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ABSTRACT

About 2100 star-forming galaxy protocluster candidates at z ~ 1—4 were identified at sub-millimetre wavelengths in the Planck all-
sky survey. Follow-up spectroscopic observations of a few candidates have confirmed the presence of actual galaxy overdensities with
large star formation rates (SFRs). In this work, we use state-of-the-art hydrodynamical simulations to investigate whether the Planck
high-z sub-millimetre sources (PHz) are progenitors of massive clusters at z = 0. To match the PHz sources with simulated halos,
we select the most star-forming (SF) halos in 19 redshift bins from z = 3 to z = 1.3 in the TNG300 simulation of the IllustrisTNG
project. At each redshift, the total SFR of the simulated protocluster candidates is computed from the SFR of all the galaxies within
an aperture corresponding to the Planck beam size, including those along the line of sight (LOS). The simulations reproduce the
Planck-derived SFRs as the sum of both the SFR of at least one of the most SF high-z halos and the average contribution from SF
sources along the LOS. Focusing on the spectroscopically confirmed z ~ 2 PHz protoclusters, we compare the observed properties of
their galaxy members with those in the most SF simulated halos. We find a good agreement in the stellar mass and SFR distributions,
and in the galaxy number counts, but the SFR-stellar mass relation of the simulated galaxies tends to be shifted to lower SFRs with
respect to the observed galaxies. Based on the estimated final masses of the simulated halos, we infer that between 63% and 72% of
the Planck-selected protoclusters will evolve into massive galaxy clusters by z = 0. Despite contamination from star-forming galaxies
along the LOS, we thus confirm the efficiency of Planck in selecting star-forming protoclusters at cosmic noon with the simulations,
and provide a new criterion for selecting the most massive cluster progenitors at high-z, using observables such as the number of

galaxy members and their SFR distribution.

Key words. galaxies: clusters: general — large-scale structure of Universe — methods: statistical — methods: numerical —

galaxies: star formation — submillimeter: galaxies

1. Introduction

Observing the early stages of the Universe is of prime impor-
tance for testing models of large-scale structure formation and
evolution. Clusters of galaxies are the most massive virialized
structures at the present time. Their progenitors (often referred
to as protoclusters) are not yet virialized, and are spatially
extended structures given that they are merging and collapsing
in accordance with the hierarchical structure formation scenario
(Sheth & Tormen 1999). Compared to galaxy clusters at z = 0,
which are mainly populated by red massive galaxies, their high-
z progenitors are supposed to host the peak of star-formation
activity in the history of the Universe, by being responsible for
more than 20% of the cosmic star formation at z > 2 (e.g.
Kauffmann et al. 2004; Madau & Dickinson 2014; Chiang et al.
2017). These high-z star-forming (SF) environments are thus
also key places for probing our current understanding of star for-
mation and galaxy growth at the cosmic noon epoch (1 < z < 3)
(Chiang et al. 2017). Probing galaxy clusters at their primordial
evolutionary stage is therefore essential in order to understand
the assembly history of clusters (see e.g. Cohn & White 2008;
Rennehan et al. 2020), and to open a window to this early stage
of intensive SF activity (Overzier 2016, for a review).

In the past decade, large efforts have been put into find-
ing cluster progenitors and thousands of candidates have been

found, but confirming them as protoclusters remains challeng-
ing. Today, only tens of protocluster candidates have been con-
firmed. They are typically drawn from a variety of selections
and span a wide redshift range, from z ~ 1.5 to >6. Sam-
ples of homogeneously selected and confirmed protoclusters
over a wide redshift range are still missing, hampering sta-
tistical studies and limiting our understanding of their evolu-
tionary properties. Low-redshift clusters are usually detected in
three ways: via their X-ray emission (see e.g. Rosati et al. 1998;
Bohringer et al. 2004) or through the Sunyaev—Zel’dovich (SZ)
effect (see e.g. Planck Collaboration XXIX 2014; Bleem et al.
2015), from their hot plasma (Rosati et al. 2002), or in the
optical band through overdensities of red galaxies (see e.g.
Rykoff et al. 2016). In contrast, protoclusters do not have a suf-
ficiently massive and hot plasma in their core, meaning both
their X-ray and SZ effect signals are below the sensitivity
reached by current instruments, and making common cluster
detection methods inefficient. Different approaches have been
proposed over the past decade to find protoclusters, such as
narrow-band imaging to detect Ha or Lya emission from SF
galaxies at a specific redshift (e.g. Daddi et al. 2021; Shi et al.
2021; Zheng et al. 2021), extended overdensities of star-forming
galaxies (e.g. Chiang et al. 2014; McConachie et al. 2022), and
redshift searches around high-redshift radio galaxies or sub-
millimetre galaxies (e.g. Umehata et al. 2015; Oteo et al. 2018;
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An et al. 2021; Kalita et al. 2021). Nevertheless, these protoclus-
ter searches remain limited to a small fraction of the sky, such
as the COSMOS field (Ata et al. 2021) and the Hubble Ultra-
Deep Field, which are strongly biased by their selection meth-
ods. The searches are also inhomogeneous in terms of available
data, making it difficult to build a homogenous sample and to
carry out meaningful comparisons across multiple protoclusters

In the last two decades, more and more protocluster can-
didates highly emitting at rest-frame far-infrared (FIR) wave-
lengths, corresponding to observed sub-millimetre frequencies,
have been discovered (e.g. Lagache et al. 2005; Beelen et al.
2008; Ivison etal. 2013; Vieira et al. 2010; Smail et al. 2014;
Dowell et al. 2014; Dannerbauer et al. 2014; Umehata et al.
2014; Hill et al. 2020; Rotermund et al. 2021). Given the
expected high star-formation activity in high-z dense environ-
ments at the cosmic noon epoch, the sub-millimetre/millimetre
band is indeed an ideal window for probing high-z dusty
SF galaxies (DSFGs) as supported by physical modelling of
galaxy evolution (e.g. Negrello et al. 2005). These high-z IR-
luminous galaxies are, as expected, highly star-forming, with
star-formation rates (SFRs) of up to several thousands of
Mgyr !,

In this context, the sub-millimetre measurements achieved
by the Planck mission offer a unique opportunity to statisti-
cally analyse the most luminous sub-millimetre sources at high
redshift over a large sky fraction. By using high-frequency
(between 353 and 857 GHz) maps from the Planck mission,
Planck Collaboration XXXIX (2016) selected 2151 bright sub-
millimetre sources, so called PHz, over the cleanest 26% of the
sky. These Planck sources provide a homogeneously selected
sample of protocluster candidates at z ~ 14, and thus constitute
a powerful sample for studying the early stage of cluster forma-
tion at the peak of their SF activity. Indeed, significant overden-
sities of DSFGs have been revealed by cross-matching Herschel
and Planck data (see e.g. Clements et al. 2014; Greenslade et al.
2018; Cheng et al. 2019; Lammers et al. 2022). Such galaxies
are thought to be the progenitors of the massive elliptical galax-
ies found in local clusters.

Nevertheless, the abundance (about 0.2 sources deg?) and
flux densities (with IR luminosity typically around a few
10" L) of these Planck high-redshift source candidates is far
larger than expected from ACDM models and structure forma-
tion scenarios (Negrello et al. 2017). Even if a small fraction
of PHz candidates are supposed to be strongly gravitationally
lensed galaxies, the number of bright sub-millimetre sources is
significantly higher than the number of protoclusters predicted
by cosmological models of large-scale structure growth. As
explained by Negrello et al. (2017) using an analytical formal-
ism based on galaxy evolution models Negrello et al. (2005), the
expected count of sub-millimetre luminous protoclusters from a
standard ACDM model is far below the statistics derived from
the Planck detections. Negrello et al. (2017) find that this dis-
crepancy can be explained by a positive Poisson fluctuation of
dusty high-z sources within the Planck beam.

In this work, we investigate whether both the estimated
SFRs of the PHz sources from Planck Collaboration XXXIX
(2016), Planck Collaboration XXVII (2015), which are about
ten times larger than common sub-millimetre detections (around
few 10* My yr~!), and the PHz follow-up observations can be
explained by hydrodynamical simulation. More specifically, we
investigate the possibility that the PHz sources are the result
of chance projection of multiple SFGs along the line of sight
(LOS). In detail, we see if the Planck high-z sources and their
follow-up observations can be explained by using the distri-
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bution of SF halos in state-of-the-art hydrodynamical simu-
lation, and, if so, what is their expected evolution. Indeed,
progress in hydrodynamical cosmological simulations in recent
years has opened up new possibilities for interpreting protoclus-
ter galaxy observations. For example, Lim et al. (2021) com-
pared seven structures from Casey (2016) and Araya-Araya et al.
(2021), with the expected protocluster detections from the Hyper
Suprime-Cam Subaru Strategic Program. For the first time, we
explore possible interpretations of the Planck high-z SF pro-
tocluster candidates via their integrated SFRs, galaxy member
properties as derived from spectroscopic follow-up studies, and
fate at z = 0, by using hydrodynamical simulations.

The paper is organized as follows. In Sect. 2, we describe
the Planck selection of high-z sub-millimetre sources and their
follow-up observations. In Sect. 3, we present our selection of
the most SF high-z objects from the TNG300 simulation as our
simulated protocluster candidate sample. We detail a paramet-
ric toy model to compute the SFRs of these protocluster can-
didates by taking into account angular aperture size, and the
foreground and background contamination along a fiducial LOS.
In Sect. 4, we compare the Planck protocluster candidates to our
high-z SF halo sample, by investigating both the integrated SFR
within the Planck beam and their galaxy member properties as
derived from PHz follow-up observations. We also explore the
fate of Planck protocluster candidates by probing the evolution
of our simulated sample up to z = 0. In Sect. 5, we discuss the
potential limitations and biases of Planck source detection and
the follow-up observations. We also compare our findings with
recent works that probe star formation of protoclusters in simu-
lation. In Sect. 6, we summarize our key results on probing the
Planck protocluster candidates in simulations.

