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ABSTRACT

Context. The study of protoclusters at cosmic noon is essential for understanding the impact of the environment and of the transfor-
mational processes occurring during this epoch on galaxy properties.

Aims. This work tests the predictions regarding galaxy evolution of the DIANOGA cosmological hydrodynamical simulations of cluster
progenitors at z = 2.2 by comparing them with observations and investigates the environmental effects on galaxy populations by
comparing simulated protoclusters with an average volume of the Universe.

Methods. We analyzed 14 DIANOGA protoclusters and a cosmological box of 49 cMpc/h per side simulated with OpenGADGET3. We
compared predictions and observations of the galaxy stellar mass function (GSMF), the star-forming maif sequence (MS), the fraction
of star-forming gas, gas depletion times, and the fraction of quenched galaxies. We also computed the rest-frame UV to near-IR colors
of galaxies with the SKIRT-9 radiation transfer code to analyze UV]J diagrams.

Results. We find that the DTIANOGA simulations produce a GSMF in broad agreement with observations. The simulated GSMF shows
a higher fraction of high-mass galaxies (M, > 10'M,) in massive halos in protoclusters compared to the cosmological box. The
same signal, albeit with a lower significance, is also observed in the wide-field protocluster structures, indicating an accelerated
evolution of galaxies before their infall into massive halos. Our simulations underestimate star formation rates of galaxies both in
protoclusters and in the cosmological box compared to the observed counterparts due to an underestimation of the star-forming gas
reservoirs. We find a weak suppression of star formation rates in protocluster galaxies (~0.05 dex) compared to the cosmological
box, which increases up to ~0.25 dex in massive halos, reflecting suppressed cold gas reservoirs. The quenched galaxy fraction varies
significantly across different protocluster halos, which is consistent with observations at z ~ 2—2.5. The simulations showed a strong
dependence of quenched fractions on host halo mass as well as an excess of quenched galaxies in the wide-field protocluster region
outside the most massive halos in comparison with the cosmological box. Our UVJ diagram analysis showed qualitative agreement
with observed color distributions of star-forming and quenched galaxies, except for few massive galaxies in the cores of massive halos

where age-dependent extinction results in steeper reddening vectors than typically assumed in observational studies.

Key words. methods: numerical — galaxies: clusters: general — galaxies: evolution — galaxies: high-redshift

1. Introduction

Protoclusters (PCs) are regions of the Universe that are expected
to collapse into a galaxy cluster by redshift z = 0 (e.g., Overzier
2016). The study of PCs is crucial for understanding the early
stages of galaxy cluster formation. Investigating cluster progen-
itors at cosmic noon provides an opportunity to examine galaxy
populations during an epoch when star formation, active galactic
nuclei (AGN) activity, and mergers occur at their highest rates —
though with a significant halo-to-halo variation — at the inter-
section of gas-rich filaments. These regions thus offer invaluable
insights into how the interplay of these processes and the local
and global environment shapes galaxy evolution.

* Corresponding author: michela.esposito@inaf.it

However, identifying PCs in the high-redshift Universe is
challenging. For instance, detecting galaxy overdensities at high
redshift does not straightforwardly confirm their future evolu-
tion into clusters, as overdensity or halo mass growth predictions
can only be made statistically (e.g., Angulo et al. 2012). Fur-
thermore, regions that have not yet reached a sufficiently high
density may be overlooked, introducing a bias toward denser
systems that may not represent the full diversity of PC environ-
ments.

Few examples of high-z clusters have been identified through
the detection of their diffuse hot intracluster gas, either via
extended X-ray emission or the Sunyaev—Zeldovich effect (e.g.,
Santos et al. 2011; Willis et al. 2020; Mantz et al. 2020). These
cluster selection approaches are (to first order) independent of
cluster galaxy population properties. Another promising and
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unbiased technique for detecting PCs involves absorption fea-
tures imprinted by the dense gas of a PC on the spectrum of
a UV-bright background source. This method has evolved into
a systematic approach to obtain a 3D map of the intergalactic
medium permeating the cosmic web, with a resolution of a few
megaparsecs, known as Lyman-a forest tomography (Lee et al.
2014; Cai et al. 2016, 2017; Zheng et al. 2021).

On the other hand, the identification of PCs in observa-
tional studies has predominantly relied on the detection of galaxy
overdensities, with many studies focusing on specific galaxy
populations as tracers. The most reliable approach involves
spectroscopic surveys, which provide accurate redshifts and
robust confirmation of overdensities (e.g., Cucciati et al. 2018;
Lemaux et al. 2018). However, due to the high cost and time
required for extensive spectroscopic observations over large
areas, many more PCs (and PC candidates) have been iden-
tified using photometric surveys, either by identifying photo-z
overdensities (e.g., Eisenhardt et al. 2008; Scoville et al. 2013;
Thongkham et al. 2024) or looking for overdensities of specific
galaxy types, such as Lyman-break galaxies (LBGs), Lyman-a
and He emitters, passive galaxies, distant red galaxies (DRGs),
red sequence galaxies, dusty star-forming galaxies (DSFGs),
or near-IR (NIR) color-selected sources from Infrared Array
Camera (IRAC) imaging (e.g., Steidel et al. 2000; Andreon et al.
2009; Papovich et al. 2010; Spitler et al. 2012; Clements et al.
2014; Strazzullo et al. 2015; Wang et al. 2016; Toshikawa et al.
2016; Daddi et al. 2017; Greenslade et al. 2018; Guaita et al.
2020; Ito et al. 2023). While the methods we have listed are
effective, they are subject to biases related to the galaxy pop-
ulations used as tracers, which might affect interpretations and
conclusions concerning galaxy evolution in PCs. Another com-
mon technique involves the use of “biased tracers” to search
for PCs around extreme high-redshift galaxies associated with
massive forming systems. These tracers include high-redshift
radio galaxies, quasars, and submillimeter galaxies, which
are thought to be preferentially located in PC environments
(e.g., Pentericci et al. 2001; Hatch et al. 2011; Wylezalek et al.
2013a,b; Miller et al. 2018; Koyama et al. 2021).

Over the past three decades since the detection of the first
PC, these diverse methods have painted a heterogeneous pic-
ture of the early stages of galaxy cluster formation, revealing
a vast diversity in cluster progenitor environments at high red-
shift. These structures allow the evolution of cluster galaxy pop-
ulations to be traced back to epochs before the collapse of the
first massive clusters at z < 2 and thus to investigate the nature
and impact at early times of different kinds of environmental
effects that at later epochs result in environmental signatures
in cluster galaxy populations. Observations of cluster galaxies
up to z ~ 1 have shown that cluster environments are ubiqui-
tously characterized by a population of massive galaxies with
a higher fraction of quiescent sources compared to average field
regions (e.g., Haines et al. 2015; van der Burg et al. 2018, 2020).
This implies that galaxy populations in cluster progenitor envi-
ronments undergo an accelerated evolution compared to their
field counterparts at early times. Consequently, PCs have been
sites of enhanced star formation at some point in their evolu-
tion, reversing the trend observed at z < 1 (e.g., Oteo et al. 2018;
Miller et al. 2018; Smail 2024).

In this context, several studies have investigated the star for-
mation rates (SFRs) of individual PC galaxies compared to field
counterparts, looking for environmental signatures on the rela-
tion between SFR and stellar mass of star-forming galaxies,
which is known as the “main sequence” (MS; e.g., Noeske et al.
2007; Elbaz et al. 2011). Some of these studies have reported
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enhanced star formation in galaxies within PCs at cosmic noon
(e.g., Wang et al. 2016; Shimakawa et al. 2018; Monson et al.
2021; Pérez-Martinez et al. 2024; Staab et al. 2024). However,
other studies have found that SFRs in PCs are consistent
with the field MS at the same redshift (e.g., Cucciati et al.
2014; Koyama et al. 2021; Polletta et al. 2021; Shi et al. 2021,
Pérez-Martinez et al. 2023).

Irrespective of an SFR enhancement at the time of obser-
vation, PCs may have been sites of more intense star forma-
tion at earlier times. The galaxy stellar mass function (GSMF)
provides key insight into this, as it encapsulates the integrated
star formation history of galaxies over time. Recent studies of
some PCs at z ~ 2-3 have identified an excess of high-mass
galaxies in dense environments compared to the coeval field
(Sun et al. 2024; Forrest et al. 2024), suggesting that these envi-
ronments may have undergone an enhanced star formation phase
in the past. In contrast, other studies reported no significant devi-
ation from the field GSMF in other PCs at z ~ 2-2.5 (e.g.,
Edward et al. 2024), indicating that their star formation history
might not differ greatly from that of the field.

Another key area of investigation is the fraction of quenched
galaxies in PCs, which provides insight into the efficiency of
quenching mechanisms in these early stages of cluster assembly.
While some studies have found that the fraction of quenched
galaxies in high-z PCs is similar to that in the field (e.g.,
Wang et al. 2016; Forrest et al. 2024; Edward et al. 2024), over-
densities of passive galaxies have been observed up to z ~ 4
(e.g., Zavalaet al. 2019; Willis et al. 2020; McConachie et al.
2022; Ito et al. 2023; Tanaka et al. 2024).

The limited statistics and observational limitations combined
with the differences in the selection of PCs complicate the under-
standing of galaxy evolution in cluster progenitors. In this con-
text, theoretical models in the form of cosmological hydrody-
namical simulations can contribute to improving our picture of
galaxy evolution, by accounting for gas dynamics and astro-
physical processes self-consistently in a cosmological context.
However, these models need to be validated through a detailed
comparison with observations before they can be used as pre-
dictive tools. In the very first attempts at comparing results from
cosmological hydrodynamical simulations to observations (e.g.,
Saro et al. 2009), simulated PCs were predicted to be strongly
star forming. On the other hand, reproducing observations of
galaxy populations in high-z PCs in detail has been found
to be challenging for simulations (e.g., Granato et al. 2015;
Bassini et al. 2020; Lim et al. 2021; Remus et al. 2023). One of
the main inconsistencies lies in the underestimation of SFRs
in simulated star-forming galaxies at cosmic noon, irrespec-
tive of their environment (e.g., Bassini et al. 2020; Akins et al.
2022; Andrews et al. 2024; Ragone-Figueroa et al. 2024), which
also results in lower integrated SFRs than those observed in
PC environments. Recently, Lim et al. (2024) showed that the
FLAMINGO simulations can partially reconcile this discrep-
ancy, with the most massive PC cores in the 1 ¢Gpc and 2.8 cGpc
boxes of the FLAMINGO flagship runs matching the observed
integrated SFRs at z ~ 2—3. On the other hand, we reiterate that
the underestimation of the star-forming MS in simulations is not
limited to the PC environment; it also affects cosmological boxes
representing “average” regions of the Universe, also referred to
as the “field” in observational studies. Thus, not only do simula-
tions struggle to match the extreme SFRs reported for a possibly
biased population of the most star-forming PCs, but they also
underestimate field-level star formation at z ~ 2—4. This issue
indicates a deeper inadequacy of the star formation and feed-
back models in capturing the details of galaxy formation and
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evolution. Despite these limitations, simulations can still provide
valuable insights into the trends of galaxy population properties
with their environment, even though the detailed star formation
history is not yet well reproduced.

