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Abstract

Studies of galaxy protoclusters yield insights into galaxy cluster formation complementary to those obtained via
“archaeological” studies of present-day galaxy clusters. Submillimeter-selected galaxies (SMGs) are one class of sources
used to find high-redshift protoclusters. However, due to the rarity of protoclusters (and thus the large simulation volume
required) and the complexity of modeling dust emission from galaxies, the relationship between SMGs and
protoclusters has not been adequately addressed in the theoretical literature. In this work, we apply the L-GALAXIES
semianalytic model (SAM) to the Millennium N-body simulation. We assign submillimeter flux densities to the
model galaxies using a scaling relation from previous work, in which dust radiative transfer was performed on high-
resolution galaxy zoom simulations. We find that the fraction of model galaxies that are submillimeter-bright is higher in
protocluster cores than in both protocluster “outskirts” and the field; the fractions for the latter two are similar. This
excess is not driven by an enhanced starburst frequency. Instead, the primary reason is that overdense environments
have a relative overdensity of high-mass halos and thus “oversample” the high-mass end of the star formation main
sequence relative to less-dense environments. The fraction of SMGs that are optically bright is dependent on stellar mass
and redshift but independent of the environment. The fraction of galaxies for which the majority of star formation is
dust-obscured is higher in protocluster cores, primarily due to the dust-obscured fraction being correlated with stellar
mass. Our results can be used to guide and interpret multiwavelength studies of galaxy populations in protoclusters.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); High-redshift galaxies (734); Infrared galaxies

(790); Galaxy clusters (584); High-redshift galaxy clusters (2007)

1. Introduction

Protoclusters, defined as the progenitors of present-day galaxy
clusters, are powerful laboratories for studies of the assembly of
both baryonic and dark matter (R. A. Overzier 2016). Studying
protoclusters can yield insight into galaxy cluster formation
complementary to that obtained by studying mature clusters. For
example, one can directly investigate the origin of the intracluster
medium (ICM). Protoclusters are ensembles of dark matter halos
occupying large comoving volumes at early epochs that will
eventually collapse into a galaxy cluster (Y.-K. Chiang et al.
2013; C. C. Lovell et al. 2018). In simulations in which the full
history of any given dark matter halo is known, identifying the
halos that will end up in a cluster by z = 0—i.e., the protocluster
members—is straightforward. In contrast, observationally identi-
fying protoclusters is very challenging: due to the great diversity
of dark matter halos’ growth histories, a dark matter overdensity at
high redshift may continue to grow rapidly and end up as a
massive galaxy cluster at z =0, but it could also stall and wind up
as an isolated massive elliptical (e.g., Y.-K. Chiang et al. 2013).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

A wide variety of galaxy populations reside in protoclusters,
including Ha emitters (HAEs; e.g., R. Shimakawa et al.
2018a, 2018b; X. Z. Zheng et al. 2021), Lyman « emitters
(LAEs; e.g., B. P. Venemans et al. 2007; Y.-K. Chiang et al.
2015; L. Jiang et al. 2018; Y. Harikane et al. 2019), [O 1] emitters
(e.g., K.-i. Tadaki et al. 2012; R. Laishram et al. 2024), Lyman
Break Galaxies (LBGs; e.g., J. Toshikawa et al. 2016, 2018),
Balmer Break Galaxies (BBGs; e.g., K. Shi et al. 2019, 2020),
radio-loud (R. A. Overzier et al. 2006; D. Wylezalek et al. 2013;
N. A. Hatch et al. 2014; S. C. Chapman et al. 2024) and radio-
quiet active galactic nuclei (AGN; e.g., N. V. Boris et al. 2007;
M. Onoue et al. 2018; J. P. Stott et al. 2020), and submillimeter-
selected galaxies (SMGs; e.g., S. C. Chapman et al. 2009;
C. M. Casey 2016; T. B. Miller et al. 2018; I. Oteo et al. 2018;
J. A. Zavala et al. 2019). Protoclusters can thus be used to study
diverse galaxy populations in order to understand the impact of
the environment on galaxy evolution—in particular, how the
environment can affect gas fueling, star formation, and quenching,
eventually producing populations characteristic of Local Clusters
(see S. Alberts & A. Noble 2022 for a review).

Protoclusters are typically found by searching for over-
densities in galaxy surveys. Various classes of galaxies can be
used as tracers, with some being more effective than others.
However, a given structure may be overdense in terms of one
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galaxy population but not others. K. M. Rotermund et al. (2021)
found just four LBGs in the SPT2349-56 protocluster core at
z~4.3, which harbors more than 14 SMGs; this region would
not be identified as a massive protocluster with the LBG dropout
technique alone. Y. Zhang et al. (2022) noted that SMGs tend to
reside at the outskirts of HAE density peaks in two z~2.2
protoclusters, and this is also the case for the Spiderweb
protocluster (J. M. Pérez-Martinez et al. 2023). This phenom-
enon is usually attributed to assembly bias, i.e., the properties of
galaxies in dark matter halos of similar mass also depend on
their formation history. In searching for protoclusters, it is often
assumed that most of the constituent galaxies will be star
forming, as is predicted by theoretical models (Y.-K. Chiang
et al. 2017; S. I. Muldrew et al. 2018; M. Trebitsch et al. 2021;
K. Fukushima et al. 2023; D. Rennehan 2024). However, recent
work has revealed concentrations of quiescent galaxies already
in place by z~2.7 (I. McConachie et al. 2022; K. Ito et al.
2023).

How the selection of overdense regions depends on the tracer
used remains unclear. For example, there is still debate about
whether AGN (J. B. Champagne et al. 2018; H. Uchiyama et al.
2018; M. C. Vicentin & P. Araya-Araya 2021) or SMGs (e.g.,
T. B. Miller et al. 2015; R. Calvi et al. 2023) are good protocluster
tracers. Since bright SMGs inhabit some of the most massive dark
matter halos at a given epoch (e.g., D. P. Marrone et al. 2018;
C. Garcia-Vergara et al. 2020; S. M. Stach et al. 2021), one might
expect that searching for overdensities of SMGs should be an
effective means for finding galaxy protoclusters. However, the
rarity of SMGs (N ~ 10°-10"° cMpc > at z ~ 2-3; O. Miettinen
et al. 2017; U. Dudzeviciute et al. 2020) may cause them to
be incomplete tracers of protoclusters, and ‘“downsizing”
(more-massive galaxies form their stellar mass quickly and
quench earlier) may result in lower-redshift protoclusters not
being traced by SMGs (T. B. Miller et al. 2015; D. Rennehan
et al. 2020).

To better understand how different galaxy populations trace
protoclusters, one can employ mock catalogs generated using
theoretical models (i.e., hydrodynamical simulations or semi-
analytic models, hereafter SAMs). To do this, it is necessary to
select tracer populations analogous to those used to search for
protoclusters observationally. This is done by predicting the
spectral energy distributions (SEDs) of the model galaxies,
which is challenging. Ideally, one would simulate protoclusters
at high resolution in order to accurately capture the structure of
the interstellar medium (ISM) and then perform dust radiative
transfer to compute the SEDs of the simulated galaxies.
However, because protoclusters are rare, large simulation
volumes are required, making high-resolution hydrodynamical
simulations an infeasible approach. Zoom simulations of
protoclusters selected from a large N-body simulation are an
alternative approach (e.g., D. J. Barnes et al. 2017; Y. M. Bahé
et al. 2017; L. Bassini et al. 2020; M. Trebitsch et al. 2021;
K. Fukushima et al. 2023; D. Nelson et al. 2024), but due to the
computational expense of simulating extremely high-mass halos,
one must either use relatively coarse resolution or simulate a
small number of protoclusters (see D. Rennehan 2024 for
discussion).

SAMs provide an alternative, inexpensive means to “populate”
large N-body simulations with galaxies. However, for studies of
observability, it is still necessary to compute SEDs for the model
galaxies. In SAMs, the 3D geometry of the model galaxies is
either ignored entirely or treated in a highly idealized fashion,
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making directly performing radiative transfer infeasible. However,
alternative approaches can be applied. One approach is to use
empirically derived SED templates (e.g., R. S. Somerville et al.
2012). Alternatively, given the star formation histories (SFHs) and
metallicities of model galaxies, one can perform stellar population
synthesis to compute the intrinsic SED and then attenuate the SED
using a simple model for dust attenuation. To compute thermal
dust emission, one can apply scaling relations derived by
performing dust radiative transfer on high-resolution galaxy
simulations that enable accurate and efficient submillimeter flux
density predictions given a small number of integrated galaxy
properties, most importantly star formation rate (SFR) and dust
mass (C. C. Hayward et al. 2011, 2013; C. C. Lovell et al. 2021;
R. K. Cochrane et al. 2023). This approach can be applied to both
SAMs (e.g., M. Safarzadeh et al. 2017) and coarse-resolution
large-volume cosmological simulations (C. C. Hayward et al.
2021). By applying these well-calibrated scaling relations
to model galaxy catalogs yielded by running a SAM on a large
N-body simulation, we can generate a sufficiently large mock
catalog that can be used to study and refine multiwavelength
strategies to find protoclusters and understand where (environ-
ment) and when (redshift) different galaxy populations occur.