2. Observational data sets
2.1. Planck selection of protocluster candidates

Planck Collaboration XXXIX (2016) have searched for bright
sub-millimetre sources with colours consistent with z ~ 1-4,
using the high-frequency all-sky maps obtained from the Planck
mission with an angular resolution of about 5 to 10 arcmin,
and over the cleanest 26% of the extragalactic sky. Typ-
ical sub-millimetre spectral energy distributions (SEDs) of
high-z (1 < z < 4) sources are expected to peak from
353 to 857 GHz (depending on their redshift, see Fig. 2 of
Planck Collaboration XXXIX 2016), making the Planck high-
frequency coverage optimal for statistical detections of dusty
FIR luminous sources at high redshift. Nevertheless, given that
these sources are embedded in Galactic cirrus, cosmic infrared
background (CIB), and cosmic microwave background (CMB),
Planck Collaboration XXXIX (2016) have developed a dedi-
cated approach in order to remove the CMB component, the
Galactic cirrus, and the low-z CIB component, and to optimize
the detection of a signal in excess at 545 GHz. Whereas the CMB
cleaning procedure also removes sub-millimetre sources at very
high-z (z > 4), the Galactic cirrus cleaning strongly reduces
the contamination of sub-millimetre sources at low-z (z < 1).
Following the cleaning procedure, cleaned maps at 857, 545,
353, and 217 GHz are obtained. An excess map at 545 GHz is
then produced by subtracting the linear interpolation of the two
surrounding bands (353 GHz and 857 GHz) from the 545 GHz
maps. The PHz sample is finally constructed in a systematic way,
by requiring a simultaneous detection in the 545 GHz excess
map (with a signal-to-noise ratio (§/R)>5), in the 857, 545,
and 353 GHz cleaned maps (with S/R > 3), and absence of
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signal at 100 GHz (with S/R < 3) The PHz is thus colour-
selected (and not flux-limited), and selects colours compatible
with galaxies’ spectral energy distributions at redshifts 1 <z <3
(Planck Collaboration XXXIX 2016).

The PHz sources are unresolved sub-millimetre peaks with
an angular resolution between 5 and 10 arcmin (depending on
the frequency), detected in four Planck wavelength bands. The
flux density is computed for each detected sources via aperture
photometry in the four cleaned maps (at 857, 545, 353, and
217 GHz). We notice that, given that flux densities are computed
in cleaned maps (and not in the excess map due to calibration
difficulties), they include the signal emitted along the LOS from
z > 1 to <4 sources. They might also be affected by attenua-
tion and contamination from systematics effects, as discussed in
Planck Collaboration XXXIX (2016).

For each PHz source, several photometric redshifts are esti-
mated by fitting the sub-millimetre SED with a modified black-
body model at various dust temperatures. In the present work, we
use the results estimated by assuming a dust temperature of 30 K,
in agreement with recent spectroscopic observations of high-z
sub-millimetre galaxies (see e.g. Magnelli et al. 2014). The red-
shift distribution of the Planck sources range from z = 1.3 to 3
for 90% of the sample, and peaks at z ~ 2. Therefore, the PHz
sample represents a precious resource for investigating the star
formation peak activity in the Universe (Chiang et al. 2017) and
the early phases of cluster formation.

The average uncertainty associated with the Planck pho-
tometric redshift estimates is about 6, ~ 1.4, and slowly
increases with the redshift, as illustrated in Fig. 1. We define
this Planck redshift uncertainty ¢, as the interval between the
best-fit z— 1o~ and z + 10, obtained during the SED fitting proce-
dure as presented in Planck Collaboration XXXIX (2016). The
derived photometric redshift uncertainty reflects the approxima-
tion introduced by the assumption that the measured flux densi-
ties are produced by a single source at a specific redshift, rather
than by multiple sources along the LOS. Following this assump-
tion, we highlight in Fig. 1 the redshift uncertainty that corre-
spond to different integrals of comoving distance along the LOS
with blue lines (D = 205, 615, 1025, and 1435 Mpc h1. In
general, an integration of a comoving distance of 1025 Mpc /™!
along the LOS is the best choice in order to reproduce the aver-
age redshift uncertainty of Planck sources (i.e. 6, ~ 1.4). How-
ever, the redshift uncertainties of Planck sources at redshift z < 2
appear to be better represented by comoving distances between
1025 and 1435 Mpc h~'.

The PHz catalogue in Planck Collaboration XXXIX (2016)
includes also the FIR luminosity associated with each source,
derived by integrating the best-fit modified blackbody model
between 8 and 1000 um, and the SFR derived following the pre-
scription from Kennicutt (1998). In Fig. 2 we show the total
SFR and associated uncertainties as a function of redshift for
the entire PHz sample. The estimated SFRs are extremely high,
with the 16th and 84th percentile being 1.6 x 10* My yr~! and
3.2x 10* M, yr~! (for a dust temperature equal to 30 K). As dis-
cussed in the introduction, we resort to large volume hydrody-
namical simulations to investigate the possible origins of these
high SFRs.

2.2. PHz follow-up observations

With the aim of investigating the nature of these Planck
sources, follow-up observations with the Herschel Space Obser-
vatory and with the Spitzer Space Telescope, of 228 PHz
and 92PHz sources, respectively, have been carried out

141 — Planck sources
’ Dy =1 X Lpox =205 Mpc/h
—— Dy =3 X Lpox =615 Mpc/h
124 —— Dy =5 X Lpox =1025 Mpc/h
—— Dy =7 X Lyox= 1435 Mpc/h
1.04
™ 038
N
['S)
0.6
0.4 A
0.24
0.0 T T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

z

Fig. 1. Redshift uncertainty, §,/2, defined by the mean 1o uncertainty,
as a function of redshift for all Planck sources (red circles). The aver-
age d,/2 per redshift bin and its variance are shown as a solid red line,
and the light-red filled area. The redshift interval 6,/2 corresponding
to comoving distances of Dy = 205, 615, 1025, and 1435Mpch™',
between z=1.3 and 3.0, are shown as blue lines.

+  Planck sources
X PHz G95.5-61.6
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- Ta—
> 104
o
=
o
[TH
w0
5 G237.01+42.50 - ssl - 20 spectro-gal
10° 1 <+ v G237.01+42.50 - ss2 - 8 spectro-gal
G073.4-57.5 - A - 5 photo-gal
v
G95.5-61.6 - 3 spectro-gal
X
102 T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0

z

Fig. 2. Star formation rates as a function of redshift, and associated
uncertainties, for the 2151 high-z SF Planck sources (red crosses). The
Planck estimates for three sources with spectroscopically confirmed
structures are highlighted with large symbols: G237.01+42.50 (upside-
down black triangle), G95.5-61.6 (black cross), and G073.4-57.5
(black circle). The values derived from the spectroscopically confirmed
members of these three sources are shown with coloured symbols as
noted.

(Planck Collaboration XXVII 2015; Martinache et al. 2018). In
addition, optical and NIR imaging observations, and spectro-
scopic observations have been obtained for a handful of PHz
sources. At the present time, only three PHz sources have been
spectroscopically confirmed.

First, PHz G95.5—-61.6 was observed by Flores-Cacho et al.
(2016) from optical to sub-millimetre wavelengths, and targeted
optical-NIR spectroscopic observations revealed an overdensity
of sub-millimetre sources associated with two clumps of galax-
ies at high-redshift. They found one structure at z ~ 1.7 with
three spectroscopically confirmed galaxy members, and a sec-
ond one at z ~ 2.0 with six confirmed members. Unfortunately,
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Table 1. Main properties of the structures found in the PHz sample.

Name z range Size [arcmin?] Nga  ZSFR [M, yr‘l] M, [10" My R~
G237.01+42.50 ss1  2.15-2.164 9.5x%x9.3 20 1002 = 58 7.3+0.5
G237.01+42.50 ss2 2.19-2.20 9.9 x 10.6 8 429 + 41 2.1+02
G073.4-575A ~1.5 24x24 5 840f{%8 5.8321
G073.4-575B ~2.4 24x24 5 1020“:?;8 4.23:?
G95.5-61.6 1.677-1.684 I1x1 3 148 = 10 4.0

Notes. Properties of the structures found through follow-up observations of three Planck high-z protocluster candidates are from Polletta et al.
(2021) (G237.01+42.50), Kneissl et al. (2019) (G073.4-57.5) and Flores-Cacho et al. (2016) (G95.5-61.6).

the SFR of the structure at z ~ 2.0 has not been estimated, given
that two of the six galaxies are fully blended in their aperture
photometry. The SFR, stellar mass, and redshift obtained from
each member galaxy of the structure at z ~ 1.7 are presented in
Table 3 of Flores-Cacho et al. (2016), and will be used in this
analysis.

Secondly, the Planck source PHz G073.4-57.5 has been
observed with ALMA and fully investigated by Kneissl et al.
(2019). They found that this sub-millimetre emitted source is
composed of at least two distinct SF structures (called A and B)
along the LOS: one at z ~ 1.5 and the second one at z ~ 2.4, and
with five galaxy members for each. Beyond these two SF high-z
groups, they also detected eight luminous SF galaxies along the
LOS. We notice that this follow-up observation is not spectro-
scopic, but the photometric redshift uncertainty is about 0.15.
They also provided SFRs and stellar masses for each galaxy
in their Table 5. These measurements will be compared in this
paper with those of the simulated protocluster members.

