of 
galaxies is only � 20 per cent higher. 
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he star formation is shown to be less efficient in more massive
rotoclusters (the dotted and dashed lines being abo v e the solid lines)
t the redshift between 3 and 5. This can be due to the fact that the
enser protocluster environments consist of the more massive haloes
articularly in the inner region, which reach the mass regime earlier
here quenching due to feedback and environmental suppression of

tar formation takes place. On the contrary, at the low redshifts, less
assive (proto)clusters are more affected by feedback mechanisms

hat heat and blow the gas out of the shallower gravitational potential,
esulting in more efficient quenching and less star formation, as
ndicated by the solid and dashed lines being abo v e the dotted lines.
t low redshifts, the innermost region in the denser environment,
hich is dominated by the most massive halo, appears to have the
igher sSFR than the outer region, as indicated by the ‘upturn’ of
he solid lines in the innermost region in the left panel of Fig. 10 .
NRAS 532, 4551–4569 (2024) 
his counterintuitive behaviour may indicate overcooling of the most
assive ( M ∗ � 10 12 M �) galaxies in the FLAMINGO simulation, as

ointed out by Schaye et al. ( 2023 ). 
Finally, the SFR profile is quite shallow within R PC in Fig. 11 ,

eing dominated by the SFR in the most massive halo, at the highest
edshift, which is consistent with the inside-out growth as speculated
y Chiang et al. ( 2017 ). The profile, ho we ver, becomes steeper at later
imes of z � 5, as the SFR in the most massive haloes in the inner
egion is gradually suppressed by feedback in effect, while smaller
aloes in the outer region reach the mass where the SFE is greatest,
assing around the cosmic noon. After peaking near redshift of 2,
he SFR profile slowly transitions to being flattened again through
he present day, due to o v erall quenching and gravitational infall
f member galaxies into the cluster. This ‘three-phase’ scheme of
rotocluster evolution is broadly consistent with the claim of Chiang
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Figure 9. The cumulative radial profiles of stellar mass as a function of comoving aperture and redshift for the three types of progenitors from the FLAMINGO 

(L1 m8) simulation. The line styles are the same as in Fig. 7 . 

Figure 10. The cumulative radial profiles of specific SFR (left panel), SFR divided by the total mass including dark matter (middle panel), and stellar mass- 
to-halo mass ratio (right panel) as a function of comoving aperture and redshift for Coma (solid), Virgo (dashed), and Fornax (dotted) progenitors from the 
FLAMINGO (L1 m8) simulation. The values of R PC , the sizes of typical protoclusters, for Coma progenitors, are indicated by the arrows at the bottom of each 
panel. 
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t al. ( 2017 ), while the divides between the phases in redshift can be
ependent of models and uncertainties. 

 C O M PA R I S O N  WITH  OBSERVATIONS  

n this section, we present comparisons of the simulation results with 
he properties of observed protoclusters, including the mass evolution 
istory , star formation history , and the number densities. We discuss
ome recent results from JWST in Section 4.4 , in particular. 

.1 Obser v ational samples 

he observational samples of protoclusters we compare with the 
odel predictions are described here, which is a compilation of data 

rom numerous recent studies. Where the same properties of the same 
rotoclusters have been estimated multiple times by several studies, 
e adopt the latest results for the comparison unless the earlier results
ave clear advantages over the latest. 
The first sample is a total of 14 protocluster candidates from L21,

hich is a recent observational compilation of protoclusters with 
stimates of properties that are relatively up to date. Specifically, 
he sample includes four o v erdensities of DSFGs from Casey ( 2016 )
the GOODS-N z = 1 . 99 protocluster, MRC1138 −262, SSA22, and 
zTEC-3), Distant Red Core (DRC; Oteo et al. 2018 ; Long et al.
020 ), and nine protocluster candidates selected from the South Pole
elescope (SPT) of SPT2349 −56 (Miller et al. 2018 ; Hill et al.
020 ), SPT0303 −59, SPT0311 −58, SPT0348 −62, SPT0457 −49, 
PT0553 −50, SPT2018 −45, SPT2052 −56, and SPT2335 −53 (all 
rom Wang et al. 2021 ). 

The study and samples of L21, ho we ver, are focused on SFR-based
elections, identifying protocluster candidates via o v erdensities of 
SFGs and far-IR/submm observations. As galaxies in the very early 
niverse are believed to be dust-poor, the discovery of protoclusters 

elying on DSFGs and long-wavelength observations would be 
imited, and the less star-forming, normal, dust-poor galaxies that 
mit mostly in the rest-frame optical regime could be the main
racers of protoclusters. Therefore, we also include optical-to-nearIR- 
elected protoclusters in the observational samples, as well as ad- 
itional far-IR/submm-identified candidates recently reported in the 
iterature. Those are ZFIRE (Hung et al. 2016 ), PHz G237.01 + 42.50
Polletta et al. 2021 ), CC2.2 (Darvish et al. 2020 ), PCL1002 (Casey
t al. 2015 ), CLJ1001 (Wang et al. 2018 ), all located at relatively
ow redshifts of between 2 and 2.5, as well as MAGAZ3NE
095924 + 022537 and MAGAZ3NE J100028 + 023349 (both from 

cConachie et al. 2022 ), HDF850.1 (Calvi et al. 2021 ), z57OD, and
66OD (Harikane et al. 2019 ), SPT0311 −58 as recently revisited by
MNRAS 532, 4551–4569 (2024) 
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Figure 11. The cumulative radial profiles of SFR as a function of comoving aperture and redshift for the three types of progenitors from the FLAMINGO 

(L1 m8) simulation, separately for z ≥ 2 (upper panel) and z ≤ 2 (lower panel), for visual clarity. The line styles are the same as in Fig. 7 . 

A  

A  

(  

i  

(  

a  

c  

5  

a

4

W  

c  

f  

b  

e  

s  

h  

1  

1  

c  

e  

t  

o  

m  

m  

I  

L  

d  

c  

r  

i  

a  

t  

t  

7  

t  

f  

o  

t  

a  

I  

h  

f  

t  

t  

p  

b  

n
 

n  

w  

r  

n  

p  

1  

c  

a  

M  

o  

o  

s  

a  

p  

g  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/4/4551/7720513 by D
eutsches Elektronen Synchrotron D

ESY user on 21 August 2024
rribas et al. ( 2023 ), an o v erdensity at z = 7 . 66 (Laporte et al. 2022 ),
2744-z7p9OD at z = 7 . 88 (Morishita et al. 2023 ), and GN-z11

Tacchella et al. 2023 ). Addtionally, the 15 z ≥ 6 galaxy o v erdensities
dentified by Brinch et al. ( 2023 ) from the COSMOS2020 catalogue
Weaver et al. 2022 ) based on photometric redshifts using a weighted
daptive kernel are included. Finally, the seventeen protocluster
andidates identified with JWST JADES, JEMS, and FRESCO at
 � z � 9 from Helton et al. ( 2024 , 2023 ) described in Section 3.2
re compiled into the data set. 