In this work, the first of a series, we construct a 36 deg2
mock galaxy catalog by applying the B. M. B. Henriques et al.
(2015) version of the L-GALAXIES SAM to the Millen-
nium (V. Springel et al. 2005) simulation. We apply scaling
relations from previous work to predict the submillimeter flux
density and use the resulting mock catalog to investigate the
relationship between SMGs and protoclusters in the model.

The remainder of this work is organized as follows: in
Section 2, we briefly describe the N-body simulation and SAM
used and how we generate the mock catalog, including optical
magnitudes and submillimeter flux densities for the model
galaxies. In Section 3, we identify the structures in the mock
and define the selection of (proto) cluster members and
environments. We then investigate how SMGs trace proto-
clusters in the model across cosmic time in Section 4.1. We
investigate the physical drivers of the identified trends in
Section 4.2. In Section 4.3, we explore the optical properties of
the model SMGs, and in Section 4.4, we quantify the obscured
fraction in protocluster regions as a function of stellar mass and
redshift. We discuss our results in Section 5 and summarize our
findings in Section 6.

Throughout this work, for consistency with the cosmologi-
cally rescaled version of the Millennium simulation
(R. E. Angulo & S. Hilbert 2015), we assume a Planck-1
cosmology: h=0.673, 2, =0.315 and 2, =0.685 (Planck
Collaboration et al. 2014).

2. Methodology to Create the Mock Catalog

We use a mock catalog constructed generally following the
methodology presented in P. Araya-Araya et al. (2021), but
with some differences, mainly in terms of the approach for
predicting the SEDs of the model galaxies. In this section, we
briefly describe the main aspects of the SAM and detail the
improvements compared to the original version.

2.1. Semianalytic Galaxy Formation Model

We use the B. M. B. Henriques et al. (2015) version of the
L-GALAXIES SAM run on the Millennium simulation
(V. Springel et al. 2005) scaled to the Planck-1 cosmology with
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Figure 1. The stellar mass formed between two epochs with (dashed line) and
without (solid) the SFH refinement for the disk (blue) and bulge (red)
components. This example shows the SFH of a z=0.4 galaxy with
M, = 1.6 x 10'" M and SFR=34.23 M, yr_'. Our SFH refinement technique
splits the stellar mass in the youngest (age ~20 Myr for this snapshot) SFH bin
into five bins with younger ages.

the R. E. Angulo & S. D. M. White (2010) algorithm. This
version of L-GALAXIES includes a wide range of important
galaxy evolution processes, such as gas infall and cooling, star
formation, galaxy mergers, metal enrichment, satellite quench-
ing, supermassive black hole growth, and supernova and AGN
feedback (see the Supplementary Material in B. M. B. Henrig-
ues et al. 2015). Our setup produces ~4 million galaxies with
M, >10° M., at z=0 in a (480cMpc/h)? box, from which
mock galaxy samples can be extracted within predefined light
cones.

In P. Araya-Araya et al. (2021), several 7 deg? light cones were
created by configuring the line of sight to pass through preselected
structures at desired redshifts. This is helpful for studies of
individual detections, as implemented in M. C. Vicentin &
P. Araya-Araya (2021). Here, we analyze a single larger light cone
of area 36 deg” extending from z = 0-5. The large field of view
studied here is crucial to minimize the effects of cosmic variance
and increase the number of structures within the light cone.
However, the larger the field of view, the higher the possibility of
encountering the same galaxy in the mock (replication). In
principle, this is not a problem as long as the galaxies are at
different redshifts. Here, the volume corresponding to an area of
36 deg” located between redshifts z~4.28 and z~5.03 (the
redshifts of the last two snapshots used in this work) is comparable
to the Millennium volume. Extending the mock to higher
redshift would thus lead to many galaxy replications and is hence
not advisable. Consequently, we do not study higher redshifts in
this work. As we will discuss in Section 3, the mock contains a
sufficient number of (proto)clusters in our redshift range of interest.

2.2. Updated Approach to Predict SEDs of the Model Galaxies

The previous mock version used the single-age stellar
population (SSP) SED templates from C. Maraston (2005),
assuming a G. Chabrier (2003) initial mass function. We have
changed our base SSP templates to the uggraded version (2016)
of G. Bruzual & S. Charlot (2003).>' The main difference

° hutps: //www.bruzual.org/bc03 /Updated_version_2016/

198 Luetal (2024) found that a stronger TP-AGB contribution was needed
to reproduce the rest-frame near-infrared spectra of three massive quiescent
galaxies at z ~ 1-2, suggesting that the SSP models used in this work may
underpredict the contribution of TP-AGB stars. We have checked that our
primary conclusions are insensitive to this issue, as the TP-AGB treatment does
not significantly affect the submillimeter flux densities of our model galaxies.
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between these two is the treatment of TP-AGB stars; predicted
synthetic observables considered here are similar for the two
sets of SSP templates. These templates comprise 7 x 220
SEDs, with seven metallicities from log(Z/Z.) = —2.30 to
0.70 and 220 ages (from 0.1 Myr to 20 Gyr). The median SED
wavelength resolution is AA=0.89 A, which is ~20 times
better than that of C. Maraston (2005).

An important L-GALAXIES output is the SFH arrays
(S. Shamshiri et al. 2015). These have 20 age bins, with a
median bin width equivalent to a single internal time step for
the SAM (20 times smaller than the time interval between
snapshots; see Figure 2 of B. M. B. Henriques et al. (2020),
which shows the binning as a function of the snapshot). Each
SFH bin contains a composite of stellar populations, which for
simplicity are assumed to share the average metallicity and
formation time. At short lookback times, the SFH bin
resolution is fairly high (~20Myr), but at large lookback
times, this increases to up to ~2-3 Gyr (see R. M. Yates et al.
2013). At low redshifts, the youngest median age is ~10 Myr.
If we were to use a minimum stellar age of 10 Myr, we would
underestimate the luminosity at short wavelengths (in part-
icular, A <3000 A). Since the bluest wavelengths are most
efficiently absorbed by dust, it is crucial to address this for
robust submillimeter predictions.

The easiest way to address this issue is to generate younger
SFH bins for both the disk and bulge galaxy components in
postprocessing. We call this process “SFH refinement.” In
principle, from the L-GALAXIES SFHs, we know the
difference in stellar mass between two age bins. In particular,
from the youngest SFH bin, we can derive the instantaneous
star formation rate, SFR(# = 0). Then, assuming this is constant
within the time interval of the youngest bin, we can construct
five younger SFH bins.

In practice, we assume that we can describe SFR (¢) as a
constant equal to SFR(z = 0) between =0 and =1, ;, where
t,; is the age limit of the initial youngest SFH bin, and SFR
(t=0) is approximated by M, ,/(At,s, ), where M, , is the
stellar mass in the original youngest SFH bin and s, , is the
fraction of survivor mass given the initial SFH bin metallicity
and age. We obtain s,, from the simple stellar population
model used in this work. Then, we create five new
logarithmically spaced SFH bins from 0.1 Myr to t,;,, and
ascribe to each new bin a stellar mass obtained by simply
multiplying SFR(#=0) to the time width of each new step.
Notice that the new SFH bins represent the total stellar mass.
Then, we recorrect them to obtain the survivor mass at the new
SFH ages. Figure 1 shows the new SFH bins produced with our
method for the disk and bulge components of an example
galaxy (blue and red dashed lines, respectively) alongside the
original bins (solid lines). We assume that all of these new bins
have the same metallicity, equal to the cold gas metallicity.

Another upgrade to the method to derive galaxy SEDs is the
implementation of intergalactic medium (IGM) absorption.
Instead of using precomputed tables, i.e., magnitude correc-
tions as a function of redshift, we have applied a transmission
curve to each modeled galaxy SED. To do this, we constructed
a grid with the IGM transmission curves for sources at redshifts
from z=0.1 to z="7.0 (although our mock goes up to z~5)
spaced by Az=0.1. We used the IGMTransmission code
(C. M. Harrison et al. 2011) to obtain standardized curve sets.
This algorithm performs Monte Carlo simulations to distribute
absorbers along a line of sight, where we sample their redshift
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and optical depth following the A. K. Inoue & I. Iwata (2008)
model. This component is crucial for obtaining reliable
magnitudes at optical wavelengths for high-z galaxies, since
features such as the Lyman break and Ly« forest are detected
in the u and g bands, respectively, for z ~ 3.0 sources.

2.3. Dust Attenuation Model

Because it is particularly relevant for this work, we describe
the dust attenuation model employed, based on that of S. Charlot
& S. M. Fall (2000), in detail here. The same model has been
employed in numerous previous works (e.g., B. M. B. Henriques
et al. 2015, 2020; S. J. Clay et al. 2015; S. Shamshiri et al. 2015;
P. Araya-Araya et al. 2021). The dust model assumes two
components: the ISM and molecular clouds (MCs; also called
birth clouds) around recently formed stars. The ISM attenuation
affects the entire stellar population of the disk, whereas the
MC attenuation acts only on the light from young stars
(age <10 Myr).