More recently, a third PHz source, PHz G237.01+42.50
has been thoroughly investigated by Polletta et al. (2021). This
source is located in the COSMOS field and contains at least
31 spectroscopically confirmed galaxies at redshift around
z ~ 2.16. In details, this source appears to be the sum of two sub-
structures or protocluster regions: one clump of 20 galaxy mem-
bers at 2.15 < z < 2.165, and the second one with eight galaxies
at 2.19 < z < 2.20. Galaxies of these two structures (called ss/
and ss2) are mostly blue SF galaxies with SFR and stellar masses
consistent with the main sequence (MS), and with a significant
fraction (20 = 10%) of active galactic nuclei (AGNs). Galaxy
member SFR and stellar masses used in this study are reported
in Table 8 of Polletta et al. (2021).

The total SFR and stellar mass, and the redshift range
of these three PHz sources containing five SF galaxy struc-
tures at high-z are reported in Table 1. In Fig. 2, we show
the Planck measurements of these sources with black sym-
bols. Their associated SFRs and redshifts, as measured from the
confirmed members in the follow-up observations, are instead
shown with coloured symbols. The follow-up observations indi-
cate that some PHz sources contain at least two different struc-
tures aligned along the LOS. The follow-up observations also
prove that the total SFR obtained by considering the identified
SF galaxies in those structures is much lower than the SFR esti-
mated from the Planck data.

3. Methods

To understand the nature of the Planck sources and rec-
oncile their properties with those derived from the follow-
up observations, we resorted to large volume cosmological
simulations (see e.g. Granato et al. 2015; Bassini et al. 2020).
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Since not all PHz sources might contain a high-z protocluster,
indeed a small percentage of them are strongly lensed galax-
ies (Planck Collaboration XXVII 2015; Cafiameras et al. 2015,
2021), in the simulations, we questioned the Planck selection
without imposing a priori that the simulated object will evolve
into a massive cluster by z = 0. The fate of the simulated struc-
tures is investigated and discussed later. The issue of how to
select true protoclusters in simulations has been previously dis-
cussed by Lim et al. (2021) using the TNG300 simulations. They
concluded that simulated objects selected by their total SFR,
rather than by halo mass, and independently of their final mass at
z = 0, reproduce better protocluster observations. This is espe-
cially true for protoclusters discovered as high-SF galaxy over-
densities because of their bright IR luminosity.

Starting from this point, we constructed a simulated pro-
tocluster sample, making use of the TNG300-1 simulation,
selected on their total SFR. For each simulated object, we com-
puted the total SFR from the distribution of SF galaxies within
different volumes, as presented below.

3.1. TNG300-1 simulation

The IllustrisTNG project is a series of cosmological hydro-
dynamical simulations that simulate the formation and evolu-
tion of cosmic structures from high redshift to the present time
(Nelson et al. 2019). The numerical models that govern the key
physical processes relevant for galaxy formation and evolution
are described in Pillepich et al. (2018). We refer to them for
details on the SFR computation per gas cells in the simulations of
the IllustrisTNG project. We focus here on the TNG300-1 sim-
ulation of the IlustrisTNG project (TNG300-1 hereinafter), for
which the comoving size of a simulation box is about 300 Mpc,
and the resolution in mass is about mpy = 4.0 x 10’ My h~".
TNG300-1 is the largest simulation box of the IllustrisTNG
series, with the best spatial and mass resolution. This choice is
optimal for probing SF structures at high redshift through their
galaxy distribution. Indeed, as discussed by Lim et al. (2021),
the computation of SFR can be affected by the spatial resolu-
tion of hydrodynamical simulations. The TNG300-1 simulation
has 100 available snapshots, each consisting of one simulated
box extracted at a specific time step from z ~ 20 to z = 0. For
each snapshot, TNG300-1 provides a halo catalogue, with halos
identified by the friends-of-friends (FoF) algorithm (Davis et al.
1985), and sub-halo catalogues derived from the Subfind algo-
rithm (Springel et al. 2001). We consider here galaxies all sub-
halos with a stellar mass and an SFR larger than 0, and halos as
objects detected by the FoF algorithm. Halos are constituted of
both a main sub-halo (the most massive subgroup of each halo)
and other sub-halos associated with it by the FoF algorithm. The
simulation assumes a cosmology consistent with results from
Planck Collaboration XXIV (2016), such that Q5o = 0.6911,
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Qmo = 0.3089, Qpp = 0.0486, os = 0.8159, ny = 0.9667 and
h =0.6774.

3.2. Simulated most SF protocluster candidates in TNG300-1

To question the Planck selection in the simulations, we con-
sidered the most SF objects at various redshifts, even if they
might not evolve into massive halos by the present time. The
SFER selection was performed on the SFR of the halo, referred to
later as SFRgqp. This SFR value, provided by the TNG300 sim-
ulation, is the sum of the individual SFRs of all gas cells in a
FoF group. We then constructed a sample of high-z SF objects,
by selecting the 30 most SF halos from z = 1.3 to z = 3 in
IustrisTNG. This redshift interval was chosen to match the red-
shift range covered by the Planck sources. Indeed, more than
90% of the PHz have redshifts 1.3 < z < 3. This redshift range
was covered by 19 snapshots in the simulation. The choice of 30
SF halos at each redshift was based on the number of massive
clusters at z = 0 in TNG300-1. Indeed, there are approximately
30 galaxy clusters with mass' Msgy > 2.5 % 10'* Mg h™! (similar
selection as Lim et al. 2021, which have used TNG300). There-
fore, our simulated sample of ‘mock protoclusters candidates’
from TNG300-1 was constituted of the 570 most SF objects at
1.3<z<3.

3.3. The fate of the simulated most SF objects

Starting from our simulated sample of the 570 most SF objects
from z = 1.3 to z = 3, we aimed to probe their fate at z = 0. In
order to test if they are actual protoclusters (e.g. progenitors of
massive galaxy clusters at z = 0), we focused on their descendant
at the last snapshot of the simulation (z = 0).

To derive the final mass of the descendant of each simulated
object, we used the merger tree of the associated sub-halos, com-
puted using the SubLink algorithm as provided by [llustrisTNG
(see Rodriguez-Gomez et al. 2015, for details on merger tree
computation). For each high-z SF halo in our simulated sam-
ple, we extracted the merger tree of its main sub-halo. Following
the main principal branch of each merger tree, we could find its
descendant at z = 0. To do so, we considered the last descendant
at z = 0 in each merger tree. From the tree identification number,
we could identify the last descendant sub-halo at z = 0, and thus
the associated halo at z = 0. Through this procedure, for each
halo in our high-z SF halo sample, we could derive the proper-
ties of the last descendant halo, such as the mass M5gy(z = 0).

Given the fact that we used a sub-halo merger tree, we
could also determine whether a sub-halo will become the main
sub-halo or a satellite substructure inside a given halo at z =
0. Indeed, a main sub-halo at a given redshift will not nec-
essary remain the main sub-halo during its whole merging
history. Given that halos (and sub-halos) are merging during
cosmic time, a main sub-halo at high redshift can become the
substructure of another halo at z = 0 (by being accreted or by a
merger event). In Sect. 4, we thus investigate the fate of our 570
SF objects by considering which main halo they will be asso-
ciated with at z = 0; a main sub-halo or a substructure, and its
final halo mass as: a cluster mass (Mago.(z = 0) > 10 M), a
group mass (Ma.(z = 0) = 1013 M), or a low-mass object
(Maooc(z = 0) < 10" Mo).

' My is defined as the total mass of a group enclosed in a sphere
whose mean density is 200 times the critical density of the Universe, at
the time the halo is considered.

3.4. Halo properties per volume

Given the large number of observational effects (such as aper-
ture size and LOS contamination) in protocluster detection, and
potential systematics in the measurements of their properties
(such as flux limits, SED fitting and galaxy selection), it is
extremely difficult to perform a fair and reliable comparison
between protocluster observations and simulations. In order to
estimate the total SFR of the simulated protoclusters, different
methods have been considered. We can measure the total SFR in
the following ways: within a sphere of physical radius R = 5 Rs
(Lim et al. 2021); with a fixed radius of 10 Mpc in comoving
scale (Yajima et al. 2022); with different physical radii of 1 Mpc
and 100 kpc (Bassini et al. 2020); or in boxes with physical size
per side of 2Mpc (Granato et al. 2015). This large diversity of
SFR protocluster estimations in simulation is the result of both
different observational conditions and the highly debated theo-
retical predictions of the extent of high-z protoclusters (see e.g.
Chiang et al. 2017; Muldrew et al. 2015).

In our case, we aimed to compare the galaxy population of
our high-z simulated halo sample with three PHz sources for
which follow-up observations have confirmed the presence of a
structure (see Table 1). Given the different aperture size and red-
shift range along the LOS, from both the measurements relative
to the identified members and the Planck data, we developed a
parametric model which integrates the galaxy distribution inside
a cylinder around each of our most SF high-z halo (see also
Lovell et al. 2018, for a cylindrical parametric model to probe
galaxy protoclusters). We developed this technique to be flexi-
ble in the computation of the total SFR of our simulated sample,
and to be able to adapt our parametrization of the cylinder to
each observed PHz and to the different methodologies adopted
in measuring their integrated properties.

In practice, for each SF halo of our sample, we selected all
galaxies inside a cylinder with diameter D and length Dy, and
centred on the centre of mass of the halo. This cylindrical selec-
tion of galaxy distribution took into account three basic param-
eters: the aperture angle, the integration along the LOS, and a
minimum SFR threshold applied to the galaxies.

First, We describe the minimum galaxy SFR value SFR .
Through this parameter, only the galaxies with an SFR above
such a threshold are taken into account to reflect the minimum
SFR measured in the identified members by the follow-up obser-
vations.

