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ABSTRACT
Protoclusters, which will yield galaxy clusters at lower redshift, can provide valuable information on the formation of galaxy
clusters. However, identifying progenitors of galaxy clusters in observations is not an easy task, especially at high redshift.
Different priors have been used to estimate the overdense regions that are thought to mark the locations of protoclusters. In
this paper, we use mimicked Ly α-emitting galaxies at z = 5.7 to identify protoclusters in the MultiDark galaxies, which are
populated by applying three different semi-analytic models to the 1 h−1 Gpc MultiDark Planck2 simulation. To compare with
observational results, we extend the criterion 1 (a Ly α luminosity limited sample) to criterion 2 (a match to the observed mean
galaxy number density). To further statistically study the finding efficiency of this method, we enlarge the identified protocluster
sample (criterion 3) to about 3500 at z = 5.7 and study their final mass distribution. The number of overdense regions and their
selection probability depends on the semi-analytic models and strongly on the three selection criteria (partly by design). The
protoclusters identified with criterion 1 are associated with a typical final cluster mass of 2.82 ± 0.92 × 1015 M�, which is in
agreement with the prediction (within ±1σ ) of an observed massive protocluster at z = 5.7. Identifying more protoclusters allows
us to investigate the efficiency of this method, which is more suitable for identifying the most massive clusters: completeness (C)
drops rapidly with decreasing halo mass. We further find that it is hard to have a high purity (P) and completeness simultaneously.
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1 IN T RO D U C T I O N

The Lambda cold dark matter (�CDM) model describes the universe
as a hierarchical system with smaller haloes merging to form larger
ones. Galaxy clusters, as the largest gravitationally bound objects
in the universe, provide ideal laboratories for cosmological studies,
especially galaxy evolution studies (Kravtsov & Borgani 2012). At
high redshift, z, most of the clusters have not yet formed and we thus
see only their progenitors, protoclusters. Through these structures,
we can have a glimpse of how matter rapidly assembles and forms
present-day massive galaxy clusters (Overzier 2016).

Local galaxy clusters are mostly found by observational methods
such as X-ray emission (Giacconi & Rossi 1960; Giacconi et al. 1979)
or red sequence selection (Gladders & Yee 2000). Protoclusters, due
to their lack of such clear observational signatures at high redshift
(e.g. Sembolini et al. 2014), are mainly found by looking for areas
with high galaxy density (Overzier 2016). To seek these overdense
regions, the general method is to survey over an area of sky and then
make a cut on the data to see if the remaining luminous objects are
dense enough (Cucciati et al. 2014; Dey et al. 2016; Buadescu et al.
2017; Miller et al. 2018). Thanks to the enhancement of telescope
technology, a growing number of protoclusters have been found in
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recent years. One class of search method relies on finding objects
by chance in a general survey of a large area of sky; the other
method is to target a region that is known to contain previously
identified galaxies as a good tracer for the protoclusters (Overzier
2016).

As galaxy clusters are usually found at z < 2 (Gobat et al. 2011;
Stanford et al. 2012; Andreon et al. 2014), protoclusters are normally
discovered over a broad range of z � 2–6 with one of the largest
samples of currently known protoclusters being concentrated around
z � 4 (Lee et al. 2014; Dey et al. 2016; Miller et al. 2018; Toshikawa
et al. 2018). To identify protoclusters at higher redshifts would
be much more challenging due to their low number density and
the faintness of distant galaxies (Muldrew, Hatch & Cooke 2015).
However, simulations that can track the progenitors of the current
large-mass galaxy clusters predict that galaxy protoclusters may be
found at high redshift, z � 6 (e.g. Springel et al. 2005; Li et al. 2007;
Overzier et al. 2009). On the observational side, more protoclusters
have been traced toward high redshift (e.g. Venemans et al. 2002;
Ouchi et al. 2005; Toshikawa et al. 2012, 2014; Chanchaiworawit
et al. 2017; Harikane et al. 2019; Higuchi et al. 2019). These studies
have identified a large number of Ly α-emitting galaxies (LAEs) with
significantly high star formation rates (SFRs), indicating a cluster in
the bursting formation phase.

Recently, using luminous LAEs, Jiang et al. (2018, hereafter J18)
announced the discovery of an overdense region at z = 5.7 in a
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spectroscopic survey of galaxies in 4 deg2. Twenty three LAEs are
located in a near-cubic volume of 353 Mpc3, which is embedded in an
even larger overdense region with another 41 photometric identified
LAEs. This region is first observed by Ouchi et al. (2005), who
identified it as two dense clumps of LAEs with a sphere of 1-Mpc
diameter. They estimated a large overdensity, ∼80, of the LASEs
in this region and predicted it as a progenitor of a massive galaxy
cluster. The LAEs are selected based on the narrow-band excess
colour cut (i

′ − NB816 > 1.0) with an additional requirement that
none should be detected in any bands bluer than R. The LAE number
density in this 353-Mpc3 volume is 6.6 times the average number
density at z = 5.7. They estimated that this region will collapse
into a galaxy cluster with a mass of 3.6 ± 0.9 × 1015 M�, making
it the most massive protocluster at z > 4 and the first of such a
large structure reported at z > 5. This discovery motivates a hunt for
protoclusters at even larger redshifts, the first several billion years
after the big bang. Therefore, a question is raised of whether it is
possible to find other such large protoclusters at z > 5 and if so, how
common they are.