The optical depth as a function of the wavelength for the
ISM component is

Z N
pisnt () (Ze ) N )
Av)z \ Zo 2.1 x 10?' cm™2

The mean hydrogen column density, (Ny), can be obtained
directly from the SAM output parameters as follows:

MCO —
(Nu) = M em?, )
1.4m, 7 (aRgas, a)

where M4 is the mass of the cold gas, R, 4 is the radius of
the gaseous disk, m, is the proton mass, and a = 1.68. This
value for a is selected so that (Ny) represents the mass-
weighted average column density of an exponential disk. The
factor 1.4 takes into account the helium abundance (S. J. Clay
et al. 2015). The (ZgaS/ZQ) factor in Equation (1) is the mass
fraction of metals in the cold gas in solar metallicity units (we
use Z, = 0.02 for consistency with B. M. B. Henriques et al.
2015). In this model, the index for the power-law dependence
on metallicity, s, depends on the wavelength: s=1.35 for
A<2000A, and s=1.60 for \>2000A (B. Guiderdoni &
B. Rocca-Volmerange 1987). (A\/Ay)z, represents the solar
metallicity extinction curve from J. S. Mathis et al. (1983).
The optical depth of the MC component is

MC M| 1 1 ( A )0'7 3)
TME = M - ,
A "\ u 5500A

where 70M is the optical depth of the ISM in the V band
(Aeq ~ 5500 A), and p is a random Gaussian variable with
values between 0.1 and 1, with mean 0.3 and standard
deviation 0.2 (S. Charlot & S. M. Fall 2000).

Therefore, the attenuation as a function of wavelength is
given by

1 — e(frg\SM sec 6) MC
AM= | —— [ AMC =1 - @
A ™Mgec A

where 6 represents the inclination of the galaxy. The inclination
cosine is first randomly sampled between O and 1. Then, all
values less than 0.2 are set to 0.2 (B. M. B. Henriques et al.
2015).
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2.4. Dust Emission Modeling

The thermal dust emission SED of a galaxy is determined by
the radiation field heating the dust, dust density field, and grain
properties. If the 3D stellar and AGN radiation field, 3D dust
density field, and grain properties are known, one can perform
the radiative transfer to compute the dust temperature
distribution and, thus dust emission SED. In a SAM, one can
assume an idealized geometry and perform radiative transfer
(e.g., L. Silva et al. 1998). However, to avoid introducing
additional free parameters, we adopt an alternative approach:
we use scaling relations derived from performing radiative
transfer on hydrodynamical simulations. We present a brief
comparison with an empirical SED template-based approach to
demonstrate that our method yields reasonable results.

2.4.1. Scaling Relations

The dust temperature distribution, and thus dust emission
SED, is affected by the total luminosity absorbed by dust and
the dust mass. Multiple authors have performed radiative
transfer in postprocessing on galaxies from simulations that
differ considerably in terms of spatial resolution, the galaxy
formation model employed, and the code used and found that
the submillimeter flux density can be predicted reasonably well
if only the total infrared (IR) luminosity and dust mass are
known (C. C. Hayward et al. 2011, 2013; C. C. Lovell et al.
2021; R. K. Cochrane et al. 2023). Parameterizing submilli-
meter flux density as a double power law in SFR (i.e., assuming
AGN heating of dust is subdominant) and dust mass, they
found similar values for the free parameters, suggesting that
although simple, this approach is a robust method for
predicting submillimeter flux density in models.

Here, we will use the fit derived by R. K. Cochrane et al.
(2023), whose free parameters were obtained by applying the
Stellar Kinematics Including Radiative Transfer (SKIRT) Monte
Carlo radiative transfer code (M. Baes et al. 2011; P. Camps &
M. Baes 2015) to massive, high-redshift galaxies drawn from the
Feedback in Realistic Environments (FIRE) project (P. F. Hopkins
et al. 2014, 2018; see also R. K. Cochrane et al. 2019). In addition
to SFR and dust mass, the relation from R. K. Cochrane et al.
(2023) uses stellar mass and redshift as input quantities to predict
the observed frame 870 pm flux density. Their relation is the

following:
S _ (__SFR oM Y
mly 100 Moyr—' ) \ 10'° M,
§
Mdust
X 1+ 2), 5
( M ) ( ) Q)

where loga = —0.77, 3=0.32, y=0.13, 6=0.65, and n=
0.65. The version of L-GALAXIES used here does not provide
dust mass as an output. Thus, we simply assume that 40% of
the metals in the cold gas are in the form of dust grains,
Mayse = 0.4 Mz colagas (E. Dwek 1998), which is a reasonable
approximation for the relatively metal-enriched, massive
galaxies studied in this work, as seen in observations (e.g.,
A. Rémy-Ruyer et al. 2014; C. R. Choban et al. 2022), and in
later versions of L-GALAXIES which incorporate dust physics
(A. P. Vijayan et al. 2019; R. M. Yates et al. 2024).

R. K. Cochrane et al. (2023) show that their scaling relation
can recover the true values of submillimeter flux density from
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Figure 2. Example SED of a galaxy at z=3.23 with log, (M. /M) = 11.14,
SFR = 400.27 M, yr", and log,,(Maust/M) = 9.19 computed using the
template approach. Red dots indicate the flux densities computed using the
R. K. Cochrane et al. (2023) scaling relations. The template and scaling relation
approaches yield similar results.

the radiative transfer calculations with an error of ~0.1 dex,
independent of flux density. To incorporate this error, when
assigning Sg;( values to the model galaxies using Equation (5),
we add values drawn from a normal distribution with zero
mean and standard deviation of 0.1 dex.

2.4.2. Template Approach

An alternative method for modeling the thermal dust
emission SED is using templates. Although we use the scaling
relation approach as our fiducial method, we also derive
submillimeter flux densities using empirical templates to
determine the sensitivity of our results to how submillimeter
flux density is computed. We use the M. Boquien & S. Salim
(2021) templates, which are parameterized by the specific SFR
(SSFR = SFR/M,,) and the total IR luminosity of the galaxy.
We obtain the latter by integrating the total luminosity
absorbed by dust (see Section 2.3).

For illustration, we present in Figure 2 the full SED of a
galaxy at z=3.23 computed using the template approach and
overplot flux densities at a number of rest-frame far-IR
wavelengths using the R. K. Cochrane et al. (2023) scaling
relations. We show flux densities in Atacama Large Milli-
meter/submillimeter Array (ALMA) bands 10, 9, 8, and 7
(observed-frame effective wavelengths of 345 ym, 426 pm,
652 pum, and 870 pm, respectively) because R. K. Cochrane
et al. (2023) derived scaling relations for each of these bands.
The two approaches yield very similar results.

2.4.3. Comparison with Observations

In Figure 3, we plot the differential submillimeter number
counts (i.e., integrated over redshift) predicted using the two
approaches for computing Sg;o and compare the predictions
with observations from J. E. Geach et al. (2017) and
S. M. Stach et al. (2018).

The two methods for computing Sg;o yield similar predic-
tions for the submillimeter number counts (the lines in
Figure 3). As is the case for most models that assume a
standard IMF (e.g., C. C. Hayward et al. 2013, 2021;
C. C. Lovell et al. 2021), we underpredict the observed counts.
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Figure 3. The predicted Sg; differential number counts for our Millennium
+L-GALAXIES mock, computing submillimeter flux densities using both the
R. K. Cochrane et al. (2023) scaling relation (blue dashed line) and the template
approach (red solid line). We overplot observational results from J. E. Geach
et al. (2017) and S. M. Stach et al. (2018). For reference, colored areas
represent the predicted number counts from the R. K. Cochrane et al. (2023)
scaling relation if we arbitrarily divide or multiply the SFR (top panel) or M,
(bottom panel) by a factor of 2.5. Note that multiplying My, by 2.5 implies
that all metals in the cold gas would be dust. The two approaches for
computing submillimeter flux density yield similar number counts. As is the
case with most models that assume a standard IMF, the predicted counts are
less than those observed, though only by a factor of a few.

To explore the severity of this discrepancy, we show how much
the differential counts change when we artificially increase or
decrease the SFR (top panel) or dust mass (bottom panel) by a
factor of 2.5. In the case of the SFR, our motivation for this
factor comes from the fact that the cosmic star formation
density in the B. M. B. Henriques et al. (2015) version of the
L-GALAXIES model is less than the empirically derived
values from P. S. Behroozi et al. (2013) and P. Madau &
M. Dickinson (2014) by a similar factor. For the dust mass,
since we have implemented a constant cold gas dust-to-metals
ratio equal to 0.4, the factor of 2.5 would represent the extreme
case in which all metals in the cold gas phase are locked up in
dust. We can see that boosting the SFR and dust mass
simultaneously could lead to number counts in agreement with
those observed. In follow-up work, we will examine what
modifications to the model are necessary to match the observed
submillimeter number counts while maintaining agreement
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Figure 4. The number counts (deg’z) of protoclusters (solid lines) and clusters
(dashed lines) as a function of redshift. Once a protocluster reaches a virial
mass of 10" M_, it is subsequently classified as a cluster. Fornax-, Virgo-, and
Coma-type progenitors are shown in the top, middle, and bottom panels,
respectively. The redshift at which the numbers of protoclusters and clusters are
the same is z~0.7, 1.2, and 1.7 for Fornax-, Virgo-, and Coma-type
progenitors, respectively.

with the other observational constraints employed. In the
present work, we simply use the version of L-GALAXIES
from B. M. B. Henriques et al. (2015) and focus on differential
quantities, such as the enhancement in the submillimeter-bright
fraction in protocluster cores compared with the field, which
are unlikely to be affected by the overall underprediction of the
submillimeter counts.