Secondly the angular aperture 6 is the diameter of the cylin-
der Dg is computed as the comoving transverse distance at a
given redshift z for an angular aperture of 6. The redshift evo-
lution of such a size is illustrated in the left panel of Fig. 3, by
considering different angular apertures 8 = 5, 10 and 15 arcmin.

Thirdly, we discuss the integration along the LOS Dy. By
selecting the galaxies inside a cylinder of length Dy , we can arti-
ficially reproduce the integration along the LOS. This length can
be converted into a redshift range ¢, which is the comoving dis-
tance along the LOS between two different redshifts: z — §,/2
and z + 0,/2. The middle panel of Fig. 3 shows the value of
Dy, as a function of redshift for three different values of 6. It
is important to point out that the maximum length of each cylin-
der is given by the comoving size of a simulation box, that is
Dy, < Lyox = 205Mpc h~'. For each object, to compute the
mean of each integrated quantity and an associated error, we
considered three cylinders (with aperture 6, and length Dy ) cen-
tred on the halo centre and oriented in three different directions
(along the x-, y-, and z-axis) that mimic three fiducial lines of
sight.
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Fig. 4. Illustration of the SFR computation method for a given SF halo
in a kth simulation snapshot at a given redshift z;. The total SFR of
an object is computed by summing the SFR of the galaxies inside a
cylinder of length Dy (6;) and diameter D(6) centred on the halo. The
contributions of N background and foreground boxes along the LOS
are considered by adding the mean total SFR computed inside cylinders
with the same parameters Dy (d;) and 6 in the nearest snapshots at the
lower and higher redshifts, z;_; and z;.

The total SFR of a given halo is thus simply the sum of the
SFR of all galaxies inside a cylinder with parameters 6 and Dy,
and centred on the halo, such that:

Nga]

SFR(8,Dy) = Z SFR;(SFR; > SFRip), 1)

with Ng, the number of i galaxies with SFR; > SFR;;, contained
inside a cylinder defined by the 6 and Dy, parameters, and centred
on a given object at its snapshot. Similarly, the total stellar mass
of a given halo is computed as:

Ngal

M.(6,D1) = )" M. (SFR; > SFRyin), ©)

with M, ; being the stellar mass of i galaxies inside the same
cylinder as above and centred on a given object at its snap-
shot. The total stellar mass and SFR of each simulated SF halos
are computed in cylinders defined by the parameters 6, ¢, and
SFRin, Which reproduce at best the observational conditions of
the PHz follow-up observations.

3.5. Mimicking the Planck measurements in the simulations

To mimic the measurements carried out with the Planck data on
the full PHz sample (Planck Collaboration XXXIX 2016), we
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considered cylinders with aperture 6, consistent with the typi-
cal size of the PHz sources. The Planck maps used to measure
the sub-millimetre flux densities of the PHz sources have a res-
olution of ~5 arcmin, and the sources’ size have a major and
minor axis full width half maximum of ~10 arcmin and 5 arcmin,
respectively. Thus, we chose an angular aperture 8 = 10 arcmin.
This angular size corresponds to cylinders with comoving diam-
eters ranging from 8 to 12Mpch~! at 1.3 < z < 3 (see Fig. 3).
This size is in good agreement with the protocluster theoretical
size predicted by Chiang et al. (2017), given that it is approxi-
mately twice the radial distance where membership probability
drops to 50% in protoclusters at 1 < z < 3.

The length of the cylinder that should be adopted to repro-
duce the Planck total SFRs of the PHz sources is defined by
the estimated redshift uncertainty 9§, described in Sect. 2. Such
an uncertainty is, on average, equivalent to a comoving dis-
tance of 1025 Mpc 4!, as illustrated in Fig. 1. Such a distance is
much longer than the maximum depth of a simulation box (i.e.
Liyox = 205Mpc k™). Indeed, for each snapshot of the simula-
tion at redshift zgsp, the maximum redshift integral 6. equiv-
alent to a comoving distance of 205Mpc h~', is illustrated in
the right panel of Fig. 3. Thus, to take into account the con-
tribution from the galaxies along the LOS within J,, we con-
sidered a cylinder length that combines five simulation boxes
(DL = 5 Lpox = 1025 Mpc h™"), two in the foreground and two in
the background of each simulated halo.

For each kth snapshot, we considered the total SFR from
the most SF halo and that from the two foreground (k + 2,
k + 1th) and the two background (k — 1, k — 2th) snapshots. The
total SFRs from the foreground and background snapshots were
obtained by averaging the total SFR given from all the galax-
ies within 100 random cylinders, with parameters 6 = 10 arcmin,
and Dy, = Lpox, in those snapshots. We illustrate these addi-
tional background and foreground contributions to our paramet-
ric computational method of halo SFR in Fig. 4. The total SFR
of an SF halo at z; is thus derived as:

SFR(0, zx) = SFR(6, Dp. = Liox, 2)

+ Z (SFR(6, Dy, = Liox, 2)))-
J=k=2,k—1,k+1,k+2

3

4. Results

We aim to compare our simulated sample of the 570 most SF
halos from z = 1.3 to z = 3 and their associated properties, as
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Fig. 5. Estimated SFRs and redshifts of the Planck high-z sources
(Planck Collaboration XXXIX 2016) as measured using Planck data
(red points). For comparison, the SFRs of the 30 most SF simulated
halos from 19 snapshots at different redshifts are also shown. In blue,
we show the simulated halos’ SFRs computed by summing the SFR of
all galaxies inside cylinders with diameter # = 10 arcmin and lengths of
Dy = 205, 615, and 1025Mpc /™! (see Sect. 3). In green are the FoF
SER values.

computed by the cylinder parametric model described in Sect. 3,
with both the Planck measurements of the full PHz sample, and
with those obtained on three PHz sources from follow-up obser-
vations. We first investigate the total SFR of the Planck proto-
cluster candidates by including the contribution from foreground
and background sources along LOS in the simulated sample.
Then, we compare the main properties (SFR, M., and number
counts) of the galaxy members identified in the spectroscop-
ically confirmed PHz protoclusters with those in the simula-
tions. Finally, we analyse the evolution of the most SF simulated
objects up to the present time. We also investigate which physi-
cal properties in the simulated halos can be used to better predict
their evolution and the final halo mass at z = 0.

4.1. Effective SFR of the Planck SF protocluster candidates

As discussed in Sect. 2, the Planck SFRs of the PHz sources
were obtained by integrating the flux densities over a ~10 arcmin
region, and were expected to be highly over-estimated due to the
contribution of SF galaxies along the LOS (Negrello et al. 2017).
Indeed, in spite of the cleaning procedure applied to remove
the contribution to the sub-millimetre flux densities from low-
(z < 1) and high-(z > 4) redshift sources, the range of possible
redshifts of these Planck sources remains quite large, 6, ~ 1.4
(see Fig. 1).

To compare the Planck SFR with those obtained from the
simulations, we considered the most SF halos at 1.3 < z < 3
(in Sect. 3) and computed their Planck-like SFR by consider-
ing cylinders of diameter # = 10 arcmin, and of lengths Dy, =205,
615, and 1025 cMpc 4~!. The total SFRs obtained from the sim-
ulations and from Planck (Planck Collaboration XXXIX 2016)
are shown in Fig. 5 with red and blue symbols. The FoF SFRs
of the simulated most SF halos, derived by adding the SFRs of
all the bounded galaxies, are also shown as green circles. It is
important to note that the Planck SFRs were divided by 1.74 to

be compared with simulations, to correct from the Salpeter ini-
tial mass function (IMF; Salpeter 1955) assumed by Planck to
the adopted Chabrier IMF (Chabrier 2003) in the simulations.

The SFRs obtained by considering all simulated galaxies
inside cylinders with length Dy from 615 up to 1025 cMpc h~!,
and aperture 6= 10arcmin centred on the most SF simulated
objects, well match the SFRs derived from the Planck photo-
metric measurements. Conversely, these Planck-like integrated
SFRs are about 25 times larger than the SFRs of most SF halos
derived from the SFRs of the bounded galaxies. Thus, we argue
that the SFR estimations from the Planck high-frequency maps
are the result of both, at least one of which is a very luminous
source, and a large contamination of foreground and background
sources along the LOS projected within a region similar to the
Planck beam.

It is interesting that the length of Dy, = 1025 cMpc i~ corre-
sponds approximately to the photometric Planck redshift range
d,, and well matches the effective SFR of the Planck sources.
Indeed, this amount of LOS contamination corresponds the asso-
ciated photometric redshift range (6, ~ 1.4; see Fig. 1) as deter-
mined by fitting a single modified blackbody to the Planck high-
frequency flux densities. This similarity suggests that the uncer-
tainty derived from the SED fitting is related to the contribu-
tion of IR sources along the LOS. We also notice that the effec-
tive SFR of the Planck sources matches with LOS contamina-
tion from 615 to 1025 cMpc h~!, whereas their redshift uncer-
tainties are better represented by LOS distances from 1025 to
1435 cMpc h~!. This difference can be interpreted as a hint of an
overestimation of the Planck redshift uncertainties.