A search for protoclusters at high redshifts observationally would
constitute the proverbial needle in a haystack, requiring enormous
large-scale surveys covering hundreds of square degrees. Besides,
some drawbacks may also slightly weaken the effectiveness of
observational searches. Muldrew et al. (2015) pointed out that many
observations are carried out in a small sky coverage of only a few
arcmins on a side, owing to the restricted field of view of telescopes,
which may not cover the whole cluster region and lead to an
underestimate of the size, mass, and overdensity of observed object.
In addition, this also brings a problem concerning the measurement
of the field sample. Due to the complex structure of protoclusters at
high redshift, they could span a large extent in some directions; thus, a
narrow window may not be able to provide a clean field sample distant
enough from the central galaxy (Bahé et al. 2013; Haines et al. 2015).
When it comes to the contamination from foreground and background
galaxies, the most effective way today is to use the narrow-band (or
Ly α) technique to look for the wavelength of specific emission lines
from the protocluster (e.g. Rhoads et al. 2004). However, this method
also has its weaknesses, as only galaxies with high Ly α emission are
being selected (Venemans et al. 2007; Kuiper et al. 2012; Muldrew
et al. 2015). This provides a biased sample for estimating densities,
which may overlook a large number of galaxies in the overdense
area. There is a further bias not just from the incompleteness of the
tracers, but also from the method itself. As pointed out by Chiang,
Overzier & Gebhardt (2013), the overdensity of the protocluster
would be decreased with the increase of the width of the narrow-band
redshift range �z since the scatter in each bin lessens. Therefore,
some protoclusters with insufficiently large densities could escape
the attention of researchers. What aggravates the problem is that,
even if we could measure an accurate overdensity, we still need to
rectify the redshift–space distortions due to the projection on to a 2D
surface (Steidel et al. 1998).

With the possible inconvenience outlined previously, a safeguard
would be to have an approach based on simulations. With the increase
of computational ability, the resolution and volume of simulations
both continue to improve, revealing a significantly larger number
of simulated protoclusters for future researchers. In this paper, we
will present the exploration of protoclusters at z = 5.7 in a set of
mock galaxies that are populated by three different semi-analytical
models on a dark-matter-only cosmological simulation. The purpose
of this is that we can easily identify the effects of different models
on the number of protoclusters being found. We hope that with the
three models, we can provide a robust answer on how common

protoclusters are. Furthermore, tracking these protocluster regions
down to z = 0, we can predict their final – do they all result in such
massive clusters?

This paper is organized as follows: in Section 2 we describe the
catalogue used in this study and how we identify protoclusters. Using
the protocluster catalogues we created, in Section 3, we make a
comparison of findings between the different models and the different
criteria we imposed. Following from the results, we discuss our
findings and the implications for future research in Section 4.

2 SI M U L AT I O N S A N D ME T H O D S

2.1 MDPL2 simulation and SAM catalogues

Although hydrodynamic simulations directly provide huge amounts
of valuable data, they normally require substantial computational
resources – even though the simulation boxes usually cover only a
small volume. For this study, which requires a very large volume
to provide enough statistics, we use the mock galaxies populated
with the semi-analytical models (SAMs) for a dark-matter-only
simulation with a large volume simulation box. Therefore, we choose
the catalogues derived from the MultiDark Planck 2 simulation
(MDPL2; Klypin et al. 2016) by applying three different SAMs,
namely GALACTICUS (Benson 2012), SAG (Cora et al. 2018), and
SAGE (Croton et al. 2016), to it. These galaxy and halo catalogues
are downloaded from the MultiDark data base1 (Riebe et al. 2013).

The MDPL2 simulation traces the evolution of 38403 particles
inside a cubic box with 1 h−1 Gpc on a side. The simulation follows
the gravitational growth of these particles under �CDM model with
the Planck 2016 cosmological parameters (Planck Collaboration
XXIV 2016): �m = 0.307, �b = 0.048, �� = 0.693, σ 8 = 0.823,
ns = 0.96, and a dimensionless Hubble parameter h = 0.678 from
z = 17 to 0 in 126 snapshots.

Haloes, substructures, and their corresponding tidal properties are
then identified by the ROCKSTAR phase-space temporal halo finder
(Behroozi, Wechsler & Wu 2013). This algorithm, an extension
of the Friends-of-Friends algorithm in six phase-space dimensions,
is currently the most successful in recovering all halo properties
with a relatively high accuracy. Its unique ability to identify two
spatially close haloes reduces the probability of missing an overdense
area in this study. ROCKSTAR has also been extensively tested to
show its superior ability in recovering halo properties down to 20
particles comparing to other halo finders (Knebe et al. 2011); this
consistent accuracy is an important basis for creating model galaxy
distributions. Based on this halo catalogue, the merger tree is built
using the CONSISTENT-TREE code (Behroozi et al. 2013). At z = 0, we
define clusters with Mhalo > 1014 h−1M�. There are 27 582 clusters
in MDPL2. We refer to Klypin et al. (2016) for the full halo mass
function.