3. Identifying (Proto-)Clusters in the Mock

In order to identify the predicted (proto)clusters within the
light cone, we have to link them to the dark matter halo
information of the base simulation. We first define clusters
following Y.-K. Chiang et al. (2013): principal dark matter
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halos with M_tophat >1 X 1014M®. There are 3279 such
clusters at z=0.

In the second step, we select all galaxies hosted by z=0
cluster progenitors halos using the haloId key identifier. Note
that we could adopt an intermediate step where we identify the
other bound subhalos of those progenitor clusters (e.g., by
matching their FOFCentrallID), but we verified that this
does not make any significant difference for the structures
at z> 1.

As mentioned in Section 2, galaxy replication can occur, and
we can find up to six progenitors (with a median value of four)
of the same galaxy in the mock but at different redshifts and
celestial coordinates. Consequently, the procedure described
above to identify structures in the mock by searching for cluster
progenitors reflects the effect of replications. The redshift
distribution of galaxies hosted in progenitor halos of a given
7 =0 cluster exhibits peaks where replication occurs. Although
replicated galaxies are progenitors of the same cluster, they are
effectively different structures since they are at distinct
evolutionary stages. We thus identify these peaks to separate
them into single structures. To do this, we first construct
redshift histograms with a bin size equal to Az =0.01. If the
number of galaxies in a redshift bin is greater than the numbers
for the two adjacent ones, we consider this redshift to be the
initial structure redshift, z;, To obtain accurate (proto)cluster
redshifts and celestial coordinates, we select all galaxies (in
progenitor halos) with redshift z; = 5Az and then compute the
median R.A., decl., and redshift. With this approach, we
identify 16,320 structures within the 36 deg® mock at z < 5.0.

Here, we adopt the same classification of (proto)clusters as in
Y .-K. Chiang et al. (2013), based on their descendant cluster’s
z=0 mass (M,_,). We refer to protoclusters as Fornax-,
Virgo-, or Coma-type if their z =0 descendant cluster masses
are M,_ o= (1.37-3) x 10", (3-10) x 10", or >10"° M,
respectively.'' Additionally, following Y.-K. Chiang et al.
(2013), a protocluster becomes a cluster once its main dark
matter halo has virial mass M_tophat >10' M.,. We show
the redshift distributions of the structures in the mock in
Figure 4.

In total, our sample (defined purely in terms of mass, as
described above—we do not yet consider whether galaxies are
submillimeter bright) comprises the following:

1. Fornax type: 452 clusters; 12,080 protoclusters.
2. Virgo type: 542 clusters; 4199 protoclusters.
3. Coma type: 65 clusters; 247 protoclusters.

Although we have divided the sample of z=0 cluster
progenitors into already-formed clusters and protoclusters to
construct Figure 4, we do not employ this separation in the
remainder of our analysis, and for convenience, we will use the
term “protocluster” even though some of the structures already
have mass >10'* M, at high redshift. This is because the
definition of a cluster purely based on mass ignores other
important characteristics of clusters, such as whether a hot
intracluster medium has formed. In practice, this is important
only at z<1.5, as above that redshift, protoclusters with
M_tophat >10'"" M. constitute a negligible fraction of the
population.

1 This terminology is simply a convenient way to put descendant masses in
context. We do not intend to imply that Coma-type protoclusters will resemble
the Coma cluster at z = 0 in terms of any property except for mass or that the
detailed formation histories of a given protocluster type are similar.
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Figure 5. The evolution of the effective radius (R,) and the most massive dark matter halo’s radius (R»go.) as a function of redshift. We show Fornax-, Virgo- and
Coma-type progenitors from left to right. Colored areas represent the 25th and 75th percentiles, respectively, while the lines are the medians. As shown in
Y.-K. Chiang et al. (2013), R, increases with increasing redshift. On the other hand, R,go. decreases with increasing redshift and becomes comparable to R, at z ~ 1.
Thus, we will focus our analysis at z 2 1.5 since our galaxy member selection depends on both quantities.

Since we know the full dark matter halo merger history in
the simulation, we can unambiguously define which galaxies
are protocluster members using the haloId. Since this is not
possible for the real Universe, we test spatially based criteria to
select the protocluster galaxies considered to be members of a
given protocluster.

First, we estimate the effective radius of each structure.
Y.-K. Chiang et al. (2013) defined this as the second moment
of the member galaxies’ positions weighted by their halo
masses. Instead, for simplicity when working with a mock
galaxy catalog, we define the effective radius as follows:

1

Re = mz M*,i(xi - xc)2 s (6)

where M, ; is the stellar mass of a member galaxy located at x;,
M, (o1 is the sum of all M, ;, and x, is the center of mass of the
protocluster at its redshift. Another important radial scale,
which we will use to define core galaxies, is the virial radius for
the most massive progenitor halo of a given protocluster, Rygoc-
We show the evolution of R, and R, as a function of redshift
for the three descendant types in Figure 5.

To investigate potential environmental effects, which should
be stronger in the central, highest-density regions of proto-
clusters, we distinguish protocluster cores and outskirts. Core
galaxies are all galaxies located within a sphere of radius Ry
centered at the position of the central (most massive) galaxy.
We define protocluster outskirts galaxies as all galaxies
enclosed in a sphere centered at the structure’s center of mass
with a radius 2R,, excluding core galaxies.'> Figure 5 shows
that for z 2 1, Rogo. < R,, so this definition of outskirts is
sensible. At lower redshift, it would no longer work. Thus, we
will focus our analysis at z 2> 1.5 to avoid the difficulties of
mixing core and outskirt galaxies that arise with the spatially
based criterion.

To test the ability of the spatially based criterion to select
member galaxies, we compute the purity and completeness of
member selection for protocluster cores and outskirts as defined
above. We quantify the purity and completeness as a function
of redshift for the three cluster progenitor classes. We note that
the purity can be less than 100% for Ry, because a galaxy

12 We have confirmed that our results are qualitatively insensitive to the
definitions of “core” and ‘outskirts.’

may be located within Ryqpo. of the central galaxy but still
remain a distinct subhalo at z=0. Such a galaxy would be
considered part of the protocluster outskirts but not the core and
thus be considered a contaminant when computing the purity of
the Rygo. selection. This effect is especially prominent at low
redshift, where Rygo. can exceed 1 cMpc. We present the
results in Figure 6.

Figure 6 shows that, as expected, when we use a larger
radius (2 x R,) to select the member galaxies, we obtain higher
completeness but lower purity. For this choice of radius, the
purity is ~50%-60% at z~ 1.5, and the completeness is
260%. For R,, the purity is ~60%-80%, but the completeness
is <40%. At higher redshift, the completeness for 2R, is
290%, whereas for R,, it is at most ~50%. We thus opt to use a
radius equal to 2R, to define protocluster “outskirts,” but we
have confirmed that the results are qualitatively the same when
R, is used.

4. Results

In Sections 4.1-4.4, we explore the dependence of
protocluster galaxy populations on redshift and environment.

4.1. An Excess of SMGs in Protocluster Cores

We first consider the fraction of submillimeter-bright
galaxies in different environments to investigate the connection
between SMGs and protoclusters. We analyze mock galaxies
with Sg70 greater than two different flux limits, 0.5 or 1.5 mJy.
The lower limit is motivated by the flux density of the faintest
submillimeter-detected members of the SPT2349-56 proto-
cluster (T. B. Miller et al. 2018), as measured using ALMA.
First, for each protocluster, we quantify the numbers of SMGs
in the core and in the outskirts brighter than a given flux
density. Then, we divide by the total number of galaxies in the
protocluster core and outskirts to compute the submillimeter-
bright fractions for each region, Ngu(Sg70 = X)/Nior, Where x is
0.5 or 1.5 mJy. We also compute this quantity for the field (i.e.,
all galaxies in the mock in a given redshift bin that do not
reside in protoclusters). The panels of Figure 7 show how the
submillimeter-bright fraction depends on redshift for the
different protocluster types. The top row shows the results
for a flux cut of Sg79 > 0.5 mJy, whereas the bottom shows the
results for a flux density cut of 1.5 mly.
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Figure 6. Purity (left column) and completeness (right column) as a function of
redshift for the three protocluster classes (top: Fornax type; middle: Virgo type;
bottom: Coma type) when using the spatially based criteria to select
protocluster members; whether a galaxy is actually a protocluster member is
known from its dark matter halo merger history. The lines indicate the median
value for the protocluster sample, and the shaded region indicates the 25-75th-
percentile range. The results for R, and 2R, consider all protocluster members,
whereas those for Rygo. consider only members within the core region. Using a
radius of 2R, to select protocluster galaxies yields an overall completeness of
80%, while with R,, this quantity is generally less than ~50%. The purity is
>80% when R, is used, whereas it is ~50%-80% when 2R, is employed,
depending on redshift and protocluster type. When selecting core galaxies
within Ry, the purity drops with decreasing redshift, mainly due to R,goc
becoming comparable with R, and thus enclosing increasingly many galaxies
that will not merge with the main halo by z = 0.