.2 Mass evolution history 

e first investigate the mass evolution history of our simulated proto-
luster samples, and compare it to the estimated mass of protoclusters
rom the observations. Most of the observations estimated the mass
ased on the stellar mass, using a stellar mass-to-halo mass ratio from
mpirical models such as Behroozi et al. ( 2019 ). For comparisons, we
elect mock samples as follows. We first count the number of isolated
aloes with the total mass including dark matter, M 200 , greater than
0 15 M � at z = 0, thus the same as our Coma-like clusters. 81 and
679 such objects are found from L1 m8 and L2p8 m9, respectively,
orresponding to the number density of � 0 . 8 × 10 7 cMpc 3 , roughly
qual to the expected number density of Coma clusters. Then from
he simulation snaphots at all redshifts, we select that number of
bjects as mock samples. This construction of mock samples is
oti v ated by many of the observational studies where the most
assive candidates are identified as a ‘future’ Coma-like cluster.

n Fig. 12 , the mock samples from selected redshift snapshots of
2p8 m9 and L1 m8 are compared to that from the observational
ata. The shaded areas indicate the full range among the samples. As
an be seen, the predicted mass range of simulated protoclusters
easonably co v ers that of the most massive high- z protoclusters
dentified by observations. This confirms that the simulation samples
NRAS 532, 4551–4569 (2024) 
re similar systems to the observed overdensities. Ho we ver, when
he observational data are corrected for the apertures reported in
he original studies, using the calibrations shown in Figs 4 , 5 , and
 , the mass estimates become significantly smaller, as shown by the
riangles, not predicting the evolution to the Coma-type z = 0 clusters
or a majority of the samples. Again, this demonstrates the impact
f the heterogeneity in the observational studies, the necessity of
he aperture correction, and how critical our results in Figs 5 –11
re for facilitating the corrections. The previous results based on
llustrisTNG simulations from L21, selecting the 25 systems with the
ighest SFR, are also shown for comparison, which exhibits another
actor of about 1.5 decrease in mass relative to L1 m8, mainly due
o their smaller box size than the FLAMINGO suites. We confirmed
hat when the selection is made based on the FoF SFR, the median
redictions are barely affected while the scatter becomes greater to
e about 0.3 dex, which is as expected because the selection is now
ot directly based on the halo mass. 
We also explored the mass evolution history of Coma-like clusters,

amely those with the total mass greater than 10 15 M � at z = 0, as
ell as of those with the total mass similar to 10 12 M � at z � 7 which

oughly matches the mass of the candidates from the observations
ear the redshift. These two cases are indicated by the blue and
urple lines, respectively, in Fig. 12 , with the bands representing the
6–84th percentiles. It is seen that the mass history of the Coma-like
lusters has a wide range of scatter for individual objects that spans
n order of magnitude at z � 3. Similarly, not all massive objects of
 200 � 10 12 M � at z � 7 end up being a massive cluster by redshift

f zero. Both results suggest a great uncertainty in predicting the fate
f high- z objects solely based on their mass. Also, the median trends
how that the most massive z = 0 clusters rather have the smaller mass
t the high redshifts than those that end up at the lower z = 0 mass. In
art, this reflects the late assembly of massive objects in the structure
rowth predicted by Lambda cold dark matter cosmology. This
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Figure 12. The total mass ( M 200 , including dark matter) of the most massive 81 (for L1 m8; 1679 for L2p8 m9) protocluster cores (main haloes) identified 
from FLAMINGO of the large (L2p8 m9; magenta) and fiducial (L1 m8; green) simulation box. 81 and 1679 are the number of haloes at z = 0 with the total 
mass greater than 10 15 M � for each of the simulations, thus making the selection almost Coma-like in mass. For the magenta and green lines, note that this is the 
mass of protoclusters selected independently at each snapshot, and also the bands indicate the full range of the samples. On the other hand, the blue (purple) line 
indicates the median mass of progenitors (descendants) of those selected at z = 0 ( z � 7) with the total mass of M 200 ( z = 0) ≥ 10 15 M � ( M 200 ( z � 7) � 10 12 M �), 
with the band indicating the 16–84th percentile range. A compilation of observational data is presented by the unfilled circles with the error bars, for comparison. 
We adopted the observational mass estimates from the original studies, which were obtained by using stellar mass estimates and a stellar mass-to-halo mass 
relation from empirical models such as Behroozi et al. ( 2019 ), and by summing up the mass within the apertures shown in Fig. 3 . The mass corrected for the 
apertures, ho we ver, obtained using results similar to Fig. 4 but for M 200 , are also presented by the grey triangles for comparison, which demonstrate the impact 
of the heterogenity in the observational studies and the importance of the aperture correction. Since Brinch et al. ( 2023 ) provide both the masses uncorrected 
and corrected for the aperture they used, we present the estimates from the original paper without further corrections. We converted to M 200 when the originally 
reported masses are not in M 200 , but in different halo definitions such as M 500 and M vir , which is relatively negligible. While we have made no attempt to select 
the simulated samples to match the observations, and the observational data are heterogeneous in several aspects, the broad agreement is exhibited between the 
simulation predictions and observations. Finally, the orange-dashed line shows the earlier results from IllustrisTNG simulation of L 21 , which is the average 
from the 25 highest SFR galaxies at each redshift. 
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omplicates speculations on the true fate of protocluster candidates 
rom high- z observations. 

The fact that some of the observational data points (particularly 
fter the aperture correction) fall below the path predicted to evolve 
o a Coma-like cluster by z = 0 is as e xpected, giv en the number
ensity of the Coma cluster in the local Universe, less than one per
0 7 cMpc 3 , compared to the relatively small volumes probed so far by 
he high- z observations. Instead, according to the model predictions, 
he less massive protocluster candidates from the observations would 
ecome Virgo/Fornax-like clusters or massive groups at z = 0. This 
ill be also demonstrated in Section 4.4 . 