With the catalogue of haloes and their merging histories having
been generated, three distinct SAMs (GALACTICUS, SAG, and SAGE)
are applied to provide separate catalogues of semi-analytical galaxies
residing in those dark matter haloes. Galaxies are formed potentially
within the branches of merger trees, and their corresponding prop-
erties are determined either by direct measurements or generated
by a set of differential equations. The three SAMs share the same
simulation data but generate different catalogues owing to their
unique calibration settings and model designs, which all have their
pros and cons. GALACTICUS (Benson 2012) has a powerful modular

1https://www.cosmosim.org/.
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structure, and has advantages in its treatment of the SFR function
and evolution. However, since it does not integrate the orbits of
orphan galaxies but rather stores the positions where they are last
found, its predicted clustering amplitudes are affected. This leads to
a variation when selecting galaxies using mass or SFR thresholds.
SAG, which originated from the MUNICH code (Springel et al. 2001)
and was later developed by Cora et al. (2018), has strengths in
reproducing gas fractions and metallicity relations. Being calibrated
by the Particle Swarm Optimization technique (Ruiz et al. 2015)
and allowing gradual removal of the hot gas reservoir, SAG is able
to achieve better agreement with observed atomic gas contents than
most other SAMs. With the same origination as SAG, SAGE (Croton
et al. 2016) has been updated and rebuilt from Croton et al. (2006),
calibrated using the stellar-mass function at z = 0 and imposing two
different sets of constraints, reproducing the stellar mass function
accuracy into its strong point (for a full comparison, see Knebe et al.
2018). The three SAMs share some similarities, such as a Chabrier
(2003) initial mass function. They are also different in many aspects,
such as the calibration and detailed model parameters, leading to
their varied strengths: SAG can provide reasonable gas fractions and
metallicity relations; SAGE fits well the stellar mass function and
stellar to-halo mass relation; and GALACTICUS has its strength in the
SFR function and evolution. It is worth pointing out that although
two different dark matter halo mass definitions are used among three
models, Knebe et al. (2015) verified that there is little impact on the
galaxy properties.

2.2 Methods for protocluster searches

As structures in the universe form hierarchically with small objects
merging to form larger objects, the most massive objects at z = 0 –
galaxy clusters – should form from an unusually large overdensity
at high redshift, which defines a protocluster. Thus, it is common
to identify observed regions with high overdensity as protocluster
candidates. As it is very hard to estimate the total density fluctuations
in observation, different tracers are normally used to estimate the
number or mass overdensity as an approximation of the total density
fluctuation. As there are many different observables – different galaxy
properties, generally speaking – that can be used as tracers, it is
unclear which is a better choice. In this study, we focus on very high-
redshift protoclusters, and thus we only follow J18 to estimate the
protocluster overdensities. First, the galaxy overdensity is defined as
usual by

δg = ρ − ρ̄

ρ̄
= ρ

ρ̄
− 1, (1)

where ρ is the galaxy number density within a certain region and ρ̄

is the average number density of all galaxies in the simulation box.
Protoclusters are selected based on the overdensity of a fixed

volume: V = 353 Mpc3 in this work. We use a spherical volume
instead of the cubical box as in J18, which is modified not only
due to the isotropy of the universe, but also enables us to adopt a
faster neighbour finding algorithm. In order to find giant protoclusters
like the one detected by J18, we use the same search volume and
overdensity δg = 5.6.

However, the set of protoclusters found in this way could have
some overlap, since the test sphere may select out particles belonging
to other distinct nearby galaxies duplicated in the area with large
overdensity. We therefore exclude the potential overlap by removing
less dense protoclusters with their member galaxies inside another
more crowded protocluster from our final list. For example, if a
member galaxy of two protoclusters having distance smaller than the

sphere radius, i.e. 14.71 h−1Mpc, we will then compare the amount
of galaxies in each region and only retain one belonging to the one
with higher overdensity.

The probability of finding a protocluster in 3D could thus be
calculated by the proportion of the volume they occupy:

Ppc = npc
V

L3
, (2)

where npc is the quantity of protoclusters being found, L is the length
of simulation box on one side, and V, as mentioned previously, is
the volume we used to calculate the overdensity. For example, we
have four haloes at z = 0 from MDPL2 with a mass larger than the
predicted cluster mass (3.6 × 1015 M�) from J18. This 3D finding
probability for the most massive clusters is ∼ 0.005 per cent.