The most notable trend in Figure 7 is that at z > 1.5, the
submillimeter-bright fraction is higher in protocluster cores
than in both protocluster outskirts and the field. We have
confirmed that this result is qualitatively insensitive to the
definition of “cores” (e.g., using Rsc instead of Rygg.). The
redshift at which the submillimeter-bright fraction for proto-
cluster cores peaks is higher for more-massive clusters. The
peak of Ngy(Sg70 = 0.5 mJy )/Ny,, for Coma-type protoclusters
lies at a higher redshift than the limit of the mock (z > 5). In the
case of Virgo-type protoclusters, the peak submillimeter-bright
fraction is at z ~ 4, while for Fornax-type protoclusters, it is at
z~3.5. On the other hand, the slope of this fraction for
redshifts lower than the peak is higher for low mass cluster
progenitors. This implies that the redshift range of the
submillimeter phase of protocluster cores is higher for more-
massive systems.

Galaxies in the outskirts of protoclusters present a slightly
higher fraction of SMGs compared to the field over the entire
redshift range, but the value is always much closer to that of the
field than it is to that for cores. As in the case of the protocluster
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cores, the redshift at which the fraction of SMGs in protocluster
outskirts peaks is slightly higher for the progenitors of more-
massive clusters.

We find similar trends in the evolution of submillimeter-
bright fractions and their environmental dependence for the two
different flux density limit thresholds (Sg79>0.5mlJy and
Sg70 > 1.5mly). Notice that the Ngu(Ss70=>1.5mly )/No
values for the field and protocluster outskirts are close to zero.
For both flux density cuts, the values for the submillimeter-
bright fractions would increase if our model reproduced the
total submillimeter number counts, but we expect that the
differences are robust; see Section 5.3 for further discussion.
Given the paucity of sources with Sg7o > 1.5 mly, for the rest of
this work, we only consider the Sg;9 > 0.5 mJy definition of
“submillimeter bright.”

We have shown that a random galaxy in a protocluster core
is more likely to be submillimeter bright than in protocluster
outskirts or the field, but it is also worth considering the
probability that a random (observationally-identified) SMG is
located in a protocluster core. Field galaxies represent 89
percent of the mock sample, therefore, although protocluster
core members are more likely to be SMGs, it does not
necessarily follow that most SMGs at a given redshift are
located in protocluster cores. To address this question, we
quantify the fraction of SMGs located in different environ-
ments as a function of Sg;( flux density and redshift in Figure 8.
At all redshifts considered, at low flux densities, most SMGs
are located in the field, whereas above a transition flux density,
most SMGs are located in protocluster cores. This transition
flux density decreases with redshift, ranging from Sg79 ~ 3 mJy
at z~2 to Sg;0~ 1.5 mly at z~ 4. Protocluster outskirts (as
defined in this work, i.e., galaxies that will reside in clusters at
z=0 but are not in the most massive progenitor halo at the
epoch of observation) never dominate the population: at all
redshifts and flux densities considered, the fraction of SMGs in
protocluster outskirts is <20%.

We caution that the above details (e.g., the transition flux)
may be affected by the underprediction of the overall
submillimeter number counts; see Section 5.3. In follow-up
work, we will attempt to recalibrate the model to better
reproduce the submillimeter counts and will then revisit these
results. In the interim, we can make the crude assumption
(which is certainly incorrect in detail but perhaps still
reasonable) that such a recalibration would boost the
submillimeter flux densities by a constant factor. As seen in
Figure 3, multiplying the dust masses by a factor of 2.5 (which
boosts the flux density by 81%) brings the predicted and
observed counts into agreement. For convenience, we have
plotted these rescaled fluxes on the top x-axes in Figure 8.

4.2. Why Is There an Excess of Submillimeter-bright Galaxies
in Protocluster Cores?

In this section, we seek to understand the physical reason(s)
behind protocluster cores exhibiting a higher submillimeter-
bright fraction compared to both protocluster outskirts and the
field. As noted above, one potential explanation for the excess
of submillimeter-bright sources in protocluster cores is that
such environments may have an excess of starbursts due to
more frequent interactions and mergers (see C. M. Casey 2016
and references therein). It is also possible that this excess is
simply due to a relative overabundance of massive galaxies and
thus “oversampling” of the high-mass end of the star formation
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Figure 7. The redshift evolution of the fraction of galaxies with Sg7o > 0.5 mJy (first row) and Sg79 > 1.5 mJy (second row) in protocluster cores (solid lines) and
protocluster outskirts (dashed lines) for the three protocluster types (left: Fornax type; middle: Virgo type; right: Coma type). The lines denote the median value at a
given redshift, and the shaded regions indicate the 25-75th-percentile range. The submillimeter-bright fraction for the field is indicated by the dotted line. At z 2 1.5,
protocluster cores exhibit an enhanced submillimeter-bright fraction relative to both protocluster outskirts and the field. The redshift evolution of the submillimeter-
bright fraction in the core (both the peak and the duration) presents a clear dependence on the protocluster type. Protocluster outskirts have submillimeter-bright
fractions only slightly elevated relative to the field. For the higher flux density threshold (Sg7o = 1.5 mly), the same trend is present, but all fractions are lower.
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Figure 8. The fraction of SMGs with Sg;( higher than x mJy that are in the field (orange dotted line), protocluster outskirts (purple dashed), or cores (black solid) at
z~ 2,3, and 4 (from left to right). The values on the top x-axes are rescaled flux densities, where we have boosted all model galaxies’ flux densities by a factor of 1.81;
see text for details. At the lowest flux densities considered, most SMGs are located in the field. Above a transition flux density, which decreases with increasing
redshift, the majority of SMGs are located in protocluster cores. At all redshifts and flux densities, <20% of SMGs are located in protocluster outskirts.

main sequence (SFMS). A third possibility is that galaxies in
protocluster cores tend to be more dust rich than those in other
environments.

To investigate the first possibility, in Figure 9, we quantify
the difference between the median SFR of galaxies in the field
and those of galaxies in protocluster cores (top) and outskirts
(bottom) as a function of stellar mass at z =2, 3, and 4. As in

previous plots, the different columns correspond to the three
protocluster types considered here. For more detail, the full
SFR-M, distributions for the same redshifts and protocluster
types are shown in the Appendix (Figure 16).

From the top row of Figure 9, we see that galaxies in
protocluster cores above a threshold stellar mass tend to lie on or
slightly above the SFMS defined by field galaxies. Below this
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Figure 9. The median SFR as a function of stellar mass for galaxies in protocluster cores (top row) and in protocluster outskirts (bottom row) minus the median SFR of
field galaxies (i.e., the “excess SFR” relative to the field, denoted A log(SFR)) at z ~ 2, 3, and 4 (dark blue, purple, and orange lines, respectively) for Fornax, Virgo,
and Coma-type protoclusters (first, second, and third columns, respectively). The black dashed line indicates A log(SFR)= 0 (median SFR equal to the field value).
Overall, galaxies in protocluster cores and outskirts do not exhibit enhanced SFRs relative to the field, i.e., “starbursts” are uncommon. At lower stellar masses,
galaxies in protocluster cores have lower SFRs than those in the field (by as much as an order of magnitude); this trend is stronger at lower redshift. Galaxies in
protocluster outskirts have SFRs similar to those of field galaxies except for at z ~ 2, where lower-mass galaxies have SFRs slightly suppressed relative to the field.

threshold stellar mass, core members have SFRs that tend to be statistical fluctuations owing to the small sample of galaxies with
lower than those of field galaxies by as much as ~1 dex. The M, > 10> M, in Coma-type protoclusters at z ~ 4.

stellar mass threshold depends on redshift and protocluster type. The SMFs for the field and protocluster outskirts are similar,
At z~4, the stellar mass threshold is log(M, /M) ~ 10.2. At though protocluster outskirts exhibit a slightly flatter SMF than
z~3, this value is shifted toward higher stellar masses, the field. This difference is most pronounced for the outskirts of
log(M,/ My) ~ 10.7, and at z~2, it is ~11.7. At all redshifts Coma-type protoclusters (i.e., the highest overdensities on
considered, the difference between the median SFRs of field average) and for Virgo-type protoclusters at z ~ 2. Thus, both
galaxies and those in protocluster cores is greatest at the lowest distributions become different as the redshift decreases.
masses considered. These results clearly show that the first What is the origin of this excess of high-mass galaxies in

protocluster cores? It may be due to baryonic processes that
operate preferentially in protocluster cores, but it could also be
a result of the hierarchical growth of dark matter halos. To
examine the latter possibility, in Figure 11, we plot the PDFs of