This finding, which supposes that the effective flux (and
derived SFR) of the Planck sources are overestimated due to
line-of-sight effects from aligned SF galaxies integrated in a
large redshift range, is consistent with both theoretical and obser-
vational studies of Planck sources. Theoretically, Negrello et al.
(2017) have shown that protocluster candidates detected in the
Planck maps can be interpreted as Poisson fluctuations of the
number of high-z dusty protoclusters within the same Planck
beam, rather then being individual clumps of physically bound
galaxies. They concluded that most of the flux density within
the Planck beam can be explained by one or two very lumi-
nous sources, and by a larger number of faint galaxies along
the LOS. Moreover, follow-up observations also revealed that
these fields often contain two SF structures aligned along the
same LOS, as illustrated in Fig. 2. As discussed in Polletta et al.
(2021), the total SFR from the SF galaxies, identified spectro-
scopically or through narrow-band imaging, in a small redshift
range (z = [2.15-2.2]), is much smaller than the SFR derived
from Planck sub-millimetre measurements, implying the need
to integrate the signal along a larger redshift range in order to
reproduce the Planck-derived SFR of the PHz sources. Indeed,
they reproduce the Planck flux densities measured in the Planck
beam of a PHz source by summing the Herschel flux densities
of all the Herschel sources in the same region.

4.2. Comparison with PHz follow-up observations

Three PHz sources were followed up with dedicated observa-
tions and have yielded the discovery of significant overdensities
of galaxies at similar redshifts, confirming their associa-
tion with high-z protoclusters, as described in Sect. 2 and
summarized in Table 1. These PHz fields, G237.01+42.50,
G073.4-57.5, and G95.5-61.6, have been individually observed
with distinct observational strategies (spatial and wave-
length coverage, redshift measurements techniques, and depth),
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making direct comparisons with simulations difficult. More
specifically, the overdensity in the PHz source G237.01+42.50
was found by combining spectroscopic observations at optical
and near-IR wavelengths over a 10’ X 10’ region. These observa-
tions were biased in favour of SF galaxies with sufficiently bright
emission lines at rest-frame ultraviolet or optical wavelengths
to enable a spectroscopic redshift measurement (Polletta et al.
2021). Once an overdensity at a specific redshift was found,
narrow-band imaging observations in a smaller region of the
field were carried out to identify SF galaxies with a strong
Ha line in emission at the same redshift (Koyama et al. 2021).
The PHz source G073.4—57.5 has been instead observed with
ALMA pointed observations targeting eight Herschel sources in
a 5 x5 region (Kneissl et al. 2019). Finally, in G95.5-61.6
optical-NIR spectroscopic observations were carried out, tar-
geting colour-selected galaxies associated with four Herschel
sources, all located in a 1 x 1’ region (Flores-Cacho et al. 2016).

In this second comparison, our goal is to test whether the
galaxies in and around the most SF high-z halos in [llustrisTNG
can reproduce the galaxy properties observed in the overden-
sities found in these three PHz sources. For each overdensity,
we searched for the best matched simulated halo by choosing
the 30 most SF halos at the closest redshift, and for each simu-
lated halo by selecting the galaxies using our parametric cylinder
model. The parameters of the cylinder were chosen to be close
to the observational configuration of each PHz observation, and
are reported below.

First, two overdensities were found in PHz G237.01+42.50,
both in the same 10x 10 arcmin® region, one containing 20 galax-
ies at z = 2.155+0.005 (ss/) and anther with eight galaxies at z =
2.195 + 0.005 (ss2) (Polletta et al. 2021). We therefore consid-
ered cylinders with parameters § = 10 arcmin and §, = 0.01. In
addition, since the identified members had SFRs > 10 M yr‘l,
only simulated galaxies with SFRs above such a value were
taken into account.

Secondly, the eight ALMA pointings in PHz G073.4-57.5
covered, in total, an area of 2.4 arcmin? and yielded mm contin-
uum detections of 18 galaxies. Photometric or CO-based spec-
troscopic redshifts were derived for these galaxies, suggesting
the existence of two overdensities, both with five members; one
at z ~ 1.5 and another at z ~ 2.4 (Kneissl et al. 2019). Since the
ALMA pointings and the members of each of the overdensities
are distributed on a 5’ X 5’ region, but only 10% of it was probed
by the follow-up observations, to match these overdensities, we
considered cylinders with 8 = 2.4 arcmin and a sufficiently large
depth along the LOS to mimic the significant photo-z error (i.e.
0, =0.17atz ~ 1.5 and 6, = 0.26 at z ~ 2.4). We considered
also an SFR threshold of 30 M, yr~!, given the lowest SFR value
measured in these overdensities (i.e. 44*7¢ Mo yr™).

The third PHz that was spectroscopically confirmed is
(G95.5-61.6. This source contains two structures, one with three
members at z ~ 1.7 and a second (blended) with six members at
z ~ 2, both distributed over a 1’ X 1’ region (Flores-Cacho et al.
2016). Since there are no accurate SFR estimates for the struc-
ture at z ~ 2, in the following, we considered only the struc-
ture at z ~ 1.7. Given the tiny aperture and the precision of the
spectroscopic measurements, we chose a cylinder with angular
aperture # = 1 arcmin and depth equivalent to a redshift inter-
val of §, = 0.005. Only galaxies with SFR > 10 My yr~! were
considered.

For each of the five confirmed structures, we considered the
30 most SF halos at the snapshot redshift closest to the structure
redshift. We computed their total SFR and stellar mass consider-
ing only the galaxies with SFR larger than the threshold defined
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above inside the appropriate cylinder. By considering three ori-
entations (along x- y- and z-axis) for each cylinder, we artifi-
cially increased our simulated sample of 30 most SF halos to 90
SF halos in each case. The distribution of total SFRs and stellar
masses for the simulated halos are compared with the measured
ones in the left panels of Fig. 6. Each row refers to one of the five
observed structures. We also show, on the right panels of Fig. 6,
the number of galaxies inside cylinders centred on each of the
30 most SF halos as a function of total stellar mass. Black sym-
bols refer to the observational results of the five observed struc-
tures, and coloured symbols represent the values drawn from the
simulations.

As shown in Fig. 6, our cylinder parametrization yields
SFRs, stellar masses, and galaxy counts in the simulated objects
that are compatible with the values measured in the five observed
PHz structures. This is particularly true for G237.01+42.50-ss1
at z ~ 2.1, G073.4-57.5-B at z ~ 2.4, and G073.4-57.5 at
z = L.7. To better illustrate the good match between the obser-
vations and the simulations, we highlight with a red star the
simulated object that is in closer agreement with the correspond-
ing observed structure. The values of these simulated halos can
be found in Table 2 for comparison with the observational ones
reported in Table 1, showing the good agreement between the
observed structures and the simulated SF halos. Interestingly, the
most similar simulated object in the case of G237.01+42.50-ss2,
is located on the tail of the SFR-stellar mass distribution of the
simulated SF halos, suggesting that this structure is one of the
least massive and least SF objects among the most SF halos at
its redshift. The comparison with a such large sample of sim-
ulated halos shows also that the G073.4—57.5-A structure has
a larger SFR than predicted by the simulations, even if the total
stellar mass and the number galaxy count are well reproduced by
the simulations. This discrepancy could be explained if some of
the galaxy members had higher SFRs than predicted, but similar
stellar masses. Since the identified members of this structure are
all bright millimetre sources, they are biased in favour of galax-
ies with large SFRs. Such a bias was not included in the choice
of the closest simulated object.

We argue that the good agreement between simulations and
observations is due to the cylinder parametric model, which
allows us to take into account both the projected spatial distri-
bution of the galaxies on the sky, and their distribution along
the LOS, as derived from the observations. Taking into account
only the contribution from the bound galaxies to each simulated
halo would result in larger discrepancies between simulated and
observed values (see e.g. the FoF SFR values in Table 2).

4.3. Galaxy properties in PHz follow-up observations

The good agreement between the total SFRs and stellar masses
of the simulated objects and the observed ones, prompts us
to investigate whether this is also the case for the individual
galaxy members. To explore this point, we show in Fig. 7 the
SFR and stellar mass of the galaxies in each observed structure
(one panel per structure) as measured in the observations (black
symbols), and in the simulated halo that best matches the inte-
grated observed quantities (shown as red crosses in Fig. 6; and
in coloured crosses in Fig. 7). The overall distribution of stel-
lar mass and SFR of the galaxy members in the simulated SF
halos and in the observed structures are consistent, in particu-
lar for the PHz G237.014+42.50 ss/ and ss2 structures, for which
a large number of galaxy members are known. We notice that
inside the G073.4-57.5 A and B structures, galaxies are appar-
ently more massive in the A structure, and have higher SFRs in
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Fig. 6. Total SFR, and stellar masses (left panels), and number of galaxies (right panels) derived from the 30 most SF simulated objects at specific
redshifts, zy,p, compared with the measured values from five structures (one per row) found in three PHz sources. The selected snapshot in each
row is the closest to one of the observed PHz structures. The reported quantities were obtained by averaging the total values measured in three
cylinders (oriented along x, y, and z-axis) with parameters 8 and ¢,, and considering only galaxies with SFR > SFR;,. Each row corresponds
to one of the five observed structures (the name and the redshift are noted in black), and relative quantities (see Table 1) are shown with a black
upside-down triangle. The snapshot redshift, the SFR threshold, and the cylinder parameters are noted in each panel in various colours, and shown
as coloured circles. A red cross corresponds to the simulated halo with estimated quantities that best reproduce those of an observed structure.

Table 2. Properties of simulated halos that best reproduce the observed values.