As these SAM models are not calibrated at this high redshift, their
mock galaxy properties may not match to observations. As shown
in Knebe et al. (2018), although the three models are generally in
agreement with the observed cosmic SFR density, SAGE is slightly
higher while SAG is slightly lower than the observational data points
at z � 6. In J18, the overdensity is based on the Ly α flux-limited
sample. The intrinsic Ly α luminosity can be converted into the
galaxy SFR through the line emission ratio of Ly α to H α in Case B
recombination and the relation between SFR and H α luminosity (see
e.g. Jiang et al. 2013). Thus, it is easier to apply an SFR limit to select
out Ly α galaxies from our mock sample. The SFR > 1 M� yr−1

limitation is adopted in J18 to match their Ly α flux-limited catalogue.
However, it is worth noting that the approximate SFR values for the
luminous LAEs may also be problematic (e.g. Peña-Guerrero &
Leitherer 2013). Therefore, we supplement the original criterion in
J18 (listed as the first criterion below) for identifying protoclusters
to include a further two criteria:

(i) Criterion 1: SFR > 1 M� yr−1 (as originally proposed in J18).
The SFR, corresponding to the Ly α emitters being used in observa-
tions (Jiang et al. 2013), provides us with a filter to categorize the
mock galaxy catalogue. The same as J18, we use galaxies with SFR >

1 M� yr−1 as the Ly α emitters to find the potential protoclusters in
the simulation. Chiang et al. (2013) showed statistically that when an
SFR cut is made at 1 M� yr−1, the probability of the overdense areas
selected by δg = 5.6 being a valid protocluster is 100 per cent up to
z = 5, which is much higher than when a cut is made on stellar mass.
After discarding the overlapping galaxies, the protoclusters are then
selected by overdensity δg ≥ 5.6.

(ii) Criterion 2: ρ̄ = 3.48.
J18 pointed out that the average galaxy number density ρ̄ at z =
5.7 is 3.48 per 353 Mpc−3.2 However, there is no guarantee that
with SFR > 1 M� yr−1, the mock galaxy catalogues can match the
observed average galaxy number density. Actually, we find that ρ̄

is much higher than 3.48 with SFR > 1 M� yr−1 for all three mock
catalogues in Table 1. We therefore also vary the SFR threshold
for each SAM catalogue such that the average density of the whole
simulation box is equal to 3.48. We especially note here that the
variance of SFR will not be directly proportional to changing
the threshold for the observed Ly α emitters. This is because, for
example, increasing the SFR will lead to more dust, which will
affect the Ly α escape fraction (Cai et al. 2014; Chiang et al. 2015).
However, as the intrinsic Ly α luminosity is empirically proportional
to the galaxy SFR, we simply alter the SFR threshold to match the

2This is estimated by 23 LAEs within a 353-Mpc3 volume has an overdensity
of 5.6 times the average galaxy number density.

MNRAS 497, 5220–5228 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/497/4/5220/5894387 by The U
niversity of W

estern Australia user on 10 M
arch 2021



Protoclusters at z = 5.7 5223

Table 1. Results of three identification criteria on three SAM catalogues with GALACTICUS in the top block, SAG in the middle block, and SAGE in the bottom
block.

Criterion SFRa ( M� yr−1) Ng
b ρ̄c npc, 5.7

d Nh, 5.7
e Ppc,5.7 (percent)f npc, 0

g Nh, 0
h NC

i NMC
j NMMC

k

GALACTICUS

SFR = 1 1.00 3369 105 44.96 2 636 0.0027 2 18 2 2 0
ρ̄ = 3.48 62.90 260 756 3.48 282 7379 0.38 252 1407 252 244 4
npc ≈ 3500 274.36 12 026 0.16 1283 2848 1.71 1269 2244 817 354 2

SAG
SFR = 1 1.00 2192 869 29.26 19 3977 0.025 16 138 16 16 3
ρ̄ = 3.48 5.26 260 756 3.48 588 16094 0.79 509 2756 509 488 4
npc ≈ 3500 23.65 22 705 0.30 4380 11644 5.85 4103 7003 3263 1382 4

SAGE
SFR = 1 1.00 17 130 340 228.62 0 0 0.00 0 0 0 0 0
ρ̄ = 3.48 48.48 260 756 3.48 445 11854 0.59 388 2214 388 372 4
npc ≈ 35 006 115.08 22 705 0.30 4041 10195 5.39 3825 6970 2789 1131 4

Notes. The first column states each of the corresponding criterion being used. Note that the same overdensity δg = 5.6 and search volume V = 353 Mpc3 as
being used by J18.
aSFR thresholds under each situation with the first line in each block fixed to 1.00 M� yr−1 by the criterion.
bNumbers of total galaxies in the whole simulation box with SFR larger than stated in the second column of each line at z = 5.7.
cThe corresponding average number density of LAEs in a 353-Mpc3 volume at z = 5.7 with the second line of each block being fixed to 3.48 by the criterion.
dNumber of protoclusters regions being found at z = 5.7.
eTotal number of distinct haloes in the protocluster regions at z = 5.7.
fProbability of finding such a protocluster in 3D out of the whole simulation box.
gThe number of overdense regions at z = 0 that are formed from these protoclusters. Note that we exclude these merged regions that is why this number is
less-equal than column d.
hTotal number of distinct haloes at z = 0 evolved from the protocluster regions.
iTotal number of clusters with M ≥ 1014 h−1M� from the regions of column g. Note that we only take the most massive halo in each region into account.
jSimilar to column h, but for clusters with M ≥ 1014.5 h−1M�.
kSimilar to column h, but for clusters with M ≥ 3.6 × 1015 M�.

observed ρ̄ for this theoretical study. Using that SFR threshold, we
further identify protoclusters with the same overdensity of δg ≥ 5.6.