.3 Star formation history 

ecause protocluster are expected to contribute significantly to the 
osmic star formation history as demonstrated earlier in Section 3.1 
nd Fig. 2 , it is important to make sure that the SFRs of individual
rotoclusters from the simulation reproduce those from the obser- 
ations. This is shown in Fig. 13 , where the median and full range
f integrated SFR of the simulated protoclusters from L1 m8 and
2p8 m9 are compared to the subset of the observational samples

or which the SFR estimates are available from the literature. The
imulation samples selected here are the same as in Section 4.2 . We
onfirm that there is no significant change in the SFR of the cores
rom the simulations when using the SFR within different apertures 
o select samples. For reference, the earlier results from IllustrisTNG 

y L21 are also presented with the median and 68 per cent range. As
hown and discussed in L21, IllustrisTNG is found to underpredict 
he total SFR by up to a factor of 10 compared to the observations,
ven though the results shown here are for the TNG samples selected
ased on the SFR, namely from 25 protoclusters with the highest
FR at each snapshot. The star formation history predicted for 
MNRAS 532, 4551–4569 (2024) 
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Figure 13. The star formation history (the total SFR of FoF halo) of the same mock samples as in Fig. 12 . The lines indicate the medians, while the bands 
indicate the full range of the samples. A compilation of observational data is presented by the unfilled circles with the error bars, for comparison. While we 
have made no attempt to select the simulated samples to match the observations, and the observational data are heterogeneous in several aspects, FLAMINGO 

predicts integrated SFR of protoclusters that are broadly consistent with the observations. For instance, some of the observational estimates do not have a 
well-defined aperture used to estimate the SFR in the original paper, in which case we have made no attempt to correct for their apertures. Furthermore, some 
of the observational tracers used to identify the candidates are expected to miss the highest SFR members, thus a significant contribution to the total SFR, 
which may explain the observations falling below the predictions (also see the text). The orange curve, with the band showing the whole range of values, 
represents the 25 highest SFR galaxies from IllustrisTNG of L21 , which fails to reproduce the observations despite the SFR-based selection. This demonstrates 
an impro v ement in the model prediction by FLAMINGO in matching the observ ed SFR of the population, relativ e to some previous models. 
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he FLAMINGO samples, particularly those from the largest box,
o we ver, are seen to match the observational data much better.
he impro v ement is found to be most remarkable near redshifts
f 2 to 3 where the observational samples and estimates are most
obust. 

Unlike the mass evolution history, we have not done uniform
perture corrections for the observational SFR except for some
f them. This is partly because not all of the observations report
 well-defined aperture in the original study. Ho we ver, a more
undamental reason is that the tracers used by the observations are
ften times expected to be biased towards identifying only a subset
f true member galaxies according to their SFR, making it extremely
ifficult to assess the uncertainties in each of the estimates. The
bservations with very high SFRs of 3000 to 5000 M � yr −1 between
edshifts of 4 and 6, in particular, which are mostly the SPT-selected
andidates from Wang et al. ( 2021 ), need to be further investigated
n detail (see also Brinch et al. 2023 ). Wang et al. identified the
right unresolved SPT sources (fields) as potential candidates, and
ollowed them up with the Atacama Pathfinder Experiment (APEX)
elescope’s Large APEX BOlometer CAmera (LABOCA; Kreysa
t al. 2003 ; Siringo et al. 2009 ) to resolve individual sources within
ach of those candidate fields. Their SFR estimates, ho we ver, were
NRAS 532, 4551–4569 (2024) 
erived via SED fitting using a single photometry of LABOCA
t 870 μm . The uncertainties also involved in their assumed dust
emperature and conversion from the far-infrared luminosity to SFR,
n addition to that in the SED fitting, make their SFR estimates less
obust. Furthermore, not all of their sources have confirmation of
embership with spectroscopic redshifts, potentially leading to an
 v erestimation of the integrated SFR of their protocluster candidates,
lthough we already adopted the lower limit provided in their paper
hich only accounts for their high signal-to-noise sources. Finally,

he aperture within which they computed the integrated SFR, which
anges from 5 to 12 cMpc, is typically much larger than that of our
esults or other observations. On the other hand, some observational
ata, particularly those with the uparrows should be considered as
ower limits, as those samples are mostly optically selected galaxies
nly, potentially missing associated SMGs or DSFGs. That may
xplain the apparent discrepancy of SFR from the simulation at the
igh redshifts of 6 to 8 relative to the data. 

.4 Number densities and cosmic variance 

o far, only dozens of protoclusters have been identified in the
bservations, and most of them were identified individually e.g. by
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Figure 14. The cumulative number density of protocluster cores (the most massive haloes) as a function of M 200 at three selected redshifts, calculated from 

each of subboxes of L2p8 m9 with the volume corresponding to that of the observations, to account for the cosmic variance. The size of the subboxes is about 
70 cMpc for the comparisons at z = 7 . 3 and 5.5, while 230 cMpc at z = 6 . 1. The results from each subbox are shown by individual lines in grey, with the shaded 
bands showing 68, 95, and 99.7 per cent ranges, while the median and total average are represented by the solid and dashed lines. For reference, the halo mass 
function of Tinker et al. ( 2008 ) at each redshift is also presented by the dotted lines. The recent estimates with JWST observations based on Helton et al. ( 2023 ), 
shown by the circles with the error bars and bands in the left and right panels, are shown to be significantly higher than the theoretical predictions. Helton et al. 
obtained the halo mass estimates based on the UniverseMachine of Behroozi et al. ( 2019 ). The number densities in case of some of the samples in the close 
proximity considered as a single object to merge later, are shown by the circles with the dotted error bars. The results based on the Subaru/SILVERRUSH surv e y 
from Higuchi et al. ( 2019 ), on the other hand, shown in the middle panel, present a much better agreement with the models. Because Higuchi et al. estimated 
the halo mass based on the galaxy o v erdensity, only accounting for the most massive halo within the whole protocluster region, this hints at the importance of 
correcting for the aperture size within which the physical quantities of protoclusters are calculated. 
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sing rare types of galaxies including radio galaxies and SMGs 
s signposts to search around them with follow-up observations 
o reveal normal galaxies in the neighbourhood. It was not until 
ecently that studies sought and identified protocluster candidates 
ystematically within a fixed survey volume, enabling estimates 
f the number densities of protoclusters at high redshifts. One of
uch recent observations is by Helton et al. ( 2024 , 2023 ), who
ombined the JWST JADES, JEMS, and FRESCO surv e ys to identify
 total of 17 protoclusters with a large number of spectroscopically 
onfirmed member galaxies, as described earlier in Section 3.2 . 
iv en the o v erlapping area of about 81 arcmin 2 between the surv e ys

hat were used for their study, and assuming the cosmology we 
dopt throughout our analysis, the corresponding comoving volume 
rom which their samples are selected using H α and [O III ] λ5008
etections is approximately 3 . 2 × 10 5 cMpc 3 and 3 . 3 × 10 5 cMpc 3 ,
panning 4 . 9 < z < 6 . 6 and 6 . 7 < z < 8 . 9, respectively. The halo
asses were inferred from the mass of objects with the properties 
atching the observations, using the empirical model of Behroozi 

t al. ( 2019 ). Another example is the study by Higuchi et al. ( 2019 ),
ho disco v ered 14 and 26 protocluster candidates from the LAE

amples of the SILVERRUSH (Ouchi et al. 2018 ) around z � 5 . 7
nd 6.6 o v er the sk y area of 13.8 and 16 . 2 de g 2 , respectiv ely. Giv en
he ef fecti v e surv e y volumes computed by Higuchi et al. ( 2019 ) of
 . 1 × 10 7 and 1 . 5 × 10 7 cMpc 3 for each of the two redshift ranges,
he number density of protocluster candidates is estimated to be 
 . 2 × 10 −6 and 1 . 7 × 10 −6 cMpc −3 , respectiv ely. The y estimated
he halo mass of the candidates by obtaining the average mass of
he haloes with the similar o v erdensities from the theoretical model
f Inoue et al. ( 2018 ). 
To compare the number density of the observed protoclusters 