Observational case  zgap  Cylinder parameters Ny SFR M, SFRFOF
0, SFRuin [Moyr™'T [10" Mo h™']  [Mgyr™']
G237.01+42.50 ss1 2.1 10 0.01 10 19 1092 6.9 654
G237.01+42.50 ss1 221 10/ 0.01 10 9 548 2.3 490
G073.4-575A 1.5 24 0.17 30 5 495 4.1 368
G073.4-575B 244 24 0.26 30 5 788 4.9 712
G95.5-61.6 1.67 1.0 0.005 10 4 125 3.4 413

Notes. Properties of most SF halos that are closest to those of the observed PHz structures, in terms of their stellar mass, SFR, and the number of
SF galaxies computed from the cylinder parametric model (shown as red stars in Fig. 6).
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SF halo with total SFR and stellar mass that are the closest to those measured in the observations (see red crosses in Fig. 6). Each panel shows a

different structure whose name and redshift are noted in black on the top.
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Fig. 8. Star formation rates as a function of stellar masses of the galaxy
members in the spectroscopically confirmed structure G237+42.50
(ss1+ss2) from Polletta et al. (2021) (black stars). A grey circle indi-
cates the AGN members. The SFR and stellar masses of the galaxies
from the closest simulated case (for ss/ and ss2) are shown as blue
crosses, and a cyan circle is over-plotted on those that are considered
AGN. The main sequence at z = 2.17, as formulated by Speagle et al.
(2014), is shown as a solid red line, and the main sequence divided by
a factor of three as a dotted red line.

the B structure than the simulated ones. Given that the mem-
bership is based on photometric redshifts (less accurate than
spectroscopic redshifts), we believe that the comparison with the
cylindrical model might not be well adapted, and a proper light-
cone galaxy selection might be better to interpret these observa-
tions (similar to Araya-Araya et al. 2021). Also, in G95.5-61.6,
the simulated galaxies tend to be less massive and more numer-
ous than the simulated ones, but this difference is not significant
considering the small number of identified members.

We thus focus on the structure that has a large number of
identified members, PHz G237.01+42.50. Since its two struc-
tures overlap in projection on the sky and are in relatively close
proximity along the LOS, we consider them together for the fol-
lowing analysis. In Fig. 8, we show the SFR as a function of
stellar mass of the 28 spectroscopic members of the two struc-
tures ss/ and ss2 (as in Fig. 16 of Polletta et al. 2021), simi-
larly to Fig. 7. We also show the star forming MS at z=2.17, as
parametrized by Speagle et al. (2014). Although these two struc-
tures can be considered as two distinct protoclusters, their close
redshifts imply that they might constitute a proto-supercluster
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(see Polletta et al. 2021, for a discussion on this possibility). As
illustrated in Fig. 8, the observed galaxy members are consis-
tent with the MS (assuming a Chabrier 2003 IMF). The galaxy
members include both star-forming galaxies and AGN. The lat-
ter were identified through optical spectroscopy or X-ray data.
The estimated AGN fraction in the two combined structures,
PHz G237.01+42.50 ss1, and ss2, is 14% + 10%.

For comparison, we show in Fig. 8 the galaxies in the
two simulated halos that best reproduce the integrated proper-
ties of the two structures in G237.01+42.50 (see red crosses
in Fig. 6) as blue crosses. In the simulations, it is possible to
identify the galaxies that contain an AGN as those that host
a super massive and fast accreting black hole (SMBH; with
masses Mgy > 108 My h™' and instantaneous accretion rate
Mgy > 108 My h™'/(0.978 Gyr h™")). These thresholds are such
that the BHs would double their mass within roughly 1 Gyr. The
thresholds represents the most luminous AGNs in massive galax-
ies; their bolometric luminosity is around Lagy = 10* ergss™!,
as estimated from BH model of Churazov etal. (2005; we
refer to Florez et al. 2021; Habouzit et al. 2022, for details on
AGN evolution and their bolometric and X-ray luminosities in
TNG300). We find an AGN fraction in the simulated objects that
is 11% = 6% (with two AGN in the simulated object matching
ss1 and one in that matching ss2). The AGN fraction in the sim-
ulated ss/ and ss2 objects is thus consistent with the observed
value.

Regarding the distribution of galaxies in the SFR-M, dia-
gram, whereas the observed galaxies are well distributed around
the MS, the simulated ones have almost systematically lower
SFRs. This result is consistent with the findings of Bassini et al.
(2020), who find that the SFRs of high-z SF galaxies are under-
predicted in the DIANOGA hydrodynamical simulation. They
show that this lower normalization of the MS in simulations
is stable against varying several sub-grid and AGN feedback
models. This offset of the MS for high-z SF galaxies in simu-
lation has been explored in different recent numerical studies,
and the reason is still debated. A possible explanation might
be linked to the underestimated gas fractions in high-z galaxies
(Bassini et al. 2020), and to the spatial resolution limit in simu-
lations (Lim et al. 2021).

4.4. The fate of protocluster candidates

As described in Sect. 3, we investigated the mass evolution of
our 570 high-z most-SF halo sample up to the present time at
z = 0. The results are presented in Fig. 9. We define an SF halo
as progenitor of a massive cluster if its mass at the present time
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The fate of simulated high-z SF halo at z=0
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Fig. 9. Fractions of simulated SF halos at high-z that will evolve into
clusters with halo mass May > 10'* My, into groups with halo mass
Moy = [1-10]x 10" M, and into single halos with My < 1x10'3 M,
by z=0. We also show the fraction of simulated halos that will become
the main sub-halo of a halo at z = 0 (turquoise), or a substructure (sub-
halo) inside a given halo (red).
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Fig. 10. Halo mass evolution of the 30 most SF simulated halos at z =
2.1 (purple circles connected by solid lines in the left panel) and at z =
2.21 (blue circles connected by solid lines in the right panel), showing
their mass at the observed redshift and the mass of their progenitor at
z = 0. The estimated halo mass of the two G237.01+42.50 ss/ and ss2
protoclusters and their expected mass at z = O from Polletta et al. (2021)
are shown in black.

is Mypy(z = 0) > 10'* M, (Chiang et al. 2017). We find that
72% of our simulated protocluster candidate sample will actually
become galaxy clusters by z = 0. The rest of the simulated sam-
ple contains predominately progenitors of galaxy groups with
masses between 1013 < Myy < 10 M, (26%), and a small
minority (2%) will evolve into low-mass (Magy < 103 M) iso-
lated objects at z = 0.

Moreover, by considering separately the main halos and sub-
halos inside a given halo at z = 0, we find that 60% of our SF
simulated halo samples will become the main halo of clusters,
whereas 12% of them will become other satellite substructures
inside clusters. For progenitors of group-size structures at the
present time, we find that only a small fraction (2%) are becom-
ing substructures inside group-mass type objects. Finally, only
2% of the most SF halo at high-z will not merge into mas-
sive structures, but rather will stay as isolated low-mass halos
atz =0.

We note that a large number of our simulated halos will
merge into the same structure by z = 0. Indeed, the 570 SF halos
at 1.3 < z < 3 will yield 253 distinct halos at z = 0 (or 279
distinct sub-halos), given that they can merge or be the direct
descendant from a snapshot to another at lower z. The evolution-
ary connection between the simulated halos drawn from different
snapshots is due to our selection method. Indeed, by performing
an SFR-based selection at each snapshot from z = 1.3 to z = 3,
we did not distinguish if the selected halos were a direct descen-
dant from one snapshot to the next one. Thus, by considering
the progenitor at different redshifts of the same final structure
we could bias our statistics on the fate of our simulated halo
sample. We tested this issue in Appendix A, and find that the
final percentage values are only slightly affected. The number
of cluster progenitors decreases from 72% to 63%, and that of
group progenitors increases from 26% to 33%. Thus, the result
that the vast majority of the most SF halos at high-z will evolve
into massive clusters by z =0 remains valid.

To assess the possible range of estimated final masses of a
high-z simulated halo, we show the predicted z = 0 masses of
the 30 most SF halos of our simulated sample at z = 2.1 (right
panel) and at 2.21 (left panel) in Fig. 10. We considered these
two redshifts because they matched those of the two structures
in G237.01+42.50, and we find a good agreement between the
observed galaxies in the two structures and the simulated ones
selected via our cylinder model (see Fig. 8). One might ask what
will be the fate of the most SF simulated halo at a redshift sim-
ilar to that of the G237.01+42.50 ss/ and ss2 protoclusters. In
Fig. 10, we show the halo mass of the most SF halos at z = 2.1
and z = 2.21 and their final masses at z = 0. We over-plot with
black points the halo masses of G237.01+42.50 ss/ and ss2,
and their expected mass at the present time, as deduced from
the analytical method of Steidel et al. (1998), using the galaxy
overdensity, as derived by Polletta et al. (2021). The theoreti-
cally expected fate of ss/ and ss2 structures is consistent with the
fate of the most SF halos at their own redshift in hydrodynami-
cal simulations. The large scatter of halo masses from high-z to
z = 0 reflects the wide spread in accretion history of structure
build-up (as discussed in Rennehan et al. 2020). We estimate a
73% probability that ss/, and an 80% probability that ss2, will
become massive clusters with a mass larger than 1 x 10 My, at
z=0.

4.5. Understanding which protocluster property best predicts
its fate

Making use of the simulations, we explored whether there is an
observable in protoclusters at high-z that can give hints of their
fate at present times. For this analysis, we considered the intrin-
sic halo properties at the observed zp,0, as defined by the FoF
catalogue, such as the halo mass My, the redshift, the FoF SFR,
and the number of galaxy members (defined as the hosted sub-
halos within each FoF halo; Nelson et al. 2019). For each halo,
we also defined an SFR fraction as:

max(SFR;)

, )
SFRhalo

fsrr =
where Ng, is the number of galaxies gravitationally bound to a
given halo based on the FoF algorithm. For each i galaxy associ-
ated with a given FoF halo, we noted its star formation rate SFR;.
The SFR fraction fsgr thus defines the contribution of the most
SF galaxy to the total SFR of its parent halo.