(iii) Criterion 3: a large protocluster sample with npc ≈ 3500. The
predicted final mass of the protocluster from J18 is 3.6 × 1015 M�,
and there are only four clusters in MDPL2 with mass above this
value. This is too small a sample for a statistical study (amounting
to only about 0.015 per cent of all clusters at z = 0). Thus we search
for more protoclusters at z = 5.7 to study the finding efficiency
of the method. There are 3454 clusters in MDPL2 with Mz=0 >

1014.5 h−1M�, which corresponds to ∼ 12.5 per cent of all MDPL2
clusters at z = 0. By varying the SFR cut, we seek to identify a
similar number of protoclusters at z = 5.7, track them down to z = 0,
and study their final mass distributions. We note here that the same
fixed volume is adopted for finding protocluster regions. This may
affect protoclusters with smaller mass, but for simplicity we do not
take this into account.

3 R ESULTS

In Section 3.1, we first present the basic information of the identified
galaxy protoclusters at z = 5.7 with the three approaches for
each through the different SAM catalogues. In Section 3.2, these
protoclusters are then traced down to z = 0 to find their present-day
properties and determine how many of them form massive clusters.

3.1 Identification of protoclusters at z � 5.7

The word ‘protocluster’ is used differently by different authors, and
no two individuals seem to agree on its exact definition. But, in
general, this word denotes a structure that will eventually collapse
into a galaxy cluster with virialized mass greater than 1014 M�

(Overzier 2016). In practice, we use the galaxy number overdensity
δg as a tracer to detect protoclusters. It is worth pointing out that using
this tracer may cause some protoclusters to be missed since galaxies
have not yet formed within a structure with density large enough
compared to the environment. However, if a considerable quantity
of protoclusters can still be detected under this strict criterion, then
it shows a great potential to find further systems by other more
subtle criteria. In MDPL2, there are 27 582 haloes at z = 0 that can
be classified as clusters by definition of M > 1014 h−1M�. In these
clusters, there are 3454 haloes with M > 1014.5 h−1M�, 169 haloes
with M > 1015 h−1M�, and 4 haloes with a mass larger than the
predicted cluster mass (3.6 × 1015 M�) from J18. Ideally, we expect
this amount of protoclusters at higher redshift, at least these massive
ones, to be detected.

3.1.1 Criterion 1: SFR = 1 M� yr−1

Through our settings, by imposing SFR = 1 M� yr−1, we find two
protocluster candidates in the GALACTICUS catalogue, 19 in SAG,
but none in SAGE (see line 1, column e in each block in Table 1).

By focusing on column b, the total number of galaxies with SFR
larger than 1 M� yr−1, we see comparable numbers for GALACTICUS

and SAG catalogues but much larger (five to eight times) in SAGE.
The same difference is also imposed in column c – the average
galaxy number density – in a different view. Knebe et al. (2018)
predicted this phenomenon since they pointed out that although all
three SAMs agree well with observational data in the area with
z from 0.6 to 2, SAGE would overpredict the SFR density when
z > 4 while GALACTICUS presents a good match through z = 8.5
and SAG shows a much lower SFR at high z. We further confirm
this in Fig. 1, which shows the SFR distribution of galaxies in the
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Figure 1. The distribution of galaxies at z = 5.7 in three catalogues with the y-axis shows log(SFR) and the x-axis is log( M∗). The colour shows the normalized
density, which is presented in the colourbar to the right. Three panels are in the same scale and colour for easy comparison. The headline of each plot is the
name and capacity of galaxies in it, where the number in the parenthesis is the number of galaxies with SFR larger than 1 M� yr−1.

three catalogues. A large proportion of galaxies in SAGE have rather
high SFR; while SAG has its galaxies distributed at the midpoint
of SFR � 1 M� yr−1, GALACTICUS shows two groups of galaxies at
both very low SFR (around 0.0001 M� yr−1) and high SFR (around
10 M� yr−1). This explains well the comparison of the numbers of
remaining galaxies in each catalogue with the SFR cut of 1 M� yr−1.
We note here that although the galaxy stellar masses are shown as
low as 100 h−1M�, none of these low-mass galaxies are selected
for our analysis as the lowest SFR cut 1 M� yr−1 implies a lowest
stellar mass of ∼ 107 h−1M� for SAG and SAGE or ∼ 105 h−1M�
for GALACTICUS.

Due to the high average number density which means an even
higher number density of LAEs in the protocluster region, it is not
surprising to see that very few protoclusters are found in the three
catalogues. As SAGE has the highest average density, there is no
protocluster found in this catalogue. Similarly, J18 also reported
that they are unable to find any protoclusters within their mock
catalogue. The reason behind this should be an extremely high
average overdensity, which requires an exaggerated overdensity of
these protocluster regions. Given that only a few protoclusters (none
for SAGE) are identified with this criterion, the 3D finding probability
Ppc, 5.7 is extremely low, as shown in column f. We further show the
total number of distinct descendant haloes inside the protoclusters in
column e. This number is larger than the total number of LAEs in
the identified protocluster regions. It can give us a rough idea of how
many satellite galaxies inside the resultant cluster, hence the mass
of the cluster, assuming that they all fall into one cluster without
merging. With over 200 massive subhaloes, we can expect these
protoclusters will form massive clusters later.