ith the simulation prediction, we take into account the sample 
ariance expected for the survey volumes corresponding to the data. 
pecifically, we divide the whole simulation box into sub-volumes 
hose size each matches the surv e y volumes. We use the results from
2p8 m9 as it is the simulations containing the largest number of
ub-volumes of 64 000 (1728) subboxes matching the surv e y volume
f Helton et al. ( 2023 ) (Harikane et al. 2019 ), which is about 70
230) cMpc, thus most suitable to explore the sample variance with
igh statistical significance. The comparisons are made based on the 
imulation snapshots with redshifts close to the redshift range of each
bservational data. 
Fig. 14 shows the cumulative number density of protoclusters 

dentified from the subboxes, together with the median (solid curves), 
8 (dark-shaded), 95 (shaded), and 99.7 (lightly shaded) per cent 
anges to demonstrate the cosmic variance. The average from the 
hole simulation box of L2p8 m9 is provided as the dashed curve,
hich is also compared to the theoretical halo mass function of
inker et al. ( 2008 ) for reference. The mass estimates for the
WST samples adopted from Helton et al. ( 2023 ) were obtained
y summing up the mass of haloes associated with galaxies within
heir apertures of choice used to define protoclusters. They obtained 
ach halo mass based on the UniverseMachine of Behroozi et al.
 2019 ) that applied a semi-empirical model constrained by numerous
bservations including SMFs, SFRs, quenched fractions, luminosity 
unctions, and autocorrelation and cross-correlation of galaxies. That 
s probably the reason why it greatly exceeds the model prediction
y about a factor of 10, or at about 3 σ tension, at both z � 7 . 3 and
.5, because our results for the model prediction only account for
he mass of most massive haloes, as theoretical studies normally do
ncluding Chiang et al. ( 2017 ). Based on Fig. 4 , the mass correction
o account for the apertures used by Helton et al. is indeed expected
o be a factor of 2 to 4, which is roughly the right amount to shift
he data points to the left and resolve the apparent tension. While the
niverseMachine used a different definition of halo mass, the impact 
n the results is negligible relative to the other factors. Higuchi et al.,
n the other hand, provide the mass already accounting only for the
MNRAS 532, 4551–4569 (2024) 
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ost massive haloes of their protocluster candidates. The fact that
t shows greater agreement with our results, thus reassures that if
he choice of aperture for mass estimates is properly accounted for,
he mass function of protoclusters from observations agrees with
he theoretical predictions. Some early data from JWST claimed
isco v ery of galaxies and their abundances at high redshifts that may
ot be explained well by the current paradigm of cosmology and
alaxy formation (e.g. Boylan-Kolchin 2023 ; Labb ́e et al. 2023 ). It is
 orth mentioning that, unlik e the SMF or some other observables for
hich the model predictions may vary due to the uncertainties in the
aryonic physical processes, the halo mass function is predicted more
obustly with great accuracy and precision if the assumed cosmology
s correct. 

About a half of the Helton et al. samples are along the similar LOSs
nd in the close proximity kinematically to each other, indicating that
ome of them might merge later to form a single (proto)cluster instead
f multiples. In such case, their actual number densities would be
ower, roughly by a factor of 2. However, the individual and average

ass of the samples also increase through the mergers, shifting the
umber densities to the right in Fig. 14 as well. As a result, such
onsideration preserves the discrepancy at a similar level, as indicated
y the dotted points. 

 DISCUSSION  

.1 Impact of numerical resolution 

hile the FLAMINGO simulation suite has the great advantage of
arge box sizes to contain extreme protoclusters or environments
eported from observations, such a large box size was achieved at
he expense of numerical resolution of m gas = 1 . 34 × 10 8 M �. Given
he lower stellar mass limit of protocluster galaxies of approximately
 × 10 7 M � from recent observations at the high redshifts considered
n this study (e.g. Helton et al. 2024 , 2023 ), the lower resolution
f the simulation may raise a concern (although the observational
amples are suspected to be not complete down to the mass limit).
epending on the fraction of contribution from those unresolved low-
ass haloes, the physical properties of o v edensities we investigated
ight be biased potentially significantly in the worst scenario. As

n example, the amount of aperture correction as investigated in
igs 4 –6 might be under-estimated compared to the true values,
onsidering that the lower mass haloes are less biased tracers of
he matter density field, and thus their relative contribution to the
ntegrated quantities are expected to be greater in the outer, less
ense regions. Similarly, the limited resolution may impact the radial
rofiles explored in Section 3.4 , given the general dependence of
alaxy clustering on their properties including mass. We plan to
nvestigate this in detail in future work, using zoom simulations that
o down to about two orders of magnitude better mass resolution
han L1 m8 (pri v ate communication with Doug Rennehan). On the
ther hand, the results on the number density of main progenitor
the most massive halo, or the protocluster ‘core’) and their redshift
volution will not be affected by the numerical resolution for the
bjects in the mass range of interest. 
As an approximate approach, we fitted the cumulative contribution

o the quantities such as SFR, by galaxies as a function of stellar mass,
sing a Schechter function, and then extrapolated the function to the
ower mass down to 10 7 M �. This simple consideration estimates
he further contribution from the unresolved galaxies would be up
o a factor of 2 and much smaller in most cases. The missing
ontribution increases with increasing redshifts, ho we ver. We also
each a similar amount of the missing contribution when comparing
NRAS 532, 4551–4569 (2024) 
ith the results from L1 m9, namely the FLAMINGO suites with an
rder of magnitude lower mass resolution. 

.2 Impact of subgrid models and cosmology 

inally, we employ the variations of L1 m9 to explore the impact
f assumed subgrid models. As described in Section 2.1 , the
LAMINGO suites have a total of eight simulation runs where
hanges in the parameters responsible for the strengths of stellar
nd AGN feedback are implemented to test the uncertainties in their
ducial physics model. Ho we ver, the parameters and models are
aried only to a degree such that the model prediction still remains
ompatible with the observed SMF and cluster gas fraction at z � 0
ithin reasonably assumed systematics of 2 to 8 σ . 
In Fig. 15 , we present the model predictions from selected L1 m9

ariations. The simulation samples are the same as in Sections 4.2 and
.3 , namely the one hundred protocluster cores with the highest SFR
n each snapshot. The model predictions with the various subgrid
odels are more or less consistent with each other, indicating that

ur results are insensitive to details of physics models. While we
resent the results from only two selected models of ‘ Jet −fgas –
 σ ’ (strong jets) and ‘M ∗ – σ ’ (strong SN feedback), which are
onfirmed to produce the most significant changes with respect to the
ducial model, the other models exhibit even smaller changes in their
redictions. Also, while we only show the results for the individual
FR as an example, similar conclusions of only minor changes in

he predictions are found for the other results too. This perhaps
urprising similarity between the models may be due to the process
ow the model parameters are tuned in the FLAMINGO project.
imilar to when changing the resolutions, the model parameters are
e-adjusted to still match the other observations as they change a
ubset of parameters in the subgrid models. Namely, the Jet −fgas –
 σ model has their parameters tuned to match the z = 0 SMF while
alibrated to the lower cluster gas fraction by 4 σ . Another thing to
ote is that the FLAMINGO models predict galaxies with high SFR
f about a thousand solar mass per year at z � 3–5, matching that of
he SMGs and DSFGs from observations, which some earlier results
rom simulations with smaller box size have been lacking (see L21).