In this work, we test the predictions of the DIANOGA re-
simulations of galaxy clusters at z = 2.2 by comparing simu-
lated galaxy populations with observations at 2 < z < 2.5. The
outline of this article is as follows: In Sect. 2, we describe the
DIANOGA set of simulations, the operational definition of PCs
adopted in this work, and the radiation transfer simulations per-
formed to model photometric classification of galaxy popula-
tions routinely adopted in observational studies. In Sect. 3, we
compare the simulated and observed properties of the galaxy
populations in PCs, including the GSMEF, the star-forming MS,
the fraction of cold star-forming gas, gas depletion times, and the
fraction of quenched galaxies. We compare these observables in
different environments in order to highlight the environmental
signatures on the galaxy populations predicted by our simula-
tions. In Sect. 4, we summarize our main findings. In this work,
we adopt a Chabrier (2003) initial mass function (IMF) and give
magnitudes in the AB system.

2. Methods
2.1. Simulations

The analysis presented in this paper is based on a set of 14 simu-
lated galaxy clusters, extracted from the DTANOGA set of zoom-in
cosmological hydrodynamical simulations (e.g. Bonafede et al.
2011; Rasiaetal. 2015). The adopted cosmology is a flat
ACDM, with h = 0.72, Q, = 0.24, Q, = 0.04 for the density
parameters' associated with total and baryonic matter, n; = 0.96
for the primordial spectral index and og = 0.8 for the normal-
ization of the linear power spectrum. The initial conditions have
been generated with the zoomed-in initial conditions technique
(Tormen 1997): cluster-size halos of dark matter (DM) particles
are identified at z = 0 in a 1024° DM particles box of 1 4~ ¢Gpc
per side, then traced back to their positions in the initial condi-
tions at z ~ 180; the regions defined in this way are re-simulated
at higher resolution than the one adopted in the parent simula-
tion, adding gas particles with an initial mass chosen so as to
reproduce the cosmic baryon fraction of the assumed cosmol-
ogy. The re-simulations were performed with a state-of-the-art
developer version of the Tree-Particle Mesh Smoothed Particle
Hydrodynamics (SPH) code OpenGADGET3 (Groth et al. 2023;
Damiano et al. 2024; evolution of GADGET-3 and GADGET-2,
Springel 2005). Two out of 14 DIANOGA regions were stopped
at z = 1. The mass resolution for DM particles and the initial
mass of gas particles are mpy = 3.4 X 10’ h™! My, and mg,s =
6.2 x 10° h~! M, respectively. The Plummer-equivalent gravita-
tional softening lengths in the high-resolution regions at z = 0
are epm = 17" kpe, €gas = 1 h7 kpe, and e,py = 0.25h7 " kpc,
for DM, gas, and star and black hole (BH) particles respectively.
All softenings are kept fixed in comoving units, except epy, held
constant in physical units below z = 2, and fixed in comoving
units for z > 2.

Our simulations include metal-dependent radiative cool-
ing with a uniform UV background (Wiersma et al. 2009),

! We note that the adopted cosmology differs from the fiducial flat
ACDM and the standard Planck 2018 (Planck Collaboration VI 2020)
cosmologies adopted in recent observational studies. However, we ver-
ified that the impact of cosmology on halo masses, stellar masses and
radii is well within typical statistical and systematic uncertainties in cur-
rent observations.

star formation out of a multi-phase interstellar medium
(ISM), and galactic outflows driven by supernova feedback
(Springel & Hernquist 2003, SHO3 hereafter). According to the
adopted star formation model, gas particles whose density
exceeds a threshold density, equivalent to a number density of
hydrogen atoms ng > 0.1 cm™ are tagged as star-forming multi-
phase particles. In such gas particles, a cold and a hot phase
coexist in pressure equilibrium, with the cold phase representing
the reservoir for star formation. As such, multi-phase particles
become eligible to spawn a collisionless star particle stochasti-
cally. We assume that each gas particle can generate four gen-
erations of star particles so that the typical mass of the latter is
m, = 1.5x 10° ™' Mo,

Stellar evolution and the subsequent chemical enrichment is
modeled according to the original implementation presented by
Tornatore et al. (2007). The model of stellar evolution assumes
a Chabrier (2003) IMF; therefore, when comparing with obser-
vations in Sect. 3, observed stellar mass and SFR estimates are
converted to this IMF where necessary.

Our simulations also include the effect of AGN feed-
back from gas accretion onto supermassive BHs (Springel et al.
2005). The gas accretion is described by a Bondi-like,
Eddington-limited prescription, also distinguishing between
cold and hot gas accretion efficiencies, as described in
Steinborn et al. (2015). The parameters regulating accretion onto
BHs and the associated feedback have been tuned to repro-
duce the observed relation between BH mass and stellar mass of
galaxies in the local Universe (Magorrian et al. 1998), using the
relation from McConnell & Ma (2013) and, for brightest cluster
galaxies (BCGs), data from Gaspari et al. (2019). Bassini et al.
(2020) verified that the z = 0 GSMF of a lower-resolution
(by a factor of 2.5 in mass) version of the DIANOGA simu-
lations, including a galaxy formation model quite similar to
the one adopted here, is in good agreement with observational
results. For the simulations presented here, a forthcoming work
(Borgani et al., in prep.) will show a detailed assessment of the
agreement between galaxy population properties in this version
of the DIANOGA simulations and in observations in the nearby
Universe.

In the simulations, galaxies have been identified with the
SubFind algorithm (Springel et al. 2001; Dolag et al. 2009). We
used SubFind catalogs to define the centers of galaxies and the
stars or gas particles bound to them. To compare to galaxy prop-
erties as measured from observations, we imposed a fixed 2D
aperture of 1 arcsec (approximately 8.5 kpc at z = 2.2) in radius,
along a random line of sight, for consistency with observations
typically adopting similar apertures (we compared stellar masses
and SFRs computed within these apertures to those directly
provided by SubFind in Appendix A). To ensure an adequate
numerical resolution, we considered galaxies with M, > 10° M,
in all the analyses presented in Sect. 3.

After identifying the star particles that belong to each galaxy,
we computed the corresponding SFR as follows. Each star par-
ticle is characterized by an age (time elapsed since it has been
generated). We then computed SFRs averaged over a typical
time scale (which was chosen following the observational data to
compare with, see Sect. 3.3), by considering the total initial mass
of star particles younger than the given time scale and divid-
ing by it, within the adopted aperture. This allows for a more
proper comparison with the observations rather than relying on
noisier instantaneous SFRs that could be calculated by summing
over the SFRs of all the star-forming gas particles that SubFind
associates with the galaxy. We show the comparison between the
instantaneous and averaged SFRs in Appendix B.
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2.2. Identification of protoclusters

This article focuses on characterizing cluster progenitors, or
PCs, at cosmic noon, specifically looking into the snapshots at
z = 2.2 for each simulation. It is worth reminding that no unique
and objective definition exists for PCs in observations since the
fate of observed galaxy overdensities can only be predicted sta-
tistically.

In the following, we adopted an operational definition of a
PC as the volume occupied by the DM that collapses into the
final R, radius of the z = O cluster.

To do this, for each cluster we traced the DM particles that
fall within Rygo. at z = 0 back to z = 2.2 and we identified the
main progenitor of the cluster as the halo to which the majority
of them are associated by the Friends-of-Friends halo finder in
SubFind. For the two clusters that were not simulated to z =
0, we assumed that the main progenitor at z = 2.2 is the most
massive halo within the high-resolution region. We verified that
this is indeed the case for nine out of the twelve regions that
were simulated to z = 0. As for the remaining three regions, in
two cases the main progenitor is the second most massive halo
(with mass ratio to the most massive of ~1.1), while in the third
case it is the fifth most massive halo (mass ratio ~1.8).

After identifying the main progenitor, we defined the PC
region as the spherical region around the center of the main pro-
genitor halo, encompassing 80% of the traced DM particles. This
specific value of the percentage of DM particles is clearly arbi-
trary, but represents a sensible operational definition in order to
encompass a region that is large enough to have a complete view
of the cluster progenitor environment, while avoiding regions
that are dominated to a very large extent by structures that are
not part of the cluster by z = 0. Indeed, we verified that, when
considering the region between the spheres that contain 80 and
100% of the traced particles, 94%, on average, of the particles
in this region do not fall within the descendant cluster by z = 0.
For the two simulations that do not reach z = 0, we know from
the parent DM-only simulation that the cluster masses Mg
at z = 0 are in the range (2-3) x 10" My. We then assumed
the radial extent of these PC regions to be equal to the mean
radius (expressed in units of Ry, of the main progenitor halo
at z = 2.2) of the progenitors of the six most massive clusters,
whose masses are in the range (1-2) x 10> My, The size of such
PCs at z = 2.2 is approximately 15 X Rypo.. We summarize the
properties of the PC regions in Table 1.

Figure 1 shows the DM density maps of three DIANOGA
clusters at z = 0 (left column), with z = 0 masses My =
2x 1015 Mg (top), 9x 10'* Mg, (middle) and 2x 10'* M, (bottom)
and of their z = 2.2 progenitors (right column). At z = 2.2, we
also show particles ending up within Ryp. at z = 0. The choice
of setting the boundary of the PC at the sphere containing 80%
of the total DM particles that are found within Rypp. by z = 0
is sufficient for encompassing all relevant DM structures that are
merging into the final cluster. However, the assumption of spher-
ical symmetry is not always optimal, as shown in the top right
panel of Fig. 1. This PC region exhibits two halos of comparable
size, and the center of the main halo here does not approximate
the center of mass of the distribution of the traced DM particles.
Nevertheless, we maintained this definition by analogy with PCs
defined in observations, often identified around the most massive
overdensity observed in a PC region.