3.1.2 Criterion 2: ρ̄ = 3.48

Given the findings with criterion 1, it is clear that the average number
density ρ̄ is much higher than observation. Therefore, we restrict the
average number density in the simulation box to be the same as the
observed one by varying the SFR threshold – criterion 2. With the
requirement on the average galaxy number density to be 3.48, the
numbers of LAEs remaining in the three catalogues become the same
(column b), although the SFR thresholds for selecting them are quite
different from each other. As stated in Knebe et al. (2018), in the
circumstance of low average galaxy density, despite the correlation
becoming quite noisy, SAG, SAGE, and GALACTICUS will have

increased SFR thresholds to satisfy the average density condition,
where this phenomenon is also found by us (see line 2, column a
of each catalogue). Between these three models, GALACTICUS has
the largest change of the SFR threshold, while SAG has the least
change. This indicates that there are more galaxies with high SFR
in GALACTICUS and SAGE than SAG. A clear view of the effect of
the SFR threshold on the average number density may be seen in
Fig. 2. It is clear that SAG has the most significant drop with the SFR
threshold increasing to around 10 M� yr−1.

Although the same ρ̄ and the same overdensity δg = 5.6 is adopted
in this criterion, which guarantees the same number of LAEs in each
protocluster region, the number of protoclusters from each catalogue
can be different. This is because the SFR threshold is different,
changing the clustering of the LAEs selected by the different SFR.
With this low average number density, the requirement of the
overdense regions, δg > 5.6, can be relatively easy to achieve. Thus,
more protoclusters are identified with this criterion: 282 protoclusters
are found in GALACTICUS, 588 in SAG, and 445 in SAGE (line
2, column e). However, with this criterion, we notice that the 3D
probability of finding such protocluster regions is still very low. The
total number of haloes (column e) inside the protocluster regions has
a boost due to the increase of protoclusters. However, the average
number of haloes in each protocluster is fixed to around 26 by
definition. Thus, we expect a number of low-mass clusters will be
included in this sample.

3.1.3 Criterion 3: a large protocluster sample with npc ≈ 3500

With criterion 3, we would like to identify more protoclusters for a
statistical study of their final mass distribution. Therefore, we further
vary the SFR threshold to produce a large protocluster sample with
a higher 3D finding probability: Ppc, 5.7 ≈ 0.046. Predicting from
the figures of two previous criteria, we expect a much higher SFR
threshold to reproduce this finding probability. However, as shown
in Fig. 3, the number of protoclusters, and also the 3D finding proba-
bility, does not simply increase with the increased SFR threshold.
It shows some zigzag features before its highest peak. Then, it
decreases smoothly toward 0 as the SFR continually increases to
several hundreds of M� yr−1. Since we keep the overdensity δg =
5.6 to identify protoclusters, the zigzag increasing trend is probably
caused by different reduction slopes in both the average number
density and the density within the 353-Mpc3 regions. The average
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Figure 2. The changing of average galaxy number density ρ̄ as a function of SFR at z = 5.7, where the red horizontal line denotes ρ̄ = 3.48. Although a
decreasing trend is presented in all three catalogues, the curves indicate a different dependence on the SFR threshold, which is intrinsically due to the treatment
of galaxy formation in the three SAMs. It is clear that GALACTICUS has more high SFR galaxies than the other two models.

Figure 3. The effect of different SFR thresholds on the number of identified protoclusters at z = 5.7. The horizontal yellow line shows the corresponding number
(npc ≈ 3500) of protoclusters, which yields the same number of clusters with Mz=0 ≥ 1014.5 h−1M� in the simulation. As discussed in Section 2.2, a fixed
overdensity δg = 5.6 is used to identify protocluster regions. The vertical red and green lines are the corresponding SFR threshold in criterion 1 and criterion 2.

number density dominates the increasing trend before the peak, while
the density within the 353-Mpc3 region dominates the decreasing
trend after the peak. The expected number of protoclusters npc =
3454 is indicated by the horizontal yellow line, which crosses with
the curve more than once. To simplify our study, we only use the first
crossing point as the SFR threshold for selecting protoclusters. We
note here that using the other crossing point presents similar results.

An even higher SFR threshold (column a), about four times greater
than criterion 2, is needed for identifying such a large number of
protoclusters. It is not surprising that the SFR thresholds differ
between the three SAMs because of their different SFR distributions.
With this criterion, 1283 protoclusters are found in GALACTICUS,
4380 in SAG, and 4041 in SAGE (line 3, column e). We need to
point out here that these numbers are not exactly the same as 3454,
and thus the 3D finding probability is not exactly 4.6 per cent. This is
because the curve is very sensitive to a tiny change of SFR threshold
before the highest peak. We only use the SFR threshold that provides
the closest finding probability to identify protoclusters without fine-
tuning the SFR threshold for the exact fraction. However, we also
note here that our results should be qualitatively unchanged. It is
interesting to see that less or similar Nhalo, 5.7 (column e) compared

to criterion 2 is shown. This indicates that criterion 3 may be not
efficient in identifying massive clusters.