The cosmology variations of FLAMINGO suites, including the
lanck with higher neutrino mass and the lower S 8 as motivated by
bservations of the low-redshift Universe (often referred to as the
 8 tension), are only found to reinforce the tension by predicting

he smaller number densities of o v erdense systems. The Planck
osmology, on the other hand, predicts slightly more protocluster
ores, although the change is ne gligible relativ e to the amount of the
iscrepancy to mitigate the tension at all. The cosmology variations
o not affect either the rest of our analysis and conclusions on the
adial profiles and redshift evolution of properties. The protocluster
bundance drops typically by slightly less than a factor of � 3 and 2,
lmost constantly o v er the mass and redshift probed in our analysis,
n the low S 8 and high neutrino mass v ariations, respecti vely. The
ension against Helton et al. ( 2023 ) at z � 7 . 3 becomes as large as
.6 σ when based on the low S 8 simulation. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this study, we examined the properties of mock protocluster
amples predicted from the FLAMINGO simulation with an obser-
 ationally moti v ated identification. An unprecedented adv antage of
LAMINGO simulation is its large box size of up to � 22 cGpc 3 , or
.8 cGpc on a side, as protoclusters are the rarest objects or environ-
ents whose number density is believed to be about 10 −7 cMpc −3 ,
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Figure 15. The SFR of individual member galaxies in the same mock protocluster samples as in Fig. 12 , and the impact of subgrid physics models on the 
predictions (histograms). Only the results from two selected model variations showing the strongest changes relative to the fiducial model, which are ‘ Jet −fgas –
4 σ ’ (strong jets; blue) and ‘M ∗ – σ ’ (strong SN feedback; yellow) are shown. The predictions from varying models do not show significant differences with 
each other, indicating that the uncertainties involved in the assumed subgrid models can be neglected given the current uncertainties in models and observations. 
Although no attempt was made for the selection of mock samples to match the observations, FLAMINGO predicts galaxies with about a thousand solar mass 
per year at 3 � z � 5 as in the observations, unlike some previous theoretical models (L 21 ). By investigating a subbox of the simulation matching the size of, for 
example, TNG, we confirm that such improvement for matching the observations is largely due to the increased volume of the simulation. 
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ith some extreme subsets having even lower number densities down 
o an order of 10 −8 cMpc −3 (e.g. Miller et al. 2015 ; Casey 2016 ;
ennehan et al. 2020 ). Our analysis and findings can be summarized
s follows: 

1. The large FLAMINGO simulation suite allowed us to conduct 
 first reliable statistical analysis of the population. In observations, 
he identification of protoclusters and the prediction of their fate 
t z � 0 are usually carried out by matching the estimated total
ass associated with identified member galaxies to the theoretical 

rediction. To mimic such observational selection most closely, we 
rst used the simulation merger tree to track the true progenitors 
f massive z = 0 clusters at high redshifts. Then we select all
aloes of mass equal to the average mass of the most massive
rue progenitors at a given redshift, as potential candidates. Among 
hose candidates, we only consider those without more massive 
aloes within R 90 ( z), the average comoving 3D radius that encloses
0 per cent of z = 0 members at each redshift, as protocluster samples.
e divided our samples into three types of progenitors of Coma-,
irgo-, and Fornax-like clusters, according to the mass of the main 
rogenitor halo, or ‘core’ as normally referred to as in observations. 
he mass criteria for Fornax-, Virgo-, and Coma-like clusters are 

1 − 3) × 10 14 M �, (3 − 10) × 10 14 M �, and > 10 15 M � in FoF mass
t z = 0, respectively. 
2. We found that most of the most massive haloes from the
imulation with the average mass matching that from the merger 
ree of protoclusters are isolated, namely, having no bigger haloes 
n their neighbourhood, and thus expected to evolve into clusters at
ater times. Also, the simulated protoclusters, with the three types 
ombined, exhibit a contribution of more than 20 (50) per cent
o the CSFRD at redshifts greater than 2 (4), consistent with the
ndings from previous studies (e.g. Chiang et al. 2017 ), confirming

heir importance for scrutinizing the evolution of galaxies and the 
arly Universe (Fig. 2 ). At later times of z � 3, Virgo and Fornax
rogenitors, rather than the Coma progenitors, provide a major 
ontribution to the CSFRD because of their higher number density. 
n the contrary, at the high redshifts of z � 5 including the EoR, the
SFRD is found to be dominated by the progenitors of Coma-like
lusters. Ho we ver, more work is required to confirm a quantitative
ssessment of their fractional contribution to the reionization, as the 
LAMINGO suites do not possess a mass resolution high enough to
esolve low-mass haloes and examine their contribution during the 
oR thoroughly. 
3. Among the heterogeneities in studies of protoclusters are the 

arious apertures adopted in the literature as seen in Fig. 3 , a
omplication that has largely been neglected in previous studies. 
nderstanding the impact of using different apertures for the same 
MNRAS 532, 4551–4569 (2024) 
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rotoclusters is one of the main goals of our study. We find that
he impact of the choice of aperture is indeed significant, easily
esulting in a factor of 2 to 3 bias in the estimates of total mass
f progenitors at z � 5, and increasing with time to more than an
rder of magnitude at z � 4 for the apertures typically assumed for
bservational estimations (see Fig. 4 ). This, therefore, can potentially
ead to an o v erestimation of their future mass evolution and a

isidentification of protoclusters if no correction for the aperture
s made. 

4. We also inspected the redshift evolution of total mass and stellar
ass of protoclusters within select comoving volumes in Figs 5 and 6 .
e found that the progenitors of Coma-like clusters begin with haloes

f � 10 11 M �, on average, at z � 8, and increase their mass rapidly
y accreting mass until z � 3 after which they become condensed
radually to collapse and form clusters. Similar evolutionary trends
re found for the Virgo and Fornax progenitors except at lower mass
cales. The stellar mass growth of protoclusters, on the other hand,
s found to slow down at the later time of z ≤ 2 due to quenching by
eedback mechanisms, while increasing more quickly at the higher
edshifts compared with the evolution of the total mass. 