For galaxies in protocluster outskirts (bottom row of Vmax values (as a proxy for halo mass) for galaxies in the three
Figure 9), at z~ 3 and 4, outskirts members typically lie near different environments. We see the' same qualltatlv§ tr'end's as
the field SEMS. At z~2, low mass (log(M,/ M.) < 10.5) for the SMF: protocluster cores exhibit flatter v,,x distributions
galaxies have SFRs that are suppressed by at most a fac?or of 2 than both protocluster outskirts and the field, and the difference

relative to the field, whereas higher-mass member galaxies is more pronounged for Coma-type pr(')t'oclusters 'than for
have SFRs similar to those of field galaxies. Fornax-type ones (i.e., for higher overdensities). The difference

We now tum to the second possible explanation, that increases with decreasing redshift. For Coma-type protoclusters

protocluster cores might exhibit an excess of high-mass galaxies and V1rg0-ty.pe. ones at z~ 2, the outskirts eXhlblt. Sl.l ghtly
. . : . flatter v,,,x distributions than the field but are more similar to

relative to protocluster outskirts and the field. To examine this . .

hypothesis, we present the stellar mass probability density the field than to protocluster cores. The difference again
. ; . . . increases with decreasing redshift. The results suggest that an

functions (PDFs) of core, outskirts, and field galaxies at different excess of hich-mass dark matter halos in protocluster cores

edshifts (z~2, 3, and 4; Az=10.25) for the three protocluster . g L mp X

" F ’V.’ ’d C . o Fi 10 results in an excess in high-mass galaxies and thus a higher

types (Fornax-, Virgo-, and Coma-type progenitors) in Figure 10. SMG fraction in cores (as long as the quenched fraction is

The most notable trend is that protocluster cores exhibit an excess Jow).!3

of high-mass galaxies (M, > 10'%° M), i.e., a flatter stellar mass :

> A ] Finally, we explore the third possibility, that galaxies in
function (SMF), relative to both protocluster outskirts and the protocluster cores are more dust rich than galaxies in

potential explanation for the excess of SMGs in protocluster cores,
in which dense environments feature a greater starburst fraction,
does not hold for our model. This is further reinforced by an
examination of Figure 16 in the Appendix.

ﬁeld at all redshifts and for all protqcluster types. The difference protocluster outskirts and the field (which, for fixed SFR,
is more pronounced at higher redshift. Note that the stellar mass

dlstpt.)utlon of galames m Coma_ty pe protqclgstgrs at z~4 13 We have confirmed that the stellar-to-halo mass relation at each of the
exhibits a bump at log(M,/ M) ~ 10.7. This is likely due to redshifts considered is insensitive to the environment.
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Figure 10. Normalized SMFs of galaxies in protocluster cores (solid lines), protocluster outskirts (dashed), and the field (gray dotted) at z ~ 2, 3, and 4 (first, second,
and third rows, respectively) for Fornax-, Virgo, and Coma-type protoclusters (first, second, and third columns, respectively). In all panels, protocluster cores exhibit a
relative excess of high-mass galaxies compared to protocluster outskirts and the field. The SMFs of protocluster outskirts and the field are similar.

stellar mass, and redshift, would yield a colder effective dust
temperature and thus higher submillimeter flux density). In
Figure 12, we plot the PDFs of the dust-to-stellar mass ratio for
galaxies in protocluster cores, protocluster outskirts, and the
field for the three different protocluster types at z ~ 2, 3, and 4.
We see that the distributions are similar, with a peak at the
expected value of ~0.01. Protocluster cores exhibit a slightly
enhanced tail to lower dust-to-stellar mass ratios, but this tail
constitutes a small fraction of the overall population. We
conclude that the dust content is almost independent of the
environment, and thus the third potential explanation does not
explain the excess of SMGs in protocluster cores in our model.

4.3. Optical Counterparts of SMGs

We now consider the relationship between submillimeter and
optically selected populations in different environments in our
model. As shown by K. M. Rotermund et al. (2021), just 4 out
of 14 submillimeter sources in the SPT2349-56 protocluster
were observed in optical bands. This highlights the difficulties
of identifying the most highly dust-attenuated sources at short
wavelengths (see R. K. Cochrane et al. 2021, 2024 and recent

11

observational studies concerning optically faint SMGs, e.g.,
I. Smail et al. 2021, 2023). In this section, we discuss the
augmentation of our mock catalog with predictions for optical
photometry and present the fraction of submillimeter-bright
sources in our catalog that would have counterparts in deep
optical imaging.

Typically, for observational data, photometric catalogs are
constructed by making aperture measurements at the same
positions in multiple bands; these positions are defined by a
reference image, which is commonly a x? detection image
constructed using several bands (A. S. Szalay et al. 1999; see
C. Laigle et al. 2016; C. Mendes de Oliveira et al. 2019;
F. Almeida-Fernandes et al. 2022; J. R. Weaver et al. 2022 for
examples). On the other hand, the Hyper Suprime Cam Subaru
Strategic Program (HSC-SSP; H. Aihara et al. 2018; S. Huang
et al. 2018) constructs the reference image for source detection
using the i band.

A common practice when using optical data is implementing
a magnitude limit to avoid contamination of low signal-to-noise
objects. For instance, J. Toshikawa et al. (2018) and
K. M. Rotermund et al. (2021) selected samples of Lyman
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Break Galaxies using a 50 magnitude limit in the i band (also
requiring a 30 detection in the r band), which corresponds to
25.9 mag and 26.2 mag, respectively, for those studies. Here,
we select optical sources from our mock catalogs using an
i-band magnitude limit of 26 mag, similar to the limit applied in
these works.

We analyze the fraction of SMGs (Sg70 > 0.5mly) that
would also be detected in the optical (i <26 mag). In
Figure 13, we explore how this fraction depends on redshift
and stellar mass for galaxies in the field, protocluster outskirts,
and protocluster cores. Here, we do not show the distribution
separated by protocluster type because we did not find any
trend with this property. As expected, the probability of finding
an optical counterpart for an SMG decreases with increasing
redshift, since distant sources appear fainter. At high redshift
(z 2 3.0), within a fixed redshift bin, there is an anticorrelation
between the fraction of SMGs with optical counterparts and
stellar mass, i.e., more-massive SMGs are less likely to have
optical counterparts compared to lower-mass SMGs due to dust
obscuration increasing with stellar mass (see Section 4.4). This
trend appears to be independent of the environment. We note
that for a given redshift bin at high redshift (z > 3.0), the

400 600 800 1000 1200
Vmax [km/s]
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Figure 11. Similar to Figure 10, but for v,y (as a proxy for dark matter halo mass). Protocluster cores exhibit flatter vimay distributions than both protocluster outskirts
and the field. The difference is greatest for Coma-type protoclusters and increases with decreasing redshift.

400

overall optical counterpart probability is slightly lower for
protocluster core galaxies compared to those in protocluster
outskirts, and the fraction for protocluster outskirts is slightly
lower than that for field galaxies.

4.4. Fraction of Dust-obscured Sources

To understand the above results, it is worthwhile to
investigate the fraction of SFR that is obscured. Following
the definition of J. A. Zavala et al. (2021), we consider dust-
obscured sources as all mock galaxies with obscured fraction
Sobs = 0.5, where f,ps = SFR[r /SFR. SFRr and SFR denote the
star formation rate derived from the total galaxy IR luminosity
(light absorbed by dust; see Section 2.4.2) and the total star
formation rate, respectively. To obtain SFR|z, we use the
conversion of R. C. J. Kennicutt (1998):

SFRrR(M, yr= ) = 3.0 x 107* Lig (erg s71). @)
The conversion factor is obtained assuming a P. Kroupa (2001)
IMF. However, there is no significant difference compared to a
G. Chabrier (2003) IMF (P. Madau & M. Dickinson 2014).



THE ASTROPHYSICAL JOURNAL, 977:204 (19pp), 2024 December 20 Araya-Araya et al.