We conclude here that the three SAMs give different numbers
of protoclusters (or require different SFR thresholds when the
number of protoclusters are set to be the same) when the same
identifying criterion is applied. The detailed galaxy formation
recipes from each model, especially the parameters that control the
SFR, definitely play an important role in the number of identified
protoclusters. SAG generally yields more protoclusters than the
other two models because it contains many fewer galaxies with
high SFR ( >∼ 50 M� yr−1). However, it is also clear that there are
much larger differences between these criteria with which different
observational results are matched. Nevertheless, none of the models
can simultaneously match the observed average galaxy number
density with the SFR threshold of 1 M� yr−1.

3.2 The protoclusters at present

An interesting question is whether the protoclusters at high redshift
identified by applying this method to data would genuinely be
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Figure 4. Upper panels: the histogram of the most massive haloes at z = 0 resulted from all these protocluster regions at z = 5.7 compared to the histogram of
all the MDPL2 clusters at z = 0; Lower panels: the number fraction in each mass bin of these identified haloes with respect to the MDPL2 clusters. The three
criteria are shown in panels from the left- to right-hand side. The vertical red lines show the estimated final mass of the protocluster in J18. As indicated in the
legends, different colours are for different SAMs with the grey histogram for the MDPL2 clusters.

the progenitors of massive galaxy clusters at z = 0. Although we
cannot address this question observationally, the merger tree from
simulations allows us to provide a theoretical answer to this question.
By matching the galaxies in the protocluster regions with their haloes
in the MDPL2 halo catalogue, we track them down to z = 0 and
identify all their descendants using the merger tree provided by the
query system in https://www.cosmosim.org/. We note here that some
nearby protoclusters merged together at z = 0. Therefore, fewer
regions are presented in column g of Table 1 compared to the number
of protoclusters at z = 5.7 (column d). There are significant numbers
of haloes from z = 5.7 (column e) in these protocluster regions, which
merge to form massive clusters at z = 0, leaving fewer distinct haloes
(column h). We focus on the numbers of the most massive clusters in
each protocluster region in the last three columns at different mass
ranges: ≥ 1014 h−1M�, ≥ 1014.5 h−1M� , and ≥ 3.6 × 1015 M�. It is
not surprising to see fewer clusters at the massive end.

We further detail the distributions of the most massive haloes at
z = 0 from these protocluster regions in the upper panel of Fig. 4. For
comparison, we also include all the MDPL2 clusters. For criterion
1, both GALACTICUS and SAGE fail to form such a massive cluster
as claimed in J18. The final cluster masses from the two identified
protoclusters in GALACTICUS are slightly smaller than the prediction
in J18. Although SAG successfully identifies three out of the four
most massive clusters in MDPL2, it also includes another 13 less
massive clusters. Combining the two SAMs, we can confirm J18’s
result but with a slightly lower cluster mass 2.82 ± 0.92 × 1015 M�.
For both criteria 1 and 2, the most massive descendant haloes in
each of the protocluster regions have their halo masses greater than
1014 h−1M�. However, there is a significant fraction (� 30 per cent)
of the most massive descendant haloes whose masses are less than

1014 h−1M� in criterion 3. This means that the high SFR thresholds
identify many regions of lower overdensity (due to the huge drop
in the average number density). As there are more protoclusters
identified from criterion 1 to 3, more clusters from MDPL2 are
identified at z = 0. We note that these identified clusters seem to
fill up the most massive end first. There seems to be little difference
between the three SAMs on this final cluster mass distribution, except
that no clusters are identified in SAGE for criterion 1 and fewer
clusters are found in GALACTICUS for criterion 3.

In the lower panel of Fig. 4, we show the fraction of identified
clusters in each mass bin. In agreement with the upper panel, the
highest mass bin has the highest fraction with a significant drop
as decreasing to lower mass bins with <∼ 60 per cent for Mhalo <

1015 h−1M�. With about 10 times more protoclusters identified in
criterion 3 compared to criterion 2, however, the fraction for mass
bins 1015 <∼ Mhalo

<∼ 1015.4 h−1M� is actually lower. This means
that this method will not help to identify more massive cluster by
simply including more protocluster regions through varying the SFR
threshold. In addition to that, the detailed halo formation history may
also play an important role. Actually, as presented in Wechsler et al.
(2002), for example, the massive haloes are formed very recently,
whereas their overdensity may not be that high for being picked up
as a protocluster at such high redshift.

To further quantify the efficiency of this method for identifying
massive clusters, we define two fractions: the purity,

P(Ms) = Nrc(M > Ms)/Npc, (3)

which is the percentage of the protoclusters that result in cluster
with mass M > Ms. Here, Nrc(M > Ms) is the number of the cluster
resulted from the protocluster with M > Ms at z = 0, where Ms
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Table 2. The purities P (the first value) with completenesss C (the second
value) for different models and criteria at three characterized cluster masses.