5. Our investigation of radial profiles revealed that the total masses
f protoclusters is dominated by the haloes associated with the
entral galaxies. At later times of z � 1 when the (proto)clusters
re found to have developed a ‘core’, the profiles of galaxy number
ensities match NFW profiles (Fig. 8 ). The number density profiles
emonstrate a notable similarity between the different types of
rotoclusters, i.e. being ‘self-similar’, indicating that their mass
ontrast is mainly due to that in the mass growth of individual member
alaxies, via mergers and accretion, instead of having more galaxies
t given moments. The profiles of total stellar mass and integrated
FR are dominated by the most massive haloes in the inner region

n the early Universe of z � 5, and then become steeper at later
imes of redshift between 5 and 2 where the central haloes undergo
radual quenching while the smaller nearby haloes peak in the SFE
pproaching the cosmic noon. After z � 2, due to o v erall quenching
nd infall of member galaxies into the final cluster, the dominance
y the inner haloes is reco v ered. 
6. In Section 4 , we made comparisons of our results with observa-

ions. A compilation of observational data we used consists of a set
f protoclusters confirmed and well-studied in the literature, as well
s some newly disco v ered candidates including those from the recent
WST observations by Helton et al. ( 2024 , 2023 ). Both dusty starburst
alaxies selected in the far-IR/submm such as DSFGs and SMGs, and
normal’ galaxies selected mainly in the near-IR or rest-frame optical
ands are represented in the compiled samples. In these comparisons,
ur mock samples were constructed by choosing the same number
f the most massive objects from each snapshot as that of objects
t z = 0 with the total mass greater than 10 15 M �, to make the
election thus Coma-like in mass. Unlike some results from earlier
tudies using other simulations, the predictions of total SFR from
he FLAMINGO project are found to be in reasonable agreement
ith the observational estimates (Fig. 13 ), particularly considering

he potentially large systematics and uncertainties, heterogeneous
election techniques relying on a variety of tracers, and lack of our
areful attempt to mimic the observational selections. 

7. The number density of protoclusters estimated from recent
ystematic searches within fix ed surv e y volumes is not al w ays
onsistent with the theoretical e xpectations. Ev en when taking into
ccount the cosmic variance relevant for the surv e y volumes, we
nd that some studies show a discrepancy of greater than 3 σ with

he number density being higher by an order of magnitude than
ur simulation predictions, while other studies are consistent with
NRAS 532, 4551–4569 (2024) 
he prediction (Fig. 14 ). Given our results above about the impact
f apertures for estimating the total mass, we conclude that the
isagreement can be attributed mainly to an o v erestimation of mass
or the observed protoclusters, as the tension is greatly diminished
hen the correction for the apertures are accounted for. 
8. One concern about the results from the FLAMINGO simulation
ight be its mass resolution not matching the lower mass limit of

bserved galaxies that are used to trace the overdensities, which go
own to approximately 2 × 10 7 M � in stellar mass. The simulation
ay be potentially missing the contribution from the lower mass

bjects for some of the predictions. We find that the SFR and stellar
ass increase by up to a factor of 2 when the mass resolution is

mpro v ed by a factor of 8. Ho we ver, the subgrid parameters of the
LAMINGO simulations have been tuned to match the z = 0 SMF up

o M ∗ = 10 11 . 5 M � and low- z cluster gas fraction at each resolution. 
9. Finally, we probed the model predictions from various simula-

ion runs where different parameters for stellar and AGN feedback
ere assumed, in order to e v aluate uncertainties associated with the

ssumptions on subgrid physics. The model predictions are consistent
ith each other, thus showing no hints of significant concerns related

o the assumptions on uncertain astrophysical processes (Fig. 15 ). 
In this study, we investigated the evolution and profiles of pro-

oclusters mainly based on the mass-based selection, particularly
ocusing on the impact of apertures. Another major uncertainty, how-
ver, is a variety of techniques and tracers used for the identification
f protoclusters. This will be the focus of our future work. 

C K N OW L E D G E M E N T S  

e thank the anonymous referee for the constructive comments.
L and RM acknowledge support by the Science and Technology
acilities Council (STFC) and by the UKRI Frontier Research
rant RISEandFALL. RM also acknowledges funding from a re-
earch professorship from the Royal Society. This work used the
iRAC@Durham facility managed by the Institute for Computa-

ional Cosmology on behalf of the STFC DiRAC HPC Facility
 www.dirac.ac.uk). The equipment was funded by BEIS capital
unding via STFC capital grants ST/K00042X/1, ST/P002293/1,
T/R002371/1, and ST/S002502/1, Durham University and STFC
perations grant ST/R000832/1. DiRAC is part of the National e-
nfrastructure. This work is partly funded by research programme
thena 184.034.002 from the Dutch Research Council (NWO). 

ATA  AVAI LABI LI TY  

he data underlying this paper will be shared on reasonable request
o the corresponding author. 

EFERENCES  

bbott T. M. C. et al., 2022, Phys. Rev. D , 105, 023520 
lberts S. , Noble A., 2022, Universe , 8, 554 
mon A. et al., 2023, MNRAS , 518, 477 
rribas S. et al., 2023, preprint ( arXiv:2312.00899 ) 
ah ́e Y. M. et al., 2022, MNRAS , 516, 167 
ehroozi P. , Wechsler R. H., Hearin A. P., Conroy C., 2019, MNRAS , 488,

3143 
ooth C. M. , Schaye J., 2009, MNRAS , 398, 53 
oylan-Kolchin M. , 2023, Nat. Astron. , 7, 731 
rinch M. et al., 2023, ApJ , 943, 153 
rinch M. et al., 2024, MNRAS , 527, 6591 
alvi R. , Dannerbauer H., Arrabal Haro P., Rodr ́ıguez Espinosa J. M., Mu ̃ noz-

Tu ̃ n ́on C., P ́erez Gonz ́alez P. G., Geier S., 2021, MNRAS , 502, 4558 

file:www.dirac.ac.uk
http://dx.doi.org/10.1103/PhysRevD.105.023520
http://dx.doi.org/10.3390/universe8110554
http://dx.doi.org/10.1093/mnras/stac2938
http://arxiv.org/abs/2312.00899
http://dx.doi.org/10.1093/mnras/stac1339
http://dx.doi.org/10.1093/mnras/stz1182
http://dx.doi.org/10.1111/j.1365-2966.2009.15043.x
http://dx.doi.org/10.1038/s41550-023-01937-7
http://dx.doi.org/10.3847/1538-4357/ac9d96
http://dx.doi.org/10.1093/mnras/stad3409
http://dx.doi.org/10.1093/mnras/staa4037


Protoclusters during the EoR 4569 

C
C
C
C
C  

C
C  

C
C
D
D
D  

D  

E
E  

 