We also quantified the number of galaxies per halo using
an SFR threshold to remove low-SF galaxies that would be

A155, page 11 of 16



A&A 664, A155 (2022)

3.0
@ future low-mass halo
future groups 2.8
future clusters
1014 i . E 2.6
"o
Ry ‘ 2.4
=2 ;
NE g & C 2.2 N
\ P €
3 S0, 2.0
§ 10* A . \'ﬂ‘.@ ] ]
S T 08
- ? 1.8
PV s S
o %@ == } 1.6
® o © 1.4
1.0
® Nga(SFRga>10) <3 °
A 3 < Nga(SFRgar > 10) < 7 tg..
103 1 C 0 NealSFRg>10)>7 | | Ry 0.8
] o w‘v"&'}f' Y #‘,,‘ ‘..
E n J;?C;;Q:' b x{r )D [ PY
E 5 NG r0.6
N 2B IS & pat’ T £ o
[ P Beg 9= Ty e 3
5. Y@ o ® o °
2 8 o @O SO 3 » 'YX S ® L 0.4
é 1013 _ C : _WQ, A*é[’ okzzr‘ i [ > M'.. ‘ .
s 8 o obil &b e°
0:,, @ o"& ® o °
o ¢ 8 b} ° P "’" - ° 05
e 04 8:® ® oo o % o & . o9 :
) °
o © o q o
: T 0.0
103 103

SFRhaio(Z = Zpaio) [Molyr]

SFRhaio(Z = Zpaio) [Molyr]

Fig. 11. Distribution of mass M, and SFR of our sample of 570 simulated high-z SF halos, coloured by their fate at z = 0 (fop left panel), their
redshift (fop right panel), their number of SF galaxy members with galaxies are SFR > 10 Mg, yr~! (bottom left panel), and their SFR fraction (as

defined in Eq. (4), bottom right panel).

challenging to spectroscopically identify as protocluster mem-
bers in moderately deep observations. We chose an SFR thresh-
old SFRg, = 10 Mo yr~!, as done to reproduce the observations
discussed in this work.

The results are presented in Fig. 11, where we show the halo
mass at their redshift, zp,, as a function of their total SFR for
the full sample of 570 simulated halos. In each panel, we colour-
code the symbols according to a specific property, the final halo
mass at z=0 (top left panel), the redshift (top right panel), the
number of SF galaxies with SFR > 10 M yr~! (bottom right
panel), and the SFR fraction fspr (bottom right panel).

As we can see in the top left panel, the fate at z = 0 of our SF
halo sample is strongly governed by the halo mass at z = zZngo-
As expected, a massive halo at high-z is supposed to grow by
accretion and merger to become a more massive structure at z =
0, following hierarchical formation scenario. Interestingly, the
total SFR of a high-z halo is not a good parameter to establish
whether it will evolve into a massive cluster at z = 0. Indeed,
the final mass of a high-z halo depends mainly on its mass at its
redshift, and not on its total SFR.
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One might question whether this is the result of our halo
selection where we considered only the most SF halos from
z = 1.3 to z = 3. In the top right panel, we probe the depen-
dence of the halo properties on their redshift. We can see that the
redshift of the simulated SF halos does not have an impact on
their fate. On the other hand, there is a relation between the halo
redshift and the halo SFR, with halos at higher redshifts being
more SF than those at lower z. As illustrated in Fig. 5, and also
shown over a wide (from z = O up to z = 7) redshift range in
Lim et al. (2021), the SFRs of cluster progenitors are supposed
to peak at around z ~ 3—4, and decrease from z ~ 3to z = 0.

We now examine whether the fate of the high-z SF halos can
be predicted based on their galaxy properties at the observed red-
shift (bottom panels of Fig. 11). For this analysis, we consider
the number of galaxies above a minimum SFR of 10 Mg yr~!
within each high-z halo (Nga; bottom left panel), and the SFR
fraction (fspr; bottom right panel). The smaller the number of
galaxy members or the higher the SFR fraction (meaning that
the total SFR is dominated by a single galaxy), the more a high-z
SF halo leans towards an isolated low-mass structure at z = 0.
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Conversely, high-z halos with a more even distribution of SFRs
over a relatively large number of SF galaxies (rather than having
a single dominant galaxy with a very high SFR) are more likely
to evolve into massive clusters at the present time.

To investigate the relation between the global halo proper-
ties and those of the galaxy members, we analyse the halo mass
— SFR distribution of the high-z SF halos in three bins of the
number of SF galaxy members (N, below 3, between 3 and 10,
and larger than 10; see different coloured symbols in the bottom
left panel of Fig. 11). This binning in SF galaxy number well
reproduces the distribution in final mass of the high-z halos (as
shown by comparing the top and bottom left panels). The num-
ber of SF galaxies in a high-z halo is, indeed, a strong indicator of
its fate at z = 0. Interestingly, this relation is independent of the
total SFR of the halo, although we have to keep in mind that our
sample might not probe a sufficiently broad range of total SFRs
to show significant trends with it as it contains only the most SF
halos at each redshift snapshot. In summary, the more populated
an SF halo is, independently of its redshift (from z = 1.3 to 3),
the higher the chance it will become a massive cluster by z = 0.
More quantitatively, having more than seven SF galaxies gravi-
tationally bound appears to be a strong hint that it is actually a
massive cluster-progenitor. Indeed, the probability that a high-
z SF halo with more than seven SF galaxies in our sample is a
massive cluster progenitor is about 92%.

Such a result provides a powerful diagnostic for interpret-
ing SF protocluster candidates at high redshift (1 < z <
3). This is consistent with some theoretical models (see e.g.
Steidel et al. 1998), and argues in favour of using overdensities
of SF galaxies to trace the most-massive dark matter structures
at high-z (Cowley et al. 2016). Furthermore, this is in line with
Planck (Planck Collaboration XVIII 2014) exhibiting a correla-
tion between dark matter halos and the CIB (Puget et al. 1996;
Hauser & Dwek 2001; Dole et al. 2006), in stacks, highlighting
the relationship between dark matter halos and star formation. In
general, the detection of a protocluster candidate is more reliable
if it is supported by a high value of galaxy overdensity (galaxy
density in a source in contrast to the galaxy density field). Our
analysis suggests that, rather than an extreme value of SFR from
an individual high-z galaxy, a large overdensity of SF galaxies is
a more powerful indicator for finding massive cluster progenitors
atz = 0.

5. Discussion

With a new approach, using state-of-the-art hydrodynamics sim-
ulations, we investigated the type of high-z structures that are
selected as bright and red sub-millimetre sources in the Planck
maps, the so called PHz sources (Planck Collaboration XXXIX
2016; Planck Collaboration XXIV 2016). We find that the high
observed Planck sub-millimetre flux densities, and thus SFRs,
are reproduced by the simulations if multiple structures at 1.3 <
z < 3 along the LOS are taken into account. However, most of
the PHz sources seem to contain a high-z star-forming structure
that will evolve into a massive cluster by z =0, confirming their
protocluster nature. These results are consistent with previous
findings, both from theoretical works (Negrello et al. 2017), and
from observations (Flores-Cacho et al. 2016; Kneissl et al. 2019;
Koyama et al. 2021; Polletta et al. 2021, 2022).

Notably, we established a new diagnostic to assess whether a
high-z (z > 1.3) structure is a star-forming protocluster that will
become a massive cluster by z = 0. This can be gauged by com-
bining the following observables: (a) the number of star-forming
galaxies in the structure (i.e. N > 7), and (b) the distribution of

star formation among all galaxy members (i.e. better to have a
more even distribution than a single highly star forming mem-
ber; see Figs. 9 and 11). This diagnostic is easy to apply and
extremely useful in order to select the most promising structures
for further studies and for additional follow-up observations.

Comparisons between observed protoclusters and numerical
predictions have been already attempted in the past, but they
remain extremely difficult given both observational and simu-
lation aspects. Firstly, the observational selection and measure-
ments are hardly reproducible in simulations, as these would
require precise mock observations from light-cone construction
(to accurately account for LOS contributions), knowledge of
the galaxy spatial and redshift distributions, and mock images
would need to be created with all observational effects (e.g.
noise, depth, PSF, angular and sampling effects, among others).
Secondly, the capacity of hydrodynamical simulations to accu-
rately reproduce high-SF galaxies at high-z is still controversial.
This could be due to the limited resolution of the simulations
(Lim et al. 2021), the biases introduced by the SED fitting mod-
els (Nelson et al. 2021), the adopted dust model in the simula-
tions, and far-field blending effects (Lovell et al. 2021).

Our cylindrical model is the first attempt to explain the
Planck high-z SF protocluster candidate sample by using SF
galaxy distributions from hydrodynamical simulations (and not
just mass-selected samples in simulations). Currently, there is
no common established technique to estimate the SFR of galaxy
protoclusters in simulations (some considering integrated aper-
ture depending on the halo radius Rsg, or other using a fixed
aperture in comoving or physical scales). We thus developed a
simple parametric model that integrated galaxies inside a cylin-
der centred on the area of interest (i.e. the most SF halos).
We argue that such a method provides a good agreement with
Planck follow-up observations, and fairly reproduces the PHz
protocluster measurements. However, it is important to empha-
size that a proper reproduction of the Planck selection would
require the use of light-cone simulations, even if the number
of protoclusters found in a specific redshift range is limited
by the light-cone volume. Therefore, light-cones might provide
a better solution to specifically assess the completeness and
purity of cluster and protocluster detections by creating mock
data images, and might thus be constructed over N-body sim-
ulations (Blaizot et al. 2005; Ascaso et al. 2016; Krefting et al.
2020; Araya-Araya et al. 2021). Exploring the complete projec-
tion of SF source distribution from z = 1.3 and 3 in hydrody-
namical simulation and inside Planck beam size will be the next
necessary step to accurately evaluate the number of sources and
their individual contributions along the large LOS integration (as
0, ~ 1.4).