Fornax — type Virgo — type Coma — type
....... Field e Field ceeeee Field
100. —-=—= Protocluster __i: === Protocluster  i: | === Protocluster
. — Core Core I —— Core
x
y
@
310-1
s 10
=

f(Mdust/M*)

7 3 =2 -1 3 =2 —1 _3 =2 —1
|09(Mdust/M*) |Og(Mdust/M*) |09<Mdust/M*)

Figure 12. Similar to Figure 10, but for dust-to-stellar mass ratio. For all redshifts and protocluster types, the distributions are similar for the three different
environments. They peak at the expected value of ~0.01. There is a tail to low dust-to-stellar mass ratio that is slightly more enhanced in protocluster cores, but these
excess dust-poor sources constitute a small fraction of the population.
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Figure 13. The fraction of submillimeter sources (Sg7o > 0.5 mJy) with optical counterparts (i < 26 mag) in 2D bins of redshift and stellar mass for the field (left),
protocluster outskirts (middle), and protocluster cores (right). At fixed redshift and stellar mass, the fraction of SMGs that have optical counterparts does not exhibit a
strong dependence on the environment. However, massive galaxies are generally more difficult to detect in both wavelengths simultaneously, i.e., more-massive
SMGs are less likely to have optical counterparts than lower-mass SMGs.
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Figure 14. The redshift evolution of the fraction of dust-obscured galaxies
(fobs = SFRz/SFR;pst. = 0.5) in the three different environments. Colored
regions represent the 25th—75th percentile ranges for protocluster outskirts and
cores, while the lines show the median Nga(fobs = 0.5)/Nior value in a given
redshift bin. We do not find any significant redshift evolution of the fraction of
dust-obscured sources in the three environments. Across protocluster types,
~65% of protocluster core galaxies are dust obscured, while this percentage is
~40% for galaxies in protocluster outskirts and the field.
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In Figure 14, we show the fraction of dust-obscured galaxies
as a function of redshift for galaxies in protocluster cores,
protocluster outskirts, and the field. The different rows
correspond to different protocluster types. In each panel, for
protocluster cores and outskirts, lines indicate the medians
taken over the population of protoclusters in the mock, and the
shaded regions denote the 25th—75th percentile range. The line
for the field indicates the value for the entire field sample at a
given redshift.

Unlike the redshift evolution of the fraction of submillimeter
sources (Figure 7), the fraction of dust-obscured galaxies does not
statistically depend on redshift or protocluster type. However, it
is significantly higher in protocluster cores (Nga(fobs=>0.5)/
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Figure 15. The median obscured SFR fraction (fops = SFR;z/SFR > 0.5) vs.
stellar mass. The different curves show the relation for seven redshift bins from
7~ 0.2 to z ~ 4.5. The gray dashed line marks our definition of dust-obscured
galaxies (an obscured SFR fraction of greater than 50%). On average, the
obscured SFR fraction increases with stellar mass. At fixed stellar mass, the
obscured SFR fraction is higher at higher redshifts, but the variation with
redshift is subdominant to that with stellar mass.

11.0 115

Niot ~0.65) compared to protocluster outskirts and the field. In the
latter two environments, the fractions of dust-obscured objects are
similar (Ngu(fobs = 0.5) /Niot ~ 0.40). The reason that the fraction
of SMGs depends on redshift but the obscured fraction does not is
that the former depends on the absolute values of the SFR and
dust mass, whereas the latter does not. At lower redshifts, there are
fewer galaxies with high SFRs (>>100 M., yr~') because at fixed
mass, the SFR decreases with decreasing redshift due to the
redshift evolution of the normalization of the SFMS and
quenching of high-mass galaxies (“downsizing”).

In order to understand the obtained trend in Figure 14, in
Figure 15, we present the median value of the obscured fraction
(fobs) versus stellar mass in seven redshift bins from z =0.2 to
4.5. At all redshifts, the obscured fraction increases with stellar
mass, as suggested by some observational studies (e.g., T. Garn
& P. N. Best 2010; K. E. Whitaker et al. 2017). This trend is
also seen in versions of L-GALAXIES with explicit dust
modeling, which show a strong correlation between dust-to-gas
ratio and stellar mass at all redshifts (A. P. Vijayan et al. 2019;
R. M. Yates et al. 2024). Moreover, at fixed mass, galaxies at
higher redshifts exhibit higher f,s. For instance, the stellar
mass threshold above which 50 percent of galaxies are
classified as dust obscured (fups=>0.5) is log(M,/ My) =
10.15, 10.04, 9.88, 9.67 at z~ 1, 2, 3, and 4, respectively.

5. Discussion

5.1. Why Do Protocluster Cores Differ from Less-overdense
Regions?

We have shown that in the L-GALAXIES model, galaxies in
protocluster cores are more likely to be submillimeter bright
and dust obscured than galaxies in protocluster outskirts or the
field. Interaction-driven starbursts are not responsible for the
excess of SMGs in protocluster cores. Moreover, there is no
clear correlation between environment and inferred dust-to-
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stellar mass ratios in the model. Instead, the reason that
protocluster cores have a higher SMG fraction is simply that
they exhibit an excess of high-mass galaxies relative to less-
overdense regions. The submillimeter-bright fraction decreases
with decreasing redshift as galaxies at the high-mass end of the
SFMS are quenched and thus are no longer submillimeter
bright. The relative excess of high-mass galaxies in protocluster
cores also results in a higher fraction of dust-obscured galaxies
because the fraction of star formation that is obscured increases
with stellar mass. We furthermore showed that protocluster
cores have a “top-heavy” dark matter halo mass function
relative to less-overdense environments.

Together, these results imply that in our model, the excess of
SMGs in protocluster cores is driven by the hierarchical growth
of dark matter substructure, not baryonic processes. At fixed
redshift, many properties of galaxies (e.g., gas, dust, and black
hole masses; SFRs; metallicities) scale with stellar mass,
which, in turn, scales with halo mass. Thus, if the halo mass
function depends on the environment, so too will distributions
of the aforementioned galaxy properties even if all baryonic
processes are independent of the environment. Put otherwise,
even if a galaxy “knows” only about its own dark matter halo,
the galaxy population can still exhibit significant environmental
dependencies purely due to the dependence of the halo mass
function on the environment. These environmental dependen-
cies may give a false impression that processes such as merger-
induced starbursts, tidal interactions, and ram pressure stripping
are important when in reality the dark matter “backbone” alone
causes the differences.

There is some observational support for the above picture.
First, we will discuss whether there is observational evidence
that suggests protoclusters have a greater starburst fraction than
the field. T. Wang et al. (2016) find an elevated starburst
fraction in a z=2.51 X-ray-detected cluster. M. Hayashi et al.
(2016) demonstrated that in the z & 2.5 protocluster USS 1558-
003, massive galaxies lie along the SFMS, whereas lower-mass
galaxies have elevated SFRs. R. Shimakawa et al. (2018a)
show an enhancement in the SFR-—stellar mass relation of
HAE:s in the most overdense regions of a z =2.51 protocluster.
B. C. Lemaux et al. (2022) find that at 2 < z < 5, the average
SFR increases with galaxy overdensity and that this trend is
primarily driven by a relative excess of high mass in more-
overdense environments. J. M. Pérez-Martinez et al. (2023)
show that the SFRs of members of the z=2.16 Spiderweb
protocluster are consistent with the SFMS. SPT2349-56
(M. L. Strandet et al. 2017; T. B. Miller et al. 2018; R. Hill
et al. 2022) and the “Distant Red Core” (DRC; I. Oteo et al.
2018; R. J. Ivison et al. 2020) are considered two “poster child”
high-redshift protocluster cores that are rich in SMGs. In both
cases, the member galaxies lie near the SEMS, i.e., there is no
evidence that the member SMGs are starbursts (A. S. Long
et al. 2020; K. M. Rotermund et al. 2021). Given the above,
there is not yet a clear observational consensus about whether
SMGs in protoclusters tend to lie about the SFMS.

What do observations say about the SMF in protoclusters?
Studies of the SMF in lower-redshift clusters have yielded
conflicting conclusions (e.g., B. Vulcani et al. 2013;
R. F. J. van der Burg et al. 2013, 2018, 2020; M. Annunziatella
et al. 2014; I. Davidzon et al. 2016; A. R. Tomczak et al. 2017).
R. Shimakawa et al. (2018a, 2018b) analyzed HAEs in a
sample of z ~ 2 protoclusters, finding top-heavy SMFs in the
most overdense subregions of the protoclusters. A. H. Edward
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et al. (2024) analyzed the SMFs of 14 protoclusters at
2.0<z<2.5 using data from the COSMOS2020 catalog
(J. R. Weaver et al. 2022). They found that the SMFs of star-
forming galaxies do not differ from the field SMF, whereas
quiescent galaxies exhibit a flatter SMF than in the field.
B. Forrest et al. (2024) find an excess of high-mass galaxies in
overdense environments at z ~ 3.3. JWST observations should
help better characterize the SMF in (proto)clusters and resolve
this debate. For example, based on JWST data, H. Sun et al.
(2024) show that the z=2.51 cluster CLJ1001 exhibits an
excess of massive galaxies in the cluster core.

What about simulations? S. Tonnesen & R. Cen (2015)
investigated the environmental dependence of the stellar mass—
halo mass relation in different environments using cosmological
hydrodynamical simulations. They found that the stellar-to-halo
mass ratios of central galaxies in overdense environments were
higher than those in less-dense environments. They suggested that
the difference is due to earlier formation times, more frequent
interactions at early times, and a greater number of filaments
fueling centrals in overdense environments. S. L. Ahad et al.
(2024) noted that although z~ 1.5 clusters have higher fractions
of quenched galaxies than the field, massive quenched galaxies
around this redshift have ages that appear to be independent of the
environment. To understand this puzzle, they investigated the halo
properties of massive quenched galaxies in two cosmological
hydrodynamical simulations. They found that the distribution of
Vmax for cluster members is skewed to higher values relative to
that for field galaxies, similar to the results presented in this work.
They conclude that secular processes drive the environmental
excess of massive quenched galaxies in high-redshift (proto-)
clusters, analogous to what we have argued for the excess of
submillimeter-bright galaxies in protocluster cores.