F
H
H
H
H
H
H
I
I
J  

K  

K  

K  

K
L
L  

L  

L  

L
L
L  

L
M  

M  

M

M  

M
M  

M
M  

M
M
O
O
O
O
O
P
P
P
P
R
R  

S
S
S
S
S
S
S
S
S
S  

S
T
T  

T
T
T
T
U
U
V
V  

 

V
W
W
W
W
W  

W

T

©
P
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/4/4551/7720513 by D
eutsches Elektronen Synchrotron D

ESY user on 21 Augus
asey C. M. , 2016, ApJ , 824, 36 
asey C. M. et al., 2015, ApJ , 808, L33 
astellano M. et al., 2023, ApJ , 948, L14 
habrier G. , 2003, Publ. Astron. Soc. Pac. , 115, 763 
hapman S. C. , Blain A., Ibata R., Ivison R. J., Smail I., Morrison G., 2009,

ApJ , 691, 560 
hiang Y.-K. , Overzier R., Gebhardt K., 2013, ApJ , 779, 127 
hiang Y.-K. , Overzier R. A., Gebhardt K., Henriques B., 2017, ApJ , 844,

L23 
rain R. A. et al., 2015, MNRAS , 450, 1937 
ucciati O. et al., 2014, A&A , 570, A16 
alla Vecchia C. , Schaye J., 2008, MNRAS , 387, 1431 
arvish B. et al., 2020, ApJ , 892, 8 
ey A. , Lee K.-S., Reddy N., Cooper M., Inami H., Hong S., Gonzalez A.

H., Jannuzi B. T., 2016, ApJ , 823, 11 
i Matteo T. , Colberg J., Springel V., Hernquist L., Sijacki D., 2008, ApJ ,

676, 33 
isenstein D. J. et al., 2023, preprint ( arXiv:2306.02465 ) 
lahi P. J. , Ca ̃ nas R., Poulton R. J. J., Tobar R. J., Willis J. S., Lagos C. d.

P., Power C., Robotham A. S. G., 2019, Publ. Astron. Soc. Aust. , 36,
e021 

urlanetto S. R. , Zaldarriaga M., Hernquist L., 2006, MNRAS , 365, 1012 
arikane Y. et al., 2019, ApJ , 883, 142 
elton J. M. et al., 2023, preprint ( arXiv:2311.04270 ) 
elton J. M. et al., 2024, ApJ , 962, 17 
iguchi R. et al., 2019, ApJ , 879, 28 
ill R. et al., 2020, MNRAS , 495, 3124 
ung C.-L. et al., 2016, ApJ , 826, 130 

noue A. K. et al., 2018, Publ. Astron. Soc. Japan , 70, 55 
shigaki M. , Ouchi M., Harikane Y., 2016, ApJ , 822, 5 
iang L. , Helly J. C., Cole S., Frenk C. S., 2014, MNRAS , 440,

2115 
ashikawa N. , Kitayama T., Doi M., Misawa T., Komiyama Y., Ota K., 2007,

ApJ , 663, 765 
ashino D. , Lilly S. J., Matthee J., Eilers A.-C., Mackenzie R., Bordoloi R.,

Simcoe R. A., 2023, ApJ , 950, 66 
reysa E. et al., 2003, in Phillips T. G., Zmuidzinas J., eds, Proc. SPIE Conf.

Ser. Vol. 4855, Millimeter and Submillimeter Detectors for Astronomy. 
SPIE, Bellingham. p. 41 

ugel R. et al., 2023, MNRAS , 526, 6103 
abb ́e I. et al., 2023, Nature , 616, 266 
aporte N. , Zitrin A., Dole H., Roberts-Borsani G., Furtak L. J., Witten C.,

2022, A&A , 667, L3 
e Brun A. M. C. , McCarthy I. G., Schaye J., Ponman T. J., 2014, MNRAS ,

441, 1270 
ee K.-S. , Dey A., Hong S., Reddy N., Wilson C., Jannuzi B. T., Inami H.,

Gonzalez A. H., 2014, ApJ , 796, 126 
ee J. et al., 2023, ApJ, 960, 20 
emaux B. C. et al., 2014, A&A , 572, A41 
im S. , Scott D., Babul A., Barnes D. J., Kay S. T., McCarthy I. G., Rennehan

D., Vogelsberger M., 2021, MNRAS , 501, 1803 (L21) 
ong A. S. et al., 2020, ApJ , 898, 133 
cCarthy I. G. , Schaye J., Bird S., Le Brun A. M. C., 2017, MNRAS , 465,

2936 
cCarthy I. G. , Bird S., Schaye J., Harnois-Deraps J., Font A. S., van

Waerbeke L., 2018, MNRAS , 476, 2999 
cConachie I. et al., 2022, ApJ , 926, 37 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
atthee J. , Sobral D., Santos S., R ̈ottgering H., Darvish B., Mobasher B.,
2015, MNRAS , 451, 400 

ignoli M. et al., 2020, A&A , 642, L1 
iller T. B. , Hayward C. C., Chapman S. C., Behroozi P. S., 2015, MNRAS ,

452, 878 
iller T. B. et al., 2018, Nature , 556, 469 
o H. , van den Bosch F. C., White S., 2010, Galaxy Formation and Evolution.

Cambridge Univ. Press 
ore S. , Diemer B., Kravtsov A. V., 2015, ApJ , 810, 36 
orishita T. et al., 2023, ApJ , 947, L24 
esch P. A. et al., 2023, MNRAS , 525, 2864 
teo I. et al., 2018, ApJ , 856, 72 
uchi M. et al., 2005, ApJ , 620, L1 
uchi M. et al., 2018, Publ. Astron. Soc. Japan , 70, S13 
verzier R. A. , 2016, A&AR , 24, 14 
illepich A. et al., 2018, MNRAS , 473, 4077 
lanck Collaboration VI , 2020, A&A , 641, A6 
loeckinger S. , Schaye J., 2020, MNRAS , 497, 4857 
olletta M. et al., 2021, A&A , 654, A121 
amakrishnan V. et al., 2023, ApJ , 951, 119 
ennehan D. , Babul A., Hayward C. C., Bottrell C., Hani M. H., Chapman

S. C., 2020, MNRAS , 493, 4607 
challer M. et al., 2024 , MNRAS , 530, 2378 
chaye J. , Dalla Vecchia C., 2008, MNRAS , 383, 1210 
chaye J. et al., 2010, MNRAS , 402, 1536 
chaye J. et al., 2015, MNRAS , 446, 521 
chaye J. et al., 2023, MNRAS , 526, 4978 
choltz J. et al., 2024, A&A , 687, A283 
hi K. , Toshikawa J., Cai Z., Lee K.-S., Fang T., 2020, ApJ , 899, 79 
iringo G. et al., 2009, A&A , 497, 945 
pringel V. , Di Matteo T., Hernquist L., 2005, MNRAS , 361, 776 
teidel C. C. , Adelberger K. L., Shapley A. E., Erb D. K., Reddy N. A.,