We show the radius of the PC regions as defined above in
Fig. 2, in units of Ry of the main progenitor halo, as a func-
tion of the final (z = 0) mass of the cluster. We also show in
Fig. 2 the distance from the center of the defined PC region to
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Table 1. Properties of the DTIANOGA PCs.

ID  Msyge=0  Mapoemp  Radius N
[10“Ms]  [10”°Ms]  [Mpc]
1 52 34 3.9 2
2 7.6 4.8 4.4 3
3 6.0 1.8 4.0 1
4 1.8 4.0 2.1 1
5 16 8.9 6.2 2
6 16 12 6.0 4
7 1.5 2.8 2.1 1
8 15 7.0 5.3 6
9 18 3.2 79 8
10 18 11 7.1 4
11 32 9.1 6.7 7
12 18 8.3 6.5 5
13 18 11 6.2 2
14 11 3.4 5.5 3

Notes. Reported above are the ID, the mass of the z = 0 cluster, the
mass of the main progenitor halo at z = 2.2, the radius of the PC region
and the number of PC cores (halos with Myy. > 1.5 x 10'3 M, within
the PC region) for each DIANOGA PC. The z = 0 masses of the clusters
with ID 10 and 11, that were not simulated to z = 0, come from the
parent DM simulation.

the closest boundary of the high-resolution region, defined as
the distance of the closest low-resolution DM particle from the
center of the main progenitor halo. We point out that this is a
conservative definition of the boundary of the high-resolution
zoom-in region. In fact, few low-resolution DM particles could
spuriously be present within the regions where high-resolution
particles are largely dominant. We verified that no such particles
are present within the defined PCs, thus guaranteeing that the
chaotic diffusion of low-resolution particles does not contami-
nate these regions.

As expected, there is a correlation between the extension of
the PC radius and the final mass of the cluster it will collapse
into, reflecting the hierarchical build-up of structures. On the
other hand, the arbitrariness of the PC center for large systems,
such as the one shown in the top panel of Fig. 1, produces an arti-
ficial increase of the sphere’s radius for more massive systems.

Figure 3 shows the projected maps of stellar mass densities
in the progenitors of two example clusters, with Mg = 5 X
10'* M, and 2x 10" M, at z = 0. Both regions are characterized
by filaments of galaxies intersecting each other at the locations
where massive halos are emerging.

In this work, we analyzed the properties of simulated PC
galaxies and compared them with analogs at the same redshift
in a reference, average density region. To this purpose, we used
the population of galaxies identified within a cosmological box
with size 49 cMpc/h per side, simulated with the same version of
OpenGADGET3, assuming the same cosmology and subgrid mod-
els for baryonic physics. To have the same mass resolution as
the DTIANOGA zoom-in regions, initial conditions were generated
for 5763 DM particles and as many gas particles. In this box,
two cluster-size halos of masses Mg = 1.8 and 1.7 x 10'* Mg
are present at z = 0; however, we did not exclude their progen-
itors from the analysis of the galaxy population, following the
“field” definition adopted in observational studies, which refers
to a large, representative volume, with all the possible overdense
structures it contains.
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7 8 7.5 8.0 8.5 9.0
l0g10(Zpm [Mokpc=2]) log10(Zpm [Mokpc=2])

Fig. 1. Projected DM density maps of three simulated clusters at z = 0 (left column), with total masses Mag. = 2 X 10" M, (top), 9 x 10'* M,
(middle), and 2 x 10'* M, (bottom), and their z = 2.2 progenitors (right column). The cyan circle at z = O traces the Ry radius of each cluster,
the one at z = 2.2 defines the PC region as defined in the text. DM particles at z = 2.2 that collapse within the R,y radius by z = 0 are plotted in
cyan. Densities are computed in pixels of size 15 kpc in the top panel and 10 kpc in the middle and bottom panels.
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2.3. Photometric properties of simulated galaxies

In this section we describe the radiation transfer simulations we
performed to produce dust-attenuated spectral energy distribu-
tions (SEDs) for the simulated PC galaxies. These were used
to analyze rest-frame UVJ color-color diagrams, and in partic-
ular compare the results of this widely used photometric classi-
fication of star-forming and quenched galaxies in observational
studies (e.g., Labbé et al. 2005; Williams et al. 2009) with the
classification based on their intrinsic properties in the simula-
tions. A proper comparison with the UVJ photometric classifi-
cation approach requires accounting for the effect of the extinc-
tion produced by dust on the UV/optical/NIR emission associ-
ated with the stellar populations in the simulated galaxies. We
resorted to the Monte Carlo radiation transfer code SKIRT-9?
(Camps & Baes 2020) for this purpose. The simulations that we
analyzed here do not include a self-consistent treatment for the
generation and evolution of dust grains. However, this can be
implemented and indeed has been done in a lower-resolution
version of these simulations (see Gjergo et al. 2018, for details).
Therefore, we modeled the dust distribution through the spatial
distribution of metals in the gas component of the simulated
galaxies by adopting a fixed dust-to-metal ratio, for which we
used the value fpry = 0.2 (e.g., Trcka et al. 2022). To each
SPH gas particle, with mass mg,, and metallicity Z (fraction
of mass in metals), was then attributed a dust mass equal to
Maust = foTmM Z Mgas.

We adopted the THEMIS model (Jones et al. 2017) to assign
a composition and grain size distribution to dust in the ISM, with
associated optical properties that are based on laboratory mea-
surements of materials physically similar to interstellar dust. To
discretize the simulation physical domain, in terms of properties
of the absorbing medium, we adopted an oct-tree structure (e.g.,
Saftly et al. 2013). In this kind of grid, cubic meshes are recur-
sively split to half their linear size, thus generating eight “child
nodes” each, until they meet a convergence criterion in the last
“leaves” of the tree’. In each cell of the final grid, the properties
of the medium (dust) and of the radiation field originating from
the sources, represented by star particles of the hydrodynami-
cal simulations, are considered uniform. The stellar emission is
modeled by approximating each star particle as a simple stel-
lar population (SSP), consistent with the stellar evolution model
included in the DIANOGA simulations. For each SSP we adopted
a Bruzual & Charlot (2003, BC03) SED, which was specified by
its age, initial mass and metallicity, as predicted by the simula-
tions, once a Chabrier (2003) IMF was assumed.

The self-consistent treatment described above does not
account for age-dependent extinction (e.g., Silvaetal. 1998;
Granato et al. 2001), with young stars highly attenuated by the
remnants of their high-opacity birth clouds on spatial scales
that are not resolved by the cosmological simulations. To gauge
the impact of age-dependent dust extinction on our results, we
also ran simulations with SKIRT, including a model for molec-
ular clouds (MCs) and the self-consistent treatment of the dif-
fuse ISM described above. We followed Granato et al. (2021)
but adopted a higher age threshold of 10 Myr to select stars still
affected by their birth cloud, as in Baes et al. (2024). To model

2 https://skirt.ugent.be/root/_home.html

3 We considered boxes of 64 kpc per side encompassing each galaxy
and chose, for the construction of the oct-tree, a maximum fraction of
the total dust mass in a leaf equal to 8 x 1077, and a maximum number
of refinement levels equal to seven, corresponding to a minimum size
of leaf nodes equal to the gravitational softening of the gas component
in the simulations.
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Fig. 2. Extension of the PC regions (in units of Ry of the main progen-
itor halos) at z = 2.2 as a function of the mass, My, of the descendant
clusters at z = 0 (red diamonds). The downward arrows show, for each
progenitor, the boundary of the high-resolution region (see main text).

the extinction of young stars, we placed them all at the center
of an idealized macro-MC with a fixed M/r? ratio, where M is
the molecular gas mass, which we approximated with the total
mass of the “cold” gas phase of the ISM (SHO3) of each galaxy,
and r is its radius. Indeed, it can be shown that assuming all
young stars to be embedded in one large MC with a given opac-
ity and extracting their cumulative SED is equivalent to consid-
ering them singularly attenuated by MCs of the same opacity
and then summing over their SEDs. To assign an opacity to the
macro-MC, we started from Silva et al. (1998), who showed that
the M/r? ratio, and not the single values of M and r, determines
the opacity of MCs. Then, we constrained the radius of the ide-
alized MC by adopting the same M/r? ratio of a giant MC with a
mass of molecular gas equal to 10° My, and a radius of 15 pc, as
done in Granato et al. (2021). Then, the dust mass in this cloud
was given by Mauseme = fo fotm Ze Mgas, Where f; is the frac-
tion of cold gas in each galaxy, as predicted by our cosmologi-
cal hydrodynamical simulations, Z. is the metallicity of the cold
component of the ISM and My, is the total gas mass. For con-
sistency, we removed the cold gas assigned to the MCs from the
diffuse medium that produces the attenuation of the emission of
older star particles by multiplying the mass of each gas particle
(therefore of each dust particle) by 1 — f.. SEDs of individual
galaxies were then computed by summing the SEDs of the old
and young star populations.

In both the runs with and without a model for MCs, we ran
SKIRT in extinction-only mode, where calculations on the dust
thermal re-emission at IR wavelengths are omitted to speed up
the computations. We defer to future work a full exploration of
the parameter space concerning the sub-resolution modeling of
MCs, which is beyond the purpose of this analysis. In Sect. 3.5
we show that the conclusions presented in this work are not
affected by the modeling of MCs.

3. Results
3.1. Properties of protocluster halos

In this section we present the properties of the population of
halos in DTANOGA PCs, specifically focusing on their masses and
characteristic radii. We compared these properties with those of
observed halos associated with PCs or high-z clusters, which
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Fig. 3. Projected stellar mass density maps of two DIANOGA PC regions, which are the progenitors of clusters of total mass M. equal to 5x10'* M,
and 2 x 10" My, at z = 0 (left and right panel, respectively). In each panel, the larger red dashed circle corresponds to the PC region as defined in
the text, while the smaller circles show the Ryg. of halos in these regions with My, > 10'3 M, Densities are computed in pixels of size 15 (10)

kpc in the right (left) panel.

we used as a reference for comparing the simulated galaxy
population properties in the following sections. Additionally,
we examined the velocity dispersion of their member galax-
ies to provide a more complete comparison with dynamically
inferred masses and to identify potential sources of discrep-
ancy in such estimates. Indeed, velocity dispersions are com-
monly used in dynamical studies of observed halos as proxies
for their total masses, assuming spherical symmetry and local
relaxation. In the simulated PCs, we considered all halos with
Moy > 103 Mg, and calculated the 1D velocity dispersions of
galaxies identified within the 3D Ry of each halo, along three
orthogonal lines of sight.