6. Conclusions

The main goal of this work was to investigate the nature of the
Planck selected high-z sources and the origin of their bright sub-
millimetre flux densities, and high SFRs. To this end, we exam-
ined the spatial distribution and the properties of the SF galaxies
associated with these bright Planck sources using state-of-the-
art hydrodynamical simulations. The PHz were detected in the
Planck high-frequency maps (over the cleanest 26% of the sky),
after removing Galactic dust emission (and sub-millimetre emis-
sion from sources at z < 1), and CMB contamination (and emis-
sion from z > 4 sources). The more than 2100 PHz sources with
estimated redshifts around z ~ 2, represent an ideal sample for
investigating the most active sites of star formation during the
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epoch of peak activity (i.e. from z ~ 1 to 3), the so-called cos-
mic noon (Madau & Dickinson 2014; Chiang et al. 2017).

In this work, we selected a sample of 570 high-z SF objects
representing the thirty most SF halos at 19 different redshifts
from z = 1.3 to z = 3 in the TNG300 simulation of the Illus-
trisTNG project (Nelson et al. 2019). This SFR-based selection
technique provides a better representation of the observed proto-
clusters than other selections based for example on mass, as also
shown by Lim et al. (2021). The properties of these simulated
objects were computed by considering the galaxy distribution
inside parametric cylinders centred on each SF halo, in order to
reproduce the aperture window size of the observations, and pos-
sible LOS contaminations (integral in redshift range), an effect
discussed by Negrello et al. (2017). This cylindrical toy model
was designed to select the galaxies associated with each high-
z SF object in the simulations, to compute their total SFR, and
stellar mass, and to characterize their galaxy member properties.
We compare the properties of the simulated high-z SF objects
with the Planck measurements derived for the whole PHz sam-
ple and with more detailed observations carried out for three PHz
sources, for which significant galaxy overdensities have been
found through spectroscopic observations (Flores-Cacho et al.
2016; Kneissl et al. 2019; Polletta et al. 2021). The results of this
comparison are summarized below:

(1) The total SFR of the PHz sources, measured from the
Planck flux densities, can be reproduced in the simula-
tions by taking into account the contribution of the most
SF halos at specific redshifts, and the contribution of the
galaxies along the LOS distributed over a redshift inter-
val consistent with a distance of 1025 comoving Mpch~!.
This result implies a large contamination in the Planck
sub-millimetre measurements from background and fore-
ground galaxies along the LOS. This LOS contamination is
in agreement with Negrello et al. (2017) who find, from a
semi-analytical analysis, that the high-SF sources detected
in the Planck maps can be interpreted as the sum of at least
one high-SF halo, and of a strong contamination from high-
z dusty galaxies along the LOS, both contributing within
the Planck beam. This finding is also consistent with results
obtained from follow-up observations of Planck sources.
The observations indeed reveal at least two distinct SF
structures aligned along the LOS, and that the SFR derived
from the Planck data cannot be explained by the galaxies
in one high-z structure (suggesting the need for a signif-
icant contribution from galaxies along the LOS but pro-
jected within the Planck beam).

(2) The number of galaxy members and the total stellar mass
and SFR of the spectroscopically confirmed structures
found in three PHz sources through dedicated follow-
up observations (Polletta et al. 2021; Kneissl et al. 2019;
Flores-Cacho et al. 2016) are reproduced by the simula-
tions. This good agreement is obtained by considering the
most SF simulated halos at a redshift close to the observed
one, and the SF galaxy population with an SFR above a
certain limit and distributed within a cylinder of diame-
ter and length consistent with the volume occupied by the
confirmed members. Our cylinder parametric model can
thus reproduce the PHz confirmed structures with high-z SF
simulated objects in terms of the number of galaxy mem-
bers, total stellar mass, and total SFR.

(3) In more detail, comparing the values of SFR and stellar
mass of the individual galaxy members in the observed
structures and in the simulated SF objects gives a good
agreement. In one case (i.e. in G237.01+42.50), we were

A1S55, page 14 of 16

also able to test whether the fraction of AGN in the
observed structure was consistent with that found in the
simulation, finding a good agreement. The distribution of
simulated galaxies with respect to the MS at their redshift
was, however, shifted to lower values in SFR compared to
that of the observed galaxies. This discrepancy is consis-
tent with the results reported by Bassini et al. (2020) where
the normalization of the MS at z ~ 2.15 is under-predicted
by a factor of about two to three. This implies that, even
if the total mass and SFR appear coherent with the data by
integrating the galaxy distribution in a cylinder, the intrin-
sic under-prediction problem of galaxy SFRs in simulation
at high-z is not fully solved (Granato et al. 2015; Lim et al.
2021).

(4) Following these three last findings, we can conclude that
our sample of the most SF simulated halos at high-z is rep-
resentative of the Planck sources when considering both
the Planck measurements and the spectroscopic observa-
tions. We can thus predict their fate at z = 0 by probing
the evolution of the simulated halo sample. We find that
between 63% and 72% of our sample will actually become
massive galaxy clusters with M»oy > 10'* Mgy by z = 0. It
is important to point out that a significant, although minor,
portion of them will evolve into a substructure inside a mas-
sive group or cluster (~15%).

(5) One might ask which physical properties of these high-z
SF halos can give a hint about their fate at z = 0. We find
that, rather than the high value of SFR per galaxy, the num-
ber of SF galaxy members inside a halo (typically larger
than SFR > 10 M yr™!) is an indicator of their evolution
at z = 0. In more details, high-z halos which are populated
by more than seven SF galaxies have a higher probabil-
ity of being actual cluster progenitors. This finding argues
in favour of using overdensities of SF galaxies to trace the
most massive dark matter structures at high-z (Cowley et al.
2016) and could be a new diagnostic to select high-z proto-
clusters.

(6) By comparing simulations and observations based on an
SFR selection, we confirm that the original Planck selec-
tion of PHz, despite LOS contamination, efficiently selects
high-z (z ~ 2) SF galaxy protoclusters, progenitors of z = 0
massive clusters, or substructures of clusters.

As discussed in Sect. 5, this analysis was a first step towards
explaining the Planck sources by considering the properties
of the SF galaxy population in hydrodynamical simulations.
To achieve a fairer comparison with the Planck protoclus-
ter candidate selection and reproduce with fidelity the flux
limit selection, it would be necessary to perform a light-
cone analysis and create mock galaxy SEDs (similarly to
Araya-Araya et al. 2021). Indeed a close agreement between our
simulations and the observed SFR distribution from Planck is
not expected because we do not exactly reproduce either the
selection criteria or the SFR measurement procedure as adopted
in Planck Collaboration XXXIX (2016). In conclusion, we con-
firm, from hydrodynamical simulation, the analytical finding
from Negrello et al. (2017) about the interpretation of extremely
high sub-millimetre flux from Planck sources as positive Pois-
son fluctuations of the number of high-z dusty protoclusters
within the same Planck beam. The comparison with the spec-
troscopically confirmed structures argues in favour of a good
agreement between observed SFRs and simulations using a para-
metric cylinder integral around the high-z SF halos, but it also
demonstrates that high-z simulated galaxies suffer from SFR
deficit. This result illustrates the long standing difficulty for
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numerical simulations to reproduce accurately the SFR of galax-
ies at the peak of the cosmic SFR density, the cosmic noon
(Granato et al. 2015; Davé et al. 2016, 2019; McCarthy et al.
2017; Donnari et al. 2019; Bassini et al. 2020; Lim et al. 2021;
Yajima et al. 2022).
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Appendix A: Testing the main progenitor problem
on the statistics of the fate of SF high-z halos

s The fate of simulated halos at z= 0 (without same main progenitors)

mmm Main halos
EE subhalos
0.74

0.6 1

0.5

0.4 4

0.3

0.2 1

0.1

3 %

0.0-

M300c(z=0)>10"Mo  Mzooc(z=0) =101~ 13IMs  Maoac(z=0) < 10%3Mo

Fig. A.1. Fractions of 430 distinct (not evolutionary connected) simu-
lated SF halos at high-z that will evolve into clusters with halo mass
Moy > 10'* M, into groups with halo mass M,y = [1-10]x 10"3 M,
and into single halos with M,y < 1 x 10'* M,,. We also show the frac-
tion of simulated halos that will become the main sub-halo of a halo at
z=0 (turquoise), or a substructure (sub-halo) inside a given halo (red).
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Given that we performed an SFR-based selection of halos at
each snapshot from z = 1.3 to 3, we might in principle con-
sider the same SF halo at a different time step. It is thus legiti-
mate to wonder whether these ‘replicated’ simulated halos sig-
nificantly affect our statistics on their fate at z = 0. To address
this issue, we re-performed the analysis described in Sect. 4.4,
but after removing all objects that are direct progenitors of the
same z = O structure, leaving only the main progenitor the
first time (at the highest z) it appears. To find these direct pro-
genitors, we considered the objects which belong to the main
progenitor branch of the same merger tree (the main progeni-
tor of each sub-halo is defined as the one with the ‘most mas-
sive history’ behind it). For example, in almost each of the 19
snapshots from z = 1.3 to 3, we had in our sample the main
progenitor of the most massive cluster at z = 0 (17 times).
Through this technique, we find that 173 objects, in our sam-
ple of 570 SF halos, are the direct main progenitors of 33 struc-
tures at z = 0. After removing the replicated halos, the ‘cleaned’
halo sample contains 430 distinct high-z SF halos. As shown in
Fig. A.1, removing the replicated halos from our same does not
change drastically the results. The fraction of SF halos at high-
z that will become galaxy massive clusters at z = 0 decreases
from 72% to 63%. As expected, most of the replicated halos
are the most massive ones at the observed redshift, which often
coincide with the progenitors of the most massive structures at
z=0.