Further comparisons of the SFR-stellar mass relations,
SMFs, and dust-to-stellar mass ratios between observed
protoclusters and the field will help test the physical picture
we have proposed and deepen our understanding of the role of
the environment in protoclusters.

5.2. Implications for Using SMGs as Tracers of Protoclusters

SMGs are commonly used as beacons of protoclusters (e.g.,
S. C. Chapman et al. 2001, 2009; E. Daddi et al. 2009;
P. L. Capak et al. 2011; H. Dannerbauer et al. 2014; C. M. Casey
et al. 2015; C. M. Casey 2016; T. Wang et al. 2016; 1. Oteo et al.
2018; T. B. Miller et al. 2018; Y. Harikane et al. 2019;
G. C. P. Wang et al. 2021; F. Gao et al. 2022; R. Calvi et al.
2023; L. Zhou et al. 2024). They are intrinsically very luminous,
and due to the negative k-correction in the submillimeter, a given
SMG is as easily detected in the epoch of reionization as it is at
z=1. These aspects make them useful tracers. Moreover, their
high masses imply that SMGs are preferentially associated with
overdensities. Indeed, we see that this is the case in our model:
Figure 8 shows that the majority of bright SMGs reside in
protocluster cores. This plot implies that if one finds even a
single bright SMG, it is likely that one has identified a
protocluster in the sense that the z =0 descendant of the SMG
will reside in a cluster (see also T. B. Miller et al. 2020)."*

SPTO0311-58 (M. L. Strandet et al. 2017; D. P. Marrone et al.
2018; J. S. Spilker et al. 2022) is an example of this

14 We caution that the exact threshold above which SMGs are preferentially
located in protoclusters may be affected by our model’s underprediction of the
submillimeter number counts; see Section 5.3 for details.
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phenomenon: initiall ALMA observations resolved this z=6.9
source to be a merger of two galaxies, one of which is a bright
SMG (Sg70 =~ 15.9 mJy; the companion has Sg79 =~ 2.9 mly). The
inferred dark matter halo mass suggested that this is one of the
highest-mass halos expected under LCDM, thus representing a
very rare peak in the matter distribution (D. P. Marrone et al.
2018). G. C. P. Wang et al. (2021) found that the surrounding
field hosts an excess of SMGs. Recent JWST integral field unit
observations revealed ten additional galaxies within a (17 kpc)?
field of view (S. Arribas et al. 2024). Taken together, these data
suggest that SPT0311-58 resides in a protocluster.

However, we stress that even if an SMG is in a protocluster
according to our theoretical definition, it does not necessarily
follow that the SMG is located in an overdensity at the epoch of
observation. Whether one should see an overdensity around
bright SMGs will depend on the redshift, the flux of the SMG,
and the tracer employed (and potentially other factors). Under-
standing the connection between SMGs and overdensities of
various galaxy populations will require careful modeling. We
will investigate this topic in detail in future work.

Our model suggests that bright SMGs are an effective means
to identify protoclusters in terms of purity. But what about
completeness? For instance, what fraction of protoclusters host
SMGs? We have not investigated this question quantitatively
using the present model because the answer would certainly be
affected by the underprediction of the submillimeter number
counts. Nevertheless, the model yields some insight that should
be robust. We return to Figure 7, which shows the fraction of
galaxies that are submillimeter bright versus redshift in
different environments. Recall that the submillimeter-bright
fraction is significantly elevated in protocluster cores at high
redshift, but the enhancement decreases with decreasing
redshift due to ‘“downsizing,” i.e., the mass above which
galaxies are predominantly no longer star forming decreases
with decreasing redshift. This suggests that SMGs are
increasingly incomplete tracers of protoclusters at lower
redshift. This was previously argued by T. B. Miller et al.
(2015), who applied a semiempirical model in which the galaxy
properties are determined solely by halo mass and redshift to an
N-body simulation. We find that this conclusion holds in a
SAM that includes models for environmentally dependent
processes (e.g., mergers, ram pressure stripping).

5.3. Sensitivity of Results to the Overall Underprediction of the
Submillimeter Number Counts

As shown in Figure 3, our model underpredicts the overall
submillimeter number counts by a factor of a few. Historically,
theoretical models that assume a standard IMF have under-
predicted submillimeter number counts (e.g., G. L. Granato et al.
2000; A. J. Benson et al. 2003; C. M. Baugh et al. 2005;
R. S. Somerville et al. 2012; C. C. Hayward et al. 2013, 2021;
C. G. Lacey et al. 2016; C. C. Lovell et al. 2021), although the
magnitude of the discrepancy has decreased considerably as
models have been improved. To the best of our knowledge, no
model can simultaneously match both the observed submillimeter
number counts and the number density of massive quenched
galaxies (C. C. Hayward et al. 2021). If the submillimeter counts
predicted by our model were consistent with observations, some
of the results presented here would be affected. Importantly, for a
fixed flux density threshold, the fraction of SMGs would increase.

However, many of our results are likely insensitive to this
underprediction. Given that the differences between
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protocluster cores and other environments are primarily driven
by differences in the halo mass function rather than baryonic
processes, these differences should be robust to any changes to
model parameters that would be necessary to reproduce the
total submillimeter counts. Moreover, if the underprediction is
associated with the treatment of merger-induced starbursts, it is
likely that the submillimeter-bright fractions for protocluster
cores would be boosted more than those for the field and
protocluster outskirts, further enhancing the difference between
cores and other environments.

Still, it would of course be better if our model predictions
better agreed with the observed submillimeter number counts.
In subsequent work, we will explore whether it is possible to
simultaneously match the submillimeter number counts
and number density of massive quenched galaxies with
L-GALAXIES by using parameter values different than those
employed here. Should we succeed, we will be able to revisit
the analysis presented here and check whether our primary
results are indeed robust.

6. Summary

Using a mock catalog constructed by applying the
B. M. B. Henriques et al. (2015) version of the L-GALAXIES
SAM to the Millennium simulation and then employing the
R. K. Cochrane et al. (2023) scaling relations to predict
submillimeter flux densities, we have investigated the relation-
ship between SMGs and galaxy protoclusters. Our main results
are the following:

1. By exploring the dependencies on redshift, environment,
and protocluster descendant mass, we found that proto-
cluster core galaxies experience a submillimeter-bright
phase, whose peak and duration correlate with the z=0
mass and flux density limit (Figure 7). At z 2 2, protocluster
cores exhibit a higher submillimeter-bright fraction than do
galaxies in protocluster outskirts or the field.

2. We show that the primary driver of this excess of SMGs in
protocluster cores is differences in the halo mass functions
in different environments: protocluster cores exhibit a
more “top-heavy” halo mass function (Figure 11), which
results in an excess of massive star-forming galaxies
relative to other environments (Figure 10). The excess of
SMGs in protocluster cores is not due to a higher starburst
fraction (Figure 9) or differences in the dust contents of
galaxies in different environments (Figure 12), as proto-
cluster cores are similar to other environments in terms of
these two properties.

3. Most SMGs with Sg79 > 0.5 mly are in the field rather
than protoclusters, but bright SMGs are preferentially
located in protocluster cores (Figure 8).

4. Independent of the environment, the fraction of SMGs
that have optical counterparts decreases with increasing
redshift and with stellar mass (Figure 13).

5. Our model predicts a higher fraction of dust-obscured
sources in protocluster cores compared to protocluster
outskirts and the field independent of redshift. (Figure 14).
The obscured fraction increases strongly with stellar mass
and more weakly with redshift (Figure 15).

Our results add to our understanding of the connection
between SMGs and protoclusters. Our mock catalog can be
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used to optimize the identification, characterization, and
interpretation of protoclusters in existing and future surveys.
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Appendix
SFR-Stellar Mass Relation

Figure 16 shows the relationship between SFR and stellar
mass for galaxies in the three different environments. We see
that for all redshifts and protocluster types, the distributions of
galaxies in this plane are independent of the environment (as
already indicated by Figure 9). In particular, galaxies in
protocluster outskirts and cores seem to follow the same
(redshift-dependent) SFMS as field galaxies. The most notable
difference is that in each panel, there are colored points at the
high-mass tip of the SFMS beyond the region populated by field
and protocluster outskirts galaxies. These indicate that proto-
cluster cores host very high-mass star-forming galaxies that are
not found in other environments.
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Figure 16. SFR vs. stellar mass relation for galaxies in protocluster cores (points), protocluster outskirts (contours), and the field (colored hexbin maps) at z ~ 2.0, 3.0,
and 4.0 (first, second, and third rows, respectively) for Fornax-, Virgo, and Coma-type protoclusters (first, second, and third columns, respectively). For all redshifts
and protocluster types, the locus of galaxies in the SFR—Stellar mass plane (i.e., the SEMS) is independent of the environment. In all panels, the colored points at the
high-mass tip of the SFMS indicate that protocluster cores host very high-mass star-forming galaxies that are not represented in less-dense environments.
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