We show the results of this analysis in Fig. 4, where the
masses My are plotted as a function of the galaxy veloc-
ity dispersions along the three lines of sight. These results
are compared with observational estimates for (proto)clusters
at z ~ 2-2.5 from Gobatetal. (2013), Shimakawa et al.
(2014), Wangetal. (2016, 2018), Mantz etal. (2018) and
Di Mascolo et al. (2023). The estimates from Shimakawa et al.
(2014) for the Spiderweb PC at z = 2.2 and the two subgroups
of USS1558-003 at z = 2.53, within their estimated R,p., come
from a dynamical analysis based on velocity dispersions. The
remaining data include estimates based on observations of the
intracluster medium (ICM): X-ray data for CLJ1001 at z = 2.5
(Wang et al. 2016, in agreement with estimates based on stel-
lar mass and velocity dispersions), XLSSC 122 at z = 1.98
(Mantz et al. 2018; Willis et al. 2020; Noordeh et al. 2021), and
ClJ1449 at z = 2.00 (Gobat et al. 2013; Valentino et al. 2016;
Strazzullo et al. 2018), as well as estimates from the Sunyaev—

Zeldovich (SZ) signal for the Spiderweb PC (Di Mascolo et al.
2023, consistent with X-ray measurements from Tozzi et al.
2022a). Wherever needed, we convert Mspo. to Mg (and Rsooc
to Rygoc) using the relations from Ragagnin et al. (2021).

We also show an analytic redshift-dependent relation
between dynamical mass and velocity dispersion, calibrated
by Saroetal. (2013) on simulations up to z = 1.2, and
extrapolated to z = 2.2, in Fig. 4. In general, the simu-
lated halos are in good agreement with this relation. For the
few large halos with My, ~ 10'“M,, the figure suggests
an increased scatter in velocity dispersions, though with very
limited statistics. This might be due to the earlier stage of
assembly of these objects. In such cases, the assumption of
spherical symmetry underlying the definition of Ry may not
be valid. The comparison with Shimakawa et al. (2014) shows
good overlap with the mass and velocity dispersion ranges
of the simulated halos studied here, with the Spiderweb PC
core, lying at the high-mass end of our probed range, a factor
<2 more massive than our most massive halos. On the other
hand, this estimate of the Spiderweb PC core mass is a fac-
tor ~3 larger than the ICM-based estimates (Tozzi et al. 2022a;
Di Mascolo et al. 2023), which are well within the mass range
of our simulated halos, as well as the other halos mentioned
above.

The inconsistency between different observations of the
same system is likely due to the complications of a dynam-
ical analysis in highly disturbed systems, especially at these
redshifts. Such analyses rely on the assumptions of local viri-
alization, spherical symmetry, and the reliable removal of
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Fig. 4. Mass M. of massive halos in PC regions as a function of veloc-
ity dispersion o, along three orthogonal lines of sight (represented by
circles, squares and diamonds) as traced by galaxies with stellar masses
larger than 10° M, and lying within the Ry, of each halo. Each point
is color coded according to the halo Rygy.. The symbols with red con-
tours mark the central halos of all PCs. The dashed curve represents
the relation between dynamical masses and galaxy velocity dispersions
calibrated in simulations by Saro et al. (2013) up to z = 1.2 and extrapo-
lated at z = 2.2. Star symbols represent velocity dispersions and dynam-
ical mass estimates within the core of the Spiderweb PC and for the two
subgroups of USS1558-003 from Shimakawa et al. (2014). The cross
symbol corresponds to CLJ1001 (Wang et al. 2016). The pentagon sym-
bol shows My, for the Spiderweb PC, from Sunyaev—Zeldovich effect
measurements with the Atacama Large Millimeter/submillimeter Array
(ALMA; Di Mascolo et al. 2023), the triangle represents the cluster
XLSSC 122 (Mantz et al. 2018; Willis et al. 2020; Noordeh et al. 2021)
and the downward triangle represents ClJ1449 (Gobat et al. 2013).
These three points are shown artificially at o, < 0 since velocity disper-
sions measured consistently within the estimated radii are not available.

line-of-sight interlopers, all of which may bias the measurement
of the velocity dispersion.

With these caveats, we conclude that our PC regions are pop-
ulated with halos similar in mass and velocity dispersion (when
available) to clusters and PC cores identified in observations at
z~2-25.

3.2. Galaxy stellar mass function

The galaxy stellar mass function is an important observable in
constraining galaxy formation models since it is essentially the
integrated star formation history in a given region. In cosmolog-
ical simulations, the GSMF at various redshifts is often used to
fine-tune parameters of sub-resolution models related to the ISM
and star formation processes. However, in the DTANOGA simula-
tions, no tuning has been applied to the evolution of the GSMF,
making it a genuine prediction. In this section we present the
simulated GSMF and investigate its environmental dependence
by selecting galaxies from different regions within the PCs and
in the cosmological box. We also compared the simulated GSMF
with observed GSMFs in PCs at z ~ 2-2.5, in order to assess
whether our simulations can reproduce the integrated star for-
mation history observed in these systems.

The simulated GSMF for DIANOGA PCs is shown in Fig. 5.
To highlight environmental signatures associated with the most
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Fig. 5. Galaxy stellar mass functions in the PC environment compared
with the cosmological box. The red line is the median of the GSMFs in
PC cores, with and without central galaxies (solid and dashed lines,
respectively; we note that the dashed line stops at M, ~ 10'' M,
because the median GSMF in PC cores in the higher mass bins is zero
when central galaxies are excluded). The green line shows the median
GSMF in the less dense, diffuse PC regions, masking out all PC cores.
The normalizations have been rescaled by the factors reported in the leg-
end. The shaded regions define the 16th—84th percentile range spanned
by the different PCs (or PC cores). The black line is the GSMF in the
cosmological box, with Poissonian uncertainties.

massive halos (cores) in the PC regions, we separately consid-
ered galaxies hosted by halos with Mygo. > 1.5X% 103 M,, in PCs.
This separation is intended to investigate differences between
galaxy populations in PC cores and those in the extended PC
structure. The specific threshold of My, = 1.5 x 103 M, cor-
responds to the mean mass of the third most massive progenitor
halo, with the median mass ratio between first and third most
massive progenitors at this redshift being 3.5. We show the pre-
dicted GSMF for PC cores, for the extended PC regions4 and
for the cosmological box. The GSMF normalization is obviously
higher in denser regions; the GSMFs shown in Fig. 5 have been
rescaled to highlight differences in their shape.

The comparison between the GSMFs in the cosmological
box and in the extended PC regions reveals a slight relative
excess of massive galaxies, with M, > 10'°M,, in the latter.
This indicates that even when excluding galaxies in large halos,
PCs exhibit a faint signature of accelerated evolution at earlier
times. As expected, the excess of massive galaxies is more pro-
nounced for the median GSMF in PC cores. This signal is com-
pletely dominated by central galaxies at M, > 10'' Mg. This
result is qualitatively consistent with recent observational find-
ings, such as the top-heavy feature in the GSMF of CLJ1001
at z = 2.5 (Sunetal. 2024) and the large ratio of high-mass
to low-mass galaxies relative to the field in the Elentari proto-
supercluster at z ~ 3.3 (Forrest et al. 2024). We note that the
GSMF of PC cores shows significant variability at high stellar
masses among different cores, with a considerable scatter toward
low number densities at M, 2 5 x 10'° M, which seems to be

4 To calculate the GSMFs of PC cores we used the volume of the
sphere with the radius Rygo. of each halo, while for the extended PCs
we used the radius of the PC region as defined in Sect. 2.2, to which we
subtract the cumulative volume occupied by the PC cores.
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Fig. 6. Comparison between the GSMF in DIANOGA PCs and in obser-
vations of PCs at z ~ 2—2.5 (Spiderweb, CLJ1001, 14 PCs in the COS-
MOS field; Pannella et al., in prep.; Sun et al. 2024; Edward et al. 2024,
respectively). For each set of observations, a simulated GSMF has been
produced to match the selection of galaxies as closely as possible. For
each selection, GSMFs have been extracted along three orthogonal lines
of sight, convolved with Gaussian errors with scatter 0.3 dex (see text),
and the solid lines (shaded regions) show the median GSMFs (16th—
84th percentile ranges, respectively) across all realizations, in the same
color as the corresponding data.

primarily due to the lower-mass PC cores not having formed
a significant fraction of massive galaxies yet. We note that the
presence of massive halos in the cosmological box does not
impact the global properties of the galaxy population. We iden-
tified the three most massive halos, with M. in the range
(1-3) x 10* Mo, in the cosmological box and defined a PC
region around each of them, assuming an extent of 6.5 times
their Rygo. (the average radius of the DIANOGA PCs with similar
descendant mass). The galaxies within such regions comprise
only 4% of the total galaxy population within the box, and their
presence has only a negligible effect on the GSMFE.

In Fig. 6 we compare the predicted GSMF with observations
in PCs at similar redshift, including the Spiderweb PC (Pannella
et al., in prep.), CLJ1001 (Sun et al. 2024) and 14 PCs identified
in the COSMOS field at 2 < z < 2.5 (Edward et al. 2024). We
tried to replicate the selection of the observational data as closely
as possible for an accurate comparison between simulations and
observations. For the comparison with Pannella et al. (in prep.)
and Sun et al. (2024), we computed the GSMF within the same
projected area covered by the observations and apply a redshift
cut (including the contribution from peculiar motions) equiva-
lent to the one imposed by the narrow-band filters in the data.
Edward et al. (2024) use photometric redshifts with statistical
subtraction of the background, meaning that the actual extension
of the probed PC regions along the line of sight is unconstrained.
As a result, for comparison to this work we only matched the
projected area of these observations and rescaled their GSMF
fit by a factor of 10 to approximately match the normalization of
the simulated GSMF. For each simulation, we repeated the selec-
tion along three orthogonal lines of sight, extracting the median
across all 3 x 14 realizations of the GSMF and computed the
16th—84th percentiles to define the scatter among simulated PCs.
We applied a convolution with a Gaussian distribution of errors

in the logarithm of stellar masses, with a dispersion of 0.3 dex,
to approximate observational uncertainties (e.g., Conroy 2013;
Mobasher et al. 2015; Lower et al. 2020). For Sun et al. (2024),
we show the sum of the observed GSMFs of star-forming and
quenched galaxies, although the latter is affected by incomplete-
ness.