Pettini M., 2005, ApJ , 626, 44 
un F. et al., 2024, ApJ , 961, 69 
acchella S. et al., 2023, ApJ , 952, 74 
inker J. , Kravtsov A. V., Klypin A., Abazajian K., Warren M., Yepes G.,

Gottl ̈ober S., Holz D. E., 2008, ApJ , 688, 709 
oshikawa J. et al., 2012, ApJ , 750, 137 
oshikawa J. et al., 2014, ApJ , 792, 15 
oshikawa J. et al., 2016, ApJ , 826, 114 
oshikawa J. et al., 2018, Publ. Astron. Soc. Japan , 70, S12 
mehata H. et al., 2015, ApJ , 815, L8 
mehata H. et al., 2018, Publ. Astron. Soc. Japan , 70, 65 
enemans B. P. et al., 2004, A&A , 424, L17 
enemans B. P. , McMahon R. G., Warren S. J., Gonzalez-Solares E. A.,

Hewett P. C., Mortlock D. J., Dye S., Sharp R. G., 2007a, MNRAS , 376,
L76 

enemans B. P. et al., 2007b, A&A , 461, 823 
ang T. et al., 2018, ApJ , 867, L29 
ang G. C. P. et al., 2021, MNRAS , 508, 3754 
 ang F . et al., 2023, ApJ , 951, L4 
eaver J. R. et al., 2022, ApJS , 258, 11 
iersma R. P. C. , Schaye J., Theuns T., Dalla Vecchia C., Tornatore L., 2009,

MNRAS , 399, 574 
illiams C. C. et al., 2023, ApJS , 268, 64 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 532, 4551–4569 (2024) 

 Access article distributed under the terms of the Creative Commons Attribution License 
roduction in any medium, provided the original work is properly cited. 

t 2024

http://dx.doi.org/10.3847/0004-637X/824/1/36
http://dx.doi.org/10.1088/2041-8205/808/2/L33
http://dx.doi.org/10.3847/2041-8213/accea5
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1088/0004-637X/691/1/560
http://dx.doi.org/10.1088/0004-637X/779/2/127
http://dx.doi.org/10.3847/2041-8213/aa7e7b
http://dx.doi.org/10.1093/mnras/stv725
http://dx.doi.org/10.1051/0004-6361/201423811
http://dx.doi.org/10.1111/j.1365-2966.2008.13322.x
http://dx.doi.org/10.3847/1538-4357/ab75c3
http://dx.doi.org/10.3847/0004-637X/823/1/11
http://dx.doi.org/10.1086/524921
http://arxiv.org/abs/2306.02465
http://dx.doi.org/10.1017/pasa.2019.12
http://dx.doi.org/10.1111/j.1365-2966.2005.09785.x
http://dx.doi.org/10.3847/1538-4357/ab2cd5
http://arxiv.org/abs/2311.04270
http://dx.doi.org/10.3847/1538-4357/ad0edb
http://dx.doi.org/10.3847/1538-4357/ab2192
http://dx.doi.org/10.1093/mnras/staa1275
http://dx.doi.org/10.3847/0004-637X/826/2/130
http://dx.doi.org/10.1093/pasj/psy048
http://dx.doi.org/10.3847/0004-637X/822/1/5
http://dx.doi.org/10.1093/mnras/stu390
http://dx.doi.org/10.1086/518410
http://dx.doi.org/10.3847/1538-4357/acc588
http://dx.doi.org/10.1093/mnras/stad2540
http://dx.doi.org/10.1038/s41586-023-05786-2
http://dx.doi.org/10.1051/0004-6361/202244719
http://dx.doi.org/10.1093/mnras/stu608
http://dx.doi.org/10.1088/0004-637X/796/2/126
http://dx.doi.org/10.1051/0004-6361/201423828
http://dx.doi.org/10.1093/mnras/staa3693
http://dx.doi.org/10.3847/1538-4357/ab9d1f
http://dx.doi.org/10.1093/mnras/stw2792
http://dx.doi.org/10.1093/mnras/sty377
http://dx.doi.org/10.3847/1538-4357/ac2b9f
http://dx.doi.org/10.1093/mnras/stv947
http://dx.doi.org/10.1051/0004-6361/202039045
http://dx.doi.org/10.1093/mnras/stv1267
http://dx.doi.org/10.1038/s41586-018-0025-2
http://dx.doi.org/10.1088/0004-637X/810/1/36
http://dx.doi.org/10.3847/2041-8213/acb99e
http://dx.doi.org/10.1093/mnras/stad2411
http://dx.doi.org/10.3847/1538-4357/aaa1f1
http://dx.doi.org/10.1086/428499
http://dx.doi.org/10.1093/pasj/psx074
http://dx.doi.org/10.1007/s00159-016-0100-3
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1093/mnras/staa2172
http://dx.doi.org/10.1051/0004-6361/202140612
http://dx.doi.org/10.3847/1538-4357/acd341
http://dx.doi.org/10.1093/mnras/staa541
http://dx.doi.org/10.1093/mnras/stae922
http://dx.doi.org/10.1111/j.1365-2966.2007.12639.x
http://dx.doi.org/10.1111/j.1365-2966.2009.16029.x
http://dx.doi.org/10.1093/mnras/stu2058
http://dx.doi.org/10.1093/mnras/stad2419
http://dx.doi.org/10.48550/arXiv.2306.09142
http://dx.doi.org/10.3847/1538-4357/aba626
http://dx.doi.org/10.1051/0004-6361/200811454
http://dx.doi.org/10.1111/j.1365-2966.2005.09238.x
http://dx.doi.org/10.1086/429989
http://dx.doi.org/10.3847/1538-4357/ad07e3
http://dx.doi.org/10.3847/1538-4357/acdbc6
http://dx.doi.org/10.1086/591439
http://dx.doi.org/10.1088/0004-637X/750/2/137
http://dx.doi.org/10.1088/0004-637X/792/1/15
http://dx.doi.org/10.3847/0004-637X/826/2/114
http://dx.doi.org/10.1093/pasj/psx102
http://dx.doi.org/10.1088/2041-8205/815/1/L8
http://dx.doi.org/10.1093/pasj/psy065
http://dx.doi.org/10.1051/0004-6361:200400041
http://dx.doi.org/10.1111/j.1745-3933.2007.00290.x
http://dx.doi.org/10.1051/0004-6361:20053941
http://dx.doi.org/10.3847/2041-8213/aaeb2c
http://dx.doi.org/10.1093/mnras/stab2800
http://dx.doi.org/10.3847/2041-8213/accd6f
http://dx.doi.org/10.3847/1538-4365/ac3078
http://dx.doi.org/10.1111/j.1365-2966.2009.15331.x
http://dx.doi.org/10.3847/1538-4365/acf130
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 MODELS AND METHODS
	3 RESULTS
	4 COMPARISON WITH OBSERVATIONS
	5 DISCUSSION
	6 SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