Ms Criterion 1 Criterion 2 Criterion 3

GALACTICUS

1015 h−1M� 1.0/0.012 0.357/0.533 0.048/0.361
1014.5 h−1M� 1.0/5.79 × 10−4 0.968/0.071 0.279/0.102
1014 h−1M� 1/7.25 × 10−5 1.0/0.009 0.644/0.030

SAG
1015 h−1M� 0.938/0.089 0.250/0.751 0.031/0.751
1014.5 h−1M� 1.0/0.005 0.959/0.141 0.337/0.400
1014 h−1M� 1.0/5.8 × 10−4 1.0/0.018 0.795/0.118

SAGE
1015 h−1M� –/– 0.273/0.627 0.029/0.663
1014.5 h−1M� –/– 0.959/0.108 0.296/0.327
1014 h−1M� –/– 1.0/0.014 0.729/0.101

is the characterized mass and Npc is the total number of identified
protoclusters; the completeness,

C(Ms) = Nrc(M > Ms)/Nsc(M > Ms), (4)

which is the ratio between Nrc(M > Ms) and the total number of
clusters Nsc(M > Ms) in the simulation with M > Ms. Ideally, we
expect the method has both high purity P and completeness C for
a given characterized cluster mass. A high C means that most of
the identified protoclusters will result in the expected cluster mass.
This is useful for high-quality protoclusters. While a high C will
provide a more complete sample, i.e. C = 1 means all the expected
protoclusters (from z = 0 clusters) are identified. For our case, with
Ms = 1015 h−1M�, the purity P � 0.938 and the completeness C =
16/169 � 0.089 for the criterion 1 results from SAG. Identifying
more protoclusters with criteria 2 and 3 gives a lower P (0.25 and
0.03, respectively) with a gain in C (∼ 0.751). Furthermore, lowering
Ms will also increase P and decrease C, which is easy to understand as
this includes more clusters at z = 0. These rates from different criteria
and SAMs are detailed in Table 2. We can see that no combination of
model and criterion gives high P and completeness C simultaneously.
An improvement in this overdensity method is needed.

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

In this paper, we use three different mock galaxy catalogues, namely
GALACTICUS, SAG, and SAGE, from the MDPL2 galaxies presented
in Knebe et al. (2018). Following J18, we try to identify protocluster
regions at z = 5.7 with an overdensity δg = 5.6. Similarly to
J18, we also use the SFR threshold of 1 M� yr−1 (criterion 1) for
mimicking the LAE luminosity cut. In addition, we also consider
two other criteria to identify the protoclusters by varying the SFR
threshold: criterion 2, a fixed average number density from J18;
criterion 3, a large sample of protoclusters npc ≈ 3500. Benefiting
from knowledge of the simulation merger tree, we trace these galaxies
in the protocluster regions down to z = 0 and study their final states.
Our main findings can be summarized as follows:

(i) When the same identification criterion is applied, it is not sur-
prising that the three models give different numbers of protoclusters.
Qualitatively, the three SAMs are not very different from each other.
As SAGE has many more star-forming galaxies (SFR > 1 M� yr−1)
at z = 5.7, which results in a very high average number density ρ̄,
it fails to provide any protoclusters with criterion 1. The other two
models also give a very high ρ̄ compared to the observed result

ρ̄ = 3.48. Therefore, only countable protoclusters are identified.
With the fixed ρ̄ = 3.48 (criterion 2 with a higher SFR threshold),
there are more identified protoclusters and even more with criterion
3 by design.

(ii) Evolving these protoclusters from criterion 1 down to z = 0,
we find the final cluster mass is 2.82 ± 0.92 × 1015 M�, which is
consistent with the prediction from J18 within ±1σ .

(iii) The overdensity method applied with LAEs as the tracer is
more suitable for identifying the most massive clusters. As shown in
Fig. 4, fewer clusters in the less massive bin are identified (resulting
from the protoclusters) compared to the total number of clusters
in the MDPL2 simulation, even with criterion 3 that has � 4000
protoclusters.

(iv) To study the efficiency of this method, we defined two
quantities: the purity P and the completeness C (see the text for
details). For all the three SAMs and criteria, it is hard to have high P
and C simultaneously.

As shown in this paper, the number of protoclusters identified in
simulations depends on the type of SAM being used. Furthermore,
none of the criteria give a high efficiency in identifying more
protoclusters, which could due to the tracer selected in this paper
or the method itself. We plan to work on an efficient method/tracer
to identify the massive protoclusters in the next step. The most
massive clusters and their surrounding environments selected from
the MDPL2 simulation are re-simulated with different full physical
baryonic models and are presented in the 300 project3 (Cui et al.
2018; Wang et al. 2018; Arthur et al. 2019; Mostoghiu et al. 2019;
Ansarifard et al. 2020; Haggar et al. 2020; Knebe et al. 2020; Kuchner
et al. 2020; Li et al. 2020) for different studies. This provides us with
the best catalogue for tracking these hydro-simulated clusters back
to high redshift and identifying their progenitors.
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