This comparison highlights an overall agreement in the
normalization of the GSMF with observations (excluding
Edward et al. 2024, where the normalization has been arbitrarily
rescaled as mentioned above). The shape of the simulated GSMF
is in very good agreement with Edward et al. (2024) and consis-
tent with Pannella et al. (in prep.) especially at high masses (we
note that these observations may suffer from significant incom-
pleteness at lower stellar masses; see Tozzi et al. 2022b). On the
other hand, we do not reproduce the strong top-heavy feature
observed in the GSMF in CLJ1001 (Sun et al. 2024).

3.3. Star-forming main sequence

The star-forming MS is a key observable for constraining the
mode of star formation as a function of stellar mass at differ-
ent epochs. As such, it is useful to highlight the effect of envi-
ronment on the star formation activity of galaxies. However,
theoretical models continue to struggle to match the normal-
ization of the observed MS at cosmic noon, with most semi-
analytic models and cosmological simulation suites underesti-
mating galaxy SFRs at high redshift (see, e.g., Granato et al.
2015; Hirschmann et al. 2016; Donnari et al. 2019; Akins et al.
2022; Andrews et al. 2024; Fontanot et al. 2024), despite the
fact that simulations can be tuned to reproduce the observed
GSMFs quite well. Star formation has been investigated in
lower-resolution versions of the DIANOGA simulations, show-
ing indeed lower SFRs of galaxies in PCs with respect to the
observed MS (e.g., Bassini et al. 2020) and a star formation his-
tory that is not sufficiently bursty and thus is unable to reproduce
FIR observations in high-z PCs (Granato et al. 2015).

In the following, we compared the star-forming MS in the
DIANOGA PCs and in the cosmological box at z = 2.2 to investi-
gate the impact of environment on the population of star-forming
galaxies, and we compared these results with observations both
in the field and in PCs. We classified galaxies as star forming
if their specific SFR (sSFR) exceeds 0.3/t (where 7y is the
Hubble time at z = 2.2; Franx et al. 2008). Figure 7 shows that
this threshold appropriately separates star-forming and quenched
galaxies in our simulations, falling approximately 1 dex below
the peak of the simulated MS and intersecting the sSFR distribu-
tion at the point where quenched galaxies lead to a change in the
slope of the distribution, both in the PCs and the cosmological
box.

In Fig. 8 we compare the simulated MS with observational
data for PCs and the field at the same redshift. Specifically,
we compare the median SFRs, as a function of stellar mass,
across all the simulated PCs and in the cosmological box with
observations in the Spiderweb PC from Pannella et al. (in prep.,
with SFR measurements based on dust-corrected rest-frame UV
fluxes) and Pérez-Martinez et al. (2023, with Ha-based SFRs),
and with field measurements from Schreiber et al. (2015, based
on Herschel observations). To ensure a more proper compari-
son with these observations, we computed the SFRs of simu-
lated galaxies averaged over 200 Myr, which is approximately
the timescale of the SFR tracers used in Pannella et al. (in
prep.) and in Schreiber et al. (2015), while Ha observations used
in Pérez-Martinez et al. (2023) trace an almost instantaneous
SFR, with the relevant timescales being 5—10 Myr. We show
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Fig. 7. Distributions of sSFRs of galaxies in the DIANOGA PC regions
(red line) and in the cosmological box (blue line) at z = 2.2 compared
with the threshold separating star-forming from quenched galaxies, at
this redshift, from Franx et al. (2008). Galaxies with SFR =0 have been
artilacially assigned the minimum non-zero sSFR, corresponding to
1074 yrt,

in Fig. B.1 that the SFRs in the cosmological box and in the
PCs at z = 2.2 decline over the past 200 Myr in our simula-
tions, with instantaneous SFRs systematically lower than aver-
aged ones across all probed stellar masses. Nevertheless, the
offset between these two SFRs estimates (~0.1 dex on average)
is much smaller than typical observational uncertainties. There-
fore, considering also the limited sample sizes in MS investiga-
tions in observed high-z PCs, we expect the comparison between
simulated and observed SFRs in Fig. 8 not to be affected by the
different timescales of the mentioned SFR tracers, and thus we
used SFRs averaged over 200 Myr in Fig. 8 and in the following.

The simulated MS is systematically lower than the observed
one, both in the field and in the Spiderweb PC. The 11
star-forming proto-BCGs’ also have lower SFRs compared to
the Spiderweb galaxy. A similar underestimation of SFRs at
high redshift is present also in lower-resolution simulations of
the DIANOGA PCs (Granato et al. 2015; Ragone-Figueroa et al.
2018; Bassini et al. 2020), which also adopt different prescrip-
tions for the feedback processes. This suggests that the primary
cause for the lower MS normalization predicted by simulations
lies in the star formation model (SH03), which uses a quiescent
mode of star formation that inherently prevents any bursty star
formation episodes, which are instead expected at cosmic noon.

Ragone-Figueroa et al. (2024) show that by adopting a
different model for star formation and stellar feedback
(Murante et al. 2010, 2015; Valentini et al. 2020, 2023), cou-
pled with H, formation on dust grains (Granato et al. 2021),
the discrepancy between the simulated and observed MS can be
reduced, also resulting in a cosmic star formation history that
better matches the observed one.

Within the simulation, we observe that less massive PC main
progenitors host proto-BCGs with suppressed star formation
compared to the (simulated) MS. The simulated MS in Fig. 8

5 We define as proto-BCG the central galaxy of the main progenitor
halo in each PC. 3 out of 14 proto-BCGs, also shown in Fig. 8, are
quenched, according to our definition.
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also shows a rather minor suppression of star formation in PCs
compared to the cosmological box®. This is further explored in
Fig. 9 where, for a better understanding of the effect of the envi-
ronment, we separated star-forming galaxies hosted by PC cores
(Mo > 1.5x10"3 M) from those in the lower-density extended
regions of PCs, comparing them also with galaxies in the cosmo-
logical box.

Figure 9 shows the environmental dependence of the star-
forming MS by comparing offsets in SFRs between the afore-
mentioned galaxy populations. To compute the offsets, we gen-
erated 1000 realizations of the MS of each galaxy population,
assuming an (asymmetric) Gaussian distribution of SFRs as a
function of stellar mass based on the median SFR and 16th—84th
percentile range for the given population of simulated galaxies.
For each population (and thus environment) pair, we then com-
puted the mean of the SFR offsets as a function of stellar mass
over these 1000 realizations. The error on the offset is estimated
as the scatter of the SFR offsets across the realizations.

We predict a very small though significant suppression of
approximately 0.05 dex in the SFRs of PC galaxies compared
to the cosmological box (we note that this is insensitive to
including or excluding the most massive halos, as their galaxy
populations are subdominant compared to the full PC struc-
ture). This suppression is independent of stellar mass, though
for log,(M./Mg) > 11 statistical uncertainties are too large
to draw any conclusions. The observational uncertainties in
the current MS determinations do not allow the detection of a
0.05 dex offset. Therefore, this prediction from simulations is
compatible with studies that found either a low-significance or
no suppression in the SFRs of PC galaxies compared to their
field counterparts (e.g., Cucciati et al. 2014; Koyama et al. 2021;
Polletta et al. 2021; Shi et al. 2021; Pérez-Martinez et al. 2023).
On the other hand, our predicted offset contrasts with other stud-
ies finding an enhanced star formation in PC galaxies (e.g.,
Pannella et al., in prep.; Shimakawa et al. 2018; Monson et al.
2021; Pérez-Martinez et al. 2024).

Figure 9 further shows that the star formation suppression is
more significant in PC cores, with an MS offset up to ~0.25 dex
compared to the cosmological box. This offset decreases to
~0.05 dex for galaxies with M, ~ 10° M,. For these galaxies,
whose star formation history has experienced a more marked
recent decline (see Fig. B.1), the SFR averaged over 200 Myr
may be less sensitive to their relatively rapid evolution, espe-
cially in PC cores, as is discussed in the following.

Given that star formation in the DIANOGA simulations
depends on the gas reservoir and on the efficiency of gas conver-
sion into stars, we further explored how these quantities compare
with observational constraints. The reservoir of star-forming gas
is represented by the cold component of the multi-phase gas par-
ticles that describe the ISM in the SHO3 star formation model
adopted in our simulations (see Sect. 2.1). We computed the
cold gas fraction, tcolg = Mcola/M, Where M qq is the total cold
gas mass in a galaxy. We compared this cold gas fraction with
the molecular gas fraction, Mygjecutar/M~«, Which is estimated
in observational investigations, noting that M qq represents an
upper limit to the (sub-resolution) molecular gas content. We
also computed the depletion time #gep = Mco1d/SFR, using the
SFR averaged over 200 Myr.

In Fig. 10 we show pcoq and fgep as a function of stellar
mass for star-forming galaxies, both in PCs and in the cosmo-
logical box, comparing them with observational results from

® We verified that masking the “PC” regions in the cosmological box,
as defined above, does not impact this result.
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Fig. 8. Star-forming MS of galaxies in the DIANOGA PCs (orange) and in the cosmological box (green). Solid lines define the median SFRs of
all star-forming galaxies within each stellar mass bin, while the shaded areas mark the 16th—84th percentile intervals. The star symbols represent
proto-BCGs identified in the simulations, color coded according to the mass Myy. of the main progenitor halo of each PC. Black diamonds and
green dots are data for the Spiderweb PC from Pannella et al. (in prep.) and from Pérez-Martinez et al. (2023), respectively. The blue line is the
best fit for the observed field star-forming MS by Schreiber et al. (2015) at z = 2.2. The red bar shows the estimated SFRs for the Spiderweb
galaxy from measurements by Seymour et al. (2012) and Drouart et al. (2014). Simulated SFRs are averaged over 200 Myr (see text).
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Fig. 9. Environmental dependence of the simulated star-forming MS
at 7 = 2.2 as a function of stellar mass. Results are shown for the
whole sample of PC galaxies, as well as separating PC galaxies located
within/outside Ry of halos with Myy. > 1.5 x 103 M, (PC cores),
comparing them to results for the cosmological box. The solid lines and
shaded regions show the MS offset and its uncertainty between pairs of
environments as indicated in the legend (see text for details).

Magdis et al. (2012), Liuetal. (2019), Sanders et al. (2023),
Meérida et al. (2024) and Leroy et al. (2024) atz ~ 1.5-3. In both
PCs and the cosmological box, our simulations predict cold gas
fractions that are systematically lower than the observed values,
while the depletion times (thus the star formation efficiencies)
appear consistent with observations. However, considering the
realistic GSMF in the simulated PCs discussed in Sect. 3.2, the
cold gas deficit suggests a possible inefficiency in gas cooling,
excessive heating due to feedback processes, or highly efficient
interactions with the hot ambient gas, which begins to permeate
the simulated halos at these redshifts (Esposito et al., in prep.),
rather than an early over-consumption of gas.

As shown in Fig. 10, the fraction of cold gas is slightly lower
in PCs than in the cosmological box. To investigate this further,
we derived offsets in the median cold gas fraction and deple-
tion times of galaxies in PCs in comparison with galaxies in the
cosmological box, as a function of stellar mass, using the same
methodology applied for the MS offsets in Fig. 9. The resulting
offsets are shown in Fig. 11. For the cold gas fraction, we observe
a small (~0.05dex) though significant suppression in the cold
gas reservoir in PC galaxies across all stellar masses, similar to
the trends seen for the MS. For star-forming galaxies in PC cores,
the offset in poq relative to the cosmological box decreases at
lower masses, suggesting a more efficient depletion or less effi-
cient replenishment of gas in low-mass galaxies. Since this fea-
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Fig. 10. Cold gas fractions (left panel) and depletion times (right panel) in star-forming galaxies in the DTANOGA PCs (orange) and in the cosmo-
logical box (green) as a function of stellar masses. Solid lines (shaded regions) show median values (16th—84th percentile ranges, respectively).
For comparison, we show observations at z ~ 1.5-3 from Magdis et al. (2012), Liu et al. (2019), Sanders et al. (2023), Mérida et al. (2024) and

Leroy et al. (2024).
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Fig. 11. Environmental dependence of the fraction of cold gas (left panel) and of the cold gas depletion time (right panel) at z = 2.2 as a function
of stellar mass. Here we consider four environments: the cosmological box, the whole PCs, the low-density extended PCs and the PC cores. The
solid lines define the offsets between the cold fractions and the depletion times in the PC environments with respect to the cosmological box, as
defined in the legend, resulting from 1000 Monte Carlo realizations (see text). The shaded regions represent the intrinsic scatter on the offsets.

ture is specific to the most massive halos in the PC regions, it
is possible that interactions with the hot ICM emerging in these
massive halos are either stripping cold gas from galaxies or halt-
ing cosmological gas accretion, leading to more rapid gas deple-
tion, especially in lower-mass galaxies. In particular, the offset in
HUcola Shows a sharp drop at log(M../Mg) < 9.5. This is because
approximately 40% of galaxies in this mass range within PC
cores, classified as star forming based on their averaged SFRs,
have completely lost their cold gas reservoir, effectively shut-
ting off star formation over the past 200 Myr. While these galax-
ies are in a regime where the results could be influenced by the
finite numerical resolution of the simulations, galaxies of simi-
lar mass in the cosmological box and in smaller halos within the
PC regions do not show such an abrupt decrease in cold gas frac-
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tions. Therefore, we conclude that this is not a numerical artifact,
although the extreme environment in the largest halos within the
simulated PC regions, coupled with the relatively low number
of gas particles in galaxies with log(M.) < 9.5, may amplify a
genuine physical process occurring in massive halos at this red-
shift. Figure 11 also shows that the environmental dependence
of depletion times qualitatively mirrors the trends observed for
the cold gas fraction. The offset in the median depletion time of
galaxies in the full PC region in comparison with the cosmolog-
ical box (with no sensitivity to the inclusion or exclusion of the
most massive halos) is marginal and statistically insignificant.
However, low-mass PC galaxies within the most massive halos
exhibit a dramatic decrease in their median depletion time, corre-
sponding to the low median cold gas fractions discussed above.
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Fig. 12. Fraction of quenched galaxies in PC cores as a function of
the core mass My, in the DIANOGA PCs at z = 2.2. The dots are
median quenched fractions across different cores in each mass bin and
the shaded areas are the 16th—84th percentile ranges. The horizontal
bands show the fraction of all quenched galaxies in the coeval cosmo-
logical box (its width is the 10~ confidence interval calculated following
Cameron 2011), and the 16th—84th interval of quenched fractions in the
PC extended regions (masking out the PC cores), across the 14 different
simulations, independently of their host halo mass. Results are shown
for galaxies with stellar masses in the range 10° < M, /M, < 10'* and
M, > 10'°M,, separately.

3.4. Quenched galaxy fractions

In this section we analyze the population of quenched galaxies
in the DTANOGA PCs and in the cosmological box at z = 2.2,
to quantify how the environment of massive halos in PCs sup-
presses star formation in galaxies. This represents the first nec-
essary step to exploit the simulations in probing the nature of
early quenching processes in cluster progenitor environments, in
the context of understanding the physical mechanisms resulting
in the predominance of quenched galaxies in mature clusters at
later epochs.

We investigated the effects of the local environment, by iso-
lating galaxies hosted by PC cores of different halo masses and
galaxies populating the extended PC structures. We also sepa-
rated galaxies in two stellar mass bins (10° < M, /Mg < 10'° and
M, > 10'°M,) to examine how galaxies of different masses are
differently affected by the environment. The median quenched
fractions as a function of halo mass, and the fractions in the wide
PC structures and in the cosmological box, are shown in Fig. 12.

Across all stellar masses, the quenched galaxy fraction
increases significantly in more massive halos, reaching up to
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Fig. 13. Comparison of quenched fractions in the most massive sim-
ulated PC cores (with Moy > 5 x 10'3M,) and observations at
z ~ 2-2.5. We note that measurements in this figure are not homo-
geneous in terms of the size of the considered region around the PC
center (see text). The cyan dots show the median quenched fractions
among selected halos, while shaded dark (light) regions are the 16th—
84th percentile (minimum-maximum) ranges. The cyan diamonds, with
binomial population uncertainties (Cameron 2011), are quenched frac-
tions extracted from the cosmological box. For comparison with the
observations in CLJ1001, XLSSC 122 and ClJ1449, galaxies in PCs
were selected above a limiting stellar mass (My;,,) and within a physi-
cal aperture around halo centers, matching those adopted in Wang et al.
(2016), Noordeh et al. (2021) and Strazzullo et al. (2018), respectively
(see text for details). For comparison with the cosmological box, we also
show the quenched fractions in the field from COSMOS/UltraVISTA
catalog (Muzzin et al. 2013) and from the CANDELS/3D-HST survey
(Skelton et al. 2014) at 2 < z < 2.5.

90% (70%) for the 10° < M,./M,, < 10'° (M, > 10'° M) galaxy
population at M. > 10'# My, The scatter around the median is
representative of the halo-to-halo variation, though higher halo
mass bins might be affected by limited statistics.

The DIANOGA simulations predict an increased efficiency
of quenching mechanisms compared to the cosmological box,
across all the probed stellar mass and halo mass ranges, already
at z = 2.2. Noticeably, the fractions of quenched galaxies in
the extended PC regions exceed those in the cosmological box,
suggesting that star formation in galaxies might be suppressed
before their infall into the virial region of a massive halo.

While these simulations predict an increasing quenched frac-
tion as a function of stellar mass in the cosmological box and
in the extended PC regions, in qualitative agreement with field
observations (e.g., Muzzin et al. 2013; Kawinwanichakij et al.
2017; Sherman et al. 2020; Park et al. 2024), we note that Fig. 12
shows instead higher quenched fractions for 10° < M. /My <
10'° than for M, > 10'"M, galaxies in PC cores, at odds
with observations in the field, as mentioned above, as well as in
observed clusters and PCs (e.g., van der Burg et al. 2013, 2020;
Cooke et al. 2016; Lee-Brown et al. 2017; Edward et al. 2024).
This issue is common in various cosmological simulation suites
across different redshifts, stellar masses, and environments (e.g.
Bahé et al. 2017; Donnari et al. 2021). This discrepancy is likely
a direct consequence of the over-consumption of gas in low-mass
star-forming galaxies, as is discussed in Sect. 3.3 and further
investigated in a forthcoming study.
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In Fig. 13 we compare the quenched galaxy fraction in
the most massive PC cores, with M. > 35 x 10"*M,,
with observations in similar environments at z ~ 2-2.5,
including XLSSC 122 (Willis et al. 2020; Noordeh et al. 2021),
CLJ1001 (Wang et al. 2016) and C1J1449 (Gobatet al. 2011;
Strazzullo et al. 2018). We note that, while the quoted quenched
fractions for XLSSC 122 and CLJ1001 are computed in very
similar apertures (approximately 600 and 700 kpc, respectively)
and the two (proto)clusters have similar halo masses (M. ~
8—9 x 10" M), the quoted quenched fraction in C1J1449 (with
Mooge ~ 5 % 101 M) is computed within a much smaller aper-
ture of 200 kpc. To compare the quenched fractions in simulated
PCs with these observations, we selected galaxies in the same
apertures and with stellar masses larger than the completeness
limits in the referenced observational studies. We thus stress that
measurements in different stellar mass bins shown in Fig. 13 are
not homogeneous in terms of the size of the considered region
around the PC centers. We also compare the quenched frac-
tions in the cosmological box with field observations in COS-
MOS/UltraVISTA (Muzzin et al. 2013) and in CANDELS/3D-
HST (Skelton et al. 2014) at z ~ 2-2.5. For completeness, we
also show the quenched fractions in the PC cores in the high-
est stellar mass bin, even though there is no direct comparison
with observed PCs. We calculated these quenched fractions, as
a reference, within the average Rygo. (440kpc) of the consid-
ered halos. The massive halos in the simulated PCs exhibit a
broad range of quenched galaxy fractions, reflecting the diver-
sity in the timing of evolutionary processes affecting galaxies
in overdense environments at cosmic noon. In particular, the
most star forming among massive PC cores show fractions of
quenched galaxies comparable to those in the cosmological box
as do observed PCs with negligible environmental quenching
(e.g., CLJ1001, Wang et al. 2016), while the most quiescent PC
cores resemble the most mature observed systems (e.g., XLSSC
122, Noordeh et al. 2021)”. Quenched fractions in the cosmolog-
ical box in the stellar mass range probed in Fig. 13 are close to
observed quenched fractions in the field at similar redshift, espe-
cially at M, ~ 4-5 x 10'° M, whereas at higher (lower) masses
they are slightly overestimated (underestimated).

Based on results from these simulations, the large scatter
observed in the quenched fraction of PC cores is primarily driven
by intrinsic variability in the evolutionary phase of PC cores of
similar mass at z ~ 2. We also note that the quenched fractions of
galaxies in the innermost regions of massive PC cores, as shown
in comparison with C1J1449, have the largest scatter. While the
intrinsic variability might indeed be enhanced in the selected
innermost region of massive halos, the increased scatter might
also be due to lower statistics in such small volumes. A more
detailed investigation of the processes affecting galaxy evolution
in halos of different masses and at different halo-centric radii will
be presented in Esposito et al. (in prep.).

3.5. UVJ diagrams

In observational studies, UVJ diagrams are widely used to clas-
sify galaxies as star forming or quenched (e.g., Labbé et al.
2005; Williams et al. 2009; Whitaker et al. 2012). Donnari et al.
(2019) found that the fractions of quenched galaxies inferred
from UVJ diagrams in the IllustrisTNG simulations were con-
sistent with those estimated from the galaxy distance from the

7 We estimate the mass completeness limit based on the spectroscopic
completeness limit from Willis et al. (2020), assuming a BC03 SSP with
formation redshift z = 5 and no dust.
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MS at redshifts 0 < z < 2, by adopting a separation line between
star-forming and quenched galaxies that preserves the slope of
the commonly used classification (e.g., Whitaker et al. 2011),
but is shifted to account for the slightly different color distri-
bution compared to observations. We tested this approach in the
DIANOGA simulations, coupled with the SKIRT-9 radiative trans-
fer code (see Sect. 2.3), to investigate potential complications in
the comparison between galaxy populations in simulations and
observations, particularly in the context of high-redshift massive
halos.

We produced UV]J diagrams for a random sample of seven
massive halos, with Mg, = (0.6—1.4) x 10'* My, in our sim-
ulations. We selected galaxies with M, > 2 x 10'° Mg, which
is approximately the mass range that can be reasonably probed
with mass-complete samples in deep observational investiga-
tions of z ~ 2 PC galaxy populations thus far, and located within
a 3D aperture radius of 700 kpc from the center of each halo,
corresponding to ~1.5 X Rygoc. The resulting UVJ diagrams are
shown in Fig. 14. The two panels refer to results based on two
models, corresponding to including or not a prescription for MCs
(see Sect. 2.3). In the following, we refer to these two models
as “diffuse model” (left panel) and “MC model” (right panel),
respectively. We note that the diffuse model relies on a smaller
number of assumptions and represents a more direct prediction
of the simulations, though it does not resolve the scales of MCs.

The diagrams for both models reveal that galaxy populations
in the simulated halos exhibit a red sequence (e.g., Bell et al.
2004) that is already in place at z = 2.2, reflecting the high
quenched fractions presented in Sect. 3.4. These red galaxies
form a tight sequence in the quenched region of the diagram
and are largely unaffected by dust attenuation, due to the lim-
ited gas reservoir in quenched galaxies, which translates into lit-
tle dust to absorb the stellar emission in our modeling. Qual-
itatively, the distribution of both quenched and star-forming
galaxies is in agreement with observed UVJ diagrams. How-
ever, the actual color distribution of the simulated star-forming
galaxies is not the same as for observed counterparts. There-
fore, to quantitatively match the separation between the two
galaxy populations based on their sSFR (see Fig. 7), we needed
to shift the separation line by approximately 0.2 mag toward
redder U-V colors compared to standard separations used in
the literature (e.g., Williams et al. 2009; Whitaker et al. 2011,
2012; Muzzin et al. 2013). We note that this is in quantita-
tive agreement with the UV]J separation found by Donnari et al.
(2019) in the INustrisTNG simulations, as well as with the
color distributions in SIMBA simulations at z = 2 from
Akins et al. (2022).

For star-forming galaxies, the diffuse model produces over-
all stronger attenuation (the average Ay for the studied sample
is 1, compared with 0.5 for the MC model), which is domi-
nated by the attenuation of the diffuse dust on the more abun-
dant older stellar population. In this respect, we recall that the
MC model subtracts the cold gas reservoir from the total gas
contributing to the attenuation of older stars in the ISM. Since
star-forming galaxies in PCs reach very high fractions of cold to
total gas, this leaves overall a rather small amount of diffuse gas,
and consequently dust, in the MC model, resulting in lower dust
attenuation compared to the diffuse model. The details of this
effect are related to the assumptions adopted in the MC model
implemented here, however, as discussed in Sect. 2.3, tuning this
model is not the focus of this analysis; our primary interest in
modeling the age-dependent attenuation of MCs is understand-
ing its qualitative influence on the reddening of galaxy colors in
the UVJ diagrams.
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Fig. 14. Simulated UVJ diagrams for galaxies within seven massive halos in DTANOGA PC regions at z = 2.2, within a 700 kpc aperture, produced
with SKIRT-9. Intrinsic colors are connected to attenuated colors by gray arrows that end with star symbols color coded according to the sSFRs
of galaxies. The left panel shows the diagram obtained by tracing dust in the diffuse ISM through a fixed dust-to-metal ratio. The right panel
shows the diagram produced with the model for MCs described in Sect. 2.3. Typical cuts adopted in UVJ diagrams to separate quenched and
star-forming galaxies (Williams et al. 2009; Whitaker et al. 2011, 2012; Muzzin et al. 2013) are shown as black lines, while the red line defines
a custom-defined boundary to separate these populations in the DTANOGA simulations. The colored arrows show the reddening vectors for typical
attenuation laws (Allen 1976; Prevot et al. 1984; Bouchet et al. 1985; Calzetti et al. 2000).
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Fig. 15. Properties of a galaxy characterized by a steep reddening vector. The left panel shows the distribution of stars, color coded according to
their age, while the middle panel shows the distribution of gas particles color coded according to their mass in metals, both within 0.25 kpc from
the center of the galaxy along the line of sight. The right panel shows the galaxy star formation history.

Figure 14 shows that, in our modeling of dust attenuation
applied to DTANOGA simulations (diffuse model), the majority of
the galaxy population has reddening vectors in agreement with
typical attenuation laws (e.g., Allen 1976; Prevot et al. 1984;
Bouchet et al. 1985; Calzetti et al. 2000). However, a subset of
star-forming galaxies exhibit steeper reddening vectors. This is
consistent with the results from Akins et al. (2022) on SIMBA
simulations coupled with dust radiative transfer. In fact, they
found that the assumption of a universal Calzetti et al. (2000)
attenuation law might impact the efficacy of the UVIJ classifi-
cation, especially for star-forming galaxies near the quenched
region of the UVJ diagram. This leads to the incorrect clas-
sification of these galaxies as quenched when applying stan-

dard UV]J cuts (Williams et al. 2009; Whitaker et al. 2011, 2012;
Muzzin et al. 2013). This behavior appears in both our mod-
els. Thus, although the MC model seems to extend this fea-
ture to a larger fraction of the galaxy population compared to
the diffuse model, this is not a numerical artifact introduced
by our modeling. We note that the galaxies that are character-
ized by such “atypical” steep reddening vectors tend to be cen-
tral galaxies or at least located very close to them and have
high stellar masses (210'! Mg). The comparison between the
two models suggests that the limited resolution of cosmolog-
ical simulations, which cannot capture the high densities typ-
ical of MCs, does not explain this inconsistency in the sim-
ulated UVJ diagram. Indeed, if anything, the MC model pro-
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duces a more pronounced tilt of the reddening vector in the UVJ
plane.

We investigated the “atypical” galaxies further by analyzing
the spatial distributions of their stars and metals (whose mass is
mapped into dust mass in our modeling) and their star forma-
tion histories. As an example, we show in Fig. 15 these quanti-
ties for one of these galaxies. The star formation history (right
panel) shows approximately constant SFR for the last ~2 Gyr
at ~400 M, yr~!. The distribution of stars (left panel) shows a
positive gradient of stellar ages, while the distribution of metals
(central panel) is concentrated in a dense central core. The steep-
ness of the reddening vector is thus produced by the presence
of a central population of young stars that are highly attenuated
by the core of high-metallicity gas. This is a genuine signal of
age-dependent extinction produced by the simulations (though at
larger scales than the unresolved MCs), which causes a stronger
reddening of the U-V color than of the V-J color (see Fig. 14).

4. Summary and conclusions

In this study, we have analyzed the properties of galaxy popu-
lations in PCs at z = 2.2 in the DIANOGA set of zoom-in cos-
mological hydrodynamical simulations of galaxy clusters. These
include 14 re-simulations of galaxy clusters originally selected
in a DM-only simulation box of size 1 cGpc/h. Alongside the PC
simulations, we also analyzed a cosmological box of 49 cMpc/h
per side representing an average region of the Universe that was
simulated at the same resolution and with the same galaxy for-
mation model in terms of sub-resolution descriptions of the rel-
evant astrophysical processes.

To define PCs in simulations, we traced back the DM that
falls within the Ry of the z = O cluster and identified, around
the most massive progenitor halo, a region that encompasses
80% of all these DM particles. In all of our analyses, we consid-
ered galaxies with M, > 10° M, to ensure an adequate numerical
resolution.

We investigated the properties of simulated galaxy popula-
tions and we compared them to observations to test the predic-
tions of simulations, focusing on halos with properties similar to
the observed (proto)cluster cores. We compared galaxy proper-
ties in the simulated PCs and in the cosmological box to high-
light the impact of environment on galaxy evolution, as predicted
by our simulations. We also performed radiative transfer simu-
lations using the SKIRT-9 code (Camps & Baes 2020) to esti-
mate dust-attenuated rest-frame UV to NIR colors of simulated
galaxies, by consistently tracing dust through metals in the gas
component, and we tested the impact of adopting a UVJ photo-
metric classification of star-forming and quenched galaxies, as
routinely applied in observational studies. We summarize our
main conclusions as follows.

— The GSMF in the DTANOGA PCs is broadly consistent with
observations in PCs at 2 < z < 2.5, both in shape and normal-
ization (see Fig. 6). This demonstrates that the integrated star
formation history in the simulated PCs realistically repro-
duces the observational data. The median PC GSMF reveals
an excess of galaxies with M, > 10'°M, compared to the
cosmological box (see Fig. 5). This excess is detected both in
PC cores (Mago. > 1.5 % 103 M) and, albeit with lower sig-
nificance, in the extended PC regions (i.e., outside the cores).
Since this excess is indicative of early stellar mass assembly,
its presence in the extended PC regions suggests the onset of
an overall accelerated galaxy evolution in the broader envi-
ronments hosting PCs.
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— The SFRs of star-forming galaxies in both the PCs and the
cosmological box are lower than expected from observa-
tions (see Fig. 8). This is consistent with previous results
from lower-resolution versions of the DTANOGA simulations
(Granato et al. 2015; Bassini et al. 2020) and other suites of
cosmological hydrodynamical simulations (e.g., Akins et al.
2022; Andrews et al. 2024). The SFRs in PC galaxies show
a small (~0.05 dex) yet significant suppression compared to
galaxies in the cosmological box (see Fig. 9). This signal is
dominated by galaxies in the extended structures of the PCs,
while galaxies in the PC cores exhibit a more pronounced
suppression (up to ~0.25 dex lower SFRs compared to the
cosmological box).

— The reservoirs of cold star-forming gas are systematically
lower than observational estimates at z ~ 1.5—-3, while deple-
tion times are broadly consistent with those observed in star-
forming galaxies, both in the PCs and in the cosmological
box (see Fig. 10). This suggests that the underestimation of
SFRs in the simulations is related to galaxies not having suf-
ficient gas available to convert into stars, possibly due to
the effect of a too efficient feedback inhibiting cooling or
expelling gas.

Protocluster galaxies in our simulations have marginally
lower cold gas content than their counterparts in the cosmo-
logical box on average, while depletion times do not show
significant differences (see Fig. 11). However, galaxies in
PC cores exhibit more marked differences in both cold gas
fractions and depletion times compared to galaxies in the
extended PC structure and in the cosmological box. In mas-
sive cores, both cold gas fractions and depletion times show
a significant drop for galaxies with log,,(M.) < 9.5, and they
remain significantly lower than the cosmological box levels
at higher masses. This is due to a large fraction (~40%) of
galaxies with log,,(M./Mg) < 9.5 that are classified as star
forming based on their SFR averaged over the past 200 Myr
but have actually completely lost their cold gas over this
time.

We note that these galaxies may be in a regime influenced by
the finite numerical resolution. However, since galaxies of
similar mass in other simulated regions do not show such a
sudden loss of gas, this feature could reflect a genuine physi-
cal process emerging in simulated massive halos at high red-
shift, possibly amplified by the combined effect of relatively
limited numerical resolution and the extreme environment of
the most massive high-z halos.

— The fraction of quenched galaxies in the simulations
increases significantly with the mass of the host halo
in the PC cores, reaching approximately 0.9 (0.7) at
Moy = 10 My, for galaxies with 10° < M, /Mg < 10
(M, > 10'"M,, respectively; see Fig. 12). Our simula-
tions predict an increasing fraction of quenched galaxies
toward lower stellar masses in PC cores, which is at odds
with indications from observations (e.g., Muzzin et al.
2013; van der Burg et al. 2013, 2020; Cooke et al. 2016;
Lee-Brownetal. 2017; Kawinwanichakijetal. 2017;
Sherman et al. 2020; Park et al. 2024; Edward et al. 2024)
and with our predictions in the cosmological box and outside
the cores of the simulated PCs. This trend is common to
many suites of cosmological simulations (e.g., Bahé et al.
2017; Donnari et al. 2021). The fraction of quenched
galaxies in PCs, even outside massive cores, is higher than
in the cosmological box, implying accelerated quenching
also in lower-density PC regions before infall into massive
halos.
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— The DIANOGA PCs include halos in which quenching has pro-
gressed in very different ways (see Figs. 12, 13), similar to
the observed PCs. In some halos, the galaxy quenched frac-
tion is as low as in the cosmological box (comparable to
observed starbursting PC cores, e.g., CLJ1001 at z = 2.51,
Wang et al. 2016), while in others it is as high as in observed
mature clusters (e.g., XLSSC 122 at z = 1.98, Willis et al.
2020; Noordeh et al. 2021). The quenched fractions in the
cosmological box also qualitatively agree with observations
in the field.

— We found that the distribution of galaxies in the simulated
UVIJ diagram in a sample of 7 massive simulated halos is
qualitatively consistent with observed distributions of star-
forming and quenched galaxies (see Fig. 14). However, from
a more quantitative point of view, we needed to shift the
UVI selection boundary by 0.2 mag toward redder U-V col-
ors, compared to typical classification criteria used in obser-
vations, to optimally match the sSFR-based classification of
our simulated galaxies. Despite the overall qualitative agree-
ment, we note indeed the presence of a population of star-
forming galaxies (mainly massive galaxies in the central
regions of PC cores) with a steep reddening vector, leading
to significant contamination of the quenched region of the
diagram when adopting standard selections.

In this work, we have demonstrated that the DIANOGA cosmo-
logical hydrodynamical simulations can broadly reproduce the
properties of galaxy populations in observed PCs at z ~ 2-2.5,
which is a particularly significant time for the evolution of clus-
ters and their host galaxies since it corresponds to the transition
between PC structures and the first established clusters. This red-
shift range also corresponds to a cosmic epoch where the cosmic
SFR density is at its peak and, at the same time, the first sig-
natures of environmental quenching appear in the densest envi-
ronments. We show that the environment of cluster progenitors
has an impact on galaxy populations, particularly through the
early onset and subsequent suppression of star formation, which
is most significant in the massive PC cores. These results pro-
vide an interpretative framework that consistently accounts for
the full cosmological context for understanding the evolution of
galaxies in PCs.

The next crucial step is to constrain when, where, and how
the environment of (proto)clusters affects the evolution of galaxy
populations considering the broad range of environments that
these galaxies cross throughout their evolutionary history. This
includes investigating the buildup of the diffuse ICM that per-
meates mature clusters as well as examining internal processes
within galaxies, including AGN activity.

The results of our analysis highlight that the current genera-
tion of cosmological hydrodynamical simulations are invaluable
instruments to shed light on the complex interplay between envi-
ronment and the physical processes that shape galaxy evolution.
In this respect, cluster progenitor environments at cosmic noon
present a significant challenge to models of star formation and
feedback processes, as they couple extreme regions of the Uni-
verse and a cosmic time where transformational processes are at
their peak. In this context, and while keeping in mind the current
limitations that still affect the comparison of observations and
simulations at high redshift, our findings highlight the need for
improved modeling of galaxy formation and evolution to bet-
ter capture observed galaxy population properties (the level of
star formation in particular) in the densest high-redshift regions.
This is a crucial part of the broader effort to consistently repro-
duce the evolution of galaxy populations across cosmic time and
across different environments.
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Appendix A: Impact of apertures on stellar masses
of simulated galaxies

Here we examine the impact of using stellar masses calculated
within fixed apertures (2D, with an 8.5 kpc radius, corresponding
to 1arcsecond at z = 2.2) as opposed to using total SubFind
masses. Figure A.1 shows the ratio of these two mass definitions
as a function of aperture stellar mass. This ratio is ~ 1 on average
for stellar masses up to M, ~ 10'! My, with negligible scatter (~
0.005), for galaxies both in the PCs and in the cosmological box.
For M, > 10'! M, however, the deviation of the mass ratio from
unity becomes significant, with the SubFind masses exceeding
the aperture masses by a factor ~ 1.3 (1.2) on average in the PCs
(cosmological box, respectively).

Most galaxies (72%) with M, > 10'! M, are central galax-
ies in massive halos, where SubFind fails to separate the galaxy
from the diffuse stellar component (see, e.g., Marini et al. 2021).
For M, > 10'' M, satellites (which are thus not affected by
this effect) the SubFind mass estimate still exceeds the aper-
ture mass by a factor 1.1 on average, reaching up to a factor >2
for 1% of these most massive galaxies.

Appendix B: Effects of averaging SFRs

Here we assess differences between galaxy SFRs averaged
over 200 Myr (SFRygp), which more properly compare to some
observational estimates used in this work (see Sect. 3.3), and
the instantaneous SFRs associated with gas particles in the
SHO3 star formation model (SFRg,). Figure B.1 shows the
ratio between these two SFR estimates as a function of stellar
mass. SFRg, is lower than SFRyo across all the probed stellar
mass range, with a weak increasing trend with increasing mass.
Proto-BCGs behave similarly to other galaxies, with instanta-
neous SFRs tendentially lower than those averaged over the past
200 Myr. The same trends are observed in PCs and in the cos-
mological box, reflecting a declining star formation history of
galaxies in both environments at z = 2.2, possibly more pro-
nounced at lower masses.

Figure B.2 shows the distributions of specific SFRgy
(SFRy) for galaxies in which the SFRygg (SFRg;, respectively)
is zero, which are not accounted for in Fig. B.1. There are very
few galaxies with SFRyp9 = 0 and SFRg,s > 0, and their SFR
corresponds anyway to a negligible level of residual star forma-
tion. Galaxies with SFRg,s = 0 but SFRy99 > 0 are more com-
mon; these galaxies have relatively low (averaged) sSFRs, with
the bulk of them falling below the level of the adopted threshold
for quenched galaxies. Galaxies for which both SFR estimates
are zero also do not appear in Fig. B.1. However, they would in
principle add to the population of galaxies for which the esti-
mates are the same and, since they are a minority across all stel-
lar masses, they would not significantly change the trend shown
in Fig. B.1.
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Fig. A.1. Ratio of SubFind and aperture stellar masses, as a function
of aperture mass for galaxies in DIANOGA PCs, separated in centrals and
satellites, and in the cosmological box at z = 2.2. Aperture masses are
estimated within a two-dimensional projected radius equal to 8.5 kpc.
The bottom panel shows the median (16th—84th percentiles) of the mass
ratios of galaxies in the top panel, in solid lines (shaded areas, respec-
tively).
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Fig. B.1. Two-dimensional histograms of the ratios of instantaneous SFR (SFR,,) and SFR averaged over 200 Myr (SFRyg) of galaxies in
DIANOGA PCs (left) and in the cosmological box (right) at z = 2.2, as a function of stellar mass. Proto-BCGs are plotted separately.
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Fig. B.2. Distribution of the instantaneous (averaged) sSFRs for galaxies with SFRypg = 0 (SFRg,, = 0), in the left (right, respectively) panel. The
dashed lines show the average sSFR of main-sequence galaxies in the cosmological box (black) and in the PCs (red).
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